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Abstract: Airport pavement concrete often suffers from freeze–thawing damage in high latitude and
cold areas. In addition, the use of aircraft deicer makes the airport pavement concrete suffer from
salt-freezing damage. To improve the durability of airport pavement concrete, modified polyester
synthetic fiber (FC), cellulose fiber (CF), and basalt fiber (BF) reinforced concrete were prepared in
this paper. The mechanical strength, pore structure, and frost resistance (freeze–thawing and salt
freezing) of fiber-reinforced concrete were investigated. The effects of the combined action of fiber
(fiber type and content) and surface treatment methods (spraying silane and impregnating silane)
on the frost resistance of concrete were investigated. The results show that the flexural strength
of concrete is positively correlated with the elastic modulus of fiber, but has little effect on the
compressive strength. Fiber can reduce mass loss and dynamic modulus loss of concrete subjected to
frost damage. FC more effectively improved the frost resistance of concrete than CF. After 30 cycles of
salt freezing, the spalling amount of concrete sprayed or soaked with silane was decreased by 65.5%
and 55.5%, respectively. Adding fiber and impregnating silane reduced the spalled concrete by up to
70.5%. Spraying silane treatment is better than impregnating silane treatment in enhancing the frost
resistance of concrete because a better silane condensation reaction is achieved with spraying silane.

Keywords: fiber-reinforced concrete; freeze–thawing; salt freezing; airport pavement; silane; spraying
and immersion

1. Introduction

As one of the most basic and important infrastructures of the airport, airport pavement
has a significant impact on flight safety and airport operation efficiency. In addition to
geometric factors such as length, width, and slope, airport pavement must also meet the
requirements of strength, stiffness, flatness, and durability. Cement concrete pavement is
the main structural form of airport pavement, which is affected repeatedly by various envi-
ronmental climates. For example, the pavement concrete of some airports in high-latitude
cold areas is damaged by freezing and thawing all year round, resulting in performance
degradation, shedding, and failure [1–5].

In addition to the common failure form of gradual cracking, denudation, and structural
failure under the action of repeated freeze–thaw cycles, airport pavement is also damaged
by surface denudation caused by freezing in the presence of deicing salt (glycol aircraft
deicing fluid). Some concrete with good water-resistant freeze–thaw damage tests will
also suffer serious salt freeze–thaw erosion after being sprinkled with deicing salt for
several winters, and the pavement aggregate will be exposed, which will seriously affect
its use [6,7]. The typical damage of salt freezing gradually extends from the surface to the
inside. The surface mortar is peeled off and the aggregate is exposed, but the concrete
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under the denudation layer is basically hard and intact, and layered denudation traces can
be seen on the damaged section.

To improve the flexural strength and frost resistance of pavement materials, fibers are
often added to concrete to improve the brittleness and durability of concrete and prevent
damage caused by various factors [8–11]. Fiber has a significant effect on the mechanical
properties of concrete under freeze–thaw conditions, and the improvement effect of differ-
ent types and contents of fiber is different [12–14]. Many other types of composite concrete
and applications are also proposed to improve concrete durability [15,16].

In addition to the durability of fiber-reinforced concrete, since the 1980s, the United
States has used organosilane materials to spray and soak the concrete structures of roads
and bridges to increase the durability of structures. Many durability technical standards
also take surface silane impregnation as an effective surface protection measure [17–19].
Wang et al. and Jiang et al. systematically studied the effects of silane brushing times,
concrete curing age, construction temperature, mix proportion, and other conditions on the
silane impregnation effect [20,21].

In summary, at present, research on freeze–thaw damage of fiber-reinforced concrete
and silane impregnation protection has been carried out, but research on the protection
of concrete against freeze–thaw damage by different fiber types, dosages, and different
surface treatment methods is still limited. This study attempts to fill this gap through the
mechanical test, freeze–thaw test, and salt-freezing test, combined with SEM, XRD, and
MIP measurements.

2. Experimental Program
2.1. Raw Materials

Cement: The cement is P.O 42.5 ordinary Portland cement (conforming to Chinese
national standard GB175-2007) with a specific surface area of 335 m2/kg [22]. The initial
and final setting times were 180 min and 235 min, the flexural and compressive strengths
were 4.9 MPa and 22.5 MPa at 3 days, and the flexural and compressive strengths were
8.6 MPa and 48.3 MPa at 28 days, respectively. All these data are from the cement plant
(Fushun Aosaier Technology Co., Ltd., Fushun, China).

Coarse Aggregates: The coarse aggregates are subdivided into large (16–31.5 mm) and
small (4.75–16 mm) gravel and both of them are well graded; the properties are shown in
Table 1 and sieving curves are shown in Figure 1a.

Table 1. Basic properties of coarse aggregates.

Characteristic Large Gravel
16–31.5 mm

Small Gravel
4.75–16 mm

Apparent density 2.716 2.731
Water absorption rate 0.63 0.60

Mud content (%) 0.9 0.8
Crushing value (%) / 17.9

Note: The mud content refers to the content of particles less than 0.075 mm.

Fine Aggregates: The fine aggregates were natural sand (0–4.75 mm), whose apparent
density was 2.655 g/cm3, fineness modulus was 2.3, sand mud content was 2.9%, and its
sieving curve is shown in Figure 1b.

Fibers: Three types of fiber were used in this study (provided by Beijing Zhongqi
Zhuochuang Technology Development Co., Ltd., Beijing, China). Ultra-high strength
modified polyester synthetic fiber (FC) is a new material specially developed for airport
road surface concrete. Cellulose fiber (CF) is a sheet-like monomer of fiber monofilament.
Basalt fiber (BF) is a continuous fiber drawn from natural basalt. The morphology of the
three types of fibers is shown in Figure 2, and their physical and mechanical properties
are shown in Table 2. The results of the fiber characteristic test are provided by the
corresponding manufacturers.
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Figure 1. Coarse aggregate (a) and fine aggregate (b) sieving curve.
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Figure 2. Morphology of the three types of fibers.

Table 2. Fiber physical and mechanical properties index.

Fiber Type Diameter µm Tensile
Strength/MPa Density g/cm3 Modulus of

Elasticity/GPa Elongation % Length mm

FC 40 1252 1.31 11.7 21 18
CF 18 960 1.10 9 3.5 18
BF 150 1930 2.65 80 3 20

Additives and other chemical reagents: The superplasticizer is an air-entraining
polycarboxylic acid water-reducing agent, which is in accordance with the provisions
of GB8076-2008 Concrete Admixtures [23]. The glycol deicing liquid used for the salt-
freezing test is FCY-1A-SAE Type I aircraft deicing anti-icing liquid, which is a light yellow
transparent liquid with a specific gravity of 1.1120 ± 0.015 at 20 ◦C. Silane for impregnation
and spraying is a compound of a variety of long-chain silanes. All water used in this
experiment was tap water.

2.2. Mix Design and Specimen Preparation

To ensure the uniformity of the concrete mixture, concrete was mixed with a forced
mixer. Test samples were manufactured in the laboratory. The mixing procedure of fiber
concrete used in the test is as follows: first pour stones, sand, cement, and fiber into the
mixer successively, mixing for 120 s, then pour the mixed liquid of water reducer and water
into the mixer, mixing for another 120 s, and cast the test block after the fiber is evenly
dispersed. The test samples were filled at one time when forming, and then placed on the
vibration table for 10 s. After vibration, the surface was troweled, and the samples were
water cured (20 ◦C) after demoulding at 24 h.

The concrete mix consists of eight mix groups according to different fiber content and
fiber types, whether a water-reducing agent is used or not, and different sand ratios. Their



Materials 2022, 15, 7528 4 of 17

mixed proportion and relevant composition information are shown in Table 3 below. There
are 8 recipes in total, labeled G1 to G8. The water to cement ratio was kept constant at 0.4.
The sand ratio is the percentage of the sand mass in the total mass of sand and stone in the
concrete. In this experiment, the sand ratio was controlled to be 0.3. Air entraining and
water-reducing superplasticizer with a solid content of 2% (relative to the mass of cement),
i.e., 6.6 kg/m3, was used in the concrete mixes except for G7.

Table 3. Experimental mix design.

Group Cement
(kg/m3)

Sand
(kg/m3)

Large
Gravel
(kg/m3)

Small
Gravel
(kg/m3)

Water
(kg/m3)

Sand
Ratio

Fiber
Content
(kg/m3)

Fiber
Type

Superplasticizer
(kg/m3)

G1 330 611.40 784.63 641.97 132.00 0.30 0 0 6.6
G2 330 611.40 784.63 641.97 132.00 0.30 1.0 FC 6.6
G3 330 611.40 784.63 641.97 132.00 0.30 1.4 FC 6.6
G4 330 611.40 784.63 641.97 132.00 0.30 1.8 FC 6.6
G5 330 611.40 784.63 641.97 132.00 0.30 1.4 CF 6.6
G6 330 611.40 784.63 641.97 132.00 0.30 1.4 BF 6.6
G7 330 611.40 784.63 641.97 132.00 0.30 1.4 FC 0
G8 330 570.64 807.05 660.31 132.00 0.28 1.4 FC 6.6

2.3. Mechanical Tests

After mixing, prismatic specimens of 150 × 150 × 550 mm3 were molded and com-
pacted according to the GBT 50081-2019 [24]. After 24 h of being protected with a plastic
film, the specimens were demoulded and placed in a wet chamber where they were water
cured until 28 days. Three specimens in each mixed group were tested for flexural strength
according to GBT 50081-2019 [24]. The two halves resulting from the flexural tests were
then tested for compressive strength according to the same standard.

2.4. Freeze–Thaw Cycle Test

The freeze–thaw cycle test was carried out according to a quick freezing method in
GB 50082-2009 [25], which simulated frost damage to the airport pavement in cold regions.
The size of the sample was 100 × 100 × 400 mm prismatic specimen. At the age of 28 days,
the specimen soaked in water was taken out and directly used for the test. After different
freeze–thaw cycles, the loss of mass and dynamic modulus were measured.

2.5. Salt-Freezing Test

The salt-freezing test was carried out according to MH 5006-2015 [26], and the ex-
periment was based on the single-side salt-freezing test in the freezing–thawing damage
test [27,28]. The test specimen for the salt freezing were cylindrical, and the size was
Φ150 mm × 100 mm. Except for the exposure surface, epoxy resin was applied on the
other surfaces of the specimen after 28 days of curing. The salt-freezing solution was
prepared with 97% distilled water and 3% ethylene glycol. The working temperature was
−20 ◦C to 20 ◦C. The measurement, weighing, and appearance inspection of the test piece
was carried out instantly, and the piece to be tested was covered with wet cloth. The
single-sided freeze–thaw test box automatically carried out the freeze–thaw cycle according
to the predefined freeze–thaw cycle program. The one typical cycle in the freeze–thaw
cycle program is shown in Figure 3 below.
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2.6. Mercury Intrusion Porosimetry (MIP)

After the concrete samples were cured to the specified age, they were crushed with a
small hammer. The selected pastes, particles about the size of soybeans, were soaked in
sufficient absolute ethanol for 24 h to stop hydration, and then placed in a vacuum drying
oven at 40 ◦C for vacuum drying for 3 days. After that, the pore structure was tested by
the Autopore IV9510 mercury intrusion instrument (McMurray Teck Instrument Co., Ltd.,
Atlanta, GA, USA). A selection of 3–5 g samples were taken for each test, the pressure range
was 0.0036–414 MPa, and the measured minimum pore diameter was about 3 nm.

2.7. X-ray Diffraction (XRD)

XRD patterns were collected by using a Bruker D8 powder diffractometer (Bruker,
Germany) with a CuKα radiation source (λ = 1.5418 Å) at 40 kV and 40 mA to identify the
variation in the crystalline phases. Scanning angles (2θ) were from 5◦ to 70◦ at a rate of
0.6 s/step and 0.02◦ per step. The samples for XRD were dried at 40 ◦C for 2 days and then
ground to powder (≤75 µm).

2.8. Scanning Electron Microscopy (SEM)

Field emission environmental scanning microscope (FEI QUANTA 200 FEG, USA) and
a working voltage of 15.0 kV was used for the SEM test to observe the micromorphology of
the samples under high vacuum mode. The sample preparation method is as follows: use
the cutting machine to cut the large test piece into small pieces, and then crush it before
observations. The fresh broken surface, which was the target surface, was coated with
carbon before being placed into the measurement chamber.

3. Results
3.1. Compressive and Flexural Strength of Concrete

Figure 4 shows the compressive and flexural strength results of different concrete
mixes. From the results of G3 and G7, the effect of the superplasticizer on the strength
can be observed. G3 and G8 groups have different sand ratios. Moreover, the effect of
fiber variety was investigated (G3, G5, and G6) and can be compared with G1 without
fiber. In the mixes with different FC fiber contents (0 kg/m3, 1.0 kg/m3, 1.4 kg/m3, and
1.8 kg/m3), the effect of fiber content on the strength of concrete can be discussed. The
compressive strength and flexural strength of the eight groups, G1–G8, at 28 days are
shown in Figure 4a,b.



Materials 2022, 15, 7528 6 of 17

Materials 2022, 15, x FOR PEER REVIEW 6 of 18 
 

 

3. Results 
3.1. Compressive and Flexural Strength of Concrete 

Figure 4 shows the compressive and flexural strength results of different concrete 
mixes. From the results of G3 and G7, the effect of the superplasticizer on the strength can 
be observed. G3 and G8 groups have different sand ratios. Moreover, the effect of fiber 
variety was investigated (G3, G5, and G6) and can be compared with G1 without fiber. In 
the mixes with different FC fiber contents (0 kg/m3, 1.0 kg/m3, 1.4 kg/m3, and 1.8 kg/m3), 
the effect of fiber content on the strength of concrete can be discussed. The compressive 
strength and flexural strength of the eight groups, G1–G8, at 28 days are shown in Figure 
4a,b. 

 
Figure 4. Compressive strength (a) and flexural strength (b) at 28 days. 

From the experimental results, the addition of superplasticizer (G3) increases the 28 
d compressive strength of concrete but decreases the 28 d flexural strength of concrete. 
Compared with G3 and G8, the sand ratio is reduced from 0.3 to 0.28, and the compres-
sive and flexural strength of concrete at 28 days is increased by 6.19% and 8.7%, respec-
tively. The compression failure of concrete may include the failure of the aggregate itself 
in addition to the bonding interface between the cement paste itself and the aggregate. 
Then, a larger sand ratio could reduce the amount of coarse aggregate and the ability of 
aggregate in concrete to bear its damage, resulting in a reduction in compressive 
strength. 

When the fiber type changes but the fiber content is relatively low, the 28 d com-
pressive strength of fiber concrete changes little, and the effect of improving the com-
pressive strength of the fiber concrete is not obvious. Among the three fibers, CF (G5) 
showed the highest compressive strength. Compared with G1 (without fiber), the flex-
ural strength of G3 (FC), G5 (CF), and G6 (BF) at 28 days increased by 4.36%, 1.17%, and 

G1 G2 G3 G4 G5 G6 G7 G8
0

10

20

30

40

50

C
om

pr
es

siv
e 

 S
tr

en
gt

h 
 (M

Pa
)

(a)

Group Numeber

G1 G2 G3 G4 G5 G6 G7 G8
0

1

2

3

4

5

6

7

Group Numeber

Fl
ex

ur
al

  S
tr

en
gt

h 
 (M

Pa
)

(b)
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From the experimental results, the addition of superplasticizer (G3) increases the
28 d compressive strength of concrete but decreases the 28 d flexural strength of concrete.
Compared with G3 and G8, the sand ratio is reduced from 0.3 to 0.28, and the compressive
and flexural strength of concrete at 28 days is increased by 6.19% and 8.7%, respectively. The
compression failure of concrete may include the failure of the aggregate itself in addition
to the bonding interface between the cement paste itself and the aggregate. Then, a larger
sand ratio could reduce the amount of coarse aggregate and the ability of aggregate in
concrete to bear its damage, resulting in a reduction in compressive strength.

When the fiber type changes but the fiber content is relatively low, the 28 d compressive
strength of fiber concrete changes little, and the effect of improving the compressive strength
of the fiber concrete is not obvious. Among the three fibers, CF (G5) showed the highest
compressive strength. Compared with G1 (without fiber), the flexural strength of G3 (FC),
G5 (CF), and G6 (BF) at 28 days increased by 4.36%, 1.17%, and 4.64%, respectively. After
adding fiber, the 28 d flexural strength of the concrete is improved. The flexural strength
of the high modulus fiber (FC) concrete G3 was the highest, the flexural strength of the
medium modulus fiber (BF) concrete G6 was the middle one, and the flexural strength
of the low modulus fiber (CF) concrete G5 was the lowest. The flexural strength of fiber-
reinforced concrete was positively correlated with the elastic modulus of fiber. The 28 d
flexural strength of all specimens was greater than 5.75 MPa, which meets the requirements
of flexural strength of airport pavement concrete [23].

The change of FC content from G1–G4 is 0 kg/m3, 1.0 kg/m3, 1.4 kg/m3, and
1.8 kg/m3, respectively. From the experimental results, the 28 d compressive strength
of concrete does not change significantly and fluctuates within a reasonable range, among
which the 28 d compressive strength of G3 is greater. The flexural strength of the three
groups with 1.0 kg/m3, 1.4 kg/m3, and 1.8 kg/m3 fibers increased by 2.65%, 4.36%, and
2.18%, respectively.
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3.2. Frost Resistance of Fiber Reinforced Concrete under Freeze–Thawing

From the above mechanical results, three groups G1, G3, and G5 were selected for
freeze–thaw cycle experiments. The mass loss and relative dynamic elastic modulus under
different freeze–thaw cycles are shown in Figures 5 and 6, respectively.
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axis represent the increase and decrease in mass, respectively).
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Figure 6. Relative dynamic elastic modulus loss after different freeze–thaw cycles.

After 200 freeze–thaw cycles, the surface of the reference concrete (G1) specimen
showed local peeling and dropping. The spalling phenomenon on the surface of fiber-
reinforced concrete was not obvious. Compared with the FC concrete, the surface holes
of the CF concrete were more obvious. After 300 freeze–thaw cycles, the surface of the
reference concrete (G1) specimen showed flake falling, the number of new holes increased,
and the denudation was obvious. Individual new holes appeared in the FC concrete. The
original holes on the surface of the CF-fiber-reinforced concrete specimens increased, but
there was still less spalling than the reference concrete specimens. The different trend
from cycles 275 to 300 could be explained by the fact that after 275 freeze–thaw cycles, the
mass peels off completely. Therefore, 275 to 300 cycles may cause the freeze–thaw water
absorption icing mass to be greater than the peeling mass, resulting in a mass increase.

In G1 without fiber, the mass loss of 300 freeze–thaw cycles was about 1%, and there
was almost no mass loss in G3 and G5. It is obvious that the use of fiber can improve
the frost resistance of concrete. Among them, compared with CF, FC is more effective in
improving the spalling mass loss of concrete caused by frost resistance.
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Similar to the experimental results of mass loss rate, the relative dynamic elastic
modulus of the two groups with fibers was greater than that of the control group without
fiber. After 300 freeze–thaw cycles, the relative dynamic elastic modulus of the control
group (G1) was reduced to 0.93, while the relative dynamic elastic modulus of G3 and G5
was reduced to 0.968 and 0.966, respectively. The improvement increment of the relative
dynamic elastic modulus was 4.03% and 3.86%, respectively. Compared with the concrete
with CF, the frost resistance of concrete with FC is better.

3.3. Effect of Surface Treatment Methods on the Salt Freezing of Fiber-Reinforced Concrete

Since G3 had the highest resistance to freeze–thawing cycles, this mix and the control
mix G1 were explored further to investigate the effect of surface treatment methods on the
salt-freezing performance. Different surface treatment methods were considered and the
results are shown in Figure 7. Troweling means that the formed specimen was troweled;
roughening means that the surface of the formed specimen was roughened, a basic require-
ment of the airport pavement (Figure 8); spraying silane means that the forming surface
of the concrete specimen was sprayed with 300 g/m2 silane; and silane impregnation
means that the formed surface of the concrete specimen was soaked in the silane (5 mm)
for one day.
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According to the requirements of high friction coefficient, the airport pavement needs
to be roughened [26]. In addition, to resist the highly cold environment, silane protection is
often used in practical projects [29]. In this paper, four surface treatments are carried out
for G1 without fiber, namely, troweling, roughening, spraying silane, and silane impression.
Two surface treatments are carried out for G3 mixed with FC, roughened only, and rough-
ening + silane impregnated. The results of 30 salt-freezing cycles on the above six groups
(S1–S6) are shown in Figure 7.

It is obvious from the experimental results that no matter how the surface is treated
and whether fibers are added or not, the total peeling mass of the three groups impregnated
or sprayed with silane is less than that of the three groups not sprayed or soaked with
silane. This shows that the use of silane can significantly improve the salt-frost resistance of
concrete. Compared with S2, the spalling quality of concrete after 30 times of salt freezing
was reduced by 65.5% and 55.5%, respectively, in S3 (silane is sprayed) and S4 (silane is
soaked). Compared with S5 with S2, the spalling quality of concrete after 30 times of salt
freezing was reduced by 8.54%. Compared with S6 with S4, the spalling quality of concrete
after 30 times of salt freezing was reduced by 70.5%. It is obvious that fiber can increase
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the salt-freezing resistance of concrete, and this effect is more significant in specimens with
impregnating silane.
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3.4. Pore Structure Characteristics of Fiber-Reinforced Concrete

Figures 9 and 10 show the porosity, pore volume, and pore distribution in all mixes.
Cement-based materials are porous materials and the pore characteristics of materials
have a decisive impact on their properties. An MIP test was carried out on eight groups
of concrete, and important parameters such as total porosity, absolute void volume, and
pore distribution can be obtained, as shown in Figures 9a,b and 10 below. The effects of
superplasticizer, sand ratio, fiber content, and fiber types on porosity were discussed from
different aspects in the following parts:
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Figure 10. Size distribution of mercury injection voids in concrete.

3.4.1. Effect of Superplasticizer and Sand Ratio

Compared with G1, the use of air entraining superplasticizer increases the total poros-
ity (G3 and G7), and also increases the pore volume of <4.5 nm, 50–100 nm, and >100 nm
except for the pore diameter of 4.5–50 nm. The characteristic pore size—the pore size
corresponding to the highest peak value of pore size distribution—of the group without
superplasticizer is smaller, which may be more favorable for the concrete to show better
mechanical, but not frost, resistance.

From Figure 9, it seems that there is no direct relationship between the sand ratio
and the pores of concrete. The sand rate often affects the durability of concrete after
hardening by affecting the workability of a concrete mixture. The appropriate sand ratio is
that the concrete mixture has good workability and is easy to vibrate and compact. To a
certain extent, it can improve the compactness and impermeability of concrete, improve
the resistance to the destructive effect of external corrosive media, and effectively reduce
the degree of erosion and delay the development speed of erosion. For concrete in a freeze–
thaw environment, demonstration of good impermeability depends on the ability of the
concrete to resist freeze–thaw damage. If the sand ratio is too large or too small, the fluidity
of the concrete mixture will be reduced. On one hand, the concrete is not easy to mix evenly
and the homogeneity is poor; on the other hand, during the pouring process, the concrete
was not easy to be vibrated and compacted. After pouring, honeycombs and cavities easily
formed inside the concrete mix and inside the formwork, and pitted surfaces easily formed
on the surface, increasing the porosity inside the hardened concrete. In general, in this
experiment, the sand ratio of 0.28 seems to be more favorable than that of 0.3: the porosity
of concrete with a sand ratio of 0.28 was lower, and the total porosity was reduced by about
42.3% compared with that of concrete with a sand ratio of 0.3. The absolute pore volume of
each size of concrete with a sand ratio of 0.28 was also low, and the characteristic pore size
was also less than that of concrete with a sand ratio of 0.3.

3.4.2. Effect of Fiber Contents and Types

When comparing G2, G3, and G4 groups with the G1 group without fiber, it was
observed that the addition of fiber into the cement matrix improved the compactness of the
matrix. This can be explained by the fact that these micro fibers penetrated into the pores
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of the pastes and thus reduced the porosity. The porosity of the three groups with fiber
was less than that of the G1 group without fiber, and the reduction range was more than
10%. In terms of the fiber types, concrete with basalt fibers showed a lower porosity, which
might not be a good option for frost resistance. BF is a typical silicate fiber, which is close to
the density of cement concrete. It is easier to disperse and evenly distribute in the concrete
during mixing, overcoming the shortcomings of uneven distribution such as agglomeration
of other fibers. FC fiber has a large surface area, which restricts the micro-cracks so that
they are not connected, but its density is small, the diameter of monofilament is small, and
there is a thickening effect, which is not conducive to the vibration compaction of concrete.
Therefore, the porosity of FC concrete was the largest among the three fibers, which could
be beneficial to resist frost damage.

3.5. XRD Results

The results of eight groups of XRD for paste sampling in concrete are shown in
Figure 11 below. Although the sample was taken to knock out the clean paste as much
as possible, it will inevitably be doped with quartz sand. In addition, the main products
of cement hydration, calcium hydroxide (portlandite), and AFt can be seen in XRD. This
shows that when the type of fiber, the amount of fiber, the use of superplasticizer, and
the size of sand ratio changes, the main hydration products in the paste do not obviously
change. The hydration products portlandite and AFt did not change greatly and these
products can also be seen in the electron microscope results in Figure 12.

In addition, for G8 with a low sand ratio and G7 without a water reducing agent,
the XRD results show that the peak value of calcium hydroxide, the hydration product of
cement, is lower than that of their respective control groups. It was determined that the use
of a low sand ratio without a water reducing agent affects the workability of concrete, and
then affects the hydration degree of concrete. The G1 group was not mixed with fiber and
the amount of calcium hydroxide was also lower than that of the corresponding control
group. It can be considered that the use of fiber in concrete will not affect the hydration
of cement, but may promote the hydration degree. According to the consistency of their
calcium hydroxide content, it appears that the kind of fiber and the amount of fiber used in
G2-G6 fiber-reinforced concrete will not significantly affect the degree of hydration.
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3.6. Microstructure of Interface Transition Zone

The test results show that after adding fiber, the frost resistance of the concrete is
greatly improved. In order to study the modification mechanism of fiber in the concrete
matrix, SEM was used to analyze the microstate of the interfacial transition zone (ITZ) of
concrete specimens and the interfacial structure characteristics of the fiber-cement paste
and the improvement effects were analyzed [30–32]. The results are shown in Figure 12.
It can be clearly seen that the microscopic morphology of FC (G3), CF (G5), and BF (G6)
fibers under the electron microscope is different. The surface of the BF fiber is the roughest,
and interacts with the surrounding mortar, which is consistent with its highest flexural
strength. By adding an appropriate amount of fiber into the concrete, the fiber is randomly
distributed in three dimensions and completely bonded with the concrete. When the
concrete cracks appear, the existence of fiber can provide a bridge relay and increase the
bonding force inside the concrete, so as to reduce the expansion of large voids and cracks
in the process of concrete hardening [33,34]. More importantly, it reduces cracks, changes
pore structure, reduces pore connectivity, effectively reduces water transmission channels,
makes the damage caused by freezing and thawing relatively independent, and effectively
controls the occurrence of freezing and thawing, so as to enhance the frost resistance [4]. In
addition, the fibers are overlapped with each other and a fiber frame can be formed. The
external bending force is greatly absorbed by the fiber frame in the matrix, and fibers are
added to effectively reduce the occurrence of local damage, so as to enhance the flexural
strength and frost resistance.

4. Discussion
4.1. Influence of Fiber Types and Contents on Concrete Strength

The compressive and flexural strength of concrete are the basic mechanical indexes of
airport pavement concrete. From the results in Figure 4, it can be seen that the addition
of fiber has little effect on the compressive strength, but the flexural strength has been
significantly improved. In addition, the reinforcing effect of different fibers on flexural
strength is different, showing a positive correlation trend with an elastic modulus of fiber.
The fiber with a large elastic modulus has a greater reinforcing effect on the flexural strength
of concrete, which may be why the crack resistance effect of high elastic modulus fiber
is more obvious [35–41]. At the same time, the content of fiber has a great influence on
the strength of concrete. According to the fiber reinforcement theory, the increase in fiber
content up to an optimum content can lead to an increase in the number of fibers per
unit volume and the increase in fiber spacing. However, it must be based on concrete
compaction [39,42–45]. If the fiber content is too high (shown as >1.4 kg/m3 in this study),
it will lead to insufficient mixing and vibration of concrete, resulting in unconsolidated
concrete and reduced strength. Therefore, the optimal fiber content recommended in this
study is 1.4 kg/m3.

4.2. Effect of Fiber Types on Frost Resistance of Concrete

Frost resistance is another important technical index of airport pavement concrete.
By comparing the test of the relative dynamic elastic modulus and mass loss of concrete
mixed with CF and FC fiber and concrete without fiber, it can be concluded that adding
fiber can improve the frost resistance of concrete, due to the creation of a mechanical bite
between fiber and substrate. The stress suffered in concrete can be borne by the tensile
and shear resistance of the fibers, so as to improve the strength of the interface between
the fiber and the substrate, which is beneficial to alleviate the freeze–thaw temperature
stresses in the concrete and improve the frost resistance [36]. From the perspective of fiber
types, the chemical composition of CF fiber belongs to polysaccharide, and the surface
is more hydrophobic than the modified FC fiber. Therefore, the thickness of the water
film interface is larger, and the microstructure results show that the interface strength
is weak (Figure 12 G4). From this point of view, the improvement effect of CF on the
frost resistance of concrete is not as good as FC, which agrees with the freeze–thawing
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results. It can be proved that freeze–thaw cycles impair the fiber/matrix interfacial bond,
which is attributed to be the main cause of the degradation of durability [37]. Therefore,
the interfacial bonding between fiber and matrix is a performance that should be paid
special attention to in airport pavement concrete. The FC fiber used in this experiment
realized a high tensile strength (900–1300 MPa), high modulus (8000–13,000 MPa), high
toughness, low elongation (10–25%), high alkali resistance (96%), and ultra-large aspect
ratio (>300) required by major and special concrete projects, which can fully achieve the
bridging function of cement and other mixed materials and effectively prevent concrete
cracking [38]. During construction mixing, FC fiber can be evenly distributed in concrete,
establish multi-dimensional structure, and be applied in airport runways and other projects,
which can improve the durability of airport pavement, realize the excellent performance of
freeze–thaw resistance, salt alkali resistance, and corrosion resistance [46,47], and effectively
ensure the safety of flight takeoff and landing.

4.3. Effect of Surface Treatments on Salt Freezing of Concrete

The results of salt-freezing indicated that silane spraying (S3) is more efficient than
silane impregnation (S4). Compared with no silane treatment, the mass loss after 30 salt-
freezing cycles in concrete can be reduced by 65.5% by spraying silane. Silane is a small
molecular substance, and liquid silane has low viscosity and can penetrate to a certain depth
through the open pores on the concrete surface. Under the action of water in the concrete,
silane monomer molecules undergo a hydrolysis reaction to produce hydroxysilane [29].

R-Si-(OR’)3 + nH2O→R-Si-(OR’)3-n(OH)n+ nR’OH (1)

where: n ≤ 3 indicates the degree of silane hydrolysis. The hydrolysate hydroxysilane has
high activity and the condensation reaction can continue in hydroxysilane. The equation is
as follows:

2R-Si-(OH)3→R-(OH)2SiOSi(OH)2-R + H2O (2)

The above condensation reaction can occur between hydroxysilane and between
hydroxysilane and hydration products on the concrete surface. The former makes silane
form a network structure of dimer or even polymer on the concrete surface, and the latter
makes silane establish a chemical connection with the concrete surface [48]. Through the
two-step reactions (1) and (2), silane forms a stable polymerization network on the surface
of concrete pores, to which alkyl R gives hydrophobicity to the surface of concrete pores.

The condensation reaction will cause a dehydration process. A relatively dry concrete
(pore) surface is more conducive to reaction (2), and reaction (2) is easier to carry out.

5. Conclusions

In this paper, three types of fiber (FC, CF, and BF) reinforced concrete were pre-
pared. The physical properties, and freeze–thawing and salt-freezing performance were
investigated, and the microstructure and pore distribution of different fiber-reinforced
concretes were characterized by SEM and MIP. Some favorable measures to improve the
frost resistance of pavement concrete are put forward. The main conclusions are as follows:

(1) All fibers improve concrete flexural strength but have little effect on compressive
strength. Under the same mass fraction (1.4 kg/m3), the flexural strength of FC and BF
concrete increased by 4.36% and 4.64% compared with that of ordinary concrete, but CF
concrete increased by only 1.17%. The flexural strength of fiber-reinforced concrete is
positively correlated with the elastic modulus of fiber.

(2) The use of fiber can improve the frost resistance of concrete, characterized by less
mass loss and dynamic modulus loss. After 300 freeze–thaw cycles, the relative dynamic
elastic modulus of the control group (G1) was reduced to 0.93, while the relative dynamic
elastic modulus of G3 and G5 with fibers was reduced to 0.968 and 0.966, respectively, in-
creasing the relative dynamic elastic modulus by 4.03% and 3.86%, respectively. Compared
with CF, FC is more effective in improving concrete frost resistance.
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(3) Regardless of fiber types, the total peeling amount of concrete impregnated or
sprayed with silane was less than that of concrete not sprayed or impregnated with silane.
The use of silane can significantly improve the salt-frost resistance of concrete. After
30 cycles of salt freezing, the spalling amount of concrete sprayed or soaked with silane was
decreased by 65.5% and 55.5%, respectively. Furthermore, adding fiber and impregnating
silane reduced the spalled concrete by up to 70.5%.

(4) It is recommended to add FC with a content of 1.4 kg/m3 in the airport pavement
concrete, and apply silane spraying on the exposure surface to protect the concrete. Spray-
ing silane treatment was better than impregnating silane treatment in enhancing the frost
resistance of concrete because the dry concrete surface is more conducive to silane conden-
sation reaction in the spraying treatment. Proper surface treatment is more important than
the effect of fiber when the concrete is subjected to salt freezing.
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16. Shokravi, H.; Mohammadyan-Yasouj, S.E.; Koloor, S.S.R.; Petrů, M.; Heidarrezaei, M. Effect of Alumina Additives on Mechanical
and Fresh Properties of Self-Compacting Concrete: A Review. Processes 2021, 9, 554. [CrossRef]

17. BS EN 1504-2004; Products and Systems for the Protection and Repair of Concrete Structures-Definitions, Requirements, Quality
Control and Evaluation of Conformity. British Standards Institution: London, UK, 2004.

18. JTS 153-2015; Standard for Durability Design of Port and Waterway Engineering Structure. China Communication Press Co., Ltd.:
Beijing, China, 2015.

19. JTJ 275-2000; Corrosion Prevention Technical Specification for Concrete Structures of Marine Harbour Engineering. China
Communication Press Co., Ltd.: Beijing, China, 2000.

20. Wang, Q.; Luan, H.; Fan, Y. Chloride resistance of concrete with isobutyl-triethoxy-silane. J. Guangxi Univ. (Nat. Sci. Ed.) 2015, 40,
876–882.

21. Jiang, X.; Qin, M.; Xiao, J.; Zhang, Y.; Xu, W. Influence of silane impregnation conditions on anti-corrosion effect of concrete.
Railw. Eng. Chin. 2013, 07, 146–149.

22. GB 175-2007; Common Portland Cement. China Quality Standards Publishing & Media Co., Ltd.: Beijing, China, 2007.
23. GB 8076-2008; Concrete Admixtures. China Quality Standards Publishing & Media Co., Ltd.: Beijing, China, 2008.
24. GB 50081-2019; Standard for Test Methods of Concrete Physical and Mechanical Properties. China Quality Standards Publishing & Media

Co., Ltd.: Beijing, China, 2019.
25. GB 50082-2009; Standard for Test Methods of long-Term Performance and Durability of Ordinary Concrete. China Quality

Standards Publishing & Media Co., Ltd.: Beijing, China, 2009.
26. MH 5006-2015; Specifications for Construction of Aerodrome Cement Concrete Pavement. Civil Aviation Administration of

China: Beijing, China, 2015.
27. Paul, S.C.; Babafemi, A.J. Performance of strain hardening cement-based composite (SHCC) under various exposure conditions.

Cogent Eng. 2017, 4, 1345608. [CrossRef]
28. Meng, C.; Li, W.; Cai, L.; Shi, L.; Jiang, C. Experimental research on durability of high-performance synthetic fibers reinforced

concrete: Resistance to sulfate attack and freezing-thawing. Constr. Build. Mater. 2020, 262, 120055. [CrossRef]
29. Li, K.; Jing, W.; Yang, R. Review on silane impregnation of concrete surface and its long-term hydrophobic performance. J. Chin.

Ceram Soc. 2019, 47, 1181–1190.
30. Wang, J.; Xu, L.; Li, M.; He, H.; Wang, Y.; Xiang, D.; Lin, S.; Zhong, Y.; Zhao, H. Effect of pre-carbonation on the properties of

cement paste subjected to high temperatures. J. Build. Eng. 2022, 51, 104337. [CrossRef]
31. Xu, L.; Wang, J.; Li, K.; Lin, S.; Li, M.; Hao, T.; Ling, Z.; Xiang, D.; Wang, T. A systematic review of factors affecting properties of

thermal-activated recycled cement. Resour. Conserv. Recy. 2022, 185, 106432. [CrossRef]
32. Wang, J.; Wang, Y.; Yu, J.; Xu, L.; Li, M.; Cheng, J.; Li, Z. Effects of sodium sulfate and potassium sulfate on the properties of

calcium sulfoaluminate (CSA) cement based grouting materials. Constr. Build. Mater. 2022, 353, 129045. [CrossRef]
33. Zhang, J.; Stang, H.; Li, V. Crack bridging model for fiber reinforced concrete under fatigue tension. Int. J. Fatigue. 2001, 23,

655–670. [CrossRef]
34. Zhang, J.; Stang, H. Application of stress crack width relationship in predicting the flexural behavior of fiber reinforced concrete.

Cem. Concr. Res. 1998, 28, 439–452. [CrossRef]
35. Camps, G.; Turatsinze, A.; Sellier, A.; Escadeillas, G.; Bourbon, X. Steel-fibre-reinforcement and hydration coupled effects on

concrete tensile behaviour. Eng. Fract. Mech. 2008, 75, 5207–5216. [CrossRef]
36. Mohammadi, Y.; Singh, S.; Kaushik, S. Properties of steel fibrous concrete containing mixed fibres in fresh and hardened state.

Constr. Build. Mater. 2008, 22, 956–965. [CrossRef]
37. Dong, F.; Wang, H.; Yu, J.; Liu, K.; Guo, Z.; Duan, X.; Qiong, X. Effect of freeze-thaw cycling on mechanical properties of

polyethylene fiber and steel fiber reinforced concrete. Constr. Build. Mater. 2021, 295, 123427. [CrossRef]
38. Wang, Y.; Zhang, S.; Niu, D.; Fu, Q. Quantitative evaluation of the characteristics of air voids and their relationship with the

permeability and salt freeze-thaw resistance of hybrid steel-polypropylene fiber-reinforced concrete composites. Cem. Concr.
Comp. 2022, 125, 104292. [CrossRef]

39. Jones, P.; Austin, S.; Robins, P. Predicting the flexural load-deflection response of steel fibre reinforced concrete from strain,
crack-width, fibre pull-out and distribution data. Mater. Struct. 2008, 41, 449–463. [CrossRef]

40. Małek, M.; Jackowski, M.; Łasica, W.; Kadela, M. Characteristics of Recycled Polypropylene Fibers as an Addition to Concrete
Fabrication Based on Portland Cement. Materials 2020, 13, 1827. [CrossRef] [PubMed]

41. Małek, M.; Jackowski, M.; Łasica, W.; Kadela, M.; Wachowski, M. Mechanical and Material Properties of Mortar Reinforced with
Glass Fiber: An Experimental Study. Materials 2021, 14, 698. [CrossRef]

42. Wang, Y.; Lu, H.; Wang, J.; He, F. Effects of highly crystalized nano C-S-H particles on performances of Portland cement paste and
its mechanism. Crystals 2020, 10, 816. [CrossRef]

43. Hang, H.; Wang, Y.; Wang, J. Effects of aggregate micro fines (AMF), aluminum sulfate and polypropylene fiber (PPF) on
properties of machine-made sand concrete. Appl. Sci. 2019, 9, 2250.

http://doi.org/10.1016/S0008-8846(01)00624-X
http://doi.org/10.4028/www.scientific.net/AMM.165.339
http://doi.org/10.3390/pr9030554
http://doi.org/10.1080/23311916.2017.1345608
http://doi.org/10.1016/j.conbuildmat.2020.120055
http://doi.org/10.1016/j.jobe.2022.104337
http://doi.org/10.1016/j.resconrec.2022.106432
http://doi.org/10.1016/j.conbuildmat.2022.129045
http://doi.org/10.1016/S0142-1123(01)00041-X
http://doi.org/10.1016/S0008-8846(97)00275-5
http://doi.org/10.1016/j.engfracmech.2008.08.008
http://doi.org/10.1016/j.conbuildmat.2006.12.004
http://doi.org/10.1016/j.conbuildmat.2021.123427
http://doi.org/10.1016/j.cemconcomp.2021.104292
http://doi.org/10.1617/s11527-007-9327-9
http://doi.org/10.3390/ma13081827
http://www.ncbi.nlm.nih.gov/pubmed/32294901
http://doi.org/10.3390/ma14030698
http://doi.org/10.3390/cryst10090816


Materials 2022, 15, 7528 17 of 17

44. Wang, J.; Xie, J.; He, J.; Sun, M.; Zhao, J. Combined use of silica fume and steel fibre to improve fracture properties of recycled
aggregate concrete exposed to elevated temperature. J. Mater. Cycles Waste Manag. 2020, 22, 62–877. [CrossRef]

45. Xie, J.; Zhao, J.; Wang, J.; Huang, P.; Liu, J. Investigation of the high-temperature resistance of sludge ceramsite concrete with
recycled fine aggregates and GGBS and its application in hollow blocks. J. Build. Eng. 2021, 34, 101954. [CrossRef]

46. Wang, J. Steady-state chloride diffusion coefficient and chloride migration coefficient of cracks in concrete. J. Mater. Civ. Eng.
2017, 29, 0417117. [CrossRef]

47. Wang, J.; Liu, E. The relationship between steady-state chloride diffusion and migration coefficients in cementitious materials.
Mag. Concr. Res. 2020, 72, 1016–1026. [CrossRef]

48. Herb, H.; Gerdes, A.; Brenner-Weiß, G. Characterization of silane-based hydrophobic admixtures in concrete using TOF-MS.
Cem. Concr. Res. 2015, 70, 77–82. [CrossRef]

http://doi.org/10.1007/s10163-020-00990-y
http://doi.org/10.1016/j.jobe.2020.101954
http://doi.org/10.1061/(ASCE)MT.1943-5533.0001966
http://doi.org/10.1680/jmacr.18.00286
http://doi.org/10.1016/j.cemconres.2015.01.008

	Introduction 
	Experimental Program 
	Raw Materials 
	Mix Design and Specimen Preparation 
	Mechanical Tests 
	Freeze–Thaw Cycle Test 
	Salt-Freezing Test 
	Mercury Intrusion Porosimetry (MIP) 
	X-ray Diffraction (XRD) 
	Scanning Electron Microscopy (SEM) 

	Results 
	Compressive and Flexural Strength of Concrete 
	Frost Resistance of Fiber Reinforced Concrete under Freeze–Thawing 
	Effect of Surface Treatment Methods on the Salt Freezing of Fiber-Reinforced Concrete 
	Pore Structure Characteristics of Fiber-Reinforced Concrete 
	Effect of Superplasticizer and Sand Ratio 
	Effect of Fiber Contents and Types 

	XRD Results 
	Microstructure of Interface Transition Zone 

	Discussion 
	Influence of Fiber Types and Contents on Concrete Strength 
	Effect of Fiber Types on Frost Resistance of Concrete 
	Effect of Surface Treatments on Salt Freezing of Concrete 

	Conclusions 
	References

