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To study the antifreezing durability of internal coating silicon fume concrete with different external coatings, fast freeze-thaw (FT)
cycle testing was performed for three types of external coatings applied to the internal coatings of silicon fume concrete. Using
ultrasonic testing and compressive strength tests, we analysed the relationships between the ultrasonic pulse velocity and the
mechanical and physical properties of concrete under freeze-thaw action. The results show that the compressive strength and pulse
velocity of the studied concrete changed little before the first 100 FT cycles but varied significantly after being subjected to 100 FT
cycles and diminished linearly with increasing FT cycles. The dynamic elastic parameters of the concrete were inferred using pulse
velocity calculations, and the dependence on FT cycles was very similar to that of ultrasonic pulse velocity. The concrete strength
was strongly and positively correlated with ultrasonic pulse velocity. The linear regression model of between ultrasonic pulse
velocity, kinetic coefficient, and compressive strength of concrete was also established. The damage incurred to the external
coating material (XT-HPA + XT-SS and XT-HPS) was small, and the good performance of the concrete with the added inorganic

coating after freeze-thaw cycles indicates good frost resistance.

1. Introduction

Concrete is currently one of the most widely used materials
in civil engineering. It is composed of cement, aggregate,
sand, and water. Its strength comes from the chemical re-
action in which binders and water form a gel, hardening the
aggregates and combining them together. Owing to the
increasing use of concrete in construction projects, the
durability of concrete structures has become an important
research topic in the field of engineering materials and
structures; thus, it is important to develop new methods for
improving the concrete durability [1]. In the report that
describes the progress of concrete durability studies over the
span of the last 50 years, Mehta [2] pointed out that, at

present, there are three main causes of concrete failure in the
world: (1) steel bar corrosion, (2) freeze-thaw damage, and
(3) physicochemical action owing to the presence of erosive
environments.

In the northern hemisphere at mid- to high latitudes, the
damage to reinforced concrete structures caused by freeze-
thaw cycles has attracted much attention for the past decades
[3]. In America, many reinforced concrete structures were
built in extremely cold areas and the FT process critically
affects the mechanical behaviour of concrete [4]. In Canada,
infrastructure has been rapidly deteriorating as a result of the
cold weather conditions, such as FT cycles, deicing salt, and
persistent cold weather [5]. In the cold areas of China, such
as on the Tibetan Plateau, in Southwest China, and in
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Xinjiang, concrete structures of reinforced concrete are
subjected to freezing-thawing for long periods of time, and
the daytime-night temperature variations are significant,
which constitutes natural conditions for freeze-thaw cycles.
China spans a vast territory, seasonal permafrost covers
about 53% of China’s area, and permafrost accounts for
~21.5% [6], where the permafrost is mainly distributed in the
low- and midlatitude regions, known as the third pole of the
world on the Qinghai-Tibet Plateau; thus, freeze-thaw cycles
significantly contribute to the destruction of concrete.
Freeze-thaw damage of concrete is mainly assessed
according to the currently applicable durability codes. The
degree of damage is quantified based on indices such as mass
damage, compressive strength, and relative dynamic mod-
ulus of elasticity after freeze-thaw cycles [7, 8].

The quality of a concrete structure is closely related to its
mechanical and physical properties. Among the physical
properties of concrete, concrete strength is generally con-
sidered to be the most important characteristic. Many
techniques have been proposed for evaluating concrete
strength, but those traditional nondestructive testing
methods cannot provide a full and reliable concrete strength
evaluation. The ultrasonic pulse velocity method is widely
used for studying the physical properties of concrete [9-17],
which is used for assessing concrete strength, presence and
nature of defects in concrete, and the concrete thickness, by
observing the propagation speed of ultrasonic impulses,
reflected pulses, and shock pulses through the concrete [18].
These methods are usually based on observing the pulse
propagation speed, which is closely related to the physical
properties and elastic modulus of concrete.

The method of ultrasonic pulse velocity is a method of
measuring concrete strength. Because of its obvious ad-
vantage as a nondestructive testing (NDT) method, the
ultrasonic pulse velocity method is widely used for studying
the integrity and physical properties of concrete structures
[9, 15, 17]. At the same time, the ultrasonic pulse velocity
technology is one of the most commonly used NDT for
determining the performance of concrete.

Antonaci studied the behaviour of the existing interfaces
using the nonlinear ultrasonic nondestructive testing
method and revealed the effectiveness of specimens with a
discontinuity surface under a compression load in de-
scribing the mechanical evolution of concrete [19]. Dynamic
modulus of elasticity (DME) is an indispensable and im-
portant factor for assessing the quality and performance of
concrete structures [20, 21]. Ultrasonic pulse velocity is an
available parameter for estimating the Poisson ratio and
dynamic modulus of elasticity (DME) [22]. Wen and Li
studied the dynamic modulus of elasticity (DME) of con-
crete using the compressive pulse velocity method [23].
Mardani-Aghabaglou et al. evaluated the frost resistance of
high-content fly fume concrete and found that dynamic
modulus of elasticity (DME) corresponds to the percentage
of mass change during freeze-thaw cycles [24]. Trtnik et al.
analysed the parameters affecting ultrasonic pulse speed-
strength relationship in concrete and analysed the rela-
tionships between ultrasonic pulse speed, static and dynamic
Young’s moduli, and shear modulus [25]. Lei et al. measured
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the thickness of the surface damage layer and the relative
dynamic modulus of elasticity (RDME) of concrete using the
ultrasonic pulse velocity method and effectively estimated
the deterioration degree of concrete [26]. Yan predicted the
service life of concrete under freeze-thaw action using ul-
trasonic pulse velocity [27].

NDT method of concrete with the P-pulse velocity
method has been popular owing to its simplicity and low
cost. Most countries have developed standardised testing
procedures [28], where the concrete strength is evaluated
using the pulse speed method, and a national standard is
used for NDT of concrete [28]. Examples include the British
4408 standard [29]. In general, these tests nondestructively
estimate the concrete strength, but other nondestructive
testing methods are also used.

Considering the influence of prolonged FT cycles on the
concrete project on Qinghai-Tibet Plateau, the impacts of three
methods of protective inorganic coating of silica fume concrete
mixed with high-permeability inorganic crystallisation water-
repelling agents were studied in this work. The ultrasonic test
and compressive strength test of concrete under FT cycles were
conducted, and for all studied types of concrete, the dynamic
elastic mechanical parameters of the concrete subjected to
freeze-thaw treatment were inferred from the ultrasonic pulse
velocity calculation. The mechanical properties and damage
patterns of the three concrete types subjected to freeze-thaw
treatment were obtained. These studies indicated inner-doped
high-permeability inorganic crystalline waterproof agent silica-
ash concrete with better antifreezing durability.

2. Materials Preparation and Methodology
2.1. Materials

2.1.1. Cement. Portland 42.5R cement with a specific gravity
of 3.15g/cm” and a specific surface area of 345 m?*/kg was
used and its chemical composition is shown in Table 1.

2.1.2. Natural Aggregate. The fine aggregate is natural river
sand of Tao River, with mud content less than 0.2%, and the
coarse aggregate is hammer crushed stone of limestone
quality, with a grain size of 5-20 mm.

2.1.3. Silica Fume (SF) and Plasticiser. Silica fume with the
average particle size of 0.10um was used, whose chemical
composition is listed in Table 2. The plasticiser of poly-
carboxylic acid high-efficiency water-reducing agent was used.

2.1.4. External Inorganic Coating Materials and Methods.
External inorganic coating materials are as follows: (1) XT-
HPA environmental protection type high-permeability inor-
ganic crystalline waterproofing agent (permeable type): it can
penetrate into the concrete interior, forming a hydrophobic
coating, making the concrete hydrophobic, and stopping the
erosive media such as chloride ions and sulfate ions brought in
by water; (2) XT-SS environmental surface sealer (sealing type):
it can form a physical barrier to protect the concrete and ef-
fectively prevent the infiltration of various chloride ions, sulfate
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TaBLE 1: Chemical composition of cement (%).

Composition CaO  SiO,
Cement (%)

Fe,0; ALO; SO; MgO K,O
6228 21.08 396 547 263 173 0.80

TaBLE 2: Chemical composition of SF (%).

Composition SiO, Fe,O; AlL,O; SO;
Cement (%) 93.70 0.80 0.30

MgO K,0 CaO
050 020 030 0.20

ions, and other aggressive media brought in by water into the
concrete; (3) XT-HPS environmental protection type high-
permeability enhanced sealant (composite type): it can form
both a dense coating on the surface and a hydrophobic coating
in the infiltrated concrete; because this coating has both a
physical barrier and a hydrophobic coating of dual protection,
it has an excellent effect on preventing the entry of water and its
corrosive media brought in.

The spraying method of inorganic coatings applied to
concrete with polypropylene fibers is as follows: concrete
specimens in the water after 28 days of natural maintenance are
removed from the water to clean the surface impurities and
natural drying after 24 hours, the use of water-filled pneumatic
spray cans will be wet concrete surface, pay attention to the
surface of concrete specimens which cannot have bright water,
spray the entire concrete surface once XT-HPA environmental
protection type high-permeability inorganic crystalline wa-
terproofing agent, after the surface of concrete specimens dry,
spray them again (Figure 1(a)). After an interval of 24 hours,
the surface of concrete specimens were cleaned with water and
sprayed with XT-SS environmental surface sealer once, and
after the concrete specimens were naturally dried for 24 hours,
various strength tests were conducted on them (Figure 1(b)).
After all strength tests were completed, the concrete specimens
will continue to be tested in the FT cycles and were in a water-
filled condition during the FT cycles.

2.1.5. Other Materials. Lanzhou drinking water was used.
The design parameters and external coating materials of
concrete are listed in Table 3.

2.2. Freeze-Thaw Testing Process of Concrete. The freeze-thaw
resistance of each group of concrete was tested according to
GB/T50082-2009 [30]. Three 100 mm x 100 mm x 400 mm
specimens and twenty-seven standard cubic briquettes with
a side length of 100 mm were prepared for each mix design.
After 28 days in water, all specimens were inserted into the
freeze-thaw testing machine, and the FT temperature was in
the range from —17 + 2°C to 8 + 2°C. The average RDME and
mass loss rates were detected every 50 cycles up to mass loss
rate arrived at 5% or three hundred cycles.

2.3. NDT Using Ultrasonic Testing

2.3.1. The Device and the Principle of Ultrasonic Testing.
The ultrasonic testing device was based on an RSM-SY5
(T) type nonmetallic sound pulse detector developed by

Wuhan Geotechnical Institute of the Chinese Academy of
Sciences, which was composed of a wire, an acoustic de-
tector, a receiving transducer, and a transmitting trans-
ducer. The frequency of the compressive pulse transducer
is 50 kHz, and the frequency of the shear pulse transducer
is 200 kHz. The sampling interval was in the 0.1-200 pys
range, the recording length was in the 0.5-1 kus range, the
transmission voltage was 500 V/1000 V, the amplification
gain was 100 dB, the transmission pulse width was in the
0.1-100 ys range and was continuously adjustable, and the
bandwidth of the frequency band was in the 0.3-300 kHz
range. To make the test results comparable, the parameters
of the acoustic detector were consistent throughout the
entire test process. Compared with previously used in-
struments, the transducer frequency of the new ultrasonic
detector RSM-SY5 (T) was lower and the pulse could
penetrate thicker samples. Therefore, the samples were not
subjected to slicing, the disturbance of the samples was
smaller, the obtained data were more accurate, and the
nondestructive testing results for the concrete samples and
the comparison of the test result in terms of mechanical
and physical properties of the concrete samples were
facilitated.

The ultrasonic detector generated repetitive electric
pulses and stimulated the emission transducer. The ultra-
sonic pulses emitted by the transmitting transducer were
coupled to the tested sample, propagated in the sample, and
then detected and converted into electrical signals by the
receiving transducer. The electric signals were sent to the
ultrasonic instrument and the waveforms were drawn and
recorded by the instrument. Ultrasonic pulse propagation
time in the sample is determined by the ultrasonic pulse
propagation speed. To measure ultrasonic pulse propagation
time correctly, it was necessary to correct the time of the
sound propagation, to identify the type of the pulses, and to
determine the first pulse.

The sound propagation time was calculated according to
the following formula:

t=t;,—t,—t, (1)

where t is the time of the sound propagation after correcting
the measuring point (us), t; is the time of the sound
propagation of the P-pulse and S-pulse before correcting the
measuring point (us), t, is the system delay time (us), and ¢/
is the correction for the time of the sound propagation (us).
Therefore, the equations for determining the velocities of
the P-pulse and shear pulse were as follows, respectively:

vo__ L
P -ty —t"”
(2)
Vee L
STty —ty—t"

where Vpis compressive pulse velocity (km/s), Vg is shear pulse
velocity (km/s), L is test-piece length (mm), ¢, is the sound
propagation time of compressive pulse before correcting the
measuring point (us), and t; is the time of the sound propa-
gation of the S-pulse before correcting the measuring point (us).
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TaBLE 3: Concrete mix proportions.
- Water-
Strength Cement Limestone Sand  Water Silica reducing XT_HI.)A Water— External inorganic
rade Sample (kg/m3) (kg/m3) (kg/m3) (kg/m3) fume agent material - binder coating materials
& (kg/m?) 5 (kg/m®)  ratio
(kg/m”)
C40 C40-A1-NCTC 418 999 785 176 22 2.2 2.2 0.4 XT-HPA + XT-SS
C40 C40-A2-NCTC 418 999 785 176 22 2.2 2.2 0.4 None
C40 C40-A3-NCTC 418 999 785 176 22 2.2 2.2 0.4 XT-HPS

F1GURE 1: Inorganic coating spraying of concrete. (a) Concrete samples and coating material; (b) concrete surface morphology after

inorganic coating spraying.

2.3.2. Ultrasonic Testing Method. The propagation speed of
ultrasonic pulses in the studied concrete samples was
measured using an RSM-SY5 (T) nonmetallic acoustic de-
tector, as shown in Figure 2. Because the attenuation of
concrete is greater than that of other nonmetallic materials,
the frequencies were in the 20-100kHz range. The test
procedure was as follows:

(1) Vaseline was used as a coupling medium to ensure
good contact between concrete and sensors.

(2) The instrument parameters were set as follows. For
the ultrasonic P-pulse velocity test, the sampling
interval was 1 ys, the sampling length was 512 us, the
transmitted pulse width was 50 ys, and the emission
voltage was low. For the ultrasonic S-pulse velocity
test, the sampling interval was 0.5 us, the sampling
length was 512 us, the transmitted pulse width was
50 ps, and the emission voltage was low. The cali-
bration values of the instruments were set,
respectively.

(3) When sampling, the transmitting transducer and
the receiving transducer were pressed and stored
when the waveform was stable, so that shear pulse
velocity and compressive pulse velocity of concrete
specimens with different mix ratios could be
measured.

2.4. Compressive Strength Test. Cubic briquettes with 100 mm
side lengths were used for concrete compressive strength
testing, and there were three briquettes in each group. The test
was conducted using a 2000-kN electrohydraulic servo-
pressure testing machine (Figure 3); a detailed description can
be found in “Standard of Test Methods for Mechanical
Properties of Ordinary Concrete (GB/T50081-2002)” [31].
The loading speed was 0.20 MPa/s to the failure.

After 50 freeze-thaw cycles, a set of concrete briquettes
was taken for measuring the compressive strength, and its
average value (over the briquettes) was calculated.

3. Results and Discussion

3.1. Characteristics of Variation of Ultrasonic Pulse Velocity of
Concrete during FT Cycles

3.1.1. The Decay Rate of Ultrasonic Compressive Pulse
Velocity. We used the ultrasonic detector RSM-SY5 (T) to
measure the ultrasonic compressive pulse velocity of the
concrete specimens for different numbers of FT cycles, for
calculating the decay of the compressive pulse velocity.

After every 50 FT cycles, the surface moisture was wiped
from the tested concrete specimens, and ultrasonic com-
pressive pulse velocity was measured according to the above-
described method. Equation (3) was used for calculating the
decay rate of the compressive pulse velocity of the concrete
samples:

P, = Ve~ Ve 1oow, (3)
Vp,
where P, is the decay rate of compressive pulse velocity of
concrete, Vp is the velocity of the compressive pulse after FT
cycles (km/s), and Vp is the velocity of the compressive
pulse before freeze-thaw cycles (km/s).

Figure 4 shows the variation of the compressive pulse
velocity and its decay rate during 300 FT cycles for the tested
concrete samples coated using three different methods as
described above. As can be seen from Figure 4(a), the trends
of the compressive pulse velocity for the three groups of
tested concrete specimens (C40-A1-NCTC, C40-A2-NCTC,
and C40-A3-NCTC (number of three groups of concrete
mix ratio)) subjected to FT cycles were similar. In general,
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FIGURE 4: Variation characteristic of ultrasonic compressive pulse velocity and its decay rate of three kinds of concrete over 300 FT cycles.
(a) Variation characteristic of ultrasonic compressive pulse velocity; (b) decay rate of ultrasonic compressive pulse velocity.

the compressive pulse velocity tended to decrease; the rate of
attenuation was relatively slow during the first 100 FT cycles
but then increased rapidly. The compressive pulse velocity
and the attenuation rate during the FT cycles are shown in
Figure 4(b) and Table 4.

From Figure 4(b) and Table 4, the initial P-pulse ve-
locities for the three types of tested concrete samples are
similar for no FT cycles, but the decay rates become different
after 300 FT cycles. The concrete sample sprayed with the
XT-HPA inorganic coating and the XT-SS inorganic coating

(C40-A1-NCTC) and concrete specimens sprayed with the
XT-HPA inorganic coating (C40-A3-NCTC) exhibit smaller
ultrasonic pulse velocity decay than unsprayed inorganic
coated concrete specimens (C40-A2-NCTC), whose specific
parameters are listed in Table 5.

The compressive pulse velocities for the three kinds of
concrete specimens were close to those of the three groups of
concrete samples before the FT treatment. Nevertheless, after
300 FT cycles, the compressive pulse velocities for group A
(C40-A1-NCTC to C40-A3-NCTC) were 3.45 km/s, 3.13 km/s,
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TaBLE 4: Parameters of linear relationship between ultrasonic compressive pulse velocity and shear pulse velocity.

Specimen a b Determination coefficient

All samples 0.6102 0.0713 0.9936

C40-A1-NCTC 0.6044 0.0977 0.9984

C40-A2-NCTC 0.6108 0.0692 0.9993

C40-A3-NCTC 0.6182 0.036 0.9679

TaBLE 5: Variation characteristic in the ultrasonic compressive pulse velocity of three kinds of concrete under FT cycles.

Specimen Vp at 0 FT cycles (km/s) Vp at 300 FT cycles (km/s) Decay rate of Vp (%)
C40-A1-NCTC 4.55 3.45 24.14
C40-A2-NCTC 4.55 3.13 31.24
C40-A3-NCTC 4.65 3.70 20.36

and 3.70 km/s, respectively. The decay rates of the compressive
pulse velocities were 24.14%, 31.24%, and 20.36%, respectively,
which was very different from the values for the other spraying
methods. These results show that the external inorganic coating
of concrete improves the antifreezing performance.

3.1.2. The Decay Rate of Ultrasonic Shear Pulse Velocity.
The ultrasonic detector RSM-SY5 (T) was used for mea-
suring the ultrasonic shear pulse velocity of the tested

concrete specimens, for different numbers of FT cycles.
After every 50 FT cycles, the surface moisture was wiped
from the tested concrete samples, and the ultrasonic shear
pulse velocity was measured according to the above-described
test method. Equation (4) was used for calculating the at-
tenuation rate of shear pulse velocity of concrete specimens:

Vs, = Vs
S, = —>—2x100%, (4)
Vs,

where S, is the decay rate of shear pulse velocity of a concrete
specimen, V is shear pulse velocity after an FT cycle (km/s),
and Vg is shear pulse velocity before the freeze-thaw cycle
(km/s).

Figure 5 shows the variation of the shear pulse velocity
and its attenuation rate during 300 FT cycles, to concrete
specimens coated using three different methods. According
to Figure 5(a), shear pulse velocity variations during the FT
cycles are similar for three types of concrete (C40-A1-NCTC
to C40-A3-NCTC) and all exhibit decreasing trends. The
pulse velocity decay is slow in the first 100 FT cycles but
decays rapidly after the first 100 FT cycles. Shear pulse
velocities and decay rates during freeze-thaw cycles are
shown in Figure 5(b) and Table 6.

From Figure 5(b) and Table 6, the initial shear pulse ve-
locities of concrete with inorganic coatings are similar when no
FT cycles are applied. After 300 FT cycles, the attenuation
patterns of shear pulse velocity for three kinds of concrete
become distinctly different. The concrete specimen sprayed with
the XT-HPA inorganic coating and XT-SS inorganic coating
with surface sealant (C40-A1-NCTC) and concrete specimen
sprayed with the XT-HPA inorganic coating (C40-A3-NCTC)
exhibit smaller shear pulse velocity decay than unsprayed in-
organic concrete specimen (C40-A2-NCTC) with inorganic
coating, whose specific parameters are listed in Table 6.

The variation of shear pulse velocities for three kinds of
concrete is similar to that of compressive pulse velocities.
The values are close for three kinds of concrete before FT
treatment; however, after 300 FT cycles, shear pulse veloc-
ities for three types of concrete (C40-A1-NCTC to C40-A3-
NCTC) are 2.18 km/s, 1.97 km/s, and 2.31 km/s, respectively,
and the decay rates of shear pulse velocities are 23.33%,
30.49%, and 19.29%, respectively, which is very different
from the values for other spraying methods. These results
show that the external coating of inorganic coating improves
the frost resistance of concrete.

3.2. Variation of the Kinetic Coefficient of Concrete during
Freeze-Thaw Cycles

3.2.1. The Standard Method of Kinetic Parameters. The
dynamic elastic modulus E, the dynamic shear modulus G,
and the Poisson ratio g of concrete define its basic me-
chanical properties. At present, the methods for quantifying
these three dynamic parameters mainly include the reso-
nance column method, the pulse velocity method, and the
dynamic three (single) test method. Compared with other
methods, the pulse velocity method is simple, nondestruc-
tive, and fast; as a result, it is widely used for nondestructive
testing of concrete. However, the existing pulse velocity
method is mainly used for simple determination of the pulse
velocity, but the dynamic elastic modulus, the dynamic shear
modulus, and the pulse velocity ratio of concrete are less
commonly quantified using the pulse velocity method. Based
on the elastic theory, the measured P-pulse velocity V5, the
shear pulse velocity Vi, and the sample density p are used for
determining these quantities of interest. The equations for
computing the above three quantities are as follows:

b (5)
Vi - Vs
G =pVi, (6)
2 2
. V- 2Ve 7
2 YAN
2(Vy-vy)

where p is the tested sample’s density (g/cm?).
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FIGURE 5: Variation characteristic of ultrasonic shear pulse velocity and its decay rate of three kinds of concrete over 300 FT cycles. (a) Variation
characteristic of ultrasonic shear pulse velocity; (b) decay rate of ultrasonic shear pulse velocity.

TABLE 6: Variation characteristic in the ultrasonic shear pulse velocity of three kinds of concrete under FT cycles.

Specimen Vs at 0 FT cycles (km/s) Vs at 300 FT cycles (km/s) Decay rate of Vg (%)
C40-A1-NCTC 2.84 2.18 23.33
C40-A2-NCTC 2.84 1.97 30.49
C40-A3-NCTC 2.86 2.31 19.29

The relationships between dynamic modulus of elasticity
(DME) E, dynamic shear modulus (DSM) G, Poisson’s ratio
u, and the number of FT cycles are shown in Figure 6. From
Figure 6, the variation trends of DME E and DSM G of
concrete with FT cycles are similar to ultrasonic pulse ve-
locity under FT cycles; these quantities decrease with in-
creasing FT cycles, and these trends become very clear after
100 FT cycles.

Figures 6(a) and 6(b) show the variation characteristics
of DME and DSM, computed using ultrasonic pulse velocity
method (equations (5) and (6)), for the three kinds of
concrete specimens, during 300 FT cycles. Figure 6(c) shows
the changes in the Poisson ratio for the three types of
concrete specimens, during 300 FT cycles.

From Figure 6(a), DME for three types of concrete
decrease relatively slowly during the first 100 freeze-thaw
cycles, but the rate of attenuation increases after the first 100
freeze-thaw cycles. After 300 FT cycles, DME for three types
of concrete (C40-A1-NCTC to C40-A3-NCTC) are
27.262 GPa, 22.458 GPa, and 31.541 GPa. Relative dynamic
moduli of elasticity (RDME) are 57.81%, 46.22%, and
64.37%, respectively, which shows that both of the three
concrete types reached the failure criterion; overall, the two
types of concrete demonstrate poor antifreezing.

From Figures 6(a) and 6(b), variation characteristics of
DME and DSM of concrete types during FT treatment are
similar. The dynamic shear moduli for three kinds of
concrete (C40-A1-NCTC to C40-A3-NCTC) decrease rel-
atively slowly during the first 100 FT cycles, but the rate of
attenuation is much higher after the first 100 FT cycles. After
300 FT cycles, the dynamic shear moduli for three concrete

types (C40-A1-NCTC to C40-A3-NCTC) are 11.66 GPa,
9.61 GPa, and 13.32 GPa, respectively. The respective relative
dynamic shear moduli are 59.18%, 48.18%, and 66.18%.

For three kinds of concrete, the Poisson ratio during FT
treatment gradually decreases (Figure 6(c)).

3.2.2. Damage Amount. The damage amount D can describe
the damage and performance degradation of concrete
[32, 33], and the following equation is obtained using the
dynamic elastic modulus concept:

E,-E,

D=2

By (8)

where E, is initial DME (GPa) and E, is DME after FT
treatment (GPa).

Figure 7 shows the relationship between the number of FT
cycles and the damage amount, for the three types of concrete.
From Figure 7, the relationship between the number of FT
cycles and the amount of damage to the concrete differs
depending on the type of concrete coating. During the first 100
FT cycles, the damage amount for the three types of concrete is
small, and the amount of damage actually decreases for two of
three kinds (C40-A1-NCTC and C40-A2-NCTC), which
suggests that a small number of FT cycles can increase the
strength of concrete. Beyond 100 FT cycles, the damage
amount for the three groups of samples increases rapidly, and
the damage amount for C40-A2-NCTC is the greatest.

After 300 FT cycles, the damage amount for three kinds
of concrete samples is as follows: C40-A1-NCTC < C40-
A3-NCTC < C40-A2-NCTC.
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FIGURE 6: Variation characteristic of DME, DSM, and Poisson’s ratio of three kinds of concrete over 300 FT cycles. (a) Variation
characteristic of DME; (b) variation characteristic of DSM; (c) variation characteristic of Poisson’s ratio.
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FiGUre 7: The relationship curve between the damage amount of three kinds of concrete and the number of FT cycles.
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3.3. Mass Loss of Concrete with External Inorganic Coating
during FT Treatment. Figure 8 indicates variation charac-
teristics of mass loss for concrete subjected to the freeze-
thaw treatment. From Figure 8, during the first 100 FT
cycles, the mass loss of concrete is small. Nevertheless, after
the first 100 FT cycles, loss rate of mass becomes much
smaller, with mass loss rates for the three types of concrete
being 1.73% (for C40-A1-NCTC), 1.47% (for C40-A2-
NCTC), and 0.44% (for C40-A3-NCTC). The trends of the
mass loss and the damage amount were similar for the three
types of concrete. However, the failure standard of GB/T
50082-2009 has not been met for the mass loss [30], which
suggests that coating enhances the bonding properties of
concrete to a certain extent, helping to reduce its mass loss.

3.4. Loss Rate of Compressive Strength. According to GB/T
50082-2009 [30], the compressive strength per 50 FT cycles
was tested for three kinds of concrete. The formula for
calculating the loss rate p of the concrete compressive
strength was
p= foof x 100%, (9)
fo

where p is the loss rate of the compressive strength of
concrete, f is the compressive strength of concrete after the
freeze-thaw treatment (MPa), and f, is the initial com-
pressive strength of concrete without the freeze-thaw
treatment (MPa).

Figures 9 (a) and 9(b) show variations in the compressive
strength and the loss rate of the compressive strength for
three kinds of concrete subjected to FT treatment. These
figures show that, for the three types of concrete subjected to
the freeze-thaw treatment, the loss rate of the compressive
strength of concrete is similar to that of damage amount and
attenuation rate of ultrasonic pulse velocity, which shows
that the loss rate of the compressive strength of concrete
increases linearly with increasing the number of freeze-thaw
cycles. The loss rates of the compressive strengths for the two
types of concrete (C40-A1-NCTC and C40-A2-NCTC)
decrease somewhat during the first 150 FT cycles and then
increase sharply. After 300 FT cycles, the compressive
strengths for the three types of concrete (C40-A1-NCTC to
C40-A3-NCTC) were 52.37MPa, 50.00 MPa, and
54.24 MPa, respectively. The respective loss rates of the
compressive strength were 21.66%, 25.02%, and 19.11%.

Figure 9(c) shows an example image of concrete failure
following the compressive strength test after 300 FT cycles,
which shows good cementing performance.

After 300 FT cycles, the relative dynamic moduli of
elasticity for two of the three concrete types are below 60%,
which meets the national standard of failure, for which the
loss rate of the concrete compressive strength should be
above 19.00%. However, the compressive strength was still
above 50.00 MPa, which is much higher than the national
standard for C40 concrete. This observation shows that
concrete with inorganic coating has good frost resistance,
and it also suggests that there are some limitations on the
standard of the relative dynamic elastic moduli under 60%.
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FIGURE 8: Weight loss of three kinds of concrete specimens under
FT cycles.

3.5. Relationship between the Ultrasonic Shear Pulse Velocity,
Dynamic Coefficient, Compressive Strength, and Ultrasonic
Compressive Pulse Velocity for Concrete Subjected to the
Freeze-Thaw Treatment. The relationships between the ul-
trasonic shear pulse velocities, the dynamic coefficients, the
compressive strengths, and the ultrasonic compressive pulse
velocities for the three kinds of concrete subjected to FT
treatment were gained using the linear regression analysis.
The relationships were modelled as follows:

Veg=aVp+b,

E=a'V,+V, (10)
G= AV, +B,

f=AVp+B,

where a, b,a’, b', A, B, A', and B’ are correlation coefficients,
which are related to the mixing proportions of concrete
materials. In this test, the values of the concrete correlation
coefficients (a, b, a’, b, A, B, A', and B') for three kinds of
concrete subjected to FT treatment are listed in Tables 4, 7-9,
respectively.

The results in Tables 4 and 7-9 show that the linear
regression model linking ultrasonic pulse velocity, dynamic
coeflicient, compressive strength, and ultrasonic pulse ve-
locity of concrete yields the determination coefficient above
0.90. This suggests a good correlation between the ultrasonic
pulse velocity and the dynamic elastic modulus and provides
the basis for further studies on the relationship between the
strength of concrete estimated using the ultrasonic method
and FT cycles.

Figure 10(a) shows the ratio of ultrasonic shear pulse
velocity Vi to compressive pulse velocity Vp, for 21 concrete
specimens subjected to FT treatment. The ratio of ultrasonic
shear pulse velocity Vs to compressive pulse velocity Vp for
concrete subjected to FT treatment is mainly distributed
between 0.61 and 0.63.

Figure 10(b) shows the ratio of dynamic shear modulus
G to dynamic elastic modulus E, for 21 concrete samples
subjected to the FT treatment. The ratio of dynamic shear
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FIGURE 9: Variation curve of compressive strength and the loss rate of compressive strength of three kinds of concrete during FT cycles.
(a) Variation characteristics of compressive strength; (b) loss rate of compressive strength; (c) failure image of concrete after compressive

strength test.

TaBLE 7: Parameters of linear relationship between ultrasonic compressive pulse velocity and dynamic modulus of elasticity.

Specimen a' b’ Determination coefficient
All samples 17.775 -33.762 0.9969
C40-A1-NCTC 17.913 —-34.501 0.9988
C40-A2-NCTC 17.594 -32.909 0.9991
C40-A3-NCTC 18.435 -36.495 0.9894

TaBLE 8: Parameters of linear relationship between ultrasonic compressive pulse velocity and dynamic shear modulus.

Specimen A B Determination coefficient
All samples 7.4618 -13.95 0.9924
C40-A1-NCTC 7.4878 -14.118 0.9975
C40-A2-NCTC 7.3929 -13.626 0.9994
C40-A3-NCTC 7.7563 —-15.169 0.9656

TaBLE 9: Parameters of linear relationship between ultrasonic compressive pulse velocity and compressive strength.

Specimen A’ B Determination coefficient
All samples 13.269 7.515 0.9359
C40-A1-NCTC 14.361 2.8576 0.9636
C40-A2-NCTC 12.814 9.8827 0.9408
C40-A3-NCTC 14.169 3.2907 0.9084
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FIGURE 10: The ratio of dynamic strength to compressive pulse velocity of concrete under FT cycles. (a) Vs/Vp; (b) G/E; (¢) f/Vp.

modulus G to dynamic elastic modulus E for concrete
subjected to the freeze-thaw treatment is mainly distributed
between 0.42 and 0.43.

Figure 10(c) shows the ratio of concrete compressive
strength fto compressive pulse velocity Vp, for 21 concrete
samples subjected to FT treatment. The ratio of the com-
pressive strength f to the compressive pulse velocity Vp for
concrete subjected to FT treatment is mainly distributed
between 14.6 and 16.0. There is significant discreteness,
which indicates that individual briquette characteristics
significantly affect the compressive strength, but there is still
a good correlation between the concrete compressive
strength and its compressive pulse velocity.

3.6. Strength Attenuation Mechanisation of Concrete under
FT Cycles. Frost damage is due to several pore pressures
caused by ice formation, that is, hydraulic pore pressure due
to ice volume expansion and crystallisation and low-tem-
perature water absorption pressure due to thermodynamic
equilibrium between ice crystals and thawing water. It has
also been observed that only highly saturated concrete can be
damaged by frost. It can be found that the strength of

concrete attenuates with the increase of freeze-thaw times,
especially after 100 FT cycles. Because the freeze-thaw cycle
adversely affects the strength of concrete decreasing with the
increase of freeze-thaw cycles, the ultrasonic pulse velocity
and compressive pulse velocity of concrete decrease with the
increase of the number of freeze-thaw cycles. As for the slow
attenuation of strength before 100 FT cycles, it should be that
the concrete is still hydrated in the early freeze-thaw cycle, so
the strength also increases. However, after 100 hydration
reactions, freezing and thawing lead to a rapid decrease in
strength.

4. Conclusions

In this study, the rapid freeze-thaw cycle test of internal
coating silicon fume concrete with different external coat-
ings was carried out, the strength evolution law of concrete
with different external inorganic coatings was analysed by
ultrasonic testing and compressive strength, and the cor-
relation between ultrasonic pulse velocity and physical
mechanics was analysed. The following conclusions were
obtained in this study through theoretical derivation and
experimental examinations:
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(1) The compressive strength and ultrasonic pulse ve-
locity of the studied concrete samples decreased
gradually with increasing the number of freeze-thaw
cycles, especially after the first 100 FT cycles. As for
the slow attenuation of strength before 100 FT cycles,
it should be that the concrete is still hydrated in the
early FT cycle, so the strength also increases. But after
100 hydration reactions, freezing and thawing lead to
a rapid decrease in strength.

(2) The trends for dynamic elastic modulus E and dy-
namic shear modulus G versus the number of FT
cycles were similar to that of ultrasonic pulse velocity.
Both moduli decreased with increasing FT cycles and
also decreased dramatically after the first 100 FT
cycles. For the three types of concrete, the Poisson
ratios gradually decreased with increasing FT cycles.

(3) The amount of damage to the three types of concrete
samples was small during the first 100 FT cycles, but
after the first 100 FT cycles, the amount of damage
increased rapidly. The amount of damage to the
concrete samples without external coating increased
sharply after the first 100 FT cycles. The damage
amount to the external coating material (XT-HPA
plus XT-SS and XT-HPS) of concrete was small, and
the performance of the concrete samples after the
freeze-thaw treatment was good, which shows good
frost resistance durability. After 300 FT cycles, the
damage amount for three kinds of concrete was as
follows: C40-A1-NCTC < C40-A3-NCTC < C40-
A2-NCTC. The respective relative dynamic elastic
moduli (C40-A1-NCTC, C40-A2-5NCTC, and C40-
A1-NCTC) are 57.81%, 46.22%, and 64.37%, which
shows that two of the three concrete types reached
the failure criterion; overall, the two types of concrete
demonstrate poor antifreezing.

(4) Following the freeze-thaw treatment, the ratio of the
pulse velocity Vs to the P-pulse velocity Vp of the
concrete samples was mainly between 0.61 and 0.63.
The ratio of the dynamic shear modulus G to the
dynamic elastic modulus E was mainly distributed
between 0.42 and 0.43. The ratio of the compressive
strength f to the P-pulse velocity Vp of concrete
subjected to the freeze-thaw treatment was mainly
distributed between 14.6 and 16.0. There was a good
correlation between these quantities.

(5) The relationship between ultrasonic pulse velocity
and intensity of concrete was well-described by a
linear function, and the coeflicient of determination
of the linear regression fit was above 0.90, indicating
a good correlation between the ultrasonic pulse
velocity and concrete intensity. Thus, the strength of
concrete can be estimated by measuring its ultra-
sonic pulse velocity.
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