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ABSTRACT

The dynamic elasticity modulus (Ed) is the most commonly used indexes for nondestructive testing to represent
the internal damage of hydraulic concrete. Samples with a specific size is required when the transverse resonance
method was used to detect the Ed, resulting in a limitation for field tests. The impact-echo method can make up
defects of traditional detection methods for frost-resistance testing, such as the evaluation via the loss of mass or
strength. The feasibility of the impact-echo method to obtain the relative Ed is explored to detect the frost-resis-
tance property of large-volume hydraulic concretes on site. Results show that the impact-echo method can replace
the traditional resonance frequency method to evaluate the frost resistance of concrete, and has advantages of
high accuracy, easy to operate, and not affecting by the aggregate size and size effect of samples. The dynamic
elastic modulus of concrete detected by the impact-echo method has little difference with that obtained by the
traditional resonance method. The one-dimensional elastic wave velocity of concrete has a good linear correlation
with the transverse resonance frequency. The freeze-thaw damage occurred from the surface to the inner layer,
and the surface is expected to be the most vulnerable part for the freeze-thaw damage. It is expected to monitor
and track the degradation of the frost resistance of an actual structure by frequently detecting the P-wave velocity
on site, which avoids coring again.
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1 Introduction

The reasons for the destruction of concrete are (in descending order of significance): steel-bar corrosion,
freeze-thaw damage, and other physical and chemical erosions induced by surrounding environment, which
is reported by Mehta in the second international conference on concrete durability [1]. The mostly common
evaluation parameters for frost-resistance at present are the mass loss, strength degradation, relative dynamic
elasticity modulus. Besides, other parameters such as the fracture energy, strain [2], electrical resistivity [3],
and water-saturation degree are also used to evaluate the freeze-thaw damage of concrete. Arnfelt [4] pointed

This work is licensed under a Creative Commons Attribution 4.0 International License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original
work is properly cited.

DOI: 10.32604/sdhm.2023.024912

ARTICLE

echT PressScience

mailto:wangd_dlut@163.com
https://www.techscience.com/journal/SDHM
http://dx.doi.org/10.32604/sdhm.2023.024912
https://www.techscience.com/
https://www.techscience.com/doi/10.32604/sdhm.2023.024912


out, for the first time, that the freeze-thaw damage of concrete is expected to cause spall damage on the
surface of concrete, so the mass loss is regarded as an indicator to estimate the frost-resistance of
concrete [5]. Many scholars [6] hold that the degradation degree of compressive strength can reflect the
degradation process during freezing and thawing cycles of concrete. So, the loss of compressive strength
is also regarded as an important index to estimate the frost-resistance in the case of slow-freezing method.

However, both the mass loss and the strength loss have limitations. The mass loss only reflects the spall
damage on the surface of concrete, and cannot represent the internal damage of concrete. Besides, previous
research confirmed that the internal crack of high-strength concrete (such as C60 concrete) showed a rapid
expand after 270–330 cycles of freeze-thaw tests, but almost no surface damage can be found during tests [7],
which illustrates that the mass loss is not suitable to evaluate the frost-resistance of high-strength concrete.
The strength loss is influenced by the molding quality. Especially, both of the indicators are only suitable to
estimate the damage of concrete under laboratory conditions of freezing and thawing cycles, and not suitable
for field tests regarding the hydraulic structure such as the port structure. The freeze-thaw cycle test in
laboratory cannot simulate the real situation very well. It should be notice that the dynamic elasticity
modulus (Ed) is the most commonly used indexes for nondestructive testing to represent the internal
damage of hydraulic concrete.

The dynamic elasticity modulus depends on the inherent nature of the material itself, and changes with
the internal structure of concrete. The dynamic elasticity modulus can reflect the whole and local damage of
structure. At present, the transverse resonance method has been widely used to determine the dynamic
elasticity modulus, and has been incorporated into standards in many countries, such as the earliest U.S.
standard ASTM C666, the subsequent Japanese standard JIST1148, Canadian standard CSA-A23.2,
Chinese standard GBJ82-85, and GB/T50082-2009. This method is based on the natural vibration
frequency of concrete changed during the freeze-thaw cycle [8], and is only suitable for the control of the
concrete quality under laboratory conditions. A laboratory freeze-thaw condition and core samples are
needed when using the transverse resonance method, but it cannot completely replace the actual
engineering conditions. A specific size of samples (usually a rod-like shape with a size of 100 mm ×
100 mm × 400 mm) is required when the transverse resonance method was used, resulting in a limitation
for field tests. The frequency of the stress wave generated by the impact-echo method during the
instantaneous shock is low (∼70 kHz), and it is not easy to be attenuated during the propagation of non-
uniform media such as concrete [9]. The impact-echo method is more practical in determining the defect
on concrete but has not been widely used to estimate the frost-resistance of concrete until now, especially
for the large-size concrete.

The impact-echo method is a kind of nondestructive technologies and based on the transient stress wave.
The testing procedure and calculation method for using impact-echo method in determining the wave
velocity and resonance frequency can be found in standard ASTM C1383 [10] and ASTM C125 [11].
Using of the impact-echo technique to determine defects for concrete has been widely investigated,
except for determining the frost-resistance of concrete. For example, impact-echo technique combined
with electrochemistry method was used to accurately detect the development of micro-cracks in concrete
blocks by Liang et al. [12], which proved that the impact-echo technique can be used to evaluate the
corrosion damage in reinforced concrete structures. Impact-echo technique was used to test the degree of
thermal damage of concrete by Krzemień et al. [13], and found that it showed a strong correlation
between the obtained characteristic signal of impact-echo tests and the high temperature mechanical
properties of concrete. The effect of the sensitivity of two methods including impact-echo technique and
ultrasonic surface wave on different parameters in the concrete slab was investigated by Azari et al. [14],
and found that their showed a high sensitivity for many parameters. The detection of size and thickness
of concrete slabs are more sensitive as for the impact-echo technique. The impact-echo technique was
used to evaluate the internal defects of concrete reported by Chaudhary [15], confirming that the results
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obtained by this method are crucial basis for taking an appropriate repair plan. The impact-echo technique
was used to evaluate the local bond loss of steel bars, and a method using non-destructive testing was
established to determine the damaged of bond properties of steel bars in concrete structures destroyed by
earthquakes [16]. The impact-echo method is easy to operate, and especially suitable for the defect
evaluation of large-volume concrete. Zima [17] used the elastic wave to effectively monitor debonding
damage parameters of reinforced concrete. Wandowski et al. [18] verified that the impact-echo method
has a high accuracy in detecting voids and peeling defects through a combination of numerical
calculation and experiment. Jagnathan [19] verified the accuracy of impact-echo method in detecting the
compactness of concrete by using the method of pre-embedded defects. The dynamic elasticity modulus
of concrete can be calculated from the wave velocity, and thus the frost-resistance of concrete can be
evaluated vie the impact-echo method.

The impact-echo method has several advantages; For example: 1) it can be used for field tests without
specific requirements on sizes of samples, which makes up defects of traditional detection methods for frost-
resistance testing; 2) it is a nondestructive technology with high precision in detecting the durability of
structure [20,21]. The impact-echo signals are disturbed by the inner structure of concrete such as the
porosity and moisture content, and are also disturbed by the design of measure points and the size of
samples [22]. Therefore, the impact-echo method was carried out for different size of samples to verify
whether it can be used to evaluate the frost-resistance property of large-size concrete in this study.

In this study, the evaluation of frost-resistance for physical construction using nondestructive technology
(i.e., the impact-echo method) is explored to detect the state of hydraulic structure by field tests. The freeze-
thaw tests on samples with different section size ranging from 100 to 500 mm were carried out to investigate
the size effect on the impact-echo method. Researches on further expansion techniques of the impact-echo
method in various application areas is beneficial for a better detecting the state of physical construction.

2 Experimental Programs

2.1 Material Design
The mix proportions were chosen according to the standard Test Code for Hydraulic Concrete (SL352-

2020) [23], as shown in Table 1. The Portland cement of P•O42.5R (a kind of the Portland cement, which the
28 d compressive strength is higher than 42.5 MPa and has a higher strength at the early hydration stage) was
provided by Dalian Onoda Cement Co., Ltd. (China).

2.2 Sample Preparation
Four groups of samples (named L1, L2, S1, S2) with a size of 100 mm × 100 mm × 400 mm were

prepared according to the mix proportions listed in Table 1, so as to verify the consistency of results
between the transverse resonance method and the impact-echo method in detecting the frost resistance.
The size of 100 mm × 100 mm × 400 mm is chosen because it is a common size of samples for

Table 1: Mix proportions and physical properties of concrete

No. w/c Sand
ratio
(%)

Mix proportion (kg/m3) fcu,28
(MPa)

Slump
(mm)

Apparent
density, ρ
(kg/m3)

Maximum particle
size of coarse
aggregate (mm)Water Cement Coarse

aggregate
Sand

L1 0.48 35 214.0 446.0 1102.0 593.0 47.55 82 2411.67 25

L2 0.55 43 215.0 391.0 1022.0 772.0 41.67 84 2390.83 25

S1 0.48 38 220.0 458.3 1067.5 654.2 47.00 75 2381.67 16

S2 0.55 43 220.0 400.0 1014.6 765.4 39.75 80 2382.50 16
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conducting the transverse resonance method. The four groups of samples were cured for 7 and 28 d under
standard conditions (95% RH, 20°C ± 2°C) prior to detect the velocity of elastic waves (P-wave, Vp1,
m/s) and transverse frequency (f, Hz). The P-wave velocity can be calculated from the Eq. (1): where f
represents the transverse frequency (Hz), L represents the specimen length (m).

Vp1 ¼ 2L � f (1)

Three specimens per group were measured. The dynamic modulus is calculated from the Eq. (2) when
using the transverse resonance method. The dynamic modulus is calculated from the Eq. (3) when using the
impact-echo method.

Ed ¼ 0:9464L3k

ab3
mf 2 (2)

where f represents the fundamental transverse frequency (Hz); m is the weight of a sample (kg); b and a are
section sizes of a prism (m) with b being the size in the direction in which the sample is driven; k is a
compensation coefficient, which is up to the ratio of gyration radius to the length of samples.

The theoretical propagation equations of P-wave in elastic media is shown as follows:

One-dimensional propagation:

Vp1 ¼
ffiffiffiffiffi
Ed

q

s
(3)

Three-dimensional propagation:

VP3 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ed

q
ð1� lÞ

ð1þ lÞð1� 2lÞ

s
(4)

where Vp1 and Vp3 represent one and three-dimensional stress wave speeds, respectively; μ represents the
Poisson’s ration, and ρ is the density of materials.

Besides, these four groups of samples after curing for 28 d were also conducted for freeze-thaw tests
using the rapid freezing method according to the Chinese standard JTS/T236-2019 [24]. The relative
dynamic elastic modulus of Pn and Pn2 is based on the transverse frequency and velocity of P-wave is
obtained by the Eqs. (5) and (6), where f0 is the initial transverse frequency, Hz; fn is the transverse
frequency after n-th cycles of freeze-thaw tests, Hz; Vp10 is the initial one-dimensional velocity of
P-wave, m/s; Vp1n is the one-dimensional velocity of P-wave after n-th cycles of freeze-thaw tests, m/s.

Pn ¼ f 2n
f 02

� 100% (5)

Pn2 ¼
V 2
p1n

V 2
p10

� 100% (6)

Different shapes and sizes of samples were prepared according to the mix proportions of L1 in Table 1 to
determine the influence of size effect on the results of dynamic elastic modulus by the impact-echo method,
thereby studying the feasibility of applying the impact-echo method to detect the frost resistance of practical
structures. The sample sizes can be seen in Fig. 1.
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Samples with various section sizes of 100 mm × 100mm × 400 mm, 150 mm × 150 mm × 400 mm,
200 mm × 200 mm × 400 mm, 250 mm × 250 mm × 400 mm, and 500 mm × 500 mm × 500 mm were
prepared according to the mix proportions of L2 listed in Table 1 to investigate the change in frost
resistance as a function of section sizes, so as to analysis the applicability of the impact-echo method in
the detection of on-site concrete with different cross-sections. The velocity of P-wave was measured
using the impact-echo method during the freeze-thaw process: where the layout of measuring points for
the section size of 100 mm × 100 mm, 150 mm × 150 mm, 200 mm × 200 mm, 250 mm × 250 mm, and
500 mm × 500 mm are shown in Figs. 3a, 3b, 3d–3f, respectively.

2.3 Impact-Echo Measurement and Transverse Resonance Measurement
The DT-W18 dynamic elastic modulus tester produced by Beijing Shuzhi Yilong Instrument Co., Ltd.

(China) was used to measure the transverse resonance frequency of the concrete. The frequency range of the
device is 100–20 kHz, and the frequency sensitivity reaches 1 Hz.

The impact-echo method was conducted using a concrete structure multifunctional non-destructive
tester (SCE-MATS, Sichuan Shengtuo Technology Co., Ltd., China) to test the P-wave velocity of
concrete, and the dynamic elastic modulus of concrete was calculated inversely, as shown in Eq. (3). The
equipment has a complete set of signal acquisition system and analysis system, which can perform MEM
(maximum entropy method) analysis, FFT (fast Fourier transform) analysis, correlation analysis,
waveform analysis, etc. Various defects in concrete structures such as the loss of strength and cracks can
be detected.

The transverse frequency and P-wave velocity were measured by the transverse resonance method [11]
and the impact-echo method [10], respectively. The schematic diagram of samples testing is shown in Fig. 2.
The operation process of the transverse resonance method can be found in Chinese standard JTS304-2019.
According to this standard, concrete specimens were placed on a polystyrene board with a thickness of
20 mm, and the forming surface of the specimen faced up on the board. The probe of the excitation
transducer pressed lightly at 1/2 of the midline of the long side of the specimen. The probe of the
receiver pressed lightly on the midline of the long side of the specimen and at a distance of 5 mm from
the end face. The position of the measuring point was marked, and the length, width, and height (l, b, h)
of the test block were measured prior to test, with a measurement accuracy of 1 mm. A layer of butter
was coated on the contact surface between the probe and the specimen during the test as a coupling
medium. The pressure value should be selected when absence of noise of the instrument was generated
during the test. The frequency value was chosen the average of three measurements of specimens.

Figure 1: Designed size of samples for the size effect detecting
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For the impact-echo method [25], the measuring point arrangement is shown in Fig. 3. A stainless steel
ball with a diameter of 17 mm is selected as the vibration hammer, the receiving point is located in the center
of the end face, and four excitation points are arranged along the corner of the end face. Each measuring point
is tested twice, and the average value of 8 readings (f, Hz) is taken as the test result. The test piece is placed on
a polystyrene board with a thickness of 20 mm during the test.

(a) Transverse resonance method (b) Impact echo method 

Self-oscillatory
transducer

Receiving Transducer

Vibration

hammer

Acceleration sensor

Figure 2: Schematic diagram of samples testing

Figure 3: Layout of accelerometer (receiving point, the blue points) and impact points (the red points) for
prism and cylinder specimens

76 SDHM, 2023, vol.17, no.1



3 Results and Discussion

3.1 Dynamic Modulus Ed

The comparison of dynamic elastic modulus obtained by impact-echo method and transverse resonance
method is shown in Tables 2 and 3. Results show that the dynamic elastic modulus of concrete calculated
from one-dimensional velocity of P-wave has little difference with that obtained by the transverse
resonance method no matter the curing age of 7 or 28 d. The deviation ratio of these two methods
decreased as the curing age prolonged, except for the S2 group. The deviation ratios of L2 group and
S2 group at 7 d curing reached a higher level of 3.14% and 3.26%, respectively. All the deviation ratios
of various groups decrease to less than 2% after 28 d of curing, which confirms that the impact-echo
method calculated from velocity of P-wave can be used to detect the dynamic elastic modulus of concrete
and has a high reliability. Previous research showed that the velocity of P-wave displays a high
correlation with the curing age, curing conditions, the type and dosage of coarse aggregate, and is not
sensitive to the type of cement, water-binder ratio, and sand coarse aggregate ratio [26]. The frequency
caused by the instantaneous excitation of impact is low, and produces a relatively long wavelength.
Almost no scattering caused by aggregates can be found because this wavelength is longer than the
particle size of aggregates [27]. Therefore, the result obtained by the impact-echo method is independent
of the majority external interference, increasing the accuracy of tests [28]. The spectrum diagram and
time domain curve of S1–3 sample using impact-echo method are shown in Fig. 4.

Table 2: Results of dynamic elastic modulus of concrete after 7 d of curing obtained by impact-echo method
and transverse resonance method

No. Impact-echo method Transverse resonance method Δ1 (%)

Vp1 (m/s) Ed2 (GPa) Avg. Ed (GPa) f (Hz) Ed (GPa) Avg. Ed (GPa)

L1 1 3997 38.53 38.50 2139 37.47 37.42 2.90

2 3997 38.53 2130 37.18

3 3993 38.45 2143 37.61

L2 1 3897 36.31 36.42 2079 35.10 35.31 3.14

2 3906 36.48 2085 35.29

3 3906 36.48 2092 35.54

S1 1 3989 37.90 37.91 2130 36.71 36.71 3.26

2 3988 37.88 2131 36.74

3 3992 37.95 2130 36.69

S2 1 3833 34.99 34.97 2057 34.23 34.40 1.67

2 3831 34.95 2061 34.36

3 3832 34.97 2068 34.60
Note: Δ1: the deviation ratio of dynamic elastic modulus between the impact-echo method and transverse resonance method.

Table 3: Results of dynamic elastic modulus of concrete after 28 d of curing obtained by impact-echo
method and transverse resonance method

No. Impact-echo method Transverse resonance method Δ2 (%)

Vp1 (m/s) Ed2 (GPa) Avg. Ed (GPa) f (Hz) Ed (GPa) Avg. Ed (GPa)

L1 1 4109 40.72 40.68 2213 40.12 40.13 1.37

2 4111 40.76 2208 39.95

3 4101 40.56 2219 40.32
(Continued)
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3.2 Frost-Resistance Property
Results of the mass loss and the value of Pn and Pn2 of prismatic specimens after various cycles of

freeze-thaw are shown in Tables 4–7. The Pn and Pn2 are the relative dynamic elastic modulus (RDEM,
%) based on the transverse frequency and velocity of P-wave, respectively, which can be calculated by
Eqs. (5) and (6): The mass loss ratio (W1, %) can be calculated by Eq. (7): where W0 is the initial mass
of samples; Wn is the mass of sample after n-th cycles of freeze-thaw tests. Tables 4–7 show that the

Table 3 (continued)

No. Impact-echo method Transverse resonance method Δ2 (%)

Vp1 (m/s) Ed2 (GPa) Avg. Ed (GPa) f (Hz) Ed (GPa) Avg. Ed (GPa)

L2 1 4015 38.54 38.95 2168 38.17 38.30 1.71

2 4073 39.66 2174 38.38

3 4021 38.66 2173 38.35

S1 1 4114 40.31 40.27 2220 39.88 39.89 0.95

2 4110 40.23 2219 39.82

3 4112 40.27 2223 39.97

S2 1 4018 38.46 38.39 2157 37.65 37.67 1.92

2 4012 38.35 2157 37.64

3 4013 38.37 2160 37.73

Figure 4: Spectrum diagram and time domain curve of S1–3 sample using impact-echo method
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greatest mass loss of 1.07% was found after 50-th freeze-thaw cycles of S1. A low deformation of the
longitudinal and transverse on samples was found during the freeze-thaw tests, so the size, Poisson ratio,
and density of samples are considered as almost unchanged during tests.

W1 ¼ Wn �W0

W0
� 100% (7)

Table 4: Frost-resistance test results for L1 specimens based on resonance frequency and elastic wave
velocity

Cycle of freeze-thaw test f (Hz) Pn (%) Vp1 (m/s) Pn2 (%) Pn−Pn2 (%) Mass loss ratio, W1 (%)

0 2213 100.00 4107 100.00 0 0

25 2163 95.53 4023 95.95 −0.42 0.84

50 2088 89.02 3937 91.89 −2.87 1.01

75 1805 66.53 3376 67.57 −1.04 0.91

100 1076 23.64 2109 26.37 −2.73 0.99

Table 5: Frost-resistance test results for L2 specimens based on resonance frequency and elastic wave
velocity

Cycle of freeze-thaw test f (Hz) Pn (%) Vp1 (m/s) Pn2 (%) Pn−Pn2 (%) Mass loss ratio, W1 (%)

0 2172 100.00 4036 100.00 0 0

25 1950 80.60 3720 84.95 −4.35 0.69

50 1337 37.89 2651 43.14 −5.25 0.86

Table 6: Frost-resistance test results for S1 specimens based on resonance frequency and elastic wave
velocity

Cycle of freeze-thaw test f (Hz) Pn (%) Vp1 (m/s) Pn2 (%) Pn−Pn2 (%) Mass loss ratio, W1 (%)

0 2221 100.00 4112 100.00 0 0

25 2154 94.06 4019 95.53 −1.47 0.87

50 2026 83.21 3790 84.95 −1.74 1.07

75 1764 63.08 3464 70.97 −7.89 0.87

100 1046 22.18 2062 25.15 −2.97 0.96

Table 7: Frost-resistance test results for S2 specimens based on resonance frequency and elastic wave
velocity

Cycle of freeze-thaw test f (Hz) Pn (%) Vp1 (m/s) Pn2 (%) Pn−Pn2 (%) Mass loss ratio, W1 (%)

0 2158 100.00 4014 100.00 0.00 0

25 1869 75.01 3550 78.22 −3.21 0.12

50 1253 33.71 2451 37.28 −3.57 0.83
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Results of regression analysis based on the least square method between Ed and Vp1, Vp1 and f of four
groups of prismatic specimens are presented in Table 8, which substantially conforms the relation of Vp1 =
1.843f. Ed is proportional to the square of Vp1, and all of regression analyses have a high correlation
coefficient of larger than 0.99.

Results of Pn2 of the four groups of samples show a well correlation with that of Pn, as shown in Figs. 5
and 6. All the deviation ratios between the Pn2 and Pn are less than 5%, except for the S2 group (reaching
7.89% at 75-th cycles). In all groups, the Pn2 is slightly larger than Pn, indicating that the relative dynamic
elastic modulus calculated by velocity of P-wave is larger than that calculated by the transverse frequency.
Therefore, real-time detection of the velocity of P-wave of concrete can be used to monitor the change of
relative dynamic elastic modulus of the actual structure [29–32], so as to analyze the degradation degree
of concrete during freeze-thaw cycles.

The frost-resistance properties of L1 group is better than that of L2 group; Similarly, the frost-resistance
properties of S1 group is better than that of S2 group, which reveals that using a smaller water-cement ratio is
beneficial to improve the frost resistance of concrete. Lu et al. [33] also found that the lower the water-cement
ratio, the stronger the ability to resist freeze-thaw cycles of ultra-high performance concrete. Freeze-thaw
cycle tests were conducted by Zhao et al. [34] on concrete with different maximum particle sizes of
coarse aggregates (9.5, 19, 26.5, 31.5, and 37.5 mm), and found that the relative dynamic elastic modulus
decreased with the increase of the maximum particle size of coarse aggregates. The frost heave appeared
on the coarse aggregate when the particle size exceeded 31.5 mm. Dalibor et al. [35] found that
the relative dynamic elastic modulus decreased rapidly after the 50 cycles of freeze-thaw tests when the
maximum particle size of coarse aggregates was within 16 mm (w/c ≥ 0.5), which is very similar to the
test results of sample S2 in Fig. 6.

Table 8: Regression equation of impact-echo method

L1 Vp1 = 1.7781f + 0.1988 R2 = 0.9992 Ed = 1.8764 × 10−5Vp1
2.1578 R2 = 0.9995

L2 Vp1 = 1.6769f + 0.4176 R2 = 0.9984 Ed = 1.5501 × 10−5Vp1
2.2873 R2 = 0.9988

S1 Vp1 = 1.7437f + 0.2771 R2 = 0.9943 Ed = 1.7637 × 10−5Vp1
2.2218 R2 = 0.9988

S2 Vp1 = 1.7360f + 0.2829 R2 = 0.9994 Ed = 1.7249 × 10−5Vp1
2.2137 R2 = 0.9998

Figure 5: Curves of relative dynamic elastic modulus (REDM) changed with freeze-thaw cycles for L1 and
L2 specimens
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Both relative dynamic elastic modulus displayed a relatively mild decrease before 50-th cycles and
showed a sharp decrease afterwards. The decrease in relative dynamic elastic modulus indicates that the
damage has been appeared in internal structure, thereby reducing the compaction as well. The damage is
accelerated in a relatively loose structure during the subsequent freeze-thaw cycles, extending the
propagation time of elastic waves in concrete, which results in a sharper decrease in relative dynamic
elastic modulus. For example, when the Pn< 60% (freeze-thaw cycles is ranging from 75-th to 100-th for
LI and S1 groups, and 25-th to 50-th for L2 and S2 groups), the Vp1 of L1 group decreasd from 3376 to
2109 m/s, with a Vp3 decreasing from 3558 to 2223 m/s. Similarly, Vp3 of L1, L2, S1, and S2 groups
decreased by 37.5%, 28.3%, 40.5%, and 40.0%, respectively. At this conditions, the value of Vp3 is lower
than 3600 m/s, the general standard of concrete quality evaluation [36], indicating a serious internal
damage of concrete caused by freeze-thaw cycles.

3.3 Size Effect of Impact-Echo Method
The port hydraulic structure has characteristics of various cross-section and a relatively large volume in

actual engineering. For example, the front structure of the gravity wharf (breast wall, caisson, buttress, etc.)
has various forms, and the cross-section has rectangular, circular, stepped, etc. [37,38]; In-service concrete
structures need to be evaluated by inspection of their different structural elements to determine their
durability [39–43]. Methodologies have been developed in different countries to estimate the health of
structure through inspection [44–58].

The reinforced concrete structure is usually used to improve its strength, rigidity, and integrity.
Therefore, various shapes and sizes of samples were designed to explore the size effect on the velocity of
elastic wave, and the results can be found in Table 9. It indicates that the shape and size have scarcely
influence on the velocity of elastic wave at a specific curing age, indicating that this method is suitable
for the detecting of a physical engineering. The maximum deviation is just 2.1%, occurring between the
cube samples and cuboid sample at 7 d of curing. The velocity of elastic wave shows an obvious increase
during the early age and becomes level off afterwards. This trend is consistent with that of strength
development due to the forming of a compacter microstructure of concrete as a function of the curing age.

3.4 Frost-Resistance Property of Various Cross-Section Size Samples Detected by Impact-Echo Method
Based on the results of the fact that the velocity of P-wave is independent of the shape and size of

samples, the frost-resistance property of samples with various cross-section size was investigated and
results are listed in Table 10. The decrease trends of velocity of P-wave and relative dynamic elastic
modulus for the cross-section size of 100 and 150 mm is generally the same after 75-th freeze-thaw

Figure 6: Curves of relative dynamic elastic modulus (REDM) changed with freeze-thaw cycles for S1 and
S2 specimens
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cycles, decreasing to 36.10% and 36.93% of the initial value, respectively. In comparison, the relative
dynamic elastic modulus for the cross-section size of 200 and 250 mm decreases only to 78.40% and
80.66% of the initial value, respectively, indicating that the damage of larger cross-section size groups is
far less than that of the smaller groups.

In addition, a larger volume sample with a dimension of 500 mm × 500 mm × 500 mm was prepared to
further explore changes in the degree of freeze-thaw damage as a function of the section thickness. The
schematic diagram of samples testing and measuring-point arrangement are shown in Figs. 7 and 3f,
respectively, and results are shown in Fig. 8. Results show that the degree of damage can be obviously
divided into three regions. For example, the relative dynamic elastic modulus can be divided into three
ranges of 75%–80%, 85%–90%, and 90%–95% after 100-th freeze-thaw cycles, and the RDEM
distribution diagram can be found in Fig. 9. It can be seen that the 75%–80% region is located at the four
corners of the specimen, 85%–90% region is located at the remaining edges of the specimen, and 90%–

95% region is located at the center of the specimen. The degree of erosion damage of the center of
specimen is much slighter than that of the external rim regions.

It spends a longer period for the center of the cross-section to drop a same temperature as the cross-
section size of samples increased, because the specific heat capacity of concrete remains unchanged
during the processes of freeze-thaw cycles. This indicates that the decrease in the relative dynamic elastic
modulus reduced from the surface to the inner layer; that is, the surface is expected to be the most
vulnerable part for the freeze-thaw damage. The outside of concrete protects the inter part from the
freeze-thaw damage; so if the size of the specimen is large enough, the internal concrete is likely not to
be damaged during freeze-thaw cycles, just like the flowing water under the ice in winter.

Table 9: Results of elastic wave velocity of concrete as a function of curing age and size effect

Samples Elastic wave velocity (m/s)

Shape Size (mm) 3 d 7 d 14 d 28 d

Cube 200 × 200 × 200 3634 3817 3986 4027

Cuboid 100 × 100 × 400 3663 3897 3979 4006

Cylinder φ150 × 300 3656 3861 3950 4014

Table 10: Frost-resistance results of prismatic concrete specimens as a function of cross-section size

Size (mm) Freeze–thaw
cycles

Vp

(m/s)
Pn (%) Size (mm) freeze–thaw

cycles
Vp

(m/s)
Pn (%)

100 × 100 ×
400

0 4036 100.00 150 × 150 ×
400

0 3987 100.00

25 3720 84.95 25 3642 83.44

50 2651 43.14 50 2798 49.25

75 2425 36.10 75 2423 36.93

200 × 200 ×
400

0 3928 100.00 250 × 250 ×
400

0 3916 100.00

25 3823 94.73 25 3817 95.00

50 3719 89.64 50 3714 89.95

75 3478 78.40 75 3517 80.66
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Figure 7: Schematic diagram of samples testing (500 mm × 500 mm × 500 mm) using impact-echo method

Figure 8: RDEM obtained from different measuring points of prismatic concrete (500 mm × 500 mm ×
500 mm) as a function of freeze-thaw cycles
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Figure 9: RDEM distribution diagram of a 500 mm × 500 mm × 500 mm specimen with 100-th freeze-thaw
cycles

SDHM, 2023, vol.17, no.1 83



3.5 Applicability Analysis of Impact-Echo Method for the Detecting of Frost-Resistance Property for On-
Site Structures
In fact, the major freeze-thaw damage usually displays on the surface of hydraulic structure. The damage

of accompanying samples conducted by the laboratory freeze-thaw cycles is much more serious than that of
the practical structure. For example, many core samples have been damaged but the practical structure only
showed honeycomb or pockmark. The laboratory samples have been subjected to 200 freeze-thaw cycles, but
the practical structure on site may have only subjected to 125 times. Therefore, the laboratory freeze-thaw
testing cannot reflect the damage of practical structure very well. The impact-echo method is suitable for
on-site non-destructive testing of practical structure, and is expected to have a more widely application in
detecting the frost-resistance property.

The velocity of P-wave of concrete is not greatly affected by the size effect. The impact-echo method has
good accuracy and strong practicability, and can be used to evaluate the frost-resistance property of large-
volume hydraulic concrete structures on site. A high-frequency monitoring is needed for the detecting of
structural deformation, displacement, temperature, stress, or other parameters. However, a high-frequency
monitoring is unnecessary when using the impact-echo method due to the relatively slow progress
of concrete durability deterioration. The impact-echo method can be used to test the P-wave velocity of
concrete every year or several years according to the importance of the structure and the degree of
damage. The speed and trend for durability degradation of concrete can be fully obtained through the
accumulation, analysis, and prediction of test data. This is of great significance to the detecting for frost-
resistance property of large-volume hydraulic concrete.

Currently, according to the Chinese standard JTS304-2019, the detection method of freeze-resistance
properties for on-site hydraulic concrete is that: After drilling the core sample on the surface of the
concrete structure, the core sample is sawed and cut into two pieces, one of which has a surface affected
by freezing and thawing, and the other is not affected by freezing and thawing. The rapid freeze and thaw
cycle tests were carried out on these two core samples. The current freeze-thaw damage of the original
structure and the remaining service life are estimated by comparison the two core samples. The
disadvantage of this method is that it requires a “quick freezing” test, which is cumbersome and time-
consuming. The frost resistance property of structure can be directly evaluated when using the impact-
echo technology. The P-wave velocity of the two core samples is needed to be measured for the
calculation of the relative dynamic elastic modulus. P-wave velocity tests are needed only on the surface
of the structure when the structure is tested for durability again, which avoids coring again. One cycle of
freeze-thaw test lasted 13–14 h and 2.5–3 h, respectively. After 100 cycles of freeze-thaw, the relative
dynamic elastic moduli dropped to 10% and 90%, respectively, indicating that the large specimens have a
better frost resistance property. The results of in-situ tests of the loss in relative dynamic elastic moduli
during frost resistance tests of large-size structure is cannot be replaced by laboratory tests conducted on
core samples. Therefore, the impact-echo technology cannot be replaced by the traditional resonance
frequency method in detecting the frost resistance property of large-size concrete structures on-site.

Based on the above experimental results, the frost resistance of the structure in the actual project (the
300,000-ton crude oil terminal project in the Rongxing Port Area of Panjin Port) have been evaluated by
using the impact-echo method. The thickness of a pier is 3 m with a design strength of 45 MPa, and a
design level of freeze thaw durability of F350. The results show that the impact-echo method has a
higher accuracy in evaluating the frost resistance of large-size hydraulic concrete compared to the
ultrasonic method and resonance method. The impact-echo method has a high reliability proved by
repeatability tests and reproducibility tests. It proves that the impact-echo technology has good
applicability for on-site testing of the durability of concrete structures in water transportation projects.
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4 Conclusions

The feasibility of the impact-echo method to obtain the relative dynamic elastic modulus is explored to
detect the frost-resistance property of large-volume hydraulic concrete on site. A comparison between the
impact-echo method and the traditional resonance frequency method in detecting the relative dynamic
elastic modulus is also conducted. We make the following conclusions:

The impact-echo method can replace the traditional resonance frequency method to evaluate the frost
resistance of concrete, and has advantages of high accuracy, easy to operate, and not limiting to the size
of aggregates and samples. Thus, the impact-echo method can be used to evaluate the frost-resistance
property of large-volume hydraulic structure on site by detecting the relative dynamic elastic modulus
without drilling core, which is more convenient to operate than traditional resonance method. The
dynamic elastic modulus of concrete detected by the impact-echo method has little difference with that
obtained by the transverse resonance method. The deviation between the two methods is controlled
within 2% for the dynamic modulus of elasticity, and within 5% for the relative dynamic elastic modulus
of elasticity. The one-dimensional P-wave velocity of concrete has a good linear correlation with the
transverse resonance frequency, which substantially conforms the Vp1 = 1.843f. Ed is proportional to the
square of Vp1, and all of regression analyses have a high correlation coefficient of larger than 0.99.

The velocity of P-wave of concrete is not greatly affected by the size effect, while the frost resistance of
concrete is greatly affected by the size effect. A reduction of the water-cement ratio is beneficial to improve
the frost resistance of concrete. The freeze-thaw damage develops from the surface to the inner layer, and the
surface is expected to be the most vulnerable part for the freeze-thaw damage. For example, the relative
dynamic elastic modulus decreases to 36% of the initial value when the side length of samples is not
greater than 150 mm. For the large-size concrete specimens, the relative dynamic elastic modulus of
samples with side lengths of 200 and 250 mm are 78% and 81% of the initial value. The relative dynamic
elastic modulus of the edge position of concrete is 13% lower than that in the central position. It is
expected to monitor and track the degradation of the frost resistance of the actual structure by frequently
detecting the P-wave velocity on site.
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