Hindawi
Advances in Materials Science and Engineering
Volume 2019, Article ID 9654819, 15 pages
https://doi.org/10.1155/2019/9654819

Research Article
Detection Technology of Foamed Mixture Lightweight Soil
Embankment Based on Ultrasonic Wave Transmission Method
Shikun Pu,1,2,3,4 Baoning Hong,1,2,3 Xin Liu ,1,2,5 Fenqiang Xu,6 and Hao Shan1,2,3
1

Key Laboratory of Ministry of Education for Geomechanics and Embankment Engineering, Hohai University,
Nanjing 210098, China
2
Jiangsu Research Center for Geotechnical Engineering Technology, Hohai University, Nanjing 210098, China
3
Geotechnical Research Institute, Hohai University, Nanjing 210098, China
4
Army Engineering University of PLA, Nanjing 210007, China
5
Research Institute of Tunnel and Underground Engineering, Hohai University, Nanjing 210098, China
6
Architectural Engineering Institute, Nanjing Institute of Technology, Nanjing 211167, China
Correspondence should be addressed to Xin Liu; liuxin100@hhu.edu.cn
Received 8 December 2018; Revised 11 March 2019; Accepted 31 March 2019; Published 24 April 2019
Academic Editor: Ali Nazari
Copyright © 2019 Shikun Pu et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
This study attempted to establish a process that uses the ultrasonic wave transmission method to correlate the ultrasonic parameters with the material properties of Foamed Mixture Lightweight Soil (FMLS). The results were then applied for the defect
detection of the FMLS embankment. First, the ultrasonic wave velocity (UPV) and amplitude (UPA) of FMLS with diﬀerent mix
proportions were collected continuously from 3rd day to 45th day in the curing age. The relationships between UPV versus FMLS
elastic modulus, unconﬁned compressive strength, and density were calibrated. The variations in the ultrasonic parameters owing
to the test distance and crack width were recorded. Then, the laboratory tests were reproduced through numerical simulation
approach. Finally, the reliability and accuracy of the proposed detection method for FMLS were proved and validated through onsite tests. The proposed methodology, which is simple, stable, and reliable, was found to be suitable for the quality diagnosis of
FMLS embankments after construction and during operation.

1. Introduction
Foamed mixture lightweight soil (FMLS), a new type of
geotechnical material, has now been used in highway embankment ﬁlling (Figure 1) and widening, landslide treatment, and tunnel ﬁlling because of its lightweight and
excellent mechanical properties [1]. Diﬀerent from traditional embankment ﬁllers, the performance of FMLS degrades with time and environment changes [2]. Finding a
method to detect the defectiveness of FMLS embankments to
minimize the damage to highway pavements and embankments is a crucial problem when using this material as
an embankment ﬁller.
The state-of-art embankment testing apparatuses, such
as the nuclear density gauge [3] and falling weight deﬂectometer [4], focus on the compactness of the embankment.

Although these techniques are standard for soil embankment testing, they have not been suﬃciently studied regarding their suitability for FMLS embankments.
The ultrasonic wave transmission method, as a type of
nondestructive testing technology, has many successful
applications in infrastructure quality inspections, including
the integrity testing of cast-in-place piles [5], strength testing
of concrete, and crack detection in concrete. Research
ﬁndings on the relationships between the ultrasonic parameters and concrete quality are abundant. Many countries
have established ultrasonic wave transmission detection
standards [6–10].
Since the 1970s, researchers have been using the ultrasonic wave transmission method to determine the relationship between the ultrasonic parameters and elastic
modulus of cement mortar [11]. Subsequently, this method
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2. Laboratory Test

Figure 1: Foamed mixture lightweight soil as highway embankment ﬁller.

was found to be suitable for studying the hydration of cement paste in the oil industry [12, 13]. Previous studies
indicated that a high solid concentration causes less wave
attenuation [14]. Besides, the bubble content [15], moisture
content, porosity, and permeability [16] are essential factors
that are attenuating the ultrasonic parameters. According to,
the quality of a cement paste or a cement block can be well
estimated by using the measured velocity and amplitude of
the ultrasonic wave [17]. In some conditions, the precalibration is necessary for using ultrasonic wave velocity (UPV)
to estimate the compressive strength fc [18].
An ultrasonic wave has also been used to study the
properties of cement with diﬀerent admixtures such as asphalt cement [19], ﬂy ash cement [20], and foamed cement.
Davraz measured the relationship between the UPV and the
thermal conductivity of foamed cement [21]. SheWei used
an ultrasonic pulse to examine the solidiﬁcation behavior of
foamed cement. He also presented the relationship between
the ultrasound parameters and its setting time [22].
In fact, short-term to long-term performances of concrete have been suﬃciently studied using the ultrasonic wave
transmission method. A previous study of cement properties
using this method focused on the relationship between the
setting behavior and UPV. FMLS is a cement-based porous
material that is loose and has a strength of less than 2 MPa.
Nowadays, FMLS is widely used as embankment ﬁll.
However, the applications of ultrasonic wave transmission
for studying its physical and mechanical properties of the
FMLS have not been found in practice. Concurrently, it is
also necessary to verify the reliability of the waveforms by
using a calibration curve for the on-site tests [23].
This study uses the ultrasonic wave transmission method
to detect the UPV and UPA of an FMLS with diﬀerent mix
proportions and calibrates the variation curves between the
material and ultrasonic parameters. The ﬁnite element
method will be used to simulate the propagation of the
ultrasonic pulse wave in the FMLS to reproduce the laboratory test results. Finally, based on the calibration and
simulation, a quality diagnosis of an embankment will be
performed in the on-site test.

2.1. Materials and Apparatuses. Cement is the primary raw
material for preparing FMLS. Because both the density
and strength of FMLS are very low, there is a strict requirement of cement quality during the preparation.
Portland cement manufactured by Nanjing ZhongLian
Cement Co., Ltd., is used in the laboratory test. The
compressive strength of the tested Portland cement is
42.5 MPa at 28 days, and its speciﬁcation details presented
in Table 1. The ultrasonic wave detecting apparatus is a
ZBL-510 nonmetallic ultrasonic detector manufactured by
Beijing ZBL Science & Technology Co., Ltd. The frequency
of the transducer is 25 kHz, and the transducer voltage is
500 V.
2.2. Mix Proportions. At present, there is no standardized
regulation for the proportioning of FMLS. Two Chinese
standards, CECS249 [24] and CJJ/T177 [25], were adopted
for selecting the mixing proportions. CJJ/T177 states that
when the strength of the FMLS increases from 0.5 MPa to
1.0 MPa with the step of 0.1 MPa, the cement content
increases by 25 kg, water increases by 10 kg, and foam
decreases by 15.5 L (a reduction of 18.1 L between 0.6 MPa
and 0.5 MPa) (Table 2). This study will use the mix
proportions listed in Table 3, which meet the requirements
of the speciﬁcations also reﬂect the ﬂuctuations in the
ultrasonic parameters caused by the changes in the
materials.
2.3. Sample Preparation. The process of preparing the FMLS
in the laboratory is listed as follows:
(a) Materials are weighed according to Table 3
(b) Water (minus the weight of the foam) is added to the
mixture, with mixing for 5 min
(c) The foam is weighed and mixed with cement paste
until the foam is dispersed
(d) Transparent plastic plates with thicknesses of
0.1 mm, 0.2 mm, and 0.3 mm are submerged into the
cement slurry and taken out after the initial setting to
form initial cracks with diﬀerent widths
(e) The paste is placed into a mold, which is removed
after two days
2.4. Test Scheme. Six samples with diﬀerent mix proportions
were prepared based on the above process. Each sample was
cast in three sizes: 100 × 100 × 100 mm, 100 × 100 × 200 mm,
and 100 × 100 × 300 mm (Figure 2). Cubes with initial crack
widths of 0.1 mm, 0.2 mm, and 0.3 mm were also prepared.
The UPV and UPA will be measured and studied by considering the corresponding measuring distances and crack
widths for analyzing the relationship between them and
establishing the quality inspection system. A testing example
is shown in Figure 3.
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Table 1: Performances of cement used in the laboratory test.
No.
1
2
3

Index
Speciﬁc surface area (m2/kg)
Water requirement of normal consistency (%)
Stability

4

Setting time (min)

5

Flexural strength (MPa)

6

Compressive strength (MPa)

Compulsory requirement
≥400
—
Boiling method qualiﬁed
≤55
≤590
≥3.5
≥6.5
≥17.0
≥42.5

Initial
Final
3 days
28 days
3 days
28 days

Measured results
348
28.8
Qualiﬁed
40
300
4.8
8.7
23.4
49.5

Table 2: Proposed mix proportions by CJJ/T177.
Designed strength (MPa)

Cement (kg)
275
300
350
400

0.50
0.60
0.80
1.00

Consumption per cubic meter
Water (kg)
190
200
215
230

Bubble (L)
721.3
703.2
672.1
641.0

Table 3: Mix proportions of laboratory test.
No.
1
2
3
4
5
6

Cement (kg)
300
350
400
425
475
525

Consumption per cubic meter
Water (kg)
200
215
230
237.5
252.5
267.5

(a)

Bubble (L)
703.2
672.1
641.0
625.5
594.4
563.3

WCR
0.67
0.61
0.58
0.56
0.53
0.51

(b)

Figure 2: FMLS samples: (a) paste in curing; (b) form removal.

3. Analysis of Laboratory Results
3.1. Correlation between Curing Period and Ultrasonic
Parameters. The variation in the UPV and UPA of the FMLS
cube samples under natural curing is shown in Figures 4 and
5, and their rate curves are displayed in Figures 6 and 7. It is
observed that the UPV curves of all samples increase, but the
rate of the UPV decreases with the curing age. At 45 days, all

UPVs are between 1.0 and 1.5 km/s; these values are much
lower than the UPV of concrete [26] and close to that of rigid
closed-cell plastic foams [27]. The results also show a favorable negative correlation between the water-to-cement
ratio (WCR) and UPV. The UPV increases when the WCR
decreases.
Although the trend of UPA is similar to that of the UPV,
there are still some diﬀerences between their curves. First,
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Figure 3: UPV test on 100 mm sample.
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Figure 6: UPV rate versus curing period for FMLS.
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Figure 4: UPV versus curing period for FMLS.
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Figure 7: UPA rate versus curing period for FMLS.
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Figure 5: UPA versus curing period for FMLS.
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the UPA rate decreases to less than 1% in about 16 days,
whereas the UPV rate decreases to this level after more than
28 days. Second, the diﬀerences in the UPAs are not as
obvious as those in the UPVs. Third, the UPA rate shows
three characteristic durations, from 3 to 12 days, from 13 to
29 days, and after 30 days. However, the UPV rate did not
exhibit such a feature.
SheWei measured the UPV of a foamed concrete mixture within the ﬁrst 50 h and found that the UPV curve
exhibited an S-shape with three stages, and the UPV rate
decreased from 70% to less than 10% [22]. In the present
experiments, it can be observed that the UPV of the FMLS
continues to increase after 72 hours. But the change rate,
whose maximum is 6%, is much lower than the results
presented by SheWei. Rao and Gunasekaran examined the
long-term trends of the UPV in roller-compacted concrete
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[20] and coconut-shell concrete [28]. For all those tested
concrete types, the UPV increased between 0 and 28 days
and tended to stabilize after 28 days. These patterns were
similar to the ﬁndings of present experiment with respect to
FMLS.
3.2. Correlation between UPV and Strength/Density/Modulus
of Elasticity. The density, Poisson’s ratio, unconﬁned
compressive strength, etc., are calibrated by geotechnical
experiments. In general, the relationship between the UPV
of solids and their elastic modulus is [29]
Ed �

c2L ρ(1 + μ)(1 − 2μ)
,
(1 − μ)

(1)

where Ed is the elastic modulus (MPa), cL is the UPV (km/s),
ρ is the density (kg/m3), and μ is Poisson’s ratio.
Substituting cL , ρ, and μ in equation (1), the elastic
moduli of the samples can be calculated correspondingly. All
of the ultrasonic and material parameters are listed in
Table 4.
The calibration curves of the unconﬁned compressive
strengths, densities, elastic moduli, and UPVs are displayed
in Figure 8. It can be observed that the elastic modulus and
unconﬁned compressive strength of the FMLS have exponent relations to the UPV. A linear function obtained from
the linear regression approach is applied to describe the
relationship between density and UPV.
Ed � −310.27 + 76.97 · e2.13·v ,

(2)

S � −0.25297 + 0.15368 · e1.7357·v ,

(3)

ρ � −354.94 + 690.08 · v,

(4)

where Ed is the elastic modulus (MPa), S is the unconﬁned
compressive strength (MPa), ρ is the density (kg/m3), and v
is the UPV (km/s).
3.3. Correlation between Measuring Distance and Ultrasonic
Parameters. Ultrasonic signals attenuate rapidly in porous
solids. If the distance between measuring points is too long,
the received signal will become weak (or even zero) and
heavily distorted. If the measuring points are too close to
each other, the size eﬀect owing to the decrease in the
distance between measuring points will cause the detected
value to ﬂuctuate. Hence, when the ultrasonic wave transmission method is used in a quality diagnosis of an FMLS
embankment, the selection of the measuring distance is a key
issue.
Three types of specimens with sizes of 100 mm, 200 mm,
and 300 mm are prepared in the laboratory test, and specimens with sizes of 400 mm, 500 mm, and 600 mm are
combinations of the 100 mm, 200 mm, and 300 mm specimens bonded with vaseline. Previous studies showed that the
acoustic impedance of vaseline is basically the same as that of
FMLS [30, 31], which is about 3 MRayl. When the couplant
thickness is less than 0.5 mm, the inﬂuence of the couplant
on the test results of cement-based materials can be

neglected [32]. Therefore, vaseline can be used for bonding
the samples with little inﬂuence on the transmission of
sound waves.
The relationship between the measuring distance and the
UPV variation is presented in Figure 9. The UPV is stable
when the measuring distance is from 100 to 300 mm, and it
begins to decrease when the measuring distance longer than
400 mm. Compared with the UPV, the UPA decreases in a
steeper slope with respect to the measuring distance (Figure 10). The maximum attenuation under diﬀerent measuring distances that can be detected is 60.9%, and this
occurs in the 500 mm sample (Sample 1). Once the measuring distance reaches 600 mm, the signal of Sample 1
cannot be detected, and those of the others become unstable.
In a previous study, Jones reported on the maximum test
measuring distance of concrete at diﬀerent frequencies [33].
He believed that the test measuring distance of concrete
should be between 200 and 1500 mm when the natural
frequency of the transducer is between 20 kHz–40 kHz.
Based on the results of the present experiment, it is suggested
that the maximum measuring distance for the defect
detecting of FMLS should be less than 500 mm.
3.4. Correlation between Crack Width and Ultrasonic
Parameters. FMLS is a brittle material with low strength,
and it is easy to crack after loading. Thus, the detection of
cracks is critical for the applications of FMLS. Although the
precast crack is not precisely identical to the actual crack,
the diﬀerence between the precast crack and the actual
crack is subtle in the context of using the ultrasonic wave
method for detecting the internal cracks. Figures 11 and 12
display the variation in the ultrasonic signals at diﬀerent
crack widths. Both the UPV and UPA decrease with an
increase in the crack width. However, the attenuation of the
ultrasonic parameters caused by the microdefects is less
sensitive than the attenuation caused by the growth of the
measuring distance. Despite the insigniﬁcant attenuation,
ultrasonic waveform distortions caused by the cracks are
observed. When the ultrasonic pulse passes through the
crack vertically, the waveforms of the four specimens
numbered as S1-C2, S2-C2, S4-C1, and S5-C2 (Figure 13)
become abruptly attenuated. Since the waveform attenuation caused by microcracks, bubbles, and other factors can
be successfully detected by using the nondestructive testing
method for concrete [34], mortar [17], ceramics, and
aluminum [35], the ultrasonic traveling wave distortion can
also be used as an important indicator for the defect detection of FMLS.

4. Numerical Simulation
4.1. Simulation Scheme. To reproduce the laboratory results,
ABAQUS is used to simulate the transmission features of the
ultrasonic wave in the FMLS. An elastic model is used in the
simulation, and the parameters of the material, such as the
elastic moduli and densities, are listed in Table 4. Because of
the unknown values of the pulse, a short displacement with a
frequency of 25 kHz and amplitude of 10−9 [36] is applied at
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Table 4: Ultrasonic and material parameters of the FMLS.
S (MPa)
0.67
0.81
1.03
1.12
1.30
1.57

Material parameters
ρ (kg/m3)
363.12
417.57
476.34
512.71
571.95
629.88

1.7

1500

1.5

1300

1.3

1100

1.1

900

0.9

700
S = −0.25297 + 0.15368 ·e1.7357·v R2 = 0.977
Ed = −310.27 + 76.97 ·e2.13·v
R2 = 0.994
R2 = 0.993
ρ = −354.94 + 690.08 · v

0.7
0.5
1.0

1.1

1.2
1.3
UPV (km/s)

Unconfined compressive
strength
Exponential fit of “S”
Elastic modulus

700

600

500

400

500
300
1.5

1.4

Poisson’s ratio μ
0.2013
0.1987
0.1976
0.1955
0.1937
0.1929

Density (kg/m3)

Unconfined compressive strength (MPa)

1
2
3
4
5
6

Ed (MPa)
381.92
526.85
702.77
796.88
1054.27
1252.50

Elastic modulus (MPa)

Ultrasonic parameters
CL (km/s)
1.034
1.122
1.215
1.248
1.357
1.414

No.

300

Exponential fit of “Ed”
Density
Linear fit of “ρ”

1.7

120

1.6

110

1.5

100

1.4

90
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UPV (km/s)

Figure 8: Unconﬁned compressive strength, density, and elastic modulus versus UPV.
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Figure 9: Variation of UPV with measuring distance.

Figure 10: Variation of UPA with measuring distance.

the center of one side of the specimen to simulate the pulse
emitted by a transducer. A receiver node is set at the center
of the opposite side to collect the time of signals traveling
from one side to the other (Figure 14). Although this method

cannot accurately simulate all of the ultrasonic characteristics, it is still possible to qualitatively reproduce the laboratory tests using speciﬁed parameters.
The ultrasonic pulse wave velocity is computed by
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Then, the velocity of the node reaches its maximum. Finally,
the displacement of the node reaches its maximum.
Therefore, it will be more accurate to choose the moment
when the velocity of the receiver node reaches the maximum
(arrows in Figure 16) as the arrival time of the head wave.
In general, the displacement of the receiver node is often
used to describe the UPA indirectly. This is reasonable but
not suitable for studying the UPAs of diﬀerent materials. The
displacements of the receiver nodes of Samples 1 to 6 in
Figure 15 decrease successively owing to the increase in the
elastic modulus, which is contrary to the laboratory results
(Figure 5). According to the acoustic emission theory, the
acoustic wave emitted from a solid is strongly related to its
strain energy, which is produced by the same deformation,
and the strain energy depends on the elastic modulus [41]. A
smaller water-to-cement ratio implies a high elastic modulus
of the FMLS, which means a small attenuation of the ultrasonic pulse wave propagation and a large UPV and UPA.
Figure 17 shows the strain energy at the receiver nodes of
Samples 1 to 6. Compared with the trend of displacement,
the trend of strain energy at the receiver node is more similar
to the laboratory result.

1.5
1.4

UPV (km/s)

1.3
1.2
1.1
1.0
0.9
0.8

0.0

0.1
0.2
Crack width (mm)
Sample 1
Sample 2
Sample 3

0.3

Sample 4
Sample 5
Sample 6

Figure 11: Variation of UPV with crack width.
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4.3. Correlation between Ed , S, ρ, and UPV. The UPV is
calculated using the moment when the velocity of the receiver node reaches its ﬁrst maximum. Substituting this
value in equations (2)–(4), the simulated Ed, S, and ρ can be
calculated. The velocities calculated for the moments when
the displacement and strain energy reach their ﬁrst maximum are also substituted in equations (2)–(4), and the four
types of velocities are plotted in Figure 18. Obviously, all of
the simulated and calibrated Ed, S, and ρ values exhibit the
same trend. The simulated values obtained from the UPV
calculated using the time when the velocity of the receiver
node ﬁrst reaches the maximum are closer to the calibrated
values.

95
90
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80
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Crack width (mm)
Sample 1
Sample 2
Sample 3

0.3

Sample 4
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Figure 12: Variation of UPA with crack width.

L
v� ,
t

(5)

where v is the simulated UPV (km/s), L is the size of the
simulated specimen (mm), and t is the transmitted time of
the wave (s).
4.2. Determination of Head Wave. There have been many
studies on the ultrasonic wave transmission method via
ﬁnite element simulation [37–39]. The major focus of these
studies was to determine the occurrence time and amplitude
of the ultrasonic pulse head wave. Most of the studies
[36, 40] used the moment when the displacement of the
receiver node ﬁrst reached the maximum (arrows in Figure 15) as the occurrence time of the head wave. In fact, the
process of an ultrasonic wave passing through a specimen
can be described as follows: First, the wave arrives at the
position of the receiver node, and it stirs the receiver node.

4.4. Correlation between Measuring Distance and Ultrasonic
Parameters. Figure 19 describes the relationship between
the arrival time of the stress wave and measuring distance.
As the measuring distance increases, the time required for
the stress wave to reach the boundary surface becomes
longer. However, the velocity calculated by equation (5) does
not decrease obviously as that in the laboratory results
(Figure 20). According to equation (1), the UPV of a solid
only relates to its elastic modulus, density, and Poisson’s
ratio and is independent of the measuring distance.
Therefore, without considering the dissipation and attenuation, the stress wave speed stays constant when the measuring distance increases. The attenuation of the simulated
UPV is derived from the bulk viscosity, which aﬀects the
strain rate of the element [42]. According to the test results,
the simulated wave velocity is not as signiﬁcantly attenuated
as the measured wave velocity with the growth of the
measuring distance. In comparison, the strain energy has
better performance when reﬂecting the measured amplitude
attenuation.

8

Advances in Materials Science and Engineering
110

110
Wave attenuation

73

73

37

–37

37
108.40

132.40

156.40

180.40

204.40

228.40

252.40

276.40

77.20

–73

–73

–110

–110

(b)

37

37

154.00

178.00

202.00

226.00

250.00

197.20

221.20

245.20

110
73

130.00

173.20

Wave
distortion

(a)

73

106.00

143.20

S2-C2

Wave attenuation

82.00

125.20

S1-C2

110

–37

101.20

–37

–37

–73

–73

–110

–110

59.60

83.60

107.60

131.60

155.60

179.60

203.60

227.60

Wave
distortion

S4-C1

S5-C2

(c)

(d)

Figure 13: Waveform distortions. “S” is short for sample, and “C” is short for crack width. For example, “S4-C1” indicates result of sample 4
with crack width of 0.1 mm.
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Figure 14: Simulation test blocks: (a) with diﬀerent measuring distances; (b) with diﬀerent crack widths.

The simulated strain energy changes with respect to the
measuring distances are shown in Figure 21. The strain
energy becomes more detectable with increasing Ed and ρ.
Figure 21 also suggests that the measuring distance significantly aﬀects the transmission of the ultrasonic wave. As the
measuring distance becomes longer, the strain energy clearly
decreases. Figure 21(a) shows that the peak of the strain
energy can barely be detected in Sample 1 when the measuring distance reaches 500 mm, but it becomes clearer with
the WCR decrease. The numerical simulation well reproduces

the laboratory results, i.e., the maximum measuring distance
should be less than 500 mm.
4.5. Correlation between Crack Width and Ultrasonic
Parameters. Figures 22 and 23 depict the simulated wave
velocity and strain energy as a function of the crack width. It
can be observed from the simulation studies that the eﬀect of
the cracks on the wave velocity is minor, but it is signiﬁcant
with regard to the strain energy. The strain energies of all the
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Figure 17: Strain energy of receiver node.

Figure 15: Displacement of receiver node.

importance of the waveform distortion in FMLS microdefect
detection from another perspective.
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5. On-Site Test
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Figure 16: Velocity of receiver node.

defective samples decrease by 50% compared with the reference samples (without cracks). Although the simulated
strain energy curves and measured UPA curves have similar
shapes, their values are diﬀerent. Thus, the strain energy can
only be used as a qualitative reference for the UPA. The
simulated waveform of Sample 6 is plotted in Figure 24. A
clear diﬀerence in the waveform can be observed between
the healthy and defective samples, but the waveform deviations in the diﬀerent crack samples are diﬃcult to differentiate. In fact, the strain energy of Sample 6 containing a
0.1 mm crack is only 1% higher than that of the case with a
0.3 mm crack. Hence, an increase in the crack width does not
contribute signiﬁcantly to the strain energy attenuation. This
result is similar to the results from Roberts: the wave attenuation was less sensitive to the variations in the microcrack [43]. While reproducing the laboratory test results,
the results of the numerical simulations illustrate the

5.1. Test Embankment. To verify the applicability of the
ultrasonic wave transmission method for FMLS embankments in a nondestructive manner, an on-site test section
with dimensions of 10 m × 9 m × 1.75 m (length × width ×
depth) was set-up at a ramp in the Guangming highway
(Figure 25). The mixing proportion of this target section was
identical to that of Sample 2 listed in Table 3. The cross-hole
loggings were drilled, and the access tubes were installed to
obtain the propagation of the ultrasonic wave in the FMLS
embankment (Figure 26).
5.2. Test Procedure. The plastic access tubes, which had a
50 mm diameter and 5.0 mm wall, were installed before
casting the embankment. Each set of the cross-hole loggings
had two access tubes, and the measuring distance between
these tubes was 500 mm. Ten sets of access tubes at each side
of the test section (20 tubes in total) were prepared. This
conﬁguration ensured that the test was performed without
aﬀecting the highway construction. After the highway was
completed, these access tubes could still be used during its
operation.
After the installation, the perpendicularity and sealing
performance of each tube were examined. The top of each
tube was covered to prevent foreign objects from falling into
the tube and blocking the tubes during the embankment
casting.
Nondestructive testing of the FMLS embankment was
performed on 45th day after casting. Before the test, the
performance of the equipment was checked, and the tubes
were ﬁlled with water. A transmitter and receiver were
dropped into the bottom of the tubes, and the positions of
the two transducers were maintained at same horizontal
level during the experiments. Both transducers were pulled
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Figure 18: Ed, S, and ρ versus UPV (comparison between experimental results and simulation results).
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Figure 19: Arrival time versus measuring distance.

up synchronously, and the equipment started to record. The
ultrasonic data were recorded each time the transducers
were lifted by 200 mm. Each set of access tubes recorded 9
groups of data, and 90 ultrasonic parameters in total were
collected (Figure 27).
5.3. Test Results. Figure 28 shows the results of the ultrasonic
parameters obtained during the ﬁeld test. According to
Figure 28, the maximum UPV is 1.29 km/s, the minimum is
1.01 km/s, and the average is 1.14 km/s. By substituting the
detected UPV into equations (2)–(4), the physical and
mechanical parameters are estimated. All unconﬁned
compressive strengths, elastic moduli, and densities are also
plotted in Figure 28. The calculated maximum unconﬁned
compressive strength is 1.19 MPa, the minimum is 0.63 MPa,
and the average is 0.87 MPa. The maximum elastic modulus

1.0

100
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Sample 2
Sample 3

200
300
400
Measuring distance (mm)

500
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Sample 5
Sample 6

Figure 20: Simulated UPV versus measuring distance.

is 875.73 MPa, the minimum is 348.73 MPa, and the average
is 568.64 MPa. The maximum density is 535.35 kg/m3, the
minimum is 341.11 kg/m3, and the average is 432.45 kg/m3.
Although the results are discrete, they are all within 1.6 times
of their standard deviations, which have a 95% guarantee.
The probability distributions of the calculated parameters
are as the same as those of the UPV. Moreover, the maximum amplitude detected is 78.2 dB, the minimum is 49.6 dB,
and the average is 58.8 dB, which is higher than the amplitude of Sample 2 but less than that of Sample 4. No
waveform anomalies are observed. Therefore, the test results
infer that the unconﬁned compressive strength of the FMLS
embankment is between 0.6 MPa and 1.2 MPa. The embankment is considered qualiﬁed if using “all the measured
strength are greater than 75% of the design value” as the
evaluation criteria [44].
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In this paper, a procedure for detecting FMLS embankments
using ultrasonic wave transmission was introduced. It was
possible to obtain the basic material parameters of the
embankment by linking the laboratory calibration curve
with the on-site test results. Based on an analysis, the following conclusions were drawn:
(1) The time-varying physical property and the internal
crack evolution in the FMLS embankment can be
recorded and detected in the early stage by using the
ultrasonic wave transmission method.
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Figure 28: On-site test result. Dashed lines indicate linear ﬁtting of UPV, strength Ed, and density.

(2) The ultrasonic wave parameters of the FMLS are
correlated with the curing age. After the 30th day, the
wave velocity and amplitude tend to be stable.
(3) The elastic modulus, strength, and density can be
calibrated by the UPV. The proposed equations for
the relationship between the UPV and the elastic
modulus, strength, and density are given by
Ed � −310.27 + 76.97·e2.13·v , S � -0.25297 + 0.15368·
e1.7357·v , and ρ � −354.94 + 690.08·v.
(4) The attenuation of the UPA is more obvious than
that of the UPV when the measuring distance increases. The maximum measuring distance for the
detection of an FMLS should be less than 500 mm.

(5) Cracks aﬀect not only the ultrasonic parameters but
also the waveform. The distortion of the waveform
deserves more attention when identifying defects in
an FMLS.

Abbreviations and Variables
FMLS:
UPV:
UPA:
E d:
S:
ρ:

Foamed Mixture Lightweight Soil
Ultrasonic wave velocity (km/s)
Ultrasonic wave amplitude (dB)
Elastic modulus (MPa)
Unconﬁned compressive strength (MPa)
Density (kg/m3)
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v:
L:
t:
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Ultrasonic pulse velocity (km/s)
Size of simulated block (mm)
Transmitted time of UPV (s).
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