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We present a moisture content and permittivity model to simultaneously detect and estimate defects in loess subgrade. Based on the
ground-penetrating radar (GPR) method, the dielectric properties of loess in the northwest of China and the imaging feature of the
moisture content of different strata were studied. The relative permittivity of loess with different moisture contents was
experimented in the laboratory. It was found that the relative permittivity of unsaturated loess was positively related to moisture
content. The relationship between relative permittivity and moisture content in different antenna frequencies of GPR was
analyzed. Electromagnetic wave reflection rules in the loess interface were studied using the numerical method with different
moisture contents. With the increase in moisture content, the amplitude of GPR was increased. When the above conclusions
were applied in the engineering practices, there are good effects to detect the defects of the road subgrade. It is a significant
guidance for determining the qualitative research of defects in the roadbed.

1. Introduction

Loess subgrade in the area of northwestern China often
appears to collapse, to settle, and to have other problems [1, 2].

So it is necessary to earlier detect the defects and
cavities in the road subgrade. Then, targeted prevention
and treatment will be applied, and the potential losses
caused by roadbed subsidence will be avoided. At present,
there are many kinds of nondestructive testing (NDT)
technologies of subgrade defect, for example, ground-
penetrating radar (GPR), hammer sounding, acoustic
tomography, falling weight deflectometer (FWD), and
time-domain reflectometry (TDR) [3]. Hereinto, GPR is
a kind of geophysical detection technology based on
electromagnetic wave, which is nondestructive, low-cost,
portable, effective, fast, and accurate [4]. The detection
principle of GPR is as follows: When the emitted electro-
magnetic waves (frequency range is 10–2200MHz) transmit
in the underground, the electromagnetic waves, arriving at

the interface of inhomogeneous permittivity, will produce
the phenomenon of reflection and refraction. And then, the
signals of reflected waves, that is, echo, can reflect the charac-
teristics of underground medium [5, 6]. As a nondestructive
testing technology, GPR has received more and more
attention [7–9].

The main wave characteristics of GPR data received by
sounding road pavement deformations were revealed by the
theoretical and experimental studies of subgrade soils of
roads [10]. In order to achieve the best methodology for
subgrade cracking detection, different GPR systems, both
antenna configuration and frequencies, were tested [11].
Experimental results from field and laboratory investigations
using a ground-coupled GPR, dielectric measurement, mag-
netic imaging tomography (MIT), and DCP tests were pre-
sented [12]. Several GPR methods and analysis techniques
were used to nondestructively investigate the electromagnetic
behavior of subasphalt compacted clayey layers and subgrade
soils in unsaturated conditions [13].
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At present, the study of permittivity of unsaturated loess
is few, and the direct measurement of the permittivity of
unsaturated loess by GPR has little result in this field. In this
paper, the empirical relationship between permittivity and
unsaturated loess moisture content was obtained by the
direct test with the different frequencies of the GPR antenna.
The mechanism and law of the GPR wave reflection imaging
in the unsaturated loess interface have been studied. The
above results were directly applied to detect defects in an
engineering project.

2. Dielectric Property of the Loess

2.1. Experimental Procedures and Test Parameters. In this
paper, loess is the object of the study. The GPR (SIR-3000
series, Geophysical Survey Systems Inc.) was employed to
measure the permittivity of loess in laboratory experiment.
The experimental procedures are the following:

(1) The soil samples were collected from a construction
site and sealed for later use.

(2) The soil samples were manually screened in order to
obtain the fine powder.

(3) The samples in which the moisture content was from
10% to 37% were prepared.

(4) The plane strain test apparatus was utilized for the
sample preparation. The size was 5 cm by 10 cm by
10 cm. The reaction frame was utilized for pressuring
samples. After 48-hour standing, the reaction frame
was used to compact samples. Then, the soil samples
were sealed in plastic bags.

(5) According to the sizes of the samples, the selected
antenna frequencies were 400MHz, 900MHz, and
2GHz, respectively. The soil samples were scanned,
and the data was collected.

(6) The measured data postprocessing was done by the
RADAN5 Software.

The devices in the experiment and the prepared soil sam-
ples are shown in Figure 1, and the antenna parameters of
GPR are shown in Table 1.

2.2. Test Principle of the Loess Permittivity. The calculation
model is shown in Figure 2. The travel time of the GPR wave

in the medium is also the object of the study. The reflection
positions of electromagnetic wave in the sample interfaces
are analyzed. Meanwhile, according to the travel time, the
actual wave velocity of the GPR wave can be calculated.

The electromagnetic waves propagate in the loess sam-
ples and reach the bottom of the sample after the travel time
Δt. Then, the reflected part of the electromagnetic waves will
propagate to the surface of the loess samples after the travel
time Δt and will be received by GPR equipment. The value
of the travel time Δt can be read from the scanning data of
the GPR. Meanwhile, the travel length of the electromagnetic
wave Δh can be directly measured by the size of the sample.
Therefore, the actual wave velocity of the electromagnetic
waves propagating in the loess samples can be calculated by
the formula v=Δh/Δt. The relative permittivity of the loess
samples can be calculated as follows:

εr = c
Δh
Δt 1

2.3. Calculation of the Permittivity. The soil samples were
scanned by the GPR antenna. The antenna frequencies were

(a) (b) (c) (d)

Figure 1: (a) Compacted equipment, (b) sample moulds, (c) GPR device, and (d) the prepared loess samples.

Table 1: The antenna parameters of GPR.

Frequency 2GHz 900MHz 400MHz

Emissivity 350 kHz 100 kHz 100 kHz

Ranges (ns) 12 20 40

Scanning speed (scan/s) 300 50 50

Gain 1 2 5

Air �휀0, �휇0

Incident
wave

Sample

Reflected
wave

�휀r, �휇r

Δh = v ‧ Δt

Figure 2: Wave velocity calculation model of GPR.
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400MHz, 900MHz, and 2GHz, respectively. The measured
data was processed by the RADAN5 Software through filter-
ing the wave and removing the background noise. The data of
2GHz as an example are shown in Figure 3.

The different imaging features in the process of the elec-
tromagnetic wave propagation are shown in Figures 3(a)–
3(d). The reflected waves from 1ns to 3 ns are obvious,
due to the surface reflection of loess samples and self-
deconvolution of GPR wavelets. The propagation range
of the electromagnetic waves in the samples is mainly from
3ns to 6 ns. In this range, there is no obvious reflection of
electromagnetic wave. The electromagnetic waves keep good
damping characteristics. It is indicated that the samples are
relatively homogeneous. The reflected waves from 6ns to
8 ns are due to the reflection of the bottom surface of the sam-
ples. Because the change of soil moisture content directly
affects the soil permittivity, there must be differences in the
GPR images. Therefore, GPR reflection amplitudes increase
with the increase in moisture content of soil samples from
10% to 37%.

The permittivity of the samples with different moisture
contents via applying different frequencies can be calculated
by (1). The values of the permittivity are shown in Table 2.

For the same sample, different frequencies can induce
the different values of permittivity. The reason is that the
electromagnetic waves of different frequencies have differ-
ently impacted the intrinsic nature of loess permittivity.
Therefore, the same sample exhibits different test values
of the permittivity under different frequencies, which is
considered a standard and an important basis of the influ-
ence on antenna frequency.

3. The Relationship of Permittivity and
Moisture Content under
Different Frequencies

3.1. Experience Curves of Permittivity and Moisture Content.
(1) Topp formula [14], obtained by experiment fitting the
empirical cubic formula

εr = 3 03 + 9 3θv + 146 0θ2v − 76 6θ3v , 2
θv = −5 3 × 10−2 + 2 92 × 10−2εr − 5 5

× 10−4ε2r + 4 3 × 10−6ε3r ,
3

where εr is the permittivity and θv is the volume of moisture
content. In (2), the moisture content is used to calculate the
permittivity. On the contrary, the permittivity is used to
calculate the moisture content in (3).

(2) CRIM (complex reflective index model) [15] formula,
an arithmetic square root model

ε = 1 − ϕ εs + Swϕ εw + 1 − Sw ϕ εa 4

The subscripts s, w, and a represent the soil, water, and
air, respectively. φ represents the moisture content, and Sw
is on behalf of the moisture saturation. On the condition
that the water permittivity is 81 and the loess permittivity is
5, so (4) can be simplified as

ε = ϕ εm + 1 − ϕ εw 5

(3) Dobson [16] formula

εαsoil = 1 +
ρb
ρss

1 − εαss +mβ
v εαf w − 1 6
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Figure 3: (a–d) The GPR images of loess with the moisture contents 10%, 19%, 28%, and 37%, respectively.

Table 2: Loess permittivity with different moisture contents under
different frequencies.

Moisture content (%) εRADAN900 εRADAN400 εRADAN2G
10 4.06 3.96 5.21

13 4.82 4.26 6.01

16 5.98 5.78 7.12

19 6.99 6.65 8.93

22 8.98 8.37 10.98

25 11.43 10.86 12.88

28 13.21 12.56 14.98

31 15.43 14.77 17.12

34 18.12 17.36 19.57

37 20.98 20.32 22.23
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εsoil refers to the soil permittivity. ρb and ρss refer to
the densities of dry soil and soil skeleton, respectively.
Ess refers to the solid permittivity. mv refers to the solid
quality. Empirical coefficient α is 0.65 and β is 1.0~1.17
(from sandy soil to clay).

3.2. The Measured Permittivity Results under Different
Frequencies. The samples with different moisture contents
were tested by the antenna of 400MHz, 900MHz, and
2GHz. The scatter diagrams of the permittivity and moisture
content were fitted. The optimum fitting curves are shown
in Figure 4.

As shown in Figure 4, the experimental results are
near to the experiential fitting curves. It demonstrates the
correctness of the experimental results. Under the same fre-
quency of the GPR antenna, sample permittivity is increased
with the increase in moisture content. At the same time,
the permittivity of the sample with the same moisture
content is also increased with the increase in frequency.
The antenna frequencies applied in the experiment are
400MHz, 900MHz, and 2GHz, respectively. So the per-
mittivity of the antenna frequency of 400MHz is minimal,
and that of 2GHz is maximal.

There is a distance between the blue points and the
formula lines (black). It could be briefly analyzed as the
following. First, the GPRmethod is a nondestructive method.
So it is always less accurate than an empirical formula estab-
lished by an invasive method. Next, the GPR method is easily
subject to external disturbances.

The conjugate gradient method is used to describe the
mathematical relationship between the moisture content
and permittivity. Meanwhile, the linear models are estab-
lished according to the former testing data.

εr = 0 61 ⋅ θv + 1 58, f = 400MHz,
εr = 0 63 ⋅ θv + 1 81, f = 900MHz,
εr = 0 64 ⋅ θv + 3 18, f = 2GHz

7

The fitting calculation results show that the conjugate
gradient method can solve the correction factors well in one
dimensional model. And the model can be applied directly
to the practice and is a reliable tool for moisture content of
similar projects.

4. Numerical Simulation of the Interface
Reflection Mechanism of Unsaturated Loess

Compared with the experimental method, an ideal effect of
wave propagation can be received by the numerical simula-
tion method. The numerical method can avoid the defects
of the test method, such as inhomogeneous medium,
uneven compaction degree of large-scale samples, and mea-
surement error. In this section, imaging features of different
permittivity values were comparatively analyzed. Further,
the influence of the dielectric constant on radar echo wave-
form was studied.

4.1. Geoelectric Model of Interface Reflection of Unsaturated
Loess. GprMax2.0 software is used for numerical simulation

in this article. GprMax is open-source software that simu-
lates electromagnetic wave propagation. It solves Maxwell’s
equations in 3D using the finite-difference time-domain
(FDTD) method. GprMax was designed for modelling
GPR [17–19].

The geoelectric model of shallow loess was designed
according to the waveform comparison. Keeping the other
parameters held, the influence of permittivity on GPR imag-
ing was investigated and the quantification of the echo wave-
form was deeply analyzed. The schematic diagram of the
specific geoelectric model is shown in Figure 5.

The horizontal distance of this model is 2.0m. The depth
is 0.7m. The cell size is 0.0025m by 0.0025m. The time depth
is 20ns. The parameters of the first layer are as follows. The
permittivity is 0. The electrical conductivity is 0.00 S/m. The
thickness of the first layer is 30 cm. The permittivity values
of the second layers are 5, 10, 20, 30, 40, and 50, respectively.
The electrical conductivity is 0.00001 S/m. The thickness of
the second layer is 0.4m. The wavelet frequency is set as
900MHz. The excitation source is the Ricker wavelet. In
the numerical simulation, there are 180 step calculations
and each step calculation contains 3391 times.
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Figure 4: The experiential fitting curves and experimental results of
the loess with different moisture contents under different
frequencies (the black symbols represent the experiential results,
and the blue symbols represent the experimental results).
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Figure 5: The schematic diagram of the numerical model of
unsaturated loess.
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4.2. The Amplitude Rule of Reflected Wave on Different
Permittivity Layers. According to the above numerical calcu-
lation, the reflected characteristics of the GPR waves in differ-
ent moisture content interfaces can be observed. The
permittivity values of the grassroot level of unsaturated loess
were set as 5, 10, 20, 30, 40, and 50, respectively. Then, the
simulate calculation was done. The stratigraphic sections
were obtained and shown in Figure 6.

In Figure 6, the interface reflection trend of permittivity is
obvious. The reflection amplitude shows an increasing trend
at the position of 3 ns. It is indicated that the interface inflec-
tion obviously increases with the increase in the moisture
content. But it cannot give quantitative descriptions only
from the stratigraphic sections. So it is necessary to compar-
atively analyze the amplitude value.

The method extracts the single wave in the forward
modeling data. Obviously, the interface reflection interval is
presented as the characteristics of “positive-negative-
positive.” This dissertation applies the data of peaks and
troughs, as shown in Figure 7.

In Figure 7, the first crest of the echo curves of interface
reflection appears when STEPS=490. The wave trough
appears when STEPS=545, and the absolute value of the
wave valley is the maximum point of the reflection ampli-
tude. With the increases in moisture content on the interface,
the reflection amplitudes of GPR are enlarged accordingly.
There is a clear mathematical relationship between the
maximum reflection amplitude and permittivity of medium.

The amplitude values of interface reflection are shown
in Table 3.

From the wave amplitudes in Table 3, it can be clearly
seen that the absolute values of the maximum amplitude
and minimum amplitude are increased, respectively, with
the increase in the permittivity of the loess.
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Figure 6: (a–f) The GPR imaging of the subgrade of unsaturated loess when εr are 5, 10, 20, 30, 40, and 50, respectively.
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Therefore, the mathematical relation between the reflec-
tion amplitude of loess interfaces and permittivity is obtained
and shown as follows.

Peak Apeak = −0 08εr2 − 7 04εr + 100 42,

Trough Atrough = 0 12εr2 − 10 79εr − 176 5
8

Based on the result of numerical calculation, the empiri-
cal correlation of the reflection amplitude and permittivity is
shown in Figure 8.

5. Actual Measurements and Analysis of Loess
Roadbed Diseases

5.1. Project Overview. The Bin He Road built in 2013 is iso-
lated on the south of Wei He River in Baoji city, China.
The road was established on the site of the river bed post,
and the foundation is roller-compacted loess. In 2016, sewage
pipes were laid at the depth of 10 meters below the surface
using the straight push method. And then, poor geological
disasters arise, such as surface collapse and surface subsi-
dence. The specific positions are pinpointed in Figure 9.

5.2. The GPR Sections of the Subgrade before and after Road
Maintenance. According to the practical situation in the
spot, the pavements above the sewage pipe were scanned
directly using the 200MHz and 400MHz antenna, respec-
tively. The testing purpose is to identify the subgrade of
the abnormal area which is located between the road sur-
faces and pipes. Furthermore, the hidden area of risk will
be repaired early, and the sinking or void of the road will
be avoided.

The geological sections of 40m length at the horizon-
tal distance between point 360 and point 380 of the Bin
He Road were extracted. The GPR grams of the subgrade
before and after road maintenance are shown in Figures 10
and 11, respectively.

These comparison sections show the profile of before
and after maintenance using the GPR antenna of 200MHz.
Figure 10(a) shows the obvious points, such as D1, D2, D3,
D4, D5, and D6. Hereinto, D2 and D5 are near-surface
reflection anomalies. Both of them belong to very serious
potential hazards. The reflection signal intensity curves of
D1 were inferred as water-rich drawbacks (refer to the laws
of Section 4.2).

To avert disasters, the test results were immediately sent
to the administration. The measured locations were repaired.
And then, the former areas were measured again. The geolog-
ical sections are shown in Figure 10(b). The consolidated
methods were timely taken, and the dangerous situation of
D2 and D5 disappeared. In the meantime, the foundation
of D1 and D4 was also consolidated and compacted.

These comparison sections show the profile of before and
after maintenance using the GPR antenna of 400MHz.
Figure 11(a) shows the obvious points such as d1, d2, and
d3. Hereinto, d2 and d3 are near-surface reflection anomalies
corresponding to the D2 and D5 in Figure 10(a). In the sim-
ilar way, d1 corresponds to D1. Apparently, there are certain
differences in estimating depth and radius of the targets by
different frequency antennas.

According to the specific points to find out the defect and
repaired, there is no remarkable abnormality as shown in
Figure 11(b). Timely detection and maintenance of the road-
bed are effective ways to enhance the integrity and stability of
the subgrade. The hidden trouble of the structure can be
detected in time, and accident can be avoided by the damage
detection and diagnosis.

The antenna of GPR has a constraint condition they must
simultaneously satisfy: detecting depth and detecting preci-
sion. In general, the bigger the value of the principal frequency,
the smaller the detecting depth. By comparing the quantity of
the target exposed in Figures 10 and 11, it can be seen that the
measurements using the 200MHz GPR antenna are more
accurate. And the antenna frequency change plays a vital role
in the precision, which reflected the general rule.

The field excavation of the D1 point is shown in
Figure 12.

The point D1 excavation verifies that the anomaly char-
acteristics of the GPR imaging accord with the true position
of the subterranean cavitation. The horizontal position about
360 meters has a cylindrical hole about 1m in diameter and
1m deep. This shows that geophysical methods have prompt,
high-precision, and nondevastating advantages in environ-
mental protection.

Table 3: Reflection amplitude under different moisture contents on the loess interface.

εr= 5 εr= 10 εr= 20 εr= 30 εr= 40 εr= 50

Amplitude maximum 124.37 173.19 214.77 235.61 248.89 258.37

Amplitude minimum −212.89 −288.34 −351.61 −383.03 −402.97 −417.21
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Figure 8: Amplitudes of unsaturated loess interface echoes.
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6. Conclusions

Through the research on the loess permittivity at different
moisture contents and the influence of the antenna
frequency on the loess permittivity, the conclusions are
as follows:

(1) The experiment and comparison results show that
the loess permittivity increases along with the
broadening of moisture content in the loess soil.
In addition, the same sample produces different per-
mittivity values under different frequencies, and the

loess permittivity increases when the frequencies are
increased.

(2) With the increase in the moisture content in unsatu-
rated loess, the permittivity and the interface reflec-
tion amplitudes markedly improved. There is a
corresponding increase in the absolute value of the
maximum amplitude and the minimum amplitude
of the reflection amplitudes with increasing permit-
tivity. And then, this law is established.

(3) From the study of characteristics of the loess permit-
tivity and the interfacial reflection, we can gain some
understanding of actual detection. Systemic discusses
with the geology flaw recognition and flaw measure-
ments have been made.

Figure 9: Location of the project.
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Figure 10: (a) GPR sections by the 200MHz antenna before road
maintenance. (b) GPR sections by the 200MHz antenna after
road maintenance.
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Figure 11: (a) GPR sections by the 400MHz antenna before road
maintenance. (b) GPR sections by the 400MHz antenna before
road maintenance.
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