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In order to reveal the dielectric properties of the nonaqueous reactive polyurethane grouting material, combined with the electron
microscope test analysis, it can be seen that the nonaqueous reactive polyurethane material is a porous two-phase body composed
of a polyurethane matrix and closed cells. At the microscopic scale, the porous two-phase physical model is established, and the
dielectric model of the material is constructed on this basis. In order to verify the dielectric model, 40 groups of nonaqueous
reactive polyurethane specimens with different densities were designed and prepared in this paper. The dielectric permittivity
was measured by a vector network analyzer (VNA) with an open coaxial probe within the frequency range of
1050MHz~5010MHz for the first time, and the dielectric properties and influencing factors were revealed according to the test
data. The result shows that the dielectric permittivity of nonaqueous reactive polyurethane materials increases with the increase
of density, and decreases slightly with the increase of frequency. Compared with the three models of the Rule of Mixture,
Clausius-Mossotti Model and Lichtenecker Model, the calculation accuracy of the Maxwell-Garnett Model is higher, and the
calculation results are more consistent with the experimental results of nonaqueous reactive polyurethane grouting materials.
The experimental results can be applied to the nondestructive testing of polyurethane grouting materials and provide reference
and basis for the quality evaluation of polymer structures.

1. Introduction

As a new type of infrastructure repair and antiseepage grout-
ing material, polyurethane is mostly used in foundation rein-
forcement, soil densification, filling, antiseepage plugging,
and other repair projects [1, 2]. Nondestructive testing
equipment can evaluate the pavement quality and grouting
effect based on the change of the dielectric properties of
the grouting material at different locations in a specific road
section [3, 4]. The relative permittivity of a material can
characterize its density, and if these values change signifi-
cantly, defects can be detected [5, 6]. Therefore, in the eval-
uation of the grouting effect, the determination of the
dielectric properties of the polyurethane grouting material
will affect the accuracy of the detection. The technique used
has limitations in the accurate dielectric properties of solid
samples due to errors in the gap between the sample and

the open probe [7–10]. More accurate methods for effective
measurement of low-loss solid dielectric permittivity in the
GHz range are small-band resonator or waveguide-based
techniques [11] and broadband coaxial transmission line
techniques [12]. However, the testing frequency range of
the coaxial probe is wide, the specimen of the measured
material is easy to make and process, and the measurement
surface only needs to be smooth, which is suitable for the
measurement of the dielectric permittivity of solid with a flat
surface. Therefore, the use of E5071C network analyzer with
terminal open coaxial high temperature probe is more suit-
able for nondestructive testing of materials.

Polyurethane grouting materials are usually mixed and
reacted by two materials of polyol and isocyanate to form a
two-phase body with a certain strength, so its dielectric
properties can be characterized by a composite dielectric
model [13]. The establishment of a comprehensive dielectric
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model shows the functional relationship between the relative
permittivity of composite materials and the relative permit-
tivity of their components [14, 15].

Polyurethane grouting material is a new type of nonme-
tallic material widely used in engineering, and most of the
previous researches on it focus on engineering performance.
Shi et al. studied the change law of compressive strength of
polymer-grouting materials at different temperatures and
the change law of volume of polymer samples. The results
show that the compressive strength of polymer materials
increases with the increase of density; at the same density,
the compressive strength decreases with the increase of tem-
perature [16]. Zheng et al. prepared polymer-grouting mate-
rials with different densities, and systematically studied the
bending and compression characteristics of polyurethane
polymer-grouting materials with different densities by using
three-point bending loading test and unidirectional com-
pression test. The results show that the flexural strength
and compressive strength of the polymer grouting material
structure increase with the increase of the polymer density
as a quadratic function and a linear function, respectively,
while the bending deformation capacity decreases with the
increase of the density [17].

The current trend in nondestructive testing of civil engi-
neering materials is mainly the detection of defects in con-
crete and asphalt mix structures, with acoustic methods
dominating the field [18, 19]. Beverte et al. conducted a
one-year experimental study using a capacitive single-side
access sensor to investigate the effects of air temperature,
pressure, and relative humidity on the measured permittivity
of rigid polyurethane foamed plastics and integral polyure-
thane of different densities. The results showed that the
humidity had the greatest effect on the permittivity [20,
21]. Al-Qadi used the data obtained from 12 different road
sections by two GPR systems, and used the air-coupled
GPR system to calculate the complex permittivity of hot
mix asphalt in the frequency range of 750~1750MHz [22].
Kim et al. considered 3 water-cement ratios and 4 levels of
chloride ion addition in cement mortar samples for dielec-
tric experiments. The results show that the electrical conduc-
tivity and dielectric permittivity decrease linearly with the
increase of carbonization rate and the decrease of compres-
sive strength, and the coefficient of determination is large
[23]. Chen et al. conducted dielectric spectroscopy measure-
ments in the low frequency range (10-2~ 106Hz) for differ-
ent grades of pure asphalt and wax-modified asphalt
(WMB) [24]. Yu et al. studied the effects of relative humid-
ity, temperature, and frequency on the dielectric permittivity
of asphalt mixtures. The results show that in the temperature
range of 30~60°C, the relative permittivity and loss of
asphalt mixture increase with the increase of temperature,
but the increase rate gradually slows down with the increase
of temperature. In the frequency range of 1 kHz~ 1MHz, the
dielectric permittivity of asphalt mixture will decrease with
the increase of frequency, and the decreasing rate will
increase with the increase of relative humidity [25–27].

Referring to the research ideas on the dielectric properties
of asphalt, soil and other related materials, this paper studies
the factors affecting the dielectric properties of polyurethane

grouting materials. In this paper, the microscopic physical
structure is analyzed by electron microscopy experiments,
and a porous physical model is established. On this basis, 40
groups of specimens with different densities were prepared
by using the self-made grouting mold in the laboratory. In
the frequency range of 1050MHz~5010MHz, the dielectric
permittivity was measured by VNA method using an open
coaxial probe. According to the collected test data, the dielec-
tric properties and influencing factors of nonaqueous reactive
polyurethane materials were systematically analyzed. Subse-
quently, the Maxwell-Garnett dielectric model of the non-
aqueous polyurethane material was constructed and
compared with the other three models. The results demon-
strate the validity and high accuracy of the Maxwell-Garnett
Model in nonaqueous polyurethane materials.

2. Experiment

2.1. Main Raw Materials. PU is the abbreviation of polyure-
thane. Polyurethane grouting materials are divided into two
types, nonaqueous reactive and water reactive. Nonaqueous
reactive polyurethane grouting material (hereinafter referred
to as nonaqueous polyurethane material) is a kind of nonaque-
ous reactive, two-component polyurethane foam material. Dif-
ferent from water-reactive polyurethane materials, nonaqueous
polyurethane materials do not require water as a catalyst, so it is
only necessary to inject two-component polyurethane raw
materials under grouting pressure, and then a chemical reaction
occurs, and the volume expands and solidifies to formnonaque-
ous polyurethane materials [28, 29]. Its main component
indexes are shown in Table 1. Nowater is needed in the reaction
process, and the two components are fullymixed and then poly-
merized to form a solidified body with a certain strength,
thereby supporting the overall material. The main reaction in
the polymerization process is the gel reaction (as shown in
Figure 1), that is, the -NCO group of the isocyanate and the
-OH group of the polyol react to form a polyurethane polymer.
This reaction process is safe and environmentally friendly, does
not emit harmful substances, and the reaction temperature is as
high as 175 ± 5°C [30]. The test process is shown in Figure 2.

2.2. Analysis of the Microstructure of the Specimen. As a high
molecular polymer foam structure, the performance of non-
aqueous polyurethane material is not only related to the density
of the polyurethane matrix but also closely related to its cellular
structure. The formation of pores is a complex process, which is
roughly divided into three stages. (a) Nucleation stage: the gas
released by the reaction of the two materials forms a supersatu-
rated solution in the system and then precipitates from the liq-
uid phase to form tiny gas nuclei. This process is also known as
a “self-nucleation reaction.” (b) Cell growth stage: the gas
released by the reaction continuously enters the gas nucleus,
and the gas nucleus grows into a bubble and rapidly grows to
the estimated volume. Then the bubbles may come into contact
with each other to generate and bubble, so that the number of
pores in the system is reduced. (c) Cell structure stabilization
stage: with the progress of the polymerization reaction, the vis-
cosity of the system increases and gelation occurs, and the size
and shape of the cells are fixed to form the final cell structure.
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The macroscopic properties of materials depend on the
structure and morphology at the microscopic scale. In view
of the porous characteristics of nonaqueous polyurethane
materials on the microscopic scale, electron microscopy
experiments are required to observe the microstructure of
nonaqueous polyurethane specimens. Due to the limited test
environment, the electron microscope photo of the reference
[31] in this paper deduces the physical model and draws four
conclusions.

(1) On the microscopic scale, the nonaqueous polyure-
thane material is a cellular structure composed of
multiple closed-cell cells in close contact, and each
cell is an independent and dispersed existence.
Therefore, the density of the polyurethane material
has a significant relationship with the porosity and
the density of the polyurethane matrix. This paper
refers to other literatures [32–34] to comprehen-
sively obtain the maximum density of the polyure-
thane matrix ρs = 1:2 g/cm3

(2) When the density is small, the shape of the cell is
between a circle and a polygon, and the contact sur-
face between each cell is larger. As the density
increases, the shape of the pore cells gradually
changes from polygonal to elliptical and circular

(3) The cell diameter of the 0.11 g/cm3 specimen is gener-
ally greater than 150μm, and the cell diameter of the
0.40 g/cm3 specimen is generally less than 220μm.
As the density increases, the cell diameter decreases,
the contact surface between cells becomes smaller,
the free space increases, and the porosity decreases

(4) The matrix between cells is continuous, and as the
density increases, the cell wall thickness between
adjacent cells also increases

A physical model of its dielectric properties was estab-
lished through microstructural analysis of electron micro-

scope images, as shown in Figure 3. When constructing its
physical model, the nonaqueous polyurethane material can
be regarded as a two-phase body composed of a polyure-
thane matrix and cells. Take a microunit inside the speci-
men, the volume of the microunit is 1, and the dielectric
permittivity value is εf . The polyurethane matrix is a contin-
uously distributed medium with a permittivity value of εs
and a volume of Vs. Cells can be viewed as spheres uni-
formly distributed in the matrix, with a permittivity value
of εa and a volume of Va. According to the effective dielec-
tric theory, εf is closely related to εs, Vs, εa, and Va.

In order to estimate the porosity of the overall polyure-
thane specimen, the mass of gas ma in a unit volume is small
relative to the mass ms of the polyurethane matrix per unit
volume and can be ignored

mf =ms +ma ;ma ≪ms ;mf ≈ms: ð1Þ

In the equation, the mass of the nonaqueous polyure-
thane material per unit volume is mf .

The volume ratio of polyurethane matrix and cell in unit
volume of polyurethane material can be expressed as

ηs =
Vs

V f
= ms/ρs
mf /ρf

=
ρf

ρs
, ð2Þ

ηa =
Va

V f
=
V f −Vs

V f
= 1 − Vs

V f
= 1 −

ρf

ρs
: ð3Þ

(1) In the equation, Va and Vs are the volume of cell and
polyurethane matrix and V f is the unit volume of
nonaqueous polyurethane specimen, V f = 1

ρf , ρa, and ρs are the densities of the nonaqueous poly-
urethane material, the cell, and the polyurethane matrix,
respectively.

For the cast nonaqueous polyurethane specimen, the
density range is controlled within 0:073 g/cm3 ≤ ρf ≤ 0:418
g/cm3, so the calculated porosity is 93:9% ≥ ηa ≥ 65:2%. This
indicates that the material is a high porosity material.

2.3. Dielectric Characteristic Test. Before the experiment, an
easily disassembled steel mold was fabricated, as shown in
Figure 4(c). The mold is a hollow cylinder with an inner
diameter of 70.6mm, a height of 120mm, and a wall thick-
ness of 3mm. The raw materials for the test are shown in
Figures 4(a) and 4(b). According to the current standard
(GB/T 6343-2009) [35] and (GB/T 12811-1991) [36], the
casting, density measurement, and microstructure observa-
tion of the test piece were carried out.

In order to facilitate demolding, a lubricating oil film is
generally applied on the inner wall of the mold with a brush
before pouring. At room temperature (15~ 20°C), start the
grouting equipment and mix the two components into the
mold evenly and quickly. After the two materials are mixed,
a violent reaction occurs that quickly fills the mold space.

Table 1: Main component indexes of nonaqueous reactive
polymer-grouting materials.

Serial number Project Polyols Isocyanates

1 Solid content (%) >99 >99
2 Density (25°C)/g·cm-3 1.01 1.23

3 Viscosity (25°C)/MPa·s 720 ± 50 350 ± 50
4 -OH/mgKOH·g-1 330 ± 15 ——

5 -NCO/wt% —— 21:7 ± 0:5%
6 Moisture content/% <0.2 0

7 Flash point/°C >200 >200

NCOR R N
R O

OC→OH+ Rʹ

Isocyanates Polyols High polymer

Rʹ– – – – ––

Figure 1: Gel reaction chemical equation.
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Specimens with different densities can be obtained by con-
trolling the grouting amount, as shown in Figure 4(d). The
pouring density range is 0.073 g/cm3~0.418 g/cm3. After
grouting, wait for the material to fully react and then cool
down for 30 minutes before demolding.

Due to the damage or unevenness at both ends of the spec-
imen during the grouting process, it is necessary to cut the
specimen to remove defects or redundant parts at the bottom.
Determine the final specimen as a cylinder with a diameter of
68mm and a height of 110mm, and the error range between
each specimen is controlled within ±0.1mm. A total of 40

specimens with different densities were poured in this test,
the weight of each specimen was recorded, its actual density
was calculated, and the specimens whose density met the
requirements were numbered.

The dielectric permittivity measurement is performed
with Agilent’s E5071C network analyzer with a terminal
open coaxial high temperature probe [37]. The high temper-
ature probe is shown in Figure 4. This probe cannot only
measure corrosive chemicals but can also be used to test
solids with flat contact surfaces. The testable specimen size
is semi-infinite thickness [38].

Coat the inner wall of
the mold with
lubricating oil

Assemble grouting test
device

Open the vent

Polyols

Isocyanates

Component A

Component B

Stir evenly, wait for the material
to fully react for 1.5 h ~ 2.0 h

Cool and solidify for
30 min

Demold (push
out with a jack)

Cut of the excess
part of the
specimen

Grouting process
Preparation before experiment

Specimen productionPour

Use vector network
analyzer to measure
dielectric permittivity

Microstructure
analysis of polymer
grouting materials

Keep the indoor
temperature at 15~ 20°C

Use an electronic
scale to measure

density

Figure 2: Schematic diagram of the experimental process flow.

𝜀f (non – aqueous polyurethane material)
𝜀s (matrix)

𝜀a (cell)

(a)

𝜀f (non – aqueous polyurethane material)

𝜀s (matrix)
𝜀a (cell)

(b)

Figure 3: Microphysical model:.(a) Physical model diagram of 0.11 g/cm3. (b) Physical model diagram of 0.40 g/cm3.

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

Figure 4: (a) Component A: polyols; (b) component B: isocyanates; (c) mould; (d) polyurethane specimen.
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The electromagnetic wave generated by the network ana-
lyzer is transmitted to the test piece through the coaxial cable
and the probe, and the scattering parameters are measured
by measuring the phase and amplitude of the reflected signal
at the end of the test piece. The real and imaginary parts of
the complex permittivity are then calculated from the scat-
tering parameters using the relevant software and recorded
as the final output. The instrument performs an automatic
frequency sweep every 50MHz in the frequency range of
1050MHz~5010MHz, and the specific test procedure and
results are shown in the reference [39].

Before the test, in order to improve the test accuracy and
to eliminate the reflected signal generated by the electromag-
netic wave in the discontinuous place, to obtain the relevant
parameters, the instrument system must be calibrated using
the known medium pure water as the standard (see
Figure 5). After calibration, 40 nonaqueous polyurethane
specimens with different densities were placed under the
probe to measure the dielectric permittivity. During the
measurement process, it must be noted that the contact sur-
face should be flat without holes, voids, or air bubbles to
avoid errors caused by the incomplete fit between the probe
and the object to be measured. In order to improve the mea-
surement accuracy, 10 different measurement points were
selected on the measurement surface of each test piece, and
the average value was taken as the representative value of
the dielectric permittivity of the test piece. During the test,
the indoor humidity was 60% and the temperature was 20°C.

3. Construction and Verification of the
Dielectric Model

Nonaqueous reactive polyurethane materials are usually
considered to be two-phase composite media consisting of
matrix and pores. In order to investigate the dielectric prop-
erties of this composite as a function of the parameters such
as the dielectric permittivity of the single-phase medium and
the volume rate occupied by the single-phase medium, the
application of the commonly used composite dielectric
model to the dielectric properties of nonaqueous reactive
polyurethane materials is investigated in relation to the
experimental results considering the dielectric properties of
the materials.

According to a suitable dielectric model, the dielectric
permittivity εf can be calculated for any frequency and any
material density. It can be seen from the above analysis that
in the considered frequency range 1050MHz ≤ f n ≤ 5010
MHz, the dielectric permittivity value of the gas phase εa =
1:004 is selected in this study, and the dielectric permittivity
value of the polyurethane matrix is within 4.

3.1. Maxwell-Garnett Model.

εf f nð Þ = εs f nð Þ + 3ηaεs f nð Þ εa f nð Þ − εs f nð Þ½ �
εa f nð Þ + 2εs f nð Þ − ηa εa f nð Þ − εs f nð Þ½ � ,

ð4Þ

where εsð f nÞ is the dielectric permittivity of the matrix in the
closed cell of the nonaqueous polyurethane material and εa
ð f nÞ is the dielectric permittivity of the gas phase.

The Maxwell-Garnett Model has been successfully
applied to predict the dielectric properties of mixtures with
low volume filling ratios (va ≤ 1) [40]. However, as the vol-
ume fraction of the matrix phase increases, the Maxwell-
Garnett Model estimates begin to deviate, which occurs
especially in the case of high dielectric permittivities between
the matrices that make up the mixture.

3.2. The Rule of Mixture. According to the porous and
closed-cell microstructure characteristics of the nonaqueous
polyurethane material, it is regarded as a two-phase compos-
ite material composed of a polyurethane matrix and a gas
phase, and the nonaqueous polyurethane specimen is in a
dry and anhydrous state in the test. From the parallel model,
the two components in the material are considered to be in
parallel mode when the particle size is similar to the thick-
ness of the sample [41]. It is assumed that the dielectric per-
mittivity at each single frequency is the volume-weighted
average of the dielectric permittivity of each phase.

εf f nð Þ = εs f nð ÞVs + εa f nð ÞVa, ð5Þ

where Va ⟶ 0, εf ð f nÞ⟶ εsð f nÞ, Vs ⟶ 0, and εf ð f nÞ
⟶ εað f nÞ.

(a)

Te vector network analyzer 5071 C

Polyurethane specimen

(b)

Figure 5: The dielectric permittivity experiment. (a) High temperature probes. (b) Instrument calibration.
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From Equations (2), (3), and (5),

εf f nð Þ = εs f nð Þηs + εa f nð Þηa: ð6Þ

3.3. Clausius-Mossotti Model. In the Clausius-Mossotti
Model, the polyurethane matrix is regarded as a continuous
and homogeneous medium, and closed-cell bubbles are dis-
persed spheres embedded in the continuous matrix. The
polarization is not affected by the applied electric field, and
the charge fills the interface between the closed cells and
the polyurethane matrix and generates an internal electric
field. Then, the effective dielectric permittivity of the two-
phase composite can be expressed as

εf f nð Þ − εa f nð Þ
εf f nð Þ + 2εa f nð Þ = ηs

εs f nð Þ − εa f nð Þ
εs f nð Þ + 2εa f nð Þ , ð7Þ

where ηs ⟶ 1, εf ð f nÞ⟶ εsð f nÞ, ηs ⟶ 0, and εf ð f nÞ
⟶ εað f nÞ.

However, this model is suitable for high frequencies. Or
when polar molecules form dilute solutions in nonpolar sol-
vents, the Clausius-Mossotti Model predicts well.

3.4. Lichtenecker Model. Polyurethane materials are consid-
ered to be two-phase mixtures of polyurethane matrix and
cellular combinations. To calculate the effective dielectric
permittivity, the Lichtenecker Model can be expressed as

εf =
YK

k=1
εk

νk : ð8Þ

When the number of components K = 2, take the natural
logarithm on both sides of the equation.

εf f nð Þ = εs f nð Þηsεa f nð Þηa : ð9Þ

It can be seen from the above four models that if ηs ⟶ 1,
that is, when ηa = 0, then εf ð f nÞ is only related to the permit-
tivity and density of the material, and the permittivity values
calculated by each model are equal. Therefore, the influence
of porosity must be considered when calculating the
dielectric permittivity of nonaqueous polyurethane mate-
rials. Because the nonaqueous polyurethane material is a
two-phase mixture, its porosity is very high
(93:9% ≥ ηa ≥ 65:2%), and the dielectric permittivity of
the gas phase εa = 1:004, so the dielectric permittivity of
the nonaqueous polyurethane is very low (≤2). For exam-
ple, the density range of the nonaqueous polyurethane
specimen measured in this test is 0:073 g/cm3 ≤ ρf ≤
0:418 g/cm3, and the dielectric permittivity value is within
the range of 1:109 ≤ εf ≤ 1:769

4. Results and Discussion

This test instrument performs automatic frequency sweep
measurements every 50MHz in the frequency range of
1050MHz~5010MHz. The measured data of specimen 1
(ρ = 0:418 g/cm3) and specimen 30 (ρ = 0:31 g/cm3) were
randomly selected to plot the dielectric spectra (see
Figure 6). From the measured data points in Figure 6, it
can be seen that the data results of the coaxial probe
method of measurement have a high dispersion, while
the selection of measurement points and the fit of the
measurement also have a large impact on the results, thus
producing errors in the test results. However, as can be
seen in Figure 6, both the real and imaginary parts of
the dielectric permittivity decrease with increasing fre-
quency. This may be due to the fact that the interfacial
polarization and space charge polarization processes grad-
ually fail to keep up with the frequency change during the
gradual increase of frequency, which leads to the decrease
of the dielectric constant.

1000 2000 3000 4000 5000
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

𝜀

𝜀ʹ

f (MHz) 

𝜀˝

(a)

f (MHz) 

1000 2000 3000 4000 5000
0.0

0.2

0.4

0.6

0.8

1.0

1.2

𝜀

𝜀ʹ
𝜀˝

(b)

Figure 6: Measured dielectric spectra of (a) sample 1 and (b) sample 30.
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4.1. Relationship between εf and ρf . In this test, an automatic
frequency sweep measurement is performed at 50MHz
intervals in the frequency range of 1050MHz~5010MHz,
and the data at three frequencies are selected as representa-
tive for analysis: f1 = 1050MHz, f3 = 3030MHz, and f5 =
5010MHz. Analysis of the test data found that the dielectric
permittivity increased with the increase of the density of the
specimen, as shown in Figure 7. At other frequencies, the
trend line for experimental data εf = εf ðρf Þ is similar.

It can be seen from Figure 7 that the density range of the
nonaqueous polyurethane specimen measured by the test is

0:073 g/cm3 ≤ ρf ≤ 0:418 g/cm3, and the relationship between
the dielectric permittivity and the density is positively corre-
lated. In the frequency range of 1050MHz~5010MHz, the
dielectric permittivity decreases slightly with the increase of
frequency.

εf = εf ðρf Þ is slightly nonlinear and can be well approx-
imated by the least squares method of second-order polyno-
mials

εf1 = 1:004 + 1:5765ρf + 0:5115ρf
2, f1 = 1050MHz, ð10Þ
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(c)

Figure 7: Relationship between dielectric permittivity and density at three frequencies. (a) f1 = 1050MHz; (b) f3 = 3030MHz; (c) f5 =
5010MHz.
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R2 = 0:995, ð11Þ

εf3 = 1:003 + 1:5318ρf + 0:4935ρf
2, f3 = 3030MHz, ð12Þ

R2 = 0:995, ð13Þ

εf5 = 1:002 + 1:4879ρf + 0:4723ρf
2, f5 = 5010MHz, ð14Þ

R2 = 0:995, ð15Þ

Among them, R2 is the coefficient of determination, and
R2 = 0:995 indicates that the fitting degree is very good.

From the fitting relationship between the permittivity
and density of Equations (10), (12), and (14), it can be
known that

(1) When the density of the nonaqueous polyurethane
specimen is ρf ⟶ ρs = 1:2 g/cm3, the dielectric per-
mittivity of the polyurethane matrix can be
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Figure 8: Model comparison and error analysis diagram. (a) f = 1050MHz, (b) f = 3030MHz, (c) f = 5010MHz; (d) average relative error
of different models at different frequencies.
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calculated. When f = 1050MHz, εf1 = εs = 3:632;
when f = 3030MHz, εf3 = εs = 3:5519; when f =
5010MHz, εf5 = εs = 3:468. In the frequency range
of 1050MHz~5010MHz, the dielectric permittivity
value of the polyurethane matrix determined by the
experiment is within 4, and it decreases slightly with
the increase of frequency

(2) When the density of the nonaqueous polyurethane
specimen is ρf→0, the dielectric permittivity of the
gas phase can be calculated. When f = 1050MHz,
εf1 = εa = 1:004; when f = 3030MHz, εf3 = εa =
1:0031; when f = 5010MHz, εf5 = εa = 1:0024. In
the considered frequency range 1050MHz ≤ f n ≤
5010MHz, the limit value of the gas phase dielectric
permittivity value determined by this test is 1:004 ≥
εa ≥ 1:0024. This is consistent with the dielectric per-
mittivity value εa of most gases in the range of
1.00006~1.01, such as the dielectric permittivity of
helium εHe = 1:0000605, the dielectric permittivity of
dry air εdry air = 1:000536, and the dielectric permittiv-
ity of methyl bromide εCH3Br = 1:01028 [42, 43]

Considering that the reference frequency range of
1050MHz~5010MHz is lower than the infrared radiation
frequency of 300GHz, it is assumed that the dielectric per-
mittivity of the gas phase is constant for the above frequen-
cies. Therefore, the dielectric permittivity value εa = 1:004 of
the gas phase is selected for further calculation in this study.
This conclusion also lays the foundation for the establish-
ment of the dielectric model of the nonaqueous polyure-
thane material in the following.

4.2. εf Calculated by Different Dielectric Models. The four
models established by the above analysis assume that the
maximum density of the polyurethane matrix ρs = 1:2 g/
cm3. According to Equations (2) and (3), ηs and ηa with dif-
ferent densities were calculated and substituted into each
model to obtain the calculated permittivity values of models
with different densities at different frequencies, and then
compared and analyzed with the measured permittivity
values. As a result, as shown in Figure 8, the dielectric per-
mittivity of the nonaqueous polyurethane material has a
strong dependence on the density. The higher the density,
the higher the dielectric permittivity. It also has a certain fre-
quency dependence, with the dielectric permittivity decreas-
ing slightly as the frequency increases.

The model comparison analysis chart and relative error
chart under the three frequencies in Figure 8 all show that

(1) All experimental data points lie between the bound-
aries determined by the mixing law (top) and the
Lichtenecker Model (bottom)

(2) The dielectric permittivity value calculated by the mix-
ing law is the largest, and the average error of the calcu-
lation exceeds 12%. This is because the mixing law
simply adds the two-phase substances, and does not

consider that part of the gas in the overall polymer is
produced by the mixing reaction of the two materials,
so εf ð f nÞ is not just a simple addition of the two phases

(3) The calculation results of the Clausius-Mossotti Model
and the Lichtenecker Model are very close, and the
average relative error of calculation is about 5%~7%,
but the calculation result of the Lichtenecker Model is
always lower than that of the Clausius-Mossotti Model.
This is because in the LichteneckerModel, although the
dielectric permittivity of the two-phase medium
increases exponentially with the porosity, the porosity
of the material does not exceed 1 at low densities
(0:073 g/cm3 ≤ ρf ≤ 0:418 g/cm3). Therefore, the value
of the dielectric permittivity calculated with the Lichte-
necker Model increases minimally at low densities

(4) The average relative error of the Maxwell-Garnett
Model is the smallest, all around 4%. Therefore,
compared with the mixing law, Clausius-Mossotti
Model and Lichtenecker Model, the Maxwell-
Garnett Model has higher prediction accuracy in cal-
culating the dielectric permittivity of nonaqueous
polyurethane materials

5. Conclusion

In this study, combined with previous experience, the first
attempt was made to study the dielectric permittivity of non-
aqueous polyurethane materials at different densities and
frequencies using a vector network analyzer with an open
coaxial probe in the frequency range of 1050MHz to
5010MHz. Three conclusions are drawn from the research
and analysis, which can provide reference for the evaluation
of grouting effect of nonaqueous polyurethane materials by
nondestructive testing methods.

(1) The macroscopic properties of a material depend on
its structure at the microscopic scale. As polymeric
materials are closed-cell and porous, with the
increase of density, the shape of pore bubbles gradu-
ally changes from polygon to oval and round, and
the diameter decreases. The contact surface between
the pore bubble is small, the free space is large
(matrix increase), and the porosity is also decreasing

(2) In this experiment, the dielectric permittivity values
of nonaqueous reactive polyurethane grouting mate-
rial at different frequencies and densities of
1050MHz~5010MHz were tested, and the regres-
sion analysis was made. The second order multino-
mial fitting relation between dielectric permittivity
and density at different frequencies is established,
and the mechanism of dielectric permittivity increas-
ing with density is revealed. And the dielectric permit-
tivity decreased slightly with the increase of frequency

(3) The monolithic nonaqueous polyurethane specimen
was considered as a “polymer-gas phase” heteroge-
neous medium, and the Maxwell-Garnett Model
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was compared with the other three models. The
results show that the Maxwell-Garnett Model is
more suitable for predicting the dielectric properties
of nonaqueous polyurethane materials, and the aver-
age error between the calculated value and the mea-
sured value is less than 5%, which is significantly
higher than the other three prediction models. In
the future, the Maxwell-Garnett Model can be used
to estimate the dielectric permittivity of nonaqueous
reactive polyurethane materials

Due to the limitation of experimental methods, the
research on the dielectric permittivity of nonaqueous poly-
urethane materials in this paper has not considered the
influence of the wet state, and further research is needed in
the later stage.
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