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Abstract
Moisture content in concrete is essential, as it influences durability, strength, and cracking
susceptibility, critical for structural longevity and safety. This paper aims to explore the potential of
GPR in detecting the distribution ofmoisture content in concrete. By utilizing the approximate linear
relationship between the dielectric constant and themoisture content of concrete, this study realizes
the detection of concretemoisture content profile byGPR. The concretemoisture content profile is
derived from radar echo data using full waveform inversion (FWI). The simulations show that
different initial values converge to the true values with amaximumerror of 0.33%, demonstrating the
feasibility of themethod. Experimental results demonstrate a strong correlation betweenGPR
measurements and the gravimetricmethod, with an average error of 2.5%, affirming the accuracy of
GPR in detectingmoisture content profiles for engineering applications.

1. Introduction

Concrete is themost popular buildingmaterial today. In the past few decades, it has beenwidely used in
constructing houses, factories, commercial buildings, bridges, tunnels and other infrastructure (Neville, 1995,
Shetty and Jain 2019, Li et al 2022). Themoisture content of concrete is a crucial parameter closely related to
construction quality, progress, and security. In construction quality control, researchers have utilized ground
penetrating radar (GPR) tomonitor variations in concretemoisture content, enabling the assessment of the
setting state of the concrete (Prego et al 2016, Xie et al 2022). Construction schedulemanagement enables
schedulemodifications by comparing the predicted concretemoisture content profiles at different construction
phaseswith themoisture content profile detection (Ghodoosi et al 2018). Furthermore, highmoisture content
leads to a decrease in the strength of concrete. The hidden danger areas can be located by detecting the high
moisture content areas of the concretemoisture content profile in construction security assessment (Fernandes
et al 2017, Klewe et al 2021).

Researchers have proposed severalmethods to determine themoisture content of concrete since it plays a
significant role in engineering. Various concretemoisture content detectionmethods are summarized and
compared in table 1. Currentmethods formeasuringmoisture content exhibit various strengths and limitations.
Techniques such as the gravitymethod and nuclearmagnetic resonance are significantly constrained by their
lack of non-destructive and in situ detection capabilities.While neutron radiography and x-ray imaging offer
non-destructive testing, their practical application is hindered by safety concerns and the high cost of
equipment. Patch antennas are economical and convenient but have limited applicability across diverse
scenarios. In contrast, GPR stands out for its non-destructive nature, in situ detection capability, and high safety
standards, demonstrating superior versatility and reliability formoisture contentmeasurement across awide
range of applications.
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Due to the susceptibility of electromagnetic waves towater, numerous scholarly investigations have been
undertaken to examine the relationship between the characteristics of GPRdata and themoisture content. Based
on the uniformity assumption, Agred et al calculated the averagemoisture content in concrete using the
propagation velocity of electromagnetic waves (Agred et al 2018). Subsequently, Dinh et al also found thatwater
and chloride ionswill attenuate the propagation of electromagnetic waves in pavement evaluation, indicating
that the reflection coefficient of the impedancemismatch layer can be used to determine themoisture content of
each pavement layer (Dinh et al 2016). However, the qualitative results based on the uniformity assumption can
only be used as a preliminary assessment in engineering, which also greatly limits the application ofGPR.
Besides, the uniformity assumption is inconsistent with the reality of the non-uniformdistribution ofmoisture
content. Therefore, the uniformity assumption inGPRdetection needs to be improved and optimized.

In order to applyGPR to concretemoisture content profile detection in engineering, it is necessary to
consider the non-uniformdistribution ofmoisture content in concrete to realize the quantitative evaluation of
concretemoisture content. Hugenschmidt and Loser investigated the impact ofmoisture and chloride content
on the radar signal reflection amplitude. A qualitative assessment ofmoisture and chloride variations in concrete
by utilizing the ratio of reflected signals from the concrete surface and aluminum foil is proposed
(Hugenschmidt and Loser 2008). Building upon this, researcher separately developed empirical formulas for the
electrical conductivity of saturated concrete in relation to chloride ions, and for the dielectric constant of
saturated concrete in relation tomoisture content (Kalogeropoulos 2012). However, wave velocity and
reflection coefficientmethods face limitations in accurately assessingmoisture content in non-uniformly
distributed environments. Voigt et al and Sun highlighted thatwave velocitymeasurements can produce
significant errors in concrete with variablemoisture distributions. In regionswith substantial density and
porosity differences, changes inwave velocitymay lead tomisleadingmoisture estimates (Voigt et al 2006).
Similarly, Huisman et al found that reflection coefficients become unstable with humidity fluctuations,
especially in high-moisture or complex conditions, where factors like pore structure andmaterial composition
affect signal accuracy (Huisman et al 2003). Joshaghani and Shokrabadi further noted thatwhile reflection
coefficients indicatemoisture presence, they offer limited precision in quantitativemeasurement, especially
whenmoisture variations areminimal (Joshaghani and Shokrabadi 2022). The structure of concrete is complex
and variable, with differing pore structures,material compositions, and densities,making accuratemoisture
assessment a challenge for traditionalmethods. Therefore, researchers are increasingly turning to high-precision
full waveform inversion (FWI) to address these limitations. Jazayeri et alnoted that FWI improved ray-based
concrete permittivity and conductivity estimates (Jazayeri et al 2019). Xie et al correlated the concrete
permittivity with itsmoisture content, and applied FWI tomonitor themoisture content variation to detect the
setting state of cement paste (Xie et al 2022).

To enhance accuracy inmoisture detectionwithin concrete structures, the FWI frequently utilizes layered
models tomore precisely characterize the physical properties of distinct concrete layers. Layeredmodels assume
amedium that is horizontally uniformbut vertically heterogeneous, an approachwidely used in geological
surveys, pavement assessments, and concrete dam evaluations (Al-Qadi and Lahouar 2005, Annan 2005,
Bigman andDay 2022). Thismodeling technique not only captures the verticalmoisture distribution effectively
but also reduces the number of inversion parameters, thereby partially alleviating computational demands.
Consequently,moisture profiles in concrete can bemapped by determining themoisture content within each
layer of themodel.

This paper presents an innovativeGPRdetectionmethod for concretemoisture content profile. In this
paper, the concrete layeredmodel is realized by using themetal with strong electromagnetic reflection as the
depth anchor of the concretemoisture content profile. Themoisture content of concrete abovemetal at different
depthswas quantitatively evaluated by FWI. TheGPRdetection of the concretemoisture content profile is
realized by associating themoisture content at different depths with the depth information.

Table 1.Comparison of detectionmethods.

Detectionmethod Non-destructive In-situ Security Equip cost ($)

Gravitymethod × × √ 2∼20
Neutron radiography (Moradllo et al 2019) √ × × 5 000∼30 000
Nuclearmagnetic resonance (Wang et al 2017) × × × 4 000∼200 000
X-ray (du Plessis and Boshoff 2019, Sugiyama and Promentilla 2021) √ × × 6 000∼20 000
Patch antenna (Xue et al 2021, Yi et al 2023) √ × √ 20∼100
GPR (Laurens et al 2005, Kaplanvural et al 2018, Xie et al 2022) √ √ √ 3 000∼30 000
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2.Detectionmechanism

2.1. The relationship betweenmoisture content and dielectric constant
Concrete, defined as amixture of a certain proportion of water, cement, sand and gravel conserved in a given
environment. Concrete is a type of compositematerial. The relative dielectric constant of compositematerial
can be calculated by combining the relative dielectric constant of its components according to its empirical
formula. Birnhack’s theory can be used to compute the relative dielectric constant of compositematerials
(Birchak et al 1974). Based onBirchack’s theory, the relative dielectric constant of cement paste can be calculated
using equations (1) and (2):

( )K K K K K 1fw cw solid air1 2 3 4q q q q= + + +a a a a a

( )1 21 2 3 4q q q q+ + + =

The relative dielectric constants of concretematerials are shown in table 2:
WhereKcw,Kfw,Ksolid, andKair are the relative dielectric constant of free water, boundwater, cement gels,

and air, respectively.α is an experimentally determined value of 0.5. This Alpha coefficient is pre-selected and
has beenwidely accepted by scholars (Birchak et al 1974,Dirksen andDasberg 1993, Sun 2008). Existing
researchers have optimized the parameters for data, and now theAlpha coefficients of the permittivity of
Birchak’smixing theorymodel are all 0.5.

The homogeneity of concrete significantly influences the propagation of electromagnetic waves. This study
focuses on cases where the inhomogeneity of concrete is relativelyminor. Under such conditions, the dielectric
constants of coarse aggregates, fine aggregates, and sand are all approximately 4 and can thus be treated as
uniform.However, water has a significantly higher relative dielectric constant of 82,making themoisture
content the primary factor affecting the electromagnetic properties of concrete structures.

In practical engineering applications, the cost of quantitatively analyzing the specific composition of
concrete often exceeds that of thematerial itself. Hence, simplified empirical formulas are commonly used to
estimate concrete’s relative dielectric constant. The Topp relationship, derived from experimental data,
illustrates the correlation betweenmoisture content and relative dielectric constant, as shown infigure 1,
highlighting the essential role ofmoisture (Topp et al 1980).

Free water plays amajor role in calculating the relative dielectric constant of concrete. To highlight the effect
of free water, we can divide concrete into two parts: free water and other components. The calculation formula

Figure 1.Topp permittivity versusmoisturemodel.

Table 2.Parameters of the concrete.

Parameters Kcw Kfw Ksolid Kair α

Values 4 82 4 1 0.5

3
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of the relative dielectric constant of concrete is shown in equation (3).

( )K K K 3fw1 5 otherq q= +a a a

( )1 41 5q q+ =

In equations(3)–(4),Kother and θ5 are the relative dielectric constant and volume fraction of other
components, respectively. The relationship between the relative dielectric constant of concrete and the free
water content, as derived from equation (3), is depicted infigure 2.We can use the relative dielectric constant
change to describe themoisture content change. The change in the relative dielectric constant of the concrete
profile ismonitored usingGPR to produce a gradientmap ofmoisture distribution in this work.

2.2. GPRprinciple
TheGPR system comprises a radar control unit and transmitter-receiver antennas. The operational workflowof
this equipment is illustrated infigure 3.

As illustrated infigure 3, the propagation pattern of rays reflecting at the interfaces of a homogeneous layer is
given by usingMaxwell equationswith Snell Law. θ0, θ3, and θ4 are the incident angles of an electromagnetic
wave incident on eachmedium stratification plane. θ1 and θ2 are the incident angles of the electromagnetic wave

Figure 2.Relationship between free water change and relative dielectric constant of cement paste.

Figure 3.GPR system andworking principle.
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on eachmedium stratification plane.A1,A2, andA3 represent the echo intensity of each layer. Then, ε0, ε1, ε2,
and ε3 refer to the dielectric constant of air, surface layer, base layer, and subgrade, respectively.

GPRmodulates high-frequency electromagnetic waves in a solid cavity and then sends them to a dielectric
surface by a radiator. Electromagnetic waves penetrate through and reflect on interfaces with different
impedances. Engineers can obtain the layer’s characteristic information by analyzing time spectrum
characteristics and amplitude of the reflected electromagnetic wave signal.

When electromagnetic waves travel throughmaterials with varying dielectric constants, their propagation
and reflection behaviors are largely governed by the dielectric contrast between thesemedia. Higher dielectric
constants lead to slowerwave propagation. Upon encountering a boundary betweenmaterials with different
dielectric values, partial reflection and transmission occur, with the reflection intensity determined by the
dielectric disparity between the twomedia (Kalluri and Shrivastava 2017).

InGPRdetection, themoisture content in concrete significantly affects the characteristics of
electromagnetic signals. Highermoisture levels increase dielectric loss, slow down the propagation speed of
electromagnetic waves, and cause rapid signal attenuation (Lai 2006, Júnior 2020). Additionally, fluctuations in
moisture content can lead to electromagnetic wave polarity instability. In cases of unevenmoisture distribution,
this polarity asymmetrymay impact the reflection and scattering properties of the signal, resulting in irregular
reflections or artifacts in radar data. These effectsmake it challenging to accurately differentiate target signals
fromnoise (Huisman et al 2003).

2.2.1. Ray-based approach of GPR inversion
The assumption is that theGPRpulse is planewaves propagating in the farfield. The ray-basedmethod
determines average permittivity εr and conductivityσ value. The ray-based approach analysis requires the
identification of the positive peaks in theGPRdatasets, which are themaximumof each reflection coming from
the highly differentiated interfaces. The electromagnetic propagation of the ray-based approach is also included
in theGPR system infigure 3.

2.2.2. Relative permittivity calculation by ray-basedmethod
The velocity v inm/ns is calculated bymultiplying the two-way travel distance across the element thickness 2d in
mby the travel time difference t2-t1 in ns.

( )
( )v

d

t t

2
5

2 1

=
-

The speed at which electromagnetic waves propagate through amedium is largely determined by the
medium’s relative dielectric constant. Therefore, this propagation speed can be directly calculated using the
relative dielectric constant in conjunctionwith the electromagnetic wave velocity in vacuum.

( )v
c

6
r

0

e
=

where the electromagnetic wave velocity in vacuum c0= 0.3 mns−1. Combinedwith equations (5) and (6)
above, the permittivity can be obtained as:

( ) ( )c

d
t t

2
7r

0
2 1

2

e = -⎛
⎝

⎞
⎠

The travel time difference and amplitude ratio are used in ray-based analysis, whichmay be applied to raw
data. The assumption of a pulse propagating vertically, employed to simplify computations, is around 12%
error.

GPRdetection of different layers requires substantial electrical differences betweenmedia, as shown in
equation (8).

( )P 0.01 8r
1 2

1 2

e e
e e

=
-
+



Pr refers to the commonly used ray-based inversionmethod in engineering, which requires theminimum
difference between twomedia to be detectable byGPR. The permittivity of two distinctmedia is represented by
ε1 and ε2. In the study of this article, the consequences ofmoisture content differences at various depths on the
electrical characteristics of concrete at different depths cannot be directly identified inGPR echo signals. The
mostwidely used ray-based approach in engineering cannot determine the concretemoisture content profile
from echo signals. Therefore, we intend to use full waveform inversionwith higher inversion accuracy for
GPRdata.

5
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Ray-basedmethods assume a simplified, homogeneousmodel and rely primarily on arrival times to evaluate
changes in dielectric constants, limiting their ability to capture small-scale dielectric disturbances due to
moisture fluctuations. In contrast, FWI incorporates time, amplitude, and phase information, enhancing
inversion constraints and reducingmodel uncertainty. By accurately aligningwith actual waveforms, FWI offers
amore precise assessment of the spatial characteristics of non-uniformmoisture distributions, particularly in
regionswith heterogeneousmoisture content.

2.3. Full waveform inversion ofGPR inversion
Full waveform inversion (FWI) is a datafitting technology originating from seismic data processing, which
extracts quantitative information by searching formodel parametersmost suitable for observed data (Virieux
andOperto 2009). The approach incorporates forwardmodeling, which necessitates an initialmodel of the
material parameters derived from the ray-basedmethod and an estimation of the antenna sourcewavelets.

2.3.1. Full waveform forwardmodel
Accuratemodel data is necessary to achieve full waveform inversion thatminimizes themismatch between
observed data andmodel data; hence, calculating the electric field requires an efficient and accurate forward
model (Patsia et al 2023). The computation of electrical fields in horizontally stratifiedmaterial is described in
this section. TheGreen function is used to explain the propagation of electromagnetic waves, which is solved in
the horizontal wavenumber-frequency (F - K) domain. Convolution of the sourcewaveletW(t)with theGreen
functionG(t, x) yields the time domain electric field E(t, x) for a point dipole source. In the frequency domain,
this operation is equivalent to amultiplication

ˆ ( ) ˆ ( ) ˆ ( ) ( )E f x m G f x m W f, , , , 9= ⋅

where^means the corresponding functions in the frequency domain, f is the frequency, x is a 3D space variable,
andm represents the characteristics of themedium.

2.3.2. Source wavelet estimation
In commercial GPR systems, the effective sourcewavelet is unknown and is related to antenna coupling.
Therefore, evaluating the effective sourcewavelet based on themeasurement data is necessary. Due to the
limited length of theGPR antenna and the point dipole antenna being considered in the forwardmodel of the
Green function, the effective sourcewavelet can be estimated from the data that incorporates the effect of the
effective finite length. AGreen function ˆ ( )G f x m, ,n m can be derived using themediumparametersm, and an

effective sourcewavelet can be produced by deconvolution of themeasured electrical field ˆ ( )E f x m, ,obs n m with

theGreen function ˆ ( )G f x m, ,n m . The best effective sourcewavelet ˆ ( )W fest n for a specific frequency fn can be
obtained by using the least square technique to solve the overdetermined systemof equations (Ernst et al 2007).
Reference ground penetrating radarmeasurements place the radar at a fixed height above themetal plate to
reconstruct this wavelet (Liu et al 2018). Then spectral division is used to obtain the effective sourcewavelet from
the referencemeasurement.

ˆ ( ) ˆ ( ) ˆ ( ) ( )G f x m W f E f x m, , , , 10n m n n m
1= ⋅-

ˆ ( ) ˆ ( ) ˆ ( ) ( )W f G f x m E f x m, , , , 11est n n m obs n m
1= ⋅-

where ˆ ( )W fest n is the frequency domain estimation of the sourcewavelet, and ˆ ( )W fn is the default sourcewavelet

to compute theGreen function ˆ ( )G f x m, ,n m with equation (10). xm is the offset of theGPR antenna.

2.3.3.Model optimization
The effectiveness of full waveform inversion is affected by the correctness of the initialmodel. Using an initial
model far from the actual globalminimummay result in inaccurate findings due to localminima.We use the
inversion value based on the ray-based approach as the starting value of full waveform inversion to improve the
robustness of the inversion strategy to the localminimumand ensure convergence to the globalminimum that
returns the actual value of the electrical characteristics of the concrete. A local optimization algorithmbased on
the simplex search algorithm is started for each startingmodel and a localminimum is found. Assume that the
localminimumof theminimumcost function is the globalminimum.

The synthetic GPRdatawith configuration parameters was created based on the observed data andmodeled
using equations (3), (4) and (7) after the initialmodel was built using the ray-based approach and the effective
sourcewavelet was determined. Themismatch between the observed data and the synthesized data of wave
propagation in the frequency domain and time domain is reduced by adjusting themodel parameterm:
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( ) ∣ ˆ ( ) ˆ ( ) ˆ ( )∣ ( )C m
M N

E f x G f x m W f
1 1

, , , 12f
m

M

n

N

obs n m n m est n
1 1

åå= -
= =

where ˆ ( )E f x,obs n m is observed data in the frequency domain, andM is the number of offsets. The number of
observed data is denoted byN.

In summary, the data processing flowof full waveform inversion is shown infigure 4.

2.3.4. Ray-based time-domain filters
Focus on grasping the inversion information of the target information, irrelevant information isfiltered through
thefilter to avoid affecting the inversion results (Busch et al 2013). Therefore, a time-domainfilter is established
using the initialmodel obtained by the ray-basedmethod for eachmultilayer parameter inversion. To prevent
the current layer’s inversion frombeing impacted by the subsequent inaccurate layer’s parameter, the time
domain filter’s effect can filter the data after the target layer. The error of the inversion of some layers caused by
the inaccurate parameters of the succeeding layers can be significantly reduced after adding the time-domain
filter determined by the initialmodel of the ray-basedmethod.

2.3.5. Variable step-size full waveform
This research suggests variable step-size full waveform inversion to accelerate the optimization process of full
waveform inversion. Variable step-size full waveform inversion can significantly improve the inaccuracy of
inversion results caused by large deviations of initialmodel results, which leads to the need to enlarge the search
space of parameter inversion to avoid falling into the localminimum. The variable step-size inversion approach
can decrease the amount of calculationwhile increasing inversion effectiveness. Variable step-size full waveform
inversion first adopts a large step size for parameter search in the initial inversion parameter space. Searching the
parameter spacewith a large step can effectively avoid the inversion result falling into the localminimum.
Secondly, after obtaining the large-step inversion’s parameter results, they are used as the starting point for the
small-step full waveform inversion. A higher-precision inversion is carried out in a smaller parameter spacewith
a smaller step, and the final inversion result is obtained through several iterations. Themodel inversion process
is shown infigure 5.

Figure 4. FWI inversion.
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3. Simulation

The concretemoisture content profile can be detected if ametal total reflection interface is introduced in the
mediumwith full waveform inversion. The quantitativemoisture evaluation of concrete profiles can be
accomplished in this article by employing the known steel bar position in concrete combinedwith full waveform
inversion. In this chapter, we intend to use synthetic data to invertmultilayer small-differencemodels to verify
this assumption. Figure 6 shows an example of amultilayermedium,whosemodel parameters are shown in
table 3.

To test themultilayer inversionmethod for detecting the concretemoisture content profile, the
comprehensive test considers the typical specific settings corresponding to the scene introduced infigure 6. The
multilayermediummodel, whose electrical differences are less than the detection requirement of the ray-based
method, ismodeled in gprMax (Warren et al 2016). TheGPR receiving antenna and excitation source are
simplified to point sourcemodels, which can be determined in actual environments using phase center
assessment (Lambot et al 2004). Differentmoisture contents at various depths of concrete can be considered
mediumwith various electrical characteristics. Inside, there is an obliquemetal cylinder that serves as rebar. The
modeling information of each layer’s thickness andmedium information is the same as in table 3.

The relative dielectric constant of concrete typically ranges from3 to 12.Moisture distribution over a
thickness of 3 cm reflects the diffusion and transport properties of water, providing stablemoisture content
measurements (Holter andGeving 2016). The thickness of each layer is set to 0.03m,whichmeans that the
resolution ofGPRdetecting the concretemoisture content profile is 0.03m.

WhenGPRuses antennaswith different center frequencies, it enhances both the resolution and depth range
of detection, allowing formore accurate structural information in complexmedia. Low frequencies penetrate
deeper, suitable for imaging subsurface structures butwith limited resolution forfiner details (Pipan et al 2003).
In contrast, high frequencies offer better resolution for detecting subtle geological features but aremore
susceptible to noise, which can obscure signals in shallow layers (Forte and Pipan 2017). Additionally, high-
frequency data inversion demandsmore computational resources due to increased data volume and complexity
(Virieux andOperto 2009). In gprMax, a Ricker wavelet with a center frequency of 2.6GHz is employed to excite
the pulse of theHertzian dipole antenna, achieving a balance between accuracy and penetration depth. Perfect
matching layer (PML) absorption is employed to avoid reflection at the border. The distance between the
transmitter and receiver isfixed at 0.05 m.

Themetal reflection interface,modeled as a rebar, simulates real reinforced concrete structures, wheremetal
rebars enable GPR to assessmoisture by reflecting signals. Themultilayermodel with incrementalmoisture
variations represents typicalmoisture distribution across concrete depths due to environmental factors, with the
3 cm layer thickness reflecting practical GPR resolution. The 2.6GHzRickerwavelet provides an effective

Figure 5.Variable step-size full waveform inversion.
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balance of depth penetration and resolution, while the 0.05m transmitter-receiver spacingmatches standard
equipment setups. The PMLboundariesminimize reflections, simulating open boundaries. This setup enables
the effective use of both ray-based and full waveform inversionmethods for determining themoisture content
profile, as themetal rebar provides a reliable reflective interface for analyzing the relative dielectric properties of
each layer.

Themediumunderneath themetal does not affect the echo information since it is an electromagnetic total
reflection surface. The electrical information of themedium at various depths is derived by combiningmetal
echo information from various depthswith full waveform inversion, which determines the concretemoisture
content profile. The ray-basedmethod can obtain comprehensive information about themedium at different
depths. The ray-based result is used as the initialmodel of full waveform inversion.

The following is a ray-based calculation example. Figure 7 shows the echo information of rebars at different
distances inmultilayermedia. Since the depth of the rebar is known,we use the travel time of the
electromagnetic wave reflected from the rebar to calculate the relative dielectric constant of different dielectric
layers.

Figure 6.The typical specificmultilayermediummodel settings correspond to the scene in gprMax. (a) and (b) are two separate
orientations of observations of themodel.

Table 3.Thickness andmedium information of
themultilayermodel.

Position Permittivity Thickness (m)

1th layer 4.72 0.03

2nd layer 5.22 0.03

3rd layer 6.15 0.03

4th layer 6.52 0.03

5th layer 5.93 0.03

9
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In the simulation, the absence of noise allows for calculating the relative dielectric constant 1e of the initial
layer. This is achieved by utilizing the time difference between the direct wave (ADw), t0, and the reflectedwave
(Ar), t1, at the base of the first layer:

( ) ( )c

d
t t

2
131

0
1 0

2

e = -⎛
⎝

⎞
⎠

Subsequently, the relative dielectric constant 2e of the second layer can be determined by employing the time
of the reflectedwave at the base of the first layer, t1, and the time of the reflectedwave at the base of the second
layer, t2:

( ) ( )c

d
t t

2
142

0
2 1

2

e = -⎛
⎝

⎞
⎠

The calculation of subsequent layers is the same as above. Therefore, we can get the initial ray-basedmodel,
as shown in table 4 below.

The concrete profile is stratified according to the initialmodel created using the ray-based approach, so that
the inversion can achieve convergence in fewer iterations and save computation time. Themedium information
of the first layer is obtained by combining the echo information of thefirst layer ofmetal reflectionwith full
waveform inversion. Then the information of the following layers is further inverted.When inverting the second
layer ofmedium information, the first layer of inversionmedium information can be utilized as a priori
information to perform full waveform inversion from top to bottom.

The ray-based initialmodel can offer time-domain filters for various layers inmultilayer full waveform
inversion to lessen the impact of the succeeding layers of themetal reflector in the initialmodel on the inversion
outcomes. The function of the time domain filter is to ensure that the trace information of full waveform
inversion in different layers only contains the echo information above the target layer and the target layer, so as
to avoid the electromagnetic wave diffraction interference from the information below the target layer.

The initial effective sourcewavelet is assessed based on the approximation of far-field rays. The global search
and localminimization of the combination is the straightforward approach for updating the initialmodel
parameterm. The global search is carried out by calculating the objective functionCf at each grid point of the
equidistant grid ofm in the interval [m-α0m,m+α0m], whereα0 is the specified percentage deviation relative to
the initialmodel.

The relative deviation of the initial ray-basedmodel is large, and the parameter search space is relatively
large. Based on the principle of variable step-size full waveform inversion, we use a larger step to search the target
model, which can be used as the initial value of themodel for small parameter space inversion. The final

Figure 7.GPRnormalized A-Scan for the top two layers ofmultilayermedia.

Table 4.Ray-based inversionmodel.

Position Permittivity Actual permittivity

1th layer 3.24 4.72

2nd layer 4.12 5.22

3rd layer 5.10 6.15

4th layer 7.34 6.52

5th layer 5.01 5.93
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optimization result is then obtained by performing a small-step, high-precision inversion of the parameter small
space using themodel value obtained in the previous step.

Three groups of different initialmodels are set to study the stability and convergence performance of the
method by randomly shifting the initial values of the ray-basedmodel by about 15%, as shown in table 5 below.

The strong linkbetween the initialmodel and the sourcewavelet necessitates anewestimationof the effective
sourcewavelet after optimizing themodel parameters. Therefore, theGreen function is calculated for the optimized
parameterm, and thenewestimated sourcewavelet ˆ ( )W fest n is obtained throughdeconvolution equation (9). The
updated estimationwavelet and theoptimizedmodel attributes are utilized as the starting value for the following
iteration.This approach is continueduntil the objective function equation (10) fulfills the termination condition

( ) ( )C m C mf
k

f
k 1> - . Figure 8 shows the evolutionof the sourcewavelet in the fullwaveform inversion.

Figure 8 illustrates the iterative process of the A-Scan from the initialmodel toward the truemodel. The
optimal results for each iteration are plotted infigure 8. During each iteration, thewaveformof the direct wave
and target reflectionwave progressively approaches the truewaveform. After the third iteration, the phase and
amplitude of thewaveform closelymatch the truewaveform, indicating that the current inversionmodel can be
regarded as the identified truemodel.

Through the variable step-size full waveform inversionmethod, the parameter searching of large space and
large step can obtain the initial valuem of themodel, which is close to the actual value of the simulation. Then,
after the parameter searching of small space and a small step near the abovemodel value, the final inversion value
of themodel can be obtained by iterative inversion. The results for each step are shown in tables 6 and 7 below.

From table 7, it can be observed that although the initialmodels differ, the results ultimately converge to
values that are close to the actualmeasured values. In the absence of noise, themaximum simulation inversion
error is 0.33%. The evolution of parameters also verifies that the full waveform inversionmethod has good
convergence and stable performance.

4. Experiments

4.1. Experimental scheme anddesign
The gravimetricmethod (GM) is one of themost commonmeasurements ofmoisture content testingmethod,
which is used as a calibration to compareGPRmeasurement results in the experiment. To verify the portability

Figure 8.Evolution of normalized sourcewavelet in FWI.

Table 5.Three groups of different initialmultilayermodel.

Initial permittivity

Initial

model 1

Initial

model 2

Initial

model 3

1th layer 3.24 3.54 3.04

2nd layer 4.12 4.01 4.30

3rd layer 5.10 5.22 4.92

4th layer 7.34 7.04 7.67

5th layer 5.01 5.30 4.71
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and universality of theGPRmeasurementmethod, twomaterials commonly used in engineering, including
mortar and concrete, are tested in this paper.Meanwhile, the profiles of twowidely usedmaterials are consistent
with the simulationmodel to verify the simulation results and FWImethod.

This article used ordinary Portland cement (OPC) tomakemortar and concrete for experiments. The
particle size of the sand is between 8–16 mm.The diameter of the concrete aggregate does not exceed 3 cm,
which is the thickness of each concrete block. Each experimental group consists offive layers of 15× 15× 3 cm3

samples of the samematerial, but themoisture content of each layer of samples is different. The experimental
samples of two groups of differentmaterials are shown infigure 9 below.

TheGPR instrument is shown infigure 10 above. Themethod of FWI necessitates a suitablemeasurement
height and a consistent distance between eachmeasurement. This study utilizes the SIR-4000 ground
penetrating radar, equippedwith a 2600MHz operational antenna, to assess the profiles ofmortar and concrete,
eachwith varyingmoisture content levels. Since it is difficult tomeasure the standardmoisture content if the
rebar is directly placed inside thematerials, themetal plate is adopted as the full reflective surface to replace the
role of the rebar. In the subsequent research, attempts will be considered to combine the distribution of rebars in
construction to research the inversion of themoisture content of the concrete damprofile.

In the concrete inspection region,metal plates with varying depths and fixed spacing are pre-embedded as
calibration reflection layers. The depth and spacing information of thesemetal layers serve as prior calibration
data formoisture contentmeasurements. The arrangement ofmetal reflective layer is shown infigure 11.

Figure 9.Mortar and concrete test blocks.

Table 6. FWI results with large-step search.

Permittivity Model 1 Model 2 Model 3

Actual

permittivity

1th layer 4.80 4.80 4.79 4.72

2nd layer 5.19 5.20 5.23 5.22

3rd layer 6.02 6.04 6.00 6.15

4th layer 6.58 6.56 6.60 6.52

5th layer 5.81 5.94 5.93 5.93

Table 7. FWIfinal inversion results.

Inversion result Actual permittivity
Model 1 Model 2 Model 3

Permittivity Error Permittivity Error Permittivity Error

1th layer 4.72 4.72 0 4.72 0 4.72 0

2nd layer 5.22 5.23 0.19% 5.23 0.19% 5.23 0.19%

3rd layer 6.15 6.14 0.16% 6.14 0.16% 6.14 0.16%

4th layer 6.52 6.52 0 6.52 0 6.52 0

5th layer 5.93 5.91 0.33% 5.93 0 5.93 0
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Consequently, this studymanipulates the location of the full reflecting surface bymethodically positioning a
metal plate from the top downwards. This approach is employed to substantiate the feasibility of utilizing full
waveform inversion for inverting the concretemoisture content profile.

Due to the difficulty in controlling and calibrating themeasurement ofmoisture content variations in fully
cast concrete, this study employs layered casting of test specimenswith differentmoisture contents. This
approach allows the use of the gravimetricmethod tomeasure the standardmoisture content of each layer.
Additionally,metal plates commonly used in pavement detection are utilized as reference surfaces (Grote et al
2005, Plati and Loizos 2013,DeCoster et al 2018). In this experiment,metal plates are employed as reflective
anchors for each layer. By adjusting the position of themetal plates within the layeredmodel, tests are conducted
to simulate reflective anchors at various depths.

The change diagramof themetal reflector duringGPRmeasurement is shown infigure 12 andfigure 13.
Figures 12 and 13 show a schematic of the variation of themetallic reflector, which is often called the perfect
electric conductor (Pec), duringGPRmeasurements.

4.2. Analysis and interpretation of experimental result
Firstly, themoisture contents of each layer of the two experimental groupsweremeasured based on theGM
method as the calibration result. Each set of experimental samples will then bemeasured usingGPR, and initial
evaluationwill be performed using the ray-based approach and then combinedwith FWI inversion.

4.2.1. Gravimetric method (GM)measurement ofmoisture content profile
In this experiment, the gravimetricmethodmeasurement results of themoisture content profiles of the two
groups of experimental samples are shown in table 8 below.

4.2.2. Analysis of GPRmeasurement ofmoisture content profile
EachGPR survey records five sets of B-Scan echo data, each containing 50A-scans. After screening and
excluding the abnormal data caused by an abnormalmeasurement operation, the average value is taken as the

Figure 10.GPRExperimentmeasurement.

Figure 11.Arrangement ofmetal reflective layer.

13

Eng. Res. Express 7 (2025) 015119 ZXia et al



experimental data each time to ensure the universality of the experiment. Thefinal B-Scanmeasurement data of
each group of experimental samples are shown infigure 14.

FWI is usuallyfitted to rawdatawithout applying linear gain.Metal reflections lacking linear gain are less
prominent. As shown infigure 14, themetal reflection points are highlightedwith yellow boxes. It can be
observed that the reflection intensity of themetal decreases with increasing depth in both concrete andmortar.
Becausemortar has higher conductivity than concrete, it causes greater electromagnetic wave attenuation
(Azarsa andGupta 2017). Therefore, when the PEC is located below the third layer, the reflections ofmetals in
mortarwill beweaker compared to concrete.

Initially, upon identifying the location of themetal full reflector, a ray-basedmethodology can be employed
to estimate the preliminarymoisture content profile for each set of experimental samples. This ray-based
methodology capitalizes on the propagation velocity of electromagnetic waves in samples with varyingmoisture
content to invert thematerial’s relative dielectric constant. Subsequently, themoisture content profile is

Figure 12.Moisture content profile detection diagramof the experiment.

Figure 13.Detection diagramofmoisture content profile ofmortar and concrete blocks.

Table 8.Results ofmoisture content
profilemeasured by gravitymethod.

Layers
Moisture content (%)

Mortar Concrete

1st layer 5.71 4.26

2nd layer 8.39 7.56

3rd layer 11.35 10.86

4th layer 14.05 13.63

5th layer 7.26 9.83
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obtained based on the aforementioned linear relationship between the relative dielectric constant andmoisture
content. The initialmodel evaluated based on the ray-basedmethod is shown in table 9 below.

Predicated on the initialmodel evaluated via the velocity ray-basedmethod, a globalminimum search is
conductedwithin the parameter space using a large step. This goal is designed to circumvent potential local

Figure 14.B-Scanmeasurement forGPR. (a) and (b) are PEC at different layers of concrete andmortar blocks.
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minima, whichmaymanifest as period jump phenomena in FWI (Virieux andOperto 2009). The FWI inversion
results of the large-step search are shown in table 10 below.

The FWI outcome derived from the large-step search is utilized as themodel for the final FWI inversion.
Leveraging the linear relationship between the relative dielectric constant of concrete andmoisture content, we
procured themoisture content profile for the two experimental groupsmeasured byGPR, as demonstrated in
table 11 below.

4.2.3. Data comparison ofmeasurement results
Thefinalmeasurement results of GMandGPR are shown in table 12. The average results of eachmeasurement
are shown below:

In order to show the differencemore clearly betweenGMandGPR results, the above data are drawn as
shown infigure 15 below:

Table 9. Initial evaluation of the ray-basedmodel in two experimental
groups.

Concrete ray-based result Permittivity Moisture content (%)

1th layer 6.81 8.65

2nd layer 5.48 4.82

3rd layer 7.08 9.37

4th layer 6.68 8.28

5th layer 5.00 3.32

Mortar ray-based result

1th layer 6.42 7.57

2nd layer 7.59 10.69

3rd layer 9.59 15.54

4th layer 7.18 9.63

5th layer 4.98 3.29

Table 10. FWI results with large-step search of two
experimental groups.

Concrete blocks Permittivity Moisture content (%)

1th layer 5.75 5.63

2nd layer 7.25 9.82

3rd layer 6.84 8.73

4th layer 7.61 10.75

5th layer 5.83 5.89

Mortar blocks

1th layer 5.49 4.85

2nd layer 7.42 10.26

3rd layer 8.16 12.14

4th layer 7.42 10.26

5th layer 5.58 5.13

Table 11. FWIfinal results of two experimental groups.

Concrete blocks Permittivity Moisture content (%)

1th layer 5.79 5.74

2nd layer 7.08 9.37

3rd layer 6.96 9.04

4th layer 7.75 11.12

5th layer 6.21 6.96

Mortar blocks

1th layer 5.32 4.34

2nd layer 7.29 9.92

3rd layer 8.62 13.26

4th layer 7.87 11.42

5th layer 5.30 4.28
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While there are some discrepancies in the results obtained from the twomethodologies, the trend of
moisture content alteration aligns fundamentally with that of theGPR and gravimetricmethods.However, the
results of each layermoisture content will have a certain error; themaximumabsolute error is close to 3%, and
the average error is less than 2.5%. Throughout themeasurement process, the distribution ofmoisture content
within a singularmaterial plate is not entirely homogeneous, and the presence of data noise can potentially
influence the ultimate inversion outcome. This leads to a certain deviation in the inversion of the relative
dielectric constant, thereby affecting the inversion ofmoisture content. TheGPRmeasurementmethod
employed in this study is an initial exploration, and future researchwill continue to delve into the potential of
GPR inversion ofmoisture content profiles, considering the distribution of rebars under actual working
conditions.

In concrete structures, long-term compression,misalignment, and bending of reinforcement can cause
variations in the reflection information frommetal surfaces. This study assumes that the depth information is
known; however, as concrete deteriorates, inaccuracies in depthmeasurementsmay occur, leading to errors in
the inversion of the dielectric constant. Therefore, simultaneously determining the depth information is
essential andwill be an important direction for future research.

In practical engineering applications, noise is indeed an unavoidable factor that can interfere with and
reduce the recognizability of target signals. Therefore, when applied to real-world scenarios,measuresmust be
taken to eliminate ormitigate noise interference.When the target signal reflection is weak, the use of an
averagingmethod tofilter out direct waves is recommended to further improve the signal-to-noise ratio (SNR)
of the target reflection. Additionally, considering that noise is uniformly distributed across all frequency bands
while target reflections exhibit specificity, background subtraction proves to be an effectivemethod.

5. Conclusion

This paper presents a novelmethod for detecting the concretemoisture content profile usingGPRwith full
waveform inversion.

• Themethod exploits the linear relationship between the relative dielectric constant and themoisture content
of concrete, and uses ametal plate as a full reflector to provide echo information for different layers.

Figure 15.Comparison ofGMandGPR results. (a) and (b) are comparative displays of the results of concrete andmortar, respectively.

Table 12.Comparison ofmeasurement results of GMandGPR.

Parameter
Moisture content of concrete Moisture content ofmortar

GM (%) GPR (%) Absolute error (%) GM (%) GPR (%) Absolute error (%)

1th layer 4.26 5.74 1.58 5.71 4.34 1.37

2nd layer 7.56 9.37 1.81 8.39 9.92 1.53

3rd layer 10.86 9.04 1.82 11.35 13.26 1.91

4th layer 13.63 11.12 2.51 14.05 11.42 2.63

5th layer 9.83 6.96 2.89 7.26 4.28 2.98

Average error (%) / / 2.122 / / 2.084
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• Themethod is tested on synthetic and experimental data ofmortar and concrete blocks with different
moisture contents.

The results show that themethod can effectively invert themoisture content profile of concrete with an
average error of less than 2.5% compared to the gravimetricmethod. Themethod has potential applications in
monitoring the hydration state, setting state and strength development of concrete in engineering.

Future researchwill involve testing thismethod in real-world engineering cases involving concrete
structures in bridges and buildings to confirm its effectiveness in complexfield environments, thereby
enhancing its reliability for engineering applications. In using FWI formoisture estimation, errors typically stem
frommodel assumptions, data noise, and boundary conditions. An average error below 2.5% is generally
acceptable formost engineering needs, while errors exceeding 5% could compromise accuracy, particularly in
high-precision contexts.

To improve inversion results, future studies intend to adopt a graded frequency approach, progressing from
low to high frequencies, to achieve precisemoisture distribution estimates across both shallow and deep layers.
Although the currentmethod relies on PEC reflectors, its principles can be extended to other high-dielectric
materials, such as TiO2 ceramics. Developing reflectors suited tofield conditions would further support
engineering applications by providing reference data that enable easier error quantification and correction in
field assessments.
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