
An elastic-wave-based full-wavefield imaging method for investigating
defects in a high-speed railway under-track structure

Ailan Che 1, Zheng Tang, Shaokong Feng
School of Naval Architecture, Ocean and Civil Engineering, Shanghai Jiaotong University, 800 Dongchuan-Road, Shanghai, 200240, China

a r t i c l e i n f o

Article history:
Received 4 November 2014
Received in revised form
31 May 2015
Accepted 11 June 2015

Keywords:
Full-wavefield imaging method
Multi-scale layered media
Wave propagation
Under-track structure of high-speed railway
Full-scaled model test

a b s t r a c t

In geotechnical engineering, defect detection for concrete structure can be simplified as a multi-layered
media problem in most cases. The types of defects are mainly identified as cracks inside the concrete,
interlaminar peeling, and loose bedding voids. The study of the wave propagation phenomenon in multi-
scale layered media and the effects on defects merits investigation. The present research focuses first on
the analysis of this phenomenon using numerical methods. The wave propagation characteristics of the
multi-layered model with defects are assessed with dynamic FEM analyses under three-dimensional
conditions. The analysis is obtained in the time domain and allows the consideration of multiple wave
reflections between layers. Based on this analysis, a full-wavefield imaging detection method is
developed and then applied to reveal the defects in the under-track structure of a high-speed railway.
This testing system integrates the point-source/point-receiver scheme with the multi-directional
imaging technique to achieve an effect analogous to that achieved with scanning. It is equipped with
an impacting hammer, a series of three-component velocity transducers and a signal capturing unit. To
evaluate the feasibility of this system for detecting defects in the under-track structure of the high-speed
railway, a full-scaled high-speed railway model test with pre-setting defection is conducted. The data are
analyzed according to characteristics of waveform and wave energy. The average amplitude is used to
evaluate the defect area. It is concluded that the full-wavefield imaging detection method exhibits high
potential for inspecting the defects of the under-track structure of high-speed railways by imaging.

& 2015 Elsevier Ltd. All rights reserved.

1. Introduction

High speed railway is experiencing rapid growth in China. It is
considered as an important role in technological progress and
socioeconomic development, giving the advantages it offers in
terms of transportation, energy consumption and environmental
pollution [8]. However, it raises more complex engineering pro-
blems. Therefore, the entire railway system must be in excellent
condition to guarantee traveling safety and comforting at speeds
of 200–350 km/h. In this rapidly operating high-speed railway
system, the under-track structure (mainly each structural layer
under the track and the subgrade) bears directly on the high-
speed trains' loading. With faster running speeds, expanding
freight volumes and environmental changes, some defects appears
in the under-track structure. Data collected on the Sui-Yu railway
show that cracks have occurred on the back surface of the track
plate [13]. Cracks in the track plate, escaping from the mortar layer
and cracking and mud spillover in the support layer are major
defects occurring in high-speed railways in China, as shown in

Fig. 1. Defects existing in the track substructure will increase the
dynamic action between the train and the track and will aggravate
the rail vibration, which will gradually generate other damage and
weaken the performance of the railway system over time [21].
Therefore, safety regulations and economic strategies may man-
date regular inspections or the continuous monitoring of these
structures using a non-invasive method.

Non-destructive inspection (NDI) can be visual, optical, mag-
netic, radiographic, thermographic, nuclear, or elastodynamic
[11,20]. The detection of the under-track structure of high-speed
railways involves mainly static and dynamic penetration tests, a
high-density resistivity method and the Rayleigh wave method for
subgrade and GPR for concrete [3]. These techniques have been
used in some challenging sections of engineering such as required
quantitative evaluations for cracks, loose areas and escape
between layers. Recently, the elastic-wave-based techniques have
received significant attention in the implementation of nondes-
tructive testing (NDT) technologies for civil engineering. Tradi-
tional elastic-wave inspection methods (e.g., pulse-echo, through
transmission, and pitch–catch) employ a single point source/point
receiver arrangement to recognize a defect from changes in
received signals [17], while modern elastic-wave imaging techni-
ques (e.g., the synthetic aperture focusing technique, SAFT)
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employ a multiple source/receiver arrangement to scan a structure
with defects [15]. In detecting defects in concrete, an elastic-wave-
based imaging method is used to display the tip of surface-
breaking cracks [4,22]. The point-source/point-receiver scheme is
particularly suitable for the inspection of on-site civil infrastruc-
tures. In 2008, Che et al., Feng et al. [5,9] and Liu et al. [14]
proposed an elastic-wave imaging method to investigate the
grouting construction of immersed tube tunnels. This method
could be a practical and effective NDT method for the inspection of
defects in civil infrastructures. However, these studies focus on a
single scale and a single direction. The image quality can be
affected by the reflection of boundaries, since the boundaries of
an inspection structure undergo a limited inspection. Therefore, a
greater number of signals are captured by inspecting multiple
directions, which can thus collect a greater amount of information
under the structures.

In the context of elastic-wave NDI, layered structures are
collectively known as propagations of elastic waves. The presence

of elastic waves with long wavelengths has given elastic-wave
inspection methods considerable potential for rapid, long-range
examination of layered structures. Dalton et al. [6], for example,
have concluded that guided elastic waves possess good sensitivity
to localized damage. Rose [19] has supplied an extremely compre-
hensive account of the state of the art as well as the future vision
of NDI with guided elastic waves. In structural health monitoring
with elastic waves, a comparison between the measurements of a
flawed structure with those of an identical but flawless one is
required. Mathematical modeling can be analytical, numerical, or a
combination thereof (i.e., semi-analytical) [12,1,7]. Moreover, our
fundamental understanding of elastic-wave phenomena is based
on these models. However, these models are based on simplifica-
tions of geometry and/or boundary conditions. Therefore, they are
only applicable to simple cases. The more practical but complex
problems can be only addressed using numerical methods. There
are several numerical methods to model elastic wave scattering
[2,16,10], including the finite element method (FEM), the spectral

Cracks in the track plate                                             Escape of mortar layer

Cracking and mud spillover in the support layer

Fig. 1. Major defects occurred in high-speed railway in China: cracks in the track plate, escape of mortar layer, and cracking and mud spillover in the support layer.
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Fig. 2. Schematic showing the implementation of impact-and-receive operations.
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finite element method (SFEM), the finite difference method (FDM),
and the surface integral method (SIM). The FEM is the most
frequently used method in modeling elastic wave propagation
and scattering. The different uses of FEM in elastic-wave modeling
can be distinguished by using two parent categories: pure and
hybrid. The pure usage of FEM can be achieved with numerical
implementations or commercial software packages. In this paper, a
3D layered model with a multi-scaled orientation is built and a
finite element method is employed to analyze the propagation
characteristics of elastic waves in the application of the numerical
model. Moreover, a comparison based on physical experiments
enables a full-scale model test of a high-speed railway to be
conducted.

2. Full-wavefield imaging method

2.1. Principles and data collection

To match the present NDT measuring scheme in civil engineer-
ing, the measurement of a full-wavefield imaging detection
method is managed with a point-source/point-receiver set with
a specified space. As shown in Fig. 2, a series of impact-and-receive
operations are performed on the free surface of the model. Let Si
and Ri represent the locations of a set of the source and receiver
for the i-th measurement. Furthermore, let Ti(t) be the response
signal recorded at Ri for this measurement. The domain of Ti(t) is
then divided into three directions such that the wave character-
istic and its spectrum of Ti(t) can be obtained in these three
directions.

As we know, in a semi-infinite space, a localized disturbance on
the surface of an elastic medium should occur in an oscillated
pattern [18]. Loading from any surface point, the type of the
wavefield, the displacement mode, the propagation direction and
the amplitude can be described, as demonstrated in Fig. 3. Long-
itudinal waves (P) and shear waves (S¼SHþSV) propagate radially
outward along the radial direction of the hemispherical centered

Track plate CA mortar layer

Support plate
Surface layer of bedding (graded broken stone)

Bottom layer of bedding (improved soil)

Body of subgrade (soil)

Foundation

Fig. 4. Multi-layered model: (a) under-track structure of high speed railway and (b) mesh of model.

Fig. 3. Propagation of elastic wave in semi-infinite space.

Table 1
Mechanical parameters of media in the model.

No. Physical variable Density ρ

(kg/m3)
Poisson
ratio μ

Dynamic elastic
modulus E (GPa)

V1 Concrete 2400 0.2 34.5
V2 CA mortar 1400 0.168 25
V3 Defect 1100 0.45 0.001
V4 Embankment (graded

broken stone)
2300 0.25 250.5
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on the excited point. The wave surface of the Rayleigh wave (R) is a
cylindrical surface centered on the excited point as the column
center. This wave consists of horizontal and vertical components,
which compose an elliptical trajectory. Its amplitude rapidly
decreases with the increasing depth of both the vertical and
horizontal components. When the medium is a layered structure,
other surface waves, known as Love waves (L), will arise in the
media surface. The propagation direction of a Love wave is
perpendicular to the wave propagation and parallel to the surface
of the medium. When the materials of the medium are different,
reflection and refraction will occur. The response is complicated
due to the simultaneous presence of P-waves, S-waves and surface
waves as well as converted waves, as shown in Fig. 3.

A full-wavefield imaging method is conducted in the following
steps:

1) Add position information: Assign the positions of source and
receiver to the seismic data at the beginning of data processing.

2) Normalization with impact strength: Normalize the seismic
data with the acceleration recorded by an accelerometer on the
hammer to reduce the influence of the variation of impact
strength.

3) Create common offset gather: Abstract common offset traces
from the field of common source data to create a common
offset gather.

4) Noise reduction: The data may present different types of noise.
Reduce noise with time windows and band pass filters.

5) Create waveform section: Reorder the traces in the common
offset gather according to their position on the survey line to
create a Time–Waveform section. All further processing will be
conducted on this section.

6) Calculate impact response: To evaluate the impact image
quantitatively, the average amplitude is calculated as an index
called Impact Response, with the average amplitude reflecting
the response of the media to the impact. The impact response
can be represented as a line graph, a contour map, or a color-
scaled cloud map.

7) Standardize impact response: In some cases, we expect to use a
value with no dimension to evaluate the inspected media. This
evaluation can be achieved by constructing a reference line in
the area without defects and standardizing the impact response
with that of the reference data.

8) Comprehensive evaluation: Based on the numerical results of
wave propagation, the final results are determined as a
weighted average of the three-directional impact response.

3. Wave propagation in multi-scaled layered media

Most cases of detecting defects in a concrete structure can be
simplified as a multi-scaled layer media problem. The under-track
structure of high speed railway consists of four layers, which are,
from top to bottom, a track plate, a CA mortar layer, a support
layer, and the embankment. The embankment includes the surface
layer (graded broken stone), bottom layer (improved soil) and
body of subgrade, as shown in Fig. 4(a). The subject of the current
study is an infinite 3D model with five layers (track plate, a CA
mortar layer, support layer, graded broken stone layer and defects
layer), with the thickness h distributed as thin and thick layers, as
shown in Fig. 4(b). The model is described by a rectangular
coordinate system (x, y, z). The x-axis and y-axis constitute the
model's infinite dimension. The model is assumed to be symme-
trical about the y–z and the x–z planes; therefore, only 1/4 of the
model is shown. Because information about propagating in the
unloaded model is required to determine whether adequate FE

discretization has occurred, free elastic waves in the infinite width
models will be handled later.

Numerical methods are used in the field of elastic wave
modeling: 1) FEM dynamic analyses are performed to describe
the wave propagation; 2) a Ricker wavelet is used as the impulsive
response, which is characterized by a simple function excitation
force and concentrated in a short time duration of action; and 3)
the response of elastic waves with 5 types of models are discussed.
As shown in Fig. 4, V1, V2, V3 and V4 signify the physical
parameters (including density, elastic modulus and Poisson ratio)
of material 1, 2, 3 and 4, respectively. A medium can be a
homogenous half-space. If V1¼V2¼V3¼V4, then the media con-
stitute concrete slabs on a homogenous half-space with no defects.
If V1aV2aV3aV4, a model can be considered to be multi-
layered. If V2, V3E0, the model can be considered to be a void
under a concrete slab or between concrete slabs. For the strength

Input
point

Input
point

Input point

Fig. 5. Distributions of horizontal and vertical velocity (case 3, t¼0.010264 s):
(a) in x direction, (b) in y direction, and (c) in z direction.
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Fig. 6. Distribution of waveform: (a) in x direction, (b) in y direction, and (c) in z direction.
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of the wave observed at the surface of the model depends on the
reflection coefficient of interface between layers, the defects also
are simulated as layered where the influence of its depth is
ignored.

The material parameters are chosen from the conditions
modeled on real conditions. All of the material parameters are
listed in Table 1, while ρ is the density of material, E is the
modulus, and μ is Poisson's ratio. A Ricker wavelet is assumed to
be impacted at the surface of the model with a frequency of
f¼1500 Hz, t¼0.05 s, while Δt¼1.0�10�5 s and is the unit
amplitude, which is used as the time-dependent force in the
vertical direction.

A series of impact-and-receive operations are performed on the
top surface of the model, as shown in Fig. 4. The response signals
of the velocity recorded by the nearby receiver on the surface are
obtained from further processing. By inputting the vibration
source on the surface in the center of the model, the dynamic
response can be obtained. Five types of models are tested, which
correspond to the following five cases: case 1: V1¼V2¼V3¼V4;

case 2: V1aV2aV3¼V4; case 3: V2E 0; case 4: V3E 0; and case
5: V2, V3E0.

Fig. 5 shows the distribution of the horizontal and vertical
velocities of the model at time 0.010264 s, when the color is
changed by the amplitude. The figure also shows the form of the
surface wave propagation and indicates that reflection and refrac-
tion have occurred on the surface of the CA mortar layer. Fig. 6
shows the horizontal and vertical velocities of the waveform at the
receiver. The responses in the x and z directions are similar to the
Rayleigh wave, which plays a dominant role. The response in the y
direction is remarkably different, resulting in a value that is
smaller by a number of orders because of the Love wave effect.
When ViE0, a strong reflection and refraction will occur on the
surface, and the energy of the waveformwill increase. Fig. 7 shows
the average amplitude of the velocity response for the five models.
The impact response appears most in the z direction, followed by
the x direction, and the response in the y direction is approxi-
mately 1/10 that of the x direction. Compared with different
models, the impact response increases the number of defects in

Fig. 7. Distribution of impact response: (a) in x direction, (b) in y direction, and (c) in z direction.
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the x direction by 2.25 times in case 3 and case 5 and 1.25 times in
case 4; in the y direction, by 4.0 times in case 3 and case 5 and 1.15
times in case 4; and in the z direction, 2.5 times by defects in case
3 and case 5 and 1.22 times in case 4.

4. Model test of a high-speed railway

4.1. Test introduction

To evaluate the feasibility of the observation system, a model
test is conducted at Shijiazhuang Railway University, China. The

model is built with the materials and methods appropriate for
constructing high-speed rail, as shown in Fig. 8(a). Referring to the
CRTS II type ballastless track standard structure of high-speed rails
in China, a full-scale model is constructed. It measures 26.2 m in
length and 3.65 m in width and consists of four panels, each 6.45-
m long, as shown in Fig. 8(b), with the third panel constructed to
contain a series of defects. The structure consists of four layers,
which are, from top to bottom, a track plate, a CA mortar layer, a

Fig. 8. Overview of model: (a) photograph of site model, (b) plane view, and (c) cross section.

Fig. 9. Defect constructions.

Impacting Hammer

Three-component Velocity Transducers

Signal Capturing Unit

Fig. 10. Data acquisition.
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support layer, and the embankment. The dimensions of the first
three layers are 2.55 m�0.20 m, 2.55 m�0.05 m, and
3.15 m�0.30 m. The embankment is trapezoidal, with a thickness
of 0.60 m and a gradient of 1:1, as shown in Fig. 8(c).

According to the statistical incidence of major defects in high-
speed railways in China, escape of the CA mortar layer is widely
occurred in CRTS II type of ballastless track and massive mud
spillover from the top of embankment is occurred in CRTS I of
ballastless track. Those damages cause cracks in the track and
support plate. Through visual and simple measurements, the void
between CA mortar layer and track plate is 1–5 mm depth, and
there are also exists loose area in the CA mortar layer. According to
the grouting volume under support plate, there possibility forms
cavities less than 20 mm depth at the top of embankment. In the
model tests, two types of defects are pre-constructed in the model,
as shown in Fig. 9. The area and depth of defects are amplified to
verify the detection method and it is convenient to product. These
defects are constructed by the following methods: (1) escape of

the mortar layer created by scratching a 0.60 m�1.00 m defect in
the CA mortar layer; and (2) cracking and mud spillover in the
support layer created by digging a hole of 0.5 m in diameter and
0.25 m deep at the top of the embankment and then burying it
loosely with soil.

4.2. Data collection

This testing system is equipped with an impacting hammer, a
series of three-component velocity transducers and a signal
capturing unit, as shown in Fig. 10. A digital seismo-graph (Geode)
with a 24-channel (Ch) and a 24-bit A/D conversion is used to
collect data. The 3-component geophones with 2-horizontal and
1-vertical directions on the pavement and a coupling device are
used for receiving the ground response motivated by a 50-g metal
hammer. The interval of receivers is set to be 0.2 m and the space
between survey lines is initialized to be 0.2 m. The source offset is
0.2 m, and the survey area is divided into 0.2 m�0.2 m meshes, as

1.0 2.0 3.0 4.0 5.0 6.0

1.0 2.0 3.0 4.0 5.0 6.0

1.0 2.0 3.0 4.0 5.0 6.0

0.0

0.0

0.0

Fig. 11. Impact image of survey line 9, (a) in x direction, (b) in y direction, (c) in z direction.
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shown in Fig. 9. To complete the survey efficiently and methodi-
cally, 4 receivers are arranged in a survey line, and 4 source points
(impact points) are set: for each impact, 4 different offset data will
be obtained for each line, though only one offset is used in the
analysis. To guarantee the test accuracy, three-component velocity
transducers are set as stable as possible, and the impact strength
keeps as the same. It needs the test surface keep as smooth as
possible, and there are no strong noise surrounding the test area.

4.3. Data analysis and results

The experiment is then conducted with a series of impact-and-
receive operations on the top surface of the concrete plate. The
diagram of the velocity waves is constructed when the concrete
plate is impacted by a hammer. All the data are processed in the
same sequence with the same parameters.

Fig. 11 shows the seismic impact image in three directions as an
example. It is clear that the duration of the seismic wave at the

defect area becomes longer and the intensity increases. According
to the discussion before, the seismic data recorded at the surface of
a concrete slab can be represented as the summation of multiples.
Because the density and the wave velocity of the defect are
significantly smaller than those of the concrete, the reflection
coefficient is smaller in the no defect area. Thus, the seismic wave
appeals to be stronger in the defect area.

To conduct a complete evaluation of the defect distribution, the
impact response (average amplitude) of each observed point is
calculated, and the impact response is normalized (divided)
according to the value at the same point on the observation line
with no defects. Fig. 12 represents the distribution of the normal-
ized impact response (NIR). Values of NIR for each track board are
statistic, and it can be divided into three parts according to the
magnification from results of numerical simulation. As defined
above, for the escape of the mortar layer, the NIR should be greater
than 40; for cracking and mud spillover in the support layer, the
NIR should be 15–30; and for the no defect area, the NIR should be
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Fig. 12. Distribution of normalized impact response, (a) in x direction, (b) in y direction, (c) in z direction.
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1.0–10. However, with respect to the influence of noise and the
coupling between layers, the NIR is divided into 3 ranks: NIR equal
to or less than 10 is interpreted as signifying a no defect area; NIR
greater than 40 is interpreted as signifying the escape of the
mortar layer; and NIR of 20–30 is interpreted as signifying
cracking and mud spillover in the support layer.

Considering the results from simulations, the final NIR values
are expressed as a weighted average (Wr) of the three-directional
results, in Eq. (1):

Wr ¼ Mx

MxþMyþMz
ðWxÞþ

My

MxþMyþMz
ðWyÞþ Mz

MxþMyþMz
ðWzÞ

ð1Þ
whereWx,Wy,Wz are NIR values from filed tests in x, y, z direction,
respectively; and Mx, My, Mz are average magnification of two
types of defects from numerical simulation in x, y, z direction,
respectively. The final results are shown in Fig. 13. Compared with
Figs. 13 and 9, there are 9 measurement points in CA mortar layer
defect area where 3 points at the boundary of the area and
4 measurement points in support layer defect area. Due to the
impact source and the receivers have different sensitivity for
defects, the impact source has higher sensitivity. And the response
at the boundary of defects is affected by the position of the impact
source. Anyway, the results are great affected by the type of
impact. The distribution in x–y plane will shift to impact point.
Compared with the presetting defects, it can be considered that
this method can provide good results to identify the number of the
defects and their locations and sizes.

5. Conclusion

A well-developed instrument is essential for a new NDT
method applied to the investigation of the high-speed railway
under-track structure. The integrating point-source/point-receiver
scheme with a full-wavefield for defects imaging is developed. The
image can expose the defect location in the high-speed railway
under-track structure immediately after a series of impact-and-
receive operations. The experimental result obtained from this
system shows quite good agreement with the result simulated by
the FEM method. The location and size of the defect can be clearly
identified from the image. This full-wavefield imaging detection
method therefore shows significant potential for detecting defects
in the under-track structure of high-speed railways.
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