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This paper presents the forward backward time stepping (FBTS) technique
with finite difference time domain (FDTD) method and overset grid
generation (OGG) method was applied for the reconstruction of object and
crack detection. Object and crack detection is widely used in structural health
monitoring (SHM) application especially in civil structure to detect
the buried object and also cracks. The proposed numerical approach has been
validated by investigating different kind of ratio of grid size between
the main mesh and sub-mesh. Then, the proposed numerical approach is
implemented in the analysis of the detection of objects such as concrete
blocks and cracks underground. Here, the numerical errors between
the actual result and simulated result had been calculated by using relative
error. It is shown that the proposed approach has 5.22% error and nearer to
the actual value.
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1. INTRODUCTION

It has always been a concern of public about the buildings and civil structure that had damaged by
seismic waves coming from the Sabah earthquake in Malaysia [1]. The tremors created heavy damages and
cracks to some school and public buildings, infrastructures and caused landslips. In a worst condition,
some of the collapsed buildings are buried under the soil and also some cracks underground that are created
during the earthquake. The buried concrete and the crack underground can affect the integrity of
the buildings which it causes structural failures and collapses in the future [2]. In addition, this situation can
also lead unsafe working environment for the redevelopment of the buildings and infrastructures in
the future. Besides, the disaster can create the lining crack on the tunnel can also be dangerous for public
especially those cities that have highway tunnel. In this case, it will decrease the stability of the tunnel
structure, the safety and reliability of the lining structure and affects the normal use of the tunnel,
and endangers the safety of drivers [3]. Therefore, the post-hazard assessments have to be held to ensure
the quality and condition of the damaged buildings, infrastructures and lands before continue to use it in
the future. The remaining of the collapsed building should be surveyed in order to know the extent of
damages and any obvious dangers before any reconstruction happen [2]. The damage of the building and
civil structures can be discovered at a very initial stage to avoid any failures that will result in
a devastating fatality.
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In past years, a number of techniques have been used for the detection of the buried object [4-10].
For example, a research on the detection of underground subsurface layers and buried objects by using a 2D
Finite Difference Time Domain (FDTD) model of Ground Penetrating radar (GPR) tomography [6].
The GPR tomography is a method with high resolution ratio, real-time display and flexible to implement for
detecting the buried object [6]. It emits the electromagnetic (EM) waves to the ground and receive
the backscattered wave to get the image of the underground subsurface layers and buried objects [6].
Due to the effectiveness and flexibility of the method, the researcher used the technique to obtain the depth of
the buried object, conductivity and geometry of the buried objects, for examples; pipes, metal bar and strip
and cracks under the ground of the subsurface layers. Aside from the GPR method, there is a research by
using non-destructive microwave radar to inspect buried object in concrete structures [4]. The objective of
the research is to inspect the safety of the inner structures, the position and the estimation of a buried object.
In this method, the antenna is transmitting the microwave and will be refracted on a substrate-air boundary
and an air-concrete boundary. Then, it will be reflected on the buried object. After that, the wave is refracted
again on a concrete-air boundary and an air-substrate boundary and lastly received on the receiver.
In [10], the proposed method is based on the effect of a concentrated test mass on the natural frequency that
is defined as a stationary mass. The concentrated test mass can be located in different positions of the beam
and cannot be separated from the beam. Here, the frequency is calculated by using Timoshenko beam theory.

However, these previous methods have some limitation when it comes to image reconstruction.
Firstly, the GPR method determined the buried objects from the reflected wave of the buried objects.
Secondly, the non-destructive microwave radar can only get the estimated values for the buried object’s
parameters and relative permittivity. Thirdly, the method involves three different aspects; the effect of cracks,
the effect of the boundary conditions, and to detect location and qualification of cracks when the boundary
condition is uncertain. Hence, these methods were not able to provide enough information for the results of
the reconstructed image.

In this paper, the Forward Backward Time Stepping (FBTS) technique with FDTD method is
proposed to solve the limitation of the previous methods. In FBTS technique [11-13], a broadband
microwave signals are utilized to overcome the inverse scattering problem in the time domain [14].
FBTS technique is able to generate image and give beneficial quantitative information of the buried concrete
and crack detection such as the locations, sizes, shape and the properties of dielectric of the unknown
object [14, 15]. The Overset Grid Generation (OGG) method will be integrated into the algorithm.
OGG method is capable to enhance the quality of the image reconstruction and closely describe the building
and land structures for the inverse scattering procedure in FBTS technique. Therefore, this paper combines
the advantages of both FBTS technique and OGG method in FDTD to develop the efficient numerical
method for the image reconstruction in the detection of buried concrete under the soil.

2. FORWARD BACKWARD TIME STEPPING (FBTS) TECHNIQUE

The forward backward time stepping (FBTS) technique is using broadband microwave signals. This
technique is used to solve the inverse scattering problem in the time domain. Previously,
FBTS technique has been applied for tumor in dispersive breast tissue detection [15-17] and to reconstruct
the electrical parameter profiles of scattering object more accurately. FBTS technique can reconstruct images
that give the beneficial numerical data about the size, locations, shapes and the internal composition
of buried object.

Figure 1 illustrates the setting of a microwave tomography in FBTS inverse scattering problem in
2D view [18]. An unknown scatterer or object is presumed to be buried in a free space. The object is
irradiated continuously by M short pulsed waves produced by current sources s,,(r,t) located at
r=rL(m=1,2,..,M). In FBTS technique [12, 13, 15, 17], the errors of calculated and measured
microwave scattering data will be compared in the time domain. Here, the error functional equation of an
estimated electrical parameter vector, p includes of permittivity and conductivity is given by:

Q) = [} S8y SN |03 1 ) — T (1, D17 dit (1)

where 1, (1, t) is the measured electric field in the time domain at the receiving position which caused by a
pulse that emitted by the transmitter, m meanwhile v, (p; r;,, t) is the calculated electric field for an assumed
electric parameter p, respectively. The gradient of the error functional can be measured using
a forward FDTD computation which followed by a corresponding adjoint FDTD computation in which
remaining signals at the receiver signified as [v,,(p; 1., t) — U, (13, t)] that is used as equivalent sources at
which the time is reversed [19].
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Figure 1. Configuration of microwave tomography for FBTS problem in 2D view [18]

3. OVERSET GRID GENERATION (OGG) METHOD

Overset Grid Generation (OGG) method is commonly applied in computational fluid dynamics
(CFD) [20-23]. This method basically involves of main mesh and a sub mesh that overlapped
one another [22]. Every component of the grids in the sub mesh can be measured separately from main mesh.
OGG method used bilinear interpolation in order to update and exchange the information of the overlapped
data of main mesh and sub mesh [24]. Figure 2 illustrates the algorithm of space and time in FDTD method
and Lorentz transformation using OGG method [25]. The electric fields are calculated in both main mesh and
sub-mesh separately by using FDTD method.
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Figure 2. Algorithm of space and time for FDTD method and Lorentz transformation by OGG method [25]

In Figure 2 (a) and Figure 2 (d) show the components of the main mesh, meanwhile in Figure 2 (b)
and Figure 2 (c) show the components of the sub-mesh. The components of EM field on the main mesh as
shown in Figure 2 (a) are interpolated into the field components in sub-mesh. At this stage,
the electric field is measured for both main mesh and sub mesh by using FDTD method. Then, the value of
electric field that had been calculated in the sub-mesh as shown in Figure 2 (c) is interpolated back to
the main mesh in Figure 2 (d) by Lorentz transformation. Note that, the half time increment is advanced at
this stage [25, 26]. In the main mesh, at time t = At and the value for the components of time for the FBTS
technique with FDTD method is:

t'=41—-v2%2/c?2At 2

so that it can be determined with the leapfrog time-stepping in the FDTD method. It is important to
interpolate the time component, t = T at x = X in order to obtain the electric field, E at t = At, x = vAt.
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As for the sub-mesh, the time increment is half and the components of time for FBTS technique with FDTD
method in OGG method is obtained by using:

t = ( 1—v2/c? At)/z ®3)

4. FORWARD BACKWARD TIME STEPPING (FBTS) TECHNIQUE WITH FINITE
DIFFERENCE TIME DOMAIN (FDTD) METHOD AND OVERSET GRID GENERATION
(OGG) METHOD

In this paper, we integrate FBTS technique with FDTD method into OGG method and applied it in
the image reconstruction of the detection of buried object under the soil as shown in Figure 3. First step of
the process is the measurement setup for the simulation such as load the original image of buried concrete for
simulation and set the coordinates of the buried concrete. The next step is forward-backward time stepping
setup. In this step, the position of transmitter and receiver antenna is assigned and all the EM fields are set to
zeros as the initial parameter. Note that, the FDTD-OGG algorithm is applied in the FBTS simulation.

Measurementsetup

» | padimage of buried concrete and crack model for simulation
& Setthe coordinates of the buried concrete and crack model

v

Forward Time stepping setup
| * AssignTx andRx coordinates

+ Reset all EM fields to zeros
s Run OGG-FDTD algorithm

v

Backward Time stepping setup
* Assign Tx and Rx coordinates
» Reset all EM fields to zeros

* Run FDOTD-OGG algorithm

v

The EM fields in main fields region is updated

v

Measure the EM fields for simulated and measured EM fields of the buried
concrete and crack maodel in time domain

v

Yes Mext

iteration?

Figure 3. Flow chart for the image reconstruction of detection of buried object and crack detection

In the FBTS main field region, the time component for the is set as t =t + At while
the components of time in FDTD-OGG algorithm is set as t = t + At/2 in order for the time component on
the main mesh to be measured and interpolated onto the sub-mesh. The time step that is chosen in this
analysis need to satisfy the Courant condition ¢ < Ax /At, where ¢ is the velocity of light,
c=2.998 x 108 m/s [27]. In the FDTD-OGG algorithm, the point of the grid for the sub-mesh that
overlapped with the main mesh is identified. Here, both of the main mesh and sub-mesh are remained
stationary. Next, the components of EM field on the main mesh are interpolated into sub-mesh.
Here, the electric field for both main mesh and sub-mesh are calculated through FDTD method.
Then, the electric field’s value that had been calculated in the sub-mesh is updated into main fields region.
The whole previous procedure is repeated to measure the magnetic field. The last step of the process,
the EM fields for simulated and measured EM fields of the buried concrete in time domain are calculated.
The entire process is repeated until the time stepping is finished.
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5. RESULTS AND ANALYSIS
5.1. Numerical setup for buried concrete detection by using FBTS technique with FDTD method and
OGG method

Figure 4 demonstrates the numerical modelling of the buried object by using FBTS technique with
FDTD method and OGG method on the overlapped main mesh. The grid’s number for main mesh
Ln(m) X I;m@ny 1S set to 190 X 190 and the number of grids for sub-mesh Iy X Is(;y is set into 40 x 20.
The length of the main mesh and sub-mesh are fixed, where L,, = 0.20 m and L, = 0.05 m respectively. In
this simulation, At is set to 2.3115 x 10~'2(s) and it satisfied the Courant condition. Here, 16 antennas are
surrounded around the region of interest (ROI). The measurement is repeated until the number of antennas
utilized. The distance between each of the antennas is set as 170 mm. All these grids will be terminated by
the Convolutional Perfectly Matched Layer (CPML) [28-30]. The outer boundary of the main mesh is
the CPML with the thickness of 15 mm.

Main Mesh

Clay

Concrete
block

15mm Lp=190mm  15mm

Figure 4. Numerical model of buried concrete by using FBTS technique with
FDTD method and OGG method

A sinusoidally modulated Gaussian pulse is applied as excitation signal with a center bandwidth,
fe = 2.0 GHz. The space increment of the grid for main mesh, Ax,, and Ay,, is set to 1 mm. As the ratio of
grid size is R = 1.0, Ax,, Ay.are set to be equivalent to Ax,,, Ay,,. The radius of ROI is set to 50 mm.
Here, the sub-mesh is set as a concrete block. The circular region of interest is replaced with the clay region.
The background medium is set as free space in order the equipment is easier to be maintained.
In this analysis, a concrete is assumed to be immersed in clay region. The length and the width of
the concrete is set as 40 mm and 20 mm respectively. The embedded sub mesh is positioned at the center of
the main mesh with x, = 90, y, = 100. The relative permittivity value for the concrete is set to ¢, = 6.7
while the region of interest is set as ¢, = 12.0.

5.1.1. Image Reconstruction of the detection of buried concrete block using FBTS technique with
FDTD method and OGG method

Figure 5 (a) illustrates the actual image of relative permittivity reconstruction for a concrete which is
assumed to be immersed in clay region. The length and the width of the concrete is set as 40 mm and 20 mm
respectively. The embedded sub mesh is fixed at the centre of the main mesh with x, =90, y, = 100.
Figure 5 (b) shows the image after the reconstruction for the relative permittivity. Figure 5 (c) shows
the cross-section of relative permittivity of the reconstruction image.

The solid line shows the actual result while the dashed line is the simulated result. From this result,
it is observed that the concrete block is able to be detected and reconstructed. The comparison of
the numerical analysis between the actual value and the simulated value is shown in Table 1. The actual
value and simulated result for cross-sectional view of reconstructed relative permittivity from Figure 5 (c) are
compared as shown in Table 1. The numerical errors between the actual result and simulated result had been
calculated by using relative error as in (4).

Relative Error = |E,(t) — Ey(t)|/Ey(t) 4

The percentage of the numerical errors between both results is 5.22%. Therefore, it is shown that
the reconstructed image of the buried object able to detect and nearly to the actual value.
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Figure 5. Image Reconstruction of the detection of buried concrete block using FBTS technique with FDTD
method and OGG method: (a) Actual image of relative permittivity, (b) Reconstructed image of relative
permittivity, (c) Cross-sectional view of reconstructed image relative permittivity

Table 1. Error analysis of actual result and simulated result for relative permittivity value
Actual Value  Simulated Result
Relative Permittivity (The highest value) 12.0 12.6269
Percentage of Relative Error (%) 5.22%

5.2.  Numerical setup for crack detection by using FBTS technique with FDTD method and
OGG method

Figure 6 illustrates the numerical model for the crack detection underground by using FBTS
technique with FDTD method and OGG method on the overlapped main mesh. A similar setting as
the numerical model in Figure 4 is to be applied in this simulation. A random shape crack is assumed to be
added in clay region. The relative permittivity (e,.) value for the sub-mesh is set to &, = 1.0 while the ROl is
set as €, = 12.0. All these grids will be terminated by the CPML.

The outer boundary of the main mesh is the CPML with the thickness of 15 mm. The increment of
space between the main mesh and sub-mesh is Ax,, = Ay,, = Axy, = y, = 1.0 mm. The ratio of grid size
between the main mesh and sub-mesh is given by R = 1.0. Here, each of the 16 points was used as
transmitter sequentially to transmit the EM wave at a time into the clay region to illuminate the crack while
the others antennas act as receiver to gather the scattered signal. The measurement is repeated until
the number of antennas utilized. The distance between each of the antennas is set as 170 mm. A sinusoidally
modulated Gaussian pulse is applied as excitation signal with a center bandwidth, f. = 2.0 GHz.
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Figure 6. Numerical Model of crack detection by using FBTS technique with
FDTD method and OGG method

5.2.1. Image reconstruction of the crack detection using FBTS technique with FDTD method and
OGG method

Figure 7 (a) demonstrates the actual image of relative permittivity reconstruction of a crack is
assumed to be added in clay region. The relative permittivity (e,.) value for the sub-mesh is set to &, = 1.0
while the ROI is set as &, = 12.0. Figure 7 (b) shows the image after the reconstruction for the relative
permittivity. Figure 7 (c) illustrates the cross-section of relative permittivity of the reconstruction image.
The solid line shows the actual result while the dashed line is the simulated result. From this result,
it is observed that the relative permittivity of the crack can be identified and reconstructed.
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Figure 7. Image Reconstruction of the crack detection using FBTS technique with FDTD method and
OGG method: (a) actual image of relative permittivity, (b) reconstructed image of relative permittivity,
(c) cross-sectional view of reconstructed image relative permittivity
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The comparison of the actual value and simulated results for cross-sectional view of reconstructed
relative permittivity from Figure 7 (c) is shown in Table 2. The numerical errors between the actual result
and simulated result had been calculated by using relative error as in (4). The percentage of the numerical
errors between both results is 21.55%. The percentage of error in this analysis is higher than the analysis in
section 5.1.1 due to the limitation of bilinear interpolation in the image reconstruction for irregular shape of
the object. However, it can be observed that the reconstructed image of the crack detection is able to
reconstruct clearly.

Table 2. Error analysis of actual result and simulated result for relative permittivity value
Actual Value  Simulated Result
Relative Permittivity (The highest value) 12.0 14.5865
Percentage of Relative Error (%) 21.55%

6. CONCLUSION

In this paper, the proposed numerical approach is further investigated on detection of buried object
and crack detection. The image reconstruction of the detection of the buried objects such as concrete and also
the crack detection shows that the FBTS technique with FDTD method and OGG method are able to be
identified and reconstructed. The outcomes in this paper for the application of detection of crack and buried
object have only examined for the case of ratio of grid size between the sub-mesh and main mesh, R = 1.0
because it is more stable and has potential in image reconstruction for the detection of the unknown object.
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