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Abstract 

Effective techniques for a nondestructive evaluation of mechanically stabilized earth 

(MSE) walls during normal operation or immediately after an earthquake event are yet to be 

developed. MSE walls often have a rough surface finishing for the purpose of decoration and are 

reinforced with both horizontal and vertical steel bars. Two wide-band microwave inspection 

approaches were investigated for detecting and evaluating characteristics of materials behind an 

MSE wall section. The first approach used spot measurements with a wide-band frequency-

modulated continuous wave (FM-CW) radar system. While effective to penetrate through mortar 

blocks in the laboratory, the radar system was found to have limited applications in MSE walls 

due to its thick layer, material heterogeneity, surface roughness, and the presence of steel bars. 

The second approach took wide-band measurements on a two-dimensional (2D) grid and 

produced three-dimensional (3D) images using a synthetic aperture radar algorithm. Imaging 

allows for signal averaging and relatively easy distinction of localized features such as steel bars 

from undesired flaws. Two-dimensional slice images at the location of the anomalies were 

produced. Several different anomalies placed behind the wall can be detected, demonstrating the 

effectiveness of the imaging technique as a potential approach for back-fill soil inspection (e.g., 

moisture, void) behind an MSE wall. 
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Executive Summary 

This research project was focused on the exploration of microwave technology as a 

potential inspection tool for mechanically stabilized earth (MSE) walls that are widely used in 

highway bridge approaches. MSE walls have a rough surface finishing for decorative purposes 

and are reinforced with both horizontal and vertical steel bars. The main objectives of this study 

were: (1) to quantify the laboratory performance and ability of a wide-band, portable frequency-

modulated continuous-wave (FM-CW) radar system for the detection of defects behind MSE 

walls; and (2) to demonstrate the field applicability and performance of the existing radar system 

for the field inspection of MSE walls. Two inspection methods were investigated in this study. 

The first inspection method involved wide-band microwave spot measurements along 

with an inverse fast Fourier transform (FFT) algorithm for detecting and evaluating the 

characteristics of materials behind an MSE wall section. Initially a relatively high-frequency and 

wide-band FM-CM radar system was used. It operated in the 8-18 GHz range and provided high 

spatial and along-depth resolution. While effective to penetrate through mortar blocks in the 

laboratory, the radar system was found to have limited applications in MSE walls due to its thick 

layer, material heterogeneity, surface roughness and the presence of steel bars. Subsequently, 

time-domain reflectometry, which is equivalent to FM-CW radar, was employed with promising 

test results. The operating frequency for the time-domain reflectometry ranged from 1 to 6 GHz, 

which is much lower than that of the FM-CW radar and hence has better signal penetration 

capability. Even so, the presence of steel bars and surface roughness of walls determined that 

“spot type” measurements may only provide limited unambiguous measurement data/results for 

the inspection of an MSE wall section.  

The second inspection method involved wide-band measurements on a two-dimensional 

(2D) grid (raster scanning) and produced three-dimensional (3D) images using a synthetic 
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aperture radar (SAR) algorithm. Raster scanning allows for signal averaging and relatively easy 

distinction of localized features such as steel bars from undesired flaws. To this end, a wide-band 

laboratory imaging system (1-4 GHz) was employed along with advanced SAR imaging 

algorithms to generate 2D slice images of a wall at various depths. By estimating and subtracting 

the wall surface scattering from the images, several different anomalies placed behind the wall 

can be detected, demonstrating the effectiveness of the imaging technique as a potential approach 

for back-fill soil inspection (e.g., moisture, void) behind an MSE wall. The surface scattering 

(baseline) can be estimated from the same panel prior to void development and stored for future 

use. Having a history of the wall panel is also helpful in wall deterioration monitoring such as the 

corrosion of reinforcing bars. Alternatively, the surface scattering can be estimated from 

neighboring panels in excellent conditions. For MSE walls that do not have any decorative 

surface features, this method provides better imaging capabilities.  

The imaging technique also allows for distinguishing voids from water by monitoring the 

reflected signal strength. Voids produce less reflection compared to sand and water and appear as 

dark spots in the image. Water produces a stronger reflection and appears as bright spots in the 

image. Further studies are required to bring the technique into field applications. 

An imaging system with a scanning platform can be designed to be portable for field 

applications. The use of a scanning platform that spans two adjacent wall panels can produce 

differential detection capabilities, further enhance the signal to clutter ratio, and potentially 

provide high detection probability. The microwave SAR imaging technique is robust and does 

not require any prior knowledge of MSE wall structures except for the thickness of walls. 
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Chapter 1 Introduction 

Mechanically Stabilized Earth (MSE) walls have recently received increasing 

applications in transportation infrastructure. The advantages of MSE walls are primarily cost, 

rate of construction, and tolerance to settlement. MSE walls are widely used in the high elevation 

approach of highway bridges. Their stability directly affects the integrity of the bridge approach 

and thus threatens the safety of passengers if an unstable situation arises. Therefore, the proposed 

work is directly related to the USDOT Strategic Goal: enhancing safety. In addition, a robust 

NDE method can provide a potential technique for the condition assessment of MSE stability 

before a retrofit strategy is developed. As such, the proposed work is also relevant to the USDOT 

Strategic Goal: improving the state of good repair. Based on the field observations during the 

2010 Chile Earthquake, the performance of MSE walls under earthquake loads exceeded the 

expectation by AASHTO standard (AASHTO, 2008). Therefore, their applications are expected 

to be expanded in the near future. However, cost-effective nondestructive evaluation (NDE) 

techniques for MSE wall inspections, either during the normal operation or after an extreme 

event, are yet to be developed.  

In this study, two distinct NDE techniques were implemented to evaluate the condition of 

back-fill materials behind MSE wall panels, namely: frequency-modulated continuous-wave 

(FM-CW) radar and the wideband synthetic aperture radar (SAR) imaging technique. The 

engineering parameters interesting to field inspections include, but are not limited to, voids and 

appreciable changes in the water/moisture content behind a MSE wall. The former technique 

produces high-range resolution in the depth direction and high spatial resolution on the wall 

surface with a relatively small inspection footprint. The latter technique is a robust and well-

developed imaging methodology capable of producing high resolution images in all three 

directions (two in-plane and one out-of-plane directions of a wall). 
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This report describes an MSE wall used in these investigations, the two nondestructive 

(NDE) techniques, and the findings and pertinent discussion of the obtained results. It consists of 

four main sections. Chapter 1 introduces the background information and emphasizes the 

importance of this research. Chapter 2 details the test setup, the measurement procedure and 

methodology, the test results, and the discussion. Chapter 3 summarizes all the findings and 

conclusions.  
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Chapter 2 Experimental Investigation 

2.1 Test Bed 

As shown in figure 2.1, a 5ft × 5ft × 7in (full size) reinforced concrete MSE wall panel 

(TENSAR Int.) was used in this study. It was reinforced with #4 epoxy-coated steel bars that 

were 0.5 in. in minimum diameter and located approximately at its middle depth. The concrete 

used in the construction of panels was Class A-1, 4 ksi compressive strength, which contained 

both fine and coarse aggregates. The size of the coarse aggregates was up to 1 in. The wall panel 

had a 2 in. rugged decoration layer on the front side. 

 

 

Figure 2.1 Erected MSE wall used in this investigation 

 

During testing, all MSE walls were supported on wood blocks to minimize 

electromagnetic interference (EMI). An erected panel in the application position is shown in 

figure 2.1, in which the orthogonal white lines represent the location of reinforcement bars 

embedded in the concrete. To provide a uniform scanning distance, a piece of foam (2 in. thick) 

was attached on the decorative face, as indicated in figure 2.2. 
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Figure 2.2 Construction foam (blue) on the decorative face of the wall to produce a uniform 

scanning/measurement distance  

 

2.2 Frequency-modulated Continuous Wave (FM-CW) Radar 

One well-established microwave technique for determining distance or boundary 

locations between different materials (e.g., retaining wall and back-filled soil or a void, etc.) and 

to perform remote sensing is the use of a frequency-modulated continuous-wave (FM-CW) radar 

system [1-3]. For MSE wall inspections, such a radar can measure the distance between the 

outside surface of the wall and the backfill soil, and any additional boundaries that may exist 

such as large voids behind the wall or changes in the properties of the soil (e.g., wet, dry, etc.). In 

addition, the amplitude of the reflected signals at various boundaries give information about 

material property differences on either side of the boundary. The FM-CW radar has several 

attractive features [1]: it has a relatively simple microwave hardware, a low microwave power 

requirement (in the milliwatt range), a low frequency radar output range (tens of KHz), it is 

compact, portable, and a versatile package, and it continuously monitors wall thickness and 

boundary location. 
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Figure 2.3 shows the general schematic of an FM-CW radar system. The modulator 

produces a triangular (or a linear ramp) waveform. A portion of the modulated signal is then sent 

to the local oscillator (LO) port of the mixer, using a directional coupler, while the remaining 

portion passes through a circulator and is then transmitted via the antenna. This signal travels 

through the wall and is partially reflected back from boundaries behind the wall, received by the 

antenna, sent through the circulator, and fed to the radio frequency (RF) port of the mixer. The 

reference signal at the LO port and this reflected signal at the RF port are then “mixed” to 

produce a low frequency signal at the intermediate frequency (IF) port of the mixer, which is 

proportional to the delay introduced in the reflected signal due to its two-way travel to the end of 

the wall and back (i.e., range or distance). Consequently, the frequency at which the signal 

appears at the IF port can be measured from a spectrum analyzer or a simple tracking filter and is 

directly related to the distance of the target.  

 

 

Figure 2.3 The general schematic of an FM-CW radar system  

 

The important parameters that affect the determination of wall thickness include: 
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modulation frequency, transmitted signal bandwidth, range or distance to the target, permittivity 

of the material, range resolution, and range frequency. 

The objectives of using an FM-CW radar system were: (1) to be able to quantify the 

laboratory performance and ability of an existing wide-band portable frequency-modulated 

continuous-wave (FM-CW) radar system for detection of anomalies behind mechanically 

stabilized earth (MSE) walls, and (2) to demonstrate the field applicability and performance of 

this type of radar system for the field inspection of MSE walls. To this end, an 8-18 GHz FM-

CW radar that was previously built for the purpose of testing ceramic refractory bricks was 

employed. This radar was further modified and its characteristics were improved to enhance its 

portability and dynamic range by performing the following steps:  

1. Rearranged the location of the source to be directly attached to the RF circuitry, hence 

eliminating cable losses. Consequently, the existing power amplifier was removed 

leading to a reduction in power consumption. 

2. The RF switch was moved from the source side to the antenna side. This enabled the 

functionality of the automatic calibration check. 

3. The circulator was replaced by a directional coupler to obtain a better wideband response. 

4. The power supply was replaced by a small desktop power brick to increase portability. 

5. A new ABS plastic case was machined to house the newly modified handheld FM-CW 

radar. 

6. The radar control software was also updated and rewritten to facilitate improved data 

save/recall capabilities and provide self-testing. 

Figure 2.4 shows the modified FM-CW radar circuitry before packaging. Figure 2.5 

shows the ABS-packaged FM-CW radar with a high gain antenna attached. Figure 2.6 shows the 
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application of the FM-CW radar for finding interfaces between refractory bricks. In the graph 

shown, each peak represents an interface. The reflection from the horn-air interface is removed 

by measuring this reflection when radiating into air and subsequently subtracting it from any 

consequent measurements. 

 

 

Figure 2.4 The modified FM-CW radar circuitry prior to packaging  

 

 

Radar 

Power supply 

brick 

Antenna 

Adaptor 
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Figure 2.5 ABS-packaged FM-CW radar with a high-gain horn antenna  

 

 

Figure 2.6 Using the FM-CW radar to find interfaces in-between refractory bricks; each peak 

represents a dielectric interface 

 

Figure 2.7 shows the results from a laboratory test performed using two 4”-thick concrete 

slabs with the FM-CW radar. In this test, the FM-CW radar shows the capability of detecting 

voids through a 4”-thick slab of concrete. However, the high signal loss associated with the 

concrete slab significantly attenuates the microwave signal to a great extent. Consequently, the 

Antenna 
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peaks representing the back wall and the far side of the void are quite faint when compared to the 

background clutter (other peaks). This experiment showed that because this particular FM-CW 

radar operates at relatively high frequencies (8-18 GHz), it may suffer from such signal 

attenuations when used on a thick MSE wall. To further assess the signal attenuation issue, a 

time-domain reflectometry experiment was performed using an Agilent 8753E vector network 

analyzer (VNA) and a wideband (1-4 GHz) horn antenna. This experiment is similar to the one 

using the FM-CW radar, however in this case, a lower frequency range was used. Signal 

attenuation through materials decreases as the operating frequency decreases. This setup was 

used to detect an air gap behind an 8”-thick concrete block, as shown in figure 2.8. As indicated 

by the various arrows pointing to the peaks in the graphs, this setup was capable of detecting a 

void behind the 8”-thick concrete block. Furthermore, due to the lower operating frequency 

range and the lower signal attenuation, the peaks resulting from the void are distinguishable from 

background clutter. The drawback of this setup is the smaller bandwidth of the system (3 GHz) 

that results in a lower than desirable range resolution. To obtain a higher range resolution, an 

antenna capable of operating in a wider frequency band may be used, such as a Vivaldi antenna. 

Figure 2.9 shows a 1-6 GHz Vivaldi antenna being used to detect a void behind a retaining wall 

section. The smaller concrete blocks behind the wall were used to create a 4”-thick gap. The test 

results are shown in figure 2.10. The Agilent 8753E VNA was also used to make these 

measurements. The results show that this system is capable of detecting the front and back 

interface of the wall. It is also capable of detecting a metallic plate (strong reflector) placed 4” 

behind the wall. However, when detecting the small concrete block from a  4” distance, the 

signal peak becomes weak and fades into the background clutter. It must be noted that this MSE 

wall section is an inhomogeneous medium with an uneven surface, a large aggregate, and a mesh 
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of rebars that significantly limit microwave signal penetration. Also, all of these factors cause 

signal scattering that further results in signal loss and additional clutter. Overall, using an FM-

CW radar or time-domain reflectometery proved to be an unreliable solution for detecting voids 

behind such structures. Consequently, an alternative solution was implemented involving 

wideband synthetic aperture radar (SAR) imaging, as described in the next section. 

 

 

Figure 2.7 Testing the 8-18 GHz FM-CW radar on two concrete slabs in the laboratory 
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Figure 2.8 Time-domain reflectometry results from an 8”-thick concrete block using a VNA and 

a wideband (1-4 GHz) antenna 
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Figure 2.9 Using a wideband (1-6 GHz) Vivaldi antenna to perform time-domain reflectometery 

on an MSE wall section, which shows (a) the front of the wall with the Vivaldi antenna, (b) the 

back of the wall with concrete blocks creating a 4” gap, and (c) the back of the wall with 

concrete blocks firm against the wall (no gap)  
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Figure 2.10 Time-domain reflectometery through the wall setup using the 1-6 GHz Vivaldi 

antenna 

 

2.3 Synthetic Aperture Radar (SAR) Imaging 

Three-dimensional (3D) SAR imaging involves performing wideband measurements on a 

two-dimensional (2D) plane parallel to the surface of the wall. This technology has become 

significantly more advanced during the past five years for the specific purpose of NDE imaging 

in both system hardware and imaging algorithm development aspects [4-7]. Figure 2.11 shows 

the measurement setup on a single MSE wall placed horizontally on the ground. For this 

purpose, an Agilent 8753E vector network analyzer (VNA) was used to make reflection 

measurements (S11) using a wideband horn antenna. The horn antenna operated in the frequency 

range of 1 to 4 GHz. It was scanned on a 2D grid with a spacing of 10 cm on top of the 
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construction foam sheet. The sheet of foam provided a uniform and flat surface for manual 

scanning in the absence of an automated scanning platform. The sheet of foam was 50 mm thick, 

which made its dielectric properties similar to air at those frequencies. The S11 measurements 

were later phase-referenced to the aperture of the antenna by accounting for the measured 

characteristic of the antenna [4].  

The wideband SAR imaging algorithms essentially provide a 3D image. Typically, 2D 

slices parallel to the scan plane (at a certain depth) can also be produced from the 3D image and 

displayed. Figure 2.12 shows a slice image corresponding to the surface of the sample. The non-

flat surface of the sample (i.e., for decorative purposes) produces strong indications due to its 

significantly rough surface and relatively sharp edges. Thus, these indications are due to 

scattering from the grooves and peaks on the concrete surface. These grooves and peaks 

represented a surface roughness in the range of 20 mm to 50 mm. This level of surface roughness 

represents a substantial portion of the mid-band wavelength (λo = 120 mm) and is easily detected. 

Figure 2.13 shows a 2D image slice of the back surface of the MSE wall section that indicates a 

large metal plate with dimensions of 10” x 24”, which was placed on the back surface to check 

whether or not the method would be able to detect it. The background of this image also shows 

false indications that are due to the same significantly rough surface that was mentioned above. 

These false indications are present in the back surface image due to the limited range resolution 

associated with the imaging system which is directly proportional to the limited bandwidth of the 

measurements. These false indications, which are relatively weak in this particular image slice, 

can mask indications of weak scatters such as voids that may be present behind an actual MSE 

wall. For example, figure 2.14 shows a 2D image slice of the same MSE wall section with a 

sand-filled bucket placed right at its back surface. Sand produces weaker reflections compared to 
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the metallic plate, and as such, its indication in the image lower intensity. In this image, the false 

indications from the front surface are still present in the image slice of the back surface and are 

comparable to the indication from the sand. The sand was saturated with water, and the resulting 

image is shown in figure 2.15. Wet sand produces a much higher reflection compared to dry 

sand, as shown by the higher intensity on the indication in figure 2.15. These experiments 

presented a negative situation of sand in a background of air, as opposed to air voids in sand (or 

backfill soil). As it will be shown later, the opposite of voids in sand is similarly detected as well.  

 

 

Figure 2.11 SAR imaging scan setup using a 50 mm-thick (2”) construction foam placed on top 

of the MSE wall section to provide a flat surface for scanning 
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Figure 2.12 2D image slice corresponding to the surface of the MSW wall section 

 

  

Figure 2.13 2D image slice corresponding to the back surface of the MSW wall section showing 

the indication of the metal plate 
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Figure 2.14 2D image slice of the back surface of the MSE wall section showing the indication 

of a sand-filled bucket right behind the wall section and at its back surface 

 

  

Figure 2.15 2D image slice of the back surface of the MSE wall section showing the indication 

of a wet sand-filled bucket 
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These experiments showed the potential of wideband SAR imaging for detecting voids 

behind an actual MSE wall with significant surface roughness. However, they also highlighted 

key issues to be considered when utilizing this technique for void detection. The first issue is the 

uneven front surface or the significant surface roughness associated with such walls. The 

reflections from the front surface, being very close to the antenna, are very strong when 

compared to reflections coming from through the thickness of the lossy concrete wall and the 

back surface. In the case of a wall having a uniform surface, the average reflection from across 

the surface can be estimated from the measured average reflection coefficient data and 

subsequently subtracted from the overall image data. However, in the case of this particular wall, 

the front surface has decorative features that are uneven and represent a substantial surface 

roughness. Due to this surface roughness, the reflections change greatly across the surface, and 

an estimate of this reflection can only be obtained from a direct point-by-point measurement 

prior to void development. This measurement can be made from the exact location and used for 

later when a void develops.  

Figure 2.16 shows two image slices corresponding to the back surface of the concrete 

MSE wall section with and without a sand box placed behind it. This figure clearly shows the 

adverse effect of the surface features on detecting objects placed behind the wall since the 

indication of the sand box is not clearly distinguishable from the surrounding regions. Figure 

2.17 shows obtained 2D slices corresponding to the front surface of the block. These images are 

essentially the same, signifying the repeatability of the imaging technique. When the raw 

measurement data of the block without the object (i.e., the sand box) is subtracted point-by-point 

from the raw measurement data of any subsequent scans, any fixed source of scattering, such as 

the surface profile and the embedded rebars, is removed. Figure 2.18 shows the image slice at the 
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back wall from the wall indicating the presence of the sandbox, which was obtained by 

subtracting a reference measurement (without the presence of sandbox). This figure clearly 

shows the benefit of subtracting the exact reference measurement by removing the adverse 

clutter due to the non-uniformity of the surface top.  

 

    

(a)  (b) 

Figure 2.16 2D image slice of the back surface of the concrete MSE wall section (a) without and 

(b) with a sand box, indicated by the dashed rectangle 

    
 

(a) (b) 

 

Figure 2.17 2D image slice of the front surface of the concrete MSE wall section (a) without and 

(b) with a sand box 
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Figure 2.18 2D the back surface image slice of the concrete MSW wall section after subtraction 

 

To further illustrate the adverse effect of surface irregularities, the grooves in the surface 

of a second wall section was filled in with concrete to bring the surface irregularities from ~2” to 

~0.25”. Subsequently, this wall section was imaged as before. Figure 2.19 shows several 2D 

slices at various depths within the wall section. Figure 2.19 (a) corresponds to the image slice at 

the wall surface. Comparing this image to that of figure 2.17, the adverse effect of surface 

irregularities becomes apparent. Figures 2.19 (b-c) show the image slices at the depths of vertical 

and horizontal rebars (10 mm deep), respectively. Note that the vertical rebars are better 

indicated in these images due to the fact that the polarization of the electric field (linear 

polarization) matches the orientation of the vertical rebars. Previously, for concrete wall sections 

with a strong irregular surface, the rebars were masked by the strong influence of the surface and 

could not be imaged. Also, subtracting a reference measurement, as illustrated above, removes 

the rebar indications since they are common among the different samples of the same design 

and/or consequent measurements of the same sample. Finally, Figure 2.19 (d) shows an image 

slice corresponding to the back surface of the wall where a sandbox was located. The indication 
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of the sandbox is better distinguishable from the background clutter in this image compared to 

that of figure 2.16 (b). This experiment illustrates the adverse effect of the surface irregularities 

in cluttering the whole volumetric image, and subsequently the image slices at depths of interest, 

such as the back of the concrete wall where voids are expected to be present.  

 

  
(a) (b) 

 

   
(c)      (d) 

 

Figure 2.19 Image slices of the MSE wall section from the (a) surface of the wall, the (b) first 

row of rebars, the (c) second row of rebars, and the (d) surface of the back wall after filling the 

surface irregularities with concrete 
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2.4 Effect of Moisture 

The intensity of the void or sand indications is directly proportional to the dielectric 

property contrast among the wall, sand, and air. Concrete and sand have a close relative to air 

(vacuum) dielectric constant (real part of dielectric property) values, (~5 for concrete and ~3 for 

sand) and that makes detecting air-filled voids in sand possible. On the other hand, wet sand (due 

to presence of water) has a much larger dielectric constant in addition to a significant loss factor 

(imaginary part of dielectric property). A higher level of moisture in sand will further increase 

the contrast between air and sand resulting in a higher contrast in the image. Furthermore, the 

presence of moisture will also increase the contrast between wet sand and concrete, and that will 

result in larger reflections from the concrete sand boundary. Figure 2.20 shows images of a 

sandbox placed behind the MSE wall section with a smoothed surface (filled with concrete). The 

first image, figure 2.20 (a), is of dry sand. For the second image, figure 2.20 (b), the sand (≈ 

7700 g) was mixed with 500 ml of water. For the next two images, figures 2.20 (c-d), the 

moisture level was increased by 500 ml increments, respectively. For the last image, figure 2.20 

(e), the sand was replaced by water. As can be concluded from these images, the signal level in 

the sand indication is increasing proportionally with the moisture level. An exception is the 

water-only case, where the intensity of the indication decreased. We believe that for the latter 

case, a slight air gap existed between the back surface of the concrete wall section and the water 

container, along with the reduced the reflections from the water. Figure 2.21 shows a summary 

of these results where the target intensity is calculated and plotted along with the background 

intensity (clutter level). This figure shows that as the moisture level increases, the intensity of the 

target increases, while the clutter level in the background remains constant as expected. This 

experiment shows that the presence of moisture enhances void detectability. However, one can 

expect that non-uniform wetness and pockets of water behind the wall can lead to false 
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indications of voids. As will be shown later, voids produce a lower reflection compared to sand 

and water, and therefore voids will be represented as dark spots (blue) in the image compared to 

water which will be represented as bright (red) spots.  
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(a)      (b) 

   
(c)      (d) 

 
(e) 

Figure 2.20 Images of the wall section after filling the surface irregularities with concrete: (a) 

dry sand, (b) wet sand 500 ml, (c) wet sand 1000 ml, (d) wet sand 1500 ml, and (e) water  
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Figure 2.21 Target indication intensity compared to average background intensity   

 

2.5 Void Detection 

So far, the inverse of the void (i.e., sandbox surrounded by air) was scanned to practically 

show the feasibility of void detection behind a concrete wall. In this section, the results of 

imaging actual voids are demonstrated. A large 24”x24”x12” wooden box was constructed on 

top of a pallet. This large box was filled with sand, and pieces of construction foam were used to 

simulate voids. Foam is electromagnetically similar to air. Figure 2.22 (a) shows a 5”x5”x2” 

piece of foam placed inside the sand box to simulate a small void. Figure 2.22 (b) shows the 

sandbox placed behind a wall section using a pallet jack to move and press the sandbox to the 

back surface of the MSW wall section. This setup was scanned, and SAR image slices were 

produced as before. Figures 2.23 (a-b) shows SAR image slices at the location of the sandbox 

(the back surface of the wall) for a small (5”x5”x2”) and a large (10”x10”x2”) void, respectively. 

These images indicate the capability of SAR imaging for detecting voids in sand (or backfill soil) 
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behind the concrete wall. Furthermore, the size and extent of the voids are readily available in 

these images even through the 7”-thickness of lossy concrete. The depth of the void could not be 

detected due to the very limited range (depth) resolution. Nevertheless, these experiments 

illustrate the strength of SAR imaging in detection and the characterization of voids behind the 

concrete wall.  

 

     

(a) (b) 

Figure 2.22 (a) Large sandbox and piece of construction foam to simulate void and (b) placed 

behind the MSE wall section using a palette jack  

 

   

(a) (b) 

Figure 2.23 Image of (a) a 5”x5”x2” void in the sandbox and (b) a 10”×10”×2” void in the 

sandbox 
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Chapter 3 Concluding Remarks 

The utility of microwave NDT and many different inspection methods within this regime 

have shown great potential and possibilities for evaluating critical characteristics of civil 

infrastructures. In this study, two different wideband microwave inspection approaches were 

investigated for detecting and evaluating characteristics of materials behind an MSE wall section 

commonly used in soil retaining applications. The wall contained reinforcing steel bars both in 

horizontal and vertical directions and had a rough surface finishing for decorative purposes. 

The first approach involved the use of a relatively high-frequency and wideband 

frequency-modulated continuous wave (FM-CM) radar system. It operated in an 8-18 GHz range 

and provided high spatial and depth (along-range) resolution. The radar system was fine tuned to 

enhance and improve its electrical and physical handling characteristics. While effectively 

operated with mortar blocks in the laboratory, the radar system had limited applications in MSE 

walls due to its thick layer, concrete heterogeneity, surface roughness, and the presence of steel 

bars. Specifically, the limited microwave penetration into the wall significantly hampered the 

application of the radar system in MSE walls.  

Subsequently, the second approach with time-domain reflectometry was employed. The 

test results showed more promise since its 1-6 GHz operating frequency is much lower than that 

of the FM-CW radar and hence has better signal penetration capability. However, the 

characteristics of the wall (e.g., presence of steel bars, surface roughness, etc.) indicated that 

“spot type” measurements may only provide limited unambiguous measurement data/results for 

inspecting an MSE wall section. Therefore, 2D imaging of an anomaly was attempted. Such 

images allow for signal averaging and easy distinction of localized features such as steel bars 

from undesired flaws. To this end, a wideband laboratory imaging system (1-4 GHz) was 

employed along with advanced synthetic aperture radar (SAR) imaging algorithms to generate 
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2D slice images of the wall at different depths. This imaging approach requires scanning of the 

wall surface or taking measurements at many specified locations. Initially, the significant surface 

roughness associated with the wall limited signal penetration due to scattered signals from the 

rough surface. However, by using a construction foam sheet, estimating and subtracting the 

surface scattering, several anomalies placed behind the wall (e.g., moisture and void) were 

successfully detected, demonstrating the effectiveness of this imaging technique for back-fill soil 

inspection behind an MSE wall section. The surface scattering can be estimated from the same 

wall panel prior to void development and stored for future use. Alternatively, the surface 

scattering can be estimated from neighboring blocks. For walls that do not have any decorative 

surface features, this method provides better imaging capabilities.  

The imaging technique also allows for distinguishing voids from water by monitoring the 

reflected signal strength. Voids produce less reflection compared to sand and water and appear as 

dark spots in the image. On the other hand, water produces a stronger reflection and appears as 

bright spots in the image. Further studies must be performed to properly qualify this inspection 

technique. 

Such an imaging system can be designed to be relatively small in size and readily 

portable for field use, along with a scanning platform. Scanning platforms that span two 

neighboring wall panels can produce differential detection capabilities, further enhance the signal 

to clutter ratio, and potentially provide high detection probability. The microwave SAR imaging 

technique is robust and does not require any prior knowledge of MSE wall structure except for 

the thickness of walls. 
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