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Abstract—Detecting voids in pipe surroundings is essential
to structural condition assessment of concrete sewer pipelines.
Impact-echo is a non-destructive testing method that can be
used for this purpose. This method works based on exciting
the surface of concrete and using a contact-based sensor to
monitor the propagation of the resulting stress waves. However,
the presence of deposits and humidity inside the sewer pipe
makes establishing a contact between the sensor and the pipe
wall very difficult. Therefore, the goal of this study is to compare
the performance of contactless sensors for this application.
Specifically, we assess how microphones, laser vibrometers, and
particle velocity meters support void detection. To this end, we
first investigate the requirements for excitation of stress waves
in the concrete in terms of impact duration and energy. Next,
we suggest a data analysis method for void detection based on
the difference in the acoustic impedances of concrete, sand, and
air. Both numerical modeling and experimental results show the
supremacy of microphones in detecting voids behind concrete. We
suggest that future studies conduct in-situ experiments to explore
how pipe wall reflections and noise influence the performance of
a microphone in detecting voids surrounding the concrete sewer
pipes.

Index Terms—nondestructive testing, condition assessment,
sewer pipes, finite element analysis, impact-echo

I. INTRODUCTION

Non-Destructive Testing (NDT) methods are used to assess
the condition of concrete structures such as slabs, bridges, and
pavements. A group of these methods are based on analyzing
the propagation of stress waves in a medium. The working
principle of these methods is similar: a stress wave is induced
in the surface of the structure and the propagated waves are
recorded by one or more sensors [1]. The methods differ based
on how the stress wave is induced and based on the type,
number, and location of sensors. This, in turn, determines the
method’s use for inspecting a special kind of structure and
also the type of condition information that it can provide [2].

One of the concrete structures in urban environment that
needs condition assessment and maintenance is the sewer
pipeline system. Currently, the condition of sewer pipes is

primarily assessed by in-pipe visual inspection [3] which can
only observe the internal surface of the pipe. However, visual
inspection cannot assess structural defects within and around
the pipe; for example, delaminations can occur in the fabric of
the pipe and voids can form in the adjacent ground of the pipe.
These defects - if not noticed and, hence, not maintained on
time - can result in pipe collapses and appearance of sinkholes.
Therefore, to have a holistic view about the condition of the
sewer pipes, condition data in addition to the visual footage
of the pipes is required [4].

Impact-echo is a stress wave based NDT method that can
detect structural defects in concrete. This method consists of
two main elements: stress wave excitation and data acquisition.
In its original testing procedure, an operator manually attaches
a vibration accelerometer to the surface of a concrete sample
and excites the sample by hitting its surface with an impactor
(usually a steel ball). The resulting stress waves are then
recorded by the accelerometer and processed into condition
information [5].

Accessing inside the sewer pipes and conducting the impact-
echo test manually is very difficult- if not impossible. There-
fore, for the impact-echo method to be suitable for in-pipe
condition assessment of the pipes, its procedure should be
automated. Automatic excitation of concrete surfaces has
been done in studies such as [6], [7]. Similarly, a ‘tapping
mechanism’ can be sent inside the pipe to excite the inner
surface of the sewer pipes.

In addition, cleaning the test surface, attaching the ac-
celerometer with couplants, detaching it, and repeating this
process on all of the test points makes the application of
impact-echo method slow and laborious. This procedure would
even be more challenging given the dirty and humid state
of sewer pipes’ surface. Therefore, replacing the surface-
mounted accelerometer with a contactless solution would be
necessary for this application. Studies have investigated the
use of contactless (air-coupled) sensors [8], such as laser
vibrometers and microphones [9], [10].
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Fig. 1. Spherical (steel ball) impactor [11]

The aim of this study is to compare the performance of
microphone, laser vibrometer, and particle velocity meter for
the application of detecting voids behind concrete sewer pipes
using stress waves.

This paper is organized as follows: In the next section, we
elaborate on impact theory and the stress waves that need
to be generated and recorded in the impact-echo method.
Next, in the methodology section, we describe the simulation
and experimental setups and the studied test scenarios. We
present the simulation results and discuss the performance of
each sensor in detection of void behind concrete. Finally, we
present the conclusions of this study and its contribution to
the non-destructive assessment of sewer pipelines and draft
recommendations for future work.

II. THEORY

A. Impact theory

Consider the non-adhesive normal contact between two
elastic bodies with the elasticity moduli E1 and E2, and
Poisson’s ratios ν1 and ν2. This contact problem is equivalent
to the contact of a rigid impactor and an elastic half-space.
The rigid impactor is assumed to have a profile described by
z = f(r), where r is the polar radius in the contact plane. The
elastic half-space is assumed to have an effective elasticity
modulus of E∗, where E∗ can be calculated by [11]:

1

E∗ =
1− ν21
E1

+
1− ν22
E2

(1)

In the impact-echo method, the rigid impactor is made of
steel and the elastic half-space is concrete. The reason for
choosing steel as the impactor is that the elastic modulus of
steel (approximately 200[GPa]) is about 10 times larger than
the elastic modulus of the concrete (around 20[GPa]). This
implies that most of the deformation during the impact occurs
in the concrete and causes an impact depth of d. For a steel
ball impactor (as shown in Fig. 1), when the impact radius a
is much less than the steel ball’s radius R, the normal force
FN can be approximated with [11]:

FN (d) =
4

3
E∗
√
Rd3 (2)

B. Stress waves

Once an impact is made on the surface of an object, stress
waves start to propagate in the medium and cause the particles
to move. When particle motion is parallel to the direction
of wave propagation, the wave is called a Pressure wave
(longitudinal, compressional, P-wave). P-waves travel across
the structure until they reflect from the opposite boundary
and arrive again on the surface. The arrival time of P-waves
indicates the structure’s thickness together with the presence
and depth of delaminations. This is the main principle of the
impact-echo method [5].

The propagation speed of the P-waves Cp depends on
Elastic modulus E, density ρ, and Poisson’s ratio ν according
to the following expression [5]:

Cp =

√
E(1− ν)

ρ(1 + ν)(1− 2ν)
(3)

The duration of an impact has a direct relation with the
frequency range that it can excite in the structure. A lower
impact time results in excitation of higher frequencies, which
is needed when looking for the thickness frequency. Therefore,
maximum excitation frequency fmax by the steel ball must be
higher than the concrete structure’s thickness frequency. The
thickness frequency ft for a concrete slab of thickness T can
be calculated by [5]:

ft =
βCp

2T
(4)

where β is an empirical correction factor which is assumed
to be 0.957 [12].

The maximum frequency that a steel ball can excite (fmax)
depends only on the diameter of the ball (D) and is given by
[13]:

fmax = 291/D (5)

Hence, the maximum diameter of the steel ball Dmax with
respect to the thickness can be calculated as:

Dmax =
582T

βCp
(6)

C. Void detection based on acoustic impedance difference

The product of a wave’s speed in a medium and the
medium’s density is a characteristic property of the medium
called the acoustic impedance. Acoustic impedance indicates
the amount of stress that is needed to impart a unit velocity
to the particles of the medium [14]. Table I shows the specific
acoustic impedance based on P-wave for air, soil, and concrete
[15].

When a stress wave that is traveling through medium A
arrives at an interface between a dissimilar medium B, a
fraction of the incident wave is reflected back to medium
A and a fraction is transmitted to medium B. The reflection
coefficient for normal incident waves is given by [14]:
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TABLE I
SPECIFIC ACOUSTIC IMPEDANCE OF MATERIALS

Material Specific acoustic impedance [kg/m2s]
Air 412
Soil 0.3e6 to 4e6

Concrete 7e6 to 10e6

R =
ZB − ZA

ZB + ZA
(7)

where ZA and ZB are specific acoustic impedances of material
A and B, respectively.

For the purpose of detecting voids behind the concrete, we
consider two cases of concrete-air and concrete-sand inter-
faces. In the case of a concrete-air interface, since Zconcrete �
Zair, the absolute value of reflection coefficient is about
1. This means that almost all of the incident wave reflects
back to the concrete medium. In the case of a concrete-sand
interface, the absolute value of the reflection coefficient is
about 0.6. This difference between the reflection coefficients
can help distinguish between a concrete-air and a concrete-
sand interface. Since |Rconcrete−air| > |Rconcrete−sand|, the
temporal trace of the excited waves in the concrete will last
longer when there is a void behind the concrete structure than
when the structure is supported by sand.

III. METHODS

A. Test setup

In this study, we used a concrete tile instead of a pipe
because it offers a more convenient experimental setup. This
simplification of the geometry disregards the curvature of the
pipe but can still model the pipe along its longitudinal axis.

We investigated two scenarios using numerical modeling
and by conducting experiments. In the first scenario, a concrete
tile (30[cm]-by-30[cm] and 8[cm] thick) was directly placed
on top of a layer of sand (15[cm] thick). In the second scenario,
an air void (with a diameter of 90[mm] and a height of
75[mm]) was made using a cylindrical tube in the sand. The
concrete tile was laid directly and concentrically on top of the
air void.

B. Numerical modeling

Finite Element Analysis (FEA) of the two scenarios was
done by setting up a two-dimensional axisymmetrical model in
COMSOL finite element package. Fig. 2 shows the geometry
of the scenario with a void in the sand.

The model consists of solid mechanics and pressure acoustic
physics, and acoustic-structure boundary multiphysics. The
solid mechanics domain consists of a concrete tile, sand,
a steel ball (with a diameter of 6.7[mm]) as an impactor,
gravity, contact pairs, and boundary conditions. In addition, a
measurement point was picked on the surface of the concrete
tile and 10[cm] away from the impact point to monitor the
surface displacement, velocity, and acceleration.

The transient pressure acoustics domain consists of air,
boundary conditions, and a measurement point 10[cm] away

Fig. 2. Geometry of the test setup with air void present in the sand

Fig. 3. Experimental test setup with the laser vibrometer

from the impact point and 5[cm] above the tile for monitoring
the acoustic pressure.

The acoustic-structure multiphysics consists of air-concrete
and air-sand boundaries.

The study was computed using physics-controlled extra fine
mesh and with time step of 1e− 6[s] for duration of 0.2[s].

C. Experiments

The experimental setup is a replica of Fig. 2 and consists
of a bucket filled with damped sand (to mimic the condi-
tion around real sewer pipes and because |Rair−wetsand| >
|Rair−drysand| [7]), a steel ball, a concrete tile, a signal acqui-
sition device, and four sensors: a surface-mounted accelerom-
eter, microphone, laser vibrometer, and particle velocity meter.
Fig. 3 shows the experimental setup while doing measurements
with the laser vibtometer.

Ten measurements were done for each scenario and each
sensor type (80 in total). For each measurement, the signal
acquisition was started a few seconds before exciting the tile
to record the noise levels before the arrival of the stress waves.
Then a steel ball was dropped from stand-still from a fixed
height above the middle of the concrete tile. The ball was
caught after it hit the tile’s surface once to prevent multiple
impacts.

The output signals of the sensors were measured using
a Rohde&Schwarz RTB2004 oscilloscope with a rate of
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5[MSa/s]. Given the comparative nature of this study, the
output of the sensors were not calibrated to the corresponding
absolute values. The following sensors were used:

1) Surface-mounted accelerometer: a Brüel & Kjær type
4374 surface-mounted piezoelectric charge accelerometer was
used as a reference to compare the other three contactless
sensors. It has a constant sensitivity up to about 26[kHz] and
with the mounted resonance frequency at 85[kHz] [16]. Since
the sensor’s direct output is not amplified, low-noise coaxial
cable and charge amplifiers were used to ensure that the output
data is readable. To provide proper transfer of the vibrations
from the concrete surface to the accelerometer, beeswax was
used as the bonding material.

2) Microphone: a Behringer ECM8000 condenser micro-
phone was used to record the stress waves that leak into
the air from the surface of the concrete. This microphone is
omnidirectional and has a constant sensitivity of 11[mV/Pa]
up to 20[kHz], and has a resonance frequency at 85[kHz]
[17]. The microphone was placed at about 1[cm] above the
surface of the concrete tile.

3) Laser vibrometer: a Polytec OFV-5000 controller and
Polytec OFV-505 laser head were used to measure the vibra-
tions of the concrete tile’s surface. This sensor can record dis-
placements as small as 0.1[pm] and has a constant sensitivity
up to 24[MHz]. The laser vibrometer was installed at 1[m]
above the tile.

4) Particle velocity meter: a Microflown PU regular par-
ticle velocity sensor was used to measure the velocity of air
particles close to the concrete tile’s surface. The sensitivity of
this sensor is not constant in any frequency range but can be
approximated to 30[V/(m/s)] with a correction factor up to
about 20[kHz] [18]. Similar to the microphone, the particle
velocity meter was placed at about 1[cm] above the surface of
the concrete tile.

D. Data analysis

To interpret the kind of interface (concrete-air or concrete-
sand) we calculated and compared the cumulative sum of the
signal energy over time. This method can be explained by
referring to Fig. 4, which shows the amplitude of two arbitrary
signals of A and B (left) and the normalized cumulative sum
of energy over time for these two signals (right). The energy
content of signal A is being reduced at a higher rate compared
to signal B. The energy of signal A is analogous to the energy
of the stress wave inside a concrete tile that is laid on the
sand. Because the difference between the acoustic impedance
of concrete and sand is not large, the energy of the stress
wave is transmitted to the sand rather quickly. In contrast, the
energy level of signal B is maintained over a longer time. In
this way, the energy of signal B is analogous to the energy of
the stress wave inside a concrete tile which is laid on an air
void. Because the difference between the acoustic impedances
of concrete and air is large, most of the stress wave is reflected
back inside the concrete tile in the interface between concrete
and air.
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Fig. 4. Two signals with different energy decay rates, left: signal amplitudes,
right: normalized cumulative sum of energy over time

We applied this method to the surface displacement, ve-
locity, acceleration, and acoustic pressure data in the numer-
ical modeling results. The same method was also applied
to the recorded signals by the four sensors: accelerometer,
laser vibrometer, particle velocity meter, and microphone. We
compared the performance of the sensors in detecting the void
under the concrete tile and also verified this by referring back
to the simulation results.

Another important factor in determining the most suitable
sensor for contactless condition assessment is the sensor’s
Signal-to-Noise Ratio (SNR). The noise that was recorded be-
fore dropping the steel ball in each experimental measurement
was used to calculate the SNR value for each sensor.

IV. RESULTS AND DISCUSSION

A. Excitation

A concrete tile with a thickness of 8[cm] was used in this
study. According to (4) and using common values of E =
14−41[GPa], ν = 0.20−0.21, and ρ = 2240−2400[kg/m3]
for concrete, this tile has a thickness frequency of about
21[kHz] and, hence, requires an impact time of less than
50[µs]. The maximum diameter of the steel ball that can be
used to excite the tile is calculated at about 10[mm] based on
(6). We used a steel ball with a diameter of 6.7[mm] which
fits into this range. When the steel ball is dropped from 1[m]
above the tile it results in about 4.5[m/s] contact speed and
has a kinetic energy of about 0.1[J ]. This amount of energy
is well below the maximum allowed impact energy for non-
destructive testing of concrete [19]. To check if the steel ball’s
diameter and contact speed result in excitation with sufficient
impact time, we simulated the contact using (2). Fig. 5 shows
the simulation results for the displacement in the surface of the
steel ball and concrete tile upon contact. It can be seen that the
impact takes about 30[µs], which is well below the maximum
impact time. Therefore dropping a 6.7[mm] diameter steel ball
from 1[m] height was found to provide a sufficient excitation
for the purpose of this study. The simulations and experiments
were conducted by replicating this excitation.

B. Simulation results

Fig. 6 shows the normalized cumulative sum of energy
over time for the acceleration, acoustic pressure, velocity,
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Fig. 5. Displacement in the simulated steel ball - concrete contact

and displacement signals. It can be seen that in all cases the
concrete-sand interface (no void present) can be distinguished
from the concrete-air interface (void present). However, the
difference is more distinguishable for the acoustic pressure
and acceleration signals than for velocity and displacement.
This observation leads to the expectation that the microphone
can provide more reliable void detection among the contactless
sensors.

C. Experimental results

Fig. 7 shows the normalized cumulative sum of energy over
time for signals recorded by the accelerometer, microphone,
particle velocity meter, and laser vibrometer. Each line in this
figure corresponds to one measurement.

Even though manual stress-wave generation could cause
small variations in the results, it can be observed that the
measurements by the accelerometer, particle velocity meter,
and laser vibrometer are not coherent in detecting the presence
of the void. In other words, the signals’ cumulative sum of
energy when there is a concrete-air interface is not always
higher than the case when there is a concrete-sand interface.
This is in contrast with the results obtained from the numerical
modeling (Fig. 6).

The microphone, however, appears to be the most reliable
void detection solution using this signal analysis method. The
cumulative sum of energy when there is a void present is
higher in almost all measurements. Better performance of
the microphone compared to other contactless sensors was
suggested by the simulation results, but it can also be explained
by the SNR values.

Fig. 8 shows the calculated SNR for each sensor. It can
be seen that the microphone has the highest SNR among
the contactless sensors. It is not clear why the microphone
performs better than the surface-mounted accelerometer, which
has a higher SNR value.

V. CONCLUSIONS

This study compared the performance of a microphone,
laser vibrometer, and particle velocity meter in contactless
detection of voids around concrete sewer pipes. Numerical
modeling results suggested that the microphone would provide
a reliable void detection. The experimental results showed that
the microphone had the highest signal-to-noise ratio and was

the only sensor that could detect voids among the contactless
sensors.

This result creates the opportunity to advance the structural
condition assessment of concrete sewer pipes using an alter-
native contactless impact-echo method.

Like any other, this study is not without limitations. One
shortcoming is that this study’s lab experiments did not yet
involve a buried concrete pipe but a concrete tile that was
placed on the sand. Although we assume that in essence
propagation of stress waves in a tile is similar to that of a
pipe along its longitudinal direction, full-scale lab experiments
need to investigate the effect of geometry and, specifically, the
curvature of the pipe. Additionally, future work could involve
calibration of the sensors to compare the recorded values with
the values obtained by the numerical modeling. Finally, even
though we attempted to make identical excitation during the
measurements, the variations in the results could be due to
inevitable errors caused by the manual dropping of the steel
ball.

Subsequent work should thus take place on a pipeline in
the lab, and in real-life settings. One step to this future goal
would therefore be to develop a dedicated impactor that can
maneuver inside a sewer pipeline and apply consistent and
identical impacts at different angles in the inner circumference
of the pipe. This would support a study of the effectiveness of
a microphone as a contactless sensor for void detection, and
how it is influenced by reflections from pipe wall and noise.
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