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ABSTRACT

To overcome the obstacle of ranging by using the same type of ultrasonic transducer in two medium
such as water and air, whose sound wave transmission characteristics are of significantly different,
this paper proposed a dual medium ultrasonic ranging scheme, with the application background of
cast-in-place piles’ borehole diameter measurement. Based on the analysis of media’s influence
mechanism on ultrasonic ranging performance, a high-sensitivity weak signals conditioning circuit is
constructed, with front-end amplifier, bandpass filter, demodulator, back-end amplifier and lowpass
filter, which enables the ultrasonic transducer dedicatedly designed for underwater ranging can
work in the air. On this basis, by designing a dual channel signal conditioner and increasing the
ultrasonic emission power, the problem of ultrasonic ranging in air and underwater using unique
type of transducer is solved, and the media in which ranging is ongoing can be distinguished at the
same time. To verify the scheme’s effectiveness, an experimental platform is built and ranging
experiment is conducted in both air and water. The result proves that the expected ranging range
and accuracy can be achieved under both media conditions, which lays theoretical foundation and
provides engineering approach for similar scenarios.

Keywords: ultrasonic ranging, ultrasonic transducer, signal conditioning, dual medium, cast-in-place
piles

1. Introduction

The influence of external conditions on the quality of concrete construction cannot be ignored.
Pouring concrete piles is a kind of engineering project with strong concealment, but because of the
many factors that have a certain influence on the quality of the piling operation, all the links of its
operation process need to be strictly required, and every kind of influencing element should be
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considered in a thorough way [1-3]. If a little careless or lax measures, quality accidents will occur,
such as pile shrinkage, concrete segregation, pile breakage, etc., which will affect the schedule and
cause an increase in the construction cost [4-5]. Therefore, it is necessary to pay great attention to
and strictly control the quality of concrete work to prevent accidents as much as possible or reduce
the adverse effects caused by accidents, in order to contribute to the smooth implementation of the
project.

Taking underwater casting as an example, the main facility utilized for underwater casting of
concrete is steel conduit, and steel pipe concrete columns are mostly used for columns and
temporary vertical support columns of foundation pits in the inverse method of construction, which
is generally a column and a pile structure [6]. Temporary steel pipe concrete column doubling as a
permanent structural column of the project, the concrete grade in the steel pipe column is higher
than the concrete grade of the pile body, which needs to be poured twice to become a living, and the
construction precision requirements are high [7-9]. In addition, the number of underwater drilled
piles is large and the length is long, and the good or bad quality of the operation of pouring concrete
underwater has a great degree of influence on the quality of the piling project, which in turn has a
significant impact on the construction quality of the whole project, for which it is necessary to
accurately select the appropriate construction technology to ensure that the quality of the
construction of the drilled piles meets the relevant requirements [10-13]. Because ultrasonic waves
are not affected by light, smoke, electromagnetic interference and other factors in the process of
propagation, they have obvious advantages over other ranging methods, and are widely used in
realizing the accurate construction of air and underwater cast pile drilling [14-17].

To solve the problem on sequential distances measurement of air and underwater with the same
ultrasonic transducer, this article focuses on the measurement of borehole formation in cast-in-place
piles. A technical solution is proposed to use underwater specialized ultrasonic transducers and
design signal processing circuits for each medium to measure the bore diameter of cast-in-place pile
in the air and underwater.

2. The problem of dual medium ultrasonic ranging

In order to illustrate the requirements and problems of dual medium ultrasonic ranging, the
measurement of borehole diameter in cast-in-place piles is taken as an example for analysis in this
section. It can also provide reference for similar application scenarios.

2.1. Principle of hole diameter measurement for cast-in-place piles

Cast-in-place pile is a common construction technique which is widely used in power system,
transportation, and civil construction applications. Due to the crucial impact of construction quality
on the upper structure and even the entire application, it is necessary to accurately measure the
parameters such as hole depth, diameter, verticality, and sediment thickness after pile hole
formation and before concrete pouring, for timely detect and correct engineering quality problems
and avoid economic losses.

Relevant standards have been developed for detection, equipment, and conditions of hole quality.
Taking aperture measurement as an example, the recommended methods in the standard include
mechanical contact method, ultrasonic method, and probe cage method, among which ultrasonic is
the popular method.

The scheme of a borehole diameter measurement system for cast-in-place piles using ultrasonic
method is shown in Figure 1. It mainly composed of an ultrasonic probe, a towing mechanism
(winch), and a measure control host. Multiple sets of ultrasonic transducers are uniformly arranged
in the form of separate or integrated transceivers at different orientations of the probe, used to
detect the distance from the center of the probe to the hole wall and adaptively calibrate the center



KEY TECHNOLOGY RESEARCH ON ULTRASONIC RANGING OF DOUBLE 9693

position of the probe. The position of the probe in the axial direction of the borehole is controlled by
the winch drag, and corresponding information is fed back through the rotary encoder of the winch.

measure
control host

winch
T 1T

[

| — wire rope

41— hole wall

_ultrasonic
probe

Fig. 1. Structure of borehole diameter measuring system for cast-in-place piles

Depending on the scale of the construction, the hole diameter of the cast-in-place pile is generally
within the range of 500-3500mm, and the depth is within the range of 30-100m. Under such depth
conditions, groundwater usually accumulates in the hole, which is particularly common in southern
regions.

It can be seen from the above detection process and conditions, ultrasonic ranging is a key
technical part in this detection scheme, especially in achieving coherent and accurate distance
detection in media with huge characteristics differences such as air and water.

2.2.  Dual medium ultrasonic ranging approach and feasibility analysis

Ultrasonic transducers are usually designed for specific applications, so in order to achieve distance
detection in the air or underwater, dual probe, combination probe, and universal probe three
implementation schemes can be considered, as shown in Figure 2.

The dual probe scheme uses two types of transducers A and B, where probe A is used for distance
measurement in an air environment without entering the water, and B probe is used for underwater
distance measurement and is not used in air. This solution is effective, but it requires two
independent towing mechanisms for the probe and precise detection of the water surface position,
which can lead to complex system structure and high cost, making it difficult to apply.

(a) dual probe (b) combination probe (c) universal probe

Fig. 2. Approach of dual medium ultrasonic ranging



9694 ZHANG ET AL.

The combination probe scheme is to combine two types of transducers suitable for air and
underwater distance measurement into a whole at the probe structure level or transducer housing
level, sharing a set of towing mechanisms. The key to this plan is to modify the transducer for
distance measurement in the air to meet the IP68 protection level requirement underwater.
However, this also brings about a significant theoretical flaw, that is, the transducer after structural
modification may no longer meet the performance requirements for distance measurement in the air.
The implementation method of the distance measurement function in this scheme is the same as that
of the dual probe scheme, so in addition to the advantage of reducing the design difficulty of the
towing system, there is not only no improvement in the complexity of the probe design, but also
more potential engineering problems.

The universal probe solution is to use the same ultrasonic transducer to design a probe that can be
used for both air and underwater distance measurement. The selected transducer itself should have
an IP68 protection level, which means using a specialized underwater distance measurement
transducer to avoid potential problems caused by increased protection levels. Obviously, this
solution is the most reasonable because it can achieve seamless integration of two medium ranging
functions, thereby simplifying the system structure, reducing costs, and creating favorable
conditions for applications.

Since the selected transducer already has underwater ranging capability, it only needs to solve its
ranging problem in the air. Based on this issue, the rest parts of this article will analyze the signal
characteristics of air and underwater ranging from the perspective of transducer characteristics and
the influence of transmission media, and ultimately form a technical solution for dual medium
ranging.

3. The Influence and Mechanism Analysis of Transmission Media on
Ultrasonic Ranging

3.1. Composition and working principle of ultrasonic ranging system

The ultrasonic ranging system usually consists of a transmitting transducer T, a receiving transducer
R, as well as amplification and driving of the response, signal processing, and other components. It
uses a microcontroller to generate pulse, process echo signal, as shown in Figure 3.
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Fig. 3. Composition and working process of ultrasonic ranging system

The core of an ultrasonic transducer is a piezoelectric or magnetostrictive element covered with
metal plates on both sides, which is stacked with matching layers, damping layers, etc. and
encapsulated in a housing. The piezoelectric or magnetostrictive element of transmitter T generates
mechanical resonance under the excitation of pulse train U,, which in turn excites the harmonic

vibration of the dielectric particles, forming ultrasonic waves of a specific frequency of longitudinal
waves.

When the transmitting beam encounters an obstacle, refraction and reflection of the wave occur at
the interface. The reflected beam travels through the transmission medium in the same longitudinal
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wave form and reaches the receiver R, causing it to output an echo signal U,, which is then
processed by a conditioning circuit to form a timing stop pulse U, . Compared to the distance d to

be measured, the distance between T and R can be ignored. Therefore, with medium sound velocity
v, , the distance to be measured can be obtained by using the time difference ¢ —¢, between the

start and stop timing of emission, which can be expressed as
d=(t~t)v,/2 (1)

where d is the distance to be measured. 7, and ¢ are the starting emission time of ultrasonic
waves and the arrival time of echo signals, respectively. v is the propagation speed of ultrasonic
waves in the medium.

3.2.  Signal Transmission Model of Ultrasonic Ranging System

By using the electromechanical equivalent analysis method, the process of ultrasonic ranging can be
represented by the electromechanical equivalent network. as shown in Figure 4.
In Figure 4, R, and C, are the static resistance and capacitance of the transducer, respectively,

where R, is very large and can generally be ignored; k, is the electromechanical conversion
coefficient of the transducer; M, , C

m’

and R, are the equivalent mass, equivalent compliance
coefficient, and mechanical resistance of the transducer, respectively; M, and R  are the

equivalent resonance mass and radiation acoustic resistance determined jointly by the transducer
and the medium, where the loss on R represents the energy radiated or received in the form of

sound waves; k, is the power transmission coefficient that takes into account the medium
transmission loss, beam angle, and obstacle reflection conditions.

transmission
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Fig. 4. Ultrasonic ranging system’s electro-mechanical equivalent network

Usually, the models of the transmitter and receiver are the same, or even integrated, so they are
represented by the same structure and parameters in Figure 4. The expressions for these
parameters were written with the Rayleigh Ritz method in reference, excluding £, .

The ranging process can be described in stages using Figure 4. The transmitter radiates a beam
with a power of P, through the acoustic resistance R, at the transmitting end under the

excitation voltage U, . The beam reaches the receiver after being transmitted through the medium
and reflected by obstacles, and the attenuated power is & P.. This part of the power can be
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equivalent to the result of the controlled voltage source Uc acting on the acoustic resistance R, at
the receiving end. The equivalent network of the receiver ultimately outputs the echo voltage U,.

It can be seen from the above process, the influence of transmission medium and reflection
conditions on distance measurement is only reflected through A, , R, and k . Therefore, the

following part will analyze their effects on the radiation power P,and echo voltage U,.

3.3.  The Influence of Dielectric Characteristics on Radiation Power and Echo Voltage

Without loss of generality, assuming that the excitation element of the transducer is a simply
supported disk structure with a diameter as D, and the angular frequency of the excitation voltage

U, is w,theresonance mass M, and radiationresistance R  of the transmission medium can be
expressed as
kD’
M, =—p,
3H @)
D'’
R =T po
32 vy

m

where v ~and pm are the sound velocity and density of the transmission medium, respectively.

k and H are the near-field kinetic energy factor and vibration factor determined by the
transducer structure. When v, and pm are given, the radiation resistance R,  can be expressed

as
_ 2
R =K, o (3)
where K, is called power radiation factor
D' p
- Im 4
32 ¢ )
From the transmitter circuit, the current equation can be written as
. kU
Iy = ——— p (5)
The radiation power of the transducer can be expressed as
k.ULR
P = vy ; (6)
R, +R) oM, +M)-1/(aC,)]
The echo voltage equation can be written as
k U
Up =—2 - . 2 (7)
]wc() Rm +.]a)[Mm +Mr _1/((() Cm)]
where U_. meet the constraint as
U2
?C =k IR, (8)

T

Combined (5)(7)(8), the relation between U, and U, is
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1/27.2
Y i .

= U 9
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where Z, and Z, are the impedance sizes of the transmitting and receiving parts, respectively.
The expression is

Z, =R, +R )’ +[o(M,, + M,) -1/ («C,)
Zy =[R2 +[o(M, + M) -1/ (aC, )]

(10)

Based on a comprehensive analysis of the above formulas, the following two conclusions can be
drawn:
1) The wave velocity v, and density p, of the transmission medium have a significant impact

on the radiated power P, and echo voltage U,, which are reflectedby M and R .

2) Under the premise that the transducer and ranging environment have been determined, the
amplitude and frequency of the excitation voltage will also have a significant impacton P, and U,,

and the voltage amplitude should be increased as much as possible.

3.4. Quantitative analysis of the influence of medium on ranging performance

In order to visually demonstrate the influence of media on ranging performance, this section takes a
specific transducer as an example and substitutes specific values into the above formula to compare
the relationship between radiation power and echo voltage under the conditions of air and water
media.

Due to the many factors that affect the power transmission coefficient £ , in order to highlight the

key points, it is assumed that it is independent of the transmission medium and a fixed value of 0.1 is
taken. The effective value of the excitation voltage is set to 100V, and the frequency is continuously
adjustable.

The excitation element adopts a PZT-4 simply supported disk with a diameter of D=20mm and a
thickness of /#=3mm; The density and sound velocity of air are 1.23kg/m3 and 340m/s, respectively,
while the density and sound velocity of water are 103kg/m3 and 1480m/s, respectively. The
parameters of the transducer and medium in Figure 4 are calculated using the method described in,
and the results are listed in Table 1.

Table 1. Typical parameters of ultrasonic transducers and transmission media

Symbol Parameters Value Unit
Cy Static capacitance of transducer 3.785 nF
M, Equivalent mass of transducer 9.962 mH
C, Equivalent compliance coefficient of transducer 3.974 nF
R, Mechanical resistance of transducer * 803.1 Q
k, Electromechanical conversion coefficient of transducer 0.2122 —
M, , Equivalent resonant mass in air 4.116 H#H
M, |, Equivalent resonant mass underwater 3.347 mH
K, . Power radiation factor in the air 5.785x10-11 Qi
K, ., Underwater power radiation factor 1.061x10-8 Qs

* R, isrelated to the material, structure, process, and load conditions, and is difficult to quantitatively determine. Here,
it is converted based on the underwater resonance frequency corresponding to R. , =201Q and the mechanical

acoustic efficiency 7,, =20% .
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Take these parameters to equations (6) and (9) and use MATLAB software plotting the frequency
dependent curves of the transducer radiation power and echo voltage in air and water, as shown in
Figure 5.
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(b) Variety of U,
Fig. 5. Radiated power and echo voltage in the air and underwater

During the calculation process, the radiation power P, and echo voltage U, in the air did not

exceed 2% underwater. Therefore, the values in the air were multiplied by 100 for display in the
same graph, and a100 was added to their subscripts to distinguish them.

In order to display the relative relationship between the quantities in the two media, taking the
underwater quantity as the base value, multiply the quantity in the air by 1000 and calculate the
ratio between them, which are represented in the figure as & and k, ,,, respectively.

p_aw

With the analysis in Figure 5, three conclusions can be drawn as follows:

1) During the process of excitation frequency variation, there are obvious peak points in the
radiation power and echo voltage of air and underwater. The peak radiation power underwater is
92mW, with a frequency of 22.93kHz; 1.09mW and 27.15kHz in air. The peak value of the echo
voltage underwater is 689mV, with a frequency of 22.35kHz; In the air, it is 5.48mV and 26.15kHz.

2) The radiation power and echo voltage at the peak point in air are only 1.46% and 1.76% of
underwater, respectively. Compared to underwater, the signal at the peak point in air is weaker,
which is a weak link that needs to be focused on in applications and the reason why a single type of
transducer is difficult to achieve dual medium ranging.

3) Even underwater, the radiation power and echo voltage level of the transducer are relatively
low, and measures need to be taken to enhance them in the design of application systems.
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4. Design of Dual Media Ultrasonic Ranging Scheme

In response to the problem of weak radiation power and echo signals of underwater specialized
ultrasonic ranging transducers in air, this section proposes solutions from two aspects. One is
transducer selection and excitation parameter design. The other one is signal conditioning design, to
achieve high-precision ranging and seamless connection between air and underwater.

4.1. Design of transducer and its driving part

Due to the relatively low radiation power level of individual excitation elements, priority should be
given to selecting underwater specialized ranging transducers with array structures and choosing
models with higher excitation voltages. Following this approach, the transducer that meets the
expected ranging performance indicators was ultimately determined, with the main parameters and
appearance listed in Table 2.
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Table 2. Typical parameters of the selected ultrasonic transducers

Parameters Value Appearance
Frequency 90kHz+5%
Minimum impedance 200Q+20%
Equivalent capacitance 1900pF+20%@1kHz
Ceiling voltage 2200Vpp
Sensitivity 5.0V@500Vpp
Beam angle half-power angle 18°+10%
Maximum pressure 1MPa
Protection grade [P68

* Under the conditions of a driving voltage of 500Vpp and a distance of 0.7m underwater, the shooting method is used

Taking into account the factors of circuit design and implementation, the working voltage of the
transducer is set to 700Vpp, which is obtained by driving a 1:30 ratio medium extraction boosting
transformer.

The excitation signal adopts a pulse train with adjustable number and frequency of pulses, and the
parameters can be optimized based on the received echo signal strength during the measurement
stage. To simplify the system parameter design and avoid switching between different media, the
excitation signal frequency is uniformly set according to the peak point of the echo signal in the air,
as the Mua point in Figure 5, without overly focusing on the underwater working point, because the
underwater echo signal is strong enough.

4.2. Design of echo signal conditioning

The radiation power of underwater specialized transducers used in air ranging is on low level, and
the echo signal is weak. Moreover, the radiation power difference between underwater and air is
significant, which makes it difficult to simultaneously meet the signal conditioning needs of both
applications. Therefore, based on the characteristics of the echo signals in the two media, the dual
channel echo signal conditioning scheme is determined through theoretical analysis and actual
measurement comparison, as shown in Figure 6.

Channel A (measure in the air)

. Band Ula
Anterior . Post Low pass .
:' amplifier ’ ET::I | Detection . amplifier . filter =
Ug |
R
> Post . Low pass (Ivl—w
o Defrction amplifier filter ;

Channel B (measure underwater

Fig. 6. Dual channel signal conditioning scheme

In Figure 6, the preamplifier in channel A is a gain programmable amplifier composed of an
instrument amplifier and a digital potentiometer. It has the characteristics of high input impedance,
wide frequency band, small temperature drift, and high accuracy. It has been widely used in weak
signal amplification. The gain of this stage is designed within the range of 10-250 times, and is
positive definite during the actual measurement stage, which can meet the needs of amplifying weak
signals at the level of 1-200mV.
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Due to the weak echo signal and low signal-to-noise ratio in the air, a bandpass filter with the
same center frequency as the excitation frequency is used to filter out background noise to the
maximum extent and improve the signal-to-noise ratio after high magnification amplification in the
previous stage.

After unipolar conversion of the signal in the detection stage, a fixed gain post amplification is
performed, and impedance matching function is achieved. Finally, the excitation frequency
component is filtered out by a low-pass filter, and the signal U, , that can be used for A/D
conversion is output in the form of an envelope.

Due to the strong underwater echo signal and high signal-to-noise ratio, channel B is not equipped
with a preamplifier and bandpass filter similar to channel A. The echo signal is directly processed
from detection to simplify the system design.

One characteristic of the design of the conditioning part is the use of high-frequency schottky
diodes with a nominal conduction voltage drop of about 0.3V in the detection stage. It can be used to
automatically distinguish between underwater and air ranging scenarios

1) When measuring distance in the air, due to the weak echo signal U,, it cannot reach the

detection voltage threshold, so the output voltage U, , of channel B always remains around 0V;
Only when U, passes through the pre amplification and filtering stage of channel A, can it exceed
the detection voltage threshold and output an effective ranging signal U, ,.

2) When measuring underwater, due to the strong echo signal exceeding the detection voltage
threshold, channel B will output an effective ranging signal U, ,, while U, , will always be in a

saturated state due to large gain in channel A.

4.3. Design of echo signal conditioning

On the basis of the transducer drive and echo signal conditioning, a high-performance
microprocessor and upper computer are configured to design a dual medium ultrasonic ranging
system, as shown in Figure 7.

Us Ur [
—»—{ drive |—>—| transformer |—>—
s { T.
, micro- “la [la —
IPC a—f A—| echo conditioning A T
controller Ur

['-1,\“ L eath, o
—<—| echo conditioning B

Fig. 7. Structure of the dual medium ultrasonic ranging system

In Figure 7, a 16-bit dual core microprocessor is used to implement excitation pulse train
generation, dual channel echo signal conditioning and control, high-speed synchronous sampling of
two signals, threshold comparison, and distance measurement information extraction. It has the
ability to collect underwater and airborne echo signals at rates of 2MHz and 0.5MHz respectively. It
continuously stores waveform data within a range of 2m from the measured distance. The
corresponding ranging resolution can reach the level of 0.4mm.

By utilizing the collected waveform data, it is possible to optimize and adjust the frequency and
number of pulses of the excitation signal, as well as adaptively adjust the gain of the echo
conditioning channel. Using the wavelet transform algorithm discussed in, the distance information
to be measured is accurately extracted from the waveform data.

By bidirectional communication between the CAN-FD interface of the microprocessor and the
computer, the hole diameter detection system for cast-in-place piles shown in Figure 1 can be
constructed.
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5. Experimental results

To verify the effectiveness of the proposed dual medium ranging scheme, the hardware and software
were completed based on the above design and parameters. On this basis, the experimental platform
of the dual medium ultrasonic ranging system is shown in Figure 8.

In Figure 8, 6 sets of ultrasonic ranging drive and conditioning circuits were designed on the
measurement and control board, which is controlled by a dual core microprocessor. A set of
ultrasonic transmitting and receiving transducers is arranged in the sink, and a movable reflector is
used to set the distance to be measured. The interface for distance measurement experiments was
designed on the computer using VS and Qt software. The waveform of the distance measurement
process is displayed on a four-channel oscilloscope.

IPC = oy £ oscilloscope

circuit
board

transmitter
reveiver

water

reflector
tank =

Fig. 8. Experimental platform of dual medium ultrasonic ranging system

The underwater ranging experiment with a set distance of 400mm is shown in Figure 9. Channel 1
of the oscilloscope is connected to the driving pulse U,, and channels 2 and 3 are respectively
connected to the conditioning circuit outputs U,, and U, , for air and underwater distance
measurement. The definitions of these signals are consistent with Figure 7, and the signal selection
for subsequent experiments is the same.
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Fig. 9. Underwater ranging waveform of 400mm

It can be seen from the Figure 7, when pulses appear in U, two pulses appear successively in
U, ,,, corresponding to the time of ultrasonic emission and echo signal arrival, respectively. The time
difference between the two pulses is 529 us. According to the wave speed of 1480m/s underwater,
the measured distance is 391.5mm, which is consistent with the set distance of 400m.

The distance measurement experiment in the air is similar to Figure 8, but a water tank is no
longer needed and the distance setting range is larger and more flexible. Therefore, distance
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measurement experiments were conducted with a step size of 100mm, ranging from 200 to
2000mm in sequence. The waveforms at four distances are shown in Figure 10.
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Fig. 10. Ranging waveform of different given distances in the air

Corresponding to the distances to be measured of 400 mm, 800 mm, 1200 mm, and 1600mm, the
time intervals between the first and second pulses can be seen from Figure 10 are 2.35ms, 4.68ms,
7.01ms, and 9.37ms, respectively. With the sound velocity of 340m/s in air, the measurement results
are 399.5mm, 795.6mm, 1191.7mm, and 1592.9mm, respectively. The deviations from the set
distances are within reasonable experimental conditions. This confirms that after adopting the signal
conditioning scheme proposed in this article, the underwater specialized ranging transducer can be
used for distance measurement in the air and can ensure relatively high accuracy.

It can be seen from Figure 9, that U, , is under saturation during the underwater distance

measurement process, without showing the pulse of the echo. From Figure 10, it can be seen that
during distance measurement in the air, U, , remained in a zero-voltage state except for the

interference of the excitation pulse, and no echo pulse appeared. This confirms that the proposed
signal conditioning scheme has the ability to distinguish ultrasonic transmission media.

6. Conclusion

This paper proposes a dual medium ultrasonic ranging scheme, which takes into account the
transmission characteristics of air and underwater ultrasonic waves. The method adopts two
different structures and gains of echo signal conditioning channels, while increasing the ultrasonic
transmission power, to achieve the ranging function of underwater dedicated ultrasonic ranging
transducers in air. It solves the problem of unity and coherence in the ranging process in dual media.

The experimental results show that the platform designed according to the scheme can achieve
high detection accuracy in both air and water, and has the ability to automatically identify the
medium, which confirms the feasibility of the scheme.
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