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Abstract: At present, most cone penetration test experiments use cables to transmit data. The
cables not only make the exploration operation very complicated, but also hinder the realization of
automatic exploration. An excessively long cable can also bring about additional attenuation and
noise during the transmission of probe signal. In order to simplify the procedures of exploration
operation and to improve the detection accuracy, a cableless cone penetration test system is proposed
in this study. It improved the system by using magnetic communication and converts the electrical
signal into a magnetic signal at the connection of two adjacent probe rods for relay transmission.
Exploratory experiments were carried out to evaluate the feasibility and accuracy of the new system.
The experimental results show that the experimental data collected by the new system is more
accurate than that collected by traditional CPT equipment with cable. The new system simplifies
exploration operations and enables real-time data transmission to detect abnormalities in time. This
anomaly usually means that the probe is pressed against hard rock. It is more convenient and accurate
to use the new system for exploration.
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1. Introduction

Cone penetration test (CPT) refers to a process that drives the probe with sensors into
the soil through moderate and stable pressure at a constant speed as far as possible and
measures the stress from the probe tip and the friction from the side wall in this process.
After analyzing the stress from the probe at different depths by means of statistics, we can
infer the properties of a soil layer [1-3]. CPT is characterized by a lower cost but higher
reliability. It is widely used in geological exploration, building foundation monitoring,
constructing offshore platform, evaluating soil condition, and so on [4-8].

The traditional CPT device is shown in the left part of Figure 1. Steel pipes are
connected by threads to form a CPT string. On the end of the CPT string is an electronic
probe with a conical tip, and various sensors can be installed inside the probe. The CPT
string is usually pushed vertically into the soil at a speed of about 2 cm/s by a hydraulic
thrust device [9]. When the CPT string moves into soil, the roller of the depth sensor
coupled with the string through friction will rotate. A photoelectric rotating encoder set
in the depth sensor will record the depth of the probe under the ground when the probe
is moving. The signal collected by the probe is transmitted to the receiving equipment
on the ground in real time through a long cable passed through all the probe rods [10].
The receiving equipment will amplify, digitize, analyze and store the signal in turn. The
receiving equipment will display the final pressure data on the screen for the ground
operator to view. If operators find abnormal data and can judge that the probe hit the hard
rock stratum, they need to stop in time to avoid damage to the probe.

The probe of some more advanced CPT equipment is also equipped with a sensor for
measuring the inclination angle, which can measure the inclination angle of CPT string.
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When the CPT string is seriously inclined, the pressure data will not match the depth,
and even the CPT string will be broken [11]. Therefore, in this case, it is also necessary to
stop prospecting in time. The existence of cable in traditional CPT has seriously increased
the difficulty of probe rod connection, making it impossible to use machinery to realize
automatic connection and continuous penetration. Moreover, a long cable will cause
noise and distortion in the process of signal transmission. When the cable is too long, the
transmitted signal can no longer be trusted.
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Figure 1. Schematic diagram of static cone penetration test.

Therefore, the present study is engaged to develop a cableless system, which can trans-
mit data from the detector deep underground to the receiving equipment on the ground in
real time. Currently, there are some technologies that can meet such requirements [12]. It
mainly uses ultrasonic or optical communication, underground radio and probe rod with
communication function [13-17]. Because the actual exploration conditions are very chaotic,
it is difficult to ensure that the inside of the probe rod is clean, and it is also difficult for the
metal threaded joint to prevent the infiltration of mud and water in the soil layer with high
water content. Using ultrasonic or optical communication, if sewage or sludge is mixed
in the pipeline, the communication will be interrupted. When using underground radio,
its stability is easily affected by soil properties, such as soil conductivity, moisture content
and temperature [18-20]. Moreover, high-frequency electromagnetic waves attenuate very
quickly when propagating underground, so only electromagnetic waves with extremely
low frequencies can be served as the carrier, which results in a very low data transmission
speed. When the exploration depth increases, the signal transmission power also needs to
increase sharply, which undoubtedly will reduce the working time of the device. Figure 2a
show some existing methods.

The use of special probe rods with communication function seems to be a feasible
method. However, it has not been promoted yet, which possibly because it is extremely
difficult to maintain these fine structure steel pipes in harsh exploration environment. Other
researchers try to temporarily store the exploration data in the probe underground and
take out the data in the probe after the exploration. Although CPT does not require high
real-time data, it is unacceptable in most cases if the underground state cannot be known
in the whole exploration process. When the probe is pressed onto the hard rock stratum
and cannot stop in time, it will probably damage the probe and lose data [21]. When the
CPT string is seriously inclined, the pressure data will not match the depth, and even the
CPT string will be broken. All these require that the state of the underground probe can be
known during the exploration process. Figure 2b shows these situations.
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Figure 2. Some new methods and special cases: (a) optical communication and electromagnetic wave
communication; (b) the probe is squeezed by the rock or the CPT string is bent.

These new wireless technologies are all attempts to send sensor data to the receiver at
one time. However, both the environment inside the steel pipe and the soil environment
outside the steel pipe are complex, the long-distance transmission is easy to cause informa-
tion loss or distortion. In order to solve this problem, the data collected by the sensor can
be transmitted to the receiving device by means of relay. When the transmission distance
is short enough, the reliability of communication can be guaranteed. Based on this, we
designed a new system. The proposed system uses magnetic communication technology to
convert electrical signals into magnetic signals for relay transmission at the junction of two
adjacent probe rods.

2. System Design

The new CPT system includes a probe, pressure sensor, depth sensor, data acquisition
circuit, data relay circuit and control program. The right half of Figure 1 shows the structure
of the new system. The pressure sensor is embedded in the probe, and the data acquisition
circuit board and battery are installed in the probe lumen. To prevent water ingress when
working underground, the magnetic communication coil, data relay circuit board and
battery are sealed in a plastic pipe and then plugged into the CPT metal probe rod. Each
probe rod is equipped with batteries, receiving and transmitting circuits, which can receive
and retransmit data.

Figure 3 is the schematic diagram of system signal transmission. The data acquisition
circuit board captures probe tip stress and sidewall friction as the hydraulic thruster presses
the probe into the ground. The MCU modulates the obtained pressure data and transmits
it to the data relay circuit in the first probe rod connected to the probe through magnetic
communication. The first relay circuit demodulates the magnetic signal to obtain data, and
then modulates the data again and transmits it to the relay circuit in the next adjacent probe
rod. In this way, the data will be transmitted upward in turn, and finally transmitted to the
receiving equipment on the ground. On the one hand, the receiving device receives the
pressure data from the probe, and on the other hand, it obtains the current depth through
the depth sensor. The system can realize real-time data transmission and avoid many
problems caused by the traditional way of using long cable to transmit data.

In order to verify the feasibility of the design scheme, we produced a prototype and
conducted field exploration tests. The test results showed that the experimental data
collected by the new system are more accurate than the data collected by traditional CPT
equipment. The communication circuit is placed inside the metal probe rod, and there is a
plastic waterproof seal to protect it. Therefore, it is usually not necessary to consider the
influence of soil conditions (such as moisture content, conductivity, hardness, temperature)
on the system. The new system simplified exploration operations and enabled reliable
real-time data transmission.
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Figure 3. The diagram of the signal transmission process of the proposed system.

3. Design of Pressure Acquisition Circuit

We used a common standard probe whose actuality is shown in Figure 4a. It does
not need to be specially made, you can buy it easily. The cylindrical probe has a conical
tip of apex angle equal to 60° and a bottom area of 15 cm?, the surface area of side wall
friction cylinder is 300 cm?. The probe tip can withstand a maximum force of 6300 N. Two
Wheatstone bridge sensors are set inside the probe. The pressure sensor is composed of
four metal foil resistance strain gauges. When the strain gauge is bent by external force, the
resistance value changes and the bridge loses balance to produce voltage output [22,23].

(@) (b)

Figure 4. Sensor layout and electrical interface of the CPT probe. (a) sensor location and interface;

(b) bridge circuit diagram.

The two bridges are very similar, so we take one of them as an example; its structure is
shown in Figure 4b. The relationship between its output voltage u5 and the four resistors
is as follows:

)

. R+ ARy B R, — ARy
A= M0\ RUF AR, + Rs —ARs Ry~ ARy + Ry — ARy

In the probe we used, the four strain gauge resistance structures of the bridge are
identical. The resistance R of the four strain gages in the static state without deformation is
equal, and they are all 1 kilo-ohm. In fact, the four strain gauges are placed symmetrically
in the probe. At the same moment, their resistance value changes AR can also be approxi-
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mately considered to be the same, which means: AR; = ARy = AR3 = ARy = AR. So we can
get the following relationship:

B R+ AR - R— AR AR o
Pa =M\ R¥ARTR—AR R+AR+R—AR) MR

Applying different pressure to the probe, the value of AR will be different, so different
ua can be obtained. Based on this, we measured a series of values in the laboratory and
calibrated the probe. Two HX712 chips are used to process two bridges, respectively. HX712
is a dedicated chip for measuring bridge sensors, it has a low noise amplifier with a gain of
128 times and a 24-bit high precision ADC. When the chip is in standby, the MOS switch in
the chip will turn off the power supply of the sensor. According to the data provided by
the manufacturer, the standby current of HX712 is less than 1 A, and the typical operating
current is 1 mA [24]. The ultra-low power consumption is beneficial for prolonging the
time of using the probe underground. The MCU of the acquisition circuit uses MSP430F149
produced by Texas Instruments (Dallas, TX, USA), which can enter low power mode when
it is not working [25,26]. MSP430 Series MCU is famous for its low power consumption.
The composition of the acquisition circuit is shown in Figure 5.
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Figure 5. Circuit diagram of the data collector in the CPT probe.

For each HX712, the MCU continuously accesses five times per second to obtain the
pressure value detected by the two sensors in the probe. The MCU will take the average of
the last four times as the current pressure. These two pressure values will be modulated by
the MCU together with the current system time and will be sent to the relay circuit in the
probe rod through the transmitter circuit. The specific modulation method and transmitting
circuit will be introduced in the next section. To increase system reliability, data is also
backed up to a SD memory card. In extremely special cases, when the relay communication
cannot be carried out normally, the SD card can be taken out after the exploration to obtain
exploration data.

4. Magnetic Communication Repeater Design

The repeater is composed of signal transmitting circuit, signal receiving circuit, MCU,
communication coil, power management circuit and battery. Figure 6 shows the compo-
sition of the repeater and the pairing of the coils. During exploration, it is necessary to
connect the metal probe through the threaded joint, and the communication coils will be
close to each other during the process of tightening the threaded joint. After the threaded
joint is connected, the distance between the paired transmitting coil and the receiving
coil is usually less than 2 cm. During the test, we set the distance to 6 cm and could still
communicate normally. Obviously, a smaller distance under actual working conditions is
better to ensure the quality and stability of communication.
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Figure 6. The composition of the repeater and the pairing method of the coil.

4.1. Modulation Method and Transmitting Circuit

We use digital signals modulated by pulse width to transmit information [27], and the
information encoding method is shown in Figure 7. A combination of a high electric level
of 0.83 ms and a low electric level of 1.66 ms is representative of binary 1. A combination
of a high electric level of 0.83 ms and a low electric level of 0.83 ms is representative of
binary 0. In order to indicate the start and the end of data transmission, a start code and
an end code need to be added before and after each transmission data. We can make the
start and end code the same to reduce the complexity of programming. Therefore, both are
composed of 1.66 ms high electric level and 0.83 ms low electric level.

Start 0 0 1 0 Stop

Message
Time (ms) 1.66 0.83 | 083 | 0.83 | 0.83 083 | 0.83 166 0.83 | 0.83 1.66 0.83
12khz Carrier I

Modulation Signal ‘ , H ‘ | ‘ “ m H‘ “

Figure 7. The composition and generation process of the modulated signal.

In extreme cases, if the transmitted data is all binary 1, the communication speed of
the system is the slowest. We can calculate the transmission speed Rat,,;, at this time, as
shown in Equation (3). Obviously, the minimum communication speed of the system can
reach 400 bit/s, which is completely sufficient for transmitting the values of two sensors in
the CPT probe. If several sensors (such as sensors for measuring tilt angle) are added in the
probe, this speed is also sufficient.

Rat iy = % = 401.6 bit/s (©)]

In order to reduce the system cost, STC15F104 is selected as the MCU of the relay

circuit, which has limited performance and cannot handle signals with high frequency.

At the same time, the high frequency signal attenuates quickly in the metal pipe [28,29],

which also requires the use of a lower carrier frequency. So, we set the carrier frequency

to 12 kHz, which is a very low frequency. The information is loaded onto a square carrier
with a frequency of 12 kHz and a duty cycle of 33% to form a modulated signal.
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A simple transmitter circuit is shown in Figure 8. The MCU of the relay circuit uses it
to transmit modulated signals. The transmitting coil is placed on the position shown in
the figure; the MCU loads the modulation signal on the base of the transistor. When we
design the receiving circuit in Section 4.2, the ‘0’ signal was loaded as the test signal: the
square wave lasted 0.83 ms, and the no square wave lasted 0.83 ms, and these two states
were executed alternately.

H5V

Transmitting Coil

Signal

EHE NN

GND GND GND
Figure 8. Test signal and transmitting circuit.

4.2. Signal Receiving Circuit Design
4.2.1. Signal Amplifier Circuit Design

We load the “0” signal into the transmitting circuit and use a receiving coil to capture
the signal. Analyze the signal waveform in the receiving coil to design a suitable signal
amplification circuit. Figure 9 is the signal waveform received by the receiving coil, which
is sequentially amplified as shown in the following three figures. In Figure 9b, the duration
from point a to point c is 83 us; the duration from point a to point b is 56 ps; and the
duration from point b to point c is 27 ps. The duty cycle of the 12 kHz carrier loaded in
the transmitting coil is 33%. It can be seen that the inductive signal in the receiving coil
is mainly generated by the falling edge of the carrier wave in the transmitting coil, and
the inductive signal caused by the rising edge is very small. The signal in the red D box
in Figure 9b is caused by the rising edge. Enlarging a voltage fluctuation generated by a
falling edge in Figure 9b to obtain Figure 9¢, the total duration of the signal from point a to
point b in Figure 9c is 20 ps, and the duration from point c to point d is 700 ns.

N
.‘l'l‘ b

AMARA RN ]
L '_‘JYL,"\)-{,‘V\"\,NWM
AL
vl

CH2 1.00v M 50008 CH2 / 40,0mYy CH2 1.00v M 25.0,s CH2 / S7TmY CH2 1.00% M 2.50 us H2

(a) (b) (c)

Figure 9. The waveform of the signal in the receiving coil: (a) signal waveform; (b) induced signal
generated by continuous square wave in transmit coil; (c) oscillation signal generated by falling edge
of square wave in transmitting coil.

In order to obtain the transmitted information from the signal of the receiving coil, we
first restore the signal to a modulated signal similar to that shown in Figure 7, and then
remove the carrier in the modulated signal, and finally obtain the transmitted information.
If software is used to implement these processes, it will demand high performance of MCU,
which will inevitably lead to an increase in cost, especially when each relay circuit needs
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a piece of such MCU. Therefore, we choose to use hardware circuit to obtain information
we need. First, an amplifier circuit is used to amplify the weak signal in the receiving coil.
Since digital signals are used to transmit information, it is not necessary for the amplifying
circuit to strictly maintain the waveform of the original signal on the receiving coil during
the process of amplifying the signal. We use a capacitor to obtain the average value of each
signal and process each induced signal similar to Figure 9c as a square wave. The designed
signal amplification circuit is shown in Figure 10a. The power supply in the figure uses
two 3.7 V lithium batteries in series.

VoC Ve Ve 5 vee vCo GND  vee

Ll

c2
= sl

R8

Receiving Coil 0K

OUTI[ D

GRND GND GND V€€

(a) (b)

Figure 10. Signal amplifier circuit and first comparator circuit: (a) signal amplifier circuit and its

GXD GND

output: OUT1T; (b) first comparator circuit and its output: OUT2.

In order to deal with these weak signals, for the operational amplifier in this article,
we have used JFET-input amplifiers [30,31], model OPA2604, which has higher input
impedance than the generally used ones. Connect the receiving coil to the amplifier circuit
shown in Figure 10a, the waveform of the output signal OUT1 is shown in Figure 11a. The
signal shown in red box of Figure 11a is the output when the input is low, and output
should also be low in theory. Obviously, we can see noise in the red box. The noise here
can be divided into two parts: the first part of noise has a similar frequency to the signal
but a lower peak voltage, while the second part of noise has a similar peak voltage to the
signal but with significantly different frequencies. A comparator as shown in Figure 10b
can be used to filter out first parts of noise with lower peak voltages. Adjust the R3 resistor
in Figure 10b so that the voltage at point A in the figure is about 5 V, which is the voltage
represented by the red horizontal line in Figure 11a. In this setting, the voltage comparator
can remove noise with lower peak voltage, and its output is OUT2, and the waveform is

shown in Figure 11b.
il
‘ HRE:
il il

G 200V MSt0ws CH2 S B CHE 00V M to S ey CH2 200 MB00ws  CH2 Z Efimé CH2 200V M 250w CHZ 7 335

() (b)

Figure 11. Waveform diagram of OUT1 signal and OUT2 signal: (a) output OUT1 of the amplifier
circuit; (b) output OUT?2 of the first comparator.
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4.2.2. Signal Filter Circuit

By observing the output OUT?2 of the voltage comparator, we used a bandpass filter to
remove the second part of noise. The filter circuit we designed, shown as Figure 12a, is a
Chebyshev bandpass filter with a center frequency of 12 kHz and a bandwidth of 500 Hz.
Figure 12b is a voltage follower that obtains half of the supply voltage through a resistor
divider. This voltage is used as the analog power ground G. It is supplied to the filter and
the voltage comparator in Figure 12c.
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Figure 12. Signal processing circuit: (a) filter circuit and its output: OUT3; (b) analog ground voltage

generation circuit and its output: G; (c) second comparator circuit and its output: OUT4.

We got the output OUT3 after connecting the OUT2 signal to the filter. Figure 13a is
the signal waveform between OUT3 and the analog power ground Ga. The period of the
signal in Figure 13a is 83 ps, and the time interval between point a and point b is 1.66 ms.
There is no noise between point a and point b, thus a voltage comparator can be used
to take out the signal from OUT3. Connect OUTS3 to the voltage comparator shown in
Figure 12c is to obtain the output OUT4. Adjusting the R22 resistor in Figure 12¢, so that
the voltage at point B is about 0.7 V, which is the voltage represented by the red horizontal
line in Figure 13a. Such an adjustment can make the duration of the square wave in the
output OUT4 of the voltage comparator and the duration of no square wave roughly equal,
and both durations are 0.83 ms. Figure 13b is the waveform of the output OUT4 of the
voltage comparator, and it can be seen that the signal has been processed into a modulation
signal similar to that in Figure 7.

CHZ 100V M100ms  CHZ 7 87imY CH2 So0mY M 25008 CH2 / CHZ 2008 M 500us CH2 ./ 160m¥ CH2 200V M100us CH2 7 160mv

(a) (b)

Figure 13. Waveform diagram of OUT3 signal and OUT4 signal: (a) filter output OUT3; (b) output
OUT4 of the second comparator.

4.2.3. Signal Reduction Circuit Design

Comparing the output OUT4 waveform of the filter in Figure 13b with the output
OUT1 waveform of the amplifier circuit in Figure 11a, it can be seen that the noise has been
removed in OUT4. Now it is only necessary to process the square wave in the OUT4 signal
as a high level, so that the carrier wave can be removed to obtain the information waveform
in Figure 7.

It can be noticed that the duration of the square wave of OUT4 in Figure 13b is 22 ps
and 62 us separately when it is in high and low voltage, and the duty cycle is about 26%.
However, the duty cycle of the 12 kHz carrier initially loaded on the transmitting coil is
33%. The different duty cycle is because the signal in the receiving coil is only related to
the level mutation of the signal in the transmitting coil but has nothing to do with its duty
cycle. We adjusted the duty cycle of the carrier in the transmitting coil to 60%, and the
duty cycle of the square wave in OUT4 is still about 26%. Fortunately, the square wave
in the OUT4 will eventually be processed as a high-voltage signal, and the duty cycle did
not affect this process. We used an integrating circuit shown in Figure 14a to remove the
carrier wave. We connected the output OUT4 of the filter to this circuit. When there was a
continuous square wave in OUT4 (box A in Figure 13b), OUT5 was high-voltage signal.
When there was no continuous square wave in OUT4 (box B in Figure 13b), OUT5 was low.
The waveform of the output OUT5 of the integrating circuit is shown in Figure 14b.
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Figure 14. The integrator circuit and its output OUT5: (a) integrator circuit (b) output OUT5 of the
integrator circuit.

After this series of circuit processing, the period of the final output signal OUT5 is
about 1.66 ms, and the duty cycle is about 50%. The waveform of OUTS5 is basically the
same as the 0 signal in Figure 7. Although the duty cycle of OUTS5 is affected by the
adjustable resistor R22 in Figure 12c¢, generally speaking, when R22 is properly adjusted
and the receiving program allows some time error in waveform pulse width, the duty cycle
error does not affect the correct transmission of information.

The CH1 channel in Figure 15a is the original signal waveform in the receiving coil
(the coil has been connected to the circuit); the CH1 channel in Figure 15b is the output
signal OUT1 of the amplifier circuit; and the CH2 channel in both figures is the waveform
of the final signal OUT5. As can be seen from Figure 15, the final output signal has a delay
of about 0.3 ms compared with the original signal in the receiving coil.

+ +

LJUUUUY UL

CH2 5.00v M 1.00ms CH2 .~ 406 CH2 5.00% M 1.00ms CH2 ./ 4.06Y

(a) (b)

Figure 15. Signal comparison diagram: (a) comparison of the OUT5 signal with the signal in the
receiving coil; (b) the comparison between the OUTS5 signal and the output OUT1 signal of the
amplifier circuit.

4.3. MCU and Auxiliary Circuit

The signal OUT4 in the receiving circuit is very similar to the modulated signal in
Figure 7. We load OUT4 directly on the transmitting circuit in Figure 8, and the information
can be transmitted to the next relay circuit through the communication coil. However, this
approach has a problem of accumulating errors. In the actual test, after 6 relay transmissions
in this way, the output OUTS5 of the 7th receiver at the end is observed. The high electrical
level duration of this OUTS5 signal exceeds 1.1 ms (the normal value should be 0.83 ms),
and the duty cycle reaches 66%. Such errors are unacceptable and will become more
uncontrollable as the number of relay transmissions increases.

To eliminate accumulated errors, we ordered each repeater circuit re-modulated the
information once. We connected the output OUTS5 of the receiving circuit to a MCU, and
the MCU would re-modulated the information after getting the information. Finally, the
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modulated information was loaded into the transmitting circuit to transmit it to the next
relay circuit. In this way, the signal transmitted by each relay circuit was re-modulated by
the MCU, by which the error could be eliminated. Each probe rod needs a relay circuit,
which means a large amount of MCU is needed as well. Therefore, the cost of a single MCU
should be reduced as much as possible to control the cost of the whole system. We chose
STC15F104 produced by STC company [32], and its circuit is shown in Figure 16a. We
connected the signal OUT5 output by the receiving circuit with the P3.5 pin of STC15F104
to receive the signal and connected the base of the transistor in the transmitting circuit in
Figure 8 with the P3.2 pin of STC15F104 to send the modulated signal. Thus, we designed
the relay circuit, and its signal processing flow is shown in Figure 17.

4 vceo

us us
STC15F104E pme iy

1 8 }

Light-in INT2/TO/RST/P3.4  P3.3/INT1 [B—¢ JLight

° sy[ -4 vce P3.2/INTO - Signal
P31

OUTS INT3/T1/P3.5 P3.1 K5
j GND P3.0/INT4 P—< P30
GND

[ H<Jlight-in -+ jght

Q1
LR120N

(a) (b)

Figure 16. MCU and infrared communication circuit: (a) STC15 microcontroller circuit; (b) infrared

communication circuit.
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Figure 17. Signal processing flow chart.

We also added an infrared communication circuit on the basis of the above design,
and the circuit is shown in Figure 16b. The modulation mode of infrared communication is
the same as that of magnetic communication in Figure 7. However, the only difference is
that its carrier frequency we used is 38 kHz [33,34]. Although in actual working conditions,
there is often sludge at the joint of the probe rod, which leads to the failure of infrared
communication. However, the cost of adding the infrared communication circuit is very
low. In special cases, when the magnetic communication fails, another communication
method can be provided to communicate. Such a design can improve system redundancy
and increase reliability.

There is another important reason to add infrared communications. The receiver on
the ground in Figure 1 is directly connected to the computer by a data cable. The receiver
can receive information through magnetic communication or an alternate infrared commu-
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nication, but the distance of magnetic communication is very limited. The longest distance
that can guarantee normal communication in the actual test is about 10 cm. If magnetic
communication is used, the receiver needs to follow the rod down as it moves down. We ac-
tually fixed the receiver directly above the CPT string. When magnetic communication fails,
the receiver automatically switches to infrared communication. Infrared communication
can be up to tens of meters, so the receiver can be fixed. The receiver can be at least a few
meters away from the end of the CPT string, which will allow the operation of connecting
the new rod to be unimpeded.

The physical circuit of a basic relay node is shown in Figure 18. The circuit board,
battery and coil were encapsulated together in a plastic tube and tucked into the CPT metal
probe as a unit.

Figure 18. Image showing the relay node.

5. Power Management Circuit Design

For the convenience of use and maintenance, we set up the gravity switch and wireless
charging circuit in the power management circuit, which avoids to opening the watertight
plastic tube when charging or switching on power. Figure 19 shows the logic of power
management. The power supply of the system uses two 3.7 V lithium batteries in series.
Gravity switches were set on the acquisition circuit board and relay circuit board. When the
probe rod or probe is placed upright, the gravity switch will be turned on, and the circuit
board will be automatically energized. When they were put flat in the process of storage
and transportation, the power supply will be closed.
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Figure 19. Power management logic.
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During wireless charging, the signal transmitting coil in magnetic communication is
used as the power receiving coil, and the micro relay HFD4 is used to switch the two states
of the coil. The CPT probe rod or probe that needed to be charged was placed upright on
the charging stand, and the gravity switch would be turned on. The charging stand will
send a charging signal to the device needed to charge through infrared communication.
After the MCU of the device that needs to be charged receives the signal, it energized
the coil of the relay HFD4 to switch the transmitting coil of the magnetic communication
to the charging circuit so that it can turn into the power receiving coil, and feedback the
ready completion signal to the charging stand. After a few seconds, the charging stand will
charge the device through this coil. When the charging is completed, the MCU send the end
signal of charging to the charging stand through infrared communication; The charging
stand will stop wireless charging immediately, and after a few seconds relay HFD4 will
switch the transmitter coil back to the transmitter circuit of the magnetic communication.
At this point, the charging is completed, and the device enters the standby state. It can be
removed from the charging base and stored horizontally or upside down, waiting to be
used during exploration.

Such a power management circuit contributes to the communication system no longer
needs to be taken out from the probe rod after it is installed, which greatly facilitates the
use and maintenance of the equipment.

6. Control Program

The circuit board of pressure data acquisition in the CPT probe is required to realize
the functions of collecting analog signals, modulating information, transmitting magnetic
communication signals and recording system time. When the probe touches the ground,
the acquisition circuit board in it will detect the pressure and send a start signal to the
receiving device on the ground. At this time, the circuit board of pressure acquisition in
the probe and the receiving device on the ground will start timing from 00:00:00 at the
same time. Then, the pressure acquisition circuit collects a set of data per second as the
hydraulic thrust device pushes the probe into the ground. When not working, the MCU
will enter sleep mode to reduce power consumption [35]. After the sleep is over, the first
step is for the MCU to access the two HX712 chips five times to obtain the values of the
tip and sidewall bridges, respectively, and take the average of values collected in the last
four times. After the access is over, HX712 will automatically stop supplying power to
the sensor bridge, and HX712 itself will also go into sleep and wait for the next second
MCU access to it. The second step is that the MCU modulates these two average values
together with the current system time according to the method described in Section 4.1 and
loads the modulated signal on the transmitting circuit to transmit these data. The third
step is to back up the sent data to the SD card to ensure that in the extreme case of real-time
communication interruption, the data can still be obtained from the SD card in the probe
after the exploration is over. The fourth step is that the MCU enters the low power mode
and waits for the end of the one second timer, and then performs the next work cycle.

The relay circuit board in the CPT probe rod needs to realize the functions of receiving
communication signals, modulating information and transmitting communication signals.
The first step is that the relay circuit in the first probe rod adjacent to the probe receives the
magnetic communication signal from the probe and obtains the information through the
receiving circuit. Then, the information will be re-modulated by the MCU in the relay circuit
and sent out in two ways, magnetic communication and infrared communication. The
second step is that the relay circuit in the second probe rod receives the information from
the first probe rod, modulates it and transmits it again by magnetic communication and
infrared communication. If the relay circuit dose not receive a message from the previous
probe for more than two seconds, it will attempt to receive the message using infrared
communication. The third step is to sequentially transmit the information to the ground
in this way until the information is received by the receiving equipment on the ground.
Ground receiving equipment consists of a receiver and a computer. The receiver is identical
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to the relay circuit board, except that it does not use infrared or magnetic communication
transmission functions, but directly transmits data to the computer through the data cable.

Either the acquisition circuit or the relay circuit will perform the charging procedure
described in Section 5 when they are in the charging state. During exploration, the computer
on the ground receives the data from the probe and also perceives the current extract depth
of the probe through the depth sensor. Under normal circumstances, the data transmitted
from the probe will be directly displayed and stored by the computer. However, when the
detection depth is very deep, it will take too long to transmit the data to the computer on
the ground. At this time, the pressure data of the probe will lag behind the depth, and the
two will not match.

Therefore, we set up an error correction mechanism. When the time contained in the
information transmitted from the probe lags behind the time of the computer on the ground
for more than 2 s, the depth data and the pressure data of the probe will be paired through
time. The downward driving speed of CPT is usually about 2 cm/s, and the exploration
depth error caused by the delay of 2 s will not exceed 4 cm, so the small error is within the
allowable range. Figure 20 shows the program flow of the system.
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Figure 20. Program flow chart.

7. Exploration Testing and Results

The cableless CPT system proposed in this paper was calibrated in the laboratory after
a prototype was made in May 2021. After that, we conducted a field exploration test using
the prototype. The hydraulic thrust device used in the experiment is shown in Figure 21a,
the device was driven by a diesel engine. We applied a vertical downward pressure to the
CPT pipe string through the hydraulic machine. According to the previous design, the
prototype collects a set of data every second. It took two operators 2.5 h to operate the
machine to push the probe into the soil layer to a depth of 30 m. However, this typically
requires four operators and takes over 5 h if using the conventional CPT systems.

During the test, the computer on the ground continuously obtains the pressure data
from the underground probe and obtains the current depth of the probe through the depth
sensor. Through the data analysis software in the computer, the experimental data can be
plotted as a curve diagram of probe tip stress and sidewall friction at different depths. We
selected 1500 groups of data evenly according to the depth. The graph drawn is shown



Sensors 2022, 22,4777

15 of 17

in Figure 21b. According to the curve, geological researchers can infer the mechanical
properties of soil layers at different depths.

By observing the performance of the prototype in the process of use and analyzing
the experimental data, we found that there is a certain delay in the transmission of probe
pressure data to the ground receiver, but it is usually much less than 2 s. When the probe
has an abnormal condition underground, it can be found almost immediately. The new
system can measure the probe pressure with an accuracy of 0.01 kPa, which is due to the use
of high precision ADC and digital transmission mode. As a comparison, the exploration
accuracy of the traditional CPT system model KE-U310 is 0.01 MPa. Data loss rarely occurs
during the test, and the communication speed of the new system is fast enough for the
data volume of the two bridge CPT. We have tested several sites with significantly different
soil layer properties, and the data transmission speed and quality of the new system at the
same depth is almost no difference. This suggests that the new system is less affected by
the properties of the soil layer.

Due to the failure to prepare more experimental materials, our maximum exploration
depth during the experiment is 30 m underground, which is sufficient for common explo-
ration needs. The system uses relays to transmit information, so we expect that increasing
the exploration depth will not have too much impact on the normal operation of the system
except that it will increase the transmission delay.

Cone tip resistance qc/Mpa Sidewall resistance fs/Kpa
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Figure 21. Experimental equipment and experimental data sheets: (a) hydraulic thrust device; (b) the
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curve diagram of the stress that the probe receives.

8. Conclusions

On the basis of traditional CPT, the system uses relay communication instead of tradi-
tional cable communication. The new system can work automatically during exploration.
The operator only needs to connect the probe rod without having to deal with cables. The
communication quality of the new system is hardly affected by the nature of the soil layer
and exploration depth. The disadvantage of the new system is that it has some delays.
Fortunately, the downward excavation speed of CPT is very slow. Such a small data delay
will not affect the normal exploration operation.

Compared with the traditional cabled solution, the up to 24-bit ADC and digital
signal transmission method greatly improve the accuracy of the new system exploration.
Cableless transmission simplifies the CPT operation process and reduces the time and labor
costs of exploration operations. Cableless transmission also makes the design of automated
exploration equipment no longer affected by cables, providing the possibility to automate
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the exploration process in the future. Compared with the existing cableless solution, the
system has more advantages in transmission speed, stability and environmental adaptabil-
ity. Thanks to the specially designed power management system, the maintenance of the
new system is also very easy.
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