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Abstract: Based on the principle of fiber-optic gyro inclinometer, the characteristics of horizontal freezing

hole and the working conditions, it is analyzed that the horizontal hole fiber-optic gyroscope tilting
technology for freezing holes is one of the most reliable methods. In order to verify the azimuth
measurement error of the horizontal fiber optic-gyro inclinometer, the simulation test under the 1:1 working
condition was carried out with the actual working conditions on site. Compared with the total station
measurement data, it was concluded that 85.2% of the data is in measurement error within £2°, 55.6% of the
data is within +1°, which verifies the reliability of the measurement data of the horizontal fiber-optic gyro
inclinometer. At the test level of 0=0.05, the azimuth test error accords with the normal distribution of
p=0.54 and 6=0.73. In the actual use process, the algorithm can be used to optimize the measurement data
by taking multiple measurements and taking the average value in combination with the field conditions, so

that the data can be closer to the true value.

1 Introduction

The urban underground space development is a great
undertaking that "benefits both the present and future
generations". Driven by the metro construction, the 21
century has witnessed the era of underground space
development!!-3). Since the freezing method is introduced
into the municipal engineering construction, it has
become one of the main construction methods to
reinforce caving ground with its unique advantages (high
strength, good water sealing performance, flexibility, etc.)
431 Since the horizontal ground freezing technology is
developed in China in 1997, the freezing method has
been widely applied to metro connecting passages and
departure and reception of shield engineering!®. The core
technical issue of the freezing method is to solve the
problem of "two walls with one drill" and ensuring the
drill hole quality is the first step to the success of the
freezing method. Over the past 20 years, in connecting
passages and departure and reception of shield
reinforcing engineering to which the freezing method of
the municipal engineering is applied, due to the small
hole spacing (generally less than 20m), after the freezing
pipe is put in place, the traditional method of
incline-measure by light can be basically used to
effectively determine the hole deflection. Thus, the
method of incline-measure by light has become an
important and reliable means to test the hole quality!’!.

In recent years, as the rail transit overlapping projects

Email: 414495497@qq.com

have sprung up in first-tier cities, the crossing freezing
project starts to take shape 1. As the freezing method is
applied to areas which develop in the direction of depth
in the municipal engineering and the spacing of the
horizontal drilling is constantly growing, the method of
incline-measure by light has been unable to meet the
needs of long-distance drilling. In addition, freezing
pipes are generally made of seamless steel, its
incline-measure environment is complicated, which is
mainly the magnetic environment, and it can also be
affected by the vibration of drills during construction.
Therefore, the research on a high-precision means for
detecting the hole deflection in magnetic and harsh
conditions becomes the key to ensuring the hole quality.

2 The Status of the horizontal
incline-measure technology

The traditional drilling inline-measure method which is
mainly the magnetic method, means to calculate the
deflection azimuth angle according to changes of the
included angle between the sensitive shaft of the
measuring instrument and the geomagnetic field. The
current measuring element of the azimuth angle is mainly
the fluxgate. When the instrument is disturbed by the
external magnetic field, its accuracy will decline or it
even cannot work at all. As a result, the magnetic method
could not apply to the freezing pipe in the magnetic
environment. In order to determine the azimuth without
relying on the geomagnetic field, the first method is to
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use the principle of relative measurement of azimuth,
that is, to align a given direction on the ground, and
record the angles of the instrument's rotation and its
revolution along the drilling hole track as the instrument
goes down the well. This method is adopted by the
traditional framework-based mechanical gyros 1. But
the framework-based mechanical gyro inclinometer has
complex structures and it is very difficult to process and
debug. Since the gyro element is in a high-speed rotating
state, it can be easily affected by the vibration. Factors
including the rotating torque caused by gravity after the
gyro's mass center deviates from the support center and
the rotation of the earth may all lead to azimuthal
measurement error of the instrument. For working
conditions where the freezing hole is susceptible to
vibrations, it is not fit for mechanical gyros. The second
method is the three-dimensional coordinate method. At
present, the mainstream trenchless pipeline detection
equipment in China is mostly ABM series and DR series
products manufactured by Belgium Reduct company.
This series of pipeline detection systems have the
advantages of high reliability, simple operation and
durability. By calculating changes in X direction
(distance), Y direction (heading), Z direction (pitching)
and scroll position of each point, the three-dimensional
data coordinate of a pipeline is finally obtained. Given
the coordinate value of input points and output points,
the three-dimensional coordinate of a pipeline can be
reduced to the three-dimensional coordinate of the
pipeline under the construction coordinate system or the
urban coordinate system’. The inclinometer in the
freezing pipe is a blind hole and only the coordinate
value of the input point is known, so the use of this
instrument is limited.

The fiber-optical gyro inclinometer adopts the
method of measuring the angular velocity of rotation of
the earth to determine the bearing of drilling. It does not
rely on the geomagnetic field so it can overcome the
interference of the magnetic field. Besides, its light solid
structure makes it have the advantage of strong seismic
resistance. Therefore, the research on the wuse of
horizontal fiber-optical gyro incline-measure technology
is the first choice for the quality inspection of
long-distance freezing holes and drilling holes.

3 Instrument principles and
indicators?

The rationale of fiber-optical gyro inclinometers is
Sagnac Effect of light. Sagnac Effect refers to a general
effect that the beam of light travels within a closed loop
which rotates in the relative inertial space, that is, two
beams of light with equal features from the same light
source in the closed loop travel in the opposite direction
and finally converge to the same detection point. When
there is an angular velocity Q of rotation around the axis
perpendicular to the surface of the closed loop in the
relative inertial space, the optical path difference will be
generated as the beams of light travel in two opposite
optical paths. The optical path difference is proportional
to the angular velocity Q of rotation.

(@)

®)
Fig.1 Sagnac effect of light

AOQ =wAt =27QLD /cA

Among them, L is the optical fiber length, D is the
fiber diameter, A is the optical wavelength of light source,
c is the velocity of light transmission in a vacuum. For
the fiber-optical gyro inclinometer whose optical fiber
length is constant, when the wavelength of light source is
given, the formula above can determine the one-to-one
correspondence between AO and Q.

In order to meet the needs of long-distance horizontal
freezing incline-measure, based on the current
fiber-optical gyro incline-measure technology, the first
horizontal fiber-optical gyro inclinometer for the freezing
hole in China was developed. Its technical indicators are
as shown in Table 1:

Tablel Horizontal fiber optic gyroscope inclinometer
parameters for freezing holes

: External Azimuth
name weightkg diameter/cm length/mm accuracy/® :
Horizontal fiber
optic gyro 10 40 1950 i)
inclinometer

3.1 Experimental scheme

The inertial measurement system is the core of
fiber-optical gyro inclinometers, which includes three
accelerometers and a gyroscope. In order to test the
actual measurement accuracy of horizontal azimuth
angles of fiber-optical gyros, the field test is carried out
combined with the horizontal crossing drilling project at
Guoquan road of Shanghai rail transit. In the crossing
freezing project at Guoquan road, the horizontal drilling
length is 42m, the horizontal hole opening angle is in the
range of 0~2.66°, and the vertical hole opening angle is
in the range of 0~1.5°. Based on the actual drilling track,
the experimental scheme is designed to test the accuracy
of the azimuth angle of the horizontal fiber-optical gyro
inclinometer applied to the freezing hole.

Table2 Design of Accuracy Checking Scheme for Horizontal
Fiber Optic Gyro Inclinometer

Length Lavout Lavout Vertical Horizontal
of : you Ayou deflection @ deflection
number .  vertical horizontal
freezing angle/® angle/® of final of final
pipe/m S S hole/mm hole/mm
1 : 40 0.5 -2.66 =220 -480
remarks: horizontal angle (the left is “-”, the right is“+”) ; vertical angle:

(up for “+”, down for*->)
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The freezing pipe used in the experiment is made of
®108*10 seamless steel pipe, each of which is 2 meters
long. It is connected with screw threads and established
according to the experiment scheme with the U-shaped
support welded as the base.

The gyro moves at constant speed by traction in the
freezing pipe. Sampling points are taken every 4 meters,
and there are totally 10 sampling points for each test.

At the same time, the total station measurement
method is used to measure the azimuth angle of each
measuring point and the result is compared and analyzed
with the measurement data of the horizontal fiber-optical
gyro inclinometer.

Fig.3 Total station measurement check

4 Comparative analysis of
experimental results

The verification of the azimuth angle of the horizontal
fiber-optical gyro inclinometer is mainly to compare the
design accuracy with repeated measurement results, so as
to determine the reliability of the accuracy. According to
the actual situation, the comparative analysis of azimuth
test results is shown in Table 3.

- - - ~TH

Fig.2 Horizontal fiber opﬁc gyroscope inclinometer test

Table3 Comparative Analysis of Azimuth Measurement of Horizontal Fiber Optic Gyro Inclinometer and Total Station Measurement

Data
Upward Total station
angle length/m : Test1/° @ Test2/° . Test3/° measurement/° deviationl/° : Deviation2/° : deviation3/°
39 116.6 116.4 114.9 113.9 2.7 2.5 1.0
35 113.9 112.8 114.4 113.3 0.6 -0.5 1.1
05 3] 113.1 114.4 115.1 113.8 -0.7 0.6 1.3
i 27 114.4 110.7 115.9 114.3 0.1 -3.6 1.6
23 115.1 115.6 114.4 0.7 1.2
19 1154 114.8 114.8 114.5 0.9 0.3 0.3
15 117 114.9 114.6 2.4 0.3
11 116.2 115.9 114.9 1.3 1.0
7 115.9 114.9 1154 115.0 0.9 -0.1 0.4
3 116.7 1154 113.9 115.3 1.4 0.1 -14

According to

the analysis

of 27 groups

comparative data of azimuthal measurement, the
measurement error of 85.2% of the data is within the
range of +2°, and that of 55.6% of the data is within the
range of £1°.

of measurement

€ITors

as variables,

the normal

verification is conducted by using statistical analysis

software to calculate

skewness, kurtosis and the

corresponding standard deviation.

Table4 Normality test statistical analysis table with skewness

20 ° ° - and peak value
; o0 * ! e L. p° number project statistac Z-score
h . 1 skewness -0.92 -1.91
30 frimes Standard
_ . 2 deviation of 0.48
Table4 Discrete graph of measurement error data skewneAss
3 kurtosis 0.83 0.88
.. . . Standard of
5 Normal distribution analysis of 4 deviationof  0.94

experimental error data

5.1 Normal verification

With four groups of singular points beyond the accuracy
range of the instrument eliminated, and the residual data

kurtosis

At the test level of a = 0.05, the skewness Z-score and
kurtosis Z-score are within the variable range of + 1.96. It
is considered that the sample is subjected to normal

distribution.
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5.2 Normal distribution analysis

The normal distribution N (i,62)  of measurement error

data is analyzed.
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Fig.5 Azimuth measurement error normal distribution curve

According to the normal distribution, if the error data
satisfies the normal distribution of pu=0.54 and ¢=0.73,
the rule of thumb tells us that the probability of test error
data in the range of - 0.19 ~ 1.27 ° is 68.3%.

6 Technical application

Along the Guoquan road station up and down the line 18
and the working station down the line 10 of Shanghai rail
transit, due to the obstacles like underground diaphragm
walls and piles, it is proposed to adopt the freezing
method to reinforce the tunnel at the crossing section and
then excavate the tunnel by the subsurface excavation
method.

The length of the freezing drilling is 42 meters and
the nearest distance between the drilling hole and the
floor of the working station is 0.5 meters. As a result, the
construction is difficult and requires high accuracy.

\

Fig.6 Drilling model of Guoquan road crossing engineering

Due to the long distance of the horizontal drilling,
and since it needs to cross many complex obstacles
during drilling, accurate detection of the deflection
position of freezing holes is the key to the success of
drilling and the need to ensure smooth closure. The
application of the horizontal fiber-optical gyro
inclinometer for the first time in the drilling of the
freezing project at Guiuan road and the comparison

between incline-measure data and incline-measure by
light have again verified the accuracy of the horizontal
fiber-optical gyro incline-measure.

0.1
—@— Oblique light method —@=— Gyro inclinometer

25 30 35 40 45

deepening/m

-0.3

-0.4
horizontal offset/m
Fig.7 Comparison of the results of horizontal offset track
measured by light method and gyroscope method®

From the comparative curve analysis of the horizontal
offset (azimuthal measurement) of drilling tracks, it can
be known that:

Using the incline-measure method by light and the
horizontal fiber-optical gyro incline-measure method, it is
found that the track trend is consistent in the horizontal
direction and the maximum offset error is within 200
mm.

7 Conclusion

(1) The first horizontal fiber-optical gyro inclinometer for
the freezing hole was developed through the analysis
based on the working conditions of the horizontal
freezing hole inclinometer, the principle and advantages
of the fiber-optical gyro inclinometer. And the field test
was then conducted.

(2) By simulating the construction conditions, the
ground test shows that for the data deviation of azimuthal
angles in the freezing seamless steel pipe of the
horizontal  fiber-optical gyro inclinometer, the
measurement error of 85.2% of the data is within the
range of £2°, and that of 55.6% of the data is within the
range of +1°.

(3) At the test level of a = 0.05, the measurement
error data of azimuthal angles satisfies the normal
distribution of p=0.54 and 6=0.73, and the probability of
the measurement error of azimuthal angles in the range of
-0.19~1.27 ° is 68.3%.

(4) According to the field test results and the features
of normal distribution, in the process of field
measurement, we can try to calculate the mean value with
repeated measurements for error optimization, making
the measurement results approach the true value.

(5) The test results were successfully applied to the
freezing hole incline-measure of the horizontal crossing
freezing project at Guoquan road, and were compared
with the data of the incline-measure by light, which
further verified the reliability of the test results. The
measurement error was within 200 mm.
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