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ABSTRACT For ultra-long tunnels, the effective means of alignment and breakthrough accuracy
optimization is to measure the gyro azimuths or transfer the coordinates of surface known points or the
directions to the inside of the tunnel through vertical shafts or inclined shafts. Compared with bored tunnels,
immersed tunnels have different engineering characteristics and construction environments, and have higher
alignment control accuracy requirements. However, the immersed tunnel has no vertical shafts or inclined
shafts that can be used for coordinate transfer to improve the measurement accuracy. In order to provide
high-accuracy alignment control and breakthrough for long immersed tunnels, we put forward a new strategy
after network stability analysis, and consistency analysis between the results of the element positioning
system and the results of the control network. The results of the element positioning system are taken
as constraints to improve the accuracy of the control network. The analysis on 100,000 simulations of a
20 km-long immersed tunnel shows that the accuracy of the last point pair of the traverse network with
angle and distance observations is 60.8 mm, while the accuracy of the same point pair after adopting the new
strategy in this paper is 11.8 mm. The results of a 7 km-long experimental traverse network show that the
lateral breakthrough accuracy is improved by 73%. All of these indicate that the new strategy can effectively
improve the measurement accuracy and the lateral errors can be kept at a small level. Following the new
strategy, the high-accuracy alignment and breakthrough can be achieved for long immersed tunnels.

INDEX TERMS Alignment control, breakthrough accuracy, immersed tunnel, joint adjustment, positioning

system, traverse network.

I. INTRODUCTION

Ensuring the accurate meeting of the tunnels constructed
from two opposite directions is a very important task in tun-
nel engineering surveys. However, it was from the Channel
Tunnel that links Britain and France, and some other long
tunnels, that the alignment errors and their estimation began
to receive attention [1]-[6]. Comprehensive mathematical
analysis should be carried out in advance to determine the
appropriate control network configuration and the observa-
tion scheme. A surface network and an underground network
are usually established for tunneling surveys. The surface net-
work covers the tunnel area to control the whole project. The
Global Navigation Satellite Systems (GNSS) and terrestrial
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techniques can be used to provide the coordinates near the
portals. The underground network controls the construction
procedure.

Due to the absence of the satellite signals and the narrow
space, it is a challenge to carry out the high-accuracy coor-
dinate transfer inside the tunnel. Firstly, the flexibility of the
inside network layout is not great. It is impossible to choose a
network with ideal geometry like the surface control network.
Moreover, the effect of refraction on optical measurements
caused by the variation of temperature and the air pressure is
a major source of errors [7]. In theory, the refraction index is
assumed to be constant along the tunnel axis and its variation
pattern has the axial symmetry, so the traverse along the
tunnel axis is the most suitable geometry to reduce the effect
[2], [3], [8]. But the tunnel axis needs to be kept free most
of time. In reality, a zigzag traverse is usually designed to
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minimize the lateral refraction effect [7], [9], [10]. If the
tunnel is curved, a zigzag traverse is less effective at reducing
the effects of lateral refraction, and a double zigzag can be
run [3], [11]

In addition, the refraction index can be measured with
a scintillometer to calculate the corrections for the line of
sight curvature. Or the refraction-free measurements can be
collected using dispersometers. However, due to the complex-
ity of related measurement procedures, methods for deter-
mining or correcting the refractive effects are not widely
adopted [12].

The use of gyrotheodolites can verify the quality of the
angle and distance observations, and improve the accuracy
of the traverse. It is confirmed that the refractive effect can
be significantly decreased by measuring the gyro azimuths
[2], [13]. The gyrotheodolite’s application in tunnels has been
discussed in many literatures, such as [5], [7], [9], [14].
Martusewicz studied the optimal location of the extra gyro-
scopic azimuth in underground traverse [15]. Strategies for
gyro data processing have also been improved. The net-
work adjustment with fixed gyro observations, with equally
weighted gyro azimuths, and with self-adaptive weighted
gyro azimuths were gradually proposed [16], [17].

Increasing the complexity of the network is another solu-
tion to improve the accuracy and reliability of the network
inside the tunnel. For example, the duo-linear joint chain
was designed for the Hong Kong-Zhuhai-Macau immersed
tunnel construction. Compared with the traverse, the chain
consists of four points per point pair and has more redundant
observations [18], [19]. Besides, free station setup can be
established and additional observations can be made between
wall points [20]. When the tunnel is very long, the known
coordinates or azimuths can be transfered by the access tunnel
or shaft. This method of improving precision has been proved
to be very effective in long tunnel [9], [21].

The immersed tunnel is composed of prefabricated
elements. For good water tightness, each element needs to
be accurately connected to the previous one. Compared with
the bored tunnels, the immersed tunnel has higher alignment
control and breakthrough accuracy requirements. Taking
Hong Kong-Zhuhai-Macau immersed tunnel as an example,
its length is 6.7 km, and the breakthrough accuracy is required
to be £35 mm. According to the current Chinese specifica-
tions, the breakthrough error of tunnels of the same length
shall not be greater than =75 mm. The longest immersed
tunnel planned in the world is 17 km [22]. It is very difficult
to meet the accuracy requirements of the immersed tunnel by
relying on the present strategy of tunneling surveys.

According to the construction characteristics of the
immersed tunnel, a new strategy for alignment control and
breakthrough accuracy optimization in long immersed tunnel
is proposed in this paper. During the element installation pro-
cess, a positioning system is used to provide the position and
attitude angles of the element in real time (Fig. 1). The com-
monly used element positioning system is the measurement
tower system, which consists of two measurement towers.
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FIGURE 1. The element positioning system of the immersed tunnel. The
position of the element in installation can be obtained by measuring the
coordinates of the top of the towers.

The measurement tower is always above the water during the
installation of the element. By measuring the coordinates of
the points on the top of the tower, the position and attitude
angles of the element can be calculated. After the element
installation is finished, the positioning system provides the
“final” position of the element. The inside breakthrough
survey is performed to get the “accurate’ position of the
element. The ‘““accurate” position is used to check the “final”
position, to confirm the current position, and to see whether
it is necessary to accurately adjust the position of the ele-
ment. The alignment control of the tunnel is subject to the
breakthrough survey results. The real-time lateral accuracy
requirement of the element position is less than 50 mm, and
the accuracy of the positioning system is generally better
than 30 mm [23]. Hence, after certain analysis, we take the
“final” position as the constraints and perform the adjust-
ment together with the inside control network to improve the
accuracy of the alignment control of the immersed tunnel.

The paper is organized as such: the present alignment
control strategy is described in Section II; Section III gives
the method of stability analysis of the element and illustrates
the stability of the points inside the immersed tunnel with an
example; the new strategy is described in detail in Section IV;
in Section V, the performance of the new strategy is illustrated
by simulations and an experiment; the conclusions are given
in Section VI.

Il. PRESENT ALIGNMENT AND BREAKTHROUGH
ACCURACY OPTIMIZATION STRATEGY

A. OPTIMIZATION OF ALIGNMENT AND BREAKTHROUGH
ACCURACY

There are four different orders of optimizing a control net-
work [24]. In addition to improving the accuracy of obser-
vations, the optimization of the breakthrough accuracy is
usually carried out from two perspectives, namely, control
network design and adding observation types. According to
the different lengths of the tunnels and the breakthrough
accuracy requirements, the control network can be run as a
zigzag traverse, a double zigzag traverse (Fig. 1a), a double
traverse with common stations or a traverse network (Fig. 1b),
or a duo-linear joint chain (Fig. 1c). The more complex the
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FIGURE 2. The different configurations of control network in the tunnels. (a) double zigzag traverse,
(b) double traverse with common stations, (c) duo-linear joint chain.

graphic structure of the control network, the more redundant
observations, the smaller the amplitude of the control net-
work’s left-right swing under the influence of the angle errors,
and the higher the accuracy of the control network when the
accuracy of the observations is the same. Based on the com-
promise between the visibility conditions and the accuracy
requirements, the optimal side length should be determined
by means of simulations. For example, after analysis, Velasco
found a side length of 375 m was the optimum distance for a
25 km tunnel in Spain [9], while Huang chose a side length
of 720 m for the longest immersed tunnel ever built in the
world [18].

For ultra-long tunnels, the accuracy of breakthrough
depends largely on the additional azimuth observations. The
azimuth angle can be measured with a gyrotheodolite or
transferred through a shaft from the surface. Such observa-
tions are absolute azimuths, unaffected by the propagation of
angle errors. Azimuth observations can not only improve the
accuracy, but also carry out an independent check of the con-
trol network. For example, the 57.5 km Gotthard Base Tunnel
has several intermediate tunnels, vertical shafts, exploring
tunnels, and bypasses. For the intermediate attack at Sedrun,
the direction was transfered from the surface (1340 m) to the
tunnel level (540 m) through a vertical shaft with a diameter
of 8 m. In addition to the gyrotheodolite, precise plumbing
with the dispersometer using mercury plumbing instruments,
polarised dual-wavelengths light, and inertial systems were
also used to transfer the azimuths. Finally, the requirements
of 100 mm breakthrough error were met at all breakthrough
surfaces [13]. According to the consequence of the simula-
tions carried out in [9], the use of a gyrotheodolite is consid-
ered to be mandatory for tunnels longer than 15 km.

With the extension of the tunnel, new control points are
continuously laid forward. Generally the control network
needs to be measured at regular intervals. Each survey starts
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from the surface known points. The observations will be
processed in the method described in the following subsection
to produce the coordinates for further setting out in the tunnel,
and to check the displacement of the underground points.

B. DATA PROCESSING
Observations of the control network inside the immersed
tunnel include angles Ly and distances L, and sometimes
azimuths L,. The steps of data processing include the outlier
detection, the variance component estimation (VCE) and the
constraint adjustment [18]. Lg, Ly and L, are independent.
The angles and azimuths are assumed to be of equal accuracy.
Their accuracy is oy and o,, respectively. The accuracy of
the distance is related to its length and is expressed as oy, =
os(1 4+ ¢ x s;). c is equal to b/a and is assumed to be fixed.
a and b are the fixed and proportional errors of the distance
measurement.

According to the observation types, the observation
equations are:

Vg = AQ)AC — lg
vy = Ak — I ey

Va =AgX — I,

where v,, A, and [, are the residual vector, the design matrix
and the constant vector of measurements corresponding to the
category of the observation; X is the parameter estimations.
The cofactor matrix Q is

Q 0 0 iUy 0 0
0=|0 QO 0 |=]| 0 02U 0 )
0 0 Q. 0 0 o2U,

where Uy = I,,, Uy = diag[(1 + ¢s1), ..., (1 + csuy)?],
U, = I;. n1, ny and n3 are the number of the angles, distances
and azimuths.
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To detect the outlier for the i measurement, the test
statistic can be constructed as [25], [26]

TPQ,,PI
W' — Cl QVV (3)

1
004/ cl.TPQWPc,-

¢i = [0,...,0,1,0,...,0] with all elements of 0 except
the i element of 1. P is the weight matrix. P = Q.
| = (leT , IST , laT )T, 0,y is the cofactor matrix of the estimated
residuals. Q,, = Q — A(AT PA)~'AT. For an observation, if

[wil > cq = Ni—a/2 “4)

the observation is considered to be outlier. N1_¢ 2 is the lower
percentage point of a standard normal distribution and « is the
level of significance of test.

To achieve the optimal estimates and obtain the correct and
realistic posteriori accuracy for the parameters, the correct
stochastic model should be applied [27], [28]. If the smaller
prior observation accuracy is incorrectly used, the derived
coordinate accuracy would be too optimistic [29]. For the
immersed tunnel that requires high alignment control accu-
racy, accepting falsely high-accuracy measurement results
can lead to major accidents.

VCE is applied to find the realistic and reliable variance
components of the observations to construct the covariance
matrix correctly. The Helmert type of VCE reads [30]

[Hy H, H» &92,0 VgQg_lVe
Hi Hy Hy|-|&|=|vos'v|

_HZ Hs  H, AO%O VEQO_,IV(J:

Hy = ny — 2tr (N"'Ng) + tr (N"'Ng)°

Hy = ny — 2tr (N —IN) +or (N—lN )?
2
Ha_n3—2tr( )+tr( ) )
Hy =1tr (N"'NyN~INy)
Hy =1r (N"'NgN~'Ny)
Hy =tr (N"IN;N7INg)
tr(x) is the operator to compute the trace of a matrix.
Al Aq
Ny = —
(;9’0 1
AU A
N, = %ﬁ @)
Toﬂs,O
ATA,
Ny = "
a,0
N=N0+N3+Na (8)

2 2 2 : :
where %.0: %500 and o, , are t.he approx1maFe a.lnglez dlstanc§
and azimuth variances, and will be updated in iterations until
02, ~ 02y~ o2 The simplified VCE formulas are:

T
N Vo Vo
092 — 9—_1 9)
ny — tr(N N@)
Tyrr—1
N U
e It MRS (10)
ny — tr(N—"'Nj)
52 L (1)
« —tr(N"INy)
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Outlier detection and VCE are performed alternately. The
clear observations and realistic stochastic model will be
acquired. The coordinate estimations of the inside network
points are

s=N"1ATo™ i (12)
where the design matrix A is:

Ap
A= |4, (13)

Aq

Its covariance matrix 1s
v Q 1

Ds; = (aTo Ay (14)

where r is the number of redundant observation. v =
(V9 k) )T

Ill. STABILITY ANALYSIS

The premise of the new alignment and breakthrough accu-
racy optimization strategy is that (part of) the underground
points are stable, so the stability analysis of the network
points is first required. Many researchers have conducted
extensive research on this issue, such as [31]-[37]. We use
the widely used global congruency test in this paper. In
this section, the global congruency test is presented, and an
example is given to illustrate that the underground points of
the immersed tunnel are stable.

A. GLOBAL CONGRUENCY TEST

Assuming that a control network is measured twice at dif-
ferent times, the coordinates obtained by the two epochs are
x1 and x, respectively. Their corresponding cofactor matrices
and posterior variance factors are Oy, and Qy,, &12 and &22.
It is assumed that x; and x, are uncorrelated. If the test to
check the compatibility of the estimated posterior variance
factors is accepted, the displacement of the coordinates is
defined as

dxy =x2 —x1 (15)
Its cofactor matrix is

Qiyy = OQx + 0O, (16)
The variance factor of d(y) is
a1 (d(x))TQ;r(x)d(x)
Odw = —fd(x)
where O s is Moore-Penrose inverse of the cofactor matrix

Qd,,» fd, is the number of independent element in d(y).
The total estimated variance factor is

.2 S167 + 563
0 fi+h

where f1 and f> are the degrees of freedom of the two different
epochs.

In order to analyze the stability of the control network,
the following two hypotheses are put forward

Ho:E (63 )=E(53): Hi:E(63))>E(38) (9

228329

7)

(18)



IEEE Access

G. Li et al.: New Alignment and Breakthrough Accuracy Optimization Strategy in Long Immersed Tunnel Surveys

The test statistic is set as

A

2
%dyy
P ~ F (fap - J1 +12) (20)

F =

where F (fy,,.fi +/2) is the Fisher’s distribution with
degrees of freedom Jd, and fi + fa. If F < F, (fd(x) Ji+ fz),
the null hypothesis is accepted with the significance level
(a), and the control network is stable. The control network
is stable, which of course shows that our points of interest are
stable. Otherwise, it indicates that there are unstable points
in the network. To determine whether the points of interest
are stable, the control points are divided into two groups,
the stable point group M and the unstable point group U.
Correspondingly, d(,) and Q‘}L(X) are rewritten as

dw = [dy  dul” 1)
P P
+ U UM
Qd(X) - [PMU PM:| (22)

The variance factor of dys is

o (dy)" Pydy

65 = (23)
A ey
where f,, is the dimension of dy; Py is
Py = Py — PyuPy'Pum (24)
For the stable point group M, the test statistic is set as

%,
Fy = 634 ~ F (fay /1 +12) (25)

0

If Fy < Fy (fay . /1 +f2), the null hypothesis is accepted
with the significance level («), and the point group M is
stable. This indicates that points of interest are stable.

B. CONTROL POINTS STABILITY OF AN IMMERSED
TUNNEL

In this subsection, taking the Hong Kong-Zhuhai-Macau
Bridge immersed tunnel as an example, the stability of under-
ground control points is illustrated through the analysis of the
measured data. The configuration of the control network is as
shown in Fig. 1b. The total station with the nominal accuracy
of 0.5” for the angle and of ¢ = 1 mm and » = 1 ppm for
the distance was used. We select two periods of measurement
data separated by 10 months. The time of the first epoch is
Feb. 2015, and the time of the second epoch is Dec. 2015.
The interval between the two epochs is relatively long, and
no point was damaged during the period. The control points
stability can be reflected by the analysis of the two epochs
of data.

The network includes 8 underground points at each epoch.
The point name, point location and the displacement of the
coordinates are shown in Table 1. For this network, fj = f» =
12, fd(x) = 12. The significance level « is set to be 0.05. After
analysis, I < Fo0s5 (12, 24). Hence, the network is stable.
No significant displacements of the control points occurred
during the ten-month period. Other data of different epochs
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TABLE 1. Point name and the displacement of the coordinates.

Point name Point location Az (mm) Ay (mm)
Al El -1.7 0.1

Bl El -0.6 0.1

A2 ES -0.1 1.5

B2 E5 0.6 1.4

A3 E9 3.1 1.5

B3 E9 0 0.5

have similar results after stability analysis. The conclusion
that in the horizontal direction the underground points inside
the immersed tunnel have good stability can be drawn.

IV. NEW ALIGNMENT AND BREAKTHROUGH ACCURACY

OPTIMIZATION STRATEGY

In this section, the new alignment and breakthrough accuracy
optimization strategy for long immersed tunnels which makes
use of the results of the element positioning system is pre-
sented. After the element is installed, both the positioning
system and breakthrough survey can provide the position
of the element. The consistency analysis between the two
different positions ensures that the two kinds of results are sta-
tistically consistent. Based on this, the element position from
the positioning system is taken as the constraints when the
accuracy of the control network degrades to a certain degree
with the increase of the number of elements installed. A joint
adjustment will be conducted together with the angle and
distance observations of the inside network. As the lengths
of the immersed tunnels are different, the numbers of the
constraints may be different.

A. CONSISTENCY ANALYSIS METHOD

There are multiple feature points in each element. For a newly
installed element, there are two different position results.
One result is provided by the positioning system, denoted as
(X7, Y4). The superscript d means that the coordinates are
measured directly. The other is obtained by the breakthrough
survey, denoted as (X, Y"). The superscript ¢ means that
the coordinates are transferred through the control network
from the surface known points. The accuracy of the results
is (mff, m;l ) and (m’, m;). The coordinates are normally dis-
tributed. Bland proposed a method for consistency analysis
of results obtained by different methods [38]. Based on this,
a consistency analysis method is formed by adding the con-
straint that the mean of the differences is approximately zero.
The steps of consistency analysis are:

1) Calculate the differences (d,, dy) between the methods
and their averages (c_lx, c_iy).

2) Calculate the standard deviations of the differ-
ences (Sqv, Say). Sax = +/(md)?> +(mb)?, sg =

(md? + (m.

3) 95% of the differences lie in the interval [dj,y, d,,p]. For
dy, diow = dy — 1.9654x, dyp = dy + 1.9654. For d,,
the calculation is similar.

4) Calculate the standard errors of d, and c_iy. my, =
Sdx/ /1 mg, = Sdy/~/n, where n is the size of d, and
dy.

5) Ifno less than 95% of the differences are in the interval
[diow, dupl, |dx| < 2my,, and |dy| < 2my,, the
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results of the two methods are consistent. A plot of the
differences against their mean is also very informative.

B. NEW DATA PROCESSING STRATEGY
At the initial stage of the construction of an immersed tunnel,
when the number of installed elements is small, the accu-
racy requirement of alignment control can be met by arrang-
ing points in pairs and using the data processing method
described in section 2 through measuring angles and dis-
tances. With the continuous extension of the control network,
the lateral accuracy becomes lower. When the control net-
work reaches a certain length, its accuracy will decline to the
point that it no longer meets the requirement. The last point
pair is denoted as the N pair. The coordinates of the N
point pair measured by the positioning system are (X¢, Y¢).
Take the coordinates (X9, Y?) as observations. Then
the observations include angles Ly, distances Lg, and
coordinates L.. In this case, the observation equation (1)
becomes:

v = Agx — Iy
Ve = Agx — I (26)

Ve = AcX — g,

According to the steps of the outlier detection, VCE and
the constraint adjustment, the new coordinates of the con-
trol network with higher accuracy can be obtained. Update
the control network coordinates. Once an element has been
installed, the positioning system will be removed soon. So we
select specific point pairs with good stability and relatively
far from the portal as constraints, continue to install new
elements, and extend the control network. The angle and dis-
tance observations are processed together with the coordinate
constraints. Until the control network no longer meets the
accuracy requirements of alignment control, then the new
coordinates (X9, Y9) are taken as additional constraints to
obtain the coordinates of the control network with higher
accuracy. Update the control network coordinates and select
new extra special points to add to the constraint set, continue
to install new elements, and extend the control network. The
angle and distance observations are processed together with
the coordinate constraints. Repeat the above procedures until
the tunnel finally breaks through.

The steps of the new data processing strategy are
as follows:

1) When the first few elements are installed, angles and
distances are measured and the constrained adjustment
as described in section 2 is performed. The constraint
set is empty.

2) When the accuracy of the end point decays to a certain
degree, take the coordinate of the feature point of the
newly installed element as the additional observation,
and perform a joint adjustment with the angle and
distance observations of the inside network, and the
constraint set (if not empty). At this time, the network
contains N point pairs.
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3) Update the coordinates of the network. Add the
coordinates of the (N — 1) point pair to the constraint
set.

4) Continue to install elements. Perform the joint adjust-
ment with the angle and distance observations of the
inside network, and the constrained set.

5) When the accuracy of the weakest point of the network
decays to a certain degree, return to 2). Repeat this
process until the tunnel breaks through.

V. NUMERICAL RESULTS AND DISCUSSION

To investigate the performance of the new strategy for
alignment and breakthrough accuracy optimization of the
immersed tunnel, the results of simulation studies and an
experimental traverse network are presented. All the data
were processed by a self-written program.

A. SIMULATIONS

A straight immersed tunnel that is constructed simultane-
ously from two opposite directions is considered (Fig. 3).
The longest immersed tunnel built or under construction in
the world is 17.6 km [22]. In this section, the length of the
simulated immersed tunnel is set to be 20 km. The immersed
tunnel consists of 112 elements, each about 180 m long.
When the breakthrough point is in the middle of the tunnel,
it is most conducive to the breakthrough survey [39]. So the
breakthrough plane is set to be in the middle of the tunnel.
The uncertainty of the tunnel alignment control shall not be
more than £35 mm. The required breakthrough accuracy is
435 mm. The breakthrough point is located in the middle of
the tunnel, and both directions have the same measurement
requirements. So, we take the survey network on one side
as an example for analysis. The lateral positioning error of
the weakest point of the network should not be greater than
+24.7 mm.

The traverse network is designed inside the tunnel (Fig. 4).
Two points of the same mileage are called a point pair. Even
if the point pairs are arranged every four elements in the
immersed tunnel, i.e., the distance between them is 720 m,
it still has good visibility. The prior accuracy of the angle
and distance observation is £1” and +1 mm + 0.6 ppm.
The accuracy analysis was carried out when the distance
between point pairs is 560 m and 720 m. 100,000 simulations
were conducted for each network. The lateral accuracy of the
points is shown in Fig. 5. As can be seen, when the total length
of the network is constant, the longer the length of the side is,
the higher the accuracy is. But neither of the two networks
can meet the accuracy requirement.

In the following analysis, a point pair is arranged every four
elements, and the distance between the point pairs is about
720 m. The traverse network contains 14 point pairs (Fig. 4).
If the strategy proposed in this paper is adopted, the alignment
control process of the immersed tunnel is as follows:

1) With the continuous installation of elements, the
traverse network is gradually extended. According to
the results in Fig. 5 and the red line in Fig. 6a, if
the control network extends to the 14 point pair, the
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FIGURE 3. An immersed tunnel constructed simultaneously from two opposite directions.
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FIGURE 4. Ten kilometers long traverse network with the leg length of 720 m and 14 point pairs.

w . . . . As5(Bs). After data processing, the lateral accuracy of
—Leg length of 720 m point pair As(Bs) and Ag(Bg) is increased from 7.2 mm
—Leg length of 560 m .
L . and 15.1 mm to 4.5 mm and 9.7 mm (Fig. 6b). Then the

coordinates of Ag(Bg) are added to the constraint set.
3) Continue to install the elements and extend the con-

trol network. According to the red line in Fig. 6c, if

PP P L | the control network extends to the 14 point pair, the

lateral accuracy of the weakest point is 25.5 mm. The

‘ | | | | lateral accuracy of the 13" point pair is 21.2 mm.

00 2 4 6 8 10 12 Take the coordinates of point pair Aj3(B13) obtained

Mileage(km) by the element positioning system as the observations

FIGURE 5. The absolute value of accuracy of the traverse network with and perform a joint adjustment with the angles, the dis-

the leg length of 720 mand 560 m. tances, and the constraint set. After data processing,

lateral accuracy of the weakest point is 60.8 mm. The the lateral accuracy of point pair As(Bs), Ag(Bg) and

lateral accuracy of the 6” point pair has decayed to A12(B12) increases from 2.9 mm, 5.8 mm and 17.4 mm

19.7 mm. Therefore, it is necessary to take the coor- to 2.0 mm, 3.5 mm and 11.0 mm (Fig. 6¢). Then the

dinates of point pair A¢(Bg) obtained by the element coordinates of Aj2(B7) are added to the constraint set.

positioning system as the observations and perform 4) Continue to install the elements and extend the con-

a joint adjustment with the angles and the distances. trol network. Until the last point pair of the control

The coordinate accuracy provided by the positioning network, its lateral accuracy is 11.8 mm, which still

system is 7, = 30 mm and m, = 30 mm. After data meets the accuracy requirement. The lateral accuracy

processing, the lateral accuracy of point pair As(Bs) is of the whole traverse network is shown as the blue line
increased from 15.6 mm to 11.5 mm (Fig. 6a). Then in Fig. 6c.

the coordinates of point pair As(Bs) are added to the The accuracy of the 10 km traverse network with different

constraint set. number of constrained point pairs is shown in Fig. 7. It can be

2) Continue to install the elements and extend the con- seen that the accuracy of the whole traverse network is signif-

trol network. According to the red line in Fig. 6b, icantly improved with each additional point pair coordinates

if the control network extends to the 14”* point pair, as the constraints. From the starting point to the constraint

the lateral accuracy of the weakest point is 41.2 mm. point pair, the accuracy of the control network changes slowly

The lateral accuracy of the 9" point pair has decayed with the increase of the mileage, and the accuracy of the

to 18.7 mm. Take the coordinates of point pair Ag(Bg) subsequent control network decreases rapidly. Limited by the
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obtained by the element positioning system as the elongated shape of the immersed tunnels, the network was
observations and perform a joint adjustment with the established in the form of the open-ended traverses. This
angles, the distances, and the coordinates of point pair type of network is the worst from the point of view of the
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FIGURE 6. The absolute value of accuracy of the traverse network with different length when different number of point pairs are constrained. The
ordinate scales of the three sub-figures are different. The horizontal dashed lines are the accuracy requirement, 24.7 mm.
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FIGURE 7. The absolute value of accuracy of the traverse network when coordinates of different number of point pairs are constrained.

error propagation. In comparison with angles and distances,
the coordinates provided by the positioning system are inde-
pendent observations. The coordinate accuracy is indepen-
dent of the length of the tunnel. As the constraints, point
pair coordinates can effectively reduce the propagation and
accumulation of the angle errors. This is why the new strategy
works. When the construction length of the immersed tunnel
in one direction is less than 5 km, the measurement can be
carried out only with the traverse network. If the construction
length exceeds 5 km, constraints are required. The longer
the construction length, the more point pairs are required as
constraints.

In tunneling surveys, the common methods to improve
the measurement accuracy are to add the gyro azimuth
observations and to increase the complexity of the network.
For comparison purposes, we analyzed the accuracy of four
schemes through simulations, each of which was simulated
100,000 times. The four schemes are shown in Table 2.
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TABLE 2. Four schemes of accuracy analysis for the alignment control.

Scheme | Control network Observation type Data  processing
method

1 Traverse network Angle and distance | Current method

Traverse network Angle, distance and | Current method
azimuth

3 Duo-linear  joint | Angle and distance | Current method
chain

4 Traverse network Angle and distance | New method

In scheme 2, the azimuth is measured every 2 km. The
azimuths of 4 sides were measured. The sides are A3 — By,
Ag — B7, A9 — Bjio, A;2 — Bj3. The prior accuracy
of the azimuth observations is +3.5”. In scheme 3, the duo-
linear joint chain, which was designed for the alignment con-
trol of Hong Kong-Macau-Zhuhai Bridge immersed tunnel,
is shown in Fig. 2c.

The lateral accuracy of the 4 schemes are shown in Fig. 8.
The accuracy is improved by adding the gyro azimuths and
increasing the complexity of the control network. Compared
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TABLE 3. Basic information of the experimental traverse networks.

Property Left network Right network
Total length 5.8 km 1.0 km
Length of side 720 m 180 m
Number of angles 67 35

Number of distances | 34 18

r 24.7 mm

Lateral accuracy(mm)
N B
o o

Mileage(km)

FIGURE 8. The absolute accuracy of different schemes for the alignment
control of the 10 km immersed tunnel.

with scheme 1, the lateral accuracy of the weakest point is
improved by 22.2% and 29.7% respectively. The results are
consistent with the results in literature [18] and [19]. But the
scheme 1, 2 and 3 cannot meet the accuracy requirement.
If the traditional alignment control strategy is adopted, it is
necessary to further increase the number of gyro azimuths or
increase the complexity of the network.

However, using the new alignment control strategy for long
immersed tunnels proposed in this paper, only the coordinates
of three point pairs provided by the positioning system are
used as the constraints, and the lateral accuracy of the weakest
point is as high as 11.8 mm. According to the curve of
lateral accuracy, the accuracy decays slowly in the interval
from the starting point of the control network to the last
constrained point pair. Even if the tunnel length continues to
increase, as long as the number of the constrained point pairs
is increased, the new strategy can still effectively control the
tunnel alignment.

B. EXPERIMENT

The experiment was carried out in Zhuhai, Guangdong
Province, China (longitude: E 113.6°; latitude: N 22.1°).

A GPS network and two traverse networks were designed
on the ground to simulate the breakthrough survey of an
immersed tunnel. The network is shown in Fig. 9. The trian-
gle symbol represents the surface point; the circular symbol
indicates the “‘underground” point. In order to distinguish it
from the point name in Fig. 4, the subscript of the point name
of the traverse network in Fig. 9 is not a continuous number,
but the No. of the analog element where it is located. Ajg
is the breakthrough point. The underground points were laid
along a road. The surface points and the breakthrough point
were measured using Trimble R7 receivers. Leica TS30 was
used to measure the angles and distances of the traverse
networks. The basic information of the traverse networks is
shown in Table 3.

The GPS data were processed as follows:

1) The GPS data of W; and E; together with the data of
IGS (International GNSS Service) stations, wuhn, tnml
and cusv, were processed with the GAMIT/GLOBK
software. The baselines and the earth frame coordinates
of W; and E;| were obtained.

2) The experimental coordinate system (ECS) was estab-
lished through Gauss-Kriiger projection. And the
length and azimuth of the side W; — E; were
calculated.

3) Taking this length and azimuth as known data, the base-
lines were adjusted to obtain the ECS coordinates of the
surface points and the breakthrough point.

The angle and distance observations of the left and right
network were processed in the method described in Section II.

FIGURE 9. The experimental control network.
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TABLE 4. The coordinate differences of the breakthrough point and
breakthrough errors in the experiment.

Diff. Current data processing method | New strategy
AX (mm) AY (mm) AX (mm) | AY (mm)
Left- GPS | 57.1 -24.9 -20.8 1.8
Right - GPS | -6.0 2.3 -6.0 23
Right - Left | -63.1 27.2 14.8 0.5
Breakthrough error (mm)
Lateral -52.4 14.3
Longitudinal | 7.6 4.8

There are three different ECS coordinates for the break-
through point, which are measured by GPS, measured by the
left network, and measured by the right network. Besides,
the new strategy was adopted to process the observations
of the left network. Referring to the results in the previous
subsection, we take the coordinates of the sixth point pair,
As; and Bjj, as the extra observations, and adjust them
together with the angle and distance observations to obtain
a more accurate network. The coordinates of Aj; and Bj;
were obtained through a duo-linear joint chain as shown
in Fig. 2¢. The results of both methods are shown in Table 4.
If the coordinate of Ay9 measured by GPS is taken as the
“true” value, the ‘“‘true” error of the coordinate of Ajg
visually represents the accuracy of the network. Due to the
accumulation of the angle errors, the accuracy of the traverse
network decreases with the increase of its length. The total
length of the network on the right side is smaller, so the true
errors obtained in the current data processing method is also
smaller. After the new strategy is used to process the same
observations, the true errors of the left network is greatly
reduced. Moreover, the breakthrough errors, especially the
lateral error, have been greatly reduced. The absolute value
of the lateral breakthrough error decreased from 52.4 mm to
14.3 mm. This indicates that the new strategy in this paper sig-
nificantly optimizes the accuracy of the control network, and
it has remarkable effect on the optimization of the immersed
tunnel breakthrough accuracy.

VI. CONCLUSION

In recent years, immersed tunnels have developed rapidly
around the world, and longer immersed tunnels have
appeared. Currently, the longest immersed tunnel under con-
struction has reached 17 km. The immersed tunnel has unique
engineering characteristics, construction environments and
higher alignment and breakthrough accuracy requirements. In
order to maintain good water tightness and structural safety
of the tunnel, the elements must be accurately connected. In
order to improve the accuracy of the alignment and the break-
through, a new control strategy is proposed. Firstly, the sta-
bility analysis is conducted to illustrate that the underground
points of the immersed tunnel are stable. Then, through the
consistency analysis, the results of the element positioning
system and the results of the control network are verified to
be consistent. Finally, the results of the element positioning
system are used as constraints to improve the accuracy of
the control network. A 20 km-long immersed tunnel was
simulated and an experiment was conducted to demonstrate
the performance of the proposed strategy. Following the new
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strategy, it can be guaranteed that the lateral accuracy of
the alignment control and breakthrough of the immersed
tunnel are better than 20 mm. As long as new coordinates
are continuously added to the constraint set, the accuracy of
the control network can always be maintained at a high level.
The new strategy can be introduced as a reliable method that
provides accurate results for the alignment control and the
breakthrough of the immersed tunnels under construction and
planning.
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