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Abstract

The probability analysis of ground deformation is becoming a trend to estimate and control the risk brought by shield tunnelling. The
gap parameter is regarded as an effective tool to estimate the ground loss of tunnelling in soft soil. More specifically, w, which is a gap
parameter component defined as the over (or insufficient) excavation due to the change in the posture of the shield machine, may con-
tribute more to the uncertainty of the ground loss. However, the existing uncertainty characterization methods for w have several lim-
itations and cannot explain the uncertain correlations between the relevant parameters. Along these lines, to better characterize the
uncertainty of w, the multivariate probability distribution was developed in this work and a dynamic prediction was proposed for it.
To attain this goal, 1 523 rings of the field data coming from the shield tunnel between Longqing Road and Baiyun Road in Kunming
Metro Line 5 were utilized and 44 parameters including the construction, stratigraphic, and posture parameters were collected to form
the database. According to the variance filter method, the mutual information method, and the value of the correlation coefficients, the
original 44 parameters were reduced to 10 main parameters, which were unit weight, the stoke of the jacks (A, B, C, and D groups), the
pressure of the pushing jacks (A, C groups), the chamber pressure, the rotation speed, and the total force. The multivariate probability
distribution was constructed based on the Johnson system of distributions. Moreover, the distribution was satisfactorily verified in
explaining the pairwise correlation between w and other parameters through 2 million simulation cases. At last, the distribution was used
as a prior distribution to update the marginal distribution of @ with any group of the relevant parameters known. The performance of
the dynamic prediction was further validated by the field data of 3 shield tunnel cases.
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1 Introduction of ground movement is ground loss. Lee et al. (1992) intro-
duced the GAP parameter to represent the ground loss.
Tunnel excavation inevitably causes ground movement = The GAP parameter is composed of three components,
and thus tends to affect both the safety and serviceability =~ and can be expressed as follows:
of the adjacept existing structures, pgrticularly in urban GAP = G, +p + o, (1)
areas. To estimate and control the risk brought by tun-
nelling, the probability of the ground movement should where G}, equals the tail void filled by the grout; w3,
be analyzed. As proposed by Peck (1969), the main cause denotes the ground loss induced by 3D deformation at
the tunnel face, while w reflects the quality of the work-
manship regarding the alignment problems of the shield

- . machine.
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Most of the works in the literature (Chakeriet al., 2013; Gong
et al., 2014; Golpasand et al., 2016; Lee & Rowe, 1991;
Loganathan & Poulos, 1998) utilized GAP parameter to esti-
mate the ground loss and thus the ground movement induced
by tunnelling. Moreover, the environmental impact of the
tunnel construction (e.g., the influence of tunnelling on the
adjacent existing facilities) can be also evaluated based on
the estimated ground deformation (Huang et al., 2009;
Wang, 2012; Zhang et al., 2011, 2012; Zhang & Huang,
2012). Therefore, it is of great significance to accurately char-
acterize the uncertainty of each component of the GAP
parameter when conducting probability analysis.

G, and u}, are mainly influenced by the deformation
characteristic of the soil at the tunnel face and the effect
of grouting, respectively. As far as the probabilistic analy-
sis is concerned, the uncertainty of the 2 components basi-
cally comes from the uncertainty of the various materials
(e.g., the spatial variability of soil and synchronous grout).
Once the uncertainty of these materials is figured out, the
uncertainty can be easily characterized by using the
mechanical models of G, and uj. In contrast, as o denotes
a parameter relevant to the workmanship, its uncertainty is
not only affected by the soil property, but also by the prac-
tice of the tunnel operator. This renders the characteriza-
tion of the uncertainty of w more complex. In addition,
the variability of the operating parameters may be higher
than the materials due to artificial control. In other words,
w can yield greater influence on the uncertainty of the
ground loss. Therefore, it is vital to reasonably characterize
the uncertainty of w.

To at least the authors’ knowledge, the characterization
of the uncertainty of w in a direct way has been scarcely
reported in the literature. Instead, the uncertainty can be
characterized indirectly by combining the deterministic
solution for w and the statistics of its input parameters.
Lee et al. (1992) gave a recommendation range for w. More
specifically, 2 extreme situations were considered. One is
the situation where the soil was allowed to deform freely
into the annular void due to over-excavation. Another is
the situation where the deformation of the soil will eventu-
ally be constrained by the presence of the lining. Then, the
unlined and the lined numerical model were both estab-
lished to explore the displacement at the tunnel crown.
The results showed that o ranged from 0.6G, to 1/3u;,
where u; represents the maximum plastic displacement aris-
ing at the tunnel crown. Although the recommended range
of @ was simple, it was not suitable for performing proba-
bilistic analysis because of the following three reasons.
First, due to the elastic-perfectly plastic model used in solv-
ing both the upper and lower bounds, the bounds may be
overestimated for soft soil. Second, the recommended
range was not correlated with the multiple factors relevant
to the tunnelling process. Namely, it cannot reflect the
uncertainties caused during tunnelling. At last, there were
no sufficient pieces of evidence proving that the recom-
mended range equals the real over-excavation. The

solution was also verified indirectly with the ground settle-
ment rather than the over-excavation measured in the field.
Furthermore, @ was assumed as 0 in the majority of the
verification cases. Nowadays, the posture of the shield
machine can be automatically controlled with the utiliza-
tion of machine learning algorithms. This gives a new
insight into characterizing the uncertainty of . However,
the uncertain correlations between the relevant parameters
cannot be explained by this method. In addition, the prob-
ability distribution cannot be updated given the field data.

To address the above-mentioned problems, the multi-
variate probability distribution for characterizing the
uncertainty of w was developed in this work and based
on this distribution, a dynamic prediction for the gap due
to over-excavation of shield tunnel excavated in soft soil
was proposed. The field data in the shield tunnel between
Longqing Road and Baiyun Road in Kunming Metro Line
5 were collected. By analyzing the data, the stratigraphic
parameters and construction parameters can be correlated
with w. Moreover, according to the definition of the John-
son system of distributions, the multivariate probability
distribution for w can be also constructed. This distribu-
tion was successfully verified at explaining the pairwise cor-
relation between w and other parameters. On top of that,
this distribution can be used as a prior distribution to
update the marginal distribution of w. The performance
of the dynamic prediction was further validated by the field
data of 3 shield tunnel cases.

2 Problem description and methodology
2.1 Problem description

To avoid the diving tendency of the shield, the tunnel
operators usually advance the shield at a slightly upward
pitch relative to the design tunnel axis (DTA). This is one
of the alignment problems relevant to . Additional
ground loss arises also due to the irregular upward or
downward pitching motion of the shield machine at an
inclination other than DTA. Therefore, the key to solve
out the w is to determine the over excavation (or insuffi-
cient excavation) due to the change in the shield machine
posture. Although the tunnel axis depth will vary with
the shield machine posture, this change has limited influ-
ence on the ground movement. Hence, the over and insuf-
ficient excavation can be only related to the posture of the
shield machine. The upward and downward pitching
motion of the shield machine can be assumed over excava-
tion and insufficient excavation, respectively. To be speci-
fic, o can be assumed as the product of shield machine
length and sinf and 60 depicts the intersection angle of
DTA and construction tunnel axis (CTA). Figure | shows
the solving process of w, and the solution can be depicted
as follows:

w=L-sinl =a —ay, (2)
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Fig. 1. Schematic graph of the over excavation.

where L denotes the length of the shield machine. Accord-
ing to this figure, w equals to the vertical difference between
the cutter and tail and it can be depicted as a; — a, equaling
the value of L-sinf.

The tunnel shield machine is a complex system that con-
sists of thousands of components. Each component is con-
trolled by a construction parameter. Due to the constraint
of the subsoil, the loads acting on the shield machine are
very complicated. As the tunnel is excavated, the generated
soil pressure perpendicular to the contact surface between
the shield machine and soil starts to act on the shield
machine, such as the soil pressure coming from the tunnel
face. When a shield machine advances forward, the shield
cutter rotates and the pushing jacks offer the advancing
force for it. The rotation of the cutter causes the soil resis-
tance to act as a torque. In addition, the face pressure and
force offered by pushing jacks can be nonuniform and lead
to the development of torques acting on the cutter and tail
of the shield machine. Another important load is the fric-
tion acting on the shield shell. In summary, it is very hard
to predict the posture of the shield machine in a physical
way. In contrast, it is relatively convenient to analyze the
relationship between multiple parameters and w in a statis-
tical way.

For simplicity, the shield machine can be divided into 3
parts: the jacks, the front of the shield machine, and the
shield tail.

There are 2 kinds of jacks named pushing jacks and
articulation jacks. The pushing jacks offer the advancing
force for the shield machine. The difference in the pressure
from each pushing jack can be made to accomplish turning
and correcting the advancing route of the shield machine.
The main function of the articulation jacks is to decrease
the straight line when the shield machine turns or corrects
the advancing route and thus decrease the friction between
the shield tail and lining segments or between the shield
machine and soil. Other than the pressure detected in the
tunnelling process, the stroke of the jacks significantly
influences the posture of the shield machine. The stroke
represents the elongation of each jack in an advancing step
and reflects the result of turning and correcting for a shield
machine. To conclude with, the pressure and stroke of the

pushing jacks and articulation jacks are directly correlated
with the posture of the shield machine.

The front of the shield machine consists of the cutter
and earth chamber. There are a few parameters relevant
to the front of the shield machine, such as rotation speed,
advance speed, chamber pressure, torque of cutter, and
so on. The load varies with these parameters and the bal-
ance of the shield machine is controlled by these parame-
ters. Therefore, the posture of the shield machine can be
directly influenced by the front of the shield machine.

There are 2 important processes conducted at the shield
tail, which are the erection of lining segments and the
grouting process. The pushing jacks give support for the
lining segments by contacting them. This indicates that
the erection of the lining segments can indirectly affect
the posture of the shield machine. In addition, the grouting
process affects the posture of the shield tunnel by varying
the load acting on the lining segments.

2.2 Methodology

As pointed out by Ching and Phoon (2014), the multi-
variate probability distribution can be a useful tool for
the reliability-based design when there is no marginal dis-
tribution for the design parameter. It serves as a prior
model from which a site-specific model can be constructed
via Bayesian updating. This is a sensible approach to
exploit all the available data consisting of published data
and site-specific data. Another convenience of the multi-
variate probability distribution is that the mean and coeffi-
cient of variation (COV) of any parameter can be derived
given the information contained in a subset with possibly
more than one parameter.

In this work, the marginal distributions for the parame-
ters in the multivariate probability distribution were non-
normal, and the Johnson system of the distributions was
adopted to convert the marginal non-normal data into
standard normal data. Phoon (2006) concluded that the
multivariate normal distribution is a practical choice to
model the correlations between multiple parameters. In
view of this, a typically non-normal parameter Y; must
be related to a standard normal random variable X;, using
a translation approach as follows:

Xi:(pil[Fi(Y,')] i:172737...,10, (3)

where i depicts the number of the parameters considered in
the multivariate distribution. Phoon and Ching (2013)
pointed out that the Johnson system of the distributions
is useful, because Eq. (3) can be expressed in closed form
and X; will still be a standard normal random variable
under conditioning. A special case for the Johnson distri-

bution is the shifted lognormal distribution,
X -0
ay

=1In (Y —by), (4)

in which X stands for a standard normal random variable
and Y is three parameters shifted lognormal random vari-
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able with distribution parameters ay, by, and by. The
parameter b, was the lower bound of Y.

The general Johnson system of the distributions consists
of three members (Johnson, 1949): SU for unbounded sys-
tem, SB for bounded system, and SL for lognormal system.
The closed-form transformation from X to Y was given
below:

X_bx:K(Y—by> (), (5)

ay ay

where Y* = (Y-by)/ay.
The SU member was unbounded and can be defined by
the following expression:

K(Y*) = sinh ™' (¥*) = In (Y* +V1+ Y*2). (6)

The SB member was bounded between [by, a, + by], and
can be defined as follows:

k() =1In (1 fy) (7)

The SL member was bounded from below by by and can
be defined as follows:

K(Y") = In (Y"). 8)

The detailed solution for the parameters of the distribu-
tion was introduced as follows. For the SU distribution,
the parameters of the distribution can be solved by the fol-
lowing sets of equations:

ay = ZZ/coshfl{O.S[(m/p) + (n/p)]} ax >0
by = aysinh ™! {[(n/p) - (m/p)]/[Z(D - 1)‘”]} ay >0
ay = 2p(D = 1)"* /{{(m/p) + (n/p) = 2)[(m/p) + (n/p) + 2"* }a, >0
by = [(ve +3)/2 + { pl(n/p) — (m/p)]} /{ 2(m/p) + (n/p) = 2]} ay >0

©)

For the SB distribution, the parameters of the distribu-
tion can be solved as follows:
ay=z/cosh™" {0.5{[1 +(p/m)[1 +(p/n)]}0'5}ax >0
be=aysinh™ {[(p/n) ~ (p/m){[1 +(p/m)][1 + (p/m)] = 4)°*/2(D~" = 1)] }ay > 0

ay=p{1(1+ (p/m)) 1+ (p/m)) 2 =4}/ (D7 ~1)ay >0
by =10 +4)/2)~ (a/2) + {pl(p/m) ~ (o/m)]}/[2(D™ = 1)]a >0
(10)

For the SL distribution, the parameters of the distribu-
tion can be solved as follows:

ay =2z/1In(m/p)
b, = axin{[(m/p) = 11/ [ptm/p)*|} . (11)
by = (e +2,)/2] = 0.5p((m/p) + 1)/ [0m/p) — 1]

3 Data acquisition and modelling
3.1 Project information

The project data come from the shield tunnels of Kun-
ming Metro Line 5. The tunnel starts at Longqing Road
and ends at Baiyun Road and it was named LongBai tun-
nel in the following text. The tunnel boring machine (TBM)
used in this project was an earth pressure balance (EPB)
shield machine. The tunnel length was 0.9 km with a diam-
eter of 6.31 m. The tunnel crown depth ranged from 9.66 to
12.53 m. The major stratums which the tunnel passes
through were plasticity silty clay and cumulosol. There
were a few surrounding constructions, such as the pile
foundations for the interchange ramp and the bridge on
the Jinzhi river. The closest distance between the pile foun-
dation and the left line of the shield tunnel was 0.83 m. The
concrete reinforcement is located under the bridge on the
Jinzhi river, and may intrude on the tunnel limit. Besides,
the tunnel passes through many underground utilities and
these utilities were tap water, sewage, electricity, communi-
cation, and gas pipes. Some of the utilities were buried dee-
ply about 2.3-3.9 m. All these potential risks make the
accurate estimation of the w more important.

3.2 Formation of the database

As was mentioned in Section 2.1, many construction
parameters including total force, cutter torque, rotation
speed, advance speed, chamber pressure, grouting volume,
grouting pressure, the pressure, and the stoke of the push-
ing jacks, as well as articulation jacks, etc. will inevitably
affect the posture of the shield machine. To guarantee the
quality of the data, the data acquired during some of the
special occasions where the shield machine is stopped or
maintained should be eliminated. There are 36 key con-
struction parameters including the posture parameters rel-
evant to @ chosen for establishing the database (seeing
Table 1). In this table, it should be noted that the A, B,
C, and D groups of the pushing jacks and articulation jacks
represent the jacks located at the upper, right, lower, and
left parts of the shield machine.

The stratigraphic parameters are also very important as
the posture of the shield machine varies in different stra-
tums. Stratigraphic parameters are defined as the soil prop-
erties around the tunnel face and their values refer to the
field investigation report. There are 8§ stratigraphic param-
eters chosen in all which are the unit weight of the soil,
cohesion and friction angle from the direct-simple shear
test and consolidated direct-simple shear test, compression
modulus and coefficient, and in situ coefficient of lateral
pressure at rest. The 3 kinds of stratums considered in
the database were (3)1-3 cumulosol, (3)2-3 silty clay, and
(3)3—4 sandy silt. The corresponding soil properties are pre-
sented in Table 2. The thickness of the 3 stratums in the
cross-section of the tunnel face was different with the
advance of the shield tunnel, while the value of the 8 strati-
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Table 1
36 key construction parameters in the database.
Names Parameters Mean Cov Min Max
Pushing jacks Pressure (MPa) A group 9.445 0.24 1.9 18.3
B group 7.907 0.22 1.0 13.5
C group 11.451 0.17 6.0 19.2
D group 7.416 0.28 1.1 19.0
Stoke (mm) A group 1 786.06 0.04 1 400 1979
B group 1 803.63 0.04 1273 2 008
C group 1 816.72 0.04 1416 2 005
D group 1791.25 0.04 1391 1 985
Articulation jacks Pressure (MPa) 3.193 0.42 0.8 10.2
Stoke (mm) A group 48.60 0.45 5 113
B group 81.61 0.32 8 163
C group 89.78 0.23 23 175
D group 51.96 0.53 2 132
Front ofthe shield machine Advance speed (mm/min) 58.57 0.1 28 80
Total force (kN) 10 337.74 0.09 6 400 13 500
Rotation speed (r/min) 1.70 0.07 1 1.91
Cutter torque (MPa) 9.471 0.09 4.2 12.5
Volume of theexcavated earth 42.26 0.11 40 212
(m?)
Chamber Pressure (MPa) Upper part 0.146 0.18 0.03 0.21
Middle part 0.176 0.16 0.05 0.298
Lower part 0.217 0.23 0.07 0.384
Shield tail Tail void (mm) Upside 51.92 0.07 5 70
Downside 57.87 0.06 26 80
Left side 54.99 0.05 30 70
Right side 55.02 0.24 30 560
Grouting pressure (MPa) #1 0.22 0.15 0.04 0.8
#2 0.23 0.17 0.04 1.18
#3 0.22 0.12 0.04 0.4
#4 0.22 0.14 0.1 0.8
Grouting stroke (mm) #1 159.07 0.45 18.2 1 857
#2 156.05 0.19 1.5 272
#3 155.20 0.19 0.21 205
#4 157.17 0.35 0.2 1 960
Volume of the grouting (m?) 4.50 0.11 2 5
Posture of the shield machine Vertical devation (mm) Cutter (a;) —85.40 0.37 —164 94
Tail (ay) —64.84 0.41 -129 56

graphic parameters stayed constant. As a result, 8 strati-
graphic parameters collected in the database were averaged
and weighted by the thickness of the stratums.

By combining the construction parameters and strati-
graphic parameters, the database was formed. The data
come from 1 523 rings of the Longbai tunnel that were
adopted and the size of the database was 67 012.

3.3 Standardization and preprocessing of the data

The construction parameters, as well as the stratigraphic
parameters, were standardized with min-max normaliza-
tion to improve the accuracy of the multivariate probabil-
ity distribution established in the following text. The
standardized process is shown as follows:

Y = Vmin
Ymax — Vmin ’
where Y is the normalized value, y denotes the original
data, and y.,;, and yp,., represent the minimum and maxi-
mum values of the parameter, respectively.

Y = (12)

Next, the key parameters were chosen according to their
significance based on the filter methods. Both the variance
filter method and the mutual information method were uti-
lized and they were introduced as follows. The basic prin-
ciple of the variance filter method is that the variance of
the parameter is assumed as the amount of information.
Namely, if the variance of a parameter is small, it means
that the samples of this parameter are likely to be the same,
and the sample of this parameter is not distinguishable
from each other, indicating that this parameter has no
effective information. On the contrary, when the variance
of a parameter is large, it is reasonable to assume that this
parameter has a large amount of information. Different
from the variance filter method, the mutual information
rule is a correlation filter method. Since the objective of this
work is to solve the posture of the shield machine, it was
necessary to preserve the parameters that were relevant
and meaningful to the target parameters. The most com-
mon correlation filter methods are the Chi-square test,
the F-test, and the mutual information method. The Chi-
square test is used only for discrete variables, while the
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Table 2
Stratigraphic parameters of the Longbai tunnel.
Stratums  Soil type Unit Friction angle Cohesion Friction angle Cohesion Compression  Compression In situ
weight y  from the simple from the simple from the from the coeffcient modulus coefficient of
(kN'm’3) direct shear test direct shear test consolidated consolidated a1 (MPa’l) Eg1.2) (MPa) lateral pressure
o1 (°) ¢ (kPa) direct shear direct shear at rest K
test ¢, (°) test ¢, (kPa)
(3) 1-3 Cumulosol 14.8 3.5 20 5 20 0.99 2.5 0.53
(3)2-3 Silty clay 18.5 7.0 18 10 24 0.43 4.5 0.43
(3)3-4 Sandy silt  20.3 16.0 5 17 5 0.23 7.0 0.43

F-test can only explain the linear relationship between the
target parameters and other parameters. However, the
mutual information method can capture any relationship
between the target parameters and other parameters (in-
cluding linear and nonlinear relations). Furthermore, in
the mutual information method, the mutual information
value reflects the correlation between the target parameters
and other parameters. The existence of a larger mutual
information value indicates that the correlation between
the two is stronger, and vice versa.

Figure 2 depicts the variance and the mutual informa-
tion of the parameters. As can be seen, the variances of
the tail void, the parameters relevant to the grouting pro-
cess (i.e., such as the grouting pressure and stroke), and
the stroke of the pushing jacks were small and thus there
was less information in these parameters. On the contrary,
there was more information in the stratigraphic parame-
ters, the stoke of the articulation jacks, the chamber pres-
sure, the rotation speed, the total force, and the pressure
of the pushing jacks. After filtering, 19 parameters were
chosen, which were y, @1, ¢1, @2, €2, a(1-2), Eg1-2), Ko, the
stoke of the articulation jacks (A, B, C, and D groups),
the pressure of the pushing jacks (A, C groups), the cham-
ber pressure (lower, middle, and upper part), the rotation
speed, and the total force.

The number of parameters can be further reduced by
detecting the correlations between any 2 parameters.
Hence, the Pearson, Kendall, and Spearman correlation
coefficients were calculated. Table 3 presents the strongly
correlated parameters and the corresponding value of the
various type of correlation coefficients. According to
Table 3, y is strongly correlated with ¢y, ¢;, @2, 2, a(i-2),
Eq1.2), and K, and thus these parameters can be substi-
tuted by 7. Furthermore, the correlation coefficients
between any 2 parameters that represent the lower, middle,
and upper part of the chamber pressure all overweigh 0.8.
As a result, the chamber pressure mentioned in the follow-
ing text represents the middle part of the chamber pressure.
In summary, there were 10 major analysis parameters
which are 7y, the stoke of the articulation jacks (A, B, C,
and D groups), the pressure of the pushing jacks (A, C
groups), the chamber pressure, the rotation speed, and
the total force.
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Fig. 2. Filtering results. (a) Variance filter method, and (b) mutual
information method.

3.4 Multivariate probability distribution

According to the method proposed by Slifker and
Shapiro (1980), the parameters in the Johnson system of
the distributions can be determined as follows:

(1) A proper value z was initially chosen. The value of
z is correlated with the sample size, and the value of z is
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Fig 2. (continued)

generally smaller than 1 for a middle size sample. In this
work, z = 0.8.

(2) According to the standard normal cumulative distri-
bution function, the percentiles corresponding to —3z, —z,
z, and 3z can be calculated. For z = 0.8, the four percentiles
were p, = ®(—2.4) = 0.008, p, = &(—0.8) = 0.212, p. = @
(0.8) =0.788, and pg = @(2.4) = 0.992. The sample size was
ought to be larger than 10/p,. As z = 0.8, 10/p, equals to
1 219 indicating that the sample size of 1 253 was satisfied.

(3) The values corresponding to these four percentiles
Pa» Pos Do, and pq were estimated. The theoretical values cor-
responding to the percentiles (i.e., y, = F '(p), vo = F (-
o), Ve = F ' (po), and yq = F '(pg)) were unknown.
However, these values can be found in data using sample
percentiles.

(4) m, n, and p were computed from y,, yp, Ve, and yq.
m=yd =V n=Yo = Vas P = Ve — Vo

(5) The proper marginal probability function was
selected. If mn/p? > 1, the marginal probability function
should be SU distribution. Otherwise, namely mn/p* < 1,
the marginal probability function should be SB distribu-
tion. Furthermore, if mn/p*> = 1, the marginal probability
function should be SL distribution.

Once the marginal probability function is chosen, the
parameters of the distribution can be obtained according
to Egs. (9)-(11). Their values are listed in Table. 4. The
marginal probability functions for the multivariate proba-
bility distribution are also displayed in Fig. 3.

The multivariate normal probability density function
after transforming is defined uniquely by a mean vector u
and a covariance matrix C:

£(x) = €72 2m) e (2w, (13)

where x = (x1, Xo, ***, xd)T denotes a normal random vector
with d components and the notation “T” represents the
vector-matrix transpose. By calculating the parameters of
the multivariate probability distribution, the original vari-
ables Y* has been transformed into standard normal distri-
bution X*. Based on the definition of the covariance
matrix, the correlation matrix of a group of standard nor-
mal parameters is the same as the covariance matrix. The
positive definite correlation matrix can be easily obtained
as shown in Table 5. In this table, X;—X|; represent the
pressure of the pushing jacks (A group), the pressure of
the pushing jacks (C group), the stroke of articulation jacks
(D group), the stroke of articulation jacks (C group), the
stroke of articulation jacks (A group), the stroke of articu-
lation jacks (B group), total force, rotation speed, chamber
pressure, unit weight, and w, respectively.

By contrast, to check the univariate normality, even if
there are numerous formal tests for multivariate normality
in the statistics literature, the tests for multivariate normal-
ity are less established. In addition, based on subjectivity

Table 3

Correlation coefficients.

Parameter 1 Parameter 2 Pearson Kendall Spearman

correlation coefficient correlation coefficient correlation coefficient

y o1 (°) 0.819 0.873 0.920
¢ (kPa) —0.658 —0.836 —0.878
@2 (°) 0.929 0.923 0.965
¢, (kPa) —0.237 0.454 0.366
ag-2) (MPa™") —0.997 —0.989 —0.999
Eq12) (MPa) 0.945 0.933 0.972
Ky —0.950 —0.922 -0.971
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recognition, the relevant parameters in the multivariate
probability distribution do not strictly follow a multivari-
ate normal distribution, even when they are transformed
individually to normal random variables. Nevertheless,
extensive validation studies (Ching & Phoon, 2012, 2014;
Zhang et al., 2020) have been reported in the literature to
demonstrate that physically meaningful results can be
obtained even in the absence of rigorous justification for
the multivariate normality assumption. Another compara-
tive advantage of the multivariate normal distribution is
that the simulation is computationally simple and this will
be explained in the following section. For simplicity, the
multivariate normal distribution was still adopted in this
work without rigorous justification for the multivariate
normality assumption.

4 Application
4.1 Simulation

Simulations were conducted to reproduce the data in the
database. The detailed calculation was very simple and is
depicted as follows: let U be an 11 x 1 vector containing
11 independent samples of the standard normal random
variable; let L be the lower triangular Cholesky factor sat-
isfying C = LL", in which C is the 11 x 11 correlation
matrix given in Table 5. Samples of the corresponding stan-
dard normal random variables can be obtained easily using
X = LU, in which X denotes the random vector (X;, X5,
-+, X10)". The simulated samples after transforming can
then be obtained:

Y; = by + aysinh (X}) for SU distribution,
i=1,2.3,10, (14)
Xz
Y; =by +ay M for SB distribution,
1+ exp (X7)
i=1,2,3,---, 10, (15)

exp (X; ;)
exp (ax;)
i=1,2,3,--,10, (16)

Y, =by+ for SL distribution,

where X¥= (X — by;)/ay;.

The correlations regarding o were also simulated.
According to Table 5, X7, (i.e., w) was closely correlated
with X, X3, X5, X, and X (i.e., the pressure of the push-
ing jacks (A group), the stroke of articulation jacks (D, A,
and B groups) and unit weight). Therefore, the pairwise
correlation between the five parameters and o was simu-
lated, respectively. The simulated results are illustrated in
Figs. 4-8. The figures on the left side and the right side rep-
resent the original database and the simulated data, respec-
tively. A large number (n = 2 x 10°) of datapoints showing
the relationship of w-other parameters were simulated. For
the convenience of presentation, only 3 000 datapoints are
depicted in these figures. The median and 95% confidence

interval (CI) were also obtained and drawn based on the
2 x 10° datapoints. Even so, the scope of the 3 000 data
points depicted in Figs. 4-8 was consistent with the original
database. Furthermore, the median and the 95% CI cap-
ture the pairwise correlation between « and the other
parameters well. Thus, it was proved that the multivariate
probability distribution established in this work can effec-
tively reproduce the uncertainty of @ and explain the mul-
tivariate correlation structure of the uncertainty between w
and other parameters in the process of shield tunnelling.

4.2 Bayesian updating

Another advantage of the multivariate probability dis-
tribution is that it is possible to update the marginal distri-
bution of any parameter or even the multivariate
probability distribution of any group of parameters given
information from other parameters. Particularly, the 11-
dimensional multivariate probability distribution con-
structed in the last section can be assumed as a prior distri-
bution in the context of Bayesian updating. By considering
a new shield tunnel constructed in soft soil, the collected
data in this constructed tunnel will be too meager to con-
struct a multivariate probability distribution by itself. In
this case, the best way to conduct the probabilistic analysis
regarding o is by utilizing the multivariate probability dis-
tribution in this work. By contrast to the simple marginal
distribution, the multivariate probability distribution is
obviously a more efficient tool.

As all conditional distributions of the multivariate nor-
mal distribution are again multivariate normal, the updat-
ing process will be very simple. This feature significantly
reduces the analytical complexity tremendously, because it
implies that the conditional distribution follows Eq. (13)
and the only computational task is to determine the mean
vector and covariance matrix. For simplification, the Baye-
sian updating process can be divided into 2 basic steps.

Step 1: The parameters in the X space were first updated.
X, is standard normal with mean u; = 0 and standard devi-
ation g; = | before updating. It can be shown that X; is still
normally distributed but with updated mean y; and
updated standard deviation o after updating (with the
information of (X, Xj, ). These two values are shown
below:

W= EXi|X;, Xy, ) =
1 9 T,
5 1 ’ ()
[5,1 5/k } jk Xk R
o = VAR(X|X;, Xy, )
1 oy 7oy
= 1-[o; o ][Ok 1 O | (18)
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Table 4
Parameters of the multivariate probability distribution.
Y, — Yy Marginal distribution Parameters of the multivariate probability distribution

ay by dy by
Pressure of the pushing jacks(A group) SB 3.336 0.411 1.898 0.431
Pressure of the pushing jacks(C group) SB 2.025 0.098 1.283 0.236
Stroke of articulation jacks(D group) SB 1.388 0.800 1.391 -0.119
Stroke of articulation jacks(C group) SB 0.935 —0.413 0.628 0.066
Stroke of articulation jacks(A group) SB 0.893 0.399 0.941 0.009
Stroke of articulation jacks(B group) SB 1.518 —0.876 1.109 0.220
Total force SU 2.525 0.201 0.283 0.533
Rotation speed SB 1.662 —2.400 1.474 0.407
Chamber pressure SB 3.352 1.340 1.530 —0.119
Unit weight SB 1.446 —1.139 1.614 —0.547
® SB 2.118 —1.000 0.777 —0.186
where E and VAR denote the mean and variance, respec- @, = dy; - (27)

tively, and ¢, refers to the product-moment correlation
between X; and X; (see Table 5). For simplicity, the covari-
ance matrix C and the updating database X were intro-
duced as follows:

Lo 6y o
C— 5[] | 1 5/' _ { C(“) C(lg) } (19)
5[/{ | 5/ 1 C(Zl) C(zz) ’
|
X
X X
’ )
X = = . 20
X {Xu) } 20)
Then, the Eqgs. (17)-(18) can be rewritten as follows:
1, = CuyCip X o), (21)
a7 = Cuny = Cuy iy Coany. (22)

Step 2: The parameters in the Y space were updated.
By substituting the updated mean u; and the updated
standard deviation o} for the original mean yu; and stan-
dard deviation o¢; in Eq. (13), the following equation can
be obtained:

Xi—by (.“; +0.Z— bxi)
Axi ax;
X1 X1 (23)
o (bxi - ,u;) (4%} _
o G (O RLE

where Z is the standard normal. As a result, the posterior
distribution of Y; is still a Johnson distribution of the same
family type (SU, SB, or SL) with the following posterior
parameters:

a;i = axi/o-;‘ ) (24)
bl = (bxi - :“;)/G; ) (25)
blyl = by, (26)

Three real cases were introduced to explain the updating
process and validate the dynamic performance of the mul-
tivariate probability distribution constructed in this work.

(1) No. 5 ring of the LongBai tunnel

Choose the No. 5 ring of the LongBai tunnel to explain
the updating process. It is worth pointing out that this
piece of data has not been used in constructing the multi-
variate probability distribution. Therefore, it is reasonable
to utilize this data in this section. At the No. 5 ring, the
pressure of the pushing jacks (A group) was 5.0 MPa, the
pressure of the pushing jacks (C group) was 7.0 MPa, the
strokes of articulation jacks of D, C, A, and B groups were
69, 102, 63, and 86 mm, the total force was 6 400 kN, the
rotation speed was 1.2 r/min, the chamber pressure was
0.132 MPa, and the unit weight was 18.5 kN-m . The nor-
malized data Y,—Y;, were first obtained: Y; = 0.189;
Yo = 0503; Y; = 0; Yg = 0.220; Yy = 0.331;
Yo = 0.684. Then, Y was transformed into X and
X1—X;o were obtained as follows: X; = -0.362;
X, = —0.267; X3 = 0.077; X4y = —0.599; X5 = 1.151;
Xe = —0.225; X; = —0.973; Xg = 0.800; Xo = —1.266;
X10 = —0.205 3. Equations (17)—(27) were also used to cal-
culate the updated marginal distribution of w. The updated
mean p, and the updated standard deviation ¢, were 0.758
and 0.730, respectively. The distribution parameters can
also be obtained as follows: a, = 2.902; b, = —2.408;
ay = 0.777; by = —0.186.

Figure 9 shows the marginal distribution of the w before
and after updating. Additionally, the measured value of w
demonstrated by the red arrow is also shown. By contrast
to the prior distribution, the reduction in the scatter of the
posterior distribution can be apparently observed. In addi-
tion, the peak value of the posterior distribution moved
forward the measured data indicating that the effect of
the Bayesian updating is good.

(2) Taixin tunnel

The Bayesian updating was conducted on the shield tun-
nel between Taihu garden and Xinqu hospital of Wuxi
Metro Line 3, which was named Taixin tunnel for simplic-
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Fig. 3. Marginal probability functions for the multivariate probability distribution.

Table 5

Correlation matrix.

C Xi X X; Xy Xs Xe X7 X Xo Xio Xn
X1 1 0.23 0.26 0.33 —0.04 —0.04 0.33 0.06 0.15 0.16 —0.28
X5 1 —0.15 0.37 —0.18 0.26 0.38 0.15 0.36 0.12 0.02
X3 1 0.27 0.38 —0.44 —0.06 0.09 -0.15 —0.36 —0.60
X4 1 —0.19 0.28 0.29 0.01 0.14 —0.01 0.02
Xs 1 0.31 -0.23 0.16 —0.08 —0.42 -0.27
Xs 1 0.07 0.03 0.20 —0.01 0.38
X7 1 0.05 0.50 0.07 —0.06
X3 1 0.01 —0.25 —0.17
Xy Symmetry 1 —0.09 0.04
X0 1 0.23
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Fig. 4. Relation between w and pressure of the pushing jacks (A group) for (a) original database, and (b) simulated data.
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Fig. 5. Relation between w and stroke of articulation jacks (D group) for (a) original database, and (b) simulated data.
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Fig. 6. Relation between w and the stroke of articulation jacks (A group) for (a) original database, and (b) simulated data.

ity. The tunnel is basically parallel to the medium pressure
pipeline DN800, and passes through the pier at the 95-105
rings. The tunnel crown depth is in a range of 12-14 m.
According to the survey data, the tunnel was excavated
in three soft soil layers: ®-1 silty clay, @-2 silty clay,
and ®-1 clay. These soil layers have the typical character-
istics of soft soil with high water content, large porosity,

and high compressibility. The stratigraphic parameters
are presented in Table 6. The surface settlement of some
key locations was measured during tunnelling. To be speci-
fic, the settlement at the 65, 73, 80, 90, 105, 120, and 130
rings was monitored on site. As the constructed multivari-
ate probability distribution is a tool to predict the ground
movement, the following analysis was only for the seven
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Fig. 8. Relation between w and the unit weight for (a) original database, and (b) simulated data.

rings. The construction parameters ranged from 60 to 139
ring, as well as the distribution of the stratums were col-
lected. Table 7 shows the basic information on the con-
struction parameters of the 80 rings.

By comparing Tables 67 with Tables 1-2, it was found
that the magnitude of the parameters of the Taixin tunnel
is consistent with the database established in Section 3.2,
which indicates that it is reasonable to infer the posture
of the shield machine by using the multivariate probability
distribution constructed in this work. The average value of
the total force, rotation speed, chamber pressure, and unit
weight of the 80 rings was utilized to update the marginal
distribution of w and thus the updated marginal distribu-
tion can be applied to each ring of the monitoring data.
As a result, the values of the parameters utilized in updat-
ing were as follows: the average total force was 12 758.6
kN, the average rotation speed was 1.44 r/min, the average
chamber pressure was 0.169 MPa, and the average unit
weight was 18.09 kN-m . The normalized data Y;— Y
were first obtained: Y; = 0.895 6; Yg = 0.483 5;
Yo = 0.480 3; Y19 = 0.607 9. Then, Y was transformed
into X and X;,—X;, were obtained as follows:

0.4
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Posterior distribution

Probability
o o
&) W
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Fig. 9. Prior and posterior distribution of w in the No. 5 ring of the
LongBai tunnel.
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Table 6

Stratigraphic parameters of the Taixin tunnel.

Stratums  Soil name Unit weight vy Poisson’s Compression Friction Cohesion ¢ Water Liquid limit  Porosity

(KN'm~3) ratio u modulus E; (MPa) angle ¢ (°) (kPa) content w (%) wy, (%) n

®-1 Silty clay 14.8 35 20 5 20 0.99 2.5 0.53

®-2 Silt mixed 18.5 7.0 18 10 24 0.43 4.5 0.43
with silt

®-1 Clay 20.3 16.0 5 17 5 0.23 7.0 0.43

Table 7

Construction parameters of Taixin tunnel.

Parameters Mean Cov Min Max

Advance speed (mm/min) 40.96 0.12 28 49

Total force (kN) 12 758.6 0.07 10 150 14 215

Rotation speed (r/min) 1.44 0.08 1.1 1.6

Cutter torque (MPa) 0.213 0.13 0.14 0.26

Chamber pressure (MPa) 0.169 0.07 0.14 0.19

Grouting pressure (MPa) 0.247 0.11 1.9 3.1

Volume of the grouting (m?) 5.49 0.025 5.1 5.8

Cutter vertical devation (mm) —27.08 0.27 —44 —11

Tail vertical devation (mm) —23.65 0.60 —48 8

X;=2.8945; Xg= —1.6957; Xo= —0.136 6; X;0=0.196 1. 0.30

Equations (17)-(27) were used to calculate the updated
marginal distribution of w. The updated mean p, and the
updated standard deviation ¢, were —0.169 and 0.958,
respectively. The distribution parameters can also be
obtained as follows: a, = 2.211; by = —0.868; a, = 0.777;
by = —0.186.

Figure 10 displays the marginal distribution of @ before
and after updating. The red arrows represent the measured
values of w. By contrast to the prior distribution, the
reduction in the scatter of the posterior distribution can
be apparently observed. The basic range of the posterior
distribution can cover all the measured data, and the peak
value of the posterior distribution moved forward the mea-
sured data indicating that the effect of the Bayesian updat-
ing is good.

(3) Tianteng tunnel

The Bayesian updating was conducted on the shield tun-
nel between Tianyang road and Tenglong avenue of
Wuhan Metro Line 7, which was named as Tianteng tun-
nel. This tunnel starts from the starting well, passing
through a river. Then, it is on the side of the viaduct pier
and parallel with Panlong Avenue. After passing through
Houhu No. 1 Road, the tunnel ends at the intersection of
Tenglong Avenue and Panlong Avenue. The tunnel crown
depth is in a range of 4.7-18.5 m. According to the survey
data, the tunnel mainly passes through four soil layers: (10—
3) Silty clay and clay, (10-5a) Silty-fine sand, (10-5b)
medium-coarse sand, and (10-5d) Sandy clay. These soil
layers have the typical characteristics of soft soil with high
compressibility. The stratigraphic parameters of the Tian-
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Fig. 10. Prior and posterior distribution of w in the Taixin tunnel.

teng tunnel are listed in Table 8. The surface settlement
of some key locations was measured during tunnelling.
To be specific, the settlement at the 11, 14, 17, 21, 24, 27,
31, 34, 38, 41, 44, 58, 61, and 64 rings was monitored on
site. Similar to the last case, the following analysis was only
for the 14 rings. 99 rings of the construction parameters in
5-119 rings, as well as the distribution of the stratums,
were collected. Table 9 presents the basic information on
the construction parameters of the 99 rings.

By comparing Tables 8-9 with Tables 1-2, it was found
that the magnitude of the parameters of the Tianteng tun-
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Table 8

Stratigraphic parameters of the Tianteng tunnel.

Stratums  Soil name Unit weight vy In situ coefficient of ~ Compression Friction Cohesion ¢

(KN'm~3) lateral pressure at modulus E; (MPa) angle ¢ (°) (kPa)
rest Ko

(10-3) Silty clay and clay 20 0.35 10 16 40

(10-5a) Silty-fine sand 20 0.38 23 32 0

(10-5b) Medium-coarse 21 0.38 25 34 0

sand

(10-5d) Sandy clay 20 0.35 12 17 40

Table 9

Construction parameters of the Tianteng tunnel.

Parameters Mean COV Min Max

Pressure of the pusing jacks (MPa) A group 5.773 0.22 1.717 89.64
B group 5.444 0.21 3.633 86.86
C group 9.100 0.14 5.860 135.44
D group 4.254 0.38 1.146 94.28

Stroke of the pusing jacks (mm) A group 1 178.04 0.07 589.58 1273.71
B group 1 191.05 0.07 611.17 1 273.70
C group 1 200.88 0.07 638.50 1 296.25
D group 1191.21 0.07 610.83 1 295.47

Advance speed (mm/min) 42.36 0.19 24.18 57.43

Total force (kN) 7 103.58 0.12 522843 9970.43

Rotation speed (r/min) 1.24 0.15 0.98 1.58

Chamber pressure (MPa) 0.124 0.14 0.039 0.143

Cutter vertical devation (mm) -5.99 —2.24 -29 32

Tail vertical devation (mm) —13.91 —1.10 —44 27

nel was consistent with the database established in Sec- 0.4 ] L. .

tion 3.2, which indicated that it is reasonable to infer the — — Prior distribution
posture of the shield machine by using the multivariate Posterior distribution
probability distribution constructed in this study. More- 03}

over, the average value of the relevant parameters was uti-
lized in updating as follows: the pressure of the pushing
jacks in the A and C groups were 5.773 MPa and
9.100 MPa, respectively, the average total force was
7 103.58 kN, the average rotation speed was 1.24 r/min,
the average chamber pressure was 0.124 MPa, and the
average unit weight was 20.25 kN-m>. The normalized
data Y;-Y, and Y;-Y, were first obtained: Y; = 0.236 2;
Y, =0.2349; Y, =0.09 1; Yg = 0.260 2; Yy = 0.298 1;
Y10 = 1.008. Then, Y was transformed into X. X;—X, and 0

Probability
=
[\®]

S
—
T

P | = 1 L 1
X7—X10 were obtained as follows: X7 = —1.631 7; X, =
—1.202 3; X7 = —2.858 8; X3z = —2.714 2; Xog = —1.951 §; 01 02 03 04 05 06
Xi0 = 3.596 1. Equations (17)—(27) were used to calculate W (Norrnalized)

the updated marginal distribution of w. The updated mean
Uy and the updated standard deviation o, were 1.575 and
0.907, respectively. The distribution parameters can also
be obtained as follows: a, = 2.336; b, = -—2.839;

Fig. 11. Prior and posterior distribution of w in the Tianteng tunnel.

ay = 0.777; by = —0.186.

Figure 11 displays the marginal distribution of the w
before and after updating. The red arrows represent the
measured values of . By contrast to the prior distribution,
the reduction in the scatter of the posterior distribution was
apparently observed. The basic range of the posterior dis-
tribution became narrower and was consistent with the

range of the measured data. This result indicates that the
effect of the Bayesian updating is satisfied.

5 Conclusions

In this work, a multivariate probability distribution was
established based on a large number of collected data to



58 W. Yang et al. | Underground Space 16 (2024) 44-58

deal with the limitations of the existing solution of the gap
due to over-excavation of the shield tunnel excavated in soft
soil. With the help of this multivariate probability distribu-
tion, the uncertainty of @ can be characterized. Further-
more, the marginal distribution of w can be updated with
any group of the parameters included in the multivariate
probability distribution known. To develop the multivari-
ate probability distribution, the field data from the Longg-
ing Road-Baiyun Road station of the Kunming Metro Line
5 project were collected. The database contained 67 012
samples, and consisted of 44 parameters including strati-
graphic parameters, construction parameters, and posture
parameters of the shield tunnel for 1 523 rings of data. How-
ever, according to the variance filter method, the mutual
information method and the value of the correlation coeffi-
cients, the original 44 parameters were reduced to 10 main
parameters, which were the unit weight, the stoke of the
articulation jacks (A, B, C, and D groups), the pressure of
the pushing jacks (A, C groups), the chamber pressure,
the rotation speed, and the total force. Next, the Johnson
system of the distributions was used to transform the orig-
inal data into standard normal variables. Two million sim-
ulation results for 5 pairwise correlations verified the
accuracy of the multivariate probability distribution. The
multivariate probability distribution was then used as a
prior distribution to conduct the dynamic prediction of w.
By comparing the updated marginal distribution of w in
Bailong, Taixin, and Tianteng tunnels with the original
marginal distribution and the measured data, the dynamic
prediction performance of the multivariate probability dis-
tribution was further proved.
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