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Abstract: This study aimed to simulate curved excavation using a tunnel boring machine (TBM)
steering system based on the proposed mathematical methodology applied in a TBM simulator. We
introduce the concept and mechanism of the TBM steering system and describe the mathematical
formulae used for simulating curved excavation. Curved excavation in the top- right direction
was simulated using a Python program to verify the mathematical formulae. In addition, Python
simulations were undertaken to determine the effects of horizontal and vertical articulation angles on
pitching and yawing angles. Finally, the proposed mathematical formulae were applied in the TBM
operation simulator, and tested based on the mechanism of the TBM steering system.

Keywords: curved excavation; articulation jack; TBM steering system; shield jack; TBM simulator

1. Introduction

There are two main types of tunnel excavation: conventional tunneling by drilling
and tunnel boring machines (TBMs), which are widely used in urban tunnels where
rapid excavation is required with high safety standards. As there are many underground
structures within a city, such as utility tunnels and building foundations, new tunnels are
often a combination of straight and curved alignments. Therefore, TBM steering systems
are critical in successfully producing tunnel curves.

Sugimoto and Sramoon [1] presented a theoretical model for TBM excavation based
on the dynamic loading concept with which they simulated TBM operation, evaluated
shield behavior, and undertook sensitivity analysis of the model parameters used for
shield behavior in both straight and curved line excavations. Based on the simulation,
they confirmed that shield movement could be affected by ground properties, with the
influence on shield behavior being more marked in curved excavation than in straight
line excavation.

Shen et al. [2,3] introduced geometrical and mathematical models to determine the
three-dimensional orientations of a TBM during its advance, and they derived a transfor-
mation matrix to calculate the attitude of TBM position in terms of yaw, pitch, and roll as
the coordinates of one tracking point of TBM position during advance.

Chanchaya and Suwansawat [4] introduced three operational factors (articulation
angle, shield jack length difference, and copy cutter stroke) that are necessary for curved
excavation and derived calculation methods for those factors and methods for forming
curved alignments, including circular and spiral curves in two-dimensional space. They
also compared three operational factors obtained from theoretical calculations with those
measured in a real guidance system.

Festa et al. [5] and Festa et al. [6] described the kinematic behavior of a TBM in
soft ground, defining TBM shield position and orientation with two reference points
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and introducing the horizontal and vertical tendencies of the TBM calculated from the
deviations of two reference points caused by the yaw and pitch of the shield. Based on
these tendencies, they compared the relative positioning of the TBM with its planned
tunnel alignments.

Kang et al. [7] undertook a numerical simulation to evaluate the structural stability of
the TBM shield during a tightly curved excavation, identifying the load transfer mechanism
from articulation and shield jacks to the shield skin and the effect of load transfer on the
structural stability of the shield skin.

Kang et al. [8] developed a 1:17.7 scale model experiment to describe the behavior of
thrust pressure based on different shield jacking force systems and articulation angles for
curved excavation. Considering the uneven pressure, they proposed a guideline for the
distribution of thrust force depending on articulation angle.

Recently, Brundan and Danno [9] described the overall TBM steering system and the
related procedure required for tightly curved excavation, and they presented field case
histories of TBM design and operational technology recognized as being successful in
extremely tight curved excavation.

These previous studies highlight limitations in designing the steering system for the
TBM simulator. Sugimoto and Sramoon [1] presented various factors related to shield
behavior; Chanchaya and Suwansawat [4] introduced operational factors for TBM curved
excavation, and the TBM navigation system (the critical part of the steering system) was
partially covered in both studies. Shen et al. [2,3] suggested determining the TBM position
and its deviation caused by pitch, yaw, and roll, but considered only one reference point
when calculating TBM position, whereas at least three reference points must be considered
for a navigation system in three-dimensional space. Festa et al. [5,6] considered two
reference points (front and rear) to calculate horizontal and vertical tendencies. However,
the navigation system was considered in two-dimensional space. Further studies have also
aided the understanding of the overall TBM steering system [7-9].

As the excavation performance of TBMs depends heavily on the competence of their
operators, TBM operator training is an issue of growing importance. Therefore, a few
global leading research institutions in the TBM industry have recently developed the TBM
simulators for operator training [10]. As part of the research project for developing the
TBM steering simulator, this study aimed to derive a geometrical model for TBM steering
simulation in curved excavation. We first considered the concept and mechanism of the
TBM steering system, before deriving mathematical formulae for simulation based on the
steering mechanism, including articulation and shield jack operations. Curved excavations
were simulated using a Python program to verify the mathematical formulae. Simulations
of different cases were undertaken to identify the effects of two articulation angles and two
rotation angles on horizontal and vertical tendency. The proposed formulae were applied
to a real TBM simulation of articulation operations.

2. Overview of the TBM Steering System for Curved Excavation

Thrust and articulation jacks are used for TBM steering. For straight or almost straight
excavation, only the thrust jack can be used, with the jacks being extended simultaneously
at the same rate, allowing the TBM to move forward. However, if the tunnel alignment
comprises a straight line with a tightly curved line, both thrust and articulation jacks
are used together, depending on tunnel line conditions. In this case, the articulation jacks
change according to a predetermined articulation angle before the thrust jacks are extended.

Curved excavation with a TBM steering system generally includes several operations,
i.e., a copy cutter, an articulation jack, and shield jack operation. The first overcutting
secures adequate room for curved excavation, then the articulation jacks are extended to
steer the front shield with the cutterhead in the target direction. Finally, the extension of
the shield jacks moves the TBM forward. Copy cutter operation was not considered in this
study, and operations in curved excavation are repeatedly executed as follows:

1.  Extension of articulation jacks to the target articulation angle;
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Extension of shield jacks to the segment width;
Return of articulation jacks to the original position;
Return of shield jacks to the original position;
Installation of segment ring;

Repetition of step 1.

o G N

Shield jack extension differences, by one-sided extension and the use of tapered
segments, are required for successful curved excavation [4]. Here, we assumed that the
shield jacks are extended equally, simultaneously, and at the same rate.

There are two types of articulation systems: the V' and ‘X’ types, with the main
difference between them being the location of the articulation point. In the V-type system,
articulation jacks are extended in the opposite direction to that of the curve, with the
articulation point being located opposite the extended jack. The X-type system involves the
extension and retraction of the articulation jack simultaneously during articulation, with
the articulation point always being at the center of the shield (Figure 1a).

(a) Articulation system (V-type) (b) Thrust system (reaction force at the middle shield)

Front Middle
shield shield

_ Middle & tail
Front Shield shields

peaysanng
Buu Juswbag
Buus yJuswbag
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pee\o\la““o

Articulation system (X-type) Thrust system (reaction force at the front shield)
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shields
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Figure 1. Two types of steering system (modified from Kang et al. [7]): (a) articulation system;
(b) thrust system.

In the X-type, a rotation pin is located at the articulation point to connect the front
and middle shields. Because the pin is on the articulation point, it is possible to maintain
the gap between both shields during articulation, with this being suitable for articulation
sealing and water-resistance during articulation, although fewer articulation angles can be
controlled than with the V-type. In the V-type system, the articulation point is on the shield
skin plate during articulation. As there are no connected pins in the system, it is easy to
rotate through any articulation angle in any direction. However, as the articulation angle
increases, the gaps between shields also increase and it is difficult to prevent the inflow of
muck and water during articulation [7-9]. As shown in Figure 1b, there are two types of
thrust system: reaction force at the front shield and reaction force at the middle and tail
shields. The latter is generally more appropriate for curved excavation; it can supply a
constant thrust force to the segment ring without eccentric force, regardless of the rotation
of the front shield [7-9].

In three-dimensional space, at least three reference points should be used for TBM
positioning systems to report TBM behavior during its advance. The front reference point
is located on the plane of the shield face, and the rear left and rear right points are on the
rear of both sides, on the plane of the shield face (Figure 2).

TBM operators attempt to follow the planned alignment by monitoring reference
points. Owing to ground properties and machine weight, pitch, yaw, and roll rotations are
inevitably generated during TBM advance (Figure 3a). Pitching means that the direction of
shield advance deviates up or down, causing vertical deviations (Figure 3b). Yawing means
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that the direction deviates right or left, leading to horizontal deviation (Figure 3c). Rolling
means the tendency of the shield body to rotate in the reverse direction to the cutterhead
rotation (Figure 3d). When pitch and yaw occur, tail clearance is not assured between the
shield machine and the segments. This should be corrected by extending a group of shield
jacks (depending on the rotation direction) before they exceed the maximum value. If
rolling occurs, the discharged soil will not be well loaded onto the conveyor, causing muck
discharge problems. This also causes excessive load to be applied to the screw conveyor or
segment ring, leading to failure. Rolling should also be corrected by rotating the cutterhead
in the rolling direction before it exceeds its maximum value.
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Figure 2. TBM steering system with TBM position.
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Figure 3. Three rotation angles (modified from Shen et al. [2,3]): (a) three rotations; (b) yaw; (c) pitch;
(d) roll.
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3. Geometrical Model for Curved Excavation
3.1. Creation of Planned Route

In an excavation simulation, the route is planned first, with the TBM tunnel alignment
involving a straight line and a curved line, with parallel rings being used for the straight line
excavation and left or right tapered segments for the curved excavation [11]. It is assumed
that each tracking point is located at the center of the cross section of each segment ring.
Based on this concept (Figure 4), the mathematical model for the curved line is as follows:

T. = Ti~1 4 d,cos(b;)sin(a;) M
T; = le + d,cos(b;)cos(a;) @
T! = Ti=1 4 d,sin(b;), 3)

where i is ring number; T}C is the ith term of the tracking point (segment ring) on the x
coordinate; T; is the ith term of the tracking point on the y coordinate; T} is ith term of the
tracking point on the z coordinate; a; is the horizontal angle on the x-y plane at position i; b;
is the vertical angle on the y-z plane at position i; and d, is the average width of tapered
segment rings.

z-axis
(vertical direction)

®#2 (TLTLThH 4

®#4 (T7T),T7)
®#5 (T4T)TH
®#6 (T3,T7,T7)

— dr

Here, y-axis

advance direction
TO=TP=T2 =0 ( ’

Ti=0,za,=0

x-axis
(horizontal direction)

Figure 4. Example of a planned route in the vertical direction.

3.2. Calculation of TBM Position Change by Articulation Jack Operation

In a curved excavation, articulation jacks are extended first to steer the front shield.
Once the direction is set, shield jacks are extended to move the TBM forward in the target
alignment. Several assumptions are involved in the calculation of reference points: the four
articulation jacks (upper, lower, left, and right) are arranged in a circular array; the distance
between each jack position and the center equals the shield radius (Figure 5); the distance
between both rear reference points equals the shield diameter; and the distance between
the reference points at the rear and front equals the length of the front shield (Figure 2).

3.2.1. Articulation Jack Operation in the X-Type System

The X-type articulation system is shown in Figure 6. The articulation jack in the target
direction is retracted, while the others are extended simultaneously. If the intention is to
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steer the TBM forward in an upward direction, only the upper articulation jack is retracted
while the other jacks are automatically extended. Based on this principle, the length of each
articulation jack in the X-type system is determined by the following;:

Upper

Left Right

Lower

<+—>TBM diameter
e Center of shield
® Location of articulation jack

Figure 5. Cross section of the arrangement of articulation jacks.

1, —t, 0y + tgvg + to; + toy

] = lg _ by — tg0q + top + £ 0y @)
I tyoy + 04 — Ho; + £0y
I, tyoy + tgug + tjo; — 0,

where I, 13, I}, and I, are the length variations of upper, lower, left, and right articulation
jacks, respectively; t,, t4, t;, and t, are the operation times for the setting of articulation
jacks in the upper, lower, left, and right directions, respectively; and v,, v4, v;, and v, are
the extension speeds of upper, lower, left, and right articulation jacks, respectively.

As a result of the changing length of articulation jacks, the articulation angle is deter-
mined as follows:

x=tan"! (ll — lr) =tan"! (%r) (5)
B =tan! (ld — l”) = tan! (%‘) (6)

where « is the articulation angle in the horizontal direction on the x-y plane; B is the angle
in the vertical direction on the y-z plane; I}, is the length difference between left and right
articulation jacks; I, is the length difference between lower and upper articulation jacks;
and D is the TBM shield diameter (Figure 6).

During articulation for horizontal steering, three reference points change together. As
the articulation point is located at the center, both rear reference points change symmet-
rically relative to the origin, while the front point moves to a new coordinate (Figure 6a).
However, to steer the TBM in the vertical direction, both rear reference points remain
unchanged while the front point changes during the extension of the articulation jack
(Figure 6b). The reference points are recalculated for the articulation angle and the angle of
the planned route as follows:

Ly LY (cosag — cos(ag + ))
Ly=|Ly | = Lg (sin(ap + a) — sinag) (7)
L, LY

D
T3
T2
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Ryr RY — 2(cosag — cos(ag + «))
Ry = | Ry | = | R — Z(sin(ag + &) —sinag)
R, Rg
Fyr W + Ipcos(bg + B)sin(ag + «)
b=k )= (Lyr;iRyr) + Ipcos(by + B)cos(ag + «)
E,r (Lyr+R

(L2 Rar) 4 [psin(by + B)

(a) X-type (horizontal steering)

y ax
(advance direc

TBM front shield and cutterhead

x-axis
(horizontal direction

F° : Initial front reference point
R : Initial rear-right reference point
L? : Initial rear-left reference point
F,. : Front reference point after articulation work
R, : Rear-right reference point articulation work
L, : Rear-left reference point after articulation work
M : Rear-middle reference point (articulation point)
« : Articulation angle in the horizontal direction (xy plane)
: Horizontal angle on the xy plane at the initial position of planned route
FOM (=F,M): I (length of front shield and cutterhead)
L°R° (= L,R;) : D (TBM shield diameter)
I}, : Length difference between left and right articulation jack

(b) X-type (vertical steering)

z-axis
(vertical direction
/ TBM front shield & cutterhead

y axis
(advance direction)

Cod
/ ”f
ldu

F° ; Initial front reference point
F,. : Front reference point after articulation work
M : Rear-middle reference point (=articulation point=R’ =L’ =R, =L,)
B : Articulation angle in the vertical direction (yz plane)

: Vertical angle on the yz plane at the initial position of planned route
F°M (= F.M) : I (length of front shield and cutterhead)
l4,: Length difference between upper and lower articulation jack

Figure 6. X-type system: (a) horizontal steering; (b) vertical steering.

®)

)



Appl. Sci. 2023,13, 10087

8 of 27

3.2.2. Articulation Jack Operation in the V-Type System

The V-type articulation system is depicted in Figure 7. Here, only the articulation jack
in the target direction is unchanged, while the others are extended. To steer the TBM in
an upward direction, only the upper articulation jack is unchanged, while the others are
retracted. The length of each articulation jack is determined as follows:

Ly tqvg + tjop + 0y

- Iy _ tyvy + tjo; + to, (10)
I tyou +tgug + tyor
I tyvy + tgug + 1Y)

For horizontal steering, two reference points change together, with that at the front
moving to new coordinates, regardless of the direction of horizontal steering. However, as
the articulation point is located within the articulation jack, the reference points at rear right
and left either change or are unchanged, depending on the target direction. To determine
the new reference points in horizontal steering, auxiliary variables are calculated first
(Equations (11) and (12); Figure 7a):

2
drg = lp2 + (Z) (11)

Ao = \/2(dpr)*(1 - cosa) 12)

where dpy is the distance between R, (R?) and F, (F°), and df, is the distance between F°
and F;, which depends on the articulation angle in the horizontal direction.

Based on these auxiliary variables, reference points are recalculated depending on
the rotation direction of the articulation angle and the angle of the planned route. If
the articulation angle in the horizontal direction («) is negative, the reference points are
determined as follows (Figure 7a):

Ly=|Ly | =|L) (13)

R, RY + |Ij;|cos(by + B)sin(ag + §)
Ry=|Ry | = RS + |l |cos(bo + ﬁ)cos(ao + %) (14)
R, RY + |1, |sin(by + B)

Fyr FQ + dpycos(bg + B)sin(—c +ag + §)
F=|F | = Ff + dpycos(by + B)sin(—c +ag + §) (15)
Es F + dpgsin(by + B)
where c is the base angle of an isosceles triangle comprising three reference points based on

the reference line at the rear (/F°L°R? = /F,R,L, = /ZF°RL? = /F,L,R,) (Figure 7a).
If w is positive, the reference points are determined as follows:

Ly LY + |ljy|cos(bo + B)sin(ag + 5)
L= | Ly | = | LY+ |ly|cos(bo + B)cos(ao + 5) (16)
Lr LY + |1;,|sin(bg + B)
Ryr RY
Re= Ry | = RO (17)

Ry R%

Z
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Fyr FQ + dpgcos(by + B)sin(c +ag + §)
F,= | Fy | = | E) +dpacos(by + B)cos(c +ap + %) (18)
For FY + dp,sin(bg + B)

(a) V-type (horizontal steering, when a<0)

F" : Initial front reference point
R" : Initial rear-right reference point
L" ; Initial rear-left reference point
F, : Front reference point after articulation work
R, : Rear-right reference point articulation work
L, : Rear-left reference point after articulation work
M";: Initial rear-middle reference point
M, : Rear-middle reference point after articulation work
« 1 Articulation angle in the horizontal direction (xy plane)
: Horizontal angle on the xy plane at the initial position of planned route
FUM (= F, M) : I; (length of front shield and cutterhead)
L°R" (= L,K,) : D (TBM shield diameter)
I}, : Length difference between left and right articulation jack
FURY (= F,K,): dpg (distance between R, (R") and F,(F")
FIF, : dp, (distance between F* and F,, 1 by articulation angle in hori 1 direction)
: £F'L"RY (= £F, R,L,)

(b) V-type (vertical steering, when >0)

» TEM fromt shield & cutterhead

direction)

F° : Initial front reference point
F, : Front reference point after articulation work
M": Initial rear-middle reference point
M,: Rear-middle reference point after articulation work
[ : Articulation angle in the vertical direction (yz plane)
: Vertical angle on the xy plane at the initial position of planned route
FIM® (= F, M) : ¢ (length of front shield and cutterhead)
14,2 Length difference between upper and lower articulation jack

F'F, :dgg (distance between F° and F,, caused by articulation angle in vertical direction)

Figure 7. V-type system: (a) horizontal steering; (b) vertical steering.

For vertical steering, the three reference points change together, with those at the rear
moving to new coordinates by the same distance and those at the front moving more than
those at the rear (Figure 6b). To determine the new reference points in vertical steering, the
auxiliary variable is first calculated as follows (Figure 7b and Equation (19)):
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drp = \/2(drr)2(1 — cos B) (19)

where dpg is the distance between FY and F, caused by the articulation angle in the vertical
direction.

The reference points are then recalculated depending on the rotation direction of the
articulation angle and the angle of the planned route. If the articulation angle in the vertical
direction () is positive, the reference points are determined as follows (Figure 7b):

L LY+ |l‘“’lsm(ao +a)cos (b + 5 £
xV
L, = (Lyr) = LO + |l"“|cos(ao +a)cos( by + 5 ’3 (20)
Lar LY+ |ld“'sm by + 5 ﬁ
R RY + ‘l”’”|sm(ao +a) cos bo +5 ﬁ
xl’
R, = (Ryy) = RO + ”d“‘cos(ao +a) cos bo +5 ﬁ (21)
R R? + “‘““ sm b +
r FY +dpﬁ81n(ao —i—zx)cos c+b0+ g)
xr
F = (Fyr) = FO + dpgcos(ag + a)cos (c + by + g) (22)
For B+ dppsin (C + by + )
If B is negative, only the reference point at the front is recalculated, as follows:
E. E0+ dpgsin(ag + a)cos( —c + by + §>
F = (Fyr) = FS +dppcos(ag + a)cos( —c + by + g) (23)
Er

B+ dpﬁsin(—c +bg + g)

3.3. Calculation of Reference Point Change Owing to Shield Jack Operation

After articulation, a group of shield jacks is extended. The mechanism of shield jack
operation is similar to that of the V-type articulation system, with only selected jacks being
extended while the other shield jacks remain unchanged. As explained in Section 3.2,
shield jack differences caused by one-sided shield jack extension are required for successful
curved excavation during articulation. However, as we assumed that the shield jacks are
extended equally and simultaneously at the same jack speed, the length of shield jacks is

calculated as follows:
Iy,

1,
1,
11,

Il = =tV (24)

where tt is the operation time for extension of the shield jack, and V is the extension speed
of the jack.

During TBM advance, three reference points are changed by the same distance during
the extension of the shield jack. Therefore, the new reference points are calculated after
articulation work as follows:

Ly Lyr + llcos(bg + B)sin(ag + )
L= |{Ly| =Ly +Icos(by + B)cos(ag + «) (25)
L, L, + lsin(bg + B)
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Ry Ry + llcos(bg + B)sin(ag + «)
R= | Ry | = [ Ry +!llcos(by + B)cos(ap + «) (26)
R. Rar + llsin(bo + B)
Fy Fyr + llcos(bg + B)sin(ag + )
F=|F | = | Fy+llcos(bg + B)cos(ag + «) (27)
E, E.r + llsin(by + B)

(a)

y axis
(advance direction

where F is the front reference point shifted by the TBM advance (Fx, Fy, F;); R is the rear-
right point shifted by the TBM advance (Rx, Ry, R;); and L is the rear-left point shifted by

TBM advance (Ly, Ly, Lz).

During TBM advance, deviations in its position caused by pitch, yaw, and roll may
occur, so the reference points are recalculated depending on these rotations according to
Shen et al. [2] and Shen et al. [3] as follows:

cos Dcos ¢ — sinDsin fsin ¢ cos Dsin ¢ + sin Dsin fcos ¢ —sin Dcos O

T = —cos fsin ¢

sin @cos ¢ 4 cos Psin Bsin ¢ sin Dsin ¢ — cos Dsinfcos ¢ cos Dcos b

LL =

RR =

FF =

cos Bcos ¢ sin (28)
LLy
LL, | =T-L (29)
LL,
RR,
RR, | =T-R (30)
RR,
FF,
FF, | =TF (31)
FF,

where T is the transformation matrix of three rotation angles; 0 is the pitch angle; ¢ is the
yaw angle; @ is the roll angle; FF is the front reference point affected by the three rotation
angles (PF x, FFy, FF2); RR is the rear-right reference point affected by the three rotation
angles (RRx, RRy, RR;); and LL is the rear-left reference point affected by the three rotation

angles (LLy,LLy, LL;).

Based on the work of Festa et al. [6], horizontal and vertical deviations caused by pitch
and yaw can be calculated as follows, assuming that the TBM moves along the planned

route well (Figure 8):

(MM, — My) — (FFyx — Fy)

dy = ( )-100 (32)
I
g = (M= = M) = (FF = o) 10 33)
F
(b)
A& ’ & '

z axis
(vertical direction)

v
x-axis s
(horizontal direction e

v
y-axis ;
(advance direction S u

Figure 8. Deviation tendencies: (a) horizontal tendency; (b) vertical tendency.
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4. Example of Curved Excavation Simulation

Based on the above mathematical models, curved excavations were simulated using
Python programming. The curved simulation involves two processes. After articulation,
shield jacks are extended until the length of the jack equals the segment length. When TBM
advance is complete, a segment ring is created, and both articulation jacks and shield jacks
are returned to their initial positions. The one cycle operation comprises a series of these

processes, and this cycle operation is repeated continuously until the total simulation is
complete (Table 1).

Table 1. Example of simulation conditions for curved excavation.

Parameters Value
TBM shield diameter (D) 8000 mm
Length of front shield and cutterhead (Ir) 3000 mm
Average thickness of segment ring (d,) 1500 mm
Articulation jack speed (= v, = v =v; = v;) 1 mm/s
Shield jack speed (vv) 10 mm/s
Initial front reference point ( F?, Fg ,F? > (0 mm, 3000 mm, 0 mm)
Initial rear-right reference point (Rg, RS, R(Z]) (4000 mm, 0 mm, 0 mm)
Initial rear-left reference point (LY, LS, Lg) (—4000 mm, 0 mm, 0 mm)

TBM manuals confirm that the maximum value of articulation angle in the vertical
direction is near 0.5°, while the horizontal angle varies from 0.5° to 5.4° depending on TBM
size and manufacturer. Therefore, the horizontal and vertical angles in the route planned
for the simulation were both set at 0.5° here. The horizontal and vertical deviations caused
by two rotation angles are essential indicators to be monitored in real time by the TBM
operator. Therefore, simulations with different rotation angles (0-2.5°) and articulation
angles in the horizontal (0-2.5°) and vertical (0-0.5°) directions were tested to determine
the effects on horizontal and vertical deviations in Section 4.3.

4.1. Comparison of the X- and V-Type Systems

A comparison of the reference points used in the X- and V-type systems is provided in
Figure 9. The articulation angles in the horizontal and vertical directions were set at 0.5°,
with only the initial and final reference points being marked in Figure 9.

50 =@=Initial reference points (X-type & V-type) \
» ik - Final reference points (X-type)
=0 Final reference points (V-type)

EN
o

(W) SjeuIpIood Z

Figure 9. Comparison of reference points from a single cycle simulation with the X- and V-type systems.
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Deviations in reference points are described in Table 2. As the locations of articulation
points in the two systems are different, deviations can arise during articulation. Errors in
the y coordinate (L,r, Ryr, Fyr) are generally the highest of the three reference points, with
L; and R, having almost identical error values. Such errors may be changed depending on
the direction and angle of articulation.

Table 2. Differences in reference points between the X- and V-type systems.

Location of Position (mm)

i E %
Reference Point Coordinate X-Type V-Type rror (%)

Ly —3986.7 —3986.3 0.0

L, Lyr 1534.9 1604.9 —4.6
L, 13.1 13.3 —1.2
Ryr 4013.0 4013.4 0.0

R, Ryr 1464.9 1534.9 —4.8
R, 13.1 13.3 —1.2
Fyr 394 39.8 —1.2

E Fyr 4499.7 4569.7 —-1.6
E;r 39.4 39.5 —04

The X-type system is clearly more appropriate for use in curved excavation as it has
the advantages of articulation sealing and water resistance during articulation. The mathe-
matical model of the X-type system is also less complex than that of the V-type. Therefore,
we mainly focused on simulations of curved excavations with the X-type articulation sys-
tem under predetermined simulation conditions (Table 1), with the simulation involving
100 cycles (100 rings), and with pitch and yaw being considered.

4.2. Curved Excavation in the Top-Right Direction

The planned route in the top-right direction was created by horizontal (a;) and vertical (b;)
angles of 0.5°. To travel along this route, « and 3 were set to be the same as a; and b;, respec-
tively. The articulation jacks were then extended, as shown in Table 3 (Equations (5) and (6)).
The flow chart of the curved excavation process is presented in Figure 10.

Table 3. Adjustment of articulation jacks for curved excavation in the top-right direction.

Location of Jack Required Length of Articulation Jack for « = 0.5° and 8 = 0.5°
Upper 0 mm
Lower 70 mm
Left 70 mm
Right 0 mm

The simulation progress in curved excavation in the top-right direction, without
consideration of the two rotation angles (pitch and yaw), is depicted in Figure 11a,b, for 25
and 75 cycles. Blue lines (Figure 11) indicate the planned route, and red triangles indicate
the three reference points. The red triangle travels along almost the entire route during the
simulation. After 100 cycles, the TBM has travelled ~150 m, with the final reference points
being recorded in Table 4.

The deviation between tracking points of the planned route (Ty, T, T>) and the rear
reference point (My, My, M;) are shown in Figure 12, without consideration of rotation
angles. The estimated rear reference points are almost the same as the tracking point, as the
15,000 calculated deviations overlap each other around zero (Table 5). If the articulation
angles are adjusted to be almost identical to the direction angles of the planned route, the
curved excavation can be successfully performed by the TBM without consideration of the
rotation angles.
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Figure 10. Flowchart for the curved excavation process.

(a) Number of rings: 25 Number of rings: 25
(Zoom-out) (Zoom-in)
—— Planned route = Planned route
—— Reference points(X_type,a:0.5,6:0.5) 20000 —— Reference points(X_type,a:0.5,8:0.5) 10000

p 4 4
0
100000 0
120000
(b) Number of rings: 75 Number of rings: 75
(Zoom-out) (Zoom-in)
—— Planned route —— Planned route
—— Reference points(X_type,a:0.5,8:0.5) 0000 —— Reference points(X_type,a:0.5,8:0.5)
r4 F 4

100000 0
120000

Figure 11. Simulated curved excavation in top-right direction without consideration of rotation
angles: (a) simulation with 25 cycles; (b) simulation with 75 cycles.
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Table 4. Location of reference points after 100 cycles in the top-right direction.
Location of Reference Point Position (x, y, 2)
L (48,299 mm, 119,800 mm, 62,117 mm)
R (53,427 mm, 113,659 mm, 62,117 mm)
F (52,339 mm, 117,962 mm, 64,420 mm)
LL (50,383 mm, 120,004 mm, 60,032 mm)
RR (55,403 mm, 113,776 mm, 60,141 mm)
FF (54,390 mm, 118,137 mm, 62,368 mm)

0407 11 | ( T

@ Deviation between point T and point M (15,000 data).[

o

(W) eWpIoed z

Figure 12. Simulated deviations between tracking points of the planned route and rear reference
points, without consideration of the rotation angles.

Table 5. Deviations between tracking points of the planned route in the top-right direction and rear
reference points with consideration of the rotation angles.

Type of Deviation Coordinate Average Deviation (mm)
Tracking point-rear reference X 0.0
point with no pitch or yaw y 0.0
(M-T) z 0.0
Tracking point-rear reference x 1152.3
points with pitch and yaw y 20.9
(M-TT) z —1152.4

The simulated progress of curved excavation in the top-right direction, with consider-
ation of the rotation angles (pitch = yaw = 1.0°), is shown in Figure 13 for 25 and 75 cycles.
Here, the red triangle does not fully follow the route during the simulation. Due to pitch
and yaw, the TBM is inevitably liable to vibrate during the excavation, causing deviations.
The total distance travelled by the TBM is again ~150 m, with the final reference points
being recorded in Table 4.

The deviation between tracking points of the planned route (Ty, T, T>) and the rear
reference point (Myy, My,, M:;), with consideration of the rotation angles, is shown
in Figure 13. The estimated rear reference points differ from the tracking point, as the
15,000 calculated deviations plot as an almost straight line. Through consideration of the
rotation angles, and although articulation angles are adjusted to be almost identical to the
direction angles of the planned route, there are deviations during the curved excavation
caused by pitch and yaw. Therefore, the TBM operator would attempt to control the shield
or articulation jacks to reduce deviations after or during one cycle of curved excavation.
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Figure 13. Simulation of deviations between tracking points of the planned route in the top-right
direction and rear reference points, with consideration of two rotation angles.

The averages calculated for the two types of deviation are summarized in Table 5.
It is clear that the two rotation angles can cause considerable deviations, particularly in
the x and z coordinates. As pitch and yaw have positive values, the calculated average
deviations in the x and z coordinates have positive and negative values, respectively.
Estimated horizontal (d),) and vertical (d,) tendencies for the y coordinate (Equations (32)

and (33)) are shown in Figure 14. When the pitch () and yaw (¢) are zero, no deviations
are evident, with tendencies being zero.

0.71

*0.71

2'5_ = d, (6=¢=1.0°
2.0 e d, (0=¢=1.0°
1.75 --IIII‘_IIIIIIIIIIIIIIIIIIIIIIIIIIIII-II-
1.5 : (e=p=0.0°
1.0 - \
2 051
5. J
:00—--------—---------------I
§ . 1d,=d,=0
-0.5 s ey o
o (6=¢=0.0°
l_ 4
-1.0 1
-1.5 4
_1.75 --IIIIIFIIIIIII!IIIIIIIIIIIIIIIIIIIIIIIII
-2.0 : (e=p=10.0°)
-2.5

0

I
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y coordinate (mm)

Figure 14. Horizontal and vertical tendency estimated from the simulation of the curved excavation
in the top-right direction.
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As the cumulative angle of the planned route increases, the horizontal and vertical
tendencies change from 1.75 and —1.75 to 0.71 and —0.71, respectively. As the TBM moves
forward, its advance direction in the y coordinate changes, changing the direction of both
tendencies, with the magnitude of both approaching zero. If the articulation angles « and j
are zero, both tendencies are constant at —1.75 and +1.75, respectively. As pitch and yaw
are equal at 1.0°,  and B are both 0.5°, with both tendencies showing the same pattern as
the y symmetry axis.

4.3. Effect of Articulation Angles and Rotation Angles on Tendencies

To determine the effect of both factors on horizontal and vertical tendency, simulations
were undertaken for only ten cycles (Table 6). The maximum pitch for the test condition
was <3.0°, based on the TBM data recorded in a specific TBM tunneling site. The maximum
yaw for the test was determined to be same as maximum pitch. The maximum articulation
angles in the horizontal and vertical directions were determined to be 2.5° and 0.5°, respec-
tively, as averages of specifications for different machine manuals produced by different
TBM manufacturers.

Table 6. Test simulations with different rotation and articulation angles.

Simulation Conditions

Case Number Type of Rotation Angle Type of Articulation Angle
Pitch (6) Yaw (¢) Horizontal Direction (x) Vertical Direction (8)

0 0
1 0.5
2 1.0
3 0 15 0.5 0.5
4 2.0
5 2.5
6 0.5
7 1.0
8 15 0 0.5 0.5
9 2.0
10 2.5
11 0
12 0.5
13 1.0
14 1.0 1.0 15 0
15 2.0
16 2.5
17 0.1
18 0.2
19 1.0 1.0 0 0.3
20 04
21 0.5
22 0.5 0.1
23 1.0 0.2
24 1.0 1.0 1.5 0.3
25 2.0 0.4
26 2.5 0.5

The average horizontal and vertical tendencies for cases 0-5 (Table 6) depend on yaw
angle (Figure 15). As yaw increases from 0.0° to 2.5°, the magnitude of average horizontal
tendency also increases from 0.00% to 4.34%, while vertical tendency is constant at 0.00%.
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Figure 15. Variation in horizontal and vertical tendency with yaw angle.

The average horizontal and vertical tendencies for cases 6-10 (Table 6) are shown
in Figure 16 depending on pitch angle, with Case 0. As pitch increases from 0.0° to 2.5°,
the average vertical tendency increases from 0.00% to 4.35%, while horizontal tendency is
constant at 0.00%.

5.0

a=0.5] 8 3 B
Sk 5 = 0.5° [ 3 sase "

sof gy
og'/o/

N
o

1

-
o
Y\

< |
AR -
> h f
8 00 o0, . . . .
I 0.000 0.000 0.000 0.000 0.000 0.000
o n 1 i i i |
g 190
P I i
-2.0 H ; - :
] ‘ : | —h— Average horizontal tendency
304 NN S PN W . —®— Average vertical tendency
-4.0
-5.0 I ! I I I I
0.0 0.5 1.0 1.5 2.0 25
Pitch (°)

Figure 16. Variation of horizontal and vertical tendency with pitch angle.

Overall, yaw only affects the horizontal tendency, while pitch only affects the vertical
tendency.

The average horizontal and vertical tendencies for cases 11-16 (Table 6) vary with
articulation angle in the horizontal direction (Figure 17). With an articulation of 0.00°,
both tendencies are constant to —1.745. As the horizontal articulation angle increases, the
average horizontal tendency decreases from 1.745 to 1.742, 1.734, 1.720, 1.701, to 1.678, as
the vertical tendency decreases from 1.745 to 1.741, 1.732, 1.718, 1.698, to 1.674.
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Figure 17. Variation of horizontal and vertical tendency with horizontal articulation angle.

Articulation in horizontal direction (°)

The average horizontal and vertical tendencies obtained for cases 17-21 (Table 6) vary
with articulation angle in the horizontal direction (Figure 18). The average horizontal
tendency decreases from 1.745 to 1.743, while the average vertical tendency decreases from
1.745 to 1.743, depending on the vertical articulation angle.
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Figure 18. Variation in horizontal and vertical tendency with vertical articulation angle.
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Articulation in horizontal direction (°)

The average horizontal and vertical tendencies for cases 22-26 (Table 6) vary with
articulation angle in the horizontal and vertical direction (Figure 19). The average horizontal
tendency decreases from 1.745 to 1.741, 1.732, 1.717, 1.697, to 1.673, while vertical tendency
decreases from 1.745 to 1.742, 1.733, 1.719, to 1.676 as the articulation angles in both
directions increase.
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Figure 19. Variation of horizontal and vertical tendency with horizontal and vertical articulation angles.

The articulation angles in both directions have a strong influence on the horizontal
and vertical tendencies, with both decreasing with increasing articulation angle. If the
articulations in both directions change together, both tendencies decrease more (note the
difference between Figures 17 and 19). It seems that the articulation angles in either
direction can impact both tendencies independently.

5. Application in TBM Simulator

The aim of this study was the training of TBM operators in the use of the steering
system in curved excavation, using the simulator. Therefore, the proposed mathematical
models were applied and tested in the TBM simulator as the final stage of the study.

The TBM simulator was created using the Adobe Air platform, written in Adobe
ActionScript 3.0. Version 32.0 of Adobe Air SDK (software development kit) was used,
with the Intellij IDEA employed as the IDE (integrated development environment). Adobe
Air uses vector graphics, which allows for the creation of applications with low capacity
and high performance. As there is no pre-configuration work for the installation, it is easy
to access the platform. To compare the simulation results with Python, the simulations
involved the test conditions presented in Tables 1, 3 and 6.

The simulator touch panel control for the setting of the articulation jack is shown in
Figure 20, where the setting of the jack for curved excavation in the top-right direction,
with articulation angles of 0.5° in the horizontal and vertical directions, is illustrated in
Figure 20a. Through the adjustment of the four directions in the center, the lower and left
articulation jacks are extended to 70 mm, and the articulation angles in both directions
changed to 0.5°, as shown in Table 3. When the articulation setting is complete, shield jacks
are extended, with the TBM moving forward along the planned route.

Figure 20b presents the setting of the articulation jack for the curved excavation in the
top-left direction with the articulation angle of —1.0° in the horizontal direction and 0.5° in
the vertical direction. Through the adjustment of four directions in the center, lower and
right articulation jacks are extended to 105 mm, and upper articulation jacks are extended
to 35 mm, while the right articulation jacks are retracted to —35 mm. Once the articulation
setting is complete, the shield jacks are extended, and the TBM moves forward along the
planned route.
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The progress in the curved excavation is shown in Figure 21, with the cycles (rings)
involved without consideration of the rotation angles. Figure 21a presents the simulation
in the top-right direction at 25 cycles. The longitudinal section in the y and z coordinates is
shown to the left of the panel. The travel range is shown as a bold red line, and the rest of
the planned route as a pale green line. It is possible to check the current position in the y
and z coordinates.

(a)

Horizontal

Rolling Vertical
& o 3 9w

Pitching

- Articulation alarm setting

Extend | Extend
Shorten Shorten

Extend max limit

Control pressure

-

Extend
Shorten

(b)

HORIZONTAL

VERTICAL

ARTICAULATION

STROKE ALARM SETTING

EXTEND MAX LIMIT

Figure 20. Example of setting of articulation jack for curved excavation: (a) in the top-right direction;
(b) in the top-left direction.
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Figure 21. Simulation progress of the curved excavation at 25 rings without considering rotation

angles: (a) in top-right direction; (b) in top-left direction.

Figure 21b presents the simulation in the top-left direction at 25 cycles. The cross
section in the x and z coordinates is shown to the right of the panel. The pale green
dot indicates that the planned route is always located at the center of both coordinates.
Depending on the deviations caused by the rotation angles, the small circle with a white
crossline can shake. As there are no rotation angles, the crossline is the same as the rear-
middle reference point and overlaps the pale green dot. The purple arrow indicates the
advance direction viewed in the x-z plane. Depending on the length of articulation jacks,
the direction angle in the x-z plane is calculated as follows (Table 7).
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Referring to Table 7, it can be seen that the arrow points to Quadrant II, and the
direction angle is about 297° in the curved excavation with the top-left direction. In
comparison, the arrow points to Quadrant I, and the direction angle is about 45° in the
curved excavation with the top-right direction.

Figure 22 presents the simulation in the top-right direction at five cycles without
consideration of the rotation angles for explaining how to adjust the articulation jacks
during the excavation. As shown in Figure 22a, deviations between the planned route
and the rear-middle reference point are accumulated during the excavation because of
the difference between articulation angles (0.2°) and angles in the route (0.2°). As both
articulation angles are increased to 0.5°, the deviations are highly decreased, and TBM
travels along almost the entire route again.

Table 7. Direction angle in the x-z plane calculated from articulation jack lengths.

Condition Direction Angle (Clockwise)
<
llu : lld 0° (:3600)
1=t
I, > Zd o
=1, 180
by =g o
L>1, %0
Ly =14 o
L <1, 270
b <la tan~" (=) + 360°
ll < lr La—1Iy
Iy <y 1 L=l
Zl > Zr tan (1;7111)
b > La tan~1 (1=k) 4 180°
l] # ly Id71u

The simulation progress in the curved excavation, with consideration of rotation
angles, is shown in Figure 23. Figure 23a presents the curved excavation in the top-right
direction at 25 cycles and 75 cycles. Figure 23b presents the curved excavation in the top-left
direction at 25 cycles and 75 cycles. Due to the rotation angles, deviations between the
planned route and the rear-middle reference point are measured during the excavation. As
the total excavation distance increases, the deviations increase, as shown by the distance
between the pale green dot and the crossline. Because the induced deviation is gradually
accumulating, the TBM operator should correct the pitch and yaw using the shield jacks
and articulation jacks.

In practice, deviations are frequently bound to occur during soil ground excavation
because of the heterogeneous characteristic of soil grounds. Therefore, the operator adjusts
both the articulation and the shield jacks by monitoring the TBM position in real time
through the navigation panel depending on the deviations. In contrast, the operator
is less concerned with deviations during the rock excavation as most rocks show more
homogenous characteristics than soil. Therefore, once the articulation jacks are set in
advance, the operator only adjusts the shield jacks to be extended during the excavation.
Depending on the rotation angles assigned for the excavation simulation in real time,
curved excavation in both soil ground and rock can also be experienced indirectly through
the TBM simulator.
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Figure 22. Simulation progress of the curved excavation at 5 rings without considering rotation
angles: (a) articulation angles with 0.2°; (b) articulation angles with 0.5°.
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Figure 23. Simulation progress of the curved excavation at 25 rings and 75 rings with considering
rotation angles: (a) in top-right direction; (b) in top-left direction.
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6. Conclusions

This study aims to develop the mathematical models for the shield TBM steering and
apply the models into the TBM simulator. The concept of curved excavation and the TBM
steering model were overviewed first. Next, the mathematical formulae, including the
articulation jack operations and shield jack operations, were created for the simulation
based on the steering mechanism. Then, curved excavations were simulated using a Python
program based on different articulation systems and different planned routes to reflect the
mathematical formulae. Moreover, simulations with different cases were tested to identify
the effect of two articulation angles and two rotation angles on the horizontal tendency and
vertical tendency. Finally, the proposed mathematical formulae were applied in the TBM
simulator to simulate the articulation operations.

Firstly, the reference points estimated from one cycle simulation used in the ‘X-type
system and ‘V-type’ system were compared. Due to the difference in location of the
articulation point, differences of reference point between both systems occur during the
articulation work, and the final reference points obtained from ‘X-type” and ‘V-type’ have
some errors.

Secondly, two simulations with different planned routes were executed without con-
sidering pitch and yaw. The estimated rear-middle reference points are almost equal to the
tracking point of the route, if the pitch and yaw are not considered. In contrast, the devia-
tions between the tracking point of the route and the rear-middle reference points occur if
the pitch and yaw are considered. Even though the articulation angles are adjusted to be
nearly identical to the direction angles of the planned route, there will be deviations during
the curved excavation caused by pitch and yaw. Therefore, it is expected that the TBM
operator attempts to control the shield jacks or articulation jacks to reduce deviations after
or during the one cycle of curved excavation. Also, these deviations caused by pitch and
yaw could differ depending on the magnitude and the direction of the articulation angle.

Thirdly, simulations with different cases were tested to identify the impact of articula-
tion angles in the horizontal direction and vertical direction and rotation angles (pitch and
yaw) on the horizontal tendency and vertical tendency calculated from the deviations. It
is confirmed that the yaw affects the horizontal tendency, while the pitch only affects the
vertical tendency. As both rotation angles increase, higher tendencies are estimated as a
result. Lastly, the articulation angles in both directions strongly influence the horizontal
tendency and vertical tendency. As the articulation angles in the horizontal direction or
vertical direction increase, the smaller the estimated magnitude of tendencies. Lastly, the
proposed mathematical models were applied and tested in the TBM simulator as the final
stage of the study.

Generally, there are four groups for selecting shield jacks. The speed of each shield
jack group can control the length of each shield jack group. The segment plane is always
perpendicular to the rear shield axis during the curved excavation. Therefore, each shield
jack group should be extended with different jack speeds depending on the curved direction.
However, this study assumed that a group of shield jacks have the same extension speed.
Therefore, it is difficult to consider the one-sided extension of the shield jack in parallel
with articulation jack operations during the excavation. Future studies should focus on
considering the jack speed of each shield jack group independently.

In addition, this study only focused on a shield TBM steering simulator. Future
research will be aimed at the development of a steering system for an open (gripper)
TBM simulator.
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