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Abstract ATunnel Boring Machine (TBM) is an extremely
large and complex engineering machine that usually works
under a complicated geological environment to excavate tun-
nel underground. Considering the large number of sub-
systems that usually belong to different disciplines, it is a
challenging task to define, model, and optimize the whole
TBM from the perspective of system engineering. Also, due
to the complex mechanism and geological environment, the
flexibility and efficiency of existing TBM excavation strate-
gies are generally limited. To address these challenges, a mul-
tidisciplinary modeling is presented so that corresponding an-
alytical or empirical models of each sub-system are formulat-
ed, and a multidisciplinary design optimization (MDO) meth-
od is applied to the TBM system optimization. Four excava-
tion strategies are studied and compared, including: (i) two
existing excavation strategies, and (ii) two new proposed ex-
cavation strategies by making control and/or structure param-
eters adaptive to geological conditions. Two case studies with
these four excavation strategies are presented to illustrate the
effectiveness and benefits of designing TBM using MDO
methodologies. Wherein, Case I aims to minimize the con-
struction period taking into account the restriction of sub-sys-
tems, and Case II simultaneously minimizes construction pe-
riod, cost, and energy consumption. Since the resulting MDO
formulation is straightforward to be solved as a single prob-
lem, the All-At-Once (AAO) method is utilized in this paper.

The optimization results obtained by modeling the problem as
MDO show that the excavation strategy with adaptive control
and structure parameters can significantly reduce the total
construction time, with lower cost and energy consumption.

Keywords Tunnel boringmachine .Multidisciplinary design
optimization . System decomposition . Complex geological
condition

Notation
C Total excavating cost, $
CAI Cerchar abrasivity index
Cl Excavating cost per meter, $/m
Ct Tools cost, $
D Diameter of the cutterhead, m
d Diameter of the cutter, m
El Total energy consumption per unit length, J/m
En Total energy consumption, kWh
Fv Total normal thrust, kN
fs Lateral force acting on a single cutter, kN
ft Tangential thrust acting on a single cutter, kN
fv Normal thrust acting on a single cutter, kN
H Wear height for constant wear flat tool, m
h Penetration, m
lf Cutter life, m
L Length of the tunnel, m
M TBM cost in normal excavation, $/t
N Number of cutters
Nc Number of changed cutters
PT Overall performance of TBM
Pt Total motor power, kW
Pv Total hydraulic power, kW
r Cutter radius, m
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s Cutter spacing, m
Tt Total torque of cutterhead, kN ⋅m
t Construction period, month
ta Auxiliary time, month
tb Construction time of normal advance of TBM, month
tc Cutter changing time, hour
tm Total maintenance time, hour
ttc Total cutter changing time, hour
α Cutter edge angle, degree(°)
δ Cutter wear flat, m
ε Time factor for maintenance
λ The length-width ratio of the constant wear flat disc

cutter
σc Uniaxial compressive rock strength, MPa
σPLT Tensile rock strength, MPa
τ Shear strength without sideward-wall, MPa
ϕ Cutter contact angle, degree(°)
φ Cutter wear coefficient, Pa2/m
ω Maximum cutterhead rotation speed, r/min
ϵ Expert coefficient of the auxiliary time ta

1 Introduction

ATunnel Boring Machine (TBM) is a machine used to exca-
vate tunnel with a circular cross section under a variety of
geological conditions. TBM is widely used in many engineer-
ing projects, such as hydraulic and hydropower construction,
transportation construction, and municipal construction, due
to its high effectiveness, security, and environment friendly
characteristics. Recently, the applications of TBM have been
extended from soft rocks to hard rocks, as the design and
manufacturing techniques of TBM have been improved dra-
matically. Nowadays TBMs can simultaneously and continu-
ously perform a series of tasks such as tunnel boring,
mucking, and supporting; a single operation can excavate over
20 km tunnel continuously. However, considering the high
degree of disciplinary and system coupling characteristics, a
number of challenges need to be addressed in the design of
TBM, such as: 1) low efficiency in hard rock breaking; 2) high
tool wear rate; 3) high trapped probability; 4) long excavation
time; 5) difficulty in precision control; and 6) poor adaptabil-
ity to complex geological conditions.

To address these challenges, a significant amount of work
has been performed in the literature. For example, Snowdon
et al. (1982) studied the mechanical cutting characteristics of
rocks with compressive strengths, and found that there exists a
penetration threshold beyond which there will be no further
significant reduction in energy consumption. Snowdon also
suggested that a fixed disc layout can be designed to operate
throughout the rock strength range. Yazdani-Chamzini and
Yakhchali (2012) developed a fuzzy multi-analysis method that
could select the most suitable type of TBM based on the

machine’s working conditions and capability; they found that
the proposed method could improve the excavating speed and
reduce the cost significantly. Acaroglu (2011) also used fuzzy
logic models, but to predict the normal forces of constant cross
section disc cutters in the rock cutting process based on expe-
rience. Fukui and Okubo (2006) studied the geotechnical and
cutting parameters during the excavating process of TBM, find-
ing that it is helpful to assign rock mass classifications accu-
rately based on rock strength when boring a uniform rock type.
Al-Shyyab and Kahraman (2007) developed a discrete non-
linear torsional vibration model of a single-stage planetary set
by considering the gear mesh stiffnesses and clearance
nonlinearities. Ambarisha and Parker (2006) proposed a meth-
od for suppressing certain harmonics of planet mode response
in planetary gear dynamics through mesh phasing, and found
that the degenerate mode response cannot be suppressed
through mesh phasing. Sanio (1985) conducted wedge penetra-
tion tests and disc cutting experiments on rocks with distinctive
strength anisotropy, and found that the anisotropy of the rock
has a great influence on the prediction of excavating speed and
disc cutters’ performance. Jeong et al. (2014) developed new
indices based on a punch test and a full-scale rock cutting test to
predict the performance of TBMs on hard rock construction.

For the design optimization of TBMs and relevant
excavating parameters, Yagiz and Karahan (2011) used a par-
ticle swarm optimization to design the penetration rate of
TBM when working with hard rocks. They found that the
intact and mass rock properties have a major impact on the
penetration. Yagiz and Karahan (2015) aslo estimated TBM
performance using various optimization techniques including
Differential Evolution (DE), Hybrid Harmony Search (HS-
BFGS), and Grey Wolf Optimizer (GWO), and they found
that the HS-BFGS algorithm converges faster and demands
a shorter CPU time. Liu et al. (2010) designed the TBM ex-
cavating parameters, probability of project completion, and
the utilization rate of working resources using a cyclic
network simulation. Geng et al. (2013) proposed a cutter lay-
out optimization strategy based on a grey relation analysis,
and found that the position angle plays a critical role in the
cutter layout optimization. Sun et al. (2011) built a finite ele-
ment model and optimized the TBM using a cooperative co-
evolutionary genetic algorithm. Medel-Morales and Botello-
Rionda (2013) simulated and optimized the rock cutting pro-
cess using a discrete element method, seeking to measure the
interaction between forces and hard rock characters.

Though the mechanism and performance of TBMs have
been well studied and significantly improved, most of the pre-
vious work only dealt with a single discipline or sub-system of
the whole TBM. A better understanding of the interactions
between different disciplines and/or sub-systems would be
helpful to design and optimize the whole TBM system. In ad-
dition, there is a gap in studying and improving the excavation
strategies. Therefore, it is essential and desired to develop a
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multidisciplinary design optimization (MDO) strategy, which is
able to design and improve both the TBM performance and
excavation strategies simultaneously. In this paper, a MDO
framework is developed, which consists of multidisciplinary
modeling of the TBM systems and solving the problem using
standardMDO architectures. The multidisciplinary modeling is
to help (i) understand the coupling effect among different dis-
ciplines and sub-systems and (ii) formulate the system objec-
tives and constraints. Multiple MDO architectures are briefly
introduced, which can be chosen to solve different MDO prob-
lems of TBM according to practical demands.

In particular, the paper presents two industry case studies with
four excavation strategies under complex geological conditions,
including (i) two existing excavation strategies, and (ii) two new
proposed excavation strategies by making control and/or struc-
ture parameters adaptive to geological conditions. Since the
resulting MDO formulations of these specific cases are straight-
forward to be solved as a single problem, the AAO is chosen in
this paper for the optimization. Nevertheless, it should be noticed
that advanced MDO architectures could or should be used in
case of more complex coupling relationship being involved in
the MDO formulations.

The reminder of the paper is organized as follows. Section 2
discusses the system analysis of the whole TBM, the different

geological excavating environments, and two new excavation
strategies. The MDO framework is developed in Section 3,
including the system optimization objective, constraints, design
variables, and detailed configurations of five major TBM sub-
systems (i.e., the rock and soil mechanics, the thrust system, the
cutterhead system, the cutterhead driving system, and the eco-
nomic analysis). In Sections 4 and 5, two case studies are per-
formed using the All-At-Once (AAO) method. Section 6 dis-
cusses how to determine design parameters in practical design.
Section 7 provides the concluding remarks and future work.

2 TBM excavation strategy

2.1 System analysis of TBM

As an extremely large and complex engineering machine, an
analysis or decomposition of sub-disciplines or sub-systems is
required to perform aMDO study on TBM.As shown in Fig. 1,
a TBM generally consists of six disciplines, including mechan-
ics, electromagnetics, fluid, hydraumatic, measurement, and
control. A TBM can be decomposed into five sub-systems
using a hierarchical model as illustrated in Fig. 2, including a
cutterhead system, a cutterhead driving system, a thrust system,

Cutterhead SystemCutterhead Driving System

Thrust SystemSupport System

Ventilation System
Fig. 1 The whole structure of
TBM

TBM

Cutterhead system
Mechanics (Rock and soil mechanics)

Structure Mechanics (Cutters)

Cutterhead driving system

Electromagnetics  (Cutterhead driving motor)

Mechanics (Planetary deceleration system)

Thrust system
Hydraulic transmission (Thrust hydraulic system)

Mechanics (Support frame)

Discharge system

Fluid (Water injection and rock emission)

Fluid dynamics (Ventilation system)

Pose detection system

Fig. 2 A hierarchical
decomposition of TBM
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a discharge system, and a pose detection system. Each sub-
system can be further decomposed into secondary sub-
systems that can be categorized into different disciplines, e.g.,
the multi-motor drive system within cutterhead driving system
is an electromechanics system, and the hydraulic cylinders in
the thrust system are categorized into a hydraumatic system.

The working environment of TBM is also complicated
and many unexpected events (such as seepage and col-
lapse) may happen occasionally. In addition to these ex-
treme situations, a long-period excavating task can lead to
a heavy working intensity for TBM. Considering the com-
plexity of the TBM system and construction environment,
the objectives and constraints of each individual sub-
discipline and sub-system need to be carefully selected.
The widely used optimization objects of different modules
and disciplines are listed in Table 1. It should be noted
that, the objectives and constraints can mutually transform
between each other in the optimization process (i.e. opti-
mization objectives in one sub-system may be used as
constraints in another sub-system).

2.2 Geological environment

TBM is widely used in tunnel engineering, and the excavation
length could be tens or even hundreds of kilometers, especial-
ly the ones in oil-gas pipelines and water tunnel construction.
Such a long geographical span may include a number of dif-
ferent geological conditions. For example, the tunnel illustrat-
ed in Fig. 3 contains geological conditions such as basalt,
quartzite, limestone, granite, and sandstone. To maintain and
improve the reliability and performance of the TBM under
such a complex excavating condition, it is very important to
have flexible excavating parameters that could be adjusted
according to the changing geological conditions.

In addition, it is also important to characterize the complex
geological conditions by defining the rock parameters.
Despite of the fact that discontinuities and anisotropies present
in many geological conditions (Yagiz 2008), most of TBM-
related empirical equations were established based on the hy-
pothesis of continuity and isotropy, and have been widely
used in many practical engineering for their simplifications.

Table 1 Multidisciplinary design
optimization objectives of TBM Modules Optimization objectives Disciplines

Rock and soil mechanics Min Resistance Mechanics

Cutterhead system Max Life Mechanics

Cutterhead driving system Min energy consumption Electromechanics

Thrust system Min energy consumption Hydraumatic

Discharge system Discharge Efficiency Fluid

Pose detection system Max Accuracy Photoelectricity

Structural strength Max Mechanics

Vibration and noise Min Mechanics & Acoustics

Total mass Min Mechanics

Construction period Min Management

Cost Min Management

Limestone

Basalt
Sandstone

Quartzite

Granite

Tunnel

Fig. 3 A sample topography of one tunnel
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Two geotechnical parameters, the rock strength and abrasive-
ness, are usually used to characterize the rock properties. The
rock strength is one of the most important factors affecting the
excavating performance. The uniaxial compressive rock
strength and tensile rock strength are two standard metrics
used in practical engineering. Generally both the TBM pene-
tration and cutterhead speed will decrease with the increase of
rock uniaxial compressive strength (Gong and Zhao 2009). In
practical engineering, the efficiency of excavation could be
different even under the same rock strength, due to the differ-
ent abrasiveness in rocks. The Cerchar Abrasivity Index
(CAI), proposed by Suana and Peters (1982), quantify the
abrasiveness of a rock being excavated under-ground. Alber
(2008) found that a larger CAI could lead to a quicker con-
sumption of cutters, causing an inadequate thrust being trans-
mitted to the cutters and thereby increasing the construction
period.

2.3 Excavation strategies

During a single excavating operation, TBM can experience
different geological conditions. In order to find the best exca-
vation strategy, four excavation strategies are studied and
compared, including (i) two existing excavation strategies (1
& 2) with a constant or partially adaptive setup under chang-
ing geological conditions, and (ii) two new proposed excava-
tion strategies (3 & 4) where the control and/or structure pa-
rameters are adaptive to the geological conditions.

& Strategy 1: Both the structure and control parameters
keep constant throughout the excavating process without
taking the geological conditions into account. The TBM
excavates forward with the same control parameters and
worn cutters can only be replaced by the same type ones.

& Strategy 2: The structure parameters keep constant and
the control parameters vary throughout the excavating
process. In this strategy, the engineer can adjust the control
parameters according to the real-time geological condi-
tions, but the worn cutters can only be changed to the ones
with the same structure parameters.

& Strategy 3: The control parameters keep constant and the
structure parameters vary throughout the excavating pro-
cess. The worn cutters can be changed to a different type
of cutters based on the real-time geological conditions.

& Strategy 4: Both the structure and control parameters are
adaptive. The control parameters of TBM and the types of
the cutters can be changed simultaneously to adjust to the
real-time geological conditions.

It should be noted that, with the improvement of control
techniques and automatic cutters change tools, strategy 3 and
strategy 4 start to become popular recently in tunnel excavat-
ing. However, the first two strategies, especially strategy 2, are

still the most widely used methods for many practical engi-
neering due to the constraint of cost and/or techniques.
Therefore, it is necessary and helpful to comparatively inves-
tigate these four strategies. The findings in this paper provide
the TBM developers and engineers with useful theoretical
foundations and could help guide the development of TBM
in the future.

3 MDO of TBM

3.1 System optimization objective

The common single-objective of TBM design is to maximize
the overall performance of TBM:

max: PT

s:t: XL≤X ≤XU

�
ð1Þ

Where X is the vector of design variables, XL and XU are
the lower and upper bounds of X. The objective PT is the
overall performance of TBM, which is affected by the perfor-
mance of different sub-systems and sub-disciplines. The over-
all performance PT depends on many indexes, e.g., the con-
struction period, the cost, the energy consumption, the cutter
life, and other aspects. To simplify the MDO problem in this
paper, only the construction period (t), the cost (C), and the
energy consumption (En) are taken into account. A shorter
construction period (lower cost or/and lower energy consump-
tion) indicates a better TBM performance, therefore the objec-
tive function of (1) can be written as follows:

min: t; C; En½ � ð2Þ

Equation (2) is a multi-objective optimization problem,
which can be transformed into a single-objective optimization
problem by choosing different weights for t, C and En based
on the requirements of practical engineering, as shown in (3).

min f ¼ tβ1 ⋅Cβ2 ⋅En
β3 ð3Þ

Where,

0≤β1;β2; β3≤1
β1 þ β2 þ β3 ¼ 1

�
ð4Þ

The weights of t, C, and En (i.e., β1, β2, and β3) can be set
according to the importance or emphasis of any specific practical
engineering. For example, if the construction time is the key to
the project, a larger β1 and smaller β2 and β3 can be used. With
(3), the multi-objective optimization is transformed to a single
objective problem; the values of β1,β2, andβ3 should be selected
reasonably based on the demand of the practical application.
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3.2 Configuration of main TBM sub-systems

3.2.1 Rock and soil mechanics

TBMmainly utilizes cutters (located on the cutterhead) to break
the rock and to advance forward. The cutters do not cut the rock
or soil directly, but roll, penetrate, and break the rock or soil
with the thrust provided by the thrust system and the torque
provided by the cutterhead driving system. The forces acting
on the cutters are affected by rock and soil mechanics. A num-
ber of models have been developed in the literature to estimate
the forces, such as: Evans model (Evans 1965), Tosaburo
Akiyama model (Tosaburo 1970), Roxborough model
(Selmer-Olsen and Blindheim 1970) and Colorado School of
Mines (CSM) model (Rostami and Ozdemir 1993), some of
which have been improved by other researchers, e.g., the
CSM was updated by Rostami (1997, 2008) and modified by
Yagiz (2002, 2014). Relevant parameters and formulas of these
models are shown in Table 2. The required data for these
models include relevant geotechnical parameters (e.g., rock
strength), cutter parameters, cutterhead parameters, etc.

3.2.2 Thrust system

The thrust system is the power source to advance, which plays
an important role in the performance of TBM and the accuracy
of tunnel route. The stability and reliability of the thrust sys-
tem directly affect the quality of the whole tunnel operation.

The working environment of TBM is mainly under the
ground where many unexpected conditions may happen, such
as hydrops and hard rock. The thrust system is expected to
overcome the resistance coming from these conditions to
move the machine forward. The thrust is dependent on the
cutterhead dimensional parameters, geological parameters,
and operating parameters. The total thrust can be divided into

five parts (Zhang et al. 2013)

Fv ¼ F1 þ F2 þ F3 þ F4 þ F5 ð5Þ

Where F1 is the ground resistance force; F2 is the earth
pressure; F3 is the chamber support pressure force; F4 is the
friction force between the shield shell and the ground; F5 is the
tow force for a backup system. The force of F1 only relates to
operating parameters such as the advance rate and the cutterhead
rotating speed. The forces ofF2, F3,F4 andF5 are external thrust
that are mainly affected by the TBM diameter, the ground bear-
ing capacity, the depth of overburden, and the groundwater level.

3.2.3 Cutterhead system

Cutterhead system is the core component that directly contacts
the rock, and its performance determines the excavating efficien-
cy. The cutterhead system has four modes: the earth-pressure
balance (EPB) mode, the slurry mode, the compound mode,
and the rock used mode. As shown in Fig. 4, the cutterhead

Table 2 Existing models of estimating forces acting on the cutters

Models Required parameters Formulas

Evans Uniaxial compressive rock strength (σc),
penetration (h), cutter radius (r), and cutter edge angle (α) f v ¼ 4

3σch
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2− r−hð Þ2

q
tan α

2

Akiyama Cutting spacing (s), shear strength without sideward-wall
(τ), cutter radius (r), and cutter contact angle (ϕ) f s ¼ σc

2 r
2 ϕ−sinϕcosϕð Þ ¼ rϕτs

Roxborough Uniaxial compressive rock strength (σc), penetration (h),
cutter radius (r), cutter edge angle (α), width of the
cross section area (q), and shear strength without sideward-wall (τ)

f v ¼ 4 σch
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2rh−h2

p
tan

α
2

f t ¼ 4σch2tan
α

2
; Fs ¼ Fv

2
cot

α

2
¼ 2qτ

CSM Cutting spacing (s), uniaxial compressive rock strength (σc),
Brazilian indirect tensile strength of rock (σt), cutter
radius (r), cutter tip width (δ) and cutter contact angle (ϕ)

f t ¼ 2:12 δ r ϕ3

ffiffiffiffiffiffiffiffiffiffiffi
σ2
cσts

ϕ
ffiffiffiffiffi
rδ

p
s

f v ¼ f tcos
ϕ

2

� �
; f r ¼ f tsin

ϕ

2

� �

Cutter

Cutterhead

Fig. 4 The structure of a cutterhead system
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system consists of cutterhead and cutters. For the cutterhead, the
objective is to study the effects of cutters layout on the excava-
tion performance; for the cutters, the objective is to optimize the
geometric parameters for a better efficiency, and to maximize the
lifetime of cutters thereby reducing the cutters change cost.

Changing cutters is complex and time-consuming especial-
ly during the excavation. The lifetime of a single cutter can be
defined as: (i) the total volume of rock breaking, (ii) the con-
tinuous excavation distance, or (iii) the normal excavating
time, before a cutter failure. The cutter lifetime has been stud-
ied in the literature as summarized in Table 3. It is seen that,
the cutter life depends on the geotechnical parameters, the
cutter geometry, the cutter layout, and the thrust parameters.

3.2.4 Cutterhead driving system

The cutterhead driving system powers the cutterhead to overcome
rock resistance, and a high power output is desired from the
cutterhead driving system. There are two types of power sources:
hydraulic andmotor drive. Themotor drive is studied in this paper
due to its high efficiency. A typical structure of the cutterhead
driving system (in the mode of motor drive) is shown in Fig. 5.

During the MDO process, the output parameters of other
relevant sub-systems are used as input parameters of the
cutterhead driving system to calculate the required torque
and power. The torque of a driving motor consists of four parts
(Zhang et al. 2013):

Tt ¼ T1 þ T2 þ T3 þ T4 ð6Þ

Where T1 is the cutterhead-ground friction torque; T2 is the
ground resistance torque on cutters; T3 is the friction torque
between the side of the cutterhead and the ground; T4 is the
mixing torque inside a chamber. While T1 is operating torque,
T2, T3,and T4 are external torque.

3.2.5 Economic analysis

The construction period significantly affects the total cost of a
tunnel project. The construction period (t) consists of two
components:

t ¼ ta þ tb ð7Þ

Where tb is the construction time of normal TBM excava-
tion; ta is the auxiliary time consumed by indirect operations
in order to complete the construction, such as cutters change,
components assembly, maintenance, repair, swelling, and col-
lapsing. Then the excavating cost Cl per unit length can be
estimated by (Wijk 1992)

Cl ¼ Mt þ N þ Ncð ÞCt

L
ð8Þ

3.3 MDO solvers

To overcome the computational challenge and find efficient
optimization algorithms, a number of MDO architectures have
been proposed in the literature (Perez et al. 2004). MDO archi-
tectures can be divided into two main categories: single-level
formulations (e.g., All-At-Once (AAO) (McAllister et al.
2005), Multi-Disciplinary Feasible (MDF) (Cramer et al.
1994), Individual Discipline Feasible (IDF) (Dennis and
Lewis 1994)) and multi-level formulations (e.g., Collaborative
Optimization (CO) (Braun et al. 1996), Concurrent Subspace
Optimization (CSSO) (Sellar et al. 1996), and Bi-Level

Main bearing and large gear

PinionReducer

Motor

Fig. 5 A typical structure of the cutterhead driving system

Table 3 Modeling of cutter lifetime

Researchers Required Parameters Formulas

Wijk (1992) Force acting on cutter (fv), cutter wear coefficient (φ), cutter
diameter (d), disc cutter wear flat (δ), cutter edge angle (α), point load
test index for tensile rock strength (σPLT), uniaxial compressive rock strength (σc,), CAI

l f ¼ φdδ3cotα2
f v
ffiffiffiffiffiffiffiffiffiffi
σcσPLT

p
CAIð Þ2

Gehring (1996) Cerchar Abrasivity Index (CAI) Vs = 0.74CAI
1.93

Evendt (Maidl et al. 2008) Cutter diameter (d), cutter spacing (s), force acting on cutter (Fc), geotechnical parameters (Fmod)

w ¼ 0:45Fmod FcNð Þ2ffiffi
s

p
d

Frenzel (2011) Rolling length of cutter (L0), wear coefficient (C) m =CL0
Zhang et al. (2014) Cutting depth of per revolution (h), disc cutter wear (m0), cutter radius (r),

locus circle diameter (R), cutter spacing (s), wear coefficient (ks) l f ¼ m0h
sks

⋅ rR
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Integrated Synthesis System (BLISS) (Sobieszczanski et al.
1998)). Each architecture has its own advantages and disadvan-
tages; a brief description of three most used methods (AAO,
MDF, and CO) is presented as follows.

3.3.1 All-At-Once (AAO)

AAO is one of the most popular used optimization approaches
in MDO. To improve the computational efficiency, AAO uses
an optimizer to replace the iterative analysis to guarantee the
consistency between different disciplines and the global fea-
sibility of the solutions. Figure 6 shows a typical AAO struc-
ture, which includes a system optimizer and an integrated
multidisciplinary analysis process. An integrated analysis is
performed throughout the optimization process to address
sub-system dependencies or interactions. For a given set of
design variables, the integrated analysis returns constraints
and objective function values to the optimizer (McAllister
et al. 2005). The AAO method is suitable for problems with
a relatively small number of design variables.

3.3.2 Multi-disciplinary feasible design (MDF)

The MDF has a relatively simple formulation that can solve
MDO problems to reach a feasible state for all the disciplines
(Perez et al. 2004). A MDF computing framework is

illustrated in Fig. 7, which includes a system optimizer and a
multiple disciplinary analyzer (MDA). The MDF framework
considers all the design variables and objectives in different
disciplines as global design variables and system optimization
objectives, respectively. All disciplines can exchange param-
eters (e.g., design variables, constraints, and objectives) be-
tween each other.

3.3.3 Collaborative optimization (CO)

The COmethod is one of the most mature methods for solving
MDO problems. The CO framework was first proposed by
Braun et al. (1996) and became widely used due to its high
computing efficiency. An important feature of CO is the high
self-consistency during the analysis and optimization of sub-
systems or sub-disciplines, which makes CO a suitable frame-
work for parallel processing especially when solving a large
system. A typical structure of the CO framework is illustrated
in Fig. 8, which has two levels: a system level and a parallel
sub-discipline level. The system level optimizer distributes the
objective expectations of the system design variables to each
individual sub-discipline level; the CO framework seeks to
minimize the difference (of coupling variables) between the
sub-discipline optimizer solution and the system objective
expectations.

Optimizer

Discipline 1 Discipline n

Intergrated analysis

…

Fig. 6 All-At-Once method

Discipline1

Discipline2

Discipline3

Optimizer

Design
variables

Objectives
Constraints

Multidisciplinary Design Analysis

Fig. 7 Multi-disciplinary feasible method

Coordination Optimizer

Optimizer2 Optimizer3Optimizer1

Design

variables1
Design

variables3

Design

variables2Consistency1 Consistency2 Consistency3

Discipline1 Discipline2 Discipline3

Fig. 8 Collaborative
optimization method
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4 Case study I

4.1 Model establishment

To evaluate the value of MDO in TBM design especially with
changing geological conditions, the studied tunnel in this case
is assumed to have three different sets of continuous and iso-
tropic rockwith different compressive strength (σc), point load
test index for tensile rock strength (σPLT), and CAI, as illus-
trated in Fig. 9. The tunnel is 10,000 m that consists of 3
segments: 3, 4, and 3 km. The tunnel diameter D (also the
TBM diameter) is 10 m. The strength of the rock decreases
from the 1st segment to the 3rd segment, and corresponding
geotechnical parameters are given in Table 4. Considering the
state variables, objective function, constraints, and the number
of design variables, the method AAO is adopted in this case
study.

As mentioned in Section 2, engineers can change the
TBM working state in terms of control and structure set-
tings to adapt to different geological conditions. Equation
(9) gives the MDO design variable X, which includes two
control parameters Pc (the penetration h and the
cutterhead rotation speed ω) and three structure parame-
ters Ps (the cutter radius r, the disc cutter wear flat δ, and
the wear height for constant wear flat tool H).

X ¼ Pc;Ps½ � ¼ h;ωð Þ; H ; r; δð Þ½ � ð9Þ

Based on the four strategies discussed in Section 2.3, both
the structure and control parameters for this case study are
defined as follows.

Strategy 1: Both the structure and control parameters keep
constant through the three segments, and the de-
sign variables are

X1 ¼ Pc
1;Ps

1
� �

¼ h1;ω1
� 	

; H1; r1; δ1
� 	� � ð10Þ

Strategy 2: The structure parameters keep constant through
the three segments and the control parameters
are adaptive in different segments, and the de-
sign variables are

X2 ¼ Pc
2
1;Pc

2
2;Pc

2
3;Ps

2
� �

¼ h21;ω
2
1; h

2
2;ω

2
2; h

2
3;ω

2
3

� 	
; H2; r2; δ2
� 	� � ð11Þ

Strategy 3: The control parameters keep constant through
the three segments and the structure parameters
are adaptive in different segments, and the de-
sign variables are

X3 ¼ Pc
3;Ps

3
1;Ps

3
2;Ps

3
3

� �
¼ h3;ω3
� 	

; H3
1; r

3
1; δ

3
1;H

3
2; r

3
2; δ

3
2;H

3
3; r

3
3; δ

3
3

� 	� �
ð12Þ

Tunneling di
rection

1st segment
c1, PL T 1

2nd segment
c2, PL T 2

3rd segment

c3，， PL T 3

l2=4000m
l3=3000m

l1=3000m

Fig. 9 The schematic diagram of the tunnel with three segments

Table 4 The values of constant parameters

Parameter 1st segment 2nd segment 3rd segment

Length 3000 m 4000 m 3000 m
Rock compressive strength, σc 130 MPa 100 MPa 70 MPa
Point load test index for

tensile rock strength, σPLT
7.5 MPa 6.5 MPa 5.5 MPa

CAI 2.5 2 1.5
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Strategy 4: Both the structure and control parameters are
adaptive in different segments simultaneously,
and the design variables are

X4 ¼ Pc
4
1;Pc

4
2;Pc

4
3;Ps

4
1;Ps

4
2;Ps

4
3

� �
¼ h41;ω

4
1; h

4
2;ω

4
2; h

4
3;ω

4
3

� 	
; H4

1; r
4
1; δ

4
1;H

4
2; r

4
2; δ

4
2;H

4
3; r

4
3; δ

4
3

� 	� �
ð13Þ

The ranges of the five design variables are determined
based on the inherent characteristics of the physical parts
and the performance requirement of the TBM. There are dif-
ferent types of cutters available in the market, and the constant
wear flat disc cutters are selected in this paper, due to its
competitive economic performance (Wijk 1992). The struc-
ture of the constant wear flat disc cutter is shown in Fig. 10,
and the lower and upper bounds of the design variables are
determined based on engineering experience, as provided in
Table 5. The parameters of h, r, δ, and H belong to the sub-
systems of rock and soil mechanics, thrust system, cutterhead
system, cutterhead driving system, and the construction period
simultaneously; the parameter of ω belongs to thrust system
and cutterhead system simultaneously.

The MDO system objective in this case is to minimize the
construction period (β1 in (3) is set as 1) while considering the
structure, performance, and cost requirements. From (7), there
are two parts composing the construction period, the normal
construction time tb and the auxiliary time ta. In this MDO
case study, only the total cutter changing time (ttc) and the total
maintenance time (tm) are taken into account. Thus the total
auxiliary time (ta) can be estimated by (ttc+ tm) * ϵ, where the
expert coefficient is set to be ϵ=5. The construction period ti

j

(the ith segment of the jth strategy) is given in (14) and (15),
where tc=3 hours based on engineering experience and a time
factor for maintenance is set to be ε=0.2.

t ji ¼ tb
j
i þ ta

j
i ¼ tb

j
i þ ϵ ttc

j
i þ tm

j
i

� 	 ð14Þ

Where,

tb
j
i ¼

60Lj
i

h j
iω

j
i

ttc
j
i ¼ floor

L j
i

l f
j
i

 !
⋅tc

tm
j
i ¼ ε tb

j
i

8>>>>>><
>>>>>>:

i ¼ 1; 2; 3; j ¼ 1; 2; 3; 4ð Þ

ð15Þ

According to properties of TBM and the tunnel engineer-
ing, the sub-systems optimization objectives are selected
based on the discipline requirements. It should be noted that,
the objectives and constraints can mutually transform between
each other in the optimization process; optimization objectives

Cutterhead system

r

h

δ

H

ω

The constant wear

flat disc cutter

Fig. 10 The structure of the constant wear flat disc cutter

Table 5 Lower and upper bounds of design variables

Design variables Lower bound Upper bound

Pc h (m) 0.001 0.02

ω (r/min) 0.5 10

Ps r (m) 0.05 0.25

δ (m) 0.005 0.03

H (m) 0.01 0.03
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in one sub-system may be used as constraints in another sub-
system. The constraints in the case study mainly include the
structure, performance, and cost disciplines, associated with
the cutterhead system, the cutterhead driving system, and the
thrust system. These constraints are summarized in (16).

& The structure constraint of this MDO case only includes
the length-width ratio λ(=H/δ) from the disc cutter. A
smaller λ means a larger structural strength and a better
stability of cutter. A smaller δ means a larger TBM exca-
vating rate and lower motor power; a larger H indicates a
longer cutter life. For the sake of mechanical stability, it is
required that the wear flat δ should increase with the wear
height H. Thus the length-width ratio λ should be (Wijk
1992): λ<1.5.

& There are four performance constraints: cutter life, thrust,
torque, and power. A lower limit of the cutter life is to
ensure a reasonable cutter changing time, which is set as
300 m. For the sake of illustration, we only consider the
operating thrust F1, namely Fv=F1. Considering perfor-
mance limitation of thrust cylinders, an upper limit of the
total thrust Fv is set, Fv≤20, 000 kN. Only the operating
torque T1 is considered and the total torque Tt is less than
5, 000 kN ⋅m. The power constraints come from the mo-
tors and cylinders, which belong to the electromechanics
and hydraumatic disciplines, respectively. The total hy-
draulic power Pv is set to be less than 12 kW to ensure
an appropriate penetration. The total motor power of the
cutterhead Pt is set to be less than 4500 kW.

& The cost constraint is quantified by the excavating cost per
unit length Cl. Only the costs of normal excavation and
total cutters are taken into account in the case study, andCl

is set as less than 2000 $/m.
& For the energy consumption constraints, only the hydraulic

energy consumed by the thrust system and the motor energy
consumed by the cutterhaed driving system are taken into
account. The energy consumption of per unit length El is used
and El≤3,000 kWh/m.

g j ¼

g j
i 1 ¼ λ j

i − 1:5
g j
i 2 ¼ l f

j
i − 300

g j
i 3 ¼ Fv

j
i−20000

g j
i 4 ¼ Tt

j
i −5000

g j
i 5 ¼ Pv

j
i − 12

g j
i 6 ¼ Pt

j
i −4500

g j
i 7 ¼ Cl

j
i −2000

g j
i 8 ¼ El

j
i −3000

8>>>>>>>>>>>><
>>>>>>>>>>>>:

i ¼ 1; 2; 3; j ¼ 1; 2; 3; 4ð Þ ð16Þ

Where

λ j
i ¼ Hi

i

δ ji

l f
j
i ¼

12φr ji δ
j
i
2
H j

i

fvi
j
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σc

j
iσPLT

j
i CAI ji
� 	2q

Fv
j
i ¼ 3 N σc

j
i δ

j
i

ffiffiffiffiffiffiffiffiffiffiffi
2r ji h

j
i

q
Tt

j
i ¼

N þ 1

4N

� �
Fv

j
i D

ffiffiffiffiffiffiffi
hj
i

2r ji

s

Pv
j
i ¼ N fvi

jh j
iω

j
i

60
Pt

j
i ¼ 2 π ω j

i T t
j
i

Cl
j
i ¼

M

Lj
i

tb
j
i þ

N þ Nc
j
i

� 	
Ct

L j
i

El
j
i ¼ Pt

j
i þ Pv

j
i

� 	
tb

j
i

L j
i

8>>>>>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>>>>>:

i ¼ 1; 2; 3; j ¼ 1; 2; 3; 4ð Þ

ð17Þ

The overall MDO model of the TBM is given by:

strategy 1

find h1;ω1;H1; r1; δ1
� 	

min t ¼
X3
i¼1

tb1i þ ta1i
� 	

s:t: g1 ≤ 0

8>>><
>>>:

strategy 2

find h21;ω
2
1; h

2
2;ω

2
2; h

2
3;ω

2
3;H

2; r2; δ2
� 	

min t ¼
X3
i¼1

tb2i þ ta2i
� 	

s:t: g2 ≤ 0

8>>><
>>>:

strategy 3

find h3;ω3;H3
1; r

3
1; δ

3
1;H

3
2; r

3
2; δ

3
2;H

3
3; r

3
3; δ

3
3

� 	
min t ¼

X3
i¼1

tb3i þ ta3i
� 	

s:t: g3 ≤ 0

8>>><
>>>:

strategy 4

find h41;ω
4
1; h

4
2;ω

4
2; h

4
3;ω

4
3;H

4
1; r

4
1; δ

4
1;H

4
2; r

4
2; δ

4
2;H

4
3; r

4
3; δ

4
3

� 	
min t ¼

X3
i¼1

tb4i þ ta4i
� 	

s:t: g4 ≤ 0

8>>><
>>>:

8>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>:

ð18Þ

Predefined parameters in (18) are listed in Table 6.

Table 6 The values of predefined parameters

Parameters φ (Pa2/m) N D (m) M ($/h)

Value 17× 1024 83 10 700
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4.2 Optimization results

To visualize the constraining conditions, feasible regions (the
yellow areas) in the 1st to 3rd segments with strategy 1 are
shown in Fig. 11, where the six constraints are plotted. The
feasible region is the curved region enclosed by the six
constraints (i.e., λi

1 ≤ 1.5, l f i
1 ≥ 300m, Fvi

1 ≤ 20, 000kN,

Tti
1≤5×106kNm, Pvi

1≤12kW, Pti
1≤4, 500kW, Cli

1≤2, 000$/
m, Eli

1≤3, 000kWh/m). It is seen in the 1st segment that, the

feasible region is enclosed by the constraints l f 1
1 ≥ 300m,

El1
1≤ 3000 kWh/m and Tt1

1 ≤5000kN ⋅m; in the 2nd segment
the feasible region is enclosed by the constraints λ2

1≤ 1.5,
Tt2

1≤ 5000 kN ⋅m, El2
1≤ 3000kWh/m, and Cl2

1≤ 2000 $/m;
and in the 3rd segment the feasible region is enclosed by
λ3
1≤1.5, Cl3

1 ≤2000$/m, Tt3
1 ≤5000kN ⋅m and Pv3

1 ≤12kW.
The size of the feasible region increases from 1st to 3rd seg-
ment with the rock being softer.

The MDO of TBM is implemented using MATLAB. The
same initial values are used for all four strategies:
X01 = [5 200 15 15 5], X02 = [5 5 5 5 5 5 200 15 15],
X03 = [5 5 200 200 200 15 15 15 15 15 15], and
X04= [5 5 5 5 5 5 200 200 200 15 15 15 15 15 15]. Figure 12
shows the objective convergence history of the four strategies.
The optimal construction periods for strategy 1 to 4 are 9.59,
7.81, 9.55, and 7.01 months, respectively. The constraint viola-
tion is also shown in Fig. 12, and we observe that the constraint
violation value is close to zero after 2 or 3 iterations. It is seen
that strategy 4 has the shortest construction period, and strategy
1 takes the longest. The construction period is significantly re-
duced by changing the control and structure parameters simul-
taneously. For strategy 3 only with adaptive structure parame-
ters, the benefit is limited as illustrated by the similar construc-
tion period between strategy 1 and strategy 3. The construction
period reduction is more sensitive to the control than the struc-
ture parameters, by comparing strategy 2 and strategy 3.

Table 7 lists the optimization results of design variables,
constraints, and objectives of these four strategies. Same ini-
tial values of design variables and constraints are used for all
scenarios. It is seen that these variables in Table 7 change
significantly after optimization. The initial construction period
of these four strategies are all 18.71 months. The reductions in
construction period of the four strategies are 48.74, 58.26,
48.96, and 62.53 %, respectively.

Figure 13 compares the seven optimization constraints
among the three tunnel segments. Note that there is at least
one constant parameter in strategy 1–3, and both control and
structure parameters are adaptive in strategy 4. It is observed
from Fig. 13a that the cutter life continuously increases from
the 1st segment to the 3rd segment with strategy 1–3, but
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Fig. 11 The feasible regions in 1st to 3rd segments under strategy 1. a 1st
segment; b 2nd segment; c 3rd segment
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keeps constant and relatively small with strategy 4. This is
because the rock-soil becomes softer as the TBM moving
forward from the 1st segment to the 3rd segment, and the
structure and control parameters of strategy 4 can be opti-
mized simultaneously to adapt to this rock-soil change. A
simultaneous adaption leads to a larger penetration and
cutterhead speed, which result in a shorter cutter life in the
3rd segment of strategy 4. As the rock-soil becomes softer, the
TBMneeds smaller thrustFv to advance forward, as illustrated
in Fig. 13b. For constraints Tt, Pv, and Pt as shown in
Fig. 13(c–e), they all present a decreasing trend from the 1st
to the 3rd segment, but strategy 4 presents a valley trend as
shown by the red lines. This valley trend is attributed to the
high cutterhead speed and small penetration, which require
less Tt, Pv and Pt. Overall, strategy 4 requires relatively less
Fv Tt, Pv, and Pt in the whole construction period.

Figure 14 compares the total cost and energy consumption
of the four strategies. It is seen that both the cost and energy
consumption of strategy 4 are the least. It is also shown from
Fig. 13 that, the excavating cost per unit length Cl of the four
strategies presents a decreasing trend from the 1st segment to
the 3rd segment for all the four strategies. In summary, the

TBM excavating would be more efficient and economical by
making both the control and structure parameters adaptive to
the geological condition.

5 Case study II

The objective of this case study is to simultaneously minimize
the construction period, the cost, and the energy consumption.
Based on empirical experience, different weights, β1 = 0.7,
β2 =0.2, and β3=0.1, are chosen for t, C, and En, respectively.
Thus the overall objective can be defined as

min f ¼ t0:7⋅C0:2⋅En
0:1 ð19Þ

Similar to Case I, AAO is used to solve the optimization
results. The overall objective, the construction period, the total
cost, and the energy consumption of the four strategies are
shown in Fig. 15. It is observed from Fig. 15(a) that strategy
4 has the best overall objective, showing that making both the
control and structure parameters adaptive to the geological
conditions could enhance the overall TBM performance.
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Table 7 Optimization results of the design variables, constraints, and objectives

Parameters Initial values Range Optimized results Improvement

Strategy 1 h1 (mm) 5 [1, 20] 4.99 −0.20 %

r1(mm) 200 [100, 300] 180.10 −9.95 %

δ1(mm) 15 [2, 20] 15.77 +5.13 %

H1(mm) 15 [0.5, 20] 10.52 −29.87 %

ω1 (r/min) 5 [0.5, 10] 10 +100 %

λ1
1 1 (0, 1.5] 1.5 +50 %

λ2
1 1 (0, 1.5] 1.5 +50 %

λ3
1 1 (0, 1.5] 1.5 +50 %

lf1
1 (m) 429.24 [300, +∞] 300.00 −30.11 %

lf2
1(m) 1.90× 103 [300, +∞] 1326.80 −30.17 %

lf3
1(m) 7.93× 103 [300, +∞] 5541.40 −30.12 %

Fv1
1 (kN) 2.17× 104 [0, 2 × 104] 1.44× 104 −33.64 %

Fv2
1 (kN) 1.67× 104 [0, 2 × 104] 1.11 × 104 −33.53 %

Fv3
1(kN) 1.17× 104 [0, 2 × 104] 7.77× 103 −33.59 %

Tt1
1(kNm) 6.14× 103 [0, 5 × 103] 4.30× 103 −29.97 %

Tt2
1(kNm) 4.73× 103 [0, 5 × 103] 3.31× 103 −30.02 %

Tt3
1 (kNm) 3.31× 103 [0, 5 × 103] 2.31× 103 −30.21 %

Pt1
1 (kW) 3.22× 103 [0, 4.5 × 103] 4.50× 103 +39.75 %

Pt2
1(kW) 2.47× 103 [0, 4.5 × 103] 3.46× 103 +40.08 %

Pt3
1 (kW) 1.73× 103 [0, 4.5 × 103] 2.42× 103 +39.88 %

Pv1
1 (kW) 9.04 [0, 12] 12.00 +32.74 %

Pv2
1 (kW) 6.96 [0, 12] 9.23 +32.61 %

Pv3
1(kW) 4.87 [0, 12] 6.46 +32.65 %

Cl1
1 ($/m) 564.51 [0, 2000] 373.84 −33.78 %

Cl2
1($/m) 488.79 [0, 2000] 265.49 −45.68 %

Cl3
1 ($/m) 471.96 [0, 2000] 241.42 −48.85 %

El1
1(kWh/m) 2.15× 103 [0, 3000] 1.5073× 103 −29.89 %

El2
1(kWh/m) 1.65× 103 [0, 3000] 1.1594× 103 −29.73 %

El3
1(kWh/m) 1.16× 103 [0, 3000] 811.5980 −30.03 %

t (Month) 18.71 Min 9.59 −48.74 %

Strategy 2 h1
2 (mm) 5 [1, 20] 5.801 +16.02 %

h2
2 (mm) 5 [1, 20] 6.25 +25.00 %

h3
2(mm) 5 [1, 20] 7.93 +58.60 %

r2(mm) 200 [100, 300] 154.79 −22.61 %

δ2(mm) 15 [2, 20] 15.77 +5.13 %

H2(mm) 15 [0.5, 20] 10.52 −29.87 %

ω1
2 (r/min) 5 [0.5, 10] 8.60 +72.00 %

ω2
2(r/min) 5 [0.5, 10] 10.00 +100.00 %

ω3
2(r/min) 5 [0.5, 10] 10.00 +100.00 %

λ1
2 1 (0, 1.5] 1.50 +50.00 %

λ2
2 1 (0, 1.5] 1.50 +50.00 %

λ3
2 1 (0, 1.5] 1.50 +50.00 %

lf1
2 (m) 429.24 [300, +∞] 300.00 −30.11 %

lf2
2(m) 1.90× 103 [300, +∞] 1.38× 103 −27.37 %

lf3
2(m) 7.93× 103 [300, +∞] 6.74× 103 −15.01 %

Fv1
2 (kN) 2.17× 104 [0, 2 × 104] 1.44× 104 +563.59 %

Fv2
2(kN) 1.67× 104 [0, 2 × 104] 1.15× 104 +588.62 %

Fv3
2(kN) 1.17× 104 [0, 2 × 104] 9.08× 103 −22.39 %

Tt1
2 (kNm) 6.14× 103 [0, 5 × 103] 5.00× 103 −18.57 %
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Table 7 (continued)

Parameters Initial values Range Optimized results Improvement

Tt2
2(kNm) 4.73× 103 [0, 5 × 103] 4.14× 103 −12.47 %

Tt3
2 (kNm) 3.31× 103 [0, 5 × 103] 3.68× 103 +1011.78 %

Pt1
2 (kW) 3.22× 103 [0, 4.5 × 103] 4.50× 103 +1297.52 %

Pt2
2(kW) 2.47× 103 [0, 4.5 × 103] 4.43× 103 +1693.52 %

Pt3
2(kW) 1.73× 103 [0, 4.5 × 103] 3.85× 103 +2125.43 %

Pv1
2(kW) 9.04 [0, 12] 12.00 +32.74 %

Pv2
2(kW) 6.96 [0, 12] 12.00 +72.41 %

Pv3
2 (kW) 4.87 [0, 12] 12.00 +146.41 %

Cl1
2 ($/m) 564.51 [0, 2000] 340.43 −39.69 %

Cl2
2 ($/m) 488.79 [0, 2000] 217.15 −55.57 %

Cl3
2 ($/m) 471.96 [0, 2000] 161.74 −65.73 %

El1
2(kWh/m) 2.15× 103 [0, 3000] 1.5073× 103 −29.89 %

El2
2(kWh/m) 1.65× 103 [0, 3000] 1.1595× 103 −29.73 %

El3
2(kWh/m) 1.16× 103 [0, 3000] 811.9620 −30.00 %

t (Month) 18.71 Min 7.81 −58.26 %

Strategy 3 h3 (mm) 5 [1, 20] 4.99 −0.20 %

r1
3(mm) 200 [100, 300] 180.09 −9.96 %

r2
3(mm) 200 [100, 300] 196.68 −1.66 %

r3
3(mm) 200 [100, 300] 155.15 −22.43 %

δ1
3(mm) 15 [2, 20] 15.77 +5.13 %

δ2
3(mm) 15 [2, 20] 15.32 +2.13 %

r3
3 (mm) 15 [2, 20] 18.78 25.20 %

H1
3 (mm) 15 [0.5, 20] 10.52 −29.87 %

H2
3 (mm) 15 [0.5, 20] 12.21 −18.60 %

H3
3 (mm) 15 [0.5, 20] 12.57 −16.20 %

ω3 (r/min) 5 [0.5, 10] 9.99 +99.80 %

λ1
3 1 (0, 1.5] 1.50 +50.00 %

λ2
3 1 (0, 1.5] 1.25 +25.00 %

λ3
3 1 (0, 1.5] 1.49 +49.00 %

lf1
3 (m) 429.24 [300, +∞] 300.00 −30.11 %

lf2
3 (m) 1.90× 103 [300, +∞] 1.52× 103 −20.00 %

lf3
3 (m) 7.93× 103 [300, +∞] 7.32× 103 −7.69 %

Fv1
3 (kN) 2.17× 104 [0, 2 × 104] 1.44× 104 −33.64 %

Fv2
3 (kN) 1.67× 104 [0, 2 × 104] 1.34× 104 +702.39 %

Fv3
3 (kN) 1.17× 104 [0, 2 × 104] 8.62× 103 −26.32 %

Tt1
3 (kNm) 6.14× 103 [0, 5 × 103] 4.30× 103 −29.97 %

Tt2
3 (kNm) 4.73× 103 [0, 5 × 103] 3.84× 103 −18.82 %

Tt3
3 (kNm) 3.31× 103 [0, 5 × 103] 2.76× 103 −16.62 %

Pt1
3 (kW) 3.22× 103 [0, 4.5 × 103] 4.5 × 103 +39.75 %

Pt2
3 (kW) 2.47× 103 [0, 4.5 × 103] 4.02× 103 +62.75 %

Pt3
3 (kW) 1.73× 103 [0, 4.5 × 103] 2.90× 103 +67.63 %

Pv1
3 (kW) 9.04 [0, 12] 12.00 +32.74 %

Pv2
3 (kW) 6.96 [0, 12] 11.20 +60.92 %

Pv3
3 (kW) 4.87 [0, 12] 7.17 +47.23 %

Cl1
3 ($/m) 564.51 [0, 2000] 373.84 −33.78 %

Cl2
3 ($/m) 488.79 [0, 2000] 264.03 −45.98 %

Cl3
3 ($/m) 471.96 [0, 2000] 246.75 −47.72 %

El1
3 (kWh/m) 2.15× 103 [0, 3000] 1.5073× 103 −29.89 %

El2
3 (kWh/m) 1.65× 103 [0, 3000] 1.2298× 103 −25.47 %
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Because the cost and the energy consumption are also taken
into account, the optimal construction period of each strategy
in Case II is a little longer than that in Case I. The optimal

energy consumption of strategy 4 in Case II (4.10×106 kWh)
is less than that in Case I, due to its smaller weight.
Nevertheless, the cost of strategy 4 in Case II ($3.34 million)

Table 7 (continued)

Parameters Initial values Range Optimized results Improvement

El3
3 (kWh/m) 1.16× 103 [0, 3000] 969.59 −16.41 %

t (Month) 18.71 Min 9.55 −48.96 %

Strategy 4 h1
4 (mm) 5 [1, 20] 6.35 +27.00 %

h2
4 (mm) 5 [1, 20] 2.16 −56.80 %

h3
4 (mm) 5 [1, 20] 20.00 +300.00 %

r1
4 (mm) 200 [100, 300] 202.99 +1.50 %

r2
4 (mm) 200 [100, 300] 263.60 +31.80 %

r3
4 (mm) 200 [100, 300] 109.00 −45.50 %

δ1
4 (mm) 15 [2, 20] 14.41 −3.93 %

δ2
4 (mm) 15 [2, 20] 15.90 +6.00 %

δ3
4 (mm) 15 [2, 20] 4.18 −72.13 %

H1
4 (mm) 15 [0.5, 20] 9.61 −35.93 %

H2
4 (mm) 15 [0.5, 20] 10.65 −29.00 %

H3
4 (mm) 15 [0.5, 20] 3.10 −79.33 %

ω1
4 (r/min) 5 [0.5, 10] 7.17 +43.40 %

ω2
4 (r/min) 5 [0.5, 10] 10.00 +100.00 %

ω3
4 (r/min) 5 [0.5, 10] 10.00 +100.00 %

λ1
4 1 (0, 1.5] 1.50 +50.00 %

λ2
4 1 (0, 1.5] 1.49 +49.00 %

λ3
4 1 (0, 1.5] 1.35 +35.00 %

lf1
4 (m) 429.24 [300, +∞] 300.00 −30.11 %

lf2
4 (m) 1.90× 103 [300, +∞] 1.08× 103 −43.16 %

lf3
4 (m) 7.93× 103 [300, +∞] 675.00 −91..49 %

Fv1
4 (kN) 2.17× 104 [0, 2 × 104] 1.58× 104 −27.19 %

Fv2
4 (kN) 1.67× ×104 [0, 2 × 104] 8.94× 103 +435.33 %

Fv3
4 (kN) 1.17× 104 [0, 2 × 104] 3.57× 103 −67.95 %

Tt1
4 (kNm) 6.14× 103 [0, 5 × 103] 5.00× 103 −18.57 %

Tt2
4 (kNm) 4.73× 103 [0, 5 × 103] 1.45× 103 −69.34 %

Tt3
4 (kNm) 3.31× 103 [0, 5 × 103] 2.73× 103 −17.52 %

Pt1
4 (kW) 3.22× 103 [0, 4.5 × 103] 3.76× 103 +16.77 %

Pt2
4 (kW) 2.47× 103 [0, 4.5 × 103] 1.51× 103 −38.87 %

Pt3
4 (kW) 1.73× 103 [0, 4.5 × 103] 2.86× 103 +65.32 %

Pv1
4 (kW) 9.04 [0, 12] 12.00 +32.74 %

Pv2
4 (kW) 6.96 [0, 12] 3.21 −53.88 %

Pv3
4 (kW) 4.87 [0, 12] 11.90 +144.35 %

Cl1
4 ($/m) 564.51 [0, 2000] 383.59 −32.05 %

Cl2
4 ($/m) 488.79 [0, 2000] 214.81 −56.05 %

Cl3
4 ($/m) 471.96 [0, 2000] 126.78 −73.14 %

El1
4 (kWh/m) 2.15× 103 [0, 3000] 1.4472× 103 −32.69 %

El2
4 (kWh/m) 1.65× 103 [0, 3000] 893.50 −45.85 %

El3
4 (kWh/m) 1.16× 103 [0, 3000] 204.11 −82.40 %

t (Month) 18.71 Min 7.01 −62.53 %

Notice: “+” means increase; “-” means decrease
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is more than that in Case I ($2.39 million). This is due to the
fact that the tools cost has a significant influence on the total
cost during the tunnel excavating. Specifically, as shown in

Fig. 16, there is a little difference in cost in normal excavation
condition between the two cases, while the tools cost in Case
II increases dramatically compared with Case I, this is due to
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the frequent cutters change in Case II, which remains the cut-
ters incisive and thus decreases the total energy consumption
as well.

6 Discussion

In these two case studies, the tunnel is 10,000 m and consists
of only 3 segments with different length and geotechnical

parameters. As the four excavation strategies utilized in this
paper, there are correspondingly 5, 9, 11, and 15 design vari-
ables. Nevertheless, the practical engineering is absolutely
much more complicated with more segments. Therefore, the
total number of design variables for different strategies can be
estimated by using Table 8, where m is the number of control
parameters, n is the number of structure parameters, and s is
the number of segments. For example, if there are 5 control
parameters, 10 structure parameters and 100 segments in the
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tunnel, totally 15 design variables can be defined for the strat-
egy 1, and 1500 design variables for strategy 4. This Table 8
provides a quick assessment of the design space dimension,
which is helpful for the researchers and/or engineers to choose
a suitable excavating strategy.

In addition, only the control and structure parameters are
taken into account in this paper, besides which there are many
other design variables and parameters that could be modeled
and optimized through the MDO for TBM. For example, the
cutters layout that mainly includes the cutter intervals and the
cutters number, can be optimized at the design stage to enable
the layout be adaptive to the changing geological conditions
over the entire tunnel excavating. Thus the overall perfor-
mance of TBM can be further enhanced by simultaneously
optimizing the parameters in more disciplines.

It must be noticed that the two case studies in this paper are
solved utilizing basic AAO rather than other advanced MDO
architectures such as CSSO and CO. This is because the se-
lected algebraic equations simplify the MDO formulation to
be solved as a single problem. An appropriate MDO architec-
ture should be selected with a large number of coupled design
variables and/or objectives/constraints.

7 Conclusion

This paper developed a multidisciplinary design optimization
(MDO) model for the design of Tunnel Boring Machines
(TBMs). The TBM system was decomposed into multiple
sub-systems in terms of their functions and/or disciplines,

and corresponding analytical or empirical models of each
sub-system were formulated. New excavation strategies were
also proposed, where both the control and structure parame-
ters are designed to be adaptive to the geological conditions.
The results of both the case studies showed that the proposed
strategy with adaptive structure and control parameters could
significantly shorten the construction period and reduce the
cost and energy consumption.

Following limitations in the developedMDOmodel will be
addressed in future work. First, the cutters layout is not taken
into account and the number of cutters is also fixed. An opti-
mal changing strategy of cutters layout would further reduce
the construction period. Second, we used the maximum instal-
lation diameter on the cutterhead, which likely affect the
cutterlife. Thus, the cutterlife obtained from the optimization
is very conservative, which could be improved in future work.
Third, the thrust and torque calculations in the current MDO
model only consider the operating thrust and the operating
torque, respectively. The performance of the TBM could be
further enhanced by taking into account other components of
the thrust and torque models.
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