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ABSTRACT: The optimization process of road tunnel is established in this paper with an engineering example.
Through numerical computation, we can find a serious stress concentration occurring at the spring of arch.
To solve this problem, a tunnel section shape optimization method is established at first. In this method, the
dimensions of the tunnel section are taken as the design variables, the stress of spring is taken as the objective
function. No augmentation of the excavated area and the satisfaction of construct boundary are taken as the
constraint condition. A Complex Method is used as the optimization method and C++ language is used to
program and implement the optimization. Using this optimization method, the stress condition of the tunnel
lining can be greatly improved. Then, the optimization method for the thickness and reinforcement of the tunnel
lining is also established and the construction cost is reduced.
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INTRODUCTION

With the rapid development of highway in mountain
area, the quantity of road tunnel becomes more and
more. However, the cost of road tunnel is higher than
that of road or bridge, so, how to reduce the total cost
of the road tunnel, and how to construct road tunnel in
the most economic way are the imperative problems
which need to be solved by designers.
Optimization design of the road tunnel is an effective method to reduce the construction cost. But now,
in the optimization design of the road tunnel, the traditional passive analysis method is used most. The
designers often define several feasible cases, then,
choose one from them through computation and analysis. The disadvantage of the traditional passive analysis
method lies in that it can not contain all conditions, and
it is time consuming. And the numerical optimization
method is not used widely, more research is needed
and imperative.
The numerical optimization method is a new branch
of applied mathematics. In recent twenty years, it
develops very quickly with the widespread application of computer. Applying the numerical optimization
method in civil construction design makes the traditional passive analysis develop to the active search.
This is a grate progress in the civil engineering design,
and the numerical optimization method is a more scientific, more effective and more economic method in
structural optimization design.

But in the domain of optimization of tunnel and
underground structure, there are many problems. Due
to the complexity of tunnel and underground structure, a great many of parameters should be optimized
(such as parameters of surrounding rock, parameters of
support structure and decision options in constructing
and so on). As to the optimization, there are problems
such as multi-variable and highly non-linear, so the
research and its application are still in the start stage,
the references and examples are few.
With an engineering example, an optimization
design method of automatic search is expounded in
this paper. The section shape and the lining structure
of the tunnel can be optimized. A Complex Method is
used as the numerical optimization method, the C++
language is used to implement it. With the optimization analysis and design, the stress condition of the
structure is greatly improved, and the cost of the tunnel is effectively reduced. This is of great practical
significance to the construction of road tunnel.

2 THE THEORY OF COMPLEX METHOD
2.1 The mathematic model of complex method
The mathematic model of complex method usually can
be expressed as follows:
Solve: design variable X
Min
f (x)

525

S.T (Subject to constraint condition):
Inequation constraint condition:

Boundary constraint condition:

where ai is the upper limit of the variable; bi is the
lower limit of the variable.
2.2 The iterative process of complex method
2.2.1 The building of initial complex
The complex is composed of k(k > n + 1) vertexes.
There are two methods to define these vertexes.
a. Definitive method
Designers can define these vertexes by themselves
according to the properties of the problem.
b. Random method
The vertexes are defined by the following formula:

where i is the number of variable; j is the number of
vertex; γij is a random value between 0 and 1.
The vertexes defined by random method conform
to all boundary conditions, but do not always conform
to all inequation of constraint conditions.
Supposing there are s(1 ≤ s ≤ k) vertexes conform
to all constraint conditions, the center X s of the valid
vertexes can be defined by following formula:

The n-s vertexes that can not conform to all constraint
conditions can be dealt with by following formula:

If the new vertexes still can not conform to all constraint conditions, they are dealt with formula (5) again
until they can conform to all constraint conditions.
2.2.2 Search for reflection point
Figure out all the values of objective function f (Xj ),
and find out the worst vertex Xh which makes the value
of f (Xj ) maximum, Xc is the centre of the vertexes that
do not include the worst vertex Xh .

Define a reflection coefficient α(α ≥ 1), the reflection point Xa can be defined by following formula:

Checking whether Xa is valid, if not, reducing the
value of α to its half, then deal Xa with formula (7)
until it becomes valid.

2.2.3 Compare the value of f (Xj ) at Xa with that at
Xh
There are two possible results:
If f (Xa ) < f (Xh ), i.e. Xa is better than Xh , replace Xh
with Xa , the new complex is formed, then, turn to step
2 and go on.
If f (Xa ) ≥ f (Xh ), i.e. Xa is not better than Xh , reduce
the value of α to its half again until Xa is better than
Xh , then turn to step 2 and go on.
2.2.4 Criterion of convergence
There are many criteria of convergence, but the criterion used most widely is that the values of f (Xj )
at all vertexes can conform to constraint condition as
follows:

where f (X s ) is the value of objective function at the
centre point; ε is a little positive number.
Find the vertex at which the value of objective
function is least, the optimum vertex is found.
3
3.1

OPTIMIZATION OF SECTION SHAPE AND
LINING OF ROAD TUNNEL
General situation of the road tunnel

The Bai Yang Chong No. 1 tunnel is a twin tunnel connected with arc mid-wall which is located in Jiangxi
province, China. It is 215 m long. The longitudinal
grade of this tunnel is 2.499%. The thickness of the
overburden ranges from 10 m to 20 m. The stability
of the surrounding rock is not good. The underground
water condition is well. The width of tunnel is about
11m, and the height is about 5 m.
3.2 The optimization problem of road tunnel
Lining is the most important component of tunnel
structure. The stress condition of lining is the key influence factor of the stability and the life-span of tunnel,
it usually becomes the optimization object when tunnel is designed. When optimizing the tunnel section,
the stress condition of lining should be analyzed at
first. The most important influence factor on the stress
condition of lining becomes the optimization object.
With the Tongji GeoFBA numerical analysis soft
(a type of numerical analysis soft which can solve
two-dimensional problem with finite element method,
and it is developed by the Department of Geotecnical
Engineering of Tongji University), we can get the inner
force of the tunnel lining as follows:
According to Figure 1 and quantities of calculation results, it can be found that the maximum inner
forces (including bending moment, shear force and
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Figure 2. Flow chart of the optimization design.

the stress condition is greatly improved, and the cost
is effectively reduced.
Figure 1. Inner force diagram of tunnel lining.

3.3 General process of the optimization design
axial force) occur at the tunnel arch spring. The section shape of this tunnel is monocentric circle, and
the invert arch is joined by arc, i.e. the spring is the
linkage between the invert arch and the arch ring. It
is the most critical part of the lining ring. Due to this,
the safety factor of the lining is reduced. The reason
is that the spring is the link of two arcs with different
radius, and its radius is small, the stress concentration
occurs easily. When optimizing the section form of the
tunnel, the dimension parameter of this part is taken
as the design variable, and the maximum inner force
of lining becomes the control objective.
Tunnel lining takes about 50% of the total cost.
After improving the stress condition by optimizing the
section shape, the thickness and reinforcement of the
tunnel lining can then be optimized to reduce the lining
cost.
Generally, with an engineering example, the optimization of section shape and lining design of road
tunnel is studied in this paper. By optimization design,

There are two steps of the optimization design. First,
optimize the section shape of the tunnel, then, optimize
thickness and reinforcement of the tunnel lining.
3.4 Optimization of the tunnel section shape
3.4.1 The building of optimization model
3.4.1.1 Selection of the design variable
As shown in Figure 3, to define the tunnel section, there
are 4 independent variables: R1 , R2 , θ1 , θ2 . According
to the geometrical relationship, R3 , θ3 can be defined
as follows:

The stress concentration occurs at the linkage part,
the dimension parameters of this part R2 , θ2 is taken
as the design variables, R1 , θ1 is taken as constant.
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where R1 , θ1 are constants; R2 , θ2 are design variables;
R3 , θ3 can be defined by formulas (9) and (10).
The upper limit and the lower limit can be defined
according to the practical situation.
3.4.2 Implement of the optimization process
Complex method is used as the numerical optimization method, programmed with C++ language, and
the optimum solution of the design variables can be
gained by running the C++ program.
3.4.3 Optimization design and comparative
analysis
Define the values of every design variable according
to the optimum solution.
The initial design:

The optimization design:

Figure 3. Sketch of tunnel section.

where R1 is the radius of roof; R2 is the radius of the
linkage part; R3 is the radius of invert arch; θ1 is the
angle between R1 and springing line; θ2 is the central
angle of the linkage part; θ3 is the angle between R3
and the center line of tunnel section.
3.4.1.2 The building of the objective function
The radius of the linkage part is small, the curvature is
big, this is the key factor of the stress concentration.
So, the curvature of the linkage part is taken as the
objective function, the optimization problem is getting
its minimum value.
Objective function is shown as follows:

3.4.1.3 The building of the constraint conditions
R1 , θ1 are constants, the inner contour line of the tunnel
section will not enter into the construction boundary. In
order not to increase the excavation cost, the minimum
excavation area should not be larger than that of the
initial design.
The minimum excavation area can be defined as
follows:

The optimization of road tunnel is realized by the
Tongji GeoFBA numerical analysis soft, the inner
forces of the tunnel lining can be gained after the
optimization design as follows:
As shown in Figure 4, the maximum inner force also
occurs at spring, but its value has been reduced a lot.
The stress condition has been improved greatly by the
optimization design.
From Table 1, we can find that the stress condition of tunnel lining has been improved, especially the
bending moment which is the determining factor of the
lining safety has been reduced greatly. It illustrated that
decreasing curvature of the linkage part is an effective
measure to improve the stress condition.
3.5 Optimization of the tunnel lining
3.5.1 The building of optimization model
3.5.1.1 Defining of objective function and design
variable
After the optimization design of the tunnel section
shape, the stress condition has been improved greatly,
then, we can optimize the tunnel lining, and take the
lining cost as the objective function.
Cost of the steel concrete lining is composed of the
cost of steel and the concrete. The cost of lining can
be defined as follows:

Then the constraint condition can be gained as follows:
where Cc is the cost of concrete; Cs is the cost of steel;
Z is the objective function.
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3.5.1.2 Building of the constraint conditions
1) Constraint condition of shear resistance
Check the safety of the section where the shear force
reaches the maximum value.

where K is the safety factor, it can be defined according to the standard code; Q is the maximum shear
force of the tunnel lining; Ra is compressive strength
of concrete; b is the section width, which is equal to
1000 mm; ho is the design variable.
2) Constraint condition of compressive and bending
resistance
Check the safety of the sections where the axial
force reaches the maximum value, or the bending
moment reaches the maximum value. Then we can get
the following equations.
In big eccentric compression condition:

In small eccentric compression condition:

or

Figure 4. Inner force diagram of tunnel lining of the
optimized section shape.

Table 1. Inner force of tunnel lining comparing between the
optimization design and the initial design.

Initial design
Optimization design
Reduction ratio

Mmax
(kN.m)

Nmax
(kN)

Qmax
(kN)

311.1100
191.6200
38.41%

715.7400
578.9500
19.11%

285.8700
221.4300
22.54%

3) Constraint condition of boundary
The upper limit and the lower limit of the lining
thickness are determined according to the criterion.
The upper limit and the lower limit of the reinforcement area are determined according to the maximum
reinforcement ratio and the minimum reinforcement
ratio.
3.5.2 Implement of the optimization process
Complex Method is used as the numerical optimization method, C++ language is used to program and
gain the optimum solution of the design variables.

Multiplying the quantity of consumption by the unit
price can get the cost of the materials. As the section
shape is already determined, Cc is only related to h
(thickness of the tunnel lining), as the thickness of
the protective concrete layer is a constant, Cc is only
related to ho (effective section height). The longitudinal reinforcement is arranged as the constructional
reinforcement, the hoop reinforcement is the main
working reinforcement. So ho and Ag (area of the hoop
reinforcement of lining per meter) are taken as the
design variables of the objective function.

3.5.3 Optimization design and comparative
analysis
The values of every design variable can be determined according to the optimum solution, then the
comparison can be done between initial and optimized
design.
Initial design: h = 550 cm, Ag = 1571 mm2
Optimized design: h = 450 cm, Ag = 1451 mm2
where h is the thickness of the tunnel lining; for
symmetric arrangement, Ag is the hoop reinforcement
area of one side of the tunnel lining.
For this tunnel, the lining cost of the optimized
design can be reduced by 12.1%, and 630,000RMB
can be saved. It can conclude that optimization design
is an effective measure to reduce the engineering
cost, while the safety of the structure can be ensured
simultaneously.
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CONCLUSION

From optimization design of the road tunnel and the
comparative analysis, conclusions can be gotten as
follows:
1. When defining the objective function and the
design variables, many factors can be taken into
account, one step optimizing not only makes the
problem complex, but also get no effect results.
By dividing the optimization problem into several
steps, the optimization model and operation process can be simplified greatly when solved step by
step, it can get good and practical results.
2. By numerical computation and analysis, it can be
found that the maximum inner forces occur at the
tunnel spring, the reason is that the curvature of this
part is small, and the stress concentration occurs
easily, reducing the curvature of this part is an effective measure to improve the lining stress condition,
and optimized section shape can then be gained.
3. Introducing optimization method into structure
design can reduce the construction cost effectively
without lowering the safty grade, it should be used
widespread.
4. To solve the non-linear optimization problem with
inequation constraint condition, Complex Method
is an effective optimization method, its theory is
simple, and the operation is easy and effective.

This paper are sponsored by The National High Technology Research and Development Program (863
Program) of China, No. 2006AA11Z118, Popularization Project of Key Research Technology of Twin
Tunnel Construction and Shanghai Leading Academic
Discipline Project, Project Number: B308.
REFERENCES
Ding, W.Q., Yue, Z.Q., Tham, L.G., Zhu, H.H., Lee C.F. &
Hashimoto, T. 2004. Analysis of Shield Tunnel. International Journal for Numerical & Analytical Methods in
Geomechanics. 28: 57–91.
JTG D70-2004. Road tunnel design code.
Liu, Y.J. & Gao, G.F. & Feng, W.X. 2004. Study on optimization design of cross section of the large-span highway
tunnel. Liao Ning communication science and techlonogy.
(2) : 48–50.
Qian, N. 1999. C++ program design course. Bei Jing: Qing
Hua University Press.
Zhang, B.H. 1998. Civil structure optimization design. Shang
Hai: Tongji University Press.

530

