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 With the rapid development of transportation infrastructure construction, tunnels, serving 

as key channels through complex terrains such as mountainous regions and rivers, are 

confronted with numerous challenges during design and construction phases. Particularly, 

in tunnel projects with sharp curves, traditional design methods, lacking in-depth analysis 

of fluid-structure interaction (FSI) effects under navigation conditions, struggle to ensure 

the long-term safety and stability of tunnels. This study systematically investigates the FSI 

issues in sharp-curve tunnel sections under navigation conditions through numerical 

simulation and optimization, aiming to enhance the scientific and practical aspects of 

tunnel design. Initially, a numerical model suitable for the FSI analysis of sharp-curve 

tunnel sections was established, capable of simulating the complex interplay between fluid 

dynamics and tunnel structures. The forces exerted by the fluid on the tunnel structure and 

its dynamic response characteristics were analyzed in detail through the calculation of 

coupled fields of fluid dynamics and structural mechanics. Subsequently, the impact of 

dynamic response parameters of tunnel structures on overall performance was explored 

using global sensitivity analysis methods. Finally, based on multi-objective optimization 

theory, the design parameters of tunnel structures were optimized to achieve higher safety 

and economic efficiency. The methodologies and findings of this article hold significant 

theoretical value for the design of sharp-curve tunnel sections and provide a reliable 

analysis and optimization tool for similar complex engineering problems. Practical 

outcomes indicate that this research significantly enhances the performance of tunnel 

design, playing a substantial role in ensuring the safe operation of tunnel projects. 
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1. INTRODUCTION 

 

As the modern transportation network rapidly evolves, 

tunnels, being integral components of transportation 

infrastructure, have garnered increasing attention in design 

and construction amidst complex geological conditions [1-3]. 

Particularly in sharp-curve sections such as mountainous areas 

and rivers, the design of tunnels not only requires ensuring 

structural safety and stability but also necessitates 

accommodating the FSI effects under navigation conditions, 

thereby imposing higher demands on the scientific and rational 

aspects of tunnel design [4, 5]. The dynamic effects of water 

flow and the interaction with tunnel structures in sharp-curve 

sections are especially complex, directly influencing the safe 

operation and lifespan of the tunnels [6-8]. Therefore, an in-

depth analysis of the FSI phenomenon in sharp-curve tunnels 

under navigation conditions through numerical simulation 

holds significant theoretical and practical relevance for 

optimizing tunnel design. 

Research on FSI problems has emerged as a focal point in 

the fields of engineering mechanics and fluid dynamics. In 

tunnel engineering, FSI analysis reveals the intrinsic 

mechanisms of interaction between water flow and tunnel 

structures, providing a scientific basis for the design, 

construction, maintenance, and safety assessment of tunnels 

[9]. However, due to the nonlinear nature of FSI issues in 

sharp-curve tunnels, along with the variability of water flow 

conditions and geological environments, traditional analysis 

methods often fall short in accuracy and reliability, failing to 

meet the demands for refined and personalized design [10-12]. 

Existing studies on FSI largely rely on simplified physical 

models or numerical simulations under specific boundary 

conditions. These methods struggle to address complex 

geological conditions and real-world engineering challenges 

[13, 14]. Particularly for sharp-curve tunnels, the transient 

effects of fluid, the nonlinear response of structures, and their 

interactions pose substantial challenges to accurate simulation 

[15-17]. Moreover, previous research has often overlooked 

global sensitivity analysis of dynamic response parameters of 

tunnel structures, which is crucial for the optimization of 

tunnel design and safety evaluation. 

This study unfolds around two core sections. Firstly, 

advanced numerical simulation technology is utilized to delve 

into the FSI effects in sharp-curve tunnels under navigation 
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conditions. By computing the coupled fields of fluid dynamics 

and structural mechanics, the impact of fluid on tunnel 

structures and their dynamic characteristics are analyzed. 

Secondly, through global sensitivity analysis, the extent to 

which dynamic response parameters of tunnel structures affect 

overall performance is revealed. Subsequently, based on 

multi-objective optimization theory, design parameters of 

tunnel structures are optimized to achieve higher safety and 

economic efficiency. The innovation of this study lies in the 

comprehensive application of multidisciplinary techniques, 

proposing a FSI analysis and optimization framework tailored 

for sharp-curve tunnel design. This offers solutions for similar 

complex engineering problems, possessing significant 

theoretical value and broad engineering application prospects. 

 

 

2. FSI CALCULATION AND ANALYSIS IN SHARP-

CURVE TUNNELS UNDER NAVIGATION 

CONDITIONS 
 

To simulate the FSI phenomenon in sharp-curve tunnels 

under navigation conditions, high-precision finite element 

modeling was performed using the ANSYS Workbench 

platform. Initially, the Fluent module was employed to 

conduct a detailed calculation of the flow field within the 

tunnel, identifying characteristics of the sharp-curve fluid flow, 

including velocity distribution and pressure field. The 

obtained flow field pressure data, serving as load conditions, 

were transmitted to the Transient Structural module via a 

system coupling interface to solve for the tunnel structure's 

dynamic response under fluid dynamics effects, including 

deformation and stress distribution. Subsequently, the 

deformation of the tunnel structure was fed back into the flow 

field model to adjust fluid boundary conditions, ensuring 

accurate simulation of the tunnel structure's response on the 

flow field. This computational process was repeated within 

each time step until the flow field and structural response at 

the current time step converged, followed by computations for 

the next time step. Iterating this process allowed for the 

acquisition of a time-domain solution for the dynamic process 

of FSI in sharp-curve sections of tunnels under entire 

navigation conditions, thus providing more precise dynamic 

analysis data and optimization basis for tunnel design. 
 

2.1 Steady-state simulation of sharp-curve tunnels 
 

When calculating the water flow velocity in sharp-curve 

tunnel sections under navigation conditions, it is first 

necessary to collect information about the tunnel's geometric 

features such as length, cross-sectional shape, curve radius, 

etc., hydrological data such as flow rate, water level, as well 

as roughness information of the tunnel walls. Based on the 

specific conditions of the tunnel and available data, a suitable 

calculation method is selected. For complex situations, 

Computational Fluid Dynamics (CFD) simulation might be 

required. For simpler scenarios, formulas such as Manning or 

Chezy could be used. CFD, a numerical analysis tool for 

studying and solving fluid flow and transfer phenomena, is 

capable of simulating complex fluid flows, especially suited 

for analyzing non-uniform, unsteady flow conditions in sharp-

curve tunnel sections. In CFD models, fluid flow within the 

tunnel is typically considered as an incompressible Newtonian 

fluid, described by the Navier-Stokes equations. Assuming the 

mass fluid density is represented by ρ, the change in velocity 

over time by ∂V/∂t, the movement speed and direction of fluid 

by V∇V, the internal pressure gradient of the fluid by ∇P, the 

external force acting on the fluid by ρg, and the internal stress 

acting on the fluid by μ∇2V, the following equation is obtained: 

 

2V
V V P g V

t
  

 
+  = + +  

 
 (1) 

 

For situations where direct CFD simulation is not feasible, 

physical model experiments combined with empirical 

formulas may be employed to estimate flow velocity, 

especially during the preliminary design phase. Common 

empirical formulas, such as the Manning formula, allow for 

the estimation of flow velocity based on known conditions. 

Assuming the average velocity of the cross-section is 

represented by V, the conversion coefficient by k, the Manning 

coefficient by n, the hydraulic radius by Rh, and the hydraulic 

slope by S, the following equation can be formulated: 
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In the steady-state simulation analysis of FSI in sharp-curve 

tunnels under navigation conditions, the pressure at the tunnel 

exit and the flow velocity at the entrance are initially defined. 

Specifically, the pressure at the tunnel exit and the flow 

velocity at the entrance are set. These conditions provide 

baseline data for comparison with subsequent fluid simulation 

results. 

Figure 1 presents a schematic diagram of a sharp-curve 

tunnel under navigation conditions. Under steady-state fluid 

flow conditions, the pressure distribution in the straight 

sections of the tunnel is relatively uniform, as the fluid here is 

less affected by geometric structures, resulting in more stable 

flow and consistent pressure loss. However, as the fluid enters 

the sharp-curve section, the pressure field begins to change. 

The fluid pressure on the outer side of the curve increases, 

reaching a maximum value at a certain point before gradually 

decreasing; meanwhile, the fluid pressure on the inner side of 

the curve gradually decreases, reaching a minimum value 

before beginning to increase. This phenomenon illustrates the 

complexity of fluid dynamics in sharp-curve tunnel sections, 

particularly the secondary flows and vortices induced by the 

curve shape. 

 

 
 

Figure 1. Schematic diagram of a sharp-curve tunnel under 

navigation conditions 

 

From the perspective of the velocity field distribution, the 

flow velocity on the outer side of the tunnel's sharp curve is 

less than on the inner side. This is due to the guiding action of 
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the curved wall and the result of centrifugal forces, which 

accelerate the fluid flow on the inner side. After the sharp-

curve section, the velocity field at the exit of the curve 

becomes unstable due to fluid impact and disturbances, 

especially near the exit walls, where small-scale vortices and 

stagnation zones form due to the redistribution of fluid and 

reduction in velocity. 

The FSI effects are particularly pronounced in sharp-curve 

tunnel sections. Due to the significant curvature changes of the 

tunnel's inner walls, the impact and friction of the fluid on the 

tunnel walls are intensified. This effect is most notable in the 

middle part of the sharp-curve section, resulting in the 

maximum deformation and stress on the tunnel walls. The 

greatest deformation often occurs on the outer side, where the 

fluid pressure is highest; while the greatest stress appears on 

the inner side, due to the need to resist the sharp change in the 

direction of fluid flow. 

The response of tunnel structures under the action of fluid 

dynamics directly impacts the structural integrity and safety of 

the tunnel. In sharp-curve sections, the complexity of fluid 

flow exacerbates, leading to more bending and torsional 

deformation of the tunnel walls. To ensure the safety of the 

tunnel, these deformations and stress distributions must be 

accurately calculated, and the tunnel structure designed 

accordingly, to withstand these pressures without sustaining 

damage. 

 

2.2 Dynamic simulation with input water hammer 

pressure 

 

In the dynamic simulation analysis of FSI in sharp-curve 

tunnels under navigation conditions, the fluid within the tunnel 

can also be considered as a superposition of average pressure 

and water hammer pressure. Water hammer pressure arises 

from sudden changes in flow conditions, such as the passage 

of ships, rapid closing or opening of valves, generating 

pressure fluctuations within the fluid. These fluctuations can 

significantly increase local pressure in a short time. When 

setting the exit boundary conditions of the tunnel, the dynamic 

characteristics of the fluid must be considered to ensure the 

exit boundary conditions can reflect the characteristics of 

actual water hammer pressure fluctuations accurately. 

Initially, the pressure fluctuations at the tunnel exit are 

defined. If the frequency and amplitude of water hammer 

pressure fluctuations at the exit are known, these data can be 

used to set the pressure fluctuation conditions at the tunnel exit. 

Given the frequency of water hammer pressure fluctuations 

and the rate of change, the tunnel exit pressure needs to be set 

to fluctuate by ±5% of the average pressure due to water 

hammer. This means that if the average pressure is 1000MPa, 

the water hammer pressure will vary between 950MPa and 

1050MPa. Based on the aforementioned conditions, the 

tunnel's velocity entrance is set, assuming the water hammer 

fluctuation coefficient is represented by ς, the water hammer 

fluctuation frequency by d, and the operational load pressure 

by O0, yielding: 

 

( )2.21 1 2n SIN dst =  +    (3) 

 

The water hammer pressure fluctuation at the exit boundary 

pressure can be implemented through a time function, capable 

of simulating the predetermined water hammer pressure 

fluctuation phenomenon during the simulation process. 

Typically, this time function can be a sine or cosine wave, 

matching the actual characteristics of water hammer pressure 

fluctuations. Thus, the tunnel exit boundary condition can be 

set as: 

 

( )0 1 2o o SIN ds =  +    (4) 

 

Dynamic simulation necessitates analyzing the dynamic 

response of tunnel walls to fluid water hammer pressure 

fluctuations. This includes the deformation of tunnel walls due 

to water hammer pressure, which may lead to structural fatigue. 

When setting boundary conditions, these factors should also 

be considered to ensure the model can capture these dynamic 

responses. 

At the entrance of the sharp-curve sections in tunnels, due 

to sudden changes in cross-section and direction, the pressure 

fluctuations and velocity changes induced by the fluid 

generate higher dynamic stress concentrations, reaching 

maximum values. Similarly, at the exit of the sharp-curve 

sections, a concentration of stress occurs due to the reduction 

in fluid velocity and recovery of pressure. In the straight 

sections of the tunnel, where the pressure distribution of the 

flow field is relatively uniform and friction loss between the 

fluid and tunnel walls is minimal, the stress distribution 

remains relatively stable with minor changes in stress values. 

However, on the inner side of the sharp-curve sections, due to 

an increase in flow velocity and a decrease in pressure, stress 

values significantly increase compared to the outer side. The 

maximum deformation may occur at the junction between the 

sharp-curve sections and the straight sections, potentially 

reaching up to 5.0μm. The deformation distribution 

throughout the tunnel presents a symmetric pattern centered 

around the point of maximum deformation, gradually 

decreasing from the sharp-curve section towards both ends. 

Figures 2 and 3 provide schematic diagrams of the cross-

sectional monitoring area and the layout of monitoring points 

in the sharp-curve section, respectively. 

 

 
 

Figure 2. Schematic diagram of the cross-sectional 

monitoring area in the sharp-curve section 

 

To monitor the dynamic response of the tunnel more 

thoroughly, especially in critical areas such as the sharp-curve 

sections, multiple monitoring points can be set up in the 

simulation model. These monitoring points are located at the 

entrance, middle, and exit of the sharp-curve sections, as well 

as at their junctions with straight sections. Particularly at the 

45° position of the tunnel, especially on the outer side, a more 

pronounced response is expected, hence monitoring points can 

be established in this area to capture the maximum dynamic 

response. For instance, at the 45° position in the sharp-curve 

section of the tunnel, three monitoring points might be set: one 

on the inner wall, one at the top centerline, and another on the 

outer wall. By comparing data from these monitoring points, 

it is observed that although the deformation is greatest at the 
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junction of the sharp-curve section, the dynamic response 

might not be the most intense. Analysis reveals that the 

location with the greatest dynamic response is at the 45° 

position on the outer side of the sharp-curve section of the 

tunnel, thus making the monitoring point at the outer 45° 

position a focus for further analysis and dynamic simulation 

calculations. 

 

 
 

Figure 3. Layout of monitoring points on the cross-section in 

the sharp-curve section 

 

2.3 Comparison between steady-state and dynamic 

simulations 

 

Steady-state simulation considers the mechanical response 

of tunnel structures when the fluid within the tunnel reaches a 

stable flow state that does not vary over time. In such cases, 

while the pressure and velocity of the fluid may be distributed 

spatially, they remain constant over time. Thus, the stress 

distribution on the tunnel walls and the deformation of the 

tunnel structure will also be invariant with time. In sharp-curve 

tunnel sections, steady flow implies that despite potentially 

high velocity gradients and pressure differentials within the 

tunnel, especially at the entrances and exits of sharp curves, 

these parameters are fixed and do not fluctuate over time. No 

dynamic disturbances are introduced at monitoring points in 

steady-state simulations. Similarly, the stress values recorded 

at stress monitoring points will be constant, showing no 

fluctuations over time, indicating that under ideal steady-flow 

conditions, the structural response of sharp-curve tunnel 

sections is stable, with no accumulation of fatigue risk. 

Dynamic simulation, on the other hand, models the 

variations over time in fluid flow within the tunnel under 

actual navigation conditions, including non-steady phenomena 

such as water hammer pressure fluctuations. Under navigation 

conditions, disturbances caused by the passage of ships and 

random water flow fluctuations can lead to temporal variations 

in tunnel internal flow velocity and pressure. When water 

hammer pressure fluctuations or unsteady flows are present 

within sharp-curve tunnel sections, the tunnel walls are 

subjected to non-periodic or periodic mechanical loading. 

These loadings produce varying stresses on the tunnel 

structure. In dynamic simulations, monitoring points may 

record peaks in vibration acceleration, indicating the tunnel's 

response to changing fluid dynamics under navigation 

conditions. Likewise, the stress at monitoring points will vary 

periodically with changes in fluid parameters, reflecting the 

tunnel's dynamic response to the action of fluid under water 

hammer pressure fluctuations. 

Through comparative analysis of steady-state and dynamic 

simulations, it is revealed that structural responses of sharp-

curve tunnels under navigation conditions exhibit significant 

differences between dynamic and steady conditions. Under 

steady conditions, the stress and vibration responses of the 

tunnel structure may be underestimated, as in actual 

operational conditions, the tunnel will face unstable changes 

in pressure and flow velocity caused by ship movement, water 

flow fluctuations, and other factors. 

 

 

3. GLOBAL SENSITIVITY ANALYSIS AND MULTI-

OBJECTIVE OPTIMIZATION OF TUNNEL 

STRUCTURE DYNAMIC RESPONSE PARAMETERS 

 

Conducting global sensitivity analysis and multi-objective 

optimization studies on the dynamic response parameters of 

tunnel structures is crucial for ensuring the safety and 

functionality of tunnels in complex fluid dynamic 

environments. Through sensitivity analysis, the range of 

design parameters can be effectively narrowed, focusing 

resources on more detailed studies to avoid blindness and 

redundancy in engineering design and construction, thereby 

enhancing the efficiency and cost-effectiveness of the design. 

At the same time, multi-objective optimization can balance 

objectives related to structural safety, construction cost, and 

operational efficiency, providing a comprehensive optimal 

solution that considers multiple factors for tunnel design. 

In the study of global sensitivity analysis and multi-

objective optimization for dynamic response parameters of 

tunnel structures in sharp-curve sections, a series of structural 

and response parameters need to be considered. Structural 

parameters specifically include tunnel wall thickness, tunnel 

material properties, tunnel cross-sectional shape, burial depth, 

and overburden characteristics. Response parameters 

specifically include stress response, displacement response, 

and fatigue life. During global sensitivity analysis, an 

assessment is made of which structural parameters have the 

greatest impact on the tunnel's dynamic response. In the multi-

objective optimization process, an attempt is made to find the 

optimal combination of these parameters to achieve the best 

balance of the aforementioned optimization objectives. 

 

3.1 Global sensitivity analysis 

 

For a tunnel model containing j parameters, the parameter 

space for tunnel structure design must first be defined, 

identifying those key structural parameters that influence the 

dynamic response of the tunnel. Then, through sampling 

methods such as Monte Carlo simulation or Latin hypercube 

sampling, a series of initial parameter vector sets are randomly 

generated within this parameter space. These vector sets 

represent possible combinations of tunnel design parameters 

and will serve as the basic dataset for global sensitivity 

analysis. Assuming the randomly generated initial vector sets 

are represented by A=(a1,a2,...,aj), with the number of divisions 

within the parameter value range space represented by o, the 

following is obtained: 

 

1 2
0, , ,...,1

1 1o o

 
− 

− − 
 (5) 
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For each parameter, a range of variation is determined. The 

range of variation can be set based on the importance of the 

parameter's impact on structural performance with different 

amounts of variation, or a uniform percentage or fixed amount 

of variation can be established. After determining the range of 

variation, each parameter will fluctuate above and below its 

baseline value to assess the impact of parameter changes on 

dynamic response. Assuming the set variation is represented 

by Δ, the value of Δ can be determined by the following 

equation: 

 

1

1o
 =

−
 (6) 

 

Using the designed experimental scheme, each generated 

parameter vector set is simulated or calculated, and the 

dynamic response of the tunnel is recorded. For the response 

of each parameter vector set, relevant metric data are extracted, 

which will be used for further analysis of the impact of each 

parameter. Assuming the system model output response 

corresponding to the initial parameters is represented by B(A), 

and the output response produced by the model after the 

variation Δ of the u-th input parameter is represented by 

B(a1,...,au-1,au+Δ,...,aj). The following equation provides the 

calculation formula for the fundamental effect of the u-th input 

parameter: 

 

( ) ( )1 1

1

,..., , ,...,u u j

i

B a a a a B A
RR

− + −
=


 (7) 

 

Statistical methods of sensitivity analysis are employed to 

process the data obtained from simulation or calculation. For 

each structural parameter, the mean and standard deviation of 

the corresponding dynamic response metrics are calculated. 

The mean reflects the average effect of parameter changes, 

while the standard deviation indicates the fluctuation and 

uncertainty of parameter changes. The calculations are as 

follows: 

 

1

/
v

u uk

k

RR v
=

=  (8) 

 

( )
2

1

/
v

u uk u

k

RR v 
=

= −  (9) 

 

3.2 Multi-objective optimization 

 

After determining the optimization parameters and 

objectives for the multi-objective optimization process of 

tunnel structure, a tunnel model is constructed based on 

combinations of structural parameters including tunnel wall 

thickness E, tunnel material characteristics f, tunnel cross-

sectional shape parameters α2X, and burial depth and 

overburden characteristics parameters X. The corresponding 

stress response, displacement response, and fatigue life serve 

as surrogate models for the responses. 

In FSI issues, the dynamic response of tunnel structures 

depends on a variety of factors. Initially, a substantial number 

of data points, including the aforementioned structural 

parameters and corresponding response parameters, need to be 

collected or generated. Suppose the structural parameters 

generated by spatial sample points are represented by A, and 

the response performance obtained through numerical 

simulation is represented by B. Assume the u-th structural 

parameter sample Eu is represented by au=[Eu fu αu Xu], with 

material characteristics represented by fu, tunnel cross-

sectional shape parameters by αu, and burial depth and 

overburden characteristics parameters by Xu. When structural 

parameters are au, the response performance of the tunnel 

structure model is represented by bu. The tunnel structure's 

stress response is represented by X_WE, displacement 

response by O, and fatigue life by λ: 

 

1 1 1 1 1

2 2 2 2 2

3 3 3 3 3

v v v vv

a E f X

a E f X

A a E f X

E f Xa









   
   
   
   = =
   
   
   

  

 
(10) 
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B b X WE a O a a

X WE a O a ab









  
  
  
  = =
  
  
  

   

 
(11) 

 

Utilizing these data points, polynomial regression methods 

can be applied to fit the relationship between structural 

parameters and response parameters. Since the response 

parameters may be affected by random noise, this relationship 

also needs to incorporate a random process to consider the 

randomness in the data. This random process is assumed to be 

a normal distribution with a mean of zero, modeling 

uncertainty factors. Suppose the polynomial regression 

function is represented by d(α,m..,au), the random process of 

zero mean normal distribution by γ(au), vectors composed of o 

polynomials by d(au), and the regression coefficient vector by 

α. Thus, the relationship between au and bu can be expressed 

as a superposition of d(α,m..,au) and γ(au): 

 

( ) ( ) ( ) 1,2,..., 1,2,...,
S

m u u m ub a d a a u vm w = + = =  (12) 

 

Suppose the variance of the response process is represented 

by δ2, and the correlation coefficient of parameters by 

E(ϕ,au,ak). The covariance matrix of γ(au) is as follows: 

 

( ) ( ) ( )2, , ,

, 1,2,..., 1,2,...,

m u m k m u kCOV a a E a a

u k vm w

   =  

= =
 (13) 

 

Assuming a new set of structural parameters is represented 

by a*, and the coefficient vector for v*1 is denoted by z. The 

m columns of the response sample matrix B are represented by 

bm. The response performance obtained from the numerical 

model constructed based on a* can be characterized by a linear 

combination of the original sample responses: 

 

( )*ˆ 1,2,...,S

m mb a z b m w= =  (14) 

 

Thus, the prediction error is given by: 

 

( ) ( ) ( )* * * * *ˆ S

m m m mb a b a z b b a− = −  

( ) ( )( )* *
S

T S

l m mc Z c a D z f a = − + −  
(15) 
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where, 

 

( ) ( ) ( )1 1 1 2 1, ,...,.m vC c a c a c a=     (16) 

 

( ) ( )

( ) ( )

1 1 1

1

o

v o v

d a d a

D

d a d a

 
 

=  
 
 

 (17) 

 

Setting the mean of the prediction error to zero yields: 

 

( )* 0SD z d a− =  (18) 

 

The Kriging model, serving as a surrogate model, plays a 

central role in this process. It employs the EXP correlation 

function to describe the spatial correlation between different 

data points. The following equation provides the calculation 

formula for the mean square error prediction of the Kriging 

surrogate model: 
 

( ) ( ) ( )( )
2

* * * *

m m ma R b a b a  = −
  

 

( )( ) ( )
2

* 2 1 2S S

m m mR z c c a z Ez = − = + −
  

 

(19) 

 

The introduction of Lagrange multipliers ensures the 

calculation of the minimum numerical value for the above 

equation: 

 

( ) ( ) ( )( )2 *, 1 2S S S S

mM z z Ez z e D z d a  = + − − −  (20) 

 

Deriving z yields: 

 

( ) ( )' 2, 2z mM z Ez e D  = − −  (21) 

 

The coefficient vector for the linear combination of 

responses is solved using the first-order optimality condition, 

thereby determining the optimal vector of parameter weights 

and Z: 

 

( ) ( )( )( )1
1 1 1 *S Sz E e D D E D D E e d a

−
− − −= − −  (22) 

 

Any tunnel structure parameter represented by a*, and its 

target response value represented by b*(a*), is given by: 

 

( ) ( ) ( )( )( )1
* * 1 1 *

bS
S S S

m mb a E e D D E D D E e d a b
−

− − −= − −  (23) 

 

Upon obtaining the results of numerical simulations, the 

response parameters for the new combination of structural 

parameters can be represented as a linear combination of the 

original numerical simulation sample response parameters. 

This step is based on the internal working principle of the 

Kriging model. The Kriging model does more than merely 

interpolate; it balances the spatial relationships between 

sample points and the uncertainty at each point, thus making 

predictions about unknown points. The coefficients of this 

linear combination, obtained through model training, can be 

seen as a mapping from known data points to new data points. 

In FSI analysis, this means that the dynamic response of the 

tunnel under new structural parameter configurations can be 

predicted using existing numerical simulation data, without 

the need for new, time-consuming simulations. 

 

 

4. EXPERIMENTAL RESULTS AND ANALYSIS 

 

Figure 4 presents the time-domain curves of the rate of 

change in dynamic pressure at monitoring points within a 

sharp-curve tunnel under navigation conditions, subjected to 

the action of water hammer pressure. From the figure, it is 

observed that under the influence of water hammer pressure, 

the fluctuation amplitude of the rate of change in dynamic 

pressure at monitoring points in different directions (c and b 

directions) is significantly larger, while in the a direction, the 

fluctuation amplitude is smaller. Although the fluctuation 

amplitudes differ across directions, the phase of the rate of 

change in dynamic pressure remains consistent due to the 

unchanging frequency of water hammer pressure fluctuations. 

Based on the observed phase consistency, it can be inferred 

that the pulsation frequency of the total dynamic pressure 

change rate at the monitoring points is twice as high in all 

directions. These results indicate that despite the differences 

in dynamic pressure change amplitude across directions, the 

frequency remains consistent, which is attributed to the 

varying impacts of tunnel geometry, fluid velocity distribution, 

and tunnel wall resistance distribution in different directions. 

It can be concluded that the larger amplitude of dynamic 

pressure changes in the c and b directions is related to their 

orientation relative to the fluid's main flow direction or the 

tunnel wall's relative position. The curvature of the tunnel 

results in an uneven distribution of velocity gradients in 

different directions, leading to variations in the amplitude of 

dynamic pressure changes across directions. The frequency of 

fluctuations produced by water hammer pressure is associated 

with the regularity of ship passages, such as the speed, size, 

and interval of ships passing through, which causes the 

frequency of dynamic pressure changes to remain consistent 

across all directions. Since the fluctuation frequency and phase 

are the same in all directions, the total rate of change in 

dynamic pressure appears as a superposition of these 

frequencies. The pulsation of the total dynamic pressure 

change rate reflects a higher frequency due to the 

superposition of vibrations in all directions. If the phase and 

frequency of dynamic pressure change rates in all directions 

remain unchanged, the inference of the pulsation frequency 

doubling requires further verification. Typically, a doubling of 

frequency implies the presence of nonlinear effects or 

interaction mechanisms, stemming from complex interactions 

between the tunnel structure's inherent vibration modes and 

the action of fluid dynamics. 

Figures 5 and 6 provide a comparison between the dynamic 

and steady-state fluid dynamic pressure change rates and stress 

at monitoring points in the sharp-curve tunnel section. From 

these figures, it is evident that when fluid reaches a steady flow 

within the sharp-curve tunnel, the rate of change in dynamic 

pressure and structural stress at monitoring points hardly 

varies over time. This indicates that under steady-state 

conditions, the fluid flow within the tunnel becomes 

predictable and stable, and the fluid forces acting on the tunnel 

structure reach a constant state. In such cases, the design of the 

tunnel structure can be optimized based on these stable loading 

conditions. In contrast to steady-state flow conditions, when 
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considering the flow under the action of water hammer 

pressure, the rate of change in dynamic pressure and stress at 

monitoring points exhibits periodic variations. Water hammer 

phenomena typically occur when fluid parameters change 

suddenly, such as pressure fluctuations caused by ships 

passing rapidly through the tunnel. These periodic changes 

indicate that the tunnel structure must be capable of 

withstanding periodic loads generated by fluid dynamics. 

 

 
 

Figure 4. Fluid dynamic pressure change rate (time variation curve) 

 

 

 
  

Figure 5. Comparison of dynamic and steady-state fluid 

dynamic pressure change rates at monitoring points in the 

sharp-curve tunnel section 

Figure 6. Comparison of stress at dynamic and steady-state 

monitoring points in the sharp-curve tunnel section 

 

It can be concluded that both steady-state and dynamic flow 

conditions should be considered in tunnel design. Steady-state 

flow provides a baseline for static loads, while dynamic flow 

conditions impose additional requirements on the tunnel's 

fatigue life and dynamic response characteristics. The FSI 

effects are particularly significant under dynamic flow 

conditions. The dynamic response of the tunnel is significantly 

affected by the water hammer effect, necessitating detailed 

consideration in numerical simulations to predict the 

structure's dynamic behavior. Monitoring fluid dynamic 

pressure and structural stress during tunnel operation is crucial 

for safety assessment and maintenance. Especially for sharp-

curve tunnels, due to the complexity of fluid dynamics, 

continuous monitoring can help prevent structural failures. 
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Metamodel of Optimal (MOP), commonly used in systems 

engineering as a surrogate model, is employed to approximate 

complex physical models, thereby reducing computational 

costs. In this study, the MOP was utilized prior to sensitivity 

analysis to predict the dynamic response of tunnel structures. 

Figure 7 illustrates the predicted distribution of response 

values for dynamic response parameters of the sharp-curve 

tunnel structure. The experimental results show that the actual 

response values are closely distributed around the prediction 

curve, indicating high accuracy of the model predictions. 

Within the OptiSLang software, the Coefficient of Prognosis 

(COP) serves as an indicator to describe the model fitting 

accuracy. The range of the COP is from 0% to 100%, where 

100% indicates a perfect fit. With a COP of 84%, this high 

value suggests that the model can reflect actual conditions with 

high accuracy, and thus, the model's predictions can be 

considered reliable. 

Figure 8 conducts a sensitivity analysis of various structural 

parameters under target responses for the sharp-curve tunnel 

structure. The experimental results provide an analysis of the 

sensitivity results of structural parameters under each target 

response in the sharp-curve tunnel. In the sensitivity analysis 

results for the sharp-curve tunnel, the structural parameters are 

tunnel wall thickness E, tunnel material characteristics f, 

tunnel cross-sectional shape parameter α, and burial depth and 

overburden characteristics parameter X. Figure 8(a) represents 

the stress response indicator, showing the impact of changes 

in four structural parameters on the stress response of the 

sharp-curve tunnel structure. It is found that the sensitivity 

coefficient of the tunnel cross-sectional shape parameter is the 

largest, indicating that its variation has the greatest impact on 

stress response. The impact of tunnel material characteristic 

parameters on stress response is second only to that of the 

cross-sectional shape parameter. The impact of tunnel wall 

thickness and burial depth, overburden characteristics 

parameters on the stress response of the sharp-curve tunnel 

structure is minor, with the impact of burial depth, overburden 

characteristics parameters on stress response being negligible. 

With displacement response and fatigue life as response 

indicators, the impact of changes in four structural parameters 

on them is shown in Figures 8(b) and (c). It is observed that 

the sensitivity analysis results for displacement response, 

fatigue life predominantly share great similarity, with the 

changes in burial depth, overburden characteristics parameters 

having the greatest impact, followed by the impact of tunnel 

cross-sectional shape parameters; the impact of tunnel wall 

thickness and tunnel material characteristics is the least. 

Based on the above analysis results, the following 

inferences and conclusions can be drawn: In designing sharp-

curve tunnels, special attention should be paid to the design of 

the tunnel cross-sectional shape, as it is the most sensitive to 

stress response. Choosing an appropriate cross-sectional shape 

can significantly improve the structural safety of the tunnel. 

Tunnel material characteristics are also critical in design, 

closely following the tunnel cross-sectional shape in terms of 

impact on stress response. Therefore, in selecting materials, 

both their performance and cost should be considered to 

achieve a balance between economy and safety. The burial 

depth and overburden characteristics become particularly 

important when considering the tunnel's stability and 

displacement resistance. Therefore, geological surveys and 

analysis work should be emphasized in the planning and 

design stages to reduce potential geological risks in the future. 

Although the impact of tunnel wall thickness on stress 

response is smaller, its synergistic effects with other structural 

parameters still need to be properly considered to ensure 

optimization of the design. 
 

 
 

Figure 7. Predicted distribution of response values for 

dynamic response parameters of the sharp-curve tunnel 

structure 
 

 
(a) Stress response 

 
(b) Displacement response 

 
(c) Fatigue life 

 

Figure 8. Sensitivity analysis of structural parameters under 

target responses 
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(a) Stress response 

 
(b) Displacement response 

 
(c) Fatigue life 

 

Figure 9. Correlation analysis of various structural 

parameters under target responses 

 

The analysis of the correlation between various structural 

parameters under target responses for the sharp-curve tunnel, 

as shown in Figure 9, indicates that the degree of impact of 

each parameter on the structural stress response indicator, in 

descending order, is: tunnel cross-sectional shape parameter, 

tunnel material characteristics, tunnel wall thickness, and 

burial depth and overburden characteristics parameters. For 

indicators of displacement response and fatigue life, the degree 

of impact of each parameter, in descending order, is: burial 

depth and overburden characteristics parameters, tunnel cross-

sectional shape parameter, tunnel wall thickness, and tunnel 

material characteristics, which is largely consistent with the 

sensitivity analysis results presented in Figure 8. 

It can be concluded that for displacement response and 

fatigue life, these parameters play the most crucial role. The 

physical characteristics of the burial depth and overburden, 

such as density and elastic modulus, affect the magnitude and 

distribution of tunnel displacement, and also determine the 

tunnel's fatigue behavior under long-term load actions. Next is 

the tunnel's cross-sectional shape, which also plays an 

important role in displacement response and fatigue life. An 

appropriate cross-sectional shape can offer better stability and 

resistance to deformation. As for tunnel wall thickness and 

material characteristics, their impact on displacement response 

and fatigue life is less significant than the former two but 

remains parameters worthy of attention. Especially in 

considering fatigue life, the durability of the material and 

sufficient wall thickness can reduce the formation of cracks 

and extend the tunnel's service life. 

 

 

5. CONCLUSION 

 

The research content and experimental results of this study 

have been thoroughly discussed and analyzed around two core 

parts: the study of the FSI effects and the optimization of 

structural parameters based on global sensitivity analysis. 

Initially, advanced numerical simulation technology was 

employed to establish a FSI model for sharp-curve tunnels. 

The impact of fluid on tunnel structures under navigation 

conditions was deeply analyzed through the computation of 

coupled fields of fluid dynamics and structural mechanics. The 

study revealed the dynamic response of tunnels under the 

action of fluid, with particular attention paid to the fluid 

dynamic pressure changes in sharp-curve sections, which is 

crucial for understanding the performance of tunnels under 

actual operating conditions. A comparison of fluid dynamic 

pressure change rates and stress distribution at monitoring 

points in sharp-curve tunnels under dynamic and steady-state 

flow conditions provided experimental data support for 

understanding the stability and safety of tunnel structures 

under fluid action. 

Through global sensitivity analysis, this study revealed the 

sensitivity of tunnel structural design parameters to dynamic 

responses, identifying parameters that have the greatest impact 

on the overall performance of the tunnel. Coupled with 

sensitivity analysis, a correlation analysis was conducted to 

understand the interactions between different structural 

parameters, which is crucial for parameter optimization. Based 

on the analyses above, multi-objective optimization theory 

was applied to optimize the structural design parameters of the 

tunnel. The goal is to enhance economic benefits while 

ensuring structural safety. 

The study of the FSI effect has proven the importance of 

considering fluid action in the tunnel design process, 

especially in the design of sharp-curve tunnels where the 

impact of fluid dynamics is particularly significant. Sensitivity 

analysis of structural parameters provides targeted guidance 

for tunnel design. For instance, cross-sectional shape and 

material characteristics are key parameters affecting stress 
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response, while burial depth and overburden characteristics 

significantly impact displacement response and fatigue life. 

The results of multi-objective optimization indicate that by 

adjusting sensitive parameters, the economic efficiency of 

tunnel design can be improved without sacrificing safety. This 

demonstrates that a more optimal design solution can be 

achieved in the tunnel design process by comprehensively 

considering structural responses and economic factors. 

The research conducted in this study not only provides 

theoretical basis and methodological guidance for the design 

of sharp-curve tunnels but also has practical significance for 

actual engineering projects, assisting engineers in making 

more scientifically sound decisions during the design and 

construction process. 
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