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ABSTRACT 

 

Empirical formula and numerical simulation are two typical methods for the calculation in geotechnical 

engineering. They are both hard to perform real-time and on-site in shield tunnelling , because the correctness, 

accuracy and efficiency are much depended on the skill of the operator. A intelligent calculation system, named 

Real-time and On-site Calculation System of Shield Tunnelling in Wuhan Metro (ROCSST), is designed for 

shield tunnel for monitoring in construction by this study. The calculation modules are pre-set based on the 

analysis in laboratory, and some hypotheses are pre-set based on the calculation theory and on the Wuhan Metro 

construction project. The knowledge and skills, which may be practiced in postgraduate education in China, are 

embodied in the forms of the recommended values of the key parameters with the help files and engineering 

examples in ROCSST. The recommended values are based on the pre-investigation in the laboratory, and some 

are verified by the engineering monitoring data in the similar working conditions. Therefore, the empirical 

formula and numerical simulation can be achieved in real-time and on on-site with ROCSST by the Graphic 

User Interface (GUI), and no more traditional coding is needed. ROCSST can always be supported by 

researchers in laboratory for engineering applying, and can be used for pre-evaluation, real-time-assessment and 

advanced-investigation for safety decision in tunnel shielding by the engineer and worker in real-time and on 

site. The calculation results and conclusions can also be the foundation for a further theoretical exploration. 
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INTRODUCTION  

 

Settlements caused by tunnelling are dangerous for the surrounding structures in metro construction. Monitoring 

data are always considered to be indispensable to the settlements for safety decisions. It is hard to make 

decisions only on the monitoring data, because the monitoring information always involves lots of uncertainties. 

Therefore, other approaches are crucial for safety decision in tunnel shielding, especially in the urban metro 

construction. 

 

Calculation methods are powerful tools to investigate the settlements due to the tunnel shielding, for example, 

empirical formula calculation and numerical calculation. In a general way, calculations are needed to be 

performed in laboratory, which is far from the construction site, i.e., not in real-time and on-site. Most of the 

time, some of the uncertainties in civil engineering can not be pre-assess accurately, then the pre-calculation 

may be on account of deterministic assumptions. As a result, the calculation will be more credible if more on-

site uncertainties are considered. Lots of uncertainties are involved in urban metro construction, which should be 

particularly noted,  for example, soil properties, shielding conditions and environment factors. 

 

Therefore, it is a dilemma, i.e., the monitoring data need other supplementary methods to make real-time and 

on-site decisions, while calculation methods are hard for real-time and on-site execution. 

An intelligent calculation system is designed and performed in this study for tunnel monitoring in construction, 

named Real-time and On-site Calculation System of Shield Tunnelling in Wuhan Metro (ROCSST). Two of the 

most popular calculation methods are embodied in the system for surface settlements due to shield tunnelling, 

which are empirical formula calculation and numerical calculation. The worker or engineer on site may be not 

familiar with the knowledge and skills of the two methods, but they can perform the calculations with 

recommended parameter value, help files and engineering examples included in the intelligent system. 
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FUNDAMENTAL THEORY OF TYPICAL CALCULATION METHODS FOR TUNNELLING 
 

Empirical Formula 

 

Surface settlements by tunnelling are often assessed by empirical methods, which are always expressed as 

formula or formulae (Peck 1969; Schmidt,1969). One of the most famous empirical formulae is proposed by 

Peck in 1969, though some new formulae are proposed in recent years (Verruijt and Booker 1996; 

Loganathan and Poulos 1998). The settlement is assumed to be normal probability curve by Peck: 
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in which, S is settlement, Smax is the maximum settlement above the tunnel center-line, x is the horizontal 

distance of the settlement from the tunnel center-line, i is the distance of the inflexion point from the center-

line, and 2.5i is generally considered as the width due to tunnel shielding. These parameters are demonstrated 

in Figure.1.  

Furthermore, in Eq. (1), Smax could be expressed as Eq. (2), i could be expressed as Eq. (3), in which Vl is 

volume loss, r is tunnel radius, and h is the depth over tunnel.  
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Hence, Smax could be expressed as Eq. (4). 
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Figure 1.  Settlements due to tunnel shielding 

 

Numerical Simulation 

 

Numerical simulation is always considered as one of the general methods to explore the settlements by tunnel 

shielding, which can indicate the curves and deformation data of the sub-surface in addition to the settlement of 

the surface. Finite Element Method (FEM) and Finite Difference Method (FDM) are two of the most common 

methods for rock and soil mechanics problems. Furthermore, Fast Lagrangian Analysis of Continua, FLAC 

(ITASCA 2000), is one of the most typical programs of FDM for tunnel shielding simulation (Cai et al. 2007; 

Mayoral and Ramirez 2011; Liu et al. 2011), and is embodied in ROCSST to investigate the settlements. 

 

SYSTEM STRUCTURE 

 

The intelligent calculation system is represented by Figure. 2. Two main functional modules (A1 and A2) and 

two auxiliary modules (B1 and B2) are contained in ROCSST. The functional modules involve four standard 

procedures:  

(1) Schematic. It offers the schematic figure for the calculation. 

(2) Inputs. The recommended values of the calculation system are identified according to the help files. 

(3) Executions. The calculations are executed according to the buttons. 



(4) Outputs. Different types of output are chosen for demonstrated of preliminary analysis. 

Furthermore, the input data can be obtained by the Web resources, and the system support is assumed to be 

offered by the contact information in ROCSST instructions (B1). It is noted that the language of the operation 

interface is Chinese because the system is designed for the engineer or worker on-site in China. 

 

 
Figure 2. System schematic 

 

Pre-Investigation Embodied in ROCSST 

 

Lots of factors are needed to be considered in tunnel shielding, but it is not possible to consider all the factors 

in calculation, neither in empirical formula nor in numerical computing. Hence, it is necessary to extract the 

key parameters out to make the calculation feasible and efficient. The earlier work of this study has 

investigated the key parameters in tunnel shielding based on 22 samples from the similar condition in the 

other cities, because there has been no metro tunnel shielding before in Wuhan. The conclusions is based on 

for the calculation in ROCSST (Li et al. 2010). 

 

Furthermore, metro construction in city center is intricacy for numerical simulation. In general 3D simulation, 

millions of elements are needed for numerical model, and days, even months, are cost for the calculation. 

 

Even a fined numerical model can not involve all the uncertainties, most of which are needed to be simplified, 

for example, the environment live loads and the effect of the factors out of the model. In other words, there 

are lots of hypotheses even in a very resource-cost numerical model, and the results are also needed to be 

assessed by researchers before the engineering safety decision. 

 

The numerical calculation sub-system is based on the following hypotheses. 

 

(1) The long distance tunnel shielding can be simplified to be a short section simulation based on the 

numerical calculation theory, if partial settlements are considered only. That is the reason why 2D 

calculations are employed in the earlier numerical simulation for tunnel shielding. The differences are 

discussed in recent researches (Karakus 2007; Potts and Zdravkovic 1999; Potts and Zdravkovic 2001). For 

the in-time and on-site calculation, the errors can be acceptable in engineering. Some short sections of the 

tunnel model are pre-set in ROCSST based on the geotechnical profile and the analysis performed. The model 

in ROCSST is a 3D model with a length of 2 meters, which can illustrate the spatial effect of the tunnelling, 

while no much compute resources are cost if the current PC hardware is considered.  

 

(2) Some further hypotheses are pre-supposed according to the construction project of Wuhan Metro LineⅡ. 

For example, symmetric-model is adopted in ROCSST, and the interaction of the two tunnels will be 



neglected. With the simplification, it will save half of the calculation time, and the error may be evaluated as 

following: 

The symmetric-model in ROCSST is half model in condition of two tunnels shielding at the same time, 

instead of the condition of shielding one by one in engineering. The settlements maximum is 28.6 mm for two 

tunnels shielding at the same time, and is 26.1 mm for two tunnels shielding one by one (Li 2006). The error 

is about 9.58%, which is acceptable for the safety decision in engineering.  

 

(3) Examples are based on laboratory analyses and verified by monitoring data in the similar conditions. 

Typical construction zones in metro line are pre-simulated in laboratory. These numerical models are fine, 

and designed to extract the general laws of the typical condition. The simplified models in ROCSST are based 

on the laws extracted in the laboratory. 

 

For example, the illustration of a start section if Wuhan Metro LineⅡ is based on the fine models in Figure3, 

and on the results of Figure 4 and Figure 5. The proper simulated thicknesses are explored for grouting in 

shielding. The effects of grout are complex to simulate, because lots of factors should be considered. A 

numerical fine model with a length of 20 meters is computed in laboratory in Figure 3. Different thicknesses 

are investigated in Figure 4 with simulated thickness of 40 mm, 30 mm, 20 mm and 10 mm respectively. The 

simulated results are examined with earlier monitoring data in Wuhan Metro LineⅡ, and the thickness of 30 

mm is considered to be proper for the working condition of this section. 

 

 (4). Examples are based on laboratory analyses and verified by monitoring data in the similar conditions. 

Typical construction zones in metro line are pre-simulated in laboratory. These numerical models are fine, 

and designed to extract the general laws of the typical condition. The simplified models in ROCSST are based 

on the laws extracted in the laboratory. 

 

The proper simulated methods are explored for shielding. Tunnel shielding is an intricate machine process with 

the soil, water and the grout. There are some different methods and hypotheses to simulate the working 

conditions. For example, elasticity model in Figure 5(a) and air model in Figure 5(b) is adopted to simulate the 

interspaces between shield and soil. The elasticity model is considered to be more proper for shielding since the 

results are more close to the monitoring data (Ding  et al. 2011).  

 

As a result, companied with some other simplifications and hypotheses, the settlement calculation in ROCSST is 

easier to be applied in real-time and on-site, and the error are acceptable for engineering. 
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Figure. 3 Numerical model for proper simulation method investigation 

 



      
(a) Simulated thickness of 40 mm   (b)simulated thickness of 30 mm 

     
 (c) Simulated thickness of 20 mm   (d) simulated thickness of 10 mm 

Figure. 4 Proper thickness investigation 
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(a) Elasticity model for interspaces    (b) Air model for interspaces  

Figure 5. Proper simulation method investigation for interspaces between shield and soil 

 

Numerical Calculation Sub-system 

 

The Numerical Calculation Sub-system (Module A2) of ROCSST is more complicated than Module A1. Thus 

Module A2 is presented firstly and Module A1 is followed. 

The sub-system operation interface of the numerical calculation is divided into seven parts shown in Figure 6(a), 

and the operation process is illustrated in Figure 6(b).  

 

The worker or engineer on site can execute the process according to Figure 6(b), and the parameter values are 

recommended in the pop-up Help in ROCSST. Furthermore, the details of the process can be referred to the 

engineering examples in the help files. 
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(a) Sub-system operation interface   (b) Sub-system operation process 

Figure 6. Numerical Calculation Sub-system (A2)  

 

Empirical Formula Calculation Sub-system 

 

The sub-system operation interface of the Empirical Formula is shown in Figure 7(a), and the operation process 

is illustrated in Figure 7(b) in English. The sub-system of Empirical Formula Calculation can be executed 

similar to the one of the Numerical Calculation, and the output areas  will be represented in the following with 

engineering examples. 

 

Engineering Example 

 

Some examples are involved in the help file of ROCSST. They are typical conditions based on the project of 

Wuhan Metro LineⅡ. The system input parameters can be adjusted according to the instruction in the help files, 

if uncertainties emerge, or in other cases, new analysis is needed. Moreover, the calculation details can be 

consulted and supported by the researcher in laboratory through phone call, email, and video communication by 

instant message software.  

  

    
(a) Sub-system operation interface (b) Sub-system operation process 

Figure 7. Empirical Formula Calculation Sub-system (A1) 

 

Example Background Description 

 

One of the typical examples in ROCSST is Jiyuqiao, which is the start section of tunnel shielding for across 

Yangtze River. Lots of structures and an urban trunk road in Wuhan, are considered to be affected by the 

shielding.  

The depth of soil over tunnel is less than that of other sections, i.e., the ground surface seems to be more 

affected by the tunnelling than the others. Hence several typical performed calculation samples are offered by 



the help files, and the following one is according to the geotechnical profiles and material parameters as shown 

in Figure 8 (a) and (b). The monitoring points of this section are DK14+802-1, and DK14+802-2.   

 

     
(a). Tunnel location                   (b). Geotechnical profile 

Figure 8. Tunnel location and geotechnical profile 

 

Example of Empirical Formula Calculation 
 

As shown in Figure 7, some recommended key parameter values make the calculation feasible, and no more 

advanced knowledge or skill are needed on site. Intuitionistic outputs make the analysis possible, and no more 

other tools are needed to illustrate the preliminarily results on site. GUI with embodied program and the 

engineering examples makes the calculation convenient and efficient and no more coding are needed on site. As 

a result, three significant functions can be achieved by Empirical Formula Calculation Sub-system. 
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(a) Numerical model in output window   (b) Vertical displacement in output window 
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(c) Displacement vector in output window     (d) Stress in output window 

Figure 7. Outputs of Numerical Calculation Sub-system 



Example of Numerical Calculation 

 

The inputs Numerical Calculation (A2) are illustrated in Figure 9. There are 28 parameters to identify for the 

calculation, and the process is similar to the Chapter 7.2.  

 

The inputs and process can be illustrated in A2.6 according to the same conditions Chapter 7.2, for example, the 

numerical model in Figure 15 (a) can be demonstrated in the window of A2.6 by the pull-down menu.  

In a similar way, the displacement and stress can be shown in the same window. The vertical displacement, 

displacement vector and stress are illustrated in Figure 15 (b) ~ (d) respectively. 

 

It is worth noting that the three significant superiorities of Empirical Formula Calculation Sub-system in 

Chapter 7.1 are also involved in the Numerical Calculation Sub-system, and the results of the two modules can 

complement each other based on the monitoring data. 

 

CONCLUSIONS 

 

Monitoring data of the ground settlements are one of the most crucial information in metro construction. In this 

study, the intelligent system, named ROCSST, is designed to verify the monitoring data. Empirical formula 

calculation and numerical intelligent calculation can be calculated in ROCSST in real-time and on-site while 

tunnel shielding. With ROCSST, which has been applied in Wuhan Metro construction preliminarily, the 

engineer and the worker on site can pre-evaluate the ground settlements, and assess the real-time risk for the 

construction monitoring. Furthermore, they can explore the monitoring data for an elementary research. 

 

Empirical Formula Calculation Sub-system and Numerical Calculation Sub-system T involve the recommended 

values of the certain shielding section based on the pre-analysis in laboratory. The formula calculation and the 

numerical calculation can be accomplished by GUI without coding in ROCSST. The process provides a 

calculation-information-support method for the construction monitoring in metro. Therefore, the engineer and 

the worker on field can complete the calculation with the intelligent system easily, and can analyze the results 

preliminarily with the intuitionistic outputs. To sum up, ROCSST offers a way for the safety management in 

tunnel shielding, which complements monitoring data. ROCSST also shows the engineering potential in the 

other civil construction, especially in the geotechnical engineering. 
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