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ABSTRACT 
 

Slurry Tunnel Boring Machines (TBMs) with full-face mechanized excavation using slurry 
suspension are commonly employed for constructing tunnels in sensitive urban 
environments or underwater settings. These TBMs utilize a bentonite suspension to 
support the tunnel face and transport spoil to the surface. By comparing the measured 
inflow and outflow rates, it is possible to calculate the amount of excavated material in 
real time using flow meters and density meters installed in the slurry circuit. Conventional 
monitoring system for the over-excavation of the slurry TBM is used with calculated 
results with several formulas exist, they often have limitations in dealing with highly 
permeable and variable geological conditions. 
This study proposes an improved calculation method and system that separates dry 
mass and groundwater, addressing these limitations. The method was applied to a road 
tunnel project under the Han River in Korea. The results demonstrate the ability to identify 
potential over-excavation, which can lead to excessive ground movements, water inflow, 
or severe consequences such as sink hole. This improved system approach enhances 
safety and promotes environmentally friendly tunneling practices. 
 
 
1. INTRODUCTION 
 

 The TBM (Tunnel Boring Machine) has been used with many advantages such as 

low noise and vibration, safety, and high efficiency for tunneling in urban area. The slurry 

TBM use the high density bentonite pressurized to account the earth pressure and water 

ingress. This type is appropriate for permeable ground such as sand or gravel and 

ground condition under high water pressure (ITA, 2001). Generally, the slurry TBM has 
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been used in granular ground under effective soil stress, but TBM can excavate 

unexpected clay or soil under total stress. The correct face pressure should be selected 

for the complicated ground condition with the Serviceability Limit State (SLS) as well as 

the Ultimate Limit State (ULS) (Golder Associates Ltd, 2009). The bentonite in slurry 

have role to maintain the face pressure and prevent over excavation as filter cake which 

have characteristic of membrane. The KPI (Key Performance Index) is important for 

performance of bentonite according to the geologic condition, the KPI should be changed 

to minimize the over excavation. But the decision of accurate the KPI is hard due to 

uncertainty of geologic condition. The Muck Reconciliation System is used to calculate 

the volume of solids and dry mass to detect the over excavation. The system would 

become unreliable in the mixed ground due to various excavation troubles (Connors, 

2017). The estimating discharged soil quantity is hard to detect the over excavation 

during the slurry TBM tunneling, because the various assumptions. limitation of 

measurements and simplified formula. The formula calculating dry mass is broadly used 

to evaluate the over-excavated soil quantity in the dry mass and dry volume. The EMS 

(Excavation Management System) has been developed to identify potential over-

excavation during slurry TBM tunneling by calculating the quantity of excavated soil 

volume and mass (Chuan et al., 2018). The results by indirect method using 

measurement and formula can be affected due to a number of influences on the slurry 

circuit. Specially, the miss calibration of density meter and flow meter make the 

inaccurate results even though a deviation would be small. Also the varying geological 

condition, face collapse and water inflow would affect the results for over-excavation 

according to TBM tunneling scenarios (Duhme et al., 2018). The conventional method 

has a lack of reliability in permeable sandy ground. The slurry is penetrated into large 

area around tunnel face, the over excavated tunneling would be caused by soil softening. 

According to the results of existing, the improved method considering slurry penetration 

zone is reliable with small error from the actual records (Tang et al., 2021). The current 

measurement system has limitations to estimate the accurate the volume losses that are 

0.5% or less due to which sensor data have inaccuracy, imprecision, error propagation,  
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and assumptions (Rysdahl et al., 2018). In this study, the new improved method to 

reduce the uncertainty of ground density is suggested and verified in the slurry TBM 

site located in South Korea.  

2. PREVIOUS STUDIES  
 

 The slurry TBM is suitable for permeable ground types such as gravel, sand, and 

ground under high water pressure. Adequate face pressure is required to prevent water 

ingress, sinkholes, and collapse. However, it is challenging to control the face pressure 

in cases of mixed ground conditions or with large diameter TBMs, which are more likely 

to encounter mixed ground conditions. The management of discharged soil quantity is 

important to detect over-excavation, which can cause sinkholes. Slurry TBMs have the 

characteristic of using parallel pipes for the feed line and discharge line to transfer the 

slurry in to STP (Slurry Treatment Plant). 

 

Fig. 1 Overview of slurry TBM and slurry circuit (Duhme et al.,  2018) 

 

The discharged soil quantity is measured by instruments such as flow meters and density 

meters. Theoretically, the discharged soil volume and mass can be calculated using 

conventional methods that consider the quantities in the feed line and discharge line. 

These methods can be different according to the soil status into dry conditions and in-

situ conditions with water content. The method using the in-situ soil density is  

calculated as shown in Eq. (1). 
 

𝑚𝑚𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑒𝑒𝑒𝑒.𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑄̇𝑄𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 × 𝜌𝜌𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 − 𝑄̇𝑄𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 × 𝜌𝜌𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 − 𝑣𝑣𝑒𝑒𝑒𝑒.𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 × 𝜌𝜌𝑒𝑒𝑒𝑒.𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 − ∆𝑉𝑉𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ×  𝜌𝜌𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  (1) 
 

where, 𝑚𝑚𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑒𝑒𝑒𝑒.𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ∶ Mass of the over excavated in − situ soil 

𝑄̇𝑄𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ∶ Flow value of the discharge line, 𝜌𝜌𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ∶ Density of the discharge line  
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𝑄̇𝑄𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ∶ Flow value of the feed line, 𝜌𝜌𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ∶ Density of the feed line  

𝑣𝑣𝑒𝑒𝑒𝑒.𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ∶ Excavated soil volume, 𝜌𝜌𝑒𝑒𝑒𝑒.𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 : In − situ density of the excavated soil  

∆𝑉𝑉𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ∶ Variation value of the chamber volume 
The over excavation with water ingress make errors for the conventional method, 

thus the another method using dry mass of solid is alternative method as shown in Eqs. 

(2), (3). The method is known (Yamazaki et al.,1976) for the calculating dry mass of the 

soil, also the equation is useful for excavation management system (Duhme et al., 2018).  

The dry mass of discharged soil quantity between start and end time can be calculated 

by Eq. (4).  
 
𝑚𝑚𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑄̇𝑄𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 × 𝜌𝜌𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓−𝜌𝜌𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓)−𝜌𝜌𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤
× 𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓)                                (2) 

 
𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ,𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑄̇𝑄𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 × 𝜌𝜌𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎−𝜌𝜌𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎)−𝜌𝜌𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤
× 𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎)                 (3) 

 
𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑  
 

= � �𝑄̇𝑄𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ×
𝜌𝜌𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 − 𝜌𝜌𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎) − 𝜌𝜌𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤
× 𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎)

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑒𝑒𝑒𝑒𝑒𝑒

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

− 𝑄̇𝑄𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ×
𝜌𝜌𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 − 𝜌𝜌𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

𝜌𝜌𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 − 𝜌𝜌𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤
× 𝜌𝜌𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏�𝛿𝛿𝛿𝛿 

+ ∆𝑉𝑉𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  × 𝜌𝜌𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎                                       (4) 
 

where, 𝑚𝑚𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑑𝑑𝑑𝑑𝑑𝑑 ∶ Mass of the dry soil in feed line 

𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ∶ Density of the dry soil particle, 𝜌𝜌𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 ∶ Density of water 

𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ,𝑑𝑑𝑑𝑑𝑑𝑑 : Mass of the dry soil in discharge line 

 

The Eq. (4) require the density of the dry solid in discharge line and feed line, but it is 

assumed as the unknown bentonite solid and discharged soil solid are equal Practically, 

the Eq. (5) has been used by US engineer to overcome the errors by assumption of the 

method using dry solid density, but even though the method of the Eq. (5) is theoretically  

Incorrect (Duhme et al., 2018). 

 

𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑 = � (
𝜌𝜌𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 × 𝑄̇𝑄𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 − 𝜌𝜌𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 × 𝑄̇𝑄𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

𝜌𝜌𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝜌𝜌𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
)𝛿𝛿𝛿𝛿

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑒𝑒𝑒𝑒𝑒𝑒

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑡𝑡
+ ∆𝑉𝑉𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 × 𝜌𝜌𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎              (5)  
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3. ENHANCED EXCAVATION MANAGEMENT SYSTEM FOR SLURRY TBM 
 

The conventional method has shortcomings due to assumed solid parameters in the 

feed and discharge pipelines. The method using in-situ soil density is effective for 

determining the unknown parameters required for the calculation. Equations (6), (7), and 

(8) are suggested to calculate the over-excavated soil quantity by means of the dry soil  

density. 

 

𝑣𝑣𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑒𝑒𝑒𝑒.𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = � 𝑄̇𝑄𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝛿𝛿𝛿𝛿
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑒𝑒𝑒𝑒𝑒𝑒

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
− � 𝑄̇𝑄𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝛿𝛿𝛿𝛿

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑒𝑒𝑒𝑒𝑒𝑒

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
− � 𝑉̇𝑉𝑒𝑒𝑒𝑒.𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝛿𝛿𝛿𝛿

𝑅𝑅𝑖𝑖𝑛𝑛𝑛𝑛 𝑒𝑒𝑒𝑒𝑒𝑒

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
− ∆𝑉𝑉𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎    (6) 

 
𝑚𝑚𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑒𝑒𝑒𝑒.𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 
 

= � 𝜌𝜌𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑄̇𝑄𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝛿𝛿𝛿𝛿
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑒𝑒𝑒𝑒𝑒𝑒

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
− � 𝜌𝜌𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑄̇𝑄𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝛿𝛿𝛿𝛿

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑒𝑒𝑒𝑒𝑒𝑒

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
− � 𝜌𝜌𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑉̇𝑉𝑒𝑒𝑒𝑒.𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝛿𝛿𝛿𝛿

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑒𝑒𝑒𝑒𝑒𝑒

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
 

   
−∆𝑉𝑉𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 × 𝜌𝜌𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎                                                                (7) 
 
 

When the dry soil density with water content of the soil are obtained, the dry mass of  

the over excavated soil can be calculated by Eq. (8). The density of the over excavated 
soil(𝜌𝜌𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑒𝑒𝑒𝑒 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖) can be assumed or decided by water contents test. 

 
 𝑚𝑚𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑒𝑒𝑒𝑒.𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑣𝑣𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑒𝑒𝑒𝑒.𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 �

𝜌𝜌𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑒𝑒𝑒𝑒 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 − 𝜌𝜌𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤
𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝜌𝜌𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

� 𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠                       (8) 

 
 
 where, 𝑚𝑚𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑒𝑒𝑒𝑒.𝑑𝑑𝑑𝑑𝑑𝑑 ∶ Mass of the dry soil for over excavated soil 
 

The slurry management system is developed using the improved method from Eq. (8). 

Real-time data from the flow meter and density meter can be obtained from the TBM 

PLC, and the over-excavated dry solid is displayed in the TBM operation cabinet. Figure 

2 shows the system view and the field site application. 
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Fig. 2 Slurry Management System 
 
4. VERIFICATION  
 
The OO express line is a road project for 2nd capital ring road of 254km in South Korea. 

The projection road length is 6.7km including Han river tunnel section of 2.98km with a 

1.95km section situated under XX river as shown in Fig. 3. The shield TBM with 14.01m 

in diameter were provided for tunnel excavation. The segment has 1.5m with and 0.4m 

thickness.  

 

 

 

Fig. 3 Site overview of the OO project 
 
The maximum chamber pressure is designed of 5 bar considering ground depth and river. 

Geology condition consists the hard rock in launching point to the soil type in receiving 

point. The TBM go through hard rock in the river side section from launching shaft, and 

the soft rock is placed under river section. Receiving point is located in soil section based 

on sand ~ gravel as shown in Fig. 4.  
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Fig. 4 Geology profile and objective section 

 

The UCS (Uniaxial Compressive Strength) shows the 60~155 MPa, and the facture 

zones of 18 is investigated on tunnel section. The slurry TBM is chosen to correspond 

the various ground types and high water pressure. The in-situ soil density is investigated 

about 1.8~2.4ton/m3 as shown in Table. 1. The Fig. 4 shows that the 290th ring is located 

in weathered ground of valley section. In the study, the over excavated quantity is 

evaluated for the 290th ring by means of the conventional method using dry solid mass.  

 
Table. 1. In-situ soil density for each ground type 

Type 
In-situ density 

(ton/m3) 
Type 

In-situ density 

(ton/m3) 

Clay 1.8 Soft rock 2.1 

Sand 1.8 Intermediate rock 2.3 

Weathered soil~ rock 1.85 Hard rock 2.4 

 
 
The evaluation of over-excavation for the 290th ring is carried out using the suggested 

method. The objective section is located in mixed ground conditions with an in-situ 

density of 1.80 ton/m³ to 1.87 ton/m³ for sand to soft rock, according to the design report. 

The lower bound of the in-situ soil density is 1.8 ton/m³, and the upper bound is 1.87 

ton/m³ according to the two boundary conditions. Fig. 5 shows the calculated density of 

the over-excavated soil and water using the real-time data, assuming an average value 

of 1.83 ton/m³ for the in-situ density of the soil. 
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Fig. 5 Over excavated soil mass by improved method 

 

The total mass of the over-excavated soil is about 120 tons, but water ingress amount 

for most of the total amount with little solid material. The over-excavated soil volume 

ranges from 3.8 m³ (minimum) to 30.8 m³ (maximum) as shown in Table 3. The 

excavation volume per ring by the theoretical method is 307 m³ in in-situ conditions. The 

over-excavation ratio is evaluated to be between 1% and 9%, with an average value of 

5%. 

 
Table. 3. Over excavated soil mass and OER by improved method 

Description Upper bound Lower bound Average 

In-situ soil density(ton/m3) 1.87 1.80 1.83 

Over excavated soil volume (m3) 3.8 30.8 17.3 

In-situ discharged soil Volume (m3) by  

theoretical method with improved equation 
310.8 337.8 323 

In-situ excavated ground 
Volume (m3) by theoretical method 

307.0 307.0 307.0 

OER (Over excavation ratio) 

= Discharged volume / Excavated volume 
1.01 1.09 1.05 
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The actual data with dumping car record is reviewed to verify the calculated soil mass. 

The muck is dumped in STP (Slurry Treatment Plant) about 1,276m3 during two days 

including the 290th ring while the 5 rings is excavated for the TBM operation period.  

 

 

 

Fig. 6 STP (Slurry Treatment Plant) 
 
 
The average in-situ soil volume is 319 m³, which is similar to the calculated soil volume 

of about 323 m³ using the improved method. Even though the records have uncertainty 

in measuring the discharged soil quantity, over-excavation did not occur in the section of 

the 290th ring. It is expected that the improved method and slurry management system 

will effectively detect over-excavation. 

 
 
5. CONCLUSIONS 
 
In this study, methods to calculate the discharged soil quantity for slurry TBMs were 

reviewed, and an improved method using in-situ soil density is suggested. The improved 

method has the advantage of separating water ingress and dry soil solids from the total 

over-excavated soil mass. Additionally, a slurry TBM management system using the 

improved method has been developed to analyze real-time data from TBM sensors. 

The improved method was verified with TBM data from a slurry TBM operating under 

mixed ground conditions, and over-excavation was evaluated for the objective section. 

The discharged in-situ soil quantity was recorded as the number of dump truck passes. 

The average discharged soil quantity was 337 m³ for the 5 rings, including the objective 

ring of 290. The discharged soil volume from actual data is about 4% larger than the 

average value when compared with the improved method. In the future, verification of 
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the method will continue with the slurry TBM management system in the sites, and it is 

expected to effectively evaluate over-excavation during slurry TBM tunneling. 

 

REFERENCES 
 
Hee Yang Ng. (2021), "Avoiding Sinkholes during Mechanized Closed-Face Tunneling", 

STRUCTURE magazine, Construction Issues. 
Ruben Duhme, R. Rasanavaneethan, Leslie Pakianathan, Anja Herud. (2016), 

“Theoretical basis of slurry shield excavation management systems”, Volume 57. 
Massimo Marotta. (2018), “Excavation Management System for Slurry TBM in 

Singapore”. WTC 2018. Conference in Singapore. 
Shao-Hui Tang , Xiao-Ping Zhang, Quan-Sheng Liu, We-Qiang Xie, Xin-Mei Yang, Peng 

Chen, Xin-Bin Tu. (2021),“ Analysis on the excavation management system of slurry 
shield TBM in permeable sandy ground”, Tunnelling and Underground Space 
Technology, Volume 113, July 2021. 

Brock Rysdahl, Mike Mooney1, Jacob Grasmick. (2018) “Calculation of volume loss 
using machine data from two slurry TBMs during the excavation of the  

Golder Associate(HK) Ltd. (2007) "GROUND CONTROL FOR SLURRY TBM 
TUNNELLING", Georeport No249  

Herrencknet, (2018), STP design report for Kimpo Paju Slurry TBM 
Russell Connors. (2017), "The Challenges of Tunnelling with Slurry Shield Machines in 

Mixed ground", The David Sugden Young Engineers Writing Award 2017 
MASSIMO MAROTTA. (2010), "Singapore Bukit Timah granite: Slurry quality control for 

TBM tunneling" Proceedings of the World Urban Transit Conference 2010  
 


