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Abstract 

Tunnelling-induced ground surface settlements can be described by a Gaussian 

distribution curve with two key factors; the displacement trough width and the volume loss. 

In most cases the volume losses are well-controlled with maximum settlements less than 

the allowable limits.  However, there have been reports showing abnormally large ground 

surface settlement, in sandy soil, induced by Earth Pressure Balance Tunnel Boring 

Machines (EPB TBMs). This research reports field data obtained during the construction of 

the Metro Line 1 Ben Thanh – Suoi Tien Tunnels in Ho Chi Minh city, Vietnam.  Data include 

ground settlement measurements, the geotechnical conditions and TBM operation 

parameters.  The results show that in locations where large settlements had occurred there 

were common characteristics of high liquefaction index, large excess pore pressure and 

abnormally large tail void grouting. A novel equation is suggested to describe the 

relationship between the volume loss and the liquefaction potential index.  This has been 

calculated using simple and commonly available geotechnical parameters for use in 

practice as an indicator for potentially large settlements caused by EBP TBM tunnelling in 

sandy soils. 
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LIST OF SYMBOLS AND ABBREVIATION

𝛼 Peak ground acceleration 

∆𝜎𝐹  Change in face pressure 

∆𝑢 Change in pore-water 

pressure 

𝜀𝑎 Axial strain 

𝜎𝐹  Pressure at the TBM face 

𝜎ℎ
′ Horizontal effective stress 

𝜎ℎ0
′ Initial horizontal effective 

stress 

𝜎𝑣 Vertical total stress 

𝜎𝑣
′ Vertical effective stress 

𝜎𝑣0
′ Initial vertical effective stress 

𝛾𝑑 Reduction coefficient 

𝐶1&𝐶2 Coefficients considering the 

fine contents 𝐹𝑐 

𝐶𝑤  Coefficient defined 

according to the type of the 

seismic motion 

𝐷 Excavation diameter 

𝐷50 Mean grain diameter 

𝐷𝑟  Relative density 

EPBM Earth Pressure Balance 

Machine 

𝐹 Safety rate to liquefaction 

𝐹𝐿𝑆 Flow liquefaction surface 

𝐹𝐿 Factor of safety to 

liquefaction 

𝐹𝑐 Fines content 

𝑖 Horizontal distance to the 

point of inflexion 

𝐾 Dimensionless settlement 

trough width parameter 

𝐾0 Earth pressure coefficient at 

rest 

𝐿 Seismic shear stress ratio 

𝑁 Raw SPT count at site 

𝑁1 Normalised N-value 

𝑁𝑎 Amended N-value taking 

into account the effect of 

grain size 

𝑃𝐿 Liquefaction potential index 

𝑝’ Mean effective stress 

𝑝′0 Initial mean effective stress 

𝑞 Deviatoric stress 

𝑅 Dynamic shear strength 

ratio  

𝑅𝐿 Cyclic triaxial strength ratio  

𝑆𝑆𝐿 Steady state line 

𝑠 Ground surface settlement 

𝑠𝑚𝑎𝑥  Maximum ground surface 

settlement 

TBM Tunnel Boring Machine 

𝑢 Pore-water pressure 

𝑉𝑒𝑥𝑐  Volume of the excavation 

area 

𝑉𝐿 Volume loss 

𝑉𝐿(𝑥) Volume loss when the EPBM 

was at a distance 𝑥 to the 

monitoring section 

𝑉 − 𝐺𝑟𝑜𝑢𝑡 Volume of tail void grout per 

ring 

𝑉𝑆 Volume of the settlement 

trough 

𝑉𝑡  Volume of ground loss in the 

region close to the tunnel 

𝑉 − 𝑉𝑜𝑖𝑑 Volume of tail void per ring 

𝑤(𝑧) Weight function in 

accordance with depth 𝑧 

𝑥 Distance from TBM face to 

monitoring section (m) 

𝑦 Distance from the tunnel 

centre-line 

𝑧 Depth from the ground 

surface 

𝑧0 Depth from the ground 

surface to tunnel axis level 
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INTRODUCTION 1 

Tunnel construction inevitably causes ground movements (Figure 1) which, potentially, can result in 2 

severe damage to surrounding buildings and buried infrastructure. Therefore, accurate prediction of 3 

tunnelling-induced ground deformations is of essential for safe tunnel excavation.  4 

Figure 1. Idealisation of tunnelling induced soil displacement (after Le and Taylor, 2018). 

5 

By investigating the field data from case studies, previous research including many studies (Dimmock, 6 

2003; Mair & Taylor, 1997; Nyren, 1998; Peck, 1969; Schmidt, 1969; Shirlaw et al., 2003; Sugiyama et 7 

al., 1999; Wan et al., 2017a) have indicated that the ground surface transverse settlement, 𝑠, has the 8 

shape of a Gaussian distribution curve, as shown in Figure 2, and can be described by Equation 1 as 9 

below; 10 

Direction of  
tunnel advance 

Section being 
excavated 

𝑆𝑚𝑎𝑥  
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Ground surface 

z
0

Volume of settlement 

Trough, 𝑉𝑆 (m
3
/m)

Volume of  

Excavation, 𝑉𝑒𝑥𝑐(m
3
/m)

𝑧 

𝑥 

𝑦 

Traverse 
settlement 
profile 

Coordinate system  
(displacement notation) 

Location of 
monitoring 
section 



4 

𝑠 = 𝑠𝑚𝑎𝑥𝑒𝑥𝑝 (
−𝑦2

2𝑖2
) 

(1) 

𝑠𝑚𝑎𝑥 =
𝑉𝑆

√2𝜋𝑖
; (2) 

11 

where  𝑠𝑚𝑎𝑥 is the maximum settlement and normally occurs above the centre-line of the tunnel; 12 

𝑉𝑆 is the volume of the transverse surface settlement trough (Figure 2); 13 

𝑦 is the distance from the tunnel centre-line; 14 

𝑖 is the horizontal distance to the point of inflexion. 15 

Figure 2. Ground surface settlement trough (Not to scale). 

16 

The ground loss, 𝑉𝑡, is the amount of ground lost in the region close to the tunnel (Franza et al., 2019; 17 

Mair and Taylor, 1997). When tunnelling in clayey soils, ground movements normally undergo undrained 18 

conditions (constant volume) hence 𝑉𝑠 = 𝑉𝑡. For tunnelling in coarse grain soils, ground deformations 19 

are usually under drained conditions, that can result in dilation of the soil, therefore it is highly likely that 20 

𝑉𝑠 < 𝑉𝑡. Regardless of soil type, Mair & Taylor (1997) suggested that it is convenient to express the 21 

volume loss, 𝑉𝐿 , in term of the ratio of the volume of the settlement trough, 𝑉𝑆, with the volume of the 22 

excavation area, 𝑉𝑒𝑥𝑐  23 

𝑉𝑆 = 𝑉𝐿 × 𝑉𝑒𝑥𝑐; (3) 

𝑉𝑒𝑥𝑐 = 𝜋
𝐷2

4
; (4) 

𝑖 = 𝐾𝑧0 
(5) 

where  𝐷 is the excavation diameter; 24 

𝐾 is the dimensionless settlement trough width parameter; 25 
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𝑧0 is the depth from the ground surface to tunnel axis level. 26 

Combining the Equations 2, 3, 4, 5 gives; 27 

𝑠 = 0.313
𝑉𝐿𝐷2

𝐾𝑧0

exp (
−𝑦2

2(𝐾𝑧0)2
) 

(6) 

 28 

At a specific location, the diameter, 𝐷, and depth, 𝑧0, of the tunnel, the distance from the tunnel centre-29 

line, 𝑦, are known leaving the values of the settlement trough width parameter, 𝐾, and the volume loss, 30 

𝑉𝐿, to be selected for estimation of the ground surface settlement due to tunnelling. The parameter 𝐾 31 

depends mainly on the type of soil (O’Reilly & New, 1982).  This value can range from 0.2 to 0.7 and 32 

influences the width of the overall settlement trough (Mair, 2008; Mair & Taylor, 1997). The volume loss 33 

dictates the magnitude of tunnelling-induced ground settlement (Vu et al., 2016). The volume loss 34 

magnitude normally ranges from 0.2% to 1% (Wongsaroj et al., 2006; Dimmock, 2003; Wan et al., 35 

2017a; Islam & Iskander, 2021) and in some cases it can be larger than 2% (Shirlaw et al., 2003; The 36 

British Tunnelling Society and The Institution of Civil Engineers, 2005) but is mainly dependent on the 37 

ground conditions and tunnelling techniques. The latter factor regarding Earth Pressure Balance 38 

Machine (EPBM) tunnelling technology is described in the next section followed by an explanation of 39 

the resulting volume loss induced during the tunnel construction stages. 40 

 41 

EPBM TUNNELLING 42 

The key aspects of an EPBM are depicted in Figure 3. The cutterhead excavates the soil in front of the 43 

tunnel which then passes into the chamber. Conditioning agents, usually bentonite, foam or polymers, 44 

are injected into the plenum (chamber) to mix with the excavated soil to form high viscosity fluid or 45 

plasticised spoil (Chapman et al., 2018; Dias & Bezuijen, 2015; Mair, 2008). The resulting plasticised 46 

spoil allows easy extraction of the excavated materials. This low water permeability spoil also forms a 47 

suitable medium to transfer pressure from the chamber to the tunnel face that allows pressure control 48 

in the chamber head (Chapman et al., 2018). An Archimedean screw (screw conveyor) is used to extract 49 

the plasticised spoil from the chamber in a controlled manner to maintain stable pressure in the chamber 50 

(Chapman et al., 2018). In some cases, conditioning agents are also introduced at the cutterhead and 51 

the screw conveyor (Mair, 2008). 52 

 53 
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Figure 3. Main components of Earth pressure balance tunnelling machine (Chapman et al., 

2018). 

The pressure in the chamber can be regulated to provide support, together with the thrust from the 54 

machine advancing jacks to the cutterhead, to substantially balance against the soil and pore-water 55 

pressures. The screw conveyor plays an important role in controlling the chamber pressure. If the 56 

excavation rate is steady, reducing the conveyor speed increases the chamber pressure whereas 57 

increasing the conveyor speed reduces the chamber pressure.  58 

59 

The force provided by the jacks is required to overcome the friction on the shield skin together with the 60 

force exerted by the pressure in the chamber and drag of the trailing gear (Japan Society of Civil 61 

Engineers, 2016; Standing & Selemetas, 2013) in order to thrust the machine forward. When the TBM 62 

stops, the force provided by the jacks reduces to a level that is required to balance the pressure exerted 63 

by the face.  64 

65 

CHANGES IN PORE-WATER PRESSURE DURING TBM TUNNELLING 66 

The main concern of the project owners and contractors in tunnelling projects are the induced ground 67 

movements, buried services and building deformations.  However, well reported measurements of the 68 

pore-water pressure changes resulting from TBM tunnelling is limited in the literature (Aime et al., 2004; 69 

Bezuijen et al., 2017; Broere, 2001; Dias & Bezuijen, 2015; Jin et al., 2022; Kaalberg et al., 2014; Liu et 70 

al., 2014; Shi et al., 2021; Wan et al., 2019) .  71 
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Figure 4 illustrates typical field pore-water pressure changes, recorded by an in-situ pore pressure 72 

transducer (PPT), during tunnel excavation by a slurry TBM in sandy soils (Bezuijen, 2006; Kaalberg et 73 

al., 2014). The PPT was pre-installed in the tunnel axis and was destroyed by the TBM upon arriving. 74 

Therefore, the measured data is only available until the TBM’s face reached the PPT location.  The 75 

magnitude of the excess pore-water pressure measured by the PPT increases as the TBM approached 76 

towards the monitoring section (Aime et al., 2004; Xu & Bezuijen, 2019, 2018). It can be seen that the 77 

cyclic loading and unloading when the TBM advances and stops resulted in peak and low values of 78 

excessive pore pressure, respectively, i.e. excess pore pressures were measured in front of the TBM 79 

during drilling and these decreased to hydrostatic pressure when the drilling stopped. 80 

 81 

 
Figure 4. Measured excess pore pressure in front of a TBM in sandy soil (after Bezuijen, 2006). 82 

VOLUME LOSS INDUCED BY TBM TUNNELLING 83 

The tunnel excavation process causes changes to the stress state and pore-water pressure in soils 84 

which results in ground movements. Leca et al. (2007) and Wan et al. (2017b) categorise volume loss, 85 

induced by TBM tunnelling, into 5 components as depicted in Figure 5. 86 

 87 

Figure 5. Illustration on components of volume loss (Wan et al., 2017b). 88 

 89 

- Component 1 – Face movement: occurs when the support pressure provided by the tunnel face 90 

is less than the ground stresses. Therefore, it is critical to maintain substantial pressure at the 91 
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tunnel face to minimise the effect of this component. However, using excessive support 92 

pressure also results in a higher effective stress in the ground just before the cutting wheel and 93 

leads to lower production and higher necessary torque on the cutting wheel. In addition, 94 

excessive support pressure may cause ‘blow out’. In some cases, contractors were discouraged 95 

from using a face pressure larger than 120% of the total overburden pressure (Shirlaw et al., 96 

2003). Long stoppages of TBM with the head empty or partially empty, mainly for maintenance 97 

or TBM problems, can cause reduction in face pressure and hence increase in settlement at 98 

tunnel face (Biggart & Sternath, 1996; Shirlaw et al., 2003). In addition, unforeseen obstructions 99 

in ground, unexpected mixed face soil conditions also contribute to ground movements (Clough 100 

and Leca, 1993; Shirlaw, 2016; Tóth et al., 2013; Vergara & Saroglou, 2017) . 101 

- Components 2 and 3 – Movement around the shield body: in order to enable ease of the102 

machine advancing, the diameter of the cutter head is larger than the TBM shield (component103 

2) and in some cases the shield has the cone shape (component 3) (Biggart & Sternath, 1996;104 

Kavvadas et al., 2017; Liu et al., 2017; Wan et al., 2017b). These two factors result in voids 105 

between the excavated soil and the shield skin. Under gravity, soils around the shield have the 106 

tendency to settle and close the void. However, it has been reported that the gap between the 107 

soil and the TBM shield can be reduced by the tail void grout, that also flows over the smaller 108 

diameter part of the shield, resulting in less volume loss (Bezuijen & Bakker, 2009, 2007). 109 

- Component 4 – Tail void closure: as the tunnel linings are erected inside the machine, their110 

diameter is smaller than that for the cutter head and the TBM shield. That in turn creates a void111 

between the final tunnel lining with the excavated soil. In order to minimise the closing up of the112 

void to minimise the consequential settlement, tail void grouting is injected immediately to fill113 

that cavity (Do et al., 2021; Liu et al., 2021). Because of the ground permeation and over-cutting,114 

the actual volume of the injected grout may range from 130–170% of the theoretical tail void115 

volume and sometimes higher in gravel soils (Japan Society of Civil Engineers, 2016). Liu et al.116 

(2017) and  Vonk (2020) observed that higher grout volume leads to smaller settlement. Liu et117 

al. (2020) suggested that for shallow tunnels, the ratio should not exceed 145% to avoid118 

penetration of the grout to the ground surface.119 

- Component 5 – Lining deformation under soils and pore-water stresses, and long-term ground120 

settlement due to consolidation. This component is not considered in this paper.121 

122 
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With strict requirements imposed by the project owners, the common threshold for 𝑉𝐿 in practice is 123 

normally less than 1% (Wongsaroj et al., 2006) and for congested urban environments the threshold 124 

can be less than 0.5%. This paper aims to gain a better insight into prediction of abnormally large 125 

settlement by analysing the field data including the geotechnical conditions, geometry and arrangement 126 

of the tunnels, the operation parameters of the EPB TBM in the following case study.  127 

128 

THE CASE STUDY 129 

The twin tunnels, in this research, form part of metro line 1 Ben Thanh – Suoi Tien in Ho Chi Minh city, 130 

Vietnam (Le et al., 2021). These 781m long twin tunnels were the first tunnels excavated by EPBM in 131 

Vietnam. The plan and longitudinal profiles of the tunnels, including the soil conditions along the routes, 132 

are depicted in Figure 6. The East Bound (EB) tunnel was constructed from 26th May 2017 to 31st 133 

October 2017. The EPBM was launched from Bason station (chainage 1586m) and excavated towards 134 

the Opera House station (chainage 805m). The TBM was then dismantled and transported back to 135 

Bason station for West Bound (WB) tunnel excavation. The WB tunnel was constructed from 26th 136 

January 2018 to 29th June 2018 (Le et al., 2020). Figure 7 a, b present the advance rate of the TBM in 137 

EB and WB tunnels, respectively. At the beginning of the excavation from chainage 1586m, an initial 138 

drive of approximately 80m was carried out at a slow rate (Figure 7). The EPBM was then stopped at 139 

around chainage 1500m for a review of the operational parameters before continuing the main drive for 140 

the rest of the route.  141 

Figure 6. Plan and longitudinal profile of the tunnel route. 
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a) TBM advance rate in EB tunnel

b) TBM advance rate in WB tunnel

Figure 7. TBM advance rate 

SITE GEOLOGY 142 

The Soil Investigation report shows that the water table is 2m below the ground surface and the soil 143 

consists of five main geological layers (Figure 6) as described below: 144 

- Fill: The top soil is mainly fill materials including sand, clay, gravel, brick, concrete. At most of the145 

boreholes, the thickness of this layer is less than 2m. The coefficient of permeability is k=1x10-6m/s. 146 
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- AC2 (Alluvial clay 2): The soil material is homogenous, very soft fat CLAY, bluish grey. The layer 147 

thickness varies from 0 to 4.5m with the average SPT N-value of 2. The coefficient of permeability is 148 

k=1x10-9m/s. 149 

- AS1 (Alluvial sand): silty fine SAND layer.  In general, the soil is very loose to loose, non-homogeneous150 

to homogenous. Silt content ratio decreases with depth and changes to fine sand with silt. The layer 151 

thickness varies from 3.2m to 13m with the average SPT N-value of 5. The coefficient of permeability is 152 

k=2x10-5m/s. 153 

- AS2 (Alluvial sand): This layer is the lowermost in alluvium deposit and above the hard clayey silt of154 

diluvium. The main component of this layer is medium to coarse SAND and the density is from medium 155 

dense to dense sand with occasional loose pockets. The thickness varies from 16.9m to 27.8m with the 156 

average SPT N-value of 15. The coefficient of permeability is k=2x10-5m/s. 157 

- AC3 (Alluvial clay 3): The soil material is homogeneous, firm to stiff fat CLAY with sand. The thickness158 

varies from 0.5m to 7m with the average SPT N-value of 8. The coefficient of permeability is k=10-9m/s. 159 

- DC (Diluvium clay): The material consists of homogeneous, hard to very hard, weakly cemented, low160 

permeability, CLAY. The thickness varies from 2.9m to 21.1m with the average SPT N-value of 34. The 161 

coefficient of permeability is k=1x10-8m/s. 162 

As can be seen from Figure 6, most of the EB tunnel is within the sandy soil AS2 while the WB tunnel 163 

is within the sandy soil AS1 and at some locations the cross-section of the tunnel encounters mixed 164 

soils of AS1 and AS2. 165 

166 

THE TUNNELLING MACHINE 167 

An Earth Pressure Balance Machine (EPBM) was chosen to construct the tunnel as this type of machine 168 

is suitable with the sandy ground conditions. The excavation diameter and the shield body diameter are 169 

6.82m and 6.79m, respectively. The length of the EPBM from the cutter face to tail is 8.5m. The tunnel 170 

lining rings consist of 6 precast concrete segments including three regular, two counter key and one key 171 

segments. Each section of the tunnel lining has a nominal length of 1.2m with the outer and inner 172 

diameters of 6.65m and 6.05m, respectively. The machine advances forward by means of 20 hydraulic 173 

jacks with a maximum combined thrust of 40,000kN applied to the erected linings to overcome the 174 

friction and the face pressure. In addition, along the shield high viscosity bentonite was injected to act 175 

as lubricant between the shield extrados and the surrounding soil. At the TBM tail, the void between the 176 

tunnel lining extrados and the surrounding soil was filled with a two-part grout consisting of Liquid A and 177 

Liquid B. Liquid A was a mix of cement, bentonite, stabilizer and water while Liquid B was a sodium 178 
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silicate accelerator. The two-part grout was injected via simultaneous backfill-grouting ports. The grout 179 

injection volume was designed to be 130% of the theoretical tail-void volume. 180 

181 

There were four earth pressure gauges installed behind the cutter face to monitor the soil stresses in 182 

the vicinity of the tunnel face. The key TBM operation parameters including the face pressure, volumes 183 

and pressures of the bentonite at the tunnel face and along the TBM shield, volume and pressure of the 184 

tail void grouting, the machine position with time, the hydraulic jack pressures, were recorded at every 185 

5 seconds during the excavation. Those parameters are detailed and analysed together with the field 186 

ground surface settlement in the later sections to gain better insight into the tunnelling-induced 187 

behaviour of the sandy soils. 188 

189 

THE MONITORING SCHEME 190 

The monitoring points, measured by precise levelling techniques, were arranged approximately 191 

perpendicular to the tunnel centre-line  (Le et al., 2020). At each section, there were five to eight 192 

monitoring points. The ground surface vertical displacement readings were taken once a day when the 193 

TBM was within -100m to -10m and twice a day when it was -10m to +40m from the monitoring sections.  194 

The negative sign indicates that the TBM was approaching the section whereas the positive sign 195 

indicates the TBM was leaving the monitoring section. 196 

197 

FIELD MEASUREMENT ON GROUND SURFACE DISPLACEMENT 198 

Previous research (Le et al., 2016; Le & Taylor, 2018; Nyren, 1998; O’Reilly & New, 1982) indicates that 199 

in longitudinal direction along the tunnel centre-line, the ground surface settlement begins to develop 200 

and reach a stabilised magnitude when the TBM is within the distance of 𝑥 from −𝑧0 to +𝑧0, respectively. 201 

In this project, the ground surface settlements due to tunnelling are calculated with the baseline when 202 

the TBM was at approximately -40m to the monitoring sections which covers the range of the tunnel 203 

depth of 𝑧0 ≤ 24𝑚. The ground surface settlement due to tunnel construction was calculated as the 204 

difference between the measured values when the TBM was at -40m and +40m to the monitoring 205 

sections.  206 

At some monitoring sections, there were no measurements directly above the tunnel centre-lines where 207 

the largest ground vertical displacement normally occurs. Therefore, the method proposed in Jones & 208 

Clayton (2013) was used to fit Gaussian approximations to available settlement data, allowing the 209 

maximum ground surface vertical displacement, 𝑠𝑚𝑎𝑥, volume loss, 𝑉𝐿, and trough width parameter, 𝐾, 210 
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to be obtained. Figure 8 presents the Gaussian approximations and corresponding parameters obtained 211 

for the EB and WB tunnels at different locations representing geometries where the tunnels were 212 

positioned in parallel, diagonal and stacked arrangements. 213 

a) Ground surface vertical displacement due to EB tunnel excavation at chainage 1523m

b) Ground surface vertical displacement due to WB tunnel excavation at chainage 1523m

c) Ground surface vertical displacement due to EB tunnel excavation at chainage 1403m
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d) Ground surface vertical displacement due to WB tunnel excavation at chainage 1403m

e) Ground surface vertical displacement due to WB tunnel excavation at chainage 1103m

Figure 8. Ground surface settlement troughs and Gaussian approximations. 

214 

The maximum ground surface settlements and the corresponding volume losses along the tunnel route 215 

were determined and are presented in Figure 9 a, b, respectively. 216 
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a. Maximum ground surface settlement along the tunnel route

b. Volume loss along the route

Figure 9. Longitudinal ground surface settlement and volume loss. 

There were some large ground surface settlements occurring especially from chainage 1080m to 1160m 217 

on the WB tunnel with the volume loss up to 2.4%. However, for the EB tunnel, the majority of the surface 218 

settlements were less than 5mm and the volume losses were less than 0.2%. There were some 219 

exceptions where values of settlements and volume losses were similar to those of the WB tunnel at 220 

chainage 1442m and 1520m where the depth of tunnel approached that of the WB tunnel. Figure 10 221 

depicts typical profiles of 𝑉𝐿(𝑥), volume loss when the EPBM was at a distance 𝑥 to the monitoring section 222 

along the tunnel centre-line during the TBM advancement, normalised against 𝑉𝐿, the total volume loss. 223 

Also in this figure, is the approximation of the contribution of the volume loss components which are 224 

illustrated by the horizontal dashed lines. 225 
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Figure 10. Typical normalised volume losses along the tunnel centre-line 

From Figure 10, it can be seen that the relative contribution of volume loss components (as defined 226 

above and in Figure 5), in terms of percentage of the total volume loss, in the EB and WB are consistent. 227 

The component 1 contribution is negligible which only accounts for less than 5% of the total volume loss 228 

and no further investigation on this component is carried out. On the contrary, more than 95% of the 229 

total volume loss were from the components 2, 3 and 4 which are attributed to the volume of void 230 

between the excavated soil with the machine shield and the tunnel lining. One of the important factors 231 

that governs the magnitude of the components 2 and 3 during volume loss is the stand-up capabilities 232 

of the soil before the lining is installed and tail-void grouting is injected. It can be argued that for sandy 233 

soil, the stand-up capabilities mostly depend on the density and the degree of saturation of the soil. For 234 

saturated sands below the water table (as in this case study) the stand-up capability can be very limited. 235 

For component 4, the tail void grouting injection during the excavation to fill the void is of paramount 236 

important to reduce the collapse of the soil (Liu, C et al., 2020; Liu, X et al., 2019; Zheng et al., 2021).  237 

238 

Figure 11 presents the measured volume of tail void grouting per ring in the EB and WB tunnels. The 239 

theoretical void volume between the excavation perimeter with the tunnel lining extrados, V-void, the 240 

design grout volume (130%V-void), and the upper bound of volume 170%V-void  (Japan Society of Civil 241 

Engineers, 2016; Liu et al., 2019; Vonk, 2020) are depicted as the horizontal dotted line, the solid line 242 

and the dashed line, respectively.  243 
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Figure 11. The measured volume of tail void grouting during the tunnel construction. 

244 

DISCUSSION 245 

For the EB tunnel route, where most of the TBM excavated through the medium dense to dense sandy 246 

soil, AS2, the majority of tail void grout volume was approximate the design grout volume 130%V-void 247 

and less than 170%V-void.  This is in line with the observations reported by previous research (Japan 248 

Society of Civil Engineers, 2016; Liu et al., 2017; Vonk, 2020) and resulted in small volume losses for 249 

most of monitoring sections on the EB tunnel route.    250 

However, for WB tunnel route which excavated through the very loose to loose sandy soil, AS1, the tail 251 

void grout volume exceeded the values of 170%V-void from chainage 920m to 1240m, and sometimes, 252 

reached values up to nearly 6 times the theoretical tail void V-void. Interestingly, despite the larger 253 

injected volume of tail void grout (Figure 11), the volume losses at those locations were significantly 254 

larger than that at other locations in the WB tunnel route and EB tunnel route (Figure 9b). There are 255 

two possible reasons for this observation considered below. 256 

The first reason was the very loose to loose, fully saturated, sandy soils AS1, might have been weakened 257 

by the prior EB tunnel excavation, allowed greater infiltration of tail void grout. This might have reduced 258 

the support effectiveness of the grout within the annulus between the lining extrados and the excavated 259 

ground for which it was designed.  260 

The second reason was that the cyclic loading from the hydraulic jacks thrusting the TBM forward during 261 

the excavation could have caused the cyclic changes in pore-water pressure, reducing the effective 262 

stress resulting in weakening and liquefaction of the soil. This, in turn, resulted in significantly larger 263 
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settlements and volume losses. As no measurements on pore-water pressure were carried out during 264 

the TBM driving, it is not possible to confirm whether liquefactions or soil loosening occurred. However, 265 

the pore-water pressure during the TBM driving can be estimated using the measured TBM face 266 

pressure, 𝜎𝐹. When the TBM machine advances forward by the hydraulic jacks the excess pressure in 267 

the mixing chamber ∆𝜎𝐹 is transferred to the pore-water pressure in front of the tunnel face. In the 268 

following analysis, it is assumed that ∆𝜎𝐹 is initially supported by pore-water pressure before transferring 269 

to the surrounding soil skeleton (Knappett & Craig, 2019) during standstill and when the distance from 270 

the considered location to the TBM increases. As the soil is fully saturated, the excess pore pressure 271 

generated in front of the tunnel face, ∆𝑢, will be approximately equal to the change in the change in total 272 

stress, i.e. change in tunnel face pressure ∆𝜎𝐹. This assumption may lead to an overestimation of ∆𝑢, 273 

which is deemed reasonable for a conservative approach to assess liquefaction potential. Figure 12 a, 274 

b present the measured maximum and minimum hydraulic pressures in a single jack during the EB and 275 

WB tunnels for each lining ring.  The corresponding measured tunnel face pressures are shown in 276 

Figure 12 c, d.  277 

278 

279 

a. Measured hydraulic pressure in a jack during each ring in EB tunnel.

b. Measured hydraulic pressure in a jack during each ring in WB tunnel.
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c. Measured tunnel face pressure 𝜎𝑓 during each ring in EB tunnel.

d. Measured tunnel face pressure 𝜎𝑓 during each ring in WB tunnel.

e. Changes in face pressure during each ring in EB tunnel.

f. Changes in face pressure during each ring in WB tunnel.

Figure 12. The TBM operational variables. 

280 
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The maximum hydraulic pressures occur when all jacks thrust against the previously completed ring to 281 

advance the machine forwards. Then, during stoppage for the ring building, the jacks were sequentially 282 

retracted, by reducing their hydraulic pressure to zero, to allow for lining segment insertion. It is worth 283 

noting that other jacks remained pressurised to support the tunnel face and after the segment 284 

installation, the hydraulic pressure in the retracted jacks were increased again to allow for the retraction 285 

of other jacks for the new segment installation. Similar observations were reported by (Bezuijen et al., 286 

2017; Yu et al., 2020). 287 

288 

The maximum hydraulic jack pressures for most of the rings in the EB tunnel were up to 34MPa which 289 

were larger than that of 30MPa for the WB tunnel (Figure 12 a, b).  Due to the greater depth of the EB 290 

tunnel, hence greater friction and larger face pressure, a larger thrust was required. The effects of the 291 

hydraulic jack pressure were also reflected in Figure 12 c, d, e and f where the measured tunnel face 292 

pressures, 𝜎𝐹, and the amplitude of the changes of the tunnel face pressure, ∆𝜎𝐹, or the estimated 293 

excess pore pressure, ∆𝑢,  in the EB tunnel was considerably larger than that for the WB tunnel. Figure 294 

12 e, f also present the initial mean effective stress 𝑝0
′  at the tunnel axis level 𝑧0. 295 

𝑝0
′ =

𝜎𝑣0
′ + 2𝜎ℎ0

′

3

(7) 

𝜎ℎ0
′ = 𝜎𝑣0

′ 𝐾0 (8) 

where 𝜎𝑣0
′  is the initial vertical effective stress at the tunnel axis level 𝑧0;296 

𝜎ℎ0
′  is the initial horizontal effective stress at the tunnel axis level 𝑧0;297 

𝐾0 is the earth pressure coefficient at rest (values of 0.503 to 0.552 were derived from the angle 298 

of friction obtained from laboratory tests). 299 

300 

It is worth noting that for both tunnels, some of the estimated ∆𝑢 values approached the initial mean 301 

effective stress 𝑝′0 (Figure 12 e, f) which is one of the indicators for liquefaction beside the liquefaction 302 

potential index, 𝑃𝐿. The next section discusses in more detail the fundamentals of liquefaction in a critical 303 

state soil mechanics framework and analyses the relationship between the excess pore-water pressure 304 

∆𝑢, liquefaction potential index, 𝑃𝐿, with the tunnelling-induced volume loss, 𝑉𝐿. 305 

306 

THE EFFECTS OF LIQUEFACTION 307 

Liquefaction can be caused by either flow or triggered by either monotonic or cyclic loading in undrained 308 

condition (Castro & Poulos, 1977; Hanzawa et al., 1979; Ishihara, 1993; Kramer, 1996; Poulos, 1981). 309 
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There are common conditions that facilitate the liquefaction reported in the literature.  These conditions 310 

are coarse grained soil, loose state, high water table, high initial shear stress state, uniform grain size, 311 

large amount of round shape particles, small amount of fine particles. In soil mechanics, regardless of 312 

the total stress path, depending on the stress history and initial stress state of the soil, in undrained 313 

loading the typical effective stress path (Figure 13) follows one of three paths from the initial void ratio: 314 

(i) dense sand exhibits non flow hardening strain and approaches the steady state line (SSL) at large315 

mean effective stress, p’, (Path A1-F, Figure 13) (ii) medium dense sand undergoes limited liquefaction 316 

behaviour by softening first then hardening (Path A2-E, Figure 13), (iii) loose and very loose sand shows 317 

the softening response to the state of very low effective mean stress, p’, near the origin of the q-p’ plane 318 

(Path A3-B-C for monotonic load or path A3-D-C for cyclic loading, Figure 13). The equation for 319 

deviatoric stress 𝑞 is presented below; 320 

𝑞 = 𝜎𝑣
′ − 𝜎ℎ

′  (9) 

In the case of cyclic loading, the cyclic load brings the soil to the unstable state (flow liquefaction surface, 321 

FLS) then the effective stresses p’& q drop instantly as under static monotonic loading (Path A3-D-C, 322 

Figure 13). Therefore, the FLS is a reliable predictor for onset of flow liquefaction (Najma & Latifi, 2017). 323 

Figure 13. Dilation of dense sand, limited flow liquefaction of medium sand under monotonic 

loading and flow liquefaction of loose sand initiated by both monotonic and cyclic loading 

(After Kramer, 1996). 

324 

Cyclic liquefaction can occur in a wide range of soil types and states of initial stress. In this case, 325 

contractive strain of the soil skeleton is accumulated after each loading-unloading cycle, accompanied 326 

by the pore-water pressure build-up, until large deformation is reached. Consequently, the effective 327 

stress path moves backward to the origin of the p’-q plane. At this unstable state of very low mean 328 
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effective pressure, a small disturbance can easily cause liquefaction (Ishihara et al., 1975; Seed & Lee, 329 

1966; Vaid & Chern, 1983).  330 

331 

In this case study, the water table is approximately 2m below the ground surface. The soil profile along 332 

the tunnel route includes the two low permeability clay layers AC2 and DC at the top and bottom 333 

respectively. Therefore, for a conservative approach regarding liquefaction possibility, the two fully 334 

saturated sandy soil layers in between can be considered as undrained when subjected to the cyclic 335 

load from the tunnel driving. This is further confirmed by a long leakage length of 750m to 1000m 336 

estimated by the approach suggested by Bezuijen (2017) and Bezuijen et al. (2017). 337 

338 

There have been several qualitative and quantitative methods to assess the liquefaction potential for 339 

soils. One of the methods is to conduct advanced cyclic triaxial undrained tests to obtain required 340 

parameters to establish the FLS (Najma & Latifi, 2017) as in Figure 13. Having the FLS allows the soil 341 

at any stress state (p’, q), as such subjected to EPBM tunnelling, to be analysed for liquefaction potential. 342 

However, such advanced cyclic triaxial tests were not conducted for the project reported in this case 343 

study. There are, however, assessment methods for liquefaction potential that use commonly available 344 

information such as the soil type, the geology profile and the SPT value, 𝑁 (Matsuoka et al., 1993; 345 

Tokimatsu & Yoshimi, 1983). The use of SPT for evaluation of liquefaction of soil was recommended by 346 

previous research and professional bodies (Matsuoka et al., 1993; Railway Technical Research 347 

Institute, 2012; New Zealand Geotechnical Society and Ministry for Business Innovation and 348 

Employment, 2021; Tokimatsu & Yoshimi, 1983; Youd et al., 2001). The procedure suggested by 349 

Iwasaki et al. (1984, 1981) was adopted to estimate liquefaction potential index, 𝑃𝐿. This was done by 350 

integration of factor of safety to liquefaction, 𝐹𝐿, along the depth from the ground surface to the realistic 351 

tunnel axis level, 𝑧0, instead of the conventionally accepted 20m depth as proposed by Iwasaki et al. 352 

(1984, 1981) and Tatsuoka et al. (1980) to take into account the position of tunnel that affects the ground 353 

surface settlement.  An example of the detailed calculation of 𝑃𝐿 is presented in the Appendix. Figure 354 

14 presents the relationship between the calculated 𝑃𝐿 with the corresponding volume losses at 14 355 

locations which were within 20m from the nearest borehole.  356 

357 



23 

Figure 14. Relationship between the Liquefaction potential index, 𝑷𝑳, and volume loss, 𝑽𝑳. 

358 

From Figure 14, it can be seen that the volume loss 𝑉𝐿 and the liquefaction potential index 𝑃𝐿 are linearly 359 

proportional which can be described by the following equation; 360 

𝑉𝐿 = 0.1𝑃𝐿(%);  with the mean square error 𝑅2 = 0.78 (10)

Also in Figure 14, an upper bound line is suggested for prediction of volume loss from liquefaction 361 

potential index 𝑃𝐿; 362 

𝑉𝐿 = 0.1𝑃𝐿 + 0.65(%);  (11)

For the largest volume losses (𝑉𝐿 > 1.5%)  at WB-1103, WB-1125 and WB-1143 (marked by the dashed 363 

box in Figure 14), these locations have the same characteristics including very high liquefaction 364 

potential index (PL > 15) and the estimated excess pore-water pressures, ∆𝑢, were close to or larger 365 

than the mean effective stress 𝑝0
′  (Figure 12 f) indicating that the stress path could have reached the 366 

flow liquefaction surface and the soil resistance dropped (Najma & Latifi, 2017). These two conditions 367 

imply a high possibility of liquefaction which might have loosened the sandy soil around the tunnel lining. 368 

That in turn led to excessive backfill grout permeation hence the reduction of the support effectiveness 369 

of the grout to the soils around the tunnel lining extrados. This explanation is corroborated by the high 370 

volume losses occurred along the tunnel shield and linings (components 2, 3 & 4 in Figure 10) and the 371 

abnormally large volume of tail void grouting at these locations (Figure 11).  372 

373 
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For the sections with low Liquefaction potential index (PL < 4, marked by the dotted box in Figure 14) 374 

the volume losses were generally less than 0.65% and are in line with the commonly observed volume 375 

loss induced by TBM tunnelling and no further analysis is carried out. The anomalous data point EB-376 

1003 (annotated in Figure 14) is due to the EB tunnel lying in the dense sand AS2 meaning the cyclic 377 

loading from TBM excavation attenuates through the dense sand layer and only caused negligible 378 

impact to the sensitive loose sand layer AS1. The observation in the normal amount of volume of tail 379 

void grouting in Figure 11 supports this explanation. 380 

 381 

CONCLUSION 382 

EBPM tunnelling in saturated sandy soils inherently induces cyclic loads with associated changes in 383 

pore-water pressure that may lead to liquefaction or soil loosening. This in turn, potentially, results in 384 

large ground surface settlements. Therefore, through assessment of geotechnical data at local 385 

boreholes, the use of a liquefaction potential index is recommended. In this research, despite the broad 386 

variety of tunnel depths, thickness of soil layers, TBM operational variables, a reasonable relationship 387 

between the liquefaction potential index, 𝑃𝐿, and volume loss, 𝑉𝐿, (Figure 14) along the tunnel route 388 

was found.  Nevertheless, further research with more data from other projects is recommended to 389 

corroborate this finding.  Equations 10 and 11 together with the calculation procedure in Appendix can 390 

be useful when estimating where to expect the potential for large settlements caused by EBPM 391 

tunnelling in sandy soil. For future tunnelling projects using EPBM in sandy soils, in additions to soil 392 

parameters used in the Appendix, it is recommended that cyclic triaxial tests are conducted to gain a 393 

better insight into soil behaviour under cyclic loading (Najma & Latifi, 2017). This would allow tunnelling 394 

engineers to locate regions with high liquefaction potential index and estimate allowable excess pore-395 

water pressure to avoid liquefaction.  Moreover, this would allow necessary soil reinforcement and/or 396 

caution to be employed prior to tunnelling. Ground displacement monitoring, pore-water pressure 397 

measurements are invaluable in assessing the liquefaction potential and adjusting the TBM operational 398 

parameters if needed to ensure safe tunnelling. 399 
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APPENDIX – CALCULATION PROCEDURE FOR LIQUEFACTION POTENTIAL INDEX 1 

The liquefaction potential index, 𝑃𝐿, can be calculated by weighted integration of the safety rate to 2 

liquefaction, 𝐹, with depth 𝑧 as depicted in Figure A1 and described by the Equation A.1 (Iwasaki et 3 

al., 1981, 1984); 4 

Figure A1. Definition of FL and PL 

5 

𝑃𝐿 = ∫ 𝐹.𝑤(𝑧)𝑑𝑧
𝑍0

0

 
(A.1) 

Where 𝑤(𝑧): the weight function in accordance with depth 𝑧, larger weight is assigned for surficial 6 

upper depth; 7 

𝑤(𝑧) = 10 − 0.5𝑧 (A.2) 

𝑧: depth from the ground surface (m). 8 

𝐹 = {
1 − 𝐹𝐿  𝑖𝑓 𝐹𝐿 < 0
0 𝑖𝑓 𝐹𝐿 ≥ 1.0

(A.3) 

𝐹𝐿 is the factor of liquefaction resistance; 9 

𝐹𝐿 =
𝑅

𝐿

(A.4) 

𝐿 is the seismic shear stress ratio; 10 



𝐿 =
𝛼

𝑔
.
𝜎𝑣
𝜎𝑣
′
. 𝛾𝑑 (A.5) 

where  11 

𝛼: peak ground acceleration, in the region of Ho Chi Minh city for sandy soil: 𝛼 = 0.11448 𝑔 12 

𝜎𝑣 : vertical total stress (𝑘𝑁/𝑚2)13 

𝜎𝑣
′ : vertical effective stress (𝑘𝑁/𝑚2) 14 

𝛾𝑑 : reduction coefficient, 𝛾𝑑 = 1 − 0.015𝑧, depth below ground level (m) 15 

For the dynamic shear strength ratio 𝑅 , there are several methods to determine 𝑅 using different 16 

sets of geotechnical inputs. In this paper, the method suggested by (Iwasaki et al., 1981, 1984) is 17 

used and presented as below; 18 

The dynamic shear strength ratio 𝑅 is calculated with cyclic triaxial strength ratio 𝑅𝐿 from following 19 

correction formula 20 

𝑅 = 𝐶𝑤. 𝑅𝐿 (A.6) 

21 

Cyclic triaxial strength ratio 𝑅𝐿 is defined experimentally from the following formula 22 

𝑅𝐿 = {
0.0882√𝑁𝑎/1.7     𝑖𝑓  𝑁𝑎 < 14

0.0882√𝑁𝑎/1.7 + 1.6 × 10
−6(𝑁𝑎 − 14)

4.5    𝑖𝑓 14 ≤ 𝑁𝑎

(A.7) 

𝑁𝑎 : amended N-value taken into account the effect of grain size 23 

For sandy soil, then 𝑁𝑎 is calculated as: 24 

𝑁𝑎 = 𝐶1𝑁1 + 𝐶2 (A.8) 

In which 𝐶1&𝐶2 are the coefficients considering the fine content 𝐹𝑐 of the soil 25 

𝐶1 =

{

1.0  𝑖𝑓 0% ≤ 𝐹𝑐 ≤ 10%
𝐹𝑐 + 40

50
 𝑖𝑓  10% ≤ 𝐹𝑐 < 60%

𝐹𝑐
20
− 1        𝑖𝑓 60% ≤ 𝐹𝑐

 

(A.9) 

𝐶2 = {

1.0      𝑖𝑓 0% ≤ 𝐹𝑐 < 10%
𝐹𝑐 − 10

18
       𝑖𝑓 10% ≤ 𝐹𝑐

(A.10) 

26 

For gravelly soil: 27 



𝑁𝑎 = [1 − 0.36 log10(
𝐷50
2
)]𝑁1 

(A.11) 

28 

With 𝐷50 : mean grain diameter (mm) 29 

Normalised N-value (𝑁1) for effective upper load pressure of 1kgf/cm2 =100 kPa is given below. 30 

𝑁1 = 1.7
𝑁

𝜎𝑣
′/100 + 0.7

(A.12) 

N: raw SPT count at site 31 

The coefficient 𝐶𝑤 is defined according to the type of the seismic motion as follows. 32 

a) Type 1: Seismic motion by great inter-plate earthquake with low occurrence frequency33 

Large amplitude acts for a long time repeatedly 𝐶𝑤 = 1.0. 34 

b) Type 2: Seismic motion by large inland earthquake with very low occurrence frequency35 

𝐶𝑤 = {

1.0  (𝑅𝐿 ≤ 0.1)
3.3𝑅𝐿 + 0.67   (0.1 < 𝑅𝐿 ≤ 0.4)

2.0   (0.4 < 𝑅𝐿)
 

(A.13) 

In this case study, the area is subjected to Type 2 hence 𝐶𝑤 is estimated by equation A.13. 36 

The 𝑃𝐿 results obtained from Iwasaki’s method for boreholes a long WB tunnel is presented in 37 

Table A1. The locations of the boreholes can be referred to Figure 6 in the manuscript. 38 

Table A1. PL results along the WB tunnel route. 39 

Borehole Chainage PL 

ABH-2 1000 11.5 

U-160 1120 17.8 

ABH-3 1300 3.4 

U-170 1380 0.0 

ABH-4 1440 3.2 

LKH-4 1480 0.0 

U-176 1540 6.5 

40 

In the manuscript, Figure 14 uses the 𝑃𝐿 values from Table A1 for the monitoring sections that are 41 

within approximately 20m from the borehole. 42 

For practical application, 𝑃𝐿 can be used as an indicator for the liquefaction potential as below; 43 



𝑃𝐿 = 0:  Liquefaction potential is very low; 44 

0 <  𝑃𝐿 ≤  5: Liquefaction faction potential is low; 45 

5 <  𝑃𝐿 ≤  15: Liquefaction faction potential is high, caution should be taken during tunnel 46 

excavation process; 47 

15 > 𝑃𝐿:  Liquefaction faction potential is very high, caution should be taken during tunnel 48 

excavation process. 49 




