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1. Introduction 
 

With the global trend of urbanization, the demand for 

new underground infrastructures including pipelines and 

tunnels, as well as building foundations, is increasing. The 

metro and road tunnels are being built to connect 

metropolitan areas and alleviate congested traffic. With an 

increase in the utilization of underground space, new tunnel 

excavations adjacent to existing underground structures 

have become common. One of the primary concerns of 

tunneling adjacent to existing structures is the control of 

settlement during excavation. The surface settlement profile 

is most often approximated as a Gaussian distribution 

function, as proposed by Peck (1969) based on field 

measurements. 

The shapes of settlement troughs induced by shield 

tunneling have been widely studied (Mair et al. 1993, 

O’reilly and New 1982, Rankin 1988). In particular, Mair et 
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al. (1993) presented a method to estimate the subsurface 

settlement trough induced by a single tunnel based on the 

centrifuge test data of Mair (1979) and a wide range of field 

measurements (Attewell and Farmer 1974, Barratt and Tyler 

1976, Glossop 1978, Stallebrass et al. 1992). Chou and 

Bobet (2002) proposed an analytical solution and compared 

the observed and predicted settlement troughs measured 

from 28 sections of 14 single shield tunnels in clay. Zapata 

(1998) compared the measured settlements induced by 

shield tunnels in clay and numerical analysis outputs. Liao 

et al. (2009), Chakeri et al. (2013), Ding et al. (2017) 

studied the effect of shield tunneling adjacent to existing 

structures through numerical simulations. McCabe et al. 

(2012) analyzed the measured maximum settlements and 

volume losses produced by single tunnelling in Irish glacial 

tills. Xu et al. (2011) conducted laboratory model tests and 

presented relationships between soil deformation and 

various operating parameters of shield machine in silty clay. 

The surface settlement troughs induced by twin shield 

tunnels have also been reported in a number of studies 

(Chen et al. 2018, Djelloul et al. 2018, Fargnoli et al. 2015, 

Jin et al. 2018, Kim et al. 2020, Li and Yuan 2012, Nawel 

and Salah 2015, Suwansawat and Einstein 2007, Xu et al. 

2011). Suwansawat and Einstein (2007) provide extensive 

investigations of the measured surface settlement troughs 

over side-by-side and stacked earth pressure balanced 
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Abstract.  This paper analyzes the ground surface settlements induced by side-by-side twin shield tunnels bored in sedimentary 

soils, which primarily consist of sand with clay strata above the tunnel crown. The measurements were obtained during the 

construction of twin tunnels underneath the Incheon International Airport (IIA) located in Korea. The measured surface 

settlement troughs are approximated with Gaussian functions. The trough width parameters i and K of the settlement troughs 

produced by the first and second tunnel passings are determined, along with those for the total settlement trough. The surface 

settlement troughs produced by the first shield passing are reasonably represented by a symmetric Gaussian curve. The surface 

settlement troughs induced by the second shield tunnel display marginal asymmetric shapes at selected sections. The total 

settlement troughs are fitted both with a shifted symmetric Gaussian function and the superposition method utilizing an 

asymmetric function for the incremental trough produced by the second tunnel. It is revealed that the superposition method does 

not always produce better fits with the total settlement. Instead, the shifted symmetric Gaussian function is overall demonstrated 

to provide more favorable agreements with the recordings. Therefore, the shifted symmetric Gaussian function is recommended 

to be used in the design for the prediction of the settlement in clays caused by twin tunneling considering the simplicity of the 

procedure compared with the superposition method. The amount of increase in the width parameter K for the twin tunnel relative 

to that for the single tunnel is quantified, which can be used for a preliminary estimate of the surface settlement in clay induced 

by twin shield tunnels. 
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(EPB) twin tunnels constructed primarily in clays. For side-

by-side twin tunnels, it was reported that the settlement 

troughs after the first shield passing are symmetric. 

However, the troughs produced by the second shield 

passing yield different shapes including symmetric and 

asymmetric curves. A superposition technique was proposed 

to predict the total settlement trough, where the troughs 

caused by first and second shield passings are separately 

fitted, after which they are summed. It was reported that the 

second shield passing settlement trough can be 

approximated with a symmetric Gaussian curve. It should 

be noted that because the chamber pressure applied was 

significantly increased during the second passing to reduce 

the settlement, the pattern of observed settlement troughs is 

likely to be quite different from that produced by twin 

tunnelling where similar levels of chamber pressures are 

applied to both first and second shield passings. 

Sirivachiraporn and Phienwej (2012) studied the settlement 

troughs over twin tunnels constructed primarily in stiff and 

soft Bangkok clays. However, the settlement troughs 

induced by the second shield passing were not investigated 

in detail. Della Valle and Rodríguez (2014) proposed an 

asymmetric Gaussian functional form to fit the settlement 

trough induced by the second shield passing. However, the 

trend of the settlement trough shapes yielded by the second 

tunnel passing was not extensively studied. In contrast to 

the measurements of Suwansawat and Einstein (2007), the 

second shield passing produced a significantly larger 

settlement trough compared with that caused by the first 

shield passing. Zhao et al. (2019) presented the influence 

between the tunnel depth and spacing of twin tunnels on the 

settlement troughs in sand through numerical simulations. 

The literature review illustrates that a consensus on how to 

predict the settlement trough induced by twin tunnels has 

not yet been reached. 

The objective of the paper is to propose an ideal 

procedure to estimate the settlement trough induced by twin 

shield tunnels. To this end, the measured surface settlement 

troughs produced by twin shield tunnels in sands and clays 

are studied. The shapes of the surface settlement troughs 

produced by the second shield tunneling relative to those 

induced by the first shield tunneling are compared. 

Recommendations are provided on how to predict the 

settlement troughs over twin shield tunnels. Additionally, 

the amount of increase in the empirical width parameter of 

the settlement trough for the twin shield tunnels relative to 

that for the single tunnel is quantified. The purpose of this 

process is to provide a preliminary estimate of the surface 

settlement in clay induced by twin shield tunnels. 

 

 

2. Predictive methods for estimation of tunneling 
induced settlement trough 

 

Peck (1969) reported, based on field recordings, that the 

surface settlement profile induced by a single tunnel can be 

well fitted by a Gaussian distribution function, as shown in 

Fig. 1. The settlement was represented as 

𝛿 = 𝛿max exp [
−𝑥2

2𝑖2
] (1) 

 

 

Fig. 1 Surface settlement profile (modified after Peck 1969) 

 

 

where  is the surface settlement at distance x from tunnel 

centerline, max is the maximum surface settlement, and i is 

the trough width parameter. i is defined as the distance from 

the centerline of a tunnel to the inflection point of the 

settlement trough.  

Peck (1969) reported that the settlement trough of twin 

tunnels can also be fitted by a Gaussian function if the twin 

tunnels are located close to each other. New and Bowers 

(1994) presented that an improved fit with the asymmetric 

settlement trough can be achieved for twin tunnels by 

introducing an offset distance ∆𝑥 as follows 

𝛿𝑡 = 𝛿max,𝑡  exp [
−(𝑥 ± ∆𝑥)2

2𝑖𝑡
2 ] (2) 

where t is the surface settlement of twin tunnels at a 

distance x from the twin tunnels centerline, max,t is the 

maximum surface settlement, it is the trough width 

parameter in twin tunnels. ∆𝑥 represents the distance from 

the centerline to the location at which max,t occurs.  

The asymmetric settlement trough of twin tunnels can 

also be best represented using a superposition principle. The 

settlement troughs for the first and second shield passings 

are separately calculated, after which they are summed to 

obtain the total settlement. This procedure is described as 

follows 

𝛿𝑡 = 𝛿max,1𝑠𝑡 exp [
−(𝑥 − ∆𝑥1𝑠𝑡)2

2𝑖1𝑠𝑡
2 ] 

+𝛿max,2𝑛𝑑 exp [
−(𝑥 + ∆𝑥2𝑛𝑑)2

2𝑖2𝑛𝑑
2 ] 

(3) 

where t is the surface settlement caused by twin tunnels at 

distance x from the centerline, max,i , ii, xi are the 

maximum surface settlement, trough width parameter, and 

offset distance produced by tunnel i, respectively. 

The superposition technique can be categorized into 

three methods based on the assumption of the shape of the 

settlement trough produced by the second shield passing. In 

the first method, it is assumed that the settlement trough 

induced by the second tunnel is identical to that produced 

by the first tunnel (O’reilly and New 1982). For this 

procedure, i1st=i2nd, max,1st=max,2nd, and x1st=x2nd. In the 

second method, two symmetric settlement troughs with  

different shapes for first and second tunnel excavations, 

respectively, are superposed (Suwansawat and Einstein  
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Table 1 Empirical equations correlating i with 𝑧0 for single 

tunnel 

Model Functional form 

Peck (1969) 𝑖 = (
𝐷

2
) ⋅ (

𝑧0

𝐷
)

𝑛
, 𝑛 = 0.8~1.0 

O’reilly and New (1982) 𝑖 = 0.43𝑧0 + 1.1 

Herzog (1985) 𝑖 = 0.40𝑧0 + 1.92 

Arioglu (1992) 𝑖 = 0.40𝑧0 + 0.60 

 

 

2007). The parameters for Eq. (3) differ for the first and 

second tunnels, respectively. In the third method, an 

asymmetrically shaped settlement trough is assumed to be 

produced by the second tunnel, as reported in various 

studies (Chapman et al. 2004, Della Valle and Rodríguez 

2014). For this asymmetric trough, the settlement curve is 

split into two limbs. i2nd of the half trough facing the first 

tunnel, referred to as in, is greater than that of the half 

trough facing the remote-field, termed as ir. This is 

attributed to the loosening of soil around the first tunnel, 

producing higher deformation and wider troughs. It was 

presented that the additional settlement trough can be well 

approximated with an asymmetric Gaussian curve, applying 

different width parameters in and ir to two half troughs.  

A series of empirical equations that related i with the 

depth of tunnel center 𝑧0  have been proposed for clay 

profiles, as summarized in Table 1. For practical purposes, i 

can also be estimated from the following empirical equation 

(Mair et al. 1993) 

 

 

𝑖 = 𝐾 ∙ 𝑧0 (4) 

where K is an empirical parameter. O’reilly and New (1982) 

and Rankin (1988) reported that a reasonable estimate for K 

is 0.5 for single tunnels constructed in clays. Mair and 

Taylor (1997), Suwansawat and Einstein (2007), 

Sirivachiraporn and Phienwej (2012) and McCabe et al. 

(2012) presented that K ranges from 0.4 to 0.6 for clays. 

Considerng the narrow range of K, it was also reported that 

for most cases K can be set as 0.5 irrespective of clay type, 

as recommended by Rankin (1988). 

The volume per unit length of the surface settlement 

trough (𝑉𝑠) can be calculated by integration of Eq. (1) as 

follows 

𝑉𝑠  = √2𝜋 ∙ 𝑖 ∙ 𝛿max (5) 

The volume loss (or ground loss) 𝑉𝐿 is the ratio of 𝑉𝑠 to 

the excavated face area, usually expressed as a percentage. 

It is calculated as follows for a shield tunnel with a diameter 

of D 

𝑉𝐿  =
4𝑉𝑠

𝜋𝐷2
 (6) 

 

 
3. Project overview 

 
3.1 General information 
 

The Incheon International Airport (IIA), located in the  

 
(a) A route map of AREX 

 
(b) The location of shield tunnel (after Ahn (2017)) 

Fig. 2 Plan of T1-T2 rail road construction 
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Table 2 Soil properties 

Soil 

properties 

Clay A 

(soft) 
Clay B 

(stiff) 
Clay C 

(very stiff ) 

USCS ML-CL CL, ML CL, ML 

N60 4 8 17 

𝛾𝑡 (kN/m3) 18.5 19.4 19.9 

su  (kPa) 30.0 45.0 100.0 

𝜙 (ﾟ) 0 0 0 

E (MPa) 3.83 7.20 11.50 

Poisson’s ratio 0.40 0.35 0.35 

𝑐𝑐𝑢 (kPa) 14.0 16.0 16.0 

𝜙𝑐𝑢 (ﾟ) 12.0 16.0 16.0 

 

 

Yellow Sea of Korea (Fig. 2), is the main international 

airport in Korea. The second passenger terminal (T2) of IIA 

was newly constructed to accommodate rapidly increasing 

air traffic demands. Because Airport Railroad Express 

(AREX) only runs from the Seoul station to the first 

passenger terminal (T1) of IIA, a T1-T2 railroad was newly 

constructed to provide a transport service connecting T1 

and T2. The total length of T1-T2 railroad is 6.36 km. The 

shield tunnel of T1-T2 railroad crosses the 3rd runway and 

taxiways (named N, M) of IIA, which were in full operation 

during the construction of the tunnel, as shown in Fig. 2(b). 

The shield tunnel is composed of 2 tubes where the length 

of tunnel 1 is 1,150 m and the length of tunnel 2 is 1,127 m. 

The depth of the shield tunnel gradually increases with 

tunneling and maintains a constant depth from the start to 

the end of the third runway section (Fig. 3). The depth of 

shield tunnel center ranges from 13.3 to 22.3 m, whereas 

the center span of the twin tunnels ranges from 11.4 to 20.8 

m (Ahn 2017, Korea-National-Railway 2013). The twin 

shield tunnels were sequentially constructed with one piece 

of EPBs TBM. The first shield tunnel was excavated from 

T1 towards T2. After the shield TBM was u-turned, the 

second shield tunnel was excavated from T2 towards T1. 

 

3.2 EPBs TBM and engineering geology 
 

The shield tunnel for the railroad in this project has an 

outer diameter of 7.77 m and an inner diameter of 7.07 m. 

The earth pressure balance shield (EPBs) TBM was 

manufactured to minimize the settlement of the operating 

runway and taxiway. The diameter of EPBs TBM is 7.91 m 

 

 

and the excavation diameter of the cutter is 7.93 m. In order 

to minimize the gap between EPBs TBM and cutting 

surface, the cutter head was designed in the flat face spoke 

type which the opening ratio is 60%. The gap between the 

machine’s skin and the ground’s cutting surface is only 2 

mm. The tail void between the segment concrete and the 

cutting surface is only 16 mm. The tail void is continuously 

filled with the cement grout, simultaneously advancing the 

EPBs TBM. Also, the mixing ratio of cement grout was 

designed to have a quick setting and enough liquidity to fill 

the tail void. The EPBs TBM was applied with a total of 30 

jacks for the thrust force and a total of 14 motors for the 

rotation of cutter head. The max. total thrust force of shield 

jacks is 60 MN and the advance speed of jacks is 0.06 

m/min. The max. torque of cutter head is 12,620 kN-m and 

the max. revolution per minute (RPM) is 1.5.  

The IIA, where is the test site of this study, was built on 

a reclaimed island. The bedrock of the site is composed of 

Jurassic biotite granite. Because the Yellow Sea, where IIA 

is located, is shallow and has a large tidal range of 

approximately 9 m, a thick sedimentary layer has been 

formed as shown in Fig. 3. The stratified soil profile 

consists of alternating layers of clays and sands. The clay 

has a high silt content and is predominantly composed of 

kaolinite. Clay A~C is from soft to very stiff clay and their 

USCS is classified as ML-CL. Sand A is classified as SM 

and sand B is classified as SP. N-value is 4/50 in clay A, 

8/50 in clay B, 17/50 in clay C, and 21/50 in sand. The 

excavated soil properties are summarized in Table 2. As 

shown in Fig. 3, the shield TBM was excavated through 

clay, sand, and weathered soil layers. The primary 

excavation was performed through the sand layer, with 

portions of clay layer scattered around the upper part of the 

shield tunnel. The groundwater level was located between 

elevation levels of 99 and 102 m in Fig. 3.  

 

 

4. Field measurements 
 

To secure safe and uninterrupted aircraft service, 

rigorous settlement management of both runway and 

taxiway during and after the tunnel excavation was critical. 

A suite of instruments was installed to monitor the surface 

settlements, as shown in Figs. 4 and 5. The surface 

settlements were measured at a total of 22 sections, which  

 
Fig. 3 Ground conditions of the shield tunnel 
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include 10 measurements above the third runway and 

taxiway pavements and 12 recordings on unpaved green 

zones. 

The settlements on unpaved zones were measured at 

five points per section, as shown in Fig. 5(b). During the 

excavation underneath the third runway and taxiway, the 

shield TBM was operated 24 hours a day without a break 

time. Auto settlement extensometers were installed to 

measure the real-time surface and subsurface settlement, the 

locations of which are denoted as A1 to A4 in Fig. 5(a). 

Additionally, detailed surface settlement measurements at 

grid spacings of 5 to 6 m were carried within a width of 90 

m around the twin shield tunnels on paved sections, denoted 

as D1 to D10, as shown in Fig. 5(a). Because the settlement 

arrays were only installed above the pavement, only the 

sections D1~D10 were used to analyze the surface 

settlement profile. 

 

 
5. Analysis of field measurement results 

 

In this section, the results of Gaussian functions fitted to 

the measured settlement troughs are presented. The 

parameter i is calculated by reformulating Eq. (1) as follows 

ln
𝛿

𝛿max

 = −
𝑥2

2𝑖2
= −

1

2𝐾2
(

𝑥

𝑧0

)
2

 (7) 

Linear regression was used to obtain i that produces the 

best fit with the measurements. The parameter K was 

calculated as 𝐾 = 𝑖/𝑧0 , as shown in Fig. 6. The i and K 

pairs were determined for the 22 measurement sections 

(S1~S12 and D1~D10) using the above procedure, the 

details of which are presented in the following.  

 

 

Fig. 6 Example of estimating the settlement trough width 

parameter 

 

 

In this study, two types of settlement troughs were 

developed. The first type settlement trough was developed 

using the asymmetric superposition method. In the 

procedure, a symmetric Gaussian function was initially 

fitted to the settlement trough produced by the first tunnel 

passing. The resulting parameter that yields the best fit with 

the single tunnel is denoted as Ks. Then, the settlement 

trough induced by second tunnel passing was matched with 

the asymmetric trough function presented by Della Valle 

and Rodríguez (2014) using the parameters Kn and Kr. The 

Kn and Kr are parameters for the near-field and remote-field 

limbs of the second tunnel settlement trough as defined in 

Fig. 7. This second tunnel passing induced settlement 

trough was back-calculated by subtracting the first passing 

induced settlement from the total settlement (Suwansawat 

and Einstein 2007), as shown in Fig. 7. 

The second type of the trough was developed to fit the  

 
Fig. 4 Measurement sections of the surface settlement trough 

  
(a) Pavement zone (D1 ~ D10) (b) Unpaved zone (S1 ~ S12) 

Fig. 5 Details of the measurements in Fig. 4 
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Fig. 7 Procedure for back-calculating the additional 

settlement induced by the second shield passing. Also 

shown are the definitions of the near-field and remote-field 

limbs of the asymmetric settlement trough 

 

 

total settlement after second tunnel passing using the shifted 

symmetric Gaussian function, the best fit parameter of 

which is termed as Kt. The fitted curves are compared with 

the recordings in Figs. 8 and 9.  

The surface settlement troughs induced by first shield 

passings are reasonably well represented by Gaussian 

curves, where the maximum surface settlements are shown 

to occur around the tunnel centerline. The settlement 

troughs produced by second tunnel passings overall display 

marginal asymmetric shapes, and therefore are well fitted  

 

 

using variable parameters Kn and Kr. The total settlement 

troughs produced by twin tunnels are compared with two 

sets of fitted curves. Both the predicted troughs using Kt and 

Kn & Kr are displayed. It is revealed that the Kn & Kr based 

curves do not always yield an enhanced fit with the total 

settlement. On the contrary, it may produce wider curves 

than the measured settlement troughs above the second 

tunnel, as seen in D1, D2, D8, D9, and D10. The shifted 

Gaussian curves developed from Kt provide reasonable 

estimates for all cases. To quantify the accuracy of the 

estimated settlement troughs, the error rates of predicted VL 

are compared with measurements in Table 3. The error rates 

of the symmetric curves utilizing Kt are revealed to be 

lower compared with those obtained using the superposition 

procedure at all sections except for D3. The fit with the 

recorded VL are quite remarkable, resulting in less than 10% 

residual. This comparison highlights that the use of the 

shifted symmetric Gaussian curves is reliable for the 

prediction of the settlement induced by twin tunnels. The 

superposition method was not applied for S1~S12 sections, 

because of difficulties in developing the second passing 

induced incremental settlement trough using only five 

measurements per section. They were therefore only fitted 

with the shifted symmetric function, from which Kt are 

extracted, as shown in Fig. 10. The surface settlements of 

S1~S12 are shown to be well fitted with the shifted 

symmetric Gaussian curves. 

Table 4 summarizes the estimated empirical parameter K 

of the twin tunnels, including Ks, Kt, and Kn & Kr. The ratios 

of the second tunnel related parameters Kt and Kn & Kr with  

 

 
 
 

  

  

 

Fig. 8 Comparison of measured settlements in D1~D4 and fitted curves 

Settlement curve by 1st passing (predicted) 

Settlement curve by 2nd passing (predicted) 

Total settlement curve (predicted with Ks, Kn and Kr) 

Total settlement curve (predicted with Kt) 

Settlement after 1st passing (measured) 

Total settlement after 2nd passing (measured) 

Incremental settlement due to 2nd passing (measured) 
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Table 3 Volume loss and error rate of settlement trough in 

twin tunnels 

No. 

Volume loss, VL (%) Error rate for measured VL 

Measured 

value 

Super-

position 

method 

Shifted 

symmetric 

curve 

Super-

position 

method 

Shifted 

symmetric 

curve 

D1 0.46 0.55 0.43 16.4% 7.0% 

D2 0.51 0.60 0.47 15.0% 8.5% 

D3 0.77 0.85 0.69 9.4% 11.6% 

D4 0.88 0.96 0.90 8.3% 2.2% 

D5 0.74 0.83 0.69 10.8% 7.2% 

D6 0.78 0.84 0.79 7.1% 1.3% 

D7 0.89 1.03 0.85 13.6% 4.7% 

D8 1.45 1.43 1.44 1.4% 0.7% 

D9 1.35 1.52 1.30 11.2% 3.8% 

D10 1.30 1.42 1.25 8.5% 4.0% 

 

 

respect to the single tunnel parameter are also calculated 

and listed. The parameter Ks for single tunnels ranges from 

0.41 to 0.59, with a mean of 0.49. The values of K are 

shown to be consistent with those (K=0.5 for clays) 

reported in O’reilly and New (1982) and Rankin (1988). 

This is because the settlement dominantly occurred in the 

clay layer above the tunnel crown, although the shield 

tunnel was primarily excavated in the sand layer. The 

parameter Kt for twin tunnels increases from 0.59 to 0.76, 

with an average of 0.66. The average Kt/Ks ratio is 1.347, 

which means that the settlement trough width increases by 

approximately 34.7% for twin tunnels compared with single 

tunnels. For this particular case study, the ratios fall within a 

narrow band with a standard deviation of the ratio is 0.19. 

As observed in the Figures, the near-field limbs are shown 

to be wider compared with remote-field limbs. The average 

of Kn is higher than Ks at 0.64, whereas the remote-field  

  

  

  

 

Fig. 9 Settlement measured in D5 ~ D10, and comparison of fitting curves 

Settlement curve by 1st passing (predicted) 

Settlement curve by 2nd passing (predicted) 

Total settlement curve (predicted with Ks, Kn and Kr) 

Total settlement curve (predicted with Kt) 

Settlement after 1st passing (measured) 

Total settlement after 2nd passing (measured) 

Incremental settlement due to 2nd passing (measured) 
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Fig. 10 Surface settlement troughs described by Gaussian 

curves in unpaved zone after the 2nd shield passing 

 

 

limb is similar to Ks at 0.46. As discussed in the previous 

section, such an asymmetric curve is produced by the soil 

loosening around the first tunnel. 

To evaluate the variability of this ratio for similar soil 

types and different tunnel separation distance, the measured 

Ks, Kt, and Kn & Kr from the Bangkok MRT project 

provided in Suwansawat and Einstein (2007) are also listed 

in Table 4. The parameters Kn & Kr for the Bangkok MRT 

project in Table 4 were determined in this study from the 

settlement troughs provided in Suwansawat and Einstein 

(2007).  

The parameter Ks are shown to be larger than those 

derived in this study, probably because the dominant soil 

type is soft clay. The average Kt/Ks ratio is 1.237, which is 

smaller than that calculated in this study. The mean of Kt/Ks 

ratio for this case study and the Bangkok MRT 

measurments is approximately 1.3. Although this ratio may 

change depending on the soil type and tunnel dimension, it 

can be used as a preliminary estimate considering the 

similarity of the ratios from two different cases.  

In addition to the the Bangkok MRT case, the settlement 

measurements induced by side-by-side twin tunnels in soft  

 

 

 

 

Fig. 11 Settlement troughs measured by the model tests 

(Chapman et al. 2007) and comparison with fitted curves 

 

 

ground from a laboratory model test (Chapman et al. 2007) 

are shown in Fig. 11. Consistent characteristics are 

observed, which include the unsymmetrical settlement 

troughs and the greater settlement above the second tunnel. 

The settlements measured by laboratory tests in Fig. 11 are 

extremely similar to the settlement troughs shown in Figs. 8 

and 9. They are well fitted by both shifted symmetric and 

asymmetric curves. The parameter Ks, Kt, Kn & Kr are listed 

in Table 4. 

Fig. 12 plots the relationship between the parameters i 

and 𝑧0  after second tunnel passing for both D1~D10 and 

S1~S12 sections. It should be noted that the slope of the 

relationship represent the parameter Kt. For comparison  

Settlement curve above tunnel 1 (predicted) 

Settlement curve above tunnel 2 (predicted) 

Total settlement curve  

(predicted with Ks, Kn and Kr) 

Total settlement curve (predicted with Kt) 

Settlement above tunnel 1 (measured) 

Settlement above tunnel 2 (measured) 

Total settlement (measured) 
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purposes, the measurements from the Bangkok MRTA 

project presented in Suwansawat and Einstein (2007) and 

the model tests (Chapman et al. 2007) summarized in Table 

4 are also shown. It is a common practice to normalize both 

should be noted that both i and 𝑧0 are normalized i and 𝑧0 

by D and the centerline distance R for single and twin 

tunnels, respectively. In this study, the parameters are 

normalized to the tunnel separation distance ratio (Rctc), 

which is defined as R/D. Except for S1, S4 and S9, the 

parameter Kt in Fig. 12 ranges from 0.6 to 1.0. 

 

 

6. Relation between volume loss and operating 
parameters of EPBs TBM 

 
 
In soil, the maximum settlement and extent of the 

settlement trough induced by EPBs TBM are affected by the 

operational parameters such as chamber pressure, 

penetration ratio, grouting pressure, and filling 

(Suwansawat and Einstein 2007). The modern shield TBM 

is manufactured to simultaneously fill the tail void when the 

TBM is advancing. Due to this automation of shield TBM, 

the chamber pressure among the various operational 

parameters is a major factor to control the settlement. In 

EPBs TBM, the soil and water pressure in front of the cutter 

face is supported by the excavated soil inner a closed 

chamber. Therefore, the soil deformation due to the stress 

relief forwards the cutter face is restrained by the chamber 

pressure. The major factors to control the chamber pressure  

Table 4 Parameter K of Tunnel 1, 2 and twin tunnels 

Project 
Section 

No. 

𝑧0 

(m) 

Measured volume loss, VL(%) Tunnel 1 Tunnel 2 Twin tunnels 

Tunnel 1 Tunnel 2 Twin Ks Kn Kr Kt Δx (m) Rctc 

T1-T2 

Tunnel 

D1 22.0 0.25 
0.75 

(300.0%) 
0.46 

(184.0%) 
0.44 

0.71 

(161.4%) 
0.59 

(134.1%) 
0.59 

(134.1%) 
+ 1.7 2.63 

D2 21.2 0.32 
0.80 

(250.0%) 
0.51 

(159.4%) 
0.44 

0.70 

(159.1%) 
0.57 

(129.5%) 
0.59 

(134.1%) 
- 2.62 

D3 22.4 0.46 
1.15 

(250.0%) 
0.77 

(167.4%) 
0.51 

0.84 

(164.7%) 
0.46 

(90.2%) 
0.64 

(125.5%) 
+ 1.5 2.59 

D4 22.2 0.51 
1.31 

(256.9%) 
0.88 

(172.5%) 
0.49 

0.71 

(144.9%) 
0.57 

(116.3%) 
0.76 

(155.1%) 
+ 1.3 2.58 

D5 20.6 0.83 
0.75 

(90.4%) 
0.74 

(89.2%) 
0.59 

0.48 

(81.4%) 
0.35 

(59.3%) 
0.60 

(101.7%) 
- 2.47 

D6 20.8 0.76 
0.90 

(118.4%) 
0.78 

(102.6%) 
0.50 

0.44 

(88.0%) 
0.35 

(70.0%) 
0.65 

(130.0%) 
+ 1.0 2.47 

D7 20.7 0.96 
0.97 

(101.0%) 
0.89 

(92.7%) 
0.54 

0.47 

(87.0%) 
0.39 

(72.2%) 
0.64 

(118.5%) 
- 2.46 

D8 20.5 1.07 
1.91 

(178.5%) 
1.45 

(135.5%) 
0.41 

0.66 

(161.0%) 
0.41 

(100.0%) 
0.71 

(173.2%) 
- 2.0 2.46 

D9 20.7 0.99 
1.73 

(174.7%) 
1.35 

(136.4%) 
0.48 

0.73 

(152.1%) 
0.50 

(104.2%) 
0.69 

(143.8%) 
- 0.5 2.46 

D10 20.5 0.93 
1.65 

(177.4%) 
1.30 

(139.8%) 
0.49 

0.65 

(132.7%) 
0.44 

(89.8%) 
0.69 

(140.8%) 
- 2.46 

Average     0.49 
0.64 

(130.6%) 
0.46 

(93.9%) 
0.66 

(134.7%) 
  

Bangkok 

MRT 

A : 23-

AR-001 
22.0    0.68 

0.42 

(61.8%) 
0.51 

(75.0%) 
0.77 

(113.2%) 
+ 2.0 1.08 

B : 26-

AR-001 
18.5    0.70 

0.79 

(112.9%) 
0.60 

(85.7%) 
0.97 

(138.6%) 
+ 4.0 1.59 

C : CS-8B 19.0    0.63 
0.66 

(104.8%) 
- 

0.74 

(117.5%) 
- 3.0 1.29 

C : CS-8D 20.1    0.50 
0.48 

(96.0%) 
0.38 

(76.0%) 
0.65 

(130.0%) 
- 1.0 1.17 

D : SS-5T-

52e-s 
22.2    0.59 

0.61 

(103.4%) 
0.41 

(69.5%) 
0.77 

(130.5%) 
- 1.61 

D : SS-5T-

52e-o 
26.0    0.54 

0.44 

(81.5%) 
0.28 

(51.9%) 
0.65 

(120.4%) 
- 1.20 

A : 23-G3-

007-019 
19.0    0.47 

0.68 

(144.7%) 
0.30 

(63.8%) 
0.58 

(123.4%) 
+ 8.0 1.58 

Lab. test (1g) 

(Chapman et al. 

2007) 

Test A 
0.200 

(2.5D) 
  0.43 

0.64 

(148.8%) 

0.35 

(81.4%) 

0.44 

(102.3%) 
25mm 1.60 

Test C-1 
0.160 

(2.0D) 
  0.45 

0.46 

(102.2%) 

0.45 

(100.0%) 

0.58 

(128.9%) 
-15mm 1.60 

Test C-2 
0.224 

(2.8D) 
  0.41 

0.44 

(107.3%) 

0.34 

(82.9%) 

0.45 

(109.8%) 
-10mm 1.60 

Average (Excluding laboratory test results)  0.53 
0.62 

(117.0%) 

0.44 

(83.0%) 

0.69 

(130.2%) 
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Fig. 12 Relationship between the parameters i and 𝑧0 

normalized by the centerline distance ratio (Rctc). The 

measurements presented in this study are compared with the 

data from Bangkok MRTA project and model tests 

 

 

in EPBs TBM are the thrust force of shield jacks and the 

soil discharge of the screw conveyor. 

The EPBs TBM operating parameters of the third 

runway and taxiway section in this project are shown in Fig. 

13. A higher level of chamber pressure was applied when 

excavating the second tunnel under the runway compared 

with other sections because of the lower allowable 

settlement of the runway. As summarized in Table 4, the 

volume losses for section D1~D4 are significantly lower 

than those recorded in section D5~D10 for single tunnels, 

although similar chamber pressure was applied throughout 

the entire excavation. This demonstrates that the soil around 

section D1~D4 is stiffer compared to that around the other 

sections. When comparing the amount of increase in the 

volume loss when excavating the second tunnel, they are 

higher for section D1~D4 compared with those for section 

D5-D10, even though higher chamber pressure was applied 

when tunneling under the runaway. This shows that a direct 

correlation between the volume loss induced by the second 

tunnel and the chamber pressure cannot be established. It is 

revealed that the soil condition may have an important 

influence on the volume loss for the second tunnel. Further 

accumulation of the data is warranted to clarify the 

relationship between the chamber pressure and volume loss.  

 

 

7. Conclusions 
 

This paper presents a case study to characterize the 

surface settlement trough induced by twin tunnels 

excavated by EPBs TBM in sedimentary sand and clay 

strata underneath Incheon International Airport (IIA) in  

 

 

Fig. 13 Operating parameters of EPBs TBM 

 

 

Korea. Because both the runway and taxiway were in 

operation during the under-crossing period, the surface 

settlements in the pavement zones were measured in detail 

in order to secure the safety of airport service. The 

settlement troughs after the first tunnel passings were 

recorded. After the tunnel was u-turned and the second 

tunnel was bored, the total settlement troughs were then 

measured. The additional settlement induced by the second 

shield passing was defined as the residual between the total 

settlement and that produced by the single tunnel. 

• The surface settlement troughs induced by the first 

shield tunnel display symmetric shapes, whereas the 

additional settlement produced by the second shield 

tunnel displays marginal asymmetric shapes. 

• The measured surface settlement troughs are 

approximated with Gaussian functions. The trough 

width parameter K of the settlement troughs produced 

by the first tunnel passings are determined, which are 

referred to as Ks. The additional settlement induced by 

the second tunnel passings are fitted with the 

asymmetric curves involving different parameters for 

near and remote limbs, denoted as Kn and Kr, 

respectively. The total settlement troughs are fitted both 

with a shifted symmetric Gaussian function with the 

parameter Kt and the superposition method utilizing the 

asymmetric function for the settlement trough produced 

by the second tunnel. The superposition method requires 

the definition of Ks, Kn, and Kr.  

• It is demonstrated that the superposition method 

requiring three width parameters does not always yield a 

Chamber pressure 

Thrust force 

Excavated soil volume 

Soil discharge of screw conveyor 
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more accurate prediction of the total settlement. Instead, 

the shifted symmetric Gaussian function using the 

parameter Kt is shown to result in better fits and 

favorable agreements with the recordings, when 

comparing the volume loss. The error rate is mostly 

within 10 % compared with the measurement. The 

normalized relation by Rctc in Fig. 12 can be represented 

by a linear. 

• The comparisons highlight that the shifted symmetric 

Gaussian function in twin shield tunnels is not only 

easier to use, but also provides a more reliable 

prediction of the settlement trough. It is therefore 

recommended to be used in practice for estimation of 

the settlement in clay caused by twin tunnelling.  

• The amount of increase in the width parameter Kt  for 

the twin tunnels relative to that for the single tunnel (Ks) 

is quantified with the Kt/Ks ratio. The mean ratio is 1.35 

for this case study, whereas the mean value is 1.25 for 

the Bangkok MRT project. Considering the similarity of 

the ratios for two different projects constructed in 

different soils, a ratio of 1.3 is considered to be 

applicable for a preliminary estimate of the surface 

settlement trough for twin tunnels.  
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