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Highlights:  

 Surface settlement measurement using surface markers is affected by external factors. 
 The soil input parameters should be optimized according stress-strain curve fitting. 
 Surface settlement and lateral displacement during TBM construction can be predicted 

using the hardening soil model (HSM) with 2% contraction. 
 The soft soil model (SSM) and the closed-form solutions of Loganathan and Poulos 

are unable to provide a good displacement result. 
 

Abstract. Mass Rapid Transit Jakarta (MRTJ) phase 1 tunnel construction using 
the earth pressure balance method has been completed and surface settlement and 
lateral displacement data according to elevation and inclinometer readings has 
been collected to evaluate the effect of tunnel’s construction on surrounding 
infrastructure. Soil stratification along the research area, defined according to 
boring logs and soil parameters for the hardening soil model (HSM) and the soft 
soil model (SSM), was determined by optimization of stress-strain curve fitting 
between CU triaxial test, consolidation test and soil test models in the Plaxis 3D 
software. Evaluation of the result of surface settlement measurements using an 
automatic digital level combined with geodetic GPS for elevation and position 
control points showed that the displacement behavior was affected by vehicle load 
and stiffness of the pavement. Lateral displacement measurements using 
inclinometers give a more accurate result since they are placed on the soil and 
external influences are smaller than surface settlement measurement. The result of 
3D finite element modeling showed that surface settlement and lateral 
displacement during TBM construction can be predicted using HSM with 2% 
contraction. SSM and the closed-form solutions of Loganathan and Poulos are 
unable to provide a good result compared to the actual displacement from 
measurements.  

Keywords: earth pressure balance; finite element method; lateral displacement; surface 
settlement; tunnel. 
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1 Introduction 

1.1 Background 

Tunnel construction in urban areas is usually conducted using shield tunneling, 
applying either the earth pressure balance or the slurry method. Both methods are 
aimed at disturbance reduction at the face of and around the excavation area of 
the tunnel-boring machine. Although shield tunneling has many advantages, 
incorrect determination of face loss, shield loss and tail loss could cause 
settlement or lifting of the ground surface during tunnel construction. Several 
analytical calculations [1-2], empirical calculations [3-7], and numerical 
approaches [8-10] for determining surface settlement and lateral displacement 
have been published in international journals or technical guidelines, i.e. FHWA 
[11-12], but suitability evaluation based on local ground conditions in Indonesia 
has not yet been conducted.  

Currently, Mass Rapid Transit Jakarta (MRTJ) phase 1 tunnel construction using 
the earth pressure balance method has been completed. Surface settlement and 
lateral displacement data according to elevation and inclinometer readings has 
been collected by Fahmi, et al. [13] to evaluate the effect of the tunnel’s 
construction on surrounding infrastructure. This evaluated the relationship 
between calculated values and measured surface settlement and lateral 
displacement values to determine which method best represents the actual 
conditions based on the MRTJ case study. This evaluation also updates the 
previous publication by Fahmi, et al. [13] using different models for ground loss, 
soil modeling and different soil parameters according to the latest laboratory 
testing and optimization with the Plaxis 3D soil test utility software.  

1.2 Research Location 

The twin tube MRTJ tunnel was constructed below existing roads to minimize 
disturbance of the surface and surrounding activities and also to reduce the need 
for land acquisition. The tunnel has a diameter of 6.05 m and a lining thickness 
of 0.25 m, as shown in Figure 1. The construction of both tunnels was conducted 
sequentially, where tunnel boring machine TBM-1 started first and after around 
250 m of advancement TBM-2 was launched.  

The research activities were conducted approximately 50 m from the D-wall of 
Bendungan Hilir Station (Figure 2). Several field tests and laboratory tests were 
carried out to determine the ground condition and soil properties in this location.  
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Figure 1 Illustration of MRTJ position and dimensions [14]. 

 

 
Figure 2 Research location and position of field tests [13]. 

1.3 Earth Pressure Balance (EPB) Tunneling 

The earth pressure balance method is based on the equilibrium of earth and water 
pressure with jacking force applied on the cutter head. A screw conveyor can be 
used to adjust or control the face pressure during excavation. For tunnels 
constructed below ground water level, the screw conveyor must be designed to 
withstand hydrostatic pressure and reduce water pressure to atmospheric 
pressure. An illustration of the EPB machine used in the MRTJ project is shown 
in Figure 3(a), while the gap between the TBM body and the lining is shown in 
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Figure 3(b). The gap between the EPB machine and the lining can cause ground 
loss and induce displacement around the tunnel construction. 

 
 

 

(a) EPB tunneling machine (b) Shield loss and tail loss at MRT Project 

Figure 3 Illustration of EPB tunnel machine and gap between TBM body and 
tunnel lining [14]. 

2 Method 

2.1 Surface Settlement and Lateral Displacement Calculation 

Schmidth [15] and Peck [16] were the first to determine the surface settlement 
curve due to tunnel construction using Eq. (1) and volume of settlement (per unit 
length of tunnel) using Eq. (2), as shown in Figure 4. 

 𝑆௩(𝑦) = 𝑆௩೘ೌೣ
. 𝑒

ି
೤మ

మ೔మ   (1) 

 𝑉௦ = ∫ 𝑆௩(𝑦). 𝑑𝑥 = √2𝜋. 𝑖. 𝑆௩೘ೌೣ
  (2) 

where: 
𝑆௩೘ೌೣ

  : settlement above the tunnel axis  
𝑦  : horizontal distance from the tunnel axis 
𝑖  : horizontal distance from the tunnel axis to the inflection point of 

settlement through ground loss 
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Figure 4 Gaussian curve for transverse settlement through ground loss [16]. 

Rowe & Lee in [17] introduced a method for predicting two-dimensional ground 
loss at the tunnel crown considering ground displacement in the longitudinal and 
radial directions, as shown in Figure 5, using Eqs. (3) to (5). 

 𝑔 = 𝐺௣ + 𝑈∗
ଷ஽ + 𝜔   (3) 

 𝐺௣ = 2∆ + 𝛿  (4) 

 𝑈∗
ଷ஽ = ቀ

௞

ଶ
ቁ 𝛿௫   (5) 

where: 

𝐺௣  : physical gap  
𝑈∗

ଷ஽  : three-dimensional elasto-plastic deformation of the tunnel face  
𝜔     : gap due to the overcutting bead  
∆  : tunnel lining thickness (m) 
𝛿  : clearance for erecting the lining (m) 
𝑘  : soil-cutter resistance factor 
𝛿௫ : face intrusion 

 
Figure 5 Physical gap illustration [18]. 
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Verruijt & Booker [1], modified by Loganathan & Poulos [2], describe closed-
form solutions for the estimation of settlement and lateral deformation using Eqs. 
(6) and (7). 

𝑈௭ = −𝜀𝑅ଶ ቀ
௭భ

௥భ
మ +

௭మ

௥మ
మቁ + 𝛿𝑅ଶ ቀ

௭భ൫௞௫మି௭మ
మ൯

௥భ
ర +

௭మ൫௞௫మି௭మ
మ൯

௥మ
ర ቁ (6) 

−
2𝜀𝑅ଶ

𝑚
ቆ

(𝑚 + 1)𝑧ଶ

𝑟ଶ
ଶ +

𝑚𝑧(𝑥ଶ − 𝑧ଶ
ଶ)

𝑟ଶ
ସ ቇ − 2𝛿𝑅ଶℎ ቆ

𝑥ଶ − 𝑧ଶ
ଶ

𝑟ଶ
ସ +

𝑚

𝑚 + 1

2𝑧𝑧ଶ(3𝑥ଶ − 𝑧ଶ
ଶ)

𝑟ଶ
଺ ቇ 

 

𝑈௫ = −𝜀𝑅ଶ ቀ
௫

௥భ
మ +

௫

௥మ
మቁ + 𝛿𝑅ଶ ቀ

௭భ൫௫మି௞௭భ
మ൯

௥భ
ర +

௫൫௫మି௞௭మ
మ൯

௥మ
ర ቁ (7) 

−
2𝜀𝑅ଶ𝑥

𝑚
ቆ

1

𝑟ଶ
ଶ +

2𝑚𝑧𝑧ଶ

𝑟ଶ
ସ ቇ −

4𝛿𝑅ଶ𝑥ℎ

𝑚 + 1
ቆ

𝑧ଶ

𝑟ଶ
ସ +

𝑚𝑧(𝑥ଶ − 3𝑧ଶ
ଶ)

𝑟ଶ
଺ ቇ 

 
where: 
𝜀  : uniform radial ground loss 
𝛿  : long-term ground deformation due to ovalization of the tunnel lining 
𝑧ଵ  : z-H 
𝑧ଶ  : x-H 
𝑟ଵ

ଶ  : 𝑥ଶ + 𝑧ଵ
ଶ 

𝑟ଶ
ଶ  : 𝑥ଶ + 𝑧ଶ

ଶ 
𝑅 and ℎ  : tunnel radius and depth 
𝑚  : 1(1-2) 
𝑘  : / (1-) 
 : Poisson’s ratio of soil 

2.2 Numerical Modeling 

3D numerical tunnel modeling was first introduced by Lee & Rowe [19] using a 
1-step model, which was further developed into stage construction (step-by-step 
procedures) by Augarde, et al. [20] for circular-shaped tunnels, as shown in 
Figure 6(a). This model has limitations because it neglects the face pressure, 
grouting pressure and jacking force acting on the tunnel lining. Hoefsloot & 
Verwij [21] proposed completed sequence numerical modeling using grouting 
pressure at the tunnel tail and pressure at the tunnel face, as shown in Figure 6(b). 
The latest numerical simulation by Litsas, et al. [22], as shown in Figure 7, was 
conducted using the Abaqus software to evaluate the difference between the 
Modified Cam Clay (MCC) model and the Mohr-Coulomb (MC) model, 
considering the overcut, face pressure and gap at the TBM tail. This research 
showed that the MCC model produced larger vertical deformation than the MC 
model due to the strain-hardening behavior during plastic loading. 
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(a) Numerical scheme by 
Augarde, et al. [20]. 

(b) Numerical scheme by Hoefsloot & 
Verwij [21]. 

Figure 6 Stage construction method using numerical modeling. 

 
Figure 7 Numerical model including overcut, tail shield gap and face              
pressure [22]. 

In a previous study, Fahmi, et al. [13] used MCM, HSM and the soil interface to 
model ground loss and found that there is different behavior in lateral 
displacement, especially at the upper part of the soil layer.  

This problem may occur due to a lack of accuracy in the soil parameters since the 
strength and modulus parameters are obtained from correlation. In this paper, 
improvement of the HSM and SSM parameters was done using laboratory testing 
and soil test correction. Ground loss was modeled as contraction, which better 
reflects the actual conditions of TBM excavation in considering the difference in 
TBM dimensions in the front and tail sections (Figure 8). Variation of TBM 
contraction was also evaluated to determine a suitable value based on surface 
settlement and lateral displacement measurements.  
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Figure 8 Numerical model including face pressure, TBM contraction and 
grouting pressure [23]. 

2.3 Soil Stratification and Parameters 

Several soil tests were conducted in the tunnel section at Bendungan Hilir Station 
for research purposes to obtain an undisturbed sample and develop a longitudinal 
soil stratification. Based on the soil stratification along the research area, the 
tunnel construction was predicted through hard silty sand and below ground water 
level, as mentioned by Fahmi, et al. [13] and shown in Figure 9.  

 
Figure 9 Soil stratification along the tunnel alignment. 

The unloading/reloading Young’s modulus, 𝐸௨௥
௥௘௙, c’ and ’ as well as the 

compression index, Cc, were optimized in this paper based on stress-strain curve 
fitting between CU triaxial test, consolidation test and soil test models in Plaxis. 
First, the stress-strain curves from the CU triaxial test samples were plotted and 
using the best-fit option in Plaxis an approximate curve was plotted, as shown in 
Figure 10 (a). According to the corrected curve, Mohr circle diagram correction 
was also determined, as shown in Figure 10(b). The loading-unloading curve to 

determine Young’s Modulus, 𝐸௨௥
௥௘௙, was evaluated using the average stress-strain 

curve resulted from the previous curve fitting, as shown in Figure 10 (c). The 
same procedure was also conducted to evaluate the consolidation test, as shown 
in Figure 10 (d). 
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(a) Triaxial stress-strain curve fitting. (b) Mohr circle diagram correction. 

 

(c) Loading-unloading stress-strain 
curve fitting. 

(d) Consolidation load-strain curve fitting. 

Figure 10   Example of stress-strain curve fitting using the Plaxis soil test utility. 

According to [24], the soil test utility of Plaxis can be used to optimize model 
parameters such that the best fit is obtained between a model result and a soil lab 
test result. For SSM, the compression index, , is equal to 𝐶௖/2.303 and the 
swelling index, K, is equal to 𝐶௦/2.303, where the ratios 𝐶௦/𝐶௖ or K/ are about 
0.09-0.15 [25].  

The pure Poisson’s ratio can be assumed to be 0.2 as suggested in the Plaxis 
manual [23]. Corvello, et al. [26] suggested as stiffness parameters for HSM: 
𝐸ହ଴

௥௘௙=1/3 𝐸௨௥
௥௘௙and 𝐸௢௘ௗ

௥௘௙=0.7 𝐸ହ଴
௥௘௙. Tables 1Error! Reference source not found. 

and 2 show a summary of the HSM and SSM soil parameters for numerical 
modeling according to each soil layer’s characteristics. 

Table 1 Hardening soil model (HSM) parameters. 
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Table 2 Soft soil model (SSM) parameters. 

Name Description 
N-SPT 
(mean) 

 
(kN/m3) 

c’ 
(kPa) 

’ 
(o) 

OCR  K 

Layer-1 Stiff silty clay 5 15.48 11 28.2 4.7 0.0233 0.0047 
Layer-2 Stiff clayey silt 6 15.10 11 28.2 1.8 0.0210 0.0021 
Layer-3 Very stiff silty sand 11 15.05 13.4 27.7 1.2 0.0370 0.0037 
Layer-4 Hard silty sand 45 17.00 1 30 1 0.00046 0.000046 

2.4 Surface Settlement and Lateral Displacement Measurement 

The surface elevation measurement data are based on Fahmi, et al. [13], 
conducted using a digital spirit level, while benchmarks for a fixed reference 
point were placed outside the affected area using a geodetic GPS reference 
elevation. Surface settlement evaluation was conducted based on 10 cross-section 
measurements starting at 60 m from the D-wall position (Figure 11).  

 

Figure 11   Position of surface settlement and lateral displacement measurement. 

The spacing of each cross-section was 5 m. Lateral displacement measurement 
was based on Fahmi, et al. [13], conducted using inclinometer instrumentation 
placed 59.25 m from the D-wall on the right side of TBM-1, around 3.45 m from 
the outer diameter of TBM (Figure 11). The lateral displacement orientation was 
perpendicular to the TBM advancement in (A-B) direction and in the TBM 
longitudinal (C-D) direction. Monitoring of settlement elevation and lateral 
displacement was conducted from November 21, 2016 until January 9, 2017 in 
accordance with the TBM-1 construction schedule. 
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TBM-1 had passed all instrumentation points on December 14, 2016 and surface 
deformation measurement was done on January 9, 2017 as shown in cross-
sectional and longitudinal views of the deformation in Figures 12 and 13.  

 
Figure 12   Cross-sectional view of the deformation after TBM-1 had passed all 
surface settlement monitoring points [13]. 

 
Figure 13   Longitudinal view of the deformation after TBM-1 had passed all 
tunnel centerline surface settlement monitoring points. 
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The longitudinal evaluation of the influence of the tunnel’s construction on the 
inclinometer readings can be seen in Figure 14. The monitoring result shows that 
all displacement directions lead to the tunnel construction position, especially in 
the range from 17 m to 23.5 m depth below surface elevation.  

 

(a) Result of top view cumulative 
displacement. 

 

(b) Result of lateral displacement during tunnel 
construction. 

Figure 14   Result of inclinometer readings during tunnel construction [13]. 

The influence of the shield tunnel when passing the inclinometer positions is 
shown by the ground loss behavior toward the position of tunnel construction and 
application of grouting, which turns the lateral displacement back to its initial 
position, as shown in Figure 15.  
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(a) Position of 

monitoring point. 

 
(b) Cumulative displacement at 

monitoring point. 

 

(c) Top view position of TBM and inclinometer measurement data. 

Figure 15   Cumulative displacement pattern at specific monitoring point. 

3 Result and Discussion 

Evaluation of surface settlement was conducted based on numerical modeling 
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in [16] using n = 1 gave the result closest to the actual surface monitoring 
elevation. 

 
Figure 16   Comparison between numerical and actual surface settlement in 
longitudinal view. 

 
Figure 17   Comparison between numerical and actual surface settlement in cross-
sectional view. 
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2% contraction, however, the peak lateral displacement curve was higher than the 
actual inclinometer readings. This contraction value is higher than the result from 
surface settlement evaluation (1%), however, inclinometer measurement is 
relatively less influenced by external factors that affect surface settlement, as 
explained above, so this result is more reliable.  

 
Figure 18   Comparison between numerical and actual lateral displacement. 
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4 Conclusion 

Surface settlement measurement using a automatic digital level combined with 
geodetic GPS for the elevation and position control points produced good 
displacement data on the surface during tunnel construction. However, since in 
this project the position of the tunnel was below an existing road and surface 
settlement markers were mainly placed on the road pavement, displacement 
behavior could be affected by vehicle load and stiffness of the pavement, leading 
to inaccuracies. Lateral displacement measurement using inclinometers gives 
more accurate results and displacement behavior during tunnel construction is 
also recorded. Since inclinometers are placed on the soil, external influences are 
smaller than in surface settlement measurement. Soil input parameters should be 
optimized according to stress-strain curve fitting with the Plaxis soil test utility 
software to reduce soil disturbances that could occur in soil lab tests.  

The contraction model closely resembled the radial soil extension across the 
tunnel section as soil loosening from ground loss occurred. This phenomenon 
could be represented by an unload/reload stiffness constitutive model in HSM 
rather than SSM, which only uses compression stiffness. This is proven by the 
result of the 3D finite element modeling, which showed the best approximation 
of surface settlement and lateral displacement during TBM construction using 
HSM with 2% contraction. The closed-form solution of Loganathan and Poulos 
mainly depends on prediction of ground loss, which may differ according to the 
efficiency of the TBM and the soil condition in each country. This approach is a 
simplified method that usually gives a conservative result compared to numerical 
modeling. 
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