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Background
The rapid development of urban areas has resulted in a lack of surface space, increased 
traffic congestion and pollution. To address these problems of urbanization, underground 
space is often developed. Thus, many studies concerning tunnels and ground behaviour 
have been carried out. Lee [1] conducted a model test with 20 cases according to the loca-
tion of piles in two-dimensional plane-strain conditions. Aluminium rods were used to 
describe ground as soil particle material. Also, cylinder equipment that could be reduced 
in diameter was devised. Also, these results were compared with close range photogram-
metry and numerical analysis. The close range photogrammetry was proved to be useful 
for analyzing the behavior of ground. The author suggested an influence line that is larger 
than the existing study indicating the zone of soil within which the pile will be affected. Lee 
[2] investigated the behaviour of single and grouped piles due to tunnelling in weathered 
rock using the 3D finite element method (FEM). The author measured the rapid change of 
the pile axial force due to tunnelling. Settlements by grouped piles were found to generate 
greater settlements than settlements by single piles. Also, these settlements cause larger 
relative displacements and shear strains in boundary between pile and ground. Grouped 
piles were found to generate greater settlements than single piles. Yoo [3] analysed the 
interactive behaviour of ground and piers due to tunnelling using 3D numerical analysis. 

Abstract 

The rapid development of urban areas due to population and infrastructure growth 
has led to increased traffic congestion, greater demand for residential space and envi‑
ronmental issues. One solution for these problems is the development of underground 
space, especially tunnelling. However, tunnel collapse causes significant damage, so 
it is important to understand the interactive behaviour of soil-structure-tunnelling in 
urban areas. This study uses a model test to investigate the behaviour of an embed‑
ded pile and the surrounding ground due to tunnelling in soft ground. Tunnelling is 
simulated by volume loss (VL), and soil deformation is observed according to VL using 
close range photogrammetry and image processing. These data are compared by 3D 
numerical analysis.
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This showed significant losses of the bearing capacity of piles occurred directly above the 
tunnel during tunnelling. But, the pile tip settlement decreases with increasing the lateral 
distance between the tunnel and a pile, and becomes negligible when 2.0D, indicating that 
the effect of the tunneling on piles located laterally beyond 2.0D from the tunnel may be 
ignored. Mair and Williamson [4] performed centrifuge model tests regarding the effects 
of tunnelling beneath bored piles in clay. The centrifuge modelling showed that a single pile 
above the tunnel centreline settles by a greater amount than the ground surface settlement. 
Also, the results showed a reduction in skin friction acting on a pile when it is subjected 
to negative relative displacements and an increase in skin friction when it is subjected 
to positive relative displacement. Giardina et  al. [5] analyzed ground surface settlement 
due to tunnel excavation according to foundation height. Andrea et al. [6] illustrated how 
piled foundations increase the risk of structural damage compared to shallow foundations, 
whereas structural stiffness can reduce building deformations. Flexural deformations are 
predominantly induced by tunnel excavations beneath piles, whereas horizontal strains at 
ground level are negligible when a continuous foundation is included. Therefore, this study 
investigates settlement of pile and ground surface, and the axial force of an embedded pile 
according to the offset between the pile tip and tunnel crown by model test. Soil behaviour 
due to tunnelling is analyzed by close range photogrammetry and the results are compared 
using the 3D FEM back analysis.

Model test
In this study, a model test is conducted to measure soil deformation. Tunnelling equip-
ment is devised for the model test and the tunnelling is simulated through volume loss 
(VL) in a model tunnel. Settlements of pile and ground surface are measured with a dial 
gauge. At the same time, deformation of the ground is observed by close range photo-
grammetry and image processing.

Fig. 1  Model pile with load cells
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Equipment for the model test

The container for the model test is a rigid, rectangular steel frame 
(1500 mm × 1000 mm × 100 mm). The front of the container is composed of acrylic to show 
soil deformation. Sand raining equipment is installed on top of the container. Figure 1 shows 
a model pile, which measures 50 mm × 100 mm × 450 mm (length × width × height). The 
model pile consists of 4 load cell segments and 4 connection segments. Strains of each seg-
ments are measured by the load cells. The connection segments are placed between the 
load cell segments. The diameter of actual steel single piles is between 500 and 1200 mm. 
Thus, this is a 1/10 reduction size of the real tunnel diameter. For convenience in the model 
test, two rows of grouped piles are idealized as a single column, which has the equivalent 
parameter of the grouped pile [7]. Figure 2 shows the idealized model pile. However, the 
pile cap is not considered in this study. A model tunnel is designed for this study as shown 
in Fig. 3a. The model tunnel has a 100 mm diameter and is installed 200 mm from the bot-
tom of the container. Volume loss (VL) of the model tunnel is controlled using a hydraulic 
pump (Fig. 3b). Lee and Lee [8] calibration for the correlation between water, tunnel diam-
eter, and VL is used. The layout of the model test equipment is shown in Fig. 4.   

Calibration for the model pile

The calibration was carried out three times to measure the strain of pile segments using 
a Universal Testing Machine (UTM), as shown in Fig.  5. According to the increase 
of loads, the strain is linearly increased (Fig.  6). In this study, empirical equations for 

Fig. 2  Grouped pile idealized as single column

Fig. 3  Tunnelling device: a model tunnel; b hydraulic pump
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load(y)-strain(x) are gained. Equations (1), (2), (3), and (4) are obtained from each seg-
ment as below:

(1)Segment 1 : y = 0.0122x −0.0643

(2)Segment 2 : y = 0.0107x −0.0146
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Fig. 4  Layout of model test equipment with settlement point A and B

Fig. 5  UTM calibration of the model pile
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Process of the model test

The procedure of the model test is as follows:

a.	 The container, model pile, and model tunnel are prepared.
b.	 The container is filled with black sand up until the position of the model tunnel. The 

sand raining equipment is used to homogenize the model ground. However, compac-
tion is not conducted.

c.	 The model tunnel is installed in the planned position. The hydraulic pump is used to 
set the initial diameter of tunnel.

(3)Segment 3 : y = 0.0120x −0.0450

(4)Segment 4 : y = 0.0127x −0.0813

Fig. 6  Results of UTM calibration
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Fig. 7  Cases for model test
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d.	 The model pile is installed and each of the segments are connected to the data logger. 
Then, the model test is carried out in three cases according to the offset between the 
pile tip and tunnel crown, as shown in Fig. 7.

e.	 The container is filled with black sand up until the ground surface. Dial gauges are set 
at the centre of the model pile top and ground surface (points A and B).

f.	 The diameter of the model tunnel is gradually reduced as a result of VL from the 
hydraulic pump.

g.	 Axial forces and settlements are measured using a data logger and dial gauge.

Close range photogrammetry

Close range photogrammetry is a technique for obtaining image data. Figure 8a shows 
the method of close range photogrammetry. Aluminum rods (5  mm diameter) and a 
Canon EOS 5D Mark II are used for the close range photogrammetry. A circle shaped 
reflective point (3 mm in diameter) is attached to the end of the aluminium rods. These 
aluminium rods are inserted into sandy ground. Figure 8b shows the final setup of the 
close range photogrammetry. The aluminium rods are moved with the surrounding soil 
during tunnelling and captured by the Canon EOS 5D Mark II. Four types of image data 
are obtained from various angles and positions: from the centre, the left side and right 
sides, and at a 90° rotation.

Image processing

The image data are analysed using image processing. First, the image data is classified 
according to various steps of VL. Each file is named from Epoch_0 to Epoch_4. Epoch_0 
is noted as the initial state (VL = 0%). These image file groups are analysed by a Vision 
Measurement System (VMS) program, as shown in Fig. 9a. A total of 18 control points 

Fig. 8  Soil deformation measurement by close range photogrammetry: a camera positions; b set-up of 
model test

Fig. 9  Image processing programs: a VMS program; b EngVis program
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(reference points) are used in the image processing. Based on these control points, the 
positions of the target points in the soil can be identified. Consequently, these positions 
are plotted to X and Y coordinates by the VMS. In addition, based on these coordinates, 
a triangle mesh system is generated by the EngVis program (Fig. 9b).

Results of model test

Lee and Lee [9] definition of ultimate pile loads is used to determine an allowable pile 
load of 0.63 kN (a safety factor of 3). The stages of VL are divided into 5: 0, 3, 5, 10 and 
18%. Settlements of pile and ground surface are increased according to the distance 
between the pile tip and tunnel crown (Fig. 10). Larger settlements of pile and ground 
surface occurred in case 1 for all VL steps than in any other case. The value of maximum 
ground VL due to tunnelling is 5% in general sandy ground. Therefore, the results are 
analysed according to the distance between the pile tip and tunnel crown with VL = 3 
and 5%. At this time, settlements of VL = 0% are set to zero. As a result, when VL = 3%, 
the pile settlement of case 1 is 49.2% bigger than in case 2 and 58.7% bigger than in case 
3. The settlements of ground surface for case 1 increases 38% more than in case 2, and 
82% more than in case 3. Also, the pile settlements increase by 23.2% for case 2 and 
48.8% for case 3. Settlements of ground surface rise by 35.2% for case 2 and 68.5% for 
case 3 (VL = 5%). Table 1 shows settlements of pile and ground surface. The axial forces 
gradually increase from the pile crown until segment 3 but decrease under segment 
3. Vertical displacements are concentrated around the embedded pile. Also, the total 
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Fig. 10  Results of pile and ground surface settlements: a settlements of pile; b settlements of ground 
surface

Table 1  Settlements of pile and ground surface (unit: mm)

Case Case 1 Case 2 Case 3

Volume loss (VL), % 3 5 10 18 3 5 10 18 3 5 10 18

Pile 5.28 7.38 10.55 18.10 2.68 5.67 9.85 17.46 2.18 3.78 8.86 11.84

Ground surface 0.50 0.54 0.59 0.75 0.31 0.35 0.45 0.66 0.09 0.17 0.40 0.58
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displacement vectors are observed around the pile and tunnel crown. Afterward, these 
results are compared using 3D numerical analyses.

Numerical analysis
A numerical analysis is conducted using Plaxis 3D [10]. The size of the embedded pile, 
tunnel, and containers are the same as in the model test. The allowable pile load is deter-
mined by an ultimate pile load of 1.9 kN and a safety factor of 3. Offsets between the pile 
tip and tunnel crown are classified in three cases, viz. 0.5D, 1.0D and 1.5D (Fig. 7).

Material parameters

Mohr–Coulomb and Linear elastic are applied to the model ground and piles, respec-
tively. Material parameters of the soil and structures are shown in Table  2. Also, the 
interface factor (Rinter) is considered for accurate predictions [11–13].

Results
Vertical displacements are obviously concentrated around the embedded pile. The influ-
ence range of vertical displacements is expanded into the surrounding soil. The total 
displacement vectors are generated around the piles and tunnel. As the offset becomes 
closer, the displacements largely increase. The largest axial forces are generated in the 
third segment. This tendency is the same in the results of the model test.

Comparison between model test and FE analysis
Comparison between model test and 3D numerical analysis

The results of the model tests and numerical analyzes show similar trends. Figure 11a–c 
show settlements of pile and ground surface for 3 cases. In the results, δ(max) means 
the maximum settlement of each VL. δ(i) means initial settlements from the allowable 
pile load before tunnelling. As the offset between the pile tip and tunnel crown becomes 
closer, settlements of pile and ground surface increase. Also, settlement due to volume 
loss is largest in case 1. As a result of VL = 5%, the pile settlements of case 1 is 7.3 and 
15% bigger than in cases 2 and 3, respectively. In model test, the ground surface settle-
ment of case 1 is 6.6 and 12.9% larger than case 2 and 3, respectively. Also, settlements 
of case 3 decreases by more than double compared to case 2. In numerical analysis, the 
pile settlements increase by 14.3% for case 2 and 19.6% for case 3. Settlements of ground 
surface rise by 1.9% for case 2 and 2.8% for case 3. The largest axial force is measured in 
segment 3 in both the model test and numerical analysis (Fig. 12). However, the results 

Table 2  Material parameters in FE analysis for the embedded pile and soil

γ, unit weight of soil; E, Young’s modulus; ν, Poisson’s ratio; c, cohesion; Φ′, Angle of shearing resistance; Rinter, interface factor

Parameter Soil Pile

γ (kN/m3) 16 78.5

E (kN/m2) 1000 20,000,000

ν 0.2 0.2

c (kN/m2) 7 –

Φ (°) 27 –

Rinter 0.3
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Fig. 13  Vertical displacements using close range photogrammetry (case 1: S = 0.5D): a VL = 3%; b VL = 5%; c 
VL = 10%; d VL = 18%

Fig. 14  Displacement vectors using close range photogrammetry (case 1: S = 0.5D): a VL = 3%; b VL = 5%; c 
VL = 10%; d VL = 18%
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Fig. 15  Vertical displacements using 3D numerical analysis (case 1: S = 0.5D): a VL = 3%; b VL = 5%; c 
VL = 10%; d VL = 18%

Fig. 16  Displacement vectors using 3D numerical analysis (case 1: S = 0.5D): a VL = 3%; b VL = 5%; c 
VL = 10%; d VL = 18%

Fig. 17  Vertical displacements using close range photogrammetry (case 2: S = 1.0D): a VL = 3%; b VL = 5%; c 
VL = 10%; d VL = 18%

Fig. 18  Displacement vectors using close range photogrammetry (case 2: S = 1.0D): a VL = 3%; b VL = 5%; c 
VL = 10%; d VL = 18%
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Fig. 19  Vertical displacements using 3D numerical analysis (case 2: S = 1.0D): a VL = 3%; b VL = 5%; c 
VL = 10%; d VL = 18%

Fig. 20  Displacement vectors using 3D numerical analysis (case 2: S = 1.0D): a VL = 3%; b VL = 5%; c 
VL = 10%; d VL = 18%

Fig. 21  Vertical displacements using close range photogrammetry (case 3: S = 1.5D): a VL = 3%; b VL = 5%; c 
VL = 10%; d VL = 18%

Fig. 22  Displacement vectors using close range photogrammetry (case 3: S = 1.5D): a VL = 3%; b VL = 5%; c 
VL = 10%; d VL = 18%
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of the model test and numerical analysis differ slightly. This is because the load transfer 
affects the actual compaction, and also because of the size and shape of the soil particles.

Comparison between close range photogrammetry and 3D numerical analysis

Figures 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23 and 24 show the results of cases 1, 2 and 
3, respectively. Vertical displacements are largely concentrated around the pile in both 
the close range photogrammetry and numerical analysis. The influence range of vertical 
displacements is expanded to the ground surface. These vertical displacements increase 
with the closer distance between the pile tip and tunnel crown. They increase as the VL 
increases. The total displacement vectors go towards the tunnel crown. Consequently, 
large total displacement vectors can be observed at the pile sides and the tunnel crown.           

Conclusions
In this study, the interactive behaviour between the embedded pile and its surround-
ing soil due to tunnelling is investigated. The offset between the piles and tunnel is con-
sidered in three cases, viz. 0.5D, 1.0D, 1.5D. The axial forces of each pile segment are 
measured in the model test. The behaviour of the ground is observed using close range 
photogrammetry and image processing. These results are compared to 3D numerical 
analysis. The conclusions of this study are summarized as follows:

1.	 The interactive behaviour between the pile and ground is observed according to vari-
ous degrees of volume loss. Settlements are increased according to the increase of 
volume loss. As the offset between the pile tips and tunnel becomes closer, settle-
ments of pile and ground surface increase. As a result of VL = 3%, the pile settlement 
of case 1 is 49.2 and 58.7% bigger than of cases 2 and 3, respectively. Also, the ground 
surface settlement of case 1 is 38 and 82% larger than cases 2 and 3, respectively. 

Fig. 23  Vertical displacements using 3D numerical analysis (case 3: S = 1.5D): a VL = 3%; b VL = 5%; c 
VL = 10%; d VL = 18%

Fig. 24  Displacement vectors using 3D numerical analysis (case 3: S = 1.5D): a VL = 3%; b VL = 5%; c 
VL = 10%; d VL = 18%
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Also, for cases 2 and 3, the pile settlements increase to 23.2 and 48.8% and the settle-
ments of ground surface rise to 35.2 and 68.5%, at VL = 5%.

2.	 Results were compared according to offsets between the pile tip and tunnel crown at 
VL = 5%. Therefore, in this result, the value of δ(max)/δ(i) in case 2 is twice the value 
of δ(max)/δ(i) in case 3 in model test. In other words, the stability of the structure 
and ground significantly increases according to the offset.

3.	 The axial forces of the embedded pile segments are observed according to the dis-
tance of the tunnel crown and the end of the pile. The axial forces of the embedded 
pile rise continuously from the pile crown until the position of segment No. 3, and 
the axial forces under segment No. 3 gradually decrease. Consequently, the maxi-
mum load is observed at the position of segment No. 3. Further research about the 
relationship between axial forces and neutral axis is required.

4.	 The vertical displacements are concentrated at the side of the embedded pile. The 
contours of case 1 expand more than in other cases. The range of influence extends 
according to volume loss in both the close range photogrammetry and the numeri-
cal analysis. The total displacement vectors are observed around the pile and tunnel 
crown.

This study is helpful to understand the interactive behaviour between the pile and 
ground due to tunnelling; in particular, when the pile is located in the tunnel crown area. 
Further research using close range photogrammetry to analyse the results of shear strain 
will be carried out to help understand the failure of mechanisms.
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