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ABSTRACT  
 
Tunnel deformation and failure mechanism are studied under the condition of different piles stiffness, which are 
based on the transparent soil test technology. It is concluded that the failure modes of condition one, condition two 
and condition three are similar with each other, which are all in the form of “funnel shape”. With the increase of 
drainage volume, the displacement of soil increases and the deformation range becomes wider and wider. With the 
decrease of pile stiffness, the anti-disturbance ability of tunnel surrounding rock decreases successively.  
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1 INTRODUCTION 

Deformation and failure evolution rules of 
surrounding rock have always been one of the 
important problems of tunnel engineering (Bromset et 
al. 1967; Peck 1969), and many scholars have done 
fruitful work (Davis et al. 1980; Clough 1983; Lee 
2006; Adachi 2003; Hamid et al. 2013, 2014; Wan et al. 
2016, Goh et al. 2017). Due to the restrictions of traffic 
routes and underground space construction and other 
factors, subway tunnels sometimes inevitably pass 
under the existing pile foundation in subway design and 
construction. Therefore, it has become an urgent 
problem to ensure the safety and stability of piled 
ground by tunnelling under existing pile foundation. 

Traditional model test requires embedding many 
sensors in the soil to measure deformation, but the 
sensors will affect the properties of the soil, thus 
affecting the experimental results. In order to visualize 
the interior of soil mass, transparent soil test technology 
was proposed by Allersma (1982). Later, this 
technology was developed by Iskander (2002), Sade 
(2002), Ni (2010), Toiya (2007), Liu (2009, 2010), 
Siemens,G.A. (2014), Ahmed, M (2011, 2015) and 
other scholars. 

According to model test carried out by transparent 
soil technology, Cao et al., (2014, 2015), Zhou et al. 
(2017, 2018), Kong et al. (2015) realized the 
visualization of soil displacement around piles under 
the action of pulling. Qi et al. (2015) studied the 
buckling of slender piles.  

Sun et al. (2011) studied the internal deformation 
characteristics of soil mass during shield tunneling 
based on transparent soil model test. And they analyzed 
the mesoscopic mechanism of soil deformation. 

Few scholars have analyzed piled ground responses 
due to adjacent tunnelling based on transparent soil and 
PIV technology. Therefore, this paper use transparent 
soil and PIV technology to study the deformation and 

failure evolution rules of soil in the condition of 
tunnelling under existing pile foundation.  

2 INTRODUCTION OF TRANSPARENT SOIL 
MODEL TEST 

Detailed equipment is described in the following 
subsections. 

2.1 Model test system  
The model test system consists of the optical 

platform, a computer, CCD high speed industrial 
cameras, an optical laser, the plexiglass model tanks, 
and PIV digital image processing software. The 
experimental system can simulate the deformation and 
failure of piled ground responses. 

The optical platform is made of ferromagnetic 
stainless steel, with honeycomb structure on the surface 
of the platform. CCD high speed industrial camera has 
a resolution of 1280 x 960, and the computer operated 
camera control program can continuously capture the 
deformation process of surrounding rock during 
tunnelling. The plate optical laser model is EP532-3W, 
its output power is 3W, the wavelength is 532nm, the 
thickness of the plate light is less than 1mm, and the 
output Angle is 10-25 degrees. The model groove is 
made of acrylic plexiglass, each surface is bonded with 
strong adhesive, and the bottom of each surface is 
ribbed to restrict the deformation of the model groove. 
The model slot size is 320mm * 200mm * 300mm, the 
wall thickness is 5mm, there are 50mm model holes in 
front of the model slot, the hole center is 75mm from 
the bottom surface, and 160mm from both sides. The 
outside of the model hole is bonded with a 40mm long 
circular pipe to fix the rubber film. The size of the plate 
is 300mm * 160mm, and there are 5 acrylic rods in 
each vertical row, with the spacing of 50mm, and 2 
acrylic rods in each horizontal row, with the spacing of 
80mm, with a total of 10 acrylic rods. There are 65mm 
long acrylic rods with diameters of 6mm, 4mm and 



 

 

2mm.10 acrylic rods of the same diameter are 
cantilevered on one plate. Three acrylic rods of 
different diameters are placed on three plates as shown 
in Fig.1. Calibration was marked on the edge of the 
model tank, and the position of the laser was moved to 
select the section for shooting. Finally, PIVview2 
software is used for image processing. The test system 
is shown in Fig.2. 

 
Fig. 1. Three diameters of piles 

 
Fig. 2. Model test system 

2.2 Selection and preparation of model test 
materials 

The solid material of transparent soil adopts glass 
sand with particle size of 0.5-1mm. Its maximum dry 
density is 1.274 g/cm3, and its minimum dry density is 
0.907 g/cm3. The pore liquid is made up of No.15 
mineral white oil and n-dodecane according to the mass 
ratio of 4:1. The refractive index of the pore liquid is 
1.4585. Transparent configuration by the method of soil 
and the corresponding natural sand has the similar 
physical and mechanical properties of graded (Kong et 
al. 2013) internal friction Angle range between 36 ° - 
39 °. The drainage method adopted is to simulate the 
formation loss caused by tunnelling. The tunnel model 
adopts a rubber film with a diameter of 50mm, one end 
is tied tightly and the other end is filled with rubber 
plugs. The hose through the rubber plug is connected to 
the tap. The tunnel model is shown in Fig. 3. Before the 
test, the model tank should be cleaned, the tunnel model 
should be preset, and materials for transparent soil 
should be prepared. 

 
Fig. 3. Tunnel model 

Firstly, the quality of required glass sand should be 
weighed, the volume of glass sand in the model box 
should be calculated according to density. Secondly, the 
refraction index of No.15 mineral white oil and 
n-dodecane was proportionally configured to match 

glass sand. Finally, the weighed glass sand is slowly 
and evenly poured into the model tank to mix with 
white oil. In the configuration process, glass rods are 
required to slowly stir transparent soil to remove 
bubbles. The transparent soil is compacted to a constant 
compactness by means of layered compaction. The 
thickness of each layer is 10mm. 

3 INTRODUCTION TO THE TEST PROCESS 
AND CONDITIONS 

3.1 Test process 
The deformation process of shallow buried circular 

tunnel without lining under the action of gravity stress 
field was studied experimentally. Before the experiment, 
the model slot was placed in an appropriate position, 
the camera was pointed at the cross-section of the 
tunnel. Relative position of the camera and model slot 
was adjusted to make the image clear. The intensity of 
laser is adjusted to form stable and clear bright spots in 
the transparent soil. Water in the tunnel is discharged 
from the tap at a constant speed to reduce the volume to 
simulate tunnelling, and the drainage volume is 50mL 
each time, as shown in Fig.4.  

  

Fig. 4. Drain device 

A group of photos shall be taken for each position of 
the laser, and the laser position shall be recycled once 
for each excavation, as shown in Fig.5. The photos are 
processed by post-processing software PIV. 

 
Fig. 5. Model test box 

3.2 Test conditions 

The shear strength of glass sand increases with the 
increase of relative density, and the density of the 
prepared transparent soil remains unchanged at 1.161 
g/cm3. According to the different diameter of pile 
model, it can be divided into three working conditions. 



 

 

Details are shown in Table 1. 
Table 1. Parameters of the transparent soil in three tests 

Test 
No. 

Relative 
Density 

(%) 

pile 
diameter 

(mm) 

Friction 
angle 

(°) 

Minimum 
density 
ρmin 

(g/cm3) 

Maximum 
density 
ρmax 

(g/cm3) 

Dry  
density 
ρ  
(g/cm3) 

1 70 6 34 0.970 1.274 1.161 

2 70 4 34 0.970 1.274 1.161 

3 70 2 34 0.970 1.274 1.161 

4 PIV ANALYSIS 

4.1 Deformation law of soil during drainage 
Analysis of soil displacement at each stage of 

drainage process in condition 3 are as Fig.6. 

 
a) Displacement vector diagram of 50mL drainage 

 
b) Displacement vector diagram of 100mL drainage 

 
c) Displacement vector diagram of 150mL drainage 

 
d) Displacement vector diagram of 200mL drainage 

 

e) Displacement vector diagram of 250mL drainage 

 
f) Displacement vector diagram of 300mL drainage 

Fig.6. Displacement vector diagram of each stage in 
Condition 3 

Fig. 5 shows the displacement vector diagram of the drainage 
process in condition 3, which represents the ground responds 
caused by volume loss. When the drainage volume is 50mL, the 
soil generates a small displacement. With the increase of 
drainage volume, the displacement of soil increases and the 
deformation range becomes wider and wider. When the drainage 
volume is 150mL, the deformation range of soil tends to be 
stable, forming a "funnel-shaped" failure form. 

4.2 Law of soil deformation under different pile 
diameters 
Displacement vector diagram of 150mL drainage under three 
conditions are as follows. 

 
a）Condition 1 

 
b）Condition 2 

 
c）Condition 3 
Fig. 7. Displacement vector diagram of 150mL drainage in 
condition 1, condition 2 and condition 3 

Fig. 7 shows the displacement vector diagram under three 
conditions, which represents piled ground responses caused by 
adjacent tunnelling. In the three conditions, the deformation 
range tends to be stable at 150mL drainage, forming a 
"funnel-shaped" failure pattern. The upper surface opening in 
condition 1 is less than that in condition 2. The upper surface 
opening in condition 2 is less than that in condition 3. The above 
deformation process shows that when three conditions have the 
same drainage volume, the anti-disturbance ability of soil in 
condition 1, condition 2 and condition 3 becomes weaker, and 
the deformation range of soil in turn becomes wider. Therefore, 
the diameter of pile significantly influent on piled ground 
deformation because of tunneling under the existing pile 
foundation. 



 

 

5 CONCLUSION 

In this paper, transparent soil and PIV technology 
are used to simulate piled ground responses because of 
tunnelling under the condition of pile foundation with 
different diameters. The following conclusions are 
drawn. 

1. With the increase of drainage volume, the 
displacement of soil increases and the deformation 
range becomes wider and wider. When the drainage 
volume is 150mL, the deformation range of soil tends 
to be stable, forming a "funnel-shaped" failure form. 

2. The diameter of pile has a significant influence on 
piled ground responses due to adjacent tunnelling. 
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