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Behaviors of ground and existing structures due to circular tunneling 
Comportement des sols et des structures existantes sous creusement de tunnel circulaire 

H. M. Shahin, E. Nakahara and M. Nagata 
Nagoya Institute of Technology, Nagoya, Japan 

ABSTRACT 
This paper describes relationship between surface settlement and volume loss due to shallow tunneling based on two-dimensional 
model tests and the corresponding numerical analyses. The interaction effect between tunneling and existing nearby structures is also 
demonstrated in this paper. The numerical simulations are conducted with finite element method under plane-strain conditions using
elastoplastic subloading tij. It is revealed in this research that the volume loss is less significant compare to the crown drift for
estimating surface settlement troughs and earth pressure distributions around the tunnel in the case of shallow tunneling. The existing 
building loads control surface settlement and zone of deformation during tunnel excavation. The numerical results show very good
agreement with the results of the model tests. 

RÉSUMÉ
Cet article décrit la relation entre le tassement de surface et la perte de volume due au creusement de tunnels à faible profondeur
obtenue à partir d’essais expérimentaux en deux dimensions et de modélisation numériques. Les modélisations numériques ont été 
réalisées avec la méthode des Eléments Finis en condition de déformations planes et à l’aide d’un modèle élasto-plastique tij à sous 
chargement. Il a été montré dans cette étude que la perte de volume a moins d’influence que la dérive de l’outil de creusement  sur les
prédictions de tassement de surface et de distributions des pressions des terres au voisinage du tunnel. Le chargement dû aux
structures existantes contrôle quant à lui le tassement de surface ainsi que l’étendue de la zone de déformation pendant le creusement.
Les résultats numériques ont montré une très bonne adéquation avec les essais expérimentaux. 
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1 INTRODUCTION  

It is essential to utilize the underground space efficiently in 
urban development, which demands advanced tunneling 
technique to cause less damage to the existing buildings due to 
tunnel excavation. To investigate the mechanism of tunneling 
problems trap door apparatus has been used by many 
researchers (Murayama and Matsuoka, 1971; Adachi et al, 
1994; Nakai et al, 1997; Shahin et al, 2004). In our previous 
work, we have been carried out laboratory model tests using 
trap-door tunnel apparatus to investigate the deformation 
mechanism and redistribution of stress surrounding the tunnel. 
For investigating these properties more precisely, a new and 
more realistic tunnel apparatus has been developed. This paper 
explains 2D model tests on tunnel excavation with the newly 
developed circular tunnel apparatus and numerical analyses 
using the subloading tij model. This model can consider 
influence of intermediate principal stress on the deformation 
and strength of soils, dependence of the direction of plastic flow 
on the stress paths, influence of density and/or confining 
pressure on the deformation and strength of soils. 

2 DESCRIPTION OF MODEL TESTS 

(a) Apparatus of model tests
Figure 1 shows a schematic diameter of 2D tunnel apparatus. 
Figure 2 represents a model tunnel with circular cross section. It 
consists of a shim at the center of the tunnel surrounded with 12 
segments. The segments are strongly tightened all around the 
shim with rubber band. One motor is attached with the shim to 
pull it out in the horizontal direction.  The model tunnel is kept 
in the space with a vertical shaft, and can be moved in the 
vertical direction with another motor. The shim is pulled out 

gradually which changes the diameter of the shim, consequently 
the segments move inward and the diameter of the tunnel is 
reduced. Changing the shape of the shim different kinds of 
excavation process can be reproduced with this apparatus. The 
reduction of tunnel diameter and the amount of radial shrinkage 
are obtained from a dial gauge reading. The vertical movement 
of the tunnel is also measured with another dial gauge. Here, the 
shrinkage of the tunnel can be attained in a controlled manner, 
which can simulate the condition of a real tunnel construction. 

Figure 2. Circular tunnel device 
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In the apparatus 12 load cells are used to measure earth 
pressure acting on the tunnel. Therefore, earth pressure can be 
obtained at 12 points on the periphery of the tunnel. The total 
diameter of the model tunnel is 10.0cm. The circular tunnel 
device is placed on an iron table that was used for the trap door 
tunnel apparatus (Nakai et al, 1997; Shahin et al, 2004). The 
surface settlement of the ground is measured using a laser type 
displacement transducer with an accuracy of 0.01mm and its 
position in the horizontal direction is incurred with a supersonic 
wave transducer. To simulate building loads piled-raft is used. 
For applying dead loads on the top of the ground a plate of 8cm 
in width with two piles is placed in the ground adjacent to the 
model tunnel, and the load is applied at the middle of the plate 
before performing tunnel excavation. This load is kept fixed 
throughout the test. A constant value of dead load of Q=0.32 
(×9.8N/cm) is applied on the ground surface, which is around 
1/3 to 1/2 of the ultimate bearing capacity of the ground. 
(b) Excavation patterns 
The tunnel device is set at a height of 10cm; the height is 
measured from the bottom boundary to the tunnel invert.  After 
setting the tunnel device, mass of aluminum rods, having 
diameters of 1.6 and 3.0mm and mixed in a ratio of 3:2 in 
weight, is stacked up to a prescribed depth. The unit weight of 
the aluminum rod mass is 20.4kN/m3, and the length is 5.0cm. 
The initial ground is made is such a way so that the earth 
pressure becomes similar to the earth pressure at rest with the 
bottom moveable blocks of the apparatus. In this study two 
types of excavation patterns are considered. Pattern 1 (fixed 
center excavation) corresponds to the excavation where the 
center of the tunnel is kept fixed and the diameter of the tunnel 
is shrunk applying shrinkage of 4mm all around the tunnel as 
shown in Fig.3. Pattern 2 represents the excavation pattern 
where the invert is kept fixed (fixed invert excavation). This is 
attained by descending the tunnel during the application of 
shrinkage. Here, the same amount of shrinkage (4mm) is 
applied. However, as the center is moved downward by 4mm 
the amount of imposed displacement at the tunnel crown is 
8mm. In both excavation patterns the volume loss of the ground 
is the same, which is equal to 15.36%. The data at different 
volume losses started from 0.20% are recorded in the 
experiments. The model tests have been conducted for four 
kinds of overburden ratio, D/B equals 0.5, 1.0, 2.0 and 3.0, 
where D is the depth from the ground surface to the top of the 
tunnel and B (10cm) is the width of the tunnel. In Fig.3, dr

represents the amount of shrinkage towards the center of the 
tunnel, and dc indicates the amount of displacement at the tunnel 
center. In the case of the existing building loads, both types of 
the tunnel excavations are performed, however, this paper 
describes only the results of the fixed invert excavation. 

                      (I) center is fixed         (II) invert is fixed 
Fig  3. Schematic explanation of excavation patterns 

3 DESCRIPTION OF NUMERICAL ANALYSES 

Figure 4 shows the mesh used in the finite element analyses. 
Isoparametric 4-noded elements are used in the mesh. To 
simulate the tunnel excavation, horizontal and vertical 
displacements are applied to the nodes of the tunnel periphery. 
Analyses are carried out with the same scale and same 
conditions of the model tests. Two-dimensional finite element 
anlyses are carried out with FEMtij-2D using the subloading tij 

model (Nakai and Hinokio, 2004). Model parameters for the 
aluminum rod mass are shown in Table 1. The parameters are 
fundamentally the same as those of the Cam clay model 
except the parameter a, which is responsible for the influence 
of density and confining pressure. The parameter β represents 

the shape of yield surface. The parameters can easily be 
obtained from traditional laboratory tests. Figure 5 shows the 
results of the biaxial tests for the mass of aluminum rods used 
in the model tests. From the stress-strain behavior of the 
element tests simulated with subloading tij model, it is noticed 
that this model can express the dependency of stiffness, 
strength and dilatancy on the density as well as on the 
confining pressure. The initial stresses of the ground are 
calculated by simulating the self-weight consolidation 
applying body forces starting from a negligible confining 
pressure. For the building loads, the ground is initially formed 
under geostatic condition, and then concentrated load is 
applied at the middle of the foundation.  

Figure 4. FEM mesh (D/B=2.0) 

Figure 5. Stress-strain-dilatancy relation of aluminum rods mass 

Table 1.  Parameters of soil materials     _______________________________________ 
       Parameters                                   Value       _______________________________________ 
      λ                                       0.0080 
      κ                                            0.0040 
      N (eNC at p=98kPa & q=0kPa)         0.30 
      RCS=(σ1/σ3)CS(comp.)                     1.80 
      β                            1.20 
      νe           0.20 
       a             1300      _______________________________________ 

4 RESULTS AND DISCUSSIONS  

4.1 Greenfield ground in tunnelling 

Surface Settlement: Figure 6 shows the observed and computed 
troughs of surface settlement in the fixed center and fixed invert 
excavations for the shrinkage dr=4mm in the case of D/B=1.0. 
The abscissa represents distance from the center of the tunnel, 
while the vertical axis shows the amount of surface settlement. 
For both patterns of excavation the maximum surface settlement 
occurs vertically above the tunnel crown. Surface settlements 
become smaller with the increase of the tunnel depth, but they 
extend over a wider region similar to the previous research 
conducted with trap door tunnel apparatus (Shahin et al, 2004). 
For the same volume loss the maximum surface settlement is 
larger in the case where the invert is fixed than that of the fixed 
center excavation. Surface settlement occurs locally for 8mm 
applied displacement for the fixed invert excavation, especially 
up to D/B=2.0. However, for D/B=3.0 the difference of the 
surface settlement profiles between the two excavation patterns 
is less significant. From these results it is revealed that for the 
same volume loss surface settlement profiles vary with the 
excavation patterns in the case of shallow tunneling. Therefore, 
the surface settlement may not be properly estimated using the 
method of volume loss (Mair et al, 1993) for shallow tunneling. 
The results of numerical analyses show the same tendency of 
model tests not only in shape but also in quantity. 
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Figure 6. Surface settlement profiles: Greenfield 

Shear Strains: The distribution of shear strain of the model tests 
are obtained from the simulation of Particle Image Velocimetry 
(PIV) technique. Figure 7 shows the distribution of shear strain 
for fixed center and fixed invert excavation, in the case of 
D/B=1.0 for dr=4mm. It is seen that the shear band of the 
ground is developed from the tunnel invert and covered the 
entire tunnel for the fixed center excavation. In contrast, the 
shear band develops from the side of the tunnel not from the 
tunnel invert for the fixed invert excavation. In this case the 
length of the shear band is longer than that of the fixed center 
excavation. The range of the deformed region for the fixed 
invert is narrower compare to the fixed center excavation. The 
different patterns of shear strain due to the different types of the 
tunnel excavation lead the change of the ground behavior. The 
shear strain of the numerical analyses shows very good 
agreement with the results of the model tests.

 Figure 7. Distribution of shear strain: greenfield (D/B=1.0)   

Earth pressure: Figure 8 shows the observed and computed 
earth pressure distributions for D/B=1.0 in the case of fixed 
center and fixed invert excavations. The plots are drawn in the 
12 axes corresponding to the radial direction of the 12 load cells 
towards the center of the model tunnel. It is seen in the figure 
that earth pressure decreases all around the tunnel for the fixed 
center excavation due to the arching effect. The results appear 
to be in agreement with the results of tunnel experiments 
performed by Murayama and Matsuoka, 1971; Adachi et al, 
1994; Shahin et al, 2004. As shear band develops surrounding 
the entire tunnel (Fig.7) the surrounding ground undergoes to a 
loosen state which reduces stresses in that place.  It is also 
noticed that the earth pressure decreases suddenly after applying 
0.00 to 0.20mm shrinkage of the tunnel. Further shrinking the 
tunnel, earth pressure decreases gradually at a lower rate up to a 
certain extent after which the earth pressure becomes almost 
constant. Sudden change in earth pressure is due to soil arching, 
immediately after disturbing the ground. For the fixed invert 

excavation earth pressure distributions are different from the 
fixed center excavation. In this case earth pressure decreases all 
around the tunnel till dr=1mm, for further shrinkage of the 
tunnel it increases in the bottom part of the tunnel while it 
remains almost same in the upper part of the tunnel. It can be 
explained with the shear strain distribution shown in Fig.7. As 
the ground becomes loose only in the upper part of the tunnel 
after dr=1mm, the confining pressure in the bottom part 
increases, therefore, the increase of earth pressure in the bottom 
part of tunnel can be speculated. From the above discussions it 
can be said that the distribution of earth pressure is highly 
dependent on the excavation patterns. 

4.2 Ground with piled-raft 

Surface settlements: Figure 9 shows the observed and 
computed surface settlements profiles for applied shrinkage of 
1mm and 4mm in the case of D/B=2.0 and Dp/B=1.0, where Dp

is the vertical distance between the pile tip and the tunnel block. 
These figures also represent the results of the greenfield 
condition for the shrinkage of dr=4mm, which is shown with 
solid line. The position of the applied dead load is depicted at 
the top in the figure. It is seen that the maximum surface 
settlement occurs at the position of the building load, which is 
larger than that of the greenfield condition in the same way as 
the tests with trap door apparatus (Shahin et al., 2004). The 
numerical simulations can explain well the results of the model 
tests. From these results it can be said that the surface 
settlement in real field tunneling may not be maximum just 
above the tunnel axis when super structures exists nearby the 
tunnel. It is also noticed that surface settlement troughs for 
tunnel excavation in the ground disturbed by existing buildings 
do not follow the usual pattern of a Gaussian distribution curve, 
as generally observed for the Greenfield condition. 

Figure 9. Surface settlement profiles: piled-raft (D/B=2.0) 
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Shear strain: Figure 10 represents the observed and computed 
shear strain distribution for soil cover D/B=2.0 where Dp/B=1.0. 
Here, the development of the shear band is different in the left 
and right side of the tunnel for the disturbed initial stress. A 
large shear strain concentrates to the rear pile for Dp/B=1.0 in 
soil covers D/B=2.0 and 3.0. For Dp/B=1.0 in soil cover 
D/B=1.0 the shear strain mainly concentrates near the front pile. 
Therefore, it can be said that the distance from the tip of the pile 
to the tunnel crown has a significant effect on the deformation 
mechanism. The intensity of shear strain in the left side of the 
tunnel gradually decreases with the increase of soil cover. The 
computed distributions of shear strain of the numerical analyses 
show very good agreement with the results of the model tests. 

Figure 10. Distribution of shear strain: piled raft 

Figure 11. Tunneling induced axial force 

Figure 12. Tunneling induced bending moment 

Axial Force: Figure 11 shows the induced axial force in the 
front pile (pile nearer the tunnel) and the rear pile (pile located 
further from the tunnel) for D/B=1.0 and Dp/B=0.0. Fig.11(a) 
represents the results of the model tests, and Fig.11(b) illustrates 
the computed results obtained from finite element analyses. The 

vertical axis represents the length of the pile. The legend 
represents the shrinkage of the tunnel. The axial force 
significantly decreases in the front pile for Dp/B=1.0 for soil 
covers D/B=0.5 to 3.0. As the ground settlement is larger than 
the pile settlement in the region of the upper part of the front 
pile, positive shaft friction develops around at that region of the 
pile that causes the reduction of axial force by stress relaxation 
due to tunneling. As the pile tip is closer to the tunnel crown the 
settlements of the ground and pile tip area are very close to each 
other, hence the reduction of the axial force near the pile tip is 
smaller than that of the upper part. The axial forces of the rear 
pile increases for soil covers D/B=0.5 and 1.0, and it decreases 
for soil cover D/B=2.0 or greater. This happens because of the 
range of influence for very shallow tunneling is narrower than 
that of the relatively deeper one. Therefore, the rear pile of soil 
covers D/B=0.5 and 1.0 is located outside the disturbed zone 
and carries the load of the front pile. In contrast, as the rear pile 
of the deeper soil covers is located within the influenced zone 
the tensile force is developed in this pile. The distance between 
the pile tip and the tunnel crown is an important factor which 
controls the pattern of the axial force. The numerical simulation 
well captures the profiles of the tunneling induced axial force. 

Bending Moment: Figure 12 represents the induced bending 
moments on the front pile and rear pile due to tunnel excavation, 
for the same soil covers and pile length shown in Fig.11 in the 
results of axial force. It is seen that bending moments is 
developed because of differential settlement of the foundation 
due to the tunnel excavation, and its magnitude increases with 
the volume of excavation. Among fours sets of soil covers, 
maximum inclination (huge differential settlement) of the piled 
raft is observed in D/B=1.0, consequently the largest bending 
moment is found in this soil cover.  The piles experience less 
induced bending moment with the deeper soil cover due to the 
uniform settlement of the foundation. If the pile tip is located 
close to the tunnel crown, bending moment develops in the pile 
for the deeper soil cover as well. The numerical analyses can 
perfectly capture the results of the model tests. 

5 CONCLUSIONS 

From the experimental and numerical studies, it is shown that 
surface settlements, earth pressure around tunnel and ground 
movement are significantly influenced by the displacement 
applied at the tunnel crown for the same overburden and the 
same volume loss. The existing building load influences very 
much on the subsidence of the building, as well as on the 
surface settlement and earth pressure due to tunneling. The 
distance between the pile tip and the tunnel crown plays an 
important role on the piled raft behavior. During tunnel 
excavation the axial force of the pile changes due to stress 
relaxation and change of shaft friction. The computed results in 
which typical stress-strain behavior of soils is appropriately 
taken into account agree well with the experimental results 
qualitatively and quantitatively. 
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