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ABSTRACT: In this paper, an empirical method was presented and used to analyze horizontal ground movement to the Second 
Heinenoord Tunnel beside three-dimensional (3D) and two-dimensional (2D) Finite Element Method (FEM). The results of each 
method were discussed and compared to the measurements from the site that found in the literature. In empirical equations, the 
measured parameters were used as input. The deduced results are close to the measurements. In numerical analysis, step-by-step 
pressure method and the grout pressure method were used for 3D and 2D FE-Modelling respectively. PLAXIS Finite element 
programs were used for the analysis of the tunnel. It is found that, 3D FEM can predict ground deformations very well by applying 
the pressures magnitudes in the reality. It must be used when facing complex geometry, because using it still time consuming. In 2D 
FEM the effect of losing the third dimension must be taken into account when choosing the installation procedure. It is concluded that 
empirical method can be used in preliminary analysis with engineering experience, but numerical methods had superiority especially 
3D FEM. 

 

1 INTRODUCTION 

Tunnelling processes in soft ground are often accompanying 
with ground deformation. This ground deformation is divided 
into two components, vertical displacement and horizontal 
ground movement. As they could affect the nearby structures, 
estimating them and predicting their consequence is a crucial 
point especially in urban areas. 
      In the stage of designing, there are several methods that are 
used in the prediction of the ground deformation. These 
methods begin with elementary empirical and analytical 
equations to advanced numerical simulations. As tunnelling 
projects categorized as a very important infrastructure, and any 
mistake in analysis could lead to a catastrophic situation. So, it 
is immerge that a tunnelling project must design with more 
attention. And different methods must be used for calculation of 
a criterion, to assure that reliable prediction was made.  
      Empirical equations are very famous and widely used in 
tunnelling design, and they give good results with small 
numbers of input, but defining them is very hard (Attaelmanan, 
2016). As tunnelling is a complex three-dimensional 
geomechanical problem. Using numerical methods like Finite 
Element Method for the solution of that kind of problem is 
unavoidable. Using modified grout pressure as installation 
procedure for simulating closed shield tunnelling in 2D FE-
Modelling was presented by Möller (2006). In 3D FE-
Modelling, as tunnel construction is a sequential process, a step-
by-step method is first initiated by Hanafy and Emery (1980). 
Step-by-step grout pressure method was used for modelling of a 
slurry shield tunnel by Hoefsloot and Verweij (2005) 
       In this paper, empirical method and numerical solutions are 
presented and applied for the analysis of a case study of the 
Second Heinenoord Tunnel. The results of horizontal ground 
movement from these methods were discussed and compared to 
the measurements from the site that is found in literature.  

2 THE SECOND HEINENOORD TUNNEL 

The bored tunnelling part cross-section consists of two 

tubes with an external diameter of 8.30m. The total length of the 
tunnel is 1350m with a bored part of 950m for each tunnel. The 
top ground layer is a fill underlain by two layer of sand and 
subsequent sand-clay layer. Fig. 1 shows the measurements 
were made during the construction at North and South sides. 

 

  
Figure 1: Measuring area at North Bank of river "Oude Maas" (B
akker, 1999) 
 

Table 1: Heinenoord ground parameters (Möller, 2006) 

 
     Tab. 1 gives the properties of the soil layers. The depths of 
the layers from the ground surface are 4m, 19.75m, 23.25m and 
27.5m for the layers 1, 2, 3 and 4 respectively. The depth of 
ground water table is 1.5m below ground surface, and the depth 
of the tunnel axis is 16.65m below the ground surface. The 
lining of the tunnel is a concrete segmental lining (7segments + 
key segment) with 1.5m in length and 0.35m in thickness. The 
material properties of the concrete are E=30GPa and v=0.2. 

Layer γdry 
[KN/m3] 

γsaturated 
[KN/m3] 

ν 
[-] 

Eoed 
[MPa] 

c 
[kPa] 

Φ 
[o] 

K0 
[-] 

1 16.5 17.2 0.34 8 3 27 0.58 

2 20 20 0.30 40 0.01 35 0.47 

3 20 20 0.30 120 0.01 35 0.47 

4 20 20 0.32 48 7 31 0.55 
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3 EMPIRICAL APPROACH 

An expression for horizontal ground movement was 
derived by O‟Reilly and New (1982). It is proposed that 
resultant ground displacement vectors point towards the centre 
of the tunnel. This assumption leads to the distribution of 
surface horizontal ground displacements given by 

 

    Where Sv is the vertical ground displacement, Sh is the 
horizontal ground displacement, z0 is the depth of the tunnel 
axis and y is the transverse horizontal distance from the tunnel 
centreline. 

Vertical ground displacement can be found by equation of 
Peck (1969)  

 
Where i is the point of inflection, Vt is the ground loss. 
By adapting spread factor (point of inflection) equation 

derived by Mair et al. (1993) for subsurface profile, and also the 
expression for trough width parameter K     

 

 
 

 
 

    Where z is the depth of the subsurface profile being 
considered. 
    Fig. 2 shows the distribution of the horizontal displacement 
together with the Gaussian settlement trough. Consistent with 
field observations by Cording and Hansmire (1975) the 
theoretical maximum horizontal displacement, Shmax, occurs at 
the point of inflection of the settlement trough. 
 

 
Figure 2: Horizontal surface displacements and transverse ssettlement t
rough (Mӧller, 2006) 

4 NUMERICAL MODELLING 

     In numerical modelling both 2D & 3D finite element 
modelling of the Second Heinenoord Tunnel were done by 
using 2D version and 3D Tunnel version of finite element code 
program PLAXIS.  
 
4.1 Three-Dimensional finite element model  

     Tunnel installation involves a three-dimensional stress-
strain-situation and three dimensional FE-analyses have been 
adopted in engineering practice. In this paper, a step-by-step 
pressure procedure was applied. It requires a FE-mesh with 
clusters of elements in the form of slices perpendicular to the 
tunnel axis.  
     In 3D FE-modelling 15-node triangular element was used for 
mesh block .The size of mesh block was determined to being no 
more influenced by the mesh boundaries. The installation 
procedure was modelled by using step-by-step grout pressure 
method, which models slurry pressure of Tunnel Boring 

Machine (TBM) at tunnel face with applied pressure and the 
grout pressure at shield tail with radial pressure. This radial 
pressure was assumed to act at the length of TBM plus two 
rings of the tunnel lining. All prescribed pressures increase 
hydrostatically with depth according to a unit weight of 
15kN/m3 of the slurry and the grout. The face pressure of 
230kPa at the tunnel crown was chosen according to 
measurements of the Heinenoord tunnelling project (Bakker, 
1999). The radial shield pressure was taken equal to the grout 
pressure of 125kPa at the crown. Mohr-Coulomb (MC) 
constitutive model was used to model the soil. The hardening 
grout was modelled as linear elastic material, and the tunnel 
lining was modelled with linear elastic shell element. A 20cm 
ground-lining gap was assumed, and this gap was filled by the 
hardened grout. 
 
4.2 Two-Dimensional finite element model 

    In 2D FE-modelling, 6-noded triangular element was used for 
meshing. Also the dimension of the mesh was assigned to 
encounter the effect of boundary condition. The grout pressure 
method was used to model the Second Heinenoord Tunnel. The 
same material properties were used in 2D FE-modelling. But 
slightly increase in radial pressure to 136kPa was performed 
due to the absence of the third dimension so the results matched 
with the measurements. 

5 RESULTS AND DISCUSSION 
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Figure 3: Horizontal ground movement using the 3D and 2D FEM and 
empirical equation 
 
     In this section, the results of different methods for 
calculating the horizontal ground movement were compared for 
the case study. In Fig. 3, a negative value of horizontal 
movement means that a movement is toward the tunnel. All the 
calculations results were at 6m from the tunnel axis, and they 
were compared with the measurements at this location. In 3D 
FE-Model as in the measurements, the results are 2×D(diameter 
of tunnel) behind the tunnel face. 
     Fig. 3 gives the distribution of ground movement from 
analysis using the previous mentioned methods. The figure 
shows the distribution of the results of empirical equations lies 
on about the average of the measurements distribution, and the 
results coincide with the measurement at the tunnel invert. The 
results from 3D FE-Modelling coincide with the measurements 
at the top region. By going down beside the tunnel, the results 
give no movements when in the measurements slightly inward 
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movements appeared. Under the tunnel, the results show small 
inward movements when in the measurements there are no one. 
These movements are emerged from heave of the ground under 
the tunnel due to unloading of the soil. Also, Fig. 3 shows the 
results of 2D FE-Modelling matched quite well with the 
measurements at the top region like in 3D FE-Modelling. At the 
region beside the tunnel, the analysis tends to gives outward 
horizontal movements instead of inward one in the 
measurements.  
    Horizontal movements are strongly influenced by the 
grouting pressure assigned and insufficient grouting may have 
led to inward directed movements. However, applied grout 
pressures are difficult to measure and they remain uncertain. 
    It is concluded that the best results were attained from 3D 
FEM. 2D FEM had little different from 3D FEM beside the 
tunnel, and this because the difference in applied radial 
pressure. In empirical solution, the results fit the measurements 
except in the area above the tunnel axis.  

6 CONCLUSION 

    Empirical calculation gives good predication with small 
amount of inputs, but still there is no safe procedure to 
determine this inputs priori. 3D FE-modelling gives good 
results, which matched the measurement when applied same 
pressure distribution in reality. In 2D FE-modelling, the 
difference in the grout pressure between 2D and 3D to match 
the measured surface settlement it found to be very small.  
    Finally the empirical method was found to be good in using 
for preliminary analysis, but the FE analysis seems to be very 
important and cannot be avoided. 3D FE-modelling found to be 
the best method, but it still time consuming and it cannot be 
avoided when facing complex geometry.  
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