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ABSTRACT: Engineering design trends take advantage of finite element (FEM) based software. In practice, the use of two 
dimensional (2D) FEM is one of the main tools; however, 2D results do not allow an entirely accurate analysis. From this point of 
view, the employing of three dimensional (3D) software is more desirable for design. This paper presents a nomograph to estimate 
values of 3D displacements, at the tunnel periphery, according to 2D analysis. Results were obtained starting from 2D analysis and 
finding the equivalent mesh in 3D using Rocscience®. FEM analysis was made using the Mohr-Coulomb model in elastic and 
isotropic conditions. A circular geometry, with three different radii and a 100 m length excavation, were considered for the tunnel. 
The soil was simulated for different elastic modulus and for a constant friction angle and cohesion, respectively; assuming the same 
soil specific weight. Results were normalized respect to elastic modulus, radius and specific weight. 

RÉSUMÉ: La conception des tunnels est réalisée généralement en utilisant des packages numériques, par exemple des éléments finis 
(FEM). L´utilisation d'éléments finis en deux dimensions (2D) est très répandue. Cependant, cette simulation n´est pas la plus 
souhaitable, l´étude en trois dimensions (3D) est plus réaliste. Dans cette étude, nous avons effectué des simulations avec le logiciel 
Rocscience® en 2D et 3D, pour obtenir des mailles équivalentes. Ces maillages ont permis d´étudier l´effet de l´excavation du tunnel 
jusqu´à 100 m de longueur. Finalement, le résultat d´une étude paramétrique a permis d´obtenir un Abaque des déplacements en 3D dans 
la voute d´un tunnel circulaire. Pour cela, trois modules élastiques avec la même cohésion et angle de friction du sol ont été étudiés. Les 
caractéristiques du sol simulées sont celles d´argiles en conditions isotropes et élastiques en utilisant un modèle constitutif Mohr-
Coulomb. 
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1  INTRODUCTION 

Tunnel design challenges using 3D numerical models, 
complemented by analytical methods, are necessary to develop 
an efficient design. Low computer resources and the exigency 
in design do not make the three dimensional (3D) Finite 
Element Method (FEM) one of the preferred for construction 
industry. In addition, the use of 3D software is restricted by the 
cost and the time of the required analysis, despite to has the 
advantage to achieve the 3D effect of the excavation length. In 
this way, the obtained response in two dimensions (2D) is quite 
far from a 3D analysis when considering the length of the 
progress of a tunnel construction. 

Considering the previous statements, this paper presents a 
set of equivalent meshes 2D-3D FEM to estimate values of 3D 
displacements at the periphery of a circular tunnel. The 
considered depth for the tunnel was 50 m from the ground 
surface to the center of the excavation, simulating different 
excavation lengths (see Fig. 1). 2D and 3D Rocscience® 
software was used, considering Mohr-Coulomb as the 
constitutive model in elastic and isotropic conditions. The initial 
soil parameters of the study correspond to a typical clay of the 
city of Morelia, Mexico. Finally, with the obtained results a 
parametric study was carried out to obtain a displacement 
nomograph to estimate values from 2D to 3D dimensions, 
considering different elastic modulus (E) and three tunnel 
radius (R=7, 5 and 3m). It is important to note, that support was 
not considered in FEM simulations, however, characteristic 
curve (e.g. Lombardi, 1974, Alonso et al., 2003) used in 
practice was used to obtain a pressure-displacement relationship 

and generate the first numerical simulations to the point in time 
when it is necessary to place the tunnel support. 

 

 

 
Figure 1. Circular tunnel geometry and 3D axes convention. 
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2  ANALYTICAL SOLUTION 

Elastic and Plastic theories are often used to obtain the tunnel 
radial response. In those cases, to compare analytical and 
numerical results, the expression (1) (Rico, et al., 1999) was 
used to obtain the analytical tunnel displacement. 
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where: u = elastic displacement in the tunnel periphery;  = soil 
specific weight; Ho = depth from the ground surface to the 
center of the tunnel; pa = soil radial stress in the tunnel 
periphery;  = Poisson ratio; D = tunnel diameter and E = soil 
elastic modulus. 

Moreover, the characteristic curve of the primary support of 
the tunnel was obtained using the expression (2) (Tamez-
González et al., 1997).  

 

c

m
2

a
c

Et4

Dp
u      (2) 

where: pa = soil radial stress in the tunnel periphery; Dm = 
annular medium diameter of the support; t = support thickness 
and Ec = elastic modulus of the concrete. The parameters used 
for expression (2) are stated in Table 1. 

 
Table 1. Structural parameters for the tunnel primary support. 

Parameter Value

t (m) 0.1

Ec (MPa) 21 707.9

Dm (m) 9.95

uio=  0.15m elastic radial tunnel displacement in meters before 
support (Tamez-González et al., 1997). 

3  NUMERICAL MODELING RS2® AND RS3® 

Numerical analysis corresponds to the strain generated in the 
soil in two points A and B as depicted in Fig.1. Initial 
considerations used in FEM were taken from study by Viveros-
Viveros (2016), which conducted an analysis using 2D and 3D 
FEM equivalents meshes. 

3 .1  Equivalent meshes 2D-3D and parametric study 

In order to obtain equivalent 2D and 3D meshes, an iterative 
process was carried out, comparing the total displacement vs 
the soil radial stress in the tunnel. Final 3D equivalent mesh 
discretization is depicted in Fig 2. Dimensions were 
100×100x1m in the x-, y- and z-coordinates, considering more 
refinement in the tunnel area (R=5m) to ensure more accurate 
results. Boundary conditions were zero displacement in the 
vertical and horizontal planes (x- and y-) and zero displacement 
in the perpendicular plane (z-). The mesh was extended 1m in 
depth to compare with 2D results and obtain the equivalent 
meshes. In the same way, the final 2D mesh is presented in Fig. 
3. Geometry corresponds to 100×100m and zero displacement 
in the x- and y-coordinates. Afterward, a parametric study was 
carried out using different mesh geometries and two 
additionally tunnel radios (R=3 and 7 m), including a total 
length excavation L= 100m simulated at each 2m thickness. 

It is important to note that the analysis was developed 
considering the effect of the three stresses 1, 2 and 3 
constants in both 2D and 3D models, leaving out the material's 
weight to avoid obtaining unrealistic numerical displacements 
due to the tunnel depth. 

3 .2  Soil parameters 

In the equivalent meshes study, a Mohr-Coulomb model was 
used by considering elastic and isotropic behavior. The 
geotechnical parameters correspond to a typical clay of the city 
of Morelia, Mexico (first row in Table 2). In the parametric 
study, different E were simulated as is shown in Table 2. 

3 .3  Tunnel radial pressures modeling 

According to the characteristic-curve theory (e.g. Panet, 1995), 
there is a critical pressure to place the tunnel support, therefore 
a definition of this pressure is essential for the tunnel design. In 
this paper, the pressure variation was defined as RFP, 
Reduction Factor Pressure (see Fig. 4). RFP pressure values 
corresponding to the FEM equivalent meshes for the R=5m are 
shown in Table 3. 
 
Table 2. Soil parameters using a Mohr-Coulomb constitutive model. 

  c 

(kPa) 

   

  (°) 

    

(kN/m3) 

E 

(kPa) 



-

12 22 17.4 15000 0.35

12 22 17.4 24000 0.35

12 22 17.4 5000 0.35

 
Table 3. Radial stress variation (RFP) simulated in FEM, for the 
circular tunnel R=5m, 3D mesh 100x100x1m and 2D mesh 100x100m. 

RFP 1 2 3 4 5 6

(kPa) In situ 783 696 609 522 435

RFP 7 8 9 10 11

(kPa) 348 261 174 87 0

 

 
Figure 2. 3D equivalent mesh, 100x100x1m, R=5m, 500 elements and 
10 nodes tetrahedron. 

4  RESULTS 

Results obtained in the calibration of the equivalent meshes are 
presented in Fig. 5. In Fig. 5 it can be observed the numerical 
results for tunnel's points A and B, in 2D and 3D respectively, 
as well as the analytical response (rhombuses). The 
displacements match fairly well in all cases, obtaining the 
equivalent meshes in 2D and 3D. Furthermore, in Fig. 5 the 
characteristic curve for the primary support is depicted 
(continuous line). This last allowed to choose the pressure for 
the numerical modeling of L=100m of excavation length 
(RFP=6). 
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Fig. 6 shows numerical results obtained for a tunnel with 
R=5m, L=100m and for different E. Elastic modulus were 
varied from the medium clay (Morelia, Mexico), to a both soft 
and rigid clay. Response was normalized respect to , Ho, RFP, 
E and Emax. Emax=24000 kPa was considered as the more rigid 
clay. The three curves match fairly well among them, as well as 
the 2D response obtained for the two simulated E. Results also 
show that the maximal displacement corresponds to the 2D 
simulation and for the 3D simulation, moreover there is a point 
of inflection where the excavation length cease to the influence 
development in the generated displacements in the tunnel 
(L=12m approximately). 

 

 
Figure 3. 2D equivalent mesh, 100x100m, R=5m, 2750 triangular 
elements with 1418 nodes. 

 

 
Figure 4. RFP=6 (435 kPa) for a 2D-FEM simulation, R=5m. 

 

 
Figure 5. Analytical- 2D- 3D- displacements vs RFP in the A and B 
points at the tunnel periphery and characteristic curve of the primary 
support. 

 
Figure 6. 2D-3D Displacement nomograph for a R=5m, L=100m and 
different E, normalized respect to , Ho, RFP, E and Emax. 

Fig 7 shows results obtained for the three studied radios R. 
Independent curves behaviour is similar to this described for the 
R=5m. Then, influence of R corresponds to the development of 
major displacements for larger radios and length displacement 
diminution for minor radios. In the same way, the displacement 
inflection is presented in the curves and it is also dependent of 
the R. Moreover, if in practice the tunnel design is made by 
using a plane strain FEM simulation, the displacement values 
are overestimated for the first excavation meters and 
consequently the tunnel support is overdesigned. 

Nomograph presented in Fig. 7 allows to obtain 3D 
displacements (), without the need to carry out a 3D-FEM 
analysis. Displacement can be obtained for different excavation 
lengths L and also for any pressure RFP applied into the tunnel. 
Displacements were normalized respect to , Ho, RFP, E and 
Emax so that different values for these parameters can be applied. 

 

 
Figure 7. 2D-3D Displacement nomograph for R=3, 5 and 7m, L=100 m 
and different E normalized respect to , Ho, RFP, E and Emax. 
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Figure 8. 3D vectors and total displacement, R=5m, L=1m, E=15000 
kPa, elastic conditions and isotropic constant stress. 

Fig. 8 shows vectors and the kinematics of the total 
displacements obtained in 3D, for the equivalent mesh. Fig. 9 
represents vectors and displacements kinematics for a 3D-FEM 
analysis, considering an excavated length of L=50m of the total 
length model (L=100m). Deformations in both Figures are 
symmetrical due to the considerations of the FEM models 
studied. 
 

 
Figure 9. 3D displacement kinematics, R=5m, L=100m and E=5000 kPa, 
elastic conditions and isotropic constant stress. 

5  CONCLUSIONS 

Tunnels are geotechnical facilities of great importance that 
require the development of tools that improve and make more 
efficient the design in practice. In this article, an analysis using 
FEM was carried out using Rocscience®. Equivalent FEM 
meshes were presented from 2D to 3D for a circular tunnel in 
elastic and isotropic conditions. A good agreement between 2D 
and 3D results in terms of displacements was obtained, as well 
as, with the analytical solution provided by the theory of 
elasticity. These results allowed to perform numerical 
simulations for different excavation lengths and to compare 
influence, in both forms of numerical simulations, from the 
obtained results; firstly with the equivalent meshes and then, 
with a total excavation length of 100 meters. 

In elastic conditions, 3D-FEM behavior of the tunnel shows 
that displacements are smaller than in the case of 2D, from a 
specific length of the excavation. From this excavation advance, 
the displacements achieve their maximum value and remain 
constant, regardless of the increase in the length of the 
excavation. The maximum 3D reached displacement 
corresponds to the 2D response. As a result, when carrying out a 
2D analysis it is obtained the maximum displacement value that 
can be numerically developed in the periphery of the tunnel. 
Under this consideration, tunnel design using plain strain, 
overestimate displacement values respect to the 3D analysis in 
the first meters of the excavation and therefore, the tunnel 
support is overdesigning when a 2D-FEM analysis is performed. 

Moreover, tunnel radios have influence in the final periphery 
displacements, as well as in the excavation length when the 
bigger displacements are developed. 

Finally, the proposed nomograph gives 3D displacements in 
elastic conditions, for different pressures acting in the tunnel 
periphery, and considering different parameter values like the 

soil specific weight, elastic modulus of the soil and the “in situ” 
stresses depending on the depth of the tunnel. Obtained results 
correspond to a deep tunnel in clay. 

Plastic analyzes with water table and anisotropic conditions 
are being carried out, which will allow to obtain more real 
conclusions and attached to the behavior of the soil. 
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