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ABSTRACT: An analysis method for circular tunnels based on analytical solutions by Loganathan and Poulos (1998), Alberro (1983), 
Einstein and Schwartz (1979), Melan (1932) and Pérez and Auvinet (2012) is presented. The method allows calculating the maximum 
and minimum pressures in the excavation face required to avoid “blow-out” or "chimney" effects. It also calculates the vertical 
displacement of the ground in the excavation front and the annular space around the tunnel (gap). Furthermore, it allows representing 
decompression of ground by excavation and short and long term interaction between soil and temporary and/or permanent linings. In 
the case of linings formed by segmented rings, a stiffness reduction factor (α) is introduced to take into account the effect of the rings 
longitudinal joints and the reduction of the contact area between segments. Using this method, stress fields in the ground and within 
the linings as well as mechanical elements acting on the linings can be calculated 

RÉSUMÉ : On présente une méthode de calcul pour les tunnels circulaires basée sur les solutions d’Loganathan et Poulos, (1998), 
Alberro (1983), Einstein et Schwartz (1979), Melan (1932) et Pérez et Auvinet (2012). La méthode permet de calculer les pressions 
maximale et minimale requises en front de taille pour éviter le “blow-out” ou la formation de cheminée. Elle permet aussi de calculer 
le déplacement vertical du terrain au droit du front d’excavation ainsi que l’espace annulaire (gap) autour du tunnel. On peut ainsi 
évaluer la décompression du sol due à l’excavation et l’interaction à long terme du sol avec le revêtement temporaire et/ou définitif. 
Dans le cas des revêtements constitués par un anneau de voussoirs, un facteur de réduction de l’inertie (α) est introduit pour tenir 
compte de l’effet des joints longitudinaux et de la réduction de l’aire de contact entre les voussoirs. La méthode permet de calculer le 
champ des contraintes dans le sol et dans le revêtement ainsi que les éléments mécaniques auxquels est soumis le revêtement. 
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1  INTRODUCTION 

Tunnels excavated in "firm" soils (sands, tuffs, highly 
preconsolidated and/or cemented clays, etc.) without the 
presence of groundwater table (WT) can be constructed by 
conventional methods. Below WT and in "soft" and saturated 
soils (silts and high compressibility clays) tunnels are generally 
built with Tunnel Boring Machines (TBM).  

TBM tunnel linings are made up of prefabricated segments 
rings. They can be definitive if the loads imposed by the ground 
remain constant over time. If the ground is subject to a 
consolidation process due to piezometric drawdown (Farjeat 
and Delgado, 1988), then the tunnel should generally consist of 
two types of linings (temporary and permanent). The temporary 
lining will support the loads imposed by the ground under 
undrained conditions and the definitive lining will support the 
deviatoric stresses induced by piezometric drawdown.  

A method for geotechnical analysis of circular tunnels based 
on the analytical solutions by Loganathan and Poulos (1998), 
Alberro (1983), Einstein and Schwartz (1979), Melan (1932) 
and Pérez and Auvinet (2012) is presented. 

Analytical solutions are based on simplifying assumptions 
that are not met in all cases. Compatibility of analytical 
solutions assumptions with the actual conditions of a particular 
project should be verified. In the case of heterogeneous soils, 
analytical estimations should be complemented with the results 
of numerical studies. 

 
2 ANALYTICAL METHOD 

The steps considered in the proposed analytical method are 
described below. Figure 1 shows a diagram outlining the 
sequence of geotechnical analyses to be performed. 
 

 
Figure 1. Sequence for analysis and design of tunnels in soils  

2.1 Tunnels in firm soils 

2.1.1 Step 0 (E0). Decompression 

In tunnels built in firm ground, decompression induces 
displacements of the ground towards the excavation. In tunnels 
constructed with tunneling machines, these displacements 
depend on both the pressures applied to the excavation front 
and the annular space between the ground and the skirt of the 
shield, which is generated by the over-excavation of the ground 

- 1753 -



  Proceedings of the 19th International Conference on Soil Mechanics and Geotechnical Engineering, Seoul 2017 

 by the cutting head of the TBM. These displacements 
correspond to a "ground loss" (g). The g value can be calculated 
using the analytical solution of Loganathan and Poulos (1998). 
The proposed method considers that the relation between the 
value of g and the result of the calculation of maximum 
displacement (δmax) towards the interior of the excavation 
(without considering mechanical support), represents the 
reduction percentage of the radial stresses in the perimeter of 
the excavation (λ). The δmax value is calculated using the 
analytical solution by Pérez and Auvinet (2012). 

2.1.2 Step 1 (E1). Interaction between ground and temporary or 
definitive linings. 

The construction and interaction of the lining with the soil after 
decompression occurs, generates an unloading effect in the 
ground (Rodríguez and Auvinet, 2010). Its main consequences 
are areas of compression and tension in the tunnel key and 
cuvette, respectively. Analytical solutions of Alberro (1983) 
and Melan (1932) can be used to assess this effect, considering 
the state of stresses at the end of excavation due to 
decompression.  

For the analysis of linings formed by rings of prefabricated 
segments, it is proposed to affect the flexural stiffness of the 
lining with a reduction factor (α) to account for the reduction of 
rigidity due to the joints (longitudinal and transverse) of the 
rings. Initially, this factor can be considered equal to 0.3; 
however, it is advisable to verify this value by an analysis of the 
interaction of the soil with the primary lining. 

2.1.3  Step 2 (E2). Interaction between the ground and the 
support system (temporary and definitive linings), due to 
consolidation of the ground. 

Drawdown of pore pressures in saturated ground generates a 
lateral loss of confinement and negative skin friction on the 
tunnel support system. Lateral loss of confinement reduces total 
stresses, mainly in the gable area of the tunnel, and negative 
skin friction increases vertical stresses in the key and cuvette 
areas. Both effects generate unfavorable working conditions 
(large deviatoric stress), for the tunnel. Analytical solutions of 
Alberro (1983) and Melan (1932) together with a simplified 
method (Forero et al., 2016) can be used to take into account 
the reduction of pore pressures around the tunnel, starting from 
the state of stresses at the end of the interaction between the 
ground and the temporary lining. 

To consider the long-term behavior of the support system, a 
plastic flow factor (FR) is applied to the concrete elastic 
modulus (Ec). 

2.1.4 Step 3 (E3). Geotechnical elements for design of the 
definitive lining 

The increase of stresses between analysis stages E1 and E2, is 
taken into account for the design of the definitive lining 
(Rodríguez and Auvinet, 2012). 

2.2 Tunnels in soft soils 

For tunnels in soft soils, the effect of decompression on the 
stresses within the ground is considered negligible. To perform 
the analysis of ground-lining interaction in this type of soil, the 
Alberro (1983) analytical solution should be replaced by 
Einstein and Schwartz (1979) analytical solutions. 
 
3 APPLICATION EXAMPLE  

3.1 General conditions of the problem 

A hypothetical case of a long and shallow tunnel crossing 
compressible soils subject to a consolidation process is 

considered. The tunnel will be built with a tunneling machine 
and its section will be circular. The depth at the center of the 
tunnel is 16m and the inside final diameter is 5m. The tunnel 
support system will consist of a double liner. The temporary 
lining will be conformed of pre-fabricated segmented rings and 
the definitive one will be cast in situ; both present a 35cm 
thickness. 

The soil profile is conformed of a normally consolidated 
surficial layer of low compressibility clay (CL), followed by a 
clayey sand (SC), then a layer of normally consolidated low 
compressibility clay (CL) and, finally, a stratum of poorly 
graduated silty sand (SM-SP). Figure 2 shows a sketch of the 
tunnel geometry and soil profile described above. Tables 1 and 
2 show the short and long term properties of the terrain strata, 
respectively. Table 3 shows the properties of the liners that 
make up the tunnel support system. 

 

 
Figure 2. Tunnel geometry and ground stratigraphy 

 
Table 1. Properties considered for short-term analysis (non-drained 

properties) 

Material 
Depth, m γ 

kN/m3 

Eu 

MPa 
νu 

cu 

kPa from to 

CL 0 3 15 5.05 0.49 25 

SC 3 7 17.5 11.2 0.49 10 

CL 7 25 16 5 0.49 40 

SM-SP 25 30 19 22.4 0.49 15 

 
Table 2. Properties considered for long-term analysis (effective 

properties) 

Material
γ 
kN/m3

e0 Cr Cc
E 

MPa
ν' 

c 

kPa 

�´ 

° 
OCR k0 

k 

m/day 

CL 15 - - - 4.5 0.33 25 35 1 0.5 1x10-5

SC 17.5 - - - 10 0.33 0 45 - 0.5 1x10-3

CL 16 4 0.2 2 0.5 0.33 0 35 1 0.43 1x10-5

SM-SP 19 - - - 20 0.33 0 45 - 0.5 1x10-2

 
Table 3. Properties considered for the linings 

Material 
γ  

kN/m3 

E 

MPa 
ν 

Temporary lining 24 26,030.75 0.15 

Definitive lining 24 14,837.53 0.15 

3.2 Existing stresses in the ground 

In the ground, a hydrostatic pore pressure distribution prevails 
and the groundwater level (NAF) is 3m deep (Figure 2). Figure 
3 shows the stress conditions in the ground before tunnel 
construction. 

In order to calculate the existing stresses at some points of 
interest (PI) on a half-section of the ground-lining interface 
(Table 4), a Cartesian reference system with origin at the center 
of the tunnel was introduced (Figure 4) with the following 
considerations: 
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a) Depth (h0) with respect to the natural terrain level (NTN) 
is calculated for each PI (Table 4). Depth is negative due 
to the convention adopted for direction "y" (Figure 4) 

b) Existing vertical stresses (Sy) in the ground are obtained 
from the own weight of the materials found in the soil 
profile. The pore pressure corresponding to the 
piezometric conditions of the site is associated to each PI 
(Table 4). 

c) The ratio between total horizontal and vertical stresses 
(K) is calculated taking into account the indicated K0 
value and the horizontal stresses (Sx) are obtained from 
stresses Sy and K value, for each PI (Table 4). 

 

 
Figure 3. Existing stresses in the ground 

 

 
Figure 4. Depth and geometry of the tunnel 

 
where: h0 is depth at the center of the tunnel; Dext is the outer 
diameter and Dint is the inside diameter of the tunnel. 
 
Table 4. Coordinates of calculation points (PI) and stresses in the 
ground. 

θ x y h Sy0 u0 S'y0 
k 

Sx0 

° rad m m m kPa kPa kPa kPa 

90  1.57  0.00  3.20  -12.80  -207.80  -98.00  -109.80  0.70 -144.82 

75  1.31  0.83  3.09  -12.91  -209.54  -99.09  -110.45  0.70 -146.19 

60  1.05  1.60  2.77  -13.23  -214.66  -102.29  -112.37  0.70 -150.21 

45  0.79  2.26  2.26  -13.74  -222.80  -107.37  -115.42  0.70 -156.59 

30  0.52  2.77  1.60  -14.40  -233.40  -114.00  -119.40  0.71 -164.92 

15  0.26  3.09  0.83  -15.17  -245.75  -121.72  -124.03  0.71 -174.61 

0  0.00  3.20  0.00  -16.00  -259.00  -130.00  -129.00  0.71 -185.01 

-15  -0.26  3.09  -0.83  -16.83  -272.25  -138.28  -133.97  0.72 -195.41 

-30  -0.52  2.77  -1.60  -17.60  -284.60  -146.00  -138.60  0.72 -205.10 

-45  -0.79  2.26  -2.26  -18.26  -295.20  -152.63  -142.58  0.72 -213.43 

-60  -1.05  1.60  -2.77  -18.77  -303.34  -157.71  -145.63  0.72 -219.81 

-75  -1.31  0.83  -3.09  -19.09  -308.46  -160.91  -147.55  0.73 -223.83 

-90  -1.57  0.00  -3.20  -19.20  -310.20  -162.00  -148.20  0.73 -225.20 

3.3 Step 0 (E0). Decompression 

Considering that during the construction of the primary lining, 
undrained conditions prevail in the ground, the analysis is 
performed in terms of total stresses. The following elements 
were calculated: 
a) Radial displacements in each PI induced by total 

decompression of the ground due to excavation. 
b) Decompression factor λ calculated considering that the 

pressures at the excavation front are balanced. Therefore, 
parameter g corresponds only to the annular space 
existing between the over-excavation of the ground and 
the skirt of the shield. In this example g = 0.04m  

c) Total stresses in polar coordinates at the ground-lining 
interface are calculated from total stresses in the field (Sy 
and Sx) and multiplied by the difference 1-λ. The results 
are stresses σr0, σθ0 and τrθ0 (Table 5). 

 
Table 5. Initial vertical total stresses (P1) associated to each IP, for the 
ground-lining temporary interaction analysis 

θ σr0 σθ0 τrθ0 

° kPa kPa kPa 

90 -214.36 -122.64  0.00  

75 -202.03 -136.47  1.89  

60 -177.36 -165.53  -9.99  

45 -161.52 -188.35  -28.33  

30 -159.41 -199.52  -33.66  

15 -159.91 -209.53  -20.00  

0 -158.25 -222.44  -0.71  

-15 -165.16 -226.75  11.98  

-30 -189.10 -213.26  21.73  

-45 -218.99 -192.31  35.60  

-60 -235.19 -182.98  45.36  

-75 -233.98 -188.50  33.84  

-90 -230.23 -193.71  0.00  

3.4 Step 1 (E1). Interaction between the ground and 
temporary linings  

In the procedure for performing the geotechnical analysis of the 
temporary lining, the short-term conditions of the problem 
(Table 1) are considered  
a) The interaction coefficients between the ground and the 

temporary lining are calculated, considering an initial 
value of α=0.3 

b) From the stress values obtained in the previous section 
combined with the stress values obtained from analytical 
solution of Melan, the initial total vertical stresses (P1) are 
obtained for the interaction analysis (Table 6), allowing 
calculation of the geotechnical and mechanical elements 
that will act on the temporary lining (Table 6). 

3.5 Step 2 (E2). Interaction between the ground and the 
support system (temporary and definitive linings). 

In the procedure for performing the geotechnical analysis of the 
circular tunnel support system, the long-term conditions of the 
problem (Table 2) are considered. 
a) Tangential stresses are calculated using stresses Sy, Sx, σr, 

and τrθ obtained in PI, in step 3.4 of temporal lining 
analysis 

b) The effect of the weight of the definitive lining and the 
abatement of pore pressure are added to the previous 
stresses 

c) Vertical stresses P2 are calculated (Table 7). These 
stresses represents the end state of the analysis stage of 
the temporary lining and the initial state for the analysis 
of the support system. 
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 d) The long-term elastic modulus of the concrete and the 
compressibility and flexibility relationships are calculated. 
From these results the geotechnical elements that will act 
on the support system are determined (Table 8). 

 
Table 6. Geotechnical and mechanical elements at each PI 
corresponding to the analysis of the temporary lining 

θ P1 σr1 τrθ1 u1 v1 T1 M1 

° kPa kPa kPa m m kN kN.m

90  -199.49 -195.23  -0.00  -0.01  -0.00  -497.23  102.01 

75  -201.16  -191.62  -14.85  -0.01  -0.00  -466.97  80.86 

60  --206.07  -182.63  -25.94  -0.01  -0.00  -461.69  43.15 

45  -213.88  -172.87  -30.36  -0.00  -0.01  -553.18  -0.00 

30  -224.06  -167.32  -26.73  0.01  -0.01  -637.85  -50.36 

15  -235.92  -168.90  -15.72  0.01  -0.00  -661.22  -85.10 

0  -248.64  -177.19  -0.00  0.01  0.00  -691.72  -99.77 

-15  -261.36  -188.95  16.31  0.01  0.00  -699.97  -87.74 

-30  -273.22  -200.06  28.71  0.01  0.01  -662.45  -49.57 

-45  -283.40  -207.60  33.59  -0.00  0.01  -664.32  -0.00 

-60  -291.21  -211.00  29.37  -0.01  0.01  -673.93  56.51 

-75  -262.12  -211.68  17.06  -0.01  0.00  -607.28  92.46 

-90  -297.79  -211.62  0.00  -0.01  0.00  -553.37  99.06 

 
Table 7. Initial vertical total stresses (P2) associated to each PI, for 
ground-support system interaction analysis 

θ σr1,2 σθ1,2 τrθ1,2 P2 

° kPa kPa kPa kPa 

90  -279.51  -63.66 -0.00  -279.51  

75  -281.04  -137.40 -21.05  -281.94  

60  -282.73  -173.56 -31.58  -282.78  

45  -281.30  -157.44 -30.49  -249.86  

30  -280.59  -205.89 -23.56  -244.97  

15  -288.77  -221.18 -13.89  -232.65  

0  -307.94  -242.39 0.28  -242.39  

-15  -330.59  -249.72 18.16  -264.22  

-30  -348.31  -227.31 31.92  -285.20  

-45  -360.68  -224.72 33.51  -326.21  

-60  -372.41  -157.67 23.78  -339.32  

-75  -383.77  -156.13 10.88  -373.97  

-90  -388.84  -215.88 0.00  -388.84  

 
Table 8. Geotechnical and mechanical elements in each PI 
corresponding to the analysis of the support system 

θ P2 σr2 τrθ2 

° kPa kPa kPa 

90  -279.51  -275.94  -0.00  

75  -281.94  -267.98  -40.88  

60  -282.78  -240.40  -71.01  

45  -249.86  -178.16  -72.45  

30  -244.97  -141.09  -61.52  

15  -232.65  -110.65  -33.73  

0  -242.39  -106.39  0.00  

-15  -264.22  -125.67  38.31  

-30  -285.20  -164.27  71.62  

-45  -326.21  -232.60  94.59  

-60  -339.32  -288.47  85.21  

-75  -373.97  -355.44  54.22  

-90  -388.84  -383.87  0.00  

3.5 Step 3 (E3). Geotechnical elements for design of the 
definitive lining 

The stress increases between analysis steps E1 and E2 will be 
those to be considered for design of the final lining. 
 
4 CONCLUSIONS 

A method of analysis and geotechnical design for circular 
tunnels based on the analytical solutions of Loganathan and 
Poulos (1998), Alberro (1983), Einstein and Schwartz (1979), 
Melan (1932) and Pérez and Auvinet (2013), is presented. This 
method allows calculating the pressures on the excavation front, 
the "ground loss" parameter g, the decompression factor λ and 
the interaction of the ground with temporary and/or definitive 
linings, both short and long term. 

For the case of linings formed by segments rings, the method 
considers a stiffness reduction factor (α) to take into account the 
effect of the longitudinal and transversal joints of the rings.  

The method can be used to analyze circular tunnels 
constructed with conventional methods or tunneling machines, 
crossing firm or very compressible grounds subject (or not) to a 
consolidation process. Stress distributions, mechanical elements 
and displacements that will act on the linings, can be calculated. 

The method takes into account the unloading effect due to 
the excavation of the tunnel ("Bubble" effect, Rodriguez and 
Auvinet, 2010). This effect depends on the level of 
decompression of the excavation and the stiffness of the lining. 
The method also considers the effect of pore pressure 
drawdown in the ground. 

All mathematical expressions of the analytical solutions 
mentioned in this article and sequences of calculations to be 
carried out as described in clauses 3.2, 3.3, 3.4 and 3.5, can be 
consulted directly with the first author (e-mail address: 
mperezan@iingen.unam.mx) 
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