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The two semi-analytical equations obtained in Batocchioni et al. (2026) are:  

Where 𝑐௥ fraction of 𝜎௡ concentration near the EPEs, conservatively value equal to 0.2 𝐹௬ EPEs yield force  𝑅 tunnel radius 
 𝜃 half of the angle between two consecutive EPEs (Fig. 1) ∆𝑁ఛ = න 𝜏௟/ଶ

଴ 𝑑𝑙 = 𝜇𝐹௬2 𝑙𝑅 (2)

Where 𝜇 = 𝑡𝑎𝑛(𝜑௜௡௧) = 𝑡𝑎𝑛(𝜑 − 10) interface friction coefficient 𝑙 = 𝜃𝑅  half of arc length between two consecutive EPEs (Fig. 1) assuming 𝜎௡ =𝑐𝑜𝑛𝑠𝑡  
Eq. 1 is obtained by subtracting the bending moment induced by the concentrated normal stress at the 
rigid beam boundaries (𝑀௣௘௔௞, in Fig. 1 the green 𝜎௣௘௔௞ are considered as a point load) from the 
opposing bending moment associated with EPEs yielding (𝑀௬, caused by 𝐹௬,ா௉ா). For the design 
abaci, Eq. 1 is then reformulated to homogenize the expressions. The angular coordinate 𝜃 is 
expressed in terms of the ratio between 𝑙 and 𝑅, and the dependence on the soil friction angle 𝜙 is 
explicitly introduced by subtracting from 𝑀ா௉ா  a second contribution due to interface shear stresses 𝑀ఛ. Eq. 1, assuming  𝜎௡ = 𝑐𝑜𝑛𝑠𝑡 (in the new term) and 𝑐௥ = 0.2, thus becomes: 

Finally, Eq. 2 and Eq. 3 are used to construct the two design abaci, illustrated through selected tunnel 
sections from two well-known case histories: the Lyon-Turin Euralpin Tunnel (TELT, Bonini and 
Barla, 2012) and the Terzo Valicodei Giovi project (Batocchioni 2025).  

3 Results 
Fig. 2 presents the design abacus for the bending moment 𝑀ா௉ா  as a function of the soil friction angle 𝜙 and the ratio 𝑙/𝑅, which is conceptually equivalent to half of the angle between two consecutive 
EPEs. The values are generally conservative, as demonstrated in Batocchioni et al. (2026).  

 

Fig. 2 Abacus for 𝑀ா௉ா in the 𝜙–𝑙/𝑅 domain. The values obtained are generally conservativeexceeding the actual value. 

The abacus incorporates the frictional effect through the contribution of interface shear stresses. 
Neglecting this effect—and thus the subtractive term in Eq. 3—would result in 𝑀ா௉ாincreasing mostly 
monotonically with 𝑙/𝑅. Conversely, including this opposite contribution introduces a non-monotonic 
trend. While 𝑀ா௉ா  generally grows with 𝑙/𝑅 due to wider EPEs spacing, an increase in both 𝑙/𝑅 and 

𝑀ா௉ா = 𝑀௣௘௔௞ − 𝑀௬ − 𝑀ఛ = 0.2𝐹௬𝑅 ൬ 𝑙𝑅 𝑠𝑖𝑛 𝑙𝑅 + 𝑐𝑜𝑠 𝑙𝑅 − 1൰ − 𝜇𝐹௬𝑅 ൬ 𝑙𝑅 − 𝑠𝑖𝑛 𝑙𝑅൰ (3) 
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𝜙 simultaneously amplifies the two terms. At high values of 𝑙/𝑅 and 𝜙, this reduction counteracts the 
growth of the bending moment. Consequently, the highest values of 𝑀ா௉ாare reached when large 𝑙/𝑅 
is combined with low 𝜙. 

The case histories show that, particularly for the TELT project, the expected bending moment can be 
significant (up to 200 kNm), mainly due to the extensive use of highly spaced EPEs embedded in the 
lining with a not so frictional ground. Conversely, the points associated with the COCIV project fall in 
less critical regions of the abacus. Nevertheless, this indicates that, especially in cases such as TELT, 
simplified approaches should be complemented by more advanced analyses, such as numerical 
modelling, in order to more accurately assess the magnitude of the bending moment. In practice, when 
critical bending is anticipated, mitigation strategies involve optimizing the EPEs layout by reducing 
the spacing between consecutive elements-𝑙. This adjustment also enhances the capacity to support 
ground loads. However, as the margin for further spacing reduction is typically narrow, a rigorous 
preliminary selection of the EPEs arrangement becomes essential. 

The second abacus, shown in Fig. 3, presents the design abacus for the normalized axial load 
increment ∆𝑁ఛ/𝐹௬in the same 𝜙 –𝑙/𝑅 plane adopted above. Unlike the bending moment, the axial 
increment increases monotonically with both 𝜙 and 𝑙/𝑅. For a fixed 𝜙, larger 𝑙/𝑅ratios correspond to 
longer interaction lengths over which tangential stresses can accumulate, leading to higher axial force 
increments. Conversely, for a given l𝑙/𝑅, increasing 𝜙 enhances the shear transfer capacity at the soil–
lining interface, resulting in a greater contribution of ∆𝑁ఛ.  As shown in the abacus, low friction angles 
combined with short interaction lengths lead to negligible axial increments, whereas higher 𝜙 values 
acting over extended lining segments may generate normalized increments approaching 40%. 

 

Fig. 3 Abacus for ∆𝑁ఛ in the 𝜙–𝑙/𝑅 domain. The axial load increment is presented as normalized with respect to the yielding 
resistance of the EPEs (𝐹௬). 

It should also be noted that the curves are derived using the simplified method proposed by Radončić 
et al. (2009), which generally underestimate the numerical results. For selected combinations of 𝑙/𝑅 and 𝜙, numerical analyses (Batocchioni 2025) were therefore performed and compared with the 
analytical predictions to evaluate the corresponding percentage error. As shown in Fig. 3, the error 
increases with both 𝑙/𝑅 and 𝜙. For the 𝑀ா௉ா  abacus (Fig. 2), the error evaluation was not included 
since the simplified formulation was observed to generally overestimate the numerical results. 

The case histories highlight distinct behaviours. For the TELT project, characterized by moderate 𝜙and relatively high 𝑙/𝑅values, the ∆𝑁ఛ/𝐹௬ remains moderate (typically below 0.20), indicating a 
limited amplification of the structural axial force at yielding. In contrast, the COCIV cases, associated 
with higher 𝜙and comparable 𝑙/𝑅ratios, exhibit significantly higher ∆𝑁ఛ/𝐹௬, in some instances 
exceeding 30% with a 19%of model error, reaching anoverall increment values of about 50%. 
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Accordingly, two design abaci were developed to estimate: (i) the maximum bending moment induced 
by non-uniform ground stresses and (ii) the normalized axial load increment generated by interface 
shear transfer. The results highlight that while both axial forces and bending moments increase with 
wider elasto-plastic element spacing, axial demand is amplified by higher friction angles (𝜙 > 30°), 
whereas bending moments become more significant at lower values (𝜙 < 20°). These abaci serve as 
practical tools for preliminary design, providing a quick quantification of expected internal forces and 
a rational reference for subsequent numerical analyses. 

Furthermore, a summary chart synthesizes these findings, identifying practical design ranges and the 
governing structural mechanisms. The analysis indicates that small elasto-plastic elements spacing 
ensures limited structural demand across all friction angles. Conversely, for larger spacings, acceptable 
conditions are restricted to intermediate friction angles, as extreme values (low or high) lead to 
bending- and axial-dominated responses, respectively. 

Ultimately, elasto-plastic elements spacing emerges as the primary governing parameter for lining 
optimization-particularly since the soil friction angle is not a design parameter, but rather an inherent 
geotechnical property. The proposed method is not intended to replace detailed numerical modeling 
but to complement it. By providing physically consistent first-order estimates and insight into the 
governing mechanisms, it enhances design awareness and supports the development of robust lining 
solutions for tunnels in squeezing ground. 
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