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Abstract  

Tunnel face reinforcement using Fibreglass (FG) nails to improve stability and reduce 
deformations has been investigated by several researchers. Nevertheless, selection of 
the number, arrangement and length of the nails is still mainly based on empirical 
methods. The paper investigates these issues using 3D finite element analyses of the 
near-face region in tunnels excavated in elasto-plastic ground following the Mohr-
Coulomb failure criterion. Parametric analyses are performed by varying the density 
and length of the FG nails, excavation depth, ground stiffness and strength parameters 
of the soil and the geostatic stress ratio (K). The results of the analyses are presented 
and empirical guidelines are obtained for the optimum nail length and density to 
minimise face extrusion and construction cost. Finally, an attempt is made to 
associate the effect of fibreglass nails on the face extrusion and wall convergence, 
with an equivalent pressure applied on the tunnel face. 
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1 INTRODUCTION 

Fibreglass nails have been extensively and successfully used for the reinforcement of 
the excavation face in tunnels. Combining high tensile strength and great fragility, 
they provide successful confinement of the advance core and are easy to demolish as 
the excavation proceeds. Since design of the method is mainly based on experience, 
numerous studies have been performed on the factors that affect its effectiveness. 
Lunardi & Bindi [3] gave a comprehensive description of the method. Peila [5] 
conducted FE analyses of a deep tunnel with FG reinforcement and showed that it 
substantially reduces face extrusion and keeps the advance core under compression, 
whereas its effect can be well modelled via a distributed pressure on the excavation 
face. Ng & Lee [4] presented a series of FE analyses of shallow tunnels showing how 
FG nails influence the extent of plasticisation in front of the face and surface 
settlements and investigated the effect of the nails’ axial rigidity on their forces and 
strains. Yoo & Shin [6] parametrically examined the FG reinforcement parameters 
(density, length and rigidity) for tunnels under different cover depths to demonstrate 
the existence of an optimum value for each reinforcing parameter and check the effect 
that the tunnel depth and soil type has on them. The analyses were combined with 
laboratory tests. Kamata & Masimo [2] used centrifuge model tests to investigate the 
effect of the length and arrangement of the reinforcement on face stability. All the 
above indicate the need for ways to optimise the design of face reinforcement, taking 
qualitative and quantitative results of such studies into account, and the call for 
additional research that will offer new guidelines on the subject. 

2 OUTLINE AND SCOPE OF THE ANALYSES 

A series of parametric three dimensional FE analyses was performed, using models of 
a circular 10m diameter tunnel excavated in various depths (H=10,15,20 and 50m) 
below ground surface. Excavation and support application was simulated with three 
dimensional total stress analyses using the finite element program ABAQUS. 
Temporary support consisted of a 20cm thick linearly elastic shotcrete layer, placed 
1m behind the tunnel face. The ground was assumed to be elasto-plastic, according to 
the Mohr-Coulomb yield criterion. A comprehensive parametric analysis was 
performed, using a variety of ground parameters, as shown in Table 1. The unit 
weight of the ground was assumed γ=21kN/m3 in all analyses. 
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The tunnel face was reinforced with fibreglass nails, modelled as truss elements. The 
nails were considered to be elasto-plastic, with diameter d=25mm, bearing capacity 
Fmax=200kN and elasticity modulus Enail=20GPa. The reinforcement was placed in 
two different patterns. A dense pattern consisting of 45 nails on the 10m diameter 
tunnel face (i.e. 0.57nails/m2) and a coarse pattern with 26 nails (i.e. 0.33nails/m2). 
Both patterns and a typical FE mesh are illustrated in Figure 1. 

Table 1: Range of analysed parameters 

Parameter Range of values Number of values 

Geostatic Stress Ratio, K 0.5-1 2 

Friction Angle, phi (°) 20-35 4 

Dilation Angle, d (°) 3-6 4 

Cohesion, c (kPa) 5-40 Varying with depth and phi 

 

 

Figure 1:  FG reinforcement patterns and typical FE mesh 

In the first set of analyses, the length of the nails was equal to 31m. In every 
calculation step, the excavation advanced by 1m (from 0 up to 31m), reducing the 
available length of the nails in front of the face, until the tunnel face was left 
unsupported in the final excavation step. The scope of the analyses was to: (a) show 
how failure develops, as the length of the nails decreases in every excavation step, (b) 
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give an estimation of the critical nail length, i.e. the nail length beyond which face 
extrusion increases significantly, and identify the parameters affecting it and (c) show 
the difference in face stability and extrusion between the dense and coarse 
reinforcement patterns. 
In the second set of analyses, the length of FG nails was very large (more than the 
critical length in all calculation steps). The same models were then used by applying a 
retaining pressure on the tunnel face instead of FG nails. The aim of these analyses 
was to estimate a uniform face pressure which is equivalent to a specific FG nail 
pattern, since numerical modelling of a uniform face pressure is simpler than 
modelling FG nail patterns in finite elements. Such correlations between face pressure 
and FG nails pattern are also useful in analytical solutions for tunnel face stability 
(e.g. [1]) which calculate the equivalent face pressure required for stability. 

3 RESULTS OF THE ANALYSES 

3.1 Optimum Nail Length and Shape of Failure 

Estimation of the critical, or optimum, nail length Lopt is very important, as it 
determines when a new set of nails has to be installed on the tunnel face. If the new 
set is installed when L>Lopt the design is not economical, while installing the nails 
when L<Lopt involves a risk of excessive face deformation or even instability. In this 
study, Lopt was determined as the nail length, whose increase by 1m resulted in less 
than 5% decrease of face extrusion. A normalised expression for the extrusion 
Af=Uh,mean/D was used, where Uh,mean is the mean horizontal displacement along a 
vertical line that includes the centre of the tunnel, and D is the tunnel diameter.  
Before discussing the issue of Lopt, it is interesting to show the shape of the failure 
mechanism that is formed, in unstable tunnel faces, as the nail length decreases. 
Figure 2 shows the total displacements of a shallow tunnel (H/D=1.5), as the length L 
of the nails decreases (areas coloured in black indicate displacements greater than 
0.5m). A chimney shaped failure mechanism reaching ground surface is clearly 
formed, when L is so small that the nails are practically included in the failure prism. 
Analogous results for a deep tunnel (H/D=5), shown in Figure 3, are quite different. A 
bulb-shaped mechanism is formed that closes within half a diameter above the tunnel 
due to the arching of the ground that is not possible in a shallow tunnel. 
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Figure 2:  Total displacement contours for decreasing nail length L in a shallow tunnel 
(H/D=1.5) 

 

Figure 3:  Total displacement contours for decreasing nail length L in a deep tunnel (H/D=5) 

The results show that the optimum nail length Lopt is strongly affected by the ground 
friction angle, while for a constant friction angle, Lopt decreases slightly, as cohesion 
increases. Lopt does not seem to be affected by the depth of the tunnel and the 
geostatic stress ratio K. The density of the nail pattern seems to affect the results only 
in the deep tunnel and for low friction angles, where Lopt is about 0.1D longer for the 
coarse nail pattern. Estimations of Lopt for various values of the friction angle are 
given in Table 2. In practice, the available nail length at the time of the placement of 
the next nails set does not exceed 4m, even in tunnels with D>10m. The results show 
that this length could be inadequate in soils with low values of the friction angle. 
It should be noted that Lopt is defined in the sense of minimisation of deformation and 
not of overall stability. An available nail length L shorter than Lopt, does not 
necessarily mean an unstable face. However, especially in shallow tunnels, limited 
deformation plays a decisive role for a successful construction, whereas in deep 
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tunnels under adverse geotechnical conditions it is very important to advance the 
excavation with minimum disturbance of the soil. 

Table 2: Proposed values of Lopt from the analyses performed 

Friction angle phi (°) Optimum nail length / Tunnel diameter Lopt/D 

20 0.6 - 0.8 

25 0.5 - 0.6 

30 0.4 - 0.6 

35 0.4 - 0.5 

Analyses also showed that FG nails placed in soils with similar compressive strength 
σc=2·c·tan(45°+phi/2) are more effective when phi increases. Assuming that nails 
impose a compressive stress dσ´ on the advance core, the additional shear strength 
dτ=dσ´·tan(phi) produced along a possible failure surface is greater for increased phi 
values. 
Finally, in shallow tunnels the coarse nail pattern seems enough to improve face 
stability and limit deformations for σc/γH ratios greater than 0.1-0.15, depending on 
the angle of friction. For lower σc/γH ratios, extrusion increases significantly and the 
dense pattern is needed to ensure face stability and control deformations. 

3.2 Equivalent face pressure 

Comparison of the results between models with FG nails and face retaining pressure 
was performed using the normalised expression for the extrusion parameter Af. The 
equivalent pressure peq is given as a fraction of a reference pressure pref, equal to 
(n·Fy)/Atun, where n is the number of FG nails, Fy the bearing capacity of each nail and 
Atun the surface of the tunnel face. Results show that peq increases with tunnel depth, 
possibly due to the fact that nail forces are greater in deeper tunnels, as is also stated 
in [4]. Angle of friction is also important. In cases with high friction angle, peq is 
significantly lower. It should be mentioned that in shallow tunnels peq results in 
smaller convergence, compared to the analyses using FG nails, while this does not 
happen in deep tunnels. It should be noted that the relation between FG nails and 
equivalent pressure appears to be clearer when the nail pattern is dense. Table 3 
shows proposed peq/pref values for various tunnel depths and angles of friction, 
whereas Figure 4 illustrates a comparison between results using FG nails and peq. 
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Table 3: Proposed values of peq/pref from the analyses performed 

Deprth/Tunnel Diameter H/D Friction Angle peq/pref

1 25 0.15 - 0.20 

1 35 0.10 – 0.15 

2 20 0.40 

2 35 0.25 

5 25 0.55 – 0.60 

5 35 0.40 

 

Figure 4:  Extrusion profiles and total displacement contours for a shallow tunnel (H/D=2), 
using FG nails and equivalent retaining pressure 

4 CONCLUSIONS 

FG nails seriously improve face stability by limiting extrusion. They keep the 
advance core under compression, improving the shear strength along a possible 
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failure surface. Maintenance of considerable compression in the vicinity of the tunnel 
face is also important because it strongly affects the loading of the forepole umbrella, 
a protective measure that is commonly used in combination with FG nails. 
Optimum nail length mainly depends on friction angle and less on cohesion and 
density of the nail pattern. In soils with low angle of friction Lopt could be as long as 
0.8D and this has to be considered when limiting deformations is important. 
An equivalent pressure peq, that is easier to model in FE, can be used instead of a nail 
pattern, especially when the pattern is dense. The value of peq is affected by tunnel 
depth and friction angle. Knowing how FG nails are related to peq can lead to rational 
design of the nail pattern, when the pressure that provides stability is known. 
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