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• Ground reinforcement using bolts is a very 
effective measure for stabilizing the face in 
conventional tunnelling

Introduction
General overview
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• Surface load
• Unit weight of the ground
• Level of the water table
• Overburden
• Shape and dimension of the tunnel
• Unsupported span

• Strength of the ground (c’, ’, su)
• Bond strength of bolt/grout and grout/ground
• Tensile resistance of the bolt
• Bolting density
• Bolting type (diameter, with/without plate,…)
• Bolting length and installation interval

Load

Resistance
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Total lenght L = 12 m

(a) Large installation interval
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Overlapping L’ = 4 m

Total lenght L = 12 m

Installation interval l = 8 m

(a) Large installation interval

New bolts
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Overlapping L’ = 4 m

Total lenght L = 12 m

New bolts

Installation interval l = 8 m

(b) Small installation interval

Installation interval l = 3 m Overlapping L1’ = 3 m, L2’ = 6 m, L3’ = 9 m

(a) Large installation interval

Total lenght L = 12 m

New bolts
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Analysis method

General concept - Failure mechanism

Ground above the water table

Ground below the water table – drained

Ground below the water table – undrained
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• Limit equilibrium condition
Trapdoor load Vtrap = Bearing capacity of wedge Vres
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Analysis method
Ground above the water table

x = py
Ground surface

Vtrap

dTs

dT dT

dNdN

x = wy

c’, ’, dry

c’, ’, dry

• Bearing capacity of wedge
Limit equilibrium of slices

• Trapdoor load
Limit equilibrium of slices
(silo theory)
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Ground above the water table
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Comparison with experimental results 
and other methods  
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Analysis method
Ground below the water table – drained

Ground surface
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General concept - Failure mechanism

Ground above the water table

Ground below the water table – drained

Ground below the water table – undrained



Analysis method
Ground below the water table – undrained

• Bearing capacity of wedge
Limit equilibrium of the entire wedge su, sat

su, sat

• Trapdoor load
Upper bound approach



Analysis method
Ground below the water table – undrained
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Analysis method
Support pressure given by the bolts

s = n*min [Ft, max(min(dm, dbg)a, Fp), min(dm, dbg)a(L’-a)]

Bolting density

Tensile resistance of the bolt

Bearing capacity of the bolt plate



Analysis method
Support pressure given by the bolts

s = n*min [Ft, max(min(dm, dbg)a, Fp), min(dm, dbg)a(L’-a)]

Pull-out resistance outside the 
sliding wedge

Pull-out resistance inside the
sliding wedge

db

m

a

overlapping length L’

m

L’-a



Analysis method
Support pressure given by the bolts
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Analysis method
Support pressure given by the bolts
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Analysis method
Computation of the minimum required number of bolts 

- For fixed failure mechanism i, required density of bolts ni is such that limit equilibrium 
condition fulfilled

- Minimum required number of bolts ncr = max (ni)

Vtrap

s (n)





Analysis method
Computation of the minimum required number of bolts 

For the special case of a homogeneous ground with uniform face reinforcement

• n = n(zf) (closed form solution)

• ncr = max [n(zf)]

c’=0, ’

n (bolts / m2)

z

c’, ’, 

zf



→simple optimization problem (one-variable)

• Limit equilibrium condition



Analysis method
Computation of the minimum required number of bolts 

→complex optimization problem (multi-variable):
numerical  solution based on the 
simplex method 

For the most general case of heterogeneous ground and arbitrary bolt distribution

c’=0, ’

n (bolts / m2)

z

zf



c’1, ’1, 2

c’2, ’2, 2

c’3, ’3, 3

n1

n2

• N = min ∑ nkAk

Vres (zf) ≥ Vtrap (zf)

V(zf, zi) ≥ 0
zi



Analysis method
Design tools

• Design charts

For the special case of a homogeneous ground with uniform face reinforcement



Tunnel+

Analysis method
Design tools

• Tunnel+ (free App for smartphones)

For the special case of a homogeneous ground with uniform face reinforcement



Analysis method
Design tools

For the most general case of heterogeneous ground and arbitrary bolt distribution

• Standalone computer application 
with Graphical User Interface
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Grounds above the water table
Spatial bolt distribution



On the effect of the design parameters
Grounds below the water table - drained
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On the effect of the design parameters
Grounds below the water table - drained
Drainage boreholes
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With advance drainage 



On the effect of the design parameters
Grounds below the water table - undrained



On the effect of the design parameters
Grounds below the water table - undrained
Over-consolidation ratio



On the effect of the design parameters
Grounds below the water table - undrained
Overburden

OCR = 1.0



On the effect of the design parameters
Grounds below the water table - undrained
Overlapping length

OCR = 1.0



Conclusions

• Experience and predictions prove that ground reinforcement using bolts is a very 
effective measure for stabilizing the tunnel face

• Big overlapping length are required in undrained soils

• Drainage boreholes are required in soils below the water table
under drained conditions

• Excavation method and installation interval of the bolts affect significantly the required 
quantity of bolts (Top heading and Bench excavation method and small installation 
intervals allow to reduce the quantity of bolts)

• The uniform distribution is not the optimal one. A computational method was 
developed for the optimization of the face reinforcement
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