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ABSTRACT: For the design of linings of bored tunnels it is necessary to know the distribution of the axial nor-
mal force along the lining during its lifetime. This axial normal force is caused by jacks that move the Tunnel Bor-
ing Machine (TBM) forward. A low axial normal force can cause ring sliding and leakage of the tunnel. A model
has been made to analyze the distribution of the axial normal force in a tunnel for a given jack force distribution
during the building process and for a certain type of soil. Special attention will be given to the anchoring of the tun-
nel and the effect of possible deterioration of plywood ring joints on the axial normal force during the using phase.

1 INTRODUCTION

When a Tunnel Boring Machine (TBM) moves for-
ward to aggravate the soil in front of it, hydraulic jacks
exert a force on the tunnel in axial direction. Because
of that the rings of the lining will be pushed together.
This causes an axial normal (pressure) force in the
lining of the tunnel. The axial normal force is neces-
sary to enlarge the tunnel’s capacity to withstand shear
forces and bending moments in the ring joints. Then
the chance of ring sliding and leakage of the tunnel will
be reduced. The axial normal force will vary along the
lining in axial direction. This depends on the variabil-
ity of the jack forces during the building phase and the
type of soil surrounding the tunnel. The soil interacts
with the tunnel due to shear forces between soil and
lining. In the civil engineering practice there is lack
of a calculation method to analyze the distribution of
this axial normal force in the lining. Both during the
building phase and the use phase of the tunnel.

2 THEORY

To describe the distribution of the axial normal force
along the lining, one has to take the whole building
process into account. This has to do with the load
history on the tunnel. During the building phase, the
jacks from the TBM constantly keep the tunnel under
pressure in axial direction. The jack forces exerted on
the tunnel also vary during this process as a result of

changes in depth and type of soil. To calculate the
axial normal force at a certain point in time during the
building phase, the preceding stress situations have to
be added. The model that was developed for that pur-
pose is a modification of a similar model of a beam
on elastic bedding that was developed by Boogaards
(1999), for the analysis of lateral deformations of a
bored tunnel.

In this approach a superposition of load cases is
used, see Figure 1.

The rings of the tunnel are modelled by beams
and the soil can be represented by a distributed linear
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Figure 1. Superposition of load cases.
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spring in axial direction. Load case A is the situation
where one ring has been build. The jack force is Fv1.
Load case C is the situation where two rings have been
build, but the jack force can be different and is now
called Fv2. Load case B has now to be superposed
on load case A to obtain load case C. To calculate
the distribution of the axial normal force of a whole
tunnel, the load cases for every new ring have to be
superposed.

An analytical expression for the axial normal force
can be found for the load cases used for superposition.
Figure 2 gives the general load case.

The new ring is not embedded in the surrounding
soil because it’s been build within the shield of the
TBM. Therefore there are no springs over a distance
of one ring length. The axial normal force Nax can be
calculated for this load case and the results are

New ring: 0 ≤ x ≤ Lr

Other tunnel part: Lr ≤ x ≤ L

And with constants C1 en C2

One way to take the ring joints between the rings into
account is by modelling the rings and the joints by
means of discrete linear springs. The soil can also be
represented by a discrete spring. The spring parame-
ters are

With:
kr = stiffness of the ring [kN/m]

Ec =Young’s modulus of the concrete [kN/m2]

Ar = area of the ring’s cross section [m2]
Lr = length of the ring [m]
kj = stiffness of the joint [kN/m]
Ej =Young’s modulus of the joint material

[kN/m2]

Aj = area of the joint’s cross section [m2]
Lj = length of the joint [m]
ksd = discrete soil stiffness [kN/m].

Lr

L

Fv1
Fv2

ks

x

EA

new ring

With:
L = length of the tunnel part [m]

Lr = length of a ring [m]

Fv2 = jack force [kN]

Fv1 = jack force on previous ring [kN]

ks = distributed spring parameter [kN/m2]

EA = strain stiffness of the tunnel [kN].

Figure 2. Load case used for superposition.

Another way to model the ringjoints is to replace
the strain stiffness EA of the analytical model with
an equivalent stiffness EAeq, a combination of ring
stiffness and ringjoint stiffness. EAeq can be written by

The distributed spring parameter ks used in the
models above can be defined by

With:
τ0 = shear stress between soil and lining

[N/mm2]
u0 = horizontal soil displacement near the lining

[mm]
Ru = external radius of the lining [mm].

The distribution of shear stresses in the soil sur-
rounding the tunnel can be expressed by

With:
τrx = shear stress in the soil (x, r-plane) [N/mm2]
r = radial coordinate [mm]

Under the assumption that δur /δx = 0, it can be
derived that

With:
γrx = shear strain [◦]

G = shear modulus of the soil [N/mm2]
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Figure 3. Comparison analytical model and PLAXIS model
for a point load.

And by integration

Assuming that τrx will approach zero when ux is zero,
one can find the order of magnitude of ks

ks has been derived under the assumption that τrx is
constant along the lining. But, the stiffness can be quite
different when there is a shear stress gradient along the
lining. Therefore, formula (11) has been calibrated by
means of comparison with the Finite Element program
PLAXIS for a tunnel with surrounding soil under the
influence of a point load (without superposition), see
Figure 3. This result in an approximation of ks

2.1 Limitations of the model

Some simplifications used in the model are:

– The influence of the grout between soil and lining
has been neglected

– The soil is schemed as independent linear springs
– The soil reacts elastic (thus no plasticity).

These simplifications indicate the limitations of the
model.

3 APPLICATION

In order to illustrate the use and applicability of
the model, to begin with a theoretical case will be
described, secondly the measurements taken from the
Second Heinenoord tunnel are evaluated with the
model.
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Figure 4. Nax for a sudden in- and decrease in jack force
halfway along the tunnel.

3.1 Theoretical cases

When there is no change in jack forces during the
building process, the axial normal force Nax in the
entire tunnel will be equal to the jack force that was
exerted during construction. However, if the Jack force
changes during construction and is a function of the
construction process, due to in- or decreasing the jack
forces, the tunnel and soil will react to this. Figure 4
shows a situation of a tunnel of fifty rings with a sud-
den in- and decrease along the building process. In
the second half of the tunnel the axial normal force
will be equal to the jack force. However, the first half
will adapt itself to the new value of the jack force.
By means of friction (axial springs), the soil acts as a
resistance against this adaptation. A sudden increase
in the jack force results in a logarithmic decrease in
Nax from the middle to the first ring of the tunnel. For
a sudden decrease of the jack force, Nax will increase
in this part of the tunnel.

Figure 5 represents a situation in which there is a
temporary decrease of the jack force. This results in
a decrease of Nax from the point of increase of the
jack force to the point of decrease of the jack force.
From that point to the first ring of the tunnel Nax will
increase. The quantity of decrease the jack force and
the time of decrease both have influence on the Nax

distribution, see Figure 5.
The level of in- or decrease of Nax depends on the

stiffness parameters ks and EA of soil and tunnel. A
higher value of ks gives a higher soil resistance and the
adaptation of the tunnel to the new value of the jack
force will be less. On the other hand, with a higher
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Figure 5. Nax distribution for a temporary decrease of the
jack force.
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Figure 6. Distribution Nax for different stiffness of soil and
lining.

value of the stiffness EA of the tunnel, this adapta-
tion will be larger. This can be seen in Figure 6 with
different values for EA and ks.

3.2 Second Heinenoord Tunnel

The model will now be applied on an existing tunnel.
The distribution of Nax along the lining of the Second
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Figure 7. Distribution of Nax along the lining of the SHT
for different types of soil.
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Figure 8. Distributions of Nax for the SHT in case of
disappearing front pressure on the TBM at the endshaft.

Heinenoord Tunnel (SHT) has been calculated for dif-
ferent types of soil. In order of increasing stiffness
these are clay and sand. The jack forces during the
building of the tunnel have been measured and the dis-
tribution is estimated by means of straight lines, while
the actual pattern is rapidly varying. The results for
Nax along the 628 rings of the SHT for the different
types of soil are presented in Figure 7.

3.3 Anchoring of the tunnel at the shafts

When the TBM arrives at the endshaft, the tunnel has
to be anchored before the pressure exerted by the jacks
is released as a result of disappearing soil- and water
pressures at the boring front . If not, then the tunnel will
relax and Nax will decrease over a certain part of the
tunnel. The length of the part for which Nax decreases
depends, again, on the stiffness ks and EA of the soil
and the tunnel. This has been calculated for the SHT
and the results are shown in Figure 8.

In practice, keeping pressure on the boring front can
be done artificially by means of a cover over the tunnel
opening that keeps the pressure on the boring front.
The tunnel can then be anchored in the soft concrete
block that is mostly used for water tightness and soil
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Figure 9. Anchoring of the tunnel in the concrete block.

stabilisation near the shafts, see Figure 9. This block is
made of low-strength concrete (B5) because the TBM
has to cut through it.

The anchoring can be realised by the attachment of
the concrete of the tunnel to the concrete of the block.
In case of a plastic shear strength distribution at failure,
the necessary anchoring length La of the tunnel in the
concrete block can be calculated by

With:
La = anchoring length [m]
τmax = shear strength of the concrete block

[kN/m2]
P = perimeter of the lining [m].

4 PLYWOOD RINGJOINTS

The distribution of Nax calculated by the model is the
distribution at the end of the construction process.
During the using phase of the tunnel, time-dependent
effects can lower the axial normal force. One of these
effects is relaxation of concrete. Another effect is the
(possible) deterioration of the plywood plates which
are often used as joint-material between the individ-
ual rings. Plywood in a humid environment can be
exposed to bacteria and mildew. These organisms are
capable of destroying the framework of the plywood,
the cellulose. The rate of this deterioration is not a
known parameter, but for a given rate of deterioration
one can calculate the effects of it on the distribution of
Nax. When in a certain area of the tunnel the plywood
completely deteriorates, both sides of a ring in that area
have displacements in opposite directions. In that case,
no considerable soil reaction can be build up along
the lining. The relaxation of the tunnel experiences no
resistance. If one knows the rate of deterioration, this
relaxation can be calculated and also the change of Nax

in a certain ring.
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Figure 10. Change in Nax in the SHT after deterioration of
plywood in the whole lining.
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Figure 11. Change of Nax in the SHT after deterioration of
plywood in a certain area.

4.1 Complete deterioration of plywood in SHT

The calculation has been made for the SHT for a sit-
uation in which the plywood plates are completely
deteriorated in the whole tunnel. In Figure 10, one can
see that the axial normal force has disappeared except
for a small part in the middle.

The remaining Nax in the middle will probably be
distributed over the adjacent rings, but the point is
clear. In that case the tunnel will lose its ability to with-
stand leakage and sliding of rings.An initial higher Nax

in this case will benefit in two ways. The strain of the
ring has to be higher in order to achieve full relaxation.
But also the maximum achievable strain will be lower,
because the rings are closer together as a result of the
plywood plates being pushed in more.

4.2 Local deterioration of plywood plates in SHT

When the environmental circumstances are such that
there is local deterioration of plywood, the relaxation
of the rings will take place in a certain part of the
tunnel. In this case, there will be a considerable soil
reaction. The parts on both sides of the relaxing area
will displace to this area and along the two tunnel parts
the shear stresses can be build up. In Figure 11 the
results for the SHT are shown for a arbitrarily chosen
area of deterioration.
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In this case the stiffness of the tunnel and the soil
have an influence on the remaining Nax in the area of
deterioration.

5 CONCLUSIONS

The desired axial normal force in the tunnel is largest
in places where conditions in axial direction vary,
because in these places the shear forces and bending
moments have their maximum values.

If the jack force during the construction process is
constant, then the axial normal force along the whole
tunnel will be constant and equal to the exerted jack
force. The stiffness of the tunnel and the stiffness of
the soil have no relevance for that situation.

When a sudden in- or decrease of the jack force
is exerted, an exponential change of the axial normal
force in the lining will follow.

A stiffer spring reaction of the soil and/or a smaller
strain stiffness of the lining causes larger gradients in
the axial normal forces.

For small deformation, where elastic behaviour is
assumed, the axial distributed spring parameter ks of a

certain type of soil can be approximated as πG where
G is the shear modulus of the soil.

To achieve a sufficient anchoring of the tunnel
in the concrete block near the shafts, this concrete
block has to be longer than the TBM with a dif-
ference in length equal to the necessary anchoring
length.

In a tunnel for which plywood is used as a joint-
material, the axial normal force may totally disappear
if the plywood deteriorates.
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