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ABSTRACT: A mathematical relation is described between the distribution of grout over injection ports,
rheological properties and vertical grout pressure gradient immediately behind a TBM. This vertical grout
pressure gradient is an important loading parameter in beam action calculation of tunnel linings. Longitudinal
moments in the lining are of importance in tunneling especially for the design of the lining. These moments are
determined by the uneven distribution of jack forces from the TBM but also by the buoyancy forces that are
exerted by the grout that is still in the liquid phase close behind the TBM.

1

INTRODUCTION

2

Earlier work (Bezuijen & Talmon 2005) has shown
that the grout properties have a large influence on
the longitudinal moments and that it is even possible that these moments prevent an adequate tunnelling
process.
This earlier work did not take into account that
the tunnel is stage constructed and that a specific
beam calculation method has to be used to take
that into account. An analytical staged beam calculation will be used in combination with measured
and calculated grout pressure distribution to calculate
longitudinal bending moments in the lining. The calculation method itself will be described in another paper
to this conference (Hoefsloot, 2008).
The vertical grout pressure distribution immediately behind a TBM is governing to a large extent
the stresses in the tunnel lining. This vertical grout
pressure distribution is determined by the injection
strategy and rheological properties of the grout. A
finite difference model was published by Talmon et al.
(2001) for the calculation of the grout pressure distribution up to a distance of a few tunnel rings behind
a TBM. Using this model it was learned that there
might be a simple relation between the distribution of
grout injection rates over the injection ports and the
vertical grout pressure gradient immediately behind
a TBM.

2.1

SIMPLE MODEL FOR VERTICAL
GROUT PRESSURE DISTRIBUTION
AT TBM
Injection conditions

Many TBM’s are equipped with six injection ports.
Typically the flow rate through the ports located in the
upper half of the TBM is larger than in the lower half.
This way, the grout is forced to flow downwards, partially. As a consequence, the vertical grout pressure
gradient will be lower than the static grout pressure
gradient. Such a grout injection pushes the tunnel
downwards. A definition sketch of grout distribution
is given in Figure 1. Data on typical grout injection at
Groene Hart Tunnel is given in Table 1.
The outer diameter of the Groene Hart Tunnel lining
is 14.50 m. The theoretical thickness of the grout layer
is 0.18 m.
2.2

Mathematical modeling of tangential
grout flow

Each injection port has its own supply area. Grout flow
velocities in the grouting annulus are small. Given the
Bingham-like rheological character of grout, only its
yield-stress is relevant. As a consequence, for both
clock and anti-clock wise direction, grout pressures
decay linearly from injection ports. Grout pressure
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Figure 1. Definition sketch tangential grout distribution
behind a TBM, grout supply area and the z-coordinate of
the centre of gravity of grout injection.

Table 1. Measured distribution of grout flow rates over the
injection ports at Groene Hart Tunnel.

Injection
point

position
[degrees]

vertical
position
[m]

contribution to
total grout
injection

1
2
3
4
5
6
total

8.4
65.2
122
180.9
237.7
294.5

7.32
3.10
−3.92
−7.40
−3.95
3.07

0.2
0.178
0.156
0.133
0.156
0.177
1

Figure 2. Calculated grout pressure distribution from grout
injection. Injection ports are indicated. A linear approximation of calculated grout pressure distribution is indicated.
The theoretical static grout pressure distribution is shown for
comparison. Grouting parameters are according to Table 1,
physical parameters are according to Table 2.

Table 2. Input-parameters for the calculation of
grout pressure distribution at Groene Hart Tunnel.
Dtunnel [m]
hannulus [m]
ρgrout [kg/m3 ]
τy [Pa]
Pcrest [Pa]

14.5
0.18
1850
1500
200000

2.3 Simplification of vertical pressure gradient
calculation
decay halts upon convergence with grout from adjacent
injection ports. The width of supply area is dictated by
the relative injection rates of associated injection ports.
Considering the width of supply area, and the fact
that no discontinuities in grout pressure are allowed,
the precise locations of the stagnation points between
supply area are calculated. Next, with yield stresses
on both sides of the grout layer, the grout pressure
distribution is calculated mathematically. The location
of injection ports and the definition of supply area is
given in Figure 1.
An example of the calculation results for Groene
HartTunnel is given in Figure 2. In this calculation both
sides of the grout layer experience tangential shear
stresses equal to the yield stress of fresh grout. Physical
properties are listed in Table 2.
In reality there are no sharp discontinuities at the
confluence of the supply area. These discontinuities
are an artifact inherent to the employed schematization. The calculated discontinuities are acceptable
because locally clock-wise and anti-clock-wise flow
compensate.

The loading force (F) of grout on a tunnel lining, per
unit length, is given by:

The average vertical grout pressure gradient might
be determined from linear approximations as shown
in Figure 2. This is however not the most straightforward method. The mathematical model presented
in Section 3 gives grout pressures at each circumferential position. By integration of calculated grout
pressures the loading force (F) is calculated. By virtue
of the above equation the corresponding vertical grout
pressure gradient is determined next.
A number of calculations was conducted for different injection strategies, where the grout distribution
between the upper and lower part of the TBM varied. Upon inspection of the results it was found that
the centre of gravity of grout injection is a decisive
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Figure 4. Back-side of the TBM showing tail-grease
brushes and play (=jeu) between tunnel lining and back-side
of the TBM-shield.
Figure 3. Calculated dimensionless contribution of
grout-injection to vertical grout pressure gradient. Location
of injection ports according to Table 1.

parameter. The z-coordinate of the centre of gravity is
calculated by:

with: Qi = grout-flow-rate of injection port (i),
Qtotal = total grout-flow-rate of all injection ports,
zi = vertical coordinate injection port (i),
zg = z-coordinate centre of gravity
Definitions for the centre of gravity are shown in
Figure 1.
Calculation results for vertical grout pressure gradient from grout injection (without static grout pressure)
are shown, in Figure 3. Quasi independent of the precise distribution, a linear relation is found between
the centre of gravity of grout injection and vertical
grout pressure gradient. With six-injection ports, without grout overlapping adjacent injection ports, the
maximum vertical position of the centre of gravity is
zg (max) = R/3, and the influence of grout injection
is maximal: dp/dz = 8/πτy /h. In that case the injection
port at the crest of the tunnel supplies 1/3 of total grout
injection.
Adding the static grout pressure to the results of
Figure 3 leads to the following “design-formula” for
vertical pressure gradient immediately behind a TBM:

For the grouting conditions at Groene Hart Tunnel,
given in Table 1, the vertical position of the centre of gravity is at zg = 0.047 R. According to the
simplified theory presented above, a vertical grout
pressure gradient of 15.6 kPa/m would be expected at
Groene Hart Tunnel. Measured vertical pressure gradients measured at Groene Hart Tunnel were: (∼5 kPa/m
at ring 2117, 12 kPa/m at ring 2118 and 17 kPa/m at

ring 3241, see Talmon & Bezuijen 2008). With the
method described in Section 2.2 and 2.3 the vertical
grout pressure gradient behind a TBM is calculated
as a function of injection strategy and grout properties. This method is a good alternative for the DCgrout
model. The advantage is that no numerical simulation
is needed. The disadvantage however, is that it only
presents the gradient directly after the tunnel. In the
calculations that follow we assume that in 8 m this gradient decrease down to 9.3 kPa/m as will be explained
later.

2.4 Grout pressures in eccentric tail void
The grout pressure calculation model of Section 2.2
assumes a concentric position of the tunnel lining in
the soil cavity, as does the DCgrout model of Talmon
et. al. (2001). At Groene Hart Tunnel however some
7 cm upward movement was measured by a water leveling system just before the pressure sensors came into
the grout, Talmon & Bezuijen (2008). It is unknown
if, or how, surrounding soil moved. A movement of
around 2 cm was found in 2-D calculations by Bezuijen
& Bakker (2008) for a tunnel of 10 m diameter. However, this result will depend to a large extend on the soil
parameters and they were not obtained for this location. The results of these 2-D calculations do indicate
that a soil movement of some centimeters is the order
that can be expected. From a geometric point of view,
the maximum relative movement between the tunnel
lining and the rear of the TBM is at max 9 cm before
the tunnel lining touches the tail-end of the TBM, see
Figure 4.
It is concluded from Figure 4 that the maximum
eccentricity between the tunnel lining and soil cavity will be about 45 mm. The existing models do not
necessarily have to be modified. An adaptation of
inputted grout flow rates is considered a workable
alternative. For 45 mm upward eccentricity of the tunnel lining at GHT, the apparent centre of gravity has
been calculated at zg = 0.22 R.
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Figure 5. Loading diagram tunnel lining Groene Hart
Tunnel: loading per unit length.

Figure 3 shows that for a relative centre of gravity of zg /R = 0.22, grout injection produces a vertical
pressure gradient of dp/dz = 1.6 τy /h = 13.6 kPa/m
for a yield stress of τy = 1.5 kPa and a tail void
thickness of h = 0.18 m. Addition of the static grout
pressure gradient (at ρ = 1850 kg/m3 ) gives for the
calculated vertical pressure gradient behind the TBM:
dp/dz = 18.1 − 13.6 = 4.5 kPa/m. This is close to the
measured initial vertical gradient of 4 a 6 kPa/m at
ring 2117.

2.5

Different positions of injection ports

The present application applies to the layout of the
Groene Hart Tunnel in the Netherlands. Similar calculations should be conducted for other positions of the
grout injection ports, for instance for a layout such at
Botlek Rail tunnel, where there is no injection port at
the crest. Expected is that the result (Figure 3) will not
differ much.

3

Figure 6. Bending moment exerted by TBM jacks during
drilling phase.

Figure 7. Measured bending moment in tunnel lining (computed from strain-gauges precasted in tunnel segments).

BEAM ACTION CALCULATION

3.1 Tunnelling conditions
The (local) uniform loads in the tunnel are sketched in
Figure 5.
The forces exerted by the main jacks of the TBM
are calculated from measured hydraulic oil pressures
and piston/barrel construction of the hydraulic cylinders. During exit of the first rings of the COB-passage,
ring 2117, the point of application of the axial force
was 1.5 m below the TBM-axis: the bending moment
exerted by the TBM jacks was 79 MNm.
The bending moment exerted by the TBM jacks was
found to be virtually identical for each ring, with the
exception of those first rings of the COB-passage, see
Figure 6. A representative value is 65 MNm. Assuming that the other external influences (transverse force
from TBM, vertical grout pressure gradient behind the
TBM and longitudinal uniformity of soil) remain constant, a time-distance transformation of axial strains
measured in tunnel ring 2117 produces the bending
moment-curve of the tunnel lining shown in Figure 7.

Figure 8. Average injection pressure of six grout injection
lines and the vertical position of the centre of gravity of grout
injection.

At the beginning of the COB-passage the variation
in bending moment exerted by TBM jacks is precisely
synchronous with the bending moment calculated
from the strain gauges in tunnel ring 2117.
Figure 8 shows the course of grout injection pressure (average of all six injection lines) measured 4 m
before the outlet of the injection pipes. Also the centre
of gravity of grout injection, calculated by Equation 2,
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Figure 9. Average injection pressure and vertical pressure
gradient of grout injection lines, measured at the inlet of the
injection pipes.

is shown. Grout injection pressures vary between 4.5
bar and 7.5 bar. The vertical position of the centre of
gravity of grout injection varies between 0 and 0.2R
above tunnel-axis.
For a concentric configuration of tunnel lining and
soil cavity, at a grout yield stress of 1.5 kPa and twosided friction of the grout layer, this corresponds to
a variation of vertical grout pressure gradient at the
TBM between 7.1 < dp/dz < 18.5 kPa/m.
Figure 9 shows the vertical pressure gradient calculated from injection pressures. Basically this gradient
varies between 0 and 10 kPa/m over the COB-passage.
This gradient is lower than measured with the pressure
sensors on the lining. It could be that the pressure drop
over the four meters pipe length is higher in the upper
part of the TBM, because of higher grout flow rates
(typical grout flow velocity is 0.3 [m/s]).
TBM jacks may transfer transverse forces between
the tunnel lining and TBM. The magnitude of such
forces should be limited, because jacks are not
designed for that. This unknown transverse force is
however important to beam action of the tunnel lining,
and has to be determined.
In the tail void the segments are supported by forces
from the grout layer. Inside the TBM tunnel rings are
unsupported. At the Groene Hart Tunnel the typical
length of unsupported tunnel lining in the TBM is 4
meters.
Vertical support by fluid grout is determined from
grout pressures measured around the tunnel lining.
Upon exit vertical grout pressure gradients as low as
6 kPa/m occurred, that after 3 m progress stabilized to a
gradient of 12 kPa/m (Talmon & Bezuijen 2008). This
latter value is considered a realistic and representative
value for grout loading just behind the TBM.

3.2

Result beam action calculation

The staged beam action model described by Hoefsloot (2008) is used. Input-parameters are the above

Figure 10. Measured and calculated bending moments
compared (Groene Hart Tunnel, the Netherlands).

mentioned bending moment by TBM jacks, transverse
force by TBM, vertical grout pressure gradient behind
the TBM, loading diagram and unsupported length of
tunnel lining in the TBM.
Model-specific is the so called “end of the fluid
grout zone”. In the staged beam model, this is the location where the reaction-force from the soil is zero: new
elements are mathematically added in a stress-less condition. Here the associated vertical pressure gradient
across the tunnel lining is 9.3 kPa/m (weight of grout
layer has been subtracted from a 10 kPa/m hydrostatic
pressure). The measured position of 9.3 kPa/m is positioned about ten meters behind the TBM. The vertical
grout pressure gradient is assumed to decay linearly
from 12 kPa/m at the TBM to 9.3 kPa/m at the end of
the fluid grout zone. Consequently the external loading by fluid-grout connects smoothly to the reaction
force from the soil. A further second order condition
is that the axial gradient of vertical grout pressure gradient and reaction force from the soil are identical. An
“end of fluid grout zone” situated 8 m behind the TBM
satisfies these criterion. However, it is not clear how
general applicable the implicit boundary conditions
are. This will be subject to further research.
The model requires also information on structural
properties: bending stiffness of the lining and modulus of subgrade reaction of surrounding soil. These
have to comply with fundamental properties of segmented lining and surrounding soil, but also have to
comply with the vertical displacements that have been
measured (Talmon & Bezuijen 2008). Therefore lower
values are used then one would apply on pure theoretical grounds. The following values have been used:
EI = 3.2 · 109 [kN m2 ] and k = 7.3 · 104 [N/m2 ].
A modest downward force of 1.5 [MN] from the
TBM is needed to reach perfect agreement between
measured and calculated bending moment curve in the
tunnel lining, see Figure 10.
At ring 2117 and ring 2118 a total of four inclinometers meters have been attached to lining segments
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The construction phase of a bored tunnel leads
to axial forces that remain in the tunnel lining after
completion (Blom 2002). The construction phase also
produces a remaining bending moment, as was found
at the Groene Hart Tunnel. The associated point of
application of this axial force is situated about 1.5
meter above the tunnel axis.
ACKNOWLEDGEMENT

Figure 11. Measured and calculated inclination of the
tunnel (Groene Hart Tunnel, the Netherlands).

situated at tunnel-axis-level. These four instruments
produced exactly the same results. Figure 11 shows the
results of one of these. It shows that after the TBM the
tunnel inclination is of the order 1:1000 (compared to
its final orientation) and that inclination decreases with
distance. The graph shows that there remains a discrepancy between inclination calculated by the beam
action model and measured inclination.
4

CONCLUSIONS

Grout injection:
The centre of gravity of grout injection, in combination with grout yield stress, is shown to determine the
vertical grout pressure gradient immediately behind a
TBM.
In case of an eccentric position of the tunnel lining,
the influence of eccentricity on grout pressures is also
quantifiable.
In future application of beam action models for tunnel linings, the model of Section 2 can be used to
calculate beam loading caused by the vertical grout
pressure gradient behind the TBM.
Beam action tunnel lining
The measured bending moment curve in the tunnel
lining is well reproduced by the beam action model.
The way how the transition from liquid grout with a
constant force on the tunnel to elastic behaviour is
incorporated in the model needs further study. Simulations have shown that the buoyancy forces that occur
at the location where the tunnel lining is ‘floating’
in liquid grout are essential to simulate the measured
bending moment.
Lower values for the bending stiffness of the tunnel lining and the modulus of subgrade reaction of
surrounding seem to apply than are expected on pure
theoretical grounds.
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