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ABSTRACT: Mechanized tunnels are constantly used in urban spaces, and have become a viable option 
for projects with strict limits of disturbance, where underground solutions were deemed unsuitable in 
the past. However, several mechanisms of the excavation cycle are still not taken into account in tun-
nel design or in risk assessments, where an accurate prediction of the soil displacements is important. 
This paper presents how two models, for the grout flow and consolidation, can be associated with a 
finite element model to calculate the induced soil displacements during tail void grouting. These models 
were used to compute different examples of a tunnel excavated between two layers of sand, modelled as 
elastoplastic materials. The results reproduce the basic mechanisms of the process, identified in the field 
measurements.

convergence of the excavated boundary and the 
flow pattern around the shield and the lining. 
However, the main purpose of the grout injection 
is to fill the gap between the back of the shield and 
the lining ring (Fig. 1). The diameter of  the lining 
is normally 1.5 to 8 % smaller than the back of the 
TBM, which is equivalent to a volume loss between 
3 and 15% for full gap closure (Shirlaw et al. 2004). 
These values are higher than what normally occurs 
in the field, indicating that the ground does not 

1 INTRODUCTION

The reduction in the amount of settlements 
induced during a mechanized tunnel excavation in 
soft ground, compared to settlements measured a 
decade ago, can be related to a more precise control 
of the face support and the grout injection at the 
tail void. Nowadays, TBMs can be operated within 
the strict serviceability requirements, normally 
required in densely constructed urban centres.

However, the design methodologies for these 
tunnels did not evolve in the same way. Several 
mechanisms of the excavation cycle are still not 
taken into account in tunnel design or in risk 
assessments, where an accurate prediction of the 
soil displacements is important. The processes 
around a TBM should be understood through the 
machine actions and the ground reactions, the lat-
ter require a geotechnical framework of analysis.

There are several models to explain and com-
pute the consequences of these processes (Bezuijen 
& Talmon 2008), but in order for these models to 
be assimilated in the state of practice, they should 
be combined in a design framework where these 
operational parameters can be assessed together 
with the induced soil displacements and lining 
forces, which can then be used for design (Dias 
& Bezuijen 2015a). This paper presents a design 
framework to analyse the forces and displacements 
during tail void grouting.

The pressure of the grout that is injected 
at the TBM tail will determine the expansion/ 

Figure 1. Basic structure of a TBM with highlight to 
the progressive diameter reduction from the cutterhead 
(A), to the front (B) and back (C) of the shield and the 
lining extrados (D).
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reach the lining. Field inspection at cross-passages 
have shown that a layer of  grout is evenly distrib-
uted around the lining (Bezuijen, 2010).

Field measurements in permeable ground have 
shown that the grout pressures increase during 
drilling, but that during stand still, both the aver-
age pressures and the vertical gradients decrease 
(Bezuijen et al. 2004). Qualitatively, these results 
can be understood as follows: While the grout is 
being pumped, the flow direction is predominantly 
longitudinal so only the gravity field determines 
the vertical gradient. During stand-still, the grout 
flows along the tangential direction of the cross-
section. As the grout pressure dissipates due to 
shear, the vertical gradient is reduced just after 
drilling stops. With time, as the grout pressures 
are higher than the local groundwater pressure, the 
grout loses water to the ground. This consolida-
tion process progressively reduces the grout pres-
sures. The final gradient is set through the relation 
between the lining movements, the grout forces 
and the dead weight of the tunnel. To obtain quan-
titative results, each of these processes needs to be 
modelled.

To calculate the distribution of grout pressures 
during injection, a model for the grout flow is pro-
posed where the dissipation is related to the gap 
between the ground and the lining. Based on the 
geometrical gap, a spreadsheet is used to calculate 
the grout pressures and generate a finite element 
code (Plaxis, 2016), where these pressures are used 
as boundary conditions. The calculated displace-
ments are then imported back to the spreadsheet, 
where the results of the two models can interact 
until numerical equilibrium is achieved.

To calculate the pressure dissipation during 
grout consolidation, a methodology is proposed to 
track the relation between the water outflow, from 
the slurry grout into the ground, and the stress 
release at the tunnel boundary due to the varia-
tion of the grout volume. A Python routine was 
programmed to incrementally calculate the water 
outflow, the associated pressure reduction, and the 
new profile of grout pressures, based on the out-
put of the finite element calculation. An example 
calculation is presented where the basic mecha-
nisms identified in the field measurement can be 
reproduced.

2 METHODOLOGY

2.1 Grout injection

The first aspect to be considered for the phase of 
stand-still is the tangential grout flow. This process 
can be formulated is a way similar to the problem 
of flow around the shield, by modelling the flow of 

a viscous plastic fluid in equilibrium with a deform-
able boundary (Talmon et al. 2001). The grout is 
considered a Bingham plastic fluid at the imminence 
of flow, so that the shear stress can be assumed 
equal to the yield stress of the grout (τg = τy). Based 
on this shear stress, the pressure field around each 
injection nozzle, where the pressure boundary con-
ditions of the problem are stated, can be calculated. 
Referring to Figure 2, the pressure at point B (pb) 
can be calculated from the injection pressure of the 
nozzle, at point A (pA), with:

p p
gap

dl dhB A

g

g= − −
τ

γ. .  (1)

where dl = distance along the flow path; dh = verti-
cal distance; gap = thickness of the grout layer; and 
γg = volumetric weight of the grout.

For point C, the last element of Equation 1 is 
+γg.dh. The simplest approach to deal with multiple 
nozzles (6 to 8 in a regular TBM) is to calculate the 
pressure field around the whole domain for each 
individual nozzle and assume that the maximum 
pressure at each point around the perimeter com-
poses the resultant field. For a constant gap, these 
equations can be programmed in a spreadsheet to 
calculate the grout pressures in a discrete set of 
points along the tunnel perimeter. However, the 
ground deformation in equilibrium with the grout 
pressures should also be considered.

This equilibrium can be considered through a 
finite element calculation where the grout pres-
sures are used as boundary conditions around the 
tunnel, and the resultant displacements imported 
back to the spreadsheet to re-calculate the grout 
pressures. This idea has been implemented with 
a linear elastic model in a free-license software 
(Dias & Bezuijen 2015b). In this paper, the concept 
is implemented in Plaxis (2016), where more repre-
sentative constitutive models can be used. At this 

Figure 2. Elements to model the tangential grout flow.
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stage the lining is considered rigid and centred in 
the initial tunnel cavity, which is used as a reference 
to calculate the gap.

Plaxis 2D is a finite element package for defor-
mation and stability analyses in geotechnical engi-
neering. In this paper it will be used to solve the 
boundary value problem of mechanical equilibrium 
during a tunnel excavation. The software requires 
an input of domain, constitutive para meters, and 
boundary conditions, which are normally estab-
lished through a graphical user interface. This 
wouldn’t be a suitable option for the iterative calcu-
lation cycles required in these TBM models.

However, since 2015, Plaxis can be operated 
through a remote script programmed in Python, 
a high-level interpreted programming language 
based on free and open-source software. This 
allows the user to control both the Input and Out-
put programs via an external Python interpreter, 
to either directly write input commands on-the-fly 
or to run script files. The Python script can also 
be used to process the output, check for objective 
conditions, and run recursive procedures to guide 
the calculation. This is a useful feature within 
this framework, where several calculation cycles 
are required. The details of the Python script are 
described by Dias (2017).

2.2 Grout consolidation

The second aspect to be accounted for is the con-
solidation of the grout, which is responsible for the 
decrease of both the gradient and the magnitude 
of grout pressures during stand-still (Bezuijen 
& Talmon 2003). This process, also called grout 
filtration, occurs due to the difference in pres-
sure between the fluid grout and the surround-
ing groundwater. This gradient causes the water 
in the grout to flow into the soil. The water car-
ries the particles in the grout towards the soil, but 
as their diameter is generally larger than the soil 
pores, they do not penetrate in the soil, but form 
an external layer of filtered grout at the soil bound-
ary. The loss of hydraulic head within the slurry 
is negligible, so the pressure in the slurry can be 
considered constant. When the permeability of 
the ground and the filtered grout are of the same 
order of magnitude, the hydraulic head will dis-
sipate through both layers, increasing the ground-
water pressure nearby (Masini et al. 2014). On the 
other hand, in fine sand or coarser grained soils 
it very likely that the permeability of the ground 
is significantly higher than the one of the fil-
tered grout. In this case, the dissipation through 
the ground can be neglected, so that all the pres-
sure difference between the groundwater and the 
grout is dissipated through the filtered grout layer  
(Bezuijen & Talmon 2003).

Therefore, the water flow from the grout to the 
ground will depend on the difference in water pres-
sure between both regions, the permeability of 
the filtered grout and its thickness. A scheme of 
the process can be seen in Figure 3 for 1D condi-
tions. The slurry grout is characterized by its initial 
volume (V0) and porosity (ni). The filtered grout 
is characterized by its porosity (nf). Considering 
incompressible fluids and a constant volume of 
solids, the continuity equation is:

q dt
n n

n
dxw

i f

i

. =
−( )
−( )1

 (2)

where qw  =  water discharge, which can be calcu-
lated through Darcy’s law, dt = time increment, and 
dx = incremental thickness of the filtered grout.

By substituting the formula for the discharge 
(qw  =  k.∆φ/x) in Equation 2, assuming a constant 
difference in piezometric head (∆φ), and integrating 
with x(0) = 0 as a boundary condition, one obtains:

x t
n

n n
k t

i

i f

( ) =
−( )
−( )

1
2. . .∆φ  (3)

where x  =  thickness of the filtered grout layer, 
k = permeability of the filtered grout, ∆φ = pres-
sure difference between the groundwater and the 
grout, and t = time.

However, the difference in piezometric head 
isn’t constant around a tunnel. The pressure of the 
slurry grout is always in equilibrium with the tunnel 
boundary. The volume reduction due to the water 
outflow during consolidation allows the ground 
to convergence, causing the boundary pressure to 
reduce according to the rigidity of the ground. In 
other words, the grout pressure will reduce as the 
grout consolidates due to the stress release of the 
deformable ground.

Assuming that all grout phases are fully satu-
rated, the reduction of the initial grout volume 
is equal to the volume of water expelled from the 
slurry (qw.dt). The differential equation for a vari-
able gradient can be written as:

Figure 3. Volumetric balance of grout consolidation.
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k
GP dR Uw

x
dt dx
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n
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 (4)

where GP(dR) = grout pressure as a function of 
the boundary contraction (dR) and Uw  =  water 
pressure.

Equation  4 can be solved numerically from 
an initial non-null filtered grout layer, which can 
be calculated with the analytical formula from 
Equation  3. The numerical solution can reach 
convergence with larger time increments if  an 
explicit formulation considering the mid-point 
values is used, as in:
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When elasto-plastic constitutive models are 
used, every new stage in time depends on the stress 
and strain paths from the previous stages. There-
fore, each time step during grout consolidation has 
to be a new calculation stage (phase) in the finite 
element software.

This one-dimensional model of grout consolida-
tion needs to be adapted to the 2D domain of the 
tunnel. A simple idea is to directly apply the 1D 
model radially at each calculation node. The problem 
with this approach is that the pressure at each point 
only depends on the local gradient to the water pres-
sure, it has no relation with the volumetric weight or 
the yield stress of the grout. So there is no guarantee 
that the calculated grout pressures are in equilibrium 
with the gravity field and the friction forces.

A better adaptation of the one-dimensional 
model is to consider the volume balance of the 
whole perimeter. The total water discharge at each 
time step has to match the total boundary con-
vergence. The distribution of grout pressures is 
calculated from the pressures at reference nodes, 
where the pressure is changed until the necessary 
convergence is achieved. For a set-up with equidis-
tant nodes along the perimeter, the total values are 
equivalent to the arithmetic average of all nodes.

During consolidation, it is assumed that the 
injection nozzles can no longer be used for the 
reference pressures, as grout is not being injected. 
Therefore, in this pressure based framework, a 
new reference pressure must be established, from 
which all the other pressures can be calculated. 
A common issue in the distribution of grout pres-
sure during injection is that it normally results in 
an upward force acting on the lining ring. This 
forces the lining to move up in the mixture, which 
is equivalent to the grout moving down along the 

soil-lining gap. In this way, it is possible to assume 
the grout pressure at the tunnel roof as a reference, 
from where the pressure in all the other nodes can 
be calculated, as the grout flows from the roof 
towards the invert.

A particular feature of the Bingham plastic 
model, assumed to represent the grout, is that for 
a null shear rate, the resultant shear stress can be 
any value between -τy and +τy. In other words, the 
shear stress can change directions, from the injec-
tion phase to the consolidation phase, in order to 
achieve equilibrium, without any relative move-
ment, as long at the yield stress is not exceeded. 
Therefore, the lining doesn’t actually have to move 
in relation to the grout for the shear stress direc-
tions to change to the new boundary conditions.

In this scheme, the grout pressures are always 
in equilibrium with both the gravity field and the 
friction forces, while continuity is guaranteed for 
the whole tunnel perimeter, as the contraction 
of the grout layer due to consolidation is matched 
by the convergence of the tunnel boundary, associ-
ated with a reduction in the grout pressures.

Iterative calculations are required in two levels 
of this system: first, as during the injection phase, 
to find equilibrium between the grout pressures 
and the resultant deformations that define the soil-
lining gap. And second, to find the grout pressure 
at the tunnel roof to cause an average contraction 
equal the total water discharge. This second level 
can be implemented as a root finding scheme, such 
as the false position method.

At this point it is not clear how the mechanism 
develops once the water pressures are reached. 
One can assume that once the gradient at a cer-
tain point disappears, the mechanism stops locally 
and the grout shear forces change to accommodate 
this fixed pressure. Another possibility is that the 
shear forces remain fully mobilized, dictating the 
grout pressure distribution even for values smaller 
than the groundwater pressure. In these points the 
water would flow in the soil-lining gap, until there 
is a balance between the regions of inflow and out-
flow. Most likely, a more complex framework is 
needed to understand this process. One where the 
velocity field can be computed considering how 
the grout properties change with time and the lin-
ing responds to the buoyant forces. However, this 
would also require a more extensive input, which is 
not available at the moment.

Therefore, this adaptation is considered suitable to 
represent grout consolidation around a tunnel. The 
whole script to implement this model with a finite 
element calculation is divided into four routines:

1. Create Model: Defines dimensions of the 
domain, ground layers, constitutive models 
and parameters of each layer, tunnel position,  
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dimensions and divisions for the grout pressures 
to be declared. Defines a fine mesh, which is auto-
matically created. From the initial phase where 
the geostatic stresses are calculated through the 
body forces, the script defines the first calculation 
phase, where the ground elements inside the tun-
nel are deactivated, while the polycurve elements 
with the tunnel boundary pressures are activated. 
This base file is then saved in a certain folder.

2. FEA Calculation: Creates a new calculation phase, 
if required, declares the new grout pressures and 
calculates the model. The coordinates, displace-
ments and water pressures around the tunnel are 
imported from the Output software. The results 
are averaged and interpolated for the position of 
the nodes in the grout pressure calculation.

3. Iterative Grout Pressure: For a certain grout 
pressure at the tunnel roof, and from an initial 
soil lining gap, the equilibrium between grout 
pressures and tunnel contraction is calculated 
using the 2nd routine. The calculation assumes 
convergence if  the difference in soil-lining gap 
from two consecutive calculations is smaller 
than 5  mm for all nodes. This threshold was 
calibrated for the rigidity of the example, but it 
can vary for other conditions.

4. Grout Consolidation: At each time step, the 
average contraction due consolidation is calcu-
lated. A root finding scheme calculates the new 
grout pressure at the tunnel roof to cause an 
average reduction in the soil-lining gap that is 
equivalent to the consolidation contraction. At 
each iteration of the scheme, the profile of grout 
pressures at equilibrium is calculated using the 
3rd  routine. The calculation stops at the last 
time step, or if  the thickness of the grout layer 
surpasses the soil-lining gap.

The whole calculation progresses faster if  the 
output is only processed at the tunnel boundary. 
So, once the calculation is finished, another rou-
tine can be applied to retrieve the surface settle-
ments at specific time steps. The total processing 
time of this algorithm can reach the scale of hours, 
so it is important to save the necessary data so if  
the calculation stops at any point, if  the software 
crashes for example, it can be started again from 
the saved last iteration. A Microsoft Excel (2016) 
spreadsheet is used to write these scripts and 
import the end results for analysis. All the codes 
from this section can be found in Dias (2017).

3 EXAMPLE CALCULATION

An example calculation is presented for a 10  m 
diameter tunnel, centred at a depth of 30 m. Two 
layers of sand were considered. The first layer was 

30 m thick and represented loose sand at a relative 
density of 20%. The second layer, extended for the 
rest of the model, represented a sand at 50% relative 
density. Their constitutive parameters, considering 
the Hardening-Soil model, were estimated from 
the empirical correlations proposed by Brinkgreve  
et al. (2010), and the values are presented in Table 1. 
The groundwater level was at the surface.

An initial soil-lining gap of 15 cm was considered. 
The grout was simulated with the parameters: yield 
stress of 0.5 kPa, volumetric weight of 20 kN/m³, 
initial porosity of 0.4, final porosity of 0.3, and per-
meability of filtered grout of 2 × 10-8 m/s.

3.1 Grout injection

The results of two grout injection strategies have been 
calculated. The first considered that the pressure was 
dictated from a nozzle at the tunnel roof at a pres-
sure of 400 kPa. The second was based on a pressure 
of 560 kPa at the tunnel invert, which is equivalent 
to the resultant pressure from the first injection strat-
egy. The resultant distributions of pressure can be 
seen in Figure 4. On average the resultant grout pres-
sure was higher for the first scenario.

Table 1. Constitutive parameters for the ground.

Parameters Loose Medium

γunsat (kN/m³) 15.8 17.0

γsat (kN/m³) 19.3 19.8

φ (º) 31 34

ψ (º)  0.5  4.0

Rf  0.975  0.937

E50
ref (MPa) 12 30

Eoed
ref (MPa) 12 30

Eur
ref (MPa) 36 90

m  0.6375  0.5437

Figure  4. Profiles of grout pressure along the tunnel 
height for two different injection strategies.
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The initial impression is that the profiles are 
hydrostatic distributions based on the volumet-
ric weight of the grout. However, the average 
vertical gradient was 16  kPa/m for the first case, 
and 25 kPa/m for the second one. This difference 
occurs due to the pressure dissipation due to shear 
forces between the grout and the soil. For the first 
case, where the nozzle is at the top, the dissipation 
happens from the tunnel roof towards the invert. 
In the same direction, the grout volumetric weight 
causes an increase in the pressure. For the second 
case the dissipation takes place from the invert to 
the roof, which is in the opposite direction of the 
gravity field.

This process is amplified by the fact that the 
pressure dissipation due to shear forces is inversely 
proportional to the gap between the soil and the 
lining, which in turn is in direct proportional to 
the grout pressure. From the initial 15 cm gap, the 
resultant distribution, in equilibrium with the pres-
sures around the tunnel, can be seen in Figure 5.

The first aspect to be noted is that the convergence 
pattern is quite different from the displacement 
models normally assumed in analytical solutions or 
displacement-based numerical calculations. There is 
limited heave around the tunnel invert (≈ 1.35 cm), 
an expansion of the excavation perimeter around 
the tunnel springline (≈  1.11  cm), and significant 
convergence around the tunnel roof (3.8 cm—Top; 
9.4  cm—Bottom). Overall, the average gap was 
14.31 cm when grout was injected from the tunnel 
roof, and 12.44 cm when the injection came from the 
invert. This radial convergence corresponds to a vol-
ume loss of 0.28 and 1.02%, respectively.

The induced displacement field reaches the sur-
face (Fig.  6), causing a maximum settlement of 

22  mm for the simulation with the nozzle at the 
roof, and 57 mm when the nozzle was at the invert. 
This ratio is about 30% smaller than the ratio 
between the convergence at the tunnel boundary. 
This indicates that volumetric strains occur in the 
soil mass.

The areas of these settlement troughs corre-
spond to 1.16 and 3.28% of the original tunnel 
area, for the cases of roof and invert injection, 
respectively. This ratio is about 20% smaller than 
the ratio between the volume loss at the tunnel 
boundary.

3.2 Grout consolidation

To study the phase of grout consolidation, the 
initial pressures are calculated assuming that the 
grout pressure at the tunnel roof was 450  kPa. 
A total period of 30 min was simulated in steps of 
50s. During these 30 min, the pressure at the tun-
nel roof dissipated from 450 kPa to about 365 kPa, 
while the vertical pressure gradient changed mini-
mally, from 16 to 15  kPa/m, as can be seen in  
Figure 7. This decrease in gradient has been meas-
ured in the field, but with a higher magnitude.

This reduction caused an average contraction of 
the tunnel boundary of 1.36 cm. The progression 
of the pressures with time can be seen in Figure 8, 
for three points around the tunnel. The total pres-
sure decrease over 30 min at the tunnel invert and 
at mid-height was slightly larger than at the tunnel 
roof (90 vs 85 kPa).

At the onset of consolidation, the average defor-
mation of the excavation boundary was practically 
null, with regions of contraction and expansion 
cancelling each other out, so that the resultant 
volume loss was −0.11%. After consolidation, 
the region around the tunnel roof had contracted 
significantly, causing a volume loss of +0.43% 
(Figure 9). Comparing the pressure dissipation with 

Figure 5. Polar plot of the soil-lining gap, the legend 
top and bottom refer to the position of the injection 
nozzle.

Figure 6. Surface settlements.
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the resultant deformations, it is clear how the tun-
nel invert had a more rigid response than the tunnel 
roof, roughly by a factor of 10x. This anisotropy is 

not present in linear elastic calculations, where the 
loading direction has no influence on the result.

In terms of surface settlements, the results were 
even more pronounced. The net expansion of the 
boundary at the start of consolidation caused the 
surface to settle up 15 mm in a trough equivalent to 
0.7 % volume loss. During the first 15 min the dis-
placements had practically doubled (δmax = 27 mm, 
VL = 1.32%), but as the pressure dissipation slowed 
down, the rate of the displacements also decreased, 
so that at 30  min, the maximum settlement was 
32 mm and the volume loss was 1.57% (Fig. 10).

4 CONCLUSION

There have been significant advancements regard-
ing how the processes around a TBM are under-
stood and managed to achieve more reliable tunnel 
excavations. However, the quantitative models that 
represent these processes still feature as excep-
tional tools for the design of these tunnels, which 
includes the prediction of settlements.

This paper presented how a model for the grout 
flow can be associated with a finite element model 
to calculate the induced soil displacements in a 
dynamic equilibrium between the boundary pres-
sures and the soil-lining gap. It also presented how 
a model for the grout consolidation can adapted to 
a two-dimensional domain, and associated with a 
finite element model to calculate the induced soil 
displacements at each time step. A robust finite ele-
ment package was used, where the ground can be 
represented through different constitutive models. 
To manage the substantial number of calculations 
and results, the algorithms were implemented in 
Python, a programming language based on free 
and open-source software.

These models were used to compute different 
examples of a tunnel excavated between two layers 

Figure 7. Profiles of grout pressure and water pressures 
along the tunnel height.

Figure 8. Development of grout pressures and average 
boundary contraction with time.

Figure 9. Polar plot of the soil-lining gap.

Figure 10. Surface settlements at different times.
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of sand, modelled as elastoplastic materials. The 
results for the injection phase highlight how the 
position of the injection nozzles around the tunnel 
can have a major influence on the final pressure 
distribution and the induced displacements.

During consolidation, the results highlight 
how continuity must be guaranteed for the tunnel 
boundary as a whole. With the use of advanced 
constitutive models, the reaction of the tunnel 
invert is normally much stiffer than at the tunnel 
roof, for a given stress increment. If  the pressure 
profile was assessed locally, this would cause a 
much faster dissipation around that region, caus-
ing a distribution of grout pressures violating 
equilibrium.

During consolidation, even though the tunnel 
boundary suffered minimal convergence, for the 
assumed parameters, the settlements at the surface 
increased significantly, causing more than 30 mm 
of settlement above the tunnel centre. These results 
are a direct consequence of the input parameters, 
chosen at will for the example, as the point of these 
models is that within an objective and accessible 
framework, any condition can be processed and 
the results evaluated in a few minutes.
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