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ABSTRACT: Grout pressures were measured on a tunnel lining of approx. 9.5 m diameter during drilling; 14
pressure gauges were mounted in one ring of the tunnel lining. Measurements were performed for 15 hours,
during this time the final hardening of thegrout did not occur. The start of the drilling process after comple
tion ofthe ring resulted in the lowest pressures. Results show that the grout pressure distribution is dominated
by the injection during drilling, but this distribution changed when drilling stops and buoyancy forces get an
influence. Farther away from the injection points the influence of buoyancy forces increases.

1 INTRODUCTION

research was settlement control and prediction.
Given the fact that pressure control at the front of

presumably also from the (in homogenously distrib
uted) loads ofthe fluid gnout in the annular gap.
In order to tackle both issues in one field research
two complementary ways of monitoring the grouting
process. were defined. The backside of the TBM is
provided with 10 circumferentially installed grout
pressure sensors. And one cross section is defined
where both building, surface and subsurface instru

slurry type TBM's is generally controlled properly
nowadays, one has to concentrate on the improve
ment of process control regarding backfill grouting
in the annular gap in order to increase settlement

mentation is installed as well as two tunnel rings
(two tunneling directions) are circumferentially in
strumented with grout pressure sensors in the lining.
Vlfhen the TBM is passing the instrumented cross

control. The outcome of the research so far has

section both ways of grout pressure data capturing
can be compared. The aim is to analyse the grout
pressure distribution around the tunnel instantane
ously behind the TBM and at a greater distance and
investigate the correlation. This infonnation will be
used as an input later on for 4D FE models (Dijk &

Since 1996 the Centre for Underground Construction
(COB) in the Netherlands has initiated a substantial
amount of practical oriented field and desk research
(Bakker et al, 2001). One of the main issues in this

shown an evident qualitative correlation between the
quality of the grouting process in the annular gap at
the back ofthe TBM and settlements. However, this

correlation has not led to a quantified relationship
yet. With a metro turmelunder the historic city cen
ter of Amsterdam coming up next years (Kaalberg et
al, 2001) the autonomic government policy for on
going tunneling research is additionally supported.
Therefore it was decided by_COB to define addi

tional field and desk research at the Sophia Rail
Tunnel (3,6 km twin bore tunnel, external diameter
9,4 m). One of the main issues in this research is to
increase knowledge regarding the injection, flowing
and hardening process of the backfill grouting, in or
der to obtain a more constant, reliable and predict
able settlement control for future projects in an ur
ban enviromnent worldwide.
Another main topic in the research is the behav
iour of the tunnel lining during construction. It is not
seldom seen that damage occurs at segmental joints,
which originates primarily from joint design, but

Kaalberg 1998) to further calibrate and validate set
tlement prediction and lining calculations.
In this paper the monitoring data of the sensors in
the lining for the first TBM passage are described
and analysed and compared with a flow prediction
model.

2 THEORY
Before hardening grout can be described as a Bing

ham liquid. However, the properties change with
time. Viscosity and yield stress will increase. Tal
mon et al (2001) presented a flow model to describe

the pressure distribution around a tunnel lining
caused by the grout flow and as a function of the
discharge through the injection points.
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However, a Bingham liquid can withstand shear
stresses without flow (what a Newtonian fluid can
not). This means that also without flow not neces
sarily the hydrostatic pressure distribution is present.
ln the case of grout around a tunnel lining, the lining
shall move upwards due to buoyancy forces. It can
only move if the grout is pressed down. This will be
prevented by the shear stresses between the soil and
the grout. From our experiments and analysis of lield
measurements, Talmon et al (2001) we have con
cluded that the shear stress between concrete and
grout is much smaller than the shear stress between
soil and grout and therefore the fonner can be ne
glected). The relation between shear stress and pres
sure caused by that shear stress can be derived from
Figure l, and results in:

AP= r-lida (1)
s

Where AP is the pressure change caused by the yield
stress r, R the radius of the hole made by the ttmnel,
s the joint width and oc the angle indicated in Figure
l. Assuming that the grout flows to the bottom of the
tunnel horn a location with a certain angle ot, the to
tal pressure drop by the yield stress is:

P=f5-Q <2>
s

This excess pressure that increases with oc will result

ment of the ttmnel and Equation (2) using the result
of (4) gives the influence on the pressure distribu_
tion. Without shear stress the pressure will increase

according to a hydrostatic pressure distribution
Equation (2) leads to a pressure highest on top of thg
tunnel and thus counteracting to the hydrostatic preS_
sure. The resulting pressure gradient will therefore
be less tha.n the hydrostatic gradient.

3 MEASUREMENT PROCEDURE
Several segments in one ring of the tunnel consist of

an instrumented annulus where pressure sensors
were installed. The positions of the sensors in the
ring are shown in Figure 2.
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in a downward directed force on the ttmnel that

compensates the buoyancy force K. For a small seg
ment it can be written:

dK = PR cos ada (3)

Combining Equations- (2) and (3) and integration

over the two half circles leads to:

f=-II-§ <4>

With this last equation it ispossible to calculate
what yield stress must be present to prevent upward
moving of the tunnel lining until it hits the ceiling of
the hole drilled due to buoyancy force.

grout Q
,E '_ tunnelgllnmg

| force

Figure 1: Scheme to calculate the pressure distribution due to
buoyancy forces.

If the actual yield stress 1: is larger than the result of
Equation (4), then there will be only limited move

Figure 2: Distribution of pressure sensors in the lining (0) and
grout injection points on the TBM (O) with the code used in
the graphs.

These pressure sensors, in stainless steel housing,
have been permanently placed using epoxy resin in
holes drilled in the concrete segments and can be
used for measurements even after initial pressure
monitoring. These segments then underwent a com
petency and waterproofing test by applying a pres

sure of lMpa for 2 hours. `

The pressure sensor is the Labom type DEl680
A4001-L19 that has a measuring range of l MPa and
an accuracy of 0.25 % full-scale (2.5 kPa). The sen
sor consists of a flat membrane (50.8 mm diameter)

placed on its outer surface. The grouting liquid is

therefore in direct contact with the membrane during
the measurement. The membrane is placed 4 cm be
low the outer surface of the segment to prevent dam
age bythe steel brushes at the end of the TBM shield
as it passes by. To prevent airlocks the space above
the membrane is automatically filled with the same
grease as used to seal the tail end.

The sensors were sampled at 25Hz using a data
acquisition system based on an intemal PC Card
(Keithley DAS 1802). This card controls the sensors
and collects and archives the measured data.

Data is recorded while the segment is still_within
the TBM shield and measurements are continuously
logged for 15 hours.
The relative high frequency sampling of 25 Hz
was used to measure possible high frequency events.

Analyzing the data including Fourrier transform

showed that such events were not available. There
fore a considerable data reduction of l of 500 sam
ples could be used without loss of significant data.

during the process of placing segments of the tunnel
lining.

Remarkable is the dip in the 'grout pressure,
measured with all transducers just before the drilling
for a new ring started. The reason for this dip can be
seen in Figure 4. The figure shows the drilling ve
locity and the number of strokes of the grout pumps
per second as a function of the displacement in the

_upper plot. It can be seen that when the drilling
started (the velocity jumps from zero to a certain

4 RESULTS

value) the grout pumps do not start immediately and
therefore the first drilling is done with too little grout

4.l Pressures versus time and displacement

leading tot a sharp decrease in the grout pressure.
After that the pumps started and the grout pressure

Measured grout pressures are shown in Figure 3 as a
function of time together with the drillingvelocity.
This figure shows that grout pressures increase dur

ing drilling when grout is injected, but decrease
during periods of stand still, probably due to dewa
tering of the grout_into the soil.
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Figure 3. Drilling velocity and measured grout pressures at the
right- side of the tunnel as a frmction of time (see for the letter
ing also Figure 2).

Only halve of the instruments is shown because the
number of lines would lead to confusion if the re
sults of all transducers were shown. Just before 5:00
the grout pressure transducers pass trough the tail

brush. At approximately 6:00 they come into the
grout. After the completion of the drilling for that
ring the grout pressures decrease until at approxi
mately 7:30 the drilling for the next ring started. ln
the decreasing pressure some sharp rise or fall in
pressure can be distinguished. Analyzing the meas
urements it was shown that the ring building process
caused thisQ The rise or fall could be associated with

the movement of the plungers of the main jacks
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Figure 4. Drilling velocity, strokes per second of ‘the grout
plunger pumps and grout pressures as a function of the dis
placement. (a moving average over 25 points was taken for the
data on the plunger pumps to reduce noise on the data).

4.2 Polar plots and gradients
Figure 5 shows the measured pressures at different
times in a polar plot and the distribution of pressures
as a function of height. Both plots showed that the
pressure distribution is as could be expected. The
pressure increases more or less linearly with depth.
The pressure distribution is more or less the same on
both sides of the tunnel, although there is some dif
ference between both sides for the 7:00 measure
ment. Remarkable is that the pressure gradient in

vertical direction is not constant in the measure
ments. The slope of the line in the lower plot of
Figure 5 changes with time. The results shown in
115

this paper are the results of measurements on one
ring. This means thatafter installation there will be
the same grout present during the measurement. If
only the hydrostatic pressure in the grout would de
termine the_ pressure distribution, then the gradient
should be constant. However, more aspects play a
role as was mentioned in the Theory section and will

be elucidated ftuther in the discussion. To investi
gate what gradients did occur, the pressure gradient
in vertical direction was calculated using the least
square method overall measurement points. The re
sult in shown in Figure 6 together with the pump ac
tivity of the pump for grout injection line Al (The
pump for Al was/ chosen to have a reference when
the pumps are on. It could have been also one of the
other pumps) The results show that in general the
vertical pressure gradient decreases in time and thus
also as the distance between the TBM and the in

ifi
0.

strumented lining increases.
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Figure 6: Pressure gradient over the tunnel lining at one loca
tion and pump activity for one of the injection points (Al) ag a
function of time.

5 DISCUSSION

5 .l Pressures
The estimated effective pressure on top of the tunnel
lining was at the location of the instrumentation ap

proximately 200 kPa (2 bar) (Bezuij en & Talmon
2001). This is close to the grout pressure applied
during drilling on top ofthe tunnel (ir1strLur1entBb in
Figure 3 and Figure 4). When drilling stops the grout
pressures decreases. This ._ decrease is largest at the
pressure gauges at the lower part of the ttumel. This

will be the reason that the reported settlements at
this ring were only limited.
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The lower plot in Figure 5 shows that the grout
pressures are above the pore pressures at that loca
tion although the difference is only small for the last
measurement (time = l6:59:52). It also shows clearly
that the measured pressures are always lower than
the hydrostatic pressure in the grout would be ap
plying a 2 bar grout pressure at the top.

eg- 4 \` ‘Q ‘ .... V .... 0 7:00:00
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Figure 5. Polar plots and pressure as function of height at vari
ous time steps. The lower plot also shows the water (pore) pres

sure and the hydrostatic pressme in the grout starting from 2
bar at the top as a reference. Drilling at 6:19:30 and 8:00:00
stand still for the other points.

Remarkable is that up to 12:00 drilling (and there
fore activity of the grout pump Al) leads to a sharp
increase in the pressure gradients. For the last rings
there is just a decrease. Possible explanations will be
dealt with in the Discussion Section.

The grout pressure on top of the turmel is an impor
tant parameter that influences the surface settlement.

The vertical pressure gradient is of importance to
understand the grouting process, but also determines,
with the absolute pressure, the stress distribution in
the soil, which is of importance to understand soil
structure interaction for adjacent foundations.
The volumetric weight of the grout used was 21.5
kN/m3. In case the hydrostatic pressure determines
the vertical pressure gradient, the gradient should be

21.5 kPa/m. As can be seen Hom Figure 5 and
Figure 6, this value is never reached during these
measurements. A likely reason for this discrepancy
are the buoyancy forces as was explained before.
However, also when there is still a grout flow the
pressure distribution will not be a hydrostatic distri
bution (Talmon et al 2001). During drilling, close to
the TBM the pressure distribution is govemed by the
grout flow from the grout injection points around the
tunnel lining. In case of a downward directed tl0W,

'

the pressure, corrected for hydrostatic pressures, has

to decrease to maintain the flow. `

The flow model described by Talmon et al (2001)
was used to _simulatelthe grout pressures. The pa
rameters used are summarized in Table 1.

Table 1. Parameters used in grout flow calculation.

Parameter V value dim.

Diameter lining (D=2R) 9.45 m
Thickness grout layer (s) 0.16 m
Density grout rpg.) 2190 kg/m3
Yield stress grout start _ 0.9 kPa
Yield stress grout after 7.5 hour 1.8 kPa

Viscosity parameter 5 Pa s
Grout pressure at top / 2 bar

Drilling velocity 7.2* 104 mls
The density and rheological parameters of the
grout were determined from samples taken hom the
construction site. The distribution of grout injection

flow rates over the injection ports has been- read
from the strokes made by the grout delivery pumps,
see Figure 4. Our vane-measurements revealed that
up to a grout age of 5.5 hour the 'yield stress was 900
Pa, at this 'age the yield stress began to increase. At
an age of 7.5 hours the yield stress was 1.8 kPa, and
increasing with time. The results are shown in Figure
7 and showed good agreement with measurements
obtained during drilling.
O
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The model described to calculate the influence of
the buoyancy forces on the pressure distribution does
not predict a constant vertical pressure gradient _as
was measured. The gradient is assumed to be con
stant over the circumference (Equation (1) showed

that dP/dot is constant) and therefore would vary
over the tunnel height. The maximum gradient is
found at 90 and 270 degrees (see 'Figure 5, upper

a’P
I
__
= _S_(5)
dz pgs

plot). At these points the gradient can be written as:

With pg, the density of the grout and g the accelera
tion of gravity.
The additional parameters used in this calculation

to calculate the gradient are presented in Table 2.
The grout pressure at the top is lower now, because
this pressure decreases when grouting stopped.

Parameter - value dim.

Table 2. Additional parameters used in calculations.

Thickness lining (sl) 0.4 m
Density concrete 2400 kg/m3
Grout pressure at top 1.8 bar
Using these parameters it can be calculated that
the buoyancy force K ="'1370 kN/m. This resulted

with Equation (4) in a shear stress r of 2.45 kPa
between the soil and the grout. With these results
and Equation (5) the maximum gradient is found to
be 6.1 kN/m if only buoyancy forces determine the

gradient. This is less than the minimum gradient

measured and therefore it can be concluded thatthe
measured gradient is also influenced by moments in
the lining because it is fixed by the TBM on one side
and the hardened grout on the other.
These buoyancy calculations led to another result.

The calculated shear stress is more than the yield
stress measured (Table 1). This would mean that the

3 :E -1 pfrssurei

tunnel would not be stable and would be lifted by
buoyancy forces. Another way to look at the results
is to determine the yield stress in the grout from the
measurements. In case the rheological properties of
the grout would be the same as for water, gradient
would be always 21.5 kPa/m with or without drill
ing. Assuming that the tunnel wants to move in up
ward direction due to buoyancy forces, then the
minimum measured gradient results with Equation

9 i12I‘' ‘Xi
T ''.
10
'
01234

(5) in a mobilized shear stress. This can be less than
the yield stress, but not more. From using Equation
(5) it can be concluded that a measured gradient of
0.12 bar/m (12 kPa/m) around 8:00 (see Figure 6)
corresponds with a minimtun yield stress of 1.5 kPa.
The minimum in the gradient measured just after
12:00 of 0.076 bar/m means that the yield stress is
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Figure 7: Measured and calculated grout pressures compared
during drilling.

then 2.2 kPa or more. These values for the yield
stress are higher than measured with the vane. Possi
ble reasons for these discrepancies are:
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1. The reological parameters are determined by at
mospheric pressure. Dewatering in the iield situation
can lead to higher yield stress.
2.Base_d on_ flow experiments the shear stress along
the tunnel 'lining and the grout is neglected. It is pos
sible that this changed in no-flow conditions.

From the measurements presented here it ap
peared too simple to state that the pressure distribu
tion close to the tunnel is governed by the TBM and
that buoyancy is dominant further away. Close to the
TBM the pressure 'is dominated by the grout' flow
during drilling, but is more influenced by the buoy
ancy during stand still. The model presented on the
buoyancy is purely 2-D. It only takes into account
one ring and does not take into account the possible

bending moment along the ttmnel axis. 'This ap
peared to have a large influence close .to the TBM.
However, further away nom the TBM the influence
of the-bending moment in the lining decreases and
the gradient approaches the value calculated with
Equation (5).
During drilling around 12:00 and 14:00 the pres
sure gradient is the lowest. This is during drilling but
the TBM.»is that far away from the instrurnented lin

ing that the grout flow has hardly any influence on
the pressure distribution. In such a case forces ex
erted by the TBM on the lining can lead to move
ments of the lining and this can lead to a 'changein
the pressure distribution. For example, if larger jack
forces are used in the bottom part of the TBM to
compensate its tendency to go too deep caused by its
weight. These forces will induce a moment in_ the
lining that lead to movement of the lining until the
pressures on top of the lining have increased to com

Here account has to be given to changes in rheologi
cal properties at larger distances because the final get
of the grout commences. The influence of injection
decreases with distance. During standstill and further
away from the TBM buoyancy forces and the bend
ing moments in the lining govern the pressures. This
results in pressure gradients considerably lower than
according to a hydrostatic pressure distribution in the
grout.

7 FUTURE PERSPECTIVE
After the second passage of the TBM next summgr
the TBM sensors will be evaluated and compared
with the next ring of lining sensors. Parallel to that
(sub)surface settlements will be evaluated in order to
further validate the 4D prediction models. The ob
served TBM process parameters along a tunnel track
of ca. 100 m will act as an important 4D input. On

top of that damage assessment of several houses
above the tunnel is anticipated.
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