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Earth pressure acting on shield driven tunnels in soft ground
v

A. Inokuma & T Ishimura

Public Works Research Institute, Ministry of Construction, Tsukuba, Japan

/

SYNOPSIS : ln recent years, it has often become necessary to plan the construction of large diameter, shield-driven highway tunnels
in soft ground in major cities,_ and to establish more reliable design methods. For this reason, it is important to develop a better
knowledge of the earth pressures acting on tunnel liners. This paper reports the results of field investigations that includes
measurements of earth pressures, water pressures, and reinforcing bar strains measured at two shield tunnels in soft ground.

1. INTRODUCTION

Shield tunnels are generally designed by determining the design
load first, then determining the material and the cross sectional
dimensions of the segments by structural calculations. At the
present time,` it is not known how valid it is to estimate the earth
pressures through the commonly used method loads, since the
behavior of earth pressures, especially that of clayey soils, is
very complicated. For example, it has not been fully _resolved
whether earth pressures acting in clayey soil should be assumed
either separately or unitedly between the pressures of the soil
and the water, and the applicability of.Terzaghi’s equation has
not been fully established. Therefore, the Japan Society of Civil
Engineers states in its tunneling specifications that “careful
analyses are required in application.”

Up-to-date knowledge of the loads acting on tunnels has been
obtained mainly from field measurements, and it is said it is very
difficult to understand themtheoretically. Meanwhile, the use of
improper loads in design can lead to the under design or
excessive design of shields. Therefore, the authors have taken
efforts to obtain measurements of long-term earth pressures
acting on shield tunnels at various construction sites, particu
larly at locations with soft clayey ground, and have compared
these measurements with measurements taken from other totally
earth covered tunnels. Where two shield tunnels run in parallel,
the situation becomes more complicated, and it may become
extremely difficult to’ establish an appropriate load taking into
consideration the interacting effect of the two tunnels. There
fore, it is necessary to make measurements and analyses of the
earth pressures acting on shield tunnels, and of the interacting
effects in order to establish a rational method of designing shieldtunnels. _

This paper reports the results of investigations made by field
measurements of earth pressures, water pressures, and reinforc
ing bar strains, from two shield tunnels in soft ground. Since one
field measurement was taken from one of the parallel tunnels,
the affect of the second tunnel on the first tunnel was also
studied, in addition to the ordinary analysis of earth pressures
acting on a single shield tunnel.

\

2. FIELD MEASUREMENT OF EARTH PRESSURE ON
TUNNELS WITH THIN EARTH COVERS

2.1 General outline of the tunnel

Field measurements were conducted at a location where two
parallel 7.1 m diameter shield tunnels, separated by 3.7 m, were
constructed, as shown in figure 1. The ring segments of these
tunnels were reinforced concrete and one ring was composed of
seven divisions. Segments had a beam depth of 30 cm and a
width of 100 cm. The ground at the tunnel and the nearby
vicinity where measurements were taken appeared to be com
posed of clayey alluvial soil, and had an N value of nearly zero.
The two _ tunnels were excavated towards each other from
opposite ends, and the first tunnel passed the point of meas~
urement first, and then the second tunnel. The two tunnels were
excavated by the slurry shield method, at an average speed of 6
m per day near the point of measurement.
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Fig. l General description of the measured tunnels



2. 2 Measurements and methods

Earth pressures and water pressures acting on the first tunnel
were measured, as well as the strains of the reinforcing steel bar
in the segment. The earth pressureis considered to be the total
ground pressure, including pore pressure, unless specifically
stated otherwise. In order to measure earth pressures and the
strains in the segment reinforcement, earth pressure cells, 30 cm
diameter, andstrain gauges were installed in the segments at the
time of fabrication. Pore pressure gauges, to measure water
pressure, were mounted in grouting holes, drilled through the
segments after backfilling materials were injected.

2.3 Earth pressures acting on a single shield tunnel

By measuring pressures acting on a shield tunnel at various time
intervals, it was found that the pressure increased from apé
proximately 176 kPa to 235 kPa after ring segments wereerected
and it was backfilled outside the tail seal, then slowly decreased,
and settled to a constant value within three weeks after erection.

The earth pressure distribution settled to a constant value three
weeks after segment erection, is shown in figure 2. From this
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Fig. 2 Earth pressure and water pressure distribution

figure it can be seen that the distribution of loads scattered with
respect to the vertical axis of the segments is well balanced. It
can also be seen that the earth pressures acting on the top ol` the
tunnel reached almost 80% of the total earth cover load, Pv= YH
=`223 kPa, (earth cover thickness H = 13 m, unit volumetric
weighty: 17.6 kN/mi* [between the ground level and 7 m below
the ground] or 16.7 kN/m’ [7 'm or more below the ground
level]). The water pressure acting on the tunnel was approxi
mately 147 kPa. This is relatively small when compared to the
theoretical hydrostatic pressure of groundwater, the water level
of which is 0.9 m below the ground level, but it is assumed that
the hydrostatic pressure is acting on the tunnel because the
measured pressures are dis tributed at the same pressure gradient
as that of water. Since the earth pressure measured at the bottom
of the tunnel was 147 kPa, it can be assumed that only water
pressure is acting on the bottom of the tunnel. The reason for it
can be assumed that upward forces of approximately 231 kN/m
are acting, even if the 157 kN/m dead weight of the segments
is taken into account, since a buoyancy of 388 kN is acting for
every meter of tunnel, length.

Assuming lateral earth pressure coefficients with equation
(1), the coefficient from the measured earth pressures will
change as shown in figure 3 within 20 days from the erection of
segments.

K =(Ph[_/PVT) X (PV/PVH) .................... (1)

Where, Pv is the theoretical vertical pressure of the whole earth
cover at the top ol` a tunnel, Pvn the theoretical vertical earth
pressure of the whole earth cover at sidewalls of a tunnel, Pvr the
measured vertical earth pressure at the top of tunnel, and Pm the
measured horizontal earth pressure at sidewalls of tunnel. From
the figure it can be seen that the lateral earth pressure coeffi
cient, ?», decreased with time for about a week, to 0.68 ~ 0.69,
and then settled at a constant level. This value meets the
requirements for “very soft clayey soil” within the range from
0.65 to 0.75, described in the Standard Tunneling Specifications
(Segment Edition) and its Commentary, Japan Society of Civil
Engineers.
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Fig. 3 Lateral earth pressure coefficient vs. time (days)

2.4 Effects on the first tunnel resulting from excavation of
the second tunnel

(1) Changes in earth pressures acting on the first tunnel

The earth pressures acting on the first tunnel, measured at
various stageswith respect to excavation of the second tunnel,
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are shown in figure 4. The values shown in the figure are the
maximum values for one cycle (from the start of excavation of
one ring to the start of excavation of the next ring). It can be seen
that the earth pressures acting on the first tunnel increased
rapidly for a short period as the second_tunnel shield passed
through, but decreased later. The final earth pressure acting on
the tunnel after the passage of the second tunnel was only
slightly more, 19.6 kPa, than the stable pressure prior to the
passage of the second tunnel shield. Analyzing this in detail, it
can be seen that the point at which the first tunnel started to
receive the'effects of the shield of the second tunnel is located
1 D (diameter of the tunnel) to 1.5 D on this side of the
measuring point of the first tunnel. The earth pressure continued
to increase until the face of the second shield passed through the
measuring point, and the pressure acting on the first tunnel at the
second tunnel side increased approximately 1.6 times at the
maximum. The pressure decreased as the tail of shield passed
through, but increased again, to 1.7 times, as the grouting was
started. From this it can be deduced that the major causes forthe
increased pressures on the first tunnel could be caused from the
pushing forces of the shield machine and from the grouting
pressure of the second tunnel.

Water pressure gauges mounted on the segments changes
similarly to the changesin earth pressure, but the changes were
smoother than those of the earth pressure. The changes in water
pressure caused by the passage of the second tunnel continued
for two months, but settled down later to hydrostatic pressure.

Taking the combination of earth pressure and water pressure
into aecountf the earth pressure acting on the first tunnel at the
second tunnel side can change from an initial pressure of 29.4
kPa to 78.4 kPa, and finally to 58.8 kPa at the time grouting
starts. The pressure is assumed to be an. effective earth pressure,
because it changed significantly when the _face of the second
shield passed through. From this it can be determined that the
effective pressure will retain the effects of the second tunnel.
This, together with the behavior of the ground, can be explained
as below. That is, the ground between the second and first
tunnels would be pressed by the second tunnel and would start
displacing towards the first tunnel, but the displacement would
be interrupted by the first tunnel and the earth pressure acting on
the first tunnel would increase. However, the water pressure
would start to decrease as the excess pore water pressure starts
to decrease and changes to hydrostatic pressure. The effective
earth pressure would not decrease as -does the water pressure
because the ground will not completely return to its original
condition. For these reasons, it can be presumed that the cl`fects
of the pushing forcesof the shield machines and the grouting
pressures will remain for a long time with both tunnels.

(2) Changes in bending moment of first tunnel segments

Changes in the bending moment in the segments of the first
tunnel, obtained from the strain measurements on the reinforc
ing bars in the segment, are shown in figure 5. In the figure, three
different stages are shown. Those are the stage before the first
tunnel is affected by the second tunnel, the stage as the second
tunnel passing through, and the stable stage after the passage of
the second tunnel. For reference purposes, the change of the
bending moment which appears when the second tunnel passes
through is also shown. In order to determine the bending

moment, the elastic module of reinforcing bars and concrete
were assutned to be Es = 2.06 ><10‘ kPa and Ec= 3.82 >< 107 kPa,
ignoring the effects of the bending moment of concrete on the
tension side and the dead weightof segments. Thus, initially the
tunnel is pressed from upper and lower sides, and the maximum
bending moment is approximately 98 kN-m atpositive side and
minus 60 kN-m at the negative side. Segments of this shield
tunnel are designed at conditions of: lateral pressure coefficient
=0.65, horizontal ground reaction=0, effective flexural rigidity
(11) = 0.6, and design increase rate of bending moment (Q) = 0.2,
assuming soil and water pressure separately, total earth cover
loads. Accordingly, design bending moment become approxi
mately 196 kN-m at the positive side and a minus 176 kN-m at
the negative side. However, it is necessary to add i 29 to 39
kN-m to the calculated bending moment resulting from dead
weight of segments. In the case of these parallel tunnels, the first
tunnel was depressed diagonally by the earth pressure generated
when the second tunnel shield passed through. After the passage
of the second tunnel shield, the bending moment slightly in
creased from the initial state. Such changes were all within the
design bending moment., approximately 70 to 80% of it, at the
maximum which occurred at the time of passage of the second
tunnel. ? ?Q , Z "\§_ \ Ei \
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3. FIELD MEASUREMENT OF EARTH PRESSURE ON
A TUNNEL WITH THICK EARTH COVERS

3.1 General description of measured tunnel

Field measurements were conducted on a 5.0 m diameter tunnel

with a 30 m thick earth cover, as shown in figure 6. The segments
of this tunnel were reinforced concrete with a beam depth of 30
cm and a width of 90 cm, and one ting was composed of six
divisions. The ground at the tunnel site and its vicinity, where
the measurements were taken, appeared to be composed of
clayey alluvial soil having N value of nearly zero. This tunnel
was excavated by the slurry shield method at an average speed
of 7 m per day near the point of measurement.
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Fig. 6 General.description of the measured tunnel

3.2 Measurements taken and methods employed

Earth pressures and water pressures acting on the tunnel were
measured, as well as the strains occurring in the reinl`orcing bars
of the segments. To make these measurements, earth pressure
cells, 20 cm in diameter, and strain gauges were installed in the
segments as they were fabricated. Pore water pressure gauges,
to measure water pressure, were mounted in grouting holes,
drilled through segments after backfilling materials were in
jected. Methods of measurement were similar to the methods
used for tunnels with thin earth covers.

3.3 Earth pressures acting on shield tunnels

Earth pressures on a shield tunnel were measured by a method
similar to that used for measuring pressures on a tunnel with a
thin earth cover. These measurements indicated that the pres
sures initially increased to approximately'49O kPa from the
pressure of backfill grouting, then slowly decreased. In the case
of tunnels with thin earth covers, the earth pressure settled to a
constant value within three weeks, but it took about five months
for this tunnel to reach the same stable condition. Since the
ground conditions were almost the same, it can be presumed that
thethickness of earth cover greatly affects the time of settlement
of the earth pressure. The earth pressure distribution, which
reached a constant value tive months after segment erection, is
shown in figure 7. From this figure it can be seen that the earth
pressure acting on the top of the tunnel reached almost 80% of
the total earth cover load Pv = YH = 480 kPa. lt can also be seen
that earth press-ures are not effectively acting on the bottom and
sidewalls of the tunnel, and only water pressure is acting.

Assuming alateral earth pressure coefficient from the meas
ured earth pressures with the preceding equation (1), the coef
ficient changes in a tendency similar to the changes with time of
earth pressure, and it takes approximately five months before
the coefficient becomes stabilized. The lateral pressure coeffi
cient at the time the pressure stabilizes is approximately 0.75,
which is similar to that of tunnels with thin earth covers.
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4. CONCLUSION

As a result of field measurements conducted on shield tunnels
in soft ground, and analysis on actual data, the following (1) ~
(2) has been determined.

(l) Earth pressures acting on shield tunnels
- Earth pressures on shield tunnels were approximately 80%

of total earth cover pressure at the top of the tunnel in the case
of the field measurements conducted by the authors.

- The settlement time for earth pressure to get stable in
alluvial clayey soil differs, depending on the thickness of the
earth cover.

(2) Interaction between two parallel tunnels
- Earth pressures on the first constructed tunnel can be

affected by the second tunnel at a location 1 to 1.5 D ahead of
the cut face of the second tunnel shield, and will continue to
increase until the tail passes through. The pressure decreases
temporarily after the passage of the tail, but starts to increase
again during the backfill grouting. However, the earth pressure
begins to decrease after the backfill grouting and gradually get
stable to be a certain value. From the viewpoint of structural
design, all these changes of earth pressure can be considered to
give the safe effects to the first tunnel in case of the construction
of two parallel tunnels.

» It can be presumed that the pushing forces ofthe mechani
cal shield of the second tunnel and the backfill grouting pressure
are the major causes of the earth pressure effects observed on the
first tunnel.

- Some portions of effective earth pressure caused by the
excavation of the second tunnel on the f irsttunnel can remain for

a long time.

Field measurement data are essential to properly evaluate the
earth pressures acting on shield tunnels. It is considered very
important that, in the future, various data be continuously
collected and stored for this purpose. Upon closing this report,
we would like to express our sincere appreciation to the related
people of the Japan Railway Construction Public Corporation,
the Bureau of Water Works, the Tokyo Metropolitan Government,
and all other people concerned for the great cooperation and
assistance extendedduring work for field measurements and
data analysis.


