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Numerical modelling of the behavior of shield tunnel lining during

assembly of a tunnel ring

H. Mashimo & T. Ishimura

Public Works Research Institute, Tsukuba, Japan

ABSTRACT: When a shield tunnel is planned in good ground condition with deep overburden, the construction
stage loads acting on the tunnel lining during construction stage have a great effect on lining design. In this
paper, field measurements at a shield tunnel construction site were carried out to investigate the effect of the
dead weight of segments and construction stage loads on the lining during construction stage. The method to
evaluate the behavior of the tunnel lining due to the construction stage loads and dead weight of segments during
assembly of a tunnel ring was also investigated.

1 INTRODUCTION

In Japan, when shield tunnel lining is designed by
numerical analysis, the bedded frame model is gener-
ally adopted. In this design method, the tunnel lining
is replaced by beam elements, rotational springs and
shearing springs which are forming one lining seg-
ment, segment joint and ring joint respectively and the
ground is replaced by bedding springs. The load act-
ing on tunnel lining is given by earth pressure, water
pressure and dead weight of segments. When a tunnel
is planned in soft clay with shallow overburden, the
construction stage loads such as thrust force of shield
jacks, pressure caused by backfill grouting, operation
load of the erector acting on the tunnel lining during
construction stage have little effect on lining design,
because the earth pressure equivalent to the full over-
burden is adopted as the load acting on lining for
design and this load has a dominant factor in lining
design. However, when a tunnel is planned in good
ground condition with deep overburden, the construc-
tion stage loads described above have a great effect on
lining design, because it has been founded that only
hydrostatic pressure acts on tunnel lining and earth
pressure is very small according to the previous field
measurement (Mashimo et al., 2003). Therefore in a
case of a tunnel constructed in good ground condition,
it is necessary to take the effect of construction stage
loads into account for lining design.

In this paper, field measurements at a shield tun-
nel construction site were carried out to investigate
the effect of dead weight of segments and construc-
tion stage loads such as thrust force of shield jacks,
pressure caused by tail seals and tail grease and pres-
sure caused by backfill grouting on lining behavior

during assembly of a tunnel ring. And also a numerical
model using bedded frame model, which can simulate
the behavior due to the construction stage loads and
dead weight of segments, was proposed to establish
the rational design of shield tunnel lining.

2 OUTLINE OF FIELD MEASUREMENT

Field measurements were conducted at a shield tun-
nel construction site with a diameter D of 11.8 m. The
overburden height H at the measurement section of the
tunnel is 51.53 m, giving an overburden height to diam-
eter ratio of approximately 4.4. The ring of tunnel was
composed of nine composite concrete segments with a
thickness of 46.5 cm and a width of 120 cm. The outer
surface of the segment is reinforced with cast iron plate
instead of reinforcing steel bars. The ground at the
tunnel site and its vicinity, where the measurements
were carried out, appeared to be composed of diluvial
sand and diluvial clay with the standard penetration
test value (N value) greater than 50 and around 20–40,
respectively. The tunnel was excavated by Earth Pres-
sure Balanced Shield method.

Table 1 shows the items of measurements and Fig-
ure 1 shows the schematic of instrumentation carried

Table 1. Items of measurements.

Number of instrument

Items No.1 Ring No.2 Ring

Pressure 4 –
Strains in reinforcing steel bars 4 13
Strains in main girder 4 13
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out at the tunnel. Pressure acting on the tunnel lin-
ing was measured at one ring, as well as the strains
in the reinforcing steel bars and main girders of the
segments in the tangential direction at two rings of the
tunnel. The measured pressure is considered to be total
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Figure 1. Schematic of instrumentation.
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Figure 2. Measurement results of No.1 Ring.

pressure acting on the lining, including the pressure
caused by tail seals and tail grease and pressure caused
by backfill grouting. In order to measure the pressure
and the strains in the reinforcing steel bars and the
main girder of the segments, earth pressure cells of
75 cm × 45 cm in length and width, and strain gauges
were installed in the segments at the time of fabrica-
tion. The data collection of strains in the reinforcing
steel bars and the main girder started at the initial stage
of assembly of a tunnel ring while that of earth pres-
sure cell started after the completion of assembly of a
tunnel ring.

3 CONSTRUCTION STAGE LOADS ACTING
ON TUNNEL LINING

Figure 2 shows the measurement results of No.1 Ring
concerning the pressure acting on the segments mea-
sured by the earth pressure cells and the stress of
reinforcing steel bars measured by the strain gauges
during construction stage from the assembly of a tun-
nel ring to its passage through the tail seals of machine.
It can be seen that the stress in the reinforcing steel bars
of segments and the pressure acting on the segments
are influenced by installation of segments, thrust force
of shields jacks, contact with tail seals consisting of
four rows of steel brushes and backfill grouting. From
these measurement results, it can be presumed that
some kind of temporary loads, which should be con-
sidered as construction stage loads due to the factors
mentioned above, act on the segments during construc-
tion stage. Construction stage loads vary depending on
the position of the measuring ring in the machine as
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shown in Figure 3 and divided into the following three
stages:

Stage 1: Assembly of the measuring ring starts and
thrust force of shield jacks to put No.1 segment piece
and the keystone segment to the specified position
acts on the segment in addition to the dead weight of
segments.

Stage 2: The thrust against the measuring ring starts
and pressure caused by tail seals and tail grease,
which is collectively called tail pressure in this paper,
act on the segments in addition to the thrust force of
shield jacks to thrust the completed tunnel ring until
the measuring ring left the tail.

Stage 3: The measuring ring left the tail of shieldma-
chine and the pressure caused by backfill grouting
acts on the segments.

Figure 4 shows the bending moment distribution
occurred in No.2 Ring calculated by the stress of

Inside of a shield machine Vertical shaft 

Shield jack Tail seals 

Assembly position of tunnel ring

(Measuring No.1 Ring)

(b)Assembly of No.2 Ring 

Measuring No.1 Ring

(a)Assembly of No.1 Ring 

Shield jack Tail seals 

Assembly position of tunnel ring

(Measuring No.2 Ring)

Figure 3. Diagrammatic representation of position of mea-
suring rings.
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Figure 4. Bending moment distribution of No. 2 Ring.

reinforcing steel bars and main girder of segments
during assembly of the tunnel ring. To calculate
the bending moments, it is assumed that the elas-
tic modulus of reinforcing steel bars, main girder of
cast iron plate and concrete are Es = 210 kN/mm2,
Ed = 170 kN/mm2 and Ec = 28 kN/mm2 respectively,
ignoring the effects of the stress of the concrete on
tension side. It can be seen that the bending moments
fluctuates with the assembly of the segment. In particu-
lar, the fluctuation of bending moment of the segments
adjacent to the keystone segment is very large when
the keystone segment was installed in the tunnel longi-
tudinal direction by the shield jacks. Therefore, thrust
force of shield jacks to install a keystone segment in
the longitudinal direction has the great influence on the
sectional forces of adjacent segments during assembly
of a tunnel ring. Also it can be seen that the shape
of bending moment was not bilaterally symmetrical.
Therefore it can be presumed that construction stage
loads due to the tail pressure acts on the segment.

From these results, construction stage loads such as
the pressure caused by tail seals and tail grease have
a great influence on the sectional forces occurred in a
segment during assembly of a tunnel ring in addition
to the dead weight of segments.

4 NUMERICAL ANALYSIS TO EVALUATE
SECTIONAL FORCES OF SEGMENT
DURING CONSTRUCTION STAGE

Frame analyses by using the bedded frame model were
carried out to establish design method of segments,
which could take account of the construction stage
loads acting on shield tunnel lining, by comparing
the calculated bending moments in the segments with
measured ones.

4.1 Calculation method

The beam-spring model adopted for the calculation
is shown in Figure 5. Calculation was carried out for
the two tunnel rings located in the shield machine as
shown in Figure 3(b) and two states of No.2 Ring
such as before and after its building up were con-
sidered in the calculation. Two parallel segment rings
are modelled, where each ring consists of beam ele-
ments representing the segments. Rotational spring
elements with a rotational stiffness coefficient kθ rep-
resent the segment joints which connect the segments
in the circumferential direction, and shearing spring
elements with a shearing stiffness coefficient ks rep-
resent the ring joints which connect the segment ring.
In general, it has been assumed that there was no
support around a shield tunnel at the stage of assem-
bly of a tunnel ring in the shield machine. However
according to recent experiences, it appears that little
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Figure 5. Bedded frame model.

bending moment due to the dead weight of segments
and construction stage loads occurred at the stage of
assembly of a tunnel ring, because of employment of
the circle retainer and correct control of the jack thrust.
Therefore, these effects of supporting a tunnel ring
in the machine is modelled by a continuous fictitious
spring support with a coefficient of subgrade reaction
kr in the normal direction, which has no stiffness on
the tension side, and kt in the tangential direction, the
value of which is one third of kr .

Table 2 shows the values of the parameters used
in the calculation. In the calculation, two kinds of
load, i.e. dead weight of segments and construction
stage loads due to tail pressure were adopted as loads
acting on the tunnel lining. Figure 6 shows the tail
pressure distribution measured by the earth pressure
cells, which was adopted in the calculation. The stiff-
ness coefficients of segment joints and ring joints
were determined by laboratory tests using the actual
joints or theoretical calculations, and the coefficient
of fictitious subgrade reaction kr were varied from
1 MN/m3 to 100 MN/m3.

Table 2. Parameters for calculation.

Tunnel radius Rc (m) 5.435
Thickness of segment h (m) 0.465
Width of segment w (m) 1.2

Moment of inertia of segment I (m4) 0.01005
Elastic modulus of segment 28

Ec (kN/mm2)
Rotational stiffness coefficient 167∼177
of segment joint kθ (MN · m/rad)

Shearing stiffness coefficient of 160
ring joint ks (MN/m)

Load Dead load pressure
caused by tail seals
and tail grease
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Figure 6. Tail pressure distribution of No.1 Ring.

4.2 Calculation results and consideration

4.2.1 Effect of construction stage loads before
building up a tunnel ring

Figure 7 shows the comparison between the mea-
sured bending moments and the calculated bending
moment before the completion of building up No.2
Ring. The measured bending moments were obtained
by using the measured strains in the reinforcing steel
bars and the main girder of the segments. The calcu-
lation was carried out considering the dead weight of
segments only. The calculated results show the value
for different value of coefficient of fictitious subgrade
reaction. It can be seen that the calculated results taking
account of the fictitious subgrade reaction are com-
patible with the measured values, while the calculated
results without the subgrade reaction are not for mea-
suring No.1 Ring. However, the calculated results both
with and without the fictitious subgrade reaction can-
not give good agreement with the measured values for
measuring No.2 Ring.

Figure 8 shows the comparison between the mea-
sured bending moments and the calculated bending
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moments considering the tail pressure in addition to
the dead weight of segments. The calculated results
also show the value for different value of coefficient
of fictitious subgrade reaction. It can be seen that the
calculated results with the fictitious subgrade reaction

give the closest agreement with the measured values
for both measuring No.1 Ring and No.2 Ring.

From these results, sectional forces, which occurred
in a segment before the completion of building up a
tunnel ring, could be calculated by the bedded frame
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Figure 10. Bending moment distribution after building up No.2 Ring. (Dead weight and tail pressure are considered.)

model taking account of fictitious subgrade reac-
tion and construction stage loads due to tail pressure
should be considered as the design load of segments
in addition to the dead weight of segments.

4.2.2 Effect of construction stage loads after
building up a tunnel ring

Figure 9 shows the comparison between the measured
bending moments and the calculated bending moment
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after building up No.2 Ring. The measured bending
moments were obtained in the same way as Figure 7.
The calculation was carried out considering the dead
weight of segments only. The calculated results show
the value for different value of coefficient of fictitious
subgrade reaction. It can be seen that the calculated
results both with and without taking account of the
fictitious subgrade reaction cannot give good agree-
ment with the measured values for both measuring
No.1 Ring and No.2 Ring.

Figure 10 shows the comparison between the mea-
sured bending moments and the calculated bending
moments considering the tail pressure in addition to
the dead weight of segments. The calculated results
show the value for different values of coefficient of
fictitious subgrade reaction. It can be seen that the
calculated results with the fictitious subgrade reaction
give the closest agreement with the measured values
for both measuring No.1 Ring and No.2 Ring.

From these results, sectional forces, which occurred
in a segment after building up a tunnel ring, could be
calculated by using the bedded frame model taking
account of fictitious subgrade reaction and construc-
tion stage loads due to the tail pressure should be
considered as the design load of segments in addition
to the dead weight of segments.

5 CONCLUSION

In this study, field measurements and frame analysis
were carried out to investigate the load acting on shield
tunnel lining during assembly of a tunnel ring. The
main results obtained from the study are as follows.

1. Thrust force of shield jacks to install a keystone seg-
ment in the longitudinal direction has a great influ-
ence on the sectional forces of adjacent segments
during assembly of a tunnel ring.

2. Construction stage loads such as the pressure
caused by tail seals and tail grease have a great influ-
ence on the sectional forces occurred in a segment
during assembly of a tunnel ring in addition to the
dead weight of segments.

3. Sectional forces, which occurred in a segment dur-
ing assembly of a tunnel ring, could be calculated
by using the bedded frame model taking account of
fictitious subgrade reaction.
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