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Effects of excavation sequence on the 3-D settlement of shallow tunnels
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ABSTRACT: A new device is proposed to test the influence of the excavation sequence of tunnel
construction using laboratory models. The apparatus consists of a series of horizontal bars, which can slide
independently along the tunnel lining. In this way known displacements are imposed around the excavation
contour. A series of tests are performed with this device using Toyoura sar1d to model the ground. The
experimental results are checked against a simpler trap door experiment. Three-dimensional numerical
simulations in conditions similar to the proposed test are also performed, using a finite element code to which
the tij-sand model was incorporated. The numerical results can qualitatively reproduce most of the observed
displacement patterns.

l INTRODUCTION

Although NATM was primarily developed for
excavations in rocks, it is now widely used in soils.
Vast empirical experience has been accumulated on
this method and many detailed studies of the
problem have been published. However there are
still many points yet to be clarified. One particular
point is the effect of the tunnel excavation sequence.

The use of reduced laboratory models tests
associated with numerical analyses may help to get a
better understanding of the qualitative behaviour of
the NATM process.

Laboratory tests using reduced scale models
provide an alternative means to study tunnel
excavations. They allow for a wide range of
conditions and are much cheaper than an extensive
field measurement programme. lt must be
emphasised, however, that model tests can give only
a qualitative picture of the overall behaviour, which
can not be readily extrapolated to field conditions.

Trap door model tests provide a simple and cheap
way to investigate the three-dimensional effects of
the excavation front advance (Nakai et al., 1997).
The test consists of a series of metal blocks buried in

a line inside the soil sample. The blocks are
sequentially lowered by a pre-set displacement to
simulate the excavation process. At the same time
the blocks act as lining support. Despite its
simplicity a large number of blocks would be
necessary to account for the complex excavation

sequence in a cross section of the NATM method.
Also it would not be possible to simulate the lateral
excavations by simply lowering blocks.

The authors have devised a simple equipment to
investigate the effect of the excavation sequence
using laboratory model tests. The equipment is
described in the next section. Laboratory tests and
related numerical analyses are also presented.

2 PROPOSED LABORATORY DEVICE

A new laboratory test device, intended to simulate
the excavation sequence in tunnels, is proposed. A
schematic representation of the device is shown in
Figure l (Matsubara et al., 1999). It basically
consists of a compact metal block and a series of
bars which can slide horizontally along the block’s
surface. Indentations at the bottom of the bars fit
into guiding grooves carved in the metal block. In
this way, each bar can slide independently to
simulate different excavation sequences. The tips of
the bars can also be attached together by a simple
device, to allow retraction of a given bar
combination gr all of them at the same time.

Four aluminium bars are attached to the top of the
block to simulate roof excavations and four bars are

also provided at each side of the block to simulate
lateral excavations. The total assembled device has a

cross section of 8cm x 8 cm and a total length of 80
cm. The thickness of each bar is 4 mm.
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Figure l. Proposed testing device.

The device is placed and fixed over a rigid metal
table and surrounded by a wooden frame inside
which the soil sample is prepared. The frame is 80
cm wide and 80 cm long, with variable height, in
order to simulate ttmnels with different soil cover.

The excavation process is simulated simply by
pulling out horizontally the desired bar sequence.
The moving bars are attached together with screws
to a H shaped external metal beam. The beam is
pushed at given rate with the help of a long screw,
which reacts at the face of the fixed metal block.

As the bars are pulled, the soil at the interface
moves in to fill the gap between the bars and the
rigid block. At the same time the rigid block acts as
tunnel lining, simulating a rigid support. In this way,
a known displacement increment, equal to the
thickness of a bar (4mm), is imposed at the
excavation periphery.

Displacements at the soil surface are measured at a
control section transverse to the tunnel at the centre

of the soil sample. A laser transducer moves along a
bar above the soil sLu'face, continuously registering
any settlement with a precision of 8u. At the same
time an ultra-sonic device tracks the transverse
position of the laser transducer. The velocity at
which the laser gauge moves is controlled by means
of an electric motor. All data is automatically
collected at pre-set time intervals and saved to a
computer for later processing. Figure 2 shows a
photo of the complete device assembly during one of
the laboratory tests to be described later.

One shortcoming of the proposed test is that,
besides the desired imposed displacements, shearing
along the soil-bar interface is also transmitted to the
sample. Several options were considered to try to
reduce friction. These included the use of a plastic
film with and without a grease coat between the film
and the bars or a Teflon tape to coat the bars. Teflon
spray at the surface of the film or tape was also tried.
The most efficient of these proved to be the Teflon
tape coat without spray.

Simple shear tests were performed to evaluate the

Figure 2. Photo of the test.

friction angle (5) in the interface between the soil
and the sliding bars. The soil sample was prepared in
a box and coated or bare aluminium plated was
placed on the surface of the sample. A normal load
was applied by means of dead weight and the plate
was pulled by a manual engine. A load cell attached
to the pulling strings registered the tangential force
applied until sliding was observed. The friction
angle without coating was 5=27°. That reduced to
6=l2.8° with the use of the Teflon tape.

3 LABORATORY TESTS PERFORMED

A series of tests were carried out using a model
ground of Toyoura sand. It was intended to produce
a dense sample with dilatant behaviour. The sample
was prepared using pluviation. Sand was poured
onto a mesh placed at a given height. As the sand
was poured, the mesh was shaken. Several
procedures were tested. These included varying the
mesh opening, the mesh height, the number of
meshes and the pouring and shaking speed. Of these
factors, the mesh opening showed to be the most
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Figure 3. Scheme of sliding-bars test.
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Figure 4. Test results.

relevant. Meshes with 0.42, 0.60 and 0.84 mm of
opening were tested. The finer the mesh, the denser
the resultant sample. However the sample
preparation time also increased for finer meshes. It
was finally adopted one mesh of 0.6 mm at a fixed
height (40 cm) from the base table.

The total height of the sample in these tests was
H=l6 cm, as shown in Figure 3. The ratio between

soil cover (D) and tunnel height (B) is D/B=l, thus

simulating a ghallow tunnel.
Initially tests were performed using the

conventional trap door device. Rigid blocks 8cm
long are sequentially lowered vertically by 4mm.
This will be called CASEI and the results are shown

in Figure 4(a). The numbers in the legends denote
the section of the excavation front as numbered in

Figure 3.



The other cases used the new device. The bar
combination is slowly and continuously pulled by 8
cm and stopped for recording the superficial
displacements. The procedure is repeated for 8
sections, 3 before the mid-section (reading section
#4) and 4 ahead of it.

CASE2 denotes the test where all top bars are
pulled together and the results are shown in Figure
4(b). Compared to the trap door results, the sliding
bars test produced smaller surface displacements.
Also no significant displacements were recorded
until the sliding bars reached the control section #4
in all tests.

Cases 3 and 4 were divided in 3 different
combinations A, B and C. Here A denotes a full-face

excavation with top and side bars pulled
simultaneously. B denotes the case where first all
side bars are pulled and later the top bars. Case C is
the opposite of B. CASE3 differed from CASE4
only with respect to the nrunber of side bars pulled
out and will not be shown here. The results of
CASE4A, CASE4B and CASE4C are shown in
Figure 4 (c)-(e), respectively.

The effect of the side excavation in CASE4A,
compared to only top excavation of CASE2, resulted
in additional overall displacements as expected.
However the effect of the excavation sequence in
cases 4B and 4C is not straightforward. At the end of
the side excavation (s) in CASE4B the peak
displacements were not at the centreline. During the
additional top (t) excavation, the maximtun
displacements gradually shifted to the centre. The
maximum final values did not differ much of those
in the simultaneous excavation of CASE4A.
Nevertheless the final settlements trough was wider
and flatter at the centre in CASE4B. The first part of
CASE4C (t) matches closely the results of the top
only test of CASE2. The extra side (s) excavations
increased the overall displacements. However the
maximum value registered in this case was smaller
than in cases 4A and 4B.

4 NUMERICAL ANALYSIS

Numerical analyses allow for swift changes in
material and boundary conditions at very low time
and money costs. ln a sense, they also represent
“model tests” in which the real soil is substituted by
a constitutive relation. In the case of tunnel
excavations, it is particularly important to use a
constitutive model which can perform appropriately
under three-dimensional stresses conditions and can

give a realistic representation of the soil behaviour.
The tij-sand constitutive model proposed by Nakai
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(1989) was implemented in a finite element program
developed by one of the authors (Farias, 1993). A
few minor modifications were recently introduced in
the original model. These include a cut-off to
comply with the Matsuoka-Nakai failure criteria and
a new hardening rule.

Conditions similar to the model test were
simulated using the finite element mesh shown in
Figure 5. It consists of 2604 nodes and 2020 8
noded brick elements with 2x2x2 Gauss integration.
The mesh is finer around the central section,
gradually increasing in spacing outwards. In the
numerical simulation, the geometry was scaled by
100, in or order to get significant stress conditions.
Advantage was taken of the symmetry of the
problem and the mesh extends only 3B ahead and
before the central section, since the readings showed
that this was the most significantly affected region.

The soil parameters were supposed to be those of
dense Toyoura sand (Ct=0.004l, C¢=0.0029, r¢=0.3,
v=O.2, Rf=4.7, ot=0.85, Df=-0.6). The initial stresses

are asstuned to be geostatic with y=l5 .8 kN/m3 and
K0=0.57.

Smooth boundary conditions are imposed in the
lateral faces and at the bottom of the mesh. Initially
the trap door experiment (CASEI) was simulated.
Vertical displacements of 5y=l cm were sequentially
applied over an area of 8 m on the upper part of
tunnel, while smooth boundary conditions were
applied to the sides.

CASE2 tries to simulate the sliding-bars test in
which all top bars were moved together and the sides
are fixed in the x direction. ln this case the
displacements are applied continuously during the
test. In the F.E. analyses, displacements (6y=lcm)
were sequentially imposed at each of the 2l sections
of the mesh. At the central region these are spaced at
only one metre.

Although there was much effort to reduce friction
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Figure 5. Finite element mesh.
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Figure 6. Ntunerical results.

in the sliding-bars test, a friction angle of 5=l2.8°
was observed in the interface between the soil and

the Teflon tape that coats the bars. Therefore all
interface along the sliding bars are pre-sheared in the
initial stages of the tests. This changes the original
geostatic stress state and was simulated by initially
applying the maximum shear force ('r=o.tg6) along
all interface.

In CASE4A top and side bars slide together,
trying to simulate a full-face excavation. Horizontal
and vertical displacements (5x=5y=lcm) are
continuously and simultaneously applied to the top
and side of the tunnel, respectively. In CASE4B
horizontal displacements are initially applied to the
side of the tunnel, while the top region is fixed
vertically. Later vertical displacements are applied to

the top, while the side is fixed horizontally.
`CASE4C is the opposite of CASE4B.

Figure 6(a) presents the final surface
displacements at the central section for the trap door
and sliding-bars tests. For the trap door test
(CASEI) there is no pre-shear. Under this condition
the sliding-bars test (CASE2) gave higher
settlements, since the displacements are applied
more continuously. However, that was not the
tendency registered in the laboratory tests, in which
the sliding-bars tests gave smaller surface
displacements. This tendency is qualitatively
reproduced if pre-sheared initial stresses are
considered. Pre-shearing changes the material
behaviour, as it becomes more dilatant.

However, the observed behaviour in the



experiments was much more dilatant, as can be seen
from the bigger difference between CASE1 and
CASE2 in figures 4(a) and 4(b), respectively. That is
because the sand in the model tests is at very low
effective stresses, compared to the higher stresses
asstuned in the numerical analyses. Under low
stresses, the sand in the model tests tends to show
higher dilatancy and peak friction angle. That is the
main source of disagreement between the
experimental and ntunerical results and the
comparisons should be only qualitative.

The overall effect of pre-shear in all sliding-bars
test simulations was a smaller superficial
displacement. That is shown in the comparison
between CASE2 and CASE4A in Figure 6(b). The
effect of the simultaneous side excavation in the

ntunerical simulation was to expand the
displacements laterally and at the same time there
was some reduction at the centre. Such reduction did

not occur in the experiments.
The displacement evolution for pre-sheared

CASE4B is shown in Figure 6(c). At the end of the
side pull out stage, the computed peak displacements
occurred to the left of the centre line and no
significant displacement (in fact some dilatancy)
was computed at the centre (x=40m). The peak
displacement gradually moved towards the centre,
when the top bars were pulled out. This is in good
qualitative agreement with the laboratory tests. The
peak values in CASE4B were not much different
from those of CASE4A, in which top and side
displacements are applied simultaneously. However
the final curve in CASE4B expands more laterally
and is somewhat flatter in the central region than in
CASE4A (see Figure 6(e)). These observations are
also corroborated by the experimental results.

The displacement evolution of pre-sheared
CASE4C is shown in Figure 6(d). The lateral
ttmnelling stage simulation also resulted in a flatter
displacement trough with little effect in the centre
settlement. However, the experimental data in this
case showed a sharp increase in the central
settlement during the side excavation. This is not in
line with the numerical and observed data when
compared to CASE4B.

The tests only showed significant settlement after
the passage of the excavation face at the reading
section. This would be a very extreme situation and
is not in agreement with real observations. This
might be related with the initial stress condition and
dilatancy properties of the soil in the test, as
illustrated in Figure 6(f) for CASE4A. Surface
displacements at the centre point, normalised by the
final values, are plotted against the face distance.
Pre-sheared initial stresses (S) and a higher dilatancy

parameter (Df=-1.0) resulted in smaller relative
settlement when the tunnel excavation front reached

the reading section (z=24m). Also displacements
continued to increase until the face had passed about
2B, as observed in the experiments.

5 CONCLUSIONS

A new laboratory test device has been developed
and used to simulate different excavation sequences
in a shallow tunnel in sand.

The equipment is simple, cheap and versatile and
can be used to simulate a wide range of excavation
pattems.

The numerical simulations were not intended to
reproduce exactly the laboratory tests, but similar
conditions in a bigger scale. Nevertheless, the
numerical analyses could qualitatively reproduce
many of the observed displacement patterns.

The initial stresses conditions and soil dilatancy
properties have strong influence in the results. The
pre-sheared analyses resulted in better simulations of
the test conditions, although that obviously does not
represent the situation in a real tunnel. Effort should
be concentrated in reducing friction in the proposed
sliding-bars test. Ftuther laboratory tests under
different conditions and numerical simulations
closer to the test conditions are suggested to validate
the proposed experiment.
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