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ABSTRACT: Finiteelement analyses and centrifuge model tests have been performed in order to study
the failure mechanism of a deep circular shaft in dry sand at active state. Results from the centrifuge
tests agree closely with those obtained by the linite element analyses. The results showed the active
failure mechanisms were affected by the stress levels in the ground. lt was also found that the
earth pressure distributions and the failure mechanisms of the .deep circular shaft showed a
three-dimentional' nature and a close correlation was obtained betweenthem.

1. INTRODUCTION

ln the past few years there has been an
increase in construction projects that entail
deep underground structures(2O to 100 meters)
all across Japan. Axisymmetric shafts are
quite common, especially in the construction of

shield tunnels, flood ways and large bridges.

Because deep underground structures are
becoming more common, it is increasingly
important that we 'clarify our understanding of
their stress characteristics and failure
mechanisms. These include; lateral earth
pressure on the shaft lining, the behaviour of soil
movement associated with the shaft
construction, and failure mechanisms of the
shaft at active states. With an understanding of
these principles we can devise effective designs
and construction methods at greater depths.

For this purpose, finite element analyses and a
series of centrifuge model tests have been carried

out. The purpose of this Paper is to report a
detailed investigation into the faiiure behaviour of

a shaft in dry sand at the active state. The
experimental data was also compared with
prediction from FE analyses.

2. FINITE ELEMENT ANALYSES

ln order to investigate the earth pressure and the
failure mechanism of a deep circular shaft in dry
sand at active state, finite element analyses were
carried out. The program used was a FE
program with an elasto-plastic model(Ugai, et
al.,1991). The idealized geometry,
displacement mode and finite element mesh are
illustrated in Fig.1. The geometrical size and
boundary conditions are identical to those of the
centrlfige model tests. The condition simulates
that of an axisymmetric mode in the 'present
analysis. Specifically, the displacement of mode
from initial Ko state to the active state was
simulated by the horizontal displacement of nodes
of AA'CC' section of up to 8 mm in 8000 steps
(see Fig.1).

The Mohr-Coulomb failure criterion was

applied to the soil and the Drucker-Prager
failure criterion was used as the plastic
potential for the soil. The properties of the soil
for the analysis are listed in Table 1. A
more detailed description of the analysis can
be found in the study by Hagiwara, et
al.(1994).
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Figure 1 Finite element mesh

Table 1 lnputdata and soilproperties

Soil density A Dr(%) 70
, Modulus of- elasticity E (kN/m ’ ) 19600Poisson's ratio v 0,375
Unit weight 1 4 (kN/m “ ) 14.90"
Internal friction Q5 ( ° ) ` 42,0angle (tnaxial test) _
Coeflicent of earth Ko 0.33
pressure at rest

3. CENTHIFUGE EXPERIMENTS

The experimental apparatus and techniques are
described gin detail by Fujii, et al.(1994),
Hagiwara, et al.(1994), and so only a brief
summary will be given here.

3.1 Models and equipments

The tests were carried out on Utsunomiya
University centrifuge. Its effective radius was
1.18 m, the maximum acceleration was 100 G

and the maximum pay load was 150 kg.
The testing system, including the model shaft

and loading system, are illustrated in Fig.2. The
dimensions shown are those of the model. The

basic geometry of the model was the same as

that of the first series, which has been described

previously (Fujii, et al.,1994)

A model container having an inside width of
498 mm, a depth of 299 mm, and a thickness of262 mm was used. A

The model shaft, made of aluminum, consists

of two semi-cylinders to *allow 'one
semi-cylinder to move horizontally. The shaft
was stiff and its surface was very smooth.
The distance between the stationary part and the
moving part was 8 mm in order to investigate the

failure mechanism around the shaft. The
prototype displacement mode induced around the

axisymmetric shafts during execution is
considered to be perfectly axisymmetric as shown

in Fig.3(a). However, this mode is very difficult

to model experimentally. Therefore, as a first
approximation, the authors attemped to simulate
the displacement mode shown in Fig.3(b) during
this study.

3.2 Test procudures

The soil used in the experiments was air-dried
Toyoura sand (specific gravity 2.66, mean
diameter 0.18 mm, uniformity coefficent 1.52).

Model grounds were prepared by pouring these
sands to achieve their dry densities 7 .1 of 14.9
kN/m 3 (Dr=70 % ) in each test.

In the sand-pouring process for the tests,
colored-sand layers 2 mm thick were placed in
the ground at intervals of 25 mm. After the
experiment, the sand was moistened, and cut
along the central vertical plane to make it
possible to determine precisely the extent of the

failure zones. The failure modes in the ground
were also observed by an X-ray technique in a
series of tests. Specifically, the movement of
lead shots buried in the ground was investigated

by radiography after the tests.
The normal stresses on the shaft were

measured using miniature load cells embedded
along the shaft. The earth pressures in the
ground were detected by the stress transducers.
The horizontal movement of shaft was also

measured by a displacement transducer during
the test. The centrifuge test conditions as well
as the examination points are shown in Table 2.
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Figure 2 Testing system
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Figure 3 Displacement mode of an
axisymmetric shaft

Tab e 2 Summary of test conditions

Test Acceleration Prototype Examination
code (G) 1 depth (m) points

DSFT-1 _ 100 20 earth pressure
failure

DSFT-2 25 , 5 earth pressurefailure _
DSFT-3 100 20 earth pressure

failure _
DSFI-4 50 10 earth pressure

failure g
DSFT-5 ` 50 10 earth pressure

DSFT-6 100 20 earth pressure
DSFT-7 100 20 earth pressure
DSFT-8 100 20 earth pressure

failure
DSFT-9 100 20 earth pressure_ failure
DSFT-10 100 20 earth pressure

failure '

4. TEST RESULTS AND DISCUSSION

4.1 Failure mechanisms

The final pattern of rupture lines (A-B central
section) is shownby an X-ray photograph taken

after the tests (see Fig. 4).
The failure line extends from the bottom of the

shaft to the surface. Furthermore, the failure
pattern develops more locally along with shaft
lining, compared with two-dimentional model.

Specifically, the failure mechanism of an
axisymmetric shaft is different from two
dimentional failure mechanism. The three
dimentional nature is evident. It is suggested
that this behaviour is due to the horizontal arching

action in the ground near the shaft. The same
failure pattern has\been observed by Tohda, et
al.(1991).

In Fig.5, the obsen/ed failure surface of an
axisymmetric shaft modeled in the centrifuge is

St t'
aloggry Moving partp 4-.

Stress transducer

Shaft A-B (Central section)

Figure 4 Rupture line at the active statel 139



compared with the distribution of maximum shear
strain rates ff m a X (relative values) by the finite

element method. based on an ~ axisymmetric
elasto-plastic model. Good agreement was
obtained between the observed failure mode. and

theroretical prediction using FEM.

Failure Surface fi ma><(relative value)
(Experimental result) K 2< 4< 3<_ '
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Figure 5 Calculated and observed failure
surfaces

4.2 Effect of stress levels on the failure
mechanisms

Figures 6(a) through 6(c) show typical
examples of the failure mechanisms at three
different stress levels, that is, 25 G, 50 G and 100

G. ln all cases the failure _surfaces were clearly
observed. 1 The failure mechanisms can be
summarized into the following two types. At 25
_G, the shape of the failure surface is a triangular
failure wedge and the failure surface shows a
straight line approximately, corresponding to
Ftankine's pattern. of slip line. On the other
hand, in the case of 50 G and 100 G, at the
upper portion, the failure surface develops
approximately along the shaft lining as a rigid
block. At greater depths, the main rupture
surface is approximately reminiscent of the
logarithmic spiral.

It was found that the failure mechanism
depended on the prototype depth of the shaft.

Specifically, the active failure mechanisms
were strongly affected by the stress levels in the
ground.

(a)25 G (prototype depth 5 m)

(b)50 G (prototype depth 10 m)

(c)100 G (prototype depth 20 m)

Figure 6 Failure patterns

.<

1

ii

-um§ii4=~:'.hr:.,mui..:.a.n;»-;

ti

`  asm;-1» <» _;_  ..;t 1 ._.-_<...<..,.-1 fn-... M.-_ _   _ _ ,___..,,..   _ . ~ V-    - ~- -_ .-  _ ..



4.3 Relationships between the failure
mechanism and the earth pressure distribution

Figure 7 shows the distributions of the angles
(IB ) of colored-sand 'layers near the failure
surface. The' angles were derived using the
horizontal plane as a reference. The values of
B are normalized by the top angle Br . B
remained constant until a depth of 1/2Hp.

Once this depth was exceeded, .8 decreased
gradually. Also, the di-stributions of B obtained
by the observed results agree well with the
prediction from the ,FEM qualitatively. A
calculation of the stress distributions (vertical
stress: ov , tangential stress: 0, , horizontal
stress: 0, ) at one horizontal section (prototype
depth 13.8 m) is shown in Fig.8 for comparison
with the experimental results. ,

The general pattern of the stress distribution

predicted by FE-calculations fits reasonably well
with the .measured stress distribution. The
location of the maximum tangential stress
approximately corresponds to the location -of the
failure surface (see Fig.4).

Figure 9 shows the calculated and obsen/ed
horizontal earth pressure distributions at the
horizontal displacement of the shaft 6 = 1' mm,
concurring with 'the results of Beresantsev

(1958) and 'active Flankine theory. The stress
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Figure 8 Vertical, horizontal and tangential
stress distributions
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Figure 9 The relationships between the earth
presssure and the failure mechanism

distributions can be divided into three parts.

Namely, the stress distribution at the region (a)

approximately corresponds to two-dimentional
active Rankine value. At region (b), the
increasing ratio of the stress decreased
substantially. Moreover, at the bottom region
(c), the stress distribution increased substantially

again. This behaviour is similar to that which
was predicted by FEM, as described by Lade, et
al.(1981). Hence, it is suggested that the
prototype earth pressures near the bottom of the
shaft are larger than the result based on
Berezantzev's formula. Lade, et al.(1981) also
showed similar data from a series of centrifuge

model tests on deep shaft models.
Furthermore, the failure mechanism



approximately corresponds to the stress
distribution, as shown in Fig.9. That is, region A

shows the failure pattern of a triangular wedge.
This type of failure is almost a two-dimensional

failure mechanism based on Fiankine's theory.
The-annular' region(B in Fig.9) is a rigid block
which' slides vertically downwards, approximately
along the shaft lining. This movement causes
the lower annular region (C in Fig.9) to be
compressed and sheared plastically, resulting in
the radially inward. movement. Therefore, it is
suggested that this movement causes the
increase of ,,,~ the earth pressure at the region (c).

Kusakabe(1982) performed theoretical and
experimental investigations into the
mechanisms of collapse for unsupported
axisymmetric excavations in soft clays. His
findings agree well with' the shapes shown in
Fig.9.

Furthermore, the distribution
pressures depends heavily on
configuration of the failure zone. Consequently,

the shape and extent of failure zone must be
affected by the earth pressure distribution. lt
was also found that the earth pressure distri
butions and the failure mechanisms of the deep

circular shaft showed a three-dirnentional nature
and a close correlation was obtained between

of the earth
the assumed

the failure mechanism and the horizontal earth_
pressure acting on the shaft lining.

5. CONCLUSIONS
\
\

`From finite flelement analyses and results of a
series of centrifuge model tests, the following
conclusions were drawn;

1. Active failure mechanism of a deep circular
shaft in dry sand developed locally along the
shaft lining.

2. The results of the experiment revealed that
the failure mechanism occurred much more

locally in three-dimensional mechanism than
the tvvo-dimensional failure mechanism. A

horizontal arching action in the ground
near the shaft was obsen/ed.

3. Good agreement was obtained between the
observed failure mode and theroretical

prediction using FEM.

4. Active failure mechanisms were strongly
affected by the stress levels in the ground.

5. A close correlation was obtained between the
failure mechanism and the horizontal' earth

pressure acting on the shaft lining.

ACKNOWLEGEMENTS

The authors would like to 'express their
appreciation to Mr. Nomoto, Y., Mr. lmamura,
S.(Nishimatsu construction Co.,Ltd.) and Mr.
Ueno, K.(Utsunomiya University) for their advice
and suggestions.

REFERENCES

Berezantzev, V.G. 1958. Earth pressure on the

cylindrical retaining walls, Brussels Conf. on
Earth Pressure Problems, II :21-27.

Fujii, T., Hagiwara, T., Ueno, K. and Taguchi,

A. 1994. Experiment and analysis of earth

pressure on axisymmetric shaft in sand,
Proccedings of Cenrtifuge '94:791-796.

Hagiwara, T., Ugai, K., Fujii, T. and lshibashi,
M. 1994. Numerical simulation of centrifugal

model tests on earth pressure of a deep

shaft in dry sand by elasto-plastic FEM,
Proceedings of the 8th ICCMAG, Vol. II
:1731-1736.

Kusakabe, O. 1982. Stability of excavations in

soft clay, Ph.D. thesis, Cambridge University.
Lade, P.V., Jessberger, H.L., Makowski, E. and

Jordan, P. 1981. Modeling of deep shafts in

centrifuge tests, Proc. 10th ICSMFE, \/ol.1:_aaa-691. `
Tohda, J.,'Nagura, K., Kawasaki, K., Higuchi,

Y., Yagura, T. and Yano, H. 1991. Stability

of slurry trench in sandy ground in
centrifuged models, Proccedings of
Centrifuge '91 :75-82.

Ugai, K, Hagiwara, T. and Ida, H. 1991. 2- and
3-dimensional slope stability analyses by

elasto-plastic FEM, Proc. 36th JSSMFE

symposiumzf -6 (in Japanese).

142

1

in r--»5¢xm,..=1'.."‘.|HP'é\‘ ii. ;.n&h.'.;.|.Li1'Jf_< .-\3.'@ki1¢\¢E§€:.Fi1JI._':. Q... -'

£1


