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ABSTRACT: In this research some case histories of temporarily supported excavations in clay were simulated
in a small geotechnical centrifuge. The tests covered both sheet pile walls anchored in the soil and sheet pile
walls supported by struts. A prototype depth of approximately 6m was simulated by performing the tests at
100g. To simulate a field accident, struts were removed in flight. The modes of failure were observed in the
different model tests by means of an on-board video camera. It was possible, even in small models, to simu
late complicated configurations, and detailed information could be obtained by using image processing tech
niques. It appeared that failure modes observed in the centrifuge tests show a good agreement with field ob

servations. The centrifuge test proved to be very helpful in understanding the behaviour of soil during

excavation.

1 INTRODUCTION method of this approach by using centrifuge is illus
Accidents caused by collapse occasionally occur on
excavation sites. The need to reduce the number of
accidents is currently one of major concern in Japan,
as well as in several other countries.
Finding explanations of the causes of accidents is
hampered by the disturbance of the site during the
rescue and the collapse itself. The explanation of an
accident scenario is very important in order to re
trieve relevant information and also to establish who
is responsible for the accident.
This paper first describes a case history of a tem
porary earth support collapse. Secondly, the basic

trated. The combination of both site investigation
and centrifuge model tests should give more useful

information about how to approach accident scenar
ios. Thanks to the low weight of the models, (they
can be conducted by one person), several configura
tions could be simulated in a short period. Six mod
els, which consisted of different profiles, were tested
in order to observe the collapse of tie-rod anchored
sheet pile walls in a centrifuge.
The deformation and failure mechanisms are dis
cussed on the basis of the results of these centrifuge
model tests.

2 CASE HISTORY OF THE TEMPORARY
EARTH SUPPORT COLLAPSE

2.1 Outline of the construction work
The accident (photo 1) occurred at an excavation site
used for the construction of a bridge base. The exca

vated area was 11.0 m wide and 19.4 m long. Fig
ure.l is a schematic drawing of the field both before
and after collapse.
The excavation was carried out alongside the river.

An asymmetrical earth pressure resulted from one
side of the excavation area being close to the river
embankment. The sheet pile wall was supported by
two struts.

According to the blueprint, a third strut was to

Photograph 1. Overall view of the accident site.

have been set before excavation reached the bottom,
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as shown in Figure.la. In the model tests, the third
strut was left out because it would be an obstacle
during the model preparation.

2.2 Particulars of the progress of the accident
On the morning of the accident, at around 9 o'clock,
workers noticed that some of the bolts connecting
lower corner beams were broken. Since the worker
in charge felt there was a danger of collapse, he re
paired the connection with new bolts.
At around 2:55 p.m., 5 minutes after the repair was
completed, other bolts in the lower corner broke, so
that the temporary earth support structure collapsed
starting at the land side (opposite side of the river).
As a result of the collapse, two workers involved in
the excavation were buried alive.
3 TEST EQUIPMENT
3.1 CentrQ‘uge of the University of Debft

The advantage of a smaQl centrifuge is the much
lower cost of operation and reduced sample prepara
tion time, allowing several tests to be carried out in a
short period on different subjects. For that reason a
small geotechnical centrifuge has been developed at

the University of Delft (Allersma, 1994a). The
diameter of the centrifuge is 2.5m and it can acceler

ate samples with dimensions of 400x150x300mm
and a weight of 400N up to 300 times earth's gravity.

Several miniature computer-controlled accessories
(Allersma, 1994b) are available for performing ad
vanced in-flight tests, e.g. two dimensional loading
system, sand pouring machine, etc.

However, in a small centrifuge, space for sensors
is limited. This disadvantage can be overcome by
using digital image processing for measuring dis
placements and other phenomena.

3.2 Two dimensional loading system

The two dimensional loading system can be consid
ered as a universal tool usable for several tests. The
system is driven by two miniature DC motors.

The translation is achieved by means of screw
leaders with a translation of I mm per revolution.

The displacements and loads in the two perpendicu
lar directions are measured. Sufficient information is
available to perform load or displacement controlled
tests, using a program in the on-board computer.
This system was used to simulate the removal of

struts and putting the weight (mobile crane and

truck) on the shoulder of the excavation in the cen
trifuge model.
3.3 Digital image processing system

The observation technique based on the use of a
digital image processing station was introduced in
geotechnical centrifuge research by Allersma (1990)
in order to facilitate deformation measurements in
small samples. In a small geotechnical centrifuge the
space for mechanical sensors is so limited that it is
not easily possible to monitor the progress of a test.

However, by using digital image processing tech
niques it is possible to extract significant data from
the images captured by an on-board video camera.
The system comprises a PC (i.e. a 200MHz Pentium
central processing unit with a 4GB hard disk) with a
frame grabber (Pulsar from Matrox). The number of
pixels in a frame in horizontal and vertical directions

can be adjusted by the user. For this application,
however, frames of 512x512 pixels are used.

In centrifuge tests the displacement is one of the
most significant parameters to be measured. The
displacement can be related to the movement of an
object or to markers located on a clay sample. The
most simple but effective method of observing the

progress of a test in real-time is by subtracting im
ages of two different stages. It can be visualized
how the deformation proceeds and what region is
affected during the test. _In particular when the dis
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follow the test with the naked eye.
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4 MODEL PREPARATION AND TEST
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PROCEDURE

4.1 Model preparation
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The different profiles of ground models used are
illustrated in Figure.2. Ceramic clay (K140: Pro
duct of WBB Vingerling) was used for the prepa

Six piles were simulated at the bottom of the ex
cavation in tests W3, W4 and W5. A 5mm mesh
was traced onto the surface of the clay model. The

model was placed in a box - 180mm long x

100mm wide x 90mm high. The sheet pile walls
model was simulated by an aluminum plate with a
thickness of l.0mm. The length of the main sheet

pile wall was 72.5mm and the length of the an
choring sheet pile wall was 37.5mm. The sheet
piles were connected by means of tie-rods. The
predetermined position and penetration depth
(l7.5mm), the tie-rods and struts (5mm square
cross section of aluminum) were set in each model
ground as shown in Figure.2_
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ration of the models. The cohesion is approxi

mately 25kN/m2. The clay body was cut in order to
form the shape of the models W1-W5 in Figure.2.
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4.2 Test procedure

The objective of these centrifuge tests was to
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simulate the scenario of a number of case histo
ries. Several centrifuge tests were carried out ac
cording to the procedure described below:
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4.2.1 Test W1

Struts were set at the top of sheet pile wall.
Increasing gravity up to lOOg.
Removing strut at lOOg.
Increasing gravity up to l5Og.
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4.2.3 Test W3

Increasing
gravity up to 1005 Figure 2. Cross sections of models used.
Putting load (O.3N) at 100g_
4.2.4 Test W4
Increasing gravity up to lOOg.

Removing load at l5Og.
4.2.5 Test W5
Increasing gravity up to lOOg.
Removing the lower strut at 100g
Increasing gravity up to 150g.
Removing the upper strut at 150g.

5 TEST RESULTS AND DISCUSSION

Figure 3. Deformation caused by removing strut
in test Wl, visualized by subtracting images.

5.1 Test W1

Figure.3 shows the deformation after removing a
strut, visualization by using image processing tech
niques. It appeared that the deformed area near the
surface of the model was wider, resulting from the
effect of tension stress. Slip lines starting at the end
of the sheet pile walls were clearly visible, as well as
in the active side as in the passive area. There were
no cracks on the clay surface in test Wl (though a
gap could be observed at the boundary of the box).
In contrast, a crack could be seen near the anchoring
sheet pile wall in tests W2-W5. The cracks that had
developed show that the tension forces between clay
and sheet pile wall is apparently lower than the ten

Figure 4. Photograph of the model at the end of
the test (Test Wl).

sion forces in clay.

When the acceleration was increased to 150g the
sheet pile walls remained stable even though there
was no support after removal of the strut. The clay
located between the sheet pile walls (passive side)
was compressed by the two walls and moved up

ward. The heaved clay prevented the wall from
falling further forward (Fig.4).
5_2 Test W2

The results of test W2 are presented in Figure.5 to
Figure.8. Deformations caused by removing the sup

port of the sheet pile wall were shown in Figure.5
and Figure.6. Thanks to the effect of the support at
the top of the wall and because no piles were placed
in the excavated (passive) side, it was found that slip
lines appeared clearly in the passive side.

Figure.7 shows the deformation while increasing
gravity from 120g up to l40g, visualized by using
image processing techniques. It appeared that the

deformation ends in a more localized area. The
ground was deformed along straight slip lines in
both the active side and passive side as shown in
Figure.7.

'\5~=

Figure 5. Deformation caused by removing strut
in test W2 (at l00g), visualized by subtraction.
i|1iriil;lFQiiEiE§§§\

'|eN@Ii|;!E:e::::.9I

lq||i|i|:e!:!:::::.=\

||:Nr|;eiet=e::::-I
lltl;|i|~!!!_r:!:2::1\
Ill l|'1!|:s=:=e:l

=====Ef=§=i§i5i§i 1-“niiigm

llllllllili'
'lfllill
llllllllll F
1|||
I=}}"""3
llllln

::::==E55s=a=: %if!!§li|2

Figure 6. Extraction of the meshes from the
background (deformation caused by removing strut

- ' f.
in test W2).
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5.3 Test W3
Piles in the bottom of the excavation were simulated

in test W3 (Fig.2). The piles were not installed in
test W2. This was the only difference between tests
W2 and W3. As shown in Figure.8 and Figure.9,
different failure modes were observed in tests W2
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Figure.7. Visualization of the deformation caused
by increasing G (from l2OG tol40G) in test W2.

and W3_ A toppling mechanism could be observed

in test W3. In test W2 a shear band mechanism
could be observed. The deformation around the toe
in test W2 was greater than in test W3. It appeared
that the failure mode is different, depending on the
strength of the soil in the passive side, as far as the

model test is concerned. This indicates that piles
blown in the bottom of an excavation have a signifi
cant influence on the failure mechanism.
The configuration of test W3 (Fig.9) simulates the

real accident (Fig.l). It is believed that the failure
mechanism on the actual site was similar.

5.4 Test W4
The length of tie-rod in test W4 was twice as long as

that of W3. The deformation mode of test W4
(Fig.lO) was similar to that of test W3. However, in
test W4, ground was deformed at 120g with a crack

at the anchoring sheet pile, where the failure oc
curred at 80g in test W3. The length of the tie-rod
appeared to influence the stability of the structure.

.'

Figure.8 Photograph of the model after test (Test
W2).

..-_I

Figure.9. Photograph of the model after test (Test
5.5 Test W5

The configuration of the model in test W5 (Fig.11a)
simulates the prototype of the accident as schema
tized in Figure.2 W5. Of course some details of the

structures were simplified in this model test. The
model ground appeared to be stable until lOOg. It
seemed the struts supported the sheet pile wall ef
fectively.

The lower struts were then removed at 100g by
using the loading system( Fig.l2 ).shows the visual

ized deformation caused by removing the lower
strut. The sheet pile wall is mainly supported by the
upper strut after removing the lower struts. That a
relatively large area was deformed in the lower part
of the clay on the land side (opposite side of river,
see Figs.1 1-12) is clearly visible.

It was found that the model had become stable
again after some deformation caused by removing
the lower strut. Gravity was then increased to 150g.

The upper strut was then removed at 15Og. The
ground moved inward again with a clear slip line as
shown in Figure.l lb. Figure.13 shows the more de
tailed visualization of the deformation caused by re
moving the upper struts.
5.6 Postulatea’ sequence of failure

The case history (Fig.1b) and centrifuge test W5
(Fig.l lb) show a different mode of failure. In the re
al case the walls and struts were found buckled and
seriously damaged in the excavation site. Further
more, it is believed that the lower and upper struts
buckled almost simultaneously. In the model test the
wall and struts were relatively stronger, and the clay

at the passive side was relatively weak in test W5

W3).

Figure.10. Photograph of the model after test (Test
W4).
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Figure.l1. Photograph of the model (Test W5)
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walls does not seem to be very effective in several
cases. Cracks are initiated from the anchoring wall
of the sheet pile walls, which led to unstable behav
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Figure12. Visualization of the deformation caused
by removing lower struts in test W5.

mechanism. _
(3) It has been shown that the anchoring of sheet pile

iour of the retaining wall.
(4) A comparison of the case history and the _centri
fuge tests shows that struts in the excavation can fail

due to buckling. Removing the struts. initiated the
collapse of the system.
(5) Centrifuge model tests have proven to be helpful

in obtaining a good understanding of the failure
mechanism in the case history. For further informa
tion, water and three dimensional effects, etc. should
be considered.
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Figure13. Visualization of the deformation caused
by removing upper struts in test W5.

compared with the real case history. Moreover, there
was a significant time interval between the removal
of the lower and upper strut. Therefore, a closer cor
respondence with the accident in Figure.lb could be
expected with the test W3 (Fig.9). Also, in this test
toppling of the supported soil was observed, where
deformation did not progress in the passive side.
Judging from the centrifuge tests and site investi

ture equipment for a small geotechnical centri
fuge. Transportation Research Record No. 1432,
Nat.Acad.Press Washington D.-C..:99-105.

gation, the mechanism of collapse is estimated as
follows:

(l) Excavation should be carried out without the 3rd
struts near the excavation bottom.

(2) The increased earth pressures meant that the

struts did not work because of buckling. The buck

ling occurred almost simultaneously.
(3) With the development of a crack at the anchoring
sheet pile wall, the sheet pile wall with tie-rod over
turned as the result in test W3 shows (Fig.9)

6 CONCLUSIONS

A case history of the temporary earth support col
lapse shows that the buckling of the struts obviously
induced the sequence of collapse. Centrifuge tests
were carried out in order to obtain further informa
l1Ol'l.

The following conclusions may be drawn:
(l) It appeared that the observed failure modes in the

centrifuge tests show a good agreement with field
observations.
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