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Fig. 3 “One-Step, Short” test model

Fig. 5 “Two-Steps, Long” test model

Instrumental Set Up

Once the desired slope of the test model
was ready, then the set up of measuring
instruments was made. Three types of
measuring instruments were used. Laser
sensor and LVDTs were used to measure
the deformation of slope and on the top
surface (vertical and horizontal).
Tilt-sensor, a new instrument for measuring
the movement in terms of angle, was
introduced here for the first time.

Laser sensors were attached to the
rigid support. Here, H-beams of the test
box were used. Target positions for the
laser sensors were set up perpendicularly

on slope and top surface of the slope.
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Fig. 4 “Two-Step, Short” test model

In case of Slope-V-1, total numbers of
excavation steps are 21 (Fig. 6a). At 12 and 18"
steps, trenches were excavated up to the bottom
of the test model. Complete failure of this slope
took place after 21% excavation step. After
removing the failure portion of Slope-V-1, new
slope for Slope-V-2 model test was prepared and
excavated until slope came to complete failure. In
this 7
excavation step. Excavation steps for Slope-V-2

case, slope came to failure after

are shown in Fig. 6b.

Slope
19
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§\ 20 g
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613 MK
1 7 1_
7 4 uf
2 8§
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17 10
b
(b) (a) 18 11
12

Fig. 6 Steps of excavation (a) for Slope-V-1 and (b)
for Slope-V-2

Measurements made on the slope surface with laser sensors gave the slope movement along the

failure direction. Slope movements from the laser sensors are represented by Si, S, S;, etc.
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Table 1 Small size full scale test models and conditions Vertical movement on the top
of the slope (crest) are

Experiment | Av. w Av. pg Slope angle Type of the represented by Vi, V,, etc,
number % glem® rad slope and  similarly, horizontal
Slope-I-1 8.35 1.30 50 One-Step, Short | Movements are represented by
Slope-1-2 8.05 1.30 50 One-Step, Short | Hi, Hp, etc. LVDT were used
Slope-1-3 8.00 1.30 56 One-Step, Short | for the vertical deformations
Slope-V-1 | 6.6-7.4 | 1.45-1.50 70 Two-Step, Short | Of the top surface of the slope.
Slope-V-2 | 6.6-7.4 | 1.45-1.50 70 Two-Step, Long |  Lilt-sensors are represented

by Aj, Aj, As, etc. Setting up
of instruments’ locations varied in each test. General layouts of types and positions of
instruments were presented in Fig. 3, 4 and 5 for the Slope-I-3, Slope-V-1 and Slope-V-2,
respectively. Fig. 7 and 8 show the set up for the Slope-I-3 and Slope-V-2 model tests.
Tilt-sensors measure the change in the angle due to the movement of the slope and
deformation of the top surface of the slope. In fact, this is an acceleration sensor. It is made in
such a way that its output is converted into the angle (degrees). Tilt-sensor used in this research
is shown in Fig. 9. In Fig. 5(a), its general layout is shown. This tilt-sensor could measure the
angles in X and Y directions as shown in Fig. 10(b). In both the directions, it can measure
positive and negative angles. It can measure the angle with in the range of *20° and its
sensitivity is 100 mV/deg. Thermo-sensor was also attached to this sensor which has the
sensitivity of 10 mV/°C. Tests in this research are carried out inside the laboratory where
temperature variation is less. So, temperature is not considered here. But if the tests are to be
held in the open field, then the temperature must be taken into consideration using

thermo-sensors.

Fig. 7 Set up for Slope-1-3 (front view) Fig. 8 Set up for Slope-V-2 (top view)
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Fig, 9 Tilt-sensor used in this research
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Fig. 10 Tilt-sensor (a) General layout and (b) Measuring directions

As shown in the Fig. 9, tilt-sensor was attached to the base plate which was finally
supported by a tubular pipe cut into an angular shape so that it could be easily inserted into the
soil without propagating the crack (with less disturbance). Tubular pipe was inserted into the
soil in such a way that it could move along with the movement of the slope and deformation of
the slope top. To allow the free movement, the longer extension wires were used and they were
attached on the sides of the wooden box. Direction of measuring angle from the tilt-sensor is
shown in Fig. 10(b). Depth of insertion of tubular pipe into the ground (soil) varied with tests.
Length of the pipe could be changed freely. Use of tilt-sensor is first time over here and hence,
effect of the length of pipe insertion is a matter of further research. In all the tests here, pipes of
tiit-sensor were inserted vertically downward. For Slope-I-3, the depth of insertion on the slope
was 25 cm and on the top surface was 10 cm where as for Slope-V-1, it was 5 cm in all the
places. But for Slope-V-2, it was 5 cm on the slope and 10 cm on the top surface. Tilt-sensors
are represented as Al, A2,:A3, and so on (Fig. 3, 4 and 5). Tilt-sensors were set up near and on
the same line of the laser targets. Before the start of measurement, zero set up for all the sensors
and LVDTs should be done.
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RESULTS AND DISCUSSION

Cases of collapsed models; Slope-1-3, Slope-V-1 and Slope-V-2 are shown on Fig. 11(a), (b)
and (c), respectively. In the Fig. 12(a) and (b), deformations measured by the laser sensors for
Slope-1-3 test model are shown. Trigger in each figure represents the start and the end of the
excavation steps. This is same for all the test model results. Trigger line represents the start and
end of each step. Exceptionally, in Fig. 12 and 13, first step included the interval time also. As
seen in the figures, deformations gradually increased during the excavation of trench and
reached almost constant value during the resting time. But during the start of toe excavation,
there was a sudden increase in the deformation and slope was failed. Here, S;, V| and H»
showed the largest deformation. In Fig. 13(a) and (b), change in the angle along the X-direction
due to the movement of slope and deformation of top surface for Slope-I-3 is shown. Along
Y-direction, there was a slight change in the angle (not shown here). As shown in the Fig. 12(a),
(b) and (c), here also change in the angle gradually increased during the trench excavation and
reached almost constant value during the resting period. But as soon as the toe excavation was
started, there was a sudden increase in the angle showing the complete failure. Tensile crack
was seen just on the line of A5 and AG tilt-sensors. Although the amount of change in the angle
of A4, A5, A6 and A7 varied to some extent, A5 and A6 which were on the crack line showed
the larger angles. Comparing the results of Fig. 12 and 13, similar trend of the deformations and
changes in the angle with the time of excavation (steps) could be seen.

Fig. 11 Test models after failure (a) Slope-I1-3, (b) Slope-V-1 and (c) Slope-V-2
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Fig. 12 Deformations measured with laser (a) on the slope and (b) on the top surface of the slope
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Fig. 13 Measurement of tilt-sensor (a) on the slope and (b) on the top surface (X-direction only)

Deformations of slope and top surface (vertical) measured with laser and LVDTs for
Slope-V-1 are shown in Fig. 14(a) and (b), respectively. In Fig. 14(a), data of S; and S, are cut
off during the measurement. The reason behind this is that the excavations were done at their
positions also.

5l By B3 e Trigger -Vl —F o LYDT-1
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Fig. 14 Deformations measured by tilt sensor for slope V1 (a) on the slope and (b) on the top

Rapid deformations were seen at 12" step (round 89 min., up to the bottom of the slope),
180 step (round 169 min., up to the bottom of the slope) and 21* step (round 197 min)
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excavation steps (Fig. 14). After 197 min. of excavation, change in the deformation values
become too steep and the slope was failed. In Fig. 15(a) and (b), the change in the angle with
tilt-sensors which are inserted at the same position near the targets of the laser is shown. Fig.
15(a) showed the movement of tilters placed on the slope (Al, A2, A3, etc.) and Fig. 15(b)
showed the changes in angle measured on the top surface of the slope (A4, A5, A6 and A7),
respectively along the X-direction. Data of Al and A2 were cut-off during the excavation. This
is due to the reason that the positions of tilt-sensors were encircled within the excavation area
with the progress of excavation. Comparing the results of tilt-sensors (change in angles with
time), laser and LVDT (the measured deformation data with time), similar trend could be seen.
In this test, the changes in angle on the top surface is larger than those on the slope. Here,
tensile crack has developed between the A4, A6 and A5, A7 tilt-sensors. There might be some
relations between the location of the sensors and the positions of failure crack which may
change the measurement data. As seen in the Fig. 15 (b), A4 and A6 show small change in angle
whereas A5 and A7 showed a large change in angle. This means measurement data are also
depenedent upon the positions of sensors set up.

41-% A2-K A3K - Triggen
0.10 = D ECRRTE T L
;:E:::E ALX nunt ! :E:;:;:E:E:E:::
05 e A
e | ST Tt
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Fig. 15 Measurement of tilt sensor (a) on the slope and (b) on the top surface (X direction only)

Deformations and angles (along X-direction) measured from the laser sensor and
tilt-sensor respectively, on the slope for Slope-V-2 test are shown in Figs. 16 (a) and (b). With
the time and steps of excavation, increased in the deformations could be seen in Fig. 16 (a).
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Fig. 16 Measurement on the slope (Slope V2) (a) from the laser sensor and (b) from the tilt sensor
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Similar trends in the change of angle along the X-direction for the tilt-sensor are shown in
Fig. 16 (b) although there are noises during the measurement. In this test, the tensile crack was
developed behind the A6 and A7 which made it difficult to compare the result with that of
Slope-V-1 test.

CONCLUSIONS

From the small size full scale tests, following conclusions could be withdrawn:

1. With the step and time of excavation, deformations of the slope and top surface of the slope
could be measured from the start to the end of the excavation. Steep increase in the deformation
slope just before the failure was able to measure.

2. Tilt-sensor also gave the gradual response with the time and step of excavation. Sharp change
in the angle before the failure could also be measured.

3. Similar trend of deformation as well as change in angle was observed. Hence the
applicability of tilt-sensor in the field is possible.
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