embankment, excavation width was maintained at 2cm (in proto type, 0.5m) and excavation was
started from the toe of the slope down up to the surface of the hard base layer (resembles of natural
slope of field). Vertically downward and then backward pulling of the blade was done in each step.
About 2 minute waiting time was allowed after each step of excavation so that the deformation could
be observed. Excavation was done until the failure occurred. In case of NSL, failure was seen after 6"
cut where as no failure was observed even after 8" cut for NSH. Hence trench excavation of 0.5m x
0.5 m was done and acceleration was increased up to 26g. Failure was seen after this.

7.2m 2.8m
Excavation steps élmbankment width)
5.0m
(Narita sand)
Toe of the slope

;

N
1.25m

i/ N

17.5m
Fig. 5. Outline of the model slope considered for numerical analysis.

3.  Numerical analyses

To understand the failure mechanism of model ground during failure, finite element analyses of
model tests were carried out. Here, PLAXIS 2D software is used and Elastic-perfectly plastic Mohr
Coulomb model was assumed. Fig. 5 shows the outline of the numerical model ground. Here, the
dimensions of the model analyzed were same as those of the field embankments. During the analysis,
movements along the horizontal direction for two sides of the model were considered to be fixed.
Similarly, movements along horizontal and vertical directions at the base were considered to be fixed.
Step wise excavation was done during the analysis. In Table 2, the parameters required to run the
analysis are shown. For the natural cut slope, high stiffness value was considered. For normal slope,
parameters were obtained either from

Table 2. Soil parameters for numerical analysis. the laboratory tests or from the field

Natural cut slope NSL NSH tests. Unit weight was obtained from

(Kanto loam layer) core cutter and sand pouring method in

_ General properties the field. Where as cohesion and angle

7 (kN/m®) ] 30.71 | 1540 | 16.40 | of shearing were obtained from direct
Permeability shear test (drained values were used).

ke (m/day) 0.02 8.64 8.64 Similarly, the Young’s modulus was
ky (m/day) 0.02 864 864 estimated from the N-values using the
Stifiness ) chart given by Schulize and

E (kN/m?) 8000 4512 4850 | Menzenbach (refer to Geotechnical
v 035 0.35 0.35 engineering memo). For this, average
Strength . : N-value was estimated using the

¢ (kN/m?) 70.00 354 768 equation ( N =0.002/, +0.067N_,)
9 () 5.00 35.88 36.34 given by Okada et al. (1992). W, and

Nsw in the equation represent the weight
of the loading and half-rotation number per 1m penetration, respectively. For N-values, Swedish
weight sounding tests and portable dynamic cone penetration tests were conducted at the field.

4. Results and discussions
4.1 Embankment excavation results

Photos 3(a) and 3(b) show the embankments after failure for NSL and NSH, respectivély. In



case of NSL, partial failure was observed after 4" and
5" cuts and final large failure was observed after 61 cut
at around 40.5 minutes of elapsed time. Similarly, for
NSH, partial failure was observed after 5™ cut and final
large failure was observed after 6" cut at around 51
minutes of elapsed time. In both cases, tensile crack
was appeared on the slope top which increased with the
increase in the excavation step. Although final failure
was occurred after 6™ cut in both the cases, the time
elapse of the highly compacted embankment (NSH)
was little longer than that for the loosely compacted S s
embankmen? (NSL). . Photo 3. Embankments after failure
In Fig. 6(a) and 6(b), measurements of invar (a) NSL and (b) NSH.

wire and laser beam-optical sensors with the increment

in the step of excavation are shown. In both the cases, deformations measured with these instruments
show almost similar trend and values. Measurements for first few steps were very small. But the
measurement increased gradually after 4™ and 5" steps (partial failure) and sharply and steeply after
6" step (final failure). Measurement made from both the instruments showed almost similar pattern.
From the invar wire measurement results, rapid increment in the movement after 5 cut was seen and
failed after 6™ cut. Whereas for the NSH, gradual increment in the movement was seen from the 3™
step which keep on increasing even after 5" cut, showing the rapid increment after 6™ cut. Difference
in the time elapse for final failure was observed due to the difference in the degree of compaction.
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Fig. 6. Measurement made from Invar wire extensometer and Laser beam-optical sensor
(a) NSL and (b) NSH.

4.2 Centrifuge excavation results

NSL centrifuge model was failed after 6" cut. In contrarx to NSL, NSH model no failure was
observed even after 6" cut. Hence failure was extended up to 8" cut. Although crack was seen on the
slope top, still no failure occurred. Then trench excavation (0.5m x 0.5m) was done. As no increase in
deformation was seen, then the centrifuge acceleration was increased up to 26g and slope failure was
occurred. Fig. 7(a) and 7(b) show the deformation measured by LVDTs for NSL and NSH model
slopes; respectively. Here, initialization of data was done when the deformation became constant at
25g. All the LVDTs showed the increment in deformation value with the increase in excavation step.
LVDT placed closest to the slope showing the maximum values. Maximum value of deformation for
both the slope model was around 15cm. In addition, they show similar pattern of movement.
Deformation values shown in the figures are in proto type scale. Tension cracks were appeared in
these tests as in the field tests. '

4.3 Numerical analysis results

In Figs. 8(a) and 8(b), movement of “plastic points” from the toe of the slope towards the slope
top and the development of “tension cut off points” on the slope top with the advancement of



excavation steps are shown. Plastic points represent the zone of where soils are in plastic condition.
Similarly, tension cut off points show the zone where soils tend to collapse by tension.
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Fig. 7. Deformation measured by LVDT on the slope top of centrifuge models (a) NSL and (b) NSH.

In the case of NSL (Fig. 8(a)), plastic points were appeared after 1% step of excavation and
these points increased with the increase in excavation steps. The zone of plastic points increased
towards the slope top with the advancement excavation. Tension cut off points were appeared at the
start. But the zone of these tension points on decreased with the advancement of excavation. In
contrary, plastic points appeared at the slope also. Later on, increasing plastic points at slope toe and
appearing plastic points on slope top meet with each other and the complete failure of the slope
occurred. In case of NSH (Fig. 8(b)), both plastic points and tension cut off points appeared from the
beginning. Here, with the increase in excavation steps, zone of plastic points increases. But no plastic
points appeared on the slope top as in NSL. Instead the zone of tension cut off points increased.
These shows why there is difference in the failure pattern of highly compacted (NSH) and loosely
compacted slopes (NSH). In the field, in case of NSL, failure within the slope was only seen. No failure
up to the slope top was observed despite tensile cut was seen on the slope top. In contrary, large
failure was observed for NSH which reached up to slope surface where tensile cut was also seen
which increased with the time of excavation.

d ,

after 1% cut between 3™ and 4" cuts after 6™ cut

Fig. 8(a). Development of Plastic points and tension cut off points in NSL numerical model.
W a |
after 3" cut between 5" and 6™ cuts after 8" cut

Fig. 8(b). Development of Plastic points and tension cut off points in NSH numerical model.

Figs. 9(a) and 9(b) show the vertical displacement calculated from the numerical analysis on the
slope tope with the increase in the excavation steps. In the figures, the measurement positions from
the slope top are also shown. Gradual increase in the vertical deformation from the start of the
excavation could be seen for the both NSL and NSH numerical models. Although both figures show
the similar trend of increment in the deformation, their increment amount is different, NSH showing
higher deformation value than NSL.

4.4 Comparison of vertical displacements

In Fig. 10, vertical deformations either directly measured or indirectly estimated at 0.5m distance -
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Fig. 9. Vertical displacement measured for (a) NSL and (b) NSH in the numerical analysis.

from the slope crest for field test, centrifuge test and numerical analysis are shown. In case of field
(Fig. 10(a)), vertical displacement measured with laser beam-optical sensor which was placed exactly
at 0.5m distance from the slope crest is shown. In case of centrifuge (Fig. 10 (b)), since the LVDTs
were not set up at 0.5 m distance (in proto type scale), the average values between first two LVDTs
nearer to the slope crest was estimated. Similarly, for the numerical analysis (Fig. 10(c)) also, average
values for 0.5m distance was calculate. In each figure, vertical displacement after each step of
excavation is shown. It is to be reminded here that the time difference of centrifuge excavation and
other two cases were not same. Comparing the vertical displacements in three cases, it could be seen
that the displacement value calculated in the numerical analysis was minimum; centrifuge model test
giving the maximum value. Deformations were seen from the start of excavatlon steps in case of
centrifuge and numerical analysis where as it was seen only after the 4™ excavation step in case of
field embankment. Although there is dlfference in the amount of displacement values, in overall, it
could be said that their failure trend after 4" excavation step resembles with each other. Comparing
the failure steps, it could be seen that failure occurred after 6" cut in both centrifuge and field
embankment for NSL. But the failure step for NSH was after 8" cut for centrifuge and after 8" cut for
field embankment.

Difference in the failure steps and deformation
(a) gmount in three cases might be due to the difference in
2 their preparation, time allowed before the test and

boundary conditions. In the field, three dimensional
L l l \\ affect might be prominent along with the degree of

3

compaction and. grain size of the soil used for
compaction might not uniform through out the
embankment. Also, excavations of the embankments
were conducted after few days of its construction. In
| lcase of centrifuge, friction between the sides of the
[ I glass pans and rubber membrane might have affected

20 1 2 3 4 5 6 7 A lot. Soils passing through 2mm sieve were only used.
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Fig. 10. Comparison of vertical deformation of slope top (a) field test, (b) centrifuge test and
(c) numerical analysis.



preparation. Numerical analysis done here was only two dimensional. In addition, stiffness parameters
for the analysis were only estimated values from N-values. -

5. Conclusion

To clarify the failure mechanism of slope failure during the toe excavation, field embankment
excavations, centrifuge in-flight excavations and numerical were carried out in this paper. Following
conclusions were withdrawn:

1. From the numerical analysis, it could be said the loosely compacted NSL embankment failed due to
spreading of plastic strain points from the toe towards the slope top. Whereas NSH embankment was

failed due to development and increment of plastic strains at the toe and tension cut off points at the -

slope top, respectively. Similar failure patterns for NSL and NSH in the field were observed.

2. Although there are some differences in the amount vertical displacement, in all the excavation large
and sharp increment in vertical deformation could be seen. Deformations measured with invar
extension wire and laser beam-optical sensor in the field excavations showed almost same amount
and similar trend of deformation with time. This shows the applicability of these instruments for the
measurement of deformation at the slope crest.

3. In case of centrifuge excavations, LVDT set up closest to the slope crest showed the maximum
value. This shows the best position for the measurement of deformation during the excavation.
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Abstract

In this paper tensile strength measuring apparatus developed by Tamrakar et. al (2005) was used to
measure the tensile strength of one dimensionally consolidated saturated NSF-clay and statically
compacted unsaturated mixtures of NSF-clay, CFP-silt and Toyoura-sand. Tensile strength (qy)
obtained from the tensile tests were compared with the unconfined compressive strength (qy). It was
observed that the ratio, qu/q; lied within the range of 2 to 3 for saturated NSF-clay and 4 to 16 for
compacted mixtures. Effect of specimen thickness within the tensile mold, number of compaction
layers and tensile pulling rates on the tensile strength were also examined. Comparing the specimen
thickness within the tensile mold, it was found that the specimen having 5 cm thickness gave the
minimum value. Also, tensile strength increased with the increase in the number of compaction
layers. As in other shear strength, increment in the tensile strength was observed beyond tensile
pulling rate of 0.34 mm/min. But below this pulling rate also, some increments were observed.

KEYWORDS : Tensile strength, Tensile apparatus, Compacted soil, Tensile pulling rate.
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Introduction

Most of the vertical slopes get failed with the development of tensile crack on the top of the slope.
Also, many earth dams, embankments, pavements, etc. where soil layers are compacted, are failed
due to the development of tensile cracks. Prediction of probable position and depth of tensile crack
is necessary to protect the property and loss of lives of workers at the construction site. In order to
explain the position and depth of tensile crack, an accurate measurement of tensile strength of soil is
necessary. Very few researches (e.g. Suzuki et al., 1998; Yao et al., 2002 and Ono et al., 2003) have
been made to measure the tensile strength of soils having lower tensile values. Recently, Nahlawi et.
al (2004) and Tamrakar et. al (2005) have introduced new tensile strength measuring apparatus
which measures the tensile strength directly. One developed by Nahlawi et. al (2004) could be
mainly used for compacted clayey and stiff soils only whereas the one developed by Tamrakar et. al
(2005) seems to be easy to use and simple to handle and could be used for both compacted
unsaturated and highly saturated soils.

Tamrakar et. al (2005) measured the maximum tensile strength of Kanto loam around
50~60% of water content and showed the ratio of unconfined compression strength and tensile
strength around 12.5 which varied with the water content. They also showed the effect of amount of
finer particles and their size on tensile strength. Possible measurement of tensile strength for
saturated NSF clay was also shown. '

In this paper, tensile apparatus (type-A tensile mold) developed by Tamrakar et. al (2005)
was used to measure the tensile strength of saturated and unsaturated soils. Also, the effect of
number of compaction layers, thickness of the specimens and tensile pulling rate on the tensile
strength was studied. Unconfined compression tests were also performed to compare their values
with tensile strength. '



Test Apparatus

Tensile test apparatus shown in Photo 1 consists of
horizontal platform upon which apparatus box having
two halves; fixed box and movable box, is placed.
Inside this box, two tensile molds are placed. The
inner shape of this mold is like “C” structure and it
holds the specimen. Two molds are screwed to the
apparatus boxes separately. One box of the apparatus
is fixed to the horizontal platform while the other box
can move freely on the horizontal platform. To reduce §
the friction, linear sliding roller is placed between the
movable box and platform. Movable box is pulled Photo 1. New tensile strength measuring
away in horizontal direction until the soil specimen apparatus (inset : tensile molds)

fails in tension with tensile crack appearing at the  (Tamrakar et. at (2005).

middle of the specimen where two halves of the .
—— NSF-cla —&— silt (CFP-100
mold is attached. Load cell placed between the —I—Toyoucra}gand sit( )

movable box and motor axis measures the tensile

load. This tensile load divided by the area of the | 5100 -
tensile crack perpendicular to horizontal pulling | o 80 i /
direction, gives the tensile stress. These molds can 2 60 ¥

be easily changed as they are connected to the main é: 40 |- i /
apparatus by the screws only. The total surface area % 20 i*

of this mold is 38.5 cm?. The minimum width at the | ©

constricted section of this mold is 3 cm and the | &

0
depth is 5 om. 0001 0010 _ 0.100  1.000
The apparatus box along with the mold and particle size (mm)

platform can be completely separated from the  Fig. 1. Grain size distribution curves.
motor for preparing the specimen before the test.

Compacted soil specimen is prepared within this mold by direct static compression. Once the
specimen is ready within the mold for the test, then it is connected to motor shaft. Between the
motor shaft and movable apparatus box, there are some attachments where load cell is kept.

Materials and Specimen Preparation

Kanto loam, NSF-clay and the mixtures of NSF-clay, CFP-silt and Toyoura-sand were taken as test
materials. NSF-clay is commercially available clay which consists of Pyrophylite, CFP-silt (100) is
crushed form of Silica sand and Toyoura-sand is also commercially available standard Japanese
sand. Grain size distribution curves and index properties for these soils are shown in Fig. 1 and
Table 1. Now onwards, NSF-clay, CFP-silt and Toyoura-sand are represented by clay, silt and sand,
respectively. For saturated test specimen, consolidated clay specimens were used where as mixtures
of clay, silt and sand in different proportions were used for unsaturated compacted specimens. Table
2 and 3 show the proportions and test conditions for different mixtures.
Before preparing the specimens, at first,

tensile molds were fixed into the apparatus box Table 1 Properties of test materials

and screwing was done between the movable |Materials density | dry density | wi | Wp
box and apparatus horizontal plate so that soil solid max. | min.
movable box would be fixed. To reduce the | | g/lem® |g/em’| glem’| (%) | (%)
friction between the specimen and the inner NSF-clay 778 55.1130.6
wall of the tensile mold, thin film of grease silt (CFP-100) 2.66 | 1.59 | 1.17
was applied over its inner surfaces. After the Toyoura sand | 2.64 | 1.65 | 1.34

insertion of the consolidated specimen in case



of saturated specimens or after Table 2 Test mateials for mixtures of clay, silt and sand.
the completion of compaction in |4ry density| NSF-clay|CFP-silt|Toyoura-sand| q, | 4 |9u/a

case of compacted specimens 3 5
into the fensile mold, load cell is |(&em) | % % % (kPa) | (kPa)

set up towards the pulling side 25 - 75 21.1] 32] 65
of mold box. Finally, the screws 40 - 60 55.9| 66] 84
which are earlier fixed to 1.50 50 - S0 74.4] 78| 9.5
prevent the movement of 60 - 40 791 8.6] 92
movable box of the apparatus 75 - 25 1313)12.110.9
are un-screwed. 25 75 - 643 69] 9.3
Saturated specimens 40 60 - 1000 84119

were  prepared by  pre- [ 1.50 50 50 - 97.8| 85]11.5
consolidating the slurry of the 60 40 - 132.2110.3112.9
~ clay material in a separate, 75 25 - 182.2 1 11.7]115.5
special consolidation mold. - 25 75 66| 14| 46
Two-way drainage with one - 40 60 129 221 6.0
dimensional consolidation was | 1.40 - 50 50 1641 271 6.1
done. Once the consolidation - 60 40 1871 3.0 62
was over, consolidation mold _ 70 30 %71 39| 69

with consolidated specimen was
placed over the tensile mold. Centering of molds was done by guiding support screws which were
attached to the fixed portion of the apparatus box. By pushing the shaft of the consolidation mold
slowly, consolidated specimen was allowed to insert into the tensile mold. Once the full depth (5
cm) insertion was completed, then the specimen was cut and its upper surface was trimmed.

In case of compacted specimens, at first, materials were thoroughly mixed with required
distilled water and kept in an air tight plastic bag and sealed so that water was uniformly distributed
throughout the materials. Specimens were prepared either under constant stress or under constant
dry density conditions. In both the conditions, compacted specimens were prepared by directly and
statically compressing the prerequisite amount of soil kept within the tensile mold of the apparatus,
using bellophragm cylinder. Collar was generally placed over the tensile mold to prevent falling out
of soil from the mold. Specimens were compacted keeping the dry density, water content and
thickness of the specimens constant. Thickness, number of compaction layers and tensile pulling
rates were varied depending upon the test conditions.

Table 3 Mixing propertions and Testing conditions for clay ~ sand mixtures.

Mixing ratiq w Controlled

Specimens & dry density|compaction streddry densityTesting Conditions
(by wt) | (%) | (g/em®) kPa (g/em’)

clay~sand 3:1 10.0} 1.50 No. of layers®”
clay~sand 3:1  [100] 1.50 Thickness®
clay~sand 1:3 10.0 200 1.54 . @
clay~sand 31 ]10.0 200 106 | Pullingrate
clay~sand 3:1 10.0 ] 1.50 . (b)
clay~sand 1.3 [10.0] 1.50 Pulling rate

M one, two and four layer-compaction, ©@1.25,2.5,3.75 and 5 cm
® 0,01, 0.09 and 0.34 and 0.88 mm/min, ® 0.17, 0.34 and 0.88 mm/min

In case of unconfined compression test, saturated specimens were prepared by pre-
consolidating the clay specimens in an ordinary consolidometer where as unsaturated compacted
specimens were prepared in a normal splitting mold either under constant stress or constant dry
density condition. Generally, one layer compaction was done. But to see the effect of numbers of
layer of compaction, some specimens were prepared with one, two, three, four, five and ten layers.



Test Conditions

Tests in which specimen thickness was maintained at 5 cm with one-layer compaction and pulled
under 0.34 mm/min tensile pulling rate, were considered as Reference tests. All the tests of
saturated specimens are reference tests. Saturated specimens of clay were prepared under 100, 200
and 300 kPa. Water content, density, degree of saturation, etc. is shown in Table 4.

In case of unsaturated

. - Table 4 Saturated sol specimens conditions and test results
specimens, test conditions were

changed depending upon the type of |Specimen type NSF-clay
tests. Mixtures of clay, silt and sand Preconsolidation :
specimens were prepared by mixing pressure (kPa) 100f  200{ 200[ 300{ 300

them in different proportions as ol ot ol
shown in Tables 3 and 4. Specimens |D011 unit weig

were compacted keeping their dry |dcN/m?) 2723 27.23| 27.23| 27.23|27.23
density, water content and specimen [Water content
thickness constant. In case of tests W (%)

where the effect of specimen Degree of
thickness was studied, specimens
were prepared by one-layer static

55.51| 45.03 | 46.65| 45.61 | 42.84

. 98.40 | 97.20| 96.70 | 98.75 | 96.00
saturation S,

compaction and they were pulled |t (kPa) 13.54 | 18.34] 20.64 | 25.35]27.04
with 0.34 mm/min. In this case |q, (kPa) 29.81| 52.81) 52.81| 77.12| 77.12
specimen thickness varied from 94/9 220 2.88| 256 3.04] 285

1.25 to 5 cm. Similarly, where the
effect of number of layers of
compaction was studied, specimens were prepared with one-layer, two-layers, three-layers and four-
layers of static compactions, keeping the overall specimen thickness to be around 5 cm and pulling
them under 0.34 mm/min. In case of the tests where the effect of tensile pulling rate was studied,
specimens were prepared by one-layer static compaction with specimen thickness of 5 cm. In this
case, tensile pulling rate was varied from 0.09 to 1.75 mm/min.

Unconfined compression test for saturated specimens were prepared by trimming the pre-
consolidated specimens whereas unsaturated compacted specimens were prepared using ordinary
splitting mold. Other than those for the effect of number of compacted layers, all the compacted
specimens were prepared by one-layer static compaction using bellophragm cylinder. Other
conditions such as dry density and water content were kept same as those for tensile compacted
specimens. Compacted layers were prepared with 1, 2, 3, 4, 5 and 10 layers. Compaction time
allowed for each layer was around 1 minute. The height and depth of specimen for both saturated

* for tensile test

I R i & - : Lo L SS— 5
Photo 2 Photographs before and after the tensile failure. (a) and (c) clay ~ sand mixture (3:1)
and (b) and (d) clay ~ sand mixture (1:3).




and unsaturated cases were 10 cm and 5 cm, respectively. Unconfined compression tests were
conducted at constant displacement rate of 0.1 mm/min.

Results and Discussions

Photos 2(a) and (b) showed the photographs before and after the tensile failure tests for clay~sand
(3:1) and clay~sand (1:3), respectively. Clear and straight tensile crack (failure line) could be seen.
In Photos 2(c) and (d), failure planes (tensile crack plane) after the tests were shown. Clear and
smooth failure surfaces could be seen.

Tensile stress ~ displacement curves obtained for the saturated specimens of clay (pre-
consolidated under 100, 200 and 300 kPa) are shown in Fig. 2. As shown, with the increase in
consolidation pressure, there is increase in tensile strength. Small variation in the test result might
have occurred either during the transferring of the consolidated specimen from the pre-
consolidometer to tensile mold or during the trimming of the specimen surface. In addition,
variation in the water content (degree of saturation) or the friction between the inner wall of the
consolidation mold and slurry material during
the pre-consolidation might also have affected |—— 100 kPa (Sr=98.4%) -—— 150 kPa (Sr=97.21%)
small change in their strength. Henceforth, |— 200 kPa (Sr=97.2%) - 200 kPa (Sr=96.7%)
proper attention must be paid during the |— 300 kPa (Sr=98.75%) - - 300 kPa (Sr=96%)
specimen preparation. 0 .
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clay~silt~sand (1:1:1) obtained from tensile ey,
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shown in Figs. 3(a) and (b), respectively. o

Clear peak for tensile stress as well as

tensile stress (kPa)
=

unconfined compressive stress could be seen. 225

Here, tensile stress measured was shown in -30

negative value. From now onwards, tensile '
strength values would be shown as positive 0.0 04 - 0.8 1.2 1.6 2.0
values. displacement (mmy)

In Table 4 shows the tensile strength
and unconfined compression strengths
obtained for saturated specimens. Increase in
both tensile and unconfined compression strengths with the increase in the consolidation pressure
could be seen. It was observed that the ratio of q,/q; for saturated clay varied from 2~3. Another
type of NSF-clay used by Tamrakar et al. (2005) had shown the average ratio as 6. All the test
specimens shown in Table 4 have more than 93% of degree of saturation. Degree of saturation (S;)
shown in the Table 4 was calculated by using unit wet of soil solid, total weight of the specimen
inside the tensile mold and the water content of the specimen after failure. As it is difficult to
measure the area of the specimen directly, the total area of the specimen was considered to be same
as that of the tensile mold.

Fig. 2. Tensile stress ~ displacement curves for
consolidated NSF-clay.

Thickness of the specimen | ‘< 0 ~ 60

was measured once the Q% » @/ 2N

trimming was done after §—2 \ 2 40 YA

transferring the consolidated | & 4 20 3

specimen into the tensile | 9 \ 5 g
mold. It was assumed that | £-6 o 0

the specimen tightly fits into | © 0.0 0.1 02 03 04 05 00 1.0 2.0 3.0 4.0
the mold. Ratio of qy and q; (a) displacement (mm) (b) displacment (mm)

for clay~silt~sand (1:1:1) . _
specimen was found to be Fig. 3. Stress ~ displacement curves for clay ~silt~sand (1:1:1)

8.6. In Tables 2 and 3, mixture () tensile test and (b) unconfined compression test.



tensile and unconfined compression strengths measured for different mixtures are shown. It could
be seen that the ratio of q,/q; for the unsaturated mixtures varied from 4 to 16. Tamrakar et al.
(2005) had also measured the similar ratio of qu/q; for Kanto loam which varied from 10 to 13

(Tamrakar et al., 2005).
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Effects of specimen thickness are shown in @, 2
Figs. 4. Here, tensile strength values for different | & 4
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tensile strength with the increase in the specimen
thickness could be seen. Specimen having 5 cm
thickness, i.e., the thickness of tensile mold,
showed the minimum tensile strength. Here,
specimens were compacted only once for all the
thicknesses. Therefore, uniformity in the density is
more in case of specimen which had the minimum

thickness. Irrespective of specimen thickness, tensile

height of the tensile mold. With the change in the
thickness, resultant pulling direction might have
changed, hence affecting the strength.

The effect of number of layers of
compaction to tensile strength is shown in Fig. 5.
During this test, 5 cm thick specimens were
prepared by compacting predetermined amount of
specimen within the tensile mold in one-layer, two-
layer, three-layer and four-layer. Clay-sand mixture
(3:1, w=10% and rd=1.5 g/cm3) showed the
increment in tensile strength with the increase in the
number of compaction layers. One-layer
compaction gave the minimum value than those
obtained for two, three and four-layer compaction.
With the increase in number of compaction layers,
more uniformity of density through out the

0 1 2 3 4 5
number of layers

Fig. 5. Effect of number of compaction
layers on q; for clay ~ sand mixture (3:1).

pulling for each test was done from the mid-
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Fig. 6. Unconfined compression test
results for clay ~ sand mixture (3:1).

specimen takes place and this will increase the strength of the specimen. Similar test result was seen
in case of unconfined compression test shown in Fig. 6 where test specimens were prepared by
statically compacting the same amount of clay-sand mixture (1:3, w~10%, compaction pressure 50,
100 and 200 kPa) with 1, 2, 3, 4, 5 and 10 layers. As shown in Fig. 6, at the beginning, sudden
increase in q, strength was seen but the rate of increment decreased with the increase in the number
of layers. As obvious, with the increase in number of layers of compaction, more uniformly dense
specimens were obtained which makes the bonding between the soil particles more strong and

hence, strength is increased.
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Figure 7 shows the tensile strength test results of different soils conducted at different
pulling rates which varied from 0.01 to 1.75 mm/min. In Fig. 7(a) clay-sand mixtures (1:3 and 3:1)
prepared under 200 kPa were shown where as in Fig. 7(b) same soil specimens prepared under
constant dry unit were shown. Comparing the tensile strength of each specimen with respect to
tensile pulling rate, variation in the strength with the change in the pulling rate could be observed
for all types of soil specimens. It was observed that the tensile strength measured in the range of 0.1
to 0.34 mm/min pulling rate gave the minimum value. In contrary to this, tensile strength measured
at the higher and lower tensile pulling rates than 0.1 mm/min showed larger values. This difference
in the tensile strength might have occurred while pulling the specimens where soil particles are
attached to each other either by suction or internal bonding or cohesion. Tamrakar et al. (2005) had
discussed about the relationship between the tensile strength and suction to some extent. Effect of
suction at higher and lower tensile pulling rates are yet to be studied. Increment in the tensile
strength at higher tensile pulling rate is obvious as in any other shear strength. One reason for the
increment at very low pulling rates might be due the dryness on the surface of the specimen as it
takes very long time. Other reasons are yet to study.

Conclusions

From the tests conducted for saturated and statically compacted unsaturated soils, following points
could be concluded;

1. Stress-displacement curves obtained for both saturated and compacted unsaturated specimens
show the possibility of measuring tensile strength with the apparatus used here.

2. Ratio of unconfined compression strength and tensile strength (qu/q;) for NSF-clay was found to
be 2~3. For unsaturated soils this ratio varied from 4 to 16 depending upon the type and water
content of the soil.

3. From the test results of clay-sand mixture (3:1), it was found that 5 cm thick specimen gave the
minimum tensile strength in comparison to other specimens having thickness smaller than 5 cm.
Therefore, it is recommended to pull the specimen from its mid-height.

4. Effect of number of layers of compaction (one-layer, two-layer and four-layer) on tensile
strength was also studied. It was found that with the increase in the number of compaction layers,
there was increase in. tensile strength. Similar result was obtained in case of unconfined
compression test also. Increment in the strength might have occurred due to increase the uniformity
of density distribution throughout the specimen.



5. Effect of tensile pulling rate for variety of unsaturated soil specimens was carried out. It was
found that with the increase in the tensile pulling rate beyond 0.34 m/min, tensile strength also
increases. But below this pulling rate also, some increments were observed.

Acknowledgements

This research is partially carried out under the Health and Labor Sciences Research Grants of
Ministry of Health, Labor and Welfare, Japan.

References

Nahlawi, H., Chakrabarti, S. and Kodikara, J., 2004, “A direct tensile strength testing method for
unsaturated geomaterials,” Geotechnical Testing Journal, Vol. 27, No. 4, pp. 356-361.

Ono, N., Mochizuki, A., Kurosaki, H. and Ueno, K., 2003, “Trial tests with compressive and tensile
strength measuring apparatus,” 58th Annual meeting of Japanese Society of Civil Engineers, pp.
337-338 (in Japanese).

Suzuki, T., Umei, T. and Sunaga, F., 1998, “A research on the tensile strength of cement treated
soils,” 53rd Annual meeting of Japanese Society of Civil Engineers, pp. 600-601 (Japanese).
Tamrakar, S.B., Toyosawa, Y., Mitachi, T. and Itoh, K., 2005, “Tensile strength of compacted and
saturated soils using newly developed tensile strength measuring apparatus,” Soils and Foundations,
Vol. 45, No. 6, pp.103-111.

Tamrakar, S.B., Mitachi, T., Toyosawa, Y. and Itoh, K., 2005, “Development of a New Soil Tensile
Strength Test Apparatus,” Geo-Frontiers 2005, GSP 138 Site Characterization and Modeling,
ASCE. .

Yao, S., Masui, T. and Ito, A., 2002, “The relationship between tensile strength and the state of
water in Kaolin clay,” 47th symposium on Geotechnical symposium, pp. 127-132 (in Japanese).



International Geotechnical Symposium "GEOTECHNICAL ENGINEERING FOR DISASTER PREVENTION & REDUCTION"
July 25-27, 2007
Yuzhno-Sakhalinsk, Russia

Possible use of Tilt-sensor for failure movement and failure plane just
before slope failure

S. B. Tamrakar', Y. Toyosawal, T. Mitachi?, K. Itoh', T. Kunimi®

!Construction Safety Research Group, Japan National Institute of Occupational Safety and Health, Tokyo, Japan
%Graduate School of Engineering, Hokkaido University, Hokkaido, Japan
? Akebono Brake Industry Co. Ltd., Saitama, Japan

Abstract

In reference to SSC type tilt sensor (Tamrakar et al. 2005), SL type tilt sensor was designed here by placing three sets of SSC type
of tilt sensor, separately on each attachment table which are jointed to one single, straight and long flexible plastic plate. Depending
upon the position of SSC on SL, they are called as SLU (uppermost), SLM (middle) and SLL (lowermost). As SL type tilt sensors
are inserted into slope during excavation, they could measure not only the movement of upper layer of the slope but also inner layers.
Applicability of SL sensor was tested in the laboratory by conducting a small scale full size test (60 degree angle) with River sand.
Manual excavation around the lower part of the slope was continued till failure occurred. Sharp increment in the tilt angle just before
the failure could be observed for each set of tilt sensor inserted on slope surface and slope top.

Keywords: tilt sensor, failure, slope movement, small scale full size test.

1 Introduction

Measurement of the displacement and deformations of ground surfaces are generally carried out at the construction sites where
embankment or excavation and reclamation works are carried out. Most of the measurements are made to find the amount of
settlement or movement along vertical and horizontal directions. But in case of construction works where excavation of slope is
made either for retaining wall construction or for the stability of slopes, sometimes movement of slope takes place all of sudden
taking the live of workers and damaging the property around the site. To prevent the accident, constant observation of slopes is
important. But in general at the beginning movements are very small which is difficult to distinguish by naked eyes and just before
the failure, movement becomes fast which makes no time to workers for the escape. Many researches have been presented various
methods of measuring the movement of the slope. Most of them are either difficult to set up or expensive to use in widé working
field. Recently, Tamarkar et al. (2006) have developed small size compact type (SSC) and stand alone (SA) type tilt sensors which
could be used in the field. These sensors could measure the movement of slope during and just before the failure. But SSC type tilt
sensors are generally placed on the slope surface and slope top only. They could measure only the movement of top surface of the
slope. During the slope failure, some kind of failure plane is generally seen where upper layer of slope slides over the sliding plane
over the lower layer. It would be better if failure plane could be predicted in advance.

In this paper, poésibility of measurement of movement of inner layers of the slope including the upper layer was tried using the SSC
type tilt sensors during and just before the slope. This was done by conducting small size full scale test within the laboratory so that it
could be applied in the real excavating field in the future.

2 Tilt sensoré

Tilt sensor used here consists of either one or two sets of highly sensitive accelerometer (Fig. 1(a)). Highly sensitive accelerometer is
light in weight and small in size (9mm x Smm x 11mm). It is made of three silicon layers; outer two layers act as fixed electrodes and
inner middle one layer acts as movable electrode as shown in Fig. 1(b). When the accelerometer position is changed (tilted), this
movable electrode moves so that distance between the fixed and movable electrode changes. With the change in distance between the
electrodes, output capacitance changes and it further changes the output voltage. By calibrating this output voltage with the change in
tilt angle, one can measure the tilting angle. The sensitivity of accelerometer used here is 100mV/deg with +20° measurement range.
Thermal sensitivity is around 10 mV/°C. General outline of the tilt sensor is shown in Fig. 1(c) (Tamrakar et al., 2006). This is a
small size compact type (SSC) tilt sensor in which two sets of accelerometers were placed in such a way that it could measure both +
tilt angles along X and Y direction. These are placed above the base plate which is supported by the tubular hollow pipe cut into an
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angular shape so that it can be easily inserted into the soil without propagating the crack (with less disturbance). SSC type tilt sensors
are directly inserted into the slope (as well as slope top). In this case, top portion of the sensor lies well above the slope ground. With
this sensor, tilt angle of the outer layer of the slope could only be measured. In this research, movements of inner layers of the slope
are tried to measure. Therefore, SSC type tilt sensor is little modified. Only the top portion of SSC type tilt sensor which consists of
two accelerometers is used. These are attached to a flexible and thin acryl plate with the help of small attachment tables. In this paper,
this type of tilt sensor is named as SL type tilt sensor and depending upon the positions of table on the acryl plate, each group of
sensor are termed as SLU (for the uppermost), SLM (for the middle) and SLL (for the lowermost). Here, in one model test, two
attachments are only made (only SLU and SLL) where as in another test three attachments are made (SLU, SLM and SLL). Distance
between SLU and SLM is 15 cm. Therefore, SLU and SLL are 30 cm apart. In Fig. 1(d), SL type tilt sensor with three sets of sensors
is shown. In the experiment here, both SSC type and SL type tilt sensors were used so that comparison between those sensors could
be made.
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3 Small Size Full Scale Test
3.1 Test Box and Model Slope

To test the applicability of SL type tilt sensor during the excavation of lower portion of the slope, a small size full scale test was done
in the laboratory using a test box shown in Fig 1(e). To make the model slopes within the laboratory, test box made up of wooden
planks shown in Fig. 1(¢) was used. This test box has two sections; lower (1.35m x 2.7m x 1.32m) and upper (1.35m x 1.2m x
0.88m). These sections facilitate in modeling the slopes with different slope heights and slope angles. At the beginning, model box is
surrounded from all the sides by the wooden planks except the upper face. River sand mixed with water (around 8%) was poured into
the text box. Then leveling and compaction were done manually in layers. These processes were repeated until both the sections were
filled up. To cut the filled up portion into desired slope, wooden planks from the front and side walls were removed carefully. Slope
of desired angle and height was then made by trimming. Here, thickness at the bottom was kept around 30cm so that trench
excavation could also be done. Two types of slope made are shown in Figs. 2(a) and 2(b) for shorter height (SH) and longer height
(LH), respectively. At first, SH slope was made and once it was failed, then LH slope was made behind it. Properties of the model
slopes are shown in Table 1. Water content and bulk density along the depth of the model slopes measured were varied to some
extent.

Table 1. Properties of model tests.

Slope type Shorter height (SH)  Longer height (LH)
Water content (%) 7.18~8.38 7.00~8.00
Bulk density, p; (g/cm®) 1.59~1.66 1.59~1.66
Slope angle (°) 60 60
Slope height (cm) 98.00 190.50
Back fill Yes No
No. of cuts - 10 13
Total time to failure (minute) 70.50 94.50

3.2 Instrumentation Set Up and Excavations

In order to measure the movement of the slope surface and slope top, two types of tilt sensors (SSC and SL types) mentioned above
were used along with the laser sensors. SL type tilt sensors (SL1, SL2 and SL3) were used to measure the tilt angles of upper and
inner layers where as SSC type tilt sensors (SSC1, SSC2 and SSC3) were used to measure the tilt angle of upper layer of slope only.
To set up the SL type tilt sensor, at first, a long hole was drilled at the desired position with less than 30cm depth and then the SL tilt
sensor was inserted into that hole as shown in Fig. 2(c) and 2(d). Spaces between the SLL and SLM, and SLM and SLU are filled up
by sand. Slight tamping and compaction were also done. Insertion was stopped when SLU just lay on the slope level. In case of SSC,
tubular pipe aftached to its base was inserted on to the slope ground so that its accelerometers lay well above the ground level.
Approximate position of each sensor is shown in Fig, 3. Schematic diagrams for these tilt sensors are shown in Figs. 4(a) and 4(b).
Laser sensors were used to measure the movements of the slope surface {S1, S2 and $3) and deformations of slope top. In case of
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slope top, vertical displacement was measured by V1 and V2 laser sensors and horizontal displacements by H1 and H2 laser sensors.
In Figs. 3(a) and 3(b), set up position for each sensor in each type of test are shown. After the set up of instruments, manual
excavations were started from the lower portion of the slope manually, starting the excavation from the center and moving away from
the center towards left and right sides of the slope. Both toe and trench excavations were made. Sequences of excavation carried out
were shown in Figs. 4(c) and 4(d) where each step was represented by numbers; 1, 2, 3, 4, etc. In both the slopes, at first toe
excavations were carried out and which was later on followed by trench excavations. Width of each toe excavation was about 5.5cm
and the depth of each trench was maintained at 10cm except for 10® cut of SH slope and 13" cut of LH slope. About 5 minutes of
waiting time was allowed between each excavation to see the movement of the slopes (both slope and top) after the excavation.
Excavation was continued until failure of slope occurred. For SH slope, under-cutting was done at the 10" cut. Similarly, for LH
slope, trimming of excavated surface was done at 139 cut,
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Figure 3. Positions of SL, SSC and laser sensors (a) SH type slope and (b) LH type slope.
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Figure 4. SL and SSC type tilt sensors for (a) SH slope, (b) LH slope and excavation steps for (¢) SH slope and (d) LH slope.

4 Test Results and Discussions

In Figs. 5(a) and 5(b), slopes after failure are shown. Failure within the slope was seen in case of SH slope, especially towards the
right side of the slope while carrying out the under-cutting of the slope toe at 10" cut. Failure was seen after 70 minutes. Failure
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within the slope as well as toward the right side of the slope might have occurred due to small variation in the water content and unit
weight within the model slope. In case of LH slope, failure was occurred while trimming the excavated wall of the slope at 13" cut.
Failure of the slope was seen after 94.5 minutes. In.contrary to SH slope, failure of whole slope was observed in this case except a
small portion at the top right corner which might be due to the variation in water content and unit weight within the slope. Here,
failure was extended in the slope top also; about 12 ¢cm width from the crest of the slope. Therefore, LH showed deeper depth of
failure area than SH slope. Comparing the two slopes, it showed that SH slope was failed when more than 87% of its slope length
(surface) was excavated along with the trench. But SL slope was failed when 50% of its slope length was excavated along with the
trench. This shows that the with the increase in the slope length (slope height), the possible width of toe excavation decreases which
is obviously due to the pressure behind the cut that increases with the slope length.

Figure 5. Aer failure (a) SH slope and (b) LH slpe laser sensors.
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Figure 6. Movements of slope surface and slope top measured with Laser sensors for (a) SH slope and (b) LH slope.
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Figure 7. Analysis of movements of slope surface and slope top measured with laser sensors for (a) SH slope and (b) LH slope. ‘

In the tests here, measurements made from SL and SSC tilt sensors as well as laser sensors were shown and compared. Here, for SL
tilt sensors, only X-direction movement was measured whereas for SSC sensors, both X and Y direction movements were measured.
" In case of laser sensors, slope surface movements measured were represented by S1, S2, S3 (from bottom upward) where as vertical
and horizontal movements measured were represented by V1, V2 and H1, H2, respectively. In Figs. 6(a) and 6(b), movements of
slope surface and slope top measured with laser sensors for SH and LH are shown. (In Fig. (b) movements of slope surface are little
difficult of distinguish). In case of Fig. 6(a), measurement of S1 and S2 were not good as the excavation reached the area of their set
up positions after 6© cut onwards. In both the figures, almost no movement was seen at the beginning but the gradual increment with
the increase in the steps of excavation could be measured from all the sensors. In case of SH slope, sharp increment was observed
after 70 minutes. Similarly, in case of LH, sharp increment was observed after 95 minutes. In Figs. 7(a) and 7(b), measurements after
70 minutes for SH slope and after 95 minutes for LH slopes are shown. In both of those graphs, three curves were selected as shown
in Fig. 7 and for each curve, inclination was measured. Change in the inclination (mm/min) for each curve is plotted in Figs. 8(a) and
8(b) for SH and LH slopes, respectively. In both the graphs, it could be observed that either the inclination of 2™ curve is little less
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than 1% curve or almost same where as the inclination of 3" curve is comparatively very high. From this, it could be said that before
reaching final failure, small decrement in inclination (or almost same) will take place after which sharp and final failure take place.
This trend was observed in almost all the measurements made by laser sensors. Therefore, one should be careful with this trend of
change in increment. As seen from the graphs, the laser sensors which were set up near to the excavation portion, showed higher
amount of change in the movement. Similarly, laser sensors set up toward the slope crest showed higher movement than those set up
behind. Accordingly, S1 showed higher change in movement than those by S2, §3 and S4; S4 showing the minimum value. Similarly,
on the slope top, H1 and V1 showed larger movement in comparison to H2 and V2, respectively. In Fig. 9(a), tilt angles measured on
the slope top for SH slopes are shown. As the excavation reached the set up area of SSC-1 and SSC-2 tilt sensors after 6% cut,
measurements made with those sensors were not shown here. Hence, the measurement made on the slope top with SSC-3 (both X
and Y movements) and SL-1 (X-direction only) and SL-2 (X-direction only) are shown. Although clear increments at the beginning
of the excavation were not seen, change in the tilting angle could be seen with the increase in the steps of excavation. Just before the
failure, i.e. after 70 minutes; sharp increment in the tilt angle was seen as those in laser sensors (Fig. 6(a)). Comparatively, the SL-1
(SLU-1) and SSC-3 tilt sensors showed sharp change in their measurement just before the final failure. In case of SL-1, SLU-1
showed large tilting angle than SLL-1. For SSC-3 set up on the slope top (crest), positive movement along X direction and negative
movement along Y direction, which was larger than X movement, were observed. From SSC-3 movement, it could be said that the
slope had moved towards the right direction of the slope face during the failure. Similar failure pattern was seen during failure of the
test also. Although no clear tensile crack or failure surface were appeared on the slope top, movements of SLU-1 and SLL-1 showed
the possible measurement of slope movement of upper and inner layers. As shown in Table 2, SL-1 showed larger positive
movement than SL-2 which showed very small negative movement only. Also, SLU-1-X showed larger movement than SLL-1-X,
showing larger movement of upper layer than lower inner layer. Possible forward movement of the slope crest was hence occurred in
the SH slope.
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Figure 8. Measurement of laser sensors (a) SH slope and (b) LH slope.
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Figure 9. Measurements made from tilt sensors (a) slope top (SH slope), (b) slope surface (LH slope) and (c) slope top (LH slope).

In Figs. 9(b) and (c), tilt angles measured for LH slope both by SL and SSC tilt sensors for the slope surface and slope top are shown,
respectively. As in Fig. 7, here also, increments are not clear at the start with the increase in the step of excavation. But increment in
tilt angle could be seen at the later stages of excavation; especially after 88 minutes of excavation, there was sharp increment in the
tilt angle in all the cases. The increment became sharp when the elapsed time reached 95 minutes. In Fig. 9(b), comparing of the tilt
angle measured by SL-1, SL-2 and SSC-1 are shown. SSC-1 showed positive X-direction movement only. Comparing the values of
SL-1 and SL-2, all the SLL-1, SLM-1 showed higher positive values (X-direction) than.SLL-2, SLM-2. In contrary, SLU-1 showed
higher negative values (X-direction) than that by SLU-2. As SL-1 tilt sensor was set up closer to the excavation area, henceforth it
showed the larger change in tilt angle than that by the SL-2 which was set up far away from the excavation area. It is to be pointed
out here that the movement of all the sensors attached to SL-1 and SL-2 showed increment in tilt angles. This shows that the SL tilt
sensor could measure the tilt angle of both upper and inner layers of the slope. As shown in Table 2, SL-1 and SL-2 both showed
similar amount of movements; showing that whole the slope surface was moving forward, with the inner layer (SLL-1 and SLL-2)
moving outward than the upper layers (SLU-1 and SLU-2). Since the inner layer movement angle was larger than the upper layers, it
could be said that SL type tilt sensors are suitable for the measurement of inner movements also. Also, comparative movement of the
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slope throughout the depth could be seen. In Fig. 9(c), measurement of tilt angle on the slope top by SL-3 and SSC-2 tilt sensors are
shown. SSC-2 showed small change in negative value along X-direction whereas the tilt angles measured by SL-3 tilt sensor were all
positive; SLL-3 showing the largest movement, As in the slope surface (SL-1 and SL-2), here also, SLL-3-X showed the maximum
movement. This showed the movement of inner layer being more than the outer layer. As SL tilt sensor could measure the movement
of inner as well as outer layers, it could be said that this SL tilt is more practical to use in the field than SSC tilt sensors. To observe
the nature of change in tilt angle just before failure, tilt angle measured by SL-1 for SH slope (after 70 minutes) and SL-2 and SL-3
in case of LH slopes (after 90 minutes) were divided into few curves as shown in Fig. 10(a), (b) and 10(c), (d) respectively, in regards
with the inclination changes. In case of SH slope little decrease in trend just before final and sharp increment could be seen for SLU-
1-X. Laser displacement values (Fig. 8) also showed the similar pattern. In case of LH slope, small increment in tilt angle just before
that final and sharp increment could be seen for SLL-2-X and SLL-3-X and SLU-3-X. The trend of inclination of the curves is
similar to those shown by the laser sensors although the amount of inclination was different. This might be due to the difference in
the position of the tilt sensors and laser sensors. Here, the trend of change in the inclination before failure was not clear for all the
sensors set up. This might be due to small time interval of 5 minutes allowed in between each cut which made it little difficult to
measure the trend. With the allowance of longer waiting time, clear and distinct failure trend might be obtained.

Table 2. Measurement of tilt angles.

Slopetype | X | Y [ SL-1 [ SL-2 [ SL3
SH slope
SSC-3 +0.03 | -0.13
SLU-X +0.15 | -0.04
SLL-X +0.02 | -0.07
LH slope
SSC-1 +0.06
SSC-2 -0.02
SSC-3
SLU-X -0.07 | -0.05 | +0.09
SLM-X +0.02 | +0.02 | +0.09
SLL-X +0.15 | +0.15 | +023
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Figure 10. (a) Tilt angle, (b) deg/min curves for SH slope, and (c) ilt angle and (d) deg/min for LH slope.

5 Conclusions

1. Change in tilt angle with the increment in excavation step could be seen with SSC and SL type tilt sensors.

2. SSC tilt sensor measured only upper layer movement. SL type tilt sensor could measure the tilt angle (movement) of outer and
inner layers also. In case of SH, SLU-1 showed larger positive X-direction movement than that by SLL-1. In contrary, SLL-1, SLL-2
and SLL-3, all showed the maximum positive X-direction movement in case of LH slope, thereby showing the larger movement of
inner layers of the slope.

3. Tilt angle measured by tilt sensors showed similar trend of increment as those measured by laser sensors. In both the cases, by
observing the failure pattern just before the failure, it was observed that the increment in movement with the time decrease for a short
time and then it suddenly increased and failed.
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1. Introduction
Sudden failure of slope during or just after the excavation works causes many accidents which sometimes takes the lives of workers.

Lives of the workers and property could be saved if early predictions of failure could be made. Many instruments have b

developed to measure the movement of slope just before the failure. But most of them are either
difficult to set up in the real field or are expensive to opt. Here, early response of slope failure just
before the failure during the excavation is tried to measure using a tilt-sensor. Model slope was
prepared in the field by lightly compacting Narita sand and excavation at toe of the slope was
continued until slope was failed. Tilting angle (movement) of tilt-sensor was measured through out
the excavation test until the failure occurred. Sharp movement of tilt-sensor just before was
observed. This shows the possible use of tilt-sensor in the excavation field to predict the failure in

advance. Photo 1 Tilt-sensor with
2. Tilt-sensor two Accelerometers.

Tilt-sensor mentioned here consists of highly sensitive accelerometers
which are made by anodic bonding of three layers of Silicon (Two fixed
and one movable) and glass. In principle, capacitance between the
movable and fixed electrodes changes when the center mass of sensor
inclines, thereby, changing the gap between the electrodes. By
converting the capacitance into voltage and by calibrating tilt angle and

voltage later on, one could measure the tilt angle (degree of

movement)?, Thus, during the test, only output voltage is measured.
Photo 2 (a) Small Size Compact (S8SC) Tilt-sensor and

Generally, two accelerometers are attached into one tilt-sensor so that
(b) Stand Alone Tilt-sensor (SA)

the tilting angles along X and Y directions could be measured. Tilt-

sensors used here could measure the angles in the range of +20° with SSC4
the sensitivity of 100mV/deg. Since temperature variation affects the

measurement of angles, sometimes, one more accelerometer is attached to

tilt-sensor, as accelerometers could also be used as a thermal sensor with
thermal sensitivity of 10mV/°C. Accelerometers are set up on the base
plate which is further supported by flat or tubular pipe. Tilt-sensor shown
in Photo 1 consists of two accelerometers (for X and Y directions)
whereas tilt-sensors shown in Photo 2 comprise of three accelerometers

(for X, Y directions and temperature). Direction of movement of tilt-
sensor is shown in Fig. 1. Here, X represents the movement normal to the

Fig. 1 General layout of Tilt-sensors set up model

slope surface, i.e. inward or outward movements from the slope surface;

inward being negative and outward being positive. Similarly, Y represents

the movement along the slope surface, i.e. right or left side of the slope. Movement towards right side is considered as positive and
that on left side as negative. In this research, model slope is made at the field and two types of tilt-sensor are used; Small Size
Compact (SSC) and Stand Alone (SA). First type is small in size and light to handle and easy to set up. While second type is little
bigger and need heavy base support.

3 Field Test

In this research, model excavation test in the field was carried out. Model slope was prepared from Narita sand (wet density,
p=1.67 g/em® and water content, w=26.5%). The height, width and slope angle of the model slope were Sm, 3.5m and 45°,
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