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ABSTRACT

The common slope remedial measures and selection d the suitable remedial method are
briefly discussed in the paper. Three cae histories of slope remedial works are presented.
The first case history is a slope failure & the backyards of two bungalows after series of
heavy downpous. Reinforced soil wall was used for the reinstatement of the fail ed slope. The
seand case history is a failure of riverbank slope due to the undermining at the toe of the
slope by the river flow. Soil nail s with shotcrete surfacewere aloped to strengthen the slope.
Stone riprap was designed to proted the toe of slope from further erosion and urdermining.
The third case history is a failure of a 9m high segmental retaining wall for a high slope.
Cantilever contiguous bored pileswall was slected due to the space @nstraint.

INTRODUCTION

Fail ures of sopes will cause eonamic lossto the cmmmunity. In addition to the e@namic
loss sometimes there islossof life too. There ae many factors to cause fail ure of aslope and
very often these factors are interrelated. In the design d a slope, stability analysis dall be
caried ou prior to the construction. When the analysis results indicae undesired low factors
of safety, strengthening measures oud be introduced. When a slope failed and remedial
works are required, it is esential to cary out falure investigation to find ou the possble
causes. Suitable remedial design can only be crried ou after knowing the causes of failure.
In general, the causes of slope failure can be simplified into threebroad categories as foll ows
(Bromhead, 1992:

- Strengths of subsoil —When the slope is high or steep, stronger strength of subsoil will
be nealed to sustain the slope. Failures are often if the subsoil is weak. Progressve
deterioration d the strength of the subsoil may also cause an existing slope bemmes
unstable.

- Pore water presaire — Increase in pae water presaure in the subsoil will reduce the
eff ective stressthus reduce the sheaing resistance at the slip surface Thisiswhy they
are many slope fail ures after heary downpaurs.

- External influences such as seismic forces, scouring and urdercutting at the toe of the

slope.

Once the main causes of slope failure have been identified, the remedia design can be
caried ou to corred the problems. For example, if the slope fail ure was caused by high pae
water presaure, lower down the pore water presaure in the subsoil will be the priority in the
remedial design. If the slope falure was triggered by the externa influence such as
undercutting at the toe, the remedial design shall focus on the toe protection.

This paper presented three case histories of slope remedial works. Fail ure investigations
were caried ou. The possble causes of slope failure were identified. Remedial measures
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adopted were based on the investigation results, the site @ndtions, comparison d the
construction costs and technicd knowledge of the remedia measure.

REMEDIAL MEASURES

There ae many methods to increase the stability of a Slope and to stabili ze afailed slope.
These methods may be alopted singly or in combination. In general, common adoped
remedial measures can be grouped into threemain categories (Broms and Wong, 198):

Geometricd method

This methodis usually simple and cost effedive. By changing the slope geometry from a
steg slope to a gentler slope, the stability of the slope can be increased. This method can
be dore by cutting the slope and removal of any external load ontop d the slope or to
badfill the toe of the slope. However, this method can only be aloped if there is
sufficient space.

Drainage method

One of the slope fail ure factors is saturation and pae water presaure building up in the
subsoail . If drainage system had been provided, the dhances of building up pore water
presaure and saturation o subsoil can be minimized. This method can be very effedive.
However, the drainage system must be maintained in order to perform effedively. It is
easy to maintain the surface drains, bu it is difficult to maintain the subsoil drains. In
genera, thismethodis used in combination with ather methods.

Retaining structures method

This methodis generally more astly. However, due to its flexibility in a cnstrained site,
it is always the most commonly adopted method. The principle of this methodisto use a
retaining structure to resist the downward forces of the soil mass The retaining structures
include gravity types of retaining wall, cantilever wall, contiguous bored piles, casson,
sted shed piles ...etc. Groundanchors or other tie badk system may be used together with
the retaining structuresif the driving forces are too large to resist.

CASE HISTORY A

The slope & the backyard of two bungalows fail ed after heavy downpous. The foundition
of one of the bungalow was exposed. Residents were evaauated immediately. Figures 1 and 2
are the slope ondtions after fail ure.
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A siteinvestigation program consisted of boreholes and light dynamic cone penetrometers
was carried ou after the falure to gather the subsoil information and to investigate the
locaions of the slip surface. The detail s of the light dynamic cone penetrometer can refer to
Ooi and Ting (1975. In generd, the subsoil at the failed slope can be simplified into four
main strata. The top soil layer compased o silty clay with thicknessvaried from 3.5m to 8m.
The liquid limit and pasticity index are in the range of 35% to 43% and 1%%6 to 25%
respedively. The seand layer is abou 2m thick and mainly compased o stiff clayey silt.
The liquid limit is abou 30% to 44% and the plasticity index is 11% to 18%. The third soil
layer is about 3m to 6m thick soft to medium stiff silty clay with some sand and gavel. The
liquid limit and dasticity index are 30% to 43% and 10% to 20% respedively. The forth soil
layer is hard and can be foundat 13m to 17m below the ground surface The ground water
level was found nea to the ground surface & the toe of the slope. The locaion d the dlip
surface & interpreted from the results of the light dynamic cone penetrometersis as shownin
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Figure 3. Results of the light dynamic cone penetrometers.

When seleding the feasible remedial measures, the geometrical methodwas not viable due
to the constraint at site. Retaining structure method was the most suitable method for this
case. There ae many types of retaining wall can be used. After a study of cost comparison
and construction method ketween each type of wall, gravity type retaining wall at the toe of
the slope was the most preferable method. Reinforce soil wall was chaosen in this case due to
its cost effediveness

To be dfedive in stabili zing the slope, the reinforced soil wall shall be fourded below the
dip surface Temporary excavation at the toe of the slope will be required. To prevent
causing any further soil movement, a row of sheet piles was installed as the temporary
retaining structure for the excavation and construction d the reinforced soil wall. In addition,
the excavation was carried ou in section. The smaler the sedion length, the three
dimensional effect will be more prominent which will help in stabilizing the failed slope
during the excavation.

After the wall had been constructed, the slope was reinstated. As saturation d the subsoil
and increase in pae water presaure will reduce the stability of the repaired slope, surface
drains inclusive of berm drains and cascaded drains were @nstructed to colled the surface
rundf and dscharge out to minimize the potential of infiltration. The slope surface was aso
closely turfed to prevent surface eosion.

Figure 4 shows the condtions of the reinforced soil wall and the reinstated slope few yeas
after the remedial works. The slope is in satisfactory condtion.
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Figure 4. The slope @ndition after the remedial works.

CASE HISTORY B

The riverbank slope of awater treament plant had been continuowsly eroded and undercut
at the toe of the slope. As the result, retrogressve dlips occurred very often. As there is a
water treagment plant adjacent to the slope ad an accessbridge to the water intake structure,
it is necessary to arrest the dlips to prevent causing any danger to the plant. Figure 5 shows
the eoded slope surface and the temporary measure using gabions to proted the foundition
of the bridge.

Figure 5. The eoded slope surface
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Site inspedion was caried ou and tension cradks were foundat the ground surface The
subsoil mainly consisted of medium stiff to stiff silty and clayey residual soil. Highly
wedahered rock mainly composed of shale can be foundat abou 5 to 10m below the ground
surface. Asthe siteis located in aremote aea, when seleding the suitable remedial measure,
the acessto site was one of the factors need to be cnsidered.

Use of retaining wall to stabili ze the slope was considered. However, the construction o
retaining wall required temporary excavation which may affed the plant operation. In
addition, the water level of the river fluctuated very fast especialy after rain which will cause
problem to the excavation and construction. After further study, it was decided to use soil
nail s to stabili ze the unstable slope. The alvantages of using soil nails for this case are the
instalation d the nails can be very fast and the required madinery and equipment are light.
Transportation d the machinery and equipment to site will not have problems.

In addition, the slope surface was covered by a layer of shotcrete to prevent further
erosion. Horizontal drains was instaled to prevent building up d pore presaure behind the
shotcrete fadng. At the toe of the slope, riprap was placed to prevent undermining. Figure 6
shows the typical remedia design for the failed slope. Figure 7 is the condtion d the
completed shotcrete surface and soil nails.
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Figure 6. Typical remedial design for the unstable riverbank slope.

Figure 7. Site andtion after the remedia works.
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CASE HISTORY C

Cutting into the toe of a slope was required for a housing development. As there is a
reservoir ontop of the slope, the original design had dedded to use segmental retaining wall
to stabilize the ait slope. The designed wall height was abou 8m to 9m with a 6m high
doping gound fehind the wall. However, the wall collapsed at the final stage of
construction. Figure 8 shows the site condtions after the wall coll apsed.

Figure 8. Site andtions after the segmental wall coll apsed.

Failure investigation was carried ou. Two numbers of boreholes were sunk to gather the
subsoil profile. The locaions of the borehdes are & dhown in Figure 9. It was foundthat the
subsoil mainly compaosed o residual soil of stiff to very stiff. The thicknessvaried from 10m
to 2Im. Figure 10 shows the obtained subsoil profil es.
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Figure 9. Locations of the boreholes.

The investigation results indicaed that the mllapsed of the segmental retaining wall was
mainly due to the internal instability. Due to the space @nstraints and the existing reservoir
ontop d the slope, the excavation into the toe of the slope was limited. The anchorage length
for the segmental retaining wall was also limited resulti ng insufficient resistance.

The sedledion d the feasible remedia measures was mainly governed by the site
condtion. Gravity type of retaining wall such as reinforced concrete wall, geotextile wall was
not suitable & these walls require excavation into the eisting slope in ader to have
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sufficient base width. Soil nall measure had also been considered but was rejected as the nail s

were not all owed to encroadh into the aljacent property.
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Figure 10. Subsoil profile for the slope.

To acoommodate the site andtion and to ensure the stabili ty of the slope during and after
the remedia works, it was dedded to use ontiguous bored ples (CBP) as the retaining
structure. The alvantages of CBP wall for this ste ae the instalation d the CBP can be
caried ou withou any further excavation into the slope axd the CBP had been extensively
used in the similar soil condtion (Lim et a., 200). Depending on the retained heights, 1100
mm and 900mm diameter CBP with 1400mm spadng were alopted. Typical crosssedion
of the remedia design and the condtion after the remedial works are shown in Figures 11

and 12.
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Figure 11. Typical design of CBP wall.
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Figure 12. The condtion d the CBP wall.

CONCLUSIONS

There ae many methods to stabili ze afail ed slope. In selecting the most feasible method,
the cause of the failure shoud be identified. The site condtions and the st of construction
shoud also be taken into consideration. Three cae histories were presented. The remedial
works are in satisfadory conditions.
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