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ABSTRACT

The common slope remedial measures and selection of the suitable remedial method are
briefly discussed in the paper. Three case histories of slope remedial works are presented.
The first case history is a slope failure at the backyards of two bungalows after series of
heavy downpours. Reinforced soil wall was used for the reinstatement of the failed slope. The
second case history is a failure of riverbank slope due to the undermining at the toe of the
slope by the river flow. Soil nails with shotcrete surface were adopted to strengthen the slope.
Stone riprap was designed to protect the toe of slope from further erosion and undermining.
The third case history is a failure of a 9m high segmental retaining wall for a high slope.
Cantilever contiguous bored piles wall was selected due to the space constraint.

INTRODUCTION

Failures of slopes will cause economic loss to the community. In addition to the economic
loss, sometimes there is loss of li fe too. There are many factors to cause failure of a slope and
very often these factors are interrelated. In the design of a slope, stabili ty analysis shall be
carried out prior to the construction. When the analysis results indicate undesired low factors
of safety, strengthening measures should be introduced. When a slope failed and remedial
works are required, it is essential to carry out failure investigation to find out the possible
causes. Suitable remedial design can only be carried out after knowing the causes of failure.
In general, the causes of slope failure can be simpli fied into three broad categories as follows
(Bromhead, 1992):

- Strengths of subsoil – When the slope is high or steep, stronger strength of subsoil will
be needed to sustain the slope. Failures are often if the subsoil i s weak. Progressive
deterioration of the strength of the subsoil may also cause an existing slope becomes
unstable.

- Pore water pressure – Increase in pore water pressure in the subsoil will reduce the
effective stress thus reduce the shearing resistance at the slip surface. This is why they
are many slope failures after heavy downpours.

- External influences such as seismic forces, scouring and undercutting at the toe of the
slope.

Once the main causes of slope failure have been identified, the remedial design can be
carried out to correct the problems. For example, if the slope failure was caused by high pore
water pressure, lower down the pore water pressure in the subsoil will be the priority in the
remedial design. If the slope failure was triggered by the external 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. Failure investigations
were carried out. The possible causes of slope failure were identified. Remedial measures
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adopted were based on the investigation results, the site conditions, comparison of the
construction costs and technical knowledge of the remedial measure.

REMEDIAL MEASURES

There are many methods to increase the stabili ty of a slope and to stabili ze a failed slope.
These methods may be adopted singly or in combination. In general, common adopted
remedial measures can be grouped into three main categories (Broms and Wong, 1985):

Geometrical method
This method is usually simple and cost effective. By changing the slope geometry from a
steep slope to a gentler slope, the stabili ty of the slope can be increased. This method can
be done by cutting the slope and removal of any external load on top of the slope or to
backfill t he toe of the slope. However, this method can only be adopted if there is
suff icient space.

Drainage method
One of the slope failure factors is saturation and pore water pressure building up in the
subsoil . If drainage system had been provided, the chances of building up pore water
pressure and saturation of subsoil can be minimized. This method can be very effective.
However, the drainage system must be maintained in order to perform effectively. It is
easy to maintain the surface drains, but it is diff icult to maintain the subsoil drains. In
general, this method is used in combination with other methods.

Retaining structures method
This method is generally more costly. However, due to its flexibili ty in a constrained site,
it is always the most commonly adopted method. The principle of this method is to 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, cassion,
steel sheet piles …etc. Ground anchors or other tie back system may be used together with
the retaining structures if the driving forces are too large to resist.

CASE HISTORY A

The slope at the backyard of two bungalows failed after heavy downpours. The foundation
of one of the bungalow was exposed. Residents were evacuated immediately. Figures 1 and 2
are the slope conditions after failure.

Figure 1. Slope condition after failure.   Figure 2. Exposed foundations.
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A site investigation program consisted of boreholes and light dynamic cone penetrometers
was carried out after the failure to gather the subsoil i nformation and to investigate the
locations of the slip surface.  The details of the light dynamic cone penetrometer can refer to
Ooi and Ting (1975). In general, the subsoil at the failed slope can be simpli fied into four
main strata. The top soil l ayer composed of sil ty clay with thickness varied from 3.5m to 8m.
The liquid limit and plasticity index are in the range of 35% to 45% and 15% to 25%
respectively. The second layer is about 2m thick and mainly composed of stiff clayey silt .
The liquid limit is about 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 sil ty clay with some sand and gravel. The
liquid limit and plasticity index are 30% to 45% and 10% to 20% respectively. The forth soil
layer is hard and can be found at 13m to 17m below the ground surface. The ground water
level was found near to the ground surface at the toe of the slope. The location of the slip
surface as interpreted from the results of the light dynamic cone penetrometers is as shown in
Figure 3.

Figure 3. Results of the light dynamic cone penetrometers.

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

To be effective in stabili zing the slope, the reinforced soil wall shall be founded below the
slip 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 of the reinforced soil wall . In addition,
the excavation was carried out in section. The smaller the section length, the three
dimensional effect will be more prominent which will help in stabili zing the failed slope
during the excavation.

After the wall had been constructed, the slope was reinstated. As saturation of the subsoil
and increase in pore water pressure will reduce the stabili ty of the repaired slope, surface
drains inclusive of berm drains and cascaded drains were constructed to collect the surface
runoff and discharge out to minimize the potential of infilt ration. The slope surface was also
closely turfed to prevent surface erosion.

Figure 4 shows the conditions of the reinforced soil wall and the reinstated slope few years
after the remedial works. The slope is in satisfactory condition.
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Figure 4. The slope condition after the remedial works.

CASE HISTORY B

The riverbank slope of a water treatment plant had been continuously eroded and undercut
at the toe of the slope. As the result, retrogressive slips occurred very often. As there is a
water treatment plant adjacent to the slope and an access bridge to the water intake structure,
it is necessary to arrest the slips to prevent causing any danger to the plant. Figure 5 shows
the eroded slope surface and the temporary measure using gabions to protect the foundation
of the bridge.

Figure 5. The eroded slope surface.
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Site inspection was carried out and tension cracks were found at the ground surface. The
subsoil mainly consisted of medium stiff to stiff sil ty and clayey residual soil . Highly
weathered rock mainly composed of shale can be found at about 5 to 10m below the ground
surface. As the site is located in a remote area, when selecting the suitable remedial measure,
the access to site was one of the factors need to be considered.

Use of retaining wall to stabili ze the slope was considered. However, the construction of
retaining wall required temporary excavation which may affect the plant operation. In
addition, the water level of the river fluctuated very fast especially after rain which will cause
problem to the excavation and construction.  After further study, it was decided to use soil
nails to stabili ze the unstable slope. The advantages of using soil nails for this case are the
installation of the nails can be very fast and the required machinery and equipment are light.
Transportation of 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 installed to prevent building up of pore pressure behind the
shotcrete facing. At the toe of the slope, riprap was placed to prevent undermining. Figure 6
shows the typical remedial design for the failed slope. Figure 7 is the condition of the
completed shotcrete surface and soil nails.

Figure 6. Typical remedial design for the unstable riverbank slope.

Figure 7. Site condition after the remedial 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 on top of the slope, the original design had decided to use segmental retaining wall
to stabili ze the cut slope. The designed wall height was about 8m to 9m with a 6m high
sloping ground behind the wall . However, the wall collapsed at the final stage of
construction. Figure 8 shows the site conditions after the wall collapsed.

Figure 8. Site conditions after the segmental wall collapsed.

Failure investigation was carried out. Two numbers of boreholes were sunk to gather the
subsoil profile. The locations of the boreholes are as shown in Figure 9. It was found that the
subsoil mainly composed of residual soil of stiff to very stiff . The thickness varied from 10m
to 21m.  Figure 10 shows the obtained subsoil profiles.

Figure 9. Locations of the boreholes.

The investigation results indicated that the collapsed of the segmental retaining wall was
mainly due to the internal instabili ty. Due to the space constraints and the existing reservoir
on top of the slope, the excavation into the toe of the slope was limited. The anchorage length
for the segmental retaining wall was also limited resulting insuff icient resistance.

The selection of the feasible remedial measures was mainly governed by the site
condition. Gravity type of retaining wall such as reinforced concrete wall , geotextile wall was
not suitable as these walls require excavation into the existing slope in order to have
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suff icient base width. Soil nail measure had also been considered but was rejected as the nails
were not allowed to encroach into the adjacent property.

Figure 10. Subsoil profile for the slope.

To accommodate the site condition and to ensure the stabili ty of the slope during and after
the remedial works, it was decided to use contiguous bored piles (CBP) as the retaining
structure. The advantages of CBP wall for this site are the installation of the CBP can be
carried out without any further excavation into the slope and the CBP had been extensively
used in the similar soil condition (Lim et al., 2001). Depending on the retained heights, 1100
mm and 900 mm diameter CBP with 1400 mm spacing were adopted. Typical cross section
of the remedial design and the condition after the remedial works are shown in Figures 11
and 12.

Figure 11. Typical design of CBP wall .
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Figure 12. The condition of the CBP wall .

CONCLUSIONS

There are many methods to stabili ze a failed slope. In selecting the most feasible method,
the cause of the failure should be identified. The site conditions and the cost of construction
should also be taken into consideration. Three case histories were presented. The remedial
works are in satisfactory conditions.
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