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Abstract: When sdlecting a suitable remedia measure, not only the
fadors which cause the instability of the slope should be cptured, other
fadors such as ste constraint, construction cost and feasibility of the method
should aso be considered. Two case histories on remedial works for slope
stabilization using reinforced soil wall are presented. The first case history is
a slope failure at the backyards of two Bungalows after a series of heavy
downpours. The second case history is a reaurrent failure of a slope which
had been strengthened by soil nails. The investigations carried out and
seledion d the suitable remedia measures are discussed. The performance
of the reinforced soil walls and the repaired slopes were found in satisfactory
conditions.

INTRODUCTION

With the blooming development on hill-sites, slope failures can be seen
quite often today especially during raining seasons or after heavy prolong
downpours. Slope failures not only will cause e@nomic loss to the pulic
but also may result in loss of life. There are many fadors contribute to a
slope failure and very often that these factors are interrelated. A failure
investigation should always aim to identify the possible causes of the fail ure.
Effedive remedia works can then be designed and carried out. For afailed
slope, there ae many possible slope remedia measures could be used. In



seleding the most suitable remedial measure, it must be ale to rectify the
problem and can satisfy other constraints such as the site condition,
constructability, cost and time.

Compare to the nventional reinforced concrete retaining walls,
reinforced soil walls have the advantages of flexibility to tolerate larger
angular distortion. It has been widely used in the nstruction of road
embankments, and is gaining popularity in housing development projects.
This paper presents two case histories of using reinforced soil walls to
reinstate the failed slopes. The reinforced soil walls in this paper refer to
metallic reinforcement with concrete panels wall system. The first case
history is afailure of a slope & the backyard of two bungalows. The second
case history is a recurrent failure of a reservoir slope which had been
previously strengthened by soil nails. Investigationsinto the causes of failure
were first carried out. Few feasible remedial design measures were then
evaluated. After considerations of the site cndtion, construction cost and
construction method, reinforced soil wall was selected as the slope remedia
option.

CAUSES OF SLOPE FAILURE

In slope remedial design, it is important to know and understand the
causes of instability. Generally, the causes of dope failure an be broadly
simplified into the following categories (Bromhead, 1992):

Slope geometry and soil strength —for a high and steep slope, stronger
soil strength will be required to sustain the slope. Failure will occur if
the subsoil is wedk, consists of weak material, or the soil strength has
been progressively deteriorated.

Pore water presaure — The increase in pore water pressure in the
subsoil will reduce the dfective stress thus reduce the sheaing
resistance along the dlip surface The slope then becomes unstable.
For unsaturated soil, the negative pore water pressure originally
present in the subsoil may reduce significantly once the soil has been
fully saturated. The loss of suction may cause the slope beammes
unstable.

External influences such as sismic forces, scouring and undercutting
at the toe of the slope or extraload ontop o the slope. All these will
also cause aslope beames unstable.



Once the possible caises of the dlope failure had been identified, the
causes can then be rectified effectively with suitable remedia design.
Terzahgi (1950) has dated the followings: “If a slope has darted to move,
the means for stopping movement must be adapted to the process which
started the dlide” (Popescu, 1996). For example, if the slope failure was
triggered due to undercutting a erosion at the toe of the sope, the remedy
shall focus on the toe protedion and to eliminate the source of erosion. If the
failure was cause by high pore water pressure, lower down the pore presaure
and increase the resistance of the retaining system should be the priority in
the remedial design.

REMEDIAL MEASURES

The commonly used remedial measures for slope faillure can be grouped
into the following categories (Popescu, 1996; Broms & Wong, 1985):

Geometrical Measure

Change of slope geometry is one of the most efficient measures
espedally when the slope is of deep seated type of failure. By removing the
materia from the aeadriving the dip and/or filling at the toe of the Slope to
counter balance the driving force, the stability of the slope is enhanced. This
measure involves only eathwork thus the cnstruction cost is usualy low.
However, there should be sufficient space aail able.

Drainage Measure

One of the major fadors causing instability of a slope is the saturation o
the subsoil and increase in pore water pressure. With proper surface ad
subsurface drainage systems, the building up of pore water pressure and
saturation of subsoil can be minimized. To achieve this, the surfacewater is
diverted from unstable slope by ditches of intercepted drains. Horizontal
drains are used to lower and relieve water presaure in the subsoil. The
drainage system required maintenance in order to perform effedively. Due
to lacking of maintenance aulture localy, this method normally should not
be relied completely and it should always be used in combination with ather
methods.

Retaining Sructures Measure

In addition to the reinforced concrete retaining walls, retaining structures
include other types of walls such as contiguous bored piles, steel shed piles,
reinforced soil wall, gabions, geotextile or geogrid walls and ahers. This



method is generaly more astly than the geometricd measure but it does not
require & much land as compared to the geometrical measure.

Internal Sope Reinforcement Measure

This method s to increase the strength of the soil massby installation of
ground anchors, soil nails, grouts, stone columns or others to enhance the
stability of a dope. It is generally costly and sometime may be used in
combination with the retaining structures measure.

CASE HISTORY 1

The dope at the backyards of two bungalows in a hillside aea dlipped
after heavy downpours in November 1997. The failure affected the two
bungalows badly. Residents had to be evaauated to prevent from mishap.
Vertical ground drop of about 2 to 3m was found aong foatprint of the two
bungalows. The toe of the slope bulged up by about 2m. The pile foundation
of one of the bungalows was exposed which might cause the bungalow to
collapse if the soil dlipped further. Although the foundation of the other
bungalow had not been exposed after the dlip, the swimming pool at the
backyard had suffered a verticd drop d about 2 to 3m. Temporary
mitigation measures were immediately carried out. Concrete blocks were
placed at the toe of the sope as counter weight to prevent further dip. The
exposed foundation and the bungalow were temporary underpinned by stedl
pipes and the dlip surface was covered by plastic sheet to minimize the
infiltration of rainwater. Figure 1 shows the topography of the dfected areas.
Figures 2 and 3 show the faillure conditions of the two bungalows.

Figure 1. Topography of site dter opefailure.



Figure 2. Exposed foundation. Figure 3. Vertical ground drop.

Failure Investigation

An investigation program consisted of borehdes and Mackintosh Probes
(MP) was caried out mainly to obtain the subsoil i nfformation and to locate
the depth of the dlip surface The top soil layer was composed of very soft to
soft silty clay of 3m to 8m thick, having SPT-N values of less than 4. Below
this layer is medium stiff to hard soils as shown in Figure 4. Table 1
summarizes the subsoil profiles and the soil properties.

Table 1. Summary of soil properties

Sail layer Thickness | SPT-N | Liquid Limit | Plasticity Index
M % %

Very soft to 3-8 <4 3545 1525
soft silty clay
Very stiff to <2 30-70 3045 10-18
hard clayey
silt
Med. Stiff to 3-6 10-30 2540 10-20
very stiff
clayey silt
Very hard - >50 - -
clayey silt

Ground water level was found very nea to the ground surface & the toe
of the slope. The possble locaion d the slip surface was assessed based on
the results of MP. The results of MP for a typical cross sedion and the
estimated location of the dip surface @ae shown in Figure 5. The dip surface



was within the very soft to soft top soil. Analysis results indicated that the
instability of the slope was likely due to the increase in pore water pressire
in the subsoil after the heavy downpours.

REDUCED LEVEL, m

Figure 4. Subsoil profile Figure 5. The estimated dlip surface

Slope Repair Options

Due to the space limitation, flattening the sope was not feasible. Internal
slope reinforcement measure was also not feasible as the owners required to
re-build the swimming podl. It was decided to adopt the retaining structure
measure for the reinstatement of the failed slope and drainage measure to
further strengthen the slope. Few types of retaining structures including of
retaining walls, contiguaus bored piles wall, stedl sheet piles wall had been
considered. It was found that the retaining wall constructed at the toe of the
slope was the most feasible and cost eff ective.

There ae many types of retaining walls can be used in this case. In
seledion d suitable type of wall, conventional reinforced concrete wall,
reinforced soil wall, geogrid o geotextile wall and crib wall had been
considered and compared. Reinforced soil wall was <lected after
consideration d the anstruction cost, time and the aesthetic.

Construction

The reinforced soil wall was designed to be founded below the estimated
slip surfacewhich was on the very stiff soil stratum. In order to construct the
wall, excavation at the toe of the slope was required. As the dopewas in an
unstable condition, any removal of soil massat the toe might cause further
loss of resistance and re-activate the dlip. A temporary retaining system
using steel sheet pile was introduced. In addition, the excavation was carried
out in sedion. The smaller the section, the less reduction in resistance
However, it may not be practica if the section was too small. It was dedded
to limit each excavation section to 10m to 15m. The aljacent sedion could
only be proceeded after the construction d the wall in the on-going sedion




had reached the existing ground surface. Figures 6 and 7 show the
excavation and construction works caried out at site.

Figure 6. Temporary sted shed piles. Figure 7. Sedional excavation.

When the excavation reached the designed founding level and if locaized
soft soil was foundinstead of the expected stiff soil stratum, the soft material
was removed until stiff soil layer was found to ensure sufficient bearing
capacity and to avoid uneven settlement to the wall. The soft material was
replaced with granular materials. The ground water level was high and
pumping was required during excavation. In view of the large anount of
water segoing aut during excavation which may built up pore water pressure
onto the wall in future, a subsoil drainage pipe was installed behind the wall
nea the base to collect ground water and dscharge out to nearby existing
drains. Surface drains were also provided on the slope to collect surface
runoff so that the infiltration of rainwater could be minimized.

Performance

The dope remedia works were completed in December 1998. The
performance of the reinforced soil wall and the reinstated sSlope ae in
satisfactory conditions as of today. Figure 8 which was taken recently shows
the conditions of the remedial works.

CASE HISTORY 2

The falled dope was a 1:1 cut slope of about 16m to 18 high. Berms of
about 2m wide were provided at verticd interval of 5 to 6m. There were
some localized dlips occurred and the Design Engineer had decided to use
soil nails with shatcrete facing for the repair works. However, after few days



of heavy rains in Decanber 1999, the slope which was strengthened by soil
nails collapsed again. Figure 9 shows the @ndtions of the dope dter
failure,

Figure 8. Conditions of the repaired slope seven yeas after completion.

Figure 9. Failure of the soil nailed slope.

Madintosh Probes was carried out with intention to detect the depth
of the dlip surface Subsoil information was obtained from the boreholes
which were caried out for the design of soil nails. The subsoil at site mainly
consisted o residua soils with mgority silty and clayey materials of



intermediate to high plasticity. The Liquid Limit and Plasticity Index are
35% to 60% and 6% to 30% respedively. The SPT-N values are about 8 to
30 for subsoil below the existing ground. Hard soil layer with SPT-N values
more than 30 can be fourd at about 15m to 25m below the ground surface
Figure 10 presents the subsoil information. Figure 11 shows the typicd dlip
surfaceestimated based onthe results of Madintosh Probes.
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Figure 10. Subsoil of the slope. Figure 11. The estimated dlip surface

Remedial Measures

The possble cuses of the slip could be due to the loss of soil strength
after the soil had been saturated by few days of rains. The soil nails were 6m
and 9m long which might be dfective for shallow or superficial slip only.
The dip surface as estimated from the results of MP was beyond the
penetration lengths of the soil nails. As there is a reservoir on top of the
slope and a public road at the toe of the slope, the option d flattening the
slopeis not viable. Drainage method can be used to minimizethe infiltration
of rainwater. However, this method needs to be used in combination with
other method as the failled slope had to be reinstated. Since the reinstatment
should be caried out within the boundaries, i.e. from the roadside to the
boundary of the reservoir, the retaining structure method was the most
suitable measure in this case.

Few types of retaining structures had been considered. It was found that
the most favorable method was to huild a retaining wall along the roadside,
I.e. dlong the toe of the lope. With sufficient wall height, slope behind the
wall could be reinstated to a gentle gradient. The wall should be designed to
resist the driving force of the soil massbehind and should be founded below
the estimated dlip surface Reinforced soil wall was <lected after
comparison o construction cost and time with other types of retaining walls.
Figure 12 shows the design of the dope reinstatement works with the




reinforced soil wall founded at about 1m below the ground surface The
total height of the wall is about 6.5m. The wllapsed spail s was removed and
the new slope was formed by suitable material. Drains were constructed on
the berm to collect surface runoff and dscharge to the existing drainage
system.
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Figure 12. The remedial design with reinforced soil wall.

Performance of the Repair Works

The remedia work was started in ealy 200L. The main concern was the
temporary stability of the slope dter the removal of the spoils. An
assessment was caried ou and it was found that the temporary stability of
the slope was acceptable. However, to prevent erosion d the exposed slope
surfaceand to minimizethe saturation of subsoil during the temporary work,
plastic sheets were used to cover the exposed slope surface The remedial
works were completed in June 2001. Figure 13 shows the slope nditions
three yeas after the coompletion of the remedial works. The wall and the
slope aein stable conditions.

CONCLUSIONS

Various remedial measures can be used for a failed slope. Amongst the
various slope repair measures, retaining structures measure is generally more
suitable when there ae certain site onstraints in particular when the
available space is limited. Reinforced soil walls, one type of the retaining
structures, were found to be flexible and cost effective in the slope repair

10



works as presented in the two case histories. With proper design and
construction control, the reinforced soil walls are reliable. The performances
are dso in satisfactory conditions.

Figure 13. Condition of the slope 3 yeas after the completion d the
remedial works.
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