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   The problem discussed in this paper is that of shallow slope failures
   caused by infiltration of water. These failures usually occur in
   regions of the world where steep slopes consisting of residual soils
   are subjected to periods of prolonged and heavy rainfall. A mechanism
   for the failure of these slopes is postulated whereby in situ soil
   suctions are decreased by the ingress of a wetting front until a
   critical depth is reached where the shear strength of the soil is no
   longer sufficient to ensure stability. A technique for predicting
   whether a particular rainfall event (defined in terms of intensity,
   duration and return period) will cause ingress of a wetting front to
   this critical depth is discussed, with particular reference to the
   failure of a number of road embankments in the Northern Province of
   South Africa.
   Background
   The analysis of slope stability usually entails analysing deep-seated
   failures, in which the failure plane may be circular, irregular or
   wedge-shaped, among others. The important assumption is that a large
   mass of soil is displaced, and the failure plane may penetrate into
   the soil below the natural ground level. A critical parameter in
   these studies is usually the (positive) pore water pressure on the
   failure surface. Methods for calculating the factor of safety against
   failure of these slopes are well developed and taught in most
   undergraduate civil engineering courses.
   2. There is, however, a growing body of literature that discusses
   another, significantly
   different, mode of slope failure. These are relatively shallow
   failures (typically 1—1.5 m deep) that develop parallel to the
   original slope are associated with periods of prolonged
   and/or heavy rainfall. These failures most commonly occur on natural
   slopes in residual soils, in tropical or subtropical climates that
   experience periods of intense or prolonged rainfall for example
   Brazil,1 Costa Rica, Hong Kong3, Fiji,4 Nigeria5 and South Africa.6 In
   addition, there is evidence that compacted slopes may also be
   potentially vulnerable in areas outside these climatic regions, for
   example California,7 and even in the United Kingdom.8-10
   3. Common to all the above examples is the fact that the failures were
   associated with
   periods of heavy rainfall. Interpretations of the correlation between
   the observed failures and the intensity and/or duration of rainfall
   are highly variable, as discussed later.
   Mechanism of failure
   ====================
   4. In all the cases cited above, the groundwater level was at some
   depth below the ground surface and there was no evidence that the
   relevant rainfall caused a rise in the water table sufficient to cause
   the observed slope failures. Instead, the failures have been
   attributed to the migration of a wetting front into the slope (e.g.
   Lumb3, the effect of which is discussed below.
   5. A number of investigators have measured relatively large negative
   pore water pressures in the upper 1—2 m of a slope using instruments
   such as tensiometers. It is interesting to note that, in general, the
   suction values are highest at shallow depth. Fig. 1 shows the results
   of Abdullah and Au12 from field tests in Malaysia, together with those
   of Rowe from a tailings dam in South Africa. The results from Malaysia
   show a marked variation in suction between the wet and dry seasons,
   particularly at shallow depth. The South African results compare
   suctions measured in an old section of a tailings dam where no
   irrigation of vegetation was occurring, with those from a recently
   built slope where emergent vegetation was being extensively irrigated.
   It is particularly relevant that during periods of rainfall, the
   fluctuations in the suction values were greatest at shallower depths,
   a fact that was also shown by Sweeney
   and Robertson.14 They measured the variations
   in suction in slopes in Hong Kong and found that they dropped almost
   to zero at shallow depth during wet seasons, but at greater depth this
   was not so.
   How does suction contribute to slope stability?
   6. To illustrate the concept of an increased factor of safety due to
   suction within a slope, a simplified approach is presented here. The
   factor of safety F for a planar failure surface where the depth to the
   failure surface is small compared with the length may be calculated
   according to:
   
   where c’ is the apparent cohesion, ’ is the
   angle of internal friction, a is the slope angle, z is the vertical
   depth of soil, t is the total unit weight of the soil and uw is the
   pore water pressure. The question of what value of cohesion and
   friction angle should be used in this equation is still a matter of
   some debate. Atkinson and Farrar15 measured peak strengths of London
   Clay at low mean effective stresses and found that they were
   significantly higher than those inferred from conventional drained
   triaxial tests. However, back-analysis of eight shallow slope failures
   on motorway embankments in south-east England by Crabb and Atkinson10
   clearly indicated that stability should be evaluated in terms of the
   critical, or fully softened, shear strength. Wheeler and Sivakumar16
   have shown that for a compacted, unsaturated soil the shear strength
   increases with increasing soil suction. At zero suction the shear
   strength corresponded to the critical state value for saturated
   specimens of the same soil. For failure on a surface in a compacted
   soil along .which the pore water pressure has been reduced to zero, or
   close to zero, it is therefore appropriate once again to use the
   critical state shear strength. In residual soils it is more difficult
   to prescribe an appropriate shear strength for use in equation 1. In
   addition to an increase in strength associated with increasing
   suction, the shear strength may be significantly greater than the
   critical state value due to inter-particle bonding.17 For the analysis
   of the stability of natural slopes in residual soils, it would
   therefore be conservative to use the critical state shear strength,
   recognizing that a substantial component of shear strength may be
   being neglected.
   7
   Fig. 1. Variation of suction with depth for sites in Malaysia and
   South Africa
   . The influence of suction on slope stability for shallow failure
   surfaces can be illustrated by using equation 1, and inserting
   negative values for uw. A hypothetical slope with the properties given
   below was analysed using this approach.
   8. The factor of safety was calculated for depths from 0 to 2 m, at
   0.1 m intervals. The results are presented in Fig. 2 for two values of
   the apparent cohesion, c’ = 0 and c’ = 5 kPa, with  = 450, ’ = 340
   and t = 18 kN/m3. The effects of suction can be seen to increase
   dramatically the factor of safety, particularly for depths less than
   about 1 m. Fig. 2 also assists in explaining how infiltration due to
   rainfall causes slope failure. Assume, for example, that the suction
   throughout the above slope with c’ = 0 was initially 20 kPa. The slope
   was then exposed to continuous rainfall that was sufficiently
   prolonged to establish a wetting front in the slope that migrated
   vertically downward. If this wetting front reduced the suction from 20
   to 10 kPa, the slope would fail when the wetting front reached 1.1 m
   depth. This simple argument illustrates two important points.
   Firstly, although for a particular value of suction the
   — factor of safety decreases with depth, failure
   o
   
   ccurs at relatively shallow depths because the wetting front is moving
   vertically downwards, decreasing the soil suction as it migrates.
   Confirmation of this mechanism is provided by Greenwood et al.8 who
   inspected shallow slips on embankments in over consolidated clay that
   had occurred after prolonged wet periods. They reported a very wet
   slipped mass, and excavations through this saturated layer showed
   moisture contents close to the assumed placement values at depths of
   15 m and greater. At shallower depths the moisture content had
   typically increased by 8%. Crabb and Atkinson10 have shown that
   failure of cut-and-fill slopes on motorway embankments constructed of
   plastic clays in south-east England typically occurred by slipping
   along planes parallel to the slope surface, at depths of 1—2 m.
   Associated pore water pressures were usually close to zero. It may be
   concluded from both these studies that the saturation front penetrated
   to a depth sufficient to reduce the suction to a critical value,
   whereupon slope failure occurred.
   9. The second point to be noted is that the suction did not need to be
   reduced to zero to initiate failure in our hypothetical example. This
   is important because the model for infiltration into an unsaturated
   soil mass that was developed by Green and Ampt18 and forms the basis
   of the Pradel and Raad method for predicting the depth of wetting
   front infiltration that is used later in this paper, has as one of its
   fundamental assumptions that there is a (small) constant negative
   pressure, that is, suction, just above the wetting front. Typical
   values quoted
   by Pradel and Raad19 are 8 kPa for coarse
   textured soils and 14 kPa for clays. The justification for this
   assumption is that the wetting front does not establish positive pore
   water pressures, and a capillary fringe therefore exists just above
   the wetting front. Recent experimental work20 has confirmed this
   hypothesis.
   10. The argument illustrated in Fig. 2 assumed that the shear strength
   parameters c’ and ’ were independent of the suction value.
   H
   owever, Fredlund and Rahardjo21 suggest that for unsaturated soils the
   shear strength x varies with suction according to
   where ua is the pore air pressure on the failure plane, b is the
   angle indicating the rate of increase in shear strength relative to
   the matric suction (ua - uw) and other parameters are as previously
   defined.
   11. The above authors have termed this equation the extended
   Mohr—Coulomb failure criterion. The parameter pb is equal to ~‘ for
   saturated soil, decreases with decreasing degree of saturation and
   stabilizes at a constant value at suctions typically in excess of 100
   kPa, although this of course varies with the type of soil.21 The
   increase in soil shear strength provided by the soil suction thus
   becomes less pronounced with increasing suction. Incorporation of this
   variable shear strength into the analysis would not negate the
   essential argument presented above, but would merely predict a
   different depth at which failure would initiate. For the purposes of
   this paper the parameter ~b is assumed constant and equal to ’.
   12. Now that we have established that shallow slope failures may be
   explained by the reduction of soil suction caused by rainwater
   infiltration, the next question is how rapidly the wetting front
   migrates into the soil slope.
   Advance of wetting front
   13. In order for the wetting front to penetrate to the critical depth,
   the rainfall must be sufficiently intense to exceed the infiltration
   capacity of the soil, and the rainfall must last long enough to
   saturate the soil to the critical depth. It should be recognized that
   if the rainfall intensity is less than the infiltration capacity of
   the soil, some increase in moisture content (and thus reduction in
   suction) will still occur in the soil. However, the present discussion
   is restricted to the advance of a fully developed wetting front.
   14. A widely used approach to calculate the depth z to which a wetting
   front will penetrate into a slo~e in time t is that originally
   proposed by Lumb,
   
   where k is the saturated hydraulic conductivity of the soil, n is the
   porosity and o and f are the initial and final degrees of saturation
   respectively.
   1
   
   5. This is obviously an oversimplification in that it assumes a
   constant hydraulic conductivity with depth. Vaughan4 discussed the
   influence of a decreasing hydraulic conductivity with depth on the
   progression of a wetting front into a slope, and suggested that some
   ‘threshold’ value of rainfall may be necessary to initiate slope
   failure under these conditions. However, this was merely a hypothesis,
   and no field data were produced to verify it.
   1
   Fig. 2. Influence of suction on factor of safety for shallow, planar
   failure surface, (a) c’ = 0, (b) c’=5kPa. Other parameters given in
   text
   6. Equation 2 provides a useful estimate of moisture migration, and
   has been used with success, particularly for slopes in residual soils.11
   It also emphasizes some important factors that govern slope stability
   under conditions of prolonged rainfall. The value of (f - o) is
   essentially the storage capacity of the soil, and as it approaches
   zero (i.e. the soil approaches full saturation) the time required to
   saturate the soil to a required depth rapidly approaches zero. This
   means that if antecedent rainfall has substantially increased the
   degree of saturation of the soil, very little additional rainfall is
   necessary to initiate slope failure, as discussed later.
   
   Factors governing the advance of a wetting front into a slope
   17. In the past, interpretations of what climatic conditions are
   required to initiate shallow slope failure have varied widely.
   Vargas22 and Brand23 correlated slides exclusively with rainfall
   intensity, for example,
   Vargas22 concluded that with a rainfall intensity greater than 100
   mm/day the probability of sliding was very high. There has, however,
   also been widespread recognition of the importance of antecedent
   rainfall conditions. Guidicini and Iwasa24 suggested a correlation
   between intensity, previous rainfall and likelihood of slope
   instability. In his description of the extensive slope failures that
   occurred in Fiji in 1980, Vaughan4 indicated that extensive failures
   were observed on the third day of protracted, heavy rainfall, and
   Costa Nunes et al.25 described how slope failures in Rio de Janeiro
   only developed on the eighth day of continuous rainfall. Another
   interesting example is provided by Senanayaka et al.26 in their
   discussion of slope instabilities in Sri Lanka. They noticed that 80%
   of slides occurred when the 3-day cumulative precipitation was greater
   than 200 mm and developed a rule of thumb that, ‘if more than 200 mm
   rainfall had occurred on the hill slopes in a period of 3 days and if
   wet weather was continuing, then the possibility of landslides looms
   ahead’.
   18. Convincing evidence that there is not a unique parameter (such as
   rainfall intensity) that governs the likelihood of slope instability
   was provided by Crozier and Eyles.27 They
   reported that in 1974 in Wellington City, New Zealand, landslides were
   experienced on days with reported daily rainfalls varying from 3 to 88
   mm. Similarly on the Otago Peninsula during
   1977—78, landslides were induced by daily rain-falls that varied from
   6 to 57 mm. Recognizing that antecedent rainfall as well as rainfall
   intensity and duration play critical roles in precipitating slope
   failures, it remains to develop an easy-to-use method for
   incorporating all these factors. A recent paper by Pradel and Raad19
   provides a rational and consistent approach that includes all these
   factors. Because of its importance to the central arguments presented
   in this paper, their approach is briefly summarized below.
   Methodology for including rainfall intensity, duration and antecedent
   conditions in assessing slope stability
     19. 
       Pradel and Raad’s19 method is based on satisfying two requirements
       in order to achieve saturation of the soil to some critical depth
       zw. These are that the rainfall must be intense enough to exceed
       the infiltration rate of the soil and must last long enough to
       saturate the slope to the depth zw . Extending the infiltration
       model of Green and Ampt18 they show that the time Tw necessary to
       saturate the soil to depth zw is
   where s and o are the saturated and in situ volumetric water content
   respectively, k is the coefficient of hydraulic conductivity of the
   soil in the wetted zone and S is the wetting-front capillary suction,
   and that the infiltration rate v, at which water enters the soil
   surface is
   
   20. To ensure the wetting front penetrates to a depth zw, the critical
   rainfall duration Tmin  T,. and the critical intensity Imin  vi.
   This requirement is shown schematically in Fig. 3 which illustrates
   hypothetical relationships between rainfall intensity and duration
   for various recurrence intervals. Also shown are hypothetical values
   of Tmin and Imin that intersect at point A. All rainfalls with an
   intensity and duration that plot within the box in the top right
   corner of Fig. 3 will accordingly be sufficient to cause saturation to
   depth zw. If point A were to plot above the envelope of maximum
   intensities, no rain event would be able to saturate the soil to depth
   zw.
   2
   
   Fig. 3. Illustration of relationship between rainfall intensity,
   duration and return period
   1. The approach outlined above does not consider the effects of run
   off or evapo-transpiration. The latter is probably irrelevant, since
   as shown in the literature, most slope failures caused by heavy
   rainfall occur within a period of days, if not hours, of the start of
   the rain. If run off is significant, rainfall intensities much larger
   than ‘mm will be required to saturate the soil to a depth z~,. The
   method of Pradel and Raad19 could be further refined, for a particular
   site, by determining the relationship between run off and rainfall
   intensity. This could be done by carrying out sprinkler tests such as
   those described by Peterson and Bubenzer.28 An interesting corollary
   to the above discussion is that a rainfall event of greater intensity
   and/or duration will be necessary to saturate a steep slope to depth
   z~ (measured perpendicular to the slope face) than would be necessary
   for a more genfle slope, because the percentage runoff is smaller in
   the latter case. The application of Pradel and Raad’s19 procedure to a
   particular problem is described in the following section.
   Rainfall-induced instabilities on road embankments in the Northern
   Province of South Africa
   22. The usefulness of this procedure is iflustrated by reference to
   problems of rainfall-induced instability on the side slopes of a road
   embankment constructed in the Northern Province of South Africa.
   Construction of the road, between the towns of Wyllies Poort and
   Sibasa (approximate latitude 230S), was completed in late 1982. Even
   before completion of construction, shallow slides occurred on a
   number of the embankment flanks, a problem that has continued to the
   present.
   2
   
   3. The problems occurred primarily along a stretch of the road where
   the embankments were constructed of a residual lava that had average
   index and engineering properties as shown in Table 1. The average
   annual rainfall in the area is between 1100 and 2000 mm, which is
   particularly high for South Africa.
   24. The embankments were constructed at side slopes of 1:1•5, and the
   construction specification called for compaction to 90% of modified
   AASHTO (Mod AASHTO) dry density (which was 1600 kg/in3) at the optimum
   moisture content of 25%. However, exceptionally wet conditions were
   encountered during construction, and in some cases the required
   density was relaxed to 86% Mod AASHTO, subject to proof rolling.
   Inspection of field records later revealed that in many instances even
   this density had not been achieved, and densities of 76% Mod AASHTO at
   moisture contents 10—15% greater than optimum were not uncommon.
   2
   Fig. 4. Relationship between rainfall intensity, duration and return
   period for region of Northern Province where embankment slips occurred
   5. Field inspections of the shallow slips revealed that the
   embankment fills were intact at depths greater than 1•2 m, which was
   therefore considered to be a typical failure surface depth.
   26. To carry out an analysis such as that
   described by Pradel and Raad19, it is necessary
   to construct a figure showing the relationship between rainfall
   duration, intensity and return period, for the geographical area in
   question. Unfortunately, good coverage (in terms of rainfall
   stations) of the area where the embankment slips took place does not
   exist and it was necessary to use a more approximate approach for
   deriving the required relationships. The results of a statistical
   analysis of rainfall data abstracted from South African Weather Bureau
   publications by Op ten Noort29 have been presented as the following
   equation for inland regions of South Africa:
   w
   here I is the average rainfall intensity (mm/h) over time td, MAP is
   the mean annual precipitation in mm (approximately 1800 mm for the
   area in question), R is the recurrence interval, in years and td is
   the storm duration, in hours.
   27. Using the above equation, a figure
   similar to that of Pradel and Raad’s was
   constructed for recurrence intervals of 1, 2, 10
   and 25 years. The results are shown in Fig. 4.
   28. To illustrate the importance of field density and moisture content
   in the occurrence of shallow slips, two cases were analysed using
   equations 4 and 5~I9 As discussed earlier, this gives the minimum
   rainfall duration and intensity required to saturate the soil to a
   particular depth (in this case taken to be 1•2 in). The analysis
   required knowledge of the soil permeability and a series of field
   permeability tests was thus carried out. The results are noted below
   in the relevant sections.
   2
   
   9. The two cases that were analysed were:
   (a) Compaction to 86% of Mod AASHTO density, at optimum moisture
   content. The field permeability measured at locations where this
   specification was achieved was 7 x 10~ cm/s. The limiting condition
   obtained from equations 4 and 5 plots as point A in Fig. 4, with Tmin
   = 264 h and Imin = 0.55 mm/h.
   (b) Compaction to 76% of Mod AASHTO density, at a moisture content of
   40%. The relevant field permeability was measured as 10~ cm/s. The
   limiting condition for this case plots as point B in Fig. 4, with Tmin
   = 8.3 h and Imin = 78 mm/h.
   30. These results illustrate an interesting anomaly that the lower
   density soil requires a greater intensity of rainfall to cause
   saturation to the critical depth than does the denser soil, although
   this intensity of rainfall is necessary for a much reduced period of
   time. It also illustrates that saturation to a critical depth of 1~2
   in (with the associated probability of triggering slope instability)
   was greater for the poorly compacted fill compared with the fill that
   was compacted according to specification. This was borne out by field
   observations.
   3
   
   1. In the calculations discussed above, it was necessary to estimate
   the ‘wettable porosity’ of the soil, that is the difference between
   the saturated and in situ volumetric moisture contents. The latter
   was calculated from the as-compacted densities and moisture contents.
   However, it is quite possible that antecedent rainfall could have
   resulted in an increase in the in situ moisture content and the soil
   would thus have less storage capacity. The importance of this is
   illustrated in Fig. 5, which shows the duration of rainfall needed to
   saturate the 86% Mod AASHTO density soil to a depth of 1.2 in for
   various in situ volumetric moisture contents, assuming a fixed
   rainfall intensity of 0~55 mm/h. Using this simple linear variation,
   and by monitoring the in situ moisture content (or soil suction), a
   continuous estimate of the probability of slope instability could be
   developed.
   Other methods for predicting landslipinducing rainfall
   32. As was discussed earlier, field observations indicate that
   shallow slope failures are usually not attributable to single,
   isolated rainfall events. Statistical methods that take account of
   antecedent rainfall have therefore been used with some success to
   predict the likelihood of landslipping, given a particular rainfall
   record or rainfall scenario. An excellent example of this is given by
   Crozier and Eyles27 who used a ten-day period to define the antecedent
   condition
   
   where Pa0 is the antecedent daily rainfall index for day 0, Pn, is the
   precipitation on the n th day before day 0, and K is an empirically
   derived constant.
   3
   Fig. 5. Effect of in situ moisture content on time required to
   saturate residual lava to a depth of I2m
   Fig. 6. Illustration of the importance of both antecedent rainfall
   conditions and daily rainfall on the probability of landsliding on
   Otago Peninsula, New Zealand (after Crozierand Eyles26 )
   3. A plot of the form shown in Fig. 6 was derived using this approach,
   and for Otago Peninsula in New Zealand for the period 1977— 78, lines
   delineating high and low risks of land-slipping were defined. The
   above authors further developed the method to provide a crude estimate
   of in situ moisture content using what they termed an ‘antecedent
   excess rainfall index’. This index was plotted against daily rainfall
   and all rainfall events for Wellington City and Otago Peninsula were
   plotted on these axes. It was possible to draw a line clearly
   delineating rainfall events that did not cause slips from those that
   did cause slips, as shown in Fig. 7.
   34. A similar approach was adopted by Fell et al.30 to correlate both
   rainfall and groundwater levels with recorded landslip events in
   southern New South Wales, Australia. By incorporating a more
   sophisticated moisture balance model that included surface run off,
   evapo-transpiration and losses to the groundwater, they were also
   able to develop good correlations between rainfall and landslip
   events.
     35. 
       Although the above approach is clearly useful in a particular
       location, there are a number of drawbacks. As shown in Fig. 7,
       different lines delineated the ‘slip’ and ‘no-slip’ zones for the
       two locations, Wellington City and Otago Peninsula. For example,
       with an antecedent excess rainfall of 20 mm, a rainfall of some
       40 mm in a day would be necessary to trigger a landslip in
       Wellington City, whereas on the Otago Peninsula only about 16 mm
       would be necessary. Experience gained in one location cannot be
       extrapolated to another location. Furthermore, there is a need for
       good records of both rainfall and landslip events in order
       accurately to define the delineation line. Such records are often
       not available, particularly in developing countries. Another major
       restriction is that the method is confined to a simplistic
       rainfall indicator, that is daily rainfall, rather than rainfall
       intensity and duration.
   Conclusions
   36. There is sufficient evidence in the literature on shallow slope
   failures associated with periods of prolonged or heavy rainfall to
   make the following observations.
   Antecedent soil moisture conditions are of critical importance in
   determining the likelihood of a particular rainfall event initiating
   slope failure. Although it may be intuitively expected that the higher
   the in situ moisture content the less will be the required rainfall
   to trigger slope instability, the approach discussed in this paper
   makes it possible to quantify this relationship. It is insufficient to
   consider only rainfall intensity or only rainfull duration when
   calculating the likelihood of rainfall-induced slope instability. It
   is necessary to consider the combined effect of these two factors
   using statistically derived relationships for the geographical area of
   interest. These
   relationships should also account for the
   return period of particular combinations of these two factors.
   (c) Negative pore water pressures (i.e. suctions) contribute
   significantly to the surficial stability of soil slopes.
   Rainfall-induced shallow slope failures may be ascribed to the
   reduction of in situ suctions to the extent that the shear strength of
   the soil is no longer sufficient to maintain stability of the slope.
   Confirmation of this as a realistic mechanism is provided by Blight et
   al.31 who investigated the cause of shallow slides at Amsterdamhoek in
   South Africa. Once again, it is possible to quantify the above effect,
   using the approach outlined in this paper.
   3
   
   7. There are clearly many approximations that are inherent in the
   discussions presented in this paper. Two of these are the assumption
   of a unique hydraulic conductivity for the soil (thus ignoring the
   influence of the degree of saturation) and neglecting the variation
   of soil shear strength with suction. However, these refinements are
   relatively simple to incorporate and their incorporation forms part of
   ongoing research at our University.
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