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Analysis of slope stability of an earth dam due to rapid drawdown effects
Analyse de stabilité de pentes d’un barrage en terre soumis aux effets de baisse rapide de niveau 

d’eau
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ABSTRACT: A number o f shallow slips have occurred in the embankments, which form the Headrace canal for an 
hydro-electric scheme in Western Ireland. The scheme is o f significant strategic importance. The embankments are 
between 7.0m to 18.0m high and were constructed in the 1920’s, using locally available glacial deposits directly on 
natural soft soils. Field data on the slips has been compared with predictions made by various methods o f analysis. 
These include conventional limit state stability analyses, using both drained and undrained parameters and the Duncan, 
Wright and Wong (1990) method which is the favoured approach of by U S Army Corps o f Engineers. The latter 
method allows for the variation of undrained strength with in situ stress. It was found that the Duncan et al. Method 
predicts a factor o f safety greater than unity for the failed sections. It is concluded that a conventional limit state analysis 
using effective stress strength parameters, obtained from high quality laboratory tests, yields the most satisfactory 
comparison between the measured and predicted results.

RÉSUMÉ: De nombreuses ruptures de talus de faibles profondeurs se sont produites sur les digues du Headrace canal, 
ouvrage d’amenée d ’eau d’une usine hydroélectrique d’importance stratégique dans l’ouest de l’Irlande. Les digues, de 
hauteur variant entre 7.0 à 18.0 m, ont été construites dans les années vingt en utilisant les dépôts glaciaire disponibles 
localement mis en place directement sur les terrains compressibles existant. Les données obtenues à partir des 
glissements apparus sur le terrain sont comparées avec les estimations faites selon différentes analyses théoriques. 
Celles-ci incluent l’analyse conventionelle à l’état limite d ’équilibre utilisant les paramètres drainés et non-drainés des 
matériaux, ainsi que l’approche adoptée par ‘US Army Corps of Engineers’ développée par Duncan, Wright and Wong 
(1990). Cette méthode permet de varierla valeur de la cohésion en fonction de la contrainte in-situ. Il a été mis en 
évidence que la methode développée par Duncan et al. prédit des facteurs de sécurité supérieurs à 1 dans les zones en 
rupture. Une analyse conventionnelle à l’état-limite utilisant des paramètres de sols en contraintes effectives, obtenus à 
partir d’essais en laboratoire de qualité, fournit des correlations satisfaisantes entre les mesures in-situ et les résultats de 
calculs.

1 INTRODUCTION

Embankment failures due to rapid drawdown effects have posed 
significant difficulties for the engineers controlling a hydro
electric scheme in Western Ireland. In addition to this, they face 
pressure from the power company who want to further increase 
the rate of water input into the station, resulting in an increase 
of risk to the embankments due to rapid drawdown effects.

Due to the size o f the Headrace which is 12.5km long, a 
reliable, accurate yet relatively simple method of analysis was 
required to enable the margin of safety to be determined. The 
objective o f this paper is to assess one such method, i.e. that o f 
Duncan et al. (1990) which is currently favoured by the US 
Corps o f Engineers.

This method is compared to the more established limit state 
method. A literature review, site investigation and an extensive 
series of laboratory testing were carried out to obtain the 
required soil parameters required for the analysis.

2 SITE - PROBLEMS

2.1 Embankments

The site consists o f a Headrace canal for a hydroelectric scheme 
in Western Ireland. The Headrace canal was completed in 1929 
after 6 years o f construction. (See Figure 1).
The Headrace consists o f two embankments, the right and left 
banks (R.B. and L.B.). The embankments are divided into cross

sections (C/S) 0 - 539, the spacing between the cross sections is 
at approximately 25m centres.

The embankments are between 7.0m to 18.0m high and were 
constructed using locally available glacial deposits directly on 
natural soft soils. The fill material was sourced from the 
adjacent canal excavation material. Compaction was achieved 
by dropping the material from a height, thus resulting in a 
poorer degree o f compaction than what would have been 
achieved using modem earth moving / compaction plant.

Figure 1. Headrace just after construction
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Embankment Crest Level, 37.8 m O.D.

Figure 2. Headrace Embankment indicating location o f failure due to rapid drawdown (not to scale)
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Figure 3. Drawdown Vs. Area o f Slip -  comparison o f various 
dams

2.2 Instability Problems

Drawdown problems have occurred on 8 occasions since the 
embankments were constructed. Figure 2 shows a typical failure 
that has occurred previously.

During drawdown the water level outside the slope drops, 
thus the stabilising effect o f the water pressure no longer acts on 
the slope. If  the water level drops so rapidly that the pore 
pressures within the slope do not have time to change to be in 
equilibrium with the drop in external water level, the slope is 
made less stable.

Due to the extensive size o f the site, the investigation was 
limited to a selected number o f sections. The sections chosen 
had a history o f drawdown problems and have good 
accessibility for site investigation equipment. The sections 
selected to be investigated were: C/S 26 R.B., C/S 152 L.B., 
C/S 240 R.B.

Figure 3 compares the relationship o f amount o f drawdown 
to the area o f  slip surface for the investigated scheme with a 
number o f other dams. The size o f failures o f the dams tend to 
be proportional to the amount o f drawdown, with the failure 
sizes and drawdown at the investigated scheme being small 
compared to the other dams.
A comparision was made o f the measured slope angle and 
previous failure locations along the length o f both the right and 
left banks of the Headrace. (See Figure 4). It can be seen that 5 
o f the 8 failures have occurred where the slope angle is the 
steepest.

3 SITE INVESTIGATION

The Swedish Hand Auger was used during a preliminary site 
investigation, i.e. to obtain details o f the cross section o f the

Figure 4. Measured Headrace Slope angles and failure locations

Original Ground Level

Figure 5. Typical Cross Section o f Headrace Embankment

selected Headrace sections and to investigate which soil 
sampling techniques were suitable for the particular ground 
conditions.

The boreholes were drilled to 8m depth, i.e. through the 
embankment and approximately lm  into the original ground. It 
is noted that certain locations alongthe boreholes were very 
difficult to bore due to the stony nature o f the material. The 
Headrace embankment fill was shown to be homogeneous. It 
was concluded that the soil was unsuitable for open drive tube 
or piston sampling techniques but suitable to bulk sampling by 
means o f trial pits.

The trial pits were carried out by means o f a JCB wheeled 
excavator. Large disturbed samples were obtained and the 
exposed section o f the soil down to depth of 2 - 3m was 
inspected. The information obtained was combined with 
previous site investigations to obtain a detailed cross section of 
each o f the three sections o f the Headrace embankment being 
investigated. Figure 5 shows a generalised cross section.
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4 US CORPS OF ENGINEERS METHOD OF ANALYSIS

The Duncan, W right & Wong method (1990) o f rapid 
drawdown analysis was used for this research. It has recently 
been adopted by the US Army Corps o f Engineers as the 
standard method of rapid drawdown analysis as it was shown to 
combine the best features o f the previously developed methods. 
The method utilises undrained shear strengths to avoid the 
complications/inaccuracies involved in estimating undrained 
pore water pressure during drawdown. It utilises envelopes 
which relate undrained shear strengths to isotropic and 
anisotropic consolidation pressures. Envelopes are plotted 
where the horizontal axis is the effective stress on the failure 
plane during consolidation (afC’) and the vertical axis is the 
shear stress on the failure plane at failure (t h ). Lowe and 
Karfiath (1960) showed that the undrained shear strength of 
soils when plotted as in- versus <jrc’ varies with the Effective 
Principal Stress Ratio during consolidation (Kc) where Kc = 
aie’/ o 3c’ . As the value o f Kc increases the undrained strength 
increases. For any material there is a family o f undrained 
strength envelopes corresponding to different values of Kc 
varying from 1.0 to Kf. Kf corresponds to the failure line when 
xiï is plotted against the effective stress on the failure plane 
during failure (an-’).

The first stage o f the process is to identify the materials in 
the section that can drain rapidly and those with a low 
coefficient o f permeability (k) during rapid drawdown. This is 
done by estimating the value o f the dimensionless time factor T 
(Duncan et al, 1990) given by:

where cv = coefficient o f consolidation (m2/year), t = time to 
drawdown (year), D = length o f drainage path (m).

If T > 3.0, the dissipation o f excess pore water pressure 
during drawdown will be 90% or more and it is reasonable to 
treat the material as fully drained. If  T < 3.0, the soil is treated 
as undrained and thus the undrained strength should be 
considered (Duncan et al, 1990).

The next stage o f the analysis uses the results of 
isotropically /  anisotropically consolidated undrained 
¡(ICU)/(ACU)} triaxial tests to determine the soil strength 
envelopes.
The final stage o f the analysis is to select a slip surface and 
perform the analysis using the method outlined in Duncan et al. 
(1990) to obtain a factor o f safety after drawdown. The above 
steps are repeated for other slip surfaces to locate the slip 
surface with the lowest factor o f safety following drawdown.

5 LIMIT STATE ANALYSIS

The analysis was carried out using the Ove Arup & Partners 
OASYS computer program for slope stability SLOPE (version

Figure 6. Kc envelopes for Headrace Embankment material

4.12). SLOPE first defines the embankment cross section, soil 
layers and phreatic surface. A slip mass is chosen and is 
divided into a number o f slices and the factor o f safety after 
drawdown is calculated. This analysis is carried out for a large 
number o f slip surfaces where a search is carried out by the 
program to identify the most critical failure surface. SLOPE 
gives the option o f carrying out both total stress and effective 
stress methods o f analysis.

6 LABORATORY TESTING

6.1 Classification Tests - Headrace Embankment Material

Particle size distribution curves for the Headrace embankment 
material determined using wet and dry sieving / hydrometer 
testing on an extensive selection o f samples confirm that the 
material is o f consistent nature along the Headrace. The material 
consisted o f an average fines content o f 45% and an average 
clay content o f 15% and can be described as a sandy slightly 
gravelly CLAY. It has average natural moisture content, liquid 
limit and plasticity index values o f 11%, 31% and 10% 
respectively. The average bulk density (pB) o f the material is 
approx. 220 0  kg/m3.

6.2 Triaxial Testing - Headrace Embankment Material

As discussed previously, the stony nature o f the material pre
vent undisturbed samples from being obtained. Laboratory tests 
were carried out on specimens remoulded from disturbed trial 
pit samples. The specimens were compacted to a bulk density of 
approx. 2300 kg/m3 according to BS1377 (1990) and Head 
(1982). Samples were 100 mm in diameter and 200 mm high. 
The tests carried out were both ICU triaxial tests, (Kc = 1) and 
ACU triaxial tests, (Kc = 2, 3). For each Kc value, tests were 
carried out at effective stresses corresponding to depths 1.75m, 
3.5m and 5.25m.

The dimensionless time factor T  calculated during the con
solidation stage of the triaxial tests ranged from 0.4 to 1.33 with 
an average value = 0.24. Therefore T < 3.0 and the material can 
be treated as undrained during drawdown. The specimens were 
sheared at a rate o f 0.3mm/min, obtained by the British Stan
dard method of calculating rate o f strain, Head (1982). 
Conventional stress path plots for a selection o f five o f the 
triaxial tests are shown on Figure 7. Similar to the particle size 
distribution curves the consistency of the material can be seen. 
The material behaves in a dilatant manner and shows the typical 
behaviour for a remoulded and recompacted fill material with a 
relatively high sand and gravel content. The best estimate o f the 
Mohr -  Coulomb effective stress shear strength parameters is <(>’ 
= 31.5° and c’ = 12 kPa.

Figure 7: Headrace material triaxial test stress paths
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Figure 8 : Sample SLOPE output showing 6  most critical failure surfaces for effective stress analysis

6.3 Additional Soil Layers

Though the analysis is most sensitive to the embankment fill 
material, the other layers in the embankment were also included 
in the numerical model. The parameters used for these are given 
and the detailed embankment geometry shown on Figure 8 .

7 ANALYSIS RESULTS

The Duncan et al. (1990) analysis, favoured by the US Army 
Corps o f Engineers gave a factor o f safety of 1.5, for a slip 
surface similar to that shown on Figure 2. The same factor of 
safety was obtained by the authors and by Steve Wright, one of 
the developers o f the method, who carried out some preliminary 
runs. It is likely that this method would be more applicable to 
larger slip masses than occurred at this Irish site.

Unrealisticially high factors o f safety were given by the 
conventional limit state stability analysis with undrained 
strength parameters.

Conventional limit state stability analyses with effective 
strength parameters produced more sensible factors o f safety. 
Initially extensive parametric analyses were carried out and it 
was found that the varaition in the parameters o f the cracked 
concrete plate, the broken stone and the puddle lining layer had 
only a minor effect on the results. The results were however 
highly sensitive to the c ’ value chosen for the embankment fill 
material. A factor o f  1.0 is calculated for a c ’ value o f about 9 
kPa to 10 kPa. (Note a value o f about 12 kPa was determined in 
the triaxial tests.) Output for the c ’ value of 9 kPa is shown on 
Figure 8 . The 6 most critical failures surfaces predicted by the 
analyses are shown. These are shallow failures and similar to 
what was actually observed on site. (See Figure 2). It is noted 
that approximately 50% o f the slip surface occurs in the 
embankment material and 50% in the puddle lining layer. The 
puddle lining is the same material as the embankment material 
minus the cobbles. The embankment material was compacted 
by dropping it from a height while the puddle lining was 
installed by hand with little or no compaction. Therefore a 
similar <|>’ was used for both materials but c ’ =0  was assumed for 
the puddle lining.

the method of Duncan et al. (1990). However it is noted the 
output is very sensitive to the chosen input parametrs and good 
quality laboratory testing is required to obtain appropriate 
parameters.
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8 . CONCLUSIONS

Analysis o f shallow slope failures on the Headrace 
embankments o f a hydro-electric scheme have shown that 
conventional limit state stability analysis with effective stress 
strength parameters yield predicted slip surfaces and a factor of 
safety closest to what was actually observed on site, when 
compared to analyses using undrained strength parameters or by
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