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ABSTRACT

Zoned embankment dams are a common type of dam in Sweden consisting of an impermeable
central glacial till core flanked by zones of filter materials and rockfill shoulders. Dams with internal
unstable core material allow fine particles to be transported by seepage, which may result in leakage
paths and pore-pressure variations. These last two conditions are signs of initiated internal erosion.
However, the effectiveness of the filter zone, determines if the internal erosion will continue or not.
This paper presents the assessment of internal erosion susceptibility of the glacial till core of a
hydropower dam located in northern Sweden. The dam has experienced historical damages mainly in
the form of sinkhole and leakage related to internal erosion. The study includes the analysis of the
particle size distribution of samples obtained from boreholes, as well as a comparison of the
geotechnical properties of the core with the Swedish dam safety guidelines available both during the
dam construction in 1958 and today. The capability of the filter to stop the erosion process is not
investigated.
The results show that a well designed and constructed dams can be affected by local layers of
internally unstable (suffusive) material susceptible to internal erosion.
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1. INTRODUCTION 

Zoned embankment dams are a common type of dam in Sweden consisting of a central core of low 
permeability flanked by zones of considerably more pervious filter material and supporting fill 
shoulders. Internal erosion in embankment dams is a deterioration process that initiates when the 
forces imposed by seepage exceed the ability of the soil to resist them (ICOLD, 2015). Suffusion, also 
called internal instability, is an internal erosion mechanism that occurs when fine-grained particles are 
carried out of the soil matrix by seepage, gradually washing-out the soil causing its geotechnical 
properties to change (Rönnqvist & Viklander, 2014a). Foster et al. (2000) found that internal erosion is 
the second most frequent cause of failure in large embankment dams, surpassed only by overtopping. 
Garner & Fannin (2010) indicated that internal erosion initiates when an unfavourable coincidence of 
material susceptibility, stress conditions and hydraulic load occur. 

According to Norstedt & Nilsson (1997), about sixty per cent of the large embankment dams 
constructed in Sweden before 1997 have experienced some kind of deterioration. Surface erosion in 
slope protection was the most common type of deterioration, followed by sinkholes in the dam crest or 
at the dam shoulders. In many cases, sinkholes were combined with other types of deterioration, such 
as leakage in the foundation or in the dam body. Furthermore, about 15 per cent of the total number of 
embankment dams presented internal erosion in the foundation and/or in the dam body (Norstedt & 
Nilsson, 1997). 

Nilsson et al. (1999) found out that the sinkholes experienced in Swedish dams were linked to several 
factors, such as: height of the dam, type of dam, and the interface between the embankment dam and 
concrete structures. Two factors that stood out were: the year of construction and the grain size of the 
downstream filter. Filters in Swedish dams are sometimes too coarse to be effective, as illustrated on 
the “unified plot” (Rönnqvist & Viklander, 2015b and ICOLD, 2016). Nilsson et al. (1999) also 
highlighted that most of the Swedish dams with reported sinkholes were constructed in the period 
1970 to 1974; and the reason why this period has more frequent damage is due to either poor design 
or poor construction. 

Up to 1997, the design of most of the hydropower dams in Sweden was based on the guidelines 
developed by Vattenfall in 1958 (Vattenfall, 1958), which was reviewed, also by Vattenfall, in 1988 
(Vattenfall, 1988). In 1997 Svensk Energy published the dam guidelines named RIDAS (Hydropower 
Companies' Guidelines for Dam Safety), which have been revised and reissued three times since then 
(Svensk Energy, 2002, 2008, 2012). The overall objective of RIDAS is to define design requirements 
and provide guidelines for good and uniform dam safety. 

A hydropower earth and rockfill - central core embankment dam located in northern Sweden has 
presented damage mainly in the form of sinkholes and leakage, both signs of internal erosion. This 
paper aims to define if the internal erosion incidents reported could be due to: i) deficiencies in the 
compaction, affecting the initial stress conditions; ii) the use of material out of the designed grain size 
distribution; and iii) the use of material susceptible to internal erosion. The paper focuses only on 
assessment the internal erosion susceptibility of the core material; the capability of the filter to stop the 
erosion process is not investigated. 

The study included the comparison of geotechnical properties and design criteria of the dam core 
material with the Swedish dam safety guidelines available both during dam construction and today 
(Vattenfall 1958 and RIDAS 2012). In addition, the grain size distribution of drilled borehole samples 
from the dam core was assessed in terms of susceptibility to internal erosion by suffusion. The 
methods applied for the assessment were Kenney & Lau (1985, 1986) and the modified Burenkova 
(1993) method proposed by Wan & Fell (2004). 

2. CASE STUDY 

2.1 General characteristics of the dam 

The hydropower dam in this study was completed in 1970 after two years of construction. It is located 
in northern Sweden and consists of one concrete dam in between two embankment dams, left (V) and 
right (H). The dam is 20 m high, having a crest width of 4 m and length of 444 m. The concrete dam is 
114 m long and comprises the power station and spillway. The embankment dams are zoned and 
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consist of a central core of silty sandy moraine, a fine filter of sandy gravel, a coarse filter (drainage) 
with grain size range between 8 - 80 mm, and rockfill shoulders. The upstream slope is protected by a 
rip-rap layer. The upstream and downstream shoulders slopes are, respectively, 1:1.75 and 1:1.6 for 
both embankments; and the symmetric core slope is 5:1. 

The embankment dams were built during one season and completed within the month of September 
of different years. The core was placed in layers of 500 mm thickness by the dry compaction method. 

The left embankment dam and the concrete dam are founded on leptite overlying granitic rock. The 
right embankment dam is built on a heterogeneous foundation consisting of: leptite rock between 
sections 0/000 – 0/045, a concrete slab on the rock surface between 0/045 – 0/090, and natural 
ground between section 0/090 and the dam right abutment. The natural ground consists of a sandy 
moraine with relatively low silt content lying on bedrock with minor open fractures. Prior to the concrete 
slab construction, rock drillings showed weathered rock and the presence of open fractures filled with 
soil from the overlying strata. 

The dams were designed according to the recommendations in the 1958 Vattenfall guidelines 
(Vattenfall, 1958). The geotechnical properties of the core material reported in tests performed prior 
and during construction are summarized in Table 1. 

Table 1. Geotechnical properties of the core 

Parameter Left embankment dam Right embankment dam 

Lab. prior 
Construction 

Tests in- situ Lab. prior 
Construction 

Tests in- situ 

Material classification Silty sandy moraine Silty sandy moraine 

Dry unit weight [ kN/m3 ] 21.4 20.7 22.0 20.8 

Optimum water content [%] 5.0 – 6.0 7.9 – 9.1  4.5 – 7.0 7.0 – 8.9 

Degree of compaction [%] - Average: 96.7 
Min. 94.4 

 Average: 95.7 
Min. 93.8 

Permeability [ m/s ] 1.2 x 10 -7 -  5.1 x 10 -8 -  

 

2.2 Deterioration events in the dam 

During the first thirty years of operation, two major sinkholes occurred; both located close to section 
0/020 of the left embankment dam. Before the sinkholes were visible on the crest, some leakages with 
muddy water were detected at times. The first sinkhole appeared in 1980 at the upstream edge of the 
crest, and the second in 1993 in the middle of the crest. 

In the first sinkhole, the damage was deemed to have been caused by erosion along the downstream 
contact between the dam body and the rock foundation. For the second case, erosion was likely 
caused by the presence of a local defect in the downstream filter, in addition to hydraulic fracturing 
due to concentrated leakage. Repair measures for the first sinkhole consisted of grouting in the rock 
and the contact zone with the core; whilst for the latter incident, grouting of the core was applied 
together with the addition of strengthening by a downstream rockfill berm. 

The right embankment dam has not experienced sinkholes, but leakage incidents have been identified 
and repaired with grouting in the core. In addition, damage has been identified adjacent to the 
concrete structure on both sides of the tongue of the dams. The damaged areas were grouted and no 
further incidents have been reported. 

The characteristics and location of the deterioration events described above, suggest that the internal 
erosion mechanisms experienced are: concentrated leak along concrete walls and at the embankment 
– foundation contact, suffusion and backward erosion. Effective filters would have prevented 
continuation of erosion in all these situations. 
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3. DAM CORE PROPERTIES IN COMPARISON TO SWEDISH DAM SAFETY GUIDELINES 

Garner & Fannin (2010) indicated that internal erosion initiates when an unfavourable coincidence of 
material susceptibility, stress conditions and hydraulic load occur. The stress conditions are relative to 
the compaction procedure, thus the following section aims to evaluate if the construction method of 
the dam was successfully applied in comparison to the criteria indicated in the Swedish dam safety 
guidelines. The guidelines considered are those available both during the dam construction and today 
(Vattenfall 1958 and RIDAS 2012). 

In addition, the most relevant statements and recommendations in both guidelines regarding the core 
susceptibility to internal erosion were verified for the soil used in the construction. For the verification, 
it was considered that the soil’s susceptibility to internal erosion depends mainly on its composition 
and permeability. However, it is important to note that the 1958 guidelines did not require specific 
grain size boundaries for the core. 

Tables 2 and 3 compare the geotechnical properties of the dam core material and the design criteria 
given in Vattenfall 1958 and RIDAS 2012 for soils classified as moraine. Comparisons are based on 
the information reported in the technical reports of the embankment dams. Criteria fulfilled are 
indicated with “Yes (Y)”, those with a value close to the recommendations are marked as “Acceptable 
(A)”, and those not fulfilled are identified with “No (N)”. The sign “-“ is used in cases where the 
guidelines do not indicate a specific value or there is no data available. The notations used in the 
tables are summarized below. 

 P(<sieve N)   Percent of material passing the sieve N   [%] 

 k  Hydraulic conductivity     [m/s] 

 γd  Dry unit weight      [kN/m3] 

 γmax  Max. dry unit weight of modified Proctor test  [kN/m3] 

 w  Water content in situ     [%] 

 wopt  Optimum water content of modified Proctor test  [%] 

 h  Compaction layer thickness    [mm] 

 Lp  Maximum porosity     [%] 

 γs  Unit weight of solid      26.5 kN/m3 

Table 2. Comparison of dam core construction material to Vattenfall 1958 

Parameter Left embankment dam Right embankment dam 

Clay content <5% 0% Y Max. 5%  Y 

P(0.1 – 1 mm) 38% - 40% - 

P(<0.075 mm) ≥ 0.15∙P(<5.6 mm) P(<0.075 mm)  = 37.5% 
P(<5.6 mm) = 94.0% 

0.15∙P(<5.6 mm)= 14.1% 

Y P(<0.075 mm)  = 31% 
P(<5.6 mm) = 93.0% 

0.15∙P(<5.6 mm) = 14.0% 

Y 

Max. k= 2.8x10-7 m/s 
Min. k= 1.4x10-8 m/s 

1.2 x 10-7 m/s  
(See Table 1) 

Y 5.1 x 10-8 m/s  
(See Table 1) 

Y 

γd: 20 – 22 kN/m3  20.7 kN/m3 Y 20.8 kN/m3 Y 

γd ≥ 0.95 ∙ γmax 

(γd and γmax from Table 1) 
γmax = 21.4 kN/m3 

(0.95 ∙ 21.4) = 20.3  
γd > 0.95 ∙ γmax 

Y γmax = 22.0 kN/m3 
(0.95 ∙ 22.0) = 20.9  

γd ≈ 0.95 ∙ γmax 

Y 

w: 5 – 9 %  7.9 – 9.1% Y 7.0 – 8.9% Y 

 w ≈ wopt + 2% 
(w and wopt from Table 1) 

wopt = 6.0% 
w = 9.1% > wopt +2% 

N wopt = 7.0% 
w = 8.9% ≈ wopt +2% 

Y 

Degree of compaction > 90% Min. 94.4% Y Min. 93.8% Y 

Roller: vibratory or pneumatic Vibratory (5.5 t) Y Vibratory (5.5 t) Y 

h: 200 – 600 mm 500 mm (200 mm next 
to concrete) 

Y 500 mm (200 mm next 
to concrete) 

Y 
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Table 3. Comparison of dam core construction material to RIDAS 2012 

Parameter Left embankment dam Right embankment dam 

Moraine silty-sandy, block poor 
and moderate stone content 

Silty sandy moraine Y Silty sandy moraine Y 

P(<0.06 mm): 15 – 40 % of P(<20mm)  
In most cases > 0.3∙P(<20mm) 

Mean P(<0.06 mm) = 30% Y Mean P(<0.06 mm) = 30% Y 

P(≤2mm) ≤ 0.85∙P(<20mm) Mean P(≤2mm)= 85% Y Mean P(≤2mm)= 85% Y 

P(≤20mm) ≥ 0.7∙P(<64mm) No data of P(<64mm) - No data of P(<64mm) - 

Maximum grain size ≤ 0.6∙h 
 

h = 500 mm 
0.6∙h = 300 mm 

350 mm > 300 mm 

N h = 500 mm 
0.6∙h = 300 mm 

350 mm > 300 mm 

N 

Max. grain size next to 
concrete: 30 mm 

50 mm N 50 mm N 

Permeability: 
Min. k= 3.0x10-7 m/s 

1.2 x 10-7 m/s 
(See Table 1) 

A 5.1 x 10-8 m/s 
(See Table 1) 

A 

w ≈ wopt + 3% 
(w and wopt from Table 1) 

w = 9.1% 
wopt = 6.0% 

w ≈ wopt +3% 

Y w = 8.9% 
wopt = 7.0% 

wopt < w < wopt +3% 

Y 

Lp = 100∙(1-γd/γs) - w∙γd/γw  
Lp <10% 

γd = 20.7 kN/m3 
Lp = 3 % 

Y γd = 20.8 kN/m3 
Lp = 3 % 

Y 

Compaction: roller vibratory  Roller vibratory  
(5.5 t; Min. 8 passes) 

Y Roller vibratory 
(5.5 t; Min. 8 passes) 

Y 

Table 2 shows that the core complies with the 1958 guidelines in every respect except for the water 
content of the core material in the left embankment dam was slightly higher than the optimum. Table 3 
shows that the core in both embankments complies with the RIDAS 2012 requirements in most 
respects except that the maximum grain size is larger than recommended both generally and adjacent 
to concrete structures, and that the permeability was acceptable but lower than recommended. 

4. ASSESSMENT OF INTERNAL EROSION SUSCEPTIBILITY  

4.1 Laboratory work procedure 

The tested material was obtained in-situ from three boreholes performed at the dam crest. The 
material from each borehole was subdivided in layers of 0.80 m labeled by location and depth relative 
to the dam crest. The location refers to the distance between the concrete dam and the boreholes in 
the left (V) or right (H) embankment dam. One of the boreholes was executed in the right embankment 
dam at the section 0/090H, and the other two in the left embankment dam, at sections 0/013V and 
0/045V. 

The borehole at section 0/013V is located close to the sinkholes that occurred near to section 0/020V 
in 1980 and 1993, whilst the borehole 0/045V is close to the sinkhole at section 0/053V which 
appeared in 2001. Since no sinkhole incident has occurred in the right embankment, borehole 0/090H 
can preliminarily be considered as a representative sample of the original core material. In contrast, 
samples from the left embankment dam could be disturbed when compared to the original conditions. 
An influence of the drilling on the samples cannot be excluded but is neglected in the further 
assessment as this is valid for all three boreholes. 

The laboratory tests performed aimed to evaluate the current conditions of the dam core in terms of 
grain size distribution and compaction level. The laboratory work included: dry and wet sieving, 
sedimentation, Atterberg limit and modified Proctor compaction, and were accomplished according to 
ASTM-D2487, D422, D4318 and D1557, respectively. 
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The particle size distribution of the entire profile of the borehole 0/045V was determined by wet and 
dry sieving; whilst boreholes 0/090H and 0/013V were evaluated at only five equally spaced layers. 
For the last two boreholes, the gradation obtained at each depth was considered as representative of 
a theoretical thickness defined as the distance between two consecutive layers. 

The available samples included particles bigger than 16 mm and, in most cases, up to 22 mm. 
Isolated particles bigger than 22 mm and random cobbles up to 90 mm were been identified. However, 
as the aim was to compare the gradation curves of the borehole samples with the construction 
material, the maximum particle size considered in this study was 16 mm.  

4.2 Laboratory results 

Figure 1 shows the mean granulometric curves of boreholes 0/045V, 0/013V and 0/090H, as well as 
the design gradation boundaries. It is observed that the curves corresponding to 0/013V and 0/090H 
are within the design boundaries; whilst the curve of 0/045V is slightly below the lower boundary. The 
mean granulometric curves were calculated as the average of the gradation curves obtained for the 
layers assessed in each borehole. Layers reporting differences in the grain size distribution higher 
than 16% were excluded and studied separately as “outlier layers”. The upper limit of 16% was 
established considering that the design boundaries variation is maximum 16%. The design boundaries 
were defined based on the gradation of the construction material. 

Figure 1 also includes the gradation curves of the outlier layers of boreholes 0/045V and 0/013V 
located at the depth 7.7- 8.5 m and 4.3 – 4.7 m, respectively. These gradation curves show less 
content of fines, indicating that they have been washed out. In addition, the gradation curve of the 
9.8 – 10.6 m layer (in borehole 0/013V) contains more fines suggesting that the material might have 
experienced some crushing or was one of the recipients of the washed out fines from above. 

The particle size distribution at different depths of the boreholes 0/045V and 0/090H is shown in 
Figures 2 and 3, respectively. The percentage distribution considers three categories: 1) fine fraction 
(% < 63 µm), 2) sand fraction (between 63 µm and 4.75 mm) and 3) the gravel fraction (between 
4.75 mm and 16 mm). Figures 2 and 3 also include the boundaries of the fine and sand fraction 
corresponding to the design gradation, labeled as “design boundaries”. 

 

Figure 1. Granulometric curves from boreholes 0/045V, 0/013V and 0/090H 
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Figure 3. Particle size distribution in 
borehole 0/090H 

Figure 2. Particle size distribution in 
borehole 0/045V 
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In borehole 0/045V (Figure 2), the percentage of particles smaller than 63 µm is mostly within the 
design boundaries and, omitting the outlier layers at 5.70 – 6.50 m and 7.70 – 8.50 m, the curve has 
an approximately constant behavior. The maximum variation, relative to the minimum boundary of fine 
fraction, is about 10% in the 5.70 – 6.50 m layer. In relation to the material passing the sieve 4.75 mm, 
most of the samples are below the minimum design boundary. Significant variations of maximum 30% 
can be noted in the 7.7 - 8.5 m layer. 

The particle size distribution in borehole 0/090H (Figure 3) presents, approximately, constant behavior 
in its whole depth. The curve of fine fraction is within the construction boundary; whilst the curve of 
sand fraction reports some layers below the minimum design boundary. The maximum variation 
relative to the minimum boundary is about 10% in the 13.5 – 18.3 m layer. 

In relation to the Atterberg limits, three samples of the fine fraction were tested for each borehole. The 
samples were taken at different layers of each borehole (top, bottom and mid layers). The average 
values obtained are: liquid limit = 2, plastic limit = 1 and plastic index =1. Glacial till soils with plastic 
limit smaller than 4 may be vulnerable to internal instability (Crawford-Flett K.A, 2014, cited in 
Rönnqvist, 2015). However, for silty gravel moraine with clay content < 5%, the plastic limit is not 
relevant in the assessment of internal erosion susceptibility. 

The modified Proctor compaction tests performed for boreholes 0/045V and 0/090H indicate, on 
average, a maximum dry unit weight of 21.2 kN/m3 and an optimum water content of about 6.0% for 
both left and right embankment dam, which is within the recommendations of Vattenfall 1958. 

4.3 Assessment of susceptibility to internal erosion by suffusion (internal instability) 

In engineering practice, two methods are widely used to evaluate the potential internal instability of 
granular soils: Kenney & Lau (1985, 1986) and Burenkova (1993). The first method analyses the 
shape of the gradation curve of sand - gravels with particles up to 100 mm; while the second uses 
characteristic values of the slope of the gradation of silt-sand-gravel. Wan & Fell (2008) found that, for 
soils containing silt, the Kenney & Lau (1985, 1986) method is conservative, whilst the Burenkova 
(1993) method provides better but not totally accurate predictions of the internal stability. 
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Nevertheless, the comparative analysis performed by Rönnqvist & Viklander (2015a) indicates that 
both methods have merit in terms evaluating the internal stability of glacial till soils. 

Kenney & Lau (1985, 1986) introduced the H:F shape curve with H/F as stability index, where F 
denotes mass passing (%) at grain size D and H denotes mass increment (%) between D and 4D, with 
D as an arbitrary particle size. The evaluation range for widely graded soils (uniformity, 
Cu = d60/d10 > 3) is defined by F≤ 20%. A stability index less than one within the evaluation range 
((H/F)min<1) indicates that a soil is deficient in the finer fraction, thus, potentially internally unstable, 
which means that fine particles can be washed out by seepage (Rönnqvist & Viklander, 2014a). 

The Burenkova (1993) method is based on d90 /d60 and d90 /d15 ratios. The d90 /d60 ratio represents the 
slope of the coarse part of the particle size distribution plot, whilst d90 /d15 ratio is regarded as a 
measure of the filter action between the coarse fraction and the fine fraction. Wan & Fell (2004) 
proposed the modified Burenkova method for broadly graded silt-sand-gravel, which uses logarithmic 
regression to define contours of equal probability of internal instability (Figure 5). 

In this study, the internal erosion sensibility of the dam core was evaluated applying both the Kenney 
& Lau (1985, 1986) and the modified Burenkova methods (Wan & Fell, 2004). The analysis considers 
the gradation curves presented in Figure 1. The results are reported in Figures 4 and 5. 

 

Figure 4. Shape curve of borehole samples applying Kenney & Lau method (1985, 1986) 

 

Figure 5. Probability of internal instability of borehole samples applying the modified 
Burenkova Method proposed by Wan & Fell (2004) 
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Figure 4 shows that the mean gradation curve of boreholes 0/090H and 0/013V are stable (above the 
limit curve H/F=1 for F<20%); whilst borehole 0/045V and the layer 4.3-4.7 m of borehole 0/013V 
present unstable gradations. Figure 5 shows that the probability of the layer 4.3-4.7 m in borehole 
0/013V being unstable is low (about 5%), and that only the layer 7.7-8.5 m layer in borehole 0/045V is 
highly probable (90%) to be unstable; the mean grading of borehole 0/045V is predicted to be stable. 

5. DISCUSSION 

The comparison of the dam core properties reported during construction to the 1958 Vattenfall 
guidelines shows that the core complied with the criteria evaluated. An exception was identified in the 
water content of the left embankment dam, which exceeded the recommended value by 1%. However, 
this water content is local and does not necessarily represent the average water content in the dam; 
furthermore it is within the range permitted by the new guidelines. In addition, it is important to note 
that specific grain size boundaries related to internal erosion susceptibility were not given for the core 
in the 1958 guideline. 

Regarding RIDAS 2012, most of the criteria were also satisfied, with the exception of the maximum 
grain size both next to concrete surfaces and in the dam body. The presence of isolated particles 
bigger than the maximum recommended grain size could generate locally gap-graded layers 
susceptible to internal erosion. However, based on the borehole samples assessed, the oversized 
particles are isolated, and not likely to form a continuous layer. 

The results of the modified Proctor tests performed in this study are consistent with the values 
reported during construction, and within the range recommended by Vattenfall 1958 and by RIDAS 
2012. Thus, variations in the designed stress conditions due to deficiency in the core compaction are 
discarded. In addition, zones of weakness due to desiccation or embedded ice formation are unlikely 
as the embankments were built during one summer season and ended before next winter. 

The particle size distribution of the boreholes analyzed are similar, with a maximum difference in the 
gravel content of about 10% (Figure 1), thus it is assumed that the soil classification of both 
embankment dams is the same. As expected, the material from borehole 0/090H fits the design 
boundaries more closely (Figure 3). The soil classification is therefore based on the 0/090H particle 
distribution, which consists of: 18.1% gravel, 51.1% sand and 30.8% fines. According to ASTM D2487, 
the soil is classified as silty sand with gravel and, based on its origin (glacial till), can be defined as 
silty sandy moraine. This classification is consistent with the classification indicated in reports from the 
construction. 

The original composition of the samples could have been affected by loss of fines during the sampling 
process and the drilling. Nonetheless, the notable reduction of the fine sand fraction in borehole 
0/045V (Figure 2) in comparison to the design boundaries may indicate the occurrence of internal 
erosion. Moreover, the outlier layer at 7.70 – 8.50 m suggests a concentrated leak. The 4.3 – 4.7 m 
gradation curve in borehole 0/013V (Figure 1) shows a similar pattern. In borehole 0/090H (Figure 3) 
the local reductions in the sand fraction of about 10% might represent internal erosion at an early 
stage. 

Kenney & Lau (1985, 1986) and the modified Burenkova method (Wan & Fell, 2004) provide similar 
results. Both methods indicate that, based on the mean granulometric curve of each borehole, the 
core material is stable. An exception is borehole 0/045V, which is classified as internally unstable by 
the Kenney & Lau method but stable by the modified Burenkova method. Nevertheless, based on the 
profile of current grain size distribution (Figure 2) it is possible to conclude that the Kenney & Lau 
method provided a more realistic result. On the other hand, as expected, for the gradation curves 
corresponding to the outlier layers of boreholes 0/045V and 0/013V, the core material is categorized 
as internally unstable. The 7.7-8.5 m layer in borehole 0/045V has the highest probability (90%) of 
internal erosion. It is important to note that the mean curves evaluated represent an average of the 
material used during construction; therefore, the susceptibility to internal erosion could change layer 
by layer. 

Considering the type of incidents reported in the dam and the results discussed above, it is possible to 
conclude that the presence of internally unstable (suffusive) layers allowed the development of internal 
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erosion. Similarly, internal erosion could be developed in layers of internally unstable material in the 
right embankment dam. 

6. CONCLUSIONS 

Based on the results and discussion presented in this paper, the following conclusions are reached: 

 The dam core design and construction procedure complied with the recommendations of 
the 1958 Vattenfall guidelines. However, the guidelines do not prevent the use of suffusive 
internally unstable material as core fill; 

 Most of the criteria required by RIDAS 2012 evaluated in this study were also satisfied, 
except those related to the maximum grain size in core fill; 

 Construction material used in different layers contained varying amounts of fines in relation 
to the design boundaries; 

 The core material of both embankment dams is silty sandy moraine internally unstable in 
some layers, thus susceptible to internal erosion by suffusion; 

 Layers with a notable different of the fines and sand content respect to the design 
boundaries suggest that internal erosion by suffusion has occurred. 

Under these conditions, the general conclusion is that the internal erosion mechanisms experienced in 
the left embankment dam include suffusion due to layers of internally unstable material. It is likely that 
the filter was not effective enough (too coarse to trap the fine eroded particles) and allowed internal 
erosion to continue, leading to the formation of sinkholes. 

It is important to highlight that criteria for the filter were not clearly defined in the guidelines available 
during construction. Thus, in order to know the likelihood of continuation of internal erosion, the 
assessment of the filter regarding the currently available filter design criteria is recommended. 
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