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ABSTRACT

The occurrence of suffusion and erosion processes is one of the critical failure modes of embankment
dams. The transport of soil particles by seepage forces may result in a critical failure, but also may only
lead to an imperceptible modification of the embankment behaviour before the failure rapidly occurs.

For a better understanding the categories can be divided into four main processes, e.g. as Fell et al.
(2005) and others suggested. A more comprehensive approach considered up to ten single activities,
processes and events starting from the load and structure analysis and ending at execution of counter
measures.

This paper presents a case study of one of an old dams. The flood retention basin Treysa-Ziegenhain
is the located in the state Hesse in Germany. It is located on the River Schwalm within the cities of
Treysa and Ziegenhain and has an almost 10 km long embankment dam with a height of approx. 6 m.
The flood retention volume is eight million cubic meters.

The applied methodology helped to confirm the overall safety of the dam concerning soil material
transport based on the one hand on a seepage analysis and on the other hand, on the aforementioned
process assessment.
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1. INTRODUCTION 

1.1 General 

The German codes for dams (DIN 19700) dictate that dams have to be consistently safe during 
operation. For this purpose the dams have to be supervised regularly and continuously. The results of 
small inspections and operation records are implemented in an annual safety report. However, both a 
detailed dam safety check and the preparation of the corresponding evaluation report have to be 
performed and prepared within reasonable periods. DIN 19700-10 “Dams – General Specifications” 
and DIN 19700-12 “Dams – Flood Retentions Basins” do not provide a binding period, but periods of 5 
to 20 years are followed up in practice in consideration of the specific conditions of the dams. 

Due to the fact that many German dams and flood retention basins have been constructed 50 to 100 
years ago, frequently available documents and information are scarce. Information about applied 
embankment fill material, foundation conditions and construction methods and processes is rare. The 
as-built construction drawings are frequently differing from the design drawings. Measurement and 
control records during the first decades of operation are frequently missing or are of poor quality. 

Additional geotechnical investigations to gather up-to-date information are expensive and sometimes 
also difficult and risky to carry out in consideration of an unknown dam design and behaviour. Old 
fashioned design approaches sometimes lack modern design criteria concerning seepage control, 
slope stability or hydrodynamic transport processes. Therefore the safety evaluation of existing old 
dams is frequently a challenging task. Long-term successful operation periods and experiences are 
frequently standing against not matching modern design criteria. 

1.2 Characteristics of the Treysa Ziegenhain Flood Retention Basin 

The flood retention basin Treysa-Ziegenhain is located on the River Schwalm in the state of Hessen 
within the drainage basin Fulda. The structures are located within the area of the cities of Treysa and 
Ziegenhain (Figure 1, Table 1). 

The basin was built from 1967 to 1972. The basin comprise two reservoir areas, west and east, which 
are connected via a channel-like flow section between the embankment dams Ziegenhain North and 
South (see Figure 1). Two pumping stations control the drainage of the hinterland areas. 

The dam crest is located at an elevation of approx. 215 masl. The region is characterized by a low 
mountain ridge with large forests. The flood hydrology is dominated by long-lasting rain events 
combined with snowmelt within the winter or spring period. The reservoir is controlled by a main outlet 
structure which shall limit the discharge to downstream to 20 to 30 m³/s during floods.  

Table 1. Selected data of the flood retention basin Treysa-Ziegenhain 

Basic Data 

Water body / river Schwalm 

Drainage Basin  Fulda 

Years of construction 1967-1972 

Catchment area 542 km² 

Type of dams Embankment dam 

Flood retention volume Approx. 8.0 Mio. m³ 

Maximum height of the dams Approx. 6 m 

Length of the dams Approx. 9.5 km 

Type of flood retention reservoir Green/dry basin 
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The complete embankment dams can be divided into two embankment sections: 

 Treysa Dam North and South along the Reservoir West 

 Ziegenhain Dam North and South along Reservoir East 

 

Figure 1. Location and layout of the flood retention basin Treysa-Ziegenhain 

The design of the embankments is quite simple. The fill is a low permeable soil material founded on a 
low permeable floodplain layer consisting of silty, clayey, sandy soils. For the seepage control a toe 
drain was applied which was partly combined with a drain trench at Treysa Dam North. The trench is 
reaching to the high permeable underground gravels and sands. 

In Figure 2 and Figure 3 cross sections of Treysa Dam South and North are given, respectively. The 
Treysa Dam South consists of a low permeable dam fill and a toe drain, as mentioned above. The 
seepage flow conditions through the dam body and the underground are hydraulically separated by 
the low permeable floodplain layer on which the dam body was placed. The floodplain sediment layers 
show different characteristics. The main components sands, silts and clays are dominating. 

 

Figure 2. Cross-section dam Treysa Dam South 

Underneath the low permeable, cohesive, superficial layers permeable to very permeable sand and 
sand-gravel layers are located. The dam Treysa South shows a height of maximum approx. 5.1 m. 
The upstream slope is inclined with V:H = 1:2.5 and the downstream slope with V:H = 1:3. Partly the 
slope inclination varies in the upper area with V:H = 1:2.25. 
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Along sections of the Dam Treysa North the dam was strengthened by the placement of an additional 
embankment at the upstream slope. The slope was flattened to V:H = 1:4. The new zone shows a very 
low permeability. The refurbishment was performed after some damage occurred during a flood event 
due to wave impact. Flattening the slope results in a smaller wave-run-up and less wave action. The 
original dam body was composed of a low permeable main fill and a slightly more permeable dam fill 
at the downstream zone. The downstream slopes shows inclinations of V:H = 1:2.5. In some section 
the downstream slopes is V:H = 1:2.0 steep. The downstream toe shows a drainage blanket with a 
drainage trench which creates a direct connection to underground. The trench penetrates the surface 
sediment layers (see Figure 3). The maximum height of the Treysa Dam North is approx. H = 6.1 m 

 

Figure 3. Cross-section of Treysa North dam 

For the embankment dams a detailed dam safety analysis had to be prepared. The corresponding 
dam authority (RP Darmstadt), the dam owner (Wasserverband Schwalm, engl.: “Water Association 
Schwalm”), and the consultant (Björnsen Consulting Engineers) agreed in focussing on the mentioned 
two dam sections in regard to required safety analyses. The dam sections reflect the most 
unfavourable conditions, the maximum height of the embankment dams, maximum hydraulic loads, 
and they are located critically close to the outlet structure. A failure there is considered to be most 
harmful. 

The slope stability and other geotechnical sliding failure modes are not considered to be critical for the 
given dam sections. Existing and further analyses were performed and confirmed this. But, the 
hydrodynamic deformation and the seepage conditions were not assessed before. For this a 2D FEM 
seepage analysis needed to be prepared enabling the engineer to perform a process orientated 
evaluation of the hydrodynamic process, usually referred to as suffusion and erosion. 

2. 2D FEM SEEPAGE ANALYSIS AND LOADS 

2.1 Geohydraulic Parameters and Model Preparation 

The geohydraulic parameters which were applied for the seepage analysis/model are given in Table 2. 
Only the saturated conditions were modelled neglecting the unsaturated zone and its flow. Thus, the 
table only provides the parameters which define the saturated flow. Neglecting the flow through the 
unsaturated zone was considered not decisive since the dominating soil type is silt and clay in the 
dam body which show generally a very low permeability so that the flow through the unsaturated zone 
should be also very limited. Additionally, the drain zones, which are also important for the hydraulic 
behaviour of the dam, do not show a distinct unsaturated zone. 

The material parameters are only partly derived from laboratory or field tests. Due to missing 
information some were estimated in respect of values taken from literature as provided, e.g., in 
Haselsteiner (2007). Because of this “uncertainty” a sensitivity analysis was performed as described 
later. The permeability was modelled using the average permeability values (Table 2). The anisotropy 
factor A was defined distinguishing between natural and processes soils. Narrow graded drainage 
bodies are considered to show an anisotropy factor of A = 1, natural sediment soils A = 5. 

Generally, only steady seepage analyses were performed applying a 2D FEM model. The element 
size of the finite element model was defined by a general size of 0.15 m. Control sections were 
defined in order also to check the flow through the dam body and the underground, separately.  
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Table 2. Main geohydraulic parameters for Treysa-Ziegenhain embankments and underground 

 

The upstream and downstream boundary conditions were defined as constant hydraulic head 
conditions corresponding to the reservoir level and the tailwater conditions, respectively (Figure 4). 

 

Figure 4. FEM model for the Treysa Dam North 

2.2 Load cases 

German technical code DIN 19700-11/2004 defines three design situations, DS I to III, for the safety 
analysis of a dam. For the seepage analysis four different load cases in consideration of the specific 
structural behaviour states (SBS) of the dam were defined. An overview of the considered load cases 
is given in Table 3. For less likely design situations the hydraulic characteristics of the drain were 
adjusted from full functionality to complete malfunction. The less likely the structural behaviour (A, B. 
C) the lower the permeability was set (Table 4). The potential physical processes for deterioration of 
drains, e.g., clogging, were considered while defining the parameters. Generally, the permeability was 
reduced to maximum corresponding to the adjacent soils/materials. 

Load case 1.1 is the normal load case which considers the full flood water level. Load case 2.2 reflects 
the rapid drawdown which was treated using analytical formulae (Haselsteiner, 2007). The rapid 
drawdown was not considered to be decisive for the evaluation of hydrodynamic deformation 
processes. The load cases 2.1 and 3.1 reflect the spillway design and the extreme flood, respectively. 

2.3 Results of the seepage analysis 

The distribution of the hydraulic potential as a result of the seepage analysis is shown in Figure 5 for 
the load case 3.1 (SBS A) for Treysa Dams North and South. In both cases the drain controls the 
seepage conditions. Additionally, the upstream slope at Treysa Dam North works as a sealing and 
induces a local potential reduction within the upstream surface fill. 

Material

No. 
Location/zone Soil type

average min max

1 Embankment main fill Loam 1*10-7 2*10-8 5*10-7 2 0,35 0,10

2
Upstream fill extension

"Wasenberg"
Clay, silt, sandy 5*10-7 1*10-7 2,5*10-6 2 0,30 0,13

3 Drain material I Gravels 0/30mm 1*10-3 5*10-4 2*10-3 2 0,25 0,25

4 Drain material II
Coarse gravel 

30/80mm
5*10-3 1*10-3 1*10-2 1 0,20 0,20

5 Drain material III Filter sand  1*10-5  1*10-6  1*10-4 2 0,35 0,20

6
Damm shoulder

"Wasenberg/Ziegelei"

Sand, silty, 

sandstone
1*10-6 5*10-7 2*10-6 2 0,30 0,15

7 Vegetation/cover layer Sand, silty  1*10-4  1*10-5  1*10-3 1 0,50 0,40

8 Dam crest
Concrete asphalt

0/8mm
1*10-8 1*10-9 1*10-7 1 0,40 0,05

9 Drainage pipes (modelled)  1*100 1*10-1 1*102 1 1,00 1,00

10 Subsoil/Underground Sand  1*10-4  1*10-5  1*10-3 5 0,35 0,25

11 Subsoil/Underground Clay  1*10-8  1*10-9  1*10-7 5 0,55 0,05

12 Subsoil/Underground Sand-Gravel  1*10-3  5*10-4  2*10-3 5 0,30 0,25

13 Subsoil/Underground Sandstone  1*10-6  1*10-7  1*10-5 1 0,20 0,10

14 Subsoil/Underground Loam, sandy  1*10-7  1*10-8  1*10-6 5 0,30 0,10

saturated permeability

kS [m/s]

A =

kh/kv

[-]

porosity

n [-]

eff.

porosity

nef f  [-]

min. line of seepage / max. drain potential (Scenario 2) (sensitivity analysis)

max. line of seepage / min. drain potential (Scenario 1) (sensitivity analysis)
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Table 3. Design situations according to DIN 19700-11/2004 

 

Table 4. Hydraulic parameters of the drains corresponding to structural behaviour state (SBS) 

 

Thanks to the relatively low degree of impoundment which also results from a large freeboard height 
and thanks to flat slopes and the applied drains the line of seepage does not approach the 
downstream slopes within the considered load cases. This counts positive for the slope slip stability. 

 

 

Figure 5. Seepage conditions for load case 3.1 (DS III, SBS A) for Treysa Dam South (up) and 
Treysa Dam North (down) 

Thanks to the flatter upstream slope at Treysa Dam North the line of seepage is located relatively 
lower than at Treysa Dam South, although, at Treysa Dam North the drain trench also attracts 

A B C

1.1

Standard combination

Flood protection flood

Impoundment

ZV = 212.55 masl

DS I

Steady seepage conditions at ZV

All seepage control elements in function.

DS II

Steady seepage conditions at ZV

Drain restricted function.

DS III

Steady seepage conditions at ZV

Drain malfunction.

2.1

Accidental combination

Spillway Design Flood

Impoundment

ZH1 = 213.30 masl

DS II

Steady seepage conditions at ZH1

All seepage control elements in function.

DS III

Steady seepage conditions at ZH1

Drain restricted function.

-

2.2

Accidental combination

Rapid drawdown

starting at ZV

DS II

Analytical analysis starting at ZV

All seepage control elements in function.

DS III

Analytical analysis starting at ZV

Drain restricted function.

-

3.1

Extreme combination

Dam Safety Flood

Impoundment

ZH2 = 213,33 masl

DS III

Steady seepage conditions at ZH2

All seepage control elements in function.

- -

Design Situation

(DS)

Load Cases
Structural Behaviour State (SBS)

kS

[m/s]
average

3 drain body/soil Gravels 0/30mm 1*10-3 2 0,25

4 drain body/soil
Coarse gravel 

30/80mm
5*10-3 1 0,20

5 drain body/soil Filter sand  1*10-5 2 0,20

3 drain body/soil Gravels 0/30mm 1*10-5 2 0,20

4 drain body/soil
Coarse gravel 

30/80mm
1*10-5 1 0,20

5 drain body/soil Filter sand  1*10-6 2 0,15

3 drain body/soil Gravels 0/30mm 1*10-7 2 0,10

4 drain body/soil
Coarse gravel 

30/80mm
1*10-7 1 0,10

5 drain body/soil Filter sand 1*10-7 2 0,10

A

B

C

Structural 

behavior

state

Mat.

No.
Location/zone Soil type

A =

kh/kv

[-]

eff.

porosity

nef f  [-]
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underground flow to enter the dam body. It is shown that this effect does not control the seepage 
conditions at Treysa Dam North. 

For load case 1.1 (DS II) with a restricted functionality of the drains the resulting seepage conditions 
are given in Figure 7. Corresponding to the less permeable drain, the seepage is still controlled by the 
drain, but almost exits the downstream slope which would generally be an adverse situation with 
respect to backward erosion (initiation phase). 

 

Figure 6. Seepage conditions for load case 1.1 (DS II, SBS B “Drain with restricted functionality 
of drains) for Treysa Dam North 

2.4 Sensitivity analysis 

For the sensitivity analysis two scenarios (1, 2) were defined (see Table 2). Scenario 1 reflects the 
maximum seepage conditions in form of an increase of the permeability of the low permeable soils 
and a decrease of the permeability of the drain zones. Scenario 2 reflects the minimum seepage 
conditions applying the reverse adjustment of the soil permeability. For the selected load case 2.1 (DS 
II, SBS A) scenarios 1 and 2 the seepage conditions are given in Figure 7. 

 

 

Figure 7. Seepage conditions for load case 2.1 (DS II, SBS A) for Treysa Dam North Scenario 1 
(up) and Scenario 1 (down) 

The illustrated lines of seepages indicate different results. For the adverse Scenario 1 the seepage is 
exiting the downstream slope and the drain is overloaded. For the optimistic Scenario 2 the seepage is 
completely controlled by the drain. The static stability in form of the slope slip stability is generally not 
affected within the considered range of parameters according to the obtained range of results. 

3. ASSESSMENT OF THE EROSION AND SUFFUSION PROCESSES 

3.1 General 

A process based assessment method for erosion and suffusion was developed, e. g., by Fell et al. 
(2005). This basic approach distinguishes four main phases – initiation, development, continuation 
and breaching. Fell & Fry (2007) developed this approach and added further assessment steps. The 
phases and evaluation criteria are illustrated in Figure 9. 

In the following paragraphs the single phases are very briefly discussed for the presented case study. 
It is noted that the 2D seepage analysis belongs to phase “System identification”. 
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.  

Figure 9. Erosion Assessment acc. to Fell et al. (2005), Fell & Fry (2007) and Haselsteiner (2009) 

3.2 System identification 

The dam system of Treysa Dams North and 
South are explained in chapter 2. The critical 
aspect of the system identification is the 
understanding of the seepage flows and 
conditions also in consideration of all the 
required load cases. 

Although only steady seepage conditions are 
investigated it is noted that, because of the 
very low permeable characteristics of the dam 
fill materials, it is unlikely that steady seepage 
conditions will occur during an ordinary flood 
event at all. The impoundment period of the 
reservoir is generally too short for the 
occurrence of steady state conditions. Using 
analytical formulae (Figure 8) the elapse time 
for the flow through an embankment dam may 
reach 3.000 h which corresponds to 124 d or 
18 weeks. This exceeds the flood design 
periods which are considered for the 
hydrological design of the reservoir volume by 
far. Concluding the actual unsteady seepage 
conditions provide a quite comfortable safety.  

3.3 Localization 

Three erosion / flow pathways are identified for the two types of the Treysa embankment dams. 

 Pathway DK - through the dam body and drains 

 Pathway U1 – through the underground and the cohesive impermeable surface layer 

 Pathway U2 – through the underground and the drain to the dam body (only Dam North) 

For each of the three pathways the following phases were discussed within the dam safety 
assessment. Only a brief summary could be presented within this paper. 

3.4 Initiation 

Generally, the occurrence of initiation processes is frequently assumed to take place for existing 
dams. German technical guidelines (MSD, 2011) provide a simple criterion based on the soil 

 

Figure 8. Flow time through the dam according to 
different authors (Haselsteiner, 2007) 
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characteristics proving the resistance against erosion/suffusion. Soils with d10 < 0,002 mm show 
sufficient cohesion in order to avoid any particle transport initiated by hydraulic forces. The main fill 
material (see Table 2, Figure 11) shows sufficient amounts of fines matching to the mentioned 
criterion by far. Thus, transport through the dam body is unlikely to occur (pathway DK). Through the 
underground this evaluation is more difficult since partly also sands and silts are present which do not 
match the d10-criterion (pathways U1 and U2). 

 

 

Figure 10. Identified pathways for soil deformation processes Treysa Dam North (up) and 
Treysa Dam South (down) 

Unfiltered seepage exits at the downstream slope were not observed for any of the concerned dam 
sections during the flood events of the last decades. The same is valid for the occurrence of cracks 
and other unfavourable deformation processes. None were experienced due to seepage load 
according to the statements and documents of the dam owner. 

Furthermore the theoretical average hydraulic gradients were checked, achieving the result that these 
gradients are generally too small to initiate particle transport in form of suffusion or erosion. Only for 
the dam south the check gradients were partly exceeded by the theoretical gradients determined by 
the hydraulic model which was considered not critical since the model assumptions were very 
conservative and the actual gradients are much smaller also in consideration of unsteady flow 
conditions. For the hydraulic pathway through the dam (DK) the hydraulic gradients are generally not 
problematic. The stated doubts are only directed to the pathways U1 und U2. Hydraulic check 
gradients are provided, e.g., by Brandl & Hoffmann (2009). 

Hydraulic heave and the stability of the cohesive cover layer were also checked. The analyses confirm 
that an initiation process is unlikely to occur induced by hydraulic heave and/or a failure of the 
sediment cover layer. 

3.5 Development of erosion 

As part of the assessment of the potential erosion development the filter functionality has to be 
evaluated. Filters in existing dams and corresponding criteria are discussed Foster & Fell (2001). 
Generally, the filter criteria are met for soils and materials of which the sieve curves are available 
(Figure 11). Unfortunately, the sieve curves for the filter/drain elements (toe drain, drain blanket, drain 
trench, etc.) were not available and, obviously, were also not determined during the design phase and 
the construction in the 1960s and 70s. Therefore, the filter stability and functionality between the 
drains/filters and the adjacent soil and underground materials could not be assessed.  
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Figure 11. Sieve curves of material 1 und 2 (see Table 2) and the assessment of the filter 
stability according to Foster & Fell (2001) for Treysa Dam North (B2 process, see Figure 10, 

pathway DK) (German language) 

3.6 Continuation 

The continuation of the erosion process was evaluated as follows: 

 Pathway DK: Because of the low hydraulic gradients and the cohesion of the main dam fill 
the initiation phase is unlikely to start. Even if the development phase will emerge, 
continuation will be very slow also thanks to a distinct cohesion. 

 Pathways U1/U2: The present cohesive cover layer is an effective protection against a 
quick development of the continuation phase. Although, the cover layer is able to “hold the 
roof” the exit of transported material is hindered. Local heaves and break-ups are generally 
considered to be less critical in comparison to erosion processes through the dam body 
itself (DK). Compared to U1 there are stronger hydraulic gradients along pathway U2, so 
that transport processes along this pathway cannot be excluded completely. Further 
supervision and assessment are recommended. The actual unsteady seepage conditions 
also help for this case. 

3.7 Identification 

The draining system is monitored by a seepage water monitoring system. Nonetheless, uncertainties 
remain because processes in the underground are not able to be detected in time and reliably by the 
present monitoring system. Additional instrumentation was recommended, e.g., in form of the 
placement of additional standpipes. 

3.8 Intervention 

During a flood event, the following intervention measures could be taken as a part of the permanent 
supervision works done by the dam responsible staff during floods: 

 For erosion processes through the dam (DK): Lowering the reservoir level, strengthening of 
the affected dam section by additional fills at the downstream slope (gravel filter), 
compensation of settlements by sandbags or similar materials 

 For the erosion processes through the underground (U1/U2): Establishment of a hydraulic 
counter head by an emergency embankment dam of approx. 1.5 m height in order to stop 
backward erosion or similar processes. 

3.9 Breaching 

If intervention fails, a breach can develop. This can lead to deformation of the dam crest and to a 
reduction of the freeboard. Because the freeboard is defined quite large, overtopping is unlikely to 
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occur at all at Treysa-Ziegenhain. Thanks to the occurrence of the cohesion breaching through the 
dam body is also considered to occur slowly so that countermeasures are considered to be possible 
even when breaching already started. Thanks to the relatively small height of the concerned dams 
structural countermeasures are likely to be effective, e.g., such as the placement of gravels 
downstream berms and fills as long as the accessibility via the crest or from downstream is possible. 

4. CONCLUSION 

Concluding, the safety of the Treysa-Ziegenhain embankments against hydrodynamic deformation 
processes is considered to be sufficient. The main aspect herein is located in the cohesion of the main 
dam fill and the presence of the protective cohesive cover layer which both are aspects to prevent 
already the initiation phase. Further the overall hydraulic gradients are generally low, except that one 
related to the hydraulic pathway U2. However, the unsteady seepage conditions are considered to 
show a sufficient additional safety to cover also theoretical strong hydraulic gradients in the 
underground. 

The fact that no sieve curves are available for the drain materials does not allow an assessment of the 
corresponding filter stability. It is considered not decisive since the evaluation shows that the erosion 
processes are already likely to be stopped within the initiation phase. The safe operation period of 
approx. 50 years confirm these evaluation results. Nevertheless sampling was recommended for 
drains. 

5. REFERENCES 

Brandl, H.; Hofmann, R. (2006). Erosionsstabilität und Standsicherheit von Schutz-dämmen gegen 
Wildbäche und Murengänge mit besonderer Berücksichtigung von Einbauten, Sicherung von 
Dämmen, Deichen und Stauanlagen, Handbuch für Theorie und Praxis, Vol. II, Universität Siegen, 
Hermann und Jensen (Hrsg.), Siegen, 2006, S. 139-171. 

DIN 19700-10 (2004). Deutsche Norm - Dams – Part 10: General Specifications, Deutsches Institut für 
Normung (DIN), Berlin, July 2004. 

DIN 19700-11 (2004). Deutsche Norm - Dams – Part 11: Dams structures, Deutsches Institut für 
Normung (DIN), Berlin, July 2004. 

DIN 19700-12 (2004). Deutsche Norm – Dams – Part 12: Flood retention basins,  Deutsches Institut 
für Normung (DIN), Berlin, July 2004. 

Fell, R.; Foster, M. A.; Wan, C. F. (2005). A framework for assessing the likelihood of internal erosion 
and piping of embankment dams and their foundations, Internal Erosion of Dams and their 
Foundations, Fell & Fry (editors), Taylor & Francis Group, London, pp 65-70. 

Fell, R.; Fry. J. J. (2007). The State of the Art of Assessing the Likelihood of Internal Erosion of 
Embankment Dams, Water Retaining Structures and their Foundations, Taylor and Francis, London, 
pp. 1 - 24, 2007. 

Foster, M.; Fell, R. (2001). Assessing embankment dam filters that do not satisfy design criteria, J. 
Geotechnical and Geoenvironmental Eng. ASCE, Vol. 127, Issue 4, pp 398-402. 

Haselsteiner, R. (2007). Hochwasserschutzdeiche an Fließgewässern und ihre Durchsickerung. 
Dissertation, Dissertation, Lehrstuhl und Versuchsanstalt für Wasserbau und Wasserwirtschaft, 
Mitteilungsheft Nr. 111, Technische Universität München. 

Haselsteiner, R. (2009). Die Beurteilung von hydrodynamischen Bodendeformationsvorgängen in 
Dämmen und Deichen - Ein integraler Ansatz, 3. Symposium Sicherung von Deichen, Dämmen und 
Stauanlagen, Universität Siegen, 12.-13.03.2009; S. 289-338. 

MSD (2011): Merkblatt Sicherheit von Dämmen an Bundeswasserstraßen (MSD), Bundesanstalt für 
Wasserbau (BAW), Karlsruhe, 2011. 

th Annual Meeting 
 of International Commission on Large Dams

July 3–7, 2017
Prague, Czech Republic

PRAGUE
2017

ICOLD – CIGB th Annual Meeting 
 of International Commission on Large Dams

July 3–7, 2017
Prague, Czech Republic

PRAGUE
2017

ICOLD – CIGB


