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ABSTRAKT 

Práca s a zaoberá problemat ikou prot ipovodňových hrázd a ich z lepšovania pomocou 

metód špeciálneho zak ladan ia stavieb. Súčasťou práce je prehľad zák ladných 

prot ipovodňových opatrení, súhrn normatívnych podmienok pre návrh a posúdenia 

odolnost i hrádze počas povodne. Prakt ická časť s a skladá s komplexného prehľadu 

možnost í ako zlepšiť prot ipovodňové opatrenia pomocou metód špeciálneho zak ladan ia 

stavieb. Práca je ukončená konkrétnymi príkladmi z praxe. 

KLÍČOVÁ SLOVA 

povodne, hrádze, podzemné tesn iace steny 
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ABSTRACT 

Main target of work is problemat ic of f lood protection sys tems and possibi l i t ies of 

improvement of them by methods of geotechnica l solut ions. Parts of work are overv iew 

of bas ic f lood protection sys tems and resume of normative requirements for des ign of 

levee against f lood. Pract ical part of work is c o m p o s e d from complex overv iew of 

geotechn ics methods used for levee improvement. Work is ended by examp les from 

pract ice. 

KEYWORDS 

Floods , levees, Cut-off wal ls 
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1 INTRODUCTION 

1.1 Floods 

O v e r last decades , humanity is wi tnessing radical changes in global weather and 

phenomenons accompany ing it. W e can observe not only huge increase of extremely 

hot days during a summer but a lso growth of wet, rainy days during a whole year. A n d it 

is only smal l step from rain to f loods. 

Figure 1 

The number of extreme temperature and rainfall months per decade 
in the recent UK record. Extremes are defined as values in the top or 
bottom 10 % of the historic distri but ions. We would expect 12 
extreme months per decade if the climate was not changing. 

1960s 1970s 1980s 1990s 2000s 

Figure 1.1 Extreme months in UK (12) 

Floods are present ing biggest natural threat in most of Eu ropean countr ies. Even 

though there is decreas ing trend in human loses, numbers showing material d a m a g e are 

quickly rising. During last 40 years ' material loses in terms of G D P went up by 2 0 0 % ! In 
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Sp ike years ' d a m a g e is very often more than 1% G D P what is more than s o m e countr ies 

invest in theirs 's military. 

Casua l t ies 
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î r-Lj-Ui-r J P P r DlUl 

Figure 1.2 Casualties over European Union over last decades (13) 
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Figure 1.3 Direct damage over European Union over last decades (14) 

12 



A s there is none prediction of any improvements in global c l imate over next years , 

prognosis for f loods are not getting better neither. S tud ies and statistics are showing that 

we can expect 4 0 % increase of f lood d a m a g e in s o m e parts of Eu ropean union 

0: 500 ictra isop km 
1 ••> ' 'T  

Figure 1.4 Predictions of flood damage in next 100 years (15) 

Thanks to painful exper iences from last mayor f looding (1997,2002) and with not 

much posit ive predict ions to the future, there were taken mayor act ions. N e w laws and 

plans how to deal with critical f looding situations (Directive 2007 /60 /EC) , but mainly these 

events c a u s e d large demand in building new flood protection construct ions but a lso 

revitalization and reconstruct ion of older which cant fulfil its original purpose anymore. 
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1.2 History and Target of work 

First usage of artificial levees can be t racked back to first great civi l ization of bronze 

age, when they were constructed along with draining sys tems and wel ls. They were 

inspired by natural levees which were created by f looding sedimentat ion, as the f lood 

water retreat to natural channel sed iment levees along the shore are created. During 

whole human deve lopment of society and engineer ing, levees didn't develop nearly at 

all. Even in the early 2 0 t h century they were just mud and sand piled to the shape of 

t rapezium. 

Sad ly , the 2 1 s t century showed that this won ' t be enough anymore, as ment ioned 

before, events caus ing f loods, heavy rains in Europe and hurr icanes in U S A , made most 

of current natural levees obsolete. New methods of construct ion of levees and another 

f lood protection sys tems were needed . Th is work present list of most used methods in 

geotechnica l engineer ing to improve old levees. (1) 
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2 FLOOD PROTECTION MEASURES 

Flood protection measures should be understood not only a s s construct ions, but a lso 

as wide portfolio of techniques to improve flood protection of endangered areas , 

including: 

• Forecast ing sys tems 

• F lood alert sys tems and monitoring 

• Deve lopment planning 

• Construct ion of f lood protection sys tems 

2.1 Flood protection systems 

A r e construct ions which prevent the f loodwater from reaching the protected area. 

W e can divide them into three main groups: 

2.1.7 Temporary 

T h e s e sys tems consis t from removable f lood protection products wh ich are 

instal led during a f lood event, and removed completely after lowering of water to safety 

level. A s s implest and most c o m m o n temporary protection sys tem are cons idered 

sandbags . 

Figure 2.1 Temporary protection (18) 
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2.7.2 Demountable 

Demountab le protection sys tems are used instead or as extension of permanent 

protection measurements . In contrast to the temporary sys tems, they require pre-

installation (foundations) in protected area, but to contrast with permanent sys tem they 

are e levated to full level only during f loods. 

Figure 2.2 Demountable protection system (20) 

2.7.3 Permanent 

Measu remen ts wh ich are fully p laced for theirs own l i fespan and without need to 

any operat ion are cal led permanent protect ions sys tems. T h e s e are not including just 

physical barr iers against f loodwater but they are represented as changes and 

improvements of f loodplain, f loodway and river channel itself. 

Levee crown w 

Figure 2.3 Permanent protection system (17) 
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2.2 Permanent water control structures 

A s previously ment ioned we can divide them into three main groups 

10O V | A R F L O O D f L A I N ' 

F L O O D W A T 

F L O O O t L t V A T I O N W M t N 
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F R I N G C 
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Figure 2.4 River cross-section division (19) 

2.2.7 Floodplain improvements 

Floodpla in includes all land which is at or under the water level of 100-year f lood 

of nearby river. 

2.2.1.1 Relocation/Elevation of endangered structures 

This solution is extremely expens ive and many t imes event not poss ib le as many 

structures can ' t be just relocated and a lso due to loose of agricultural land. 

2.2.1.2 Flow diversion 

By diverting f low of river to less loaded or newly built channe ls we reduce both 

normal and 100-year (flood) water level. 

2.2.1.3 Off-stream ponds 

With insufficient capaci ty of main flow during f loods we can a lso diver water part 

of water to the off-stream ponds. Detent ion ponds built over a level of surrounding terrain 

many t imes require s a m e des ign approach as levees for structure protection (see next)/ 

channel l ing improvements (see water channel l ing). 

17 



Figure 2.5 Off-stream pond (16) 

2.2.1.4 Floodwall/Foundation protection dike 

Structures des igned for direct protection of se lec ted object from f lood water. 

T h e s e measurements require spec ia l des ign approaches with usage of Geo techn ics . 

Either foundat ions of f loodwall (permanent but a lso demountable) or whole construct ion 

des ign of dike from soi ls. 

2.2.2 Floodway improvements 

Floodway is def ined as river channel and river banks which reach full level during 

f loods. 

2.2.2.1 Reducing bank slope 

By changes to bank s lope we are increasing flow of water in the bank by 

increasing f low profile. Lowered eros ion of banks s lopes is another posit ive effect of this 

ground work. 

2.2.2.2 Reinforcing bank 

With adding stabil isation material to river bank, we can increase its res is tance to 

scour. Reinforc ing can be done by many ways : 

• B ioengineer ing 

18 



• G a b i o n s 

• Conc re te mat t resses 

• Geotext i les & geogr ids 

2.2.2.3 Bridge lower structure replacement 

Lower structure of bridge many time obstruct the river flow, mainly during a f loods, 

what c a u s e s increased water level at these p laces. By increasing width between piers, 

we can reduce signif icantly water level during f loods. 

2.2.2.4 Levees setbacks 

Moving of levees more away from f loodway to f loodplain we are al lowing river to 

meander more naturally. Th is solution a lso increase river ability to carry larger vo lumes 

of water during f lood events 

2.2.3 Improvements of river channel 

2.2.3.1 Detention ponds 

C o m p a r e d to off-stream ponds, detention ponds are built directly on river channe l . 

T h e s e ponds are created by building weir or dam ac ross the river. Their role is retain 

larger amount of f loods water upst ream, and by control led re leasing, regulate 

downst ream level of water to prevent f loods. 

Figure 2.6 Detention pond (16) 
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2.2.3.2 Sediment trap 

Traps are depress ion excavated in the bottom of river. Their purpose is collect 

sed iments conta ined in the f lood waters. P lac ing of these sys tems should be carefully 

ca lcu lated as they must be mined again after every major f lood. 

2.2.3.3 Anchor logs 

Plac ing anchored logs on the s ides of river channel will have s a m e results as 

reinforcing banks of f loodway. They will reduce erosion and meander ing of river channe l . 

2.2.3.4 Deflector structures 

By usage of vanes and dikes for deflection of f lood st ream we reroute or contain 

water f low in des i red direction. 

D ikes purpose is extend river bank to river channel by s imple extension of 

maximal water level. 

V a n e s are constructed from metal (demountable system) or concrete (permanent 

system) plates wh ich are anchored by piles to the surrounding terrain or levees/d ikes . 

2.2.3.5 Flow realignment 

This solution involves creat ing new, deeper channel in the river bottom, which 

have different al ignment than previous channe l . N e w channe l with improved water 

conveyance can signif icantly reduce f requency and severi ty of f looding. 

2.2.3.6 Chevron Dams 

V - s h a p e d , low height weir built ac ross a river channe l . T ip of V is pointing 

downst ream, s lop is decreas ing from end of a rms to tip, which result in diverting f low to 

the middle of the channe l . Th is sys tem doesn' t impact f lood in term of water flow, but 

prevent eros ion of banks. 
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2.2.3.7 Gravel Bar Scalping 

Excavat ion of coa rse material in upper layers of gravel bars in the braided river 

channe ls will likely inc rease vo lume of channe l . Th is will result in less frequent and 

shorter f loods. (2) 
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3 LEVIES DESIGN AND REQUIREMENTS FOR FLOODS 

3.1 Basic requirements 

Safety analys is of water construct ions during f loods is based on three main factors. 

T h e required safety level of construct ion p, Max ima l Contro l water level (CWL) and the 

Limit safety water level (SWL) . 

3.2 Required safety level 

Safety level is calcu lated and categor ized by the importance of water structure 

from the point of poss ib le d a m a g e output if the catastrophic ou tcome will happen. 

Table 3.1 Required safety for design and assessment of water structure (3) 

Category 
of water 

structure 

Plausible damage output 
In case of hypothetical 

collapse of water structure 

Evaluation factors depending on potential damage outcome 
in case of hypothetical collapse of water structure 

Required safety level 
of water structure 

Category 
of water 

structure 

Plausible damage output 
In case of hypothetical 

collapse of water structure Potential total damage 
Hypothetic loses 

of human lives 
p=1/N N (years) 

I. very high 
extremely high economic loses, 
environmental loses and social impact 
on state level 

expectancy of live loses 0,0001 10 000 

II. high 
high economic loses, environmental 
loses and social impact on region or 
state level 

expectancy of live loses 0,0001 10 000 

II. high 
high economic loses, environmental 
loses and social impact on region or 
state level unlikely loses of lives 0,0005 2 000 

III. medium 
significant economic loses, 
environmental loses and social impact 
on region level 

expectancy of live loses 0,001 1 000 
III. medium 

significant economic loses, 
environmental loses and social impact 
on region level unlikely loses of lives 0,005 200 

IV. low 

small economic loses, environmental 
loses and social impact on local level 

exceptional loses of lives 0,005 200 

IV. low 

small economic loses, environmental 
loses and social impact on local level 

unlikely loses of lives 0,01 100 IV. low 

small economic loses for ow ner of 
WS, other loses are insignificant 

unlikely loses of lives 0,05 20 

3.2.1 Hydrological resources 

3.2.1.1 Control flood wave (CFW) 

C F W is normally def ined as theoretical N-year f lood wave. If seasona l distribution 

of f loods is occurr ing in ana lysed area , seasona l var iants of C F W are required. 

C F W should be determined by best currently avai lable methods. For I. and II. 

category are required at least two independent methods. 
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3.2.2 Technological resources 

3.2.2.1 Geodetic resources 

• M a p resources and information about land around and under water structure 

• Situat ion of water structure in sca le from 1:100 to 1:1 000, with all surrounding 

objects, which can affect f lood distribution 

• Longitudinal profile of ana lyzed object with surrounding area, where is object 

founded. 

• Character is t ic c ross-sec t ions 

• Information about measurements which are helping with management of f loods. 

3.2.2.2 Resources about currently used water structures 

R e s o u r c e s provided by owner of structure 

• Ac tua l i sed documentat ion of real state of water structure, with list of all changes 
done on the structure 

• Equ ipment of water structure for f lood situations 
• Last analys is of f lood safety of water structure 
• Ac tua l manipulat ion order and p lacement of structure in the water management 

sys tem 

R e s o u r c e s provided by own research 

• Res i s tance of structure against overf low 
• Factors inf luencing safety of structure during f loods 
• Information about foundat ion, hydrogeological research 
• Resu l ts of stability analys is 
• Resu l ts of hydrotechnical research 

3.2.2.3 Resources for newly designed water structures 

• Project documentat ion of ana lysed structure (with results of geotechnica l , 

hydrogeological and water management research) Hydrologic research older 

than 5 years must be checked . 

• Inspection basin of upper f low for all water structures of category IV., for 

compar ison of hydrological documentat ion and real situation. For other 

structures is recognit ion done by individual needs . 
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• Inspection of a reas under the water structure and usage of avai lable information/ 

studies about f lood protection in inspected area. 

• Ana lys i s of water f low capabil i ty under the water structure 

3.2.2.4 Hydraulic calculations 

• Spec i f i c flow curves are calculated for every part of water structure which can to 

churn f lood water. Stabil ity and capaci ty should be calcu lated for all parts of 

structure and for all types of water f low 

• Al l calculat ion should be susta ined by descr ipt ion of ca lcu lated method 

• Cor rec tness of all f low curves taken from documentat ion must control led 

3.3 Design of maximal control water level 

C W L is speci f ied for exact type and des ign solut ion of structure, as maximal water 

level in dam, wh ich can cause d a m a g e to the structure and co l lapse of water structure. 

3.3.1 Initial level of CWL 

Is determined from speci f ic des ign of structure, it insulation and condit ions 

speci f ic for ana lysed structure. If water work is already in use, exper iences from usage 

and from safety controls should be cons idered. (3) 

Most often c a u s e s of co l lapse of structure are 

• Sur face eros ion during overf low 

• D a m a g e to filtration stability of dam or subsoi l 

• Deformat ion along shea r plain (exceeding of Deformation limit state) 

• Tilt of the structure (exceeding limit state of stability) 

3.3.2 Factors influencing high of CWL 

• Type , age and state of levee/dam 

• Foundat ion condit ions and foundat ion form, filtration mode 

• Eng ineer geologica l propert ies of soi ls and rocks used for construct ion 
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• Protect ion of seal ing e lement against d a m a g e and f reezing, and his connect ion 

to impermeable subsoi l 

• Construct ion solution of sewer dam, its connect ion to concrete structures and its 

high p lacement in terms of bypass ing or overf lowing 

• Longitudinal profile, equipment and protection of dam crest, its protection against 

overf low 

• Construct ion of groyne or wall on the top of crest 

• Length, s lope, and protection of air face of dam/ levee 

• Locat ion, shape and d imens ions of object on air face of dam 

• State and s h a p e of intersection between levee and other earthworks on air face 

• Expec ted sett lement 

• Effects of air wind wave 

3.3.3 Effects of wind waves 

For waterworks included in groups from I. to III., dec rease or increase of water 

level must calculate by using ČSN 75 0255 

For waterworks categor ized as IV., where wave- run length (distance between 

levee and opposi te shore) isn't more than 300 m, table 3.2 can be used for height 

calculat ion. 
Table 3.2 Orientation values of runup (3) 

Type of water-face 
protection 

Effective length Wave runup (m) for design speed of 72 km/h 
Type of water-face 

protection of water-run Slope of water-face of levee Type of water-face 
protection 

(m) 1:3 1:2 

rough surface < 100 0,33 0,42 
(stone packing, 101 to 200 0,43 0,54 

vegetation cover) 201 to 300 0,5 0,64 

smooth surface < 100 0,42 0,53 

(bitumen concrete, 101 to 200 0,54 0,67 
pavement) 201 to 300 0,62 0,8 

3.3.4 Stability assessment 

After value of C W L is set up, stability a s s e s s m e n t of construct ion must be done. If 

required safety level is not ach ieved , lower comply ing level of C W L is calculate by 

iteration. For stability calculat ion, forces act ing on construct ion must be calculated. 
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3.4 Water load forces on levees and flood retention walls 

3.4.1 Hydrostatic pressure 

Hydrostat ic pressure is linearly growing with water depth, in depth z under ca lm 

sur face is character ist ic value determined as : 

Phs,k=YwZ (3.1) 

where 

Yw Spec i f i c weight of water 

Hydrostat ic pressure is perpendicular to sur face of construct ion loaded by water. 

3.4.2 Hydrodynamic pressure 

3.4.2.1 Pressure effects of flowing water 

Pressu re force of free water ray impact ing perpendicular on non-overf lowed 

immobi le sol id plate 

FR= pw- Sp-v 2=pw-Q-v (3.2) 

Pressu re force of free water ray impact ing under angle a on non-overf lowed 

immobi le sol id plate 

FR= pw- Sp • v 2. sin 2a = pw-Q • v • sin 2a (3.3) 

Where 

pw Vo l ume weight of water (kg.nr 3 ) ; 

Sp Sur face a rea of water ray c ross-sect ion (m 2) ; 

v F low speed (m.s" 1); 

Q D ischarge (m 3.s~ 1); 

a angle between construct ion and water f low ray; 
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a) Perpend icu lar b) under angle a 

Figure 3.3.1 Scheme of water ray impaction on construction (4) 

Increase of pressure due to flow inside curve is represented by pressure force 

Fc from effects of centrifugal force. 

Force Fc is acting in direction of centre angle of arc and is define for channel of width W i 

or W2 and for s p e e d s v i and V 2 . 

Fc=pw Q- (vi 2 + V2 2-2-v1-v2-cosa)l/2 (3.4) 

If W i = W2and so vi = V 2 , force will be calculated by simplif ied equat ion 

Fc = 2- p w- v2- S- sin a/2 (3.5) 

Figure 3.3.2 Scheme of resultant from centrifugal force (4) 
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3.4.2.2 Friction force 

O n wet s ides of water channel f low of water is creat ing friction force from friction 

movement against wal l . 

In open channe ls this force is calcu lated as 

FT = T0-0-L (3.6) 

TO Tangent ia l s t ress acting on unit of wet a rea (Pa , kPa) ; 

0 We t circuit of f low profile (m); 

L Length of ca lcu lated part of channel (m). 

If average flow speed is used for calculat ion, To is calculated as 

r0=pwg-R-io (3.7) 

R hydraul ic radius (m); 

k longitudinal s lope of channel (-). 

R =h for wide channe ls 

3.4.2.3 Effects of translational waves 

For shock waves in open channe ls , load of construct ion is suddenly changing 

during impact of front of wave on construct ion. After impact, water level is changing 

slowly, depending on increase or dec rease of wave . 

For impact of wave on flat or even s loped wal l , deformation of wave "sp lashing," 

must be a lso cons idered. 

For short d is tances, change of f low due to advance of shock wave is cons idered 

constant. 

O n longer d is tances, change of advance of shock wave must be cons idered, due 

to loses created by friction or change of s lope of bottom of channe l . 

Fo rce effects of shock waves should be cons idered a lso on parallel construct ions, 

as shores improvements. 
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C h a n g e of advance of wave means , that change of f low vo lume and of f low speed 

too is changing as the wave advance over d is tance. For compl icated and important 

structures is recommended determine height of wave by exper iments. 

3.4.2.4 Cavitation effects 

Cavitat ion effects are formed in curves or brakes of flow, due to high f low s p e e d . 

T h e s e effects can create disruption of material and osci l lat ion of construct ions. 

To prevent effect of cavitat ion, cavitation coefficient £k should be less than 0,5 to 

1,0. For wel l -maintained sur faces with god hydraul ic propert ies is £k cons idered 0,5. 

£k=1,0 should be used for all c a s e s when sufficient f low current isn't ant ic ipated. 

£k=2g • (pst - Pvp)/(Vw • v*) 

pst total static water pressure (Pa , kPa) ; 

Pvp p ressure of water vapours (Pa, kPa) ; 

v f low s p e e d in inspected p lace (m-s - 1 ) . 

(3.8) 

If speed distribution through c ross-sec t ion is unequal , or for other compl icated 

c a s e s of flow, critical cavitation coefficient must be determined by hydrotechnical 

research. 

3.4.3 Water Effects in pore environment 

3.4.3.1 Pore pressure 

During vo lume change of pores, c a u s e d by change of tension or infiltration of 

water, tension (pore tension p u) between water and air is created. Po re pressure is 

determined in every point of pore environment by pressure (piezometric) h p m height and 

its va lue is ca lcu lated as 

Pu=pw g-hpm (3.9) 

pu pore pressure (kPa); 

hpm p iezometr ic height (m). 
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3.4.3.2 Change of pore pressure 

S i z e and effects of pore pressure after change of construct ion or it 's subsoi l are 

cons idered when : 

• It inc reases of s t resses in subsoi l and in construct ion during building phase 

• Is changing tension in subsoi l or construct ion, during water level 

dec rease / inc rease 

• Is changing tension in consol idated soil or rock, during pressure relief or during 

dig works 

W a y of determinat ion of pore pressure formed during construct ion works on levee 

and subso i l , shou ld cons ider propert ies of soi ls, construct ion methods and height of 

levee. 

If levee height is more than 15m or a lso for lower levees built from soi ls with low 

permeabil i ty and not optimal humidity or subso i ls of low permeabil i ty or for dams of high 

importance, filtration or more accurate methods should be used . 

In other c a s e s , pore pressure can be calcu lated by more simply methods as for 

examp le with coeff icient of pore pressure 

3.4.3.3 Flow patern 

Water infiltrating through pore medium is creating f low pattern, which is il lustrated by 

f low net. Effects of pressure from infiltrating water can be exp ressed by two methods. 

a) If p ressure force of infiltrating water is cons idered for evaluat ion of stability, force 

act ing in direction of flow on unit of vo lume of pore medium is ca lcu lated as 

pu=i • pw g (3.10) 

/ s lope of pressure line determined as difference of p iezometr ic heights for 

unit of length. 

Stabil ity of construct ion is evaluated with inf luence of total force resultant of 

infiltrating water and effective unit weight of calculated medium, (see picture 3.3a) 
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b) If pore pressure of infiltrating water is used for determinat ion of construct ion 

buoying force U, va lues of pore pressure on the edge of evaluated area are 

calcu lated by equat ion (3.9) (see picture 3.3b) 

7 
UNDEGROUND WATER LEVEL 

a) b) 

Figure 3.3 Scheme of pressure net (4) 

NOTE Pore pressure size after quick decrease of water level should be for case a) is 
determined experimentally. For case b) pore pressure can be obtained with help of coefficient 
Ym. In this case sudden water level drop must be evaluated for most critical water level. 

3.4.3.4 Buoying force determination 

For determinat ion of buoying force, which is lifting construct ion based on permeable 

soil we can a s s u m e : 

a) Infiltration speed is proportional to p iezometr ic s lope (Darcy law) 

b) Permeabi l i ty of infiltrated subsoi l is constant in t ime 

c) Normal ly s p a c e flow in subso i l , with enough accuracy , can be substitute by plane 

flow (except c a s e s , when di f ferences of anisotropy between a rea of calculat ion 

and other direction are very different. 
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3.4.3.5 Effects of pore pressure on concrete structures 

If effects of pore pressure during constant f low or for sudden drop of water level 

are cons idered for calculat ion. Pore pressure for construct ions with cavit ies is 

determined from flow net. For sol id concrete construct ion, loaded by hydrostat ic force, 

l inear trajectory of p iezometr ic line between opposi te faces of construct ion can be 

expected. O n water s ide is a l lowed reduce va lue of p iezometr ic force by 1 0 % of 

di f ference between hydrostat ic pressures. Reduct ion can ' t be used for c a s e s of working 

joints and cracks. 

3.5 Ice loads and effects on retention walls and levees 

3.5.1 General information 

3.5.1.1 Resources 

Default resources for calculat ion of ice load is information about cl imatic 

condit ions in location of construct ion. 

3.5.1.2 Basic cases of load 

For calculat ion of forces c a u s e d by ice load, these load types should be cons idered 

a) Ice cover load from temperature increase 

b) Load from ice cover f reeze to construct ion during water level change 

c) Load of pillars from cutting of ice field 

d) Load on construct ion from ice field drifted by effects of wind or water f low 

e) Load by ice jam or frazil- ice jam 

In c a s e of f loods, only loading c a s e c) is cons idered for calculat ions. 
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3.5.2 Loading from impact and friction of ice floes or ice field 

3.5.2.1 Force elements 

Perpendicu lar force e lement of character ist ic force f>(kN) acting on vertical wal l 

from individually floating ice f loes under angle 6 can be calcu lated as 

Fsr =Yi-vi-h- (A • fic)i • sinS (3.11) 

Paral le l force e lement is ca lcu lated by equat ion 

F3t = F3r-f (3.12) 

Perpend icu lar force acting on unit of length of vertical wal l shouldn' t be bigger than 

F3rjim=fic-h-ks (3.13) 

Whe re 

Yi coeff icient depending on type of obstruct ion. For individual pillars yy= 1,35, for 

wal ls YJ= 2,20 

vi movement velocity of f loe (m/s), usual ly it is from 1,1 to 1,3 bigger than water 

velocity on sur face and drops with depth and diminishing sur face of ice floe; 

h ice th ickness of floe (m); 

A sur face are of ice floe (m 2) 

fic strength of ice in crushing (kN/m 2 ) . If accurate exper imental resources are not 

avai lable, character ist ic va lue for ice strength is cons idered /?a= 750 kN/m 2 . For 

maximal water level during ice flow, HC,k= 450 kN/m 2 

5 angle between wall and flow direction 

/ friction coefficient between ice floe and object, for concrete f= 0,11, for s tone 

facing f= 0,14 

ks coeff icient of imperfect impact of whole sur face of ice floe, for initial s tadium 

ks=0,6 and for maximal water level ks= 0,8 
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3.5.2.2 Friction force 

Character is t ic value of load force Ft (kN) created by friction of ice field a long the 

wal ls of construct ion, acting on construct ion sur face and in direction of flow, can be 

calcu lated as 

Ff = F3r,lim.f (3.13) 

3.5.3 Load of ice field drifted by wind and flow effects 

3.5.3.1 Ice field in contact with object 

Character is t ic value of load from static ice field, which is in contact with an object 

and is acting on sur face of structure by force Fs (kN) due to water f low and wind act ions, 

is ca lcu lated as (4) 

F5 = (pi+P2+P3).Aif+p4-Aff (3.14) 

Whe re 

Pi intensity of force from flow friction to bottom surface of ice field, ca lcu lated on unit 

of a rea of ice field (kN/m 2 ) ; 

P2 e lement of unit weight of ice field parallel with water sur face and it 's s lope, 

ca lcu lated on unit of a rea of ice field (kN/m 2 ) ; 

P3 intensity of force from friction between air and upper sur face of ice field, 

ca lcu lated on unit of a rea of ice field (kN/m 2 ) ; 

P4 intensity of force from hydrodynamic pressure, c a u s e d by f low on face of ice field, 

ca lcu lated on unit of a rea of face of ice field (kN/m 2 ) ; 

Ajf sur face a rea of ice field (m 2); 

Air sur face a rea of face of ice field (m 2); 
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3.5.3.2 Determination of pi,2,3,4 

pi=ki- Vi i i - (3.15) 

P2 = k2- p (3.16) 

P3=k3 • vb (3.17) 

PA= kA- Vw (3.18) 

where 

ki coeff icient of friction between flowing water and ice, ki= 5 • 10" 3 for cont inuous ice 

field and ki = 20 • 10" 3 for cumulat ion of frazi l- ice jam (this situation can occur for 

under river channel in which frazil ice is created); 

k2 coeff icient of inhomogenei ty of ice. For ice cover is cons idered value ki = 1,0; for 

ice field from f loes ki = 0,9; for frazi l- ice jam ki = 0,8; 

k3 coeff icient of friction between air and ice, cons idered as kz = 5 • 10" 5; 

k4 coeff icient of hydrodynamic water pressure, cons idered as kz = 0,50; 

vw velocity of water s t ream under ice (m/s). If character ist ic value of stream velocity 

can be based of statistic methods, it is cons idered as 0,98 quanti les of maximal 

year velocity of s t ream; 

vh maximal wind velocity (m/s) in period of ice movement. It is determined by 

meteorological data, if they are not available, v 0= 20-30 m/s, depending on cover 

of water surface again wind; 

hf th ickness of ice field (m). If character ist ic value of ice field th ickness can be based 

of statistic methods, it is cons idered as 0,98 quant i les of maximal year ice 

th ickness; 

P. vo lume weight of ice. Va lue for crystal ice is ordinary 9 200 kg /m 3 

1 s lope of water sur face 
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3.6 Safety water level design 

S W L for f loods is set up by solv ing task of transformation of f lood wave by retention 

effects of dam/ levee. If hydrological resources propose more variat ions of Contro l f lood 

wave , task is so lved multiple t imes. 

For water works of c lass from I. to III., retention effect must be quantif ied. 

Neglect ion must be justif ied. For every water work of c lass IV., is approach individual, 

depend ing if water work is safe event without retention effect or not. 

Initial water level is a s s u m e d accord ing of manipulat ion order and exper iences with 

real usage. 

3.7 Final assessment 

Resul t of a s s e s s m e n t is relation between S W L and C W L with a s s e s s m e n t of these 

aspec ts : 

a) Importance of water work and risk of endangerment of are under it. 

b) A c c u r a c y and reliability of hydrological resources 

c) A c c u r a c y of transformation of control f lood wave 

d) Quanti f icat ion and evaluat ion of reserves of water work during gu idance of f lood 

Water work is general ly safe when C W L < SWL (3) (3.19) 
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4 GEOTECHNICAL SOLUTIONS USED ON FLOOD 
PROTECTION MEASUREMENTS 

4.1 Underground walls 

Underground wal ls used for improvement of levees can be divided by their role in to 

the two main groups 

1) Wa l l s with load-bear ing and insulation funct ions 

2) Cut-off wal ls - Insulation function only 

Note: Wa l l s using bentonite or concrete are ca l led Slurry wal ls 

4.1.1 Load-bearing walls 

A r e structure used to retain soi l , rock or other materials in a vertical condit ion. 

H e n c e they provide a lateral support to vertical s lopes of soil that would otherwise 

co l lapse into a more natural shape . 

B a s i c vers ions of load-bear ing wal ls are: 

• D iaphragm (Reinforced concrete) wal ls 

• S e c a n t Pi le wal ls 

• Shee t pile wal ls 

4.1.1.1 Diaphragm walls 

Diaphragm wal ls are concrete or reinforced concrete wal ls constructed in slurry-

supported, open t renches below exist ing ground. Concre te is p laced using the 

Tremie installation method or by install ing pre-cast concrete pane ls (known as a pre­

cast d iaphragm wall). D iaphragm wal ls can be constructed to depths of 100 meters 

and to widths of 0.45 to 1.50 meters. 
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Diaphragm wall construct ion methods are relatively quiet and c a u s e little or no 

vibration. Therefore, they are especia l ly sui table for civil engineer ing projects in dense ly-

populated inner city a reas . 

Due to their ability to keep deformation low and provide low water permeabil i ty, 

d iaphragm wal ls are a lso used to retain excavat ion pits in the direct vicinity of exist ing 

structures. 

If there is a deep excavat ion pit at the edge of an exist ing structure and groundwater 

is present, d iaphragm wal ls are often used as the most technical ly and economica l ly 

favourable option. They can be used for temporary support or as load-bear ing e lements 

of the final bui lding. D iaphragm wal ls can be combined with any anchor and bracing 

sys tem. 

D iaphragm wall panels are a lso used in deep, load-bear ing soil layers as foundat ion 

e lements to carry concentrated structural load in the s a m e way as large drilled piles do. 

(5) 

Excavat ion methods 

• R o p e grabs - soft soil environment 

• Hydro-cutter - rock & soil environment 
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Preexcavalion putting of Cutting ol middle Installation 
primary panel bite of primary panel of reinforcement 

Concreting Cutting Installation Concreting 
of primary panel ol secondary panel of reinforcement of secondary panel 

Figure 4.2 Construction steps of diaphragm wall (23) 

4.1.1.2 Secant pile wall 

Secan t pile wal ls are formed by construct ing intersecting reinforced concrete 

pi les. T h e secant pi les are reinforced with either steel rebar or with steel beams and are 

constructed by either drilling under mud or auger ing. Pr imary piles are instal led first with 

secondary (male) pi les constructed in between primary (female) pi les once the latter gain 

sufficient strength. Pi le overlap is typically in the order of 3 inches (8 cm). In a tangent 

pile wal l , there is no pile over lap as the piles are constructed f lush to each other. 

S*p<ni(tory Primary Hies 
Piles (drilled first) 

Figure 4.3 Secant pile wall cross-section (22) 

39 



Figure 4.4 Construction of secant pile wall (22) 

4.1.1.3 Sheet pile wall 

Shee t pile wal ls are constructed by driving prefabricated sect ions into the ground. 

Soi l condit ions may al low for the sect ions to be vibrated into ground instead of it being 

hammer dr iven. The full wal l is formed by connect ing the joints of adjacent sheet pile 

sect ions in sequent ia l installation. Shee t pile wal ls provide structural res is tance by 

utilizing the full sect ion. Stee l sheet pi les are most common ly used in deep excavat ions, 

al though reinforced concrete sheet pi les have a lso being used successfu l ly . 

Figure 4.5 Steel Sheet pile wall construction (24) 
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Straight sheet pile 

Arch web sheet pile 

Shallow arch web sheet pile 

• c C 7 = 

Z 5 . : „ , 

Z-shaped sheet pile 

Figure 4.6 Common shapes of steel sheet piles 

4.1.1.4 Implant levees 

A n implant levee is sol id and strong against complex d isasters such as 

ear thquakes, tsunami and land subs idence . It is created either from steel sheet pi les or 

tubular steel pi les (6) 

Figure 4.7 Implant levees (25) 
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Figure 4.8 Resistance of implant levees (26) 

4.7.2 Cut-off walls 

Cut-off wal ls are vertical slurry wal ls with very low water permeabil i ty to minimize 

the ground water flow. 

In contrast to the known load-bear ing, cut-off wal ls are mostly without any load-bear ing 

function. (5) 

Most c o m m o n types of cut-off wal ls are: 

• S e c a n t Pi le wal ls -plain (see above) 

• Shee t pile wal ls (see above) 

• D iaphragm wal ls from plain concrete (see above) 

• Thin slurry wal ls 

• Soi l mixed wal ls 

• Jet -Grout ing wal ls 

They can be used as : 

1) Cut-off wal ls underneath water d a m s with core sea ls in a reas of permeable soi ls 

to socket into lower impermeable layers to prevent undercurrent 

2) Cut-off wal ls for "watertight" excavat ion pits outside of the load-bear ing retaining 

structure to minimize water inflow into the pit 

3) Cut-off wal ls to enc lose brown fields and contaminated areas with penetrat ion 

into lower impermeable soil layers 
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sealing wall 

Figure 4.9 Usage of cut-off walls (5) 

4.1.2.1 Load bearing methods without reinforcement 

For construct ion of cut-off wal l , concrete structures as secant pi les or d iaphragm 

wall can be use. But in this c a s e , there is no real need for reinforcing of these structures 

4.1.2.2 Thin slurry walls 

Thin slurry wal ls a lso can act as vertical cut-off wal ls to retain horizontal 

groundwater flow. 

In contrast to cut-off wal ls constructed using the d iaphragm wall technique (replacing the 

soil by slurry sealant) , thin slurry wal ls d isp lace the soi ls using a vibrated steel profile. 

During the extraction process , sea lants are injected into the created cavit ies. (5) 

Figure 4.10 Construction of thin slurry wall (5) 
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Drivable soi ls, such as s a n d s and gravels, are required for this installation 

method. The created slurry wall th ickness depends on the s h a p e of the steel profile used 

and the soil condit ions. Th i ckness var ies between 5 cm in sands and 20 cm in gravel . In 

combinat ion with h igh-pressure jet grouting, wall th ickness of up to 30 cm can be 

ach ieved. 

A cont inuous wall is created by over lapping single penetration e lements instal led 

one after another by the vibrated steel profile. A guide plate at tached at the b e a m ' s 

f lange is running down the al ready comple ted web of the previous panel . Th is ensures 

the correct over lap to the previous panel . 

grout pipe 

. vibrated steel 
beam approx. 8cm overlap 

fin 

% L - ? 1 1 U irjL H -
~Sl _ J | lol j l Vzzzpzzz 

Irrfllltrated area ~ \ compacted area 

I cutn cutn-2 
? cut n-1 

r 

Figure 4.11 Thin slurry wall cross-section (5) 

4.1.2.3 Soilcrete lamella wall 

Soi lcrete lamel la wall is method deve loped by Kel ler as combinat ion of thin slurry 

wal ls method and deep vibration techniques. S a m e as thin slurry wal l , this method use 

d isp lacement p rocess and injection of bentonite, but instead of steel profile, is used 

modif ied vibrator, with speci f ic s h a p e des igned to this role. 

Figure 4.12 Lamella wall (9) 
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4.1.2.4 Deep soil mixing 

The Deep Soi l Mixing (DSM) w a s invented in J a p a n and Scand inav ia . Its use is 

growing ac ross the world in strengthening and seal ing weak and permeable ground. T h e 

method helps to ach ieve signif icant improvement of mechan ica l and physical propert ies 

of the exist ing soi l , which after mixing with cement or compound binders b e c o m e s the 

so-ca l led soi l -mix (or soi l -cement) . T h e stabi l ised soil material that is produced general ly 

has a higher strength, lower permeabil i ty and lower compressibi l i ty than the native soi l . 

Basical ly , there are two different mixing methods. T h e exist ing soil which must be 

improved can be mixed mechanica l ly other with a slurry including binder (wet D S M ) or 

with a dry binder (dry D S M ) . Jett ing of slurry can be a lso used to enhance mechan ica l 

mixing. 

The wet method is more appropriate in soft c lays, silts and f ine-grained sands 

with lower water content and in stratified ground condit ions including interbedded soft 

and stiff or dense soil layers. 

II II 

Figure 4.13 Wet mixing method (38) 
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The dry method is more suitable for soft soi ls with very high moisture content, 

and hence appropriate for mixing with dry binders. Stabi l isat ion of organic soi ls and 

s ludges is a lso possib le, but is more difficult and requires carefully tailored binders and 

execut ion procedures. 

Figure 4.14 Dry mixing method (39) 

4.1.2.5 Soil Mixing Wall 

Soi l Mix ing Wal l ( S M W ) deve loped by Bauer is method of soil mixing for sha l low 

depths (6-15m), where standard deep soil mixing wouldn't be economica l ly efficient 

The soil is loosened and immediately mixed with a sel f -hardening suspens ion by 

three adjacent slightly over lap-ping augers and mixing paddles. 

By loosening, convey ing and mixing of the soi l , min imum friction between rods 

and mixed soil is ensured. Therefore, it is poss ib le to construct wal ls effectively rigs with 

medium power supply. 
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At the s a m e t ime a very homogeneous soi l -cement mixture can be ensured in 

order to ach ieve a good quality of the wal l . 

Figure 4.15 SMW construction (36) 

500 mm -
Primary 700 mm Primary Primary 

370 mm -
550 mm 

1.000 mm - 1.000 mm -
1.400 mm 1400 mm 

Secondary Secondary 

Figure 4.16 Detail of SMW (37) 
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4.1.2.6 Cutter soil mixing wall 

Cutter soil mixing ( C S M ) p rocess is der ived from the hydrofraise cutter d iaphragm 

wall ing technique, whereby two counter rotating cutting whee ls rotate about horizontal 

axes , but with severa l points of dif ference. During d iaphragm wall construct ion, the 

hydrofraise operates as a reverse circulation p rocess for the removal of soil and its 

rep lacement by a stabi l ising fluid, usual ly bentonite suspens ion ; whereas in the C S M 

method the soil is broken up by the twin whee ls , aga in rotating about horizontal axes , 

and mixed with grout which is introduced at the level of the cutter wheels . This grout/soil 

combinat ion is mixed in-situ by the rotating whee ls to form a self hardening soi l -cement 

mortar. 

O n e notable benefit der ived from the use of the C S M technique is the accuracy 

of the installation process , by virtue of the fine degree of adjustment provided by quality 

installation equipment, the rigidity of the kelly guide arrangement and the in-rig 

monitoring sys tem. 

Figure 4.17 C S M working scheme (27) 
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Figure 4.18 C S M application (28) 

4.1.2.7 Trench cutting and Remixing Deep 

The T R D mach ine advances horizontally a long the wall a l ignment whi le the cutter 

post cuts and mixes the in situ soil with cement -based binder slurry. T h e full-depth 

vertical cutter post resembles a giant chain saw, which vertically b lends the entire soil 

profile, el iminating any stratification and creating a near homogenous soil mix wal l with 

low permeabil i ty. The T R D method produces the most uniform wall of any soil mixing 

p rocess , with certainty of continuity in deep, chal lenging soil condit ions. (7) 
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Figure 4.19 TRD in practice (7) 

Figure 4.20 TRD work process (7) 

4.1.2.8 Jet Grouting 

Jet grouting is a grouting technique that creates in situ geometr ies of soi lcrete 

(grouted soil), using a grouting monitor at tached to the end of a drill s tem. T h e jet grout 

monitor is advanced to the max imum treatment depth, at which t ime high velocity grout 

jets (and somet imes water and air) are initiated from ports in the s ide of the monitor. T h e 

jets erode and mix the in situ soil as the drill s tem and jet grout monitor are rotated and 

ra ised. 
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Depend ing on the appl icat ion and soi ls to be treated, one of three variat ions is 

used : the single fluid sys tem (slurry grout jet), the double fluid sys tem (slurry grout jet 

surrounded by an air jet) and the triple fluid sys tem (water jet surrounded by an air jet, 

with a lower grout jet). T h e jet grouting p rocess constructs soi lcrete panels , full co lumns 

or anything in between (partial co lumns) with des igned strength and permeabil i ty. 

Figure 4.21 Cut-off wall construction with jet grouting (30) 

Figure 4.22 Jet Grouting (31) 
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4.2 NON-WALL SOIL IMPROVEMENTS 

4.2.1.1 Cement grouting 

C e m e n t grouting, a lso known as slurry grouting or high mobility grouting, is a 

grouting technique that fills pores in granular soil or voids in rock or soi l , with f lowable 

particulate grouts. Depend ing on the appl icat ion, Port land cement or microfine cement 

grout is injected under pressure at strategic locations either through single port or 

multiple port p ipes. The grout particle s ize and soi l / rock void s ize must be properly 

matched to permit the cement grout to enter the pores or voids. The grouted m a s s has 

an increased strength and stiffness, and reduced permeabil i ty. T h e technique has been 

used to reduce water f low through rock formations beneath dams and to cement granular 

soi ls to underpin foundat ions or provide excavat ion support. (8) 

Figure 4.23 Cement grouting (8) 
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Figure 4.24 Application of cement grouting (29) 

4.2.1.2 Injection stabilization 

Injection stabil ization is the pressure injection of aqueous solut ions into the 

ground. T h e composi t ion of the aqueous solution depends on the appl icat ion, which 

common ly inc ludes stabil ization of expans ive soi ls and rai lroad subgrades . Purpose-bui l t 

injection units advance injection p ipes into the treatment zone . A n aqueous solution of 

water, l ime slurry, or potass ium chlor ide is injected to reduce shr ink/swel l potential for 

treatment of expans ive soi ls. 
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4.3 Floodwall foundations 

Floodwal l proper anchor ing in to the plain or levee is extremely important as 

f looding after Catar ina Hurr icane. 

Both, demountab le and permanent, f loodwal ls use piles which work not only as anchors , 

but a lso cant i levers. 

4.3.1 Foundations of permanent floodwalls 

Most c o m m o n shapes of f loodwall l -shape & T -shape , use steel sheet pi les wal ls 

as foundat ion. In contrast to l -Shape, T -shape use a lso s ide anchors to increase stability. 

4.3.1.1 l-wall 

A n l-wall is a spec ia l c a s e of a cant i levered wall consist ing of sheet piling in the 

embedded depth and a monol i thic concrete wall in the exposed height. A cant i lever wal l 

is a wall that der ives its support solely through interaction with the surrounding soi l . I-

wal ls used as f loodwal ls may be located on exist ing grade, used as a retaining wall as 

wel l as a f loodwall , or used to enlarge levees. 

4.3.1.2 T-wall 

Cant i lever T-type reinforced concrete wall cons is ts of a concrete stem and base 

s lab which form an inverted T. The structural members are fully reinforced to resist 

appl ied moments and shears . T h e base is made as narrow as pract icable, but must be 

wide enough to ensure that the wall does not sl ide, overturn, settle excess ive ly , or 

exceed the bearing capaci ty of the foundat ion. T h e bottom of the base should be below 

the zone subject to freezing and thawing or other seasona l vo lume changes . A s 

necessa ry to resist underseepage during a f lood event, a steel sheet pile cutoff wall is 

cas t into the base s lab of the T-Wal l . T h e T-wall may need to be supported on a pile 

foundat ion if soft soi ls exist. T h e piles can be made of either steel or concrete and derive 

their support to the T-wall from friction of the soil surrounding the pile or through end 

bear ing at a deeper stronger soil strata. 
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S h e e t P i l i ng S h e e t P i l i ng 

Figure 4.27 T & I walls (41) 

4.3.1.3 Steel sheet piles 

For steel sheet usage s e e 4.1.1.3 Shee t pile wall 

4.3.1.4 Driven piles 

Driven piles are deep foundat ion e lements driven to a des ign depth or res istance. 

If penetration of dense soil is r equired, predrill ing may be required for the pile to 

penetrate to the des ign depth. Types include timber, pre-cast concrete, steel H-piles, 

and pipe piles. T h e f inished foundat ion e lement resists compress ive , uplift and lateral 

loads. T h e technique has been used to support bui ldings, tanks, towers and br idges. 

Driven piles can a lso be used to provide lateral support for upper wal ls. Steel sheet pi les 

and soldier pi les are the most c o m m o n type of driven pi les for this appl icat ion. 
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Figure 4.28 Driven piles prepared for T-wall (33) 

Figure 4.29 T-floodwall installation (35) 



4.3.2 Foundations of demountable floodwalls 

Pre-instal lat ion of demountab le wal ls can be ach ieved by s imple socke ts with 

sc rews for smal ler structures or even sheet wal ls suppor ted masonry for large rivers. 

Demountable 

Figure 4.30 Foundation of demountable floodwall (42) 

Figure 4.31 Raised Flood Wall (34) 
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5 APPLICATION IN PRAX 

Upcoming examp les are showing real appl icat ion of variety of ground improvements 

methods over the world 

5.1 Cut-off walls (Morava river, Slovakia) 

Insufficient hydraul ic parameters of old levees along Morava river basin were 

caus ing permanent problems with stability, what could have devastat ing c o n s e q u e n c e s 

during next major f looding like in years 2002. A s most c o m m o n work method were used 

thin vibrated slurry wal ls, mostly created by Soi lcrete® lamel la wal ls. 

Cut-off slurry wall from soi lcrete was built on km 22-52 of river Morava by Kel ler group. 

Improved vers ion of vibrated method w a s used . (9) 

Figure 5.1 Work on cut-off wall (9) 

Object ive of construct ion w a s improve parameters of hydraul ic f low in saturated 

soil to value k f=1x10~ 8 mxs~ 1 . W o r k s were real ized form crown of wal l . Wa l l w a s created 

mostly by c lays, sand-c lays , in lower parts by grave l -sand. Subso i l s were mostly 

N e o g e n e c lays. 
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5.2 Sheet pile walls (Vltava river, Czech Republic) 

A s part of stabil ization of channel levee, and improvement of sur face of s e e p a g e 

steel sheet pile wal ls were used . Target of works w a s to improve stability of levee by 

chang ing flow of underground infiltration water. 

Sur face a rea of sheet pile wall w a s more than 21 000 m 2 . For construct ion of wall 

were used steel sheet pi les type V L 602 (10) 

Figure 5.2 Construction of steel sheet pile wall (10) 
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5.3 TRD wall, (Hoover dike, USA) 

After catastrophic hurr icanes in 1926 & 1928, Hoover dike around lake O k e e c h o b e 

(Florida) w a s built in 1930s, with total length over 225km 

T o address the piping concerns and ensure dike stability during storm surges, the 

remediat ion program included the construct ion of a cut-off wall extending from the top of 

the levee to depths from 15 to 25m. A s standard slurry wall w a s too expens ive for s ize 

of dike, T R D method was choose . Ove r 5mi les w a s made by this method. Test after 28 

days shoved than permeabil i ty is no greater than 1x10" 8 m/s (11) 

| 1.0E-C7 

.2 1.0E-0S 

E 
OJ q u 

Bulk Sample Permeability 

(en1. :c-

• 23 days 

i O O ^ r ^ f J i u n u D f ! ] S « l « 0 ^ ^ r > I O & ) r N r ^ ^ m O f J l i J l i H i H r - - f J l 

i ^ ^ i f l d d d N S f f l m f f l d d d r i r i r t r t r t m g L n ' i n ' ^ i C 

< < < < < < < < < < < < < < < < < < < < < < < < < < < < < < 

Figure 5.3 Results of permeabilty tests (11) 

Figure 5.4 More methods were used on Hoover dike (43) 
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6 CONCLUSION 

It shows, that with more and more harsh cl imate condit ions, current, many t imes old, 

levees made by s imple heaping soil to the shape of levee are not suitable susta in record 

ext reme f loods. 

It can be expected, that in the future we will s e e increase of interest for usage of 

geotechn ics methods for improvement of levees and for foundat ions of f lood wal ls. 

It should be a lso noted that most c o m m o n methods of improvement used today are 

cut-off wal ls, which role is dec rease filtration movement of water in the levees. A s my 

own results of sensitivity calculat ions on mathemat ic model of real levee shows, filtration 

parameters of soi ls used for levee are s a m e important as standard stability parameters. 

T h e s e results are support ing that use of current deve lopment of current method is on the 

right, as wel l that mathemat ic model l ing has a great future in geotechn ics as they al low 

eng ineers des ign economic and effective solution of levee improvement without need of 

real exper imental model to ana lyse filtration behaviour in the wal l . 
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