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Deterioration of flood protection dikes due to shrinkage cracking 

Pathologie des digues k  cause de fissures de retrait

I. Laz&nyi & G. Horv&th -  Technical University o f Budapest, Geotechnical Department, Hung ary

A B STR A C T: A n exceptionally  long spell o f  d ro u g h t in the  T isza valley, H ungary , has led to  m assive cracking due  to  sh rinkage o n  several 

hundred k ilom etres o f  flood p ro tec tio n  d ikes built o f  rich  sw elling clay. A n ex tensive resea rch  p ro g ram  w as launched aim ed at revealing 

the m echanism  o f  crack ing  and finding effective rem edial m easures. R eg ional m eteoro log ica l da ta  and geological and soil su rvey  d a ta  w ere 

conflicted w ith  the  o ccu rrence  and  frequency o f  dam age cases. V arious geophysical m ethods w ere  p u t on  field trial in o rd er to  find the 

most suitable non-destructive  m ethod  for the  detec tio n  o f  cracks. E xperim ental evidence w as found to  confirm  the  genera l validity o f  a 

unique linear relationship  b etw een  loss in m oistu re  co n ten t and ensuing volum e change, applicable also to  the  range o f  partially  sa tu ra ted  

soils. T he m echanism  o f  crack ing  and its effect o n  th e  serviceability o f  dikes w as stud ied  and concep ts fo r rem edial m easures suggested . 

The pap er rep o rts  o n  various tria l rehab ilita tion  w o rk s including d rainage, upstream  lining and d iaphragm  w alls m ade o f  self-healing 

bentonite-based m aterial.

RESU M E: A prds une tres  longue periode  de s& h eresse  nom breuses fissures de  re tra it se son t developp6es d igues constru ites en  argiles 

venant du  lit de  la riv iere T isza. R eserches pouss£es, y com pris des Etudes m eteo ro log iques, g io lo g iq u es , geophisiques e t g^otechn iques 

ont i t i  e ffectuees p o u r tro u v e r les causes e t le m ecanism e de  fissures. L es essais de  labo ra to ires on t approuvdes que la re la tion  lineaire 

connues en tre  le ten eu r d ’eau  e t la variation  de  volum e son t valables 6galem ent p o u r les sols partieU em ent satur6s. L ’article tra ite  

l’influence des fissurations sur la stability de  la d igue ainsi que les differents m & hodes de  la rehabilita tion.

1. In troduction

E x trem e clim atic conditions coupled  w ith  o th e r  circum stances 

inherent in th e  fill m aterial and  th e  m ode o f  co n stru c tio n  have led 

to severe d e te rio ra tio n  o f  o ld  flood  co n tro l d ikes along the  river 

Tisza and its tr ibu taries th a t d rain  the  G rea t H ungarian  Plain 

(Figure 1). T h e  ex ten t o f  th e  p rob lem  is so large and the  dam age 

so serious th a t o v e r  certa in  areas th e  flood defence situa tion  has 

by now  becom e critical. T hese  d ikes som e built a  h undred  years 

ago and m ade o f  rich  sw elling clay  have experienced  intensive 

cracking ov er th e  tim es. C racks and cleavages ov er 10 cm  in 

width and p enetra ting  to  several m eters are  qu ite  com m on. 

Investigations and site exp lora tions o f  heavily fissured  dike 

sections show ed  th a t the  m ain cause  o f  crack ing  w as an alm ost 

perm anent d raugh t w hich  inflicted th is reg ion  o f  E u ro p e  during  

the last 10 to  12 years. I t appears th a t in th is case  norm al 

alternating d ry  and  w et periods and consequen t periodical 

variation o f  sw elling and shrinkage gave w ay during  long 

draughts to  a  tendency  fo r m o n o to n o u s and irreversible drying 

out that can  eventually  be  b lam ed for the  problem s. A s a  "result", 

the d ikes a t p laces have com pletely  d isin tegra ted  by Assuring into 

a d iscon tinuous heap o f  b locks and colum ns.

In  general, fo rm ation  o f  c racks m ay be b rough t abou t by 

various m echanical fac to rs  (uneven  se ttlem ents, slide and creep  

in the slopes, earth q u ak e  e tc .)  as w ell as by physical p rocesses 

inside the  dam  body  (drying, sw elling) o r  by a  coincidence o f  

both. T h is p ap er prim arily  ad d resses th e  p rob lem  o f  volum e 

changes due  to  desiccation  o f  partially  sa tu ra ted  sw elling clays. 

N o tes o n  assessm ent o f  the  stability  and serviceability o f  

dam aged d ikes as w ell as o n  rem edial m easu res will also be 

given.

2. F ac to rs  con tribu ting  to  the  crack ing  o f  dikes 

H isto ry

T he co n stru c tio n  o f  the  d ike system  in the  T isza  valley sta rted  

in th e  m iddle o f  the  19lh cen tury  alongside w ith  the 

im plem entation  o f  very  am bitious drainage and river training 

w o rk s th a t resu lted  in the  reclam ation  o f  a  land o f  som e 15000 

sq. km s th a t had  form erly been  inundated  by annually  recurring  

floods. T he em bankm ents have since been  gradually  developed, 

enlarged  and  raised  in o rd er to  m ake them  m ore safe and to  cope 

w ith  ever increasing m ax. flood levels. R e inforcem ent w orks 

w ere  o ften  carried  o u t in em ergency situations and all that 

resu lted  in typically  non-hom ogeneous c ross-sec tions w ith  shells 

and capp ing  arranged  in a  ra th er haphazard  m anner (F igure 2). A  

typical "upgraded" d ike from  the  1990’s shou ld  have a  cross- 

sec tion  w ith  crest w id th  ranging from  4 to  5 m eters, a  height o f  3 

to  6 m eters, an  average slope o f  1 in 3 on  the  river side and 1 in

2.5 o n  the  p ro tec ted  side.

A  glance a t the  geological m ap  o f  th e  G reat H ungarian  Plain 

m akes it c lear th a t the  near su rface soils abundan t in th is region  

m ainly consist o f  rich  sw elling clays. So o u r ancesto rs had  no 

cho ice bu t to  build the  d ikes o f  such soils no t reckoning  -  a t that 

tim e -  w ith  all the  consequences to  com e.

Soils

The m ajority  o f  d ikes w ere  built o f  cohesive soils (Ip>20) as 

show n in the  C asagrande chart in F igure 3. O bserved  shrinkage 

crack ing  w as invariably associa ted  w ith  the  o ccu rrence  o f  highly 

p lastic clays (Ip= 50  to  70), w ith  high m ontm orillonite  con ten t as 

e.g . a t th e  tw o  locations T am am 6ra  and K iskijre, se lected  for 

fu rther detailed  studies. O ccasional organ ic  con ten t o f  up  to  5 to

8 p ercen t m ay also have had a  m inor ro le  in the  fo rm ation  o f  

cracks. M o st o f  the  soils w ere  found to  be non-dispersive.
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C lim ate

H ungary  has a  tem p era te  clim ate w ith  a  yearly  precip ita tion  

fluctuating  b etw een  550 an  700 mm. H ow ever, in th e  last 15 

years o r so th e  coun try  has experienced  a  sequence o f  extrem ely  

long spells o f  d ro u g h t w ith  th e  period  o f  1989 to  1993 being the  

d riest one in th e  cen tury . I t w as th e  deficit in w in ter p rec ip ita tion  

(F igure 4 ) th a t had  the  w o rst im pact o n  the  g round  w a te r  and  led 

to  a  com plete  upse t o f  the  m oistu re  balance in exposed  

earthw orks like dikes.

Im pact o n  dikes

In  add ition  to  long periods o f  ex trem e d ro u g h ts  no long 

lasting  h igh  floods o ccu rred  in th e  last 20  years. So neither 

p rec ip ita tion , n o r floods, n o r recharge  from  th e  g round  water 

have m ade up the  losses o f  m oistu re . A ll these circum stances 

have led to  a  m o n o to n o u s dry ing  o u t and even tual cracking of 

the  dikes. T he a ttached  p ho to  gives an idea o f  the  character of 

th e  dam age and the  size o f  th e  cracks, longitudinal ones some 

tim es gaping as w ide as 5 to  10 cm  and  p enetra ting  3 to  4  meters
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Figure 6.

being the  m ore  p ronounced . T ransverse  cracks, n o t so w ide, are 

also com m on causing a  com plete  d isin tegra tion  o f  the  u p p e r part 

o f  the  d ike into a  d iscon tinuous m ass o f  b locks and colum ns. 

F igure 5 and F igure 6 sh o w  the  variation  o f  m oistu re  con ten t and 

o f  consistency  index, respectively , w ith  dep th  in a  typical cracked  

dam  profile.

D uring  occasional sho rt p eriods o f  flood only th e  surface o f  a  

d ry  soil b lock  is m oistened , its inner part rem ains dry. W ounds 

do n o t heal as is p ro v ed  by g row ing  m oss o n  th e  feces o f  o ld 

c racks and  th e  presence  o f  debris filling th e  cracks.

C rack s are  n o t readily  d e tec ted  by visual inspection  since they  

are  o ften  tram pled  o r  g row n  ov er by v egeta tion  o n  the  surface 

w hile som e cracks s ta rt fro m  beneath  the  surface. C onventional 

auger drilling is n o t m uch  o f  help. A ttem pts w ere  m ade to  use 

non-destructive  geophysical electric  resistance m ethod . W hile 

th is m ethod  p roved  to  be successfu l in identifying critical zones 

w ith  a  likelihood o f  ex tensive cracking, it failed to  d e tec t the 

exact location  o f  cracks.

3. L abora to ry  s tudy  o f  vo lum e changes due  to  desiccation

Special labo ra to ry  te s ts  w ere  carried  o u t w ith  th e  pu rp o se  o f  

ob tain ing  em pirical inform ation  o n  the  relationships that 

appeared  to  co n tro l th e  p ro cess o f  volum e change due to 

desiccation  leading eventually  to  cracking. T hese w ere

(i) the  relationship  b etw een  volum e change and  redu c tio n  in 

m oistu re  con ten t fo r partially  sa tu ra ted  com pacted  clay, 

and

(ii) the  tensile s tren g th  o f  partially  sa tu ra ted  clay.

T w o typical clays w ere  se lected  fo r detailed  testing: one  from  

the  T isza  valley (location  K iskore) and one  from  the  T a m a  river 

( location  T am am 6ra). D ikes o f  o th e r  rivers such as KOrOs and 

Z agyva w ere  also investigated  in a  sim ilar m anner.

T h e  m ain physical characteristics o f  the  T isza  and T a m a  clays 

are  sum m arised  in T able 1. N o te  th a t bo th  clays are  o f  high 

p lasticity  and have a  h igh  m ontm orillonite con ten t.
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F o r bo th  clays, the  m oistu re  co n ten ts  m easured  in the  dikes 

vary betw een  w ide limits (co rrespond ing  to  "dry" and "w et" 

am bient conditions), and these lim its determ ine the  poten tial 

range o f  volum e change (shrinkage) th a t is likely to  o ccu r under 

natural conditions.

V olum e change vs. m oistu re  con ten t

E xtensive labora to ry  tes ts  w ere  carried  o u t on  cylindrical 

sam ples (height =  d iam eter =  6 cm ) rem oulded  at various initial 

densities and m oistu re  con ten ts . T he specim ens w ere  allow ed  to 

a ir-dry  freely a t an  average  ro o m  tem p era tu re  o f  20°C, and 

w eighed  and their d im ensions m easu red  at regu lar intervals until 

no loss in m ass w as reg istered . (T his "final" sta te  co rre sponded  

to  a  re ten tio n  m oistu re  con ten t o f  w =5 to  6 p er cen t.)  The 

specim ens w ere  th en  oven-dried  and their "m inim um " dim ensions 

taken . N o te  th a t the  "m inim um " volum e w as no t constan t but 

w as m arkedly  dependent o n  the initial s ta te  o f  the  sam ple.

T he p rocess o f  desiccation  can  be best fo llow ed in a  triangu la r 

d iagram  show ing the changes in the  "phase com position" o f  the 

sam ple. R esu lts w ith  the K iskore clay are  show n  in F igu re  7. T he 

sides and base, respectively , o f  the  triangle rep resen t the  "relative 

volum e" o f  the  com ponen t "phases": solids, s, w ater, v and air, a. 

(N o te  that s%  + v% + a% = 100% ). D esiccation  curves fo r sam ples 

w ith  the  sam e initial density  (s) but increasing volum etric  

m oistu re  con ten ts (v) e .g . curves N° 1 to  4 show  a  sim ilar trend: 

they  run  "parallel". (O n  C urve 1, the  tim es elapsed, in hrs, during  

d esiccation  are  also indicated). C urves 1 to  4 eventually  all land 

a t the s side o f  the  triang le (i.e. a t v= 0  m oistu re  co n ten t) but at 

d ifferent final densities ( w O  w hich latter depend  o n  the initial 

sta te . T he sam e sta tem ent applies to  all curves. (The underlying 

m easurem ents are  sum m arised in T able 2 .)

T he resu lts for the  K iskore clay are re -p lo tted  in a  m ore 

familiar form  in F igure 8 w hich  show s the  relationship  betw een  

void ratio  and m oistu re  con ten t.

The im portan t conclusion  tha t can  be d raw n  from  the  set o f  

d es iccation  tes ts  show n in F igure 8 is that the volum e change 

d iagram s (i.e. void  ratio  vs. m oistu re  con ten t lines) fo r partially  

sa tu ra ted  sam ples w ere  invariably parallel to  the  "theoretical" line 

w hich  la tter assum es the  p revalence o f  com plete  sa tu ra tion  

(S r= l )  th ro u g h o u t the  p rocess o f  desiccation . T his finding has led 

to  the co n stru c tio n  o f  a  norm alised  g raph  (F igure 9) w hich  

suggests th a t irrespective o f  the fact w hether th e  sam ple be 

com pletely  o r  partially  sa tu ra ted  the  vo lum e change behaviour 

due  to  desiccation  is governed  by a unique linear relationship

V. P .  ’

fo r the  range o f  m oistu re  con ten t

w > w sl

In  the  form ula,

AV: reduction  in volum e,

V s: volum e o f  solids,

Ae: reduction  in void ratio , 

p s: density  o f  solids, 

pw: density  o f  w ater,

Wj: initial na tu ra l m oistu re  con ten t, 

w r: reduced  m oistu re  con ten t,

Wji: limit o f  linear shrinkage.

N o te  th a t the  shrinkage limit w si is no t easily defined. F or 

convenience it can  be tak en  as the m oistu re con ten t a t w hich  the 

e vs. w  relationship  deflects from  linearity.

T ensile s treng th

Prelim inary te s ts  o n  b riquette  specim ens suggest a  relationship  

betw een  the  tensile s tren g th  and the  phase  com position  (i.e: 

relative volum es o f  solids, m oistu re  and air) o f  the  soil (see the 

triangula r chart in F igure 10). F o r convenience , the  resu lts a re  re ­

p lo tted  in F igure 11 in a  m ore  fam iliar fo rm  as relationship

Table 1.

L o c a t io n Tisza  r iv e r Tarna r iv e r

Typ e o f  s o il Brown c lay ICH) D ark  brown claylCH,

L iq u id  l im it ,  W[_, % 79 85

Pla s tic  lim it , Wp , % 26 27

Plas tic ity  ind ex, Ip ,°/< 5 3 58

N a tu ra l m o is tu re  

c o n te n t, w, %
19.3 -  3 0 .2 19.i  -  25.5

Consistenc y in d e x , 

l c , %
0.92 -  1.12 1.03 -  1.13

R
e

la
ti

v
e

v
o

lu
m

e
s

s o l id s , s , % i 8 -  5 i A 7 -5 2

w a te r, w, % 3 0 -  i l 2 9 - 3 i

a ir ,  a, % 11 -  16 19

Sh rin ka g e  lim it, 

ws , %
16.7 74. 9

M o n tm o rillo n ite  

c o n te n t, % 56 80

O rg anic  c ontent, % 2 .2 3 .28

Table 2.

Data o f d esicc ation tests  on K isko re  d a y  I Tisza valley)

Sym b o l

o t

t e s t

R e la tiv e  volum e  

p e r  c ent *•
R e la tiv e

satu ration

5r.%

M o is tu re  

c o n te n t  

w . V.

Vo id

ra t io

e

R e la t iv e

volum e

c hang e

AeSo lid s Wa te r

1 38 56 9 0 .3 51.7 1 .623 1.161

U SO 89.3 39.9 1.273 0.802

SO L3.5 87.0 30-5 1.000 0.529

S3 LO 85.1 26.5 0.887 0 M 6

60 30 75.0 17.5 0.667 0.196

6 i J 20 56.3 10.9 0.550 0.080

67 10 30.3 5.2 0.L92 0.022

68 0 0 0 0A71 0

2 iO IS 25.0 132 1.500 0.227

12.5 10 17. i 8 3 1.3 S3 0.117

U 0 0 0 1.273 0

3 10 23.3 3 8.3 20. i 1.500 0.159

i3 20 35.1 16.3 1.326 0 285

17 13 2 L S 9.7 1.128 0.087

L8 10 19.2 7.3 1.083 0.C12

19 0 0 0 1.041 0

5 37 H 65.1 38.9 1.703 0.883

LO 36 60.0 31.6 1.500 0. 682

U 30 S 3 * 23.9 1.273 O.LSS

SO 20 iO.O H.O 1.000 0.182

S i.  5 10 21.9 6.1 0.835 0.017

SS 0 0 0 0.818 0

10 L9 3S 68.6 25.1 1.0*1 O.CSi

52 30 62.5 20.2 0.923 0.336

56 2L Si. 6 15.0 0.786 0.198

58 20 L7.6 12.1 0.72L 0.137

60 16 iO.O 9.U 0.667 0.079

62 10 263 5.7 0.613 0.026

63 0
0

0 0.587 0

N .B : +  [ s o l id s  * / * J * [ w a te r  * / • ] * ( a i r  */•  ]  = 100 

D e n s ity  o f  s o lid s  2 .8 5  g /c m 3

betw een  tensile stren g th  and p er cen t vo lum e o f  so lids (i.e. dry 

density), fo r d ifferent values o f  relative sa tu ration . All samples 

irrespective o f  their s ta te  o f  consistency  show ed  typically  brittle 

failure in tension . F u rther resea rch  is needed  to  clarify th e  tensile 

streng th  behav iour o f  com pacted  clay.
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Figure 7.

M o is tu re  c ontent, w, %

Figure 9.

M ois tu re  c ontent, w, %

w orks. In  the  follow ing, a  b rie f  accoun t is given o f  these 

considerations.

Figure 8.

4. Im pact o f  crack ing  o n  serviceability. R em edial m easures 

T he m ain ob jectives o f  the  research  p ro jec t c ited  in the 

preceding w ere  to  assess th e  stability  and serviceability  o f  the 

dam aged d ikes and to  p u t fo rw ard  recom m endations fo r rem edial

Stability  o f  th e  dikes

A  cracked  dike if  left unatten d ed  m ay d e te rio ra te  in its sta te  

even  in relatively dry  w ea th er conditions. C ontinued  drying,



Figure 10.
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Drawdown surface  

in  c rac ks

Rap id

drawdown

infiltrating rain  w ater, frost will all be a t w o rk  to  cause  large dry  

b locks to  fragm ent into a  loose debris.

H ow ever, the  m ain  th rea t is a  sudden  flood. T he d ike body 

m ay survive a  sh o rt flood, bu t ex p o su re  to  a  lasting flood m ay be 

fatal.

T ypical cases o f  po ten tia l failure are  show n  in F igure 12.

C ase  A: steady flow  conditions m ay develop  during  a 

lasting h igh  flood, leading to  a  failure o f  the 

dow n stream  slope. T he case d o es  n o t readily 

lend itse lf  to  analytical trea tm en t o r  m odelling 

and one  has to  reso rt to  conservative 

assum ptions.

C ase B: R apid d raw d o w n  leading to  failure o f  the 

upstream  slope. A  num ber o f  cases o f  such 

failure has been repo rted .

C ase C: H ydraulic frac turing , this being th e  w o rst case 

leading to  com plete  dike failure. T he fact th a t 

w ide longitudinal crack s exist w hich  are 

undrained  to w ard s the  upstream  slope m akes 

th is hazard  very  real.

Max. flood  leve l Embankment spread ing

No d rainag e!

c)

Figure 12. Typical modes of failure

R em edia l m easures

A  series o f  recom m ended  m easures are  sum m arised  in 

F igure 13.

a) U se  o f  a  relatively im pervious b lanket preferably  

com bined w ith  a  foil o n  the  upstream  face o f  the 

dike. T his m ethod  has successfully  been  used  in a 

num ber cases.

b) Filling up o r  g rou ting  o f  cracks. A  questionable 

m ethod: only lo w -pressu re  g rou ting  m ay be 

em ployed, g ro u ted  c racks m ay no t be 

in terconnected  to  fo rm  an  im pervious barrier.

c) C u t-o ff  (d iaphragm ) wall. T his seem s to  be a 

prom ising  approach . T rials w ith  the  use  o f  a 

p a ten ted  self-healing stone  ch ipp ing/bentonite 

m ixture je tte d  dry into a  n arro w  slo t gave 

sa tisfac to ry  results.
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Figure 13. Suggested methods tor rehabilitation

d) Je t-g rou ting : field tria ls are  yet in the  planning 

sta te .

e) D rains and  filters. T his is a  conventional so lu tion  

used  in sm all ea rth  dam s. T he installation  o f  drains 

into existing  d ikes d o es n o t p resen t 

insurm ountable  problem s.

C onclusions

D am  m aterial, h isto ry  and m ode o f  con stru c tio n  coup led  w ith  

the im pact o f  recen t severe clim atic changes have led to  cracking 

o f  unp receden ted  scale o n  clay d ikes in the  T isza  valley. A  study 

primarily aim ed a t the  rehab ilita tion  o f  the  dam aged  d ikes, gave 

at the  sam e tim e an  insight in to  th e  physical causes and 

m echanism  o f  crack ing  in com p ac ted  clay fills.

• C o n trac tion  due  to  desiccation  is likely to  o ccu r in all types o f  

cohesive soils p ro v id ed  they  w ere  originally  p laced  into th e  fill 

a t relatively  h igh  m oistu re  con ten ts.

• Irrespective  o f  th e  fact w hether initially the  fill be com pletely  

o r  partially  sa tu ra ted , the  volum e change behav iour is 

uniquely g overned  by a  linear relationship  be tw een  the 

m oistu re  con ten t po ten tia l (d ifference b etw een  initial m oisture 

con ten t and  th a t pertain ing  to  limit o f  linear shrinkage) and 

the  ensuing  change in void  ratio .

•  D esiccation  p ro d u ces transien t d ifferential d istribu tion  o f  

m oistu re  and thus differential co n trac tio n  strains w hich  in tu rn  

m ay lead to  cracking . T h is o ccu rs w hen  the  tensile stresses 

induced by differential co n stru c tio n  exceed the  tensile streng th  

o f  the  soil.

•  E xtensive crack ing  m ay c rea te  se rious and perm anen t th reat 

to serviceability  and stability  o f  the  dike. A  sp o n taneous self- 

healing o f  cracks up o n  exposu re  to  fresh  inundation  canno t be 

relied upon.

•  The hazard  o f  ex tensive shrinkage crack ing  can  be m itigated  

by possibly avoiding the  use  o f  highly sw elling clays and by 

properly  conditioning th e  soil during co n stru c tio n  o f  the  fill, i. 

e. by p lacing  it a t, o r  ju s t slightly above, the  op tim um  

m oisture con ten t and com pacting  to  a  relatively  high (min. 90 

per cen t) density.
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