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P i p i n g  o f  S o i l s  N e a r  D a m s

Mécanisme des renards sous les digues

b y  J . D o m j â n , c o n s u lt in g  e n g in e e r  a t  D es ig n  O ffice o f  C iv il E n g in e e r in g , B u d a p e s t V. V ig a d ó  té r . 1. H u n g a ry

Summary

Under flood conditions, piping often occurs without warning 
in the soil near dams. The author has tried to  establish the reason 
for the failure o f a dam due to  piping. He proposes a system for 
discovering the most dangerous points where piping is likely 
to occur.

Piping often occurs a t  dam s and flood-control levees during  
a  period o f  flood, w hen a  sudden rise o f w ater m ay  cause 
the to ta l failure o f  a  levee, w hich m akes pro tection  extrem ely  
difficult. P iping occurred  a t  m any  poin ts  a long  the  H ungarian  
section o f  the D anube during  the  floods o f  1954 an d  1956. 
O bservers gave the follow ing accoun t o f  these even ts :

Pro tec tion  w orks on the dam  section near the A svany raro  
village nea r the  tow n o f  G y o r had  been in full sw ing when 
the flood level reached the top  o f  the dam , w hile the w ork 
o f heightening  the dam  w as being carried  on . T he soil on  the 
dow nstream  p o rtio n  w as already  inundated  up  to  an  average 
height o f  20 cm , b u t n o  sign o f  boiling w as visible. T he w ater 
surface o n  b o th  sides o f dam  w as en tire ly  calm . S uddenly 
there appeared  o n  the dow nstream  side o f  the dam  a  w ater 
co lum n 1 m  in  d iam eter and  1-5 m  in height, w hich w as quite 
pure  and  a lm ost tran sp a ren t (F ig . 1). A t the sam e tim e the 
surface o f  the  D anube w as quite  sm ooth . T w o seconds later 
a t  a  d istance o f  10 m from  the crow n o f  dam  on  the w ater 
side there developed a  w hirl th a t, approach ing  the dam , 
reached the crow n in a  m inu te o r  tw o. D uring  th is tim e the 
boiling  increased one and  a  h a lf  tim es on the dow nstream  
side of the dam , and  som ew hat la ter the escaping w ater came 
to  a  halt suddenly , m ost likely as  a  resu lt o f  collapse.

T he crest o f  the  dam  and  the slopes rem ained  firm . A fter a 
sh o rt pause, a t  the  sam e p lace o f  boil, there follow ed an 
increased upsurge o f  w ater w ith a  d iam eter o f  from  4 to  5 m. 
T he w ater had  by  th a t tim e becom e extrem ely  m uddy  and  
was the  co lo u r o f  chocolate . T he w ater issuing from  the 
boil reached a  height o f  50-60 cm. S im ultaneously  the dam  
sudden ly  co llapsed  ov er a w idth  o f  from  4 to  5 m .

Fig. 1

crues

Sommaire

Les « renards » sous les digues de protection contre les crues 
se produisent souvent de façon inattendue. L’auteur a  cherché 
une relation entre la rupture d 'une digue, même sous un gradient 
hydraulique moyen i inférieur à  0,1, et l’existence d 'une onde 
de plus grand gradient hydraulique. Celle-ci se développe à  partir 
des bulles d’air des pores, qui se mettent en pression avant le 
soulèvement de la couche de couverture, et prend de l’extension 
au moment du renard. Une méthode est proposée pour détecter 
les points les plus dangereux du point de vue de la sécurité contre 
les renards.

Sweeping ov er the  dam  a t the  site o f  its collapse, the w ater 
caused the  failure o f  a  levee over a w idth o f 12 m in  on ly  
tw o o r three m inutes. W idth  o f  failure grew from  m inute 
to  m inute.

F o r  th is pip ing , the  average value o f  the  hydrau lic  gradient 
in  the  soil is / =  0 1  o r  even less, and  is in an y  case m uch 
sm aller th a n  i =  1, regarded as a  critical value.

This failure happened in  a  soil in  which the low er lying, 
th icker sand-gravel layer is covered  by  a  relatively  im per­
m eable silt s tra tum  from  1 to  2 m thick. W hen the flood rises 
the sand-gravel layer is sa tu ra ted  by  w ater, and  sim ultaneously 
air bubbles a re  enclosed w ithin the pores, which a re  retained 
therein  by  cap illa ry  a ttrac tion , by the sm all size o f  the pores, 
and  by  the overly ing  im pervious layer. T he cap tu red  bubbles 
can  therefore fill up  from  20 to  30 per cen t o f the void  space 
availab le . As the  flood level rises, these bubbles are  subjected 
to  pressure an d  the ir volum e is reduced in  inverse p ropo rtion  
to  the pressure ac ting  on them.

T he increase o f  pressure is particu larly  dangerous in  a  
sack-like site o f  the  gravel s tratum . The pressure a t points 
relatively rem ote from  the dam  is practically  the  sam e as 
the  pressure prevailing in the  river bed. This applies parti­
cu larly  to  the p resen t case, w here gravel beds covered by 
silt o f  low  perm eability  are  present in the m eandering  course 
o f the river.

Piping will take  p lace a lo n g  the line o f  m axim um  perm eab­
ility. T he sand  gravel layer, is n o t as a rule quite  hom oge­
neously  perm eable enough to  guarantee plane fow , as a  
resu lt o f  com pletely  sym m etrical perm eability . In  add ition  
to  this, th e  pressure increases from  the boil tow ards the  dam . 
T h is m eans in  effect th a t a  closed tube can be used fo r labor­
ato ry  research in to  this problem .

Determination of air content in laboratory research

By the  B oyle-M ariotle law  :

Vp = VoPo

F o r a  tube o f  un ifo rm  cross-section (Fig. 2).

Piping under the levee o f the Danube.
« Renard » sous la digue de protection contre les 

du Danube.
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Examination of transient phenomena
{n

air i -  water _J

—  w a t e r -----

Fig. 2 Compression o f water-air mixture.
La compression du mélange air-eau.

The au th o r has investigated transien t phenom ena tha t 
appear w hen the  to p  stra tum  is perforated. F o r  th is purpose, 
the experim ent dem onstrated  in Fig. 4  m ay  be considered. 
O ne end  o f  the tube  is filled with a  sand-gravel m ixture and  
is closed w ith a  trap -d o o r, the o ther end  is subjected to  the 
pressure o f  a w ater co lum n o f  height H. T he  m odel h as  the 
follow ing fea tu res :

1. A n incom pressible and  im m obile netw ork  is fo rm ed  by 
the grains o f  the solid  part.

2. T he a ir  in  the  voids does not m ove w ith the w ater an d  
its behaviour is governed by  the B oyle-M ario tte law.

pressure p kg/cm2

Diagramme pour la détermination du pourcentage d’air.

A t pressure p  the jo in t length o f  a ir  and  w ater co lum n :

L = l w +  l =  l „ + l 0 ^
P

T hus the shorten ing  under influence o f pressure increase : 

( P  ~  P o ) :

j / =  / ,  +  /„ - ( / „ , +  /0 ^ )  =  / „ ( i

in tu rn  :

_ ? ! _  ( x  _  £ o \

/» +  / o V  p )

P f

The ra tio  o f  shorten ing  £ in  tu rn  :

Al

In troducing  the  ra tio  o f  X =  - (X indicates the ratio
L  i o

o f  a ir  present to  the  s ta rting  pressure o f  p  =  1 atm osphere)

piezometric level

befor open 

after
open

.i

x-L

£ =  X

In Fig. 3 a re  dem onstrated  in te rm s o f  the  various values 
o f  £, the ra tio  o f  shorten ing  X o f  w ater -I- a ir co lum n under 
the  influence o f  overpressure p. A pplying  a know n pressure 
to  a  tube closed a t one end and  filled w ith a  m ixture o f  soil, 
w ater an d  air, it is possible to  m easure the reduction  o f  
w ater level and  to  ca lcu la te from this the  com pression  o f 
£, determ ining  the a ir  ra tio  X.

Fig. 4 Experimental arrangement for the examination o f piping 
in two-phase soil.

M ontage expérimental pour l’élude du renard dans un 
sol à deux phases.

3. T he w ater in the voids is governed by the  D arcy  law .

4. T he D arcy  law is assum ed to  be valid in each  interm e­
dia te phase o f  non-perm anen t m ovem ent.

5. T he so lu tion  o f  air in w ater is d isregarded in relation  
to  the relatively  sm all pressure values.

T he au th o r exam ines the  case o f  a  tw o-phase soil. H e 
assum es, th a t the  flow -resistance r  by  a  given coefficient o f  
perm eability  k  is p ropo rtional to  the  square o f  ac tual velo­
city  : v

r =  CV2

F ro m  the m om ent o f  opening  the  trap -d o o r, tw o  forces 
ac t on  the w ater in the  tube  filled w ith soil. T he w ater pressure 
p  =  H  y  on  the one  han d , an d  a  resistance in  an  opposite 
d irection  r  — CV2. T he difference between the tw o pressures 
accelerates the flow o f  w ater th rough the pores o f  soil in  the 
tube from  its s tand ing  position  a t the m om ent o f  opening  to
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a  velocity Vpcrm =  k which corresponds to the perm anent

flow stage.

A ccording to  N ew ton’s law :

m a — p  — r

and
m a  =  p  — Cv2

where acceleration  a  is the  first derivative o f  velocity v an d  
m  is the  m ass o f  the m oving w ater in a  tube  o f  u n it cross- 
section.

T herefore

dv C  2 _  p
— I----- r  — —

di m m

C  p
— =  C , and  — =  Co

hence

dv „
— =  C2 — CiV*4 
d t 2 1

dt =
dv

C2 - < V

k S

dv

C, A 2 -  v2

w here

and

thus

1 1 v
t  =  — — area tgh  —  +  K  

A Ci A

t =  0, i' =  0  so  K  =  0

t =  — —  a rea  tgh  — 
A C l A

v =  A  tgh A C y t

a c 1 =  c lV / g  =  V Ô q  

y g a g h ^  =  y / g  t g h V Q Q /

If  t  is large enough, so  AC ^t =  1 

and

VIV —  Vpcrm — \  /  - p r  —  k  —
CJ :  =  L  
ci c

thus :

P

^perm

and the  flow resistance r :

r  =  Cv2

V perm

C onsequently  speed increases from  the m om ent o f  opening 
until a  con stan t speed is a tta in ed , in  accordance w ith the 
relationship  already  described.

In the case o f  three-phase soil (F ig. 5), the above described 
phenom enon can  be followed thus.

trsp - di

piezometer level start stage
b z j

'N

r

/  be for open 
!-transient stage

/  w
permanent 
stage /--^•

I a/r I

*

'■•û''\  ■:/ » sand- gravel ■ fl. i

A X ,  I AXt I

“ 1 X • £

Fig. 5 Experimental arrangement for the examination o f piping 
in three-phase soil.

M ontage expérimental pour l’étude du renard dans un 
sol à  trois phases.

A ssum e th a t the a ir  volum e o f  bubbles is concen trated  
at a  distance Ax from  each o ther a lo n g  a tube , a t opening  the 
speed s tarts  on  the first section Axx under the  influence o f  
pressure prevailing  in the  air-space Vv  In air-space V1 press­
ure should  be decreasing by  Ap0 in o rder th a t flow m ay  
s ta rt o n  the nex t section Ax2. A lthough the  value Ap is sm all, 
it is n o t zero  ow ing to  cap illa ry  effects.

A p 0
In this w ay, /0 =  — as  an  hydraulic  g rad ien t is requi­

red fo r s tarting  Axv This phenom enon if  o f  w ave type.
B oth theo ry  an d  practice have proved  th a t no  soil will 

issue from  boils unless the hydrau lic  gradient has reached a  
value o f  / =  1, an d  therefore the au th o r has to  assum e either 
a hollow  space-tube with free w ay fo r w ater, o r  a  progressive 
expansion  o f  bubbles under .p ressu re  in  voids resulting in 
a wave o f  /max >  1 proceeding th rough  the soil, in the m ost 
perm eable zone under the top  stratum .

In consequence o f  w ave imax in procession, piping sets 
in progressively in  a  relatively  sh o rt tim e. T he a ir in  the 
voids is com pressed with the result th a t it expands suddenly 
after the m anner o f  an  explosion  an d  thereby  causes piping.

Detecting the points of minimum safety

T he m ost perm eable lines indicate the po in ts  o f m inim um  
safety from  the p o in t o f  view o f  the  fo rm ation  o f boil, m ore 
so  when the w ater o f  a  river sa tu ra ting  the soil can n o t flow 
ire e ly . The au th o r con tinued  his investigations w ith pore- 
w ater m easuring instrum ents which he p laced  in perm eable 
s tra ta  in lines, a t equal d istances from  the dam .

The values o f  pore w ater-pressure izochrons, recorded a t 

identical tim es an d  plo tted  on a  site m ap, determ ined the 
points where the pore w ater-pressure increased in relation 
to  the env ironm ent. A s tudy  o f  the izochrons enabled  the  
position o f  dangerous po in ts  to  be established.
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