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Some Interactions of Compaction, Permeability, and 

Post-Construction Deflocculation Affecting the Probability 

of Piping Failure in Small Earth Dams

Influence des in teraction s du com p actage, de la perm éabilité  et de la  d éflocu la tion  su bséqu en te à la con stru ction  

sur les prob abilités de form ation  de renards dans les petits barrages en terre

G. D. A IT CH ISO N ,  Soil Mechanics Section, C.S.I.R.O., Syndal, Victoria, Australia

C. C. WOOD , Soil Mechanics Section, C.S.I.R.O., Syndal,

SUMMARY

Small earth dams built in Australia from predominantly clay 
soils show a failure rate of 8 per cent as a result of piping. It 
is postulated that post-construction deflocculation of the clay 
is a contributory cause of the piping failures. Laboratory and 
field studies have been made which define the chemical limits of 
the process of post-construction deflocculation. These show, 
for example, that clay soil with a sodium adsorption ratio more 
than 5 is susceptible to piping failure when used with reservoir 
water containing less than 3 milliequivalents per litre total cation 
concentration. Satisfactory performance of an earth dam built 
from a susceptible soil-water combination can be achieved either 
by chemical additions or by raising the standard of construction 
control to ensure a field permeability from 10- 3  to 10 —7 centi
metres per second in the embankment. The preferred compaction 
moisture content is at or on the wet side of optimum.

piping f ail ur es in small earth dams have been reported 

f rom widespread localit ies in all states of  Aust ralia. The 

dams are up to about 20 f t  high and are constructed f rom 

local soil to make storage reservoirs for farm or town water 

supplies, with capacit ies f rom 0.1 to 10 m ill ion gallons. 

Homogeneous cross- sections are generally used, without 

f ilter zones or drains. In  many cases the dams are built  

without moisture control, and with compact ion only f rom 

construct ion traffic. Clim at ic condit ions are such that the 

earth f ill  material is almost invar iab ly placed dry of  opt imum 

moisture content. Several hundred of  these dams are built  

each year, and recent est imates showed that of  3,391 dams 

counted, 296 or 8.7 per cent had failed by piping. More than 

60 of  these failures have been studied in the present pro 

gramme.

The characterist ics of  soils associated with piping failures 

appear to be well reflected by the pedological soil classif ica

t ion. An  evident correlat ion exists between incidences of 

failure and soil profiles within the Great  Soi l Group 

(Stephens, 1960) categories of  soloth, solonetz, solodized 

solonetz, yellow podzolic, and dark grey soil of  heavy 

texture. Failures are conspicuously absent in krasnozems.

Terzaghi (1931) defined the characterist ics of  “ piping 

by subsurface erosion”  in a descript ion of  a piping failure

Victoria, Australia

sommair e

Parmi les petits barrages en terre construits en Australie avec 
des sols très argileux, 8 pour cent d’entre eux se sont rompus 
par la formation de renards. On suppose que la défloculation 
de l’argile subséquente à la construction des ouvrages est une 
cause ayant contribué à la formation de renards. Des études 
de laboratoire et de chantier ont été entreprises pour définir les 
limites chimiques du processus de la défloculation de l’argile sub
séquente à la construction. Les résultats de ces études démontrent, 
par exemple, qu’un sol argileux dont le coefficient d’adsorption 
au sodium est supérieur à 5 est sujet à la rupture par renards 
si l’eau de la retenue contient moins de 3 milli-équivalents de 
concentration totale de cations par litre. Un barrage en terre 
construit dans de telles conditions peut, toutefois, donner un 
comportement satisfaisant par l’addition de produits chimiques. 
Egalement, un contrôle étroit de la mise en place du sol garan
tissant un coefficient de perméabilité de 10—5 à 10 —7 centimètres 
par seconde assure un bon rendement. Il est préférable de main
tenir la teneur en eau au compactage égale ou légèrement supé
rieure à la teneur en eau optima.

involving a stratum of  water- bearing sand adjacent to a 

r iver  bank. A  pipe- shaped discharge tunnel in the subsoil 

was formed by the removal of  soil part icles under the action 

of  the seeping water.

Pip ing failures which occur in natural slopes f rom  the 

act ion of  percolat ing rain water have been described from 

northeastern Victor ia by Downes (1946) who used the 

term “ tunnell ing erosion”  in his descript ions. Aitchison 

(1960) suggested that the mechanism for  piping failures in 

earth dams could sim ilar ly involve the dispersion of  the 

clay f il l material at  the exit point of  the percolat ing water 

leading to the progressive loss of  f ine clay part icles in 

suspension.

Aitchison, Ingles, and Wood  (1963) further studied the 

mechanism of  post- construct ion def locculat ion and defined 

a deflocculation- dependent process of  piping failure. They 

suggested that homogeneous banks of  clay soil constructed 

in relat ively dry condit ions would have the porosity charac

terist ics of  silty materials because of  the aggregated condi 

t ion of  the clay. On wett ing, in circumstances promoting 

deflocculat ion, these clay aggregates would break down into 

f iner clay part icles capable of  moving in suspension, under 

seepage f low, through the inter- aggregate pores and f inally 

out of  the dam. A n  accelerat ing f low rate would result,
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f i g .  1. Boundary between the flocculated and 
the deflocculated state. A, illite; B, mont- 

morillonite.

culminating in macrofailure by piping. The data of Quirk 
and Schofield (1955) were used to define the boundary 
conditions between the flocculated and the deflocculated 
states in terms of the sodium status of the exchange com
plex of the soil and the total cation concentration of the 
water brought into contact with the soil.

Subsequently, Collis-George and Smiles (1963), using 
different techniques, have confirmed the flocculation-defloc- 
culation boundary for an illitic soil, and Rowell (1963) has 
produced data leading to the definition of a similar boundary 
for a montmorillonite. The boundaries between the floc
culated and the deflocculated states are expressed simply 
in Figs. 1A and IB in terms of two readily measurable 
parameters, viz. the total cation concentration of the 
percolating water and the sodium adsorption ratio (S.A.R.) 
of the soil as defined by Richards (1954) where

S .A .R . = [Na]/\/0.5[Ca +  Mg], (1)

the values of [Na] and [Ca + Mg] being the concentration

of soluble cations expressed in milliequivalents per litre of 
water or soil extract.*

E X P E R I M E N T A L

The concept of deflocculation-dependent piping failure 
required substantiation from the aspects of: (1) correlation 
of soundness or failure with flocculating or deflocculating 
conditions and (2) correlation of failure with macroporosity 
or high permeability.
A programme of evaluation of dam performance in 

relation to the characteristics of the soil and of the stored 
water was established to embrace a wide variety of climatic 
and soil conditions. The results of investigations at 20 dams 
from 4 states are presented in Table I and Fig. 2. Fourteen 
of these dams had failed by piping, while 6 were sound. It 
is significant that all 14 of the failed dams plot on the 
“deflocculated” side of the relevant boundary in Fig. 2, 
whereas all but 1 of the 6 sound dams fall within the 
flocculated zone.

There are three cases of special interest among those 
demonstrated in Fig. 2.

(1) The dam at Lakes Entrance (No. 11) was originally 
filled with groundwater relatively high in dissolved salts 
(suggesting a condition of flocculation at point 11A). The 
dam held water with only slight seepage for several years, 
after which the reservoir water was first replaced by sea 
water (without effect on the flocculated condition) and then 
by river water low in dissolved salts (which tended to create 
a new equilibrium at point 1 1B in the deflocculated zone). 
The dam failed by piping within 3 days of the change to 
purer water.

(2) The dams at Meandarra (No. 1) and Berwyndale 
(No. 2) were filled with saline bore waters providing in 
each case an initial flocculated state at points 1A and 2A. 
However, leaching of the embankment soil with the saline 
stored water increased the sodium status of the exchange 
complex, tending towards new equilibria at points IB and 2B 
thereby creating a deflocculated condition in the dominantly 
montmorillonitic clay. Each dam failed by piping after a 
few months of operation. The breaches were repaired using 
a high-sodium subsurface soil, but failures occurred re
peatedly. Repairs using surface soil richer in calcium (points 
1C and 2C) have been successful.

(3) The dam at Nambour (No. 7) is in a sound con
dition after 2 years’ service, even though the soil and water 
characteristics point to a deflocculation susceptibility. This 
dam, however, differs from most of the others reported 
in terms of its construction history. Compaction in this dam 
was carried out at a moisture condition wet of optimum. As 
discussed below, such a construction technique tends to 
produce a low permeability in the soil and hence a low 
seepage velocity through the dam—thereby precluding piping 
even in the deflocculated state.

Within the authors’ experience, covering a much larger 
number of small dams, sometimes studied in less detail, 
there has not yet been a single exception to the rule that

*The emphasis in these studies is on the sodium, calcium, and 
magnesium ions since these tend to dominate the exchange 
complex in many of the soils considered. These studies have not 
been extended to cover fully those soils in which these metallic 
ions represent only a small proportion of the total exchange 
capacity. Some such soils, presumably dominated by the hydrogen 
ion, may not comply with the limits set in Fig. 1, although 
the case histories listed in Table I and plotted in Fig. 2 do 
not yet suggest any serious anomalies.
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T A BL E I.  C H A RA C T ERIST IC S OF SO ILS A N D  W A T ERS IN  FA IL ED  A N D  SO UN D  D A M S

X-ray diffraction analysis
Water analysis

Cation Sodium (per cent of — 2/1 fraction) Total Sodium Performance of dam

exchange adsorption cation adsorption

Per cent capacity ratio. mommo- concentration ratio. failed sound

Locality pH clay (m e/100 gm) Activity S.A.R. rillonite illite kaolinite quartz pH ^me/litre) S.A.R. (as in Fig. 2)

1. Meandarra 0-12" <j.7 59 28.7 0.7 2.5 80 — 10 10 9.2 36.2 50.5 X Initially sound, then repeated

dpr—

4.0 65 36.0 0 .7 14.5 70 20 10 piping failures repaired 

successfully using surface 

soil

2. BerwyndaleO-12" 7.5 58 42.9 0.9 4.0 80 trace 10 10 45.4 60.0 X Multiple piping failures in

72-84" 4.4 57 30.8 0.5 11.0 8.4 areas where deep soil was 

used in embankment

3. Martindale 7.5 49 21.2 0 .8 15.0 70 — 20 10 3.7 4.2 X Piping failure on first filling

4. Bonshaw 8.9 49 17.4 0.6 13.0 50 20 10 20 7.5 2.9 4.7 X Piping failure on first filling

5. Beebo 5.6 55 26.8 0.4 26.8 30 15 40 15 8.4

7.3

2.4 3.2 X Multiple piping failures on 

two fillings

6. Mount Organ 4.3 43 16.0 0.7 14.4 70 15 15

7.3

8.5 13.2 X Multiple piping failure on 

first filling

7. Nambour 4.9 40 31.0 1.3 3.0 60 — 30 10 1.4 3.8 X Satisfactory service

8. Gympie 5.3 50 13.1 0.4 4.5 — 50 10 40 7.3

7.3

9.1 6.6 X Seepage loss, no piping in 

bank or foundation

9. Bealiba 25 8.9 9.0 1.5 2.0 X Repeated piping failures

10. Mansfield 4.7 51 21.5 0.9 21.5 6,8

7.3

1.1 0.7 X Piping failure on each of 

three fillings

11. Lakes Entrance 7.6 16 9.6 45.0 26

1.2

34.2

3.2 X

X Minor seepage using saline 

groundwater piping failure 

when pure water used

12. Hurstbridge 5,9 45 12.5 0.3 7.0 1.2 3.5 X Repeated piping failures

13. Woodstock 6.7 30 14.9 23.5 6.9 3.0 X Repeated piping failures

14. Springvale 6.1 35 10.7 17.5 6.9 15.4 X Satisfactory service

15. Flagstaff Gully 7.0 48 32.2 1.1 9.0 65 25 10

7.1

0.6 0 .5 X Piping failure three months 

after first filling

16. Rouse Hill 30 13.2 17.5 15.4 X Satisfactory service

17. Gloucester 37 15.0 8.0 1.1 X Multiple piping failures in 

base

18. Bulga 8.9 30 19.3 9.0 3.0 X Piping failure on first filling

19. Hartley 5.9 10 2.0 2.0 1.3 X Satisfactory service

20. Merriwa 7.2 60 52.6 2.0 3.3 X Satisfactory service

piping failure involves deflocculating conditions as defined 
in Fig. 1 or Fig. 2, while there has been only the one 
borderline exception to the rule that soundness involves 
flocculation. This conclusion is rather surprising, since it 
not only suggests the significance of the deflocculation pro
cess, but also implies that all of the failed dams studied had 
an effective porosity great enough to permit seepage flow at 
velocities high enough to remove the deflocculated material 
in suspension.

An assessment has been made of the permeability con
ditions leading to the removal of the deflocculated material

fig. 2. Characteristics of soils and water in failed and 
sound dams.

from the dam. The flow net analysis of the seepage pattern 
in a uniformly permeable homogeneous embankment with 
2.5:1 slopes upstream and downstream shows that the exit 
hydraulic gradient (i) present is of the order of 0.5. Adoption 
of i =  0.5 and Hazen’s (1914) data defining the particle 
size/settling velocity relationship permits the delineation, as 
in Fig. 3, of the effect of permeability upon the size of 
particle transported. It is demonstrated in Fig. 3 that a 
permeability of 10 - 4  cm/sec gives a seepage velocity which 
can support a particle 0.5 micron in diameter. Laboratory 
confirmation that this flow rate in fact can give rise to

fig. 3. Relationship between particle size and settling velocity.
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piping in clay fill has been given by Ingles and Wood 
(1964). In 45 permeability tests on compacted clay fill 
material, 8 cases showed initially steady flow rates corre
sponding to permeabilities of 10-4 cm/sec or greater. After 
a short time the flow rate in all 8 cases was seen to increase 
sharply, accompanied by turbid outflow water, indicating 
the loss of clay particles from the soil even after passing 
through a porous filter stone. Examination of the samples 
after the test showed that in each case an enlarged piping 
channel of the order of a millimetre in diameter had 
formed.

It is proposed on this basis that the upper limiting value 
of permeability for deflocculation-susceptible compacted 
earth fill should be set at 10 - 5  cm/sec (10 ft/yr) if piping 
due to deflocculation is to be avoided. Bishop (1957) gives 
a permeability of 10~° cm/sec as the lower limiting value 
beyond which pore-pressure dissipation is not significant in 
large dams, but it is possible that this lower limit could be 
set at 10 - 7  cm/sec for the shorter drainage paths present 
in the small dams under consideration. An acceptable range 
of permeabilities for clay soils in deflocculating conditions 
could therefore be 10 - 5  to 10 - 7  cm/sec.

TABLE II. FIELD PERMEABILITY TESTS ON EMBANKMENTS 
EXHIBITING PIPING FAILURE

Field
T im e run In flow perm eab ility

Loca lity (m inutes) (gallons) (cm/sec)

M ansfie ld 1 5320 35 6 .8 X 1 0 - 6

2510 30 2 . 1 X 1 0 “ «
2 72 61 1 . 5 X 10-3

5100 3 3 . 8 X 1 0 “ 7

3 171 149 1 .9 X 1 0 - ’
166 90 8 . 7 X 1 0 “ 5

4 1 2 0 0 209 1 .0 X 10- 3

154 48 3 . 8 X 1 0 -J
5 383 151 4 . 0 X 1 0 “ 5

6 193 145 1 . 5 X 1 0 “ 3

245 161 1 . 5 X 1 0 “ 3

7 132 98 2 .0 X 1 0 “ 3

11 193 6 . 7 X 1 0 "5

8 206 186 1 .9 X 1 0 “ 3

Lakes Entrance 1 180 18 3 . 2 X 1 0 “ 6

2 2700 38 3 .3 X 1 0 -«
3 448 266 2 . 5 X 1 0 “ 5

4 180 173 6 .9 X 1 0 “ 5

5 1241 73 5 . 0 X 1 0 " 6

6 515 8 . 2 1 . 7 X 1 0 -«

F lagstaff G u lly 1 155 140 7 X 1 0 - J
260 2 1 X 1 0 “ 6

2 270 72 1 X 1 0 “ 4

3 140 40 S X 10- 5

Cootam im dra A l 315 300 1 . 0 X 1 0 ' 3

2 130 45 1 .0 X 1 0 - ‘

Cootam undra B l 1106 38 2 .0 X 1 0 -«
2 50 2 0 1 . 0 X 1 0 - '

Confirmation of the existence of high permeabilities in 
failed earth dams is given in Table II. Field permeability 
tests following the U.S. Bureau of Reclamation pattern, 
using a constant head inflow into a 4 in diameter hole 5 ft 
deep into the dam wall, provided 28 measurements from 
which 19 values of permeability greater than 10“ 5 cm/sec 
were calculated.

The feasibility of specification of a limited permeability 
range has been studied in relation to the compaction process. 
The relationship between the permeability of a clay soil 
and its moisture content at compaction for Proctor com- 
pactive effort is given for Almurta clay in Fig. 4. Com
paction 2 per cent dry of optimum results in a permeability

f i g .  4. Relationship between perm eability , 

d ry  density, and m oisture content at com 

paction.

50 times greater than for compaction at optimum moisture 
content. Other tests (Bjerrum and Huder, 1957; Bernell, 
1957) show similar trends, with the rate of change of 
permeability with compaction water content depending upon 
the clay content of the sample tested. Nevertheless, as Fig. 4 
demonstrates, the sensitivity of a clay soil to permeability 
changes consequent upon compaction moisture changes is 
so great that permeability control is clearly practicable. 
It may be noted that compaction on the wet side of optimum 
moisture leads to an exceedingly low permeability. This 
fact has been used to account for the continuing soundness 
of the apparently deflocculation-susceptible dam at Nambour 
(point 7 in Fig. 2).

D I S C U S S I O N  A N D  C O N C L U SI O N S

From these studies a triangular pattern of conclusions 
has tended to emerge. Piping failure in embankments of 
clay soils involves deflocculation arising from the interaction 
between the stored water and the soil. The boundaries of the 
deflocculated zone are as defined in Fig. 1.

Piping failure in such materials also involves seepage 
flow rates determined by permeabilities within the embank
ment significantly greater than 10“ 5 cm/sec. Control over 
piping failures may be exercised by limiting permeabilities 
to less than 10~s cm/sec (with a lower limit of the order 
of 10 - 7  cm/sec defined by stability requirements).

Permeability control within the desired non-piping range 
may be established by compaction (corresponding to Proctor 
standard) at moisture conditions close to optimum moisture 
content.

It follows that in dams to be constructed the avoidance 
of piping failures arising from post-construction defloccula
tion should not be difficult. The initial step of recognition 
of potential susceptibility to deflocculation must be taken 
(directly or indirectly involving the parameters of Figs. 1 or 
2). Thereafter a choice may be made between either con
struction control to limit seepage velocity or chemical 
control to avoid deflocculation.
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The addition of calcium hydroxide to soil in amounts up 
to 10 per cent of the dry weight of the soil causes a reduction 
of several per cent in the maximum compacted density and 
a similar increase in the optimum water content. In common 
with other aggregants, the permeability is increased in the 
range of from two- to twentyfold (Lambe, 1962). In con
trast, dispersants, the most common of which is sodium 
polyphosphate, cause a higher dry density, a lower value of 
optimum water content, and a reduction of permeability 
from one-fifth to one-tenth (Lambe, 1954). Further discussion 
on the conditions of construction procedure and soil chemical 
properties suitable for the use of dispersants is given by 
Aitchison, Ingles, and Wood (1963). However, as Taylor 
(1959) points out, the permeability reduction from dis
persants can be caused by the movement of deflocculated 
clay particles to block the major pores carrying the bulk 
of the flow. If, as in the case of an earth dam, the local 
hydraulic gradients are high enough to cause the dispersed 
clay particles to remain in suspension and to be carried out 
of the dam, the process of piping may be initiated.

One method of construction control often proposed is to 
place an inverted filter at points of seepage outflow. How
ever, filters built to conventional rules cannot prevent the 
passage of a suspension of deflocculated clay. This limitation 
of filters for soils high in clay content was recognized by 
Bishop (1957) who commented that, owing to the low exit 
velocity in a clay, noticeable erosion is slow to develop. 
This statement applies to calcium-saturated clays, but not to 
clays with appreciable exchangeable sodium. The dam at 
Flagstaff Gully, Tasmania, provided an example of such 
failure when clay fill washed out through a filter, the initia
tion of the piping failure occurring at the contact of the 
fill with jointed foundation rock. In the authors’ opinion, 
therefore, no reliance should be placed upon filters in these 
circumstances.

In dams which are already constructed, and in natural clay 
slopes, control of piping failures due to deflocculation of 
clay soil is only possible through the prevention of defloc
culation by chemical processes. These processes are defined 
basically by the soil-water relationships shown in Figs. 1 and
2, and involve the modification of the total cation concen
tration of the percolating water by additions of salts con
taining divalent ions such as Ca+ + or Mg++, or by triva- 
lent ions such as A1+++ or Fe + + + . Maintenance of a 
low sodium adsorption ratio in the percolating water is 
essential to prevent undesired changes in the soil S.A.R. fol
lowing leaching (since seepage flows will continue). In 
dams which are to be constructed from deflocculation- 
susceptible material (considered in relation to its stored 
water), chemical control of potential piping failures may 
be achieved by the modification of either the total cation 
concentration of the percolating water or the sodium 
adsorption ratio of the soil (or of both). Again, Fig. 1 
defines the limits to be observed in treatment.

The apparent comparative ease of prevention of piping 
failures by compaction control and the apparent common 
failure to accept such an easy answer to a widespread prob
lem prompts a final comment. Construction of many such 
small earth dams must be undertaken in areas in which 
water is the limiting factor. Climatic conditions are fre
quently such that the available working period is totally

rainless with low atmospheric humidity and a virtual absence 
of surface water. Under these circumstances the case for 
chemical aids to compaction and for chemical post-con
struction control may be real, although perhaps expensive. 
In all other circumstances, of course, proper moisture con
trol to produce proper compaction with respect to the 
permeability requirement may well be the critical factor 
in the avoidance of this type of piping failure.
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