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SYNOPSIS The role of various ions in dispersive behaviour and practical methods of
ensuring safety and water quality for earth dams in dispersive soils are considered. The signifi
cance of sodium and bicarbonate are particularly examined; the latter is shown to have important 
implications in soil testing and dam construction. Two case histories are offered to exemplify 
the principles involved, and these are thought to be novel contributions to practice. One 
involved gypsum treatment of the water in connection with repair of a failed dam and the other a
soil treatment to suppress storage turbidity. 

INTRODUCTION

'Dispersive' soils are so-called because of 
their ability to pass spontaneously into 
suspension ("disperse") in the presence of 

water. This process was first recognized as 
dangerous for dams, canals, levees, etc. in 
the early 1960's (Aitchison et al, 1963) and 
subsequent publications have revealed a 
world-wide occurrence of such soils. Failure 
rates for minor structures which often have 
inadequate construction control have reached 

25% and more (Stone, 1977).

soil or water; and to adopt suitable design 
precautions.

An important problem for the engineer is how 

to recognize a dispersive soil. Many methods 
have been advocated (visual, mechanical and 
chemical) but none has yet been recognized as 
a standard; and the correlation between 

various tests is sometimes poor. It is thus 
desirable to adopt a conservative approach in 

cases not clearly confirmed by more than one 
test method.

The type of failure observed is termed 

chemical piping, to distinguish it clearly 
from mechanical piping (i.e. failure under 
hydraulic head). The former initiates at or 
near the upstream face and works forward, 

whereas the latter begins at or near the 
downstream face and works back. Once chemical 
piping has begun, it may of course be 
supplanted by mechanical erosion. This paper 
discusses turbid storages and chemical 
piping.

Two well known phenomena in clay chemistry are 
relevant to piping: both involve the loss of 
internal cohesion in the soil. The first is 
swelling, whereby cohesive forces are 
weakened but not eliminated and the volume of 
the clay fraction increases; the second is 
deflocculation/dispersion whereby the cohesive 
forces are wholly destroyed and the 'solid' 
volume may actually decrease. When swelling 
dominates, a dispersive soil can be very tight 
and impermeable: when deflocculation 
dominates, piping has been not uncommon. 
Conditions more conducive to dispersion than 
to swelling, after filling, include poor 
compaction (especially at conduits,
interfaces, etc), soil too dry or high in 

sodium, and low salts content in the water. 
Current practice to avoid dispersive failures 

is to specify compaction at or wet of optimum 
either with or without chemical treatment for

Moreover, the literature still lacks a wholly 

acceptable explanation of the initial pipe 
formation process, as distinct from the 

dispersion-erosion process by which a pipe 
enlarges. Almost all recognized dispersive 

soils contain illitic or montmorillonitic 
clays which, if properly compacted, should 

swell and seal rather than disperse and pipe. 
The principal initiation theories have been 
interface effects, settlement with arching, 
and hydraulic fracturing. Though plausible in 

many cases, no theory can explain all the 
actual field observations. Recent work 
(Ingles & Williams, 1980; Rosewell, 1977) may 
suggest another initiation mechanism, namely 

pore size inhomogeneity. It is not the 
average condition of an earthwork so much as 

the occurrence and interconnection of large 
pores which matters. These can be suppressed, 
even in a dry-of-optimum soil, by sufficiently 
heavy rolling. Thus where wet-of-optimum 
compaction leads to construction
difficulties*, a normal moisture specification 

range can be considered subject to an 
increased compactive effort.

* Dispersive soils lose strength rapidly at 

or above optimum moisture content; hence 
can be difficult to work or traffic.
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PHYSICO-CHEMICAL FACTORS

A great deal of literature is available on the 
role of sodium in promoting dispersion of clay 
soils. Figure 1 presents the data collected 
by Ingles and Aitchison (1969) from various 
independent sources. More recent work by 
Moriwaki and Mitchell (1977) on soil slaking, 
substantiates the plot apart from suggesting a 

downward shift in the lower montmorillonite 

boundary for ESP > 20.

Fig. 1. Soil-Water Behaviour Criteria

The above figure shows, among other things, 
what may occur due to disequilibrium between 
soil exchangeable sodium percentage (ESP) and 
total cation concentration (TCC). A review of 
the earlier case histories of Aitchison and 

Wood (1965) as shown in Figure 1, indicates an 
upper envelope boundary within the wide 
transition zone. This might imply that a 
shear force in conjunction with a 
swelling/slaking phenomenon is also important 
with regard to the development of pioing. 
Therefore, any test procedure employed to 

clarify this transitional area should aim at 
simulating this shearforce effect (e.g., 

pinhole test). Conversely for the assessment 
of turbidity (quiescent conditions) it is 

likely that the lower limit boundary governs 
and a crumb test approach could be suitable. 
Testing should include that using various 
electrolyte concentrations at a fixed sodium 
absorption ratio (SAR) consistent with the 
soil ESP.

The equilibrium relationship between SAR and 

ESP as shown in Figure 1 is derived from the 
Gapon equation. Such a relationship is 
commonly adopted in order to facilitate 
correlation of the more rapid (and cheaper) 
water analysis results with dispersive 
behaviour. For example, Sherard et al (1976) 
employ a widely accepted approach using 

percentage sodium (Na%) with pore water TCC to 
identify dispersive tendencies in combination 
with distilled water. However, these 
parameters can be converted to an equivalent

SAR value, and an examination of the given 

recognition criteria indicates that SAR limits 
of approximately 2 to 5 would just as 

conveniently describe the transition zone. 
These values are shown on Figure 1 and 

demonstrate a reasonable correlation with the 
other accompanying data.

The effect of inherent variability of 

physico-chemical properties has not received 
sufficient attention. Sherard et al (1972) 
have noted that samples taken from a borrow 
pit (or a dam) only a close distance apart and 
with essentially identical appearance and 
index properties, may have radically different 

dispersive properties. Stone (1977) reported 
the cases of two dam investigations in South 
Africa where high coefficients of variation of 
some 50% were recorded for the ESP property. 
One result was based on over 60 individual 

tests and compared with a liquid limit scatter 
of about 25%. Such high scatter implies a 
greater number of samples required to predict 
the average dispersive property reliably. It 
is suggested that, for practical purposes, a 
relatively high number of samples using 
simpler tests (crumb test, double hydrometer) 

should be conducted for the preliminary 
dispersive assessment. When a problem is 
indicated, and the size of the project 

warrants, then the number of samples for 
chemical analysis should be determined on the 
basis of the measured property variability.

The role of anions in dispersive behaviour has 

not been quantified to date, but some evidence 

exists that bicarbonate ion (HCOJ) in the 
pore water assists dispersive behaviour 
(Ingles S. Aitchison, 1969). More recently, 
Stone (1977) has provided a clear 
understanding of the role of this anion with 
important repercussions for both testing and 
dam performance. Carbonates in a soil-water 
solution exist in a bicarbonate form for the 

normal range of pH values, and all 
bicarbonates are reasonably soluble. However, 

when a soil rich in bicarbonate is allowed to 
dry out the salt concentration of the pore 
water increases and can reach a stage where 
calcium carbonate precipitates in accordance 

with Solubility Product laws. Calcium 
carbonate is highly insoluble, and does not 

re-enter the soil on rewetting, resulting in a 
calcium deficiency. This loss increases the 

pore water SAR and consequently increases the 
equilibrium soil ESP (and hence dispersive 

potential as implied by the Gapon equation).

This mechanism has been observed in the field 

and will be discussed in the following Senekal 
Dam case history. Such an anionic effect will 
not apply to sulphates and chlorides since 
their magnesium and calcium salts are fairly 

soluble and hence these cations will not be 
removed from the soil-water equilibrium. The 

bicarbonate effect could influence any test 
procedure which allows samples to dry out 
prior to testing and this might account for 
the problems faced by Francq and Post (1977) 

where air drying of samples caused increased 

dispersivity. Furthermore, the effect on a 
dam during a lapse in construction is a cause 
for concern. Partial drying would not only 
cause shrinkage cracks (and possible macro 
channels for flow) but render that surface
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more dispersive, thus increasing the risk of 
failure. This phenomenon would affect borrow 

area planning in that surface areas subject to 
prolonged dryinq should be stripped to spoil 

in some situations.

Although the anion observations can now be 
assessed, the situation with regard to some 
cations, apart from sodium, remains somewhat 

unsatisfactory. The hydrogen ion in 
particular is not represented in the Gapon 
equation but must be considered in the case of 
acidic soils. These clays appear to break 
down liberating trivalent aluminium with a 
consequent stabilising influence. This effect 

clearly needs more research, along with soils 
of high potassium content. However, it should 
be noted that potassium and to a lesser extent 
hydrogen rich soils are relatively uncommon.

The role of polyvalent cations is 
qualitatively assessed as beneficial against 
dispersion but Harmse (1975) has raised doubt 
with regard to the role of magnesium. The 
field evidence is inconclusive but some 

published data of poorly correlated dispersion 
test results show high magnesium 
concentrations (Stapledon & Casinader, 1977). 
This effect has repercussions in the use of 
the Gapon equation and again requires 

additional research.

With regard to the chemical treatment of a dam 
or its basin soils, the suppression of 
dispersion can be effected by either a 
reduction of the soil ESP and/or the 
maintenance of a sufficiently high salinity 
(TCC) in the impounded water. The chemical 
treatment can vary depending on whether 
turbidity control and/or added security 
against piping is the objective. The 
following case histories exemplify these 

alternatives.

SENEKAL DAM - CASE HISTORY

The Senekal Dam is an off-stream storage 
reservoir situated in the Orange Free State, 
South Africa. The dam is some 8m high and 
1000m long, of zoned cross section with an 
inner clay core and upstream blanket over an 
alluvial clay and silt foundation. 
Construction was achieved by conventional 
means with normal compaction control. The dam 
failed by piping within 4 days of first 
filling under a head of 3m. This case history 
is covered in a more detailed paper (Waqener 

et al, 1981). The following discussion 
relates to certain aspects only of the failure 
investigation and the subsequent remedial 
work.

The general environment of the dam exhibited 
clear, visual evidence of dispersion in the 
form of extensive erosion patterns and turbid 
waters. A large number of chemical tests were 
performed on the dam, foundation and borrow 

area materials which confirmed these 
observations with an average ESP of 25 and a 
high coefficient of variation of some 50%.

An unusual observation at this site concerned 

the presence of numerous calcrete nodules on 
the exposed borrow area surface. Such nodules 
were not noted at depth during drilling and

sampling, nor in the larqe test pits excavated 

through the dam core. Coupled with this 
calcrete presence, was a relatively high 
bicarbonate concentration in seepage water 
samples from the dam foundation. It was 
decided that the drying effect outlined 
previously accounted for this calcrete 

formation. Furthermore, limited chemical 
tests on these surface soils resulted in a 

higher average ESP of 37 which supports the 
basic hypothesis.

The breach was repaired using conventional 

techniques and gypsum stabilised soil used at 
all interfaces. However, the risk of 

subsequent piping failure was still high in 
view of the semi-pervious and dispersive 

nature of the foundation soils. Various 
remedial measures, including reconstruction, 

were assessed prior to the adoption of an 
uncommon chemical treatment approach. This 

treatment involved basically water dosing and 
consisted of two distinct facets; namely, 
elevation of the electrolyte concentration to 
inhibit dispersion and usage of a calcium rich 
salt to effect base exchanqe. A concomitant 
benefit was the suppression of turbidity in 
the basin waters. Gypsum rather than lime was 
chosen as the dosing agent since it is not 
subject to carbonation and because of its low 
cost. Crumb and suspension tests were made to 

determine the threshhold concentration 
required to inhibit dispersion and a value of

10 ~ 15 milliequivalents per litre (me/1) 
derived. However, it was decided to adopt the 
measured saturation solubility of qypsum (28 
me/1) to incorporate an additional safety 

margin.

The monitoring activity formed a very 

important aspect of the dam repair. Regular 
inspection and sampling for chemical analysis 

were conducted from the first year following 
treatment. Samples were taken of storage 
water, river water and seepage water which 
appeared in a localised area downstream of the 
embankment toe. The piezometers installed 
have not recorded positive pore pressure to 
date. The TCC of the reservoir dropped 
markedly after treatment and has now 
stabilised at about 4 me/1 indicating 
significant foundation seepage and the 
movement of calcium into these soils. The toe 
seepage initially had a TCC of 15 me/1 (with 
Na+ = 13 me/1) and has stabilised at about 10 
and 7 me/1, respectively, showing that sodium 

has been leached from the soil.

The presence of this clear localised seepage, 
which was subsequently protected by an 
inverted filter, indicates that macro channels 

did exist in the dam-foundation system
indicating that the decision for treatment has 

been justified. The dam is now fi0% full and 
performing satisfactorily.

BEN BOYD DAM - CASE HISTORY

Ben Boyd Dam is a zoned earthfill structure 
providing off stream storage as part of the 
water supply system for the town of Eden, New 
South Wales. Water is obtained from a 
borefield in alluvium on the Towamba River (to 

preclude periodic turbidity). The bore water 
is of exceptional clarity and low total
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dissolved solids, in the range 70 ~ 190 mg/1. 

No water treatment except chlorination is 
provided. The dam supplements the borefield 
supply during periods of peak demand or when 
drought limits aquifer capacity.

The dam site consists of Ordovician 
metasandstones, metasiltstones and
metaclaystones of marine origin. The meta 
sandstones are relatively more massive while 

the metasiltstones and metaclaystones are 
thinly bedded with phyllitic foliation. The 

strike direction is about 60 degrees to the 
dam axis with a steep dip of 60 ~ 80 degrees. 
Bedding partings and open jointing transverse 
to the bedding provide potential leakaqe 
paths. The weathering profile is irregular 
but highly weathered rock occurs to at least
18 m depths in places.

M E T R E S
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Fig. 2. Ben Boyd Dam

Material for Zones 1 and 2 was won from borrow 
pits within the storage basin. Full supply 
storage volume is 910 Megalitres. The 
catchment area is 60 ha, and forested. A 
single row grout curtain was provided along 
the line of the key trench upstream of the dam 
axis.

Soils in the area are classified by Northcote

(1960) as Dy 3.41 (hard, acidic, yellow, 
mottled). Testing showed that some of the 

site soils are dispersive. Dispersal Index 
results were as low as 1.5 with 65% of values 
being less than 3.0. ESP values were as high 
as 20.7 but with a mean of 7.5. Pinhole Tests 
showed 35% of samples as dispersive, 55% as 
intermediate and 10% as non-dispersive. X-ray 
diffraction traces of the clay fraction showed 
40% kaolinite, 45% highly crystallized illite, 
and 15% montmorillonite.

To counter the hazard of dispersive piping the 
embankment soils were required to be placed 
with moisture contents in the range of 1% dry 
to 2% wet of standard optimum moisture content 
and with compaction densities high enough to 
limit air voids to 5%. Careful site control 
resulted in virtually total compliance with 

these requirements. Because the available 

fine filter materials did not meet accepted 
retention criteria with regard to fine silt 
size particles, a geotechnical fabric was 
placed under the downstream filter blanket. 
This fabric would ensure that fines could not 
be carried into the filters by underseepage 
through the jointed rock.

Of greater concern at Ben Boyd was the 
probability that storage basin soil would

disperse into the low salinity water from the 

borefield, resulting in unacceptable 
turbidity. If turbidity problems could not be 

overcome, the high capital and operating 
expenses of a water treatment plant would 

become necessary. Hence a proposal to treat 
the storage basin with gypsum was 
investigated. Turbidity suppression had been 
achieved elsewhere by dosing storage water 
with gypsum (Grant et al., 1977). At Ben Boyd 
the small area of the storage basin, about 10 

ha, made a once off soil treatment operation 
feasible and attractive in comparison with 

water treatment, which would have involved an 
extended dosing programme.

Since there were no precedents to guide 

practice, trial ponds filled with water from 
the borefield were established on site. The 

first ponds were treated by surface spreading 
of gypsum with results as shown in Table I.

TABLE I. Effects of Gypsum on Turbidity 
(expressed as mg Si02/1)

Application Before Rain After Rain

Rate Day 0 Day 3 Day 24 Day i:

Untreated 350 104 365 300

0.07 kg/m2 450 55 22 24

0.22 kg/m2 275 23 7 2

However, regard must be had for the effects of 
wave beaching and of surface runoff during a 
planned slow filling of the dam if gypsum was 

to be applied by surface spreading only. 
Hence a further six trial ponds were prepared 

with gypsum cultivated into the top 150mm of 
soil. Dosage rates varied frqm 0.04% to 0.50% 
by weight of treated soil (0.11 to 1.35 
kg/m2). After rain all ponds collected turbid 
runoff. The treated ponds became clear within 
two days while the untreated control pond 

remained turbid.

Calculations of dosage rates on a gravimetric 

basis in accordance with principles 
established by Grant et al (1977) indicated a 

gypsum application rate of 0.12% by weight of 
treated soil. Pinhole testing required 0.5% 
by weight to suppress dispersion. Because of 
difficulties in achieving uniform application 

at low dosage rates it was decided to apply
1.0% by weight (27 tonnes per hectare) of 
gypsum over the storage area, disturbed areas 
immediately above top water level and the 

upstream face of the dam. The gypsum was 
cultivated to a depth of 150 mm by disc harrow 
and the soil compacted by two passes of a 
vibrating sheepsfoot roller. In addition, a 

perimeter catch drain above top water level 
leads to gully control structures with 
controlled discharge into the storage via 
lined chutes. Disturbed areas above top water 

level were grassed and the catchment forest 
cover is being preserved.

After commencement of filling the storage 
water was initially clear (Figure 3), in 
marked contrast to all previous pondages on 

the site. The soil treatment was clearly 
successful in preventing uptake of colloidal 

material. A 50-year rain in June 1978 caused 
severe erosion of untreated disturbed areas 
above full supply level. Considerable turbid 
water was carried into the storage which
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remained turbid for several months. Water 

analysis showed a non-carbonate hardness of 
194 mg/1 believed due to an inwash of gypsum 
from treated soil above the water level. Jar 
testing showed that a high dosage of gypsum in 
excess of 30 mg/1 would be required to achieve 
flocculation, resulting in even harder water. 
Hence the storage was flocculated with 40 mg/1 

alum and 20 mg/1 NaOH which was successful in 
reducing turbidity below 10 units. Turbidity 
now rises following rain but reduces within a 
short period to acceptable levels without need 
of treatment. As catchment vegetation 

improves, turbidity rises due to rain are 
expected to decrease.

displacement of sodium by calcium should 

progressively reduce any dispersion hazard. 
Clearly, changes in total salinity and ionic 
species concentration in storage and seepage 
waters can provide a useful guide to the 
degree of dispersion hazard.

At January 1980 piezometer No. 8 was the only 
embankment piezometer showing significant 
pressure rise, so that even the outer zones of 
the dam are hiqhly impermeable. Foundation 
piezometers respond rapidly to fluctuations in 
storage level with a uniform piezometric 
gradient from the storage to the seepage weir. 

At Ben Boyd gypsum treatment of the soil has

! R . L . 7 0 .  

*E

R . L . 6 0 .

|  6 0 0 0 .

a .  4 5 0 0  

E
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3S

I
S  1 5 0 0 .

Fig. 3. Monitoring Data for Ben Boyd Dam

Figure 3 shows monitoring results from Ben 
Boyd Dam. Additional parameters such as 
storage water salinity, sodium, calcium and 
magnesium concentrations of seepage water and 
piezometer pressures were also monitored. 

Piezometer extracts have been analysed and 
mass balance calculations made in accordance 
with principles outlined by Ingles et al. 
(1969) to provide insight into seepage 
sources.

The planned slow filling of the dam commenced 
in mid-March 1978. As at July 1980, the 
storage is at R.L.. 63.0. Initial salinity 
was about 600 mg/1 but following the heavy 
rain in June 1978 it dropped to about 250 mg/1 
and the storage became turbid. Alum treatment 
in mid-October 1978 raised the salinity to 
about 300 mg/1 and it has since declined 
progressively to a recent value of around 250 
mg/1 with turbidity some 10 units. These 
results indicate that the storage water is 
close to the flocculation threshhold and that 
the treatments were correctly calculated.

Both storage and seepage water are at present 
flocculative, so that dispersive piping could 
not occur. In full operation however, storage 
salinity may approach the bore water value of 
around 70 mg/1, and seepage flow will in time 
displace the pre-existing groundwater from the 
dam foundation. These influences tend to 
promote dispersion; but over two years the 
sodium concentration of seepage water has 

risen in sympathy with total salinity and this

effectively prevented uptake of colloidal 

material. Hardness has produced some problems 
with the supply water but the situation is 
considered tolerable and expected to improve. 
Catchment restoration is expected to 

progressively reduce or eliminate turbid 
inflows after heavy rain.

CONCLUSIONS

In summary, physico-chemical factors affecting 
dispersion can be explained in terms of a 
disequilibrium condition between soil ESP (or 

SAR) and TCC of the storage water. It must be 
emphasised that these factors affect the 

recognition of dispersivitv only, and the 
initiation mechanisms must also be considered 
for an evaluation of the risk of piping 
failure. Certain aspects of theory and 
practice with dispersive soils merit 
particular attention:

i. Because of their wide occurrence, 
recognition of dispersive soils and their 
associated hazards needs more attention 

prior to construction. There is urgent 
need for an agreed standard test or tests 

to identify a dispersive soil. In the 
meanwhile, engineers should use a large 
number of inexpensive tests for 
screening, and confirm these as needed by 
more elaborate tests, adopting the most 
conservative evaluation. Reference
should be made both to commissioning and 
operative conditions of the structure 

from figure 1.
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ii. If dispersive conditions are indicated at 

some stage in the life of the structure, 
certain precautions should be taken. 
Most important is a close control of 

compaction during construction: this 
should aim to minimise the occurrence of 
gross pores, usually by reducing the soil 
shear strength (wet-of-optimum 
compaction) or alternatively by heavier 
rolling (optimum and drier compaction), 
where wet of optimum would give rise to 
workability problems. The dangers of a 
brittle soil condition (dry compaction) 
must be weighed against those of high 
pore pressures and difficult workability 

(wet compaction). Particular attention 
must be paid to compaction at fixtures, 
and interface effects.

iii. The effect of drying on certain alkaline 
soils (bicarbonte rich) has been shown to 
be potentially dangerous for enhancing a 
dispersive condition in the soil.

iv. Dispersive soils cause trouble not only 
for embankments but also for the 
contained water quality. The use of 
gypsum meets both these problems and is 

preferable to lime on the theoretical 
grounds described in this paper. It may 
be applied in practice either as a water 
or a soil additive and the dosage 
determined as discussed previously and 
confirmed by practice. In situ trial 
ponds are recommended before actual 
construction, to diminish scale effects 
not simulated by laboratory testing.

v. Because the attainment of soil-water 
equilibrium may take many years, the 

completed structure should be monitored. 
Reliable monitors for seepage volume, 
pressure and salinity, also piezometers 
from which seepage water samples can be 

recovered, are advisable. These provide 
an early warning system against 
dispersive failures (cf. Ingles et al, 
1969). The frequency with which such 
monitors are read must be left to the 
judgment of the appropriate authority.

Though there remains a need to clarify by 
further research certain fundamental aspects 

of the failure mechanism, namely the 
initiation mechanisms for dispersive piping 
and the role of various cations and anions in 
assisting or retarding dispersion, the 
procedures recommended above should reduce the 
incidence of dam failure in dispersive soils 
to a rate comparable with that for the 
population of all dams, i.e. 1% or less.
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