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Control Measurements at the Castiletto Earth Dam 

Mesures de Verification au Barrage en Terre de Castiletto 

by R. ScHILTKNECHT, Civil Engineer, Andelfingen, Switzerland, 

and 
H. BICKEL, Civil Engineer, ZUrich, Switzerland 

Summary 

The Castiletto rolled earth fill dam with a maximum height of 70 m 
and a volume of approximately 2,700,000 mJ was built in 1952-54. 
The material for the impermeable core was obtained from an argil
laceous ground moraine. The placement moisture content varied 
between 7·5 and 8·5 per cent, the saturation between 75 and 85 per 
cent and the compaction actually obtained was between 97 ·9 and 
100·4 per cent of laboratory compaction. The average permeability 
of the core material was kw = 4 ·2 x w-s em/sec with a surcharge 
of 1 kg/cm2. The permeable shell material had to be washed and 
then showed a kw = 1·0 x J0-2 em/sec. The maximum pore-water 
pressure at the time of completion of the dam was about 50 per cent 
of the overburden pressure. The settlement of the dam was some
what smaller than pre-calculated. It amounted in the centre of the 
dam, during construction, to 1 ·180 m and for the first year after 
completion to an additional 0·138 m. 

Introduction 

The Castiletto rolled earth fill dam (previously known as the 
Marmorera dam) which is situated in the upper reaches of the 
Julia river in the Rhaetian alps in the canton Grison, Switzer
land, has been built for the purpose of damming up this river 
to create a large storage reservoir for the regulation of the river 
run-off. This run-off is then utilized in three successive hydro
electric power plants. The storage reservoir has a total useful 
volume of 60,000,000 mJ and each cubic metre will produce 
approximately 2 kWh of electric current. 

The dam is 70 m high above valley floor, with a length along 
the crest of 400 m, a width of 1 5 m at the crest and 400 m at the 
bottom. It was built in the years 1952-54 with an impermeable 
core and filter layers and permeable shells upstream and down
stream of the core. The upstream slope is protected against 
wave action by a heavy layer of rip-rap and the downstream 
slope has been covered with top soil and planted with grass. 
The dam has a total volume of approximately 2, 700,000 m3. 

The three power plants are the property of the electric utility 
department of the city of Zurich, which also was responsible for 
the planning and supervising of the construction of the mechani
cal and electrical parts of the three plants; the planning and 
supervising of the civil engineering parts was in the hands of 
the Bureau for water-power plants. The planning and the 
construction of the Castiletto dam was carried out in close co
operation with the research laboratory for soil mechanics of the 
Federal Institute of Technology at Zurich. All tests and 
measurements were, in almost every detail, carried out in 
accordance with the methods used by the U.S. Bureau of 
Reclamation. 

The Castiletto dam rests on one (eastern) side on solid rock 
but on the other (western) side on an old mountain slide cone, 
which made the construction of a concrete dam impracticable. 

Compaction Tests in the Core Zone 

The material for the impermeable core of the dam was 
obtained from an argillaceous ground moraine (glacial till) in 
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Le barrage en terre de Castiletto avec une hauteur maximum de 
70 m et un volume approximatif de 2,700,000 m3 a ete construit en 
1952-54. Le materiau destine au noyau impermeable a ete preleve 
dans une moraine argileuse. La teneur en eau lors de Ia mise en 
place variait entre 7·5 et 8·5 pour cent et le degre de saturation, de 
75 a 85 pour cent-la compacite obtenue se situait entre 97·9 et 
100-4 pour cent de celle obtenue au laboratoire. La permeabilite 
moyenne du materiau du noyau etait de kw = 4·2 x J0-8 em/sec avec 
une surcharge de 1 kgfcm2. II a fallu laver le materiau permeable 
de Ia paroi de Ia digue et Ia valeur obtenue etait alors de kw = 1 ·0 
x 10-2 em/sec. La pression maximum de l'eau interstitielle vers Ia fin 
des travaux etait d'environ 50 pour cent de Ia pression de surcharge. 
Le tassement observe de Ia digue etait legerement inferieur aux pre
visions. II eta it de 1·18 m au centre du noyau pendant les tra vaux 
avec un tassement supplementaire de 0 ·138 m au cours de l'annee qui 
a suivi Ia fin des travaux. 

the reservoir bottom at a distance of about 500 m from the dam 
site. The material shows a uniform grain size distribution, with 
the components below 0·002 mm diameter amounting to 
approximately 8 per cent and those larger than 20 mm diameter 
to about 15 per cent by weight. The bulk density y of the very 
highly pre-consolidated ground moraine was higher than 
2 ·4 tonnesjm3• Previous to the start of construction operations 
Proctor compaction tests were carried out in the laboratory 
with a large Proctor apparatus having a cylinder 20 em high, 
a base of 500 cm2 and a compaction hammer of 15 kg. This 
made it possible to test all components between diameters 0 
and 20 mm. Compaction was carried out with a compaction 
effort of 4·2 em kgjcmJ. The tests showed that the natural 
moisture content of the ground moraine was about 1 to 2 per 
cent lower than optimum placement water content. As the 
percentage of particles below 0·002 mm is rather low, the 
material is sensitive to small variations in the moisture content. 
This indicated that the most advantageous placement moisture 
content lay approximately 0 ·5 to 1·0 per cent below optimum. 
Therefore only enough water was added to the material in the 
borrow pit to compensate for evaporation losses during place

ment operations. 
The core zone has been constructed in layers of 15 em com

pacted thickness, and all stones larger than 12 em diameter were 
taken out. Compaction of the fill was checked by dry density 
tests which were carried out at a rate of about one test for 
260 mJ of fill. At the beginning these tests gave very divergent 
results, sometimes suggesting extraordinary density values and 
saturations of over 100 per cent. This was traced to defor
mations of the small test pits and was overcome by driving a 
circular row of long nails around the hole to be excavated, 
slightly deeper than the test hole, thus 'reinforcing' the walls 
of the small pit for the excavation of the material for the dry
density test. The Proctor needle could not be used on account 
of the high percentage of stones in the material. 

The samples were separated in the field laboratory into two 
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fractions by means of the 20 mm sieve in order to make it 
possible to obtain a direct comparison with the results in the 
large Proctor apparatus (Fig. 1). The material tested in the 
field laboratory was then used to establish periodically the water 
content and unit dry weight curves. Fig. 1 shows the mean 
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Fig. I Water content and unit dry weight curves of the core-material 
(component particle size 0 to 20 mrn diameter) 

(I) Mean values of the field density measurements; (2) mean laboratory curves; 
(3) mean values of water content in the field; (4) percentage of saturation 

Courbe de Ia densite seche en fonction de Ia teneur en eau du 
noyau argileux (composantes 0 a 20 mrn diametre) 

(I) Valeurs moyennes des essais de compactage sur chantier; (2) courbes repre
sentatives des essais de laboratoire; (3) valeurs moyennes de Ia teneur en eau lors 

de Ia mise en place; (4) degre de saturation 

laboratory curves for the three construction seasons 1952, 1953 
and 1954. These show the effect of the reduction of the clay 
content during the 1953 season as against 1952 and 1954, which 
also gave a change in the water content. The mean value of 
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the water content for each year is about 0·5 per cent lower than 
optimum. 

If the results of the compaction tests carried out in the 
laboratory with the large Proctor apparatus are regarded as 
100 per cent, the compaction obtained with the sheepsfoot 
rollers in the dam varied between 97·9 and 100·4 per cent. 
The variations in water content, porosity and degree of satura
tion throughout the construction period are shown in Fig. 2. 

Penneability Tests in the Core Zone and in the Shell Zones 

The large Proctor compaction apparatus in the field labora
tory makes it possible to include all material components 
between 0 and 20 mm diameter in the tests, i.e. all components 
which on account of their percentage of the total weight of the 
material are large enough to exercise an important effect on the 
properties of the material of the dam core. The compaction 
cylinders have been built in such a way that they can also be 
used as consolidometers. The bottom plate can be unscrewed 
and replaced by a perforated metal plate, which then serves as 
a filter. Another perforated plate is placed on top of the 
sample and the whole fastened in a frame in which the desired 
pressure can be applied to the sample by a hydraulic press over 
a calibrated spring. The lower filter plate is connected to a 
pipe-line system through which distilled and~air-free water can 
flow into the sample. Removable and calibrated capillary 
glass tubes make it possible to select the suitable water pressure 
for the permeability test. For the evaluation of the per
meability, the lowering of the free water level in the capillary 
tube was observed over a certain period of time and the co
efficient of permeability, kw, calculated using the formula for 
variable pressure heads. 

In the spring of 1953 permeability tests were carried out in 
the dam itself. Two test holes 115 mm diameter were drilled 
down through the core into the subsoil in successive steps and 
the lowest 50 em of the hole tested by closing off the section 
with a rubber piston. A pipe led through this piston to the top 
of the hole where water could be filled in and the water losses, 
Q, measured. For the calculation of kw use was made of a 
formula by Maag, which is based on the law ofDarcy-Poiseuille, 
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Fig. 2 Field compaction tests in the core material (components 0 to 20 millimetres diameter). 
Mean values of 3 m high layers: 

(I) Water content w in per cent of dry weight; (2) porosity n in per cent of total volume; (3) degree of satura
tion in per cent of pore volume; (4) construction year; (5) elevations tn metres above sea level 

Essais de compactage, sur Ie chan tier, du materiau du noya~ (el~ments, de ~ a 20 mm 
de diametre). Valeursmoyennes pour des couches de troiS metres d epa1sseur: 

(I) Teneur en eau w en pour cent du poids sec; (2) porosite n en pour ~ent du vol.ume total; (3) degre de 
saturation en pour cent du volume des vides; (4) ann~e de construction; (5) alutude en m~tres 



with the assumption of spherical dispersion of the water. In 
each test hole a final test was carried out at the contact between 
the subsoil and the dam core, but here the coefficient of per
meability kw was calculated with the assumption of a cylindrical 
dispersion of the water. 

The consolidation tests in the field laboratory gave, with a 
surcharge of I kg/cm2, for the components smaller than 20 mm 
diameter the following values: 

kw = 9·6 x lQ-8 to I·6 x to--8 em/sec 

(average kw = 4·2 X I0-8 em/sec) 

Earlier tests in the same material gave, for an increase in the 
surcharge of from I to 4 kg/cm2, a decrease in kw of 50 per 
cent. The tests in the two drill holes gave values of kw = I·O 
x I0-8 em/sec. With the increase in depth a decrease of kw 

could be established, but these bore hole tests have to be 
interpreted with great care. In the contact zone between the 
core material and the subsoil a very pronounced increase of 
kw could be established (kw = 3·0 X I0-5 em/sec). 

The two supporting or permeable zones upstream and 
downstream from the core have to fulfil the condition that no 
pore pressure may occur during the construction of the dam or 
later during a rapid drawdown of the reservoir level. The 
material used for the construction of the permeable shell zones 
(rock detritus) proved to be very heterogeneous and in places 
was heavily contaminated with mud, which impeded the 
placing of this material in the dam during wet weather. 
Simplified permeability tests were therefore carried out on the 
dam and in the laboratory. In the laboratory a concrete pipe 
90 em diameter and 1·5 m high was used and the permeability 
established by measuring the quantity of water flowing through 
the sample at a constant head of water. In the field a steel 
cylinder 50 em diameter was put in a pit 50 em deep with a 
diameter of 70 em and sealed off around the bottom edge with 
clay. The water supply necessary to maintain a constant water 
level was then measured and also the velocity of the drawdown 
at the interruption of the water supply. For the evaluation of 
the permeability an empirical formula kw = Q/(45 x hu x 2R) 
em/sec was used. The values oscillated between the limits 10-2 
and 10-6 em/sec with an average of about 10-4 em/sec. Some 
of the material was thus too impermeable, which led to the 
decision to wash the material in large ponds. By this means it 
became possible to increase the permeability to an average of 
kw = 1·0 X 10-2 em/sec and to obtain uniform permeable 
zones. 

Pore Water Pressures 

In order to observe the development of the pore water 
pressures, 34 hydrostatic pressure cells were installed in the 
dam (33 in the impermeable core zone and I in the upstream 
filter zone). Two copper tubes led from each cell to an instru
ment room which was blasted out in the rock below the dam. 
Mter the installation of the pressure cells the pore water in 
some of them increased rapidly for several months until a 
maximum was reached (absolute maximum = 86 per cent of 
the overburden pressure). Mter this a slow dissipation started. 
Partial filling up of the reservoir to half the dam height (autumn 
I954) immediately after completion of the dam was followed by 
a complete drawdown in the winter 1954-55 but this had hardly 
any effect on the pore water pressures, mainly because most 
cells still showed a higher pore water pressure than the outside 
water pressure caused by the partial filling of the reservoir. 

In general the highest observed pore water pressures re
mained about 20 per cent lower than the theoretically pre
calculated values, i.e. at cross-section + 275, roughly 50 per 
cent of the overburden pressure, as against the pre-calculated 
70 per cent, and also their further development coincides 

reasonably well with the predicted values (Fig. 3). At the 
moment of the completion of the dam filling operations the 
highest pressures were noticed at elevation I630, i.e. at about 
one-fifth of the height of the dam above the rock foundation 
(Fig. 4). Above and below this level the pressures were less. 
During the construction season of 1953 a lower degree of 
saturation, S, with approximately constant porosity, n, had 
been found (Fig. 2) which resulted clearly in a lagging behind 
of the pore water pressures at the appropriate elevation in the 
dam, i.e. around elevation I660 m above sea level. Only in the 
summer of I955, after the outside pressure became higher than 
the pore water pressure at the respective pressure cell, did it 
also start to increase more or less clearly. This increase was 
most pronounced near the upstream edge of the core zone and 
near the surface of the rock foundation. Towards the down-

u kg/em 2 --> 
2 4 6 8 10 ' '12 14 

BO r---~--~--~£-~--~--~--~ 

m 

4 

6 

/6 

18 

Fig. 3 Pore water pressures u in kg/cm2 in the centre of the im
permeable core. 

I) Predetermined pore water pressure at optimum moisture content; (2) maximum 
pore water pressure actually observed during construction at cross~section + 275; 

(3) line of 100 per cent pore water pressure; (4) overburden in metres 

Pression de l'eau interstitielle u en kg/cm2 au centre du noyau 
impermeable 

(I) Pression de l'eau interstitielle calcu16e d'avance pour Ia teneYr en eau optimum; 
(2) pression maximum de l'eau interstitielle observCe dans la section transversale 
+ 275 durant les travaux; (3) ligne de 100 per cent de Ia pression de l'eau inter-

stitielle; (4) surcharge en metres 

stream side the effect decreased considerably. The increase of 
the pressures near the rock surface on the other hand coincides 
with the higher permeability at the contact between the dam 
and the subsoil, as found by the permeability tests. 

Settlement 

The settlement of a dam is caused by the reduction of the 
voids in the dam material. In the beginning this reduction 
of the void ratio is almost instantaneous until the mixture of 
air and water in the voids is fully compressed; afterwards this 
compressed air and water tend to dissipate gradually causing a 
slow consolidation. For the settlement observations in the 
dam, four so-called telescoping settlement gauges, as used by 
the U.S. Bureau of Reclamation, have been installed and permit 
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Fig. 4 Pore water pressure in metres of water at cross-section + 275 at completion of embanking (2 August 1954) 
(I) Impermeable core zone; (2) filter zone ; (3) permeable shell zone 

Pression de l'eau interstitielle en metres d'eau dans Ia section transversale + 275 a Ia fin des travaux (le 2 aout 1954) 
(I) Noyau argileux; (2) filtre; (3) corps de Ia digue 
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Fig. 5 Four time-settlement curves of the impermeable core material at settlement gauge No. 1 in the centre of the core zone at 
cross-section + 225·99 

Each curve represents the specific settlement of a 6-m thick layer (3 m above and below) at the given cross arm no. of the settlement gauge: (I) 
specific settlement in per cent of the original height; (2) increase of overburden pressure during the construction season (1952-51 tonfm2); (3) winter 
1952-53; (4) same as (2) but for the construction season 1953 (= 69·5 tonfm2); (5) winter 1953-54; (6) same as (2) but for the construction 
season 1954 (= 42·5 tonfm2); (7) completion of core zone (2 August 1954); (8) observed values; (9) values predicted by extrapolation; (10) reservoir 

filling; (II) reservoir drawdown 

Quatre courbes de tassement en fonction du temps observe a Ia jauge de tassement No. 1 au centre du noyau 
dans Ia section transversale + 225·99 au centre du noyau 

Chaque eourbe reprCsente Ia consolidation spCcifique d'une couche de six metres d'epaisseur, trois metres en dessus et trois metres en dessous de Ia 
traverse numtrotee de la jauge de tassement: (I) consolidation spCcifique en pourcent de l'Cpaisseur initiate; (2) augmentation de Ja pression 
du surcharge pendant l'annee de construction 1952 (=51 tonnes/m2); (3) hiver 1952-53; (4) augmentation de Ia surcharge pour l'annee de 
construction 1953 (= 69·5 tonnesfm2); (5) hiver 1953-54; (6) augmentation de Ia pression de surcharge pour l'annee de construction 1954 
(= 42·5 tonnesfm2); (7) Ia construction du noyau terminee le 2 aout 1954; (8) valeurs observees; (9) valeurs prevues par extrapolation; (10) remplissage 

du reservoir; (11) vidange du reservoir 

I 

!9S 6 

observation of all vertical movements between points about 
1·5 m apart (in a vertical line) in the interior of the dam body. 

Settlement gauge No. 1 has been installed in the centre of the 
core zone at cross-section + 225·99, where the dam is resting 
on solid rock foundation. During the entire construction time 
of the dam (3 years) the total consolidation between the subsoil 
(rock) and the uppermost cross arm of the gauge amounted to 
1·180 m. For the first year after completion (12 August 1954 

to 30 September 1955) an additional 0·138 m occurred, and 
finally during the first nearly complete drawdown (30 September 
1955 to 9 April 1956) the settlement was only 0·030 m. Out of 
the total settlement about 1·26 m have to be considered as 
'instantaneous'. As the height of the overburden on top of 
each cross arm of the settlement gauge at the time of the 
installation already amounted to at least 2 m it is evident that 
at the time of installation a considerable part of the instan-
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taneous settlement had already taken place. This 'pre-con
solidation' has been estimated for the entire height of the dam 
to be approximately 1 m. Notwithstanding this allowance, the 
actual settlement is somewhat smaller than theoretically 
anticipated (2·70 m instantaneous and 0·80 m long-term 
consolidation). At settlement gauge No. 1 the maximum 
consolidation was observed a few m above the half-height of 
the dam. 

For the calculation of the camber of the dam crest the entire 
height of the settlement gauge has been divided up into 6 m 
thick layers and the specific consolidation of these layers 
plotted against time (Fig. 5). The extrapolation of these 
curves beyond the time of dam completion led to an estimated 
total long-term consolidation of 1 m at cross-section + 225 ·99 

and the crest of the dam was cambered accordingly. Eighteen 
months later (April1956) this consolidation amounted to 0 ·17m. 

Benchmarks totalling 127 have been installed over the entire 
dam surface; these permit the observation of the vertical 
movements of the dam surface. The settlements of these 
surface points are generally as observed for settlement gauge 
No. 1, and since the completion of the dam they have become 
very small. At 13 of these surface points on the dam crest, 
and on the downstream slope, any horizontal movement can 
also be checked by triangulation. Until the end of September 
1955, i.e. shortly before maximum storage reservoir level for 
1955, they showed only a small shifting downstream (maximum 
0·08 m). During the first drawdown in the winter 1955-56 
this movement came to a complete standstill. 
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