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Mécanique des sols et fondations de la digue en terre de Marmorera (Suisse)

by Prof. Dr. E. Meyer -Pet er , formerly Director of the Institute of Hydraulic Research and Soil Mechanics, Swiss Federal 

Institute of Technology, Zurich

Sommaire

L a  p la in e  d e  M arm o rera  à  l ’ex trém ité  a v a l d e  la q u elle  s ’é lè v e  le 
b arrage e n  co n stru ctio n  a  é té  fo rm é e  p ar l ’a llu v io n n e m en t d ’un 
a n c ien  la c . C e  la c  a  é té  créé  p ar  u n  im m e n se  é b o u le m e n t p réh is 

to r iq u e  sur le  v ersa n t o u e s t  d e  la  v a llée  p rim itive . L e  barrage r e p o se 
d o n c  sur la  r o c h e  e n  p la c e  seu le m e n t sur la  m o it ié  en v ir o n  d e  so n  
p ou r to u r , le  reste  s ’a p p u y a n t a u  c ô n e  d ’éb o u lem e n t.

L e  p ro fil n orm a l d u  barrage, a v e c  co u r o n n e m e n t d e  3 90  m  de 
lo n g u e u r  (à  la  c o te  1684  m  s .m .)  e t  d e  12 m  d e  largeu r, e s t  tr a p é zo ïd a l 
a v e c  d es p en te s  d e  1 :  2 ,7  a u  p arem en t a m o n t e t  d e  1 :  2 ,4  a u  p are 

m en t a va l. L a  h au teu r  m a x im u m , m esu rée d an s l’a x e  d u  barrage, 
e s t  d e  75  m  en v ir o n . L e  b arrage s e  c o m p o s e  d ’u n  n o y a u  ce n tra l en  
arg ile , p ro v e n a n t d ’u n e  m o ra in e  d e  fo n d , e t  d es  d eu x  co r p s  per-

m éa b le s , e n  a m o n t e t  en  a va l du  n o y a u , c o m p o s é s  d e  d éb ris  d e 
ro ch es  d ra gu és a u x  d eu x  flan cs  d e  la  va llée .

L a  r o c h e  e n  p la c e  d esce n d  vers l ’o u e st  ju s q u ’à  la  c o te  1582, c ’e st- 
à -d ire  à  u n e  p ro fo n d e u r  d e  35 m  à  p artir  d u  fo n d  d e  la  v a llée . L es 
rech erch es su r  la  n a tu re  d es  m atér ia u x  d e  l ’é b o u le m e n t o n t  m o n tré 
q u ’il é ta it  in d isp e n sa b le  d e  créer u n  écra n  é ta n c h e  en tre  la  r o c h e  en  
p la c e  e t la  c o te  1638. C e t écran  a é té  c o n stru it à  p artir  d e  p lu sieu rs 
g aleries d e  r e co n n a issa n ce  e t  d e  trav a il. L a  p artie  d u  c ô n e  en tre  les 
c o te s  1638 e t  1684  a  é té  im p e rm éa b ilisé e  a u  m o y e n  d ’in je c tio n s .

L a  p ro g r ess io n  d an s l’é tu d e  d u  p r o fil, c o m p te  te n u  d es  m a tér ia u x 
d isp o n ib le s  sur p la c e , a in si q u e  la  m éth o d e  d e  c o n str u c tio n  d e  l ’écra n  
s o n t d iscu tées .

General Information About the Hydro-Electric Power 
System in the Albula and Julia Valleys

The power station at Marmorera is the most important stage 

in the general scheme of the hydro-electric power system of the 

two rivers Albula and Julia, which the Board of Electricity 

Supply of the City of Zurich has been developing since 1910. 

The two downstream stages, the Albula plant at Sils (com

pleted in 1910) and the Julia plant at Tiefenkastel (completed 

in 1949) have up to now operated as high head run-off river 

plants. With the completion of the storage basin at Marmorera 

these two plants will also utilize the regulated outflow from 

this reservoir.

“Castiletto” Dam Site (Fig. 1)
At the eastern (right) slope of the valley, the dam site is 

conspicuous by a protruding rock ledge made of green schists, 

the surface of which however dives down deep below the valley 

bottom, forming a wide underground channel, and then con

tinues more or less level as far as the huge rock wall at the ex

treme western (left) side of the valley.

A large part of this rock surface is however covered by an 

enormous talus cone, which—at the western flank—reaches a 

thickness of about 130 metres. This mass of talus material con

sists o f fragments of serpentine rock and its weathering pro

ducts.

As is usual when valleys are dammed, the river showed a 

tendency to form a new epigenetic valley by erosion, so that 

gradually the present outline of the profile of the valley came 

into existence. Upstream from the site of the damming, a 

natural storage reservoir was created, which was afterwards 

progressively filled with alluvial deposits. This sedimentation 

must have taken place in several stages; the presence of an 

“ upper” and a “ lower” alluvium provides evidence for this 

conjecture. An old wooden bridge (Fig. 2) and a great number 

of tree trunks, which were found at a depth of about 10-12 

metres during the excavation of the “ upper” alluvium, evidence 

a disastrous flood which must have taken place in the interval 

between the two periods of alluvial sedimentation.
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The “Castiletto” Earth Dam

Geological and geotechnical investigations and preliminary work 

In the area of the talus cone on the left side of the valley, 

seismic investigations have furnished preliminary data which 

permitted the determining of the approximate topography of 

the rock surface, buried deep underneath the talus material and 

the determining of the crest of the underground ridge of rock 

upon which it was planned to locate the dam axis. Further 

information was obtained by deep borings in the selected dam 

axis; they served as a check of the seismic investigations and 

permitted the more accurate location of the rock surface and 

the exploration of the overlying soil. In all 3,200 metres of 

exploratory boreholes have been drilled.

As in most dam projects, it was also necessary to divert 

the river round the dam site before starting the excavation 

work for the dam foundation. This was done by means of a 

500 metres long diversion tunnel which after completion of the 

dam will serve as a bottom discharge tunnel.

The main road over the Julier Pass, which passed through 

the Julia valley, had to be relocated because of the construction 

of the dam (see Fig. 4).

Materials available 

From the geological conditions mentioned above it is ob

vious that the construction of a concrete dam was out of 

question and that only an earth dam was feasible. The follow

ing construction materials were available in the immediate 

neighbourhood of the dam site:

(а) Core material (1) is obtained from a ground moraine in the 

valley floor close to the hamlet called Cresta (Fig. 3).

(б) Filter material (2) is a fine-grained detritus material taken 

from the alluvial fan of a small stream on the right valley 

slope.

(c) Pervious material (3) is obtained to a large extent from the 

right (eastern) and the left (western) flanks of the valley 

within the area of the future storage reservoir (Figs. 4 and 5).

A third of the pervious material is obtained by quarrying 

the rock from the western slope—mostly serpentine rock 

but also some green schists.

(d) The material (4) for the upstream rip-rap facing designed 

as a protection against wave action and as a reinforcement 

of the toe and the crest o f the dam is excavated from the 

same borrow pits as the pervious material of zone 3.

Laboratory and field investigations—Materials characteristics 

The laboratory tests on the materials for the dam have been 

carried out by the soil mechanics section of the Laboratories 

for Hydraulic Research and Soil Mechanics of the Swiss Federal 

Institute of Technology at Zurich. At the same time as the 

construction operations, a field laboratory was erected on the 

dam site; it works in close co-operation with the laboratory 

at Zurich and its task consists in carrying out current invest 

tigations in the borrow pit areas, in supervising the placement 

of the materials in the dam and in checking the quantities of 

material in the dam.

The main tests were carried out on the core material o f the 

ground moraine at Cresta. With the aid of sample borings and 

test shafts, disturbed and undisturbed samples were obtained 

and tested for their grain-size distribution (Fig. 6), for the Atter- 

berg limits; compaction tests with the Proctor apparatus and 

compressibility and permeability tests in the oedometer were 

also carried out. Very detailed triaxial tests (Fig. 7) were made 

in order to establish the permissible deviation from the opti

mum moisture content (Fig. 8) of the core material and in 

order to measure the pore water pressure during shearing and 

consolidation.

The main characteristics o f the core material as found by 

these tests are given in the following table:

Depth of sample below surface 0-5 m 7-10 m 10-15 m

L iq u id  lim it % 2 1 .9 19.2 15.2

P la s t ic  lim it % 14.0 12.1 10.5

P la st ic ity  in d ex % 7.9 7.1 4 .7

S p e c ific  g ra v ity  
O p tim u m  m o istu re 

c o n te n t  fr ac tion

t/m ° 2 .7 7 2 .7 7 2 .7 9

fr o m  0 - 2 0  m m  0 0//O 9 .6 8.5 7 .5

fr o m  0 - 1 2 0  m m  0 0//o 8 .4 7 .9 7 .2

O p tim u m  dry d en s ity t/m 3 2 .2 0 2 .2 2 ] ] 2 .2 6

W e t d en s ity t /m 3 |?2.39 2 .4 0 2 .43

D e g r e e  o f  sa tu r a tio n % 91 89  M 87

P er m ea b ility c m /se c . 1 .10" 7 2 .1 0 - 7 4 .1 0 - 7

Full scale compaction tests in a test field with an area of 

1500 m2 and a thickness of about 2.50 m, using the same 

sheepsfoot rollers as for the dam construction, permitted the 

studying of the effect of the thickness of the layers (20/15 cm) 

and the number of passes with various water contents. The 

degree of saturation and the dry density were measured, which 

permitted the comparison of laboratory tests in the Proctor 

apparatus with the actual compaction by sheepsfoot rollers, and 

made it possible to fix the specifications for rolling (12-14 

passes).

During the 1952 construction season it was possible to ex

amine the compacted material in situ and the results showed 

good correlation with the previous tests.

The material 2 for the filter zones was investigated for grain 

size distribution, water content and permeability, and it was 

specially examined with regard to its compliance with Terzaghi's 

filter criterion.

The material 3 for the pervious zone was examined and 

tested at the beginning of the work by means of exploration 

galleries. According to the provisions of the design its coeffi

cient of permeability should be k  =  10-2 to k  =  10-4 cm/sec. 

The coefficient o f internal friction was at first estimated at 

tan ?> =  0.7-0.8 by measuring the inclination of the natural 

slope. Later on a large vacuum triaxial testing apparatus was 

constructed for the measurement of the friction angle; values 

of tan q> =  0.7-1.0 were obtained.

Progressive design o f  the dam profile

The dam is principly constructed as a dumped embank

ment of rock fragments with a central impervious clay core.

(a) Original design

The trapezoidal profile o f the dam, which had been agreed 

upon on the basis o f the expected material properties, had an 

upstream slope of 1: 2.7, an average downstream slope of 

1: 2.4, a crest width of 12 m and a crest length of 390 m 

(Fig. 9).

With regard to the width of the core it had been established 

that at any given elevation, the horizontal seepage path through 

the core had to be at least equal to the height of the respective 

water column above that point, i.e. that the seepage gradient 

had to be 1:1 at any elevation. For practical reasons, the upper

most part of the core was designed with steeper slopes, so that
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Fig. 1 L ongitudinal Section at D am  Site, L egende see Fig. 17, p. 309 
C oupe longitudinal du barrage, voir légende Fig . 17, p. 309

a width of 6 m remained at the elevation of the maximum 

storage water level. During the initial investigations of the 

moraine at Cresta, a coefficient of permeability k  =  10-7 to 

10-8 cm/sec had been assumed. In accordance with the field 

tests the coefficient of permeability for the compacted zone is 

k  =  10~8 to 10“7 cm/sec.

The filter zones (2) on both sides of the core are 3 m thick. 

The coefficient of permeability of the filter material is about 

k =  10~E to lO-6 cm/sec. The filter zone on the upstream side 

was considered necessary in order to prevent the core material 

from being carried away into the relatively coarse zone of 

material (3) during a rapid drawdown. The toe of the down

stream filter zone is directly connected with a drainage gallery.

Fig. 2 Old W ooden Bridge 
A ncien p ont en bois

In the original design the pervious or supporting zones were 

to be built in two sections with two materials o f different pro

perties : The inner zones (3 a) were to be constructed with the 

material from the valley slopes as found, while the outer 

zones (3) were to be built with washed material.

For the block zone [material (4)], blocks f0-J  m3 in size are 

being used in the slopes, and larger blocks from 1-3 m3 in 

the crest.

At the upstream toe of the dam, the soft “ upper” alluvium, 

which contained some peat, was excavated down to the “ lower” 

alluvium, i.e. to a depth of about 12 m and replaced by blocks.

(b) Changes in design

During the first part of the construction, the material from 

the valley slopes proved to be much finer grained than had 

been expected and also insufficiently pervious. A first attempt 

to wash the material with water jets in the borrow-pits did not 

meet with success. The removal of the finest grains was only 

partly successful, and the increased water content resulting 

from jetting made the material plastic. The wet weather which 

prevailed during the autumn 1952 may also have contributed 

to this unfavourable condition. A complete change appeared 

unavoidable and it was therefore decided to wash all of the 

material (3), including (3 a).

This was carried out by constructing two water ponds, by 

widening and deepening the bed of the Julia river (Fig. 10). 

The material excavated from the valley slope is first passed 

through a grizzley, where blocks larger than 40 cm in diameter 

are separated and then dumped into one of the two wash ponds 

from where it is re-excavated by means of chain bucket dredges. 

The river sediments of the Julia river at the upstream end of 

the Marmorera plain are being dredged from the borrow pit 

by a dragline.

The material (3) obtained in this manner is now satisfactory 

and it is placed in zone (3) in layers of a thickness of one 

metre and consolidated by the action of the heavy hauling units 

and by sluicing with water (Fig. 11).
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The filter material brought another disappointment. Al- 

thought it was quite satisfactory with regard to grain size dis

tribution, it proved to be unsuitable for rolling owing to the 

high water content in the borrow pit. Therefore, during the 

winter of 1952/53 a drying installation was erected for this 

material, consisting of an oil-fired rotary kiln with associated 

equipment. The experience gained up to now with this un

usual procedure has been satisfactory.

Finally it was found that the amount of the ground moraine 

suitable for material (1) is in fact somewhat smaller than antici

pated. The recovery of the clayey material from greater depths 

would require excavation down to elevation 1595 or 24 m 

below the groundwater table. In order to prevent a possible 

failure due to piping, a well point system is now being installed 

and it was decided at the end of the 1952 construction period 

to reduce the width of the impervious core. Because of the new

shape of the core, the seepage path at any elevation has been 

reduced to 75% of the corresponding water column, and the 

seepage gradient increased to 1.33. This was justified by the 

tests mentioned previously. The final dam profile is shown in 

Fig. 12.

Stability of the dam

The stability of the dam was computed in terms of effective 

stresses in accordance with the slip surface method in addition 

to other methods. The shearing resistance of the material was 

found in laboratory and field tests (Fig. 13).

In the core zone, i.e. in the cohesive material, the shearing 

strength was calculated from the actual intergranular pressure 

multiplied by the tangent of the angle of actual internal 

friction. The value of tan <p used in the calculation =  0.5;

Fig. 3 E xcavation o f  C ore M aterial

E xcavation du m atériau pour le noyau

Fig. 4 East S lope o f  the Valley 
F lanc est de la vallée
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Fig. 5 W est S lope o f  the Valley 
F lanc ouest de la vallée

the cohesion c =  0.4 kg/cm2, and therefore the shearing 

strength î  =  0.4 +  0.5 ajkg/cm2.

Consolidated-undrained tests for pore water pressure meas

urements provided somewhat higher values. The most un

favourable values for the pore water pressure were used in the 

stability calculation.

A  coefficient o f internal friction tan y  =  0.6 was assumed 

inside the supporting zones (zone 3).

Four stability cases of loading on the dam were investigated:

(1) Dam with empty storage reservoir;

(2) Dam with full storage reservoir;

(3) Dam with rapid drawdown of the storage reservoir;

(4) Unconsolidated dam with empty storage reservoir.

The most unfavourable case for the upstream slope—as is 

generally known from experience—is the case of rapid draw-
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Placing o f  the M ateria l in Z one 3 
M ise en place du m atériau de la zon e 3

F ig. 10 W ashpond Procedure 
Lavage du m atériau

down of the storage level (case 3), because in this case, pore 

water pressures of up to 100% have to be considered in the 

impervious zone. As the condition of a high permeability of 

k =  10-2 to 10~4 cm/sec, as specified for the supporting or 

pervious zones, is expected, no pore water pressure had to be 

included in the stability calculations for this part of the dam 

with the assumed rates of drawdown. Under these conditions, 

the safety factor obtained for all sliding surfaces investigated 

was:

2  passive forces
—------:— ---------  >  1.45
27 active forces

N o consolidation was assumed for the computation of the 

safety factor of the dam during construction. The pore water

pressure measurement in the laboratory shows that maximum 

pore water pressures of 70-80 % develop if the material is placed 

in the dam at “ optimum” moisture content. This case is thus 

more favourable than case 3—at least for the upstream side. 

If the moisture content is reduced to 1 % below optimum, the 

pore water pressure is then reduced to about 25%.

Case 2 was also investigated with regard to the seepage 

pressures acting against the downstream side, whereby a safety 

factor somewhat higher that 1.4 was obtained.

Earthquakes with a horizontal component of acceleration of 

0.1 x  g m/sec2 would reduce the safety factor to 1.15.

It should be noted that the material characteristics used in 

these calculations have all been chosen conservatively in order 

to be on the safe side.

Fig. 12 N ew  D am  Profile 
Profil nouveau du barrage

(1) C ore zon e -  Z on e du noyau

(2) Filter zo n e  -  Z one du filtre

(3) Supporting zon e -  
M assif d’appui

(4) Rip-rap -  E nrochem ent

(a) C ut-off wall -  M ur parafouille

(b) Tem porary drainage gallery -  
G alerie tem poraire de drainage

(c) D rainage gallery -  
G alerie de drainage

(d) A ccess galleries -  
G aleries de contrôle
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Fig. 14 V iew  o f  the Talus C one 
V ue du cô n e  d’ébou lis

The Talus Cone 

Preliminary investigations

The examination of the talus cone at the left abutment 

(Fig. 14) of the dam is just as important as the design of the 

dam itself. The main problems to be solved are the following: 

Is there any necessity to build a cut-off against seepage 

through the large talus cone mass ?

Fig. 15 D rainage Through G allery at E levation 1573 
D rainage par la galerie à la co te  «1573»

How is the junction between talus cone and dam to be carried 

out?

What will be the behaviour of the cone masses under the dam 

load during construction.

How can the surface of the cone be protected against sliding 

during a drawdown of the storage water?

The deep borings carried out along the dam axis, which have 

been mentioned above, had already revealed some information 

about the general pattern of the soil formations above the rock 

surface (see Fig. 1). The ground moraine, which contains some 

boulders and which is only of insignificant thickness, is over

laid by very pervious detritus partly interspersed with lenses 

of quicksand; we encounter the real talus cone mass only above 

that detritus layer.

The high permeability of the detritus material, which was to 

be expected, left from the beginning no doubt that at least the 

lower part right down to the surface in contact with the rock 

had to be sealed off. For the solution of the other problems, 

which were closely connected with the special properties of the 

cone material itself, the necessary information could be supplied 

only by exploration galleries.

A first gallery was located at elevation 1612 (Fig. 1). In its 

outer section it penetrates the talus cone, in the inner part, 

the detritus material, and after a length of 375 m it reaches the 

practically perpendicular rock flank of green schists, the base 

of which, consisting of serpentine rock, was underscoured by 

the glacier water. The contact surface between the talus cone 

and the detritus material could be accurately established, while 

that between the detritus material and the groundmoraine was

Fig. 16 Junction Between D iaphragm  and R ock 
Jonction  du diaphragm e et de la roche
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less evident. Two additional galleries at elevations 1638 and 

1684 have now been constructed and will supply additional 

information about the higher zones of the talus cone.

The mass is generally impervious, but contains pervious 

lenses of rock fragments some of which are partly isolated, 

whereas others form pervious veins that reach the surface. A 

complete cut-off by a diaphragm or curtain can thus not be 

avoided.

The following tests were carried out from the lower gallery 

(at elevation 1612):

(a) Pressure tests for the determination of the modulus of 

plasticity:

Talus cone M E =  220 kg/cm2 at a depth of 38 m below surface 

M e  =  120 kg/cm2 at a depth of 13 m below surface 

Detritus M E =  1880 kg/cm2 at a depth of 58 m below surface

(ib) Shearing tests with a special large vane apparatus:

Depth below surface Shearing resistance Remoulded shearing 
resistance

6 m  
4 6  m

s =  2 .0  k g /c m 2 
s =  4 .0  k g /c m 2

1 .6  k g /c m 2 
3 .2  k g /c m 2

The natural moisture content decreases from the top down

wards from 12% to 7%.

Sealing-off measures:

This curtain has a total surface of 29,000 m2. Principly two 

methods can be applied: i.e. grouting or the construction of 

a concrete diaphragm. In both cases, the work has to be carried 

out by underground mining methods from the three exploration 

galleries.

(a) By far the most important, but also the most difficult

F i g . 17 M ap o f  the D am  Site 
Plan de situation  du barrage

(1) 2 Syphon spillw ays

2 Syphons déversoirs

(2) 2 F lushing gates

2 V annes de chasse

(3) 1 A utom atic overflow  gate

1 V anne-déversoir autom atique

(4) D iversion  channel 
C anal de dérivation

(5) Intake structure with gate 
O uvrage de prise d’eau à vanne

(6) Bottom  outlet 
V idange de fond

(7) V alve cham ber with shut-off 
valve

Cham bre des vannes avec o b 

turateur

(8) D ischarge gallery 
G alerie de décharge

(9) W atchm an’s house 
P oste du garde

(a) C ut-off wall 
M ur parafouille

(b) D ew atering gallery, 1595 
G alerie d’épuisem ent, 1595

(c) Drainage gallery 
G alerie de drainage

(d) A cc ess  gallery, 1612 
G alerie de contrôle, 1612

(e) A dit and access gallery, 1612 
G alerie d’accès et de révision, 
1612

(I ) A dit and access gallery, 1638 
G alerie d’accès et de révision. 
1638

(g) G routing gallery, 1684 
G alerie d ’in jection, 1684

(h) C onnecting gallery to the 
“ C astiletto” valve cham ber 
Galerie de jon ction  avec la 
cham bre des vannes 
«C astiletto»

(i) A dit gallery to  valve cham ber 
G alerie d’accès à la cham bre 
des vannes

(k) A dit gallery valve cham ber - 
D ew atering gallery 
G alerie de jonction 
C ham bre des vannes -  Galerie 
d’épuisem ent 

(I) Blanket o f  m oraine m aterial 
and bentonite

M atelas d e matériau de m oraine 
et de b enton ite 

( m )G routi ng in rock below  the cut

o ff wall, form ing concrete dia 

phragm

Injections dans le rocher au- 
dessous du mur parafouille , for 

m ant le diaphragm e de béton 
(n) 13 D rainage borings, diam . 85- 

120 mm

13 Puits de drainage, diam ètre 
85-12 0  mm 

(o) D rainage gallery, 1573 
G alerie de drainage, 1573 

(p) Instrum ent room

C ham bre des instrum ents 
fq) T em porary pum ping during 

construction

Pom page provisoire pendant 
les travaux 

(r) C oncrete diaphragm  o f  cellular 
construction

D iaphragm e de béton en com 

partiments cellulaires 
(s) B ottom  o f  the cu t-o ff trench in 

landslide

Sem elles au pied de la tranchée 
d’étanchéité d’un glissem ent

Ancienne roule d è J u ïiê r  
____Old Jujier Road \

zsPenle si 
Gradient

Scale
Echelle

I O O i 0  20 30 U 0 5 0 6 0 7 0 8 0 9 0  100m
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Fig. 18 Placing o f  the M ateria l o f  Z one 1

M ise en place du m atériau de la zo n e 1

task is the sealing off of the section below the gallery 1612, 

which is situated below the groundwater table of the valley 

floor. On account of the erratic pattern in the area of the 

detritus material the succes of grouting could not be considered 

as certain and it was therefore decided to sink a 2 m thick dia

phragm of reinforced concrete. The water table was lowered 

as far as possible by means of the pumps which had been in

stalled for the construction of the upstream toe of the dam. 

Furthermore, a drainage gallery was driven at elevation 1595 

from the right flank of the valley underneath the dam, right 

across the ledge of rock until it penetrated the detritus below 

the talus cone. Thus a further lowering of the water table down 

to about elevation 1600 (15 m below valley floor) could be 

effected in the diaphragm area.

For the sinking of the diaphragm, a method was used, which 

in other parts of Switzerland had already successfully been 

applied in the construction of dams, i.e. the method of con

struction by cellular compartments. It consists in progressively 

excavating short sections of the trench down to a depth of 

approximately 1.3 m immediately followed by the concreting of 

the two longitudinal and the two transversal walls. In the pre

sent case, the individual cell excavations were 3.10 m long and

Fig. 20 V iew  o f  the D ow nstream  Side o f  the D am  
V ue d’aval du barrage

2.0 m wide, leaving a hollow space 2.5 m long and 1.4 m wide 

after concreting.

This method advantageously replaces the so-called advance 

timbering method, but it can only be applied in case of a small 

inflow of seepage water and in more or less cohesive soils. 

Therefore this necessitated a further lowering of the water table 

than was possible with the available means.

After the rock foundation had been more accurately located 

by means of close spaced borings from the working gallery at 

elevation 1612, a second drainage gallery was driven at ele

vation 1573, i.e. below the deepest point of the rock foundation; 

this was reached by an inclined ramp from the gallery at ele

vation 1595. As this deep gallery had no natural drainage, 

mobile pumping equipment was installed on the ramp, which 

pumped up the water into the drainage gallery at elevation 

1595.

13 drainage borings were then drilled from the working 

gallery at elevation 1612 down through the cells to the drainage 

gallery at elevation 1573, which drained off a total quantity 

of water of 25-30 litres/sec (Fig. 15). Although this measure 

effected a further lowering of the groundwater table down to 

elevation 1597, and thus rendered possible the sinking of the

Fig. 19 View o f  the U pstream  Side o f  the D am  Fig. 21 G eneral View o f  the D am

V ue d ’am ont du barrage V ue général du barrage
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cells as far as elevation 1593, it was still not sufficient on ac

count of the lenses of quicksand and the danger of piping in 

this material. Approximately the last 12 m (lowest point of the 

rock foundation at elevation 1582) had therefore to be ex

cavated and concreted between two rows of steel sheet piling. 

The driving of the sheet piles was performed from the inside 

of the cells and could be completed without great difficulty be

cause very few large boulders impeded the driving. After the 

rock surface had been reached, the concrete diaphragm was 

keyed into a ditch in the rock (Fig. 16). In addition, the rock 

below this ditch will be curtain-grouted to a depth of 15-25 m.

It is obvious that the sinking of the diaphragm to a depth 

of 30 m below the gallery at elevation 1612 could not be 

achieved without some loosening of the detritus and cone 

materials. The inevitable cavities which resulted were carefully 

grouted with cement mortar. The hollow spaces in the cells 

will be filled up with heavily reinforced concrete with the ex

ception of a few inspection shafts.

(b) The section between the two galleries at elevations 1612 

and 1638 is at present being sealed off, from the higher gallery 

downwards, by a similar concrete diaphragm with cellular 

compartments as for the section below elevation 1612.

The two zones from the rock foundation up to the gallery 

at elevation 1638 which have been constructed up to now, are 

jointed together at the elevation of the apex of the gallery at 

elevation 1612 by a plastic cushion of specially prepared 

morainic clay. This measure is an attempt to prevent harmful 

compressive stresses developing in the diaphragm as a result 

of the settlement of the surrounding soil.

(c) It has been planned to seal off the section between the 

galleries at elevations 1638 and 1684 by curtain grouting. The 

tests carried out up to now indicate the feasibility of grouting, 

but only where lenses of stones and veins are present, whereas 

the greater part of the talus cone mass is impervious.

Junction Between Dam and Talus Cone
From the rocky right flank of the valley a cut-off o f rein

forced concrete runs along the termination of the rock ledge 

and is keyed into the surface of the rock until the point where 

it reaches the concrete diaphragm.

On both sides of the diaphragm a cut-off trench is excavated 

in the talus cone, at the greatest possible depth, over the full 

width of the dam core. The depth of the trench is conditioned 

on the one hand by the properties of the material at the sur

face of the cone, and on the other hand by the difficulties en

countered when excavating the approximately 1 : 3 slope of 

the cone mass in wet weather.

Additional extensive groutings of the detritus and the talus 

material are planned from the galleries at elevations 1612 and 

1638 on both sides of the diaphragm in order to lengthen the 

seepage path in the contact zone. The reduction of the core 

width, in accordance with the new standard section of the dam, 

is not being carried out in the contact zones.

Bearing Capacity of the Talus Cone and Stabilization of 
Slopes

Stability calculations similar to these for the standard section 

of the dam have also been carried out for several sections of

the part of the dam which lies on the cone. The slip planes 

which run through the talus material were specially investi

gated, and the shearing resistance of the material was based on 

the shear tests. The results of these investigations led to a 

flattening of the slopes on the upstream as well as on the down

stream side (Fig. 17). On the upstream side the work was 

carried out so as to adjust the contour lines of the dam surface 

as much as possible to those of the cone, i.e. to create a smooth 

transition.

The upstream toe of the cone has been protected even out

side the area of the dam proper, by means of a heavy cobble 

fill which is embedded in the upper alluvium, in the same way 

as for the standard dam profile.

The Present Stage of Construction and Final Remarks
Figs. 18-21 give a general survey of the work in August 1953.

Zone
Volume

total

Million m3 
completed

Percent

completed

Volume of dam 2.7 1.7 63

1 Reduced volume of core 0.45 0.25 55
2 Filter zones 0.1 0.05 50

3 Pervious or supporting
zones 1.85 1.3 70

4 Riprap facing and crest

protection 0.3 0.10 33

The elevations of the embankment are:

Core (zone 1) 1653 m

Pervious zone, upstream 1652 m 

Pervious zone, downstream 1651 m (average).

The maximum output reached in one day in 1953 was:

Zone 1 

Zone 2 

Zone 3 

Zone 4

placed in dam

3600 m3/day 

750 m3/day 

8400 m3/day 

1100 m3/day

(not on the same day)

Maximum total quantity placed: 11,500 m3/day.

Unfavourable weather conditions created difficulties in the 

placing of the core material. During the month of June 1953 

the number of productive working hours amounted to only 

42% of the total shift hours and in July to 50%. The time 

loss was caused by the number of hours of actual rainfall plus 

the waiting time until rolling operations could be resumed after 

each rainfall.

It is considered that weather conditions in altitudes such as 

that of the Marmorera Dam allow at the very best the placing 

and rolling of cohesive soils only during six months per year. 

Thus it may be concluded, from the experiences gained so far, 

that the construction of earth dams in mountainous regions 

with frequent and heavy precipitations and with days of frost 

even in summer, can progress only slowly and therefore a full 

exploitation of the equipment required for peak performances 

is made impracticable.
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