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Stresses in Foundations of High Dams with Particular Reference 
to Bhakra Dam (India) 

Les Contraintes dans les Fondations des Hauts Barrages et plus Particulierement de Celui de 
Bhakara (Inde) 

by R. HILTSCHER, Unesco Expert in Photoelasticity, and B. PANT, Assistant Director, Directorate of Dams, Central 
Water and Power Commission, New Delhi, India 

Summary 

A general procedure based on photoelastic tests is given by which 
every individual case of treatment of seams can be investigated by 
studying the stress versus plug depth curves for different possible 
parameters, such as relative moduli of elasticity, state of disintegra
tion, and different loading conditions. By studying the mechanism 
of the development of the stresses in and around the plug the possi
bilities for further improvements in design can be explored. 

Introduction 

During the selection of a site for a high dam, every effort is 
made to secure a foundation which is impervious and capable 
of withstanding the stresses induced by the proposed dam and 
reservoir under all probable loading conditions. It is usual to 
excavate all objectionable material from the surface so that the 
sound rock is exposed. However, it is not always feasible to 
avoid large seams, faults or shattered zones below or in close 
proximity to large dams. The remedy in such cases is to 
excavate the weak material to a certain minimum depth and 
backfill with concrete (Tennessee Valley Authority, 1949; United 
States Bureau of Reclamation). At present the amount of 
excavation and backfilling is mostly based on judgment of the 
designer although a few attempts have been made to arrive at a 
logical basis for design. 

The case of a vertical seam directly below the base of the dam 
has been studied by the United States Bureau of Reclamation. 
Taking the deflections of the plug as the criterion for design the 
following formulae have been obtained for the minimum depth 
D of the plug: 

D = 0·002bh + 5 for h < 150ft. 

D = 0·3b + 5 for h > 150ft. 

where h = height of the dam above general foundation level, 
b = width of the seam, and D = depth of plug. All dimen
sions in feet. In clay gouged seams D shall not be less than 

O·lh. 
These are tentative formulae based on several assumptions. 

Little is known about the stress conditions in foundations 
having relatively wide zones of weakness before and after 
remedial treatment. As excavation and backfilling with con
crete is in general an expensive operation, considerable economy 
could be effected if a rational procedure based on stress distri
bution in the foundation could be adopted. 

In the present paper a method, based on photoelastic model 
tests, has been described which gives the stress distribution in 
the foundation in and around the weak zones and the effect of 
treating these. A systematic procedure for obtaining the 
necessary depth of plugging has been developed. The method 
has been illustrated by citing the problem of foundation treat-

Somma ire 

Cette communication expose une methode generale, basee sur Ia 
photoelasticite, pour l'etude dans chaque cas concrete, des possi
bilites de traitement de failles ou de veines faibles, dans Ia fondation. 
Cette methode consiste a determiner les contraintes qui se produiront 
dans le bouchon d'obturation de Ia faille; et ceci d'une part en fonc
tion de Ia profondeur, d'autre part en fonction de divers parametres, 
tels que les modules d'elasticite, l'etat de desintegration de Ia roche, 
et les divers cas de charge. L'etude du mecanisme du developpement 
des contraintes dans ce bouchon et dans son voisinage, permet de 
trouver des ameliorations au projet. 

ment of the Bhakra Dam, but the techniques of observation and 
analysis described are of general applicability. 

Scope 

The problem of stress distribution in the foundation around 
weak zones depends on several factors such as: (a) the position 
of the seam with respect to the dam axis, (b) its inclination to 
the horizontal, (c) the width of the seam in relation to the base 
width of the dam, (d) the magnitude and line of action of the 
forces acting on the dam, i.e. gravity, water and earth-quake 
forces, (e) the relative values of the modulus of elasticity of 
foundation, rock and material of the seam, (f) the degree and 
depth of disintegration of the material of the seam, and (g) the 
strength or the allowable stresses in concrete, rock and seam 
material. The elasticity of the seam material and the sound 
rock are only known very approximately. 

The large number of variables involved in the problem makes 
it almost impossible to arrive at a general solution applicable 
to all possible cases. The most practical approach is to con
sider a specific case and to obtain results of the extreme limiting 
conditions that are likely to occur. This approach confines the 
results to a narrow band of values and the designer is certain 
that the actual values are within this range. This method is 
discussed in detail with reference to the specific case of treat
ment of the Bhakra Dam foundation . 

Treatment of Bhakra Dam Heel Claystone 

Data-In the foundation of the Bhakra Dam (Indian River 

Valley Development Journal, Bhakra Dam Number), across the 
Sutlej River, several zones of relative weakness occur-the most 
important of these being the 100 ft . wide claystone seam near 
the heel of the dam, dipping approximately 70 degrees down
wards (Fig. 1). The foundation rock (sandstone) has been 
estimated to have an elasticity equal to that of concrete to be 
used for the dam, i.e. 2,500,000 lb./sq. in. The claystone is not 
homogeneous within the zone, but certain tests have shown 
values ranging from 500,000 to 700,000 lb./sq. in. The 
minimum ratio of the elasticity of the claystone to the elasticity 
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of the surrounding rock is therefore 0·2. However, it is con
tended that with the high head of water over the claystone it 

may completely disintegrate with the passage of time. 
Preliminary photoelastic tests showed that out of several 

loading conditions the condition with reservoir level at elevation 
1440 and earth-quake force acting upstream (Fig. 1) gives the 

highest stresses in the region of the heel claystone. 

Axis of dam 

CRITICAL LOADS 

Reservoir level at EJ. 1440 
Earth-quake forces acting upstream 

Load lb. Location 

Vertical loads 
Concrete and bridge 27·1 X !06 CH. 14 + 30 
Water and rock 10·8 X 106 CH. 10+49 

Horizontal loads 
Water - 3·5 X 106 EJ. 1224·5 
Earth-quake + 4•3 X 106 El. 1272·0 
Combined 0·8 X 106 El. 1480·8 

Fig. 1 Bhakra Dam. Sketch showing position of the heel claystone 

Barrage de Bhakra. Schema montrant Ia position de Ia 
veine de schiste 

Measurements-The photoelastic models were prepared from 

cast sheets of Araldite, 13 mm thick, wherein the elasticity 
difference between claystone and sandstone was simulated by 

reducing the thickness of the model proportionately in the 
claystone region. A sketch of the model and loading arrange-

Fig. 2 Model, and loading arrangement 
Modele et dispositif de chargement 

mentis given in Fig. 2. The model was clamped between rigid 

supports at a radius corresponding in the prototype to 600 ft. 

from the point of intersection of the axis and the base of the 
dam. The loads were checked by photoelastic disc gauges. 

The difference of the principal stresses was determined from the 
isochromatics (using Tardy compensation for measuring frac-
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tiona! fringe orders) and the sum of the principal stresses by a 
mechanical lateral extensometer (HrLTSCHER, 1950). 

The treatment of the heel claystone seam involves the excava

tion and backfilling of the seam to a certain minimum safe 
depth. The most severe case occurs when the seam is com

pletely disintegrated and the least severe when it is intact. The 
problem resolves to finding limiting curves for the critical cases. 

Preliminary photoelastic tests showed that a sloping plug (nearly 
perpendicular to the seam) was more efficient than a horizontal 

plug of equivalent dimensions. The design was adopted by the 

project authorities and the tests below refer to the improved 
design. 

Tests were carried out for the following conditions: 

Series A: Material of the seam completely disintegrated, 
varying depth of plug. 

Series B: Material of the seam intact £claystone = 0·2 vary-
' Esandstone ' 

ing depth of plug. 

Series C: Constant depth of plug, but increasing depth of 

disintegration. 

Fig. 3 lsochromatics for plug 75 ft. deep 
lsochromes pour un bouchon de 22·50 m de profondeur 

For each of these cases the principal stresses were determined 
along section AB and at point E (Fig. 2). The maximum 

'nominal' compressive stress at B (see section on discussion) 
was determined by linear extrapolation from interior values 
(Fig. 4). The final results are summarized in Fig. 5. 

Discussion 

It may be pointed out that the results strictly apply only to 

homogeneous elastic materials. The foundation, however, only 

approximately conforms to these conditions and the results of 
the model tests are to be applied with certain reservations. 

The isochromatics in Fig. 3 and the detailed analysis of 

stresses show that the maximum compressive stress occurs in the 
region near point B, the maximum tensile stress (if any) in the 

region around point E. These positions remain nearly un
changed for all plug depths studied. In view of the plastic 

yielding, creep and consequent re-distribution of the stresses, 
the absolute value of local compressive stress concentrations is 
not of much significance in concrete structures. The design is 

commonly based on stresses determined by elementary theory 
or the 'nominal' stresses (see section on measurements) in 

which the local stress concentrations are ignored. On the 

other hand, the actual values of tensile stresses are important in 



plain concrete as these determine the sources of progressive 

cracks. 

. A 
.:::. 0 

20 

45 

\ 
1 
\ 

..c:. 70 
l 
CJ 

95 

120 

o'1 

1\ o'2 

\ \ 
I 

~ \"" 200 400 600 800 1000 1200 1400 

Stress lb.kq.in. 

Fig. 4 Principal stresses along AB for sloping strut of depth !50 ft. 

Contraintes principales le long de AB pour un etai incline 
de 45 m de profondeur 

Limiting curves for maximum 'nominal' compressive and 
maximum tensile stresses are given in Fig. 5, the limits being no 
disintegration and complete disintegration of the seam material. 
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Fig. 5 Variation of stresses with depth of plug 

Variation des contraintes avec Ia profondeur du bouchon 

Within the bands of possible values (shaded areas) approximate 
curves have been obtained which show the stresses against 
different depths of disintegration. From this set of curves the 
designer can read the optimum depth of excavation and plug-

ging once he fixes the allowable stresses in concrete and rock, 
and the depth of disintegration of the material in the seam. 
The latter can be related to time from a consideration of the per
meability of the surrounding rock, concrete and claystone. 
These curves then give the state of stress or the decrease in factor 
of safety after any number of years. In short, by a glance at 
these curves the designer can explore various alternatives based 
on different presumptions. 

The stresses in the intact claystone can be measured in the 
same way as for rock and concrete. In the present investigation 
the maximum principal stress in the seam was only determined 
very approximately and found not to exceed 150 lb./sq. in. If 
the strength of the claystone does not reach this value, the 
conditions will approach that of complete disintegration. 

A clue to further improvements in the design can be had from 
a study of the action of the plug. The isochromatics (Fig. 3) 
and Fig. 6 show that the main forces acting on the ends of the 
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Fig. 6 Mechanism of stresses in the plug 
(a) Deflection and forces acting on the plug 
(b) Stresses due to shearing forces 
(c) Stresses due to normal forces 
(d) Resultant stresses 

Mecanisme des contraintes dans le bouchon 
(a) Deflection et forces agissant sur le bouchon 
(b) Contraintes dues aux forces de cisaillement 
(c) Contraintes dues aux forces normales 
(d) Contraintes resultantes 

plug are a shearing force and a normal thrust. The shearing 
forces cause bending moments with a point of inflection at the 
middle section of the plug (indicated in the isochromatic 
picture by two opposite zero fringe orders at the free boundaries 
of the plug). The normal thrust shifts the point of zero stress 
at the bottom of the plug towards the downstream end (Figs. 3 
and 6). If the thrust is not sufficient, as in the case of a hori
zontal plug, a tensile zone will remain in the plug. This was 
the logic behind the recommendation made earlier to adopt the 
sloping plug rather than the horizontal plug. 

The best solution would probably be to reduce the shearing 
forces at the end of the plug so that the high compressive and 
the tensile stresses could both be lowered. This result might be 
achieved by introducing vertical joints at right angles to the plug 
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which would not allow shearing forces to be transferred. These 
joints may be grouted after the dam has been raised to a 
sufficient height. 

The authors wish to thank Mr Kanwar Sain, Chairman, Central 
Water and Power Commission, New Delhi, for his interest in this 
work and for permission to publish the paper. Thanks are also 
due to Messrs S. S. Patil and I. K. Nihalani for assistance in the 
experimental work. 
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