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Abstract 

Stress distribution in gravity dams supported on foundation having same elastic modulus (homogeneous 
case) as well as having different elastic moduli' (composite case) compared to the dam material has been 
obtained using two-dimensional photoelastic analysis. The photoelastic composite model is prepared 
using two different materials having different modulus of elasticity at elevated temperature (110 0 C). 
Stress distributions in the dam with and without opening have been obtained for hydrostatic loading 
only and are compared with some available solutions. 

Key words : Photoelasticity, composite body, gravity dam, stress analysis. 

I. Introduction 

Stress distribution in gravity dams founded on rock having elastic modulus different 
from that of darn material is of practical interest. It is known that the vertical stress 
distribution will not be linear as indicated by simple stress analysis' and the stress distri- 
bution in general will be nonlinear at the junction of the dam and rock foundation 
(interface) as well as in the bottom portion of the darn. Several attempts have been 
made by earlier investigators 2o, using either theoretical or experimental approach, to 
take into account the foundation elasticity effect in the stress analysis of the dam. 
However, these approaches were rather complicated and did not give any definite ideal 
to the designer. Recently this problem has been successfully tackled by Zienkiewic: 
a di and Varshney5 1 6  using finite element method. Very little information is available 
on the experimental analysis of this problem. H.owever, Varshner has made an attempt 
to get some idea of stress distribution in the dam using photoetastic method. In the 
experiment, to achieve different ratios of modulus of elasticity between darn and founda- 
tion, he reduces the thickness either of the darn or foundation. This type of model 
When used in photoelastic stress analysis can give distorted stress distribution parti- 
cularly along the interface. In fact the reason for the unsuccessful application of the 
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photoelastie method to this type of problem is due to the nonavaila.bility of photo- 
elastic materials having a very wide range of elastic constants particularly the modulus 
of elasticity at room or elevated temperature. However, the situation has improved 
now with the development of techniques to obtain materials having different elastic 
modulus at room or elevated temperature by using different types of epxoy resins and 
hardeners'''. 

-Apart from this, The photoelastic method give, at a point the difference of principal 
stress and shear stress and with this data alone it is not possible to obtain all the 
components of stress in a two-dimensional model. Normally the photoelastic method 
is supplemented by some numerical method and one of the widely used numerical 
method is the shear difference methods. It is known that this method can give large 
errors in the stresses determined due to cumulative nature of the error in the inte- 
gration procedure. Recently, Chandrashekahara et atroo have suggested methods to 
determine the interior stresses from the known or determined boundary stresses as well 
as the interface stresses in a composite body directly from the photoelastic data. 

In this paper, the stress distribution in a gravity dam founded on a rock foundation 
hOiiig modulus of elasticity different from that of dam material and subjected only to 
hydrostatic load using photoelastic method has been presented.. The stress distribution 
in the darn with and without openings has been studied in detail and the results have 
been compared with those obtained for a dam founded on a rock foundation having 
the same modulus of elasticity of the dam material in order to bring out clearly the 
foundation elasticity effect on the stresses. For the determination of interior and inter- 
face stresses the methods developed by Chandrashekhara et a1. 940, have been used. 
It is believed that following this and by making use of materials having different 
modulus of elasticity already developed, a detailed parametric study of the foundation 
elasticity effect on the stresses in a gravity dam could be made. 

2. Model preparation 

2.1. Homogeneous model 

This case corresponds to a clam founded on a rock foundation having the same modulus 
of elasticity as the dam material. A photoelastic model representing the dam and 
foundation was prepared using epoxy resin Araldite CY 230 (supplied by Mjs Ciba 
and Co., Bombay). The casting of the model was carried out in a specially prepared 
plexiglas mould. The following composition of resin and hardener was used for the 
casting. 

Araldite CY 230-100 parts by weight. 

Hardener RN 951-10 parts by weight. 

Since the reaction between Araldite 	and the hardener is 	exothermic, in order to 
reduce large temperature rise of the mixture, Araldite CY 230 was initially cooled to 
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10°C and the ihardener was mixed with this precooled Araldite. To ensure proper 
mixing, the mixture was thoroughly stirred using a mechanical stirrer, then filtered 
through glass wool to remove all the entrapped air and was poured into the mould. The 
material was allowed to set at room temperature and the model was stripped off from 
the mould after 24 hours. The model was then finished to the correct dimensions and 
stored in a desicator to protect it from time edge effect. 

For preparing a model with an opening, the following procedure was adopted. A 
plexiglas piece having the exact dimensions of the hole was first cut out. It was then 
placed at the corresponding position of the opening in the mould. The casting was 
carried out in an identical way as described earlier. After stripping off the model from 
the mould, the plexiglas piece also was removed leaving the required shape and 
dimensions of the opening in the model. 

2.2. Composite model 

The photoelastic composite model was prepared using two different bireffingent mate- 
rials, namely, Columbia Resin (CR-39) and Araldite CY 230. CR-39 which is avail- 
able in sheet form was used to represent the foundation of the dam. A mould was 
prepared in plexiglas with a provision to accommodate a piece of CR-39, representing 
the foundation, in correct position. The composition of Araldite and hardener used 
for casting the Araldite portion of the model as well as the casting procedure was same 
as explained earlier. Special precautions were taken to avoid shrinkage stresses along 
the interface. The dimensions of the model, and of the opening, the position of the 
opening, etc., are given in Table I (Fig. I). Altogether, stress distribution in eight 
models—four homogeneous and four composite models with and without openings 
was obtained. 

Table I 

Model dimensions 

St. Height Width Position of opening (li t) Opening dimensions 

No. of dam of dam 
in cm in cm Width Height 	Remarks 

(h) (b) in cm (h) in cm (h1) 

• • • . HM* 10.5 • • 1. 11-0 
2. 11.0 11.45 .. .. .. CM 

3. 11-0 11-5 At the junction of dam and foundation 0.6 0.7 HM 

4. 10-8 10-2 —do— 0.6 0.7 CM 

5. 10.5 10.2 1.9 cm from interface 0.6 0-7 HM 

C 10-6 10.2 —do— 0.6 0.7 CM 

7. 11-5 11-0 8-4 cm from interface 0.6 0.7 HM 

8. 11.1 10-2 —do— 0.6 0.7 CM 

'MM—Homogeneous Model; CM—Composite Model. 
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no. 1. 

3. Loading arrangement 

The hydrostatic loading (water load) was simulated by using a mechanical loading 
system. In this the hydrostatic loading which is a triangular type of loading. was 
achieved by dividing the triangle into 4 divisions as shown in Fig. I. The centre of 
gravities of each of the trapezium and triangle was found out and a concentrated load 
at this point was applied through a base plate. in order to prevent concentration of 
the loading, etc., a thin packing of cardboard was given between the load base plate 
and the model. The procedure gave a satisfactory representation of the hydrostatic 
loading. 
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3.1 Photoelastic method 

Araldite CV 230 and CR-39, the two materials used for manufacturing composite models, 
had almost the same modulus of elasticity at room temperature; while at a higher 
temperature it was different. Hence a stress freezing method was adopted in the stress 
analysis. Essentially the method consists of (i) applying the load on the model and 
then heating the model slowly (at about 2 Clhour) in an oven to a temperature called 
the critical temperature (110e C), (ii) soaking the model at this temperature (110 C) 
for about two hours, (iii) cooling slowly (at 1 -  flour) to room temperature, 
(iv) unloading and then observing the isochromatie pattern in a polariscope. 

From the isochromatic pattern one can determine the difference of principal stress 
at a point by making use of the stress-optic law which can be written as 

Nfe 	
(I ) 

where 
a. 

al  and a2  are the principal stresses 

N—isochromatic fringe order at a point 

f —material fringe value 

t—thickness of the model. 

Along a free boundary, the isochromatic pattern directly gives the principal stress. It 
is also possible to determine the cartesian shear stress at a point from the isochromatic 
and isoclinic patterns as 

Id- 
= 	C7  

" 	2
2) sin. 20 	 (2) 

where 0 is the isoclinic parameter. 

3.2. Cailbration of material 

For determining the difference of 
it is necessary to know, in terms o 
A circular disc subjected to two 
for determining the material fringe 
for Araldite CY 230 and CR-39 
values are given in Table II. 

principal stress at point in the model using eqn. (I), 
I' stress, the material fringe value (11 ,), of the material. 
diametrically opposite concentrated load was chosen 
value. The material fringe value was determined both 
at room and critical temperatures (110:-' C) and the 

Since the composite model had two different materials, their modulus of elasticity 
and Poisson's ratio were determined at room and critical temperatures. For this, a 

beam specimen, made out of the materials, subjected to pure bending:was made use of. 
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By measuring the deflection of the beam accurately, the modulus of elasticity was com- 
puted using the well known beam deflection equations. This was cross-checked by 
determining the modulus of elasticity using disc and ring specimens". In this method, 
in addition to modulus of elasticity, the Poisson's ratio also could be determined. 
It was found that the Poisson's ratio for the two materials at room temperature and at 
elevated temperature (100° C) was around 0-36 and 0-45, respectively. 

It may be observed from Table H that the ratio of modulus of elasticity of CR-39 
Araldite is 1-45 at room temperature and 17 at elevated temperature (110 -  C). 

4. Determination of stresses 

For the complete determination of interior stresses, the method suggested by Chandra- 
shekhara et al" has been used. If on the other hand, the stress distribution is required 
only along a particular section, (for example, for homogeneous model along the junction 
of dam and foundation) another numerical method" which makes use of the photo- 
elastic data obtained along that section as well as at two other sections on either side 
of it has been suggested. These two methods are briefly described here. 

4.1. Determination of interior stresses 

The basic equations of two-dimensional elasticity are rewritten 

v2 5 =0 

S  

) 2 s 
V ° ".  Tv/  == b.a-y 

in the following form: 

(3) 

(4) 

(5) 

Table H 

Property 

Modulus of elasticity in 
kg/sq. cm . 

Material fringe value 4 in 
kg/cm/fringe 

Material 

Araldite CY 230 CR-39 

27°C 110°C 27°C 110°C 

1-36 x 104  1•58 x 102  X 104  2.69 x 103  

13•05 0.366 15-0 3•83 



PHOTOELASTIC STUDY IN A GRAVITY DAM 
	

193 

where 

V2 (b 2  4.  Y4 	c  
X2  Yeci) ; 	kal 	= aff  

D = — am . 

Equations (3) to (5) are used to determine all the three stress components in the 
interior of the body. First eqn. (3) is solved. To do this the boundary values of sum 
of principal stresses should be known. This can be easily determined from the photo- 
elastic experiment. Since the sum of the principal stresses is determined at discrete 

points along the boun dary, it is advantageous to solve eqn. (3) (as well as eqns. (4) 
and (5) later) numerically by using the finite difference method. Equation (3) can be 
expanded in difference form about a point 0 QM (Fig. 2), for a square mesh, as • 

.54 , 1  = (S4+30  + 	+ 	+ S1,1_1)/4. 	 (6) 

Similarly eqns. (4) and (5) can be expanded in finite difference form to give the recur- 

rence equations for D for Tay  respectively. 	They are 

= [(Di4.10 	 D4s+1 

— (S1, 1-1  + Si, —J.4.1 — Si+1 , 5)14 
	

(7) 

( r„)4 , 1  = [(T„)i+1, 5 	er,r)i_10  + (T„),, j+, 

erzy)ip i-1 	(151-1-1.„fri 	S4-11,-1 	Si+1.0-1  

Si-1114-0114. 
	 (8) 

• 

Solving the recurrence eqn. (6), sum of the principal stresses in the interior could be 
determined. After this, eqns. (7) and (8) are solved to determine the difference of 

 

hi,  ti 

 

 

Eat j i+1, j 

1•1 
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normal stresses (D) and shear stress (rn).  From the known sum and difference or 
normal stresses in the interior, the individual value of the normal stresses can be 
obtained. 

If the stress distribution along a particular section is required the following numerical  
method can be used. From the photoelastic data, the difference of normal stresses 
can be obtained as 

Nf 
(at — ay) = 	20. (9 / 

The values of difference of normal stresses can also be obtained using eqn. (9) along 
two sections i — 1 and I + 1 (Fig. 3). The equilibrium equations in two dimensions 
can be rewritten as 

(10) 

where /3  = 2S + D: = 25 — D. 

Equation (10) can be expanded in finite difference form as 

054_1, — 2P4,, + 	IA! = 	i) 
	

(12) 
where 

A (0) = - (Dip  j .H.  — 2D12 , ± Dip  j+01/1 2  

and /1/4 and h are the grid spacing in x and y direction respectively. 

8 
V 

i .1, j 

A 
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Similarly cwt. (II) can be expanded in finite differenec form as 

Of, f-1 	2a1,, 	O4-4-1,aih 2  = f2 (i1.i) 	 (13) 

where 
f2 (1, .1) =to ol , f 	 2/31 1 , 

Equation (12) is to be solved if the stresses 
required while eqn. (13) is to be solved if 
parallel to y-axis. This method was used to 
of the dam and foundation for the homoge 
stresses in the dam, stresses obtained along 
stresses and eqns. (3) to (5) were solved. 

along a section parallel to x-axis are 
the stresses are required along a section 
determine the stresses along the junction 
neous model. To determine the interior 
this section were taken as the boundary 

4.2. Determination of interface stresses 

Interface stresses9  can be determined directly using the continuity conditions and photo- 
elastic data. 	The continuity conditions along the interface can be written as [Fig. 1]: 

@oh = (asf)2; (eat = ( 81)2; ersr)t = (42)2- 	 (14) 

From the Photoelastic data, the difference in normal stresses can be determined as 

(ay), — (a,)1  = N1  (Fe)1  cos 261  

(1702  — (60 2 = P4 (F0)2 COS 202 

(15) 

where subscripts I and 2 stand for body 1 and 2, and F, =fe lt. 

Using eqn. (14), the stress-strain relations in two-dimensions and eqn. (15), a, can be 
determined as 

(E1/E2) N2 (F0)2 cos 202 + Ni  (F)1  cos  WI  
a =  	 (16) 

(1 — vakEa2) (v2  — 1) 

Using the above equation, a, can be .computed along the interface. After determining 
a„ (az), and (o...)2  can be determined using eqn. (15). 

The shear stress r n  along the interface can be obtained as 

ATI  (F) x 	n 
tip = (T•01 = (C)2 = 	2 	si n zui  

Ars (F 7  02 sin 202. 
= 2 

(17) 

In two-dimensional problems it is assumed that in-plane loads are applied symmetri- 

eallY with respect to middle plane. As no loads are applied on the faces of the 
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model and as the thickness of the model is small when compared with other- 
dimensions, the transverse normal stress is ignored. This assumption is not valid if 
out of plane displacement is restrained particularly when one material is bonded to 
another relatively rigid material. This effect is referred to as pinching effect by some 
investigators13  and can introduce significant errors particularly in the measured photo- 
elastic data. However, it is possible to assess the pinching effect in two-dimensional 
composite model by independently computing the shear stress (T ay) from the photoelastic 
data for the two bodies along the interface. If the pinching effect is negligible, then 
such a computation will give along the interface the same shear stress distribution. In 
the particular problem considered here, the pinching effect was negligible. 

5. Results and discussion 

Stresses in both the homogeneous and composite models, with and without opening, I  
were frozen using the stress freezing procedure described earlier. To verify whether 
any stresses would develop in the composite model during stress freezing procedure 
due to difference in coefficient of thermal expansion of the two materials, a dummy 
composite specimen was used and it was subjected to the same temperature cycle used 
for freezing the stresses inside the loaded model. Later when the dummy model was 
observed in the polariscope, it was found that the residual stresses were negligible. 

The boundary fringe orders were then measured both for homogeneous and composite 
models (with and without opening) using Tardy's method. For composite models, the 
interface stresses were determined using the procedure described earlier. For homo- 
geneous model, the stresses along the junction of the dam and foundation were deter- 
mined using eqn. (12). From the measured/computed boundary stresses, the interior 
stresses were determined using eqns. (6) to (8). The grid spacing selected for solving 
the finite difference equations is shown in Fig. 4. A typical dark field isochromatic 
pattern for a dam model with the opening at the junction of the foundation and dam 
is shown in Fig. 5. 

The normal and shear stresses obtained from photo-elasticity along different sections 
are shown in Figs. 6-8 both for homogeneous and composite cases. In these figures, 
the stresses obtained along different sections using the method of Creager et al' are 
also included for comparison. The distribution of normal and shear stresses in homo- 
geneous and composite models with openings are given in Figs. 9-17. The distri- 
bution of tangential stress along the boundary of the opening is shown in Figs. 18-20. 
In this the distribution of tangential stress computed from: (i) theoretical stress distri- 
bution obtained from the method of Creager et al, at the centre of the hole neglecting 
the opening and taking these stressest he tangential stress along the hole boundary 
was determined using stress coefficients given by Philips and Zangar 14, (ii) using the 
stress distribution obtained from photoelasticity, for a model without opening at the 
centre of the hole and the stress coefficients of Philips and Zangar, are also included 
for comparison. 
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FIG, 4. Grid used for analysis. 
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(a) Homogeneous Cosa 	 (b) Composite' Case 

PIG. 5. Dark field lsochromatic pattern for a dam model with an opening at the junction -of the dam 
and foundation. 
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FIG. 6. Distribution of vertical stress (as) at different horizontal sections for a darn model. 
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FIG. 18. Tangential stress distribution around the gallery with hole position at junction of dam and 
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Plc. 10. Tangential stress distribution around the gallery with hole position at 1/3 h from the 
foundation level. 

The following observations earl be made from Figs. 6 to 17 : 

(i) The vertical stress distribution is nonlinear both for the homogeneous and compo- 
site cases at the interface and in the bottom two third pprtions of the darn. However, 
the nonlinearity is more in the case of composite dam. 

(ii) The vertical stress is tensile at the heel of the data and the magnitude of the 
stress is higher for the composite compared to homogeneous case. 

(iii) The magnitude and distribution of vertical, horizontal and shear stresses 
obtained along different sections from experiment do not agree with those predicted 
by Creager et al method. 

(iv) The presence of an opening distorts the stress distribution only locally. How- 
ever, the region of distortion is higher for the composite case when compared with 
the homogeneous case. 

It may be seen from Figs. 18 to 20, that the tangential stress distribution obtained 
on the boundary of the opening using Creager et al and Phillips and Zangar stress 
coefficients is much smaller than that obtained from experiment. On the other hand, 
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if the stress distribution at the centre of the hole could be obtained accurately taking 
into account the foundation elasticity effect, then the tangential stress distribution due 
to these stresses around the opening can be determined using the stress coefficients given 
by Phillips and Zangar. This method gives the maximum value of the tangential stress 
higher than that given by the experiment and hence could be safely used for the design. 
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