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WALLS 

Without consideration, without pity, without shame 
they have built big and high walls around me. 

And now I sit here despairing. 
I think of nothing else: this fate gnaws at my mind; 

for I had many things to do outside. 
Ah why didn't I observe them when they were building I 

But I never heard the noise or the sound of the builders. 
Imperceptibly they shut me out of the world. 

AS MUCH AS YOU CAN 

And if you cannot make your life as you want it, 
at least try this 
as much as you can: do not disgrace it 
in the crowding contact with the world, 
in the many movements and all the talk. 

Do not disgrace it by taking it, 
walls? dragging it around often and exposing it 

to the daily folly 
of relationships and associations, 
till it becomes like an alien burdensome life. 

ITHACA 

When you start on your journey to Ithaca, 
then pray that the road is long, 
full of adventure, full of knowledge. 
Do not fear the Lestrygonians 
and the Cyclopes and the angry Poseidon. 
You will never meet such as these on your path, 
if your thoughts remain lofty, if a fine 
emotion touches your body and your spirit. 
You will never meet the Lestrygonians, 
the Cyclopes and the fierce Poseidon, 
if you do not carry them within your soul, 
if your soul does not raise them up before you. 

Then pray that the road is long. 
That the summer mornings arc many, 
that you will enter ports seen for the first time 
with such pleasure, with such joyl 
Stop at Phoenician markets, 
and purchase fine merchandise, 
mother-of-pearl and corals, amber and ebony, 

. and pleasurable perfumes of all kinds, 
buy as many pleasurable perfumes as you can; 
visit hosts of Egyptian cities, 
to learn and learn from those who have knowledge. 

Always keep Ithaca 6xcd in your mind. 
To arrive there is your ultimate goal. 
But do not hurry the voyage at all. 
It is better to let it last for long years; 
and even to anchor at the isle when you are old, 
rich with all that you have gained on the way, 
not expecting that Ithaca will offer you riches. 

Without her you would never have taken the road. 
But she has nothing more to give you. 

And if you find her poor, Ithaca has not defrauded you. 
With the great wisdom you have gained, with so much experience, 
you must surely have understood by then what Ithacas mean. 

Poems Of C . P . C A V A F Y 

(1863 - 1933) 

Ithaca has given you the beautiful voyage. 



the Memory of my Mother 
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Foreword 

T h i s t h e s i s d e s c r i b e s a programme of r e s e a r c h 

t h a t was conducted both a t Durham U n i v e r s i t y , 

England and i n the f i e l d i n Greece. 

The author has been r e s p o n s i b l e f o r the g e o l o g i c a l 

i n v e s t i g a t i o n s a t the three dam s i t e s which form 

the b a s i s of the t h e s i s and he has a l s o been 

r e s p o n s i b l e f o r planning and s u p e r v i s i n g the 

foundation grouting programmes f o r the Assomata and 

S f i k i a dams. 
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ENGINEERING GEOLOGY OF DAM FOUNDATIONS 

IN NORTH-WESTERN GREECE 

by 

S o t i r i s A. Papageorgiou 

ABSTRACT 

The s i g n i f i c a n c e of the g e o l o g i c a l f a c t o r s which c o n t r o l l e d 

the formation of damsites, and the r e l a t i o n s h i p between these 

f a c t o r s and the soundness of foundation bedrock (mainly from the 

waterti g h t n e s s point of view) are stu d i e d i n t h i s work. The need 

to incorporate g e o t e c h n i c a l design i m p l i c a t i o n s , i n dam foundation 

s t u d i e s , besides the g e o l o g i c a l d e s c r i p t i o n s which are involved 

i n c u r r e n t c l a s s i f i c a t i o n schemes, i s considered. The void volumes 

i n the rock foundations of e a r t h and r o c k f i l l dams, i n three 

d i f f e r e n t g e o l o g i c a l environments i n Greece, are ass e s s e d by the 

grout volumes spent i n s e a l i n g o f f the dam rock foundations, and 

expressed as d i s t i n c t grouting parameters. A p r i o r assessement 

of the g e o l o g i c a l and the geo t e c h n i c a l records (up to the design 

stage) was made to i s o l a t e the g e o l o g i c a l f a c t o r s governing the 

waterti g h t n e s s (permeability) c h a r a c t e r i s t i c s of the three d i f f e r e n t 

foundation bedrocks. I t was found t h a t the dimensionless parameter 

"grout take per metre run per area of segment", as used i n t h i s 

study, has. p a r t i c u l a r a t t r a c t i o n s f o r a s s e s s i n g the pre-impounding 

wat e r t i g h t n e s s of dam foundations. The r e l a t i o n s of the bedrock 

d i s c o n t i n u i t y d e n s i t y d i s t r i b u t i o n s (as main grout absorbing 

elements) with the major g e o l o g i c a l f a c t o r s involved i n each s i t e 

are d i s c u s s e d and t h e i r i m p l i c a t i o n s to the grouting r e s u l t s 

are pointed out. The g e o l o g i c a l environments of the Greek dams and 
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the main g e o l o g i c a l f a c t o r s p e r t a i n i n g to dam i n c i d e n t s have 
a l s o been examined f o r comparison purposes, and f o r determining 
the degree of c o r r e l a t i o n f o r p o s s i b l e p r a c t i c a l use i n the 
design of f u t u r e damsites. 
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CHAPTER 1 
I n t r o d u c t i o n 

1.1 H i s t o r i c a l background - some aspects o f dam e n g i n e e r i n g 

and a s s o c i a t e d problems. 

Water r e s o u r c e s development and w a t e r r e g u l a t i o n p r o j e c t s a re 

some o f t h e f o r e m o s t concerns o f modern t i m e s . Dams and t h e i r 

r e s e r v o i r s a r e t h e most i m p o r t a n t s t r u c t u r e s f o r water r e a l l o c ­

a t i o n and e x p l o i t a t i o n and t h i s l a r g e l y a f f e c t s t h e growth o f 

modern human s o c i e t y . The energy c r i s i s o f t h e l a s t decade f o r c e d 

c o u n t r i e s i n t o h a r n e s s i n g t h e i r n a t u r a l l o c a l r e s o u r c e s t o 

e x p l o i t t h e p o t e n t i a l o f h y d r o e l e c t r i c i t y . Greece has much t o do 

i n t h i s s e c t o r because she has developed o n l y 14 per c e n t o f her 

h y d r o e l e c t r i c p o t e n t i a l ( t h i s i s i n d i c a t e d i n t h e l a t e r Table 

2.4) . 

Among t h e e a r l i e s t r e c o r d e d dams was t h e embankment dam Sadd-El-

K a l a r a i n Egypt, near C a i r o , c o n s t r u c t e d between 2950 and 2750 

B.C. (Smith, 1971). A p a r t f r o m o t h e r a n c i e n t embankment-type 

dams r e p o r t e d elsewhere i n t h e w o r l d ( I n d i a , China, and o t h e r 

a n c i e n t c i v i l i s a t i o n s , Khasla,1968; Mermel, 1976), a r c h dams have 

been c o n s t r u c t e d s i n c e Roman and B y z a n t i n e t i m e s ( S c h n i t t e r , 

1976). I n t h e m i d d l e o f t h e 1 9 t h c e n t u r y r o c k f i l l dams were con­

s t r u c t e d i n t h e western U n i t e d S t a t e s , f i r s t by g o l d miners and 

l a t e r , a t t h e b e g i n n i n g o f t h e 2 0 t h c e n t u r y , h y d r a u l i c f i l l dams 

were c o n s t r u c t e d . 

Due t o w o r l d i n d u s t r i a l i z a t i o n , t h e demand f o r water i n c r e a s e d 

and t h e development and c o n s t r u c t i o n o f dams i n t h e l a s t two 
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c e n t u r i e s i n c r e a s e d r a p i d l y . Data f r o m t h e World R e g i s t e r o f 

Dams, produced by t h e I n t e r n a t i o n a l Commission on Large Dams 

(ICOLD), can e a s i l y s u p p o r t t h e c o n s e r v a t i v e e s t i m a t e t h a t two 

dams per day a r e b e i n g added t o t h e p l a n e t ' s s u r f a c e t o enhance 

i t s r e s o u r c e s (Mermel, 1976). More t h a n 12,000 l a r g e dams are 

i d e n t i f i e d i n more t h a n 70 member c o u n t r i e s . 

Dams range i n s i z e and c o m p l e x i t y o f c o n s t r u c t i o n f r o m low e a r t h 

embankments o r c o n c r e t e s t r u c t u r e s , c o n s t r u c t e d t o impound o r 

d i v e r t w a t e r and wastes, t o massive e a r t h o r c o n c r e t e s t r u c t u r e s 

(see Tables 1.1 and 1.2) acr o s s major r i v e r s t o s t o r e water f o r 

i r r i g a t i o n , m u n i c i p a l use, h y d r o - e l e c t r i c power g e n e r a t i o n , o r 

f l o o d p r e v e n t i o n . 

As i n t h e case o f a l l e n g i n e e r i n g s t r u c t u r e s , dam f o u n d a t i o n s must 

meet c e r t a i n r e q u i r e m e n t s , p a r t i c u l a r l y because t h e v a s t volumes 

o f water i n t h e r e s e r v o i r s pose a c o n s t a n t t h r e a t t o tho s e who 

l i v e downstream, and because t h e y a r e h i g h l y c a p i t a l - i n t e n s i v e 

schemes. Requirements f o r t h e f o u n d a t i o n a r e summarised as 

f o l l o w s : 

a) I t must have t h e p r o p e r w a t e r t i g h t n e s s o r d r a i n a g e 

c h a r a c t e r i s t i c s f o r i t s f u n c t i o n . 

b) I t must have s u f f i c i e n t s t r e n g t h t o s u p p o r t t h e lo a d s 

w h i c h w i l l be imposed by t h e s u p e r s t r u c t u r e and those 

o f t h e impounding w a t e r o r o t h e r dynamic l o a d s . 

c) I t must permanently r e t a i n i t s w a t e r t i g h t n e s s ( o r 

c o n t r o l l e d d r a i n a g e ) c h a r a c t e r i s t i c s and i t s s t r e n g t h . 

The a c c e l e r a t i o n i n dam c o n s t r u c t i o n d u r i n g t h e l a s t decade has 

exhausted t h e most f a v o u r a b l e n a t u r a l dam s i t e s ; hence f o u n d a t i o n 

t r e a t m e n t t o improve new s i t e s becomes i m p e r a t i v e i n o r d e r t o 
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TABLE 1.1 

World's h i g h e s t dams 
( a f t e r Mermel, 1976) 

Name Country Dam Type H e i g h t (m) 

Rogunsky U.S.S.R TE 325 

Nurek U.S.S.R TE 317 

Grand Divence S w i t z e r l a n d PG 285 

I n g u r i U.S.S.R VA 272 

V a i o n t I t a l y VA 262 

Mica Canada ER 242 

Sayanskaya U.S.S.R VA 242 

Chicoasen Mexico ER 240 

P a t i a Colombia ER 240 

C h i v o r Colombia ER 237 

M a u v o i s i n S w i t z e r l a n d VA 237 

O r o v i l l e U.S.A TE 235 

C h i r k e y U.S.S.R VA 233 

Bhakra I n d i a PG 226 

Hoover U.S.A VA/PG 221 

Contra S w i t z e r l a n d VA 220 

M r a t i n z e Y u g o s l a v i a VA 220 

Dworshak U.S.A PG 219 

Glen Canyon U.S.A VA. 216 

D a n i e l Johnson Canada MV 214 

T o k t o g u l U.S.S.R PG 213 

Auburn U.S.A VA 209 

Luzzone S w i t z e r l a n d VA 209 

Keban Turkey TE/ER/PG 207 

UC = under c o n s t r u c t i o n , TE= e a r t h , ER = R o c k f i l l , PG = g r a v i t y , 
VA = Arch , MV = M u l t i Arch 



TABLE 1.2 
World's l a r g e s t dams 

( a f t e r Mermel, 1976) 

Name Count r y Dam Volume 
(m 3 X 10 6) 

New C o r n e l i a T a i l i n g s 

T a r b e l a 

F o r t Peck 

Dahe 

O o s t e r s c h e l d 

Rogunsky 

Yacyreta-Apipe 

Mangla 

C a r d i n e r 

A f s l u i t d i z k 

O r o v i l l e 

San L u i s 

Nurek 

G a r r i s o n 

C o c h i t i 

Tabka 

K i e v 

W.A.C.Bennett 
(Portage Mt) 

High Aswan 

Sarato v 

M i s s i o n T a i l i n g s No 2 

F o r t R a n d a l l 

Kanev 

I t y m b i a v a 

Kakhova 

U.S.A 209,500 

P a k i s t a n 142,000 

U.S.A 96,034 

U.S.A 70,343 

N e t h e r l a n d s 70,000 

U.S.S.R 70,000 

A r g e n t i n a Paraguay 70,000 

P a k i s t a n 65,651 

Canada 65,553 

N e t h e r l a n d s 63,400 

U.S.A 59,639 

U.S.A 59,378 

U.S.S.R 58,000 

U.S.A 50,846 

U.S.A 49,417 

S y r i a 46,000 

U.S.S.R 44,000 

Canada 4 3,733 

Egypt 43,733 

U.S.S.R 40,400 

U.S.A 40,088 

U.S.A 38,383 

U.S.S.R 37,860 

B r a z i l 36,800 

U.S.S.R 35,640 
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meet t h e above r e q u i r e m e n t s and t o m i n i m i z e t h e r i s k s i n v o l v e d . 
The c l o s e s t c o o p e r a t i o n o f e n g i n e e r s and g e o l o g i s t s as w e l l as 
o t h e r e x p e r t s i s needed i n t h e p l a n n i n g , d e s i g n , c o n s t r u c t i o n 
and maintenance, so as t o ensure a maximum degree o f s a f e t y and 
t h e minimum p o s s i b l e damage t o t h e environment. 

Among t h e r e c o r d s o f dam b u i l d i n g , r e f e r r e d t o above, e x i s t dam 

f a i l u r e s w h i c h average two per y e a r , on a w o r l d wide s c a l e 

(Germord, 1977). Many o f t h e causes o f dam f a i l u r e s a r e a t t r i ­

b u t e d t o poor f o u n d a t i o n s a r i s i n g f r o m g e o l o g i c a l d e f i c i e n c i e s 

(see S e c t i o n 2.2.1). 

I n Greece, a l t h o u g h t h e number o f dams i s s m a l l , t h e r e have been 

s e v e r a l dam i n c i d e n t s (and one f a i l u r e ) s p e c i f i c a l l y a t t r i b u ­

t a b l e t o f o u n d a t i o n d e f i c i e n c i e s (see Chapter 2 ) . 

The s a t i s f a c t o r y performance o f dam f o u n d a t i o n s depends upon t h e 

e x t e n t t o w h i c h c e r t a i n d e f e c t s can be envisaged and p o s s i b l y 

remedied. The e n g i n e e r i n g g e o l o g i c a l - g e o t e c h n i c a l s t u d i e s w h i c h 

w i l l be conducted f o r a p a r t i c u l a r s i t e cannot always be t r a n s ­

l a t e d i n t o u s e f u l d e s i g n parameters. D e s p i t e a l l t h e advances i n 

t h e t h e o r e t i c a l , l a b o r a t o r y and f i e l d i n v e s t i g a t i o n s concerned 

w i t h t h e mechanical and h y d r a u l i c p r o p e r t i e s o f t h e f o u n d a t i o n 

rock,dam c o n s t r u c t i o n p recedents have c l e a r l y shown t h a t each 

damsite and i t s dam are a unique case as a d i r e c t r e s u l t o f t h e 

m u l t i p l i c i t y o f f a c t o r s i n v o l v e d and t h e i r i n t e r a c t i o n s . 

Thus, i n e v a l u a t i n g a number o f p o s s i b l e a l t e r n a t i v e s f o r t h e 

a p p r o p r i a t e f o u n d a t i o n , Casagrande's n o t i o n o f " c a l c u l a t e d r i s k " 

s h o u l d be a g u i d i n g c o n s i d e r a t i o n i n t h e d e c i s i o n - m a k i n g p r o c e s s : 

a) "The use o f i m p e r f e c t knowledge, gui d e d by judgment and 

e x p e r i e n c e , t o e s t i m a t e t h e p r o b a b l e ranges f o r a l l 
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p e r t i n e n t q u a n t i t i e s t h a t enter i n t o the s o l u t i o n of 

a problem. 

b) "The d e c i s i o n on an appropriate margin of s a f e t y or 

r i s k , t a k i n g i n t o c o n s i d e r a t i o n economic f a c t o r s and 

the magnitude of l o s s e s t h a t would r e s u l t from f a i l u r e " 

(Casagrande, 1965). 

Foundation improvement methods vary according to the nature of 

the ground ( s o i l or r o c k ) , the nature and fu n c t i o n of the super­

s t r u c t u r e , the duration (permanent or temporary) of the super­

s t r u c t u r e , the duration (permament or temporary)of the improve­

ment and, of course, the economics of the p r o j e c t , c o n s i s t e n t 

w ith the s a f e t y f a c t o r s adopted f o r the design. 

I n the case of dam foundations on rock, the c o n s t r u c t i o n of a 

grout c u r t a i n i n t o the r i v e r b e d and the abutments, as a continu­

a t i o n of the impervious element of a dam, i s a world-wide 

p r a c t i c e . I t c o n s i s t s of d r i l l i n g holes i n t o the rock and pumping 

cement-based grouts int o the d e f e c t i v e rock to s u b s t a n t i a l l y 

prevent leakage and to e l i m i n a t e d e t r i m e n t a l e f f e c t s which water 

c i r c u l a t i o n can e x e r t downstream. The accomplishment of the 

grouting works, by a well-designed drainage c u r t a i n downstream 

of the grout c u r t a i n , widens the r e q u i s i t e s a f e t y margins f o r 

the hydro p r o j e c t and guarantees the s u b s t a n t i a l l y permanent 

op e r a t i o n a l e f f i c i e n c y of the p r o j e c t i n terms of allowable 

leakages, non-erosion and s t a b i l i t y . 

P r i o r to c o n s t r u c t i o n a l l means such as s i t e i n v e s t i g a t i o n s and 

f i e l d t e s t i n g , laboratory t e s t i n g and t h e o r e t i c a l a n a l y s e s - a r e 

used to simulate the foundation conditions and to s p e c i f y the 

extent of the improvement works for ensuring t h a t the foundation 
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treatment w i l l be adequate and economic. 

During the grouting stage of c o n s t r u c t i o n , t e c h n i c a l f e a t u r e s 

such as the number and l o c a t i o n of boreholes d r i l l e d , together 

with the volume of grout used, serve two purposes: f i r s t l y to 

c o r r e c t s p e c i f i c g e o l o g i c a l d e f e c t s : secondly, to define more 

p r e c i s e l y the c h a r a c t e r of those d e f e c t s . These d e f e c t s may 

a r i s e from the following f a c t o r s : the l i t h o l o g y and the r e s u l t s 

of geotectonic s t r e s s e s i n forming s t r u c t u r a l weaknesses, 

weathering processes, and other a l t e r a t i o n p rocesses. These 

s t r u c t u r a l c h a r a c t e r i s t i c s may be c l e a r l y v i s i b l e a t sur f a c e 

l e v e l but t h e i r geotechnical s i g n i f i c a n c e may only become aP~ 

parent from exploratory i n v e s t i g a t i o n s a t depth. Thus, the 

grouting stage of c o n s t r u c t i o n can be used both to confirm the 

accuracy of e x i s t i n g information about the foundation conditions 

and a l s o to expose h i t h e r t o undetected f e a t u r e s . Consequently, 

f u r t h e r c o r r e c t i v e measures and d i f f e r e n t procedures for c o l ­

l e c t i n g and e v a l u a t i n g information may r e s u l t from the grouting 

stage of c o n s t r u c t i o n . The importance of grouting as a -source of 

v i t a l information with r e s p e c t to economics and s a f e t y i s i l ­

l u s t r a t e d by the following examples. 

One outstanding example, among oth e r s , of the extent of foundation 

improvements i s the grout c u r t a i n of the 117m high, Docan arch 

dam i n I r a q (Binnie e t a l , 1 9 5 9 ) . Here, a 24km c u r t a i n was c o n s t r u -
2 

cted. I t s f i n a l area was 450,000 m . The t o t a l length of d r i l ­

l i n g for rock s e a l i n g and c o n s o l i d a t i o n was 300,000 m and the 

i n j e c t e d cement and sand was 116,000 tonnes weight. 

On the negative s i d e , c a t a s t r o p h i c dam f a i l u r e s of the Teton 

dam, U.S.A and the Malpasset dam i n France are both a t t r i b u -
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t a b l e to g e o l o g i c a l causes (Penman, 1977; Thomas, 1976)". I t may 
be argued t h a t an informed a p p r e c i a t i o n of the foundation condi­
t i o n s and m o d i f i c a t i o n of s p e c i f i c a t i o n s might w e l l have preven­
ted such massive f a i l u r e s . 

1.2. Purpose and scope of the present study 

The main purpose of t h i s study i s to provide a guide to the 

s i g n i f i c a n c e of c e r t a i n g e o l o g i c a l f a c t o r s which i n f l u e n c e the 

wat e r t i g h t n e s s of a given damsite i n a given g e o l o g i c a l e n v i ­

ronment, using simply the grouting data and the geometry of the 

grout c u r t a i n . Because grouting operations f o r the c r e a t i o n of 

a c u t - o f f c u r t a i n comprise a metre-by-metre probing of d e f e c t s 

i n the rock c o n t i n u i t y , such grouting r e s u l t s provide the data 

f o r a s s e s s i n g the void volume of foundation bedrock and a s s i s t 

i n grading the importance of the s e v e r a l g e o l o g i c a l and geo-

t e c h n i c a l records and analyses f o r the design of the c u r t a i n . 

The r e s u l t s a l s o c l a r i f y some of the o b s c u r i t i e s i n the a p p r a i ­

s a l s t h a t have p r e v i o u s l y e x i s t e d . C o r r e c t i n t e r p r e t a t i o n of 

the r e s u l t s can guide the engineer towards such a d d i t i o n a l c o r ­

r e c t i v e measures as are req u i r e d to achieve the r e q u i s i t e s t a n ­

dards of foundation performance and a l s o provide guidance on the 

important geotechnical f a c t o r s which have to be considered i n 

damsites of s i m i l a r g e o l o g i c a l environment, saving time and money 

and allowing the best choice of a l t e r n a t i v e s . 

Chapter 2 reviews the prospects of dam c o n s t r u c t i o n i n Greece 

and a l s o c o n s i d e r s p o s t - c o n s t r u c t i o n i n c i d e n t s t h a t have occur­

red i n Greek dams. These dams are ass e s s e d i n a g l o b a l dam-

co n s t r u c t i o n s e t t i n g . The engineering g e o l o g i c a l problems r e l e ­

vant to dam foundations i n Greece are o u t l i n e d and the need for 

more t e c h n i c a l l y informed a p p r a i s a l of the foundation conditions 
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of damsites for fu t u r e development i s pointed out. 

I n Chapter 3, the o v e r a l l g e o l o g i c a l environment i n which Greek 

dams have been b u i l t , or are going to be b u i l t , i s examined. 

The c o m p l e x i t i e s and the d i v e r s i t i e s of the geology of Greece i n 

a r e g i o n a l sense are b r i e f l y o u t l i n e d . More l o c a l l y , the g e o l o g i c a l 

c h a r a c t e r i s t i c s c o n d i t i o n i n g the foundation environments of 

Greek dams are pointed out and the p o t e n t i a l r i s k s noted. 

Chapter 4 i s concerned with a d e s c r i p t i o n of the f i e l d work 

which forms the b a s i s of t h i s t h e s i s . I t examines the foundation 

c o n d i t i o n s a t three new damsites, the r e s u l t s of v a r i o u s t e s t s 

conducted a t the s i t e s p r i o r to bedrock grouting, and the 

grouting r e s u l t s from the three d i f f e r e n t dam foundations. One 

dam i s now complete and has been i n s e r v i c e s i n c e 1981. The other 

two dams are s t i l l under c o n s t r u c t i o n and due to s t a r t generating 

power during the second h a l f of 1984. 

The foundation bedrock of the three dams each belongs to 

d i f f e r e n t formations i n three d i f f e r e n t geotectonic ( i s o p i c ) 

zones of Greece, but the d r i l l i n g methods and the grouts used 

to c o n s t r u c t the r e s p e c t i v e grout c u r t a i n s were b a s i c a l l y s i m i l a r . 

T h i s l a t t e r f e a t u r e provided a good background from which to 

compare the d i f f e r e n t g e o l o g i c a l f a c t o r s involved i n the water-

t i g h t n e s s of the foundations of each s i t e . I t i s g e n e r a l l y the 

case t h a t grout "takes" r e c e i v e d by the foundation bedrock are 

c o n t r o l l e d by the following f a c t o r s : 

a) the s t r u c t u r a l d e f e c t s (voids, d i s c o n t i n u i t i e s ) , t h e i r 

form ( p a r t i c u l a r l y o r i e n t a t i o n ) and degree of i n t e r ­

connection, and t h e i r i n f i l l i n g s ; 
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b) the degree of rock weathering; 

c) the degree of r e l a x a t i o n ( d i l a t i o n due to geotectonic 

s t r e s s r e l i e f ) ; 

d) the degree of s t r e s s r e l a x a t i o n , r e - d i s t r i b u t i o n and 

damage caused by excavation, b l a s t i n g , tunnel d r i v i n g 

and other a s s o c i a t e d a c t i v i t i e s of dam b u i l d i n g . 

Because of the m u l t i p l i c i t y of the f a c t o r s involved and the need 

to use comparable information from one c u r t a i n f o r a p p l i c a t i o n 

to the other c u r t a i n s , the geometrical c h a r a c t e r i s t i c s of each 

grout c u r t a i n have been "divided" v e r t i c a l l y i n t o b a s i c segmental 

areas of 50m wide m u l t i p l i e d by the depth of the c u r t a i n i n 

each segment. The q u a n t i t i e s of the grout i n j e c t e d i n t o each 

hole and i n t o each segment are then considered to be c l e a r l y -

defined grouting parameters which can be r e l a t e d to the d i f f e r e n t 

g e o l o g i c a l c o n d i t i o n s which f a c i l i t a t e grout absorption. 

The p a r t i c u l a r types of grout used f o r i n j e c t i o n are noted and 

the i n j e c t i o n p r e s s u r e s are d i s c u s s e d with r e s p e c t to the 

l i m i t a t i o n s which a given rock imposes on grout t a k e s , and v i c e 

v e r s a (see Appendix c ) -

Thus, Chapter 4 i n the t h e s i s i s designed to provide answers 

to the following questions: 

1. What i s the e f f e c t of d i f f e r e n t l i t h o l o g i c a l u n i t s 

( s t r a t i g r a p h y ) w i t h i n a s i t e upon the grout t a k e s ? 

2. What i s the e f f e c t of the d i f f e r e n t s t r u c t u r a l d e f e c t s 

on the grout takes, and what are t h e i r form and 

nature? 

3. How does rock weathering i n f l u e n c e the g r o u t a b i l i t y 

of the foundation bedrock and does i t pose any t h r e a t 

to the foundation w a t e r t i g h t n e s s ? 
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4. What i s the e f f e c t of r e l a x a t i o n on grout takes due 
to s t r e s s r e l i e f produced by t e c t o n i c phenomena and 
by engineering c o n s t r u c t i o n ? 

5. What i s the i n t e r - r e l a t i o n of the above parameters? 

6. To what extent do the r e s u l t s of grouting a c t i v i t y 

confirm the assumptions upon which the i n i t i a l 

design s p e c i f i c a t i o n s were drawn up? Where these 

r e s u l t s show a c l e a r d e v i a t i o n i n p r a c t i c e from the 

i n i t i a l e xpectations p r o j e c t e d by the s p e c i f i c a t i o n s , 

do the f i n d i n g s a s s i s t the designers i n meeting any new 

s a f e t y t o l e r a n c e s which w i l l then p o s s i b l y be required? 

7. What i s the r e l a t i o n s h i p to the r e g i o n a l geology between 

the r e s u l t s of these grouting works and the previous 

information gathered on the s i t e ? 

I s i t p o s s i b l e to produce data on engineering g e o l o g i c a l 

zoning f o r use i n comparable pro s p e c t i v e damsites i n 

d i f f e r e n t areas of Greece? 

F i n a l l y , i n Chapter 5, the concl u s i o n s and p r a c t i c a l i m p l i c a t i o n s 

of the previous chapters w i l l be o u t l i n e d and some recommendations 

fo r f uture a c t i o n w i l l be made. 
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CHAPTER 2 

A review of dam c o n s t r u c t i o n prospects I n Greece 

2.1 Some aspects of the c u r r e n t energy problem i n Greece and 

the prospects f o r h y d r o e l e c t r i c development 

2.1.1 General 

Greece i s l o c a t e d i n the southern-most p a r t of the Balkan 

peninsula i n south-eastern Europe ( F i g . 2 . 1 ) . I t covers an area 
2 2 

of 134 000 km (50 944 miles ) with a population of ten m i l l i o n 

people. The gross n a t i o n a l product i n 1978 had reached 1 182 

b i l l i o n drachmas (32 000 m i l l i o n d o l l a r s ) and the annual per 

c a p i t a income i n 1979 was 3 500 d o l l a r s ( F i n a n c i a l Times, Sept. 

1979; Simpson, 1979). A f t e r a f a l l of 1.5 per cent i n 1981 the 

Greek gross n a t i o n a l product remained s t a t i o n a r y i n 1982 (Collmer, 

1983). 

P r o d u c t i v i t y i n the n o n - a g r i c u l t u r a l s e c t o r grew a t a r a t e of 

more than 3 per cent i n 1975-1978 while the yea r s a f t e r t h a t 

showed a d e c l i n e a f f e c t e d by the world's economic r e c e s s i o n of 

the l a s t decade. During the decade 1964-1974, the annual average 

r a t e of growth was 4.75 per cent (Yannopoulos, 1979). 

I n a d d i t i o n to a l i m i t e d presence of heavy i n d u s t r y , the major 

s e c t o r s of the economy comprise a g r i c u l t u r e , l i g h t and medium 

industry, tourism, trade, and other minor c o n t r i b u t i o n s . 

With an average per c a p i t a income t h a t i s 60 per cent of the 

average mean annual per c a p i t a income of the EEC c o u n t r i e s , 

Greece i s the 10th member of the community s i n c e 1981. Because of 

i t s c l o s e l i n k s - p o l i t i c a l , economic and s o c i a l - with the 
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western world, Greece f a c e s a (1980's) decade of competition, and 

the n a t i o n a l emphasis has to be given to a r a t i o n a l and r a p i d 

development of i t s n a t u r a l r e s o u r c e s . 

The world-wide economic c r i s e s ( i n f l a t i o n i n Greece i n 1979 was 

23 per cent, 25 per cent during 1981 and 22.5 per cent i n 1982) 

of the past decade, and e s p e c i a l l y the o i l c r i s i s , h i g h l i g h t e d the 

importance t h a t energy occupies i n a programme of r a p i d development 

f o r every country, and e s p e c i a l l y for Greece which must be 

regarded as a developing country.This i s exemplified by the 

f o l l o w i n g Table 2.1, which shows the present composition 

TABLE 2.1 
National system installed capacity per type of power station in Greece 

( a f t e r the London Times, Dec.11,1979)* 

Type of s t a t i o n Generating 1979-1988 T o t a l T o t a l 
c a p a c i t y programme f o r e c a s t f o r e c a s t 
31-12-1978 (MW) to on 

31-12-1988 31-12^1988 
(MVT) (%) 

L i g n i t e f i r e d 1 893 3 600 5 493 47 7 

H y d r o e l e c t r i c 1 400 2 270 3 670 31 8 

T o t a l Domestic 3 293 5 870 9 163 79 5 

O i l f i r e d 1 230 528 1 758 15 3 

Nuclear - 600 600 5 2 

T o t a l 4 523 6 998 11 521 100 0 

* Information from the P u b l i c Power Corporation (PPC) of Greece 
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of the e l e c t r i c a l power generating s t a t i o n s and the development 
to be achieved by the implementation of the 1979-1988 programme. 

Under t h i s programme, Pournari dam (one of the dams forming the 

r e s e a r c h substance of t h i s T h e s i s ) was incorporated i n t o the 

n a t i o n a l g r i d with 300 MW. ( s t a r t e d i n 1981). Four other dams are 

under c o n s t r u c t i o n , t h a t i s : S t r a t o s dam, with generating 

c a p a c i t y of 150 MW; S f i k i a dam (studied l a t e r ) w i t h 315 MW; 

Assomata dam ( a l s o studied l a t e r ) with 108 MW; and Pigae of Aoos 

with 210 MW. A few more dams are under design*, but dates of 

completion have to be re-considered. 

Thermal power s t a t i o n s which have to be added w i t h i n the above 

programme are due to be i n s t a l l e d near Ptolemais i n a nearby 

newly-explored l i g n i t e f i e l d . 

2.1.2 The energy problem and the Greek economy: background, 

s t a t i s t i c s and prospects 

I n a conference held i n Athens i n 1977, the problem of energy i n 

the Greek economy was d i s c u s s e d i n the context of i t s present 

s t a t u s and future developments, with emphasis on the e x p l o i t a t i o n 

of the Greek n a t u r a l r e s o u r c e s . The main p o i n t s of i n t e r e s t 

stemming from t h i s study are reviewed below. 

Since the second world war (1939-45) the gross energy consumption 

i n Greece has i n c r e a s e d a t an annual average r a t e of 11%. Yet 

i n s p i t e of t h i s high r a t e the average per c a p i t a consumption i s 

s t i l l only one-third the average consumption per c a p i t a i n the 

EEC (Kasapoglou e t a l , 1977). 

* Construction of the 2 kilometre d i v e r s i o n tunnel of Thisavros 
damsite on the Nestos R. i s due to s t a r t i n 1983. 
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1 5 
The Consumption i n 1975 was 518 x 10 j o u l e s and the diagram 

below i n d i c a t e s the energy demands of s e v e r a l s e c t o r s of the 

economy: 

Tra risporlaiion 

I nduslry 

Trade, housing and 
agriculture 

I n the same year the p a r t i t i o n of the main primary resources f o r 

t h i s energy production were as below: 

Oi£ \ower 

For the period 1972-1977 the e l e c t r i c a l energy produced was as 

fo l l o w s : 

Hydropower 

The f o r e c a s t f o r the future e l e c t r i c a l energy production to meet 

the demands of the year 2015 have been c a l c u l a t e d to reach 150 TWH 

(150 x 10^ MWH), which i m p l i e s an annual r a t e of i n c r e a s e of 

production of about 6%. The c o n t r i b u t i o n of the s e v e r a l resources 

are shown diagrammatically i n F i g . 2.2. 

* The c o n t r i b u t i o n of the l i g n i t e f i r e d power s t a t i o n s to the 
production of e l e c t r i c a l energy i n 1982 was 56% (18 000 m i l l i o n KWH) 
while the c o n t r i b u t i o n of h y d r o e l e c t r i c power s t a t i o n s was 16% 
(3 550 m i l l i o n KWH) ( a f t e r PPC, 1983). 

file:///ower
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2.1.3 Greek n a t u r a l resources f o r energy production 

The major acknowledged Greek r e s o u r c e s for energy production under 

cu r r e n t e x p l o i t a t i o n a r e : 

i ) c o a l ( l i g n i t e and p e a t ) ; 

i i ) hydropower. 

A t h i r d resource should be considered, namely the north Aegean 

Sea o i l and gas where production s t a r t e d i n 1980. I t i s estimated 

t h a t by 1981 o i l w i l l be produced a t the r a t e of about 25 000* 
b a r r e l s per day and gas ( i t s e q u i v a l e n t i n b a r r e l s of o i l ) at 

10 000 b a r r e l s per day (Mois s i s , 1979). E x p l o r a t i o n f o r o i l has 

been i n t e n s i f i e d throughout Greece, with promising i n d i c a t i o n s i n 

the western Peloponnese a t p r e s e n t . 

A. Coal ( l i g n i t e ) 

The main l i g n i t e f i e l d s are l o c a t e d i n western Macedonia (Pto-

l e m a i s - P l a t e 2.1) with 2 080 m i l l i o n tonnes of acknowledged 

(proven) l i g n i t e d e p o s i t s , i n the Peloponnese (Megalopolis) with 

540 m i l l i o n tonnes, and i n A l i v e r i where the e x i s t i n g economically-

e x p l o i t a b l e l i g n i t e i s almost exhausted (see i n s e t map i n P l a t e 

2.1). I n the three above l o c a t i o n s , t h e r m a l power p l a n t s have been 

i n s t a l l e d and are i n continuous operation. The main peat deposits 
3 

are i n e a s t e r n Macedonia ( F i l i p p i ) with 4 000 m i l l i o n m and 

where the i n s t a l l a t i o n of a thermal power p l a n t had been decided 

i n the e a r l y s e v e n t i e s , but subsequently abandoned i n the middle 

s e v e n t i e s . 
The explored and l i k e l y - e x p l o i t a b l e q u a n t i t i e s of l i g n i t e and peat 

* The production of 25 000 b a r r e l s a day was achieved i n the 
second h a l f of 1981. 
1 b a r r e l = 158.987 l i t r e s (42 U.S. g a l l o n s ) 
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deposits i n the whole of Greece are shown i n Table 2.2. 

TABLE 2.2 

The Greek l i g n i t e and peat p o t e n t i a l f o r e x p l o i t a t i o n 

Natural 
resource 

C e r t a i n amount 
( m i l l i o n s ) 

Probable amount 
( m i l l i o n s ) 

T o t a l 
( m i l l i o n s ) 

L i g n i t e 3 685 1 026.6 4 771.6 
(tonnes) (tonnes) (tonnes) 

Peat 4 000 (m 3) 115 (m 3) 4 115. 0(m 3) 

The l i g n i t e production i n 1976 was 29 994 m i l l i o n tonnes, and 

i t i s estimated that i t w i l l i n c r e a s e p r o g r e s s i v e l y up to 54.7 

m i l l i o n tonnes by 1986. 

B. Hydropower 

Up to the year 1950 the h y d r o e l e c t r i c production i n Greece was 

very l i m i t e d , with an annual production of 15.5 m i l l i o n KWH, 

served from power s t a t i o n s with an i n s t a l l e d c a p a c i t y of about 

7 MW. 

A f t e r 1950, when the P u b l i c Power Corporation (P.P.C) was 

e s t a b l i s h e d , a systematic study of the p o t e n t i a l f o r h y d r o e l e c t r i c 

development of the Greek r i v e r s began, and c e r t a i n dams were 

constructed (see Table 2.3 and F i g . 2.1). The h y d r o e l e c t r i c 

s t a t i o n s now have an i n s t a l l e d c a p a c i t y of 1 700 MW. The 300 MW 

output from Pournari dam was incorporated i n the n a t i o n a l g r i d 

in 1981. 
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TABLE 2.3 

Main h y d r o e l e c t r i c dams i n Greece 

See a l s o F i g . 1.1 

Name Type of 
Dam/height 
above foun­
dation river 

Installed 
capacity/ 
date of 
completion 

Region of 
Greece 

River 

1-Agras e a r t h f i l l / 50 MW/1954 
5m 

2. Louros concrete gra- 10 MW/1954 
vity curva-
tured/18m 

3. Ladhon concrete gra- 70 MW/1955 
vity/58m 

4. Tavrqpos concrete-arch 130 MW/1959 
double curva-
ture/83m 

5. Kremasta earthfill/165m 437 MW/1965 
(gravel) 

6. Kastraki earthfill/96m 320 MW/1969 
(gravel) 

7. Polyphyton r o c k f i l l / 360 MW/1974 
96m 

8. Pournari e a r t h f i l l / 300 MW/1981 
102m 

VI. Macedonia Edesseos 

Epirus 

Thessaly 

Aetolo-
Akarnania 

Western 
Macedonia 
Epirus 

Louros 

Peloponnese Ladhon 

Tavropos 

Acheloos 

Aliakmon 

Arachthos 

The developed f r a c t i o n of the p o t e n t i a l l y economic and t e c h n i c a l l y 

e x p l o i t a b l e Greek hydropotential i s only 14 per cent (Shaw, 1978; 

see Table 2.4 below). 

The Greek mean annual h y d r o e l e c t r i c p o t e n t i a l i s estimated to be 

88 b i l l i o n KWH. The estimated p o s s i b l e e x p l o i t a t i o n of t h i s 

hydropotential f o r h y d r o e l e c t r i c purposes by present-day technology 

i s 21 b i l l i o n KVH. The master plans f o r the h y d r o e l e c t r i c 

development of the Greek r i v e r s encompass 41 p o s s i b l e dam s i t e s , 

and for most of these s i t e s p r e l i m i n a r y or engineering s t u d i e s 

have already been c a r r i e d out (Nicolaou, 1977). 
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TABLE 2.4 

Economically f e a s i b l e hydropotential of v a r i o u s c o u n t r i e s 

( a f t e r Shaw, 1978) 

Country Economically Ratio to Part developed 
feasible hydro- i t s gross by 1973 (per cent) 
electric poten- potential 
t i a l (TWH/year) * (per cent) ** 

USSR 1 100.0 24.4 11 
NORWAY 104.5 18.8 69 
TURKEY 71.8 16.7 4 
FRANCE 64.5 20.5 73 
ITALY 64.1 18.8 61 
SWEDEN 60.0 30.6 99 
YUGOSLAVIA 47.5 21.0 35 
SPAIN 47.1 32.7 62 
AUSTRIA 32.9 21.5 58 
SWITZERLAND 32.0 22.2 87 
ICELAND 30.0 21.4 7 
FINLAND 18.0 38.3 57 
ROMANIA 17.5 20.6 43 
GREECE 15.6 18.3 14 
W.GERMANY 15.5 16.3 99 
BULGARIA 10.2 29.1 25 
PORTUGAL 9.9 23.6 74 
CHECHOSLOVAKIA 9.0 22.0 27 
U.K 8.6 13.7 53 
POLAND 6.0 18.8 31 

* ( 1 TWH = 10 MWH) 
* Gross potential i s determined from the interaction of precipitation, 
tography, and geology (which determines run-off and infi l t r a t i o n chara-
cteristicsX 

At present, four dams - S t r a t o s , Assomata, S f i k i a and Pigae on 

the Aoos R i v e r are under c o n s t r u c t i o n and three others are under 

f i n a l design and preparation of the documents f o r tender. 
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TABLE 2.5 

Water supply and i r r i g a t i o n dams 

Name Type of 
dam/height 

Purpose/ 
date 

Location River 

1. Marathon Gravity Water Athens Haradros 
63m supply 

2. Perdicas E a r t h f i l l Water Western Perdikas 
30m supply Macedonia 

3. Pinios E a r t h f i l l Irrigation Peloponnese Pinios 
53m 

4. Mornos* Rockfill Water Fokis Mornos 
126m supply 

* Two hydroelectric units of 6 MW are due to be installed under a new 
programme for small hydroprojects. 

A s u b s t a n t i a l share of the remaining hydropotential could be used 

for i r r i g a t i o n or water supply purposes, an option which has been 

considered i n previous s t u d i e s and adopted i n p r a c t i c e (see Table 

2.5) for r i v e r development. T h i s i s a l s o the case f o r small hydro­

e l e c t r i c p r o j e c t s and pump-storage schemes i n combination with 

e x i s t i n g r e s e r v o i r s , s i n c e the topography and geology of the country 

favours such schemes. I r r i g a t i o n and water supply dams are i n 

exi s t e n c e (Table.2.5), but more should be constructed. Occurrence 

of prolonged dry periods and the e f f e c t s on a g r i c u l t u r e , i n d u s t r y , 

and population concentration i n urban areas n e c e s s i t a t e the 

co n s t r u c t i o n of multipurpose dams and r e s e r v o i r s as a v i a b l e p o l i c y 

of water resource a l l o c a t i o n . 

C. Other p o t e n t i a l resources f o r f u t u r e development 

i ) Among the other n o t e n t i a l sources of energy i n Greece 

i t seems at present that the o i l and gas resources are 
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l i m i t e d and t h e i r e x p l o i t a t i o n does not j u s t i f y the 

c o n s t r u c t i o n of power s t a t i o n s to run on such f u e l s . 

On the other hand, a n u c l e a r power s t a t i o n i s being 

considered f o r the l a t e 1980's. T h i s i s so, d e s p i t e 

the f a c t t h a t n u c l e a r m i n e r a l s , while present i n 

northern Greece, have y e t to be proved economically 

e x p l o i t a b l e . 

i i ) S o l a r energy i s used i n many c o u n t r i e s , and i n Greece, 

f o r domestic heating purposes. But a wider use of 

s o l a r energy i s being considered s i n c e Greece has a 

favourable geographic p o s i t i o n , 

i i i ) A e o lian (wind) energy can be used i f the c o s t s of 

i n s t a l l a t i o n are l e s s than 450 d o l l a r s per kW 

(Kasapoglou e t a l . , 1977). The most promising s i t e s 

i n Greece are the Aegean i s l a n d s where r e s e a r c h i s 

c u r r e n t l y being undertaken.A present drawback f o r the 

generation of both s o l a r and a e o l i a n energy i s t h a t 

the sources are not c o n s t a n t l y a c t i v e to produce steady-

s t a t e energy, and the problem of s t o r i n g the energy 

t h a t has been produced has not been solved, 

i v ) There are s i t e s i n Greece with a p o t e n t i a l f o r 

geothermal energy ( f o r example, Methana, Thermopylae, 

the i s l a n d s of I c a r i a , Lesbos, and o t h e r s ) . I n v e s t i g a t i o n s 

have been c a r r i e d out i n Milos i s l a n d where exploratory 

boreholes about 1 100 m deep have been d r i l l e d with 

encouraging f i n d i n g s . Vapour at 300-310° (with a 

pressure of 83 to 125 atm.) has been e x t r a c t e d a t a 

r a t e of 40 tons/hour with a water proportion content 

of 30-40%. I t i s estimated that 10 boreholes i n Milos 
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could support a 40 MW thermal s t a t i o n (Kasapoglou e t 

a l . , 1977). 

2.1.4 Dams and r e s e r v o i r s ; background and prospects for hydro­

e l e c t r i c and other dam development i n Greece 

The "World R e g i s t e r of Dams" as mentioned.earlier, produced by the 

I n t e r n a t i o n a l Commission on Large Dams (ICOLD), records more than 

12 000 l a r g e dams i d e n t i f i e d i n more than 70 member c o u n t r i e s of 

ICOLD (Mermel, 1976).In the U.S.A more than 5 000 dams are recorded 

and about 125 are being added annually. 

Japan comes second with 1 900 completed, and more than 30 are 

being added annually. Among the other members of ICOLD, Spain has 

over 800, B r a z i l over 600, B r i t a i n over 500, Canada over 500, 

I t a l y over 500. I n Greece only 12 l a r g e dams have been r e g i s t e r e d 

(see Table 2.3 and 2.5) but more can be added (see Table 2.8). 

A. Types of dams and trends of c o n s t r u c t i o n 

Construction of dams and r e s e r v o i r s r e q u i r e s the c l o s e s t coope­

r a t i o n of engineers, s o i l mechanics experts, and g e o l o g i s t s i n 

the planning, design and c o n s t r u c t i o n so as to assure a maximum 

degree of s a f e t y and o p e r a t i o n a l e f f i c i e n c y , the minor p o s s i b l e 

damage to the environment and to be economically b e n e f i c i a l . Dams 

range i n s i z e and complexity of c o n s t r u c t i o n from low e a r t h 

embankments or concrete s t r u c t u r e s , made to impound or d i v e r t 

water and wastes (see Tables 1.1, 1.2) to massive e a r t h or concrete 

s t r u c t u r e s a c r o s s major r i v e r s to s t o r e water f o r s e v e r a l purposes. 

Although there i s no e x i s t i n g dam t h a t e x a c t l y d u p l i c a t e s another 

e x i s t i n g dam or any other t h a t w i l l ever be b u i l t , i t i s p o s s i b l e 

to i d e n t i f y s e v e r a l b a s i c kinds of dams. D i f f e r e n c e s depend upon 
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t h e i r geometric c o n f i g u r a t i o n and the m a t e r i a l s from which they 
have been constructed (Table 2.6). 

Under s p e c i a l circumstances, f e a t u r e s of the b a s i c types are 

combined w i t h i n a p a r t i c u l a r dam to meet unusual design 

requirements. An example of this i s the Keban dam i n Turkey which 

combines e a r t h f i l l , r o c k f i l l and concrete g r a v i t y elements (see 

Table 1.1). 

TABLE 2.6 

Types of dams 

( a f t e r Wahlstrom,197 4) 

1 Bonbankment dams 

a) Homogenous dams constructed entirely from a more or less 
uniform natural material. 

b) Zoned dams containing materials of distinctly different 
properties in various portions of the dam. 

2 Concrete arch and dome dams 

a) Single arch and dome (double arch) dams (cupola dams) 

b) Multiple arch and multiple dome dams 

3 Concrete gravity and gravity arch dams (masonry) 

4 Concrete slab and buttress dams 

5 Dams combining two or more basic characteristics of the above basic 
types. 

S t r u c t u r e s which are considered today as dams a l s o comprise those 

which s t o r e mine ( i n d u s t r i a l ) waste m a t e r i a l s , the "waste t a i l i n g 

dams". A rece n t survey of dams i n the U.S.A i d e n t i f i e d s e v e r a l of 

these s t r u c t u r e s (Mermel, 1976), some of which st o r e d volumes 

exceeding many of the world's l a r g e s t dams, such as the New C o r n e l i a 
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6 3 
T a i l i n g s dam i n Arizona which has a volume of 209 x 10 m . I n 
comparison, the world's l a r g e s t e a r t h embankment dam, Ta r b e l a 

6 3 
dam i n Pa k i s t a n , has an embankment volume of 142 x 10 m . I t i s 

noted i n t h i s b r i e f review t h a t the trends i n dam c o n s t r u c t i o n 

over the l a s t decades favour e a r t h and r o c k f i l l dams. 

The world r e g i s t e r of dams i n d i c a t e s t h a t s i n c e 1960 the r a t e of 

b u i l d i n g of embankment dams has i n c r e a s e d compared to t h a t of 

other types of dams. Mermel (1976) s t a t e s t h a t , i n United S t a t e s 

alone, the dams constructed during the l a s t few yea r s are 98% 

embankment dams. Nicolaou (1977) r e p o r t s t h a t from the 1 043 dams 

which were constructed throughout the world during 1969-1971, 852 

(81%) were embankment dams and only 191 were concrete dams. 

S c h n i t t e r , i n 1976, quoted the information i n Table 2.7, poin t i n g 

out the d e c l i n e of high arch dams a f t e r 1960. 

TABLE 2.7 

Percentage and number of high arch dams 

( a f t e r S c h n i t t e r , 1976) 

Period of Maximum height (m) Number of 
completion 100-149 150-199 over 200 arch dams 

per cent* per cent* per cent* 

Before 1940 28 - - 5 

1940-1949 50 33 - 5 

1950-1959 43 75 100 28 

1960-1969 32 66 56 51 

1970-1979 24 39 44 29 
(estimated) 

* of a l l dams of the same height built in the decade. 
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Among the hi g h e s t embankment dams which have to be mentioned 

here are the Rogunsky dam ( e a r t h f i l l ) i n USSR with a height ,of 

325m, the Nurec dam ( e a r t h f i l l ) i n USSR with a height of 317m, 

and the r e c e n t l y - announced c o n s t r u c t i o n of an e a r t h f i l l dam 

i n the E l a n V a l l e y i n Wales w i t h a height of 369.4m, which i s 

due to be constructed i n the 1980's. 

I n Greece, 8 of the 12 dams which have been r e g i s t e r e d are 

embankment dams b u i l t a f t e r 1960. The highes t of these dams i s 

the Kremasta dam a t 165 (see Tables 2.3 and 2.5). 

The reasons which e x p l a i n the trend towards the c o n s t r u c t i o n of 

embankment dams i n a higher proportion to other types of dams 

must be the fo l l o w i n g : 

a) Exhaustion of favourable s i t e s f o r b u i l d i n g 

concrete g r a v i t y or arch dams, and 

b) Embankment (e a r t h and r o c k f i l l ) dams are f l e x i b l e 

i n t h e i r design and more amenable to high l y mechanized 

procedures, so they become h i g h l y . c o s t - e f f e c t i v e . 

B. Prospects f o r dam b u i l d i n g i n Greece 

I n the foregoing paragraphs the problem of Greek hydropower has 

been d i s c u s s e d i n the context of Greece's needs and prospects 

f o r energy i n the fu t u r e . I t was noted t h a t only 14% or so of 

the p o t e n t i a l has been e x p l o i t e d (see Table 2.4).The dam 

c o n s t r u c t i o n programme has to be i n t e n s i f i e d i n the present and 

the next decade i n order to meet peak energy demands which w i l l 

a r i s e i n f u t u r e . 

The master plans f o r the h y d r o e l e c t r i c development of the main 

Greek r i v e r s cover 41 p o s s i b l e dam s i t e s (see Table 2.8). 
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D i s t r i b u t i o n of annual runoff and hydropotentlal of Greece 
( a f t e r Nicolou, 1977) 
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Main 
Greek 
Areas 

Surface 
runoff 
km2 

Mean Mean Mean T h e o r e t i c a l T e c h n i c a l l y T e c h n i c a l l y 
height annual runoff surface e x p l o i t a b l e e x p l o i t a b l e 

m r a i n - mm hydropoten- hydropoten- r i v e r s 
f a l l t i a l t i a l 

Main Projects P r o j e c t s operating 
under study or under construction 

Name 
10 6 KWh 10" KWh % 

Energy 
production 
10 6 KWh 

(1) (2) (3) (4) (5) (6) <7> (8) (9) (10) (11) (12) 
1.Western 

Thrace 
6.325 540 970 480 6.212 1 . 500 24 Nestos Thi s s a v r o s * 

Platanovrissi 
Temenos 

2.Western 
Macedonia 

11.700 785 814 432 10.444 2. 300 21 Edesseos 
Agras 

Edesseos 
Agras 

108 

Aliakmon P a l i a l o n a Polyfyton 
S f i k i a * 
Assomata* 

1 .428 

3.Epirus 9.338 531 1 .220 1.050 15.642 6. 300 40 Arachtos Steno-Kala-
r i t i k o 
St.Nikolas 
P i s t i a n a 

Pournari 

Kalamas Soulopoulo 
Vrosina 
Minina 
K i o t e k i 

Aoos Pigae 
E l e f t e r o n 
Vovoussa 
Melissopetra 

Louros Louros 59 

4.Western 
Sterea 
H e l l a s 
(Western 
C e n t r a l 
(Greece) 

9.667 705 1 .265 800 14.880 5. 500 37 Acheloos St.George 
Messohora 
Av l a k i 
Sykia * 
S t r a t o s 

Kremasta 
K a s t r a k i 

2.450 4.Western 
Sterea 
H e l l a s 
(Western 
C e n t r a l 
(Greece) 

Evinos Famila 
P e r i s t a 
Dendrohorion 

A g r a f i o t i s Agrafa 

Tavropos V i n i a n i 
Markopoulon 

Tavropos 258 

T r i k e r i o t i s T r i k e r i o t i s 

T o t a l (1-4) 37.030 47.178 15. 600 33 4.807 

5.Other 
Greece 78.321 37.423 5. 200 14 Ladhon Ladhon 293 

Total (1-5) 115.351 
i 

84.601 20. 800 24 5.100 

Remarks: Column (8) = Column (7) x 

Colunn (6) 
* 

Under construction 
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P r e l i m i n a r y or engineering s t u d i e s have been c a r r i e d out f o r 

most of the s i t e s . I n p a r a l l e l , other Government bureaux are 

planning s e v e r a l dams and r e s e r v o i r s , f o r uses other than 

hydropower, a t other s i t e s . About 85% of these s i t e s belong to 

regions w i t h i n the main body of Greece, t h a t i s , C e n t r a l , North 

and Western Greece (see Table 2.8 and F i g . 2.1). 

Th i s d i s t r i b u t i o n allows a more systematic study of the main 

c h a r a c t e r i s t i c s such as g e o l o g i c a l , geomorphological, geo-

t e c h n i c a l , s e i s m o l o g i c a l f a c t o r s , as w e l l as the i n f l u e n c e which 

such c h a r a c t e r i s t i c s e x e r t on the l o c a l c o n d i t i o n s of each s i t e 

concerning the main formations - l i t h o l o g i c a l and s t r a t i g r a p h i c a l -

t h e i r s t r u c t u r a l d e t a i l s , hydrogeological d e t a i l s , r e s e r v o i r 

w a t e r t i g h t n e s s , foundation strength and p e r m e a b i l i t i e s , weathering, 

and a v a i l a b i l i t y of c o n s t r u c t i o n m a t e r i a l s . 

The above c h a r a c t e r i s t i c s , i f examined together with the e x i s t i n g 

topography and hydrology, can f a c i l i t a t e design d e c i s i o n s based 

upon the s e l e c t i o n of the type of the dam which has to be 

constructed a t a given s i t e . Of course the designer has to 

consider f a c t o r s other than t e c h n i c a l ones, such as those 

mentioned p r e v i o u s l y . These f a c t o r s comprise the p r o j e c t f u n c t i o n 

or f u n c t i o n s , environmental c o n s i d e r a t i o n s , s o c i a l and o v e r a l l 

economic b e n e f i t s . I n the next paragraphs some of the above 

f a c t o r s , which have to be considered f o r the h y d r o e l e c t r i c 

development of the Greek r i v e r s , w i l l be d i s c u s s e d b r i e f l y . They 

c o n s t i t u t e the environment i n which the Greek dams are placed, 

or i n which many of these have to be constructed and comprise 

the following : hydrology, topography and geomorphology, geology 

and geotectonics of the foundations, and the q u a l i t y and 

a v a i l a b i l i t y of c o n s t r u c t i o n m a t e r i a l s . 
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C. Hydrology 

The main s u r f a c e h y d r o l o g i c a l c h a r a c t e r i s t i c s of Greece, the 

hydropotential of some Greek r i v e r s , and the p r o j e c t s under study, 

t h e i r c o n s t r u c t i o n or operation, are shown i n Table 2.6 (see 

a l s o F i g . 2.1 for t h e i r l o c a t i o n ) . 

The c h a r a c t e r of the Greek r i v e r s may be c l a s s i f i e d as t o r r e n t i a l , 

due to c l i m a t i c and topographic c o n d i t i o n s . The r a i n s occur 

mainly during autumn, winter and the e a r l y s p r i n g , with a v i r t u a l 

absence of r a i n s during the summer. Nevertheless, the r i v e r s 

s u s t a i n a considerable summer flow because many of them are fed 

from k a r s t i c s p r i n g s , and snow remains u n t i l l a t e summer i n the 

high r i d g e s surrounding the upper p a r t s of the r i v e r b a s i n s . 

K a r s t i c s p r i n g s are very important for some dams, l i k e Louros 

and Ladhon (see F i g . 2.1), which fo r t h e i r operation depend on 

the water which i s provided by such s p r i n g s . I n other cases b i g 

k a r s t i c s prings provide a considerable proportion of the mean 

annual flow of the l a r g e Greek r i v e r s . Reference i s made to the 

Smardacha springs of the Acheloos r i v e r a t a l o c a t i o n upstream 

of the Kremasta dam, which provide 18 m ^ / s e c . ( L i a k o u r i s , 1971). 

The above i m p l i e s t h a t f o r an optimum use of the annual run-off, 

r e s e r v o i r s with a high storage c a p a c i t y are necessary. For example, 
9 3 

Kremasta dam, which has a maximum c a p a c i t y of 4.7 x 10 m , and 
9 3 

a u s e f u l one of 3.3 x 10 m , c o n s t i t u t e s the biggest a r t i f i c i a l 

lake i n Greece. 
D. Topography and Geomorphology 

Topography and geomorphology play an important r o l e i n dam 

c o n s t r u c t i o n , a f f e c t i n g the r e s e r v o i r c a p a c i t y as w e l l as the 

type and s i z e of the dam. They a l s o i n f l u e n c e the l o c a t i o n , s i z e 
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and the type of i t s appurtenances, such as the powerplant, and 

the s p i l l w a y . Topography i s u s u a l l y examined together with the 

general geology during the f e a s i b i l i t y s t u d i e s of a p r o j e c t 

development. 

Unstable slopes and r i v e r t e r r a c e s , caused by r a p i d erosion and 

undercutting of the v a l l e y f l a n k s , narrow gorges through hard 

s t r a t a , k a r s t i f i c a t i o n , a c t i v e f a u l t s , an abundance of c o n s t r u ­

c t i o n a l m a t e r i a l s (such as c l a y i n the t e r r a c e s with g r a v e l l y 

v a l l e y f l o o r s and rocky abutments) f o r most s i t e s , compose at one 

and the same time a favourable but often p r o b l e m a t i c a l environ­

ment i n which the Greek dams have to be b u i l t (see P l a t e s 2.2, 2.3, 

2.4). 

Greece has a g e o l o g i c a l l y - r e c e n t topography w i t h high r i d g e s 

trending NNW to SSE (for example, the Pindos mountains following 

an a r c which f i n a l l y trends eastwards, while o l d e r r i d g e s l i k e 

O r t h r i s and Rhodope trend west to e a s t ) as a r e s u l t of s t r u c t u r a l 

and e r o s i o n a l processes which have crea t e d the nature (grain) 

of the country. I n many cases these r i d g e s are over 2 000 m 

high and the main r i v e r s and t h e i r t r i b u t a r i e s flow s e v e r a l 

hundred metres below, through narrow v a l l e y s or d e e p l y - i n c i s e d 

canyons. T e r r a c e s (as i n Assomata and S f i k i a ) or high plateaus 

( l i k e Pigae on Aoos River) are o f t e n present as the r e s u l t of 

d i f f e r e n t e r o s i o n r a t e s caused by d i f f e r e n c e s i n s t r a t a hardness 

and aided by s t r u c t u r a l anomalies. An example of t h i s l a t t e r i s 

the lower Aliakmon canyon which was c r e a t e d by e r o s i o n along a 

r e g i o n a l f a u l t . T h i s canyon has a length of about 25 km and three 

dams have been b u i l t on i t : Polyphyton (see P l a t e 2.3),Assomata 

and S f i k i a (see F i g . 3.13). G e n e r a l l y , the Greek r i v e r s trend 

north to south or e a s t to west (or west to e a s t ) , outflowing i n 
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flood planes near the sea. Fi g u r e 2.3 shows diagrammatically the 

h y d r a u l i c g r a d i e n t of the Acheloos r i v e r and i t s t r i b u t a r y the 

Tavropos r i v e r , between the Tavropos Dam and the S t r a t o s damsite, 

which i s the lowest dam to be constructed on the Acheloos r i v e r 

through a h o r i z o n t a l d i s t a n c e of about 120 km. Probably the 

highes t dam i n Greece w i l l be t h a t of P i g a i on the Aoos r i v e r 

(see F i g . 2.1), w i t h a foundation l e v e l of about 1 277 metres 

and maximum water l e v e l of 1 346 metres. The water w i l l be d i v e r t e d 

to the Metsov i t i c o s r i v e r , a t r i b u t a r y of the Arachthos r i v e r . The 

head which w i l l be used i s 683 metres, with the t u r b i n e l e v e l a t 

an e l e v a t i o n of 663 metres. 

2.2 Geology and foundations 

Greece's geology i s r e l a t i v e l y new, formed through the Alpine 

and post-Alpine orogenic events and with s u c c e s s i v e i n t e n s e 

f r a c t u r i n g which formed Greece as i t i s today. The Country i s 

t r a c e d by a c t i v e f a u l t s r e l a t e d to the p l a t e t e c t o n i c environment 

which e x i s t s i n the area and the high incidence of s e i s m i c i t y 

t h a t has been recorded. The s u b j e c t of geology, s e i s m i c i t y and 

p l a t e t e c t o n i c s w i l l be d i s c u s s e d i n Chapter 3 of the t h e s i s , 

w h ile appropriate mention of these themes w i l l be made when i t 

i s necessary i n the next Chapters. Table 2.9 (below) l i s t s the 

i n c i d e n t s t h a t have occurred i n Greek dams, mainly a t t r i b u t a b l e 

to g e o l o g i c a l f a c t o r s , and i n d i c a t e s the importance of the 

foundation c o n d i t i o n s and the i n f l u e n c e which the l o c a l , r e g i o n a l 

and general geology has played i n c r e a t i n g them. 

2.2.1 Dam i n c i d e n t s 

In the e a r l i e r paragraphs some s t a t i s t i c s have been presented which 

concern i n t e r n a t i o n a l a c t i v i t y and the trends i n dam c o n s t r u c t i o n . 
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E A S T E R N A C H E L O O S 
LOWER A C H E L O O S 

120 Km, 

Tavropos Dam ( O p e r a t i o n a l l e v e l o f t u r b i n e * a t 2 0 6 . 4 0 m ) 

7 2 0 , 5 m (Dom f o u n d a t i o n ) 

K re mast a Dam 
2 4 8 m 

1 4 2 m 

UPPER ACHELOOS 
Kastraki Dam 

150 m 

Stratos Dam 
69 m I 2 9 m 

m 
i S W 

6 0 0 -

700-

600-

500-

4 0 0 -

3 0 0 -

20C-

lOO-

Sea l eve l 

Fi^ 2.3 Diaozovrwaiic section. sAomno- tht sieep Qzacfient IxtiYe&rL iowzc 
^Ach&Soos Qiv&c avol ih tcibatarzj -the Tauzopos UI'VQC. 
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TABLE 2.9 

In c i d e n t s on (greek dams 

Dam/River Area Foundat ions /' Re s e r v o i r 
Geological Environment 

Incident 

Perdicas/Western 
Macedonia E a r t h -
f i l l 

Kremasta/Acheloos 
Aetoloakarnania 
E a r t h f i l l (Gravel) 

C Kastraki/Acheloos 
Aetoloakarnania 
E a r t h f i l l (Gravel) 

D Polyphyton/Aliakmon 
Western Macedonia 
R o c k f i l l 

E Mornos/Fokis 
R o c k f i l l 

A l l u v i a l deposits r e s t i n g on 
highly k a r s t i f i e d limestones 
at varying depths. 

Fl y s c h formations with i n t e r -
layered calcareous conglomerate 
with s o l u t i o n channels and 
transverse f a u l t s . Thermal 
sulphate springs e x i s t i n the 
foundation. 

F l y s c h with an absence of 
conglomerates. 

G n e i s s i c formations with the 
r e s e r v o i r r e s t i n g on deep marly 
deposits. The exis t e n c e of 
large k a r s t i c springs from small 
limestone outcrops i n t o the 
r e s e r v o i r c r e a t e s f e a r s of water 
l o s s e s . F a u l t s and deep weathe­
ring i n t o the abutments. 

F l y s c h formations with appea­
rance of k a r s t i f i e d limestones 
into the r e s e r v o i r (Pyrnos 
Ridge). 

Empty. After f i l l i n g the 
r e s e r v o i r to 20m, sink holes 
opened. No fur t h e r remedial 
measures have been taken. 

Widespread leakages i n both 
abutments occurring at a r a t e 
of 1.5m3/s, with f e a r s of 
underground erosion. Unac­
ceptable l e v e l of h y d r o s t a t i c 
pressures i n the abutments. 
A f t e r extensive remedial mea­
sures the problems are under 
control.Induced s e i s m i c i t y 
has occurred (see P l a t e 1.4). 

The f l y s c h i n c e r t a i n r e s e r ­
v o i r areas presents slope 
s t a b i l i t y problems. 

Some i n s t a b i l i t y problems with 
the r i g h t bank above the power 
int a k e s . I n v e s t i g a t i o n and reme­
d i a l measures are continuing. 
There i s no i n d i c a t i o n of water 
l o s s e s through i n s t a l l e d p i e ­
zometers i n appropriate l o c a ­
t i o n s (see P l a t e 1.3). 

Extensive s e a l i n g - o f f works 
using asphalt-concrete f a c i n g . 
There are s t a b i l i s i n g terms on 
both abutments, immediately 
upstream from the dam (see 
P l a t e 1.2). 
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On an i n t e r n a t i o n a l l e v e l c e r t a i n f a i l u r e s have happened ( l i k e 

the Malpasset, the Vaiont and the Teton dam f a i l u r e s ) and plenty 

of i n c i d e n t s can be a t t r i b u t e d to g e o l o g i c a l foundation or 

r e s e r v o i r causes. S e v e r a l sources r e p o r t on such dam a c c i d e n t s . 

Systematic s t u d i e s of dam i n c i d e n t s a t t r i b u t e the causes of 

such i n c i d e n t s as fo l l o w s : 

The ICOLD, i n 1973, prepared a r e p o r t e n t i t l e d "Lessons from 

dam i n c i d e n t s " i n which 466 i n c i d e n t s were studied. About 140 

of them were considered as f a i l u r e s (see below Table 2.10). 

Thomas, i n 1976 r e p o r t s t h a t : A 1933 review (ASCE t r a n s a c t i o n ) 

l i s t e d the main causes of f a i l u r e s of l a r g e dams as 

Embankment dams : 30% - inadequate s p i l l w a y s , 

10% - inadequate c u t o f f s , 
concrete g r a v i t y dams:12% - f a u l t y design, 

31% - inadequate c u t o f f s ^ 

12% - f a u l t y c o n s t r u c t i o n . 

I n 1959, a l i s t prepared i n the USA a t t r i b u t e d two-thirds of 

a l l f a i l u r e s to g e o l o g i c a l causes. 

I n 1961 a Spanish review considered 1 620 dams; about 12 per 

cent had s u f f e r e d s e r i o u s i n c i d e n t s : 

40% of these were due to foundations, 

23% to inadequate s p i l l w a y s , 

12% to poor c o n s t r u c t i o n . 

Sherard e t a l . (1963), a n a l y s i n g 214 cases of u n s a t i s f a c t o r y 

performance mainly i n USA, summarise 

41% a t t r i b u t a b l e to seepage, 

28% to overtopping, 

11% to s l i d e s of various kinds. 



TABLE 2.10 

I n c i d e n t s on dams 

( a f t e r ICOLD, 1973) 

Type of Dam Number of incidents on dams of different types 
foundation and different foundation 

A* B* G* E* * 
R M* Total 

Earth foundation 

Failures 3 8 39 6 3 59 
Accidents 1 82 1 84 

Rock foundation 
Failures 7 4 21 35 6 8 81 
Accidents 11 5 14 65 8 103 

No information 

about foundation 3 3 23 101 6 3 139 

T o t a l 21 16 66 322 27 14 466 

Stage of decision Number of incidents attributed to different 
stages of decision-making. 

Exploration 9 5 6 49 2 1 72 

Material 1 2 8 11 

Layout 1 4 17 3 25 

Design 4 6 13 48 3 2 76 

Construction 1 1 2 32 5 41 

Operation 5 1 6 

Supervision 1 1 3 5 

T o t a l 16 14 27 162 14 3 236 

*A = ArchiB = Buttress; G = Gravity; E = E a r t h f i l l ; R = Rockfill; 
M = Miscellaneous 



Gruner (1967) presented h i s " C l a s s i f i c a t i o n of r i s k s " , the 

s t a t i s t i c s of which might be summarized as 

45% h y d r a u l i c conditions ( f l o o d s , seepage, p i p i n g , 
u p l i f t ) , 

30% type or s t r u c t u r e and c o n s t r u c t i o n ( h y d r a u l i c 
f i l l , seepage through poor concrete, inadequate 
d e s i g n s ) , 

7% geology, 

6% environment ( f r o s t , i c e , earthquake, decay, 
h o s t i l e a c t i o n ) , 

6% consequences (decay, abandonment, induced earthquake). 

Germond (1977), i n a survey of dam r i s k s ^ a n d working on the ICOLD 

report on dam i n c i d e n t s as w e l l as other r e p o r t s , concluded t h a t 

two l a r g e dams per year f a i l on average. Most of them f a i l e d 

during the f i r s t f i l l i n g ( F i g . 2.4). 

Thus, the g e o l o g i c a l f a c t o r s which a f f e c t dam foundation condi­

t i o n s are of primary concern from the i n v e s t i g a t i o n stage to the 

p o s t - c o n s t r u c t i o n a l stage and subsequently the s a f e continuous 

operation of the dam. Such f a c t o r s are l i s t e d i n Table 2.11 as 

quoted by Brooker e t a l . (1968). 

2.3 Summary, d i s c u s s i o n and c o n c l u s i o n s 

Greece i s a developing country and, i n order to maintain a 

s a t i s f a c t o r y r a t e of growth, she must develop, i n a d d i t i o n to 

other s e c t o r s of her economy, the primary energy resources which 

she possess so as to minimize the negative e f f e c t s c r e a t e d by 

the present i n t e r n a t i o n a l o i l and energy c r i s i s . B a s i c a l l y there 

are two main sources of energy: c o a l and hydropower. Coal must 

be used with prudence, s i n c e i t can a l s o be used as a b a s i c raw 

m a t e r i a l i n other i n d u s t r i e s (such as the chemical i n d u s t r y ) . 
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TABLE 2.11 

Geological f a c t o r s pertinent to engineering behaviour 

( a f t e r Brooker e t al.1968) 

Geologic f a c t o r s Influence Engineering Consequence 

Deposltional Environment 

a) Marine deposition 

b) Shale, sandstones, 
c o a l , v o l c a n i c ash 

c) V a r i a b l e depth of 
b u r i a l 

Lithology and s t r a t l -
graphv 

a) Bentonite l a y e r s i n t e r -
s t r a t i f i e d with s h a l e s , 
sandstone and c o a l 

S t r e s s History 
a) Loading by younger 

sediments 

b) Diastrophism and 
p r e g l a c i a l erosion 

c) G l a c i a l erosion,loading 
and unloading 

d) V a l l e y erosion 

S t r u c t u r e 

a) F a u l t s 
b) J o i n t s 
c) Bedding 

Weathering 

a) P r e c i p i t a t i o n 

b) Temperature 

Groundwater 
a) Quantity 

b) Q u a l i t y 

S a l t concentration i n pore 
f l u i d 
Sediments, generally of v a r i ­
able texture and s t r u c t u r e 

I n t e r p a r t i c l e bonds-weak to 
permanent 

Control movement of ground­
water; v a r i a b l e s t r e s s -
s t r a i n behaviour 

Consolidation 

Rebound 

Consolidation and rebound 

R e l i e f of h o r i z o n t a l r e ­
s t r a i n t 

Planes of weakness; 
seepage paths 

D i s i n t e g r a t i o n of rock 
mass 
Planes of weakness 

V a r i a t i o n s i n flow a f f e c t 
leaching and pore pressure. 

Changes i n f r e e water and 
absorbed water chemistry 

High s w e l l i n g p o t e n t i a l . 

Incompatible s t r e s s - s t r a i n 
p r o p e r t i e s of adjacent rock type. 

Determines pore water pressure. 
Shear zones develop as a r e s u l t 
of d i f f e r e n t i a l rebound during 
unloading. 

In c r e a s e i n shear strength. 

A l t e r a t i o n of i n t e r n a l s t r e s s 
system. 

Indeterminant s t r e s s e s at r e s t . 
Development of shear zones. 

Horizontal rebound and v e r t i c a l 
j o i n t i n g . 

Controls strength and deformation 
of rock mass and, as a r e s u l t , 
c o n t r o l s design. 

Develops structurally-unsound 
rock mass. 

Changes i n shearing r e s i s t a n c e 

Can r e s u l t i n s w e l l i n g and an 
e f f e c t on strength. 



Research e f f o r t s f o r the future development of other sources of 

energy (such as o i l and gas, geothermal, a e o l i a n and s o l a r ) must 

continue, s i n c e conditions i n Greece are favourable f o r these. 

Water e x p l o i t a t i o n f o r hydropower and other uses, by means of 

dam b u i l d i n g , does provide a c e r t a i n b a s i s f o r present and future 

developments. Hydropower, p a r t l y developed (14% of the t o t a l 

e x p l o i t a b l e h y d r o p o t e n t i a l ) , although unable to solve the energy 

problem of Greece, does o f f e r the most a t t r a c t i v e p o t e n t i a l f o r 

development. T h i s i s due to the f a c t t h a t many favourable 

damsites may s t i l l e x i s t , e s p e c i a l l y i n north-western Greece 

where almost 80% of the p o t e n t i a l hydropower e x i s t s . 

A proper knowledge of dam foundation c o n d i t i o n s pre-supposes 

a good knowledge of the geology and those g e o l o g i c a l and geote-

c h n i c a l f a c t o r s which a f f e c t dam foundation c h a r a c t e r i s t i c s such 

as p e r m e a b i l i t y and strength. 

The i n c i d e n t s recorded i n Greek dams focuses a t t e n t i o n on the 

waterti g h t n e s s problems of t h e i r foundations. 

Lack of proper assessment of the s i t e i n v e s t i g a t i o n information, 

p a r t i c u l a r l y with r e s p e c t to g e o l o g i c a l d e t a i l , or inadequate 

treatment,leads to u n s a t i s f a c t o r y foundation performance. 

Thus, a study and e v a l u a t i o n of the grouting treatment, a p p l i e d 

to c e r t a i n dam foundations i n north-western Greece, can shed 

l i g h t on the geotechnical problems crea t e d by c e r t a i n g e o l o g i c a l 

c h a r a c t e r i s t i c s a t the s i t e s . T h i s can lead t o an informed 

a p p r a i s a l of s i m i l a r g e o l o g i c a l c o n d i t i o n s governing future dam-

s i t e s . More p r e c i s e design of foundation improvement can be 

achieved by such a study. 



As a f i r s t stage, the g e o l o g i c a l environment of these damsites-

the r e g i o n a l geology, geotectonics and s e i s m i c i t y - w i l l be 

examined i n the next Chapter. 
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CHAPTER 3 

Geology and seismology of Greece and t h e i r relevance to 

Greek dams 

3.1 General Geology 

3.1.1 I n t r o d u c t i o n 

Greece, the southern-most p a r t of the Balkans Peninsula, was 

cre a t e d by the events of the Alpine and post-Alpine orogeny. 

The H e l l e n i d e s (Greek r i d g e s ) belong to the e a s t e r n Mediterranean 

orogenic systems. T h e i r complexity and e v o l u t i o n has a t t r a c t e d 

the i n t e r e s t of many r e s e a r c h e r s , and the geotectonics and 

geodynamics of the broader region suggest t h a t a new orogenic 

b e l t i s j u s t developing outside the H e l l e n i c (Greek) a r c 

(Jacobshagen e t a l . 1978). 

The orogenetic e v o l u t i o n of the K e l l e n i d e s , wholly or p a r t i a l l y , 

may be explained on the b a s i s of three main hypotheses: 

a) The geosyncline hypothesis, i n which the model comprises 

s e v e r a l b a s i n s and ridges based on the d e f i n i t i o n of i s o p i c zones. 

According to t h i s model ( P h i l l i p s o n , 1898; Renz, 1940; Brunn, 

1956; Aubouin, 1959), i n the course of s e v e r a l orogenic phases, 

a f i e l d of nappes o r i g i n a t e d i n the i n t e r n a l zones (zones 

o c c u r r i n g i n the e a s t e r n p a r t of Greece) of predominantly 

e u g e o s y n c l i n a l c h a r a c t e r , and was t h r u s t on to the autochthonous 

* I s o p i c zones are b e l t s of s t r a t a which e x h i b i t s i m i l a r f a c i e s 
along t h e i r length and d i f f e r from the zones on e i t h e r s i d e - a 
d i s t r i b u t i o n t hat r e f l e c t s a comparable l i n e a r plane i n the 
cond i t i o n s under which the sediments were l a i d down ( a f t e r B. 
P. Co, 1971). 



^7 

and miogeosynclinal e x t e r n a l zones (zones i n the western p a r t 
of Greece). 

b) P l a t e t e c t o n i c concepts o f f e r e d a new explanation of the 

s t r u c t u r a l development of Greece. A f t e r the assignment of Be n i o f f 

zones dipping north-eastwards (Galanopoulos, 1973; Papazachos, 

1976), p l a t e t e c t o n i c boundaries were drawn (Ritsema, 1974; 

McKenzie, 1970; Galanopoulos, 1973), and p l a t e t e c t o n i c models 

were proposed (Jacobshagen, 1978), e x p l a i n i n g t h a t the orogenic 

events of Greece were caused by subduction and c o l l i s i o n processes 

i n Mesozoic and Cenozoic times. 

c) A t h i r d approach suggests t h a t t h e r m o d i a p i r i c processes 

(Makris, 1973, 1978; Wachendorf e t a l . , 1975; Baumann e t a l . , 

1976) could e x p l a i n the o r i g i n of orogenesis, causing g r a v i t y 

t r a n s p o r t of nappes, deep e r o s i o n , c r u s t a l t h i n n i n g and f i n a l l y 

break-down i n the i n t e r i o r of the u p l i f t . Some authors (Brunn, 

1976; Schwan, 1976, 1977) have t r i e d to r e c o n c i l e the concepts 

of p l a t e t e c t o n i c s and thermodiapirism. 

3.1.2 The geosyncline i n t e r p r e t a t i o n . 

According to t h i s theory the Greek t e r r i t o r i e s have been 

s u c c e s s i v e l y and temporarily s y n c l i n e s with d i s t i n c t periods of 

u p l i f t i n g and submersion, i n which sedimentation and erosion 

occurred, and which was accompanied i n some cas e s by l i m i t e d 

volcanism. 

Among other r e s e a r c h e r s , Aubouin (1959, 1965, 1973) considered 

three phases f o r Greece's palaeographic e v o l u t i o n and t e c t o n i c 

h i s t o r y , based on g e o l o g i c a l and geomorphological evidence: 

a) The geosyncline period, during which the b a s i c i s o p i c 

zones were c r e a t e d with sedimentation taking place i n 
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s e v e r a l submerged b a s i n s and r i d g e s trending NNW-SSE. 

b) The l a t e geosyncline period, i n which tectonism 

s t a r t e d with f o l d i n g and u p l i f t i n g , while sedimentation 

processes continued with m o l l a s i c - t y p e sediments 

(clayey-marly-conglomerates) deposited i n t o remaining 

b a s i n s such as the Meso-Hellenic trough (represented 

by the Subpelagonian zone). 

c) The post-geosyncline period i n which intense tectonism 

took place and c r e a t e d depressions and r i d g e s indepen­

dently from the c o n f i g u r a t i o n of the p r e v i o u s l y -

e x i s t i n g i s o p i c zones. 

Thus, the H e l l i n i d e s (Greek r i d g e s ) c r e a t e a b a s i c g e o s y n c l i n a l 

c h a i n and comprise two groups of i s o p i c zones ( F i g . 3.1) as have 

been proposed by s e v e r a l r e s e a r c h workers (Table 3.1): 

a) Group I (Eas t e r n Greece), which contains from e a s t to west 

the i n t e r n a l zones of predominantly e u g e o s y n c l i n a l c h a r a c t e r . 

1) The zone of Rodhope, which i s d i v i d e d i n t o the 

massif of Rodhope and the Servomacedonian massif. 

2) The Vardar zone, which comprises the subzone of 

Paeonia and Propaeonia, the a n t i c l i n e (subzone) of 

Paikon and the subzone of Almopia (forming submerged 

basin s and r i d g e s recognized from the d i f f e r e n t i a t i o n 

of t h e i r l i t h o l o g i c a l f a c i e s ) . 

3) The zone of Pelagonia, of which the western p a r t , the 

Subpelagonian zone, comprises the Meso-Hellenic trough, 

and o p h i o l i t i c emissions on account of which some have 

considered t h i s zone to be a separate one c a l l e d the 

zone of "Eastern Greece". 
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4) The zone of Parnassos i s a mountainous complex 

north-west of Athens. I t i s considered by some to 

belong to the i n t e r n a l zones and by others to belong 

to the e x t e r n a l zones. However, i t seems more 

appropriate to regard i t as belonging to the i n t e r n a l 

zones. 

b) Group I I , the e x t e r n a l zones autochthonous and miogeosynclinal 

i n c h a r a c t e r from e a s t to west. 

1) The Pindos zone, or Olonos-Pindos zone, p a r t of 

which c o n s t i t u t e s the Hyperpindic subzone. 

2) The Gavrovo zone. 

3) The Io n i a n zone, 

4) The Pre-Apulian zone, or the zone of Paxos. 

Aubouin con s i d e r s t h a t the Pre-Apulian zone, the I o n i a n zone, 

and the Gavrovo zone, are autochthonous zones, while the others 

are t h r u s t nappes, l i k e the Pindos zone t h r u s t over the Gavrovo 

zone, the Pelagonian zone having been t h r u s t over the Pindos 

zone. The zone of Vardar and the zone of Rodhope, although they 

have moved westwards, s t i l l r e t a i n t h e i r r e l a t i v e palaeographic 

p o s i t i o n s (see F i g . 3.2). 

Dercourt (1970) suggested t h a t during the geosyncline-formation 

period, tectonism s t a r t e d from the i n t e r n a l zones, and extended 

i n a w e s t e r l y d i r e c t i o n with more episodes i n the e a s t e r n zones. 

The o p h i o l i t i c sheets of the i n t e r n a l zones and the nappes of 

the c e n t r a l Greek zones ( o p h i o l i t e s considered allochthonus by 

some and autochthonous * by others) are a t t r i b u t e d to a lower 

* E x t r u s i o n s a t the j u n c t i o n s between r i d g e s and troughs. These 
flowed down i n t o the troughs to form v a s t , d i f f e r e n t i a t e d igneous 
bodies (Brunn, 1956;Aubouin, 1959). 
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Cretaceous Qbduction of an oceanic p l a t e (Dercourt, 1970; 

B e r n o u l l i and Laubscher, 1972; Zimmermann, 1972). 

During the l a t e - g e o s y n c l i n e period the main t e c t o n i c zones folded 

(with t h e i r main axes p a r a l l e l to the zones) and f a u l t e d . 

Contemporaneously, the l a r g e masses t h r u s t s u c c e s s i v e l y from 

e a s t to west, and created s c a l e s and b a s i c to u l t r a b a s i c nappes 

(the Pindos cap) with the appearance of volcanism and metamorphism 

i n the i n t e r n a l zones. 

F i n a l l y , a t the post-geosyncline period, a v e r t i c a l and h o r i z o n t a l 

intense tectonism, accompanied (and followed) by strong 

contemporary e r o s i o n , c r e a t e d the present-day Greece (see F i g . 

3.3 which t r a c e s the orogenic e v o l u t i o n of H e l l e n i d e s ) . 

Of the two groups of i s o p i c zones, Group I comprises igneous, 

sedimentary and volcano-sedimentary rocks, a proportion of which 

are metamorphosed, and with the appearance of e i t h e r deep-seated 

or s u r f a c e volcanism.Group I I comprises sedimentary rocks, mainly 

limestone with superimposed f l y s c h formations, together with 

s i l i c e o u s limestones and c h e r t s ( R a d i o l a r i t e s e r i e s ) . E v a p o r i t e s 

a l s o e x i s t , and t h e i r s u r f a c e appearance (gypsum) suggests 

d i a p y r i c growth phenomena (Messologhi-Preveza l i n e ) . P h y l l i t e 

s e r i e s such as the T r i p o l i t z a p h y l l i t e s are considered to be the 

basement rocks of the e x t e r n a l zones (Jacobshagen e t a l , 1978). 

There are many points of argument surrounding the t e c t o n i c 

h i s t o r y of Greece, which give r i s e to d i f f e r e n t explanations. 

One of them i s the problem of " t e c t o n i c windows", which are 

sedimentary formations emerging among surrounding metamorphic 

rocks. An example of t h i s i s the Olympus " t e c t o n i c window" 
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Fig. 3.3. Stages of the orogenic evolution of the Hellenides.The section 
crosses northern continental Greece (see also Fig. 3.1 and Table 3.1). 
a) Middle Miocene:Overthrust of the Central Hellenic nappes onto the Gavrovo-
Tripolitza platform, transportation of the West Hellenic nappes over the foreland. 
b) Middle to Upper Eocene ;Ophiolite obduction onto the Pelagonian platform from 
the Vardar ocean which was closed at that time. Subdiction of an oceanic slab 
(from the "Pindos" or the Vardar ocean) beneath the Pelagonian platform ("Blue-
schist units").Folding of the internal Pindos trough. Sedimentation of the 
external flysch starts; molasse deposition in the Mesohellenic trough, in the 
Vardar trough, and in Thrace. 
c) Tithonian-lower Cretaceous :Subduction of the Vardar ocean beneath the 
structure and geodynamic evolution of the Aegean region circum-Rhodope belt and 
the hinterland. Obduction of the Eo-hellenic ophiolites on to the Pelagonian 
platform. Sedimentation of ophiolite-bearing flyschs. 
d) Lower Malm;Troughs and ridges after the circum-Rhodope orogenesis. (1) Phyllite 
series as substractum of the West Hellenic carbonata series Hsee above (a)3 • 
2) Phyllite series interpreted as the f i l l i n g of a trough |~(see above (b)^ . 
Al = Almopias trough; C.R.B = circum-Rhodope belt; F = foreland;G.T = Gavrovo-
Tripolitza platform; H = hinterland; Io = Ionian trough resp.zone; P = Pela­
gonian platform; Pa = Paikon platform; Pe = Peonias trough; Ph= Phyllite 
trough; Pi = Pindos trough; Sp = sub-Pelagonian zone; T.O. = Talea Ori series. 
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(Godfriaux, 1962, 1970). The Olympus t e c t o n i c window exposes a 

v a u l t e d , "non metamorphic", e n t i r e l y - n e r i t i c sequence of carbonate 

rocks, ranging from T r i a s s i c up to Eocene. T h i s n e r i t i c sequence 

most probably belongs to the e x t e r n a l H e l l e n i c Gavrovo zone 

(Fleury and Godfriaux, 1975) or, as Godfriaux p r e v i o u s l y argued, 

to the Parnassos zone. Hence, the e n t i r e surrounding metamorphic 

t e r r a i n r e p r e s e n t s a huge basement nappe. 

3.1.3 P l a t e t e c t o n i c s i n Greece 

The Alpine-Mediterranean orogenies and t h e i r complex loops have 

always been explained as e f f e c t s of c r u s t a l convergence between 

A f r i c a and E u r a s i a . The H e l l e n i d e s ( F i g . 2.4) represent a south-

f a c i n g (towards A f r i c a ) stack of t h r u s t sheets i n the upper p l a t e 

of an a c t i v e ( A f r i c a ) n o r t h - e a s t - dipping subduction zone, 

r e s u l t i n g from 150 m i l l i o n years of multiphase p l a t e t e c t o n i c 

h i s t o r y (Roeder, 1978). According to the same author, depending 

on the assumed model, f i v e or s i x s i t e s of s u b d u c t i o n - l i k e 

processes leading to north-east-dipping p l a t e overlaps have been 

i d e n t i f i e d ( F i g . 3.4). 

I n d e t a i l , the H e l l e n i c orogenies r e p r e s e n t the continuous 

consumption of T e t h i s and i t s marginal southern seas. Subduction 

of the Tethyan Palaeozoic and Mesozoic oceanic c r u s t took p l a c e 

at the i n t e r n a l edge of the Vardar zone, perhaps w i t h i n the Vardar 

zone and below the E o h e l l e n i c obductives (phase of t e c t o g e n e s i s 

of the J u r a s s i c - C r e t a c e o u s boundary i n which o p h i o l i t i c nappes 

obducted). Progradation of the E o h e l l e n i c suture i n t o the Median 

C r y s t a l l i n e b e l t created a second (and t h i r d ) subduction zone 

below the Pelagonian basement nappes and below the Pindos nappe. 
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Fig.3.4. An interpretive crustal section through Hellenides (after Boeder,1978). 
More detail i s given in Fig. 2.4 A-D 
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Fig.3.4 A-D. Schematic structure section across the Hellenides (A) and crustal 
section interpreted in three different plate tectonic ways (B,C,D). 
(A) contains major sutures and crustal thrusts in the Hellenides (encircled 
numbers) and some thrust units (letters).(1) i s the early Mesozoic eastward 
obduction onto Rhodope (R). (2) i s the circum-Rhodope suture (CR), possibly 
identical with the main Tethyan suture. (V) i s the Vardar zone. (3) i s the Eo-
hellenic (ECU) obduction,possibly the main Tethyan suture. (4)is the thrust below 
Pelagonian unit (PEL) /Interpreted as major Eocene subduction. (5) i s the Pindos 
thrust,either a scar of a closed local basin or a prograded extension of sub­
duction (4). (6) i s a intracrustal shear at the Phyllite zone (PH) and the 
Gavrovo-Tripolitza (GT) zone.(7) i s a presumed thrust at the base of the Pre-
Apulian-Ionian zone (PA/I) .B,C,£) are crustal sections from the Hellenic trench 
across Peloponnese and across the island of Aegina.Thick lines are the positions 
of the M-discontinuity.Thin lines are the interpretive connections. (B) i s the 
interpretation of a northeast-dipping subduction. (C) i s the interpretation of 
the Plio-Pleistocene " f l i p - l i k e " dissection of the Benioff zone by a gently 
west-dipping intracrustal shear. (D) i s the interpretation of an arc-arc collision. 
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T h i s double event may represent e i t h e r one or two separate ocean 
b a s i n s and t h e i r subduction. F u r t h e r progradation c l o s e d an 
i n t r a c r a t o n i c trough containing the p h y l l i t e zone and l i t t l e or 
no oceanic c r u s t . Present subduction contains mixed c r u s t i n the 
lower p l a t e , perhaps s i m i l a r to pre-orogenic c r u s t a l c o n d i t i o n s 
i n the p h y l l i t e zone. 

I t i s supposed t h a t i n i t i a l l y the A f r i c a n p l a t e was moved eastwards 

i n r e l a t i o n to the European p l a t e , and l a t e r was vectored north­

westwards, and t h i s motion i s continued even today ( F i g . 3 . 5 A ) . 

Movements of a compressional nature, a t n e a r l y n o r t h e r l y 

azimuths ((Le Pichon e t a l . , 1 9 7 3 ) , and a t r a t e s of 1.9 to 2.6 cm/ 

year, have been measured between the A f r i c a n and E u r a s i a n p l a t e s . 

According to McKenzie (op c i t ) , s e v e r a l zones of extension and 

compression e x i s t i n the a c t i v e t e c t o n i c s of the Mediterranean 

region. Those zones r e l a t i v e to Greece are shown i n Figure 3.5g. 

Seismological evidence has shown t h a t between the A f r i c a n and the 

E u r a s i a n p l a t e s , s e v e r a l s m a l l e r p l a t e s e x i s t , namely, the 

A d r i a t i c p l a t e , the Ionian P l a t e , the Aegean p l a t e , the Levantine 

p l a t e and others (see F i g . 3 . 6 B ) , which are i n the area of Greece. 

Movements of the Levantine p l a t e r e l a t i v e to A f r i c a cause a 

south-westerly convergence of an estimated 3.5 cm/year ac r o s s the 

H e l l e n i c trench ( F i g . 3 . 6 A ) , which has been shown to f i t w e l l with 

the dimensions of the H e l l e n i c Benioff zone (Roeder, 1978; 

Leydeker et a l . , 1978). 

The t e c t o n i c zones of the southern margins of Europe (which include 

Greece) are d e l i n e a t e d through "transform f a u l t s " , or " p e r i p h e r a l 

troughs" such as the H e l l e n i c trough i n which the deepest point of 

the Mediterranean sea e x i s t s to the west of the Peloponese. 
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I t i s accepted today that the r e l a t i v e movements of the s m a l l e r 

p l a t e s of the e a s t e r n Mediterranean are caused by the northward 

movement of the Arabian p l a t e t h r u s t i n g the T u r k i s h p l a t e 

westwards, through the Van p l a t e , along the transform North-

Anatolian f a u l t . Thus, the Aegean p l a t e (and i n t e r n a l Greek 

zones) have moved westwards, according to Galanopoulos (1973). 

Geomorphological and p a l a e o n t o l o g i c a l evidence suggest t h a t 

updoming of the Cyclades region, i n the c e n t r a l Aegean sea, i s 

s t i l l c ontinuing (Sabot and Papanicolaou, 1976; Schuilihg,1969, 

1973; Makris, 1973, 1977, 1978). T h i s probably e x p l a i n s why 

north of the Cyclades, deposits of the Tyrrhenian are below sea 

l e v e l i n g e n e r a l , while on the south Aegean i s l a n d s , on the 

Pelopqrmese and on the Ionian i s l a n d s they are e l e v a t e d . These 

movements are considered as a c o n t i n u a t i o n of the l a t e Neogene 

t e c t o n i c s . As Aubouin (1973) has s t a t e d , they must be understood 

as one stage of contemporary neotectonic a c t i v i t i e s w i t h i n an 

already e x i s t i n g orogenetic development. 

3.1.4 General seismology and t e c t o n i c s 

Because of the p o t e n t i a l l y d i s a s t r o u s e f f e c t s of any post-

c o n s t r u c t i o n dynamic s t r e s s i n g on darns, i t i s necessary to review 

the s e i s m i c a c t i v i t y of Greece. 

Greece i s considered to be the most s e i s m i c a l l y - a c t i v e region 

of Europe. I t has been estimated t h a t the r e l e a s e d s e i s m i c energy 

i n Greece i s about 2 per cent of the t o t a l s e i s m i c energy r e l e a s e d 

throughout the world (Galanopoulos, 1965). 

The H e l l e n i c a r c system resembles P a c i f i c i s l a n d a r c s t r u c t u r e s , 

by showing high earthquake a c t i v i t y , a trench on the convex s i d e , 

an inner (volcanic b e l t a c t i v e i n h i s t o r i c time, l a r g e f r e e a i r 



60 

anomalies and a marginal sea, the Aegean sea ( i n t e r p r e t a t i o n 

based on morphological, g e o l o g i c a l and geophysical data a f t e r 

Jacoby e t a l . , 1978; Leydecker e t a l . , 1 9 7 8 ) . But the d i f f u s i o n 

of shallow and intermediate earthquakes (Papazachos and Comninakis, 

1971) i s not c o n s i s t e n t with what would be expected of an i s l a n d 

a r c Benioff zone. 

From an a n a l y s i s of observations of the s e i s m i c a c t i v i t y 

throughout the Greek t e r r i t o r i e s , Galanopoulos (1963) concluded 

t h a t , for the period 1843-1962, there was an average occurrence 

of eleven earthquakes annually of e i g h t earthquakes of 

M 6 each 5 y e a r s , twelve earthquakes of M̂ -7 every 50 y e a r s , 

and three to four earthquakes of 8 every one hundred y e a r s . 

I t has been confirmed t h a t i n Greece there are 800 a c t i v e 

e p i c e n t r e s . Throughout the period 1951-1963, there were recorded 

earthquakes from 620 e p i c e n t r e s (Drakopoulos, 1974, 1976). . 

Despite the high earthquake a c t i v i t y i n the Greek t e r r i t o r i e s , 

most of the earthquakes have not been accompanied by observable 

sur f a c e f a u l t i n g , as, for example, i n neighbouring Turkey. 

Drakopoulos (1974) reports two c a s e s i n which su r f a c e f a u l t i n g 

was noticed; one a f t e r the shock of A t a l a n t i ( c e n t r a l Greece) 

i n A p r i l 1894 of M = 6.9 and another i n C h a l k i d i k e (near 

T h e s s a l o n i k i ) i n 1932. T h i s l a t t e r had a shock of M = 6.9. A 

t h i r d shock i n 1978 (which damaged T h e s s a l o n i k i ) of M j u s t 

g r e a t e r than s i x was accompanied by s u r f a c e f a u l t i n g , near to 

the n o r t h - e a s t e r l y located lake of V o l v i (Chalkidike area)'. 

F i n a l l y the 1981 earthquake of M«s6.8 of R i c h t e r s c a l e which 

damaged Athens produced s u r f a c e f a u l t i n g , near L o u t r a k i north­

west of Athens/of 40 cms of v e r t i c a l o f f s e t (AEG-newsletter,1981). 
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The r e l a t i v e movements of the E u r a s i a t i c and the A f r i c a n p l a t e s , 

and the r e s u l t i n g rearrangements of the s m a l l e r p l a t e s surrounding 

the Aegean p l a t e , are considered to be r e s p o n s i b l e f o r the 

inte n s e earthquake a c t i v i t y i n the area of Greece. 

According to Pavoni (1961), along a major f r a c t u r e d zone 

trending from the west to the e a s t (between Meridians 17E to 

40E- a main expression of which i s the North-Anatolian f a u l t 

i n Turkey),there i s a h o r i z o n t a l displacement of about 400 km, 

which began i n T e r t i a r y times and i s continuing today at a r a t e 

of 1 to 2 mm per year (2.6 cm/yr fo r the southern Aegean region, 

a f t e r R i c h t e r and Strobach, 1978). The main expression of t h i s 

zone i n Greece i s the Saros Graben i n the northern Aegean sea, 

which extends through the Volos area to the L a m i a - T r i k k e r i f a u l t 

zone and reaches the Ambrakikos Gulf i n the Ionian sea (see 

F i g s . 3 . 6 A ^ B ) . 

Accepting the f a c t t h a t an earthquake i s the r e s u l t of a sudden 

r e l e a s e of s t r a i n energy due to rupture along a f a u l t s u r f a c e , 

the cumulative s t r a i n energy r e l e a s e d annually i n the general 

t e r r i t o r i a l area of Greece has been estimated (Galanopoulos, 

1972 for earthquakes of the period 1950-1972) to correspond 
i 

to a s i n g l e earthquake of magnitude 7£ annually. 
1 

The recurrence period,of the accumulation of s t r a i n i s 5^ y e a r s , 

and the maximum amount of s t r a i n energy accumulation corresponds 

to an earthquake of magnitude 8^ annually, r e l e a s e d as a s i n g l e 

event. 

Galanopoulos (1965) suggests, on the b a s i c of the d i s t r i b u t i o n 

of the earthquake e p i c e n t r e s o c c u r r i n g i n the period 1951-1962, 

th a t the conjugate f a u l t - s y s t e m s , trending NNW-SSE and WSW-ENE 



and c r e a t e d during the Miocene and a f t e r , are r e s p o n s i b l e f o r 

the major p a r t of the earthquake a c t i v i t y i n the area of Greece 

( F i g . 3.7). The WSW-ENE system of f a u l t s i s considered as a 

prolongation of the north-Anatolian s t r i k e - s l i p - f a u l t i n t o Greece. 

I n a l l the e p i c e n t r e maps of Greece two major f a u l t zones are 

d i s t i n g u i s h e d as the sources of higher earthquake a c t i v i t y i n 

the a r c of Greece. One i s the Cephalonian f a u l t zone (Ionian 

i s l a n d s ) and the other i s the Crete-Dodecanese i s l a n d s area of 

the southern Aegean sea. 

S u b s t a n t i a l d i f f e r e n c e s have been rev e a l e d i n the s t r e s s f i e l d 

(see F i g . 3.8) of these two c e n t r e s of higher earthquake a c t i v i t y 

(Galanopoulos, 1973; R i c h t e r and Strobach, 1978; Papazachos 

1979). The I o n i a n centre i s a s i t e of predominantly shallow 

continuous earthquake a c t i v i t y , w i t h a pronounced low of 

negative Bouguer anomalies. 

The Crete-Dodecanese centre i s a region i n which a high and 

rat h e r continuous intermediate e p i c e n t r a l depth of earthquake 

a c t i v i t y o c c u r s , and high p o s i t i v e g r a v i t y anomalies are 

recorded (Drakopoulos, 1976) . 

I n general, a l l the epi c e n t r e maps of Greece i n d i c a t e some 

r e l a t i v e l y a s e i s m i c areas which according to Drakopoulos 

(1976) a r e : 

a) The Aegean block, which McKenzie (1970) c a l l s the 

Aegean subplate. 

b) The block formed by north-eastern Greece, southern 

Yugoslavia and B u l g a r i a . 

c) The Ptolemais b a s i n i n northern Greece (see F i g . 3 . 1 3 ) . 

I t i s a l s o evident that almost a l l the larg e shocks of i n t e r -
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mediate depth occur south of 38.5°N l a t i t u d e ( F i g . 3.7). 

3.1.5 Geomorphology 

Greece e x h i b i t s a youthful topography. Ridge l i n e s commonly 

have a "sawtooth" aspect; v a l l e y slopes are steep and i n many 

cases are only i n q u a s i - e q u i l i b r i u m . Rapid s t r a t i g r a p h i c changes 

from s o f t to hard rocks, with the a s s i s t a n c e of c l i m a t i c 

aggression, have t r a c e d Greece with c e r t a i n e r o s i o n l i n e s , which 

i n most cases comprise r i v e r courses. 

The main r i v e r s trend approximately N to S, E to W and V to E, 

with steep g r a d i e n t s (see F i g u r e s 2.1 and 2.3). T h e i r flow i s 

u s u a l l y t o r r e n t i a l , and they run through d e e p l y - i n c i s e d canyons 

to outflow i n flood planes near the sea. C r e a t i o n of such flood 

planes took p l a c e during h i s t o r i c time; the C a p i t a l of Alexander 

the Great, which i s now l o c a t e d q u i t e a few k i l o m e t r e s away from 

the sea, was a port i n the 3rd century B.C. 

I n some cases the r i v e r s f a i l to e s t a b l i s h normal drainage 

p a t t e r n s ( i n the face of i n t e n s e t e c t o n i c a c t i v i t y ) . The r e s u l t 

i s enclosed b a s i n s , a s i n the case of the l a k e s of Amvrakia and 

Ioannina, or s u c c e s s i v e t e r r a c e s w i t h l a c u s t r i n e deposits 

(Kozani area basins-Aliakmon r i v e r ) . I n those c a s e s i n which the 

r i v e r s broke through the surrounding mountains, they e x p l o i t e d 

the presence of f a u l t l i n e s to c r e a t e steep gorges such as the 

lower Aliakmon gorge, i n which three s u c c e s s i v e dams are l o c a t e d 

(Polyphyton dam, S f i k i a dam and Assomata dam; the l a s t two being 

s t i l l under c o n s t r u c t i o n a t the time of w r i t i n g and being the 

p a r t i c u l a r s u b j e c t s of l a t e r study i n t h i s T h e s i s ) . 

E x t e n s i v e k a r s t i f i c a t i o n of c a l c a r e o u s s t r a t a i s another n a t u r a l 
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phenomenon r e f l e c t i n g the p a l a e o c l i m a t i c c o n d i t i o n s of the 

country and suggesting i n many cases t h a t strong t e c t o n i c 

movements have submerged wide c a l c a r e o u s a r e a s . K a r s t i c s p r i n g s 

give out a c o n s i d e r a b l e amount of water and i n some cases they 

support small h y d r o e l e c t r i c p r o j e c t s , l i k e Louros (10 MW 

i n s t a l l e d c a p a c i t y ) , or p o s s i b l e s u b s t a n t i a l volumes of water to 

the main r i v e r s . 

The Smardacha sp r i n g s i n the Acheloos r i v e r upstream of the 

Kremasta dam are an example of t h i s , having a mean spring 

flow, for the dry period of July-November, of 18m^/sec 

( L i a k o u r i s , 1971). On the other hand, the Perdika dam i s dry 

as a r e s u l t of such k a r s t i f i c a t i o n . 

Strong erosion i s s t i l l going on i n Greece. I n many cases the 

t h i c k n e s s of a l l u v i a l g r a v e l exceeds 50m ( f o r example the S t r a t o s 

Dam s i t e on the Acheloos r i v e r ) o r i s minimal (a few metres or 

none a t a l l i n narrow gorges with steep g r a d i e n t s ) . 

T h i s suggests t h a t aggrading processes are t a k i n g p l a c e . I n 

other c a s e s , l a n d s l i d e s and t a l u s a r e i n the process of degrading 

steep v a l l e y f l a n k s and canyons. As an example, and according 

to L i a k o u r i s (1971), three t e r r a c e s s t u d i e d i n the lower 

Acheloos area were developed by upward movements of the major 

area of c e n t r a l - w e s t e r n Greece. 

3.2 Geology and s e i s m i c i t y of North Western Greece 

3.2.1 I n t r o d u c t i o n 

The area which forms the s p e c i f i c subject-matter of t h i s t h e s i s 

i s located w i t h i n the main body of Greece, t h a t i s , west of 

T h e s s a l o n i k i as f a r as the Ionian Sea, and north of the C o r i n t h i a n 
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Gulf to the Greek borders with Albania and Yugoslavia. I t 

comprises the Arachthos, Acheloos, Aoos and Aliakmon r i v e r s 

among others ( F i g . 2.1), i n which r i v e r s the Pournari dam, the 
i 

Assomata and S f i k i a dams w i l l s p e c i f i c a l l y be reported i n t h i s 

work (see a l s o Table 2.8) while other dams, l i k e Pigae of Aoos, 

Kremasta, K a s t r a k i , S t r a t o s , w i l l be mentioned a p p r o p r i a t e l y . 

3.2.2 G e o l o g i c a l s e t t i n g 

The nature of the deep basement rocks of the Io n i a n , Gavrovon 

and Pindos zones and g e n e r a l l y of the c e n t r a l - w e s t e r n area a r e 

unknown. The o l d e s t rocks i d e n t i f i e d are no ol d e r than T r i a s s i c 

(B.P. Co L t d , 1971). 

Older rocks have been i d e n t i f i e d elsewhere i n the i n t e r n a l 

Greek zones, examples being the f o s s i l i f e r o u s Permian rocks 

near Athens and on the i s l a n d of Euboea (north-east of Athens), 

and the Devonian rocks i n Khios i s l a n d . 

The B.P deep boreholes (3 323m) put down i n t h i s region (Ionian 

and Gavrovon zones) as w e l l as su r f a c e evidence, lead to the 

hypothesis t h a t , c h i e f l y during the Miocene-Pindic orogeny, the 

t h i c k (1800 m) eva p o r i t e s underlying the formations of the above 

zones, cut by a complex of low angle t h r u s t s together with the 

o v e r l y i n g carbonates and f l y s c h , moved westwards, were folded 

and broken with steep f a u l t s i n big masses and p i l e d , one on 

top of the other, i n s i m i l a r ( s t r a t i g r a p h i c a l l y ) superposed 

s e r i e s of s l i c e s ( G i l l , 1964; Jones, 1968; B.P, 1971). Thus the 

rocks i n the region range from T r i a s s i c to rece n t , comprising 

e v a p o r i t e s (age-dated from the o v e r l y i n g c a r b o n a t e s ) , a c a r b o n i t i c 

(limestones, dolomites) sequence which i n c l u d e s s i l i c e o u s rocks 

(c h e r t s m a i n l y ) , f l y s c h sediments ranging from s h a l e s to conglo-
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merates, and the recent sediments ( a l l u v i a l , marls and so on). 

The main s t r a t i g r a p h i c sequences s t r i k e NNW and d i p mainly 

eastwards (see F i g . 3.9). H o r i z o n t a l displacements have been 

recognised, as a r e s u l t of t h r u s t i n g , i n the area of the 

Megdhovas r i v e r , w h ile v e r t i c a l down-thrown movements of 2 km 

have been n o t i c e d i n the Astakos area as a combination of the 

Astakos a n t i c l i n e and the nearby f a u l t (B.P. 1971). 

The Pindos zone i s c h a r a c t e r i z e d by a p e l a g i c sequence of cherty 

limestone and r a d i o l a r i t e s , i n t e r r u p t e d by the f i r s t P i n d i c 

f l y s c h of Barremian to Turonian age and ending with the i n t e r n a l 

Palaeogene f l y s c h ( R i c h t e r e t al.,1978; see F i g . 3.10). 

The Pindos zone sedimentary formations of Upper Eocene age 

have been overridden by the Pindos b a s i c - u l t r a b a s i c rocks of 

J u r a s s i c age which, by t e c t o g e n e s i s events spreading from the 

e a s t to the west, were o v e r t h r u s t i n a w e s t e r l y d i r e c t i o n on 

the younger Pindos f l y s c h . 

The inner p a r t s (eastward margins) of the Pindos zone were 

a f f e c t e d by the Eocene t e c t o g e n e s i s . Thus Pindos c l a s t s have 

occurred i n the Lower Oligocene Molasse of the Mesohellenic 

trough (Brumm,1956).In the Middle Miocene the Pindos rocks are 

considered o v e r t h r u s t on to the e x t e r n a l zones. According to 

Doert (1976), t h i s i s concluded from the i n t e r n a l deformation 

observed i n the T r i p o l i t z a f l y s c h . 

These westward movements are considered to be a f f e c t e d p a r t l y 

by g r a v i t a t i o n a l g l i d i n g (Temple, 1968) induced by an u p l i f t of 

the c e n t r a l Aegean area. The displacement of the Eocene Pindos 

nappe, i n a w e s t e r l y d i r e c t i o n , has been estimated to exceed 

a t r a v e l of 100 km. T h i s i s due to s i m i l a r i t i e s i d e n t i f i e d 



0 

#Melsovon 

o an n ma 

L e f t n el 
[PZ | P/ndos zone 

|GZ I Gaurouo zone 

1 IZ | Ionian zone 

\PAZ\ Pre .Apulian zone 

r=r—I Pmdos Poets (cherh-
i U limestones-shales ) 

[Fl7| / ? O c / s 

i - j — I limestones (Mainly 
l L c I crelaceons) adjacent 

to Ihe Dams.i fes 
r~-| Diapyric' Triaisic 
I ̂  I Gypsum, outcropm^s 

Thrust fmnh 

~~*^Dam - Sires 

tip. 5. ^ F/ysdi formations and locations of the main daws in 

western Greece. (J)kremasta Dam © kasrraii Dam, 

© 5ha/os Oamsi/e, © P OUrrtarr/ Dam. 

11nforma//bn compiled ftvm various sources). 

West East 
•A 

r W H Amphibchia Fault Ache! Pi 5t0 J OOS 
iryi syvcime Anh 1001) 

i d 
41000 

7 7 7 7 7 
QUO 

SECT I O/N A-A ooam 
e n d 

] Miocene Marls and tjysch l 1 7/703 Euaponiic Series which icludes 
i Sandstones et c J 1 black limestones pypsum and limestone breccia 

1 1 Eocene fo Ammonitico Rosso(limcd.) ffffH Pre .Euaponks'' Upper Ft, lae o zoic 

1. | Tnas.Lias Carbonates 

(afier B P Co, t 9 7 l ) 

Scale 1:230,ooo 



70 

^ 5 UJ 

TO 
' i 

P>6 M I 
• 

i 

Uj I t u 1 >I I 
I.I VI o 

I. I I 1,1 
,1 ,1 I,1 

I I 
i 

U J IA C ™ S 

* N i 11 

1 X I U J 
A H H I- H M hi 

s o 

I I—• J I 

(Ml 
0) 

j H H H H h M M M I-
r U -

i ! U O N 

? 0 r h n r Hi CD 1 r. r 
E o I 

Uj « H 
01 r 

9) inn H h r r H n 
K.vtnlt \ I ! !_' L U U ll U rri 

>J—•.» 

H H M 
1 ; i ' n 

U J ! in i •5 ; J r in lis o n i 

I L rfnH Uj a UJIO J {Eg i ' i l = J i I »i i { 11 LJ I 
N rn J i » is n r 4 i 

1 mi n 11 H r r n n n I I J 
h »i H K H n r n h h l -c f 

ft 
I VI CO 
9UBX3 -oeuiu i o i/5 <o C t> 0UB30IU O) 



71 

between the rocks of the Mt.Olympus t e c t o n i c window (see F i g s . 
3.1 and F i g . 3.2) and the rocks of the T r i p o l i t z a zone ( F l e u r y 
and Godfriaux,1975). 

The s u c c e s s i v e orogenic events, up to the Miocene, which a f f e c t e d 

the Pindos, the Gavrovon and Ionian zones, as mentioned 

p r e v i o u s l y , o r i g i n a t e d w i t h i n the inner H e l l e n i c zones; t h a t 

i s , the Pelagonian, the Vardar and the Servomacedonian zones 

(see F i g . 3.3). 

S e v e r a l generations of o p h i o l i t i c rocks are present w i t h i n 

those zones. S u c c e s s i v e immersions, u p l i f t s and upthrusts w i t h i n 

those zones (see Figs.3.3 and 3.13) combined with s e v e r a l 

generations of v o l c a n i c and i n t r u s i v e magmatic a c t i o n (Vergely, 

1976) r e s u l t e d i n a complex s t r a t i g r a p h i c a l and l i t h o l o g i c a l 

appearance i n the lower canyon of the Aliakmon r i v e r i n which 

the S f i k i a and Assomata p r o j e c t s l i e . S u c c e s s i v e orogenic events 

(obduction) placed o p h i o l i t i c s heets, mixed with p e l a g i c sediments 

t h r u s t from the Vardar ocean over the Pelagonian massif, through­

out the Mesozoic and e a r l y Cenozoic up to Miocene ( T e r t i a r y ) . 

Subsequent v e r t i c a l and h o r i z o n t a l tectonism during the P l i o -

P l e i s t o c e n e period with development of s u c c e s s i v e t e r r a c e s 

(along the Aliakmon Canyon) and the V e r i a - T h e s s a l o n i k i plane 

(depression) with recent sediments suggests continuous movements 

up to the present day. 

3.2.3 The f l y s c h formations. 

The main T e r t i a r y f l y s c h formations i n Greece are divided i n t o 

two regions, the e a s t e r n and the western. The eas t e r n region 

comprises the Olonosa Pindos zone, the Parnassos-Ghiona zone, 

the sub-Pelagonian and Pelagonian zones, the l a t e s t one being 
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i d e n t i c a l with the minor appearance of M e s t r i c h t i a n f l y s c h 

w i t h i n the Almopia subzone of the Vardar zone. The western 

r e g i o n comprises the f l y s c h formations of the I o n i a n and 

Gavrovo zones (see ELg. 3.10, a f t e r R i c h t e r e t a l . f 1978). 

The e a s t e r n region f l y s c h began i n the l a t e s t Cretaceous period 

and i s considered to have ended i n the Upper Eocene. 

I n the western r e g i o n the f l y s c h d e p o s i t i o n s t a r t e d l a t e r i n 

the Upper Eocene and continued i n to the lower Miocene. T h i s 

i m p l i e s t h a t , during the f l y s c h development phase, the 

u p l i f t i n g t e c t o g e n e s i s movements began i n e a s t e r n regions 

f i r s t and continued i n steps westwards t h e r e a f t e r . The 

exceptions to t h i s are the I o n i a n b a s i n and the Olonos -

Pindos trough where u p l i f t block f a u l t i n g and e r o s i o n 

preceded the f l y s c h stage i n most a r e a s . 
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3.2.3.1 The f l y s c h of the I o n i a n and Gavrovo zones. 

The term f l y s c h has been used as a s t r a t i g r a p h i c a l term 

r e f l e c t i n g s e v e r a l l i t h o l o g i c a l u n i t s such as, sandstones, 

marls, s h a l e s , c l a y s , conglomerates and other f a c i e s . 

As f i r s t used by B.Studer (1972), i t means g e o l o g i c a l 

f a c i e s i n which the sedimentation i s followed by an inte n s e 

tectonism. 

The I o n i a n and Gavrovo f l y s c h comprises s e v e r a l c l a s t i c 

sediments, t h a t i s , clayey marls, c l a y s t o n e s , s i l t s t o n e s , 

sandstones and conglomerates, which were deposited during 

the l a s t p e r i o d of the l i f e - t i m e of the Gavrovo and Ionian 

sedimentation areas ( L i a k o u r i s , 1971). I t i s worth noting 

t h a t t r a n s i t i o n a l zones e x i s t i n which the above f a c i e s are 

a l t e r n a t e d w ith other rocks ( i n c l u d i n g limestone or s i l i c e o u s 

beds such as c h e r t ) . Aubouin (1959), e x p l a i n i n g a p o s s i b l e 

palaeogeographic evolution of the H e l l i n i d e s , has defined 

the Greek f l y s c h as a f a c i e s which has f i l l e d up a geocyncline 

and which was brought to an end by an orogenic paroxysm. 

He terms the Gavrovo f l y s c h as a "second degree f l y s c h " , which 

has o r i g i n a t e d from the e r o s i o n of the Pindos f l y s c h , i t s e l f 

termed a " f i r s t degree f l y s c h " . The I o n i a n f l y s c h , the 

upper p a r t of which o r i g i n a t e d from the e r o s i o n of Gavrovo 

f l y s c h , i s termed a " t h i r d degree f l y s c h " . 

The I o n i a n zone f l y s c h commences i n the Upper Eocene with a 

p e l i t i c - c a r b o n a t e t r a n s i t i o n a l s e r i e s which o v e r l i e s a p e l a g i c 

limestone s u c c e s s i o n of Palaeogen age ( R i c h t e r e t a l . , 1978). 
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The t h i c k n e s s of the t r a n s i t i o n a l s e r i e s v a r i e s from about 60m 

i n the western p a r t of the Io n i a n zone (the e x t e r n a l p a r t ) , to 

about 10m at the e a s t e r n margin of t h i s zone (the i n t e r n a l 

p a r t ) . The widespread d i s t r i b u t i o n of the t r a n s i t i o n a l s e r i e s 

i n d i c a t e s t h a t deep-water co n d i t i o n s ( p r e - f l y s c h ) e x i s t e d i n 

the Ionian furrow before the t r u e f l y s c h f a c i e s . The f l y s c h 

formations i n the Ionian zone c o n s i s t of mudstones, s i l t s t o n e s 

and graded sandstones ( t u r b i d i t e s ) and the t h i c k n e s s v a r i e s 

from 1000m i n the west to 4000m i n the e a s t ( R i c h t e r e t a l . , 1978). 

Tectonic movements of the Oligocene age s p l i t (from N to S) the 

Ion i a n zone i n t o three subzones i n the E p i r u s region, each 

with i t s own f a c i e s . F l y s c h d e p o s i t i o n ended i n the Miocene, 

when the main t e c t o g e n e s i s s t a r t e d . M o l l a s s i c type sediments, 

l a t e r deposited unconformably on folded f l y s c h , were marked w i t h 

weak f o l d i n g , i n d i c a t i n g the co n t i n u a t i o n of t e c t o n i c events. 

The f l y s c h of the Gavrovo zone i s s i m i l a r to the i n t e r n a l I o n i a n 

subzone f l y s c h , s i n c e the two f l y s c h s have not been i d e n t i f i e d 

with any f a c i e s boundary markers. I n the c e n t r a l and western 

regions of the Gavrovo massif the f l y s c h l i e s t r a n s g r e s s i v e l y on 

the rugged s u r f a c e of the T e r t i a r y or even Upper Cretaceous 

limestones. At the beginning of the f l y s c h d e p o s i t i o n i n the 

Upper Eocene the western p a r t of the Gavrovo massif rose s t r o n g l y 

and r e s u l t e d i n ext e n s i v e e r o s i o n and k a r s t i f i c a t i o n of the 

p r e - f l y s c h limestones. 

Huge blocks of Gavrovo rocks, recognized a t the bottom of the 

Ion i a n f l y s c h d e p o s i t i o n furrow, suggest t h a t the main t e c t o ­

genesis of Gavrovo zone probably occurred during the e a r l y 

Miocene period and would seem to have coincided with the main 

f o l d i n g of the Ionian zone. 
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3.2.3.2 Damsites on f l y s c h formations of the I o n i a n and Gavrovo 

zones. 

Damsites on f l y s c h formations i n western Greece a r e : 

i ) The Kremasta dam on the Acheloos r i v e r . The dam i s 

lo c a t e d i n the Gavrovo zone with p a r t of the r e s e r v o i r 

area extending i n t o the Pindos zone (see F i g . 3.11 

and P l a t e 1.4). 

i i ) The K a s t r a k i dam on the Acheloos R i v e r . The dam i s 

lo c a t e d i n the I o n i a n zone with p a r t of the r e s e r v o i r 

area extending i n t o the Gavrovo zone. I t l i e s 

immediately downstream of the Kremasta dam (see 

F i g . 3.11). 

i i i ) The S t r a t o s damsite on the Acheloos R i v e r . The dam 

i s l o c a t e d e n t i r e l y i n the I o n i a n zone (see F i g . 

3.11), downstream of the K a s t r a k i dam. 

i v ) The Pournari dam on the Arachthos R i v e r . The dam 

i s l o c a t e d e n t i r e l y i n the I o n i a n zone (see F i g . 3 . 1 2 ) . 

A l l these damsites and t h e i r r e s e r v o i r s l i e on f l y s c h formations 

with the exception of Kremasta r e s e r v o i r , the base of which 

i n c l u d e s limestones of the Gavrovo and the Pindos zones. P o t e n t i a l 

l o c a t i o n s f o r damsites or r e s e r v o i r s f o r f u t u r e development are 

numerous i n c e n t r a l and north-western Greece. 

F l y s c h formations are sediments which have r e s u l t e d from "quick" 

sedimentation processes. Within short d i s t a n c e s one might expect 

to f i n d abrupt changes of a c y c l i c a l t e r n a t i o n nature i n the 

l i t h o l o g i c a l u n i t s . I t should be noted t h a t " f l y s c h " i s a 

s t r a t i g r a p h i c a l and not a p e t r o l o g i c a l term. 
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Another dam, the Louros dam ( F i g . 3.12), l o c a t e d about 10 km 
north of A r t a town, l i e s on the basement limestone formations, 
which underlay the I o n i a n f l y s c h of the Epirus-Akarnania s y n c l i n e 
on which the Pournari dam, the S t r a t o s damsite and the K a s t r a k i 
dam are founded. The basement limestone formations are k a r s t i c 
along the e n t i r e l i n e of the Ioannina-Arta-Amphilochia- Messolo-
ghi sequence. The Louros r e s e r v o i r accepts a steady flow from 
k a r s t i c s p r i n g s o r i g i n a t i n g i n these k a r s t i c limestones. 

A. The Pournari and S t r a t o s damsites 

The Pournari damsite on the Arachthos R i v e r and the S t r a t o s 

damsite on the Acheloos R i v e r l i e on f l y s c h formations composing 

the western limb of the Epirus-Akarnania syncline.The f l y s c h 

o v e r l i e s the f i n e - g r a i n e d Eocene limestones of the Ionian zone, 

the limestones being c o n s i d e r a b l y k a r s t i f l e d . B e c a u s e of i t s 

great t h i c k n e s s and extent the f l y s c h comprises the immediate 

bedrock area of a l l these r e s e r v o i r s . The r i v e r s trend about 

N-S upstream from the dam axes. T h e i r stream courses have 

created an e r o s i o n v a l l e y along a thinly-bedded sequence of 

s i l t s t o n e - s a n d s t o n e , but i n the case of Pournari some s i l t y 

conglomerates e x i s t . 

The Pournari dam-axis trends NNW, p a r a l l e l to the s t r i k e of the 

beds which are dipping eastwards (upstream), i n a l o c a t i o n 

where the r i v e r bends westwards through a down-cut eros i o n 

channel. From the upper to lower horizons the following rock 

s e r i e s have been i n c i s e d : 

Thick sandstone beds 

S i l t s t o n e and s i l t y - c o n g l o m e r a t e s (melange) 

Thinly-bedded s i l t s t o n e - s a n d s t o n e sequence. 
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Both abutments of the Pournari dam e x h i b i t the same s t r a t i g r a p h i c 

columns. The r i v e r width a t the dam a x i s i s about 300m, while 

the t h i c k n e s s of r i v e r bed a l l u v i u m ( s i l t y - s a n d y g r a v e l and 

cobbles) v a r i e s from zero to a maximum depth of about 22m. 

The S t r a t o s dam-axis trends E-W along the l i n e of bedding f u l l -

dip, the beds dipping i n an e a s t e r l y d i r e c t i o n . The f l y s c h a t 

t h i s s i t e comprises an a l t e r n a t i o n of s i l t s t o n e and sandstones, 

from t h i n beds ( s e v e r a l cms) to t h i c k beds (up to s e v e r a l metres). 

Thick sandstone beds on the l e f t (eastern) bank co n t a i n bands 

of c o a r s e l y - g r a i n e d sandstone up to conglomeratic (small g r a v e l ) 

size-range. The r i v e r width a t the dam a x i s i s about 2000 m and 

the a l l u v i a l r i v e r bed v a r i e s i n depth from a maximum of about 50m. 

Str u c t u r e 

I n r e g i o n a l terms, no major s t r u c t u r a l f e a t u r e s have been 

i d e n t i f i e d a t the damsites.The bedding d i p s , moderately to 

ste e p l y , eastwards, although there are l o c a l v a r i a t i o n s i n 

steepness and o c c a s i o n a l r e v e r s a l s of the dip d i r e c t i o n s , 

suggesting the e x i s t e n c e of s t r u c t u r a l f o l d s . A f t e r excavations 

a t Pournari, some f o l d s (one i n the r i v e r bedrock a t the dam 

a x i s ; see F i g . 4.1) have been r e v e a l e d , plunging north-eastwards. 

T h e i r e x i s t e n c e i n the s o f t l i t h o l o g i c a l members suggests t h a t 

they must be considered as secondary superimposed s t r u c t u r e s on 

the main N-S trending r e g i o n a l f o l d s (for example, the E p i r u s -

Akarnania s y n c l i n e ) . 

No f a u l t s have been observed i n the immediate damsites, but 

there are some nearby. Main j o i n t s e t s a l s o e x i s t , o c c a s i o n a l l y 

c u t t i n g through the s t r a t i g r a p h i c u n i t s of the s i t e s , but are 

not considered to be continuous over long d i s t a n c e s . 
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One such j o i n t s e t , s t r i k i n g about E-W, and dipping s t e e p l y 

southwards or northwards, i s considered r e s p o n s i b l e f o r the 

e r o s i o n a l westward bend of the r i v e r Arachthos a t the Pournari 

s i t e . The r e l a t i o n of the j o i n t s e t s with the f o l d r e v e a l e d i n 

the dam a x i s w i l l be d i s c u s s e d subsequently i n Chapter 4. 

D e t a i l s of the dam foundations and the treatment a p p l i e d to them 

w i l l a l s o be d i s c u s s e d . 

B. K a s t r a k i and Kremasta damsites 

K a s t r a k i dam on the Acheloos R i v e r l i e s on the upper I o n i a n 

f l y s c h , and p a r t of i t s r e s e r v o i r i s extended i n t o the Gavrovo 

f l y s c h . I t i s l o c a t e d a few k i l o m e t r e s upstream from the S t r a t o s 

damsite, and downstream from the Kremasta dam. I t s a x i s i s 

a l i g n e d NW-SE i n a l o c a t i o n where the r i v e r bends westwards and 

i t s bedrock foundation c o n s i s t s of s i l t s t o n e and sandstone 

a l t e r n a t i o n s . Upstream and along the trend of the Inachos r i v e r , 

a t r i b u t a r y of the Acheloos R i v e r , the Gavrovo zone appears to 

be t h r u s t on to the Ionian zone. No major s t r u c t u r a l f e a t u r e s 

are present a t the s i t e . 

The Kremasta dam l i e s upstream of the K a s t r a k i dam, i n a deeply-

i n c i s e d canyon of the Gavrovo f l y s c h , with p a r t of i t s r e s e r v o i r 

extending i n t o the Pindos zone. The Pindos zone main t h r u s t i s 

present e a s t of the damsite where the Megdovas t r i b u t a r y r i v e r 

meets the main Acheloos r i v e r . I n the Kremasta r e s e r v o i r lime­

stone members of the Gavrovo and Pindos zone are present. 

T h i s dam i s widely d i s c u s s e d i n the l i t e r a t u r e f o r two 

main reasons: 

a) S e i s m i c i t y occurred i n the region a f t e r the r e s e r v o i r 
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was f i l l e d . 

b) Leakages appeared during the f i l l i n g of the r e s e r v o i r 

and subsequently, even a f t e r remedial works were 

c a r r i e d out at the s i t e . The present l e v e l of leakages 
3 

are estimated a t about 1.5 m /sec.(Coumoulos and 

Therianos, 1977). 

The dam a x i s i s a l i g n e d o b l i q u e l y to the s t r i k e of the beds, 

with the beds dipping gently upstream. 

A combination of minor f a u l t s c r o s s i n g the damsite, together with 

the c a l c a r e o u s conglomeritic horizons which are present i n the 

r i v e r bed and the abutments, are considered to be the cause of 

the leakages. During the remedial grouting and drainage works 

deep weathering was observed, and a 16 m cavern was discovered, 

suggesting k a r s t i f i c a t i o n of the conglomerates (Snow, 1972). 

The s i t u a t i o n i s made worse because of the presence of sulphurous 

hot springs a t the dam foundation and the abutments. Hot water 

out-flowed from the drainage g a l l e r i e s , and s i g n s of c o r r o s i o n 

of the concrete s t r u c t u r e s have been observed. 
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3.2.4 Damsites In formations other than the flysch;Assomata 

and S f i k i a dams on the Aliakmon R i v e r 

The Assomata and S f i k i a damsites l i e together with the Polyphyton 

dam i n the lower Aliakmon R i v e r gorge near the town of V e r i a 

west of T h e s s a l o n i k i (see F i g . 2.1 and F i g . 3.13). 

3.2.4.1 The r e g i o n a l geology and geomorphology w i t h p a r t i c u l a r 

r e f e r e n c e to the geology of the damsites 

The lower Aliakmon R i v e r v a l l e y forms the south-eastern 

boundary connection between the Kozani Neogene and the rece n t 

depression of T h e s s a l o n i k i flood p l a i n and has been crea t e d by 

r e t r o g r e s s i v e e r o s i o n a f t e r a r e g i o n a l u p l i f t of the Vardar and 

Pelagonian zones. 

The Vardar zone, and i n p a r t i c u l a r the Almopia subzone towards 

the west, i n c l u d e s the Assomata damsite and i t s r e s e r v o i r area 

(see F i g . 3.13 and Table 3.1). 

The S f i k i a damsite and i t s r e s e r v o i r i s l o c a t e d i n the ea s t e r n 

p o r t i o n of the Pelagonian m a s s i f . The border l i n e between the 

Vardar zone and Pelagonian zone l i e s 1 km downstream of the 

S f i k i a damsite and i s the o f f s e t of a t h r u s t f a u l t . I t i s 

expressed as a wide zone ( i n some cases over a kilometre) of 

f a u l t b r e c c i a or mylonite. I t i n c l u d e s s e v e r a l a l t e r e d and 

b r e c c i a t e d or disturbed rocks of v a r i o u s o r i g i n s such as v o l c a n i c , 

metamorphosed or sedimentary ones. Near the S f i k i a s i t e a f r o n t 

of thrusted and hi g h l y d i s t u r b e d limestones i s recognized 

as the thust l i n e which s t r i k e s NW-SE and dips up to 25° NE. 

The Almopia subzone, h o r i z o n t a l l y from the downstream end of 

the canyon (a kilometre downstream from the Assomata s i t e ) up to 



Pelagonian zone 

Fiorina THESSALONIKI 

Vardarzone 
Ophiolites 

PMomais 

Qphioljtes 

QD 39°30 

EARTHQUAKES 
Shallow Dorp 

Cumulative 
Magnitude 

Od O *T Quaternary volcano*. 

' • M I Post Pleistocene Faults 

6.5 - 6,9 P r 9 pto/sfccn, F o u / f s . Q 

Pre Pleistocene vardar 
Overthrust o Scofe 

Neogene deposits, 

vardar tone ophiolites. 

J Crystalline rocks. 
Amphibolite, Gneiss 
Meta-andesiie, . 

I Crystal l ine L * t , Marbles. 

[ 8 » o ^ o | S>lt*.» M a r l s , 
Conglomerates. 

Fig. 3.-13 Simplified Geological map of West. Macedonia 
(after Vergely, 1 9 7 6 ) 

The Tectonic fabric and earthquake epicentres adapted from: 

1. "Seismotectonic map of Breece „ / . 6. M. E, 19ft 
2. Ambraseys, 1963 



8*f 

the t h r u s t l i n e which separates the Vardar and Pelagonian zones, 

as w e l l as v e r t i c a l l y from the r i v e r bed up to the top of the 

v a l l e y f l a n k s ( s e v e r a l hundred metres i n h e i g h t ) , includes 

s e v e r a l rock formations i n a r a t h e r mixed f a d e s as fol l o w s : 

Vardar b a s a l formation rocks are represented downstream from the 

Assomata dam s i t e by mica s c h i s t s , g n e i s s i c s c h i s t s and c r y s t a l l i n e 

limestones, the l a t t e r outcropping near the v i l l a g e of Assomata, 

of T r i a s s i c and J u r a s s i c age. I t i s b e l i e v e d t h a t these s t r a t a 

are u n d e r l a i n by Palaeozoic c r y s t a l l i n e s c h i s t s (Aliakmon study 

Group, 1963). 

From the J u r a s s i c up to the Cretaceous age, s e v e r a l s t r a t a a r e 

included as b a s i c and intermediate v o l c a n i c rocks intruded i n t o 

s h a l e s ( p h y l l i t e s ) , c a l c a r e o u s s c h i s t s , p l a t y or thickly-bedded 

limestones i n s u c c e s s i v e - or mixed-up - f a c i e s . The i n t r u s i v e 

rocks include pyroxenites, p e r i d o t i t e s and d i o r i t i c rocks 

among others, while v o l c a n i c rocks include a n d e s i t e s , a n d e s i t i c 

and t u f f agglomerates. C l a s t i c sediments w i t h i n the magma 

suggest an immersed volcanism. Immediately upstream of the 

Assomata damsite, t h i c k limestone s t r a t a appear embedded 

( f l o a t i n g ) w i t h i n the magma, whi l e v o l c a n i c agglomerates e x i s t 

there, i n c l u d i n g older sea-bed d e b r i s of i n t r u s i v e and s e d i ­

mentary rocks. 

The v o l c a n i c rocks a t the damsite appear to be e x t e n s i v e l y 

sheared, hydrothermally a l t e r e d and transformed i n t o s e r p e n t i -

n i t e s with l o c a l v a r i a t i o n s of s c h i s t o s e rocks, t a l c , asbestos, 

c h l o r i t e s among others, while d i s t i n c t horizons of t u f f 

agglomerates e x i s t as younger i n t r u s i o n s . 
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Uppermost Cretaceous, T e r t i a r y and P l e i o - P l e i s t o c e n e d e p o s i t s 

are represented by grey-greenish conglomerates ( t r a n s i t i o n ) and 

s l i g h t l y metamorphosed s h a l e s and f l y s c h s ( M a i s t r i c h t i a n ) . 

Conglomerates and red c l a y s and l o c a l t u f a have formed s e v e r a l 

t e r r a c e s along the canyon f l a n k s . 

An Assomata, V e r i a , Naoussa, Edessa l i n e (having a N-S d i r e c t i o n ) 

of low t e r r a c e s u n d e r l a i n by t r a v e r t i n e deposites suggests a 

f a u l t l i n e escarpment i n the same d i r e c t i o n s e p a r a t i n g the 

highlands of the west from the V e r i a - T h e s s a l o n i k i depression 

p l a i n i n the e a s t . 

Within the S f i k i a p r o j e c t area rock formations appear l e s s 

complex. From the upstream end of the S f i k i a r e s e r v o i r and 

towards the damsite and the Pelagonian-Vardar border l i n e a 

sequence of the following rock s e r i e s can be presented: 

a. A s e r i e s of metamorphosed meta-andesites, g n e i s s -

s c h i s t rocks of v o l c a n i c o r i g i n with g r a n i t i c i n t r u ­

s i o n s probably of pre-Mesozoic age. These rocks occur 

a l s o i n the proximity of the Polyphyton dam.A recon-

naisance a t high e l e v a t i o n s of the l e f t abutment above 

the S f i k i a damsite showed the g r a n o d i o r i t i c formations 

a t an e l e v a t i o n of 700 m above sea l e v e l i n Mikri Santa. 

At the r i g h t abutment, S f i k i a v i l l a g e has been b u i l t 

on a t e r r a c e d p l a t e a u a t an e l e v a t i o n of 600 m approxi­

mately. At lower e l e v a t i o n s , t e r r a c e s are a l s o observed 

downstream of the S f i k i a damsite. 

b. A s e r i e s of u n d i f f e r e n t i a t e d meta-andesites with 

amphibolite g n e i s s i c rocks, and s e v e r a l i n s t r u s i o n s of 

pegmatite a p l i t i c v e i n s along f o l i a t i o n s and minor 
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f a u l t i n g , w ith a major dyke of gabbro and amphibole 

rocks marking the major (so c a l l e d powerhouse) f a u l t , 

are formations present near the r i v e r b e d and a t the 

damsite a r e a . 

c. Some marble and limestone s t r a t a embedded w i t h i n 

g n e i s s i c rocks and along c e r t a i n f a u l t l i n e s , mixed up 

with minor Vardar zone rocks, are lo c a t e d downstream of 

the S f i k i a dam, marking a s e t of t h r u s t s l i c e s i n the 

proximity of the border l i n e of the Pelagonian and 

Vardar zones. 

3.2.4.2 Regional s t r u c t u r e and f a u l t s 

The r e g i o n a l s t r u c t u r e i n the S f i k i a and Assomata p r o j e c t s i s 

dominated by the r e g i o n a l f a u l t s which have a f f e c t e d the formation 

of the east e r n p a r t of the Pelagonian zone and the formations 

of the western Vardar zone overthrusted on i t . 

These f a u l t s can be div i d e d i n t o two general c a t e g o r i e s . The f i r s t 

trends NNW-SSE dipping 10° - 30° NE and with a general displacement 

toward V7SW, and the second trends SW-NE dipping s t e e p l y (70°-80°) . 

Among the r e g i o n a l f a u l t s (Ambraseys, 1963) f a u l t Nr, (see F i g . 

3,13), r e p r e s e n t s the o v e r t h r u s t of the Vardar zone on the P e l a ­

gonian zone. T h i s f a u l t i s considered p r e - P l e i s t o c e n e and i s 

followed by a family of such t h r u s t f a u l t s , which a t l e a s t i n 

the Assomata s i t e are w e l l marked by a s e t of minor such f a u l t s 

with a frequency of 30-60m. 

F a u l t Dr i s a l s o of p a r t i c u l a r importance. I t forms the southern 

boundary of the Neogene to Recent depression of the Kozani P l a t e a u 

and has f a c i l i t a t e d the r i v e r course i n the lower Aliakmon gorge. 
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I t i s noted (Ambraseys, 1963; Galanopoulos,1967) t h a t , upstream 

of Polyphyton, f a u l t Dr has r e c e i v e d a v e r t i c a l displacement of 

1000 metres s i n c e the Neogene age. Some obser v a t i o n s , i n a new 

road-cut approximately 1km downstream of the Assomata s i t e , show 

continuous movement of the region, s i n c e f a u l t l i n e s e x h i b i t 

movements of older c r y s t a l l i n e rock r i s i n g up through recent 

(lowest r i v e r t e r r a c e s ) d e p o s i t s (see P l a t e s 3.1 and 3.2). 

3.2.5 S e i s r i i c l t y of north-western Greece 

Western Greece, and e s p e c i a l l y the region between 38°-39° l a t i t u d e , 

has the h i g h e s t recorded i n c i d e n t s of s e i s m i c events (see F i g . 3 . 1 4 ) . 

According to Drakopoulos (1976, 1980) a study of the i s o s e i s m a l 

maps ( F i g . 3.15 B) of Greece, based on the i s o l i n e s of maximum 

observed i n t e n s i t i e s over c e r t a i n periods of earthquake records, 

shows an elongation of the i s o l i n e s which mainly trend NNV7-SSE and 

s e c o n d a r i l y trend i n WSW-ENE d i r e c t i o n s . T h i s tendency seems to 

be g e n e r a l l y compatible with the g e o l o g i c a l f a u l t p a t t e r n of 

the area. Galanopoulos (1965) has suggested t h a t the i n t e r s e c t i o n 

of the Ionian f a u l t zone with the assumed prolongation of the 

North-Anatolian shear f a u l t , which t r a v e r s e s c e n t r a l Greece, i s 

r e s p o n s i b l e (see F i g . 3.6 f t and 3.7 ) . 

Recent s t u d i e s by Kronberg e t a l . (1978) on the c r u s t a l f r a c t u r e 

p a t t e r n of the region of Greece,using LANDSAT imagery and bathy-

metric maps of the surrounding seas, generated the same pattern 

of f a u l t trends as that given above. O r i e n t a t i o n s of f a u l t planes 

c a l c u l a t e d by Ritsema (1974) and based on the p o s i t i o n of e a r t h ­

quake e p i c e n t r e s are a l s o compatible with the same f a u l t p a t t e r n . 

For the s p e c i f i c area of c e n t r a l - w e s t e r n Greece the following 
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f a c t o r s ( a f t e r Drakopoulos, 1974 and 1976) c o n t r i b u t e to an 

explanation of the observed i n t e n s e s e i s m i c i t y : 

a) The area l i e s to the e a s t of the H e l l e n i c trough . 

T h i s trough i s considered to be a newly-developing 

geosyncline, and the adjacent area i s t r a c e d by major 

f a u l t s (see F i g . 3.6^ and F i g . 3.7). 

b) A recorded 1 to 2 mm per year (or thereabouts) west­

ward movement of the Peloponese along the main C o r i n ­

t h i a n G u l f - f a u l t , suggests t h a t s i m i l a r movements are 

taki n g place i n other p a r t s of Greece. 

c) C r u s t a l t h i c k n e s s below the Pindos mountains i s about 

48 km and i s abruptly attenuated towards the Io n i a n 

sea to a t h i c k n e s s of 23 km ( a f t e r Makris, 1973).The 

d i s t r i b u t i o n of earthquakes with r e s p e c t to such 

i r r e g u l a r i t i e s i n the Moho s u r f a c e suggest some 

correspondence between s e i s m i c i t y and deformations of 

the Mohorovieic boundary. 

The predominance of shallow earthquakes i n the Io n i a n s e i s m i c zone, 

and the in t e n s e s e i s m i c a c t i v i t y r e l e a s e d , i s a s s o c i a t e d w ith 

a pronounced low of negative Bouguer anomalies; the high sediment 

supply r a t e of the r i v e r s i n t o the Io n i a n sea suggests t h a t a 

p l a t e a c c r e t i o n must occur i n the area (Galanopoulos, 1973). 

According to s t u d i e s by Galanopoulos (1968) the following 

s e i s m i c events and r e t u r n periods may be p r e d i c t e d f o r shallow 

earthquakes ( F i g . 3.14) i n the Acheloos R i v e r a r e a s : 

a) Lower Acheloos southern region: 

i ) One earthquake of M̂ -6 every + 12 year period. 

One earthquake of M^6^ every ± 45 year period. 

In the upper Acheloos area (northern r e g i o n ) : 

i i ) 

b) 

i ) One earthquake of M > 6 every + 22 year period. 
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and i i ) One earthquake of M^6;j every + 60 yea r s . 

I t i s b e l i e v e d t h a t three s e i s m i c events experienced i n the 

area during 1966-1967 were induced earthquakes, p o s s i b l y 

t r i g g e r e d by the Kremasta dam ( r e s e r v o i r ) c o n s t r u c t i o n and 

s p e c i f i c a l l y the f i l l i n g of i t s r e s e r v o i r (Snow, 1972; Drako­

poulos, 1974; among o t h e r s ) . 

The p a r t i c u l a r events a r e : 

a) the Kremasta earthquake (5 Feb. 1966); 

b) the Katouna earthquake (29 Oct. 1966); and 

c) the Drosopighi earthquake (1 May 1967). 

T h e i r magnitudes were M«?6.2-6.4 and the e p i c e n t r e s are shown 

i n F i g . 3.15 A. 

Another event, which occurred on Oct. 13, 1969 a f t e r the K a s t r a k i 

dam was f i l l e d , i s be l i e v e d to have been an induced earthquake 

of M*^5.5 (Snow, 1972). I t s e p i c e n t r e i s l o c a t e d i n the t h r u s t of 

the Inachos r i v e r v a l l e y (see F i g . 3.15 A and 3.11). 

Figure 3.15 B comprises the composite i s o s e i s m a l map of earthquake 

a c t i v i t y recorded i n the E p i r u s area during the period 1700-1980. 

Figu r e 3.15 c, showing maximum observed i n t e n s i t i e s i n Greece, 

i l l u s t r a t e s t h a t minimal earthquake a c t i v i t y i s to be expected 

i n the Lower and Upper Aliakmon R i v e r damsites (V e r i a Town a r e a ) . 

According to Papazachos (1979), although the s e i s m i c i t y of Greece 

i s very high, the seismic r i s k i s lower because: 

a) most of the f o c i of the ne a r - s u r f a c e earthquakes 

are deep (deeper than.20 km), 

b) the f o c i of the very high magnitude earthquakes are 

loca t e d i n the sea areas around Greece (Greek a r c ) , 
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and c) there i s an a t t e n u a t i o n of s e i s m i c waves towards 

the ce n t r e of the a r c (see a l s o F i g . 3.15). 

3.3 Conclusions and remarks 

Greece, the southern-most p a r t of the Balkan p e n i n s u l a , was 

c r e a t e d by the events of the Alpine and post-Alpine orogeny 

during the Mesozoic and Cenozoic times. 

The geotectonics and geodynamics of the broader region of the 

e a s t e r n Mediterranean suggest t h a t orogenic movements are 

continuing today, and i t i s assumed t h a t a new orogenic b e l t i s 

j u s t developing outside the H e l l e n i c (Greek) a r c . 

The complexity of geology and the high s e i s m i c i t y records have 

given r i s e to three main hypotheses for e x p l a i n i n g the Country's 

c r e a t i o n and s t r u c t u r a l e v o l u t i o n : the geosyncline i n t e r p r e t a t i o n , 

the p l a t e t e c t o n i c s i n t e r p r e t a t i o n , and the thermodiapiric 

processes i n t e r p r e t a t i o n . 

Greece i s considered to be the most a c t i v e l y - s e i s m i c region i n 

Europe. 

The s e i s m i c energy r e l e a s e d there annually i s estimated at two 

per cent of the s e i s m i c energy r e l e a s e d annually throughout the 

world. R e l a t i v e l y a s e i s m i c areas i n Greece proved to be the 

Middle and Lower Aliakmon R i v e r areas together with the Kozani-

,Ptolemais-Veria area of Western Macedonia, and these areas are 

considered geodynamically i n t e n s i o n . 

The g e o l o g i c a l and seismotectonic s t u d i e s do define two major axes. 

The f i r s t a x i s s t r i k e s NNW-SSE. The second a x i s s t r i k e s WSW-ENE. 

Along these two axes s i m i l a r i t i e s and d i f f e r e n c e s e x i s t which 

might be u s e f u l for engineering g e o l o g i c a l zoning. Along the 
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f i r s t a x i s geomorphological, l i t h o l o g i c a l , and s t r u c t u r a l 

f e a t u r e s are approximately homogeneous i n a r e g i o n a l context. 

But along the second a x i s the above f e a t u r e s e x h i b i t great 

d i f f e r e n c e s w i t h i n short d i s t a n c e s . 

Along t h i s second WSW-ENE a x i s , which t r a v e r s e s the i s o p i c zones, 

c e r t a i n breaks ( f a u l t l i n e s ) occur. P l a t e t e c t o n i c s t u d i e s 

consider t h a t such f a u l t l i n e s are a prolongation of the north-

Anatolian f a u l t and sei s m i c a c t i v i t y i s observed such as i n the 

C o r i n t h i a n Gulf and the Amvrakia-Lamia-Volos-north Aegean sea 

l i n e . 

The Greek r i v e r s flow along such axes which c o n s t i t u t e major 

breaks or si m i l a r l y - f o r m e d l i t h o l o g i c a l u n i t s ( s o f t or hard 

s t r a t a ) . 

I n a s i m i l a r way, r i d g e s , l a k e s , thermal s p r i n g s , chains of 

k a r s t i c limestone s e r i e s , and gypsum d i a p i r i c phenomena are 

mainly a l i g n e d along the f i r s t a x i s . 

No matter what the r i v e r i s or i t ' s flow d i r e c t i o n , the axes 

of the Greek dams are a l i g n e d i n an approximate NW-SE d i r e c t i o n . 
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CHAPTER 4 
F i e l d work 

4.1 I n t r o d u c t i o n 

I n Chapter 3, the g e o l o g i c a l , geotectonic and s e i s m i c i t y 

environment i n which Greek dams are mainly l o c a t e d has been 

b r i e f l y reviewed i n order t o " p a i n t the ba c k c l o t h " f o r a 

co n s i d e r a t i o n of dam foundations i n North-Western Greece. 

T h i s Chapter presents appropriate g e o l o g i c a l and geotechnical 

records which c h a r a c t e r i z e the foundation bedrock p a r t i c u l a r l y 

with r e s p e c t to the wat e r t i g h t n e s s (or per m e a b i l i t y ) of three dam 

l o c a t i o n s , namely: 

1) Pournari dam on the Arachthos R i v e r . 

2) Assomata dam on the Aliakmon R i v e r . 

3) S f i k i a dam on the Aliakmon R i v e r . 

The main information considered i n t h i s fieldwork comprises: 

a) the recorded p e r m e a b i l i t i e s , from the i n v e s t i g a t i o n boreholes, 

i n r e s p e c t of l i t h o l o g y , s t r u c t u r a l weaknesses, weathering and 

depth, and, b) the g e o l o g i c a l information recorded during the 

excavation of the core trench, and the grouting and drainage 

g a l l e r i e s i n the grout c u r t a i n alignment. 

I n a d d ition to the above information the d r i l l i n g methods used, 

the grout p r o p e r t i e s , the allowable p r e s s u r e s a p p l i e d and the 

completion c r i t e r i a considered w i l l be d i s c u s s e d b r i e f l y . The 

grouting r e s u l t s w i l l then be presented i n terms of the grout 

c u r t a i n geometry and extension, the grouting boreholes d r i l l e d 

and the q u a n t i t i e s of grout used, as w e l l as t h e i r i n t e r r e l a t i o n ­

s h i p s as d i s c u s s e d i n the following paragraphs. 
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These grout q u a n t i t i e s w i l l provide information which, together 

with the design-stage information, w i l l f a c i l i t a t e an assessment 

of the voidness of the foundation bedrock and r e v e a l important 

g e o l o g i c a l c h a r a c t e r i s t i c s . 

4.2 Pournari Dam 

4.2.1 D e s c r i p t i o n of the p r o j e c t 

The Pournari dam, completed i n 1981, i s an e a r t h f i l l zoned dam 

with a c e n t r a l c l a y core and sand-gravel s h e l l s , t r a n s i t i o n 

f i l t e r zones and l a r g e stone-block ( r i p - r a p ) p r o t e c t i o n on i t s 

upstream face (see F i g s . 4 . 1 A fi and P l a t e 4.1). 

The core trench, excavated to f i r m rock, r e v e a l e d the deepest 

point of the r i v e r b e d a t an e l e v a t i o n of 24.07m and the dam 

s u p e r s t r u c t u r e has a maximum constructed height of 103m. I t s 

c r e s t i s a t an e l e v a t i o n of 127m and i t s c r e s t length i s 574m. 
3 3 

The dam volume contains 9.5 x 10 m of c o n s t r u c t i o n m a t e r i a l s , 
6 3 

and i t s r e s e r v o i r w i l l r e t a i n a t o t a l water volume 730 x 10 m 
6 3 

w i t h a u s e f u l c a p a c i t y of 340 x 10 m . The impounded lake w i l l 

extend approximately 25 km upstream of the dam. 

The h y d r o e l e c t r i c s t a t i o n , l o c a t e d i n the l e f t abutment behind 

the downstream toe of the dam, i n c l u d e s three u n i t s each of 100 MW. 

The three generating u n i t s are independent and are fed from 

three power tunnels of 366m to 419m length and 7m nominal diameter 

with concrete and s t e e l reinforcement. Located i n the r i g h t 

abutment are the c o n c r e t e - l i n e d d i v e r s i o n tunnel (720m long and 

10.5m diameter) and a chute-type s p i l l w a y , regulated by three 

r a d i a l gates 12.5m wide and 12.5 high, providing passage f o r an 
3 

ultimate flow of 6 100 m / s e c . 
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P r i o r to the main dam and the upstream cofferdam works, s t a r t e d i n 

1976, the d i v e r s i o n tunnel and a concrete diaphragm w a l l of 350m' 

length and a maximum depth of 15m were constructed to allow "dry" 

conditions f o r the core-trench excavations. During the main 

upstream cofferdam works another tunnel (named the "bottom o u t l e t 

tunnel") was added i n the l e f t abutment. I t i s 350m long and 7m 

i n diameter with concrete reinforcement and was designed to meet 

emergency c o n d i t i o n s . 

4.2.2. Foundation bedrock c o n d i t i o n s : an assessment p r i o r to 

grouting 

The bedrock conditions and the expected c o r r e c t i v e measures f o r 

strengthening and s e a l i n g of the foundation bedrock have been 

i n v e s t i g a t e d i n some d e t a i l . The e x p l o r a t i o n programme comprised 

boreholes, a d i t s , trenches, geophysical surveying, i n - s i t u 

p e r m e a b i l i t y and rock mechanics t e s t i n g , d e t a i l e d logging, 

d e t a i l e d mapping and p h o t o - i n t e r p r e t a t i o n of s u r f a c e geology, 

as w e l l as a comprehensive sampling and l a b o r a t o r y t e s t i n g 

programme to evaluate l o c a l m a t e r i a l s f o r c o n s t r u c t i o n . 

The outcome of the above s t u d i e s , together with other (such as 

economic and environmental) c o n s i d e r a t i o n s , have l e d to the 

c o n s t r u c t i o n of the dam i n i t s present layout. T h i s present study 

w i l l use s e l e c t i v e f e a t u r e s of the bulk of information c o l l e c t e d 

as above to d e l i n e a t e foundation bedrock co n d i t i o n s as f o l l o w s : 

A. Geomorphological and l i t h o l o g i c a l c h a r a c t e r i s t i c s of the damsite 

The Pournari H.E. p r o j e c t and i t s r e s e r v o i r l i e s on the Oligocene 

f l y s c h formations of the western limb of the Epirus-Akarnanian 

s y n c l i n e of the Ionian zone i n the lower Arachthos r i v e r , about 
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4 km e a s t of A r t a town (see Chapter 2.3 and F i g s . 1.1 and 2.11). 

The r i v e r flow has a general N-S d i r e c t i o n , but a t the damsite i s 

t w i s t e d westwards through a small e r o s i o n v a l l e y about 300m wide. 

From upstream to downstream of the dam a x i s , and from the top of 

the v a l l e y to the bottom, the r i v e r has eroded the following 

main l i t h o l o g i c a l u n i t s which are considered i n the present study 

( F ± 9 S - 4 - 1 D and E> : 

i ) The moderately-to-thickly-bedded sandstones (SSL u n i t ) 

belonging to the Peta sandstone s e r i e s of the area. 

These sandstones are capping and p r o t e c t i n g from 

er o s i o n the other s o f t e r l i t h o l o g i c a l u n i t s , which are : 

i i ) The s i l t y conglomerate (SGL u n i t , u n s t r a t i f i e d ) , which 

i s u n d e r l a i n by 

i i i ) The thinly-bedded s i l t s t o n e - s a n d s t o n e sequence (CSL 

u n i t ) . 

Due to the cyclothemic c h a r a c t e r and t u r b i d i c nature of the s e d i ­

mentation processes of the above formations, d i f f e r e n t i a t i o n s 

w i t h i n the above u n i t s do e x i s t . These d i f f e r e n t i a t i o n s c o n s i s t 

of elements of one u n i t deposited i n another i n the form of 

interbedded s t r a t a or wide i n t e r c a l a t e d l e n s e s . The r i v e r i n i t s 

course seems to have eroded the s o f t member u n i t s of the f l y s c h 

trending N — » S and o c c a s i o n a l l y E—»W. The steepness of the g u l l i e s 

surrounding the s i t e , t h e i r r e l a t i v e l y steep unweathered (washed-

out) f r e s h slope c u t s , the washed-out products graded up to 

sandstone boulders, and the stormy nature of the r a i n s as w e l l as 

the t o r r e n t i a l c h a r a c t e r of the r i v e r suggested t h a t strong erosion 

of the Surrounding h i l l c u r r e n t l y takes p l a c e . 

Although the morphology of the f o o t h i l l s i n c e r t a i n areas 



102 

appears as t e r r a c e - l i k e landforms, the stone blocks a t the toe 

and u p h i l l s c arps i n d i c a t e the l i k e l i h o o d of previous l a n d s l i d e s . 

S e v e r a l minor l a n d s l i d e s have been i d e n t i f i e d i n the v i c i n i t y of 

the dam, the most important being the one l o c a t e d i n the r i g h t 

abutment a t the upstream-toe of the dam which has imposed the 

rounded shape of the upstream s h e l l , which i n f a c t s t a b i l i s e s 

t h i s p a r t i c u l a r area (see F i g . 4.1 A ) . 

B, Bedding and Folds 

At the s i t e , beds i n general s t r i k e N30°W and dip NE a t about 

25°-45°. The o v e r a l l development of the s t r a t a , k i l o m e t r e s north 

and south of the s i t e , confirm t h a t no major f a u l t breaks e x i s t 

nearby. Small v a r i a t i o n s of the s t r i k e and dip of the s t r a t a 

have been n o t i c e d w i t h i n the s i t e , due to the e x i s t e n c e of small 

f o l d s superimposed on the major r e g i o n a l ones (such as t h a t of 

the Epirus-Akarnania s y n c l i n e which trends N — » S ) . The most 

important of these secondary f o l d s was r e v e a l e d ( F i g . 4.1) 

during the core trench excavations i n the r i v e r bed, i t s a x i s 

d i r e c t i o n being NE - SW, plunging 30°-40° NE towards upstream. 

Bedding p a r t i n g s u r f a c e s appear t i g h t , and when separated are 

i n f i l l e d with shaly f i l m s o f sheared c l a y and sheared s i l t s t o n e . 

(.Strike s l i p shearing; see Table 4.1). 

C. J o i n t s 

J o i n t s are well-developed i n systems, e i t h e r orthogonal or oblique 

to bedding s t r i k e s or dip d i r e c t i o n s , p a r t i c u l a r l y in the sandstone 

s t r a t a . Major j o i n t s e x h i b i t an extension of a few dozen metres 

and at a frequency of 4-10 metres ( F i g . 4 . 1 D ) . 

The s i l t y conglomerate and the thinly-bedded s i l t s t o n e - s a n d s t o n e 
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TABLE 4.1 

Direct shear test laboratory results on selected "clay seam" samples 
(Pournari dam) 

Sample Geo-
technlcal 
description 

Cohesion 
intercept 
c (ka/cm2) 
(KN/ni ) 

Peak values 
of (P'p 
(degrees) 

Residual 
values 
of cp'r 

(degrees) 

Sampling code,geological 
environment and visual 
description of "clay seam" 

Samples of 
high clay 
content and 
high p l a s t i ­
city: range 

0.4 

(39.23) 

0.2 - 0.3 

(19.61-29.42) 

20° 

18° 

16° 

14° 

*S V/15A :Joint i n f i l l i n g , 
12 cm thick of yellow clay 
with sand traces, into 
thickly-bedded SSL unit 

S I I I / 6 2 T : Interbedded 
material of grey-green clay, 
extracted frcm the transition 
area (contact) of thickly-
bedded sandstones (SSL) and 
the thinly bedded siltstone 
(CSL) 

Samples of 
medium clay 
content and 
plasticity: 
range 

0.6 

( 58.84) 

2 6 . 5 ° - 24° 4 4 
G / 3 A : Interbedded clay, sandy 
grey-brown,containing fragments 
of weathered claystone 
(CSL unit) 

0.2 - 0.6 

(19.61-58.84) 

24° 12° G 4 / 6 9 r - :Joint i n f i l l i n g of 
yellow 5 cm thick clay with 
sand traces,within thickly-
bedded siltstones i n the 
CSL unit. The joint belongs 
to a set of sheared zones 
characteristic at this loca­
tion, with signs of pene­
trative weathering. 

Samples of 
low .clay 
content 
and low 
plasticity: 

0.4 - 0.6 

(39.23-58.84) 

36° 35° GV/25A:Interbedded, 4cm thick 
layer of grey-green clay, i n 
the contact of thickly-bedded 
sandstones (SSL) and thin 
layers of claystone (CSL subunit) 

range 0.5 

( 49.03] 

31° 29° E 1/62.6A:Joint i n f i l l i n g of 
yellow brown sandy clay 8 cm 
thick i n a highly-weathered 
s i l t y conglomerate (SGL unit). 
This SGL subunit i s interfig-
gered within the SSL unit and 
i t i s responsible for the 
right bank upstream slide. 

S V/15 A code number of sampling locations (L V = Name of Adit) 
/15=Station in metres from portal 

A.r.A.=The particular sample from 
the above stationing. 



s e r i e s e x h i b i t small j o i n t s of an extension and frequency which 

range from a few centimetres to a few metres. I n the r a r e 

i n s t a n c e s of the e x i s t e n c e of small sheared j o i n t s , the rock 

appears to be s h a t t e r e d . The s c a t t e r i n g of these j o i n t s i n s t r i k e 

and dip ( P r i c e , 1959) i s due to the e x i s t e n c e of the above-

mentioned superimposed f o l d s (see Figs.4.1 and 4.6 and 4.7). 

The concentration of j o i n t s a t the apex of the r i v e r b e d f o l d has 

f a c i l i t a t e d the E-W tur n of the r i v e r and has cr e a t e d by eros i o n 

the v a l l e y i n which the dam i s founded. The most important of 

the recorded j o i n t s are those encountered i n the upper sandstone 

beds, and t h i s i s p a r t i c u l a r l y due i n many cas e s to the absence 

of I n f i l l i n g s . 

D. Shears and f a u l t s 

Minor f a u l t i n g and shearing was i d e n t i f i e d during the exploratory 

works. I t appeared as r e g u l a r l y - s p a c e d shear zones i n the r i g h t 

abutment downstream of the dam a x i s , and w i t h i n some of the 

exploratory a d i t s . The measured displacements were of a few 

centimetres. The core trench and other excavations proved t h a t 

those shears e x i s t e d i n both abutments i n the wings of the 

a n t i c l i n a l f l e x u r e recorded a t the r i v e r bed, the most important 

being those downstream of the r i g h t abutment aggravated by deep 

erosi o n during undercutting of the r i v e r b e d . They s t r i k e N50°W 

to E-W dipping 50° - 85° southe r l y , being i n t e n s i o n and being 

i n f i l l e d with weathering products. 

E. Weathering c h a r a c t e r i s t i c s 

At Pournari s i t e weathering, c l a s s i f i e d i n four grades (Hobbs, 

1975) from f r e s h to completely-weathered rock ( r e s i d u a l s o i l ) 

during the i n v e s t i g a t i o n stage, turned out to be of s i x grades 
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during c o n s t r u c t i o n (Dearman e t a l • , 1972),a good c o r r e l a t i o n 

of the two weathering c l a s s i f i c a t i o n s being t h a t quoted by 

B e l l (1978). 

Most of the bedrock outcrops a t the dam s i t e appeared to be 

moderately-to highly-weathered, p a r t i c u l a r l y where intense j o i n t i n g 

or shearing and s l i d i n g had occurred. Samples of cl a y e y i n f i l l i n g s , 

s e l e c t e d along j o i n t s or bedding planes, showed t h a t r e l a x a t i o n 

was deep enough, and weathering was noticed mainly along these 

d i s c o n t i n u i t i e s . I n c e r t a i n a r e a s , p a r t i c u l a r l y i n the r i g h t 

abutment, the chemical a l t e r a t i o n t h a t had occurred was deep 

enough and has led to e x t e n s i v e excavation as a r e s u l t of i n f e r i o r 

shear s t r e n t h c h a r a c t e r i s t i c s of these a l t e r e d rocks. Shear 

strength c h a r a c t e r i s t i c s of the i n f i l l i n g s a r e presented i n 

Table 4.1 and some e x h i b i t r e s i d u a l cpr values as low as 12°. 

In s i t u d i r e c t shear t e s t s on weathered bedding planes and 

shears gave higher r e s i d u a l v a l u e s of cpJl= 24° to 26°. 

The unconfined compressive s t r e n g t h and the modulus of e l a s t i c i t y 

of the bedrock were considered high enough f o r the envisaged 

s t a t i c or dynamic loads which might be imposed on the foundations 

(Table 4.2). 

F. Ground water c h a r a c t e r i s t i c s 

The ground water p r o f i l e (derived from piezometer readings) proved 

to follow the topography near the ground s u r f a c e . I t appeared 

d e e p e r - l e v e l l e d i n the upper sandstone s t r a t a . I t e x h i b i t e d an 

annual f l u c t u a t i o n of s e v e r a l metres, with g r e a t e r v a r i a t i o n s 

noticed i n the sandstone s t r a t a even during the winter period of 

r a i n f a l l . Water inflows, observed a f t e r rainstorms i n some a d i t s , 
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i n d i c a t e d t h a t r e l a x e d open j o i n t s as w e l l as bedding planes 

e x i s t e d . A s p r i n g (of a few l i t r e s per minute) at the contact 

between the sandstones and s i l t s t o n e s emerging i n the l e f t 

abutment, as w e l l as minor drippings from shears i n t o the 

s i l t s t o n e s of the exploratory a d i t s , proved t h a t the s i l t s t o n e s 

were q u i t e impermeable, although the water l e v e l s recorded i n 

the abutments were q u i t e high. 

4.2.3 P e r m e a b i l i t y c h a r a c t e r i s t i c s 

Foundation bedrock p e r m e a b i l i t i e s were i n v e s t i g a t e d with packer 

pressure t e s t s using c l e a r water and c a r r i e d out from boreholes 

d r i l l e d along the dam a x i s i n the r i v e r bed and the abutments. 

The r e s u l t s are presented i n the F i g u r e s 4.8, 4.9, 4.10 and 4.11. 

The main v a r i a b l e i n t e r a c t i o n s t h a t could be examined were 

Per m e a b i l i t y versus rock types encountered. 

Pe r m e a b i l i t y versus RQD. 

P e r m e a b i l i t y versus weathering. 

Per m e a b i l i t y versus depth from ground s u r f a c e . 

Each t e s t i s symbolized to the main l i t h o l o g i c a l u n i t s encountered 

so as to provide an i n d i c a t i o n of the i n t e r r e l a t i o n s between 

rock types, weathering and f r a c t u r e c h a r a c t e r i s t i c s i n terms of 

RQD and i t s p o s i t i o n i n r e l a t i o n to depth. The t e s t s were executed 

a t f i v e metre i n t e r v a l s a t allowable p r e s s u r e s not exceeding the 

overburden p r e s s u r e , and for very deep holes not exceeding a 
2 2 pressure of 15 kg/cm (1471 kN/m ) . 

A f i r s t examination of the p e r m e a b i l i t y t e s t data presented i n 

Figs.4.8 to 4.11 i n d i c a t e s t h a t foundation bedrock i n the Pournari 

damsite i s q u i t e impermeable. Almost 45 per cent of the t e s t s 

c a r r i e d out gave no water takes (zero t e s t s ) , while another 15 per 
j 
I 
I 
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cent e x h i b i t e d p e r m e a b i l i t y v a l u e s equal to or lower than 
_7 

1 Lugeon = 1.3 x 10 m/s . According to Houlsby (1977,1982), no 

grouting a t a l l would be required under these p e r m e a b i l i t y 

c o n d i t i o n s . 

The main co n c l u s i o n s , which can be drawn from examining the 

p e r m e a b i l i t i e s recorded i n r e l a t i o n to rock type, RQD, weathering 

and depth are as f o l l o w s : 

P e r m e a b i l i t i e s are higher i n the sandstone (SST) and 

sandstone bearing (SST + SLT) sequences ( F i g . 4.8). 

Th i s i s due to the j o i n t i n g observed i n these sequences 

and to the e x i s t e n c e of water-bearing, bedding/parting 

s u r f a c e s , o c c a s i o n a l l y o c c u r r i n g t h e r e . 

P e r m e a b i l i t i e s are correspondingly with the lower RQD's 

observed, although the v a s t m a j o r i t y of the t e s t e d 

i n t e r v a l s e x h i b i t very high RQD v a l u e s . Among those rocks 

showing the higher RQD va l u e s are the sandstones which 

have ?from the m a j o r i t y of t e s t s , higher p e r m e a b i l i t y 

values ( F i g . 4.9). The con c l u s i o n can be drawn t h a t water 

i s permeating through a few d i s t i n c t j o i n t s or bedding 

planes. P e r m e a b i l i t i e s i n the most weathered i n t e r v a l s 

are higher, but about 90 per cent of the i n t e r v a l s were 

t e s t e d w i t h i n f r e s h rocks ( F i g . 4.10). Most of the 

i n t e r v a l s which e x h i b i t high weathering belong again to 

the sandstone-bearing u n i t s . These, together with the 

previous observations, suggest t h a t weathering of j o i n t s 

and r e l a x a t i o n , as w e l l as loose bedding/parting s u r f a c e s 

(which a c t as water-bearing f e a t u r e s ) , might be expected 

to be b e t t e r developed w i t h i n the sandstone-bearing 

sequences. 
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F i n a l l y , and as expected, p e r m e a b i l i t y v a l u e s decrease 

with depth but, again, the higher values are w i t h i n the 

sandstone-bearing sequences. These v a l u e s proved to be 
—6 —7 

i n the range of 10 to 10 m/s even a t a depth of 

30m -70m ( F i g . 4.11). 

There are s e v e r a l f a c t o r s emerging from the p e r m e a b i l i t y t e s t 

r e s u l t s which can e x p l a i n the t r a n s m i s s i b i l i t y behaviour of the 

foundation bedrock. 

The sandstone sequence (see F i g . 4.1) i s the top-most formation i n 

v e r t i c a l s e c t i o n along the dam a x i s . The r e l a x a t i o n observed i n 

these rocks i s the h i g h e s t a t the s i t e , and weathering i n i t s 

j o i n t s or bedding planes e a s i l y destroys the rock t e x t u r e by 

degrading i t s c a l c a r e o u s cement bonds so t h a t they became e a s i l y 

eroded by c i r c u l a t i n g water. I t s b r i t t l e n e s s , too, does allow an open 

frame - work of j o i n t s and bedding planes to be e a s i l y c r e a t e d 

i n t h i s sequence.The s o f t e r members of the f l y s c h a t the s i t e . " 

are prone to weathering which destroys t h e i r i n t e r n a l cohesion 

and c r e a t e s impermeable j o i n t i n f i l l i n g s from the break-down 

products. 

Moreover, due to c y c l i c a l wetting and drying out, the j o i n t w a l l s 

e x h i b i t f l a k i n g , which i n f i l l s the j o i n t s . Any shearing movement 

a l s o c r e a t e s impermeable i n f i l l i n g s . The d u c t i l e s t r a i n behaviour 

of the s o f t e r members, as w e l l as the t h i n nature of the beds, 

al l o w s the rock to accommodate the higher s t r e s s e s . 
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P l a t e A.3 Pournori core trench excavation 
( Cleaning and core placement ) 
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4.2.4 Grouting a t Pournari 

(a) General 

Grouting at Pournari was c a r r i e d out f o r two main reasons: 

1) to reduce leakages under the dam and from the 

abutments, 

2) to reduce the u p l i f t p r e s s u r e s i n t o the abutments. 

I n t h i s second case, i n a d d i t i o n to the grouting a drainage 

c u r t a i n was constructed from the same g a l l e r i e s which were a l s o 

used f o r the c o n s t r u c t i o n of the grout c u r t a i n . 

Grouts, d r i l l i n g methods and the grouting procedures adopted are 

the same for Pournari, Assomata and S f i k i a . D e t a i l s are given i n 

Appendix C. 

(b) Grouting parameters and grouting r e s u l t s 

Grouting r e s u l t s presented here concern the main grout c u r t a i n , 

w hile mention of grouting r e s u l t s of a u x i l i a r y h o l e s , o f f the 

main c u r t a i n , w i l l be made where n e c e s s a r y to denote important 

g e o l o g i c a l f a c t o r s c o n d i t i o n i n g the e v a l u a t i o n of the r e s u l t s . 

The d e t a i l e d grouting f i e l d r e s u l t s are presented i n the "as b u i l t 

drawings" which are given i n Volume I I . (The main grout absorptions, 

p e r m e a b i l i t i e s , the g e o l o g i c a l formations d r i l l e d and c o n s t r u c t i o n 

times are presented i n P l a t e 4.5). 

Grouting r e s u l t s have been presented here by c o n s i d e r i n g three 

main q u a n t i t i e s : 
2 

1) the area of the c u r t a i n i n a v e r t i c a l sense ( i n m ) , 

2) the amount of the grout used ( i n l i t r e s of grout or 

i n kg of cement), and 
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3) the length of grouting borehol"es d r i l l e d ( i n metres-

run) . 

The above q u a n t i t i e s and t h e i r i n t e r r e l a t i o n s are used to designate 

the d e f e c t i v e c h a r a c t e r (openings) of the t r e a t e d foundation 

bedrock. 

The grouting data have been grouped i n b a s i c segments w i t h i n the 

c u r t a i n over an area of 50m h o r i z o n t a l d i s t a n c e and extending 

v e r t i c a l l y to the depth of the l i m i t l i n e of the c u r t a i n , and 

they have been given i n the form of grouting parameters, defined 

as f o l l o w s : 

i ) Grout take T h i s i s the t o t a l weight ( i n kg of cement) 

of grout i n j e c t e d w i t h i n a s e c t i o n of the c u r t a i n . 

When volumes are considered next, then these volumes 

are expressed i n l i t r e s of grout of the 1 : 1 water/ 

cement r a t i o (see Table AC-1 i n Appendix C ) . 

i i ) Borehole length T h i s i s the t o t a l length ( i n metres) of 

grouting boreholes d r i l l e d w i t h i n a segment, 

i i i ) Grout take per metre-run of borehole T h i s i s the weight 

of grout i n j e c t e d over the t o t a l length of grout holes 

d r i l l e d w i t h i n a segment. I t i s a parameter t h a t i s 

s e n s i t i v e to the f r a c t u r e c o n d i t i o n of the ground, but 

can a l s o be inf l u e n c e d by grout f l u i d i t y (w:c r a t i o ) 

and pump pressure. 

i v ) Grout take per area of segment T h i s i s the weight of 

grout placed w i t h i n a s e c t i o n of the c u r t a i n (segment) 

d i v i d e d by the s e c t i o n area. I t takes account of the 

averaged d i s t r i b u t i o n of the grout w i t h i n the s e c t i o n , 

but i s i n d i c a t i v e of the r e l a t i v e f r a c t u r e d e n s i t y i n 

the rock over the d i f f e r e n t segments. T h i s i n d i c a t i o n 
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of f r a c t u r e d e n s i t y i s weakened because no account 

i s taken i n t h i s parameter of grout borehole d e n s i t y ; 

the g r e a t e r the number of boreholes (and t h e i r length) 

per u n i t area of segment, the g r e a t e r i s the chance 

of grouting more cr a c k s i n the foundation rock. 

v) Grout take per m-run per area of segment T h i s i s 

the weight of grout accepted by the rock expressed 

i n terms both of the borehole length and the segment 

a r e a . I t i s a parameter t h a t normalizes the grout 

weight to c u r t a i n area (parameter i v ) f o r comparisons 

between segments, but which has the advantage of 

overcoming the o b j e c t i o n i n ( i v ) by i n c o r p o r a t i n g 

the ground f r a c t u r e s e n s i t i v i t y f a c t o r s ( i i i ) . 

v i ) Volume of grout used per m-run per a r e a of segment 

T h i s parameter o f f e r s the advantages of (v) parameter 

above, but a l s o has the advantages of a dimensionless 

parameter by converting grout weight to grout 

volume by e i t h e r assuming an average grout d e n s i t y 

or by taking account of s p e c i f i c w:c r a t i o s * 

v i i ) S u ccession of grouting boreholes 

P : Primary ) 
S : Secondary J T h e s e a r e t h e stages of 
T : T e r t i a r y ) boreholes put down for 
Q : Quaternary ) grouting. 
- — - • 

The more fluid the grout (the higher the water-cement ratio) the 
more likely i s the grout from the numerous boreholes to spread 
differentially out of the plane of the dam axis section. In such 
circumstances the validity of the grouting parameters detailed 
above, becomes less tenable. 
A substantial percentage of the f i e l d grouting used a 1:1 (low 
mobility) water-cement grout. This w:c ratio i s used for the 
calculation in this work. 
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E : non-cored ) These are the fin a l boreholes 
) Check put down for checking the 

C : cored ) holes completeness of the earlier 
grouting 

For e v a l u a t i o n purposes, the d e t a i l e d grouting f i e l d r e s u l t s 

are gathered together i n Table 4.3, and are given as appropriate 

grouting parameters (defined p r e v i o u s l y ) f o r each b a s i c segment. 

The grouting r e s u l t s i n the s u c c e s s i o n of Primary,Secondary, 

T e r t i a r y , Quaternary and Check holes are given i n Tables 4.4 to 4.a. 

2 
The averaged r e s u l t s of grout takes i n kg of cement per m , 

2 
boreholes d r i l l e d i n m-run per m , and the volume of grout used 
per m-run per area of segment (dimensionless parameter), as w e l l 

2 
as the t r e a t e d area i n m of each segment, are i l l u s t r a t e d i n 

F i g . 4.12. I n t h i s F i g u r e , d i f f e r e n c e s such as those e x h i b i t e d i n 

segments 1, 5, 6 and 10, or s i m i l a r i t i e s as those e x h i b i t e d i n 

segments 16, 17, 18 and 19, f a c i l i t a t e the e v a l u a t i o n of the 

predominant g e o l o g i c a l f a c t o r s involved. 

The e f f e c t i v e n e s s of grouting treatment i n the s u c c e s s i o n of 

P# S, T, Q, E and C grouting stages, are presented i n Fig u r e 4.13. 

D i f f e r e n c e s , such as those of segments 4, 5 and 6, are i n d i c a t i v e of 

depth and frequency of the most important groutable d i s c o n t i ­

n u i t i e s and the l i t h o l o g i c a l horizons c i t e d i n the foregoing 

paragraphs. 

F i n a l l y , F i g u r e s 4.14 and 4.15 i l l u s t r a t e the e f f e c t i v e n e s s of 

the d r i l l i n g and grouting e f f o r t i n the suc c e s s i o n of the P, S, 

T, Q stages and the checking stages E and C. The e f f e c t i v e n e s s 

achieved as i l l u s t r a t e d by the P, S, T, Q, E and C curves a c t 

as warnings and guidance towards the appropriate f u t u r e measures 

needed to supplement the grouting works already performed. 
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I t i s thus p o s s i b l e to i s o l a t e and s p e c i f y the e x i s t i n g or assumed 

g e o l o g i c a l f a c t o r s involved. 

I t i s noted t h a t i t i s often necessary to perform f u r t h e r grouting 

or drainage works a f t e r completion of the i n i t i a l work. An 

assessment of the foundation bedrock d i s c o n t i n u i t y c h a r a c t e r i s t i c s 

with r e s p e c t to grout take w i l l b e n e f i t both the design of 

the operation and i t s c o s t e f f e c t i v e n e s s . 

4.2.5 Summary d i s c u s s i o n and conclusions on Pournari dam 

On the b a s i s of the grouting r e s u l t s and other f i e l d information 

a v a i l a b l e , as presented i n t h i s S e ction, a number of conclusions 

can be drawn, i n s p i t e of the complex nature of the v a r i a b l e s 

considered, and the u n c e r t a i n t i e s which u s u a l l y accompany the 

g e o l o g i c a l f a c t o r s involved. I n the e v a l u a t i o n of the grouting 

r e s u l t s , some c o r r e l a t i o n s can be made between 

a) the grouting parameters ( q u a n t i t i e s ) , and the 

foundation c o n d i t i o n s (rock v o i d n e s s ) , and 

b) the extent of the e f f e c t i v e n e s s of the grouting works 

and the p r e s e t completion c r i t e r i a (see a l s o , 

Appendix e ) . 

On the other hand a number of ambiguities and the need for 

a d d i t i o n a l information from s p e c i f i c t e s t s , g e o l o g i c a l records 

and observations are brought to l i g h t when an attempt i s made 

a) to evaluate the foundation p r o p e r t i e s and t h e i r 

response to the methods of improvement applied, and 

b) to grade t h e i r i n t e r r e l a t i o n s . 

Because of ( i n some cases) r e s t r i c t e d f a c i l i t i e s i n the f i e l d , and 

the employment of the w r i t e r i n the exploratory programme ( f i n a l 

design and bidding c o n t r a c t documents) of the Pigae damsite on 
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the Aoos R i v e r , these t e s t s and the other information needed 

could not be c a r r i e d out. Suggestions f o r f u r t h e r r e s e a r c h w i l l be 

d e t a i l e d i n due course. 

The curves ( F i g . 4.12) of the average r e s u l t s of the grout used 
2 

per u n i t s u r f a c e (m ) of the b a s i c segmental d i v i s i o n s of the 

grout c u r t a i n i n d i c a t e t h a t the q u a n t i t i e s of grout used are 

a) higher i n segments 5, 15, 16, 17, 18 and 19 due 

mainly to presence of the sandstone formations and 

t h e i r s i m i l a r i t i e s of j o i n t i n g and weathering, and 

b) lower i n segments 1, 2, 6 and 7 i n which sandstone-

bearing s t r a t a are absent or weathered and r e l a x e d 

s t r a t a have been excavated to f r e s h rock. 

The d e n s i t y of the boreholes d r i l l e d i s about the same i n a l l 

segments except i n segment 1. V a r i a t i o n s i n the q u a n t i t i e s of the 

grout used, such as those i n segments 10 and 15 or 6 and 7, must be 

a t t r i b u t e d to f a c t o r s p e r t a i n i n g to these segments. 

The f a c t o r s a r e : 

a) The j o i n t c oncentration on the apex of the r i v e r 

bed f o l d . 

b) The n e a r - v e r t i c a l and d i l a t e d j o i n t s i n the abrupt 

c l i f f of the l e f t abutment (rebound j o i n t s ) . 

c) The absence of open j o i n t s i n the s i l t y conglomerates 

of the s i l t s t o n e sequence, p a r t i c u l a r l y a t depth 

(10m) below the s u r f a c e . 

G e n e r a l l y , the grout takes shown i n the "as b u i l t " drawings and 

the conclusions drawn out from the e v a l u a t i o n of the i n v e s t i g a t i o n 

stage permeability r e s u l t s are i n agreement with the response 

of the ground to the grouting treatment a p p l i e d . 
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In Figure 4.13 i t i s evident t h a t the e f f e c t i v e n e s s of the 

su c c e s s i o n of the grouting stages of P, S, T, Q, E and C holes i n 

s e a l i n g the bedrock voids p r e s e n t s some anomalies. These anomalies 

comprise 

a) the high grout takes of the T e r t i a r y holes i n segment 

4 which can be a t t r i b u t e d to c o n s t r u c t i o n (see the 

d e t a i l e d "as b u i l t " drawings), and 

b) the high grout takes of the Quaternary holes i n 

segment 10 which have been caused by the strong and 

c l o s e l y - s p a c e d j o i n t i n g due to the f o l d present i n 

t h i s segment. 

Other anomalies, s i m i l a r to the above, which concern the 

remainder of the segments are minimal and are a t t r i b u t e d to the 

r e l a x a t i o n of the near s u r f a c e rocks ( p a r t i c u l a r l y where s h a t t e r e d 

rocks occurred) and to the l o s s e s of grout i n the e f f o r t to s e a l 

the near s u r f a c e (upper) grouted s e c t i o n s of the holes. 

F i n a l l y , the e f f e c t i v e n e s s of the d r i l l i n g and grouting e f f o r t i n 

the s u c c e s s i o n of the P, S, T, Q stages and the checking stages 

E and C, i s i l l u s t r a t e d i n F i g u r e s 4.14 and 4.15. 

I n p a r t i c u l a r , the curves of the F i g . 4.14 (A and B) r e l a t e to 

t i g h t bedrock conditions and the i s o l a t e d high grout takes are 

a t t r i b u t e d to c o n s t r u c t i o n d e f e c t s (concrete l i n i n g ) . The curves 

i n d i c a t e t h a t although the grouting borehole d e n s i t y i s high 

(as high as i n the other segments; see Table 4.3 and F i g . 4.12), 

the reduction i n the values of the dimensionless parameter of 

"volume of grout take per metre run per area of segment" i s minimal. 

T h i s minimal grout absorption i m p l i e s a very t i g h t bedrock 
(the s i l t y conglomerates and s i l t s t o n e sequence) and t h a t 
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a t l e a s t the existing j o i n t s are s t i l l i n compression under s t r e s s 

and only the near-surface (about 0-1Om deep) rocks e x h i b i t e d some 

d i l a t i o n and s t r e s s r e l i e f . 

The curves of F i g s . 4 . 1 5 A , a n d fi i n d i c a t e t h at the groutable 

openings i n the foundation bedrock have e f f e c t i v e l y reduced (at 

l e a s t a f t e r the T e r t i a r y holes grouting s t a g e ) , but some anomalies 

i n d i c a t e t h a t some small open j o i n t s i n segments 15 and 19 s t i l l 

e x i s t . Drainage holes i n the l e f t abutment have i n d i c a t e d the 

ex i s t e n c e of sm a l l leakages (a few l i t r e s of water per minute) 

i n o c c a s i o n a l h o l e s . 

The above remarks warn about the p o t e n t i a l danger of a build-up 

of pore p r e s s u r e s i f a s i m i l a r behaviour of segments i s to be 

encountered i n other c u r t a i n s elsewhere and t h a t properly-

designed drainage c u r t a i n s should prove to be more c o s t e f f e c t i v e 

than i n c u r r i n g the need to r e s o r t to f u r t h e r grouting subsequent 

to the main programme. 



4.3 Assomata dam 

4.3.1 D e s c r i p t i o n of P r o j e c t 

Assomata p r o j e c t i s s t i l l under c o n s t r u c t i o n ( a t the time of 

w r i t i n g ) and due to s t a r t generating e l e c t r i c power during the 

second h a l f of 1984. 

I t comprises an e a r t h f i l l dam 66 metres i n height from the r i v e r ­

bed foundation bedrock ( e l e v a t i o n 26 metres) to c r e s t ( e l e v a t i o n 

92 metre s ) . Between the very abrupt (almost v e r t i c a l ) r i g h t 

abutment and the f l a t t e r l e f t abutment, the r i v e r gorge a t the 

dam a x i s e x h i b i t s a width of 60 metres a t r i v e r b e d foundation 

bedrock l e v e l and a width of 200 metres a t c r e s t . The c l a y core 

and the supporting f i l l abut on the r i g h t hand concrete w a l l of the 

s p i l l w a y (see F i g . 4.16 and P l a t e 4.6). 

FIGURE 4.16 

Assomata dam layout 
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1^2 

Within the strong r i g h t abutment are l o c a t e d the concrete l i n e d 

d i v e r s i o n t u n n e l , 500 metres long and 7.5 metres i n diameter, and 

the underground power house w i t h i t s appurtenances (power water­

ways, a c c e s s tunnel and so on). The f i n a l h a l f of the d i v e r s i o n 

tunnel i s due to be u t i l i z e d as the t a i l r a c e tunnel No 2 

( F i g . 4.16). 

The s p i l l w a y i s l o c a t e d on the l e f t abutment and p a r t of i t s 

chute c o n s i s t s of a cut and cover concrete box s e c t i o n , which 

p r o t e c t s i t from p o t e n t i a l i n s t a b i l i t y of the sheared s e r p e n t i -

n i t e s of the l e f t abutment. 

6 3 
The dam volume contains 1.5 x 10 m of c o n s t r u c t i o n m a t e r i a l s . 
The outer zone of i t s downstream g r a v e l s h e l l i n c l u d e s o v e r s i z e d 

quarried limestones as p r o t e c t i o n i n case of l i m i t e d overtopping. 

4.3,2 Foundation bedrock c o n d i t i o n s : an assessment p r i o r to 

grouting 

Bedrock c o n d i t i o n s and the a n t i c i p a t e d c o r r e c t i v e measures f o r 

strengthening and s e a l i n g of the foundation bedrock were appraised 

and conducted i n a s i m i l a r manner to t h a t programme adopted fo r 

Pournari dam (see Section 4.2.2). From the bulk of the information 

c o l l e c t e d as above, s e l e c t i v e f e a t u r e s w i l l be used i n t h i s study 

to d e l i n e a t e foundation bedrock conditions as f o l l o w s . 

A. Geomorphological and l i t h o l o g i c a l c h a r a c t e r i s t i c s of the 

damsite 

Assomata damsite l i e s 8 k i l o m e t r e s south of V e r i a town at the 

e x i t of the lower Aliakmon R i v e r gorge. 

From upstream to downstream the following l i t h o l o g i c a l u n i t s 

are observed: 
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a) Thickly-bedded to massive c r y s t a l l i n e limestones, which 

form the upstream bound of the dam, dipping north­

e a s t e r l y under the damsite. The limestones i n the r i g h t 

abutment are l o c a t e d immediately upstream of the 

d i v e r s i o n tunnel entrance. At the l e f t abutment they 

form p a r t of the upstream coffer-dam foundation rocks. 

A c o n t a c t f a u l t s e p a r a t e s the limestones from: 

b) The dam foundation rocks (which i n c l u d e a l l dam 

s t r u c t u r e ^ are a complex of o p h i o l i t i c s e r p e n t i n i t e s 

of b a s a l t i c o r i g i n (Campbell, 1976) and i n c l u d e 

s e v e r a l d i s t i n c t rock types (see F i g s . 4.17 and 4.18) and 

c) G n e i s s i c rocks outcropping a few hund red metres down­

stream of the dam s i t e (see P l a t e 3.2). 

The f o l l o w i n g remarks concerning the foundation rocks along the 

dam a x i s during the core trench excavations are necessary f o r 

a proper assessment of the p e r m e a b i l i t y and grouting data c i t e d 

i n the next paragraphs: 

Right abutment rocks of the core trench c o n s i s t of 

massive, strong, f r e s h to s l i g h t l y - w e a t h e r e d greenish 

a g g l o m e r i t i c s e r p e n t i n i t e s . At e l e v a t i o n 70-80 metres a 

band of younger e x t r u s i v e v o l c a n i c t u f f rock, embedded 

w i t h i n the older agglomerates, forms p a r t of the under­

ground powerhouse roof and p o r t a l rocks of the power 

i n t a k e tunnels. 

R i v e r bed rocks c o n s i s t of t r a n s i t i o n a l s e r p e n t i n i t i c 

s c h i s t o s e agglomerates. At the back of the r i g h t abutment 

they are separated from the strong o v e r l y i n g rocks by 

a sheared contact. Towards the l e f t abutment the t r a n s i ­

t i o n a l agglomerates are gradually r e p l a c e d by t u f f bands. 



• 

0 0 

10 

z 
(5) Geosiahc Pressures Relief due lo Core Trench Excavations ahnf ihe Main Curbaun 

blhohfMcal boanaor-n 
Zedd.np fstmr and df' 

Anticlinal flexure 

Core Trench Geology Plan 

(A) P L A N E 99 

11 Cr«»r 
1 Divers*/* tunnel 
J Power tw—i mtai 
I Power Statron 
5 Spillway 
6 Stilling 
T Grouting 

I Be torn mvtlrl tmimrl 

O 

I " 

-SO 

Foundation surface (Oedroct) 

SLT 
SLT 

8 8 

3 

© Geolopy Section and Main Grout Curiam Cxienhon 

5 - 1 3 
5 

t 4 
6 
o 

in 

I 
5 
3 

(§) C R O S S - S E C T I O N 

H100 

f 
i 
J Jronalron tone at crest 
€ River wand and gravel shells. 
S Rockfili tlope protection 
C Stop* protection layer 

7 Original fround. 

9 Dam excavation J 
* Grout curtain 

10 Maximum flood i 
I f Maximum power pool 
11 Minimum power pool Fig. 4-1 -

Pournari Dam 
(PI cms and sections)! 



E l m 

SECTION ALONG DAM A X I S B A - U 

S A - 3 4 ( I n v e s t igat ion s t a g e ) 

S A - 3 6 

-8 
SA- "I 

. o 
A A - 4 

B A - 3 
DA - U 

* f • 

X-Cut 
I 

B A - 2 8 SA -9 A 
* SA- l f l 

/hightX-Cut 

J 

Art* si on W. T Pressure measured 
on th» surface 
June 1974 s*pt tan 
8,25 atm. 6,20 atm. 

F i g . 4 • 17 

Geological sec t ion along the 
A s s o m a t a dam a x i s . 

L E G E N D F O R W E A T H E R I N G 
GRADES 
I H I I | Fr9sh to slightly weathered rock 

Moderately weathered rock. 

Highly weathered rock 

Completely weathered rock. 

) 
L E G E N D F O R ROCK T Y P E S 

River deposits. 

Overburden. 

Serpentinite 'B„ 

Serpentinite Schistose 

Serpentinite Agglomerate . 

Serpentinite -Agglomerate (Calcareous). 

Tuff- Aglomeratt 

Agglomerdte ( Tranzitional zone.) 

Limestones ( Marble) 

Calcareous Schistose, rock 

Max. ground water level. 

Min ground water level. 

ASSOMATA H - E . PROJECT 

i w a is*3, to 



^ ^ n 
m o en CD — • 
m 3 v * q 

to CO 

8 o s 
- I co i f ) 

r 
-i 

o > i l/i 
n 

X 

IP 5 6r 



\ 
'4 

I & tyCX WFATH G R A D E S _ 

- ^ ( I) F r e s h 

¥J S l ight ly / Weathered ( S W ) 

' H l j ) ModeraJery wea thered ( M W ) 

(13) (Highly v jeathered (HW/i 

^ i ( Y ) Complete ly weathered ( ) 

( a ) Res id t a l s o i l ( R ) 

S 

• 
. 4 

S e a I f 



146 

These bands are i n a continuous mass of grey t u f f agglomerates 
a t the base of the l e f t abutment. These t u f f agglomerate 
rocks comprise: 

the l e f t abutment basement rocks up to e l e v a t i o n 40 

metres and are t r a c e d by s t e e p l y - i n c l i n e d (almost v e r t i c a l ) 

s t r o n g l y b r e c c i a t e d narrow (20-40 cms) f a u l t zones 

t r a n s v e r s i n g the f u l l width of the core trench. 

Higher up, between e l e v a t i o n 40-60 m, the 20-25 m t h i c k 

f a u l t zone (main t h r u s t a t the l e f t abutment) i s o v e r l a i n 

by a second band of r e l a t i v e l y - s o u n d t u f f agglomerate and 

a massive s e r p e n t i n i t e t h i c k band on which the s p i l l w a y 

gate s t r u c t u r e i s founded. 

At the top of the damsite and the surrounding h i l l s , t e r r a c e - l i k e 

landforms e x i s t . These are separated by steep g u l l i e s . S e v e r a l 

minor or major l a n d s l i d e s are recognized along the course of 

these g u l l i e s which surround the damsite. 

The most important l a n d s l i d e i s i n the r i g h t abutment. T h i s 

c r e a t e d some problems during c o n s t r u c t i o n and l e d to e x t e n s i v e 

excavations of the area above and adjacent to the o u t l e t of the 

d i v e r s i o n tunnel. 

A second l a n d s l i d e , r e l a t i v e l y s e r i o u s , i s apparent i n the l e f t 

abutment i n f r o n t of the s p i l l w a y approach channel. T h i s landslide was 

c l e a r e d and formed the foundation enclave of the main upstream 

cofferdam. I n the same abutment two more minor l a n d s l i d e s were 

i d e n t i f i e d but had been washed out by the r i v e r . 

The l a n d s l i d e s and the strong shearing of the l e f t abutment suggest 

that high r e l a x a t i o n occurred t h e r e . T h i s was proved during 

excavation by the d i s c o v e r y of open c r a c k s and voids from a few 

centimetres to tens of c entimetres wide (see P l a t e 4.7). 
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B. B e d d i n g / s c h i s t o c i t y and f o l d s 

Except for the limestones, no other s t r a t a e x h i b i t bedding. The 

upstream bedded limestones show a dip of 50°-65° i n the NE 

d i r e c t i o n . A s i m i l a r d i r e c t i o n of dip, but a t lower angles, has 

been assumed for the limestone horizons detected by holes below 

the r i v e r bed. S c h i s t o c i t y appears along major or minor f a u l t s 

present a t the s i t e , p a r a l l e l or s u b p a r a l l e l to the dip 

d i r e c t i o n s of these f a u l t s . Folds have not been i d e n t i f i e d w i t h i n 

the dam s i t e , but small s c h i s t o c i t y v a r i a t i o n s i n dip and dip 

d i r e c t i o n are noticed. 

I n the massive s e r p e n t i n i t i c and t u f f rocks a banding i s observed, 

but i t i s due only to v a r i a t i o n s i n the fragment s i z e , t h a t i s , 

c o a r s e r or f i n e r i n t e r - p a r t i c l e s of these rocks. The s i z e of 

the fragments ranges from m i l l i m e t r e s to s e v e r a l centimetres, 

and i n some cases to some metres ( l a r g e s i z e limestone e r r a t i c s ) . 

C. J o i n t s 

J o i n t s a t the s i t e are b e t t e r developed w i t h i n the stronger 

l i t h o l o g i c a l u n i t s . They e x h i b i t a wide range of dips and dip 

d i r e c t i o n s , as w e l l as frequency and extension, p a r t i c u l a r l y 

i n f l u e n c e d by the presence of minor or major f a u l t s . 

The more s y s t e m a t i c a l l y developed are those j o i n t s which are 

f e a t h e r - l i k e or oblique to the s t r i k e and dip of major f a u l t s . 

These j o i n t s u s u a l l y appear re-healed, with c a l c i t i c and 

serpentine v e i n s . L o c a l l y they contain c l a y e y i n f i l l i n g s . These 

f e a t u r e s make them q u i t e impermeable, p a r t i c u l a r l y i n the r i g h t 

abutment. J o i n t s adjacent to t u f f rocks appear to be the most 

questionable from the point of view of p e r m e a b i l i t y . 



These j o i n t s a r e u s u a l l y open arid c l e a n or with b r e c c i a t e d rock, 

and r a r e c l a y e y or c a l c i t e i n f i l l i n g s . T h e i r s p a t i a l d i s t r i b u t i o n 

together with the f a u l t s recorded i s presented i n F i g s . 4.19 to 

4.21 (see a l s o P i g . 4.18). 

D. F a u l t s and shears 

Numerous shears and f a u l t s t r a c e the s i t e as w e l l as the 

surrounding a r e a . The d i s t i n c t d i f f e r e n c e i n the appearance of the 

two abutments must be a t t r i b u t e d to the f a u l t i n g , which i s present 

there, as w e l l as the c r e a t i o n of the r i v e r bed by e r o s i o n . 

Main f a u l t s and shear zones are i l l u s t r a t e d i n F i g . 4.18. 

These f a u l t s can be c a t e g o r i z e d as f o l l o w s : 

i . .Right Abutment 

Minor f a u l t s and shears (of a few centimetres t h i c k ­

ness) and dipping upstream or downstream ( P l a t e 4.8). 

i i . R i v e r bed 

Shallow dipping con t a c t f a u l t s dipping beneath the 

r i g h t abutment ( P l a t e 4.8). 

i i i . L e f t abutment 

There are two groups. The one group a t the base of 

the l e f t abutment i s n e a r l y v e r t i c a l , s t r i k i n g E-W and 

dipping towards the abutment. The second group concerns 

three main t h r u s t f a u l t s . The major f a u l t c o n t r o l s the 

sheared s e r p e n t i n i t e s of the l e f t abutment (from 

e l e v a t i o n 40 m to e l e v a t i o n 60 m; see a l s o P l a t e 4.9, 

and F i g . 4.18).The second f a u l t i s i n the s p i l l w a y 

gate foundation rocks (with a t h i c k n e s s of 1 to 3 

m etres). The t h i r d f a u l t i s downstream of the dam a x i s 

beyond the f l i p bucket of the s p i l l w a y . 
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These three t h r u s t f a u l t s are compatible with the 

r e g i o n a l geotectonic s t r u c t u r e of the area, t h e i r dip 

d i r e c t i o n s being north-eastwards and t h e i r dips about 

25°-45°. • 

I t must be pointed out t h a t c h a r a c t e r i s t i c s such as the t h i c k n e s s 

of sheared or i n f i l l i n g m a t e r i a l w i t h i n f a u l t s or shears , the 

dip and dip d i r e c t i o n , as w e l l as the t i g h t n e s s of the f a u l t and 

the disturbance of adjacent rocks, can be m a t e r i a l l y d i f f e r e n t 

w i t h i n a few metres along t h e i r t r a c e . I t i s noted a l s o t h a t 

almost a l l major shears and f a u l t s t r a v e r s e the f u l l width of 

the core trench. 

E. Weathering c h a r a c t e r i s t i c s 

Rocks a t the Assomata s i t e e x h i b i t deep p e n e t r a t i v e weathering, 

p a r t i c u l a r l y along the main s t r u c t u r a l f e a t u r e s . Chemical and 

hydrothermal a l t e r a t i o n s have formed c l a y e y and s o i l - l i k e r e s i d u a l 

products. Minor a l t e r a t i o n products are observed f o r the f a u l t 

b r e c c i a s of the t u f f rocks. 

Asbestos, c h l o r i t e s , t a l c and other minerals have been observed 

along j o i n t s , shears and f a u l t s as a l t e r a t i o n products of 

s e r p e n t i n i t e s . There i s a l s o a secondary d e p o s i t i o n which has 

r e f i l l e d open j o i n t s with calcite v e i n s from m i l l i m e t r e s to s e v e r a l 

centimetres i n t h i c k n e s s . T h i s phenomenon i s f r e q u e n t l y observed 

i n the s i t e . The whole appearance of such f e a t u r e s suggests a 

high degree of r e l a x a t i o n as a r e s u l t of geotectonic movements 

and a s s o c i a t e d hydrothermal a c t i o n , p a r t i c u l a r l y f o r the l e f t 

abutment rocks (see Chapter 3,Section 3.2.4). 

Chemical a l t e r a t i o n and f r a c t u r i n g of the rocks, p a r t i c u l a r l y of 

the. l e f t abutment, gave the low strength c h a r a c t e r i s t i c s of the 
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m a t e r i a l s t e s t e d . Clayey i n f i l l i n g s e x h i b i t e d R v a l u e s ranging 

from 12° to 22°. Tested core specimens e x h i b i t e d unconfined 

compressive strengths i n the range 
2 2 11 kg/cm ( 1 078.7 kN/m ) f o r sheared s e r p e n t i n i t e s , 

152-230 kg/cm 2 (14 906.2-2 255.4 kN/m 2)for r e l a t i v e l y 

sound s e r p e n t i n i t e s , and 

1 110 kg/cm 2 (108 854.37 kN/ m
2) f o r high q u a l i t y t u f f 

agglomerate rocks. 

The most c h a r a c t e r i s t i c f e a t u r e noted during the f a i l u r e of the 

specimens was th a t i n the s e r p e n t i n i t e s the p r e - e x i s t i n g micro-

f r a c t u r i n g and a l t e r a t i o n (caused by r e g i o n a l t e c t o n i c movements) 

were a c t i n g to reduce the b r i t t l e n e s s , so t h a t f a i l u r e took 

a more d u c t i l e form. 

F. Ground water c h a r a c t e r i s t i c s 

Water t a b l e s , as i n d i c a t e d by the i n s t a l l e d piezometres a t the 

s i t e , are i l l u s t r a t e d i n F i g . 4.17 and suggest a very small 

annual f l u c t u a t i o n of about 1-2 metres. The most c h a r a c t e r i s t i c 

f e a t u r e s of these measurements are perched water t a b l e s i n both 

abutments and a r t e s i a n w a t e r - t a b l e s detected by deep holes i n 

the r i v e r bed. At higher e l e v a t i o n s up to the top of the h i l l s 

surrounding the dam s i t e , s u r f a c e s p r i n g s have been noticed i n 

the alignment of f a u l t l i n e s . These suggested t h a t c e r t a i n rock 

bands or f a u l t s and shear zones a c t as n a t u r a l b a r r i e r s to the 

water flow channels i n the bedrock. I n t h i s case, the p e r m e a b i l i t i e s 

of the damsite bedrock must be i n t e r p r e t e d as channelled ones. 

4.3.3 P e r m e a b i l i t y c h a r a c t e r i s t i c s 

Foundation bedrock p e r m e a b i l i t i e s were i n v e s t i g a t e d with packer 
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pressure t e s t s u sing c l e a r water and c a r r i e d out from boreholes 

d r i l l e d along the dam a x i s i n the r i v e r bed and the abutments. 

The r e s u l t s are presented i n F i g u r e s 4.22, 4.23, 4.24 and 4.25. 

The main v a r i a b l e i n t e r a c t i o n s t h a t could be examined were: 

P e r m e a b i l i t y versus weathering 

P e r m e a b i l i t y versus rock types encountered 

P e r m e a b i l i t y versus RQD, and 

P e r m e a b i l i t y versus depth (from ground s u r f a c e s ) . 

The t e s t s were executed at five-metre i n t e r v a l s a t allowable 

p r e s s u r e s not exceeding the overburden p r e s s u r e , and f o r very deep 
2 2 

holes not exceeding a pressure of 15 Kg/cm (1 471 kN/m ) . 

Each t e s t i s symbolized to r e p r e s e n t the main l i t h o l o g i c a l u n i t s 

encountered so as to provide an i n d i c a t i o n of the i n t e r r e l a t i o n s 

between rock types, weathering and f r a c t u r e c h a r a c t e r i s t i c s i n 

terms of RQD and p o s i t i o n i n r e l a t i o n to depth. 

A f i r s t examination of the p e r m e a b i l i t y t e s t data presented i n 

F i g s . 4.22 to 4.25 i n c l u s i v e i n d i c a t e s t h a t foundation bedrock 

i n the Assomata damsite i s q u i t e permeable. Almost 60 per cent 

of the t e s t s c a r r i e d out e x h i b i t e d p e r m e a b i l i t y values higher 

than 1 Lugeon = 1.3 x 10 m/sec and thus an improvement (by 

grouting) i s r e q u i r e d (Houlsby, 1982). 

Only three t e s t s gave no water takes (zero t e s t s ) and i f t h a t i s 

compared with the Pournari p e r m e a b i l i t y t e s t s (almost 50 per cent 

zero t e s t s ; see S e c t i o n 4.2.3), i t i s obvious t h a t the Assomata 

dam foundation w i l l e x h i b i t d i f f e r e n t grouting behaviour (higher 

grout takes most probable) from those i n the Pournari dam 

foundation (see Sections 4.2.4 and 4.2.5). 
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The main concl u s i o n s which can be drawn from examining the 

p e r m e a b i l i t i e s recorded i n r e l a t i o n to rock type, weathering, 

RQD and depth are as f o l l o w s . 

P e r m e a b i l i t i e s are higher i n the t u f f and the 

s e r p e n t i n i t e agglomerates ( F i g . 4 . 2 3 ) . The lower perme­

a b i l i t i e s recorded are those of the t r a n s i t i o n a l 

agglomerates i n which the a r t e s i a n water t a b l e s were 

detected (see F i g . 4.17). The three zero t e s t s must be 

a t t r i b u t e d to the massive nature of the rocks ( i n which 

they were c a r r i e d out) and a l s o to the c l a y e y i n f i l l i n g 

of t h e i r j o i n t s . 

I n F i g u r e 4.22 an i n t e r e s t i n g p a r a b o l i c envelope can be 

t r a c e d around the recorded t e s t s . 

The apex of t h i s envelope i s formed from the most 

weathered rock i n t e r v a l s t e s t e d . The following remarks 

seem appropriate f o r t h a t p a r t i c u l a r arrangement of the 

p e r m e a b i l i t y values i n F i g . 4.22. 

i ) Open crack s have to be expected i n the strong massive 

t u f f and s e r p e n t i n i t i c agglomerates which tend to appear 

i n f i l l e d i n the most weathered and a l t e r e d rock formations. 

i i ) Small or t i g h t c r a c k s with low p e r m e a b i l i t y values are 

observed i n the most sound and massive rocks.The low 

p e r m e a b i l i t y d i f f e r e n c e (one order of magnitude) of the 

t i g h t t r a n s i t i o n a l zone s t r a t a and the zoned low 

p e r m e a b i l i t y values of a l l the other rocks has to be 

considered i n the c o n s t r u c t i o n of the grout c u r t a i n . 

i i i ) There i s an obvious trend towards a reduction of 

permeability values with depth ( F i g . 4.25). 
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S c h i s t o s e ( t r a n s i t i o n a l ) and sheared rocks ( f a u l t zones) 

seem to be t i g h t e r than the other most permeable rocks. 

In the case of the o v e r - t h r u s t s , the o v e r l y i n g rocks are 

more di s t u r b e d . 

In F i g . 4.24 the r e s u l t s show t h a t among the stronger t u f f 

and s e r p e n t i n i t i c agglomerates, those rocks which e x h i b i t 

lower RQD values are most permeable. 

R e l a t i v e l y high p e r m e a b i l i t y v a l u e s are e x h i b i t e d a l s o 

i n higher RQD v a l u e s , and i n t h i s case the explanation i s 

t h a t open i s o l a t e d j o i n t s must e x i s t . 

There are s e v e r a l f a c t o r s emerging from the p e r m e a b i l i t y t e s t 

r e s u l t s which can e x p l a i n the t r a n s m i s s i b i l i t y behaviour of the 

foundation bedrock. 

There i s a p a r t i c u l a r w a t e r - t i g h t horizon which i s the s e r p e n t i ­

n i t i c t r a n s i t i o n a l agglomerate. Also, there are the t h i c k sheared 

and s c h i s t o s e f a u l t zones which e x h i b i t r e l a t i v e l y low p e r m e a b i l i t y 

v a l u e s . The a r t e s i a n water t a b l e and the perched water t a b l e s 

( F i g . 4.17), as w e l l as the p e r m e a b i l i t y r e s u l t s c i t e d above, 

show a channelled t r a n s m i s s i b i l i t y behaviour i n the foundation 

bedrock. 

The most permeable rocks are the t u f f agglomerate rocks, which 

are the younger formations. They are r e l a t e d to the stronger 

f a u l t s a t the s i t e and are extruded through these f a u l t s (see 

a l s o F i g . 4.18). 

T h e i r inherent c r a c k i n g as a r e s u l t of r a p i d cooling has been 

worsened by subsequent geotectonic movements. Open c r a c k s , 

observed a f t e r the core trench excavations ( p a r t i c u l a r l y w i t h i n 
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the stronger rock formations), v e r t i c a l f a u l t s and j o i n t s , as 

w e l l as the high a l t e r a t i o n i n the older formations, give a 

p i c t u r e of the complex geotectonic h i s t o r y of the s i t e (see 

Section 3.2.4 i n Chapter 3 ) . 

4.3.4 Grouting a t Assomata 

(a) General 

Grouting a t Assomata i s needed f o r three main reasons: 

1) to reduce leakages under the dam and from the abutments 

(main grout c u r t a i n ) , 

2) to strengthen (by c o n s o l i d a t i o n grouting, see P l a t e s 

4.10 and 4.11) the foundation rock under the core (and 

s e c o n d a r i l y to a s s i s t the performance of the grout c u r t a i n 

by s e a l i n g o f f a l l d i s c o n t i n u i t i e s t r a v e r s i n g the core 

t r e n c h and to e l i m i n a t e any danger of e r o s i o n of s o f t 

foundation rock or core m a t e r i a l ) , and 

3) to reduce any u p l i f t p r e s s u r e s i n t o the abutments. 

I n t h i s t h i r d case, i n a d d i t i o n to the c o n s t r u c t i o n of a drainage 

c u r t a i n immediately downstream of the dam a x i s , the following 

p r o v i s i o n s have been made: 

a) Drainage holes ( " r e l i e f w e l l s " ) ,eighteen i n t o t a l 

of 8 inches diameter, f i l l e d with coarse sand and pea 

g r a v e l , have been d r i l l e d i n the foundation bedrock 

under the downstream s h e l l along the major f a u l t l i n e 

of the l e f t abutment, 

b) I n the lower of the grouting g a l l e r i e s of the l e f t 

abutment, and i n the margins of the main f a u l t , a "T"-

shaped end of the grouting g a l l e r y has been b u i l t to 

be used for a d d i t i o n a l grouting i f i t i s needed, and 
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f o r drainage purposes (see P l a t e 4.12). 

(b) Grouting r e s u l t s 

Grouting r e s u l t s presented here concern the main grout c u r t a i n 

f o r the completed segments, while mention of the blanket (conso­

l i d a t i o n ) grouting r e s u l t s w i l l be made where necessary to denote 

important g e o l o g i c a l f a c t o r s c o n d i t i o n i n g the e v a l u a t i o n of 

the r e s u l t s . 

The gouting parameters considered are the same as those defined i n 

Section 4.2.4 ( b ) . 

The d e t a i l e d grouting f i e l d r e s u l t s are presented i n the "as b u i l t 

drawings" which are given i n the. supplementary volume. 

For e v a l u a t i o n purposes, the above r e s u l t s are gathered together 

i n Table 4.9, where the r e s u l t s i n the s u c c e s s i o n of Primary, 

Secondary, T e r t i a r y , Quaternary and Check holes are given i n 

Tables 4.10 to 4.14. The r e s u l t s are grouped i n b a s i c segments 

as a t Pournari f o r comparison purposes. 
2 

The averaged r e s u l t s of grout takes i n kg of cement per m , 
2 

boreholes d r i l l e d i n m-run per m , and the volume of grout used 
per m-run per area of segment (dimensionless parameter), as w e l l 

2 
as the t r e a t e d area i n m of each segment, are i l l u s t r a t e d i n 

F i g . 4.26. I n t h i s F i gure, d i f f e r e n c e s such as those e x h i b i t e d 

i n segments 7 and 9, or s i m i l a r i t i e s such as those e x h i b i t e d i n 

segments 11 and 12, f a c i l i t a t e the e v a l u a t i o n of the predominant 

g e o l o g i c a l f a c t o r s involved. 

The e f f e c t i v e n e s s of grouting treatment performed i n the suc c e s s i o n 

of P,S,T,Q, E and C grouting stages, are presented i n Figure 4.27. 
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D i f f e r e n c e s , such as those of segments 7 and 10, are i n d i c a t i v e 

of the depth and frequency of the most important groutable 

d i s c o n t i n u i t i e s and the l i t h o l o g i c a l horizons c i t e d i n the foregoing 

paragraphs. 

F i n a l l y , F i g u r e 4.28 i l l u s t r a t e s the e f f e c t i v e n e s s of the d r i l l i n g 

and grouting e f f o r t i n the s u c c e s s i o n of the P,S,T,Q stages and 

the checking stages E and C. The e f f e c t i v e n e s s achieved, as 

i l l u s t r a t e d by the P,S,T,Q,E and C curves, a c t s a s warnings and 

guidance towards the appropriate future measures needed to 

supplement the grouting works already performed. I t i s thus 

p o s s i b l e to i s o l a t e and s p e c i f y the e x i s t i n g or assumed g e o l o g i c a l 

f a c t o r s involved. 

I t i s noted t h a t i t i s often necessarv to perform f u r t h e r grouting 

or drainage works a f t e r completion of the i n i t i a l work. 

4.3.5 Summary d i s c u s s i o n and conclusions on Assomata dam 

On the b a s i s of the grouting r e s u l t s and the other f i e l d information 

a v a i l a b l e , as presented i n t h i s Section, a number of conclusions 

can be drawn, i n s p i t e of the complex nature of the v a r i a b l e s 

considered, and the u n c e r t a i n t i e s which u s u a l l y accompany the 

g e o l o g i c a l f a c t o r s involved. I n the e v a l u a t i o n of the grouting 

r e s u l t s , some c o r r e l a t i o n s can be made between 

a) the grouting parameters ( q u a n t i t i e s ) , and the foundation 

conditions (rock v o i d n e s s ) , and b) the extent of the e f f e c t i v e n e s s 

achieved by the grouting works and the p r e - s e t completion 

c r i t e r i a (see Appendix C ) . 

On the other hand, a number of ambiguities and the need for 

a d d i t i o n a l information from s p e c i f i c t e s t s , g e o l o g i c a l records and 
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observations are brought to l i g h t when an attempt i s made 

a) to evaluate the foundation p r o p e r t i e s and t h e i r response to 

the methods of improvement a p p l i e d , and b) to grade t h e i r 

i n t e r r e l a t i o n s . I t was not p o s s i b l e to c a r r y out these t e s t s , but 

suggestions f o r f u r t h e r r e s e a r c h w i l l be d e t a i l e d subsequently. 

Curves ( F i g . 4.26) of the average r e s u l t s of the grout used per 
2 

u n i t s u r f a c e (m ) of the b a s i c segmental d i v i s i o n s of the grout 

c u r t a i n i n d i c a t e that the q u a n t i t i e s of grout used are higher 

i n segment 7 and lower i n segment 9, while there are no considerable 

d i f f e r e n c e s between segments 11 and 12. I t can a l s o be noted t h a t 

the d e n s i t y of grout boreholes d r i l l e d per u n i t s u r f a c e of the 

b a s i c segments i s about the same i n segments 8, 9, 10, 11 and 12, 

while i n segments 6 and 7 i t i s double t h a t i n segments 8, 9, 10, 

11 and 12. 

Consideration of the q u a n t i t i e s of the grout used, and the 

densi t y of the boreholes d r i l l e d i n segments 6 and 7, shows t h a t 

the e f f e c t i v e openings of the t r e a t e d foundation rock <ws higher 

i n segment 7 and must be a t t r i b u t e d to f a c t o r s p e r t a i n i n g to t h i s 

segment. These f a c t o r s a r e : 

a) The n e a r - v e r t i c a l f a u l t s recorded a t the sur f a c e 

r e s u l t i n g i n disturbance (voidness) of t u f f agglomerates. 

b) The d i f f e r e n t e f f e c t t h a t those f a u l t s e x e r t on the 

absorption p r o p e r t i e s of the d i f f e r e n t l i t h o l o g i c a l 

u n i t s involved. S o f t e r rocks e x h i b i t more tol e r a n c e 

when s t r e s s e d than do b r i t t l e r ocks. 

I n segment 6/ again, the higher grout absorptions can be a t t r i ­

buted to s i m i l a r d i s c o n t i n u i t i e s present at g r e a t e r depth i n a 

t u f f agglomerate rock band. The major t h r u s t f a u l t zone and the 



179 

t h i c k (20-30m) c h a r a c t e r of the s c h i s t o s e s e r p e n t i n i t e s attached 

to t h i s zone d i d not e x h i b i t any s u b s t a n t i a l grout absorption 

(see a l s o c o n c l u s i o n s of Section 4.3.3) except f o r i s o l a t e d 

i n t e r v a l s . But i t can be argued t h a t i t s presence r e s u l t e d i n 

higher r e l a x a t i o n of the adjacent stronger rocks. 

I t i s worth noting a l s o t h a t i n those two segments c o n s o l i d a t i o n 

grouting was a p p l i e d to the f u l l width of the core trench by a 

net of blanket holes (6-20m deep). Voids present a t the s u r f a c e 

were f i l l e d by pouring i n a t h i c k cement grout. Some of these 

voids absorbed up to 6 tons of cement. 

I n segments 7 and 8, the horizon of the t r a n s i t i o n a l zone 

( s c h i s t o s e s e r p e n t i n i t i c agglomerates) proved to be of low 

perm e a b i l i t y (see Section 4.3.3) and of low grout absorption. 

I t s extension and depth were checked by core sampling i n a l l 

Primary grout holes which were executed t h e r e . T h i s a s s i s t e d i n 

l o c a t i n g an i n c l i n e d horizon of t u f f agglomerates which e x h i b i t e d 

the higher grout absorptions w i t h i n segment 6. D i s l o c a t i o n s of 

the t u f f rocks and other evidence suggests that there i s an upward 

movement of a few metres) i n the l e f t abutment i n r e l a t i o n to the 

r i v e r b e d . 

The r e l a t i v e l y high grout absorption noted i n segment 10 i s 

due to: 

a) The presence of a f a u l t and minor shears ( s e v e r a l 

centimetres t h i c k ) and i t s r e l a t i o n to 

b) The presence of the t u f f agglomerates of the abrupt 

r i g h t abutment ( e l e v a t i o n 70-80m ; see a l s o Section 

4.3.2A). 

c) The proximity of the grout holes (above e l e v a t i o n 50m) 
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to the surface of the abrupt c l i f f t h e r e , and 
d) The p r o x i m i t y t o the underground and surface c o n s t r u c t i o n s 

(power house, access t u n n e l , g r o u t i n g g a l l e r y of the 
r i g h t abutment, access roads, and the intense b l a s t i n g 
during c o n s t r u c t i o n ) . 

Inherent j o i n t i n g c o n d i t i o n s have been aggravated by these 
c o n s t r u c t i o n works. J o i n t s have opened ( d i l a t e d ) as a r e s u l t of 
str e s s r e l a x a t i o n . 

Higher grout absorptions recorded i n T e r t i a r y holes (see F i g . 
4.27), as w e l l as some high grout takes i n check holes, are due 
t o t h e i r p r o x i m i t y t o the t u f f agglomerates and the presence of 
a f a u l t zone (see Plate 4.8 and "as b u i l t " drawings). 

I n Figure 4.28 i t i s evident t h a t the e f f e c t i v e n e s s of the 
succession of P, S, T, Q, E and C holes i n s e a l i n g the bedrock 
voids presents some anomalies u n t i l the l a s t stages i n the 
segments 6 and 7 compared t o t h a t of segment 12. This happened 
f o r two reasons: 
a) the steepness (almost v e r t i c a l and s u b p a r a l l e l ) of the f a u l t s 
occuring there and t h e i r frequency (1-2m a p a r t ) , the g r o u t i n g 
boreholes being also v e r t i c a l , and 
b) most of the i n j e c t e d grout was t h i c k U : 1 water cement 
r a t i o ) . The t h i c k grouts caused premature f i l l i n g of the smaller 
cracks interconnected w i t h the b i g voids (which r e s u l t e d 
from the presence of the f a u l t s ) . 

However, anomalies such as those e x h i b i t e d i n the curves o f 
segments 6 and 7 (Fig. 4.28) and high grout takes i n the l a s t 
stages Q, E and C holes ( F i g . 4.27) of the segments 7 and 10 do 
i n d i c a t e t h a t a c e r t a i n number of open cracks s t i l l remain. 



Although these are i n i s o l a t e d i n t e r v a l s w i t h i n the segments 
they are p o t e n t i a l leakage paths, and i f i t i s not economical 
proceed w i t h f u r t h e r g r o u t i n g , drainage must be provided, but 
w i t h extreme c a u t i o n because of the presence of the f i n e 
a l t e r a t i o n products. 
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4.4 S f i k i a dam 

4.4.1 D e s c r i p t i o n of p r o j e c t 

S f i k i a dam i s located on the Aliakmon River, 10 km upstream from 
Assomata dam. Under c o n s t r u c t i o n at the time of w r i t i n g , i t i s 
scheduled t o s t a r t generating power next year (1984). I t i s a 
pump storage scheme and w i l l operate i n close r e l a t i o n w i t h 
Assomata dam. The S f i k i a p r o j e c t comprises a r o c k f i l l zoned dam 
w i t h i n c l i n e d core, 82 metres hi g h , founded on a steeply-walled 
gorge of metamorphosed rocks (meta-andesites, gneiss and 
amphibolite s c h i s t s ) . I t has a r i v e r b e d w i d t h of 4 0m and i t s 
c r e s t length i s 220 metres (see Plates 4.14, 4.15 and F i g . 4.29). 
A l l i t s appurtenances l i e w i t h i n the l e f t abutment. That i s : 

FIGURE 4.29 
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Three concrete and s t e e l l i n e d power tunnels of 7 metres 
i n diameter and 170 metres long. They lead t o a surface 
powerhouse w i t h i n s t a l l e d capacity of 315 MW. Each generator 
(105 MW) i s r e v e r s i b l e and i s able t o pump water from 
Assomata r e s e r v o i r . 
The bottom o u t l e t t u n n e l which i s 312 metres long, and has 
i t s h a l f f r o n t l e n g t h (156m) concrete l i n e d (3.5 metres i n 
diameter) and i t s f i n a l h a l f length (156m) concrete and s t e e l 
l i n e d (3 metres i n diameter). 

The d i v e r s i o n tunnel which i s 490 metres long, concrete 
l i n e d a t 7.5 metres i n t e r n a l diameter. 

The two s p i l l w a y tunnels which c o n s i s t of 50 metres long 
i n c l i n e d shafts (about 45°) and h o r i z o n t a l sections of 253 
metres long. The h o r i z o n t a l section of s p i l l w a y tunnel No.1 
i s the second h a l f of the d i v e r s i o n t u n n e l . 

The excavation products are used as r o c k f i l l m a t e r i a l s , and graded 
i n zones, the outer zones being the sound and oversized ones, the 
inner zones being the f i n e r and weathered excavation m a t e r i a l s . 

4.4.2 Foundation bedrock c o n d i t i o n s : an assessment p r i o r t o 
g r o u t i n g 

S f i k i a dam foundation c o n d i t i o n s and the a n t i c i p a t e d c o r r e c t i v e 
measures f o r strengthening and s e a l i n g of the foundation bedrock 
have been i n v e s t i g a t e d i n d e t a i l . The e x p l o r a t i o n programme 
conducted was s i m i l a r t o t h a t o f Pournari and Assomata damsites 
(see Section 4.2.2). From the bulk of the i n f o r m a t i o n c o l l e c t e d 
as above, s e l e c t i v e features w i l l be used i n t h i s study t o d e l i n e a t e 
foundation bedrock c o n d i t i o n s as o u t l i n e d below. 
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A. Geomorphological and l i t h o l o g i c a l c h a r a c t e r i s t i c s of the damsite 

The S f i k i a H.E. p r o j e c t and i t s r e s e r v o i r l i e i n meta-andesite, 
gneiss and amphibolite s c h i s t ( u n d i f f e r e n t i a t e d ) formations a t 
the eastern bound o f the Pelagonian massif (geotectonic zone). 
The r i v e r trends SW t o NE forming a sigmoidally-shaped canyon 
downstream of the dam axis (see Plate 4.15). At the damsite the 
r i v e r forms a very steep rocky gorge surrounded by steeply-
i n c i s e d creeks. I n s p i t e of the very abrupt c l i f f s along the r i v e r 
there are a t the damsite only a few shallow screes (1-2m deep). 

Exceptions are the one deeper rock s l i d e (a few metres deep) i n 
f r o n t of the s p i l l w a y i n l e t s t r u c t u r e and the one located 
immediately downstream of the o u t l e t p o r t a l o f the d i v e r s i o n 
t u n n e l . This l a t t e r one i s o f mixed nature; t h a t i s , i t includes 
rock s l i d e d e b r i s and r i v e r or t o r r e n t i a l fan m a t e r i a l s from 
the nearby creek. 

From upstream t o downstream of the dam axis and from the top of 
the core trench t o the bottom ( r i v e r b e d ) , the r i v e r has eroded 
u n d i f f e r e n t i a t e d formations o f meta-andesites, gneiss and 
amphibolite s c h i s t formations, i n which are included several 
a p l i t i c , as w e l l as q u a r t z f v e i n s of several centimetres t h i c k . 

An almost v e r t i c a l f a u l t l i n e , e x h i b i t i n g a mean d i p d i r e c t i o n 
of 300° and a vary i n g d i p o f 70°-85°, breaks the c o n t i n u a t i o n o f 
the formations mentioned above. I t traces the l e f t abutment i n 
a s t r a i g h t l i n e , marked w i t h a sheared red c l a y band of several 
centimetres t h i c k (up t o 1 metre) from the l e f t w a l l of the s p i l l ­
way approach channel t o the l e f t w a l l of the power house excavations. 
I t traverses the diversion tunnel,th© s p i l l w a y and the bottom o u t l e t 
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t u n n e l s , and also traverses the r i v e r and the r i g h t abutment. 
Along t h a t f a u l t there i s a dyke of massive i n t r u s i v e rocks such 
as gabbros, amphlbole-and o l i v i n e - r i c h rocks (of basic o r i g i n ) . 
There are also d i o r i t i c rocks and l a r g e i n c l u s i o n s of meta-
andesites and amphibolite gneiss s c h i s t s . This denotes the complex 
geotectonic h i s t o r y of the area (see Chapter 3, ^Section 3.2.4). 
The upstream contact of the dyke i s separated from the basement 
rocks w i t h a 0.5 to 1m t h i c k zone of red clays and a b r e c c i a t e d 
zone w i t h c l a y up t o 40 metres t h i c k (Power house f a u l t ) . The 
dyke rocks are i n t e r d i g i t a t e d w i t h the o l d e r rocks as f a r as the 
oufLet p o r t a l of the d i v e r s i o n tunnel,but do not form a d i s t i n c t 
shear plane i n the manner of t h a t of the red c l a y s . 

B. Bedding/schistocity and f o l d s 

At the s i t e , upstream of the p r e v i o u s l y mentioned dyke, the 
f o l i a t i o n has an average d i p and d i p d i r e c t i o n of 55°/290°. 
L o c a l l y , d i p d i r e c t i o n s vary between 270° and 310° and dips 
vary between 40° and 70°. The causes are minor displacements 
due t o the existence of small f a u l t s and m i c r o f o l d i n g which 
have not s u b s t a n t i a l l y a f f e c t e d the averages r e f e r r e d t o above 
(see Figs. 4.31, 4.32, 4.33 and 4.34). Folds a t the s i t e have 
not been recorded. Folded s t r a t a are i n abundance upstream and 
downstream of the damsite. The major r e g i o n a l axes of the observed 
f o l d s run SVT t o NE and NW t o SW. 

C. J o i n t s , shears and f a u l t s 

J o i n t s , shears or minor f a u l t s are i n abundance i n the s i t e (see 
F i g . 4.31 and Plate 4.17). Although they appeared t o have a l o c a l 
provenance, together w i t h the power house f a u l t (which seems 
reg i o n a l ) they have caused a high degree of str e s s r e l a x a t i o n . 
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T h i s i s suggested by a) the weathering which i s up to grade V, 

(see next S e c t i o n D) i n many shears and f a u l t s , e i t h e r steep 

(almost v e r t i c a l ) or shallower ones, the observed open - or c l a y -

f i l l e d j o i n t s and shear s , and c) the low water t a b l e a t r i v e r 

l e v e l i n both abutments (see F i g . 4.30). 

Shears or f a u l t s , other than the power house f a u l t , have caused 

a small degree of b r e c c i a t i o n or s h a t t e r i n g of the damsite 

foundation bedrock i n t o d i s c r e t e u n i t s of s e v e r a l centimetres 

up to approximately 1 metre thick (see Plates 4.17 and 4.18) . I n the 

zone of the power house f a u l t s e v e r a l metres of b r e c c i a t e d and 

cl a y e y zones e x i s t i n a d d i t i o n to r e l a t i v e l y sound extensive 

l e n s e s (blocks) of older or younger rocks. 

Along the minor shears and f a u l t s , displacements of a few 

centimeters up to 1 to 2 metres have been observed. At the power 

house, f a u l t s t r i a t i o n s and s t y l o l i t i c s t r u c t u r e s suggest t h a t 

up-thrust movements have occurred and are probably continuing. 

A d i f f e r e n c e of 6 metres i n the rock contours of the r i v e r b e d 

(detected by boreholes) between the two s i d e s of the power house 

f a u l t (the downstream rocks being higher) might suggest a s i m i l a r 

upthrust as t h a t i n d i c a t e d on P l a t e 3.2. 

D. Weathering c h a r a c t e r i s t i c s 

Weathering a t S f i k i a i s c l a s s i f i e d i n s i x grades from a f r e s h 

to a completely-weathered rock ( r e s i d u a l s o i l ) . I n the power house 

f a u l t zone, deep p e n e t r a t i v e weathering i s observed, even of 

grades V and VI (for narrow bands) i n the h o r i z o n t a l s e c t i o n of 

the s p i l l w a y and bottom o u t l e t t u nnels. I n the r e s t of the s i t e , 

weathering i s a l s o deep but r e s t r i c t e d to narrow bands along 
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f a u l t s , and p a r t i c u l a r l y along the sheared zones s u b - p a r a l l e l 

to the f o l i a t i o n . Bands of r e d d i s h c l a y along f a u l t s are observed, 

even i n the deeper rocks penetrated by exploratory boreholes. 

E. Ground water c h a r a c t e r i s t i c s 

The ground water t a b l e p r o f i l e (derived from piezometer readings) 

i s about h o r i z o n t a l at r i v e r l e v e l i n both abutments. The annual 

f l u c t u a t i o n of the recorded water l e v e l b a r e l y reaches 1 metre. 

T h i s suggests q u i t e permeable rocks, even f o r very deep horizons. 

The water t a b l e i n the l e f t abutment was a t the same e l e v a t i o n 

a t e i t h e r s i d e of the power house f a u l t . 

4.4.3 P e r m e a b i l i t y c h a r a c t e r i s t i c s 

Foundation bedrock p e r m e a b i l i t i e s were i n v e s t i g a t e d with packer 

pressure t e s t s using c l e a n water and c a r r i e d out from boreholes 

d r i l l e d along the dam a x i s i n the r i v e r bed and the abutments. 

The r e s u l t s are presented i n F i g u r e s 4.35 to 4.38. The main 

v a r i a b l e i n t e r a c t i o n s t h a t could be examined were: 

Perm e a b i l i t y versus rock types encountered 

Per m e a b i l i t y versus RQD 

Permeability versus weathering 

Per m e a b i l i t y versus depth. 

The.te s t s were executed at f i v e metre i n t e r v a l s a t allowable 

p r e s s u r e s not exceeding the overburden pressure, and for very deep 
2 2 

holes not exceeding a pressure of 15 kg/cm (1 471 kN/m ) . 

Each t e s t i s symbolized to r e p r e s e n t the main l i t h o l o g i c a l u n i t s 

encountered so as to provide an i n d i c a t i o n of the i n t e r r e l a t i o n s 

between rock types, weathering and f r a c t u r e c h a r a c t e r i s t i c s i n 

terms of RQD, and p o s i t i o n i n r e l a t i o n to depth. 
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A f i r s t examination of the p e r m e a b i l i t y t e s t s presented i n F i g s . 

4.35 to 4.38 i n d i c a t e s t h a t foundation bedrock i n the S f i k i a 

damsite i s permeable. A l l the t e s t s c a r r i e d out e x h i b i t e d 

p e r m e a b i l i t y v a l u e s higher than 1 Lugeon = 1.3 x 10 m/sec and 

and thus an improvement (by grouting ) i s r e q u i r e d (Houlsby, 

1982). 

I f t h a t i s compared with the Pournari and the Assomata pe r m e a b i l i t y 

t e s t s (see Sections 4.2.3 and 4.3.3), i t i s obvious t h a t S f i k i a 

dam foundation i s a s p e c i a l s i t u a t i o n . The c u r t a i n has to be 

constructed to q u i t e a depth i n order adequately to i n c r e a s e the 

leakage path length, and to be q u i t e t i g h t . T h i s i s an e s s e n t i a l 

requirement, s i n c e S f i k i a i s a pump storage scheme. 

The main conclusions which can be drawn from examining the 

p e r m e a b i l i t i e s recorded i n r e l a t i o n to rock type, weathering, 

RQD and depth are as f o l l o w s : 

P e r m e a b i l i t i e s are almost e q u a l l y high i n a l l the rock 

types encountered (see F i g . 4.35). 

There i s no c l e a r tendency towards reduction of p e r m e a b i l i t y 

values as compared with RQD v a l u e s (see F i g . 4.36).The 

e x h i b i t e d RQD values suggest t h a t j o i n t i n g of the foundation 

rock i s high. At l e a s t three q u a r t e r s of the t e s t s 

performed e x h i b i t e d RQD v a l u e s s m a l l e r than 50 per cent 

and t h i s suggests t h a t the f r a c t u r e frequency i s i n the 

range of about 5 to 15/m and even more i n very poor rocks 

(Farmer, 1978). 

Permeability values appeared to be high, independent of 

the weathering condition of the rocks encountered(Fig.4.37). 

Very few t e s t s i n sound rock e x h i b i t p e r m e a b i l i t y values 

around one lugeon. 
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P e r m e a b i l i t y values remain e q u a l l y high i n shallow or 

deeply (down to 140m) seated rocks (see F i g . 4.38). 

The above concl u s i o n s draw a t t e n t i o n to three important ques t i o n s : 

a) Do l a r g e openings (wide f r a c t u r e s ) e x i s t deeper than 

the design l i m i t s of the grout c u r t a i n ? 

b) To what extent w i l l the designed grouts penetrate 

the f i n e r f r a c t u r e s which are i n abundance i n the core 

trench? 

c) I n p a r t i c u l a r , how e f f e c t i v e l y w i l l the most weathered 

rock zones be s e a l e d ? 

I n the above question (b) there are two p o s i t i o n s taken by v a r i o u s 

r e s e a r c h e r s . One i s to i n i t i a t e h y d r o f r a c t u r e s by applying 

higher p r e s s u r e s (see A t t e w e l l and Farmer, 1976) i n a s t r i c t l y 

c o n t r o l l e d manner. The other i s t h a t the g r a v i t a t i o n a l s t r e s s e s 

superimposed by the dam body a c t s beneficially i n reducing the 

e f f e c t i v e aperture of the e x i s t i n g c r a c k s ( s t r e s s dependent 

permeability; Maini, e t a l , 1972). 

Sharp (1972) r e p o r t s t h a t experiments by Bernaix (1969) on a 

laboratory s c a l e have shown t h a t c o n f i n i n g p r e s s u r e s i n a t r i a x i a l 

c e l l can change the pe r m e a b i l i t y of f i s s u r e d rock by three or 

four, orders of magnitude. The Malpasset dam f a i l u r e i s an example 

(Bernaix, 1967) i n which, due to the loads imposed by the dam, 
2 

p e r m e a b i l i t i e s were reduced approximately by the order of 10 . 
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4.4.4 Grouting a t S f i k i a 

(a) General 

Grouting a t S f i k i a i s needed f o r three main reasons: 

1) To reduce leakages, under the dam and from the 

abutments. 

2) To strengthen (by c o n s o l i d a t i o n grouting;see P l a t e 

4.19) the foundation rock under the core. Blanket 

grouting a l s o a s s i s t s the performance of the main 

c u r t a i n by s e a l i n g o f f a l l d i s c o n t i n u i t i e s t r a v e r s i n g 

the core trench, and hence e l i m i n a t i n g any danger of 

e r o s i o n of s o f t foundation rock or core m a t e r i a l . 

3) To reduce any u p l i f t p r e s s u r e s i n the abutments. 

Grouts, d r i l l i n g methods and grouting procedures are the same 

as those f o r Pournari and Assomata (see S e c t i o n s 4.2.4 (a) and 

4.2.4 (b) ) . D r i l l i n g of blanket grout holes i s performed by 

r o t a r y p e r c u s s i o n d r i l l r i g s . 

I t i s worth noting a l s o t h a t the p r e s s u r e s a p p l i e d i n the upper 

four i n t e r v a l s (20m below ground surface) are much lower than the 
2 2 

overburden p r e s s u r e s . These g r a d u a l l y r i s e to 1 kg/cm (98.067 kN/m ) 

a t a packer depth of 15m. Below t h a t l e v e l (deeper grouting 

i n t e r v a l s ) grouting p r e s s u r e s were i n c r e a s e d up to overburden 
2 

pressure (but not exceeding 1 471 kN/m for very deep i n t e r v a l s ) . 

(b) Grouting r e s u l t s 

The grouting r e s u l t s presented here concern the main grout 

c u r t a i n f o r the completed segments. Mention of the blanket 

( c o n s o l i d a t i o n ) grouting r e s u l t s w i l l be made where necessary to 

denote important g e o l o g i c a l f a c t o r s involved. 
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The grouting parameters t h a t are considered are the same as those 

defined i n S e c t i o n 4.2.3 ( b ) . 

The d e t a i l e d grouting f i e l d r e s u l t s are presented i n the "as 

b u i l t drawings" which are given i n the Supplementary Volume 2. 

For e v a l u a t i o n purposes the above r e s u l t s are gathered together 

i n Table 4.15, while the r e s u l t s i n the s u c c e s s i o n of Primary, 

Secondary, T e r t i a r y , Quaternary and Check holes are given i n 

Tables 4.16 to 4.20. The r e s u l t s are grouped i n b a s i c segments 

as a t Pournari and Assomata f o r comparison purposes. 

2 
The averaged r e s u l t s of grout takes i n kg of cement per m , 

2 
boreholes d r i l l e d i n m-run per m , and the volume of grout used 
per m-run per area of segment (dimensionless parameter),as w e l l 

2 
as the t r e a t e d area i n m of each segment, are i l l u s t r a t e d i n F i g . 

4.39. I n t h i s F i g u r e , i n which only three segments are presented 

(completed), some n o t i c e a b l e d i f f e r e n c e s i n the grout absorptions 

p e r t a i n i n g to the s t r u c t u r a l c o n d i t i o n of the r i v e r b e d and the 

abutments w i l l be d i s c u s s e d i n the next Section (Section 4.4.5 

below). 

The foundation bedrock response (grout absorption) i n the 

s u c c e s s i o n of P, S, T, Q, E and C grouting stages i s presented 

i n F i g . 4.40. I n t h i s Figure the d i f f e r e n c e i n the amount of 

grout used f o r the various grouting stages d e l i n e a t e s the importance 

of some s i g n i f i c a n t f a u l t s (see P l a t e 4.18 and F i g . 4.31) i n 

the d i f f e r e n t response to grouting of the segments. 

F i n a l l y , F i g . 4.41 i l l u s t r a t e s the e f f e c t i v e n e s s of the d r i l l i n g 

and grouting e f f o r t applied to d i f f e r e n t segments. 

The e f f e c t i v e n e s s achieved, as i l l u s t r a t e d by the P, S, T, Q, and 



m 2 

4 900 

4 000 

3900 

3000 

ft 
u o 250O 

O 2000 
tm 

u 
c 
"5 
2 

1500 

1000 

500 

L 

Left Abutment Right Abutment 

: 5 * 

.3 ! 

2 ' 3 1 4 5 6 7 6 B 10 11 12 , 
— • 1 »- — I 1 I 1 1- 4 — 1 — 4 

J 
o 

.1 

i o 3 

10 

10" 

10 

I O 1 

10 

1 0 J 

10 

•10' 

10 

io 1-

10 

10* 
—• N* of segments. 

8 
• 

8 
CD 

8 8 $ 8 8 8 
CD 
I". 
m 
• 
O 

CD 
<M 
* 
O 

CD CD CO W 
CM • 
6 O 
* i 

Fig: 

21J 

c 
e 

i 
u 

?! 

i o 3 

10 

to" 

10 

10 

»62 

10 

A. 39 . Foundation grouting treatment ( Sfikia dam) and 
behaviour in terms of: 

J. Main grout curtain extension along dam axis (m2) 

2. Borehole density in m-run perm2 of curtain. 

3. Grout.takes per m2 of the curtain. 

4. .Volum of grout/m-run of bh/area of segment (unit) 

S f i k i a H E P 



S F I K I A H E P 

200 

100 
0 

200 

100 

0 

200 

100 

0 

2 00 

100 

0 

300 

200 

1 00 

0 

N° of Segment 

Left Abutment 
1 

Right Abutment 

Core or non core 
Check holes s EandC 

a— —n"' 

Quaternary holes = a 

a n ^ ' 

Tertiary holes = T Tertiary holes = 

A 4-" 

Secondary holes = S 
o •—o 

Primary holes = P 

10 11 12 
Stationing ir * o 

Fig. 4.40 Compcirct-tive results of foancfation bedrock behaviour 
in azouofin^ treatment atcm^ -the main SfliCia (Jam flrout 
cur:tain. (Pfots, represent -the average atoai take rn Ke^ of 
cement pec m-tun of borehole Jot each segment const'cJet&cf). 



. t 

3= 

£ D » 3 t ) ' i ' S c l » a u » n b » s *M; U; ;U»IU6 »S D ujmjM »\\up H a B u i i n o j B | o i u *9J*d 



216 

E curves, a s s e s s e s the i n t e r r e l a t i o n s between (a) the d r i l l i n g 

performed, and (b) the grouts used and the nature of the g e o l o g i c a l 

f a c t o r s involved. I t a l s o a c t s as a warning and o f f e r s quidance 

towards the appropriate future measures needed to supplement 

the gtouting works already performed. 

4.4.5 Summary d i s c u s s i o n and co n c l u s i o n s on S f i k i a dam 

On the b a s i s of the grouting r e s u l t s and the other f i e l d information 

a v a i l a b l e (although only three segments have been completed a t 

the time of w r i t i n g ) as presented i n t h i s S e c t i o n , a number of 

conclusions can be drawn, i n s p i t e of the complex nature of the 

v a r i a b l e s considered, and the uncertainties which u s u a l l y accompany 

the g e o l o g i c a l f a c t o r s involved. I n the e v a l u a t i o n of the grouting 

r e s u l t s , some c o r r e l a t i o n s can be made between a) the grouting 

parameters ( q u a n t i t i e s ) , and the foundation c o n d i t i o n s (rock 

v o i d n e s s ) , and (b) the extent of the e f f e c t i v e n e s s of the grouting 

works performed, and the p r e s e % completion c r i t e r i a . 

On the other hand a number of ambiguities and the need f o r 

a d d i t i o n a l information from s p e c i f i c t e s t s and g e o l o g i c a l records 

and observations are brought to l i g h t when an attempt i s made 

a) to evaluate the foundation p r o p e r t i e s and t h e i r response to the 

methods of improvement applied, and (b) to grade t h e i r 

i n t e r r e l a t i o n s . These as w e l l as suggestions f o r f u r t h e r r e s e a r c h 

w i l l be d e t a i l e d i n due course. 

The curves ( F i g . 4.39) of the averaged r e s u l t s of the grout 
2 

used per u n i t s u r f a c e (m ) of the b a s i c segmental d i v i s i o n s 

completed i n d i c a t e t h at the q u a n t i t i e s of grout used are much 

higher i n segment 9 than i n segments 7 and 8. The reasons for t h i s 



may be a t t r i b u t e d to the two systems of almost v e r t i c a l f a u l t s 

and a system of shallow dip (dipping downstream) f a u l t s and the 

f o l i a t i o n which caused r e l a x a t i o n and probable small s l i p s 

towards the r i v e r . The steepness a l s o of the r i g h t abutment and 

the dip and dip d i r e c t i o n of the observed f o l i a t i o n suggest t h a t 

some buckling of the s t r a t a might have occurred. 

The grouting r e s u l t s of segment 9, as i l l u s t r a t e d i n Fig.4.40 

and the curves of F i g . 4.41, i n d i c a t e t h a t up to the Quaternary 

holes high grout takes were absorbed i n t h i s segment. Even the 

E and C holes put down to check the whole depth of the c u r t a i n 

(even below i t s l i m i t s ) showed a high absorption zone (cement 

takes g r e a t e r than 200 kg of cement per metre). 

T h i s l e d to a r e - c o n s i d e r a t i o n of the depth of c u r t a i n for 

segment 9 and segment 10 and to extend i t deeper (see E and C, 

as w e l l as the fan holes from the lower grouting g a l l e r y of the 

r i g h t abutment). The blanket ( c o n s o l i d a t i o n ) grouting r e s u l t s 

a l s o denote t h a t along the v e r t i c a l f a u l t l i n e the lower p a r t 

of the core trench i n the r i g h t abutment caused unusual 

r e l a x a t i o n . 

The above remarks warn about a p o t e n t i a l zoning of unusually 

high grout takes i n other segments too. Furthermore, r e l a t i v e l y 

high takes i n the check holes might mean t h a t the foundation 

bedrock possesses some appreciable r e s i d u a l p e r m e a b i l i t y which 

might have to be d e a l t with i n future work. 
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4.5 Summary d i s c u s s i o n and co n c l u s i o n s on Pournari, Assomata and 

S f i k i a dams 

In the preceding paragraphs of t h i s Chapter the foundation 

conditions of the Pournari, Assomata and S f i k i a dams were examined 

i n d e t a i l . C e r t a i n comments were made and some conclusions drawn. 

Some of the predominant g e o l o g i c a l f a c t o r s involved were i d e n t i f i e d 

and described i n the course of the assessment of the water-

t i g h t n e s s p r o p e r t i e s of the foundations. T h i s was done by using as 

t o o l s the records of g e o l o g i c a l observations and the per m e a b i l i t y 

values up "to the c o n s t r u c t i o n stage. Grouting r e s u l t s presented 

i n the form of q u a n t i t a t i v e parameters do v e r i f y the importance of 

some of the above g e o l o g i c a l f a c t o r s . 

Grouting r e s u l t s a l s o s u b s t a n t i a t e the importance of f a u l t s and 

j o i n t s as p r i n c i p a l p e r m e a b i l i t y conductors and l o c a t e some 

p o t e n t i a l or c e r t a i n leakage sources. Moreover, these r e s u l t s 

q u a n t i t a t i v e l y c l a r i f y a m biguities concerning the i n f l u e n c e of 

the g e o l o g i c a l f a c t o r s on the p e r m e a b i l i t i e s of the foundations. 

These ambiguities take the form of f o l d s , f a u l t l i n e s , r e l a x a t i o n s 

caused by f a u l t s , j o i n t s or bedding, weathering or c o n s t r u c t i o n . 

Thus, the grouting r e s u l t s i n d i c a t e where bedrock voidness appears 

when caused by such f a c t o r s , v i s i b l e a t exposure or i n v i s i b l e 

below ground. At the same time they a s s i s t i n grading the 

e f f e c t i v e n e s s of the appli e d ground improvement, and i n l o c a t i n g 

p r e c i s e l y the questionable a r e a s , w i t h i n the geometry of the 

c u r t a i n , which need f u r t h e r a t t e n t i o n . 

The grouting e f f e c t i v e n e s s i n the su c c e s s i o n of P, S, T, Q, E 

and C grouting holes determines whether a d d i t i o n a l grouting or 
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other measures, such as drainage, are needed i n order to safeguard 

the o p e r a t i o n a l e f f i c i e n c y of the p r o j e c t . 

On the b a s i s of the above remarks and the information as c i t e d 

i n the previous s e c t i o n s , the following c o n c l u s i o n s can be drawn 

concerning the Pournari, Assomata and S f i k i a dams: 

1) Pournari dam 

The Pournari dam has been founded on s t r a t i f i e d sedimentary 

rocks of f l y s c h formations, and the dam a x i s alignment c o i n c i d e s 

with the s t r i k e of the s t r a t a which dip upstream. The r i v e r 

course a t the dam a x i s was c r e a t e d by eros i o n of the s t r a t a which 

was f a c i l i t a t e d by s t r u c t u r a l weaknesses ( j o i n t i n g ) caused by 

secondary f o l d s , the axes of which seem to c o i n c i d e with the 

general bedding dip d i r e c t i o n . No other major s t r u c t u r a l d e f e c t s , 

such as f a u l t s , have been detected i n the s i t e . J o i n t i n g i n the 

s i t e has been developed i n the stronger sandstone s t r a t a i n s e t s 

of wide frequency and extension and i n accordance with the 

r e g i o n a l f o l d of the Epirus-Akarnania s y n c l i n e . T h i s i s due to 

the b r i t t l e s t r a i n behaviour of the thickly-bedded sandstone rocks 

on which geotectonic s t r e s s e s have been exe r t e d . J o i n t i n g i n the 

thinly-bedded s i l t s t o n e / s a n d s t o n e s e r i e s appears c l o s e l y spaced 

and of small extension, while i n the u n s t r a t i f i e d s i l t y conglomerate 

l o c a l shearing and s h a t t e r i n g of the rock i s recognised. I t seems 

t h a t the s t r a i n behaviour of the l e s s strong rocks ( s i l t s t o n e 

and s i l t y conglomerates) i s more d u c t i l e on a p p l i c a t i o n of 

geotectonic s t r e s s e s . 

L o c a l v a r i a t i o n s i n the j o i n t i n g and bedding p a t t e r n s i n the s i t e 

are due to the presence of secondary superimposed f o l d s of the 

kind found on the r i v e r b e d . 
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No major d i s c o n t i n u i t i e s t r a v e r s e the core trench. 

A small t h r u s t f a u l t detected i n the upper sandstone s e r i e s has 

only a small displacement of 2.5m. 

Weathering i s more extensive on major j o i n t s and bedding planes, 

and appears to be deeper w i t h i n the sandstone s t r a t a . L o c a l l y 

i t i s shallower i n the i n t e n s e l y - j o i n t e d s t r a t a such as those 

a t the apex of the a n t i c l i n a l f l e x u r e , and i n the rebound 

j o i n t s a t the foot of the r e l a t i v e l y abrupt abutment. 

Grouting a t Pournari suggests t h a t : 

i ) Foundation bedrock openings, l i a b l e to promote 

s u b s t a n t i a l leakage, are r e s t r i c t e d mainly w i t h i n 

the upper sandstone s t r a t a which e x h i b i t stronger 

j o i n t i n g . These s t r a t a are r e l i e v e d and e x h i b i t a 

deeper weathering, sometimes as deep as the contact 

between the sandstone and the s i l t y conglomerate 

s e r i e s . 

i i ) The underlying r o c k s , although j o i n t e d , e x h i b i t very 

low e f f e c t i v e openings except i n s u r f a c e areas which 

are s t r u c t u r a l l y weak, such as those a t the apex of 

the a n t i c l i n a l f l e x u r e or those a t the foot of the 

l e f t abutment. Weathering too, i s found to be 

s u b s t a n t i a l i n those weak a r e a s . 

i i i ) The higher d i r e c t i o n a l propensity of grout takes 

i s l i m i t e d to the stronger sandstone-bearing s e r i e s , 

so t h a t the p r i n c i p a l axes of p e r m e a b i l i t i e s may be 

confined w i t h i n the alignment of the sandstone 

formations. 

i v ) A properly designed drainage c u r t a i n was needed 
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to c o n t r o l r e s i d u a l seepage and to e l i m i n a t e i t s 

d e l e t e r i o u s e f f e c t (pore water p r e s s u r e s ) on the shear 

strength p r o p e r t i e s of rocks downstream of the c u r t a i n . 

Thus, grouting r e s u l t s a t Pournari r e v e a l t h a t only s u r f a c e rocks 

have undergone a r e l a t i v e l y high degree of r e l a x a t i o n which i s 

expressed by the high values of the grouting parameters. 

T h i s r e l a x a t i o n , which has aggravated the p r e - e x i s t i n g j o i n t 

openings, has been caused mainly by the unloading of the upper 

s t r a t a due to e r o s i o n , weathering and rebound j o i n t i n g , p a r t i c u l a r l y 

where strong topographic anomalies e x i s t . Deeper l o c a t e d rocks 

(a few metres from the s u r f a c e ) are r e l a t i v e l y t i g h t , and the 

grouting parameter values tend to be minimal. The above observa­

t i o n s i n d i c a t e t h a t e i t h e r compressional geotectonic s t r e s s e s 

stored w i t h i n the foundation rocks have not been f u l l y r e l e a s e d 

or t h a t such s t r e s s e s are a t present i n the process of being 

r e l i e v e d . 

I t must be noted t h a t highly-weathered rocks near the s u r f a c e 

were excavated to r e v e a l sounder rocks of a t l e a s t grade I I I 

( i n the Dearman e t _ a l . , 1972 s c a l e of weathering g r a d e s ) . 

2) Assomata dam 

The Assomata dam i s founded on s e r p e n t i n i s e d o p h i o l i t i c l i t h o l o g i c a l 

v a r i a t i o n s of rock, a l l of which t r a v e r s e the core trench and 

are separated by f a u l t s . Other major l o c a l f a u l t s t r a v e r s e the 

l i t h o l o g i c a l u n i t s and the f u l l width of the core trench. The 

above complexity of the l i t h o l o g i c a l and s t r u c t u r a l e v o l u t i o n of 

the damsite s t r a t a has created strong d i f f e r e n c e s between the two 

abutments and the r i v e r b e d . These d i f f e r e n c e s a f f e c t both the 

wa t e r t i g h t n e s s p r o p e r t i e s of the foundation bedrock and i t s 

• J 
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s t r e n g t h c h a r a c t e r i s t i c s . The s i t u a t i o n has been aggravated by 

deep weathering and hydrothermal a l t e r a t i o n s . A p a r t i a l r e - h e a l i n g 

of open j o i n t s i s a l s o observed i n the form of secondary d e p o s i t i o n 

of c a l c i t i c or o p h i o l i t i c - c a l c i t i c v e i n s , sometimes a few c e n t i ­

metres t h i c k . 

-5 
The p e r m e a b i l i t y v a l u e s , ranging up to 10 m/sec (only two out 

-4 
of a t o t a l of s i x t y s i x of them being 10 m/sec) appear to be i n 

c l o s e r e l a t i o n with e x i s t i n g or assumed f a u l t l i n e s , and are 

higher i n the l e f t abutment. T r a n s i t i o n a l and sheared s e r p e n t i n i s e d 

agglomerates were proved to be r e l a t i v e l y impermeable i n 

comparison with t u f f agglomerates. The confinement of an a r t e s i a n 

water t a b l e of high pressure suggested the presence of an 

impermeable substratum the p e r m e a b i l i t y v a l u e s of which were i n 
-7 -9 the range of 10 to 10 m/sec. 

Before the excavation of the core trench no l a r g e voids were 

found, although minor d i s l o c a t i o n s had been assumed. 

The above d e s c r i p t i o n of the rocks and t h e i r f a u l t s makes the 

d i s c u s s i o n of recorded j o i n t s secondary. Such a d i s c u s s i o n i s 

r e q u i r e d with r e s p e c t to the segments where f a u l t s are absent. 

Grouting r e s u l t s a t Assomata suggest t h a t : 

i ) The foundation bedrock voidness i s mainly observed 

w i t h i n the younger t u f f agglomerate rocks, whenever 

they occur w i t h i n the s i t e , 

i i ) Although s u r f a c e excavation of the core trench 

i n d i c a t e s a void width equal to or l e s s than 4 

centimeters, the s i z e of the voids could be l a r g e r 

than h a l f a metre. 
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i i i ) A l l t u f f rocks w i t h i n or adjacent to the low-angle 

t h r u s t s e x h i b i t a high voidness which i s extended 

deeply i n t o the l e f t abutment. But the worst d i s l o ­

c a t i o n was t h a t of the combination of the low angle 

t h r u s t and the s u b v e r t i c a l f a u l t s a t the foot of the 

l e f t abutment. A l l these f a u l t s are found to t r a v e r s e 

the core trench, 

i v ) The t u f f agglomerate rocks above the wide sheared 

t h r u s t zone can be explained as an upthrust of those 

found a t the foot of the l e f t abutment. I t i s probable 

t h a t t h i s i s a r e s u l t a n t movement of the low angle 

t h r u s t s and the s u b v e r t i c a l f a u l t s . The occurrence 

of t h i s movement appears to have a f f e c t e d the whole 

abutment. 

v) The depth of the h i g h l y disturbed zone terminates a t 

the contact of the t u f f agglomerates and the t r a n s i ­

t i o n a l agglomerates. As grouting p r o g r e s s e d , s e a l i n g 

o f f the t u f f rocks near the core trench s u r f a c e 

(20m deep), check holes showed t h a t the a r t e s i a n horizon 

was l e a k i n g w i t h i n the t u f f agglomerates, 

v i ) The c o n s o l i d a t i o n grouting, o r i g i n a l l y designed to 

reduce d i f f e r e n t i a l settlements w i t h i n the core trench, 

was modified i n the course of grouting works to 

r e i n f o r c e (thicken) the grout c u r t a i n i n a l l of the 

l e f t abutment. T h i s was done because of the extremely 

high grout takes absorbed by s u r f a c e c r a c k s i n ̂ about 

a s u r f a c e areaof 500 m2 ( 57 257 l i t r e s of grout 

were poured i n t o them ) . The high absorption 

of grout by the main c u r t a i n holes suggested the 

e x i s t e n c e of such openings 20 metres below the core 
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trench s u r f a c e , 

v i i ) P r o v i s i o n f o r f u r t h e r grouting works ( i n the l e f t 

abutment) and well-designed drainage have been made 

as preventive measures . a g a i n s t p o t e n t i a l i n e f f e c t i ­

veness of the grouting works, 

v i i i ) The r i v e r bed rock and the r i g h t abutment rocks proved 

to be q u i t e t i g h t . They were a l s o found to absorb 

high q u a n t i t i e s of grout only l o c a l l y , t h a t i s , where 

the t u f f agglomerates e x i s t , 

i x ) An e f f e c t i v e drainage c u r t a i n must be constructed, 

i n s p i t e of the int e n s e grouting e f f o r t . 

T h i s i s demanded by the poor shear strength c h a r a c t e ­

r i s t i c s of b r e c c i a t e d and a l t e r e d rocks which are 

l i a b l e to be eroded by leakages. 

I t must be noted t h a t deep excavation took place i n the l e f t 

abutment but could not be allowed to proceed any f u r t h e r i n case 

i t c r e a t e d i n s t a b i l i t y i n the s p i l l w a y foundations. 

3) S f i k i a dam 

The S f i k i a dam i s founded on metamorphic rock of meta-andesites 

and amphibolite-gneiss s c h i s t s ( u n d i f f e r e n t i a t e d ) w i t h i n the core 

trench excavations. Mixed f a c i e s of i n t r u s i v e rocks of gabbros, 

amphibole or o l i v i n e - r i c h rocks, d i o r i t i c rocks form a dyke w i t h i n 

the powerhouse f a u l t . Within the magmatic rocks l a r g e e r r a t i c 

blocks of the metamorphic basement rocks have been found. 

The main c h a r a c t e r i s t i c s of the foundation bedrock a r e : 

a) R e l a t i v e l y strong rocks with a c o n s i s t e n t f o l i a t i o n 

( b e d d i n g / s c h i s t o c i t y ) found throughout the dam 

foundation, and dipping r e l a t i v e l y s t e e p l y from the 

r i g h t to the l e f t abutment so as to t r a v e r s e the f u l l 
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width of the core t r e n c h . 

b) Well-developed j o i n t i n g i n more or l e s s orthogonal 

systems c l o s e l y spaced but of s m a l l extension. The 

j o i n t s are u s u a l l y open and c l e a n , whereas l o c a l l y 

they are p a r t l y i n f i l l e d with c l a y e y m a t e r i a l s i n 

moderately-to highly-weathered zones. 

c) Three main l o c a l f a u l t systems present a t the r i v e r b e d 

and the abutments (apart from the power house f a u l t 

and the s m a l l f a u l t s accompanying i t which have been 

t r a c e d a t the r i v e r b e d ) . 

The one system i s s u b p a r a l l e l to the f o l i a t i o n and i t s 

d i s c o n t i n u i t i e s are spaced about 20-40 metres with 

p e r s i s t e n t extension of s e v e r a l tens of metres. The 

other two systems are s u b v e r t i c a l and oblique to the 

s t r i k e of the f o l i a t i o n of the formations. They are 

spaced 50-70 metres apart with an extension up to 

s e v e r a l hundred m e t r e s . A l l the three f a u l t s e t s t r a n s ­

v e r s e the core trench.Weathering i s extended deep along 

the f a u l t l i n e s , and f a u l t s u s u a l l y appear to be f i l l e d 

w i t h reddish or yellow-grey c l a y . 

Surface formations appear to be more weathered. 

This s t r u c t u r a l development of the s i t e g i v e s a water t a b l e , i n 

both abutments, a t r i v e r l e v e l . The p e r m e a b i l i t y values are q u i t e 
-7 -5 

high (between 10 to 10 m/sec) and independent of the rock 

types, the depth, the RQD or the weathering. 

The excavations f o r the core trench were shallow i n comparison 

with the excavations of the other two dams. 
Grouting a t S f i k i a suggests t h a t : 
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i ) The foundation bedrock voidness i s mainly caused by 

the v e r t i c a l f a u l t s , 

i i ) The highes t voidness appears i n the r i g h t abutment 

d e s p i t e the impression t h a t sounder rocks e x i s t t h e r e . 

The high grout takes below the o r i g i n a l l y - d e s i g n e d 

l i m i t s of the grout c u r t a i n suggest t h a t the foundation 

bedrock i s subjected to t e n s i o n a l geotectonic s t r e s s e s , 

i i i ) High grout takes were r e g i s t e r e d i n the r i v e r b e d and 

the l e f t abutment (only a t the formations near the 

s u r f a c e and up to 20m deep) and a t i s o l a t e d i n t e r v a l s . 

T h i s does not exclude the p o s s i b i l i t y of higher grout 

absorptions deeper down and near the power-house f a u l t 

formations. 

i v ) The power house f a u l t b r e c c i a t e d rocks i n the areas 

t r a v e r s e d by the grout c u r t a i n e x h i b i t low grout 

absorption mainly due to the cl a y e y i n f i l l i n g s present 
due 

there and/to p a r t i a l r e - h e a l i n g of the f a u l t b r e c c i a s 

(secondary re-cementation or d i a g e n e s i s ) . 

4.6. R e l a t i o n s h i p of the grouting behaviour and the foundation 

bedrock c h a r a c t e r i s t i c s to the r e g i o n a l g e o l o g i c a l and 

s t r u c t u r a l s e t t i n g . 

The grouting behaviour of the foundation bedrock of the three 

damsites t h a t were studied does seem to r e f l e c t the i n d i v i d u a l 

c h a r a c t e r i s t i c s of each of the damsite l o c a t i o n s . F u r t h e r , i t i s 

suggested t h a t the bedrock response to i n j e c t i o n a l s o r e f l e c t s , 

to a degree, the c h a r a c t e r i s t i c s of the general and r e g i o n a l 

geology of the zones to which these dams belong. Thus f a r , the 

grouting r e s u l t s have been d i s c u s s e d and placed i n the context of 
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the mean and extreme conditions encountered i n each s i t e . Hereafter 

they w i l l be placed w i t h i n the r e g i o n a l g e o l o g i c a l context which 

has been d i s c u s s e d i n Chapter 3. 

The main c o n c l u s i o n s to be drawn here are as f o l l o w s : 

i ) The Pournari grout c u r t a i n i s b u i l t i n t o the I o n i a n 

zone f l y s c h formation and i n t e r s e c t s three main 

l i t h o l o g i c a l u n i t s , namely the thickly-bedded (upper) 

sandstone s t r a t a , t h e massive s i l t y conglomerates 

(middle) and the thinly-bedded s i l t s t o n e / s a n d s t o n e 

sequence (lower). 

I t i s a l i g n e d s u b p a r a l l e l (NV7 to SE) to the s t r i k e of 

the beds, which g e n e r a l l y dip (25°-45°) up-stream. No 

l o c a l or r e g i o n a l f a u l t s i n t e r s e c t the s i t e . The 

s t r u c t u r a l c h a r a c t e r i s t i c s of the foundation bedrock 

are c o n t r o l l e d by the s t r a t i f i c a t i o n of the beds and 

the f o l d systems e x i s t i n g t h e r e , which are a l s o 

r e s p o n s i b l e for the s t r u c t u r a l and topographic genesis 

of the s i t e . 

The higher mean grout absorptions appear i n the 

sandstone-bearing s t r a t a , and the extreme values are 

determined by l o c a l p e c u l i a r i t i e s , such as l o c a l major 

j o i n t s , s l i p s , weathering, i n f i l l i n g s . 

The s i l t y conglomerates and the s i l t s t o n e / s a n d s t o n e 

sequence are g e n e r a l l y t i g h t , but with l o c a l v a r i a t i o n s 

such as a t the apex of the r i v e r bed a n t i c l i n a l f l e x u r e 

Among the examples of grout c u r t a i n s i n f l y s c h 

formations those of the R i v e r Moravia can be mentioned. 

They are considered to be q u i t e permeable rocks 
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( V e r f e l , 1969). 

I n Greece (Chapter 2) i n the l e a k i n g Kremasta grout 

c u r t a i n on Gavrovo f l y s c h formations, the g e o l o g i c a l 

f a c t o r s which r e s u l t e d i n those leakages are of 

i n t e r r e l a t e d l o c a l and r e g i o n a l c h a r a c t e r . 

The e x i s t e n c e of c a l c a r e o u s conglomerate horizons, 

w i t h i n the grout c u r t a i n t r a c e d by l o c a l f a u l t s , r e l a t e s to 

the emergence of sulphate hot s p r i n g s . 

The calcareous conglomerates are cavernous because 

of the s o l u t i o n caused by the sulphate s p r i n g s . 

Thermal springs e x i s t i n s e v e r a l areas of Greece along 

the separating l i n e s of the major t e c t o n i c b e l t s such 

as the one s e p a r a t i n g the Pindos and Gavrovon t e c t o n i c 

zones. 

The above f e a t u r e s are absent i n Pournari and K a s t r a k i 

dams which r e s t on Ionian f l y s c h formations.But i t i s 

important to note the e x i s t e n c e of small l e n s e s of 

conglomerate w i t h i n the sandstone s t r a t a of Pournari . 

and which have shown high weathering. 

F i n a l l y , the predictions based on the local and the regional 

records and g e o t e c h n i c a l c o n s i d e r a t i o n s i n the Pournari 

daftsite concerning the w a t e r t i g h t n e s s of the foundation 

bedrock were proved to be s a t i s f a c t o r y during the 

c o n s t r u c t i o n stage , and according to ouf expectations. 

The grouting r e s u l t s c o i n c i d e with the i n v e s t i g a t i o n 

conclusions on the w a t e r t i g h t n e s s of the s i t e . 

Small d e v i a t i o n s proved to be due to the rock c o n d i t i o n 

i n the r i v e r bed. I t was feared t h a t there might be 

a f a u l t i n the r i v e r bed, and the o v e r - c o n s e r v a t i v e 
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design of the c u r t a i n was caused by the f e a r t h a t 

s i m i l a r leakages as a t Kremasta might occur here. 

At the Assomata damsite the c o n t r o l l i n g f a c t o r s for 

determining the extreme values of the grouting r e s u l t s 

i n some segments are the l o c a l and r e g i o n a l l i t h o l o g i c a l 

and s t r u c t u r a l c h a r a c t e r i s t i c s . The presence of 

t u f f . agglomerates marks the high voidness 

horizons of the foundation bedrock. These horizons 

occur i n s e v e r a l l o c a t i o n s w i t h i n the h o r i z o n t a l and 

v e r t i c a l dimensions of the c u r t a i n , as w e l l as i n 

other l o c a t i o n s of the dam foundation. 

T h e i r genesis was argued (see Chapter 3) to have 

r e s u l t e d from general and r e g i o n a l t e c t o n i c movement. 

In f a c t they appear to be l e s s metamorphosed, as w e l l 

as a l t e r e d and weathered, than the surrounding 

o p h i o l i t e s i n which they have been embedded. T h e i r 

d i s p o s i t i o n and voidness have r e s u l t e d i n high grout 

absorption. The nature and emptiness of both the 

s u r f a c e and the deeper voids i n d i c a t e t h a t continuous 

movements take p l a c e t h e r e . T h i s happens because the 

voids are only p a r t i a l l y , or not a t a l l , i n f i l l e d , 

although they are surrounded by f i n e r m a t e r i a l s ( c l a y 

and sheared-mylonitized r o c k s ) . 

The above conclusion i s confirmed by rece n t movements 

not i c e d i n other areas surrounding the s i t e . The 

nature of the movements are most probably t e n s i o n a l 

because of "graben" f a u l t s t r u c t u r e s which are apparent 

i n and around the damsite. 

E f f o r t s to e s t a b l i s h evidence of recent geotectonic 
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movements i n the damsite area were conducted during 

the i n v e s t i g a t i o n stages, but f a i l e d to produce any 

r e s u l t s . 

The ground i n v e s t i g a t i o n s l e d to the dis c o v e r y of the 

p r i n c i p a l permeable formations i n the s i t e , but were 

proved to be incapable of providing the evidence of 

the extreme s i t u a t i o n of wide voids which was d i s ­

covered there afterwards. I t i s t h i s extreme voidness 

of t u f f agglomerate rocks and the hidden i n f l u e n c e of 

the t h r u s t f a u l t s t h a t would suggest a probable 

a l t e r n a t i v e dam a x i s upstream of the adopted one. 

Grouting r e s u l t s have so f a r i n d i c a t e d t h a t the whole 

of the l e f t abutment i s lo c a t e d w i t h i n two f a u l t 

systems. The high grout takes of the quaternary holes 

and the check hole r e s u l t s i n d i c a t e t h a t the 

improvements which have been already been made were 

i n s u f f i c i e n t . Thus, a d d i t i o n a l measures, such as 

drainage, w i l l have to be provided. 

I t i s noted a l s o t h a t the evidence acquired f o r the 

Assomata damsite and the S f i k i a damsite could be used 

for producing the g e o l o g i c a l map of the area which 

has not yet been undertaken. There are r e g i o n a l 

g e o l o g i c a l maps f o r areas north and south of these 

s i t e s but no such map e x i s t s f o r the lower Aliakmon 

v a l l e y and the surrounding a r e a s , 

i i i ) Although the grouting works have not progressed as much 

as those for the Assomata c u r t a i n , some conclusions 

can be drawn concerning l o c a l c o n d i t i o n s and t h e i r 

i n t e r r e l a t i o n with the r e g i o n a l geology. 
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As s t a t e d e a r l i e r , high grout absorptions i n the S f i k i a damsite 

are concentrated along the v e r t i c a l f a u l t l i n e s . 

I n the case of the r i g h t abutment they have been a s s i s t e d by 

the shallow deep t h r u s t s (dipping upstream i n a north-east 

d i r e c t i o n and r e l a t e d to the main t e c t o n i c t h r u s t between the 

Pelagonianand the Vardar zones) i n f u r t h e r r e l a x i n g the upper 

s t r a t a . These f a u l t l i n e s are oblique to the r i v e r b e d erosion 

l i n e a t the dam a x i s , the r i v e r b e d erosion l i n e having been 

created by l o c a l f a u l t s p a r a l l e l to the powerhouse f a u l t . As 

other r e s e a r c h e r s have s t a t e d (Harper, 1972; Snow, 1965) such 

oblique d i s c o n t i n u t i e s , which e x h i b i t l i t t l e or no displacement 

and very l i t t l e accompanying gouge and cl a y e y i n f i l l i n g s , 

c o n s t i t u t e p r i n c i p a l conductors of permea b i l i t y . T h i s phenomenon 

c o n t r a s t s with the main f a u l t s , such as those p a r a l l e l to the 

powerhouse f a u l t , which are the main t e c t o n i c elements and 

i n d i c a t e c l a y e y i n f i l l i n g s and hig h l y b r e c c i a t e d rock gouge,and 

thus c o n s i d e r a b l e displacements. 

These oblique l o c a l f a u l t systems have to be considered as post-

orogenic events created p a s s i v e l y by s e c o n d a r i l y - r e l e a s e d s t r a i n 

energy stored w i t h i n the rocks during f o l d i n g of the basement 

rocks. P r i m a r i l y , the area was r e l i e v e d by the v e r t i c a l and 

h o r i z o n t a l breaks of the basement rocks. These breaks were 

accompanied by t h r u s t movements during the paroxysm phase of the 

s u c c e s s i v e orogenic stages (Alpine and post-Alpine) and.thus 

gave r i s e to the complexity of the t e c t o n i c h i s t o r y of the region. 

The gouge and reddish c l a y observed along the powerhouse f a u l t , 

as w e l l as the i n t r u s i v e r o c ks, i n d i c a t e the considerable 

displacements which have taken place along such f a u l t s . 
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The r e l a t i o n s h i p of the cement-absorbing s t r u c t u r a l f e a t u r e s to 

the s t r i k e and dip of the s c h i s t o c i t y of the formations, and the 

s u b p a r a l l e l shears to the f o l i a t i o n , suggest t h a t these l o c a l 

f a u l t s have r e s u l t e d from deformations of f l e x u r a l flow and 

f l e x u r a l s l i p ( P r i c e , 1966) on the hinge and the limb of a 

r e g i o n a l f o l d hidden below the S f i k i a v i l l a g e t e r r a c e . The a x i s 

of the f o l d i s trending SSW to NNE and i s s u b p a r a l l e l to the 

s t r i k e of the powerhouse f a u l t . 

4.6.1 P r e d i c t i o n s of ground improvement i n f u t u r e damsites i n 

s i m i l a r r e g i o n a l g e o l o g i c a l s e t t i n g s to those of the 

Pournari, Assomata and S f i k i a damsites 

I n the preceding study of the grout c u r t a i n s of the Pournari, 

Assomata and S f i k i a dams, the voidness of the formations caused 

by s e v e r a l g e o l o g i c a l f a c t o r s was examined. I t became apparent 

t h a t most of these f a c t o r s were recognized i n the i n v e s t i g a t i o n 

programmes conducted up to the design stage. I t was found, 

however, t h a t a n t i c i p a t i o n of r e a l bedrock voidness cannot be 

s p e c i f i e d even on the b a s i s of evidence from the p e r m e a b i l i t y 

t e s t r e s u l t s . The nearest approximation could probably be achieved 

by e v a l u a t i n g s i m i l a r foundation c o n d i t i o n s w i t h i n the range of 

the averaged grouting parameters observed i n the three dams.The 

grouting parameters presented i n the previous s e c t i o n s expose the 

p a r t i c u l a r responses to grouting of the three d i f f e r e n t foundation 

bedrocks i n which s i m i l a r grouting methods have been adopted 

with the aim of reducing the d i f f e r e n t p e r m e a b i l i t i e s of each 

foundation down to a common value of 10 m/sec or l e s s . 

I t i s worth noting t h a t the extreme values of grout absorption 

i n i s o l a t e d grouted i n t e r v a l s d i f f e r s u b s t a n t i a l l y and cannot be 
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used for s p e c i f i c a t i o n of voidness. T h i s i s c l e a r l y i n d i c a t e d by 
the. f a c t t h a t i n the Pournari dam the extreme v a l u e s of permeabi­
l i t y i n i s o l a t e d i n t e r v a l s were i n the range of 10 ^ m/sec to 

-4 

10 m/sec and gave s e v e r a l hundred kilograms of cement absorption, 

while the same range of p e r m e a b i l i t i e s i n i s o l a t e d i n t e r v a l s 

a t Assomata and S f i k i a gave s e v e r a l thousand kilograms cement 

absorption. 



CHAPTER 5 

Conclusions 

The s t u d i e s d e s c r i b e d i n the preceding chapter were conducted 

to i n v e s t i g a t e those g e o l o g i c a l f a c t o r s which i n f l u e n c e the 

waterti g h t n e s s of a given damsite i n a given g e o l o g i c a l environ­

ment. The g e o l o g i c a l f a c t o r s and t h e i r importance i n c r e a t i n g 

the foundation bedrock voidness, the grouting data and the 

geometry of the grout c u r t a i n of three damsites i n d i s s i m i l a r 

g e o l o g i c a l environments, the r e g i o n a l and l o c a l g e o l o g i c a l 

s e t t i n g s were studied and the grouting r e s u l t v a r i a t i o n s w i t h i n 

tlie same c u r t a i n and between the three c u r t a i n s were r e l a t e d to 

the s i g n i f i c a n c e of the major g e o l o g i c a l f a c t o r s present a t 

each of the damsites. 

The w r i t e r has f u l l y p a r t i c i p a t e d i n the design s t u d i e s and the 

preparation of the c o n t r a c t documents for the three dams under 

study (Pournari, Assomata and S f i k i a ) and he i s i n charge of 

the c o n s t r u c t i o n s u p e r v i s i o n of the Assomata and S f i k i a grout 

c u r t a i n s . Grouting i s , a t the present time, very much an a r t 

and depends upon the i n t u i t i v e perception of the team i n charge. 

To avoid m i s i n t e r p r e t a t i o n s of any foundation c o n d i t i o n s and b i a s 

on a d e c i s i o n making l e v e l , judgement i n preparing grouting 

s p e c i f i c a t i o n s must be f l e x i b l e and be guided by an informed 

a p p r a i s a l of the g e o l o g i c a l c o n d i t i o n s r e q u i r i n g the foundation 

improvement. 

A s e r i e s of g e o l o g i c a l records, g e o t e c h n i c a l t e s t r e s u l t s and the 

c u r t a i n grouting r e s u l t s have been examined. The main v a r i a b l e s 



235 

considered were the l i t h o l o g y , the s t r u c t u r a l f e a t u r e s , the 

degree of weathering and a l t e r a t i o n , the depth, and the c o n s t r u c t i o n 

process. I t was hoped, by examining t h i s r a t h e r l i m i t e d number 

of v a r i a b l e s , to i s o l a t e the main g e o l o g i c a l f a c t o r s governing 

the foundation bedrock voidness which has r e s u l t e d i n high 

grout absorptions and which hence a f f e c t s the w a t e r t i g h t n e s s 

(as expressed by the permeability) c h a r a c t e r i s t i c s of the damsites. 

S i m i l a r grouting methods have been a p p l i e d to the three grout 

c u r t a i n s which r e s t on d i f f e r e n t foundation rocks i n three 

d i f f e r e n t geotectonic zones. Thus, some i n t e r p r e t a t i o n of the 

grouting r e s u l t s i n the context of the foundation rock s t r u c t u r e 

i s p o s s i b l e , and may allow some e x t r a p o l a t i o n s f o r use i n compa­

r a b l e p r o s p e c t i v e damsites i n other areas of Greece. Some 

comparisons with previous s i m i l a r cases have a l s o been made i n 

order to determine the degree of c o r r e l a t i o n . 

The f ollowing major conclusions were reached, some of which 

have been summarized i n some d e t a i l i n S e c t i o n s 4.5 and 4.6 as 

w e l l as i n the summary s e c t i o n s of the preceding c h a p t e r s . 

1. E f f e c t of d i f f e r e n t l i t h o l o g i c a l u n i t s ( s t r a t i g r a p h y ) w i t h i n 

a s i t e or d i f f e r e n t s i t e s upon the grout takes 

By examining the v a r i a t i o n s i n grout absorption of the c u r t a i n 

segments of a p a r t i c u l a r dam, or the grout absorption between 

c u r t a i n s of d i f f e r e n t dams, the e f f e c t of the v a r i o u s l i t h o l o g i c a l 

u n i t s (sandstones, s i l t s t o n e s , t u f f agglomerates, s e r p e n t i n i t i c 

rocks, meta-ande s i t e s , g n e i s s i c s c h i s t s and the others) on the 

a b i l i t y of the foundation bedrock to absorb grout was c l e a r l y 

demonstrated. 
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W e l l - s t r a t i f i e d and stronger rocks e x h i b i t e d higher grout 
absorption. The i n d i v i d u a l voids i n them were wider than the 
voids i n weaker rocks. G e o l o g i c a l f a c t o r s of a r e g i o n a l c h a r a c t e r , 
such as r e g i o n a l f o l d s or f a u l t s , have caused the c r e a t i o n of 
grout-absorbing f e a t u r e s i n the rock mass. However, l o c a l f a c t o r s , 
such as r e l a t i v e depths of the i n d i v i d u a l s t r a t a , topographic 
anomalies, s m a l l f l e x u r a l s t r u c t u r e s and weathering, i n f l u e n c e 
t h e i r i n t e n s i t y . 

The p r e - c o n s t r u c t i o n s t r a i n behaviour of the rocks depends on 

the i n s i t u geotectonic s t r e s s e s which, i n r e l a t i o n to other 

f e a t u r e s such as the extent and t h i c k n e s s of the s t r a t a , determine 

the formation of the p r i n c i p a l p ermeability conductors of the 

foundation bedrock. These are the main grout-absorbing f e a t u r e s 

w i t h i n the geometry of the c u r t a i n . 

Thus, a t Pournari, the sandstone bearing s e r i e s contained the 

main grout-absorbing elements of the foundation. 

At Assomata, the t u f f agglomerates and the stronger s e r p e n t i n i t i c 

rocks contained the main elements. 

At S f i k i a (with u n d i f f e r e n t i a t e d rocks) the most absorbent s t r a t a 

were those which e x h i b i t e d strong s t r u c t u r a l d e f e c t s without 

considerable displacements, weathering and f i n e s (gouge). 

2. E f f e c t of the d i f f e r e n t s t r u c t u r a l d e f e c t s upon the grout takes 

The main sources of high grout absorption i n the three cases 

studied i n d e t a i l were found to be the s t r u c t u r a l f e a t u r e s such 

as f a u l t s and j o i n t s and the contact zones between d i f f e r e n t 

l i t h o l o g i c a l u n i t s . T h e i r form and nature, as expressed by an 

a b i l i t y to absorb grout, i s mainly dependent upon: a) the r e g i o n a l 
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l i t h o l o g i c a l and geotectonic c h a r a c t e r i s t i c s which c o n t r o l the 

s i t e , b) the l o c a l d e t a i l s of the l i t h o l o g y and s t r u c t u r e and, 

c) the " s i t e - c r e a t i o n " c h a r a c t e r i s t i c s , such as weathering, 

erosion and r e l a x a t i o n , which i n turn determine the geomorphology 

and topography. 

The Pournari dam grouting r e s u l t s showed t h a t , because of the 

absence of f a u l t s , the p r i n c i p a l grout-absorbing f e a t u r e s were 

the j o i n t s of the sandstone bearing s t r a t a , and p a r t i c u l a r l y the 

d i l a t e d j o i n t s i n the upper s t r a t a which had undergone higher 

r e l a x a t i o n and weathering. S u b - v e r t i c a l rebound j o i n t s caused by 

unloading of the s t r a t a i n a s s o c i a t i o n with strong topographic 

p r o f i l e s e x h i b i t e d some r e l a t i v e l y high grout absorptions and 

suggest t h a t h o r i z o n t a l s t r e s s e s s t o r e d w i t h i n the s i t e rocks 

are not y e t f u l l y r e l i e v e d . 

The a n t i c l i n a l f l e x u r e showed some concentration of d i l a t e d and 

grout-absorbing j o i n t s . 

Bedding planes and contact zones have a l s o acted as s t r e s s 

r e l i e f elements but were grout absorbing only where they e x h i b i t e d 

weathering. The p a r a l l e l alignment of the grout c u r t a i n to the 

s t r i k e of the s t r a t a , which s t r a t a dip upstream, e l i m i n a t e d 

from the c u r t a i n many of the p r i n c i p a l p e r m e a b i l i t y conductors. 

The Assomata dam grouting r e s u l t s showed t h a t the key f a c t o r 

c o n t r o l l i n g the acceptance of grout was the presence of r e g i o n a l 

f a u l t s . The combination of s u b - v e r t i c a l f a u l t s -and the t u f f 

agglomerates gave extremely high grout absorptions and suggested 

the e x i s t e n c e of t e n s i o n a l geotectonic s t r e s s e s which d i l a t e d 

the s u b - v e r t i c a l f a u l t s i n a sm a l l dome-like a n t i c l i n a l f l e x u r e 

w i t h i n the t u f f agglomerate a t the base of the l e f t abutment. 
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The s u b v e r t i c a l f a u l t s seem to be s u b p a r a l l e l to a r e g i o n a l 

graben f a u l t s t r u c t u r e , which occurs 500 metres upstream, and 

which appears to have a f f e c t e d the s i t e . The t h i c k sheared zone 

did not e x h i b i t any high grout t a k e s , but i t allowed the stronger 

s t r a t a to d i l a t e . 

Any small leakages might c r e a t e e r o s i o n and perhaps pipi n g of the 

extremely f i n e a l t e r a t i o n products ( t a l c , asbestos, c h l o r i t e ) 

present as bands i n the rock. 

The S f i k i a dam grouting r e s u l t s showed t h a t although l a r g e 

r e g i o n a l f a u l t s t r a c e the s i t e , the main grout absorbing f e a t u r e s 

are secondary f a u l t s and j o i n t s e t s which show minimal or no 

displacement.These f a u l t s and j o i n t s e t s seem to have r e s u l t e d 

from f l e x u r a l flow and f l e x u r a l s l i p deformations on the hinge 

and the limb of a r e g i o n a l f o l d concealed below the S f i k i a 

v i l l a g e t e r r a c e . The main f a u l t and j o i n t systems a c t as s t r e s s 

d i s s i p a t o r s , a l l o w i n g these minor l o c a l f a u l t s to d i l a t e . I t i s 

l i k e l y t h a t the c l a y gouge o c c u r r i n g w i t h i n the main f a u l t s a c t s 

as a water b a r r i e r . 

The very deep high grout takes i n d i c a t e a t o t a l l y r e l a x e d 

t e r r a i n i n which t e n s i o n a l geotectonic s t r e s s e s are s t i l l r e l a x i n g . 

A t e n s i o n a l geotectonic s t r e s s regime i s a l s o suggested from 

the earthquake a n a l y s e s of the region (Papazachos,1979). 

The f a u l t s s u b p a r a l l e l to the f o l i a t i o n of the s t r a t a , as w e l l 

as the f o l i a t i o n i t s e l f , d i d not show any s i g n i f i c a n t openings 

along t h e i r development. However, some shearing along them 

r e i n f o r c e s s u s p i c i o n s of the e x i s t e n c e of a f o l d deeper i n the 

r i g h t abutment. 
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Along the f o l i a t i o n and shear zones, c e r t a i n weathered areas 

seem to have i n h i b i t e d e f f e c t i v e grouting. 

3. I n f l u e n c e of weathering 

Weathering i n f l u e n c e s the g r o u t a b i l i t y of the foundation bedrock 

i n two ways. I t can s t r e s s - r e l i e v e the rocks, thus adding to 

the e f f e c t i v e openings of j o i n t s , or destroying the texture and 

reducing the s t r e n g t h of the rocks by producing f i n e s which 

f i n a l l y f i l l e x i s t i n g openings. 

I n both cases the e x i s t e n c e of weathered m a t e r i a l s a c t s a g a i n s t 

the e f f e c t i v e n e s s of the grouting. As noted above, the s l i g h t e s t 

seepages from poorly grouted voids could l e a d to e r o s i o n of the 

weathering f i n e s , so c r e a t i n g p i p i n g . I n the Assomata and S f i k i a 

s i t e s weathering posed d i f f i c u l t i e s i n d r i l l i n g and s e a l i n g - o f f 

s u r f a c e rocks i n p a r t i c u l a r . 

The e f f e c t i v e n e s s of the grouting of weathered and sheared zones 

was considered doubtful and r e q u i r e d i n t e n s i v e and close-spaced 

d r i l l i n g . T h i s added to the c o s t s d i s p r o p o r t i o n a t e l y to the 

e f f e c t i v e n e s s achieved. I n Pournari most of the weathered s u r f a c e 

rocks, p a r t i c u l a r l y the weathered s i l t y conglomerates and 

s i l t s t o n e s , were excavated. K a r s t i f i c a t i o n , observed i n the 

limestone s e r i e s i n the h i l l s upstream of the Assomata s i t e , 

c r e a t e d f e a r s of p o t e n t i a l l y high leakages and a f f e c t e d the 

d e c i s i o n to s e l e c t the adopted dam a x i s . K a r s t i f i c a t i o n i s not 

d e a l t with i n t h i s study, s i n c e i t was absent from the three 

damsites,but i t does e x i s t i n other regions where dams may be 

b u i l t and i s a matter of g r e a t engineering concern. 

4. E f f e c t of bedrock r e l a x a t i o n produced by t e c t o n i c phenomena 

and by engineering c o n s t r u c t i o n upon grout takes 
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The most grout absorbing f e a t u r e s a t the s i t e s s t u d i e d were the 

j o i n t s and l o c a l f a u l t s produced by t e c t o n i c phenomena. 

I n Assomata, and p a r t i c u l a r l y i n S f i k i a , j o i n t s and f a u l t s c r e a t e d 

by p o s t - t e c t o n i c energy r e l e a s e of the deformed s t r a t a ( s t r e s s 

r e l i e f ) do not e x h i b i t s u b s t a n t i a l displacements and appear f r e e 

of i n f i l l i n g s . Weathering has not y e t proceeded to a s u f f i c i e n t l y 

advanced stage to decompose d i s c o n t i n u i t y w a l l s . The g r e a t 

depth (over 70m from ground surface) a t which high grout takes 

are observed, even below the o r i g i n a l l y designed depth l i m i t of 

the grout c u r t a i n , imply t h a t the geo t e c t o n i c s t r e s s regime 

of the Assomata and S f i k i a s i t e s i s t e n s i o n a l , and t o t a l 

r e l a x a t i o n of the s t r a t a has promoted bedrock openings and 

t h e i r i n t e r c o n n e c t i o n s . Any b u i l d up of s t r e s s e s seems to be 

d i s s i p a t e d by the r e g i o n a l f a u l t movements. 

I n Pournari only s u r f a c e rocks appeared to be h i g h l y r e l a x e d , 

as the grouting r e s u l t s have suggested. The rebound j o i n t s 

observed i n abrupt c l i f f s and i n strong topographic anomalies 

imply t h a t high h o r i z o n t a l s t r e s s e s are s t i l l important i n the 

s i t e . Shearing and small displacements w i t h i n the deeper rock 

of the abutments suggest t h a t s t r e s s r e l i e f processes are 

taking p l a c e . 

High grout takes i n the t r e a t e d rock caused by c o n s t r u c t i o n 

a c t i o n (tunnels, excavation) were found to be of very l i m i t e d 

importance, and were observed i n very r a r e i n s t a n c e s . 

5. I n t e r r e l a t i o n s of the l i t h o l o g y , s t r u c t u r a l d e f e c t s , weathering 

and r e l a x a t i o n of the foundation bedrock and the grouting 

r e s u l t s 

The grouting r e s u l t s examined e a r l i e r r e f e r r e d to n o n - k a r s t i c 



foundation bedrocks. 

The r e s u l t s exemplify the i n t e r r e l a t i o n of the above f a c t o r s and 

show that l i t h o l o g i c a l l y stronger rocks are deformed i n a 

b r i t t l e manner forming w e l l - d e f i n e d wide and high grout-absorbing 

j o i n t or f a u l t s e t s . The l i t h o l o g i c a l l y weaker rocks are 

deformed p l a s t i c a l l y i n a d u c t i l e manner and the j o i n t s and 

f a u l t s are l e s s d i s c r e t e , l e s s p e r s i s t e n t , more c l o s e l y spaced, 

and absorb l e s s grout. 

The degree of r e l a x a t i o n induced i n the stronger rocks r e f l e c t s 

wider e f f e c t i v e openings amenable to grouting; the weathering 

i s mainly concentrated i n those f a u l t s and j o i n t s . I n the weaker 

rocks, j o i n t s and f a u l t s appear l e s s open, absorbing l e s s grout, 

but the grouting e f f e c t i v e n e s s must be considered with great 

caution. 

The high grout absorptions are u s u a l l y concentrated along 

major j o i n t s or f a u l t s , and i n p a r t i c u l a r on the steeper ones. 

High absorptions a t depths such as those observed a t S f i k i a 

i n d i c a t e t h a t the geotectonic s t r e s s regime i s i n t e n s i o n , and 

f a u l t s and j o i n t s which e x h i b i t l i t t l e or no displacement due 

to an absence of weathering products, absorb high q u a n t i t i e s of 

grout. I n S f i k i a , secondary f a u l t s such as those described i n 

e a r l i e r paragraphs have c r e a t e d g r e a t e r openings than the main 

ones, but the main ones, which are r e g i o n a l , are major s t r e s s 

d i s s i p a t i o n f e a t u r e s , e x h i b i t i n g considerable displacement and 

clayey products. Strong f a u l t zones with c o n s i d e r a b l e c l a y gouge 

may a c t as water b a r r i e r s ; an example i s the power house f a u l t 

a t S f i k i a and the main l e f t bank f a u l t a t Assomata. 



Relaxed formations, which are c l o s e l y spaced and have j o i n t s 

or f a u l t s of c h a r a c t e r i s t i c a l l y high grout absorption, may 

i n d i c a t e the e x i s t e n c e of f o l d s , such as t h a t observed i n Pournari 

or those i n Assomata and S f i k i a . 

6. The d e v i a t i o n of grouting r e s u l t s from the s p e c i f i e d 

expectations of s e a l i n g e f f i c i e n c y 

D e v i a t i o n of the grouting r e s u l t s from what was expected can 

a r i s e because of two reasons. One reason could be mistakes i n 

c a r r y i n g out a c c u r a t e l y the schedule of mechanical work to 

s e a l the foundation bedrock. The other reason i s the unexpected 

foundation response to the treatment because of the abnormal 

foundation geology. 

The f i r s t reason f a l l s w i t h i n the s a t i s f a c t i o n of the c o n t r a c t 

conditions and i s not the matter of t h i s study. 

The second reason i s the subject-matter of t h i s work. Examples 

of unforeseen d e f e c t i v e foundations have been reported i n Chapter 

2.In the cases studied, Pournari dam d i d not show any p a r t i c u l a r 

d e v i a t i o n s . The moderately high grout takes i n the apex of 

the r i v e r bed a n t i c l i n a l f l e x u r e and the rebound j o i n t s of the 

l e f t abutment were even l e s s than the design e x p e c t a t i o n s . Strong 

i n t e r c o n n e c t i o n s between rock openings were considered to be 

the weathered p a r t i n g s u r f a c e s , which had caused r e l a x a t i o n of 

the s t r a t a . B u t grouting r e s u l t s showed t h a t major grout takes 

were observed only i n i s o l a t e d wide j o i n t s which r e s u l t e d from 

the r e g i o n a l and l o c a l f o l d s and the rebound j o i n t s , and t h a t 

weathered i n f i l l i n g of d i s c o n t i n u i t y spacings has prevented 

e f f e c t i v e grouting i n some c a s e s . I t can be s a i d c o n c l u s i v e l y 

that,although grouting was a major operation due to the high 
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water head above r i v e r bed (100 metres), grouting r e s u l t s showed 
t h a t a proper drainage c u r t a i n i s c r u c i a l f o r the safeguard of 
the s t a b i l i t y of the abutments. A f t e r the f i l l i n g of the r e s e r v o i r 
some water leakages (a few l i t r e s per minute) were i n t e r c e p t e d 
by drainage holes mainly i n the sandstone s e r i e s of the l e f t 
abutment. 

I n the Assomata dam, extreme grout acceptance c o n d i t i o n s (worse 

than p r e d i c t e d by design assumptions) were r e v e a l e d and i t seems 

th a t these c o n d i t i o n s extend to a grea t depth w i t h i n the l e f t 

abutment. 

As a r e s u l t , the designers were compelled to modify the depth 

l i m i t s of the grout c u r t a i n . I n order to i n c r e a s e the number 

of blanket ( c o n s o l i d a t i o n ) holes and to convert two rows (one 

upstream and one downstream) of the blanket holes i n t o a u x i l i a r y 

c u r t a i n holes,they were compelled to i n c r e a s e the core trench 
width of the l e f t abutment. 

The grouting r e s u l t s showed t h a t , a p a r t from some l o c a l l i t h o l o -

g i c a l and s t r u c t u r a l f e a t u r e s , the r e g i o n a l ones assume the 

g r e a t e s t importance. These r e g i o n a l f e a t u r e s have created the 

adverse c o n d i t i o n s and any future d e f e c t i v e response of the s i t e 

w i l l be c o n t r o l l e d by such f e a t u r e s . I t i s very important to 

understand t h e i r r o l e i n c r e a t i n g the s i t e c o n d i t i o n s and to 

arrange s u i t a b l e measures f o r combatting any future catastrophe 

r e s u l t i n g from t h e i r behaviour. Some de f e n s i v e measures have 

already been adopted during c o n s t r u c t i o n , as w e l l as arrangements 

f o r immediate a c t i o n i n the event of any emergency c o n d i t i o n s . 

Long-term monitoring instrumentation has been i n s t a l l e d i n suspect 

areas. 



2Mf 

I n S f i k i a dam,sets of secondary f a u l t s and j o i n t s proved to be 

the h i g h e s t grout-absorbing f e a t u r e s . The i n v e s t i g a t i o n s up to 

the design stage showed, t h a t higher r e l a x a t i o n had occurred i n 

the l e f t abutment, but grouting r e s u l t s to the present time have 

shown t h a t the r i g h t abutment e x h i b i t s g r e a t e r grout absorption 

o v e r a l l and a t depth than does the l e f t abutment. The l i m i t s of 

the c u r t a i n extended deeper than those o r i g i n a l l y designed 

f o r both abutments because of these r e s u l t s . Moreover, the 

r e s u l t s show t h a t the most permeable c u r t a i n w i l l probably be 

that a t S f i k i a r a t h e r than a t the other two dams. 

The adoption of a r o c k f i l l type of dam r a t h e r than a c o m p e t i t i v e l y -

costed concrete arch dam would seem to have been j u s t i f i e d i n 

view of the degree of voidness and both the i n t e n s i t y and depth 

of weathering i n the abutment rock. 

7. R e l a t i o n s h i p of the grouting r e s u l t s , the previous information 

gathered on the s i t e , the r e g i o n a l geology, and t h e i r 

i m p l i c a t i o n i n the planning of f u t u r e damsites 

The e f f e c t s of the r e g i o n a l g e o l o g i c a l c h a r a c t e r i s t i c s of the 

t e c t o n i c zones and t h e i r i n f l u e n c e on the foundation bedrock of 

the s i t e s a r e, i n general, r e f l e c t e d i n the grouting r e s u l t s 

examined i n the T h e s i s . The range of disturbance of each i n d i v i ­

dual foundation bedrock i s given by the range of q u a n t i t i e s of 

the grouting treatment a p p l i e d . The information gathered a t the 

s i t e during i n v e s t i g a t i o n s leads to the same con c l u s i o n , but has 

f a i l e d to e s t a b l i s h the p e c u l i a r i t i e s of each s i t e . T h i s i s 

proved by the e v a l u a t i o n of grouting r e s u l t s and the m o d i f i c a t i o n s 

employed during c o n s t r u c t i o n and d i s c u s s e d i n the previous 

s e c t i o n s . 
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These m o d i f i c a t i o n s c o n s i s t e d of " t r i a l and e r r o r " experimentation 
i n an e f f o r t to define the margins of s a f e t y a g a i n s t probable 
leakages through or beyond the c u r t a i n l i m i t s . These t o l e r a n c e s 
are f i n a l l y t e s t e d a f t e r the f i l l i n g of the r e s e r v o i r . 

I t i s known among grouting s p e c i a l i s t s t h a t p e r m e a b i l i t y t e s t 

r e s u l t s cannot e s t a b l i s h any s a t i s f a c t o r y r e l a t i o n s h i p between 

pe r m e a b i l i t y and grout absorption. T h i s d e f i c i e n c y i s mainly 

a t t r i b u t a b l e to the heterogeneity of the bedrock j o i n t i n g and 

the d i f f e r e n t f l u i d p r o p e r t i e s of the water and the grout (Bruce, 

1982).Research to e s t a b l i s h r e l a t i o n s h i p s between the f r a c t u r e 

p o r o s i t i e s of a given ground and the pe r m e a b i l i t y v a l u e s (Snow, 

1968; Koening and H e i t f e l d , 1964) by modelling the ground 

d e f e c t s ( f r a c t u r e aperture networks and bedrock volume, see 

Reiss,1980), although found u s e f u l f o r r e s e r v o i r engineering, 

i s not so i n grouting. The d i v e r s i t i e s observed i n the per m e a b i l i t y 

v a l u e s and the grout absorptions i n the three damsites do not 

o f f e r any grounds f o r comparison. Only the averaged grout t a k e s , 

when the s t r u c t u r a l h e t e r o g e n e i t i e s of the ground have been 

improved a f t e r grouting and the f r a c t u r e and weathering regimes 

do not d i f f e r s u b s t a n t i a l l y , can be r e l a t e d , w i t h i n a reasonable 

range (one order of magnitude), with the p e r m e a b i l i t i e s 

observed subsequently. 

The above remarks could form a u s e f u l b a s i s f o r an engineering 

g e o l o g i c a l zoning i n comparable f u t u r e damsites. The r e g i o n a l 

and l o c a l s t r u c t u r a l , l i t h o l o g i c a l , weathering and geotectonic 

s t r e s s regimes of the new damsites could be compared with those 

of the previous ones. Future l o c a t i o n and design of Greek dams 

should draw on the experience, o u t l i n e d i n t h i s t h e s i s , of 

i n t e r p r e t i n g the i n t e r a c t i o n s between the geology, ground 
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improvement, c o n s t r u c t i o n progress and subsequent dam performance. 

5.1 Recommendation for f u r t h e r r e s e a r c h 

i ) T h i s study has been concerned w i t h void volumes i n 

the rock foundations of e a r t h and r o c k f i l l dams. Water 

pe r m e a b i l i t y and grout volume assessments have not 

e x p r e s s l y addressed the d i s t i n c t i o n between a l a r g e 

number of small open interconnected d i s c o n t i n u i t i e s 

and much s m a l l e r number of l a r g e r open d i s c o n t i n u i t i e s 

of e q u i v a l e n t t o t a l volume. I t i s the l a r g e r voids 

t h a t pose the most s e r i o u s problems and which t h e r e ­

f o r e need to be i d e n t i f i e d . T h i s study could form 

the b a s i s of a new r e s e a r c h programme, 

i i ) Although simple d i s c o n t i n u i t y models may not be 

v a l i d a t e d by f i e l d experience, n e v e r t h e l e s s they do 

help i n a perception of the problem. I n Appendix A 

a simple a p p r a i s a l i s made f o r the a p p l i c a t i o n of a 

cementitious grout. Appendix B c o n s i d e r s the assessment 

of d i s c o n t i n u i t y p e r m e a b i l i t y and the s p e c i f i c a t i o n 

of packer spacings f o r a r e q u i r e d d e n s i t y of d i s c o n ­

t i n u i t y i n t e r s e c t i o n s w i t h i n the packer t e s t zone. 

T h i s q u a s i - s t a t i s t i c a l technique i s s u i t a b l e f o r 

development with f u r t h e r r e s e a r c h i n t o d i s c o n t i n u i t y 

d i s t r i b u t i o n s , u n d e r p i n n e d by the assumption t h a t 

d i s c o n t i n u i t y occurrence i n rock i s a Poisson process, 

i i i ) Concern f o r d i s c o n t i n u i t y presence may mask an 

understanding of the e f f e c t s (both b e n e f i c i a l and 

adverse) of weathering. Clay gouge-either host rock 

or imported - a c t s to decrease secondary permeability 

but i n h i b i t s d i s c o n t i n u i t y intake of p a r t i c u l a t e grout. 



2k7 

More needs to be known about the h y d r a u l i c i m p l i c a t i o n s 
of rock weathering. Current c l a s s i f i c a t i o n schemes 
i n v o l v i n g only g e o l o g i c a l d e s c r i p t i o n s need to 
incorporate g e o t e c h n i c a l design i m p l i c a t i o n s . 
The dimensionless parameter "grout take per metre 
run per area of segment", as used i n t h i s study, has 
p a r t i c u l a r a t t r a c t i o n s f o r a s s e s s i n g the pre-impounding 
water t i g h t n e s s of the dam foundations. I t i s 
a l s o a p p l i c a b l e to l o c a l water p e r m e a b i l i t y check 
assessments. There i s a p r a c t i c a l weakness i n t h a t 
grout expansion out of s e c t i o n (the segment area) i s 
not taken i n t o account. T h i s shortcoming i s of no 
consequence i n the ( u n l i k e l y ) event of the d i s c o n t i n u i t y 
d e n s i t y d i s t r i b u t i o n being homogeneous and i s o t r o p i c 
throughout the segment. I n p r a c t i c e t h i s w i l l not be 
so,and thus the r e s u l t s from t h i s parameter w i l l be 
d i s t o r t e d . An a l t e r n a t i v e grouting parameter, which 
may not then be dimensionless, i s r e q u i r e d to more 
a c c u r a t e l y r e f l e c t the s t r u c t u r a l inhomogeneity and 
anisotropy of the rock foundation mass. T h i s could 
prove to be a f r u i t f u l r e s e a r c h a r e a , with considerable 
concomitant p r a c t i c a l b e n e f i t s . 
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APPENDIX A 

P e n e t r a t i o n of a cementitious grout 

L e t X = d i s c o n t i n u i t y frequency (so-many per u n i t distance) 

Where \ = d i s c o n t i n u i t y spacing (say metres) 

When X = 0 , f l u i d flow i s through the i n t r i n s i c pore s t r u c t u r e 

( i n f i n i t e d i s t a n c e between d i s c o n t i n u i t i e s ) 

L e t us assume t h a t flow i s along a bundle of c a p i l l a r i e s (pipes) 

having r a d i u s r . 

Also assume a Newtonian-flow f l u i d and assume laminar-flow. 

P o i s e u i l l e equation: 

npg 
2 

Where = v i s c o s i t y of f l u i d (N.sec/m ) 

k = p e r m e a b i l i t y (m/sec) 

n = p o r o s i t y 
3 

p = d e n s i t y (kg/m ) 
2 

g = g r a v i t a t i o n a l a c c e l e r a t i o n (m/sec ) 

Assume t h a t we are conducting a water p e r m e a b i l i t y t e s t . 

Then, f o r rock, 
— 3 2 T2 = 10 N.sec/m (water v i s c o c i t y ) 

k = 10~^ m/sec (say, permeable of rock mass) 
3 

p = 1000 kg/m (water d e n s i t y ) 
2 

g = 9 .81 m/sec 
n = 0 . 3 (rock p o r o s i t y ) 

So, r= \ / 8 x 10 3 x 10 6

 = 1 > 6 m l c r o n s £ 1 . 6 x l 0" 6m) 
VQ . 3 x 1000 x 9 .81 
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T h i s t e s t - a t zero d i s c o n t i n u i t y frequency - shows t h a t the rock 

i s v i r t u a l l y impermeable. 

Assume d i s c o n t i n u i t i e s are normal to borehole a x i s 

" flow from a borehole i s r a d i a l - laminar 

" d i s c o n t i n u i t i e s have p a r a l l e l - w a l l s and a r e i n i t i a l l y 

s a t u r a t e d 

" t h a t the above r e s u l t i s c o r r e c t - t h a t the rock m a t e r i a l 

i s r i g i d , i n e r t , e f f e c t i v e l y impermeable to water. 

L e t flow along d i s c o n t i n u i t i e s be e q u i v a l e n t to laminar flow 

between p a r a l l e l p l a t e s of opening width 6 

1/3 
6 = = ( 12 nk ) 

V pg* J 

Suppose, now t h a t we have a f r a c t u r e frequency X of 5 per metre / 
-4 

and an apparent rock mass p e r m e a b i l i t y of 7 x 10 m/sec. 
Then 

6 =1 12 X 1 0" 3X 7 X 1 0 " 4 _ . . r m . ^ r . o r l o 

= O D D microns 
1 000 x 9.81 x 5 

_3 
L e t X = 7 /metre, k = 10 m/sec 

3 
6 M / 1 2 x 1 0- 3x 1 0 - 3 , 5 5 9 m i c r o n s 

1000 x 9.81 x 7 

_ 3 
L e t X = 10/metre, k = 2 x 10 m/sec 

6 = v / 1 2 x 10- 3x 2 x 1 0 - 3
 = 6 2 5 m i c r o n s 

1600 x 9.81 x 10 

Thus, these three data s e t s (X,k) suggest an aperture of c^0.6 mm. 

Thus, a cementitious grout (Opc) could be used a t primary stage 

( d i l u t e suspension f o r p e n e t r a t i o n • Could use a s o l u b l e r e s i n 

grout for secondary grouting ) . 
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APPENDIX B 

P e r m e a b i l i t y t e s t i n g 

Before grouting-and a f t e r g routing-in order to a s s e s s the 

p e r m e a b i l i t y of the rock mass, one conducts packer t e s t using 

a double-packer system. 

How does one decide what packer spacing to adopt? I f the d i s t a n c e 

between packers i s too s m a l l , then one r i s k s not i n t e r c e p t i n g 

d i s c o n t i n u i t i e s and w i l l so get an anomalously low p e r m e a b i l i t y 

(k) v a l u e . 

For the packer p e r m e a b i l i t y t e s t programme i t i s necessary to 

decide t h a t i t ' s required a t l e a s t n% of the packer t e s t lengths 

to contain m or more d i s c o n t i n u i t i e s . The g e o l o g i s t i n charge 

w i l l have to decide upon the values of n and m. 

(That i s , one f i x e s a packer spacing/say 3/4 metre. With t h i s 

spacing one s p e c i f i e s t h a t 95% of p e r m e a b i l i t y t e s t lengths should 

contain ^ m (say 3) d i s c o n t i n u i t i e s . I t would be u n r e a l i s t i c to 

say t h a t one r e q u i r e s 100% of the t e s t s to pump water through 4 

or more d i s c o n t i n u i t i e s ) . 

L e t us say the f o l l o w i n g : 

1) The ROD value f o r the rock mass i s known (say 90%) 

2) One assumes the d i s c o n t i n u i t y c h a r a c t e r i s t i c s to be 

s t a t i s t i c a l l y homogeneous throughout the mass i e . a d i s t r i b u t i o n 

f u n c t i o n i n one small area i s r e p l i c a t e d elsewhere. 

3) The d i s c o n t i n u i t i e s occur along a given borehole i n a random 

manner. 

Given point ( 3 ) , then a f t e r P r i e s t and Hudson (see A t t e w e l l and 

Farmer 1976, pp 361-364) the occurrence i s a Poisson process: 
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fm d i s c o n t i n u i t i e s i n ' 
la length x / 

-Ax {Xx) m 

m ! (1) 

Where 

Where 

P = P r o b a b i l i t y , m = 0, 1, 2, 3, . . .,X = d i s c o n t i n u i t y " 

frequency, as before, and ! denotes f a c t o r i a l 

RQD = 100 exp (-0.U) (1+0.U) (2) 

(see equations 6.23, p 363 i n A t t e w e l l and Farmer, 1976) 

X=1/d i n A t t e w e l l and Farmer. 

Using RQD of 90%, and equation (2) above, 

90 = 100 e " 0 , U (1 + 0.1A) 

One must now i t e r a t e (using t r i a l v alues) to d i s c o v e r X, 

T r i a l values of X 

say 20 

10 

5 

4 

g i v e s 

R e s u l t a n t value of RQD from eqn (2) above 

40 

73.6 

90.97 

93.8 

So, one approximates w e l l to an RQD of 90% by having X=5 per metre 

From equation (1) : 

-Xx P (0 i n x) = e 
-Xx 

(3) 

P (1 i n x) = X x e ~ n A ( 4 ) 

P (2 i n x) = [ j X x > 2 e " X x 3 / 2 (5) 

P (3 or more i n x)=1 - [ P ( 0 i n x) + P (1 i n x) + P(2 i n xf] = 

=1 - [ e " X x . , -Xx A.x 2
e" X x 

+ Axe +• 

= 1 - e " * x (1 +Ax (6) 
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(a) We need P (3 or more i n x) ̂  95% 

-[• or 1 - | e ~ A x ( 1 + \x + *2*2 ) "> 0.95 
2 — I 

We i t e r a t e to f i n d c r i t i c a l value of x f o r A.=5 per metre: 

T r i a l x P (3 or more i n x) 

0.5 m 0.3236 

0.75 m 0.7229 

1.00 m 0.8753 

1.20 m 0.9380 

1.40 m 0.9704 

1.30 m 0.9570 

1.25 m 0.9480 

So, we need a packer spacing of 1.25 metres (very n e a r l y ) minimum. 

(b) Suppose t h a t before performing a l l these c a l c u l a t i o n s , one 

had performed some permeability t e s t s . Say t h a t 60̂  borehole 

packer p e r m e a b i l i t y t e s t s had been done with a 3/4 metre packer 

spacing. Of these 60 t e s t s , 3 showed no discharge, i n d i c a t i n g 

t h a t the packer length contained no d i s c o n t i n u i t i e s . 

Then, 

P r o b a b i l i t y (0 i n 0.75) = e ~ ° - 7 5 x = 3/6O 

So, taking logs of both s i d e s 

, - I n (3/60) A 

X = -—- — = 4 per metre 
0.75 

I t e r a t e to f i n d a c r i t i c a l value f o r x (with 90% RQD) 

T r i a l x P (3 or more i n x) 

0.5 m 0.3233 

1.0m • 0.9267 
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1.2 m 0,8575 

1.1 m 0.8149 

0.9 m 0.6972 

The nearest approach one can get i s 1.0m packer spacing a t 

p r o b a b i l i t y of j u s t over 90% th a t the t e s t length w i l l c o n tain 

3 or more d i s c o n t i n u i t i e s . 

C a l c u l a t i o n (a) above on a l a r g e sample of d i s c o n t i n u i t e s gave 

a frequency of 5 per metre based on an RQD of 90%. 

C a l c u l a t i o n (b) above based on 3 zero discharge values out of 60 

gave a frequency of 4 per metre. 

T h i s may imply t h a t f r a c t u r e s have been introduced during the 

d r i l l i n g and co r i n g process (hence care i s needed to " r e j e c t " 

new c l e a n f r a c t u r e s from cores when a s s e s s i n g for RQD). 

At low va l u e s of f r a c t u r e frequency (X), RQD i s very i n s e n s i t i v e 

to X. Thus the u s e f u l n e s s of RQD as an estimator would seem to 

d e c l i n e as the rock i s l e s s prone to f r a c t u r e . 

The lower apparent X f o r the e a r l i e r t e s t s (4/metre) may have 

been caused by c l o s e d d i s c o n t i n u i t i e s which, although i n t e r s e c t e d 

by the boreholes, did not tran s m i t water. 
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APPENDIX C 

D r i l l i n g method, grout i n j e c t i o n method, pr e s s u r e s 
a p p l i e d and completion c r i t e r i a . 

Three f a c t o r s i n f l u e n c e d the determination of the c u r t a i n depth 

and extension ( i n t o the abutments) of the Pourna r i , the Assomata 

and the S f i k i a dams. 

These f a c t o r s were:the a p p r e c i a t i o n of the i n t e r a c t i o n between 

the l o c a l s t r u c t u r a l geology of the foundation rocks; the 

groundwater l e v e l s i n r e l a t i o n to the topography; and the 

assessment of the packer p r e s s u r e t e s t s as w e l l as the designed 

operation l e v e l of the r e s e r v o i r s . 

Thus the depth (see the "as b u i l t drawings" i n the Supplementary 

Volume) of the Primary (P) holes i n the Pournari dam was 50 metres. 

The T e r t i a r y (T) holes were d r i l l e d 20 metres deep, and the 

Secondary (S) holes 30 metres deep. 

I n the Assomata and S f i k i a dams again the depth of the Primary 

(P) holes were i n i t i a l l y designed to be 50 metres but during the 

c o n s t r u c t i o n were extended 10 metres f u r t h e r l o c a l l y . The 

Secondary and T e r t i a r y holes were designed to be between 40 

metres and 25 metres. 

The above designed depth of the c u r t a i n s i t i s planned according 

to the c r i t e r i o n (Simmonds e t a l . , 1 9 5 1 ) : 

S = 1/3 H+C where, 

H = the height of the backwater ( r e s e r v o i r ) 

C =a constant varying between 8-25m as given by v a r i o u s 

authors (see Thomas, 1976; V e r f e l , 1969). 
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However, t h i s sequence was not adopted s t r i c t l y f o r the 

shallower holes (Quaternary holes a l s o executed, p a r t i c u l a r l y i n 

Assomata and S f i k i a dams), and they were sometimes i n c r e a s e d even 

up to 50 or 60 metres, according to the con d i t i o n s encountered 

(for d e t a i l s and p a r t i c u l a r i t i e s see, USBR T e c h n i c a l Memorandum 

646, 1957; Houlsby, 1977 and 1982). 

Diamond r o t a r y d r i l l i n g was employed f o r Pournari, Assomata and 

S f i k i a dams, but a t S f i k i a dam the "down-the-hole" hammer 

d r i l l i n g (see Gruse, 1979), was adopted l a t e r i n order to speed 

up the grouting works. 

The s p l i t spacing (or c l o s u r e ) method, i n arranging the h o r i z o n t a l 

d i s t a n c e between the holes, was employed. T h i s allowed the 

s h o r t e s t h o r i z o n t a l d i s t a n c e between the two neighbouring holes 

to be 1,5 metres apart. This method a l s o allows the i n c r e a s e 

of the depth of intermediate boreholes, i n the sequence of 

Primary, Secondary, T e r t i a r y and Quaternary holes to the depth 

requi r e d , i f considered necessary, from the r e s u l t s of the 

neighbouring h o l e s . 

The grouts were mixes of Portland cement i n var y i n g proportions 

with water (see Table AC-1), with an a d d i t i o n of bentonite i n 

a proportion of 2 per cent by cement weight. I n r a r e c a s e s , and 

where surface leakages of t h i c k pumped-in grout were observed, 

sodium s i l i c a t e and calcium c h l o r i d e a c c e l e r a t o r were added to 

shorten the g e l l i n g time of the mixes. S e t t i n g and flow 

p r o p e r t i e s of the grouts are shown i n F i g s . AC-1, AC-2 and AC-3. 

Grout i n j e c t i o n was c a r r i e d out from the bottom of the holes 

upwards by s e t t i n g a s i n g l e packer a t s p e c i f i e d depths, the 
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usual i n t e r v a l between two packer l o c a t i o n s being f i v e metres. 

The grouting holes were t e s t e d with c l e a n water during the 

d r i l l i n g of the borehole (packer p e r m e a b i l i t y t e s t s ) for the 

same depths as f o r the grouting, with s i m i l a r p r e s s u r e s as for 

the grouting. The down stage and zone grouting method (see 

A t t e w e l l and Farmer, 1976; Houlsby, 1977), although a p o s s i b i l i t y 

accomplished under the s p e c i f i c a t i o n s , was not adopted (except 

r a r e l y ) because i t was proved c o s t l y and time-consuming. 

The p r e s s u r e s a p p l i e d , as determined by the s p e c i f i c a t i o n were 
2 2 

24.5 KN/m (0,25 kg/cm ) per meter of hole depth, did not 

i n any way exceed the g e o s t a t i c (overburden) p r e s s u r e s . At the 

near surface i n t e r v a l s (0,20 metres depth), the a p p l i e d 

pressure f o r the S f i k i a r i g h t abutment, did not exceed 39.22 

KN/m2 (0.4 kg/cm ) gauge p r e s s u r e , because of the unfavorable 

f o l i a t i o n of the s t r a t a and the near v e r t i c a l minor f a u l t s 

j o i n t s e x i s t i n g t h e r e . 

The design v i s c o s i t y of one mix a t the beginning of grouting 

depended'on the water takes from the p e r m e a b i l i t y t e s t r e s u l t s , 

p r i o r to grouting.(On t h i s , see a l s o Chapter 4 ) . 

S t a r t i n g grout mixes (see a l s o S c o t t , 1963, Cambefort, 1977; 

L i t t l e j o h n , 1982; Kutzner, 1982) were g e n e r a l l y 5:1, or 3:1 

(see Table AC-1). The standard procedure was to t h i c k e n the 

grout from 5:1, to 4:1, to 3:1, to 2:1 and 1:1 as grout takes 

became high. The grout i n j e c t i o n was terminated when grout 

absorption was steady, 2 l i t r e s per minute, for ten minutes at 

the applied p r e s s u r e s . 

The completion c r i t e r i a used were as f o l l o w s . Grout c u r t a i n 

c l o s u r e was considered to be e f f e c t e d when grout takes were 
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50 kg/m for any stage grouted. I f t h i s c r i t e r i o n was not met 

f o r any stage the adjacent holes added l a t e r would be d r i l l e d and 

grouted, as r e q u i r e d , u n t i l this c r i t e r i o n was s a t i s f i e d . 

At p l a c e s , check holes were angled a c r o s s the grout c u r t a i n 

and water p r e s s u r e t e s t e d to determine p e r m e a b i l i t y and 

evaluate the c u r t a i n ' s e f f e c t i v e n e s s . The check holes were 

grouted i n a manner s i m i l a r to other grout h o l e s . 

The d r i l l i n g methods, the grout mixes and t h e i r flow p r o p e r t i e s , 

the p r e s s u r e s a p p l i e d and the completion c r i t e r i a have a 

bearing upon the g r o u t a b i l i t y of the t r e a t e d bedrock foundation. 

They provide the background knowledge f o r e v a l u a t i n g the 

grouting r e s u l t s achieved i n the same or d i f f e r e n t grout 

c u r t a i n s and o f f e r a common base ( i f they are s i m i l a r ) upon 

which to compare the grouting parameters, as has been done i n 

the preceeding chapters. 

T h e i r i n f l u e n c e on the g r o u t a b i l i t y of the foundation under 

treatment has been recognized through continuous laboratory 

and f i e l d r e s e a r c h (Bowen, 1981; Houlsby, 1982; A l b r i t t o n , 1982; 

among o t h e r s ) . 
2 

The Pournari dam grout c u r t a i n covers an area of 56 264 m ; 

152 486 kg of cement was used, pumped-in through 12 659 metres 

of grouting h o l e s . No blanket ( c o n s o l i d a t i o n ) grouting was 

necessary f o r the core trench foundation bedrock. 
The Assomata dam grout c u r t a i n , 90% completed (end of August, 

2 
1983), covers an area of 40 472 m ; about 850 000 kg of cement 

was used pumped-in through 14 000 metres of grouting h o l e s . 

Blanket ( c o n s o l i d a t i o n ) grouting was used for the core trench 

foundation bedrock (see "as b u i l t drawings", i n Supplementary 
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Volume). 

The S f i k i a dam grout c u r t a i n , only h a l f completed (end of August, 
2 

1983), covers an area of 51 223 m with about 807 000 kg of cement 

pumped i n through 11 070 metres of grouting h o l e s . Blanket 

c o n s o l i d a t i o n ) grouting was a l s o used here f o r the core t r e n c h 

foundation bedrock (see "as b u i l t drawings" i n Supplementary 

Volume). 

I n Assomata and S f i k i a dams, about 6 000 m of blanket holes 

were d r i l l e d and 450 000 kg of cement pumped i n to c o n s o l i d a t e 

the trench foundation bedrock i n each damsite. 

The d i s t r i b u t i o n of the absorbed grout q u a n t i t i e s along the 

S f i k i a c u r t a i n for the r i v e r b e d s e c t i o n was not s u b s t a n t i a l l y 

d i f f e r e n t from t h a t a t the abutment s e c t i o n s . 

However f o r the Assomata dam the absorbed grout q u a n t i t i e s 

observed along the c u r t a i n were uneven, with the l e f t abutment, 

e x h i b i t i n g the highest absorbed q u a n t i t i e s than the r i v e r b e d and 

the r i g h t abutment. The r i v e r b e d and the r i g h t abutment 

absorbed minimal grout q u a n t i t i e s . 


