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ν 

P R E F A C E 

G r o u t i n g s ta r ted nea r ly 2 0 0 y e a r s a g o as the i ngen ious idea o f a F r e n c h e n g i n e e r , a n d i m p l e m e n t e d 

w i t h e x t r e m e l y r u d i m e n t a l m e a n s , it w a s s teadi ly i m p r o v e d and its u s e sp read to b e c o m e a s tandard 

m e t h o d in c ivi l e n g i n e e r i n g cons t ruc t ion . M o d e r n g r o u t i n g t echn iques w e r e def ini te ly deve loped 

a r o u n d the twen t i e s o f this c e n t u r y . It w a s t rea ted for a l ong t i m e as an a r t w h i c h e luded scientific 

inves t iga t ion and i m p r o v e m e n t . Its p e r f o r m a n c e w a s for s o m e t i m e m o r e o r less a p r iv i l ege and a 

we l l p ro t ec t ed sec re t of a se lec t few spec ia l ized c o m p a n i e s in F r a n c e , Swi t ze r l and and I ta ly , w h i c h 

o n the o t h e r h a n d con t r ibu t ed m u c h to the d e v e l o p m e n t and i m p r o v e m e n t of g r o u t i n g m e t h o d s , 

m e a n s and e q u i p m e n t . 

R o c k and soil - the subjec ts of g r o u t i n g - a re e x t r e m e l y e r ra t i c f o rma t ions ; the i r phys i ca l p r o p e r -

ties v a r y in a w i d e r a n g e f r o m p lace to p l a c e . B road p rac t i ca l e x p e r i e n c e is nece s sa ry in o r d e r to ex-

tend a so lu t ion to h a n d l e p r o b l e m s such as the pe r co l a t i on of g r o u n d w a t e r and s to red w a t e r t h rough 

the founda t ions o f sma l l o r l a rge d a m s , the i m p r o v e m e n t o f soil p rope r t i e s in cases o f the deficient 

b e a r i n g capac i ty of founda t ions , and m a n y o t h e r p rac t i ca l app l i ca t ions o f g r o u t i n g t echn iques in civi l 

e n g i n e e r i n g . 

V a r i o u s specia l i t ies o u g h t to b e e n g a g e d w h e n co l lec t ing the bas i c da t a nece s sa ry for des ign solu-

t ions of g r o u t i n g p r o b l e m s and w h e n i m p l e m e n t i n g so lu t ions to p r o d u c e a g r o u t e d s t ruc tu re . G e o d e -

sy p r o v i d e s the m o r p h o l o g i c a l da ta of the loca t ion , g e o l o g y , t ec ton ics , h y d r o g e o l o g y and soi l -and 

r o c k - m e c h a n i c s the bas i c phys i ca l charac te r i s t i cs of the e n v i r o n m e n t , t hey m e a s u r e the re levant pa r -

a m e t e r s w h i c h def ine t h e m . K n o w l e d g e and e x p e r i e n c e a r e then essent ia l to d iges t and col la te all 

the resu l t ing i n fo rma t ion and to p r e p a r e a de s ign r epo r t a c c o r d i n g to w h i c h the w o r k c a n b e car r ied 

ou t o n s i te . Ski l l and e x p e r i e n c e a r e ve ry i m p o r t a n t w h e n the p ro jec t is b e i n g i m p l e m e n t e d o n si te . 

G r o u t i n g has p l a y e d an i m p o r t a n t ro le in the d e v e l o p m e n t o f the h y d r o e l e c t r i c po ten t ia l of the D i -

na r i c K a r s t in Y u g o s l a v i a af ter W o r l d W a r I I , a r e g i o n in w h i c h the g e o l o g i c cond i t i ons a re c o m -

pl ica ted and v e r y p e r m e a b l e kars t i f ied l imes tone fo rma t ions p reva i l . It w a s a p rofess iona l cha l l enge 

at the t ime to c o m e u p wi th the bes t so lu t ion u p o n w h i c h the success o r fa i lure of i m p o r t a n t projects 

for the d e v e l o p m e n t of h y d r o e l e c t r i c p o w e r d e p e n d e d . T h e a u t h o r had the p r iv i l ege of b e c o m i n g in-

vo lved in these p ro j ec t s , espec ia l ly in aspec ts of founda t ion , p e r m e a b i l i t y e x p l o r a t i o n and g rou t i ng . 

L a t e r h e b e c a m e acqua in t ed w i t h a n u m b e r of g r o u t i n g p r o b l e m s o n m a n y di f ferent s i tes . T h e ma-

terial for this b o o k is b a s e d o n e x p e r i e n c e f rom w o r k o n g r o u t i n g in the f ield, l abo ra to ry and office 

co l lec ted and p u t for th w i th the a i m of p r e sen t i ng a s u r v e y of the p r o b l e m s and m e t h o d s s tudied , 

and so lu t ions app l i ed in the a u t h o r ' s o w n act iv i ty and in m a n y o t h e r p a p e r s sca t te red t hough t Jou r -

nals and S y m p o s i a . 

A h i s to r ica l r e v i e w of the d e v e l o p m e n t of g r o u t i n g a n d i m p r o v i n g of g r o u t i n g c o n c e p t s , ma te r i -

als and t e c h n o l o g y in t roduces the r e a d e r to the subjec t . T h e p rope r t i e s of the subjec t of g rou t ing -
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VI 

r o c k and soil - a r e desc r ibed and m e t h o d s of the i r eva lua t ion a re e l abo ra t ed . T h e k i n d s a n d p r o p e r -

ties of ma te r i a l s u s e d to p r e p a r e injected g rou t s and the r e l evan t l abo ra to ry tests to es tab l i sh t h e m 

a re then de sc r i bed . A b r i e f chap t e r is devo ted to a desc r ip t ion of the essent ia l charac te r i s t i cs of e q u i p -

m e n t for d r i l l ing , p r e p a r a t i o n of g r o u t c o m p o u n d and g r o u t i n g . T h e n ind iv idua l chap te r s a r e devo ted 

to the des ign and p r o d u c t i o n of g r o u t cur ta ins in rock and soi l , p res t r e s s ing o f na tu ra l a n d excava ted 

s lopes w i t h g r o u t e d r o c k a n c h o r s , p res t ress ing of tunne l l in ing and the re is a chap t e r o n lifting and 

leve l l ing bu i ld ings b y c o m p a c t i o n g rou t ing of so i l s . A g lossa ry of t e rms u s e d in the g rou t ing b r a n c h 

is a d d e d for the r eade r s c o n v e n i e n c e . T h e B ib l i og raphy con ta ins a list of r e fe rences c i ted in the text . 

C red i t for the exce l l en t l a n g u a g e ed i t ing of the a u t h o r ' s text is d u e to M r s . E l l en E l ias B u r s a c and 

D r . V l a s t a S z a v i t s - N o s s a n . T h e fault less c o m p u t e r set w a s typed b y M r s . M a r i j a Stanfel, the i l lus-

t ra t ions w e r e expe r t ly d r a w n b y M r s . Emi l i j a N o v a k . T h e a u t h o r thanks t h e m for the i r va luab l e con-

t r ibu t ions to the success of the w o r k . 

T h e a u t h o r is ob l iged and grateful to the Facu l ty of Civ i l E n g i n e e r i n g of the U n i v e r s i t y of Z a g r e b 

w h i c h has e n c o u r a g e d and suppor t ed w o r k o n this pub l i ca t ion . 

T h a n k s a r e d u e to Prof . D r . M l a d e n Èugaj for the r e v i e w of the m a n u s c r i p t , and for h is m a n y in-

s t ruc t ive d i scuss ions and sugges t ions . 

Las t b u t n o t least the a u t h o r wan t s to thank I lona , h is wife and life long c o m p a n i o n for the u n d e r -

s t and ing and s y m p a t h y wi th w h i c h she has fo l lowed a w o r k w h i c h i m p o s e d m o r e sacr i f ice than u sua l . 

E . N o n v e i l l e r 

Z a g r e b , 9 . 6 . 1 9 8 8 . 
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1. I N T R O D U C T I O N 

W h e n p r e s e n t i n g a less k n o w n and h igh ly spec ia l ized b r a n c h of c ivi l e n g i n e e r i n g such as g rou t ing 

ac tua l ly i s , it is w i s e to br ie f ly acqua in t the r e a d e r w i t h its ba s i c charac te r i s t i cs and h i s tor ica l devel -

o p m e n t . 

G r o u t i n g is a p r o c e d u r e b y m e a n s of w h i c h g r o u t is injected in to v o i d s , f i ssures , c rev ices or ca-

vi t ies in soil o r r o c k fo rma t ions in o r d e r to i m p r o v e the i r p r o p e r t i e s , specif ical ly to r educe per-

meab i l i t y , to i nc r ea se s t r eng th o r to lessen the de fo rmab i l i t y of the fo rma t ions . In o r d e r to ach ieve 

the i n t ended p u r p o s e b o r e ho le s a r e dr i l led in to the fo rma t ion , and then g r o u t is injected u n d e r p re s s -

u r e un t i l the vo ids a r o u n d the injected sec t ion a r e filled to satisfy cond i t ions specif ied in the des ign . 

G r o u t i n g has a w i d e app l i ca t ion in m o d e r n civi l e n g i n e e r i n g . It is app l i ed : 

• to r e d u c e the pe rmeab i l i t y of fo rma t ions u n d e r the founda t ions of h y d r o t e c h n i c a l s t ructures 

in o r d e r to con t ro l s eepage and loss of s to red wa te r ; 

• to c h e c k upl i f t o n the s t ruc tu re , o r to p r e v e n t the d a n g e r of e ro s ion of soil f rom the founda-

t ion ; 

• to i nc rease the s t reng th of ma te r i a l b e l o w the founda t ion of h e a v y s t ruc tu res , and o r to re -

d u c e the de fo rmab i l i t y of the ma te r i a l in the founda t ion , s o m e t i m e ca l led conso l ida t ion 

g r o u t i n g ; 

• to c o n n e c t d is t inc t s t ruc tura l e l emen t s in a h o m o g e n e o u s s t ruc tu re b y inject ing the seams 

b e t w e e n t h e m wi th g r o u t c o m p o u n d s , as in conc re t e g rav i ty o r in a r c h d a m s ; 

• to fix r e in fo rc ing cab les in p recas t and p res t r e s sed c o n c r e t e s t ruc tu res ; 

• to fix r o c k p res t r e s s ing a n c h o r s ; 

• to lift and e rec t l ean ing s t ruc tures a n d b u i l d i n g s ; 

• to fill vo ids b e t w e e n r o c k and tunne l l in ings , ca l led con tac t g r o u t i n g ; 

• for r ehab i l i t a t ion and r e in fo r cemen t of o ld defec t ive m a s o n r y o n h i s to r ica l bu i l d ings ; 

• to cons t ruc t u n d e r w a t e r c o n c r e t e b y in ject ing vo ids of p r e p l a c e d g r ave l in the „Prepact , , p r o -

c e d u r e ; 

• and m a n y o the r app l i ca t ions . 

T h e se lec t ion of the a p p r o p r i a t e g r o u t c o m p o u n d to b e injected d e p e n d s o n the effect to b e ach ieved 

and o n the p rope r t i e s of the injected ma te r i a l to b e p e r m e a t e d , it r a n g e s f rom th in to th ick suspen-

s ions and m o r t a r of c e m e n t and f i l lers , to co l lo ida l and c h e m i c a l so lu t ions and res ins for g rou t ing 

in vo ids of f inely p o r o u s ma te r i a l . G r o u t is injected u n d e r p r e s s u r e in to a sec t ion of a b o r e ho le 

dr i l led in to the ma te r i a l to b e injected un t i l it fills a des i red v o l u m e of ma te r i a l a r o u n d the ho le or 
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un t i l the m a x i m u m specif ied p r e s su re is a t ta ined and a specif ied m i n i m u m g r o u t f low is r eached ; 

these a re ca l led the sa tu ra t ion cr i te r ia . F r o m injected w a t e r y su spens ions , in jected w a t e r is squeezed 

ou t in the p r o c e s s and the c o m p a c t e d m a s s o f the injected c o m p o u n d fills the f i ssures a n d vo ids . 

G r o u t i n g has nea r ly 2 0 0 yea r s of h i s to ry , a shor t p e r i o d c o m p a r e d to that o f the d e v e l o p m e n t of 

civi l e n g i n e e r i n g , w h i c h s tar ted o n the eve of h u m a n c iv i l iza t ion . T h e i nven to r o f the in ject ion tech-

n i q u e w a s the F r e n c h civi l e n g i n e e r Cha r l e s Be r igny ( G l o s s o p , 1960) w h o en t e r ed the E c o l e Po ly -

t echn ique in 1 7 9 4 . In 1802 h e w a s e n g a g e d in the m a n a g e m e n t of the h a r b o r of D i e p p e in w h i c h 

w a t e r h a d e r o d e d the soil u n d e r the sha l low founda t ion of the t ide s lu ices bu i l t o n g rave l ly mater ia l 

so that h e a v y u n d e r c u r r e n t s e n d a n g e r e d the safety of the s t ruc tu res . In o r d e r to o v e r c o m e imposs ib le 

t echn ica l p r o b l e m s , the idea to r epa i r the d a m a g e s b y g rou t ing o c c u r r e d to h i m as a rea l insp i ra t ion . 

F i r s t B e r i g n y r epa i r ed the w o o d e n sheet p i les of the founda t ions . T h e n ho les w e r e dr i l led at 1 m 

spac ing t h r o u g h the b o t t o m of the s lu ice . P las t ic c lay w a s injected t h r o u g h the ho le s b y m e a n s of 

w h a t h e ca l led a „b low pump , , ( p o m p e à p e r c u s s i o n ) , see F i g . 1 .1 . It cons i s ted of a w o o d e n cyl in-

d e r of 8 c m I D w h i c h h e filled w i t h p las t ic c lay o n top of w h i c h a w o o d e n p i s ton w a s p l aced . T h e 

c lay w a s forced in to the h o l e b y b l o w s of a h e a v y h a m m e r o n t o the p i s ton , and the p r o c e d u r e w a s 

r epea ted un t i l the c lay c o m p l e t e l y filled the vo ids b e t w e e n the founda t ion s lab a n d the u n d e r g r o u n d . 

T h e s a m e p r o c e d u r e w a s u sed to fill vo ids b e t w e e n the founda t ion s lab and u n d e r g r o u n d wi th poz -

zo lan ic m o r t a r . 

F i g . 1 .1 . Injection „blow pump,, of Berig-
ny, 1-wooden cylinder, 2-fitting 
for connection with hole, 3-wood-
en piston, 4-hole and plug to pre-
vent vacuum when piston is pul-
led out 

T h i s first p r i m i t i v e app l i ca t ion of g rou t ing w a s a g rea t success , and the r e s to red s lu ice w a s p u t in to 

se rv ice aga in . It w a s u s e d o n c e m o r e for the founda t ion of a n e w s lu ice in D i e p p e w i t h a w o o d e n 

raft w i t h founda t ion w o o d e n pi les 12 m b e l o w spr ing t ide l eve l , c o m p l e t e d in 1 8 0 9 . Be r igny injected 

a su spens ion of p o z z o l a n a in the con tac t b e t w e e n the founda t ion and the g r o u n d in o r d e r to p r e v e n t 

e ro s ion . T h i s w a s the first app l ica t ion of the in ject ion t e chn ique in founda t ion eng inee r ing h i s to ry . 
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A t tha t t i m e u n d e r w a t e r founda t ions w e r e v e r y diff icult u n d e r t a k i n g s . B e c a u s e m e c h a n i c a l p u m p s 

for d e w a t e r i n g w e r e n o t ava i l ab le , they w e r e the w e a k po in t of h y d r o t e c h n i c a l e n g i n e e r i n g . After 

the successful app l i ca t ion of g r o u t i n g in D i e p p e , the m e t h o d w a s u s e d to p r e v e n t e ros ion of foun-

d a t i o n s . Ins tead o f c l ay , p o z z o l a n a and h y d r a u l i c l i m e , P o r t l a n d c e m e n t w a s la ter u s e d . In 1838 

Co l l i n ( k n o w n for h is p i o n e e r i n g s tudies o n the s tabi l i ty of s lopes) w a s the first to app ly g rou t ing to 

fill f issures in the m a s o n r y of the G r o s b o i s D a m in F r a n c e . T o this p u r p o s e h e cons t ruc ted an im-

p r o v e d v e r s i o n of the b l o w p u m p wi th a j a c k b y m e a n s of w h i c h a w a t e r y suspens ion of c emen t ing 

subs t ance w a s in jected u n d e r cons tan t p r e s s u r e . 

A n in te res t ing app l i ca t ion o f g rou t ing to r e in fo rce the founda t ion o f a b r i d g e at T o u r s was de-

sc r ibed b y B e a u d e m o u l i n ( 1 8 3 9 ) . T h e b r i d g e w i t h 15 a r ches of 2 5 m span e a c h w a s bui l t in 1 7 6 5 . 

T h e a r c h bu t t r e s ses w e r e founded o n w o o d e n raf ts , f ive of t h e m b y the n e w l y in t roduced m e t h o d 

of w o o d e n ca i s sons . T h e h i s to ry of the cons t ruc t ion o f this b r i d g e w a s m a r k e d b y m a n y accidents 

i nvo lv ing founda t ion p r o b l e m s . F o u r a r ches co l l apsed d u r i n g a f lood in 1 7 8 9 , the r econs t ruc t ion of 

w h i c h las ted un t i l 1802 w h e n the b r i d g e w a s p u t in to se rv ice aga in . 

F i g . 1 .2 Section through pier of bridge at Tours , 1-masonry pier foundation , 2-wooden raft foundation, 
3-piles, 4-void bellow foundation, 5-injection bore hole, 6-piston with ram, 7-draining hole 
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L a r g e vo ids w e r e d i s cove red b y dr i l l ing t r o u g h the bu t t resses u n d e r the ca i s sons . A s lur ry of hy-

d rau l i c m o r t a r w a s p o u r e d in to the vo ids b e l o w the founda t ion t h r o u g h in jec t ion ho le s un t i l they 

w e r e c o m p l e t e l y fi l led. T h e n a p i s ton o n a me ta l rod w a s inser ted and p u s h e d d o w n b y b l o w s of a 

150 k g r a m , in o r d e r to conso l ida te the injected s lu r ry . B e a u d e m o u l i n ' s obse rva t i ons f rom this w o r k 

a re of s o m e in teres t : 

• aux i l i a ry ho l e s shou ld b e dr i l led in o r d e r to a l low w a t e r to b e d ra ined o u t f rom the s lu r ry ; 

• the th ick s lu r ry shou ld n o t m i x w i th the w a t e r t h r o u g h w h i c h it is in jec ted , it shou ld no t 

sh r ink and shou ld h a r d e n s lowly ; 

• s teady p r e s s u r e be t t e r conso l ida tes the injected s lu r ry than shocks exe r t ed b y the b l o w p u m p ; 

w h i c h s h o w s that h e h a d a l r eady g ra sped the bas ic r e q u i r e m e n t s for successful g r o u t i n g . 

In the U S A the „b low pump, , w a s u sed for the first t ime in 1845 w h e n W . E . W o r t h e n injected ce-

m e n t m o r t a r u n d e r the founda t ion of a sp i l lway chu te and in 1854 to r e in fo rce the m a s o n r y of a p ie r . 

Unt i l tha t t i m e g r o u t i n g w a s u s e d on ly as a r e m e d i a l m e a s u r e for defec t ive founda t ions and s t ruc-

tu res , and n o t as a cons t ruc t ion m e t h o d . 

G r o u t i n g s tar ted in G r e a t Br i ta in m u c h la ter . W . R . K i n n i p l e e x p e r i m e n t e d in 1856 w i t h g rou t ing 

g r ave l . In h is l ong las t ing ca ree r h e often u s e d inject ing c lay and c e m e n t m o r t a r w i t h a dev ice s imi -

lar to B e r i g n y ' s „b low p u m p , , , a m o n g o thers for s topp ing u n d e r s e e p a g e u n d e r the D a m i e t t a and 

Rose t t a D a m s at the m o u t h of the N i l e in the M e d i t e r r a n e a n in 1 8 8 6 . It is in te res t ing that this is the 

first ins tance of p r o d u c i n g u n d e r w a t e r conc re t e b y inject ing c e m e n t m o r t a r in to p r e p l a c e d g rave l for 

the cons t ruc t ion of severa l d a m s and sh ip locks o n the N i l e . 

P . W . B a r l o w ob ta ined a pa ten t for the cons t ruc t ion of tunne l s in 1864 b y m e a n s o f a shield in 

w h i c h inject ing c e m e n t g r o u t w a s p r o v i d e d for b e h i n d the l in ing . T h e m e t h o d w a s f requent ly u sed 

for the cons t ruc t ion of tunne l s u n d e r the g r o u n d w a t e r level in the L o n d o n T u b e and in the Pa r i s 

M e t r o . In jec t ing g r o u t w i t h c o m p r e s s e d a i r f rom a con ica l p r e s s u r e vesse l w a s i n t roduced at that 

t ime , the p rac t i ce of w h i c h r e m a i n e d in u s e for a long t i m e . It w a s on ly a b o u t 1910 that the first in-

j e c t i o n p u m p w a s cons t ruc t ed ; it w a s a hydrau l i ca l ly d r i v e n m e m b r a n e p u m p . 

F u r t h e r d e v e l o p m e n t and a w i d e app l ica t ion of g rou t ing w a s in the cons t ruc t ion of m i n i n g shafts , 

w h e r e it w a s u s e d to p ro t ec t the excava t ion f rom g r o u n d w a t e r inf i l t ra t ion and seepage because of 

g rea t diff icult ies i nvo lved in p u m p i n g f rom grea t dep th . A t a shaft in B e t h u n e (F rance ) s o m e k ind 

of pe rmeab i l i t y m e a s u r e m e n t of the fo rmat ions w a s in t roduced as ea r ly as 1904 in o r d e r to d i rec t 

in jec t ions . W h e n the f lush w a t e r loss du r ing exp lo ra to ry dr i l l ing e x c e e d e d m o r e than 2 0 0 1/min, 

dr i l l ing w a s in t e r rup ted and the h o l e w a s injected w i th c e m e n t g r o u t . In s o m e cases different ly c o -

lo red c e m e n t w a s injected in different ho les so that the g r o u t i n g pa ths cou ld b e o b s e r v e d du r ing ex-

cava t ion of the shaft . 

Reg i s t e r ing p r e s s u r e g a u g e s w e r e i n t roduced a b o u t 1910 f rom w h i c h r eco rds the c h a r a c t e r o f g rou t -

ing w a s s t u d i e d . E x p e r i e n c e w a s g radua l ly a c c u m u l a t i n g w i t h g rou t s of a d i f ferent c o m p o s i t i o n , 

w i t h the d e v e l o p m e n t of the in jec t ion p r e s s u r e , the d i a m e t e r and the spac ing of in jec t ion h o l e s . A t 
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the first sc ient i f ic c o n g r e s s of the soc ie ty of eng inee r s g r a d u a t e d at the E c o l e d e L i e g e in 1902 , F r a n -

sois s ta ted that it is be t t e r to g r o u t f rom m a n y ho le s of sma l l d i a m e t e r , and that a h i g h inject ion 

p r e s s u r e in the r a n g e of 5 0 - 2 0 0 b a r is m o r e efficient t han the l o w p r e s s u r e of 15-20 b a r then in 

gene ra l u s e . 

G r o u t i n g for d a m founda t ions w a s appl ied on ly as a r e m e d i a l m e a s u r e in case of excess ive seep-

age u n d e r the d a m founda t ion , and s o m e success w a s a t ta ined in such ins tances espec ia l ly in the 

U S A . T o w a r d the e n d of the 19th cen tu ry the s tudy of p e r m e a b i l i t y and f issur ing of the foundat ion 

r o c k w a s s tar ted to w h i c h p u r p o s e s o m e ingen ious b u t p r i m i t i v e con t r i vances w e r e inven ted to iso-

late the r e spec t ive sec t ion of the exp lo ra t i on h o l e , such as smal l b a g s filled w i t h seeds w h i c h swel l 

in w a t e r p l aced a r o u n d the inject ing t u b e , o r in ject ion of w a t e r w i th b r a n w h i c h w o u l d signify that 

the f issures a r e n a r r o w if the f low d i m i n i s h e d . 

G r o u t i n g as a m e t h o d for r e d u c i n g pe rmeab i l i t y w a s still r e g a r d e d skept ica l ly in Grea t Br i ta in in 

1911 a l t h o u g h K i n d e r in that y e a r p r o v i d e d founda t ion g r o u t i n g as a de s ign m e a s u r e for a d a m foun-

da t ion . L a p w o o d (1911) ma in t a ined that g rou t ing w a s a last poss ib i l i ty and that in the des ign of d a m 

founda t ions a n y o t h e r poss ib le m e a n s o u g h t to b e cons ide red to con t ro l s eepage and upl if t , because 

g r o u t i n g w a s b a s e d o n guesses a lone . It w a s G o u r l e y (1922) w h o c o n c l u d e d f rom a de ta i led s tudy 

of h y d r o t e c h n i c a l p ro jec t s o n w h i c h a g rea t v o l u m e of g r o u t i n g w a s ca r r i ed ou t , m a i n l y in the U S A , 

that such a n o p i n i o n shou ld b e rev i sed in o r d e r to r e d u c e cos t and de lay in cons t ruc t ion of d a m s wi th-

ou t sacr i f ic ing t igh tness and safety. 

Un t i l 1 9 3 0 , g r o u t i n g w a s ca r r i ed ou t in the U S A o n 19 l a rge d a m s . It w a s a t ime w h e n d a m s w e r e 

m a i n l y cons t ruc t ed o n sites w i t h c o m p e t e n t r ock founda t ions , at a t ime w h e n a m o n g g o o d sites the 

bes t ones cou ld b e se lec ted for cons t ruc t ion . T o d a y , w h e n a l m o s t all g o o d sites a re a l r eady de -

v e l o p e d , w e h a v e b e e n left w i t h on ly b a d o n e s , and t e c h n o l o g y has to b e a d v a n c e d in o r d e r to b e 

ab le to d e v e l o p t h e m as we l l . 

S y s t e m a t i c i m p r o v e m e n t of g rou t ing t echn iques s tar ted w i th the in jec t ion of founda t ion rock at 

the H o o v e r D a m o n the C o l o r a d o R i v e r in the U S A w h i c h w a s cons t ruc t ed f rom 1932 to 1936 at 

Bou lde r . A g r o u t cu r t a in w a s injected and conso l ida t ion g r o u t i n g o n the d a m founda t ion w a s car-

r ied ou t in o r d e r to c o m p e n s a t e for c r ack ing caused b y the founda t ion e x c a v a t i o n s . Specif icat ions 

for de s ign and c o n s t r u c t i o n of g rou t ing w o r k s w e r e then p r e p a r e d , b a s e d o n e x p e r i e n c e ga ined at 

H o o v e r D a m in jec t ion w o r k s . 

G r o u t i n g w a s d e v e l o p e d i ndependen t ly in F r a n c e for d a m founda t ions and it w a s u s e d for the 

first t i m e at the C h a v a n o n D a m in 1934. T h r o u g h sys t ema t i c s tudies a re la t ion b e t w e e n deve lop -

m e n t of p r e s s u r e d u r i n g in jec t ion and a g r a d u a l dec rea se of p e r m e a b i l i t y w a s es tab l i shed as wel l as 

the i m p o r t a n c e o f c o n t i n u o u s reg i s t ra t ion o f in jec t ion p r e s s u r e d e v e l o p m e n t . 

W h i l e the p rac t i ca l app l i ca t ion of g r o u t i n g f issured r o c k w a s so lved , the in jec t ion of g rave l ly gra-

nu l a r soi ls still r e m a i n e d a p r o b l e m . A l t h o u g h Be r igny and K i n n i p l e a l r eady a t ta ined s o m e pract ical 

resul ts in g r o u t i n g g r a v e l s , the effect w a s u n c e r t a i n and e r r a t i c . Diff icul ty a r i ses b e c a u s e l a rge r sus-

p e n d e d par t i c les b l o c k the n a r r o w e r f low pa ths b e t w e e n the g ra ins l imi t ing the r e a c h of g rou t ing . 
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Fig 1 . 3 . Grouting sand beds by the Joosten method, (a) driving the injection pipe, perforated at the 
bottom, (b) injection of salt and withdrawal of pipe in stages 

W h e n the p r e s s u r e is r a i sed , lenses of g r o u t d e v e l o p a r o u n d the ho le b y h y d r a u l i c f rac tur ing , the 

g r o u n d is lifted and the g r o u t c o m p o u n d is use less ly was t ed . B l o c k a g e of f low pa ths b e t w e e n the 

soil g r a in s is a v o i d e d w h e n co l lo ida l o r real so lu t ions a re in jected. It w a s first i n t roduced b y Joos t en 

( D e n m a r k ) . A so lu t ion of w a t e r g lass w a s first injected t r o u g h a d r i v e n pe r fo ra t ed p i p e then a sol-

u t ion of salt w h i c h caused the fo rma t ion of si l ica ge l in the vo ids w h e r e the t w o so lu t ions mixed . 

T h e p i p e w a s g radua l ly w i t h d r a w n as i l lus t ra ted in F i g . 1.3 and a c o l u m n of g r o u t e d soil of about 

1.0 m in d i a m e t e r w a s in jected. 

By repea t ing the p r o c e d u r e at 1.0 m in te rva l s , a r equ i r ed v o l u m e of soil c an b e in jected. T h e per -

meab i l i ty of the soil is thus r e d u c e d and its m e c h a n i c a l s t reng th is e n h a n c e d . L a t e r this two-so lu t ion 

p r o c e d u r e w a s r ep laced b y inject ing on ly o n e so lu t ion w i t h the r equ i r ed r eagen t to i n d u c e de layed 

ge l l ing of the so lu t ion after it is injected in to the g r o u n d . S u c h p roces ses a r e n o w in gene ra l u s e . 

In o r d e r to p e r m e a t e the r equ i r ed v o l u m e of soil u n i f o r m l y it is neces sa ry to b e ab le to re inject the 

a l r eady g rou t ed g r o u n d even ly w i th different c o m p o u n d s to ach i eve as u n i f o r m resul ts as poss ib le 

in n o n h o m o g e n e o u s g r o u n d . T h i s p r o b l e m w a s so lved b y the i nven t ion of the s leeve g rou t ing tech-

n i q u e , i n t roduced b y M r . Iv ry of F r a n c e , w h i c h wi l l b e desc r ibed in deta i l in C h a p t e r 4 . 5 . O n e of 

the ear ly pro jec t s w h e r e this m e t h o d of g rou t ing u p to 100 m d e e p a l luvia l b e d s w a s u sed o n a la rge 

sca le , w a s the founda t ion of the 130 m h i g h Se r r e P o n ç o n D a m o n the D u r a n c e R i v e r . A l s o the 130 

m d e e p s andy and g rave l ly a l luvia l fo rma t ion of the Sadd E l Aa l i D a m o n the N i l e w a s successful ly 

g rou t ed w i th this m e t h o d . 
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T h e p a p e r s b y G l o s s o p ( 1 9 6 0 , 1961) b r i n g m u c h deta i led i n fo rma t ion o n the h i s to ry of g rou t ing 

and its successful app l i ca t ion f rom the end of the last c en tu ry w i th in te res t ing c i ta t ions f rom or ig -

inal p a p e r s p u b l i s h e d at tha t t i m e . 

T h e first r e p o r t e d g r o u t i n g w o r k s in Y u g o s l a v i a da te f rom 1932 w h e n the GroSnica D a m w a s bui l t 

n e a r K r a g u j e v a c . l t is a 4 2 m h i g h conc re t e g rav i ty d a m c o m p l e t e d in 1938. F r o m scan ty da ta avai l -

ab le it is on ly k n o w n that 5 0 m m d i a m e t e r ho le s w e r e dr i l led f r o m a ga l le ry in to the d a m founda-

t ion and c e m e n t su spens ion w a s in jected; n o deta i l s a b o u t the p r o c e d u r e and the ex ten t of w o r k s and 

the c e m e n t c o n s u m p t i o n a r e k n o w n . 

Af ter W o r l d W a r II the indus t r ia l d e v e l o p m e n t of the c o u n t r y r e q u i r e d a n in tens ive d e v e l o p m e n t 

of the h y d r o e l e c t r i c po ten t ia l of the D i n a r i c Kar s t a long the Adr i a t i c C o a s t w i t h d a m s and reservoi r s 

in the v e r y p e r v i o u s kars t i f ied l imes tone fo rma t ions . E x t e n s i v e s tudies w e r e u n d e r t a k e n wi th field 

exp lo ra t i ons and l a b o r a t o r y s tudies w h i c h led to the successful cons t ruc t ion of the s to rage rese rvo i r 

o n the C e t i n a R i v e r w i th the 6 0 m h i g h P e r u ö a D a m (see C h a p t e r 6 . 7 ) . T h i s e x p e r i e n c e enab led the 

cons t ruc t ion of s to rage r e se rvo i r s in the kars t i f ied r eg ion w i th a total of m o r e then th ree b i l l ion cubic 

m e t e r capac i ty . U p to da te m o r e then sixty d a m founda t ions w e r e injected in the c o u n t r y and Y u g o s -

lav g r o u t i n g specia l i s ts h a v e ga ined e x p e r i e n c e and r epu ta t ion apprec ia t ed in the c o u n t r y and ab road . 
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2 . P R O P E R T I E S O F S O I L S A N D R O C K S 

R o c k s a r e al l ma te r i a l s f rom the sur face of the ea r th . T h e y inc lude w a t e r , i ce , l oose sed imen t , se -

d i m e n t a r y , m e t a m o r p h i c a n d i gneous r o c k s . In c o n n e c t i o n w i th g r o u t i n g w e d i s t ingu i sh soil and 

rock . 

Soils a r e l oose geo log ica l ly y o u n g and r ecen t s ed imen t s - cohes ion les s and cohes ive - w h i c h con-

sist of a g g l o m e r a t i o n s o f sol id m i n e r a l par t i c les w h i c h coa le sce u n d e r forces w h i c h d e p e n d on the 

local s t ress t enso r . T h e i r po ros i t y η ( v o l u m e of p o r e s o v e r tota l v o l u m e ) m a y b e in the r ange b e -

t w e e n 0 . 1 5 a n d 0 . 5 0 . 

Soi ls a r e g r a n u l a r m e d i a cons i s t ing o f r a n d o m l y a r r a n g e d par t i c les of di f ferent s ize and shape w h i c h 

a r e m u t u a l l y in con tac t , l eav ing b e t w e e n t h e m in t e rconnec ted vo ids of va ry ing s h a p e and s ize . T h e 

s ize o f the vo ids d e p e n d s o n the re la t ive con ten t and s ize of the sma l l e r g ra ins in the m i x and the 

m a x i m u m stress to w h i c h the ma te r i a l w a s e x p o s e d s ince its depos i t i on . T h e po ros i t y and the size 

of vo ids g o v e r n the p e r m e a b i l i t y of the m e d i u m . 

Rocks a r e sol id ma te r i a l s the e l emen ta l par t ic les of w h i c h a r e b o u n d toge the r b y p e r m a n e n t d iag-

ene t i c , c rys ta l l ine a n d m o l e c u l a r i n t e rg ranu la r forces w h i c h a re i n d e p e n d e n t of the loca l s t ress ten-

sor . T h e po ros i t y is gene ra l ly l o w in the r a n g e of 0 . 0 1 - 0 . 1 0 . 

R o c k is a m o r e o r less h o m o g e n e o u s m a s s w i t h v e r y l o w po ros i t y . S ince the vo ids a r e mos t ly iso-

la ted and d o n o t afford a ne t of i n t e r connec t ed pa ths t h r o u g h w h i c h w a t e r c a n p e r c o l a t e , its per -

meab i l i t y is gene ra l l y neg l ig ib l e . T h e g e o l o g i c a g e o f r o c k r a n g e s f rom the o ldes t a r c h a i c to y o u n g e s t 

s e d i m e n t a r y f o r m a t i o n s . T h e s e w e r e all subjec ted to t ec ton ic forces caus ing b e n d i n g and faulting 

w h i c h r epea t ed ly caused f rac tur ing , j o i n t i n g and f issur ing so that t oday the m a s s e s of r o c k in foun-

da t ions a r e f r a g m e n t e d , f issured and j o i n t e d to di f ferent deg ree s fo rming d i s con t inuous masses of 

f r agment s d iv ided b y sys t ems of b e d d i n g , j o i n t i n g and f issur ing p l a n e s . T h e s e d iscont inui t ies m a y 

b e t igh t in s o m e c a s e s , o p e n and vo id o r filled w i t h debr i s and sed imen t s c o n v e y e d in to t h e m dur-

ing la te r g e o l o g i c p e r i o d s . T h e s e d i scont inu i t i es p r e s e n t "vo ids" in r o c k t h r o u g h w h i c h w a t e r can 

pe rco l a t e a n d w h i c h def ine the pe rmeab i l i t y of the m a s s . 

W i t h i n e a c h of these t w o g r o u p s of ma te r i a l w i t h bas ica l ly di f ferent p rope r t i e s r e g a r d i n g g rou t ing 

the re a r e ma te r i a l s of va r i ab le dens i ty , s t r eng th and de fo rmab i l i t y . T h e m a i n d i f fe rence b e t w e e n 

these t w o ca t egor i e s is the cha rac t e r of the i r po ros i ty and of the w a y w a t e r and g rou t ing mater ia l 

p e r c o l a t e t h r o u g h t h e m u n d e r s o m e p r e s s u r e g rad i en t . 

In o r d e r to es tab l i sh the p rope r t i e s of soils and r o c k s for the des ign and cons t ruc t ion of g rou t ing 

w o r k s , so that the a p p r o p r i a t e p r o c e d u r e s and ma te r i a l s c a n b e dev i sed in a n y pa r t i cu la r case , c o m -

p r e h e n s i v e e x p l o r a t i o n and inves t iga t ion is n e e d e d . T h e s tudy of e x a m p l e s of w o r k s car r ied out in 
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s imi la r g e o l o g i c cond i t ions and ma te r i a l s is a va luab le g u i d e for p l a n n i n g of e x p l o r a t o r y w o r k s and 

for a be t t e r eva lua t ion of the i r r esu l t s . 

T h e permeability o f the fo rma t ions is the bas i c p a r a m e t e r for the c o m p u t a t i o n of the equ ipo ten t ia l 

field w h i c h ensues in the founda t ion of d a m s w h e n w a t e r is b e i n g i m p o u n d e d . It is a l so bas ic for the 

des ign of the g r o u t cu r t a in needed to p r e v e n t loss of w a t e r t h r o u g h the founda t ion and poss ib le n e -

gat ive effects of w a t e r seep ing t h r o u g h the founda t ion ma te r i a l . T h e pe rmeab i l i t y of r o c k forma-

t ions in w h i c h w a t e r c i rcu la tes t h o u g h j o in t s and f issures of va r i ab le w i d t h and ex t ens ion , w h i c h a re 

o p e n , pa r t ly e m p t y o r filled w i t h g r a n u l a r o r cohes ive ma te r i a l , is exp res sed in L u g e o n uni t s ( L U ) . 

O n e L U is def ined in l i ters p e r m i n u t e of pe rco la t ion t h r o u g h a i m long sec t ion of a test ho le u n d e r 

a p r e s s u r e o f 10 b a r . 

T h e p e r m e a b i l i t y of g r a n u l a r soils is gene ra l ly exp res sed b y m e a n s of the D a r c y coeff ic ient of per -

meab i l i ty k in ( c m / s ) . 

T h e k i n d s and the a m o u n t of exp lo ra t ion w o r k s for a g r o u t i n g p ro jec t m u s t b e p l a n n e d so that the 

m o s t su i tab le site c a n b e se lec ted and da ta a re ob ta ined w h i c h a r e n e e d e d to de s ign a safe founda-

t ion of the s t ruc tu res . Si te exp lo ra t i on shou ld e n c o m p a s s : 

• geo log i c m a p p i n g , s t ra t ig raph ie and l i tho log ie da ta of the founda t ions , géosync l ina l o r ep i -

con t inen ta l spaces , es tab l i sh ing the geo log ic s t ruc tures of the site and the ana lys i s of tec-

ton ic p roce s se s and un i t s ( H e r a k , 1976) ; 

• geophys i ca l m e a s u r e m e n t s w h i c h p r o v i d e g loba l da ta o n e lec t r ic res is t iv i ty and the p ropa -

ga t ion ve loc i ty of e las t ic w a v e s in the r eg ion ; 

• e x c a v a t i o n s , t r enches and adi ts w h i c h p r o v i d e a d i rec t ins ight in to the k ind and c o m p o s i t i o n 

of the m a t e r i a l s , the s equence of s t ra ta , the i r l i tho logy ; 

• d r i l l ing exp lo ra t i on ho les f rom w h i c h cores a re ob ta ined for g e o l o g i c and l i tho log ie deter-

m i n a t i o n of d e e p e r s t ra ta and o f t ec ton ic re la t ions ; 

• in situ tes t ing o f de fo rmabi l i ty and pe rmeab i l i t y of the founda t ions . 

W h e n e v e r g r o u t i n g is env i s aged , the si te exp lo ra t ion p r o g r a m shou ld a l so es tab l i sh da ta w h i c h a re 

needed for the d e s i g n such a s : 

• s u r v e y and exp lo ra t i on of the sy s t em of d i scont inu i t ies in the founda t ion as b e d d i n g p l anes , 

j o i n t s and f i ssures , as we l l as the mate r i a l s filling the d i scon t inu i t i e s ; 

• careful d e t e r m i n a t i o n of the pe rmeab i l i t y b y m e a n s of w a t e r p r e s s u r e tes ts , 

• inves t iga t ion o f h y d r o g e o l o g i c cond i t ions and the charac te r i s t i cs of the g r o u n d w a t e r table; 

• e x p l o r a t i o n of w e l l s , sp r ings , e s tave l s , p o n o r s e t c . in the r eg ion and the i r capac i ty . 

S u c h a c o m p l e x e x p l o r a t i o n p r o g r a m shou ld b e p r e p a r e d b y a t e a m of expe r t s of va r ious special i t ies 

inc lud ing geo log i s t s , h y d r o g e o l o g i s t s , founda t ions and g rou t ing e x p e r t s . S ta r t ing f rom exis t ing da ta 

the p r o b l e m s w h i c h m a y a r i se w i t h the p l a n n e d cons t ruc t ion shou ld b e s tud ied and the da ta n e e d e d 
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for the i r so lu t ion es t ab l i shed . F r o m these s tudies the n e e d for the k ind and v o l u m e of site exp lora -

t ion , i nves t iga t ion and o t h e r s tudies c a n b e p l a n n e d . 

Si te inves t iga t ions shou ld b e ca r r i ed ou t in a sys t ema t i c s e q u e n c e , the resul t s m u s t b e s tudied and 

ana lyzed as they b e c o m e ava i lab le so that n e w p r o b l e m s a r e de tec ted ea r ly and the w o r k s a re a m e n d e d 

as n e e d e d to ob t a in c o m p l e t e da t a a t a ra t iona l e x p e n s e . 

2 . 1 . G e o l o g y of t h e s i te 

T h e cond i t i ons for es tab l i sh ing a wa te r - t igh t founda t ion b e l o w a d a m s t ruc tu re and o the r scope of 

g r o u t i n g a r e def ined b y the g e o l o g y of the site and its t ec ton ic s t ruc tu re , the p e r m e a b i l i t y and the 

phys i ca l charac te r i s t i c s of the s i te . T h e c o m p a r i s o n of resul t s a n d expe r i ences ob ta ined o n comple t ed 

pro jec t s o n o t h e r si tes in c o m p a r a b l e s imi la r geo tec ton ic cond i t ions wi l l enab le to ant ic ipa te poss ib le 

p r o b l e m a t i c a r eas a n d to g u i d e p l a n n i n g of exp lo ra t i on w o r k s . 

Charac te r i s t i c s a n d i m p a c t of o v e r t h r u s t s , fo ld ing , of sync l ina l and ant ic l ina l fea tures , severa l 

types of faul t ing a n d seepage pa ths h a v e b e e n s tudied o n m a n y e x a m p l e s of ex i s t ing rese rvo i r s and 

d a m s . A w e a l t h o f da t a exis ts in the a r ch ives of d e s i g n o rgan i za t i ons , s o m e of it w a s a l so pub l i shed 

in r epor t s and p a p e r s f rom in te rna t iona l cong re s se s and s y m p o s i a o n g e o l o g y , h y d r o g e o l o g y , l a rge 

d a m s , f ounda t i ons , g r o u t i n g and o n specia l m i n i n g p r o b l e m s . 

2 . 2 . P e r c o l a t i o n of u n d e r g r o u n d w a t e r a n d p e r m e a b i l i t y of f o u n d a t i o n s 

T h e L a p l a c e ana ly t ica l so lu t ion of the dif ferent ia l e q u a t i o n of w a t e r f low in p o r o u s m e d i a wi th 

def ined b o u n d a r y cond i t i ons is the b a s e for the c o m p u t a t i o n of the p r e s s u r e h e a d of w a t e r perco la t -

ing t h r o u g h a g i v e n r e g i o n in h o m o g e n e o u s , n o n - h o m o g e n e o u s o r an i so t rop ic ma te r i a l . Phys ica l 

m o d e l s a r e b a s e d o n this so lu t ion , such as the h y d r a u l i c , e lec t r ic and v i scous fluid ana log ies as wel l 

as n u m e r i c a l o r F E M s imula t ions of f low b y m e a n s of c o m p u t e r so lu t ions . 

T h e m o d e l of a p o r o u s m e d i u m app l ied to f issured r o c k p resen t s a v e r y c r u d e a p p r o x i m a t i o n of 

the rea l c o n d i t i o n s . N e v e r t h e l e s s it is a t t rac t ive for the s tudy of pe rco l a t i on t h r o u g h rock , because 

the app l i ca t ion o f s i m p l e m a t h e m a t i c a l m o d e l s resul t s in a r o u g h s imu la t ion of the rea l spatial d is-

t r ibu t ion of po ten t i a l h e a d , in the space , of p r e s s u r e g rad ien t s at cr i t ica l spots and of the v o l u m e of 

s eepag e f low. 

W i t h the a s s u m p t i o n s tha t : 

• p e r c o l a t i o n of w a t e r in the vo id spaces is l a m i n a r and D a r c y l a w app l i e s , the veloci ty of 

f low is g i v e n b y 

v = k i , (2 .1) 

ν = a v e r a g e f low ve loc i ty t h r o u g h a v o l u m e , (m/ s ) 

k = coeff ic ient of p e r m e a b i l i t y , (m/ s ) 
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i = p r e s s u r e g rad i en t , i = d h / d l , 

• w a t e r is i n c o m p r e s s i b l e , 

• f low is s t a t iona ry , 

the L a p l a c e different ia l e q u a t i o n of a s econd o r d e r is ob ta ined : 

k x a 2h / 6 x 2 + k y d2hldy2 + k z d2h/dz2 = 0 (2 .2 ) 

in w h i c h : 

k ( x , y , z ) is the pe rmeab i l i t y coeff ic ient in the d i rec t ion of coo rd ina t e s ( x , y , z ) , 

h is the po ten t ia l head in ( x , y , z ) , 

( x , y , z ) coo rd ina t e s in t h ree o r t h o g o n a l d i r ec t ions . 

U n d e r cons ide ra t i on of the b o u n d a r y cond i t ions the so lu t ion of the a b o v e e q u a t i o n y ie lds 

t w o sets of c u r v e s : 

• the equ ipo ten t i a l l ines Φ = <ï>(x,y,z) = cons t . 

(2 .3 ) 

• the f low l ines Ψ = Ψ ( χ ^ , ζ ) 

Fig. 2 .1 Equipotential and flow lines in foundation below a dam 

T h e so lu t ion is p r e sen t ed g raph ica l ly by a flow net as shown in Fig. 2.1. The set of equipotentials 

Φι and f low l ines Ψΐ p r e sen t s the d i s t r ibu t ion of the funct ion of the po ten t ia l s and the d i rec t ion of 

f low at any g i v e n po in t (xyz) of the d o m a i n . In F i g . 2 . 2 the e x a m p l e of a p l a n a r f low ne t a r o u n d an 

i m p e r v i o u s shee t p i le w i t h i m p o u n d e d wa te r , and in F i g . 2 . 3 . of a f low ne t in a n o n h o m o g e n e o u s 

l aye red founda t ion of a d a m wi th a g rou ted cu r t a in is s h o w n (Nonve i l l e r , 1 9 7 0 ) . 
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Fig. 2 .3 Flow net below a dam on horizontally stratified soil, (a) without grout curtain, (b) with curtain 
through first layer, (c) with curtain through first and second layer, (d) with curtain 25 m deep 
into third layer 
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T h e r e a r e so lu t ions for p l ane and axi s y m m e t r i c p r o b l e m s in a h o m o g e n e o u s i so t rop ic mater ia l 

w i th s i m p l e b o u n d a r y c o n d i t i o n s . S u c h so lu t ions a r e of l i t t le va lue for p rac t i ca l cases in w h i c h the 

ma te r i a l is gene ra l ly n o n h o m o g e n e o u s , an i so t rop ic and the b o u n d a r y cond i t ions a r e c o m p l e x . F o r 

such cases n u m e r i c a l so lu t ions of E q . 2 . 2 a r e u s e d e i ther w i t h finite d i f ferences o r w i t h finite e le-

m e n t s . T h e r e a r e severa l p r o g r a m s ava i lab le for such c o m p u t a t i o n s . 

F r a c t u r e d and f issured r o c k is subs tant ia l ly di f ferent f rom p o r o u s m e d i a . T h e pe rmeab i l i t y of the 

sys t ems of b e d d i n g p l a n e s , j o in t s and f issures is m a n y o r d e r s of m a g n i t u d e g rea t e r t han the per-

meab i l i ty o f the so l id r o c k m a t r i x b e t w e e n t h e m . It c a n the re fo re b e s u p p o s e d w i t h o u t m u c h e r ro r 

that w a t e r pe rco la te s the d o m a i n on ly t h r o u g h the d iscont inui t ies it con t a in s . W i t t k e and Lou i s (1968) 

h a v e d e v e l o p e d a n ana ly t ica l p r o c e d u r e for the c o m p u t a t i o n of the po ten t ia l funct ion Φ in a m e d i u m 

con ta in ing o n e o r t w o sets of para l le l equ id i s tan t f ractures of equa l w i d t h . T h e factors gove rn ing 

the f low of w a t e r t h r o u g h f issures a re : 

• d i r ec t ion and pos i t ion of d i scont inu i t i es ; 

• the i r spac ing ; 

• d e g r e e of f rac tur ing of the m e d i u m ; 

• w i d t h of f rac tures ; 

• r o u g h n e s s and shape of the wal l s of f rac tures ; 

• ma te r i a l fi l l ing the f rac tures ; 

• pe rmeab i l i t y o f the soil b e t w e e n f rac tures . 

T h e d i rec t ion and pos i t ion of the fractures is d e t e r m i n e d b y the d ip ang l e a and the d i rec t ion of 

s t r ike . T h e spac ing of the f ractures and the d e g r e e of f rac tur ing a re d e t e r m i n e d stat is t ical ly f rom 

m e a s u r e m e n t s of the d i s tance b e t w e e n t h e m and the w i d t h of the f ractures in di f ferent sets of frac-

tu res . 

T h e r o u g h n e s s of f ractures is def ined b y the a v e r a g e dev ia t ion f rom the p l a n e as s h o w n in F i g 2 . 4 . 

It is def ined b y the fo l lowing p a r a m e t e r s : 

r o u g h n e s s Κ = (i Σ Κ ΐ ) / η 

(2 .4 ) 

re la t ive r o u g h n e s s κ = K / R h 

in w h i c h : 

Rh = a, is the h y d r a u l i c r a d i u s , 

2 a is the a v e r a g e w i d t h of the f issure . 

In o r d e r to ob ta in re l i ab le va lues of these p a r a m e t e r s ve ry ex tens ive field w o r k in n e e d e d , the r e -

l iabi l i ty o f the p a r a m e t e r s is p r o p o r t i o n a l to the ra t io of the n u m b e r o f m e a s u r e m e n t s to the v o l u m e 

of r o c k i nvo lved . 
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F i g . 2 . 4 Notations for computation of relative roughness of fissures 

T h e h y d r a u l i c g r a d i e n t o f w a t e r f lowing t h r o u g h a f issure w i th an a v e r a g e ve loc i ty ν 

c a n b e e x p r e s s e d a s : 

i = λ ν 3 / ν Re . 2g (2 .5 ) 

in w h i c h the R e y n o l d s n u m b e r is 

Re = 2 R h v / v 

ν - k i n e m a t i c v i scos i ty of w a t e r ( cm/s ) 

λ - coeff ic ient o f h y d r a u l i c res is t iv i ty 

T h e res is t iv i ty coeff ic ient λ d e p e n d s o n the r o u g h n e s s of the f i ssures , o n the k ind of pe rco la t ion -

l a m i n a r o r t u rbu len t - and o n the R e y n o l d s n u m b e r R e . 

T h e re la t ion b e t w e e n the re la t ive r o u g h n e s s κ and the R e y n o l d s n u m b e r w a s es tab l i shed b y W i t t k e 

and L o u i s (1968) f rom a n ana lys is of m o d e l tests as s h o w n in F i g . 2 . 5 

Fig. 2 .5 Diagram for computation of coefficient of relative roughness 
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T h e au tho r s h a v e d e v e l o p e d a n u m e r i c a l and a g raph ica l so lu t ion of the po ten t ia l funct ion Φ for 

g iven b o u n d a r y cond i t i ons , sat isfying the cond i t ion of con t inu i ty of f low w h i c h r equ i r e s that at any 

in te r sec t ion of f issures the quan t i ty of wa t e r f lowing in and ou t o f it shou ld b e z e r o 0Σ qi = 0 ) . T h e 

cond i t i on that the s u m of h e a d losses in any c losed l o o p shou ld b e z e r o ( ίΣ 1J ii = 0) is a l so sat isf ied. 

W i t h these cond i t ions a s y s t e m of equa t ions is ob ta ined f rom w h i c h the h e a d po ten t ia l Φ is ob ta ined 

o n all in te rsec t ions of the f i ssures . S ince the cha rac t e r of f low in the f i ssures , and the c o r r e s p o n d -

ing coeff ic ient λ a r e no t k n o w n in a d v a n c e , an i tera t ive a p p r o a c h is u s e d to ob ta in the so lu t ion . In 

the first i t e ra t ion , l a m i n a r f low is a s s u m e d in all the f i ssures , w h i c h is subsequen t ly adjusted to tur-

bu l en t in the c o r r e s p o n d i n g f issures . T h e i te ra t ion is con t inued un t i l the c o m p u t e d f low and the 

c o r r e s p o n d i n g Re a r e in a g r e e m e n t in all the f issures in t w o success ive i t e ra t ions . 

T h e au tho r s h a v e ver i f ied this p r o c e d u r e o n the m o d e l of a tunne l w h i c h d ra ins a f issured d o m a i n 

w i th o n e and t w o sys t ems of f issures . T h e size of the m o d e l w a s 1 0 0 x 4 0 c m , and the d i a m e t e r of 

the tunne l w a s 2 0 c m , as s h o w n in F i g . 2 . 6 . T h e m o d e l w a s m a d e of a p l e x y p l a t e , and 2 m m w i d e 

f issures w e r e cu t in to the p l a t e . 

F ig . 2 .6 Model of tunnel in fissured rock 

T h e tunne l w a s s imula ted b y m e a n s of s ix ho les dr i l led o n the in te r sec t ion of its p e r i p h e r y wi th the 

f issures . T h e poten t ia l head w a s m e a s u r e d at 5 2 loca t ions in the f i ssures . T h e resul t s a r e s h o w n in 

F i g . 2 . 7 (a) in the case of a s ingle sy s t em of f i ssures , and in F i g . 2 . 7 (b) in the case of t w o sys tems 

of f i ssures . T h e equ ipo ten t i a l l ines c o m p u t e d b y the au tho r s as exp la ined a b o v e (Wi t tke , L o u i s , 

1968) , a r e a l so s h o w n in F i g . 2 . 7 (b ) . It is ev iden t that in s o m e po in t s the c o m p u t e d va lues differ 

s ignif icant ly f rom the e x p e r i m e n t a l o n e s . 

S ince the app l i ca t ion of the sophis t ica ted c o m p u t a t i o n b y W i t t k e and L o u i s (1968) is b a s e d o n da ta 

and a s s u m p t i o n s w h i c h can on ly rough ly s imula t e ac tua l field cond i t i ons , i t is in te res t ing t o c o m -

p a r e these resul t s w i th those ob ta ined a s s u m i n g the rock to b e h o m o g e n e o u s l y p e r v i o u s , and us ing 

L a p l a c e ' s t heo ry for the c o m p u t a t i o n of the potent ia l funct ion Φ. 
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Fig . 2 .7 Equipotentials of flow around a tunnel in fissured rock after Wittke at al. (1968): (a) only main 
system of fissures permeable, (b) main system of fissures permeable only in zone (1), both 
systems permeable in zone (2), 1 free water surface, 2 equipotentials from the theoretical compu-
tation, 3 equipotentials from the model test, 4 points in which potential was measured,A,B,C,D, 
points where flow was measured (dimensions in cm) 
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Fig . 2 .8 Equipotentials of flow around a tunnel in homogeneous anisotropically permeable ground from 
F E M computation, (a) region permeable only in χ direction, (b) boundary zones, zone 1 permea-
ble in Λ; direction only, zone 2 permeable in χ an y direction, 1 free water surface, 2 equipotentials, 
3 nodes of F E M n e t , A ,B ,C ,D points where flow was computed 
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F ig . 2 .9 Comparison of relative flow rate at points A ,B ,C ,D from model test and from F E M computation, 
(a) for examples in Figs . 2.7(a) and 2.8(a), (b)from examples in Figs . 2.7(b) and 2.8(b), 1 measu-
red in the model , 2 from F E M computation 

T h i s is o b v i o u s l y a less sophis t ica ted a p p r o a c h , b u t it r equ i r e s less p a r a m e t e r s : pe rmeab i l i t y and 

its a n i s o t r o p y in the charac te r i s t i c r eg ions of the d o m a i n , w h i c h in p rac t i ca l cases c a n b e m o r e read-

ily e s t ab l i shed . 

F o r this p u r p o s e the e x a m p l e s h o w n in F i g . 2 . 7 w a s ana lyzed us ing a F E M c o m p u t e r p r o g r a m for 

a n an i so t rop ica l ly p e r v i o u s p o r o u s m e d i u m as s h o w n in F i g . 2 . 8 . T h e resu l t ing equipoten t ia l s a re 

s h o w n in F i g . 2 . 8 (a) for the case w i t h o n e s y s t e m of f issures and in F i g . 2 . 8 (b) for the case of two 

sys t ems o f f i ssures , a n a l o g o u s to the cases of F i g . 2 . 7 (a) and (b ) . By c o m p a r i n g the respec t ive 

equ ipo ten t i a l l ines it is ev iden t that they d o no t differ o n e f rom a n o t h e r as m u c h as it cou ld b e ex-

pec t ed f rom t w o theore t i ca l ly di f ferent a p p r o a c h e s . 

It is a l so in te res t ing to c o m p a r e the re la t ive f low rates at po in t s A , B , C , D , of the tunne l pe r ime te r 

s h o w n in F i g . 2 . 9 ( a ) and (b) r e spec t ive ly , w h i c h a r e s imi la r . 

A c c o u n t i n g for all the a f o r e m e n t i o n e d facts abou t the re l iabi l i ty of the inpu t da t a for such c o m p u -

ta t ions , it c a n b e c o n c l u d e d that for the so lu t ion of p rac t ica l p r o b l e m s c o m p u t a t i o n s based on La-

p l a c e ' s e q u a t i o n m a y b e app l i ed . T h e n o n h o m o g e n e i t y of the d o m a i n resu l t ing f rom different 

g e o l o g i c and l i tho log ica l cond i t i ons , and f rom the of the p e r m e a b i l i t y an i so t ropy of different z o n e s , 

w h i c h c a n b e accu ra t e ly es tab l i shed f rom geo log i c s tudies and f rom the resul t s of dr i l l ing and per -

meab i l i t y m e a s u r e m e n t s in the b o r e h o l e s , can eas i ly b e accoun t ed for in the c o m p u t a t i o n . T h e re -

l iabi l i ty o f s u c h an a p p r o x i m a t i o n of a l a rge d o m a i n wi l l obv ious ly b e be t t e r t han that s h o w n in the 

a b o v e e x a m p l e w h i c h t reats a l imi ted d o m a i n wi th r a the r c o m p l i c a t e d b o u n d a r y cond i t i ons . 
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T h e ex i s t ence of w i d e r pa r t i cu la r ly p e r m e a b l e zones such as c rushed fault z o n e s , o p e n channe ls 

and cave rns in the d o m a i n , m u s t b e adequa te ly cons ide red w h e n es tab l i sh ing a m a t h e m a t i c a l m o d e l 

for the s tudy of the b e h a v i o r of g r o u n d wa te r pe rco la t ion after i m p o u n d i n g a r e se rvo i r , as wel l as 

of the effect of a g rou t ed z o n e o n it. It is ve ry i m p o r t a n t that such par t i cu la r s a r e we l l def ined and 

desc r ibed du r ing the exp lo ra t ion s tage , the i r pe rmeab i l i t y adequa te ly m e a s u r e d so that they m a y b e 

cons ide red in the m o d e l . S u c h i r regular i t ies often act as d ra ins of h i g h capac i ty w h i c h d o m i n a t e the 

pe rco la t ion and w h i c h m a y p r o v e difficult for efficient g rou t ing (see e x a m p l e s in Sec t ion 6 . 6 . 

S k l o p e , BuSko B la to ) . 

2 . 3 . F i e ld m e a s u r e m e n t of r o c k p e r m e a b i l i t y 

T h e pe rmeab i l i t y of r ock and soil is m e a s u r e d in the field, excep t for fo rma t ions of ve ry fine 

g ra ined g r anu l a r s ed imen ta ry s t rata w h e r e l abora to ry tests o n smal l u n d i s t u r b e d s a m p l e s can b e use -

ful. 

T h e pe rco l a t i on of w a t e r f low in the m e a s u r i n g sec t ion of a b o r e ho le in j o i n t e d and f issured r o c k 

u n d e r an i m p o s e d p r e s s u r e d e p e n d s o n the d i s t r ibu t ion and in t e r connec t ion of the sys t ems of bed-

d ing p l a n e s , j o in t s and f issures w h i c h a re cu t b y the m e a s u r i n g sec t ion . It d e p e n d s a l so o n the pe r -

meabi l i ty and stiffness of mate r ia l s con ta ined in s o m e o r in all f i ssures , and its res i s tance to e ros ion . 

T h e resu l t is exp res sed in L u g e o n Uni t s as m e n t i o n e d p r e v i o u s l y . 

In g r a n u l a r ma te r i a l s the c i rcu la t ion of wa t e r in the vo ids w h i c h fo rm flow pa ths is d o m i n a n t l y 

l a m i n a r , the pe rmeab i l i t y d e p e n d s o n the r a n g e of the g ra in sizes and o n the dens i ty of the ma te r i -

al w h i c h g o v e r n s the s ize of the vo ids . In o r d e r to es tabl i sh re l iab le va lues of the in situ p e r m e a b i l i t y , 

the exp lo ra t i on ho les dr i l l ing m u s t b e d o n e ve ry careful ly so that the po ros i ty of the mate r i a l sur-

r o u n d i n g the h o l e is d i s tu rbed as lit t le as poss ib l e . F o r pe rmeab i l i t y m e a s u r e m e n t s the Lef ranc 

m e t h o d is co n v en i en t , w h i c h wil l b e desc r ibed la ter o n . T h e resul t is exp re s sed as the pe rmeab i l i t y 

coeff ic ient k in c m / s . 

2 . 3 1 . L e u g e o n ' s m e t h o d for p e r m e a b i l i t y m e a s u r e m e n t 

L u g e o n (1933) w a s the first o n e to in t roduce the m e a s u r e m e n t of r ock p e r m e a b i l i t y for the g e o -

logica l s tudy of d a m founda t ions . T h e un i t for pe rmeab i l i t y i n t roduced b y h i m , desc r ibed p r ev ious ly , 

has b e e n in gene ra l u s e . 

P e r m e a b i l i t y is m e a s u r e d in the exp lo ra t ion dri l l ho les at in te rva ls of specif ied l eng th . W h e n the 

b o t t o m of the ho le r eaches the specif ied dep th , dr i l l ing is s topped and the s t r ing of r o d s is r e m o v e d 

f rom the h o l e . A n o t h e r d o u b l e s t r ing of p ipes is i n t roduced in to the h o l e a t the b o t t o m of w h i c h a 

p l u g g i n g dev i ce ca l led a „packer, , is f ixed. T h e p a c k e r is set in the h o l e at d i s t ance L f rom the bot -

t o m as s h o w n in F i g . 2 . 1 0 . T h e l eng th L o f the tes ted sec t ion is va r i ed a c c o r d i n g to the d e g r e e of 

f issur ing of the b e d s b e t w e e n 5 m in less f ractured and 1 m in h igh ly f rac tured rock . T h e inner p i p e 

is connec t ed to a w a t e r p r e s su re p u m p , w i th a f low m e t e r and a m a n o m e t e r at its h e a d . 
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F ig . 2 .10 The setup for Lugeon 's permeability test, (a) sketch of installation, (q) flow from pump, (V) 
water meter, (M) manometer, 1 packer pipe, 2 packer, 3 measuring section, (b) diagram of pres-
sure losses in standpipe assembly and packer pipe; (c) sketch of mechanical packer, 1 borehole 
walls, 2 packer pipe, 3 package of soft rubber rings, 4 external pipe, 5 nut for compressing pipe 
and rubber rings; (d) inflatable packer, 1 packer pipe, 2 soft rubber tube with ends fixed to pac-
ker pipe, 3 compressed air line 

T h e p e r m e a b i l i t y test is ca r r i ed ou t in success ive s t ages . F i r s t the sec t ion is sa tura ted w i th cons tan t 

l o w p r e s s u r e un t i l the s eepage is s tabi l ized at a cons tan t va lue . T h e n the f low is m e a s u r e d dur ing a 

few c o n s e c u t i v e f low in te rva ls of 5 m i n unt i l the d i f ference b e t w e e n t w o m e a s u r e m e n t s is less than 

10 % of the m e a s u r e d f low. T h e n the p r o c e d u r e is r epea ted w i th inc reas ing p r e s s u r e u p to ρ = 10 bars 
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and w i t h the s a m e p r e s s u r e s tages in de scend ing o r d e r . H o u l s b y sugges ted a s e q u e n c e of p re s su re 

s tages of ρ = 4 , 7 , 1 0 , 7 , 4 ba r s m e a s u r e d w i th the m a n o m e t e r s at the t op of the p i p e . 

F o r the eva lua t ion of the test resul ts the ac tua l p r e s su re in the m i d d l e of the test sec t ion m u s t b e 

c o m p u t e d as s h o w n in F i g . 10(a) f rom the exp re s s ion 

ρ = (pM + A H · 7 W/ 1 0 ) - Ap(q) (2 .6 ) 

in w h i c h : 

ρ = p r e s s u r e in the m i d d l e of test sec t ion , b a r s 

PM = p r e s s u r e r ead o n m a n o m e t e r , ba r s 

Δ Η = d i f fe rence b e t w e e n the e leva t ion of m a n o m e t e r and the g r o u n d w a t e r tab le (or the m i d d l e 

of test sec t ion if n o G W T exists) 

Ap(q) = h y d r a u l i c p r e s s u r e losses a long the l eng th of p ipes and fi t t ings f rom the m a n o m e t e r to the 

p a c k e r s ( w h i c h is a funct ion of f low q) 

P r e s s u r e loss Δρ (q) is bes t es tab l i shed for different f lows a long the l eng th of p ipes b y d i rec t 

m e a s u r e m e n t s w i t h the e q u i p m e n t u s e d . It is t hen s h o w n in cha r t s , F i g . 10(b) . 

T h e n u m b e r Ν o f L u g e o n un i t s ( L U ) is es tab l i shed u s i n g equa t ion 

Ν = 10 Q / ρ 11 (2 .7 ) 

in w h i c h : 

Q - f low of w a t e r t h r o u g h a sec t ion of test h o l e , l i t /min 

1 - l eng th of test sec t ion , m 

t - t ime d u r i n g w h i c h Q is m e a s u r e d , m i n 

ρ - tes t ing p r e s s u r e , b a r . 

A cent r i fugal p u m p of 2 0 0 1 / m i n capac i ty at 10 ba r s p r e s su r e shou ld b e u s e d for p r e s s u r e tes t ing. 

In v e r y p e r v i o u s s t ra ta e v e n a l a rge r capac i ty p u m p m a y b e n e e d e d . T h e m a n o m e t e r s and f low m e -

ters u s e d shou ld b e r egu la r ly checked fo r . accuracy . T h e e leva t ion of the g r o u n d w a t e r tab le should 

b e re l iab ly es tab l i shed b y d i rec t m e a s u r e m e n t s be fo re inser t ing the p a c k e r in to the h o l e . 

A g rea t i naccu racy of test resul ts m a y b e caused b y l eakage of w a t e r a r o u n d the p a c k e r e i ther b y 

a faulty seal o r b y w a t e r pass ing f rom the m e a s u r i n g sec t ion in to the h o l e a b o v e it t h r o u g h in te rcon-

nec ted f i ssures . S u c h inaccurac ies can bes t b e avo ided b y careful ly se t t ing the p a c k e r and b y us ing 

the a p p r o p r i a t e t ype of p a c k e r . 

In so u n d r o c k w i t h r e g u l a r and s m o o t h b o r e ho le wal l s a m e c h a n i c a l p a c k e r , s h o w n in F i g . 2 . 1 0 ( c ) , 

wi l l b e a d e q u a t e . T h e set of r ings of soft r u b b e r is p ressed b y m e a n s of the nu t (5) and the ou te r p ipe 

(4) and squeezed la tera l ly to p r o d u c e a g o o d seal w i th the wal l s of the h o l e . 

In w e a k r o c k the wa l l s of the h o l e m a y b e i r r egu la r and caved in at ce r ta in loca t ions . U n d e r such 

cond i t ions a l onge r inf la table p a c k e r is m o r e re l i ab le . It cons i s t s , as s h o w n in F i g . 2 . 1 0 ( d ) , of an 
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e x p a n d a b l e t ubu la r m e m b r a n e (2) of soft m b b e r a b o u t 8 m m th ick , fixed o n the p i p e . T h e d iamete r 

of the 1 m long m e m b r a n e shou ld b e a b o u t 2 m m less than the n o m i n a l d i a m e t e r of the h o l e . 

T h e space b e t w e e n the m e m b r a n e and the p ipe is c o n n e c t e d to the sur face b y m e a n s of a thin tube 

(3) t h r o u g h w h i c h the m e m b r a n e can b e inflated w h e n the p a c k e r is in the r igh t p l a c e . S ince the 

l eng th of inf la table p a c k e r s is g r ea t e r than that of the m e c h a n i c a l type it c an b e u s e d conven ien t ly 

e v e n in h a r d h i g h l y f rac tured rock . 

A m o r e c o m p l e x in te rp re ta t ion of the L u g e o n test resul ts ba sed o n the h y d r o d y n a m i c po ten t ia l field 

a r o u n d the test sec t ion of the b o r e h o l e . I t w a s pub l i shed in the E a r t h M a n u a l of the U S Bureau of 

R e c l a m a t i o n . T h e pos i t ion of the m e a s u r i n g sec t ion of the b o r e ho le re la t ive to the g r o u n d wa te r 

tab le is c o n s i d e r e d . A s s h o w n in F i g . 2 . 11 (a ) the m e a s u r i n g sec t ion c a n b e loca ted in zones I o r II 

a b o v e the g r o u n d w a t e r tab le in unsa tu ra t ed rock , o r in the sa tura ted z o n e III b e l o w it. T h e locat ion 

of the m e a s u r i n g sec t ion in zones I and II r e s p . is es tab l i shed f rom the d i a g r a m (a) wi th the p a r a m e -

te rs : 

χ = 100 P / U r and Δ = U v / L (2 .8) 

w h i c h def ine the pos i t i on of the po in t (χ , Δ ) in the field d iv ided by the l ine Β in zones I and I I . 

T h e n u m b e r Ν of L u g e o n u n i t s , and the pe rmeab i l i t y coeff ic ient k a re c o m p u t e d for the three zones 

f rom the e q u a t i o n s : 

z o n e I 

Ν = 120 Q / c u r Ρ k = 16 .8 1 0 " 4 Q / c ur P (2 .9) 

z o n e II 

N = 2 4 0 Q / ( c s + 4) r ( U u + P -L) k = 3 3 . 6 1 0 ~ 4Q / ( c s + 4) r ( U u + P -L) 

z o n e III 

Ν = 120 Q / ( c s + 4 ) r Ρ k = 16 .8 10" 4 Q / ( c s + 4 ) r Ρ 

T h e un i t s in these equa t ions a re : 

Q ( 1/min) ; L (m) ; Ρ (m) ; U u ( m ) . 

Coeff ic ien ts c u and c s a r e ob ta ined f rom the c u r v e s in F i g . 2 . 11 (c ) and (d) respec t ive ly wi th par-

a m e t e r s P / r and L / P for c u and L / r for c s . 

Th i s p r o c e d u r e does n o t y ie ld s ignif icant ly di f ferent va lues of Ν than equa t ion 2 . 7 in z o n e III 

w h e n l eng th L > 3 m . In zones I and I I , h o w e v e r , the va lue of Ν is o v e r e s t i m a t e d b y m o r e than 

6 0 % if L = 1 m , and u n d e r e s t i m a t e d b y m o r e than 5 0 % if the sec t ion is a b o v e the g r o u n d wa te r 

l eve l . S u c h dev ia t ions f rom the co r rec t va lue of Ν m i g h t b e i m p o r t a n t w h e n dec id ing abou t the need 

for, and the v o l u m e of g r o u t i n g . 

F o r the eva lua t ion of pe rmeab i l i t y for s eepage b e l o w a d a m founda t ion the h y d r o d y n a m i c poten-

tial t heo ry is gene ra l ly app l ied cons ide r ing all r e l evan t resul t s of the geo techn ica l exp lo ra t ion in 

w h i c h the p e r m e a b i l i t y coeff ic ient A: f igures . Its va lues can b e d e t e r m i n e d f rom equa t ions ( 2 . 9 ) . 
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Fig .2 .11 Diagrams for permeability evaluation from Lugeon tests, (a) sketch of installation, (b) graph for 
computation of parameter χ (c) diagram for computation of coefficient c u, (d) coefficient c s 
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A s imple r e l a t ionsh ip ho lds b e t w e e n TV and k w h e n the l eng th of the m e a s u r i n g sec t ion is L = 5 m: 

k = 1.5 10" 5 N , c m / s , w h e n r = 4 . 6 c m , (2 .10) 

k = 1.3 1 0 " 5 N , c m / s , w h e n r = 7 . 6 c m . 

Tes t i ng p r e s s u r e ρ app l i ed in w a t e r p r e s s u r e tests i nduces s t ress c h a n g e s a r o u n d the tested sect ion 

w h i c h in f luence the m e a s u r e d p e r m e a b i l i t y . T h e s e c h a n g e s shou ld b e p r o p e r l y accoun t ed for in o rde r 

to a c h i e v e rea l i s t ic r e su l t s . 

T h e resu l t s of w a t e r p r e s s u r e tests a re p re sen t ed in d i a g r a m s wi th p r e s s u r e ρ and f low q as coor -

d ina t e s . S o m e charac te r i s t i c e x a m p l e s a re d i scussed based o n F i g . 2 . 1 2 . 

F ig . 2 .12 Different types of p/q diagrams from water pressure tests, (a) at laminar flow, (b) at turbulent 
flow, (c) at hydraulic fracturing, (d) at erosion of fracture fill, (e) at plugging of fissures 

F i g . 2 . 1 2 ( a ) p re sen t s the case in w h i c h the f low in the f issures a r o u n d the sec t ion is l amina r , the 

ma te r i a l in t h e m is n o t e r o d e d , and the re la t ionsh ip b e t w e e n ρ and q is l inear . T h e va lue of /V in this 

case is cons t an t for all p r e s su re s ρ app l ied du r ing the test . In the case of F i g . 2 . 1 2 ( b ) w h e r e the flow 

in the f issures is p r o b a b l y tu rbu len t , the f low q dec reases g radua l ly w i th the app l ied p r e s s u r e . In the 

case s h o w n in F i g . 2 . 1 2 ( c ) the fo rma t ion w a s hydrau l i ca l l y j a c k e d (c laquage) at the p re s su re pc -

exis t ing f issures a re w i d e n e d and n e w ones o p e n e d w h e r e the m i n o r p r inc ipa l s t ress b e c o m e s nega-

t ive , i n d u c i n g a s u d d e n inc rease in p e r m e a b i l i t y . In m o s t h y d r o t e c h n i c a l s t ruc tures the i m p o u n d e d 

w a t e r c a n n o t p r o d u c e h y d r a u l i c j a c k i n g in the founda t ion , thus l o w e r p e r m e a b i l i t y co r r e spond ing 

to the tes t ing p r e s s u r e p<pc shou ld b e cons ide red in the c o m p u t a t i o n of pe r co l a t i on . 
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In F i g . 2 . 1 2 ( d ) a case is s h o w n w h e r e the ma te r i a l filling the f issures is b e i n g e r o d e d d u r i n g the 

tes t , the p e r m e a b i l i t y inc reases exponen t i a l ly w i th inc reas ing p r e s s u r e , b u t it r e m a i n s h i g h w h e n the 

p r e s s u r e is r e d u c e d . 

T h e case w h e r e the ma te r i a l fi l l ing the f issures is b e i n g d i sp laced d u r i n g the p r e s s u r e tes t , bu t 

depos i t ed at s o m e d i s t ance f rom the test sec t ion , is s h o w n in F i g . 2 . 1 2 ( e ) . In such a case the per -

meab i l i ty of the fo rma t ion m a y b e r e d u c e d after the test . 

T h e pe rmeab i l i t y m e a s u r e d in the w a t e r p r e s s u r e test and exp re s sed in L U is n o t cons tan t . I t de -

p e n d s , a m o n g o t h e r fac tors , o n the appl ied p r e s s u r e , o n the s t r eng th and o n e las t ic p rope r t i e s of the 

r o c k . I ts va lue m u s t b e ana lyzed a n d se lec ted di f ferent ly in t w o g r o u p s o f p r o b l e m s : 

• the ana lys i s of w a t e r pe rco la t ion t h r o u g h the founda t ion of d a m s ; 

• the ana lys i s of g r o u t i n g , 

as wi l l b e exp la ined la ter o n . 

2 . 3 2 T h e L e f r a n c test 

Thi s test is dev i sed for m e a s u r i n g the pe rmeab i l i t y of g r anu l a r m e d i a in sec t ions of the exp lo ra -

t ion h o l e . It is ca r r i ed ou t in t w o w a y s : 

• t h r o u g h the b o t t o m sec t ion of a cased h o l e ; 

• t h r o u g h the l eng th L o f an uncased sec t ion of the h o l e . 

In ma te r i a l s of h i g h e r p e r m e a b i l i t y , cons tan t p r e s su re head h t is ma in t a ined and f low ra te q (1/s, 

c m /s) is m e a s u r e d . T h e pe rmeab i l i t y coeff ic ient k is c o m p u t e d f rom the app l ied p r e s s u r e head h, 

the s h a p e a n d s ize o f the tes ted sec t ion and f rom the f low q. I t is a s s u m e d that the ma te r i a l a r o u n d 

the test sec t ion is h o m o g e n e o u s and that the pe rco la t ion is l a m i n a r . T h e p r e s s u r e g rad i en t is eva lu-

a ted f rom the h y d r o d y n a m i c field a r o u n d the ho le and the c o r r e s p o n d i n g b o u n d a r y cond i t i ons . If 

the ma te r i a l is less p e r v i o u s a fall ing o r r i s ing p re s su re head test c an b e ca r r i ed ou t . 

T h e h o l e shou ld b e p r e p a r e d for the test w i th g rea t c a r e . Dr i l l ing ope ra t ions shou ld b e car r ied ou t 

so that m i n i m u m d i s tu rbance occu r s in the s u r r o u n d i n g ma te r i a l . Dr i l l i ng m a n o e u v r e s shou ld b e 

s low , espec ia l ly pu l l ing ou t the dr i l l ing e q u i p m e n t ( rods and s a m p l e r ) , in o r d e r to avo id any hy -

d rau l i c fai lure at the b o t t o m of the ho le w h i c h w o u l d loosen the s u r r o u n d i n g ma te r i a l and increase 

its p e r m e a b i l i t y . O n l y s lowly c i rcu la t ing c l ean w a t e r shou ld b e u s e d for d r i l l ing , w h i c h p reven t s the 

loosen ing of the ma te r i a l o n the wal l s and the b o t t o m of the h o l e . 

T h e test resu l t s d e p e n d to a h i g h d e g r e e o n the sa t is factory sea l ing o f the cas ing o n the t op o f the 

tested sec t ion . C i r cu l a t i on of w a t e r f rom this sec t ion to the sur face a long the cas ing should b e 

p r e v e n t e d . V a r i o u s shapes of test sec t ions a r e s h o w n in F i g . 2 . 1 3 . In p r ac t i c e , tests a r e ca r r ied ou t 

t h r o u g h the b o t t o m of the h o l e , as in ske tch (a) o r t h r o u g h a cy l indr ica l sec t ion as in ske tch (d) . In 

the first c a se , pe r co l a t i on is d o m i n a n t l y ver t i ca l , in the second o n e d o m i n a n t l y ho r i zon t a l , therefore 

the resu l t ing k v a lue c o r r e s p o n d s to the ver t ica l pe rmeab i l i t y in the first , and the ho r i zon t a l per-
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meab i l i ty in the s e c o n d case . T h u s the p r e s e n c e of p e r m e a b i l i t y a n i s o t r o p y c a n b e eva lua ted . A few 

detai ls of the o p e r a t i o n shou ld b e m e n t i o n e d . 

( a ) ( b ) ( c ) ( d ) 

2r 

V 

1 

F i g . 2 . 1 3 Different shapes of test sections in Le franc test, (a) test through the bottom of the hole,(b) sphe-
rical section, (c) ellipsoidal section, (d) cylindrical section, 1 casing, 2 clay plug for sealing the 
end of casing 

Drilling and preparation of test section 

Carefu l d r i l l ing shou ld b e ca r r i ed ou t wi th e q u i p m e n t w h i c h causes the leas t d i s t u rbance . D u r i n g 

the dr i l l ing the cas ing shou ld con t inuous ly fo l low the dr i l l ing bi t , and the level of f lushing wa te r 

shou ld a l w a y s b e m o r e than 1-2 m a b o v e the g r o u n d w a t e r t ab le . W h e n the b o t t o m of the h o l e reaches 

the des i red d e p t h , a p l u g m u s t b e ach ieved w h i c h wi l l p r e v e n t the pe rco l a t i on of tes t ing w a t e r to 

the sur face a long the ca s ing , as s h o w n in F i g . 2 . 1 4 . T h e cas ing is careful ly ra i sed b y abou t 5 0 c m . 

T h e n smal l ba l l s of p las t ic c lay (preferably ben ton i t e ) a re filled in to the h o l e in 2-3 l ayers and c o m -

pac ted 

F i g . 2 . 1 4 Three phases of placing clay plug 
at the end of casing 

2r' 

1 - tu be 2 - p i s t o n 

3 - c loy 

I ! 

ι I. ι 
L I - t 
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wi th a rod un t i l a p lug 1.0 m h igh is a ch i eved . T h e n the cas ing is p u s h e d d o w n and the c lay is dr i l led 

t h r o u g h , the b o t t o m is careful ly c leaned and the h o l e is r eady for tes t ing t h r o u g h the b o t t o m . B e f o r e 

tes t ing the s tabi l ized g r o u n d w a t e r level in the ho le is m e a s u r e d . 

Af ter the w a t e r p r e s s u r e test is c o m p l e t e d , the ho le is careful ly d e e p e n e d b y a b o u t 1.0 m , and the 

test is ca r r i ed ou t aga in t h r o u g h the cy l indr ica l sec t ion . If the wal l s of the u n c a s e d ma te r i a l col-

l apse , dr i l l ing m a y b e ca r r i ed ou t t h r o u g h a pe r fo ra ted cas ing . 

Measurement of permeability 

T h e m o s t re l iab le pe rmeab i l i t y test is ca r r ied ou t in th ree s teps , t h r o u g h the b o t t o m and t h rough 

the cy l indr i ca l sec t ion : 

1. the h o l e is filled w i t h w a t e r u p to the top and this w a t e r level is ma in t a ined b y the m e a s u r e d con-

stant f low q w h i c h is c h e c k e d a few t imes unt i l it b e c o m e s cons tan t ; 

2 . the f low is s topped and the ra te of level d r o p dh/dt, and the h e a d h a b o v e the g r o u n d w a t e r level 

a re m e a s u r e d at a few t ime in te rva l s ; 

3 . then the w a t e r level in the ho le is l o w e r e d b e l o w the g r o u n d w a t e r l eve l , the ra te of level r ise 

dh/dt is m e a s u r e d as a b o v e ; the nega t ive head shou ld b e wi th in safe l imi ts to p r e v e n t hydrau l i c 

fai lure a r o u n d the test sec t ion . 

T h r e e va lues of the pe rmeab i l i t y coeff ic ient k a re thus ob ta ined in b o t h the test t h r o u g h the bo t -

t o m and the test t h r o u g h the cy l indr ica l sec t ion of the h o l e . T h e d i f fe rence b e t w e e n the va lues of k 

f rom the tests t h r o u g h the b o t t o m and t h r o u g h the cy l indr ica l sec t ion , ref lect the d e g r e e of per -

meabi l i ty an i so t ropy of the m a t e r i a l . T h e di f ferences in the va lues of k in the th ree s teps of the test 

shou ld gene ra l ly b e m i n o r . L a r g e r d i f ferences w o u l d indica te e i ther that the seal of the cas ing bot-

t o m is defec t ive o r that h y d r a u l i c fai lure has o c c u r r e d . In the first case k f rom the first s tage w o u l d 

b e l a rge r than the o n e f rom the second s tage and it w o u l d dec rea se w i th the d r o p p i n g head in the 

second and the th i rd s t age . In the second case , k f rom the th i rd s tage w o u l d b e s ignif icant ly l a rger 

than in the second s t age . In such ins tances va lues of k a re no t r e l i ab le , the c loses t va lue w o u l d be 

the o n e f rom s tage 2 at l o w head di f ference h. 

Computation of the permeability coefficient 

T h e c o m p u t a t i o n of k is based o n the theore t ica l po ten t ia l field of a r o u n d the test sec t ion in a h o -

m o g e n e o u s p o r o u s m e d i u m and o n the D a r c y l aw 

ν = i k (2 .11) 

f rom w h i c h the f low 

q = v A (2 .12) 

is ob t a ined , w h e r e A is the a rea of the test sec t ion . 

T h e p r e s s u r e g rad i en t is exp res sed as 

i = c /h (2 .13 ) 
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c b e i n g a cons t an t of the f low ne t w h i c h d e p e n d s o n the shape of the test sec t ion . T h e n the pe r -

meab i l i ty coeff ic ient f rom the cons tan t head test c a n b e wr i t t en as : 

k = c q / h A . (2 .14) 

In the case of the cons tan t h e a d test t h r o u g h the b o t t o m of the h o l e the so lu t ion y i e lds : 

k = q / 0 , 5 5 r h , (2 .15) 

f rom a d r o p p i n g h e a d test: 

k = ( 1 , 3 1 r /At) log ho/ht . (2 .16) 

T h e so lu t ion for a cy l indr ica l cons tan t h e a d test , sec t ion l eng th L , r ad ius r is i b y : 

k = ( 0 , 3 7 q / L h) log L / r , (2 .17) 

and for a va r i ab l e h e a d test: 

k = ( 2 , 6 4 r 2 / L At ) ( log L / r ) log h o / h t. (2 .18 ) 

Ske tches and d i m e n s i o n s a re s h o w n in F i g . 2 . 1 5 . 

( a ) ( b ) 

t = 0 

\--Δ\ 

h i ' 

(c ) 

! I 

ι I 
L _ J 

(d ) 

t =0 

t = A t 

Fig . 2 .15 Notations for the Lefranc test equations 2 . 1 6 - 2 . 1 8 , (a) measurement through the bottom at 
constant pressure, (b) same at variable pressure, (c) cylindrical section at constant pressure, 
(d) same at variable pressure 

2 . 3 3 U s e of the p e r m e a b i l i t y resul t s for p e r c o l a t i o n a n d g r o u t i n g a n a l y s e s 

L u g e o n h a s def ined the r o c k p e r m e a b i l i t y f rom e q u a t i o n 2 . 7 as the n u m b e r of un i t s w h i c h is ob -

ta ined f rom the m e a s u r e m e n t at 10 b a r p r e s s u r e . H e p r o p o s e d c r i te r ia o n w h i c h the need for grout -

ing o f the founda t ion o f w a t e r i m p o u n d i n g s t ruc tu res is as fo l lows : 

• for d a m s l o w e r than 3 0 m , the founda t ion shou ld b e g rou t ed to a d e p t h w h e r e Ν > 3 L U , 

and for h i g h e r d a m s Ν > 1 L U . 

In o r d e r to m a k e dec i s ions for the n e e d and the ex ten t of g r o u t i n g u n d e r h i g h d a m s w h i c h a re bui l t 

on geo log ica l ly u n f a v o r a b l e cond i t i ons , such a s imp le ru le is n o t sa t i s fac tory . In such cases the con-

ht
tp

s:
//t

el
eg

ra
m

.m
e/

G
eo

lo
gy

bo
ok

s

https://telegram.me/Geologybooks


3 0 

sequences of i m p o u n d i n g m u s t b e eva lua ted o n : 

• the upl i f t o n the founda t ion p l ane of the s t ruc tu re ; 

• the i m p a c t of the f low of w a t e r t h r o u g h the founda t ion o n its s tabi l i ty and the poss ib i l i ty of 

e r o s i o n of filled f issures ; 

• the total f low of w a t e r lost t h r o u g h the founda t ion r o c k and its e c o n o m i c i m p o r t a n c e . T h e 

pe rmeab i l i t y coeff ic ient k is n e e d e d for such s tudies . 

F ig . 2 .16 Relationship between Lugeon values and the permeability coefficient k for fissured media, 
(a) model with extreme permeability anisotropy, (b) model with isotropic permeability, 
(c) ratio between Ν and k, 1 from Eq. (2. 10), Ν Lugeon Units. 

Riss le r (191Ί, 1980) has c o m p u t e d k app ly ing the so lu t ion of W i t t k e and L o u i s ( 1 9 6 8 ) , as de -

sc r ibed br ief ly in sec t ion 2 . 2 , to the test sec t ion w h i c h is in te rsec ted b y j o in t s and f issures . T h e re -

sults for a w a t e r p r e s s u r e test in a h o l e of 7 . 6 c m d i a m e t e r a r e s h o w n in F i g . 2 . 1 6 for the m e a s u r e d 

f low q at a test p r e s s u r e of 5 ba r . T w o e x t r e m e cases a re s h o w n : 

(a) o n e s y s t e m of f issures p e r p e n d i c u l a r to the axis of the test sec t ion , w i d t h δ, 

(b) t h ree sy s t ems o f mu tua l l y p e r p e n d i c u l a r f issures of the s a m e w i d t h as in (a ) . 
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C a s e (a) p r e sen t s a n e x t r e m e case o f a n i s o t r o p y w i t h kz, ky = 0 , kx = k, case (b) is a n i so t ropic 

m e d i u m , kZy ky = kz = k. T h e re l a t ionsh ip Q : k s h o w n b y the c u r v e s h o l d s for l a m i n a r f low th rough 

the f i ssures , the r a n g e o f the ou t e r b o u n d a r y of the r e g i o n is b e t w e e n 1 0 < R < 1 0 0 m a r o u n d the 

k, c m / s — 

Fig . 2 .17 Relationship between the width <5and the number η of fissures per meter, and the permeability 
coefficient k (Vaughan, 1963) 

h o l e . In the d i a g r a m the po in t w h i c h c o r r e s p o n d s k f rom e q u a t i o n 2 . 1 0 is s h o w n , w h i c h w a s c o m -

pu ted for a h o m o g e n e o u s l y p o r o u s m e d i u m . It is s een tha t the da ta f r o m e q u a t i o n 2 . 1 0 shou ld b e 

d o u b l e d to m e e t the resul t s ob ta ined b y the m o r e a c c u r a t e a p p r o a c h b y Riss le r . I t is in te res t ing to 

n o t e tha t the m u c h s i m p l e r c o m p u t a t i o n of k a s s u m i n g a h o m o g e n e o u s l y p o r o u s m e d i u m does c o m -

p a r e we l l w i t h t he m o r e sophis t i ca ted c o m p u t a t i o n for a f issured m e d i u m , a n d tha t the re is a g o o d 

co r r e l a t i on b e t w e e n the va lues of Ν and k. 

By equa t i ng the f low q t h r o u g h a p o r o u s m e d i u m w i t h the o n e t h r o u g h a f issured m e d i u m wi th one 

s y s t e m of equ id i s t an t f issures at a spac ing of 1/n, V a u g h a n (1963) h a s c o m p u t e d the w i d t h of the 

f issures w h i c h w o u l d g i v e the s a m e k a s : 

ô = ( 2 k / n 7 w ) 1 /3 ( 2 .19 ) 

F i g . 2 . 1 7 s h o w s the r e l a t ionsh ip b e t w e e n k, η and δ. 

W a t e r pe r co l a t i ng t h r o u g h r o c k causes c h a n g e s of the s t ress s ta te / w h i c h a r e n o t the s a m e a r o u n d 

the test sec t ion of a b o r e h o l e , as in the founda t ion r o c k b e l o w a d a m , as s h o w n in F i g . 2 . 1 8 . In the 
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Fig . 2 .18 Permeability of fissured rock, (a) in the domain of dam foundation, (b) local conditions around 
the permeability test section 

test sec t ion , w a t e r p r e s s u r e ac t ing o n the p e r i m e t e r causes tensi le s t resses w h i c h dec rease the a m -

b ien t s t resses , d i la te the rock , and increase its pe rmeab i l i t y . 

T h e oppos i t e is the case in the founda t ion of a d a m , w h e r e the w e i g h t of the s t ruc tu re increases 

the s t resses and c loses the f issures , thus r educ ing to s o m e d e g r e e the p e r m e a b i l i t y . It c an safely be 

a s s u m e d that the ac tua l pe rmeab i l i t y of r ock in the d o m a i n b e l o w the s t ruc tu re is l o w e r than the one 

c o r r e s p o n d i n g to the t angen t at the o r ig in of the (p /q) l ine of a n y s ingle m e a s u r e m e n t , as s h o w n in 

F i g . 2 . 1 2 . 

T h e resul ts of w a t e r p r e s su re tests desc r ibed p r o v i d e the bas is for c o m p l e t i n g a geo techn ica l m o d e l 

for the c o m p u t a t i o n of the h y d r o d y n a m i c field in the d a m founda t ion . T h e resu l t of such c o m p u t a -

t ion is on ly an a p p r o x i m a t i o n of the real cond i t i ons , the m o r e so the less accu ra t e the input da ta on 

g e o l o g y , s t ra t i f icat ion and pe rmeab i l i t y m e a s u r e m e n t s a r e . 

A mis in t e rp re t a t i on of pe rmeab i l i t y tests can lead to an e r r o n e o u s conc lu s ion as in the e x a m p l e of 

the inves t iga t ion for the founda t ion of the D e r b e n d i K h a n D a m (Iraq) in 1959 . T h e d a m foundat ion 

cons is t s of schis ty and m a r l y r o c k , and the exp lo ra t ion resul ts h a v e s h o w n that the r o c k pe rmeab i l i ty 

w a s less than 10 L U in on ly 1 0 % of the tes ted dr i l l h o l e sec t ions , wh i l e in 5 0 % of t h e m it w a s m o r e 

then 55 L U (F ig . 2 . 1 9 ) . It w a s a s s u m e d that the rock is ve ry p e r m e a b l e . A deta i led sc ru t iny of the 
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pe rmeab i l i t y test r e c o r d s has s h o w n that the fo rma t ion w a s b e i n g hydrau l i ca l l y f rac tured at test p ress -

u re s we l l b e l o w ρ = 10 bar, o n w h i c h the eva lua t ion of k w a s b a s e d . T h e cr i t ica l p r e s s u r e at wh ich 

the founda t ion w a s f rac tured is s h o w n in F i g . 2 . 2 0 . W h e n pe rmeab i l i t y coeff ic ient k w a s r echecked 

at test p r e s su re s l o w e r than pc, it w a s found that the ac tua l in situ r o c k pe rmeab i l i t y w a s s ignif icant-

ly l o w e r . T h e g r o u n d cur ta in was sat isfactor i ly g rou t ed and n o p r o b l e m s a rose wi th seepage after 

i m p o u n d i n g the r e se rvo i r . 

Ν , L U 

F i g 2 . 19 Distribution of measured permeability in sections of exploration holes at Derbendi Khan Dam 
at depths 0-30 m and 60-100 m 

Di f fe ren t c r i t e r ia a r e n e e d e d for the eva lua t ion o f r o c k p rope r t i e s re la ted to g r o u t i n g w h i c h is a imed 

at p l u g g i n g as m a n y f issures as poss ib le in a des i red r ad ius a r o u n d the g r o u t e d sec t ion . A t h ighe r 

p r e s su re s g r o u t pene t r a t e s the f issures fa r ther , and the pene t r a t i on is a l so i m p r o v e d b y hydrau l i c 

f rac tur ing w h e n n e w f issures a re o p e n e d d u e to e x c e e d i n g the cr i t ical p r e s s u r e . 

T h u s , for the eva lua t ion o f r o c k g r o u t i n g charac te r i s t i cs the p e r m e a b i l i t y Ν (o r k) shou ld b e c o m -

pu ted for the m a x i m u m p re s su re ach ieved in the w a t e r p r e s s u r e test . In the e x a m p l e s h o w n in F i g . 

2 . 1 2 ( c ) a n d (d) p e r m e a b i l i t y o u g h t to b e c o m p u t e d for the cu r t a in des ign and s e e p a g e ana lys is f rom 

the t angen t a t the o r ig in of (p,q) l ine , b u t for the eva lua t ion of g r o u t i n g cond i t ions and g rou t con-

s u m p t i o n it shou ld b e c o m p u t e d the f rom f low q a t the h ighes t p r e s s u r e ach ieved in the test . In g rou t -

ing p r ac t i c e s u c h deta i l s a re often o v e r l o o k e d . 
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30 Ί 1 ' ' 1 -

200 400 600 800 

p , k Ρα 

Fig . 2 . 20 Critical pressure p c at which hydraulic jacking occurred in exploration holes at Derbendi Khan 
Dam foundation 

It c an b e c o n c l u d e d that : 

• r o c k p e r m e a b i l i t y as ob ta ined f rom L u g e o n ' s test at a p r e s su r e of 10 b a r (equa t ion 2 .7 ) is 

n o t to b e u s e d for the ana lys is of s eepage t h r o u g h the founda t ions of d a m s ; the va lue o b -

ta ined f rom the s lope at the o r ig in of the (p,q) l ine m u s t b e u s e d ins tead 

• for the e s t ima te of g rou t ing cond i t ions and g r o u t c o n s u m p t i o n , the p e r m e a b i l i t y should be 

u s e d f rom the (p,q) l ine at the env i saged g rou t ing p r e s s u r e . 

In cases w h e n the capac i ty of the p u m p is no t sufficient to ach ieve the specif ied tes t ing p r e s s u r e , 

the test resul t is of ten desc r ibed as "permeab i l i ty ve ry l a r g e " , pe rmeab i l i t y "not def ined" o r "per-

meabi l i ty indef in i t e" . In such cases ρ and q va lues at l o w e r p re s su res m a y b e u s e d to eva lua te the 

va lue of TV. If l o w p re s su re s can no t b e ach ieved e v e n at full capac i ty of the p u m p , the test m a y be 

ca r r i ed ou t so that the p a c k e r tube is filled w i th the ava i lab le f low q, and the w a t e r leve l d r o p in the 

m b e is m e a s u r e d . T h e pe rmeab i l i t y is then eva lua ted as desc r ibed in the Le f ranc test . 
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3 . G R O U T I N G S U S P E N S I O N S , S O L U T I O N S A N D R E S I N S 

V a r i o u s ma te r i a l s a r e u s e d for g r o u t i n g , d e p e n d i n g o n the p u r p o s e o f g r o u t i n g and the p roper t i es 

o f the g r o u t e d r o c k o r so i l . T h e y m a y r a n g e f rom plas t ic m o r t a r s , th ick o r l iquid suspens ions of ce -

m e n t and o t h e r c o m p o u n d s and addi t ives in w a t e r , so lu t ions o f c h e m i c a l s , r e s ins , art if icial f oams , 

to h o t b i t u m e n a n d b i t u m e n e m u l s i o n s . 

(α) 

, l u u 

10"6 10"5 10"A 10 3 102 10"1 

k , c m / s — -
( b ) 

gravel s a n d s i l t c lay 

σ 85 

50 
\ P (v 

{ i P C . C l \ S i \ 

\ \ H \ \ 
N W V C V M C 

\ N \ H \ MC 
\ Δ Δ —\ Δ Υ 

S Ni \ λ 

6 0 20 6 2 0.6 0.2 0 06 0.02 0.006 0 0 0 20 . 0 0 1 

—— D,mm 

F i g . 3 . 1 Permeability and grain size distribution of injectable soil, (a) permeability, void size and limits 
of groutability, (b) grain size distribution and groutability with: PC-Portland cement, 
PC,Cl-cement/clay, Si silicates; cement grain size curves: Ν normal, Η high early strength, 
C colloidal, M C ultrafine 

S u s p e n s i o n s a re injected in to f issured rock and in to g r a n u l a r m e d i a w i th h i g h po ros i ty and large 

v o i d s . M o r t a r s w h i c h a r e c o m p o s e d of fine to coa r se sand , c e m e n t and s o m e plas t i f iers ,are used to 

p l u g l a r g e f issures and cav i t i e s . So lu t ions a re injected in to fine g ra ined p o r o u s soi ls in to w h i c h sus-

pens ions c a n n o t p e n e t r a t e , and a ge l o r stiff ma te r i a l is f o rmed in the v o i d s . A recen t a d v a n c e is in 
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u s i n g severa l k inds of res ins the v iscos i ty of w h i c h is c o m p a r a b l e to v i scos i ty o f w a t e r , and w h i c h 

a re m o r e pene t r ab l e than the so lu t ions . T h e s ize of f issures and vo ids and the pe rmeab i l i t y coeffi-

c ient of ma te r i a l s w h i c h can b e g rou t ed wi th in this r a n g e of ma te r i a l s is s h o w n in F i g . 3 . 1 ( a ) . In 

F i g . 3 .1 (b ) the r a n g e of the g ra in s ize cu rves w h i c h c a n b e g rou t ed w i t h di f ferent c o m p o u n d s is 

s h o w n . 

3 . 1 . S u s p e n s i o n s 

T h e ingred ien t s for the p r epa ra t i on of m o r t a r s and g rou t ing suspens ions a r e : c e m e n t ( C ) , b e n t o -

ni te (B) , c lay ( C L ) , sand and fillers (S) , addi t ives (A) for s tabi l i ty , and w a t e r ( W ) . 

In p rac t i ce the desc r ip t ion of g rou t ing suspens ion is no t s t anda rd ized . In s o m e ins tances the m i x -

ing ra t io of the ing red ien t s b y v o l u m e is g i v e n , and A n g l o - S a x o n , m e t r i c un i t s and la te ly a l so the SI 

sys t em of un i t s a re a d o p t e d . In o the r ins tances the m i x i n g ra t io b y w e i g h t o r b y m a s s un i t s is g iven . 

In s o m e cases sacks of c e m e n t and l i ters of w a t e r a re u s e d , i n t roduc ing m o r e confus ion , b e c a u s e a 

sack of c e m e n t con ta ins abou t 45 k g (94 lb) in A n g l o - S a x o n u n i t s , w h e r e a s it con ta ins 5 0 k g in Eu-

r o p e and m a n y o the r c o u n t r i e s , and 4 0 k g in Aus t ra l i a . M o r e confus ion is i n t roduced r ega rd ing the 

specif ic g r o u t c o n s u m p t i o n w h i c h m a y b e g iven as sacs/f t , k g / m and l i t / m . In m a n y pape r s and p u b -

l ica t ions the rea l m e a n i n g of the un i t s is no t e v e n we l l def ined . In o r d e r to avo id a n y a m b i g u i t y in 

this b o o k , m i x i n g ra t ios b y w e i g h t and specif ic g r o u t c o n s u m p t i o n in k g / m of the d r y ingred ien ts 

wil l b e u s e d . T h e da ta p re sen ted in o the r sys t ems of un i t s c a n b e conve r t ed b y m e a n s of d i a g r a m s 

p r e p a r e d b y H o u l s b y ( 1 9 7 7 ) . 

T h e c o m p o s i t i o n of a suspens ion is def ined b y the p r o p o r t i o n of the d ry w e i g h t of ingred ien t s in 

the un i t m a s s , and b y the ra t io of w a t e r a d d e d to the d ry ing red ien t s . A g r o u t i n g suspens ion , for in-

s tance cons i s t ing of 1 un i t of c e m e n t , 3 .75 un i t s of c lay , 0 . 2 0 un i t s of ben ton i t e and 0 . 0 5 uni ts of 

addi t ives b y w e i g h t , and 2 un i t s of w a t e r o n 1 un i t of ingred ien t s b y w e i g h t c a n b e desc r ibed as : 

0 . 2 C : 0 . 7 5 C L : 0 . 0 4 B : 0 . 0 1 A : 2 . 0 W (3 .1 ) 

3 . 1 1 . T h e p e n e t r a t i o n of s u s p e n s i o n s in to f i ssures a n d v o i d s 

A suspens ion injected u n d e r p r e s su re wil l c i rcu la te in the f issures and vo ids l ike a v i scous fluid 

unt i l s o m e of the l a rge r s u s p e n d e d par t ic les a re b l o c k e d w h e r e the f issures o r vo ids ge t n a r r o w e r 

than the s ize of the g r a i n s . 

T h e abi l i ty of c e m e n t g ra ins to pene t r a t e t h r o u g h the vo ids of h o m o g e n e o u s l y p o r o u s m e d i a can 

b e eva lua ted f rom filter tests i n t roduced by She ra rd et a l . ( 1 9 8 4 ) . T h e s e tests h a v e s h o w n that g ra ins 

of d i a m e t e r 9 d s s in the suspens ion a r e safely re ta ined o n a filter l aye r , the g r a i n s ize of w h i c h is 

D i s , and a filter of D i 5 = 2 0 d 8 5 wil l safely pass t h e m t h r o u g h . T h e pe rmeab i l i t y coeff ic ient of the 

filter is in the r a n g e of k = 0 . 3 5 D 1 5 ( D 1 5 in m m ) . T h e r a n g e of g ra in s ize d i s t r ibu t ion of severa l 

k inds of c e m e n t u s e d for g rou t ing a r e s h o w n in F i g . 3 .1 (b ) (after S h o m o d i and O h m o r i , 1982) . 

F r o m S h e r a r d ' s r e l a t ionsh ip it is seen that the n o r m a l Po r t l and c e m e n t Ν c a n b e injected in to g ra -

v e l l y s and w i t h D i 5 = 0 . 8 4 m m , the h i g h e a r l y s t r e n g t h c e m e n t Η i n t o c o a r s e s a n d w i t h 
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D i 5 = 0 . 6 7 m m , the co l lo ida l fine c e m e n t C in to m e d i u m sand w i t h D i 5 = 0 . 3 8 m m , and the u l t ra 

fine c e m e n t MC in to fine sand wi th D i s = 0 . 1 2 m m . T h e c o r r e s p o n d i n g pe rmeab i l i t y coeff icient 

f rom S h e r a r d ' s r e l a t ionsh ip as we l l as the specif ic sur face of the c e m e n t s and the respec t ive dss and 

Dis a r e s h o w n in T a b l e 3 . 1 . 

T A B L E 3 . 1 

L i m i t s of p e n e t r a t i o n of c e m e n t in to g r a n u l a r soi ls 

Speci f ic k d85 Dis 
C e m e n t sur face of so i l 

c m / g c m / s m m m m 

Ν 3 . 1 7 0 2 , 3 . 1 0 " 1 0 , 0 4 7 0 , 8 7 

Η 4 . 3 2 0 1 ,3 .10" 1 0 , 0 3 3 0 , 6 7 

C 6 . 2 7 0 3 , 2 . 1 0 " 2 0 , 0 1 9 0 , 3 8 

M C 8 . 1 5 0 3 , 5 . 1 0 " 3 0 , 0 0 6 0 , 1 2 

A h o m o g e n e o u s l y p o r o u s mate r i a l c a n b e p re sen t ed as a c lus te r of capi l la r ies of d i a m e t e r k t h rough 

w h i c h a l a m i n a r f low of w a t e r is es tab l i shed . F r o m D a r c y 1 s l aw the ve loc i ty is ν = k i and f rom H ä g e n 

P o i s e u i l l e ' s l a w it is ν = d i 7 / 3 2 μ , w h i c h , w h e n e q u a t e d , y ie lds the d i a m e t e r of the capi l lar ies 

w h i c h w o u l d c o r r e s p o n d to the pe rmeab i l i t y : 

d k = C V k (3 .2) 

in w h i c h C is a cons t an t . 

F r o m this r e l a t i onsh ip , the d i a m e t e r of capi l la r ies c o r r e s p o n d i n g to a g i v e n pe rmeab i l i t y k t h rough 

w h i c h a s u s p e n s i o n w i t h m a x i m u m g ra in s ize ds c an f low is ob t a ined , b e c a u s e dk > m a x d s mus t 

h o l d . T h e cons t an t C is g i v e n b y K o l l b r u n n e r (1948) as C i = 0 . 1 0 , after C a m b e f o r t it is in the r ange 

0 . 0 6 < C2 < 0 . 0 8 . T a k i n g a c lus te r of capi l la r ies w i th d i a m e t e r dk as a m o d e l of the p o r o u s soi l , w h i c h 

c o r r e s p o n d s to the soil pe rmeab i l i t y k f rom equa t ion 3 . 2 , the m a x i m u m d i a m e t e r of g ra ins ds can 

b e e s t ima ted as s h o w n in F i g . 3 . 1 ( a ) . T h i s is in any case a r o u g h a p p r o x i m a t i o n , usefu l as a genera l 

g u i d e . T h e d i a g r a m in F i g . 3 .1 (a ) s h o w s that suspens ions of n o r m a l c e m e n t c a n b e injected into por -

2 1 

ous soil w i t h k > 10" c m / s ( s o m e au tho r s a s s u m e the l imi t to b e k = 10 c m / s ) , c l ayey suspens ions 

can b e in jected u p to the l imi t of k = 1 0 " 4 c m / s , and less p e r m e a b l e soil on ly w i t h so lu t ions o r wi th 

res ins of l o w v i s c o s i t y . T h e l o w e r l imi t for pe rmeab i l i t y is in any case k > 1 0 " 6 c m / s , because b e l o w 

this va lue the ve loc i ty of pe rco l a t i on is so smal l tha t on ly a smal l v o l u m e of soil a r o u n d the grout -

ing s tage c a n b e in jected w i th in a r ea sonab l e pe r iod of t i m e . 

T h e s ta t is t ical ly r e l evan t pe rmeab i l i t y of l a rge v o l u m e s of f issured r o c k can b e a p p r o x i m a t e d by 

D a r c y ' s coeff ic ient k c o m p u t e d f rom a l a rge n u m b e r of L u g e o n tests as w a s s h o w n in C h a p t e r 2 . 

In such ma te r i a l s the f issures a r e m u c h w i d e r than the capi l la r ies c o r r e s p o n d i n g to the s a m e per -

meab i l i ty . T h e w i d t h δ o f the f issures is 6 -30 t imes l a rge r than the c o r r e s p o n d i n g d i a m e t e r dk of 
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the cap i l l a r i es . T h u s a f issured rock of the s a m e pe rmeab i l i t y A; as a h o m o g e n e o u s l y p o r o u s soil can 

b e injected w i t h suspens ions of m u c h l a rge r par t ic le s ize max ds, as seen in F i g . 3 . 1 ( a ) . C e m e n t sus-

p e n s i o n s can b e injected in to f issured rock of a pe rmeab i l i t y n o t less t han k > 1.5 10" c m / s 

( N ~ 1 L U ) wh i l e g r a n u l a r m e d i a w i th k < 10 c m / s can no t b e injected. 

T h e ve loc i ty of f low of the suspens ion in the f issures o r vo ids of the ma te r i a l u n d e r in jec t ion p ress -

u r e va r i e s f rom po in t to po in t . It d e p e n d s o n the p r e s su r e g rad ien t , o n the w a t e r r a t io and the v is -

cos i ty of the su spens ion , as wel l as o n the d i m e n s i o n s , the r o u g h n e s s and to r tuos i ty of the fissures 

o r vo id p a t h s . 

T h e f low of the injected suspens ion s tops w h e n the ava i lab le p r e s s u r e g r ad i en t is n o t sufficient to 

o v e r c o m e the res i s tance to f low. T h e n the injected z o n e b e c o m e s sa tu ra ted . 

T h e g r o u t i n g suspens ions u sed for g rou t ing fall in to three m a i n ca t ego r i e s : unstable, stable and 

thixotropic s u spens ions . W i t h unstable suspens ions the f issures o r vo ids a r e filled in t w o w a y s : 

• b y set t l ing w h e r e the f low veloc i ty b e c o m e s l o w , as s h o w n in F i g . 3 . 2 ( a ) ; in the d o m a i n (1) 

the ve loc i ty is h i g h and all par t ic les sma l l e r than dp a re ca r r i ed t h r o u g h , a t (2) the veloci ty 

is l o w so that l a rge r g ra ins settle and g radua l ly fill the space , the f low p a t h is n a r r o w e d unt i l 

s o m e l a rge r g ra ins ds b lock it; 

• b y f i l ter ing w a t e r f rom the set t led par t ic les in the b l o c k e d pa ths as a c o n s e q u e n c e of the 

s eep ag e force and the p re s su re g rad ien t at (1 ) ; the subsequen t r ise o f the g r o u t p r e s su r e a long 

a b l o c k e d f issure (or f low pa th in a g r anu l a r mater ia l ) is ske tched in F i g . 3 . 2 ( b ) ; the r is ing 

p r e s s u r e g rad i en t c o m p a c t s the set t led par t ic les and conso l ida tes the injected ma te r i a l . 

F i g . 3 . 2 Process of filling voids and fissures, (a) sedimentation of suspended particles, 1 high velocity, 
particles ds are carried through voids, 2 block passage dp, 3 low velocity, particles settle and fill 
voids, (b) subsequent blocking of the fissure, χ path along the fissure, ρ subsequent injection 
pressure distribution along the fissure, 1-4 subsequently blocked narrow sections of the fissure 
and distribution of pressure along the fissure 

In b o t h cases the final s t reng th of the ma te r i a l in the g r o u t filling the f issures d e p e n d s o n the grout -

ing p r e s s u r e , and the p r e s su re g rad i en t at va r ious loca t ions , espec ia l ly d u r i n g the sa tu ra t ion p h a s e . 
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T h e nece s sa ry cond i t i on for such a d e v e l o p m e n t o f the g r o u t i n g p r o c e s s is a c o n v e n i e n t ra t io d p: d s 

o f the d i m e n s i o n s of the f issures o r vo ids df^and the m a x i m u m size of s u s p e n d e d g ra ins ds: if the 

ra t io is h i g h , b l o c k i n g o f the pas sages wil l b e difficult to a c h i e v e , the injected su spens ion wil l no t 

b e c o m p r e s s e d and it wi l l r e m a i n soft after se t t ing , the g r o u t wil l b e was t ed a n d the effect neg l ig ib le . 

If the ra t io is l o w o r less than o n e , m o s t of the f issures and f low pa ths wi l l b e b l o c k e d a l r eady at 

the wa l l s of the injected h o l e , o r no t far ins ide the f i s su res ,and g r o u t i n g wi l l b e ineff icient . 

W i t h stable s u s p e n s i o n s , l a rge r g ra ins d o no t set t le d u r i n g the inject ing p h a s e , they t rave l t h r o u g h 

the f issures o r vo ids un t i l the f low res i s tance d u e to the i r v iscos i ty o v e r c o m e s the p r e s s u r e g rad ien t 

fa r ther f r o m the g r o u t e d h o l e . N a r r o w f low pa ths m a y a l so b e b l o c k e d as desc r ibed a b o v e . W i t h 

inc reas ing g r o u t p r e s s u r e , w a t e r is f i l tered ou t of the suspens ion in ad jacent f iner f issures and the 

injected s u s p e n s i o n is conso l ida ted so that it ga ins ini t ial s t r eng th , w h i c h does n o t d e p e n d o n the set-

t ing o f the c e m e n t . 

Thixotropic su spens ions d e v e l o p s t r eng th b y fo rming soft ge ls w h e n at res t . W h e n injected in to a 

f o rma t ion of h i g h pe rmeab i l i t y this p r o p e r t y enab les the b l o c k i n g of the pene t r a t i on at a d is tance of 

the h o l e w h e r e the v iscos i ty and the d e v e l o p e d s t r eng th p r e v e n t fur ther pene t r a t i on in to the cavi t ies . 

In this case the final s t r eng th o f the injected ma te r i a l d e p e n d s o n its c o m p o s i t i o n , and n o conso l ida-

t ion b y s eep ag e p r e s s u r e can b e expec t ed . 

3 . 2 . M a t e r i a l s f o r s u s p e n s i o n s 

3 . 2 1 . P o r t l a n d c e m e n t 

T h e m a i n i ng red i en t for the p r e p a r a t i o n of g r o u t suspens ions is Po r t l and c e m e n t , gene ra l ly avai l -

ab le o n the m a r k e t in va r ious types k n o w n as P o r t l a n d , H i g h F u r n a c e o r M e t a l l u r g i c a l , Pozzo l an i c , 

Sulfa te Res i s t an t c e m e n t , w h i c h a re a l so r a n g e d b y the s t r eng th they ach i eve and the hea t deve loped 

d u r i n g se t t ing . V a r i o u s S t anda rds exis t in d i f ferent coun t r i e s w h i c h def ine the i r p rope r t i e s and char -

ac ter i s t ics as the c h e m i c a l c o m p o s i t i o n , the phys ica l p rope r t i e s and the m i n i m u m s t reng th . 

T h e c h e m i c a l c o m p o s i t i o n m u s t c o m p l y w i t h a s t anda rd ized r a n g e of con ten t s of SO3 , M g O , 

3 C a O A 2 Ü 3 , of a d d e d ine r t s , fly a sh and p o z z o l a n i c ma te r i a l . 

T h e s t anda rd i zed phys ica l c e m e n t p rope r t i e s a r e : 

2 

• the f ineness def ined as con t en t of g ra ins d > 0 . 0 9 m m and the specif ic sur face c m Ig after 

B la ine ; 
3 

• the un i t m a s s , g / c m ; 

• the t i m e of the s tar t and the end of se t t ing ; 

• v o l u m e and l inear s t ra in after se t t ing; 

• the s t r eng th after 3 , 7 and 2 8 d a y s . 
T h e s e p rope r t i e s a r e es tab l i shed b y s t anda rd ized l abo ra to ry tes ts . 
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T h e m o s t in te res t ing p r o p e r t y for the se lec t ion of c e m e n t for g r o u t i n g is its f ineness , w h i c h should 

b e as h i g h as poss ib le w h e n g r anu l a r soil o r f issured rock wi th n a r r o w f issures is to b e g rou ted . 

T h e o the r p rope r t i e s m e r e l y def ine the c e m e n t as a s t andard ized p r o d u c t w h i c h as such w o u l d be 

sui table for g rou t ing p u r p o s e s . T h e set t ing t ime as d e t e r m i n e d b y the V ica t test de se rves s o m e c o m -

m e n t . In this test the s t r eng th of a s t andard c e m e n t pas te d e v e l o p e d w i t h t i m e is es tab l i shed as the 

res i s tance to pene t r a t i on o f s t anda rd ized smal l p i s tons t h r o u g h the s a m p l e , and w h e n n o m a r k s a re 

left o n the s a m p l e su r face . T h e star t and the end of set t ing def ined in this w a y a r e no t abso lu te va lues , 

s ince the h y d r a t i o n p r o c e s s d e p e n d s o n the c o m p o s i t i o n of the s amp le w h i c h is left at res t du r ing the 

test . W h e r e g rou t ing is c o n c e r n e d the c e m e n t suspens ions u sed a re no t of s t andard c o m p o s i t i o n and 

they a r e cons tan t ly in m o t i o n unt i l they a re in jected in the f issures w h e r e the c e m e n t c o m e s to res t 

and c a n s tar t se t t ing a n d ga in ing s t r eng th . 

S o m e swel l ing after se t t ing w o u l d only b e conven i en t s ince it w o u l d inc rease the p r e s s u r e in the 

injected f issures after the c e m e n t has set . 

L i n e a r s h r i n k a g e , as es tab l i shed f rom the s t andard ized test , does n o t app ly to injected mater ia l 

s ince it is con t i nuous ly in a we t s u r r o u n d i n g in the f issures . 

ο 

C o m m e r c i a l l y ava i l ab le Po r t l and c e m e n t is mos t ly fine g ra ined (Blaine va lue abou t 3 , 4 0 0 c m /g) 

and it c an b e u s e d for g rou t ing w i thou t any res t r ic t ion . W h e n h i g h t u rbu l ence m i x e r s a r e u s e d for 

the p r e p a r a t i o n of suspens ions the f ineness of the c e m e n t is i nc reased , espec ia l ly if a th ick bas ic m i x 

F i g . 3 . 3 Influence of the mixing method on sedimentation of cément suspensions, 1 high turbulence 
mixer, 2 laboratory mixer, V volume of sediment, ν sedimentation velocity 
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is p r e p a r e d ( 0 . 8 C : 1 W ) w h i c h is then d i lu ted as r e q u i r e d . T h e effect o f s u c h a p r o c e d u r e o n the se-

d i m e n t a t i o n t ime and v o l u m e , w h i c h d e p e n d s o n the g ra in s ize o f the c e m e n t , is s h o w n in F i g . 3 . 3 . 

T h e s e d i m e n t a t i o n of the s a m p l e of a suspens ion o f 1 C : 3 W , p r e p a r e d in a h i g h t u rbu l ence m i x e r , is 

m u c h l o w e r than the s ed imen ta t i on of a s a m p l e o f the s a m e c e m e n t p r e p a r e d o n l y b y s t i r r ing the sus-

p e n s i o n in the g r a d u a t e d test j a r in the l abo ra to ry . A s the ra te of spher ica l g ra ins set t l ing in wa te r 

is p r o p o r t i o n a l to the squa re of the g ra ins d i a m e t e r (S tokes l a w ) , it c a n b e ca lcu la ted that the aver -

age d i a m e t e r of c e m e n t par t ic les m i x e d in a h i g h t u rbu l ence m i x e r is ( 1 : 7 . 2 5 ) 0 ,5 = 0 . 3 7 of the aver -

a g e d i a m e t e r o f g ra ins in the suspens ion p r e p a r e d in the l abo ra to ry . E x p e r i e n c e has s h o w n that 

c e m e n t con t a in ing less than 1 0 % gra ins l a rge r than 0 . 0 9 m m and a specif ic sur face of 2 , 7 0 0 c m /g 

o r m o r e , can b e u sed to g r o u t fine f issured r o c k , the pe rmeab i l i t y o f w h i c h is m o r e than 1 L U , p r o -

v ided the su spens ion is m i x e d in a h igh tu rbu lence m i x e r . T h e resu l t m a y b e i m p r o v e d w h e n the lar-

ges t g ra ins a r e sepa ra ted f rom the suspens ion , l eav ing the m i x e r b y m e a n s o f a h y d r o c y c l o n e . 

3 . 2 2 C l a y 

C l ay is a d d e d as a fine g ra in filler to r e d u c e the c e m e n t c o n s u m p t i o n , b u t it a l so i m p r o v e s the sta-

bi l i ty and the v iscos i ty of the suspens ion . F i n e f issured r o c k o r g r a n u l a r soil w i th l o w con ten t of silt 

and fine sand shou ld b e u s e d . T h e n a m e c lay deno te s soil g ra ins sma l l e r t han 2 μ π ι , and a l so a spe-

cific g r o u p o f m i n e r a l s . T h e s e a re f laky c rys ta l l ine par t ic les cons i s t ing o f o n e o r m o r e g roups of 

a lumos i l i ca t e s w i t h ions o f m a g n e s i a o r i ron in p l ace of s o m e o r all of a l u m i n u m ions in the crys ta l 

la t t ice a l so con t a in ing s o m e a lka l ine i ons . N e i t h e r a r e all par t ic les of c lay m i n e r a l s a r e n o t smal le r 

than 2 μ η ι , n o r a r e all soil par t ic les sma l l e r than 2 μ ι η c lay pa r t i c l e s . F o r a be t t e r u n d e r s t a n d i n g of 

the p rope r t i e s of c lay in re la t ion to g r o u t su spens ions , it is usefu l to recap i tu la te s o m e facts abou t 

the s t ruc tu re of c lay pa r t i c l e s . 

S i - t e t r a h e d r o n 

A l - o c t a h e d r o n 

M g - o c t a h e d r o n 

Ο 0 Ο 0 H 

• S i φ Al , M g 

F i g . 3 . 4 Building blocks of clay minerals, (a) Silica tetrahedron, (b) Aluminum and magnesium octahe-
drons, (c) schematic presentation of crystals 
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T h e b u i l d i n g b l o ck s of c lay mine ra l s a r e : 

• s i l ica t e t r ahed rons a s sembled in sheets o n a h e x a g o n a l g r id in w h i c h e v e r y th ree of four 

o x y g e n a t o m s a re a s s e m b l e d a r o u n d a s i l icon a t o m ( F i g . 3 . 4 ( a ) ) . 

• a l u m i n u m o r m a g n e s i u m oc t ahed rons coo rd ina t ed in sheets w i th a c o m m o n o x y g e n a t o m o r 

h y d r o x i l e g r o u p a r o u n d the a l u m i n u m o r m a g n e s i u m a t o m s ( F i g . 3 . 4 ( b ) ) . 

In F i g . 3 .4 (c ) these bu i ld ing b locks a r e s h o w n schemat ica l ly as un i t s o f t r apezo ida l sec t ion for the 

si l ica shee t s , the n a r r o w e r s ide p resen t ing the p l ane of the top of the t e t r ahed rons w i th o x y g e n a t o m s , 

the r e c t a n g u l a r ones the oc t ahedra l e l emen t s of a l u m i n u m o r m a g n e s i u m . W i t h such b locks differ-

en t c lay mine ra l s c a n b e p re sen t ed , as s h o w n in F i g . 3 . 5 . 

Kao l in i t e and m o n t m o r i l l o n i t e c lays a r e m a i n l y u sed for g r o u t i n g . 

Kaolinite con ta ins t w o Si b l ocks and o n e G b l o c k , as s h o w n in F i g . 3 . 5 . ( a ) , w i t h c o m m o n o x y g e n 

a t o m s o r h y d r o x i l e g r o u p s in the p l ane of the tops of the Si - t e t r ahed rons and Al - o c t a h e d r o n s . 

( α ) ( b ) 

\ * / 
s t r o n g bond 

\ S i / 
0 

/ Si \ 
\ Si / ) 

G 

/ Si \ J 
Si / 
G 1 

/ Si \ 

w e a k b o n d s 

F i g . 3 . 5 Schematic presentation of clay minerals, (a) kaolinite, (b) montmorillonite 

T h e kao l in i t e mine ra l s cons is t of bas i c sheets b o u n d toge the r b y V a n d e r W a a l s forces and hy-

d r o g e n b o u n d s w h i c h a r e s t rong e n o u g h to p r e v e n t m u c h swel l ing in the p r e s e n c e of wa t e r . Th i s is 

the m o s t c o m m o n g r o u p of c lay m i n e r a l s , they o c c u r in m o r e o r less r e g u l a r p la te le ts of hexagona l 

shape w i t h the d i m e n s i o n of 0 . 1 - 4 μ ι η in the p l a n e , and thei r th ickness is b e t w e e n 0 . 0 5 and 2 μ η ι . 

2 3 

T h e specif ic sur face is in the r a n g e of 10-20 m / g , and the un i t m a s s a r o u n d 2 . 6 0 - 2 . 6 8 g / c m . T h e 

ion e x c h a n g e capac i ty is 3-15 m e q / 1 0 0 g . It is w ide ly u s e d as a filler in c e m e n t / c l a y suspens ions . 

Montmorillonite cons is t s o f th ree b locks in the a r r a n g e m e n t Si:G:Si w i th c o m m o n o x y g e n a t o m s 

and h y d r o x i l e g r o u p s o n b o t h adjacent A/ -p lanes and tops of the Si-tetrahedrons and bu i ld large 

p lanes ( F i g . 3 . 5 ( b ) ) . T h e b o n d s o n these p lanes resul t f rom V a n d e r W a a l s forces and ca t ions w h i c h 

m a y b e p r e s e n t to equ i l ib ra te mi s s ing ions in the s t ruc tu re . T h e s e a re w e a k b o n d s and they a re eas-

ily b r o k e n b y spl i t t ing o r b y abso rp t ion of w a t e r m o l e c u l e s , w h i c h p r o d u c e s a h i g h swe l l ing po ten-

tial o n w e t t i n g . T h i s p r o p e r t y is ve ry i m p o r t a n t for g r o u t i n g . T h e par t ic les of m o n t m o r i l l o n i t e have 

-3 -2 
the d i m e n s i o n of 1-2 μ ι η in the p l a n e , their th ickness r anges f rom 10 μ η ι to 2 10 μ π ι , and the 
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2 2 

specif ic sur face is 5 0 - 1 2 0 m Ig w h e n d r y and 7 0 0 - 8 4 0 m Ig af ter swe l l ing and d i spers ing in 

w a t e r . T h e un i t m a s s is 2 . 3 5 - 2 . 7 0 g / c m , and the ion e x c h a n g e capac i ty 8 0 - 1 0 5 m e q / 1 0 0 g . M o n t -

mor i l l on i t e is u s e d for the p r e p a r a t i o n of s table c e m e n t s u s p e n s i o n s , t h ixo t rop ic suspens ions , for 

p las t i c iz ing th i ck m o r t a r u s e d for g r o u t i n g l a rge f issures a n d cav i t i e s , a n d for the p r e p a r a t i o n of 

d r i l l ing m u d s . 

Bentonite is a m o n t m o r i l l o n i t e c lay con ta in ing smal l quan t i t i e s of iner t m i n e r a l g ra ins (quar tz , cal-

c i te , fe ldspar , e t c . ) . In na tu ra l depos i t s it is found as ca lc i te ben ton i t e con ta in ing c a l c i u m ions ad-

s o r b e d in the c rys ta l la t t ice . A t t e r b e r g ' s l imi ts of such ben ton i t e a re a r o u n d 3 0 / 1 0 0 % . W h e n the 

G i - i o n s a r e r ep l aced b y TVa-ions the A t t e r g e r g ' s l imi ts inc rease to a b o u t 5 0 / 4 0 0 %. In Yugos l av i a 

the re a r e vas t depos i t s of ben ton i t e ( P e t r o v o Pol je in C r n a G o r a , N o v o M e s t o in S loven i a ) . Act i -

va ted w i t h s o d i u m it is ava i l ab le o n the m a r k e t pu lve r i zed p a c k e d in p a p e r sacks of 5 0 k g . O t h e r 

c lay m i n e r a l s l ike i l l i te , b iede l l i t e , ha l lo is i te e t c . a re r a re and no t i m p o r t a n t in g rou t ing a l though 

c lays con t a in ing s u c h mine ra l s can b e u s e d if ava i l ab le a t the s i te . 

T h e m i n e r a l c o m p o s i t i o n of c lays is d e t e r m i n e d b y m e a n s of m i n é r a l o g i e and p é t r o g r a p h i e ana-

ly se s , X - r a y di f f ract ion and different ia l t h e r m a l ana ly se s . F o r ident i f ica t ion p u r p o s e s and the eva lu-

a t ion of the geo t echn ica l p rope r t i e s of c l ays , the g r a in s ize ana lys i s and A u e r b e r g ' s l imi ts a re de ter -

( a ) ( b ) 

g r a v e l s a n d s i l t c lay 
I P I P 

CH 

CL 

CI 

Ml 

r M H 

60 2 0.06 0.002 35 50 w L % 

— D mm 

F i g . 3 . 6 Grain size distribution curve (a), plasticity chart (b) 

m i n e d in the l a b o r a t o r y in a c c o r d a n c e w i t h the r e l evan t s t a n d a r d s . T h e resul t s a r e p re sen t ed as s h o w n 

in F i g . 3 . 6 . a n d they a r e u s e d to es tab l i sh the c lass i f ica t ion g r o u p o f the m a t e r i a l . T h e act ivi ty of 

the ma te r i a l c a n b e es tab l i shed f rom the g ra in size c u r v e and the c lay m i n e r a l con t en t of the ma te r i -

al ( S k e m p t o n , 1953) a s : 

A = I P / C (3 .3 ) 

in w h i c h I P is the p las t ic i ty i n d e x in % and C = p e r c e n t of g ra ins sma l l e r t han 2 μ ι η . S k e m p t o n has 

d e t e r m i n e d that the c lay mine ra l ac t iv i ty A is a useful p a r a m e t e r for d i s t ingu i sh ing the mine ra log i -

cal c o m p o s i t i o n of the c lay f rac t ion. T h e act iv i ty A of the bas i c c lay mine ra l s is s h o w n in T a b l e 3 . 2 . 
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C l ay m i n e r a l Ac t iv i ty A 

Kaol in i t e 0 . 3 3 

Il l i te 0 . 9 0 

C a m o n t m o r i l l o n i t e 1.50 

N a m o n t m o r i l l o n i t e 7 . 2 0 

T h e s e p a r a m e t e r s enab l e to easi ly identify samples of c lay su i table for g rou t ing suspens ions and 

to select s a m p l e s for m o r e de ta i led l abora to ry tes t ing . 

C l ay can b e p roces sed for the p r epa ra t i on of g rou t ing suspens ions in its na tu ra l mo i s t s tate o r it 

c an b e d r i ed and pu lve r i zed be fo re u s e d . If a conven i en t na tu ra l supp ly of su i table c lay exists at the 

s i te , the first o p t i o n m i g h t p r o v e to b e m o r e conven i en t and ra t iona l . 

3 . 2 3 . S a n d a n d f i l lers 

Sand is a d d e d to s table g r o u t suspens ions w h e n a sys t em of l a rge f issures has to b e in jected. T h e 

g ra in s ize d i s t r ibu t ion and the m a x i m u m gra in s ize a r e c h o s e n to m a t c h the s ize of the f issures and 

to suit the ava i lab le g r o u t i n g p u m p s , the l ines and the f i t t ings. T h e r a n g e of m a x i m u m and min i -

m u m g ra in s ize shou ld s tr ict ly m e e t the specif ied r a n g e . 

W h e n l a rge r f issures m u s t b e injected, especia l ly if they a r e pe rco la t ed b y w a t e r , severa l k inds of 

fillers m a y b e a d d e d to s table o r even to th ixo t rop ic c e m e n t suspens ions . T h e s e m a y b e selected 

a m o n g s a w dus t , w o o d shav ings , s tr ips of c e l l o p h a n e , po lyv iny l o r po lyes t e r . C h i p s of artificial 

s p o n g e a d d e d to the g r o u t w e r e successful in p l u g g i n g w i d e pe rco la t ed f issures in the b a c k of some 

spr ings of 2 m /s capac i ty ( H l e b a r et a l , 1980) . 

3 . 2 4 . P las t i fy ing a g e n t s 

A l t h o u g h the forces ac t ing o n the p lanes b e t w e e n the sheets of c lay mine ra l s a r e re la t ive ly w e a k , 

the re a re u n b a l a n c e d e lec t r ic cha rges o n the sect ions ac ross the shee t s , w h i c h m u t u a l l y a t t ract and 

m a y b ind adjacent s ingle crys ta ls in to l a rge a g g l o m e r a t i o n s ( f lakes) . A suspens ion con ta in ing such 

a g g l o m e r a t i o n s of c lay par t ic les has p rope r t i e s w h i c h a re di f ferent f rom those in a suspens ion con-

ta in ing on ly d i spe r sed ind iv idua l pa r t i c l es , it is less s table and m a y b e m o r e v i scous and thus no t be 

su i table for g r o u t i n g . In o r d e r to p r e v e n t f loccula t ion in a c lay suspens ion , smal l quant i t ies of ions 

ca l led plast i f iers a re a d d e d to neu t ra l i ze the u n b a l a n c e d cha rges o n the edges of s ingle c rys ta l s , so 

that they mu tua l l y r epe l . C lay par t ic les then r e m a i n ind iv idua l ly s u s p e n d e d , and the a v e r a g e s ize of 

su spended par t ic les is m u c h sma l l e r than in a f locculated suspens ion of the s a m e c lay . 

T A B L E 3 . 2 

Act iv i ty of typica l c lay mine ra l s (after S k e m p t o n , 1953) 
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T h e m o s t c o n v e n i e n t plas t i f iers a r e salts of me ta l s w h i c h cause the h ighes t i nc rease of its p las-

t ici ty l imi t w h e n a d d e d to the c lay . S u c h a re ka t ions of l ight me ta l s in the s e q u e n c e of l i th ium ( I i ) , 

s o d i u m (Na) and p o t a s s i u m (Ä) . S ince l i t h ium salts a r e e x p e n s i v e , m a i n l y s o d i u m ca rbona te 

( N a 2 C 0 3 ) o r b i c a r b o n a t e ( N a H C 0 3 ) a r e u s e d , b e c a u s e p o t a s s i u m salts a r e less ac t ive . T h e op t ima l 

p r o p o r t i o n o f the plas t i f ier to b e a d d e d d e p e n d s o n the m i n é r a l o g i e c o m p o s i t i o n of the clay par -

t ic les . It is def ined as the ra t io of c lay b y w e i g h t in s imp le l abo ra to ry tests w h i c h c a n b e easi ly car-

r ied ou t at the s i te . T h e c lay is su spended in dis t i l led w a t e r in the ra t io o f 1 C L : 3 W to 1 C L : 5 W 

severa l s a m p l e s a r e p laced in 5 0 0 c m g r a d u a t e d l abo ra to ry j a r s and different quan t i t i es of the p las -

tifier is a d d e d to e a c h j a r r ang ing say f rom 0 . 5 % to 5 %. T h e suspens ions a r e in tens ive ly mixed for 

10 m i n and left to res t for 2 4 h o u r s w h e n the v o l u m e of the s e d i m e n t is m e a s u r e d . T h e s a m p l e w h i c h 

exh ib i t s the la rges t v o l u m e of s e d i m e n t con ta ins the o p t i m a l p r o p o r t i o n of plas t i f ier (F ig . 3 . 7 . ) . 

F i g . 3 . 7 Samples of suspensions with different quantities of sodium carbonate 

S e v e r a l p las t i f iers for c e m e n t suspens ions a r e c o m m e r c i a l l y ava i l ab le . T h e p u m p a b i l i t y o f thick 

c e m e n t suspens ions and m o r t a r s c an a l so b e i m p r o v e d b y the add i t ion of c o m m e r c i a l l y ava i lab le air 

en t r a in ing a g e n t s . T h e op t ima l m i x i n g ra t io is a l so es tab l i shed in the l abo ra to ry as desc r ibed for 

c lay . 

W h e n g r o u t i n g sha l low sec t ions of h o l e s , it is s o m e t i m e s usefu l to add s o m e acce le ra to r s for set-

t ing a n d ea r ly s t r eng th g a i n for b l o c k i n g sur face l e aks . Bes ides s o m e c o m m e r c i a l l y ava i lab le p r o -

d u c t s , p o t a s s i u m ch lo r ide (CaCl2) is of ten u s e d , as wel l as s o d i u m c a r b o n a t e . Bo th r e d u c e the final 

s t reng th to s o m e ex ten t , m o r e so CaCl2, w h i c h a l so r educes the plas t ic i ty of suspens ions con ta in ing 

ben ton i t e . 
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3 . 3 . P r o p e r t i e s o f g r o u t s u s p e n s i o n s 

T h e c o m p o s i t i o n and the p rope r t i e s of g r o u t suspens ions shou ld b e def ined a n d specif ied in the de -

s ign s tage of a p ro jec t to m e e t the r e q u i r e m e n t s of the j o b . T h e p rope r t i e s and the charac te r i s t ics of 

the suspens ions and of the injected m a s s a re tes ted in the l abo ra to ry . T h e tests i nc lude : 

• the c o m p o n e n t s of the suspens ions and the i r m i x i n g ra t ios ; 

• the s tabi l i ty o f the suspens ions ; 

• the d y n a m i c and the static v iscos i ty ; 

• t h ixo t ropy of se lec ted m i x e s ; 

• s t reng th ga in in t i m e , s t rength of the injected g rou t ; 

• res i s tance of injected g rou t to e ros ion ; 

• r es i s tance to c h e m i c a l c o r r o s i o n , v o l u m e stabil i ty of injected g rou t . 

W h e n the re is a c h o i c e , it is adv i sab le to an t ic ipa te the m o s t c o n v e n i e n t ing red ien t s f rom p re l imi -

n a r y l abo ra to ry tes t s . O n l y these ingred ien t s a r e then tested m o r e c o m p r e h e n s i v e l y . T h e finally se-

lec ted c o m p o s i t i o n of va r ious suspens ions is then a t rade off so that the s ignif icant p rope r t i e s (such 

as s tabi l i ty , f luidi ty , t h ixo t ropy e tc . ) d o m i n a t e . If the re a r e n o specia l s t anda rds for tes t ing suspen-

s ions for g r o u t i n g , those u s e d for tes t ing dr i l l ing m u d s in the p e t r o l e u m indus t ry m a y b e app l ied , as 

we l l as the s t anda rds for soil l abo ra to ry tes t ing , w h e r e they a p p l y . 

3 . 3 1 . T h e s tabi l i ty o f g r o u t s u s p e n s i o n s 

S u s p e n d e d g r a n u l a r par t ic les set t le in a fluid at res t u n d e r the ac t ion of g rav i ty w i th a ve loci ty 

w h i c h is p r o p o r t i o n a l to the squa re o f the par t ic le d i a m e t e r D . C o a r s e par t ic les set t le first , fo l lowed 

b y f iner o n e s , and the dens i ty of the s ed imen t dec reases w i th the size o f the pa r t i c l e s . V e r y fine par-

t icles a re subjec ted no t on ly to the force of g rav i ty , b u t a l so to mu tua l ly ac t ing e l ec t rochemica l forces 

and to B r o w n i a n m o t i o n w h i c h appea r s in suspens ions of co l lo ida l par t i c les less than 1 μπα. in 

d i a m e t e r , so that the ve loc i ty of s ed imen ta t ion b e c o m e s l o w e r than the o n e c o r r e s p o n d i n g to the 

S t o k e ' s l a w . 

Carefu l ly c o m p o s e d g r o u t suspens ions in w h i c h par t ic les d o no t set t le a t al l w i th in m o r e than 2 4 

h o u r s a r e ca l led s table suspens ions . S o m e smal l a m o u n t of c lear w a t e r m a y a p p e a r a t the sur face , 

w h i c h is no t d u e to par t ic le s ed imen ta t ion b u t it is the c o n s e q u e n c e of synere t i c v o l u m e sh r inkage 

caused b y the ac t ion of e l ec t rochemica l forces and g rav i ty o n the w h o l e v o l u m e of the suspens ion . 

T h e s tabi l i ty of g r o u t i n g suspens ions is d e t e r m i n e d b y s imp le l abo ra to ry tes t s . T h e specif ied q u a n -

tities of ing red ien t s ( c e m e n t , c l ay , b e n t o n i t e , e t c . ) a r e m i x e d and suspended in w a t e r (dist i l led in 

theore t ica l s tud ies , f rom the site for p rac t ica l s tudies) to y ie ld suspens ion s a m p l e s of des i red c o m -

pos i t ion and dens i ty . M e t h o d s of m i x i n g can a l so b e var ied so that the m i x i n g c o m p l i e s w i t h the 

e q u i p m e n t u s e d at the s i te . T h e suspens ion is then p o u r e d in to a 1 ,000 c m l abo ra to ry j a r and left 

to res t . A t se lec ted in te rva ls of t ime the v o l u m e of c lear w a t e r seg rega ted o n top of the s ed imen ted 

v o l u m e of d e n s e r suspens ion is r e co rded and the resul t is p re sen ted g raph i ca l l y , as s h o w n in F i g . 

3 . 8 . 
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F i g . 3 . 8 Sedimentation of cement suspensions of different densities, and with bentonite added 

In this f igure t he in f luence of the ini t ial dens i ty o f the m i x and the in f luence of a d d e d ben ton i te 

o n the s tabi l i ty of suspens ions w i th the s a m e dens i ty is s h o w n . 

In F i g . 3 . 9 the in f luence of the c e m e n t f ineness o n the s ed imen ta t i on of its su spens ion is s h o w n . 

0 I 
0 -20 40 60 80 100 

t m in — — 

F i g . 3 . 9 Sedimentation of cement suspensions of different finenesses and water ratios, 5 and 13 fineness 
3,200 g / c m , 8 and 16 fineness 6,350 g / c m 2 (after Verfel, 1983) 

C e m e n t suspens ions can b e m a d e c o m p l e t e l y s table b y the add i t ion of smal l p r o p o r t i o n s of act ivated 

ben ton i t e a n d / o r s o m e plas t i f ie rs . In F i g . 3 . 3 . the in f luence of the m e t h o d of m i x i n g o n the stabil i ty 

of a 1 C : 3 W s u s p e n s i o n o f coa r se g r a ined c e m e n t f rom Alg ie r s is s h o w n . 
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3 . 3 2 . T h e d y n a m i c v i scos i ty 

Dynamic viscosity is a p r o p e r t y of fluids to p r o d u c e shear res i s tance w h e n the f low veloc i ty var ies 

in a c ross sec t ion . F o r a N e w t o n i a n fluid the equa t ion fo l lowing h o l d s : 

τ χ ζ = η α ν / ( Ι ζ (3 .4 ) 

wi th d e n o m i n a t i o n s s h o w n in F i g . 3 . 1 0 ( a ) , w h e r e η ( N s / c m o r m P a s ) is the v iscos i ty coeff ic ient , 

and d v / d z is the ve loc i ty g rad i en t in the sec t ion . Suspens ions gene ra l ly d o n o t b e h a v e as N e w t o n i a n 

fluids bu t as B i n g h a m ' s l iquids for w h i c h the equa t ion is g iven b y 

τχζ = τ 0 + η d v / d z (3 .5 ) 

w h e r e τ 0 is the th resho ld res i s t ance . T h e s e t w o re la t ionsh ips a re s h o w n in F i g . 3 . 1 0 ( b ) . 

F i g . 3 . 1 0 Viscosity of liquids, (a) distribution of velocity in a capillary, (b) ratio between velocity 
gradient and shear resistance, Ν Newton, Β Bingham liquid 

T h e r e a r e severa l types of ro ta t iona l v i s cos ime te r s , o n e of w h i c h - S t o r n i e r ' s - is s h o w n in F i g . 

3 . 1 1 . T h e s a m p l e of suspens ion to b e tested is p o u r e d in to a j a r , and a me ta l cy l i nde r o p e n at the 

l o w e r end is then p laced in the j a r . T h e cy l inde r is ro ta ted b y m e a n s of an a p p r o p r i a t e t r ansmiss ion 

and the con t a ine r is l oaded wi th lead shot un t i l the ra te o f ro ta t ion of 6 0 0 p e r m i n is r e ached . F r o m 

this load the v iscos i ty coeff ic ient in m p a s is d e t e r m i n e d f rom the ca l ib ra t ion c u r v e of the dev ice 

s h o w n in F i g . 3 . 1 1 ( b ) . 

S i m p l e r m e t h o d s m a y b e u sed for p r a g m a t i c p u r p o s e s . T h e m o s t c o m m o n l y u s e d is the M a r s h 

c o n e a c c o r d i n g to A P I s t anda rd s h o w n in F i g . 3 . 1 2 . In this case the v iscos i ty is e x p r e s s e d as the 

t ime in s econds n e e d e d for the ou t f low of 9 4 7 c m (1 /4 ga l lon) of suspens ion . In E u r o p e the v i scos -

ity is exp re s sed as the t ime in seconds n e e d e d for the ou t f low of 1,000 c m t h r o u g h an or i f ice of 5 

m m in d i a m e t e r . T h e v iscos i ty of wa t e r at 2 0 ° C is 27 s a cco rd ing to A P I s t anda rd and 2 9 s accord -
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ing to the E u r o p e a n p r ac t i c e . Suspens ions w i t h v iscos i ty of u p to 6 0 s a r e p u m p a b l e to a m o d e r a t e 

d i s tance f r o m the in jec t ion p u m p . T h e M a r s h v iscos i ty p re sen t s a c o m b i n a t i o n of το and η in equa-

t ion 3 .4 (a ) of s table s u s p e n s i o n s . 

l a ) (b ) 

7 

w 

F i g . 3 . 1 1 Measurement of suspension viscosity, (a) Stornier 's viscosimeter, (b) viscosity diagram 

F i g . 3 . 1 2 Marsh flow cone after API for viscosity 
measurement 

9V7ml 

In o r d e r to s impl i fy the m e a s u r e m e n t of b o t h v iscos i ty p a r a m e t e r s at si te l abora to r i e s L o m b a r d i 

( 1 9 8 5 ) , ha s d e v e l o p e d a m e t h o d to m e a s u r e the th resho ld res i s tance b y d ipp ing a th in r o u g h meta l 

p la te of 15x15 c m in to the suspens ion . It is t hen pu l l ed ou t and left s u s p e n d e d un t i l the d r o p s of the 
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5 0 

2.0 

1.0 

0 

10 2 5 10 2 5 10 
η / j f . m s 

Fig. 3.13 Relationship between viscosity parameters το, η and the Marsh cone flow time t 
(Lombardi , 1985) 

3 . 3 3 . T h i x o t r o p y of s u s p e n s i o n s 

T h i x o t r o p y is a p r o p e r t y of dense r s table ben ton i t e and c o m p l e x suspens ions to f o r m a gel w h e n 

left a t res t . I t is d u e to a smal l i nc rease of s t r eng th caused b y e l ec t rochemica l forces ac t ing a m o n g 

the su spended par t ic les w i th equa l e lec t r ic c h a r g e s . T h e state of e q u i l i b r i u m thus r eached p rov ides 

s o m e r ig id i ty and s t r eng th to the a s s e m b l a g e of su spended pa r t i c l e s . T h e p r o c e s s is r eve r s ib l e , i . e . 

if the suspens ion is s t i r red the b o n d s a m o n g the par t ic les a re b r o k e n u p , the su spens ion b e c o m e s l iq-

u i d , and the ge l is f o r m e d aga in w h e n it is left to res t . T h i s p roces s is s chemat i ca l ly s h o w n in F i g . 

3 . 1 4 . T h e th resho ld res i s tance το of the B i n g h a m fluid increases a long the l ine (a)- (b) w h e n the f low 

is l a m i n a r and f rom (b) to (c) w h e n it is tu rbu len t . W h e n the suspens ion is at res t for s o m e t i m e , το 

inc reases to Tt, w h i c h is r e d u c e d to the s tar t ing va lue το w h e n s t i r red at (d ) , and it b e c o m e s l iquid 

aga in . 

T h e t h ixo t rop i c s t r eng th c a n b e m e a s u r e d w i t h the S t o r m e r v i scos ime te r . F i r s t the l ine (abc) is o b -

ta ined w i th inc reased ro ta t iona l speed . Af ter the suspens ion has b e e n at res t , the l ine (dec) is o b -

ta ined (F ig . 3 . 1 4 ) . T h e th ixo t rop ic s t reng th i{ inc reases w i th t i m e , and the test shou ld b e repea ted 

after success ive ly l onge r t imes of rest in o r d e r to es tab l i sh the final va lue of T(. F o r p rac t i ca l pur -

pose s the w r i t e r has dev i sed a s imp le r test u s i n g a specia l ly des igned h y d r o m e t e r g r a d u a t e d to 

suspens ion s top fa l l ing, and then it is w e i g h e d . F r o m the w e i g h t d i f ference AW b e t w e e n the d r y pla te 

and the p la te w i th the a d h e r i n g suspens ion the th resho ld res i s tance το is ob t a ined a s : 

τ 0 = A W / 2 A ( k N / m 2) , (3 .6 ) 

w h e r e A is the a r ea of the p la t e , 

Lombardi has found a good correlation between the value of το m e a s u r e d in this w a y and the o n e f rom Stor-

n i e r ' s v i s cos ime te r . W i t h this va lue of το the va lue of η is es tab l i shed f rom the f low t ime t m e a s u r e d 

w i th the M a r s h c o n e u s i n g the d i a g r a m in F i g . 3 . 1 3 . 

I 
Ε 
Ε 

«° 
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m e a s u r e m a s s dens i t i es o n g r o u t i n g sites of 1-10 g / c m as s h o w n in F i g . 3 . 1 5 ( a ) . W h e n it floats in 

a su spens ion of g r ea t e r v i scos i ty , in add i t ion to upl i f t U ac t ing o n the s u b m e r g e d a r ea A , the v iscous 

F i g . 3 . 1 4 Rheologie properties of thixotropic 
suspensions 

res i s t ance force τ = το A wi l l ac t so that it wi l l c o m e to res t at a d e p t h m a r k e d o n the g radua t ion 

wi th a dens i ty r a w h i c h is l a rge r than the rea l dens i ty ρ k n o w n f rom the c o m p o s i t i o n of the suspen-

s ion . F r o m the k n o w n d i m e n s i o n s (a rea A , v o l u m e V at g r a d u a t i o n # 0 the th re sho ld res i s tance of 

the su spens ion is c o m p u t e d , w i th d e n o m i n a t i o n s in F i g . 3 . 15 (b ) a s : 

TO = V g ( Pa - Ρ ) / A = 0 . 5 d r g ( p a - Ρ ) (3 .7) 

w h e r e oi is a cha rac te r i s t i c of the h y d r o m e t e r s h o w n in F i g . 3 . 1 5 ( c ) . T h e h y d r o m e t e r shou ld b e very 

s lowly l o w e r e d in to the suspens ion so that the ve loc i ty g r ad i en t r e m a i n s l o w at its sur face . W h e n 

F i g . 3 .15 . Thixotropy measurement by means of hydrometer, (a) dimensions of hydrometer, 
(b) equilibrium forces on hydrometer, (c) characteristic α of hydrometer 
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the test is r epea ted o n the s a m e samp le at subsequen t ly l onge r t ime in te rva l s , the dens i ty co r r e spond-

ing to and the t h ixo t rop ic s t reng th increases to gt the va lue of the th ixo t rop ic s t r eng th r t c a n b e es-

tabl i shed and eva lua ted b y equa t ion ( 3 . 7 ) . T h e ra t io b e t w e e n the dens i t ies pa and pis ca l led the densi ty 

ra t io of the v iscos i ty : 

R = Pa/p. (3-8) 

E x p e r i e n c e has s h o w n that suspens ions wi th va lues of R > 2 exhib i t t h ixo t rop ic p r o p e r t i e s . 

Th i s s imp le a r e o m e t e r test is a va luab le tool for m e a s u r i n g the v iscos i ty and the t h ixo t ropy of the 

suspens ion and for c h e c k i n g thei r qua l i ty o n g rou t ing p ro jec t s . 

3 . 4 . P h y s i c a l p r o p e r t i e s of in j ec t ed g r o u t s 

3 . 4 1 . T h e s t r e n g t h g a i n of in j ec t ed g r o u t 

In s o m e pro jec t s the s t r eng th ga in of the injected g rou t in t ime is specif ied as m e a s u r e d in the Vica t 

test ca r r i ed ou t o n d e n s e samples of the suspens ion . S u c h s t ipula t ion can gene ra l ly no t b e r e c o m -

m e n d e d for t w o r e a s o n s . T h e first r ea son is that V i c a t ' s test is on ly a s t andard to def ine s o m e char -

acter is t ics of c e m e n t as ca r r i ed ou t o n samples of s t andard ized c o m p o s i t i o n . T h e second one is that 

w a t e r is f i l tered ou t f rom the injected g r o u t that sets in the f issures f rom a cons i s t ency w h i c h is m u c h 

dense r than the o n e of the o r ig ina l suspens ion . Th i s p rov ide s an ini t ial cohes ive s t r eng th wi thou t any 

s t reng th inc rease d u e to the h y d r o c h e m i c a l reac t ion of the c e m e n t ca l led se t t ing . 

F o r the p u r p o s e of se lec t ing the bes t c o m p o s i t i o n of g r o u t suspens ions w h e n severa l op t ions exis t 

Ε 

1 1 1 . — 

0 1 2 3 4 h o u r s 

F i g . 3 . 1 6 Strength increase of suspensions, 1. 1 C 1 W, 2. 2 C: l W, 3 . 1 C:0.015 B:0.05 C a C l 2: l W, 
4. 1 C:0.015 B:0.015 N a C 0 3: l W, 5. 1 C:0.03 B:0.02 N a 2C 0 3: l W 
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for a p ro jec t , the s t r eng th ga in of g rou t s of va r ious c o m p o s i t i o n s can b e s tud ied o n dense samples 

p r e p a r e d w i t h a ra t io of 1 W : 0 , 8 m a s s c a n m e a s u r e d b y m e a n s of the a r e o m e t e r desc r ibed p rev ious ly 

and u s i n g a l a b o r a t o r y v a n e w h e n the s t r eng th is h i g h e r than its r a n g e . In F i g . 3 . 1 6 the resul ts of 

such tes ts , w h i c h w e r e ca r r i ed ou t at the site of D e r b e n d i K h a n D a m a re p r e s e n t e d . It c an b e shown 

that the final h i g h s t r eng th of the g r o u t injected in the f issures is n o t i nd i spensab le for the durabi l i ty 

and the safety of a g r o u t cur ta in . T h e shea r s t r eng th TJ n e e d e d to resis t the force of the hydrau l i c 

h e a d 7W h p ac t ing o n o n e s ide u p s t r e a m o n a δ w i d e p l ane f i ssure , filled w i th injected g r o u t to length 

L , as s h o w n in F i g . 3 . 1 7 is g iven b y : 

i f / F s = 0 . 5 h p 7 w ô / L 

and in a t ubu la r f issure of d i a m e t e r δ is g iven b y : (3 .9 ) 

Tf/Fs = 0 . 2 5 h p 7 w ô / L 

w h e r e Fs is the des i red safety factor . T h e th ickness L of the g r o u t cur ta ins is gene ra l ly such that the 

ra t io h p / L < 10 . If h i g h safety factor F s = 10 is c h o s e n , the n e e d e d shea r s t r eng th of the injected 

F i g . 3 . 1 7 Horizontal fissure in a grout curtain filled with grout 

2 
g r o u t is ca lcu la ted as i f = 5 5 0 δ in the case of a p l a n a r f issure and i f = 2 5 0 δ ( k N / m ) in the case 

2 

of a t ubu la r f i ssure . A s t r eng th of Tf = 5 0 k N / m is suff icient to safely b l o c k the injected g rou t in a 

f issure 0 .1 m w i d e , w h i c h is a l o w shea r s t r eng th e v e n for c lay c e m e n t g r o u t s . 

H i g h s t r eng th g r o u t is n e e d e d w h e n the de fo rmab i l i ty of the g rou t ed d o m a i n shou ld b e r educed , 

e g . in conso l ida t i on g rou t ing of r ock founda t ion of h i g h a r ch d a m s , o r a r o u n d p r e s su re tunne ls . In 

such cases the injected g rou t s shou ld h a v e a h i g h de fo rmab i l i ty m o d u l u s , w h i c h is s y n o n y m o u s to 

h i g h s t r eng th . It is nea r ly imposs ib l e to verify the s t r eng th of the injected g r o u t o n s ample s t aken 

f rom the g r o u t e d f i ssures , and sys temat i c tests shou ld b e ca r r i ed ou t in the l abo ra to ry . T h e r e are no 

such tests de sc r ibed in the ava i lab le l i t e ra tu re . T h e p r o c e d u r e d e v e l o p e d and u s e d b y the wr i t e r shall 

the re fore b e de sc r i bed . 
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In o r d e r to h a v e test resul t s w h i c h h a v e s o m e re la t ion to the c o m p o s i t i o n and the s t r eng th achieved 

b y a g r o u t injected in the f issures the s ample s shou ld b e p r e p a r e d so that the p r o c e s s is a s imula t ion 

of the fill f o rming in the f i s sures .Based o n such a cond i t i on it w a s dec ided to p r e p a r e the samples 

a l so b y g r o u t i n g . T h e dev ice for the p r epa ra t i on of a set of ident ica l s a m p l e s is s h o w n in F i g . 3 . 1 8 . 

It cons is t s of a r e se rvo i r con ta in ing the g r o u t suspens ion and a n u m b e r of cy l indr ica l m o l d s w i th a 

( a ) 

0 t, t 2 

F i g . 3 . 1 8 Preparation of filtered grout samples, (a) test arrangement for a simultaneous preparation of 
several samples, (b) filtered water vs t ime, ti time of flow stabilization 

p e r v i o u s i nne r coa t i ng . T h e caps of the m o l d s a re connec t ed to the r e se rvo i r , and the w a t e r dra ined 

f rom the p e r v i o u s coa t ing is co l lec ted at the b o t t o m in g r a d u a t e d g lasses . Before c los ing the c a p s , 

the l ines and the m o l d s a r e filled wi th the suspens ion to b e tes ted . T h e n a i r p r e s s u r e ρ is app l ied , 

and the su spens ion in the m o l d s is g r adua l ly c o m p r e s s e d and w a t e r f i l tered ou t , the fi l tered wa te r 

v o l u m e b e i n g cons tan t ly r ep laced wi th fresh suspens ion f rom the r e se rvo i r . A t the p o r o u s coat ing 

the suspens ion b e c o m e s dense r and the th ickness of the l aye r inc reases un t i l a final equ i l ib r ium 

a m o n g the p rope r t i e s of the suspens ion and the appl ied p r e s s u r e is a ch i eved , and the f low of filtered 

w a t e r b e c o m e s cons tan t . T h e samples a re k e p t in the m o l d s for s o m e t ime u n d e r p r e s su r e (at least 

3 0 m i n ) . T h e m o l d s a r e then d i sa s sembled and the s ample s a re cu red for 7 , 2 8 , 5 6 and 9 0 d a y s , w h e n 

their u n c o n f i n e d s t r eng th is tes ted. Resul t s f rom s o m e tests a re s h o w n in F i g . 3 . 1 9 , w h e r e the u n -

conf ined s t r eng th of s a m p l e s p r e p a r e d f rom the s a m e suspens ion w i thou t f i l ter ing is a l so s h o w n . 

T h e s t r eng th of all s a m p l e s increases even 5 6 days after p r epa ra t i on . F i l t e red s a m p l e s h a v e much 

l a rge r u n c o n f i n e d s t r eng th than unf i l te red o n e s , the i r s t reng th increases w i th the p r o p o r t i o n of ce-

m e n t they con ta in . It shou ld b e m e n t i o n e d that the dens i ty of the s ample s p r e p a r e d b y this me thod 

is no t u n i f o r m in the c ross sec t ion . T h e dens i ty is h ighes t at the p e r i m e t e r w h e r e the filter p ressure 

g rad i en t w h i c h c o m p r e s s e s the depos i t w a s h ighes t and lowes t at the cen te r , as s h o w n in F i g . 3 . 2 0 . 

T h u s the s t r eng th and o the r va lues d e t e r m i n e d f rom the test a r e a v e r a g e va lues w h i c h d e p e n d o n the 

g r o u t c o m p o s i t i o n , the d i a m e t e r of the s a m p l e and the in tens i ty of the app l ied p r e s s u r e . T h e s ame 

appl ies for the g r o u t injected in the rock , the p roper t i e s of w h i c h a l so va ry wi th the w id th of the fis-

su res . T h e desc r ibed m e t h o d is ve ry useful for c o m p a r a t i v e s tudies of g rou t s of di f ferent c o m p o s i -

t ions and for the se lec t ion of the bes t g r o u t c o m p o s i t i o n for a g iven pro jec t . 
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F i g . 3 . 1 9 Strength gain in time of unconfined unfiltered and filtered grout samples, 1 unfiltered, 
2 filtered samples of the same suspension 

F i g . 3 . 2 0 Increase in grout sample thickness during filtering, (a) sketch of sample, (b) distribution of 
pressure along radius during time, (c) porosity and pressure gradient along the radius at 
different times 

3 . 4 2 T h e p e r m e a b i l i t y o f in j ec t ed g r o u t s 

T h e a v e r a g e p e r m e a b i l i t y of the injected g r o u t c a n b e eva lua ted f rom the s lope of the s tabi l ized 

p o r t i o n o f the d i s c h a r g e / t i m e c u r v e s h o w n in F i g . 3 . 1 8 . By in tegra t ing the f low o n rad ia l pa ths f rom 

the c e n t e r to the p o r o u s b o u n d a r y of the s a m p l e , the fo l lowing e x p r e s s i o n is ob t a ined : 

k = q ( l n r / r o ) / 2 l t L p (3 .10 ) 

w i t h d e n o m i n a t i o n s as s h o w n in the F i g u r e and ρ is the p r e s s u r e in c m c o l u m n of w a t e r . T h e radius 

r0 c an b e c o m p u t e d f rom P o i s e u i l l e ' s l a w ( E g . 3 . 1 ) , b u t an e s t ima te that r 0 = 1/100 r to r 0 = 1/1000 

r y ie lds a sma l l r a n g e for k : 
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k = 0 , 7 3 - 1 , 1 ( q / L p ) (3 .11 ) 

T h i s m a y b e cons ide red as a r o u g h es t ima te of the rea l va lue of k in the f i ssures , b u t it is sufficient 

for the c o m p a r i s o n of g rou t s of di f ferent c o m p o s i t i o n s . T h e pe rmeab i l i t y of the injected g rou t in the 

f issures var ies in a m u c h l a rge r r a n g e a n y w a y . 

3 . 4 3 T h e res i s tance of i n j e c t e d g r o u t , to e r o s i o n 

T h e p r o c e s s of subsequen t d e t a c h m e n t of g ra ins f rom the injected g rou t ,by w a t e r pe rco la t ing a long 

no t c o m p l e t e l y filled f i ssures , i s ca l led e ro s ion . It m a y a l so o c c u r at the ex i t o f w a t e r pe rco la t ing 

t h r o u g h the in jected g r o u t w h e n the ex i t g r ad i en t is suff icient ly l a r g e . E r o s i o n m a y o c c u r after w a t e r 

i m p o u n d i n g a r e se rvo i r w h e n the g r o u t in the f issures has c o m p l e t e l y h a r d e n e d , if its s t reng th is to 

l o w , o r w h e n s o o n after g rou t ing a s tage the g r o u n d w a t e r tab le r ises and causes an inc reased p ress -

u r e g rad i en t in the g rou t ed r eg ion . In such a c a se , the ea r ly s t r eng th ga in con t ro l s the eva lua t ion of 

the d a n g e r of e ro s ion , as we l l as the se lec t ion of the op t ima l c o m p o s i t i o n of the g r o u t . 

T h e res i s tance to e r o s i o n is inves t iga ted o n s ample s of g r o u t p r e p a r e d in the f i l ter ing dev i ce de-

scr ibed in I t e m 3 . 4 1 ( F i g . 3 . 1 8 ) . A h o l e 8 m m d i a m e t e r is dr i l led in the cen t e r of the s a m p l e , and 

it is f ixed in the dev i ce s h o w n in F i g . 3 . 2 1 . T h e n w a t e r u n d e r p r e s s u r e is c i rcu la ted t h r o u g h the 

F i g . 3 . 2 1 Setup for testing erodibility of grouted compound 

h o l e a t s o m e specif ied h e a d o r ve loc i ty . T h e s a m p l e is careful ly w e i g h e d b e f o r e and after the test , 

the d i f fe rence in w e i g h t p resen t s the quan t i ty of e r o d e d ma te r i a l that m a y b e ca l led the e ros ion par -

a m e t e r . T h e s a m p l e s m a y b e tes ted i m m e d i a t e l y after they w e r e p r e p a r e d , o r after a p e r i o d of cur-

ing , as the case b e i n g sa id ied r equ i r e s . Th i s test does n o t y ie ld quan t i t a t i ve , b u t m e r e l y indica t ive 
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resul ts w h i c h , neve r the l e s s m a y p r o v e useful for the se lec t ion a m o n g g rou t s o f d i f ferent c o m p o s i -

t ions . I t m a y a l so h e l p to d i spe l s o m e exis t ing p re jud ices a b o u t the in f luence of an inc reased p r o -

p o r t i o n o f c l ay . 

T A B L E 3 . 3 

E r o s i o n p a r a m e t e r (% w e i g h t loss after tes t ) , s a m p l e tes ted after 6 h o u r s 1 W : 1 M , du ra t i on of test 

2 4 h o u r s 

P r o j e c t / m i x re la t ive dens i ty % of w e i g h t loss 

p a ( g / c m 3) at speed o f w a t e r 

0 . 7 3 . 0 m / s 

B u s k o Bla to 

0 , 2 C : 0 , 4 C L : 0 , 4 S : 1 W —- 2 . 1 

0 , 4 C : 0 , 4 C L : 0 , 2 S : 1 W -— 0 . 9 

0 , 2 C : 0 , 3 5 C L : 0 , 0 5 B : 1 W — 0 

0 , 2 5 C : 0 , 7 5 C L : 1 W — 0 

M e i f e d o w n 

0 , 5 C : 0 , 5 C L : 1 W > 3 . 5 7 . 0 1 4 . 3 

0 , 2 5 C : 0 , 7 5 C L : 1 W > 5 . 0 1.5 5 .7 

G r a n c a r e v o 

1 , 0 C : 1 W -— 0 . 4 

0 , 3 5 C : 0 , 6 5 C L : 1 W -— 0 

In T a b l e 3 . 3 the test resul t s of s o m e g rou t ing pro jec t s in w h i c h the a u t h o r w a s invo lved a re s h o w n . 

F r o m the resu l t s s h o w n it c a n b e c o n c l u d e d that the e ro s ion p a r a m e t e r of m i x e s w i t h m o r e c lay and 

less c e m e n t is l o w e r than in m i x e s w i th m o r e c e m e n t . T h i s m a y b e exp la ined b y the fact that the 

s t r eng th of the injected g r o u t in ea r ly s tages d e p e n d s m a i n l y o n c o h e s i o n and no t o n s t rength de-

ve loped la ter o n h y d r a t i o n p roces ses of the c e m e n t . 

3 . 4 4 T h e r e s i s t a n c e of g r o u t s to c h e m i c a l d e t e r i o r a t i o n 

W h e n the g r o u n d w a t e r o r the i m p o u n d e d w a t e r a t the site a re chemica l l y agg re s s ive to Por t l and 

c e m e n t , in jected g r o u t s m u s t b e s e l e c t e d , w h i c h a re res is tant to c h e m i c a l d i s so lu t ion , a l te ra t ion or 

the i r l o n g t e r m e f fec t s ,wh ich w o u l d de te r io ra te the s t r eng th of the g rou t s and thei r e rodib i l i ty , o r 

pa r t i a l ly d i s so lve s o m e of the i r i ng red i en t s . A l t h o u g h the p e r m e a b i l i t y of m o s t injected grouts is 

l o w , a l l o w i n g on ly s e e p a g e o f w a t e r a t v e r y s low speed , after a l o n g p e r i o d of t ime substant ia l de te-

r io ra t ion o f the g r o u t m a y o c c u r , thus r e d u c i n g the eff ic iency of the g r o u t e d cu r t a in . E v e n w o r s e , 

w a t e r pene t r a t i ng t h r o u g h n o t c o m p l e t e l y filled f issures m a y m o r e in tens ive ly de t e r io ra t e the g r o u t 
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and cause de t e r io ra t i on of the g rou t ed w o r k s in a m u c h shor t e r t i m e . In such cases it is necessa ry 

to m a k e c h e m i c a l l y res i s t ive g r o u t s . W h e n the c h e m i c a l c o m p o s i t i o n of the g r o u n d w a t e r and the 

w a t e r w h i c h shal l fill the l ake is suspec t , its aggress iv i ty to the c o m p o n e n t s of the g r o u t should be 

inves t iga ted . A g g r e s s i v e ingred ien t s m a y cons is t of: 

• sulfates w h i c h de te r io ra te c a l c i u m c o m p o u n d s of the c e m e n t ; 

• c a r b o n d iox ide w h i c h d i s so lves free l ime of the c e m e n t , ca lc i te m i n e r a l s con ta ined in s o m e 

sands ; 

• h u m o u s ac ids ; 

• ve ry soft w a t e r w h i c h d isso lves calc i te sa l ts . 

S o m e l abo ra to ry s t anda rds for tes t ing the ac t ion of agg re s s ive w a t e r o n c e m e n t m o r t a r s requ i re 

that m o r t a r s a m p l e s of va r ious c o m p o s i t i o n a r e w e i g h e d and k e p t s u b m e r g e d in the agg re s s ive w a t e r 

for a few m o n t h s . T h e y a re then d r y e d , w e i g h e d and visual ly inspec ted for in teg r i ty , d e v e l o p m e n t 

of f i ssures , the s t r eng th is m e a s u r e d e t c . S o the s ample s w i th bes t r es i s tance to the agg re s s ive w a t e r 

can b e se lec ted . T h i s p r o c e d u r e is ve ry s l o w , b e c a u s e the w a t e r ini t ia l ly acts on ly o n the surfaces of 

the r a the r i m p e r v i o u s s a m p l e s . 

C o m p a r a t i v e resul t s of the c h e m i c a l res is t iv i ty o f g r o u t i n g c o m p o u n d s c a n b e qu i ck ly obta ined 

w h e n sample s of the g r o u t c o m p o u n d to b e tes ted a r e left to set and h a r d e n u n d e r des i red cond i t ions , 

and for a specif ied t ime w h i c h can b e adjus ted to s imula te the ac tua l cond i t i ons . T h e samples are 

then g r o u n d to a fine p o w d e r , w h i c h is then p o u r e d in to the agg re s s ive w a t e r . In such tests the ac-

t ive sur face of the s a m p l e is e x t r e m e l y magn i f i ed , and re l evan t resul t s a r e ob ta ined in on ly a few 

d a y s . 

A p a r a m e t e r of res i s tance to agg res s ive w a t e r can b e def ined a s : 

A = l / k e (3.12) 

w h e r e k is the pe rmeab i l i t y of the injected g r o u t as m e a s u r e d f rom pe rco l a t i on d u r i n g the p repa ra -

t ion of f i l tered s ample s (Eq . 3 . 1 1 ) , and ε is the p r o p o r t i o n of salts in p p m / g d i s so lved f rom the s a m p l e , 

w h i c h is d e t e r m i n e d f rom a n u m b e r of d i s so lu t ion tests o n the tes ted s a m p l e . It w o u l d b e conven i -

en t to s t anda rd ize such tests for s tudies of g rou t ing m i x e s . 

T h e test m a y b e ca r r i ed ou t o n s ample s of the m i x left to set for 2 4 h o u r s , t hen h a r d e n e d in an 

au toc lave for a n o t h e r 2 4 h o u r s . T h e samples a re then d r i ed at 5 0 ° C , g r o u n d in to p o w d e r and sifted 

o n a 0 . 1 m m s ieve . T h e p o w d e r is then wel l m i x e d in a l abo ra to ry j a r w i th agg re s s ive w a t e r in a 

p r o p o r t i o n of 1 g r o n 3 0 c m , and left for o n e h o u r . T h e a m o u n t of d i s so lved salts is d e t e r m i n e d by 

t i t ra t ion. T h e p r o c e d u r e is r epea ted 15-20 t imes wi th the s a m e s a m p l e and a fresh po r t i on of wa te r , 

unt i l the d i s so lved a m o u n t of salt b e c o m e s neg l ig ib l e . T h e total a m o u n t of salts d i s so lved f rom the 

s a m p l e is exp re s sed in p p m / g . 

Th i s k ind of tests w e r e ca r r i ed ou t in o r d e r to es tabl i sh the m o s t c o n v e n i e n t g r o u t c o m p o s i t i o n for 

the g r o u t cu r t a in in the m a s o n r y of the A s w a n D a m o n the N i l e (Nonve i l l e r , H a b e k o v i c , 1961) . T h e 

d a m cons t ruc t ed in 1900 as a g ran i te m a s o n r y g rav i ty wal l exh ib i t ed in tens ive c h e m i c a l co r ro s ion 
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of the c e m e n t m o r t a r , w h i c h r e d u c e d the s t ruc tura l s t r eng th o f the w a l l , and its p e r m e a b i l i t y was 

p r o g r e s s i v e l y i n c r e a s e d . F o r the g r o u t cu r t a in a n injected g r o u t h a d to b e app l i ed , w h i c h w a s to b e 

p r o v e d to b e res i s tan t to l each ing of C a O b y the v e r y soft N i l e w a t e r . T h e l each ing tests w e r e car-

r ied ou t w i t h g r o u t c o m p o u n d s of c e m e n t w i t h the add i t ion of K i e s e l g u h r a n d o f b e n t o n i t e . T h e test 

resu l t s a r e s h o w n in F i g . 3 .22 (a ) and (b ) . T h e in f luence o f the w a t e r ra t io o f the s a m p l e s w a s studi-

F i g 3 . 2 2 Chemical corrosion of grout compound, 1 influence of the maximum grain size of the powder, 
2 influence of the concentration of the suspended powder , 3 influence of the Kieselguhr addition, 
CaO leached in % of cement weight, Κ Kieselguhr, Β bentonite 

e d , a n d it w a s d e c i d e d to c a r r y o u t the test in a c o n c e n t r a t i o n o f 1 g r p o w d e r o n 3 0 g r o f wa t e r , and 

to r epea t the p r o c e d u r e 3 0 t i m e s . T h e tests o f g r o u t s w i th K i e s e l g u h r and a sma l l add i t i on o f b e n t o -

n i t e h a v e p r o v i d e d a n in te res t ing resu l t : the g rea tes t res is t iv i ty to c o r r o s i o n w a s ach i eved w i t h s a m -

p les con t a in ing s o m e benton i te , a l t h o u g h ben ton i t e d o e s n o t r eac t d i rec t ly w i th free l ime conta ined 

in the c e m e n t g r o u t . 

3 . 4 5 . T h e v o l u m e s tabi l i ty of i n j e c t e d g r o u t s 

W h e n the u s e o f suspens ions w i th a h i g h p r o p o r t i o n o f c l ay is d i s cus sed , the ob jec t ion is of ten ex -

p re s sed tha t the in jected g r o u t cou ld sh r ink in the f i ssures , a n d thus the g r o u t e d r e g i o n w o u l d aga in 

b e c o m e p e r v i o u s , a n d ineff ic ient . I t w a s s h o w n in l a b o r a t o r y tests that s u c h a n ob jec t ion is n o t r e -

al is t ic for t w o r e a s o n s : 
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• the dens i ty of the injected g r o u t in the f issures is g rea t ly inc reased b y the app l ied sa tura t ion 

p r e s s u r e ; 

• the injected g r o u t in the soil is con t inuous ly in a mo i s t e n v i r o n m e n t o r b e l o w the g r o u n d 

w a t e r l eve l , so w a t e r c anno t evapo ra t e and cause v o l u m e s h r i n k a g e . 

L i n e a r sh r inkage is m e a s u r e d in the l abora to ry o n s ample s p r e p a r e d f rom a suspens ion of 0 . 6 W : 1M 

w h i c h is p o u r e d in m o l d s 1 6 x 4 x 4 c m l a rge . A t the ends of the s ample s m a r k e r s a re f ixed to def ine 

init ial d i s t ance L0 b e t w e e n thei r e n d s . T h e s ample s u s e d a re then left to c u r e for s o m e t ime in a satu-

ra ted e n v i r o n m e n t , o r s u b m e r g e d in wa te r . T h e n the d i s tance b e t w e e n the m a r k e r s is m e a s u r e d aga in 

as Ln. T h e l inear s h r i n k a g e is then exp res sed as the p e r c e n t a g e of the s a m p l e l eng th L a s : 

λ = 100 (Lo - L n ) / L (3 .13 ) 

( b ) ( a ) 

F i g . 3 . 2 3 Linear deformation λ % of grout compound samples, (a) picnometer for measuring volume 
changes of filtered grout samples, 1 closed jar filled with water, 2 graduated tube, 3 sample, 
4 thermometer, (b) swelling of samples with time 

Th i s m e t h o d is no t p rec i se and it does n o t i nc lude the v o l u m e c h a n g e s f rom the b e g i n n i n g of set-

t ing of the c e m e n t . 

A n i m p r o v e m e n t c a n b e ach ieved if the v o l u m e c h a n g e of cy l indr ica l s a m p l e s is d e t e r m i n e d , w h i c h 

a re p r e p a r e d b y fi l tering as desc r ibed in I t e m 3 . 4 1 . T h e s ample s a re i m m e d i a t e l y p laced in a special 

p i c n o m e t e r s h o w n in F i g . 3 .23(a ) w h i c h is he ld at cons tan t t e m p e r a t u r e du r ing the test . T h e vo lume 

di f ferences AV a re p rec i se ly read o n the ca l ib ra t ion of a n a r r o w t r anspa ren t g lass t ube , and the per-

cen tage of v o l u m e sh r inkage can b e expres sed in pe rcen t of the o r ig ina l v o l u m e V0 a s : 

0 = 1 O O A V / V O (3 .14) 

In F i g . 3 . 2 3 ( b ) the m e a s u r e d l inear s h r i n k a g e of g rou t s of d i f ferent c o m p o s i t i o n s for the g rou t 

cu r ta in of the G r a n c a r e v o D a m is s h o w n . Al l tested s ample s exh ib i ted nega t ive s h r i n k a g e , i . e . s o m e 
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swe l l i ng , w h i c h w a s m o r e p r o n o u n c e d in s a m p l e s con ta in ing m o r e c lay than in those p r e p a r e d by 

f i l ter ing the su spens ion . S u c h t r ends w e r e o b s e r v e d in all tests ca r r i ed ou t so far. T h e expe r i ence 

ga ined f r o m the obse rva t i ons and f rom l eakage m e a s u r e m e n t s ca r r i ed ou t so far in the w r i t e r ' s p r a c -

t ice c o n f i r m that the injected c lay c e m e n t g rou t s a r e per fec t ly s t ab le . 

3 . 5 . S o l u t i o n s a n d res ins 

Solu t ions and res ins a r e c h e m i c a l c o m p o u n d s w h i c h in the injected g r o u n d f o r m gels that fill the 

p o r e s , thus r e d u c i n g the pe rmeab i l i t y and inc reas ing to s o m e ex ten t the s t r eng th of the injected re-

g ion . T h e cho i ce of such c o m p o u n d s for a specif ic g r o u t i n g j o b d e p e n d s o n such charac te r i s t i cs as : 

the du rab i l i t y , the v i scos i ty , the s t r eng th of the ge l , a re l iab le con t ro l of the ge l l ing t ime , the tox-

ici ty a n d , last b u t n o t least , the cos t . 

T h e durab i l i ty of the ge l f o rmed in the injected vo ids d e p e n d s o n its c o m p o s i t i o n and the poss ib le 

c h e m i c a l in t e rac t ion w i t h s o m e salts d i s so lved in the g r o u n d wa te r . A s e v e r y ge l con ta ins a la rge 

a m o u n t of w a t e r , it sh r inks w h e n e x p o s e d to dess ica t ion in zones a b o v e the g r o u n d w a t e r t ab le . T h e 

s eepage of i m p o u n d e d w a t e r t h r o u g h imper fec t ly sea led z o n e s , o r a t the i r o u t e r b o u n d a r i e s , leaches 

ou t s o m e c h e m i c a l l y u n b o u n d e l e m e n t s f rom the ge l , w h i c h s lowly de te r io ra tes the ini t ial p rope r -

ties of the ge l . 

3 . 5 1 . V i scos i ty 

T h e pene t rab i l i ty of the c o m p o u n d s in to the soil vo ids d e p e n d s o n the i r v i scos i ty . T h e fo l lowing 

r e l a t ionsh ip b e t w e e n the v iscos i ty and the p e r m e a b i l i t y of soi ls in T a b l e 3 . 4 a re r a the r conse rva t ive 

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

T A B L E 3 . 4 

Rela t i onsh ip b e t w e e n the v iscos i ty of c h e m i c a l c o m p o u n d s and the p e r m e a b i l i t y of g rou t ab l e soil 

V i scos i ty of so lu t ion 

o r r e s in in c p 

L i m i t soil p e r m e a b i l i t y 

k ( cm/ s ) 

2 Ι Ο " 4 

5 1 0 " 3 

10 1 0 " 2 

T h e g r a in s ize d i s t r ibu t ion c u r v e s of g rou t ab l e s andy soi ls a re s h o w n in F i g . 3 . 2 4 (Baker , 1982) . I t 

is e v i d e n t that the silt con ten t (gra ins < 0 . 0 6 m m ) is c r i t i ca l , the soil con t a in ing 1 8 % of silt is dif-

ficult to inject , and w h e n it con ta ins m o r e than 25 % o f silt it c a n no t b e injected e v e n wi th res ins . 
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Fig. 3 .24 Grain size distribution curves of groutable soils (Baker, 1982), 1 good, 2 difficult, 3 
marginal, 4 unsuitable 

Bala t and Kr i s ch (1982) h a v e p e r f o r m e d tests to d e t e r m i n e the m e c h a n i s m of pene t r a t i on of a sili-

ca te g r o u t i n g so lu t ion o n m o d e l cons is t ing of a 6 0 x 6 0 x 6 0 c m c u b e injected w i th a tube in the cen-

ter . T h e c u b e w a s filled w i t h th ree layers of c o m p a c t e d coa r se sand w i t h t races of m e d i u m and fine 

sand and s o m e fine g r a v e l , the un i fo rmi ty coeff ic ient of the sand w a s c u = 5 , the d ry un i t m a s s 

3 2 

Pd = 1.9 g / c m , and the pe rmeab i l i t y coeff ic ient k = 1.4x10" c m / s . In the first m o d e l s h o w n in 

F i g . 3 .2 5(a) a s o d i u m si l icate so lu t ion w i th a ge l l ing t ime of 7 . 5 m i n w a s injected in to d r y sand . 

D u r i n g the in jec t ion, dif ferent ly co lo red so lu t ions , as m a r k e d w i t h A , B , C in the u p p e r pa r t of the 

F i g u r e , w e r e app l i ed . T h e p re s su re app l ied for g rou t ing is a l so s h o w n . In the s econd test the same 

p r o c e d u r e w a s a d o p t e d , bu t the sand w a s sa tura ted and the ge l l ing t ime of the injected c o m p o u n d 

w a s 2 2 m i n . Af ter the ge l l ing p roces s was c o m p l e t e d , the cubes w e r e cu t t h r o u g h the m i d d l e sec-

t ion so that the z o n e s filled consecu t ive ly w i th the di f ferent ly co lo red c o m p o u n d s w e r e v is ib le . T h e 

resul ts a r e s h o w n in the l o w e r pa r t of F i g s . 3 .25(a ) and (b ) . It is in te res t ing to no te that the d is t r ibu-

t ion of the c o m p o u n d s w i t h the shor te r ge l l ing t ime u s e d for g r o u t i n g the c u b e con ta in ing d ry sand 

is r a the r i r r egu l a r t h r o u g h the g rou t ed r eg ion , and that the c o m p o u n d s m i x e d toge the r . T h e c o m -

p o u n d s g rou t ed in the sa tura ted sand in w h i c h the c o m p o u n d wi th the l onge r ge l l ing t ime w a s in-

j e c t e d a r e m o r e r egu la r ly d is t r ibu ted t h r o u g h the injected r eg ion and the consecu t ive ly in t roduced 

po r t i ons d id no t m i x toge the r . Th i s indica tes that the gel i f ica t ion of the a l r eady injected c o m p o u n d 

does n o t p r e v e n t fur ther pene t r a t i on of a subsequen t po r t i on of c o m p o u n d injected in the soi l . T h e 

freshly in jected c o m p o u n d pushes and pene t ra tes t h r o u g h the a l r eady gel led o n e and m i x e s wi th it. 

W h e n g r o u t i n g in sa tura ted soil the c o m p o u n d is d i lu ted b y the g r o u n d w a t e r a t its b o u n d a r i e s , and 

its ge l l ing t ime is i nc reased , and pene t r a t i on in to the soil is m o r e u n i f o r m . T h i s e v i d e n c e f rom a la-

b o r a t o r y test is c o n f i r m e d b y prac t ica l e x p e r i e n c e that a c o m p o u n d c a n eff iciently pene t r a t e the soil 

after the ge l l ing of the a l r eady injected c o m p o u n d has s tar ted . T h e s a m e au tho r s h a v e s tud ied the 
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Ο 20 40 60 min 0 20 40 60 min 

F i g . 3 . 2 5 Contours of differently colored silicate grout penetration in laboratory tests, (a) injection 
pressure, t ime and colors injected in dry sand, (b) in saturated sand 

d i s t r ibu t ion o f the in ject ing p r e s s u r e in a cy l indr ica l m o d e l s h o w n in F i g . 3 . 2 6 . A 6 0 c m long injec-

t ion p i p e w i t h 13 ho l e s 6 m m in d i a m e t e r w a s p l aced at the cen t e r of a 2 2 . 5 ° w e d g e - s h a p e d sec t ion 

of a cy l i nde r . T h e p r e s s u r e d i s t r ibu t ion w i th in the injected z o n e at d i f ferent ge l t imes is s h o w n in 

F i g . 3 . 2 6 . 

T h e ge l t i m e o f the s i l icate so lu t ion w a s 2 4 m i n , the in jec t ion lasted for 4 7 m i n w i t h o u t no tab le 

p r e s s u r e i n c r e a s e . 

T h e s e resul t s w e r e c o n f i r m e d in tests ca r r i ed ou t b y K r i z e k and P e r e s ( 1 9 8 5 ) . Sand w a s p laced in 

a 3 , 0 5 long P V C tube 102 m m in d i a m e t e r . A t o n e end w a t e r w a s c o n v e y e d in the quan t i ty needed 

to a c h i e v e the des i r ed pe rco l a t i on ve loc i ty . A s i l icate so lu t ion of k n o w n ge l l ing t i m e w a s injected 

t h r o u g h a n a r r o w p i p e in the m i d d l e of the sec t ion at a d i s t ance of o n e th i rd of the l eng th of the tube . 

In jec t ion tests w e r e ca r r i ed out w i t h sands h a v i n g di f ferent g r a in s ize d i s t r ibu t ions . It w a s deter -

m i n e d that the ge l t i m e of the so lu t ion injected in the p o r e s w a s inc reased b e c a u s e the so lu t ion was 

b e i n g d i lu ted d u r i n g the p r o c e s s . A t s o m e cr i t ica l r a t io b e t w e e n the ve loc i ty of w a t e r in the sand and 
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the ve loc i ty of the in jected so lu t ion , the so lu t ion b e c o m e s d i lu ted so m u c h that it s tops ge l l ing at a l l . 

T h e r e d u c t i o n in pe rmeab i l i t y ach ieved wi th g r o u t i n g is the h ighes t w h e n the ve loc i ty of the pe rco -

la t ing w a t e r is sma l l a n d , a t s o m e h i g h e r ve loc i ty n o r educ t i on in pe rmeab i l i t y is a c h i e v e d . 

0 I 1 1 1 1 h 1 i 
0 30 60 90 120 cm 

F i g . 3 . 2 6 Pressure distribution in injected sand model during time 

3 . 5 2 . T h e s t r e n g t h of c h e m i c a l l y in jec ted soi l 

T h e s t r eng th o f injected c h e m i c a l gels is l o w c o m p a r e d to the s t r eng th of c e m e n t in jec t ions , bu t 

the i n t e r connec t ed ge l s t ruc tu re in the injected p o r e s p r o v i d e s the a s s e m b l a g e o f g ra ins wi th s o m e 

cohes ive s t r eng th , w h i l e the shea r s t reng th ang le Φ r e m a i n s u n c h a n g e d . T h e r e f o r e the s t r eng th ga in 

of the injected r e g i o n is re la t ive ly l a rge for l o w s t resses and neg l ig ib le for h i g h addi t iona l l oads . 

T h e s t r eng th of injected soil is tes ted in the l abora to ry o n cy l indr ica l s ample s and it is expressed 

as the u n c o n f i n e d s t r eng th . S ince loads at the sur face cause s o m e t r iaxial s t ress c h a n g e s in the loaded 

r e g i o n , it w o u l d b e m o r e app rop r i a t e to test injected s a m p l e s in t r iaxia l tes t s . Al l s a m p l e s should 
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b e s u b m e r g e d be fo re t es t ing , as they a re in n a t u r e . T h e s t r eng th of d r i ed s a m p l e s m a y b e u p to 10 

t imes h i g h e r than the s t r eng th o f we t o n e s . 

3 . 5 3 . T h e ge l t i m e 

T h e ge l t i m e of c h e m i c a l g rou t s d e p e n d s o n the se lec ted r eagen t and o n the concen t r a t i on of the 

so lu t ion . W i t h s o m e c o m b i n a t i o n s , the v iscos i ty i nc rease is slow, w h e r e a s it i nc reases unt i l it r ises 

sha rp ly to the final ge l s t r eng th , so t ime ava i l ab le for p u m p i n g nea r ly c o r r e s p o n d s to the ge l t ime . 

F i g 3 . 2 7 Change of viscosity of chemical 
grouts during t ime, 1 silicate solu-
tion, 5 0 % silicate, 5 % formamide, 
5 % etil acetate, 2 10% acrylamide 
solution, 3 AC400 

0 8 16 24 32 40 

t ime min — — 

In o t h e r s , the v iscos i ty inc reases g r adua l l y , so that on ly pa r t o f the ge l t i m e is ava i l ab le for p u m p -

ing . O t h e r fac tors in f luenc ing the ge l t ime a r e the t e m p e r a t u r e d i f fe rence b e t w e e n the so lu t ion and 

the injected g r o u n d , and the d i lu t ion d u r i n g in jec t ion . 

F r o m typica l resul t s of s o m e l abo ra to ry tests (Baker , 1982) s h o w n in F i g . 3 . 2 7 , it is seen that the 

v iscos i ty of s i l icate so lu t ions doub le s f rom its ini t ial va lue be fo re ge l l ing s ta r t s , and that the v i scos-

ity of res ins is nea r l y cons t an t , w h e r e a s it i nc reases sha rp ly w h e n ge l s tar ts f o r m i n g . 

3 . 5 4 . T o x i c i t y o f c h e m i c a l so lu t ions 

T h i s m u s t b e c o n s i d e r e d in t w o r e spec t s , the hea l th h a z a r d to the c r e w s w o r k i n g w i t h the c h e m i -

cals and the h a z a r d to the e n v i r o n m e n t . S o m e c h e m i c a l s u s e d for g r o u t i n g m a y b e tox ic , neu ro tox ic 

o r c a n c e r o g e n e o u s , i r r i tan t to the sk in o r c o r r o s i v e . In the i r u s e , s t r ic t c o m p l i a n c e w i t h the p r o d u -

c e r s ' ins t ruc t ions shou ld b e o b s e r v e d , and the w o r k i n g site m u s t b e k e p t abso lu te ly c lean . G r o u n d 

w a t e r m a y s lowly l each , and the tox ic c o m p o n e n t s c a n po l lu t e the g r o u n d w a t e r . 

3 . 5 5 . E c o n o m i c aspec t s 

T h e p r i ce of v a r i o u s c h e m i c a l s for g r o u t i n g m a y v a r y in the r a n g e of 1 to 2 0 . T h e cos t of p r epa ra -

t ion of the so lu t ions and the in ject ion m a y v a r y in the r a n g e of 1 to 3 for va r ious c h e m i c a l s , so that 

the tota l cos t of the g r o u t i n g pro jec t m u s t b e eva lua ted in o r d e r to d e c i d e o n the m o s t c o n v e n i e n t al-

t e rna t ive . In s o m e cases o t h e r m e t h o d s m a y b e m o r e c o n v e n i e n t t han g r o u t i n g in o r d e r to so lve the 

p r o b l e m s caused b y g r o u n d w a t e r in c ivi l e n g i n e e r i n g . 
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T h e idea l c h e m i c a l s for g r o u t i n g shou ld satisfy the fo l lowing r e q u i r e m e n t s : 

• it shou ld b e a p o w d e r so lub le in w a t e r ( in o r d e r to spa re the cos t o f t r anspor t a t i on of the sol-

v e n t ) ; 

• it shou ld b e insens i t ive to the s to r ing cond i t i ons ; 

• it shou ld n o t b e tox ic , c o r r o s i v e , exp los ive e t c . ; 

• the so lu t ion shou ld h a v e l o w viscos i ty and it shou ld b e s table u n d e r n o r m a l t e m p e r a t u r e ; 

• it shou ld b e i n e x p e n s i v e , inc lud ing the n e e d e d reac t ives and ca ta lys t s ; 

• it shou ld n o t b e sens i t ive to the qua l i ty of the g r o u n d w a t e r and it shou ld s table at P H > 7 ; 

• it shou ld fo rm a s table ge l of h i g h s t r eng th . 

A s ing le c h e m i c a l wi l l n e v e r satisfy all these r e q u i r e m e n t s , bu t its p rope r t i e s wi l l l ead to the se-

lec t ion of the m o s t c o n v e n i e n t o n e that wi l l bes t m e e t the cr i t ical r e q u i r e m e n t s o f a specif ic p ro jec t . 

D u r i n g the last 3 0 y e a r s a few h u n d r e d s of different c h e m i c a l g r o u t fo rmula t ions w e r e pa ten ted , 

b u t on ly a few of t h e m w e r e d e v e l o p e d c o m m e r c i a l l y . Si l icates and a c r y l a m i d e s w e r e u sed in the 

U S A o n u p t o 9 0 % of all p ro jec t s , and the res t o f the m a r k e t w a s c o v e r e d b y n o m o r e than s ix dif-

ferent pa t en ted p r o d u c t s . 

F o r c h e m i c a l g r o u t i n g , p r e d o m i n a n t l y a q u e o u s so lu t ions of the fo l lowing c h e m i c a l s a r e u s e d : so-

d i u m s i l ica tes , a c r y l a m i d e s , l ignosul f i tes , pheno lp las t s and a m i n o p l a s t s . 

3 . 5 6 . S o d i u m s i l icate g r o u t s 

S o d i u m si l icate (cal led a l so w a t e r glass) is c o m m e r c i a l l y ava i lab le as an a q u e o u s so lu t ion o f mass 

dens i ty ρ = 1.36 g / c m ( 1 . 3 8 ° B e ) . Its c h e m i c a l fo rmula is n S i 0 2 . N a 2 0 , and the s i l ica /a lca l i ra t io 

η m a y v a r y b e t w e e n 3 and 7 . In the r a n g e of η b e t w e e n 3 and 4 it fo rms gels su i tab le for g rou t ing 

w h e n s o m e ac id o r ac id salts a re a d d e d . F o r this p u r p o s e s o m e o r g a n i c c o m p o u n d s c a n b e u sed as 

e thy l ace ta te c o m b i n e d wi th s o m e de t e rgen t ( F r e n c h pa t en t ) , o r f o r m a m a y d e w i t h s o m e salt to regu-

la te the ge l t ime ( U S A P a t e n t ) . 

T h e s t r eng th of the ge l d e p e n d s o n the si l ica con ten t of the so lu t ion . In o r d e r to ach i eve an u n c o n -

fined s t r eng th of 7 0 0 k N / m , a v iscos i ty of 10 C p and m o r e is n e e d e d , w h i c h is h a r d l y in jec table . 

T h e v iscos i ty c a n b e l o w e r e d to 3 c p if on ly i m p e r m e a b i l i z a t i o n of the soil is i n t ended regard less of 

the s t r eng th . T h e s e a r e ini t ial v iscosi t ies w h i c h d o u b l e wi th in 3 /4 of the ge l t i m e ( F i g . 3 . 2 7 ) . T h e 

s t r eng th of injected sand sample s d e p e n d s a l so o n the ra te of load i nc rea se , the s t r eng th increases 

w i t h the ra te of load i nc rea se . M o s t fo rmula t ions y ie ld ge ls w h i c h a re r e g a r d e d as s table in the 

g r o u n d , b u t this is doubt fu l for t w o r e a s o n s . F i r s t ly , al l s i l ica ge ls e x u d e w a t e r and sh r ink in the in-

j e c t e d v o i d s , the m o r e so the l o w e r the v iscos i ty and the shor t e r the ge l t i m e . V o i d s , ini t ial ly fully 

filled w i t h ge l , ga in s o m e w a t e r , and the pe rmeab i l i t y of the injected soil inc reases . W a t e r p e r c o -

la t ing t h r o u g h the r e g i o n then l eaches free c o m p o n e n t s ou t of the ge l , w h i c h is w e a k e n e d and m a y 

b e fully d e s t r o y e d . 
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S o d i u m si l icate is n o t tox ic and it does n o t p r e sen t h a z a r d s to the e n v i r o n m e n t , b u t s o m e of the r e -

ac tan ts m a y b e d a n g e r o u s and the ins t ruc t ions of the p r o d u c e r m u s t b e o b s e r v e d . 

3 . 5 7 . A c r y l a m y d e g r o u t s 

A n e w e r a in c h e m i c a l g r o u t i n g t e c h n o l o g y s tar ted w i t h the d i s c o v e r y o f A M - 9 in the U S A in 1 9 5 1 , 

w h i c h h a s b e e n c o m m e r c i a l l y ava i l ab le s ince 1 9 5 3 . It is a wh i t e p o w d e r cons i s t ing o f a m i x t u r e of 

t w o o r g a n i c m o n o m e r s w h i c h cou ld b e p o l y m e r i z e d at a m b i e n t t e m p e r a t u r e in to l ong m o l e c u l a r 

cha ins b y m e a n s of a few p e r c e n t of a c ross l ink ing agen t . So lu t ions of u p to 2 0 % sol ids h a v e vis-

cos i t ies l o w e r t h a n 2 c p . T h e ge l con ta ins m a i n l y w a t e r ( 8 0 - 9 7 % ) , it is s table in a mo i s t env i ron -

m e n t a n d u n d e r w a t e r . W h e n d r i ed it sh r inks to 1 0 % of its o r ig ina l v o l u m e , b u t it swel l s to rega in 

the s ta r t ing v o l u m e if s u b m e r g e d aga in . A m o n i u m persu l fa te is c o m m o n l y u s e d as a ca ta lys t . T r i e -

t a n o l a m i n e as ac t iva to r and p o t a s s i u m fe r r i cyan ide as inh ib i to r for c h e c k i n g the ge l t ime a r e mos t -

ly u s e d . T h e ca t a lyzed so lu t ion does no t c h a n g e its o r ig ina l v iscos i ty t h r o u g h the i nduc t ion t ime , 

t hen the ge l st iffens s u d d e n l y , as seen in F i g . 3 . 2 7 . T h e r eac t ion is e x o t h e r m i c the re fo re the ra te of 

the s t r eng th inc rease is h i g h e r in l abo ra to ry s a m p l e s than in the injected g r o u n d . T h e unconf ined 

s t r eng th o f in jected p o r o u s soil m a y r each va lues b e t w e e n 3 5 0 and 1,450 k N / m (Karo l , 1982) , bu t 

c r e e p is r a the r p r o n o u n c e d w h e n the s t resses r e a c h 1/4 to 1/2 of these va lues . T h i s c h e m i c a l is h igh-

ly n e u r o t o x i c so its p r o d u c t i o n w a s s topped in 1979 . It w a s soon rep laced o n the m a r k e t b y a n e w 

p r o d u c t ca l led A C 4 0 0 w h i c h is a m i x of ac ry l m o n o m e r s . It p o l i m e r i z e s w i t h the add i t ion of a c ross 

l ink ing a g e n t ( m e t i l e n b i s a c r y l a m i d e ) . It is n o t t ox i c , i ts v i scos i ty is a r o u n d 2 c p , and the pe rmeab i l i t y 
Q 

of the ge l is a b o u t 5 . 1 0 c m / s . T h e induc t ion t ime can b e re l iab ly con t ro l l ed , and all o t h e r p rope r -

t ies a r e s imi l a r to those of A M - 9 . 

A c r y l i c ge l s a r e m o r e e x p e n s i v e than s o d i u m si l icate ones and they a r e u s e d w h e n l o w viscosi ty 

a n d we l l con t ro l l ed i nduc t ion t ime a re i m p o r t a n t factors for the success o f the g r o u t i n g w o r k . 

3 . 5 8 . O t h e r c h e m i c a l g r o u t s 

A l t h o u g h 9 0 % of c h e m i c a l g r o u t i n g is d o n e w i t h g rou t s ba sed o n s o d i u m si l icate and ac ry l i c based 

g r o u t s , s o m e o t h e r c o m p o u n d s shou ld b e m e n t i o n e d . 

L i g n o s u l p h o n a t e g rou t s a r e based o n a w a s t e p r o d u c t of w o o d p roces s ing in the p a p e r indus t ry . Its 

c o m p o s i t i o n va r i es w i th the k ind of w o o d and the m a n u f a c t u r e p r o c e s s . L i g n o s u l p h o n a t e s a r e u sed 

for g r o u t i n g in the i r o r ig ina l l iquid s tate o r d r i ed to a p o w d e r , and the ge l is f o r m e d wi th the add i -

t ion of s o d i u m d i c h r o m a t e (h ighly tox ic ) . T h e concen t r a t i on of the l iquid for u s e is b e t w e e n 2 0 0 and 

6 0 0 g p e r l i ter , the ini t ial v iscos i ty r a n g e s b e t w e e n 3 and 8 c p , and the ge l s t r eng th is s imi la r to the 

s t r eng th ob ta ined w i t h a c y l a m i d e g r o u t s . T h e ge l is s table if con t i nuous ly s u b m e r g e d , the toxic d ich-

r o m a t e m a y l each and po l lu te the e n v i r o n m e n t . L i g n o s u l p h o n a t e g rou t s m a y b e an in te res t ing al ter-

na t ive in coun t r i e s w i t h a d e v e l o p e d p a p e r i ndus t ry . 

Seve ra l o t h e r c o m p o u n d s l ike p h e n o l p l a s t s , a m i n o p l a s t s , and p o l y u r e t h a n e a re s e l d o m used for 

g r o u t i n g in c iv i l e n g i n e e r i n g w o r k s . 
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3 . 5 9 . F o a m s 

F o a m is a g a s e o u s e m u l s i o n of b u b b l e s in p o l y u r e t a n e . T h e s ize and s t ruc tu re of the b u b b l e s is 

con t ro l l ed b y s o m e sur face ac t ive agen t . T h e d i a m e t e r of the b u b b l e s is u n i f o r m , a b o u t 8 0 % of the 

b u b b l e s a r e w i th in 1.1 d and 0 . 9 d, d b e i n g thei r a v e r a g e d i a m e t e r , w h i c h d e p e n d s o n the surface 

ac t ive a g e n t u s e d . 

A charac te r i s t i c p r o p e r t y of foams is that the d i a m e t e r of the b u b b l e s is s m a l l . I t f lows freely 

t h r o u g h the p ip ing and in the f issures un t i l the g rou t ing p r e s su r e dec reases in free spaces caus ing 

e x p a n s i o n of the b u b b l e s and the g r o u t stiffens b e c a u s e of the h i g h sur face t ens ion of the l iquid p h a s e . 

F o a m s a r e cha rac t e r i zed b y t w o p a r a m e t e r s : 

• the e x p a n s i o n coeff ic ient e is the ra t io b e t w e e n the v o l u m e of the g a s e o u s and the l iquid 

phases of the suspens ion , and it is equ iva len t to the vo id ra t io of so i l s ; 

e = v g/ v i (3 .14 ) 

• the swel l ing coeff ic ient / i s the ra t io b e t w e e n the final and the init ial v o l u m e s o f the foam; 

f = (vi + v g) / v i (3 .15 ) 

w h e r e vi = v o l u m e of the l iquid p h a s e ; 

v g = v o l u m e of the gaseous p h a s e su spended at a t m o s p h e r i c p r e s s u r e . 

T h e foaming effect is neg l ig ib le w h e n e < 0 . 2 , and w h e n e > 0 . 8 the f o a m stiffens immed ia t e ly 

u p o n cessa t ion of the p r e s s u r e . F o a m s wi th cemen t i t i ous suspens ions m a y r e a c h e = 3 , and o rgan ic 

foams as h i g h as e = 5 0 . 

F o a m s c a n b e p r o d u c e d in t w o w a y s : 

• b y a d d i n g sur face ac t ive agen ts to the m i x , 

• b y a d d i n g r eagen t s w h i c h chemica l ly p r o d u c e a gas w h i c h e m u l g a t e s in b u b b l e s . 

W i t h the add i t ion of sur face ac t ive agen ts the b u b b l e s gene ra t e i m m e d i a t e l y u p o n m i x i n g , their 

s ize is u n i f o r m and less than 1 m m in d i a m e t e r . C h e m i c a l l y r eac t ive agen t s n e e d 10 to 2 0 m i n and 

m o r e to r eac t , depend ing o n the t e m p e r a t u r e , and the d i a m e t e r of the b u b b l e s is n o t u n i f o r m , the lar-

ges t b u b b l e s a re m o r e than 1 m m in d i a m e t e r . C o m b i n i n g b o t h m e t h o d s , the r a n g e of b u b b l e d i a m e -

ters can b e i nc rea sed , w h i c h inf luences conven ien t ly the p rope r t i e s of the f o a m , espec ia l ly its 

s tabi l i ty . 

F o a m s are v e r y eff icient for p l u g g i n g w i d e o p e n spaces , c ave rns o r w i d e f rac tures at a l o w con-

s u m p t i o n of g r o u t m a s s , espec ia l ly w h e n these a r e pe rco la t ed b y w a t e r . T h e f o a m stiffens i m m e d i -

a te ly after l eav ing the in jec t ion p i p e , it is n o t l eached o r sof tened b y w a t e r , and it c a n b e u sed 

conven ien t ly in c o m b i n a t i o n w i th subsequen t inject ions of th ick c e m e n t suspens ions o r m o r t a r . 
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4 . G R O U T I N G T E C H N O L O G Y 

G r o u t i n g is a p r o c e d u r e w h i c h can no t b e s t r ic t ly s t anda rd ized b e c a u s e of the e r ra t i c n a t u r e and 

var iab i l i ty o f the soi l . G r o u t i n g cons is t s of a s e q u e n c e of d i f ferent o p e r a t i o n s : 

• d r i l l ing a h o l e of a n a p p r o p r i a t e d i a m e t e r in the es tab l i shed a r r a n g e m e n t and dep th , 

• p r e p a r a t i o n , p r o p o r t i o n i n g , w e i g h t i n g and m i x i n g o f the se lec ted g r o u t su spens ion , 

• in jec t ing the p r e p a r e d suspens ion in to the des igna ted sec t ion of the b o r e h o l e f rom w h i c h 

the f issures a r e fi l led. 

T h e r e is a va r i e ty o f p r o c e d u r e s w h i c h m a y b e app l ied in o r d e r to ach i eve the bes t g rou t ing resul t 

e c o n o m i c a l l y , d e p e n d i n g o n the local cond i t ions o f the r o c k , w h i c h n o r m a l l y v a r y wi th in a wide 

r a n g e . P rac t i ca l dec i s ions c a n b e ba sed o n s o m e gene ra l k n o w h o w ru l e s , b u t a b i t of in tu i t ion based 

o n pas t e x p e r i e n c e is neve r the l e s s fundamen ta l . G r o u t i n g is to s o m e ex ten t a n a r t , for the bes t ful-

f i l lment o f w h i c h a c lose c o o p e r a t i o n b e t w e e n the des ign and the con t r ac to r eng inee r s is essent ia l . 

B o t h of t h e m shou ld b e we l l acqua in t ed w i th the m e a n s and the m e t h o d s of g r o u t i n g , they m u s t h a v e 

s o m e feel ing for the charac te r i s t i cs of the local r o c k p rope r t i e s w h i c h , in add i t ion to the resul ts of 

field exp lo ra t i ons b e c o m e ev iden t du r ing the p r o g r e s s o f dr i l l ing and g r o u t i n g ac t iv i t ies . It is poss ib le 

to s t anda rd i ze v a r i o u s phases of act ivi t ies w h i c h a r e rou t ine ly ca r r i ed o u t as shal l b e descr ibed in 

s o m e deta i ls in C h a p t e r s 6 , 7 and 8, so that the act ivi t ies a r e ra t iona l ly d i r ec ted to the in tended pur -

p o s e - p e r m e a b i l i t y r e d u c t i o n , inc reased s t r eng th and r e d u c e d de fo rmab i l i t y o f the injected reg ion . 

T h e effect tha t m a y b e ach i eved b y g r o u t i n g is na tu ra l ly l imi ted to a l o w e r b o u n d , b e c a u s e pores 

and f issures n a r r o w e r than s o m e l imi t s ize c a n n o t b e pene t r a t ed b y the injected c o m p o u n d . 

T h e l o w e r l imi t o f pe rmeab i l i t y w h i c h c a n b e r eached b y m e a n s of g r o u t i n g f issured rock is in the 

r a n g e of 1,0 - 0 , 1 L U so that the ra t io of the ini t ial p e r m e a b i l i t y to the p e r m e a b i l i t y of the g rou ted 

r o c k is the l o w e r the l o w e r the ini t ial p e r m e a b i l i t y . T h i s appl ies a l so to the effect of conso l ida t ion 

g r o u t i n g . S ince the p e r m e a b i l i t y of r o c k a l so ind ica tes the poss ib i l i ty of pene t r a t i on of the injected 

g r o u t i n to the p o r e s o r f i ssures , it g ives an ind ica t ion w h e t h e r u n d e r the n a a i r a l cond i t ions g rou t ing 

is n e c e s s a r y o r feas ib le . T h e a r t of g rou t ing c a n b e m a s t e r e d on ly t r o u g h e x p e r i e n c e , careful obser -

va t ions a n d eva lua t ions of the b e h a v i o r of r o c k d u r i n g the ach i eved in jec t ion . St r ic t c o m p l i a n c e wi th 

a formal i s t ica l ly c o n c e i v e d g rou t ing p l an gene ra l ly causes a was t e of ma te r i a l o r an unsafe s t ruc-

a i r e . 

4 . 1 . D r i l l i n g a n d s e q u e n c e of w o r k s 

T h e first in the s e q u e n c e of act ivi t ies o n g r o u t i n g pro jec t s is dr i l l ing the in jec t ion ho le s at spac ings 

fo reseen w i t h i n s o m e l imi ts in the des ign . T h e spac ing of ho le s is then adjus ted a c c o r d i n g to the ac -

tual resul t s ob t a ined o n o n e o r m o r e test g r o u t i n g p lo t s injected at the s i te . 
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R o t a r y o r p e r c u s s i o n ro t a ry dr i l l ing r igs a re u sed for dr i l l ing w i t h w a t e r as the dr i l l ing f luid, bu t 

in s o m e cases the ho le s can b e a l so a i r f lushed. Usua l ly s o m e of the p r i m a r y g r o u t i n g ho les a r e dr i l led 

w i th ro t a ry r igs and c o r e d , so that add i t iona l da ta o n the c o m p o s i t i o n and the g e o l o g y o f the s t rata 

a r e co l lec ted . R o t a r y dr i l l ing is t w o to five t imes m o r e e x p e n s i v e than the p e r c u s s i o n dr i l l ing . 

T h e cos t c a n b e l o w e r e d and the dr i l l ing speed c a n b e inc reased b y u s i n g n o n c o r i n g ins tead of cor -

ing bi ts caus ing the c ru sh ing of the ma te r i a l w h i c h is then ca r r i ed to the sur face b y the flushing wa te r . 

F i g . 4 . 1 Drilling progress with (A) rotary and (B) percussion rig in same formation; 1 clay with 
crushed limestone, 2 marly limestone, 3 soft marly limestone, 4 medium hard limestone 
with chert, 5 hard marly limestone with chert ,6 hard limestone with chert, 7 soft limestone 
with chert 

O n g r o u t i n g pro jec t s ma in ly ro ta ry pe r cus s ion r igs a r e u s e d w i th w h i c h dr i l l ing speed of 2 0 m / h 

c a n b e r e a c h e d and dep ths u p to 180 m . In F i g 4 . 1 . the dr i l l ing speed ach ieved o n a test g rou t ing 

p lo t in the L e b a n o n ( F i n g e r h u t , 1971 ) w i th a ro t a ry pe r cus s ion r ig is s h o w n and c o m p a r e d to the 

speed ob ta ined at the s a m e site w i t h ro ta ry dr i l l ing . M o r e deta i ls o n r igs and accesso r i e s a r e g i v e n 

in C h a p t e r 5 . 

ht
tp

s:
//t

el
eg

ra
m

.m
e/

G
eo

lo
gy

bo
ok

s

https://telegram.me/Geologybooks


71 

T h e g r o u t is i n t r o d u c e d in to a sec t ion of the h o l e w i th the l eng th L , to b e injected b y m e a n s of a 

p ipe a t the l o w e r end of w h i c h a p l u g ca l led packer is f ixed, w h i c h isola tes the g r o u t f rom the u p p e r 

sec t ion of the h o l e , as s h o w n in F i g 4 . 2 . T h e l eng th of the sec t ion L is c h o s e n to m a t c h the pe r -

meab i l i t y o f the fo rma t ion and the p u m p i n g capac i ty . If the p e r m e a b i l i t y is l o w , L m a y b e as m u c h 

as 10 m in h o m o g e n e o u s r o c k , and in h igh ly f rac tured and p e r m e a b l e r o c k it m a y b e as l o w as 1 m . 

G e n e r a l l y it is c h o s e n as L = 5 m . 

T h e d i a m e t e r of in jec t ion ho les has n o in f luence o n the ef fec t iveness o f g r o u t i n g . S ince dr i l l ing 

sma l l e r d i a m e t e r ho l e s is c h e a p e r and faster , the smal les t d i a m e t e r su i table for the m a x i m u m hole 

d e p t h is c h o s e n . T h e e x t r e m e s a re b e t w e e n 4 0 m m and 100 m m d i a m e t e r , mos t ly 4 6 to 5 6 m m , ac -

c o r d i n g to E u r o p e a n S t a n d a r d s , wi l l b e sa t i s fac tory . 

T h e s e q u e n c e of d r i l l ing and g r o u t i n g c a n b e f rom top to b o t t o m o r f rom the b o t t o m u p . In the first 

case the h o l e is dr i l led to the b o t t o m of the n e x t sec t ion to b e g r o u t e d ( F i g . 4 . 3 ) . T h e r ig is r e m o v e d 

and the g r o u t i n g tube w i th the p a c k e r is inse r ted . W h e n the p a c k e r is f ixed at the t o p o f the stage the 

sec t ion is injected to refusa l . T h e n the p a c k e r and the g r o u t i n g tube a r e r e m o v e d , the dr i l l is p laced 

aga in , the g r o u t e d sec t ion and the n e x t o n e a r e d r i l l ed , and the p r o c e d u r e is r epea ted un t i l the an-

t ic ipated d e p t h of g r o u t i n g is r e a c h e d . T h i s m e t h o d of g r o u t i n g is app l i ed in h igh ly f ractured o r in 

F i g . 4 . 2 Bore hole with standpipe and packer for 
grouting section L, 1 injection line, 
2 manometer, 3 regulating valves, 
4 screwing device, 5 packer, 6 injected 
section, 7 return line 
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F i g . 4 . 3 Drilling and grouting in sections form top to bottom 

w h e r e the b o r e ho le wa l l s m a y co l lapse and b l o c k the e q u i p m e n t . W h e n the fo rma t ion is c o m p a c t 

the h o l e m a y b e dr i l led in o n e ope ra t i on to the b o t t o m , the g rou t ing is s tar ted in sec t ions , subsequen t ly 

f rom the b o t t o m to the t o p , as s h o w n in F i g . 4 . 4 . 

F ig . 4 .4 Grouting in sections from the bottom up 
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T h e w o r k i n g p r o g r e s s is faster , the on ly d a n g e r is f rom g r o u t b y p a s s i n g the p a c k e r and filling the 

u p p e r p a r t o f the h o l e , b e c a u s e it is a l w a y s fixed in u n g r o u t e d r o c k . In o r d e r to avo id such a dange r , 

a h o s e for f lushing the p a c k e r shou ld b e l o w e r e d in to the h o l e . 

In s o m e cases a c o m b i n a t i o n of b o t h m e t h o d s is c o n v e n i e n t . T h e h o l e is dr i l led to a dep th wh ich 

c a n b e r e a c h e d w i t h o u t d a n g e r of co l l aps ing the wa l l s . T h e n it is in jected u p w a r d s in s t ages , red-

r i l led and dr i l l ed to the n e x t feasible d e p t h , and injected u p w a r d s in s t ages . T h u s the n u m b e r of m o v -

ing the e q u i p m e n t and se tups c a n b e r e d u c e d t o o . 

In s o m e cases (ma in ly in the U S A ) a di f ferent a p p r o a c h , w h i c h m a y b e ca l led zone grouting is 

u s e d . T h e h o l e is first dr i l led to a m o d e s t dep th , a s s h o w n in F i g . 4 . 5 , t hen a p i p e is set in c e m e n t 

m o r t a r , a n d the ho le is dr i l led to the dep th of the first in ject ion z o n e . T h e c i rcu la t ion l ine is then 

c o n n e c t e d to the p ipe and the z o n e is injected at a m o d e r a t e p r e s s u r e , so that l eaks to the surface a re 

F i g 4 . 5 . Grouting in zones from top down, zones I - III 

p r e v e n t e d . Af te r the g r o u t h a s se t , the h o l e is redr i l l ed to the d e p t h o f the s u b s e q u e n t z o n e , the p i p e 

is c o n n e c t e d to the c i rcu la t ion l ine , and the w h o l e d e p t h is injected aga in ,bu t wi th a h i g h e r p r e s su re , 

so that the u p p e r z o n e is a l so r e g r o u t e d . T h e p r o c e d u r e is r epea ted un t i l the final d e p t h of g rou t ing 

is a c h i e v e d . U s u a l l y the d e p t h o f g r o u t i n g is d iv ided in to t h r ee z o n e s . It is a s s u m e d that b y regrou t -

ing the u p p e r z o n e at h i g h e r p r e s s u r e , t oge the r w i th the d e e p e r o n e i m p r o v e s the g r o u t i n g resul t . 

T h i s is doubt fu l in m a n y cases , b e c a u s e the g r o u t c o m p o s i t i o n and the in jec t ion p r o c e d u r e mus t b e 

se lec ted to sui t the n e w l y g rou t ed z o n e , w h i c h m a y n o t b e the bes t su i tab le cho i ce for the a l ready 
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g rou t ed z o n e exh ib i t ing l o w p e r m e a b i l i t y . In the E u r o p e a n p rac t i ce g r o u t i n g in sec t ions is a lways 

p re fe r r ed . 

T h e n u m b e r of r o w s of g rou t ed ho les d e p e n d s o n the n e e d e d th ickness o f the g r o u t e d z o n e and o n 

the ini t ial pe rmeab i l i t y of the fo rma t ion . F o r prac t ica l r easons an u n e v e n n u m b e r of r o w s shou ld b e 

u s e d . If on ly t w o r o w s of ho les a r e in jected, as s h o w n in F i g . 4 .6 (a ) , the resu l t is effect ively the s ame 

as the o n e ach i eved b y inc reas ing the spac ing b e t w e e n the h o l e s . W h e n th ree r o w s of ho les a re 

g r o u t e d , w h i c h is c o n v e n i e n t in fo rmat ions of h i g h p e r m e a b i l i t y , t h e ex te rna l ho le s a r e injected first 

w i t h l o w e r sa tu ra t ion c r i te r ia , the in te rna l r o w fo l lows w h i c h can then b e g rou t ed at h i g h e r p ress -

u r e and sa tu ra t ion c r i t e r ia w i thou t excess ive g r o u t w a s t e . 

( a ) ( b ) 

F i g 4 . 6 . Grouting density, (a) in a single and in a double row curtain (c) in a three row curtain 

E x p e r i e n c e has s h o w n that the s e q u e n c e of g rou t ing different ho le s inf luences d o m i n a n t l y the end 

resu l t . T h e a p p r o a c h m o s t l y u sed today is that of "split spacing " the d i s t ance b e t w e e n subsequen t ly 

injected sets of h o l e s . T h e first set of ho les ca l led the p r i m a r i e s a r e dr i l led and injected at a d i s tance 

w h i c h e x c e e d s the expec t ed a v e r a g e r each of the injected g rou t . T h e nex t set of ho les is then injected 

in the m i d d l e of the spac ing b e t w e e n the p r i m a r i e s , the s equence is r epea ted aga in w i t h the ter t iar ies 

in the m i d d l e of the spac ing b e t w e e n the secondar i e s and so o n , un t i l the last set dr i l led s h o w s that 

the p e r m e a b i l i t y o r the specif ic g r o u t take is l o w e r then the specif ied v a l u e . T h e bas i c d i s tance b e -

t w e e n the p r i m a r i e s is d e t e r m i n e d f rom p r e v i o u s e x p e r i e n c e in s imi la r g r o u n d cond i t i ons , o r based 

o n the resul t s of o n e o r severa l g rou t ing test p lo t s . T h e d is tance shou ld b e se lec ted so that the spe-

cif ied resu l t o f g r o u t i n g is ach ieved ma in ly after inject ing the ter t iary ho le s at a spac ing b e t w e e n 3 ,0 

and 1,5 m . T h e c lo su re spac ing d e p e n d s o n the cha rac t e r of j o i n t i n g and f i ssur ing , the g r o u t c o m -

pos i t ion , the in ject ing p r e s s u r e , the specif ied c r i te r ia of sa tu ra t ion and o n the ini t ial pe rmeab i l i t y of 

the fo rma t ion . Q u a t e r n a r y ho le s shou ld on ly b e occas iona l ly needed , p r o v i d e d the d i s tance of p r i -

mar i e s is we l l c h o s e n . In this p r o c e d u r e the sets of ho le s of h i g h e r o r d e r shou ld a l w a y s b e injected 

after all ho le s of l o w e r o r d e r a re c o m p l e t e d . T h e ho le s of h i g h e r o r d e r can b e dr i l led and g rou t ed 

be fo re the p r e v i o u s ones h a v e r eached the final dep th , b u t these shou ld b e injected at leas t t w o sec-

t ions d e e p e r than those o f the n e w set . 
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T h e eva lua t ion o f the in jec t ion resul ts a ch i eved in the last set o f ho le s c a n b e b a s e d e i the r o n pe r -

meab i l i t y m e a s u r e m e n t s be fo re in jec t ion , o r o n the specif ic g r o u t c o n s u m p t i o n . T h e first a l te rnat ive 

r equ i r e s p e r m e a b i l i t y m e a s u r e m e n t s in n e w c h e c k ho l e s b e t w e e n the injected set o f h o l e s , w h i c h is 

t ime c o n s u m i n g and e x p e n s i v e . T h e second a l t e rna t ive is ba sed o n s o m e prac t i ca l expe r i ence and 

the c lass i f ica t ion o f speci f ic g r o u t c o n s u m p t i o n , a s p r o p o s e d b y D e e r e ( 1 9 7 6 ) a n d s h o w n in T a b l e 

4 . 1 . T h e g r o u t c o n s u m p t i o n is r a n g e d f rom v e r y h i g h to ve ry l o w , the specif ic c o n s u m p t i o n in the 

last se t o f s tages shou ld b e l o w o r ve ry l o w . T h e a d v a n t a g e o f this a l t e rna t ive in the dec i s ion m a k -

ing is tha t the dec i s ion w h e t h e r o r no t to inject the n e x t h i g h e r o r d e r set o f ho l e s c a n b e m a d e as 

s o o n as the resu l t s o f the p r e v i o u s set a r e ava i l ab le , w i t h o u t a n y add i t iona l t es t ing . 

T A B L E 4 . 1 

Speci f ic in jec t ion g r o u t c o n s u m p t i o n ( D e e r e , 1976) 

D e s i g n a t i o n specif ic g r o u t c o n s u m p t i o n 

k g / m 

v e r y h i g h > 4 0 0 

h i g h 4 0 0 - 2 0 0 

m e d i u m h i g h 2 0 0 - 100 

m e d i u m 100 - 5 0 

m e d i u m l o w 5 0 - 2 5 

l o w 2 5 - 1 2 . 5 

v e r y l o w < 1 2 . 5 

It shou ld a l so b e r e m e m b e r e d that in o r d e r to fill 1 m of h o l e of 7 0 m m and 4 6 m m d i a m e t e r r e sp . 

a b o u t 10 k g / m and 5 k g / m of injected g r o u t is r equ i r ed r e s p . S o any g r o u t t ake less than 10 k g / m 

is a c o m p l e t e w a s t e of t ime and m o n e y . 

W h e n e v e r the dr i l l ing b i t s t r ikes a n inc l ined d i scon t inu i ty the axis of the h o l e m a y def lect f rom 

the ver t i ca l ax i s and the b o t t o m of the h o l e wi l l n o t m e e t the r equ i r ed pos i t ion , the spac ing b e t w e e n 

the h o l e s is the m o r e a l te red the d e e p e r the ho le s . I t t akes g rea t skil l and c a r e to p r e v e n t such u n i n -

t ended hole deflections. S o m e t i m e s g rea t i m p o r t a n c e is p l aced o n the s tr ic t con t ro l of the verticality 

of the holes a n d s o m e l imi ts to the def lec t ion a r e specif ied ( e . g . i n Y u g o s l a v i a , U S S R ) . In the U S A 

the dr i l l ing ho l e s d e e p e r than 2 0 m is avo ided w h e n e v e r pos s ib l e , in case o f d e e p e r ho les g rou t ing 

ga l le r ies a r e e x c a v a t e d f rom w h i c h aga in 2 0 m d e e p ho le s a r e d r i l l ed . In the r e l evan t publ ica t ions 

this i t e m is s e l d o m d i scussed o r e l abora t ed o n . In fact the r e a c h o f the injected g r o u t increases wi th 

the app l ied g r o u t i n g p r e s s u r e , w h i c h inc reases w i t h d e p t h , w h e r e the fo rma t ions a re less fractured 
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and the h y d r a u l i c g r ad i en t is m u c h l o w e r d e e p e r d o w n than at the surface, so that the exac t loca t ion 

of the h o l e a t the b o t t o m shou ld no t b e ve ry i m p o r t a n t for the overa l l resul t of g r o u t i n g . T h i s is con-

f i rmed b y obse rva t i ons m a d e o n g rou t ing p ro jec t s , that the d e p t h of s e c o n d a r y ho les is genera l ly 

sma l l e r t han the d e p t h of the p r i m a r i e s , and the dep th of ter t iar ies is sma l l e r t han the d e p t h of sec-

o n d a r i e s . It shal l the re fore b e a s s u m e d that it is sufficient to specify m e a s u r e s w h i c h a r e ab le to con-

trol the ho le def lec t ion r e a s o n a b l y . T h e causes of uncon t ro l l ed ho le def lec t ion a re m a i n l y : 

• inc l ined o r n o t s teady fastened dr i l l r ig , 

• u s e of b e n t dr i l l ing r o d s , 

• t oo w i d e c l ea rance b e t w e e n the wal l o f the ho le and the d i a m e t e r of dr i l l ing rods 

( e . g . 33 m m r o d s in a 5 6 m m h o l e ) , 

• dr i l l ing t h r o u g h h e t e r o g e n e o u s fo rma t ions , w i th o p e n w i d e f i ssures . 

T h e ho le def lec t ion c a n b e ve ry m u c h r educed b y an app rop r i a t e cho ice of the dr i l l ing e q u i p m e n t 

and b y careful dr i l l ing w h i c h is no t e x p e n s i v e , a l t hough it m a y s o m e w h a t s low the p r o g r e s s . Spec i -

f icat ions of s tr ict t o l e r ances , w i th pena l t i es for n o t c o m p l y i n g , forces the c o n t r a c t o r to c o v e r the r isk 

w i th h i g h e r un i t r a t e s . W h e n geo log ic cond i t ions cause def lec t ion , i t is in the s a m e d i rec t ion in all 

the h o l e s , resu l t ing in little c h a n g e of the i r re la t ive loca t ion at the b o t t o m . T h e e x p e r i e n c e o n a ve ry 

careful ly d o n e d e e p test g rou t ing p lo t in the L e b a n o n s h o w n in F i g . 4 . 7 ( F i n g e r h u t , 1971) is ins t ruc-

t ive . T h e ho le s w e r e 2 4 0 m d e e p , the def lec t ion of e v e r y h o l e w a s c h e c k e d . R o t a r y and pe rcuss ive 

0 2 4 6 % 
1 — « — ι — ι — ι — I — I H 

F i g . 4 . 7 Deviation of holes from the vertical axis, 
injection test plot Meifedoun, 1 percussion 
drilling, 2 rotary drilling 

r igs w e r e u s e d for dr i l l ing ,and specia l c a r e w a s devo ted to the def lec t ion con t ro l d u r i n g the d r i l l ing . 

T h e fo rma t ion w a s b e d d e d j o i n t e d E o c e n e l imes tone con ta in ing che r t and b e d s of m a r l . Ev iden t ly 

the def lec t ion w a s sma l l e r w i th ro ta ry than w i th pe r cus s ion d r i l l ing , gene ra l ly it inc reased w i th dep th . 

T h e m i n i m u m def lec t ion w a s abou t 1 % of the d e p t h w i th ro ta ry and 2 % w i t h p e r c u s s i o n d r i l l i ng , 
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the m a x i m u m w a s 6 ,5 % o f the d e p t h in b o t h ca se s , the a v e r a g e w a s 2 , 8 % w i t h ro t a ry and 4 , 1 % of 

the d e p t h w i t h p e r c u s s i o n d r i l l ing . 

4 . 2 . G r o u t i n g c o m p o u n d s 

T h e cho i ce o f the a p p r o p r i a t e g rou t ing c o m p o u n d for a specif ic p ro jec t d e p e n d s o n the charac te r -

is t ics a n d the p r o p e r t i e s o f the g r o u n d , and o n the p u r p o s e to b e ach ieved b y g r o u t i n g . T h e r e is a 

g r ea t va r i e ty o f the g r o u n d charac te r i s t i cs , the p rope r t i e s and the b e h a v i o r of g r o u t i n g c o m p o u n d s 

w h i c h w o u l d b e diff icult to desc r ibe sys temat ica l ly , the re fo re a t abu la r p r e sen t a t i on in T a b l e 4 . 3 is 

p r e f e r r ed . 

F r o m tables 4 . 2 and 4 . 3 , as we l l as f rom the d i a g r a m s s h o w n in F i g . 3 .2 and 3 . 3 , it m a y b e con-

c luded that : 

• c e m e n t suspens ions a r e bes t sui ted for in jec t ion for the p u r p o s e of r e d u c i n g the pe rmeab i l i t y 

a n d the de fo rmab i l i t y o f f issured r o c k founda t i ons , 

• c e m e n t - c l a y suspens ions w i t h sand and s o m e ben ton i t e o r o the r fillers a r e app rop r i a t e to re -

d u c e the p e r m e a b i l i t y of f issured r o c k , 

• m o r t a r w i t h c e m e n t and fillers to inject w i d e f issures and smal l c a v e r n s , 

• c e m e n t - b e n t o n i t e and ben ton i t e suspens ions to inject v e r y p o r o u s ma te r i a l s such as grave l 

a n d c o a r s e s and , 

• on ly c h e m i c a l so lu t ions and res ins to inject s andy b e d s , o r w i t h a p r e v i o u s in ject ion of ce-

m e n t ben ton i t e su spens ions , 

• f oams and c o m b i n a t i o n s of f oam, th ick m o r t a r and o the r fillers to s top w a t e r f lowing t rough 

w i d e f issures o r c r evas se s . 

T A B L E 4 . 2 

L i m i t s of app l i ca t ion of va r ious suspens ions and so lu t ions a c c o r d i n g to p e r m e a b i l i t y 

Type of compound Description Range of use Injection control 

(Cambefort,1977) 

Relative cost 

cement suspensions unstable, stable Fissured rock, 

k>5xl0"5cm/s 

to saturation, 

specified pressure 

and time 

1-4.2 

cement - bentonite, 

bentonite suspensions 

stable gravel and sand 

k = 10"3 cm/s 

to saturation, 

specified pressure 

and time 

1-1.2 

chemical solutions, dense 

diluted 

k > 10"3 cm/s 

k > 10"5 cm/s 

specified injected 

volume 

2 - 6 

10 - 500 
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TABLE 4.2 

Review of ground characteristics, grout compounds and injection techniques 

Purpose of 
grouting 

Ground characteristics Grouting compounds Injection techniques 

Reduction of per-
meability of soil 
and fissured rock 

Porous media with small intercon-
nected voids, low to medium poro-
sity, as sandstone, fine sand, sandy 
gravel 

Chemical solutions, resins, bitu-
minous emulsions, suspensions of 
bentonite and colloidal cement 

Quantity controlled injection into 
short 30-50 cm long sections, sleeve 
injection with double packer 

Soil with large interconnected vo-
ids, high permeability, as uniform 
medium sand, gravel 

Thick cement, clay and bentonite 
suspensions 

Quantity controlled injection, 30-
50 cm long sections, sleeve injec-
tion, reinjected as needed 

Fine interconnected fissures, me-
dium to low permeability 

Thick cement, clay and bentonite 
suspensions 

Downstage or upstage grouting in 3 
to 10 m long sections to specified 
saturation criteria 

Rock containing many narrow in-
terconnected fissures, large per-
meability 

Stabilized cement bentonite suspen-
sions, chemical solutions 

Downstage grouting in collapsibile 
holes, else upstage, sections 5 m 
long or shorter 

Highly fractured rock, high perme-
ability 

Thick cement and clay suspensions 
with some fine or medium sand, ad-
dition of bentonite for thixotropy 

Downstage grouting,5m long secti-
ons or less, breaks for setting if cons 
umption exagerated or surface leaks 

Highly fractured rock containing 
wide open fractures and/or karstifi-
cation channels 

Thick cement clay suspensions with 
bentonite for thixotropy, if take ex-
cessive followed to saturation by 
plastified cement mortar 

Separate injection of identified ex-
tremly pervious zones, injection 
breaks for setting, injection of thick 
mortar by means of special pumps 
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Very much karstified rock with 
many open fissures 

Thick plastified cement mortar, 
thick thixotropic suspensions for 
final saturation, foams 

Separate injection of caverns or 
open wide fissures, saturation of 
sections with thick thixotropic grout 

Crushed rock injected grout leaks to 
the surface 

Thick thixotropic suspensions with 
fine sand added, additives for quick 
setting 

Intermittent injection, caulking of 
surface leaks, wedges, reinforced 
concrete slabs etc. 

Injected grout leaks into adjoinging 
open holes, flowing water in fis-
sures erodes injected compound 

Thick or/and thixotropic suspen-
sions, pouring one grain gravel (pea 
gravel), subsequently injected with 
thixotropic suspensions; foams fol-
loved by cement suspensions 

Simultaneous injection of both 
holes, following ground character-
istics, large holes for high capacity 
pumping 

Reduction of de-
formabi l i ty of 
rock or soil and/ 
or s t renght in-
crease of injected 
region, founda-
tions around tun-
nels and under-
ground spaces , 
caverns etc. 

Small interconnected voids, capil-
lary fissures, low permeability 

Chemical grouts or resins Specified quantity of solution in-
jected, short sections, sleeve grout-
ing in soil 

Reduction of de-
formabi l i ty of 
rock or soil and/ 
or s t renght in-
crease of injected 
region, founda-
tions around tun-
nels and under-
ground spaces , 
caverns etc. 

Small interconnected voids, me-
dium to high permeability 

Col loidal cement suspens ions , 
combined with resins if efficient 

Specified quantity injection, short 
sections, sleeve grouting in soil 

Reduction of de-
formabi l i ty of 
rock or soil and/ 
or s t renght in-
crease of injected 
region, founda-
tions around tun-
nels and under-
ground spaces , 
caverns etc. 

Wide empty joints or fissures, high 
permeability 

Thick stabilized cement suspen-
sions, fine sand added as needed 

Injection in short sections to satura-
tion 

Reduction of de-
formabi l i ty of 
rock or soil and/ 
or s t renght in-
crease of injected 
region, founda-
tions around tun-
nels and under-
ground spaces , 
caverns etc. 

Narrow or wide joints and fissures, 
filled with sand or clay 

Cement suspensions or mortar to 
match character of joints and fis-
sures 

Water and air flushing fissures from 
surrounding holes followed by in-
jec t ion to saturat ion of whole 
flushed group 
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4 . 2 1 . C o m p o u n d s for in jec t ing f i ssures a n d j o i n t s 

F o r a l ong t ime on ly Po r t l and c e m e n t w a s u sed for g rou t ing and it w a s injected in uns t ab l e sus-

p e n s i o n s . G e n e r a l l y it w a s ma in t a ined that suspens ions should b e d i lu te and uns t ab l e in o r d e r to 

bes t fill t he injected f i ssures , a v i e w often suppor t ed b y g r o u t i n g specia l is ts to this da t e . M o r e l ight 

o n this m a t t e r w a s shed b y tests ca r r i ed ou t and pub l i shed b y H o u l s b y ( 1 9 8 2 ) . It w a s s h o w n that fis-

sures injected w i t h th in uns t ab l e p u r e c e m e n t suspens ions w e r e no t c o m p l e t e l y filled w i t h c e m e n t , 

and that s o m e channe l s filled w i th c lear w a t e r still r e m a i n e d after g r o u t i n g . T h r o u g h these channe l s 

the su rp lus w a t e r is ca r r i ed a w a y du r ing the in jec t ion, and the resu l t ing fill in the f issures is p o r o u s 

and p e r v i o u s . In the c e m e n t pa s t e , h a r d e n e d b y the su rp lus w a t e r , r e m a i n s a lot o f free l i m e , w h i c h 

is la ter l eached ou t b y w a t e r pe rco la t ing the p o r o u s fill in the f i ssures . A ske tch of the infill of fis-

sures injected w i th a d i lu ted c e m e n t suspens ion is s h o w n in F i g . 4 . 8 f rom obse rva t i ons m a d e wi th 

a b o r e ho le p e r i s c o p e in t w o c h e c k h o l e s , b o t h injected w i th 1 C : 5 W suspens ions . T h e first is f rom 

B l o w e r i n g D a m taken in 1 9 7 2 , four yea r s after the c o m p l e t i o n o f the g r o u t cu r t a in , par t s of w h i c h 

w e r e a l r eady c o m p l e t e l y l eached ou t at that t i m e . T h e second is f rom C o p p e r d o l e Fa l l s D a m , w h e r e 

w a t e r w a s f lowing f rom the o p e n i n g in the f issure du r ing the e x a m i n a t i o n . 

It is n o w genera l ly accep ted that the suspens ion to s tar t the inject ion shou ld n o t b e t h inne r than 

1 C : 3 W , in m a n y cases 1 C : 2 W or dense r suspens ions a re specif ied and they w e r e successful ly u sed . 

L o m b a r d i (1985) r e c o m m e n d e d to inject e v e n n a r r o w f issures w i th suspens ions 1 C : 0 . 6 W , w h i c h is 

Fig. 4.8 Partly filled fissures injected with 1 5  suspen- 
sion, sketches from observations made with a 
bore hole periscope, (a) Blowering Dam, 
(b) Copperdole Dam (Houlsby, 1982) ht
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suppor t ed b y the fact tha t c i r cu la t ion of the suspens ion in the f issures is n o t g o v e r n e d b y thei r v is-

cos i ty , b u t b y the m a x i m u m gra in s ize o f the c e m e n t pa r t i c l e s . It w a s exp la ined in I t em 3 . 2 1 that 

this ( the m a x i m u m size o f c e m e n t par t ic les ) c a n b e subs tan t ia l ly r e d u c e d b y in tens ive m i x i n g in h igh 

t u r bu l e nc e m i x e r s . 

A n o t h e r subjec t for deba te a m o n g g r o u t i n g special is ts is the u s e of s table o r uns t ab l e suspens ions . 

C a m b e f o r t (1977) ma in t a in s that c e m e n t f rom a n uns t ab l e suspens ion set t les d u r i n g the inject ion and 

that it fills eas i ly e v e n w i d e f i ssures , w h i l e a s table suspens ion w h i c h has filled a f issure wi l l neve r -

the less sh r ink a l i t t le after the in jec t ion is c o m p l e t e d , so that the p r o c e s s m u s t b e r epea ted in o r d e r 

to p r o p e r l y fill the f issures b y add i t iona l ly inject ing s o m e uns t ab l e su spens ion . A lot o f da ta and ex-

p e r i e n c e s h o w that the fill in f issures injected w i t h s table suspens ions is conso l ida ted b y the g rad ien t 

of the in jec t ion p r e s s u r e and the s eepage force d u r i n g the sa tu ra t ion s t age , the resu l t ing fill in the 

f issures is m u c h d e n s e r than the ini t ial su spens ion , and n o fur ther v o l u m e c h a n g e o c c u r s after set-

t ing . F i g . 4 . 9 s h o w s the e x a m p l e of a w i d e f issure injected w i th a s tabi l ized c e m e n t c lay suspens ion 

in the j o i n t e d c r e t a c eous l imes tone at the P e r u c a d a m w h i c h w a s d i sc losed after the excava t ion of 

the founda t ion t r e n c h for the g rou t ing ga l l e ry . S u c h a stiff fill cou ld no t b e ach ieved w i thou t wa t e r 

b e i n g f i l tered o u t of the 1C:CL:1W suspens ion u sed for g r o u t i n g . Based o n such pos i t ive exper ien -

ces w i t h g r o u t i n g in the w o r l d and in Yugos lav ia , the se lec t ion b e t w e e n cemen t i t i ous g r o u t suspen-

s ions c a n b e s u g g e s t e d , as s h o w n in table 4 . 4 . 

F i g . 4 . 9 Fissure filled with clay/cement grout in the excavation for the Peruca Dam foundation 
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Type and permeability 

of rock formation 

Composition and properties of 

suspensions 

Curtain grouting 

very high permeability, wide cement-clay, some bentonite and sand 

fissures Ν < 50 LU proportions down to 0.25C:0.75CL:bB: 

nS:(l + b + n)W and denser 

Ν > 50 LU same as above, increase bentonite 

proportion on expense of clay and 

sand to get thixotropy 

high permeability, narrow cement-clay-bentonite proportions 

fissures, Ν > 30 LU about 0,40(10.40-b)C:0,60CL:bB:3W 

low permeability, narrow cement-bentonite suspensions 

fissures, 10 < Ν < 30 LU (l-b)C:bB:3W 

very fine fissures activated and cyclonized cement-

Ν < 10 LU bentonite suspensions, microcement 

water percolated wide fissu- plastic cement-sand: bentonite mortar, 

res, open spaces, caverns fillers (Item 3.23), foams 

Consolidation grouting 

wide fissures cement mortar with some bentonite for 

plastification 

narrow fissures stable cement suspensions with 

additives 

T h e fo l lowing c o m m e n t s m a y b e added : 

• sand is a d d e d as the cheapes t filler w h e n f issures a r e gene ra l ly w i d e r than 1 m m , it inc reases 

the s t reng th of the injected g rou t ; 

• ben ton i t e con ta ins the smal les t sol id par t ic les w h i c h eas i ly pene t r a t e v e r y fine vo ids and fis-

s u r e s , a d d e d in sma l l e r p ropo r t i ons it does no t r e d u c e the s t r eng th of the injected g rou t , 

l a rge r p r o p o r t i o n s of ben ton i t e cause th ixo t ropy ; 

• c lay is u s e d as a filler if it is c h e a p e r than c e m e n t , it r educes the pe rmeab i l i t y of the injected 

c o m p o u n d , i m p r o v e s durab i l i ty of the fill espec ia l ly if the g r o u n d w a t e r is agg res s ive to 

Por t l and c e m e n t . 

It is a g o o d p rac t i ce to select the init ial dens i ty of the g rou t ing su spens ions , as it w a s sugges t ed b y 

H o u l s b y ( 1 9 8 2 ) , d e p e n d i n g o n the a v e r a g e w i d t h of the f issures as s h o w n in T a b l e 4 . 5 . 

T A B L E 4 . 4 

C e m e n t i t i o u s g r o u t suspens ions for va r ious app l ica t ions 
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T A B L E 4 . 5 

Ini t ia l dens i ty o f g r o u t suspens ions 

A v e r a g e w i d t h o f f issures 

m m 

W a t e r ra t io 

< 1 3 : 1 

« 1 2 : 1 

> 1 1 : 1 

D u r i n g the sa tu ra t ion p h a s e , w h e n g r o u t i n g ve ry p e r v i o u s fo rma t ions , it is of ten neces sa ry to u s e 

suspens ions d e n s e r than 1 :1 . 

4 . 2 2 . P l u g g i n g w i d e s p a c e s a n d c a v e r n s 

T h i s k i n d o f w o r k r equ i r e s a careful s tudy b e f o r e it c a n b e dec ided o n g r o u t i n g as a feasible o p -

t ion . W h e n e v e r pos s ib l e , de ta i led spe leo log ica l inves t iga t ions shou ld b e ca r r i ed ou t , so that the bes t 

p l an ing c a n b e d o n e and the m o s t su i table m e t h o d of w o r k c a n b e dev i s ed . W h e n g r o u t i n g is a feas-

ib le o p t i o n , the m e t h o d to b e app l ied d e p e n d s o n w h e t h e r o r n o t the space is pe rco l a t ed b y w a t e r . 

D r y spaces and c a v e r n s and those filled w i t h w a t e r , b u t n o t pe rco l a t ed b y i t , a r e bes t p u m p e d full 

w i t h p las t ic c o n c r e t e t h r o u g h a n u m b e r o f w i d e d i a m e t e r h o l e s . S m a l l e r c a v e r n s o r e r e v isses m a y 

b e filled w i t h p las t ic m o r t a r b y m e a n s of hé l ico ïda l p u m p s . C a r e shou ld b e t aken n o t to p o u r con-

c re te o r m o r t a r t h r o u g h w a t e r w h i c h w o u l d w a s h ou t the c e m e n t , It shou ld b e c o n v e y e d to the bot -

t o m t r o u g h p ipes w h i c h a r e g radua l ly ra ised to the t op as the space is b e i n g filled ( the t r e m i e m e t h o d ) . 

Care fu l p l a n n i n g is n e e d e d in the case of c a v e r n s pe rco la t ed b y w a t e r w h i c h w o u l d w a s h ou t the 

injected c o m p o u n d . In the w o r s t case the space is first filled w i t h u n i f o r m l y g r a d e d m e d i u m grave l . 

T h e n g r o u t i n g l ines , o p e n at the b o t t o m , a r e p l aced and a dense s tabi l ized p las t ic c e m e n t m o r t a r is 

injected t h r o u g h t h e m un t i l it fills all the vo ids o f the g r a v e l . T h e pe r co l a t i on is r e d u c e d at cr i t ical 

loca t ions o r z o n e s b y the g rave l fill , so that the c e m e n t g r o u t is no t e x p o s e d to e ro s ion as it w o u l d 

b e w i t h o u t the fill . S o m e e x a m p l e s of such app l ica t ions a re g i v e n in C h a p t e r 6 (Busko Bla to , K e b a n , 

S k l o p e ) . 

4 . 2 3 . G r o u t i n g c o m p o u n d s f o r g r a n u l a r m a t e r i a l 

G r a n u l a r ma te r i a l s con t a in a n e t w o r k of i n t e r connec t ed vo id spaces of d i f ferent s izes loca ted be -

t w e e n the g ra ins of the ma te r i a l . T h e s ize and the d i s t r ibu t ion o f vo ids c a n b e re la ted to the g ra in 

s ize d i s t r ibu t ion c u r v e of the ma te r i a l . S h e r a r d et a l . (1984) h a v e desc r ibed a m e t h o d to m e a s u r e the 

in te r laced s t ruc tu re of the v o i d s . A s a m p l e of g rave l of 9 , 5 - 25 m m in d i a m e t e r , w i th D 1 5 = 11 m m 

w a s v ib ra ted in to a d e n s e state in a cy l indr ica l con t a ine r , t hen m o l t e n w a x w a s p o u r e d w h i c h , filled 
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the vo ids c o m p l e t e l y . T h e con ta ine r w a s r e m o v e d after the w a x w a s c o o l e d , and the s a m p l e w a s cut 

in to severa l p i ece s ; the g rave l w a s p r i ed ou t and a n e t w o r k of w a x wi th the conf igura t ion of the voids 

w a s left. F r o m the s tudy of the w a x ske le ton the fo l lowing re la t ionsh ip w e r e es tab l i shed : 

• o v e r the l eng th of abou t IOD15, the m a x i m u m and the m i n i m u m sect ions of the h igh ly ir-

r egu l a r f low channe l s a r e r epea ted m a n y t i m e s , and the re w e r e n o t a n y d o m i n a n t l y l a rge o r 

smal l f low c h a n n e l s , 

• the m i n i m u m and the m a x i m u m d i m e n s i o n s of the f low channe l s r anges b e t w e e n O .ID15 

a n d 0 . 1 8 D i 5 , 

• the equ iva l en t a v e r a g e d i m e n s i o n of the f low channe l s w a s es t ima ted to b e b e t w e e n 0 . 2 5 D i 5 

a n d 0 .35Di5, the m a x i m u m d i m e n s i o n w a s e v e r y w h e r e less than O.6D15. 

A l t h o u g h these qua l i t a t ive resul ts w e r e ob ta ined o n a r a the r smal l n u m b e r of s a m p l e s , it is inter-

es t ing to n o t e that they ag ree wel l w i th the prac t ica l e x p e r i e n c e that the m a x i m u m par t i c le size of a 

g rou t ab l e suspens ion shou ld b e less than 1/3 of the a v e r a g e vo id s ize (Bel l , 1982) . T h e r a n g e of the 

g ra in s ize d i s t r ibu t ion of the injected c e m e n t is as s h o w n in F i g . 3 .1. T h e s e re la t ionsh ips g ive a 

gene ra l o r i en ta t ion for the se lec t ion of c e m e n t and c lay suspens ions for in ject ing al luvial soils of a 

g iven g ra in size d i s t r ibu t ion c u r v e . Suspens ions w i th m a x i m u m par t i c le s ize Ds c a n safely p e n e -

trate vo ids of a c o m p a c t e d soil w h e n D s = 0 .1 D15 . F o r sa tu ra t ion of the vo ids in a l imi ted r each 

D s = 0 . 2 D15. C a m b e f o r t (1977) ma in ta ins that the pe rmeab i l i t y coeff ic ient A: is a suff icient cr i te-

r ion for the eva lua t ion of the g rou tab i l i ty of soi ls . 

T h e p u r p o s e of g r o u t i n g , w h i c h is e i ther pe rmeab i l i t y r educ t ion , i nc rease of s t r eng th o r r educ t ion 

of de fo rmab i l i t y , is a n o t h e r c r i t e r ion for the cho ice of the g rou t ing c o m p o u n d . H i g h s t r eng th of the 

injected c o m p o u n d is no t neces sa ry for permeability reduction of r ock (see I t e m 3 .22) so c e m e n t -

c lay - ben ton i t e suspens ions wi th a l o w p r o p o r t i o n of c e m e n t a re sa t is factory for this p u r p o s e . F o r 

consolidation grouting, h i g h s t reng th of the injected c o m p o u n d is essent ia l , and this is satisfied wi th 

a c e m e n t suspens ion w i th a l o w ben ton i t e con ten t . 

Suspens ions of ve ry fine g ra ined c o m p o u n d s ( cemen t and c lay) a re n e e d e d for g r o u t i n g g r anu l a r 

soi ls . C e m e n t shou ld h a v e Bla ine f ineness m o r e than 4 . 5 0 0 , and D s s of the c lay shou ld b e less than 

0 . 0 3 m m . W h e n such mate r i a l s a re no t c o m m e r c i a l l y ava i lab le they can b e fabr ica ted inexpens ive -

ly in a p r o p e r l y e q u i p p e d ba t ch ing and m i x i n g p lan t at the s i te . It is essent ia l to u s e h i g h tu rbu lence 

ac t iva t ing m i x e r s for the p r e p a r a t i o n of suspens ions , and a h y d r o c y l o n e at the exi t of the m i x e r for 

the sepa ra t ion of coa r se pa r t i c l e s . F i n e g ra ined c e m e n t can a lso b e p r o d u c e d at the site f rom a coarse 

g ra ined o n e b y w e t mi l l ing and p roces s ing the resu l t ing s ludge in the ba t ch ing p lan t . T h e bes t ar-

r a n g e m e n t d e p e n d s o n the local cond i t ions . 

T h e ini t ial p e r m e a b i l i t y of g r anu la r mate r ia l s c a n b e r e d u c e d b y abou t o n e o r d e r of magn i tude 

w h e n inject ing suspens ions ; so lu t ions can r e d u c e it b y t w o o rde r s of m a g n i t u d e , and for this pu r -

pose m a i n l y s i l icate ba sed c o m p o u n d s a re u sed b e c a u s e of the i r l o w cos t . Re in jec t ing of a l ready 

g rou t ed ho le sec t ions is poss ib le w h e n the sleeve injection m e t h o d ( t u b e à m a n c h e t t e ) is u s e d . In 

the first r u n c h e a p e r c e m e n t - c l a y suspens ions a re injected to fill the l a rge r f low c h a n n e l s , fo l lowed 
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in the second r u n b y so lu t ions . If n e e d e d , i n t e rmed ia t e ho le s a r e d r i l l ed , e q u i p p e d wi th s leeve tubes 

and injected w i t h so lu t ions . 

4 . 2 4 . G r o u t i n g c o m p o u n d s for o t h e r a p p l i c a t i o n s 

Prestressed anchors 

H i g h s t r eng th o f the injected c o m p o u n d is r equ i r ed in the f ixed sec t ion o f r o c k a n c h o r s , o r of p r e s -

t ress ing b a r s in c o n c r e t e s t ruc tu res w h i c h is a t ta ined w h e n a th ick c e m e n t m o r t a r is injected w i t h ad-

d i t ives to p r o v i d e a d e q u a t e plas t ic i ty and f luidi ty , so tha t it c a n pene t r a t e i r regu la r i t i es and fissures 

a t the in te r face . T h e s e p rope r t i e s a r e ob ta ined u s i n g l o w w a t e r : c e m e n t ra t io m i x e s w i th addi t ives 

w h i c h a r e c o m m e r c i a l l y ava i lab le for f luidif icat ion, p las t i f ica t ion and a i r en t r a in ing agen t s n o r m a l l y 

u s e d to p r e p a r e p u m p e r e te . 

Joints and fissures in concrete structures 

Jo in t s b e t w e e n b l o c k s of m a s s - c o n c r e t e s t ruc tu res m a y b e any th ing b e t w e e n 0 . 0 1 m m and a few 

m m w i d e . S tab i l ized c e m e n t suspens ions a r e a d e q u a t e for the p u r p o s e , b u t fine g r a ined c e m e n t is to 

b e p r e f e r r ed in o r d e r to h a v e the injected suspens ion can pene t r a t ing fine c r acks less than 0 .1 m m 

w i d e . S o m e smal l add i t ion of ac t iva ted ben ton i t e is f avoured , s ince it p r e v e n t s the injected g rou t 

f rom sh r ink ing after se t t ing . T h e m i x i n g ra t io shou ld b e in the r a n g e of 1 C : 2 W . W h e n v e r y fine 

c r acks h a v e to b e f i l led, c h e m i c a l c o m p o u n d s , p re fe rab ly r e s ins , h a v e to b e u s e d , s o m e t i m e s as a 

s econd r u n fo l lowing the in ject ion of a su spens ion c e m e n t . 

Restoration of defective masonry and concrete 

F o r the r e s to ra t ion of defec t ive o r d e c a y e d s t ruc tures in ject ion o f c e m e n t c o m p o u n d s is some t imes 

u s e d e i the r for r e m e d y i n g s t ruc tura l defects o r to ach i eve i m p e r m e a b i l i t y . C e m e n t suspens ions a re 

injected to fill n a r r o w fissures o r v o i d s , p las t ic m o r t a r to fill w i d e r c r acks and spaces . Sur face leaks 

m u s t b e p r e v e n t e d b y p r e v i o u s l y t rea t ing the sur face w i th m o r t a r . F o r ve ry fine c r acks chemica l 

c o m p o u n d s , p re fe rab ly r e s ins , a re in jected. 

Lifting and levelling of leaning structures 

In s u c h app l i ca t ions of g r o u t i n g , pene t r a t i on o f fine f issures is n o t r equ i r ed , so that less expens ive 

c e m e n t b a s e d c o m p o u n d s can b e conven ien t ly u s e d , such as c e m e n t m o r t a r w i t h fine sand , c lay , 

s o m e ben ton i t e for p las t i f ica t ion , and a i r en t r a îne r for f luidi ty . T h e add i t ion of a set r e t a rde r m a y 

b e a p p r o p r i a t e in o r d e r to p r e v e n t se t t ing b e f o r e the expec ted resu l t is a c h i e v e d . T h e final s t rength 

of the injected c o m p o u n d is no t a fac tor w h i c h g o v e r n s the g r o u t c o m p o s i t i o n , b u t s ince on ly low 

in jec t ion p r e s s u r e c a n b e app l i ed , the wa t e r : c e m e n t r a t io shou ld b e l o w . 

4 . 3 . T h e g r o u t i n g p r e s s u r e 

T h e eff ic iency of g r o u t i n g d e p e n d s to a h i g h d e g r e e o n the co r r ec t sa tu ra t ion p r e s su r e w h i c h des -

igna tes the m a x i m u m p re s su re at w h i c h a g rou t ed sec t ion of a b o r e h o l e is b e i n g sa tu ra ted . It is nor -
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ma l ly r egu la t ed in the t echn ica l speci f ica t ions for the p e r f o r m a n c e of g r o u t i n g p ro jec t s . If the satu-

ra t ion p r e s s u r e is t oo l o w , the injected g r o u t wi l l p e r m e a t e on ly a sma l l v o l u m e of ma te r i a l a r o u n d 

the injected sec t ion . I n o r d e r to h a v e a c o n t i n u o u s r o c k p e r m e a t i o n w i t h g r o u t , the spac ing b e t w e e n 

3 2 

the ho le s m u s t b e sma l l , w h e n the specif ic dr i l l ing l eng th ( m / m o r m / m ) is l a rge . S ince dr i l l ing is 

e x p e n s i v e , the tota l cos t is i nc reased . W h e n the sa tu ra t ion p r e s s u r e is t oo h i g h , w i d e r f issures a re 

o p e n e d , n e w ones m a y d e v e l o p b y h y d r a u l i c j a c k i n g , c rea t ing n e w vo ids w h i c h a r e then filled wi th 

g rou t . T h i s causes an u n n e c e s s a r y was t e and l o n g e r w o r k i n g t ime w i t h the e q u i p m e n t . T h e p r o p e r 

va lue o f the g r o u t i n g p r e s s u r e shou ld b e es tab l i shed b e t w e e n these e x t r e m e va lues d e p e n d i n g o n the 

r o c k cond i t i ons (pe rmeab i l i t y , n a t u r e of f i ssures , s t reng th) to bes t m e e t the p u r p o s e of g rou t ing ( im-

p e r m e a b i l i t y s t r eng th , de fo rmab i l i t y ) . 

T h e in jec t ion p r e s s u r e ρ is r e c o r d e d o n the m a n o m e t e r a t the in ject ion s t andp ipe o n the top of the 

p a c k e r a s s e m b l y . T h e p r e s s u r e pi is inc reased in the injected sec t ion b y the w e i g h t of the suspen -

( a ) (b ) 

h 

h 

L 

F i g . 4 . 1 0 Denominations for the computation of injection pressure in grouted stage, 
(a) above the ground water level, (b) below the ground water level 

F i g . 4 . 1 1 Diagram of viscosity, Ν Newton 
liquid, Β Bingham liquid 

t o Γ , k N / r n 2 
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s ion in t h e , p a c k e r t u b e as s h o w n in F i g . 4 . 1 0 , and it a m o u n t s t o : 

P i = p + ( h i + L / 2 ) 7 s (4 .1 ) 

w h e n g r o u t i n g a b o v e the g r o u n d w a t e r l eve l , a n d t o : 

Pi = ρ + h i 7s + ( h 2 + L /2) (7s - 7w) (4.2) 

b e l o w the g r o u n d w a t e r l eve l . W i t h the specif ic m a s s o f c e m e n t ρ = 3 , 1 t / m the un i t w e i g h t of 

d i f ferent su spens ions a r e s h o w n in T a b l e 4 . 6 , f r o m the e x p r e s s i o n 

7s = ( W + C ) / ( W / 7w + CI 7c). (4 .3) 

T A B L E 4 . 6 

U n i t w e i g h t o f c e m e n t suspens ions 

R a t i o C : W b y w e i g h t 7s k N / m 3 ( 7 s - 7 w ) k N / m 3 

1:3 1 2 , 0 2 , 0 

1:2 1 2 , 9 2 , 9 

1:1 1 5 , 2 5 , 2 

0 , 8 : 1 16 ,1 6 ,1 

0 , 6 : 1 1 7 , 4 7 , 4 

S ince a g r ea t p r e c i s i o n is n o t r equ i r ed in the c o m p u t a t i o n the u n i t w e i g h t s f r o m T a b l e 4 . 6 . can 

a l so b e u s e d a l so for c o m p o s i t e g r o u t su spens ions . 

T h e re s i s t ance to f low of the suspens ion injected in the f issures is g o v e r n e d b y E q . (3 .5 ) for a Bin-

g h a m l iqu id , b y m e a n s of w h i c h the d i s t ance R r e a c h e d w h e n in ject ing in a p l a n a r f issure 2a w i d e 

c a n b e c o m p u t e d . W i t t k e (1968) h a s d e v e l o p e d the e x p r e s s i o n for in ject ing 

R(4>) = ( r 0 + a pi/ τ 0 ) / 1 + ( a / T 0) (7s"7w) sino! cos((> (4 .4) 

in to a p l a n a r f issure 2a w i d e inc l ined b y cl° w h i c h is cu t b y a ver t i ca l in jec t ion h o l e o f d i a m e t e r 2 r 0. 

T h i s is the e q u a t i o n of a n e l l ipse w i t h a h o l e is in its u p p e r focus , as s h o w n in F i g . 4 . 1 2 . 

F o r a h o r i z o n t a l f issure this g ives the r ad ius of the c i r cu l a r space filled w i t h in jected g rou t as 

R = r 0 + a pi/To (4 .5 ) 

I t is s een tha t the c o n d i t i o n for the p e n e t r a t i o n o f g r o u t in to a f issure to a d i s t ance R r 0 is satisfied 

e v e n w i t h a v e r y l o w in jec t ion p r e s s u r e pi —.0 . T h e r e a c h o f in jec t ion w i t h a N e w t o n l iquid ( τ ο = 0 ) 

is inf in i te . 

W i t t k e (1968) h a s ver i f ied these resul ts o n m o d e l s of p l a n a r f i ssures , a n d the resul t s s h o w n in F i g . 

4 . 1 3 a r e in g o o d a g r e e m e n t w i t h the t h e o r y . 

ht
tp

s:
//t

el
eg

ra
m

.m
e/

G
eo

lo
gy

bo
ok

s

https://telegram.me/Geologybooks


88 

F i g . 4 . 1 2 Reach of injected grout in inclined fissure from hole of 2 ro ID, (a) section, 
(b) view in fissure plane (Wittke, 1968) 

F i g . 4 . 1 3 Comparison of injection reach according to 
Eq.(4.4) and as measured in model (Wittke 1968) 

20 U0 60 KP 

Thi s theore t ica l a p p r o a c h is on ly a g u i d e , s ince cond i t ions in the field a re ve ry c o m p l e x . It s h o w s , 

h o w e v e r , that t w o p a r a m e t e r s , pi and r # g o v e r n the r each R 0f injected g r o u t w h i c h can b e in-

f luenced b y the p r e s s u r e and by the th resho ld va lue of the g rou t s t r eng th το. T h e fact that the fis-

sures a re n o t u n i f o r m l y p l a n a r and that the g rou t suspens ion conta ins sol id par t ic les is d i s regarded 

in the t h e o r y , the resul ts a re there fore on ly i l lus t ra t ive . In o r d e r to inject a suspens ion in to a f issure 

w i d e 2a = 0 . 2 m m to a r each of R = 5 m , an inject ion p r e s su r e of pi = 800 k P a is n e e d e d , bu t the 

solid g ra ins con ta ined in the suspens ion m a y b l o c k the pene t r a t i on m u c h c lose r to the inject ion hole 

at m u c h h i g h e r p r e s s u r e s . 

L o m b a r d i (1985) has ob ta ined s imi la r theore t ica l resu l t s . In F i g . 4 . 1 4 the d i spos i t ion of the fis-

sure is s h o w n , and F i g . 4 . 1 5 (a) shows the theore t ica l resul ts for a set of p rope r t i e s of the suspen-
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( α ) 

1 2 — 
i 2QÉ 

F i g 4 . 1 4 . Sketch of: (a) injection reach in a horizontal fissure, 
(b)pressure distribution along the fissure 
(Lombardi , 1985) 

( b ) 

s ion and the f i ssure . A h y d r a u l i c c o m p u t a t i o n y ie lds the r e a c h R, the p r e s s u r e i nc rease / ? ; in the ho le 

and the f low Q in t i m e as s h o w n in F i g . 4 . 1 5 ( a ) . T h e p r e s s u r e vs f low charac te r i s t i cs p i / Q of the 

in jec t ion p u m p is s h o w n in F i g . 4 . 1 5 ( b ) . 

F i g . 4 . 1 5 Penetration of grout into 2 mm wide fissure, (a) radius of reach R, injection pressure ρ J 7s , 
volume of suspension g , (b) characteristic Q/p of the injection pump (Lombardi , 1985). 

T h e g r a d u a l sa tu ra t ion of the f i ssure , as we l l as the m a x i m u m r e a c h of the g r o u t a r e p resen ted in 

F i g . 4 . 1 6 . T h e theore t ica l m a x i m u m r e a c h m a x R is n e v e r a t ta ined in p r a c t i c e , b e c a u s e the sa tura-

t ion cond i t i on speci f ied a m i n i m u m f low and a specif ied p r e s s u r e w h e n the in jec t ion is s topped . In 

the e x a m p l e s h o w n in F i g . 4 . 1 5 and 4 . 1 6 a r each of 4 . 5 m is a t ta ined 2 0 0 s after the s tar t of injec-
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F i g . 4 . 1 6 Injection pressure along the fissure in time (Lombardi, 1985) 

F i g . 4 . 1 7 . Simultaneous grouting (a) of two 
fissures with different widths, 
(b) injection pressure distribution 

t ion , the p r e s s u r e is pi = 2 1 . 5 x 1 6 . 5 = 355 k P a , and the f low is Q = 0 , 2 1/s. T h e m a x i m u m reach 

after infini te inject ion t ime w o u l d b e R = 6 , 1 3 m at a p r e s su re of pi = 2 5 x 1 6 . 5 = 4 1 2 k P a . T h e r each 

w h i c h can b e ach ieved is less than the theore t ica l o n e , a lso b e c a u s e w a t e r is f i l tered du r ing the p r o -

cess in to f iner f issures and the suspens ion g radua l ly b e c o m e s th icker , so that the p a r a m e t e r s w h i c h 

en te r the c o m p u t a t i o n a r e no t cons tan t in t ime and space . 
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T h e w i d t h and the r o u g h n e s s of f issures and j o in t s va ry e r ra t ica l ly f rom o n e loca t ion to ano ther . 

D u r i n g the in jec t ion at the s a m e p r e s su re f rom o n e sec t ion of the h o l e , the f issures fill w i th differ-

ent ve loc i t ies fa r ther f rom the ho le in w i d e r f i ssures , and c lose r to it in n a r r o w e r f issures as sketched 

in F i g . 4 . 1 7 . T h e aspec t of injected o r t h o g o n a l f issures f rom a sec t ion of the h o l e at t ime t after the 

s tar t of in ject ing is s h o w n in F i g . 4 . 1 8 . T h e dif ferent r eaches Ri and R2 d e p e n d o n the d ip of the 

f issures and the in f luence of g rav i ty o n the f low and o n the p r e s s u r e d i s t r ibu t ion a long the f issures. 

F i g . 4 . 1 8 Injection of a system of fissures from a grouted hole section 

T h e re l a t ionsh ip m a y b e m o r e compl i ca t ed in rea l i ty , b u t it is ev iden t that the r e a c h of the injected 

g r o u t is no t u n i f o r m in the space . T h e r each increases w i th the in ject ion p r e s su r e and wi th the fluidity 

o f the injected su spens ion . 

S o m e o the r fac tors m a y l imi t the in ject ion p r e s s u r e pi T h e effect ive s t resses a re r e d u c e d , and so 

is the effect ive s t r eng th of the m e d i u m , w i th inc reas ing p r e s s u r e . In M ö h r ' s p re sen ta t ion the stress 

c i rc le is m o v e d t o w a r d s the o r ig in , and w h e n it b e c o m e s t angen t to the s t r eng th e n v e l o p e the failure 

s t reng th ( σ η? τ ) , w h i c h acts o n inc l ined p l a n e s , is a t t a ined . S h e a r p lanes a r e f o r m e d if σ η > 0 and 

tensi le c r acks if σ η < 0 and τ = 0 as s h o w n in F i g . 4 . 1 9 , w h i c h is the cond i t i on for hyd rau l i c frac-

tu r ing of the fo rma t ion . 

T h e p r e s su re at w h i c h h y d r a u l i c f rac tur ing occu r s can b e e s t ima ted f rom the so lu t ion of the stress 

field in a th ick wa l l cy l i nde r of h o m o g e n e o u s e las t ic ma te r i a l w i th in te rna l p r e s s u r e ρ ( T i m o s h e n -

k o , 1 9 5 7 , p p . 5 8 - 6 0 ) . 
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F ig . 4 .19 Stresses: (a) at the perimeter of the injection hole, (b) on a radial horizontal plane through the 
hole 

T h e p r inc ipa l s t resses a t po in t A in F i g . 4 . 1 9 , at d e p t h ζ b e l o w the g r o u n d sur face a r e : 

ζ 

σι = Ozi = X 7 Δ ζ θ2 = σ θ ( r 0) i = Ko σ ζ ι (4 .6 ) 

σ 3 = σ Γ( Γ 0 ) ι = K o O z i 

T h e p r inc ipa l s t resses after dr i l l ing the inject ion h o l e b e c o m e 

σι = σ ζΐ , Ot ( r 0) 2 = 0 , σ θ ( r 0) 2 = 2 Ko O z (4 .7 ) 

T h e in jec t ion p r e s s u r e pi c h a n g e s the s t resses at po in t A o n the h o l e p e r i m e t e r to 

σι = σ ζι , σ Γ ( r 0) 3 = Pi, σ 0 (r0>3 = 2 Ko σ ζ ι < σ t (4 .8 ) 

w h e r e at the tens i le s t r eng th of the ma te r i a l . 

F r o m T i m o s h e n k o ' s so lu t ion the d i s t r ibu t ion of o r( r ) and Oq(T) a long the r ad ius of the cy l inde r , 

f rom the s t ress r e d u c t i o n σ = -Ko σ z\ after dr i l l ing the ho le i s : 

O r = - K o O zi r 0
2 / r 2 , σ θ = + K o Oz\ r 0

2 / r 2 ' (4 .9 ) 
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and f rom the in jec t ion p r e s s u r e pi 

orr = P i r 0
2 / r 2 , σθ = -Pi r 0

2 / r 2 ( 4 .10 ) 

W h e n Oe(r 0) > o t, t ens i l e c r acks wi l l d e v e l o p o n ver t ica l rad ia l p l anes t h r o u g h the axis of the ho le 

at the in jec t ion p r e s s u r e 

A t the ins tan t the m e d i u m c r a c k s , it is no t h o m o g e n e o u s a n y m o r e , and the c r ack wi l l con t inue to 

p r o p a g a t e a long the rad ius r un l e s s o r un t i l the p r e s su re is r e d u c e d . 

In n o r m a l l y b e d d e d and f issured rock the in ject ion p r e s s u r e causes s o m e elast ic de fo rma t ions w h i c h 

w i d e n the f issures and inc rease the p e r m e a b i l i t y , thus faci l i tat ing the pene t r a t i on of g r o u t even be -

fore h y d r a u l i c f rac tur ing b e g i n s . 

Gene ra l l y s p e a k i n g , the s t resses in E q . ( 4 . 6 - 4 . 1 1 ) inc rease l inear ly w i th d e p t h , thus it is reason-

ab le to inc rease the in ject ion p r e s su re a c c o r d i n g to s o m e l inear r e l a t ionsh ip w i t h the dep th . W h e t h e r 

o r no t h y d r a u l i c f r acmr ing is des i rab le for g rou t ing is still a con t rove r s i a l i ssue in the profess ion . 

H y d r a u l i c f rac tur ing caused b y h i g h inject ion p re s su re s inc reases the g rou tab i l i ty of the fo rmat ion 

and the r e a c h of the injected g rou t , b e c a u s e n e w in t e r connec t ions in the ne t of f issures a re c rea ted . 

T h u s , the eff ic iency of g rou t ing is inc reased . T h e pe rmeab i l i t y of the fo rma t ion is r educed to a 

g rea t e r d i s t ance f rom the inject ion h o l e , the spac ing of ho les c a n b e inc reased and an e c o n o m y is 

a ch i eved b y r e d u c i n g dr i l l ing cos t s . Th i s is an a d v a n t a g e o v e r the a l t e rna t ive to ach i eve the s a m e re -

duced a v e r a g e pe rmeab i l i t y wi th a l o w e r inject ion p r e s s u r e and a c lose r h o l e spac ing . H ydr au l i c 

f r acmr ing m a y b e ind i spensab le for efficient g rou t ing of p r e d o m i n a n t l y ver t ica l ly f issured forma-

t ions , in w h i c h case any b o r e ho le m a y miss the c o n n e c t i o n to m a n y of the f i ssures . F i s su res c re -

ated add i t iona l ly b y h y d r a u l i c f rac tur ing o p e n n e w w a y s connec t i ng the in jec t ion ho les wi th the 

exis t ing f i ssures , thus h igh ly i m p r o v i n g the g rou tab i l i ty of the fo rma t ion and the eff iciency of g rou t -

ing t h r o u g h ve r t i ca l , ins tead of m u c h m o r e expens ive inc l ined h o l e s . 

A n e x a m p l e of the c o m p u t a t i o n of the hyd rau l i c f rac tur ing p r e s s u r e is s h o w n in F i g . 4 . 2 0 . T h e 

s t reng th of s p e c i m e n s of a h o m o g e n e o u s b e d of m a r b l e f rom tests of K a r m a n ( S k e m p t o n , 1961) is 

a s s u m e d in the m o d e l of the injected rock . T h e cr i t ica l in jec t ion p r e s s u r e is c o m p u t e d graphica l ly 

for a h o l e sec t ion at the dep th of 5 0 and 100 m . T h e ra t io of s t resses and the shape of the s t rength 

e n v e l o p e a re such that rad ia l ver t ica l f issures resul t at the b o u n d a r y of the h o l e w h e n the injection 

p r e s su re is i nc reased to the cr i t ical va lue p e . O n l y at a g r ea t e r d e p t h w o u l d the s t ress c i rc le b e tan-

gen t to the s t r eng th e n v e l o p e a b o v e the axis of the absc i ssa ind ica t ing shea r fa i lure . S ince forma-

t ions a r e n e v e r h o m o g e n e o u s in n a t u r e , this c o m p u t a t i o n is on ly a qua l i t a t ive i l lus t ra t ion of real 

cond i t i ons . 

A n o t h e r poss ib le a p p r o a c h is to m o d e l the injected m e d i u m as a g r a n u l a r mate r i a l w i th shear 

s t r eng th Tf = c ' + σ η tan φ ' , as p r o p o s e d b y M o r g e n s t e r n and V a u g h a n ( 1 9 6 3 ) , w h i c h is val id for 

p e > Oc + 2 Ko σ ζι - (4 .11) 
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( 3 ) -20 -10 0 10 20 30 40 

6" M N / m 

F i g . 4 . 2 0 Computation of the critical pressure p e (Eq. 4.9) at which cracks develop in marble, τ = Tf 
strength envelope of a cylindrical sample, 1 stress circle for gravitational stresses in 100-400 
m depth, 2 stress circles for critical stress p e , 3 tensile rock strength O c, 4 tangent point of 
strength envelope and stress circle for 400 m depth 

soi l s , b u t it c a n b e u s e d a l so as a r o u g h es t imate for a l a rge v o l u m e of dense ly j o i n t e d r o c k . T h e l imi t 

e q u i l i b r i u m state is exp res sed a s : 

0,5 (σί+ 03)sin4>' = 0,5 (σί . 0 3 ) - c ' c o s φ' (4 .12) 

T h e ra t io b e t w e e n the p r inc ipa l s t resses o n ho r i zon ta l and ver t ica l p l anes a t d e p t h ζ is σι · = 7 Z- 7 wh , 

o r 0 3 ' = K o σι1 w h e r e h is the dep th of the g r o u n d w a t e r l eve l . T h e in ject ion p r e s s u r e pi for hy-

drau l i c f rac tur ing o n p lanes o r t h o g o n a l to the d i rec t ion of the m i n o r p r inc ipa l s t ress is 

pi = { [ K o (2σΊ + 7w h ) + 2 c ' c o s φ'/sin φ'] / (1 + s in φ')} - 7 W h (4.13) 

w h e r e Ko = l - s in φ' . W i t h the re la t ionsh ip K a = (1 - sin φ ' ) / (1 + s in φ'), t he fo l lowing equa t ion 

Pi = K a (2 σι + 7w h ) - 7w h + 2 c ( K a/ s i n φ ' ) 1 /2 (4.14) 

is ob t a ined , and w i t h c = 0 for a pu re ly fr ict ional ma te r i a l 

Pi = 2 K a cri + ( K a - 1) 7w h (4.15) 
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T h e c i rc le of effect ive s t resses (1) in F i g . 4 . 2 1 shifts to (2) b y the g r a d u a l l y inc reas ing injection 

p r e s s u r e pi un t i l at the cr i t ica l p r e s s u r e pc, the fai lure c i rc le (3) t ouches the s t r eng th e n v e l o p e at the 

po in t A . T h e fa i lure p l anes a r e inc l ined b y ify a n d the n o r m a l p r e s s u r e at the p o i n t A o n the fai lure 

( ο ) ( b ) 

F i g . 4 . 2 1 Critical stress in a factional material at point A on the hole wall, (a) inclination of critical 
stress planes, (b) stress circles, 1 stresses at A before drilling, 2 before grouting, 3 for 
critical injection pressure p c, direction of critical plane at A 

p lane Of < p c is pos i t i ve , so that n o o p e n c racks c a n d e v e l o p . T h e s t resses o n rad ia l p l anes t h rough 

the h o l e ax is a r e a l so pos i t i ve , the re fore n o o p e n f issures c a n d e v e l o p . W h e n the in jec t ion p ressure 

exceeds pc l a rge p las t ic de fo rma t ions of the ma te r i a l s u r r o u n d i n g the h o l e wi l l o c c u r . T h e inject ion 

p r e s s u r e shou ld n o t e x c e e d the o v e r b u r d e n s t ress b e c a u s e lifting o n ho r i zon ta l p l anes cou ld occur . 

F r o m this c o n d i t i o n the p r e s s u r e ru le gene ra l ly app l i ed in the A n g l o - S a x o n c o u n t r i e s , of 1 ps i pe r 

foot of d e p t h , w h i c h is equa l to 2 2 k N / m p e r m e t e r of d e p t h , w a s d e r i v e d . T h e pene t r a t i on of g rou t 

cou ld b e faci l i ta ted a t h i g h e r p re s su re s in stiff ma te r i a l s in w h i c h the shea r p l anes m i g h t b e u n d u -

la ted . 

Bo th m o d e l s g i v e on ly r o u g h es t ima tes of the in jec t ion p r e s s u r e a t w h i c h h y d r a u l i c f rac tur ing migh t 

o c c u r , s ince the fo rma t ions a re n o n h o m o g e n e o u s , e r ra t ica l ly f issured and j o i n t e d and the fissures 

m a y b e e i the r o p e n o r c losed . T h e r e f o r e , s o m e e m p i r i c ru les a r e u s e d to d e t e r m i n e the re la t ionships 

b e t w e e n the in jec t ion p r e s s u r e and the d e p t h , a n d b e t w e e n the in ject ion p r e s s u r e and the vert ical 

effect ive s t ress . In F i g . 4 . 2 2 the l ines (a) and (b) s h o w the ra t io o f the in jec t ion p r e s s u r e to the dep th , 

as g i v e n b y the U S C o r p s of E n g i n e e r s (Burwe l l , 1 9 5 8 ) , and the l ine (c) is the p r e v i o u s l y men t ioned 

A n g l o - S a x o n p r e s s u r e ru l e . T h e l ines 1, 2 , 4 p r e sen t the c o r r e s p o n d i n g ra t io b e t w e e n the injection 

p r e s s u r e and the w e i g h t of o v e r b u r d e n at d e p t h d, full l ines for g r o u t e d sec t ions a b o v e the g r o u n d 

w a t e r tab le and d a s h e d ones b e l o w the g r o u n d w a t e r t ab le . It is in te res t ing to n o t e that the r ange of 

r e c o m m e n d e d in jec t ion p re s su re s a r e h i g h , and that the app l i ed in jec t ion p r e s s u r e for successful ly 

ach i eved g r o u t cu r t a in s , w a s b e t w e e n m e d i u m and h i g h , o r a b o v e , the h i g h r e c o m m e n d e d p re s su re 

r a n g e . T h e h ighes t in jec t ion p r e s s u r e b e t w e e n 5 0 and 100 m of d e p t h w a s s e l d o m m o r e than 6 0 ba r . 

It shou ld b e no t ed tha t the g r o u t cu r t a in of the D o k a n D a m h a d to b e r e g r o u t e d 10 yea r s after its 
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c o m p l e t i o n , b e c a u s e it b e g a n l eak ing at severa l sec t ions , and it w a s g r o u t e d w i th a p r e s s u r e ra t io 

l o w e r than the l owes t r e c o m m e n d e d ra t io r ep resen ted b y the l ine (c ) . 

F i g . 4 . 2 2 Injection pressures of some grout curtains, 1 Dokan Dam, dolomite and limestone beds, 
2 Peruca Dam middle row, 3 same outer rows, 4 Busko Blato, 5 Meifedoun grouting 
test plot, 6 overburden weight above, and 7 below the groundwater table both for η = 1, 6, 7 
for η = 2 double overburden weight, η = 4 four times the overburden weight, a US Corps of 
Eng. fractured rock, b same massive rock, c 1 foot/1 psi rule 

T h e in jec t ion p r e s s u r e w h i c h w o u l d cause h y d r a u l i c f rac tur ing is h i g h e r than the h ighes t r e c o m -

m e n d e d p r e s s u r e . B e d d e d and f ractured fo rmat ions o p e n u p e v e n u n d e r m u c h l o w e r app l ied injec-

t ion p r e s s u r e s t han the cr i t ica l o n e . T h e bes t resul ts a r e ach ieved w h e n the p r e s s u r e is defini tely 

specif ied after careful eva lua t ion of in ject ion resul ts o n test p lo ts and of c u r r e n t p r o d u c t i o n g rou t -

ing . 

4 . 4 T h e in j ec t i on p r o c e s s 

T h e p r o c e s s o f in ject ing a sec t ion of a h o l e should c o m p l y wi th the f rame of the speci f ica t ions in 

t e rms o f the cho i ce of the c o m p o s i t i o n of the injected suspens ion , the p u m p i n g ra te and the p re s s -

u r e , so that the saturation criteria a r e satisfied in a g i v e n t ime in te rva l . T h e d e v e l o p m e n t of p re s s -

u r e and of the ra te of f low furnish in fo rma t ions o n poss ib le u n u s u a l c o n d i t i o n s . 

G r o u t i n g s tar ts w i t h the th innes t specif ied suspens ion , w h i c h wi l l u sua l ly b e b e t w e e n 3 :1 and 2 :1 

as s ta ted p r e v i o u s l y . W h e n the f low is m o d e s t and the p r e s s u r e increases g r a d u a l l y , in jec t ion is con -

t inued to sa tu ra t ion w i th the s tar t ing suspens ion dens i ty . In the case w h e n the p u m p i n g f low ra te is 
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h i g h and the p r e s s u r e r e m a i n s l o w , g r adua l l y d e n s e r suspens ions a r e in jected un t i l the p r e s su r e b e -

gins to i nc rease and the f low to d e c r e a s e , dec i s ions a r e m a d e in t i m e in te rva l s o f a b o u t 15 m i n based 

o n the d e v e l o p m e n t of p r e s s u r e and f low. G r a d u a l f low d e c r e a s e a t i nc reas ing in jec t ion p re s su re is 

the n o r m a l d e v e l o p m e n t w h e n sa tu ra t ion is a p p r o a c h e d . A s u d d e n f low r e d u c t i o n c a n b e the conse -

q u e n c e of u n t i m e l y in jec t ion of too th ick s u s p e n s i o n s . W h e n the f low inc reases sha rp ly du r ing the 

in jec t ion , and the p r e s s u r e dec reases s imu l t aneous ly , it ind ica tes that g r o u t h a s b r o k e n t h r o u g h s o m e 

filled f issures o r that h y d r a u l i c f rac tur ing of the fo rma t ion has o c c u r r e d . In such even t s the first re -

ac t ion is to t h i cken the suspens ion and to con t inue inject ing at l o w e r p r e s s u r e unt i l a g r adua l increase 

of p r e s s u r e and a r e d u c e d f low a re es tab l i shed aga in . 

T h e n o r m a l d e v e l o p m e n t of p r e s s u r e p(t), m i x i n g ra t io o f suspens ion n(t)y f low ra te of suspen-

s ion q(t) and the total injected m a s s Q(t) d u r i n g the in jec t ion is s h o w n in F i g . 4 . 2 3 f rom the s tar t of 

the in jec t ion to c o m p l e t e sa tu ra t ion , as specif ied . T h e th innes t m i x 1:3 w a s u s e d du r ing the first 15 

m i n and a total of 110 k g of c o m p o u n d w a s in jected. A 1:2 su spens ion fo l lowed w i t h inc reased p ress -

ure , in o r d e r to i nc rease the r each . D u r i n g the nex t 2 h o u r s 5 3 0 k g of c o m p o u n d w a s injected at low 

p r e s s u r e 

0 1 2 3 4 h o u r s 

N 0 - 15 l / m i n 10 /1,55 = 25 LU 

F i g . 4 . 2 3 Injection diagram of a grouted stage, ρ pressure, q flow rate l/min, Q injected compound, kg, 
l :n suspension water ratio, N 0 initial permeability 

w h e n the su spens ion w a s th i ckened to 1:1 du r ing the n e x t h o u r , and 2 8 0 k g o f c o m p o u n d w a s in-

j e c t e d at s lowly inc reas ing p r e s su re to the specif ied sa tu ra t ion p r e s s u r e , t hen the suspens ion was 

th i ckened to 1:0,7 and injected unt i l the specif ied sa tu ra t ion f low ra te w a s a c h i e v e d . T h e total con-

s u m p t i o n of c o m p o u n d in the 5 m long s tage w a s 1,035 k g , c o r r e s p o n d i n g to a specif ic take of 207 

k g / m . T h e p e r m e a b i l i t y of the fo rma t ion be fo re and after the in ject ion w a s c o m p u t e d f rom the r e -

spec t ive f low ra tes q(t) a ccoun t ing for the v iscos i ty of the u s e d s u s p e n s i o n s . 

F i g . 4 . 2 4 s h o w s the case of an a b n o r m a l c o u r s e o f in jec t ion o f a sec t ion d u r i n g w h i c h a substan-

tial l eak o c c u r r e d . In jec t ion w a s s topped as s t ipula ted in the speci f ica t ions w h e n the specif ied max i -
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m u m quan t i ty of c o m p o u n d w a s injected w i thou t r each ing the sa tu ra t ion c r i t e r ion . In jec t ion w a s re-

s u m e d after a specif ied t i m e , as s h o w n , and it con t inued n o r m a l l y to sa tu ra t ion . In s o m e cases it is 

necessa ry to r epea t the in ject ion unt i l sa t isfactory sa tu ra t ion is a ch i eved . In obs t ina te cases the in-

j e c t i o n of th ick and th ixo t rop ic suspens ions is n e c e s s a r y , o r o the r m e a n s to b l o c k excess ive g r o u t 

F i g . 4 . 2 4 Injection diagram with grout outbreak from stage 

c o n s u m p t i o n , and inject ions of th ick m o r t a r s e t c . shou ld b e app l i ed . A n o t h e r a p p r o a c h is to s top 

g r o u t i n g , to s tar t add i t iona l inves t iga t ions and to app ly o the r m e a n s than g r o u t i n g , as for e x a m p l e 

in the case of l a rge cave rns in the axis of the g r o u t cur ta in of the Sk lope D a m (see Sec t ion 6 .7 ) . 

Because of the e r ra t ic n a t u r e of f issured rock and the w i d e r a n g e of its init ial p e r m e a b i l i t y , a great 

prac t ica l e x p e r i e n c e of the g rou t ing eng inee r is benef ic ia l . H e should b e o p e n to op t iona l app roaches 

in tended to bes t m e e t the poss ibi l i t ies offered by the var ia t ion of in jec t ion p r e s su r e and p u m p i n g 

ra te , and adap t ing the w a t e r ra t io of injected c o m p o u n d s , in o r d e r to ach i eve the specif ied resul t in 

the m o s t e c o n o m i c w a y . T o o q u i c k sa tura t ion of the g rou ted sec t ion resul ts in e c o n o m y of the c o m -

p o u n d , b u t a too smal l v o l u m e of rock is t rea ted . By de lay ing sa tu ra t ion a too l a rge v o l u m e of soil 

is injected and c o m p o u n d is was t ed . A sound feel ing is essent ia l for dec id ing o n the co r r ec t a p p r o a c h 

b e t w e e n such e x t r e m e o p t i o n s , w h i c h leads to an op t ima l ra t io b e t w e e n the cos t of d r i l l ing , the g rou t -

ing and expenses for injected c o m p o u n d s , i n o r d e r to satisfy the p u r p o s e of the ope ra t i on . These facts 

shou ld b e kep t in m i n d w h e n the technica l speci f ica t ions and the c r i te r ia for in jec t ion act ivi t ies are 

p r e p a r e d . T h e essent ia l p a r a m e t e r s m u s t b e u n a m b i g u o u s l y f ixed, b u t dea l ing wi th de ta i l s , wh ich 

a re to b e dec ided u p o n w h e n fur ther da ta f rom dr i l l ing and g rou t ing p e r f o r m a n c e a re ava i l ab le , 

shou ld b e f lexible . 
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T h e final dec i s ion o n the h o l e spac ing , the n u m b e r of spli t spac ing sets of injected h o l e s , the choice 

of the g r o u t i n g c o m p o u n d , the in jec t ion p r e s s u r e and the p r o c e d u r e to s a m r a t i o n shou ld b e set after 

de ta i led ana lyses of the resul ts of g rou t ing test p lo ts ca r r i ed ou t in d o m i n a n t loca t ions typical of ge-

o l o g i c , l i tho log ie o r t ec ton ic charac te r i s t i c s . 

A l t h o u g h g r o u t i n g is m o r e an ar t than a technica l d i sc ip l ine , it m a y b e in te res t ing to quo t e s o m e 

gene ra l ru les p r o p o s e d b y H o u l s b y ( 1 9 8 2 ) : 

• c o m p o u n d to w a t e r ra t io of in ject ion g rou t s can b e l imi ted to 3 : 1 , 2 : 1 , 1:1 and th icker , in-

t e r m e d i a t e ra t ios c a n b e omi t t ed ; 

• in m o s t cases it is sufficient to start in ject ion wi th a 2 :1 m i x , excep t in cases w h e n fissures 

a re n a r r o w e r than 0 , 7 m m , then star t w i th 3 :1 m i x , w h e n f issures a re w i d e (1 to 2 , 5 5 m m ) 

star t w i t h 1:1 m i x o r th icker ; 

• w h e n the ini t ial f low ra t io in to the ho le is l o w inject ion shou ld p r o c e e d wi th s tar t ing mix 

to s a m r a t i o n ; w h e n the f low ra t io is h igh and on ly l o w p r e s su r e deve lops the nex t m i x should 

b e a l r eady th icker ; 

• the in jec t ion p r o c e s s of a sec t ion shou ld b e c h e c k e d e v e r y 15 m i n , f rom the d e v e l o p m e n t of 

the p r o c e s s dec i s ions o n p r e s su re and m i x i n g ra t io shou ld b e t aken for the n e x t 15 m i n t ime 

in te rva l of g r o u t i n g ; 

• g r a d u a l r e d u c t i o n of g r o u t f low ra te in success ive 15 m i n in terva ls s ignif ies an appropr ia te 

g r o u t i n g s t ra tegy . O n the con t r a ry cons tan t f low ra te du r ing th ree o r m o r e 15 m i n in tervals 

r equ i r e s app l i ca t ion of th icker m i x ; 

• a s u d d e n dec rea se of the g r o u t f low ra te s ignif ies b l o c k a g e of the g r o u t i n g sec t ion f rom a 

too th ick m i x . A s u d d e n inc rease of the f low ra te is a s ign of h y d r a u l i c f rac tur ing d u e to ex-

cess ive in jec t ion p r e s s u r e , b r e a k t h r o u g h of f issure fi l l ings o r sur face l eaks . P r o p e r reac-

t ion is to i m m e d i a t e l y th icken the m i x and r e d u c e the p r e s s u r e , un le s s h y d r a u l i c f racmr ing 

is in ten t iona l ly caused in o r d e r to inc rease the in jec t ion r each . 

T h e co r r e l a t i on b e t w e e n the specif ic g r o u t c o n s u m p t i o n Q ( k g / m ) and the pe rmeab i l i t y Ν (LU) 

m e a s u r e d in the s a m e sec t ion of the injected ho le is still the subject of p ro fess iona l d i scuss ions . Sys-

t ema t i c s tudies h a v e no t b e e n pub l i shed so far, and the ana lys is of in jec t ion resul ts s h o w s a wide 

sca t ter of the QIN va lues f rom ac tua l g rou t ing resu l t s . Th i s is d u e to the fact that the pe rmeab i l i ty 

Ν is u sua l l y m e a s u r e d at 10 b a r p r e s s u r e , wh i l e the in ject ion p r e s su r e m a y b e l o w e r o r s ignif icant-

ly h i g h e r than this va lue . A l s o , the s a m e va lue of pe rmeab i l i t y Ν m a y b e the c o n s e q u e n c e of one 

l a rge o r m a n y n a r r o w fissures in w h i c h the g r o u t m a y e v e n no t pene t r a t e . In this r e spec t the results 

ob t a ined b y R a k i c (1986) f rom the g r o u t cu r t a in of the 170 m h i g h Karakaya Dam o n the Euphra t e s 

m a y b e of s o m e in teres t . T h e founda t ion cons is t s of g ran i t e and h o r n b l e n d e rock , gene ra l ly of low 

p e r m e a b i l i t y , b u t in s o m e ho le sec t ions m o r e than 5 0 L U w e r e m e a s u r e d . T h e pe rmeab i l i t y was 

m e a s u r e d in 1101 sec t ions of injected ho les in w h i c h the specif ic g r o u t c o n s u m p t i o n w a s a lso deter-

m i n e d . T h e resul ts p re sen ted in F i g . 4 . 2 5 , sys t emized for in te rva ls of c o n s u m p t i o n and of per-

meab i l i t y , sugges t that s o m e stat ist ical co r r e l a t ion exis ts b e t w e e n the t w o ent i t ies . T h e l o w e r cu rve 
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F i g . 4 . 2 5 Relationship between permeability and grout take (Rakic, 1986), (a) average values (b) 
maximum values, η number of measurements 

p resen t s the a v e r a g e va lues , the u p p e r l ine the m a x i m u m va lues of specif ic c o n s u m p t i o n for any of 

the pe rmeab i l i t y in te rva l s . T h e n u m b e r of m e a s u r e m e n t s for a n y in te rva l is a l so s h o w n o n the cur -

ves . A m o r e re l iab le co r re l a t ion w o u l d p r o b a b l y resul t if the pe rmeab i l i t y of a n y injected sect ion 

w e r e c o m p u t e d f rom the f low ra te q0 at s tar t ing inject ion p r e s s u r e p0 and this is c o m p a r e d to the 

specif ic c o n s u m p t i o n in the s a m e sec t ion . Se l imov i (1977) has pub l i shed the resul t s of such an ana-

lysis of the g r o u t cu r t a in of the Kazaginac Dam w h i c h s h o w s that such a co r r e l a t ion ex i s t s , as s h o w n 

in F i g . 4 . 2 6 . 

4 . 5 G r o u t i n g a l l u v i a l d e p o s i t s 

T h e f low pa ths in g r a n u l a r a l luvia l depos i t s r ep re sen t an in te r laced s y s t e m of i r r egu la r channe l s 

of va r ious d i m e n s i o n s , w h i c h is qu i t e different f o rm the sys t ems of j o in t s and f issures w h i c h a re in-

j e c t ed in r ock . T h e g rou tab i l i ty of g r anu l a r a l luvia l ma te r i a l is the re fore m u c h w o r s e than the g rou -

tabi l i ty of r o c k h a v i n g the s a m e p e r m e a b i l i t y , and different m e t h o d s of inject ing and different k inds 

of g rou t s a re n e e d e d in o r d e r to ach ieve sat isfactory resu l t s . 

In jec t ion ho les in a l l u v i u m h a v e to b e cased du r ing the d r i l l ing , o t h e r w i s e they w o u l d co l lapse . 

Dr i l l ing m a y b e ro t a ry o r p e r c u s s i v e , p re fe rab ly w i th r igs that s imu l t aneous ly case the h o l e , and the 

f lushing fluid is sole ly wa t e r . 

In jec t ion of v e r y p e r m e a b l e fo rmat ions can b e d o n e in para l le l w i th the d r i l l ing . E v e r y 3 0 - 5 0 c m 

the dr i l l r ods a re w i t h d r a w n b y this a m o u n t a b o v e the b o t t o m of the h o l e and the sec t ion is injected 
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F i g . 4 . 2 6 Relationship between permeability measured before grouting (1) and the one computed from 
initial grout flow (2) 

un t i l t he de s i r ed quan t i t y o f g r o u t is u s e d . T h e p r o c e d u r e is r epea t ed un t i l t he r e q u i r e d d e p t h is 

t r ea ted . T h e effect o f in jec t ion t h r o u g h the dr i l l r o d s is v e r y i r r egu la r , the r e a c h a n d the deg ree of 

sa tu ra t ion v a r y w i t h i n w i d e l imi ts d e p e n d i n g o n the g r o u n d c o m p o s i t i o n and the pe rmeab i l i t y . It is 

t he re fo re u s e d o n l y for t e m p o r a r y o r aux i l i a ry s t ruc tu res . 

W h e n a c c u r a t e g r o u t i n g resul t s a r e r e q u i r e d , the m e t h o d of sleeve grouting (tube-à-manchette) 

is a d o p t e d , the inves t iga t ion of M r . I chy (G los sop et a l . , 1 9 6 2 ) . A h o l e a b o u t 100 m m in d i ame te r 

is d r i l l ed to the b o t t o m of the cu r t a in and cased . T h e n a n a r r o w e r p las t ic o r s teel t ube usua l ly of 38 

m m I D w i t h r ings of ho l e s a long its l eng th a t 3 0 - 5 0 c m in te rva l s , w h i c h a r e c o v e r e d b y a soft r ub -

b e r s l eeve ( m a n c h e t t e ) , is i n t r o d u c e d . T h e space b e t w e e n the g r o u n d and the i n n e r t ube is injected 

f rom the b o t t o m u p w i t h a soft g r o u t rich in c lay - the s leeve g r o u t , w h i l e the cas ing is b e i n g s imul -

t aneous ly pu l l ed ou t . W h e n the s leeve g r o u t has d e v e l o p e d suff icient s t r eng th (up to s o m e 4 M N / m ) 

the in jec t ion is s ta r ted . A d o u b l e p a c k e r is i n t roduced and f ixed so tha t a r ing of ho le s is injected at 

a t i m e . T h e in jec t ion p r e s s u r e is i nc reased un t i l t he s l eeve g r o u t is c r a c k e d a n d the suspens ion p e n e -

t ra tes t h r o u g h the c r acks in to the a l l u v i u m . W h e n the in jec t ion is s t opped , the r u b b e r s leeve closes 

the r ing o f ho l e s a n d it p r e v e n t s the in jected g r o u t f r o m en te r ing the g r o u t i n g t u b e . T h e advan tage 

of this m e t h o d is tha t e v e r y r ing of ho le s c a n b e re in jec ted as n e e d e d to a c h i e v e a u n i f o r m p e r m e a t i o n 

o r p e n e t r a t i o n o f the s u r r o u n d i n g g r o u n d . 

T h e deta i l s o f the m e t h o d a r e i l lus t ra ted in F i g . 4 . 2 7 . T h e in jec t ion ho le s a r e a r r a n g e d in g roups 

of p r i m a r y , s e c o n d a r y and te r t ia ry ho les ,as s h o w n in F i g . 4 . 2 8 w i t h a b a s i c spac ing a. 
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F i g . 4 . 2 7 Construction phases of sleeve grouting hole; (a) drilling and casing, (b) filling of, 5 plastic 
mortar around 4 , sleeve tube with 7, sleeves, simultaneously casing 2 is withdrawn, 
(c) details of sleeve grout tube with injection pipe and, 9 double packer, 6 ring of holes and, 
7 rubber sleeve, (d) cross section of sleeve injection hole with cracked grout sleeve during 
injection 

(a ] 

_a 

I 

( b ) 

F i g . 4 , 2 8 Dispositions (a) and (b) of alluvial grouting holes in several lines with two to three grouting 
sets, ο primary, χ secondary, + tertiary holes, a basic hole spacing 
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F i g . 4 . 2 9 Grouting of sand by means of 
hydraulic fracturing and with 
permeation: 1 sleeve grouting 
tube, 2 hydraulic fractures filled 
with grout lenses, 3 penetration 
of voids by grout 

T h e p u r p o s e of a l luvia l g rou t ing is e i ther to r e d u c e the p e r m e a b i l i t y w h i c h is u sed in founda t ion and 

in h y d r o t e c h n i c a l e n g i n e e r i n g , o r to i m p r o v e the s t r eng th and the de fo rmab i l i t y of the g r o u n d , used 

in founda t ion e n g i n e e r i n g . 

If the p u r p o s e of g r o u t i n g is to r e d u c e the p e r m e a b i l i t y , the des i red effect can b e ach i eved b y a c o m -

b ina t i on of p e r m e a t i o n and pene t r a t i on g r o u t i n g . T h e lenses of g r o u t c rea ted b y in ten t iona l hydrau l i c 

f rac tur ing wi l l c o m p r e s s the soil and inc rease the a rea of pene t r a t i on of the injected c o m p o u n d into 

the g r o u n d , as s h o w n in F i g . 4 . 2 9 . C a r o n (1982) s ta ted that at the p u m p i n g ra te of 5 0 0 1/s of in-

j e c t e d c o m p o u n d f rom o n e s l eeve , t w o to th ree d isks of 5 0 - 6 0 c m in d i a m e t e r a r e fo rmed a round 

the h o l e . 

T h e m e t h o d of f rac tur ing c a n b e app l ied on ly a t a g rea t e r d e p t h w h e r e sur face h e a v e is p reven ted 

by the pass ive res i s tance of the soi l , w h i c h w o u l d l imi t the effect of c o m p r e s s i n g the g r o u n d . T h e 

s t r eng th of the injected g r o u t need no t b e h i g h , it shou ld on ly b e capab l e to p r e v e n t e ro s ion by the 

s eep ag e of w a t e r . T h e injected g r o u t shou ld h a v e h i g h s t r eng th if the p u r p o s e of in ject ing is i m p r o v e -

m e n t of s t r eng th and de fo rmabi l i ty of the g r o u n d b e l o w founda t ions of h e a v y s t ruc tu res . A g a i n , per -

m e a t i o n g r o u t i n g and d i s p l a c e m e n t g rou t ing w i th h y d r a u l i c f rac tur ing m a y b e app l i ed . 

T h e m a i n p a r a m e t e r s for the p r o p e r se lec t ion of the bes t type of g r o u t is d i scussed in C h a p t e r 3 . 

C a r o n (1982) has sugges ted the da ta g i v e n in table 4 . 7 . 

T A B L E 4 . 7 

Cr i t e r i a for the se lec t ion of inject ion c o m p o u n d s for a l luvia l g rou t ing 

P a r a m e t e r C e m e n t 

Ben ton i t e 

In jec t ion c o m p o u n d 

P a r a m e t e r C e m e n t 

Ben ton i t e 

Col lo ida l 

so lu t ion 

C h e m i c a l 

so lu t ions , res ins 

Effect ive g ra in 

d i a m e t e r D i o m m 0 . 5 0 . 0 2 - 0 . 0 5 0 . 0 2 

P e r m e a b i l i t y 

coeff ic ient c m / s 1 0 " 3 1 0 _ 1- 1 0 " 3 1 0 " 3 

Speci f ic g ra in 

sur face c m / c m 2 10 1 0 0 - 1 , 0 0 0 1,000 
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P e r m e a t i o n inject ion is no t poss ib le in cohes ive soils w h i c h can b e pene t r a t ed on ly b y m e a n s of 

hyd rau l i c f rac tur ing , o r t h r o u g h f issures w h i c h exis t in s o m e h igh ly ove rconso l ida t ed c lay b e d s , 

w h e n the pe rmeab i l i t y coeff ic ient is of the o r d e r of k = 5x10" c m / s o r m o r e . 

C e m e n t ben ton i t e - suspens ions can b e injected on ly in to sand and c o a r s e r s t ra ta , fine c e m e n t is 

p re fe r red to facil i tate p e r m e a t i o n of the vo id spaces , the coarses t c e m e n t par t ic les b e i n g less than 

1/3 of the a v e r a g e s ize of vo id spaces . T h e u s e of h i g h tu rbu lence m i x e r s for the p r e p a r a t i o n of in-

j e c t ed suspens ions is ve ry conven i en t . 

T h e p e r m e a t i o n of the g r o u n d b y the u s e of co l lo ida l and c h e m i c a l so lu t ions d e p e n d s o n the vis-

cos i ty of the c o m p o u n d and o n the p u m p i n g f low ra t e . It w a s s h o w n that fine sands w i th pe rmeab i l i t y 

of k = 1 0 " 4 c m / s can b e p e r m e a t e d wi th co l lo ida l s i l icate so lu t ions if the p u m p i n g ra te is less than 

1 0 0 1 / h . H o w e v e r the c o m p o u n d is d i lu ted b y a s low p u m p i n g r a t e , the ge l t ime gets l onge r and the 

s t reng th of the injected c o m p o u n d b e c o m e s ve ry l o w , so that the l o w e r l imi t of the p u m p i n g ra te 

shou ld b e d e t e r m i n e d b y app rop r i a t e in situ tes ts . 

T h e pe rmeab i l i t y of the g r o u n d is r educed w h e n the f low channe l s t h r o u g h the vo id spaces a re 

filled w i th g r o u t , b u t s o m e effect m a y b e ga ined b y c o m p r e s s i n g the g r o u n d in ten t iona l ly b y hy-

drau l i c f rac tur ing (c laquages) w h e n lenses of injected conso l ida ted g r o u t a r e f o r m e d . 

Raffle et a l . (1961) h a v e c o m p u t e d the ra te of f low q injected at the h y d r a u l i c head H m a s : 

q = 3 . 7 7 k H ( 2 L r ) 1 / 2^ (4 .16) 

and the t ime neces sa ry to p e r m e a t e a cy l inde r of r ad ius R a r o u n d the g rou t ed s tage : 

t = η η R 3/ 9 0 k H ( s L r ) 1 /2 . (4 .17 ) 

W h e n inject ion is d o n e in t w o sets of ho les the d i spos i t ion of ho les is the o n e s h o w n in F i g . 4 . 2 8 ( a ) , 

and w h e n th ree sets of ho les shou ld b e injected the d i spos i t ion is s h o w n in F i g . 4 . 2 8 ( b ) . T h e s leeves 

of all p r i m a r y ho les a re injected first f rom top to b o t t o m , in the first r u n c e m e n t - b e n t o n i t e suspen-

s ions a r e in jected, and the m i x i n g ra t io wi th w a t e r shou ld c o r r e s p o n d to the p rope r t i e s of the g r o u n d . 

A quan t i ty of c o m p o u n d set in a d v a n c e is injected in e v e r y s l eeve . S leeves in w h i c h the specified 

p re s su re is no t a t ta ined a re r eg rou ted in the second run . In the s e c o n d a r y ho les s leeves oppos i t e to 

those w h i c h took a l a rge v o l u m e of g rou t a re injected first w i th c e m e n t - b e n t o n i t e suspens ions , then 

all s leeves a re injected wi th c h e m i c a l so lu t ions . T h e s a m e p r o c e d u r e is fo l lowed if a ter t iary g r o u p 

of ho les is in jected. C h e c k ho les a re dr i l led at loca t ions w h i c h r equ i r e a g r o u t c o n s u m p t i o n above 

a v e r a g e and the p e r m e a b i l i t y is m e a s u r e d b y inject ing w a t e r at a p r e s s u r e that does no t exceed the 

inject ion p r e s s u r e . W h e n the c h e c k is no t sat isfactory the s leeves of the s u r r o u n d i n g ho le s a re re in-

j e c t ed and the c h e c k is r epea ted unt i l the specif ied pe rmeab i l i t y is a t ta ined . 

F o r p r e l i m i n a r y p l a n n i n g of the dr i l l ing and the g r o u t c o n s u m p t i o n it c an b e a s s u m e d that 0 ,6 -1 

of dr i l l ing p e r 1,0 m of injected g r o u n d is n e e d e d , and that 6 0 - 8 0 % of the vo id v o l u m e wi l l b e filled 

b y the injected c o m p o u n d . T h e un i t w e i g h t of the injected c o m p o u n d is a p p r o x i m a t e l y 1,1 t / m . 

F l e x i b l e technica l speci f ica t ions for g rou t ing a l luvia l g r o u n d shou ld b e set in the des ign d o c u m e n t s 

of a l luvia l g rou t ing so that the resul ts ob ta ined o n g r o u t i n g test p lo ts can b e adequa te ly i m p l e m e n t e d 

at the s i te . 
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5 . D R I L L I N G A N D I N J E C T I O N P L A N T A N D E Q U I P M E N T 

5 . 1 D r i l l i n g m a c h i n e r y a n d accessor ies 

Dr i l l i ng h a s a l a rge and i m p o r t a n t sha re in the total cos t of g rou t ing w o r k s . T h e total l eng th of 

dr i l led ho le s o n a s ingle p ro jec t m a y exceed 1 0 0 , 0 0 0 m , the d e p t h of s ingle ho le s m a y b e m o r e than 

100 m , e v e n dep ths to 2 0 0 m h a v e b e e n e x c e e d e d . Dr i l l i ng is a h igh ly spec ia l ized d i sc ip l ine , and 

specia l is ts shou ld b e e n g a g e d for p l ann ing the e q u i p m e n t and ca r ry ing ou t e x p l o r a t o r y and p r o d u c -

t ion dr i l l ing for g r o u t i n g p ro jec t s . O n l y the essent ia l i n fo rma t ion is g i v e n h e r e , w h i c h is needed by 

nonspec ia l i s t s to u n d e r s t a n d the p r o b l e m s and bas i c p r o c e d u r e s of dr i l l ing for g r o u t i n g pro jec t s . 

O n l y ro t a ry dr i l l ing r igs a re su i table for the exp lo ra t i on dr i l l ing w i th co r ing e q u i p m e n t so that 

bes t u n d i s t u r b e d s a m p l e s of the fo rma t ion can b e ex t r ac t ed . R o t a r y r igs w i t h n o n co r ing bi ts o r per -

cuss ion ro t a ry r igs a r e u s e d for p r o d u c t i o n dr i l l ing w h i c h r educes the cos t of dr i l l ing to 1/3 - 1 / 4 of 

the cos t of ro t a ry d r i l l ing , w i th a subs tant ia l ly g r ea t e r speed , as s h o w n in Sec t ion 4 . 1 . But , in o r d e r 

to ge t m o r e i n f o r m a t i o n o n the p rope r t i e s of the fo rma t ions to b e g r o u t e d , s o m e of the p roduc t ion 

ho le s m a y b e specif ied to b e dr i l led wi th a ro t a ry r i g , c o r e d and w a t e r p r e s s u r e tes ted as exp lora t ion 

h o l e s ; s o m e t imes e v e r y th i rd o r four th of the p r i m a r y ho les a re dr i l led as exp lo ra t i on ho les w h e n 

the fo rma t ion is r a the r n o n h o m o g e n e o u s , in o the r i n s t ances , w h e n the fo rma t ions a re ve ry h o m o -

g e n e o u s the re m a y b e n o n e e d for add i t iona l exp lo ra t i on and all in ject ion ho le s m a y b e dr i l led wi th 

p e r c u s s i o n r i g s . 

F o r eff icient g r o u t i n g the ho les m u s t b e f lushed p r o p e r l y w i t h c l ean w a t e r d u r i n g the dr i l l ing and 

add i t iona l ly b e f o r e g r o u t i n g is s ta r ted , so that the f issures at the ho le wa l l s r e m a i n c l ean and o p e n . 

T h e bes t m e t h o d of dr i l l ing to ach ieve this shou ld b e d e t e r m i n e d b y in situ tes ts . O b s e r v a t i o n s of the 

s e d i m e n t ca r r i ed ou t of the h o l e b y the f lushing w a t e r wi l l p r o v i d e c lues for the se lec t ion of the bes t 

d r i l l ing and f lushing m e t h o d . W h e n smal l ch ips and fine sand a p p e a r in the s e d i m e n t of f lushing 

w a t e r , t he re is a be t t e r c h a n c e that the f issures a t the h o l e wal l s wi l l b e c l ean than w h e n s t icky or 

e v e n c o h e s i v e s e d i m e n t is p re sen t . D i r e c t obse rva t ions of the b o r e h o l e wal l s w i t h a b o r e ho le pe r i -

scope o r a c losed c i rcu i t te lev is ion c a m e r a g ives the bes t g r o u n d s for re l iab le c o m p a r i s o n s . Appra i -

sal of the c lean l iness of the f issures at the b o r e ho le wal l s f rom the quan t i ty of injected g rou t is no t 

r e l i ab le , b e c a u s e on ly a stat is t ical e l abo ra t ion of m a n y tests w o u l d y ie ld s ignif icant resu l t s , wh ich 

is imprac t i c a l . I t is w ide ly cons ide red that ro ta ry dr i l l ing p r o d u c e s c l eane r f i ssures , bu t in m a n y 

cases it w a s found that p e r c u s s i o n dr i l l ing g a v e be t t e r r e su l t s . 

L i g h t w e i g h t r igs a r e p re fe r r ed for p r o d u c t i o n dr i l l ing o n g r o u t i n g pro jec t s b e c a u s e a lot of act i -

vi t ies m u s t b e ca r r i ed ou t o n s teep s lopes and o n difficult t e r r a ins . O n m o r e access ib le sites the r igs 

m a y b e t ruck o r c r a w l e r m o u n t e d for mob i l i t y , o r o n a p l a t f o r m m o v e d o n t racks as s h o w n in F i g . 5 . 1 . 

W h e n w o r k i n g in ga l le r ies the r igs can b e m o u n t e d o n s leds and m o v e d a long wi th the i r o w n winch . 
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F i g . 5 . 1 Rail track for the drilling and 
grouting platform of the steep 
slope (Evretou Dam, Cyprus) 

M o d e r n ro ta ry dr i l l ing r igs h a v e an 

ec t ro -hydrau l i c d r ive (F ig . 5 .2) and 

Loists for man ipu l a t i ng the dri l l rods 

and cas ing tubes . T h e ro ta ry head is 

m o v e d and d r iven hydrau l i ca l ly so that 

the ro ta t iona l speed and the thrus t o n the bi t can b e regu la ted accura te ly . T h e dr i l l ing bi t is fixed at 

the t ip o f the c o r e ba r r e l w h i c h is abou t 3 m l o n g , and the l eng th the p r o g r e s s o f dr i l l ing in every 

m a n o e u v r e is l imi ted to this va lue . 

F i g . 5 .2 Series of rotary rigs for the drilling of grout curtain through granite masonry at Aswan Dam 
(Egypt) and Diamec 250 rotary drill 
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T h e s t r ing of dr i l l ing rods is pu l led ou t w h e n the c o r e b a r r e l is full and the c o r e s a m p l e s a re s tored 

in c ra tes for i n spec t ion . T h e r e is a mul t i t ude of types of dr i l l ing b i t s f rom w h i c h the bes t suited for 

dr i l l ing at a specif ic site can b e c h o s e n (F ig . 5 . 3 ) . T h e m a i n types a r e : 

• T h i n o r th ick wa l l ed co r ing ca rb ide t ipped b i t s . 

• T h i n o r th ick wa l l ed d i a m o n d b i t s . 

F i g . 5 . 3 Drilling bits for rotary drilling; 
(a) carbide inlaid coring bits, thin 
walled, (b) same thick walled, 
(c) coring and noncoring diamond 
bits 

N o n c o r i n g b i t s a r e : 

• c a r b i d e t ipped o r wi th l a rge ca rb ide inser ts as fishtail c h o p p i n g o r d ragb i t s w i th th ree to four 

w i n g s ; 

• d i a m o n d type bi ts o f the c o n c a v e t y p e , p i lo t type and taper , 

• Rol lb i t s for l a rge r d i a m e t e r ho l e s . 

T h e d i a m e t e r of dr i l l ing b i t s is s t andard ized in E u r o p e and in the U S A , as s h o w n in T a b l e 5 . 1 . 

Dr i l l ing is s tar ted w i th the smal les t poss ib le bi t d i a m e t e r for the final d e p t h of the h o l e . T h e smal -

lest d i a m e t e r u sed for g rou t ing is 3 6 m m , and the s ta r t ing d i a m e t e r of 6 6 m m is suff icient for about 

100 m d e e p h o l e s . 
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D i a m e t e r in m m C a s i n g 

n o m i n a l of h o l e of c o r e no ta t ion d i m e n s i o n s w e i g h t 

m m D a/ D i k g / m 

E u r o p e a n s t andard 

145 146 1 4 3 / 1 3 4 1 5 . 4 

129 131 1 2 8 / 1 1 9 1 3 . 8 

114 116 1 1 3 / 1 0 4 1 2 . 4 

9 9 101 84 9 8 / 8 9 10 .5 

85 86 7 2 8 4 / 7 7 7 . 2 

75 7 6 62 7 4 / 6 7 6 .3 

65 6 6 5 2 6 4 / 5 7 5 .2 

55 5 6 4 2 5 4 / 4 7 4 . 4 

4 5 4 6 32 4 4 / 4 7 3 .5 

35 3 6 22 - -

U S A s tandard 

3 " 7 6 . 2 0 m m N x 7 4 / 6 7 6.3 

3 /8" 60 .33 m m B x 

2" 5 0 . 8 0 m m A x 

1 1/2" 3 8 . 1 0 m m E x 

1 3/8" 3 4 . 9 3 m m L M 

T h e bes t type of b i t d e p e n d s o n the ha rdnes s and f issuring of the rock . D i a m o n d bi ts a re ve ry ex-

pens ive b u t , a g rea t e r speed of dr i l l ing is a t ta ined and d i a m o n d s a r e v e r y d u r a b l e if the r igh t ro ta-

t ional speed and p r e s s u r e a re ma in t a ined . T h e smal les t d i a m e t e r of ro l lb i ts is 6 0 m m . T h e y a re 

s e l d o m u s e d for in jec t ion dr i l l ing . Dr i l l i ng w i th full b i t s m a y b e m o r e e x p e n s i v e b u t a g rea te r out -

pu t is a ch i eved , b e c a u s e a g rea t dep th of dr i l l ing can b e ach ieved w i t h o u t m a n o e u v r e s for e m p t y i n g 

the c o r e b a r r e l , r esu l t ing in a g rea te r dr i l l ing speed . T h e s t r ing of dr i l l rods is u sua l ly pul led ou t 

and l o w e r e d at speeds of s o m e 120 m / h . 

D i a m o n d bi ts a r e r e c o m m e n d e d for dr i l l ing of ha rd rock and c o n c r e t e , b i ts w i t h ca rb ide inserts 

for m e d i u m h a r d rock . Rol lb i t s a re u sed in all k inds of r o c k and in the a l l u v i u m . N o n co r ing bits re -

in forced w i t h ca rb ides and fish-tail bi ts a r e u sed in soft r o c k and soi l . T h e bes t cho ice c a n b e m a d e 

f rom in situ dr i l l ing tes ts . 

T a b l e 5 . 1 

D i a m e t e r s of s t andard dr i l l ing bi ts 
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A suff icient supp ly of f lushing w a t e r o r a i r w h i c h coo l s the b i t and ca r r ies ou t the dr i l l ing ch ips , 

is ve ry i m p o r t a n t for g o o d and e c o n o m i c a l d r i l l ing , such as the app rop r i a t e se lec t ion of the rota-

t ional speed and the p r e s su re o n the b i t . If al l p a r a m e t e r s a r e no t we l l adap ted to the cha rac t e r and 

h a r d n e s s of the r o c k the b i t m a y get s tuck , resu l t ing in a loss of e q u i p m e n t o r excess ive w e a r of the 

b i t s . 

P e r c u s s i o n dr i l l s a r e d r i v e n b y an a i r o r h y d r a u l i c m o t o r , w h i c h is m o u n t e d o n top of the dri l l rods 

and it is m o v e d o n a g u i d e . A m e c h a n i s m rota tes the b i t s tep b y s tep b e t w e e n the s t rokes . H o l e s in 

the r a n g e of 31 to 6 3 m m in d i a m e t e r , and u p to 2 8 0 m d e e p w e r e dr i l l ed . T h e ho le s can b e f lushed 

b y a i r w h e n d r y r o c k is d r i l l ed , b u t on ly w a t e r f lushing shou ld b e p rac t i ced for in ject ion pu rposes . 

P e r c u s s i o n dr i l l ing is faster and c h e a p e r than the ro t a ry dr i l l ing . T h e dr i l l ing eff ic iency o n the Mei fe -

d o u n g r o u t i n g test p lo t is s h o w n in F i g . 4 . 1 . D u r i n g 31 w o r k i n g h o u r s the h o l e w a s dr i l led 60 m 

d e e p b y ro t a ry dr i l l ing and 2 3 1 m d e e p b y pe r cus s ion dr i l l ing . T h e a v e r a g e dr i l l ing speed w a s 2 . 3 

m / h w i th ro t a ry and 7 . 7 m / h w i th pe r cus s ion d r i l l ing , wh i l e the speed of pe r cus s ion dr i l l ing to the 

d e p t h of 6 0 m w a s 1 4 . 5 m / h . 

P e r c u s s i o n dr i l ls w i t h s imu l t aneous cas ing a re ve ry c o n v e n i e n t for dr i l l ing a l luvia l g r o u n d . 

C l e a n s lu ic ing of the injected sec t ion of the ho le p r i o r to inject ing is ve ry i m p o r t a n t . F o r this pur -

p o s e a p i p e w i t h a s lu ic ing h e a d , w h i c h d i rec ts the w a t e r j e t p e r p e n d i c u l a r to the ho le wa l l s , is lo-

w e r e d . W h e n g r o u t i n g f rom top to b o t t o m , the injected sec t ion m a y b e s lu iced ou t after c e m e n t has 

s tar ted set t ing w i t h a s lu ic ing head s h o w n in F i g . 5 . 4 at the b o t t o m of a 12 .5 m I D p i p e , w h i c h is 

ro ta ted and s t ruck to the b o t t o m of the g rou t ed h o l e . T h e c rushed mate r i a l is ca r r i ed to the surface 

b y the s t r e a m of the u p s u r g i n g wa te r . 

w a t e r 

F i g . 5 . 4 Washout chopping bit for cleaning the 
grouted section of hole 

Grea t ca r e shou ld b e t aken in p r o d u c t i o n dr i l l ing to accura te ly k e e p the specif ied d i rec t ion of the 

h o l e axis (ver t ica l o r inc l ined) as d i scussed in Sec t ion 4 . 1 . In o r d e r to ach i eve th i s , the fol lowing 

m a i n po in t s shou ld b e o b s e r v e d : 
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• the dr i l l ing r ig shou ld b e f i rmly fixed o n the p l a t fo rm; 

• on ly s t ra ight dr i l l ing rods should b e u s e d , and thei r d i a m e t e r shou ld poss ib ly b e c lose to the 

ho le d i a m e t e r in o r d e r to p r even t de fo rma t ions of the s t r ing of r o d s ; 

• the ro ta t iona l speed and the p re s su re o n the bi t m u s t b e adjusted to m e e t the cha rac t e r and 

qua l i ty of the rock ; 

• after eve ry r epea ted se tup the r ig m u s t b e p rec i se ly cen te red and c h e c k e d for dr i l l ing d i rec-

t ion . 

O n l y qual i f ied o rgan iza t ions shou ld b e e n g a g e d for dr i l l ing wi th h igh ly expe r i enced specia l ized 

pe r sonne l and m o d e r n e q u i p m e n t . 

5 .2 B a t c h i n g a n d m i x i n g e q u i p m e n t 

F o r successful g r o u t i n g it is essent ia l that the ind iv idua l c o m p o n e n t s of the g r o u t shou ld b e we igh t 

ba t ched . T h e t rad i t iona l ba t ch ing by sacks of c e m e n t and v o l u m e of wa t e r shou ld n e v e r b e u sed even 

o n smal l j o b s . M o d e r n w e i g h t ba t ch ing p lan ts a re a s sembled o n site f rom s t andard bas i c un i t s for 

s to r ing , p r o p o r t i o n i n g of the c o m p o n e n t s of m i x e s , and feeding in to the m i x i n g u n i t s . 

W a t e r is p u m p e d f rom a r e se rvo i r to the m i x e r s t h r o u g h con t ro l l ing w a t e r m e t e r s , as we l l as the 

liquid additives w h i c h a re s tored in app rop r i a t e d i spense r s . 

Cement and bentonite a re de l ivered to the site p re fe rab ly in bu lk and s tored in silos f rom w h i c h 

the n e e d e d ba tches a re w e i g h e d t h r o u g h au tomat ica l ly con t ro l l ed scales and fed to the mixe r s wi th 

be l t o r s c r ew c o n v e y o r s . 

Clay m a y b e de l ive red and hand led d ry and pu lve r i zed , and it m a y b e s tored and ba t ched in the 

s a m e w a y as c e m e n t . It c an a lso b e p r epa red at the site f rom s o m e local b o r r o w a rea , ba t ched f rom 

a p r e m i x e d bas ic d e n s e suspens ion and fed b y p ipe t h r o u g h an au toma t i c m e t e r to the m i x e r . A spe-

cial m i x e r for that p u r p o s e w a s deve loped for g rou t ing the cur ta in of the K a z a g i n a c D a m . A m u d 

p u m p wi th 15 k W elec t r ic m o t o r c i rcula tes the s lur ry t h r o u g h a 800 lit capac i ty vesse l ,as s h o w n in 

F i g . 5 . 5 , un t i l it is comple t e ly h o m o g e n i z e d . T h e n it is p u m p e d into an agi ta t ing r e se rvo i r f rom 

w h i c h it is fed in to the m i x e r s . 

Sand, w h i c h a l w a y s conta ins s o m e m o i s t u r e , is s tored in h o p p e r s f rom w h i c h the n e e d e d po r t i on 

is au tomat ica l ly w e i g h e d and fed t h rough be l t c o n v e y o r s o r s c r ew dr ives to the m i x e r s . 

Mixers 

T h e m a i n types of m i x e r s u sed for g rou t suspens ion p r epa ra t i on a re p a d d l e and co l lo ida l m i x e r s . 

Usua l ly the m i x e d g r o u t is t ransfer red to an ag i ta tor t ank f rom w h i c h the g r o u t p u m p is fed. T w o 

s tage m i x e r s a re u sed in s o m e cases . T h e y t ransfer the m i x e d ba t ch to the second s tage f rom w h i c h 

the injector is fed. 

A two-s tage p a d d l e m i x e r is s h o w n in F i g . 5 . 6 ( a ) , the padd les ro ta te at abou t 150 r e v / m i n , the 

v o l u m e of the d r u m is abou t 2 0 0 1, and the m i x i n g t ime is 5 -10 m i n 
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F i g . 5 . 5 Mixer for the preparation of a basic clay and bentonite suspension with a centrifugal sump pump 

( Q ] ( b ) 

h"2 

( c 

^ 5 

-10 

F i g . 5 . 6 Grout suspension mixers; (a) two stage paddle mixer, (b) Bachy type colloidal mixer, (c) two 
stage colloidal mixer with centrifugal pump, 1 axis with paddles, 2 driving unit (motor), 3 defle-
ctors, 4 feed of pulverized compounds, 5 feed of liquid compounds, 6 high speed rotating cylin-
ders , 7 narrow s l o t , 8 centrifugal pumps, 9 valves directing suspension, 10 leading to injection 
pump 
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T h e r e a re t w o types of co l lo ida l m i x e r s (cal led a lso h igh tu rbu lence m i x e r s ) . In the Bachy col loi -

dal m i x e r s h o w n in F i g . 5 .6 (b ) t w o s m o o t h ver t ica l cy l inders r evo lve at a h i g h speed in oppos i te 

d i rec t ions in a cy l indr ica l vesse l , forcing the g r o u t in to a n a r r o w slot w h e r e s t rong shear s t resses 

b r e a k the suspended par t ic les in to smal l un i t s . T h e g r o u t e m e r g i n g f rom the slot is d iver ted back 

by a def lec tor and it is thus rec i rcu la ted b a c k to the slot . T h e m i x i n g t ime is a b o u t 3 m i n . 

T h e second type of m i x e r consis ts of a d r u m wi th a con ica l b o t t o m w h e r e a cent r i fugal ro to r is 

p laced in a ho r i zon ta l o r ver t ica l p lane ,as s h o w n in F i g . 5 . 6 ( c ) . T h e m i x i n g ro to r ro ta tes at 2 . 0 0 0 -

3 . 0 0 0 r e v / m i n and it forces the m i x t h r o u g h a con t ro l va lve e i ther b a c k in to the d r u m , to an agita-

tor , o r to the inject ion p u m p . A vor t ex is fo rmed in the d r u m w h i c h acts as a cent r i fugal separa to r 

forc ing the th icker pa r t of the m i x b a c k in to the ro to r unt i l a u n i f o r m l y h o m o g e n i z e d m i x is a t ta ined. 

T h e m i x i n g t ime is abou t 15 s. 

F i g . 5 . 7 High turbulence mixers in a grouting station 

T h e suspens ion is fed f rom the mixe r s e i ther d i rec t ly to the inject ion p u m p , o r to an ag i ta tor f rom 

w h i c h it is fed to the p u m p . A long m i x i n g t ime , at a s low p u m p i n g ra t e , in to the injected ho le wou ld 

ove rhea t the co l lo ida l m i x e r . A padd le m i x e r , o r a hor i zon ta l vessel w i th a ro ta t ing s c r ew at the bo t -

t o m , can b e used as an ag i ta tor . T h e capac i ty and the size of m i x e r s shou ld b e such that mixes of 

d i f ferent c o m p o s i t i o n s a r e ava i lab le in the g rou t ing p roces s as n e e d e d in the ho le s w h i c h a re in jec ted . 

5 . 3 . I n j e c t i o n p u m p s 

M o s t l y p i s ton d o u b l e ac t ing p u m p s a re used for inject ing suspens ions , the i r capac i ty is u p to 100 

l /min and the p r e s su re u p to 100 ba r . A type f requent ly u sed is s h o w n in F i g . 5 . 8 . T w o p is tons ac-

t ing in t w o oppos i t e (head-on) cy l inders are fixed o n a r a m w h i c h is d r i v e n b y a h y d r a u l i c m o t o r so 
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that in e v e r y cyc le o n e o f the p i s tons p u m p s g r o u t in to the in jec t ion l ine . T h e c i rcu la t ion is r egu-

la ted b y 

F i g . 5 . 8 Schematic section of a double-acting injection pump, a from mixer, b to injection line 

t w o ba l l va lves o n e a c h cy l inde r . T h e p u m p i n g ra te and p r e s s u r e a re r egu la t ed b y the speed of the 

h y d r a u l i c m o t o r . T h i s type of p u m p c a n p u m p suspens ions w i t h sand g ra ins u p to 2 -3 m m in 

d i a m e t e r . T h e y a r e m o u n t e d for easy c l ean ing in the case of ma l func t ion (b lockage ) . T h e capaci ty 

of such p u m p s is a b o u t 7 0 1 / m i n at a m a x i m u m p r e s s u r e o f 6 0 b a r . W i t h r e d u c e d capac i ty the p ress -

u r e c a n b e ra i sed to 120 b a r , and the p o w e r is 2 0 k W . T h e p r e s s u r e at the ou t le t pu l sa tes and the in-

s ta l la t ion of s o m e p r e s s u r e equa l i ze r is c o n v e n i e n t for s m o o t h g r o u t i n g . 

He l i ca l s c r e w p u m p s a r e u s e d espec ia l ly for in jec t ion of th ick m i x e s con ta in ing a h i g h p ropo r t i on 

of s and , a n d e v e n m o r t a r c a n b e p u m p e d . T h e y h a v e c o n t i n u o u s ou tpu t at a cons tan t p r e s su r e wh ich 

is r egu la t ed b y the ra te of ro ta t ion . T h e sec t ion of a he l ica l s c r e w p u m p is s h o w n in F i g . 5 . 9 . T h e 

ro to r is of a cons t an t c i r cu la r sec t ion a long the he l ica l ax is w h i c h is eccen t r i c to the ro to r ax i s . 

F i g . 5 . 9 Schematic section of a helical screw pump, 1 rotor, 2 stator, 3 driving axis with washer, 
4 motor drive 

T h e s ta tor , u sua l l y m a d e of r u b b e r o r s o m e e l a s t o m e r ma te r i a l , is a n in te rna l he l ix w i th a p i tch 

w h i c h is tw ice the o n e of the ro to r . T h e ro to r is d r i v e n b y an e lec t r ic m o t o r w i t h a g e a r for smoo th 

va r i a t ion of the ro ta t iona l speed . 
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T h e p re s su re at the ou tpu t d e p e n d s o n the l eng th of the s c r e w , and in a s ingle s tep a b o u t 10 b a r 

can b e a t ta ined . If m o r e p re s su re is n e e d e d , t w o o re m o r e p u m p s a re coup led in se r ies . T h e ou tpu t 

d e p e n d s o n the s ize of the s ta tor , and u p to 60 m / h o u r can b e ach ieved . T h e d r iv ing p o w e r in k W 

a m o u n t s to Ν = 0 , 4 5 Q , Q in m / h at a p r e s su re of 6 b a r . 

F i g . 5 . 1 0 Injection pumps and registering pressure gauges in a grouting station 

5 . 4 . I n j e c t i o n l ines a n d a c c e s s o r i e s 

In o r d e r to p r e v e n t c logg ing the l ines b y sed imen ta t ion of uns t ab le suspens ions , t he d i a m e t e r of 

the inject ion l ines shou ld no t b e too l a rge . P ipes of 10 to 25 m m I D a re usua l ly t aken ; they should 

not con ta in res t r ic t ions w h i c h m i g h t cause p l u g g i n g . O n e a d v a n t a g e of n a r r o w p ipes for the l ines is 

that a smal l v o l u m e of g r o u t in the l ines has to b e was ted w h e n the g rou t m i x is c h a n g e d du r ing the 

inject ion. T h e capac i ty of the p u m p to o v e r c o m e the h y d r o d y n a m i c res i s tance at a h i g h e r ou tpu t 

on ve ry long l ines shou ld b e ver i f ied . 

T w o poss ib le d i spos i t ions of the inject ion l ine a re s h o w n in F i g . 5 . 1 1 . T h e ins ta l la t ion is s imp le r 

and c h e a p e r wi th a s ingle d i rec t l ine end ing at the s t andp ipe , the f low ra te is con t ro l l ed at the injec-

t ion p u m p , the g r o u t in the l ine is was ted w h e n the g rou t ing of a sec t ion of h o l e is c o m p l e t e d . A n 

a l te rna t ive d i spos i t ion has a r e tu rn l ine lead ing f rom the s t andp ipe to the m i x e r , o r to the ag i ta tor 

f rom w h i c h the g r o u t is p u m p e d . T h e inject ion p u m p in this case can b e ope ra t ed at a cons tan t speed , 

and the p r e s su r e is regu la ted at the s tandpipe b y man ipu la t ing the va lve of the r e tu rn l ine . 
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(α ) 

3 

2 

l b ) 

τ 

7 

3 

L l Q:6 

7 ^ 1 

• 

F i g . 5 . 1 1 Alternative layout of injection lines, (a) circulating with return line to agitator, (b) direct line 
to standpipe, 1 mixer or agitator, 2 injection pump, 3 injection line, 4 return line, 5 valves, 
6 manometer 

The standpipe w i th the fit t ings s h o w n in F i g . 5 . 1 2 connec t s the in ject ion l ine w i t h the p a c k e r p ipe 

o n the top of the g r o u t e d h o l e . It is fitted w i th the va lves for con t ro l l ing inpu t and ou tpu t , and wi th 

the m a n o m e t e r for c h e c k i n g the in ject ion p r e s s u r e . In an a u t o m a t e d and cen t ra l i zed inject ing sta-

t ion , f i t t ings for the c o n n e c t i o n w i th cen t ra l ized p r e s s u r e and f low reg i s t r a t ion un i t s a re a d d e d . 

Packers of d i f ferent cons t ruc t ions a re u s e d to seal the top of the g r o u t e d sec t ion of a h o l e . The i r 

d i a m e t e r r a n g e s b e t w e e n 3 6 and 100 m m . T h r e e types of p a c k e r s u s e d for in jec t ion and for wa te r 

p r e s s u r e tes t ing a re s h o w n in F i g s . 5 . 1 3 and 2 . 1 2 . 

In p a c k e r s w i th h ide p lug the p lugs a re fixed at the end of the p a c k e r p i p e . It is easy to instal l in 

the ho le dr i l led in h a r d r o c k , and it is set t ight to the b o r e h o l e wa l l au toma t i ca l ly b y the injection 

p r e s su re w h i c h m a y r each u p to 6 0 b a r . H o w e v e r , such p a c k e r s a re s e l d o m u s e d for g rou t i ng . 

2 

F i g . 5 . 1 2 Standpipe with fittings; 1 from injection line, 
2 valves, 3 manometer, 5 to packer pipe 
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( α ) 

2 A , 

F i g . 5 . 1 3 Packer types; (a) with hide plugs, 
(b) with mechanically activated rubber 
plug, 1 packer pipe, 2 hide plugs, 
3 rubber sleeves, 4 screw device to 
tighten the packer 

The mechanical packer in F i g . 5 .13(b ) consis ts of a set of soft r u b b e r r ings o n the p a c k e r p i p e . 

T h e r ings a re e x p a n d e d and p ressed t ight to the ho le wa l l b y p r e s s u r e exe r t ed b y a n ou te r tube 

p u s h e d d o w n b y a s c r ew dev ice o n the top of the p i p e s . T h e d i a m e t e r of the r u b b e r r ings is 1-2 m m 

less than the effect ive inne r d i a m e t e r of the h o l e . T h e l eng th of the a s semb ly is u sua l ly abou t 3 0 c m 

and e v e n 5 0 c m in h igh ly f issured rock in o r d e r to p r e v e n t the g r o u t f rom bypas s ing and b lock ing 

the p a c k e r . It is conven ien t ly u sed in ho les w i th u n i f o r m l y s m o o t h wal l s for in jec t ion p ressu res u p 

to 6 0 b a r . 

The pneumatic packer (F ig . 2 . 12 ) w a s desc r ibed in I t e m 2 . 3 1 . 

W h e n p i s ton p u m p s a re u sed for the g rou t in ject ion, it is of ten neces sa ry to h a v e s o m e k ind of 

pressure equalizerbetween the p u m p and the in ject ion l ine in o r d e r to r e d u c e the p r e s s u r e pu lsa t ions 

in the l ine . A p r e s s u r e a b s o r b e r is u s e d for this p u r p o s e , e i ther a p r e s su r e vesse l w i t h a v o l u m e of 

air o n top of the suspens ion , o r an elast ic r u b b e r h o s e w h i c h abso rbs the m a x i m u m e n e r g y of the 

pu l ses and re leases it at the m i n i m u m . T w o poss ib le so lu t ions a re s h o w n in F i g . 5 . 1 4 . 

( a ) 

( b ) 

A1 ( c ) 

F i g . 5 . 1 4 Absorbers of pressure pulses; (a) pneumatic absorber, (b) rubber hose absorber, 1 from the 
piston pump, 2 grout suspension, 3 compressed air, 4 manometer, 5 safety valve, 6 to the i 
njection line, 7 elastic armored rubber hose, (c) diagram of pressure pulses in and out of the 
equalizer 
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5 . 5 . R e c o r d i n g i n s t r u m e n t s 

T h e m a i n da ta ,as desc r ibed in sec t ion 4 . 4 . and s h o w n in F i g . 4 . 2 3 , o u g h t to b e reg i s te red dur ing 

the in jec t ion of any s ingle ho le sec t ion . A separa te un i t is u s e d o n smal l g r o u t i n g pro jec t s for p r e s s -

u r e r eco rd ing , and o n e for the f low ra t e . R e c o r d i n g m a y b e cen t ra l i zed o n l a rge pro jec t s in the g rou t -

ing con t ro l r o o m , and da ta m a y b e co l lec ted and r e c o r d e d b y specia l e l ec t ron ic u n i t s . 

T h e pressure is m e a s u r e d wi th m a n o m e t e r s in the p u m p h o u s e and o n the g r o u t i n g s t andp ipe . F o r 

the u s e o n g r o u t l ines , the m a n o m e t e r m u s t b e p ro tec t ed f rom be ing b l o c k e d b y the injected g rou t . 

Seve ra l types of p r e v e n t e r s a re u s e d , as s h o w n in F i g . 5 . 1 5 . T h e m a n o m e t e r s m u s t b e t rea ted wi th 

c a r e , k e p t c l ean and r egu la r ly checked for a c c u r a c y o n a c h e c k b o a r d . 

li 
I I 
ι ι 

F i g . 5 . 1 5 Preventers used on manometers for injection lines; (a) with flat membrane, (b) with 
cylindrical membrane, (c) with oil filled U-tube 

T h e quantity of injected g r o u t is r e c o r d e d b y the n u m b e r of ba t ches of k n o w n v o l u m e wi th differ-

ent m i x i n g ra t ios , o r b y in tegra t ing the r eco rds of a specia l e l e c t romagne t i c f low m e t e r w h i c h reg-

is ters the f low ve loc i ty at the s t andp ipe . 

T h e d e v e l o p m e n t of e lec t ron ic reg is te r ing i n s t rumen t s m a k e s it poss ib le to co l lec t all da ta in the 

cen t ra l con t ro l r o o m , so that for a n y g r o u t e d s tage the d e v e l o p m e n t o f p r e s s u r e , f low, compos i t i on 

of m i x and injected c o m p o u n d is ava i lab le for adequa te ly d i rec t ing the p r o c e s s f rom the start of in-

j e c t i o n to the final sa tu ra t ion of a g r o u t e d s t age , w i th all da ta n e e d e d for stat ist ical e l abora t ion and 

p re sen ta t i on of the g r o u t i n g resul ts in the final r epo r t . A d o u b l e p a c k e r is u sed for inject ing individ-

ua l sec t ions a b o v e the b o t t o m of a h o l e . It consis ts of t w o sets of soft sea l ing r ings o n e at the end of 

the in jec t ion p i p e , the o the r m b b e r at a d i s tance a b o v e it c o r r e s p o n d i n g to the des i red leng th of the 

sec t ion . T h e in jec t ion p ipe is p l u g g e d at the b o t t o m , and the g r o u t is injected t r o u g h lateral ho les on 

the in ject ion p i p e . T h e r u b b e r seals a re s imu l t aneous ly e x p a n d e d b y s c r e w i n g d o w n the ou te r p ipe 

wi th a d i s t ance b e t w e e n the u p p e r and the l o w e r r u b b e r seal . 
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5 . 6 . T h e g r o u t i n g p l a n t 

In a g r o u t i n g p lan t for a l a rge r g rou t ing pro jec t , all m a c h i n e r y for w e i g h t b a t c h i n g , m i x i n g , p u m p -

ing and the c o m m a n d and r eco rd ing in s t rumen ta t ion is a s s e m b l e d . T h e un i t s for s to r ing mater ia l s 

and for sepa ra te p roces se s as w e i g h i n g , m i x i n g and p u m p i n g can b e con ta ine r i zed for easy t rans-

po r t a t i on and a s s e m b l e d o n the si te . A fully a u t o m a t e d g rou t ing p lan t of l a rge capac i ty w a s instal led 

for the a l luvia l g r o u t i n g the founda t ion of M a t t m a r k D a m w h e r e c e m e n t - b e n t o n i t e and chemica l 

c o m p o u n d s w e r e in jec ted , as desc r ibed b y Bla t ter ( 1 9 6 1 ) . 

A m u c h s i m p l e r p l an t w a s insta l led for g rou t ing the first l a rge g r o u t cu r ta in in ve ry karst i f ied C r e -

taceous l imes tone for the P e r u c a D a m in D a l m a t i a . A total of m o r e than 110 k m of ho les u p to 2 0 0 

m d e e p w e r e in jected, and abou t 4 9 . 0 0 0 t of c e m e n t , c l ay , ben ton i t e and sand w e r e injected. 

F i g . 5 . 1 6 Schematic presentation of the grouting plant for the Peruca Dam; 1 volume water feeder, 
2 clay weighing hooper, 3 additives, 4 bentonite supply, 5 scale, 6 basic clay mixer, 
7 agitator for basic clay slurry, 8 cement hooper, 9 double stage high turbulence mixer, 
10 ram type double acting injection pumps, 11 pressure equalizers, 12 manometers 
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T h e p l an t w a s e rec ted o n s lop ing g r o u n d and g rav i ty w a s m a i n l y u s e d for the t r anspor t a t ion of the 

c o m p o u n d f rom o n e to the fo l lowing s tages of w e i g h i n g , ba t ch ing and m i x i n g . O n the u p p e r level 

w a s the s to re of r a w c lay w h i c h a m o u n t e d to nea r ly 7 5 % of the m i x e s . T h e r a w c lay en te r s v ia a 

sca le the w e t - m i l l i n g m i x e r for the p r e p a r a t i o n of the bas i c th ick c lay su spens ion w h i c h is then fed 

to the ag i ta t ing supp ly t ank , as s h o w n in F i g 5 . 1 6 . O n the n e x t s tage w e r e the con ta ine r s for c e m e n t , 

w a t e r a n d add i t ives f rom w h i c h the ba t ches w e r e fed in to the g r o u t su spens ion m i x e r s and to the in-

j e c t i o n p u m p s . 

Al l sca les w e r e o p e r a t e d m a n u a l l y , l iqu ids w e r e p r o p o r t i o n e d b y v o l u m e , the quan t i ty of injected 

c o m p o u n d w a s ca lcu la ted f rom the n u m b e r and dens i ty of the ba t ches injected in to the s ingle sec-

t ions of the h o l e s . T h e in jec t ion p r e s su re w a s reg i s te red b y m a n o m e t e r s . T h e m a x i m u m capaci ty of 

the p l an t w a s 2 . 5 0 0 m of injected ho les p e r m o n t h w i t h a m e a n g r o u t c o m p o u n d c o n s u m p t i o n of 3 6 0 

k g / m . 

F i g . 5 . 1 7 View of the grouting plant for the Peruca Dam 

A t e l ephone ne t w a s ins ta l led for c o m m u n i c a t i o n b e t w e e n the in jec t ion sites and the p lan t . C B 

r ad io c o m m u n i c a t i o n has b e e n used recen t ly for this p u r p o s e . A t s o m e sites all w o r k i n g p laces a re 

c o n n e c t e d to the cen t ra l con t ro l r o o m b y a c losed c i rcu i t T V . 
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6 . T H E G R O U T C U R T A I N 

6 . 1 . S e e p a g e t h r o u g h t h e d a m f o u n d a t i o n 

T h e i m p o u n d e d w a t e r in a r e se rvo i r rad ica l ly c h a n g e s the pa t t e rn of s eepage t h r o u g h the founda-

t ion u n d e r the d a m . T h e s eepage of g r o u n d w a t e r in na tu ra l cond i t ions is p r e d o m i n a n t l y pe r pend i cu -

la r to the river f low. T h e g r o u n d w a t e r leve l in the a b u t m e n t s m a y b e h i g h in r eg ions w i th h igh 

p rec ip i t a t i on and l o w g r o u n d p e r m e a b i l i t y , it m a y b e c lose to the r i ve r leve l if the pe rmeab i l i t y of 

the r o c k is h i g h , and e v e n b e l o w the r ive r l eve l , w h i c h is of ten the case in kars t i f ied r e g i o n s . W h e n 

i m p o u n d i n g the r e se rvo i r , the po ten t ia l h e a d o n the va l ley b o t t o m and the sur face of the abu tmen t s 

is i nc r ea sed , a n d the pa t t e rn of g r o u n d w a t e r f low is c h a n g e d dras t ica l ly . Th i s w o u l d cause a rad i -

ca l ly i nc reased g r o u n d w a t e r f low t h r o u g h the founda t ion b e l o w the d a m wi th the fo l lowing conse -

q u e n c e s : 

• i nc reased upl i f t o n the d a m founda t ion p l a n e , w h i c h m a y i m p a i r the s tabi l i ty of the s t ruc-

tu r e ; 

• s eep ag e f low t h r o u g h f issures and p o r e s in the founda t ion ma te r i a l m a y cause regress ive 

e r o s i o n w h i c h w o u l d p rog re s s ive ly : i nc rease the na tu ra l r o c k pe rmeab i l i t y and cause hy-

d rau l i c fa i lure in a g r a n u l a r soi l ; 

• w a t e r losses b y s eepage f low m a y i m p a i r the funct ion of the r e se rvo i r and it w o u l d b e econ-

o m i c a l l y un feas ib l e . 

U n a c c e p t a b l e c o n s e q u e n c e s of these p roces se s c a n b e a l lev ia ted b y s o m e of the fo l lowing m e a s u r e s : 

• i m p l e m e n t i n g d r a i n a g e facili t ies at the exi t of the s eepage f low; 

• p l ac ing an i m p e r v i o u s b l anke t o n the va l ley f loor and the a b u t m e n t s u p s t r e a m of the d a m ; 

• cons t ruc t ing a n i m p e r v i o u s cu r t a in in the founda t ion ma te r i a l w h i c h d iver t s the seepage flow 

ver t i ca l ly in to d e e p e r less pe rv ious s t ra ta , o r b y c o m b i n a t i o n s of these m e a s u r e s . 

T h e in f luence o f d r a i n i n g , of a b l anke t and of a cu r t a in o n the s eepage f low u n d e r severa l types of 

d a m s is s h o w n in F i g . 6 . 1 . 

A ver t ica l i m p e r v i o u s cu r t a in u n d e r the d a m can b e cons t ruc ted as a d i a p h r a g m wal l m a d e of pla in 

o r r e in fo rced c o n c r e t e in stiff ma te r i a l s , of c l a y - c e m e n t p las t ica l ly d e f o r m a b l e conc re t e in c o m -

p re s s ive a l luv ia l depos i t s , o r as an injected g r o u t cu r t a in in b o t h types of ma te r i a l s . 

A d i a p h r a g m wa l l is cons t ruc ted in w e a k rock o r in a l luvia l g r a n u l a r depos i t s and it m a k e s a ba r -

r ie r of l o w p e r m e a b i l i t y (k < 1 0 " 6 c m / s ) ; p las t ic c l a y - c e m e n t conc re t e is p re fe r r ed in a l luvia l m a -

te r ia l s b e c a u s e i ts d e f o r m a b i l i t y m a t c h e s t he o n e of the s u r r o u n d i n g g r o u n d . S ince s t ress 
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concen t r a t i ons and l a rge s t ra ins o n the con tac t w i th the d a m c o r e a r e a v o i d e d , such a d i a p h r a g m is 

c h e a p e r than the o n e m a d e of n o r m a l c o n c r e t e . 

F i g . 6 . 1 Influence of remedial measures on seepage flow and uplift under dam foundations; (a) massive 
dam without and with drainage, (b) embankment dam on a pervious foundation without and with 
upstream impervious blanket, (c) equipotentials under the dam with a grout curtain 

A g r o u t cur ta in m u s t subs tant ia l ly r e d u c e the pe rmeab i l i t y of the g r o u n d and it m u s t b e w i d e e n o u g h 

in o r d e r to in f luence s ignif icant ly the f low ne t and the seepage f low. Its b o t t o m shou ld p re fe rab ly 

r each less p e r v i o u s s t ra ta in o r d e r to r e d u c e substant ia l ly the f low and the ex i t g r ad i en t of s eepage . 

T h e m i n i m u m a v e r a g e pe rmeab i l i t y of an injected rock that can b e ach ieved b y g rou t ing is in the 

r a n g e of 0 . 3 - 0 . 6 L U , b u t a v e r a g e pe rmeab i l i t i e s in the r a n g e of 1-3 L U can b e r e g a r d e d as ve ry sat-

i s fac tory . 

A g r o u t cu r t a in shou ld there fore n e v e r b e r ega rded as an i m p e r v i o u s b a r r i e r to s eepage f low. Its 

p u r p o s e is to t rea t the g r o u n d sys temat ica l ly so that all ex is t ing pa ths of h i g h pe rmeab i l i t y a re inter-

cep ted and sea led , an a v e r a g e l o w pe rmeab i l i t y in the g rou t ed r e g i o n is s ecu red , and the poss ibi l i ty 

of concen t r a t ed l a rge leaks is p r e v e n t e d . G r o u t i n g can b e r e g a r d e d as an ac t ive con t inua t ion of the 

founda t ion exp lo ra t i on . 
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6 . 2 . D e s i g n p a r a m e t e r s for g r o u t c u r t a i n s 

T h e p r inc ipa l d e s i g n p a r a m e t e r for a g r o u t cu r t a in is the p e r m e a b i l i t y of the g r o u n d b e l o w the d a m 

and the c h a r a c t e r of the j o i n t s and f issures o f the g r o u n d . F r o m the g e o l o g y of the r e g i o n , the g e o -

tec ton ic fea tures and the da ta o n the p e r m e a b i l i t y o f the f o r m a t i o n s , w h i c h a r e d e t e r m i n e d f rom the 

resul t s of the e x p l o r a t i o n , a m o d e l for the s tudy of the p r o b l e m s shou ld b e p r e p a r e d . It m u s t inc lude 

the fo l lowing da ta : 

• the r a n g e o f p e r m e a b i l i t y va lues for e v e r y fo rma t ion a l o n g the g r o u t cu r t a in ; 

• the p e r m e a b i l i t y o n pa r t i cu la r faults o r o t h e r t ec ton ic fea tures ; 

• the g r o u n d w a t e r leve l in di f ferent l i tho log ie fo rma t ions a long the long i tud ina l sec t ion of 

the founda t ion . 

T h e p e r m e a b i l i t y of the fo rma t ions is gene ra l ly h i g h e r at the sur face t han at g r ea t e r dep ths as a 

c o n s e q u e n c e of s t ress re lease d u r i n g the va l ley fo rma t ion . T h i s gene ra l t r end c a n b e a l te red b y the 

c o n s e q u e n c e s of t ec ton ic d i s t u rbances , d i s so lu t ion and l each ing b y pe rco la t ing w a t e r , o r b y hy-

d r o t h e r m a l p r o c e s s e s . W h e n so lub le rocks as l i m e s t o n e s , d o l o m i t e s a n d a n h y d r a t e s a r e p re sen t the 

fo rma t ions at a g r ea t d e p t h m a y b e ve ry p e r v i o u s , and the p e r m e a b i l i t y m a y b e r a the r er ra t ica l ly dis-

t r ibu ted . E x a m p l e s of s u c h fo rmat ions a r e g i v e n in I t e m 6 . 6 1 . T h e poss ib i l i ty of the o c c u r r e n c e of 

such s ingular i t i es m a y b e dec i s ive for the se lec t ion of the bes t loca t ion for the d a m axis and the axis 

of the g r o u t cu r t a in . 

O n the o t h e r h a n d , the p r e s s u r e g rad i en t t h r o u g h the injected z o n e of the g r o u t cu r t a in is h ighes t 

at the g r o u n d sur face and z e r o at the b o t t o m . In add i t i on , the poss ib le in jec t ion p r e s s u r e is lowes t at 

the g r o u n d sur face and h ighes t at the b o t t o m of the cu r t a in . T h u s the cond i t i ons for g r o u t i n g a re con-

t r ad ic to ry - a t the g r o u n d sur face w h e r e the g rea tes t g r o u t i n g eff ic iency is n e e d e d the poss ib le in-

j e c t i o n p r e s s u r e is l o w , wh i l e at the b o t t o m , w h e r e it is l o w , the g rea tes t in jec t ion p re s su re can be 

app l i ed resu l t ing in v e r y eff icient g r o u t i n g . T h e so lu t ion of this c o n t r o v e r s y is in a dense r h o l e spac-

ing and a w i d e r in jected z o n e in the u p p e r pa r t o f the cu r t a in and w i d e r h o l e spac ing at a g rea te r 

d e p t h of the cu r t a in . 

F i g . 6 . 2 Different zones of grout curtain along the dam axis 
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T h r e e z o n e s a re d i s t ingu i shed a long the axis of the g r o u t cu r t a in , as s h o w n in F i g . 6 . 2 : 

• the d e e p va l ley o r cen t ra l sec t ion o n w h i c h the full hyd ros t a t i c p r e s s u r e of the i m p o u n d e d 

w a t e r ac t s , w i t h a l eng th L\, ; 

• a b u t m e n t sec t ions L a r and Lai to the end of the d a m cres t ; 

• w i n g sec t ion LWT and Lwl f rom the end of the d a m cres t in to the a b u t m e n t s . 

T h e total l eng th of g r o u t cu r t a in L d e p e n d s o n the p rope r t i e s of the founda t ion ma te r i a l in the 

a b u t m e n t s . 

T h e c r i t e r ion for the d e t e r m i n a t i o n of the d e p t h of the g r o u t cu r ta in w a s first def ined b y L u g e o n 

( 1 9 3 3 ) . H e p r o p o s e d that the cur ta in shou ld ex tend the in to r o c k w i th pe rmeab i l i t y less then 1 L U 

if the d a m is m o r e then 3 0 m h i g h , and less than 3 L U w h e r e it is less than 3 0 m h i g h . T h e s e cr i te-

r ia w e r e in tended for conc re t e g rav i ty and a r ch d a m s in the E u r o p e a n A l p s , b u t un t i l r ecen t ly they 

w e r e gene ra l ly a d o p t e d for the des ign of g rou t cu r t a ins . A s the a v e r a g e pe rmeab i l i t y of g rou t ed rock 

is gene ra l ly in the r a n g e of 1 to 3 L U as m e n t i o n e d p r e v i o u s l y , it is no t neces sa ry to g r o u t rock less 

p e r m e a b l e than 1 to 3 L U . Th i s is the l imi t of pe rmeab i l i t y w h i c h can b e ach i eved b y m e a n s of 

g r o u t i n g . 

E x p e r i e n c e ga ined o v e r yea r s o n successful ly cons t ruc ted d a m s has d e m o n s t r a t e d that L u g e o n ' s 

c r i te r ia a re v e r y res t r ic t ive in m o s t cases . T h e first ques t ion to b e a n s w e r e d o n e v e r y pro jec t is 

w h e t h e r a g r o u t cu r t a in is n e e d e d at a l l , and w h a t shou ld b e ach ieved b y inject ing a g r o u t cur ta in . 

In o r d e r to ra t iona l ly a n s w e r these ques t ions the inf luence of a g r o u t cu r t a in o n the v o l u m e of seep-

age f low and o n the safety of the d a m s t ruc ture shou ld b e s tudied sys temat ica l ly . 

A n i m p o r t a n t ques t i on is the l imi t pe rmeab i l i t y w h i c h m u s t b e a t ta ined in the g r o u t e d rock vol -

u m e , w h i c h in m a n y pro jec t s is specif ied as 1 L U o r less . T h i s is v e r y res t r ic t ive and often it can 

no t b e a t ta ined at a l l , o r at an e x t r e m e l y h i g h cos t . F o r this p u r p o s e H o u l s b y (1977) has e labora ted 

a useful f low c h a r t , w h i c h is r e p r o d u c e d in F i g . 6 . 3 , as a gu ide for dec i s ions to w h i c h pe rmeab i l i t y 

l imi t the cu r t a in shou ld b e injected. T h e cha r t s h o w s that the r easons to g r o u t a cu r t a in t ighter than 

3 L U c a n b e an e c o n o m i c loss b y seepage of ve ry va luab le w a t e r f rom the r e se rvo i r (as f rom p u m p e d 

s torages) o r the n e e d to con t ro l e ros ion of sc ree in the j o i n t s . In o the r ins tances m u c h h i g h e r aver -

age pe rmeab i l i t y of the g rou ted cur ta in can b e accep ted . In cases w h e n the s eepage w a t e r has a l o w 

va lue , the l imi t pe rmeab i l i t y , to w h i c h the cur ta in should b e injected, d e p e n d s o n the type of the d a m 

and o n the d a n g e r of e ro s ion . T h e char t is a gene ra l gu ide for dec i s ion m a k i n g o n r o c k g rou t ing in 

the s h a l l o w e r z o n e s . A t g rea te r d e p t h s , w h e r e the p re s su re g rad i en t of i m p o u n d e d w a t e r t h r o u g h the 

cu r t a in is l o w e r , e v e n h i g h e r pe rmeab i l i t y m a y b e accep tab le . In any pa r t i cu la r case the final dec i -

s ions shou ld b e m a d e b a s e d o n a deta i led s tudy and o n the cons ide ra t ion of all r e l evan t exp lo ra t ion 

da ta and charac te r i s t i cs of the d a m pro jec t . 

6 . 2 1 . T h e ef fect of the g r o u t c u r t a i n o n the h y d r o d y n a m i c p o t e n t i a l f ie ld 

F r o m the i m p r e s s i o n that the pe rmeab i l i t y of a g r o u t cu r ta in is ve ry l o w its effect o n the h y d r o d y -

n a m i c po ten t ia l field is of ten grea t ly ove re s t ima ted in d a m des ign . In fact, a p e r m e a b i l i t y of 1 L U 
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D e p t h of pe rmeab i l i t y s eepage r e d u c t i o n of f low 

cu r t a in of b e d of g rou t ed f low w i t h o u t cu r t a in 

z o n e 

m L U L U 1/s m % 

0 - - 0 . 6 6 0 

2 5 80 2 0 . 1 8 7 3 

7 5 2 0 1 0 . 0 8 88 

9 5 5 1 0 . 0 7 89 

2 5 5 5 - - -

d e e p e r 0 - - -

of 80 L U pe rmeab i l i t y r educes the seepage f low to 2 7 % of the o n e w i t h o u t g r o u t i n g , fur ther deepe r 

g rou t ing t h r o u g h the 2 0 L U bed r educes it to 1 2 % , and 25 m d e e p g rou t ing in to the 5 L U bed to 

11 % of the s eep ag e w i t h o u t any cur ta in . Ev iden t ly , in such a case d e e p g rou t ing w h i c h is an e x p e n s -

ive u n d e r t a k i n g , b r i n g s ve ry li t t le benef i t . 

T h e l eng th and the d e p t h of the w i n g cur ta ins d e p e n d o n the local geo techn ica l cond i t i ons , bu t the 

d e p t h and g r o u t i n g c r i te r ia sugges ted in F i g . 6 .3 can b e lessened w i t h the d i s t ance f rom the shore 

l ine , b e c a u s e the h y d r a u l i c p r e s s u r e g rad i en t dec reases w i th the d i s tance f rom the sho re l ine of the 

r e se rvo i r , and on ly the e c o n o m i c benef i t f rom reduced seepage loss cou ld jus t i fy g r o u t i n g . T h e w i n g 

cur ta ins can b e injected a long a l ine p e r p e n d i c u l a r to the s lope of the a b u t m e n t , o r a l te rna t ive ly par-

al lel to the sho re l ine . T h e first a l te rna t ive requ i res r a the r d e e p id le dr i l l ing o r , in the case of s teep 

a b u t m e n t s , dr i l l ing f rom an adi t . But , s ince the g rou t ed cur ta in is d e e p b e l o w the a b u t m e n t sur face , 

s o u n d e r r o c k is gene ra l ly found . F o r the second a l te rna t ive n o g rou t ing adi t is n e e d e d , b u t a w o r s e 

r o c k cond i t i on m a y b e p r e sen t and the cos t of g rou t ing is inc reased . T h e ske tches in F i g . 6 . 4 i l lus-

t ra te the fact tha t the inf luence of the l eng th of the w i n g cu r t a in o n the exi t g r ad i en t and o n the seep-

age f low is n o t subs tan t ia l . 

In o r d e r to i l lus t ra te the d i f ference b e t w e e n the d i spos i t ion of the cur ta in a long the sho re and the 

o n e d e e p e r in the a b u t m e n t , the resul ts of exp lo ra t ion for the w i n g cu r t a in of a d a m in the W e s t of 

C y p r u s a re p r e s e n t e d . T h e e m b a n k m e n t d a m is 9 0 m h igh , the left a b u t m e n t is a n a r r o w r idge which 

cons is t s of c h a u l k y l imes tone and m a r l fo rma t ions . V e r y h i g h pe rmeab i l i t y w a s d e t e r m i n e d f rom 

exp lo ra t i on dr i l l ing and f rom a g rou t ing test p lo t o n the shore of the r e se rvo i r . G r o u t i n g p r o v e d that 

e v e n w i t h an e x t r e m e l y h i g h g r o u t c o n s u m p t i o n of 1,600 k g / m c e m e n t , the des i red pe rmeab i l i t y re-

duc t ion cou ld n o t b e ach i eved . O n the sugges t ion of the P a n e l of E x p e r t s , the o w n e r dec ided to d i s -

T A B L E 6 . 1 

Ef fec t of t h e g r o u t c u r t a i n d e p t h o n the s e e p a g e f low ra te i n s trat i f i ed g r o u n d 
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p lace the g r o u t cu r t a in in to the m i d d l e of the r i d g e , w h e r e e x p l o r a t i o n ind ica ted m u c h l o w e r per-

meab i l i t y , and a n a v e r a g e g r o u t c o n s u m p t i o n o f 2 7 0 k g / m c e m e n t w i t h eff icient c lo su re was 

a c h i e v e d . 

F i g . 6 . 4 Sketch of the influence of wing curtain on the seepage flow and exit gradient in section AB; 
(a) plan of short -, (b) of long wing curtain, (c) section along the line Α-B with hydrodynamic flow 
net of both alternatives with exit gradients, 1-2 wing curtain in (a), 1-3 wing curtain in (b) 

In o r d e r to eva lua t e the effect of the d e p t h of the cu r t a in , the equ ipo ten t i a l field w a s c o m p u t e d 

w i t h a F E M p r o g r a m for a typica l c ross sec t ion of the 2 5 0 m long r i d g e . T h e m a i n features of the 

g e o l o g i c s t ra t i f ica t ion and pe rmeab i l i t y da ta a r e s h o w n in F i g . 6 . 5 . T h e s eepage f low w a s c o m p u t e d 

for the sec t ion w i t h o u t a cu r t a in , w i t h a cu r t a in t h r o u g h the u p p e r m o r e p e r v i o u s l aye r , and wi th a 

cu r t a in 3 0 m d e e p in to the d e e p e r m a r l y b e d of l o w e r p e r m e a b i l i t y . T h e c o m p u t e d s eepage flow 

a m o u n t s to 0 . 3 2 1/s m t h r o u g h the sec t ion w i t h o u t a cu r t a in , 0 . 2 7 1/s m w h e n on ly the u p p e r m o r e 

p e r v i o u s l aye r is g r o u t e d , and 0 . 2 5 1/s m w h e n the cu r t a in r eaches 3 0 m d e e p in to the l o w e r less 

p e r v i o u s l aye r . T h e d o w n s t r e a m exi t p r e s s u r e g r a d i e n t w a s in the first c a se i = 0 . 7 4 , in the second 

i = 0 . 7 4 , and i = 0 . 7 4 in the th i rd o n e . It is ev iden t that in such g e o l o g i c cond i t ions the benef i t of 

g r o u t i n g the d e e p e r less p e r m e a b l e l aye r is m a r g i n a l . 
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F i g . 6 . 5 Influence of the depth of wing curtain in a stratified abutment on the seepage flow; (a) curtain 
trough the upper more pervious bed, (b) curtain 30 m deep into a less pervious lower bed, 
1 chaulky limestone bed, k h = 6 . 5 x l 0 " m/s , k v = 1.3x10" m/s , 2 terrace gravel, 3 grouted 
zone, k = 0 . 2 6 x l 0 m/s , 4 marly chaulk, k h = 1 . 3 x l 0 " 6 m/s , k v= 0 . 2 x 1 0 " ^ m / s 

6 . 3 . I n j e c t i o n of g r o u t c u r t a i n to r e q u i r e d p e r m e a b i l i t y s t a n d a r d 

T h e pe rmeab i l i t y s t andard of the injected g r o u t cu r t a in , as desc r ibed in F i g . 6 . 3 , shou ld b e flex-

ibly def ined in the des ign specif icat ions of the g r o u t cu r t a in , so that the con t r ac to r c a n bes t adap t 

the g r o u t i n g p r o c e d u r e s to the va r i ab le cond i t ions of j o i n t i n g and the pe rmeab i l i t y of the rock . T h e 

m e a n s to ach i eve the bes t and u n i f o r m pe rmeab i l i t y s t andard a r e : 

• sys t ema t i c spli t spac ing of the in ject ion ho l e s ; 

• o n e o r an o d d n u m b e r of inject ion ho le r o w s shou ld b e g r o u t e d ; 

• the a p p r o p r i a t e g r o u t c o m p o s i t i o n shou ld b e se lec ted . 

T h e cho i ce of the bas i c spac ing of h o l e s , the n u m b e r of r o w s of in jec t ion ho le s and the bes t g rou t 

c o m p o s i t i o n d e p e n d o n the cha rac t e r of the r o c k fo rma t ions , j o in t s and f i ssures , the p r e sence of the 

pe rco la t ing g r o u n d w a t e r , of l a rge vo ids o r c a v e r n s . In o r d e r to def ine the g rou t ing p a r a m e t e r s and 

the m o s t c o n v e n i e n t deta i ls of the inject ion p r o c e d u r e , o n e o r severa l g r o u t i n g test p lo ts a r e in jec ted , 

u sua l ly o n the l ine of the cu r t a in in different r ock fo rma t ions . In o r d e r to ob ta in s tat is t ical ly re le -

van t r esu l t s , the l eng th o f a test p lot should e n c o m p a s s a t least t h ree p r i m a r y in jec t ion ho l e s . It is 

ht
tp

s:
//t

el
eg

ra
m

.m
e/

G
eo

lo
gy

bo
ok

s

https://telegram.me/Geologybooks


129 

useful to c o r e and w a t e r p r e s s u r e test in jected sec t ions o f all ho l e s in the test p lo t . A deta i led g e o -

log ic i n t e rp re t a t ion o f the co re s is essen t ia l , i nc lud ing the s tudy o f the s y s t e m s o f j o in t s and fissures 

so tha t r e l evan t de ta i l s for the eva lua t ion of the test g r o u t i n g resu l t s a r e co l l ec ted . T h e resul ts of 

g r o u t i n g e v e r y set o f ho l e s shou ld b e in te rp re ted cu r r en t l y a n d co r re l a t ed to the geo techn ica l da ta 

a n d p e r m e a b i l i t y , so tha t the a p p r o p r i a t e h o l e s p a c i n g , d e p t h o f the sets of ho l e s a n d inject ion p re s s -

u r e c a n b e de f ined , a n d the m o s t a p p r o p r i a t e g r o u t c o m p o s i t i o n a n d w a t e r r a t io se lec ted , f rom w h i c h 

the sa tu ra t ion c r i t e r ia o f the g r o u t e d h o l e sec t ions c a n b e speci f ied . 

I t is c o n v e n i e n t to s tar t the p r o d u c t i o n g r o u t i n g o f the g r o u t cu r t a in b y first d iv id ing it in to sec-

t ions e n c o m p a s s i n g f rom th ree to four p r i m a r y ho l e s and to dr i l l first these m a r k e r ho l e s a t the ends 

o f the sec t ions as e x p l o r a t i o n ho le s w h i c h a r e c o r e d , w a t e r p r e s s u r e tes ted a n d then in jected. T h e 

resu l t s ob t a ined a r e c o m p a r e d w i th the resu l t s o f the g r o u t i n g test p lo t s a n d deta i ls of the inject ion 

p r o c e s s in the c o r r e s p o n d i n g sec t ion a r e set . T h e n p r o d u c t i o n g rou t ing p r o c e e d s w i t h the r ema in ing 

p r i m a r i e s b e t w e e n these m a r k e r h o l e s , fo l lowed b y the s e c o n d a r i e s , te r t ia r ies a n d h i g h e r o r d e r sets 

as r e q u i r e d . I m p o r t a n t da t a f rom m a r k e r h o l e s , b e s i d e the u s u a l o n e s , a r e the c h a r a c t e r and the wid th 

of f issures a n d j o i n t s , the i r i n t e r space , the p e r m e a b i l i t y of the r o c k b e f o r e g r o u t i n g and the g r o u t 

c o n s u m p t i o n to a c h i e v e the sa tu ra t ion c r i te r ia . F r o m these da ta , in add i t i on to the da ta f rom the 

g r o u t i n g test p l o t s , the de ta i led in ject ion p r o c e d u r e for all ho l e s in the c o r r e s p o n d i n g cur ta in sec t ion 

is d e t e r m i n e d . 

T h e d e p t h o f the s e c o n d a r y ho le s shou ld lag b e h i n d the p r i m a r i e s b y a few s t ages , u sua l ly no t less 

t han t w o , so tha t a c l ea r d i s t inc t ion o f the g r o u n d p e r m e a t i o n f rom o n e and the o t h e r set of holes is 

r e t a ined . A c c o r d i n g to o u r e x p e r i e n c e , it is n o t i m p o r t a n t to l imi t the t i m e b e t w e e n inject ing a s tage 

of the n e x t set of ho l e s a t the d e p t h of the p r e v i o u s se t , b e c a u s e the g r o u t in the f issures ge ts s tabi-

l ized d u r i n g the sa tu ra t ion p h a s e , and the c o h e s i o n a lone is suff icient to p r e v e n t a n y d i s tu rbance 

f r o m the n e w l y g r o u t e d n e i g h b o r i n g s tage of the h i g h e r set o f h o l e s . 

T h e effect of g r o u t i n g of success ive sets of ho le s b e f o r e in ject ing the fo l lowing set c a n b e bes t 

eva lua t ed b y m e a s u r i n g the pe rmeab i l i t y of the set be fo re g r o u t i n g . T h i s is h o w e v e r , expens ive and 

t ime c o n s u m i n g a n d it i n t roduces u n n e c e s s a r y w a t e r in the s t age to b e g r o u t e d . A c o n v e n i e n t a l ter-

na t ive is to c o m p u t e the pe rmeab i l i t y f rom the g r o u t f low ra te and in jec t ion p r e s s u r e p0 a t the start 

of g r o u t i n g as m e n t i o n e d in C h a p t e r 4.4. E q . (2.1) c a n b e modi f i ed for a g r e a t e r a c c u r a c y b y in-

t roduc ing the ra t io of v iscos i ty η 8 of the grout suspension, and the one of water ηw r e su l t ing in : 

Ν = 10 Q η δ / ρ 0 Ι ^ ^ (6 .1) 

T h e p r e c i s i o n of s u c h a p e r m e a b i l i t y eva lua t ion is n o t g rea t , b u t it is suff icient as a g u i d e so that 

it enab le s the m a k i n g of the co r r ec t dec i s ions in d i rec t ing the g r o u t i n g p r o c e s s and to dec ide w h e t h e r 

the r e q u i r e d p e r m e a b i l i t y s t andard is a c h i e v e d , o r g r o u t i n g of the n e x t set of ho l e s is neces sa ry . T h e 

ra t io o f the g r o u t t ake b e t w e e n the p r e v i o u s and n e x t set o f ho le s is a n o t h e r p rac t i ca l c r i t e r ion for 

q u i c k dec i s ion m a k i n g . K l o s t e r m a n et a l . (1982) m a i n t a i n that a r e d u c t i o n to 65 % o f the take in the 

h i g h e r o r d e r set is a sa t is factory resu l t . F e r g u s s o n e t a l . (1964) r e g a r d a r e d u c t i o n b e t w e e n 20% and 

80% as sa t i s fac tory . 
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After the g r o u t i n g of a l onge r sec t ion of the cu r t a in is c o m p l e t e d , c h e c k ho l e s m a y b e dr i l led for 

w a t e r p r e s s u r e tes t ing at loca t ions w h e r e the resul ts of the u l t i m a t e set of g r o u t e d ho le s m a y indi -

ca te that the p e r m e a b i l i t y m a y n o t satisfy the r equ i r ed s t anda rd . T h e n add i t iona l ho les a r e dr i l led 

and g r o u t e d w h e r e the s t andard is n o t sat isf ied. S o m e special is ts p re fe r to dr i l l inc l ined check holes 

in the p l a n e of the cu r t a in for pe rmeab i l i t y tes t ing . S u c h p rac t i ce is no t r e a s o n a b l e w h e n sys temat ic 

spli t spac ing is a d o p t e d for g r o u t i n g , b e c a u s e the unsa t i s fac tor i ly injected z o n e s m a y b e r easonab ly 

expec t ed to b e a l w a y s para l le l to the injected h o l e s , and b e t w e e n the last in jected set of ho le s and 

the ad jacent o n e s . In a n y case if spli t spac ing is me thod i ca l l y ca r r i ed ou t , the da ta f rom the last set 

of injected ho le s wi l l g ive a re l i ab le ind ica t ion of the resu l t a ch i eved , and c h e c k ho le s for w a t e r pe r -

meab i l i t y tests wi l l on ly excep t iona l ly b e n e e d e d w h e r e in the last set o f ho le s the specif ied pe r -

meab i l i t y s t andard w a s n o t sat isf ied. 

T h e o b s e r v a t i o n of the g r o u n d w a t e r level in p i e z o m e t e r s after i m p o u n d i n g the r e se rvo i r wi l l p r o -

v ide the final p r o o f of the eff ic iency and the p e r m a n e n c e of the g r o u t cu r t a in . 

6 . 3 1 . N u m b e r of g r o u t h o l e r o w s 

A s ingle r o w of injected ho les shou ld b e i m p l e m e n t e d w h e n e v e r poss ib l e . T w o excep t ions to this 

gene ra l ru l e m a y b e : 

• in the z o n e b e l o w the founda t ion sur face ; 

• w h e n the r o c k is ve ry p e r m e a b l e . 

I n the first in s t ance the hydros t a t i c p r e s su re d i f ference f rom u p s t r e a m to d o w n s t r e a m is h i g h and 

a g rea t e r th ickness of the injected z o n e is r equ i r ed , w h i c h cou ld n o t b e eff icient ly g r o u t e d f rom a 

s ingle r o w of h o l e s . T h e ho le s of all r o w s shou ld b e injected to the s a m e t igh tness s t andard so that 

the pe rmeab i l i t y is u n i f o r m l y l o w a long the w h o l e cu r t a in . T h e r e is no t a gene ra l ly accep ted ru le 

for the se lec t ion of the th ickness of the g rou ted z o n e and s o m e j u d g e m e n t wi l l b e nece s sa ry to def ine 

the a p p r o p r i a t e t h i ckness . T h e th ickness of the z o n e wi l l d e p e n d o n the : 

• t ype o f d a m ; 

• the k ind and p rope r t i e s of the founda t ion rock ; 

• the f i ssura t ion , the infill of the f issures and its e rod ib i l i ty . 

T h e u p p e r z o n e of a cu r t a in b e l o w a conc re t e d a m o n sound rock , w i t h n a r r o w n o n - e r o d a b l e fis-

su r e s , m a y b e n a r r o w and the accep tab le h y d r a u l i c g rad i en t m a y b e h i g h w h e n the w a t e r loss f rom 

seep ag e f low is n o t i m p o r t a n t . B e l o w the founda t ion of an e m b a n k m e n t d a m a w i d e r injected zone 

is p r e f e r ab l e , so that the ex i t g r ad i en t of the f low b e l o w the founda t ion r e m a i n s l o w , especia l ly if 

the f issures of the r o c k con ta in e rodab l e ma te r i a l s . A n e x a m p l e of a h igh ly f issured founda t ion r o c k 

at the 7 5 m h i g h S k l o p e D a m is s h o w n in F i g . 6 . 6 . T h e founda t ion r o c k is l imes tone of the O l i g o 

M i o c e n e a g e , v e r y f rac tured , the f issures a re u p to a few cen t ime te r s w i d e and filled w i t h e rodab l e 

g a u g e . T h e cu r t a in w a s injected f rom a g rou t ing ga l le ry w h i c h p r o v i d e s a re l i ab le n o n - e r o d a b l e foun-

da t ion con tac t w i t h the c lay c o r e . G r o u t i n g w a s s tar ted after m o r e than 10 m of e m b a n k m e n t ma-
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ter ia l w a s a l r eady p l aced to p r o v i d e a suff icient o v e r b u r d e n p r e s s u r e , so tha t the g r o u t could b e in-

j e c t e d at a p r e s s u r e h i g h e r than 10 b a r . A fence o f subhor i zon t a l and inc l ined ho le s w a s injected 

f rom the ga l l e ry p r o v i d i n g a m o r e than 2 0 m th ick g r o u t e d con tac t z o n e at the founda t ion p l ane . 

F i g . 6 . 6 Contact of clay core and grout curtain of the embankment Dam Sklope, 1 grout curtain with 
three rows of holes, 2 zone of contact grouting of foundation below core 

W h e n the r o c k is v e r y f rac tured and p e r m e a b l e it is a g o o d p rac t i ce to inject t h ree r o w s of ho les . 

T h e t w o o u t e r r o w s a r e injected first w i t h a l o w g r o u t i n g s t anda rd , so that the g r o u t c o n s u m p t i o n is 

c h e c k e d w i t h i n e c o n o m i c a l l y feasible l imi t s . T h e n the m i d d l e r o w can b e injected u n i f o r m l y to the 

r e q u i r e d h i g h s t anda rd w i t h o u t an exces s ive g r o u t c o n s u m p t i o n . 

It is a n es tab l i shed fact tha t the w e i g h t o f the d a m c o m p r e s s e s the founda t ion r o c k and the sys tems 

of f i ssures , to a d e g r e e w h i c h r educes its p e r m e a b i l i t y , espec ia l ly in the u p p e r z o n e of m o d e r a t e 

d e p t h . T h e r e f o r e the pe rmeab i l i t y of the injected z o n e of the g r o u t cu r t a in is r e d u c e d as the he ight 

of the d a m inc r ea se s . T h i s fact w a s r epo r t ed b y M a t s u m o t o (1985) w h o m e a s u r e d the pe rmeab i l i ty 

of the in jected cu r t a in of the M a e k a w a D a m d u r i n g success ive ly h i g h e r s tages of its cons t ruc t ion . 

T h e p e r m e a b i l i t y o f a f ew in jec t ion ho l e s b e l o w the g r o u t i n g ga l l e ry w a s m e a s u r e d in the sec t ion at 

the d e p t h b e t w e e n 10-15 m be fo re the filling of the e m b a n k m e n t s tar ted and after it r e ached differ-

en t e l eva t ions a b o v e the founda t ion p l a n e . T h e resul t s of these m e a s u r e m e n t s a r e p re sen t ed in F i g . 

6 . 7 . It is e v i d e n t tha t the pe rmeab i l i t y of the g rou t ed s tages w a s r e d u c e d b y o n e o r d e r of m a g n i m d e 

w h e n the d a m h e i g h t w a s inc reased b y 2 5 - 3 0 m . T h e e c o n o m i c c o n s e q u e n c e of this f inding is re-

m a r k a b l e : w h e n the founda t ion p l ane is l oaded b y the d a m w e i g h t , the in jec t ion p r e s s u r e can be 

h i g h e r and the spac ing of the ho le s l a rge r , less sets of ho l e s a r e n e e d e d for the c lo su re to the requi red 

p e r m e a b i l i t y s t a n d a r d , the g r o u t c o n s u m p t i o n is r e d u c e d a n d the ef f ic iency o f g r o u t i n g is inc reased . 

T h i s i m p o r t a n t p o i n t is s e l d o m cons ide red in g r o u t cu r t a in des ign and cons t ruc t i on . 
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B

 40 t 

p e r m a b i l i t y LU — 

F i g . 6 . 7 Reduction of rock permeability with increasing embankment height at Maekawa Dam 
(Matsumoto, 1985) 

6 . 3 2 . S e l e c t i o n of g r o u t c o m p o u n d 

A l t h o u g h the p rope r t i e s of g r o u t suspens ions w e r e d i scussed in deta i l in Sec t ion 3 . 2 , s o m e add i -

t ional c o m m e n t s shou ld b e of s o m e in teres t . T h e f issured founda t ion r o c k b e l o w d a m s wi l l usua l ly 

b e injected w i th g r o u t suspens ions w h i c h m a y pene t r a t e in to the f issured g r o u n d w i t h a pe rmeab i l i t y 

w h i c h is m o r e than 1 L U , wh i l e fo rmat ions w i t h a pe rmeab i l i t y of less than 1 L U n e e d no t b e in-

j e c t e d at a l l , as s h o w n in F i g . 6 . 3 . T h e r e f o r e , the re wil l n e v e r b e a n e e d to inject c h e m i c a l c o m -

p o u n d s in to f issured rock . 

Suspens ions injected in to f issured rock fo rmat ions m u s t satisfy the fo l lowing cond i t i ons : 

• the ingred ien t s of the suspens ion shou ld b e sufficiently fine to pene t r a t e fine f i ssures ; 

• the injected g r o u t should d e v e l o p sufficient s t r eng th in the f issures so tha t the g r o u t can no t 

b e squeezed o r e r o d e d ou t of the f issures b y the hydros t a t i c p r e s s u r e ; 

• the injected g r o u t shou ld d e v e l o p a sufficiently l o w p e r m e a b i l i t y . 

A s d i scussed in Sec t ion 3 .2 Po r t l and c e m e n t w i th a Bla ine f ineness m o r e t han 2 , 7 0 0 c m / g is gener -

al ly sa t is factory for in ject ing r o c k wi th a pe rmeab i l i t y m o r e than 1 L U , espec ia l ly w h e n the sus -

p e n s i o n is m i x e d in h i g h t u rbu l ence m i x e r s . W h e n r o c k w i t h a pe rmeab i l i t y less than 1 L U m u s t b e 

in jected, ex t ra f ine c e m e n t w i th Bla ine fines u p to 8 , 0 0 0 c m / g m a y b e n e e d e d , b u t this m a y b e 

ach ieved b y a specia l t r ea tmen t of coa r se c e m e n t in the m i x i n g p lan t , as de sc r i bed p r e v i o u s l y . 
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T h e nece s sa ry u n c o n f i n e d s t r eng th of the injected g r o u t in a p l a n a r f issure s h o w n in F i g . 6 .8 can 

b e c o m p u t e d f r o m E q . ( 3 . 9 ) w i t h a safety factor F s a s : 

qu = h p 7 w ô F s / L (6 .2 ) 

F i g . 6 . 8 Planar fissure drilled with grout 

If a 0 . 1 m w i d e f issure filled w i th g r o u t o n a l eng th o f L = 1.0 m u n d e r h p = 100 m head of wa t e r 

is a s s u m e d , the u n c o n f i n e d s t r eng th is q u = 100 10 0 , 1 F s / 1 . 0 = 1 0 0 F S. It w a s s h o w n in F i g . 3 .19 

that the u n c o n f i n e d s t r eng th of s ample s of a ve ry lean c o m p o u n d , w i th on ly 25 % c e m e n t and 75 % 

c lay d e v e l o p e d u n c o n f i n e d s t r eng th q u = 5 . 2 M N / m (fi l tered samples ) and q u = 1 . 8 M N / m (unfil-

te red s a m p l e s ) . T h e resu l t ing m i n i m u m safety factor aga ins t squeez ing the g r o u t ou t of the fissure 

in this e x t r e m e l y u n f a v o r a b l e e x a m p l e is F s = 1 .8 /0 .1 = 18 . It is ev iden t f rom this e x t r e m e e x a m p l e 

that the s t r eng th o f the injected g r o u t is no t in a n y case a p a r a m e t e r g o v e r n i n g the cho i ce of the g rou t 

c o m p o u n d . 

A l luv ia l s t ra ta w i t h g ra ins D 1 5 > 0 . 4 m m c a n b e injected w i t h suspens ions of c e m e n t and c lay . 
2 

O n l y spec ia l f ine c e m e n t (Bla ine fines 8 , 0 0 0 g / c m ) c a n b e injected b u t the resul ts a re n o t ve ry r e -

l iab le . Spec ia l ly t rea ted c e m e n t - b e n t o n i t e suspens ions m a y b e injected in the first set of holes 

e q u i p p e d w i t h s l eeve g r o u t p i p e s , as de sc r ibed in deta i l in Sec t ion 4 . 5 . 

T h e g r o u t cu r t a in in a l luvia l ma te r i a l a l w a y s cons is t s of m a n y r o w s of s l eeve g r o u t ho l e s . T h e 

ho le s a r e a r r a n g e d in t w o o r th ree se ts . T h e first set is g r o u t e d w i t h c e m e n t - b e n t o n i t e suspens ions 

spec ia l ly t rea ted in the m i x i n g p r o c e s s , as desc r ibed p r e v i o u s l y in o r d e r to ob ta in a v e r y fine g ra ined 

su spens ion , w h i c h c a n pene t r a t e the g r o u n d wi th g ra in s ize D 1 5 > 0 . 4 m m ( F i g . 3 . 1 ) . T h e n u m b e r 

of r o w s and the w i d t h of the cu r t a in is se lec ted so that the p r e s su r e g r ad i en t ac ross the cur ta in does 

n o t e x c e e d i = 1.5. A n equ id i s t an t a r r a n g e m e n t of in jec t ion h o l e s , as s h o w n in F i g . 6 . 9 , is gener -

al ly c h o s e n . T h e p r i m a r y ho le s a r e at the in te rsec t ions of the r o w s A and Β a t p r i m a r y spac ing 2 

a, the s econda r i e s b e t w e e n the p r i m a r i e s o n the s a m e r o w s , and the ter t ia r ies o n the l ines Cbetween 

the l ines A . T h e p r i m a r i e s a r e first in jec ted , t hen the s econda r i e s w i th c e m e n t - b e n t o n i t e suspens ion . 

T h e te r t ia r ies a r e t h e n injected wi th c h e m i c a l so lu t ions o r res ins as the case m a y r e q u i r e . 
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2α 

F i g . 6 . 9 Equidistant arrangement of injection holes for alluvial grouting 

S ince g r o u t s l eeve inject ion of the a l luvia l g r o u n d is ve ry e x p e n s i v e it is u s e d w h e r e re l iable u n i -

fo rm g rou t ing resul ts a r e essent ia l . F o r auxi l i a ry p u r p o s e s , such as the g r o u t cu r ta ins for t e m p o r a r y 

s t ruc tures for r ive r d ive r s ion , founda t ion excava t ions in a l luvia l g r o u n d e t c . , the s imp le r m e t h o d of 

inject ing t h r o u g h the h o l e cas ing o r the dr i l l ing rods u p o r d o w n the h o l e c a n b e app l i ed . T h e p r in -

c ip le is i l lus t ra ted in F i g . 6 . 1 0 . W h e n g rou t ing u p the h o l e , the h o l e is dr i l led and cased to the bot -

t o m , then the cas ing is connec t ed to the in ject ion l ine and w i t h d r a w n for the l eng th of the sec t ion L , 

and e i ther a suspens ion o r a c h e m i c a l so lu t ion is injected to refusal o r to the r e q u i r e d specif ied vol -

u m e . If the h o l e wal l s w o u l d co l lapse w i thou t a cas ing , the g r o u t is injected t h r o u g h its l o w e r pe r -

forated end to the r e q u i r e d l eng th L . 

In the d o w n h o l e m e t h o d the ho le is dr i l led and cased to the d e p t h of a b o u t 3 , 0 m , then a c i rcui t 

Uibe 6 is p e r m a n e n t l y ins ta l led and the dr i l l ing is con t inued in shor t s tages w h i c h c a n b e suppor ted 

b y the g rou t . T h e g r o u t is then injected as specif ied and the p r o c e s s is con t inued to the r equ i red 

dep th . In s o m e cases it is poss ib le to o m i t dr i l l ing and s imp ly d r ive a cas ing w i t h the l o w e r end per -

forated a long a l eng th L, as s h o w n in F i g . 6 . 1 0 ( d ) , then to g r o u t the sec t ion and the p r o c e s s is con -

t inued to the w a n t e d dep th . A d r a w b a c k of these t h r o u g h the cas ing g rou t ing m e t h o d s is the poss ib i l i ty 

of g r o u t o u t b r e a k n e a r the g r o u n d sur face . O n l y the s leeve g rou t ing m e t h o d is r e c o m m e n d e d for 

re l iab le and u n i f o r m g rou t ing of a l luvia l soi l . 

6 . 4 . T e c h n i c a l spec i f i ca t ions for c u r t a i n g r o u t i n g 

T e c h n i c a l speci f ica t ions for cu r t a in g rou t ing shou ld b e f lexible e n o u g h to a l l ow the con t r ac to r to 

m a k e a r ea sonab l e cos t and the t ime de lay es t ima te of the act ivi t ies to b e t ende red and the o w n e r to 

d i rec t the act ivi t ies so as to bes t m e e t va r iab le cond i t ions w h i c h , w i th in the f r ame of the exp lo ra t ion 

resul ts m a y g rea t ly v a r y f rom o n e loca t ion to ano the r . A r ig id speci f ica t ion of all the act ivi t ies in 

e v e r y deta i l w i th in n a r r o w l imi ts m a y resul t in h i g h un i t p r i ces b e c a u s e the con t r ac to r m u s t tend to 
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Ι α ) 
(b) 

Id ) 

- Ja 
T T 

L 
F i g . 6 . 1 0 Alluvial grouting of cased holes; 

(a)drilling and casing for up the hole 
grouting, (b) injecting with lifting of 
the casing, (c) drilling and injecting 
down the hole, (d) down the hole grou-
ting with driven casing, 1 casing, 
2 injected hole section, 3 perforated end 
of casing in collapsible soil, 4 drilling 
rod with a chopping bit, 5 flushing and 
injecting swivel, 6 circuit tube and 
fitting, 7 injection line, 8 driving phase, 
9 injection phase 

c o v e r poss ib l e r i sks w h i c h ar i se w h e n the to le ra ted specif ied l imi ts c a n n o t b e satisfied d u e to local 

va r i ab l e charac te r i s t i c s of the g r o u n d . O n the o the r end a r e the speci f ica t ions w h i c h a r e too genera l 

a n d l eave to m a n y dec i s ions e i ther to the O w n e r o r to the C o n t r a c t o r . In b o t h cases d ive rg ing inter-

p re t a t ions of the local cond i t i on and the ensu ing conf l ic t ing v i e w s a m o n g the con t r ac t par t ies o n the 

a p p r o p r i a t e m e t h o d of d r i l l ing , w a y s of in ject ing and o t h e r m e a s u r e s p r o v i d e d to ach i eve the speci -

fied resul t s m a y lead to t i m e de lays and c l a ims b y the C o n t r a c t o r . 

W e l l c o n c e i v e d technica l speci f ica t ions shou ld con ta in desc r ip t i ons , i n s t ruc t ions , and detai led 

r egu la t ions b y m e a n s of w h i c h all k i n d s of ac t iv i t ies to b e ca r r i ed ou t u n d e r the con t r ac t a r e we l l and 

c lea r ly def ined w i t h o u t a m b i g u i t i e s , so that the con t r ac to r can h a v e a c lea r p i c tu re of the logist ic 

p r o b l e m s and o r g a n i z a t i o n deta i l s and m a k e a re l iab le e s t ima te of the cos t a n d t i m e de lay for eve ry 

pa r t i cu l a r i t e m of the bi l l of quan t i t i e s . E x p e r i e n c e s h o w s that it is f avorab le to spli t the bi l l of q u a n -

tit ies in to sepa ra t e i t ems for any pa r t i cu la r k ind o f ac t iv i ty and n o t to c o m b i n e dif ferent k inds of ac-

t ivi t ies in to o n e i t em . T h e na tu ra l g r o u n d cond i t ions of the site shou ld b e c lea r ly desc r ibed , as wel l 

as the poss ib i l i ty of u n k n o w n surpr i ses w h e r e they m a y b e e x p e c t e d . T h e speci f ica t ions should leave 
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the C o n t r a c t o r and the E n g i n e e r sufficient f r eedom to adap t deta i ls of specif ied p r o c e d u r e s to 

c h a n g e d ac tua l loca l cond i t i ons . It is conven i en t to p r o v i d e spec ia l i t ems in the bi l l of quant i t ies for 

site mob i l i za t i on b e f o r e the s tar t , and c lea r u p after the c o m p l e t i o n of the p ro jec t and p a y m e n t for 

the neces sa ry in f ras t ruc ture ( p o w e r , w a t e r supp ly , c o m p r e s s e d a i r , access roads to site e t c . ) . 

Dr i l l i ng and g r o u t i n g act ivi t ies shou ld b e spli t in to separa te i t ems pa id b y un i t p r i ces acco rd ing to 

the c o m p l e t e d a m o u n t of w o r k . Separa te i t ems shou ld b e p r o v i d e d for exp lo ra t i on , p r o d u c t i o n dri l l -

ing and for inc l ined h o l e s , and ho les dr i l led in res t r ic ted spaces ( tunne l s , ga l l e r i e s ) . I t is advisable 

to p l an ex t r a funds for any se tup of the dr i l l ing r igs as n e e d e d du r ing the execu t ion of w o r k s , cor -

ing and h a n d l i n g of the ex t rac ted c o r e s , w a t e r p r e s su re tests and m e a s u r i n g the ho le inc l ina t ion . 

H o o k u p s of the in jec t ion l ine shou ld a l so b e pa id for . 

6 . 4 1 . D iges t of T e c h n i c a l Spec i f i ca t ions for c u r t a i n g r o u t i n g w o r k s 

I . T y p e s a n d v o l u m e of w o r k s 

A c o n d e n s e d desc r ip t ion of the geo techn ica l and h y d r o g e o l o g i c charac te r i s t i cs of the g r o u n d a long 

the g r o u t cu r t a in prof i le shou ld b e g iven . T h e w a y and t ime of execu t ion of w o r k s is de sc r ibed , i . e . 

" . .dr i l l ing a n d g r o u t i n g sha l l s t a r t a t t h e va l l ey b o t t o m af te r f o u n d a t i o n e x c a v a t i o n a n d p r o c e e d 

t o t h e a n d u p t h e a b u t m e n t s fo l l owing t h e f o u n d a t i o n e x c a v a t i o n . . " o r ".. d r i l l i ng a n d g r o u t i n g 

sha l l s t a r t a t t h e w i n g c u r t a i n s a n d t h e a b u t m e n t s p r i o r t o f o u n d a t i o n e x c a v a t i o n u n t i l it r e a c h e s 

t h e f o u n d a t i o n e x c a v a t i o n z o n e , t h e n i t sha l l b e t r a n s f e r r e d i n t o t h e g r o u t i n g g a l l e r y i n t h e va l -

ley b o t t o m w h e r e i t wi l l p r o c e e d f r o m t h e c o m p l e t e d g a l l e r y u p t h e a b u t m e n t s . . " 

T h e cen te r l ine and the d e p t h of the g r o u t cu r t a in s h o w n in the con t rac t d r a w i n g s and the h o l e spac-

ing and d e p t h a re the resu l t of re la t ive ly l imi ted in fo rma t ion f rom the e x p l o r a t o r y w o r k s and the in-

t e rp re ta t ion of the ava i lab le geo log i c and h y d r o g e o l o g i c da ta . Add i t i ona l exp lo ra t i on ho les wi l l b e 

dr i l led be fo re g rou t ing ope ra t ions s tar t at the loca t ion of e v e r y 4 t h o r 6 t h p r i m a r y in jec t ion h o l e . 

T h e s e ho le s wi l l b e dr i l led to the b o t t o m , con t inuous ly w a t e r - p r e s s u r e tes ted in 5 m long sect ions 

and cased if n e c e s s a r y . T h e s e ho les wi l l b e injected f rom b o t t o m u p w h e n the i r t u rn c o m e s in the 

n o r m a l s e q u e n c e of in jec t ing . T h e final v o l u m e and d e p t h of g rou t ing wi l l b e b a s e d o n the con t rac t 

d r a w i n g s and o n the add i t iona l i n fo rma t ion ob ta ined f rom these exp lo ra t i on h o l e s . T h e loca t ions of 

o n e o r severa l test g rou t ing p lo ts o n w h i c h g rou t ing star ts wi l l b e es tab l i shed as n e e d e d . F r o m the 

resul ts of the g r o u t i n g test p lo t s , the bas ic h o l e spac ing , the d e p t h of g r o u t i n g , the n u m b e r of sets 

of in ject ion h o l e s , in ject ion p r e s s u r e , sa tura t ion cr i te r ia , se lec t ion of g r o u t c o m p o u n d s , w a t e r ra t io 

and o the r deta i l s of the cur ta in des ign , wi l l b e ver i f ied o r c h a n g e s m a d e as r e q u i r e d . 

If the resu l t ing final a m o u n t of w o r k differs for m o r e than 2 0 % f rom the con t r ac t cos t , the C o n -

t rac to r m a y c l a i m c h a n g e s in the ag reed un i t p r i ces and the c o m p l e t i o n da te of the g r o u t cur ta in . 

It is u n d e r s t o o d tha t the C o n t r a c t o r has offered the w o r k s u n d e r con t r ac t after a t h o r o u g h s tudy of 

the da ta o n the g r o u n d charac te r i s t i c s , the na tu ra l si te cond i t i ons , the poss ib i l i ty of local supp l i e s , 
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c o m m u n i c a t i o n s , a c c o m m o d a t i o n s and the T e c h n i c a l Spec i f ica t ions and tha t h e h a s fully accep ted 

t h e m . 

Π . D r i l l i n g a n d g r o u t i n g p l a n t a n d e q u i p m e n t 

I t is usefu l to ob l ige the C o n t r a c t o r to p r o v i d e a c o m p l e t e l ist of all the dr i l l ing a n d inject ing plants 

w i t h the charac te r i s t i c s and the capac i ty of the dr i l l ing r i g s , m i x e r s , in jec t ion p u m p s and of all the 

n e c e s s a r y e q u i p m e n t for the c o m p l e t i o n o f the g r o u t i n g w o r k s . T h e E n g i n e e r is ent i t led to check the 

list and sugges t o r r e q u i r e c h a n g e s as h e cons ide r s nece s sa ry in o r d e r to b e su re that the specified 

qua l i ty of w o r k s and the c o m p l e t i o n da te wi l l b e r e a c h e d . 

I I - l D r i l l i n g r igs a n d e q u i p m e n t 

F o r e x p l o r a t o r y h o l e s , ro ta t iona l dr i l l ing r igs for 101 m m D i a ho le s o r m o r e and to the requi red 

dep th , shou ld b e ava i l ab le . T h i n wa l l ed c o r i n g b i t s in la id w i t h ca rb ide o r d i a m o n d s in o r d e r to m e e t 

the r o c k charac te r i s t i c s shou ld b e u s e d , and c o r e ba r r e l s of a d e q u a t e t y p e to e n s u r e the bes t co r ing 

and c o r e r e c o v e r y . 

In jec t ion ho l e s m a y b e dr i l led w i th p e r c u s s i o n dr i l l ing r igs and n o n c o r i n g b i t s . O n l y c l ean wa te r 

o r a i r m u s t b e u s e d for f lush ing . T h e d i a m e t e r of in jec t ion ho le s shou ld b e ne i t he r in excess of 66 

m m n o r less t h a n 3 6 m m . 

I I -2 P l a n t a n d e q u i p m e n t f o r g r o u t i n g 

A cen t ra l i zed w e i g h t ba t ch ing and m i x i n g p l an t wi l l b e instal led, f rom w h i c h g r o u t is suppl ied by 

m e a n s of in jec t ion l ines (s ingle o r r e tu rn ) to the in ject ion ho le s . Excep t iona l ly a cen t ra l w e i g h t 

b a t c h i n g p l an t m a y b e ins ta l led for p r e m i x i n g the g r o u t c o m p o u n d s , w h i c h a r e t hen f inal ized as re -

q u i r e d at m o b i l e m i x i n g and inject ion p lan ts n e a r the ac tua l in jec t ion sites in w h i c h the mixes are 

d i lu ted to the p r o p e r w a t e r r a t io . 

Al l g r o u t c o m p o u n d s shou ld b e s to red at o r in the w e i g h t ba t ch ing p lan t in quan t i t i es sufficient for 

a w e e k of c o n t i n u o u s g r o u t i n g . 

T h e suspens ions wi l l b e m i x e d in h i g h t u rbu l ence m i x e r s a p p r o v e d b y the E n g i n e e r . F r o m the m i x -

ers the s u s p e n s i o n b a t c h e s a r e de l ive red e i the r d i rec t ly to the in jec t ion p u m p s o r to agi ta tors f rom 

w h i c h the in jec tors a r e fed b y m e a n s of d i rec t o r c i r cu la t ion in jec t ion l ines . 

A l l da t a o n injected h o l e s : c o m p o s i t i o n of m i x e s , in ject ing p r e s s u r e and f low ra te of suspens ion 

m u s t b e m a d e v i s ib le o n d i sp lays in the c o m m a n d r o o m of the w e i g h t ba t ch ing and m i x i n g s ta t ion. 

H y d r a u l i c a l l y d r i v e n d o u b l e ac t ing p i s ton p u m p s shou ld b e u s e d for in ject ing su spens ions . P res s -

u r e p u l s e equa l i ze r s shou ld b e ins ta l led b e t w e e n the in jec t ion p u m p s and the in jec t ion l ines w h i c h 

r e d u c e the p r e s s u r e pu l se s to m a x 1 0 % of the in jec t ion p r e s s u r e . A m a n o m e t e r shou ld a l l ow visual 

con t ro l of the ex i t p r e s s u r e pu l ses at the equa l i ze r . 
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E l e c t r o n i c sensor s for p r e s s u r e and f low ra te reg i s t ra t ion shou ld b e p r o v i d e d at the s t andp ipe of 

any injected h o l e . T h e sensors shou ld b e connec t ed to n u m e r i c a l d i sp lays and r e c o r d i n g un i t s in the 

g rou t ing con t ro l r o o m . T h e s t andp ipe is p r o v i d e d w i t h the neces sa ry va lves and c o n n e c t i o n s for the 

p a c k e r , the r e tu rn l ine if a n y , shut t ing the p a c k e r w h e n g rou t ing is c o m p l e t e d , the m a n o m e t e r and 

the b l eed ing out le t . 

F o r in ject ing v e r y th ick suspens ions , and m o r t a r if r e q u i r e d , he l ica l s c r e w p u m p s of the needed 

capac i ty shou ld b e ava i l ab le . T h e capac i ty of the s to rage b i n s , h o p p e r s and s tock pi les shou ld c o v e r 

tw ice the a v e r a g e w e e k l y g rou t ing capac i ty n e e d e d for the c o m p l e t i o n of the P ro jec t b y the con-

t rac ted c o m p l e t i o n da t e . 

I l l G r o u t i n g m a t e r i a l s 

Cement 

T h e c e m e n t qua l i ty shou ld b e in c o m p l i a n c e w i th the s tated loca l , o r the r equ i r ed S t anda rd . T h e 

r equ i red fines c a n b e a c h i e v e d , if the specif ied sor t of c e m e n t is n o t ob ta inab le o n the m a r k e t , b y 

specia l p roces s ing in the m i x i n g p lan t and cyc lon ing ou t the g ra ins l a rge r than speci f ied , p rov ided 

p r o d u c t i o n tests p r o v e the feasibi l i ty of the p roces s and the E n g i n e e r a p p r o v e s it . 

Bentonite 

Benton i t e ac t iva ted and pu lve r i zed of cer t i f ied qua l i ty w i th l iquid l imi t m o r e than 4 0 0 %, conta in-

ing m o r e than 9 0 % par t ic les f iner than 0 . 0 8 m m , shou ld b e u s e d . Excep t i ona l l y , m i n e d r a w b e n t o -

ni te m i x e d and ac t iva ted in a s lu r ry at the site can b e a p p r o v e d b y the E n g i n e e r . T h e qua l i ty of the 

s lu r ry shou ld b e c h e c k e d r egu la r ly . 

Clay 

Clay of specif ied p las t ic and l iquid l imi ts con ta in ing m o r e than 9 0 % par t ic les f iner than 0 . 0 8 m m 

shou ld b e u s e d . It c a n b e suppl ied f rom an a p p r o v e d b o r r o w a rea w h i c h con ta ins n o less than 1 2 0 % 

of the quan t i ty r equ i r ed for the Pro jec t . I t c an b e p roces sed in the w e i g h t and ba t ch ing p lan t , d ry 

and p u l v e r i z e d , o r as a s lu r ry as a p p r o v e d b y the E n g i n e e r . P u l v e r i z e d d ry c lay is w e i g h t ba t ched , 

if a s lu r ry is u s e d it is ba t ched b y v o l u m e . T h e qua l i ty of the pu lve r i zed c lay o r of the s lu r ry should 

b e c h e c k e d r egu l a r l y . 

Sand 

San d u s e d in g r o u t suspens ions and p u m p e d m o r t a r shou ld m e e t the specif ied g ra in s ize d is t r ibu-

t ion c u r v e s and it shou ld b e free of ha rmfu l m i n e r a l s . I t shou ld b e w e i g h t b a t c h e d u n d e r the con-

s ide ra t ion of its m o i s t u r e con ten t . 

Additives 

Plas t ic i t ies , a i r en t ra in ing agen t s and o the r addi t ives for g r o u t suspens ions a r e a d d e d b y w e i g h t if 

p u l v e r i z e d , b y v o l u m e if l iqu id , all in the p r e sc r ibed p r o p o r t i o n s . 
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Water 

W a t e r for g r o u t i n g suspens ions shou ld b e c l ean , w i t h o u t sol id s e d i m e n t s o r o t h e r ha rmfu l subs tan-

ces l ike s e w a g e w a s t e s , o i l s , a c id s , a lka l ies o r o r g a n i c subs t ances . T h e C o n t r a c t o r shou ld p rov ide 

cer t i f icates o f the w a t e r qua l i ty for the a p p r o v a l b y the E n g i n e e r . 

I V D r i l l i n g w o r k s 

Al l ho l e s for g r o u t i n g the cu r t a in c a n b e dr i l led w i th ro t a ry dr i l l ing rigs, w h i c h m u s t b e used for 

d r i l l ing al l e x p l o r a t i o n a n d c h e c k h o l e s . In jec t ion ho l e s c a n b e dr i l led w i th ro t a ry o r p e r c u s s i o n rigs 

w i th n o n c o r i n g b i t s . O n l y c l ean w a t e r m u s t b e u s e d for f lushing d u r i n g the d r i l l ing , b u t excep t ion-

al ly f lushing w i t h a i r c a n b e a p p r o v e d b y the E n g i n e e r . Suff ic ient e n e r g y , f lushing w a t e r a n d / o r air 

supp ly m u s t b e m a d e ava i l ab le a t the w o r k i n g s i tes . 

T h e g r o u n d w a t e r l eve l , as we l l as loss of f lushing w a t e r d u r i n g the d r i l l ing , m u s t b e reg i s te red in 

all the dr i l l ed h o l e s . 

T h e inc l ina t ion of the h o l e axis wi l l b e m e a s u r e d in the dr i l led ho le s se lec ted b y the E n g i n e e r , if 

the r e q u i r e d s t anda rd is e x c e e d e d , the dr i l l ing un i t p r i c e m a y b e pena l i zed . 

T h e E n g i n e e r wi l l e s tab l i sh the fo rma t of a p r o t o c o l con ta in ing r e l evan t da t a for all the dri l led 

h o l e s , w h i c h m u s t b e cu r r en t ly submi t t ed to the E n g i n e e r . 

C o r e s ex t r ac t ed f r o m exp lo ra t i on h o l e s , c h e c k ho l e s and a n y of the in jec t ion ho l e s wi l l b e s tored 

in s t anda rd i zed cases for in spec t ion . 

Al l e x p l o r a t i o n ho l e s wi l l b e cased if n e c e s s a r y , the u p p e r end of the cased p i e z o m e t e r ho les will 

b e set in a c o n c r e t e b l o c k 6 0 c m h i g h , 3 0 / 3 0 c m in p l a n , and p r o v i d e d w i t h a l ocked c a p . A col lar 

5 0 c m long wi l l b e set in m o r t a r at the t op of e v e r y in jec t ion h o l e . 

V P e r m e a b i l i t y t e s t ing 

P e r m e a b i l i t y tes t ing shou ld b e ca r r i ed ou t in te rmi t t en t ly w i t h dr i l l ing f r o m top to b o t t o m . T h e 

l eng th o f the test sec t ion is n o r m a l l y 5 . 0 m , b u t the E n g i n e e r m a y ins t ruc t to test sho r t e r sect ions 

of the h o l e . T h e sec t ion shal l b e t h o r o u g h l y f lushed af ter dr i l l ing wi th w a t e r un t i l c l ea r wa t e r e m e r -

ges f r o m the h o l e . 

A m e c h a n i c a l , o r inf la table p a c k e r is f ixed o n the t op of the test sec t ion , as the qua l i ty of the rock 

m a y r e q u i r e . T h e m e c h a n i c a l p a c k e r shou ld b e a t least 5 0 c m l o n g . A s t andp ipe connec t s the wate r 

supp ly l ine to the p a c k e r p i p e . 

T h e f low of w a t e r in to the test sec t ion is m e a s u r e d at a cons tan t p r e s s u r e pm (bar) du r ing t w o 5 

m i n in te rva l s af ter it ha s s tabi l ized . If the t w o r ead ings o n the f low m e t e r differ b y m o r e than 1 0 % 

o n e f rom the o t h e r a, th i rd r ead ing is t aken and the a v e r a g e is r e c o r d e d . In add i t i on , the e leva t ion 

of the m a n o m e t e r Hm, the g r o u n d w a t e r level Hg and the level o f the p a c k e r Hp, the l eng th L of the 

sec t ion , al l in m , a r e n o t e d . T h e h y d r a u l i c h e a d loss ph (bar) in the l ine f rom m a n o m e t e r to the 
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p a c k e r for the r e l evan t f low ra te is d e t e r m i n e d f rom the g a u g i n g cha r t of the s y s t e m . W i t h these da ta 

the p r e s s u r e ρ (bar) is eva lua ted in the test sec t ion: 

Ρ = pm - Ph + 0 . 1 ( H m - Hg)/ p w if the p a c k e r is a b o v e the g r o u n d w a t e r , and 

ρ = Pm - Ph + 0 . 1 ( H m - Hp) / p w if it is b e l o w the g r o u n d wa te r . 

F r o m the total f low, the f low Q in lit p e r 5 m i n , the f low ra te q = Q / 5 L ( l /m in m ) is c o m p u t e d . 

T h e f low Q is m e a s u r e d in consecu t ive p r e s s u r e s tages of 1.5; 3 . 0 ; 5 . 0 ; 3 . 0 ; 1.5 b a r . T h e resul ts 

a r e p r e sen t ed in a p / q d i a g r a m . W h e r e the t angen t at the o r ig in of the p / q l ine in tersec ts the o rd ina te 

of ρ = 10 b a r the f low ra te qjo is obtained, and the pe rmeab i l i t y n u m b e r is N = q i o L U . T h e p res s -

u r e test resul t s and the p / q d i a g r a m s a r e a t tached to the b o r e h o l e log . 

V I G r o u t i n g 

T h e s cope of cu r t a in g r o u t i n g is to r e d u c e the na tu ra l , occas iona l ly e r ra t ica l ly v a r y i n g , pe rmeab i l i t y 

of the founda t ion r o c k to the r equ i r ed s t andard s h o w n in the con t r ac t d r a w i n g s . T h e s y s t e m of in-

j e c t i n g the ho le s f rom top to b o t t o m o r f rom b o t t o m u p , and the neces sa ry de ta i l s , as desc r ibed in 

I t e m 6 .31 shou ld b e exp la ined so that the C o n t r a c t o r has a c lea r p i c tu re of the r e q u i r e d o rgan iza t ion 

of w o r k s , in o r d e r to p r e p a r e p lans for the e q u i p m e n t , p l an t and in f ras t ruc ture n e e d e d for the c o m -

p le t ion of w o r k s w i th in the set t e r m . 

T h e spli t spac ing m e t h o d of in ject ion shou ld b e desc r ibed and the n e e d to d e t e r m i n e the final spac-

ing o n a test g rou t ing p lo t shou ld b e s ta ted. T h e accep ted dep th d i f ference b e t w e e n s imul taneous ly 

injected s tages in ad jacent ho les of different sets shou ld b e s ta ted . T h e c r i te r ia u p o n w h i c h the final 

d e p t h of a n y set of ho le s wi l l b e d e t e r m i n e d f rom the g r o u t c o n s u m p t i o n , o r the pe rmeab i l i t y 

m e a s u r e d in the p r e v i o u s set of h o l e s , as desc r ibed in Sec t ion 4 . 1 , shou ld b e s ta ted . I t is a g o o d p r a c -

t ice to inject any h o l e to the d e p t h w h e r e the t w o last s tages h a v e r eached the r equ i r ed init ial pe r -

meab i l i ty c r i t e r ion . 

T h e c o m p o s i t i o n of the g r o u t should m a t c h the charac te r i s t i cs of the j o in t s and f issures based 

o n the resul t s f rom the g rou t ing test p lo t . It is sufficient to p r o v i d e the w a t e r m i x i n g ra t ios of sus -

pens ions of 3 : 1 , 2 : 1 , 1:1 and 0 . 7 : 1 , o n e th ixo t rop ic suspens ion c o m p o s i t i o n and o n e of m o r t a r in 

cases w h e n ve ry w i d e f issures o r cave rns shou ld b e g r o u t e d . 

T h e in jec t ion p r e s su re and sa tura t ion cr i te r ia a re set f rom the resul ts ob ta ined o n the g r o u t i n g test 

p lo t . T h e inject ion p r e s s u r e r ead o n the s t andp ipe m a n o m e t e r in any h o l e m u s t b e connec t ed so, that 

the specif ied in ject ion p r e s su re is a t ta ined in the injected sec t ion of the h o l e . 

If the sa tu ra t ion cr i te r ia in a s tage a re no t satisfied after inject ing 1 ,500 k g / m of g r o u t c o m p o u n d , 

the in jec t ion is i n t e r rup ted , the p a c k e r is pu l led ou t and the s tage is f lushed w i t h wa t e r . In ject ion is 

r epea ted after a specif ied p e r i o d of 6 , 12 o r 2 4 h o u r s . If the sa tu ra t ion c r i te r ia a r e n o t satisfied aga in 

the E n g i n e e r wi l l dec ide : 

• to r e d u c e the sa tu ra t ion cr i te r ia (p ressure and g r o u t f low ra te ) ; 

• to r e s u m e in ject ion after a specif ied t ime ; 
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• to r e s u m e in ject ion after o n e h o u r w i t h t h ixo t rop ic g r o u t o r w i t h m o r t a r . 

V I I P a y m e n t of w o r k s 

T h e p a y m e n t of c o m p l e t e d w o r k s shou ld b e i t emized so that the f inancia l resu l t is conven i en t for 

the O w n e r . T h i s is be s t a ch i eved w h e n the i t ems of the bi l l of quan t i t i es d o n o t con ta in r i sks that can 

n o t b e r e a s o n a b l y e s t ima ted b y the con t r ac t pa r t i e s . T h e r e a r e t w o poss ib le a l t e rna t ives : A - to p r o -

v ide a spec ia l p a y m e n t for mob i l i z ing the s i te , to p r o v i d e and instal l the nece s sa ry inf ras t ruc ture and 

to c l ea r u p after the c o m p l e t i o n of w o r k s , and Β - to i nc lude all cos ts of mob i l i z a t i on , inf ras t ruc ture 

a n d c l ea r u p in the un i t p r i c e s . 

Dr i l l i ng o f e x p l o r a t i o n ho le s shou ld b e pa id b y the l inear m e t e r of h o l e inc lud ing c o n t i n u o u s cor-

i n g . W h e n less than 9 0 % of the c o r e l eng th is ob t a ined , the un i t dr i l l ing p r i ce shou ld b e pena l i zed . 

P r o d u c t i o n dr i l l ing un i t p r i ces for in ject ion ho le s shou ld b e s taged b y the dep th . A separa te i t em 

shou ld b e p r o v i d e d for the se tup of dr i l l ing r igs in exp lo ra t i on and p r o d u c t i o n d r i l l ing . 

In b o t h a l t e rna t ives , the in ject ion can b e spli t in to the fo l lowing i t ems : 

• n u m b e r of p a c k e r se tups for the in jec t ion of e v e r y s t age , in jec t ion o f any s tage p e r l inear 

m e t e r , supp ly , s tor ing and p roces s ing of all ma te r i a l s for the p r e p a r a t i o n and de l ive ry of 

g r o u t suspens ions to the in jec t ion p u m p s p e r ton of c e m e n t , b e n t o n i t e , c l ay , p e r k g of in-

j e c t e d add i t i ve s , p e r m of injected sand and o the r f i l lers; 

• all in jec t ion w o r k inc lud ing the supp ly , s to r ing and p roces s ing of ma te r i a l s for the p repa ra -

t ion a n d the in jec t ion of the suspens ion , p e r ton of injected c o m p o u n d as desc r ibed in the 

T e c h n i c a l Spec i f ica t ion . 

T h e supp ly o f p ipes and the ins ta l la t ion of p i e z o m e t e r s in exp lo ra t i on h o l e s , in c o m p l i a n c e wi th 

the con t r ac t d r a w i n g s and T e c h n i c a l Spec i f i ca t ions , shou ld b e pa id for separa te ly . 

6 . 5 . O b s e r v a t i o n of g r o u t c u r t a i n p e r f o r m a n c e 

F o r the o b s e r v a t i o n of the p e r f o r m a n c e of a g r o u t cu r t a in C a s a g r a n d e type p i e z o m e t e r s a n d / o r 

w a t e r p r e s s u r e cel ls shou ld b e insta l led a long the cu r t a in , u p s t r e a m and d o w n s t r e a m of the cur ta in 

o n charac te r i s t i c g e o l o g i c , l i thos t ra t ig raph ic and h y d r o g e o l o g i c po in t s . Al l p i e z o m e t e r s instal led 

d u r i n g the e x p l o r a t i o n and the s tudy p h a s e of the p ro jec t shou ld b e inc luded in the obse rva t i on net-

w o r k . T h e d e v e l o p m e n t of the g r o u n d w a t e r e leva t ions as o b s e r v e d in the p i e z o m e t e r s du r ing first 

the i m p o u n d i n g of the r e se rvo i r and du r ing its ope ra t i on , wi l l p r o v i d e da ta the e l abo ra t ion of w h i c h 

p e r m i t s to d r a w a p i c tu re of the h y d r o d y n a m i c s of the g r o u n d w a t e r f low a r o u n d and t h r o u g h the 

g r o u t cu r t a in . A full h y d r o d y n a m i c obse rva t i on a l so inc ludes all the ex is t ing sou rces and especia l ly 

the a p p e a r a n c e of n e w ones a long the r ive r b e d d o w n s t r e a m of the cu r t a in . T h e c o m p a r i s o n of the 

d i s c h a r g e of s u c h sou rces be fo re and after i m p o u n d i n g at full r e s e rvo i r g ives a n u m e r i c a l m e a s u r e 

of the eff ic iency o f the g r o u t cu r t a in . 

T h e upl i f t p r e s s u r e is m e a s u r e d u n d e r the founda t ion of m a s s i v e g rav i ty d a m s in o r d e r to deter-

m i n e the effect o f the cu r t a in and of the ins ta l led founda t ion d r a i n a g e o n the upl i f t . 
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T h e e l abo ra t i on of such obse rva t i on da ta o v e r a pe r iod of severa l yea r s wi l l es tab l i sh the re l iabi l i ty 

and the eff ic iency of the injected cur ta in and d i sc lose defec t ive r eg ions w h i c h m i g h t r equ i r e any 

r e m e d i a l w o r k s in o r d e r to ma in t a in the safety of the d a m founda t ion . 

E x p e r i e n c e w i t h m a n y injected g r o u t cur ta ins in ve ry dif ferent na tu ra l g r o u n d s h a v e s h o w n that 

they a re p e r m a n e n t u n d e r na tu ra l cond i t ions if the bas i c ru les of g o o d d e s i g n a n d inject ion p rac t i ce 

a r e o b s e r v e d . T h e eff ic iency of the cur ta in can b e i m p a i r e d u n d e r s o m e u n f a v o r a b l e c i r c u m s t a n c e s , 

such a s : 

• l each ing of the c e m e n t f rom the g r o u t b y the ac t ion of agg re s s ive wa te r ; 

• so lu t ion of the r o c k b y aggres s ive g r o u n d wa te r ; 

• u s e of injected g r o u t w h i c h is no t res is tant to h y d r a u l i c e ros ion ; 

T h e d a n g e r is g r ea t e r if the pe rmeab i l i t y s tandard to w h i c h the cur ta in w a s injected is n o t adequ-

ate for the na tu ra l cond i t i ons . M o s t c e m e n t s m a y b e l eached b y pe rco la t ion of soft w a t e r . In this 

case it is co n v en i en t to r e d u c e the c e m e n t con ten t of the g rou t ed c o m p o u n d to the m i n i m u m requ i red 

for ga in ing sufficient s t r eng th , and the res t is r ep laced b y c lay . U n i f o r m t ight in ject ion is the bes t 

g u a r a n t e e for durab i l i ty of the cur ta in in such cond i t i ons . 

Cur t a in s in so lub le rocks shou ld b e sufficiently w i d e so that the p r e s s u r e g r ad i en t H / d t h r o u g h the 

g r o u t e d z o n e is less than 3 . 0 . T h e y m u s t b e injected to a v e r y l o w pe rmeab i l i t y s t anda rd , w i th a 

smal l h o l e spac ing so that a n y poten t ia l l e akage pa th is in te rcep ted and p l u g g e d b y the g rou t . 

T h e res i s tance of the injected c o m p o u n d to e ros ion is in a d i rec t re la t ion to its u n c o n f i n e d s t reng th , 

b u t injected c l ay , f r o m w h i c h w a t e r is squeezed and fi l tered ou t , ga ins a l r eady d u r i n g the inject ion 

and sa tu ra t ion s tages sufficient cohes ive s t reng th to wi ths t and e ros ion . A h i g h c e m e n t con ten t in the 

g r o u t is r equ i r ed to ga in the needed s t reng th of the injected g r o u t w h e n ve ry w i d e f issures a r e p res -

en t . A s s h o w n in I t e m 6 .32 ,ve ry l o w s t reng th is n e e d e d to safely p lug e v e n re la t ive ly w i d e fissures 

w h i c h can b e ach i eved b y g r o u t con ta in ing a l o w p r o p o r t i o n of c e m e n t . 

T h e in f luence of b las t ing o n the in tegr i ty of the g rou t ed cu r t a in is of ten d i scussed o n m a n y con-

s t ruc t ion s i tes . If the d i s tance of the b las t f rom the cu r t a in is such that n o des t ruc t ion of the r o c k c a n 

o c c u r , on ly e las t ic w a v e s r each the r e g i o n of the cu r t a in and these cou ld no t b e expec t ed to cause 

any d a m a g e . Ver fe l (1983) has p re sen ted t w o cases w h e r e the inf luence of b las t s in the p r o x i m i t y 

of the cu r t a in w a s m e a s u r e d . O n the M o r a v k a D a m in C z e c h o s l o v a k i a in 1964 it w a s demons t r a t ed 

that the p e r m e a b i l i t y of the injected g r o u n d inc reased w h e n the b las t w a s c lose r than 3 m to the 

g r o u t e d z o n e . O n the Sance D a m , the r o c k o n the founda t ion surface w a s b las ted w i t h cha rges of 4 0 

to 80 k g of exp los ives at a t i m e . After conc re t ing the founda t ion . i t w a s s h o w n b y w a t e r p r e s su re 

tests that the pe rmeab i l i t y of the g rou ted cur ta in w a s no t inc reased . 

6 . 6 E x a m p l e s of g r o u t c u r t a i n s 

T h e e x p e r i e n c e o n c o m p l e t e d g r o u t cur ta ins can con t r ibu te m u c h to the so lu t ion of c o m p l e x de -

s ign and cons t ruc t ion p r o b l e m s o n n e w cur ta ins in s imi la r geo log ic and geo t ec ton i c c o n d i t i o n s . l t is 
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the re fo re of in te res t to p r e s e n t cond i t i ons , the m e t h o d s of exp lo ra t i on a n d d e s i g n so lu t ions of c o m -

p le ted g r o u t c u r t a i n s , as we l l as the charac te r i s t i c fea tures such as the h o l e d e p t h , the dens i ty , the 

g r o u t t ake and the l i t e ra tu re ava i lab le for a de ta i led s tudy of the case r e c o r d s . A few charac ter i s t ic 

a c h i e v e m e n t s wi l l b e p r e sen t ed , a r r a n g e d in to th ree g r o u p s a c c o r d i n g to the g e o l o g i c fo rmat ions on 

d a m s in Y u g o s l a v i a and severa l o the r coun t r i e s : 

• cu r t a ins in K a r s t r e g i o n s ; 

• cu r t a ins in o t h e r g e o l o g i c fo rma t ions ; 

• cu r t a ins in a l luv ia l depos i t s ; 

fo l lowed b y a r e v i e w of the d i m e n s i o n s and charac te r i s t i c fea tures of a n u m b e r of g r o u t cur ta ins . 

6 . 6 1 G r o u t c u r t a i n s in K a r s t r e g i o n s 

Grout curtain of the Peruca Dam 

F i g . 6 . 1 1 Peruca Dam, (a) plan of the dam and grout curtain, (b) section of the dam and grout curtain 
and exploration holes 
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T h e P e r u c a D a m o n the r ive r Ce t ina (Yugos lav ia ) is a 6 0 m h i g h e m b a n k m e n t d a m w i t h a cen t ra l 

c lay c o r e founded o n ve ry f ractured and h igh ly kars t i f ied C r e t a c e o u s l imes tone b e d s . It fo rms a 

r e se rvo i r of s o m e 5 0 0 mi l l ions m . C o n s i d e r i n g the h i g h e n e r g y po ten t ia l of the Ce t ina R i v e r o n a 

d r o p of a b o u t 3 6 0 m to the level of the Adr i a t i c Sea , and the va lue of the s to red w a t e r in a bas in 

fo rmed of ve ry p e r v i o u s kars t i f ied l imes tone , it w a s i m p o r t a n t to r e d u c e poss ib le s eepage losses to 

a m i n i m u m b y inject ing an ex tens ive and d e e p g r o u t cur ta in u n d e r the d a m and o n b o t h w i n g s . D e -

tai led geo log i c s tud ies , suppor t ed b y s o m e 2 0 , 0 0 0 m of exp lo ra t i on dr i l l ing w i th w a t e r p r e s su re test-

ing , h a v e d e m o n s t r a t e d that the l imes tone beds o n b o t h b a n k s of the bas in w e r e u n d e r l a i n b y 

i m p e r v i o u s r o c k fo rma t ions and that s eepage losses w o u l d o c c u r on ly t h r o u g h the p e r v i o u s l ime-

s tone beds u n d e r the d a m and t h r o u g h the a b u t m e n t s . T h e p l a n and long i tud ina l sec t ion o f the d a m 

and g r o u t cu r t a in a r e s h o w n in F i g . 6 .11 w h e r e the loca t ion and d e p t h the of n u m e r o u s exp lo ra -

t ion ho le s is a l so p r e sen t ed . 

T h r e e g rou t ing test p lo t s w e r e injected in o r d e r to d e t e r m i n e the technica l p a r a m e t e r s of the cur-

ta in , as s h o w n in F i g . 6 . 1 2 . 

\ / \ / ; 
_ v _ . _ V — 

_l 3.0 ° 
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A 1 A 

_ i . L 
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4.0 4.0 + 4.0 

I I I ! 
I \ / i \ / ι \ / I 

-. ο + • — ο + ο 

I / \ ι / \ I ·'\ I 
4 I i-

ο injection holes + check h o l e s 

F i g . 6 . 1 2 Arrangement of injection and check holes in test grouting plots C, D and Ε at Peruca Dam 

T w o r o w s of in ject ion ho les w e r e g rou ted in test p lo ts C and D , and t w o c h e c k ho le s w e r e p re s -

su re tes ted in each test p l o t . B o t h test p lo ts w e r e injected wi th s tabi l ized c e m e n t suspens ions conta in-

ing 5 % to 8 % ben ton i t e . In test p lo t Ε the in ject ion ho le s w e r e a r r a n g e d in t h r ee r o w s a n d t w o check 

ho les w e r e w a t e r p r e s s u r e tes ted. Suspens ions of 2 5 % c e m e n t and 75 % local p las t ic c lay s tabi l ized 
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w i t h s o m e b e n t o n i t e w e r e in jec ted . T h e charac te r i s t i c da t a for all t h ree test p lo t s a r e s h o w n in T a b l e 

6 . 2 , f r o m w h i c h the b ig a d v a n t a g e of u s i n g suspens ions con t a in ing a l a rge p o r t i o n of c lay ove r p u r e 

c e m e n t suspens ions is ev iden t . In test p lo t E , w h i c h exh ib i t ed the h ighes t p r i m a r y pe rmeab i l i t y of 

the r o c k , it w a s r e d u c e d to 3 % of the o r ig ina l va lue in the g r o u t e d z o n e , w h i l e in test p lo t s C and D 

it w a s 8 % and 11 % respec t ive ly of the o r ig ina l l o w e r v a l u e . Al l p a r a m e t e r s p r e sen t ed in T a b l e 6 . 2 . 

a r e m o r e f avorab le for the test p lo t E , w h i c h w a s g r o u t e d w i t h a c e m e n t / c l a y c o m p o u n d . 

T A B L E 6 . 2 . 

G r o u t test p lo t resul t s in kars t i f ied l i m e s t o n e at P e r u c a D a m founda t ion 

D e s c r i p t i o n Un i t s 

G r o u t test p lo t 

D e s c r i p t i o n Un i t s 

C D Ε 

To ta l l eng th of g r o u t e d ho le s m 3 6 0 4 0 0 5 6 0 

D e p t h o f test p lo t m 7 2 6 6 5 0 

Spec i f ic l eng th o f ho l e s m/nr* 0 . 6 7 0 . 3 6 0 . 2 1 

A v e r a g e p e r m e a b i l i t y o f 

all h o l e s L U 17 13 3 8 

G r o u t c o m p o s i t i o n c o m p o u n d s C : B : W C : B : W C : C L : B : W 

Speci f ic g r o u t t ake k g / m 4 4 0 3 8 45 

S a m e k g / m 3 2 9 4 135 137 

C e m e n t c o n s u m p t i o n k g / m 3 2 7 0 130 3 4 

Speci f ic g r o u t t ake p e r un i t k g / m J L U 1 7 . 4 1 0 . 4 3 . 4 

p e r m e a b i l i t y k g / m L U 2 6 . 2 3 0 . 4 16 .9 

A v e r a g e p e r m e a b i l i t y 

in c h e c k ho le s L U 1.34 1.38 1.22 

Ra t io b e t w e e n pe rmeab i l i t i e s 

of u n g r o u t e d and g r o u t e d r o c k - 0 . 0 8 0 . 1 1 0 . 0 3 

T h e p rope r t i e s of the c e m e n t / c l a y g r o u t c o m p o u n d for this p ro jec t w e r e ver i f ied in a ve ry c o m -

p r e h e n s i v e l a b o r a t o r y inves t iga t ion p r o g r a m , in w h i c h the s t r eng th , e ros ion r e s i s t ance , v o l u m e sta-

bi l i ty and durab i l i ty of the injected g r o u t w a s tes ted and d o c u m e n t e d . Based o n these resul ts it was 

dec ided to d e s i g n and i m p l e m e n t the cur ta in s h o w n in F i g . 6 . 1 1 . T h e l eng th of the cur ta in - r iver , 

a b u t m e n t sec t ions a n d w i n g cur ta ins - a m o u n t s to 1 ,600 m , the g rea tes t d e p t h b e l o w the r i v e r level 

is 2 0 0 m . T h e tota l l eng th of dr i l l ing is 1 8 0 , 0 0 0 m , ou t of w h i c h 1 4 1 , 0 0 0 m w e r e in jected. T h e g rou t 

c o n s u m p t i o n tota ls 4 9 , 0 0 0 1 of c e m e n t , c l ay , ben ton i t e and sand . T h i x o t r o p i c suspens ions and mixes 

w i t h sand w e r e u s e d to r e a c h sa tu ra t ion of ho le sec t ions w i t h excess ive g r o u t t ake , ve ry l a rge fis-

sures and c a v e r n s , and sec t ions f rom w h i c h c o m m u n i c a t i o n to sources o r to the sur face w a s es tab-
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l i shed . G r o u t i n g w o r k s o n this l a rge pro jec t las ted th ree y e a r s (1953-1956) , a n d t w o in ject ion c o m -

pan ies f rom Z a g r e b w e r e e n g a g e d for g r o u t i n g . 

T h e resul t s f rom w a t e r p r e s s u r e tests o n a c o m p l e t e d sec t ion of the g r o u t cu r t a in a r e p re sen t ed in 

F i g . 6 . 1 3 w h i c h s h o w s the pe rmeab i l i t y be fo re g rou t ing of all g r o u t h o l e s tages in the u p s t r e a m r o w 

of h o l e s , of the m i d d l e r o w of ho le s after g rou t ing the ex te rna l r o w s , and in c h e c k ho le s after g rou t -

ing the m i d d l e r o w . 

In F i g . 6 . 1 4 the g r o u t t ake in the u p s t r e a m r o w is p r e sen t ed . T h e in jec t ion p r e s s u r e w a s u p to 4 0 

b a r in the ex te r io r r o w s , u p to 6 0 b a r in the m i d d l e r o w to the dep th of 100 m , and 65 b a r to the 

dep th of 2 0 0 m . De ta i l s a r e s h o w n in F i g . 4 . 2 2 . W h e n the g r o u t take in a g rou t ed sec t ion exceeded 

1,000 k g / m , g rou t ing w a s s topped and la ter o n con t inued wi th a th ixo t rop ic c o m p o u n d , in s o m e 

cases w i th sand a d d e d . G r o u t i n g in the r ive r sec t ion w a s d o n e f rom the g r o u t i n g ga l l e ry cons t ruc ted 

in the c lay c o r e founda t ion t r ench . 

Fig. 6.13 Results from water pressure tests in section 5 - 7 of the PeruEa dam grout curtain, 
(a) upstream row before grouting, (b) middle row before grouting, (c) middle row 
in check holes after grouting 
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J 3 7 67 1374Λ 

g r o u t t a K e k g / m 

1 10 -100 MM 1000-2500 
^^100-250 Η 2500-5000 
H H 250-500 • • 5000 
^^500-1000 

F i g . 6 . 1 4 Specific grout take in the exterior row of holes of section 5-7 of the Peruca Dam grout curtain 

T h e effect of the g r o u t cu r t a in o n the seepage f low t h r o u g h the cu r t a in and a r o u n d the w i n g s is 

con t ro l l ed b y a n u m b e r of p i e z o m e t e r ho les u p s t r e a m and d o w n s t r e a m of the cu r t a in . A l s o , the d is -

c h a r g e o f sp r ings a l o n g the Ce t ina R i v e r , w h i c h exis ted d o w n s t r e a m be fo re the d a m cons t ruc t ion 

w a s m e a s u r e d . F r o m the obse rva t ions du r ing a p e r i o d o f m a n y y e a r s , it is e s t ima ted that the seep-

age loss f rom the r e se rvo i r at full s to rage level is a b o u t 1 ,000 1/s, w h i c h is less than 1.5% of the 

a v e r a g e r ive r f low (Pav l in , 1 9 6 1 ) . Th i s d i s cha rge has r e m a i n e d cons tan t o v e r the y e a r s , w h i c h evi -

den t ly p r o v e s that the injected c e m e n t / c l a y c o m p o u n d is fully s table and d u r a b l e . A t that t ime the 

w o r k o n the g r o u t cu r t a in of the P e r u c a D a m , ca r r i ed ou t in e x t r e m e l y u n f a v o r a b l e kars t i f ied foun-

da t ion r o c k se rved as a full scale field l abo ra to ry and a schoo l in w h i c h this k ind o f g rou t ing was 

pe r fec ted . It b e c a m e a m o d e l for m a n y o the r d a m s w h i c h w e r e cons t ruc ted la ter o n in the D ina r i c 

ka r s t of Y u g o s l a v i a . It w a s a ma jo r success for Y u g o s l a v sc ient i s t s , eng inee r s and g r o u t i n g specia l -

is ts . 

Grout curtain of the Sklope Dam 

T h e unpred ic t ab i l i t y of ka rs t l imes tone fo rma t ions mani fes ted i tself fully d u r i n g the inject ion of 

the g r o u t cu r t a in for the Sk lope D a m . It is a 7 5 m h i g h e m b a n k m e n t d a m wi th a s l ight ly incl ined 

c lay c o r e and a r e se rvo i r of 140 mi l l ion m 3 in v o l u m e . T h e d a m founda t ion cons is t s of stratif ied and 

b r o k e n l i m e s t o n e b e d s of the O l i g o - M i o c e n f o r m a t i o n . T h e d a m site is in a n a r r o w c a n y o n fo rmed 
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F i g . 6 . 1 5 Plan and longitudinal section of the grout curtain of Sklope Dam, disposition of holes; 
1 single row curtain, 2 double row curtain, 3 three row curtain, 4 cave in the right abutment, 
5 cave in left the abutment 
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b y the e r o s i o n of a b a r r i e r wh ich , i n an unde f ined g e o l o g i c t i m e , d a m m e d a l ake . T h e l imes tone bar-

r ie r w a s c o r r o d e d and e r o d e d b y pe rco la t ing w a t e r un t i l it w a s fully d e s t r o y e d . T h e r o c k in the s teep 

a b u t m e n t s w a s f rac tured and c a v e r n o u s , and gene ra l ly v e r y p e r m e a b l e . 

De ta i l ed g e o l o g i c s tudies , ba sed o n ex tens ive e x p l o r a t i o n d r i l l ing , w e r e ca r r i ed ou t in o rde r to 

def ine the m o s t c o n v e n i e n t loca t ion for the d a m and the 1 ,100 m l o n g , and u p to 150 m d e e p , g rou t 

cu r t a in . T h e p l a n and the long i tud ina l sec t ion of the d a m and the g r o u t cu r t a in a re s h o w n in F i g . 

6 . 1 5 , w h e r e sec t ions of the cu r t a in w i th o n e , t w o and th ree r o w s of injected ho le s a r e ind ica ted . Grea t 

ca r e w a s t aken to t h o r o u g h l y inject the con tac t of the c o r e founda t ion o f the d a m c o r e w h e r e the rock 

w a s v e r y f rac tured . A n in ject ion ga l le ry w a s cons t ruc t ed , f rom w h i c h a fence of subhor izon ta l in-

j e c t i o n ho le s w a s in jec ted , as s h o w n in F i g . 6 . 6 . 

W h e n g r o u t i n g s tar ted at the r igh t d a m a b u t m e n t , the first su rp r i se w a s e n c o u n t e r e d . T h e first in-

j e c t i o n h o l e s t ruck in to a 2 0 m d e e p vo id and fur ther exp lo ra t i on led to the d i s cove ry of a l a rge cave , 

s h o w n in F i g . 6 . 1 5 , w h i c h had a h i d d e n access f rom the c a n y o n w a l l . T h e axis of the cur ta in was 

m o v e d u p s t r e a m to b y p a s s the u p s t r e a m end of the c a v e , w h i c h r e m a i n e d d o w n s t r e a m of the g rou t 

cu r t a in . 

In o r d e r to e c o n o m i z e w i th id le d r i l l ing , the left w i n g cu r t a in w a s g r o u t e d f rom a tunne l . W h e n 

g r o u t i n g w i t h o u t any diff iculty w a s a l r eady c lose to the end of the cu r t a in , the n e x t surpr i se c a m e 

a l o n g . In a d e e p sec t ion of an in ject ion ho le 3 , 0 0 0 t of c e m e n t w a s injected w i t h o u t r each ing satu-

ra t ion . O n l y c e m e n t w a s in jec ted , b e c a u s e the des ign e n g i n e e r w a s no t c o n v i n c e d in the durabi l i ty 

of c e m e n t / c l a y c o m p o u n d s . W h e n a de ta i led exp lo ra t i on w a s u n d e r t a k e n , a v e r y l a rge c a v e , as s h o w n 

in F i g . 6 . 1 5 w a s d i s c o v e r e d . It w a s connec t ed t h r o u g h a c r ev i ce to the in jec t ion tunne l . A detai led 

geo log i c s u r v e y p r o v i d e d the shape and the ex ten t of the c a v e , as s h o w n in the f igure . T h e axis of 

the g r o u t cu r t a in cuts the c a v e c lose to its end . W h e n a spe leo log is t t e a m inspec ted the c a v e , a la rge 

v o l u m e of injected soft c e m e n t s lu r ry w a s d i s c o v e r e d at the far end of the c a v e . 

In o r d e r to p r e v e n t l a rge s eepage losses , w h e n the c a v e is f looded b y the i m p o u n d e d w a t e r a con-

c re te wa l l w a s cons t ruc t ed w h i c h sea led the end of the c a v e , and the v e r y p e r v i o u s s tages of the fan-

n ing ho le s at the end of the cur ta in w e r e injected w i t h m o r t a r p u m p e d to full sa tu ra t ion w i th a hel ical 

s c r ew p u m p . 

Inves t iga t ions after i m p o u n d i n g the r e se rvo i r h a v e s h o w n that s eepage losses at r e se rvo i r full 

a m o u n t to a b o u t 1 ,000 1/s. Th i s c a n b e r e g a r d e d as a ve ry g o o d resu l t w h e n the n a m r a l h i g h per-

meab i l i ty of the r o c k is cons ide red . 

Grout curtains for the Busko Blato reservoir 

In the ka r s t p la in B u s k o Bla to , at the e l eva t ion of 7 0 0 m a b o v e the sea l eve l , w h i c h w a s year ly 

f looded d u r i n g the w e t s eason , a r e se rvo i r w a s c rea ted b y bu i ld ing a 3 , 0 0 0 m long e m b a n k m e n t 

d a m w h i c h i m p o u n d s w a t e r to an e leva t ion of 7 1 6 . 4 m . T h e p la in w a s f looded e v e r y spr ing unt i l 

s o m e t ime in s u m m e r b y the R ic ina R i v e r at the eas t e rn s ide of the p l ane and s o m e sma l l e r spr ings 

and es tave l les at its sou th -eas t e rn b o u n d a r y . T h e r ive r s inks t h r o u g h p o n o r s a t the sou th -wes t e rn and 

w e s t e r n b o u n d a r i e s of the p la in . T h e capac i ty of the p o n o r s is l imi ted , so that the sp r ing flood wa te r 
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is r e ta ined o n the p la in . T h e w a t e r f rom the p o n o r s e m e r g e s f rom spr ings a long the Ce t ina R ive r o n 

the l o w e r k a r s t p l a n e . T h e r e g i o n of the B u s k o Bla to p la in cons is t s o f l i m e s t o n e of the Cre t aceous 

age ove r l a in a t the b o t t o m of the p la in b y ter t ia ry s ed imen t s of l imes tone c o n g l o m e r a t e s and m a r l . 

T h e fo rma t ions a r e folded in the N W - S E d i rec t ion and cu t b y m i n o r and g rea t e r faul ts , the m o s t im-

por t an t o f w h i c h is o n the l ine of the L i s k o v a c a and P r o z d r i k o z a p o n o r s and P o d g r a d i n a (F ig . 6 . 1 6 ) . 

Q u a t e r n a r y 10-40 m t ick sed imen t s cons is t ing of c lay and s andy c lay c o v e r the b o t t o m of the p l ane . 

E x p l o r a t i o n dr i l l ings h a v e s h o w n that the rocks a r o u n d the p la in a re h igh ly f rac tured w i th m a n y 

ka r s t fea tures and ve ry p e r m e a b l e , the dep th of kars t i f ica t ion r each ing 7 0 - 1 0 0 m b e l o w the level of 

the p la in . P i e z o m e t e r obse rva t ions h a v e s h o w n that the g r o u n d w a t e r level is n e a r the surface of the 

p la in in the eas t e rn pa r t , and abou t 3 0 m d e e p at the sou thw es t e r n pa r t d u r i n g the w e t season and 

n e a r the b a s e of kars t i f ica t ion du r ing the d ry season . T h e m a x i m u m capac i ty of all p o n o r s at the 

3 3 

f lood level a m o u n t s to a b o u t 35 m /s ou t of w h i c h abou t 2 0 m /s is concen t r a t ed at the L i s k o v a c a 

and S ta ra M l i n i c a p o n o r s . T h e a v e r a g e yea r ly inf low in to the p la in is 11 m / s . 

F i g . 6 . 1 6 Situation and geologic formations of the Busko Blato area 

Ex t en s i v e s tudies w e r e ca r r i ed ou t in o r d e r to es tabl ish the bes t m e a n s of r educ ing seepage losses 

f rom the r e se rvo i r . T h e resul ts of the s tudies indica ted that the zones of the p o n o r s Met i l j ev ica , P r o z -

d r i k o z a and Sinjski p o n o r cou ld b e sealed wi th g r o u t cur ta ins to the injected d e p t h of a b o u t 10 m 
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b e l o w the kars t i f ied z o n e . T h e L i s k o v a c a a n d S tara M l i n i c a p o n o r s h a d to b e i so la ted f rom the reser-

vo i r b y the 3 , 0 0 0 m l o n g K a z a g i n a c D a m . S ince the n o r t h w e s t e r n end o f the p la in is b e l o w the m a x i -

m u m s to rage l eve l , the 6 0 0 m long P o d g r a d i n a D a m w a s bu i l t t he re . T h e l eng th and the m a i n des ign 

p a r a m e t e r s of the g r o u t cu r t a in of the B u s k o Bla to r e se rvo i r a r e s h o w n in T a b l e 6 . 3 . 

T A B L E 6 . 3 

G r o u t cu r ta ins at the p e r i m e t e r and u n d e r the d a m s of the B u s k o Bla to r e se rvo i r and p l a n n e d 

quan t i t i e s 

G r o u t cu r t a in 

l eng th 

m 

injected 

ho les 

m 

injected 

c o m p o u n d 

t 

specif ic 

c o n s u m p t i o n 

t / m 

K a z a g i n a c 3 , 1 3 6 9 4 , 8 0 0 3 3 , 2 0 0 0 . 3 5 0 

S inj ski P o n o r 1,470 1 8 , 5 0 0 1 3 , 0 0 0 0 . 7 0 3 

P r o z d r i k o z a 6 4 0 1 9 , 4 0 0 3 , 9 0 0 0 . 2 0 1 

Met i l j ev i ca 4 1 6 7 , 0 0 0 1 ,800 0 . 2 5 7 

P o d g r a d i n a 5 4 4 5 , 7 0 0 6 0 0 0 . 1 0 5 

T o t a l 6 , 2 0 6 1 4 5 , 4 0 0 5 2 , 5 0 0 0 . 3 6 1 

( a ) l b ) 

2 * 2 , 5 ι 2 x 1 , 7 5 ι I 2 * 3 .25 3.8 2 * 3.6 

17.0 

F i g . 6 . 1 7 Busko Blato grouting test plots A, Β and C, (a) plot A, (b) plot B, (c) plot C, 
(d) location of test plots 
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T h r e e g r o u t i n g test p lo t s A , Β and C w e r e injected in o r d e r to es tab l i sh the spac ing of ho les and 

the bes t g r o u t c o m p o u n d c o m p o s i t i o n , the g rou t ing p r o c e d u r e and s a m r a t i o n c r i te r ia . T h e p lan and 

the h o l e a r r a n g e m e n t of inject ion and c h e c k ho les a re s h o w n in F i g . 6 . 1 7 . T e s t p lo ts A and Β w e r e 

s i tuated o n the b ig fault z o n e n e a r the L i s k o v a c a p o n o r r ep re sen t ing the cond i t ions of the g rou t cur -

tain o n the w e s t e r n b o u n d a r y of the p la in , and the test p lo t C w a s o n the axis of the K a z a g i n a c D a m 

w h e r e the pe rmeab i l i t y of the rock is l o w e r . 

T h e c o m p o s i t i o n of the g r o u t suspens ions c o m p o u n d s w a s : 

• T y p e G 0 . 2 5 C : 0 . 7 5 C L + 2 . 5 % s o d i u m ca rbona t e o n the c lay po r t i on , 

• T y p e Ε 0 . 2 5 C : 0 . 7 0 C L : 0 . 0 5 B and 0 . 2 5 C : 0 . 5 5 C L : 0 . 2 0 B b o t h wi th 2 . 5 % s o d i u m ca rbona te 

of c lay and ben ton i t e we igh t . In ject ion p r e s su re w a s f rom 5 to 3 0 b a r d e p e n d i n g o n the dep th 

of the sec t ion . A n o v e r v i e w of the g r o u t take in the test p lo ts is g i v e n in T a b l e 6 . 4 . 

T A B L E 6 . 4 

Resul t s of g rou t ing test p lo ts 

Desc r ip t i on 

G r o u t i n g test p lo t 

Desc r i p t i on 

A Β C 

D e p t h , m 4 -89 8 9 - 1 6 0 4 -89 8 9 - 1 6 0 2 0 - 7 0 7 0 - 1 4 0 

A v e r a g e p e r m e a b i l i t y , L U 185 9 165 32 -
G r o u t t ake , k g / m 7 5 0 38 1290 4 4 4 0 8 137 

P e r m e a b i l i t y in c h e c k h o l e s , L U 3 4 0 . 2 13 1.5 0 . 5 0 . 2 

G r o u t take in c h e c k h o l e s , k g / m 2 8 3 0 - -

F r o m the s tudy of the g rou t ing test p lot resul ts the fo l lowing p a r a m e t e r s for the g r o u t cur ta ins w e r e 

g iven : 

• spli t spac ing o n e s ingle l ine of p r i m a r y ho les at 16 m , secondar i e s at 8 m and ter t iar ies at 

4 m spac ing , excep t iona l ly qua t e rna ry ho les at 2 m ; 

• the g r o u t cu r t a in w a s d iv ided in 6 4 m long sec to rs ; 

• eve ry four th p r i m a r y at 6 4 m spac ing w a s dr i l led first as an e x p l o r a t o r y h o l e , co red and 

w a t e r p r e s su re tes ted; 

• then eve ry second p r i m a r y at 16 m spac ing w a s dr i l led and w a t e r p r e s s u r e tes ted; 

• the res t of the p r i m a r i e s , and all o the r ho les w e r e dr i l led and g r o u t e d to the r equ i r ed dep th 

w i t h o u t w a t e r p r e s su re tes t ing . 
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T h e d e p t h of the cu r t a in w a s def ined f r o m the resul t s of the c o r e d and w a t e r p r e s s u r e tes ted holes 

for e v e r y sec to r of the cu r t a in . F r o m the da ta ob t a ined in the g r o u t i n g test p l o t s , the a m o u n t of w o r k 

for the g r o u t cu r t a ins a r o u n d the B u s k o Bla to r e se rvo i r s h o w n in T a b l e 6 .3 w a s an t i c ipa ted . 

T h e cen t ra l b a t c h i n g and in jec t ion s ta t ion w a s n e a r the r igh t a b u t m e n t of the K a z a g i n a c D a m . F r o m 

the re , in jec t ion ho l e s to a d i s tance of 4 0 0 m w e r e d i rec t ly g r o u t e d . T h e suspens ions for g rou t ing far-

the r d i s tan t sec to r s w e r e p r e m i x e d in the cen t ra l b a t c h i n g s ta t ion and p u m p e d to aux i l i a ry agi ta tors 

at the in jec t ion s i tes , f rom w h i c h the final su spens ion w a s m i x e d and p u m p e d in to the inject ion ho l e s . 

L a r g e c a v e r n s w e r e d i s cove red in the Sinjski P o n o r g r o u t cu r t a in . Ad i t s w e r e excava t ed in to the 

c a v e r n s and they w e r e p l u g g e d w i t h conc re t e wal l s in the axis of the cu r t a in . 

T h e a m o u n t of w o r k effect ively ca r r i ed ou t o n all g r o u t cu r t a ins is s h o w n in T a b l e 6 . 5 . 

T A B L E 6 . 5 

E x t e n t o f w o r k ca r r i ed ou t o n B u s k o Bla to g r o u t cu r ta ins 

G r o u t cu r t a in l eng th 

m 

injected 

G r o u t cu r t a in l eng th 

m 

ho les c o m p o u n d G r o u t cu r t a in l eng th 

m m m / m " t t / m t / m " 

K a z a g i n a c 3 , 4 6 8 8 9 , 6 0 4 0 . 3 2 0 2 5 , 6 0 4 0 . 2 8 1 0 . 0 9 1 

Sinjski P o n o r 1 ,444 3 1 , 6 2 1 0 . 2 5 0 1 7 , 6 0 2 0 . 5 5 6 0 . 1 3 9 

P r o z d r i k o z a 8 2 3 2 8 , 7 1 1 0 . 5 0 6 7 , 1 0 0 0 . 2 4 7 0 . 1 2 5 

Met i l j ev i ca 4 1 6 7 , 0 6 2 0 . 2 6 7 3 , 2 5 3 0 . 4 6 0 0 . 1 2 3 

P o d g r a d i n a 6 2 6 7 , 4 9 8 0 . 1 5 4 4 8 6 0 . 0 6 5 0 . 0 1 0 

T o t a l 6 , 7 7 7 1 6 4 , 4 9 6 5 4 , 0 4 5 

In add i t i on s o m e 4 0 , 0 0 0 m of id le dr i l l ing in o v e r b u r d e n w a s ca r r i ed ou t . By c o m p a r i s o n wi th the 

p l a n n e d a m o u n t of w o r k in T a b l e 6 . 3 , it is seen that the l eng th of the cur ta ins w a s 9 % and the length 

of p r o d u c t i o n dr i l l ing 1 7 % m o r e than p l a n n e d ; the g r o u t c o m p o u n d c o n s u m e d on ly 2 % m o r e than 

p l a n n e d . 

O n the long i tud ina l sec t ion of the P r o z d r i k o z a g r o u t cu r t a in in F i g . 6 . 1 8 , the specif ic g rou t take 

w i th in the s h o w n in te rva l s is a l so p r e sen t ed . It is cha rac te r i s t i c that the t ake in m a n y p laces w a s h igh 

a b o v e the e l eva t ion 6 7 5 , and gene ra l ly less that 100 k g / m b e l o w that e l eva t ion . 

T h e a v e r a g e g r o u t c o n s u m p t i o n p e r sets of G , R , p r i m a r y to te r t ia ry ho le s is p r e sen t ed in F i g . 6 . 1 9 . 

T h e g r o u t t ake w a s h ighes t in the G and R h o l e s , and in the p r i m a r i e s it d r o p p e d to 1/3 of the G 

h o l e s . 

T h e effect of the cu r t a ins o n the pe rco la t ion f rom the r e se rvo i r w a s s tud ied for a long t i m e . G r o u n d 

w a t e r levels w e r e m e a s u r e d in p i e z o m e t e r s in front of the g r o u t cu r ta in o n the w e s t e r n r i m of the 

r e se rvo i r , P 7 at Sinjski P o n o r and Ρ 8a a t the P r o z d r i k o z a cu r t a in s , as we l l as at the sou the rn and 

ht
tp

s:
//t

el
eg

ra
m

.m
e/

G
eo

lo
gy

bo
ok

s

https://telegram.me/Geologybooks


G R 

0 300 -800 I > 2000 

Fig. 6.18 Longitudinal section of the Prodrikoza grout curtain and 
the grout take in sections of injected holes, G cored, 
R water pressure tested holes, 1,2,3 primary, secondary, 
tertiary sets of holes 
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H 1 1 1 1 1 1 1 1 1 1 1 h 

0 200 400 600 800 1000 2000 c o n s u m t i o n k g / m 

F i g . 6 . 1 9 Grout consumption in kg/m by sets of holes of the Bu§ko Blato grout curtains, Ρ Podgradina, 
KD Kazaginac Dam, KA Kazaginac abutments, M Metiljevica 

ea s t e rn s ides o f the r e s e r v o i r in the p i e z o m e t e r s Ε 1 4 , E 7 , and E 5 . T h e resu l t s f r o m read ings in p i e -

z o m e t e r s E 5 , E l 4 a n d P 8 a a r e s h o w n in F i g . 6 . 2 0 . It is ev iden t that the reg i s t e red g r o u n d w a t e r le -

ve ls af ter the c o m p l e t i o n o f the cur ta ins a r e m u c h h i g h e r than b e f o r e . T h e l owes t g r o u n d w a t e r levels 

F i g . 6 . 2 0 Ground water levels in piezometers E 5 , E14 and P8a, and the corresponding reservoir levels 
in 1961 before, and in 1973 and 1974 after injecting the grout curtains and impounding 

the lake (levels between 702 and 708) 
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at the end of s u m m e r a r e m o r e than 5 0 m h ighe r in all o b s e r v e d p i e z o m e t e r s . A pe rco l a t i on loss be -

t w e e n 2 and 6 m /s is ob ta ined f rom the b a l a n c e of inf low and c o n s u m p t i o n of the s tored wa te r . 

F r o m the obse rva t i on and m e a s u r e m e n t s of the d i s cha rge of sources o n the l o w e r ka r s t h o r i z o n in 

the Ce t ina p l a in , it w a s d e t e r m i n e d that the d i s cha rge w a s r e d u c e d du r ing the h i g h w a t e r pe r iods and 

s l ight ly inc reased du r ing the l o w w a t e r p e r i o d s . 

Left reservoir rim curtain at Keban Dam (Turkey) 

T h e E u p h r a t e s R i v e r w a s d a m m e d b y cons t ruc t ing the 100 m h i g h e m b a n k m e n t and the conc re t e 

K e b a n D a m n e a r K e b a n V i l l age , for the e lec t r ic p o w e r p r o d u c t i o n . T h e d a m is cons t ruc ted o n a 

r idge t h r o u g h w h i c h the E u p h r a t e s fur ther o n cut its c o u r s e . It cons is t s of m e t a m o r p h i c m a r b l e and 

l imes tone w i t h b e d s of d o l o m i t e and calcshis t of P a l e o z o i c age k n o w n as the K e b a n F o r m a t i o n . T h e 

ca l ca reous b e d s a r e fine g r a ined , ha rd and s l ight ly to heav i ly f ractured and j o i n t e d , as the conse -

q u e n c e of in tens ive t ec ton ic ac t iv i ty . A few long i tud ina l and s o m e p e r p e n d i c u l a r faults in tersec t the 

fo rma t ions o n the l ine of the d a m ax i s . A l o n g the r o c k defec t s , h y d r o t h e r m a l w a t e r eas i ly c i rcu la ted 

f rom the dep th u p to the sur face , and a c h e m i c a l so lu t ion o c c u r r e d in the ca l ca reous and do lomi t i c 

r o c k s , success ive ly inc reas ing its pe rmeab i l i t y . T h e r e is e v i d e n c e ind ica t ing that up f lowing h y -

d r o t h e r m a l w a t e r fo l lowing s o m e vo lcan ic p h a s e s , w a s m a i n l y r e spons ib l e for the fo rma t ion of ex-

tens ive so lu t ion c h a n n e l s , o p e n i n g s cons is t ing of e v e n ve ry l a rge and d e e p cave rns in the l imes tone 

and d o l o m i t e u n d e r the d a m and o n the left a b u t m e n t u p s t r e a m f rom the conc re t e g rav i ty sp i l lway 

and w i n g sec t ion of the d a m . T h e d isso lved ca l c ium ca rbona t e w a s depos i t ed o n the surface as t raver -

t ine depos i t s , a few of w h i c h a r e located o n the left a b u t m e n t u p s t r e a m f rom the g rav i ty d a m w i n g . 

T h e K e b a n F o r m a t i o n is ove r l a in b y the U p p e r Shis t con ta in ing m i c a , se r ic i te , ta lc and g r aph i t e . It 

is i m p e r m e a b l e and it cove r s the p e r m e a b l e l imes tone in s o m e par t s of the r e se rvo i r and d o w n s t r e a m 

of the d a m ax i s . S o m e vo lcan ic syeni te d ikes c r o p ou t o n the r igh t and left a b u t m e n t s d o w n s t r e a m 

of the d a m ax i s . T h e tec tonics of the site is ve ry c o m p l e x . S t rong tec tonics h a v e b e e n ac t ive in sev-

era l geo log i c p e r i o d s , the last of t h e m took p lace p r o b a b l y in the T e r t i a r y . T h e resul ts a re m a n y 

faults of l a rge ex ten t w h i c h c ross the val ley b e l o w the d a m and a few faults of l o w e r o r d e r pe rpen-

d icu la r and ob l ique to its ax i s . T h e s e features m a k e the K e b a n D a m founda t ion ve ry compl i ca t ed , 

especia l ly r ega rd ing pe rco la t ion losses and founda t ion s tabi l i ty . 

T h e final ex ten t of the g e o l o g i c , tec tonic and h y d r o g e o l o g i c se tup , as we l l as the i r m e a n i n g for 

the d a m founda t ion , w e r e d i sc losed g radua l ly du r ing the d a m cons t ruc t ion , as the resul ts f rom ad-

di t iona l founda t ion w o r k s b e c a m e ava i l ab le . 

E x t e n s i v e founda t ion t r ea tmen t w a s necessa ry in such difficult na tu ra l cond i t i ons . T h e des ign p r o -

v ided for a d e e p cutoff cons is t ing of an i m p e r v i o u s cu r t a in injected f rom five ga l l e r i e s , w h i c h is 

s h o w n in the long i tud ina l sect ion in F i g . 6 . 2 2 . T h e total l eng th of excava t ed ga l le r ies a m o u n t s to 

11 k m . D u r i n g the excava t ion of the gal ler ies s o m e la rge f issures , o p e n o r filled w i th g a u g e , w e r e 

d i s cove red . T h e y r equ i r ed a specia l t r ea tmen t . T h e g a u g e was excava ted and rep laced wi th conc re t e , 

in s o m e loca t ions conc re t e d i a p h r a g m s rep laced g rou t ing as s h o w n in the long i tud ina l sec t ion of the 

cutoff in F i g . 6 . 2 2 . 
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F i g . 6 . 2 2 Longitudinal section of impervious curtain in the Keban Dam foundation, 1 embankment dam, 
2 concrete gravity section, 3 galleries and shafts, 4 boundaries of grout curtain, 5 Crab Cavity, 
6 Petek Cavity, 7 concrete diaphragms 

Fig. 6.21 Geological map of Keban Dam, Q Quaternary, P-Kk Paleozoic limestone, P-Kd Upper schist, 
1 Crab Cavity, 2 Petek Cavity, 3 vortexes after impounding, 4 temporary sources 
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It w a s d iv ided in to th ree sec t ions : the r igh t w i n g sec t ion , the cen t ra l cu r t a in a n d the left w i n g sec-

t ion . L a t e r o n w h e n the ve ry p e r m e a b l e n a t u r e of the left a b u t m e n t b e c a m e ev iden t , the 9 0 0 m long 

left r e se rvo i r r i m cu r t a in w a s i m p l e m e n t e d . Its long i tud ina l sec t ion is s h o w n in F i g . 6 . 2 3 . Th i s cur -

tain cuts t h ree fault z o n e s , t w o of w h i c h r equ i r ed a ve ry l a rge g r o u t t ake . In the first fault z o n e the 

g r o u t t ake in the deepes t injected h o l e sec t ions w a s still ve ry l a r g e , as s h o w n in the f igure . 

0 100 200 300 m 

F i g . 6 . 2 3 Longitudinal section of the left rim grout curtain, 1 zones with grout take more than 2.5 t/m, 
2 zones where the last injected hole stage took more than 2.5 t /m, 3 projection of Petek Cavity 
on the plane of curtain, 4 same for Crab Cavity, 5 lower boundary of the curtain, 6 ground 
water levels upstream, 7 downstream of the grout curtain 

U s p s t r e a m and d o w n s t r e a m of the cur ta in axis a n u m b e r of p i e z o m e t e r s w e r e insta l led in w h i c h 

the g r o u n d w a t e r level n e a r the b o t t o m of the cu r t a in w a s o b s e r v e d . F i g . 6 . 2 3 s h o w s that a long the 

sec t ion w h i c h did no t r e a c h the l o w pe rmeab i l i t y r ock at the b o t t o m , the g r o u n d w a t e r level in the 

u p s t r e a m and d o w n s t r e a m p i e z o m e t e r s is l o w , 80 m l o w e r than the l ake l eve l , w h i l e in the r eg ion 

of the r e se rvo i r r i m , w h e r e the cu r t a in is sufficiently d e e p , the u p s t r e a m p i e z o m e t e r levels a p p r o a c h 

the r e se rvo i r l eve l , and the head di f ference at the b o t t o m of the cu r t a in is m o r e than 5 0 m . 

A s the d a m cons t ruc t ion a p p r o a c h e d its end in 1 9 7 1 , a l a rge e m p t y c a v e ca l led the C r a b Cav i ty 

w a s d i s c o v e r e d b e l o w the g rav i ty d a m sec t ion s h o w n in F i g s . 6 . 2 1 , 6 . 2 2 and 6 . 2 3 . Its b o t t o m was 

at e l eva t ion 5 0 0 , d e e p u n d e r the g r o u t cur ta in . It w a s 39 m h i g h , its v o l u m e 1 0 5 , 0 0 0 m filled wi th 

w a t e r w h i c h w a s no t in d i rec t con tac t wi th the r ive r . T h e cave w a s filled t h r o u g h a l a rge ho le wi th 

6 4 , 0 0 0 m of t r emie c o n c r e t e . 

A n o t h e r l a rge c a v e cal led the Pe t ek Cav i ty , a l so s h o w n in the m e n t i o n e d f igures , w a s d i scove red 

in 1975 w h e n the r e se rvo i r level r eached e leva t ion 8 2 6 . 5 for the first t i m e . S o m e v o r t e x e s appea red 
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n e a r the s o u t h e r n sho re of the l ake u p s t r e a m of the left a b u t m e n t g rav i ty d a m . S o m e of t h e m w e r e 

in tensi f ied in the sp r ing of 1976 w h e n the l ake r e a c h e d e l eva t ion 8 3 8 . 5 . A t this e l eva t ion the lake 

w a t e r e r o d e d the ingress in to w h a t w a s then d i s c o v e r e d to b e a v e r y l a rge e m p t y c a v e . Spé léo log ie 

inves t iga t ions ca r r i ed ou t after the r e se rvo i r l ake w a s l o w e r e d , ind ica ted tha t the b o t t o m of the cave 

w a s at the e l eva t ion 7 3 0 , and that its v o l u m e w a s a b o u t 6 0 0 , 0 0 0 m . A t the s a m e t ime it w a s found 

that the d i s c h a r g e of the K e b a n C r e e k s o u r c e s , a b o u t 2 k m sou th of the d a m , r ap id ly inc reased to 2 6 

m / s , as s h o w n in F i g . 6 . 2 4 . 

F i g . 6 . 2 4 Discharge from the Keban Creek sources as a function of the lake level 

T h e P e t e k C a v i t y w a s c o m p l e t e l y filled w i t h a g rave l ly ma te r i a l . T h e g r o u n d sur face a b o v e it and 

at the r e se rvo i r s h o r e o n the w h o l e z o n e of the vo r t exes w a s c o v e r e d w i t h c o n c r e t e s labs in o r d e r to 

p r e v e n t fur ther e r o s i o n of the f low pa ths b y pe rco la t ing w a t e r , as s h o w n in F i g . 6 . 2 5 . 

F i g . 6 . 2 5 Left shore of the Keban reservoir lined with concrete slabs 
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T h e effect of these m e a s u r e s w a s a substant ia l r educ t ion of the d i s cha rge of the K e b a n C r e e k sour-

3 3 

ces,as s h o w n in F i g . 6 . 2 4 , f rom the m a x i m u m of 2 6 m /s in 1976 to abou t 9 m /s in 1980 at the full 

r e se rvo i r l eve l . T h e d i s cha rge of the g r o u p of sources d o w n s t r e a m of the d a m axis (4 in F i g . 6 .21) 

w h i c h in 1976 a m o u n t e d to 1.15 m 3/ s , w a s r e d u c e d after the t r ea tmen t of the P e t e k Cav i ty to 0 . 2 0 

m /s at the full r e se rvo i r level in 1980 . 

T h e total a m o u n t of w o r k ca r r i ed ou t o n this ve ry l a rge and c o m p l e x cur ta in is p re sen ted in T a b l e 

6 . 6 . 

T A B L E 6 . 6 . 

A m o u n t of w o r k o n the K e b a n D a m cutoff cu r ta in 

Cutof f sec t ion l eng th 

m 

dri l l ho les 

m 

c e m e n t 

t 

conc re t e 

m 3 

c e m e n t 

k g / m 

R i v e r va l ley 2 , 3 1 0 2 6 2 , 0 0 0 6 6 , 2 0 0 1 7 8 , 0 0 0 2 5 2 

Left r i m cur t a in 9 0 0 7 6 , 0 0 0 6 9 , 0 0 0 - 9 1 0 

C r a b Cav i ty - - 6 4 , 0 0 0 + - -

Pe tek Cav i ty - 1,380 2 , 9 0 0 6 5 0 , 0 0 0 * 2 , 1 0 0 

N o t e s : + m of c o n c r e t e ; 
3 

* m of g rave l fill. 

3 

It shou ld b e m e n t i o n e d that a few tenths of m /s s eepage losses f rom the K e b a n r e se rvo i r a re n e g -

l igible c o m p a r e d to the l a rge m e a n r ive r d i scha rge and the h u g e v o l u m e of the r e se rvo i r . 

Grout curtain of the Kao Laem Dam 

T h e rockfi l l conc re t e faced K a o L a e m D a m , 130 m h igh and abou t 1 k m l o n g , w a s bui l t o n the 

Q u a e N o i r ive r abou t 3 0 0 k m Eas t of B a n g k o k in T h a i l a n d . T h e exp lo ra t ion w o r k s o n this geo log i -

cal ly ve ry compl i ca t ed site las ted six y e a r s , w h e r e a s the d a m and the g rou t ed cutoff w e r e bui l t f rom 

1979 to 1984 . 

T h e a rea a r o u n d the d a m site consis ts of rocks of P e r m i a n a g e , O r d o v i c i a n is o n the left a b u t m e n t 

and the va l ley sec t ion u p to the m a i n fault at the r igh t a b u t m e n t , w h e r e aga in rocks of P e r m i a n age 

c r o p ou t . R o c k s of O r d o v i c i a n age cons is t of schists and sands tones , and local ly l imes tones wi th 

kars t i f ica t ion p h e n o m e n a a r e a l so p re sen t . P e r m i a n rocks cons is t of m a s s i v e to th in ly b e d d e d ve ry 

kars t i f ied l imes tones w i th l a rge cave rns and vo ids w h i c h a re par t ly o r c o m p l e t e l y filled w i th clay 

and sandy ma te r i a l . Kars t i f ied co r ro s ion f issures r each d o w n to 2 0 0 m b e l o w the d a m foundat ion 

leve l . 

T h e rocks a re ve ry f issured w i th m a n y kars t features especia l ly at the r eve r se fault " T h r e e P a g o -

das" w h i c h is p r o b a b l y of P le i s tocene age . 
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V e r y ex tens ive r e m e d i a l m e a s u r e s w e r e nece s sa ry to t igh ten the founda t ion r o c k cons ide r ing the 

i m p o r t a n t h e i g h t of the d a m and the vas t kars t i f ica t ion of the founda t ion r o c k , and to p r o v i d e a last-

ing p r o t e c t i o n aga ins t e ro s ion of m a n y w i d e and n a r r o w f rac tures . 

F i g . 6 . 2 6 Geology of the Kao Laem Dam site, 1 "Three Pagodas" fault, 2 rockfill dam, 3 spillway and 
H E powerhouse, 4 grout curtain in the valley section, 5 axis of grout curtain and galleries 
in the right abutment 

T h e m e a s u r e s u n d e r t a k e n in the cutoff cons i s t of: 

• d i a p h r a g m wal l s of in te rsec t ing conc re t e p i les 7 6 c m , at 62 c m d i s t ance in all karst i f ied 

z o n e s ; 

• g r o u t i n g w i t h m o r t a r after p r ev ious s lu ic ing w i th w a t e r u n d e r 10 b a r p r e s s u r e f rom t w o r o w s 

of ho l e s a t 1,0 m spac ing ; 

• c o n s t r u c t i o n o f c o n c r e t e wal l s m i n e d f rom the ga l le r ies in the z o n e o f the m a i n fault o r ex-

cava ted f rom the g r o u n d sur face at the r igh t a b u t m e n t ; 

• g r o u t cu r t a in injected f rom the founda t ion p l ane u n d e r the d a m c o n c r e t e face and f rom gal-

ler ies d e e p in to the r igh t a b u t m e n t . 

ht
tp

s:
//t

el
eg

ra
m

.m
e/

G
eo

lo
gy

bo
ok

s

https://telegram.me/Geologybooks


162 

The locat ions, d imensions and s o m e details o f this project are s h o w n in F i g . 6 . 2 7 . S o m e fissures 

in the fractured rock zones in the right abutment were filled with clay and silty material in an amount 

F i g . 6 . 2 7 Longitudinal section along foundation of concrete membrane of dam face, 1 ground surface, 
2 bottom of foundation trench,3 diaphragm wall of intersecting concrete piles, 4 mortar 
injected into 165 mm holes previously flushed clean, 5 grouting galleries in right abutment, 
6 mined wall between galleries, 7 bottom of grout curtain, (a) section through the perimetral 
gallery and diaphragm wall of intersecting piles, (b) arrangement of injection holes in curtain 
with three rows of holes 

which was not suitable for grouting and not so important that excavat ion and construction o f a con-

crete wal l w o u l d b e necessary. For such cases an original procedure w a s devised: H o l e s o f 165 m m 

D i a spaced at 3 3 0 m m were drilled be tween t w o galleries . The holes were flushed through a special 

flushing head with water at 10 bar pressure, and the effect was controlled through a televis ion camera. 

Then the holes were filled with plastic mortar and pre vibrated to fill all the vo ids . The method was 

applied up to 1 5 , 0 0 0 m o f the cutoff, which is marked in F i g . 6 . 2 8 . 

The right w ing curtain was injected from the excavat ion surface in the zone o f the dam and from 

six galleries in the right abutment with a total length o f 21 k m . In the dam zone three rows o f holes 

where injected to half the depth o f the curtain. T h e external ho les were injected first, the spacing o f 

the primary holes was 6 m, and the injected sections o f the holes were 10 to 2 0 m long . The injec-

tion pressure was 3 -6 bar in the upper sect ion, and 3 0 bar in the fourth and the fo l lowing sections. 

Cement suspensions stabilized with 2% bentonite were used , the mix ing ratio was 1 C : 2 W , 1C:1W 

and 1 C : 0 . 7 W . The last m i x with 3 % sodium silicate was added w h e n the reach o f injection had to 

be l imited. In more karstified zones 100 kg o f sand was added to 2 0 0 1 o f the thickest m i x . The satu-

ration criterion was 2 0 1 o f the thickest suspension during 15 min. The closure criterion for the last 

set o f ho les was fixed partly by the permeability measurements but dominantly b y the cement take: 

- to 3 0 m depth 4 0 k g / m or 5 L U , - 1 0 0 - 1 5 0 m depth 160 k g / m 

- 3 0 - 1 0 0 m depth 8 0 k g / m or 2 - 1 0 L U , - 1 5 0 m depth 8 0 0 k g / m . 
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U p to 180 m d o w n the h o l e w a s injected in sec t ions , t hen the ho le s w e r e dr i l led to the b o t t o m of 

the cu r t a in a n d injected in sec t ions u p the h o l e . 

F i g . 6 . 2 8 Longitudinal section through the grout curtain in the right abutment, 1 section Α-B through 
the injection galleries A-F , 2 lower boundary of the grout curtain, 3 mined concrete diaph-
ragm wall, 4 zones injected with mortar through 165 mm Dia holes, 5 ground water level in 
dry season, 6 ventilation shafts, (a) detail of gallery and zone injected with mortar 

In the z o n e a r o u n d the r igh t w i n g cu r t a in 4 1 obse rva t i on ho le s for g r o u n d w a t e r level r e co rd ing , 

and four m e a s u r i n g ve i r s in the ga l le r ies for f low m e a s u r e m e n t w e r e ins ta l led . 

T h e a m o u n t o f w o r k s o n this ve ry l a rge g rou t ing Pro jec t is s h o w n in T a b l e 6 . 7 . In add i t ion 3 9 , 2 0 0 

m of c o n c r e t e w a s u s e d in the d i a p h r a g m s and wal l s in the r i ve r sec t ion and in the r igh t w i n g cur -

ta in . 

T A B L E 6 . 7 . 

K a o L a e m g r o u t cu r t a in , total a m o u n t of w o r k 

G r o u t cu r t a in 

dr i l l ing 

m 

sur face 

m 2 

d r i l l ing 

m / m 2 

c e m e n 

t 

specif ic c e m e n t 

take G r o u t cu r t a in 

dr i l l ing 

m 

sur face 

m 2 

d r i l l ing 

m / m 2 

c e m e n 

t k g / m k g / m 2 

R i v e r sec t ion 1 7 9 , 0 0 0 6 8 , 3 0 0 2 . 6 2 1 4 , 0 0 0 7 8 2 0 0 

R i g h t w i n g 3 8 0 , 0 0 0 5 1 2 , 0 0 0 0 . 7 4 5 0 , 0 0 0 130 100 

T o t a l 5 5 9 , 0 0 0 5 8 0 , 3 0 0 - 6 4 , 0 0 0 - -
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Grout curtain of the El Cahon Arch Dam 

V e r y in te res t ing so lu t ions w e r e d e v e l o p e d and expe r i ences w e r e ga ined o n the in ject ion of the 

g r o u t cu r ta in b e l o w the 2 3 2 m h i g h El C a h o n A r c h D a m in H o n d u r a s (F lo res e t a l . , 1985) . T h e 

founda t ion r o c k of the d a m cons is t s of l imes tones of the Cre t aceous a g e w h i c h w e r e ve ry karst i f ied 

be fo re the r eg ion w a s c o v e r e d b y lava f rom the vo lcan ic ac t iv i ty , w h i c h las ted f rom the O l i g o c è n e 

- M i o c e n e age to the Q u a t e r n a r y . T h e lava w a s la ter o n c o m p l e t e l y e r o d e d in the c a n y o n and the 

l imes tones w e r e u n c o v e r e d . T h e kars t i f ica t ion of the l imes tones w a s d e t e r m i n e d on ly w h e n injec-

t ion of the cu r t a in s ta r ted . It w a s found that the in tensi ty of kars t i f ica t ion of the l imes tones d id no t 

dec rea se w i th the dep th . A s it w a s the c o n s e q u e n c e of h y d r o t h e r m a l p roces se s d u r i n g the vo lcan ic 

ac t iv i ty , s o m e t h e r m a l spr ings w e r e d i scove red a l so in the excava t i on for the u n d e r g r o u n d p o w e r 

s ta t ion founda t ions . Because of these cond i t i ons , the o r ig ina l des ign of a h a n g i n g ver t ica l g r o u t cur -

tain had to b e c h a n g e d . T h e cur ta in w a s inc l ined u p s t r e a m and b o u n d in to the li t t le p e r m e a b l e vo l -

can ic rocks in the va l ley b o t t o m , and ex t ended to the vo lcan ic rocks in the a b u t m e n t s , so that the 

cur ta in w a s c o m p l e t e l y c losed in to t ight r o c k , as s h o w n in F i g . 6 . 2 9 . 

F i g . 6 . 2 9 View from upstream on the grout curtain of El Cahon Dam, A zone of limestones, Β zone of 
volcanities, (b) sketch of the cross section I-I, 1 limestone, 2 volcanic rock 
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T h e ka r s t features , w h i c h w e r e e n c o u n t e r e d d u r i n g the excava t i on of the g r o u t i n g ga l le r ies , w e r e 

t rea ted di f ferent ly a c c o r d i n g to the i r s ize : 

• sma l l e r vo ids w e r e connec t ed b y p ipes t h r o u g h the l in ing in to the ga l l e ry for la ter inject ion; 

• the ma te r i a l f i l l ing l a rge r c ave rns w a s excava t ed and the spaces w e r e filled w i th conc re t e . 

Spl i t spac ing w i t h th ree sets of in jec t ion ho le s w a s u s e d for g r o u t i n g , the p r i m a r i e s at 10 m o . e . 

W h e n the g r o u t t ake in the ter t iar ies e x c e e d e d 2 0 0 k g / m , qua t e rna r i e s a n d , if n e e d e d qu ina r i e s at 

0 . 6 3 m s p a c i n g , w e r e dr i l led and injected. T h e g r o u t c o n s u m p t i o n in the sets of ho le s is s h o w n in 

F i g . 6 . 3 0 for the r i ve r sec t ion and for the a b u t m e n t s , separa te ly for l imes tone and for vo lcan i t i es . 

0 I 1 1 1 — I 1 1 μ 

I II III I II III 

F i g . 6 . 3 0 Average grout consumption in sets of holes, (a) in limestone, (b) in volcanities, S-valley 
section, B-abutment section of the curtain, I pr imary, II secondary, III tertiary holes 

It is ev iden t that the bas i c spac ing b e t w e e n the ho le s w a s we l l se lec ted , b e c a u s e the c e m e n t take 

w a s subs tan t ia l ly r e d u c e d in the s e c o n d a r y h o l e s , tha t the u s e of a th ick s tar t ing suspens ion wi th 

1 C : 2 W w a s we l l se lec ted , and that in ject ion w i th a h i g h p r e s s u r e w a s successful . F r o m the p resen-

ta t ion in F i g . 6 . 3 1 it is s een that 8 0 % of the g rou t ed s tages in the te r t ia ry ho les took less than 2 0 0 

k g / m of c e m e n t , in the qua t e rna r i e s 9 5 % of the s tages satisfied this c r i t e r ion . 

0 I 1 1 1 1— 
0 0 - 50 50-200 200-300 * 5 0 0 

Q, kg/m 

F i g . 6 . 3 1 Percentage of grouted stages with grout within the indicated intervals, 1 Tertiary, 
2 Quaternary holes 
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g r o u t in jected 

M1 b i -

s e c t i o n 

c o m p t e t e d 

F i g . 6 . 3 2 Flow chart for saturation 
criteria of 5 m long grouted 
stages, M type of suspension, 
Pm saturation pressure of the 
injected stage, in very frac-
tured rock pressure reduced 
to p /6 if not saturated when 
grout take more than 2 1 
(Flores et .al . , 1985) 

wai t 12 t 

T h e inject ion p r e s s u r e w a s se lected a c c o r d i n g to the th ickness of r o c k c o v e r S a b o v e the ga l le ry 

and the m a x i m u m hydros t a t i c head H as fo l lows: 

D < 2 H , ρ = 0 , 5 b a r / m in p r i m a r i e s and seconda r i e s , 

ρ = 0 , 2 5 b a r / m p lus 25 b a r in te r t ia r ies , 

ρ = 5 0 b a r in add i t iona l ho les in l imes tone , 

ρ = 3 0 b a r in addi t iona l ho les in vo lcan i t i e s , 

D > 2 H ρ = 0 .5 b a r / m of r ock c o v e r b u t m a x ρ = 5 0 b a r in l imes tone and 3 0 b a r in volcani t ies 

O n l y th ick suspens ions w e r e injected, type I: 1 C : 0 . 0 2 B : 0 , 6 W and type I I : 1 C : 0 . 0 2 B : 0 . 1 5 S : 1 W . 

T h e M a r s h c o n e v isos i ty w a s 4 0 5 0 sec , and the s ed imen ta t ion r e q u i r e m e n t after 3 h o u r s w a s 1,5% 

- 2 , 5 %. T h e r easons for u s i n g such dense m i x e s and a h i g h p r e s s u r e a r e the fo l lowing : 

• the l imes tone r o c k is p e r m e a b l e in the fault zones and ka r s t fea tures w h i c h c a n b e p e r m e a t e d 

w i t h th ick suspens ions ; 

G r o u t i n g w a s m a i n l y u p h o l e , excep t w h e r e the r o c k w a s t oo f rac tured , and the in jec t ion s tages 

w e r e 5 m l o n g . T h e sa tu ra t ion cr i te r ia a r e s h o w n in the f low cha r t in F i g . 6 . 3 2 . 
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• the h a r d e n e d g r o u t m u s t a ch i eve h i g h s t r eng th in o r d e r to res is t hyd ros t a t i c p r e s s u r e u p to 

3 0 b a r ; 

• v e r y fine g ra ined c e m e n t of 4 , 6 0 0 c m / g w a s u s e d and l a rge c e m e n t pa r t i c l e s , w h i c h b lock 

the pene t r a t i on in f iner f i ssures , w e r e no t p r e sen t . 

Inc l ined c h e c k ho le s w e r e dr i l led t h r o u g h c o m p l e t e d sec t ions of the cu r t a in w h i c h w e r e accep ted 

w h e n the fo l lowing c r i te r ia w e r e satisfied in all 5 m long test sec t ions : 

• p e r m e a b i l i t y less than 2 L U ; 

• c e m e n t c o n s u m p t i o n less t han 5 0 k g / m . 

O n e inc l ined c h e c k h o l e w a s dr i l led a t e v e r y 5 0 m of the g r o u t i n g ga l l e ry . T h e resul t s a re p resen ted 

in F i g . 6 . 3 3 , f r o m w h i c h it is ev iden t that 9 1 % of the tes ted sec t ions of c h e c k ho le s h a v e satisfied 

the r e q u i r e d c r i te r ia . 

A , kg/m 

0 1 0 - 1 1 1 -2 1 2 - 3 ' 3 - 5 1 5 -10 ' >10 

B . L U 

F i g . 6 . 3 3 Average of check hole tests satisfying the cement take A and the permeability criteria Β of the 
El Cahon grout curtain 

F o r the w h o l e g r o u t cu r t a in , 11 ,5 k m of ga l le r ies w e r e excava t ed , 5 3 0 , 0 0 0 m 2o f cu r t a in w e r e in-

j e c t e d 4 8 5 , 0 0 0 m of ho les w e r e dr i l l ed , 1 0 0 , 0 0 0 t of c e m e n t injected w i t h an a v e r a g e take of 2 0 0 

k g / m of h o l e r e s p . and 170 k g / m 1 of cu r t a in . 

Conclusion on grout curtains in karstified rock 

T h e e x a m p l e s of g r o u t cur ta ins in kars t i f ied rock s h o w a w i d e r a n g e of r o c k p rope r t i e s encoun te red 

o n the s i tes , w h i c h d e p e n d o n the deta i ls of the va r i ab le geo log i c and h y d r o g e o l o g i c charac ter i s t ics 

of the di f ferent s i tes , d e p e n d i n g o n the h i s to ry of the geo tec ton ic d e v e l o p m e n t of the sites and the 

phys i ca l p rope r t i e s of the l imes tone r o c k s . T h e s e charac te r i s t i cs g o v e r n to s o m e ex ten t the choice 

of g r o u t i n g m e t h o d s , the se lec t ion of ma te r i a l s , and the d e p t h and ex ten t of the cu r t a in . 

T h e e x p e r i e n c e of the l ead ing exp lo ra t i on and des ign t eams is d o m i n a n t for the se lec t ion of g rou t 

c o m p o u n d s , a r r a n g e m e n t of g r o u t h o l e s , and sa tu ra t ion c r i te r ia . Di f fe ren t a p p r o a c h e s h a v e led to 
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sat isfactory final resu l t s . T h e e x a m p l e s of the P e r u c a and Sk lope d a m s i l lust ra te that ve ry d e e p ho les 

can b e g r o u t e d u p to 2 0 0 m f rom the g r o u n d sur face . C e m e n t c o n s u m p t i o n w a s r e d u c e d to a min i -

m u m b y u s i n g a h i g h p r o p o r t i o n of local c lay for the p r e p a r a t i o n of g r o u t c o m p o u n d s , and the clay 

and g a u g e filling in s o m e par t s of the f issures . V o i d s and cavi t ies can b e p e r m a n e n t l y s tabi l ized b y 

the injected g r o u t w i t h o u t expens ive c lean ing and rep lac ing b y c o n c r e t e , and thus the filling can b e 

conso l ida ted and inco rpo ra t ed in to the cur ta in . In the e x a m p l e s of K e b a n and K a o L a e m d a m s a sub-

stant ial l eng th of ga l le r ies w e r e excava ted in the cen te r l ine of the cu r t a in , so that the l eng th of the 

injected ho les w a s r e d u c e d to less than 2 0 m , and in the case of the K e b a n D a m a l o w inject ion p ress -

u r e w a s speci f ied . M a n y of the l a rge r f issures w e r e excava ted f rom the ga l le r ies and t rea ted wi th 

m o r t a r , o r p l u g g e d b y p lac ing conc re t e o r d i a p h r a g m wa l l s . In s o m e cases such d i rec t m e t h o d s of 

t rea t ing ve ry p e r v i o u s and c a v e r n o u s zones m a y b e jus t i f ied , b u t the less expens ive m e t h o d s of g rou t -

ing shou ld b e tes ted be fo re they a re d i sca rded in the des ign . 

Cons t ruc t i ng a g r o u t cu r t a in in kars t i f ied rock is a ve ry difficult u n d e r t a k i n g full of poss ib le u n -

expec ted and d i sappo in t ing d i scover ies du r ing the d e v e l o p m e n t of p ro jec t . C o m p e t e n t des ign and 

site eng inee r s m u s t b e a w a r e of the need to u s e f lexible in te rp re ta t ions , and to adap t the course of 

w o r k to any u n e x p e c t e d local cond i t ions . 

6 . 6 2 G r o u t c u r t a i n s i n d i v e r s e r o c k s 

A l t h o u g h it is still a c o m p l e x u n d e r t a k i n g , g rou t ing of o the r types of r ock is m u c h less compl i -

ca ted and u n e x p e c t e d site cond i t ions s e l d o m ar ise p r o v i d e d the exp lo ra t i on p r o g r a m is careful ly 

p r e p a r e d and ca r r i ed ou t . T w o e x a m p l e s wil l i l lus t ra te the g rea te r p red ic tab i l i ty of the site cond i -

t ions . 

Grout curtain through masonry of the Aswan Dam on the Nile 

T h e case r e c o r d of g r o u t i n g the m a s o n r y of the A s w a n D a m o n the Ni l e is in te res t ing , b e c a u s e a 

de ta i led and careful r eco rd of the effect of g rou t ing o n the uplif t and the pe rco la t ion t h rough the d a m 

m a s o n r y p r o v i d e s a rea l p i c tu re of the effect ach ieved b y g r o u t i n g . 

T h e m a s o n r y A s w a n D a m is 3 4 m h i g h and 1982 m l o n g . It w a s cons t ruc ted in 1900 as the first 

d a m for the r egu la t ion of the N i l e f low for m o r e efficient i r r iga t ion of the ferti le agr icu l tu ra l land 

in the N i l e V a l l e y . L a t e r o n it was ra ised to 39 m,and even tua l ly to 4 8 m . It is bu i l t of g ran i t e b locks 

and f lagstones set in c e m e n t m o r t a r , w h i c h w a s no t sufficiently res is tant to c h e m i c a l co r ros ion and 

leach ing b y the v e r y soft N i l e wa t e r . T h e m o r t a r lost s t reng th and b e c a m e p e r m e a b l e , so that wa te r 

pe rco l a t i on t h r o u g h the m a s o n r y p rogres s ive ly inc reased du r ing the y e a r s . T h e d o w n s t r e a m surface 

of the d a m b e c a m e w e t , w a t e r seeped out of the m a s o n r y leav ing sed imen t s of c a l c i u m ca rbona t e 

l eached ou t of the c e m e n t m o r t a r . 

Af ter careful s tudies and test g r o u t i n g , it w a s dec ided to r e d u c e the pe rmeab i l i t y of the m a s o n r y 

b y inject ing a g r o u t cu r t a in at the u p s t r e a m par t of the d a m sec t ion , as s h o w n in F i g . 6 . 3 4 . T h e w o r k 

s tar ted in 1960 and it w a s c o m p l e t e d late in 1 9 6 1 . 
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F i g . 6 . 3 4 Typical cross section of Aswan Dam and the position of the grout curtain, I and II dam 
construction phases, 1 linear distribution of uplift pressure in the foundation plane, 
2 uplift pressure measured in piezometers, 3 center line of grout curtain 

T h e des ign o f the g r o u t cu r t a in inc luded the fo l lowing feaUires: 

• 2 , 0 0 0 m o f e x p l o r a t i o n dr i l l ing w i t h the ins ta l la t ion o f p i e z o m e t e r s a l o n g the d a m ax i s , 

• 4 9 , 0 0 0 m of ho les injected w i th Po r t l and c e m e n t con ta in ing 2 0 % of K ie se lguh r f rom 

F a y o u m , 

• 100 m of r ed r i l l ing for p e r m e a b i l i t y c h e c k s . 

Al l ho l e s w e r e careful ly dr i l led and c o r e d , co res con ta in ing m o r t a r w e r e ana lyzed in the labora-

to ry , and the resu l t s a r e s h o w n in T a b l e 6 . 8 . T h e a v e r a g e pe rmeab i l i t y of the m a s o n r y was abou t 

35 t imes g r ea t e r t han the o n e of the m o r t a r , so that c lea r w a t e r pe rco la t ed t h r o u g h s eams b e t w e e n 

g ran i t e b l o c k s and the m o r t a r , w h i c h w e r e success ive ly l eached b y the soft N i l e w a t e r , and no t 

t h r o u g h the b u l k of the m o r t a r . T h e pe rmeab i l i t y of the m a s o n r y and the g ran i t e r o c k in its founda-

t ion is p r e s e n t e d in F i g . 6 . 35 (a) for a sec tor of the d a m . T h e pe rmeab i l i t y of the m a s o n r y w a s evalu-

a ted f rom the f low ra te and p r e s s u r e of the injected suspens ion of 1 C : 3 W d u r i n g the first minu tes 

of g r o u t i n g . 
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C o n s t r u c t i o n p h a s e D e s c r i p t i o n of s ample s P rope r t i e s of m o r t a r C o n s t r u c t i o n p h a s e D e s c r i p t i o n of s ample s 

C a C 0 3 con t . 

% 
P o r o s i t y 

% 
Permeab i l i t y 

χ 1 0 " 6c m / s 

Bas ic d a m sec t ion C o m p a c t to p e r m e a b l e 2 - 9 1 8 - 2 3 2 - 3 

F i r s t h e i g h t e n i n g C r u m b l y segrega ted 

par t ly w e a t h e r e d 5 - 7 . 5 1 7 - 1 9 0 . 9 - 5 

S e c o n d he igh t en ing C o m p a c t , ha rd 7 - 9 2 2 - 2 6 1 - 2 

(0) 

(b l 

0 - 1 5 15-40 40-110 >110Kg/m^ 

F i g . 6 . 3 5 Longitudinal section of dam sector 6 - 1 5 , (a) permeability of masonry measured in injected 
3 m long holes, (b) injected cement in the 3 m sections of the holes, 1 bottom sluices 

T h e a v e r a g e resul t s a r e s h o w n in T a b l e 6 . 9 . T h e a v e r a g e pe rmeab i l i t y of sec tors a long the d a m 

leng th r a n g e s b e t w e e n 2 . 5 L U and 8.9 L U . In s o m e sec tors the pe rmeab i l i t y of the founda t ion rock 

T A B L E 6 . 8 . 

P r o p e r t i e s o f m o r t a r in A s w a n d a m 
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w a s m o r e t han 6 L U e v e n to the dep th of 5 0 m , desp i te the severa l m e t e r s th ick sil ty N i l e sed iment 

depos i t ed in front of the d a m . E v i d e n t l y , the silt pa r t i c les a r e t oo smal l to ge t t r apped in the fissures 

of the g r a n i t e . 

T A B L E 6 . 9 . 

A v e r a g e p e r m e a b i l i t y o f A s w a n D a m m a s o n r y a n d founda t ion r o c k 

D e s c r i p t i o n P e r m e a b i l i t y D e s c r i p t i o n 

L U x l 0 " ° c m / s 

F o u n d a t i o n r o c k 5 . 0 7 5 

F i r s t p h a s e of cons t ruc t ion 6 .1 9 1 

F i r s t h e i g h t e n i n g 4 . 7 7 0 

S e c o n d h e i g h t e n i n g 3 . 8 5 7 

T h e charac te r i s t i c s o f the Po r t l and c e m e n t , K i e s e l g u h r and s lag c e m e n t u s e d for g r o u t i n g a re s h o w n 

in T a b l e 6 . 1 0 . In i t ia l ly , 83 % Po r t l and c e m e n t w i t h 17 % K i e s e l g u h r w a s u s e d for g r o u t i n g , la ter on 

it w a s dec ided to u s e on ly s lag c e m e n t f rom the C a i r o C e m e n t F a c t o r y . 

T A B L E 6 . 1 0 . 

C o m p o s i t i o n o f c e m e n t s and K i e s e l g u h r u s e d for g r o u t i n g 

D e s c r i p t i o n Po r t l and c e m e n t Slag c e m e n t K ie se lguh r 

Speci f ic sur face c m / g 2 , 8 8 0 3 , 1 0 0 -

S1O2 con ten t % 2 1 . 2 2 4 . 3 3 7 . 6 

A l 2 0 3 + F e 2 0 3 con ten t % 8 .8 10 .0 15 .0 

C a O c o n t e n t % 6 3 . 4 5 9 . 6 2 2 . 6 

M a x i m u m g ra in s ize m m - - 0 . 0 3 

R e s i d u e % 6 .4 6 .1 2 4 . 8 

T h e m i x i n g ra t io of the suspens ions w a s f rom 1 C : 3 W to 1 C : 0 . 6 W p r e p a r e d in h i g h tu rbu lence 

m i x e r s f rom w h i c h it d i rec t ly w a s suppl ied to the in jec t ion p u m p w h i c h had a m a n o m e t e r and a p r e s -

su re r e c o r d e r . T h e m o v a b l e m i x i n g and p u m p i n g un i t is s h o w n in F i g . 6 . 3 6 . 
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F i g . 6 . 3 6 Movable mixing and injection unit on the dam crest 

T h e inject ion p r e s s u r e w a s def ined acco rd ing to the dep th of ho le s as fo l lows : 

• 15 to 2 0 b a r in the r o c k founda t ion ; 

• 10 to 15 b a r in m a s o n r y u p to e leva t ion 1 0 8 . 5 0 ; 

• 5 b a r to the final c res t e leva t ion ; 

• 3 b a r at e l eva t ions of the first and the second p h a s e d a m cres t . 

T h e sa tu ra t ion p r e s s u r e w a s r educed if ou tb reaks of g r o u t o c c u r r e d , o r if sa tu ra t ion w a s no t o b -

ta ined after 5 0 0 k g / m c e m e n t w a s injected. T h e sa tura t ion c r i t e r ion w a s fixed as less o r equa l to 10 

k g c e m e n t injected d u r i n g 3 0 m i n at a specif ied p r e s s u r e . 

In ject ion ho les w e r e dr i l led to the b o t t o m , f lushed w i t h w a t e r u n d e r 5 b a r p r e s s u r e , t hen injected 

f rom b o t t o m u p in 3 m l o n g sec t ions . Spl i t spac ing w a s adop ted in th ree se ts , p r i m a r y ho le s at 7 . 0 m , 

s e c o n d a r y ho les a t 3 .5 m and ter t iary ho les at 1.75 m spaced cen t e r s . 

T h e g r o u t i n g resul t s of 7 . 0 m long d a m sec t ions w e r e e l abora ted s ta t is t ical ly . T h e resul t s for e v e r y 

3 . 0 m long sec t ion of injected ho les for d a m sec tors 6 - 15 a re p re sen t ed in F i g . 6 . 3 5 . T h e z o n e of 

h i g h pe rmeab i l i t y a l so had a l a rge c e m e n t take u p to e leva t ion 1 0 8 . 5 . T h e c e m e n t take a b o v e this 

e leva t ion s e l d o m e x c e e d e d 4 0 k g / m , because it w a s g rou t ed at a l o w p r e s s u r e . T h e effect of syste-

mat i c spli t spac ing the d i s t ance of injected ho le s o n the c o n s u m p t i o n is ev iden t f r o m the da ta in T a b l e 

6 . 1 1 . 
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T A B L E 6 . 1 1 

A v e r a g e g r o u t c o n s u m p t i o n in subsequen t sets of ho le s 

Set of ho l e s g r o u t t ake 

k g / m 

ra t io 

P r i m a r y ho le s 9 2 1.00 

S e c o n d a r y ho le s 5 8 0 . 6 3 

T e r t i a r y ho le s 3 6 0 . 3 9 

T h e resu l t o f g r o u t i n g w a s ev iden t v isua l ly w h e n z o n e s of s eepage o n the d o w n s t r e a m d a m face 

b e c a m e d r y o r on ly s l ight ly we t after g r o u t i n g w a s c o m p l e t e d . T h e E n g i n e e r expec ted however , tha t 

the w a t e r leve l in the p i e z o m e t e r s d o w n s t r e a m of the cu r t a in w o u l d d r o p to the r ive r w a t e r level 

d o w n s t r e a m of the d a m . S ince this w a s no t the ca se , it w a s a r g u e d that g r o u t i n g w a s no t successful . 

In o r d e r to d e m o n s t r a t e the poss ib le effect of the cu r t a in o n the p i e z o m e t e r r ead ings in the founda-

t ion p l a n e of the d a m , the theore t ica l f low nets of pe rco l a t i on t h r o u g h a typica l d a m sec t ion ,wi th 

and w i t h o u t the g r o u t cu r t a in w e r e c o m p u t e d . It w a s a s s u m e d that the g r o u t e d z o n e w a s 3 , 0 m thick 

and that its p e r m e a b i l i t y w a s r e d u c e d b y o n e o r d e r of m a g n i t u d e . T h e resul ts of the c o m p u t a t i o n are 

s h o w n in F i g . 6 . 3 7 . T h e po ten t ia l head in the p i e z o m e t e r be fo re g r o u t i n g w o u l d b e r u = 4 . 2 / 6 = 

0 . 7 0 Η , and after g r o u t i n g the cu r t a in it w o u l d b e r e d u c e d to r g = 2 . 5 / 6 = 0 . 4 2 H . T h u s , t h e the-

ore t ica l h e a d eff ic iency of the cu r t a in is Eh = 1 - r g / r u = 0 . 4 . 

(a ] l b ] 

k 3 = 0.1 k i 

k = o 

F i g . 6 . 3 7 Theoretical flow nets through a homogeneous section of Aswan Dam, (a) before grouting the 
curtain, (b) with grout curtain 
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T h e seepage f low c a n b e c o m p u t e d f rom the f low nets b y the exp re s s ion Q = H k f/n, w h e r e f/n 

is the ra t io of f low channe l s to head d rops o f the f low ne t . T h e ra t io of pe r co l a t i on f low wi thou t and 

wi th a g r o u t cu r t a in is Q u/ Q g = f/n = 7 . 2 / 3 . 8 = 0 . 5 3 . T h e effect of the cu r t a in o n pe rco l a t i on was 

c lear ly v is ib le o n the d o w n s t r e a m d a m face, w h i c h w a s d r y a l m o s t e v e r y w h e r e after g r o u t i n g . T h e 

stat ist ical e l abo ra t ion of the p o r e p re s su re ra t ios r u f rom all p i e z o m e t e r r ead ings be fo re and after 

g rou t ing is s h o w n in F i g . 6 . 3 8 , w h i c h c lear ly indica tes that the g r o u t cu r t a in t h r o u g h the d a m ma-

sonry has a p r o n o u n c e d effect o n the p o r e p r e s su re in the founda t ion p l a n e . 

F i g . 6 . 3 8 Incidence of pressure head ratio r u in piezometers, 1 before grouting, 2 with a grout curtain 
through the dam masonry 

It c a n b e c o n c l u d e d that the g r o u t cur ta in in the A s w a n D a m m a s o n r y and in the founda t ion had a 

benef ic ia l effect in r e d u c i n g pe rco la t ion ra te and l each ing , and it i nc reased the safety b y eff iciently 

l o w e r i n g the uplif t in the founda t ion p l a n e . 

Asfantas Dam grout curtain in Flysh 

T h e e m b a n k m e n t d a m As lan tas w a s cons t ruc ted o n the C e i h a n R i v e r N o r t h of A d a n a in T u r k e y . 

It is a 9 6 m h i g h e m b a n k m e n t d a m , the r e se rvo i r has a v o l u m e of 1,746 mi l l ion m for the i r r iga t ion 

of the ferti le A d a n a p la in . T h e r eg ion a r o u n d the d a m cons is t s of F l y s h b e d s of E o c e n e a g e , covered 

o n the sur face b y a s lab of lava , w h i c h w a s e r o d e d b y the r ive r , so that the d a m is founded on ly o n 

F l y s h b e d s . T h e F l y s h beds cons is t of th ick silts tone beds of l o w pe rmeab i l i t y i n t e rbedded wi th thin-

ne r layers of br i t t le j o i n t e d sands tone , w h i c h a re ve ry p e r v i o u s . T h e pe rmeab i l i t y of the fo rmat ion 

is gene ra l ly l o w , e v e n in the fault z o n e s . T h e geo log ic sec t ion is s h o w n in F i g . 6 . 3 9 . 
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2 | ΐ " ± Γ - | 3 

Fig . 6.39 Longitudinal section along the grout curtain axis of Aslantas Dam, 1 siltstone, 2 siltstone 
interlayered with up to 40 cm thick sandstone beds, 3 conglomerate, 4 boundaries of grout 
curtain, 5 grouting and injection galleries 

T h e d e s i g n o f the g r o u t cu r t a in w a s ba sed o n the resul t s of v e r y de ta i led exp lo ra t ions and invest i -

g a t i o n s , a n d o n a g r o u t i n g test p lo t . T h e cu r t a in cons i s t s o f a s ing le r o w o f injected h o l e s , wh ich 

w e r e dr i l l ed f r o m the sur face of the excava t ed founda t ion t r ench for the c o r e of the d a m . T h e sur-

face o f the t r e n c h w a s p r o v i d e d w i t h a 7 5 c m th ick conc re t e s l ab , as s h o w n in F i g . 6 . 4 0 . 

Before in jec t ing the m a i n ho le s of the cu r t a in , t w o r o w s of conso l ida t ion g r o u t ho les 7 . 5 m and 15 

m d e e p , 2 . 2 5 and 0 . 7 5 m u p s t r e a m and d o w n s t r e a m of the cen te r l ine of the cu r t a in w e r e g rou ted . 

T w o sets of ho le s w e r e g r o u t e d , p r i m a r i e s w i t h 6 .0 m spaced cen t e r s , and secondar i e s b e t w e e n t hem. 

In s o m e loca t ions c h e c k ho le s at 1.5 m spac ing w e r e a d d e d . T h e cur ta in is 4 0 to 5 0 m d e e p f rom the 

founda t ion p l a n e . T h e g r o u n d w a t e r con ta ins a l a rge a m o u n t of sul fa tes , so that sulfate res is tant ce -

m e n t f r o m a loca l fac tory , w i t h 2 - 3 % b en ton i t e for s tabi l i ty , w a s u s e d for the g r o u t suspens ions . 

T h e m i x i n g ra t io o f the suspens ions w a s 1 C : 3 W , 1 C : 2 W and 1 C : 1 W . T h e inject ion p re s su re was 

re la t ive ly l o w , b e c a u s e the r a the r l a rge f issures in the s ands tone b e d s had to b e injected on ly , avo id-

ing h y d r a u l i c f r acmr ing of the soft s i l t s tone b e d s . T h e inject ion p r e s s u r e s w e r e dr i l led to the b o t t o m 

and t hen g r o u t e d u p h o l e in 5 m long s t ages . In jec t ion of all the ho les w a s s tar ted w i t h the 1 C : 3 W 

suspens ion , t hen the th i cke r m i x 1 C : 2 W w a s injected unt i l the g r o u t t ake r e a c h e d b e t w e e n 150 k g / m 

to 2 0 0 k g / m , t h e n the I C : 1 W m i x w a s injected if n e e d e d . T h e s a m r a t i o n c r i te r ia r equ i r ed that not 

m o r e tha t 3 0 1 of the th innes t m i x is injected du r ing the last 3 0 m i n at the specif ied p r e s s u r e . T h e 

cu r t a in w a s c o n s i d e r e d to b e c losed w h e n the c e m e n t take in s e c o n d a r y ho le s w a s less than 25 k g / m . 

O t h e r w i s e c h e c k ho l e s w e r e a d d e d . T h e m e a s u r e d pe rmeab i l i t y h a d to b e less than 3 L U . T h e ex-

tent of w o r k d o n e for this cu r t a in is as fo l lows : 
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F i g . 6 . 4 0 Aslantas Dam, concrete slab in the 
foundation trench and grouting 
standpipe 

Sur face of the w h o l e cur ta in 4 0 , 6 0 0 m 

To ta l l eng th of ho les 2 8 , 4 0 0 m 

Specif ic dr i l l ing l eng th 0 . 7 0 m / m 

To ta l c e m e n t injected 1,400 t 

Specif ic g r o u t take 39 k g / m 

(34 k g / m 2) 

T h e resul ts of a de ta i led stat ist ical e l abora t ion of the w a t e r p r e s su re tests and the c e m e n t take in the 

m i d d l e r o w of the injected ho les is s h o w n in F i g . 6 . 4 1 . It is ev iden t that the pe rmeab i l i t y of the for-

ma t ions w a s gene ra l ly l o w , and that the inject ion w a s ve ry efficient . 

6.63 Grout curtains in alluvial soils 

T h e first l a rge a l luvia l g rou t ing for a cutoff cu r ta in u n d e r an e m b a n k m e n t d a m w a s the o n e for the 

130 m h i g h Se r r e P o n ç o n D a m o n the r ive r D u r a n c e in F r a n c e , w h e r e the s leeve g rou t ing m e t h o d 

( tube à manche t t e s ) w a s appl ied for the first t ime o n a l a rge scale in a 100 m d e e p g r ave l depos i t . 
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F i g . 6 . 4 1 Aslantas Dam, statistical elaboration of grouting results, (a) percent of stages by cement take, 
1 average of all holes, 2 average secondary holes, (b) permeability, 1 in exploration holes, 
2 in last set of injected holes 

T h i s m e t h o d , w h i c h is v e r y expens ive and r equ i r e s ve ry e x p e r i e n c e d g rou t ing p e r s o n n e l w a s not 

so of ten u s e d s ince then b e c a u s e the d i a p h r a g m w a l l , first d e v e l o p e d as a wa l l of in te rsec ted pi les 

and t hen as a c o n t i n u o u s wa l l of r e in forced c o n c r e t e , p l a in c o n c r e t e o r c lay conc re t e w h i c h is often 

p re fe r r ed to g r o u t i n g , p r o v e d to b e c h e a p e r and the resu l t s c a n b e be t t e r con t ro l l ed . Neve r the l e s s , 

it is in te res t ing to p r e s e n t deta i l s of s o m e execu t ed g r o u t cu r ta ins in a l luvia l b e d s . 

Sadd el Aali Dam grout curtain in the Nile alluvium 

T h e S a d d el Aa l i D a m o n the Ni l e w a s cons t ruc t ed a b o u t 4 k m u p s t r e a m of the A s w a n D a m . It 

r i ses the N i l e leve l 100 m a b o v e the va l ley b o t t o m . T h e N a s s e r L a k e u p s t r e a m the d a m is 4 0 0 k m 

long a n d r eaches in to S u d a n at W a d i Ha i fa . T h e a l luvia l founda t ion is a b o u t 125 m th ick and con-

sists of sand and s andy silt b e d s abou t 45 m th ick , s andy c lay and c l ayey s ands tone b e d s over l ay ing 

the g ran i t e b a s e r o c k . T h e d a m founda t ion has th ree l ines of defense aga ins t e r o s i o n b y seepage 

w a t e r , as s h o w n in F i g . 6 . 4 2 : 
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980 

Fig . 6.42 Cross section of the Sadd el Aali Dam on the Nile, 1 upstream clay blanket, 2 blanket of silty 
river sediment, 3 clay core, 4 grout curtain, 5 two lines of drainage wells, 6 hydraulically 
placed sand, 7 rockfill hydraulically sluiced with sand, 8 rockfill, 9 hydraulically placed 
medium and coarse sand 

• an u p s t r e a m b l anke t of c o m p a c t e d c lay (1) and of na tu ra l silty r ive r depos i t (2 ) ; 

• a g r o u t cu r t a in (4) injected t h r o u g h hydrau l i ca l ly p l aced se lec ted coa r se and m e d i u m sand 

and t h r o u g h the r ive r a l l u v i u m d o w n to the g ran i t e r ock b a s e ; 

• t w o l ines of d r a i n a g e we l l s , (5) 75 and 5 0 m d e e p , b e l o w the r ive r b e d u n d e r the d o w n -

s t r e a m toe of the d a m . 

E a c h of these defense l ines w o u l d b e sufficient for safety aga ins t e ros ion b y s e e p a g e w a t e r , bu t it 

was cons ide red neces sa ry to t r ip le the safety a r r a n g e m e n t s aga ins t e ro s ion , b e c a u s e of the vital im-

p o r t a n c e re la ted to the safety of this l a rge s t ruc ture for the e c o n o m y and life in E g y p t . A ca tas t rophe 

of the Sadd el Aal i D a m w o u l d m e a n the end of c iv i l iza t ion in the Ni l e Va l l ey f rom the d a m to the 

M e d i t e r r a n e a n . 

T h e g r o u t cu r t a in t h r o u g h the a l luvia l b e d s cons is t s of t w o sets of equ id i s tan t ho le s w i th cen te r 

spac ings of 5 . 0 and 2 . 5 m respec t ive ly . T h e u p p e r z o n e of the cu r t a in t h r o u g h the hydrau l i ca l ly 

p l aced sand l aye r and the a l luvia l sand bed is 5 3 m d e e p and 4 0 m w i d e , t h r o u g h the sil ty sand the 

w id t h is 3 0 m and t h r o u g h the sandy c lay and sands tone to and in the g ran i t e it is 5 . 0 m w i d e . T h e 

total d e p t h of the cur ta in is 245 m , ou t of w h i c h abou t 2 1 0 m w a s g rou t ed t h r o u g h p laced sand and 

a l l u v i u m . T h e a r ea of the cur ta in is 6 0 , 0 0 0 m and the v o l u m e of the injected soil w a s abou t 

1 ,670 ,000 m . T h e l eng th of the injected ho les in the a l l u v i u m w a s 3 8 8 , 0 0 0 m , and inject ion p ipes 

w i th 5 8 0 , 0 0 0 r u b b e r s leeves w e r e instal led in these h o l e s . G r o u t suspens ions cons i s ted of c e m e n t 

and c lay , s tabi l ized w i th s o d i u m p h o s p h a t e , in the ra t ios of 1 C : 0 . 6 C L : 1 . 3 W , 1 C : 3 C L : 7 . 2 W and 

1 C : 4 C L : 1 0 W , c lay suspens ions s tabi l ized w i th s o d i u m si l icate in the ra t ios 1 C : 4 C L : 1 0 W , c lay sus-

pens ions s tabi l ized w i th s o d i u m si l icate in the ra t ios 1 C L : 1 . 4 W , ben ton i t e suspens ions wi th s o d i u m 

si l icate in the ra t io 1 B : 7 W , and finally s o d i u m si l icate in the m i x i n g ra t io 1 S I : 1 . 2 W w i t h a lumina te 

r eac t ive , the gel t ime of w h i c h w a s 3 0 - 6 0 m i n . 
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In the cen t ra l b a t c h i n g s ta t ion , suspens ions of s tabi l ized c lay and ben ton i t e w e r e p r e p a r e d in h igh 
3 

t u rbu l ence m i x e r s and s tored in ag i ta to rs w i t h a v o l u m e of 3 0 0 m , and the s i l icate so lu t ion was 

s to red in 3 0 0 m r e s e r v o i r s . F r o m the cen t ra l s ta t ion , the suspens ions and the s i l icate so lu t ion w e r e 

p u m p e d to fully a u t o m a t e d g r o u t i n g s ta t ions u p to 3 k m a w a y , w h e r e c e m e n t , w a t e r and chemica l s 

w e r e a d d e d in o r d e r to p r e p a r e the n e e d e d g r o u t suspens ions w h i c h w e r e m i x e d and fed to the in-

j e c t i o n p u m p s . T h e m a x i m u m m o n t h l y ou tpu t of the ins ta l la t ion w a s : 

• 1 5 , 7 0 0 m of dr i l l ing in the a l l u v i u m ; 

• 2 0 , 7 0 0 s leeves ins ta l led; 

• 3 5 , 0 0 0 m of suspens ions m i x e d ; 

• 9 8 , 0 0 0 m 3 o f soil in jected. 
3 

A total of 6 4 0 , 0 0 0 m of suspens ions and so lu t ions w e r e in jec ted , ou t of w h i c h 2 7 % w e r e c e m e n t 

- c l ay , 4 8 % c lay , 12 % ben ton i t e and 13 % s o d i u m si l icate so lu t ions . T h e pe rmeab i l i t y checks p r o v e d 

that the ini t ial p e r m e a b i l i t y of the b e d s w a s r e d u c e d to 1/200 - 1 / 2 5 0 of the o r ig ina l va lue . T h e w h o l e 

P ro jec t w a s c o m p l e t e d wi th in 4 y e a r s . 

Asprokremmos Dam alluvial grouting around concrete diaphragm wall 

T h e A s p r o k r e m m o s D a m o n the X e r o p o t a m o s r ive r o n C y p r u s is a 6 0 m h i g h e m b a n k m e n t of gra-

vel w i t h a cen t ra l c lay c o r e , founded o n 3 0 m th ick v e r y p e r m e a b l e a l luv ia l g r ave l b e d s . T h e cutoff 

t h r o u g h the a l luv ia l g rave l is a re in forced conc re t e d i a p h r a g m wa l l 80 c m th ick , 180 m long and u p 

to 2 8 m d e e p , and its sur face is 3 , 1 8 2 m . It had to b e k e y e d a b o u t 1.0 m d e e p in to the u n d e r l y i n g 

i m p e r m e a b l e m a r l y b e d s . 

W h e n the wa l l w a s c o m p l e t e d , it w a s d i s cove red that s o m e jo in t s b e t w e e n the pane l s con ta ined a 

s andy ma te r i a l w h i c h cou ld h a v e b e e n e r o d e d u n d e r the p r e s s u r e of the i m p o u n d e d wa te r . It was 

a l so found tha t the pane l s w e r e n o t p r o p e r l y k e y e d in to the b e d r o c k . O u t of 37 exp lo ra t i on holes 

dr i l led t h r o u g h the p a n e l s , in s even ho les on ly the b o t t o m of the d i a p h r a g m w a s p r o p e r l y in contac t 

w i th the b e d r o c k . T h e res t of the ho le s h a d a g a p filled w i th a g rave l ly s andy ma te r i a l f rom 10 c m 

to m o r e t han 4 0 c m th ick . In o r d e r to p r e v e n t the poss ib le e ro s ion of the a l luvia l ma te r i a l f rom the 

g a p , w h i c h h a d a total a r ea of 17 m , it w a s dec ided to g r o u t the a l luvia l ma te r i a l in front and par t ly 

d o w n s t r e a m of the wa l l w i t h c e m e n t - b e n t o n i t e suspens ions and wi th s i l icate so lu t ions , as s h o w n in 

F i g . 6 . 4 3 . In add i t ion to z o n e A , the ini t ia l ly fo reseen con tac t g r o u t i n g b e l o w the c lay c o r e founda-

t ion , z o n e s Β and C w e r e injected to p r e v e n t the poss ib le e ro s ion of the no t p r o p e r l y cons t ruc ted 

j o in t s of the wa l l b e t w e e n the p a n e l s , and z o n e s C and D to p r e v e n t e ro s ion f rom u n d e r the b o t t o m 

of the pane l s w h i c h w e r e n o t p r o p e r l y k e y e d in to the b e d r o c k . Z o n e D w a s p r o v i d e d a l so to s t reng then 

the res i s t ance of the a l luvia l ma te r i a l in o r d e r to p r o v i d e sufficient ho r i zon ta l suppor t to the b o t t o m 

of the pane l s w h i c h w e r e no t k e y e d in to rock . 

T h e tube à m a n c h e t t e g r o u t i n g m e t h o d w a s u s e d to inject the a l l u v i u m . T h e Ρ V C m a n c h e t t e p ipes 

of 38 m m I D w e r e ins ta l led in to 9 6 m m b o r e h o l e s . T h e y h a d pe r fo ra t ions c o v e r e d b y r u b b e r s leeves 

at e v e r y 5 0 c m , as s h o w n in F i g . 4 . 2 7 . T h e s leeve g r o u t cons i s ted of 1 C : 2 B : 2 W . T h e total l ength 

of the s l eeve p ipes a m o u n t e d to 3 6 , 0 0 0 m . 
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F i g . 6 . 4 3 Cross section through the Asprokremmos Dam foundation, 1 reinforced concrete diaphragm 
wall, 2 control gallery, A, Β and C zones injected with cement-bentonite and silicate, D zone 
injected with cement suspensions 

Z o n e s A , Β and C w e r e injected f rom ho les spaced 1.40 m . F i r s t all s leeves in the ex te rna l r o w 

w e r e injected w i th a suspens ion of 1 C : 0 . 0 5 B : 2 W , w h i c h g ives 2 . 3 2 m of suspens ion p e r ton of ce -

m e n t . T h e n , e v e r y s econd s leeve of the i nne r ho le s w a s injected d o w n the h o l e w i t h a p r e s su re of 

0 . 4 5 b a r p e r m e t e r to a l imi t of 7 0 0 1 p e r m a n c h e t t e . If the specif ied in ject ion p r e s s u r e w a s no t 

ach ieved at this v o l u m e of injected g rou t , the n e i g h b o r i n g u p p e r and l o w e r m a n c h e t t e s w e r e a lso in-

j e c t e d w i th the s a m e suspens ion . In jec t ion w a s s topped w h e n the f low w a s less than 8 l / m i n . T h e re -

m a i n i n g m a n c h e t t e s w e r e injected w i th a s i l icate so lu t ion c o m p o s e d of: 

• 5 2 2 pa r t s b y w e i g h t of s o d i u m si l icate M 7 5 ; 

• 12 pa r t s of s o d i u m a lumina t e ; 

• 6 0 4 par t s of wa t e r . 

T h e ge l t ime w a s 3 0 to 6 0 minu te s the inject ion p r e s su r e w a s 0 . 7 5 b a r p e r m e t e r of o v e r b u r d e n , 

and the injected quan t i ty w a s l imi ted to 1,250 l i ters p e r m a n c h e t t e . W h e n the sa tu ra t ion p ressure 

w a s no t r eached wi th this quan t i ty , the n e i g h b o r i n g u p p e r and l o w e r m a n c h e t t e s w e r e immed ia t e ly 

injected . In jec t ion w a s s topped w h e n the f low w a s less than 6 l i ters p e r m i n u t e . 
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In z o n e D , c e m e n t suspens ions of I C : 1 W w e r e u s e d , and it w a s specif ied to inject 2 -3 t / m of ce-

m e n t . T h e ho le s cen te r s w e r e spaced at 2 . 5 m in a s ingle l ine 2 m d o w n s t r e a m f rom the face of the 

d i a p h r a g m w a l l . T h e pe rmeab i l i t y of the injected z o n e w a s n o t speci f ied . A total of 6 0 ho les w e r e 

injected o n a l eng th of 150 m . T h e p r e s su re r equ i r ed to inject the specif ied c e m e n t quan t i ty w a s u p 

to 5 0 b a r , w h i c h o b v i o u s l y caused hyd rau l i c f r acmr ing o f the fo rma t ion . F r o m s o m e s leeves the 

g r o u t r e a c h e d as far as the g r o u n d surface f rom a 2 6 m dep th . A total of 4 0 0 t o f c e m e n t was in-

j e c t e d o n 2 4 0 m of s leeve p i p e s , a m o u n t i n g to 1.7 t / m . 

In T a b l e 6 . 1 2 , the ex ten t of w o r k in the z o n e s A , Β and C is s h o w n . 

T A B L E 6 . 1 2 

G r o u t c o m p o u n d c o n s u m p t i o n at A s p r o k r e m m o s D a m a l l u v i u m g r o u t i n g 

Z o n e V o l u m e 

m 3 

C e m e n t 

m 3 

Suspens ion 

m 3 / m 3 

C h e m i c a l g r o u t t total 

m 3 / m 3 

Z o n e V o l u m e 

m 3 

C e m e n t 

m 3 

Suspens ion 

m 3 / m 3 m 3 m 3 / m 3 

total 

m 3 / m 3 

A 1 3 , 8 0 0 1,063 0 . 0 7 7 1,926 0 . 1 4 0 0 . 2 1 7 

Β 4 , 5 1 5 7 5 4 0 . 1 6 7 148 0 . 0 3 3 0 . 1 8 3 

C 5 , 5 0 0 5 9 4 0 . 1 0 8 166 0 . 0 3 0 0 . 1 9 8 

To ta l 2 3 , 7 1 5 2 , 4 1 1 0 . 1 0 2 2 , 2 4 0 0 . 0 9 4 0 . 1 9 6 

1 0 0 % } 

80 i 

F i g . 6 . 4 4 Target specification of permeability ranges, and average results from permeability checks 

T h e ta rge t spec i f ica t ion of pe rmeab i l i t y of the injected g r o u n d is s h o w n in F i g . 6 . 4 4 , a long wi th 

the a c h i e v e d pe rmeab i l i t i e s . T h e a v e r a g e va lues of p e r m e a b i l i t y , s h o w n in T a b l e 6 . 1 3 , w e r e 
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m e a s u r e d t h r o u g h the m a n c h e t t e s of the in ject ion p ipe and t h r o u g h specia l ly dr i l led c h e c k ho le s , 

w h i c h w e r e a l so p r o v i d e d wi th s l eeves . 

F r o m F i g . 6 . 4 4 and T a b l e 6 . 1 3 , it is seen that pe rmeab i l i t y of the injected a l l u v i u m var ied b y one 

o r d e r of m a g n i t u d e in the r a n g e of 1 .10" 4 < k < 1 0 . 1 0 " 4 c m / s , and be t t e r resul t s than the ta rge t spe-

ci f icat ion w e r e a c h i e v e d . 

T A B L E 6 . 1 3 

S u m m a r y of pe rmeab i l i t y checks of g rou t ed a l l u v i u m 

Z o n e N o . o f tes ted 

s leeves 

% of ho les R a n g e of pe rmeab i l i t y 1Ö 4 c m / s Z o n e N o . o f tes ted 

s leeves 

% of ho les 

< 1 1 - 5 5 - 1 0 > 1 0 

Z o n e N o . o f tes ted 

s leeves 

% of ho les 

N o . % N o . % N o . % N o . % 

A 2 8 0 5 .5 2 1 1 7 5 . 4 3 4 12 .1 2 4 8 .6 11 4 . 0 

Β 82 2 1 . 0 65 7 9 . 2 11 1 3 . 4 6 7 . 4 - -

C 100 12 .4 84 8 4 . 0 10 10 .0 5 5 5 . 0 1 1.0 

la) 

F i g . 6 . 4 5 Asprokremmos Dam, (a) registered ground water levels, 1 reservoir level, 2 piezometer 
levels A, B, (b) location of foundation piezometers A, Β and C 
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T h e stat is t ical e l abo ra t i on of the g r o u t i n g resul t s has s h o w n that be t t e r a v e r a g e resul t s w e r e o b -

ta ined u p s t r e a m of the w a l l , w h e r e d e e p e r m a n c h e t t e s w e r e injected at a h i g h e r p r e s s u r e , w h i c h a lso 

accoun t s for the be t t e r a v e r a g e s in z o n e C . 

It is in te res t ing to n o t e that desp i te the r a the r in tense g r o u t i n g w i t h 1.5 m of ho le s p e r m 3 of g r o u n d , 

w i t h a c o n s u m p t i o n of 1 0 0 1 / m 3 of c e m e n t suspens ion (44 k g / m 3 c e m e n t ) and of 9 4 1 / m 3 si l icate sol-

u t i o n , the a v e r a g e p e r m e a b i l i t y after g r o u t i n g w a s m o r e than k = 1 .10" 4 c m / s ( abou t 8 L U ) and the 

specif ic cos t w a s a b o u t 125 U S $ p e r m of injected g r o u n d . 

T h e resu l t s f r o m g r o u n d w a t e r obse rva t i on in p i e z o m e t e r s u p s t r e a m and d o w n s t r e a m of the dia-

p h r a g m wa l l after fi l l ing the r e se rvo i r a re s h o w n in F i g . 6 . 4 5 for a m a x i m u m h e a d d i f ference of 59 

m . T h e p r e s s u r e in the u p s t r e a m p i e z o m e t e r s c lose ly fo l lowed the d e v e l o p m e n t o f the r e se rvo i r l eve l , 

wh i l e the d o w n s t r e a m p r e s s u r e fo l lowed the d o w n s t r e a m w a t e r l eve l , ind ica t ing a t ight cutoff. 

Grouting for prevention of sea water intrusion in brackish sources 

A la rge a m o u n t o f ra infal l in the D i n a r i c Kar s t d ra ins t h r o u g h the p e r m e a b l e kars t i f ied l imes tone 

to s u b m a r i n e s o u r c e s , o r n e a r the sea leve l a long the Adr i a t i c C o a s t , and it is a n i m p o r t a n t con t r ibu-

t ion to the w a t e r supp ly of the d ry coas ta l a r ea and the i s l ands . M a n y of these sou rces a r e b rack i sh 

d u e to the i n t rus ion o f sea w a t e r , espec ia l ly d u r i n g h i g h t ide cyc l e s . In s o m e cases this can be 

p r e v e n t e d b y in ject ing an app rop r i a t e ly loca ted g r o u t cu r t a in . 

A n e x a m p l e of a successful i n t e rven t ion of this k ind is the g r o u p o f sou rces in the Z r n o v i c a Bay 

n e a r N o vi V i n o d o l s k i , w h i c h feed the w a t e r supp ly s y s t e m of the coas ta l r e g i o n of Croa t i a . T h e 

sou rces sp r ing f r o m C r e t a c e o u s l imes tone n e a r the sea leve l and pa r t ly b e l o w it . W h e n the f low is 

l o w and the d e m a n d h i g h , b r a c k i s h w a t e r w i t h u p to 2 . 0 0 0 p p m s o d i u m ch lo r ide seeps in and m a k e s 

the w a t e r unsu i t ab l e for d r i n k i n g (Pav l in , 1978) . C o l o r i n g tests p r o v e d that ra infal l f rom the h ighe r 

ka r s t h o r i z o n in G o r s k i K o t a r (about 7 0 0 m a b o v e the sea level ) d ra ins in to the sou rces at Z r n o v n i -

ca n e a r N o v i V i n o d o l s k i , and Z m i n c i n e a r B a k a r a c , s o m e 3 0 k m to the N o r t h W e s t . T h e sources are 

loca ted at the ends of a d e e p i m p e r m e a b l e b a r r i e r of E o c e n e F l y s h , w h i c h obs t ruc t s pe rco la t ion f rom 

the p e r m e a b l e l i m e s t o n e t o w a r d the sea . C o l o r i n g tests a t the b a c k of the Z r n o v n i c a sou rces h a v e 

de tec ted the g r o u n d w a t e r f low as s h o w n in F i g . 6 . 4 6 . De ta i l ed inves t iga t ions and exp lo ra t ions w h i c h 

w e r e ca r r i ed ou t h a v e s h o w n that inf i l t ra t ion of sea w a t e r in to the sou rces c a n b e p r e v e n t e d b y a 

g r o u t cu r t a in in front of t h e m (F ig . 6 . 4 6 ) . 

T h e sou theas t e rn end of the g r o u t cu r t a in is w h e r e the g r o u n d w a t e r leve l is p e r m a n e n t l y above 

the t ide sea leve l in f ront of the C a r d a k w a t e r supp ly p u m p i n g s ta t ion . A t the n o r t h w e s t e r n end it 

cu ts the g r o u n d w a t e r cou r se s to the nea re s t s o u r c e s . In the s econd s tage o f the P ro j ec t it was sup-

posed to b e e x t e n d e d to cu t the sources at the en t r ance in to the b a y , in o r d e r to inc rease the supply 

capac i ty of the C a r d a k p u m p i n g s ta t ion . 

F i v e e x p l o r a t i o n dr i l l ho le s w h i c h w e r e 5 0 m d e e p in the l ine of the first s tage of the g r o u t cur ta in 

h a v e s h o w n that the p e r m e a b i l i t y of the l i m e s t o n e on ly at s o m e loca t ions w a s m o r e than 2-3 L U , 

a l t h o u g h it r e a c h e d u p to 2 0 L U at the n o r t h w e s t e r n e n d . 
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l g . 6 . 4 6 Situation of the sources and 
the water supply station in 
the Zrnovnica Bay 

T h e a l luvia l depos i t in the b e d of the c r eek w a s the m o s t p e r m e a b l e . T h e g r o u t cu r t a in injected to 

p r e v e n t the in t rus ion of sea w a t e r in to the fresh w a t e r is s h o w n in F i g . 6 . 4 7 . It is 150 m l o n g , 3 0 m 

d e e p , and a s ingle r o w of ho les w a s injected in to rock at a 5 . 0 m spac ing . 

Fig. 6.47 Longitudinal section of the grout curtain in front of the sources in Zrnovnica Bay 
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O n e u p s t r e a m a n d o n e d o w n s t r e a m r o w s w e r e a d d e d in the a l luv ia l depos i t , in s o m e loca t ions at 

a 1.0 m s p a c i n g . T h e tota l l eng th o f the 5 3 injected ho l e s a m o u n t s to 1 ,260 m ; 1 , 0 0 0 1 of c e m e n t , 

5 3 t of b e n t o n i t e a n d 113 t of sand w e r e in jec ted , a n d the a v e r a g e specif ic c o m p o u n d c o n s u m p t i o n 

w a s 9 2 5 k g / m of in jected h o l e . I n F i g . 6 . 4 7 the specif ic c o n s u m p t i o n p e r m of cu r t a in surface is 

m a r k e d a l o n g the cu r t a in su r face . T h e in jec t ion p r e s s u r e w a s 12 b a r in the g r a v e l , a n d u p to 4 0 b a r 

in the d e e p e r sec t ions in r o c k . T h e g r a v e l w a s in jected t h r o u g h the dr i l l r o d s d o w n s t a g e , and the 

r o c k in 5 m l o n g sec t ions w a s a l so in jected d o w n s t a g e . 

W h e n the g r o u t cu r t a in w a s c o m p l e t e d , the g r o u n d w a t e r leve l ro se in front o f the cu r t a in , the dis-

c h a r g e o f the s o u r c e s w a s r e d u c e d , the capac i ty o f the sou rces w a s subs tan t ia l ly i nc rea sed , and the 

c h l o r i n e c o n t e n t d id n e v e r rise a b o v e 3 0 p p m . T h u s , full success w a s a c h i e v e d . 

6 . 7 P a r a m e t e r s o f v a r i o u s g r o u t c u r t a i n s 

A r e v i e w of the p a r a m e t e r s o f s o m e c o m p l e t e d g r o u t cu r t a ins in va r ious r o c k s m a y b e useful for 

p r e l i m i n a r y e s t ima tes of the h o l e dens i ty a n d the c o n s u m p t i o n of g r o u t c o m p o u n d for the des ign of 

g r o u t cu r t a ins in d i f ferent founda t ion c o n d i t i o n s . D a t a ava i l ab le for g r o u t cu r t a ins in a l luvia l g r o u n d 

a r e a s s e m b l e d in T a b l e 6 . 1 4 . In T a b l e 6 .15 da ta for cu r ta ins in jected in d i f ferent r o c k s a re a s sem-

b l e d . I t is in te res t ing to n o t e tha t the dens i ty o f d r i l l ing for cu r t a ins in l i m e s t o n e a n d d o l o m i t e rocks 

is m o s t l y in t he r a n g e of 0 . 5 m p e r m and the g r o u t t ake is a r o u n d 2 0 0 k g / m . T h e g r o u t t ake is m u c h 

h i g h e r in kars t i f ied l i m e s t o n e , the a v e r a g e b e i n g b e t w e e n 2 0 0 and 6 0 0 k g / m , a n d in o the r rocks the 

c o n s u m p t i o n is m u c h sma l l e r . I t is a l so in te res t ing to n o t e that the dr i l l ing dens i ty in the o ldes t g rou t 

cu r t a ins is m u c h l a rge r than the a v e r a g e . 

T A B L E 6 . 1 4 

P a r a m e t e r s for a l luv ia l g r o u t cur ta ins 

D a m Soi l 

P e r m e a b i l i t y Injected Injected soil Injected 

D a m Soi l be fo re after ho l e s v o l u m e ho les c o m p . D a m Soi l 

c m / s c m / s m m* m / m m 3 / m 3 

S e r r e P o n ç o n , F r a n c e a , b 3 x l 0 " 3 3 x l 0 ' 5 1 7 , 0 0 0 1 0 0 , 0 0 0 0 . 1 7 -

Sy lvens t e in , a 1 0 _ 1- 1 0 " 2 Ι Ο " 4 1 0 , 0 0 0 7 3 , 0 0 0 0 . 1 4 -

F R G e r m a n y b i o " 3- i o - 4 Ι Ο 4 - - - -

M a t t m a r k , b 1 0 " 1 - 10~ 2 3 x l 0 " 5 7 1 , 0 0 0 4 6 0 , 0 0 0 0 . 1 5 -

S w i t z e r l a n d c 1 0 " 2- 1 0 " 3 - - - - -

Sad d el A a l i , E g y p t a , b ΙΟ" 2 4 x l 0 " 5 3 2 8 , 0 0 0 1 , 6 7 0 , 0 0 0 0 . 2 0 0 . 4 5 

A s p r o k r e m m o s , C y p r u s a , b 1 0 " 2- 1 0 " 3 Ι Ο " 4 1 8 , 5 0 0 2 3 , 7 1 5 0 . 7 8 0 . 2 0 

N o t e s : a g r a v e l , 

b s and , 

c g lac ia l t i l l . 
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T A B L E 6 . 1 5 

P a r a m e t e r s f o r s o m e g r o u t c u r t a i n s 

D a m , he igh t m T y p e G e o l o g i e r o c k 

fo rma t ion 

D e p t h 

m 

Injected ho les_ C o n s u m p t i o n D a m , he igh t m T y p e G e o l o g i e r o c k 

fo rma t ion 

D e p t h 

m k m m / m z m i x k g / m z 

I . D i n a r i c K a r s t . Y u g o s l a v i a 

L i v e r o v i c i , 4 9 C A Tr iass ic l imes tone 140 2 9 . 6 0 . 6 6 C : B : S 80 

K r u p a c , w i n g s z o n e 1 C r e t a c e o u s l i m e - 4 3 4 . 3 0 . 4 2 C : S 5 2 8 

z o n e 2 s tone , d o l o m i t e 3 0 2 . 4 0 . 5 7 C : S 3 2 0 

z o n e 3 2 5 4 . 4 0 . 4 7 C : S 127 

S i roka U l i c a , w i n g - C r e t a c e o u s l imes t . 7 5 1 8 . 2 0 . 3 5 0 . 3 C : 0 . 7 C L 2 0 2 

P e r u c a , 6 5 , r igh t R F Cre t aceous l imes t . 2 0 0 6 8 . 0 0 . 5 8 0 . 5 C : 0 . 5 C L 176 

left C re t aceous l imes t . 2 0 0 7 2 . 7 0 . 5 8 0 . 2 5 C : 0 . 7 5 C L 2 4 8 

S k l o p e , 7 8 R F Cre t aceous l imes t . 120 5 5 . 7 0 . 5 9 0 . 6 C : 0 . 4 C L 2 9 0 

R a m a , 100 C F R D Cre t aceous l imes t . 2 0 0 3 2 . 6 0 . 3 8 0 . 9 5 C : 0 . 0 5 B 4 2 

and d o l o m i t e 

Spi l je , 110 R F Tr iass ic & U p p e r 145 9 0 . 5 0 . 4 8 1.0C 2 7 7 

C r e t a c e o u s l imes t . 

K a z a g i n a c D a m , 2 0 R F C r e t a c e o u s l imes t . 126 7 4 . 8 0 . 3 1 0 . 3 C : 0 . 7 C L 4 8 

K a z a g i n a c D a m , wing _ s a m e 80 1 4 . 8 0 . 3 4 0 . 3 C : 0 . 7 C L 3 0 4 

Sinjski P o n o r - s a m e 100 3 1 . 6 0 . 2 5 s a m e 139 

P r o z d r i K o z a - s a m e 80 2 8 . 7 0 . 5 1 s a m e 125 

Met i l j ev ica - s a m e 67 7 . 1 0 . 2 7 s a m e 123 

G o r i c a , 3 0 C G U p p e r C r e t a c e o u s 7 0 8 .7 0 . 4 6 0 . 4 C : 0 . 6 C L 122 

l imes tone 

G r a n c a r e v o , 123 C A Jurass ic l imes tone 129 1 7 . 7 0 . 2 8 0 . 3 3 C : 0 . 6 7 C L 4 9 

I I . K a r s t i f i e d l i m e s t o n e i n o t h e r c o u n t r i e s 

C a m a r a s s a , Spa in C G D o l o m i t i c l imes t . 9 2 5 0 . 0 0 . 1 6 1.0C 6 2 0 

San ta Gius t ina , I ta ly C A De te r io r a t ed 

d o l o m i t e 150 1 0 5 . 0 2 . 2 0 1.0C 80 

Sa l to , I ta ly C A De te r io r a t ed 

l imes tone 104 1 4 . 0 0 . 6 5 1.0C 160 

Cas t i l lon , F r a n c e C A 

r igh t Bedded l imes tone 102 5 .1 0 . 2 1 1.0C 157 

left 2 . 9 0 . 2 9 1.0C 131 

Geniss ia t , F r a n c e C G Cre t aceous sound 

l imes tone 104 4 . 7 0 . 3 0 1.0C 29 

Sau te t , F r a n c e C A s a m e 130 1.6 0 . 3 3 1.0C 155 

C h a r m i n e , F r a n c e Kars t i f ied l imes t . 5 . 0 0 . 1 1 1.0C 2 6 5 

C h a u d a n n e , F r a n c e F i s su red l imes tone 4 . 0 0 . 1 5 1 .0C 4 0 
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A l K a n s e r a , A l g i e r s P o r o u s l i m e s t o n e 1 5 . 0 0 . 2 5 117 

O u e d F o d d a , A lg i e r s C G F i s su red l imes tone 89 9 . 5 0 . 4 3 1.0C 3 0 0 

Q a r a o u n , L e b a n o n C F R D L i m e s t o n e stratif. 9 2 . 0 0 . 5 8 130 

D o k a n , I r aq C A Kars t i f ied d o l o m . 111 1 1 7 . 0 0 . 4 2 1.0C 181 

I I I . O t h e r k i n d s of f o u n d a t i o n r o c k in Y u s o s l a ia 

M o s t e , 5 4 C G Tr iass ic l imes tone 

b r e c c i a 4 9 2 6 . 6 1.0C 3 6 * 

M e d v o d e , 2 5 C G D o l o m i t e , cavernous 4 5 8 .3 1.0C 6 7 * 

Bajer , 15 C G P a l e o z o i c 

s ands tone 2 0 1.7 0 . 7 1 1.0C 8 2 * 

L o k v a r k a , 4 9 R F Pa l eozo i c shis t & 

d o l o m i t e 2 0 5 . 6 1.20 1.0C 1 9 2 * 

K o k i n B r o d , 80 R F T Te r t i a ry ca lc i te -

rous shist 25 1 9 . 8 1.15 0 . 6 5 C : 0 . 3 5 C L 194 

G l o b o c i c a , 9 3 R F T Te r t i a ry stratif. 7 4 2 0 . 4 0 . 4 5 C : 0 . 5 7 C L 2 2 6 * 

l imes tone 

A s w a n D a m , 4 6 

E g y p t M G Gran i t e m a s o n r y 3 0 4 9 . 0 0 . 5 7 1.0C 38 

K e b a n , left r i m R F P a l e o z o i c l i m e -

cu r t a in , T u r k e y s tone 3 0 0 7 6 . 0 0 . 3 4 0 . 9 5 C : 0 . 0 5 B 305 

9 1 0 * 

K a o L a e m , T h a i l a n d C F R D 

u n d e r d a m O r d o v i c i a n sand- 1 7 9 . 0 2 . 6 2 0 . 9 8 C : 0 . 0 2 B 2 0 0 

s tone and shist 

r igh t w i n g P e r m i a n l imes tone 

kars t i f ied 3 8 0 . 0 0 . 7 4 0 . 9 8 C : 0 . 0 2 B 100 

Sidi Y a c o u b , 9 5 m , R F C r e t a c e o u s c lay 

A lg i e r s shist and silt- 2 8 . 0 0 . 6 6 0 . 9 7 C : 0 . 0 3 B 3 7 * 

s tone 25 

A s l a n t a s , 9 6 , T u r k e y R F E o c e n e m a r l and 2 8 . 4 0 . 7 0 0 . 9 8 C : 0 . 0 2 B 4 9 * 

sands tone 34 

N o t e s : C A c o n c r e t e a r c h d a m 

C G conc re t e g rav i ty d a m 

R F rock fill w i th co re 

C F R D conc re t e faced rockfi l l d a m 

A F R D aspha l t faced rockfi l l d a m 

* c o n s u m p t i o n in k g / m of ho le 
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7 . C O N T A C T A N D C O N S O L I D A T I O N G R O U T I N G 

7 . 1 . S c o p e a n d a p p l i c a t i o n of c o n s o l i d a t i o n a n d c o n t a c t g r o u t i n g 

Contact grouting is the p roces s of fil l ing the j o i n t o n the con tac t b e t w e e n the s t ruc tu re and its foun-

da t ion . T h i s c a n b e the in ter face of a c o n c r e t e g rav i ty o r a r c h d a m founda t ion , o r the con tac t j o in t 

b e t w e e n the c o n c r e t e l in ing of a tunne l and the s u r r o u n d i n g r o c k . T h e p u r p o s e o f this k ind of g rou t -

ing is to a c h i e v e a t ight con tac t b e t w e e n the conc re t e s t ruc tu re and the s u r r o u n d i n g r o c k , so that 

they c a n act as a s t ruc tura l en t i ty . Con tac t g rou t ing invo lves on ly the j o i n t and a r o c k z o n e 0 . 5 to 

1.0 m th ick . 

Consolidation grouting i nvo lves a r o c k z o n e of g r ea t e r th ickness than con tac t g r o u t i n g b e l o w the 

founda t ion of l a rge c o n c r e t e s t ruc tu res , o r a r o u n d the l in ing of tunne l s o r l a rge excava t ed u n d e r -

g r o u n d spaces . Its p u r p o s e is to rees tab l i sh o r to i m p r o v e and h o m o g e n i z e the d e f o r m a t i o n p r o p e r -

t ies of the r o c k v o l u m e b e l o w the founda t ion sur face w h e r e the r o c k w a s l oosened b y excava t ion 

b l a s t ing , in the z o n e o f h ighes t founda t ion s t resses and h ighes t de fo rmab i l i t y . T h e d e p t h of consol i -

da t ion g r o u t i n g d e p e n d s o n the r o c k p r o p e r t i e s , the s ize of the s t ruc tu re and the load i m p o s e d by the 

s t ruc tu re . 

C o n s o l i d a t i o n g r o u t i n g is a l so ca r r i ed ou t a r o u n d the l in ings o f tunne ls in a z o n e w h e r e the rock 

is l oosened b y b las t ing and b y the s t ress r e l axa t ion fo l lowing the e x c a v a t i o n a r o u n d the tunne l . Pa r t 

of the load of hyd ros t a t i c p r e s su re o n the l in ing of p r e s s u r e tunne l s c a n b e t rans fe r red to the rock 

s u r r o u n d i n g the tunne l if its de fo rmab i l i ty is l o w , thus r e d u c i n g the tens i le s t resses in the l in ing , its 

d i m e n s i o n s a n d r e i n f o r c e m e n t . T h e de fo rmabi l i ty of r o c k a r o u n d the tunne ls p e r i m e t e r loosened by 

b las t ing for e x c a v a t i o n is inc reased add i t iona l ly in a z o n e of s t ress r e l axa t ion b y the red is t r ibu t ion 

of g rav i t a t iona l s t resses in a v o l u m e of r o c k equa l to a b o u t five t imes its d i a m e t e r . T h e s e effects are 

cance l l ed o r r e d u c e d b y efficient conso l ida t ion g r o u t i n g . In such cond i t ions conso l ida t ion g rou t ing 

con t r ibu tes to i m p r o v e the load t ransfer f rom the l in ing in to the s u r r o u n d i n g r o c k v o l u m e so that the 

cos t of l in ing is r e d u c e d . 

7 . 2 . C o n t a c t g r o u t i n g 

T h e o r d e r of magniUide of the w id th of f issures and con tac t j o in t s w h i c h h a v e to b e injected in 

con tac t g r o u t i n g r a n g e s b e t w e e n s o m e tenths of mi l l ime te r s u p to 10 c m and m o r e . T h e r e f o r e , thick 

c e m e n t suspens ions can b e in jected, p re fe rab ly s table m i x e s w h i c h d o n o t lose w a t e r and segregate 

w h e n set t ing and thus d o n o t l eave a reas filled w i th w a t e r o n l y . F o r fil l ing on ly sma l l e r j o i n t s , sus-

pens ions of 1 C : 0 . 0 2 B : 0 . 8 W are sa t i s fac tory , for fil l ing l a rge r vo ids the u s e of sand in suspens ions 
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of 1 C : 2 S : 0 . 0 2 B : 2 . 4 W are n e e d e d . W h e r e n o n sh r ink ing g r o u t is r equ i r ed (as in con tac t of steel l iner 

wi th conc re te ) 1.5 g of a l u m i n i u m p o w d e r can b e added to 5 0 k g of c e m e n t . 

T h e in jec t ion ho les a r e dr i l led 0 . 5 to 1.0 m d e e p in to r o c k in a pa t t e rn of equ id i s tan t ho les at 1.5 

to 3 .0 m spac ing , as s h o w n in F i g . 6 . 9 . T h e co r r ec t spac ing shou ld b e d e t e r m i n e d in a g rou t ing test 

p lo t . F o r g rou t ing the con tac t j o i n t of conc re t e tunne l l in ings the s a m e equ id i s tan t ho le pa t te rn is 

conven ien t , as s h o w n in F i g . 7 . 1 . It is conven i en t to instal l the in ject ion p ipes o n the forms before 

conc re t ing the tunne l l in ing . Af ter the fo rms a re s t r ipped , the inject ion ho le s a re dr i l led t h r o u g h the 

p ipes to the r equ i r ed dep th wi th pe r cus s ion dr i l l s . T h e inject ion p ipes can b e conven ien t ly d i rec ted 

t o w a r d the d e e p e r excava t ed spaces at the top of the a r ch w h i c h a ids c o m p l e t e filling of the vo ids . 

It is i m p o r t a n t to instal l in ject ion p ipes as desc r ibed w h e n the excava t ion steel r ibs o r w h e n the l in-

ing is r e in fo rced ; in u n s u p p o r t e d excava t ions wi th p la in conc re t e l in ing the in ject ion ho les can b e 

dr i l led t h r o u g h the l in ing . 

Con tac t g rou t ing is d o n e in o n e ope ra t ion f rom one end of the a rea to the o the r . A g r o u p of holes 

is connec t ed to the in ject ion p u m p and g rou ted unt i l sa tura t ion is ach ieved as specif ied in the des ign . 

As soon as c o n n e c t i o n w i th the n e i g h b o r i n g ho les is es tabl ished, these a r e connec t ed to the inject ion 

p u m p s and the ope ra t i on p r o c e e d s in the des i red d i rec t ion unt i l all the ho les h a v e b e e n g rou t ed . S a m -

rated ho les a re c losed b y a va lve be fo re the inject ion l ine is d i sconnec ted in o r d e r to k e e p the in-

j e c t ed g r o u t u n d e r p r e s s u r e unt i l it has set. T h e s a m e p r o c e d u r e is u s e d for con tac t g rou t ing of mnne l 

l in ings , in w h i c h case in ject ion p r o c e e d s in one d i rec t ion f rom o n e r ing of ho les to ano the r , a lways 

s tar t ing f rom the b o t t o m to the top of the a r ch , as s h o w n in F i g . 7 . 1 . It is conven i en t to o rgan ize the 

w o r k as a con t inuous 2 4 h o u r ope ra t i on . 

F i g . 7 . 1 Rings of injection holes for contact grouting of the tunnel lining 

T h e inject ion p r e s su re for con tac t g rou t ing d e p e n d s o n the charac te r i s t i cs of the r o c k and of the 

o v e r b u r d e n load in founda t ions , as wel l as o n the s t ruc tura l s t reng th of the l in ing in tunne l s . T h e in-

j e c t i o n p r e s s u r e shou ld b e tr ied in a g rou t ing test p lo t w h e n the Pro jec t s tar t s . A p r e s s u r e b e t w e e n 
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F i g . 7 . 2 Failure of the tunnel lining due to a high injection pressure (Johnson, 1982) 

Suff ic ient m i x i n g a n d p u m p i n g capac i ty is essent ia l for a s m o o t h d e v e l o p m e n t o f such g rou t ing 

o p e r a t i o n s , as we l l as an u n i n t e r r u p t e d supp ly of all ma te r i a l s to the in jec t ion s i te . In tunnels of la rge 

d i a m e t e r all b a t c h i n g , m i x i n g and p u m p i n g e q u i p m e n t m a y b e ins ta l led o n m o v a b l e un i t s nea r the 

w o r k i n g s i te . In tunne l s a of smal l d i a m e t e r the ba t ch ing and m i x i n g p lan t m a y b e at the por ta l f rom 

w h i c h the suspens ions a re p u m p e d t h r o u g h a l ine to the in ject ion s i te , w h e r e the in ject ion p u m p s are 

fed. In s o m e cases the suspens ion w a s p u m p e d to a d i s t ance of u p to 1 k m , and w h e n the site was 

far ther , an aux i l i a ry p u m p w a s insta l led w h i c h supp l ied the g r o u t far ther . Ag i t a t ing con ta ine rs w e r e 

u s e d in s o m e cases to t r anspor t the m i x e d suspens ions f rom the por t a l to the in ject ion s i te . T h e re-

qu i r ed capac i ty of such ins ta l la t ions m a y b e u p to 7 0 0 t of c e m e n t p e r 2 4 h o u r s . 

T h r e e m o v a b l e p l a t fo rms a re r equ i r ed o n the w o r k i n g s i te , o n e for the dr i l l ing t e a m and the instal-

la t ion of the in jec t ion p i p e s , the second for the inject ion p u m p and the thi rd for the t e a m w h i c h closes 

the in jec t ion va lves and m o v e s the inject ion l ines . 

C o n t a c t g r o u t i n g is m o s t l y r e g a r d e d as rou t ine w o r k , b u t it shou ld b e wel l def ined in the des ign 

and spec i f ica t ions , and a l so sc rupu lous ly supe rv i sed in e v e r y deta i l . T h e c o n s e q u e n c e s of the failure 

to careful ly fill the vo ids a r o u n d the tunne l l ing wil l b e desc r ibed in I t e m 7 . 4 3 . 

2 and 10 b a r is sa t i s fac tory , the h i g h e r p r e s s u r e shou ld b e p re fe r r ed b e c a u s e it be t t e r consol ida tes 

the g r o u t and g r ea t e r s t r eng th of the injected c o m p o u n d is a c h i e v e d . T o o h i g h an in jec t ion p ressure 

m a y cause fa i lure o f the l in ing , as s h o w n in F i g . 7 . 2 . 
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7 . 3 . C o n s o l i d a t i o n g r o u t i n g 

S ince the m a i n p u r p o s e of conso l ida t ion g rou t ing is to r e d u c e the r o c k de fo rmab i l i t y , all exis t ing 

f issures , j o in t s and vo ids m u s t b e filled wi th h i g h s t r eng th i n c o m p r e s s i b l e g rou t . In m a n y cases it is 

essent ia l tha t f issures filled wi th any sor t of g a u g e shou ld b e c leaned of a n y fil l ing ma te r i a l . W h e n 

conso l ida t ion g rou t ing is ca r r i ed ou t b e l o w s t ruc tura l founda t ions the in jec t ion p re s su re is l imi ted 

by the l o w o v e r b u r d e n p r e s s u r e . N e a t c e m e n t suspens ions a r e the re fore r equ i r ed w i th addi t ives for 

inc reas ing fluidity and pene t rab i l i ty at a l o w wa te r con ten t of the suspens ion . Add i t ives used for 

s t ruc tura l and m a s s c o n c r e t e a re adequa t e for this p u r p o s e . T h e e q u i p m e n t desc r ibed in C h a p t e r 5 

shou ld b e u s e d for the p r e p a r a t i o n of suspens ions for conso l ida t ion g r o u t i n g . 

In jec t ion ho les in equ id i s t an t pa t t e rn a re dr i l led as m e n t i o n e d for con tac t g r o u t i n g , genera l ly the 

s a m e ho les a re dr i l led d e e p e r . It is c o n v e n i e n t to inject the ho les in sec t ions f rom top to b o t t o m in 

o r d e r to f o r m a sea led u p p e r l aye r w h i c h p reven t s surface l eakage w h e n d e e p e r sec t ions a re injected 

w i th a h i g h e r p r e s s u r e . T h e inject ion p r o c e d u r e and sa tu ra t ion cr i te r ia a re the s a m e as desc r ibed in 

C h a p t e r 4 . 

In jec t ion p r e s s u r e d e p e n d s o n the sys t ems of j o in t s and fissures of the r o c k , p re fe rab ly as h igh a 

p r e s su re as poss ib le is u sed so that the injected suspens ion is we l l conso l ida t ed . O n the o the r hand 

the p r e s s u r e is l imi ted b y the o v e r b u r d e n load , the poss ib i l i ty of sur face leaks and lifting the exca-

va t ion sur face b y h y d r a u l i c f i ssur ing . F o r the con t ro l of surface l i f t ing ,bench m a r k s for geode t ic 

su rvey a re ins ta l led , b u t a l so o the r a l a r m sys tems m a y b e insta l led w i t h l ight o r sound s igna ls . T h e 

inject ion p r e s su re m u s t b e r educed w h e n lifting of the surface s tar t s . 

T h i c k g r o u t suspens ions and re la t ive ly l o w inject ion p re s su re s can b e a d o p t e d for the inject ion of 

the u p p e r z o n e of r o c k loosened b y the excava t ion b las t ing . Suspens ions of h i g h pene t rab i l i ty and 

h igh inject ion p res su res a re r equ i r ed for successful conso l ida t ion of u n d i s t u r b e d d e e p e r r ock s t ra ta . 

Jo in ts and f issures filled w i th loose mate r i a l m u s t b e w a s h e d c lean be fo re g r o u t i n g , b e c a u s e the 

loose fill c an no t b e pene t r a t ed b y the c e m e n t suspens ion and the effect o n de fo rmab i l i ty w o u l d b e 

on ly par t i a l . T h e loose fill m u s t b e w a s h e d c lean be fo re g r o u t i n g , w h i c h can b e d o n e efficiently on ly 

by in te rmi t ten t ly inject ing eve ry second ho le in a ser ies of ho les wi th a i r and w a t e r u n d e r p r e s su re . 

F i r s t , o n e ser ies of ho le s is injected unt i l c lear w a t e r escapes f rom the ad jacent o n e s , then the se-

q u e n c e of w a s h i n g is r eve r sed . H i g h tu rbu lence is caused in the f issures in the p roces s w h i c h effi-

c ient ly ex t rudes the loose fill. T h e p r o c e d u r e can b e repea ted a few t imes if n e c e s s a r y . W h e n the 

w a s h i n g of o n e 3-5 m long sec t ion of the ho les in one ser ies is c o m p l e t e d , e v e r y second ho le is con-

nec ted to the in jec t ion l ine and injected unt i l the g r o u t g radua l ly beg ins to a p p e a r in the o the r ho le s , 

w h i c h a re then connec t ed to the g rou t ing inject ion l ines and injected. In jec t ion of e v e r y s ingle ho le 

is s topped w h e n the specif ied sa tura t ion cr i te r ia (p ressure and f low l imit ) a re a t ta ined . T h e p rocess 

is r epea ted in the n e x t d e e p e r sec t ion of ho les wi th w a s h i n g and inject ing un t i l the r equ i r ed dep th is 

g rou t ed in all the h o l e s . T h e n the nex t set of ho les is t rea ted in the s a m e w a y un t i l the w h o l e v o l u m e 

of the rock as specif ied in the des ign is conso l ida ted . 
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C o n s o l i d a t i o n g r o u t i n g the rock a r o u n d tunne l l in ings shou ld rees tab l i sh the o r ig ina l r ock defor-

mab i l i ty in the z o n e l oosened b y b las t ing and in the s t ress r e l axa t ion z o n e w h i c h is a b o u t five radi i 

d e e p f rom the l in ing . D e e p e r conso l ida t ion g r o u t i n g m i g h t b e neces sa ry if the o r ig ina l r o c k defor-

mabi l i ty shou ld b e i m p r o v e d in o r d e r to e n g a g e the l in ing in the t r ansmis s ion of the hydros ta t i c p re s s -

u r e , b u t this is a d i f ferent p r o b l e m w h i c h m a y b e so lved b y p res t r e s s ing the l in ing , as wi l l b e d iscussed 

in C h a p t e r 8. 

T h e s y s t e m of g r o u t i n g is the s a m e as desc r ibed p r e v i o u s l y for conso l ida t ion g r o u t i n g the founda-

t ion of s t ruc tu re s . U s u a l l y the ho le s u s e d for con tac t g r o u t i n g a re dr i l led in sec t ions b e t w e e n 3 .0 and 

5 . 0 m long and g r o u t e d con t inuous ly as desc r ibed for con tac t g r o u t i n g . 

A n o t h e r a r ea of app l i ca t ion of conso l ida t ion g rou t ing is w e a k r o c k in front of the excava t ion face 

in o r d e r to faci l i tate the excava t ion and r e d u c e the p r e s s u r e o n suppo r t r ibs and l agg ing . H o l e s in 

the d i r ec t ion of the tunne l axis a re dr i l led a r o u n d the p e r i m e t e r of the excava t i on f rom the excava -

t ion face and they a re g r o u t e d wi th c o m p o u n d s w h i c h d e p e n d o n the k ind of r ock : e i the r c e m e n t sus-

pens ions in c r u s h e d rock o r c o m b i n a t i o n s of c e m e n t c lay and c h e m i c a l so lu t ions in g rave l ly o r sandy 

soi ls . T h e t rea ted l eng th is u p to 5 0 m in s tages d o w n the ho l e s w h i c h a r e in te rmi t t en t ly dr i l led and 

in jected. W h e n the soil has ga ined sufficient s t r eng th , e x c a v a t i o n is r e s u m e d and the p r o c e d u r e is 

r epea ted as n e e d e d . Th i s m e t h o d is app l ied a l so to r e d u c e the pe rmeab i l i t y of the ma te r i a l and in-

f low of w a t e r in to the w o r k i n g a r ea un t i l the final l in ing is in p l a c e , and to s tabi l ize zones of loose 

sand w h e r e cond i t i ons of h y d r a u l i c ins tabi l i ty a r i se du r ing the e x c a v a t i o n . 

7 . 4 . C a s e r e c o r d s of c o n s o l i d a t i o n g r o u t i n g 

7 . 4 1 . R o c k i m p r o v e m e n t in d a m f o u n d a t i o n s 

Tes t conso l ida t i on g r o u t i n g w a s ca r r i ed ou t in s o m e cases d u r i n g the exp lo ra t i on of d a m founda-

t ions in o r d e r to d e t e r m i n e the poss ib le effect w h i c h m a y b e ach ieved b y conso l ida t ion g rou t ing 

rock of i n a d e q u a t e p rope r t i e s for the d a m founda t ion . 

T h e S k l o p e D a m w a s first des igned as a conc re t e a r c h s t ruc tu re for w h i c h a n ex tens ive exp lo ra -

t ion p r o g r a m w a s ca r r i ed ou t . A m o n g o the r inves t iga t ions the de fo rmab i l i t y m o d u l i of the founda-

t ion r o c k w a s tes ted in exp lo ra t i on adi ts b y m e a n s of flat j a c k s . T h e d i spos i t ion of o n e test is s h o w n 

in F i g . 7 . 3 . T h e slit for the flat j a c k w a s cut b y dr i l l ing and ch ise l ing so tha t the s u r r o u n d i n g rock 

w a s d i s tu rbed as l i t t le as poss ib l e . T h e in jec t ion ho le s w e r e dr i l led at spac ings of 1.0 m to 75 c m in 

a r o w and these w e r e spaced b e t w e e n 1.1 and 2 . 0 m f rom e a c h o the r , s y m m e t r i c a l l y o n b o t h sides 
2 

of the flat j a c k . T h e d y n a m i c d e f o r m a t i o n m o d u l i be fo re conso l ida t ion g r o u t i n g w a s 7 , 0 0 0 M N / m , 
2 

after conso l ida t i on g r o u t i n g va lues of Edin = 2 0 , 0 0 0 M N / m w e r e ob t a ined , w h i c h is a threefold 

i nc rease . T h e a v e r a g e d y n a m i c m o d u l i of the r o c k o n the a b u t m e n t s w a s in the r a n g e of Edin = 

1 5 , 0 0 0 - 2 0 , 0 0 0 M N / m 2 , in the va l ley f loor va lues of Edin = 3 0 , 0 0 0 M N / m 2 w e r e m e a s u r e d . Since 

the geo t echn ica l charac te r i s t i cs of the founda t ion w e r e n o t f avo rab le , the a r c h d a m des ign was aban-

d o n e d and an e m b a n k m e n t d a m w a s cons t ruc ted ( M r v o s , 1 9 6 3 ) . 
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Ί0.00 

F i g . 7 . 3 Flat jack for testing rock deformability and disposition of holes for consolidation grouting 

T h e d i spos i t ion of the flat j a c k and the inject ion ho les for conso l ida t ion g rou t ing at the R o g e D a m 

founda t ion is s h o w n in F i g . 7 . 4 . 

Ο 

ο 

ο 

ο 

3 χ 1.0 3 χΊ .Ο 

Η 1- 1 μ — ί 1—1 

F i g . 7 . 4 Disposition of flat jack and injection holes for consolidation grouting the Roge Dam foundation 
rock 
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C é m e n t suspens ions I C : 8 W to 1C: 1W w e r e injected w i th a p r e s s u r e of 12 b a r after p r e v i o u s wash-

ing of the fill f rom the f issures w i th w a t e r u n d e r p r e s s u r e and a f low of 0 . 5 1/m m i n . T h e w h o l e 

g r o u p of ho le s w a s injected s imu l t aneous ly . T h e resul t s ob ta ined a r e s h o w n in T a b l e 7 . 1 . 

T A B L E 7 . 1 

R o g e D a m c o n s o l i d a t i o n test g r o u t i n g resul t s 

M o d u l i 

M N / m 2 

be fo re after 

g r o u t i n g 

of d e f o r m a t i o n 2 , 0 0 0 - 4 , 0 0 0 5 , 3 0 0 - 7 , 6 0 0 

of e las t ic i ty 6 , 0 0 0 - 8 , 0 0 0 8 , 3 0 0 - 1 2 , 2 0 0 

T h e g r o u t c o n s u m p t i o n a m o u n t e d to 5 0 - 8 5 k g / m of h o l e w h i c h is a b o u t 5 0 k g / m of rock . 

T h e resul t s of this test s h o w that an inc rease of m o d u l i in the r a n g e of 5 0 % of the o r ig ina l values 

w a s ob ta ined b y conso l ida t ion g r o u t i n g . 

T h e Grancarevo Arch Dam, 123 m h i g h is founded o n s l ight ly s lop ing l imes tone beds of Jurass ic 

age (L ias ) . T h e b e d d i n g p l anes con ta in sandy and c layey wel l c o m p a c t e d ma te r i a l f rom a few mi l -

l ime te r s to 3 0 c m th ick . T h e de fo rma t ion charac te r i s t i cs w e r e m e a s u r e d at four loca t ions wi th flat 

j a c k p r e s s u r e tes ts . T h e d e f o r m a t i o n charac te r i s t i cs of the r o c k a long the w h o l e sec t ion th rough the 

founda t ion r o c k w e r e in te rpo la ted f rom these va lues f rom se i smic m e a s u r e m e n t s of the p ropaga t ion 

ve loc i ty of s e i smic w a v e s and the resu l t ing d y n a m i c d e f o r m a t i o n m o d u l i (Stoj i , T o r b a r o v , 1958 , 

Stoj i , 1 9 6 8 ) . 

C o n s o l i d a t i o n test g r o u t i n g w a s p e r f o r m e d a r o u n d t w o of these flat j a c k s . T h e inject ion ho les w e r e 

f lushed c lean b y in jec t ion of w a t e r and c o m p r e s s e d a i r , t hen c e m e n t suspens ions w e r e injected. T h e 

resul ts a r e s h o w n in T a b l e 7 . 2 . 

T A B L E 7 . 2 

C o n s o l i d a t i o n g r o u t i n g resu l t s , G r a n c a r e v o D a m flat j a c k s 

Fla t j a c k 
2 

Elas t ic m o d u l i M N / m 

be fo re after 

conso l ida t ion 

2 
D y n a m i c m o d u l i M N / m 

b e f o r e after 

conso l ida t ion 

A 1 5 , 2 0 0 1 6 , 7 5 0 2 5 , 5 0 0 4 3 , 0 0 0 

Β 7 , 3 0 0 1 4 , 6 5 0 3 6 , 5 0 0 6 5 , 0 0 0 
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T h e w h o l e c ross sec t ion of the founda t ion r o c k b e l o w the d a m w a s inves t iga ted b y the se i smic 

m e t h o d to the d e p t h of 3 0 m b e l o w the founda t ion leve l be fo re the founda t ion w a s excava t ed and 

after the e x c a v a t i o n . T h e resul t s a r e p re sen ted in F i g . 7 . 5 . It is ev iden t f rom the f igure that the de -

formabi l i ty w a s inc reased after the e x c a v a t i o n , a n d that conso l ida t ion g r o u t i n g inc reased the defor-

0 100 m 

F i g . 7.5 Lines of equal dynamic moduli in the Grancarevo Dam foundation, 1 ground surface before 
excavation, 2 excavated foundation surface, 3 flat jack test locations, 4 Ed = 20,000 M N / m 
contour before excavation, 5 Ed lines after excavation, 6 Ed lines after consolidation grouting, 
in ΙΟ"3 M N / m 

m a t i o n m o d u l i subs tan t ia l ly . T h e inc rease is m o r e p r o n o u n c e d in zones of a n o r ig ina l ly l o w m o d u -

lus . It is log ica l tha t conso l ida t ion g rou t ing cou ld n o t r i se the m o d u l i a b o v e the o n e of und i s tu rbed 

rock . A stat is t ical e l abo ra t i on of the m e a s u r e d m o d u l i is p r e sen t ed in F i g . 7 . 6 as the f requency of 

va lues b e f o r e and after conso l ida t ion g rou t ing of the founda t ion to 3 0 m d e p t h . 

F i g . 7.6 Summary frequency of dynamic moduli in the foundation of the Grancarevo Dam, (a) left 
abutment, (b) right abutment, 1 before consolidation grouting, 2 after consolidation grouting 
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In F i g . 7 . 7 the a v e r a g e of all m e a s u r e d va lues of the d y n a m i c m o d u l i at d i f ferent dep ths a r e s h o w n 

be fo re a n d after conso l ida t ion g r o u t i n g . It is in te res t ing to n o t e that the r a n g e of va lues m e a s u r e d 

be fo re is g r ea t e r t han after conso l ida t ion g r o u t i n g . T h e a v e r a g e va lues o f the m o d u l i w e r e increased 

b y 5 , 0 0 0 to 1 0 , 0 0 0 M N / m a n d the inc rease resu l t ing f o r m conso l ida t ion is g r ea t e r w h e r e the initial 

m o d u l i a r e l o w . 

. 30 -1 , , , 

20 30 40 5 0 - N T 

E d i n M N / m 

F i g . 7 . 7 Average values of dynamic rock moduli versus depth, (A) left abutment, (B) right abutment, 
1 before, 2 after consolidation 

It shou ld b e t aken in to a c c o u n t that the i m p r o v e m e n t of d e f o r m a t i o n charac te r i s t i cs of the founda-

t ion r o c k is a v e r y e x p e n s i v e ope ra t i on , and it m u s t b e careful ly s tudied b e f o r e the dec i s ion to app ly 

it is m a d e . F o r conso l ida t i on g r o u t i n g of the founda t ion r o c k at the G r a n c a r e v o D a m a total of 1,500 

ho l e s w i t h a l eng th o f 2 7 , 0 0 0 m w e r e d r i l l ed , and 3 , 5 0 0 t of c e m e n t w e r e in jec ted , and the w o r k 

las ted t h r ee y e a r s . 

7 . 4 2 . C o n t a c t a n d c o n s o l i d a t i o n g r o u t i n g a r o u n d t u n n e l l in ings 

Pressure tunnel for Hydroelectric Pover Plant Zakucac 

T w o p r e s s u r e tunne l s w e r e cons t ruc ted for the H E P P Z a k u c a c o n e in the first , and the o the r in the 

s e c o n d p h a s e of the p o w e r p lan t i m p l e m e n t a t i o n . The l eng th of the tunne l s is 9 , 5 7 0 m , ou t of wh ich 

8 , 4 5 0 m f rom the in le t is in the kars t i f ied and ve ry f issured C r e t a c e o u s l i m e s t o n e , and the 1,120 m 

long res t to the e n d of the tunne l is in p rac t i ca l ly i m p e r m e a b l e m a r l and s ands tone fo rmat ions of the 

E o c e n e a g e . 

The first tunne l w a s excava t ed b y b l a s t ing , the c o n c r e t e l in ing w a s p l aced wi th a conc re t e gun . 

The s econd tunne l w a s excava t ed w i t h a ro ta t iona l m o l e , the conc re t e l in ing w a s p l aced b y means 
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of conc re t e p u m p s . T h e l in ing of b o t h tunne ls w a s con tac t and conso l ida t ion g r o u t e d w i t h c e m e n t 

suspens ions s tabi l ized w i t h s o m e ben ton i t e . T h e suspens ions w e r e m i x e d at the por t a l s and de l ivered 

to the w o r k i n g sites t h r o u g h p ipes w h e r e the in ject ion p u m p s w e r e supp l i ed . I n T a b l e 7 . 3 the resul ts 

of con tac t and conso l ida t ion g rou t ing of b o t h tunne ls a r e a s s e m b l e d . It is in te res t ing to no te that the 

T A B L E 7 . 3 

C o n t a c t a n d c o n s o l i d a t i o n g r o u t i n g of Z a k u c a c t u n n e l , I . D . = 6 . 5 m 

I t e m 

A v e r a g e , w h o l e tunne l 

T u n n e l 1 T u n n e l 2 

A v e r a g e , sec t ion in 

l imes tone 

T u n n e l 1 T u n n e l 2 

L e n g t h , m 9 , 5 7 0 9 , 5 7 0 2 , 9 0 0 2 , 9 0 0 

N u m b e r of ho le s 2 5 , 7 8 1 2 5 , 0 7 9 7 , 9 1 1 6 , 2 9 1 

C e m e n t c o n s u m e d , to 5 , 7 2 6 3 , 8 1 8 1,146 1,889 

Specif ic c e m e n t 

c o n s u m p t i o n , k g / m 5 9 8 3 9 9 3 9 5 651 

C e m e n t , k g / h o l e 2 2 2 152 145 3 0 0 

N o t e : Tunnel 1 excavated by blasting, tunnel 2 excavated with rotational mole 

c e m e n t c o n s u m p t i o n is h i g h e r in the ve ry kars t i f ied sec t ion of tunne l 2 excava t ed w i th a m o l e , w h i c h 

is the c o n s e q u e n c e of the ve ry n o n h o m o g e n e o u s cha rac t e r of the kars t i f ied l i m e s t o n e . T h e c e m e n t 

c o n s u m p t i o n in the sec t ion of tunne l 2 t h r o u g h the E o c e n e m a r l w a s separa te ly w o r k e d ou t and it 

a m o u n t s to 169 k g / m of the tunne l . 

Colfapse of a section of Tunnel 2 in Zakucac 

T h e c o n s e q u e n c e of unsa t i s fac tory con tac t g rou t ing a r o u n d the tunne l l in ing b e c a m e ev iden t after 

four yea r s of ope ra t i on in tunne l 2 of H E P P Z a k u ö a c in a sec t ion t h r o u g h the E o c e n e m a r l . T h e tun-

nel w a s excava t ed w i th a ro ta t iona l m o l e , 7 . 5 m in d i a m e t e r , the m a r l w a s h a r d and did no t need 

t e m p o r a r y suppor t . T h e sur face of the m a r l w a s c o v e r e d w i th a 5 c m layer o f gunn i t e re inforced 

w i th steel m e s h i m m e d i a t e l y b e h i n d the excava t ion face in o r d e r to p ro tec t it f rom w ea the r i ng b e -

fore the l in ing w a s cons t ruc ted after the c o m p l e t i o n of the excava t i on o f the t unne l . T h e contac t b e -

t w e e n the p u m p e d conc re t e l in ing and the r o c k w a s g r o u t e d w i t h a r a the r th in c e m e n t suspens ion 

c o m p o s e d of 1 C : 0 . 1 3 B : 4 W wi th a p r e s su re of 5 ba r . F o u r ho les w e r e injected p e r sec t ion 2 . 5 m dis-

tant f rom e a c h o the r . C h e c k ho les w e r e dr i l led and injected wi th a dens i ty of 7 . 8 m / h o l e at the top 

of the a r c h . T h e c e m e n t c o n s u m p t i o n w a s 8.2 k g / m of the l in ing . F r o m the resul t s of the c h e c k holes 

it w a s c o n c l u d e d that the con tac t g rou t ing w a s sa t is factory . 

Af te r four y e a r s o f sa t i s fac tory o p e r a t i o n of tunne l N o . 2 it w a s d i s c o v e r e d tha t tu rb id wa te r 

e m e r g e d f rom the ta i l race tunne l and s l ight k n o c k s w e r e t e m p o r a r i l y h e a r d in the t u rb ines . T h e tun-
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ne l w a s e m p t i e d a n d inspec ted and it w a s d i s c o v e r e d that in the sec t ion t h r o u g h the m a r l the l ining 

had co l l apsed o n the top of the a r c h o n a l eng th of 8 m and a w i d t h of 6 m . A b o v e the o p e n i n g in 

the top of the a r c h w a t e r h a d e r o d e d a cav i ty a b o u t 2 0 b y 35 m in p l an and 2 8 m h igh . T h e l ining 

w a s c r a c k e d a n d d a m a g e d u p to 3 2 m d o w n s t r e a m and 10 m u p s t r e a m o f the co l l apsed h o l e . T h e 

total v o l u m e e r o d e d f rom the c a v e r n w a s abou t 1 2 , 0 0 0 m , t r anspor t ed a l o n g the b o t t o m of the tun-

ne l . A ske tch w i t h sec t ions of the c a v e r n a r e p re sen t ed in F i g . 7 . 8 and a v i e w of the co l lapsed roof 

in F i g . 7 . 9 . 

F i g . 7 . 8 Section of tunnel No . 2 and the eroded cavern above the top of the collapsed lining 

F r o m the h y d r o g e o l o g y o f the r e g i o n it w a s k n o w n tha t the g r o u n d w a t e r l eve l w a s n e a r the g r o u n d 

sur face and the l in ing of the tunne l suppor t ed a hyd ros t a t i c p r e s s u r e m u c h h i g h e r than the inside 

w a t e r p r e s s u r e . A se i smic re f rac t ion su rvey w a s ca r r i ed ou t after e x c a v a t i o n w a s c o m p l e t e d in o rde r 

to de tec t a n y l a rge r vo ids n e a r the tunne l in te r face , w h i c h d id n o t u n c o v e r a n y a n o m a l i e s . 
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T h e inves t iga t ion of the poss ib le causes of the co l lapse h a v e led to the c o n c l u s i o n that : 

• du r ing the excava t i on of the tunne l n o t races of any swel l ing of the m a r l w e r e de tec ted ; 

• the ou t s ide hydros t a t i c p r e s su re is m u c h h ighe r than the hydros t a t i c p r e s s u r e of the w a t e r in 

the tunne l . 

F i g . 7 . 9 View of the roof collapse in the Zakucac tunnel 

U n d e r such cond i t ions the l in ing of the tunne l , cons t ruc ted as it w a s de s igned , shou ld h a v e re-

m a i n e d in tact e v e n u n d e r the m o s t un favo rab l e ra t io b e t w e e n the ou t s ide and ins ide hydros ta t i c p ress -

u r e . It w a s o b v i o u s that the co l lapse cou ld on ly b e the c o n s e q u e n c e of s o m e s t ruc tura l e r r o r in the 

top of the a r ch of the conc re t e l in ing . T h e r e it is essent ia l tha t con tac t g rou t ing fills all vo ids w h i c h 

n o r m a l l y r e m a i n d u e to set t l ing of the p laced fresh c o n c r e t e . W h e r e the l in ing at s u c h p laces does 

no t h a v e the des ign th ickness and vo ids b e t w e e n rock and l in ing r e m a i n after con tac t g r o u t i n g , the 

ou ts ide hydros t a t i c p r e s su re m a y d a m a g e the l in ing and c r ack o p e n s o m e h o l e s . T h e s t r e a m of wa te r 

in the tunne l causes h i g h tu rbu lences w h i c h m a y start e rod ing the m a r l and g radua l ly a l a rge hole 

m a y b e e r o d e d un t i l the r o c k col lapses at the top and des t roys s o m e po r t i on of the l in ing . 

A de ta i led su rvey of the s t re tch of the tunne l , w h e r e the co l lapse h a p p e n e d c o n f i r m e d that the de -

scr ibed scena r io of the co l l apse m e c h a n i s m is rea l i s t ic . A t o n e loca t ion a 10 b y 3 0 c m la rge ho le 

w a s d i s cove red in the top of the l in ing w h e r e the conc re t e w a s on ly 5 c m th ick , at ano the r loca t ion 

abou t 1 m of the t op of the l in ing w a s a l ready miss ing and a smal l cavi ty a l r eady e r o d e d to a dep th 

of 1.5 m . N o t races of the con tac t g r o u t w e r e found at b o t h loca t ions . A n u l t r a son ic su rvey w a s car-

r ied ou t in o r d e r to inves t iga te the h o l e s t re tch of the tunne l and addi t iona l 12 loca t ions w e r e de-

tec ted w h e r e the l in ing w a s th in and smal l e r cavi t ies no t filled b y the con tac t g r o u t ex i s t ed . It is 
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p r o b a b l e that the th in g r o u t that set t led after the in jec t ion at l o w p r e s s u r e o f 5 b a r , con t r ibu ted to the 

faulty con tac t g r o u t i n g . 

It is in te res t ing to m e n t i o n that d u r i n g cons t ruc t ion ne i t he r the g r o u t i n g c o n t r a c t o r o r the superv i -

sory p e r s o n n e l of the E n g i n e e r r epo r t ed to h a v e de tec ted a n y l a rge r vo ids b e t w e e n the concre te lin-

ing and the r o c k in ter face d u r i n g the dr i l l ing of the in jec t ion h o l e s . 

T h e c o n s e q u e n c e s of p r o b a b l y insuff icient ca r e d u r i n g conc re t i ng the u p p e r pa r t of the a r c h of the 

l i n ing , and la te r the con tac t g r o u t i n g , resu l ted in a n in t e r rup t ion of o p e r a t i o n of the tunne l of m a n y 

m o n t h s b e f o r e the faulty sec t ion cou ld b e r econs t ruc t ed . 

Collapse of the Awali tunnel excavation 

D u r i n g the e x c a v a t i o n of a 17 k m long p o w e r tunne l for the Jezz ine H E P P t h r o u g h the L e b a n o n 

r a n g e , a t a b o u t ha l f the l eng th of the tunne l , w h e r e excava t i on c o m m e n c e d f rom the d o w n s t r e a m 

e n d , a l aye r of sand u n d e r h i g h hydros t a t i c p r e s s u r e w a s s t ruck , w h i c h i n v a d e d the face and filled 

a b o u t 3 . 2 0 0 m of the excava t ed tunne l . T h e first pa r t of the tunne l w a s excava t ed in Ju rass ic and 

C r e t a c e o u s r o c k s . A t the site of the co l lapse a w a t e r b e a r i n g sync l ine in s ands tone r o c k w a s be ing 

e x c a v a t e d , a n d it d e g r a d e d to fine sand , u n d e r a hyd ros t a t i c p r e s s u r e o f 7 0 b a r . A l l a t t empts to 

r e m o v e the sand f rom the tunne l resu l ted in n e w sand in t rus ion f rom the tunne l face . It w a s necess -

a ry to dr i l l l ong d r a i n a g e ho les a long the ma te r i a l in o r d e r to s tabi l ize the i n v a d e d sand be fo re it was 

poss ib le to r e a c h the p r e v i o u s excava t i on face . A de ta i led e x p l o r a t i o n ca r r i ed ou t after the col lapse 

r evea l ed that the sec t ion of the de te r io ra ted s ands tone in the sync l ine w a s 190 m l o n g . It was de -

c ided to e x c a v a t e it in five s t ages , e a c h 4 0 m long . A n a r r a y o f 5 0 ho le s w a s dr i l led a r o u n d the pe r -

i m e t e r o f the tunne l sec t ion and it w a s injected w i t h c e m e n t / c l a y suspens ions and a s i l icate so lu t ion . 

Af te r the g r o u t ga ined sufficient s t r eng th the sec t ion w a s excava ted to a safe d i s t ance f rom the end 

of the p r e v i o u s l y in jected a r r a y of h o l e s , and the p r o c e s s w a s r epea ted un t i l s ound sands tone rock 

Fig. 6.21 Geological map of Keban Dam, Q Quaternary, P-Kk Paleozoic limestone, P-Kd Upper schist, 
1 Crab Cavity, 2 Petek Cavity, 3 vortexes after impounding, 4 temporary sources 
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w a s r e a c h e d . A ske tch of the ope ra t ion is s h o w n in F i g . 7 . 1 0 . A total of 1 0 , 0 0 0 m of ho les was 

dr i l l ed , 9 0 , 0 0 0 m of redr i l l ing t h r o u g h the injected c o m p o u n d and 4 , 5 5 0 m of d r a i n a g e ho les were 

dr i l led . T h e a m o u n t of g rou t ing c o m p o u n d s w a s 1 0 , 6 0 0 m of s i l ica tes , 3 , 2 0 0 t of c e m e n t and 9 0 t 

of c l ay . N o specia l diff icult ies w e r e e n c o u n t e r e d du r ing the o p e r a t i o n s . 
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8 . P R E S T R E S S I N G O F R O C K A N D L I N I N G O F P R E S S U R E T U N N E L S B Y G R O U T I N G 

R o c k a n c h o r s a n d t e n d o n s o n e end of w h i c h is f ixed in a b o r e h o l e b y g r o u t i n g a r e u s e d for p res -

t ress ing r o c k v o l u m e s a n d va r ious c o n c r e t e s t ruc tu re s . W h e n the injected c o m p o u n d h a s ga ined the 

nece s sa ry s t r eng th , the s teel a n c h o r is s t ressed and it t r ansmi t s a force in to the m a s s w h i c h increases 

the a m b i e n t s t resses a n d inc reases its s t r eng th . S u c h s t r eng thened r o c k m a s s c a n r ep l ace suppor t ing 

wa l l s o f d e e p r o c k cu t s . 

A n o t h e r field o f p res t r e s s ing b y g r o u t i n g is the l in ing of p r e s s u r e tunne l s in o r d e r to p r even t the 

d e v e l o p m e n t o f tens i le s t resses a n d f issures in the l in ing t h r o u g h w h i c h w a t e r losses o f impor t an t 

m a g n i t u d e w o u l d o c c u r . 

8 . 1 . R o c k a n c h o r s 

T h e a r e t w o k i n d s of r o c k a n c h o r s . O n e k ind cons i s t s of r e i n f o r c e m e n t s teel b a r s p l aced in dr i l led 

h o l e s , and the w h o l e l eng th is i m b e d d e d in c e m e n t m o r t a r . W h e n the m o r t a r h a s h a r d e n e d the ba r s 

p r e v e n t tens i le d e f o r m a t i o n s of the r o c k , as a r e i n f o r c e m e n t b a r does in r e in fo rced conc re t e s t ruc-

tu r e s . 

T h e o t h e r k i n d of r o c k a n c h o r s is a l so p l aced in dr i l led ho le s b u t the i r i n n e r end is on ly set in m o r -

tar b y g r o u t i n g a n d f ixed to the s u r r o u n d i n g r o c k . W h e n the m o r t a r has d e v e l o p e d s t r eng th , the ba rs 

a r e t ens ioned and the i r free end is f ixed to the r o c k su r face , t r ansmi t t ing a c o m p r e s s i v e force to the 

s u r r o u n d i n g v o l u m e of r o c k , thus c rea t ing a p res t r e s sed s t ruc tu re . 

Seve ra l app l i ca t ions o f r o c k a n c h o r s for r e i n f o r c e m e n t and p res t r e s s ing o f r o c k v o l u m e s and s t ruc-

tures a r e p r e s e n t e d in F i g . 8 . 1 . 

In the case o f a suppo r t i ng w a l l , the d i f fe rence b e t w e e n a s imp le a n c h o r and a p res t r e s sed o n e is 

i l lus t ra ted in F i g . 8 . 2 . 

In o r d e r to ac t iva te force A in the a n c h o r w h i c h is n e e d e d for e q u i l i b r i u m of the ac t ive w e d g e abc 

b e h i n d the w a l l , a d e f o r m a t i o n L2 o f the a n c h o r is n e e d e d and a c o r r e s p o n d i n g ro t a t ion of the wal l 

wi l l o c c u r . If the a n c h o r is p r e t e n s i o n e d , the n e e d e d a n c h o r force is ac t iva ted b y f ixing the e long-

a ted a n c h o r to the w a l l , and n o ro ta t ion o f the wa l l wi l l o c c u r . 

R o c k a n c h o r s a r e of ten u s e d for t e m p o r a r y suppo r t of excava t i ons b e f o r e the final suppo r t is con -

s t ruc ted . In s u c h cases pas s ive a n c h o r s a r e v e r y of ten u s e d . T h e y a r e e m b e d d e d in m o r t a r w i thou t 

p r e s t r e s s i n g , a n d k n o w n as the "Pe r fo" a n c h o r . I n a 3 4 m m d i a m e t e r h o l e dr i l led b y p n e u m a t i c h a m -

m e r a long i tud ina l ly slit pe r fo ra t ed p i p e filled w i t h p las t ic c e m e n t / s a n d m o r t a r is inse r ted , as s h o w n 

in F i g . 8 . 3 . 
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T h e re in fo rc ing b a r , 25 m m in d i a m e t e r , is then p u s h e d in b y m e a n s of a p n e u m a t i c h a m m e r . T h e 

pene t r a t ing b a r d i sp laces the m o r t a r t h r o u g h the pe r fo ra t ions and t ight ly fills the g a p b e t w e e n the 

pe r fo ra ted p i p e and the wal l s of the ho le wi th m o r t a r , thus f ixing the re in fo rc ing b a r in the ho l e . 

Af ter the m o r t a r has d e v e l o p e d s t reng th , the ex t rud ing end of the b a r is t igh tened to the surface of 

the r o c k b y m e a n s of a s teel p la te and nu t . 

F i g . 8 . 1 Several examples of rock anchoring, (a) retaining walls of a deep excavation in urban environ-
ment, (b) improving the stability of a rock slope with motorway tunnels, (c) heightened concrete 
dam stabilized with tensioned anchors, (d) prestressing rock in underground excavations, 
(e) tension anchors for piers of a pedonal suspension bridge 

T h e u sua l l eng th of such a n c h o r s is b e t w e e n 2 and 6 m , and leng ths of 10 m h a v e b e e n success-

fully ins ta l led w i th s o m e cau t ion . S o m e smal l p res t ress of the a n c h o r e d l eng th c a n b e a t ta ined wi th 

"Per fo" a n c h o r s if the m o r t a r at the far end of the slit p ipes is m i x e d w i t h a h i g h ear ly s t r eng th ad-

di t ive and the res t of the l eng th w i th a s t reng th r e t a rde r . T h e a n c h o r is t ens ioned wi th the nu t as soon 

as the m o r t a r w i t h the ea r ly s t reng th add i t ive has d e v e l o p e d sufficient s t r eng th . 
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F i g . 8 .2 Wall supporting a slope cut, (a) cross section of a wall and anchor, (b) polygon of forces for 
stability of wedge abc, (c) deformation of anchor, 1 prestressed, 2 passive anchor 

F i g . 8 . 3 Construction phases of "Perfo" rock anchors, (a) filling halves of slitted perforated pipes with 
mortar, (b) fastened halves filled with mortar ready to be inserted the in hole, (c) view of 
"Perfo" anchor in place. 

O t h e r so lu t ions a r e ava i l ab le for l o n g p res t r e s sed a n c h o r s o f l a rge capac i ty . A typica l p res t ressed 

rock a n c h o r is s h o w n in F i g . 8 .4 . T h e a n c h o r ins ta l led in the dr i l led h o l e of an a d e q u a t e d iamete r , 

cons is t s of a b u n d l e of s ingle re in forc ing ba r s of 6 to 12 m m in d i a m e t e r d e p e n d i n g o n the capaci ty 

o f the a n c h o r . T h e i r n u m b e r d e p e n d s o n the capac i ty a n d m a y r a n g e b e t w e e n 7 and 100 for a n c h o r 
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forces of 4 0 0 to 7 , 0 0 0 k N . A t the ex te r io r end of the a n c h o r the ba r s a r e a s s e m b l e d in the s t ressing 

h e a d , and at the ins ide end in a steel p la te w h i c h t ransmi t s a pa r t of the force d i rec t ly to the injected 

m o r t a r . 

F i g . 8 .4 Typical prestressing anchor, a free length of anchor, b grouted fixed length of anchor, 
d hole diameter 66-150 mm, tensile force 360-5,200 kN, number of steel bars 7 mm φ7-102 , 

1 stressing head and nut, 2 packer seal, 3 plastic hose, 4 cement grout or plastic filling, 
5 injection pipe, 6 injected grout 

T h e ho le is g rou t ed after dr i l l ing so that the r o c k v o l u m e a r o u n d the a n c h o r is conso l ida ted , red-

ri l led and then the a n c h o r is i n t roduced . A p a c k e r p lug at the u p p e r end of the fixed l eng th of the 

a n c h o r m a k e s it poss ib le to p r e s su re g r o u t the fixed sec t ion of the t e n d o n . W h e n the injected g rou t 

has d e v e l o p e d sufficient s t reng th , the a n c h o r is s t ressed b y a specia l h y d r a u l i c j a c k and fixed by a 

nu t o n the s t ress ing h e a d . A re inforced conc re t e b l o c k is cons t ruc ted at the ex te r io r end of the h o l e . 

It suppor t s the s t ress ing head of the a n c h o r and d is t r ibutes the force o n to the r o c k sur face . Special 

ca re m u s t b e devo ted to p ro tec t ing the re in forc ing ba r s aga ins t c o r r o s i o n . If the r o c k a r o u n d the ten-

d o n a n c h o r is no t subjec ted to tangent ia l d e f o r m a t i o n s , the free l eng th of the ba r s m a y a l so b e filled 

wi th g r o u t w h i c h p r o v i d e s g o o d co r ro s ion p ro tec t ion aga ins t m o i s t u r e . O t h e r w i s e the free length 

of the ba r s is p ro tec t ed aga ins t m o i s t u r e and c o r r o s i o n b y specia l coa t i ngs , and w r a p p i n g wi th p las -

tic b a n d s . E x p e r i e n c e has s h o w n that the g rou ted end of the t e n d o n ba r s m a y c o r r o d e b e c a u s e ten-

sile f issures m a y o p e n in the c e m e n t g rou t f rom the tensi le s t ra in of the t ens ioned b a r s . T h e r e a re 

specia l pa ten ted types of p ro tec t ion of the fixed l eng th of the t endons w h i c h a r e s o m e t i m e s u s e d , b u t 

the p r o b l e m of las t ing c o r r o s i o n p ro t ec t ion of this type of r ock ancho r s is still no t ideal ly so lved . 

In a n o t h e r type of r o c k a n c h o r s the p r o b l e m of c o r r o s i o n of the fixed l eng th is c i r c u m v e n t e d . T h e 

re in forc ing ba r s a r e insu la ted aga ins t m o i s t u r e b y p las t ic s leeves f rom end to end . A t the b o t t o m 

they a re fixed to a Uibe c o r r u g a t e d at the ou t s ide , as s h o w n in F i g . 8 . 5 . T h e tube and the ba r s are 

inser ted in to the h o l e and the fixed sec t ion w i th the tube is injected w i th c e m e n t g r o u t . T h e ho le o n 

the free l eng th of the a n c h o r can b e injected w i th m o r t a r o r p las t ic c o m p o u n d s for be t t e r insula t ion , 

o r left e m p t y as the case m a y r e q u i r e . In this case the a n c h o r force is t r ansmi t t ed to the m o r t a r and 

to the r o c k s u r r o u n d i n g the h o l e wal l s b y m e a n s of the tube w h i c h is c o m p r e s s e d and does no t cause 

t ens ion c racks in the s u r r o u n d i n g m o r t a r , p e r m a n e n t l y p ro tec t ing the tube f rom c o r r o s i o n b y g r o u n d 

wa te r . T h e r e is a var ie ty of o the r pa ten ted types of a n c h o r s p e r m a n e n t l y p ro t ec t ed aga ins t co r ro -

s ion o n the m a r k e t . 
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F i g . 8 . 5 Prestressing a rock anchor with compressed fixed end, a free length, b fixed length of 
anchor, 1 stressing head and nut, 2 steel bars insulated by plastic pipes, 3 outside corrugated steel 
pipe, 4 injection pipe, 5 injected mortar, 6 free length filled with mortar or plastic compounds 

M u c h s i m p l e r a n c h o r s m a y b e i m p l e m e n t e d for a n c h o r i n g and p res t ress ing t e m p o r a r y s t ruc tures 

l ike shee t p i le wa l l s and re ta in ing s t r u c m r e s for d e e p excava t ions e t c . in loose g r o u n d , as s h o w n in 

F i g . 8 .6 . 

F i g . 8 .6 Four construction phases of a temporary soil anchor, 1 driving casing with the anchor rod, 
3 grouting and pulling out the casing, 4 stressing an anchor bar with a nut at the exterior 
end,(a)H-piles, (b) lagging, (d) anchor rod, (f) injected mortar 

ht
tp

s:
//t

el
eg

ra
m

.m
e/

G
eo

lo
gy

bo
ok

s

https://telegram.me/Geologybooks


2 0 8 

A d r iv ing po in t is fixed at the end of the a n c h o r b a r and p laced in a cas ing t ube . T h e w h o l e is 

d r i ven b y an a p p r o p r i a t e p n e u m a t i c h a m m e r to the r equ i r ed l eng th in to the soi l . T h e n the cas ing is 

connec t ed to an in ject ion l ine and s lowly d r i v e n ou t , s imul t aneous ly inject ing c e m e n t g rou t u n d e r 

h igh p r e s su re unt i l the f ixed l eng th is c o m p l e t e d . T h e free l eng th is then injected u n d e r l o w press -

u re to fill the h o l e . W h e n the g rou ted m o r t a r has deve loped sufficient s t r eng th , the a n c h o r is fixed 

to the wal l w i th a p la te and a nu t . 

A n o t h e r so lu t ion w a s i m p l e m e n t e d for the founda t ion of a bu i ld ing in N e w Y o r k Ci ty ( A n o n y -

m o u s , 1965) . T h e founda t ion w a s g radua l ly excava ted wi th the suppo r t of d r i v e n Η-p i l e s and w o o d e n 

l agg ing . A s the e x c a v a t i o n a d v a n c e d , s l o p i n g Η-p i l e s w e r e d r i v e n at t h ree l eve l s , and the i r ends w e r e 

fixed 

F i g . 8 .7 Temporary Η-pile supporting wall for the foundation excavation of a building in New York, 
(a) plan of building, (b) section Α-B of Η-pile wall, (c) details of Η-pile anchor, 1 
injection pipes welded to stem of H-pile 

ht
tp

s:
//t

el
eg

ra
m

.m
e/

G
eo

lo
gy

bo
ok

s

https://telegram.me/Geologybooks


2 0 9 

b y g r o u t i n g c e m e n t suspens ion t h r o u g h t w o in ject ion p ipes pe r fo ra t ed at the end sec t ion , as s h o w n 

in F i g u r e 8 . 7 . W h e n the g r o u t ga ined sufficient s t r eng th the b e a m w a s fixed and s l ight ly tens ioned 

b y a n u t to the so ld ie r b e a m s . T h e force of such a n a n c h o r r e a c h e d u p to 4 5 0 k N . 

M e a s u r e m e n t s o n such types of a n c h o r s h a v e s h o w n that fo rces , as s h o w n in T a b l e 8 . 1 , c an b e de -

ve loped and u s e d in d e s i g n of t e m p o r a r y s t ruc tu res . 

T A B L E 8 . 1 

D e s i g n forces o f soi l a n c h o r s , f i xed l e n g t h 4 . 0 i n 

T y p e of soil Cons i s t ency T y p e of a n c h o r D e s i g n load 

k N 

Fi l l - - m a x 2 0 0 ( 1) 

C o h e s i v e Ik > i . o p e r m a n e n t 2 0 0 

t e m p o r a r y 2 5 0 

I k < 1 . 0 p e r m a n e n t m a x 2 0 0 ( 1) 

t e m p o r a r y 2 0 0 

G r a n u l a r - p e r m a n e n t 2 0 0 - 3 0 0 

t e m p o r a r y 4 0 0 

(1) o r m o r e if p r o v e d b y pu l lou t tests 

A r o u g h a p p r o x i m a t i o n o f the b e a r i n g force o f a n a n c h o r is ob ta ined as a p r o d u c t o f the in terface 

a r e a b e t w e e n the steel rod and the injected m o r t a r w i t h the adhes ive s t r eng th of the m o r t a r is abou t 

4 0 0 - 6 0 0 k N / m . It resul t s in a l inear ra t io of force to fixed l eng th of the a n c h o r . M a n y pu l lou t tests 

h a v e d e m o n s t r a t e d that the l inea r r e la t ion is n o t val id a n d that the b e a r i n g force d o e s no t inc rease if 

the fixed l eng th of the a n c h o r exceeds 6 .0 m . T h e r e a s o n for this wi l l b e s h o w n b y a de ta i led con-

s ide ra t ion of the m e c h a n i s m of t r ansmis s ion of the a n c h o r force f rom the b a r to the su r round ing 

m o r t a r . T h e a d h e s i o n b o n d s t r eng th b e t w e e n the m o r t a r and the steel in te r face is typ ica l ly s t ra in sof-

t en ing , as s h o w n in F i g . 8 .8 (a ) . A s the b a r is s t ressed long i tud ina l ly its d i a m e t e r con t r ac t s , and the 

a d h e s i v e s t ress is fur ther r e d u c e d to a l o w res idua l va lue r r w h e n the s t ra in <$/exceeds a cri t ical 

va lue . F r o m the ra t io rx/& the b o n d stress d i s t r ibu t ion a long the a n c h o r b a r can b e c o m p u t e d , as 

ske tched in F i g . 8 .8 (b) for a different in tens i ty of a n c h o r force ζ f rom the first l oad ing to the final 

pu l lou t o r fa i lure of the a n c h o r s teel . F r o m the b o n d stress d i s t r ibu t ion a long the b a r , the dis t r ibu-

t ion of total a n c h o r force a long the b a r is c o m p u t e d , as s h o w n in F i g . 8 .8 (c) and (d) in re la t ion to 

the tota l e l o n g a t i o n AL. It c o m e s ou t that the ac t ive l eng th of b a r La d e p e n d s o n the shape of the 

s t ress s t ra in ra t io τ /δ and the e las t ic p rope r t i e s of the b a r . A fixed l eng th of the b a r Lf >La on ly 

s l ight ly inc reases its pu l lou t r es i s t ance . W h e n the m a x i m u m force is r e a c h e d , the res i s tance of the 

a n c h o r dec rea se s to a res idua l va lue w h i c h is a l inear funct ion of the res idua l b o n d stress and the 
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fixed l eng th L u of the a n c h o r . T h e force is r e d u c e d to z e r o w h e n the fixed l eng th is c o m p l e t e l y pu l led 

ou t of the b o n d e d l eng th . 

F i g . 8 . 8 Development of force transfer from the reinforcing bar to the surrounding mortar, (a) adhesi-
ve strengt τ vs strain δ , (b) development of bond stresses τ ρ along the loaded anchor bar, 
(c) distribution of force F in the anchor bar, (d) force F in bar vs, elongation AL 

T h e co r r ec tnes s of this force t r ansmiss ion m e c h a n i s m w a s con f i rmed b y pu l l ou t tests in w h i c h the 

s t ra ins and s t resses in the a n c h o r b a r a long the fixed l eng th w e r e m e a s u r e d . T h e test d i spos i t ion and 

the resul t s of tests ca r r i ed ou t b y O s t e r m a y e r (1977) a re s h o w n in F i g . 8 .9 . T h e a n c h o r w a s in a 

sandy ma te r i a l , the h o l e d i a m e t e r w a s 15 .5 c m , and the a n c h o r b a r w a s fixed o n a l eng th of 3 m by 

inject ing c e m e n t g r o u t u n d e r p r e s s u r e . F o r m the s t resses m e a s u r e d a long the b a r b y five s t ress gauges , 

the force in the b a r and the con tac t s t ress o n the sand to g r o u t in ter face w e r e c o m p u t e d . T h e dis-

t r ibu t ion c lear ly ag rees w i th theore t ica l d i s t r ibu t ions s h o w n in F i g . 8 . 8 . F o r p rac t i ca l p u r p o s e s , it 

can b e a s s u m e d that a f ixed l eng th of rock ancho r s in excess of abou t 6 m increases the cos t and does 

no t benef i t e i ther the a n c h o r load o r its safety. 

T h e founda t ion s tabi l i ty o n the left a b u t m e n t of the G r a n c a r e v o a r c h d a m h a d to b e i m p r o v e d by 

the app l i ca t ion of a l a rge n u m b e r of l a rge capac i ty p res t ressed a n c h o r s . A pa r t of the a r c h d a m and 

ht
tp

s:
//t

el
eg

ra
m

.m
e/

G
eo

lo
gy

bo
ok

s

https://telegram.me/Geologybooks


211 

the s lope w i t h the a r r a y o f t endons a r e s h o w n in F i g . 8 . 1 0 . T h e d a m w a s founded o n re la t ive ly thinly 

b e d d e d Ju ras s i c l i m e s t o n e , the b e d d i n g p l anes w e r e coa ted w i th sandy and c l ayey ma te r i a l , and the 

shea r s t r eng th a l o n g the b e d d i n g w a s c o m p a r a t i v e l y l o w (Stoj ic , 1965) . In the cr i t ica l pa r t of the 

s l o p e , t h e o r i en t a t ion of the b e d d i n g p l a n e s , j o i n t s and f issures w e r e u n f a v o r a b l e , s o that the stabil i ty 

F i g . 8 . 9 Pullout test on an instrumented ground 
anchor, (a) anchor with stress gauges 
1-5, (b) stress and force distribution 
along the anchor, 1 mean contact stress, 
2 force along the fixed length of anchor 

F i g . 8 . 1 0 View of the left abut-
ment of the Grancarevo 
Dam with the field of large 
capacity rock anchors 
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and the b e a r i n g capac i ty of the d a m founda t ion had to b e i m p r o v e d . S m a l l e r s l ides o c c u r r e d dur ing 

the e x c a v a t i o n of the founda t ion , w h i c h w e r e s tabi l ized b y the cons t ruc t ion of m a s s i v e re ta in ing 

wal l s a n c h o r e d w i t h 2 8 0 " P e r f o " r o c k bo l t s of 32 m m in d i a m e t e r , e a c h 10 to 25 m l o n g . 

F i g . 8 . 1 1 Plan of reinforced concrete raft and rock anchors for stabilizing the left abutment of the 
Grancarevo Dam foundation 

After a de ta i led inves t iga t ion and s tudy of the p rob lem. i t w a s dec ided to i m p l e m e n t a field of p r e s -

t ressed r o c k a n c h o r s o n the s lope in the u n s t a b l e pa r t of the founda t ion . A tota l of 9 0 pres t ressed 

rock a n c h o r s of 2 , 0 0 0 k N capac i ty , 4 0 to 5 0 m long wi th a 5 . 0 m l o n g , f ixed l eng th w e r e ins ta l led. 

A raft of r e in forced conc re t e b e a m s in w h i c h the p res t ressed a n c h o r s w e r e fixed w a s cons t ruc ted o n 

the s lope , as s h o w n in F i g s . 8 .11 and 8 . 1 2 . T h e a n c h o r s w e r e inser ted in 133 m m d i a m e t e r s lop ing 

ho les , the fixed l eng th of the ancho r s w a s 5 . 0 m , and it w a s injected w i t h c e m e n t suspens ions and 

addi t ives for s tabi l i ty and p r e v e n t i o n of s h r i n k a g e . T h e free l eng th of the a n c h o r s w a s n o t g rou ted 

in o r d e r t o p r e v e n t the d e v e l o p m e n t of t angent ia l forces in the ca se of sma l l s l ope m o v e m e n t s . T h e 

free l eng th of the a n c h o r s w a s t ho rough ly isola ted f rom m o i s t u r e and p r o v i d e d w i t h ca thod ic p r o -

tec t ion aga ins t c o r r o s i o n . T w e n t y ancho r s w e r e p r o v i d e d w i t h s t ress m e a s u r e m e n t g a u g e s in o r d e r 

to h a v e a p e r m a n e n t con t ro l of the forces and to b e ab le to t ens ion the a n c h o r s aga in if n e e d e d . 

Th i s ex tens ive and v e r y expens ive app l ica t ion of r o c k a n c h o r s has p e r m a n e n t l y inc reased the foun-

da t ion safety, b u t it r equ i r e s a las t ing superv i s ion b y expe r t s so that a n y poss ib le su rp r i se is de tec ted 

o n t i m e . 

A s imi la r r o c k p res t r e s s ing o n a m u c h l a rge r scale w a s cons t ruc ted at the a b u t m e n t s of the unfor -

tuna te V a i o n t D a m (S i r co , 1965) , w h e r e 3 0 0 rock a n c h o r s of 5 0 0 and 1,000 k N capac i ty w e r e in-

s ta l led. 
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F i g . 8 . 1 2 Cross section through the field of rock anchors on Grancarevo dam abutment, 1 retaining 
walls with "Perfo" tendons, 2 reinforced concrete raft, 3 rock anchors, 4 critical slip surface, 
5 drainage holes 

F o r the cons t ruc t i on of the n e w c o k e r y in B a k a r a l a rge p la teau h a d to b e p r e p a r e d par t ly b y fill-

ing in to the sea a n d par t ly b y excava t ion of a geo log ica l ly u n f a v o r a b l e s lope cons i s t ing of E o c e n e 

l imes tone a n d F l y s h b e d s o f s i l t s tone h i g h l y f rac tured a n d faul ted . A s tab le s lope cou ld no t have 

b e e n cons t ruc t ed w i t h o u t h i g h re ta in ing wal l s at the foot , the cons t ruc t ion of w h i c h h a d to b e s taged 

in to 6 .0 m long sec t ions in o r d e r to p r e v e n t l a rge r s l ides . T h e m a s s of the wa l l w a s n o t sufficient for 

s tabi l i ty , and r o c k a n c h o r s of 8 3 0 k N / m of wa l l h a d to b e a d d e d . 

A typ ica l c ros s sec t ion o f the re ta in ing wal l is p r e s e n t e d in F i g . 8 . 1 4 . O n a 6 . 0 m l o n g sect ion of 

the wal l f ive 1,000 k N a n c h o r s w e r e ins ta l led in t w o r o w s . T h e ho le s for the a n c h o r s in s i l ts tone 

w e r e d r i l l ed , t hen injected w i th c e m e n t g r o u t and redr i l l ed be fo re the b u n d l e s of a n c h o r ba r s w e r e 

ins ta l led . T h e f ixed l eng th of the a n c h o r s w a s injected w i t h c e m e n t g r o u t , and the free l eng th was 

wel l i so la ted aga ins t c o r r o s i o n . Al l a n c h o r s w e r e t ens ioned to 1 ,500 k N a n d t hen f ixed wi th a ten-

s ion force of 1 ,000 k N . S o m e of the a n c h o r s w e r e i n s t r u m e n t e d w i th 5 s t ress g a u g e s e a c h , b y m e a n s 

of w h i c h the d i s t r ibu t ion of the t ens ion force a long the fixed l eng th of the a n c h o r w a s m e a s u r e d . 

T h e resu l t s m e a s u r e d o n o n e a n c h o r a re p r e sen t ed in F i g . 8 . 1 5 . It is in te res t ing to n o t e that m o r e 

than 5 0 % of the a n c h o r force w a s t r ansmi t t ed to the r o c k b e t w e e n the ex t e r io r end of the fixed length 

and the s t ress g a u g e 5 at the end of the a n c h o r o n a f ixed l eng th o f a b o u t 1.8 m , and the res t was 
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F i g . 8 . 1 3 Cross section through the plateau for the cokery at Bakar, 1 original slope, 2 excavated stable 
cut, 3 excavation for a retaining wall section, 4 stable slope with wall, 5 rock anchors 

F ig . 8.14 View of the anchored retaining wall on the plateau for the cokery at Bakar 

nea r ly d i s t r ibu ted to the far end of the a n c h o r . Th i s c o n f i r m s , as exp la ined p r e v i o u s l y , that the 

fixed l eng th of 11 .5 m is m o r e than n e e d e d , and that the b e a r i n g force of the a n c h o r s is m u c h in ex-

cess of 1,500 k N . 
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1500 KN 

F i g . 8 . 1 5 Tension test on a rock anchor, 
(a) distribution of tensile anchor 
force along the fixed length of anchor, 
(b) distribution of tangential stresses 
along the fixed length of the anchor, 
(c) fixed length of anchor with 
stress gauges 1 to 6 

(c) 

5 x 2 . 6 

-t [1 2 3 4 5 I6 \ 

11.5 , 16.0 

8 . 2 . T u n n e l l i n i n g p r e s t r e s s e d b y g r o u t i n g 

Tens i l e f issures d e v e l o p in the conc re t e l in ing of p r e s s u r e tunne l s and shafts . T h e y m a y b e n a r r o w 

and neg l ig ib l e in c o m p e t e n t r o c k and at a l o w p r e s s u r e in the tunne l , b u t gene ra l ly the l in ing m u s t 

b e r e in fo rced , so that excess ive losses of s eepage w a t e r a re p r e v e n t e d , espec ia l ly if the su r round ing 

rock is f issured and ve ry p e r v i o u s . Poss ib l e m e a s u r e s to r e d u c e the w a t e r loss f rom p r e s su r e tunnels 

and shafts a r e : 

• cons t ruc t i on of steel l in ing ; 

• c o n s t r u c t i o n of r e in forced conc re t e l in ing ; 

• p re s t r e s s ing the re in forced conc re t e l in ing ; 

• conso l ida t i on g rou t ing the s u r r o u n d i n g r o c k to r e d u c e its de fo rmab i l i ty and pe rmeab i l i t y ; 

• p re s t r e s s ing the l in ing b y h i g h p r e s s u r e in ject ions in to the s u r r o u n d i n g rock . 

S t a n d a r d so lu t ions for a h i g h p r e s su re and w e a k r o c k a re a steel l iner and re in forced conc re t e lin-

ing . 

S o m e p re fab r i ca t ed p res t r e s sed l in ings w e r e u sed b u t the cons t ruc t ion in the res t r ic ted tunnel site 

w a s too c o m p l i c a t e d to h a v e a w i d e sp read u s e . T h e e x a m p l e k n o w n to the a u t h o r is the p ressure 
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tunne l for the M i o c e n e hyd roe l ec t r i c p o w e r s ta t ion in I taly (Kujundz ic , Radosav l j ev i c , 1959) . T h e 

inne r d i a m e t e r of the tunne l is 2 . 7 m , and the hyd rau l i c p r e s s u r e is 12 b a r . P r e c a s t conc re t e p re ten-

s ioned e l emen t s of the l in ing w e r e 12 c m th ick . T h e e l emen t s w e r e m o u n t e d in the tunne l and the 

space b e t w e e n the e l emen t s and the r o c k w a s injected w i th c e m e n t m o r t a r at a l o w p r e s s u r e . In this 

case the l in ing suppor t s the w h o l e hydros t a t i c p r e s s u r e . 

T h e re in forced conc re t e l in ing , w h i c h is u sua l ly cons t ruc ted in p r e s s u r e t unne l s , does no t p r even t 

f i ssures . It on ly d is t r ibu tes fine f issures a long the p e r i m e t e r of the l in ing . C o n c e n t r a t e d seepage leaks 

a re r e d u c e d , b u t n o t tota l ly p r e v e n t e d . In f issured d e f o r m a b l e r o c k the total s eepage losses m a y still 

b e i m p o r t a n t . 

O t h e r so lu t ions w e r e p r o p o s e d to so lve this p r o b l e m b y o the r m e a n s of p re s t r e s s ing . Kujundz ic 

(1950) p r o p o s e d to p res t ress the conc re t e l in ing b y m e a n s of flat j a c k s bui l t in to the conc re t e and in-

j e c t ed wi th m o r t a r u n d e r p r e s s u r e to i nduce c o m p r e s s i v e axia l forces in the l in ing , as i l lus t ra ted in 

F i g . 8 . 1 6 . T h e idea w a s la ter o n i m p l e m e n t e d in the de r iva t ion tunne l of the R o s s h a u p t e n H P P by 

K u n z . 

F i g . 8 . 1 6 Proposed method of prestressing 
concrete tunnel lining, 1 smooth-
ing concrete layer, 2 concrete lin-
ing, 3 flat jacks injected with 
mortar (Kujundzic, 1950) 

T h e d i a m e t e r of the Uinnel was 2 . 2 0 m , the l eng th 2 6 0 m , and the hydros t a t i c p r e s s u r e 4 b a r . T h e 

con t r ac to r K u n z pa ten ted the so lu t ion . It w a s u sed a l so for p res t ress ing the 1,000 m long tunnel of 

the H E P P Re i sach - Re i sen le i t e of 4 . 9 0 m inne r d i a m e t e r and a p r e s s u r e of 25 b a r . In this ca se , p res -

t ress ing w a s n o t ach ieved as expec t ed , and it had to b e s u p p l e m e n t e d b y p r e s s u r e g r o u t i n g the rock 

b e h i n d the l in ing . 

K iese r (1950) has d e v e l o p e d ano the r so lu t ion . T h e p res t ressed conc re t e l in ing of the tunne l con-

sists of t w o r ings . T h e excava ted i r r egu la r r ock surface is l ined w i th a p la in conc re t e l ining w h i c h 

p rov ides a r egu l a r c i r cu la r p rof i l e . A n inne r r ing of p re fabr ica ted b locks is cons t ruc ted o n th i s , wi th 

p r o t u b e r a n c e s w h i c h l eave an annu l a r space b e t w e e n the t w o l in ings . W h e n a sec t ion 5 . 0 m long is 

c o m p l e t e d , the a n n u l a r space is injected wi th th ick g r o u t u n d e r 25 b a r p r e s s u r e , w h i c h c rea tes a last-

ing c o m p r e s s i v e s t ress in the inne r conc re t e r i ng . T h e p r inc ip l e and deta i ls of the cons t ruc t ion are 
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i l lus t ra ted in F i g s . 8 .17 and 8 . 1 8 . T h e injected g r o u t is k e p t u n d e r p r e s s u r e un t i l it ha s set . Th i s sol-

u t i on has b e e n successful ly app l ied o n severa l tunne l s in Aus t r i a , F R G e r m a n y , I ta ly and F r a n c e 

o n a total l eng th of 1 ,500 m . T h e la rges t o n e w a s a shaft of 14 m d i a m e t e r . 

(o ) (b ) 

F i g . 8 . 1 7 Prestressed concrete tunnel lining after Kieser, (a) cross section, 1 external concrete ring, 
2 inner ring of prefabricated concrete blocks, 3 annular space injected with mortar, 4 injection 
connections, (b) details of lining, 2 prefab, concrete blocks set in mortar, 3 protrusions on 
block to define annular space around the blocks, 4 injection connection, 5 drain as needed 

F i g . 8 . 1 8 Longitudinal section through a prestressed concrete lining tunnel after Kieser, 1 external 
lining, 2 ring of prefabricated blocks, 3 injected annular space between the linings, 4 injection 
connections, 5 longitudinal drain 
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Lauffer (1968) d e v e l o p e d ano the r so lu t ion w h i c h is n o t so compl i ca t ed and e x p e n s i v e as the de -

scr ibed o n e s . It is k n o w n in the l i t e ra ture as the T I W A G so lu t ion . Ins tead of a d o u b l e l in ing wi th an 

annu l a r space as in the K iese r so lu t ion , a n o r m a l conc re t e l in ing is cons t ruc t ed , and the pres t ress -

ing g r o u t is injected u n d e r a h i g h p r e s su re in to the specia l ly t rea ted g a p b e t w e e n the l in ing and the 

rock in te r face . S o m e essent ia l detai ls h a d to b e so lved in o r d e r to m a k e th i s , in p r inc ip l e ve ry s imple 

idea ,ope ra t ive . T h e first is to k e e p the g a p o p e n to pene t r a t i on of the p res t ress ing g r o u t , so tha t the 

g r o u t p r e s s u r e acts u n i f o r m l y o n the ho le ex te rna l surface of the l in ing . E x t e n s i v e tes t ing has s h o w n 

that this c a n b e ach ieved b y pa in t ing the excava ted rock in t r ados w i th a l i m e s lur ry after filling the 

la rges t i r regu la r i t i es w i t h conc re t e . Tes t s h a v e s h o w n that the p r e s su r e n e e d e d to spli t the gap wi th 

the pa in ted in t r ados w a s r e d u c e d to 1/7 to 1/3 of that w i t h o u t l i m e . T h e o the r deta i l c o n c e r n s u n i -

fo rm pene t r a t i on of the injected g r o u t all a r o u n d the in te r face . T h e so lu t ion cons is t s of f ixing p las -

tic p ipe r ings at a b o u t 3 . 0 m spac ing o n the r o c k int rados ,as i l lus t ra ted in F i g . 8 . 1 9 , be fo re conc re t ing 

the l in ing . H o l e s a re dr i l led o n the p ipes at r egu la r in te rva ls of a b o u t 1.0 m and c o v e r e d w i th syn-

thet ic s p o n g e s leeves w h i c h funct ion as re lease va lves . O n the in t rados u n d e r and o v e r the p ipes P V C 

b a n d s a re f ixed w h i c h ensu re con tac t f rom the s leeves to the g a p for u n i f o r m pene t r a t i on of the in-

j e c t ed g rou t . 

F i g . 8 . 1 9 Installation for prestressing the concrete tunnel lining system TIWAG, (a) cross section, 
(b) longitudinal section, (c) fixing of plastic pipes on the intrados excavation, (d) valves on the 
pipes, with sponge sleeves, 1 rings of plastic pipes, 2 insulating lime slurry, 3 injection con-
nections, 4 connected to water pressure, 5 concrete filling of large excavation irregularities, 
6 PVC bands, 7 direction of prestressing 
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P re s t r e s s ing c a n s tar t f r o m o n e e n d in a c o n t i n u o u s o p e r a t i o n to the o t h e r e n d o f the tunne l w h e n 

the c o n c r e t e l in ing h a s d e v e l o p e d suff icient s t r eng th . T h e in jec t ion p u m p s a r e s imu l t aneous ly con-

nec t ed to t w o o r t h r ee r i ngs o f p ipes w h i c h a r e in jected to sa tu ra t ion . O n e r ing b e h i n d a n d o n e ahead 

o f the in jec ted r ings a r e c o n n e c t e d to w a t e r p r e s s u r e in o r d e r to k e e p the in jected g r o u t u n d e r p r e s s -

u r e un t i l t he g r o u t se t s , and to p r e v e n t pene t r a t i on a h e a d o f the sec t ion b e i n g in jec ted . S table c e m e n t 

s u s p e n s i o n of 1 C : 0 . 0 2 B : 1 W is in jec ted , the in jec t ion p r e s s u r e d e p e n d s o n the d i a m e t e r and thick-

ness of the l i n ing , b u t it shou ld b e h i g h e r than the hyd ros t a t i c ins ide p r e s s u r e o f the tunne l . 

T h e T I W A G m e t h o d of p res t r e s s ing tunne l l in ings has b e e n successful ly app l i ed for severa l p ress -

u r e tunne l s o f h y d r o e l e c t r i c p o w e r p l an t s . T h e p r e s s u r e tunne l of the H E P P K a u n e r t a l in the T y r o l 

is 13 k m l o n g , the i n n e r d i a m e t e r is 4 . 0 m , and the hyd ros t a t i c p r e s s u r e is 13 b a r . I t c rosses w e a k 

b e d s o f phi l l i tes a n d schis ty gne i s s o f p o o r geo techn ica l p a r a m e t e r s o n a l eng th of 3 . 5 k m . O n this 

sec t ion the T I W A G pres t r e s s ing m e t h o d w a s app l i ed for the first t i m e . T h e in jec t ion p r e s s u r e w a s 

4 0 b a r , the c o n s u m p t i o n o f c e m e n t a m o u n t e d to 4 5 0 k g / m of l in ing a n d it w a s r a the r u n i f o r m a long 

the t unne l . C h e c k h o l e s h a v e c o n f i r m e d that the th ickness o f the injected g r o u t w a s b e t w e e n 1 and 

6 m m , in a v e r a g e 3 m m th ick . T h i s c o r r e s p o n d s to a c e m e n t c o n s u m p t i o n o f 100 k g / m of tunne l and 

the r e su l t is tha t a b o u t 3 5 0 k g of c e m e n t p e r m e t e r o f l in ing w a s in jected in to the f issures of the sur-

r o u n d i n g r o c k . T h i s is m o r e t han w a s injected in con tac t g r o u t i n g o f the tunne l sec t ion t h r o u g h sound 

r o c k . T h u s s o m e i m p r o v e m e n t of the s u r r o u n d i n g r o c k w a s ach i eved in add i t ion to p res t ress ing the 

l in ing . T h e l in ing w a s inspec ted in 1 9 6 8 , four y e a r s after the o p e r a t i o n o f the tunne l s ta r ted , and it 

w a s found tha t the p re s t r e s sed l in ing w a s free of a n y f i ssures , wh i l e l ong ho r i zon t a l f issures in u n -

in t e r rup ted l eng ths of l in ing w e r e d i s cove red in the o t h e r sec t ion o f the tunne l t h r o u g h c o m p e t e n t 

r o c k . T h i s f inding h a s p r o v e d that p re s t r e s s ing w a s a full success a t a p r i c e a b o u t 5 . 5 % the cos t of 

the p re s t r e s sed l i n ing . 

T h e T I W A G pres t r e s s ing m e t h o d w a s u s e d in t w o para l l e l p r e s s u r e tunne l s o f the D r a k e n s b e r g 

p u m p e d s to r age p o w e r p l an t in the S o u t h Af r i can R e p u b l i c ( H a r r i s , 1 9 8 2 ) . T h e tunne l s a r e 5 .5 k m 

l o n g , a n d the d y n a m i c ins ide p r e s s u r e r eaches u p to 6 2 b a r . T h e ho r i zon ta l tunne l s a r e in ho r i zon -

tal ly b e d d e d Tr i a s s i c s ands tone and s i l t s tone , the ho r i zon ta l s t resses in the r o c k w e r e tw ice the ove r -

b u r d e n s t ress . De ta i l s and the cons t ruc t ion of the c o n c r e t e l in ing a r e iden t ica l to those desc r ibed for 

the K a u n e r t a l t u n n e l . T h e spac ing of the in jec t ion p ipes w a s 2 . 4 m , and the s leeve va lves o n the 

p ipes w e r e spaced at 1.7 m . T h e in jec t ion s tar ted w i t h a t h inne r c e m e n t su spens ion and it w a s satu-

ra ted w i t h a d e n s e r o n e . T h e p r e s s u r e n e e d e d to o p e n the s l eeve va lves a m o u n t e d to 160 b a r , and 

the in jec t ion p r e s s u r e w a s a b o u t 5 0 b a r . T h e c e m e n t c o n s u m p t i o n a m o u n t e d to 6 8 0 k g / m in o n e , 

and to 3 8 0 k g / m in the o t h e r t unne l , w h i c h is 3 2 k g / m 2 a n d 18 k g / m 2 r e spec t ive ly of the injected 

con tac t a r e a . T h e s e e x a m p l e s d e m o n s t r a t e that the "gap g r o u t i n g " m e t h o d is v e r y successful for p r e s -

t ress ing p r e s s u r e t unne l l in ings in o r d e r to p r e v e n t the d e v e l o p m e n t o f ho r i zon ta l f issures and to m i -

n i m i z e the re la ted w a t e r los ses . In the K a u n e r t a l t unne l , the specif ic w a t e r losses w e r e on ly 0 . 1 4 

1/s o n 1 ,000 m of l in ing at a p r e s s u r e of 16 b a r . 

T h e ini t ia l ly m e n t i o n e d m e t h o d of p res t r e s s ing c o n c r e t e tunne l l in ings b y a h i g h p r e s s u r e inject ion 

of t he s u r r o u n d i n g r o c k s e e m e d at first s ight to b e a s i m p l e a n d a t t rac t ive poss ib i l i ty , and severa l at-
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t empt s w e r e m a d e to i m p l e m e n t it . T h e m e t h o d w a s first p r o p o s e d b y W o l f s h o l z (1924) and Rand-

z io ( 1 9 2 7 ) , and it w a s first rea l ized in 1955 in the H P P R e i s a c h - Raben le i t e p r e s s u r e tunne l w h i c h 

was unsuccess fu l ly p res t r e s sed b y the K u n z m e t h o d , as desc r ibed p r e v i o u s l y . T h r o u g h the l in ing of 

the tunne l , 3 to 5 m d e e p ho les w e r e dr i l led poss ib ly p e r p e n d i c u l a r to the b e d d i n g , as s h o w n in F i g . 

8 .20 . G r o u p s of ho les w e r e first w a s h e d c lean b y inject ing w a t e r w i t h add i t ives to soften c layey fill 

in f i ssures . T h e n c e m e n t g r o u t w a s injected u n d e r a p r e s s u r e 2 . 5 t imes the ins ide hydros t a t i c p ress -

u r e . S o m e pres t ress ing of the conc re t e l in ing resu l ted . T h e c e m e n t c o n s u m p t i o n w a s 2 2 k g / m of 

the l in ing . A c c o r d i n g to the r epor t , the seepage w a t e r loss after the t r e a tmen t w a s neg l ig ib le . 

F i g . 8 . 2 0 Disposition of injection holes, sequence of washing and injection for rock prestress 
grouting, (a) cross section, (b) longitudinal section, 1 injected, 2 washed holes, 3 direction 
of activity 

T h e idea w a s s tudied and p r o m o t e d in Y u g o s l a v i a in o r d e r to e c o n o m i z e o n re in forc ing steel for 

p r e s su re tunne l l in ings . T h e first to p r o m o t e the idea w e r e Ku jundz ic and Radosav l j ev i c (1959) w h o 

gave prac t ica l ins t ruc t ions based o n the expe r i ence ava i lab le at tha t t i m e . T h e y m e n t i o n the u s e of 

expans ive c e m e n t for g r o u t i n g , the app l ica t ion of g rou t ing p r e s s u r e 2 . 5 t imes the inne r hydros ta t ic 

p r e s su re in the t unne l , d i rec t ing the ho les p e r p e n d i c u l a r to the b e d d i n g and s imu l t aneous in ject ion 

of g r o u p s of h o l e s . S o m e tr ial w o r k s w e r e la ter exp lo red . 

A test c h a m b e r w a s excava ted at the cons t ruc t ion of the H E P P R a m a p r e s s u r e tunne l in fo rmat ions 

of L o w e r Tr i a s cons i s t ing of quar tz - se r ic i t i c s ands tone and c layey ser ic i t ic schis t (Langhof , 1967 , 

K r m a n o v i c et a l . , 1969) . Se i smic m e a s u r e m e n t s of r ock de fo rmabi l i ty and m e a s u r e m e n t s w i th flat 

2 
j a c k s h a v e u n c o v e r e d that the fo rmat ions w e r e m o r e d e f o r m a b l e in the ver t ica l (Ed = 16 M N / m ) 

2 

than in the ho r i zon ta l d i r ec t ion (Ed = 3 0 , 5 M N / m ) , the pe rmeab i l i t y b e i n g neg l ig ib l e . T h e test 

c h a m b e r , e x c a v a t e d para l le l to the tunne l ax i s , w a s 32 m l o n g , the d i a m e t e r w a s 5 . 0 m , and the con-

cre te l in ing w a s 5 0 c m th ick , as s h o w n in F i g . 8 . 2 1 . D u r i n g the excava t ion of the c h a m b e r , some 

outfal ls o c c u r r e d f rom the a r ch b e c a u s e of the un favo rab l e b e d d i n g of the rock,as s h o w n in the f igure , 

w h i c h w e r e filled wi th conc re t e be fo re the l in ing w a s cons t ruc t ed . F i v e m e a s u r i n g prof i les w e r e in-

s t rumen ted on the l in ing for s tress m e a s u r e m e n t s in the conc re t e l in ing and m e a s u r e m e n t s of radial 

d e f o r m a t i o n s . In the first r u n the con tac t of the l in ing in the a r ch w a s injected w i th I C : 10S : 0 . 0 3 B : 2 W 

grou t , the po ros i t y of w h i c h w a s u p to 4 0 % after in ject ion, and the v o l u m e of injected g r o u t was 

85 m . E i g h t ho les w e r e dr i l led in the second run 2 . 5 to 4 . 5 m d e e p in e a c h of 15 prof i les a long 
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the c h a m b e r . F o u r sec t ions I - IV w e r e separa te ly in jec ted . In e v e r y sec t ion the l o w e r ho les w e r e in-

j e c t e d at 5 b a r p r e s s u r e , t hen all the ho le s w e r e redr i l l ed and r e g r o u t e d at a 3 0 b a r p r e s s u r e . A total 

of 119 t of c e m e n t w a s injected in the second r u n , w h i c h a m o u n t s to 3 .7 t / m of the l in ing . 

A B C D 

Fig . 8 . 2 1 Test Chamber for testing the prestressed tunnel lining by pressure grouting the surrounding 
rock, 1 rock falls from arch, 2 instrumented measuring profiles A , B, C, D, injection 
sections I-IV 

T h e g r o u t c o m p o s i t i o n w a s 1 C : 0 . 0 1 B : 5 - 3 W w i t h 1% of In t rap las t . T h e s tress d is t r ibut ion 

m e a s u r e d o n the l in ing in t rados is p re sen ted in F i g . 8 . 2 2 . T h e rad ia l c o m p r e s s i v e s t ress in the l in-

I ι I I ' ' I I L 

Fig . 8 . 2 2 Prestresses measured on intrados of the concrete lining achieved after pressure grouting the 
surrounding rock in profiles A , B, C of the test chamber, 1 immediately after grouting, 
2 stresses 66 days after grouting, ompressive stresses 
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ing is ve ry i r r egu la r ly d i s t r ibu ted a long the p e r i m e t e r of the l in ing and a r a the r h i g h s t ress re laxa-

t ion o c c u r r e d 6 6 days after the in ject ion. Tens i l e s t resses w e r e a l so i nduced , and o b v i o u s l y b e n d i n g 

m o m e n t s d e v e l o p e d in the l in ing . 

O n e h u n d r e d days after in jec t ing, the test c h a m b e r w a s filled w i th w a t e r of the s a m e t empera tu re 

as the s u r r o u n d i n g rock and l in ing , and it w a s tes ted u n d e r p r e s s u r e f rom 2 to 10 b a r in four load-

ing and u n l o a d i n g cyc l e s . T h e m e a s u r e d s t resses in the l in ing and rad ia l de fo rma t ions a re s h o w n in 

F i g . 8 . 2 3 . 

(Q) 

+ Δ = r a d i a l e x t e n s i o n Δ = 0 0.2 OA 0.6 0.8 1.0 mm 
I ι ι ι ι ι ι ι ι ι I 

F i g . 8 . 2 3 Stresses in the lining and radial deformations in profile A, (a) stresses tangential to the 
perimeter, (b) radial deformations, 2 - 1 0 bar test pressures in three loading/unloading cycles 
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E v i d e n t l y the resu l t ing s t resses a r e ve ry i r r egu la r ly d i s t r ibu ted a l o n g the p e r i m e t e r o f the l in ing . 

T h e tota l s t resses in the l in ing resu l t ing f rom pres t r e s s and a hyd ros t a t i c i nne r p r e s s u r e of 6 b a r a re 

s h o w n in F i g . 8 . 2 4 as m e a s u r e d in prof i les A , Β a n d C . A g a i n the s t resses a r e v e r y i r r egu la r ly dis-

A B 

t r ibu ted a r o u n d the p e r i m e t e r and they a r e di f ferent in the th ree prof i l es . F o r c o m p a r i s o n , the the-

ore t ica l s t ress in a free s t and ing tube is a l so s h o w n , f rom w h i c h it is c o n c l u d e d that p res t ress ing has 

r e d u c e d the tens i le s t resses in the l in ing , b u t r eg ions of tens i le s t resses a r e n o t e l imina ted . 

A n o t h e r test w a s ca r r i ed ou t in the H E P P Treb i sn j i ca p r e s s u r e tunne l (Langhof , 1 9 6 7 ) . T h e tun-

nel w a s ex cav a t ed in l aye red U p p e r C r e t a c e o u s l imes tone w i th smal l f issures filled w i t h c lay . T h e 

d y n a m i c d e f o r m a t i o n m o d u l i w e r e b e t w e e n Ed = 3 , 0 0 0 and 4 , 7 0 0 k N / m . T h e i nne r d i a m e t e r of 

the tunne l w a s 6 .0 m , and the th ickness of the c o n c r e t e l in ing w a s 3 0 c m . In jec t ions for p res t ress -

ing the l in ing w e r e ca r r i ed ou t in t w o p h a s e s , the first to fill l a rge r f issures and v o i d s , and the sec-

o n d to i n d u c e c o m p r e s s i o n p res t ress in the l in ing . T h e in jec t ion p r e s s u r e w a s 8 b a r in b o t h phase s . 

S tab le c e m e n t suspens ions w i th s o m e ben ton i t e and wi th va r i ab le w a t e r ra t ios w e r e in jected. 

Fig. 8.24 Resulting lining stresses in the measuring 
profiles, A,  B and C, 1 prestress after 
100 days from the injection, 2 resulting stress 
during the loading cycle to 6 bar pressure, 
3 theoretical lining stress in the unsupported 
tube ht
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F i v e h o l e s , in r ings spaced , b y 6 m w e r e injected in the first p h a s e , and in the s econd p h a s e five 

ho les in r ings b e t w e e n those of the first p h a s e . A l w a y s o n e h o l e , s tar t ing f rom top of the a r ch d o w n , 

was injected to sa tu ra t ion . D e f o r m a t i o n s and s t resses in the l in ing w e r e m e a s u r e d in th ree sect ions 

of the injected l eng th of the tunne l , du r ing the inject ion and after the tunne l w a s in ope ra t ion . It was 

found ou t that the resul t s w e r e n o t sa t i s fac tory . P r o b a b l y h i g h e r in jec t ion p re s su re s and s imul ta-

n e o u s inject ions of the w h o l e r ing of ho les shou ld h a v e b e e n ca r r i ed ou t . 

T h e s e d o c u m e n t e d l in ing p res t ress ing tests b y h i g h p r e s su r e in ject ion in to the s u r r o u n d i n g rock 

s h o w that a u n i f o r m c o m p r e s s i v e stress c a n no t b e ach i eved . T h e resul t , if a n y , is e r ra t i c and u n r e -

l iab le . T h e r o c k de fo rmab i l i ty m a y b e r e d u c e d as in conso l ida t ion g r o u t i n g , w h i c h a l so reduces the 

d a n g e r of l ong ia id ina l f i ssur ing , so that s o m e r educ t ion of s eepage losses f rom the tunne l m a y b e 

ach ieved , b u t m a n y unce r t a in t i e s m a k e the m e t h o d un re l i ab l e . 
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9 . L I F T I N G A N D L E V E L L I N G O F S T R U C T U R E S B Y G R O U T I N G 

T h e first e x p e r i e n c e s wi th lifting and leve l l ing of s t ruc tures b y inject ion w e r e a c c r u e d in the Uni t ed 

States a b o u t 1930 w h e n it b e c a m e usua l p rac t i ce to inject c e m e n t g r o u t for leve l l ing sagged concre te 

s labs d u r i n g h i g h w a y m a i n t e n a n c e and r econs t ruc t ion w o r k s . G r o u t i n g w a s u s e d for the first t ime 

in 1953 to level the u n e v e n se t t l ement of the founda t ion s lab of a c o k i n g p l an t and of a h y d r o e l e c -

tr ic p o w e r s ta t ion in W e s t G e r m a n y . 

H e a v y s t ruc tu res w h i c h set t led u n e v e n l y m a y b e level led in severa l w a y s : b y sof tening the g round 

b e l o w a pa r t of the s t ruc tu re w h i c h has set t led less , b y u n d e r p i n n i n g and w i d e n i n g the foundat ion 

o n the s ide w h i c h has set t led m o r e , and b y lifting the s t ruc tu re w i th hyd rau l i c j a c k s , b u t a l so c o m -

pac t ion g rou t ing- in jec t ing th ick g rou t , w h i c h inc reases the v o l u m e of soil u n d e r the set t led founda-

t ion , w a s successful ly app l ied on severa l occas ions in ra i s ing the set t led pa r t s of the foundat ion . 

Injected g r o u t m a y pene t r a t e the g r o u n d in t w o w a y s , d e p e n d i n g o n the p rope r t i e s of the g round 

and the g r o u t c o m p o s i t i o n : 

• suspens ions pene t r a t e the vo ids of the soil so that it b e c o m e s d e n s e r and less de fo rmab le 

after the g r o u t sets and ga ins s t reng th ; 

• th ick g r o u t pene t r a t e s the g r o u n d d i sp lac ing the soi l , c o m p a c t s it and lifts its surface if the 

p r e s s u r e and v o l u m e of the injected g r o u t a r e suff icient . 

D i s p l a c e m e n t o r c o m p a c t i o n g rou t ing wi th th ick g r o u t is efficient in all k i n d s of soil f rom grave l 

to cohes ive sil ty and c lay soi ls . S o m e bas ic cond i t ions m u s t b e satisfied for successful lifting and le-

ve l l ing of s t ruc tu res by c o m p a c t i o n g r o u t i n g : 

• the s t ruc tu re m u s t res t o n a s ingle founda t ion and b e sufficiently stiff to w i ths t and unavo id -

ab le smal l concen t r a t i ons of soil r eac t ion ; 

• in ject ion p r e s su re shou ld no t b e l imi ted b y the d a n g e r of d a m a g i n g the s u r r o u n d i n g p rope r -

t ies ; 

• stiff g r o u t m u s t b e injected w h i c h pene t ra tes in to the soil b y h y d r a u l i c j a c k i n g (c laquages) 

and c o m p a c t i o n of the s u r r o u n d i n g soil in concen t r a t ed v o l u m e and no t b y p e r m e a t i n g the 

vo ids of the soi l . 

F o r lift ing sha l low s t ruc tures it is conven i en t to inject g r o u t at a h i g h p r e s s u r e d e e p e r in to the soil 

w h e r e pene t r a t i on of the g r o u t in to the des i red v o l u m e is eas ie r to c h e c k and h y d r a u l i c j a c k i n g can 

b e effected. D e p e n d i n g o n the soil c o m p o s i t i o n , o n the d e p t h of the founda t ion b e l o w the g round 

sur face and o n o the r local cond i t i ons , it m a y b e neces sa ry to conf ine the r e g i o n b y cons t ruc t ing a 

sheet p i le wa l l o r a g r o u t cu r t a in a r o u n d the p e r i m e t e r of the founda t ion in o r d e r to p r e v e n t the use -

less pene t r a t i on of the g r o u t in to the s u r r o u n d i n g s of the founda t ion . S u c h a g r o u t cu r ta in mus t not 
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b e i m p e r m e a b l e . It is sufficient to g r o u t it b y spli t spac ing w i th a p r e s s u r e of a b o u t tw ice the ove r -

b u r d e n p r e s s u r e . 

Seve ra l poss ib i l i t ies for the leve l l ing and lifting of s t ruc tures and for i m p r o v i n g the g r o u n d a r o u n d 

founda t ions a re ske tched in F i g . 9 . 1 . 

Id) le) If) 

F i g . 9 . 1 Several applications of compaction grouting for the levelling and lifting of structures, 
(a) levelling of a leaning building, (b) elimination of uneven settlement of slab foundation, 
(c) compensation of the differential settlement of neighboring structural foundations, 
d) compaction of soil around the pile base for improving the bearing capacity, (e) compaction 
of soil around the pile shaft for increasing skin the friction, (f) lifting subsidence above a tun-
nel in soil (Warner, 1982) 

A de ta i led exp lo ra t i on of the founda t ion soil m u s t b e ava i lab le for the des ign of such g rou t ing p r o -

j ec t s o n w h i c h the speci f ica t ions for the d e v e l o p m e n t of the act ivi t ies a re ba sed . T h e de fo rma t ion 

charac te r i s t i cs of the s t ra ta and thei r spat ial d i s t r ibu t ion a re of p r i m e in teres t . 

9 . 1 . T h e o r e t i c a l b a c k g r o u n d 

T h e m e c h a n i s m of g r o u t pene t r a t ion by d i sp l acemen t in to soil is ve ry c o m p l e x . T h e injected grout 

m a y pene t r a t e the g r o u n d by c o m p r e s s i n g loose soil w h e r e the poros i ty is r e d u c e d , o r e i ther the sur-

face o r the founda t ion p l ane a re lifted, o r these m e c h a n i s m s o c c u r s imul t aneous ly in different p r o -

po r t i ons . W h e n g r o u t is injected in to a cy l indr ica l cavi ty it first fills it and then e x p a n d s , w h e r e a s 

w h e n it is injected t h r o u g h the b o t t o m of an in ject ion h o l e , a spher ica l v o l u m e is e x p a n d e d and filled 

wi th g rou t . W h e n the cr i t ical in ject ion p r e s su re is exceeded the s u r r o u n d i n g g r o u n d is e i ther c o m -
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p re s sed o r d i sp laced t o w a r d any free su r face , and the resu l t ing v o l u m e is filled w i t h g r o u t and g r o w -

ing as l ong as in jec t ion p r o g r e s s e s . 

A theore t i ca l so lu t ion for the e x p a n s i o n of a spher ica l and a cy l indr ica l cav i ty in the cen te r of an 

inf ini te ha l f - space of h o m o g e n e o u s sa tura ted clay, the s t r eng th p a r a m e t e r s o f w h i c h a r e c u = 0 , was 

d e v e l o p e d b y L a d a n y ( 1 9 6 3 ) . F o r the e x p a n s i o n of a spher i ca l cav i ty in a n o r m a l l y conso l ida ted clay 

and in a p r e c o n s o l i d a t e d c lay the fo l lowing resul t s a r e ob ta ined : 

ρ = 10 c u ( n o r m a l l y conso l ida ted c l a y ) , 

ρ = 5 c u (p reconso l ida t ed c l ay ) , (9 .1) 

d e p e n d i n g o n the u n c o n f i n e d s t r eng th c u, o r : 

ρ = 2 oz ( n o r m a l l y conso l ida ted c l a y ) , 

4 , 5 o i < ρ < 6 oz (p reconso l ida ted c l ay ) . (9 .2 ) 

In these exp re s s ions 

ρ = in jec t ion p r e s s u r e , 

c u = u n c o n f i n e d s t r eng th , 

oz = o v e r b u r d e n effect ive n o r m a l s t ress a t d e p t h z . 

T h e s a m e o r d e r of m a g n i t u d e of the p r e s su re ρ app l ies for the e x p a n s i o n of a cy l indr ica l cav i ty . 

Ves i c (1972) h a s so lved the p r o b l e m for the e x p a n s i o n o f a spher ica l cav i ty in c o h e s i v e M o h r - C o u -

l o m b ma te r i a l w i t h s t r eng th p a r a m e t e r s (c , φ) and a v o l u m e s t ra in in the plas t i f ied z o n e a r o u n d the 

cav i ty . T h e s t r eng th p a r a m e t e r s and the v o l u m e s t ra in a r e ob ta ined f rom t r iaxia l l abora to ry tes ts . 

T h e p r e s s u r e n e e d e d to s tar t the e x p a n s i o n of the cav i ty i s : 

ρ = c F c + oz (1 + 2 Ko) F q / 3 (9 .3) 

F c and F q a r e e x p a n s i o n factors w h i c h d e p e n d o n Φ , E , and Θ and they a r e t abu la ted in the pape r . 

F r o m a n e x a m p l e in the V e s i c p a p e r it c a n b e e s t ima ted tha t in a n o n c o h e s i v e soil w i t h Φ = 35 ° , 

Ε = 6 0 0 b a r , Θ = 0 . 0 1 2 , Ko = 0 . 3 3 the e x p a n s i o n p r e s s u r e a m o u n t s to ρ = 7 . 8 σ ζ and it is a l i-

n e a r funct ion of d e p t h , it inc reases w i th the m o d u l u s Ε and dec rea se s w i t h the v o l u m e s t ra in Θ . M o r e 

deta i l s c a n b e ob t a ined f rom the c i ted p a p e r s b y L a d a n y and V e s i c . T h e s e theore t i ca l resul t s on the 

cr i t ica l p r e s s u r e n e e d e d to e x p a n d a cav i ty and inject the g r o u t a r e i n fo rma t ive on ly and field test 

a r e n e e d e d for any ac tua l p r o b l e m . 

Lif t ing and leve l l ing b y g r o u t in jec t ion has the fo l lowing a d v a n t a g e s : 

• n o d i s t u r b a n c e is caused to the e n v i r o n m e n t and n e a r b y s t ruc tu res ; 

• a n y r i sk for the s t ruc tura l and funct ional in tegr i ty of the s t ruc tu re is m i n i m a l ; 

• the o p e r a t i o n m a y b e ca r r i ed ou t w i t h o u t any in t e r rup t ion of the s t ruc tu re funct ion; 

• t he re is n o n e e d for ex t ens ive soil inves t iga t ions ; 

• it is u sua l ly the m o s t e c o n o m i c a l t e rna t ive . 
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T h e l imi t ing factors for its u s e m a y b e : 

• the effect m a y n o t b e las t ing in sa tura ted c lay founda t ions b e c a u s e of the conso l ida t ion due 

to the i nduc ed p o r e p r e s su re s ; 

• the poss ib i l i ty that the injected g r o u t pene t ra t e s in to the s u b t e r r a n e a n s e w a g e s y s t e m s , p ipes 

and o the r ins ta l la t ions o r that they b e c o m e d e f o r m e d . 

T h e bes t resul ts a re ach ieved in silty sands of l o w re la t ive dens i ty . C l e a n sand and mate r i a l s of 

h i g h re la t ive dens i ty r equ i r e a h i g h e r p r e s su re b e c a u s e they h a v e a h i g h e r shea r ing s t r eng th . 

9 . 2 . G r o u t i n g c o m p o u n d s 

F o r c o m p a c t i o n g r o u t i n g the bes t resul ts in the level l ing and lifting of s t ruc tures a re ach i eved wi th 

m o r t a r g rou t s of v e r y th ick cons i s t ency p r e p a r e d w i th we l l -g r aded sand n o t coa r se r than 2 m m , con-

ta in ing s o m e 2 % of silt f iner than 5 0 μπι . Sands con ta in ing a l a rge r p r o p o r t i o n of c lay is no t suit-

ab le b e c a u s e it m a y sh r ink w h e n injected. M i x e s of abou t 0 . 1 C : 0 . 9 S a r e u s e d . U p to 5 0 % of c e m e n t 

m a y b e subs t i tu ted b y p o z z o l a n a in o r d e r to i m p r o v e the plas t ic i ty and p u m p a b i l i t y of the m o r t a r . 

W a t e r is a d d e d in such a quan t i ty that a s l u m p of 5 0 m m is ob ta ined (see F i g . 9 . 2 ) . In s o m e cases , 

ins tead of c e m e n t , fly a sh ( F A ) and h y d r a t e d l ime in p r o p o r t i o n s of 1 F A : 2 S to 1 F A : 1 0 S w e r e suc-

cessful ly u s e d . 

F i g . 9 . 2 Consistency of mortar for 
compaction grouting 

9 . 3 . G r o u t i n g p r o c e d u r e s for c o m p a c t i o n g r o u t i n g 

In jec t ion ho les a r e dr i l led t h r o u g h the founda t ion s lab of the s t ruc tu re . If the cons t ruc t ion o r the 

p u r p o s e of the bu i ld ing r equ i r e it, s lop ing inject ion ho les can b e dr i l led f rom the p e r i m e t e r , of the 
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( α ) (b) 

F i g . 9 . 3 Disposition of holes for lifting the foundation, (a) through the foundation slab, (b) inclined 
holes from the perimeter 

s t r u c t u r e l s s h o w n in F i g . 9 . 3 . T h e ho le s in the g r o u n d m a y b e dr i l led and cased , o r the cas ing m a y 

b e d r i v e n in to the g r o u n d w i t h a lost po in t . Dr i l l i ng and g r o u t i n g m a y b e f rom the b o t t o m u p , wh ich 

is c h e a p e r , b u t it m a y h a v e the d i s advan t age that the cas ing does n o t seal suff icient ly to p r e v e n t the 

g r o u t f rom e scap ing to the sur face . Dr i l l i ng and inject ing f rom top to b o t t o m is m o r e efficient in 

m a n y ca se s . 

Sphe r i ca l g r o u t b u l b s for lifting o r leve l l ing s t ruc tu res a r e injected t h r o u g h the b o t t o m of cased 

h o l e s , s ta r t ing f rom the t op and p r o c e e d i n g d o w n w a r d s . T h e in jec t ion is s topped at e v e r y b u l b w h e n 

the r e q u i r e d v o l u m e of g r o u t is in jected. T h e pene t r a t i on of th ick g r o u t m a y b e faci l i tated w h e n it 

is p r e c e d e d b y a n in jec t ion of w a t e r w i t h s o m e de t e rgen t o r sur face ac t ive add i t ive s o m e w h a t r e d u c -

ing the shea r s t r eng th of the g r o u n d a r o u n d the injected space . T h e in jec t ion of a l i m e s lur ry m a y 

p r o v e effect ive in c l ayey g r o u n d . 

F i g . 9 . 4 Pressure increase diagrams, (a) in a homogeneous soil, (b) in ground with a weaker layer 
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A h i g h p u m p i n g ra te is c o n v e n i e n t for l ift ing the founda t ions . T h e in jec t ion is in i t ia ted wi th a 

p u m p i n g ra te o f s o m e 3 0 0 1 / m i n , and it is k e p t cons tan t un t i l the specif ied v o l u m e is injected o r the 

r equ i r ed a m o u n t of l if t ing is r e a c h e d . L o w e r p u m p i n g ra tes a r e adv i sab le w h e n s o m e c o m p a c t i o n 

o f the g r o u n d is r e q u i r e d . T h e ra te of p r e s su re inc rease at the s tar t shou ld b e a b o u t 0 . 3 to 0 . 5 b a r / m i n , 

and it c a n b e r egu la t ed b y the ra te of p u m p i n g . T h e p r e s s u r e d e v e l o p m e n t d u r i n g the inject ion r e -

flects the h o m o g e n e i t y o f the g r o u n d , as i l lus t ra ted in F i g . 9 . 4 . T h e p r e s s u r e inc rease is g r adua l in 

h o m o g e n e o u s g r o u n d , and it m a y sudden ly dec rea se w h e n the g r o u t b e g i n s to pene t r a t e a w e a k e r 

l ayer . W h e n it is nece s sa ry to c o m p a c t the g r o u n d , as we l l as leve l l ing o r ra i s ing the s t ruc tu re , a 

s low p u m p i n g ra te in the r a n g e of 3 1/min in cohes ive a n d u p to 10 1/min in p e r m e a b l e soi ls is ap -

p l ied , un t i l t he r e q u i r e d v o l u m e is injected o r the a m o u n t of l ift ing is r e a c h e d . It ha s b e e n obse rved 

that a g rea t e r quan t i ty o f g r o u t can b e injected w i th a s low p u m p i n g ra te in o r d e r to ob ta in the s a m e 

a m o u n t of l ift ing as w i t h a h i g h p u m p i n g r a t e , the d i f ference b e i n g a l a rge r c o m p r e s s i o n of the sur-

r o u n d i n g g r o u n d . C o h e s i v e soils c a n no t b e efficiently c o m p a c t e d b y c o m p a c t i o n g r o u t i n g , because 

of the t i m e lag d u e to the d i ss ipa t ion of the i nduced p o r e p r e s s u r e s . S o m e g o o d resul t s c a n b e ach ieved 

b y the ins ta l la t ion o f ver t ica l d ra ins a r o u n d the injected b u l b s . I t is adv i sab le to instal l p o r e p re s s -

u r e g a u g e s a t the in jec t ion loca t ions , b e c a u s e the d i ss ipa t ion of p o r e p r e s su re s causes s o m e set t le-

m e n t o f the lifted founda t ion , w h i c h c a n b e c o m p u t e d and c o m p e n s a t e d for b y h i g h e r l i f t ing. It is 

a l so neces sa ry to i n t e r rup t the in ject ion w h e n p o r e p r e s s u r e r eaches the o v e r b u r d e n , p r e s su re and to 

r e s u m e the o p e r a t i o n after it ha s suff iciently d i ss ipa ted . 

In s o m e ca se s , w h e n the c o m p a c t i o n o f the g r o u n d b e l o w the bu i ld ing is n o t n e c e s s a r y , l if t ing and 

leve l l ing c a n b e ach i eved b y inject ing m o r t a r j u s t b e l o w the founda t ion s l ab . In jec t ion ho les are 

dr i l led at r e g u l a r spac ings of 2 b y 2 m , o r 3 b y 3 m , to a b o u t 10 c m d e e p in to the g r o u n d , and in-

j e c t i o n p ipes a r e set in m o r t a r . T h e ho les a r e first f lushed wi th w a t e r in o r d e r to faci l i tate the pene -

t ra t ion of the g r o u t . T h e in jec t ion star ts at the r eg ion of m a x i m u m se t t l emen t . W h e n lifting s ta r t s , 

the fo l lowing ho le s a r e connec t ed to the p u m p and injected un t i l the r equ i r ed lift is a c h i e v e d . If a 

l a rge a m o u n t of l ift ing is r e q u i r e d , the w o r k c a n b e d o n e in s t ages . In such ca se s , the cons i s t ency of 

the g r o u t is m o r e p las t ic than w h e n inject ing in to the g r o u n d ; e v e n m o r e w a t e r is a d d e d in the last 

s tage in o r d e r to r egu la t e be t t e r the level of the s l ab . 

9 . 4 . E x a m p l e s of t h e l i f t ing a n d l eve l l i ng of b u i l d i n g s 

T h e app l i ca t ion of g r o u t i n g for the lifting and level l ing of h e a v y s t ruc tu res and bu i ld ings wi l l b e 

i l lus t ra ted w i t h s o m e typica l e x a m p l e s . 

The Emil Coking Plant in Essen 

O v e r m a n y y e a r s of o p e r a t i o n the 18 m w i d e and 3 4 m long founda t ion s lab of the c o k i n g p lan t 

had u n e v e n l y se t t l ed , so that the p r o d u c t i o n w a s th rea tened to c lose d o w n . T h e l ayou t of the slab and 

the equa l se t t l ements c o n t o u r s a re s h o w n in F i g . 9 . 5 . O n e end of the s lab set t led m o r e than 100 m m 

and the s lab d e f o r m e d a b o u t its m i d d l e sec t ion . A th ick c e m e n t ben ton i t e t h ixo t rop ic suspens ion was 

injected t h r o u g h the ho l e s in the founda t ion s lab in success ive smal l p o r t i o n s . T h e s lab w a s s lowly 
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F i g . 9 . 5 Layout and section of the foundation slab of the Emil Coking Plant at Essen and contours of 
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F i g . 9 . 6 Three successive phases of lifting the foundation slab of the Emil Coking Plant with contours of 
equal settlements 
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ra i sed , as s h o w n in F i g . 9 . 6 , f rom the left end to the m i d d l e . T h e left end of the s lab w a s ra ised ove r 

n ine days to its des ign e leva t ion . A total of 8 0 1 of c e m e n t and ben ton i t e w a s in jec ted , and the ope r -

a t ion took a b o u t th ree w e e k s , w i th n o in te r rup t ion in c o k e p r o d u c t i o n . 

Hydroelectric Power Plant Hessigheim 

T h e founda t ion of the H e s s i g h e i m hydroe l ec t r i c p o w e r p lan t o n the N e c k a r in W e s t G e r m a n y set-

t led u n e v e n l y w i th a m a x i m u m dif ference a long the d i agona l of 10 c m , as s h o w n in F i g . 9 . 7 , which 

caused diff icult ies in the ope ra t i on of the tu rb ines . After the s tudy of severa l poss ib le r emed ia l 

m e a s u r e s , i t w a s dec ided to t ry to level the founda t ion of the bu i ld ing b y in jec t ions . A sheet p i le wal l 

w a s d r iven a r o u n d the s lab in o r d e r to conf ine the g r o u t b e l o w the founda t ion s lab . In jec t ion holes 

A - Β 

C - D 

F i g . 9 . 7 Layout and section of the Hessigheim hydroelectric power plant, 1 sheet pile wall, 
2 cofferdam, (Pleitner and Bernatzik, 1953) 

w e r e dr i l led t h r o u g h the slab to the con tac t p l ane wi th the g r o u n d . T h i c k s table c e m e n t suspens ions 

w e r e in jected, first at a l o w p re s su re in o r d e r to de tec t and r epa i r l eak ing par t s of the shee t p i le wa l l . 

T h e n g r o u t w a s injected at a h i g h p re s su re se lec t ive ly , first to leve l the s lab and then to lift it as a 
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w h o l e to its o r ig ina l e l eva t ion . T h e w h o l e o p e r a t i o n took a b o u t th ree m o n t h s , and a total of 900 

t of c e m e n t w a s in jec ted . It shou ld b e m e n t i o n e d that the theore t ica l ly r equ i r ed v o l u m e of g rou t was 

on ly 150 t of c e m e n t . 

Leaning grain elevator 

T h e g r a in e l eva to r n e a r G o o d l a n d , K a n s a s , U S A star ted l ean ing w h e n it w a s bu i l t in 1 9 2 3 , and in 

1946 it w a s a b o u t 9 0 c m ou t of p l u m b , l ean ing t o w a r d the r a i lway l ine (King and Bindhof , 1982) . 

T h e e l eva to r 35 m h i g h and 9 m in d i a m e t e r , res ts o n a sha l low slab and it w a s dec ided to level it by 

g r o u t in jec t ions b e l o w the s l ab . 

F o r this p u r p o s e the s lab w a s w i d e n e d b y 2 . 0 m to the s ide w h i c h had set t led m o r e . T h e a d d e d sec-

t ion w a s heav i ly r e in fo rced and t ied b y add i t iona l ba r s g r o u t e d in to the ho les e x t e n d i n g s o m e 6 m 

in to the founda t ion s l ab . But t ress wal l s w e r e a d d e d to h e l p t r ansmi t the lift ing force f rom the slab 

to the cy l indr ica l s i lo s t ruc tu re , as s h o w n in F i g . 9 . 8 , and the end of the ex t ended s lab was deep -

ened b y 75 c m in o r d e r to p r e v e n t l eakage of the injected g r o u t . T h e soil b e l o w the s lab w h i c h had 

set t led less w a s m o i s t e n e d to facil i tate d e f o r m a t i o n d u r i n g the ro ta t ion of the s t ruc tu re . T h e injected 

0.9 

-A 

LT» 

m F i g . 9 . 8 Leaning grain elevator in Good-
land, 1 extension of foundation 
slab, 2 temporary buttresses, 
3 gravel layer, 4 injection holes, 
5 moistened soil section 

Φ 9.0 
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2 3 4 

g rou t w a s c o m p o s e d of 0 . 4 1 C : 0 . 3 4 F A : 0 . 2 5 W w i t h s o m e fluidifier and a i r en t r a îne r . T h e e leva to r 

was level led in five phases du r ing 10 d a y s . In the ex t ended pa r t and wi th in the e l eva to r s lab six holes 

38 m m in d i a m e t e r , w e r e dr i l led in to the l aye r of coa r se g r ave l . In jec t ion s tar ted o n t w o ho les until 

it e m e r g e d f rom the o the r ho les and the g rave l l aye r b e c a m e g radua l ly sa tura ted . T h e n all ho les were 

connec t ed to the in ject ion p u m p and the p re s su re w a s inc reased to 14 b a r un t i l the o v e r h a n g of the 

e leva to r w a s r e d u c e d b y 27 c m . T h e n addi t iona l ho les w e r e dr i l led in the ex t ens ion of the s lab , and 

wi th in the e l eva to r in to the founda t ion soi l . T h e con tac t of the s lab w i th the g r o u n d w a s first f lushed 

wi th w a t e r be fo re it w a s injected wi th a p r e s su re of 2 1 b a r at w h i c h the g r o u t s tar ted pene t r a t ing in to 

the con tac t p l a n e . Af ter the p rocess was repea ted a few t imes the ver t ica l pos i t ion of the e leva tor 

w a s r e s to red . A total of 9 6 t of g r o u t c o m p o u n d w a s in jected. 

Leaning silo cells 

T h e g ra in s i lo at D u b u q u e , I o w a , U S A consis ts of four cel ls o n a c o m m o n squa re founda t ion slab 

w h i c h is 75 c m th ick . T h e founda t ion soil w a s no t we l l e x p l o r e d . W h i l e d r iv ing the cas ing of injec-

t ion h o l e s , these w e r e on ly ind ica t ing that it con ta ined a w e a k layer , as s h o w n in F i g . 9 . 9 . W h e n 

S e c t i o n A - Β 

,2 

18.0 

Φ 7.65 7.65 

F i g . 9 . 9 Layout and elevation of silo at Dubuque, 1 soft layer in foundation soil, 2 injection holes, 
3 injected foundation zone 
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the load of the s i lo r e a c h e d abou t 25 % of the total d u r i n g the first fi l l ing it w a s o b s e r v e d that the 

tops of cel ls s tar ted c o n v e r g i n g b e c a u s e the founda t ion s lab set t led m o r e in the m i d d l e than at the 

r i m . Af te r s u b s e q u e n t seasona l load ing wi th a b o u t 3 , 5 0 0 1 of g r a i n , the tilt i nc reased to touch ing the 

tops of t w o cel ls w h i c h w e r e or ig ina l ly 6 0 c m apar t . I t w a s then dec ided to inject g r o u t in to the foun-

da t ion soil in o r d e r to lift the cen te r of the s l ab . In ject ion ho le s w e r e dr i l led t h r o u g h the slab and the 

cas ing w a s d r i v e n to a b o u t 8 m d e e p w h e r e in jec t ion s tar ted and it w a s con t inued in sec t ions u p w a r d 

to u n d e r the s l ab . T h e injected g r o u t ra i sed the cen t ra l pa r t of the s lab and the o p e r a t i o n w a s ended 

w h e n the t ouch ing cel ls w e r e aga in 4 1 c m apa r t . T h e g r o u t cons i s ted of 1 C : 1 F A : 3 . 2 S : 0 . 8 W wi th 

s o m e plas t i f ier a d d e d , and abou t 105 m of g r o u t c o m p o u n d w e r e injected w i t h p r e s s u r e u p to 42 
3 

b a r . O u t of this v o l u m e of g r o u t 10 m w e n t in to the ra i sed v o l u m e , and the res t p r o b a b l y to d is -

p lace and c o m p a c t the g r o u n d . T h e w o r k w a s ca r r i ed ou t in 1975 (King and Bindoff, 1982) . 

Mine hoist headframe 

T h e ho i s t h e a d f r a m e for the 9 0 0 m d e e p shaft of the c o p p e r m i n e at T o o e l e ( U t a h , U S A ) founded 

o n a 2 4 m b y 16 m s l ab , 1.4 m th ick , set t led u n e v e n l y so that the top of the h e a d f r a m e t ipped by 23 

c m to the n o r t h and 11 c m to the eas t , e n o u g h to i m p a i r the ope ra t i on of the sk ips in the shaft . In-

j e c t i o n of the g r o u t w a s se lec ted to level the ho i s t f r ame . A pe r iphe ra l and inne r g r o u t cur ta in was 

first in jected in o r d e r to conf ine the lifting in ject ions to the r e g i o n of the s lab w h i c h sett led m o r e , 

as s h o w n in F i g . 9 . 1 0 . S o m e 4 6 0 m of c e m e n t / s a n d g r o u t w a s injected in the cu r t a in and s o m e si-

25.0 

F i g . 9 . 1 0 Plan fo foundation slab hoist headframe, 1 injection holes for the grout curtain, 2 injection 
holes for lifting the slab 
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l icate g r o u t a t ce r t a in loca t ions . T h e n the lifting ho les w e r e injected in t w o p h a s e s . In the first phase 

of lift ing the g r o u n d w a s injected 10 to 11 m d e e p u n d e r a p r e s su r e of 7 and 14 b a r . T h e n the zone 

f rom 10 to 6 m d e e p w a s injected u n d e r a 2 8 b a r p r e s s u r e a l te rna te ly at the sou th and the wes t side 

of the founda t ion s lab . T h e g r o u t cons is ted of 1 C : 0 . 5 p o z z o l a n a : 0 . 6 W and addi t ives for fluidifica-

t ion . A total of 5 3 0 m of c o m p o u n d w a s injected. 

T h e top of the f rame w a s cons tan t ly su rveyed du r ing the lifting opera t ion , the resu l t is s h o w n in 

F i g . 9 . 1 1 . T h e h e a d f r a m e w a s s t ra igh tened b y 2 0 c m to the n o r t h and b y 10 c m to the eas t and the 

t roublef ree ope ra t i on of the skips w a s rees tab l i shed . 

I 
I ι 

A u g u s t -4— S e p t . 

F i g . 9 . 1 1 Straightening of the SW top edge, of the hoist headframe, 1 movement to South, 
2 movement to West 

Foundation ofNinian Platform in the North Sea 

T h e p recas t re in forced conc re t e s t ruc ture of the N i n i a n P l a t fo rm n e a r the She t land Is lands in the 

N o r t h Sea w a s l aunched sh ipped to the si te . It w a s sunk o n t o the p r e p a r e d founda t ion b e d 136 m 

b e l o w the sea l eve l , and a t ight con tac t b e t w e e n the s lab and the g r o u n d w a s es tab l i shed b y inject-

ing m o r t a r ( A n o n y m o u s , 1978) . A cross sec t ion of the s t ruc tu re is s h o w n in F i g . 9 . 1 2 and a layout 

of the founda t ion s lab w i th par t i t ions for g rou t ing in F i g . 9 . 1 3 . T h e b o t t o m of the s lab is d iv ided b y 

four co n cen t r i c and e igh t radia l t ra in ing wal l s in to 33 sec t ions . T h e t ra in ing wal l s pene t ra ted the 
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sand founda t ion u n d e r the w e i g h t o f the s t ruc tu re and p r o v i d e d res i s t ance to ho r i zon t a l forces . E a c h 

sec t ion cou ld b e in jected ind iv idua l ly . A free space a b o u t 4 0 c m h i g h r e m a i n e d af ter the t ra in ing 

wa l l s pene t r a t ed in to the founda t ion , a n d it h a d to b e filled w i t h g r o u t in o r d e r to ach i eve a t ight con-

tact b e t w e e n the s t ruc tu re and the founda t ion m a t e r i a l , w h i c h w a s ab le to t r ansmi t the self we igh t of 

the s t ruc tu r e , w a v e and o the r forces safely in to the founda t ion soi l . 

Af te r ex t ens ive l a b o r a t o r y tes ts , a g r o u t su spens ion cons i s t ing o f c e m e n t a n d fly a sh suspended in 

sea w a t e r w a s se lec ted for g r o u t i n g the s p a c e . 

P l a t f o r m 

F i g . 9 . 1 2 Cross section of the structure of the Ninian platform, 1 space below the foundation slab filled 
with the injected grout, 2 ship with weight batching and injection equipment, 3 additional 
mixing and pumping equipment, 4 pipes for connection to injection sectors 

Af te r the p l a t f o r m w a s set o n the g r o u n d a n d ba l las ted for s tabi l i ty and p e n e t r a t i o n of the t ra in ing 

w a l l s , a 2 0 , 0 0 0 d e a d w e i g h t sh ip w i t h all the neces sa ry ma te r i a l s a n d e q u i p m e n t for p r e p a r i n g , m i x -

ing a n d p u m p i n g w a s a n c h o r e d and m o o r e d n e a r the p l a t f o r m . T h e p u m p s o n the s h i p , connec t ed to 

the p l a t f o r m b y m e a n s o f a 5 0 m m D i a p r e s s u r e h o s e , de l i ve red the g r o u t m i x e s to a s e c o n d a r y mix -

ing p l an t w h i c h fed the in jec t ion p u m p s in the cen t ra l shaft of the p l a t f o r m at 5 3 m b e l o w the sea 

leve l in o r d e r to c o m p e n s a t e for the hydros t a t i c p r e s s u r e a t the b o t t o m of the founda t ion s lab . E igh t 

p i s ton p u m p s for 10 b a r p r e s s u r e a t h i g h capac i ty and 4 0 b a r a t l o w capac i ty de l ive red the g rou t to 

e igh t sec tors o f the s lab w h i c h w e r e s imu l t aneous ly in jec ted . 

E i g h t sec tors w e r e s imu l t aneous ly in jec ted , as s h o w n in F i g . 9 . 1 3 , i n e a c h o f the four phases of 

g r o u t i n g . A s the sec to r s w e r e g r o u t e d , sea w a t e r w a s d r a ined ou t b y spec ia l out le t s w h i c h w e r e closed 

w h e n d i lu ted g r o u t s tar ted to f low ou t . T h e n in jec t ion w a s r e s u m e d u n d e r a 10 b a r p r e s s u r e in the 

cen t ra l sec to r s and a 10 to 2 0 b a r p r e s s u r e in the pe r i phe ra l sec tors o f the s l ab . W h i l e inject ing the 
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F i g . 9 . 1 3 Plan of foundation slab of the Ninian platform with training walls dividing slab into 33 
injection sectors, I-V simultaneously injected sectors 

ex te rna l sec to r s , d ive r s con t ro l l ed the t ightness of the seal a long the pe r iphe ra l t ra in ing wa l l . D u r -

ing 7 days of c o n t i n u o u s w o r k , all the sec tors w e r e injected and a total of 4 , 9 0 0 m of g r o u t was 

c o n s u m e d . C o n s i d e r i n g the i m p o r t a n c e of comple t e ly filling all the injected space all o v e r the foun-

da t ion ba se for the p e r m a n e n t safety of this ou t s t and ing s t ruc tu re , all phases of the w o r k w e r e r ig-

o rous ly c h e c k e d and d o c u m e n t e d , g r o u t s ample s tes ted as a bas is for the final a ccep t ance of the 

c o m p l e t e d p l a t fo rm . 
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1 0 . S Y M B O L S 

T h e SI s y s t e m of un i t s and s y m b o l s is cons i s ten t ly u s e d in the b o o k . F o r p rac t i ca l r e a s o n s , as p re -

d o m i n a t e in the g r o u t i n g p ro fess ion , the un i t b a r , to le ra ted in the SI s y s t e m , is u s e d for fluid p re s s -

u r e ins tead of P a . 

In o r d e r to s impl i fy and uni fy the def in i t ion of g r o u t m i x e s and su spens ions , the i r c o m p o s i t i o n is 

de sc r i bed exc lus ive ly for a w e i g h t un i t of m i x and the w e i g h t of w a t e r o n o n e w e i g h t un i t of c o m -

p o u n d s . 

T h e fo l lowing s y m b o l s a re u sed for the def in i t ion of the c o m p o u n d s : 

c for c e m e n t , 

C L for c l ay , 

Β for b e n t o n i t e , 

A add i t i ves , 

F A for fly a sh , 

S for s and . 

T h e m i x i n g ra t io is wr i t t en as : 

I C : 1 W for a o n e to o n e c e m e n t suspens ion in w a t e r , o r 0 . 2 C : 0 . 5 C L : 0 . 0 2 B : 0 . 2 8 S : 3 W for a c o m -

p l e x m i x cons i s t ing of 0 . 2 pa r t s of c e m e n t , 0 . 5 pa r t s of c l ay , 0 . 0 2 par t s of ben ton i t e and 0 . 2 8 par t s 

of s and , y ie ld ing 1.0 pa r t of c o m p o u n d o n 3 pa r t s of w a t e r , all b y we igh t . Add i t i ve s a r e def ined as 

a w e i g h t p e r c e n t a g e to the w e i g h t of c e m e n t o r c lay o r b o t h as specif ied . 

T h e s y m b o l s u s e d for phys ica l m a g n i t u d e s a r e : 

A a r ea m 

c c o h e s i o n k N / m 

Cf shea r s t r eng th p a r a m e t e r k N / m 

Cp un i t for v i scos i ty , cen t ipo i se 1 0 " 3 Ν s m 

Ε m o d u l u s of e last ic i ty k N / m * M N / m 2 

Ed d y n a m i c m o d u l u s of e last ic i ty k N / m * M N / m 2 

h hyd ros t a t i c h e a d d i f ference m , c m 

i h y d r a u l i c p r e s s u r e g rad i en t -

I P p las t ic i ty i n d e x 
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κ ea r th p r e s su re coeff ic ient -

k pe rmeab i l i t y coeff ic ient c m / s 

L , 1 l eng th m , c m 

L U L u g e o n un i t for r o c k pe rmeab i l i t y l i t /m m i n 10 b a r 

N n u m b e r of L u g e o n un i t s l i t /m m i n 10 b a r 

Ρ p r e s s u r e k P a , b a r 

Q f low v o l u m e 
3 3 

m , c m 

q f low ra te 
3 3 

m / s , c m /s 

V v o l u m e 
3 3 

m , c m 

w m a s s g , k g , t 

w force k N 

w m o i s m r e con ten t of soil % of d ry w e i g h t 

w i l iquid l imi t % 

Wp plas t ic l imi t % 

7 un i t w e i g h t k N / m 3 

θ specif ic v o l u m e s t ra in % 

V viscos i ty coeff ic ient k N s / m 

λ l inear sh r inkage % 

η k i n e m a t i c v iscos i ty m / s 

Ρ un i t m a s s g / c m 3 

σ n o r m a l s t ress k N / m 2 

Tf shea r s t r eng th k N / m 12 

το t resho ld shear res i s tance k N / m 2 

4>f ang le of shea r s t r eng th o 

φ poten t ia l funct ion -

ψ s eep ag e funct ion -
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1 1 . B I B L I O G R A P H Y 

N o t a t i o n s : 

C G G E - C o n f e r e n c e o n G r o u t i n g in Geo t echn i ca l E n g i n e e r i n g ; 

G D M E P - S y m p o s i u m o n G r o u t s and Dr i l l i ng M u d s in E n g i n e e r i n g P r a c t i c e , I C E , L o n d o n ; 

I C I S R M - i n t e rna t i ona l C o n f e r e n c e In t . Soc ie ty o f R o c k M e c h a n i c s ; 

I C O L D - In t e rna t iona l C o n f e r e n c e o n L a r g e D a m s ; 

I C S M F E - In t e rna t iona l C o n f e r e n c e o n Soi l M e c h a n i c s and F o u n d a t i o n E n g i n e e r i n g ; 

J D M S P R - Y u g o s l a v Soc ie ty o f R o c k M e c h . and U n d e r g r o u n d W o r k s ; 

J D M T - Y u g o s l a v Soc ie ty o f Soi l M e c h a n i c s and F o u n d a t i o n E n g i n e e r i n g ; 

J G E A S C E - J o u r n a l of geo techn ica l E n g i n e e r i n g , A m e r i c a n Soc ie ty of Civ i l E n g i n e e r s ; 

J S M D A S C E - J o u r n a l of soil M e c h a n i c s D i v i s i o n , A S C E ; 

J U S I K - Y u g o s l a v S y m p o s i u m o n G r o u n d In jec t ions ; 

J U C O L D - Y u g o s l a v C o n f e r e n c e o n L a r g e D a m s . 

A n o n y m o u s , 1 9 6 5 : Bat te r p i les b r a c e shee t ing a r o u n d bu i ld ing e x c a v a t i o n , E n g i n e e r i n g N e w s 

R e c o r d , V o l . 174 , N o . 10 , M c G r a w H i l l , N e w Y o r k . 

A n o n y m o u s , 1 9 7 8 : G r o u t i n g the N i n i a n Cen t r a l P l a t f o r m s U n d e r b a s e , G r o u n d E n g i n e e r i n g , 

F o u n d a t i o n Pub l i ca t i ons , B r e n t w o o d , E s s e x , E n g l . , V o l . 1 1 , N o . 8. p p . 1 7 - 2 2 . 

B a c h y , P . 1 9 3 4 : M a t é r i e l s e t m é t h o d e s d ' in j ec t ions dans les t r a v a u x p u b l i c s , Sc i ence et Indus t r i e , 

P a r i s , N o . 4 , p p . 1 5 4 - 1 6 0 . 

B a d e r , A . T . , K r i z e k , R . J . , B a k e r , W . H . 1 9 8 2 : In jec t ion and d i s t r ibu t ion of s i l icate g r o u t in sand , 

C G G E , N e w O r l e a n s , p p . 5 4 0 - 5 6 3 . 

B a k e r , W . H . 1982 : P l a n n i n g and p e r f o r m i n g s t ruc tura l c h e m i c a l g r o u t i n g , C G G E , N e w O r l e a n s , 

p p . 5 1 5 - 5 3 9 . 

B e a u d e m o u l i n 1 8 3 9 : M é m o i r e su r les d ive r ses m o u v e m e n t s d u p o n t d e T o u r s e t su r les m o y e n s 

e m p l o y é s e n 1835 et 1836 p o u r c o n s o l i d e r les fonda t ions des 9 e , 1 0 e et 1 1 e p i les du 

p o n t , A n n a l e s des P o n t s e t C h a u s s é e s , 2 e S e m . 
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Bel l , L . Α. , 1982 : A cut-off in r ock and a l l u v i u m at A s p r o k r e m m o s D a m , C G G E , N e w O r l e a n s , 

p p . 1 7 2 - 1 8 6 . 

Bla t ter , Ch . , 1 9 6 1 : V o r v e r s u c h e z u r A u s f ü h r u n g des In jek t ionssch le ie r in M a t t m a r k , S c h w e i z . 

B a u z e i t u n g , Z ü r i c h 7 9 . H . 4 2 , 4 3 , p p . 7 4 1 ff. 

B o r d e n , R . H . , Kr i zek , R . J . , Bake r , W . H . 1982 : C r e e p b e h a v i o r of s i l icate - g r o u t e d sand , 

C G G E , p p . 4 5 0 - 4 6 9 . 

B u r w e l l , E . B . , 1 9 5 8 : C e m e n t and c lay g rou t ing of founda t ions : P rac t i ce of the C o r p s of 

E n g i n e e r s , J S M D A S C E , V o l . 8 1 . , N o . S M I , p p . 1551/1-22 . 

C a m b e f o r t , H . , 1 9 6 4 : In ject ions des So l s , V o l . I , I I , Ed i t ions E y r o l l e s , P a r i s . 

C a m b e f o r t H . , 1 9 7 7 : T h e p r inc ip les and appl ica t ions of g r o u t i n g , Q . J o u r n a l E n g . G e o l . V o l . 10, 

p p . 5 7 - 9 5 . 

Co l l in , 1 8 4 1 : D e la r épa ra t ion des cons t ruc t ions h y d r a u l i q u e s p a r la m é t h o d e d ' in j ec t ion , 

A n n a l e s des Pon t s et C h a u s s é e s , Ser ies 2 , V o l . 1 . 

C o m m i t t e e o n g r o u t i n g , 1977 : S lab jacking - s tate of the ar t , J . G e o t . D i v . A S C E , V o l . 1 0 3 , N o . 

G T 9 , p p . 9 8 7 - 1 0 0 5 . 

D e e r e , D . V. , 1976 : D a m s o n rock founda t ions - S o m e des ign q u e s t i o n s , R o c k E n g i n e e r i n g for 

F o u n d a t i o n s and S lopes C o n f e r e n c e I I , Bou lde r , C o l o . , p p . 5 5 - 8 6 . 
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1 2 . G L O S S A R Y A N D I N D E X 

1 2 . 1 . G l o s s a r y 

In the b r a n c h e s o f dr i l l ing and g r o u t i n g a p ro fess iona l j a r g o n is c u s t o m a r y s o m e t e r m s of w i n c h 

m a y b e diff icult to u n d e r s t a n d to ou t s ide r eade r s for w h o m the b o o k is a l so i n t ended . It is therefore 

d e e m e d usefu l to add a few exp lana t ions of w o r d s and t e r m s w h i c h a p p e a r in the tex t . H e r e fol lows 

a l ist : 

A b s o r p t i o n - pene t r a t i on o f g r o u t in to f issures o r vo ids in the g r o u n d , 

A d d i t i v e - subs t ance a d d e d in smal l quan t i ty to g r o u t m i x e s in o r d e r to i m p r o v e the i r p r o p e r t i e s , 

A d s o r p t i o n - b o n d of w a t e r mo lecu l e s o r ions to the sur faces o f soil pa r t i c l e s , 

B a t c h i n g - w e i g h i n g and p r o p o r t i o n i n g the ing red ien t s o f g r o u t m i x e s , 

C i r c u i t g r o u t i n g - g r o u t i n g a sec t ion o f h o l e w i t h r e t u r n l ine w h i c h c o n v e y s su rp lus g r o u t to the 

m i x e r in the g r o u t i n g s ta t ion , 

C l a q u a g e - j a c k i n g u p f issures in the g r o u n d b y h i g h in jec t ion p r e s s u r e , 

C l a y c o n c r e t e - c o n c r e t e in w h i c h pa r t o f g r ave l and sand is r ep l aced b y c l ay , 

C o a g u l a t i o n - f o r m i n g of c lus te rs of par t i c les h a v i n g di f ferent e lec t r ic c h a r g e s s u s p e n d e d in wa te r , 

C o r e - a s a m p l e r e m o v e d f rom the g r o u n d b y d r i l l i ng , 

C o r e b a r r e l - t ube at l o w e r e x t r e m i t y o f dr i l l ing r o d w i t h c o r i n g b i t a t its end b y m e a n s of w h i c h 

the c o r e is ex t r ac t ed , 

D i a p h r a g m w a l l - c o n t i n u o u s wa l l excava ted in to soil u n d e r p ro t ec t i on o f fluid p r e s s u r e , filled wi th 

c o n c r e t e , r e in fo rced as n e e d e d , 

D r i l l i n g - p r o c e s s of b o r i n g ho le s in r o c k and soil for exp lo ra t i on o r for g r o u t i n g , 

D r i l l i n g r i g - m a c h i n e dev i ce for dr i l l ing ho le s in to r o c k and soil e q u i p p e d w i t h regu la t ing 

m e c h a n i s m s o f ro ta t iona l speed , p r e s s u r e o n the b i t , c lu tches and ho i s t s , 

D r i l l i n g r o d - s teel t ube cons i s t ing of 1.0 to 3 . 0 m long c o u p l e d sec t ions ro ta ted b y the dr i l l ing r ig , 

w i t h the c o r i n g o r n o n c o r i n g cu t t ing bi t a t the e n d , 

E m u l s i o n - d i spe r se s y s t e m of t w o l iquids w h i c h d o n o t m i x toge the r , 

F l u s h - to w a s h ou t a h o l e b y a r u s h the w a t e r p u m p e d t h r o u g h the dr i l l r ods d u r i n g d r i l l ing , o r by 

w a t e r af ter d r i l l i ng , 

G e l - a j e l l y l ike ma te r i a l f o rmed b y the coagu la t i on of a co l lo ida l l iqu id , 

G e l t i m e - t ime d u r i n g w h i c h a co l lo ida l l iquid o r r e s in p r e p a r e d for g r o u t i n g r e m a i n s l iquid before 

ge l l i ng , 

G r o u t i n g g a l l e r y - a c o n c r e t e ga l l e ry cons t ruc t ed o n founda t ion l eve l , excava t ed b e l o w the d a m 

founda t ion o r in the a b u t m e n t s f rom ho les a re dr i l led and in jec ted , 
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Id le dr i l l ing - d r i l l ing o f sec t ions of ho les t h r o u g h the g r o u n d a b o v e the leve l of g r o u t cu r t a in , 

In jec t - to force a suspens ion o r fluid b y p u m p i n g in to f issured o r vo ids o f the g r o u n d , 

L u g e o n U n i t - m e a s u r e o f pe rmeab i l i t y f rom w a t e r p r e s s u r e test in sec t ion o f b o r e h o l e , 

M o r t a r - m i x t u r e of c e m e n t , sand and add i t ives w i t h w a t e r in stiff o r p las t ic cons i s t ency , 

P a c k e r - seal f ixed at e n d o f in ject ion p i p e in o r d e r to p r e v e n t injected g r o u t f rom rising in the 

P e r c u s s i v e r o t a r y dri l l - d r i l l ing rig w i t h n o n c o r i n g b i t a t end of dr i l l r o d w h i c h cu ts the ma te r i a l 

u n d e r r h y t h m i c b l o w s o f a h y d r a u l i c o r p n e u m a t i c h a m m e r , 

P i e z o m e t e r - cased b o r e h o l e w i t h p r e v i o u s sec t ion at b o t t o m sealed t o w a r d the ca s ing , f rom w h i c h 

n a r r o w s t andp ipe l ead ing to sur face o r p r e s su re t r ansduce r is p l aced for r e c o r d i n g g r o u n d wa te r 

R o t a r y dri l l - d r i l l ing rig w i t h ro ta t ing co r ing o r n o n c o r i n g b i t at the end of the dr i l l ing r o d , 

S e c t i o n - l eng th of h o l e b e i n g ind iv idua l ly g r o u t e d , 

S u s p e n s i o n - a t w o p h a s e s y s t e m cons i s t ing of f inely d iv ided sol id par t ic les d i spe r sed in a l iqu id , 

T h i x o t r o p y - p r o p e r t y o f suspens ion of par t ic les of equa l e lec t r ic c h a r g e to d e v e l o p w e a k m u t u a l 

b o n d s resu l t ing in r eve r s ib l e ge l w h e n at res t and b e c o m e l iquid w h e n s h a k e n , 

W i n g c u r t a i n - ex t ens ion of g r o u t cu r t a in in to the a b u t m e n t s . 

h o l e , 

l eve l , 

1 2 . 2 . I n d e x 

act iv i ty of c lay m i n e r a l s 4 3 c e m e n t p rope r t i e s 39 

add i t ives 138 c h e c k ho l e s 139 

ag i ta to r t ank 110 c h e m i c a l so lu t ions , g rou t s 1, 6 5 , 7 7 , 104 , 

193 

c e m e n t ben ton i t e su spens ion 104 , 179 

c e m e n t 138 

ben ton i t e su spens ion 7 7 , 8 2 , 1 0 4 , 1 1 0 , 1 7 9 

b l a n k e t i m p e r v i o n s 121 

B u s k o Bla to 2 0 

c l a q u a g e 2 5 

c lay 138 

c lay m i n e r a l ac t iv i ty 4 3 

c lay mine ra l s 4 1 , 4 2 , 4 3 , 4 4 

c losu re spac ing 7 4 

coeff ic ient of p e r m e a b i l i t y 11 

co l lo ida l m i x e r 110 , 112 

con tac t g r o u t i n g 131 

c o n v e y o r 110 

co r ing bi ts 7 0 , 1 0 5 , 107 , 108 

c e m e n t f ineness 4 7 

c e m e n t su spens ion 7 7 , 8 1 , 8 4 D a r c y coeff ic ient 10 
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d r a i n a g e facil i t ies 121 

dr i l l ing b i t , w i t h ca rb ide inser t s 1 0 7 , 108 

- d i a m o n d 1 0 7 , 108 

- n o n c o r i n g d i a m o n d 107 

- n o n c o r i n g c a r b i d e t ipped 107 

d i a p h r a g m wa l l 1 2 1 , 1 2 2 

E l C a h o n D a m 164 

e l ec t ron ic s enso r s 138 

equ ipo ten t i a l l ines 12 , 16 , 19 

e ro s ion res i s tance 5 6 , 5 7 

exp lo ra t i on ho l e s 136 , 1 3 9 , 141 

f low l ines 12 

f lushing w a t e r 2 7 , 7 0 , 1 0 5 , 108 

ge l l ing t i m e 6 1 , 6 2 , 6 3 

G r a n c a r e v o D a m 2 1 0 , 2 1 1 , 2 1 2 

g r o u t c o m p o u n d 137 

- c o m p o s i t i o n 140 

- cu r t a in z o n e s 124 

- cu r t a in p e r m e a b i l i t y l imi ts 124 , 125 

- se lec t ion of 132 

- s l e e v e 1 0 1 , 102 

- s t r engh t o f in jected 133 

g rou t ing ga l l e ry 130 

g rou t ing test p lo t s 7 4 , 9 9 , 104 , 144 , 1 5 1 , 

1 5 2 , 153 

h i g h t u r b u l e n c e m i x e r 4 0 , 8 1 , 1 0 4 , 1 1 2 , 1 1 8 , 
1 7 1 , 179 

ho le def lec t ion 7 6 

h o p p e r 110 

h y d r a u l i c fa i lure 121 

h y d r a u l i c f rac tur ing 6 , 2 5 , 3 3 , 9 1 , 9 3 , 9 7 , 

9 9 , 1 0 3 , 1 7 5 , 181 

h y d r o c y c l o n e 4 1 

inf la table p a c k e r 2 1 , 2 2 , 2 3 , 139 

in jec t ions ho le s 137 

in jec t ion p r e s s u r e 136 

in jec t ion test p lo t 7 6 

K a o L a e m D a m 160 , 168 

kao l in i t e 4 2 , 4 4 

K a r a k a y a D a m 9 9 

K a z a g i n a c D a m 9 9 , 1 1 0 , 1 5 1 , 1 5 2 , 1 8 6 

K e b a n D a m 156 , 160 , 168 

Le f ranc test 2 6 , 2 9 , 3 4 

L u g e o n test 37 

M a e k a w a D a m 131 

m a r k e r ho le s 129 

m e c h a n i c a l p a c k e r 2 1 , 2 2 , 1 1 6 , 139 

m i c r o c e m e n t 82 

m i x i n g ra t ios 3 6 , 4 6 , 117 

m o n t m o r i l l o n i t e 4 2 , 4 4 

M o r a v k a D a m 142 

p a c k e r p i p e 2 1 , 1 1 5 , 116 

p e r m e a b i l i t y r e d u c t i o n 6 9 , 8 4 

- b y d a m w e i g h t 131 

pe rmeab i l i t y s t anda rd 1 2 8 , 142 

p e r m e a b i l i t y tes t ing 139 

P e r u c a D a m 1 4 3 , 144 

P e r u c a D a m cu r t a in 146 
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2 5 0 

p o m p e à p e r c u s s i o n 2 

po ten t ia l func t ion 14 , 16 

p r e s s u r e equa l i ze r 1 1 3 , 116 , 118 

p res t r e s s ing b y g r o u t i n g 1, 8 5 , 1 9 3 , 2 0 3 , 2 0 7 

2 1 2 , 2 1 5 , 2 1 8 , 2 2 0 , 

2 2 3 

p u m p a b i l i t y o f m o r t a r 2 2 8 

- of su spens ion 4 5 

rock s lope a n c h o r i n g 2 0 4 

r o u g h n e s s o f f rac tures 14 

sand 138 

sa tu ra t ion c r i te r ia 1, 7 4 , 7 6 , 136 , 140 , 166 , 

167 , 1 7 5 , 192 

seepage w a t e r loss 121 

s e d i m e n t a t i o n o f su spens ion 3 8 , 4 0 , 4 6 , 

4 7 , 114 , 166 

si l icate so lu t ion 65 

Sk lope D a m 9 8 , 130 , 1 4 7 , 193 

s leeve in jec t ion 8 4 , 102 

spli t spac ing 7 4 , 9 8 , 1 2 8 , 1 4 0 , 152 , 1 6 5 , 

172 , 2 2 6 

suspens ion s table 3 8 , 4 6 , 4 8 , 8 0 , 114 

- uns t ab l e 3 8 , 7 7 , 80 

s t andp ipe 2 1 , 7 1 , 114 , 1 1 7 , 176 

s t ruc tu re o f the vo ids 8 3 

sur face l eaks 4 5 , 8 5 , 9 9 , 192 

Sance D a m 142 

test g r o u t i n g p lo t 136 

th ixo t rop ic s t r eng th 5 0 , 5 1 

th ixo t rop ic su spens ion 3 8 , 4 3 , 9 8 , 1 4 5 , 2 3 0 

th ixo t ropy 4 6 , 5 0 , 6 9 , 82 

tube à m a n c h e t t e 8 4 , 1 0 1 , 1 4 5 , 1 7 6 , 1 7 9 

tunne l l in ing p res t r e s s ing 
b y g rou t ing 1 9 1 , 1 9 7 , 1 9 8 , 2 1 5 , 2 2 1 

uplif t p r e s s u r e 141 

V a i o n t D a m 2 1 4 

ver t ica l i ty of the ho le s 7 5 

Vica t test 4 0 , 5 2 

w a t e r p r e s su r e test 10 , 2 5 , 2 8 , 3 2 , 3 7 , 1 0 5 , 

1 1 5 , 1 4 4 , 1 4 6 , 176 

w i n g cur ta ins 1 2 6 , 128 

z o n e g r o u t i n g 7 3 
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