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Abstract 

Grouting is a geotechnical process intolving, for example, injection of a cement sand and water m~xture or chemical resins into the ground 
to improve the strength and to decrease the permeability of rocks and soils. The efficiency of grouting operations is generally assessed b.', carrying 
out permeability and loading tests. Additionally, the comparison of the seismic field velocities of a rock mass obtained before and after the grout 
injection operation can give a qualitative indication of the effectiveness of grouting. Howe~er, for a quantitative assessment of grouting efficiency,. 
'more complex analysis of the rock mass seismic ,,elocity is required. 

Analysis of field seismic velocity data from different dam sites in the U.K. (Knill. 19701. according to the time average equation has given a 
relation between the field seismic fracture index and the field P wave telocity of the rock mass that is best represented by a curse. The relation 
between the fracture index and the seismic P wave velocity is extended by assuming a P wave ~elocity of 1.46 km/s for groundwater, 2.40 km/s 
for grout, and taking the intact rock P wave velocity value from the analysis of data given by Knill. The results are presented as a diagram which 
can be used for grout efficiency, assessment of the rock mass. Comparison of the published results from various dam sites with the diagram 
indicates that the diagram gives an upper bound curve. Additionally. a dimensionless version of the diagram is also presented for practical 
application. 

Resume 

La consolidation par injection est une methode geotechnique qui consiste b. injecter par exemple un melange de mortier de ciment et d'eau ou 
de resines chimiques dans les sols et les roches afin d'en ameliorer la resistance et de diminuer la perm6abilite. L'efficacite des injections est 
verifie.e en general au moyen d'essais de chargement et de permdabilitd. [in outre la comparaison des vitesses de propagation des ondes dans 
une masse rocheuse en place avant et apres les opdrations d'injection peut donner une idee qualitative de l'efficacite de ces derni/:res. Cepcndant 
une estimation quantitative de I'efficacite des injections necessite une analyse plus complexe de la vitesse de propagation des ondes darts le massif 
rocheux. 

L'analyse des mesures de vitesse des ondes sur un certain nombie de sites de barrages en Grande Bretagne a permis d'etablir une corrdlation 
entre l'indice de fracturation du massif et la vitesse de propagation de I'onde P. Pour etablir cette correlation, on a admis que la vitesse de I'onde 
P dans l'eau souterraine est de 1,46 km/s, dans le coulis injecte de 2,40 km/s et que les vitesses de propagation de l'onde P dans la roche saine 
sont celles indiqudes par Knill. Les resultats sont prdsentds sous forme d'un diagramme qui peut 6tre utilise pour vdrifier l'efficacite de l'injection 
dens un massif rocheux. La comparaison des rdsultats publies sur differents sites de barrages avec le diagramme montre que ce dernier donne 
une courbe situde en haut du fuseau. 

Introduction 

Grouting is a geotechnical process which involves 
injection of, for example, cement, soil and water 
mixture or chemical resins into weak and permeable 
ground in order to improve its properties. The injected 
materials harden over a period of  time and make the 
ground stronger and less permeable. The properties of  
grouted ground are controlled by the properties of  the 
materials comprising the grout mixture and its inte- 
raction with the rock or soil mass. Since, the injected 

materials can only travel in voids or joints, the permea- 
bility and porosity of  the rocks and soils to be grouted 
are of  prime importance in the selection of  the right 
grout type and for the success of  the grouting opera- 
tion. 

Grouting finds a wide field of application in 
construction of  civil and mining engineering structures 
and improvement of  already existing structures. For 
example, grouting is regularly carried out to reduce the 
permeability and increase the strength of  rock and soil 
masses in dam foundations.  Other applications of 
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grouting include filling voids in old mine workings, 
caverns in limestone, shaft and tunnel lining and 
undepinning of already' existing structures (Cambefort, 
1977: Littlejohn 1985). 

Grouting is an expensive operation and, thus. it is 
highly desirable to be able to predict the required grout 
intake with reasonable accuracy before the construc- 
tion of structures. However, at present, grouting tends 
to be a rule of thumb operation and is generally carried 
out according to the experience of the operators or 
contractors. 

The efficiency of grouting is generally assessed by 
carrying out in situ permeability and/or  loading and 
unloading tests. Attempts have also been made to 
establish the influence of grouts on ground properties 
by comparing the seismic velocities before and after the 
grouting operations. Lancaster-Jones (1967)gave lists 
of dam sites where improvements in static and dynamic 
moduli and seismic velocity have occurred due to 
grouting. Knill (1970) attempted to establish the rela- 
tion between seismic velocity and grout intake in dam 
sites from the U.K., but with limited success. B[inde et  
al., (1983 a,b) determined the seismic velocities in a 
borehole in granite before and after grouting. They also 
tried to establish the relation between the fracture 
frequency, in situ permeability and rock mass velocity. 
Rodrigues el  al., (1983), determined the changes which 
occurred in seismic velocity with grouting in the Cabril 
dam site in Spain, but did not find a very good 
correlation between the seismic velocity increase grout 
intake and permeability of the rock mass. Bonaldi et 
al., (1983) found that the changes in seismic velocity 
after grouting decreased with depth in the Passante 
dam foundation in Italy. Additionally there was little 
correlation between increase in seismic velocity and the 
rock mass permeability. Bruce and George {1985) 
compared the relation of grout intake versus rock mass 
P wave velocities (Knill, 1970), with the Wimbleball 
dam results and did not find a conclusive relation. 

In this paper, initially a brief summary of the factors 
influencing the seismic velocity of rocks is given. Then, 
the methods of seismic rock mass characterization for 
assessing ground improvement  efficiency by grouting 
is given. The time average equation has been applied 
to the seismic P wave velocity results given by Knill 
(1970) from various damsites in the U.K., for grout 
efficiency assessment purposes. It is shown that there 
is a relation between the field seismic fracture index 
and field P wave velocities of a rock mass. This relation 
is extended by assuming a P wave velocity of 1.46 km/s  
for groundwater and of 2.40 km/s  for grouts, and is 
presented as a diagram for the cases of fully and 
partially grouted rock masses. Additionally the field P 
wave velocity results obtained before and after grouting 
in various damsites have been compared with the 
diagram (Fig. 2). The problems of prediction of grout 
intake and grout efficiency assessments are discussed. 

Factors  affecting seismic velocities in rocks 

Since rock materials are easy to handle and characte- 
rize in the laboratory', most studies on the factors 
influencing rock seismic velocity have been carried out 
on rock specimens. The influence of different factors 
on the seismic velocities of rocks can be summarized 
as follows (Gregory, 1977: Lama and Vutukuri, 1978 
and Yale, 1985). 

The factors that influence the seismic velocities of 
rocks, can be divided into two groups:  internal and 
external. While the important internal factors include 
rock type, grain size, texture, anisotropy, density and 
porosity, the external factors include porewater, com- 
pressive and confining pressures, temperature, water 
content, and pore fluid properties. 

The seismic velocities are higher for dense and compact 
rocks than for light and porous rocks. Seismic velocity 
is influenced by the size of the mineral grains com- 
prising the rock. The velocity is greater in fine grained 
rocks than in coarse grained rocks. The mineral grains 
have directionally varying seismic velocities. Thus, in 
anisotropic rocks, the seismic wave velocities differ 
along and across the layers and the velocity parallel to 
the layers is ahvays greater than the velocity normal to 
the layers. While the velocity of rock increases with 
increasing density, it decreases with increasing poro- 
sity. 

Increasing pore water pressure decreases seismic velo- 
city, whereas increasing compressive and confining 
pressures increase the velocity. The saturation of rock 
specimens with water increases the seismic P wave 
velocity. Since shear waves can only pass through the 
mineral skeleton, the S-wave velocity is almost the 
same for both dry and saturated rocks. It has also been 
found that the P wave velocity of sedimentary rocks, 
at varying degrees of water saturation, is porosity 
dependent (Gregory, 1977). Generally, an increase in 
temperature causes a decrease in the velocity of seismic 
waves. However, an abrupt rise in seismic velocity is 
observed when the temperature of saturated rocks falls 
below the freezing point of water (Lama and Vutukuri, 
1978). 

The seismic velocity of the rock mass will not only be 
influenced by factors affecting the rock materials, but 
also by the rock mass features. The important features 
are : rock types; distribution of weathering and alte- 
ration zones; thickness, dip and strike of the beds: the 
properties of  the joints, i.e. frequency, openness, the 
presence of fill and water, dip and strike of the joint 
planes; depth and the presence of water (fresh, saline 
or geothermal). Therefore, any field seismic velocity 
value gives an overall picture of  the influence of these 
factors. 

While seismic velocities of  rock materials are estimated 
using ultrasonic waves in the laboratory, seismic waves 
are generally used in field explorations. Although the 
seismic velocities of rocks are frequency dependent, 
this is not thought to be an important factor in 
comparison to the influence of the above-mentioned 
factors on the seismic velocity of  rocks. 
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Seismic rock character izat ion 

Various attempts have been made to characterize rocks 
in terms of their seismic velocities including for 
example groutability assessment purposes. 

Some researchers have attempted to grade the ground 
into various zones by comparing the field seismic 
velocity with the velocities obtained on the same 
material in the laboratory'. Onodera (1963) defined the 
velocity ratio, which is the ratio of the P wave velocity 
of the rock mass to the intact specimen, as the quality 
index of the rock mass. When the ground has a high 
quality, it implies that the rock mass has only a few 
tight joints and the velocity ratio should approach 
unity. As the degree of fracturing becomes greater, the 
velocity ratio will be reduced and thus, the grout 
requirement will also increase. The sonic velocity, it is 
suggested, should be determined for cores in the 
laboratory under an axial stress equal to the estimated 
or computed overburden stress at the depth from which 
the sample was taken and at a moisture content 
equivalent to that assumed for the in situ rocks, i.e. air 
dry or saturated. 

Knill (1970) defined fracture index of the groundmass 
as the ratio of the in situ P wave velocity to the 
laboratory P wave velocity on saturated cores. Knill 
also attempted to correlate the fracture index and grout 
intake of the rock mass at dam sites, and found that 
his fracture index alone was not a sensitive measure of 
grout intake. 

Wyllie et  al. (1956) proposed that the time average 
equation should be used to describe or estimate the P 
wave velocity of saturated rocks. Several researchers 
have attempted to use their equation to characterize the 
rock mass either in the original or in a modified form 
(Militzer, 1967; Voronkov, 1967; Malone, 1968; Sjo- 
gren et  al., 1979 and Blinde et  al.. 1983 a,b). Most of 
these attempts tried to relate fracture frequencies to the 
seismic P wave velocities of rock masses without giving 
any consideration to the joint direction and width and 
the presence of groundwater or any fill material. Thus, 
the application of the time average equation to cha- 
racterize the rock mass has had only limited success. 

The application of the time average equation to P wave 
velocities of saturated weathered andesite specimens 
from Turkey, has given higher estimates of porosities 
than the values determined by laboratory saturation 
(Table 1). Similarly, the time average equation has been 
found to give an upperbound curve fit to the saturated 
rock mass porosity values by Eaton and Watkins (1970) 
on field test results from different sources (Fig. 1). 
Additionally, the time average equation does not give 
a good fit for the P wave velocities of dry rock mass 
as expected (Fig. 1). Blinde et  al.. (1983 a) reported that 
in their experience, the seismic fracture index was 
observed to be too high, indicating that the time 
average equation gives the upperbound relation. Boyce 
(1976) also demonstrated that the time average equa- 
tion gave the upperbound relations for saturated sedi- 
mentary rocks when their porosities were plotted 
against the average P wave velocities. 

l a h l e  I : L.aborator.,. d e t e r m i n e d  (n)  dRd I ~ ,.;~lve ~eloct:~ e s t i m a t e d  
In } porosi t ic~ a n d  se i smic  I ' issuration hld!ce~ {K )  Ior 
~ e a t h e r e d  a n d e s i t e s  lroR1 1 urke'~. 

Ande~ i t e  n ",~ K } n. " 

Fresh  1.9 5.6 
Sl ight ly  w e a t h e r e d  
M o d e r a t e l y  w e a t h e r e d  

0.21 
3.6 II.J-8 13.2 
9.1 o.68 16.3 I 

Recently, Turk & Dearman (1986) have proposed new 
methods of rock characterization in terms oi" seismic 
velocities. These methods not only include rock mate- 
rial properties, but also take into account the presence 
of water and pressure. The sei,,,mic fissuration index, K, 
is defined as the ratio of the difference in P or S wave 
velocities obtained when a dry rock specimen is test 
both under a load equal to the uniaxial compressi,,e 
strength (V,) and without an applied load (V:) to the 
velocity measured without an applied load as 
K=(V,,-Vd), 'V ~ for the rock material. 

�9 S a t u r a t e d  I 

"c 60 

0 ~ 
0 I 2 3 a 5 

Compressior~I Wave Velocdy Vp km Is 

Fig. I : Poros i ty  v e r s u s  P w a v e  ~eloci ty  for  s a tu r a t ed  rucks  and  
c o n s o l i d a t e d  s e d i m e n t s .  Va lues  a s s u m e d  in c a l c u k m o n  of  the  
t heo re t i c a l  c u r v e s :  Vre .... = 5.0 k i n / s :  V,,,, = 0.33 k m ' ~  and  
Vp ...... = 1.5 k m , ' s  ( S o u r c e  Fig. 13, Ea ton  and  'A:atkins 1971)). 

The seismic fissuration index is shown to be related to 
the porosity of rocks. Similarly, a field seismic fissu- 
ration index is obtained by considering the rock mass 
depth, rock material velocity and porosity correspon- 
ding to the rock mass depth. The P wave and S wave 
fissuration index values are different because of the 
difference in their propagation properties for the same 
rock material and mass. 

The proposed fissuration index can also be used for 
characterizing the saturated rock material and mass 
using the S wave velocities. However, the time average 
equation should be used for characterizing the satura- 
ted rocks in terms of the P wave velocity, even though 
it gives upper bound porosity values. Additionally, the 
efficiency of rock mass grouting can be assessed by 
applying the time average equation to the field P and 
S wave velocities. Table 2, gives a summary of the 
suggested methods for material and mass characteri- 
zation in terms of seismic velocities and an applicable 
equation for each situation. 
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A p p l i c a t i o n  

Knill (1970) published laboratory determined and field 
seismic P wave velocities of  saturated rocks from a 
number  of  dam sites in the UK. Vehen these results are 
analysed by applying the time average equation and 
assuming Vo is equal to the saturated rock material 
velocity in Table 2, a high correlation is obtained 
between the field seismic fracture index (F) and the 
field P wave velocity (Fig. 2). It is interesting to note 
that the best fitting line gives a field P wave velocity 
of  1.65 km/s  corresponding to F = I . 0 .  This velocity 
value is greater than the groundwater  P wave velocity, 
which is about 1.50 km/s,  indicating that there must be 
fill material in the joints in addition to water. Addi- 
tionally, a P wave velocity of  V,= 5.546 km/s  has been 
obtained for F = 0 ,  from the analysis of  Knill's data. 
However,  when the time average equation curve is 
drawn, by taking the intact rock mass field velocity 
Vf  = 5 . 5 4 6  km/s  and water P wave velocity 
V,,=1.46 km/s ,  the curve obtained gives an upper- 
bound envelope to 39 out of  41 of  Knill's test results 
(Fig. 3). 
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Fig. 2 : Seismic field fracture index versus field P wave velocity for 
the saturated rock mass (Data from Knill, 1970). The best 
fitted line is Log(F + 0.1) = 6.4 - 2.0 LogV,(r = - 0.96, 
n = 41). 
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Fig. 3 : Field seismic fracture index (F) versus field velocity relation 
for varying percentage (a) of grout filling in the saturated 
rock mass having V,, = 5.546 km/s and V = 2.40 km/s. 

The seismic fracture index versus the field P wave 
velocity' relation is also extended by assuming that the 
joints would be filled with grout having a P wave 
velocity of  2.40 km/s  (Fig. 2). The relations for the 
cases of  partial grouting at 25, 50 and 75"i, on the 
seismic fracture index, halve also been determined and 
plotted on the Fig. 3. Thus, it is suggested that Fig. 3 
can be used as a reference diagram for assessing the 
efficiency of  grouting operat ions in similar rock 
masses. Compar i son  of  Fig. 3 with published seismic 
velocity values of  a rock mass before and after grouting 
shows that the grouted rock mass curve gives the 
upperbound  envelope, thus support ing earlier finding 
(Table 1, Fig. 1). 

Grouting efficiency assessment 

Grout ing efficiency can be defined as the opt imum 
amounts  of  voids, pores and fractures filled by material 
injected into the ground in order  to achieve a required 
degree of  ground permeabili ty a n d / o r  strength. This 
implies that if possible, the minimum volume of  ground 
should be fully grouted. This is difficult to achieve in 
practice. On the one hand, it is very difficult to predict 
or control the horizontal or vertical spread of  the grout:  
on the otherhand,  complete  grouting is not always 
achieved by the end of  the grouting operation. There- 
fore, successive grouting is generally applied to achieve 
specified ground properties. 

Improvements  in rock mass properties due to grouting 
can be assessed by carrying out permeability, loading 
and seismic velocity determinations.  Since the grouted 
rock mass will have fewer voids, this should be re- 
flected in the seismic properties. Thus, the seismic 
velocity of  the grouted rock mass, in general, is 
expected to be higher than its pro-grouted seismic 
velocity. However,  any direct increase in the seismic 
velocity due to grouting does not necessarily give an 
indication of  grout intake and efficiency alone. 

Grout  intake and efficiency determinations require that 
not only the volume of  the grouted rock mass, but also 
the intact rock and fracture porosities and their filled 
percentages should be known.  While the extent and 
depth o f  grout penetrat ion can be determined from 
compar ison  of  seismic velocities before and after 
grouting, the grouted intact rock and fracture porosity 
determinations require more elaborate analysis of  the  
seismic velocities. 

Table 2 shows that, depend ing  on the seismic wave type 
and moisture saturation condit ion,  the seismic rock 
mass characterizat ion parameters  change. While the 
seismic fracture index (F) is theoretically related to the 
porosity of  saturated ground,  the relation between the 
seismic fissuration index (K) and porosity should be 
determined for dry ground,  in order  to be able to use 
the seismic index parameters  for grout efficiency 
assessment. If  all the pores and fractures are filled by 
the grout,  the time average equat ion can be written for 
the fully grouted rock mass as : 

I 1 --  F F + - -  ( l )  

Vf V'. V~ 
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where 

V. = field veloci ty  

V D = intact rock velocity at a pressure equal to the 
depth  of  the rock mass concerned  

Ve = grout  veloci ty  

F = seismic fracture index 

The t ime average equa t ion  for the par t ia l ly  sa tura ted  
case is"  

where 

I _ 1 - F + F ( I  - c , c )  + __rt ( 2 )  

V r V' o V V g 

V,~ = seismic veloci ty  of  water  
cx = grouted  percentage  of  the seismic fracture in- 

dex. o r=0  fully grouted,  ( ,=1  fully saturated.  

The o ther  pa ramete r s  are as given above.  By knowing 
or assuming  the se ismic  velocit ies,  then the change in 
F value with g rou t ing  can be de te rmined  from the 
above  equat ions .  Thus,  the grout ing efficiency can be 
de te rmined  ei ther  by compar ing  the t F) values ob ta ined  
for the sa tura ted  and grouted  rock mass or by deter-  
mining "'ct'" from the above  equat ion.  

The fol lowing poin ts  should  also be cons idered  in 
a t t empt ing  to assess the grout  efficiency in the rock 
mass : 

It The seismic waves travel a long the quickest  path. 
There may be some voids left between the fracture 
surfaces after  grout ing and not picked up by the ,,,eismic 
studies.  

2) Vertical jo in ts  would  take up most o1" the grout and 
P waves tend to traxel paral le l  to the vertical joints.  

3) In dry ground  a high velocity increase is general ly  
observed.  

4) In wash-out  zones,  the field velocity' al'ter grout ing 
would decrease  and F would  increase.  

5) Intact  rock poros i ty  and permeabi l i ty  ma' ,  be as 
impor tan t  as the rock mass joints .  

6) Sui table  grouts  should  be selected to achieve the 
required proper t ies  in the grouted  ground.  

D i s c u s s i o n  

Attempts  to predict  the grout  intake in a rock mass 
using seismic velocit ies have not proved to be suc- 
cessful (Knil l ,  1970: Rodr igues  el al., 1983). This is 
bel ieved to be due to p rope r  cons idera t ion  not being 
given to the factors inf luencing the seismic velocities 
of  rocks and the p ropaga t ion  mechanism of  the seismic 
waves. Table  2 gives a summary  o1" the suggested 
methods  o f  rock mass character iza t ion in terms of  
seismic velocit ies.  It is c lear  from the table that, 

Tableau 2 : Sugges ted  m e t h o d s  for rock mater ia l  Lind nltlb", chklrac ler i /a t loR in terms, of set~,mic ~elocilies. 

I)ry 

Par t ia l ly  
Sa tu ra t ed  

Sa tu ra t ed  

(}routed  

V,, = 
v; = 

V" = 

V~ = 
V, = 
V = 
V: 
K = 

C o n d i t i o n s  of  
Rock  Mate r ia l  

a n d  Mass 

C h a r a c t e r i z a t i o n  Methods  
L a b o r a t o r y  a n d  Eield 

Sei~,mic Velocitte~, 

Se ismic  f i ssura t ion  Index 
P and  S wa,.e ~elocities 

Se ismic  f i ssura t ion  Index 
S ,aave velocity 

Sei>,mic f i ssura t ion  Index 
S wa,,e vek)city 

T i m e  A, .e rage  Equa t ion  
P u.a,,e ,,elocit.v 

T ime  Ave rage  Equa t ion  
P a n d  S u,a,,e ' ,elncit ies 

I . abo ra to ry  

1 I -,- K 

V,I Vu 

K., :~ K, 

+ K .  
V~, V,, 

1 

Vj 

V, 

V~ 

- r K .  
Vq 

- F F + - -  
V,, V. 

- F F + - -  
Vo V.~ 

A p p h c a b i e  Equa t ions  

Eield 

I ( I  + N) ( I  -'- t )  

V~ V. 

I (I  + N ) ( I  + t )  

V, V,, 

1 (I + N)(I + t )  
V, V,} 

1 i - F + _ _ V  
v. V;, v 

1 I - F  F 
I + _ _  

Vf V'~; V. 

F;, ~ F, ,  V',~ 
(1 - n ) V .  + nV. 

V , .  V~ 

(1  - n )  V , +  n V  

Intact  rock se i smic  veloci ty  
Intact .  s a t u r a t e d  rock , ,elocity at a p ressure  equal  to the 
dep th  of the  rock mass  c o n c e r n e d  
Intact  g r o u t e d  rock veloci ty  at a pressure  equal  to the dep th  
of the  rock mass  c o n c e r n e d  
Dry  se ismic  ve loc i ty  of rock ma~,~, 
Field se ismic  ,. 'elocity of rock ma..,s 
Se ismic  ve loc i ty  of wa te r  
Se ismic  ve loc i ty  of g rou t  
Se ismic  f i s su ra t ion  index 

V., �9 \ 7  

K;. = P wave  se ismic  f i ssura t ion  index 
K = S wave  se ismic  fis.,,uration index 
F = Seismic  f r ac tu re  index 
F:, = P 'a,~,,,e :,eismic f r ac tu re  index 
F, = S wa, .e  se ismic  f r ac tu re  index 
N = Field se ismic  f rac tu re  index 
n = O p e n  rock poros i ty  u n d e r  field pressure  

= Intact  rock spec imen  sonic  f i ssura t ion  index u n d e r  prc,,- 
sure  equal  to the field pressure .  
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depending on the ground saturation condition and 
seismic wave type. the rock mass characterization 
equation or parameter should be different. While for 
dry rock mass characterization it is suggested that the 
seismic fissuration index (K) should be used, the 
seismic fracture index (F) should be used for charac- 
terizing the saturated and grouted rock mass. There- 
fore, the relation between (K) and (F) should be known 
or established in order to assess the influence of 
grouting on the seismic velocities of the dry rock mass. 
Additionally, K and F indices are expected to be 
different for P and S wave velocities due to their 
differing propagation modes. 

Since Knill's (1970) data include different rock types, 
the established relation between the seismic fissuration 
index and seismic P wave velocity of rocks in Fig. 2 
should be applicable to all rock types. This also means 
that all rocks can be represented by a single seismic 
fissuration index versus seismic velocity curve. Also 
rocks can be regarded as having a maximum seismic 
velocity and any change in the seismic velocity is due 
to a change in F of rocks. Additionally, the difference 
between the best fitted line to Knill's (1970) data and 
the time average equation for the same F value in Fig. 2 
indicates that the fractures are not always filled with 
water, and there must also be low velocity materials 
present in the fractures i.e. clays. Besides, the propa- 
gation direction of the seismic waves in relation to the 
rock mass fractures and refraction and reflection of the 
seismic wave would also give a lower rock mass 
velocity than theoretical relations. 

Even though the saturated sonic velocity values were 
used instead of Vo, in analyzing Knill's (1970) field 
seismic data, this is not expected to have introduced 
major errors to the seismic field fracture index calcu- 
lations, as the seismic velocity measured in rock masses 
in dam foundations were not expected to be under high 
pressures. 

T a b l e  3 g ives  the  s e i s m i c  ve loc i ty  o f  the  rock m a s s  f rom 
d i f f e r e n t  d a m  s i tes  o b t a i n e d  b e f o r e  a n d  a l t e r  g rou t  
i n j e c t i o n  ( L a n c a s t e r - J o n e s ,  1967). W h e n  the  t ab l e  is 
c o m p a r e d  w i th  Fig. 3, t h o u g h  the  m a j o r i t y  o f  the  
s e i smic  ve loc i ty  v a l u e s  fall  b e l o w  the  g r o u t e d  rock  mass  
curve ,  f ou r  s e i s m i c  ve loc i t y  v a l u e s  for  q u a r t z  p h y t l i t e  
gave  h i g h  i n c r e a s e s  a f t e r  g r o u t i n g  a n d  fail b e y o n d  the  
g r o u t e d  rock  m a s s  c u r v e  (Fig.  4a).  Th i s  d i s c r e p a n c y  
m u s t  h a v e  r e s u l t e d  f r o m  u s i n g  g r o u t s  h a v i n g  g r e a t e r  
s e i smic  ve loc i ty  t h a n  2.40 k m  a n d / o r  the  fact  t h a t  the  
g r o u n d  was  d ry  b e f o r e  the  g r o u t i n g .  

Table3 :Improvements in the seismic velocity of the rock mass of 
some dam foundatic, ns by grouting ([,ancaster-Jone'< 1967). 

i 
[)am Site Obser', ations: 

Farahnaz Pahlavi 

Roseland 
Roseland 
Alcantara 

1o 
~) 

Frera, right bank 

Frera, left bank 
(Horizontal) 
Frera, valley bot- 
tom 

i Frera, left bank 
(vertical) 

7 
b 

3 

4 
I 

g , . , ,  a ,,~ g ,,,r 

km',' s km/s 

2.30 2.62 

,.7_ 3.80 
2.92 3.62 
3.50 4.09 

3.32 5.09 

3.60 5.40 

3 3  4.__ 5.33 

4.35 5.38 

Rock Type 

Hard sand- 
s t o n e  

Schist 
Mica Schist 
Palaeozoic 
sediments 
Q u a r t z  

Phvllite 
Q u a r t z  

Phy[lite 
Quartz 
Phyllite 
Quartz 
Phyllite 

However, when the seismic field P wave velocities from 
the Passante dam in Italy (Fig. 5) and the Cabril dam 
in Spain (Table 4) are compared with Fig. 3, the 
majority of the grouted rock mass velocities fall below 
the fully grouted rock mass curve, as shown in Fig. 4b. 

Figure 6 shows the seismic velocity measurements in 
granite using the uphole technique before and after 
grouting in a borehole drilled in granite (Blinde et al.. 
1983 a). Though grouting increased the seismic velocity 

t i 
' ~ 4 a  

'% o o  T 1o ,0. \ \ \ \ \  , 0 .  
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z o.Ts o.75- 
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I Best f i t ted  line to ...a-~ ~ . ~ ' ~  V ~ 4 0 k m / s  
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Fig. 4a  : Seismic velocity increase in the field velocity of the rock mass due to grout injection, from different dam sites (Data from 
Lancester-Jones, 1967, Table 3). 

Fig. 4 b : Seismic velocity increase in the field velocity of the rock mass due to grout injection from the Passante dam-haly (Bonaldi et  al..  1983. 
Fig. 5), and the Cabril dam Spain [Rodrigues et  al. .  1983. Table 4). 
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valley, s ide (Block  XX).  are m a r k e d l y  lower  t han  those  on the 

va l l ey  b o t t o m  (B locks  IX and  X I I L  ( B o n a l d i  et al. 1983). 
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Fig. 6 :  Resu l t s  of  " 'Up hole '"  s e i s m i c  ve loc i ty  m e a s u r e m e n t s  in a 

b o r e h o l e ,  be fo re  a n d  a f t e r  g r o u t  i n j e c t i o n  in to  the g r a n i t e  

rock mass  ( B l i n d e  et aL, 1983 a). A = W a s h o u t  zone.  B = 

Dry  zone.  

of granite in most parts, there are two zones which need 
closer study. In zone  A, the seismic velocity decreased 
after grouting, indicating that this may be caused by a 
wash out or refraction of  the seismic waves. In zone B, 
the seismic velocity increased by more than 50 per cent 
indicating that the ground was dry before grouting was 
carried out. This emphasizes the fact that it is not 
always practical to rely on comparison of  the seismic 
velocities alone to assess grouting efficiency in the rock 
mass. 

Figure 7 shows the curve obtained by plotting the 
seismic fracture index F versus the different seismic 
velocity ratio of  field velocity to water and/or  grout 
velocity. Figure 7 can be used to assess the grout 

efficiency in the rock mass. First f i n d  t:. t r o m  the 
V~,,/V,, and V~,/V,~ ratios, following the path I. 2 an 3 
in Figure 6, then knowing F, V~ and V,,'V~, 'v'~ V ratio 
can be determined following the path 4, 5 and 6 in the 
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V : / V  ra t ios  for  a s sess ing  the  g r o u t e f f i c i e n c v i n a  rock mass.  

V = S e i s m i c  v e l o c i t y  of  g rou t  and  V,, = Se i smic  ve loc i ty  
of  g r o u t e d  rock mass.  
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d a t i o n  be fore  a n d  a f t e r  g r o u t i n g  ( R o d r i g u e s  e t a / . .  1983). 
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same diagram. Then, by comparing the estimated X,'~ 
and measured Vfg from the known F value, the grouting 
efficiency in the rock mass can be determined. 

A similar diagram to Figure 2 can also be produced for 
the rock mass having higher (louver) seismic P wave 
velocity than 5.65 km/s  and also having the grout 
seismic velocity higher (lowerl than 2.40 km:% for 
special rock mass conditions that may be met in 
practice. Additionally, such a diagram can also be 
produced for S wave seismic velocities which would be 
much more reliable for the assessment of the partially 
saturated and dry rock mass grout efficiency than using 
P wave velocities. 

Conclusion 

The effect of grouting on rock mass properties can be 
assessed by analyzing the seismic velocities of the rock 
mass obtained before and after the grouting operation. 
The rock mass can be characterized either by the 
seismic fissuration index (K) or a seismic fracture index 
(F) depending on the saturation state of the rock mass. 
Thus, any increase in seismic velocities due to grouting 
will also be apparent in these indices. Although the 
saturated ground grouting efficiency can be determined 
by applying the time average equation and finding the 
changes in the seismic fracture index, the same is not 
so for grout efficiency determination in dry ground. 
The latter requires the relation bet,.veen (K) and (F) to 
be established and any apparent changes in F value due 
to grouting to be noted. 

The time average analysis of  Knill's (1970) seismic field 
velocity data from dam sites in the U.K. has given a 
relation between the seismic fracture index and the 
field velocity of a rock mass best represented by a 
curve. This relation is extended to include water 
saturated and grouted rock mass cases. It is also found 
that while the water saturated rock mass curve gives an 
upperbound value for Knill's (1970) data, the grouted 
rock mass curve gives a similar upperbound curve 
envelope when compared with published seismic field 
velocities from different dam sites. Thus, it is suggested 
that the relation between the seismic fracture index and 
field velocity can be used as a reference diagram for 
grout efficiency determination. 
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