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SYNOPSIS: Grouting pores of soils improves their quality. Their strenght increases, their compressi
bility and permeability decreases. This contribution considers only one side of the whole process 
of property improvement - permeability decrease of the grouted environment. Extensive documentary 
material has been obtained from grouting works on large structures in the Czechoslovak Socialist Re
public. On the basis of the analysis of the results input values have been made more accurate for de
termining the grouting mixtures. The permeability decrease of gravel soils has been evaluated in va
rious grouting stages. The possibilities of negative influences of grouting on the environment have 
been investigated - mainly on the quality of drinking water.

1 INTRODUCTION

On a considerable part of the Slovak Socialist Re
public territory the groundwater level is near 
the terrain surface. Quaternary sediments and so
lid rocks have a considerable permeability. Sea
ling elements of temporary or lasting character, 
including the grouting elements, are inevitable 
laying foundations in many structures. The team 
of authors of this contribution has presented 
the facts which relate to the detection of move
ments and effects of groundwaters in geotechni- 
cal engineering at several ISSMFE international 
conferences. They were methodological problems 
(Paris 1983), problems of drainage and stability 
of deep foundation pits (San Francisco 1985, Nür
nberg 1906) and problems of leakages in dams 
(Dublin 1987).

2 VOLUME OF GROUTING MIXTURES

The most extensive grouting works in Czechoslo
vakia have recently been carried out in the con
struction of waterworks on the Danube not far 
from Gabtikovo. Only in the main objects - the , 
hydropower plant and float chambers - 2 . 2  mil.m 
of gravel soils were grouted. The objective was 
to create sealing beneath the bottom of the foun
dation pit.

Grain composition of gravel soils is illustra
ted in Figure 1; the content of sand fraction 
was relatively small, most frequently it was aro
und 10 %. Porosity was detected within the range 
n = 0.29 to 0.36; its average value n = 0.32. In 
the area of waterworks the depth of gravel soils 
attains 360 m and they are characterized by high 
permeability: the permeability.coefficient hori
zontally is k^ = 1 . 7  . 1 0 " ms (with extremes

1.5 ,10'4ms_1 and 2.5 .10”^ms_1), vertically kv=

= 1.7 . 10'4ms_1.
The grouting boreholes were placed at the nodal 

points of a square net with 7 m sides. The thic
kness of the sealing bottom for the hydropower 
plant was to be 7 m, grouting was carried out in
21 storeys. The thickness of the grouted bottom 
for the float chambers was to be 5 m, it was ca

DIAMETER mm 

Figure 1. Grain composition of gravel soils.

rried out in 15 storeys.
Based on experiments in the time of preparing 

the water works construction it was recommended 
to use 200 kg of clay and 50 kg of.cement into 
1 m of grouting suspension; 0 , 2  m of such sus
pension was to be used for 1 m of soil, and the 
velocity of.saturation was suggested at around
0 . 0 1  m min .

Various technological problems during construc
tion led to the changing of the grouting suspen
sion composition. Only 50 kg of clay (bentonite) 
and up to 200 kg of cement were used for 1 m . 
Uncertainty about attaining the required sealing 
of the grouted bottom was brought about by^the 
increased suspension quantity; up^to 0.4 m of 
such suspension was used for 1 m of soil. The 
effort to complete the work in the given time 
forced an increase.in the saturation velocity of 
up, to 0.02 m »in . Details related to grouting 
works on this construction are given by Jakubec 
and Janovi£ ( 1906) .

The results of grouting which was carried out 
can be verified on the thickness of the grouted 
bottom of the hydropower plant - FLg.2. For 
this purpose we studied 177 profiles, which were 
obtained by sinking the observation boreholes 
and pumping wells. The sinking of the boreholes
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Figure 2. Real thickness of grouted bottom and 
project assumption.

required reaching the surface of the grouted bot
tom. From the average borehole depths in areas 
of the respective profiles (they are represented 
by black circles), we can then construct the le
vel of the grouted bottom upper surface inside 
the sealing tub; it is represented by a continuo
us line in Fig.2. Limiting the lower surface of 
the grouted bottom (dotted line) makes use of 
the fact that the grouting mixture spread from 
the grouting boreholes predominantly in the ho
rizontal direction to all sides. In the slanted 
parts, therefore, it spread equally to the inner 
and the outer space. The average thickness of the 
grouted bottom is given by the difference of le
vel of the upper and lower surface; for the hydropo
wer plant the value t^ = 14 m which is double 
the projected value.

By similar analysis the real thickness of the 
grouted bottom for the float chambers was also 
established by the value t^ - 9 m, whereas 5 m

were assumed in the project.
The required volume of grouting mixture is de

termined from the common relation

V = OC (i 3P n V
9

( 1 )

Vg = (0.25 1.25 + 0.75 .1.0) 0.6 . 0.32 V = 0.20 V.

3
1 m the vo- 

3
This means that for soil volume V 

lum'e of grouting suspension Vg = 0.2 m"' sufficed 

as suggested in the project. Volume increase of

grouting suspencion in the construction to the

value Vg = 0.4 m^ led to the creation of sealing

bottom with a double thickness. This meant higher 
costs for its grouting. Increased thickness of 
the grouted bottom, however, enabled the pumping 
of lesser quantities of water from the sealed 
pits, which was very important from the economic 
and operational stand point under the given con
ditions .

3 PROCESS OF PERMEABILITY DECREASE

The process of permeability decrease in gravel 
soils during grouting was followed experimentally 
in a limited part of the pit directly at the con^ 
struction site, on a surface approximately 2000 m . 
The pumping tests were the starting point,carried 
out after individual stages of grouting. Indicator 
measurements of water movement velocities in the 
observation objects enabled the establishment of 
water quantities flowing in the sealed space thro
ugh the underground walls and water quantities 
flowing through the grouted bottom. In addition 
we could localize more permeable positions. The 
original permeability of gravel soils in the ver-

tical direction was k., = 1.7

The process of permeability decrease of gravel 
soils after individual stages of grouting is rep
resented in Fig.3.

10

E

'O

5--

in which: OC is the coefficient for the loss of 
grouting mixture out of the assumed volume; iî - 
coefficient expressing water extrudin from the 
mixture; 9f - coefficient expressing the pore fil
ling; n - soil porosity; V - considered volume 
of grouting space.

For gravel soils of similar grain composition 
and for their grouting with similar parameters 
we recommend the following values of coefficie
nts :
cC = 1.25 for border storeys, from which the grou
ting mixture may escape outside the required spa
ce, for inner storeys 0C = 1.0; (3 = 1.0 for stab
le grouting mixtures , (3 =1. 4 for unstable mixtures, 
from which water may escape - according to Verfl 
( 1983); 3C = 0.5 to 0.6.

For the GabCikovo conditions we assumed that 
the grouting mixture could escape out of the re
quired space from 25 % of storeys. According to 
relation (1) we obtained the volume of grouting 
mixture.
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Figure 3. Permeability reduction process of gra
vel soils in various phases of clay-cement and 
chemical grouting.

After the basic clay-cement grouting the achieved

permeability of the pit bottom was k ^  = 1.1.10 "’ms }

a substantially higher value than required in the

project (k^= 2.lO'^ms”* ) ; the proportion of the

original permeability of soil and permeability

after the basic grouting was = 1.7.10 V

/l.1.10"^ = 15.5. The next step was the sealing 
of the most permeable positions by clay-cement 
suspension. After this the attained permeability

was k ^  = 7.1. 10’4ms”1 and the proportion kv/kb2

= 24, which again did not satisfy the project
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requirements. In the following phase the lower 
half was sealed by chemical solution (sodium sili
cate, aluminun sulphate.citric acid). Then the

following parameters were obtained, k^j = l,8.10~^

ms”*, kv/kb3 = 94 which were near the project

requirements. After chemical sealing of the en
tire grouted bottom thickness very good results

were achieved in experiments: 5.2.10-^ms~*

and kv/kb4 = 327.

Based on these experiments it was decided to 
apply additional chemical sealing only to the lo
wer half the grouted bottom. It was demonstrated 
that this decision was correct, and this is pro
ved in the time development of quantities actua
lly pumped and this is schown in Fig.4. Data for

Figure 4. Time development of pumped water quan
tities from sealed foundation pits.

the hydropower plant are indicated by black cir
cles, for float chambers by crosses. A signifi
cant maximum occurred in the time of the hig- 
hes attained water level decrease inside the sea
led space. There followed a relatively rapid dec
rease of pumped quantities during the steadying 
of the water level which was caused by gradual 
exhaustion of the water portion discharged from 
the soil pores. After flow stabilization only the 
quantities of inflowing water through sealing 
walls, through the sealing bottom and from preci
pitations were pumped. Pumped quantities decrea
sed further in time through the influence of a 
natural decrease of permeability of stable sea
ling elemnts (warpage, chemical processes).

By time analysis of real pumped quantities app
roximately to the end of 1986 we obtained equa
tions, which enabled us to establish the predic
tion of time development for the entire construc
tion period. The pumped quantity in arbitrary ti
me is obtained from the relation

S t‘ ( 2 )

Values of coefficients are as followsS = 0.7 for 
the hydropower, S' - 0.2 for float chambers, £ =
= -0.2 for the power plant and for the float 
chambers; time t is the number of days, and 
should be t - 50 days. In this procedure we ob

tained the value of Q. in m3s~*.

Equation (2) was used to calculate the rela
tionships represented graphically in Fig.4 by 
continued lines. As a comparison the quantity,

which resulted from the project assumptions is 
indicated by dash lines. From the sealed pit for

the hydropower plant the quantity Q i 1 m^s-1, 
and the same quantity also from the pit for float 
chambers was to be pumped. The considerable dif
ferences between reality and the project assump
tions are proof of the high quality of sealing 
elements, which were built in GabCfkovo.

It was shown that the inflow of water portion 
through walls and the grouted bottom in the to
tal pumped quantity under stable conditions re
mains approximately constant. The water quantity 
flowing in arbitrary time through the grouted 
bottom will be

Qtb = W  0t , (3)

where coefficienta = 0.9 for the hydropower plant 
and co = 0.65 for the float chambers.

The permeability coefficient time development 
of the grouted bottom can be followed on the ba
sis of the relationship

t b

“ Qt *b 

Ab Ah
(4)

apart from the known symbols, A. is the area of 
the grouted bottom, A h  the difference of water 
levels on the outer side and inside the pit.

The permeability time development of grouted 
gravel soil, established by equations (2) and 
(4) is practically represented by continued lines 
in Fig.5 together with the project assumptions

10'

m i'  

1 n 5

10'

GRAVEL  SOI L

GROUTED BOT TOM -  PROJ ECT  _

_________ -  HY DROPOWER

-  CHAMBERS

0 365 730 1095 

Figure 5. Permeability time development.

U60 1825 2190 
t  Idays]

(dash-line), as well as the original soil permea
bility (dotted line). Grouting can decrease the 
permeability of gravel soil by 100 to 500 times 
without great problems. For a longer period of 
construction even natural decrease of permeabili
ty is of practical significance; under given con
ditions one can expect in 6 years a decrease of 
permeability of approximately a half of stable 
grouted soil.

4 POLLUTI ON OF GROUNDWATERS

Pollution of groundwaters is actual mainly in 
the stage of grouting of tubs and in the stage 
after laying foundations of objects.During wa
ter pumping from the foundation pits such a dan
ger does not exist, for the pollution substances 
are forced to enter the inner space,-from where 
they are conducted into the Danube bed, where 
they are diluted very effectively.

In the stages of leakages of pollution
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substances there occurs the possibility of their 
spreading together with the flowing water in the 
porous environment reaching greater distances. At 
the some time, their concentration can be reduced 
due to adsorption, diffusion and above all to hy
drodynamic dispersion. The problem of hydrodyna
mic dispersion is schematically represented in 
Fig.6. In the tub proximity of the hydropower

Figure 6. Spreading of pollutants in the ground
water flow symbols for preliminary calculations.

plant we can imagine a section at the level of 
the grouted bottom of b width, thickness 1,height 
h, in which the concentration of substances will 
have the value c . Concrete values c can change 
in the individual' stages of construction and they 
can be detected by analysis of water symples ta
ken from the observation objects. For us it is 
sufficient to assume that the concentration will 
be the function of time. We can imagine the spre
ading of pollution subsances in the process of 
hydrodynamic dispersion only in the horizontal 
direction. In field experiments in the proximity 
of the hydropower plant, by means of multiboreho- 
le radioindicator methods, the angle of indicator 
spreading in the horizontal direction was found 
to be (i = 17°.

The value of maximum concentration of pollution 
substances (c ), which may appear in the dis
tance x from max the pollution source, is inte
resting. It can be found by simplifying assumption, 
by which we substitute in reality the two-dimen
sional hydrodynamic dispersion by the one-dimen- 
sional (represented by a dash-line in Fig.6).

According to the work of Klotz and Moser (1974), 
the differential equation applies for the one-di
mensional hydrodynamic dispersion in a homogene
ous isotropis environment

= D - V -2_£ (5)
d t 3 x 3 x

in which: c is the indicator concentration, t 
the time, D lengthwise dispersion coefficient, 
v the real flow velocity, x distance in the flow 
direction.

From the excelent work of Seiler (1985) we 
obtained the relationship between the length 
dispersion coefficient D, the real flow velocity 
v and the distance x in the form

D/v = 0.29 x0 -72 (6)
After simplification of the given equations we

have cmax/co = X/ V l . U T x 1'72 (7)

The calculation results of relationship (7) for 
constant value 1=1 m and various distances x are 
represented in Fig.7.

Figure 7. Relationship between the reduction of 
pollutants concentration and the distance.

In one-shot pollution the concentration decreases 
significantly with the increasing distance; in 
distance x = 2000 m the maximum concentration,for 
ex., will have (cmax) less than 1 per mille from 
the initial volume (c ) in the tub pro*imity.Ho
wever, it is necessary to stress that the initial 
volume of pollution substance must be small.

We can replace the big volume of polluting sub
stance by the idea of continual pollution. In such 
a case the maximum concentration can attain the 
value of initial concentration (c = c ) even 
in great distances x. ma* 0

In all cases one can expect even the favourable 
effect of dilution of pollutants with pure water 
pumped from the bored wells. We estimate that for 
this reason the maximum concentrations of polluting 
substances can be reduced by 60 to 80 %. Further 
reserves are in adsorption and in other physical 
and chemical processes.

5 CONCLUSIONS

The process of permeability decrease in individual stages 
of grouting and its time development was characterized.
Due to warpage and various physical and chemical influences 
the permeability will be reduced approximately by a half 
without any artificial interventions in six years. The po
ssibilities of groundwater pollution in chemical grouting 
were analyzed. In one-shot pollution the concentration of 
harmful substances reduces significantly due to hydrodyna
mic dispersion (Fig.7).
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