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CRITERIi’ OP EFFECTIVENESS OF SOIL STABILIZATION BY GROUTING

Prague INZENYRS~E ~TAV3Y (‘~ngineering Constructions) in Slovak, No 1,
1914, pp 29—32

[Article by Engr Jaromir Pich, CSc., Research Institute for Engineering
Constructions in Bra tislava]

[Text] The article presents a critical analysis of factors
which affect the economical aspects. of grouting (injection).

Some Technical—Economic Questions of Soil Grouting

The present technical development of grouting of soil shows that in the
case of soils which are less permeable, it is appropriate to grout them by
using new injection substances, for example macromolecular substances.
However, the price of these new materials is substantially higher than the
price of classic materials, which include today for example cement suspen-
sions or — to a certain extent —— also solutions of water glass. This
trend exists all over the world, as shown in the table of relative prices
of individual material (Table 1) according to data obtained from France
(Cambefort 1964), England (Moller 1964) , USSR (Adamovic 1973) and
Czechoslovakia (Pich 1971). But even in terms of absolute prices , the trends
in Czechoslovakia do not differ from those in foreign countries (Table 2
shows certain prices from 1970, which were determined directly by recompu—
tation based on the rate of exchange).

The relatively high prices of new injection materials cost a certain amount
of distrust, especially on the part of investors and project engineers with
regard to the future development of injection material and the method of
grouting in general. However, let us examine how the price of injection
materials is projected in the price of 1. cubic meter of the injected soil,
because such index alone is objective, especially when it is a question of
the final effect of grouting, which means above all stabilization. Let us
examine further what the criteria are of the effectiveness of grouting, when
we evaluate the entire physical process of grouting, in other words basically

• the flow from the moment of drilling, while taking in consideration the
theological properties of the injection materials.
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Grouting of coar se—gr ained soil with coefficient of permeability K ). 2.10—2
centimeters per second by means of stable suspensions is not a technical or
economic problem today . A combination of technical—economic problems arises
only when the earth is less permeable . According to an idealized technical
point of view , one can grout by a chemical solution basically any kind of
soil through which water flows , which means also clay . However , in reality
there are limitations in this case in the same way as in the case of sus-
pensions by the dimensions of the colloidal particles (water glass), or by
the dimensions of the macromolecules and their behavior during the flow
below a certain lower limit , which is the coefficient of permeability of
the order of K — i0 6 cen timeters per second . This means that within the
limits of K — 102 cent imeters per second to K 10 6 centimeters per second
the grouting is technically possible , but the effectiveness of the grouting
is shown altogether only by an economic analysis. And this indicates clearly
that grout ing has become an industrial method even in this area.

Table 1. Comparison of Relative Prices of Injection Substances

- Ii -o - da I1rnot~ Yr,noüzeko Anglicko ~~~~~~~ ~~~ —

1 (~ nwnIovL
~ ~,a ’p.~nzIa 1 1 1 1 •

~~ C~nwn~ — 11 (2 : 3) 0,23 0.25 0.23 —
IkicctiwI%t (S : I) — — — 0.4
XIuchem1ck~ -- iu.pcnzia — 0,3 — 0.2+0.4

~ Vodul ~klo 1,5+3 — 1’) 14+4 .$
~ Cbr~inUgnIn 1.3+2 — 1.3+2.5 2.2+3.7
~ M~’owInofocn~ 1.
~ .khvd — — 2+3 2 1+7 ,1
0 1 orcInolk~~~~. 2.3+10 5.6 ’ — 0+ 139 .%krylaml4 12+36 0 12+25 20

Yu luzol — — 8+10 —

Note. The data concerning watergiass are obviously influenced here by the
fact that the author took in consideration only solutions of low concentration.

Key: a. Material, b. France, c. England, d. USSR, e. Czechoslovakia.
1. Cement suspension, 2. cement — clay (2:3), 3. clay—cement (5:1),
4. clay—chemical, suspension , 5. waterglass, 6. chromium lignine ,
7. urea—formaldehyde , 8. resorcine—formaldehyde, 9. acrylamide,
10.
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Table 2. Prices of One Cubic Meter of Grouting Substances in Foreign
Countries and in Czechoslovakia

a C 
- 

e ~~
fl~~ota EOl

~
C
c~&

D
~~~ i~~~~~j xz,jLD~ ko~eei*’~_~.

_ _ _ _ _  
I
____  ____  ____  ____

a.— 0.6 0,7 USA w—0.5 0.7+0.0
2 oo,tcn 10~) %  2.4 ZSSIL — —

Vodni sk3o 50+1 % 2.3+2.9 1. L 50+100 % 1.6+3,5
~ Rc,o~ctuot .
£. fomaa14~~y4 20+40 % 5,3+7.0 A~ 20+40 % 3.8+0.5

I 4 0 ’  2.3+4.1 A.~~ 20+40 % 1.5+2.36 A1~71$~~14 10+20 % 5,0+8.1 USA. 18% 4412.1

fo~c,34ch~41 50+70 % 2,7+Gj. Z5S~~ 15+70 % 1.3+44

Key: a. Material , b. concentration, c. price (in Kcs 1,000), d. country,
e. Czechoslovakia, f. concentration., g. price (in ICcs 1,000).
1. Cement suspension , 2. Joosten, 3. waterglass, 4. resorcinol—
formaldehyde, 5. chromo—lignine, 6. acrylamide, 7. urea—forma ldehyde .

Note: A—Engl and , K -— Canada, F — France, ZSSR —— Soviet Union.
It should be also noted that it is possible to grout any kind of rocks. For
example, we can stabilize clay by cement suspension or by certain solutions,
if we tear it up by grouting and as a result form a continuous “claquage .”
This method has been taken over from the oil industry, where it is used
routinely for the purpose of increasing the output of the wells, and also
for grouting (for example, impermeable layers were stabilized in this way
by cement in 1936 in Azerbaidzhan). “Claquage” changes to a certain extent
the existing criteria of the possibility of using grouting substances. How-
ever, it depends on a whole series of specific conditions, and in particular
it requires great experience and well—thought—out management even in suitable
cases, because the chance factor in most cases is predominant as compared to
natural laws. Thin screens according to the Japanese method (Fujii 1971,
Yahira 1973) represent a single—purpose application of “claquage” by a
controlled process. That is why the application of “claquag.’ is excluded
from our future considerations as a special case. We shall discuss the
predominant classic method of grouting, since the injection material penetrates
through the pores of the earth in a more or less continuous flow.
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Method of Solving the Problem

In this part we analyze a case which occurs frequently with certain varia—
tions under the conditions which exist in Czechoslovakia. By making drills
10 meters deep in second—grade earth, we stabilize at a depth of 5 to 10
meters the earth with permeability ranging from lO ’l centimeters per second
t~ 10—~ centimeters per second . The drills are made by sleeve pipes, with
the distance of perforation apertures of 33 centimeters each. It is assumed
that the grouting is done under a pressure of 5 or 10 atmospheres, and the
distances of the drills in all cases are 1 to 3 meters. We shall compare
theologically similar substances which are used in Czechoslovakia in such
cases, which means urea—formaldehyde resins with combined catalyzer, and
watergiass with combiped organic reagent. The data concerning the concen-
tration of certain substances, the initial viscosity and strength of the
grouted earth of different composition are given in Table 3.

a~~~~~~

_ _  

J:
.~3 1 3 Z 1O~~ 1O’~ ~ ~ ms ’1J 70 ~ 10 2

Figure 1. Dependence of the price Figure 2. Dependence of the price of
of I cubic meter of stabilized I cubic meter of stabilized earth
ear th (50 per cent of urea— (20 per cent of urea—formaldehyde
formaldehyde resin) on the resin) o n  the coefficient of
coefficient of permeability, permeability.
Key: a. Relative prices of 1 cubic Key: a. Relative prices of 1 cubic

meter of earth, b. urea— meter of earth, b. urea—
formaldehyde resin 50 per cent . formaldehyde resin 20 per cent .
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Figure 3. Dependence of the price Figure 4. Dependence of the price of
of 1 cubic meter of stabilized earth 1 cubic meter of stabilized earth
(by 74 per cent waterglass) on the (by 50 per cent waterglass) on the
coefficient of permeability, coefficient of permeability.

Key: a. Relative prices of 1 cubic Key: a. Relative prices 1 cubic
meter of earth, b. watergiass meter of earth, b. water—
74 per cent, glass 50 per cent.

We assume that the earth with porosity n — 0.33 is fully saturated after
groucing . In view of it. anisotropy, we can assume that the injection
material Will be flowing approximately in the radial direction . Af ter that ,
we shall determine the t ime needed for the grouting from the following
simplified theoretical formula

d’ ( ?7t
2’— O,L5— I——

Kh \ ‘is

where d is the distance of the drills,
K — coefficient of permeability of the soil
h —— injection overpressure (height of the column),— initial viscosity of injection material
o — viscosity of water .
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The given formula is used also in a changed form elsewhere in the planning
of such injections (Bar thel /3/) .  According to the measurements made by these
authors, it gives about twice the actual value of T. This shortcoming is
compensated by introducing only the values of initial viscosity in the
formula, while the viscosity actually increases during the injection process.
The exponent n in excess of value d is actually 2 & n ~ 3, but for the same
reason we take in consideration a lower value of n — 2.

Correlation of prices of grouting with the conditions of grouting

The most significant and at the same t ime the most pronounced dependence
is the dependence of the price of 1 cubic meter of stabilized earth on the
coefficient of permeability (Figures 1 to 4). This effect is small or
negligible within the range of 10—1 to l0’~~ centimeters per second (which
depends on the viscosity of the substances), but the prices keep increasing
as the coefficient of permeability de2reases below i~

”
~ centimeters persecond , and with a decrease below 10 centimeters per second the intensity

of the growth is practically i easurably high. The coefficient of per-
meability K — 10’i centimeters per second is the limit , since a considera—
tion which is entirely of an economic nature must determine the use of grout-”
ing. With permeability within the range of icr’3 to iO”4 centimeters per
second , the price of earth grouted with urea—formaldehyde resin (which
means basic substance at a higher price) is lower than when seemingly less
expensive waterglass is used for grouting . The given ratios will then be
applicable also with regard to other grouting substances of higher quality
(for example, in the case of resorcinol—formaldehyde resin). The coefficient
of permeability K — 1cr4 centimeters per second is obviously the economic
limit of the classic grouting, since the technical means used up to now will
then be ineffective, even if we used pure water for grouting . That is how ,
we should evaluate the data concerning the use of AN 9 in the earth with a
coefficient of permeability K < lO’’~’ centimeters per second (Flatau and

F collective /8/).

These trends apply in general, but the economic limit shifts to lower values
of the coefficient of permeability in proportion to the growth of viscosity
of the grouting material.

A comparison of the prices of grouting substances (see Table 1) has only a
very problematical value in terms of evaluating the effectiveness of grout—
ing of less permeable soils. In Table 4, the authors compare the relative
prices of 1 cubic meter of grouted earth as compared to a 20 per cent solu-
tion of urea—formaldehyde resin (c — 1.00) for the coefficient of per-
meability K — 101, 10 2 , icr3 , and lO”~ centimeters per second, and then
the relative degrees of strength of the grouced earth under simple pressure

- . during solidification of the substance in an environment of 100 per cent
relative humidity and relative price of 1,000 liters of the basic injection
substance. The given values aoply to the distance of drills of 2 meters
and injection pressure of 5 atmospheres .

6 
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Table 3. Characteristics of Typical G~outing Substances Under Study

- 

3 
- 

I 11, 5 PcvnosL (kplcm ’j pri ulu2ent
• 

~~~~~~~~~~~~~~~~ .~~ 
—

U •uc1~o 100 % r. v. 7 vo ia

* Mi 50 10 80+95 45+85 45+05
b lIP 33 3.5 9+14 8+12 8+12
C SIP 20 2.0 6+10 0+8 4+0

4 8rolriii iiklo 73 32 35+20 12- : -IG s~-I0
ii V 0 0 ,~~~~ Gil 8.2 13+20 ~~-33 4
f rcj4n~ .k~~ 50 - 50 3+7 2-.-

Key : 1. Designation, 2. substance , 3. concentration in per cent ,
4. viscosity cP , 5. strength (kiloponds per square centimeter) in
storage, 6. dry environment , 7. wa ter , 8. water glass.

Table 4. Effectiveness of Stabilization

2 1teI~ttv n. ce~y 1 m’ zain~ektuvaw~ zcuuny i o1l2~dom C LI,
1)~ K cr4, ~ cIatIVno pav rtI “ telativuo cefly 1000

100% vIhkcsU , oIiIa. IflJc~~ SICj  IUn01)’ C

10.1 10-’ 10’ ~~~~~ D C I  d IIII na c

0 1.90 1.82 2.0~4 I 3,10 7.8 2.216 1.30 1,37 1.37 I 1.30 1,114 1 57
C 1.00 1.00 1.00 1.0 1,0 1.00

4 1,02 1.12 2.04 5.71~ 2.0 1.111
• 0,~0 0,~~ 1.20 2.3k 1,3/ 0.~s2 0.~i5 ~~~ 1.56 0•5

Key : 1. Designation, 2. relative prices of 1 cubic meter of grouted earth
with regard to c for K centimeters per second, 3. relative resistance
to pressure when stored under conditions of 100 per cent humidity with
regard to c, 4. relative prices of 1,000 liters of the grouting sub-
stance with regard to c.

It is obvious that the price ratio of the basic grouting substance corresponds
to the prices of ~tabilized earth only when the coefficient of permeability
is K 10—1 ~ 10—’ centimeters per second . When less permeable earths are
grouted , these ra t ios are disturbed , and at i ø 3  centimeters per second they
apply only in exceptional cases . At l0’~ centimeters per second , they do not
apply any more at all . The need for a complex approach in evaluating the
effectiveness of grouting is even more obvious , when one compares the prices
of stabilized earth and degree of stabilization.

7
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Figure 5. Dependence of the price of 1 cubic meter of stabilized earth
(stabili zed by 65 per cent of water glass) on the distances of drills .

Key : a. Relative prices of 1 cubic meter of earth , b . water glass.

In these cases , we separated the economic cases of the problem from the
technical aspects. That Is why we are comparing only injection substances
which are administered technically (especially rheologically) in a similar
way , but which we would replace with other substances , especially those
based on cement , in the area of 10—1 to io”2 centimeters per second .
Generally speaking, these graphs would apply for example in the case of
a very aggressive environment .

The effect of the distance between the drills is in all cases similar to the
one shown in Figure 5. Within the range of d — 1 4. 2 meters , the price
decreases as the distance of the drills increases , a fu rther increase of
the disçance in excess of 2 meters is basically less pronounced , but at
K — 10~~ centimeters per second and more of viscosity of the substance ,
fu rther increase of the distance of the drills results again in an increase
of the costs . The significance of this statement is small in practice .
It is mainly a question of expressing a trend . This conclusion concerning
the distance of the drills is corrected to a great extent by data on time
needed for grouting of individual stages as given in Table 5. Viscosity ,
pressure, and permeability influence the time of grouting linearly , while
the distance of the drills influences it at least quadratically . This means
essentially that ear th with K — ~~~~ centimeters per second can be grouted
only f rom drills made at a distance of 1 meter and in the case of substance
with maximum viscosity 5 cP , while earth with K — iO~~ centimeters per second
can be grouted also from drills at a distance of 2 meters, but this action
Is effective when viscosity is at the most 10 to 15 eP.

8
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The injection pressure is not reflected in practice in the cost in the case
of earth with a coefficient of permeability greater than i~

” ’
~ centimeters

per second (Figures 1 to 4). In the case of earth with K — lO”'~ centimeters
per second the effect of the pressure on the cost is significant, and the
cost increases as the substance is more viscous. Basically, one can state
that earth with K — i~’~ centimeters per second can be grouted in practice
only by means of higher pressures, but that assumes such standard stress
in the earth which would prevent “claquage.” The critical standard stress
in earth reaches here approximately the value of geostatic pressure (but
the pressure may be also lower) and so it is generally questionable as to
whether it is appropriate and possible to grout such earths by using the
classic methods, if their depth does not exceed 20 to 30 meters.

Table 5. Time of Grouting (h) at a Pressure of Five Atmospheres

a Visl. .’.’il ~i kI,i.’l

IL ‘iii ~ 

3 

I 

a

100 —
~I ~~~~~ 7.~ • 1~ • I.’...

30’’ 3.0 11 12 27
200 ;

10~ 30 I GO 120 • 270

Key : a. Viscosity of the material cP.

Conclusion

The effectiveness of the grouting of earth can be evaluated only by comparing
the costs (and possibly other indices such as proper costs and labo r con-
sumption) of a certain volume of grouted earth and the effect achieved (for
example strength) . The price of the injection material is a rather
inappropriate index for these purposes.

The lower limit of effective grouting of earth is the coefficientof per-
meability K — 10”~ centimeters per second. This applies to all grouting
substances, but economic considerations determine the grouting substance
under consideration when the earth has permeability of less than 10~~
centimeters per second. These types of earth can be grouted only by means
of higher pressures and by using grouting substances with a lower degree
of viscosity, and consequently one must expect in this case a lower degree
of stabilization as compared to permeable earths.
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