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FOREWORD 

This two-volume report contains the results of a detailed 
study of international scope by Soletanche and Radio, Inc. 
to determine the feasibility of developing cheaper chemical 
grouts from non-petroleum materials. The report was first 
written in French and then in English. The reader may note 
a few unusual expressions illustrating one difficulty in 
translation. The report contains a wealth of information 
about all types of chemical grouts applicable to soils and 
recommends laboratory test procedures for evaluating chemical 
grout. 

Sufficient copies of the report are being distributed to 
provide two copies to each regional office, one copy to each 
division office, and two copies to each State highway agency. 
Direct distribution is being made to the division offices. 

NOTICE 

This document is disseminated under the sponsorship of the 
U.S. Department of Transportation in the interest of informa­
tion exchange. The United States Government assumes no 
liability for its contents or use. 

The contents of this Yeport reflect the views of the authors 
who are responsible for the facts and the accuracy of the 
data presented herein. The contents do not necessarily 
reflect the official views or policy of the Department of 
Transportation. 

This report does not constitute a standard, specification, 
or regulation. /,... 
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_;;~•'\ha rl e{ F. ' -~chef fey 
! Director, Office of Research 

Federal Highway Administration 
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This is Volume I of a two-volume report entitled 
"Chemical Grouts for Soils". Volume I (FHWA-RD-77-50), 
entitled, "Available Materials'', contains a comprehensive 
study of written data, available in the international 
community, from the beginning of grouting around the turn 
of the century to current times. A classification of 
grouts is proposed based on the main components. Refer­
ences to bibliography made in both volumes will relate to 
Chapter IX of this volume, where bibliographical references 
are classified chronologically. 

Volume II (FHWA-RD-77-51), entitled "Engineering 
Evaluation of Available Materials", discusses the various 
testing procedures available for defining the engineering 
characteristics of a chemical grout, proposing a single 
procedure for standardization for each of the seven select­
ed engineering criteria. 

The most promising of available grout materials 
were selected for further study, based on non-dependence on 
petroleum products. Finally, lines of research into the 
improvement of these materials are suggested and partially 
implemented. 

This report is the . result of a team effort invol­
ving the Soletanche Group grouting experts and laboratory 
control organisms, public authorities, and the chemical 
industry. 

Because of traditional secretiveness of the chem­
ical industry, no accurate economical data related to energy 
requirements for manufacturing have been available, although 
technical information has always been provided graciously. 

No special distinction is made in relation to cut­
and-cover and soft ground tunneling situations except that 
considerations of validity and economy are always taken for 
large projects where grouting is used as a construction 
method and not an expedient solution to a short-term prob­
lem. 
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GLOSSARY OF TERMS 

Activator. Catalyst, hardener, reagent. The chemical 
solution which causes a mixture to gel or set when mixed 
with the base solution. 

Alluvium. Clay, silt, sand, gravel, or other rock materials 
transported by flowing water and deposited in comparatively 
recent geologic time as sorted or semisorted sediments, in 
riverbeds, estuaries and flood plains, on lake shores and 
in fans at the base of mounting slopes. 

Agglomerating Power. See Cohesion. 

Arrhenius Rate Law. The speed of a chemical reaction is 
affected by changes in temperature. 

k = Ae-EA/RT 

R 
T 

are constants characteristic of react­
ing substances 
is thermodynamic gas constant 
is temperature in °Kelvin 

Bar. Measure of compressive strength. 1 kg/cm2 = 0.981 bar 
1 bar= 14.56 psi= 100,000 Pascals (105 Pa). 

Baume Degrees. Indication of the density of a liquid ( 0 B), 
measured with a Baume hydrometer. (36.6 °B = 1.340 density). 

QB= 144.38 (density - 1) 
density 

Bentonite. A montmorillonite-type clay formed by the alter­
ation of volcanic ash which swells in the presence of water. 

Bingham Fluid. A true solution which, in addition to 
viscosity, tends to exhibit a certain rigidity so that, up 
to a certain gradient, it will behave as a solid. 

Catalyst. See Activator. 

Coefficient of Permeability. The rate of discharge of water 
under laminar flow conditions through a unit cross-sectional 
area of a porous medium under a unit hydraulic gradient and 
standard temperature conditions. 
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Cohesion. Agglomerating power. The capacity of sticking 
or adhering together. The cohesion of soil or rock is that 
part of its shear strength which does not depend on inter­
particle friction. 

Consolidate, Consolidation, Grouting or Solidify. Terms 
applied to the binding together of soil particles into a 
mass of soil, such as occurs in permeation grouting. 

Cut-and-Cover Tunneling. A process of installing a struc­
ture below ground by excavating an area of sufficient width, 
constructing the permanent structure at the bottom of the 
excavation, and then restoring the ground surface over the 
structure. 

Darcy's Equation. The formula developed by Darcy to deter­
mine permeability: 

K is 
t is 
Q is 
p is 
e is 
s is 

the 

Q 1 e 
K = - X - X -t s p 

permeability 
time 
quantity of water 
pressure 

coefficient 

thickness of sample 
section of sample 

Darcy's Law. Formula developed by Darcy to determine 
speed of percolation in permeability testing: 

V = ki 

Vis speed of percolation, cm/sec 
k is permeability coefficient (Darcy), cm/sec 
i is gradient applied to sample, cm/cm 

(function of pressure and sample thickness) 

Deformability. A measure of the elasticity or stress de­
formation characteristics of the grout in the interstitial 
spaces as the earth mass moves. 

Density. Mass per unit volume of a substance in g/cm3 • 

Diaphragm Wall. The construction of a vertical, continuous 
concrete wall, cast in situ or made of precast concrete 
panels, in a narrow trench filled with bentonite slurry to 
form a structural retaining wall. 

Groundwater Table (Free Water Elevation). Elevations at 
which the pressure in the water is zero with respect to the 
atmospheric pressure. 
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Grout. A suspended cement or clay slurry or a chemical 
solution that can be poured or forced into the openings 
between soil or rock particles to solidify or to change 
the physical characteristics of the material. 

Groutability. The ability of soil to allow grout to be 
forced into the interstitial spaces between the particles. 
As applied to grout material, its ability to be forced into 
the interstitial spaces between soil particles. 

Hydrostatic Head. The pressure in the pore water under 
static conditions; the product of the unit weight of the 
liquid and the difference in elevation between the given 
point and the free water elevation. 

Injectability. See Groutability. 

Injection. Grouting. The process of forcing a grout into 
the soil to be treated, using pressure. 

Joosten Process. The earliest of the chemical grouting 
processes, originating in 1925. In this process, a sodium 
silicate solution is pumped into the soil as a grout pipe 
is advanced downward. The pipe is th?n flushed with water, 
and calcium chloride is pumped in as the pipe is retracted. 
A precipitate forms upon contact between the two solutions. 

Karst. An irregular limestone region with sinks, under­
ground streams, and caverns. 

Newtonian Fluid. A true solution which tends to exhibit 
constant viscosity at all rates of shear. 

Permeability. See Coefficient of Permeability. 

Permeation Grouting. Replacing the water or air in the 
voids of the soil mass with a grout fluid at a low injec­
tion pressure to prevent creation of a fracture, permitting 
the grout to set at a given time to bind the soil particles 
into a soil mass. 

Porosity. The ratio of the volume of the voids or pores 
to the total volume of the soil. 

Reagent. See Activator. 

Resin. A synthetic addition or condensation polymerization 
substance or natural substance of high molecular weight, 
which under heat, pressure, or chemical treatment becomes 
a solid. 
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Setting Time. The time needed for a chemical grout to 
solidify. 

Slurry. Suspension of cement or clays in water, or a 
mixture of both. 

Slurry Trench. A relatively narrow trench which is usually 
dug with a clamshell while the excavated portion is kept 
filled with a bentonite slurry to stabilize the walls of 
the trench. 

Specific Gravity. Ratio of the mass of a body to the mass 
of an equal volume of water at a specified temperature. 

Star Wheel. The vane used with a Vane Test, to determine 
shear strength; when viewed from above, the vane is star 
shaped. 

Syneresis. When freshly prepared sodium silicate gel is 
placed in a closed glass container, a significant amount 
of water can be observed being extruded by the gel. This 
is the phenomenon of syneresis, which is peculiar to silica 
gels. 

Toxic. Poisonous or harmful. 

True Solution. One in which the components are 100% 
soluble in the base solvent. 

Tube a Manchette. A plastic tube or pipe of approximately 
1-1/2" inside diameter, perforated wi t h rings of 4 small 
holes at intervals of about 12 inches . Each ring of perfor­
ations is enclosed by a short rubber sleeve fitting tightly 
around the pipe so as to act as a one-way valve when used 
with an inner pipe containing packing elements which isolate 
a hole for injection of grout. 

Tyndall Effect. Visual scattering of light along the pat h 
of a light beam as it passed through a system containing 
discontinuities, such as surfaces of colloidal particles in 
a colloidal dispersion. 

Unconfined Compressive Strength. The load per unit area at 
which an unconfined prismatic or cylindrical specimen of 
material will fail in a simple compression test. 

Vane Shear Test. Device for measuring shear strength. \ 
4-bladed vane is attached to the bottom of a vertical re 1 . 
The assembly is lowered into the material to be tested , ~d 
rotated. The torque required to turn the vane is measu e d 
and shear strength is computed using the torque measure ent 
and the dimensions of the vane. 
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Viscosity. The ratio of the tangential frictional force 
per unit area to the velocity gradient perpendicular to 
the direction of flow of a liquid. 
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CHAPTER I 

CLASSIFICATION AND EVALUATION 

1. Introduction 

This survey and study of chemical grouts has as its 
goal the listing of all av~ilable chemical grouting materials 
in an attempt to find effective chemical grouts which do not 
use petroleum products. 

Most available chemical grouts use some kind of pet­
roleum products or derivatives either in the grout or in the 
grout reagent. Because of the very real possibility that 
supplies of petroleum may be reduced substantially in the 
future, it has become necessary to develop alternate chemical 
compounds to replace petrochemicals. 

In the course of research into the available litera­
ture, many grout formulas were discovered, scme of which have 
been used extensively, some of which may never have been used. 
Of the grouts which have been used and documented, all were 
classified in groups, according to the major component. Each 
grout category was then studied and rated according to seven 
quality/price criteria. 

The final chapter of this volume is a complete list­
ing of bibliographical references, including many patents. 
References are given in chronological order. 

Volume II deals with engineering qualities of grouts, 
developing seven criteria for evaluation of these qualities 
and discussing the various testing procedures available. The 
most appropriate test method for each criterion is proposed 
for standardization in order to make test results comparable 
from one laboratory to another. 

The most dependable grouts from the general classifica­
tion are evaluated in detail, using the engineering criteria 
developed. The most promising of these materials, in terms of 
reliability and non-dependence on petroleum, are again studied 
pinpointing the advantages and disadvantages of each. In a 
final selection process, two non-petroleum materials are 
selected for research into possibly eliminating or reducing 
the major drawbacks to their use as chemical grouts. 

2. Chronological Development of Chemical Grouts 

Grouting was initiated during the first part of 
the nineteenth century; in 1802 Charles BERIGNY injected 
clay grouts and lime hydraulically. In 1856 W.R. KINIPPLE 
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introduced this method into England. In 1876 Thomas HAWKS­
LEY used Portland cement grout for the first time to consoli­
date fissured rocks. This technique was improved between 
1880 and 1905 by engineers such as REUMAUX, PORTIER, SACLIER 
and FRANCOIS. 

Techniques based on cement grout were evidently 
not feasible for the treatment of sands or other fine for­
mations which require non-granular grouts with low viscos­
ity. This gap was filled by the JOOSTEN-JEZIORSKY technique, 
based on sodium silicate, for which the first patent was 
issued in 1886. For 65 years, until approximately 1955, 
chemical grouts were based on sodium silicate to such an 
extent that, during all this period, any mixture with a 
silicate base was called "chemical grout". 

The JOOSTEN-JEZIORSKY technique (concentrated sod­
ium silicate injected through a bore-hole, and a solution of 
calcium chloride injected under high pressure through a 
neighboring hole), was modified through the years. In 1911, 
the FRANCOIS procedure (calcium chloride replaced by alumi­
num sulfate) and the GUTTMANN technique (addition of sodium 
carbonate) were developed. These techniques permit adequate 
consolidation of injected sands; they have been used exten­
sively, especially in anglo~saxon countries. Unfortunately, 
they require two phases and have all the inconveniences in­
herent in such a system: twice as many bore-holes are needed 
than for a one-shot technique, the pressure for grouting 
must be high, and the in situ mixture of silicate and its 
reagent is not always perfectly accomplished. 

A series of single-phase procedures appeared 
during the beginning of this century. The pioneers in this 
field were LEMAIRE and DUMONT (1909), FRANCOIS, GAYARD and 
RODIO. The common denominator in all of these techniques 
is sodium silicate, used in very dilute solution. These 
methods are strictly for waterproofing. In practice, it 
seemed that, if the sodium silicate were sufficiently dilute, 
most acids or polyvalent salts would act to retard gelifica­
tion sufficiently to permit a one-phase grouting operation. 
Since then, scores of reagents for waterproofing gels have 
been proposed for use. Many of them are now of historical 
interest only. More than 75% of waterproof grouting uses 
gels calling for sodium silicate reagents such as sodium 
bicarbonate, sodium aluminate and alumina sulphate. 

Aside from sodium silicate-based gels, nothing 
promising appeared until 1955, when some experiments were 
made on lignochrome gels (lignosulfonate solution added 
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to an alkaline dichromate), as well as experiments on bitumen 
(warm or emulsified). Grout classification in 1955 was rather 
simple, sine~ grouts would fall into one of two categories, 
both derived from sodium silicate : 

1. Concentrated biphase systems, limited to fine 
soil consolidation. 

2. Diluted monophase systems, limited to ground 
waterproofing. 

Around 1955, thanks to organic chemistry, there were 
important developments in chemical grouts which allowed the 
use of grouts better adapted to different types of soils. 
This input from organic chemistry first affected sodium sili­
cate. In all these systems, instantaneous setting of the 
silicate in the mixer could be prevented only by either 
working in two phases, with all the inconveniences inherent 
in this method, or by diluting the sodium silicate to a great 
extent, resulting in waterproofing the ground without consoli­
dation. 

Discoveries made between 1957 and 1959 made it 
possible to obtain a retarded gelification of the sodium 
silicate, using an organic reagent which is initially inert 
in relation to the silicate in the one-shot application. 
The first reagents found for this purpose were: 

Aliphatic esters, such as ethyl acetate, methyl 
acetate, propyl formate. The basic principle is 
the saponification of the ester with gradual lib­
eration of the silicate by neutralizing the soda. 
(C. CARON: "New Method for Gelification of Alka­
line Silicate and Use of New Products Resulting in 
Waterproofing and Consolidation of Soils and Other 
Porous Matter." CARON F. P. 1,164,835, 1957). 

Glyoxal, a dialdehyde. By internal Cannizaro reac­
tion, it slowly releases a glycolic acid which neu­
tralizes the sodium in the silicate and precipitates 
the silica. (GANDON LEHMANN, MARGHERET, TARBOUR­
IEGH: "Gel Changeable into a Matter Having the 
Properties of a Cement and Fabrication Procedure 
of these Products." F. P. 1,166,581, 1958). 

Acid chlorides. Gelification of the silicate is 
obtained by hydrolysis of an acid chloride which 
liberates the corresponding acid. (SCHMIDT and 
GEDENK: "Waterproofing and Consolidating Products 
for Soils and Masonry." W. G. P. 139-14/59, 
5/26/59). 
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Formamide . Based on the hydrolysis of an amide 
liberating salt of ammonium which reacts on the 
silicate' s sodium with production of ammonia gas. 
(PECLER: "Chemical Mixes and Processes for the 
Reinforcing of Soils.") PEELER W.S.P. 2,209,412, 
10/20/1959 ). 

At this stage, a major improvement in sodium sili­
cate based grouts was made through macromolecular chemistry. 
Cold polymerization could be obtained in the ground, start­
ing from aqueous monomers and within a precisely determined 
period of time. 

All of the systems based on sodium silicate allow 
very good ground injection, both for watertightness and con­
solidation of sands. However, grouting can become difficult 
in fine sand, since all silicate-based grout has a viscosity 
greater than water . When high strength consolidation is 
desired, increased concentration of the silicate is necessary, 
resulting in increased viscosity. To be suitable for penetra­
ting very fine sands, grouts with viscosity equal to that of 
water must be used. These grouts are obtained from liquid 
resins of low viscosity that polymerize at normal temperatures. 
In this category, the first three grouts to have been developed 
are: 

Acrylamide : Its base product is AM-9, patented by 
American Cyanamide Co., and first used for grouting 
purposes in 1958. 

Urea formaldehyde: Its polymerization 
media has been known for a long time. 
used as a grout since 1960, but cannot 
limey soils without a preliminary acid 
the ground. 

in acid 
It has been 
be used in 
washout of 

Resorcinol -formaldehyde: This grout does not pre­
sent the inconvenience of urea-formaldehyde grout 
as it can also polymerize in a basic medium (C. 
CARON F.P. l,248,651,11/13/1959). 

3. Bibliographical Research 

For the last fifteen years, macromolecular chemis­
try, plus a few new principles, has led to such a mass of 
variations in grouts based on the same principles, that there 
is now a plethora of compositions and patents which often 
duplicate o r triplicati~ the basic composition. 
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All existing products are discussed in the references 
listed in this report, whether the grouts are used or not. 
The bibliographical research resulted in a list of some 1,200 
references. Close examination has shown that some of them 
have little to do with the subject at hand, and these have 
been eliminated, leaving some blanks in the final bibli­
ography. 

Numbering of references is done with a set of 
four figures. The first two numbers are explained as 
follows: 

00 for articles published prior to 1900 
01, 0 2 . . for 1901 , 19 0 2 , .. 
99 for suppliers' catalogues (usually undated). 

These first two numbers are followed by a filing 
number which will permit immediate retrieval. References 
on pure chemistry have not been reported. 

Several base articles include a partial or complete 
study of a number of grouts. These are given below with the 
reference number which they bear in the report. These base 
articles or books have not been further cited systematically 
according to each grout. 

57-06 

58-03 

61-05 

61-10 

62-17 

Chemical Grouting, "Progress Report of the Task 
Committee on Chemical Grouting", Journal of the 
Soil Mechanics and Foundation Division, Pro­
ceedings of the American Society of Civil Engi­
neers (ASCE), Paper 1626, Nov. 1957. 

Chemical Soil Solidification in Foundation­
Water Control and Tunnel Work. Riedel, C.M. 
6th Annual Conf. on Soils Mechanics and Foun­
dat~on Engineering, Univ. of Minnesota, Minnea­
polis, Minn. 1958, pp. 37-44. 

Pile Foundations, 2nd Edition. Chellis, R.C. 
McGraw-Hill Book Co., New York, NY, 1961, Chapter 
14, "Soil Strengthening", pp. 441-447. 

Symposium on Grouting: Grouting of Granular Ma­
terials. King, John C., and Bush, Edward, G.W. 
Journal of the Soil Mechanics and Foundation 
Division, ASCE, Vol. 87, No. SM2, Part 1, April, 
1961, p. 132. 

An Introduction to Alluvial Grouting. Ischy, E., 
and Glossop, R. Proceedings, Institution of Civ. 
Engrs., Session 1961-1962, London, England, Vol. 
21, Paper No. 6598, March, 1962, p. 449. 
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62-28 

64-12 

66-01 

69-06 

72-03 

74-09 

74-08 

99-07 

Etanchement et consolidation des terrains allu­
vionnaires. (Waterproofing and Consolidation of 
Alluvial Soils). M. Haffen, Association pour 
l'organisation des stages en France, Section 
"Barrage et Genie Civil'', February 1967. 

Injection des sols, H. Cambefort, Tome 1, "Prin­
cipes et methodes", Editions Eyrolles, 1964. 

Bibliography on Chemical Grouting. Third Progress 
Report Committee on Grouting, Journal of the Soil 
Mechanics and Foundation Division, Proceedings 
ASCE, Nov., 1966, No. SM6, Paper No. 4969, pp. 
39-66. 

Etude de la stabilisation des sols aux resines. 
(Study of Soil Stabilization by Use of Resins). 
P.A. Bourge, Thesis, Liege University, Belgium, 
1969-70. 

Etanchements et consolidations. (Waterproofing 
and Consolidation.) R. Barbedette, G. Leenhardt, 
Techniques de l'Ingenieur, C. 280-283, March 1972. 

Technique and Application of Injection in Granular 
Soils. C. Caron, P. Cattin, T. Herbst, Chapter 18, 
Foundation Engineering Handbook, edited by Dr. 
H.F. Winterkorn and Dr. H. Y. Fang, 1974. 

Problemas de Inyeccion de subsuelos en areas 
urbanas. (Underground Grouting Problems in 
Urban Areas). J. 0. Cotta, Conferentia XI Cur­
sillo MC. Article published in La Revue MC, 
December 1974. 

Les Produits chimiques utilisables en injection 
des sols. (Chemical Products Having an Applica­
tion in Grouting of Soils). Rhone-Poulenc, 
brochure, 1974. 

Finally, numerous articles concerning ground sur­
face stabilization were consulted. While these articles do 
not deal specifically with injection, there is an interes­
ting correlation between surface and subsurface stabiliza­
tion, notably at the level of the products used. Below is 
a list of the basic articles on surface stabilization which 
were used in the editing of several chapters on injection. 
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48-11 

52-03 

54-03 

54-04 

55-09 

62-15 

"Final Report, Phase I, Soil Solidification Pro­
ject". Massachusetts Institute of Technology 
(MIT), 1948. 

Soil Stabilization by Chemical Means. Murray, 
G. E., Proceedings of the Conference on Soil 
Stabilization, MIT, 1952, pp. 107-117. 

Lambe, T. W., and Michaels, A. c., Altering Soil 
Properties with Chemicals, Chemica l and Engineer­
ing News, Vol. 32, No. 6, pp .488-492, Feb. 8,1954. 

Lambe, T. W. , Chemical Injection Processes, pre­
sented at the Annual Meeting of the ASCE in New 
York City, NY, October 1954. 

Markus, T. A., Soil Stabilization by Synthetic 
Resins, Modern Plastics, Vol. 33, p. 152, 1955 . 

Lambe, T. w., Soil Stabilization, Foundation 
Engineering, Chapter 4, Leonards, McGraw-Hill 
Book Co., New York, NY, 1962. 

4. Criteria for Defining a Chemical Grout 

Chemical grouts are reserved for use in soils 
with a grain size of less than a millimeter. In addition, 
the particle size of the grout must be much smaller than the 
grain size of the soil to be grouted (LEONARD 61-16). In 
reality, the grain size of a good chemical grout should not 
be more than several microns. For the same reason, the vis­
cosity of the grout should not exceed about 20 cP, whether 
for Newtonian liquids (true solutions or emulsions), or for 
Binghamian liquids of slight rigidity (colloidal solutions), 
although for special cases, a higher viscosity could be per­
mitted. In addition, the grout must remain stable during 
preparation and injection. Thus, a suspension should settle 
only when in place in the ground. Finally, the grout, when 
in place, must be able to resist chemical attack and erosion 
caused by water in the subsoil; and, in the case of consoli­
dation, it will have to be able to resist various stresses. 

5. General Classification of Chemical Grouts 

This classification of grouts is based on the nature 
of the principal ingredient of the grout. Much of the report 
elaborates on the following outline. 

7 



CATEGORY A. AQUEOUS SOLUTIONS 

A-1 Products derived from alkali silicates. A clear 
distinction is made between waterproofing gels, 
where the silicate is very diluted and the reagent 
is generally mineral, and consolidation gels, for 
for which the silicate is less diluted and the 
reagent is organic. 

A-2 Mineral products other than alkali silicate. 
(ethyl or methyl silicate, silica and derived 
products, fluosilicate, alumina, magnesia) 

A-3 Lignosulfite or tannin derivatives 
A-4 Other plant derivatives 
A-5 Acrylamide derivatives 
A-6 Phenoplasts 
A-7 Aminoplasts 
A-8 Combination grouts 

CATEGORY B. COLLOIDAL SOLUTIONS 

B-1 
B-2 

Organic. 
Mineral. 

(alginate, etc.) 
(bentonite, etc.) 

CATEGORY C. NON-AQUEOUS SOLOTIONS 

(marine algae extracts) 
(mineral treated clays) 

They generally have a viscosity too great to sat­
isfy the definition of chemical grout (viscosity 
20 cP). However, chemical grouts can be obtained 
with modifications in the following categories: 

C-1 Synthetic resins 
C-2 Vulcanizable oils 
C-3 Bitumen and other heated compounds 
C-4 Systems Containing Solvents 

CATEGORY D. EMULSIONS 

D-1 Bituminous emulsions 
D-2 Other emulsions 

CATEGORY E. PRODUCTS REACTING WITH THE GROUND 

E-1 Reaction with salts in ground or in groundwater 
E-2 Reaction with groundwater 

CATEGORY F. COMBINED SYSTEMS 
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6. Evaluation According to Quality-Price Criteria 

We have adopted the following analysis procedure, 
inspired by -the DELPHI method: 

1) Determine the list of technical and economical 
criteria which will take into account all of the 
products under comparison. 

2) Assign a percentage to each of these criteria. 

3) Assign a rating by criterion for each of the 
proposed products. 

This evaluation eliminates ambiguity, since the 
rating is correlated to an economical criterion, where 
ambiguity might be present with a technical criterion. In 
fact, ambiguity is often present in bibliographic documents 
since these technical criteria (physico-chemical character­
istics of fresh grouts, mechanical characteristics of hard­
ened grout) are not precisely indicated. And, where this 
preciseness exists, as is the case for certain suppliers, it 
is difficult to compare results as operating methods differ 
from laboratory to laboratory. Therefore, it is clear that 
in order to be extremely precise in the establishment of a 
quality-price classification, standard testing should be 
available for each of the products to be evaluated. 

When points of comparison were too scattered 
because of a lack of bibliographical documentation, the 
missing values on various criteria were determined in our 
laboratory. 

Seven criteria were determined, with the following 
ratios (table 1): 

1) cost of the product (30 %) 
2) ease of preparation and injection (10%) 
3) effectiveness of treatment (10%) 
4) durability of treatment (10%) 
5) toxicity during construction (5%) 
6) toxicity after construction (15%) 
7) independence from petrochemicals (20%) 
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Table 1. Available Rating Points 

Criterion 

No. l 
No. 2 
No. 3 
No. 4 
No. 5 
No. 6 
No. 7 

Price of material 
Workability 
Effectiveness of treatment 
Durability 
Toxicity at the time of construction 
Harmful impact on environment 
Derivation of principle raw material 

Max% Available 

30 
10 
10 
10 

5 
15 
20 

100 

Criteria land 2 concern the economy of the 
procedure, the sum of these two terms being 40%. Of this 
value, the major part concerns the product itself; ease 
of operation is less important. Thus a ready-mixed product 
will have a better rating than a grout which must be made 
up on site of several ingredients. Similarly, when the use 
of a more viscous product or one which must be injected in 
two phases leads to greater expense, this product will 
receive a very low rating in category.2. 

Criteria 3 and 4 relate to the immediate and 
long-term effectiveness of the treatment, the sum of these 
two terms being 20%. Aside from the parameters directly 
related to the research goal, other factors will be taken 
into account: nature of the grout, viscosity, ease with 
which setting time can be regulated. 

Criteria 5 and 6 concern the immediate and long­
term risks of the product, the sum of these two terms being 
20%. Long-term harmlessne ss is considered more important 
than that of immediate , since protection of personnel 
during con3truction is relatively simple. 

Criterion 7, assigned 20%, concerns the future, 
and tends to favor mineral or organic products. 

When a grout can be used both for waterproofing and 
consolidation, ~wo different ratings will be established. 

All of these ratings are available in the form of 
a general comparative table at the end of this volume (table 17). 



CHAPTER II 

CATEGORY A: AQUEOUS SOLUTIONS 

1. Introduction 

Some non-rigid non-granular aqueous solutions will 
convert to fairly strong solids under normal temperatures 
and within a predictable time. These types of aqueous solu­
tions are frequently used for grouting of fine sands. The 
products in this category are the oldest known and the most 
often used for grouting fine soils, 90% of chemical grouts 
formerly and presently in use are in this category A, and 
are by far the most important of the available grouts. For 
clarification they are divided into the 8 categories listed 
below. 

Category A-1 
A-2 
A-3 
A-4 
A-5 
A-6 
A-7 
A-8 

Silicate derivatives 
Other mineral gels (alumina, magnesia) 
Lignosulfite derivatives 
Other plant derivatives 
Polyacrylamides 
Phenoplasts 
Arninoplasts 
Combination 

2. Category A-1. Silicate Derivatives 

The chemicals used to stabilize a fine soil must 
fill the voids and bind together the components of the gran­
ular skeleton. This operation waterproofs the ground and 
also consolidates or strengthens it, if the grout is strong. 
With silica gels, both operations are feasible. 

The si. l.icic chains on a tridimensional network 
have a solid macroscopic structure. This assumes the form 
of a gel capable of ensuring good cohesion in microgranular 
ground. Ot+ 

I 
Ho--si-OH 

I 

01~ I.< IH 10-S, 
0 

r 
ltO-Si 

I 
OH 

tt0--Si--O~i-OH 

l b_s(< 
OH 
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This cohesiveness increases as the diluteness of the grout 
decreases. 

In these silica gels the network's basic atom is 
silicon. They can thus be prepared from numerous silica 
derivatives. Among these, water-soluble fluorosilicates 
precipitate upon contact with an alkaline hydroxide to 
form a gel (39-12, 40-17, 62-19, 65-18, 68-14, 72-09, 
73-04). The silicon esters (ethyl-ortho-silicate), mixed 
with an alkaline solution, hydrolyze and precipitate in 
the form of a silica. Organiz derivatives such as methyl 
silicate gel after a variable interval through the addition 
of polybasic acids (phosphoric acid, oxalic acid, citric 
acid). Silicon halides (SiF4, SiCl4) introduced into the 
medium in solution or in the form of gas, can waterproof 
granular soils (35-12, 65-17). 

But the basic products most often used are the 
alkali silicates (sodium, potassium and lithium) and, more 
specifically, sodium silicate, which is employed in nearly 
all ground chemical grouting work. 

The alkali silicates are compounds with tetra­
hedral structures. Silica (SiO2) is the simplest chemical 
form. The alkali silicates of sodium and potassium are 
prepared in tank-kilns, under the following chemical 
reaction: 

The vitreous silicates thus formed are treated 
with water in an autoclave under controlled pressure and 
temperature conditions, producing colloidal solutions very 
sensitive to changes in temperature. Alkali silicates are 
comparable to colloidal solutions of silicic acid in sodium 
or potassium. Their colloidal nature can be demonstrated 
by the Tyndall effect (65-04, 52-13, 64-18, 71-01, 99-10). 
These solutions, characterized by the silica/alkali ratio 
which varies from 1 to 4, have many industrial applications, 
acting as adhesives, deflocculants, basic catalysts and as 
detergent bleaching agents. 

The silica/alkali ratio (n) strongly influences 
the properties and, consequently, the applications of 
silicates, enabling a distinction of two types of silicate: 

-detergent action silicates where n is fairly 
close to 2; 

-adhesive action silicates where n varies from 3 
to close to 4. 
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It is the second type of silicate which is used 
for grouting. Several compounds commonly used in grouting 
procedures are shown below (table 2). 

Table 2: Silicate Compounds Commonly Used in Grouting 

Baume Weight ratio viscosity % SiO %Na 2o %H 2O 
degrees SiO2/Na2O cP 2 

30-31 3.9 - 4.0 40-50 22.7 5.7 71.6 
30-31 3.87 40-50 23.1 6.0 70.9 
35-37 3.3 - 3.4 60-70 25 .8 7.7 66.5 
36-38 3.4 50-100 26.5 7.8 65.7 
38 -40 3 .3 - 3.4 160-200 27.7 8.3 64.0 
40-42 3.15 - 3.25 200-260 28.7 9.0 62.3 

The pres ent tendency in grouting is to use high 
ratio silicates. Accordingly, the principal manufacturers 
of sodium silicate have developed low sodium content sili­
cates whos e molecular ratios attain 3.9. These silicates, 
at the uppermost limit of the stability range, are conducive 
to the formation of a gel. Beyond a rqtio of four the sili­
cate is no longer stable. 

One means of artificially increasing silica content 
is the patented COME process (61-18), which consists of 
adding a micellar silicic anhydride to the silicate. The 
micellar silicic anhydride forms a chemical compound with 
the silicate in such a way that setting takes place exactly 
as if a silicate had been used with an Sio 2 ratio consider­
ably lower than that found in commercial or natural silicates. 
Regretfull y , the procedure proposed by COME is for a purpose 
other than grouting and is not applicable to grouting, as its 
micellar silicic anhydride is much too thick. 

2.1 Composition of Silica Gel 

The alkali silicates, particularly sodium silicate, 
play an important role in grouts which are injected into 
the ground . Once in the ground, the silicates in solution 
harden through the action of one of several setting reagents, 
in general, acids, polyvalent cations or specific organic 
reagents . This method of gelling sodium silicates consists 
of decreasing the electrical charge, the reaction taking 
place in two phases: 
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a) Discharge of the silicic ions, which, in the 
case of an acid gel ifying reagent, results in 
lowering the pH and decreasing the free sodium. 
This reaction is instantaneous and, during poly­
merization, the proportion of total sodium will 
not vary. 

b) Polymerization of the silicic ions. The sili­
cic ions, partial l y discharged, will bind together 
at the end of a certain interval following Brown­
ian movements. At the same time, the monosilicic 
and polysilicic ions will polymerize (41-27, 
51-17, 55-03, 56-10, 56-14, 65-04, 66-03, 71-01). 

The colloidal solution thus converts to a "sol" 
(silicate plus reagent) after the addition of a reagent and 
then to a solid or pseudo-solid gel at the end of a variable 
interval. 

The polycondensation of silicic ions proceeds at a 
pace governed by the amount of reagent in the grout. One can 
thus monitor changes in the grout's viscosity and determine 
the time it takes to set, which in turn determines the interval 
during which the solution can be injected, the setting interval 
being the amount of time the "sol" takes to turn into a gel. 
It depends mainly on the amount of reagent added and the con­
centration of silicate in the solution. Other factors such 
as temperature, pH, and dilution also affect this parameter 
(47-05, 62-03, 64-12, 65-03, 65-04, 99-07, 99-09, 99-10). 

The polycondensation of the silicic ions leads 
to a reticulated tridimensional network whose structure was 
diagrammed previously. This gel structure in the form of 
a net is characterized by micellar chains and chains of 
particles. They are connected by hydrogen links and Si-O­
Si links. A structure maintained by weak cohesive forces 
cannot possess the strength of a structure with a crystal­
line network. 

The macromolecular diagr am given previously indicates 
that there is only one water molecular per atom of silicon in 
the qel; whereas in the sol, the number of water molecules 
clearly exceeds the number of silicon atoms. In the void 
$Paces in the gel structure, 6 m in size, are also included 
sodium salts, reagent anions and silicic acid which has not 
polymerized in the excess of water (65-04, 71-01, 55-03). 

Different laboratory studies show that silica gel 
contracts after a certain time. During this phenomenon, 
called syneresis, the gel expels free water containing 
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sodium salts, colloidal silica and gelifying reagent anions 
in true or colloidal solution. The syneresis phenomenon 
occurs only in pure gel or in cases where the skeleton is 
coarse. It does not appear when the gel is injected into 
fine sands, and the adherence of the gel to a skeleton in­
hibits its contraction. The other phenomenon to which the 
gel can be subjected is its dissolution in a great excess 
of water, which produces a reverse reaction: gel+ sol. 
This reaction can be almost eliminated by sufficiently 
destabilizing the silicate through a sufficient proportion 
of reagent (65-03, 65-04, 99-09, 71-01, 99-07, 69-01, 
62-17). 

The mechanical characteristics of the gel are 
determined as follows: 

a) In a pure state, shear strength depends on 
the amount of reagent used and the silica 
concentration in the solution, the silica 
concentration depending in turn on the dilution 
of sodium silicate in the gel, as well as the 
molecular ratio of the silicate used. 

This is not a simple relationship, for in a sodium 
silicate the silica and the sodium are closely linked. 
The amount of silica likely to be precipitated will be pro­
portional to the amount of sodium neutralized in the first 
phase of the gel's setting reaction. In other words, if 
two gels have the same Sio2 content and the same amount of 
gelifying reagent, the stronger of the two gels will be the 
one whose Na 2o content is lower, while the amount of sodium 
which can be neutralized at the time of formation of the gel 
is very limited. It is therefore advantageous to use sili­
cates with a low sodium content, that is, with a high mole­
cular ratio SiO2/Na 2o. 

b) In a sand-gel mixture, compressive strength 
depends on the amount of reagent and on the silica 
concentration in the solution, and also on the 
granulometry (coarseness) of the sand injected. 

To establish a relationship between the strength of 
the grouted ground (Rs) and the strength of the pure gel 
(Rg) is most important but difficult. Various formulas are 
possible. A simplified one, given by CARON (65-04) is: 

Rs = Rg (1 + k /s) 

where Sis the specific surface area of the sand. 
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It must be noted, however, that many other factors 
affect the strength of the grouted soil: rate of compression, 
mineralogical character of the sand, apparent density of the 
sand, saturation rate, and others. 

Silica gels are generally used for grouting fine 
sands and homogeneous ~edia having a specific surface area 
(S) of 100 to 1,000 cm /g apd a natural permeability (K) of 
10-5 to 10-3 m/s. Silica gels are also used after other 
grouts as a complement for the treatment of coarser alluvial 
deposits. 

Waterproofing is achieved through the use of soft 
gels with weak mechanical properties, consolidation procedures 
through the use of hard gels. In general, the silica gels 
used for grouting have frequently been studied and are 
referenced below: 

28-04, 29-01, 30-01, 30-02, 30-03, 30-04, 30-06, 30-07, 
30-08, 42-15, 31-08, 32-01, 32-02, 32-11, 33-01, 48-12, 
33-05, 35-02, 35-05, 35-06, 36-09, 36-10, 36-13, 36-15, 
36-19, 37-08, 37-13, 37-14, 37-21, 38-06, 40-01, 40-02, 
41-06, 41-17, 42-03, 43-03, 44-04, 44-05, 45-01, 45-05, 
46-02, 46-06, 47-02, 48-01, 48-04, 48-~3, 49-09, 49-10, 
50-08, 50-12, 50-19, 51-04, 52-01, 53-02, 53-06, 55-01, 
55-05, 55-06, 56-04, 56-05, 56-15, 57-12, 57-13, 57-16, 
58-06, 59-01, 60-03, 61-01, 61-03, 61-10, 61-15, 61-16, 
61-20, 61-21, 62-01, 62-21, 62-22, 63-17, 63-26, 64-02, 
65-01, 65-08, 66-01, 67-02, 68-13, 69-03, 69-05, 70-01, 
70-02, 70-07, 72-03, 73-05, 73-08, 73-13, 74-03, 74-04, 
74-09, 99-11. 

This long list is not definitive, and references 
are included later in this text. The abundant literature 
on grouting with silica gels shows that this method has been 
and continues to be highly successful. 

2.2 Silica Gel Grouting Procedures 

In 1886, for the first time, a German patent 
(JEZIORSKY) recommended the use of a silica gel to fill 
voids in the ground. Since that time, many procedures have 
been suggested and some of them have enjoyed extensive 
application. 

This first method calls for separate injections 
of the silicate solution and the reagent in the medium to 
be consolidated. This technique was widely used and quite 
successful, but is rarely used today. 
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A later method calls for a one-shot injection of 
a mixture which will set at the end of a predetermined 
interval. This method was first used for waterproofing. 
The appearance of organic reagents, in 1957, led to impor­
tant results in the field of sand consolidation. 

2.21 Separate Injections of Alkali Silicate Solution 
and Reagent 

An alkali silicate solution with a high silica 
content and a mineral reagent in a concentrated solution 
are injected successively into the medium to be treated. 
The chemical change, sol+ gel, takes place almost instan­
taneously when the silicate and the reagent meet in the 
ground. 

A. The Joosten-Jeziorsky Process 

The idea of consolidating porous ground with a 
silica gel dates back to JEZIORSKY (00-01). However, it 
is to JOOSTEN that we owe the first successful application 
of this principle. The JOOSTEN process consists of injecting 
a concentrated solution of sodium silicate (37-38°Be) and a 
calcium chloride solution (35°Be) separately into the ground. 
The reaction, which takes place immediately, gives a strong 
gel which ensures good consolidation in the grouted ground. 
This method has been widely adopted for the consolidation 
of loose, weak soils whose permeability exceeds 10-4 m/s. 
Further, th~ strength of the treated sands varies from 20 
to 80 kg/cm (64-12). However, DEBECQ asserts that he has 
obtained the following strengths in situ (49-03): 

-on fine sands: from 10 to 40 kg/~m2 

-on gravels: from 40 to 100 kg/cm 

These results are in contradiction with laboratory 
tests which tend to prove that the best compression strengths 
are obtained in the finer granular skeletons. 

The gel formed is very resistant to water erosion 
and chemicals. The reaction can be expressed as follows: 

---,► Ca(OH) 2 + Si02 + 2 NaCl 

Although calcium chloride is the compound most 
frequently used, it is not the only possible reagent. MILLS 
suggests magnesium chloride (22-01). 
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Various improvements on the JOOSTEN process have 
been made. The alkalinity of a silicate solut i on can be 
increased through the addition of an alkaline c a rbonate or 
hydroxide (40-28). This procedure serves the purpos e of 
improving the grout's penetrability. 

The GUTTMAN process uses sodium carbon a te wh ich, 
when mixed with the silicate solution, dec r eases its viscos­
ity and thus improves its penetrability. Once the silicate­
sodium carbonate mixture has been injected into t he medium 
to be treated, calcium chloride is introduced (3 8-13, 50-02, 
57-07, 58-04, 62-13, 63-07). 

HODGSON also suggests a two-shot i njection . First, 
a MeCl2[l] mixture -sodium or potassium- i s i n troduced into 
the ground. The Mecl 2 precipitates in the form of Me(OH)2, 
but does not harden. Then, sodium silicate is injected and 
gives cohesion to the terrain. This procedure is particu­
larly suited to fine soils (48-16, 63-08, 73- 0 2) . 

Despite these improvements, the Joo s ten process 
has the following disadv antages: 

a) The high viscosity of the so l ut i ons, due to 
the highly concentrated nature of t h e products 
used, l imits their penetrability in fine sands and 
necessitates injections under high p r e ssure. 

b) The short range of the two compounds must be 
compensated for by many close-set bo re-holes. 

c) Finally, one cannot control the silicate­
reagent mixture in the ground . Thus complete 
gelification is not assured (49 - 03, 56-07, 62-11, 
62-28, 63-02, 70-05). 

Various patents and publications h a ve helped to 
identify the advantages and disadvantages of the Joosten 
process: (27-03, 27-01, 28-03, 31-04, 32- 03, 33-03, 35-03, 
36-04, 36-06, 36-20, 36-02, 37-06, 38-09, 38-10, 39-01, 
41-03, 41-04, 49-05, 50-01, 50-02, 50-10, 52-02 , 52-03, 
52-04, 53-01, 54-05, 55-02, 55-09, 57-02, 57-1 4 , 58-02, 
59-05, 61-05, 62-13, 62-19, 63-08, 73-01, 32-09 , 33-04 , 
39-23). 

[1] Me= Metallic ion 
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Since 1927, the JOOSTEN process has been used 
successfully many times throughout the world for various 
soil consolidation and waterproofing operations. There 
are many examples in the fields of railroads, (tunnels, 
bridges, etc.), and mines; but also in urban areas 
(consolidation of foundations, subways) and in rural 
areas (bridges, darns). Some of the projects where the 
Joosten process was used successfully are described in 
the following: 

-in Germany 

27-02, 28-03, 29-03, 29-04, 29-05, 30-05, 31-01, 31-03, 
31-05, 31-06, 31-07, 31-09, 31-11, 32-04, 32-05, 32-07, 
32-08, 33-06, 33-08, 34-01, 34-02, 35-03, 36-05, 36-14, 
37-07, 37-10, 38-07, 38-09, 40-03, 40-07, 41-05, 50-04, 
50-07, 53-12, 54-14, 60-01, 31-02, 33-01; 

-in the United Kingdom 

33-02, 33-07, 34-04, 35-03, 35-04, 36-17, 38-07, 39-02, 
40-04, 44-02, 49-03, 58-04, 63-07; 

-in the U.S.A 

37-05, 37-15, 38-04, 41-05, 41-07, 42-01, 42-02, 43-04, 
45-02, 45-03, 47-03, 49-03, 49-06, 49-11, 49-13, 51-05, 
54-02, 56-01, 56-03, 57-03, 57-07, 58-13, 57-04, 64-08; 

-in the Soviet Union, Poland and Romania 

36-03, 37-09, 39-01, 56-02. 

The difficulty of implementing this process 
explains why it was abandoned in favor of processes which 
were less costly and more effective. 

B. The Francois Process 

Patented in 1911 (11-01), this process recommends ' 
the use of silica gel in the sealing of fissured ground, 
the role of the gel being to prepare the ground to receive 
a cement grout. Later on, the use of gel alone was ext~nded 
to the waterproofing and consolidation of granular soils. 

The FRANCOIS process specifies separate injections 
of sodium silicate and a concentrated solution of aluminum 
sulfate. The injections can be made simultaneously in two 
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neighboring holes. Unlike the JOOSTEN process, this process 
permits the use of a highly dilute silicate solution, up to 
30 to 40 g of dry matter per litre according to the directions. 
Gelification in the ground is instantaneous. This process has 
the same disadvantages of execution as the JOOSTEN process 
(22-02, 38-10, 49-03, 49-05, 54-05, 61-05, 62-13, 62-16, 
65-04, 64 - 12, 50-01), although various operations have been · 
carried out throughout the world with good results (29-06, 
30-12, 32-06, 34-03, 37-12, 38-03, 38-09, 40-05). 

C. Processes Using a Gaseous Compound 

Different gases have been suggested for use as 
gelifying reagents alone or in comb ination with other 
products. The gas can penetrate even the finest pores and 
thus achieve better cohesion of the ground . The idea is 
to neutralize the sodium in the silicate by use of a gaseous 
compound soluble in water. The simplest, carbon dioxide 
(CO 2 ), was suggested very early, then taken up again by 

ANDRESEN (46-07). 

Many authors thought of introducing a mineral 
reagent into the ground along with the gaseous compound. 
JORGENSEN recommended injecting an alkali silicate, then 
calcium chloride in combination with carbon dioxide (35-13). 
JOOSTEN recommended the introduction in granular ground 
of CO 2 after the silicate and the electrolyte salt (CaC1 2 ) 
(31-17 , 31-19). In 1937, JOOSTEN suggested successive 
injections in the ground of a metallic sodium-salt-silicate 
mixture stabilized by ammonia in solution and the gaseous 
compound co 2 (37-20). He asserted that this method ensured 
the treatment of fine sands. First, the ammonia prevents 
gelification, then when the gas reaches the mixture, the 
ammonia is driven off and the coagulating gaseous compound 
causes the mass to set. JOOSTEN recommended the following 
mix ture: 

-85 kg of sodium silicate at 38° Baume 
-1.70 kg of ZnC1 2 
-7.93 kg of water 
-1.13 kg of sodium 
-4.24 kg of ammonia liquor 

The reaction between the silicate and the gas can 
be expressed as follows: 

Na2O•xSiO2 + 2CO2 + nH 2O --➔ xSiO2• (n-l)H2O + 2NaHCO3 

Various documents contribute to a better under­
standing of alkali silicate gelification through the use 
of carbon d ioxide (49-07, 31-07, 57-15, 58-07, 58-14, 
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59-10, 63-23, 72-06). However, CZERNY, REGELE and SCHWOY 
assert that the gel thus obtained is unstable in water and 
that grotind stabilization proves ineffective if particles 
finer 'than 0.06 mm compose more than 20% of the soil by 
weight (69~07). They also suggest submitting the alkaline 
silic~te to the action of a fluorinated gas for purposes 
of waterproofing or consolidating soils. 

The gaseous mixture composed of fluorosilicic 
acid (H 2SiF6 •xH~O) and hydrofluoric acid (HF) can be obtained 
through the action of sulfuric acid on the sodium fluoro­
silicate (Na2SiF6) ( 6 7-10) . The action of these acid com­
pounds on the sodium gives by-products (NaF, Na 2siF6 ) which 
are only slightly soluble in water. In addition to the gel 
formed, they contribute to a plugging effect. In the same 
spirit, ZEMLIN advocates hydrofluoric acid (31-16) and MULLER, 
chlorine , (31...:.14). 

2.22 Single Phase Grouting Procedures for Waterproofing 

The silicate solution and reagent mixture is pre­
pared before proceeding with the injection. Such a procedure 
is much lesi costly than any two-phase process. In effect, 
the two compounds are injected at the same time through the 
same grout-hole. 

The more practical one-shot injection is by far 
the most ,frequently used today, producing either plastic gels 
intended to waterproof sands or gels with strong mechanical 
prop~riies which ensure good cohesion in the treated ground. 

A. Choice of Reagent 

A dilute sodium silicate solution sets at the end 
of a predictable interval through the use of small amounts of 
acids or mineral salts. Many procedures have been suggested 
and some have given interesting results. Among the first 
patented monophase systems were the LEMAIRE and DUMONT process 
which specifies the use of a mineral acid as a coagulating 
agent (09-01) and the FRANCOIS process using a sufficiently 
dilute alumina sulfate solution (11-01). The first real use 
of the procedure was about 1930 with the construction of the 
Bou-Hannifa Dam, using the RODIO process. 

A.l Acids and Acid Salts 

The concept of gelling an alkali silicate with an 
acid can be traced back to LEMAIRE and DUMONT (09-01). The 
mineral . acid in dilute solution decreases the pH in the medium 
and thus favors the formation of aqueous silicic acid. The 
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setting reaction leads to an aqueous gel with the following 
general formula (57-06): 

Various authors have studied the action of mineral 
acids on a solution of alkaline silicate (22-01, 48-03, 40-10). 
The mixture's setting time can be regulated by varying the 
ratio of the two compounds. REIMERS studied the following 
proportions (43-17): 

-8 to 16% by weight of sodium silicate 
-4.7 to 20.5% by weight of sulfuric acid 

The nature of the acid can vary. Within the range 
of strong acids, besides hydrochloric acid and sulfuric acid, 
which have already been mentioned, a place of honor must be 
accorded to phosphoric acid (63-12). However, weak acids and 
acid salts are generally preferred, the most widely used being 
sodium bicarbonate, sodium tetraborate, sodium bi-sulfate and 
monosidium phosphate. 

One prepares solutions with low initial viscosity 
and variable setting intervals. For the sodium silicate­
sodium bicarbonate mixture, the initial solution can be varied: 

-initial viscosity: 1.5 cP 
-time of set: from 0.1 to 300 min 
-density: 1.02 (63-06) 

ANDRESEN(44-17) recommends two successive injec­
tions: 

1. a dilute solution of sodium silicate and sodium 
bicarbonate with a setting time of 10 to 20 
hours; 

2. then a second, more concentrated, solution with 
a setting time of 6 to 8 hours. 

Various works contribute to a better definition of these dif­
ferent methods (50-02, 51-18, 54-05, 55-04, 63-02, 63-08, 62-17, 
64-12, 65-04, 72-04, 73-04, 99-12). 

A.2 Ammonium Salts 

According to this procedure, an ammonium salt is 
used as a coagulating reagent. In 1936, JOOSTEN mixed a 
heavy metal salt and an ammoniacal colloid with sodium sili­
cate (36-20). LAWTON added only a weak base or the salt of 
a weak base to an equeous silicate solution (40-20). Thus, 
ammonium hydroxice, or ammonium sulfate, chloride, or 
nitrate can bring about gelification of the silicate. Ammon­
ium acetate or citrate can also be used. The chemical 
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reactions of the conversion are as follows: 

(NH4 ) 2so4 2NH! + so2-
4 

+ 2NH4 + 2H 2O :> 2NH
4

OH + 2H+ 

2 + . H + Na2sio3 + H2O )Si(OH)4 + 2Na+ 

Two mixtures with different setting times can be 
used as examples: 

1) -10 parts by volume sodium silicate (15.2% 
silicate by weight) 

-3.5 parts by volume ammonium sulfate (10% 
by weight) 

Setting time: 14 min. 

2) -10 parts by volume sodium silicate (15.2% 
silicate by weight) 

-2.5 parts by volume ammonium sulfate (10% 
by weight) 

Setting time: 5 hours (40-20) 

This method does not seem to have enjoyed much 
success with grout users (49-05, 63-08, 63-20, 63-02). 

A.3 Polyvalent Salts 

Some authors have suggested the use of a poly­
valent salt to coagulate alkali silicates. Thus, magnesium 
and calcium sulfates and carbonates, as well as ferric and 
aluminum chlorides can be used as coagulating reagents 
(40-13, 56-11, 58-08, 59-11, 60-07, 60-10, 63-16, 65-07, 
63-15, 60-11). 

WILLIAMS studied the action of an alkali silicate 
in an aqueous medium containing a metallic compound (66-04). 
The compound is composed of a metallic ion (Ba, Ca, Mg, Cu, 
Al ... ) and a compounding agent (di- or tricarboxylic acid 
or sodium phosphate). The gel's setting time will relate to 
the solution's pH factor. However, these different pro­
cedures have not been applied on a large scale. 

B. The Rodio Process 

This is without doubt the first monophase process 
to have enjoyed some interesting applications. RODIO sug­
gested the addition of milk of lime to a dilute solution of 
sodium silicate. Following an exchange of bases, a sol is 
formed of calcium silicate, with variable setting time. 
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(35-01, 36-08, 38-08, 46-01, 49-05, 51-16, 53-01, 56-07, 
60-01, 60-08, 61-02, 61-08, 62-02, 62-13, 63-08, 64-12, 
65-04, 67-04). 

C. Use of Sodium Aluminate as Reagent 

In 1938, VAIL suggested the use of sodium aluminate 
as a coagulant (38-12). This compound (A1 2o3 .Na2o) mixes 
perfectly with a sodium silicate solution thanks Eo the 
amphoteric nature of aluminum. As soon as the reagent is 
added to the solution, an insoluble aluminum silicate is 
formed. One thus obtains a uniform gel at the end of an 
interval which can be regulated by varying the pH and the 
dilution of the medium. Sodium can be added to such a 
solution with a low viscosity. The results obtained are 
satisfactory. 

Setting time: from 1 min to one hour 
Compressive strength of the sand treated: 

several kg/cm2 

This process is suitable for waterproofing sands, making 
possible the reduction of the permeability of the ground from 
10-5 to 10-7 m/s (56-06, 56-07). This method's inherent 
possibilities have led many authors to study it (43-05, 
50-02, 50-20, 52-02, 55-08, 54-05, 63-07, 61-05), and applica­
tions of this process are promising (64-21, 65-03, 65-13, 
65-14, 49-04, 55-08, 62-11, 73-04). 

D. Combined Procedures Using an Acid and a Heavy Metal 
Salt 

One can prepare low-viscosity grouts composed of a 
mixture of sodium silicate solution, mineral acid and heavy 
metal salt. In 1941, LANGER (41-10) suggested such a mixture 
for the treatment of fissured rock, powdery soils and to restore 
masonry. As an illustration he recommended the following grout: 

-2 parts silicate (50%) at 36°B 
-1 part salt and acid mixture 

The acid and the salt most frequently used are hydrochloric 
acid and copper sulfate. However, iron, zinc and lead salts 
are equally suited to such a process. The role of the acid 
is to lower the pH factor of the silicate solution. The 
strong coagulating reagent is then the salt (37-16, 47-09, 
48-22, 54-05, 61-05, 62-13, 62-17, 62-28, 63-08, 65-04). 

Various applications of this technique have demon­
strated its success. For example, it has been used on the 
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Bou-Hannifa Dam in Algiers (38-03), the Neuilly Bridge (near 
Paris) (37-11) and for consolidation of foundations for 
floodlights at Kezar Stadium, San Francisco, California 
(49-01). Other references (37-11, 39-05, 39-06) are avail­
able on this subject. 

In this technique, based on the REIMERS patent 
(42-06), the acid necessary for the combined reaction is 
created by electrolysis. Since this takes place internally, 
this process is limited to grouting through bore-holes with 
metal tubing. 

In another procedure using combined reagents, 
GAYRARD recommends treatment of the area by injection of 
the following mixture: 

-sodium silicate 
-alkali bicarbonate: 3 to 15% of the silicate 

by weight 
-sodium chloride: 3 to 15% of the silicate by 

weight 
- sodium or potassium hypochlorite: 0.3 to 1% of 

the silicate by weight 

The exact proportion of each component is adapted to the 
characteristics of the ground, however it is preferable 
to choose silicates with a density of 3.3, and a weight 
ratio of 3.5, diluted in nine times their volume of water 
(31-20, 49-03, 61-05, 61-08, 65-04, 50-01). In its primi­
tive form, the GAYRARD process was never used in any large 
construction work. 

mixture: 
LERCH, MATHIS and GATCHELL suggest the following 

-one part diluted silicate 
-one part aqueous solution: 

3.5 parts HCl (Hydrochloric acid) 
19 parts sodium bisulfate (41-14) 

In the Soviet Union, the mixture HCl + Al 2 (so4 ) 3 
has been used as a coagulating reagent. The silicaEe-reagent 
mixture has a viscosity of about 1.7 cP and solidifies at 
the end of a variable interval (60-09, 62-13). 

2.23 Single Phase Grouting Procedures for Consolidation 

The various one-shot procedures mentioned previous-
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ly produce gels whose setting interval can be regulated. 
However, these gels are soft and suitable only for water­
proofing. Therefore, one-shot hard gels had to be developed. 

Most of the reagents used to obtain a gel with 
strong mechanical properties are organic compounds. However, 
these products are not the effective coagulating agents. 
They react with the water-silicate mixture to release an 
acid or a compound which in turn acts as an acid which neutral­
izes the colloidal matter and causes the grout to set. 

A. Aliphatic Esters 

In 1957, C. CARON described a new method for coagu­
lating alkaline silicates which would use compounds acting 
as acids, or which would release an acid, as coagulating 
agents (57-17, 61-19). This method produces a strong gel 
whose setting time can be easily regulated, thus permitting 
the consolidation of sandy ground. In his original patent, 
C. CARON suggests the following mixture as an illustration: 

-99 parts by volume of sodium silicate at 36°B 
-10 parts by volume ·of ethyl acetate 
-1 part by volume of Teepol (tensio-active detergent) 

This grout sets in 50 minutes and, after 24 hours, 
the pure gel will have a compressive strength of 20 kg/cm 2 . 
To this mixture a tensio-active material (Teepol) is added, 
causing emulsification of the reagent in the alkaline silicate 
solution. 

The ester is subjected to hydrol~sis, resulting 
in an acid and an alcohol. The first compound formed is the 
true coagulating agent, the alcohol contributing to coagula­
tion by dehydrating the medium. 

CH3-fi-O-C2H5 + H2O 
0 

ethyl acetate 

CH 3-C-OH + C2H5OH 
II 
0 

acetic acid ethanol 

Ethyl acetate is not the only ester which has been 
suggested. One could also use: 

-glycerol triacetate (triacetin) 
-ethyleneglycol diacetate 
-butyrolactone 
-ethyl formate 
-ethyl oxylate 
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-diethylsuccinate and dimethyl succinate (65-20, 
71-02) 

-and others (65-15, 61-23, 64-19) 

In order to increase the solubility of the ester 
in the sodium silicate, it has been suggested that a third 
solvent be added to improve the mixture's homogeneity 
(forrnamide, dimethyl formamide or urea). It is preferable 
to use a formamide which has a certain hardening property. 
As an illustration, the grout would be as follows: 

-62 g glyoxal tetra-acetate in 300 g of formamide 
(98% solution), brought to 1000 cc with water 

-10 parts this solution 
-100 parts sodium silicate solution 

density = 1. 21 
molecular weight ratio Sio2/Na 2o = 5 

In addition, this gel is resistant to erosion by 
water, registering losses under intense flushing by water of: 

-nothing at the end of an hour 
-1.25% per hour after 2 hours 
-0.17 per hour after 21 hours 

At present, the process using esters as coagulating 
reagents seems to be the most commonly used for the con­
solidation of fine sand and there is abundant literature on 
this topic (99-09, 73-06, 70-05, 73-04, 63-07, 65-04, 73-02 
63-03, 63-08, 64-12, 70-04, 73-01, 67-04, 72-11). This 
process has been used at numerous construction sites, in­
clusing the following: 

-excavation protection in Montessuy, France (65-03) 
-Paris Area Rapid Transit System: 

-St. Augustin- Hausmann- Auber- Opera-
Capucines District (73-04) 

-Auber Station (70-04, 67-04, 72-12) 
-East-West Line, Defense- Neuilly segment and 
the passage under the Seine (67-04, 70-05 ) 

-Munich subway, Lot Barras (72-02) 
-Vienna subway, Austria (72-02) 
-excavation protection, Wuppertal, West Germany 

(65-03, 63-07) 
-Saint-Denis-Acheres outlet, Argenteuil, France 

(65-03, 64-12) 
-Fessenheim electric plant, Alsace (64-12) 
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-Blackwell highway tunnel under the Thames, Great 
Britain (65-05, 67-04) 

-Foundations for the new hydroelectric plant in 
Fissingen, Bavaria (67-04) 

-Neuilly Bridge founda tion protection, Paris 
(65-04) 

-Printemps Department Store foundation (65-03) 
-Notre Dame de Commiers Dam on the Drac, France 

(65-12, 62-18) 
-Spanish National Railroads, Plaza de las Glorias 

junction, Sagrega (72-02) 

B. Aldehydes 

In 1958, GANDON, LEHMANN, MARCHEGUET and TARBOUR­
IEGH suggested the introduction into the ground of a grout 
composed of an aqueous solution of alkaline silicate and an 
aldehyde (58-10). Aldehyde function compounds, which are 
capable of coagulating the grout , should not have Hin alpha 
in the grouping -g-- Theoretically, then, one can use: 

formaldehyde, glyoxal, benzaldehyde, furfural and tri­
methylacetaldehyde, although at room temperature, only glyoxal 
seems to be appropriate. If the compound is not heated , 
the speed of its reaction is too slow using the other alde­
hydes mentioned. As an example, the following grout sets in 
30 minutes and becomes a hard gel at the end of an hour: 

-10 parts by weight of an aqueous solution of 
sodium silicate at 36°B (SiO 2/Na 2o = 3.4) 

-1 part 30% neutral glyoxal solution. 

By Cannizaro reaction, the aldehyde converts to an acid and 
an alcohol. 

2H-g-g-H 
NaOH 

Glyoxal Oxalic acid Ethyleneglycol 

To the silicate-glyoxal mixture can also be added 
an organic accelerator of ~~e following type (67-05, 62-27, 
65-15, 64-12, 65-04, 67-04): 
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,C. The Amides 

Among the different amides, only formamide is 
really used as a coagulating agent. In 1959, PEELER first 
recommended the use o f an amide (59-15). Generally, forma­
mide constitutes 2 to 30% by volume of the gr,out, whose 
setting time can vary fr om 5 to 300 minutes (61-22, 63-06). 
The amide in solution in the medium undergoes hydrolysis. 
The ammonium salt reacts with the sodium in the solution, 
causing the grout to set by releasing ammonia: 

H-g-NH 2 + H20 

Fornarnide 

► H-g-o 

Ammonium formate 

One can also add mineral or organic accelerators to 
the silicate-formamide mixture (65-15, 67-09, 63-06, 65-04, 
64-12, 7 3-01, 67-04): 

-mineral: Cuso4 ; CaC1 2 ; ZnC1 2 ; NaHC0
3

; AlC1 3 ; 
Al 2o

3
; Na 2o 

,,,..R.._ -organic: R-g-R ; R-0-R; o,wo (67-05) 

D. Acid Chlorides 

In 1959 SCHMIDT and GEDENK studied the following 
mixtures: 

-alkali silicates- acid halogens 
-alkali sil i c ates- acid anhydrides 

They also suggested the a ddition to this mixture of a cata­
lyst (0.1 to 1% by weight ): alcohol, alcoholate, ketone. 
This catalyst permits ef f e ctive control over the setting time. 
Acid chlorides are the mos t commonly used, undergoing the 
following hydrolysis: 

R-C-Cl + H 0 
8 2 ► R-g-oH + HCl 

acid chlor ide organic acid mineral acid 

As an illus tration, a gel can be prepared with 
strong mechanical properties and a setting time of 90 
minutes (59-02, 65-04, 61-24, 61-25): 
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-500 cc sodium silicate at 38°B 
-480 g Na 2O/l 
-1600 g SiO2/l 
-1500 cc water 
-38.6 cc acid chloride 
-20.0 cc emulsifier (sodium salt) 
-5 cc catalyst (methyl-glycol) 

2.3 Advantages and Disadvantages of Silica Gels 

2.31 Technical Advantages 

a. Control of Setting Time 

Setting time depends on the nature of the sili­
cate (dry extract ratio), on the sodium silicate's concen­
tration, the nature of the coagulating agent (figures 1 and 
2) (44-04) and temperature (figure 3) (65-04'). 

For all these parameters, it is possible to draw 
up charts which define setting times with precision. If 
these intervals are deemed too short or too long, it is 
possible to modify the nature of the coagulating agent or 
to combine it with other accelerating or retarding agents. 
It is thus possible to obtain any desired setting time, 
from a few minutes to several hours, and within a broad tem­
perature range. Some examples are shown in figure 4 (99-09). 

b. Control of Strength 

Unconfined compressive strength depends on the 
nature (ratio and density) of the silicate used, on the 
concentration of silicate in the grout, pn the concentration 
of the setting agent in the grout, on te~perature and the 
length of time the grout has cured. As is the case for 
setting time, it is possible to establish formulas and plot 
charts for these different parameters which define perfectly 
the projected strengths, which can vary from a few bars to 
nearly 100 bars. For example, CARON suggested the following 
formula for pure gels (65-04): 

f (c) 
R = 1 + bt 

where: R represents the pure gel's shear strength 
in g/cm2 

c the concentration in sodium silicate expressed 
in cm3 per litre of gel 

b a coefficient depending on the nature of the 
reagent 

t setting time in minutes. 
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Figs. 5, 6, and 7 (44-04) show the effect of the 
above mentioned factors on shear s t rength of pure gels. 
However, since silica gels are viscoplastic compounds, the 
value obtained for shear strength will be strongly influenced 
by the speed adopted for the measurement. 

In order to predict the strength of the treated 
ground, a standard sand with clearly defined gradation and 
compaction should be used as a reference (99-09). With 
regard to the unconfined compressive strength of sand-gel 
mixtures, the same reservations apply as for the shear 
strength of pure gels. Since the material is viscoplastic, 
its strength will depend on the speed of the press (76-01). 
Thus, working from strength plotted on a graph for the gel­
sand standard, it is possible to determine strength of a 
grout in the ground itself with some accuracy by using one of 
the following formulas (99-09): 

a. Rt= Rr - 24.1 + 11.4 log Ss 

where Rt is unconfined compressive strength of treated 
ground, bars 

Rr is unconfined compressive str ength of standard 
sand, bars 

Ss is specific surface a r ea of the terrain, cm2/g . 
This formula has been tested on silicic terrain for 

strengths of 6 to 30 bars and soils with specific surfaces 
from 10 to 250 cm2/g. 

b. Rt= Rr - 11.5 - 5.1 log Kt 

where Kt is the permeability of the terrain in cm/s. 
This formula has been tested on silicic terrain for 

strengths of 6 to 30 bars and permeab i lities from 3 to 10- 3 cm/s. 

It can thus be noted that setting t ime and strength, 
the two most important factors in grouting, are perfectly 
controllable. 

2.32 Economic advantages 

The price of a waterproofing gel will be about the 
same as a bentonite cement grout, and the price of a consoli­
dation gel will be 2 to 5 times as much. These are the best 
products to be found at present in the range of conventional 
grouts. 

2.33 Disadvantages 

The first drawback is encountered with the consol­
idation gels. Although their instantaneous strengths are 
perfectly predictable and adjustable through variations in 
their composition and in confo r mity with the above mentioned 
charts and formulas, their slow crushing strength is much 
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lower and less predictable (76-01). This important point, 
attributable to the visco-plastic nature of silica gels, 
will be dealt with in detail in the section on standardiza­
tion. The two other drawbacks, syneresis and leaching, 
relate to both waterproofing gels and consolidating gels. 

Syneresis is not a real problem if the injection 
is carried out according to the rules, and the grout is well 
adapted to the gradation of the ground to be treated. If 
the soil is coarse, a preliminary injection of cement should 
fill the biggest voids and then one can proceed as for fine 
ground. The second drawback, leaching, is inherent in the 
nature of the gel as shown by H. CAMBEFORT and C. CARON 
(57-13). These authors showed how to limit leaching erosion 
by using proper setting reagents. There will be some 
environmental impact no matter how slight this leaching 
erosion may be, even if it does not affect the permeability 
or the strength of the ground treated. The salts expelled 
from the gel by occasional syneresis or leaching are essenti­
ally sodium which is not toxic, but its presence in under­
ground water or in the form of an efflorescence in tunnels 
or basements can constitute a nuisance. 

2.4 Rating 

Table 3. Rating Chart, Silicate Derivatives 

Criterion Percentage in Watertightness in Consolidation 
[t] 

1 30% 8 2.4 8 2.4 
2 10% 6 0.6 6 0.6 
3 10% 9 0.9 7 0.7 
4 10% 8 0.8 7 0.7 
5 5% 10 0.5 8 0.4 
6 15% 7 1.05 7 1.05 
7 20% 8 1.6 8 1.6 

7.85 7.45 

[t] see table 1 

Since the ratings for Category A-1 are the first 
to appear in this text, this is an appropriate place to 
describe the rating criteria. 
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Criterion 1: Price of the product 

An examination of all the grouts suggested for in­
jection purposes indicates that silica gels, whether those 
used for waterproofing or those used for consolidation, are 
the least costly. For this reason silica gels were used as 
a point of reference, and were assigned a rating of 8, close 
to the maximum, for both watertightness and consolidation. 

A waterproofing gel naturally costs much less 
than a consolidation gel because of dilution, so this rating 
is not hard and fast. It simply signifies, in the category 
in question, how a given product rated in comparison. 

Criterion 2: Workability 

This second criterion also enters into the price 
of a product, and mainly concerns the ease with which it 
can be worked. A syrupy product is less practical to 
handle than a powder or a true liquid; similarly, in cold 
weather, sodium silicate risks crystallizing. For criter­
ion 2, silica gel has been assigned an average rating of 6. 

Ratings close to 10 are used for products in powder 
form or liquids which are slightly viscous. Low ratings are 
assigned to those products requiring extra handling, such as 
two-shot injections or those requiring a preliminary injection 
into the ground. 

The rating in a given category is quoted for the 
most practical product, i.e. the best performer in the cate­
gory in question. Thus, for silicates the rating of 6 is 
for gels injected in single phase procedure. By these 
standards, the two-shot Joosten process would have a rating 
of close to 0 under criterion 2. 

Criterion 3: Effectiveness of treatment 

According to all the data in the literature and 
numerous work site references, it appears that silica gels 
are totally effective for waterproofing and for consolida­
tion. Their rating of nearly 10 is justified by the dep·end­
abili ty of their performance. The rating was lowered by one 
point for waterproofing gels and three points for consolida­
tion gels to take into account the viscosity of the products 
used, a property which is definitely more pronounced in the 
case of hard gels than in that of aqueous resins. In fact, 
because of this viscosity, some fine soils run the risk of 
poor treatment by use of hard silica gels. 
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Criterion 4: Durability 

Numerous construction site reports prove that areas 
treated with silicates have not lost their watertightness 
and strength characteristics after some time. However, as 
some doubt remains with regard to leaching, the rating of 8 
is given for waterproofing gels. In addition, as there are 
some doubts as to long-term strength, a rating of 7 is given 
for consolidation. 

Criterion 5: Toxicity at the time of construction 

In the case of mineral reagent waterproofing gels, 
toxicity at the time of construction is zero (rating: 10), 
however there is a slight problem in the case of organic 
reagent hard gels (rating: 8). · 

Criterion 6: Harmful impact on environment 

Because of the release of a certain amount of 
sodium, only an average rating of 7 is given. 

Criterion 7: Derivation of principal raw material 

This criterion mainly concerns petrochemical 
derivatives whose rating will be close to 0. Sodium sili­
cates are not of petrochemical origin, but the energy re­
quired'for their manufacture has led to a rating of 8. 
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3. CATEGORY A-2: OTHER MINERAL GELS 

3.1 Introduction 

Parallel to the development of silica gels, it 
was possible to obtain other gels, such as alumina or mag­
nesium oxide, which were injected in one or two phases. 
All these procedures were used some thirty years ago, while 
drilling for gas or oil, to plug up cavities in the sur­
rounding terrain and stop water seepage. 

3.2 Products 

DUNN (39-17) obtained a magnesium oxide precipi­
tate by a two-shot injection: first, of an aqueous solu­
tion of magnesium chloride, and then sodium hydroxide. The 
watertightness obtained with this method was reportedly 
excellent. 

GREBE (39-13, 39-14) preferred to inject a fatty 
acid salt with a metallic salt. He used either a soap of 
cocoanut oil which was 40% by weight of potassium salt, (or 
sodium stearate) with a 20% trisodium phosphate solution, 
or a 40% potassium salt soap of cocoanut oil with a 4% 
sodium aluminate solution. It is recommended that pressure 
be maintained after injection until complete set. 

To avoid the premature formation 
CHAMBERLAIN (41-15) used as a "stabilizing 
acid such as lactic, glycolic, or citric. 
possible applications, 

of a precipitate, 
agent" ari organic 
He sees two 

1. Where the soil is chalky or the water is 
naturally alkaline. He injects a 2 to 5% solu­
tion of metallic salt: iron, antimony, bismuth, 
tin, cadmium, magnesium, etc., or a non-aqueous 
solution (alcohol, acetone miscible in water) 
with the solution containing the stabilizing 
agent. 

2. Where the soil is neutral, as with sands. 
He adds an alkaline solution of sodium or 
potassium. 

As an illustration, he takes a 2% solution of ferric chloride 
and an alkaline solution containing lactic acid. The pre­
sence of the stabilizing agent raises the pH from 2.7 to 4, 
at which point the metallic salt precipitates, thus delaying 
and intensifying the precipitation. 
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WILLIAMS (43-18) obtained a gel which can b e re­
dissolved, if necessary, with a 5% hydrochloric acid a q ueous 
solution. He obtains a gel from an aqueous solution o f a 
metallic salt (aluminum, calcium, chromium, copper) mixed 
with a phosphate or an arsenate. He cites the following 
examples of different compositions: 

-chromium acetate p·lus disodium hydrogen a r senate 
-chromium acetate plus disodium phosphate 
-sodium hexametaphosphate plus ferrous sulfat e 
-sodium hexametaphosphate plus zinc sulfate 
-sodium hexametaphosphate plus manganese sul f a te 

WILLIAMS suggests injectio n at a depth of 1 50 0 
meters where the temperature is about 60 degrees F. Th e 
product takes 45 minutes to reach to bottom, then the pre­
cipitate takes an additional 45 minutes to form (applic a ­
tion clearly for oil well drilling only). 

3.3 Disadvantages 

The procedures in Category A-2 offer none of t he 
advantages of the silica gels althou9h their format i on pro­
ceeds from the same principle. With these mineral ge ls , 
the regulation of the setting time is very uncertain, and 
no method has been developed for consolidation. In f act, 
very little is known about their performances. DUNN (39-17) 
has indicated that a gel of magnesium h ydrate const i t utes 
a good ground waterproofing agent, but nothing is known of 
the stability of such a mixture. 

Thus, an examination of the products in Cat e gory 
A-2 indicates only the possible future use of residue s 
of mineral industry effluents in qrouting (magnesium, 
phosphorous, aluminum, salts, etc. ). But this method could 
not be widely applied, nor is such a grout "classifiable." 

3.4 Rating 

For the reasons cited above, no rating h a s been 
assigned to this category which is too little known a nd 
uniquely specific to certain environmental problems. 
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4. CATEGORY A-3: LIGNOSULFITE DERIVATIVES 

4.1 Introduction 

. A lignosulfite grout's principal ingredients are 
lignosulfonate (or lignosulfite) and a hexavalent chromium 
salt which form a gel through the action of a catalyst. 

Lignosulfonates are by-products of wood-processing 
industries: the manufacture of paper, synthetic fabrics, 
and wood hydrolysis for obtaining sugars that can be converted 
to alcohols and various products. Consequently, lignosulfonate 
is not a clearly defined product. Therefore, for the grout 
user, the origin and treatment of lignosulfonates are of 
essential importance for the success of the work. It is there­
fore necessary to specify the nature of lignosulfonates. 

4.2 Nature and Characteristics of Lignosulfonates 

In addition to cellulose, wood always contains, in 
varying degrees depending on species, age and origin: lignin 
(25 to 35%), hemi-celluloses, glucosans, pentosans, pectic 
matter, and occasionally tannins, coloring matter, fatty 
matter, waxes, resins, essential oils and various nitrogenous 
matter. Lignosulfonates are derived from lignin and consti­
tute a major by-product. It is estimated that 1,000 tons of 
lignosulfite (raw lignosulfonate), long considered a waste 
product, are produced yearly in France. In general, this 
lignosulfite is not released into rivers, which would be 
polluted, but is mainly burned to supply steam energy for 
industry. 

4.21 The Extraction Process 

Wood processing consists first of eliminating 
special components such as tannis, resins, and waxes from 
the wood, which has been stripped of its bark and chipped. 
Then the lignin and cellulose are extracted according to two 
basic principles whose choice depends on the eventual use to 
be made of the cellulose. 

A. The first consists of an acid hydrolysis of 
the polysaccharides in the wood in order to 
make them soluble in water, or a solution 
of the cellulose in Schweitzer liquor. 

B. The second, used in the paper industry, con­
sists of dissolving the lignin either in 
alcohol with hydrochloric acid, or in sodium 
(alkali-lignin) or, as with the method most 
commonly used in Europe and known as the 
"bisulfite process'', one converts the lignin, 
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which is insoluble in water, to lignosulfonic 
acid then to a salt of this acid or water­
soluble lignosulfonate. This conversion is 
effected through the action of sulfur 
dioxide or, more generally, to avoid the 
formation of sulfuric acid which darkens the 
cellulose, with the aid of alkaline bisulfite 
solutions and solutions o f metals of the cal­
cium group [Ca(HSO3) 2 , NaHSO3, Mg(HSO3) 2 , 
NH 4HSO3]in an autoclave at about 150°C. 

This treatment is followed by more or less thorough 
neutralization with alkaline bases or metals of the calcium 
group. 

One thus obtains a brown or even black lignosul­
fonate liquor which is used commercially at a concentration 
of 40 to 60%. This liquor is often heat treated to reduce 
it to a powder. 

Thus, there is a diversity of lignosulfonates: 
sodium, ammonium, magnesium and, the most common, calcium 
lignosulfonates, and the solution's pH varies as one passes 
from one grade to another, and finally, its consistency 
varies: liquid or a beige to dark brown powder. The liquid, 
moreover, has slightly different chemical properties, a pheno­
menon which is most likely due to the heat treatment which is 
conducive to partial reactions of the lignosulfonate molecules 
among themselves . The bisulfite treatment gives only a crude 
product. 

4.22 Chemical Composition 

A calcium lignosulfonate in powder form will 
generally have the following average composition: 

total solubles 
dry matter 
moisture 

100 % 
95 % 

5 % 

The dry matter is composed of: 

sulfonates lignin salts 76 % 
reducing sugars 19% 
mineral ash 4 % 

The chemistry of lignin is very complex, and there 
are numerous works on this topic. Many formulas have been 
developed and suggested over the last twenty years, but all 
authors seem to agree that lignins are derived from basic 
units belonging to the (ChE~CCC) family , that is to say, 
tney possess a benzene nucleus with a lateral chain of 3 
atoms. 

45 



According to KLASEN, these units might be linked 
to coniferylic alcohol: 

OCH 3 

Ho-0-cH = CH _ 
According to FREUDENBERG, the basic structure 

might be one of the following: 

H0-0 OH OH OH 
I I I 
C - C - C - H 
I I I 
H H H 

0 OH H 
I I 
C - C - C = 0 
I I I 

Ho--
H H H 

H0-0 OH 0 H 
I II I 
C - C - C - H 
I I 
H H 

Thus, the following general formula can be accepted: 
OCH3 

Ho-O-?-
I I 
C - c-
I I 

The molecular mass would be somewhere between 2,000 
and 100,000. 

The point of fixation for the HS0 3 at the time of 
sulfonation of the lignin by the bisulfite solution is also 
poorly defined. 
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According to K. KRATZ and E. RISNYOVSKY, it is 
attached to the lateral chain, on one of the 3 carbons, for 
example: 

I 
C - C - + Me--+ 
I I 

lignosulfonic acid lignosulfonate 

Whereas, according to BJORKMAN, it is attached, 
at least partially, in an alpha position on the benzene 
nucleus. 

O\H3 
I I oa-Q--i - C - C - + Me 

sd3H 

lignosulfonic acid 

I I 

O\H 3 

-~Ho-0--{ 
s63Me 

lignosulfonate 

I I 
- C - C -

I I 

Me[l] + being Na, NH: , 1/2 Ca++ or 1/2 Mg++ 

4.3 Mechanics of Gel Formation 

The action of chromium on the lignosulfonates is 
at present poorly understood, although the first patent on 
lignochromiums dates back to 1910. It is assumed that 
hexavalent chromium in an acid medium or under the action 
of an acid salt begins by oxidizing the lignosulfonate to 
form groups of carboxylic acid (SMITH 52-05) and fixes the 
oxygen atoms to precipitate it in the form of a heavy metal 
salt. Thus a compact gelatinous mass is formed (ligno­
chromium gel). According to SMITH, a chemical reaction 
takes place "in situ" between the grout and the ground. 

Lignochromium gels perform well in fine sands 
and silts, but more poorly in coarse sands. SMITH explains 
this phenomenon in the following way: 

After reacting with the lignosulfonates, the 
chromium still has free valences which fixes 
the oxygen atoms to particles of ground. 

[l]Me = Metallic ion. 
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In the pores in the ground, the gel swells in 
the presence of water, while on the surface of 
the particles a waterproof film forms. This 
film is a characteristic property of the 
organo-chromiums which have been used commer­
cially since 1952. 

The enormous diversity of the lignochromiums on 
the market (nature of the cation, state of purification, 
physical state, concentration, pH) demonstrates the diversity 
of their uses in laboratories and in industry. 

4.4 Composition of the Grout 

4.41 Choice of Lignosulfonate 

There exist on the 
of the types ca++ Na+ Mg++ 

~ + , '+ , being ca+, Na, and NH4 . 

world market lignosulfonates 
NH!; the most commonly used 

Allette WESTON and R. A. KENNERLEY (58-15) conducted 
a comparative study of these three lignosulfonates in a 50% 
solution. 

They deduced that: 

(1) Setting time increases as one passes from am­
monium lignosulfonate to calcium lignosulfonate 
and then to sodium lignosulfonate. 

(2) Permeability of the salts injected is from 
10-l0 m{s to 10-12 m/s for the ammonium and 10-9 
to 10-l m/s for the calcium. 

(3) Stability of sodim lignosulfonate is so poor that 
it cannot be used for grouting; calcium ligno­
sulfonate performs the best (SOLOMON J. REHMAR and 
NORMAN L. LIVER 62-26; SERLACHIUS 68-09). 

REHMAR and LIVER mention that the lignosulfonate 
should be relieved of part of its reducing sugars (< 8%), 
allowing a decrease in the proportion of the costly and toxic 
hexavalent chromium. 

4.42 Suggested Formulas 

The basic composition of a lignochromium grout is 
always lignosulfonate plus a hexavalent chromium compound. 
The nature and amounts of additives used depend on the pH 
of the sulfite liquor. Since in its oxidation reaction with 
the lignosulfonate the hexavalent chromium passes from a 
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cr6+ state to cr3+ only in an acid medium, it is obvious 
that if no other component is added, the sulfite liquor will 
be initially acid. Therefore, to the lignosulfate-chromate 
mixture will be added a definite amount of acid or strong 
acid salts and a weak base of the following metals: nickel, 
cobalt, magnesium, iron, chromium, zinc, copper or manganese 
(SERLACHIUS 68-09). 

REHMER and LIVER (62-26) suggest a more complex 
formula: 

-lignosulfonate having less than 8% reducing sugars 
-hexavalent chromium salt 
-hardening agent of acid or acid salt 
-accelerator of copper salt plus a metallic salt 
(ferric chloride, sodium chloride, calcium chloride 
or ferric sulfate. 

Table 4 summarizes the various compositions 
mentioned by different authors. 

Table 4. Lignochrome Grout Basic Composition 

Ingredients CORNELL WESTON & CARON REHMAR SER-
Univer- KENNER- & LIVER LACHIUS 
sity LEY 
(52-17) (58-15) (63-03 (62-26) (68-09) 

nature of the sol. 50% sol. 50% sodium powder 50% Ca 
sulfonate Ca Ca or cal Ca 

cium 
powder 

sodium bi- 20 ~o to 50 13 20 
chromate w/ 
~egard to dry 
weight of lig-
nosulfonate 

l?\dditive 1 f! 2so
4 

acid acid Al 2 ( SO 4 ), AlC1
3 

Additive 2 FeC1 3 FeC1
3 Caso

4 
+ 

CaC1 2 or 
"NaCl 

Dilution: 
water 2 to 4 3 to 5 5 ~-4 to 7. · 4 lignosulfonate to 5 
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4.43 Industrial Preparation 

Since the mixing of the different ingredients on 
the actual work site demands a great deal of care, it has 
been suggested that preliminary mixing be done in a plant: 
REHMAR and LIVER processes (marketed under the name of 
TERRA-FIRMA)and SERLACHIUS. 

In the TERRA-FIRMA process of INTRUSION PREPAKT, 
which is under the REHMAR and LIVER patent (62-26), one pre­
pares a dry mixture in the plant of the components listed 
above and then, at the work site, one adds 3 1/2 to 6 parts 
of water, depending on the setting time desired. 

In the SERLACHIUS process, · two types of prepara­
tion in the plant are suggested. One is identical to the 
TERRA-FIRMA (dry mixture of all the components). The 
second is more complex. Two separate solutions are prepared: 
the first one of sodium dichromate (Na2cr2o7 • 2H20), dissolved 
in its own weight of water and the second one of lignosulfo­
nate, also dissolved in its own weight of water. Both solu­
tions are separately brought to a pH of 7 by addition of 
sodium hydroxide. These two solutions are then mixed. The 
pH will rise to between 7.5 and 8.5'. This liquor is kept in 
that state or dried through atomization. Only at the site 
mixing plant are water and the acid reagent added. 

4.5 Characteristics 

4.51 Viscosity 

The lignochrome grout's initial viscosity of about 
2.5 to 4 cP (NEEDLANDS & JAMES 63-06) is comparable to that 
of silica gels and it increases progressively until it sets 
(unlike aqueous grouting resins of the resorcinol-formol 
or the acrylamide type where the change of viscosity is 
abrupt.) (Fig. 8, C. CARON 63-03). 

4.52 Injectability 

This low initial viscosity permits injection of 
lignochrome grouts into fine sands having a d 10 of between 
0.02 and 0.5 mm and a permeability (K) of between 10-3 and 
10-5 m/s, according to C. CARON (65-03), or even a grain size 
of 0.02 mm and a K of 10-6 m/s, according to 0. INGLES (69-01), 
while MITCHELL (70-01) had in mind a much coarser sand: 
0.07 to 10 mm. 

Measurements of the grout's penetration time in a 
given sand to a depth of 15 cm have been carried out 
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mainly by the U.S. Bureau of Reclamation (52-17) and by 
ALLETTE WESTON and R. A. KENNERLEY (58-15). If a grout takes 
too long to penetrate, it is deemed uninjectable. 

4.53 Setting Time 

Setting time varies in accordance with the nature 
of the lignosulfonate as noted below. It also varies with 
temperature, as is the case with resins, and obeys ARRHENIUS' 
law (C. CARON 63-03 and fig. 10, from the BUREC report 52-17). 
The effect of temperature was the cause of mishaps at the 
injection site at HAWEA LAKE (G. G. NATUSCH 59-16) and reason 
for modifications in the grout's formula for the work done at 
HEAET BUTTE Dam (LESLIE P. WHITTE 57-02). 

Setting time also varies with the proportions used 
of the different ingredients: 

-dichromate 
GAILLEDREAU, 

-acid 
-salt 
-water 

fig 10, according to C. CARON, C. 
Y. BELOT (62-21) 
fig. 11, BUREC (52-17) 
fig. 12, SERLACHIUS (68-09) 
fig. 13, BUREC (52-17) 

For ordinary grouting purposes, setting time will 
be generally between 10 minutes and 10 hours (C. CARON 63-03), 
but can take several days (WESTON & KENNERLEY 58-15). 

4.54 Strength 

Variations in the proportions used of the different 
components will cause variations in the gel's cohesion and in 
the strength of the grouted ground. Laboratory measurements 
of strength have been conducted by CORNELL University, BUREC 
(52-17) and C. CARON (63-03). While C. CARON spoke of a 
cohesion of 500 g/cm2 and put the strength of the grouted 
sand at 5 kg/cm2 (preserved in airtight conditions), Cornell 
University's and BUREC's figures were generally higher when 
obtained in unrealistic dry air conditions. 

In order to make test results comparable, some 
degree of standardization is necessary. The use of standard 
sands, the method used for making up the test samples, and 
the conditions in which they are preserved should be stan­
dardized. For purposes of comparison with the dry air method 
BUREC indicates that: 
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-a No. 100 sand (< 0.149 mm) injected without 
pressure will have, after 7 days, a strength 
of 7 kg/cm2 (96 psi) to 10 kg/cm2 (140 psi), 
depending on the concentration, while a much 
finer sand ("pan'' size sand) injected under 
3.5 kg/cm2 (50 psi) pressure will have a 
strength of 51 kg/cm2 (735 psi) to 63 kg/cm2 
(900 psi) if the grout's formula remains un-
changed. 

4.55 Permeability 

Injected into fine grounds with permeabilities of 
between 10-3 and 10-5 m/s, a lignochrome grout is a very 
good product for waterproofing. ALLETTE WESTON and R. A. 
KENNERLEY (58-15) indicate that the grouting of sands 
within a range of 0.150 and 0.3 mm will give a permeabilit1 of 2 X 10-12 m/s with ammonium lignosulfonate, and 3 X 10- 1 
m/s with calcium lignosulfonate. 

4.56 Stability 

Test samples kept in a water-saturated environment 
show significant drops in strength over time (fig. 14 BUREC) 
(52-17). Strength varies according to the conditions under 
which the sample is preserved. For example: 

a. Air curing produces an increase in strength. 

b. Preservation in a water-saturated environment 
produces a strength of 26 kg/cm2 (360 psi) on the 
eighth day, decreasing to 16-21 kg/cm2 (230-275 
psi) by the end of 15 days. 

c. Curing for 20 days in a saturated environment, 
then air curing for 24 hours produces intermediate 
strength. 

d. Immersed in water after 24 hours of air cure, 
strength decreases slightly (15 kg/cm2) (220 psi) 
to 12 kg/cm2 (170 psi), according to Cornell 
University, while BUREC noted no decrease in 
strength. 

e. Dry-wet cycle curing seems to affect the gro~t 
since strength is reduced with each cycle. 
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The lignochromes stand up relatively poorly under 
prolonged contact with water or, even worse, leaching. 
However, the lack of published data on this subject and the 
absence of significant standards rule out any conclusive 
results. 

In tests for severe leaching, C. CARON, C. GAILLE­
DREAU and Y. BELLOT (62-21) worked on a 0.1 to 0.3 mm sand 
injected with lignochrome. The liquid used was a saturated 
nitrate solution (90sr). Percolation tests with soft water 
over a gradient of 50, intended to check the gel's stability 
by determining losses at 90sr, indicated losses of about 24% 
at the end of 12 days. While testing for strength under con­
ditions of external leaching, Allette WESTON and R . A. 
KENNERLEY (58-15) detected only small losses of chromium 
(Cr total measured out by titrimetry after 4 and 22 hours) 
provided the lignochrome is at least 20 days old. In these 
conditions they consider the grout to be chemically stable. 

4.57 Toxicity 

Rather unpleasant to handle by virtue of their 
color, the lignochrome grouts, called "monkey's blood" by 
the engineers who use them (PLAISTED 74-03), have as their 
principal drawback the toxicity of their components. While 
O'BRIEN (63-31) speaks even of the toxicity of the ferric 
chloride which is added in some cases, ATHERTON and GARRETT 
(59-05) mention incidents of dermatosis contracted by handlers . 
Numerous authors lay particular stress on the toxicity of 
hexavalent chromium: CHELLI S (61-05), LESLIE P. WHITE (57-02), 
NATUSCH (59-16), SERLACHIUS (68-09), U.S.B.R. (52-17), SALOMON 
J. REHMAR and L. LIVER (62-26). 

Although hexavalent chromium is reduced to non­
toxic trivalent chromium once the grout has polymerized 
(C. CARON 63-03), lack of care during proportioning or slow 
chemical reaction can lead to incomplete reduction of hexa­
valent chromium and cause some contamination of the environ­
ment. Several laboratories are trying both to determine those 
proportions of the different components which release the 
least hexavalent chromium and to limit its polluting effect. 

In general, the rate of hexavalent chromium re­
leased by the grout decreases with: 
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(a) the age of the sample: BUREC tests show that, 
after leaching, samples which are 7 days old 
release about 4 times less hexavalent chromium 
than those which are 24 hours old. ALLETTE 
WESTON and R. A. KENNERLEY's tests (58-15) show 
that at the end of a dozen days the gel has 
practically ceased to release hexavalent 
chromium. 

(b) the pH of the grout or the ground: The 
addition of sulfuric acid to the mixture 
stops the gel from releasing hexavalent 
chromium after 48 hours or limits these re­
leases to very small amounts (BUREC 52-17). 

(c) the proportion of chromium in the original 
mixture: When the proportion of dichrornate 
is reduced by one half (chromiurn- lignosulfonate 
ratio = 1/10 instead of 2/10), the amount of 
chromium 6 released is nil at the end of 24 
hours (BUREC 52-17). 

Based on this phenomenon, Allette WESTON and R. A. 
KENNERLEY (58-17) and L. Leslie P. WITTE (57-02) assert that 
the addition of ferric chloride, to accelerate setting time, 
reduces the proportion of chrorniurn-lignosulfonate and thus, 
the grout's toxicity. For the same reason S. J. REHMAR and 
Norman L. LIVER (62-26) recommend the addition of a large 
amount of ferric salt or of alkaline lignosulfonates. 

All these considerations were taken into account at 
the time of construction of the HEART BUTTE Darn (Leslie P. 
WITTE 57-02), situated on a river used to supply drinking 
water: 

After developing a grout material which would re­
lease a minimum of hexavalent chromium, the addi­
tional precaution was taken (after conclusive 
laboratory results) of injecting raw lignosulfonate 
downstream from the injection of lignochrornium to 
intercept the hexavalent chromium . Thus its maxi­
mum concentration in the water in t he vicinity of 
the injection was 4 ppm and downstream it was below 
the 0.05 ppm allowable under United States Public 
Health Service regulations (57-02). 
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4.6 Applications 

Owing to a lack of experience on the part of the 
engineers responsible for the formulation of the injection 
of the grout, some mishaps have been recorded at work sites: 

(1) The nature of the lignosulfonate delivered was not 
the same as that of the samples studied in labora­
tories. This was true for waterproofing of the 
buttresses of the dam situated at the outlet of 
Lake HAWEA, N. Zealand (G.G. NATUSCH 59-16) and 
for waterproofing of conduit couplings at the 
HEART BUTTE Dam, N. Dakota (Leslie P. WITTE 57-02). 

(2) The temperature of the grout at the time of injec­
tion was not the same as that used for laboratory 
tests (59-16). 

(3) The lignochrome was injected immediately following 
an injection of watersoaked bentonite. The grout 
would not set. HAWEA LAKE (59-16). 

Apart from these few incidents, many waterproofing 
and consolidation projects have been carried out without 
problems. Five such jobs include: 

(1) Waterproofing of concrete conduit couplings which 
had been treated initially with bituminous mastic 
then, unsuccessfully, with a cement grout (HEART 
BUTTE DAM). The couplings were perfectly water­
tight at the end of nine months (54-05, 57-01). 

(2) Consolidation of the ground under buildings at 
GREAT CUMBERLAND PLACE in London's West End to 
permit the construction of underground garages. 
This work was done by CEMENTATION COMPANY using 
the "Tube a Manchette" process (61-14). 

(3) Waterproofing of a small dam done by INTRUSION 
PREPAKT (U.S.A.) (53-04). 

(4) Ground consolidation for the construction of the 
Blackwall Tunnel under the Thames using the 
"Tube a Manchette" process (61-07, 65-05). 

(5) Consolidation of sandy terrain at TUDHOE Mill Drift 
in DURHAM (England) using the "Tube a Manchette" 
process (59-05, 63-06). 
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4.7 Rating 

Even if lignochrome gels produce only moderate 
strength similar to semi-hard silica gels, and are toxic 
before they set (although it is possible to minimize this 
effect), they have the advantage of low viscosity and 
easily regulated setting times. They are destined to be 
developed further since their basic component is in 
plentiful supply, inexpensive, and is not a petroleum 
derivative. 

Table 5. Rating Chart, Lignosulfite 

Criterion Percentage for Waterproofing for Consolidation 

1 30 6 1.8 5 1.5 
2 10 7 0.7 7 0.7 
3 10 9 0.9 7 0.7 
4 10 7 0.7 6 0.6 
5 5 0 0 0 0 
6 15 6 0.9 4 0.6 
7 20 8 1.6 8 1.6 

-- --
6.6 5.7 
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5. CATEGORY A-4: OTHER PLANT DERIVATIVES 

5.1 Introduction 

The lignochromes are typical examples of grouts 
whose principal raw material is of vegetable origin. These 
grouts have been extensively used. Other grouts of the 
vegetal type have been suggested, but have not been used 
with the frequency of the lignochrome grouts. The few 
available references deal with natural resins obtained from 
fir trees (colophane) or from corncobs (furfural). 

, 5.2 Colophane Type Natural Resins (Rosin and Vinsel) 

Colophane is the residual product of the distilla­
tion of pitch for purposes of obtaining turpentine. The 
pitch itself is obtained by incising the trunk of most 
species of fir trees (pinus palustris in North America). 
Colophane is composed essentially of abietic - acid which, 
when heated in an alkaline solution, gives the corresponding 
abietate (Rosin). These abietates are able to disperse 
large quantities of insoluble abietic acid in colloidal form 
{Vinsol). For centuries these products have been used to 
make glues and varnishes. 

Thirty years ago natural water-soluble resins, 
rosin and vinsol, were used for the waterproofing and 
stabilization of ground surfaces and, more specifically, in 
road construction (42-04, 43-14, 43-15, 44-01, 44-15, 45-09, 
47-01, 48-11). 

The best results are achieved with rosinates ob­
tained from ferric and aluminum salts. LOOMIS {39-24) has 
adapted this method to a two phase grouting process: an 
aqueous rosinate solution, then an aqueous acid solution 
are injected into oil wells, leaving the oil-producing 
strata intact. 

For grouting FISCHER (55-07) used a dehydrogenated 
rosin containing at least 40% dehydroabietic acid and less 
than 1% abietic acid. It is saponified in solution in water 
by hydroxydes or carbonates of lithium, sodium or potassium 
and application is always by the two-shot process. A second 
solution is injected, from 1 to 5% proportionally to the 
rosin. This will be an aluminum salt or a fatty acid having 
a chain of 10 to 30 carbon molecules. 
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After a maximum of 6 hours these two solutions, 
which are easy to inject, form a solid which resembles 
grease. The product's hardness can be improved by incor­
porating synthetic resins into the composition, through 
the polymerization of {J-pinene or butadiene. 

CARPENTER (56-09, 58-12) advocates qrouting with 
an alkali rosin salt (for example, a sodium rosinate) 
along with a hydrolyzing agent, generally methyl formate 
or methyl chloracetate. The slow hydrolysis of the ester 
converts the rosin salt to a water insoluble acid. The 
hydrolysis can be facilitated by the addition of an oxyidi­
zing agent, such as potassium persulfate. Colophane has 
also been suggested as a modifying agent for phenolic and 
amino resins. 

5.3 Resins Derived From Furfural 

Furfural was isolated for the first time in 1832 
by DOBREINER. The decomposition of agricultural residues 
in an acid bath permits the extraction of furfural, a 
reasonably priced raw material of purely plant origin, with 
corncobs most frequently used as the basic material. In 
theory the yield is 24%, but in practice the yield is closer 
to 12% after unfavorable secondary reactions, which could 
be avoided by first decoding the xyloses through a biological 
treatment in an acid medium or by alkaline pre-treatment 
(76-02). 

Unlike the lignosulfites and colophane, which 
are not clearly defined products, furfural is perfectly 
defined as a composition, and grouts obtained from it are 
quite reproducible. 

Furfural, whose developed formula is: 

Q-CHO 
has the following physical and chemical characteristics (table 6) 
(67-11, 76-02) 
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Table 6. Properties of Furfural* 

empirical formula c 5H4o2 
olecular weight 96.08 

oiling point (at 760 rnrn)°C 

freezing point, °C 

~ensity (T/4°C), g/cm
3 

at 20°c 

at 25°C 

!solubility in water, 

*(67-11, 76-02) 

at 13°C 

161.7 

-36.5 

1.1598 

1.1545 

9.15 % 

Furfural is used as an aldehyde to replace formal­
dehyde in phenolic and amino resins (through combination with 
a phenol, an amine, such as urea or aniline or even thiourea). 
Such combinations have been suggested and sometimes used for 
grouting. 

More interesting still are the instances where ad­
vantage was taken of the double linkage of the furanic core 
to obtain a grouting product whose principal ingredient was 
furfural. This would allow producing a grout material com­
pletely free of petrochemicals. 

It does not seem that this alternative, however 
viable in theory, has been thoroughly explored and used. 
Although not reported in available literature, it has been 
used in the Soviet Union for consolidation grouting for 
collieries, in non-calcareous terrain. The YOUNG patent 
(65-21) describes a two-shot injection into sand: first 
a mixture of a prepolymer of furfurylic alcohol dissolved 
in the monomer, then the acid catalyst. 

It seems that if the basic pattern of these fur­
fural derivatives can be obtained in an alkaline medium, 
the final polymerization must take place in an acid medium. 
This factor considerably limits the possible usefulness of 
these products for grouting, although the possibility of 
basic catalysis has been pointed out. 
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In spite of these reservations, two furanic deri­
vatives might be usable for soil grouting, furfurylidenacetone 
and furfurylic alcohol. 

a) furfurylidenecetone 

From the reaction of 3 molecules of furfural on 
2 molecules of acetone, a mixture of monofurfurylidenecetone 
and difurfurylidenacetone results as follows: 

ff\\ q 
3 \ol'-CH0 + 2 CH3- C-CH3~ 

Q-cH=~H-~-CH3 + O-cH=CH-~-CB=CH-O 

which then polymerizes while subject to rising tempera­
ture, or passing into an acid medium (67-11, 70-18, 70-19). 

In the field of Public Works, these resins have 
been the subject of some research for their possible uses 
as binder in special concretes (70-18; 70-19) . In principle, 
a furfural-acetone prepolymer is used, to which a hardener 
is added (sulfonic benzene acid). 

b) furfuryl alcohol 

Through hydrogenation, furfural results in fur­
furyl alcohol, which has remarkable reactive properties. 
This product whose developed formula is: 

Q--CH20H 
has the following physical and chemical characteristics 
(table 7) 

Table 1. Properties of Furfuryl Alcohol (67-11) 

empirical formula C5H602 
imolecular weight 98.1 

boiling point (7 60 mm)' oc 170 

refractive index, 20 1.4868 no 
density, 20/4°C 1. 285 
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In an acid medium, this alcohol can polymerize to 
the point of f orming a hard mass as seen in the diagram 
below (67-11) : 

Q - cH20CH 2-Q 

Apparently the direct polymerization of monomeric 
furfurylic alc ohol has never been contemplated or used. 
Linear prepolymers or monomeric-polymeric mixtures are pre­
ferred. The p repolymerization of the furfurylic alcohol 
takes place under heat in a generally acid medium (mlneral 
or organic acid or salts which have been aminated or arni­
dated with a s t rong acid). At the moment when the condensed 
water is eliminat e d, the medium is made once again neutral or 
basic. 

Depending on the procedure used (temperature, pH), 
one arrives a t a -rather condensed substance and, consequently, 
at a rather vi scous prepolymer ranging from less than one cP 
to several hund red cP. For grouting purposes, one must choose 
a method of pr e p a ring the prepolymer which will give a sub­
stance with l ow viscosity. To lower viscosity, dissolving the 
prepolyrner in the monomer is a perfectly valid procedure 
(monomeric furfurylic alcohol has a viscosity of 4.62 cP at 
25°C). It is also possible to dilute it with water. 

In addition to the homopolymerization of furfurylic 
alcohol (the hydroxyl group of the furfurylic alcohol reacts 
on an alpha hyd r ogen of another alcohol molecule (54-19, 62-33, 
64-22), this alcohol could be combined with furfural, formal­
dehyde or an a liphatic alcohol (47-15, 50-21, 51-13). 

Even if the reaction can be initiated in some cases 
in an alkaline medium, it is virtually certain that the final 
stage can only b e obtained in an acid medium. It seems, 
however, that i t is possible to work with a slightly acid 
medium, but c ond e nsation at a pH higher than that bringing on 
the attack of c a r bonates has not yet been verified. 
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Finally, reviewing other types of uses (adhesives, 
casting molds, carbon and graphite binders), the use of 
furfuryl alcohol in conjunction with urea-formaldehydes, 
phenol-formaldehydes, and others, is possible. 

5.4 Rating 

It is virtually impossible to assign ratings to 
products whose possible applications in grouting have been 
studied so little and have been so little used for that 
purpose. Performance and long-term durability are practically 
unknown for this category. In the absence of precise ratings, 
a list of foreseeable advantages of Category A-4 products is 
included. 

Of some 20 categories of grouts, only two (A-3 
and A-4) are of plant origin. Thus, if petrochemical deri­
vatives become unavailable and even mineral derivatives are 
in time exhausted, there will remain an inexhaustible source 
in agriculture. Of these two vegetal categories we have 
already seen the advantages and drawbacks of Category A-3, 
lignosulfite derivatives. Their principle shortcoming is 
that the polymerization of this chain is possible only with 
sodium dichromate, a very toxic substance. There is no in­
convenience of this nature for Category A-4, furfural deri ­
vatives. This category includes two main products: colophane 
derivatives, from fir trees, and furfural derivatives, from 
corncobs. 

Colophane derivatives, Rosin and Vinsol, have been 
under study for twenty years and have been used tentatively a 
few times. This alternative is not very promising because it 
would lead, at best, to a waterproofing grout which would have 
to compete with the silicate-based soft gels, among others, 
which clearly perform better and cost less. 

On the other hand, the furfural derivatives could 
lead to high consolidation grouts, a field in which competing 
grouts would be petrochemical derivative products. Thus, 
the furanic alternatives are promising, since the possibilities 
for supply are nearly limitless. For example, a rapid survey 
in France showed that the present productive capacity of fur­
fural is 10,000 tons and could be brought up to 240,000 tons, 
using corncobs alone as a source, and that it would be per­
fectly feasible to use other sources of supply such as bagasse, 
sunflower seed husks, industrial leaf residues, straw, paper 
mill effluents and even garbage. France's capacity would be 
4,000,000 tons per year, or 400 times its present capacity. 
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Although the yield is less favorable with these 
new potential sources of supply than that obtained from 
corncobs, it is good enough to justify industrial pro­
cessing (table 8). 

i 

Table 8. French Furfural Resources 

Products Present Tonnages Potential of 
yield furfural, tons 

straw 6% 30,000,000 1,800,000 
corncobs 12% 2,000,000 240,000 
rice husks 6% 80,000 4,800 
olive cake 7% 3,500 245 
sunflower seed husks 10% 75,000 7,500 
colza husks 12% 105,600 13,300 
ipaper mill effluents 10% 5,167,470 516,747 
:garbage 3% 12,000,000 360,000 
!Provence reeds 9% 400,000 36,000 
:sawdust and slash 6% 7,124,700 427,482 
i 
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6. CATEGORY A-5: POLYACRYLAMIDES 

6.1 Introduction 

The processing of pr i mary products necessary to 
obtain polyacrylamide resins d a tes back to the end of the 
last century; however, the us e o f these products for the 
production of synthetic resins is much more rec e n t . These 
resins were the first to lead to products used specifically 
for soil grouting. Of these products, the oldest and best 
known is the resin developed by American Cyanamid and 
marketed under the name AM- 9. 

It was the success of this grout which led to 
research into other resins such as the phenoplasts, and 
spurred the development of t hat range of resins wh ich can 
polymerize in aqueous solution s and which are successfully 
used at present for grout i n g fine sand. 

The primary product used to obtain a polyacry­
lamide resin is a monomeric ac rylamide which, as its name 
implies, is an ethylenic amide . Such a compound c an thus 
react either through its double bond or through i ts amide 
function. The double bond a l lows the radical in the monomer 
to polymerize along the general pattern of vinyl compounds, 
while the amide function all ows condensation with aldehydes. 
In addition, acrylarnide can r e place urea in aminoplasts. 

In order to be fami liar with the reaction mechan­
isms and the general properties, as well as possible appli­
cations of polyacrylarnides, it would be useful to refer to 
the work of D.C. MAC WILLIAMS "Acrylamide and othe r Alpha, 
Beta Unsaturated Amides - Functional Monomers, Vol . l" Pub. 
M. Dekker 1974. The polymer i zation of monomeric acrylarnide 
can take place in an aqueous solution; it can be initiated 
by heating, by ultrasoni c waves , by garn.~a rays, a nd for the 
case which concerns us here, by a catalytic method of the 
redox type (peroxide). 

The homopolymerizat ion of the acrylamide leads 
to linear polymers of variabl e molecular weight whic h are 
perfectly soluble in water . To obtain an insolub le polymer, 
it is necessary to combine i t with a reticulating a gent. 

Although chemistr y offers a whole array of non­
saturated amides, only acr y larnid e and methacrylamide are 
used industrially to obtain pol ymers. N isopropyl acryla­
mide and N methylolacrylamide h ave also been suggested. 
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Reticulation is generally obtained through the 
inclusion of small amounts of a dimer such as methylenebis­
acrylamide which allows the establishment of a bridge between 
two linear chains of polymers. However, other water-soluble 
divinyl compounds may be used. Reticulation of the polymer 
could also be obtained through the reaction of an aldehyde on 
the amide function. For this purpose, the principal products 
recommended have been formaldehyde and glyoxal. 

The degree of reticulation, which will determine 
more of the properties of the polymer obtained, can be regu­
lated according to the amount of reticulation agent included 
in the mixture. It should be noted that when an aldehyde 
is used as a reticulant, condensation becomes preponderant 
when the proportion of aldehyde approaches stoichiometric 
quantities and the product obtained will have properties 
comparable to urea formaldehyde resins as defined in the 
section covering aminoplasts (68-10). 

Polymerization at ambient temperature is brought 
on through the action of a redox-type catalyst which includes 
an initiator or primer of peroxide or persalt type (most 
often a persulfate) and an accelerator or activator, which 
is most often of the dimethyJ-or diethylaminopropionitrile 
type. Other compounds of the same type have also been sug­
gested (59-14). Currently, ammonium persulfate is designated 
as AP; dimethylaminopropionitrile is DMAPN, and diethylamino­
propionitrile is DEAPN. 

The time necessary for the reaction is determined 
by the respective proportions of DMAPN or DEAPN and AP. To 
gain even more flexibility in the adjustment of the setting 
time, it is possible to include a small amount of a reaction 
inhibitor, most often potassium ferricyanide, K3Fe(CN)6. 
Other acrylic compounds, such as calcium acrylate (53.03, 
53-07, 53-11, 61-05, 62-17), have also been suggested. 
These products can be used alone or in combination with an 
acrylamide (62-25, 68-07). Acrylic acid polymers can also 
be used in some cases (64-17). J. A. JANSEN and C. R. 
SUPPLEE (52-08) made a very thorough study of calcium 
acrylate and methylacrylamide grouts. This study includes 
both the chemistry of the grouts and the behavior of grounds 
which have been treated with them. 

With regard to polymers obtained from acrylamide 
and its derivatives, most of the studies and publications on 
this topic have been the work of AMERICAN CYANAMID CO. and 
are concerned with the commercial product AM-9 whose name 
is derived from the fact that it contains 90% monomeric 
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acrylamide (A.9), and 10% methylenebisacrylamide (M). To 
become familiar with the general properties of this product, 
one can consult the document published by American Cyanamid 
Co.: AM-9, CHEMICAL GROUT (99-03, 99-04) as well as docu­
ments published by RHONE-PROGIL (99-13) and by the SUMITOMO 
CHEMICAL CO., LTD. (99-14). 

6.2 Resins Used in Ground Treatment 

Acrylic resins in general and polyacrylamide in 
particular have found three uses in the field of civil 
engineering: 

1) the treatment of ground surfaces; 
2) ground treatment in conjunction with oil 

drilling; 
3) grouting by injection. 

These different applications generally require 
different products. For surface soil stabilization, acrylate­
type products have been recommended most often (55-09, 53-07, 
52-03, 51-03, 50-13, 50-09). Solutions and emulsions of 
triazine-type vinyl compounds have also been mentioned (58-
11). It should be noted that this sort of treatment is 
applied most often to clayey soils, which is why calcium 
acrylate is used, since it would most likely fix itself through 
permutation to the sodic clay particles (55-09). The principal 
objective is to make the ground impervious to water. 

Acrylamide-type compounds have also been suggested 
for stabilization. Some experts advocate the use of viscous 
linear polymers (polyacrylamide), which can be reticulated 
with glyoxal and thus immobilized (74-02). Products analogous 
to those used in ground grouting have also been advocated. 

For grouting in conjunction with oil drilling, 
the number of processes is rather limited. The use of a 
slurry has been suggested: acrylamide resin plus fine sand 
or filler (65-18), as well as the injection of a dispersion 
of resin in a hydrocarbon. In this case, the precipitation 
or coagulation of the resin is brought about through the 
injection of an anionic solution (54-10). This product, too, 
is viscous and can even contain particles in suspension. 
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For soil grouting t he primary product has been 
acrylarnide, combined with a r etic ulant: NN'methylenebis­
acrylarnide (5 to 15%), glyoxal, formaldehyde. Many other 
compounds have been suggested (57-19, 67-08), but since 
these prod ucts have not been used in any notable applica-­
tions, they are not included here. 

As reaction activator s, nitrilotrispropionitrile 
(59-14), DMAPN and DEAPN have been suggested. As a catalyst 
one can use a water-soluble persalt, a per-acid or a peroxide: 
persulfuric, perboric, perchloric or permanganic acid or 
their ammonium, potassium, sodium or hydrogen peroxide salts 
(57-19). The addition of acrylate has also been suggested to 
allow reaction with the ground (68 - 07). 

These grouts have been widely used for water­
proofing c oncrete structures, e s pecially in Europe where 
these products must be imported a nd are quite costly and 
have therefore been supplanted by phenoplasts for soil 
grouting applications. The f ormulas of the grouts used on 
concrete are generally identical to those used in ground 
grouting, a l though some spec i a l pr oducts have been suggested 
(64-17) . 

6.3 Gene r al Properties of Acry lamide Grouts 

For the most part, acrylamide-base grouts are 
commercial products which already contain the necessary 
amounts of acrylamide and its r eticulant. These products 
are marketed under the followi n g brand names: 

AM-9: AMERICAN CYANAMID CO. 
Rocagil: RHONE PROGIL 
Sumisoil: SUMITOMO CHEMICAL CO. 

To learn the propert i es of these different grouts 
it would be useful to consult the technical data published 
by these suppliers, making allowance for the advertising 
nature of such texts. 

These products are ma r keted either in the form of 
a powder (AM-9, SUMISOIL), or i n the form of a concentrated 
solution (ROCAGIL). At the t i me of actual use, one must 
add the catalyst and accelera t o r to the commercial product 
(monomeric acrylamide plus r eticulant) and dilute with 
water. The general properties of the grout will depend on 
the respective proportions of the various components. 
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6.31 Viscosity 

Initial viscosity of the grout depends essentially 
on the proportion of monomer used. It varies between 1 and 
8 centipoises for a dry matter content ranging from 5 to 
44%. The traditional 10% solution will have a viscos ity of 
about 1.2 cP at 20°C. Viscosity remains practically un­
changed over the whole period of incubation up to the point 
where the grout sets abruptly (fig. 15). 

6.32 Setting Time 

All other factors being equal, setting time will 
be affected by the formula's dry matter content. The 
higher this concentration, the shorter will be the setting 
time. The sharpest variations have been observed with in the 
range used most frequently, 5 to 15%. 

For a given concentration, setting time will be 
determined by the proportions of catalyst and activator used. 
Although these compounds are not always specified in the 
manufacturer's documentation, it seems that ammonium per­
sulfate (AP) and dimethyl- or diethylaminopropioni trile 
(DMAPN or DEAPN) are always the products used. The amount 
of AP can vary from 3 to 0.25% by volume of the grout as a 
whole, while the DMAPN or DEAPN content will range from 0.1 
to 3%. 

According to authors on this subject, setting time 
can be changed either by keeping the AP content constant and 
varying the amount of DMAPN or DEAPN or by using a constant 
amount of activator and varying the amount of AP. Such vari­
ations in proportions allow little latitude in the setting 
time at a given temperature. At a temperature of 20° C, the 
setting time of a 10% solution can be varied betwee n 1 minute 
and 25 minutes approximately. Thus the grout is workable for 
only a relatively brief time, especially if the work is not 
carried out on a continuous basis. 

Longer setting times can be easily obtained by 
the inclusion in the grout of a polymerization inhibitor 
(60-13). Generally, potassium ferricyanide is used at 0.002 
to 0.35% of the grout as a whole. Thus the setting time can 
be considerably increased and regulated to extend to over one 
hour. Very long setting times (several hours to several days) 
seem to be very difficult to obtain without affecting the 
final properties of the resin. 
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Setting time is c o nsiderably influenced by tempera­
ture, the speed of the reaction following ARRHENIUS' law 
quite closely. To simplify a bit, it could be said that the 
setting time is tripled each time the temperat ure is lowered 
by 10°C. An example of the relationship between setting time 
and temperature is shown in fig. 16. 

Setting time can be affected by the pH of the 
medium, the pH of the water in the solution or the pH of 
the water in the ground. As a general rule , setting time 
increases and can become unpredictable in an ac id medium 
while it decreases sharply in an alkaline me dium. An ex­
cessively high pH can also bring about partial saponifica­
tion of the monomer and thus harm the grout' s final perform­
ance. To avoid these problems, one can buffer the grout 
with a mixture of disodium and trisodium phosphate at a pH 
o f about 9.2 to 9.6. 

Some salts, like certain metals (iron , copper), 
can modify the setting time as can ultra-vio let rays, which 
are powerful polymerization initiators. 

It should be noted that, like all aqueous grouts, 
these grouts are sensitive to frost, but are compatible with 
currently used antifreezes. This property al l ows them to be 
worked at temperatures below O°C for exceptional cases. In 
short, these somewhat reticulated acrylamide ba s e products 
allow the user to easily regulate their setting t imes over 
a wide range of temperatures. 

6.33 Mechanical Properties 

These grouts have been the subject o f some 
tests of unconfined compressive strength car r i ed out on 
pure gel. These tests show that the resin alon e has 
low mechanical strength (a maximum of a few g/cm2) but 
great flexibility (20 to 40%) with purely elastic behavior. 
In any given dilution, the mechanical propert ies will 
be affected by the degree of reticulation and the propor­
tion of catalyst used (essentially by the ammonium 
persulfate). 

degree of reticulation__.?1 
~ 

proportion of AP 

strength 
~ 
':::il 
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Given the weak mechanical properties of the grout 
alone, one could expect mediocre strength in the sand treated. 
But the excellent glueing power of this material causes the 
grouted ground to acquire notable strength, even when the 
monomer content is low. The coefficient 
strength in ground 
strength of pure grout is about 50. 

A study of the mechanical properties of one of 
these grouts (AM-9) compared with those of other types of 
grouts is set forth in a document (72-04) which has been 
a subject of discussions (73-03, 74-07). Laboratory tests 
have also allowed a determination of the mechanical behavior 
of AM-9 in the ground treated (58-01) as well as the behavior 
of acrylates in the treatment of ground surfaces (53-03). It 
should be noted, however, that these grouts will never give 
high strengths. Grouts with the right setting time to be 
really workable will never give results exceeding a dozen 
bars in the treated ground. In most cases, these strengths 
attain between 4 and 10 bars. 

It has been mentioned that strengths are affected 
by the degree of reticulation and the proportion of dry matter 
used. However, the effect of the degree of reticulation 
becomes limited as the proportion of .~ry matter is increased. 
One can thus consider that the 10% reticulant content in AM-9 
attains and even exceeds the optimum dose. 

As the proportion of basic resin used increases, 
so the grout's strength increases. However, the cost of a 
grout using large proportions of resin is quite high, so that 
the proportion of resin used is usually 10%. 

6.34 Permeability after Injection 

The impossibility of obtaining strong mechanical 
properties has often caused the acrylamide grouts to be used 
for waterproofing. Consequently, the manufacturers have 
begun defining an intrinsic permeability in the treated 
ground, the overall permeability being obviously linked 
to the quality of the injection. The tendency is to assert 
that AM-9 is completely impermeable. 

In fact, sand treated with AM-9 is not totally 
impermeable, nor is the pure grout. There is no real per­
meability in the sense intended by DARCY, for the phenomena 
causing water to percolate are very complex (osmosis). 
For the sake of consistency and simplification, we will say 
that there is some permeability. Measurements have put 
Kat about 10-10 m/s or even 10-12 m/s. Since this permea­
bility is comparable to that found in clays, it is reason­
able, in view of the degree of watertightness desired, to 
conside r such a grout impermeable. 
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6.35 Durability 

Recent tests have shown the performance of these 
grouts to be excellent under conditions of slow, gradual 
stress: gradual breaking-in, pressure, slackening (76-01). 

Provided that the grout contains enough reticulant., 
polymerization leads to a stable, practically insoluble pro­
duct whose durability is thus guaranteed. It must be remem­
bered, however, that a fraction of these grouts can remain 
hydrolyzable. In some very alkaline mediums, or if the degree 
of reticulation is insufficient, part of the grout, even if 
it is polymerized, can hydrolyze and once again become soluble 
in water, thus disturbing the properties of the treated 
ground. 

6.36 Toxicity 

Studies undertaken by AMERICAN CYANAMID have shown 
that even if the primary products used are highly toxic and 
require certain precautions at the time of us, the polymer 
obtained loses all of this toxic character. Also, any pro­
ducts which might leach out of the grout (salts, hydrolyzed 
matter) are likewise harmless, provided that the formula 
used was successful in bringing about nearly complete 
polymerization. It should be noted that free acrylamide is 
rapidly absored by certain micro-organisms, which also limits 
long-term toxicity. 

6.37 Behavior of Polymerized Grout in Presence of Water 

AM-9 grout has a remarkable property: after 
polymerization it forms a nearly perfect colloidal gel. 
Once immersed, the gel can absorb even more water than was 
used in its preparation and this quantity further increases 
if there is little reticulation. In the most extreme case, 
the grout could thus swell indefinitely and practically dis­
solve. Conversely, if the degree of reticulation is too 
high, the grout will contract and expel water as it sets. 
This behavioral characteristic explains how the hardened 
grout, after losing water through drying, can reabsorb water 
if it is moistened. Such phenomena in treated ground occur 
slowly, and usually do not have to be taken into account. 
On the other hand, this characteristic explains why these 
resins have been used so successfuly for waterproofing con­
crete structures. 
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6.4 Acrylamide Base Grouts 

Acrylamide grouts can be modif i ed by many different 
compounds. For economy one can add substances (sand, filler) 
used in cement, but the resulting products fall outside the 
scope of this study. 

On the other hand, they can be combined with many 
other grouts: silica gels, colloidal suspensions, bituminous 
emulsions and others. These grouts will be analyzed elsewhere 
in this study. 

6.5 Preparation and Injection Technology 

Since chemical manufacturers have developed these 
grouts, in an effort which parallels their marketing pro­
grams, they have endeavored to identify the technologies 
which should be used in the preparation and injection of 
these products. When they first appeared, these grouts 
constituted a revolution both for their properties of 
injectability and for their setting characteristics. Conse­
quently, many authors sought to develop techniques appropriate 
to the properties and applications of the grouts. Three 
methods can be used to prepare the grout: 

1) the continuous method 
2) the semi-continuous method 
3) the discontinuous, or interrupted, method 

Fig. 17 shows diagrams of these methods. 

A general description of the various techniques 
as applied to different purposes (surface, injection into 
the ground, oil drilling) has been given by JOHN P. GNAEDIN­
GER (55-01); the procedures suitable for injection have been 
described by R.H. KAROL (60-06). 

The traditional discontinuous method of prepara­
tion is unquestioningly accepted and used the most frequent­
ly. The other two have been the subject of special publi­
cations: (63-18, 99-15) for the continuous method and 
(62-10) for the semi-continuous method. The general prin­
ciples of grouting are also defined (54-05, 57-02, 72-03, 
73-01) as well as the grout's movement through the ground 
(68-02, 61-13, 57-01). 

6.6 Applications 

As has already been indicated, there are three 
types of applications for acrylamide resins: 
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{) a) discontinuous preparation 

0 
b) semiotinuous preparation 

RHONE-PROGIL (99-13) 

a c) continuous preparation 

Fig. 17. Grout Mix Preparation Methods 
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1) treatment of ground surfaces 
2) oil-well drilling 
3) ground grouting and, by extension, concrete 

and masonry structures 

There is a great deal of literature dealing with 
applications of these products, even where the applications 
have been few in number, mainly due to the revolutionary 
nature of the grouts in terms of injectability and setting 
characteristics. 

Acrylate compounds (51-06, 57-05, 60-04) have been 
used most often for the treatment of ground surfaces. For 
injection into soils, acrylates have been very little used 
although they have been recommended in a general manner 
(62-17). It is therefore the acrylamide-base grouts which 
are used most frequently for grouting. 

Although the merits of these grouts have been 
universally recognized (61-08, 63-03, 63-37, 65-01, 67-02, 
67-04, 69-03, 69-06, 74-09, 62-04), their rather high price 
makes them generally noncompetitive with silica gels and 
phenoplast resins, which are more economical and offer a 
broader range of performances. As a result, applications 
vary widely from one country to another. This type of grout 
has not been used very extensively in Europe, although 
there are a few references to its use in Great Britain, 
notably for the construction tunnels and wells (63-06, 
63-05, 65-05), and in France (99-15). Although a major 
consumer of these products over the last decade, Japan 
offers little information on uses made of them, aside from 
advertising material put out by manufacturers and contractors. 

Most of the data concerning applications comes 
from North America. In addition to the general articles 
noting possible uses for these resins in injections (57-01, 
61-05, 74-09, 63-31, 54-05, 57-02, 61-04), one should take 
special notice of: 

-Applications in mines for support structures 
(64-04) or to stop seepage (60-03, 61-09). A 
comparative study with various other_grouts 
(silica gels, lignochromes) was carried ~ut for 
AM-9 (62-11). It seems that these techniques have 
been primarily developed in Canada. 

-In the field of civil engineering, t~ese g~outs 
have been used to consolidate foundation soils for 
various structures (69-01 , 70-01, 61-11, 59-03, 
55-10, 54-01) and for dams (66-02, 63-27, 62-23, 
63-18, 65-15). 
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-Ground waterproofing and consolidation for the 
construction of tunnels, mine galleries and wells 
(62-10, 62-08, 62-09, 64-06, 59-12, 59-07, 63-32, 
62-06, 62-03, 64-01, 64-03, 64-07, 61-12, 63-27). 

-Finally, acrylamides have also been used to allow 
sampling of powdery soil through core-drilling 
(62-14) and to stabilize quicksand (60-02). 

6. 7 Rating 

The polyacrylamide resins constitute a range of 
grouts with remarkable properties: low viscosity which 
remains practically constant until the point of set, setting 
times which can easily be regulated over a wide range. Thes e 
characteristics make such grouts very easy to use. 

These grouts, however, do not confer strong mech­
anical properties on the ground treated, and the toxicity 
of the primary products used and the risk of contamination 
resulting from a poorly formulated grout necessitate specia l 
p recautions. Commercial products which are ready for use 
allow small users to avoid risks, but on work sites where 
many tons of these products must be used, it is more 
,economical to start with primary products and formulate 
t he grout at a mixing plant. 

The primary products used in the manufacture of 
these grouts are petrochemical derivatives, which is a 
handicap within the scope of this study, especially since 
these grouts must contain at least a minimum percentage 
of them. The usual proportion of petrochemical derivatives 
i s about 10%, or 100 kg of primary product for each m3 of 
g r out. 

.. - ---

Table 9. Rating Chart, Polyacrylamides 

Cr iterion Percentage ! in Waterproofing in Consolidation 

1 30 2 0.6 1 0.3 
2 10 8 0.8 8 0.8 
3 10 9 0.9 8 0.8 
4 10 9 0.9 9 0. 9 
5 5 3 0.15 2 0.1 
6 1 5 7 1.05 7 1.05 
7 20 2 0.4 1 0.2 

4.80 4.15 
I 
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7. CATEGORY A-6: PHENOPLASTS 

7.1 Introduction 

Basic research on the condensation of phenols in 
combination with aldehydes dates back to the last century. 
But BACKELAND, in 1909, was the first to obtain patents on 
the industrial preparation of phenoplasts. 

The concept of possible applications for these sub­
stances in the field of civil engineering doubtless stems 
from the considerable development they underwent for use as 
glues and it is in the numerous reference works on these glues 
that are found the antecedents of the products which are of 
interest to us today, for example, Pt. SMITH (Synthetic 
Adhesives 1 1943). 

It was not really until the Second World War, 
however, that the use of these resins was contemplated for 
grouting, principally in the oil industry, and as a substi­
tute for asphalt in the treatment of ground surfaces, and it 
was not until the 1960's that resins of this type were used 
for grouting in underground and foundation construction. 

Phenoplast resins are polycondensates obtained 
through the reaction of phenol on an aldehyde. These resins 
set under heat and, in their final form, assume a three­
demensional structure which is insoluble and non-fusible. 
This structure can be outlined as follows: 
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The conversion from the initial state to the final 
insoluble, non-fusible product can take place in many different 
ways. In general, polycondensation can be achieved by one-step 
or two-step processes (the creation of a precondensate). The 
reaction can take place in either an acid or alkaline medium. 
Many different catalysts have been suggested, but there are 
even other possibilities: 

acid catalysts: Hydrochloric acid, sulphuric, 
phosphoric, boric acid; organic acids: acetic, 
lactic, formic, oxalic, tartric, citric acid, etc. 

basic catalysts: sodium hydroxide, potassium 
hydroxide, ammonia, milk of lime, barium hydroxide, 
aniline, hydrazine, 1-cyanoquanidine, p-aminophenol, 
xylidine, toluidine, benzidine, diphenylamine, 
piperidine, dimethylamine, paraminodimethylaniline, 
etc. 

salts: sodium carbonate, zinc chloride, trisodium 
phosphate, sodium phtalate, ammonium bicarbonate, 
calcium chloride, ammonium chloride, stannic 
chloride, calcium bromide, sodium salicylate, 
sodium thiocyanate soaps, such as stearates, 
palmitates, oleates, resinates, etc. 

A careful choice of catalyst and the proportion 
used can affect considerably the speed of the reaction and also 
the properties of the final product. 

At ambient temperature, a basic catalyst generally 
will not work, but an acid medium is rarely suitable for grout­
ing: if the soil is at all chalky, the catalyst will react 
immediately with the calcareous particles and thus lose all 
effectiveness. 

In 1955, in a publication outlining the various 
organic products which could be used in ground treatment, T. A. 
MARKUS stipulated that phenol-formaldehyde resins could not 
successfully be used for this purpose because they could not be 
made to polymerize at low temperatures and at low pressures 
(55-09). 
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Research on wood glues, in ' particular that conducted 
by G. F. LITTLE and K. W. PEPPER (Chemical Research Laboratory, 
Teddington, Middlesex), has shown that the pH of the medium 
has a strong effect on the speed of the reaction, but also that, 
with most phenols, the substance would set at normal tempera­
tures (20°C) only in an acid medium. Only certain polyphenols, 
of which resorcinol is one, can react in an alkaline medium. 

In a broad sense, polycondensation of different 
phenol-aldehyde combinations in an alkaline medium can be 
obtained only by raising the temperature of that medium. 
This is what happens, thanks to geothermal temperatures, in 
the case of grouting for purposes of oil-well drilling. In 
conjunction with this, there is a multitude of patents, 
primarily American, claiming that it is possible to treat 
subterranean formations with phenolic resins. For these 
purposes, all sorts of phenols and aldehydes are recommended. 

Most authors specify that polycondensation is ob­
tained through the elevation of temperature, since most of 
these injections take place deep in the earth. Some authors 
are content to specify only that solidification of the resin 
takes place at the temperature of the site injected. Further 
details on these points are available in the following refer­
ences: 36-07, 42-08, 43-02, 44-09, 44-18, 47-11, 48-20, 49-16, 
49-17, 40-05, 50-16, 50-17, 52-14, 54-11, 55-11, 55-13, and 
57-20. This list is obviously not exhaustive, and some of 
these references might be considered rather irrelevant. 

In a certain number of cases, the use of highly 
reactive phenols in combination with ordinary phenols has 
been recommended, permitting final condensation at relatively 
low temperatures. In all these cases, a precondensation of 
the phenol-aldehyde combination is brought about until the 
substance reaches an intermediate stage where the resin is 
still slightly soluble in water or can be put into suspension 
(in some cases an oil-soluble precondensate is used). The 
product injected is thus still viscous (in principle, some 
hundreds of centipoises). 

These two conditions, that the product used be 
viscous, and that it be injected deep into the earth where 
the temperature is higher, rule out the use of the products 
advocated here for the grouting of fine soils near the sur­
face of the ground. 
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However : in some cases it has been specified that 
the rise in temperature necessary for condensation could be 
obtained by applying heat externally. This approach is 
obviously theoretically possible for grouting, but no actual 
cases of using the procedure have been been found. It is 
likely that technical and, especially economic considerations, 
would maike this procedure unfeasible. 

Military needs during the last world war generated 
extensive research on the stabilization of ground surfaces. 
The objective of this research was to find products which 
could be substituted for asphalt and used in much smaller 
quantities, for the purpose of stabilizing clayey soils by 
plugging them with small quantities of resin. The products 
and procedures used do not meet the definition of grouts, 
although in some cases there are formulations which could 
be used, in principle at least, as grouts (72-10, 52-09). 
The name of WINTERKORN, well known in the field of grouting, 
occurs _in connection with this work. G. E. MURAY (52-03) 
and MARKUS (55-09) have reviewed the principal products 
used for stabilization. 

7.2 Products Useable in Grouting 

The procedures given above for the condensation of 
phenol with an aldehyde do not produce the conditions neces­
sary for soil grouting, since the substance must be heated to 
keep the precondensate from being too viscous, or an acid 
catalyst must be used which is precluded by the fact that 
normal soil is always at least slight alkaline. This is 
why this approach for grouts has not been pursued, with the 
exception of an example cited for Roumania (73-03) where 
a formol-formaldehyde precondensate, catalyzed by an acid 
and whose viscosity was lowered through dilution with acetone, 
was used. 

It was not until the 1960's, following the CARON 
patent (59-17), and the applications of that technique 
abroad (63-37, 67-07), that phenoplasts could be used for 
grouting. This process involves a substance highly reactive 
in unheated conditions, even in a dilute medium of the 
resorcinol-formaldehyde type catalyzed in a basic medium. 
The level of viscosity at the time of preparation ranges 
from 1.5 to 2.5 cP depending on diluteness. By varying the 
diluteness it is possible to obtain grouts suitable for 
consolidation (up to 60 some bars) or for waterproofing. 
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These basic advantages over other grouts in exis­
tence at that time (silica gels with high concentrations of 
silica and therefore viscous, and acrylamides, which would 
not produce strong consolidation) led rapidly to important 
applications of this new process. 

This new market caught the attention of chemical 
concerns. Without always realizing that the outstanding 
feature of these grouts was their low viscosity, these 
chemical concerns researched and marketed a certain number 
of products based on highly reactive phenols, in one form 
or another, which were all somewhat viscous. The best known, 
RHONE-PROGIL in France and BORDEN in Great Britain, marketed 
two products whose nature and properties were rather similar: 

ROCAGIL (PROGIL Co., France) This product is 
made up of a solution of partially sulfonated 
polyphenols of natural origin (tannin) which 
reacts with formaldehyde in an alkaline medium. 
The properties of this grout are similar to those 
obtained with a resorcin-formaldehyde grout ex­
cept that the viscosity of ROCAGIL is considerably 
higher: from 5 to, 10 cP, depending on the degree 
of concentration (71-04, 72-03). 

GEOSEAL (BORDEN, Great Britain) This product 
is also ready mixed and needs only to be dissolved 
in the desired amount of water. According to the 
terms of the BORDEN patent (66-08), it includes a 
mixture of tannins and mimosa extract and occasion­
ally a phenolic precondensate, which polymerizes 
in the presence of formaldehyde or paraformaldehyde 
in an alkaline medium. The substance's viscosity, 
which ranges initially from 2 to 12 cP, depending 
on its concentration, alters considerably before 
the set. The mechanical properties obtained are 
weaker than those obtained with the resins described 
previously. 

Another product, TERRANIER (RAYONIER Inc., U.S.A.) 
should also be mentioned here, since it contains in part a 
polyphenol base. There is some ambiguity about the reaction 
mechanism of this product which, in some ways, could be 
grouped with the lignochromes since the properties of the 
final product are rather close to those of lignosulfite-base 
grouts. 
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Other than commercial products, which are general­
ly complex and poorly defined, phenoplast grouts always 
contain resorcin or by-products containing large amounts of 
resorcin (KARGUINE 70-20 and DEMINE 71-07, 73-07). Since 
resorcin is not an industrial chemical, but a pharmaceutical 
product, much research has been conducted to find a way 
to partially replace it by different phenols in precise propor­
tions. All sorts of different phenols have been tried 
(ordinary phenol, cresols, xylenols, 65-23). 

Another polyphenol has also been proposed: 
phloroglucinol. Since this is a triphenol, it is even more 
reactive than resorcinol. But as only small quantities of it 
are produced industrially, at an extremely high price, it 
remains primarily an object of scientific curiosity which 
has never progressed beyond the laboratory. 

The aldehyde used is practically always formalde­
hyde in a 30 to 40% solution in water. Paraformaldehyde 
can be used as a substitute since it is cheaper to transport, 
but this product is somewhat harder to use since it does not 
dissolve readily in water. Furfural has also been recommen­
ded. 

7.3 General Properties Of Phenoplast Grouts 

In the field of grouting, it is not the resin's 
chemical properties which are critical, but its characteris­
tic properties with respect to the different qualitative 
standards used to judge grouts: rheological behavior before 
setting, setting time and mechanical strength of treated 
ground. To these can be added properties involving the envi­
ronment: durability with regard to ion stress and toxicity. 
It is therefore of great theoretical interest to examine 
the behavior of the resorcinol-forrnaldehyde basic resin, since 
the mechanical process of polycondensation of these two 
materials in combination adheres to strict rules. Other 
products which have been suggested can be analyzed similarly. 
A typical grout would be composed of resorcinol, formalde­
hyde, water and a catalyst. 

A theoretical outline of the three-dimensional 
structure of the resin obtained after the set shows that one 
molecule of resorcinol reacts with 1.5 molecules of formalde­
hyde. These theoretical proportions have been verified 
through experimentation. It has been noted that optimum 
mechanical properties are obtained from this molecular ratio: 
resorcin 
formaldehyde. 
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If carefully accounted for in the dilution, a 
disproportionately high amount of formaldehyde will have 
practically no effect on the grout's principal properties. 
It must be noted, however, that this surplus of uncombined 
formaldehyde may come out of the resin after the set and 
pose toxicity problems. Thus, it is advisable to measure 
the amount of formaldehyde used carefully, so that it will 
correspond as closely as possible to the theoretically 
correct amount. 

The second important point in formulating a grout 
is the proper amount of catalyst. Research has shown that 
the amount of catalyst to be used corresponds approximately 
to the amount needed to adjust the pH of the reactive medium. 
Minimum setting time is achieved with a pH of about 9.3. 
Pronounced variations in concentration of resorcin­
formaldehyde products have little effect on the initial pH 
of the reactive medium. The proportion of catalyst required 
to adjust the pH to an optimal level remains practically 
constant, so that the proportion of catalyst to be used is 
most often expressed as a percentage. 

Thus, formulation for these grouts is quite simple. 
Since the amounts of resorcinol, formaldehyde and catalyst 
are clearly fixed, only the diluteness (amount of water) can 
vary. 

Catalysis of these resins, however, involves com­
plex phenomena requiring parameters different from those 
defined in the initial reaction outline. Unlike industrial 
resins, phenoplast grouts retain all their constituent pro­
ducts, in particular the catalyst, now chemically attached to 
the resin, which can form secondary bridges in the network, 
or even bonds with the skeleton of the grouted soil. Certain 
additives can also be incorporated into the resin to create 
such bridges between the grout and the ground. Products of 
this type are especially in demand for applications in the 
oil industry (62-30, 62-32, 65-09). 

7.31 Viscosity 

This is the notable characteristic of these grouts 
and it is this parameter, rather than the fact that they are 
organic resin gels, which differentiates them from other types. 
For most purposes, these resins will have a viscosity of about 
1.5 cP. This viscosity is not much affected by the amount of 
dry matter used. It is also curious to note that viscos i ty 
remains practically constant right up to the point of sf,t. 
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7.32 Setting Time 

The setting time of phenoplast grouts is propor­
tional to diluteness: the more dilute the solution, the 
longer the setting time will be. With very dilute solutions, 
the setting interval can become very long (> 48 h), with the 
risk of making the grout unusable. 

Products have been suggested for accelerating the 
setting time (alkaline metal salts or salts of alkaline 
earths, alkylolamines). With these products, the setting 
time of highly dilute solutions can be shortened. It should 
be noted, however, that the cost of these additives can in 
some instances have a strong effect on the final price of 
the grout. It is therefore preferable to use more concen­
trated formulations which give better mechanical strengths, 
in order to avoid increases in cost. It would also be pos­
sible to change the aldehyde, but for economic reasons only 
formaldehyde continues to be used, since the gain in speed 
of reaction is not significant with other aldehydes. The 
same principle is true for catalysts. In some cases it is 
preferable to use combination grouts: silica gel-phenoplast 
or lignochrome-phenoplast. In these cases, a fast-setting 
silica gel or lignochrome is used to produce a false set, 
with the resin polymerizing subsequently (70-02). Silica 
gels can be used in weak concentrations and thus do not 
affect the viscosity of the substance; lignochromes, however, 
must always be used in large proportions. In both cases, the 
final properties of the hardened grout are determined mainly 
by the phenoplast resin. 

7.33 Mechanical Properties 

In the field of grouting, little research has been 
done on tensile strengths on pure resins or on resin-sand 
mixtures as found in treated terrains (VAN LOON 71-06). 
Similarly, for unconfined compressive strengths, emphasis 
has always been placed on the behavior of grouted grounds, 
thus on sand-resin mixtures. As noted above, since ratios 
of reactive components are fixed, the strength of a resorcin­
formaldehyde grout depends on concentration, which is also 
true for grouted sands. This relationship can sometimes be 
altere d by the use of special catalysts or additives. 

7.34 Durability 

After setting, the resin retains its dilution 
water in the form of a colloidal gel. Since this water is 
not chemically bound, it can evaporate and cause the resin 
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to shrink. Even if the colloidal gel obtained is somewhat 
similar to that obtained with polyacrylamide resins, their 
very different macromolecular structure makes their behavior 
also very different. As the gel dries out it can contract 
and crack irreversibly. Thus, for the treatment of ground 
surfaces where heavy evaporation can pose serious problems, 
dehydration causes disintegration in the treated ground . 
The same phenomenon can occur in areas subject to alternating 
cycles of flooding and drying out, again in the context of 
the usual range of concentrations recommended. The fact 
that most of the condensed resin's electrolytes are totally 
insoluble in water guarantees excellent long-term behavior. 

7.35 Toxicity 

The raw materials used, resorcinol, formaldehyde 
and catalyst, are all toxic and caustic and these character­
istics must be considered in different degrees during the 
preparation and the injection of such grouts. 

If the resorcin and formaldehyde have been used in 
the proper proportions, they will have combined completely 
after the set and become practically inert. Only small 
amounts of catalyst may sometimes bleed out of the resinous 
matrix, but only with difficulty because, as is the case with 
syneresis of silica gels, the resin skeleton is of sand. 

7.4 Possible Modifications In Resorcin-Formaldehyde Grouts 

7.41 Use of Aldehydes other than Formaldehyde 

Other aldehydes may be substituted for formalde­
hyde. Paraformaldehyde will give comparable results pro­
vided it is completely dissolved. Furfural is of great 
interest because of its plant origin, but its possibilities 
for grouting have not yet been thoroughly explored. 

7.42 Substitution of Other Phenols 

DEMINE (71-07, 73-03) patented the use of a rudi­
mentary shale phenol, a product of shale distillation which 
contains a remarkably high proportion of resorcin-alcoylate 
derivatives. According to DEMINE, the grout's principal 
properties (mechanical strength, initial viscosity, and 
setting time) are good. 

GRANIER (65-23) has researched the reaction re­
sulting from a partial substitution of phenol for the resor­
cin. The substituting molecule inserts itself in the macro­
molecular network and this substitution process always 
assumes clearly defined proportions (1 molecule of phenol 
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for 2 of resorcin). The usual proportions of formaldehyde 
and catalyst can be considerably modified in some cases. 
It is therefore necessary to determine the optimum level of 
formaldehyde and catalyst for each of these products. In 
some cases, these products are not sufficiently reactive to 
permit rapid condensation and, at ambient temperature, 
mechanical properties can be altered. There is also a tox­
icity problem. Since the monophenols used are much more toxic 
and caustic than resorcin, even if very serious precautions 
are taken at the time of injection, there is still the 
danger that these phenols may remain partially free after 
the grout has set. 

7.5 Applications 

As noted previously, these products have been used 
in the oil industry and for the treatment of ground surfaces. 
Even if these injectable resins have been used as grouts, it 
is essentially because of their low viscosity, which places 
them, like polyacrylamides, in a distinct category in the range 
of grouts. Thus, injections of phenoplast resins are used 
primarily to complement injections of silica gel in the treat­
ment of fine sands and silts. 

In defining the principles df grouting and the 
principal grouts used, CAMBEFORT (61-09) as well as ISCHY 
and GLOSSOP (62-17) have made note of the first applications 
of resorcin-formaldehyde for grouting fine and silty sands. 
The symposium organized in LONDON in 1963 discussed at length 
the possibilities for these grouts ("Grouts and Drilling Muds 
in Engineering Practice" 63-03, 63 - 04, 63-08, 63-37). 

Since the original patent was very solid, nearly 
all applications of phenoplasts have been done by the group 
SOLETANCHE-RODIO using the resorcinol-formaldehyde process. 
For many years this resin was practically the only one used 
on a large scale and has been mentioned in numerous publi­
cations (65-01, 65-08, 67-02, 67-04, 69-03, 70-01, 72-02, 
74-09). 

But it was really in the grouting work done in 
the Paris Rapid Transit System (Reseau Express Regional, 
R.E.R.) that the phenoplasts earned their credentials, since 
some 17,000 cubic meters of Beauchamp sand were treated with 
more than 5,000 cubic meters of phenoplast grout at the . 
AUBER Station (70-04). It was during this period that ready­
mixed products began to appear, such as ROCAGIL (of RHONE 
PROGIL) , GEOSEAL (of BORDEN) and TERRANIER (of RAYONIER), 
which have been used in Europe and the United States. 
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7.6 Rating 

Since the phenoplast resins can polymerize in an 
alkaline medium without being heated, they constitute an 
interesting, but relatively limited, range of products. 
Their principal advantages are their low viscosity and the 
fact that they can easily be used to regulate the strength 
of the treated ground. 

Given the same properties (initial viscosity, 
grouted ground strength), these resins are still intrinsi­
cally more promising than polyacrylamides or aminoplasts. 
Aminoplasts are only rarely usable. Phenoplasts, which can 
be used for grouting at ambient temperatures, of course must 
contain a preponderant proportion of resorcin. Their econo­
mic advantage will depend primarily on the price of this 
product, which has been fluctuating wildly for some years. 

Table 10. Rating Chart, Phenoplasts 

Criterion Percentage For Waterproofing For Consolidation 

l 30 5 1.5 5 1.5 
2 10 6 0.6 8 0.8 
3 10 8 0.8 9 0.9 
4 10 9 0.9 9 0.9 
5 5 4 0.2 4 0.2 
6 15 7 1.05 7 1.05 
7 20 4 0.8 4 0.8 

5.85 6.15 
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8. CATEGORY A-7: AMINOPLASTS 

8.1 Introduction 

The first observations concerning the reaction of 
formaldehyde with urea date back to the beginning of the 
19th century. The mechanisms of this urea-formaldehyde con­
densation reaction are very complex, and thus induced a 
multitude of theories, none of which has clearly explained 
the reaction mechanism itself. 

It would probably be JOHN (1918) who could 
claim to have been the first to manufacture resins of this 
type. Many processes have been developed since then, es­
pecially since 1925 when the first industrial urea manufac­
turing facilities began to appear. This development has 
been spurred by the fact that urea has become a relatively 
inexpensive raw material. Aside from molding powders, amino­
plast resins have been used extensively in the field of bind­
ing materials, paints and glues. Applications in civil 
engineering, principally for the stabilization of ground 
surfaces, date from the second world war. 

Arninoplast resins harden under heat. Polyconden­
sation of a compound such as urea with an aldehyde (formal­
dehyde) leads to a stable tridirnensional macromolecular net­
work. The solid obtained from the last phase of condensa­
tion is practically non-fusible and insoluble. The process 
of condensation which converts the initial products (urea 
and formaldehyde, for example) into the final non-fusible 
insoluble resin passes through successive stages. This 
conversion from the initial state to the final one can ~e 
accomplished in various ways: through single-phase polycon­
densation or through the use of an intermediate preconden­
sation stage, at which point the resin is still soluble in 
water or another solvent. 

The basic constituents from which aminoplast resins 
are obtained are urea, melamine, ethylene urea, propylene 
urea, carbonates, benzaguanadine, aniline and also acrylamide. 
For the most part these products are inorganic chemicals. 
The aldehydes which can be used are primarily formaldehyde 
and its polymers (paraformaldehyde, glyoxal, furfural). 

Even though methylolation can take place in either 
an acid or a basic medium, the final stage is always attained 
in an acid medium. The study of the reaction mechanism is 
most complex. Kinetic analysis of the reactions (J. I. de 
JONG and J. de JONGE, ZADOR) tends to prove that final 

96 



polycondensation can take place only in a positively acid 
medium. This phenomenon explains why all attempts to ob­
tain an arninoplast grout in an alkaline medium or in a 
medium which is only slightly acid, in order to avoid attack­
ing carbonates in the ground, have never given products 
which performed well. 

In general, the concept of using these resins for 
ground treatment stems from the extensive use of aminoplasts 
as glue, essentially an induction and impregnation product. 
The products recommended for such applications come quite 
close to what is expected of a grout. The following refer­
ences concern these grouts and various industrial products 
and, in a way, constitute the antecedents of the aminoplasts 
proposed for ground treatment (19-03, 19-04, 24-02, 25-01, 
25-02, 28-05, 20-06, 29-08, 30-10, 31-13, 33-11, 34-05, 
34-06, 35-07, 35-08, 35-09, 39-08, 39-09, 39-10, 39-11, 
39-12, 40-09, 40-10, 40-11, 41-09, 41-24, 41-25, 42-13, 
42-14, 43-19, 43-20, 43-21, 44-19, 45-12). 

As with the phenoplasts, the oil industry first 
contemplated using aminoplasts for grouting. Claims have 
been made for various processes for grouting in connection 
with oil drilling and oil-bearing strata (44-10). In par­
ticular, urea and melamine have been suggested in some pat­
ents as partial or total replacements for phenol. These 
patents have been cited in the analysis of phenoplasts. 
Most of these processes call for a viscous precondensate, 
sometimes in solution in a hydrolyzable organic solvent 
(51-11). Final polycondensation, by preference catalyzed in 
an acid medium, is accelerated by the high temperature in 
the injected strata. In some cases, the precondensed resin 
is in suspension in water (48-20). Furfural thiourea resins 
have also been proposed for cementing oil-well drill-holes. 
In this case, the resin will contain sand, bentonite, melamine­
forrnaldehyde, wood fiber, etc. (44-14). For the same purposes 
melamine-formaldehyde resins containing gypsum have been 
recommended (49-18). 

Reference material covering the use of aminoplasts 
in the oil industry is much less abundant than that covering 
phenoplasts. Arninoplasts are especially favored for the 
stabilizing of ground surfaces. WINTERKORN in particu~ar has 
researched the various types of resins which can be used for 
soil stabilization: urea-formaldehyde, urea-furfural, 
aniline-furfural (45-04). This research indicates that the 
resin obtained from the reaction of aniline on furfural 
(47-04) gives the best performances. The bulk of the refer-
ence material concerns this type of resin (50-03, 50-09, 50-11, 
52-03, 52-07). Although it was specified that these products 
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were for stabilization, these resins were cited by BEACHES 
in "Chemical Grouting Report". 

MARKUS (55-09) recalls the principal types of resin 
used for stabilizing soils. Certain types of resins, such 
as those based on methylolurea and melamine, do not seem 
very promising because of their poor water resistance. Else­
where, however, melamine-formaldehyde resins are reputed to be 
highly resistant to hydrolysis. MARKUS, on the other hand, 
thinks that sulfamate-formaldehyde-base products are assured 
a brilliant future. This resin, however, seems to be obtain­
able only through heating. 

8.2 Aminoplasts As Grouts 

For various reasons, high viscosity, temperature 
factor, resin in suspension, these products cannot be con­
sidered grouts in the sense used in this survey. These 
resins have enjoyed only very limited development as grouts 
because they must be catalyzed in an acid medium. Since 
most soils are chalky, an acid catalyst is effectively des­
troyed before it can affect the grout. 

Various products and processes have been recommen­
ded which would enable condensation to take place in a 
neutral or slightly acid medium and eliminate the attack of 
carbonates in those conditions which would otherwise favor 
such an attack. Thiourea-furfural resins have also been 
proposed, since they can condense at a pH of 5.5 to 6.5 
(43-06), as well as methane-furfural resins which can con-
dense at a pH of 7 (43-13). The characteristics of the end 
products are not described. It seems, however, that the 
temperature must be raised before the resin will reach its 
final state (oil industry applications). Some authors propose 
urea-formaldehyde aqueous solutions catalyzed in a definitely 
acid medium, but they make no mention of lime in the ground. 
In some cases there is an element of ambiquity, as the author 
speaks of injections for purposes of soil stabilization (65-16). 

Since a catalyst whose pH is close to neutral can­
not give satisfactory results in calcareous ground, it is 
necessary to destroy the carbonates by a pre-injection of 
an acid solution (69-03). This technique is rather costly, 
increasing the size of the voids which must be treated later, 
and has not enjoyed much success, except in the u.s.s.R. 
There is also some danger that the destruction of part of the 
soil's components may create imbalances. Finally, the acid­
ification process itself may increase the ground's permeabil­
ity to the point where chemical grouting is no longer neces­
sary. 
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Based on present knowledge, aminoplast-base 
grouts are catalyzed in an acid medium and should be injected 
into ground which is completely free of any elements which 
might react with the catalyst. 

Although many products have been recommended, it 
seems that only urea, a relatively inexpensive product, is 
used, the other products being expensive (melamine, 
thiourea), or hard to handle, mainly because of their tox­
icity (aniline). Urea is sometimes combined with formal­
dehyde, sometimes with furfural. 

Generally it is recommended that one start with an 
industrially prepared precondensate, obtained under heat and 
in an alkaline medium. Condensation is halted while the pro­
duct is still soluble in water. Final hardening is obtained 
at the actual worksite through the addition of an acid 
catalyst. The use of this intermediate stage permits better 
control of the reaction and avoidance of sudden setting. 
For example, in France RHONE-PROGIL markets such a resin for 
grouting in coal mines. 

Precondensed resins have also been used in Poland 
(62-12) and in Hungary, where different types have been 
examined for viscosity, setting time and mechanical proper­
ties (63-24). An examination of these resins' possibilities 
for injection as well as for surface treatment is included 
in the general work by GONCAROVE (73-13). With regard to 
research carried out in the U.S.S.R. on this topic, it would 
be useful to consult the article by KORZHENKO and MULYUKOV 
(69-09) which gives interesting figures on successive changes 
in the pH of a given resin leading to a critical point at 
which condensation occurs. 

In the majority of cases encountered, the use 
of a precondensate is recommended, but it should be noted that 
a precondensate will give a product which is more viscous 
than that obtained from primary products (monomers). Thus, 
for grouting by injection, one must choose from among all the 
industrial precondensates those which will give a grout whose 
viscosity after dilution will be under 20 cP. 

8.3 General Properties of Aminoplast Grout 

Although little research has been conducted on 
aminoplast resins for grouting, since possible uses are 
restricted, the urea-formaldehyde type resins have been 
researched the most extensively. The reaction process itself 
and final properties are clearly affected by the dilution of 
the substance and respective proportions of urea, formalde­
hyde and catalyst. All other things being equal, optimum 
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behavior is ob tained with a urea/formaldehyde molecular ratio 
of about one molecule of urea to each three molecules of for­
maldehyde. A higher proportion of fo rmaldehyde will have 
little effect o n most of the properties. 

The more acid the medium, the f aster will be the 
reaction. Howev e r , there is an optimum point for mechanical 
properties which varies considerably according to the cata­
lyst used. Ac i d catalysis can be obtained through the use 
of an organic or i norganic acid or an ammon ium salt, which, 
in acting on the formaldehyde (RONCHEZE reaction~ releases 
the corresponding acid. It should also be noted that succes­
sive changes i n p H during the set are influenced by the type 
of catalyst used . OGER (68-08) made a rather complete survey 
of these grout s , in which he discussed the question of cataly­
sis for a cer t a i n number of acids and acid salts. The effect 
of dilution on s pecific properties of the grouts (viscosity, 
setting time) was also indicated for various types of catalysts. 

8.31 Viscosity 

As with po lyacrylarnides and phenoplasts, viscosity 
is the parameter which differentiates these grouts from those 
in Categories A-1 to A-4, if monomers are used. Even when 
relatively high c oncentrations of urea are used (200 g/1), 
the viscos i ty o f these grouts remains comparable to that of 
water (1 to 2 c P). 

For purposes of facilitating control over setting 
time, in most app l ica tions a precondensate is used, thus 
increasing the v iscosity. Therefore, arninoplas ts are less 
suitable for g r outing fine soils since they are as viscous 
as the products i n Categories A-1 to A-4. 

8.32 Setting Ti me 

Prepol yrners can be used to avoid setting time 
problems, since they permit easy control over this factor 
but this procedure increases the grout's viscosity. 

When mon omers are used, the reaction is much more 
abrupt and setting time is shorter. This setting time is 
obviously affected by dilution, but it is primarily the 
choice of catalyst and the proportion of it used which 
influence the s peed of the reaction. Table 11 (OGER 68-08) 
gives some e x amp les of the effect of the catalyst on setting 
time if dilution r emains constant and the proportions of 
formaldehyde a nd catalyst are at those levels which give 
optimum strengt h. 
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Table 11. Effect of Catalyst on Setting Time of Arninoplasts 

Catalyst Setting Time 

hydrofluoric acid 6 min 
hydrochloric acid 8 min 
nitric acid 20 min 
sulfuric acid 40 min 
ammonium chloride 22 min 
ammonium sulfate 25 min 
ammonium persulfate 30 min 

8.33 Mechanical Properties 

The mechanical behavior of hardened resins has been 
discussed only in the context of an analysis of unconfined 
compressive strength of a mortar of siliceous sand saturated 
with resins which represents the grouted ground. The uncon­
fined compressive strengths of such mortars can vary widely 
according to diluteness. An ~xample is given in fig. 18, 
taken from OGER's survey (68-08). It should be noted, however, 
that it is difficult to obtain good performances from grouts 
so dilute that they lose their own cohesiveness. As a conse­
quence, aminoplasts are more suitable for consolidation than 
for pure waterproofing. For a given urea/formaldehyde ratio, 
these strengths are sharply affected by the nature of the 
catalyst, and, for a given catalyst, strength attains a maxi­
mum and then declines as the concentration is varied. This 
characteristic, which is highly unpredictable, clearly differ­
entiates aminoplasts from acrylamides. Some examples, drawn 
from the same survey, are given in figs. 19 to 21. Thus, 
the catalyst has a direct effect not only on setting time 
(which is normal), but also on strength, and there is a certain 
correlation between strength and setting time. 

Finally, it should be noted that, unlike other 
types of resins (polyacrylamide, phenoplast) which form a 
gel, aminoplasts tend to form a granular solid, which limits 
their adhesive qualities. 

8.34 Durability 

If polycondensation is well conducted, one should 
obtain a resin which is insoluble in most solvents, so it 
is logical to suppose that the behavior of these grouts over 
time with regard to their environment should be good. How­
ever, there are no known records of long-term behavior 
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for these grouts, aside from successful applications made 
in Japan as well as in Eastern Europe and the Soviet Union 
over the last 10 years. 

8.35 Toxicity 

Before condensation, such grouts require some pre­
cautionary measures because of their formaldehyde and acid 
catalyst content. Processes using a precondensate at the 
time of preparation contain less free formaldehyde ·than those 
using a monomer. 

After condensation, the resin is, in principle, 
quite inert, but it appears that it is difficult to bring 
the reaction to a point where all the formaldehyde is fixed. 

8.4 Applications 

For the most part, Western European authors are in 
agreement with regard to aminoplasts as to the difficulties 
and limitations associated with their applications (61-08, 
67-04, 69-03, 69-06, 72-02, 74-09). However, their possible 
uses and the technology involved, as well as the results one 
can expect have been specified (63-08, 69-01, 73-01) . 
Descriptions of applications arid their results are mainly 
from Eastern Europe, principally the Soviet Union (69-02, 
69-09, 73-04), and from Japan . 

8.5 Conclusion 

Aminoplast grouts derived from products such as 
urea and furfural should be of great interest, as they are 
not petrochemical derivatives and are made from relatively 
inexpensive primary products. 

Unfortunately, the impossibility of obtaining a 
grout which hardens at normal temperatures in an alkaline 
medium seriously limits the situations in which they can be 
used. However, if preliminary analysis indicates that the 
ground is compatible with these grouts, they would go to 
the head of the list because of their relatively low cost. 

Moreover, the possibilities of condensation of 
such resins in a slightly acid medium has been little 
explored, especially in the presence of furfural derivatives, 
such as furfurylic acid, and polymers of these derivatives . 
There is another domain which has been little explored: 
that of polymerization using a monomer rather than a precon­
densate. Although the precondensate facilitate s control over 
the final reaction, it makes the mixture more viscous and 
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therefore less penetrating than those based on monomers. 

8.6 Rating 

Since aminoplasts use primary products which are 
relatively inexpensive and not petrochemical derivatives, 
the overall ratings for Category A-7 are more favorable than 
those for the two preceding categories. But the fact that 
catalysis must take place in an acid medium rules out these 
grouts for calcareous ground. Since their uses are so 
limited, they have been left out of the general ratings. 
However, their use should be considered in all cases where 
the ground to be injected has a low pH. 
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9. CATEGORY A-8: COMBINATION GROUTS 

9.1 Introduction 

Many attempts have been made to determine whether 
it would be possible, by combining two categories, to engi­
neer a grout which c ould outperform the single grouts which 
compose it. 

The first req u irement is that t here be no problem 
of chemical incompa t ibility , notably, with r egard to pH. 
The second requirement is that the product t hus obtained 
b e more desirable from t h e point of view o f q uality and price. 

9. 2 Products Recommended 

These two requ i rements limit the number of grouts 
i n Category A-8 to a ve ry few; there are only two commercial 
(ready to use) product s which fit the definit i o n of category 

A-8: RHONE-PROGIL's SIPROGEL and RAYONIER' s TERRANIER. 

9 . 21 SiprogeJ.:. 

72-03) 
r esin. 
tion of 

Siprogel, pate nted by RHONE~PROGIL (65-19, 69-08, 
is a combination of sodium silicate and an acrylamide 
This grout permits both waterproofing and consolida­
the ground. 

This combination of a silica ge l a n d an acrylic 
resin creates variable core ticulated networks; they are 
insoluble, rot-proof. The y can expand greatly and are highly 
elastic. Use of thes e grouts has been cited for repairing 
cracks in concrete (72 -0 3 ) and for consolidat i ng sand (69-08). 

9.22 Terranier 

Between 1965 and 1970, SOLETANCHE -RODIO began to 
add sodium silicate or a lignochrome to phe no l ic grouts 
(resorcinol-formaldehyde ). Their purpose was t o make the 
phenoplast grout set quickly and thus avoid being washed out 
by underground water (70 - 02). Since only a small proportion 
of other substances wa s added, the fundamenta l p r operties of 
the basic grout (resorcinol-formaldehyde) were barely altered 
(other than the setting t ime), so thi s topic has been covered 
under Category A-5. 

At about the same time, RAYONIER Inc . (U.S.A . ) devel­
oped and marketed a phenolic grout with a high lignochrome 
content. It bears the n ame of TERRANIER (66 - 05, 68-05, 68-08, 
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68-15, 68-18). This product truly fits the definition 
of Category A-8 because it is a combination of A-2 and A-6 
type grouts. Its characteristics, before and after polymeri­
zation, cause it to resemble the lignochromes: higher 
viscosity than the classic phenolic resins, poor mechanical 
performance. J. WARNER (72-04) has made a study comparing 
TERRANIER's mechanical properties with those of various other 
grouts (AM-9, silica gels, resin emulsions). Like lignosul­
fites, these products can react with a dichromate, causing 
the grout to set. Condensation with formaldehyde, frequently 
a slow process, takes place subsequently. 

Some claims have been made for other products of 
this type (72-09). In most cases two oxidation reactions 
are involved (dichromate and condensation with formaldehyde). 

9.3 Rating 

As a general rule, Category A-1 through A-4 grouts, 
of mineral or plant origin, are more economical than A-5 to 
A-7 grouts, since the latter are composed of petrochemical 
derivatives whose manufacture demands greater delicacy . On 
the other hand, the category A-5 to A-7 aqueous resins have 
the advantage over the A-1 to A-4 grouts of lower vicosity, 
which makes the injection process easier and more dependable. 

Thus, any combination of a grout from Categories 
A-1 through A-4 and a grout from A-5 through A-7 will have 
the disadvantage of passing into the range of cumbersome 
products, and of losing the advantage associated with the 
aqueous resins since the mixture is viscous. This is the 
case of the two products in Category A-8, SIPROGEL (A-1 
plus A-4) and TERRANIER (A-2 plus A-6) . However, this does 
not mean that these grouts are of no interest and are never 
used. The ease with which they can be used, since they are 
ready-mixed, and the control over the setting time which they 
permit justify their use in cases where price is not critical. 
SIPROGEL is thus frequently used by companies in France in 
conjunction with the lining of shafts . Whenever seepage 
threatens the construction of such linings, it can be stopped 
by a prompt injection of a quick-setting SIPROGEL compound. 
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Table 12. Rating Chart, Combination Grouts 

~riterion Percentage For Waterproofing For Consolidation 

1 30 3 0.9 3 0.9 
2 10 8 0.8 8 0.8 
3 10 9 0.9 8 0.8 
4 10 8 0.8 8 0.8 
5 5 4 0.2 4 0.2 
6 15 7 1.05 7 1.05 
7 20 5 1 5 1 

5.65 5.55 
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1. Introduction 

CHAPTER III 

COLLOIDAL SOLUTIONS 

Where Chapter II considered the area of true 
solutions (mineral or organic), this chapter considers 
organic or mineral colloidal solutions or suspensions. 
These are divided into two categories: B-1 Organic 
Colloids and B-2 Mineral Colloids. 

Colloidal solutions or suspensions contain 
particles which are much smaller than a micron, thus 
injectability is not hindered. All the bentonite-type 
grouts are included here, since their individual particles 
do not exceed 1 micron. 

However, among all the mineral colloidal sus­
pensions suggested, there are some whose particles exceed 
10 microns (clay gel, for example). Such grouts fall out­
side the scope of this report. 

2. CATEGORY B-1: ORGANIC COLLOIDS 

2.1 Introduction 

A few organic colloid grouts have been patented, 
but their use is rather limited. Originally they were used 
mainly as drilling fluids, then later they were found to be 
useful for ground waterproofing. Those products most used 
have been alginates, cellulose and its derivatives, casein 
and grouts based on polyvinylpyrrolidone. 

2.2 Suggested Formulas 

2.21 Alginate Base 

An alginate dissolved in water will convert to an 
insoluble gel either through reaction with an acid (formation 
of alginic acid), or through reaction with a bi- or trivalent 
salt (formation of a bi- or trivalent alginate, also insol­
uble). 

The first alginate base formula was introduced by 
R. J. BALL (39-19), who advocated the use of one or two 
separate injections of a 17% sodium alginate aqueous solution 
and calcium chloride, the calcium chloride at 25% of the 
total, and the alginate solution 75%. Laboratory tests have 
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shown that such a mixture is much too viscous to be included 
in a normal category of traditional grouts, although the 
viscosity of alginate solutions can be lowered by adding pep­
tizers, for example: tannin, humic acid, lignin, wood ex­
tracts, alkaline phosphates. However, viscosity rarely goes 
below 40 cP (40-22). Another cause of the high viscosity of 
these bivalent salt and alginate base mixtures is that they 
thicken somewhat as soon as they are prepared (the beginning 
of the salts' reaction on the alginate). It would be possible 
to use a delayed action coagulating reagent, (which would also 
be true for hard gels). 

SOIL MECHANICS Ltd. has patented a mixture of this 
type: an alginate solution plus 1% calcium chloride plus 
1% ethyl acetate. The ethyl acetate hydrolyzes into ethanol 
and acetic acid, which releases the alginic acid and forms 
a gel in the ground (61-26). 

Combining a peptizer and a delayed action coagula­
ting reagent is also possible. M. DOWELL suggested sodium 
alginate, ammonium phosphate, formaldehyde (62-24). The 
advantage of the alginates is their modest cost, but they 
tend to be too viscous. 

2.22 Cellulose Derivative Base 

These grouts produce a gel which gives good water­
proofing results and is neither corrosive nor toxic. LOOMIS 
(36-18) suggested colloidal solutions of viscose (in a slightly 
acid medium), cellulose acetate and nitrate (in a diluted 
acetic acid solution), nitrocellulose and hydroxy-ethyl 
cellulose (in a slightly basic medium). 

WAGNER (48-17) suggested treating soil with an 
aqueous solution of sodium carboxymethylcellulose salt. 
This solution may or may not be mixed with another salt, 
often calcium chloride, but this second salt may also be 
ferrous sulphate, ferric chloride, or barium nitrate. It 
is not always necessary to add a coagulant, since the 
natural salts present in the formula's water are enough to 
precipitate the sodium salt from the carboxymethylcellulose. 

2.23 Starch Base 

GREBE (35-11) suggested injecting an aqueous solu­
tion or dispersion of fine powdered starch, prepared from 
rice flour, for example, to form a gel in the ground. The 
solution would use 1 to 10 parts starch for 90 to 99 parts 
water. 
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2.24 Protein Base 

GREBE (35-11) also suggested using a protein such 
as gelatin as a base. The grout's consistency and the time 
it takes to harden depend on its initial concentration. The 
gel, once formed, risks being destroyed by soil bacteria and 
micro-organisms. 

2.25 Casein Base 

HART (40-27) advocated the use of an alkaline dis­
persion of casein to which lime hydrate is added, but this 
grout is too viscous. An improvement was made through injec­
tion into the ground of an aqueous ammoniacal solution con­
taining 3 to 4% casein and then formaldehyde at 20 to 60% 
of the casein. The resinous and viscous result of the conden­
sation ensures the formation's watertightness (VONDERAHE 
44-08). 

2.26 Polyvinylpyrrolidone Base 

For this grout, rather viscuous 10 % aqueous solu­
tions are used. Then, hydrogen peroxide and hydrazine are 
added. After an interval which can be regulated (from 20 or 
30 minutes to several hours at ordinary temperatures), a 
plastic gel impervious to water (99-07) is formed. 

2.3 Rating 

In theory, these grouts can be used for the water­
proofing of sandy formations but not for their consolidation. 
Viscosity is always rather high and their price higher than 
that of silica gels, which limits their use. In addition, 
they risk being destroyed subsequently by soil bacteria. 

Their principal advantages are that they are 
non-toxic, not petrochemical derivatives, and usable in 
small quantities, which reduces preparation costs. 
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Table 13. Rating Chart, Organic Colloids 

Criterion Percentage For Waterproofing For Consolidation 

1 30 4 1. 2 
2 10 4 0.4 
3 10 5 0.5 
4 10 3 0.3 
5 5 10 0.5 Not usable 
6 15 10 1 
7 20 10 2 

5.9 
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3. CATEGORY B-2: MINERAL COLLOIDS 

3. 1 Introduction 

Clay grouts (without cement) have been used for 
a very long time for grouting fine terrain. Such grouts fi t 
neither the definition of a colloidal solution (since these 
suspe nsio ns are made with finely ground, but not colloidal 
minerals), nor do they fit the precise definition of a 
"chemical grout." They are covered in this report for two 
reasons: 

a. They are the ancestors of the bentonite grouts, 
which can be legitimately classified as "chemical 
grouts", 

b. As intermediate products between cement grouts 
and chemical grouts, these clay grouts are most 
useful on alluvial soils. Numerous examples atte s t 
to this fact: LAC NOIR dike, France (62-18, 62-28); 
FESSENHEIM Plant, France (55-08, 62-28); NOTRE DAME 
DE COMMIERS Darn in the Alps (62-18, 65-12); ASWAN 
DAM (65-13); SYLVENSTEIN Darn on the Issar, Germany 
(62-17, 62-18); BOU-HANIFA Darn, Algeria (62-18); 
Hydroelectric plant at FINSING, Bavaria (62-28); 
MANGLA Darn, West Pakistan (63-02); MISSION Darn, 
Canada (74-09). 

In these examples, clay was not used in its pure 
state because such a grout would not attain an adequate 
consis tency over time. It must be rigidified with silicate, 
genera l ly used in conjunction with calcium chloride or 
sod ium alurninate (63-31). Since these products are powerful 
clay f l occulants, the mixture formed is heterogeneous, 
produc ing a liquid phase which sets, then a clay phase which 
has di fficulty penetrating into the ground. 

The use of a selective peptizer, of the mono­
sodium or rnonopotassiurn phosphate type, is preferred as it 
permits an extension of the injectability of these grouts, 
but t hese grouts are always less injectable than bentonite 
base gro uts. The centrifugation of the clay in a hydrocy­
lone has also been suggested (63-12). 

3.2 General Characteristics of Bentonite Grouts 

Bentonite grouts do not share the shortcomings of 
the c lay grouts: no more than 4% dry matter is used, the 
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particles are small enough to allow their use on fine soil, 
and to prevent any appreciable sedimentation during injec­
tion. Bentonites are formed through an alteration in 
volcanid ash. The particles are less than 1 micron in 
size (63-11, 63-31). Suitable bentonites are rarely found 
in Europe, and various methods have been developed for the 
use of local bentonites (50-02). Domestic bentonites are 
mainly found in Wyoming and vicinity. 

Their chemical structure enables the bentonites 
to absorb large amounts of water. They have the privilege 
of being thixotropic, that is, of becoming fluid when agi­
tated and changing into a gel when at rest. This attri­
bute is very important in a grout which will be required 
by definition to solidify quickly and permanently when 
placed in the ground. The gels obtained, however, are not 
strong enough to make the ground very hard and they are 
used exclusively to reduce permeability. 

To identify the properties of bentonites, one 
first observes the active surface, which is determined by 
the surface of the particles in a given solid mass, this 
suface area being expressed as a specific area in cm2 out 
of a total surface area per gram of solid (BLAINE Test), 
and proportional to the fineness and the form of the parti­
cles. 

The plate-like crystal lattices of the clay min­
erals are made up of sheets of silica and alumina whose 
surfaces have unsatisfied valency bonds, which are the 
sites for the fixing of ions. Typical ions are lithium, 
hydrogen, sodium and calcium which have differing abilities 
to surround themselves with water molecules. It is this 
water of hydration which produces the swelling of particles 
(63-11). 

The montmorillonites, which have a triple-layered 
lattice, are able to bind ions and thus absorb water between 
the silica-alumina sheets as well as on the outer surfaces 
of the particles, and thereby expand more than the double­
layered lattices of the kaolinite and illites groups (63-11). 

Isomorphous replacement of magnesium for aluminum 
in the octahedral layer, or aluminum for silicon in the tetra­
hedral layer, causes a net deficit of electric charge within 
the crystal which may thus be regarded as negatively charged 
and the exchangeable cations are located on the clay lattice 
without penetrating deeply (61-16). 
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Dry bentonite contains oriented elements. Addi­
tion of water causes interlamellar swelling. A regular 
increase in the distance between crystallites occurs as 
more water is introduced. This swelling is reversible and 
its final extent is governed by the nature of the exchange­
able ion and by the liquid used to promote swelling. The 
calcium exchanged bentonites swell less than suspensions 
of pure sodium bentonite which can show virtually infinite 
swelling in water of low electrolyte content. 

The colloidal character of the bentonites allows 
them, with a small amount of dry matter, to produce a sus­
pension which is viscous but highly injectable. The flow­
ing properties of these grouts have been tested in labora­
tories with capillary tubes. The apparent permeability of 
the sand to be treated is approximately inversely propor­
tional to the grout's viscosity. 

3.3 The Setting Process 

From the above considerations, it emerges that 
bentonite grouts must set in a given time and that the 
resulting gel must be stable. This process may take place 
directly, or with the assistance of other reagents: anti­
flocculants, rigidifiers, etc. 

The viscosity of bentonite suspensions is set at 
between 15 and 20 cP, indicating that from 35 to 60 kg/m 3 
of dry matter will have to be added depending on the quality 
of the bentonite (fineness and nature of the surrounding 
ions). In a fresh grout, the mixture's rigidity is very 
low and does not hamper its penetration in the ground. This 
rigidity increases with time, the grout sets and permanently 
waterproofs the fine ground. 

This direct process (without an additive) has been 
used occasionally, and its basic idea was incorporated into 
the technique of jet grouting (YAHIRO and YOSHIDA 74-01). 

As noted above, the individual particles of ben­
tonite are less than one micron in diameter. But, if the 
water contains electrolytes, or if the ground to be treated 
contains soluble salts, the individual particles of bento­
nite stick together in floccules whose size can reach and 
even exceed 10 microns, thus hampering the grout's penetra­
tion into fine soil. CARON's studies (70-07) indicate that 
there is a connection between the range of a grout in a 
given terrain and this state of flocculation. 
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The most classic procedure for the deflocculation 
of bentonites is the use of peptizers or deflocculants. 
Deflocculated bentonite suspensions present no problems of 
injectability and can be used to grout fine sand. The first 
patent in this field dates back to 1943 (SULLIVAN 43-11). 
The process involves two steps: first sodium tetrapyro­
phosphate (from 0.25 to 10% in aqueous solution) is injec­
ted, then the bentonite . Flocculation caused by ions in 
the ground is thus avoided. In addition, the bentonite 
grout used in the second step contains calcium montmorillon­
ite which, as it converts to sodium montrnorillonite in the 
ground, will absorb additional water since the sodium form 
is more hydrophilic than the calcium. 

But since this process involves two steps, with 
all the disadvantages inherent in such an approach, it does 
not seem to have been considered often. Subsequently, CARON 
(55-14) showed that exactly the same result could be obtained 
with only one step: a fine sand (with particles ranging 
from 0.1 to 0.2 mm) was successfully injected with a sus­
pension containing 10 kg of bentonite diluted with 100 litres 
of water to which 1 kg of sodium pyrophosphate had been 
added. This simpler method has been used a few times, for 
example at the ASWAN Darn in Egypt. 

CARON (55-14) has also described another way to 
increase the penetrability of bentonite grouts in soils 
with low granulometry. This procedure consists of bring­
ing about the formation of stable gas bubbles in the grout. 
Suspendibility is improved by the gaseous emulsion, and the 
replacement of a large proportion of the grout by air or a 
gas does not lower the watertightness of the ground thus 
treated. The foaming agent most often used is a tensio­
active substance, such as a sulphonated fatty alcohol, and 
the gas-producing agent, aluminum or calcium carbide. 

Attempts have also been made to improve the gel's 
cohesion in the ground by increasing the concentration of 
dry matter. To achieve this end, it has been suggested 
that the hydration of the bentonite be delayed. 

A procedure described in 1936, and taken up again 
by VAN LEEUWEN in 1940 and the years that followed (40-15, 
42-12, 43-09, 43-16), involves delaying the solvation of 
the bentonite until it is thoroughly in place in the ground. 
The bentonite is covered with a fine hydrophobic film, 
usually petroleum, then placed in suspension in water and 
finally injected into the ground. Other procedures give 
the same result by using the bentonite grout in co~junction 
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with a coagulating solution. Since these are combined 
processes, they will be analyzed in Category F. 

3.4 Applications 

Injections of bentonite in suspension have been 
used in the construction of various wells or tunnels, or 
for the creation of watertight screens under earthen dikes 
(57-16, 62-29, 62-28, 74-09). 

These grouts were usually used in alluvial 
soil, in the period after the cement-clay era and before 
the silicates. However, when the soil to be grouted is 
made up of different layers of fine, medium and coarse 
gravel and sand, all irregularly distributed, cement-base 
grouts can only fill the larger gaps, and it is necessary 
to complete the treatment with a product with better 
penetration. This can be a true solution of the silicate 
gel type, but it is often wise to intersperse those two 
treatments with an injection of bentonite. 

3.5 Rating 

These grouts are inexpensive, especially if 
bentonite is found in the area of the construction site. 
As with all clay-based grouts, bentonite grouts are very 
durable, whether attacked by water or subjected to ground 
buckling, because of their high plasticity. 

Table 14. Rating Chart, Mineral Colloids 

Criteria Percentage In Waterproofing In Consolidation 

1 30 8 2.4 
2 10 4 0.4 
3 10 5 0.5 
4 10 9 0.9 Not Usable 
5 5 10 0.5 
6 15 10 1.5 
7 20 10 2 

8.2 
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1. Introduction 

CHAPTER IV 

NON-AQUEOUS GROUTS 

Nearly all grouts in use are aqueous (true 
solutions, colloidal solutions, emulsions), for reasons 
of ease of handling, safety, economy. The capabilities 
and diversity offered by aqueous formulations makes the 
use of non-aqueous formulations pointless in most cases. 
However, since non-aqueous grouts do exist, they have 
been included in this report in the following categories: 

C-1 Synthetic resins 
C-2 Vulcanizable oils 
C-3 Asphalt . and other heated compounds 
C-4 Formulations using solvents 

These four types of non-aqueous grouts have been 
used for very limited and specific purposes in the past 
and can also be used in the future. However, their limited 
range of applications prevents their inclusion in Categor­
ies A or B. The ratings for non-aqueous grouts compare 
poorly to those of Categories A and B. 

a. They are all expensive, with the possible 
exception of Category C-3 in unusual cases. 

b. They are all highly viscous, except Category 
C-4 in some cases. 

c. They are all flammable and often dangerous 
to handle. 

d. They are all petroleum derivatives. 

e. Most important for normal grouting pur­
poses, they do nothing that the cheaper and 
less dangerous Category A and B grouts cannot 
do. 

2. CATEGORY C-1: SYNTHETIC RESINS 

2.1 Introduction 

There are grouts which use synthetic resins in a 
pure state, without solvents or dispersants. The use of 
diluents is to be noted, however, but here the product can 
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polymerize with the basic resin and thus does not serve 
just as a solvent. 

In general, these resins are plastic substances 
which harden by thermal reaction and pass from a liquid to 
a solid state at ambient temperature. Since they do not 
contain solvents, these products are expensive and thus 
can be used only in exceptional cases, where there is 
limited area to be grouted and high mechanical properties 
to achieve. 

These resins can be considered more as glues than 
as grouts. Many glues can be used for grouting, but these 
products, whose appearance in the fields of public works 
and building construction is of recent date (about 1960), 
have enjoyed only limited applications up to the present. 

With regard to injectable resins, it seems that 
only products in the following families have been recommend­
ed: polyesters, polyvinyls, epoxy resins, polyurethanes, 
furan. 

2.2 Polyester Resins 

As their name indicates, these resins are obtained 
by combining a polyacid with a polyalcohol. Those resins 
used in grouting are unsaturated, 

In most cases, polyester resins are obtained 
through condensation of an unsaturated diacid (maleic or 
fumaric acid) with a dialcohol. But there are also resins 
obtained from unsaturated bases with alcohol (allyl alcohol). 
The polyesters thus obtained are highly viscous, even 
solid, and yield only mediocre products after polymeriza­
tion of the radical. Thus, commercial products consist 
of a basic polyester diluted in a reticulant. This reti­
culant is an ethelynic, acrylic or vinyl monomer, with 
styrene the most often used. Commercial polyesters con-
tain 30 to 40% styrene which allows the use of resins 
whose natural viscosity will range from some hundreds to 
some thousands of centipoises. 

Polymerization is obtained through the addition 
of a catalyzing substance, containing a catalyst of peroxide 
type and an accelerator which facilitates the decomposition 
of the peroxide into free radicals. This accelerator may 
be a cobalt salt, a manganese salt, a vanadium salt, a 
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tertiary amine, a mercaptan, or a quaternary ammonium 
salt. The formulations can be varied infinitely by 
varying the quantity and quality of the basic polyester 
used (acid and alcohol), the diluent, and the catalyst 
(67-01). 

The catalyst as defined above causes the 
polyester resin to polymerize and copolymerize with the 
reticulant (styrene), to form a gel in the first phase, 
then a hardened polymer. As the substance turns from 
a gel to a hardened resin, it gives off a great deal of 
heat. The time needed for gelling and hardening can be 
varied from a few minutes to several days by varying the 
amounts of catalyst and accelerator used. But it should 
be noted that these resins can contain volatile com­
pounds, which makes long setting times uncertain. 

The basic resins found on the CTarket have a mini­
mum viscosity of 200 to 250 centipoises (70-03), which 
is rather high and rules out the use of these products for 
grouting sand. Thus, users have endeavored to lower 
initial viscosity to between 10 and 50 centipoises by 
increasing the amount of reactive diluent (99-07, 70-09). 
Because of shrinkage of the mass of grout, this method 
is inapplicable to resins poured into large size voids, 
but it can be used in injections, since the resin is 
divided up and the ground serves as support. 

By 1941, MATHIS (41-16) was advocating the 
plugging of cracks and porous formations in non-acid ter­
rain, such as dolomites, in conjunction with oil-well 
drilling. He uses a resin formed by condensation of a 
dicarboxylic acid, maleic acid for example, with a poly­
alcohol: ethylene glycol with or without vinyl acetate in 
the presence of benzoyl peroxide as catalyst. 

The properties and conditions for use of these 
resins have been researched in laboratories (63-08, 
63-20). These grouts will impart to the treated ground 
high performances comparable to those of concrete (300 t o 
400 bars on fine sand). The relatively low elasticity o f 
the pure resin (modulus 15,000 to 30,000 bars) allows it 
to absorb the internal stresses due to shrinkage rather 
well (64-13, 70-03, 99-07). The treated sand is obvious Ly 
more elastic. CARON (70-09) has defined the general prin ­
ciples governing the formulation of grouts for use in f ine 
cracks: depth to be penetrated, size of opening of the 
fissure, conditions of moisture and cleanliness. 
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The long-term behavior of these resins can be 
considered good to the extent that they are sheltered from 
ultra-violet rays, but there is always a long-term risk 
of hydrolysis, especially if the medium is alkaline 
99-07). With regard to toxicity, certain precautions must 
be taken during p r eparation, but after polymerization, the 
risks are reduced. Some polyesters are guaranteed to be 
non-toxic (foodstuff quality), but the addition of reac­
tive diluents can alter their behavior. 

These grouts have been used principally for the 
treatment of cracks in buildings and works of art: dams, 
bridges, trussed or prestressed beams (64-13, 69-03). 
They have also been used in mines, in particular for the 
consolidation of gallery roofs. Polyesters have also 
been used to grout underground rivulets in salt mines, 
a very appropriate application, since their formulas 
contain no salt solvents. Polyester grouts have also 
been used to treat porous and fissured rock (68-11). 
A most spectacular application of this product was the 
consolidation of the stone-work of the ABU SIMBEL temple 
on the Nile (67-02) . 

Polyesters have been used rarely and in small 
quantities for the treatment of sand. They have been 
used to treat the ground around existing foundations 
(micropilings, for example) in order to increase load­
bearing capacity (67-01). 

In conclusion, polyester grouts give very good 
performances which far exceed the traditional classic stand­
ards for grouts, but they are expensive (as they are not 
diluted) and thus suitable only for very specific appli­
cations. If rated according to the definition used for 
grouts as a whole, polyester grouts would score very low, 
especially since they are petrochemical derivatives. 

2.3 Polyvinyl Resins 

These resins bear some similarity to polyester 
resins, polymerizing in approximately the same way. Many 
vinyl compounds can form a polymer, and they are used 
widely on an industrial basis. For grouting, the products 
recommended are primarily acrylonitrile, vinylidene­
chloride and styrene. Only styrene and vinylidenechloride 
seem to have been developed, principally in the oil indus­
try (40-25, 42-08, 42-10, 47-07). Their injectability 
and behavior in the ground have also been examined (47~02). 
It has also been suggested that an injection of styrene-base 
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grout be followed by an injection of a plugging type grout, 
of the organic gel group (40-24, 40-31). 

The triggering of the polymerization reaction in 
a vinyl monomer requires a far higher energy level than is 
necessary for polyesters, and, at normal temperatures, the 
usual peroxide and cobalt salt catalysts have no effect. 
This is why these grouts are used almost exclusively in 
conjunction with oil-well drilling where they can take 
advantage of the high temperatures prevailing in the strata 
to be injected. At the present time, it appears that these 
grouts have not been used for traditional grouting. 

2.4 Epoxy Resins 

Like the resins described above, epoxy resins 
harden under heat, but, unlike the preceding examples where 
hardening is obtained through polymerization, in this case 
it is attained through the addition of a reagent, called a 
hardener. For polyesters, setting time can be varied by 
increasing or decreasing the amount of catalyst, while for 
epoxy resins, the resin-hardener ratio can be varied to a 
much smaller extent. 

In general, the epoxy resins commonly found on 
the market are derived from the action of cpichlorhydrin on 
Bisphenol A (2,2 - bis (4 - hydroxyphenol) propane). A wide 
variety of resins can be obtained through varying the propor­
tions of epichlorhydrin and Bisphenol A. 

These resins can be hardened by amines, poly­
carboxylic anhydrides or monocarboxylic acids. The respec­
tive proportions of resin and hardener are defined stoichio­
metrically in terms of respective reactive groupings of the 
twq components. Although an additional polymerization reac­
tion is the method most frequently used, it should be stip­
ulated that epoxy resins can polymerize through the action 
of a catalyst (alkaline, LEWIS' acid). The multiplicity of 
basic resins and hardeners available permits practically 
limitless variations in the formulas. 

The most fluid of the basic resins have a viscos­
ity of at least 400 cP. A carefully chosen fluid hardener, 
if added in significant quantities, enables this viscosity 
to be lowered to about 100 cP (70-03, 70-09, 72-03). The 
grout can also include reactive diluents such as butyl 
glycidyl ether, butane-diol-diglycidyl ether, cresyl glycidyl 
ether. With these products, viscosity can be lowered to 
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about 20 cP. 

The behavior of these resins in applications in 
the field of public works has been studied with particular 
attention to the effects of temperature and moisture 
(65-06, 67-01, 70-14). The general properties of this 
grout in the ground are rather similar to those obtained 
with polyesters. The setting time depends on the choice 
of hardener and is difficult to regulate. Mechanical 
properties are superior, durability is excellent. Even 
if some precautions must be taken at the time of injec­
tion, it is still possible to obtain hardened resins 
with maximum guarantees against toxicity. 

These resins have been used primarily for 
glueing, sealing and the treatment of cracks in rock and 
concrete (59-08, 62-31, 63-21, 64-16, 67-01, 70-09, 
70-10, 70-11, 70-13, 70-15, 70-16, 70-17). The regen­
eration of fractured rocks has also been achieved with 
these grouts (64-14, 68-11). Finally, epoxy resins have 
been used for grouting rather open ground around found­
ations in order to increase their loadbearing capacity 
(67-06, 68-16). In conclusion, these grouts have been 
little used for soil grouting because of their very high 
cost (67-06, 69-03). 

2.5 Polyurethane Resins 

The reaction process with polyurethanes is 
comparable to that encountered with epoxy resins. The 
reaction resulting in a hardened product consists of an 
addition polymerization between an isocyanate and a com­
pound containing hydroxyl groups, such as a polyalcohol 
or a polyester. The choice of isocyanate and the hydroxyl­
ated compound determine the product's viscosity. One of 
the characteristic properties of these products is that 
the isocyanate function reacts with water, releasing 
carbonic gas while doing so, and leads to a cellular 
structure. Since a part of the isocyanate is destroyed 
in the course of this reaction, the original formula 
must include a slight overdose of it to compensate for 
the loss. 

Since water is almost always present in the 
ground, this reaction takes place in the ground and 
so polyurethane-derived formulations will be examined 
under Category E-2 (Reaction with Groundwater). 

126 



2.6 Furan Compounds 

Like the various synthetic resins examined above, 
furanic compounds are normally prepared without being 
diluted with water. Thus, they have the same economic 
disadvantages and, consequently, pure furan resins can 
hardly be contemplated for grouting. 

However, some resins in the furan group 
are compatible with water and these diluted formulations 
can be of interest. They have been included under 
Category A-4. 

2.7 Conclusion 

The cost of grouts described here in Category 
C-1 is prohibitive in comparison with most other grouts. 
Their use is reserved exclusively for special works where 
very high mechanical performances, comparable to those of 
traditional concrete, are sought. For this work, poly­
esters would be preferable as they are three times cheaper 
than epoxy resins. The latter are used only in those 
cases where a polyester would risk being rapidly hydrolyzed 
by the medium. 
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3. CATEGORY C-2: VULCANIZABLE OILS 

3.1 Introduction 

It is possible to use unsaturated oils which 
can be made to polymerize without being heated, through 
the addition of sulfur chloride (LERCH 40-23), to pro­
duce a particularly elastic waterproof mass. Because of 
its close relation to rubber, one can speak of "vulcani­
zation." This product is marketed under the name of 
POLYTHIXON by PEUTE CHIMIE. 

3.2 Limitations 

This product is rather viscous before setting 
and can be injected in depth only under rather high pres­
sure. CHAMBERLAIN (41-23) suggested that penetration 
could be facilitated by a preliminary injection of a 
water-soluble solvent (alcohol, ketone, etc.). 

Since the "vulcanization" time is rather long, 
there is some risk of leaching just after injection, but 
this risk disappears completely after two days and per­
meability decreases despite the loss of a certain part of 
the grout through leaching (70-02). 

3.3 Applications 

The grout has been successfully used for various 
waterproofing problems, particularly in gas or oil wells 
where waterproofing was connected with risks of corrosion. 

3.4 Conclusion 

Because of their high price, these grouts have 
not been developed for extensive applications. Their advan­
tage, for special cases, lies in the fact that the grouted 
mass can remain fairly supple. However, for this purpose 
the acrylarnides (Category A-5) give the same results, allow 
greater latitude in the regulation of setting time and have 
the advantage of greater fluidity. 
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4. CATEGORY C-3: BITUMEN AND OTHER HEATED COMPOUNDS 

4.1 Introduction 

Substances in a molten state can be applied to 
porous formations for waterproofing and consolidation, 
but this process is difficult to use as it requires special 
heating equipment with precise regulation of temperatures 
(30-11, 31-15, 32-10, 69-12). In addition, it is often 
necessary to preheat the ground by steam (06-01, 21-01, 
41-12, 41-13) or to ensure the circulation of warm grout 
in a closed system within the grout hole (K. R. DEMPWOLFF 
69-12). 

Despite this advance heating, the penetration 
range of this product is short in sand, so this process 
is used primarily for coarse formations, for filling 
crevasses and cavities or for joining concrete darns 
(53-01). This type of grouting has been used on darns in 
Alsace, at HALES BAR GUILD in Tennessee and at GREAT 
FALLS on the Canvey Fork (71-05). 

Thus, Category C-3 products do not really fit 
the definition of a chemical grout for use in slightly 
permeable soils. 

4.2 Suggested Products 

Among the possible products, the following have 
been suggested: paraffin (00-02); naphthalene (21-01); 
sulfur (41-12, 41-13); metals such as bismuth, lead, tin, 
cadmium, antimony, zinc (41-22, 42-11); and finally, and 
above all, bitumen (30-11, 31-15, 32-10), which is the 
only product to have been used (53-01, 69-12, 71-05). 

4.3 Conclusion 

For waterproofing of soil by grouting, the grouts 
of Category C-3, mainly bitumen, theoretically present two 
advantages: there is no dosage to regulate since only one 
product is used, brought to the proper temperature; and 
these grouts possess great chemical inertia. 

However, the difficulty of placement (because 
of the necessity of heating) and the short range of penetra­
tion in fine soils render these grouts rather unsuitable 
for this range of applications, and no rating is given. 

129 



5. CATEGORY C-4: FORMULATIONS USING SOLVENTS 

5.1 Introduction 

In certain rather rare cases, use has been 
made of the products mentioned in the preceding chapters, 
but diluted with non-aqueous solvents and thus rendered 
less viscous. Bitumen and epoxy resins have been similar­
ly diluted using an aromatic type diluent insoluble in 
groundwater. 

Although they obey a totally different principle, 
it would be appropriate at this point to note those pro­
cedures which use a water-soluble solvent (of acetone or 
alcohol type). In this case, the diffusion of the solvent 
in groundwater during injection causes the dissolved matter 
to precipitate. This sort of process will be examined 
in Category E-2 (Reaction with Groundwater). 

5.2 Bitumen in Solution 

This process has been used ~o waterproof, and 
sometimes to consolidate, porous formations and sand. It 
offers the advantage over emulsions of avoidance of pre­
mature breakdown of the emulsion. It can thus penetrate 
deep into the ground and is fairly economical. 

The bitumen is dissolved in a solvent such as 
kerosene and forms a fluid solution which, 24 hours after 
injection into the ground, forms a mass which resembles a 
gel (41-28). It is possible to add sulfonates or naphthen­
ates to enhance penetration of very fine pores. A very 
fine solid, such as lime or clay can also be added to 
reduce cost (41-28). 

5.3 Epoxy Solutions 

Epoxy resin solutions have been successfully 
used in oil wells to waterproof and consolidate sandy 
formation. In cases where this grout was used, the second­
ary purpose was to permit the flowing of oil. This 
process is generally inconceivable for traditional types 
of grouting. 

HILTON and SPAIN have obtained excellent com­
pressive strength and sand adhesiveness by two successive 
injections of low-viscosity solutions (5 to 25 cP). The 
process is as follows: after removing the water from the 
formation, one first injects an epoxy resin solution (from 
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60 to 90%) in a mixture of ethanol, methanol and kerosene 
containing some aromatic hydrocarbons, which give a clear 
homogeneous solution (other solvents are also recommended, 
such as diesel oil with toluene or acetone), then a second 
solution containing the hardener diluted with kerosene 
or diesel oil. The first solution drives out any resid­
ual water and the resin covers the grains of sand, then the 
second solution containing the hardener forces the first 
solution deeper into the ground and causes the epoxy 
resin to set (63-36). 

ROBICHAUX also advocates the preliminary elimi­
nation of water from the formation by diesel oil or by 
kerosene followed by isopropyl alcohol before proceeding 
to inject the epoxy solution with its hardener (generally 
amine). The solvent will be of the aromatic group such 
as benzene or kerosene (64-20). 

5.4 Conclusion 

Thanks to the presence of a solvent, these 
bitumen or prepolymer-base mixtures are of sufficiently 
low viscosity to be easily injectable. Since the solvent 
will disappear from the grout sooner or later, this sort 
of product cannot ensure good long-term watertightness. 
The product is thus limited to purposes of consolidation 
where waterproofing is not necessary. 

Because the solvent is organic, this type of 
grout is dangerous to use (risk of fire, explosion, respir­
atory intoxication, etc.). Finally, the Category C-4 
grouts are relatively costly and entirely based on 
petrochemical derivatives and so no rating has been given. 
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1. Introduction 

CHAPTER V 

EMULSIONS 

An emulsion is the suspension of very fine 
drops of one liquid in an immiscible liquid, one phase 
of which is generally water. There is one continuous 
phase and one dispersive phase. A direct emulsion is 
one whose continuous phase is water and a reverse emul­
sion is one for which water constitutes the dispersive 
phase. 

Emulsions used in grouting are of the direct 
type, of which the best known example is bituminous emul­
sion. A viscous liquid, such as bitumen, dispersed in water 
results in a liquid with fairly low viscosity which is 
then used for injection into less permeable soils . 

If necessary, the fluidity of a direct water 
emulsion can be increased by adding water. It should be 
noted that with a reverse emulsion the opposite effect 
occurs, the increase in the concentration of the disper­
sive phase leading to a thickening of the system. This 
property is useful in creating a grout which can thicken 
on contact with groundwater. This will be covered in 
Chapter VI. This chapter, however, will deal only with 
direct emulsions, namely bituminous emulsions and other 
emulsions. 

These direct emulsions break up on contact with 
the ground. The two elements separate and the more viscous 
settles and fills the ground pores. The addition of a 
destabilizing agent can also be used to assure the break­
down of an emulsion. 
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2. CATEGORY D-1: BITUMINOUS EMULSIONS 

2.1 Introduction 

The bitumens used are coal-tar or asphalt base 
and the emulsion is strongly stabilized (casein, for 
example). This procedure can be used successfully in 
fine grain clayey sands (38-10, 53-01, 65-08, 73-13). 
It allows t he permeability of the soil to diminish but 
has little effect on cohesion (strength). It cannot 
be used i n coarse soils because of the risk of having 
badly gel led emulsions draw away. 

2.2 Me t hod o f Breaking Down Emulsions 

2.21 Direc t Breakdown 

This happens by breakdown on the grains of the 
ground o r by elimination of the stabilizing agent (protec­
tive colloid agent), which can either decompose or be 
absorbed by t he fine elements of the soil. But, for this 
to happen, proportioning of the stabilizing agent must be 
very precise . This procedure is not .entirely satisfactory 
since proportioning is difficult to control and the emul­
sion can break down too quickly or too slowly. 

In order to lessen the risk of breaking down 
too quickly, it has been proposed to first complete an 
injection o f sodium tetrapyrophosphate (43-11). The 
second ris k can be lessened by first injecting a stabilized 
bituminous emulsion, followed by a less stable emulsion 
which wou l d caus e the whole to coagulate (36-19, 39-25). 

2.22 Breakdown by Addition of a Destabilizing Agent 

Th e agent used can be added after injection, via 
the bituminous emulsion. This method would use a gas 
(CO2 or Cl2) , and has been cited by ASKALONOFF (38-01, 
38-02). 

However, one-step methods are preferable. There-
fore, the following additives have been proposed: 

e l e ctrolytes: VAN HULST (37-18), or more 
s p e cifically, bi- or trivalent salts, such 
a s calcium chloride (ASKALONOV 38-01, 38-02), 
c alcium or aluminum sulfates (MCKAY 37-17). 
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amine with high molecular weight, or quaternary 
ammonium (MILES 45-08). 

hydrolyzable esters: formiate or ethyl acetate 
or methyl acetate (38-02, 38-01, 40-30, 50-02, 
32-12, 38-06, 53-01, 58-04, 67-02). 

2.23 Breakdown by Adsorption of Part of Emulsifying Water · 

A stable bituminous emulsion contains 50% water; 
if the percentage diminishes to 20% or 30%, the emulsion 
breaks down. In the ground, an emulsion cannot dry up by 
itself and a chemical reaction must be found to absorb 
much of the water, occurring as a delayed reaction. This 
can be done by adding sodium silicate and a gelling reagent 
such as an aqueous resin (CARON 52-16). After the system 
takes effect, the excess water becomes an integral part 
of the grout, which develops a rigidity not possible with 
pure bitumen. Samples of sand treated this way were 
submitted, without washing, to water pressure of 7 kg/cm2 
(100 psi). 

SOMMER and GRIFFIN (55-12) have proposed a 
similar formula: bituminous emulsion stabilized by a salt 
of sodium of pine resin plus sodium silicate, with a ratio 
of 2/1, plus acetic acid. 

Certain finely divided substances, often in a 
colloidal form, have been added to bituminous emulsions: 
diatoma (37-18); bentonite (37-18, 38-06, 39-07, 43-11); 
hydroxide of aluminum, iron or tin (39-07); organic sub­
stances such as humic acid, gelatin or starch; latex 
(40-14). These products are added to improve the perfor-

mance of the bituminous emulsion (for example, latex), 
or to enable their use in open soils. 

Finally, a bituminous emulsion grout can be 
aerated in order to add a thickening agent which stabil­
izes the foam during the liquid phase (CARON 53-13). 

2.3 Applications 

Application is aimed solely at imperviousness of 
fine sands (dunes, for example) or of finely fissures 
masses (38-10, 58-04, 71-05, 74-02). 

2.4 Rating 

Bituminous emulsions have as their advantages 
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their relatively low price, ease of placement, good long­
term stability and non-toxicity of ingredients. 

However, unless a silicate or an aqueous resin 
is added, their breakdown is unreliable, and only a weak 
cohesion is conferred to the ground. These products are 
therefore reserved for waterproofing. 

Table 15. Rating Chart, Bituminous Emulsions 

Criterion Percentage In Waterproofing In Consolidation 

1 30 5 1.5 
2 10 7 0.7 
3 10 5 0.5 

4 10 10 1.0 Not applicable 

5 5 10 0.5 
6 15 10 1.5 
7 20 0 0 

5.70 
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3. CATEGORY D-2: OTHER EMULSIONS 

3.1 Introduction 

Other aqueous emulsions are conceivable for 
grouting, although their use has been much more limited 
than that of bituminous emulsions. The following have 
been cited: emulsions of epoxy or polyester resins, 
vinyl emulsions, natural latex and paraffin wax emulsions. 

3.11 Emulsion of Epoxy and Polyester Resins 

Because of their high price, these emulsions have 
never been widely used (62-17, 72-04). Their only advan­
tage is that they can be used for consolidation of fine 
soils, while such an application is not generally possible 
with bituminous emulsions. 

Certain relatively new formulas of polyester, 
of the type 2 hydroxylethyl methacrylate of diethylene 
glycol, may have an interesting future. 

3.12 Polyvinyl Emulsions 

These emulsions of polyvinyl alcohol or polyvinyl 
acetate in water have been suggested for the stabilization 
of sandy soils (59-06, 74-02) or for concrete re~air 
(70-12), but these products are easily diluted in water. 
Therefore, it is necessary to add water-repellant pro­
ducts such as certain natural oils or vinsol (MARKUS 
55-09) . 

Various patents have established the polymeri­
zation of acrylonitrile emulsions (54-12, 55-11, 56-12, 
56-13), but these have not apparently been used for 
injection into soils. 

3.13 Latex 

It is possible to fill ground formations with 
emulsions of latex in water, which are very flexible and 
water-resistant (MUNAY 52-03). One can ease the intro­
duction of the grout by first injecting a solution of 
sodium tetrapyrophosphate (43-11). 

3.14 Emulsions of Paraffin Wax 

These emulsions in water must be very fine and 
are used for soil waterproofing by adding a dispersirig 
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agent of polyvalent metal, such as aluminum formiate, 
zirconium acetate or aluminum acetate (63-35). 

3. 2 Rating 

Because of their decidedly higher prices, the 
grouts of Category D-2 have seen much less use than 
those of Category D-1 and there are, accordingly, fewer 
studies available on them. There is also very little 
information on formulations to be used concerning perfor­
mance or durability. Thus, the figures given in Table 
16 are uncertain. 

As this category contains several rather closely 
related types of products, for the rating the two most 
interesting products are: 

in waterproofing: natural latex, since it is 
not derived from petroleum; 

in consolidation: polyester emulsion, the only 
product in Category D that can be used in consol­
idation. 

Table 16. Rating Chart, Other Emulsions 

Criterion Percentage In Waterproofing In Consolidation 
(Natural latex) (Polyester emulsion) 

1 30 2 0.6 2 0.6 
2 10 7 0.7 7 0.7 
3 10 5 0.5 8 0.8 
4 10 10 1.0 10 1.0 
5 5. 10 0.5 8 0.4 
6 15 10 1.0 9 0.8 
7 20 8 1. 6 0 0 

--
5.9 4.3 
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CHAPTER VI 

PRODUCTS REACTING WITH THE GROUND 

1. Introduction 

In all the preceding formulations, with a few 
rare exceptions (colloids, heated bitumen), the grout 
needed a reagent (for gelification, polymerization, etc.) 
to pass from a liquid to a solid phase and this neces­
sity required: either that the work be carried out in 
two phases (first the grout, and then its reagent would 
be successively injected into the ground), or that the 
reagent be introduced at the time of preparation, while 
necessary measures were taken to ensure that the grout 
would not set too rapidly. 

Thus, it seems logical to try to take advan­
tage of the ground (or the water in it) to bring about 
the set in situ. In this case, one must choose a grout 
which will react with salts in the ground or in ground 
moisture (provided that the one or the other contains 
suitable salts) or a grout which will react with water 
itself. This chapter deals with two types of grouts: 

Category E-1 Reaction with Ground or Ground­
water Salts 

Category E-2 Reaction with Groundwater 

2. CATEGORY E-1: REACTION WITH SALTS IN GROUND OR IN 
GROUNDWATER 

2.1 Introduction 

In this Category E-1 are to be found mainly 
waterproofing grouts based on one of the following two 
principles: 

2.11 Ion Exchange 

An ion in the ground is replaced by a different 
ion contained in the injected solution. This ionic exchange 
alters the soil's properties, especially its permeability. 

For this procedure to work, the ground to be 
grouted must contain ions with a high exchange capacity, a 
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condition which obviously does not exist in pure sand. 
However, this procedure does work with clays. The 
exchange of an alkaline-earth side-group ion in a clay 
for an alkaline ion found in the grouting solution, by 
altering absorbtive capacity, increases watertightness 
and cohesion. Since clayey soils cannot be injected 
by classic methods (they are not sufficiently permeable), 
the saline solution must be spread by direct electric 
current. This electro-consolidation process falls out­
side the realm of traditional grouting techniques. 

In traditional grouting methodology, the ion 
exchange process is occasionally applicable to sandy soils 
containing a certain percentage of clay or similar matter. 
In such cases, some improvement in watertightness can be 
obtained by injections of mineral or organic solutions. 
Thus, some cationic solutions have been cited: quaternary 
ammonium salt (69-11), sodium tetraphosphate (57-06), 
sodium stearate or palmitate, which may or may not be used 
in conjunction with an alkaline aluminate (37-19, 39-13, 
39-14). In some cases, even sea water may be suitable 
(57-06). 

2.12 Chemical Reaction 

In cases where the ground contains high propor­
tions of Ca or Mg salts, direct injection is possible 
(without a setting agent) and there will form in situ a 
precipitate or a gel which will waterproof the ground. 
The simplest example, and one which has enjoyed some 
applications in Russia for the treatment of loess, 
would be silicate, which converts to insoluble alkaline 
silicate upon contact with the ground. 

The same principle applies to sodium alginate 
(conversion to an insoluble calcium alginate gel) (61-26), 
and also with latex emulsions (precipitation upon contact 
with water containing Ca and Mg salts) (38-11), or with 
lead nitrate solutions (39-16). 

2.2 Conclusion 

These various processes seem to have barely 
been used, although they would have the advantage of very 
easy execution. However, they are all too dependent on the 
ground and thus unreliable. Therefore, no rating has been 
given for this procedure. 
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3. CATEGORY E-2: REACTION WITH GROUNDWATER 

3.1 Introduction 

Some grouts react directly with groundwater, 
whether it is saline or not. The reaction may be direct, 
as with silicon chloride (formation of an SiO2 precipitate) 
or with isocyanates (formation of polyurea). It may also 
consist of a modified emulsion or non-aqueous suspension, 
or of a solution or a suspension in a non-aqueous solvent 
(both of which would be soluble in water), such as alcohol, 
acetone or pyridine, which hydrolyze to form a waterproof 
product on contact with groundwater. 

In order to achieve better penetration and avoid 
any premature reaction during execution, it may be wise 
to start by putting a water-soluble liquid into the ground 
(alcohol, ketone, phenols) (41-23), or a product which is 
not water-soluble (oil) (99-17). 

3.2 Products Recommended 

Many products operate on one or another of the 
three principles of direct reaction with groundwater. Thus 
the following products have been suggested and sometimes 
used: 

3.21 Metallic Salts in Acetone, Alcohol Solutions or Disper­
sions 

Antimony chloride, which gives an antimony oxy­
chloride precipitate (39-15); ferric chloride or sulfate 
(39-15); silicium or titanium chloride (41-23); bismuth, tin 
or arsenic salts (39-15), have all been suggested. 

3.22 Metallic Alkoxides 

In general, metallic alkoxides are solids at ordi­
nary temperatures. They are diluted or dispersed in 
a non-aqueous solvent: mineral oil, benzene, ketone, carbon 
tetrachloride. Alkoxides of aluminum, copper or iron are 
sometimes included (39-18). 

3.23 Ethylsilicate 

It has been recommended that voids left in oil­
bearing strata by the removal of water from these strata be 
filled with an appropriate solvent which would be soluble 
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in water and petroleum, alchol, acetone (40-18). It 
is possible to use setting accelerators which prevent 
losses of grout in the strata: silicon, zinc, or iron 
chloride (42-07). 

3.24 Silicon or Tita~iurn Tetr~c~lorides 

These substances have been proposed by CHAMBERLAIN 
(41-23) for use in the oil industry. They give a SiO2 or 

TiO2 gel. 

3.25 Cellulose Nitrates or Acetates 

These products are dissolved in an organic solvent 
such as alcohol or acetone (LOOMIS 36-18). 

3.26 Natural Resins 

Arosinates (KENNEDY 39-15), acaroid resins 
("YACCAGUM" or "grass tree gum") in solution in methyl alcohol 
(LAWTON 44-13) have been suggested. 

3.27 Bitumens 

Another possibility which has been advocated 
consists of solutions of bitumen in pyridine, which become 
diluted with ground water and leave a deposit of bitumen 
(LIMBURG 40-26). 

3.28 Bentonite Suspensions in Oil 

Dry bentonite suspended in oil or in fuel can form 
a gel in the presence of water. This process is used mainly 
for stopping water ingresses in oil wells (the grout is 
too viscous to be used for grouting sand). There is a 
reference to the use of this grout for civil engineering 
purposes in the DIKAN Dam in Iraq (63-14). 

3.29 Polyesters 

An inverse emulsion (water in oil) of an unsat­
urated polyester, modified by an ethylene monomer such as 
styrene, thickens pronouncedly upon contact with groundwater, 
stays in place even if subjected to running water, and 
then polymerizes. 

This grout is advocated for terrain which streams 
with water; it has the advantage of low viscosity, easily 
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regulated setting time and, above all, it does not wash 
away, because it thickens instantaneously as soon as it 
absorbs water (CARON and GRANIER 72-14). 

3.210 Polyureas and Polyurethanes 

When an isocyanate is made to react on a polyol 
or a polyether, a polyurethane polymer is formed. The same 
isocyanate can react directly with water: 

producing carbon dioxide gas as a polymer is formed. If the 
formula is gauged correctly, the two reactions take place 
simultaneously, the carbon dioxide remains occluded in the 
polymer and a stable foam is formed. Thus, a direct reac­
tion with groundwater is possible with the isocyanate alone, 
theoretically producing a polyurea foam in situ, but if 
some parts of the isocyanate were not to enter into contact 
with groundwater, polymerization would not take place. 
Thus, CARON and GUITTARD (73-14) advocate the use of a 
grout combining isocyanate and a small. amount of polyol 
which, upon contact with groundwater, will always form 
a polyurea polyurethane foam whose proportions will vary 
according to the amount of water absorbed. There was a 
major application of this system in Spain at the CANELLES 
Dam (99-17). 

Although its exact composition is not known, the 
ready-to-use grout of the Japanese firm TAKANEKA DOMUTEN, 
"TACSS SYSTEM", is a prepolymerized polyurethane which is 
particularly effective for consolidating and waterproofing 
ground through which a great deal of water circulates 
(69-10, 70-03). This grout, slightly diluted with a solvent, 
sets upon contact with groundwater to form a product which 
is stable, insoluble, hydrophobic and very light. 

The molecule's isocyanate terminal enables it 
to expand greatly (about 25 times its original size) and to 
form a foam containing twelve-sided bubbles of carbon dioxide 
which make the product highly stable (72-05, 72-06, 73-09, 
73-11, 73-12, 73-14). 

Setting time can be regulated through the use of 
an amine to shorten the interval, or an acid to prolong it 
(71-03). This interval can vary from a few seconds to two 
hours (73-12). It appears that this grout, which is rela­
tively expensive and rather viscous, has not been used to 
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stabilize or waterproof fine soils (70-03), its special 
application area being the treatment of rivulets in karstic 
and similar conditions (66-07, 66-08). 

3.3 Rating 

These various products have the advantage of 
being very easy to apply, but because of their extremely 
limited range of application, no rating has been given . 
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CHAPTER VII 

CATEGORY F: COMBINED SYSTEMS 

1. Introduction 

This chapter discusses systems combining 
some of the preceding principles and examines new pro­
ducts which give the mixtures markedly different proper­
ties. 

The silicate-bitumen emulsion mixture or the 
phenoplast resin-bitumen emulsion could have been included 
in this category as mixtures of Categories A-1 and D-2. 
However, they have been included in Category D-2 since 
the major component of each is the bitumen emulsion, the 
silica gel or the phenoplast resin being added only to 
help the bitumen emulsion to coagulate. For the same 
reasons, various other combination systems were examined 
under the chapter devoted to their principal component. 

This chapter is concerned with combinations 
conferring new properties on the two basic systems, as 
taken separately. This is the result of a combination 
of a Category A grout (aqueous solution) with a Category 
B grout (colloidal systems). 

By virtue of their low viscosity, Category A 
grouts can seep down by simple gravity or be carried hori­
zontally by non-stagnant underground water. An experimen­
tal study has been made by CARON (65-03, 70-07), which 
showed that, some time after injection, the grout has 
moved down from where it had been injected. As a result 
of this horizontal or vertical movement, the injected area 
can actually be some distance from the point intended and 
calculated. It can even happen that the various injec­
tions made through neighboring bore-holes do not meet 
properly to form a continuous sheet, since their spreading 
patterns have been different. In this case there will 
be gaps (windows) in the curtain which render it partially 
ineffective. 

The bentonite-type colloidal grouts (Category 
B-2) do not give very good performances at the final stage, 
since the gel's mechanical characteristics are very weak 
and it risks loosening. However, at the time of prepara­
tion they have a certain intrinsic rigidity which prevents 
them from drifting downward. Thus, it can be advantageous 
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to combine Categories A and B-2. 

2. A-1 Plus D-2 Combination 

This grout has been proposed by CARON (72-15) 
and called SUPERGEL. It includes: 

a) sodium silicate in a much more dilute solu­
tion than that used for traditional processes (3.5 to 
7% instead of 12 to 35%). 

b) ultra-colloidal bentonite, whose particles 
are all less than one micron in size. 

c) a polyphosphate or tannin-type peptizer. 

d) a sodium silicate setting reagent which 
does not produce a flocculating effect on the bentonite. 
Thus, polyvalent salts must be ruled out (calcium chlor­
ide, copper, copper sulfate), as well as highly ionized 
acids. This reagent should be selected from among the 
weak organic or inorganic acids (citric, boric or glycolic 
acid) and the proportion should be about 0.6 to 1.5% by 
weight. 

This process has enjoyed several applications 
and its major advantages are: optimal rheological behavior; 
it is very fluid (3 cP) and has a binghamian rheological 
character (less than 100 dynes/cm2 rigidity). Like silica 
gels for waterproofing, this grout can be injected into 
fine soil, but runs no risk of drifting downward because 
of its intrinsic rigidity. It also tends less toward 
syneresis. There is no polluting effect because the sili­
cate is used in very low dosages and is completely combi~ed. 

3. A-6 Plus D-2 Combination 

This is a bentonite suspension combined with an 
acrylic resin aqueous solution. The PROGIL Company recent­
ly recommended such a process for stopping water seepage 
in mixed terrains (99-07). According to the authors, "the 
effect of this combination is to make the grout but little 
viscous while it is moving, but somewhat rigid while it 
is still. This phenomenon stops the grout from washing 
and running into large fissures." 

This combination has the same advantages as 
the preceding procedure, but its relatively high price 
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seems to have ruled out notable applications. 

4. Rating 

The rating given in Table 17 is for the most 
advantageous product in this category, SUPERGEL (A-1 
plus D-2 combination). 

Table 1 7. Rating Chart, Supergel 

Criterion Percentage For Waterproofing For Consolidation 

1 30 9 2.7 
2 10 5 0.5 
3 10 9 0.9 
4 10 8 0.8 Not usable 
5 5 10 0.5 
6 15 10 1.5 
7 20 9 1. 8 

8.7 
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1. General Remarks 

CHAPTER VIII 

CONCLUSIONS 

Several hundred types of chemical grouts 
were classified and examined for cost, workability, 
effectiveness, durability, toxicity and environmental 
impact. These rating categories and their relative 
importance were given in Table 1. Table 18 is a 
summary rating for all classified grouts, according 
to these rating categories. 

Some general conclusions have emerged from 
the examination of these grouts: 

1. Most of the grouts proposed and nearly all the 
grouts actually used are in the aqueous grout categor­
ies: A, solutions; B, colloidal suspensions; D, emul­
sions; F, combinations of A and B. An aqueous grout 
is obviously less expensive and easier to use than a 
non-aqueous grout. 

2. The Category C and Enon-aqueous grouts are therefore 
limited to very special uses. In Category C, the fluid 
polyesters, and in Category E, the expanding polyurethanes 
which react with groundwater, should be noted as the most 
advantageous. 

3. Similarly, some of the aqueous grouts in Categories 
A, B, D, and Fare rarely used as they are suitable only 
for special purposes. There are: 

-Category A-2, other mineral gels, since these 
products do nothing that Category A-1 products 
cannot do, and are more costly. 

-Category A-4, other plant derivatives, since 
they do nothing that Category A-3 products 
cannot do, and also because these substances 
set only in an acid medium. 

-Category A-7, aminoplasts, because these 
products react only in an acid medium and are 
therefore useless in any ground containing 
calcium. 
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Table 18. 

MAX silicate ligno 
score 

Al A3 

3 2. 4 1.8 
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1 0.9 0.9 

1 0. 8 0.7 

0. 5 0.5 0 

IL. 5 1. 05 0.9 

2 1.6 1.6 

10 7.85 6. 6 

Tentat1ve Evaluation of Grouts 

WATERTIGHTNESS 

acryl pheno (AI-A5) organic mineral bituminous other (Al-82) 
·colloids colloids emulsions emulsions 

A5 A6 A8 Bl 82 DI D2 F 

0. 6 1.5 0.9 1. 2 2.4 1.5 0. 6 2.7 

0.8 0. 6 0. 8 0.4 0.4 0.7 0. 7 0.5 

0.9 0. 8 0. 9 0. 5 0.5 0.5 0 . 5 0. 9 

0.9 0. 9 0.8 0.3 0.9 1 1 0 . 8 

0.15 0.2 0.2 0.5 0.5 0. 5 0.5 0.5 

1. 05 1.05 1.05 l 1.5 1.5 1 1.5 

0.4 0.8 l 2 2 0 1.6 1. 8 
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l. 6 0. 2 0.8 l 0 

5. 7 4.15 6.15 5.55 4. 3 



-Category B-1 products, organic colloids, for 
they do not offer any advantages over B-2 
products, mineral colloids, (except in special 
cases), and are more costly. 

-Categories C-1, synthetic resins, and C-2, 
vulcanizable oils, because a grout in emulsion 
is harder to handle than grouts in solution 
or colloidal suspension and the results are 
less predictable. 

4. At present the most advantageous products are found 
in Categories A-1, A-3, A-5, A-6, A-8, B-2 and F. 

5. Category A-1 through A-5 and A-6 grouts can be used 
for waterproofing as well as for consolidation, according 
to their diluteness. 

Category A-3, B-2 and F grouts can be used only 
for waterproofing. Category A-3 (lignochrome), ,at 
maximum concentration, can be used for moderate consolida­
tion. However, at maximum concentration, viscosity 
exceeds 20 cP. 

Category A-8 grout, SIPROGEL, is used specifi­
cally for consolidation. This ready-mixed product can 
also be used for waterproofing, but it would be too expen­
sive. 

6. Among all the various grouts, only four categories do 
not rely on petrochemicals: the inorganic systems, A-1, 
B-2, F; systems of plant origin, A-3. These will be the 
most promising in times of oil shortages. 

2. Special Findings Regarding the Most Promising Grouts 

2.1 Category A-1: Silicates 

These grouts are well known as they were the first 
to be used for chemical grouting. They are thus thoroughly 
documented both for research and applications, although 
silicate-base grouts have enjoyed a much greater use in 
Europe than in the United States. 

Silica gels are most useful for both waterproofing 
and consolidation, and in both cases the quality-price 
ratio is very good. However, these grouts have three draw­
backs: 
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1. some lack of long-term stability, although 
this point is still debated; 

2. after setting, the gel releases some free 
sodium, which can be a nuisance; 

3. if subjected to stress over a long time, 
strengths are impaired. 

2.2 Category A-3: Lignosulfites 

These are of interest because they are derived 
from almost totally unused residues. Lignosulfite, 
combined with an alkaline dichromate, converts after a 
variable interval into a more or less consistent jelly. 
In some countries, notably the United Kingdom, this grout 
has competed with silica gels. However, it is limited 
as it does not give strong mechanical properties, and 
is used for waterproofing and moderate consolidation. 
The use of certain additives and careful selection (since 
it is a by-product, its composition varies from one 
factory to another) can improve the mechanical proper­
ties of the hardened grout. It would seem that ligno­
sulfites offer interesting possibilities for research, 
as does the question of reducing the proportion of 
chromium to avoid the problem of toxicity. 

There is another product which is of plant 
origin, does not require chromium for polymerization, 
and can also be used for consolidation: furfural, whose 
formulations and possible uses are described at the end 
of Category A-4. Although some furfural-base mixtures 
(furfuralaniline) were researched and proposed for consol­
idation more than twenty years ago (research by Dr. 
WINTERKORN at PRINCETON University), these studies were 
not followed up (except for some very special applications 
in the U.S.S.R.'), since these products are so far more 
costly than resins made from petrochemicals. Thus, 
although the world produces some 200,000 tons of furfural 
yearly, not one pound of it is used in chemical grouting. 

It is highly probable that furfural and its 
derivatives (furfurylic alcohol, furfurylidenacetone) 
have a promising future. Extracted from corncobs, straw, 
sugar cane bagasse, etc., the supply of this product is 
renewed each year, and its sources are innumerable. By 
merely providing for more complete collection of these 
materials, world production of furfural could be multi­
plied tenfold. 
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2.3 Categories A-5 and A-6: Acrylamide and Phenoplast 

These are two aqueous resins which share the 
market for the treatment of fine sands. These two grouts 
are petrochemical derivatives and, all else being equal, 
are more costly than the two preceding products. They 
do, however, enjoy appreciable technical advantages. 
Their initial viscosity is lower, and their viscosity 
does not evolve prior to setting time. They also enjoy 
a good long-term performance. 

For grouting heterogeneous terrain, treatment 
is recommended to begin with a silica gel and to be 
completed by an aqueous resin. If the terrain is defi­
nitely heterogeneous with highly permeable voids, it would 
be technically and economically advisable to plug the voids 
in advance with an injection of clay-cement or a similar 
product. 

2.4 Category A-8: Grouts Derived from Category A 

Among the grouts obtained from products in 
Category A, a comparative study permits the selection 
of SIPROGEL. This mineral-organic composite, a silica­
acrylamide gel, combines some of the advantages and 
disadvantages of the preceding categories: 

-Its high acrylamide content makes it expen­
sive, so it can logically be used only for very 
special purposes, and is not generally suitable 
for large-scale applications. 

-The major advantage of this composite is that 
the presence of the acrylamide inhibits the 
silica gel's tendency to loosen over long 
stretches of time. 

-Although SIPROGEL is perfectly suitable for 
waterproofing, its high cost limits it to 
consolidation work. 

2.5 Category B-2: Bentonite Gels 

These substances can be used only for waterproof­
ing, since they acquire only slight rigidity after injec­
tion, and there is some risk of long-term loosening. 
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2.6 Category F: Combined Systems 

One of the most promising of these combination 
grouts is SUPERGEL, a suspension of peptized bentonite 
combined with sodium silicate and a setting reagent. Like 
bentonite, SUPERGEL can be used only for waterproofing. 
But, after a few hours, this grout acquires sufficient 
shear strength to rule out any risk of loosening. For 
waterproofing, then, it is one of the products having 
the best quality-price ratio. 
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Die chemische Verfestigung von Bodenschichten 
(Chemical Consolidation of Soil Layers) 
Deutsche Tiefbau-Zeitung, Vol. 28, p. 202-203, 1928 
(German Underground Civil Engineering Journal) 

A. MAST 
Die praktische Anwendung des chemische Verfesti­
gungsverfahrens von losen Bodenarten bei der Grun­
dung eines Wohnhauses (The practical Application 
of Chemical Consolidation of Loose Soils in the 
Foundation of an Apartment House). 
Deutsche Bauzeitung, Vol. 62, Suppl. Konstruktion 
und Ausfuhrung, p. 82-83 (1928) 

Chemisches Verfestigungsverfahren von Erdschichten 
(Chemical Stabilization of Soil Layers) 
Beton und Eisen, No. 7, p. 150 (1928) 
(Concrete and Steel) 

SCHEIBER, TROTLER and SCHOLZ 
Angew. Chem. !!_-1305 (1928) 

Fabrique de produits de chimie organique de Laire 
(Laire Organic Chemicals Plant) 
F.P. 679,321 - Dec. 6, 1928 

K. BACKOFEN 
Das chemische Verfestigungsverfahren als Abdich­
tungsverfahren (Chemical ·consolidation as a 
waterproofing Method) 
Bergtechnik, Vol. 22, p. 162-163 (1929) 
(Mountain technology) 

K. BACKOFEN 
Grundungen im Moor; Versteinerung Kieselhaltiger 
Boden (Foundation in a swamp; Consolidation of 
Water-bearing Ground ) 
Deutsche Tiefbau-Zeitung, Vol. 29, p. 68-70 (1929) 

J. KUHNKE 
Neues chemisches Verfahren zur Verfestigung des 
Baugrundes beim Erweiterungsbau des Eisenbahnbrucke 
uber die Spree am Bahnhof Jungfernheide der 
berliner Ringbahn (New Chemical Methods of Con­
solidation of Building Foundation in the construc­
tion of the Extension of the Railroad Bridge Over 
the Spree at the Jungfernheide Station of the 
Berlin Circular Railroad). 
Zentralblatt der Bauverwaltung, Vol. 49, p. 137-
147 (1929) 
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29-04 

29-05 

29-06 

29-07 

29-08 

30-01 

30-02 

30-03 

30-04 

SIEMENS 
Neue Hilfsmittel im Grundbau (New Materials for 
Use in Foundation Work) 
Siemens-Bauunion Zeitschrift (Siemans-Buildings 
Union Journal), No. 1, Jan., 1929 

SIEMENS 
G.R.P. 441,622 (Inhaber: Tiefbau u. Kalteindus­
trie A.G. and Dr. Ing. H. Joosten) 
Bautechnik, No. 12, p. 198, 1929 (Construction 
Engineering) 

Francois Grouting Process 
Engineering News-Record, Vol. 102, p. 853, May 30, 
1929 

B. J. HALL 
Tunneling a Water-bearing Fault by Cementation 
Engineering News-Record , Vol. 102, p. 874, May 30, 
1929 

I. G. FARBEN A.G. 
G.R.P. 550,647 (1929) 

K. BERNHARD 
Versteinerung loser Bodenarten im Grundbau 
(Consolidation of Loose Soils in Foundation Work) 
Bauingenieur, Vol. 11, p. 202-208, 1930 

K. BUHRIG 
Die chemische Abdichtung und Verfestigung des un­
dicht gewordenen Mauerwerks des Toppolczanschachtes 
der Castellengogrube (Chemical Waterproofing and 
Consolidation of the Pervious Walls of the Toppol­
czan Ditch of the Castellengo Excavation) 
Gluckauf, Vol. 66, p. 607-610, 1930 

INDRA 
Uber die Abdichtung einer wild ausgebrochenen 
Mineralquelle im Glauberquellengebiet von Franzen­
bad (Re the Waterproofing of a Mineral Spring in 
the Glauber spring Area of Franzensbad) 
Internat. Mineralquellen-Zeitung, No. 9, 1930 
(International Mineral Springs Journal) 

H. JAHDE 
Das Verfestigen und Abdichten von Gebirgschichten 
von Mauerwerk und Beton auf chemischem Wege 
(Chemical Stabilization and waterproofing of Moun-
tain Layers, Walls and concrete) 
Kohle und Erz, Vol. 27, p. 685-689, 1930 
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30-05 

30-06 

30-07 

30-08 

30-09 

30-10 

30-11 

A. LANG 
Erstmalige praktische Grossanwendung des chemischen 
Versteinungsverfahrens beim Bauder Wassergewin­
nungsanlage des neuen Wasserwerks der Stadt 
Dusseldorf "Am Staad" (First Large-scale Applica­
tion of chemical petrification in the construction 
of the Dam of the New Waterworks Dept. of the Town 
of Dusseldorf "Am Staad") 
Bauingenieur, Vol. 11, p. 411-416, 432-437, 1930 
Das Gas- und Wasserfach, No. 2-4, 1930 
Wasser und Gas, Nov. 14 and 18, Dec. 12, 1930 

A. LOHMANN 
Die Anwendung des chemischen Verfestigungsverfahrens 
bei der Abdichtung einer Laugendammes und bei 
Schachtdichtungs Arbeiten auf Dam Lakiwerk Sachsen­
Weimer in Unterbreizbach (Rohn) (Application of 
Chemical Stabilization on the Waterproofing of a 
Lye Dam and of Shaft Sealing Works on the Kaliwork 
Sachsen-Weimar Dam in Unterbreizbach) 
~ali, Vol. 24, p. 81-85, 1930 

W. SICHARDT 
Erfahrungen mit der chemischen Bodenverfestigung 
und Anwendungsmoglichkeiten des Verfahrens 
(Research in Chemical Soil Consolidation and Possi-
ble Applications of the Method) 
Bautechnik, Vol. 8, p. 181-186, 1930 

German Process Grouts porous Materials by Chemical 
Means 
Engineering News-Record, Vol. 105, p. 549, Oct. 2, 
1930 

Shcutz und Instandsetzung schadhafter Bauwerke 
(Protection and Repair of Damaged Structures) 
Siemens-Bauunion Zeitschrift, 1930 

I. G. FARBEN A.G. 
F . P. 697,874, June 25, 1930 

GEORGE W. CHRISTIANS 
Method and Apparatus for Sealing Crevices in Rock 
Formations or the Like 
U.S.P. 1,763,219, June 10, 1930 
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30-12 

31-01 

31-02 

31-03 

31-04 

31-05 

H. VAN MASSENHOVE 
Les applications du procede de cimentation Fran~ois 
au fon~age de puits, reparation de cuvelage et 
trace de galeries en terrain aquifere (Applica­
tions of the Francois Cementation process in the 
Sinking of wells, Shaft Lining Repairs and Mine 
Tunneling in Water-Bearing Ground) 
Congres intern. des mines, de la metallurgie et de 
la 0eologie appliquee (International Conference 
on Mining, Metallurgy and Applied Geology) 
Liege, 1930 

K. BUHRIG 
Die Abdichtungs und Verfestigungs Arbeiten im 
Jelka-Schacht der Preussengrube A.G. nach dem 
joostenschen chemischen Verfahren (Waterproofing 
and consolidation Projects in the Jelka Shaft of 
the Preussen Mine A.G. According to the Joosten 
Chemical Method) 
Oberschlesischer Berg und Huttenm&nnischer Verein 
Zeitschrift, Vol. 70, p. 415-417, 1931 

R. BURGER 
Der Bauder neuen Rheinbrlicke bei Ludwigshafen 
(Rhein)-Mannheim (Construction of the New Rhine 
Bridge Near Ludwigshafen) 
Bautechnik, No. 38, p. 547, Sept. 4, 1931 

R. GRAEFENHAN 
Das chemische Verfestigungsverfahren nach Dr. 
Joosten; Ein wertvolles Hilfsmittel fur Grundungen 
(Method of Chemical Consolidation According to 
Dr. Joosten: A Valuable Aid in Foundation Work) 
Bauwelt, Vol. 22, p. 134-135, 1931 
(Construction World) 

A. GUTTMANN 
Chemische Verfestigung und Abdichtung undichten 
Mauerwerks und betons (Chemical consolidation 
and Waterproofing of Pervious Walls and Concrete) 
Bautenschutz, Vol. 2, No. 1, p. 4, Jan. 5, 1931 
A.C.I. Abstracts, Vol. 3, p. 86, Dec. 1931 

A. HANSEN 
Grundung der Neubauten fur die Augen und Frauen­
Klinik der Berliner Universitat (Foundations of 
the New Buildings for the Eye and Women's Clinic 
of the Berlin University) 
Zentralblatt der Bauverwaltung, Vol. 51, p. 588-
600, 1931 
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31-06 

31-07 

31-08 

31-09 

31-10 

31-11 

31-12 

31-13 

31-14 

HEISE 
Das chemische Verfestigungsverfahren von Dr. 
Joosten (Dr. Joosten's Method of Chemical Consoli­
dation) 
Bergbau, Vol. 44, p. 1-2, 1931 

L. JORGENSEN 
Solidifying Sand, Gravel and Weak Rock 
Western Construction News, p. 591, Nov. 10, 1931 

LABAUME 
Die Umbauten am Bahnhof Jannowitzbri.icke in Berlin 
(Reconstruction of the Railway Station at Jannow­
itzbrucke in Berlin) 
Bautechnik, 9, No. 18, p. 255, Apr. 24, 1931 
~, No. 19, p~ 271, March 1, 1931 

G. MARBACH 
Die Bedeutung des chemischen Verfestigungsverfahrens 
von Joosten flir den Bergbau (The Meaning of the 
Joosten Method of chemical Consolidation for Mining) 
Gluckauf, Vol. 67, p. 913-920, 1931 

0. MAST 
Chemische Bodenverfestigung und Sicherung von Bau­
werken (Chemical Soil Consolidation and Securing 
of construction Work) 
Deutsche Tiefbau-Zeitung, Vol. 31, p. 54-55, 1931 

W. SCHRODER 
Baugrundverfestigung und Instandsetzung einer 
Eisenbahnbrucke unter Berucksichtigung des schweren 
Kraftwagenverkehrs (Ground consolidation and 
Repair of a Railway Bridge, Taking Heavy Traffic 
into consideration) 
Bautechnik, Vol. 9, p. 447-450, 1931 

M. J. STAMATIU 
Untersuchungen uber die Verfestigung und Abdichtung 
von Gesteinen und Beton auf chemischem Wege 
(Investigation of the C~nsolidation and Waterproof­
ing of stone and Concrete Chemically) 
Freiberg in Saar, 1931 

I. G. FARBEN A.G. 
U.S.P. 1,791,434 (1931) 

MICHAEL MULLER 
Process of Chemically Solidifying Earth 
U.S.P. 1,815,876, July 21, 1931 
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31-15 

31-16 

31-17 

31-19 

31-20 

32-01 

32-02 

32-03 

32-04 

C. W. CHRISTIANS 
Apparatus for sealing crevices in Rock Formations 
or the Like 
U.S.P. 1,820,347, August 25, 1931 

CARL ZEMLIN 
Process of solidifying Layers of Ground and Similar 
Masses 
U.S.P. 1,820,722, August 25, 1931 

HUGO JOOSTEN 
Process of Solidifying Permeable Rock, Loosely 
Spread Masses of Building Structures 
U.S.P. 1,827,238, October 13, 1931 

JOOSTEN 
Verfahren zum Verfestigen von Wasserdurchlassigen 
Gebirge (Procedure to Consolidate a pervious 
Mountain Area) 
G.R.P. 516,151, Feb. 2, 1931 

GAYRARD 
Belgian Patent 377,785 (1931) 

AUBERTEN M. 
Note sur les travaux d'etanchement d'un barrage 
par la methode des injections (Note on Dam Water­
proofing Work by Grouting Method) 
Annales des Pents et Chaussees (Dept. of Bridges 
and Highways), Vol. 1, No. 3, p. 417-434, May­
June, 1932 

H. FEHLMANN 
Das chemische Verfestigungsverfahren (Chemical 
Consolidation Method) 
Hoch und Tiefbau, No. 5, 1932 

L. R. JORGENSEN 
New M.ethod of Consolidating Foundations 
Civil Engineering, New York, Vol. 2, p. 42-43, 
Jan., 1932 

A. KLEINLOGEL 
Das chemische Verfestigungsverfahren nach Dr. 
Joosten und seine praktische Anwendung im Baugewer­
be und Bergbau (The Joosten Method of Chemical 
Consolidation and its Practical Application in 
Construction and Mining) 
Internationale Bergwirtschaft und Bergtechnik 
Vol. 25, p. 29-36, 1932 
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32-05 

32-06 

32-07 

32-08 

32-09 

32-10 

32-11, 

32-12 

32-13 

A. KLEINLOGEL 
Neue Versuche mit dem Joostenschen chemischen Ver­
festigungsverfahren (New Research with the Joos­
ten Method of Chemical Consolidation) 
Bautenschutz, Vol. 3, p. 49-54, 1932 

D. E. MORAN and F. 0. DUFOUR 
Increasing Bearing power of clay Soil (Francois 
Process) 
Engineering News-Record, Vol. 108, No. 20, p. 726, 
1932 

K. A. POHL 
Chemical Solidification of Loose Soils 
Engineering Progress, Vol. 13, p. 85-88, 1932 

K. A. POHL 
Emploi de la silicatisation pour la construction 
dans les terrains meubles; procede H. Joosten 
(Use of Silicate Grouts for construction in Loose 

Ground; Joosten Process) 
Genie Civil, Vol. 100, p. 14-17, 1932 

G. WEIDMANN 
Die neue Eisenbahnbriicke uber den Rhein (The New 
Railroad Bridge Over the Rhine) 
Bauingenieur, No. 1-2, p. 2-10, 1932 

G. W. CHRISTIANS 
Method and Apparatus for Sealing crevices in Rock 
Formations or the Like 
U.S.P. 1,858,952, May 17, 1932 

KUHN 
"Worterbuch des Kolloidchemie" (Dictionary of 
Colloidal Chemistry) 
Dresden-Leipzig, 1932, Steinkopff Ed. 

Bataafsche Petroleum Maatschappij 
Procede pour impermeabiliser ou fixer des couches 
de terre permeables ou mobiles, tels que les sols 
sableux et autres masses poreuses (Procedure for 
Waterproofing or Consolidating Permeable or Un­
stable Ground , Such as Sandy soils and Other Porous 
Masses) 
F . P . 7 4 3 , 7 8 2 , Oct. 7 , 19 3 2 

W. SICHARDT and D. ZEMLIN 
Process of Cannecting Solidified soil to Building 
Structures 
U.S.P. 1,846,815, Feb. 23, 1932 
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33-01 

33-02 

33-03 

33-04 

33-05 

33-06 

33-07 

33-08 

33-11 

C. DIETZ 
Kunstliche Sandverkieselung 
(Artificial sand Consolidation) 
Zeitschrift fur praktische Geologie, Vol. 41, 
p. 57-61, 1933 

H. JAPP 
New Methods of Excavating Quicksand 
Engineer, Vol. 156, No. 4059-4060, p. 398-402, 
Oct. 27, 1933; Editorial comment, p. 409, 422-425, 
Nov. 3, 1933 

P. K. JESPERSEN 
Grundforstaerkning ved indpresning af kremiske 
Vaedsker (Soil Consolidation by chemical Injec­
tion). Byggningsstatiske Meddelelser, No. 2, 1933 

KREB and W. SICHARDT 
Die Bedeutung der Grundwasserabsenkung und der 
chemischen Bodenverfestigung fur die Grundung in 
offener Baugrube (The Meaning of cround Water 
Lowering and Chemical Soil Consolidation for the 
Foundation of an Open Building Excavation) 
Bautechnik, Vol. 11, p. 25-29, 1933 

H.C. PEFFER, R.L. HARRISSON, SHREVE R.N., ROSTONE 
Industrial and Engineering Chemistry, July , 1933 

W. SICHARDT 
Chemische Abdichtung von Bauwerken und Baugruben 
(Chemical Waterproofing in construction and Exca-
vation) Bautechnik, Vol. 11, p. 455-457, i 933 

W. SICHARDT 
Chemische Bodenverfestigung und Abdichtung im 
Tunnelbau (Chemical Consolidation and Waterproof­
ing in Tunnel construction) 
Verein-Deutscher Ingenieure, Zeitschrift, Vol. 77, 
p. 905, 907, 1933 

R.J. VAN LIER 
De Chemische brondverkittings Methode van Dr. 
Joosten (The Joosten Chemical Consolidation Method) 
De Ingenieur, Vol. 48, Bouw-en Waterbouwkunde, 
p. 14-16, 1933 

Minnesota Mining and Manufacturing Company 
F.P. 756,564, March 22, 1933 
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33-12 

33-13 

33-14 

33-15 

34-01 

34-02 

34-03 

34-04 

34-05 

34-06 

35-01 

35-02 

U.S.P. 1,909,786, May 16, 1933 

u.s.P. 1,909,787, May 16, 1933 

U.S.P. 1,909,788, May 16, 1933 

u.s.P. 1,909,789, May 16, 1933 

GOERTZ 
Bauder Undergrundbahn Moskau 
(The Building of the Moscow subway) 
Bautechnik, Vol. 12, No. 33, p. 423-427; No. 35, 
p. 449-451, 1934 

0. MAST 
Pfeilerverstarkerung mit nachtraglicher Tiefgrund­
ung und der Reichsbahnbrucke uber den Humboldt­
hafen in Berlin (Pile strengthening and Supple­
mentary Deep Foundation of the Reichs Railroad 
Bridge over the Humboldt Harbor in Berlin) 
Bauingenieur, Vol. 14, p. 327-331, 1934 

M.J. NEELANDS (Francois Cementation Co.) 
Discussion of Paper No. 4905 by Allin and Nacjshen 
Proceedings, Institution of Civil Engineers, 
Vol. 235, p. 480, 482, May, 1934 

H. WEBER 
Das chemische Bodenverfestigungs und Abdichtungs­
verfahren (Chemical soil consolidation and Water­
proofing) Siemens Zeitschrift, Vol. 14, p. 383-
388, 1934 

HOFMANN 
Ber. 18 - 2765, 1934 

BAKELITE CORP. (F. BITTERICH) 
U.S.P. 1,971,476, Aug. 28, 1934 

M. WECKEL 
Note sur les grands travaux en Algerie Barrage de 
Bou-Hanifa (Note on Major Construction Projects 
in Algeria, Bou-Hanifa Dam) 
Annales des ponts et chaussees, p. 915, Jan., 1935 

D. DE SIMONE 
Procedimenti di impermeabilizzazione e di consoli­
damento chimico di terreni (Chemical Ground Water­
proofing and consolidation Procedures) 
Annali dei Lavori Pubblici (Annals of Public Works) 
Vol. 73, p. 443-449, 1935 
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35 - 03 

35 - 0 4 

35-05 

35-06 

35-07 

35-08 

35-09 

35-10 

35-11 

35-1 2 

H.J.B. HARDING 
Ground Water Lowering and Chemical consolidation of 
Foundations 
Concrete and Construction Engineering, Vol. 30, 
No. 1, p. 3-12, 1935 

A. KARSTEN 
Chemische Bodenverfestigung und Abdichtung (Chem­
ical Soil Consolidation and Waterproofing) 
Deutsche Bauzeitung, Vol . 69, p. 476-478, 1935 

B.A. RZHANITZIN 
How Sands are Transformed into Stones (Russian) 
O.N.T.I., P. 37, 1935 

M. STAMOTIVE 
Recherches sur l'impermeabilisation et la consoli­
dation du beton, etc ... (Research on Cement Water­
proofing and Consolidation, etc ... ) 
Congres Int'l des Mines, de la metallurgie et de 
la Geologie appliquee., Sec. des Mines, Vol. 7, 
p . 5-10, Oct. 20-26, 1935; See also Revue de l'in­
dustrie minerale, No. 360, p. 597-602, Dec. 15,1935 

Soc. pour l'Industrie chimique a Bale 
(The Bale Chemical Industry Association) 
G.R.P. 671,724, 1935 

Rhurchemie A.G. (The Rhur Chemical Co.) 
F.P. 791,983, July 2, 1935 

I.G. FARBEN A.G. 
F.P. 796,389, Oct. 3, 1935 

W. KLIE 
Methods and Means for Filling in Concrete Rocks 
a nd the Like 
U.S.P. 1,987,958, Jan. 15, 1935 

J OHN J. BREBE and SYLVIA M. STOESSER (Assigned to 
Dow Chemical Co.) 
Treatment of Deep Wells 
U.S.P. 1,998,756, April 23, 1935 

H.T.KENNEDY and H.C. LAWTON 
Method of Plugging Strata in Wells 
U.S.P. 2,019,908, Nov. 5, 1935 

1G5 



35-13 

• 36-02 

36-03 

36-04 

36-05 

36-06 

36-08 

36-09 

36-10 

J.R. JORGENSEN 
Method of Grouting by Chemical Means 
U.S.P. 2,025,948, Dec. 31, 1935 

G.E. BURNETT 
Chemical Solidification of Dam Foundations 
U.S. Bureau of Reclamation, Library files, 
Memo to R.F. Blanks, 0 pp., 1936 

I. GUTMAN 
The Moscow Subway 
Engineering News-Record, Vol. 116, p. 515-521, 
April, 1936 

H.J.B. HARDING 
Chemical Consolidation in the Moscow Subway 
Engineering News-Record, Vol. 117, p. 94, July 
16, 1936 

H.J.B. HARDING 
Underpinning and Foundation Work in Loose and Water­
logged Ground by Chemical Consolidation, Ground 
Water Lowering and Other Means 
Structural Engineer, Vol. 14 (new series), No. 6, 
p. 289-294, June, 1936 

L. JORGENSEN 
Chemical Consolidation in the Moscow Subway 
Engineering News-Record, Vol. 117, p. 483, Oct. 1, 
1936 

K. KIESER 
Sicherungsarbeiten am schiefen Turm von Pisa 
(Stabilization Work on the Leaning Tower of Pisa) 
Schweizerische Bauzeitung (Swiss Building Journal) 
Vol. 107, p. 272-273, 1936 

KLERLAIN 
Construction des acces de la Station "Rue du Tele­
graphe" de la ligne metropolitaine No. 11 de la 
place du Chatelet a la porte des Lilas 
(Construction of Approaches to the "Rue du Tele-
graphe" station on the No. 11 Subway Line at the 
Place du Chatelet by the Porte des Lilas) 
Genie Civil, Vol. 108, No. 2811, p. 597-603, 
June 27, 1936 

J.S. LEWIS JR. 
Methods of Sealing Dam Foundations, Washington 
Third World Power Conference, Vol. 1, p. 229, 1936 
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36-12 

36-13 

36-14 

36..:..15 

36-16 

36-17 

36-18 

36-20 

36-21 

L.R. JORGENSEN 
Process for Grout ing Cracks and Contraction Joints 
U.S.P. 2,05 3,562 - Sept. 8, 1936 

G.D. RODIO 
The Foundation of the Building "La Baloise" in 
Lugano, Switzerland, Involving Modern Methods in 
Deep Foundation Technique 
1st Internl. Conf. on Soil Mechanics and Foundation 
Engrg., Cambridge , Mass., Proc., Vol. 3, p. 215-225, 
1936 

ROSSMANN 
Der Staudamrn des Staubeckens an der Malapane bei 
Turawa (The Dam of the Basic by Malapane Near 
Turawa) Bautechnik, Vo l. 14, p. 3-6, 28-3 0, 44-46, 
1936; process p. 30 

TERZAGHI 
Methods for the Artificial Consolidation of the 
Porous and Fissured Materials 
Proceedings, 1st Intern. Conf. of Soil Mechanics 
and Foundation Engrg., Cambridge, Mass. Vol. III, 
p. 181-182, 1936 

The Basement of a Dan ish Cathedral Showing How 
Chemicals Were Forced With Pumps into Soi l to Har­
den it and Prevent the Foundation from Sinking 
San Francisco Chronicle, March 29, 1936 

The Joosten Chemical Consolidation Process 
John Mowlen and Co., London, 1936 

A.G. LOOMIS et al. 
Method of Treating Wells 
U.S.P. 2,051,505 - August 18, 1936 

H. JOOSTEN 
G.R.P. 684,769 - 1936 

N.V. DE BATAAFSCHE PETROLEUM MAATSCHAPPIJ 
Procede pour impermeabiliser, rendre etanche ou 
consolider les terrains et autres masses terreuses 
ou pierreuses et les constructions (Procedure 
for Waterproofing or Consolidating Ground and Other 
Earthy or Rocky Masses and Structures) 
F.P. 811,623 - October 6, 1936 
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37-01 

37-05 

37-06 

37-07 

37-08 

37-09 

37-10 

37-11 

37-12 

37-13 

N.V. DE BATAAFSCHE 
Consolidating and Waterproofing Earth, Gravel, 
Concrete, etc. 
F.P. 811,623 - April 9, 1937 

JESPERSEN 
Foundations of the Ribe Dom Church 
National Tidende, Jan. 31, 1937 

H. JOOSTEN 
Chemical Solidification of Loose Soils 
The Constructor, August 1937 

H. JOOSTEN 
Modern Methods of Impermeabilizing by Injecting 
Permeable Materials (Neuzeitliche Abdichtungsver­
fahren mit Einpressen von Dictungsmitteln) 
Reprint from Deutsche Wasserwirtschaft, 1937 
(Frankh'sche Verlagshandlung, Stuttgart) 
(Waterways Experiment Station, Trans. No. 42-13) 

L. JORGENSEN 
Solidification of Sand, Gravel, and Granular 
Material by Chemical Means 
Private Bulletin, Berkeley, Calif., 1937 

V.A. KARGHIN 
Interaction Between Concentrated Solutions of 
Sodium Silicate and Calcium Chloride (Russian) 
Journal Prikladnoi Chimyl, p. 93-98, Jan., 1937 

L. KRUGER 
On the Stability of Chemically Consolidated Soil 
(Uber die Haltbarkeit chemischer Bodenverfestigung) 
Zentralblatt der Bauverwaltung, Vol. 57, No. 39, 
p. 987-989, Sept. 29, 1937, Waterways experiment 
station, Translation No. 39-35 

J.D. LEWIN 
Author's publication, pamphlet, "K.L.M." New 
York City, 1937 

M. MARTIN 
Le barrage de Ghrib (The Ghrib Dam) 
Annales de l'Institut Technique de Batiment et des 
Travaux Publics (Technical Institute of Building 
and Public Works) 2eme annee, No. 7, p. 58-79,1937 

J.E.MEISNER 
Grouting to prevent Leakage Around Earth Dams 
Publ~c Works, Vol. 70, 1937 
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37-14 

37-15 

37-16 

37-17 

37-18 

37-19 

37-20 

37-21 

37-22 

38-01 

38-02 

U.S. Corps of Engineers, Conchas District 
A Compendium of Grouting, Conchas, NM, 85 pp, 1937 

U.S. Corps of Engineers, St. Paul District 
Final Report, Laboratory Tests for Chemical Consol­
idation of Foundation Materials at Lock and Dam 
No. 3, Mississippi River, Iowa City Hydraulic 
Lab., Nov., 1937 

Waterways Experiment Station 
New Chemical Grouting Process 
So~ls Mechanics B~1letin No. 9, p. 8, 1937 

J. MC KAY 
Method of Waterproofing Structures 
U.S.P. 2,071,758 - Feb. 23, 1937 

JAN VAN HULST 
Process for Solidifying Earth 
U.S.P. 2,075,244 - March 30, 1937 

G.E. CANNON 
Plugging Water Sands by a Soap Precipitate 
U.S.P. 2,079,431 - May 4, 1937 

HUGO JOOSTEN 
Process for Solidifying Soils 
U.S.P. 2,081,541 - May 25, 1937 

JOHN J. GREBE 
Method of Preventing Infiltration in Wells 
U.S.P. 2,090,626 - August 24, 1937 

A. GUTTMANN 
Method of Consolidation, Sealing or Filling Ground, 
Masonry or the Like 
B.P. 484,275 - Sept. 24, 1937, Accepted May 3, 1938 

V. ASKALONOV 
Densifying Water-Permeable Soils and Rocks by a 
Bituminous Emulsion 
Stroitel Prom. 16, No. 4, p. 48-53, 1938; C.A., 33., 
4758 8 , 1939 

V. ASKALONOV 
Impermeabilization of Soil with Bitumen Emulsion 
Vovosti Tekhniki, No. 8, p. 35-37, C.A. 32, 
64254, 1938 
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38 - 03 

38-04 

38-06 

38-07 

38-08 

38-09 

38-10 

38-11 

38-12 

38-13 

I. GUTMANN 
Algerian Rockfill Dam Substructures 
Engineering News-Record, Vol. 120, p. 749-751, 
May 26, 1938 

A. KARSTEN 
The Joosten Process of Chemical Consolidation and 
Sealing of Permeable Soil 
Bulletin, Intern. Railway Congress Assn., p. 251-
254, June 1938 

E. MAAG 
The Stabilization and the Impermeabilization of the 
Foundation Soils (Injections), Lecture given at 
Fed. Techn. Univ. Zurich, 1938; Waterways Experi­
ment Station, Translation No. 40-7 

A. MAST 
The Development of the Joosten Process of Soil 
Consolidation During a Ten-year Period of Practical 
Application 
Bautechnik, Vol. 16, No. 21, p. 261-265, May 20, 
1938; Waterways Exp. Stn., Translation No. 39-15 

G. RODIO 
Las inyecciones quirnicas en los terrenos (Chemical 
Grouting of Ground) 
La Ingenieria, Argentine, No. 764 and 765, June 
and July 1938 

H. WALDECK 
Neuzeitliche Abdichtungs- und Sicherungsarbeiten 
in Schachten (Recent Stabilization and Waterproof­
ing Work in Schachten) 
Gluckauf, No. 18, p. 385 and No. 19, p. 409, 1938 

Methods Preventing Leakage in Mine Shafts (French) 
Le Genie Civil, p. 211, Sept. 9, 1938 

CARROLL IRONS 
Method of Plugging Porous Strata in Wells 
U.S.P. 2,121,036 - June 21, 1938 

JAMES G. VAIL 
Consolidation of Porous Material s 
U.S.P. 2,131,338 - Sept. 27, 193 8 

A. GUTTMANN 
Consolidating Ground 
G.P. 484,275 - May 3, 1938 
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39-01 

39-02 

39-03 

39-04 

39-05 

39-06 

39-07 

39-08 

39-09 

39-10 

39-12 

39-13 

0. BODASCHER 
Chemische Verfestigung und Abdichtung in rumaen­
ischen Brunnenbau (Chemical Shoring and Water­
proofing in Rumanian Well Construction) 
Bautechnik, Vol. 17, No. 10, p. 139-140, March 10, 
1939 -

The Joosten Chemical Consolidation Process 
John Mowlen and Co., London, p . 1-28, 1939 

J.B. HAYS 
Improving Foundation Rock for Dams 
Civil Engineering, Vol. 9, No. 5, p. 309-312, 
May 1939 

F. KOGLER and A. SCHEIDIG 
Baugrund und Bauwerk (Building Foundation and 
Construction) 
Wilhelm Ernst and Son, Berlin, 1939 

J.D. LEWIN 
Methods of Improving Foundation Rock 
ASCE Symposium on Masonry Dams, Paper II-c, Spring 
Meeting Chattanooga, TN, April 1939 

J.D. LEWIN 
Grouting with Chemicals 
Engineering News-Record, Vol. 123, p. 61-62, 221-
222, August 17, 1939 

J. VAN HULST and G.H. VAN LEEUWEN 
Process of Solidifying Soils 
U.S.P. 2,158,025 - May 9, 1939 

POLLAK 
Modern Plastics - 45 - 1939 

HENKEL and Co. 
F.P. 850,814 - Feb. 24, 1939 

HENKEL and Co. 
F.P. 851,404 - March 9, 1939 

BAYERISCHE STICKSTOFFWERKE A.G. 
F.P. 851,810 - March 18, 1939 

JOHN J. GREBE (Assigned to the Dow Chemical Co.) 
Method of Preventing Infiltration in Wells 
U.S.P. 2,152,307 - March 28, 1939 
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39-14 

39-15 

39-16 

39-17 

39-18 

39-19 

39-20 

39-21 

39-22 

39-23 

39-24 

39-25 

JOHN J. GREBE (Assigned to the Dow Chemical Co . ) 
Method of Preventing Infiltration 
U.S.P. 2,152,308 - March 28, 1939 

H.T. KENNEDY 
Process of Shutting Off Water or Other Extraneous 
Fluid in Oil Wells 
u.s.P. 2,146,480 - Feb. 7, 1939 

T.H. DUNN (Assigned to Stanolind Oil and Gas Co.) 
U.S.P. 2,156,219 - April 26, 1939 

T.H. DUNN (Assigned to Stanolind Oil and Gas Co.) 
Chemical Plugging Data 
U.S.P. 2,156,220 - April 25, 1939 

F.A. BENT, A.G. LOOMIS and H.C. LAWTON (Assigned to 
Shell Dev. Co.) 
Method of Sealing Off Water and Gas Layer s 
u.s.P. 2,169,458 - August 15, 1939 

R.J. BALL 
Well-Drilling Fluid 
U.S.P. 2,174,027 - Sept. 26, 1939 

T.G. MALMBERG 
Process for Solidifying Permeable Masses 
U.S.P. 2,176,266 - Oct. 17, 1939 

F.A. BENT, A.G. LOOMIS and H.C. LAWTON (Assigned 
to Shell Dev. Co.) 
Canadian Patent 382,960 - July 25, 1939 

A.R. NEELANDS 
Grouting Composition 
B.P. 505,211 - May 8, 1939 

The Joosten Chemical Solidifications Process 
Mowlen, John and Co., Ltd, Published by a u t hors 
in London, 28 pp., 1939 

A.G. LOOMIS 
Well Treatment Method 
U.S.P. 2,143,990 - Jan. 17, 1939 

JAN VAN HULST 
Process for Impermeabilizing Loose Subsoil Layers 
or the Like 
U.S.P. 2,175,804 - Oct. 10, 1939 
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40-01 

40-02 

40-03 

~0-04 

40-05 

40-06 

40-07 

40-08 

40-09 

40-10 

ARENAS E. 
Principios de la establizacion de suelos (Princi­
ples of Soil Stabilization) 
Caminos (Roads), Vol. 7, No. 38, p. 25-39, 
Sept-Oct., 1940 

W.L. DAVIS 
Report on Grouting Tests for the Fault Zone in the 
Left Abutment of the Upper Narrows Dam 
U.S. Corps of Engineers, Sacremento District, 
Feb. 13, 1940 

ECKHARDT 
The Sealing of Heat Cracks by the Joosten Method 
Bautechnik, Vol. 18, No. 5, p. 49-50, Feb. 2, 1940 

H.J.B. HARDING and R. GLOSSOP 
Chemical Consolidation of Ground in Railway Work 
Railway Gazette, Vol. 72, No. 5, p. 147-151, 
Feb. 2, 1940 

J.D . LEWIN 
Chemical Consolidation of Ground 
Concrete and Construction Engineering (British), 
Vol. 35, No. 3, p. 135-136, March 1940; see also 
Engineering News-Record, p. 221-222, Aug. 17, 1939 

Prof. PALLMANN and H. DENEL 
Le probleme de l'etanchement des sables par injec­
tion de systemes colloidaux (Waterproofing Sand 
by Grouting with Colloidal Systems) 
Agriculturchemisches Institut der E.T.H. Zurich 
July-August 1940 

H.WEBER 
Das chemische Bodenverfestigung und Abdichtungsver­
fahren (Method of Chemical Consolidation and 
Waterproofing) Siemens Zeitschrift, Vol. 20, No. 1, 
p. 17-20, Jan.-Feb., 1940 

A. MANGINI 
Bull. Sc. Fae. Chim. Ind. Bologne 29, 1940 

STAGER 
Kunst. Techn. 10, 65, 1940 

L'impregnation (Injection) 
F.P. 865,407 - Jan. 24, 1940 
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40-11 

40-14 

40-15 

40-16 

40-17 

40-18 

40-20 

40-22 

40-23 

40-24 

40-25 

L'impregnation (Injection) 
F.P. 865,408 - Jan. 24, 1940 

JAN VAN HULST 
Process of Fixing and Impermeabilizing Soil Masses 
U.S.P. 2,190,003 - Feb. 13, 1940 

G.H. VAN LEEUWEN 
Process of Impermeabilizing, Tightening or Consoli­
dating Grounds and Other Earthy and Stony Masses 
and Structures 
U.S.P. 2,197,843 - April 23, 1940 

W.B. LERCH, C.H. MATHIS and E.J. GATCHELL 
(Assigned to Philips Petroleum Co.) 

Method of Sealing of Fixing Casing Tubes in Wells 
U.S.P. 2,198,120 - April 23, 1940 

F.A. BENT, A.G. LOOMIS and H.C. LAWTON 
(Assigned to Shell Dev. Co.) 
u.s.P. 2,200,110 - May 14, 1940 

H.C. LAWTON and A.G. LOOMIS (Assigned to Shell 
Dev. Co.) 
Method of Treating Oil and Gas Wells 
U.S.P. 2,294,233 - June 11, 1940 

H.C. LAWTON (Assigned to Shell Dev. Co.) 
Method of Sealing Off Porous Formations 
U. S.P. 2,208,766 - July 23, 1940 

H.T. BYCK, J.W. FREELAND and H.C. LAWTON 
(Assigned to Shell Dev. Co.) 
Method of Treating Oil and Gas Wells 
U.S.P. 2,211,688 - Aug. 13, 1940 

W.B. LERCH, T.M. WHITE and E.J. GATCHELL 
(Assigned to Philips Petroleum Co.) 
Process for Plugging Formations 
U.S.P. 2,214,423 - Sept. 10, 1940 

C.R. IRONS (Assigned to the Dow Chemical Co.) 
Treatment of Wells 
U.S.P. 2,219,319 - Oct. 29, 1940 

ORIE N. MANESS (Assigned to the Dow Chemical Co.) 
Method of Cementing Wells 
U.S.P. 2 , 219,325 - Oct. 29, 1940 
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40-26 

40-27 

40-28 

40-29 

40-30 

40-31 

41-02 

41-03 

41-04 

41-05 

H. LIMBURG (Assigned to Shell Dev. Co.) 
Process for Sealing Water Bearing Strata 
U.S.P. 2,223,789 - Dec. 3, 1940 

S.P. HART (Assigned to Texas Co.) 
Treatment of Oil Wells 
U.S.P. 2,224,120 - Dec. 3, 1940 

U. KELTENIMIND 
Process for Chemical Solidification of Loose or 
Porous Masses, in Particular Sandy Ground 
B.P. 517,088 - 1940 

W.R. MORGAN et al. 
Mechanism of the Hardening of Clay-Sodium Silicate 
Mixtures 
Journal American Ceramic Society, Vol. 23, No. 6, 
p. 170, March 1940 

JAN VAN HULST 
Process for Solidifying Earth 
U.S.P. No. 2,201,459 - May 21, 1940 

C.F. PRUTTON 
Method of Lining Well Bores 
U.S.P. 2,236,836 - April 1, 1941 

H.N. FISK 
Chemical Hardening of Soil. 
on Methods of Inhibiting the 
Water, 1941 

Annotated Bibliography 
Flow of Underground 

C.F. KOLLBRUNNER and C. BLATTER 
Injektionen Verfestigung und Abdichtung von durch­
lassigen Boden, fein zerklufteten Gesteinen, poro­
sem Mauerwerk, Beton, etc (Use of Injection in 
Consolidation and Waterproofing of Pervious Soil, 
Finely Fissured Rock, Porous Walls, Concrete,etc.) 
Privat Gesellschaft fur Bodenforschung und Erdbau­
mechanik (Translated by H.A. WINTERKORN) 
Zurich Bericht, No. 4, p. 52, June 1941 

J.J. POLIVKA 
Grouting With Chemicals 
Engineering News-Record, Vol. 127, p. 83, Oct. 23, 
1941 

C.M. RIEDEL 
Chemical Joint Sealing and Soil Solidification 
Engineering News-Record, Vol. 127, p. 74-77, 222-
225, Aug. 14, 1941 
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41-06 

41-07 

41-08 

41-09 

41-10 

41-11 

41-12 

41-13 

41-14 

41-15 

41-16 

41-17 

H. SEEGER 
Hoechstbelastetefundarnente auf Sandboden 
Deutsche Bauzeitung (German Construction Journal) 
Vol. 75, No. 13, p. 231-237, March 26, 1941 

Solving a Tricky Dewatering Problem 
Engineering News-Record, New York, Vol. 147, p. 39-
40, Oct. 11, 1941 

S.N. FARMER 
Chern. Age, i2_ 23-5, 1941 

T.S. HODGINS et al. 
Ind. Eng. Chern., 33, 769-779, 1941; C.A. 35, 
75773, 1941 

CHARLES LANGER 
Process of Stanching and Consolidating Porous Masses 
U.S.P. 2,227,653 - Jan. 7, 1941 

H.T. KENNEDY and A.J. TEPLITZ (Assigned to Gulf 
Res. and Dev. Co.) 
U.S.P. 2,229,177 - Jan 21, 1941 

CHARLES S. ACKLEY 
Method of Solidifying Porous Earth Materials 
U.S.P. 2,232,898 - Feb. 25, 1941 

CHARLES S. ACKLEY 
Method of Rendering Earth Materials Solid 
u.s.P. 2,235,695 - March 18, 1941 

W.B. LERCH, C.H. MATHIS and E.J. GATCHELL 
(Assigned to Philips Petroleum Co.) 
Process for Plugging Formations 
U.S.P. 2,236,147 - March 25, 1941 

L.C. CHAMBERLAIN and H.A. ROBINSON 
(Assigned to the Dow Chemical Co.) 
Treatment of Earth Formation 
U.S.P. 2,238,930 - April 22, 1941 

C.H. MATHIS (Assigned to Philips Petroleum Co.) 
Product and Process for Plugging Formations 
U.S.P. 2,252,271 - August 12, 1941 

L.S. WERTZ 
U.S.P. 2,254,252 - Sept. 2, 1941 
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41-18 

41-19 

41-20 

41-21 

41-22 

41-23 

41-24 

41-25 

41-26 

41-27 

41-28 

42-01 

42-02 

42-03 

J.G. MEILER 
Furfuryl Alcohol Resin 
U.S.P. 2,243,481 - May, 1941 

J. VAN DEN BERGE and F. DIJKSTRA (to Shell Dev. Co.) 
Method of Ground Fixation With Bitumens 
U.S.P. 2,258,829 - 1941 

F.A. BENT and A.G. LOOMIS (Assigned to Shell Dev.Co.) 
U.S.P. 2,259,875 - October 21, 1941 

F.A. BENT and A.G. LOOMIS (to Shell Dev. Co.) 
U.S.P. 2,265,962 - Dec. 9 , 1941 

NORRIS JOHNSTON (Assigned to Socony Vacuum Oil Co.) 
U.S.P. 2,267,683 -Dec. 23, 1941 

L.C. CHAMBERLAIN (Assigned to the Dow Chemical Co.) 
Treatment of Wells Producing Mineral Fluid 
U.S.P. 2,267,855 - Dec. 30, 1941 

Soc. pour l'industrie chimique a Bale 
(The Bale Chemical Industry Association) 
F.P. 872,766 - May 29, 1941 

I.G. FARBEN A.G. 
F.P. 873,856 - 1941 

CLEMENT L. and RIVIERE C. 
Composition~ base de resines synthetiques 
(Synthetic Resin-Base Composition) 
F.P. 874,248 - March 24, 1941 

Studies on Silicic Acid Gels 
Journal of Phys. Chern. , p. 588-595, 1941 

J. VAN DEN BERGE and F. DIJKSTRA 
Method of Ground Fixation with Bitumens 
U.S.P. 2,258,829 - Oct. 14, 1941 

P. DEVAUX 
La petrification du sol (Ground petrification) 
La Nature, No. 3078, p. 44-48, 1942 

Chemical Solidification of Foundation Material, 
Pumping Plant, Buford Trenton Project, U.S. Bur. 
Reel. Laboratory Report No. P 26, Jan 16, 1942 

Chemical Solidification of Foundation for Footings, 
New High School Building, Boulder City, NV, U.S. 
Bur. Reel. Lab. Report No. P 28, April 3, 1942 
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42-04 

42-05 

42-06 

42-07 

42-08 

42-09 

42-10 

42-11 

42-12 

42-13 

42-14 

42-15 

43-01 

43-02 

Investigation of Soil Stabilization with Vinsol 
Resin Tech. Memorandum No. 196-1, Waterways Exp. 
Station, Nov. 1942 

Y. HACHIHAMA and M. IMOTO 
Phenol Furfural Resins 
J. Soc. Chern. Ind. Japan 46, 808-10, 1942 

H.A. REIMERS 
Method of Stopping Leaks 
U.S.P. 2,302,913 - Nov. 24, 1942 

H.T. KENNEDY (Assigned to Gulf Res. and Dev. Co.) 
Sealing Porous Formations 
U.S.P. 2,270,006 - Jan. 13, 1942 

C. IRONS and S.M. STOESSER ( to the Dow Chern. Co.) 
Method of Treating Earth and Rock Formations 
U.S.P. 2,274,297 - Feb. 24, 1942 

J.B. STONE and A.J. TEPLITZ 
Earth Consolidation 
U.S.P. 2,281,810 - May 5, 1942 

JOHN J. GREBE (Assigned to Dow Chemical Co.) 
Treatment of Wells 
U.S.P. 2,294,294 - August 25, 1942 

C.R. IRONS (Assigned to the Dow Chemical Co.) 
U.S.P. 2,298,129 - Oct. 6, 1942 

G.H. VAN LEEUWEN 
U.S.P. 2,300,325 - Oct. 27, 1942 

I.G. FARBEN A.G. 
F.P. 879,237 - Feb. 11, 1942 

SOC. BELGE DE L'AZOTE 
F.P. 921,565 - 1942 

Soil Stabilization for Undisturbed Sampling by 
Chemical Grouting 
University of Maine, Doc. 1533, p. 32, 1942 

Soil Petrification with Sodium Silicate and Calcium 
Chloride 
The Denver Fire Clay Co., revised Denver, CO, 1943 

D.G. HEFLEY and P.H. CARDWELL 
Use of Plastics in Water Control 
The Petroleum Engineer, p. 51, Dec. 1943 
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43-03 

43-04 

43-05 

43-06 

43-07 

43-09 

43-11 

43-13 

43-14 

43-15 

43-16 

43-17 

R.R. MINIKIN 
Artificial Consolidation of Sub-Foundations 
Civil Engineer (British), Vol. 38, No. 444, p. 118-
121, June 1943 

C.M. RIEDEL 
The Joosten Chemical Soil Solidification Process 
Improvement Bulletin, June 4, 1943 

Chemical and Other Grout Tests on the John Martin 
Foundation Sandstone 
U.S. Bur. Reel., Lab. Report No. C.208,June 3, 1943 

C.H. MATHIS and CARL RAMPACEK (to Philips Petroleum) 
U.S.P. 2,307,843 - Jan. 12, 1943 

GUTTMANN A. and J. MOWLEM 
Treatment of Sandstone for Consolidating Sealing 
or Strengthening the Same 
B.P. 553,310 - May 17, 1943 

G.H. VAN LEEUWEN (Assigned to Shell Dev. Co.) 
U.S.P. 2,319,020 - May 11, 1943 

F.D. SULLIVAN 
Grouting Means and Process 
U.S.P. 2,320,954 - June 1, 1943 

C.H. MATHIS and CARL RAMPACEK (to Philips Petroleum) 
U.S.P. 2,321,761 - June 15, 1943 

ABRAHAM B. MILLER (Assigned to Hercules Powder Co.) 
Soil Stabilization 
U.S.P. 2,323,928 - July 13, 1943 

A.B. MILLER (Assigned to Hercules Powder Co.) 
Stabilization of Soils 
U.S.P. 2,323,929 - July 13, 1943 

G.H. VAN LEEUWEN 
Process of Impermeabilizing, Tightening or Consoli­
dating Grounds and Other Earthy and Stony Masses 
and Structures 
U.S.P. 2,329,148 - Sept. 7, 1943 

H.A. REIMERS (Assigned to the Dow Chemical Co.) 
U.S.P. 2,330,145 - Sept. 21, 1943 
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43-18 

43-19 

43-20 

43-21 

44-01 

44-02 

44-03 

44-04 

44-05 

44-06 

44-07 

44-08 

44-09 

MILTON WILLIAMS (Assigned to Standard Oil Dev. Co.) 
Plugging of Water Sands 
U.S.P. 2,332,822 - Oct. 26, 1943 

BATA A.S. 
F.P. 897,513 - August 25, 1943 

SINNOVA 
F.P. 906,953 - Jan. 27, 1943 

M. LANDECKER 
F.P. 899,299 - Oct. 29, 1943 

G.W. MCALPIN, H.F. WINTERKORN and R.C. MAINFORT 
A Laboratory Study of the Soil Stabilization Effec­
tiveness of a Complex Salt of Abietic Acid 
U.S. Dept. of Commerce, C.A.A., Tech. Development, 
Note No. 35, 1944 

A.G. AREND 
Development in Solidifying Loose Soils 
Civil Engineer, London, Vol. 39, No. 451, p. 16-17, 
Jan. 1944 

G. PIETTE 
Improved Soil Stabilization 
Engineering Journal, Vol. 27, p. 413-416, July 1944 

M. POLIVKA 
Soil Solidification by Means of Chemical Injection 
M.S. Thesis, University of California, 1944 

Consolidating Loose Soils, Highway - Silicates 
Roads & Road Const., Vol. 22, No. 256, p. 103-104, 
1944 

L.B. OLMSTEAD and L.W. KLIPP 
Chemical Stabilization of Soils for Military Uses 
U.S. Dept. of Agric., Agric. Research Admin., 
Beltsville, MD, Research Report No. 22, May 1944 

W.S. PENN 
Brit. Plastics, 16, 286-92, 1944; C.A. 38, 6006,1944 

K.L. VONDERAHE and H.C. ZWEIFEL (to Richfield Oil) 
Production of Petroleum 
U.S.P. 2,338,217 - Jan. 4, 1944 

S.E. BUCKLEY and G.G. WRIGHTSMAN (to Standard Oil) 
Method for Selectively Plugging Water Sands 
U.S.P. 2,338,799 - Jan. 11, 1944 
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44-10 

44-11 

44-13 

44-14 

44-15 

44-17 

44-18 

44-19 

44-20 

44-21 

44-22 

44-23 

45-01 

W.B. LERCH, C.H. MATHIS and E.J. GATCHELL 
(Assigned to Philips Petroleum Co.) 
U.S.P. 2,345,611 - April 4, 1944 

E.F. FIEDLER, ADAMS and G.D. HOLMBERG 
Production of Resins from Furan Derivatives 
U.S.P. 2,345,966 - April 4, 1944 

H.C. LAWTON (Assigned to Shell Dev. Co.) 
Method of Sealing Off Porous Formations 
U.S.P. 2,348,484 - May 9, 1944 

W.B. LERCH, C.H. MATHIS and E.J. GATCHELL 
(Assigned to Philips Petroleum Co.) 
U.S.P. 2,349,181 - May 16, 1944 

ABRAHAM B. MILLER (Hazel E. Miller, administratrix) 
Stabilization of Soil (to Hercule s Powder Co.) 
U.S.P. 2,357,124 - August 29, 1944 

K.H. ANDERSEN (Assigned to Case, Pomeroy and Co.) 
U.S.P. 2,365,039 - Dec. 12, 1944 

M.C. LEVERETT and G.G. WRIGHTSMAN 
(Assigned to Standard Oil Dev. Co.) 
U.S.P. 2,366,036 - Dec. 26, 1944 

Deutsche Hydrierwerke A.G. 
F.P. 903,934 - May 3, 1944 

Abrasive Bodies, Registered Aug. 2, 1941 
B.P. 561,736 - June 2, 1944 

Abrasive Articles, Registered Oct. 23, 1941 
B.P. 562,715 - July 13, 1944 

V.A. ENDERSBY 
Method of Preventing Landslides 
U.S.P. 2,348,458 - May 9, 1944 

M.T. HARVEY 
U.S.P. 2,343,972 - March 14, 1944 

R.C. MAINFORT 
A Laboratory Study of the Effectiveness of Various 
Chemicals as Soil Stabilizing Agents 
U.S. Civil Aero. Admin., Tech. Dev. Note No. 40 
Oct. 1945 
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45-02 

45-03 

45-04 

45-05 

45-06 

45-07 

45-08 

45-09 

45-12 

45-13 

46-02 

C.M. RIEDEL 
Chemical Soil Solidification and Chemical Sealing 
Journal, American Water Works Assn., Vol. 37, 
p. 8 4 9-8 6 2, Sept. 19 4 5 

Chemical Injections Solidify Soil to Stop Founda­
tion Settlement 
Construction Methods, Vol. 27, No. 12, p. 78-79, 
156-158, 160-162, Dec. 1945 

H.F. WINTERKORN, R.G. FEHRMAN and G.W. MCALPIN 
Waterproofing Cohesive Soils by Resinous Treatment 
Soil Science Society of America, Proceedings, 
Vol. 10, p. 458-460, 1945 

H.F. WINTERKORN 
A Laboratory Study of the Effectiveness of Various 
Chemicals as Soil Stabilizing Agents, U.S. Dept. 
of Commerce, C.A.A., Tech. Dev., Note No. 40, 
Oct. 1945 

E.A. REINECK 
U.S.P. 2,367,312 - 1945 

A.B. MILLER (Assigned to Hercules Powder Co.) 
Stabilizing Soil 
U.S.P. 2,369,682 - Feb. 20, 1945 

T.K. MILES 
Process for Ground Fixation 
U.S.P. No. 2,378,235 - June 12, 1945 
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June 1965 

DARIUS BONAZZI 
Alluvium Grouting Proved Effective on Alpine Dam 
Journal of the Soil Mechanics and Found. Div., 
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93, Nov. 1965 

Aswan High Dam 
The Engineer, London, Vol. 219, p. 716, April 23, 
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F.P. 1,469,842 - Feb. 22, 1966 

The Borden Chemical Co. Ltd. (U.K.) 
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dation des sols (Chemicals Used in Ground Treat~ 
ment and Consolidation), (See also Reference 
65-01), Revue technique du b~timent et d~s con­
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C. KUIZNER 
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