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Abstract. In the paper it is presented results of detailed laboratory and field tests of fine alluvial sand stabilized with 
multi-molecular organic solutions. Such properties of solutions have been investigated: density, viscosity, pH (alka-
linity level), evaporation of components from solution in water and air. Comparison was done of properties of con-
ventional multi-molecular organic solutions on basis of urea-formaldehyde resins with properties of modified with 
active component solutions. During another stage of investigations properties of alluvial fine sand stabilized with 
conventional and modified solutions have been compared. Such properties of reinforced soil have been investigated: 
compressed strength, evaporation of formaldehyde from stabilized sand, time dependent strength of stabilized sand in 
air and water medium. Third stage of investigations has been done in field. During field tests two modified solutions 
have been grouted in fine alluvial sand. After one week stabilized soil was excavated and investigated. Results of 
field tests confirmed the results of laboratory tests. Addition of active components to multi-molecular organic solu-
tions on basis of urea-formaldehyde resins increases density and pH, decrease viscosity. Compressed strength of 
sands stabilized with multi-molecular organic solutions is time dependent and increased from 2.2 MPa after 7 days to 
2.9 MPa after 3 months. 12 to 19 times less formaldehyde is liberated into the air from soil stabilized with the modi-
fied solutions than from the soil stabilized with the conventional solutions. 
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1. Introduction 

Because most foundation problems are the result of 
insufficient density of the underlying soil, grouting is 
widely used to remediate soil deficiencies under struc-
tures that have undergone settlement. The basic principles 
of application are quite simple and well established. 

Permeation grouting for stabilization of fine sand is 
the longest-established and most widely used grouting 
technique. It involves the filling of the pore space of 
soils. The objective is to fill a void space without dis-
placement of the formation or any change in the void 
configuration or volume (Warner 2004). 

This can be done for the purpose of strengthening 
the host formation. Permeation is the only type of grout-
ing that can be used in all of the different media into 
which grout may be pumped. 

Grouting of subsoil was first applied over 200 years 
ago. In 1802 the French engineer Charles Berigny used a 
suspension of water and pozzuolana cement to fill up 
caves in the foundation of a sluice damaged by settle-
ments and to stabilize alluviums deposited there. He cre-
ated the name “procedure of grouting”. He made the first 

known sketch of grouting work under a bridge pillar 
(Kutzner 1996). 

The development of cement grouting continued in 
France and England throughout the 1800s (Henn 1996). 
The applications were concentrated on civil structures 
such as canals, docks, and bridges. 

The injection of cement grout has been attempted on 
many occasions. Experience has demonstrated that the 
method may lead to the very satisfactory results, but only 
if the soil is relatively homogenous, and if the grain size 
is not too small. 

The grout will not penetrate the voids of a loose soil 
with an effective size less than about 0.5 mm or a dense 
soil with an effective size less than about 1.5 mm. Thus, 
cement grouting is not appropriate for soils much finer 
than coarse sands (Peck et al. 1974). 

Grouting is used for clay slope stabilization 
(Zdankus and Stelmokaitis 2008). 

The grain size of cement particles limits the fineness 
of sand that is suitable for cement grouting. Clay suspen-
sions of any desired fineness can be obtained, however, 
by removing the coarser fractions from natural clays. This 
has led to attempts to grout soils with clay slurries. In 
practice, it is found that the penetration of the slurry is 
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impeded by the formation of a filter skin that seals the 
voids. 

The development of the filter skin appears to be 
strongly influenced by the electrolytes present in the 
groundwater; this fact introduces an element of consider-
able uncertainty regarding the effectiveness of the proce-
dure. 

As a matter of fact, it appears that the materials that 
can be successfully injected with clay slurries have 
roughly the same characteristics as those suitable for 
cement grouting. Moreover, although clay grouting may 
greatly reduce the permeability of sand, it does not sig-
nificantly increase the strength. 

A step forward was only possible after the invention 
of chemical grout materials on the base of pure solutions 
by the Dutchman H.Joosten in Germany in 1926. The 
original Joosten–System can be applied in gravel and in 
coarse and medium sand. Highly concentrated sodium 
silicate and calcium chloride are successively grouted 
forming a silicagel as soon as they come in contact with 
each other. The grouted soil is transformed into imperme-
able sandstone. 

After 1930 the Joosten–System was applied widely 
in the construction of underground railways. The result 
was an increase in safety of the excavation and a decrease 
in the risk of structural settlements (Kutzner 1996). 

Chemical grout materials with very low viscosity 
were developed which could be readily mixed on the 
surface and injected into the subsoil in one shot. Such 
materials allow us to stabilize soil down to fine sand with 
a small content of silt. 

A single solution is injected containing a buffer that 
delays and controls the time of setting. The chemical 
injection methods are highly successful in clean relatively 
homogenous sands having an effective size greater than 
0.1 mm, but the efficacy of the procedures decreases 
rapidly as the grain size of the sand decreases. Further-
more, it depends greatly on the chemical composition of 
the groundwater. 

Grouting is a technique of inserting some kind of 
stabilizing agent into the soil mass under pressure. The 
pressure forces the agent into the soil voids in a limited 
space around the injection tube. The agent reacts with the 
soil and itself to form a stabile mass. The most common 
grout is a mixture of cement with or without sand and 
water (Bowles 1996). 

In general, grouting is one of the most expensive 
methods of treating a soil. It has a large number of appli-
cations. 

Generally grout can be used if the permeability of 
the deposit is greater than 0,001 cm/s. One of the princi-
pal precautions with grouting is that the injection pressure 
should not be sufficient to lift the ground surface. In us-
ing compaction grouting where a very stiff displacement 
volume is injected into the ground under high pressure, 
however, lifting on the ground surface as a grout lens 
forms is of minor consequence. 

Overall have a use in geotechnical engineering two 
difference trends of injection. The first way is the pore 

injection or permeation grouting. The second way is the 
high pressure injection or jet-grouting. 

Many other chemical processes based on the one-
shot principle have been developed with the aim of ob-
taining a very low viscosity at the time of injection with 
only a slow increase in viscosity until gelation occurs, 
thus ensuring maximum penetration (Gouvenot 1996). 

The chemicals include acrylic polymers, urea resins 
and lignins. 

Chemical consolidation has applications in under-
pinning work (Littlejohn 1985). Chemicals can be used 
for injection into coarse sands or sandy gravels to pro-
duce a wall or block (Fig 1) of consolidated ground be-
neath the foundations to the desired level for underpin-
ning (Prentis and White 1950). 

 
Fig 1. Injection of polymer solutions in weak soil for 
underpinning of buildings is very useful 

 
In favorable ground conditions this is a useful 

method of underpinning in connection with deep excava-
tions close to existing structures (Thorburn and Hutchi-
son 1985). The injections are made from ground level, 
thus avoiding the necessity of shoring or needling, and 
the wall of consolidated ground acts as a retaining wall 
when excavating close to the existing foundations. 

2. Environmental protection by grouting 

Chemical products such as silicates and their re-
agents, lignin based materials, acrylic or urea resins, 
polyurethanes or others can be used in grouting work 
subject to compliance with environmental legislation. 

Permeation grouting aims at filling the accessible in-
terstices between grains in permeable soils by a grout 
without destruction of the integrity of the ground. It re-
duces the permeability of the host material and usually 
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increases the strength and density. In order to avoid dis-
placement, permeation grouting shall be carried out at 
carefully controlled pressures and flow rates. 

The type and composition of the grout shall be se-
lected according to the ground conditions and specifica-
tions of the works. 

Environmental impact, particularly the toxicity of 
the grout and the grout components and their effect on the 
ground water and drinking water should by consider be-
fore grouting. 

Owing to their availability and low cost, urea–
formaldehyde resins have come into widespread use in 
world foundation engineering for soil stabilization. They 
are prepared from abundant raw material – urea and for-
maldehyde (Kolesnik and Muljukow 1983). 

Industry normally produces urea–formaldehyde res-
ins in the form of glues, which are products of the initial 
stage of condensation. These resins are readily soluble in 
water and have negligible viscosity; this makes it possible 
to use them as injection grouts to stabilize sandy and 
granular soils. The fact that they harden at normal tem-
perature when inexpensive ion hardeners of the acid or 
acid–salt type are introduced in them is a major asset of 
these resins. 

3. Maximum allowable concentration of formaldehyde 

Such properties of solution of urea resins have been 
investigated: density, viscosity, pH (alkalinity level), and 
evaporation of components from solution.  

The content of free formaldehyde in urea resins used 
for injection chemical stabilization of soils attains 2 %. 
Its liberation increases sharply in the hardening process 
of the resins, however, since a significant portion of the 
water contained in the resin, and also liberated during its 
condensation, goes over into the bonded state where it 
cannot absorb and retain the free formaldehyde that is 
liberated. The latter therefore passes from the stabilized 
sandy soil to the environment; this is also promoted by 
the low boiling point of formaldehyde (-19.2 oC). 

It is known that free formaldehyde dissolves readily 
in water, forming a saturated formalin solution with a 
formaldehyde content of up to 37 % at normal tempera-
ture, and also mixes readily with air in any proportion. 
The density of gaseous formaldehyde is close to that of 
air; this permits the free circulation of the formaldehyde 
that goes off into the atmosphere. 

The maximum allowable concentration (MAC) of 
formaldehyde in the air should not exceed 0.5 mg/m3 for 
industrial and 0.012 mg/m3 for residential air space. The 
MAC should not be higher than 0.005 mg/liter in agricul-
tural and drinking water and recreation water supply, and 
0.1 mg/liter for fish breeding. 

As experience has shown, nevertheless, the content 
of free formaldehyde in air and water media in the vicin-
ity of segments of soil stabilized with urea resins signifi-
cantly exceeds these values. An especially large amount 
of formaldehyde is liberated into the atmosphere during 
the opening of mining excavations in soils or rock stabi-
lized with urea resin (Sokolovich and Matskyavichyus 
1983). 

The chemical injection methods are highly success-
ful in clean relatively homogenous sands having an effec-
tive size greater than 0.1 mm, but the efficacy of the pro-
cedures decreases rapidly as the grain size of the sand 
decreases. Furthermore, it depends greatly on the chemi-
cal composition of the groundwater. 

All the injection procedures are expensive and, even 
under favorable conditions, are uncertain. Although nu-
merous successful applications have been made, many 
other attempts have resulted in disappointing failures. 
Hence, stabilization of this type should usually be con-
sidered only under exceptional circumstances. Injection 
should not be undertaken without the specialists. 

4. Determination of formaldehyde in air and water 

The amount of free formaldehyde that passes from 
stabilized soil into the air and water media was deter-
mined using the author own titrometric method based on 
the interaction of formaldehyde with a neutral solution of 
sodium sulfite as a result of which a formaldehyde-
bisulfite addition compound is formed with the liberation 
of an equivalent amount of free sodium hydroxide. The 
latter is titrated with hydrochloric acid, the amount of 
which is a measure of the content of free formaldehyde in 
the simple under investigation. The interaction between 
the formaldehyde and neutral sodium sulfite solution 
takes place in accordance with this scheme: 

 HCHO + Na2SO3 + H2O = HCHOHSO3Na + NaOH. (1) 

The determination is made on mixing two neutral 
solutions, the interaction of which occurring a precisely 
established time. The reaction takes place more com-
pletely at a pH of ≈7. Under these conditions, therefore, 
phenolphthalein was used a transient indicator. 

To determine the free formaldehyde that passes from 
the stabilized soil into an aqueous medium, a sample is 
placed in a dry liter jar, which is tightly sealed with a 
polyethylene cover to avoid lose of free formaldehyde. 
Specimens taken from the jar are rapidly crushed into 
pieces ranging from 3 to 10 mm in size, and a batch 
weighing 50–60 g is formed from them, placed in a half-
liter glass jar, and covered with 100 ml of distilled water, 
after which the jar is tightly sealed with a polyethylene 
cover. After 24 h, the water is filtered from the jar 
through a paper filter into a 250-ml conical flask. The soil 
sample is wetted with a small amount of distilled water, 
which is added to the filtrate via the filter. 

The specimen under investigation is again allowed 
to sit in water for 24 h. After the indicated time, the water 
is changed with subsequent determination of free formal-
dehyde in it. 

The test is discontinued in time with the complete 
absence of free formaldehyde in the aqueous medium. 
Several drops of phenolphthalein and a 0.5 normal (N) 
solution of sodium hydroxide are added to the filtrate in 
the conical flask to the appearance of a week crimson-
color solution. 

Yet another drop of phenolphthalein and 25 ml of a 
saturated sodium sulfite solution neutralized in accor-
dance with the phenolphthalein by the several drops of 
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0.5 N HCl are added to the prepared solution. The con-
tents of the flask are agitated and allowed to rest for 5 
min, after which the alkali that has been liberated is ti-
trated with a 1 N solution of HCl until the solution loses 
its crimson color. 

A “control” test is conducted concurrently to im-
prove the accuracy of the determination; 100 ml of dis-
tilled water and the above-indicated volume of neutral-
ized sodium sulfite solution are taken for this test, but 
without introducing the batch of stabilized soil. 

The amount of free formaldehyde passing from the 
stabilized soil into the air is determined in a manner simi-
lar to the above-described method, only the crushed soil 
is placed in a polyethylene or glass cup, which is 
mounted in a half-liter glass jar above a water surface. As 
in the previous case, the jar with the specimen is tightly 
sealed with a cover. The free formaldehyde from the 
specimen will first pass into the air medium, and then be 
absorbed by the water, which is subject to determination. 
In contrast to the previous determination, the holding 
time of the specimen above the water is increased by a 
factor of two. 

The content of free formaldehyde is computed from 
the equation: 

 % CH2O=
a

NV 10003.0 ⋅⋅⋅ ,   (2) 

where V is the volume (in ml) of the hydrochloric acid 
solution spent in neutralizing the free sodium hydroxide 
that has separated out,  

N is the normality of the hydrochloric acid titration 
solution,  

0.03 is the mass (in grams) of formaldehyde corre-
sponding to 1 ml of a 1 N solution of hydrochloric acid,  

a is the mass (in grams)of urea resin contained in the 
stabilized soil. 

Under laboratory conditions, a is established by the 
experimental impregnation of a certain mass of sand with 
urea resin, and under field conditions from the average 
consumption of resin corresponding to 380 liters with a 
density of 1.10 g/cm3 per 1 m3 of stabilized sand. 
 
Table 1. Liberation of free formaldehyde from stabilized sand 

Liberation of free for-
maldehyde from stabi-

lized sand (1–3 mm 
fraction) after 24 h, % 

Type of 
urea 
resin 

in water in air 

Presence of formal-
dehyde detected by 
odor in stabilized 

sand 

Industrial 1.56 0.05 
Sharp odor, smart-
ing of eyes 

Modified 
“15” 

0.14 0.004 
No odor, no smart-
ing of eyes 

Modified 
“20” 

0.06 0.002 
No odor, no smart-
ing of eyes 

 
Two nontoxic modifications of injected grout (modi-

fications “15” and “20”) were developed on the basis of 
industrial urea resin during the investigations. These res-
ins were modified in accordance with a simple technol-
ogy using readily available and inexpensive reagents. 

After holding in a moist-air medium for 7 days, 
1.56 % of free formaldehyde has been liberated into the 
water from the hardened unmodified resin situated in the 
pore space of the stabilized soil, while 13 and 25 times 
less free formaldehyde had been liberated from the modi-
fied resins under similar conditions (Table 1). The con-
tent of free formaldehyde in the initial resin was 2 %. 
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Fig 2. Time-dependent liberation of free formaldehyde 
from sand stabilized with the unmodified and modified 
resins onto the air medium. 

 
It is apparent from Table 1 that 12 to 19 times less 

formaldehyde is liberated into the air from soil stabilized 
with the modified resins than from the soil stabilized with 
the unmodified resins. In this case, the sharp irritating 
odor of formaldehyde was perceived above the freshly 
crushed specimens of soil stabilized with the unmodified 
resin, and acute smarting of the eyes was sensed, while 
these phenomena were absent in specimens of the soils 
stabilized with the modified resins. 

As the investigations indicated, free formaldehyde 
contained in soils stabilized with the resin goes over al-
most completely into the aqueous medium during the 
course of several days in the case where the soils are fine-
crushed. Its liberation into the aqueous or air medium will 
be determined by the specific surface of the soil, which is 
a function of the reduction factor of the crumbled soil. 

A computation performed on the basis of the inves-
tigations indicated that 88 mg of free formaldehyde is 
liberated onto the air medium during the first 24 h from 
1 m3 of surface of freshly crumbled soil initially stabi-
lized with the unmodified resin. Under these same condi-
tions, 7 mg of formaldehyde is liberated from soil stabi-
lized with the modified “15” resin and 4.7 mg with the 
“20” resin. The quantity of formaldehyde liberated from 
the stabilized soil diminishes significantly with time. 

It was established by the investigations that ≈ 0.1 % 
of weakly bound formaldehyde, which is not liberated 
into the environment, remains in the modified resins. This 
residual formaldehyde in the hardened resin assumes 
major significance in ensuring the high biological stabil-
ity of the stabilized soils with time. 
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Table 2. Compressive strength of stabilized specimens. 

Compressive strength of stabilized specimens, 
MPa 

held for 7 days held for 28 days 
Type of 

carbamide 
resin in aque-

ous 
medium 

in moist-
air me-
dium 

in aque-
ous 

medium 

in moist-
air me-
dium 

Unmodi-
fied 

6.7 6.9 7.4 7.7 

Modified 
“15” 

2.1 2.2 2.7 2.6 

Modified 
“20” 

1.0 0.9 1.3 1.1 

 
As follows from Table 2, the strength of specimens 

stabilized with the modified “15” resin with a 7-day hard-
ening time and subsequent 7- and 28-day holding times in 
the aqueous and moist-air media, respectively, was found 
somewhat lower than that of the specimens stabilized 
with the unmodified resin; in this case, their strengths 
increase over time (Fig 3). 

The results of the laboratory investigations were 
confirmed by experiments. A rather highly stabilized 
sandy soil devoid of toxic properties was obtained under 
field conditions. In this case, the cost of stabilizing the 
soils with the modified urea resins was no greater than 
that with the unmodified resins. 
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Fig 3. Time-dependent strengthening of soil stabilized 
with unmodified and modified resins. 

Conclusions 

1. Addition of active components to urea resins in-
crease density and pH (alkalinity level) of solution, de-
crease viscosity. 

2. Compressive strength of sands stabilized with 
polymer resins is time dependent and increased from 
2.2 MPa after 7 days to 2.9 MPa after 3 months. 

3. 12 to 19 times less formaldehyde is liberated into 
the air from soil stabilized with the modified resins than 
from the soil stabilized with the unmodified resins. The 
sharp irritating odor of formaldehyde was perceived 
above the freshly crushed specimens of soil stabilized 
with the unmodified resin, and acute smarting of the eyes 
was sensed, while these phenomena were absent in 
specimens of the soils stabilized with the modified resins. 
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