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Abstract

The safe construction and operation of many engineering projects often requires the improvement of the properties and mechanical behavior
of the soil formations occurring in their area. Impregnation injections are one of the oldest methods of improving soil formations and present a
wide range of applications. A phenomenon, which is often observed during the process of performing impregnations, is related to the filtering
that the suspension undergoes from the soil formation as it flows through it. It consists in the retention of the cement grains, which form the
basis for the preparation of the suspension, from the soil, which is soaked. In the context of the present study, the existence of the phenomenon
of the retention of solids by the sandy formations was investigated, utilizing the volume of suspension collected at the outlet of the impregnation
column and the possible differentiation of the ratio of water to cement collected in the volumetric containers in relation to the initial water to
cement ratio of the slurry injected.
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Introduction
suspensions of various types and particle sizes in selected sand

The safe construction and operation of many engineering particle sizes. For the needs of this laboratory investigation,

projects often requires the improvement of the properties and three types of cement were used, namely a pure Portland

cement, a composite Portland cement and a pozzolanic cement
denoted as CEM I, CEM II/B-M and CEM IV/B, respectively,
according to EN 197-1. The selection of the specific types
was based on the fact that they represent common industrial
products available on the market during the current time period.
In the present work these cements are referred to as 1/42.5,
11/32.5 and 1V/32.5, respectively, because that is how they are
designated by their producer. The composition and chemical

mechanical behavior of the soil formations occurring in their
area. Impregnation injections are one of the oldest methods
of improving soil formations and present a wide range of
applications. The object of this work is the quantification of the
injectability and penetrability of cement suspensions in sandy
soils and the investigation of the parameters and mechanisms
that enter and influence it. The term “Injectability” describes
the ability of a specific suspension to impregnate a specific

soil under a specified impregnation pressure. The term analysis of these cements were determined in the laboratories

of TITAN S.A. cement. Cement 1/42.5 contains clinker at 90%
of its composition, while in cements 11/32.5 and 1V/32.5 the
percentage of clinker is reduced to 63% and 58%, respectively.
The sum of pozzolan and fly ash in I[1/32.5 and 1V/32.5 cements
is 23.5% and 38%, respectively.

“Penetrability” describes the maximum length from the injection
point that a specific suspension can penetrate into a specific
sandy soil under a specified maximum infiltration pressure [1].
From their definition, these parameters appear to be decisive
for the assessment of the feasibility of impregnation injections,
the choice of the appropriate suspension and, therefore, the
economics of the injection program. Many research efforts have The nominal maximum grain size, dmax, of these cements is
been made in order to study the permeability of suspensions of 100 pm while the d98 size ranges between 56 pm and 68 pm. To
common and fine-grained cements and the eventual retention of ~produce the fine-grained cements, which were the focus of this
cement by sandy formations [2-8]. investigation, the cements were milled to obtain three additional

. grain sizes from each cement type.
Materials and Procedures

Grinding was done with a special laboratory mill. The AJ-100

The objective of a cement slurry injection program is to laboratory mill, unlike conventional ball mills, does not contain

create a composite material consisting of the soil and the cement

grinding media and relies on grinding using impinging air
slurry that has been injected into its pores. In the present

currents. In addition, it has a high-speed separator to determine
research, impregnation injections were performed with cement
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the maximum grain of the material resulting from grinding.
Clean dry air is required for grinding purposes, which refers to
the production of fine-grained cements by the dry method. The
cements obtained after the first, second and third grinding stages
had a maximum nominal grain size, dmax, approximately equal
to 40 pm, 20 um and 10 um. It is emphasized that the grinding
processdid notchange the compositionand chemical composition
of the cements at all. The type [/42.5 cement proved extremely
difficult to grind, for the capabilities of the mill, resulting in small
quantities of cement being produced in a reasonable time, while
the grinding of the type IV/32.5 cement showed little difficulty
in adjusting the mill to control the of produced particle size
composition. The parent sand used for the production of the
individual sand fractions comes from the company TITAN SA.
and is used by the company’s Concrete Technology Laboratory
for strength testing. It is a quarry sand with angular grains, the
mineralogy of which can be characterized as calcareous. With
appropriate processing in the laboratory (sieving and washing)
six fractions were separated.

Cement Retention from Sands

A phenomenon, which is often observed during the process
of performing impregnations, is related to the filtering that the
suspension undergoes from the soil formation as it flows through
it. It consists in the retention of the cement grains, which form
the basis for the preparation of the suspension, from the soil,
which is soaked. In the context of the present study, the existence
of the phenomenon of the retention of solids by the sandy
formations was investigated, utilizing the volume of suspension
collected at the outlet of the impregnation column and the
possible differentiation of the ratio of water to cement collected
in the volumetric containers in relation to the initial water to
cement ratio of the slurry injected. The procedure followed to
use the volume of slurry collected after exiting the impregnation
column for the short and long columns was as follows. During
the impregnation - if this was possible - the outflow quantity of
the suspension was collected at the outlet of the column using
five containers of equal volume. This quantity was used to check
if the suspension had undergone filtration during its passage
through the sand mass. Specifically, the amount of suspension
included in each container was weighed and then placed in a
drying oven at a temperature of 105°C for 24 hours. After this
time, each container was weighed again. Using the weights it was
possible to determine with sufficient accuracy the amounts of
cement and water contained in the suspension of each container
and to check whether the composition of the suspension varied
as the injection progressed. Although with the weighing process
it was not possible to accurately calculate the quantities of the
components of the suspension (due to the possible binding of
water by the cement), nevertheless the results were considered
highly realistic and therefore reliable. The binding of water
by the cement during the drying stage is unavoidable, but it
does not introduce a significant error in the calculation of the
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amounts of cement and water [9]. In cases where impregnation
was not possible, the PVC column was removed from the metal
base, brought to a horizontal position and, after removing the
amount of sand that had not been impregnated, the penetration
length marked by the suspension was measured.

For the long columns, the result obtained from this procedure
consists in quantifying the water-to-cement ratio of the slurry
after it exits the impregnation column for each of the volumetric
vessels used. A value of the water-to-cement ratio of the slurry
was therefore obtained for each volumetric container, which was
compared to the initial water-to-cement ratio of the injected
slurry and, at the same time, the change in the ratio over time
from the time the slurry exited the impregnation column. In
short-length columns, the slurry exiting the impregnation column
was collected in a volumetric tube and the final output was the
total water-to-cement ratio determination, which was compared
to the initial water-to-cement ratio of the slurry injected into the
column. An increase in the water-to-cement ratio of the resulting
slurry after leaving the impregnation column relative to the
initial ratio and the collection of a slurry volume smaller than
the predetermined one (volume of injected slurry twice the void
volume ofthe sand column) were indications of retention of solids
from the soil mass of the sand column. The majority of injections
in long columns were carried out in uniform fractions of sands
with cement suspensions combining 3 different fineness’s (FO,
F2 and F3). Phenomena of cement retention from sands were
observed in a few relative cases, which concern impregnations
carried out with suspensions of common cements. The majority
of injections in long columns were made in uniform fractions of
sand with cement suspensions combining 3 different fineness’s
(FO, F2 and F3). Phenomena of cement retention by sands were
observed in a few relevant cases, concerning impregnations
made with suspensions of common cements.

The water-to-cement ratios of the slurry determined
after leaving the impregnation column show relatively small
deviations from the initial water-to-cement ratio of the injected
slurry, which is true for the majority of impregnations. For an
initial water-to-cement ratio equal to 1:1, the range of variation
of the W/C ratio of the suspension after leaving the impregnation
column was from 0.9:1 to 1.2:1. Similarly, for initial water-to-
cement ratios equal to 2:1 and 3:1, the water-to-cement ratios of
the exit suspension ranged from 1.78:1 to 2.2:1 and 2.75 to 3.3:1,
respectively. (Table 1) lists data concerning the cases of cement
retention of the suspension from the soil columns of uniform
sands, which are an exception compared to the general trend that
emerged from the experimental procedures. Specifically, these
are suspensions [-F0-1-X and IV-F0-1-X, which were injected
into soil columns of sand 10-14, as well as suspensions II-FO-
1-X and II- F0-2-X, which were injected into sand columns 14-25.
At the exit of these suspensions from the impregnation columns,
their obvious dilution was diagnosed. As can be seen from Table
1, for the injection performed with the II-FO-1-X slurry, water-

How to cite this article: Dimitrios Christodoulou. Diffusion Infiltration of Miscible Cement Suspensions in Sandy Soils. Ann Rev Resear. 2023; 8(4):


http://dx.doi.org/10.19080/ARR.2023.08.555748

Annals of Reviews and Research

to-cement ratios equal to: 1.9:1, 2.7:1 and 4.1:1 were obtained
for each of the volumetric collection vessels suspension. For
the injection performed with the I1-F0-2-X slurry, the water-to-
cement ratios ranged from 4.2:1 to 8.5:1 for each of the slurry

collection containers. It should be noted that it was not possible
to press a suspension volume twice the void volume of the soil
column due to ceasing the flow of slurry from the column outlet
after a certain period of time.

Table 1: Change in water-to-cement ratio of common cement suspensions before and after injection into long uniform sand columns.

Water-to-cement ration for suspension in column output
Suspension Sand fraction
1t sample 2m sample 3rd sample 4" sample 5% sample
1I-F0-1-X 14-25 1.9:1 2.7:1 4.1:1 - -
1I-F0-2-X 14-25 4.2:1 4.8:1 8.5:1 - -
[-F0-1-X 14-Oct 2.8:1 3.2:1 3.7:1 4.8:1 -
IV-F0-1-X 14-Oct 1.7:1 2.5:1 3:01 - -

A similar behavior was observed for the I-F0-1-X suspension
injected into a 10-14 sand column. Significant dilution of the
slurry exiting the column was noted with water to cement ratios
ranging from 2.8:1 to 4.8:1. Also in this case, the volume of
suspension injected was less than twice the void volume of the
soil column. For injection performed with IV-F0-1-X suspension
in a 10-14 sand column, the final ratio ranged from 1.7:1 to
3:1. From the data in Table 1 it follows that filtering effects of
the suspension within the soil column were found only for
suspensions of common cements. In contrast, in the injections
carried out with suspensions of fine-grained cements in columns
of uniform sands, no filtering effects were observed, in general.
Successful injections were found to match the water-to-cement
ratio of the slurry collected at the outlet of the impregnation
column and the initial water-to-cement ratio introduced.
Negligible to zero deviations were observed, a fact which
does not strengthen the case of retention of the solid grains of
the suspension by the mass of the soil column. Reinforcingly,
consistency was also found regarding the temporal evolution
of the water-to-cement ratio of the suspension collected in
volumetric containers, as negligible variations were observed
from container to container. The difference in the behavior of
common and fine-grained cements is probably attributed to
the geometric correlations of the suspension and soil grain
sizes. The grains of common cement are filtered by the uniform
soil formation, so that only those suspended solids that meet
the geometric conditions continue to flow. In contrast, the
occurrence of filtration in injections with suspensions of fine-
grained cements is minimal to non-existent, since the grain size
in these cements varies between very limited limits, so that the
finer percentage of them continues its flow for a longer time.

The investigation of solid grain retention of cement
suspensions by soil sand columns was further extended to
the composite sands by performing injections in short length
columns.

As mentioned above, the suspension, after leaving the
impregnation column, was collected in a volumetric tube and the
water-to-cement ratio of the suspension that had passed through
the sand mass was determined. In the majority of impregnations,
as in the uniform sands, no phenomena of retention of the solid
grains of the cement by the soil formations were observed.
The results listed in Table 2 refer to the cases in which cement
retention of the examined suspensions from the soil columns of
the composite sands was found. These exceptions concern a total
of 20 short column impregnation tests. In Table 2 a comparison
is made between the initial injected water-to-cement ratio
and the final water-to-cement ratio of the slurry collected at
the exit of the column. These exceptions are for a total of 20
short column impregnation tests. Table 2 compares the initial
water-to-cement ratio injected and the final water-to-cement
ratio of the slurry collected at the column exit. The geometric
relationships that exist between the cement suspension grains
and the soil formation appear to be the cause of retention of the
suspension solid grains by the sand fractions. The well-graded
common cements combined with the graded composite sands
favor the occurrence of filtration since they include a wide
variety of grain sizes. Graded soils appear to filter suspensions
and fine-grained cements, in some cases, allowing flow of only
those suspended solids whose size favors infiltration. The grain
size range of fine cements is relatively limited compared to that
of common cements, however in the case of graded composite
sands it appears that the geometrical constraints imposed by
soil formation are capable of contributing to the occurrence of
suspension filtration. The general conclusion that emerges is
that the good gradation of one or both of the injection factors
(cement and sand) can contribute in some cases to the retention
process of the suspension grains by the sand grains of the soil
column.
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Table 2: Change in the water-to-cement ratio of cement suspensions before and after their injection into short length composite sand columns.

Sand Suspension Initial W/C ratio of suspension L ract(i);)uf::ll;ls:j:):;)tsion L
5-14/14-25/10 II-F0-1-X 1:01 2:01
5-14/14-50/10 1I-F0-2-X 2:01 7.3:1
5-14/14-50/15 1I-F0-2-X 2:01 3:01
5-14/14-50/20 [I-FO-2-X 2:01 2.9:1
5-14/14-50/10 1I-F0-3-X 3:01 5.9:1
5-14/14-50/20 1I-F0-3-X 3:01 5.5:1
5-14/14-100/20 1I-F0-3-X 3:01 5.9:1
5-14/14-100/15 1I-F0-3-X 3:01 8:01
5-14/25-50/15 1I-F0-3-X 3:01 5.7:1
5-14/25-50/20 [I-F0-2-X 2:01 5.4:1
5-25/25-200/10 1I-F2-3 3:01 3.6:1
5-25/25-200/20 1I-F2-3 3:01 5:01
5-25/50-100/15 11-F2-3 3:01 3.8:1
5-25/50-100/20 II-F2-2 2:01 16.8:1
5-25/50-100/20 1I-F2-3 3:01 8.1:1
5-25/50-100/15 II-F3-3 3:01 5:01
5-25/50-100/20 1I-F3-3 3:01 5.4:1

5-25/100-200/15 II-F3-3 3:01 4.7:1
5-25/25-100/40 II-F3-2 2:01 3.1:1
14-100 II-F3-2 2:01 3.2:1

Discussion and Conclusions

a) Filteringeffects of the suspension within the soil column
were found only for suspensions of common cements.

b) In the injections carried out with suspensions of fine-
grained cements in columns of uniform sands, no filtering
effects were observed, in general.

c)  Successful injections were found to match the water-to-
cement ratio of the suspension collected at the outlet of the
impregnation column and the initial water-to-cement ratio
injected. Negligible to zero deviations were observed, a fact
which does not strengthen the case of retention of the solid
grains of the suspension by the mass of the soil column.

d) The difference in the behavior of common and fine-
grained cements is probably attributed to the geometric
correlations of the suspension and soil grain sizes.

e) Thegrainsofcommon cementare filtered by the uniform
soil formation, so that only those suspended solids that meet
the geometric conditions continue to flow. In contrast, the
occurrence of filtration in injections with suspensions of
fine-grained cements is minimal to non-existent, since the
grain size in these cements varies between very limited
limits, so that the finer percentage of them continues its flow
for a longer time.
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f)  The geometric relationships that exist between the
cement suspension grains and the soil formation appear to
be the cause of retention of the suspension solid grains by
the sand fractions.

g) The well-graded common cements combined with the
graded composite sands favor the occurrence of filtration
since they include a wide variety of grain sizes. Graded soils
appear to filter suspensions and fine-grained cements, in
some cases, allowing flow of only those suspended solids
whose size favors infiltration.

h)  The general conclusion that emerges is that the good
gradation of one or both of the injection factors (cement and
sand) can contribute in some cases to the retention process
of the suspension grains by the sand grains of the soil column.
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