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Trial works on soil consolidation before tunnel construction

E.S. Argal, V.A. Ashikhmen, V.M. Korolev & L.E. Pronina

Gidrospetsproekt ltd, Moscow, Russia

ABSTRACT: This paper describes the results of the trial works conducted in a test area, which is a part
of Krasnopresnensky prospect including an automobile tunnel combined with one of the metro lines that are
being built in Moscow. The objective of these works was to determine the technological regularity of soil
consolidation before inter-tunnel connections are driven. Basics of the injection technology were checked in the
laboratory. From the test results, the composition and penetrating capacity of the injected micro-cement grout
suspension were determined. The injection and control works in the test area have indicated that the ground may
be successfully fixed by applying a manchette injection method of micro-cement-based grout.

1 PROBLEM IDENTIFICATION

One of the sections of the Krasnopresnensky project
that is currently under construction in Moscow goes
through an automobile tunnel combined with one of
the metro lines. During the construction of the inter-
tunnel connections, injections were made for ground
consolidation. The ground in the consolidated section
is represented by two varieties of low-moistened sands
of average density:

– Fine sands with interbeds of silty sands
– Medium-grained and coarse sands, rarely gravelly,

with single boulders with a diameter less than 0.5 m.

The gradation factor, Mgr , of sands varies from 1.16
to 1.17, and the average filtration coefficient, Kfilt , is
equal to 3.5 m/day. Due to the laminated nature of the
ground, greater values are recorded in the horizontal
direction and the smaller values are recorded in the
vertical direction.

For fixation of such ground, it was proposed that a
suspension based on very fine-disperse binding mate-
rial (VFDB) be injected; however, there was a need
to conduct preliminary trial works due to lack of
experience with this application.

A technology to improve the strength and water
impermeability of the ground was tested in the trial
section (Fig. 1). The test works included the following:

– Measuring the physical and mechanical properties
of the ground (including the filtration coefficient)
and groundwater level, with the results of geological
exploration works and geophysical investigations
along the tunnel route

– Checking the provisions of the injection technology
in the laboratory by utilizing typical ground samples

Figure 1. Trial section of injection works: l – mass concrete;
2 – a zone of ground strengthening with the jet technology;
3 – a trial section.

and evaluating the strength and water impermeabil-
ity of the fixed ground (Clarce et al. 1992)

– Performing injection works in the ground with
natural moisture content (Zone A)

– Carrying out injection works in the watered ground
(Zone B)

– Performing control works and assessing their
efficiency.

2 SAND COLMATATION PROBLEM

As it is known, for a suspension with a solid phase
including fine particles to penetrate into sand, the max-
imum size of their particles must be several times
smaller than the size of the pores in the sand. Some

351

Copyright © 2006 Taylor & Francis Group plc, London, UK



recommend application of a concrete-type VFDB and
a water-cement ratio (W/C) of an injection suspen-
sion for sands of definite coarseness. However, in this
case, the degree of ground compaction is not taken into
account although it has a strong effect on the size of
pores and permeability of the ground.

It would be more correct to determine the limits
for suspension penetration on the basis of water per-
meability (filtration coefficient) of ground which can
be obtained from the results of hydraulic tests that
describe the actual compactness of ground particles
(Sano et al. 1996). Various methodologies for deter-
mination of ground permeability give widely differing
results. For instance, when a methodology in which the
rate of the ground compaction is not fixed is applied,
the actual water permeability becomes overestimated
several-fold.

When the VFDB-based suspension is injected into
sand, its radial flow rate decreases with the distance
from the injection hole. At a certain distance from
the hole, Rcr , the velocity lowers to its critical value,
Vcr , at which sedimentation and particle deposition
are observed. Here, the path of a particle before
sedimentation is inversely proportionate to its size.

At the same time, the radius of suspension spread-
ing from a hole is to a great extent a function, of the
initial velocity of its movement. The movement veloc-
ity depends on the suspension flow fed into a hole, and
in its turn the flow is dependent on injection pressure.

With deposition of particles in a certain zone of
fixed ground, the hydraulic resistance in this zone
grows, and a suspension flow changes its direction to a
zone with less resistance where particles have not yet
been deposited. Therefore, under permanent pressure,
the particles gradually deposit over the whole injection
area, and the suspension flow decreases.

In the last stage on the border of a suspension
spreading zone, an “inverted filter” consisting of a sus-
pension solid phase is formed. Through this filter, the
water is “squeezed out” due to the action of pressure; as
a result, the concentration of suspension in the ground
pores increases.

In reality, the process of sand colmatation is affected
by numerous additional factors such as the following:
presence of bound water in ground that significantly
deteriorates the permeability properties of the ground,
water filtration from a suspension moving to the sur-
rounding ground, and adsorption of particles on the
surface of sand grains, etc. Because of these addi-
tional factors, the actual radius of the spread of injected
suspension may be twice as less as the theoretical one.

The picture of gradual sand colmatation is con-
firmed by the following observations. As tests show,
when a certain volume of sand is mixed with a suspen-
sion whose volume equals to the total volume of pores
in the sand, or when a ground specimen is saturated
with suspension poured from the top and is left for a

certain amount of time, the “fixed” material obtained
features very low strength and high water permeabil-
ity; however, the lowest layer is an exception because
the suspension reaches there by gravity.

Consequently, the fixed material acquires great
strength and low water permeability only in the course
of the above-described process of gradual colmata-
tion of sand. In this process, the particles “fall out”
of the moving suspension, and subsequently, water
is “squeezed out” of it into the surrounding ground.
As a result of this, the density of the suspension that
fills ground pores becomes much higher than the den-
sity of the injected suspension; moreover, it does not
depend on it.

3 LABORATORY STUDIES

Laboratory tests were conducted to determine the
composition and penetrating capacity of VFDB-based
injection suspension optimal for the given ground. In
these tests a whole set of dismountable, assembled
injection columns that consists of several sections (5
to 8) were used (Fig. 2). The diameter of the columns
varied from 50 to 150 mm, and the length ranged from
0.5 to 1.5 m. A column was filled with ground taken
from the trial area, and suspensions with different com-
positions were injected into it under varying injection
pressure.

It should be noted that, in the course of works in
natural ground without any protective casing, the con-
dition of suspension spreading in the fixed ground
should be better due to a possible deformation of the
ground.

Before the suspension was injected into the ground
that is loosened in the course of its sampling and trans-
portation, the ground was compacted by a standard
methodology until it attained its optimal (natural) state.
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Figure 2. Laboratory installation: 1 – a section of an injec-
tion column, 2 – a pressure meter, 3 – a safety valve, P –
injection of suspension, Q – determination of flow and
composition of outgoing fluid.
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The suspension with W/C = 4:1 was injected under
a pressure varying from 0.3 to 0.8 MPa. After each
pumping-in, the injection column was dismantled, and
the length of an injection grout spreading in the ground
was measured.

As a result of the tests, the R-X-based suspension
with a maximum particle size of 6 µm showed the
best penetration capacity of all micro-cements marks
examined: R-F, R-U and R-X. (The injection of the
R-F-based suspension into the ground failed even
under a high pressure.)

Figure 2 shows a permeability variation curve in the
fixed ground (with the initial filtration coefficient of
1.3 to 1.9 m/day) along the column length. It follows
from this graph that, in the three lower sections, the
filtration coefficient dropped practically to zero, while
along the column height, it varied from 0 to 0.1 m/day
(within a column).

These tests have demonstrated that, with changes
in the injection pressure, the filtration coefficient
remains practically unchanged, i.e., filtration goes into
a laminar regime.

From the graph above, it can be concluded that
ground permeability decreases to a certain minimal
value (in this case, to zero) along the whole path of
suspension movement; then, it gradually grows to a
normal value behind a barrier-filter. The same regu-
larity, in which ground permeability grows to a certain
value and decreases sharply within a fixed area, can
be traced in variations of fixed ground strength. (The
data is given in the same figure).

Figure 3 presents a typical graph of ground injec-
tion in a column with an internal diameter of 50 mm.
During the suspension injection from the upper branch
pipe, at first, the water was going out (an ascending
part of a flow curve), then suspension of a lower con-
centration occurred (an upper part of a curve) and,
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Figure 3. Graph of pressure (P) and flow (Q) variations at
ground injection in a column.

at last, the flow reduces due to suspension whose com-
position conformed to W/C of the injected suspension
(the descending part of a curve). Consequently, in the
initial stage of injection, the suspension was lami-
nated in the course of movement with solid particles
falling out from it. Then, after filling the ground pores,
the suspension moved further while keeping its den-
sity unchanged. As an injection column ended with a
branch pipe characterized by a relatively low hydraulic
resistance at its outlet in comparison to natural condi-
tions, in the final stage of the injection, the suspension
with the initial composition was flowing out from a
column.

On the basis of these results, the preliminary
injection technology for the trial area was elaborated.

4 INJECTION WORKS

The fixed area was represented by a cylinder that is
7.0 m in diameter and 3.5 m in length. The volume
of the fixed ground was equal to 135 m3. Before the
injection works, the area was contoured with intersec-
ting ground-concrete piles made by applying a flow
technology.

The injection holes were located in the frontal part
of a service tunnel’s future cut (Fig. 4). In the area, 59
horizontal holes each with two sets of inclined holes
(marked by a “b” in the figure) with a length of 3.6 m
were drilled.

For examining an injection technology for ground
with natural wetting and watered ground, an injection
was performed before wetting the ground in Zone A
and after wetting the ground in Zone B.

Works performed in the test area included the
following operations:

– Drilling of the injection holes
– Installation of the manchette columns with casings

made of cement-bentonite grout (every column had
10 manchettes)

– Injection of VFDB-based grouts into the ground
applying a manchette technology.

In Zone B, the operations also included drilling of
holes for ground wetting and control of the wetting
process.

4.1 Works performed in Zone A

4.1.1 Drilling and equipping of injection holes
The location of the horizontal holes conformed to
the locations of the openings in sections of an auto-
mobile tunnel’s metal lining where the inter-tunnel
connections are to be driven.

In a concrete “wall in ground,” directional holes that
are 130 mm in diameter were drilled and equipped with
surface casings in which a sealing (“plug”) is installed
to insulate the borehole annulus.
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Figure 4. Injection holes: 1 – border of a ground fixation
area; 2– injection holes; 3 – wall in ground; 4 – the axis of a
service tunnel; A, B – injection zones.

The injection holes were drilled to the projected
depth. A plastic manchette column with a diameter of
40 mm equipped with centering devices was installed
into a drilled borehole. Perforated (manchette) sections
of columns were placed in a zone of ground fixation
at an interval of 33 cm.

The space between the wall of a hole and a
manchette column was filled with cement-bentonite
grout injected through the last from a hole mouth
manchette applying double packer. The internal space
of a manchette column was washed with water. Sealing
was removed after the grout lost its mobility.

4.1.2 Preparation and pumping of injection grout
As an injection material, the VFDB-based suspen-
sion of mark R-X (d95 < 6.0 mm) with a water-cement
ratio of 4:1 and an additional 1–2% of superplasticiz-
ing agent of VFDB mass was used. When necessary,
the same quantity of cement accelerator was applied
(Argal et al. 2004).

The consumption of VFDB (Pt) was estimated
by the formula: Pt = Wgr × n × m × K , where Wgr =

volume of fixed ground m3; n = ground porosity,
m = quantity of VFDV per 1 m3 of injected suspension
in m; K = a coefficient taking into account thickening
of the injected suspension as a result of sedimentation
(K = 1.1–1.5).

For the trial area; Pt = 135 × 0.41 × 0.23 × 1.25 =

15.92 × 103 kg.
The injection suspension was prepared using OM

N 200-type high-speed mixers.
The order in which the components were applied is

as follows:

– The full quantity of water required was mixed;
– A superplasticizing agent was mixed until it com-

pletely dissolved;
– When necessary, cement accelerator was mixed

until it completely dissolved;
– VFDB was gradually added piece-by-piece and was

mixed with the whole mass for at least 3 minutes.

Before it is pumped into a hole, the prepared suspen-
sion should be constantly mixed (activated) in a mixer
with a lower rotation rate, so that the grout temperature
does not exceed +20◦C, to avoid sedimentation. This
mixed suspension should be used within 60 minutes.

The suspension was injected using DR 36-2-B
pumps. Each hole was injected on a zone-by-zone basis
(manchette-by-manchette) beginning from the bottom
of a hole under a pressure of 0.3 to 0.8 MPa.The rate of
suspension pumping through one manchette was taken
at 135 l.

Injection was stopped after:

– The required quantity of suspension was pumped
into the ground;

– A hole could no longer take in more suspension
under the maximum possible pumping pressure;

– Injection suspension emerged on the surface (in this
case the leak was sealed); or

– The casing grout flew out from a hole (in this case,
a raised part was made for grout to gain strength).

Before completion of the works, an injector with a
double packer was removed from a hole.

Basic technological parameters of the injection
works in the testing area conformed to those recom-
mended by technological instructions verified on the
basis of laboratory studies.

Figure 5 presents a standard graph of injection
through one manchette.
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Figure 5. Graph of pressure (P) and flow (Q) variation
during injection through a manchette No 3 of holes No 10.

Table 1.

Manchettes Injection Installed Installed flow,
No. time, h pressure, MPa l/min

1 0.50 1.04 4.53
2 0.57 2.38 3.92
3 0.62 2.80 3.62
4 0.52 2.23 4.29
5 0.57 3.97 3.92
6 0.51 2.92 4.39
7 0.56 2.40 4.04
8 1.09 4.53 2.07
9 0.67 0.44 3.37

10 0.91 5.11 2.46
11 0.81 4.45 2.68

Table 1 gives indices that were recorded auto-
matically during an injection into a hole (for each
manchette, the injection was terminated after pump-
ing the required amount of suspension, which was
assumed to be 135 l).

4.2 Works in Zone B

The technology applied in Zone B differed from the
one in Zone A only by the preliminary wetting of
the ground. Five holes what were 100 to 200 mm in
diameter were drilled for ground wetting with casings
from the top. They were driven to a level that is 0.5 m
lower than the top of the ground fixation zone. Per-
forated tubes were placed into the holes, while the
annulus space was filled with gravel fractions whose
sizes ranged from 5 to 10 mm. Then, a casing tube was
removed from a hole.

Four tube piezometers were placed along the area
(see Fig. 6).

Ground wetting was started only after all injec-
tion works in Zone A were completed. Here, the
fixed ground mass prevents water flowing out from
a watered zone to the areas below. The water was
supplied into a hole via a hose lowered into the hole.

With wetting of the ground, the water level in the
area was observed. The water level was regulated by
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Figure 6. Layout of holes for wetting of zone B: 1 – hole
for ground wetting; 2 – piezometer; 3 – border of a ground
fixation zone; 4 – ground level.

Table 2. Strength of fixed ground samples

Compression
Sample Diameter, Height, Density, strength,

No. d, mm h, mm ρ, g/cm3 R, kg/cm2

1 154 155 1.93 83
2 154 148 1.85 53
3 154 118 1.99 62
4 154 108 2.08 93

the cocks on feeding lines so that it does [not?] exceed
the height of the testing area.

5 CONTROL AND ASSESSMENT OF THE
EFFICIENCY OF PERFORMED WORKS

Control works included:

– Working of an adit in the fixed massif with taking
of undisturbed sample from the fixed ground;

– Drilling of control holes from an adit with taking
cores and conducting of hydraulic tests of the holes.

During working of an adit, ground samples were
taken, and homogeneity of ground fixation was visu-
ally assessed. In the laboratory, these samples were
used to evaluate the strength and water permeability
of the ground. Table 2 shows the results indicating
strength of the samples sawn out of the cores of the con-
trol holes that were drilled in the zone of fixed ground.

Tests of monoliths have shown that, in fact, the fixed
ground turned into a strong stone laminated into sep-
arate horizontal plates along the strike of ground for-
mations. Because of this, the vertical strength featured
much less values.

Efficiency of performed works was assessed based
on an analysis of documents (work logs, diagrams of
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injection records, and others), results of fixed ground
core tests, and the results of hydraulic tests of the
control holes.

From the tests of the aforementioned materials, it
can be concluded that the volume of the ground fixed
by injections [takes the greatest part of][makes up
the largest portion of?] its total volume. There are all
grounds to assume that the injection technology [cor-
rected][redefined?] by the results of these test works
will make it possible to improve the aforementioned
index in the course of a full-scale injection works.

6 CONCLUSIONS

Works conducted in the laboratory and the test area
have indicated that the ground may be successfully
fixed by applying a method of manchette injection of
VFDB-based grout.

The fixed material acquires great strength and low
water permeability only in the course of gradual col-
matation of sand, in which the particles “fall out” from
the moving suspension, and subsequently, the water is
“squeezed out” from it into the surrounding ground.
As a result of such process, the density of suspension

that fills the ground pores becomes much higher than
the density of the injected suspension and, in fact, does
not depend on it.

From the results of the performed testing works,
the recommendations on an injection technology and
compositions of applied materials were verified.
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