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Compensation grouting: Mechanisms determining the shape

of the grout body
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ABSTRACT: The shape of the grout body as a function of the grout properties is studied in a number
of laboratory tests. This paper describes a calculation model, derived with the results of these tests that
describe the mechanisms determining the grout shape in the soil during compensation grouting. It is
shown that when grout is injected in a permeable soil, the permeability of the grout filter cake, the injec-
tion pressure and the amount of solids in the grout influence the shape of the grout body created in the
soil. Furthermore the installation procedure of the TAM’s is of importance. The model presents a relation
between the injection pressure and the shape (thickness versus length) of the grout body. For the usual
cement bentonite grout, high injection pressures necessarily lead to irregular shaped grout bodies, which
have more resemblance with the shape of potatoes than with fractures. Consequences for practical appli-

cation will be discussed.

1 INTRODUCTION

Compensation grouting is used regularly to com-
pensate the settlements that may occur during
underground construction. The method is still
rather empirical: Grout is injected and the move-
ment of buildings is monitored. The shape of the
grout body created is generally not known. This
shape is of importance to predict the extent of the
area were heave is created. The empirical proce-
dure can lead to surprises, such as an amount of
heave that is less than expected or heave at a dif-
ferent location from where the grout was injected
(Paans 2002).

A research programme was performed to inves-
tigate the mechanisms that are of importance for
compensation grouting in sand (Bezuijen 2010).
This research programme was performed at Del-
tares and Delft University in collaboration with
the University of Cambridge (Eisa 2008). Labora-
tory tests were performed and field measurements
were analysed in this programme. Laboratory tests
were performed with different set-ups, both in
Cambridge and in Delft. A researcher from Cam-
bridge did experiments with the set-up in Delft and
in Cambridge to investigate whether differences in
results were the result of different set-ups or differ-
ent researchers.

While other papers (Gafar et al. 2008, Bezu-
ijen et al. 2010) describe the experiments and the
results, this paper concentrates on the mechanisms
that determine the shape of the grout body when
injected in sand. It describes the mechanisms that
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create a fracture in sand and how these determine
the shape of the fracture.

It will be described what mechanism is responsi-
ble for a fracture in sand and how the grout prop-
erties and injection pressure determine the filter
cake and what the influence is of the filter cake on
the fracture behaviour. The thickness of the filter
cake gives a minimum width of the fracture and
using the cavity expansion theory, it is possible to
relate the width of the fracture with the injection
pressure. The combination of these results leads to
a formula that relates the shape of the fracture to
the grout properties and the sand parameters.

2 FRACTURE MECHANISM

Assume a cylindrical cavity in soil. Grout injection
will imply a pressure loading on this cavity. In case
of a continuum situation with purely radial load-
ing, this will lead to a cavity expansion as described
in literature (see for example Luger & Hergarden
1988). However, sand grains do not form a perfect
continuum, there are always some irregularities
between the grains, see Figure 1.

Furthermore, the pressure of the injected
fluid will lead to an increased radial stress and a
decreased tangential stress (6, in Figure 1) around
the cavity. Since the fluid pressure in the cavity will
be the same in all directions, the fluid pressure that
is equal to the radial stress will exceed the tangen-
tial stress in the soil and push the grains apart at
an irregularity to start a fracture. This mechanism
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Figure 1. Sketch showing possible deformation modes
of the injection hole. In reality there will be more grains
around the injection hole. The figure illustrates the prin-
ciple only.

Figure 2. Results of DEM fracture calculations

(Pruiksma 2002).

was also found in DEM calculations that include
the influence of fluid flow (Pruiksma 2002), See
Figure 2.

The figure shows the stress transmission through
the grains before (with a low pressure in the cavity)
and during fracturing (with a much higher pressure
in the cavity). Note that the original stress distribu-
tion has changed quite a lot due to the increased
pressure in the cavity.

From these results, we concluded that the origi-
nal K, (the ratio between horizontal and vertical
stress) may have only a limited influence on the
fracture direction, because the pressure distribution
is changed before a fracture occurs, as appears from
analysing the calculation results shown in Figure 2.

3  GROUT PROPERTIES

When grout is injected in sand, as is done during
compensation grouting, the grout will have a much
higher pore pressure than the surrounding sand.
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Figure 3. Plastering that can occur during pressure
infiltration due to larger grains in the mixture that can-
not penetrate into the sand and sketch of the pressure
distribution over the injection liquid.

As a consequence, the sand will react as a filter and
liquid and fine particles will be pressed from the
grout into the sand, a process called pressure filtra-
tion. This process reduces the water content in the
grout and leads to a filter cake, see Figure 3. S, in
this figure is the thickness of the filter cake and S,
is the thickness of the infiltrated zone in the sand.
A¢ and ¢, indicate the pressure drop over the filter
cake and infiltrated zone respectively. The thick-
ness of the filter cake is a function of the pressure
difference (or difference in piezometric head A@)
over the filter cake, the porosity of the filter cake
and the permeability of the filter cake.

For a constant injection pressure, this can be
written as (McKinley and Bolton 1999):

Se= |2k, — Aot (1)

c
n;—n,

Where k. is the permeability of the filter cake, n,
is the initial porosity of the grout, n, the porosity
of the cake and ¢ is time.

The thickness of the filter cake
consequences:

has two

e when the filter cake is thicker than half the grain
diameter, it will fill the irregular surface between
the grains, see Figure 1. The situation that will
occur is sketched in Figure 4.

e a thicker filter cake is only possible in wider
fractures. The filter cake has to fit within the
fracture.

4 WIDTH OF FRACTURES

The width of the fractures as a function of the
injection pressure of the grout can be calculated
using numerical methods. However, here an ana-
lytical method is used, based on cavity expansion.
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Figure 4. Cavity and plastering.

This method will be less accurate then a suitable
numerical method, but the advantage is that a
closed form formulation can be reached that links
the relevant parameters in one formula, as will be
shown in the next section.

The formula as derived by Luger and Hergarden
(1988) is used to describe the relation between the
diameter increase of the cavity and the cavity pres-
sure. This equation takes into account large strains,
but does not take into account the influence of
dilatancy, leading to:

}[ sing
+sin¢

1-(Ry/R,)

0 J— c.cotg

p’—(p}»+C.Cot¢){: )

with:

_oysing+c.cos¢

O G

©)

the effective pressure in the bore hole,
=0, (I+sin@) + c.cos¢ the pressure where
plastic deformation in the soil starts,

the effective stress around the hole before
pressurising,

the cohesion of the material,

the original radius of the bore hole,

the radius after pressurisation,

= E/(2(14v)) the shear modulus,

Young’s modulus,

the Poisson ratio,

the friction angle.
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To come from this formula to a relation that
describes the width of a fracture, it is assumed that
the stress distribution at some distance of a fracture
can be approximated with the stress distribution
of a larger imaginary cavity, see Figure 5. This
assumption is, to some extent, supported by the
results of FEM calculations (Bezuijen 2010).

As a first approximation and disregarding dila-
tancy in the sand, the volume increase in the frac-
ture must also lead to the same volume increase in
the imaginary larger cavity. Using cavity expansion
theory, it is possible to calculate the pressure needed
to achieve this volume increase at the border of the
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Figure 5. Fracture and imaginary cavity to calculate the
injection pressure, see text.
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Figure 6. Theoretical relation between fracture shape
and injection pressure using cavity expansion theory for
different values of the friction angle (¢) and the shear
modulus (G).

imaginary cavity. Since plastic deformation close to
the cavity is limited (Bezuijen 2010), the pressure at
the border of the imaginary cavity will be compara-
ble to the pressure in the fracture and it is therefore
possible to estimate the fracture pressure.

For the two-dimensional case (with a fracture
plane perpendicular to the plane shown in Figure 5)
it can be derived that

4d
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R
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The parameters for this equation are defined in
Figure 5. Combination of this equation and Eq. (2),
leads to a relation between d/s and the injection pres-
sure shown in Figure 6.

The relation presented in Figure 6 will not be
valid for values of d/s larger than 1. However, the
relation is also shown for large values of d/s, so that
the figure reaches the limiting cavity expansion
pressure. From this figure, it can be concluded
that, if the limiting cavity expansion pressure in



the soil and the injection pressure is known, it is
possible to estimate the width-length ratio for the
fractures. This width-length ratio will increase for
higher injection pressures. Thus when during com-
pensation grouting the injection pressure is close to
the limiting cavity expansion pressure, there will be
no real fractures, and the length and width of the
grout body will be comparable.

5 FRACTURE WIDTH AND FILTER CAKE

Combination of Eq. (4) in Eq. (2), assuming that
the cohesion can be neglected (as is normally the
case in sand) and that d/s is much less then 1, it is
possible to simplify the relation for the injection
pressure to:

In practical applications of compensation grout-
ing the mixture has a WCR (water/cement ratio, by
weight) of 2 or less. For such mixtures the pres-
sure infiltration (see Figure 3, finer grout particles
leaking into the sand) has limited influence on the
pressures and the plastering or pressure filtration
as described with Eq. (1) dominates the process.
The filtration will lead to a reduction of the thick-
ness of the fracture and for the fracture to remain
open, the thickness has to be larger than 2 times
the thickness of the filter cake that has formed in
the filtration process, see Figure 7.

Neglecting the volume of the water that filtrated
from the fracture and assuming a constant fracture
thickness, the relation between the volume injected
into the fracture (Q) and its thickness (), length (s)
and its width (w) can be written as:
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Figure 7. Sketch of the formation of a filter cake (the
larger grout particles filtered by the sand). (Gafar et al.
2008).
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Q= sdwt 6)

Combination of Eq. (1) and Eq. (6) with the
condition that the thickness of fracture has to be
larger than 2 times the filter cake leads to:
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In this equation the difference in piezometric
head (Ag) between the pore water in the sand and
the injected grout as given in Eq.(1) is now written
as a pressure difference (P,,,) using:

Fo =100 @®)

Eq. (5) can be used for the injection pressure in
Eq. (7) leading with Eq. (3) with c =0 to:
sin ¢
J ©)
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This formula is of interest, since it relates the
width of the fractures to soil parameters. Some
approximations and simplifications were necessary
to derive this formula but it shows how parameters
are related. The formula shows that a higher injec-
tion rate per unit width of the fracture leads to
lower values of d/s and thus to thinner fractures.
Higher effective stress in the soil and/or a higher
stiffness of the soil leads to higher values of d/s and
thus shorter thicker fractures.

Note that, according to this model, the pressure
drop due to the viscosity and/or the yield stress of
the grout does not have an influence on the shape of
the fracture. In classical fracture theory as developed
for the fracturing of rock these are important param-
eters. However, the fractures in sand are so wide that
the pressure drop due to yield stresses or viscous
forces in the grout can be neglected (Bezuijen 2010).

d
—>
S

8wk,
0

- S Lsing) 71:6'4(s;in¢
0

n=n, %,

6 CALCULATION RESULTS

The consequence of Eq. (9) is that the fracture
shape depends on the soil properties and the
filtration properties. The equation is shown graph-
ically in Figure 8. It presents the calculated d/s and
the injection pressure (P,,) for different values of
the permeability of the grout cake and the shear
modulus of the soil. The calculations were run for
the parameters presented in Table 1.

Experiments (Bezuijen et al. 2009) have shown
that the permeability of the grout filter cake can
vary over orders of magnitude. The plot shows that
this will lead to a variation of the injection pres-
sure (P,,) with the same magnitude as the variation
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Figure 8. Calculated values for d/s and P, for various

cake permeabilities and shear moduli, see also text.

Table 1. Parameters used in d/s calculation.

Parameter Value Dimension
injection rate 10 I/min
Width of fracture 0.5 m

n 0.84 -

n, 0.45 -
confining stress 100 kPa
Friction angle 40 degr.

in the permeability and to a variation of the d/s
values that is even more then the variation in the
permeability of the filter cake. In reality the vari-
ations are a bit smaller, because at very low values
of d/s the pressure losses due to the yield stress of
the grout and its viscosity cannot be neglected any-
more. However, the conclusion remains the same:
the necessary injection pressure to create a fracture
is not only determined by the soil properties and
the effective stress in the soil, but also by the grout
properties.

7 EXPERIMENTAL VERIFICATION

Tests were performed in a pressurized container at
100 kPa effective stress and approximately 10 kPa
of pore pressure. A sketch of the container with
its dimensions is shown in Figure 9. The sand used
was Baskarp sand with a dy, of 135 um. The sand
was wet pluviated and densified to a relative density
of 65%. The method used, is described by Rietdijk
et al. (2010) and results in homogeneous sand sam-
ples. The sand was pre-stressed to 300 kPa before the
test. The idea was to increase the horizontal stress
as could also be the case during pre-grouting. This
procedure however, was only partly successful.

Three test series where performed with these
set-up, more details can be found in Bezuijen et al.
(2010) and Bezuijen (2010).

Experiments in this set-up by Sanders (2007)
show the relation between the injection pressure
and the shape of the fractures. See Figure 10 and
Figure 11.
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The results of these tests show that, in agreement
with the model developed, in most tests a larger injec-
tion pressure corresponds with shorter and thicker
fractures. Only Test 10 is an exception, probably due
to a sand sample with a bit lower relative density.

The results of the calculation model have also been
checked quantitatively with results of model tests.

This comparison appeared rather difficult, since
only tests with a limited pressure infiltration zone
(see Figure 3) could be used. Only four suitable tests
could be selected from the model tests series per-
formed in Delft (Bezuijen 2010). Since only the shear
modulus of the sand was not known, this value was
used as a fit parameter. For one of the tests the value

Air pressure
10-100 kPa

@PPT

drainage burette
water level
water

level

burette

U
water chamber
PVC plate

@ valve 240

container
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Figure 9. Set-up of the experiments. Note that changes
in pore volume and sand volume can be measured as
changes in the water levels.

X-linked ge! [l

Test2-10° &

Figure 10. Shape of fractures for increasing cement
content. The tube in the figures is the injection tube, see
Figure 9.
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Figure 12. Calculated maximum pressures compared
with measurements, calculation fitted for Test 1-8.

of the shear modulus in the calculation was adapted
in a way that the calculated injection pressure corre-
sponded with the measured one. The sand prepara-
tion procedure was the same for all tests selected and
therefore it was assumed that also the shear modu-
lus was the same for all tests. The parameters from
Table 2 were used in all tests and furthermore for
each test the values presented in Table 3 were used to
calculate the injection pressure. These results were
compared with the measured values—see Figure 12
—and although quite different confining stresses
were applied and the permeability of the grout
cake (which was measured for each experiment)
also varied quite significantly, there was reasonable
agreement. More information about the tests can be
found in Kleinlugtentbelt (2005).

From the comparison with tests results it can be
concluded that there is qualitative agreement found
with the tests of Sanders (for these tests the model
could not be compared quantitatively, because there
was too much pressure infiltration during these tests
with high WCR values) and reasonable quantitative
agreement with the tests of Kleinlugtenbelt.

8 FIELD TESTS

When the first results of the model tests, described
briefly in the section above became available,

Table 2. Parameters with constant values in the
calculations.

Parameter Value Dimension

shear modulus 125 MPa

injection speed 10 /min

width of fracture 0.5 m

Friction angle 40 deg.

Table 3. Parameters used to calculate injection pressures.

Permeab. Conf. Pressure Pressure

n, n; gr.cake stress Calc. measured

No (=) (=) (m/s) (kPa) (kPa) (kPa)

1-5 0.53 0.74 9.6*10-8 24 500 845

-6 0.55 0.77 4.7*10-8 50 1000 1000

1-7 0.55 0.77 4.7%10-8 100 1400 2002

1-8 0.59 0.8 2.7*10-8 116 1500 1500 (fit)

these were compared with the results of field
measurements. It appeared that the injection pres-
sures in the model were often higher than the injec-
tion pressures reported in the field. The injection
pressures reported from field tests are not very accu-
rate, since normally the pressure is measured at the
injection pump and not at the nozzle. Measurements
at the Amsterdam North/South line have shown that
there can be 7.5 bar pressure difference between the
pressure at the pump and the pressure at the nozzle
(Kleinlugtenbelt 2009). Furthermore, there is a huge
variation in measured injection pressures.

Literature (Chambosse & Otterbein 2001)
describes that the injection pressure increases dur-
ing a compensation grouting campaign. The idea
is that, during the initial injections, horizontal
pressure is still relatively low; the grout fractures
may extend in a vertical direction. However, after
a number of injections, horizontal pressure rises
and the principal direction of the fractures will be
horizontal. The higher horizontal pressure and the
hardened grout around the injection sleeves lead to
higher injection pressures.

This theory was tested using the injection data
from a compensation grouting project in Amsters-
dam, Vijzelgracht. A few sleeves were selected in
which quite a number (50-70) of injections were
performed. The injection pressure measured at the
end of the injection was plotted for each of these
injections. The results are shown in Figure 13.

The figure shows that the injection pressure may
indeed tend to increase when the number of injections
through the same sleeve increases, but the tendency is
rather weak. The scatter for the subsequent injections
is much larger. It is possible that an injection pressure
of more than 34 bar is followed by much lower injec-
tion pressures slightly higher than 5 bar.
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Figure 13. Pressure measured at the end of the injec-
tion for subsequent injections in one sleeve. The legend
presents the tube number (T) and the sleeve number (S)
for which the pressures are given.

This result means that the relation between
the number of the injections in the sleeve and the
injection pressure, and therefore the relationship
between the amount of grout injected and the injec-
tion pressure (because 25 litres were injected in all
the injections shown), is not as straightforward as
is sometimes assumed. A possible cause is that the
injections in various sleeves of one TAM interact
with each other. The injection at one point proba-
bly sometimes creates a low stress situation around
another injection point, resulting in lower injection
pressures when that other injection point is used.

The model tests described above have been per-
formed at a comparable stress level than the field
injections. In the model tests with grout the injec-
tion pressures varied between 12 and 29 bar, see
Figure 11. The grout used in the field test makes a
rather permeable cake compared to the grout used
in the model tests. This means that, according to the
calculation model presented, the injection pressure
in the field should be higher and it should be cer-
tainly higher when we take into account that there
is a pressure loss in the injection tube of several bars
in the field test. Comparing the pressures shown in
Figure 11 and Figure 13 it appeared that in most
cases the pressures in the model test are higher than
the pressures found during first injection in the
field. It is therefore likely that the stress situation
around the TAM (Tubes a Manchettes, the injec-
tion tubes) is different in the field and in the model.
One explanation is already mentioned above: the
influence due to interaction. The injection at one
location leads to higher stresses there, but since the
sum of the vertical stresses has to remain the same,
this implies that the vertical stresses elsewhere
decrease. Another reason is the consolidation of
the sleeve grout, as will be explained below.
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9 INFLUENCE OF SLEEVE GROUT

Model tests as well as calculation models on soil
fracturing as occurs during compensation grouting
normally do not take into account the installation of
the TAMs. It is assumed that the installation has no
influence on the surrounding soil and that the stress
distribution has not changed due to the installation.
For the model tests described above this is also more
or less the case, but not for a field project.

The installation procedure in the field is sketched
in Figure 14. The figures show an artist impression
of a cross-section through a TAM and the soil dur-
ing installation. First the TAM is installed by press-
ing it, together with a protective casing into the soil
horizontally. Bentonite slurry is sometimes used to
lubricate the casing. After installation, sleeve grout is
injected between TAM and the casing to prevent soil
settlement and after that the casing is retracted. The
retraction and the consolidation of the grout will
lead to unloading of the surrounding soil. In the next
stage a packer is installed and the grout is injected.

The unloading of the soil just around the sleeve
grout leads to lower soil pressures and consequently,
according to be calculation model described before,
to lower injection pressures and lower values of d/s
thus thinner and longer fractures.

To check this the model set-up shown in Figure 9
was adapted to incorporate the installation proce-
dure (Bezuijen et al. 2010). It appeared that intro-
ducing the installation procedure in the test, led to

Figure 14. Three stages during compensation grouting:
the installation of the TAM (inner tube) with a casing to
protect the rubber sleeves (top), the retraction of the cas-
ing after injection of sleeve grout (middle) and the injec-
tion of grout (bottom).
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Figure 16. Difference in fracture shape for laboratory
tests with (bottom) and without (top) simulation of the
installation procedure.

lower injection pressures and thinner fractures, see
Figure 15 and Figure 16).

10 CONCLUSIONS

A calculation model has been developed that
describes the influence of the filter cake formation
on the fracture shape for compensation grouting in
sand. For the situation with limited pressure infil-
tration into the sand, this model describes the rela-
tion between the grout and soil properties and the
shape of the fractures. The model is in agreement
with measurements in laboratory set simulating
compensation grouting in sand. It shows that high
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injection pressures (close to the cavity expansion
theory in sand) will lead to relatively short and thick
fractures.

With the results of the calculation model, it is
likely to assume that the fluctuations in the injec-
tion pressures measured in the field are at least
partly caused by stress differences caused by the
successive injections. The influence of the sleeve
grout is explained.
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