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ABSTRACT: An analytical calculation model to describe the length and width of a fracture during fracture
grouting has been developed. Aim of the model is to have a first indication on what limits length of a fracture and
determines its width. Analysis of Fracture Grouting works in practice showed that the in reality very complicated
shape of a fracture in sand can be simplified by a tube as a first approximation. The model includes the influence
of friction and bleeding of propagating grout. Quantification of those processes resulted in a model that has been
used to study alternative grout compositions during Fracture Grouting in sand. It was concluded that the grouting
efficiency in sand can be improved by decreasing the yield stress of the grout or increasing its permeability.

1 INTRODUCTION

1.1 Fracture grouting in Amsterdam

The construction of a new metro line in the city cen-
tre of Amsterdam, the so-called Noord/Zuidlijn, is a
challenging job as many buildings along the route are
sensitive to settlement and angular distortion. To pre-
vent damage, settlement criteria are very strict and
mitigating measures are necessary at several locations
to meet the criteria. One of the measures that will be
taken is the use of fracture grouting, Figure 1.

Fracture grouting has been successfully applied
in soil tunnelling projects abroad. Therefore it is a
promising measure for the situation in Amsterdam.
Nevertheless, soil conditions (soft soil) and founda-
tion configuration (pile foundation) are significantly
different in the Amsterdam situation. Consequently,
fractures cannot only ‘escape’ into the low stress zones
next to the foundation, but also in the low stress zones
between the foundation piles.

In order to investigate whether fracture grouting can
be used in those conditions, a full-scale Compensation
Grouting Trial (CGT) has been performed under com-
parable conditions along the trajectory of the bored
Sophia railway tunnel near Rotterdam (Haasnoot et al.,
2002); see Figure 2.

This trial showed that Fracture Grouting can be used
to control the vertical movement of wooden pile foun-
dations. Nevertheless, some irregularities occurred
during grouting, as a few grout injections did not create
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Foundation

piles

Grouting zone

Figure 1. Fracture Grouting in Amsterdam.

sufficient heave to completely counteract settlement
due to tunnelling. The size of heave as a result of a
certain injected volume of grout appeared to fluctuate
considerably during the trial.

Analyzing the results it became clear that there is
a need for a model to describe the influence of soil
and grout properties on the fracture length and vol-
ume of the fracture. Such a model is not available in the
literature. In an ongoing research this paper presents
a first version of such a model after presenting a
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Figure 2. Computer image of trial set-up.

comprehensive literature review. This first version
only includes the influence of the grout properties.

2 STATE OF THE ART ON HYDRAULIC
FRACTURING

Information found in literature can roughly be divided
in two categories: fracture initiation and fracture prop-
agation. Most of this information, however, is coming
from research on maximum allowable pressures during
tunnelling or drilling. Additionally, research on frac-
turing in the oil industry also resulted in some valuable
leads.

2.1 Fracture initiation

Injecting relatively low viscous grouts into the soil can
create fractures. By increasing the injection pressure,
a fracture will be created by tensile or shear failure
of the soil. A sharp pressure drop marks the onset of
fracturing (Moseley, 1993).

Difference should be made between the failure
mechanisms of different soil types. In cohesive soils it
is expected to find tensile failure during the initiation
of a hydraulic fracture (Bezuijen et al., 1996). In (pure)
sand it would be impossible to have tensile failure. In
this paper we focus on cohesionless permeable soils
(sand). In such sand shear bands, see Figure 3, can be
the initiation of a fracture.

The fracture initiation pressure is a function of
several parameters. Most important parameters are:

– The confining stress or the minimal principal stress.
Increasing stress results in increasing fracture initi-
ation pressures.

Figure 3. Hydraulic fracture initiation in sand (Keulen,
2001).

– The water content of the soil (concerning fractur-
ing in clay). Increasing water content decreases the
fracture initiation pressure (Murdoch, 1993).

– The rheological parameters and the gradation of the
injection fluid. Some fluids leak off completely at
high pressure, hampering fracture initiation (con-
cerning fracturing in sand). For effective fracturing
in sand one should use a ‘good wall-building fluid’
(a fluid that creates an impermeable layer between
the fluid and the soil) (De Pater et al., 2003).

De Pater et al. defined a ratio of maximum injec-
tion pressure to confining stress pf /σc. Experimental
and numerical study resulted in a ratio of about 5 for
confining stress is 700 kPa. During the Compensation
Grouting Trial (CGT) the average minimum princi-
pal stress (or confining stress) was about 290 kPa. The
average peak injection pressure was about 1420 kPa.
This confirms the ratio found by De Pater et al.

2.2 Fracture propagation

Foregoing section discussed fracture initiation, which
is the base for fracture propagation. Relevant results
found on propagation are presented below:

– If layered or bedded subsoil conditions are pre-
vailing, fractures along the bedding planes are
likely. If the soil is rather homogenous, the fracture
will more or less develop along the plane of the
minor principle stress, which represents the least
tensile strength in the ground. The orientation of
fractures observed in situ is not only vertical or hor-
izontal, but occurs over a wide range (Kummerer,
2003).

– The actual fracture process zone is not the fracture
tip itself, but the interval ahead of the fracture tip
(Murdoch, 1992).

– The geometry of fractures in sand differs sig-
nificantly from fractures in clay. In clay mainly
fracture planes develop when injecting with an
appropriate injection fluid at sufficient high pres-
sures (Murdoch, 1992 and 1993). Conversely, in
sand the fracture is tortuous and consists of several
branches with a dominant main branch (De Pater
et al., 2003). Small branches grow from this main
branch.
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2.3 Grouting Efficiency

The Grouting Efficiency can be defined by the ratio
between heave volume to volume of the injected grout
(Komiya, 2001 and Kummerer, 2003). This efficiency
normally is significantly less than 1. Most important
reasons for this are:

– Compaction of the adjacent soil.
– Bleeding, also called consolidation, or dehydration,

of injected grout also decreases the grout volume
and thus the grouting efficiency.

– Fractures propagate into zones where the grout does
not contribute to heave of the building.

To get some quantitative knowledge on what para-
meters determine the length of the fracture and the
fracture efficiency in sand a fracture propagation
model was developed, which will be described below.

3 FRACTURE PROPAGATION MODEL

3.1 Fracture model and constituent processes

In the model we simplify the fracture to a tube
(Grotenhuis, 2004). The fracture propagation process
can be seen as a combination of 3 aspects:

– Grout injection with certain injection parameters
– Behaviour of injected material: grout with certain

parameters
– Response of soil in which injection is done: sand

with certain parameters.

We assume that there is no penetration of the grout
in the pores of the soil around the fracture, but that
water from the fracture grout flows into the sand during
consolidation or bleeding of the grout.

3.2 Fracture propagation process

A typical pressure time record during hydraulic frac-
turing is shown in Figure 4.

It is suggested that in such a record, pressure peaks
mark the onset of fracturing and the origination of new
fracture branches. Subsequently, fractures propagate
at constant injection pressure. Each peak probably is
a result of propagation stagnation. Somehow the frac-
ture tube is blocked. Due to the stagnation the injection
pressure increases until the fracture (initiation) pres-
sure is exceeded and a new branch originates. On
the other hand, other records show only one pressure
peak. A fracture propagation model should be able
to distinguish those differences and incorporate two
phenomena:

– Steady fracture propagation at constant injection
pressure

– Possible pressure increase and stagnation of fracture
propagation.

Figure 4. Typical pressure record for fracture grouting in
sand (Mosely, 1993).
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Figure 5. Fracture propagation process in sand.

Figure 6. Definition of driving pressure pd = pext + σmin .

The fracture process is affected by three constituent
processes; see Figure 5. These processes take place
at the same time and do together result in a certain
fracture geometry with accompanying dimensions.

3.3 Friction propagating grout

The injection pressure during fracture propagation, or
so-called fracture extending pressure, is a function of
a certain driving pressure, necessary to ‘push the grout
through the soil’, and the confining stress acting nor-
mal to the fracture and friction from the flowing grout
along the wall of the tube.This is illustrated in Figure 6.
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With the assumptions shown in Figure 6 the relation
between pressures and geometry can be written as:

where τ is the yield stress of the grout.
Equation (1) is one relation between the length s and

width, or thickness, d of a fracture. Another relation
between these two is derived from the known injected
volume. This volume can be expressed into a length
and thickness whenever the fracture is modelled as a
tube. For a tube Equation (2) holds.

Combining Equations (1) and (2) gives expressions for
the fracture length s (3) and thickness d (4).

The equations can be used as long as the fracture has
the assumed geometry and its extending pressure is
constant and therefore fracture propagation ‘steady’.

3.4 Bleeding of injected grout

Research on bleeding or grout dehydration has
been performed by Bezuijen & Talmon (2003) and
McKinley & Bolton (1999). At first 1-dimensional
dehydration will be quantified. Consequently, it is pos-
sible to derive a relation for 2-dimensional dehydration
in the cross-section of a hydraulic fracture.

3.4.1 1-dimensional dehydration of fracture grout
Figure 7 illustrates the physical relationship behind
the 1-dimensional dehydration model.

Due to the expulsion of pore water into the pores of
the sand a dehydrated layer originates. The thickness
of this layer is called xe. The layer should be seen as an
internal (grout) filter, which regulates the expulsion of
water into the pores of the sand. During dehydration
the thickness xe increases. In laboratory experiments
it has been found that there indeed is a well-defined
boundary between the dehydrated and non-dehydrated
grout, and the dehydrated grout appeared to be very
stiff.

Bezuijen & Talmon (2003) derived the differen-
tial equation for 1-dimensional dehydration for the
conditions mentioned above:
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Figure 7. Sketch of 1-dimensional dehydration.
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Figure 8. Sketch of dehydration in propagating fracture.

with boundary condition that xe = 0 at t = 0 and con-
stant 	φ, the solution for 1-dimensional dehydration
is Equation (6).

3.4.2 Axial symmetrical dehydration of fracture
grout

Dehydration in the cross-section of a fracture has to
be represented as an axial symmetrical physical pro-
cess, see Figure 8. Furthermore the pressure in the
non-dehydrated grout will not remain constant. These
effects have been incorporated in numerical simula-
tions of axial symmetrical versions of Equation (6).
However, these solutions did not lead to practical ana-
lytical expressions that were sought for in this study.
We therefore approximate the axial symmetrical dehy-
dration with Equation (6) and assume that it will go
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Table 1. Representative model parameters.

Model parameters Value

Injection rate Q 0.000167 m3/s
Injection time t variable

Injection pressure p 700 kN/m2

Yield stress τ 25 Pa

Permeability k 5*10−9 m/s
Initial porosity ni 0.75
End porosity ne 0.5

Minimum soil stress σmin 240 kN/m2

Water pressure u 160 kN/m2

approximately 3 to 4 times as fast as 1-dimensional
dehydration.

This results in Equation (7), in which xe is the total
thickness of the dehydrated layer.

3.4.3 Determination model parameters
The model parameters are based on the grouting works
during the Compensation Grouting Trial (CGT) in
order to use realistic values. Injection parameters are
based on measurements during the CGT. A common
fracture grout consists of water, ordinary Portland
cement and bentonite. It has a Water Solids Factor
(WSF) of 1. The percentage of added bentonite is 5%
of the total weight of solids. The bentonite used during
the CGT was Colclay D90. Laboratorial experiments
resulted in realistic grout parameters. A study of the
geotechnical situation results in the soil parameters.
All model parameters are presented in Table 1.

The difference between initial and end porosity
(Table 1) leads to a volume loss of 50% during dehy-
dration. Since there will be no complete dehydration
we assume a volume loss of 40%.

3.4.4 Graphical presentation model
Using the model results in Figure 9 and Figure 10.

Figure 9 presents the growth of the thickness d of
the fracture. It can be seen that the growth is con-
siderable in the first few seconds and that the growth
rate depends on the yield strength of the grout. Simul-
taneously, water expulsion takes place, which results
in the development or growth of a dehydrated layer xe.
Additionally, the development of the effective thick-
ness deff has been presented.

Now a propagation stagnation criterion can be
defined. When the fracture thickness equals the size
of the dehydrated layer xe, there is no inner core of the
fracture that is still liquid enough to propagate. In that
case the effective thickness deff is zero and fracture
propagation has certainly stagnated. However, propa-
gation will stop before that. When the driving pressure

Figure 9. Growth of effective fracture thickness d-eff for
different yield stresses of the grout, k = 5*10−9 m/s.

Figure 10. Growth of reduced fracture thickness length s
for different yield stresses of the grout, k = 5*10−9 m/s.

exceeds the pressure necessary to create a new fracture
at the injection point, this new fracture will be formed
and the other one is stopped.

Quite some simplifications and assumptions were
necessary to build this fracture propagation model.
Nevertheless, fracture dimensions are realistic com-
pared to the results found during excavation works at
Central Station in Antwerp.

4 IMPROVEMENT OF GROUTING
EFFICIENCY

Considering the fracture propagation model it is pos-
sible to present available methods to influence fracture
propagation and to improve the efficiency. The Grout-
ing Efficiency improves whenever the injected grout
is better retained under the foundation of a building.
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Figure 11. Effect of increasing permeability of the dehy-
drated layer on the fracture thickness, t = 25 Pa.

In that way more of the injected grout contributes to
the objective of grouting: creation of heave of a build-
ing. This can be realized by maximising the fracture
thickness and reducing the fracture length. According
to the model there are two possibilities for this:

– Increasing the shear stress of the grout
– Increasing the permeability of the grout filter.

The shear stress can be increased by:

– Reducing the water solids factor (WSF)
– Increasing the amount of angular aggregate material

in the fracture grout.

Whenever the shear stress is increased, it will take more
effort to transport the grout through the fracture. Con-
sequently, the fracture thickness will be increased and
fracture length reduced. This can clearly be seen in
Figure 9 and Figure 10. In this case the shear stress
is increased from 25 Pa to 125 Pa, which is compara-
ble with the shear stress of a contaminated (with soil)
drilling fluid.

Nevertheless, the WSF cannot continuously be
reduced. The water content should be sufficient to
facilitate fracture initiation in the fracture tip.

The permeability of the grout filter, or dehydrated
grout layer, can be increased by reducing the amount
of bentonite in the fracture grout. This leads to faster
dehydration of the fracture and, according to the model
to shorter fractures. This is illustrated in Figure 11 and
Figure 12, where the permeability has been increased
from 1*10−9 m/s to 5*10−9 m/s.

5 CONCLUSION

The objective of this part of the research was to enlarge
the understanding of the fracture process in sand and

Figure 12. Effect of increasing permeability of the dehy-
drated layer on the fracture length, t = 25 Pa.

to develop possibilities to control fracturing in order
to improve the grouting efficiency in sand.

It can be concluded that the development of the
fracture model indeed increased the understanding of
several aspects of the fracture process. Additionally it
was possible to show that the Grouting Efficiency in
sand can theoretically be improved by:

– A decreasing water solids factor (less water)
– An increasing amount of angular aggregate material

in the fracture grout
– Reducing the amount of bentonite in the fracture

grout.

This research will be continued by the TU Delft and
COB (Netherlands Centre for Underground Construc-
tion). They are preparing several laboratorial experi-
ments in which it will be tried to actively control the
hydraulic fracture dimensions in sand by changing and
varying the composition of the fracture grout as sug-
gested in the conclusions of this part of the research.
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LIST OF SYMBOLS

A surface [m2]
O circumference [m]

Q injection rate [m3/s]

Ve end volume (after dehydration) [m3]

Vi initial volume (before dehydration) [m3]

Vw volume of expelled water [m3]
d fracture thickness [m]
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i pressure drop [kPa/m]
k permeability of dehydrated grout [m/s]
l length [m]
ne end porosity (after dehydration) [–]
ni initial porosity (before dehydration) [–]
p (injection) pressure [kPa]
pd driving pressure [kPa]
pext fracture extending pressure [kPa]
pf maximum or fracture pressure [kPa]
qw specific discharge [m/s]
s fracture length [m]
t injection time [s]
u water pressure [kPa]
xe thickness of dehydrated layer [m]
	φ pressure head difference grout-soil [m]
ϕ angle of internal friction [◦]
σc confining stress [kPa]
σmin minimum principal stress [kPa]
τ yield stress [Pa]
τy yield point [Pa]
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