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Abstract Grout curtains are commonly constructed
under dams to reduce the seepage through the rock
foundation. In the design of grout curtains, empirical
methods have mainly been used since the introduction
of dam foundation grouting. Although empirical
methods have been used with success in several
projects, they have their limitations, such as poor
control of the grout spread, only an indirect consid-
eration of the threat of internal erosion of fracture
infillings in the grouted zones, and the risk of
hydraulic jacking. This paper presents a theory-based
design methodology for grout curtains under dams
founded on rock. In the design methodology, the grout
curtain is designed as a structural component of the
dam. The risk of erosion of fracture infilling material is
explicitly accounted for along with the reduction of the
hydraulic conductivity of the rock mass, and an
optimization of the total uplift force. By applying the
proposed design methodology, engineers can create a
design better adapted to the prevailing geological and
hydrogeological conditions in the rock mass, resulting
in more durable grout curtains. The proposed
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methodology also enables cost and time estimates to
be calculated for the grout curtain’s construction.
Applying the principles of the observational method
during the grouting execution also allows the design to
be modified via predefined measures if the initial
design is found to be unsuitable.

Keywords Grout curtain - Dam - Rock mass -
Internal erosion - Stop criteria

List of Symbols

Latin letters

b Physical aperture of the fractures within a
borehole section, pm

by, Boundary fracture aperture, defined as the
aperture for which a fully sealed curtain is
achieved in the design, pm

bsit Critical aperture, the smallest aperture in
which the grout can freely penetrate, pm

bm Estimated maximum physical aperture within
a section, um

bmn Hydraulic aperture of the largest fracture, pm

E Elastic modulus of the rock mass, GPa

g Gravity of earth, m/s”

Hgyown Hydraulic head downstream of the grout
curtain, m

H, Hydraulic head of the reservoir upstream of
the grout curtain, m

h Depth of the fracture, m

1 Actual grout spread
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Ip Relative grout spread Viot Total grout volume injected into a section of a
Lnax Maximum radial grout spread, m rock mass, L
I, Normalized grout spread w Base width of the dam, m
Icrit Critical hydraulic gradient not to be exceeded

in order to prevent the infilling materials from Greek Letters

being eroded, m/m 0.cc Maximum allowed elastic deformation close to
ig Hydraulic gradient within the grouted zone, the borehole, mm

m/m Op = m
K Hydraulic conductivity, m/s u Dynamic viscosity of water, Pa-s
Koce Acceptable hydraulic conductivity in the g Viscosity of grout, Pa-s

grouted zone, m/s v Poisson’s ratio of the rock mass

K, Estimated residual hydraulic conductivity in
the grouted zone, m/s

k; Ratio between mean and maximum 7 of all
hydraulic tests in the project with the
prerequisite that they contain the same
geological domain

k> Ratio between section transmissivity 7 and
the transmissivity of the largest fracture Ty,

ks Ratio between the maximum physical
aperture and by,

ky Ratio between the critical aperture b and
the boundary fracture aperture by,

b =lntaEn

k Parameter indicating the non-contacted part
of the fracture

L Section length between packers in the
borehole, m

P, Excess pressure from the pressurized grout
acting on the fracture walls, MPa

P, Grouting pressure, MPa

P; Critical pressure, the pre-stress on the
fracture, MPa

P, Normalized grouting pressure

Py, Water pressure at the fracture, MPa

4P, Effective grouting pressure, MPa

0 Grout flow rate, L/s

T Thickness of the grout curtain, m

Ttm Transmissivity of the largest fracture, m%/s

T, Section transmissivity, m>/s

t Grouting time, s

o Relative grouting time

to Characteristic grouting time, s

U Total uplift force, kN/m

U; Uplift force for different possible designs of

the grout curtain, kN/m
Unin ~ Minimum uplift force, kN/m
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0 Density of the rock mass, kg/m*
pw  Density of water, kg/m’
To Yield value of the grout, Pa

1 Introduction

Grout curtains are a common method used to reduce
the hydraulic conductivity of the rock mass under
different types of dams, and thus control the water
seepage in it (USBR 1976; Houlsby 1990; ICOLD
1993; CDA 2007; Weaver and Bruce 2007; FERC
2016). Particularly for concrete dams, the grout
curtain, together with the drainage system, reduces
the uplift pressure, which, if too high, could jeopardize
the sliding stability of the dam (Casagrande 1961;
Ruggeri 2004; Chai and Cui 2012). For embankment
dams, excessive seepage caused by insufficient grout-
ing of the rock foundation could lead to internal
erosion of the impervious dam core through the
foundation, resulting in catastrophic consequences, as
was the case with the Teton dam failure in 1976 (Seed
and Duncan 1987).

The design of the grout curtains and the design of
the grouting work have long been based on empirical
practices. Classic grouting textbooks such as those by
Houlsby (1990) and Weaver and Bruce (2007) have
introduced the empirical design principles of grout
curtains. However, even though the empirical design
principles have been successfully employed in many
projects, limitations still exist. The application of the
empirical design principles requires that the practicing
engineer have extensive experience; otherwise, an
inadequate or over-conservative design may be the
result (Wilson and Dreese 2003). In addition, when
using the empirical design principles, the risk of
internal erosion of fracture infilling materials is only
considered indirectly by adjusting the
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acceptable Lugeon value with respect to the rock mass
quality, despite the fact that internal erosion of fracture
infilling materials could potentially cause or accelerate
deterioration of the grout curtain (Weaver and Bruce
2007; Spross et al. 2016; Ewert and Hungsberg 2018).
Furthermore, the empirical “refusal” stop criterion
which defines a minimum flow rate when grouting
should cease (Weaver and Bruce 2007; El Tani and
Lopez-Molina 2019), can lead to longer grouting time
and higher costs, but not equivalently better quality.
Thus, the efficiency of this criterion is doubtful.
According to the empirical design principles, the
grouting pressure is also chosen according to existing
“rules of thumb”, which can cause hydraulic jacking if
not properly selected (Weaver and Bruce 2007; Rafi
and Stille 2015a).

To deal with the limitations incorporated into the
empirical design principles, a more theoretically based
design principle would be preferable. Grouting is,
however, by its very nature, a complex process
involving interactions between the rock mass, the
grout, and the groundwater. Many important aspects
shall be considered before, during and after the
process. In recent decades, extensive research has
been aimed at theoretically describing various aspects
of rock grouting, including hydrogeology in the rock
mass (Zimmerman and Bodvarsson 1996; Gustafson
2012; Hernqvist et al. 2014; Zou et al. 2015), grout
mix properties (Hakansson 1993; Eriksson and Stille
2003; Eklund and Stille 2008; Draganovi¢ and Stille
2011, 2014), grout penetration length (Gustafson and
Stille 2005; Stille et al. 2009; El Tani 2012; El Tani
and Stille 2017; Funehag and Thérn 2018; Zou et al.
2018, 2020), grouting pressure (Lombardi and Deere
1993), rock deformation (hydraulic jacking) during
grouting (Brantberger et al 2000; Gothill and Stille
2009; Rafi and Stille 2015b), and the erosion of fresh
grout (Axelsson 2009). Stille (2015) summarized the
new theories on rock grouting, and Stille et al. (2012)
specified their applications on dam foundation grout-
ing. These summaries from Stille presented several
aspects of the grouting work, but without combining
all these aspects into an overall design framework for
grout curtains. From the grout curtain perspective,
Wilson and Dreese (2003) discussed the possibility of
a quantitatively engineered grout curtain as “an
engineered structure”. The focus was mainly on the
geometry of the curtain in relation to its effect on
reducing the seepage. The durability of the grout

curtain, which, among other things, could be threat-
ened by internal erosion of fracture infilling materials,
was not discussed.

Attempts have also been made to design the
grouting work in a more analytical manner. The GIN
method introduced by Lombardi and Deere (1993)
proposed a grouting method based on the specific
energy expended in the grouting process. Even though
the GIN method has been implemented with success
(Lombardi and Deere 1993), doubts and arguments
still exist regarding the applicability of the method
(Bonin et al. 2012; Rafi and Stille 2015a). Carter et al.
(2012) proposed a grouting procedure named Aperture
Controlled Grouting (ACG), suggesting that the
analytically estimated grout take volume be used as
the stop criteria. The procedure’s implementation in
the field was discussed by Bonin et al. (2012).
Although ACG is seen as an advancement for the
grouting work, the grout spread in the fractures, which
is essential for the closure of the grout curtain, remains
unclear.

Despite the different attempts to design the grouting
work and the grout curtain, a systematic theory-based
design methodology involving both the grout curtain
(as a structural component) and the grouting work has
not yet been developed. The absence of a theory-based
design methodology creates room for further devel-
opment. A systematic theory-based design methodol-
ogy can bridge the gap between theories and the actual
design, thus improving the quality of the grout curtain,
increasing the efficiency of the grouting work, and
enabling the implementation of the principles of the
observational method to reduce the risk of, for
example, internal erosion and hydraulic jacking.

In this paper, the main objective is to present a
thorough discussion on the theories of rock grouting in
the context of grout curtains under dams. As a result of
the discussion, we propose a novel design methodol-
ogy for grout curtains under dams founded on rock.
The methodology is mainly based on existing theories
on rock grouting organized under a complete design
framework. Compared to the existing design method-
ologies of grout curtains, the proposed methodology
considers the grout curtain as a structural component
of the dam and the grout curtain is designed with
analytical calculations. The novelty specifically lies in
how to address the risk of erosion of fracture infilling
materials in the grouting design, which has not
explicitly been considered in previous design
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methods. A brief outline defining the requirements of
the grout curtain in the methodology was introduced
by Zhang and Johansson (2021). The remainder of the
paper is organized as follows: The principles of the
design methodology for grout curtains under dams
founded on rock are first introduced. Theories for each
aspect of the grouting are then described according to
the corresponding step in the framework of the design
methodology. Following the principles of the design
framework, a design example using the methodology
is presented, followed by concluding remarks.

2 Design Methodology
2.1 Overview of the Design Framework

The new suggested design methodology for grout
curtains is summarized and presented in a flow chart in
Fig. 1. It consists of three phases: preliminary design,
grouting execution, and dam safety management.

The first phase, preliminary design of the grout
curtain, aims to determine the grout curtain geometry
as well as the corresponding grouting parameters for
obtaining the determined geometry. As shown in
Fig. 1, the preliminary design phase involves four
steps: (i) geological and hydrogeological investiga-
tions, (ii) definition of requirements on the grout
curtain, (iii) design of the grout curtain, and (iv)
design of the grouting work.

The preliminary design starts with Geological and
hydrogeological investigations, which provide the
designers with information about the rock mass
characteristics at the site. The second step in the first
phase is to define requirements on the grout curtain.
Based on the results of the site investigations
performed in the previous step, the requirements on
the grout curtain are defined and specified according to
the acceptable hydraulic conductivity (tightness), the
critical gradient with respect to internal erosion of the
fracture infilling materials, and an optimization of the
total uplift force. Design of the grout curtain is the
third step, where the geometries of the grout curtain,
including its position, depth and thickness, are to be
designed based on the requirements defined in the
previous steps. The fourth and last step in the
preliminary design phase is the design of the grouting
work. Design of the grouting work focuses on
preparing a grouting plan in order to obtain the
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geometry of the grout curtain designed in the third
step. In this final step, grouting parameters and
contingency plans for unexpected behavior during
grouting should also be defined. This last step includes
the instructions for the grouting execution phase based
on the principles of the observational method. Both the
second and the third step must be done with respect to
the design of the dam, as different types of dams and
their characteristics can present different requirements
and limitations on the grout curtain. The last step,
which is the design of the grouting work, is usually
carried out by different designers from the first three
steps, as indicated by the division line in Fig. 1.

The second phase after the preliminary design is the
grouting execution. The principles of the observa-
tional method should be followed in this phase, and the
quality of the grouting operation needs to be con-
stantly controlled.

In the third phase, during the operation of the dam,
the pore pressure and leakage should be monitored
continuously, and measures should be implemented if
necessary to maintain dam safety. If monitoring
indicates any deterioration of the grout curtain,
remedial grouting of the grout curtain or other types
of measures may be needed.

2.2 Preliminary Design
2.2.1 Geological and Hydrogeological Investigations

Geological and hydrogeological investigations pro-
vide important information about the rock mass
characteristics which are essential for the design of
grout curtains, including fracture patterns, possible
infilling materials in the fractures, hydraulic conduc-
tivity of the rock mass, fracture transmissivity, etc.
The methods for conducting various geological and
hydrogeological investigations can be found in text-
books or standards such as Houlsby (1990), Weaver
and Bruce (2007), ISO (2012a, 2012b, 2012c), and
Palmstrom and Stille (2014).

To start the design process, hydraulic fracture
apertures need to be derived based on the results from
Lugeon tests. As concluded by Stille et al. (2012), and
according to several studies (Gustafson and Stille
1996; Funehag and Fransson 2006), the fracture
aperture is a reasonable predictor for penetration
length of the grout, and is therefore a key parameter in
the design process.
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Fig. 1 Flowchart illustrating the principles of the design methodology for grout curtains

The hydraulic aperture of the largest fracture of a
tested section can be estimated from Lugeon tests,
given that most of the total section transmissivity from
such a test is contributed by the largest fracture in the
section (Hernqvist et al. 2014). However, it can be
difficult to estimate the extent of this contribution
exactly. Thus, this contribution needs to be assumed

based on the observation of fracture patterns from the
geological investigations. To facilitate this, Stille
(2015) introduced the coefficient k,, which is defined
as the ratio between section transmissivity 7 and the
transmissivity of the largest fracture Ty, as

T
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According to Stille (2015), k, normally varies
between 1.1 and 2.0. The hydraulic aperture of the
largest fracture b,,,;, can thus be calculated based on the
cubic law, as

Tp,e12
N @)
Pw8

where p is the dynamic viscosity of water
(1.3010*3 Paes at 10 °C) and p,, is the density of
water (1,000 kg/m?).

2.2.2 Requirements on the Grout Curtain

The purpose of the grout curtain under a dam is to
decrease the seepage in the rock mass by reducing the
hydraulic conductivity of the rock mass, and to reduce
the uplift pore pressure. The grout curtain must also be
constructed with high quality and designed with
acceptable durability. One important aspect of the
durability is to prevent internal erosion of the fracture
infilling materials within the grouted zone if such
material is present. These three purposes (i.e. reduce
hydraulic conductivity of the rock mass, prevent
internal erosion, and reduce uplift pore pressure)
constitute the basis for defining the requirements on
the grout curtain.

The acceptable hydraulic conductivity in the
grouted zone K,.. is normally chosen according to
the classes of grouting suggested by Houlsby (1990). 3
Lugeons need to be reached if piping of the foundation
material needs to be prevented. If not, the standard
varies from 5 to 15 Lugeons for embankment dams,
and 3 to 7 Lugeons for concrete dams. However, as a
widely accepted yet old standard, Houlsby’s classes of
grouting may need further revision in the future. The
requirement is presented in Eq. (3) and implies that
the estimated residual hydraulic conductivity in the
grouted zone K, should be lower than or equal to K.:

Ky < Ky (3)

Infilling materials such as clay, sand, and other
mineral sediments or rock fragments may exist in rock
fractures (Barton 1973; Winberg et al. 2003). In the
unsealed parts of the fractures in the grouted zone,
some of the infilling materials can be eroded by
flowing water if the velocity is sufficiently high
(Axelsson 2009; Ewert and Hungsberg 2018). Normal
cement-based grouts can penetrate materials whose
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hydraulic conductivity is higher than approximately
510~ m/s (Littlejohn 1982). This implies that coarse
sand, rock fragments, etc. can be seen as sealed, since
they can be penetrated by the cement-based grouts. On
the other hand, fine cohesive sediments such as clay
may not be erodible by the flow in the grouted zone
due to the strong cohesion between particles (Nilsen
and Palmstrém 2001). Hjulstrém (1935) suggested
that erosion of a clayey cohesive bed requires average
water velocities higher than 0.2 m/s, even though this
study was performed on a riverbed and not within a
rock fracture, where the hydraulic conditions are
different. Zhang and Johansson (2021) therefore
suggested that the risk of erosion in the grouted zones
is greatest for small non-cohesive particles such as, for
example, fine sand or silt. In clay, this risk has to be
studied on a case-to-case basis depending on the
cohesive bonds between particles.

A high hydraulic gradient implies high velocity in
the fractures, and monitoring the hydraulic gradient is
normally easier than measuring the flow velocity in the
grouted zone. Therefore, the requirement for prevent-
ing internal erosion can be presented as a criterion for
the hydraulic gradient i, within the grouted zone as

ig < icrita (4)

where i, is the critical hydraulic gradient not to be

exceeded in order to prevent the infilling materials
from being eroded. The i ;, however, is still a topic to
be discussed. Very limited research has been con-
ducted focusing on the erosion of infilling materials in
rock fractures. Therefore, thresholds from other stud-
ies (for example, the incipient motion of sediments or
contact erosion in embankment dams) could be used as
a rough approximation for the erosion of fracture
infilling materials. However, this should be performed
with careful analysis and evaluation since the
hydraulic conditions in a rock fracture is different
compared to these studies.

The grout curtain reduces the seepage through the
rock mass and thus contributes to the reduction of the
uplift force (Ruggeri 2004). This reduction is usually
not accounted for in the assumptions for the pore
pressure used in the stability calculation of the dam
body (USBR 1976; FERC 2016; Swedenergy 2017),
but could rather be seen as an added safety margin. To
maximize this safety margin, the grout curtain should
be designed to minimize the total uplift force U, such
as in
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U = min(U,), (5)

where U; is the uplift force for different possible
designs of the grout curtain.

Among the three requirements, the acceptable resid-
ual hydraulic conductivity requirement should always
be fulfilled together with the requirement pertaining to
the erosion of infilling materials, if they are present in
the fractures. However, the requirement to minimize
the total uplift force is only optional for optimization
and does not necessarily need to be fulfilled for all
possible design alternatives as long as the two other
criteria are fulfilled and the uplift pressure assumed in
the stability calculations for the dam are not exceeded.
In addition to these three requirements, the geochem-
ical aspect of the type of grout material used and its
interaction with groundwater also affects the durabil-
ity of the grout curtain and can under certain
conditions be an important issue to consider. It is,
however, beyond the focus of this paper, and therefore
will not be further discussed.

2.2.3 Design of the Grout Curtain
Design of the grout curtain implies determining the

position, the thickness and the depth of the grout
curtain. A section of a typical concrete dam illustrating

Grout hole
and grout curtain

T
b
1

w }
1

Fig. 2 Schematic profile of a concrete dam with grout curtain

the geometrical parameters of the grout curtain
incorporated into the design is presented in Fig. 2.

The most suitable position of the grout curtain
varies depending on the type of dam. For concrete
dams, the grout curtain is mostly positioned at the heel
of the dam, while for embankment dams the grout
curtain is normally located under the core of the dam at
a position near the centerline of the core, see for
example Houlsby (1990).

A multi-factor method is employed when designing
the thickness of the grout curtain based on the work by
Zhang and Johansson (2021) considering the three
requirements in Sect. 2.2.2. The K, in the first
requirement in Eq. (3) can be predicted using the
equation proposed by Stille (2015), and defined as:

kika1pyg, 5
= ity 6
8 kgkileﬂ crit ( )

where L is the tested section length between the
packers in the borehole, k; is the ratio between the
mean and the maximum T of all hydraulic tests in the
project with the prerequisite that they contain the same
geological domain. If not, different values for each
geological domain shall be derived. According to
Stille (2015), k; usually varies between 0.2 and 0.6. A
small k; indicates a tight rock mass, and a higher value
indicates a more permeable rock mass. k; is the ratio
between T and Ty, and usually varies between 1.1
and 2.0 according to Stille (2015). k3 is the ratio
between the maximum physical aperture and by,
varying between 1.5 and 2.0 (Zimmerman and Bod-
varsson 1996; Tsuji et al. 2012). k, is the ratio between
the critical aperture by, defined as the smallest
aperture in which the grout can freely penetrate, and
the boundary fracture aperture by, defined as the
aperture for which a fully sealed curtain is achieved in
the design.

Fractures finer than b, can be simplified as unsealed
in the design phase as a conservative approach, since it
is both time-consuming and costly to seal fine
fractures (i.e. with apertures approximately equal to
beir). Therefore, k, can be a value less than 1 in the
design if the K, allows it. The value of b.;; depends
on the grain size of the cement-based grout. According
to Eklund and Stille (2008), the aperture shall be at
least three times the grain size to penetrate freely for
coarse cements. For micro-cement, however, the ratio

@ Springer
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can be considerably higher than 3 due to its tendency
to flocculate (Stille 2015).

In the design of the grouting work described in
Sect. 2.2.4, by, is used when determining the grouting
pressure, the stop criteria, as well as the grout hole
layout. It should be noted that when estimating the
injected volume of the grout, the maximum physical
aperture is used instead.

Based on the assumptions that the rock mass could
be simplified as a continuous media, and that the uplift
pressure under the dam is distributed according to a bi-
linear distribution as illustrated in Fig. 2, Zhang and
Johansson (2021) combined Eq. (6) and Darcy’s law,
resulting in an expression connecting the thickness of
the grout curtain 7 to U, as:

Hipn (W =T H H,)T
U= d ( ) ( down + ) ) °p,8,
2 2
(7)
bgri (W - T)
H jown = 3 ! 3,3.3 Hwa (8)
bcrit(W - T) + k3k4bth

where W is the base width of the dam, Hyoyy, is the
hydraulic head downstream of the grout curtain and
H,, is the hydraulic head of the reservoir upstream of
the grout curtain.

Based on Eq. (7) and (8), U can be calculated for
different values of 7. The value of T that results in U ;,
constitutes the optimal thickness of the curtain,
provided that K, < K.

However, a small thickness of the grout curtain can
induce a steep hydraulic gradient within the grouted
zone. Therefore, the thickness of the grout curtain
must fulfill the requirement in Eq. (4) so that i, is not
exceeded. By inserting Hyow, from Eq. (8) into the
definition of i, Zhang and Johansson (2021) derived
the following expression for calculating i,

Hw - Hdown kgkzb%

mh

(W —T) + k3kib2, T

lg = T _b3

crit

we

©)

Asshownin Eq. (5), i should be smaller than i to
prevent erosion of any ungrouted infilling materials in
the grouted zone.

The depth of the grout curtain needs to be
determined according to the hydrogeological investi-
gations and the K,... If the investigations indicate that
the natural hydraulic conductivity of the rock mass is
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lower than K,.. below a certain depth, this depth can
be taken as the depth for the grout curtain. If the
hydraulic conductivity of the rock mass is constant or
increases with depth, the depth of the grout curtain can
then be determined based on common practices, for
example, the recommendations by Houlsby (1990),
stating that the depth of the curtain should be equal to
the reservoir water head.

2.2.4 Design of the Grouting Work

The grouting work is designed to achieve the grout
curtain geometry in the preliminary design based on
the requirements in Sect. 2.2.2 and the theories in
Sect. 2.2.3. A grout hole can be divided into vertical
sections. Instead of grouting the entire grout hole in
one grouting run, sectional grouting divided by
packers is recommended in the design methodology
proposed in this paper. The grouting work should
therefore be designed for each vertical section in a
grout hole. As a simplification, the grout holes which
share the same geological domain can share the same
design. The procedure for the design of the grouting
work for one geological domain is as follows:

1. Establish an initial layout of the grout holes. Set up
the number of rows of the grout holes, the spacing
between each row, and the spacing between the
adjacent holes within each row. Given the thick-
ness of the grout curtain determined in Sect. 2.2.3,
requirements for the minimum grout spread can be
determined.

2. Set an initial grouting pressure for each vertical

section of the grout hole, and calculate the grout
spread curve versus time for each section. From
the minimum grout spread, determine the stop
criteria (the grouting time) of grouting for each
vertical section based on the grout hole layout and
the required grout curtain thickness. Evaluate the
risk for hydraulic jacking. If the initial design
assumptions do not fulfill the jacking require-
ments, this step should be repeated using lower
grouting pressure until the jacking requirements
are fulfilled.

3. Optimize the grout hole layout through an iterative

procedure of Step 1 and 2 until a satisfactory
design of the grouting work is achieved.

4. Prepare a monitoring plan and necessary contin-

gency actions for the grouting work. Define the
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acceptance criteria for unfavorable behaviors and
the corresponding alternative designs or other
contingency actions. Establish the complete cri-
teria for the grouting work.

2.2.5 Prediction of grout spread and flow
under constant grouting pressure

With the grout being modelled as a Bingham fluid, the
maximum radial grout spread I,,,,x can be calculated as
(Gustafson and Stille 1996):
AP
Lpax = —2 by, 10
20 (10)
where 1 is the yield value of the grout, 4P, is the
effective grouting pressure, which is the difference
between the grouting pressure P, and the water
pressure at the fracture Py,

AP, =P, —P,. (11)

To define the stop criteria, the relationship between
grout spread and grouting time is needed. Relative
grouting time fp and relative grout spread Ip were
therefore introduced in the analytical solutions by
Gustafson and Stille (2005). They defined 1, as

t
tp =—, (12)
)

where ¢ is the grouting time and ¢, is the charac-
teristic grouting time. 7 is defined as

B 6AP 1,

to = 13
0 T% ) ( )

where i, is the viscosity of grout. The Ip were
defined as
1
Ip = , (14)

I max

where [ is the actual grout spread.

The grout spread in a fracture is assumed to be 2D.
A solution for Ip in relation to #p for 2D radial spread
was presented by Stille et al. (2009) as

Ip =/ 020 + 40,p — Oap, (15)

where 0,p is

Ip
2(3+1p + 0.23In(1p))

O2p =

The relationship between Ip and fp is unique
whereas the relationship between I and ¢ varies with
different grouting parameters. There is still an ongoing
discussion on the solution of the 2D spread of a
Bingham fluid (El Tani 2012; El Tani and Stille 2017,
Zou et al. 2020), although the different solutions give
similar results on the grout spread (Stille 2015; Zou
et al. 2020).

Stille (2015) suggested that the total grout volume
injected into a section of a rock mass Vi, can be
calculated according to the geometrical volume of a
disc with a radius of I as

AP\ ?
V,m:nlg<ﬁ> > b, (17)

where b is the physical aperture of the fractures
within a borehole section. The flow rate Q can thus be
calculated as the first order derivatives of the injected
volume over time

AT dip 1 (AP 5
= =2nlp——— | =—% b. 18
0 dt o dtp to (210 Z (18)

If reliable Lugeon tests have been performed in the
grout holes, the calculation of the injected grout
volume can be used as an estimation for predicting the
grout usage.

2.2.6 Layout of the grout holes and stop criteria

The initial grout hole layout, including the spacing
between the holes and the number of rows, can, as a
first attempt, be based on empirical practice. The
defined thickness of the grout curtain and the initial
layout provide information on the required grout
spread for each grout hole section according to the
following principle.

The thickness does not equal double the grout
spread. Instead, the overlapping of the grout spread
from two adjacent holes determines the thickness of
the grout curtain (Zhang and Johansson 2021), as
shown in Fig. 3. In the figure, the thickness of the
grout curtain is defined as the maximum length of the
overlapping area in the direction perpendicular to the
grout curtain. Therefore, the minimum grout spread
can be estimated by geometrical calculations.

For each grout hole section, stop criteria are
determined according to the curves showing grout
spread length (calculated using by,) vs grouting time.
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Grout spread

Fig.3 Determination of the thickness of the grout curtain based
on overlapping of the grout spread

Thickness

Grout holes: o
Overlapping: .

The grouting time at which the minimum grout spread
is reached becomes the stop criterion for the grouting
in the corresponding grout hole section.

The determination of the grout hole layout and the
stop criteria is an iterative process; if the minimum
grout spread estimated in the initial layout takes too
long to grout, which implies poor efficiency, a new
layout should be designed with smaller spacing, and
thus a shorter grout spread.

2.2.7 Grouting pressure with respect to hydraulic
jacking

The constant grouting pressure after the initial pres-
sure build-up, together with the calculated grout
spread, are used to control the risk against jacking. If
the pressure and the grout spread do not fulfill the
jacking requirement, decreasing the grouting pressure
or limiting the grouting time are the options to choose
from. The stop criteria should then be adjusted
accordingly.

To determine if there is a risk of jacking, the
following calculation procedure was recommended by
Stille et al. (2012).

It starts with normalizing the grouting pressure to a
normalized pressure P,

AP, ek,
n — 3pgh

where 4P, is the effective grouting pressure, krisa
parameter indicating the non-contacted part of the
fracture, usually set as 1, p is the density of the rock
mass, and & is the depth of the fracture. The
normalization is also performed on /, resulting in a
normalized grout spread I,

(19)
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Li=". (20)

As the grouting pressure can be seen as constant
along the vertical section, a longer grout spread will
result in a greater uplift force acting on the fracture.
Therefore, the I in Eq. (20) is the grout spread in the
fracture with maximum aperture. The risk of elastic
jacking can be expressed as a relation between P, and
Iﬂ

P, k, 1
P, < —4-. 21
+3,ogh_3ln+3 (21)
k, 1s calculated as
E < P
kn = g 5a££ g (22)

4(1—2) pgh® P,’

where E is the elastic modulus of the rock mass, v is
Poisson’s ratio, and ... is the maximum allowed
elastic deformation close to the borehole. P, is the
excess pressure from the pressurized grout acting on
the fracture walls, calculated from the grouting
pressure P, and the pre-stress on the fracture, named
critical pressure P;

P, =P, — P, (23)

An example of an elastic jacking limit is plotted in
Fig. 4.

Apart from checking that the elastic deformations
are within acceptable levels, uncontrolled irreversible
ultimate jacking should also be prevented. A limiting
state for ultimate jacking was proposed by Brantberger
et al. (2000) and later modified by Stille et al. (2012) as

w

P, +

1 1

pghgl+l_n+3—lﬁ' (24)

During the design phase, P, should be plotted as a
function of /,,. This curve should not cross either of the
two limits in Fig. 4 to ensure that no unfavorable
jacking occurs. As shown in Fig. 4(b), the limit for
ultimate jacking will be lower than the limit for elastic
jacking for shallow fractures, which means that the
ultimate jacking occur before the elastic jacking. It
should also be noted that the model for elastic jacking
assumes that the rock mass above the fracture deforms
elastically. For grouting in shallow fractures, the
elasticity may not be able to develop. Therefore, the
use of elastic jacking for shallow fractures without any
modification may be questioned.
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Fig. 4 Limit states for (a)
ultimate jacking and elastic

(b)

jacking expressed by the
normalized effective

—— Ultimate jacking 1
- — - Elastic jacking \

—— Ultimate jacking
- — - Elastic jacking

grouting pressure as a

function of normalized grout

spread. a: limit states for c
deep fractures; b: limit states
for shallow fractures (after
Stille et al. 2012)

Deep fractures

2.2.8 Contingency plans and complete criterion

The principles of the observational method provide an
ideal framework to deal with uncertainties related to
the grouting execution. Prior to the beginning of
grouting, possible unfavorable scenarios must be
considered, including hydraulic jacking, unexpected
rock mass properties, sudden changes in flow, etc.
Proper contingency plans should be prepared for all
unfavorable scenarios before the grouting starts. A
complete contingency plan includes a monitoring
plan, acceptance criteria for each unfavorable scenario
and corresponding contingency actions. Clear instruc-
tions on the acceptance criteria which will trigger the
contingency actions are essential, see for example
Spross et al. (2016).

A complete criterion is also required as a signal that
the grouting is completed. One of the options for such
a criterion is the residual hydraulic conductivity. The
criterion is fulfilled when the tested residual hydraulic
conductivity in the grouted zone is lower than the
acceptable hydraulic conductivity. If the criterion is
fulfilled for all the grouted zones, the grouting work
can be determined as completed. If not, supplementary
grouting, including the addition of grout holes, is
required.

2.3 Grouting Execution

The grouting execution should be performed accord-
ing to the preliminary design. During the execution,
the grouting personnel should be able to perform the
grouting in a high-quality manner and with good
control over the whole process. The principles of the

Shallow fractures

observational method demand good judgement during
the grouting process and quick decisions on whether to
trigger the contingency actions. Proper and strict
supervision should be provided. Although this phase
contains more on-site work rather than “design”, the
review and refinement of the preliminary design
should be performed whenever required according to
the on-site observations.

2.4 Dam Safety Management

The dam foundation should be constantly monitored
over the long-term. Indirect measuring, through pore
pressure measurements for example, are required to
indirectly monitor the functionality of the grout
curtain. If no significant difference in pore pressure
can be measured between the grout curtain’s upstream
and downstream sides, the grout curtain may have
deteriorated. The stability of the dam should also be
assessed regularly, and the critical uplift force should
not be exceeded. If the total uplift force approaches the
critical value, remedial grouting or other measures
need to be implemented.

2.5 Limitations

The proposed design methodology consists of rock
grouting theories which are based upon specific
prerequisites, which implies that the methodology
has certain limitations. The methodology can only be
used for the design of grout curtains under new dams
where the hydraulic gradient in the rock mass is low,
otherwise erosion of the fresh grout can occur. In
addition, the methodology is limited to fractured rock
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masses where the grout spread occurs radially in the
discrete fractures and should not be applied for
permeation grouting of homogenous material such as
sand. Furthermore, the methodology is only applicable
for grout with Bingham properties, such as cementi-
tious grout, and needs to be performed under temper-
ature conditions which prevent freezing and enable
hardening of the grout.

3 Design Example: Grout Curtain Under
a Fictitious Concrete Gravity Dam

To illustrate the preliminary design process, a design
example for the grout curtain under a fictitious
concrete gravity dam is presented. For simplicity,
alternative designs and other contingency actions are
omitted in this example. It is furthermore assumed that
the whole rock foundation belongs to the same
geological domain.

The geometry of the dam is based on a typical
concrete dam in Sweden, as shown in Fig. 5. The dam
to be built has a height of 22 m and the base width is
15 m. The water head in the filled reservoir is assumed
to be 20 m and the groundwater level before con-
struction of the dam is assumed to be at the surface of
the rock foundation. The dam is assumed to be
founded on a fractured rock mass of hard crystalline
rock consisting of granite. The rock mass rating
(RMR) is roughly equivalent to 70, which indicates a
good rock mass quality. The rock mass properties
related to the design are presented in Table 1. Lugeon
tests are assumed to have been performed in a
sectional manner with the testing length of each

€ &
S o~
o~
7 74
N 15m N
N N

Fig. 5 The fictitious dam for the design example
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Table 1 Assumed rock mass properties from geological
investigations

E (GPa) v p (kg/m?)

40 0.2 2.6

Infilling materials

Silt and fine sand

section being 4 m. The assumed results from the
Lugeon tests are listed in Table 2. The grout is initially
selected as a relatively fine-grained cement-based
grout, Injektering 30 (INJ30, Draganovi¢ and Stille
2011), with a w/c ratio of 1.0. Its rheological
properties have been tested in the laboratory by Stille
et al. (2012), and the results are presented in Table 3.

The design example has been created in accordance
with the flow chart in Fig. 1. The results of the
hydrogeological investigations are first interpreted.
Then, the requirements on the grout curtain are
defined, followed by the design of the grout curtain.
The grouting work is thereafter designed, which
includes defining the stop criteria and the layout of
the grout holes.

3.1 Interpretation of the Investigation Results

Based on the results from the Lugeon tests, the
hydrogeological properties of the rock mass can be
estimated as shown in Table 4. In Table 4, K represents
the hydraulic conductivity while b, is the estimated
maximum physical aperture within a section. The
assumption that the largest fracture contributes to 80%
of the total transmissivity in a section is made for this
example according to Sect. 2.2.1. k; is chosen to 1.25
to estimate the maximum hydraulic aperture using
Egs. (1) and (2).

3.2 Requirements on the Grout Curtain

As discussed in Sect. 2.2.2, three requirements need to
be fulfilled: (i) an acceptable residual hydraulic
conductivity must be obtained; (ii) the internal erosion
of any infilling materials shall be prevented; and (iii)
the total uplift force should be minimized. The design
should fulfill requirements (i) and (ii) simultaneously,
while requirement (iii) is acceptable as long as (i) and
(ii) have been fulfilled and the total uplift force does
not exceed the estimate made in the design of the
concrete dam.
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Table 2 Assumed results from the Lugeon tests

Hole nr Measurement depth in rock Test length (m) Test pressure (MPa) Time (min) Water loss (liters)
from (m) to (m)
1 0 4 4 0.3 2 40
8 4 0.3 2 30
8 12 4 0.3 2 35
12 16 4 0.3 2 15
16 20 4 0.3 2 8
20 24 4 0.3 2 2
24 28 4 0.3 2

Table 3 Rheological properties of the grout INJ30 w:c = 1.0

.ug (Paos) To (Pa) bcril (]J.Hl)

0.02 6 90

The acceptable K, in this example is set to 1 Lu
based on the guidelines established by Houlsby (1990)
(the highest standard). Due to the absence of a clear
threshold with respect to the erosion of infilling
materials in rock fractures, the critical velocity for
contact erosion of embankment dams has been used as
a rough approximation. ICOLD (2017) summarized
the studies regarding the contact erosion of embank-
ment dams. Based on this summary, a velocity of
0.01 m/s, which is lower than the threshold velocities
from all the studies presented in the summary, is used
as a conservative critical value to initiate the erosion of
fine sand. The i, is therefore calculated at 10 m/m

Table 4 Estimated hydrogeological properties of the rock mass

under the assumption that the flow in the sand-filled
fractures follows Darcy’s law with a conductivity of
fine sand equal to 16107 m/s. Further research is
needed on the erosion of fracture infilling materials to
better select i.;.

3.3 Design of the Grout Curtain

With regard to the requirement for residual conduc-
tivity, the depth of the grout curtain can be determined
by using the values in Table 4. As seen by the values in
the table, below a depth of 20 m the rock mass has a
natural conductivity lower than the required value,
meaning that the depth of the grout curtain does not
have to be more than 20 m.

To proceed with the design, Eq. (6) is used, where
k; is calculated to 0.47 based on the results in Table 4.
In this example, k, is assumed to be 1.25 and k3
assumed to be 2.0. k, is calculated to 0.45 based on a by,
of 200 pm and a b, of 90 um. Based on these values,
K, is calculated to 9.37¢10°° m/s or 0.6 Lu in the

Depth in rock (m) Lugeon value (liters/m.min.MPa) K (m>/semem) T, (m*/sem) b (Lm) by (Lm)
0 4 17 2.78E-06 1.11E-05 240 480
8 13 2.08E-06 8.33E-06 218 437
8 12 15 2.43E-06 9.72E-06 230 460
12 16 6 1.04E-06 4.17E-06 173 346
16 20 3 5.56E-07 2.22E-06 140 281
20 24 1 1.39E-07 5.56E-07 89 177
24 28 0 6.94E-08 2.78E-07 70 140
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0—4 m vertical section, which fulfills the requirement.
The deeper sections whose fracture apertures are
smaller are expected to fulfill the requirement without
further verification.

Due to the uncertainties that these assumptions
imply, a sensitivity analysis of the coefficients k,, k;
and k, is performed. The results presented in Fig. 6
show that K, is sensitive to changes in the values of k5,
k; and k4. k; and k; are particularly sensitive to
changes in their k values. If these coefficients are
arbitrarily chosen within their possible ranges, the
deviation of K, is quite significant. If strict require-
ments for K, exist, it is therefore important to perform
thorough geological and hydrogeological investiga-
tions in order to derive credible values for these
coefficients.

Determining the thickness of the grout curtain is
based on a comparison of iy against i, and an
optimization of U under different values of T as shown
in Fig. 7. In the figure, the curve for U shows that a
thickness of approximately 3 m will give the mini-
mum U. The curve for i, becomes lower than .. at a
thickness of 1 m, which implies that a thickness larger
than 1 m will fulfill the requirement for preventing
internal erosion of the sand infilling. Based on these
results, a thickness of 3 m is chosen.

3.4 Initial Grout Hole Layout

Following the design procedure in Sect. 2.2.4, an
initial grout hole layout first needs to be established as

2.5

k,=(1.1,2.0]; k =2; k =0.45
Al _e_k =[1.5,2.0]; k,=1.25; k,=0.45 | |
A k,=[0.3,1.0]; k,=1.25; k=2

QQU

k values

Ke [Lu]

._\

Fig. 6 Sensitivity analyses of the parameters &, k3 and k, with
respect to K,
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Fig. 7 Determining the thickness of the grout curtain

the starting point of the design of the grouting work. In
this design example, to obtain the 3-m thickness of the
curtain, an initial grout hole layout as illustrated in
Fig. 8 is first chosen. This layout consists of two rows
of vertical holes. The deep holes are to be drilled to full
depth (20 m) with 8-m spacing in row 1. Due to a
potential jacking problem in the shallow rock mass,
the grouting pressure in the shallow Sects. (0—4 m
section in the design example) of the deep holes is
reduced. With this reduced pressure, the 8-m spacing
is too large for the grout spread to overlap in the 0—4 m
section. Additional shallow holes were therefore
chosen to be drilled in between the deep holes in
row 1 and throughout row 2, to a depth of 4 m with a
spacing of 2 m to deal with the jacking problem and to
obtain the 3-m thickness. The two rows are 1.5 m apart
and row 2 consists of shallow holes only.

With the initial grout hole layout, the minimum
required grout spread to obtain the 3-m thickness at
different sections of the grout holes is then estimated.
The grout is assumed to spread radially from the grout
hole. For all the grout holes in the 0—4 m section, the
grout should spread at least 1.3 m from each hole to
obtain the desired thickness. For the deeper sections,
the minimum required grout spread needs to be 4.3 m
from each hole to reach the desired thickness. The
required spread of the grout is obtained by choosing
suitable stop criteria with respect to the grouting time,
and the initial layout is then subjected to a jacking
check according to the steps presented in Sect. 3.5.

3.5 Stop Criteria and Grouting Pressure

Suitable stop criteria for grouting in different sections
are required to obtain the minimum grout spread from
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Fig. 8 The initial grout hole
layout with the required 2m 1.3m
minimum grout spread

Row 1 c
0-4 m: -
Row 2 «
4.3m
4-20 m: ° ° &
(92}
8m
Deep holes: o
Shallow holes: (o)
Overlapping: .
the initial grout hole layout, where Egs. (10) to (16) are 8 ‘
used to obtain the stop criteria. In this example, the -1 Section 0-4m
design is only for the 0—4 m section and 4-8 m section T ng;lcé:ittﬁ?
respectively. The grouting pressure and grouting time 6 =
for the 4-8 m section can be applied to deeper sections 5| - -
due to the fact that deeper sections are less prone to z ®/1/070 s 43m
hydraulic jacking. =4 ,/
AP, is initially chosen to be 0.2 MPa for the 0—4 m 3l /
section, and 0.5 MPa for the 4-8 m section. /,,,, and //
its corresponding 7, under the chosen pressures are 21
calculated and presented in Table 5. I against ¢ is then 1 [72005,13m
calculated and plotted in Fig. 9. ol ‘ ‘
Based on the calculated spread, the stop criterion 0 2000 4000 6000
for the 0—4 m section is chosen to be 200 s (~ 4 min) ts]
for a corre.spondlng grOl,lt s_p rea}d of 1.3 m. For the Fig. 9 Grout spread vs grouting time, and the stop criteria for
4-8 m section, the stop criterion is chosen to be 1070 s the 0—4 m section and 4—8 m section

Table 5 Maximum grout spread and corresponding characteristic grouting time

Section 4P, (MPa) 70 (Pa) by, (m) Ihax (M) Uy (Paes) to (S)
0-4 m 0.2 6 0.0002 33 0.02 667
4-8 m 0.5 8.3 1667
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(~ 18 min) for a corresponding grout spread of
4.3 m.

A check for jacking is necessary in order to verify
the chosen stop criteria. In the calculation, the
maximum fracture of each section is assumed to be
located in the middle of the section. d,¢ at the rock
surface is chosen to be 0.2 mm in this design example.
This is the same value as suggested by Statens
Vattenfallsverk (1968). The check is performed
according to Eqgs. (19) to (24). Results of the check
are shown in Table 6 and Fig. 10. No intersection is
found between the pressure limiting curves and the
grouting pressure line for either section, indicating that
the grouting pressures fulfill the requirements for
hydraulic jacking. It should be noted that in the
calculation example, fracture dilation is not taken into
account when calculating the grout spread. In reality,
the fracture dilation can lead to a longer grout spread
(Rafi and Stille 2021). This effect can be significant for
the grout spread in fine fractures.

Since the stop criteria pass the check for jacking,
the initial grout hole layout in Fig. 8 is verified. If the
check would not have been passed, a modified grout
hole layout is needed followed by another round of
iteration, including determining new stop criteria and
performing a new check for jacking. The iteration
stops when the check for jacking is passed. At this
point, the grout hole layout, together with the corre-
sponding grouting pressures and stop criteria, consti-
tutes the design of the grouting work.

3.6 Summary

A summary of the preliminary design for the rock
mass domain of interest is presented in Table 7. It
should be noted that the design of the grouting work is
not unique for a given grout curtain design. Compared
to the design shown in Table 7, a denser layout of the
grout holes with shorter grouting time or lower
grouting pressure can also obtain the same thickness
of the grout curtain. This alternative can be beneficial

Table 6 Parameters to be used to check for hydraulic jacking

h(m) Kk, 4P, (MPa) P, P, (MPa)  J,c. (mm)
2 1 0.2 1.28 0.02 0.2
6 0.5 1.07  0.06
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if drilling and grouting more holes is more efficient in
cost or time, compared to grouting longer time in
fewer holes.

4 Concluding Remarks

This paper presents a theory-based design methodol-
ogy for grout curtains. The methodology consists of a
framework divided into three phases: preliminary
design, grouting execution, and dam safety manage-
ment. In the preliminary design, the grout curtain is
designed as a structural component of the dam, where
the design of the grout curtain and the design of the
grouting work is distinguished. The main novelty is
that the design of the grout curtain is based on a set of
requirements which enables the geometry of the
curtain to be determined based on the geological and
hydrogeological conditions. In these requirements, the
risk of erosion of fracture infilling material is explic-
itly accounted for together with the required reduction
of the hydraulic conductivity of the rock mass, and an
optimization of the total uplift force. The grouting
work is thereafter designed using state-of-the-art
theories of rock grouting for estimating grout spread
over time and determining the grouting pressure with
respect to hydraulic jacking. Stop criteria for grouting
based on the grouting time are used. Using these
theories enables the grouting work to be adapted to
fulfill the desired geometry of the curtain. By imple-
menting this methodology, the layout of the grout
holes is no longer dependent on “rules of thumb”, and
the engineers can create a design more adapted to the
prevailing geological and hydrogeological conditions
of the rock mass. Applying the principles of the
observational method during the grouting execution
also enables the design to be modified by implement-
ing predefined measures if the initial design is found to
be unsuitable.

However, when applying the suggested methodol-
ogy, the practicing engineer should be aware of the
limitations that exist in the suggested design method-
ology as discussed in Sect. 2.5. The methodology can
only be used for the design of grout curtains under new
dams where the hydraulic gradient in the rock mass is
low. In addition, the methodology is limited to
fractured rock masses where the grout spread occurs
radially in the discrete fractures. Furthermore, the
methodology is only applicable for grout with
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Fig. 10 Check for hydraulic jacking. a: Sect. 0—4 m; b: Sect. 4-8 m
Table 7 Summary of the preliminary design
Design of the grout curtain Design of the grouting work
Thickness (m) Depth (m) Grout and w:c ratio Sections P, (MPa) Grouting time (min)
3 20 INJ30 0-4 m 0.2 ~ 4
w:c ratio 1.0 by volume 4-8 m 0.6 ~ 18
8-12 m 0.6 ~ 18
12-16 m 0.6 ~ 18
16-20 m 0.7 ~ 18

Bingham properties, such as cementitious grout, and
needs to be performed under temperature conditions
which prevent freezing and enable hardening of the
grout.

Although much research has been done on grouting,
several parameters in the suggested design methodol-
ogy are also associated with uncertainties. For exam-
ple, the water velocities or critical gradients that cause
erosion of the fracture infilling material to occur is a
subject containing significant uncertainties, and more
knowledge is needed. Empirical thresholds for sedi-
ment incipient motion, e.g. the Hjulstrom diagram
(Hjulstrdm 1935) and the Shields diagram (Shields
1936) may also be used for rough initial estimations.
However, it should be kept in mind that these criteria
were derived based on flume experiments and do not
reflect the hydraulic conditions in a rock fracture. The
uncertainties when applying these types of criteria are
therefore large, and further research on the erosion of

fracture infilling materials is needed. Grout spread is
also a subject with significant uncertainties which are
mainly related to the complex fracture pattern that a
rock mass possesses. As mentioned previously, the
simplified grout spread model will result in a spread
that to some extent differs from the calculated spread.
This modelling error, whose magnitude is not fully
known, is worth further investigation. Due to the
uncertainties associated with the design, validation of
the method is therefore required by follow-up tests in
the field as discussed in Sect. 2.3.

In addition, even though existing theories on grout
spread have been successfully applied to grouting
designs for different tunnel and dam projects, for
example the Gotvand dam project (Rafi et al. 2012)
and the THX dam project (Rafi 2014), a complete
verification of these theories in the field has not yet
been performed. Based on these limitations, among
others, it is clear that there is room for further
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improvements in the different parts of the design
methodology, and that a need for further research
within these areas is desirable.

Despite the limitations of the methodology, and the
uncertainties associated with some of the parameters
in the design, it is our strong belief that the suggested
design methodology provides a better control over the
grouting design and also improves the ability to
estimate time and costs associated with the construc-
tion of grout curtains. By ensuring that the critical
gradient for any ungrouted fracture infilling materials
that may exists in the grout curtain is not exceeded, we
believe that it is possible to obtain a curtain with
improved durability which will reduce the need for
any future remedial grouting.
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