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STRESS FIELDS IN COMPLEX ROCK MASSES

Stephen D. McKinnon, Department of Mining Engineering, Queen's University,
Kingston, Ontario K7L 3N6

Abstract

For most stability analyses in rock engineering, the form assumed for the stress field is
relatively simple. Principal stress magnitudes are a function of depth, and orientation is
constant. For shallow excavations or uncomplicated rock masses these assumptions are
normally acceptable. However, in high stress environments with complex geology, such
as encountered in most deep hard rock mines, there are numerous examples of stress
related rock mass behaviour that cannot be explained using this simple approach. This
paper explores the characteristics of stress fields in complex rock masses using three
large databases of stress measurements. Numerical models of fault evolution are also
examined in order to demonstrate the complex interaction of faults with the stress field,
and in particular, the phenomenon of remotely triggered seismic events. From these
investigations, some conclusions about the nature of stress fields in complex rock
masses are made, together with the implications for engineering design.

Introduction

In the design of excavations in rock, estimation of rock mass stability at various scales
is a key task. Stability depends on both rock mass strength and stress conditions.
Although great advancements have been made in methods of estimating rock mass
strength (e.g. Hoek et al., 2002), the same cannot be said about our understanding of
stress fields. In practice, stress measurements are amongst the most difficult and
expensive to carry out, and interpretation of results is invariably a challenge. Accurate
definition of a stress field is therefore one of the most difficult aspects of the stability
analysis process.

As a consequence of these difficulties, stress fields specified in stability analyses
generally have simple form, involving no more than linear variations of magnitude with
depth and constant orientation of principal stresses. Many stress analysis codes also
limit stress field specification to this simple format. In this paper, some large databases
of stress measurements are analyzed. Together with observations of mining seismicity
plus analysis of some simple numerical models, the characteristics of stress fields in
complex geological environments will be explored. From this, some inferences about
large-scale rock mass strength and stability will be made. It will be illustrated that the
common assumptions leading to a relatively simple description of the stress field can be
misleading. The focus is on stress fields in mines, as the geological environment of
most mines is complex. However, many of the results will be applicable to any rock
mass.
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The fields of engineering and earth sciences have both contributed to the literature on
stress fields in rock masses, although the two fields have advanced differently. Both
will be described as they provide a perspective on the status of how stress fields are
currently treated in stability analysis and the complexities that remain.

In the engineering literature, the effects of geological structures on stresses have been
known for some time (Hyett et al., 1986). In a similar manner to rock mass strength, it
has been hypothesized that stress magnitude and orientation may vary with scale, e.g.
the larger the scale the lower the mean stress magnitude. This has led to the concept of a
“representative” or “equilibrium” volume for different scales (Stephansson and Brown,
1988; Cuisiat and Haimson, 1992), although to date, no definitive evidence of this scale
effect has been found. Stress magnitudes and orientations have been shown to vary near
major faults, and stress domains have been found to correspond to major structural
geological boundaries (Martin, 1990; McKinnon and Garrido, 2003). Due to the effects
of these structures, Amadei and Stephansson (1997) recommend that “measurements
should be carried out away from major rock mass heterogeneities or fault zones”.
However, despite recognition of the heterogeneous nature of stress fields and the
influence of geological structures, standard practice in numerical stress analysis used for
assessing stability of underground excavations is still based on the use of simple
representations of the stress field such as Arjang and Herget (1997); - see Amadei and
Stephansson (1998) for a comprehensive review of stress models.

Due to the difficulty of physically measuring stresses, research in the engineering
literature has also focussed on methods of stress measurement. The two principal
methods are (i) overcoring, and (ii) hydraulic fracturing, although in the mining field,
the overcoring method is by far the most common. The discussion generally focuses on
the basic assumptions inherent in the methods, and the different in situ factors that
affect the results, such as nearby fractures, rock fabric, volume being sampled, and even
microcrack induced damage. Christiansson and Janson (2003) describe the great
difficulties in interpreting results due to large scatter between measurements and the
inability to remove the effects of various factors, although there is at this point no
distinct advantage of one method over the other. Wiles and Kaiser (1994) have
proposed the underexcavation method to remove some of these effects, particularly the
small volume point-measurement effect, but this is inherently an averaging technique
that loses information on stress flow variations within the larger volume.

The approach to stress field interpretation adopted in the engineering literature appears
to be based on (i) simplification of a complex problem such that engineering solutions
can be obtained (due to lack of data, difficulty and cost of stress measurement
programs), (ii) the overwhelming success of the “equivalent material” approach used in
determining rock mass strength (Hoek et al., 2002), in which the effects of
discontinuities are averaged out, and (iii) the desire to remove the influence of
geological structures from the final stress field representation due to it being perceived
as a distortion to the prevailing “normal” stress field. In summarizing the engineering
literature, it is significant to quote from the editors of a well known rock mechanics



journal in a recent special issue on rock stress estimation: “we do not understand rock
stress and the factors that affect the orientation and magnitude of the in situ principal
stresses” (Hudson and Cornet, 2003). Although somewhat overstating the problem, it
recognizes the inadequate current state of knowledge of stress fields in (complex) rock
masses.

The earth sciences literature has advanced in quite a different manner, largely due to the
different requirements that engineers and earth scientists have on how stress field data is
used. The continued focus of earth scientists is on how major structures affect stress
field orientation and magnitude, and conversely, in studies of seismicity, how slip on
faults affects the local stress field. Stress patterns at various scales have been examined.
Global stress patterns are critical to understanding the driving mechanisms for many
processes in the earth’s crust. A comprehensive effort to compile global stress data
resulted in the World Stress Map project (Zoback et al., 1989). This has been the basis
for more detailed regional studies, which have clearly shown the significant effect of
structures in the formation of stress domains (e.g. Hardebeck et al., 2001; Martinez-
Diaz, 2002). In the context of crustal stability and seismicity, stress field characteristics
have been shown to play a significant role (Gomberg et al., 1998; Ziv et al., 2000),
however, in terms of modelling, the debate of the relationship between fault strength,
stress field, choice of initial stress field etc. is still largely unresolved (Harris, 2004).
Therefore, although the earth sciences have more completely embraced stress field
complexity in relation to the geological environment, the problems paralleling those
found in engineering i.e. existing degree of stability of faults, triggering of seismicity,
and how to approach these problems through modelling, remain unsolved.

Characteristics of Stress Fields from Measurements

For most engineering projects, very few, if any, stress measurements are made. More
often, use is made of regional compilations, which are averaged and presented in a
standard form of magnitude as a function of depth for each of the principal stresses.
Further refinement of the stress field may be carried out at a site if there are well
documented cases of rock mass failure due to stress. However, since rock mass failure
is a stability problem, the back-analyses generally focus on tuning rock mass strength
parameters as opposed to stresses. Use of these regional databases limits our ability to
resolve the subtle nature of stress fields around geological structures, but fortunately,
there are some well-documented databases containing large numbers of stress
measurements. These will be described in some detail as they are the key to
understanding stress fields in complex rock masses.

The El Teniente Mine Stress Measurement Data

The El Teniente mine is a world-class copper porphyry deposit located in the Andean
Cordillera of Chile, to the southeast of Santiago. A map of the main geological
structures in the mine is shown in Figure 1. Details of the geological environment can



be found in Garrido et al., (1994) and
Garrido et al., (2002). These geological
studies have revealed that the region
encompassing the mine has undergone
multiple episodes of tectonic deformation,
each leaving its own structural imprint.
The most important structural feature in
the region is the Teniente fault zone,
which is a ca. 10 km long densely faulted
belt with right-lateral strike-slip
movement. Significantly, the most recent
episode of deformation involved an
approximately N-S shortening direction.
The reason for its significance lies in its
misfit with the expected direction of E-W
shortening based on the convergence
directions of the Nazca and South
American plates. An analysis of the stress
measurements showed that the major
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principal stress was approximately

horizontal and oriented N-S, consistent

with the direction of shortening, Figure 1. Map of El Teniente mine
illustrating that the local stress field showing main structural features. These

include the centrally located volcanic
pipe, subvertically oriented shear zones,
and intrusive plutons.

orientation can be dramatically different
from the regional expectation (see current
online World Stress Map data for South
America, Reinecker et al., 2004).

The database of triaxial stress measurements was accumulated over time in connection
with various mine design requirements. A total of 63 measurements were made, of
which 50 were considered suitable in terms of characterizing the stress field. A listing

of these measurements, plus a detailed interpretation can be found in McKinnon and
Garrido (2003).

As noted, the normal method of presenting stress data is in the form of principal stress
magnitudes as a function of depth. This form is appropriate for choosing boundary
conditions for stress analyses. At the El Teniente mine, this presented a serious problem
due to extreme surface topography, such that there was no clear definition of depth from
a common horizontal reference surface. A more instructive format for purposes of this
paper is to plot the data in strength space, as if the data were from a laboratory strength
testing program. The El Teniente data, plotted in this manner, is shown in Figure 2.

In terms of this paper, additional relevant findings from the analysis were:



e The best grouping of measurements,
i.e. resulting in the least scatter of 801
measurements, was obtained using
shear zone boundaries. 70 . A

e When plotted in strength-space, the 0| ¢ . ¢
stress measurements are strongly
suggestive of a limiting envelope. 50

It was also noticed that some of the high
stress measurements corresponded to
locations in massive high strength % | ’
intrusive bodies. However, to avoid ¢ w*?
being too selective, no filtering of the
data has been carried out to remove
outlying data points. As will be shown ol *
later, the strength envelope suggested by -
the measurements is considerably lower .
than the rock mass strength derived from 0 10 2 2 40
rock mass classification, implying o3 (MPa)

significant scale dependent strength and

rock mass behaviour at the mine. This is Figure 2. El Teniente mine stress
attributed to the size of the mine being measurements.

sufficient to interact with regional scale

geological structures, which influence the apparent strength at that scale. Smaller
excavations do not interact with large-scale structures and therefore have a higher
apparent strength.
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o, (MPa)
*

20 - *

Sudbury Structure Stress Measurement Data

The Sudbury Structure, located in northern Ontario, Canada, is approximately 60 km
long, 27 km wide and roughly elliptical in shape. It hosts numerous large nickel mines.
The basin has a complex deformation history (see Boerner et al., 2000, for details), and
there is strong evidence to suggest that it was formed by a catastrophic meteorite impact
(Deitz, 1964). In terms of the significance of geological structures to seismicity and
stability in mines, Cochrane (1989) provides the most relevant information.

An analysis of structural features reveals that the region has also undergone a complex
multiple episodic deformational history, with overprinting of faults and dykes. A
relevant question from a geomechanical design perspective is how does one
discriminate the degree of stability of these structures when planning large excavation
locations? Are some fault systems more sensitive to mining-induced stress changes than
others? These questions will be addressed, as they are related to the interaction of stress
fields with structures. On the basis of crosscutting relationships, Cochrane (1989)
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Figure 4. Poles of principal stresses for

) measurements in the Sudbury
determined that the so-called late-stage faults and  g¢rycture, lower hemishphere

fractures were the youngest structures and had projection (a) all data, (b) data with o;
formed contemporaneously. The faults are sub- within 20° of vertical.

vertical, strike between NE and SE, and show

strike-slip displacement. They are generally gouge infilled with strong foliation in the
adjacent rocks. On the basis of a Mohr-Coulomb failure mechanism, Cochrane (1989)
determined that the late-stage faults formed in a stress field with major principal stress
axis oriented ENE, similar to the current stress field based on an average of stress
measurements in the region.

Stress measurements made in mines within the Sudbury Structure are shown in Figure
3. These are taken from Arjang (1998) plus unpublished data from INCO Ltd.
(Galbraith, 2002). They represent overcoring data from several mines, spanning a depth
range from approximately 500 to 2100 m. These measurements show the envelope-like
trend in strength space even more clearly than those from the El Teniente mine.

The orientations of principal stresses in the Sudbury Structure also deserve examination.
Poles of the principal stresses are shown in the lower hemisphere projections of Figure



4(a). The large degree of scatter in the orientation is quite clear from the figure. Of more
interest is the scatter in subhorizontal components of the stress field when the data is
filtered to show only those measurements for which 63 is within £20° of vertical, see
Figure 4(b). While the orientation of 63 has been narrowed considerably, the same is not
true of the remaining two principal stresses. Had there been a randomly distributed
component of error in the measurements, such as from the measurement process, a
similar degree of scatter in the orientation of each principal stress component would be
expected. The unequal scatter points to another mechanism at work. The mechanism is
central to the nature of stress fields in complex geological environments, and will be
returned to later.

Underground Research Laboratory Measurement Data

The URL is located in southeastern Manitoba in a massive grey granite pluton.
Numerous papers have been written on the experiments carried out at the facility, but
the stress measurements that are of interest here are described by Martin (1990). A total
of 99 measurements were made using the AECL continually monitored CSIR triaxial

strain cell. 9% -

Although the location of the URL was chosen to 80 1

be in a rock mass as free of structures as *
possible, there were inevitably some faults and 701 .
fracture zones cutting the pluton. In particular, a ¢

shallow dipping thrust fault and associated ] ¢ .

splays traversed the entire facility at a depth — o ‘t ~. . .
between approximately 200 to 300 m. An § . ‘;’; *e
analysis of the stress measurements showed that & 4 | % e %.° .
major geological features, including this thrust « . *e z’ ¢
fault, formed boundaries for in situ stress %0 e .

domains (Martin, 1990). As was done for the e N

previous data sets, it is of interest here to 201 . e M

examine the data in strength space. This is * .

shown in Figure 5. Although these 10? o

measurements show a lower degree of ol | | | | | |
correlation, there is still a distinct suggestion of 0 5 10 15 20 25 30
a limiting envelope. o5 (MPa)
Compilation of All Measurement Data Figure 5. Stresses measured at URL.

In Figure 6, all stress data are compiled and compared to rock mass strength envelopes
for a variety of rock types found in the Sudbury Structure and the El Teniente mine. The
comparison clearly shows how clustered the stress measurement data are compared to
the range of typical rock mass strengths at the same locations. Considering that the
stress measurements are from geographically distant locations, this clustering is quite



remarkable. The coeff coefficient of . URL
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determination, R”, for all data is 0.83, | = ElTeniente
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indicates a high degree of correlation. Regression
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results in a friction angle ¢ of 14°. This is
within the range of a wet clay material, or
more specifically, fault gouge. Just as 200 1
joints are the weak elements that have the
strongest influence on rock mass strength Erya
at the engineering scale, this data suggests | 6=5.4 MPa
that faults are the weak elements at the L

large scale. As with any state of stress that 501
defines a strength envelope, the data '
further suggests that the stresses and . o ” 0 o o
large-scale strength are in a state of o; (MPa)

limiting equilibrium. Since the strength
envelope appears to be related to fault gouge

300 -

o4 (MPa)
n
3

150 4

Figure 6. Compilation of stress

strength, it is also inferred that large-scale measurment data from all sources,
faults, or at least certain faults within the shown with typical rock mass strength
systems, are in a state of marginal stability. envelopes from the same sites.

The inference regarding the degree of stability of certain faults requires further
exploration. Due to the relatively complex geological history at each of the sites from
which data was obtained (with the possible exception of the URL), the state of stress
may be influenced by locked-in stresses from previous episodes of tectonic activity. In
this case the stresses would appear to define a strength envelope, but in fact, the faults
may not be in a state of marginal stability. Two other aspects of the stress field and rock
mass behaviour are therefore addressed to resolve this issue: scatter of stress
measurements, and in particular the scatter of subhorizontal principal stresses shown in
Figure 4(b), and characteristics of seismic activity in mines.

Observations From Mining Seismicity

The majority of seismic events around deep hard rock mines occur close to excavation
boundaries. These events are related to stress-induced damage involving fracturing of
intact rock or slip along pre-existing discontinuities. A certain amount of seismicity also
occurs further away from mining excavations and appears to be uncorrelated in time and
space with mining activities. Events have been recorded hundreds of meters away from
active mining and cannot in general be explained in terms of conventional elastic
mining-induced stress changes. On the basis of source locations, it has long been



recognized that these events are the result of slip on pre-existing structures such as
faults, dykes or contacts (Smith, 1974; Gay, 1984). Although the number of events close
to mining excavation boundaries vastly exceeds those further away, the latter are of
great concern to mining since they tend to be of larger magnitude, increasing the risk of
rockburst damage. Since neither their location nor magnitude can be predicted in
advance, mines must consequently make more extensive use of heavier ground support
to control potential rockburst damage than would be required if events were only
located close to active mining excavations.

Most rock masses, including those described, are complex and contain an overprinting
of structures from their tectonic history. From a geomechanical mine design
perspective, how should the different fault systems be accounted for in stability
analyses? Some relevant observations were made by Cochrane (1989) for mines in the
Sudbury region:

e Many rockbursts in the Sudbury mines occurred in openings remote from the
vicinity of active mining excavations.

e The concentration of damage along late-stage faults and fractures, rather than in
all openings equidistant from the source, supports the concept of triggering of
events resulting from changes in the static stress field rather than seismic
shaking.

e Failure prone structures were restricted to those features that were formed under
the current tectonic stress field. Numerous openings excavated through and in
the vicinity of other major faults did not show any indication of stress-induced
failures associated with those faults.

This geological setting provided the framework within which numerical stress analysis
was used to investigate the nature of stress fields in complex faulted systems, including
the occurrence of seismicity remote from mining excavations. In the Sudbury Structure
the most important structures to account for are the late-stage sub-vertical strike-slip
faults. Strike slip faults are also the dominant type of structure at the El Teniente Mine.
While the importance of other faults in these systems is unknown at this time, the focus
on the behaviour of the sub-vertical faults enables the numerical representation to be
simplified to two-dimensions, as will be described in more detail below.

Numerical Modelling of the Evolution of Fault Systems

In order to gain insight into stress fields in the presence of faults, numerical modelling
is used. The approach selected was to use a continuum representation starting from

an initially intact material in which faults evolved as strain localizations in response to
far-field (boundary) deformation. This ensured that faults would be correctly oriented
relative to the evolving stress field, and that the stress field varied locally in response to
changes in fault strength as a result of constitutive behaviour such as slip weakening.
The two dimensional finite difference code FLAC (Itasca, 2002) was selected to carry



out the stress analysis as it is well suited to
modelling fractures and faulting in rock (e.g.
Cundall, 1989). FLAC is a damped dynamic
finite difference code in which stress changes
from one equilibrium state to another occur over
a series of time steps.

The models used are similar to those described
by McKinnon and Garrido (1998), where details
of model construction, stress field initialization
etc. can be found. In brief, the main points (a)
relevant to this paper are: the boundary was
deformed at a constant slow rate using a
combination of pure and simple shear (common
geological boundary conditions), large-strain
mode was used for gridpoint displacement, a
large number of zones were used in the model
in order to resolve strain localizations upon
failure, a Mohr-Coulomb elastic-plastic strain
softening constitutive model was used (strain
softening was not required, although it
sharpened the strain localizations), circular
grids were used to minimize edge effects, and
gridpoints were randomly adjusted to avoid the
normal square shape to also minimize grid
effects on failure.

Fault Formation

Boundary velocity vectors to generate equal
amounts of pure and simple shear deformation
are shown in Figure 7(a). With increasing
boundary deformation, faults (strain
localizations) formed as shown in Figure 7(b).
The orientation of faults was strongly dependent
upon the initial stress field magnitude and
orientation prior to the onset of failure. The
density of faults was controlled by the amount
of boundary deformation. These aspects are
noted, but will not be described in detail here. Figure 7. (a) Boundary deformation,
The faults in the models are commonly referred (b) example of fault formation in an
to as Riedel shears, since they form at or close initially intact material, faults are
to the classical conjugate fracture angles shown as contours of shear strain,

. . .. and (c) current fault activity, shown
relative to the major principal stress. They are as contours of shear strain rate.
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also strike-slip shear faults, since the model is two-dimensional, and a shear failure
criterion was used to control material failure. In general, they are of a similar nature to
the late-stage faults noted previously in the Sudbury Structure.

Characteristics of Seismicity

Fault slip activity in the model was tracked by means of contouring shear strain rate. An
example of this activity is shown in Figure 7(c). This figure represents only a snapshot
in time, and clearly shows that only a few of the faults are active in short time windows.
Sporadic seismic activity was found to be a characteristic of these fault systems, even
with constant far-field deformation. Over longer periods of time, boundary deformation
is accommodated by slip on all faults.

The sporadic pattern of fault slip was found to be the result of a complex interplay
between kinematic restraint on fault slip, stress conditions, intact material strength, and
the far-field boundary displacement, i.e. the main ingredients of most tectonically active
geological systems. Asperities on fault surfaces and complicated slip weakening
constitutive models were not required in order to reproduce intermittent slip in the
system. Since all of the faults were participating in slip over time, their stability was
marginal. Marginally stable faults in the system are critical to triggering of seismicity
(slip) remote from mining. This state of stability is also related to scattering in the
orientation and magnitude of stress field components.

The marginal stability of faults can be demonstrated by making small changes to the
internal stresses and observing the reaction of the fault system. In terms of geological
time, the rate of mining is essentially instantaneous. The effect of mining was therefore
simulated by reducing the stresses in a small section of the model by 50% in a single
time step. The area of this stress reduction was less than 0.1% of the total model area.
The starting point for this disturbance was taken as the state represented in Figure 7.

Figure 8(a) shows the fault slip activity in this model with the solution advanced by 500
timesteps. This is the control model, in which no change was made. By making the
small change to the stresses in the model of Figure 7 to simulate mining, a different
pattern of fault activity occurred after 500 additional time steps, shown in Figure 8(b).
A comparison of the two figures (which have the same contour interval) shows that a
relatively minor disturbance to the system triggered a widespread seismic response,
resulting in a permanent difference in strain (and therefore stress) state. This response
from such a small change in the stress field would not have occurred in an elastic
model, where the zone of influence would be restricted to a small region around the
disturbance. Furthermore, this high sensitivity to minor changes in the state of stress
could only occur if the faults were in a state of marginal stability. A comparison of the
two diagrams in Figure 8 shows that faults which would have been stable without the
disturbance have become seismically active. Faults with no prior history of seismic
activity can become active through this mechanism. This triggering can only occur if
those faults were marginally stable prior to the disturbance. The same effect occurred in
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models that were not undergoing active
boundary deformation. This corresponds to the
geological scenario of a halt in tectonic
deformation without a release of the internal
stress field. Boundary conditions, therefore, can
be important in preserving the stress field
between episodes of active tectonism.

A final aspect of seismicity to examine is the
magnitude-frequency distribution. It is well
known from observations of both crustal and
mining seismicity that this relationship
generally exhibits power law form. While there
is no explicit seismicity in these models, the
unbalanced force magnitude is a representation
of the degree to which gridpoints are out of
equilibrium at any given time step due to the
progressive boundary displacement. Since the
resulting accumulated shear strain is dissipated
by sporadic slip on the faults, the time-history
of unbalanced force serves as a good proxy for
seismicity. A typical history of unbalanced
force is shown in Figure 9(a).

By sorting the events into a series of cumulative
number of events up to a specified magnitude,
the classical form of the Gutenberg-Richter plot
is reproduced, as shown in Figure 9(b). This
indicates that the model correctly reproduces a
physically realistic distribution of fault slip
movement.
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Figure 8. (a) Shear strain rate in same
model after additional 500 steps, and
(b) same model, but with stress
adjustment at marked location.
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Figure 9. History of unbalanced force (a), and (b) events sorted into cumulative number of events
with magnitude (unbalanced force) less than a specified value. The form of the magnitude-
frequency curve is typical of both crustal and mining-scale seismicity.

Effect of Fault Slip on Stress Field
The perturbing effect of faults on the local stress field is well documented in both the

engineering and geological literature. Mining experience also abounds with examples of
increased fracturing around drifts plus other types of rock mass behaviour close to
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major faults, indicating complexities in the
stress field. Unfortunately, these cases are
poorly documented.

The same models described above also
provide insight into the effects of
marginally stable fault systems on the
stress field. However, prior to analyzing
these more complex models, it is useful to
demonstrate the influence of faults using a
relatively simple model.

Figure 10(a) shows a block cut by two
horizontal faults. The stress field is
initialized as shown; the inclined principal
stress axes imply a resolved shear stress
on the faults. The faults are initially
locked (high strength) and the vertical
boundaries of the model are rigidly
confined. By reducing the strength of the
faults to zero, Figure 10(b), slip occurs in
a direction that relieves the shear stress, as
shown by the displacement vectors.
However, slip displacement on the faults
is constrained at the model boundaries and
the shear stress in the central block is not
completely relieved. The resulting stress
field is complex as illustrated by the
variation in orientation and magnitude
(proportional to the length of the stress
tensor symbols) of the stress tensor
indicators. With relaxation of the vertical
boundaries of the central block, Figure
10(c), residual shear strain energy in that
block is completely dissipated by
horizontal displacement. The stress field
in the central block changes dramatically,
with zero horizontal stress (this direction
is unconfined) and the major principal
stress normal to the faults. Note that the
top and bottom blocks still have lateral
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Figure 10. Simple model illustrating
effects of boundary condition and fault
strenth on stress field. In (a) the faults are
initially locked, in (b) the fault strength
has been reduced to zero, and in (c) the
lateral constraint is removed.

constraint, and the internal stress field is more complex. Across the faults, normal stress
must be continuous, but components of the stress tensor parallel to the fault may be
different. This leads to discontinuous stresses across faults. The model shows that even
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in relatively simple cases, the effect of fault strength and confinement can lead to
complexities in the stress field.

Significantly more complex perturbations in the stress field occur in models with
multiple marginally stable faults. This can be seen in Figure 11, which shows stress
tensor indicators together with faults in a small section of the model previously shown
in Figure 7. The line in the lower left corner indicates the initial orientation of the major
principal stress prior to fault formation. In this model, the residual strength of the faults
was softened such that cohesion was reduced to zero but friction was maintained at 55°,
corresponding to the intact rock Mohr-Coulomb friction angle. The post-failure strength
of the faults was the most important factor in controlling the degree of scatter in the
stress field, with scatter in both orientation and magnitude increasing as fault strength is
lowered.

In this figure, the variation in stress field orientation and magnitude along the length of
the fault segments can be clearly seen. In some locations, the major principal stress is at
high angle to the strike of the fault
promoting local stability, and in
other locations with principal
stresses inclined to the fault, local
stability would be lower. Even for
the relatively simple fault patterns
induced in these models, the
variation in stability along the faults
has been demonstrated. This has
significant implications for how fault
stability analyses are carried out, and
specifically, how a great deal of
caution is required in using back-
analysis of seismic events as a
means of calibrating fault strength.
This will be addressed in more detail
due to its importance to the design of
layout and extraction sequences in
deep mines.
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Figure 11. Detail of model shown in Figure 7,
showing complex patterns of stress field induced
by faults (represented by contours of shear strain).

Stress field scatter can be quantified by sampling stress orientations in the entire model
(excluding fault zones) as a function of deformation history. For the model described
previously, this is shown in Figure 12.

Figure 12(a) shows the history of major principal stress orientation. The initial
orientation was 76.7° (an exact number calculated to establish compatibility between
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induced stress and boundary deformation
path) measured +ve clockwise from the
horizontal axis. 80 |

82

The erratic nature of the average ™

orientation is a result of the irregular
pattern of slip on the faults. However,
despite this irregularity the initial
orientation is largely preserved, and 72 |
certainly within narrow bounds

compared to typical scatter in stress 70 1
measurement programs.

76

74 A

Orientation (deg.)

68

10 20 30
Scatter can be seen more clearly by (a) Time Step (thousands)
computing the standard deviation from
the mean orientation, Figure 12(b). The
increasing scatter is a direct result of 351
stress field reorganization caused by
increasing density of faults and
magnitude of fault slip.

o
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Taken together, the two figures are more
interesting. When large numbers of stress
measurements are averaged, such as in
the World Stress Map Project (Zoback et 5 1
al., 1989), regionally (e.g. Arjang and o | |
Herget, 1997), or in the numerical model 0 10 20 30
(Figure 12a), reasonably consistent (b) Time Step (thousands)

average orientations for principal stress

components are obtained. However, in Figure 12. (a) Mean orientation of major

all of these data sets an examination of principal stress, and (b) standard deviation.
individual measurements shows

considerable scatter in orientation (see Figure for example). The models have shown
that this scatter is an intrinsic characteristic of stress fields in complex rock masses. The
models have shown that loss of information about the stress field characteristics occurs
by averaging measurement data. However, in practical terms, it is not a simple matter to
obtain large quantities of stress measurement information that may be required to fully
characterize the flow of stress in complex rock masses. This presents a difficult
engineering problem that remains to be solved.

Standard Deviation (deg.)
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Discussion

The analysis of three large databases of stress measurements plus aspects of mining
induced seismicity has shown some important characteristics, namely:

e A strength envelope-like correlation between the major and minor principal
stresses.

e Anunequal distribution of scatter in the orientation of principal stresses, in
particular, a higher scatter in the stress components in the plane perpendicular to
significant faults.

e Unequal sensitivity of fault systems to mining induced stress changes, and
triggering of seismicity remote from active mining excavations.

Cochrane’s finding (Cochrane, 1989) that the most seismically sensitive faults in the
Sudbury mining district were formed or are forming in the current stress field suggested
that all of these characteristics are the result of the relationship between the stress field
and faults in an active tectonic environment. This was the primary motivation for the
development of numerical models to study the relationship between stresses and faults
in more detail, and direct modelling of fault evolution was the only way to ensure
compatibility between the stress field and fault displacement. Although the geometry of
the late-stage faults in the Sudbury Structure was not modelled explicitly, faults
generated in the models were of the same form, i.e. strike-slip. Faults evolving due to
active tectonic deformation were shown to be marginally stable. The models showed
that marginally stable fault systems exhibit scatter in the orientation of principal stress
directions and seismic sensitivity to small changes in the stress field. This latter finding
was used to explain triggering of seismic events far from the elastic zone of influence of
mining. The ability of the models to explain these factors suggests further that the rock
masses in which all of these stress measurements were made are also in a state of
marginal stability.

Since plate tectonic processes cause high horizontal compressive stresses in many parts
of the world, and since either fault formation or reactivation of old faults is an ongoing
process, it is not unreasonable to suppose that many fault systems in the earth’s crust are
also in a state of marginal stability. Patterns of seismicity indicate that this is the case.
Therefore, the characteristics of stress fields described here for complex rock masses
are most likely quite common and widely relevant to engineering design procedures.

Although it has long been recognized that faults can cause perturbations in the stress
field, the underlying assumption has been to treat faults as independent discontinuities
immersed in a uniform stress field. The complex relationships between deformation
history, stress field, fault strength, boundary constraints, and the resulting degree of
stability cannot be accounted for with this approach. To a large extent, forcing stress
measurement data to conform to simple depth dependent form has been necessary due
to a lack of data. Considerably more measurements would be required to characterize a
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complex stress field. For certain design problems the simplified approach is adequate.
However, by making these simplifications, certain aspects of rock mass behaviour can
never be accounted for. The analyses described have lead to a different conceptual
model of stress fields in complex rock masses, with corresponding implications for in
situ rock mass stability.

In particular, the shortcomings of all methods involving averaging of stress
measurements have been highlighted. Scatter in stress field orientation, particularly if
close to faults, contains potentially valuable information that is lost in the averaging
process. Unfortunately, this same stress field complexity makes it doubtful that
conventional stress measurement techniques will ever be capable of producing enough
data to image stress fields in complex rock masses. In order to produce such an image, a
technique involving detailed sampling throughout a large volume would be required. A
potential tool with these characteristics is a microseismic monitoring system, which
most deep mines have. It is suggested that a seismic stress inversion technique such as
that proposed by Gephart (1990) could be adapted to map the flow of the stress field in
large volumes around mining excavations. Although it is not currently possible to
extract absolute magnitude data using this technique, mapping of the flow of principal
stress directions would be very valuable for a variety of applications, such as estimating
fault strength, improved boundary conditions for local stability analyses etc.

Conclusions

An analysis of three large data sets of stress measurements has shown the following key
characteristics of stress fields in complex rock masses:

e Stress magnitudes appear to describe a strength envelope, which is consistent with
the strength of fault gouge. This has been interpreted as a large-scale strength,
which is significantly lower than for typical engineering-scale rock masses. The
same large-scale strength was found to apply to geographically distant rock masses.
However, all rock masses were igneous and located in regions of high horizontal
stress indicative of active tectonic loading. Other geological environments may
have different large-scale characteristic strength.

¢ In both the El Teniente mine and mines in the Sudbury Structure, seismic events
have been observed remote from active mining. These events cannot be explained
using the normal elastic zone of influence, but they are consistent with the results
of numerical models in which active faults have only marginal stability.

e Marginally stable faults have been shown to have a complex distribution of stress
along their surfaces. For the case of strike-slip faults (which are vertical), this leads
to higher scatter in the orientation of the horizontal components of the stress field.
This explained the observed higher degree of scatter in the horizontal components
of the stress field in the stress measurement database for the Sudbury Structure.
Coupled with the seismic sensitivity of the strike slip faults in the Sudbury
Structure, it can be inferred that those faults are only marginally stable.
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e Triggering of seismic events remote from mining excavations is a characteristic of
systems with marginally stable faults. These events are the result of chaotic stress
field organization and will be unpredictable in time and space.

e [t may be possible through monitoring of microseismic activity in relation to
geological structures, to identify which fault systems are in a system of marginal
stability. Similarly, faults formed in or forming in the current stress field are likely
to be marginally stable. Knowledge of which fault systems are less stable will be
useful for deciding on location of permanent large excavations, for example.

e [t is not currently clear how to initialize stress fields in numerical models of
systems that are geologically complex.

e Analysis of microseismic data using stress inversion techniques may be useful in
mapping the flow of stresses in complex geological environments.

e These conclusions are relevant to geological environments undergoing active
tectonic compression. Due to the global prevalence of horizontally compressive
stress environments, these results are likely widely applicable.
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BRYTNINGSINDUCERAD SEISMICITET
(SMALLBERG) I SVENSKA GRUVOR

Mining Induced Seismicity (Rockbursts) in Swedish Mines
Kristina Larsson, Avd. for Berganliggningsteknik, Luled tekniska universitet

SAMMANFATTNING

Bergmassan i Sverige bestar generellt av hoghallfasta sproda bergarter, vilket innebér
att risken for seismicitet och sméllberg (valdsamma brottforlopp) 6kar med dkande
brytningsdjup pa grund av de hogre spanningarna. De viktigaste faktorerna som péver-
kar forekomsten av seismicitet dr det priméra spanningstillstdndet, bergets egenskaper
samt brytningsmetodens paverkan pa spanningsfiltet. De svenska igensittningsgruvorna
ar jdimforbara med de kanadensiska vad giller spanningstillstdnd och bergets egenska-
per, vilket innebér att samma typer av seismicitetsproblem kan forvidntas med dkande
brytningsdjup. De svenska skivrasgruvorna dr daremot inte direkt jamférbara med ka-
nadensiska skivpallgruvor vad géller spanningstillstdind och paverkan fran brytningsme-
toden. Skivrasbrytning paverkar primarspanningarna over ett storre omrade én skivpall-
brytning, vilket betyder att huvudspénningarna runt en liggvaggsort dr lika hoga eller
hogre pa samma djup. Skador orsakade av seismicitet i de svenska gruvorna idag ar av
begridnsad omfattning, och kan kontrolleras med nuvarande styva forstarkning. Nér
hiandelserna okar 1 styrka, bor forstarkningen kompletteras med mer eftergivliga och
energiabsorberande element. Anvindning av dessa typer av forstarkning samt avlastning
bor studeras och utvérderas for svenska forhéllanden.

SUMMARY

The rock mass in Sweden is generally composed of high strength brittle rock types, so
the risk of seismicity and rockbursts (violent failures) increase with increasing depth of
mining due to increasing stress levels. The most important factors influencing the occur-
rence and intensity of seismicity are virgin stress state, rock properties, and the influ-
ence of the mining method on the stress field. The Swedish cut-and-fill mines are com-
parable to the studied Canadian mines regarding stress state, mining method, and rock
properties, so the same seismicity problems should be expected as mining depth in-
creases. The Swedish sublevel caving mines are not comparable to the studied open
stoping mines, regarding stress state and the influence of mining on the stress field. The
sublevel caving mining method influences the virgin stress state over a larger area than
open stoping methods, which means that the principal stresses around footwall drifts are
of the same order or higher at the same depth. At present the damage caused by seismic-
ity is limited and can be controlled with the standard stiff reinforcement. When the
events become larger, the reinforcement must be complemented with more yielding and
energy absorbing components. Practices regarding energy absorbing reinforcement and
destressing of drifts should be studied and evaluated for application in the Swedish
mines.
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BAKGRUND

Under de senaste dren har valdsamma brottforlopp (allmént kallat sméllberg) intraffat
allt oftare 1 bade LKABs och Bolidens gruvor 1 Sverige. Trots till synes liknande berg-
forhallanden varierar brotten i intensitet mellan olika omraden. Ett projekt startades for
att uppskatta vidden av problemet och att finna de paverkande faktorerna. Projektet re-
sulterade i en licentiatavhandling med titeln ”"Mining Induced Seismicity in Sweden”
(Larsson, 2004), fran vilken denna artikel presenterar ett urval av resultat, frimst géllan-
de paverkan fran brytningsmetoder samt forstarknings- och avlastningsmetodik. I pro-
jektet studerades ett antal faktorer i ndgra svenska samt utldndska gruvor, och for att
kunna bedéma en trolig framtida utveckling i svenska gruvor gjordes en jdmforelse med
utldndska gruvor.

BESKRIVNING AV SEISMICITET

Seismicitet dr bergmassans respons pa deformation och brott. En seismisk héndelse ar
en plotslig frigorelse av potentiell eller lagrad energi 1 berget, vilken avges i form av
seismiska vagor. Sméllberg definieras som en seismisk héndelse som orsakar en skada
(utfall) p& Oppningar i bergmassan.

Man kan sérskilja tva olika typer av seismiska hidndelser, de vdldsamma (explosiva)
brott som intriffar 1 tak, viggar och sula som ett resultat av hdoga spanningar, och de
som innebir glidning ldngs en geologisk struktur. Den forsta typen dr ett direkt resultat
av spanningsomlagringar i bergmassan i samband med utbrytning av ett halrum, och det
karakteristiska &r att killan till energifrigorelsen i form av seismiska vagor och skadan
sammanfaller. S& kallade “’strain burst” &r ett exempel pa denna typ. Denna term an-
vénds for att beskriva ett valdsamt brottforlopp dir vanligtvis tunna bergfragment med
vassa kanter stots ut frdn halrummets rand. Brottformen &r spjilkning, vilket innebar att
inga diskontinuiteter behdver finnas for att denna typ ska intrdffa. En ”strain burst” or-
sakar vanligtvis en relativt begridnsad skada, och frigor relativt sm& mangder energi.

Den andra typen av seismisk hindelse innebér glidning ldngs en geologisk struktur, s.k.
“fault slip”, vilken kan pdverkas av brytning pa tva sitt. Dels kan brytning minska nor-
malkraften over strukturen, vilket minskar skjuvmotstdndet langs strukturen, och dels
kan brytningen 6ka skjuvspédnningarna lings strukturen sa att glidning intréffar. Skador-
na pa halrum orsakas av energifrigorelsen fran glidningen, vilken avges i form av seis-
miska vagor som nér de traffar ett hdlrum kan leda till:

- utstotning av block bildade av existerande sprickor,

- utstotning av berg som ett resultat av dynamiska dragspénningar i berget som omger
halrummet,

- en hog tryckspéanning, vilket resulterar i brott som kan f6ljas av utstdtning av berg,
samt

- att 16st berg faller ut pa grund av vibrationer.
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JAMFORELSE MELLAN GRUVOR AVSEENDE SEISMICITET

De faktorer som studerades for de olika gruvorna var: spanningsforhallanden, brytnings-
metoder, geologi och bergets egenskaper, avlastning och forstarkningsmetodik, erfaren-
heter av seismicitet och sméllberg, samt seismisk dvervakning. De svenska gruvor som
detaljstuderats dr Kristineberg, Malmberget samt Kiirunavaara. Renstrom/Petiknés,
Garpenberg och Zinkgruvan studerades oversiktligt genom muntlig kommunikation och
skriftligt material. De utldndska gruvorna valdes ut for att de hade kénd seismicitet,
samt uppfyllde minst ett av foljande kriterier:

- brytningsmetoder som &r jimforbara med svenska brytningsmetoder,

- spanningsforhédllanden som liknar de svenska, dvs. horisontalspanningar som ér hogre
dn de vertikala, och

- brytning pa lika stort eller storre djup dn de svenska gruvorna.

Fraser, Craig, Creighton, Copper Cliff North (Sudbury-omradet, Ontario, Kanada), Py-
hésalmi (Finland), samt Ortjell i Norge uppfyller ovanstdende krav och valdes som stu-
dieobjekt. Samtliga dessa gruvor anvéinder skivpallbrytning. Fraser och Craig anvdnder
dven igensittningsbrytning.

Igensittningsbrytning
En summering av igenséttningsbrytning i de studerade gruvorna redovisas i Tabell 1.

Tabell 1. Sammanfattning av igenséttningsbrytning i de studerade gruvorna.
Summary of cut-and-fill mining as used in the studied mines.

Gruva Ortstorlek Fyll och forstarkning Seismicitet

Fraser, Cu-zon 4.6 x 4.6 m, pa Hydraulfyll, post-pillars, Nara eller fran fronten, ofta i
djupare nivéer 3 m | sprutbetongpelare samband med springning
bredd, 3.8 m hojd

Craig 4.6 mhojd x 11 m | Cementstabiliserad hydraul- Nira eller fran fronten, ofta i
bredd fyll, post-pillars, sprutbetong- | samband med sprangning

pelare

Kristineberg 5 m hojd, 1 EW- Hydraulfyll, grabergsfyll Fran fronten eller liggviggs-
malmen 5 - 15 m anfang samt tak
bredd

Renstrom/Petiknds | 5 mhdjd, 5-8 m | Hydraulfyll, grabergsfyll Nira eller fran fronten, ofta i
bredd samband med sprangning,

vid mellanskivebrytning

Garpenberg 5mhojd, 5 -8 m | Hydraulfyll, grébergsfyll Néra eller fran fronten, ofta i

bredd samband med springning

I Fraser och Craig anvénds s.k. "post-pillars” for att reducera brytningsrummets spiann-
vidd, vilket leder till att brytningsrummen kan brytas med storre bredder direkt. Pa de
djupare nivderna i Fraser minskas ortstorleken, dels for att minska grabergsinblandning-
en och dels for att forbattra stabiliteten. I Craig dr fyllen cementstabiliserad, och i de
bredaste brytningsrummen ldmnas pelare (post-pillars). Seismicitet dr vanligt i gavlar i
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orter i bade sidoberg och malm och intraffar ofta i samband med sprangning. I de
svenska gruvorna dr hydraulsand det vanligaste dterfyllnadsmaterialet, men griberg
anvénds ocksa. I Kristinebergsgruvan forekommer seismiska hiandelser (mest 1 form av
spjilkning) framst i1 liggvdggsanfangen samt i taket nirmast gaveln. I Garpenberg och
Renstrom/Petiknéds sker ocksa seismiska hdandelser 1 gaveln framst i samband med
sprangning och vid mellanskivebrytning.

Av denna korta jamforelse kan man dra slutsatsen att det inte &r nagra storre skillnader i
brytningsmetod och férekomst av seismicitet mellan igenséttningsgruvor i Kanada och
Sverige. Vid jimforelse av spanningsforhédllandena i de olika gruvorna framkom inte
heller nigra storre skillnader, sa slutsatsen dr att samma typ av seismicitetsproblem kan
forvéntas i de svenska gruvorna ndr brytningsdjupet dkar. Spénningsnivéerna i Ren-
strom/Petiknés dr 1 genomsnitt l4gre dn 1 Kristineberg (Marklund, 2004), vilket innebér
att problemen borde bli mindre héir p4 motsvarande djup.

Skivpallbrytning

Skivpallbrytning anviands 1 massformiga malmkroppar med ungefdar samma utstrackning
1 bada horisontalriktningarna. Malmkropparnas hojd varierar i de studerade gruvorna,
men minimihdjden dr ca 100 m. I alla de studerade kanadensiska gruvorna, och dven 1
Pyhédsalmi, anviinds cementstabiliserad dterfyll 4tminstone i de priméra brytnings-
rummen. De sekundira brytningsrummen aterfylls vanligtvis med bara hydraulsand
eller graberg, men ibland anvénds cementstabiliserad fyll. Ortfjell &r den enda gruva
som inte aterfyller brytningsrummen, istéllet avsitts pelare for att sékerstélla takskivans
stabilitet. I de gruvor som fOrst brots som dagbrott bidrar fyllen och takskivan till att
det ursprungliga dagbrottet inte utvidgas, vilket minskar gruvans paverkan pa de regio-
nala spianningsforhallandena.

Seismicitet forekommer bade i sidoberget och i malmen i de studerade gruvorna. I
malmen &r det styva inneslutningar i form av gangbergarter som ar mest seismiskt akti-
va. Det verkar inte vara nagon skillnad i seismisk aktivitet eller typ av handelse mellan
produktionsomraden och transportorter.

Zinkgruvan dr den enda av de studerade gruvorna i Sverige som anvénder sig av skiv-
pallbrytning, och dir har det visat sig att seismiciteten minskat efter att stabiliserad ater-
fyll borjade anvindas.

Skivrasbrytning

Skivrasbrytning anvénds frimst i stora malmkroppar. Malmkroppen i Kiirunavaara ér
speciell eftersom den &r 4 km ldng, ca 80 m bred och har ett kdnt djup pa ca 2 km.
Denna malmkroppsform i kombination med det rasomrade som bildas av brytnings-
metoden, stor det horisontella spanningsfiltet Over ett stort omrade. Nagra av malm-
kropparna i Malmberget startar pa djupet vilket innebér att en takskiva ldmnas. Tak-
skivan minskar i tjocklek med 6kande brytningsdjup, till foljd av ett progressivt brott
som bland annat beror pa att hadlrummet ovanfor rasmassorna inte dterfylls. Samma sak
géller for den norra delen av malmkroppen i Kiirunavaara, den sa kallade Sjomalmen.
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For att studera hur den utbrutna delen av malmkroppen och ett 6kat brytningsdjup pa-
verkar en liggviaggsort kan en modell som 1 Figur 1 anvidndas. Modellen ér elastisk och
utford i Examine 2D (Curran and Corkum, 1996). Rasmassorna har lag styvhet jamfort
med det omgivande berget och har darfor en forsumbar paverkan péa spanningarna under
raset, vilket innebér att rasmassorna ersétts med tomrum i modellen. I analysen som
presenteras hir tas inte effekten av utbrytning av sjdlva orten med, istillet berdknas
storsta huvudspanningen i planet lings en linje genom de tdnkta orternas centrum, se
Figur 1. Analysen antar en odndligt Idng malmkropp 1 forhéllande till bredden, vilket
overensstammer vél for Kiirunavaara.

Brytningsniva [m]
&
o
o
\

-800 —
- -/, Brytningsniva 907 L ) .

/< Linje I&angs vilken storsta

-1000 — /Brytningsniva 1025 huvudspanningen beraknas

+1200 I | | | |

-200 0 200 400 600 800
x-koordinat [m]
Figur 1. Numerisk modell av hur raset utvecklas vid en 6kning av brytningsdjupet

fran niva 907 till 1025 i1 Kiirunavaaragruvan.

Numerical model of cave resulting from an increase in mining depth from
level 907 to level 1025 in the Kiirunavaara mine.

De primira spanningarna i analysen definieras enligt Sandstrom (2003):

o, =0.041z (1)
o, =0.031z )
o, =0.021z 3)
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dir o, motsvarar den teoretiska vertikalspanningen med hiansyn tagen till malmens den-
sitet, oy dr den storsta horisontalspidnningen orienterad vinkelrdtt mot malmkroppen, och

o3 dr minsta horisontalspénningen orienterad parallellt med malmen. Dessa samband
géller for djup (z) storre 4n 400 m.

Resultaten fran analysen for nivaderna 907, 965 och 1025, nir brytningen gar fran niva
907 till 1025, visas 1 Figur 2. Spanningarna berdknades nér brytningen backat ut halv-
vags till liggvéiggen. Orten pa niva 965 beskrivs hir, men samma typ av monster géller
for alla nivder. Ortens lége utsitts for en dkande storsta huvudspianning med dkande
brytningsdjup. Spanningen nar sitt storsta virde (70 MPa) nér brytningen &r pa niva
936, se Tabell 2. Med fortsatt 6kande brytningsdjup s& minskar spinningen 1 ortldget. Ju
djupare orten dr beldgen desto hogre blir den storsta spanningen.

880 —
——— 907
—&—— 965
—e— 1025
920 —
E
o«©
2
%
3 960 —|
c
£
=
m
1000 —
0 20 40 60 80
Storsta huvudspanning [MPa]
Figur 2. Storsta huvudspinningen i bergmassan i centrum av en tinkt liggviggsort

1 Kiirunavaara.

Major principal stress at the center of footwall drifts in the Kiirunavaara
mine.

En jimforelse med de teoretiska spanningarna pa niva 965, vilket motsvarar 825 m un-
der markytan, kan gdras genom att anvénda de spanningssamband som presenterades av
Sandstrom (2003). I Kiirunavaara &r den storsta primédra horisontalspédnningen orien-
terad vinkelrdtt mot malmen, vilket ger 34 MPa péd 825 m djup. Spadnningsomlagringar
orsakade av brytningsmetoden Okar alltsé den elastiska spédnningsnivén pa en viss niva
ungefar med en faktor 2. Beroende pa om det &r storsta eller minsta horisontalspanning-
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en som dr orienterad vinkelrdtt malmen kan spédnningskoncentrationsfaktorn variera
mellan 2 och 2.5.

Tabell 2. Storsta huvudspinning berdknad for nagra brytningsnivéer i Kiirunavaara.

Major principal stress calculated for some mining levels in Kiirunavaara.

Brytningsnivi Spénning for varje ortniva [MPa]
907 965 1025

907 60 67 57

936 58 70 65

965 37 66 73

994 27 63 77

1025 21 40 71

De storsta spidnningskoncentrationerna for liggvaggsorten intréffar ca 20-30 m nedanfor
rasets botten. Eftersom produktionsorterna huvudsakligen ar orienterade parallellt med
storsta huvudspéanningen (i Kiirunavaara) vilket innebér att dr dessa orter troligen inte
de mest kritiska betrdffande seismicitet. Tillredningen ddremot sker under hoga span-
ningar och i liggvéggsorterna pd dessa nivéer har spjilkning frdn anfang och tak note-
rats.

Seismicitet i1 en skivrasgruva kan ske pa tva sitt. Vid tillredning (vilket sker tva nivaer
under rasets botten) kan seismicitet intriffa som en f6ljd av kombinationen av hoga
spanningar och sproda bergarter. Denna typ av seismicitet dr troligen en f6ljd av energi-
frigorelse orsakad av volumetrisk konvergens och den hogsta intensiteten intraffar di-
rekt efter sprangning. Seismicitet i liggvaggsorterna kan ocksa intriaffa som en foljd av
spanningsomlagringar orsakade av att raset okar i storlek. Nér utbackning pagér pa pro-
duktionsnivéan skérs spanningarna av vid hangviggen och tvingas nedat, vilket sa sméa-
ningom pdverkar spanningarna pd liggviggsortens rand. Om en seismisk hindelse in-
traffar eller inte beror péd bergets egenskaper. I Malmberget och Kiirunavaara fore-
kommer seismicitet frimst i liggvdggsorterna. En av huvudorsakerna till detta kan vara
att malmen &r relativt seg jamfort med sidoberget.

Jamforelse av skivpall- och skivrasbrytning

I samtliga studerade kanadensiska gruvor med skivpallbrytning och dven i Pyhdsalmi,
anvinds cementstabiliserad fyll i de priméra brytningsrummen och hydraulsand eller
graberg 1 de sekundira rummen. Enda undantaget dr Ortfjell dir man inte dterfyller alls,
utan istéllet avsitter pelare mellan rummen for att sdkerstélla takskivans stabilitet. I de
gruvor som ursprungligen bréts som dagbrott forhindrar takskivan och fyllen en 6kning
av dagbrottets area nér brytningsdjupet 0kar, vilket leder till att horisontalspinningarna
stors mindre dn runt en skivrasgruva. Pyhdsalmi startade som en dagbrottsgruva som
senare overgick till brytning under jord, men malmkroppen &r ganska smal ner till ett
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djup av 1000 m, vilket innebér att stérningen av horisontalspdnningarna orsakad av den
utbrutna malmkroppen &r troligen férsumbar i den djupa malmen.

Effekterna av brytning av malmkroppar i Malmberget liknar de for skivpallbrytning,
eftersom malmkropparnas form &r liknande, men den stérda zonen é&r fortfarande storre
dér malmkropparna forst brots i dagbrott. I Malmberget forekommer strain burst i ligg-
vaggsorterna men inte i produktionsorterna, medan strain burst i skivpallgruvorna fore-
kommer frimst i brytningsrum samt orter i narheten av dessa.

Slutsatsen av detta &r att dessa tva brytningsmetoder inte &r direkt jamforbara, men att
man kan dra nytta av de erfarenheter man gjort i skivpallgruvorna och till stor del an-
vianda dem direkt i1 skivrasgruvorna.

FORSTARKNINGS- OCH AVLASTNINGSMETODIK

De olika typer av forstiarkning som anvénds i de studerade gruvorna sammanfattas i
Tabell 3. Inkluderat finns ocksa en kolumn som anger om gruvan regelbundet anvander
sig av ndgon form av avlastning.

Tabell 3. Forstiarkningselement som anvénds i de studerade gruvorna.

Reinforcement elements used in the studied mines.

Gruva Bult typ Annan | Ytforstirkning Avlastning
Kamjirn| Mek. | Frik. | Kabel Nit | Sprutbtg.

Fraser, Ni X X X X X

Fraser, Cu X X X X X

Craig X x"23 X X

Creighton X X X X X

CC North X X X X X X

Pyhésalmi X X X X

Ortfjell X X

Kristineberg X X

Malmberget X X X

Kiirunavaara X X X X X

Mek. — mekaniska bultar (t.ex. Kirunabult), Frik. — friktions bult (t.ex. Swellex, Split Set), ' — straps
% _ sprutbetongpelare, * - konbult

Typisk forstirkning av en ort i en svensk gruva bestér av 2-3 m langa kamjarnsbultar
och 3-5 cm sprutbetong, vilket ger en relativt styv forstirkning. Denna forstiarkning for-
starker bergmassan och bidrar till att forhindra att brott uppstar. Hittills har denna for-
starkning varit tillracklig for att minimera skador orsakade av seismicitet, men om en
héndelse med hogt energiinnehéll skulle intridffa skulle stora skador kunna uppsta efter-
som forstirkningen ar for styv. For att forbéttra de dynamiska egenskaperna bor fiber-
armerad sprutbetong anvéndas, och kamjéarnsbultarna bor kompletteras med bultar som
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kan ta upp mer energi. I Kanada anvinds friktionsbultar och mekaniska bultar 1 kombi-
nation med kamjérnsbultar och nit for att ge en forstirkning som bade klarar hog statisk
och dynamisk belastning. Sprutbetong anvinds for att forbéttra stabiliteten 1 borrorter
vilka utsétts for hoga spénningar och stora vibrationer i samband med produktions-
sprangning.

Fyll har ménga positiva egenskaper; den ger stod for brytningsrummets vaggar och for-
hindrar progressiva brott, den minskar brytningsrummens konvergens, och den absor-
berar energi som frigdrs vid seismiska hindelser. Aterfyllning bor dérfor dvervigas i
gruvor som &r seismiskt aktiva och dér man har en brytningsmetod som medger detta.

Det ar svért att mita effekten av avlastning, och det dr ocksa svért att direkt jimfora en
avlastad ort med en annan, eftersom bergforhédllandena aldrig kan bli exakt desamma.
Avlastningsspriangning av tillredningsorter verkar ofta ge 6nskat resultat (Brummer och
Blake, 1998), vilket dven noterats 1 ndgra av de kanadensiska gruvor som regelbundet
avlastningsspringer (Creighton och Copper Cliff North). Tidigare forsok med avlast-
ningssprangning av orter i Sverige har ocksa minskat seismiciteten i bl.a. Malmberget,
Niésliden, och Laisvall gruvorna (Borg, (1988), Krauland och Séder (1988)), men for
ndrvarande anvinds det inte 1 ndgon gruva.

For att forbattra spaAnningsfordelningen runt en ort kan man foréndra tvarsnittet. I Craig,
andrar man det rundade taket till ett platt, nir orten dr orienterad vinkelrdtt mot storsta
horisontalspanningen. De skarpa hornen koncentrerar spanningarna dit, och avlastar
taket, vilket minskar risken for s.k. strain burst” i gavel och anfang.

SLUTSATSER OCH REKOMMENDATIONER

- De svenska igensittningsgruvorna dr jimforbara med de kanadensiska betridffande
spanningstillstdnd och brytningsmetoder, vilket innebér att liknande seismicitetsprob-
lem kan forvéintas. Kanadensisk metodik betrdffande kontroll av seismicitet bor stude-
ras, for att se om de gar att anvédnda i svenska gruvor. Anvéndning av energiabsorbe-
rande forstirkning och avlastning bor studeras och utvérderas.

- De svenska skivrasgruvorna ér inte direkt jamforbara med de studerade skivpallgru-
vorna. Spanningssamband for Malmberget och Kiirunavaara ger spanningar som ar
ndgot lagre pa samma djup jimfort med kanadensiska gruvor. Skivrasbrytning paver-
kar primérspénningstillstandet over ett storre omrade dn skivpallbrytning, vilket inne-
bér att primérspianningarna runt liggvéggsorterna ar lika hoga eller hogre pd samma
djup i skivrasgruvorna. Detta kan leda till att en seismisk hdndelse av en viss magni-
tud som intrdffar pa 2000 m djup i en skivpallgruva, kan forvéntas pé ett betydligt
mindre djup i en skivrasgruva, forutsatt att bergets egenskaper dr desamma.

- Enskilda orters tvérsnitt verkar inte paverka forekomsten av seismicitet i stor skala,

men att dndra tvérsnitt fran ett krokt tak till ett plant tak reducerade féorekomsten av
spjilkning.
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- De svenska gruvorna bor forvénta sig en 6kad daglig seismisk aktivitet och storre hin-
delser med 6kande brytningsdjup. Den vanligaste typen av hindelse dr strain burst,
vilka intraffar bade 1 igensittnings- och skivrasgruvorna.

- I igensidttningsgruvorna forekommer strain burst i samband med ortdrivning och
vid brytning av mellanskivor. Dessa hindelser orsakar oftast begrénsade skador.

- I skivrasgruvorna forekommer strain burst framst i liggviggsorterna, och dessa
hiandelser kan ibland orsaka nedfall pa flera ton. Fault slip forekommer inte ofta 1
de svenska gruvorna. Nagra hindelser som misstidnks vara fault slip intréffade 1
Malmberget under forra aret (2004). Ingen tydlig grins for 6vergéng fran strain
burst till fault slip har kunnat identifieras.

- Hittills har skadorna orsakade av seismicitet varit ganska begridnsade och har kunnat
kontrolleras med den styva forstirkning som ar standard. Nar hdndelserna 6kar 1 styr-
ka kan det ge mer omfattande skador, och d& maste forstarkningen kompletteras med
komponenter som kan ta upp energi och deformationer. Ett exempel dr att anvinda
systematisk bultning med kamjérns- och friktionsbultar med stora brickor 1 kombina-
tion med fiberarmerad sprutbetong i kritiska omraden, vilket kan bidra till att reducera
skadornas omfattning.

- I skivrasgruvorna bor olika typer av avlastning testas och utvirderas i liggvéaggsorter-
na for att se hur seismiciteten paverkas.
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FALTFORSOK MED KONBULTEN I BOLIDENS GRUVOR

Field tests of the cone bolt in the Boliden mines

Charlie C. Li, NTNU, Norge
Per-Ivar Marklund, Boliden Mineral AB

SAMMANFATTNING

Konbulten idr utvecklad i Sydafrika framst for att klara av stora och snabba deforma-
tioner och ar tillverkad av en slit rundstang i stal. Rundjarnet smids till en kon i ena
dnden och gingas i den andra och ticks sedan med vax for att forhindra bultens vidhift-
ning i ingjutningsmassan. Bulten gjuts in i borrhélet pa vanligt vis, dvs halet fylls med
cementbruk och bulten trycks in i borrhalet (Figure 1). Konbultens generella funktion dr
att deformationer som orsakas av bergets rorelser overfors till bulten genom brickan
som drar bulten genom ingjutningsmassan. Nér berget paverkar brickan skall konen
komprimera/krossa ingjutningsmassan vid en last som understiger bultens striackgrins.
Det ar darfor viktigt att ingjutningsmassan anpassas till bultens hallfasthet. Bultens
barformaga dr saledes en kombination av den kraft som krdvs for att konen ska kompri-
mera/krossa ingjutningsmassan och friktionen mellan konen och ingjutningsmassan.
Konbultens mojlighet att tala utdragskraften bestims av konens storlek och form men
dven dess styvhet och kénslighet for variationer i ingjutningsmassan.. En rad utdrags-
forsok pa bulten har utforts i laboratorium och i Bolidens Kristinebergsgruva. Resultaten
fran utdragsforsoken visar att bultarna tar upp en last av 16.5 till 22.5 ton efter 24
timmars brinntid for ingjutningsmassan (Figure 2). Utdragsldngden for bultarna kan bli
mycket stor om bulten dr ingjuten i ett passande bruk. Ifall ingjutningsmassan r for
stark, riskerar bulten att deformeras bara via téjning av stingen (Figure 3). Aven di kan
bulten tala ganska stora deformationer, ca 20 % av bultlingden, innan den gar i brott.
Slutsatsen som dras av utforda utdragsforsok dr att konbulten klarar av betydligt storre
deformationer dn en kamjarnsbult och har nistan lika hog brottlast.

Filtforsok utfordes bade i Kristinebergsgruvan och Myra falls i Kanada fran 1999 till
2002. Malet med féltforsoken var att utvirdera konbultens beteende i berg som ir utsatt
for stora deformationer. Faltforsoken har visat:

- Konbulten belastas jamnt langs hela dess ldngd (Figure 5, 6), medan kamjérns-
bulten kan bli 6verbelastad lokalt kring en spricka och sannolikt dven ga i brott
(Figure 7, 8).

- Ifall bergdeformationen &r stor kan konbulten rora sig tillsammans med berget, men
fortfarande béra en ganska hog last (Figure 12). I en del fall kan kamjérnsbulten ga
av vid gidngen, men konbulten haller sig intakt (Figure 13, 14).
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- Konbulten ir ett andforankrat forstarkningselement. For att fa en bra
forstarkningseffekt kriavs darfor bra kontakt mellan bultbrickan och bergytan.
Forspanning av bultarna kan dérfor bli nodvéndig. Pa stillen dir berget under
bultbrickan risker att falla bort passar det inte att anvinda konbultar.

SUMMARY

This paper presents the field tests of the South African cone bolt, carried out in two of

Boliden’s underground mines. The objective of the tests was to evaluate the

performance of the cone bolt when subjected to large deformations in the field. A

comparison with the conventional rebar bolt was also conducted in the study. It has been

found in the tests that:

- The cone bolt is loaded uniformly along its entire length, while rebar is unevenly
loaded and even locally yielding when subjected to large deformations.

- The cone bolt is a two-point anchored tendon. Thus, pre-tension of the bolt is
required in order to obtain an immediate reinforcement after bolt installation.

- The cone bolt is not suitable for rock reinforcement at places where serious
shearing failure occurs on free surfaces, since fallout of rock pieces under the plate
of the bolt would result in a complete loss of the support effect.

1. INTRODUCTION

Most of the current underground mines of Boliden use the cut-and-fill mining method.
The rock mass qualities in these mines are often fairly poor and the primary in-situ
stresses are quite high in several deep mines. Soft rocks like chloritic schist and talc in
the hanging wall and footwall result in large deformation in the stopes. Under these
conditions, a basic demand for rock reinforcement elements is that they should be able
to sustain large deformations without a significant loss of their bearing capability. The
type of rock bolt used today in Boliden’s mines is fully cement- or resin-grouted rebar.
Rebar is a type of stiff element that tolerates small deformation before rupture.
Therefore, Boliden has been looking for a reinforcement element more sustainable to
large deformation than rebar. One of the interesting elements of this type is the Cone
bolt that was developed in South Africa. Boliden conducted pullout and shear tests on
this bolt both in laboratory (Gillerstedt, 2000) and in the field (Lindfors, 2000). The
results showed that the Cone bolt could tolerate a very large deformation under a pullout
load of at least 15 tons. Thus, it was decided that full scale tests of the bolt would be
carried out in the mines. The full scale tests were conducted in the Kristineberg mine in
Sweden and in Myra Falls in Canada from 1999 to 2002. Both these two mines are
mining at depths of about 1000 m under the ground surface. The rocks are poor and the
mine drifts are subjected to large deformations.
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The objective of the full-scale field tests was to evaluate the performance of the cone
bolt when it was subjected to large deformations in the field and also to test its
applicability. This paper presents the results of the field tests and also comparisons of
the cone bolt with the conventional rebar.

2. THE CONE BOLT

The cone bolt is a yielding tendon for the provision of effective support in regions prone
to rock bursts and subjected to large deformations. The tendon consists of a smooth steel
bar with a flattened conical flaring forged on to one end, see Figure 1. The extension
strain of the steel for cone bolts can reach 20%.

The displacement of the dilating rock in which a cone bolt is installed is transferred to
the tendon via the bearing plate, thus pulling the conical end piece through the grout;
thereby doing work and absorbing energy from the rock. This has been made possible by
coating the yielding tendon with wax to prevent the formation of a bond between the bar
and the grout.

Figure 2 shows the results of pullout tests of cone bolts in rock (Lindfors, 2000). The
pull load remained at a constant level of about 170 KN while the deformation continued
to increase to an amount of about 900 mm. It corresponded to an extension strain of
33% for the 2.7 m long tested bolts. A pull out test of the cone bolt grouted in a steel
tube show that both sliding of the cone and the extension of the steel bar make
significant contributions to the total deformation but that the deformation may not be
evenly distributed between the two, Figure 3. In this test the cone slides only marginally
after about 300 mm of total pull out length and further increased deformation cause
mainly increased extension of the bolt. This shows that in the case of a strong grout or in
a too small borehole the sliding of the cone may become very small and most of the
deformation will be due to yielding of the steel bar.

Debonding agent: 0.1mm  Cementitious or resin

wax coating to prevent capsules or pumped grout.
bonding between the
grout and the tendon.

Cone

Bearing plate

e e R R A —
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Figure 1. A sketch illustrating the cone bolt.
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Figure 2. Pull load — deformation curves of three cone bolts with cement grout, 28 days
after installation in rock. (Bolt length = 2.7 m, bolt diameter = 22 mm) (Lindfors, 2000).
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Figure 3. Pull out test results. The dashed line shows the pull out load and the solid line
the movement of the cone within the grout, when the bolt was subjected to a pull load at
the free end. (Bolt length = 2.7 m, bolt diameter = 22 mm, grout strength 85 MPa).
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3. FIELD TESTS IN THE KRISTINEBERG MINE

The ore zone is a typical vein structure with a variable dip of 45-70°. The host rock is a
schistose sericitic quartzite. Near the orebody the rocks are highly altered, often to very
weak, talky sericitic schist that vary in thickness up to 3 m.

The tests were conducted in a Cut-and-fill stope. It meant that the floor of the stope was
tailings and waste rock. The roof of the stope was subjected to large horizontal
compressive stresses. The general failure patterns in mine stopes are illustrated in Figure
4. The failures are characterised by (1) slabs up to 0.5 m thick in the hangingwall, (2)
intense slabbing in the roof parallel to the free surface and (3) contact slips along the
footwall.

Figure 4. Typical failure patterns in the Kristineberg mine: (a) plan view of vein
structure showing locations of sections; (b) cross-sections of stopes showing planned
profiles (broken lines) and observed profiles. (Nystrom et al., 1995).

Cone bolts and rebars were installed both in the hanging- and foot-walls in two sections,
1404H and 1404V, of a mine stope. The elongations of the bolts were measured and the
tensile loads carried by the bolts were calculated afterwards. The calculated results are
shown in Figures 5 and 6. The yield load of the cone bolt is 14 tons. All the four cone
bolts in section 1404H were loaded very slightly, much lower than the yield load of the
bolt, see Figure 5. However in section 1404V, see Figure 6, the cone bolt in the upper
hangingwall underwent yielding where a collapse occurred later, while the two cone
bolts in the footwall were moderately loaded but still below the level of the yield load.

The calculated tensile loads for rebars are illustrated in Figures 7 and 8. The yield load
of the rebar was 16 tons. In section 1404H, the bolt in the upper footwall was totally
unloaded, while all the other three bolts were loaded, but still in the elastic stage, see
Figure 7. However in section 1404V, three of the four monitored bolts underwent
yielding, see Figure 8.
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Cone bolts
in section 1404H

2.7m

----- Yield limit, 14 tons [ Elastic load mH Yield load

Figure 5. Sketch illustrating the calculated tensile axial load along the cone bolts in the
full measurement section 1404H.

Cone bolts
____________ in section
1404V ity

2.7m

""" Yield limit, 14 tons [ Elastic load WM Yield load

Figure 6. Sketch illustrating the calculated tensile axial load along the cone bolts in the
full measurement section 1404V.
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Rebars
in section

1404H - —!
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----- Yield limit, 14 tons [ Elastic load HH Yield load

Figure 7. Sketch illustrating the calculated tensile axial load along measuring rebars in
the full measurement section 1404H.

__________ in section

----- Yield limit, 14 tons 3 Elastic load H®@ Yield load

Figure 8. Sketch illustrating the calculated tensile axial load along the measuring rebars
in the full measurement section 1404V.

4. FIELD TEST IN THE MYRA FALLS MINE

Cone bolts were also tested in the Myra Falls mine in Canada. The performances of the
cone bolt and rebar were compared in the same ground conditions in this test. The test
site was a transport drift at a level of about 1000 m under the ground surface in the
mine. The drift was located about 60 m from the nearest mining stope and in an altered
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rhyolite area. The drift was subjected to large deformation and rock failure. The rock
support in the drift consisted of 2.3 m rebars and screen with a bolt pattern of 1 X 1 m
plus a layer of 5 cm thick shotcrete. Shotcrete arches were also applied afterward when
the deformation became large. A number of cone bolts were then installed in a section
of the drift. The convergence of the drift and the elongation of two cone bolts were
measured for a period of half a year, see Figure 9.

The excavation was stopped for rehabilitation for a period of 4 months. Mesurement
profile CV1 was set up and convergence measurements started in the beginning of this
period. A large convergence occurred at the position of CV1 during the period of
rehabilitation, see Figure 10. In the middle of April 2002, the convergence suddenly
accelerated in all the three measurement profiles, particularly in profile CV3 where the
convergence reached an amount of about 600 mm within half a month. A big fracture
zone might have been formed in the area close to profile CV3 where the measured cone
bolts were located. Figure 11 is a picture of the drift at profile CV3 that shows the drift
after being subjected to the huge amount of convergence.

—< —< —<
=~ =~ =~
N o [we]
o O o

X4300 X4300

+ cone bolts

DI N Sk Measured
RN cone bolts
X4280

Ordinary reinforcement ﬁ N
757

Position of the advance face
during rehabilitation

(0047VN
08FIA

Figure 9. The locations for measurements in the transport drift. Convergence was
measured in profiles CV1, CV2 and CV3. Elongation of bolts was measured on two
cone bolts installed in the opposite walls in profile CV3.
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Figure 10. Convergence at the three measurement profiles.
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Measured
cone bolts
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Figure 11. The drift at position of profile CV3 after subjected to a large amount of

convergence.
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The extension of the two cone bolts was measured
in a period of one month. The measurement results
are listed in Table 1. Within one week after
installation the extension of the 2.3 m long bolts
reached an amount of about 4.5 mm. This extension
was equal to a strain of 0.2% which is
approximately the yield strain of the steel material.
After that the extension of the bolts remained at
about that level. That implied that the bolts might
either have moved together with the side-walls or
ploughed through the grout after the extension strain
having reached 0.2%. The interesting thing was that
the bolts still carried a relatively high load (about 16
tons) during this period. This load would apply to
the rocks over the length of the bolts and help to
build up a self-support shell around the drift.

Table 1. Measurements on the
measuring cone bolts.

Date Extension of the
cone bolt (mm)
Northern |[Southern
Wall Wall
2002-04-15 0.0 0.0
2002-04-17 0.6 0.4
2002-04-22 2.9 4.2
2002-04-25 3.7 4.9
2002-04-29 43 4.4
2002-05-07 4.8 54
2002-05-13 43 4.0
2002-05-15 4.6 4.5

Figure 12 shows the process of the development of load in the cone bolts.

It was observed in the drift that many rebars were ruptured, while cone bolts remained
intact. Figures 13 and 14 show two examples of how differently the cone bolts and rebar
reacted to the large rock deformations. In Figure 13, the rebar in the upper failed at the
thread, while the cone bolt in the lower seemed undamaged and moved together with the
wall. In Figure 14, one sees that the two cone bolts to the right side were undamaged,
while the rebar sank into the soft rock with the face plate heavily deformed.

20 4

15

10

Axial tensile load in the cone bolt [ton]

——C.B. Northern Wall
—8—C.B. Southern Wall

0,

14.apr.02 24.apr.02 4.mai.02

14.mai.02

24.mai.02

Figure 12. The development of the tensile load in the cone bolts at profile CV3.
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Cone bolt

Figure 13. A ruptured rebar and an intact cone bolt on the northern wall close to profile
CV3.

Cone_ bolt

Coné bolt

Figure 14. A sunken rebar and two intact cone bolts on the southern wall close to
profile CV3.
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4. CONCLUSIONS

- The cone bolt can provide an effective constraint to fractured rock and prevent
the walls from disintegration.

- The cone bolt is loaded uniformly along its entire length. It can tolerate a large
extension and absorb a large amount of deformation energy.

- Fully grouted rebar bolts, however, are not uniformly loaded in fractured rock
masses. Deformation in active fractures could locally overload the rebar at the
positions of the fractures. The overload could result in rupture of the rebar after a
very limited opening of the fracture. Cement-grouted rebar can only tolerate an
extension of about 30mm over one single joint.

- The cone bolt is a two-point anchored tendon. Therefore, pre-tension of the bolt
is required for the bolt to provide reinforcement immediately after installation.

- At some places where serious shearing failure occurs, such as at the toe of the
wall, the cone bolt is not suitable for rock reinforcement since fallout of rock
pieces under the plate of the bolt would result in a complete loss of the support
effect.
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UPPFOLJNING OCH ANALYS AV NY LAYOUT
FOR SKIVRASBRYTNING I KIRUNA

Analysis and follow-up of new sublevel
caving layout in Kiruna

Linda Jacobsson, LKAB
Christina Dahnér, LKAB
Fredrik Perman, SwedPower AB
Jonny Sjoberg, SwedPower AB

SAMMANFATTNING

En ny layout for skivrasbrytning med skivorter placerade i ortpar testas for nirvarande i
ett utvalt omrade 1 Kiirunavaaragruvan. Denna studie har sirskilt fokuserats mot stabi-
liteten av den smala (6 m) pelare som tillskapas mellan orterna i ortparen. Uppfdljning
via deformationsmétningar och skadekartering av ny layout med ortpar visade pa matt-
liga deformationer och sma skador 1 pelaren mellan orterna i ortparen. Pelaren uppvisar
inga tecken pa kollaps for nuvarande brytningslige (ca 2/3 av skivan ovanfor utbruten).
Spéanningsanalyser med savil tva- som tredimensionella modeller visade att de storsta
spinningarna i pelaren uppkommer nér nivdn ovanfor har brutits ut samt dé aktuell
brytningsniva 6ppnats men hidngviggen dnnu inte har frilagts helt, vilket stimmer erfa-
renhetsméssigt med observationer i gruvan. Hittills erhallna resultat tyder pa att den nya
layouten kan beméstras med avseende pa stabiliteten pd pelaren i en bergmassa av bra
kvalitet. Layouten bor dock provas i ett omrdde med samre bergkvalité.

SUMMARY

A new layout for sublevel caving, with sublevel drifts placed in pairs, is currently being
tested in a selected area in the Kiirunavaara mine. This study has focused specifically on
the stability of the slender (6 m) pillar created between the drifts. Deformation meas-
urements and damage mapping showed moderate deformations and minor damages in
the pillar. No signs of total collapse were evident for the present mining stage (ap-
proximately 2/3 of the sublevel above extracted). Stress analysis using both two- and
three-dimensional models showed that the maximum stresses arise when the sublevel
above is mined out, and when the present level is opened but the hangingwall is not yet
completely exposed. This is in agreement with observations and experiences of stability
conditions in the mine. The results obtained so far indicate that the new layout is ac-
ceptable with respect to the stability of the pillar when applied in a rock mass of good
quality. The new layout should, however, also be tested in an area with poorer rock
quality.
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1 INLEDNING

Gruvbolaget Luossavaara Kiirunavaara Aktiebolag, (LKAB), dr ett malmforadlings-
foretag med jarnmalmsgruvor i Kiruna och Malmberget. I Kiirunavaaragruvan bryts
arligen ca 22,3 miljoner ton rdmalm (2004). Som brytningsmetod tillimpas storskalig
skivrasbrytning vilket ldmpar sig vil eftersom malmen &r brantstupande (60°) och av-
lang (4 km). Brytningen av malmen ar uppdelad i skivor, med ett vertikalt avstand pa ca
28 m och c/c 24.5 m mellan skivorterna (ger en pelare om 18 m mellan orterna). I ett
tidigare forskningsprojekt utférdes en undersokning av hur rasmassorna ror sig vid ut-
lastning av en krans. Det konstaterades att den stdrsta andelen bergmassor som erhélls
vid utlastning kom ifran de centrala delarna av kransen. Detta innebér att man inte lastar
ut den malm som springdes utan att salvan dr fororenad av sidoberg. Detta ger stora
konsekvenser da man vill kunna lasta rena kvalitéer for senare foradlingsprocesser.

Dessa forskningsresultat 1ag till grund till for ett forslag pa en modifierad brytnings-
geometri dér skivorterna placerades i par (istillet for jamnt utspridda 6ver skivan), se
Figur 1. Syftet var dels att fa en mer anpassad dragkropp till den malmvolym man 6ns-
kade lasta, dels att kunna designa en béttre spriangplan for att erhalla en jamnare frag-
mentering.

Enkelort

Figur 1 Dragkropp vid konventionell (vinster) respektive ny (hdger) skivras-
layout baserat pd berdkningar.

Draw zone for conventional (left) and new (right) sublevel caving layout
based on calculations.

Den nya brytningsgeometrin testas for ndrvarande inom ett utvalt produktionsomréde i
Kiirunavaaragruvan (Selldén, 2001). I denna artikel presenteras en studie inriktad pa
analys och observationer av forsoksbrytningen, med sérskild inriktning pa den smala
pelaren som tillskapas mellan orterna i ortparet.
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2 NY BRYTNINGSGEOMETRI

I den nya brytningsgeometrin flyttas varannan ort ndrmare sin granne. Pa sé satt erhélls
ett system med ortpar. Eftersom skivhojden behalls konstant sd erfordras samma speci-
fika tillredning som med den traditionella brytningsgeometrin. I ortparet bildas en smal
bergpelare (6 m) och mellan ortparen finns en bred pelare (29 m), se Figur 1. Det valda
testomradet dr beldget 1 den sddra delen av gruvan mellan Y4330 — 4530 (gruvans koor-
dinatsystem) i horisontalplanet och striacker sig fran Z820 — 907 m. Inom detta omrade
hade man ett strategiskt ldge att snabbt kunna dndra pa brytningslayouten och en hég
prioritet pa produktionen. Med dessa forutséttningar kunde man snabbt fa resultat frén
forsoket. Inom detta omrade ar dven bergkvaliteten mycket bra vilket medfor att pelaren
har hog héllfasthet.

[y

Figur 2 Vertikal ldngdsektion visande konventionell (792 m) och ny (ortpar; 820
och 849 m) layout for skivrasbrytning i forsoksomradet.

Vertical cross-section showing conventional (792 m) and new (pair of
drifts; 820 and 849 m) sublevel caving layout in the test area.

Den nya geometrin ger en mer anpassad salva till den dragkropp som erh6lls vid mét-
ningarna i det tidigare forskningsprojektet. Detta bor leda till att man lastar en renare
malm med ritt kvalitet och lagre grabergshalt. Sprangningstekniskt sa blir produktions-
borrhalen mer parallella med en jdmnare fordelning av specifik laddning i salvan och ett
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forvantat béttre styckefall som foljd. Borrhédlen blir ldngre dn 1 den traditionella geome-
trin vilket kan foranleda problem med laddning av emulsionsspringédmne, ndgot som
inte dr provat dnnu 1 full skala. Den smala pelarens stabilitet dr den bergmekaniskt mest
kritiska komponenten i systemet. Om den smala pelaren kollapsar kommer man troligt-
vis att tappa produktionsorten med stora ekonomiska konsekvenser. Foljaktligen &r det
den smala pelaren som det hér arbetet koncentrerats mot.

3 UPPFOLJNING AV NY SKIVRASLAYOUT
3.1 Klassificering och kartering

For att kontrollera bergmassans egenskaper har niva 849 mellan ort 432-451 struktur-
karterats. Totalt har 239 st strukturer karterats och analyserats med avseende pa sprick-
riktningar. De tre huvudsprickgrupper som erhéllits for hela nivd 849 m i testomradet
overensstaimmer vil med de generella huvudlineament som framtagits av Magnor och
Mattsson (2000): (1) 315°/75°, (2) 114°/58° och (3) 348°/71°, dar riktningarna anges
som strykning/stupning enligt hogerhandsregeln.

RQOD-virdet bestimdes genom att kartera en fem meter lang borrkdrna frdn den smala
pelaren 1 undersokningsomradet. Platsen for borrningen ar vald mitt 1 ett parti av mal-
men fOr att fa ett representativt virde for pelaren. Pelaren visade sig da vara av "Bra"
kvalitet med ett ROD = 73%. Virdet var ldgre dn forvéntat och orsaken till det kan vara
skadezonen i ytberget efter sprangning. I dvrigt beddmdes bergkvaliteten som mycket
bra inom hela forsoksomradet, vilket ar representativt for denna del av gruvan.

3.2 Deformationsmétningar

Initialt planerades att utfora absolutbestimning av bergspdnningarna liksom spénnings-
Overvakning under brytningen, i kombination med deformationsmétning. Spannings-
métningarna utfordes ej p g a tidsbrist varfor tolkningarna av bergmassans beteende en-
bart dr baserade pd deformationsméitningar och visuella observationer. Provomradet &r
enbart driftforstarkt under métperioden, d v s ingen permanentforstiarkning ér installerad
1 dagsldget. Nivderna 820 m och 849 m dr bagge dvergangskivor mellan konventionell
geometri och geometrin med ortpar, se Figur 2. Det dr forst pa tredje nivan man erhéller
ett rent system med ortpar.

Deformationsmitningar har skett i tre olika sektioner i ortparet 445-446 pé niva 849 m.
En sektion omfattar bagge orterna tillsammans med pelaren sett i en longitudinell tvér-
projektion. Motiveringen for placering av sektionerna &r baserad pa foljande resone-
mang.

Sektion A: Placerad ldngst in 1 tvédrorten fOr att kunna studera pelarens beteende vid
Oppningsfasen. Detta &r erfarenhetsmissigt den kénsligaste tidpunkten.
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Sektion B:  Placerad i mitten av pelaren i ndrheten av en grabergszon. Inledande tva-
dimensionella spanningsanalyser (se ocksé avsnitt 4) visade pa en markant
okning av pelarspidnningen i laget mitt 1 skivan nédr brytning pa nivan
ovanfor ndrmar sig féltorten (d v s slutbrytning av skivan).

Sektion C:  Placerad néra faltorten for att man skall kunna observera stabiliteten i
pelarspetsen. Denna sektion dr intressant dd det dr svart att prognostisera
pelarens stabilitet i slutfasen av produktionen pd ovanliggande nivé, samt
ndr skivan pa niva 849 6ppnas.

De tre matsektioner som installerats i ortparet 445-446 innehéller en extensiometer i
pelaren samt konvergensmatning av ortprofilen pa vardera sida av pelaren. Extensio-
metern dr installerad i ort 445 med huvudet i den orten och ankare 1 1 botten av hélet.
Instrumenteringen var ténkt att fungera som en enhet for att kunna se hur hela systemet
deformeras. I Figur 3 visas ldget av métorterna samt ortparet 443-444 till vanster och
448-4409 till hoger pa skivan ovanfor. For dessa tva ortpar dr 6ppningsforfarandet olika.
Vid rasborrning fran ortparet 443-444 lamnas en "brygga" mellan niva 792 m och 6pp-
ningen, d v s hangvéggen frildggs inte helt forrén rasbrytningen fortskridit ett stycke, se
Figur 4. For ortpar 448-449 erhélls ej ndgon brygga vid 6ppningsfasen.

Maitningarna i testomradet paborjades forst efter att ovanliggande skiva hade 6ppnats
vilket medforde att hela deformationsforloppet ej kunde registreras. I Figur 5 visas mit-
resultaten fran extensiometern i1 profilen ndrmast hingvaggen. Direkt efter 6ppnings-
fasen, lidge 1 — 2, deformeras pelaren i en hogre takt p g a belastningen 6kar. Mellan
brytningsldge 2 —3 stagnerar deformationerna. Vid lage 3 sker en 6kning av deformatio-
nerna i pelaren. Denna deformationsdkning ér troligtvis en konsekvens av att bryggan
mellan hingviggen och malmen i ortparet 443-444 borjar ga 1 brott. [ tolkningen av
miétresultaten har pelarens mitt ansats som nolla. Storst deformationer erhalles da pa
ytan av pelaren i ort 445. Detta indikerar spjélkbrott pa ytan av pelaren. Deformatio-
nerna minskar avsevirt en bit in i pelaren. Extensiometern méter inte deformationen av
konturen for ort 446. Vid en jaimforelse av deformationerna en bit in i pelaren sa dr det
sidan mot ort 445 som rdr pa sig mest. Efter 14ge 4 deformeras pelaren i jamn takt till
lage 5. Vid ldge 4 frilagger man produktionsnivan fran hingvaggen i ortparet 443 — 444,
se Figur 3 och Figur 4.

En referensort (ort 432, nivd 849 m) med konventionell layout instrumenterades pa
samma sétt som dubbortparet 445-446. Denna ort valdes pé grund av att liknade for-
hallande réder vad géller geologi och produktionsforlopp. Placering av mitsektioner &r
densamma som i ortparet 445-446. Uppmitta deformationer pé ytan av den konventio-
nella pelaren 1 referensorten 432 var endast 10% av de uppmaétta deformationerna for
ortparet for motsvarande brytningslige.
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Figur 3 Profilerna for deformationsmitningar pa 849 m tillsammans med bryt-
ningsfronten vid olika tidpunkter pa 820 m niva.

Profiles for deformation measurements at 849 m level together with the
advances of the production/caving front at 820 m level.

I
[

1/

"Brygga" mellan [/

hanava Ay

angvagg och malm I,.".|/"

-
7
Va

Figur 4 Vertikal tvirprojektion av brytningslédgen och produktionshal.

Vertical cross-section showing mining stages and production holes.
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Figur 5 Forskjutningar med tiden i extensiometern mellan ort 445-446, sektion

A. Ankare 3 redovisas ej eftersom den ansatts till noll.

Displacement as a function of time measured with borehole extensometer
in section A. Anchor 2 is not shown as it has been set to zero.

Resultat fran konvergensmaétningar (se Figur 6) visade att i borjan pa métningsperioden
trycks pelaren ihop av de spidnningar som den utsétts for. Det syns genom att betrakta
anfangspunkterna vid pelaren, dér riktningsvektorena till en borjan gar nedat innan de
andrar riktning och gar uppét. Varje extensiometer-ankares rorelse vid dess placering i
pelaren visas ocksa. Den vinstra sidan av pelaren ror sig mer dn den hogra.

33 Skadekartering

Infor produktionsstart pa niva 820 m niva gjordes en Oversiktlig skadekartering av den
smala pelaren pa den nivan infor permanentforstairkningen. De storsta skadorna hade
skett vid pelarspetsen mot hdngvédggen och vid grabergsliror i malmen. I 6vrigt var det
inga stora skador pa pelaren. Omradet forstirktes extra vid pelarspetsen mot hing-
viaggen respektive liggviggen. Det senare utfordes baserat pa erfarenheter fran det
konventionella skivraset dir pelaren reagerar da produktionen pd innevarande skiva
kommer till slutfasen.
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Provomradet pa 849 m ar enbart driftforstirkt 1 dagsliaget, d v s strobult och sprutbetong
vid t ex grabergskontakter. Permanentforstirkningen dr inte installerad. Skadekartering
av ort 445 visade pa forekomst av 16sa skivor 1 pelaren vilket tyder pa ytliga spjalkbrott.
Detta stimmer ocksa dverens med resultaten fran extensiometer-méatningarna.
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Figur 6 Forskjutningar i ortkontur samt pelare, sektion 1. Forskjutningarna ér

forstorade 100 ggr jamfort med ortdimensionerna.

Displacement of the contour of the sublevel drift and pillar. Displace-
ments are magnified 100 times compared to the drift dimensions.

3.4 Brytningsuppfo6ljning

Den forsta skivan med de nya ortavstdnden pa 820 m avv r utbruten till ca 66%. Efter-
som ortavstdnden pa ovanliggande skiva motsvarar konventionell layout &r detta en s k
overgéngsskiva. For denna geometri forvintas ett avvikande utfall jaimfort med bade ny
och konventionell layout. Under antagande om ett teoretiskt, fritt rasflode skulle graberg
frén ovanliggande skiva komma in i stor omfattning vid nidgot dver 50% utlastnings-
grad.

Den genomsnittliga utlastningsgraden har hittills varit 88%. Med hjdlp av skopvégning
kan grabergsinblandningen uppskattas och ett malmutbyte berdknas. 90% av den lastade
malmen har végts och grabergsinblandningen har varit 33% medan malmutbytet varit
61%. Grabergsinblandningen var hogre &dn de 25% som ér riktvarde. Tolkningen &r att
salvorna har lastats lite for ldnge eftersom den genomsnittliga utlastningsgraden har
uppfattats som alltfor langt under det normala utfallet pa drygt 100% for utlastning vid
skivrasbrytning i Kiirunavaara.
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4 ANALYSER
4.1 Syfte och angreppssitt

Numeriska modellanalyser har genomforts 1 syfte att kvantifiera spanningssituationen i
och kring pelaren mellan skivorterna, for olika brytningssteg for rasbrytningen. Modell-
analyserna syftade ocksa till att jamfora spanningsforhallanden for den nya layouten
med ortpar med den éldre, konventionella layouten for skivorterna. Modellresultaten
nyttjades framst i kvalitativt och jimforande syfte, eftersom modellerna ej har detal;j-
kalibrerats mot exempelvis spinningsmédtningar. En jamforelse har dock gjorts mellan
berdknade och uppmétta deformationer, vilket ger en storre tilltro till modellresultaten.

Spéanningsanalysen genomfordes med en s k global-lokal modellansats. En global mo-
dell (6ver hela gruvan) anvéndes for att berdkna spanningar inducerad av skivrasbryt-
ningen. I denna tvadimensionella modell simulerades endast inverkan av rasbrytningen.
Enskilda orter inkluderades ej. De beréknade spidnningarna i den globala modellen
nyttjades sedan som indata (randvillkor) till en lokal analys dér skivorterna inkludera-
des, se Figur 7. De lokala modellerna omfattade bade tva- och tredimensionella analyser
av skivrasgeometrin.

Global modell

Lokal 2D-modell

Figur 7 Global-lokal spidnningsanalys (schematisk, ej skalenlig).

Global-local stress analysis (schematic, not to scale).

De globala analyserna gjordes for ett tvddimensionellt vertikalt tvarsnitt genom malmen
(0st-véstlig riktning) med berdkningsprogrammet FLAC (Itasca, 2000). Berdkningar
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gjordes for ett antal brytningssteg motsvarande olika ldgen pé skivrasbrytningen fran
niva 765 till niva 849, med parametervirden och primirspinningar baserade pa Sjoberg
et al (2001) och Sandstrom (2003). Som indata till de lokala modellerna nyttjades re-
sultat frn plastiska berdkningar i den globala modellen.

4.2 Lokal tvidimensionell analys

En tvddimensionell lokal modell har analyserats for ett vertikalt tvérsnitt (parallellt
malmens strykningsriktning) och beldget ungefér mitt i testomradet (mitt emellan hing-
och liggvigg), for vilken en tvadimensionell forenkling &r relativt acceptabel. Rand-
spanningarna till den lokala modellen i detta snitt 4r inte horisontellt-vertikalt riktade.
Analyser har darfor utférts med antagande om s k generellt plant deformationstillstand
(eng. "complete plane strain"). Detta innebér att spanningarna kan ha godtycklig rikt-
ning (i tre dimensioner) och att forskjutningarna endast ar funktioner av koordinaterna i
analyssnittet. Programmet Examine’” (Rocscience, 2001) anvindes for dessa berik-
ningar. Endast linjirelastiska analyser genomfordes. Det priméra syftet med de tvadi-
mensionella analyserna var att erhalla en approximativ jimforelse mellan den konven-
tionella layouten och layouten med ortpar, vilka bada simulerats for en skiva med orter
motsvarande nivd 849 (jmf Figur 7). Berdkningar utfordes for nigra olika belastnings-
fall motsvarande olika brytningsldgen pa skivraset.

Resultaten av de tviddimensionella analyserna visade att geometrin med ortpar medfor
en belastningsokning pd bergmassan i pelarna mellan orterna i ortparet, jamfort med
konventionell layout. Berdknad storsta huvudspénning i pelaren mellan orterna 1 ort-
paret och pd 2.5 m hojd dver ortsulan illustreras 1 Figur 8, som funktion av skivrasbryt-
ningens framskridande. Berdkningarna visade pé en belastningsdokning pa mer dn 20
MPa i pelarna, d v s ca 30 %. Den storsta nettoforédndringen i spanning erhélls da skivan
beldgen tva skivnivéer ovanfor 6ppnas (niva 792). Detta dr 1 6verensstimmelse med
erfarenheter fran brytningen som visar pa stora stabilitetsproblem i detta skede.

Niér brytningen avancerar ndrmare och skivan pé niva 820 6ppnas okar spanningen
ytterligare i pelarmitt. En ytterligare spanningstopp erhalls nar denna skiva &r helt ut-
bruten. En motsvarande 6kning av observerade stabilitetsproblem i gruvan for detta lage
ar dock mindre vanligt forekommande. I efterfoljande steg, d v s ndr brytningen startar
pa den skiva dér skivorter och pelare r beldgna, sker en markant avlastning av pelaren.
Eftersom denna foljer efter en spanningsdkning med eventuellt brott som f6ljd, kan av-
lastning (minskad inspdnning) ge 6kad omfattning utfall i pelarna.
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Storsta huvudspéanning i pelare pa niva 849 m avv - skivmitt
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Figur 8 Beréknad storsta huvudspéanning i pelarmitt pd nivd 849 for tvadimen-

sionell mdoell.

Calculated major principal stress in pillar center on sublevel 849 for a
two-dimensional model.

4.3  Lokal tredimensionell analys

Den komplicerade geometrin och det tillhdrande spénningsfaltet krdver en fullstindig
tredimensionell plastisk analys for sdkrare kvantifiering av spanningssituationen. En
sddan modell medger ocksa att spdnningarna kan berdknas for olika ldgen i pelaren
(nidra fronten, mitt i skivan, néra faltorten). En tredimensionell lokal modell har kon-
struerats for en del av forsoksomrddet (Figur 7), omfattande tva ortpar pa 820 meters
nivéer och ett ortpar och tva halva ortpar pa niva 849 och niva 792. Analyserna har ut-
forts med programmet FLAC” (Itasca, 2003) och med parametervirden valda i enlighet
med Sjoberg et al (2001) samt med randspanningar fran den globala modellen. Berék-
ningar utfordes for ett antal brytningssteg i den lokala modellen.

Eftersom modellen &r lokal och endast representerar en del av fors6ksomrédet dr valet
av randvillkor och modellstorlek inte trivialt. Flera alternativa randvillkor och modell-
storlekar testades, vilket visade pa relativt stora skillnader i berdknad spanning 1 tankt
pelarldge. En jimforelse med resultaten av utférda konvergensmaétningar i forsoksomra-
det visade dock pa god dverensstimmelse med berdknade deformationer for endast ett
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av randvillkoren, medan de 6vriga alternativa randvillkor gav grovt 6verskattade defor-
mationer. Detta randvillkor valdes sedan for fortsatta berdkningar.

De storsta berdknade spanningarna i den tredimensionella modellen erhdlls mitt i1 pela-
ren och i riktning ldngs med densamma. Den maximala spanningen 1 pelarmitt uppkom i
laget for slutbrytning av niva 820 ovanfor samt 6ppning av niva 849. De delar av pela-
ren som ligger ndrmare hiangvaggen belastas hogre 1 tidigare brytningssteg och avlastas
tidigare. De maximala spianningarna i pelaren uppgér till ca 70 MPa. Vid 6ppning av
niva 849 avskérs spanningarna narmast hingviaggen medan de delar av pelaren som lig-
ger ndrmare liggviggen fortfarande belastas hart. Detta dr en effekt av att storsta spén-
ningen riktas snett in genom "bryggan" mellan hingviagg och malm (jmf Figur 4).

Berdkningarna visade ocksa att mitten av pelaren tar den storsta lasten, illustrerat for ett
vertikalt tvdrsnitt genom pelaren i Figur 9. Pelarens maximala hallfasthet nas vid bryt-
ning pa niva 820 (nivan ovanfor studerad pelare), vilket f6ljs av markant avlastning i
och med att nivd 849 6ppnas. Nédrmast liggviggen nds maximal belastning under det att
niva 849 6ppnas, d v s nagot senare.
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Figur 9 Berdknad storsta huvudspéanning i ett vertikalt pelartvarsnitt (i skivmitt)
for tredimensionell modell.

Calculated major principal stress in a vertical cross-section (in the
center of the sublevel) through the pillar for a three-dimensional model.
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Skillnaderna i berdknad spanning &r relativt stora vid jdmforelse med de tvddimensio-
nella analyserna (65 respektive 120 MPa). Detta beror bl a pd att i den tredimensionella
modellen omf6rdelas spanningarna ocksa 1 langdriktningen av skivorterna, samt att
ingen plasticering tillats i den tvddimensionella modellen. Bédgge modellerna visar dock
pa samma principiella beteende for pelaren.

5 DISKUSSION OCH TOLKNING AV RESULTAT

Mitningarna i forsoksomradet visar pd de storsta deformationerna i pelarspetsen mot
hingviaggen. Den sidan av pelaren som vetter mot bryggan pa skivan ovanfor deforme-
ras mer dn den andra sidan vilket indikerar att spdnningarna fordelas pa ett ogynnsamt
sétt da geometrin med en brygga tillimpas. Hela den brytningssekvens som simulerats i
berdakningsmodellen har dnnu inte brutits i forsoksomradet. Slutbrytning ar paborjad
men ¢j avslutad pa 820 m, och niva 849 m ir ej 6ppnad.

Mitprofilen 1 mitten av pelaren uppvisar mindre deformationer trots att den enligt mo-
dellberdkningarna skall vara hogt belastad i dagslidget. Detta kan forklaras med att pela-
rens tredimensionella geometri medfor att dess hallfasthet dr hogre 1 den profilen én i de
andra tva. Erfarenhetsméssigt s gér inte malmen (magnetit) i brott pa samma sétt som
sidoberget 1 Kiruna. Detta visar sig ocksa i de relativt smd konsekvenserna av de formo-
dat hoga belastningarna i pelaren. Trots att modellernas resultat visar pa kraftigt for-
hojda spanningar i pelaren inducerade av brytningen pd ovanliggande nivaer sa har inte
pelaren kollapsat, utan endast ytliga spjélkbrott har upptritt. Da bryggan brots bort sa
borjade omgivande orter att hdva sig vilket indikerar att det vertikala spdnningsfaltet
minskar. Detta 6verensstimmer med resultaten frdn de numeriska modellerna.

Resultaten som har erhéllits fram till idag ger inga indikationer pa att den nya layouten
skulle fororsaka stora stabilitetsproblem for produktionen inom omraden med en bra
bergmassa som inte kan hanteras redan i planeringsstadiet. Det aterstar att prova meto-
den inom ett produktionsomrade med sdmre bergkvalité for att se om problemen kan
hanteras dven dér.

6 SLUTSATSER OCH REKOMMENDATIONER

Foljande slutsatser kan dras:

- Uppf6ljning via deformationsmétningar och skadekartering av ny layout med
ortpar visade pa méttliga deformationer och smé skador i pelaren mellan orterna
1 ortparen. Pelaren uppvisar inga tecken pa kollaps for nuvarande brytningslige.

- Uppmiitta deformationer for den nya layouten med ortpar ér ca 10 ggr sé stora
som vad som uppmiitts i referensorten for en konventionell skivraslayout.
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Spéanningsanalyserna visade att de storsta spanningarna i pelaren mellan orterna
uppkommer nér nivan ovanfor har brutits ut samt dé aktuell brytningsniva 6pp-
nats men hingviggen énnu inte har frilagts helt. Detta stimmer erfarenhetsmais-
sigt med observationer i gruvan avseende stabilitetsproblem.

Béda de tva- och tredimensionella modellerna indikerade liknande beteende for
pelaren. Berdknade spanningar skall betraktas som index snarare &n absoluta
virden. En tvddimensionell modell (global-lokal modellansats) bedoms darfor
vara tillracklig for kvalitativ bedomning av spanningar och stabilitet av pelaren.
Tredimensionella modeller dr virdefulla for att verifiera enklare modeller samt
for virdering av spanningar niara Oppningsorten (d v s skillnader i spdnningar
langs pelaren).

Hittills erhéllna resultat tyder pd att den nya layouten kan bemaéstras med avse-
ende pa stabiliteten pd pelaren mellan orterna i ortparen i en bergmassa av bra
kvalitet.

Baserat pa projektresultaten formulerades ocksa foljande rekommendationer:

Pelaren bor 6vervakas under hela brytningsskedet fram till dess att man har bru-
tit sig forbi matpunkterna (och det &r omdjligt att méta mera). En slutlig uppfol;-
ning och analys av forsoksbrytningen bor genomforas.

Den nya layouten bor sedan provas inom ett produktionsomrade med sdmre
bergkvalité for att se om problemen kan hanteras dven dér.
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NY METOD FOR SPANNINGSANALYS VID ASPO HRL

New method for stress analysis at the Aspé HRL

Daniel Ask, SwedPower AB

Sammanfattning

Den integrerade bergspanningsmetoden (the Integrated Stress Determination Method,
ISDM [Cornet, 1993a]) dr ett anvandbart verktyg for att karaktérisera det regionala
spanningsfiltet baserat pa resultat frin ett flertal typer av in situ métningar i mindre
skala. Denna studie redogor for en vidareutveckling av metoden dér spanningsfiltet
kan beskrivas med upp till 12 modellparametrar och data frdn hydrauliska metoder
(HF+HTPF) eller 6verborrningsmetoder (av CSIR- och CSIRO HI-typ) kan nyttjas,
liksom kombinerade datamingder [Ask, 2004a; 2004b]. Vid spanningsbestimning
med en kombinerad datamédngd kan dessutom hydrauliska data anvidndas for att
faststilla medelvérdet av de elastiska parametrarna inom djupintervallet. Den nyut-
vecklade teorin har applicerats pa existerande och omtolkade bergspdnningsdata fran
Aspolaboratoriet. Resultaten av studien visar god dverensstimmelse mellan uppmiitta
och berdknade data. Studien indikerar ocksé att den regionala sprickzonen NE-2 delar
in bergmassan i en nordvéstlig och en sydostlig spdnningsdomén.

Summary

The Integrated Stress Determination Method, ISDM [Cornet, 1993a]), is a powerful
tool for determination of the regional stress tensor from in situ measurements of local
stress tensors using a wide variety of stress measuring techniques. This study presents
new developments of the ISDM: The stress field may be described with up to 12
model parameters and is applicable to data from hydraulic fracturing, hydraulic tests
of pre-existing fractures (HTPF), CSIR- and CSIRO HI-type of overcoring devices, as
well as to combined data sets. Furthermore, in combined data sets, the hydraulic data
may be used to constrain the average elastic parameters, Young’s modulus and
Poisson’s ratio. The new ISDM developments were applied to the extensive and
recently re-analyzed rock stress data from the Aspd HRL. The results reveal a good fit
between measured and calculated stress data. The results also indicate that the
regional NE-2 fracture zone influences the stress field, dividing the stress data into a
NW and a SE stress domain.

1. Introduktion

Kunskap om det rddande regionala spinningsfaltet 4r viktig for manga bergmekaniska
problemstillningar, eftersom spanningsfiltet ofta utgdr randvillkor i bergmekaniska
analyser. Resultat fran spdnningsméitningar in situ representerar punktvisa uppskatt-
ningar av lokala spanningstensorer i en bergvolym som generellt dr betydligt mindre
dn det bergmekaniska problem man vill undersdka. Den regionala spdnningstensorn
bestams generellt genom analys av en grupp av lokala tensorer. Normalt kan man
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dock inte medelvérdesbilda lokala tensorer pd grund av stora inbdrdes variationer
[Amadei och Stephansson, 1997]. Primért orsakas dessa av diskontinuiteter 1 berg-
massan varfor en syntes av flera lokala tensorer till en regional tensor krdver stor
forsiktighet. Eftersom den regionala tensorn involverar stora bergvolymer &r det inte
tillrackligt att enbart inkludera den lokala tensorns sex oberoende komponenter. Den
regionala spanningstensorn beskrivs darfor av sex funktioner av rumsliga koordinater
[Cornet, 1993b]. En av metoderna for regional spanningsbestdmning, den integrerade
spanningsmetoden (ISDM), redovisas i denna artikel med applicering pad Aspo-
laboratoriet.

Vid Aspélaboratoriet utanfor Oskarshamn (Fig.1), som #gs och drivs av Svensk
Kérnbréanslehantering AB (SKB), har ca 100 hydrauliska mitningar och 140 over-
borrningsmétningar utforts sedan slutet av 1980-talet (se [Ask, 2004a] for referenser).

0 l(I)O

[
KXZ&ISHR
KA2599G0 1y KXZSD8HL
KF0093A01

KA3579G KAI1623A ¢

KATI92A

z=152m 70-75°
NE-3 be
KA1054A
KAT1045A

Figur 1. Oversiktsfigur 6ver Aspdlaboratoriet med borrhdl dir hydrauliska data och
overborrningsdata insamlats. Aven storre diskontinuiteter i bergmassan ir
markerade (modifierad efter Reinecker mfl [2003] och Rhén m f1 [1997]).
Overview map of Aspé HRL where boreholes in which hydraulic and
overcoring data have been collected as well as major discontinuities in the
rock mass are displayed (modified after Reinecker et al. [2003] and Rhén et
al. [1997]).
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I denna studie ingar enbart data i omedelbar nérhet till laboratoriet samt de data som
inte dr patagligt influerade av det sekundédra spanningsfiltet kring tunnelbyggna-
tionen. Vidare har modelleringstudier visat att den regionala sprickzonen NE-2 paver-
kar spinningsfiltet vid Aspdlabratoriet (t ex Hakami [2003], Fig. 1), vilket senare
konfirmerats vid analys av 6verborrningsdata (t ex [Ask, 2004a]). Av den anledningen
uppdelades den kvarstaende datamidngden 1 en nordvéstlig och en sydostlig spannings-
domédn. Datamdngden aterges inte 1 detalj i denna artikel men finns sammanfattad 1

t ex Ask [2004a].

Det primdra mélet med denna artikel ar att presentera en vidareutveckling av den
integrerade spanningsmetoden (ISDM). Denna nya teknik innebér att spanningsfaltet
kan beskrivas med 12 parametrar, vilket motsvarar den fulla spanningstensorn som en
funktion av djupet. Metoden &r applicerbar pd data frdn hydraulisk sprackning,
hydrauliska tester pa existerande sprickor, 6verborrningsdata fran CSIR- och CSIRO
HI-typ av celler, liksom pa olika kombinationer av dessa datatyper. Som option, dd en
kombinerad datamédngd med hydrauliska data och dverborrningsdata foreligger, kan
de elastiska parametrarna bestimmas. Det andra malet med artikeln dr att presentera
resultat fran applicering av metoden pa utvalda data frin Aspdlaboratoriet.

2. Kort beskrivning av dataanalys

Vid tillimpning av den integrerade spanningsmetoden antas att alla méatdata dr nor-
malfordelade, dvs att de kan beskrivas med forvantat virde, varians samt kovarians
med andra data. Analysen av hydrauliska data samt 6verborrningsdata kriaver séledes
information av ingéende osédkerheter, vilket redogors for nedan.

2.1 Hydraulisk spréckningsdata

En hydraulisk spriackningsmétning involverar tryckséttning av ett isolerat intervall i
ett borrhal tills berget spricker. Denna sprickning foljs av ett antal dterdppningsforsok
av sprickan. Under sddana mitningar mits och registreras, analogt och/eller digitalt,
trycket som en funktion av tiden (Fig. 2). Trycket som krévs for sprackning av berget,
spracktrycket Py, definieras som det maximala trycket, medan det tryck som krévs for
aterdoppning av sprickan, ateréppningstrycket P,, normalt definieras av den punkt dir
tryck-tid-kurvan borjar avvika fran linjaritet (Fig. 2).

Efter sprackning eller aterOppning stangs det hydrauliska systemet, varvid ett tryckfall
observeras 1 testsektionen som ett resultat av att friktionsforluster forsvinner och
genom att dverskottsvitskan i systemet gar ut i berget. Tryckfallet anvinds for att
tolka stangningstrycket Ps, som motsvarar den minsta spidnningen vinkelritt borrhlet
i det fall axiella sprickor inducerats [Amadei och Stephansson, 1997].

I denna studie har tva tumregler tillimpats vid bestdmningen av stingningstrycket.
Den forsta innebér att sprickradien bor 6verstiga tre borrhalsradier och den andra att
forsta cykeln som uppfyller kravet pd minimiradie anvénds for bestimning av
stangningstrycket. Den fOrsta regeln dr baserad pa kravet att sprickan skall vara
tillrackligt stor for att motsvara spanningen i berget och inte den spanning som rader
lokalt kring borrhélet.
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Figur 2. Tryck-tid diagram fran en hydraulisk spriackningsmétning och bestdmning
av normalspianning och dess standardavvikelse. Vid den forsta cykeln
anvinds “inflection point method” [Gronseth och Kry, 1983] och i den andra
tangentmetoden [Enever och Chopra, 1989] (efter Ask [2004a]).
Pressure-time record from a hydraulic fracturing measurement and
determination of the normal stress and its standard deviation. The first and
second cycle uses the inflection point method [Gronseth och Kry, 1983] and
the tangent method [Enever and Chopra, 1989], respectively (after Ask
[2004a]).

Den andra regeln tar hinsyn till att sprickan propagerar in i berget vid varje
tryckséttning. Denna propagering kan vara olinjér vilket innebér att sprickan kan fa en
annan orientering ldngre in 1 berget jamfort med den orientering som indikeras pé
borrhélsvéggen i testsektionen. Dessutom kan sprickan méta en annan spricka langre
in, med annorlunda hydrauliska egenskaper. De inducerade sprickornas orientering
och standardavvikelse bestimdes med hjilp av en orienterad avtrycksmanchett.

2.2 Overborrningsdata

Overborrningsmetoden #r baserad pi kiirnborring med en stérre dimension dver ett
mindre koaxialt borrhdl i vilket ett métinstrument ar installerat. Under dverborrningen
avlastas helt eller delvis ett cylinderformat bergprov fran omgivande spanningsfélt
och motsvarande deformation eller t6jning mits [Amadei och Stephansson, 1997].

Vid Aspélaboratoriet har fyra olika dverborrningsceller anvints: (1) en CSIRO HI-
cell med 9 givare; (2) en tjock CSIRO HI-cell med 12-givare; (3) en tunn CSIRO HI-
cell med 12-givare och (4) en CSIR-cell med 9 givare (Borre Probe). Konfigurationen
av tojningsgivarna inkluderar axiella givare, tangentiella givare och givare orienterade
+45° fran borrhalsriktningen.

Tojningarna som anvénts for spidnningsberdkning utgor skillnaden mellan avldsning
vid stabila punkter fore och efter 6verborrningsfasen (se Fig. 3). Standardavvikelsen
bestdmdes genom observerad variation for givare med samma eller liknande oriente-
ring (se t ex Ask [2004a]).
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Figur 3. Schematisk bild 6ver téjningsrespons av tdjningsgivare under overborrning.
Den storsta responsen sker nédr borrkronan passerar givaren (tgag).
Tidsintervallet fore 6verborrning anvénds for att verifiera limning av givare.
taw och CB anger start/stop av spolvatten respektive kndckning av kirnan
(modifierad efter [Ask, 2003]).

Schematic response of a tangential strain gauge versus time during
overcoring. The strongest strain response occurs at tyag, i.e. when the drill
bit is at the position of the strain gauge. The time interval before overcoring
is presented with the glue hardening process. ts, and CB denote the time

when flush-water is activated/terminated and the core breaks, respectively
(modified after [Ask, 2003]).

3. Den integrerade spinningsmetoden och nyutveckling av denna

Den integrerade spidnningsmetoden inkluderar ett antal delsteg som maste beaktas: (1)
antalet och typen av mitdata bestimmer hur parameteriseringen av bergmassan skall
utformas; (2) bergvolymen, som definieras av fordelningen av métdata, undersoks
med hédnsyn till homogeniseringskriteriet, dvs diskontinuiteter kan betyda att
bergmassan maste indelas i mindre delvolymer; (3) val av berdkningsalgoritm (i
denna studie anvédnds en minsta-kvadrat-metod kallad Gradientalgoritmen); (4) a
priori-virden for Gradientalgoritmen bestdms av mitdata och/eller genom Monte
Carlo-simulering (i denna studie); och slutligen (5) 16sningen verifieras (Fig. 4). Om
dataméngden bestar av flera typer av data kan det dessutom vara lampligt att
inkludera misfitfunktioner. Detaljer angéende detta ges i t ex Ask [2004a; 2004b].

Bergmassan 1 vilken maétningarna utforts diskretiseras till subvolymer i vilken
spanningsfiltet approximeras av forsta ordningens linjéra expansion [Cornet, 1993a].
Spéanningen i punkten X" av den m:te mitpunkten ges da av:

O'(Xm)= G(X)-i—(xm —x)a[x] +(y’" —y)a[y] +(zm —z)a[z] (1)

dir o(X™) och o(X) ér spinningstensorerna i punkterna X™ respektive X och o™, !
och ol 4r andra ordningens symmetriska tensorer som beskriver gradienterna i x-, y-
och z-riktningarna.
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Rock Stress Data

Y

Geological information,
such as existing discontinuities

Y

Choice of model to describe the stress field
(Parameterization)

Y
Rock stress data —»| A priori values [<—| Monte Carlo search

\
Inversion using Gradient method

Fit with data Solution Resolution
(difference between observed (a posteriorila priori variance
and calculated data) \ of model parameters)
Verification of solution

Strict minimum Comparison with
(Egs. (39), (40)) Monte Carlo solution

Figur 4. Tillvigagingssitt for spdnningsbestimning med den integrerade spadnnings-

metoden baserat pd Gradientalgoritmen. Spanningsdata och geologisk infor-
mation definierar parameteriseringen av bergmassan. 4 priori-virden vid
anvindandet av Gradientalgoritmen bestdms av tillgdngliga spinningsdata
och/eller fran resultat av Monte Carlo-simulering (i denna studie). Slutligen
verifieras 16sningen med hjélp av fyra metoder [Ask, 2004b].
Approach for stress determination using the ISDM based on the Gradient
method. The rock stress data and the geological information control the
parameterization of the stress field in the rock mass. A priori values for the
Gradient method are derived from available stress data and/or from Monte
Carlo simulations (applied in this study). When a solution has been found, it
is verified using four methods [Ask, 2004b].

Forsta ordningens approximation av spanningsfaltet kraver sdledes bestimning av 22
parametrar. Om datamingden &r for liten for detta kan ett antal forenklande
antaganden goras som reducerar antalet okdnda parametrar: (1) laterala
spanningsgradienter dr noll; (2) en huvudspanning &r vertikal i hela bergvolymen; (3)
om 2 giller kan bergmassans densitet bestimmas genom maétningar pa kdrnor; (4)
ingen rotation av huvudspdnningarna sker (i smé& bergvolymer); och (5)
spanningsfiltet dr kontinuerligt upp till markytan.

Vid appliceringen av den integrerade spinningsmetoden pi Aspdlaboratoriet har
antagits att topografiska effekter och laterala spdnningsvariationer kan forsummas
samt att bergmassan pa var sin sida om NE-2 zonen dr homogen. Darmed innehaller
ekvation 1 endast 12 okénda parametrar och kan uttryckas enligt:

O'(Xm): O'(X)+ (Zm - z)a[z] (3)

Denna parameterisering motsvarar den fulla spdnningstensorn som en funktion av
djupet.
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4. Resultat frian Aspélaboratoriet
4.1 Nordvdstra spdanningsdomdnen

Fran dominen nordvist om om sprickzon NE-2 finns 19 hydraulisk sprickningsdata
respektive 27 dverborrningsdata. Losningen med enbart hydrauliska sprackningsdata
presenteras i Fig. 5 och involverar endast horisontalspidnningar som funktion av djupet
pga att det endast finns ett mycket begrinsat antal sprickkombinationer i denna typ av
data (endast op, an och deras orientering kan bestimmas tillforlitligt). Resultaten
indikerar att oy uppgar till 17.0 MPa, o, till 9.7 MPa och oy till 13.5 MPa, medan
orienteringen av oy i 135°N vid 450 m djup.
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Figur 5. Tredimensionellt spanningstillstdnd 1 den nordvéstra spanningsdoménen vid

Aspd HRL. Spinningarna ses frdn ovan och #r roterade pé horisontalplanet.
Langden pé varje spanningsvektor dr proportionerlig mot spanningsmagnitu-
den, orienteringen motsvarar riktningen pa huvudspinningen och den solfja-
dersliknande symbolen beskriver stupningen av respektive vektor fran
horisontalplanet (modifierad efter Ask [2004b]).
Three-dimensional state of stress in the NW stress domain, A'spé' HRL.
Stresses are viewed from above and rotated onto the horizontal plane. The
length of each stress vector is proportional to the corresponding magnitude,
the orientation of each stress vector corresponds to the trend of the principal
stress, and the fan-shaped symbol describes the dip of the stress vector from
the horizontal plane (modified after Ask [2004b]).
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Losningen med data enbart fran Overborrning, som inkluderar métresultat fran sju
borrhal, stimmer vil 6verens med resultat fran enskilda borrhal samt for medel av
borrhdl med god uppldsning av okénda parametrar. Storsta huvudspanningen, G, nar
29.1 MPa och ér orienterad 126°N med en stupning av 4° fran horisontalplanet vid
450 m. Motsvarande vérden for mellanliggande, o>, och minsta, o3, huvudspénningar
ar 14.0 MPA, 226°N, och 68° respektive 11.3 MPa, 34°N, och 22° (Fig. 5). I hela
djupintervallet (230-450 m), 4r o; och o3 subhorisontella med en stupning mellan 4
och 22° frén horisontalplanet, medan &, ar subvertikal med en stupning kring 68°.

For den kombinerade dataméngden finns tvd I6sningar: (1) baserad pd kdnda viarden
for de elastiska parametrarna (E=61.6 GPa och v=0.26 fran biaxialtester; Fig. 5); och
(2) baserad péd berdknat medelvérdet for de elastiska parametrarna, dvs hydrauliska
sprackningsdata nyttjades for att bestimma dessa vilket gav E=50.8 GPa och v=0.33
(Fig. 5). Béda 16sningarna ar tillforlitliga med hénsyn till upplésningen av de okénda
parametrarna. Losningarna uppvisar god dverensstimmelse sinsemellan med en mag-
nitudskillnad pa ca 1 MPa for o, och o3, medan skillnaden 1 o;-magnitud ar storre. 1
det undersokta djupintervallet dr 6; och o3 subhorisontella med stupning mellan 2 och
34° fran horisontalplanet medan o, ar subvertikal med en stupning mellan 51 och 74°.
Under 280 m djup ar huvudspéanningsriktningarna stabila och indikerar o; kring
128°N.

4.2 Sydéstra spinningsdomdnen

I doménen sydost om sprickzon NE-2 finns 9 hydraulisk sprackningsdata men med ett
stort antal mojliga sprickorienteringar som gor 16sningen mera oséker, och endast oy
vid 280 m djup ansags tillforlitlig [Ask, 2004a; 2004b]. Vidare uppvisar
overborrningsdata relativt stora punktvisa variationer och enbart data fran CSIRO HI
métningar anvindes fOor spanningsberdkning. Resultaten presenteras i Fig. 6 och
indikerar liknande spanningsmagnituder som i den nordvéstra doménen, men med en
relativt kraftig rotation av spanningarna mot djupet. Storsta huvudspénningen, G, nar
27.5 MPa och ir orienterad 308°N med en stupning av 8° fran horisontalplanet vid
450 m. Motsvarande virden for mellanliggande, ,, och minsta, o3, huvudspénningar
ar 11.4 MPA, 40°N, och 15° respektive 9.2 MPa, 190°N, och 73° (Fig. 6).

Inversioner med kombinerad dataméngd i den sydostliga doménen var inte mdjliga
med acceptabel upplosning pd de okdnda parametrarna pga for stora skillnader i
resultat mellan hydrauliska data och 6verborrningsdata.

5. Diskussion och slutsats

Vidareutvecklingen av ISDM-teorin har varit framgangsrik och metoden kan i sin
utvecklade form med fordel anvdndas for spanningsberdkning da en stor méngd olika
datatyper foreligger. Planering for ytterligare utveckling av metoden pagar med syftet
att inkludera dven andra typer av spédnningsinformation, t ex utfall i borrhal,
borrinducerade sprickor och reaktiveringar av forkastningar. Appliceringen av
tillhorande dataanalys och efterfoljande spanningsberdkning har avsevirt oOkat
tillforlitligheten 1 karaktdriseringen av det rédande spidnningsfiltet vid
Aspolaboratoriet (se Ask [2004a; 2004b]).
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Hydraulisk lésning Overborrningslésning
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Figur 6. Tredimensionellt spanningstillstdnd 1 den sydostra spdnningsdomidnen vid
Aspd HRL [Ask, 2004b]. )
Three-dimensional state of stress in the SE stress domain, Aspo HRL [Ask,
2004b].

De snarlika védrdena pa de elastiska parametrarna vid den kombinerade inversionen i
den nordvéstliga dominen var forvintade, eftersom hydrauliska sprickningsdata
indikerar liknande magnituder som dverborrningsdata. Losningen med kénda elastiska
parametrar fran biaxialtester bedoms dock som mer tillforlitlig 4n 16sningen dar de
elastiska parametrarna berdknades, eftersom antalet hydrauliska sprickningsdata ar
relativt litet och ticker ett begrinsat djupintervall (ca 380-500 m djup).

Béda 16sningarna med kombinerad dataméngd i1 den nordvistliga doménen uppvisar
god Overensstimmelse med Overborrningsdata, vilket dr ett resultat av att denna
dataméngd &r betydligt storre @n méngden hydrauliska spriackningsdata. Skillnaden
mellan 16sningarna med kombinerad datamédngd &r nistan uteslutande ett resultat av
de olika véirdena pd de elastiska parametrarna. Endast vid 450 m djup, dér den
overviagande majoriteten av hydrauliska spriackningsdata finns, uppvisas en paverkan
genom att 63 1 de kombinerade 16sningarna motsvarar oy i den hydrauliska l6sningen.

De erhallna losningarna for den nordvistra domédnen liksom l&sningarna for den

sydostra doménen pé storre djup (och dirmed narmare zonen, se Ask [2004a, 2004b])
indikerar att o, stupar mellan 2 till 19°, med en stupningsriktning kring 128°N. Detta

67



innebdr att o; dr vinkelrdt mot sprickzon NE-2, medan o,:53-planet sammanfaller
med zonen (NE-2:ans strykning/stupning ar 21°N/77°).
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ASPO PILLAR STABILITY EXPERIMENT

J. Christer Andersson, Svensk Kdrnbrdinslehantering AB

1 Sammanfattning

Svensk Kirnbrinslehantering AB genomfdr Aspd Pillar Stability Experiment pa 450
meters nivan vid Aspé HRL. Huvudmalsittningarna med experimentet ir att
demonstrera var forstaelse for sprott brott (spjalkning) i en sprucken bergmassa samt
effekten av ett mothéllande tryck (&terfyllnad) pa bergmassans brottmekanismer.
Bergmassan som studeras dr en 1 meter bred pelare mellan tva vertikala cylindriska
borrhédl med en diameter péd 1,8 meter. Deformationer, temperatur samt akustisk
emission mittes under en lastcykel som paborjades i det elastiska responsomradet och
avslutas ndr berget gitt i brott. De prelimindra analyser som genomf0rts visar att
spjalkhallfastheten i bergmassan dr cirka 119 MPa. Det mothallande trycket i ett av de
tva halen hade en stor effekt pa héllfastheten och forhindrade i princip skador i randen
av det trycksatta halet. 900 akustiska hindelser uppmaittes nira randen av det halet
jamfort med 13 000 néra randen av det 6ppna halet. Intensiteten av de akustiska
hindelserna i bergmassan kunde korreleras till deformationer i hilviggen pa det 6ppna
halet som skedde i princip momentant. Deformationsmétningarna visar att nér
spjalkningsfronten nirmar sig en matpunkt kontraheras forst berget fram till den
tidpunkt dé spjédlkningen intrdffar. Detta fenomen beror troligen pd den verkliga
tredimensionella spanningsavlastning som intriffar i samband med
spjalkningsprocessen.

2 Abstract

The Swedish Nuclear Fuel and Waste Management Co. is carrying out the Aspd Pillar
Stability Experiment at the 450-m-level of the Aspd Hard Rock Laboratory. The major
objectives of this experiment are to demonstrate our understanding of brittle failure
(spalling) in a fractured rock mass and the effect of confinement (backfill) on the brittle
failure process. The rock mass that is studied is a 1-m-wide pillar between two 1.8-m-
diameter vertical cylindrical boreholes. During the experiment displacements,
temperature, and acoustic emission events were monitored through a loading cycle that
started in pre-peak, i.e., elastic range and ends in the post-peak range. Preliminary
analyzes that have been performed indicates that the spalling strength of the rock mass
is approximately 119 MPa. The confinement pressure had a significant impact on the
rock mass behaviour and practically suppressed damage in the rock adjacent to
pressurized hole, e.g., 900 acoustic events was located in the rock adjacent to the
confined hole compared to 13 000 events in the rock adjacent to the open hole. The
intensity of acoustic events in the rock mass were correlated to displacements measured
on the wall of the open borehole. The deformation measurements indicate that as the
spalling process approaches a monitored point the rock initially contracts before brittle
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failure (slabbing and dilation) starts. This phenomena is likely related to the three-
dimensional nature of the stress relief associated with the spalling process.

3 Introduction

The Swedish Nuclear Fuel and Waste Management Company (SKB) is responsible for
the disposal of spent nuclear fuel in Sweden. At the depths of a nuclear waste
repository (400 to 700 m) two modes of instability may be encountered around
underground openings: (1) gravity induced falls-of-ground, and (2) stress-induced
brittle failure (spalling).

Stress-induced instability is commonly encountered in the mining industry at great
depth or high extraction ratios and is traditionally analyzed using empirical methods. It
is unknown if these methods are applicable at the depths proposed for a nuclear waste
repository in typical rocks of the Scandinavian shield. Hence, SKB is conducting the
Aspd Pillar Stability Experiment (APSE) to: (1) demonstrate our current capability to
predict brittle failure (spalling) in a fractured crystalline rock mass, (2) demonstrate the
effect of backfill (confining pressure) on the brittle failure response, and (3) compare
the 2D and 3D mechanical and thermal predicting capabilities of existing numerical
models. The rock mass that is being studied in the experiment is a 1m-thick pillar
between two 1.8-m-diameter vertical boreholes (6.7-m-deep). The diameter of these
boreholes is the same as that proposed for the deposition holes in SKB-KBS3 type
repository but spaced only 1m apart.

Displacement, acoustic emission and temperature monitoring was used to track the
initiation of stress-induced failure as well as the spalling process. The objective with
these measurements was to provide a better understanding of the brittle failure process
in a fractured rock mass in a confined and unconfined state.

4 Experiment layout

The experiment was designed to study the behaviour of the rock mass (pillar) as it was
stressed from the pre-peak (elastic) to the post-peak (spalling). Hence it was therefore
important to ensure that the pillar was still responding elastically when the instruments
for the displacement measurements were installed. To achieve this, the stresses in the
experiment volume were increased in three controlled steps. The first two steps
(tunnelling and boring of the large holes) induce secondary stresses in the pillar. The
third step increased the stress magnitude in the pillar by thermally induced strains. A
graph of stress versus strain and the associated micro fracturing rate is illustrated in
Figure 1 as well as the geometrical layout of the geometry of the access drift with the
pillar between the two large boreholes.
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Figur 1. Samand mellan last, tjning och dilatation for laboratorietester av granit. For
AECL:s Mine-by Experiment var bergmassans héllfasthet ~0.5c;. Dilatation i
bergmassan inducerades vid ~0.4c,; /Martin & Read 1996/. Hoger: experimentortens
geometri med den 1 meter tjocka pelaren..

Relationship between stress, strain and dilation in laboratory samples of granite. At
AECL’s Mine-by Experiment the rock mass strength was ~0.5 o; and the onset of
dilation in the rock mass occurred at ~0.4 o.; /Martin & Read 1996/. Right: geometry of
the experiment drift and 1-m-thick pillar.

4.1 Drift and borehole geometries

The most important way to control the stress magnitudes in the experiment volume was
the orientation of the experiment drift and its geometry. The first step was to maximize
the tangential stresses on the boundary of the drift by orienting it perpendicular to o1
and arch the floor with a radii of 2.5m. The second step to further induce the secondary
stresses in the pillar was the spacing of the 1.8-m-diameter holes. A series of three
dimensional elastic analyses using Examine3D were carried out to determine the most
suitable pillar spacing. The drilling of the two holes increased the stress by a factor of
5.2 times the far-field 61 1m below the tunnel floor. To ensure that brittle failure
initiated it was assessed that another 30 MPa could be added to the tangential stress at
the boundary of the pillar. This third stress increase was added by a thermal component
induced by electrical heaters.
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4.2 Geotechnical setting

The experiment was carried out in slightly fractured Aspo diorite, which is the main
rock type at Aspd HRL. The Q value ranges from 2 to 200 with a mean of 18. An
extensive laboratory programme was performed to give the best possible rock mass
properties for the predictive numerical modelling. A total of 14 boreholes were cored to
a depth of approximately 7.5m around the pillar volume and laboratory tests were
performed on 37 samples. Uniaxial and triaxial strength, thermal properties and fracture
properties where determined /Staub et al., 2004/ and a summary is presented in Table 1.
The Crack Initiation Stress (CIS) was interpreted using strain gauges and acoustic
emission. The spalling strength of the rock mass had previously been estimated to be
approximately 100 MPa /Andersson & Martin 2004/.

UCS [MPa] CIS [MPa] Rock mass deformation  Poisson’s ratio
modulus [GPa]

210 121 55 0.26

Tabell 1. Mekaniska parametrar for berget i experimentomradet.
Mechanical parameters for the rock in the experiment volume.

The pillar stability experiment was carried out close to a volume where extensive rock
stress measurements had been performed earlier /Christiansson & Janson, 2002/.
Convergence measurements carried out during the excavation of the experiment drift
were also used to estimate the in situ stress /Staub et al. 2004/. The back-calculated
major principal stress (30 MPa) from the convergence measurements was in agreement
with the borehole measurement results.

5 Monitoring

An extensive monitoring programme was used during the experiment. The monitoring
data was collected for comparison with the numerical predictions. The level of
redundancy was therefore quite high for the different type of measurements. The
monitoring system is described in detail in /Andersson & Eng, 2005 and Pettitt et al.
2005/.

Three major types of measurements were carried out: (1) temperature, (2) displacement
and (3) acoustic emission monitoring. A plan view of the instrumentation in relation to
the large boreholes as well as the locations of the electrical heaters is presented in
Figure 2. Included in the figure is also a vertical projection of the hole wall showing the
vertical locations of the temperature and displacement monitoring instruments.
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Figur 2. Vertikalsnitt dér positionerna for LVDT givarna anges samt planvy av delar av
instrumenteringen i relation till de stora borrhalen och de elektriska virmarna.

Vertical profile where the LVDT positions are marked and layout of the instrumentation
in relation to the large boreholes and the heaters.

Two types of Linear Variable Differential Transformers, LVDTs were used for the
displacement monitoring. The major difference between the two types is the measuring
range which directly affects the resolution of the instruments.

Symmetrically placed thermocouples around the experiment volume made it possible to
monitor if the temperature was evenly distributed in the rock mass, the heaters could be
individually adjusted to provide as uniform temperatures as practical.

The acoustic emission (AE) system was spaced to provide as good a coverage of the
open hole wall as possible. The accuracy of the events triangulated from the released
energy during rock fracturing was assessed by /Pettitt et al. 2005/ to be approximately
Scm. The smallest detectable magnitudes was similar to the energy released by a pencil
lead breaking on the hole wall. The AE-system was installed before the drilling of the
first large borehole and used to monitor the rock mass throughout the duration of the
experiment.

During the heating phase of the experiment visual inspection of the open hole was
carried out to take photographs, check the LVDTs and map the extent of the spalling as
it propagated.

6 Schedule and general observations

The heaters were activated May 14, 2004. A few days thereafter spalling initiated giving
a high AE event rate for approximately two weeks. The v-shaped notch, which resulted
from the spalling process, had then progressed to a depth of approximately 2.5 meters
below the tunnel floor. The reason the spalling propagation stopped was that the
temperature increase in the rock mass around the pillar stopped. This steady state was
reached earlier and at lower temperature than what the modelling predictive. The total
initial effect of the 4 heaters was 5 200W or 200W/m heater. To initiate the spalling
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again and force the notch further down the hole the heaters were increased to 8 600W.
A few days thereafter the spalling started up again and the notch reached a new steady
state at Sm depth in early July. The thermal output from the heaters was maintained
until the AE-activity rate was relatively low (Figure 3).
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Figur 3. Vinstra figuren visar temperaturutvecklingen mellan respektive virmarpar
samt i centrum av den Sppna halvaggen pa 3 m djup. Hogra figuren redovisar den
akustiska aktiviteten. Vid (III) hojdes effekten till 8 600 W.

The left figure presents the temperature development between each heater pair and in
the centre of the open hole wall at 3m depth. The acoustic activity is presented in the
right figure. At (I11) the effect was increased to 8 600W.

In the open hole spalling had occurred down to almost 2m during the drilling of that
hole from the excavation-induced stresses. Shortly after the heaters were activated May
14 the acoustic system picked up events which indicated that the spalling was initiated.
After approximately two months of additional thermal loading the spalling had
progressed to Sm depth in the hole and the experiment was terminated at a steady state.

The following observations were noted as the v-shaped notch migrated down the
borehole: 1) Below the notch tip small rock slabs (chips) started to form, the first
indication of dilation. The size of these chips was approximately a quarter of a finger
nail and very thin. After a while larger thin chips of coin size became visible. 2)
Discrete fractures started to form. The fractures became the borders of slabs and ranged
in length from a few centimetres to approximately 10cm. 3) More fractures formed
creating larger slabs beneath the ones already formed. In the end many slabs were
located beneath each other. The dilatation of the rock wall increased as the slabs
formed. 4) The notch was located at a certain hole depth until the rock approximately
20cm above it had reached a spalled width at the hole surface of 40 — 50cm. The notch
now migrated a bit further and became stable until the spalled width above it reached 40
— 50 cm. In Figure 5 two photographs are presented. One showing the spalling on the
rock wall during the experiment and the other is a photograph of the same spot after the
removal of the spalled slabs.
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Figur 4. Fotografier av instrumentnivan pa 3 m. Vénstra fotografiet visar
uppsprickningen pa grund av spjdlkningen innan de 16sa bergbitarna plockats ned.
Hoger fotografiet dr taget 1 samband men nedbplockningen av bitarna.

Photographs of the 3m instrument level. Left photograph is the spalling induced
fractures before the loose slabs have been removed. Right: during removal of the slabs.

After removal of the slabs the pillar wall was mapped with respect to spalling depth and
width. The spalling depths at every 0.5m are summarized in Table 2.

Depth [m] o5 10 15 20 25 30 35 40 45 50

Initial spalling depth after 0 7 8 0 0 0 0 0 0 0
drilling [cm]
Spalling depth after heating[cm] | O 10 11 M 6 8 8 65 6 4

Tabell 2. Spjilkningsdjup fore och efter virmningsfasen 1 relation till héldjupet.
Spalling depth before and after the heating phase in relation to the hole depth.

The displacement monitoring system with the LVDTs worked very well during the
experiment. The errors in the measurements were assessed to be +0.02mm for samples
taken a few days apart up to maximum 0.Imm between any two samples taken in the
beginning and the end of the heating period. For example the total larges deformation in
Figure 4 was 12.8mm at the second plate from the left on the upper row.

The effect of the confinement during the heating phase was very obvious.
Approximately 13 000 AE events were recorded in the rock mass adjacent to the open
while only 900 AE events were recorded in the rock mass adjacent to the confined hole
wall.

During the experiment the density of acoustic emissions events correlated well with
significant changes in displacements. The displacements were monitored within seconds
after occurrences of clustered AE-events.

7 Preliminary analysis

At the time of preparing this paper the analysis of the experiment data had recently
begun and hence the results might be subjected to minor changes when the analyses are
completed.
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7.1 Spalling strength

The stress level for the onset of spalling, i.e., the rock mass spalling strength, has been
determined at three different borehole depths, 1.95, 3.0 and 4.1m. During the drilling of
the second large hole the spalling progressed down to almost two meters depth. Since
no heat had been added the stresses at that point were calculated and served as a
reference for the other calculations. The onset of spalling at the other two depths was
determined with the LVDTs. When they started to show positive displacements
(dilation) the time and temperature was picked. The thermal induced stress was then
preliminary assessed by using the predictions in /Fredriksson et al. 2004/. This stress
was then added to the geometrical induced stress and the spalling strength could be
determined. The elastic tangential stress on the hole wall and the determined spalling
strength is presented in Figure 5.
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Figur 5. Graf som visar tangentialspanningen pa pelarviggen innan virmningen
paborjades samt tabell som redovisar bergets spjilkhallfasthet.

Graf presenting the tangential stress on the pillar wall before the heating started and
the table presenting the spalling strength of the rock mass.

As can be seen in the table in Figure 5 the spalling strength of the rock mass can be
approximated to 119+6 MPa. The thermal stresses at the 4.1m level will likely be
revised to a higher value when the increased thermal component has been properly
evaluated. Hence the span of uncertainty in the spalling strength will likely be reduced.
Martin and Read (1996) concluded that the onset of spalling in massive homogeneous
Lac Du Bonnet granite was approximately 120 MPa. The rock at both sites is granitic
with very similar compressive strength and grain size. The major difference is that the
rock mass at Aspd contains water bearing fractures. These results suggest that the
properties of the intact rock and the mineral grains control the onset of spalling and not
the larger scale rock mass properties. Hence laboratory properties may be quite
important in evaluating the potential for spalling at a nuclear waste repository in
fracture rock.

7.2 Effect of confinement

The confinement pressure was released from the water-filled bladder during July 14 and
15 in 50 kPa decrements, starting at 700 kPa. By accident the pressure was completely
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released from 150 to 0 kPa. According to Figure 6 the rock mass did not start to respond
to the pressure drop until the confinement pressure was 250 kPa. The most AE events
were recorded when the pressure was decreased from 200 to 150 kPa. It is interesting to
note that the AE-rate was quite low when the confinement was released from 150 kPa to
0. This indicates that a confinement pressure between 200 to 150 kPa may be the critical
limit which is sufficient to change the mode of failure from extensional spalling to
shearing and hence increase the rock mass strength.
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Figur 6. Akustiska héndelser i relation till det mothéllande trycket. Grafiken till hdger
visar laget for de akustiska hdndelserna under trycksidnkningen. Huvuddelen
lokaliserades mellan instrumentnivierna pa 3,5 och 4,1 meter dér stora deformationer
samtidigt uppmattes.

Acoustic emissions in relation to the confinement pressure. The graphics to the right
indicates the event locations. The major part occurred between the instrument levels at
3.5 and 4m depth. Large displacements were measured at these times.

The right illustration in Figure 6 shows that the acoustic events due to the release of the
confinement were associated with the open hole and not the confined one. The stress
increase due to the confinement release induced additional spalling in the open hole
without damaging the pillar near the confined hole. This was expected since the spalling
in the open hole was in a delicate state of equilibrium that could be activated by minor
changes in the tangential stresses. The effect the confinement has to be further evaluated
before the final conclusions can be drawn.

7.3 Three-dimensional stress release near the advancing notch tip

When examining the deformation data one can, in the vast majority of the data, see that
the hole wall first contracts, i.e. moves inwards towards the pillar, before the spalling
starts. Once spalling starts, this trend reverses and radial deformations move into the
hole. The advancing v-shaped notch appears to create this three-dimensional effect.
These displacements are small in most of the cases and need additional analyses before
they are validated. In four different positions, all situated in the centre of the pillar the
radial displacements are 0.3 — 0.7mm which is much more than the instrument error.. It
is likely that when spalling occurs above the LVDTs the stresses are re-distributed and
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the volume beneath the spalling becomes unloaded. With a hole diameter of 1.8m a
stress relief of approximately 60 MPa would give a Poisson’s effect of 0.5mm
perpendicular to the principal stress direction.

8 Conclusions
The conclusions that can be drawn at this stage of the experiment are:

1. The spalling strength of the fractured Aspd rock mass seems to be consistent
and around 119 MPa, very close to what has been found in Canada for massive
unfractured Lac du Bonnet granite.

2. The confinement system (water-filled bladder) was suitable for transmitting the
confining stress to the rock mass. When reducing the confinement there was
almost no effect, as recorded by the number of acoustic emission events, until
the pressure was down to 250 kPa. It seems like a confinement pressure
between 200 to 150 kPa is a limit for suppressing spalling under the conditions
of the experiment.

3. The rock at the tip of the v-shaped advancing notch first contracts before
spalling initiates. This might be due to an elastic three-dimensional response
caused by the stress re-distribution that takes place at the notch-tip as the notch
deepens and advances.
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INFLOW INTO EXCAVATIONS - A COUPLED HYDRO-
MECHANICAL THREE-DIMENSIONAL STUDY

Diego Mas Ivars, Itasca Geomekanik AB, Solna, Sweden

Summary

Results from inflow experiments in the field show that when going from a slim borehole
to a larger diameter hole, the inflow into the larger hole is often less than predicted, and
the explanation for this is yet not fully known. A single process or a combination of
processes may be responsible for reduction of inflow into the larger diameter holes. In
this study a coupled hydro-mechanical, three-dimensional discrete element analysis has
been conducted with the objective of gaining a better understanding of the influence of
effective stress redistribution induced by excavation and related inflow into a cylindrical
opening in a fractured rock mass. Matrix and fracture data from the Aspd Hard Rock
Laboratory in Sweden have been used as input for the model. Several aspects related to
fracture inflow into underground excavations (uncertainty in rock mass characteristics,
relevance of non-linear fracture behaviour and influence of the excavation diameter)
have been studied. Results of this study show that stress-permeability coupling is one of
the causes for the usually less than expected inflow into larger diameter holes.

1. Introduction

Inflow into excavations is influenced in the near field by a number of processes like
stress-permeability coupling, groundwater degassing, bubble trapping, possible
turbulence effects, or temperature effects [1,2]. These processes depend on the host rock
mass characteristics such as the geometry of fractures in the near field, the mechanical
and hydraulic properties of the fractures and the initial stress field.

Due to the complexity of this problem and the processes involved, the Swedish Nuclear
Fuel and Waste Management Co (SKB) has conducted a number of large field tests
where prediction of inflow into tunnels or depositions holes has been a component.
These tests are:

e the Site Characterization and Validation (SCV) Test in Stripa [2],

e the Prototype Repository Test in Aspd HRL [3],

e and the Groundwater Degassing and Two-Phase Flow experiment in Aspd HRL

[1].

The results from these field tests show that when going from a slim borehole to a larger
diameter hole, the inflow into the larger hole is often less than predicted, and the
explanation for this is not known. A single process or a combination of processes may
be responsible for a reduction of inflow into the larger diameter holes. One of the
processes may be the effective stress redistribution induced by the excavation.

This paper presents a generic numerical study with the aim of better understanding the

influence of the hydro-mechanical processes and the different rock mass characteristics
involved in the prediction of inflow into excavations of different diameter. Data from
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Aspd Hard Rock Laboratory in Sweden has been used whenever possible. However,
some of the data has been chosen in order to demonstrate the significance of the
different hydro-mechanical processes involved.

2. Conceptual model and numerical experiments

The three-dimensional distinct element code 3DEC [4] was used to perform the
numerical experiments. The latest version of 3DEC can simulate the coupled hydro-
mechanical behaviour of a fractured rock mass treated as an assemblage of discrete
deformable blocks, subjected to mechanical stress and hydraulic pressure boundary
conditions. In the current version of 3DEC water flow occurs only along the fractures,
(i.e. no matrix flow is included), and follows the cubic law as proposed by Witherspoon
et al. [5].

21 Model geometry

To better understand the relevance of the different parameters controlling the inflow
into excavations, a simple model geometry was considered. The model consists of a
rock mass block of 20 x 20 x 20 m with a single sub-vertical fracture intersecting it
from side to side. A vertical deposition hole of 8 m length and 2 m diameter is
excavated in the centre of the rock cube so that the fracture intersects the hole (Fig. 1).

a) b)
Figure 1. a) Model geometry (20 x 20 x 20 m); b) Fracture plane with aperture contours.

2.2 Rock mass characteristics and boundary conditions

The intact rock is modeled as an isotropic, homogeneous and linearly elastic material
with a density of 2700 kg/m’, a Young’s modulus of 40 GPa and a Poisson’s ratio of
0.22. These values are assumed to be representative of the rock mass in the Aspd HRL

[6].

The model has roller boundaries on all sides. In the fracture, the pore pressure gradient
is initiated corresponding to a ground water level situated at ground surface. This way,
the centre of the model has a pore pressure of 5 MPa corresponding to the hydrostatic

pressure at 500 m depth.

The initial stress field is set according to the depth dependent linear model in Eq (1) [7]:
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o =0.0373(-z)+ 4.3 [MPa]
o, =0.027(-z) [MPa] (1)
0. =0.0174(-z) +3.3 [MPa]

where z is the depth in metres. This way the initial stress magnitudes in the centre of the
model were oy, = 22.95 MPa, o;, = 13.5 MPa and o.. = 12 MPa.

2.3 Fracture constitutive models and parameters
The fracture parameters used in the simulations are different for each studied case and
are presented along with the results in respective sections.

All the simulations were run considering a Mohr Coulomb (MC) slip model for the
fracture behaviour except for the models in Section 3.2 in which a set of simulations run
with a MC slip model were compared with a set of simulations run with the non-linear
Continuously Yielding (CY) joint model [8].

2.3.1 Mohr Coulomb slip model

In this constitutive model the fracture normal stiffness controls the fracture normal
closure/opening due to an increase/decrease in normal effective stress. The Mohr
Coulomb model also reproduces the mechanism of dilation/contraction induced during
fracture shearing. The fracture shear stiffness controls the elastic shear response of the
fracture while the plastic response is controlled by the fracture shear strength. The shear
strength depends on the friction angle, the effective normal stress acting on the fracture,
and the cohesion. As the fracture slides, dilation/contraction occurs with the associated
change in aperture and flow rate. Dilation can be limited in the code by a certain critical
shear displacement (Ucs) after which dilation becomes zero. With the MC fracture
model all the parameters are kept constant during the whole simulation, i.e. fracture
stiffness is not stress dependant and friction and dilation are kept constant.

2.3.2 Continuously Yielding joint model

The Mohr Coulomb fracture slip model essentially captures the fracture behaviour over
a specified limited range of effective normal stress over which the fracture parameters
can be assumed constant. However, it has been observed experimentally that the normal
fracture stiffness is dependent on the effective normal stress acting on the fracture [9,
10] and the fracture friction and dilation decrease with plastic shear displacement due to
shearing damage [11, 12].

The Continuously Yielding joint model as proposed by Cundall and Hart [8] is an
empirical fracture model intended to simulate the progressive erosion of asperities and
reduction in dilation observed in fracture shear displacement. Additionally, it accounts
for the normal and shear stiffness dependency on normal stress [4].
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3. Numerical experiments
A set of numerical analyses was designed in order to evaluate the relative importance of
several different aspects influencing the inflow into excavations.

3.1 Influence of rock mass characteristics and boundary
conditions
An extensive sensitivity analysis (560 simulations) was conducted with the aim of better
understanding the influence of the boundary conditions and several rock mass
characteristics on the simulation of inflow into excavations. Parameter ranges were
chosen according to published data [13, 14, 15] and following suggested uncertainty of
rock mechanics parameters to be used for the investigation of high-level nuclear waste
disposal sites [16].

The fracture modelled belongs to fracture set 2, the most conductive fracture set at Aspd
HRL, as considered in Stigsson et al. [13]. The fracture behaviour followed the MC slip
model. The parameter ranges used for this set of simulations in combination with the
initial model conditions presented in Section 2 are presented in Table 1. A detailed
presentation of the results of the sensitivity analysis can be found in Mas Ivars et al.
2004 [17] and Mas Ivars 2004b [18].

Table 1. Fracture properties and uncertainty ranges considered in the correlation
analysis.

[Kn* (GPa/m), Ks** (GPa/m)] [20, 12],
[61.5,35.5],
[360, 210]

Friction angle (°) 25,30, 40

Dilation angle (°) 0,5

Cohesion (MPa) 0

Initial hydraulic aperture (um) 30

Residual hydraulic aperture (pm) 5

Maximum hydraulic aperture (pm) 60

Fracture dip angle (°) 84.2 and 90

Fracture dip direction (°) 315, 337 and 360

Magnitude of in-situ principal stresses +20%

Fracture pore pressure +20%

Fluid bulk modulus (GPa) 0.2 and 2

Model size (m) 20 x 20 x 20 and 30 x 30 x 30

* Kn = normal stiffness.
** Ks = shear stiffness.

A Pearson correlation analysis [19] was then conducted with the output from the
sensitivity study regarding the inflow, maximum shear displacement and maximum
normal mechanical displacement (no residual aperture limit). The initial and residual
hydraulic apertures were not included in the correlation analysis. The objective of the
correlation was to find the most relevant parameters within the uncertainty ranges
considered for each one of them.
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Tables 2 and 3 show the correlation of the different parameter ranges combined and
used in the calculations. A low correlation does not mean that the inflow, maximum
shear displacement or maximum normal mechanical displacement are not influenced by
the parameter in question. Rather, it means that the uncertainty ranges of the low
correlated parameters are less significant than the uncertainty ranges of the highly
correlated ones in this study.

Table 2. Correlation analysis for the inflow to deposition hole.

Kn 0.329%**
Ks 0.327**
Friction angle -0.098*
Dilation angle 0.123%*
SXX 0.046
Syy 0.006
szz -0.161%**
Pore pressure -0.002
Dip angle -0.033
Dip direction -0.021
Fluid bulk modulus -0.010
Fracture length -0.035
Model size -0.014
Maximum total inflow measured 18.072 1/min
Minimum total inflow measured 0.017 V/min

** Correlation significant at the 0.01 level (2-tailed).
* Correlation significant at the 0.05 level (2-tailed).

Table 3. Correlation analysis for the maximum shear displacement and maximum
normal mechanical displacement close to the deposition hole.

Max. Shear Displ. Max. Normal Displ.

Kn 0.053 -0.620**

Ks 0.040 -0.600**
Friction angle ~ -0.272** 0.008
Dilation angle ~ -0.190** -0.052

SXX 0.256** 0.056

syy 0.032 0.007

szz -0.307** 0.016

Pore pressure 0.039 0.025

Dip angle -0.183** -0.082

Dip direction -0.318%* -0.172%*
Fluid bulk mod. 0.015 -0.001
Fracture length ~ 0.241** 0.032

Model size 0.006 -0.009
Maximum (max. shear displacement) 4.94E-3 m
Minimum (max. shear displacement) 1.05E-5m
Maximum (max. normal mech. displ.) 8.07e-4 m

** Correlation significant at the 0.01 level (2-tailed).
* Correlation significant at the 0.05 level (2-tailed).

83



As expected, the normal and shear fracture stiffness ranges considered are the most
significant factors influencing the inflow (Table 2). They are not significant for the
maximum shear displacement but they are highly significant for the maximum normal
displacement (Table 3).

Figure 2 shows the maximum and minimum inflow measured for each [Kn, Ks] case
studied including all the other uncertainty ranges. The range in measured inflow is less
than two orders of magnitude for each of the three [Kn, Ks] cases. The effect of dilation
increases with increasing fracture normal and shear stiffness (Fig. 2). This is probably
due to the fact that, once dilation starts, a high normal stiffness does not allow the
fracture to close again due to normal load as much as does a low normal stiffness. Thus,
the final aperture change due to dilation is larger for the higher normal stiffness fracture.
Besides, the higher the fracture shear stiffness, the shorter the elastic shear displacement
needed to reach the onset of rapid shear dilation (once plastic shear takes place). For this
reason, shear dilation and inflow increase with increasing fracture shear stiffness.
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Figure 2. Maximum and minimum inflow measured vs. friction angle for the three [Kn,
Ks] pairs studied.

Friction angle and dilation are highly significant for the maximum shear displacement
and significant for the inflow. When dilation occurs, inflow increases due to normal
opening of the fracture but shear displacement decreases as can be observed in Tables 2
and 3. Dilation angle is not significantly correlated to the maximum normal mechanical
displacement due to the relatively low normal displacement caused by dilation
compared to the maximum normal mechanical displacement (Table 3). However, when
inflow is considered, which includes residual hydraulic aperture (fixed minimum
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aperture threshold and fixed maximum normal displacement), the amount of normal
displacement caused by dilation is significant (Table 2).

Results presented in Table 3 show that the principal stresses oy, and o are responsible
for the fracture shear for the steep dipping fracture. However, as shear is only one of the
aspects involved in the inflow problem, only o. is significantly correlated to the inflow.
The fact that the o), is weakly correlated with all the aspects analyzed is because the
simulated fracture is sub-vertical.

The dip direction of the fracture is only significant for the shear and normal
displacement and the dip angle only for the shear displacement. The change in inflow
due to uncertainties in dip direction and dip angle is somehow truncated due to the
residual aperture (fixed minimum aperture threshold). This fact is demonstrated in Table
3, where dip direction and dip angle have a higher correlation with the maximum
mechanical normal displacement because this displacement has no residual limit.

It is important to note that the correlation of the dip angle with the inflow (Table 2) is
higher than the correlation of the dip direction even if none of them are significant. This
is probably due to the fact that the dip angle not only modifies the normal and shear
stress acting on the fracture but also changes the fracture area intersecting the deposition
hole. The importance of the dip angle for the shear displacement emphasizes the need of
three-dimensional analysis.

The high correlation of fracture length with the maximum shear displacement in Table 3
has been observed in previous studies [6, 20, 21]. Some runs were performed with
different model size (thus fracture length) and the same fracture orientation. The model
of size 30 x 30 x 30 m (fracture length of 32.59 m) gave larger maximum shear
displacement than a model with the same fracture orientation and a size of 20 x 20 x 20
m (fracture length of 21.73 m). This effect can be due to the fact that the volume of
compressible rock mass counted from the deposition hole to the roller boundaries is
larger for the larger model.

3.2 Influence of non-linear fracture behaviour

This section presents a numerical experiment for the comparison between the inflow
into an underground excavation with a MC fracture constitutive model and the inflow
measured with the non-linear Continuously Yielding joint model (CY).

The fracture data sets used in the simulations were chosen according to published data
available from Aspd area [14, 15, 22]. These data are presented in Table 4 together with
the maximum shear displacement and the inflow measured in the respective
simulations. The initial, residual and maximum hydraulic aperture are 30pm, Spm and
60 um respectively in all the cases presented in Table 4.
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Table 4. Linear and non-linear fracture input parameters and inflow and maximum shear
displacement from the numerical simulations presented in Section 3.2.

Case kn ks en es Do O i Ucs R Inflow Max.
name Us
GPa/m  GPa/m degrees  degrees  degrees m m 1/min m

Cl_McC* 20 12 - - 30 30 2 2.6e-3 - 2.27e-2  1.70e-4
C2 MC 20 12 - - 25 25 2 2.6e-3 - 2.29e-2  3.09e-4
C3_MC 360 210 - - 30 30 2 2.6e-3 - 5.8le-1  1.03e-4
C4 MC 360 210 - - 25 25 2 2.6e-3 - 8.26e-1 1.73e-4
C5_MC 360 210 - - 30 30 0 - - 4.90e-1  1.28e-4
Cl_CY** 20 12 0.0 0.0 32 26.5 - - le-3  2.28e-2 1.75e-4
C2_CY 20 12 0.0 0.0 27 21.5 - - le-3  2,35e-2  2.70e-4
C3_ CY 20 12 0.0 0.0 27 21.5 - - le-4  2.70e-2 5.11e-4
C4 CY 20 12 1.1 0.8 32 26.5 - - le-3  2.40e-2 1.73e-4
C5 CY 20 12 1.1 08 27 21.5 - - le-3  2.72e-2 2.6le4
C6_CY 20 12 1.1 08 32 26.5 - - le-4  2.40e-2 1.92e-4
C7_CY 20 12 1.1 0.8 27 21.5 - - le-4  2.92e-2  4.96¢-4
C8_CY 360 210 0.0 0.0 32 26.5 - - le-3 5.28e-1  8.67e-5
C9_CY 360 210 0.0 0.0 27 21.5 - - le-3  4.96e-1  8.76e-5
Cl10_CY 360 210 0.0 0.0 27 21.5 - - le-4  6.82e-1  8.55e-5
Cll1_CY 360 210 1.1 0.8 32 26.5 - - le-3 1.24 6.71e-5
CI2_CY 360 210 1.1 0.8 27 21.5 - - le-3 1.58 8.65e-5
CI13_CY 360 210 1.1 0.8 32 26.5 - - le-4 1.24 7.66e-5
Cl4 CY 360 210 1.1 0.8 27 21.5 - - le-4 1.63 1.47e-4

* Mohr Coulomb slip model. o= initial friction angle.

** Continuously Yielding joint model. ¢, = residual friction angle.

kn = normal stiffness. i = dilation angle.

ks = shear stiffness. Ucs = critical shear displacement for dilation.

en = normal stiffness parameter. R =roughness coefficient.

es = shear stiffness parameter. Max. Us = maximum shear displacement.

3.2.1 Direct shear simulation

To better understand the difference between the MC and the CY fracture models direct
shear test simulations were performed with the data sets in Table 4. The results of this
modelling exercise are presented in Mas Ivars, 2004a [18] and Mas Ivars, 2004b [23].

3.2.2 Inflow simulation

For this inflow simulation the fracture modeled had a dip direction of 337° and a dip
angle of 90°. Results of simulated inflow and the maximum fracture shear displacement
around the excavation are shown in Table 4 together with the fracture input parameters
used in each case.

Figure 3 presents a comparison between the calculated inflow with the MC models and
the CY models with stress dependent stiffness. In the cases with low stiffness run with
MC slip model and the ones run with the CY model and stress dependent stiffness (Fig.
3a), the inflow is slightly higher for the non-linear CY models.

The most relevant difference observed in the calculations is between the high stiffness

MC cases and the high stiffness CY cases with stress dependent stiffness (Fig. 3b).
Although the shear displacement is always lower for the CY models due to the higher
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peak strength [23], the inflow is twice the inflow measured for the MC models due to
the increase in stiffness with normal stress exhibited by the CY model.

c7 ey
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Figure 3. Comparison between calculated inflow with MC slip model and normal stress
dependent CY fracture models for different data sets according to Table 4: a) low
stiffness cases, b) high stiffness cases.

3.3 Influence of excavation diameter

In order to judge the effect of the excavation radius on the fracture inflow measured, a
set of simulations were run with three different excavation radius (0.5 m, 1 m and 2 m,
respectively) in combination with different sets of fracture parameters. The single
fracture modelled has the same orientation as the fracture in Section 3.2. The fracture
behaviour follows the MC slip model and the parameters used for this set of simulations
are presented in Table 5. The results of this set of simulations are shown in Figures 4,
and 5.

Figure 4 shows the fracture area affected (fracture aperture contours) by the excavation
and inflow into the deposition hole for fracture Case2, Case3 and Case5 (Table 5) for
the three different diameters considered. It is easily observed that the total fracture area
affected by the excavation increases with increasing excavation diameter and decreases
with increasing fracture stiffness as expected.
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Table 5. Fracture parameters for the different excavation diameter models presented in
Section 3.3.

Case Kn Ks Friction Dilation Initial Residual ~ Maximum
name angle angle hydraulic =~ hydraulic  hydraulic
aperture aperture aperture
GPa/m  GPa/m  degrees degrees pm pm um
Casel 20 12 30 5 30 5 60
Case2 61.5 35.5 30 5 30 5 60
Case3 180 105 30 5 30 5 60
Case4 360 210 30 5 30 5 60
Case5 700 410 30 5 30 5 60

Figure 5 shows the inflow measured versus the diameter of the excavation for the
different fracture cases listed in Table 5. Three different patterns can be observed in the
results. The low fracture stiffness cases (Casel and Case2) show a decrease in inflow
with increasing excavation diameter. The relatively soft fractures cause the whole
boundary of the opening to react at residual aperture and this area of residual aperture
increases greatly with excavation diameter (Figure 4a, 4b and 4c). The intermediate
fracture stiffness case (Case3) shows a clear increase in inflow with increasing
excavation diameter. Even if in Case3 the total fracture area affected by the excavation
is larger with increasing diameter, the influence of the lower normal stress in the front
of the excavation is more noticeable with increasing diameter (Figures 4d, 4e and 4f).
For the high fracture stiffness cases (Case4 and Case?) the inflow increases from 1 m to
2 m excavation diameter and thereafter decreases again for 4 m diameter (Figure 5). The
fracture is so stiff that an increase from 1 m to 2 m in the diameter of the excavation
shows little difference in the fracture area affected (Figures 4g and 4h). Therefore the
inflow increases as a consequence of the increase in diameter. An increase on diameter
from 2 m to 4 m is enough to cause a larger difference in the fracture area affected by
the excavation (Figures 4h and 4i). This causes the fracture to close much more as a
consequence of the larger excavation diameter and so the inflow decreases again.

These three different patterns of inflow versus excavation diameter for different fracture
stiffness (Figure5) show that the inflow into excavations cannot simply be assumed to
follow a constant upward or downward trend with increasing excavation diameter.

4. Concluding remarks

In this contribution a numerical study has been presented with the aim of analysing the
relative importance of some of the aspects influencing inflow into underground
excavations like: uncertainty in rock mass characteristics, relevance of non-linear
fracture behaviour and influence of the excavation width. Matrix flow, two-phase flow,
temperature effects and fracture initiation and propagation have not been considered in
this study.
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a) 1 m diameter, Case2 b) 2 m diameter, Case2 ¢) 4 m diameter, Case2

d) 1 m diameter, Case3 e) 2 m diameter, Case3 f) 4 m diameter, Case3

Sa1E-Es

g) 1 m diameter, Case5 h) 2 m diameter, Case5 1) 4 m diameter, Case5

Figure 4. Fracture aperture contours around excavations of different diameter for
various fracture cases according to Table 5.

Representative rock mechanics data from the Aspd HRL in Sweden has been used
whenever possible. However, some of the cases presented are possibly not
representative of the situation at Aspd and have been included in the study for
demonstration purposes.

The main conclusions reached are summarized in the following paragraphs.

a) Uncertainty in rock mass characteristics and boundary conditions. The most relevant
parameters affecting inflow within the ranges considered in this study were shear and
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normal stiffness (Kn, Ks), friction angle, dilation angle and magnitude of minimum
horizontal stress, o.. (Table 2). The influence of the initial and residual hydraulic
aperture (not included in the correlation analysis) is evident from the fact that the flow
is assumed to follow the cubic law. Besides, the residual hydraulic aperture limits the
relevance of other aspects such as fracture dip direction and dip angle.

b) Non-linear fracture behaviour. The inflow into excavations can be largely
underestimated when a linear fracture deformation model is used. This is especially
relevant for cases with high stiffness.

¢) Excavation diameter. The trend of the fracture inflow into cylindrical excavations of
different width depends not only on the diameter of the excavation but also strongly on
the stiffness of the fractures considered (Figure 5). These two factors interact with each
other and the upward/downward trend of the inflow with increasing/decreasing
excavation diameter cannot be easily assumed a priori.

Results presented in this study show that the effective stress redistribution induced by
excavation in a fractured rock mass can cause the fracture inflow into a larger diameter
excavation to be less than the inflow into a smaller diameter opening, depending on the
fracture properties. Therefore, stress-permeability coupling can be considered as one of
the causes for the less than expected inflow into larger diameter holes when going from
testing a slim borehole to a larger diameter hole, as observed in several field
experiments.
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Figure 5. Measured inflow versus excavation diameter for different fracture cases
according to Table 5.
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INFLUENCE OF REYNOLDS NUMBER ON FLUID
FLOW IN ROCK FRACTURES

Robert W. Zimmerman, Engineering Geology and Geophysics, KTH, Stockholm

Abstract: The character of the flow within a rock fracture depends on a dimensionless
parameter called the Reynolds number, which represents the ratio of inertia forces to
viscous forces. At very low Reynolds numbers (Re < 1), viscous forces dominate, the
flow is laminar, and the pressure drop is a linear function of the flowrate. At high
Reynolds numbers (Re > 20), inertia forces dominate, the flow is turbulent, and the
pressure drop is a quadratic function of the flowrate. There is an interesting transition
regime in which the flow is still laminar, but a small excess pressure drop appears that is
cubic in the flowrate. These ideas are illustrated by some recent laboratory experiments
and finite element solutions of the governing Navier-Stokes equations.

Introduction

Fluid flow through a rock fracture is usually assumed to obey a Darcy-like equation, in
which there is a linear relationship between the flux and the pressure gradient. At
sufficiently low velocities this must be true, since the inertial terms in the governing
Navier-Stokes equations will be negligible, and the remaining terms (pressure drop and
viscous stresses) are all mathematically linear. However, at sufficiently high flowrates,
the relationship between flowrate and pressure gradient becomes nonlinear.
Unfortunately, the complexity and irregularity of the geometry of rock fractures has
made it difficult to quantify the flowrate at which nonlinearity becomes important. Also,
the precise algebraic form of the nonlinear relationship between flowrate and pressure
drop has been a matter of controversy.

One approach to studying this question has been to apply an a priori order-of-
magnitude analysis of the terms of the governing Navier-Stokes equations (Zimmerman
and Bodvarsson, 1996; Zimmerman and Yeo, 2000). Another approach is to consider
analytical solutions for flow in simplified geometries, such as converging-diverging
wedges (Oron and Berkowitz, 1999), or fractures bounded by sinusoidal walls
(Zimmerman and Yeo, 2000). These approaches lead to the conclusion that nonlinear
effects should become appreciable at Reynolds numbers on the order of 10.

At Reynolds numbers higher than this, based on an analogy with flow in porous media,
the flow is expected to obey a Forchheimer-type equation, in which the pressure drop
includes a term that is linear in the flowrate (or Reynolds number), plus a term that
depends quadratically on the flowrate. However, a perturbation analysis known as the
“weak inertia” model (Mei and Auriault, 1991) predicts that the initial deviation from
linearity will be a cubic function of the flowrate, rather than quadratic. Currently, there
seems to be no model that can link the weak inertia regime to the Forchheimer regime.
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To help clarify some of these issues, Al-Yaarubi (2003) and Zimmerman et al. (2004)
recently performed high-resolution Navier-Stokes simulations, and laboratory flow
experiments, on an epoxy cast of a sandstone fracture. The simulations confirm the
existence of a weak inertia regime for Reynolds numbers in the range of 1-10. However,
this effect is quite small, and is probably not important for engineering purposes. At
higher Reynolds numbers, the Forchheimer flow regime is observed, in both the
simulations and the experiments. Although the critical Reynolds number at which
inertial effects become non-negligible decreases with increasing fracture roughness, for
practical purposes this transition generally occurs at about Re = 10.

Flow Regimes - Theory

At sufficiently low flowrates, the volumetric flowrate through a given fracture will be
proportional to the hydraulic head gradient. This relationship can be written in the
following form:

_TwdP

Q= TE: (1)

where Q is the volumetric flowrate, 7T is the transmissivity, u is the fluid viscosity, w is
the width of the fracture in the direction normal to the pressure gradient, and dP/dx is
the macroscopic pressure gradient along the fracture. For notational simplicity,
horizontal flow is assumed in (1), allowing the equation to be written in terms of the
pressure gradient instead of the head gradient.

The transmissivity 7 is equal to the cube of the mean aperture, multiplied by some
dimensionless coefficient that depends on the roughness of the fracture walls. This
coefficient equals 1/12 for a fracture bounded by two smooth, parallel walls. Factors
such as roughness, contact areas, etc., will cause this coefficient to further decrease.
The relationship between fracture transmissivity and geometry has been reviewed by
Zimmerman and Bodvarsson (1996); see also Adler and Thovert (1999), and Sisavath et
al. (2003).

Relationship (1) is analogous to Darcy’s law for flow through three-dimensional porous
media, and is expected to apply only for sufficiently small flowrates. The magnitude of
the flowrate is usually expressed in terms of the dimensionless Reynolds number, which
quantifies the relative strength of inertia forces as compared to viscous forces
(Schlichting, 1968). For fracture flow, the Reynolds number can be defined as

Re=Puh )

where p is the fluid density, / is the mean aperture of the fracture, and u = Q/wh is the
mean velocity. Strictly speaking, the ratio of inertial to viscous forces in a fracture
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should probably be represented by the reduced Reynolds number, defined by
multiplying Re in (2) by A/L, where L is a characteristic length scale in the direction of
flow. Although this length scale can be easily chosen for idealized cases such as a
fracture with a sinusoidal aperture variation, or a fracture containing periodic arrays of
contacting asperities, in general it is difficult to define unambiguously, and this factor of
h/L will be ignored in the subsequent discussion (see Brush and Thomson, 2003).

In porous media flow, three distinct flow regimes are known to occur as the Reynolds
number increases. Assuming for now that the same three regimes will occur in fracture
flow, they are as follows:

(a) At sufficiently small values of Re, the flow is described by a linear relation between
flow-rate and pressure drop (i.e., Darcy's law):

dP _ pQ
Cdx Tw (3)

If flow in this regime were fit to a Darcy-type law, we would find that 7 is independent
of Re:

—Q = constant , (4)

%‘:

where VP is written in place of dP/dx.

(b) At somewhat higher values of Re, there is a transitional regime in which an
additional pressure drop emerges that is proportional to the cube of the flowrate:

&0 ®

where a is some constant. If flow data in this regime is analyzed using a Darcy-type
law, the “apparent’ transmissivity would be found to vary with flowrate according to

_—u0 _ T,
- WVP 1+ (waQ2T,/n)’ ©

This regime has been called the “weak inertia regime” (Mei and Auriault, 1991).

(c) At higher values of Re, the additional non-Darcy pressure drop is proportional to the
square of the flowrate:

_dP _ puQ 2
dx Tow+bQ )
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where b is another constant. This regime is known as the “strong inertia regime”, and
(7) is the Forchheimer equation (Bear, 1972). In this regime, the apparent transmissivity
is given by

_ O _ To
r'= wVP 1+ (wbOT,/u) ®)

The Darcy regime and Forchheimer regime have for many years been known to occur in
both porous media and fractures. Although the existence of these two regimes is an
empirical fact, both can be simply rationalized. At low flowrates the flow is governed
on a microscopic scale by the Stokes equations, which contain no inertia terms, and
which consequently are linear. Hence, it is expected that the mean flowrate and mean
pressure drop will be linearly related. At high flowrates, inertial effects (i.e., kinetic
energy) become dominant, and it is expected that the pressure drop will be proportional
to the velocity squared, as in (7).

The existence of the transitional regime, in which the non-Darcy pressure drop is
proportional the cube of the flowrate, is not intuitively obvious. The existence of this
regime was first predicted, for porous media, by Mei and Auriault (1991), based on a
perturbation expansion of the governing Navier-Stokes equations. Although the
mathematical details are complex, the basic idea is that if the pressure gradient can be
expressed as a power series in the velocity, only odd powers of Q can appear in the
series, because, for example, if the direction (sign) of the pressure gradient is reversed,
the direction of flow must also be reversed. (This implicitly assumes that the geometry
of the fracture is statistically symmetric with respect to the +x and —x directions.) From
this argument, the first deviation from linearity in the relationship between pressure
gradient and flowrate will be a O’ term rather than a O term.

Derivations such as that of Mei and Auriault indicate the regimes that are expected to
occur, and the type of algebraic relationships that should exist between flowrate and
pressure gradient, but do not provide numerical estimates of the value of the various
non-Darcy flow coefficients, or estimates of the critical values of Re at which the
nonlinear effects become important. Zimmerman and Yeo (2000) used an order-of-
magnitude analysis of the governing Navier-Stokes equations to predict that the
nonlinear effects will become “important” (defined by the point at which they contribute
about 10% to the overall pressure drop) when Re reaches about 15. Oron and Berkowitz
(1999) used the Jeffery-Hamel solution for flow between converging or diverging plates
as a model for fracture flow, and predicted a “critical” Reynolds number of about 10.
Skjetne et al. (1999) solved the Navier-Stokes equations in a one-dimensional irregular
channel geometry (i.e., with no aperture variation in the direction normal to the flow)
that was intended to mimic a rock fracture, and found 10% deviations from linearity
when the Reynolds number reached about 7.

On the other hand, several well-known monographs on rock mechanics suggest critical
Reynolds numbers for fracture flow in the range of 100-2300 (Wittke, 1990; Lee and
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Farmer, 1993). Additionally, the analysis presented by Mei and Auriault (1991)
predicting the existence of the weak inertia regime in which the non-Darcy pressure
drop is cubic in the velocity has not been universally accepted. Chen et al. (2001)
presented an alternative perturbation analysis of the Navier-Stokes equations, and found
that the first deviations from linearity were of second-order in velocity, not third-order.

So, it seems that the structure of the various flow regimes in rock fractures has not yet
been settled. To clarify this matter, Zimmerman et al. (2004) conducted flow
experiments in a replica of a natural sandstone fracture, and also carried out simulations
of flow within this fracture using a Navier-Stokes finite element code. Their results are
summarized below.

Flow Simulations and Measurements

Fracture Replica and Measurement

Replicas of the surface of a natural fracture in a red Permian sandstone were made using
Araldite; the process is described in detail by Yeo et al. (1998). The surface profiles of
both opposing surfaces were measured using a Talysurf profilometer, a device used in
tribological studies of automotive parts. This device utilizes a diamond stylus of 2 um
radius at the end of a cantilevered arm, the vertical motion of which is measured with a
laser, to within an accuracy of £10 nm, as the stylus traverses the surface. Surface
elevations of the fracture surface were thereby measured to within a vertical accuracy of
much better than 1 pm, every 20 um in both the x and y directions. Measurements were
made of several 2 cm x 2 cm regions of the surface, leading to data files containing on
the order of 10° profile height values for each of the two surfaces (Fig. 1a).

- Veblege: Enbagin

—

Fig. 1. (a) Upper and lower surfaces of a 2 cm x 2 cm region of a sandstone fracture. The colors
represent elevations above some nominal plane; dark blue = 0, light pink = 2.2 mm. (b) Fracture
casts used in flow measurement experiment.
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Finite-Element Simulations

The surface data were then used as input to the mesh generator GEM (Pain, 2000),
which generates a computational mesh consisting of quadratic elements. The mesh was
taken to have a spacing of 200 um in the x and y-directions, which is coarser than the
grid on which the surface data was measured. However, comparison of the discretized
boundary as used in the mesh, and the original data, showed a root-mean-squared
discrepancy between the measured profiles and the computational grid that was less
than 1% of the mean aperture. The small-wavelength roughness components that are
lost in this smoothing process are clearly of small amplitude, consistent with the
findings of Brown and Scholz (1985). The transmissivity is, to first-order, proportional
to the cube of the aperture, so the error induced by this smoothing should be no more
than 3%. The grid contained ten (or fifteen) layers of elements in the transverse (z)
direction, giving a total of 100,000 (or 150,000) elements.

The finite element code FLUIDITY (de Oliveira, 1999) was used to solve the flow
equations in the 2 cm x 2 cm region. The boundary conditions are taken to be uniform
pressures P; and P, on two opposing faces (say, x = 0 and x = 2 cm), with zero normal
velocities along the two lateral faces (v = 0 and y = 2 cm). These latter conditions are
equivalent to imposing periodicity in the y-direction. All velocity components were
taken to vanish along the upper and lower boundaries of the flow region, which
correspond to the two rock walls. The total flux Q through the fracture was found by
integrating the normal component of the velocity across the outlet face at x = 2 cm.
Finally, the transmissivity 7" was found from its defining equation, Q = -(Tw/u)(dP/dx).

Flow Measurements

The transmissivities of two 2 cm x 2 cm regions of fracture were also measured in the
laboratory (Fig. 1b). The top and the bottom halves of the fracture casts were first
connected to V-shaped channel extensions, which allowed the fluid to be spread
uniformly across the inlet and the outlet regions. Four pressure-monitoring ports of 0.75
mm diameter, two at each end of the fracture, were drilled through the upper half of the
fracture, terminating at the fracture plane. The two fracture halves were then brought
together until they contacted each other at a few contact points, after which the sides the
device were sealed to prevent leakage of the fluid. The mean aperture of the assembled
fracture apparatus was then determined by a procedure described by Al-Yaarubi (2003).

Two holes of 2 mm diameter were drilled at the two ends of the flow system, one for the
inlet and the other for the outlet. The inlet was connected to a syringe pump from which
the fluid is injected into the fracture. The outlet was connected to a graduated measuring
cylinder (+0.05 cm’) to collect and measure the outflow fluid during a specific period of
time. The four pressure ports on the top of the device were attached to liquid
manometers (£0.5 mm) to measure the liquid heads at the inlet and outlet of the
fracture. Distilled water was used as the pore fluid.
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Results and Discussion

Flow experiments and simulations were conducted on the fracture replica sample shown
in Fig. 1a, over a range of flowrates. For both the flow experiments and simulations, the
fracture void space had a mean aperture of 148.9 mm, and a standard deviation of 55.5
mm. The computed value of 7, was 0.134x10"? m*, whereas the best-fit (at low Re)
measured value was 0.136x10™'% m*.

The measured and calculated transmissivities are plotted in normalized form in Fig. 2a
as functions of the Reynolds number, defined as in (2). The filled circles are computed
values, and the open circles are measured values. The large amount of scatter at low
flowrates is due to the fact that at low flowrates (and hence low pressure drops), the
absolute errors in reading the manometers and the effluent volume create large relative
errors in the computed transmissivities. At higher flowrates the relative errors become
small - less than the diameter of the plotted circles - and the data show less scatter.

First, the ability of the Forchheimer equation to model the flow behavior is investigated.

As the value of the parameter b is unknown, and the flowrate is proportional to Re, (8)
can be written as

N
T_1+,BRe’ ©)

where fis a dimensionless Forchheimer coefficient.
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Fig. 2. (a) Measured and computed transmissivities of fracture shown in Fig. 1a, showing fits to
the Forchheimer equation; (b) plot of excess flow resistance, showing the transition from the
weak inertia regime to the Forchheimer regime.

The curves in Fig. 2a are Forchheimer functions of the form (9), with £ chosen to
optimize the fit at high Re. Both the computed and measured transmissivities are well fit
by the Forchheimer relation, although the measured and computed values of S differ by
nearly a factor of 2. This is probably due to the fact that the computational grid did not
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include the roughness components with the highest spatial frequencies, and so the
frictional resistance was underestimated in the simulations.

When the transmissivities are plotted as in Fig. 2a, the transitional regime between
Darcy flow and Forchheimer flow is difficult to see, although its existence can be
inferred by the fact that in the range of 5 < Re < 20, the fitted Forchheimer curve
underestimates the computed transmissivities. The scatter in the measured values
prevents this transitional regime from appearing at all in Fig. 2a. However, Skjetne et al.
(1999) showed that the character of the transitional regime could be investigated by
plotting the excess hydraulic resistance divided by Re. Specifically, in the weak inertia
regime (6) can be rearranged into

% — aRe. (10)

On the other hand, in the Forchheimer regime (8) or (9) can be re-written as

Tl g (11)

Hence, if the ratio on the left-hand side of (10) or (11) is plotted against Re, the data
should, according to the weak inertia model, initially fall on a straight line, as in (10),
and then level off to a constant value, as in (11). However, if the initial deviations from
linearity of the pressure drop vs. flowrate relation are quadratic, as predicted by Chen et
al. (2001), then this ratio should yield a horizontal line, for all values of Re.

The computed and measured transmissivities are plotted in this form in Fig. 2b. The
computed values obey quite well the scheme described above for the weak inertia model
— increasing at first, and then leveling off as Re increases. The measured transmissivities
exhibit much scatter, which is made worse by plotting the data as in this way, which is
equivalent to numerical differentiation. It is difficult to see any trend for Re < 10, but
for Re > 10 these data do seem to be leveling off to a constant value of f.

Summary

Navier-Stokes simulations and laboratory flow experiments have been performed on an
epoxy cast of a rock fracture. The simulations clearly confirm the existence of a weak
inertia regime for Reynolds numbers in the range of 1-10, in which the additional non-
Darcy pressure drop is proportional to the cube of the flowrate. This is in agreement
with the analysis of Mei and Auriault (1991). However, this effect is very small, and is
probably not important for engineering purposes. The measured transmissivities show
too much scatter to indicate any trend in this transition regime.

A Forchheimer regime, in which the non-Darcy pressure drop is quadratic in the
flowrate, is observed for larger Reynolds numbers, both experimentally and
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computationally. For practical purposes, the Forchheimer relation can probably be used
over the entire range of Re, as it effectively reduces to Darcy’s law at low values of Re.
For engineering purposes, one can define a “critical” value of Re at which the non-
Darcy pressure drop contributes, say, 10% of the total pressure drop. Although this
critical Reynolds number decreases with increasing fracture roughness (see Al-Yaarubi,
2003), for practical purposes this transition occurs at about Re = 10.
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GOTATUNNELN - EN TAT BERGANLAGGNING I
GEOTEKNISKT KANSLIG MILJO

The Gota Tunnel — an impervious rock structure in a sensitive
geotechnical environment

Ulf Lindblom, Gecon
Bengt Ludvig, Geosigma
Hdkan Axelsson, Vigverket

SAMMANFATTNING

Det finns en rad krav som reglerar titheten hos en tunnel, samhilleliga, trafiktekniska och
bygginriktade. Dessa paverkar de injekteringsstrategier som tillimpas. Det normala ir att
man anpassar injekteringens utformning efter geologin. Metoden med fast injekteringscykel
kan anvéndas dir geologin &r likartad och ger produktionstekniska fordelar och har anvénts
1 Gotatunneln. Tunneln bestdr av tvdr 120 m2 ror, atskilda av en 10 m bred bergpelare.
Injekteringsskdrmen har 77 st, 19 m ldnga hal. Den tillimpade GIN-principen definierar
produkten tryck och injekteringsméngd, d.v.s. injekteringens intensitet, till 30 MPa*liter/m.
Brukets vct var alltid 0,8. F4 om- och efterinjekteringar har behovts. Injekteringen har lett
till att vattendomens krav blivit uppfyllda och att inrinningen till tunneln hamnat inom
ramen for den berdknat tillatna. Trots detta kommer viss, lokal infiltration via borrhal bli
nddvéndig under driftstiden liksom vatten- och frostisolering pa delar av tunnelstrackan. De
prognostiserade bergkvaliteterna blev 1 stort sett bekriftade, liksom fordelningen av
forstarkningsklasser. Platsgjuten betonginklddnad kunde ersdttas med bultar, gitterbdgar
och armerad sprutbetong.

SUMMARY

A number of requirements regulate the tightness of a rock tunnel, such as environmental as
well as traffic and construction related demands. These affect the strategies for grouting of
the rock. As a general role, the grouting design is adopted to the geology. However, by
using a fixed pregrouting cycle, production efficiency may be gained, and was used in the
Gota tunnel. The tunnel has two tubes, each 120 m2, separated by a 10 m pillar. The
grouting fan includes 77 drill holes, each 19 m long. The utilised Grouting Intensity
Number (GIN), defined as the applied grouting pressure times the volume of grout
consumed, was 30 MPa*litre/ m of drill hole and the water-cement ratio was always 0,8 (by
volume). The grouting efforts have resulted in lower inflow to the tunnel than predicted and
in the fulfilment of the environmental verdict on the project. Despite this, some spot-wise
infiltration of water will be necessary during the operational time, to safeguard the
groundwater levels above the tunnel. Locally, a water sealing membrane has been installed
to prevent water from dripping onto the roadway. As regards rock quality and rock support,
the conditions predicted in the design documents were generally confirmed during
construction.

" Tidigare Tyréns
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1. Krav p4 tithet

Det finns en midngd krav som reglerar en modern trafiktunnel. Som presenterades vid
Bergmekanikdagen 1999 [1], kan kraven hinforas till tre intressegrupper, samhéllet (tredje
man), den som skall dga och driva tunneln (bestdllaren) samt den som skall bygga
(entreprendren). Det &r viktigt att notera, att kravuppfyllnaden beror pé entreprendrens sitt
att skota bygget och efterleva handlingarna, savédl vad avser tekniskt utforande som
egenkontroll.

Buller och vibrationer &dr ocksa en del av kravstrukturen, med indirekt paverkan pa tunnelns
tathet.

1.1 Samhallets krav

Det ér ett uttalat krav frdn samhillet att kontrollera och minimera miljopéverkan av olika
former av verksamhet som ger ingrepp i miljon. Samhéllet utovar sitt inflytande genom att
krava miljokonsekvensbeskrivningar (MKB) och, vid mer omfattande projekt, miljodom.
Dessa domar utfardas vid miljodomstolar i landet. Vid projekt som innebédr bortledande av
grundvatten, som en tunnel, ersitter miljddomen den tidigare vattendomen som ett underlag
for godkédnnande av projektet.

Vid tunnlar i stadsmiljo stills speciella krav, da dven blygsamma avsdnkningar av
grundvattnet kan leda till svara geotekniska problem. Grundvattnets kemiska kvalitet star
ocksa 1 fokus.

For att sdkerstilla efterlevnaden av miljddomen krdvs nadgon form av kontrollprogram for
grundvattennivaer, floden och vattenkvalitet. Ansvaret for att dessa mitningar utfors och
redovisas faller vanligen pd byggherren, medan Lénsstyrelsen bevakar att miljodomen
uppfylls pa basis av métningarna.

Figur 2 visar schematiskt kontrollprogrammet for grundvatten i1 projekt Gotaleden.

1.2 Tunneligarens krav

Forutom att sikerstilla att samhéllets miljokrav uppfylls enligt ovan, har dgaren till tunneln
starka onskemal att skapa en bra milj6 i tunneln och att minimera underhallsbehovet. I en
modern trafiktunnel dr det inte acceptabelt med takdropp, fukt- och tjilproblem eller
stdndiga avstdngningar for reparationsarbeten.

Trafikmiljokraven innebér ofta en skdrpning av kraven som avser omgivningspaverkan. |

Gotatunneln har injekteringsprogrammet i stort gett en sd tét tunnel att grundvattenytorna
endast avsdnkts marginellt. Infiltration krdvs endast punktvis pd ca 10 stillen for att lokalt

104



forhindra avsénkning. Trots dessa frdn miljosynpunkt goda resultat har vatten- och frost-
isolering fétt installeras pé langa strickor i tunneln for att uppfylla trafikmiljokraven

: Interna
1 forhallanden

1
I
i
1 i tunnel och |
i schakter . !
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! i
! 1
! i
i 2 I
! : ‘ 1
: Vattenfloden for Vattenkvalitet i :
] - Bortpumpat vatten - Bortpumpat vatten i
1 - Vattenbalans - Delfloden 1
i - Delfloden :
! i
. i
e v o e s o o aow e o e e —— s 500 - —
Externa
: forhallanden . :
e P L e T
erifec o - Uttag - Dréneringar
- Dréneringar

Lokal ttenkvalitets-
vattenbalans foridring
storning

Nederbord Vattenstand

Figur 1. Kontrollprogram for grundvatten.

Figure 1. Control program for groundwater

1.3 Byggarens krav

Tidigare var det inte ovanligt att vattenproblemen vid drivningsfronten var ett verkligt
bekymmer for arbetarna och att man av den anledningen injekterade av arbetsmiljoskal. I
gruvor och vattenkraftsprojekt forekommer det fortfarande att byggarens krav styr
injekteringsarbetet, men knappast i moderna trafiktunnlar.

105



Entreprenoren har att utféra arbetet sa, att samtliga krav frdn samhille och bestillare kan
uppfyllas. De arbetsmiljoproblem som kan uppstd dr snarare relaterade till injekterings-
medlens kemi an till vattenméngden.

2. Injekteringsstrategier

Berginjektering dr en erkdnt svar byggprocess som dr paverkad av ett stort antal faktorer,
som geologi, borrhalsplacering, egenskaper hos bruket, injekteringsutrustning och anvént
trycksittningsprogram. Det har diarfor viaxt fram ett antal “skolor” for hur man bor gé
tillviga for att uppnd bésta resultat. De tvd metoder som anvénts vid Chalmers- respektive
Gotatunneln beskrivs nedan.

2.1 Geologianpassad injekteringscykel

Detta dr den idag mest anvinda modellen for att planera och utfora tunnelinjektering. Den
bygger pa den geologiska och hydrogeologiska undersokning som utfors vid projekteringen
av tunneln och pé en prognos av bergmassans injekterbarhet som baseras pa dessa data.

Prognosen Oversdtts 1 bygghandlingen till sd kallade injekteringsklasser, innehallande
beskrivningar av injekteringsskdrmar, bruksegenskaper (vct m.m.) och trycksittningspro-
gram for det aktuella avsnittet av tunneln. Injekteringsklassens giltighet testas genom
kartering 1 tunneln och kan vid behov édndras under byggets gang. Kvalitetsmattet pa
injekteringsresultatet fir man genom vattenforlustmétningar i injekteingshal.

Denna injekteringsstrategi anvdndes med framgidng i Chalmerstunneln som nyligen
byggdes fardig i Goteborg. Den dr dock relativt omstidndlig och tidskrdvande att anvdnda
och kan ge mycket stilltid och stora storningar pa drivningscykeln for tunneln.

2.2 Fast injekteringscykel

Med denna strategi anpassar man inte utforandet till sma variationer i berget. For att minska
storning péd drivningen anvinder man en enda, eller nigra fa, injekteringsskdrmar som
“klarar allt”. Principen &r att gora en kraftig forsta injekteringsomgéng for att undvika flera
omgangar med mellanliggande métningar. Val av injekteringsmetoder baseras pa de
geologiska och hydrogeologiska forundersokningarna. Tanken &r att praktiskt taget alla
bergsprickor skall nds av skdrmen och att endast de allra finaste, de under 0,2 mm, inte
kommer att ta emot bruk.

De ménga hal som kravdes 1 Gotatunneln borrades relativt snabbt av en modern tunnelrigg
och Ovrig verksamhet kunde anpassas efter den tid detta tog. Uppborrningen av
sonderingshal, som ingick 1 skdrmen, anvidndes for att verifiera bergkvaliteten. Dér
prognosen visade hogre vattenforing, utdkades skdrmen med fler och langre hél 1 botten.
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Metoden kombineras med anvédndning av stabila injekteringsbruk (vct<l1) och flyttillsatser.
I Gotatunneln gav detta att salvborrningen kunde paborjas kort tid efter injekteringen.

2.3 GIN-principen

Den sa kallade GIN-principen' [2] definierar ett samband mellan totalt injekterad volym

(V) och slutligt injekteringstryck (p) for en skdrm. Principen bygger pé att produkten p*V,
det s& kallade GIN-index, dr ett mitt pd den energi som anvints vid injekteringen och
saledes ar ett kvalitetsmétt for utford injekteringsinsats.

Figur 2 visar det V/p-diagram med GIN-index, 30 MPaxliter/m som anvénts i Gotatunneln.
Kurvan éar en hyperbel (p*V=konstant) och motsvarar en given injekteringsintensitet. En
tunn spricka tar mindre bruk men fir stérre tryckupp-byggnad én en bred spricka. Vid
tillimpning av ett och samma GIN-index far alla sprickor samma injekteringsintensitet.

k- e e pplasion 320

Priw 1 ————,

P
A

Figur 2. GIN-kurva samt gransvérden for injekteringstryck och bruksvolym.

Figure 2. GIN curve and limiting values for pressure and grout volume.

Vid anvindning av GIN-metoden anvidnds samma bruk genomgaende. Av praktiska skal
satter man normalt gransvérden for bdde p och V.

! Grouting Intensity Number, upphovs méin Lombardi & Deere [2].
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3. Injektering i Gotatunneln

Under de senaste artiondena har tithetskraven pa tunnlar gradvis stigit. Gétatunneln har fatt
acceptera en tidigare inte kédnd ambitionsniva pa detta omrade, Till en stor del beror detta
pa sittningskédnsligheten hos flera fastigheter 1 Goteborgs stadskdrna, vilka berors av
tunneln. Projektet har alltsd hela tiden statt infor en mycket stor utmaning for tatnings-
tekniken.

3.1 Malséittning

Den primdra malsdttningen for injekteringen var att de restriktionsnivder pa
grundvattenytan som anges i vattendomen skulle kunna innehéllas. Grundregeln hir var, att
en avsdnkning pa hogst 1 m i sittningsgivande jordlager kunde accepteras. Ett
kontrollprogram bestdende av avldsningar 1 ett ndtverk av borrhdl i jord och berg har
genomforts under tunneldrivningen. Varje sddant hal har asatts en larmnivé och en lidgsta-
nivé som skall sékerstilla att vattendomen efterlevs.

En hydrogeologisk analys visade att avsdnkningskravet i vattendomen motsvarar ett hogsta
tillatet inlickage pa 0,7 liter per minut och 100 m tunnel. Att uppna en sadan tithet var en
andra malsittning for injekteringen. Verifikationen krdver ett noggrant matprogram for
inldckande vatten.

3.2 Utforande

Det dr vilkdnt att man far den bésta titningseffekten med forinjektering, det vill sdga
genom att behandla ordrt berg framfor drivningsfronten. I Gotatunneln dér varje tunnelror
ar ca 120 m2, anvindes en 19 m lang skdrm bestdende av 77 hal, se Figur 3 Samma skérm
anvindes oavsett bergkvalitet; enda undantaget var dubbla borrhdlsrader i sulan dér
bergprognosen visat risk for hog vattenforing.

De uppborrade hélen injekterades i grupper med borjan i sulan och sedan successivt uppat i
viaggarna tills hela skdrmen varr fardigbehandlad. Som injekteringskriterium anvindes
GIN-metoden (GIN-index 30 MPax*liter/m) med begridnsningarna 3 MPa i tryck eller 50 kg
(20 liter) cementbruk per meter hél, se Figur 2. I praktiken blev det ndgon av dessa
begriansningar som utgjorde stoppviarde for injekteringen. Genomgdende anvéndes
Injekteringscement 30 med vct 0,8. Erfarenheten var att denna forinjekteringsform var
robust och enkel att planera och darfor gav relativt liten stérning pa Ovrigt bergarbete.
Metoden bygger pa noggranna forundersokningar och verifieringar av bergkvaliteten under
sonderingsborrningen och efter utspringningen..
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Figur 3. Injekteringsskarm.

Figure 3. Grouting fan.

3.3 Resultat

Figur 4 ger en Oversikt av inldckaget under en period, fordelat péd olika delomréden, ridknat
per tunnelmeter. Den mest exakta maitningen genomfordes julen 2003, da ingen
vattenkrdvande aktivitet forekom 1 tunneln under tvd veckor. Totala inrinningen
konstaterades dé vara 19 liter per minut, att férdela pa en davarande total tunnelldngd om ca
2800 m (inklusive tillfarter och dvriga utrymmen). Detta innebdr, att kravet pd inrinning,
0,7 1/min.,100 m, var uppfyllt vid tillfillet. Senare matningar har visat dn ldgre specifik
inrinning. Vid fardigstélld tunnel pekar métningarna mot ca 0,6 I/min., 100 m tunnel. Den
heldragna linjen 1 figuren visar infiltrerad vattenmangd.

Trots det goda injekteringsresultatet har det varit svart att overallt klara det priméra kravet
gillande grundvattennivder. Figur 5 visar uppmadtta ytor i kvarteren kring Magasinsgatan i
centrala Goteborg. Flera av dessa hal kréver konstgjord infiltration for att inte avsdnkas mer
in en meter under larmnivén. Oavsiktliga bortfall av infiltrationen ger ofta omedelbar
avsinkning i nérliggande hal.
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Figur 5. Grundvattenytor vid magasinsgatan augusti 2004 — januari 2005.
Figure 5. Groundwater levels in a central city block 2004-08 to 2005-01.



I den fardigutsprangda tunneln nyaret 2005 infiltrerades ca 10 liter per minut 1 totalt 7 hél
borrade fran tunnlarna ca 30 m ut i omgivande berg. Det &r troligt att infiltrationen maste
fortga under tunnelns driftstid for att vattendomens krav skall hallas uppfyllda.

3.4 Efterinjektering

Trots att vattendomens krav uppfylls finns det lokala omrdden i tunneln som maste
efterinjekteras. Till detta arbete anvdndes microcement och Tacss, som injekterades 1 hal
borrade tvirs forinjekteringshalen.

Det visade sig svért att uppnd torrhet pa tunnelytorna med de gjorda efterinjekterings-
insatserna. Kvarstdende dropp 1 konstaterades i flera partier av de bada tunnelréren nér
efterinjekteringen var klar. Ovriga delar av tunnelroren har betydligt lagre frekvens av
dropp.

3.5 Vatten- och frostisolering

Med hénsyn till trafikmiljon, som inte kan acceptera dropp fran tunneltaket, har vatten- och
frostisolering installerats inom de omraden som uppvisar dropp och fukt, totalt pa drygt en
tredjedel av tunnelstrickningen. Sprutbetong med specialfibrer har anvénts for att klara
kravet pa brandmotstand.

4. Forstirkning i Gotatunneln

Under projekteringstiden gjordes att antal geologiska undersokningar léngs
tunnelstrickningen. Dessa sammanstélldes 1 forfragningsunderlaget till prognoser over
bergkvaliteten och tunnelstabiliteten, uttryckt i tunnelindex Q [3] och tillhdrande
forstarkningsbehov. Det kan vara av intresse att géra en jamforelse mellan dessa prognoser
och det verkliga utfallet.

4.1 Prognoser
I figur 7 visar den roda kurvan hur prognosen for Q-virden sig ut innan byggstart.

Forstirkningsklasserna var kopplade till olika intervall av Q. Innebdrden 1 forstarknings-
klasserna visas 1 Tabell 1.

111



4.2 Verkligt utforande

I Figur 7 har dven resultatet av geologisk kartering i tunneln redovisats. Karterings-
resultatet har “6versatts” till Q-vérden, den bla kurvan. Man ser att Gverensstimmelsen med
prognosen for Q i allmidnhet dr god. Man kan darfor forvdnta att forstirkningen som
anvénts ocksa bor stimma vil med forfragningsunderlagets méngder.
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Figur 7. Prognostiserade och karterade Q-vérden lédngs tunneln (sddra roret)

Figure 7. Predicted and actual (mapped) values of Q along the southern tube.

Tabell 1. Prognostiserad och installerad fordelning av forstirkningsklasser i Gotatunneln.

For- Bult Sprut- | %-andel | %-andel
stark- | (4 m) betong i installerad
nings- | Tak/Viagg | Tak/vigg | prognos
klass c/c (FU)

m mm
1 2,2/ - 70/40 36 27
2 1,7/1,7 | 100/70 40 35
3 1,4/1,4 | 130/100 | 24,5 16
4 1,2/1,2 | 160/130 8 13
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Tabell 1 redovisar den forstirkning som fram till mars 2004 faktiskt installerats i tunneln.
Bergtunneln var da till 95% fardig. Man kan konstatera en relativt god korrelation mellan
handlingarna och verkligheten.

4.3 Atgirder vid liten bergtickning

Forutom vid bergpaslagen har Goétatunneln liten bergtickning vid tvd passager, Stora
Hamnkanalen och Kungsgatan. Ursprungligen forutsatte handlingarna att barande betong-
inklddnad skulle utforas pa dessa stéllen. Detta skulle ha inneburit &n mindre tdckning pa
grund av storre utsprangd sektion och dérav foljande hoga forstarkningskostnader.

Mot bakgrund av dkad kdnnedom om berget, bland annat dess forutsdgbara kvalitet som
verifierades genom borrningar inifrdn tunneln, samt uppmétta hdga bergspénningar i
horisontalled, beslots tidigt att betongen kunde ersédttas med bultar och sprutbetong i
kombination med tétt satta gitterbagar (ej vid paslagen). I forutsdttningarna for utbytet
ingick, att bergrorelserna skulle foljas mycket noggrant med extensometrar och konver-
gensmdtningar. Inte i ndgot fall har bergrorelser 6ver 1 mm konstaterats.

Forutom en del svarigheter vid insprutningen av bagarna har utbytet av betongliner mot
lattare forstarkning fungerat mycket val

5. Slutsatser

Bergarbetena 1 Gotatunneln avslutades senhdsten 2004. Foljande slutsatser rdérande
injekterings- och forstarkningsarbetena kan dras:

5.1 Injektering

e Metoden med fast forinjekteringcykel och stabilt bruk fungerade vail.

e Spriangningsarbetena kan ha skadat den forinjekterade zonen och omlagring av de
hoga horisontalspanningarna kan ha gett upphov till efterinjekteringsbehovet i
tunneln

e Miljodomens mycket stringa krav pa grundvattennivaer uppfylldes generellt

e Inrinningen till tunneln blev ldgre den berdknat tillatna, vilket gor Gotatunneln till
en av de titaste bergtunnlar som hittills byggts

e Lokal vatteninfiltration frdn tunneln kravs for att uppratthdlla nivan i nagra lokala
akvefdrer

e Efterinjekteringen klarade ej trafikkraven fullt ut — vatten- och frostisolering har
installeras pé drygt en tredjedel av tunnelstrickan
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5.2 Bergkvalitet och forstirkning

e Prognostiserade bergkvaliteter enligt Q-metoden blev i stort sett bekriftade

e Fordelningen av forstarkningsklasser blev ddrmed ungefédr som forvéntad

e Inga ovintade bergrorelser skedde — god bergmekanisk sidkerhet uppniddes

e Platsgjuten betonginklddnad kunde erséttas med bultar, gitterbagar och sprutbetong
Omnimnande

Ett stort antal foretag och personer har varit engagerade 1 Gotatunneln, fran projektering till
utférande. Det dr endast mdjligt att hdr ndimna de foretag som varit huvudaktorer:

Byggherre: Vigverket Region Vist, GoteborgsProjekten i samverkan med
Goteborgs kommun

Huvudkonsulter och projekteringsansvariga: Gatubolaget och SWECO

Ansvarig bergprojektor: Tyréns (tidigare Petro Bloc)

Konsult grundvattenfragor: VBB-VIAK

Konsult sprangning/vibrationer: Nitro-consult

Entreprendr huvudtunneln: Véigverket Produktion

Underentreprenor bergforstarkning och titning: Byggs

Forfattarna vill framfora ett stort tack till Véigverkets projektledning och till kollegor for
tillgang till informationen i artikeln.
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STOPPKRITERIER VID INJEKTERING
Stop criteria in grouting technology

Gunnar Gustafson, Chalmers
Hdakan Stille, KTH
Thomas Dalmalm, NCC/SveBeFo

Sammanfattning

I artikeln beskrivs grundldggande ekvationer for sambandet mellan intrdngning och
injekteringstid for sdvil endimensionellt som radiellt flode i berg. Genom dessa ekvationer dr
det idag mojligt att, pa ett ingenjérsmassigt sitt, bedoma lampliga stoppkriterier vid
injektering.

Mer specifikt ger de framtagna ekvationerna oss dels (i) mdjlighet att bedoma
dimensionalitetet pd brukets spridning utgaende fran uppmatt tryck- och flodeskurva med
tiden dels (ii) mdjlighet att bestimma vilka stoppkriterier som skall gilla for att uppné en
onskad intrdngning givet information om bruket och bergets sprickighet.

I artikeln tillimpas dven de framtagna sambanden pa data erhéllna fran en utford injektering,
vilket tydligt illustrerar vad som hinder under injekteringen och hur ett lampligt
stoppkriterium for den specifika injekteringen borde definieras.

Summary

In this paper fundamental equations describing the relationship between grout penetration and
grouting time are given for one dimensional- and radial flow. Based on the equations, it is
now possible to make engineering judgements regarding suitable stop criteria for grouting.

More specifically the presented equations provide the possibility to judge the number of
dimensions in which the grout will flow based on measured flow and pressure. They also
provide the possibility to decide which stop criteria is suitable in order to achieve the required
penetration, based on given information about the grout and the condition of the rock.

In the paper an example, taken from a real grouting work, is analysed and discussed regarding
both the dimensionality and suitable criterion to stop the grouting.

Inledning

Spridningen av bruket i bergets sprickor styrs av komplexa samband. De efterstrdvade
egenskaperna sasom spridning av bruket och hur vél sprickorna titas &r inte direkt méitbara
under sjdlva injekteringsarbetet. Det innebér att frigan om nér injekteringen kan avbrytas inte
gar att besvara med enkla regler eller observationer. For att sdkerstdlla att bruket spridit sig
tillrackligt och fyllt ut sprickorna anvénds vanligen ett krav pa att flodet skall understiga
givna virden vid ett visst tryck. Detta bendmns ibland stopptryck vilket kan ge en felaktig
bild. Det finns inget tryck vid vilket injekteringen inte langre kan spridas, tvirtom vid en
hojning av trycket okar alltid flodet.

For att minska risken for att erhélla for stora spridningar och ddrmed dalig effektivitet
begrinsas normalt den injekterade volymen och tiden fér pumpning. Injekteringen ska
avbrytas dd man uppnatt en viss maximalt tillaten volym (V) eller da injekteringen av ett
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hal pagitt en langsta tillaten tid (,4,) eller da injekteringsflodet sjunkit till ett angivet ligsta
flode (Q). Vanligen bestims dessa stopp kriterier utifrdn beprovad praxis och utan nagon
teoretisk underbyggnad.

Dalmalm (2003) visade hur man med hjélp av empiriska och semiempiriska metoder kunde
tolka uppméitt injekteringsforlopp till att gilla en bedomd intrangning dvs att man erhallit en
tillracklig intréngning i berget runt den blivande tunneln. Gustafson och Claesson (2004) har
kunnat hirleda grundldggande ekvationer for hur sambandet intrdngning och tid ser ut for ett
givet bruk och utférande for sdvil endimensionellt som radiellt flode. Dessa 16sningar har i
Eriksson och Stille (2005) getts explicita uttryck for en mer direkt ingenjorsméssig
tillimpning. Detta innebér att vi idag pa ett mycket mer ingenjorsméssigare sétt kan bedoma
lampliga stoppkriterier vid injektering.

Mer specifikt ger det oss dels (i) mdjlighet att bedoma dimensionalitetet pa brukets spridning
utgdende fran uppmitt tryck och flodeskurva med tiden dels (ii) mojlighet att bestimma vilka
stoppkriterier som skall gilla for att uppné en 6nskad intrdngning. Syftet med denna artikel ar
att kort beskriva dessa mdjligheter.

Grundliaggande analytiska losningar

Intrdngningsforloppet i en planparallell spalt eller spricka styrs av injekteringstryck, 4p,
flytgréns for bruket, 7y, och brukets binghamviskositet, 4. Hur langt bruket trdnger in 1 varje
spricka avgors av dess effektiva apertur, b. Max intrdngning fran injekteringsborrhalet kan
berdknas som:
N A (1)
27,

Ekvationen ger i vissa fall mycket stora intrangningsldngder vid vanligt
forekommande tryck, floden och bruk. Detta beror pa att sambandet inte inkluderar viktiga
aspekter som begrinsar spridningen vid injekteringen sasom:

e pumpkarakteristika
begriansad intringningsformaga hos bruket ( t ex filtrering)
hirdning hos bruket
stoppkriterium

En central del for spridningen &r tiden for att pumpa bruket. Eftersom det tar ”oéndlig” tid att
pumpa bruket till maximal intrdngningslingd kommer injekteringen att avbrytas innan
maximal intrdngning uppnatts. Ett sitt att fi en uppskattning av verklig intrdngningsldngd ér
att anvianda den analytiska modellen enligt (Gustafson & Claesson, 2004) som beskriver
intringningen i enskilda sprickor som funktion av tiden. Med hjélp av sambandet kan en
uppskattning goras av hur stor del av den maximala intrangningen enligt Ekvation 1 som kan
uppnds vid en injektering.

Tidstorloppet ges av den karakteristiska injekteringstiden:
OAp - u
ty=—7%— 2

Ty

Intrangningen, 7, vid injekteringstiden, ¢, ges vid varje tillfdlle av parametrarna:
I, =1/1_, (relativ intrdngning) och ¢, =¢/t, (relativ tid). Sambandet mellan /p och #p ges

av kurvorna i Figur 1 (Gustafson & Claesson 2004).

max
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Figur 1 Relativ intrdangning, Ip, som funktion av relativ tid, tp.

(Relative penetration, Ip as a function of the relative time tp)

Till vdnster i figuren visas en kurva som avser ett endimensionellt (1D) intrangningsforlopp i
en kanal 1 ett sprickplan. Till hoger i figuren visas en skara kurvor for olika vdrden pa
y=Ina/vp dér rp &r radien pa injekteringsborrhélet. Dessa kurvor avser ett i huvudsak radiellt
intrangningsforlopp (2D) i ett sprickplan. Som framgér av figuren har kurvorna samma
principiella utseende och den maximala intringningen dr densamma 1 bdda fallen. Skillnaden
ar att det radiella fallet ger ndgot langsammare intrangning vilket &r naturligt da det tgar mer
bruk att fylla ett sprickplan vars area 6kar med avstandet frén injekteringsborrhalet 4n en
kanal vars area &r konstant. En viktig slutsats dr ocksé att det relativa tidsforloppet véljs av
injekteraren eftersom i #) endast parametrar som ror bruk och tryck ingar, se Ekvation 2, och
att det dessutom &r samma for alla sprickor. Hur langt bruket sprider sig i varje spricka avgors
dessutom av den effektiva sprickvidden, se Ekvation 1.

Exempelvis kan en berdkning utga ifran en injekteringstid () pd 20 min, dvs 1200 sekunder
och berékna hur lang intrdngning som da erhéllits. Utgdende fran en viskositet pa 100 mPas,
ett Gvertryck pa 1 MPa och en flytgrins pa 1 Pa beriknas #,till 6:10° s och den relativa tiden
bli #p = 2:107. For fallet med y = 1000 ger avlisning i diagrammet att I ar ca 0,05, dvs 5%
av max intringning. Max intringning beskrivs med Ekvation 1 och dr for en 200 um spricka
Lnax = 200-10°°:1-10%/2/1=100 m och den erhéllna intringningen &r alltsd 5 m. Skillnaden
mellan de 100 m som berdknas med Ekvation 1 och de 5 m som berédknas efter 20 minuters
injektering med ovanstaende analys, visar den dverskattning som Ekvation 1 kan ge avseende
intringningsldngden. Motsvarande analys under antagandet av att flodet 4r endimensionellt
blir ca 9 m. For en mer heltickande redovisning hanvisas till Gustafsson & Claesson (2004).
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Injekterad volym

Den injekterade volymen vid varje tillfdlle kan formellt berdknas enkelt fran ovanstaende
samband. Resultatet blir emellertid olika beroende pa om vi har ett endimensionellt, 1D, eller
tvadimensionellt radiellt flode, 2D.

Vi borjar med 1-D fallet:
Om kanalen har en vidd, w, och aperturen b blir den injekterade volymen i en spricka:

V=I-w-b 3)

Den maximala injekterade méngden blir:

Vo=l wb= (L) 4)
27,

Den relativa bruksméngden 1 varje spricka blir dé:

Vo) =V [V, =222 o p, =1, D) )
I -w-b

Detta innebir att volymsforloppet for detta fall 1 princip blir detsamma som
intrangningsforloppet, For ett antal parallella sprickor med olika vidd kan vi d& berdkna:
V. =1,-3I =ID-(2A—p)-Zwb2 (6)

T

tot max,b
0

2-D fallet ger:
Genom att vi i detta fall fyller en antagen cirkuldr yta runt borrhélet blir den injekterade

volymen:

V=rxI"b (7)

Den maximala injekterade méngden blir pa samma sitt:

Vi =7 L b= (52 b ®)
2z,

Relativ injekteringsméngd blir:
x-1%-b

2
max

V,2D)=V IV, . = =1,(2D) 9)

I detta fall styrs saledes volymsforloppet av kvadraten pa intrdngningslangden. For ett antal
parallella sprickor kan vi berdkna totalvolymen som:

|4 :15,(20)-;;-(2A—p)2 b’ (10)

tot
To

Med utgéngspunkt frén den relativa intrdngningen, Ip, kan séledes relativ bruksméngd, Vp,
som funktion av relativ tid, #p, enkelt berdknas. I Figur 2 visas sambandet mellan V' och ¢ for
de tvéa fallen.
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Figur 2 Relativ bruksvolym, Vp, som funktion av relativ injekteringstid, tp. Siffrorna

inom parentes i forklaringen avser olika vdirden pa y for det radiella fallet.
Vp(1D) avser det endimensionella fallet.
( Relative volume of grout, Vp, as a function of relative grouting time, tp)

Som framgér av figuren dr det for den injekterade volymen som funktion av tiden en ganska
stor skillnad mellan de tva fallen. Detta bor ga att utnyttja for att bestimma vilken
flodesregim, 1D eller 2D, som rdder i varje sédrskilt injekteringssituation.

Att bestimma flodesregim — diagnostiska kurvor

Den tydligaste skillnaden mellan det 1D och 2D fallen &r lutningen pa kurvornas i
diagrammets tidiga delar. Om vi gor parabelsubstitutionen ¢ = exp(p) kan vi berdkna

lutningen som:

.20 (1)
d(logt) dp Vo dt dp
Men eftersom dr = d(exp(p)) =exp(p) =t get detta:
dp dp
dloglV) _dV/idt-t _Q-t (12)
d(logt) V V

Detta kan enkelt berdknas bade fran typkurvorna i Figur 2 och fran uppmétta data eftersom
sambandet mellan 7 och 7 enbart ges av bruksparametrar och injekteringstryck. I Figur 3 visas
sambandet mellan typkurvornas lutning och 5. Som figuren visar ar lutningarna 1 stort sett
konstanta och dtskilda inom ett intervall av flera tiopotenser for injekteringstiden. Ett
intervall, som vi ocksd kommer att finna &r typiskt for verkliga injekteringsforlopp.
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d(logV)
d(logt)
vérde kring 0,45 indikerar ett endimensionellt kanalflode. Dessa kurvor kan darfor anvéndas
till att gora en diagnos av flodesregimen, diagnostiska kurvor for spricksystemets egenskaper

En lutning i diagrammet av ~ 0,8 indikerar sdledes en radiell spridning medan ett

Diagnostik d log(V)/d log(t)
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Figur 3 Diagnostiska kurvor for att bestimma flodesdimension vid injektering

( Diagnostic curves in order to determine the dimensionality of the flow)

Stoppvillkor vid injektering

Stoppvillkoren har ett avgdrande inflytande pa erhallet resultat. I detta avsnitt diskuteras hur
tryck- och flodesvillkor pdverkar injekteringsforloppet samt principer for att bestimma vilka
tryck och fléden som kan anvéndas i olika injekteringssituationer.

En vanlig injekteringsbeskrivning foreskriver ofta att injektering skall fortga tills stopptryck
erhéllits. I princip finns det inget stopptryck utan om trycket dkas sa gar mer bruk in i
borrhalet. Den maximala intrangningen &r linjar med trycket.

En bittre injekteringsbeskrivning foreskriver istéllet att flodet skall vara under ett visst virde
vid ett givet tryck for att injekteringen skall avbrytas. Detta tryck/flodes villkor kan dven
kompletteras med ett villkor om en maximal volym som far injekteras.

Teoretiskt skulle man vilja specificera vilken minsta och maximala intringning som man vill
efterstrava for ett givet bruk och berg for att erhdlla en tillracklig stor titande zon runt tunneln
dock utan att sprida bruket for 1dngt. Problemet &r att intrdngningen inte direkt dr en métbar
storhet. Vi kan méta flédet och volymen som funktion av tiden. Vi far darfor ndja oss med att
ha stéllforetrddande matt for att avgdra om intrdngningen dr acceptabel eller e;j.

Malet med injekteringen dr att astadkomma en heltdckande tidtande zon runt tunneln. Varje
”maska” 1 denna zon medfor en drastisk 6kning av inldckaget. Avgdrande for att lyckas ar
darfor att spridningen av bruket skall overlappa mellan injekteringshélen for de sprickor dér
det valda bruket kan trdnga in. En annan parameter, som dock har mindre betydelse ar
tjockleken pa den titade zonen.
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Ett dimensioneringskriterium for injekteringen baserat pa detta ér siledes att intrdngningen i
den minsta injekterbara sprickan med god marginal ska né halvvigs mellan injekteringshélen.
I praktiken maste marginalen vara stor eftersom den vag bruket tringer i sprickan ar slingrig
och mycket ldngre dn det kortaste avstdndet (Hakami 1995), dels att de genomsléppliga
sprickorna bildar vinkel mot injekteringsborrhdlen (Funehag 2005). Slutsatsen &r att den
teoretiska intrdngningen atminstone bor vara minst dubbla borrhélsavstandet, D.
Intrangningen i bergsprickor har studerats utforligt under senare tid (Eriksson 2002, Eklund
2003). Beroende pa bruk och berg har man funnit en praktisk grans for intringningen av
cementbruk vid 50 — 100 um. For vanlig injekteringscement dr 100 um eller b,,;,, = 0,1 mm
ett ofta angivet virde. Dimensioneringsvillkoret for ett standardbruk blir saledes: En
intrangning av dubbla borrhalsavstandet for en spricka som har 0,1 mm 6ppning.

For att forenkla 16sningen och mer direkt se hur intréingning, flode och volym hénger ihop kan
man anpassa ett polynom till den numeriskt framtagna I6sningen som redovisas 1 figur 1.
Detta mdjliggdr att den relativa intrdngningen (/p) som funktion av den relativa tiden (zp) kan
tecknas:

I, =0,015(logt,)’ +0,135(log?,)* +0,45(logt,) + 0,58 (13)

och:

‘Z—D = [0,045(1og t,)” +0,270(logt,) + 0,45]/ t,-Inl0 (14)
D

Givet bruk och sprickdppning kan frdn den erforderliga intréngningslangden, /,,, ~ 2D, kan

den relativa intrdngningen berdknas som:
1, -2t

erf/lmax = - . (15)
Ap ’ bmin

Fran Figur 1 kan sedan ett virde pa #p utldsas som sedan ger en berdknad minsta

injekteringstid av:

6Ap- 4,

2
Ty

1,=1

(16)

Att injektera ldngre tid ger givetvis en storre sékerhet att man lyckas tita allt som gér att téta,
men att fortsétta efter ca 3 ¢,,;, innebar att man fyller de konduktiva sprickorna pé langt
avstand fran injekteringshélet till marginell nytta {or titheten.

Loin =0p -ty =1)p

Det stora flertalet sprickor kommer att forbli oinjekterade. I sddana fall kan de finnas fog for
att forenkla problemet vad géller stoppvillkor utgadende fran flode eller volym till att arbeta
med den injekteringsbara porositeten. Vad giller intraingningen bor man beakta dels kraven pa
en minsta intrdngning som styrs av den finaste sprickan som kan injekteras och av den ldngsta
intrangningen som styrs av den storsta sprickan. Metodik som beskrivs av Gustafson et al
(2004) eller Brantberger et al (1998) kan anvindas for att bedoma vilka sprickvidder som
finns och som maste injekteras. Fragor om hur spickvidder skall médtas och hur verklig
sprickvidd star i relation till teoretiska vidder ligger dock utanfor syftet med denna artikel.
Utgéende fran dessa ekvationer kan sedan volymen och flodet berdknas for varje tidpunkt
eller med andra for en successivt 6kande intrdngning:

Vet =11§(2D)~7r-(A—p)2 -Zb’ (10)
27,
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och om vi antar att de sprickor som injekteras ar ungefar lika stora kan vi skriva om
ekvationen med L som dr borrhdlslangden och n den injekteringsbara porositeten, dvs. 1

princip nL = Zb .

V:(ID)Z.Iliax.ﬂ-'n'L (17)
och motsvarande for flodet:
1

0=2I, d_Dl .ﬁ.(ﬂ)z .3h3

dt, t, 27,
eller pd motsvarande sétt: (18a)
Q:21D-CZ—D-%-I;ax-ﬂ-n-L (18b)

D 0

Berdkningsgéngen blir d& foljande. For varje tid ¢ kan #p och Ip berdknas for en viss
uppséttning sprickor. Dérefter kan volymen, flédet och intringningen som funktion av tiden
erhallas. Genom att sitta villkor att intrangningen skall ligga inom vissa grianser kan
berdkningar visa pé vilket minsta mojliga flode som skall séttas eller om den maximala
volymen skall begrinsas.

Teoretisk och dven under forutséttning att inga deformationer dger rum i berget sa innebér ett
okat tryck ett 0kat injekteringsfldde, intrdngningsldngd och injekteringsvolym. Férdndring av
flodesvillkoret dr enkelt att schematisera. Om en injektering avbryts vid ett givet flode
kommer intringningsldngden att vara kortare dn om injekteringen fortsétter och avbryts vid
hélften av detta flode. Hur stor skillnaden i intrdngningslidngd blir beror dock mycket pa den
specifika situationen. Mot bakgrund av en designsituation ddr man dnskar fi en viss
intrangningslédngd i en given sprickstruktur kan tryck, flode och bruk modifieras.

I Tabell 1 ges en dversikt Over hur olika faktorer kan modifieras for att na
intrangningslédngden I. Sambanden kan hérledas utifrdn ekvationerna ovan.

Tabell 1 Ex. pa samband vid olika val av teknik och bruk for att nd intrdngningsldingden 1

Injekteringssituation Tryck Reologi Tid att na / Flode vid
Viskositet Flytgrins intrangningen /

1. Referens situation p u 70 t 0

2. Med dubbelt tryck 2p u 10 ~1/3t ~3,50

3. Med halva viskositeten p 0,5u 70 1/2t 20

4. Med dubbla flytgrinsen p U 210 ~1,5t ~0,7Q
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Analys av data frin ett injekterat borrhal

Figur 4 visar data for injekterad volym fran ett injekterat borrhél (Dalmalm 2004). Som
figuren visar startar processen med en halfyllnad med niagra minuters varaktighet som sedan

foljs av ett avtagande flode.
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Figur 4 Data frdn injektering av ett borrhal (Dalmalm 2004)

( Pressure and flow records from a grout hole)

Analys av dimensionalitet

Man ser ocksa att injekteringstrycket stiger sakta under de forsta 10 minuterna varfér man kan
anta att den analytiska modellen for bruksintrangning som redovisats i det tidigare har bist
forutséttningar att stdimma efter denna tidpunkt. Féljande injekteringsparametrar giller:

Tabell 2 Bruksegenskaper och injekteringsparametrar for det givna exemplet.

Brukets flytgréns: 7, =14 Pa

Binghamviskositet: u, =0,02 Pas

Injekteringsovertryck: Ap =2,4Mpa

Detta ger:

Maximal intringning: (I, =086-10°-b m (b=0,1 mm)) => I, =86 m

Karakteristisk tid:

t, = 2450 min
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Det bor papekas att for att gora en analys av flodesdimensionen sa behdver vi inte antaga
nagot angdende berget. I Figur 5 visas den injekterade volymen och den logaritmiska
derivatan, Q/V, som funktion av relativ tid beraknad med utgédngspunkt fran
injekteringsparametrarna. I diagrammet finns ocksa de diagnostiska kurvorna for 2D- och 1D-
fodesregimerna inlagda. I diagrammet har en hélfyllnadsvolym utvirderad fran
inflodeskurvan i1 Figur 4 dragits ifran.

100,0
/ =
(o]
2 10,0 -7
3
>
o
o
T
§ 1,0
> ® % -
s U
0,1
1,E-04 1,E-03 1,E-02 1,E-01
tD
e |njekterad volym B Qv
d log V/d log t(1D) d log V/d log t(2D)
= = Tryckkorrigerad volym @ Q*/V
Figur 5 Injekteringsvolym som funktion av tp for borrhdlet.

(Grouted volume as a function of tp for the bore hole)

Som framgér av figuren startar kurvan (heldragen réd kurva) med en derivata som ligger nira
vad som dr typiskt for radiellt fldde medan dess senare del, #5 > 3 107, d4 injekteringstrycket
ar stationdrt, derivatan ligger nira endimensionellt kanalflode. For att kontrollera om det ldgre
trycket 1 inledningsskedet har en kurva (streckad bla kurva) som baserat pé ett flode som
korrigerats proportionellt mot trycket lagts in. Som framgér av figuren ger detta en derivata
mycket ndra den som géller for ett kanalflode.
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I Figur 6 har dessa data lagts in pa typkurvorna for relativ bruksvolym, Vp(tp). Som framgar
av figuren stimmer den senare delen av datakurvan mycket bra med kurvan for kanalflode
och den korrigerade kurvan stimmer nistan perfekt. Kurvpassningen ger V., = 300 — 310 1.
Sammantaget ger utvirderingen av borrhélet klara indikationer pé att injekteringen skett 1 en
endimensionell kanal.

Vp-tp
1,E+00 ] i" 7
/—
1,E-01 - g v
L Z il
Z
1,E-02 / ~
Q
S P /
1,E-03 - 7
1,E-04 | /
1,E-05 ‘ ‘ ; ;
1,E-05 1,E-04 1,E-03 1,E-02 1,E-01 1,E+00 1,E+01 1,E+02
VD(20) VD(50) VD(100)
VD(200) VD(500) VD(1000)
VD(1D) ———pgorrhal == = Borrhal korrigerat

Figur 6 Data frdn borrhdlet inlagda pa typkurvorna for relativ bruksvolym.
(Records from the borehole interpreted as relative grout volume / relative time)

Bestimning av stoppkriterium

Utgédende fran att flodet dr endimensionellt kan vi diskutera for vilket flodeskriterium det vore
lampligt att avbryta injekteringen for att erhalla en viss intrdngning. Flodet for endimensionell
stromning har anvants, men vi méste géra antaganden om bergets egenskaper. Vi har i detta
fall antagit att det finns 5 sprickor som alla har en spricképpning pa ca 0,1 mm, dvs det som ar
praktiskt injekterbart. Eftersom det da endast &r en parameter ,w, som ytterligare maste
bestimmas for att kunna anvénda Ekvationerna 17 och 18 har vi anpassat volymskurvan till
vad vi uppmitt efter 30 minuter. Resultatet redovisas i Figur 7 och 8. Vi kan se att det 4r en
relativ bra dverensstammelse mellan uppmétt och berdknat forlopp. Det betyder att den
kombination av egenskaper som vi antagit och bara delvis kalibrerat mot uppmatt forlopp kan
vara en rimlig beskrivning av bergets egenskaper. Avvikelsen i flode under de forsta
minuterna kan bero pa att vi till en borjan kanske hade ett mer tvd dimensionellt flode eller att
halfyllningen fortfarande pagick. Vi kan dven se att intrangningen okar snabbt till en borjan.
Flodet dr under denna tid relativt hogt for att sedan avta till ett nistan konstant nivd pa ca 2
1/min.

Om mélet ar att fa in bruket 10 meter kommer det enligt Ekvation 15 och Tabell 2 att ge en
relativ intrdangning av /,, =1/, =0,12. Detta kraver enligt Figur 1 en relativ tid av

t, =4-107 for en endimensionell kanal. Enligt Ekvation 16 och Tabell 2 ger detta en
erforderlig injekteringstid av ¢, =1, -7, = 10 min. Detta &r néira jamforbart med den

intrangningskurva som redovisas i1 Figur 8.
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Figur 7 Volym och fléde som funktion av tiden
(Calculated and measured volume and flow with time)
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Figur § Intringning som funktion av tiden.

(Calulated pentration with time)

Jamfor man med volymkurvan i Figur 7 skulle det motsvaras av en volym pé ca 55 liter eller
ett flode pa ca 3 1/min. Vid ett krav pa ca 2 liter / minut skulle vi {4 en injekteringstid pa ca 30
minuter och en intrdngning pa ca 18 meter. Med andra ord, for en tre gdnger sa lang
injekteringstid erhdlles endast ca 80% langre intrdngning. Detta exempel illustrerar hur de
redovisade ekvationerna kan tillimpas och utgora ett underlag for beslut av stoppkriterier.
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HUR TAR VI VARA PA INJEKTERINGSFORSKNINGENS
RESULTAT?

How can we implement the results from grouting research?

Magnus Eriksson, Avd. for Jord- och bergmekanik, KTH

Sammanfattning

Foljande artikel diskuterar forskningsresultat avseende injektering, hur de kommit att
paverka det praktiska utforandet samt hur vi framover kan arbeta for att mer effektivt ta
vara pa injekteringsforskningens resultat. Artikeln skrivs med anledning av att SveBeFo
ar engagerat i flera "implementationsprojekt™ avseende injektering. Ett sddant projekt ar
boken “Cementinjektering i hart berg” som skrivits for att sammanstilla kunskap inom
omraden som berdr cementinjektering. Andra implementationsprojekt ar att forskare
deltar i samband med praktisk injektering for att bidra med sin kunskap samt erhalla
praktisk kunskap och verkliga injekteringsdata.

Summary

This paper discusses the results from grouting research and how they have and may be
implemented in practical grouting. The paper is written based on that SveBeFo is
involved in several projects with the aim to “implement” grouting results in the practical
application. One such project has been to summarise the grouting knowledge in a
textbook, “Cement grouting in hard rock” (in Swedish). Other projects aiming to
implement grouting knowledge are practical grouting projects where the researchers
take part in the process contributing with their knowledge and receiving knowledge as
well as real grouting data from the practitioners.
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Inledning och bakgrund

I denna artikel diskuteras mojligheter att ta vara pa injekteringsforskningens resultat och
kunskaper for att nd ett battre injekteringsresultat. Avsikten ér att artikeln ska forstérka
processen dar foretag och hogskolor tar vara pa varandras erfarenheter. Artikeln skrivs i
samband med att SveBeFo pd olika sitt dr engagerat i flera projekt med syftet att
minska avstandet mellan forskningen och tillimpningen pa injektering.

Tétning av berg genom injektering har i Sverige varit foreméal for forskning och
utveckling under ca 40 ar i Sverige. Injektering anvéndes tidigt i samband med
dammbyggnad och titning runt schakter for att senare tillimpas vid utbyggnad av
infrastrukturanldggningar. Injekteringsfragor dr fokus for stort intresse 1 branschen
vilket har flera orsaker. En stor satsning pa injekteringsforskning med finansiering fran
olika héll har pagatt sedan mitten pa 90-talet. Hur kan resultaten av denna forskning tas
till vara pa basta sitt och vilka mojligheter finns till en effektivare produktion?

Nedan anges nagra orsaker till intresset for injektering och dérefter diskuteras hur de
senaste arens forskning skulle kunna bidra i dessa fragor.

Intresset for injektering — vad beror det pa?

Under senare ar har flera stora infrastrukturprojekt drabbats av stora kostnadsékningar
dé det varit svért att uppfylla tithetskraven. Att tita berget till den nivd som kravet
anger kan kriva betydande titningsinsatser och mojligheterna att i forvig med begrinsat
underlag beskriva lamplig injekteringsteknik och kostnadsuppskatta tétning har visat sig
vara svart.

En annan orsak till att injekteringsfrdgor uppmarksammas dr att tdtningsarbete star for
en betydande del av den totala produktionstiden for tunnlar och samtidigt bedoms att det
finns en betydande utvecklingspotential. Kan man bittre lyckas med att tita berget
tillrackligt tétt pa en kortare produktionstid finns stora ekonomiska fortjanster att hdmta.
Utgéende fran angivna produktionstider i Hartwig & Nord (1998) samt Dalmalm (2004)
erhélls att injekteringen motsvarar ungefarligen mellan 30 och 50 procent av den totala
drivningstiden. Enligt Hartwig & Nord (1998) ér typisk drivningstid for en 4,9 m salva i
en 70 m” tunnel ca 13 timmar. Denna tunnelstorlek motsvarar ungeférligen enkel
tunnlarna pd Sodra Lanken dér injekteringstiderna, utan ominjektering, varierade mellan
8 och 14 timmar per 5 meter tunnel (Dalmalm, 2004). Hér varierar sékert erfarenheterna
men att injekteringen i Sverige idag star for en betydande del av produktionstiden vid
tunnelbyggande bor sta utom tvivel.

En tredje orsak star att finna i ett generellt 6kat miljdmedvetande och fokusering pa
miljéfragor 1 samband med infrastrukturprojekt. En utlésande héndelse kan som
exempel ha varit Hallandsésens tétningsproblem. Hér uppstir komplicerade fragor om
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spridning av tdtningsmedel till vattentékter eller annan kénslig miljé samt faror savél
som mojligheter med alternativ till cementbaserade tétningsmedel. Det uppstar till viss
del en konflikt mellan att tita berget, dvs att bevara grundvattennivéer, och att undvika
att sprida tatningsmedel till kénslig miljo.

Vad ir svart med injektering?

Injektering ar en teknik att tita berget. Borde vi inte efter att ha injekterat i mer &n 50 ar
veta hur det skall goras och hur lang tid det tar? Injektering &r en komplex process som
kontinuerligt utvecklas och det dr darfor inte konstigt att det 1 flera fall alltjdmt ar svart.
Det finns dels tekniska svérigheter som injekteringen innefattas av, dels andra orsaker
vél vérda att ndmna.

Tekniskt sett dr injektering svér eftersom det dr en process dir resultatet styrs av
bergsprickornas karakteristika, injekteringsmedlets egenskaper och det tekniska
utforandet. For att kunna projektera (designa) injekteringen dr det dérfor viktigt att ha
god kunskap om dessa tre faktorers inverkan pa resultatet. Eftersom allmént tillgéngliga
modeller och analysverktyg hittills i stort saknats samt att den hydrogeologiska
informationen 1 projekteringsfasen vanligtvis dr begriansad blir projektorens roll mycket
svar. I byggskedet erhalls mer information men i detta 14ge kan tidplaner, utférande och
erséttning vara kontraktsmissigt l1ast.

Utover det tekniska kan dven andra orsaker finnas varfor injektering ar svar.
Bergbyggnad ir ett omrade dar kunskapen till stor del dr erfarenhetsbaserad. Den
teoretiska utbildningen pa hogskolor kompletteras med projekterfarenhet vilket
sammantaget ger en stark kompetens. En nackdel dr dock att kompetensen dr samlad
mer hos enskilda individer 4n i organisationerna. Ddrmed kan kunskap inom
bergbyggnadsomradet ’pensioneras” i1 takt med att personer “pensioneras” och aktivt
lamnar vér bransch. Bergbyggnad ér ocksa nagot som huvudsakligen utfors i projekt
vilket innebdr att en organisation sitts samman for att utféra en uppgift. Bergbyggnad
kan 1 mangt och mycket betraktas som utvecklingsprojekt dar forutsittningarna till stor
del ar okdnda men dir maélet &r faststillt (Engvall, 2002). Den sammantagna bilden av
detta &r att det dr svart att krdva att branschen som siddan skall kunna fanga upp och
implementera kunskap.

Ny kunskap

De senaste arens forskningsinsatser har givet resultat som potentiellt kan bli av stor
betydelse for mojligheterna till en sdkrare prognos av injekteringen samt ett béttre
resultat.

For att uppna detta kriavs dock ett systematiskt angreppssatt dér hela
injekteringsprocessen beaktas fran forutséttningar och design till utférande. I Figur 1
illustreras injekteringsprocessens olika delar och det kan inses att for att uppna ett bra
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resultat krdvs att denna helhet beaktas. Exempelvis, om man i designfasen inte har en
forstaelse och kunskap om praktisk injektering, dvs utforandet, finns en uppenbar risk
for att foreslaget injekteringsutforande inte dr praktiskt genomforbart. Aven det
omvénda giller. Om man foreslér ett praktiskt utforande utan en grundldggande analys
av hur bergets och brukens egenskaper samt den tekniska 16sningen finns risken att
injekteringen inte uppfyller stéllda krav. Helheten &r saledes viktig.
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Figur 1 Principiell bild som visar injekteringsprocessens olika delsteg
(Cementinjektering 1 hért berg, 2004)

Figure I Illustration of different activities in the grouting process
Tva viktiga aktiviteter 1 injekteringsprocessen ér design och utférande.

Designarbetet avser att beskriva hur injekteringarna skall utforas for att uppfylla kraven.
For att kunna foresla en lamplig design kridvs en analys av problemet. En forsta del 1
detta arbete &r att analysera svarighetsgraden pa injekteringen. Det vill siga, dr det svéart
att uppna stéllda krav pa injekteringen eller ar injekteringen relativt létt. Detta kan
uppskattas enligt Tabell 1. I den visas att svérighetsgraden 1-3 kan bedémas mot
bakgrund av vilken konduktivitet som behdver nés 1 det injekterade berget samt vilket
tatningseffekt detta motsvarar. Tétningseffekt avser den relativa sdankning av inldckaget
som en injektering ger vilket exempelvis kan vara frdn 10 1/min till 1 1/min 6ver en viss
stracka. Téatningseffekten dr dd 90%. Konduktiviteten avser den absoluta niva pa
bergmassans genomslédpplighet runt tunnelns som injekteringen skall ge vilket
exempelvis kan vara att injektering skall uppna en genomslipplighet motsvarande en
konduktivitet pa 1-10° m/s.

Att anvédnda bide ett absolut och ett relativt matt har en fordel. Exempelvis sa dr det

svérare att tita en bergmassa till en konduktivitet pd 10 m/s 4n till 10”7 m/s dven om
det relativt skulle kunna vara lika stor sinkning. Det relativa mattet dr vardefullt
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eftersom det &r svérare att injektera en bergmassa till 10 m/s fran10™® my/s till 4n fran
107 my/s till 10°® m/s dven om den absoluta nivan som skall uppnas ar den samma.

Tabell 1: Underlag for bedomning av hur svar en injektering ar.
Table 1: Estimation of the difficulty of a grouting operation. Increasing number
represents more difficult.

Bedomd erforderlig titningseffekt

<90% 90-99% >99%,
o0
5 >107 1 1 2
=
S B
s -7 108
Sz 107-10 1 2 3
=i
3 g
23S <10 2 3 3

Utgéende fran bedomd svarighet pa injektering kan olika analysmetoder behéva
tillampas for att gora det troligt att injekteringarna kommer att lyckas samt vilken
teknisk insats som krévs. De analysmetoder som finns &r i princip

- Empiriska (erfarenhet och projektuppfoljning)
- Teoretiska (analytiska och numeriska berdkningar)

- In situ provning (faltforsok och aktiv design)

I de enklare fallen kan lamplig teknik utvdrderas utifran erfarenhet men i mer
komplicerade injekteringssituationer kan teoretiska analyser och in situ provning krévas
som komplement.

Underlag for teoretiska analyser har presenterats i olika forskningsrapporter. Underlag
for analyser avser indata avseende bergets sprickor (bergkarakterisering) och brukens
egenskaper (forprovning av bruk). Forskningens bidrag med olika matematiska
modeller, bade analytiska och numeriska, mojliggér berdkning pé bruksspridning och
tatningseffekt pd objektiva grunder. Underlag avseende bergets sprickor,
bergkarakteriseringen, ar en vésentlig grund for val av bruk och teknik for injekteringen.
Malet &r att visa att foreslaget bruk och teknik gor troligt att en tillrdcklig stor andel av
de sprickor som forekommer tdtas vid injekteringsarbetet. Brukens egenskaper,
exempelvis avseende flytforméga och intringningsegenskaper, kan bestimmas vid en
forprovning. Genom att prova flera bruksblandningar, kan en ”verktygslada™ att vélja
fran 1 samband med injekteringsarbetena skapas. Den 6kade kunskapen om brukens
egenskaper och en hojning av kvaliteten pad cementen har 6kat mojligheterna att finna
bruk som dr lampliga for olika injekteringssituationer.

Utforandet avser bade sjdlva injekteringen samt kontroller pa utférande och resultat. Det
ar uppenbart att oavsett hur ”bra” design som gors s maste den vara anpassad till att
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vara praktiskt genomforbar. Kontrollerna bor déarfor syfta till att kontrollera att rdtt
saker gors” och att “saker gors rdtt”. Att rétt saker gors kan principiellt ses som en
kontroll av att designen varit relevant for problemet. De saker vi vanligtvis forknippar
med kontroller dr att saker gors ritt, dvs om vi blandar ritt, anvénder rétt tryck etc.
Forskningens bidrag avseende utfoérandet kan exempelvis avse hur resultatet av
injekteringen skall undersokas eller hur bruksegenskaperna starkt paverkas av en
felaktig blandning. Ett viktigt bidrag fran forskningen kan vara att undersokningar av
bergets egenskaper, injekteringsresultatet och egenskaperna hos bruket inte blir for
omfattande men dndé ger underlag for riktiga beslut.

Behov

De resultat som injekteringsforskningen uppnétt dr utan betydelse om dom inte kommer
till praktisk nytta. Av denna anledning finns behov av att ’ta vara” pa resultaten.
Avseende berginjekteringen sker en dverforing av forskningsresultat till produktion
genom att specialisterna anstills av foretagen. Denna form av 6verforing dr dock relativt
begrénsad till ett fital personer och ett fatal foretag. For att f4 en bredare spridning pa
resultatet finns avhandlingar och rapporter tillgingliga men troskeleffekten” fran
teoretiska studier till praktisk implementering &r relativt hog och relativt fa
forskningsresultat nar praktisk tilldmpning den végen.

For att ta till vara forskningsresultaten kan darfor ett fordjupat samarbete mellan
hogskolor och industrin vara ett naturligt sitt att fora ut forskningsresultaten till praktisk
tillimpning. Ett sidant fall var injekteringen av APSE tunneln vid Aspd laboratoriet
(Emmelin et al, 2004). Vid utformningen av den deltog bestillare, projektor,
entreprendr samt forskarna. Resultatet av injekteringen var bra avseende att en mycket
hog tithet kunde nds med en mycket begransad mangd cementbruk vilket var ett av
syftena med injekteringen. Andra resultat som uppnaddes var en kunskapsoverforing
mellan de olika inblandade parterna. Ett viktigt resultat var ocksa att forskarna samt
bestillaren kunde uppmérksamma praktiska aspekter som behdver beaktas for att nd det
resultat som efterstrivas.

Ytterligare finns behov av vidareutbildning av projektorer och utforare for att
mojliggdra att den teoretiska kunskapen sprids till en stérre grupp dn de som deltar 1
forskningen.
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Pagiende

I SveBeFo's regi har olika projekt initierats med avsikten att underlitta implementering
av forskningsresultaten i praktiskt utférande. Ett projekt &r ett sé kallat
“implementeringsprojekt” avseende injekteringskunskap vid Bjornboletunneln pa
Botniabanan. I detta projekt diskuterar forskare och utforare tillsammans injekteringarna
och forsoker uppmérksamma vad som skulle kunna forédndras med avsikt att uppna ett
bittre resultat, sett antingen som téthet eller produktionseffektivitet.

Avsikten dr dven att paborja ett sé kallat ”demoprojekt”, dir man redan under
planeringen infor ett storre infrastrukturprojekt startar ett samarbete mellan forskarna
och andra intressenter. Avsikten ar att forskningens kunskap skall kunna tillféras
projektet 16pande genom hela processen.

For att sprida forskningsresultaten har d&ven en “kunskapsbok™ om injektering tagits
fram, "Cementinjektering i hart berg”, med finansiering av Vagverket, Banverket och
SveBeFo. Det finns flera motiv till boken. Ett grundldggande behov ér att fora ut den
teoretiska kunskap som &r framtagen. Bokens avsikt dr ddrfor att ge en samlad bild av
etablerad kunskap inom injekteringsomradet. Den spanner Over ett relativt brett omrade
och presenterar dels 6vergripande injekteringsprocessen, dels specifika aspekter pa
karakterisering av berg, egenskaper hos cementbaserade injekteringsmaterial, design av
injektering samt produktionsmissiga och kontraktsméssiga aspekter pa
injekteringsarbeten. Ett annat motiv till boken ar att den skall kunna fungera som en
gemensam plattform for kommunikation mellan olika aktorer, exempelvis mellan
bestéllare och entreprendr.

En vidareutbildningskurs for utférare var planerad att ges 2004. I planeringsarbetet
deltog forskare, projektorer och utforare. Bristande intresse framst fran utforarnas sida
gjorde dock att kursen ej genomfordes. Kursen fick ocksé kritiken att den var for lang.
Mot bakgrund av detta planeras nya kurser ddr omfattning begrénsas och inriktning
fortydligas mot olika grupper. Det finns dock motiv till att olika grupper mots for att fa
okad forstaelse for varandras uppgifter och synsitt varfor upplédgget som planeras ar en
kursdel gemensam for bestillare, projektorer och utforare kombinerat med kursdelar for
respektive grupp. En svérighet dr finansieringen. Det dr relativt stora kostnader
forknippade med att planera och halla en kurs. Samtidigt blir det stora kostnader for
foretagen med kursavgifter, resor, logi och forlorad arbetstid. Med tanke pa de stora
vinster som en dkad kunskap kan ge borde det dock vara mycket motiverat med en
satsning pa vidareutbildning.
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Avslutande diskussion

De svarigheter som praktisk injektering konfronteras med &r manga. Dels finns
osdkerheter avseende bergets egenskaper och hur de varierar frén en skirm till en annan,
dels dr injekteringstekniken ett komplicerat samspel mellan sprickornas och brukens
egenskaper samt injekteringstekniken. Svarigheter uppstar dven hur injekteringsarbeten
skall upphandlas och ersittas for att f4 en rimlig fordelning pa risker mellan utférare och
bestillare. For att bedoma lamplig teknik, atgéng av tid och resurser for injektering och
fordela risker finns behov av en mer strukturerad designprocess.

Den praktiska kunskap som finns kan vara svar att 6verfora fran ett projekt till ett annat
och kraven pé att kunna utfora tatning till rétt niva till en 1 forvig kalkylerad kostnad ar
dérfor svar. Forskningen kan bidra med analysmetoder som beskriver bergets
vattenvigar, brukens egenskaper och hur tekniken skall tillampas.

For att detta skall lyckas krdvs dock att forskningen kan svara upp till de
fragestillningar som praktiken kriaver. Detta 1 sin tur uppnas enklast genom samarbete
mellan forskning och praktik dér olika inblandade parter kan fa nytta av varandras
erfarenheter. Det finns dven behov av utbildning eller kunskapsoverforing, dels inom
industrin for att fora 6ver kunskaper fran dldre till yngre, dels mellan forskning och
praktik.

Denna artikel har forsokt belysa ndgra av dom fragestéillningar, mojligheter och behov
som finns avseende att ta till vara injekteringsforskningens resultat. Det &r manga
personer som &r engagerade i dessa fragor och det dr viktigt med samarbete for att né en
forstaelse for olika aspekter pa en komplicerad teknik.
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BERGTEKNISK ANALYS AV CITYBANANS KORSNING
MED T-CENTRALEN BLA LINJEN

Rock Engineering Issues for City Link’s Conjunction with
Central Subway Station in Stockholm

Yanting Chang, WSP Sverige
Roberth Colliander, WSP Sverige

Sammanfattning

Detta foredrag redovisar de bergtekniska fragestillarna betraffande
tunneldrivningsmetoder och bergstabiliteten for Citybanans korsning med
centralstationen for tunnelbanans bla linje (T-bld). Vid korsningen kommer Citybanans
tva stationstunnlar att passera under tunnelbanestationen utan bergtiackning. Detta
innebdr att broar méste byggas dver Citybanan samt att plattformen i T-bla rivs och
byggs om.

Projekteringen och byggandet av korsningen med T-blé dr en stor teknisk utmaning.
Péverkan pa tunnelbanetrafiken under byggtiden ar en av de viktiga fragorna. Den
prelimindra projekteringen indikerar att alternativet med enkelspértrafik vid tva tillfillen
under byggtiden ar det gynnsammaste. Med detta alternativ kan dubbelspartrafiken
koras 1 T-bla under langst tid under byggperioden.

Betriaffande bergstabiliteten har hittills preliminéra analyser utforts. Resultaten indikerar
att stabilitet kan erhéllas vid korsningen. Detta kommer dock att verifieras med hjilp av
kompletterande geologiska undersékningar samt 3D numeriska berdkningar.

Summary

This article describes the investigation of rock engineering issues regarding methods for
tunnel excavations and stability for the conjunction between the City Link tunnels and
the existing subway station in the central part of Stockholm. At the conjunction there
will be two station tunnels for the City Link situated directly beneath the subway
station, which leads to that bridges have to be built over the City Link and the existing
floor of the subway station must be re-built.

The design and construction of the conjunction is a complex engineering task. The
impact on the subway traffic during the construction is one of the major issues. The
preliminary design indicates that the alternative with one-track traffic during two
periods of the construction is most advantageous. With this alternative, double-track
traffic of subway is enabled for the major part of the construction period.
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Regarding the stability issues, preliminary studies have been conducted. The results
indicate that the stability at the conjunction can be ensured. However, these results are
to be verified by complementary geological investigations and 3D numerical analyses.

INLEDNING

Den planerade Citybanan (CB) for pendeltagtrafiken i Stockholm har tre stationer 1
innerstaden: Station Odenplan, Station City och Station Sodra. For Station City
utformas tva bergtunnlar med fyra spér. Fran stationsplattformen i CB skall det finnas
mojlighet for trafikanter att direkt stiga om till tunnelbanans stationsplattform eller
busstrafiken via rulltrappor, hissar och gédngtunnlar.

Flera forslag till berguttag och utformning av bergrummen har studerats med héansyn till
paverkan pé tunnelbanetrafiken, brokonstruktioner och bergstabiliteten. Betrdaffande
paverkan pd tunnelbanetrafiken finns olika alternativa 16sningar framtagna for
berguttaget under den preliminéra projekteringen. Detta foredrag beskriver de
bergtekniska fragestéllarna betridffande tunneldrivningsmetoder och bergstabiliteten vid
korsningen.

LAGESBESKRIVNING

Tunnelbana T-bld (Jarvabanan)

T-Centralens plattformar for T-bld (Jarvabanan) ligger 1 en bergtunnel placerad
diagonalt under Méster Samuelsgatan mellan Vasagatan och Sergels Torg. Plattformen
ligger pd nivan —23,4 meter och rok ca —24,3 m . Stationsvalvets kron ligger pa nivén ca
— 18,0. Bergrummen i tunnelbanestationen har en total bredd pa ca 35 m med en
mittgdngtunnel och tva sidoplattformer. Berget 1 stationen dr forstiarkt med bergbultar
och sprutbetong.

Utformning av Station City vid korsningen med T-bla

Hojdldge och strackning for Citybanans spar- och stationstunnlar har bestimts av
funktionella krav och dven av ett antal tekniska forutséttningar. Station City for
Citybanan &r utformad i tva ca 25 m breda, 9 m hoga bergtunnlar, placerade i nordsydlig
riktning mellan korsningen Vasagatan/ Klarabergsgatan samt Klara Norra
Kyrkogata/Kungsgatan, i princip vinkelrdtt rakt under stationen for den bld
tunnelbanelinjen. Station City har tre uppgéngar: en vid den norra dndan, en i mitten
och en vid sddra dnden. ROK for stationen ligger pa nivan ca —33,5 m.

Vid korsningen med stationen i T-bla passerar Citybanans tunnlar under T-bld utan
bergtickning. Frén Citybanans plattformer leder rulltrappor upp till plattformen i T-bla.
Det valda hojdlaget av Citybanans tunnlar innebdr att plattformen i T-bla kommer att
rivas och byggas om samt att broar byggs for tunnelbanetagen (se figur 1).

140



Citybanans ~ Citybanans
Stationstunnel

Tunnelbanestation
for T-bla

Plan

N Station for T-bla S
Station for 2 TR | M | Station for
Citybanan 7 Citybanan
Bergpelare som fors
ned till Citybanan
Figur 1. Ett av alternativen for utformningen av korsningen med T-bla

One of the layout alternatives of the conjunction with existing subway station

Foreslagna losningar for brokonstrukion

Ett antal alternativa brokonstruktioner (betong- eller stalkonstruktioner) har tagits fram,
vilka ger olika paverkansgrader pa tunnelbanetrafiken under byggtiden. Nuvarande
huvudlosningar for brokonstruktionen ar prefabricerade och platsgjutna betongbroar.
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BERGTEKNISKA FRAGESTALLNINGAR

Byggnation av korsningen med T-blé dr en stor teknisk utmaning. De viktiga
bergtekniska fragestillningarna dr sammanfattade i tabell 1.

Tabell 1. Tekniska frdgestéllningar for bergprojektering
Rock engineering issues

Problemomride Teknisk fragestillning

Bergdrivning e Avstingningstid for Tunnelbanetrafiken;
e Vibrationer fran sprangning;

e Hantering av springgaser;

e Hantering av brandrisker;

e Stotvagor frén sprangning;

e Byggbuller;

e Fallande sten.

Bergstabilitet e Stabiliteten i bergpelarna som fors ned fran
T-bla till Citybanan;

e Stabiliteten vid stor spannvidd i T-blé;

e Stabiliteten i bergvalv vid anslutningen till
T-bla.

En prelimindr bedomning indikerar att en vél planerad bergdrivning med hénsyn till
paverkan pé sé vil tunnelbanetrafiken som resendrer dr en betydande framgangsfaktor.
P& grund av att T-bla ar en hogt trafikerad linje 1 Stockholm City, ska enkelspértrafiken
under byggtiden vara sa kort som mojligt. Tunnelbaneresendrerna ska skyddas mot
sprianggaser, fallande sten, brand och obehagligt buller.

Bergstabiliteten ska sékerstillas enligt géllande foreskrifter och normer. Prelimindra
analyser har utforts, medan fordjupade bergmekaniska analyser och kompletterande
geologiska undersokningar kommer att genomforas.

BERGUTTAGSSEKVENSER

Berguttagssekvenser dr beroende pé val av avstdngningsalternativ av T-bla for
byggnationen av broarna. Flera avstingningsalternativ har utretts, t ex:

1) Enkelspartrafik vid tva tillfdllen under byggtiden;

2) Tunnelbanestationen stangs helt under hela byggtiden;
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Utredningen indikerar att alternativet med enkelspartrafik vid tva tillfallen &r det
fordelaktigaste. Huvudsyftet med detta alternativ &r att dubbelspartrafiken ska kunna
koras 1 T-bla sé ldng tid som mojligt under byggperioden. Tanken &r att ett spar i T-bla
under en kort tid ska stingas av for att bygga broarna. Nér bro- och tillhérande
skyddskonstruktioner dr byggda, kan trafiken 1 T-bl4 atertas pé detta spar.
Skyddskonstruktionen, som ska vara gastit och brandsiker, avskiljer T-bla spér fran
byggomradena sa att spranggaser, eventuell uppkomst av brand och fallande stenar inte
utgor en hot mot sékerheten for passagerare och trafik i T-bla. Byggprocessen for detta
alternativ innebdr att enkelspartrafik maste koras under tva tillfdllen under byggtiden (se
figur 2):

Avstingning av spar 1 for brokonstruktion och ny plattform pa ena sidan av stationen;
Berguttag gors inom de avsparrade omraddena. Nir broar och skyddskonstruktionen ar
klara, sldpps tunnelbanetrafiken pa for detta spar;

Avstingning av spér 2 for brokonstruktion och ny plattform pd andra sidan av stationen
efter det att all 6vriga byggarbeten 1 steg 1 har avslutas. Berguttag gors inom de
avspérrade omradena.

Avstingning av spar 1 Dubbelspartrafik Avstangning av spar 2 Dubbelspartrafik
Utférande av berguttag och Utférande av 6vriga bergarbete Utférande av berguttag och Utférande av 6vriga bergarbete
brokonstruktioner och delar av brokonstruktioner och resten av
plattformkonstruktioner plattformkonstruktioner

Figur 2.  En 6vergripande skiss av byggprocessen for korsning med T-bla.
Overview of the construction process for conjunction with subway station

En kortfattad beskrivning av bergarbeten for detta alternativ redovisas nedan.

1. Tva sidopiloter for varje stationstunnel med reducerad hojd drivs genom
omradet. Under T-bla ska en bergtickning pa minst 5 m erhallas.

2. Mellanslag uttages mellan piloterna och betongfundament {f6r brostdden
platsgjuts.

3. Montering av spérren (spérren ska vara gastéit och brandsiker).
4. Spar 1 stings.
5. Berget 6ver mellanslagen tas ut upp till T-bla for byggnation av bron.

6. Tunnelbanetrafiken atertas pa spar 1 efter det att bron och skyddskonstruktionen
byggts.

7. Spér 2 stings av efter montering av nya spérren och demontering av den gamla.
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8. Berget 6ver mellanslagen tas ut upp till T-bla for byggnation av bron for spar 2.

9. Tunnelbanetrafiken dtertas pé spér 2 efter bro- och skyddskonstruktionen har
byggts (se figur 3).

10. Ovriga berguttag och byggnation av plattform inom det avspirrade omrédet.

Denna berguttagssekvens kan med mindre modifikationer tillimpas oavsett typ av
brokonstruktion. Avstingningstider samt den totala byggtiden varierar dock t.ex. pa
grund av kraven pa utrymme f6r brokonstruktioner.

Skyddskonstruktion

Sr tunnelbanan T-trafiken aterstallas i en
skyddad korridor efter
fardigstallandet av bron

T-trafiken aterstallas i en
skyddad korridor efter
fardigstallandet ay bron

Omréade for
\\ byggarbeten

Pilottunnel

N\

Bro for tunnelbanan Bro for tunnelbanan

Figur 3. Skiss 6ver skyddade korridorer for tunnelbanan under byggtiden
Sketch of protected corridors for the subway during the construction of the
conjunction
BERGSTABILITET
Foljande bergstabilitetsproblem har identifierats som kritiska:
e Stabiliteten i taket i T-bla vid stor spannvidd (ca 35m);
e Stabiliteten av bergpelarna;
e Stabiliteten av bergvalvet vid anslutningen till T-bla.

En preliminir analys har gjorts for stabiliteten i taket vid stor spannvidd i T-BIa.
Analysen indikerar att storskalig stabilitet kan erhallas. Detta kommer dock att
verifieras med hjélp av kompletterande geologiska undersokningar samt 3D numeriska
berdkningar.
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Stabiliteten 1 de blivande bergpelarna i den Ostra stationstunneln dr avgorande for den
storskaliga bergstabiliteten i omradet. Foljande faktorer har bedomts som viktiga for
stabiliteten 1 bergpelarna:

e Pdkénningar i bergpelarna, som i sin tur dr beroende pd nuvarande belastning i
pelarna;

e Horisontella initialspanningar i bergmassan inom omradet;

e Bergpelarnas barformaga, som dr beroende pd bergmassans kvalité,
sprickorienteringar och bergforstiarkningar.

Ett undersokningsprogram har uppréttats for detta omrade med syftet att fi kinnedom
om den nuvarande belastningen i bergpelarna och bergmassans kvalité.

Preliminért har det foreslagits att bergpelarna forstarks med bergbultar och
betonginklddnad (se forslagsskiss i figur 4), sa att stabiliteten skall kunna sdkerstéllas
dven vid en ogynnsam orientering av genomskérande sprickor i bergpelaren.

Bergpelare

Fiberarmerad
sprutbetong

Bergbult med bricka

Figur 4.  Skiss av bergforstirkning av bergpelare
Sketch of support of rock pillar

Berguttag i ndrheten av de tvd bergpelarna i den Gstra stationstunneln maste ske med
stor forsiktighet. Bergsagning kan utgora en metod for att eliminera riskerna for
eventuella skador frdn bergspriangning. Nir sidopiloterna har passerat pelarna, tas
nischer ut for forstarkning av de nedre delarna av pelarna. De 6vre delarna forstarks
med bultar som installeras uppifrén plattformen i T-bld. Berguttag for Oppningar i
omradet sker successivt for att utnyttja berget omkring som stod medan forstarkning av
pelarna utfors. Om berget i bergpelarna skulle vara simre @n forvéntat, finns det
mojlighet att ersitta bergpelarna med betongpelare.

Citybanans tunnlar kommer att belastas med en extra pakénning vid anslutningen med
T-bla pa grund av omfordelning av spanningarna i berget (se figur 5). Bergvalvet for
Citybanans tunnlar maste kunna motstd den extra pakénningen (tillskottstrycket) for att
sdkerstélla stabiliteten 1 omradet. En 6verslagsberdkning har utforts med en 2D
numerisk modell. Resultaten indikerar att stabilitet av bergvalvet kan erhéllas. Eftersom
bergvalvet har en sa avgorande betydelse for den storskaliga stabiliteten 1 omréadet,
maste bergvalvet forstirkas med t. ex. kransbultning och sprutbetong- eller betongvalv.
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Citybanans tunnlar
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Kransbultning
Tillskottslast

Fiberarmerad Station for T-bla fran T-bla \# L L L L L L L
betongbage | ]

Citybanans Citybanans
tunnel tunnel Citybanans
tunnel
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Figur 5.  Kraftoverforing vid anslutning mellan T-bld och Citybanans tunnel och
foreslagna bergforstarkningar
Stress re-distribution and proposed rock supports at the connecting points
of the tunnels

BERGUTTAGSMETODER

Tankbara metoder for berguttag inom omradet for korsningen ér:
e Skonsam spriangning;
e Bergsigning;
e Borrning (t ex "horisontal raise boring" eller TBM)

En stor fordel med bergsagning och borrning dr att de alstrar smé vibrationer, dr gasfria
och mycket skonsamma. En detaljutredning kommer att utforas for att analysera de
olika metoderna med hénsyn till paverkan pd omgivningen, byggtider och olika
riskscenarier. I tabell 2 redovisas anvindningsomraden for de olika
berguttagsmetoderna.

Innan bergarbeten paborjas maste T-banans trafikanter skyddas mot spranggaser, brand
och utstdtning av sprutbetong och berg. Detta utfors genom avskiljande viggar (se
skiss 1 figur 6). Med samma funktioner ska skyddskonstruktioner monteras for
tunnelbanetagen pd de ny byggda broarna under hela byggperioden. Det finns flera
alternativ framtagna for bade avspérrnings- och skyddskonstruktioner.
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Tabell 2. Anvidndningsomrade av berguttagsmetoder

Berguttagsomride Metoder for berguttag
Sidopiloter e Skonsam spriangning
e Horizontal raise boring
e TBM
Berguttag i avspéarrade omradden e Bergsagning
e Skonsam sprangning (i begriansad
omfattning)
Berguttag i ndrheten av bergpelarna e Bergsdgning
Brytning av kvarstdende mellanbergpelare i | ¢ Skonsam sprangning
Citybanetunnel e Bergsigning

Pl3tskarm

Skyddat i

omrade for
T-trafiken %

L/MS\

\LB Omrade for bergarbeten

Lj—’_l—l—/\';r

Figur 6.  Skiss av en mojlig avspéarrningskonstruktion
One possible solution for protection of passengers in the subway

SLUTORD

Sprutbetong

Sketion B-B

Detta foredrag beskriver de hittills utférda utredningsarbetena for korsningen med T-
bla. I den kommande projekteringsetappen kommer foljande arbeten att utforas:

e Forundersdkningar i omradet inklusive bergspanningsmétning i bergpelarna;

e Undersokning av befintliga bergforstirkningar 1 T-bl4;

e Bergmekaniska analyser for stabiliteten med hjilp av bl. a. 3D numeriska

berdkningar;

e Utredning av 0vriga restriktioner och krav med avseende pé t ex sdkerheten,

buller och miljon.
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TUNNELDRIVNING I EN REGIONAL SVAGHETSZON
MED EXTREMT DALIGT BERG - HALLANDSAS

Tunnelling through a regional weakness zone with extremely
poor rock at the Hallandsas Project

Robert Sturk, Skanska-Vinci
Kristian Annertz, Banverket
Marie von Matérn, Skanska Teknik

Sammanfattning

Sddra randzonen dr uppbyggd av olika geologiska enheter, fran helt genomvittrad berg-
massa till mattligt bra friskt berg. Vertikala forskjutningar innebér snabba vaxlingar och
stor heterogenitet. Denna komplexitet kriaver, forutom en robust och siker drivnings-
metod, ett geologiskt modelltankande i beslutsprocessen samt kontinuerlig uppfoljning
av den geologiska situationen. Forstiarkning av bergmassan sker 1 flera steg med bl a
rorspiling, fiberarmerad sprutbetong och bult. Eftersom det inte finns nagra egentliga
standardmetoder for dimensionering av spilingsystem gjordes relativt omfattande stu-
dier inledningsvis i projektet. Dessa studier samt erfarenhet frdn de inledande arbetena
indikerade att barforméagan beror av ménga faktorer och att en helhetssyn ar viktig bade
vid dimensionering och utférande.

Riskanalysarbetet visar dterigen att risker forknippade med organisation samt informa-
tions- och beslutsflode utgor signifikanta risker vid komplexa undermarksbyggen.

Summary

The Southern Marginal Zone consists of different geological units ranging from fractu-
red rock of fair quality to completely decomposed rock of very poor quality. Vertical
faulting imply heterogeneous conditions with rapid changes in rock quality. This
complexity requires both a robust and safe excavation method as well as an active
design based on continuous geological follow up and interpretation. Rock support for
the main tunnels consists of pipe umbrella spiling, fibre reinforced shotcrete and rock
bolts. For the design of the spiling, studies regarding the phenomenological behaviour
of spiling in soft rock were carried out. These studies and experience from the initial
excavation indicated that the load bearing capacity of the spiling is dependant on many
factors. Design consequently requires an overall view of the complete excavation
system.

The risk analysis work indicate that organisational risks and risks related to information
and decision flows imply significant risks within complex tunnelling projects.
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Bakgrund

Hallandsésprojektet dr en del av utbyggnaden av Viastkustbanan, som syftar till att
forbattra mojligheterna till kommunikation med jarnvég langs véstkusten. Banverket
(BV) ér bestillare av projektet och Skanska-Vinci HB (SV) ér entreprendr. De tva
parallella tunnlarna &r vardera 8,6 km l&nga och nér de &r i drift 6kar kapaciteten fran
dagens 4 till 24 tdg/timme. Dessutom mojliggors tunga godstransporter. I nuvarande
entreprenad aterstar ca 2 x 5,6 km tunnel att fardigstilla. Arbetena skall vara avslutade
2011 och man planerar att 6ppna tunnlarna for trafik under 2012. Kontraktssumman &r
omkring 3 700 MSEK och kontraktsformen totalentreprenad.

Hallandsasprojektet ér ett unikt projekt med speciellt anpassade krav. Flera aspekter har
naturligtvis paverkat kravspecifikationen men av dessa ar projektets historia, som kantas
av flera misslyckanden, samt miljopaverkan de viktigaste. Sammantaget innebér det att
miljokrav, tekniska krav och kommunikativa krav &r hogre 4n normalt. SVs och BVs
metod att mota de hoga kraven och de potentiella svarigheterna baseras pa fyra viktiga
huvudpunkter:

o Tunnlarna borras med en avancerad skoldad tunnelborrningsmaskin (TBM) som
kan klara de hoga vattentryck (150 m) man forvdntas méta. TBM:en ér en sa
kallad ”mixed shield” och kan borra i1 6ppet eller slutet ldge. Den permanenta
tatningen och forstiarkningen av tunnlarna sker med en prefabricerad betong-
lining som monteras direkt i TBM:ens bakre del.

o Forbehandling av Méllebackzonen (MBZ) utfors for att minimera risken att
TBM:en far f6r langsam framdrift eller far andra problem. Forbehandlingen
omfattar frysning och injektering. En 600 m lang accesstunnel drivs fram till
MBZ for att mgjliggora arbetena.

Starka projektorganisationer med stort fokus pa kvalitet, miljo och arbetsmiljo.
Ett gott och vél etablerat samarbete mellan inblandade aktorer i1 projektet,
framforallt BV och SV.

Projektet #r indelat i tre faser. Ar 1-2 fignas 4t forberedande arbeten. Under ér 3-7 utfors
TBM borrningen. TBM-starten ar berdknad till sensommaren 2005. Under drivning av
tunnel 2 utfors ocksé tvartunnlarna. Slutligen utfors installationsarbeten under ar 8.
Foreliggande artikel handlar om de forberedelsearbeten som utfors 1 tunnlarna i den
sOdra delen, med fokus pé tunneldrivning fram till och uttag av de tvd montagehallar dir
TBM:en skall monteras.

Geologi

Sodra randzonen (SRZ) dr en regional svaghetszon av stor omfattning. Zonen ar
orienterad ungefar vinkelrdt mot tunnelriktningen och ca 650 m bred. Den bestér
framforallt av helt genomvittrade bergarter, men hér finns ocksé friskare uppspruckna
partier. Vittringen harror sig fran en period (ca 100-200 miljoner ar sedan) d& var
kontinent lag betydligt ndrmare ekvatorn och klimatet var varmt och fuktigt. Det
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exponerade urberget utsattes for en omfattande djupvittring. Efter hand eroderades det
vittrade materialet till storsta delen bort, men i SRZ, som é&r ett nedsankt urbergsblock,
har de vittrade bergarterna skyddats for erosion. Tunneln skir igenom denna
djupvittrade del, som bestér av kraftigt kaolinvittrad gnejs eller helt leromvandlad
amfibolit. Materialet ar s mjukt att det kan skiras med kniv. Da bergmassan ar helt
lervittrad dr dess egenskaper mer lika jord @n berg.

Inom zonen, framforallt i den norra delen har flera vertikala forskjutningar och rorelse-
zoner observerats. Ett tydligt bevis pa detta dr exempelvis forkastade amfibolitgangar.
Dessa rorelser gor att geologin snabbt kan fordndras bade vad giller bergart, vittrings-
grad och sprickfrekvens och ocksa att den i en liten skala (5-15 m) kan vara svar att
forutséga.

De mest signifikanta geologiska faror/fenomen som forekommer inom SRZ ir:

o Ravelling ground. Detta forekommer i de mest lervittrade delarna och yttrar sig
1 en successiv nedbrytning av hallfastheten i bergmassan. ’Sta upp tiden”, dvs
tiden fran det att berget blottlidggs till dess att det kollapsar ar sa lag som 1-2
timmar. Denna process stoppas direkt da sprutbetong appliceras pé bergytan.

o Blockutfall. Detta forekommer framforallt i amfibolit dir berget i sig kan vara
av bra kvalitet men dar sprickhallfastheten dr mycket lag.

o Vatten. Grundvatten kan leda till problem dels genom att vattentrycket bidrar
till att belasta bergmassan om inte tillricklig dranering finns, dels genom att
strommande vatten forsdmrar hallfastheten (accelererande ravelling process).

Om dessa faror realiseras kan ras av olika storlek intraffa.

I Hallandsasprojektet beskrivs bergkvaliteten med hjilp av tio stycken bergklasser.
Foljande grova uppdelning kan goras (6.m anger bergmassans hallfasthet):

Bergklass 1 = Mycket bra berg - 6.m > 25 MPa
Bergklass 2-4 = Bra berg - 6., = 20-8 MPa
Bergklass 5-6 = Medelbra berg - 6., = 6-3 MPa
Bergklass 7-9 = Daligt berg - o, = 2,3-1,0 MPa
Bergklass 10 = Mycket daligt berg - 6cm < 0,5 MPa

Huvuddelen av tunneldrivningen inom SRZ har gjorts i daligt eller mycket daligt berg,
motsvarande Bergklass 9 och 10.

Designprinciper och kontrollprogram

Designfilosofin bygger pé aktiv design, dir observationer under byggtiden har stort
fokus. Rorelserna i tunnlarna observeras kontinuerligt och larmgrénser for rorelser har
upprattats baserat pd forvantningsmodeller (numeriska berédkningar) och de téjningar
som sprutbetongen kan tila. Observationer sker dagligen i omradena dér schaktnings-
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arbeten pagar och sedan med utglesat intervall di rorelserna avtar. Da en larmgréns
overskrids informeras designern och GK3-ansvarig. Tillsammans med produktions-
ansvariga diskuteras eventuella kompletterande atgirder innan arbetena tilldts ater-

upptas.

En annan viktig grundprincip for arbetena dr anvindandet av tekniska revisioner eller
tullgranser, som inte kan passeras utan avstdmning och godkidnnande fran GK3,
designern och BV. Exempel pé sddana tullgrinser har varit:

o Beslut om slutlig placering av ostra montagehallen. Beslutet skall ske innan en
viss sektion 1 huvudtunneln passeras. I samband med det beslutet skall ocksa
kompletterande kdrnborrning utforas.

o Uttag av sista pallen 1 montagehallen. Sista pallnivan far ej paborjas forrdn
avstimning av ovanliggande uttag gjorts.

Som bas for grunddesignen lag kontraktskraven samt erfarenheter fran den tidigare
drivningen i SRZ (1996-1997). Designdokument upprittades for huvudtunnlar och
montagehallar. Dessa omfattar dimensionering av bergforstirkning med bult,
sprutbetong och spiling samt injektering. Analytiska och numeriska berdkningar
utfordes.

Huvudtunnlar

Drivningsmetod

Metoden att driva huvudtunnlarna genom SRZ baseras pa forsiktig drivning enligt
“multiple drift” metoden. Detta innebir att mindre sektioner av tunneln tas ut och
forstirks successivt. Generellt har sektionen delats upp i galleri och pall, men i de
sdmsta partierna har galleriet delats upp 1 4-6 delar. Uttag sker mestadels med hjilp av
gravning eftersom materialet ar mjukt. I hardare partier har hydraulisk hammare
anvints. Palluttaget sker ocksd med hjilp av gravning och knackning.

Designaspekter och bergférstarkning

Den tidigare designen for huvudtunnlarna (1996-1997) byggde pa ett system med
spiling, sprutbetong och bult. Denna forstarkningsprincip har behallits, men ett
kraftigare och robustare spilingsystem, sk rorspiling, har anvénts for att effektivisera
tunneldriften. Forstarkningsmodeller arbetades fram for Bergklass 7 respektive 10.

Spilingen skall forstiarka berget under tiden mellan berguttag och sprutbetongforstark-

ning. Spilingen kommer inte att ta full berglast utan dimensionerades for en forvantad
last ndrmast tunnelfronten, se Figur 1.
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Full load at Reduced load
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Spiling

Shotcrete

Figur 1 Princip for lastuppskattning pa spiling.
Principles for load estimation on spiling.

Spilingen antas fungera som en jimnt belastad balk med flera upplag. Spilingréren
tillats flyta och i samband med det sker en rorelse. Da berget i sig dr relativt mjukt kan
denna rorelse dstadkommas.

Baserat pd modellerna ovan utformades en systematisk forstarkningsmodell med ror-
spiling i kombination med bergbult och sprutbetong. Den ursprungliga dimensionering-
en av spilingen baserades pa 12-16 m langa ror med diameter 89 alternativt 114 mm.
Dessa ror gingskarvades och fanns i langder 3 eller 6 m. Spilingen monterades med
c400 mm och 3 m dverlapp. I samband med de inledande arbetena intréffade ett ras i ett
omrade dir berget uppvisade “ravelling ground”. I samband med raset gick 4-5 spiling-
ror av, vilket foranledde en genomgéng av dimensioneringen. Att dessa ror blivit 6ver-
belastade beror sannolikt pé att det oforstarkta spannet blivit for langt och de teoretiska
dimensioneringsforutséttningarna dndrats. Det ar sdledes viktigt att vid dimensionering
av spiling belysa ett storre sammanhang som inkluderar uttagsmetod, upplag i bdda
andar, analys av sta-upp-tid samt kontinuerlig forstarkning mellan upplag. Nagra
faktorer som pdverkar spilingens bérighet &r:

o Bergmassans hallfasthet. En hogre héllfasthet kan ge ldgre barformaga for
spilingen eftersom rorelser inte tilldts. Det dr speciellt viktigt vid heterogena
forhdllanden med omvéxlande mjukt och hart berg.

o Storleken pa det oforstirkta spannet. En liten 6kning av det oforstirkta spannet
kan snabbt reducera spilingens barforméga. Det &r sdledes viktigt att bibehalla
frontstabilitet.

o Dynamiska laster, som kan upptrdda om “’kyrkor” bildas ovan spilingen, maste
undvikas.

Ett principbeslut om byte till ett kraftigare spilingsystem (¢140 mm) gjordes, framforallt
av produktionstekniska skal. Samtidigt anlitades en Osterrikisk underentreprendr for
borrning av spiling. Den utrustning som anviandes mdjliggjorde borrning av 16 m langa
ror med endast en skarv. En fornyad design enligt samma berdkningsprincip gjordes och
denna visade endast att sikerheten 6kade ytterligare. Dock kvarstar de grundliggande
problemen/begrinsningarna med spilingen som beskrivits ovan.
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I Bergklass 10 utgors forstarkningen, forutom av rorspilingen, av 4 m ldnga bultar #1,0
m och minst 200 mm fiberarmerad sprutbetong samt stuffbultar av Swellex eller
glasfiber. Initialt kommer sprutbetongen att béra lasten fran spilingen. Allteftersom
fronten avancerar minskar den lasten samtidigt som berglasten 6kar. Principen for
sprutbetongforstirkningen &r att successivt tjocka pé lagren till slutlig tjocklek. Bultarna
forses med brickor sa att sprutbetongen forankras. Sprutbetongtjockleken har berdknats
enligt principen om cirkulércylindriska tvérsnitt:

c=P-R/t

dér R ér radien, t ar tjockleken pa sprutbetongen, P dr berglasten och ¢ ér
tryckhallfastheten.

Denna princip forutsdtter dock en sluten ring vilken normalt inte finns nédr endast gal-
leriet tagits ut. For att undvika for stora deformationer har nedatriktade stagférankringar
(6 m langa Dywidag stag ¢=32 mm, c 1,0 m) installerats med en kapacitet motsvarande
den antagna berglasten i nivd med pallen. Nér sedan palluttaget sker sluts till sist ringen
med sprutbetong och en bottenplatta av armerad betong.

Berédkningar har ocksa utforts med traditionell analytisk metod (Ground Reaction Cur-
ve) for att ytterligare verifiera forstarkningsmodellen. Slutligen utférdes en numerisk
berdkning i programmet Phase” for att ge en forvintningsmodell pa deformationerna.

Deformationsmatning

Den numeriska analysen for Bergklass 10 visar totaldeformationer pa 10-24 mm efter
uttag av galleriet. Ytterligare 30 mm deformation tillkommer i de nedre viggpartierna
efter palluttaget.

De verkligt uppmatta deformationerna i ett av de sdmsta partierna som patraffats, med
helt genomvittrad amfibolit, visar pa 2-20 mm konvergens efter galleriuttag. Efter
palluttaget sker ytterligare 10-30 mm rorelse. Detta dr en god korrelation mellan modell
och verklighet.

Montagehallar

Drivhingsmetod

Tunnelborrningsmaskinen kommer att driva tunnlarna fran sdder till norr. Den Ostra
tunneln drivs forst, varpda TBM demonteras och transporteras tillbaka for att ater mon-
teras och dérefter paborja drivningen av den vistra tunneln. For att mojliggéra montage
av tunnelborrningsmaskinen (TBM) krévs en montagehall for varje huvudtunnel med
dimensionerna 30x16x19 m.
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Montagehallarna ér lokaliserade inom SRZ men for att undvika det simsta berget har
huvudtunnlarna drivits ca 100 m framét in i1 béttre berg med Bergklass 5-7. Detta parti
ligger utanfor det mest vittrade bergblocket i ett omrade som uppvisar flera rorelsezoner
dér foretradesvis vertikala forkastningar 4gt rum.

Montagehallen tas ut i olika delar. Forst drivs och forstarks ett galleri (6vre delen
inklusive taket), dérefter tas berget ut 1 tva pallar (liggarpallar) och viggarna forstarks.
Slutligen gors betongarbeten och montage av kran for TBM-montaget. For att na
galleriet har en ramptunnel drivits 1 pelaren mellan huvudtunnlarna, se Figur 2. I
omradet finns ocksé en tvirtunnel.

]
e —— Vistra hallen
\ B
g | Ramptunnel
gl F - = — — — 7
S
5
H——
P 1| —Ostra hallen
—
Figur 2 Planskiss montagehallar.

Layout Erection Chambers.

Designaspekter och bergforstarkning

Montagehallarna dimensionerades for Bergklass 5-7, enligt samma principer som for
spartunnlarna. Numerisk berdkning for forvantningsmodellen utfordes i PLAXIS.

De béda bergrummen skulle ursprungligen placeras parallellt med varandra men efter
kompletterande kidrnborrning under sommaren 2004 dndrades layouten och hallarna
forskots inbordes, se Figur 2.

I bergklass 5 gors forstarkningen av tak och viggar med bultar #2 m (6 m langa Swellex
eller ingjutna kamstélsbultar) samt 200 mm fiberarmerad sprutbetong. I Bergklass 7
okas sprutbetongtjockleken till 300 mm.

Under drivning av den norra delen av galleriet observerades en stor geologisk hetero-
genitet 1 bergmassan. Pa grund av flera tolkade rorelsezoner 1 olika riktningar var det
svart att logiskt forklara geologin i en storre skala &n 5 m. En storre rorelsezon tycktes
ocksa stryka langs med bergrummet. Senare har detta visat sig vara en markant vertikal
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forkastningszon med hogre vittringsgrad dér en stérre amfibolitgdng har forkastats 5-10
m i vertikalled. Bergmassan var generellt endast begriansat vittrad (W2-W3 enligt
ISRM) men kraftigt uppsprucken (sockerbitskaraktér). Framforallt 1 amfiboliten har
ocksé sprickhallfastheten bedomts vara mycket 1ag.

Pé grund av den skiftande geologin i dstra kammarens norra del, den vittrade zonen i
rummets centerlinje samt en incident med ett mindre utfall av en stross under salvborr-
ning, gjordes anpassningar och kompletteringar av bergforstarkningen:

o Bultintensiteten dkades till #1 m. Orsaken till detta var att berget bedomdes
relativt sprickintensivt.

o Bultlingden reducerades fran 6 m till 4 m av produktionstekniska skél. For att
kompensera den kortare bultlingden installerades nitarmerade sprutbetongbagar
(30-40 cm tjocka) i rummet. Tre bagar har installerats, en 1 den norra dnden, en 1
mitten och en i den sddra dnden.

o For att forstérka berget 1 valvet vid ramptunneln (pelaren) samt att forstérka den
vittrade rorelsezonen har spiling (Ischebeckstag) installerats vid ett par tillféllen.
Spilingen har forankrats med sprutbetong och fjéllband.

o Forbultning med Swellex har kontinuerligt anvénts i anslutning till det simre
berget i rummets centerlinje.

I november 2004 intrdffade ett storre ras/blockutfall 1 den 6stra huvudtunneln 1 anslut-
ning till montagehallen. Raset pa omkring 100-150 m’ intriffade d i princip hela
galleriet i montagehallen tagits ut och forstédrkts. Foljande kompletterande forstérk-
ningsatgdrder gjordes da:

o Sékring av samtliga valv 1 montagehallen och anslutande tunnlar med stal- eller
sprutbetongbagar.

o Bulting och sprutning av montagehallens sddra gavel samt 1 rasomrédet.
Bultning utférdes endast med ingjutna kamstal eftersom dessa har hogre
skjuvkapacitet an Swellexbultar. Dér hilen var instabila anvdndes Ischebeck-
stag.

Gjutning av betongvalv 1 Ostra tunnelns tak.
Forstirkning av bergpelaren mellan ramptunneln och montagehallen med
forspanda GWS-stag.

Forstarkning med forspédnda stag 1 pelaren mellan ramptunnel och montagehallen utfors
for att mobilisera en mothéllande spanning c;. For att {4 en bild 6ver spanningssitua-
tionen gjordes en fornyad numerisk analys i Phase®. De forspinda bultarna skall ge det
tillskott av o3 som krévs for att klara nedanstdende samband:

o,(1-sing)—-2a-sing dir
= a =
l+sing tan ¢

3

Resultatet gav att pelarviggen skulle forstirkas med en vertikal rad om tre genomgéen-
de forspédnda stag varannan meter.
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Deformationsmatning

Tre mitsektioner (optisk konvergensmitning) med fem métpunkter vardera finns i
montagehallen. I anslutande tunnlar finns ocksd mitsektioner. Matning sker med
totalstation minst en gang om dagen. En 4 punkts-extensometer &r monterad i pelaren
mellan ramptunneln och montagehallen.

De numeriska berdkningarna for montagehallen visar pd 10-29 mm deformation efter
uttag av galleri i Bergklass 7 samt upp till 37 mm efter palluttag. I Bergklass 5 ar defor-
mationerna mindre, 2-16 mm.

I mittpartiet av bergrummet dr rorelserna efter uttag av galleri som mest 10 mm riktade
in mot rummet. Efter uttag av den forsta delen av pallen (ca 5-6 m) dr deformationerna
idag (jan —05) ca 22 mm, se Figur 3. Berget ror sig i samband med uttag, men uppvisar
avstannande rorelser efter att forstarkning installerats. Rorelserna motsvarar ungefar de
forvéintade.

Erection Chamber Section 197/247 (middle)
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Figur 3 Deformationer (total konvergens) uppmatta i montagehallens mittsektion.

Svarta linjen visar start av palluttag.
Deformations measured in the Erection Chamber (mid section).
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Speciella risker och riskanalys

Ras och utfall &r en identifierad risk och kan aldrig uteslutas helt vid drivning i mycket
déligt berg. Baserat pé erfarenheter fran tidigare och nuvarande drivning i SRZ maéste
man konstatera att sannolikheten for utfall &r hog. Tidigare drivning har resulterat i
atminstone 5 ras/utfall av signifikant storlek. Det bor pipekas att samtliga dessa utfall
har skett vid arbetsfronten och aldrig i slutforstiarkta omraden. Saledes &r uttaget (som
gbrs med hjélp av gravning, knackning eller springning) det mest kritiska
arbetsmomentet.

Omfattande riskanalyser har genomforts infor arbetena i SRZ. Foljande risker har
identifierats som ar direkt kopplade till ras/nedfall:

Ras pga designfel.
Ras pga byggfel. Risken avser ett stort ras som orsakar en omfattande forsening.
Exempel pa initierande hindelser som kan realisera denna risk &r:

= Otillracklig forstarkning

= Forstarkning installerad for sent

* Design foljs inte
Geologisk modell felaktig.
Arbetsskador/-olyckor. Denna risk innebér olyckor som leder till skador pa
personalen (SV, BV eller underentreprendrer). Exempel pa olyckor kan vara
trafikrelaterade olyckor, bergutfall, brand, kemikalier etc.
Fel metod vald. Risken é&r relaterad till uttagsmetoden som helhet.
Brister i informations- och beslutsflode.

Fore arbetenas start har samtliga dessa risker bedomts ligga péd en acceptabel niva,
antingen utan extra riskreducerande atgérder eller efter att riskreducerande étgérder har
implementerats.

Eftersom man kan konstatera att sannolikheten for utfall ar hog bor de riskreducerande
atgirderna inte bara vara inriktade pa att reducera sannolikheten for denna fara, utan
ocksa pa att reducera konsekvenserna nér ett utfall/ras intrdffar. En viktig riskreduceran-
de atgérd 1 detta sammanhang dr att yrkesarbetarna som arbetar med tunneldriften har
ritt kompetens och arbetar efter tydliga procedurer och rutiner. Ett exempel pé det dr att
under uttag alltid arbeta fran ett sékert forstarkt omrade. Vidare infordes ocksa en rutin
dér uttag (gravning) inte fick ske om inte sprutbetongen kunde appliceras inom 5-10
minuter, vilket innebar att betongbilen och sprutroboten skulle finnas vid stuff. Nedan
foljer en sammanfattning av nagra andra huvudétgéirder for att reducera risken for ras:

o Inférande av observationssystem med larmgrénser.
= Exempelvis forsondering, geologisk kartering,
deformationsmétning
o Implementering av rutiner och riktlinjer for besluts- och informationsflode
o Implementering av aktiv design och tullgrinser (toll-gates)
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Varningsklockor definieras som indikationer att nagot ar pa vig att handa. Under
arbetena maste en beredskap och medvetenhet finnas hos skiftlagen om riskerna och
riskernas mekanism. Detta kriavs for att mojliggora korrekta insatser, dels for att 1 forsta
hand undvika incidenter, dels nér incidenter intréffar. Det dr i séledes viktigt att inte
bara risken 1 sig identifieras och kommuniceras utan ocksa relevanta varningsklockor.
Dessa bor ocksé inkluderas i1 kontrollplaner och arbetsbeskrivningar. Inom projektet
gors utover det speciella insatser for att 6ka riskmedvetenheten hos alla som arbetar 1
projektet. Rutiner for rapportering av risker/tillbud finns ocksa implementerade.

Slutord

Under drivning av huvudtunnlarna med det beskrivna rorspilingsystemet har inga
incidenter intréffat trots att berget bitvis varit extremt daligt. Nagra enstaka stuffutfall
forekom da endast vanliga bultar anvdndes som stuffbult. Efter introduktion av 16 m
langa glasfiberbultar har stuffen varit stabil. Bedomningen &r att systemet dr mycket
robust och sikert.

Den slutliga forstarkningen av nu uttagna tunnelavsnitt skall goras med en 500 mm
tjock in situ gjuten betonginklddnad inklusive ett vattentitt membran.

Sammanfattningsvis kan man konstatera att de tillbud och ras som intréffat i SRZ har
med nagot enstaka undantag varit relaterade till brister 1 informations- eller beslutsflodet
inom projektorganisationen. Rent tekniska fel &r enligt erfarenheter fran SRZ relativt
séllsynta. Detta torde ocksa vara en generell trend. Vid komplicerade bergbyggen ér det
saledes lika viktigt, om inte viktigare, att fokusera pd mjuka parametrar och organisa-
tionen som pa tekniska fragestillningar.
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UNDERSJOISK TUNNEL, FAROYENE
Sub-sea tunnel, Faroe Island

Svein E Kristiansen, NCC Construction AS

SAMMENDRAG

Nordeyatunnelen er 6,2 km lang med en undersjoisk del pd 3,1 km.
Tunnelen forbinder oyene Eysteroy og Bordoy under Leirviksfjord og
sorger for at Ferayenes neststorste by Klaksvik blir fergefri til Torshavn
og flyplassen. Tunnelen drives i sin helhet i basalt og er den andre
undersjoiske tunnel pd Feroyene.

Tunnelen sikres etter Q-metoden. Normalt har Q-verdien ligget omkring
15 (God). Sikringsomfanget i tunnelen er derfor moderat. I all hovedsak
sikres det med sprett bolting og sprutbetong for forsegling av

tufflag og mer/pores basalt.

Overdekningen varierer mellom 40-60 m i den undersjoiske delen.
Losmasse tykkelsen 1 fjorden er svert beskjedne. Etter at 65 % av
tunnelen er drevet er lekkasjen moderat, ca 200 liter pr minutt og
kilometer. Omradet med mest lekkasje var fra kote -20 til kote —60. Der
var vannstrommen fra heoyereliggende parti sa stor at sprekker var &pne og
helt uten materiale.

SUMMARY

The Nordoyatunnel is 6,2 km long, with a sub-sea part of 3,1 km. The
tunnel will provide a connection between the islands of Eysteroy and
Bordoy below Leirviksfjord, makes the second larges city in Faroe Island,
Klaksvik, ferryfree to Torshavn and the airport . The whole tunnel is
excavated by drill and blast in Basalt and it is the second sub-sea tunnel in
Faroe Island.

The Q-system regulates the rock support of the tunnel. Normally have the
Q-value been recorded to 15 (Good). Rock support has been low, spot
bolting and some shotcrete.

The distance from the tunnel to the rock surface is 40-60 m in the sub-sea

part of the tunnel. The thickness of sea bottom deposits is very thin. After

65% of the tunnel excavation was done the leakage is average, around 200
liters per minute and kilometer. The highest leakage has been obtained
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between -20 and -60 meters under sea level. The pressure of groundwater
from higher elevation was so high that the joints where open and without
any materials.

INNLEDNING

Feroyene er et oyrike med 18 gyer som ligger ca pd samme breddegrad
som Alesund mellom skottland og Island. De tilhgrer Danmark, men har
et indre selvstyre. Befolkningen er pa ca 47.000 mennesker.

Nordeyatunnelen gér under Leirviksfjord mellom eyene Eysteroy og
Bordoy. Klaksvik er den neststarste by pa Ferayene med ca 5.000
innbyggere og ligger pa Bordoy. Eysteroy er den nest folkerikeste aya pé
ferayene og er forbundet med bru til Streymoy, der hovedstaden
Thorshavn ligger. Strekningen trafikkeres i dag med ferge mellom kI 06-
23, turen tar ca 30 minutter.

Prosjektet har vaert under planlegging siden slutten av nittitallet. Det har
vaert undersekt en rekke forskjellige traseer, men den estligste trasee ble
valgt pga den beste geologi med fa svakhetssoner.

Byggherren er PF Nordoyatunnelen, som er et heleid statlig
bompengeselskap, skal bygge, finansiere og drifte tunnelen over 14 ar
etter &pning. Budsjett er pa 340 mil DKK, hvor staten finansierer 200 mil,
resterende kommer inn med bompenger.

Anbudsbefaring ble avholdt i oktober 2003, med 3 prekvalifiserte
konstellasjoner. Disse var :
e NCC Construction Norge og Danmark/J&K Petersen/Byggitek
e MT Hpoigaard/Kruse Smith
e Pihl/Istak/AF

Dette ble ogsa rekkefolgen pa anbudskonkuransen. Det skulle gis pris pa
tunneltverrsnitt T10, mengderegulerte kontrakt, kun elektro og
betalingsanlegg er ikke med i hovedkontrakten. Under
kontraktsforhandlingen ble det forhandlet frem en delvis fastpris kontrakt
NCC tok mengdeansvaret for sprenging og sikringsarbeidet, unntatt
injeksjon. BH beholdt mengdeansvar for innredningsarbeidet.

Forste salve 1 Leirvik ble tatt 18.12.03 i Leirvik og den 20.04.04 1
Klaksvik. Det er forventet gjennomslag i juni 2005. Vegbanen i tunnelen
blir gjort ferdig 1 seksjoner pd 500m, som skal gjere at tiden etter
gjennomslag til tunnelen kan apnes for trafikk minimeres. Apning rundt
01.05.06 er idag realistisk, som er 3 mnd for frist.
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TEKNISKE DATA

Lengde: 6.155m
Tverrsnitt: 64 m* (T10)
Sterste dyp: —152 m.o.h.
Havarilommer: 13 stk
Hammernisjer: 3 stk
Sprengning av tunnel: 420.000 m’
Fordregyningsbasseng: 5.000 m’
PE-skum: 78.000 m’
Bolter: 25.500 stk
Sprutbetong: 7.200 m’
Sonderboring: 25.000 m
Injeksjonsboring: 25.000 m
Sementinjeksjon: 1.082.000 kg
Utsteping: 40 m
Betongarbeider, pumpestasjon, portaler: 780 m’
Kantstein 12.500 m
Forsterkningslag 17.000 m’
Asfaltdekker 10.000 tonn
Drensledninger PE 6.800 m
Pumpeledning PE50 PN16 3.000 m
Sandfangkummer 50 stk
Inspeksjonskummer 56 stk
Trekkekummer 32 stk
Trekkeror 1 skulder 40.000 m
Kabelkanaler (OPI) 325 m
Kabelbru 6.500 m

I entreprisen inngar:

Utsprengning av tunnelen
Uttransport av sprengstein

Vannsikring

Pumpestasjon, betong og pumper
2 stk portalbygg

5 stk tekniskebygg
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Arbeidssikring og permanent stabilitetssikring

Grofter, ror, kummer, trekkeror, trekkekummer
Vegfundament: forsterkningslag, baerelag, kantstein, asfaltdekker
Montasje av ventilasjonsvifter og kabelbroer

Administrerende sideentreprener for elektroentreprisen



GEOLOGI

Ferayene er av vulkansk opprinnelse. @ygruppen utgjer en liten rest av
det store nordatlantiske basaltomréddet, og er en del av en heyderygg som
strekker seg fra Skottland til Grenland.

Bergarten er tholeitisk basalt, der den primare mineralogi bestér av
kalsiumholdig plagioklas-feltspat og magnesiumrik pyroksen med sma
mengder magnetitt, ilmenitt og olivin.

Sedimentaere innslag, leirsedimenter eller aske finnes 1 liten mengde som
tynne tufflag. Basalten kan deles opp i 3 serier, den nederste, mellomste
og everste basaltserie. Tunnelen drives utelukkende i den mellomste
basaltserie.

Lagene i basaltplatiet ligger naer vannrett, med en helning pa 3° mot ost.
Lava-stremmene i den mellomste basaltserien har uten vesentlig opphold
flytt over hverandre og dels grepet inn 1 hverandre. Det er ubetydelig
seismisk aktivitet i denne regionen.

Oppsprekkingen i omradet folger i det vesentligste stroket til de grove
strukturer 1 bergmassen med retning @-V.

Lydhastigheten i bergmassen utenfor lavhastighetslagene ligger mellom
5.3000 og 6.400 m/sek. Lavhastighetslagene ligger generelt mellom
3.700 og 5.300 m/sek. Laboratorietestene som er utfert pa kjerneprover
viser at bergarten har stor trykkfasthet og meget stor E-modul.

Vanntapsmalinger viser at hydraulisk konduktivitet i bergmassen er
beregnet til 4 vaere i storrelsesorden 5x107 m/sek. Det er registrert
konduktive soner, ned mot 2x10°° m/sek.

Det er beregnet en gjennomsnittlig Q-verdi i de 3 kjernehullet som er
boret til Q=23. Det tilsvarer en bergmasse som er av god kvalitet. Bergart
klassifiseringen som er gjort under sprengingene viser i all hovedsak Q-
verdi pa 15.

Tufflagene har moderat mektighet, noen har leirfylling, og det er malt
svellende egenskaper.

Et dominerende trekk i den regionale geologi er lamellsoner, dype klofter
langs disse sonene er kalt gjogv pé feraysk. De har oppstatt som folge av
gjentatte spenningsutligninger langs samme plan i basaltplataet pga. et
ustabilt underlag. De bestar av knusningsmateriale.
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Det er generelt sparsomt med losmasser i omradet, pa land 1-2 meter. [
fjorden er tykkelsen noen fa meter og usammenhengende, ingen steder

over 10 m. Massene pa havbunnen er morenemasser.

PROSJEKTORGANISASJON

Feroya konsortiet IS

Styret

Niels Larsen, NCC Construction Danmark
Knut Liavaag, NCC Construction Norge
John Petersen, J&K Petersen
Tummas Sﬂrerllsen, Byggitek

Prosjektleder
Svein E Kristiansen

Verkstedmester

Anleggsleder
Alf Helge Tollefsen
| I 1
HMS/KS leder Driftsleder
Herman Lindberg Leif T Tommeras

Kristian Storhamar

Prosj. Sekreter

4 kokker
2 brakkebetjente

Formenn
Arne Plassen
Torben Johansen
Hans Serensen
Torbjern Torgnes
Ulf Hansen
Kari Johansen

2 Elektrikere
3 Reparaterer

6 Baser
6 Stuffrep
6 lastere
8 bakstuff
2 sprutere
1 lzerling
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Det er totalt 52 ansatte i NCC sin organisasjon pa Fareyene under
driving, hvorav 29 er lokalt rekrutterte.

Massetransport og mellomlagerhold er satt bort til lokal lastebilfirmaer,
som har laget konsortier pa hver side. Disse har i dag 20 ansatte involvert
1 dette arbeidet. Sprutbetongen kjopes fra lokal betongleverander pa
Leirviksiden, P/F Levubetong. Spruting i Klaksvik medferer
fergetransport av betongen.

De viktigste leveranderer er: Sprengstoff Kimit AB
Bolter Orsta
Injeksjon/spruting ~ MBT, norge
Borestal Anleggspartner AS
Stalfiber Bekaert, norge
PE-skum Skumtech AS
Asfalt Landsverk

GJENNOMFORING

Tunnelen skal drives fra begge sider, men med forskjellig
oppstartstidspunkt. Oppstart rigging ble satt til 05.12.03 1 Leirvik og 4
ménder senere pd Klaksvik. Tidsforskjellen kom av at det matte sprenges
pahugg 1 Klaksvik for opprigg og driving kunne starte, dette var
faseskjovet pga ekspropiering av grunnen i Klaksvik.

NCC har valgt & benytte seg av foelgende hovedmaskiner: 2 stk fulldata
AMYV borerigg, 1 stk Broyt ED 1000, 1 stk Volvo 330 og 1 stk Cat 980G
som reservelaster, Elektrisk spruterigg AMV 7450.

Det drives med 3 skift fra hver side, som er 4 uker pd og har 2 uker fti,
dvs at 1 skift er pa fri, mens 2 er pa arbeid.

3 mann jobber pa stuff pa hvert skift, mens det til en hver tid er 2
bakkstuff pd dagtid. Reparaterer og elektrikere gir dagtid med fri uke
ordning. 1 formann er pa til en hver tid, pa begge sider.

Normal salvesyklus er : Bolting, 15-25 stk 3m limbolt
Salveboring, 110 hull
Lading
Lasting/maskinrensk
Spettrensk/bolte pamerking

Det gjennomfores systematisk sonderboring foran stuff. Avhengig av
borbarhet og lekkasje varierer skjermene mellom 28 til 38 m lengde. Det
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bores 4 hull foran stuff. Avhengig av lengden pa hullene foretas
sonderboring hver 4-6 salve, med 8 m overlapp. Ved lav/ingen
vannlekkasje fylles hullene med industri- eller mikrosement med
injeksjonstrykk. Dette for & fa en tettere tunnel. Ved storre lekkasjer bores
det injeksjonshull i tillegg som blir injisert, med etterfelgende
kontrollhull.

Spruting foretas ca 2-3 gang pr uke, pga godt fjell. I all hovedsak sprutes
det 6 cm uten fiber for & isolere tynne band med aske eller leire, som ellers
vil forvitre og drysse med arene. Borbarhet pa basalten ligger normalt
mellom 3-3,5 bm pr minutt. Det finnes ikke fri kvarts, sé slitasjen pa
borstdlet er moderat. Det benyttes 48 millimeter stiftborkroner og BLE35
stenger. Borkronene bores helt ut uten sliping.

SIKRINGBESTEMMELSE

NCC har tatt mengdeansvar for bolting, spruting og utsteping. For 4 ha et
system som sikret at begge parters interesser ble i vare tatt, sa skal
sikringen utferes etter Q-metoden. Det ble satt et funksjonskrav om at
innlekkasjen ikke skal vare sterre enn 300 liter pr minutt og kilometer.

Under hver boring blir det foretatt en bergartsklassifisering av BH
representanter. Disse beregner Q-verdier og lager et forslag til
permanentsikring av tunnelen etter omforente sikringsklasser som er
utarbeidet 1 fellesskap. Dette forslaget blir vurdert av entreprener og blir
vurdert nar tunnelen permanentsikres. Permanetsikringen blir bestemt av 2
geologer som er utpekt fra entreprener og fra byggherre. Det er hhv
Sverre Barlindhaug fra Multiconsult, avd. Noteby og Eivind Grov fra
SwecoGrener. Klarer ikke BH og entreprenerens geologer 4 komme til
enighet om sikringsmengder, er det opprettet en referansegruppe pé 3
personer som fungerer som domstol 1 sikringsspersmal. Disse samles pa
Feroyene 3 ganger pr ar for 4 ta sakene som er kommet opp. De gir ogsé
rad 1 andre typer spersmaél, hvis partene ensker der. Gruppen bestér av 1
person som er valgt av BH og 1 som er valgt av entreprener. Gruppas
formann er valgt i samrad mellom partene. Medlemmene er:

Formann: Eirik OQvstedal, Statens vegvesen, Veidirektoratet.
Entr.rep. : Bjorn Buen, Dr. ing.geolog Bjern Buen AS
BH rep. : Anders Beitnes, SINTEF Bergteknikk
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De omforente sikringsklasser ble forhandlet fram under
kontraksforhandlingene, med bakgrunn i erfaringer fra Vagatunnelen.
Folgende klasser med tilherende verdier ble bestemt, og er gjengitt i tabell
1. I tillegg blir alle askelag og leirslepper sprutet inn, selv om Q-verdien i
omradet ikke tilsier dette.

Sikringskl |A B C D E
Q-verdi Q>15 2<Q<15 10,4<Q<2 ]0,04<Q<0.4 | Q<0,04
Bolter Sprett Sprett System System System
L=3m cc2,25m |Hengcc ccl,3m ccl,Im
L=3m 1,7m L=4m L=4m
Vegger cc
2,0m
L=4m
Spreyte- | Sporadisk |Srf/S Heng Srf | Srf 150mm | 200 mm
betong 60mm 120mm minimum | for ribber
Vegger
Srf 80mm
Betong- Ribber
Utsteping eller full
Armerte utsteping
buer
Tabell 1: Omforente sikringsklasser Vagatunnelen

Etter at 65% av tunnelen er sprengt ut er resultat av bergklassifiseringen
gjengitt i tabell 2. Dette viser at hele 96 % av tunnelen ligger 1
sikringsklasse 1 og 2.

Klasse | Q-verdi Andel i prosent
1 15< 49
2 3-15 47
3 1-3 4
4 0,001-1 0
5 <0,001 0
Tabell 2: Resultat av bergklassifiseringen
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INJEKSJON

Det utfores systematisk sonderboring med minimum 8 m overlapp. Pa
grunnlag av resultatene av boringen blir det bestemt om det skal bores
injeksjonskjerm. Erfaringene hittil er at det er enten eller. Enten er
lekkasjene under 10 1/min i sonderhullet, eller sa er den 200-2000 I/min pr
sonderhull. Det er registrert opp til 170 m vanntrykk.

Partiet med den hoye lekkasjen er fra Klaksvik siden da vi nddde kote -20
og varte konstant til kote — 60 m. Dette omréadet ble systematisk injisert.
De vannferende sprekkene var parallelle og hadde sjelden kontakt med
nabosprekker. Det er visuelt blitt registrert helt &pne sprekker pd opptil 20
cm uten sprekkemateriale. Hovedsprekkene er parallell til driveretningen.

Etter litt proving og feiling ble det konstatert at den mest effektive méten
a tette disse store sprekkene var & pumpe store mengder med tykk
industrisementblanding med tilsetting av alkaliefriaksellerator. Det ble
benyttet hullavstand 2,5 meter. V/C forhold 0,5. Ferdigblandet massen ble
levert 1 trommelbil fra lokalt blanderi rett i pumpen. En pumpe har da
kapasitet pé ca 6 tonn i timen. Normale skjermer i dette partiet var da pa
totalt 12 hull og det gikk 40 — 70 tonn industrisement. Pa det mest
ekstreme var inngangen over 200 tonn pd en strekning pa 38m

I hele den undersjoiske delen er det kun utfert sonderboring og fylling av
disse hullene. Selv om lgsmassetykkelsen pa havbunnen er beskjeden og
til dels fravaerende, si er tettheten meget god. Lekkasjen nar at 65 % av
tunnelen er drevet er ca 200 liter pr minutt og kilometer.
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Competitive Design Choices in the EPC Contract
for the Esti hydropower project in Panama

Gunnar Frostberg, SwedPower AB
Ilan Carter, MWH, UK
Anders Fredriksson, Golder Associates
Per Erik Soder, SwedPower AB

Summary and Conclusions

The Esti Hydroelectric Project was implemented under severe time constraints and with very high
liquidated damages due if Substantial Completion would not occur by 23 November 2003. The total time
for construction was only 33 months. The EPC Contract put all risks, except hydrological, on the
Consortium, but the Owner retained overall control over design and construction quality by means of very
detailed technical requirements.

Both the Barrigon CFRD Dam and the pressurized Headrace Tunnel laid on the project’s critical path and
therefore demanded special attention with regard to risk of time delays. Ground investigations performed
prior to contract award were limited due to the compressed time schedule. Even though additional
investigation was performed during construction, the knowledge of ground conditions was less than usual
for a project of such size and complexity.

The contract conditions, the compressed time schedule and the limited site information demanded that the
project design had to proceed on a “design-as-you-go” basis.

Barrigon dam was originally designed as an earthfill dam with a central clay core, however the
Consortium chose to change to a CFRD some 3 months after construction began, as it offered the
following significant advantages:

e Less fill volume.

Materials could come from a single prime source.

Placing of fill could continue without rain interruption.

Large volumes of fill could be placed while plinth construction was underway.
The grouting programme remains independent of dam fill and slab construction.
Concrete face slabs could be commenced, even if the dam was not at full height.
The speed of impounding was less critical than for a traditional clay core dam.

It is evident that the CFRD was superior to the clay core option, particularly as the rainy season in
Panama is extended and lasts for at least 8 months a year.

The tight construction schedule also demanded the adoption of modern practice and recent innovation,
such as:

e Use of concrete kerbs as a base for the face slab enabling a thinner slab than normal

e Use of a new omega shaped neoprene surface waterstop in the perimetric joint in addition to the
traditional copper backstop

e Inclusion of an intermediate horizontal movement joint at elevation 180 to enable simultaneous
filling of the embankment and construction of the face slab

e Foundation of the plinth on the left abutment on class 4 / 5 weathered rock with a positive cut off
through ungroutable rock

e Plinth bays were shortened to enable additional capacity for the plinth to articulate due to predicted
differential settlements
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e Extra vertical movement joints were incorporated in the lower third of the face slab on the left
abutment to provide greater flexibility

The CFRD option allowed embankment filling to be carried out over a 25 months period. The excavation
for the plinth works started by mid June 2001 and was finished some 16 months later. The face slab
works started by November 2002 and was completed within seven months. Impounding commenced in
late July 2003 and the reservoir was filled by mid August 2003.

The horizontal alignment of the Headrace Tunnel was based on the necessity to allow six excavation
fronts to enable the timely completion of the project and avoid the liquidated damages. Due to limited
time for site investigations before construction, the vertical alignment was finally decided and
continuously adjusted based on probe drilling both from ground surface and tunnel fronts during
excavation. Low horizontal rock stresses made it necessary both to adjust the vertical alignment to a
deeper location and implement substantial reinforced shotcrete and concrete lining on stretches with poor
rock.

The authors have no doubt that the change to a CFRD at Barrigon and the selected methods for
implementation and rock support of the headrace tunnel was decisive to the timely completion of the
project and the avoidance of penalties under the EPC contract.

Sammanfattning och Slutsatser

Esti projektet ligger 1 provinsen Gualaca néra staden David i véstra Panama. Projektet utnyttjar vatten
fran floderna Chiriqui och Barrigon, som efter kraftstationen leds till floden Esti, som s& smaningom
aterforenas med Chiriquifloden, innan denna mynnar i Stilla Havet. Kraftstationen med effekten 120 MW
och arsproduktionen 650 GWh togs i drift i november 2003 och stir nu for ca 10% av nationens
kraftforsorjning.

Vattnet fran floden Chiriqui ddms upp genom en 25 m hog betongdamm och leds genom en 5.6 km lang
kanal till Barrigon reservoiren. Denna har en volym om sammanlagt 47 Mm® med en utnyttjningsbar
volym om ca 10 Mm®. En 4.8 km lang trycksatt tilloppstunnel leder vattnet till en kraftstation beligen
ovan jord och rymmande tva aggregat av Francis typ var och en med effekten 60 MW. Bruttofallh6jden &r
122 m och utbyggnadsvattenforingen 118 m?/s.

Projektet genomfordes i form av ett s.k. EPC kontrakt (Engineering, Procurement, Construction) mellan
kraftbolaget AES Panama och ett byggkonsortium bestdende av Skanska, Alstom, GE och SwedPower.
Kontraktsumman var fixerad till 213 miljoner dollar. EPC kontraktet innebar att alla risker, forutom
hydrologin, lades pa byggkonsortiet, medan &garen behdll den overgripande kontrollen av design och
kvalitet genom uppréttandet av mycket detaljerade tekniska manualer. Byggkonsortiet riskerade dessutom
att fi betala forseningsboter om 180,000 dollar per dag om kraftstationen inte producerade kraft senast
den 23 november 2003. Kontraktet signerades den 15 februari 2001, vilket innebar en byggtid pa endast
33 manader, kanske den snabbaste byggtiden ndgonsin for ett projekt av denna storlek och komplexitet.
Begrinsade grundundersdkningar och avsaknad av en definitiv Basic Design fore byggstart gjorde det
nddvindigt att optimera manga anldggningsdelar genom design-as-you-go metoden, t.ex. den 70 m hoga
Barrigon dammen och den knappt 5 km langa tilloppstunneln.

Detta foredrag beskriver nagra av de fordndringar av designen som visade sig bli nédvindiga for att
projektet skulle kunna tas i drift pa utsatt tid.

Béde Barrigon dammen, som utférdes som en stenfyllnadsdamm med betongmembran (CFRD), och den
trycksatta tilloppstunneln lag p& den kritiska linjen for projektet och blev darfor foremal for sirskild
granskning avseende risk for tidsforseningar. Aven om vissa kompletterande grundundersokningar
gjordes under byggtiden, var kunskapen om grundlaggningsforhéllandena begriansade i forhéllande till
vad som dr normalt for ett projekt av denna storlek och komplexitet.
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Barrigon dammen var ursprungligen utformad som en jorddamm med en central titkdrna, men dndrades
av byggkonsortiet till en CFRD damm ca 3 ménader efter byggstart. Orsaken var ett antal fordelar sasom:

Mindre volym fyllnadsmassor.

Fyllnadsmassor kunde hdmtas frén en och samma plats.

Fyllnadsmassor kunde placeras utan risk for avbrott pa grund av regn.

Stora fyllnadsmassor kunde placeras samtidigt som bygget av plinten fortfarande pagick
Injekteringsprogrammet kunde genomfdras oberoende av dammfyllnad och konstruktion av
betongmembran.

Betongmembrat kunde paborjas dven om dammfyllnaden ej nétt full hojd.

e  Uppfyllnad av reservoiren blev mindre tidskritisk dn for en traditionell jordfyllnadsdamm med
tatkdrna.

Det &r uppenbart att CFRD alternativet var overldgset jordfyllnadsdammen, sirskilt som regnsdsongen i
Panama é&r lang och pagar minst 8 ménader om é&ret.

Den pressade tidplanen krdvde ocksé alternativa tekniska 16sningar och inférandet av nya koncept som till
exempel:

e Anvéndandet av ett pordst betongmembran som underlag for sjdlva betongmembranet, vilket
mdjliggjorde att detta membran kunde goras tunnare 4n normalt.

e Inforandet av ett nytt vattentitt omegaformat fogband av neopren placerat i ovankanten av fogen
mellan plint och betongmembran (perimetric joint) i tilldgg till det traditionella fogbandet av koppar
placerat i underkant av fogen.

e Inforandet av en horisontell rérelsefog péa niva +180 i betongmembranet mojliggjorde en samtidig
fyllning av stenfyllnadsmassor och gjutning av betongmembran.

e Grundldggning av plinten pa dammens vénstra sida pa vittrat berg av klass 4/5 kompletterat med en
betongskdrm vid bergarter som ej gick att injektera.

e  Gjutetapper for plinten kortades i langd for att ge utokad rorelsemojlighet for plinten att anpassa sig
till skillnader i sattningar pa grund av grundlaggningsforhéllandena.

e Extra vertikala rorelsefogar inkorporerades i den lagre tredjedelen av betongmembranet for att
mojliggora storre flexibilitet till rorelser pd grund av sittningar.

CFRD alternativet for Barrigon dammen mdjliggjorde att fyllnadsmassor for dammen kunde ldggas ut
under ca 25 manader. Schakt for plinten startade i mitten av juni 2001 och arbetet med plinten avslutades
16 manader senare. Arbetena med betongmembranet startade i november 2002 och avslutades inom 7
ménader. Vattenfyllning av reservoiren borjade i slutet av juli 2003 och reservoiren var fylld i mitten av
augusti 2003.

Den horisontella linjedragningen av tilloppstunneln baserades pa nddvandigheten av att anvidnda 6 fronter
for utschaktning av tunnelmassor for att klara tidplanen for projektet och undvika forseningsboter.
Beroende pé de begridnsade grundundersdkningarna fore byggstart bestdmdes djupforldggningen av
tunneln slutligt forst under sjdlva byggnationen. Djupforldggningen justerades kontinuerligt pa basis av
den information om berget som erholls frdn provborrningar sdvil frdn ytan som vid tunnelfronten. Laga
horisontella bergspinningar gjorde det nodvéndigt att justera djupforlédggningen till en lagre niva pa vissa
strackor och att utfora en omfattande lining med armerad betong eller sprutbetong pa strickor med dalig
bergkvalitet.

Forfattarna ar overtygade om att valet av en CFRD damm for Barrigon och de valda metoderna for
utsprangning och forstirkning av tilloppstunneln blev avgorande for att projektet kunde genomforas pa
den stipulerade tiden och att byggkonsortiet ddrmed kunde undvika férseningsbéter enligt EPC
kontraktet.
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1. Introduction and Background

The Rio Esti Project in the Republic of Panama is located on the Chiriqui River, which drains a large
basin into the Pacific Ocean near the city of David. The project was completed in November 2003 and is
now producing some 650 GWh a year or about 10% of the current nation power supply.

Water is diverted from Rio Chiriqui by a 25 m high concrete dam and carried along a 5.6 km long canal
to Barrigon reservoir. It has a total volume of about 47 Mm’® and an active reservoir volume of about 10
Mm’. A 4.8 km long pressurized headrace tunnel conveys the water to the powerhouse, which is
equipped with two Francis units each with 60 MW capacity. The total gross head utilised in the power
plant is about 122 m with a design flow of 118 m?/s.

Considerable effort was taken to minimise and mitigate the impact on society and the environment. The
scheme required few families to be resettled and these were compensated satisfactorily. Release of
‘ecological’ water from both dams ensures that the rivers are never drained and that provision was made
for riparian users downstream, including cattle farmers. The creation of 1000 construction jobs, albeit
temporary, was an additional short term benefit to the region.

The project was implemented as an EPC Contract between the owner, AES Panama, and a consortium
comprising Skanska, Alstom, GE and SwedPower. The Owner controlled design and construction quality
by establishing very detailed technical requirements. The Consortium was wholly responsible for
providing a 120 MW power plant not later than 23 November 2003 and carried all risks, apart from the
hydrological risk.

Limited site investigations and no time for development of a Basic Design before start of the project made
it necessary to optimize many structures by utilizing the design-as-you-go method, for example for two of
the main structures, the 70 m high Barrigon Dam, and the about 5 km long pressurized headrace tunnel,
which both were on the overall critical line for the project.

The fixed lump sum price amounted to US$ 213 million. Liquidated damages of US$ 180,000 per day
would accrue if the power plant were not commissioned by the due date. The warranty period for civil
works is 3 years. The contract was signed on 15 February 2001, thus giving a total construction time of
only 33 months, which may be the fastest implementation ever of a project of this size and complexity.
The paper describes some of the design choices, which were necessary to finally guarantee the timely
completion of the project.

Thanks to an intense and good co-operation between the design team, the contractor, the Owner and his
design and advisory team, the project was successfully completed 4 days ahead of schedule.

2. Design-As-You-Go Principle

Site investigation data was limited prior to construction due to a last minute change of the principal layout
by the Owner in order to achieve a bankable project with sufficient return on investment. As the due date
for commissioning of the plant could not be changed due to commitments already made in the Power
Purchase Agreement, the time schedule for the construction works became extremely compressed and no
time was available for additional site investigation for the new principal layout.

With these facts in hand the Consortium had no other alternative than implementing the project based on
existing investigations and such other investigations that could be made during the construction. A
limited site investigation programme was implemented during the initial construction period, however the
knowledge of ground conditions was less than normal for a project of this size and complexity. In fact the
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Designer had to implement the Final Basic Design at the start of the construction works in parallel with
producing the first detailed design drawings for construction.

Thus it was decided to follow a Design-as-you-go principle, where design solutions had to be
continuously evaluated subject to additional investigations of foundation properties of the main dam, rock
mass properties and rock stress distribution in the tunnel. Major design choices and design-as-you-go
principles, that became decisive to follow the compressed time schedule were:

Change of dam type for the main dam from an earthfill dam to a Concrete Face Rockfill Dam
. Additional fronts for excavation of the tunnel and continuous change of the vertical alignment
to favourable rock conditions

3. Change of Dam Type for the Main Dam from an Earthfill Dam to a CFRD
Dam

Rio Barrigon, a tributary of the Chiriqui river, flows down a broad valley and meanders across a 200 m
wide flood plain. The first Basic Design Report presented in March 2001 suggested a traditional clay core
dam to be built over Rio Barrigon with the following general construction details, see Figure 1:

A 6 m wide crest at an elevation of 225.5 m asl.

An upstream slope of 1 on 2.25.

Downstream slopes at 1 on 1.6 with intermediate berms to give an overall slope of 1 on 1.8.
Critical and non-critical filters adjacent to the inclined clay core.

At that time the availability of fill material made a clay core dam more economical than a concrete face
rockfill dam (CFRD). However, it became apparent during the site investigation that a problem could
arise in finding sufficient volumes of suitable clay borrow at an acceptable distance from the dam site.
Consequentially, in view of the tight construction schedule and the very high liquidated damages, the
CFRD alternative was considered to see whether it could reduce the risk of delay to the project.

G N e

Figure 1: Barrigon Dam, Original Design, Typical Section through the Earthfill Clay Core Dam

Comparative studies of the two dam types upon completion of site investigations revealed that both types
of dam would be technically feasible. The economics of dam construction therefore became the
controlling factor for the selection on dam type. All elements that could impact upon costs were
examined, especially those affecting time and constructability.
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The change to a CFRD, some 3 months after contract signing, hinged on the following factors:

Clay borrow for the core was of variable quality, distant from the dam and often inaccessible.
The clay material would require moisture conditioning, especially in the dry season.

Stockpiles would be required if core material were to be placed in the wet season.

Frequent interruptions could be expected during filling and work lost due to rain.

Grouting would need to be completed ahead of core placement.

Placing material in narrow zones near the top of the 700 m long dam would be slow.

A more rigorous testing and approval system would be required for clay core materials.

A CFRD would require less fill because steeper slopes could be utilised.

Fill materials could come from single prime source and could be placed in all weather conditions.
Placing of fill in a CFRD could generally continue without rain interruptions.

Large volumes of fill could be placed in a CFRD while plinth construction remains in progress.
The grouting programme for a CFRD is generally independent of dam fill and slab construction.
Concrete face slabs could be started in part of the dam, even if the dam is not at full height.

The speed of impounding is less critical for a CFRD than for a traditional clay core dam.

The most important consideration was to complete the dam in a timely manner and thereby avoid
extensive liquidated damages. The clay core option was vulnerable, particularly as the rainy season in
Panama lasts at least 8 months each year. The flexibility inherent in the CFRD option, brought about by
uninterrupted placement, independency of grouting, and simultaneous fill placement and face slab
construction, made it clear that a change to a CFRD would be cost efficient.

3.1 General Arrangement of the CFRD Dam

Barrigon Dam was constructed as a concrete faced gravel / rockfill embankment. It has a bottom outlet
located on the right side of the floodplain and a gated spillway on the right abutment, as shown in Figure
2.
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Figure 2: Barrigon Dam, New Design, CFRD Dam, General Arrangement

The empirical knowledge available from a great number of CFRDs and the latest trends in design were
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taken into account when the principal layout was decided, for example, the acceptance of relatively steep
slopes, plinth foundation on weak rocks, crest structure, etc.

The upstream and downstream shells of the dam have been zoned to make best use of the available fill
materials. High modulus alluvial gravels and/or rockfill were placed in a wedge beneath the face slab to
support the loads imposed by the reservoir. Similar “as dug” material was used downstream of this
section in thicker layers. Lower quality and/or lower modulus fill from required excavation was used to
form the downstream shell and stability berm.

Graded granular materials were placed over the formation underneath the upstream shell to filter any
seepage passing through or beneath the grout curtain. High quality fine and coarse filters were located
behind the perimetric joint and over the downstream apron. Processed filters were not used beneath the
downstream shell as the seepage gradients in that location are expected to be very small. The alluvium
should intercept any upward seepage before it reaches formation level. Similarly graded fill was used as
a transition between the saprolite and the overlying bouldery fill wherever that material was missing.

The minimum factor of safety of the downstream shell and its foundation was designed to be no less than
1.3 at the end of construction and 1.5 for the long-term seepage conditions. Displacements resulting from
the design earthquake are tolerable and the vulnerability of the embankment to foundation liquefaction
near the downstream toe was mitigated by provision of an outer stability berm.

The dam is characterised by the following features, as shown in Figure 3:

e A 6 mwide crest with an access road bounded on the reservoir side by a parapet.

e A minimum level of 224.75 m asl along the reinforced concrete crest parapet wall.
e A maximum normal top water level of 222.0 m asl.
e A freeboard of 2.75 m in view of the design flood lift, wave surcharge and long term settlement.
e  An upstream face sloping at 1V on 1.45H formed by a concrete face slab.
e A reinforced concrete plinth and integral apron to reduce hydraulic gradients.
e A downstream face of 1 on 1.6 slope and an intermediate berm.
e A zoned embankment comprising boulder gravel, rockfill, graded granular materials and earthfill.
A
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Figure 3: Barrigon Dam, New Design, Typical Section through the CFRD Dam

The standard plinth incorporated a 400 mm deep dowelled flat slab, from which the three-row grout
curtain was installed. The design provided an apron downstream of the plinth to lengthen the seepage
path under the plinth and to limit the increase in fill thickness directly beneath the perimetric joint. The
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effective width of the combined plinth and apron was determined in line with guidelines set out by
Machado et al (1993). The specification sought a Class 2 foundation (90% moderately weathered or
better and 10% highly to completely weathered), which broadly equates to a Machado Class 11 / III. A
ratio of reservoir head to plinth width of about 9 was adopted.

3.3 Thinner face slab than normal

The face slab design generally followed the empirical approach pioneered by Cooke. This approach has
proved to be successful for many dams, however it has been necessary to modify the standard “Cooke” design
in order to accommodate the site-specific conditions that are unique to Barrigon Dam.

By convention, the thickness of a face slab is governed by standard formula (t = 0.30 + kH). This
approach has been very successful with dams up to 200 m high, although the presence of cracks in some
very high dams led to Pinto recommending a modification for dams above 125 m high, which limits the
hydraulic gradient to 225.

Precedents for the adoption of thin, constant thickness slabs exist for low-medium height CFRDs.
Thinner slabs with a constant thickness have been used in Australia, Panama and Canada. In selecting the
minimum thickness for the face slab, the designers took into consideration the slip-formed concrete kerbs
used to protect the upstream face during construction. These were continuously cast with each new 400
mm kerb keyed into and overlapping the previous. The kerb concrete is weak and permeable but non-
erodible in normal service conditions. A constant thickness face slab has been chosen for ease of
construction and the minimum thickness of 200 mm has been selected on the basis of a target hydraulic
gradient of 220 between the outer face of the concrete and the underlying Zone 2 transition material.

The face slab was designed with T16 reinforcement bars at 225 mm centres both ways, i.e. 0.42% of the
slab cross section. General practice for face slab reinforcement is between 0.4 to 0.5% for vertical bars
and 0.3 to 0.35% for horizontal bars. The performance of these scheduled patterns was assessed against
traditional structural design procedures and formulas to determine the likely maximum spacing of cracks,
which was 0.15 mm. The designed reinforcement therefore has appropriate crack handling
characteristics. In addition, any propensity towards horizontal cracking should be mitigated by the saw-
tooth profile of the kerb concrete, which will tend to distribute cracks at regular intervals, which would
coincide with kerb lift joints where the concrete is thinnest.

34 New Joint Waterstops in Face Slab and Perimeter Joint

It is current practice to adopt multiple waterstops at sensitive locations in the watertight membrane,
notably at the perimetric joint and at vertical movement joints where there are steep abutments. It is
traditional to adopt copper backstops, coupled either with one or more rubber/PVC waterbars and surface
bulbs filled with mastic or similar material.

In most CFRDs, the plinth and face slab tend to separate from each other. However the movements are
normally very small as the plinth and toe trench are formed on incompressible foundations with only a
very thin depth of fill behind the perimetric joint. Recent monitoring of dams of a similar height has
shown that the opening and shear are normally less than 3 mm, while settlement is less than 10 mm. The
traditional "F’shaped copper waterstop was retained in the design but a new omega shaped waterstop,
made from neoprene, and supplied by Jeene was fixed to the surface of the perimetric joint as an
alternative to the mastic bulb system.

Jeene waterstops were also incorporated in movement joints alongside very steep slopes on the valley
sides in order to counter potential differential settlement and the opening up of vertical joints. The
amount of settlement is difficult to estimate due to the complex configuration, however simple analysis
suggests that the differential settlement across the individual panels in these zones may be between 5 and
10 mm.
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35 Intermediate Joint

Traditional practice for the construction of medium height CFRDs involves the completion of the
embankment filling prior to commencement of slip-forming. This approach ensures that self-settlement
of the fill is ostensibly complete and that the face slab is therefore only subjected to the stresses and
strains imposed by the filling of the reservoir.

At Barrigon, it was intended that face slab panels should be constructed in two phases. The panels in the
valley bottom were cast up to an intermediate level (180 m asl) in the first phase, once the filling had
reached that level. The remainder of the panels above the intermediate horizontal joint were completed
during the second phase, once embankment construction had finished. It was recognised that some strain
generated from self-settlement of the fill could remain locked into the face slab.

The intermediate joint was envisaged as a potential problem area and it was decided that allowance
should be made for articulation, such that differential movement and/or rotation might be accommodated
without it adversely affecting the water tightness of the slab. Calculations indicated that no benefit was
likely to accrue from having continuous reinforcement through the joint and accordingly it was made into
a full movement joint.

A surface set, omega shaped Jeene waterstop was installed over the intermediate joint in addition to a
copper backstop. Also, as extra insurance against deficiencies in workmanship, the Zone 1 fill was
finished above the level of the joint, such that there would be a ready source of fine grained fill in the
event that concentrated leakage might develop at this location.

3.6 Left Abutment founded on Weathered Rock

The original design envisaged that a sound rock foundation would be present at reasonable depth below
original ground level. The original drillholes indicated that a satisfactory plinth foundation should be
present within 6 to 11 m below original ground level, however this assumption proved incorrect over a
225 m long stretch between the old river channel and the lower left abutment.

The geology in this vicinity was complex. The volcanic strata had been disturbed and shears, minor
faults, folds and drag structures were clearly visible in the slopes of the excavation. The layered andesite
agglomerate was also extensively altered, which resulted in very deep deposits of saprolite. Additional
drillholes proved not only that the weathering profile in this area was irregular but also that that the
specified Class 2 foundation might be as deep as 155 m asl, which is 15 m beneath the river bed. The
saprolite thickness exceeded 25 m in places and deepening of the toe trench in order to achieve the
specified foundation grade would have been both problematic and time consuming. Hence an alternative
solution was sought.

The characteristics of the saprolite improve with depth. At 162 m asl the rock mass varies between
Classes 4 and 5 (i.e. 50 to >70% completely to highly decomposed and 50 to <30% moderately weathered
or better). While the rock quality at this level did not meet the standard specification, it was nevertheless
felt that the standard could be accepted.

A Class 5 weathered foundation broadly equates to a Machado Class III / IV. While a ratio of 3 is
sometimes recommended for Class 1V, it was considered that a hydraulic gradient ratio of 6 would be
adequate for Barrigon, given the extensive filter protection and the substantial thickness of impermeable
Zone 1 fill covering the plinth. The ratio was achieved by extending the apron downstream by over 5 m.

Relatively few CFRDs have been built over weathered rock foundations of this type. Generally, it has
only occurred where poor ground has been discovered during the course of construction. In this location
at Barrigon, the weathered rock is porous and incorporates compressible fine-grained clay material.
Consolidation settlement under load was therefore expected. The standard design of the plinth was
modified to accommodate the changed ground conditions. It was thickened, strengthened and provided
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with a concrete filled trench at its upstream edge to provide a positive cut-off through the weak rock. In
view of the compressibility and variable character of the weak foundation, the plinth bays were shortened
to allow additional capacity for the plinth to articulate.

Significant settlement of the plinth and face slab was expected because of the variable foundation
conditions. Differential settlement was predicted and the deflections were expected to cause the joints to
close or gap, depending on the relative movements between slabs. Extra vertical movement joints were
incorporated in the lower third and the face slabs were cast at half-width to provide greater flexibility.
The waterstops were made more robust and the thickness of the face slab was increased to a minimum of
300 mm. The reinforcement steel was increased to T20 bars in order to maintain the same level of
protection (0.44% each way).

3.7 False Abutment

The original design envisaged that a sound rock foundation would be present at reasonable depth below
original ground level over the entire upper left abutment. However, this assumption also proved to be
incorrect. Drillholes sunk during construction confirmed that rockhead did not reach maximum reservoir
level for a considerable distance, if at all, past the ‘topographical’ end of the dam.

Extending the existing CFRD design along the dam axis therefore appeared to be inappropriate. Four
engineering solutions were examined, including an earthfill cut-off, a self-hardening slurry trench wall,
mass concrete infill and a reinforced concrete wall supported by earthfill. However considerable
excavation would be required in each case, as the existing ground level of the abutment is significantly
above embankment crest level. Also, the grout curtain would need to be extended along the length of the
cut-off to limit seepage around the end of the dam.

The earthfill cut-off was selected, as it was the simplest form of construction. Plant was readily available
and no specialist construction techniques were needed. The ‘false’ abutment was formed by a mass
concrete monolith dimensioned to match the slope of the face slab and to avoid separation and differential
settlement at the various structure fill interfaces.

As site investigations indicated that rockhead rises more steeply upstream of the dam centreline, the line
of the upper left abutment cut-off was kinked upstream of the concrete monolith in order to optimise the
design. The backfill to the trench was zoned such that the central watertight core would be protected by
filters and supported with gravel fill.

4. Competitive Design Choices for the Headrace Tunnel

The Canjilones HPP uses the water from the reservoir at Barrigon, from which a pressurised headrace
tunnel of about 4800 m in length and with an excavated diameter of about 9.3 m conveys the water down
to Canjilones Power House located on the surface. The selection of the horizontal and vertical alignment
for the tunnel was governed by topography, location of adits, geology and the in-situ rock stresses
including considerations to side cover for hydraulic fracturing. A surge facility is sited in a hill with a
natural ground level of approximately +240 masl, about 1700 m upstream of the Power House as shown
in Figure 4. The headrace tunnel passes under a depression in the terrain, the Rio Esti, at a distance of
about 2100 m from the intake. A steel penstock is installed at the end of the headrace tunnel where the
confinement from the rock decreases. Three adits were constructed of which one is located in the surge
shaft area, and one is placed upstream the Rio Esti crossing. The third adit is located within the Power
House area.
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Figure 4: Headrace Tunnel, longitudinal profile

The tunnel was excavated in a rock mass of volcanic origin, normally a strong andesite with indications
of local zones of intense fracturing. Sedimentary rocks such as agglomerates overlie the andesite, and
within the andesitic rock mass, layers of tuff or mudstone are present. See typical geology in Figure 5.
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Figure 5. Typical geology for the tunnel

The rock mass structure is dominated by the dip of the bedding sloping gently (about 10°) to the
southwest. The rock mass adjacent to the Barrigon Dam consists of andesitic rock and tuffs and further
south the rock mass consists of volcanics, agglomerates, tuffs and mudstones/claystones. The trends of
the faults have an east-westerly direction. The soil cover varies from about 2-3 m at the Canjilones Power
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House up to 20 m adjacent to the Rio Esti crossing. The slaking characteristics of the andesitic
agglomerate, tuffaceous agglomerate and the brown tuff have been tested on samples from boreholes.
Typical slaking durability (first cycle) for the agglomerates is medium high to very high and for the
brown tuff very low (close to zero). Microscopic analyses show presence of montmorillonite in the
andesitic rock clay material, probably a product of hydrothermal alteration.

The tunnel has a wet area of 72 m” determined by the roughness of the tunnel perimeter, which was
verified by measurements during construction and finally by actually head losses during operation. The
rock support varies from partially unlined through shotcrete and rock bolted to fully concrete lined
depending on the quality of the surrounding rock and internal water pressure. To minimize construction
time the following were applied

e Early investigations comprising surface mapping and some 10 core-holes to identify problem
areas and typical rock support requirements

e Rock stress measurements for depth location during the early investigation stage

e Division of rock support into classes, described verbally and with standard rock classification
systems

e Continuous geotechnical follow-up shift by shift (3 geologists) that forms part of the contractor’s
excavation team for early determination of required rock support.

e Decision of rock support class was taken directly at the tunnel front

To speed up construction time, six tunnel fronts were used. Time constraints lead to demands both on
alignment and depth location as well as early choice of excavation and support measures. The vertical
alignment and its required support and lining were finally decided during excavation based on additional
drilling and testing. Both hydraulic jacking tests and permeability tests were performed from the tunnel.

Horizontal stresses were of concern for depth location and lining requirements. The lowest horizontal
stress was found to be of the same magnitude as the vertical stress. Permeable sandstones adjacent to the
Power House gave rise to special lining and adjustment of the alignment late in the project.

About 600 m of the Very Poor Rock quality (thought to be an old Caldera structure with weak tuffs) had
eventually to be lined with heavy reinforced concrete or shotcrete with respect to hydraulic jacking
potential, leakage potential and time schedule, see Figure 6.

S

Figure 6: Headrace Tunnel with reinforced concrete
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4.1 Rock Stress Measurements

Very little was known initially of the stress field at the site for the proposed tunnelling, though there were
some stress measurements made in the upstream La Fortuna project, implying that a pressurized tunnel
was viable. Hydraulic rock stress measurements in the core holes made early in the project showed
stresses that allowed for a pressurized tunnel. A summary of values for all measurements indicated that
the minor horizontal rock stresses, see Table 1, were about the same order as the vertical pressure
generated by overburden. Some discrepancies were however present and a comprehensive programme for
hydraulic jacking tests and permeability tests was implemented and included measurements both in
vertical boreholes from the surface and from boreholes inside the tunnel as a final control in the risk
assessment procedure and a basis for choice of final lining.

Calculated vertical Splitting pressure | Minor horisontal Major horisontal
pressure stress stress
1.86 MPa 4.4 MPa 1. 77 MPa 3.07 MPa

Table 1. Rock stress measurements, main results from tests prior to construction.

The main limiting criterion for the depth location of the tunnel was that the minor stress in the rock
should be equal the water pressure in the tunnel, times a factor of safety kept as low as 1.2. Thus the
tunnel invert elevation was determined based on there being sufficient rock cover to provide a low risk of
hydraulic fracturing. The side cover in terms of confinement was met at a side cover of at least 2 times the
vertical rock cover. Due to the complex geology some of the jacking tests were considered uncertain. To
avoid any doubts for hydraulic fracturing the vertical alignment was finally adjusted to a lower depth
location at the Rio Esti crossing area and at the Penstock Shaft.

Special consideration had to be made in the tunnel section adjacent to and under the crossing of the Esti
River, see Figure 5 (“area for evaluation”) characterized by sections with low modulus of elasticity and
other sections with high permeability. Jacking tests from surface boreholes indicated that the horizontal
rock stress generally is equal to or higher than the vertical stress, with the ratio of horizontal to vertical
stress K, in the range from 1.0 to 2.5. Out of 20 test sections made within the tunnel only 7 showed
reopening pressures that indicated lower horizontal stresses than the vertical stress. Compared with the
other test results this strongly suggests that on this particular section of the tunnel stiffer rock layers above
and below the tunnel probably experiences a horizontal rock stress level at least equal to the vertical
stress, thus ensuring containment of the tunnel. In order to ensure the integrity of the tunnel it was finally
decided to implement a comprehensive lining on this section as described in Section 4.3 below.

4.2 Rock Support and Geotechnical Mapping

The complex geology with very weak layers emphasized the importance of core drilling and/or probing
ahead of the tunnel face. Procedures and method statements were established for this type of work in
advance of excavation as well as systems for geological mapping and classification of support conditions.
Tuffaceous layers and zones of poor quality red tuff inter-bedded with agglomerate proved to be located
along the initial tunnel alignment. Tunneling in reddish tuff, a difficult and time-consuming procedure,
was avoided as much as possible by adjusting accordingly the vertical alignment of the tunnel.

Geological mapping was conducted at the tunnel face, round for round as a base for decisions of final
rock support and amounts of early rock support to be applied. The poorest rock classes demanded
shotcreting directly at the tunnel face followed by rock bolting and subsequent shotcreting. As-built
drawings were produced showing both the geology and the installed support.
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The rock was classified into 5 classes, verbally described with indicators such as rock type, strength,
jointing but also compared to RMR and Q-index mapping. Examples of the main parameters in the
mapping for Class 5 are shown in Table 2. Each rock class had a corresponding typical rock support.

General Description:
Intrinsically weak rock with very frequent fractures — same as the third type but overstressing
commonplace.

Guidelines for Geotechnical Mapping:

Strength of intact rock: Weak rock, closer to lower part of grade limit (ISRM grade R2).
Number of joints: RQD = 0-50% or crushed rock

Spacing between joints: <0.5 m

Conditions of joints: From slightly rough to smooth undulating separated 0-10 mm, slightly or
highly weathered, and/or filled with gouge material.

Groundwater: Dry-damp

Typical rock type: Red- brown tuff

Continuity of layers: Red-brown tuff very common, local ravelling in tunnel.

Observations of tunnel behaviour: Indications of stability problems of the tunnel front. Frequent
stability problems in walls and roof. Tunnel susceptible to squeezing.

Table 2. Example of description of rock type for determining rock support

The final occurrence of each rock type were as given in Table 3.

Rock Type I II 111 v \Y
Occurrence 10% 60% 15% 10% 5%
Table 3: Final occurrence of each rock type

4.3 Concrete Lining

In zones with weak rock, highly permeable rock and where locally rock stresses were suspected to be low,
i.e. the Rio Esti crossing area, a concrete lining with connecting reinforced shotcrete lining were installed.

Design criteria for the reinforcement in lining

The design of the reinforcement, that is, the spacing and the diameter of the steel bars, is governed by the
following criteria:

- Limit stresses in the reinforcement.

- Limit width of cracks in the lining.

- The tension capacity of the reinforcement shall be sufficient to generate new cracks in the concrete.
- Limit water losses from the pressure tunnel.

- Increase the Safety Factor against hydraulic jacking.

- When the tunnel is empty the lining shall resist the external water pressure.

Properties of the rock mass

The geotechnical mapping of the headrace tunnel and the Q and RMR classification of the rock mass,
have been used to estimate the deformation modulus of the rock mass along the tunnel.
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The estimation of the permeability of rock mass (the hydraulic conductivity) has been based on the grout
take, measured inflow to the tunnel after the grouting, theoretical relationship and earlier experience.

Along the tunnel four sections has been analysed, chainages 2050, 1950, 1850 and 1750. The geometry

and material data for the sections are summarized in Table 4.

Section 2050 Section 1950 Section 1850 Section 1750
Rock mass modulus on |2 GPa 5 GPa 10 GPa 10 GPa
tunnel level 2 GPa in roof
Permeability of rock | 1,4 10" m/s 1,4 10 m/s 2,8 10 m/s 2,8 10% m/s
mass on tunnel level 1,4 107 m/s in roof
Ground level, m 144,0 146,8 150,0 156,7
Level tunnel roof, m 46,1 60,4 69,2 78,5
Internal water head, m | 220,0 220,0 220,0 220,0

Table 4.

Analysis

The geometry and material data for the calculated sections.

The Finite Element Code PLAXIS version 7.2 has been used for the analysis.

With full internal water pressure in the tunnel the steady state flow out from the tunnel has been
calculated. The permeability of the lining has been varied, se Figure 7.
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The calculated pore pressure, U, outside the lining has been compared with the limit for hydraulic jacking
U< o,-K,/S.F.

where o, is the total vertical in situ stresses, K, the ratio of horizontal to vertical stress and S.F the safety
factor. A summary of the results is shown in Table 5.

Section 2050 Section 1950 Section 1850 Section 1750
Necessary head | 16,7 m 21,3 m 23,8 m 18,5 m
drop over lining Roof 0,11 10 m/s
and permeability, | 0.82 107 m/s 0,38 10°° m/s 0,62 10 m/s Walls 0,23 10 m/s
k,=0.8
Necessary  head | 6,7 m 12,7 m 15,8 m 10,7 m
drop over lining Roof 0,21 10 m/s
and permeability, | 2,0 107 m/s 0,7 10 m/s 1,210 m/s Walls 0,46 10 m/s
k,=0.85
Table 5. A summary of the necessary permeability (Thickness of lining in roof 1,075 m)

Leakage through lining and crack width

The water leakage through the lining depends of the spacing between cracks, s, and the width of the
cracks, w. If the lining is exposed to a uniformed extension strain, €, the crack width can be calculated as

W=¢g-S§
if the spacing between cracks is s..

The spacing between cracks depends on the diameter of the reinforcement and the ratio of steel area to the
area of concrete. According to BBK the average crack spacing in mm can be calculated as

$e=50+K;-1K-¢/p;

where K is a constant depending of type of reinforcement. For ribbed bars this constant is 0,8. k, is a
constant depending on the strain distribution across the cracked area. If the extension strain is uniformed
this constant is 0,25. ¢ is the diameter of the bars and p, is the ratio between the area of the steel and
effective area.

For welded mesh the crack spacing is equal to the spacing between cross bars.

Flow through fractures is usually described through an expression for flow between parallel walls,
modified with a correction factor & to take into account deviations due to surface roughness and aperture
contacts. The flow through 1 meter of crack can be calculated by:

a=&-p-g-w /(n-12)-(Pi—P)/t

P; = the water pressure inside the tunnel

P, = the water pressure at the contact lining-rock
t = the thickness of the lining

w = the average crack width

p = density of water

g = acceleration due to gravity

p = dynamic viscosity of water.
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A equivalent permeability, k, of the lining around a crack can be assumed to
k=1/s.-&-p-g-w /(p-12)

if the flow through the intact concrete is neglected.
Fahlhaber et. al., 1991, propose the use of a correction factor of & = 0.12. In the present study the
correction factor & has been set to 0.1.

Layout of lining
Based on the analysis the following conclusion was drawn.

In section 2050 a 0,8 m thick circular ¢ 3800 mm concrete lining reinforced with 2 layers of bars ¢ 25
mm, s 125 mm will give a safety factor against hydraulic jacking of 1,2 if K, is greater or equal to 0,85.

In section 1950, 1850 and 1750 a horseshoe shape shotcrete lining with invert reinforced with weld mesh,
4 nets ¢ 5,3 mm, s 50 mm, will give a safety factor against hydraulic jacking of 1,2 or greater if K, is

greater or equal to 0,85.

A contact grouting between lining and rock was executed when the concrete had reached full strength.
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