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FORORD

Foredragen till drets bergmekanikdag har en mycket stark forankring i den
praktiska verklighet som de flesta av vara &horare arbetar i idag. Det ricker
att namna ndgra exempel som Ringen-projektet i Stockholm, Lundby-
tunneln i Goéteborg, Hallandsdsen, Arlandabanan, djupférvar for kdrnavfall,
storskaligt skivras i Kiruna. Vi har stora och svdra uppgifter. Det kan vara
bestillare som har att formulera funktionskrav och specifikationer for
tekniskt komplicerade arbeten eller entreprendrer som tillsammans med
uppdragsgivaren har uppgiften att 4&stadkomma den produkt som var tankt.
Kvalitetssikring kallas det idag. Att man levererar det som stillts i utsikt
eller att man far vad man kopt.

Konsulter som uppréttar handlingar eller ger rdd &t olika parter i speciella
frdgor har en viktig och ofta svar uppgift - vi arbetar som bekant i ett
material som till en bérjan inte dr fullstindigt kdnt, &nd4d foérvintas vi
kunna stdlla prognoser och ange tillférlitlighet i beddmningen av
livslingder pa attio eller hundra &r... Bista teknik fir inte vara detsamma
som den mest exklusiva och ddrmed dyraste. D4 far vi snart inte bygga i berg
lingre. Rimlighetsbeddmningar mdste alltsd gdras och grunderna for det
kan bara vara god kompetens i nivd med den "bergmekaniska kunskaps-
fronten” och en i mdjligaste man stringent metodik fér att bedéma de
osidkerheter som av naturen ligger inbyggda i vart teknikomrade.

Forhoppningen ar att dagens féredrag och diskussioner ska bidra till att
sprida en del av det bésta av vart kunnande for tillimpning i den praktiska
verkligheten som ma gilla dimensionering, brytningsteknik eller
forstarknings- och tdtningsarbeten i bra berg eller riktigt daligt, i sma tunnlar
eller 6ppna skédrningar eller i gruvorter pé stora djup.

Vi har glddjen att ha representanter frin vira grannland i &st och vist som
ytterligare betoning av att vi har mycket gemensamt och virdefulla
erfarenheter att utbyta. Vi har ocksd formanen att f4 héra Professor Sakurai
frén Universitetet i Kobe, som &r nybliven president i International Society
for Rock Mechanics, och som ocksd har erfarenheter att beritta om fran
effekterna pa tunnlar i samband med jordbivningskatastrofen i Kobe for
ndgot ar sedan. Vi ser fram emot att fa ta del av Professor Sakurais syn pa
ISRM som ett forum for att frimja internationellt bergmekaniskt
erfarenhetsutbyte och direfter en intressant och stimulerande
Bergmekanikdag 1996.

Stockholm i februari 1996

Tomas Franzén
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LESSONS LEARNED FROM FIELD MEASUREMENTS IN ROCK ENGINEERING

Shunsuke Sakurai
Professor of Rock Mechanics
Department of Civil Engineering, Kobe University, Kobe, Japan

1. INTRODUCTION

Numerical analyses such as finite element method, boundary element method, distinct
element method and so on have become very popular in the rock mechanics field. These
numerical approaches facilitate the consideration of complex geological and
geomechanical states of rock masses in the analysis of assessing the stability of rock
structures such as tunnels, large caverns, foundations of dams, slopes, etc., and make it
possible to achieve the rational design of structures.

2 Start
However, it is well known that the
actual behaviour of structures quite

often differs from that predicted by
numerical analyses. This difference is ,

mainly due to the fact that many "‘_—__‘
uncertain factors are involved in

modelling geological and ———{Construction}«—] Modification
geomechanical characteristics of rock ' e o
masses. Geological structures, [Eield measurement] R e S
geomechanical characteristics of jointed
rock masses, underground water
conditions and initial state of stress of
the ground cannot be easily explored, Identification
although various kinds of field of
explorationtechniques are now tlechanical model

i and constants
available. ¥

[Back analysiﬂ'

In order to overcome this difficulty,
field measurements are carried out
during the construction period in order
to monitor the stability of structures.
The design parameters of geological
and geomechanical characteristics used
in the original design can then be
reevaluated and, if necessary, the
original design and construction
method can be modified.

Assessment
of stability and
Design/Construction No
Methods

Construction

This design/construction method is

called the observational procedure .V)
In this method, however, a question i
may arise conccrning how to intcrprc[ Flg. 1 Procedure of assessing the dCSigl’l
the results of field measurements for and construction methods



monitoring the stability of structures as well as assessing the original design and the
construction method of structures.

The stability of structures can be assessed by comparing the measurement results with the
allowable values, and it is obvious that the structures are safe if all the measurement
values remain smaller than the allowable values. These allowable values are often called
the hazard warning levels. This approach may be suitable for monitoring the stability of
structures during or after their construction period. However, this approach can hardly
be used for assessing the adequacy of the design of structures, because the design
parameters cannot be recvaluated directly from the measurement values.

In order to assess the design parameters, the ficld measurement results must be analyzed
to identify the geological and geomechanical characteristics of rock masses. This
procedure is called "back analysis" because, in this procedure, the input data are the
measured values such as displacements, strains, and stresses, while the output results are
material constants identifying mechanical characteristics of rocks. This is exactly the
reverse procedure in comparison with "ordinary analysis", where the input data are
material constants, while the output results are stress, strain, and displacements.

It is obvious that back analysis is essential in the observational procedure to achieve a
rational design and construction method. As far as engineering practice is concerned, it
may be worthwhile to mention that back analysis for reevaluating the design parameters
must be carried out immediately after taking the measurements. And, if necessary, the
original design and construction method must be modified without serious delay during
construction.

The observational procedure for assessing the adequacy of the design and construction
methods is shown as a flow chart in Fig. 1.

2. HAZARD WARNING LEVEL

It is recommended that a hazard warning
level should be determined for each
measurement items at the design stage, so
that during the construction the stability of
the structures can be assessed immediately
after taking the measurements comparing
the measured values with the hazard
warning level. When the measured values
still remain smaller than the hazard warning
level, the stability of the structures is
confirmed. However, evenif the
measurement values are still smaller than the
hazard warning level, engineers should
always pay attention to what happens after
the lapse of a certain period of time (see =
Fig. 2). If the measured values are Time
predicted to become greater than the hazard
warning level after a certain period of time,
then the engineers must take some action in
modifying the original design.

=

Engineering Judgment /'

Measured value (9 )

Hazard Warning Level

Fig. 2 Schematic diagram for measured value
in relation to hazard warnng level



The author has previously proposed a hazard warning level for strain and displacement
that can be used in the monitoring of the stability of tunnels. The hazard warning level is
classified into three stages in relation to the factor of safety as shown in Fig. 3. The
hazard warning level of settlement at the crown can then be determined from the
corresponding level of strain by using Eq.(2). As an example, the hazard warning levels
for a tunnel with a radius of 5m are also shown in Fig. 3.

Strain € (%)

1.0 10.0 100
Uniaxial compressive strength 9c (MPa)
A B (o
1 0.3 ~ 0.5 0.5~1 1-~3
IT 1-1.5 1.5 ~ 4 4-9
11X 3-~4 4~11 11~ 27
(upit:cm)

(Diameter of tunpel:5.00m)

Fig. 3 Hazard warning levels for assessing the stabiity of tunnels

The hazard warning levels given in Fig. 3 are based on the critical strain of rocks and
soils, and levels I and III correspond to the lower and upper bounds of critical strain.

The critical strain is defined as

£, =—=
0= —

g,. . . . .
where “¢ is uniaxial compressive strength and E is Young's modulus.



It should be noted that the critical strain is always smaller than strain at failure. Various
rocks and soils were tested in the laboratory to determine the critical strain. The results

are shown elsewhere.2)

It is worth mentioning that the critical strain is not much influenced by environmental
factors such as confining pressure, water content, temperature, etc. 3) The critical strain

of rock masses is also of the same order of magnitude as that of intact rocks.®) This is
simply due to the fact that the uniaxial compressive strength is influenced by the existing
joints in rock masses, but Young's modulus is also influenced by the joints. Therefore,
the influence is cancelled out when taking their ratio, which is the definition of critical
strain as given in Eq. (1).

In order to verify the applicability of the critical strain for assessing the stability of
tunnels, strains occurring around tunnels are plotted in relation to the uniaxial strength of
rocks and/or soils as shown in Fig. 4. The strains shown in Fig. 4 are obtained from
various tunnels, and determined from the settlement at the tunnel crown by the following
equation:

eE=6./a

()

where 0

¢ is the crown settlement, and "a" is the tunnel radius.

The two dotted lines correspond to the hazard warning levels I and III, given in Fig. 3.
The numbers in the data indicate the kinds of problems encountered during the
construction of tunnels, while the data with no numbers are those for tunnels constructed
without any serious problems. The kinds of problems cassified here are as follows; 1)
Difficulty in maintaining tunnel face, 2) failure or cracking in shotcrete, 3) buckling of
steel ribs, 4) breakage of rock bolts, 5) fall-in of roof, 6) swelling at invert, and 7)
miscellaneous.
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Fig. 4 Relationship between the measured strain and hazard warning levels



3. BACK ANALYSIS AND MODELLING

Back analysis is generally defined as a technique for identifying the controlling
parameters of asystem by analyzing its output data. In geotechnical engineering
problems, mechanical constants, such as Young's modulus, Poisson's ratio, cohesion,
internal friction angle, initial state of stress, ctc., can usually be identified from the data of
the displacements, strains and pressures measured during/after construction of the
structures.

It is important, however, that a back analysis in engincering practice be capable of
identifying not only the mechanical constants, but also the mechanical model itself. In
ordinary analysis, a mechanical model is usually assumed or given, such that the ground
is represented by a certain model such as elastic, elasto-plastic, visco-plastic, discrete
block models, etc. Then the values of the mechanical constants of the models can be
determined. Once all the mechanical constants are known, we can calculate
displacements, strains and stresses. Theseresults give exact values so that the
uniqueness of the solution is guaranteed, at least for an assumed/given mechanical model.

In back analysis, however, we first obtain displacements, strains or pressures as a result
of field measurements and the mechanical constants are then back calculated by assuming
a mechanical model. It is no wonder that the back calculated values of mechanical
constants depend entirely on which model we assume in back analysis. For instance, if
we assume an elastic model, Young's modulus cannot be obtained, although the identical
values of measured results are used. This means that the results of back analysis are
basically a matter of assumption of the mechanical models representing the behaviour of
soil/rocks. In other words, the uniqueness of the solution may not be guaranteed in back
analysis (see Fig. 5). Thercfore, in back analysis the assumption for the mechanical
models is extremely important and thus more consideration and attention should be given
to the modelling of soil/rocks than in ordinary analysis.

1) Ordinary analysis

Input data

Mechanical : LIRS
arameters Ordinar Displlacemeng

Modelling }—w— P L e[ Orelnary stress

E,v,C, b, - analysis IBea ian

External force
.| Assumption Uniqueness is guaranteed
et il -
2) Back analysis

Results Input data
Mechanical Displacement

parameters Back . pressure
E,v,C,b, " '4__¢analysis'q__ Mog@ellingj~ stress

External force [ e e B

Assumption

Unigueness is not guaranteed

Fig. 5 Comparison between the procedures of ordinary analysis and back analysis



Considering these circumstances, we can conclude that in back analysis the mechanical
model should not be assumed, but should be determined from the data of the field
measurement results. In other words, a back analysis method used in geotechnical
engineering practice should be one which can provide a mechanical model as well as the
values of the mechanical constants involved in the model.

4. PARADOX IN MODELLING IN BACK ANALYSIS

In the previous section it was emphasized that the mechanical model should not be
assumed, but should be determined by back analysis of field measurement results in order
to guarantee the uniqueness of solution. However, as far as engineering practice is
concerned, it is not always necessary to identify the model by back analysis. Instead, the
mechanical model used in back analysis for analyzing field measurement results should be
the same as the one used in the ordinary analysis carried out at the design stage, no matter
how the model can simulate real behaviour of the structures. This is certainly a paradox
from the conclusion described in the previous section.

One example to demonstrate this paradox is as follows:

Let us consider the design of cut slopes. Limit equilibrium method is commonly used to
assess their stability, where the cohesion and internal friction angle of rock masses as
well as along the rock joints are important design parameters. When evaluating these
design parameters, the factor of safety of cut slopes can be easily calculated. Field
measurements are usually performed for monitoring the stability of slopes, particularly
high cut slopes. Displacement measurements are commonly carried out using
extensometers and inclinometers. These can provide information about the deformational
behaviour of slopes. Unfortunately, however, it is extremely difficult to evaluate the
warning level for the measured displacements. In addition, it is hard to assess the
adequacy of the original design, because of the fact that only strength parameters like
cohesion and internal friction angle are used in the design, while the field measurements
provide only deformational behaviours. The displacement measurements in general
provide information on the deformational characteristics of rocks. Therefore strength
parameters like cohesion and internal friction angle cannot be determined directly from the
results of displacement measurements. Of course it may be possible to identify the
strength parameters from the measured displacements by means of back analysis. It is,
however, not so easy to carry out this sort of back analysis.

Based on the above-mentioned discussion, it is recommended that the same mechanical
model should be used both in the ordinary analysis adopted in design and in the back
analysis used for interpreting field measurement results. In other words, we should use
the identical mechanical model in both the design and monitoring stages, though the real
behaviour of slopes can be better simulated by a different model from the one adopted
(see Fig. 6).
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5. CONCLUSIONS

1) The observational method is a very promising way to achieve the rational design of
rock structures. In this method, however, a crucial problem is how to interpret the results
of observation and field measurements.

2) For monitoring the stability of structures, the hazard warning levels are extremely
important, and they must be determined prior to construction, so that the measured values
can be assessed immediately after taking the measurements.

3) In order to reevaluate the design parameters, back analysis is a very powerful tool.

In back analysis, however, a uniqueness of solution is usually not guaranteed. To
overcome this problem it is possible to identify the mechanical model as well as material
constants by back analysis of the measurement results, However, as far as engineering
practice is concerned, it is not always recommended to back analyze the mechanical
model. Instead, it is recommended that we should use the identical mechanical model
both in the ordinary analysis carried out at the design stage and in back analysis used in
interpreting the field measurement results during the construction period, though a
uniqueness is not guaranteed.
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INVESTIGATION OF THE ROCK MASS STRUCTURE AND CHARACTERISTICS IN
FRONT OF THE FACE USING TSP, TUNNEL SEISMIC PREDICTION, AT HAL-
LANDSASEN PROJECT

Gerd Sattel, Amberg Measuring Technique Ltd., Regensdorf, Switzerland
Kennert Réshoff, Berg Brygg Konsult AB, Stockholm, Sweden
Anders Bjomer, Banverket, Bastad, Sweden

INTRODUCTION

The highspeed railway tunnel through the Hallandsasen is part of the extension of the
double track system between Gothenburg and Malmé which is under construction by
Banverket. The tunnel tracks through the crystalline formation of the Hallandsasen wiil
be constructed as two separate tunnels with a single track in each. The distance
between the two parallel tunnels varies between 20 and 30 m. The total length of each
tunnel is approximately 8600 m with a main orientation of approximate N20°E. The rock
cover is in general more than 100 m.

Hallandsasen is a Precambrian basement horst, which rises approximately 150 m
above the surrounding sedimentary lower landscape. The horst is oriented in NW-SE
direction and dominated by Precambrian Gneisses with lenses or bodies of amphibolite.
These rock types are intruded by younger dolerite dykes with a main orientation NW-SE.
The horst is limited to the north and south by fault zones. Fauits are aiso expected to
cross the tunnel line at several locations with a main orientation NW-SE and NE-SW,
generally dipping steeply.

The geological pre-investigation has indicated several weakness zones and areas of
rock with poorer quality. During the excavation performed by the contractor
constructional problems have occurred. One of the reasons has been bad rock quality.
In order to better investigate weakness zones in front of the face, a test was made at the
southern portal region of the Hallandsasen tunnel in July 1995, taking advantage of a
new method, the TSP (Tunnel Seismic Prediction).The objective of the nondestructive
seismic investigations was

- to investigate the capability of the TSP method at local conditions
- to provide a prediction of the rock conditions ahead of the current tunnel face

The primary target of one of the TSP surveys was to locate a zone of weak rock, which
was known from surface investigations to be in the order of 40 m ahead of the face.The
rock types excavated were gneiss and amphibolite and other hard intrusive rock types,
locally strongly tectonized.

A total of 4 TSP surveys were performed, two at face locations and two at an
intermediate position along the west tunnel (Fig.1).
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Fig.1: Situation with location of TSP surveys at Hallandsas tunnel, south portal section

TSP-METHOD

Tunnel Seismic Prediction, TSP® is a novel, very fast, robust and non-destructive
reflection seismic technique. It is custom-built to assist construction planning and
advance in tunnelling operations, underground mines, caverns and underground
repositories. Its aim is rapid forward geological and geotechnical prediction in 3-D space
ahead of and around drivage.

In common with all reflection seismic methods, TSP employs the principle of echo
sounding. Seismic (acoustic) waves are generated by small explosions at specific
shotpoint locations and picked up by receivers. When a seismic wave hits a boundary
marking a significant change in rock strength (e.g. changes in physical properties, rock
type, fault zones, fracture zones), part of the incoming wave energy is reflected back at
diffraction points (Fig. 2, top). The travel time of the reflection signal is proportional to the
distance to the boundary and so provides a direct measure of this. Normally, the mea-
surement layout consists of approximately 24 shotpoints lined up along the right or left
tunnel wall, depending upon closest proximity to expected geological boundaries, and
a receiver in each tunnel wall (Fig. 2). The shotpoint line-up serves mainly to determine
the geometries of the boundaries relative to the tunnel axis. Receivers in either wall are
used to investigate the space sectors to the right and left of the tunnel axis, henceforth
referred to as TA (Fig. 2, left centre).

Each receiver system consists of groups of sensors (accelerometers) with components
oriented along and perpendicular to the TA. The components serve to discriminate
between reflections arriving from boundaries inclined steeply to the TA, and those
arriving from boundaries inclined parallel, or at low angles to the TA (Fig. 2, top). Com-
bining all orientations of the receiver systems in the left and right wall separates a total
of four sectors for the TSP 202 investigation ahead - 1A left top, 1B left bottom, 2A right
top and 2B right bottom (Fig. 2, left centre).

10
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TSP's versatility allows for different applications (Fig. 2 bottom right). Apart from periodic
surveys at tunnel face positions (standard application), shooting in investigation bore-
holes increases the investigation range and permits precise definition of geometries of
boundaries intersected by the boreholes. However, TSP’s greatest value derives from
continuous use accompanying TBM drivage or conventional drivage. Survey costs are
sufficiently competitive to make TSP feasible for such continuous monitoring.

To economise on survey time, all preparatory work for a TSP measurement (drilling
small diameter boreholes, cementing two metal receiver casings) can be integrated into
normal tunnelling operations. Setting up for measurement includes insertion of the
receiver system, charging of shotholes and a functional test. This work can accompany
normal tunnelling operation without undue interference and takes approximately 1 hour.
Seismic registration involves firing and recording each shot individually and takes
approximately 45 minutes. Including equipment clear-up, the entire measurement cycie
takes approximately 2 hours.

Data processing aims to image the reflecting boundaries and to locate them ahead of
and around the face area. It is done using the specially developed TSP 202 software.
This is an interactive programme supplied with every TSP 202 system and runs on
standard PCs. Designed with ease of use in mind, the software is highly automated and
requires minimal training, such that it can be quickly mastered by staff at construction
sites.

Processing follows a systematic sequence of steps. After input of all survey data into the
database, the appropriate investigation sector is selected for evaluation. Wavefield
processing serves to separate the direct and reflected wavefields and to transform the
energy of the reflection signal onto an evaluation plane using the diffraction stack
migration method. This plane, the diffraction stack plane (DFS), is defined by the axis of
the shotpoints parallel to the TA and the diagonal through the relevant investigation
sector.

The diffraction stack process itself migrates the reflection signals back to their source
points, i.e. onto the seismically imaged portion of a boundary plane ahead of or around
the recording environment (e.g. measurement setup). Conversion of travel times to
distances is normally done using the average seismic velocity, as derived from travel
times of the direct wave (and assumed to be valid for the area ahead). For special
cases the average velocity can be fine-tuned using focus criteria on the diffraction stack
result.

The diffraction stack method itself is based upon Huyghen's Theory, whereby every
single point within the rock formation that is 'hit' by a seismic wave is, in turn, capable of
re-emitting a seismic wave. As shown by the diffraction stack diagrams of Fig. 3 for
instance, the strength of an echo signal is represented by points resp. smalil circles
whose radii are proportional the energy of the echo signal. This, in tumn, is a function of
the size of the contrast between the rock mechanic parameters at the boundary plane.
For example, a boundary representing a clear transition from 'softer’ to 'harder' rock is
displayed as a linear alignment of grey marked circles.

12
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Fig.3: Diffraction stack representation (DFS- image) of survey 1 in the western tunnel
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For each of the four exploration sectors (1A, 1B, 2A, and 2B) such a diffraction stack
representation is generated and interpreted as described below. In each case, a diffrac-
tion stack plane, i.e. view plane is disposed almost diagonally within the given explora-
tion sector, bearing in mind that both for representation purposes and for simplification
of the interpretation, reflection points from within the entire exploration sector are pro-
jected onto this plane.

During diffraction stack representation of the exploration sector under consideration,
boundary planes ("events") in the rock show up as linear clusters of reflection points
with significantly higher reflection energies than surrounding points (Fig. 3). The inter-
preter selects points with stronger echo signal energy interactively and a line is fitted
through them automatically. This line intersects the tunnel axis at a so called space
angle gamma and at a certain distance from the recording array. This defines the point
of intersection between the boundary plane and the tunnel axis.

For transfer of boundary layers determined interactively from the diffraction stack repre-
sentation to a vertical and horizontal section, the point of intersection with the tunnel axis
is used as starting point. Then, however, the dip angle alpha and the strike angle beta
(relative to tunnel axis) must be calculated from the general space angle gamma,
having in advance specified a dominant direction of strike relative to the tunnel axis as
a starting parameter. However the critical factor in the prognosis derived from seismic
investigation ahead by TSP is the distance along the tunnel at which a boundary layer
can be expected to intersect. This value is determined directly from the interactive
diffraction stack evaluation and is independent of the specified direction of strike.

Assuming the reflection energy is strongest in the sector containing the plotted bound-
ary plane, simultaneous consideration of the diffraction stack interpretations of all four
sectors serves to improve determination of the geometry of the boundary layer in
space.

For prediction ahead, a full interactive interpretation is usually possible separately both
for the primary, compressional P-wave and for the secondary S-wave (shear wave),
whose velocity constitutes a valuable additional investigation parameter. Such dual
interpretation yields improved overall interpretation confidence and accuracy from the
additional redundancy of the S-wave data and has the potential to improve discrimina-
tion of water-bearing fault/fracture zones and of structural variation in rock masses, such
as cleavage and fracturing intensity.

Following the interactive interpretation, the selected boundaries can be presented in
predictive vertical and horizontal sections with the tunnel geometry, recaiculated to the
tunnel survey grid (Fig.4). These sections summarize the anticipated entry and exit
points of reflecting boundaries (changes in rock strength) in the advancing tunnel. This
result can be complemented by processing other desirable investigation sectors in the
same way .

The final product is the engineer's summary as shown for example in Fig. 5. This is a

synthesized spatial interpretation of the results of all of the investigation sectors consid-
ered (Fig. 2, bottom left). Furthermore, for a known, uniform rock mass sampled by
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Fig.4: TSP result as longitudinal and horizontal section showing selected events with
their orientation in respect to the tunnel axis

TSP, velocities of primary and secondary seismic waves estimated from seismic pro-
cessing permit determination of important rock mechanical parameters, such as Y-
oung’'s Modulus and the Poisson’s ratio. These assist the tunnel engineer in planning
construction measures and represent a valuable tool for monitoring changes in rock
mechanical properties in continuous TSP profiling (cf. Fig. 2, bottom right).

The TSP 202 software allows a comparatively rapid, straight-forward interpretation on

site. Typically, a quick look interpretation is available after 2-4 hours. A comprehensive
interpretation and report can be generated in 4-8 hours.
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RESULTS
General

The acquisition of the seismic data for the 4 surveys at Hallandsésen was successful.
Thanks to the good organization on site, all, preparation, the 4 TSP measurements and
a quick look evaluation was performed within 2 days.

The TSP investigations at the faces of both tunnels (survey nos. 1 and 2, location see
Fig.1) yielded very interesting results and are further discussed below. The TSP investi-
gations at the intermediate tunnel position (survey nos. 3 and 4) provided quite a
detailed image of the complex geological conditions of that area. Fracture zones could
be well located and correlated with the geological profile resp. the engineers log. Also
the gneiss-amphibolite boundary in the roof area running almost parallel to the tunnel
axis produced a significant image in the seismic section and could be monitored quite
well by the TSP.

The rock mechanic parameters (Young's modulus and Poisson’s ratio) as derived from
the direct P- and S-wave arrivals indicated that the quality of the crystalline rock is
generally relatively good. However the value of the Poisson's ratio is significantly higher
than normal so one can expect a reduced shear strength probably due to local fractur-
ing of the rock mass.

TSP Prediction from surveys 1 and 2

As seen in Fig.1, survey no. 1 was performed with the face position located at station
198 / 233 and the reference position at 198 / 295 in the west tunnel. The rock was
amphibolite and the seismic P-wave velocity determined by the direct wave was around
6340 m/s. Because most structures close to the face are dipping steeply, mainly to-
wards the portal, only the investigation sector 1B (“left ahead, down”) is discussed here.

The seismic velocity as determined in the measurement section is fairly high according
to the amphibolite rock type excavated. The interpretation of the near range sector fits
the velocity of 6340 m/s, but for the medium and far range the average velocity has to
be reduced to values of 5700 m/s and 5'500 m/s respectively (average velocity of all
surveys approx. 5'670 m/s).

For interpretation purposes the zones as discussed in the following could be discrimi-
nated using the diffraction stack presentation (Fig.3 resp. 4) of the reflected wavefieid .

Zone 1 as seen in the diffraction stack display starts with the boundary 1 (marked black)
at about station 258 and ends with boundary 3 (marked grey). Boundary 1 corresponds
to the beginning of a fractured zone (no.1) with probably higher fracture intensity close
to the boundary 2 (marked black) at about station 251. Boundary 2 shows a good
reflectivity and seems to correlate well with a decrease of fracturing at about station 247.

Zone 2 can be characterized according to the seismic result as a zone with slightly
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better rock quality, although intersected probably by small fracture zones (see below).
Ahead of boundary 3 (marked grey) the rock quality seems to improve slightly and it can
be deduced from the diffraction stack result (Fig.3) that this situation would extend to
boundary 5 (marked black) at about station 225. However the corresponding area
marked as zone 2 is also intersected by a small fracture zone at about station 242, well
imaged in the diffraction stack display as boundary 4 (marked black).

Zone 3 can be characterized as a more inhomogeneous area than zone 2. Ahead of
boundary 5 (marked black) an area with difficult boundary character is investigated
reaching up to boundary 11. It is concluded that the rock in this zone will be relatively
heterogeneous, i.e. with several discontinuities of different structural geometry. The rock
quality is assumed to be locally poorer than for instance ahead of boundary 7 (marked
black) and boundary 9 (marked black). At the end of zone 3, an accumuilation of boun-
daries (marked grey, nos. 8, 10, 11) indicate a gradual transition to harder rock. This
can be interpreted as the end of an area with generally poorer rock quality at about
station 169 and is marked with a small vertical line and the number "4".

s

Line 4 corresponds to the end of zone 3 (s. above)

Zone 5 is characterized as a more homogeneous section following zone 3. Ahead of the
boundary 11 (marked grey) at about station 169 the diffraction stack display is different,
showing only diffraction points with lower reflection energy. Considering the high reflec-
tion intensity in front of mark "4" (i.e. zone 3), one can conclude that a zone of improved
rock quality should follow.

Line 6 points to the boundaries 12 (marked black) and 13 (marked grey) that may cross
zone 5 as a smaller fracture zone at about stations 125 - 116. Due to the low inclination
the boundaries are imaged about 100 m back from their intersection point and accor-
dingly the intersection figures represent only an estimate.

The result of the second survey agrees well with the general prognosis based on
surface investigations. There, the end of the zone with poorer rock quality (line marked
with "4") is approx. at station 170, about 1 m in front of the intersection of the seismic
prognosis at about station 169.

Comparison between TSP and geological situation

The correlation of the TSP measurements, geology as mapped and rock quality accord-
ing to Q-index is generally good.

During the autumn 1895 both the western and the eastemn tunnels have been exca-
vated through the area covered by the TSP measurements. According to the contractor;
Mr. O. Wolff at SIAB, zone no. 3 caused excavation problems. A rock fall occurred in the
roof of the western tunnel at about station 198/206 where the weak zone starts in Fig 5.
The Q-index in the zone has been determined as low as Q = 0.25. The real location of
the zone showed a discrepancy of about 3 metres compared with the prognosis of the
TSP. The zone orientation however is in agreement with the result of the seismic resuit.
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The geologycal mapping also showed that the zone correlates with a contact between
amphibolite and gneiss while the boundary area is filled with clay. Its dip is about 30
degrees in driving direction and extends from station 198/205 to 198/180. From 198/180
to about station 156, the rock is fractured and blocky, but with deceasing fracture
intensity in driving direction. The rock gets gradually better from about station 198/175
(Q=0.89) and reaches a Q-value of 5 at station 198/152. For the area discussed above,
the geology investigated during excavation showed a generally good correlation with the
TSP prediction.

The zones no 1 and 2 did not cause any larger driving problem. However, the section
including stations 198/248-256 is fractured with regular spaced cross cutting joints in 1-2
meter intervals while the section of stations 198/236 - 242 has similar fractures but with
uneven spacing. In this case the TSP prediction was a bit too pessimistic.

The zone no. 6 did not cause excavation problems at all. Fractured rock with joints of
mixed orientation was encountered in the section of stations 198/090 - 115. Essentially
three sets of different orientation were found, an orthogonal one, a second with mainly
shallow dip towards the TA and a third running almost parallel to the tunnel axis as
found in section 198/090 - 080 . One of the larger fractures crossing contained clay. The
TSP predicted the fractured area about 5 m earlier than actually encountered, but this
is a relatively small tolerance which must be taken into account when a complex geolog-
ical structural situation is present.

CONCLUSION

The results show that TSP investigations are a valuable tool for acquiring to get addi-
tional information about the conditions of the rock mass to be excavated. Data acquisi-
tion does not delay or effect the tunneling operation itself and can be performed continu-
ously or as needed. The software provides very fast data processing and the result is
available to the interpreter already a 1 or 2 hours after the measurement as demon-
strated on site.

The interpretation of the boundaries imaged by the TSP method is straight forward as
long as the structural conditions are not too complicated. In crystalline rock, however,
the geometries of discontinuities (folds, faults, fractures etc.) can become very complex.
In this case the interpretation of the TSP results requires a very good understanding of
local geological conditions and in which manner the features are imaged by the seismic
investigation.

For an appropriate and efficient tunnel driving predictive information gained by TSP
investigation can be used to guide appropriate measures in tunnel construction. In order
to provide the required basic information we recommend the use of the TSP at the site
as an additional predictive tool for regular investigation.

As with every geophysical method, the success of the TSP interpretation is strongly
dependent on multidisciplinary cooperations between all technical departments on site.
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SAMMANFATTNING

Tunnlama genom Hallandsasen &r en del av Banverkets utbyggnad fér hoghastig-
hetstag fran Goteborg till Malmé. Utbyggnaden gérs med dubbelspar. Genom Hallands-
asen gar jamvagen | tva parallella enkelsparstunniar. Dessa har en langd av ca 8 600m
vardera och ligger 20-30 m separerade fran varandra. Tunnelorienteringen &r ca N206.
Bergtackningen varierar men &r i huvudsak minst 100 m.

| férundersokningen lokaliserades ett antal svaghetszoner | bergmassan. Dessa har
skapat bergtekniska problem | samband med pagaende tunnedrift. FOr att battre loka-
lisera och beskriva dessa avsnitt framfor tunnelftonten har en ny metod, TSP 202,
Tunnel Seismic Prediction, testats i sédra tunnelpasiaget.

Syftet med testningen var att underséka om en definierad svaghetszon kunde loka-
liseras framfér fronten. Zonen var férutsagd att ligga ca 40 m framfér fronten | véstra
tunneln och ca 80 m i den 6stra. Zonens bergkvalitet var tolkad att ligga mellan
Q=0.1-1. _
Undersskningen omfattar fyra matsektioner placerade enligt Figur 1, varav tva utférdes
framfor tunnefronten en i vardera tunneln och tva ytterligare i vastra tunnein.

| artikeln presenteras matningen i dstra tunneifronten.

TSP 202 &r en snabb, icke férstdrande reflektionsseismisk teknik, som syftar till att prog-
nostisera bergmassans struktur och egenskaper 3-dimensionelit framfor tunnelfronten.
Utrustningen bestar av 12 superkénsliga accelerometrar sammansatta till bi-axiella sen-
sorelement samt en registreringsenhet.

Vid métning installeras accelerometrama | speciella borrhal ca 30 m bakom sista skjut-
halet enligt Figur 2. | normaluppstéliningen gérs succesiva skjutningar i ena tunnel-
vaggen i 24 skjuthal.

Databearbetning efter faltmatningen omfattar ett antal systematiska steg som leder
fram till ett * diffraction stack diagram”, DFS enligt Figur 3. En gréansyta som gett ett
seismiskt eko projiceras pa DF S-ytan som en punkt (+). En kluster av punkter bildas nar
granssnittsytan tex en svaghetszon, ger flera ekon. En linje anpassas till klustemn. Linjen
kommer att skdra tunnels l&dngdaxel. Skamingspunkten mellan denna linje och tunnein
anger avstandet i meter till l&get for accelerometrarna.

Déarefter bearbetas data fér korrekt orientering av grénssnittsytan i férhallande till tunnel-
axeln enligt Figur 4.

Resulaten av matningama har utvérderats | tre omraden namiigen:
- Ndromradet, dvs ndrmast skjutomradet

- 150-200 m framfor tunnelfronten

- 150-600 m framfér tunnelfronten

Analyserat omrade 150-200 m framfér tunnelfronten visas i Figur 5. Tre avsnitt med
férandring | bergkvalitet har registrerats, namligen zon 1-2, 3 och 6.

Den geologiska uppféljningen efter berguttaget har gett fljande resultat:
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Zon 1-2.
Avsnittet 198/236-242 samt 198/248-256 har 6kad sprickighet jamfort med omgivande
bergmassa.

Zon 3.

Avsnittet har |ag bergkvalitet motsvarande Q=0.25. Zonen &r komplext uppbyggd med
omvaxlande vertikala och flacka sprickor. Zonomradet omfattar avsnittet 198/180-205
medan avsnittet 198/156-180 visar en omfattande uppsprickning.

Bergmassans kvalitet ¢kar | tunneldrivningsriktningen och motsvarar vid 198/152 Q=5.

Zon 6.

Berggrunden &r uppsprucken | tre sprickgrupper mellan 198/090-115, men nagra
svaghetszoner har ej observerats. En lerfylld spricka skér tvars tunnein. | vdggama
finns ett antal sub-horisontella slag.

Enligt & Wolff, SIAB, vallade zon 3 stora drivningstekniska problem vid passagen. Ett
utfall | taket intraffade | borjan av zonen | véstra tunnein. Zonens l&ge predikterades
med ca 3 m noggrannhet med TSP.

Zon 1-2 och 6 medférde inga drivningstekniska problem.
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UPPDATERINGSBARA BERGPROGNOSER - TILLAMPNING AV EN NY
GEOSTATISTISK METOD PA TBM-TUNNELN I ASPOLABORATORIET

Updating of rock predictions - Application of a new geostatistical method on the
TBM-tunnel in the Asps Hard Rock Laboratory

Lars Rosén, CTH
Gunnar Gustafson, CTH

1 INTRODUCTION

Sweden has decided to dispose its high-level nuclear waste between 400-700 meters
below ground surface in crystalline bedrock, in accordance with the so called KBS-3
concept (SKBF-3, 1983). The Swedish Nuclear Fuel and Waste Management Company
(SKB) is commissioned to find a suitable site for the repository. The issue of siting and
establishing a nuclear waste repository with respect to geoscientific factors is to a great
extent a hydrogeological problem, since the primary process through which the waste
can be brought back to the biosphere is ground-water transport. The purpose of the siting
process is to find a repository site where a required amount of fuel canisters can be
safely disposed of, which requires specific hydrogeological conditions. It is therefore
appropriate to direct the hydrogeological evaluations at the issue of canister positioning
during all stages of the evaluation process. This requires evaluations to be made with
respect to compliance levels for canister positioning.

The maximum number of canisters on a specific length of a nuclear waste repository
tunnel is given with respect to practical conditions, such as tunnel-dimensions and
drilling equipment. An important issue is how well this maximum capacity can be used,
with respect to hydrogeology, stability, and geology. A measure of the capacity relative
to the maximum capacity may be referred to as a Positioning Index (PI).The PI is
defined for a given rock volume and a given purpose as the probability that the
maximum number of positions can be used, given the approved repository design.

A Bayesian Markov Geostatistical Model (BayMar) was developed and applied for PI-
calculations with respect to lithology, hydraulic conductivity, and RQD along a stretch
of a full face boring (TBM) tunnel in the Aspé Hard Rock Laboratory (HRL) in
southeastern Sweden (Figure 1). Traditionally, the term 'geostatistics' is associated with
the kriging methods based on regionalized variable theory by Matheron (1963). In the
BayMar methodology it is used in the more general sense described by Henley (1980).
The methodology differs from conventional geostatistical methods in (1) being non-
parametric to be able to handle information with complex statistical distributions, which
is often the case for classified data, e.g. lithology, and (2) using Bayesian statistics for
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updating of prior estimates with respect to new innformation. Data are generally very
sparse at early stages, becoming more and more abundant as the investigations get more
detailed. Professional judgments thus play an important role for prior estimations at early
stages and Bayesian statistics provides a formal way for integrating these with hard data.

et 21
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Figure 1. Overview of the Aspé Hard Rock Laboratory facility (after Aspé HRL, 1994).
The TBM-tunnel is marked in black.

2 POSITIONING INDEX (PI)

The PI is defined for a given rock volume, V [L’], and a given purpose, U, as the
probability that the maximum number of positions, J, can be used, given the approved
repository design:

PI (V,U) = PU|V,U) (1)

The PI-value is equal to the expected value for an indicator, E(I), that the maximum
number of positions in a volume can be used (I=1). The PI-value is equal to reliability
in terms of engineering design. The PI-approach is non-parametric because it does not
require the indicator to have any specific statistical distribution. For fuel canisters in a
nuclear waste repository, the maximum number of positions, N, along the repository
tunnel 1s known and determined by factors such as tunnel dimensions and tunnel layout.
The maximum number of canisters, N, that can be placed in the tunnel with respect to
the PI is then:
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N=N_PI )

The PI-estimations have to be made with respect to the scale of the specific problem at
hand. In the early stages of an investigation program for a nuclear waste repository,
estimations of rock volumes the size of entire units of the repository may be relevant,
whereas in the last stage of the investigation program the rock volumes need to be
roughly the size of a fuel canister. Since the philosophy behind the PI calculations is that
they should be based on existing data and knowledge at each level of investigation, it
is suitable to perform the probability estimations in a Bayesian context. Bayesian
statistics differs from classical statistics by not requiring that the probability assessments
be based on measured data. The Bayesian statistics can be described as:

P[4, |B] = P[A,){additional knowledge} 3)

which indicates how the prior probabilities estimated before an experiment, A, (i=1,...,n),
should be modified by the evidence of a new outcome, B, to produce posterior
probabilities.

The prior estimation of A, can be based on professional Judgment from past experiences
only, or on experience and existing data. As new information becomes available the
prior probability estimate is updated to a posterior esttimate, with a higher degree of
certainty. When data are sparse, the Bayesian statistical estimates might be quite
different from classical statistical estimates of the same dataset, but as additional data
become available the two different types of estimates converge. The subjective input
from the evaluator thus affects the results until large numbers of measurements have
been taken. Bayesian statistics allows the evaluator to make a probability assessment,
and thereby also a decision, whatever the level of uncertainty. It also fits nicely into
geological and hydrogeological problems, since subjective interpretations and experience
plays such an important role here. The possibilities and limitations of Bayesian statistics
were described by Lee (1989) and Freeze et al (1990).

In accordance with Bayesian statistics the prior estimates of the PI are updated each time
new information becomes available. When the tunnel has been completed and a choice
whether to place a canister or not has to be made, the PI for this specific position is
either 0 or 1.

The following set of key parameters for PI calculations with respect to canister
positioning have primarily been suggested within the Group for Nearfield Design at
SKB: (1) lithology, (2) groundwater inflow to the deposition hole, (3) construction
stability, (4) long term stability, and (5) thermal capacity of the rock. A compliance level
is assigned to each parameter that must not be exceeded for any of the parameters in
order to make a specific canister position acceptable.
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3 THE BAYESIAN MARKOV GEOSTATISTICAL MODEL

A Bayesian Markov Geostatistical Model (BayMar) was developed within the SKB
siting program as a tool for decision support and described by Rosén and Gustafson (in
print). The model was developed to comply with the approach for geoscientific
classification in the siting process suggested by Rosén and Gustafson (1993). The
development was partly based on the work on non-parametric geostatistics by Henley
(1980). The purpose of the model is to generate probabilities for geological properties
at points where no samples have been taken. The basic requirements is that the model
should be able to (1) handle non-numerical classified data, e.g. lithology, (2) consider
professional judgments based on past experiences of the evaluator, and (3) measure the
uncertainties of the results.

The Bayesian Markov model uses transitional Markov-chain analysis for describing the
spatial relationships of data. Consider the situation described in Figure 2, where the
objective is to estimate the probabilities for finding states a, b, and ¢ at the unknown
point A. At points labeled B the distributions of the states are known.

Figure 2. An unknown point, A, to be estimated
from surrounding known points B.

A transition probability matrix, 1\_/11, is constructed based on the transition frequencies
between mutually exclusive states a, b, and c, e.g. lithologies, when observations are
taken along equally spaced intervals over the region of interest:

prm Pab pm.'
Ml = pa'm pbb p.‘)c (4)
pra pcb pcf;
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where, for example, p,, is the conditional probability of finding state b if the starting
point is in state a and moving one unit distance. Every time M, is powered, the diagonal
terms describe the probabilities to remain in a specific state when moving one step. The
diagonal terms of the transition probability matrix therefore describe the state influence
lengths for the mutually exclusive states. The state influence length is defined as the
maximum distance for statistical dependence of the state, 1.e. a correlation length, with
respect to a given probability level. In accordance with the Bayesian approach, the
transition probability matrix can be developed from measurements and/or professional
judgments. If the parameter of interest is anisotropic, M, will exhibit directional
dependence.

In addition to the spatial dependence characteristics, the transition probability matrix
holds information regarding the size, shape, and orientation of each specific state. For
a specific probability level, C, the body influence length, A, can be calculated directly
from the diagonal term, p; (i=1....n states), of M, as:

logC
logp;

A, =

A ()

where A is the step length, or cell side length [L] in a model grid. The body influence
length is defined as the radius of a body of a specific state, with respect to a given
probability level. For example, the influence lengths for the 50% probability level
describe a median body. The body influence lengths can be plotted in a polar plot for
different probability levels in each direction, describing size, shape, and orientation of
the state (Figure 2).

To construct the transition probability matrices, some assumptions about the geologic
processes and the geometry of the properties need to be made. The following questions
are addressed: (1) what is, in a statistical sense, the size, shape and orientation of the
various states?; (2) what transitions are not possible?; and (3) what are the approximate
probabilities for possible transitions?

Figure 2. Polar plot showing size, shape, and
orientation of a state as calculated from the diagonal
elements of the transition probability index for
different probability levels, 25% (outer), 50% (middle)
and 75% (inner). The example is fine-grained granite
in the Aspé area. Length scale in meters.
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Each cell in the model is assigned a probability vector, f’, with elements p, describing
the probabilities for each state to occur in the particular cell:

pﬁl (6)

P,

At an unknown cell, A, P(A) is a prior estimation of the probability vector based on
professional judgments and existing data. At a known cell, B, where a measurement has
been taken, the probability vector is P(B) and describes the measured distribution of
states in the cell. Using the information given by a known cell, B, and the statistical
dependence between states, P(A) is updated through a two-step procedure: (1)
calculation of an updating probability vector P(B|A), given the information in point B
at some distance r from point A and conditioned on A:

P(B|4) = M"° P(B) (7)

where r [L] is the distance between A and B, and (2) Bayesian updating producing a
posterior probability vector, P(A|B), for point A, conditioned on B, using a modified
Bayes' formula:

P M(A)p(B|A)

%p/(A)p,"(B|4)

p(A|B) = (8)

where w is a weight function based on the spatial dependence between the known and
unknown point. It has the form:

RECLS
r/A

)

w(r) =

Bayesian updating is performed for all unknown cells within the influence length from
each known cell. When new information becomes available, e.g. from drilling, the
posterior estimate of the unknown cell becomes a new prior which is updated using the
new information.

A measure of the state of knowledge at a specific point can be obtained by analyzing

the probability vector P. If no information about what is the most probable state at a
specific point has been gathered, P would have a uniform distribution so that P,=1/n for
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all n states, thus representing the most uncertain case. If there is maximum certainty
about the state at the specific point the probability is 1 for that state and 0 for all other
states, thus representing the most certain case. A measure ranging from 1/n, i.e. the most
uncertain case, to 1, i.e. the most certain case, is referred to as Bayesian convincement,
B:

M=

B - Sp? = P+P (10)

1

The Bayesian convincement uncertainty estimate has a practical implication in that it can
be used for directing further investigations to areas where information is best needed.

As mentioned earlier, the PI-value is equal to the expected value for an indicator, E(I),
that a canister position in the specific volume can be used (I=1). The variance estimate
for that indicator is:

Var(I) = E(I*)-[E(I)T* = PI(1-PI) (11)

4 RESULTS

Pl-calculations using BayMar were made with respect to lithology, Rock Designation
Quality (RQD) index, and hydraulic conductivity along a 420 meter stretch of tunnel.
The tunnel was drilled with a full face tunnel boring machine (TBM) at repository depth
at approximately 450 meters depth below sea level at the Aspé Hard Rock Laboratory
(HRL). The lithology affects a number of factors, such as the fracturing and heat
properties of the rock. The RQD value is of importance to the stability of the
construction, and the hydraulic conductivity is connected to the inflow of ground water
to the repository.

The model was run with a cell size of 20 x 20 x 20 meters, resulting in 21 target cells
along the tunnel. Compliance levels were set so that (1) fine-grained granite is not
allowed, (2) the RQD value must exceed 75%, and (3) the hydraulic conductivity must
be lower than 10” m/s in order to make a canister position acceptable. The existing
information consisted of the geological map in 1:10 000 scale, 13 boreholes from the
ground surface on the Aspé island, and 11 boreholes from the access tunnel leading
down to the TBM-tunnel. Data were obtained from SKB's GEOTAB database. The prior
estimates for the 21 target cells along the tunnel used for the BayMar predictions based
on this information are shown in Table 1.
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Table 1. States and prior probabilities (P) for lithology, hydraulic conductivity, and RQD.
(ND = no data)

Lithology Hydraulic Conductivity Rock Quality
State Designation (RQD)
Material P Value P RQD P
1 Soils 0.0 > 10" m/s 0.36 0-25 0.06
2 Greenstone 0.08 107-10% m/s 0.08 25-50 0.04
3 Fine-grained 0.06 10%-10° m/s 0.12 50-75 0.09
Granite
4 Aspé Diorite 0.85 | 10°10™m/s | 0.07 75-100 0.81
5 Mylonite 0.0 < 10" m/s 0.37 ND ND

The predicted and observed PI-values with respect to each key parameter are given in
Figure 3 for each cell along the tunnel, together with the Bayesian convincement and
variance. The Bayesian convincement parameter, B, reflects the variability of the entire
probability vector including all states, e.g. lithological states, in each cell, whereas the
variance, V(I), reflects the uncertainty of the PI indicator value.

The TBM-tunnel is situated in an environment of high variability with respect to
lithology, structures, and hydraulic properties, as described by Gustafson et al (1991),
Wikberg et al (1991), and Wikman and Kornfilt (1995), among others. This is also
reflected in the boreholes used for the PI-calculations. However, locally along the TBM-
tunnel the lithological and RQD conditions exhibit relatively little variability.

The BayMar model gave predictions which are in agreement with observations for
lithology and RQD along the tunnel. The results show high PI-values for all cells, i.e.
good conditions for placing canisters, with respect to lithology and RQD. For hydraulic
conductivity, no measurements have been made in the tunnel, but the predictions
indicate low PI-values, i.e. poor conditions for canister positioning along most of the
tunnel. This is in agreement with the results from hydraulic tests in a borehole
(KA3191F) parallel to the TBM-tunnel (see below).
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Figure 3. Pl-values for cells 1-21 along the TBM-tunnel at the Aspé Hard Rock
Laboratory (HRL). (a) and (b): Predicted (p) and observed (o) Pl-values, Bayesian
convincement (B) and variance for the Pl-indicator (Var(l)), for lithology (L) and RQD: (c).
Predicted Pl-values, Bayesian convincement and variance for the Pl-indicator for
Hydraulic Conductivity (K). Piles in the diagrams appear in the same order from left to

right as from top to bottom in the legend boxes.
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A comparison between predicted and observed percentages of the four lithological states
of greenstone, fine-grained granite, diorite, and mylonite along the TBM-tunnel is shown
in Figure 4. The figures on the observed percentages were taken from the GEOTAB
database and was not based on a continuous mapping of the tunnel, but mapping of 4
meter long blocks at irregularly spaced tunnel intervals. BayMar gave reasonable results
regarding the percentages of different lithologies. The lithologies exhibit little variation
along the tunnel for both predictions and observations, given the applied cell size. The
large slab of greenstone in cells 10 and 11 could not be predicted.

Probability
o
3
[
|

’ e -
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
Cell number

--Greenstone (p) —o— Greenstone (o)
--Fg granite (p) —a—Fg granite (o)
--Aspé diorite (p) —o—Asp6 diorite (0)
- - Mylonite (p) —o— Mylonite (o)

son o

Figure 4. Predicted (p) and observed (o) probabilities of lithologies for 21 cells along the
TBM-tunnel at the Aspd HRL using the BayMar model.

The percentages of the four lithological states based on a continuous mapping of the first
200 meters of the tunnel were given by Rhén et al (1995). A comparison between these
results and the predictions by the BayMar model is shown in Figure 5.
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B Greenstone 5.1%
OFine-grained granite 3.7%
B Aspé diorite 91.1%

W Myloniite 0.1%

B Greenstone 6.3%

O Fine-grained granite 9.4%
&3 Aspo diorite 83.6%

M Myloniite 0.6%

Figure 5. Comparison between observed (left) and predicted (right) percentages of
lithologies along the first 200 meters of the TBM-tunnel.

For RQD no variation was observed along the TBM-tunnel, because of the very coarse
classification into only four states; all cells along the tunnel were found to be of state
4, thus having a PI of 1.

For hydraulic conductivity, the BayMar model was not capable to predict variations
along the 200 meters measured in the KA3191F borehole parallel to the TBM-tunnel.
However, the model predicted the magnitude of the conductivity values reasonably well,
glven both surface boreholes and access tunnel boreholes. Conductivity values exceeding
107 m/s were predicted as most likely along most of the tunnel, which is in agreement
with measurements in KA3191F (Figure 6). The KA3191F borehole corresponds to cells
1-11 in the predictions.
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Figure 6. Hydraulic conductivity measurements along the KA3191F borehole.
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Figure 7 shows a compilation of the PI predictions compared to observed conditions,
treating the entire TBM-tunnel as one unit. This is from a practical point of view the
most interesting figure, since the key issue in the design of the repository will be to
decide if a drilling of a tunnel in a specific direction should be initiated or not (Rosén
and Gustafson, 1994).

1.20 -
1.00
0.80 -
0.60 -
0.40 |
0.20 -
0.00
04—

Lithology RQD K

B Predicted
O Observed

Pl

Figure 7. Summary statistics of predicted and observed Pl-values for lithology, RQD and
hydraulic conductivity (K) along the TBM-tunnel. Uncertainties of each predicted Pl
indicator are represented by piles showing + one standard deviation.

The results given in Figure 7 show that 92% of the positions could be used with respect
to lithology, i.e. 19 of the 21 possible positions. For RQD the predicted PI was 87%,
which is equal to 18 acceptable positions. For hydraulic conductivity the predicted PI
was 44%, which equals 9 acceptable positions.

The predicted PI-values for lithology and RQD are high with relatively low standard
deviations, indicating a low uncertainty about positioning conditions given assigned
compliance levels. For hydraulic conductivity predicted PI-values are low with a high
standard deviation, indicating a high uncertainty about the possibilities for placing
canisters in the tunnel given assigned compliance levels. The general pattern was thus
predicted correctly with good conditions with respect to lithology and RQD, and poor
conditions with respect to hydraulic conductivity. The results indicate that a reasonable
decision basis would have been obtained by using the BayMar model in the design of
the Aspé HRL.
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5 CONCLUSIONS

The BayMar model was developed for predicting hydrogeological and geological
conditions in discrete cells. The results can be used for estimating the suitability for a
specific purpose within each cell of a model, e.g. positioning of fuel canisters, as shown
in this paper. The results can also be used as inputs in stochastic modeling, e.g. ground-
water flow and transport models. The BayMar methodology provides a tool for
performing the probability estimations using both measured, hard data and professional
judgments. We consider the major weaknesses of the methodology to be that (1) it 1s
less powerful than parametric methods based on regionalized variable theory in handling
data that meet the requirements of additivity and normality and (2) there is a discrepancy
among statisticians regarding Bayesian statistics, and it should be emphasized that its use
1s controversial. It can easily be misused if the evaluator is not experienced and skillful,
and it is recommended that consensus among several people is achieved when prior
information is sparse.

We consider the major strengths of the methodology to be that (1) the non-parametric
approach allows handling of classified data without any model fitting to standard
statistical distributions, i.e there are no requirements on additivity and normality as with
parametric geostatistical methods based on regionalized variable theory; (2) the use of
Bayesian statistics facilitates incorporation of professional judgments and updating as
new data become available in a formal way, making the methodology directly applicable
to risk and decision analysis; (3) the use of Markov-chain analysis is multiattribute and
the methodology is capable of handling several discrete states of information
simultaneously; and (4) the approach of using sizes, shapes, and orientations of states
for prior estimates of the transition probability matrices is in line with common practice
in geological and hydrogeological work.

The application of the BayMar model at the Asps HRL was made in a very
heterogeneous environment, which was reflected in the transitional probability matrices,
which showed statistical dependence over short distances for most of the states. The
Markov-chain analysis part of the model focuses on the transitions between states, which
makes it possible to generate predictions that correspond reasonably well with the
natural variability, even in a complex and very heterogeneous environment, such as at
Aspo.

The results of this study showed that the BayMar methodology would have given a
reasonable decision basis for the TBM-tunnel with respect to lithology, RQD, and
hydraulic conductivity. The approach of making optimal use of existing information and
updating the results as new data become available allows for logical and cost-effective
construction of a repository.
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SAMMANFATINING

En geostatistisk metodik benimnd 4 Bayesian Markov Geostatistical Model (BayMar)
har utvecklats fér sannolikhetsbedomningar av hydrogeologiska och geologiska
egenskaper 1 samband med etablering av ett slutforvar fér utbriant kéarnavfall.
Sannolikhetsbedémningarna har praktisk anvindning som beslutsunderlag vid
lokalisering och utformning av ett sdkert slutfoérvar.

Det maximala antalet brianslebehéllare som kan deponeras i en férvarstunnel dr beroende
av ett antal praktiska faktorer, sisom deponeringstunnlarnas dimension och inbordes
placering. En viktig fraga ar hur vil denna maximala kapacitet kan utnyttjas med hansyn
till hydrogeologiska, geologiska och strukturella egenskaper hos berget. Ett matt pa
denna maximala kapacitet bendmns i denna artikel Positioning Index (PI). PI definieras
for en given bergvolym och ett givet syfte som sannolikheten att det maximala antalet
positioner kan anvindas, givet en viss forvarsdesign.

BayMar &r en icke-parametrisk metod och anvander Markov-kedjeanalys for att beskriva
den statistiska korrelationen mellan punkter i plan eller volym. Det icke-parametriska
angreppet medger hantering av information som inte foljer standardmaéssiga statistiska
fordelningar, exempelvis bergartsklasser. Data behover didrmed inte uppfylla de krav pa
additivitet och normalitet som stills av kriging. BayMar har ett formaliserat sitt att
hantera erfarenhetsmissiga bedomningar genom det Bayesianska angreppssittet, vilket
medger en konditionerad uppdatering av a priori bedomningar till posteriori bedémningar
sa snart ny information blir tillganglig.

BayMar har anvints for PI-berdkningar med héansyn till kapseldeponering langs den 420
meter ldnga TBM-tunneln i Aspolaboratoriet, beldgen c:a 450 meter under markytan.
Berikningarna gjordes med hinsyn till litologi, Rock Quality Designation Index (RQD)
och hydraulisk konduktivitet. Som underlagsmaterial for berdkningarna anvéndes
geologisk karta 6ver Aspo tillsammans med observationer borrhal fran markytan och frén
nedfartstunneln till Aspélaboratoriet.

Resultaten indikerade goda forhallanden for kapselpositionering med hénsyn till litologi
och RQD och antagna grinser foér acceptabla forhallanden. Detta ar 1 god
overensstimmelse med de forhallanden som observerats 1 TBM-tunneln. For hydraulisk
konduktivitet har inga mditningar gjorts i tunneln, men berdkningarna visar pa laga
sannolikheter att finna acceptabla positioner med héinsyn till antagna gransvirden. Detta
stimmer vil med de mitningar som gjorts 1 borrhal parallellt med TBM-tunneln.
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RMi - A NEW PRACTICAL CHARACTERIZATION SYSTEM FOR USE IN
ROCK ENGINEERING

RMi - et nytt system for & karakterisere bergmasser for bruk i praktisk bergteknikk

Arild Palmstrém, Berdal Strémme a.s., Sandvika, Norge

1. INTRODUCTION

"Provision of reliable input data for engineering design of structures in rock is one of
the most difficult tasks facing engineering geologists and design engineers."
Z.T. Bieniawski, 1984

In addition to Bieniawski (1984), several other authors like Hoek and Brown (1980) and
Nieto (1983) and have indicated a need for a strength characterization of rock masses.
The Rock Mass index (RMi) has been worked out to satisfy this need and for improving
the methods of rock mass descriptions, including better practical guidelines for
obtaining numerical observational data.

Rock masses are composed of rocks penetrated by discontinuities. With great diversity
both in the composition of the intact rock and in the nature and extent of the
discontinuities, rock masses exhibit an enormous variation range in structure as well as
composition. This creates a great challenge when characterizing such complex
materials. In addition, as reliable tests of the strength of rock masses are impossible or
so difficult to carry out with today's technology, rock engineering is currently based
mainly on qualitative, descriptive data found from observations. These descriptive data
have to be converted into numerical values to make calculations in rock engineering
possible.

2. THE ROCK MASS INDEX (RMi)

Construction materials, such as steel and concrete, commonly used in civil engineering
and mining are mostly characterized by their strength properties. This basic property of
the material is used in the engineering and design. In rock engineering, no such specific
strength characterization of the rock mass is in common use. The Rock Mass index is
introduced to characterize the strength of the rock mass to be suitable for application in
rock engineering and other types of calculations associated with construction in rock.
An important issue has been to use parameters in the RMi which have the greatest
significance in engineering. This is described in this section.
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2.1 On the selection of the parameters used in the RMi

Figure 1 shows the main variables constituting a rock mass. Hoek et al. (1992), are of
the opinion that the strength characteristics for jointed rock" masses are controlled by
the block” shape and size as well as the surface characteristics of the block determined
by the intersecting joints. They recommend that these parameters be selected to repre-
sent the average condition of the rock mass. Also, Tsoutrelis et al. (1990), Matula and
Holzer (1978), Patching and Coates(1968) and Milne et al. (1992) have set forth similar
ideas. This does not imply that the properties of the intact rock material should be
disregarded in the characterization. If joints are widely spaced or if the intact rock is
weak, the properties of the intact rock may strongly influence the overall behaviour of
the rockJ;nass'. The intact rock properties are also important if the joints are discon-
tinuous.

SURFACE WITH JOINTS DELIMITING BLOCKS

|
i)
7’
OF A RO¢ ¥ / '
P Kp o ~
\A 04. &~
'
- I
\ /
= X
size and termination of the joints, given as the factor (jL)
&— friction of the block faces, given as joint

roughness factor (jR) and joint alteration factor (jA)

— strength of intact rock, given as its
uniaxial compressive strength (o)

size of the block (Vb), given in m®

Figure 1 Idealized structure of a typical rock mass and the main parameters which are applied in the
RMi.  (from Palmstrom, 1995).

Although rock mass properties in many cases are governed by joints, rocks properties
have been a major factor in the formation and development of the actual joints. In this
respect petrological data can give useful information on the properties jointing

) The term joint" has been used for most natural discontinuities which have thickness smaller than approx.
0.1 m. Thus, joints cover fissures, partings, fractures, natural cracks, as well as many shears and seams.

2) Joints and other types of discontinuities divide the rocks into blocks.

3 . . .. . .
) Discontinuous joints end in massive rock.
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(Franklin, 1970; Piteau, 1970). A concise rock description accompanied by jointing
observations will, in addition to geology and the type of material at the site, inform the
reader of the probable behaviour of the ground.

As indicated in Figure 1, the RMi makes use of the following input parameters:

e compressive strength of intact rock;

® block volume; and

e joint characteristics, as given by its roughness, alteration, and size.

The combination of these parameters, included in the RMi, is shown in Figure 2.

All these are intrinsic parameters of the rock mass. The need to use such parameters in
characterizing the properties of rock masses has earlier been stressed by Deere et al.
(1969) and Patching and Coates (1968).

JOINT
ROUGHNESS
FACTOR (jR)
JOINT JOINT
ALTERATION »| CONDITION
FACTOR (jA) __FACTOR
iC = jL(R/A)
JOINT SIZE AND
TERMINATION ngkNJéNrgR
FACTOR (jL) -
L »{ BLOCK VOLUME ROCK MASS INDEX
OF JOINTS e Vb )
RMi
UNIAXIAL
ROCK »| COMPRESSIVE
MATERIAL * ~ STRENGTH
ﬂ-

Figure 2 The input parameters to the RMi and their combination (from Palmstrém, 1995).

Principally, the RMi is based on the reduction in strength of a rock caused by jointing

and is expressed as:
RMi=oc,- JP eq. (1)

where o, = the uniaxial compressive strength of intact rock measured on 50 mm samples;
JP = the jointing parameter which is a reduction factor representing the block size and
the condition of its faces as represented by their friction properties. In addition, a
scale factor for the size of the joints have been included, as shown in Figures 1
and 2.

The influence of JP has been found by using calibrations from test results. Because of
problems of obtaining compression test results on rock masses at a scale similar to that
of typical rock works, it was possible to find appropriate data from only eight large scale
tests and one back analysis. Three of these are from Sweden, provided with kind help
from Norbert Krauland, Boliden Mines and Bengt Leijon, Conterra AB. These test
results have been used to arrive at the following mathematical expression:
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JP = 0.2./jC-vb° eq. (2)

where Vb = the block volume given in m’,
jC = the joint condition factor is expressed as jC = jL (jR/jA) in which JL is the joint
length and continuity factor, jR is the joint wall roughness factor ) and JA is
the joint surface alteration factor 2 Their ratings are shown in Tables 1 to 3,
D=0.37jC °* has the following values:

for jC= 0.1 025 05 075 1 1.5 2 2.5 3 4 6 12 16 30

D=0.586 0.488 0.425 0.392 0.37 0.341 0.322 0.308 0.297 0.28 0.259 0.225 0.213 0.187

The value of JP varies fromnear 0 for crushed rocks to 1 for intact rock. The exponen-
tial form of eq. (2) fits well with the general experience that joint spacings have an
exponential statistical distribution as shown by Merritt and Baecher (1981). Most
commonly, the joint condition factor jC = 1 to 2; thus, the jointing parameter will vary
between JP=0.2 Vb’ and JP =0.28 Vb’*. For jC=1.75 the jointing parameter
and the Rock Mass index can simply be expressed as

JP=0253Vb and RMi =0.25 6,3/ Vb eq. (3a) and eq. (3b)

Significant scale effects are generally involved when the tested rock volume is enlarged
from laboratory size to field size. From the calibration described above, the RMi is tied
to large samples where the scale effect has be included in JP. For massive rock masses,
however, the scale effect for the uniaxial compressive strength (o, ) has not been
accounted for, as o, is related to 50 mm sample size. Barton (1990) suggests from data
presented by Hoek and Brown (1980) and Wagner (1987), that the actual compressive
strength for large, massive 'field samples' may be determined from

Gy = 6,50 (0.05/Db) 2 eq. (4)

where 6,50 = the uniaxial compressive strength for 50 mm sample size

Db = block diameter measured in metre, which may be found from Db = YVb o,
in cases where a pronounced joint set occurs, from Db =S, where S is the spac-
ing of this set. If the block shape factor (3) is known (see Appendix %), Section
A6) the equivalent block diameter is

Dbz%i/%=%i/ﬂ eq. (5)

The expression (0.05/Db) 02 = f, ineq. (4) is the scale factor for compressive strength.

) The factors jR and jA are similar to the joint roughness number (Jr) and the joint alteration number
(Ja) in the Q-system (Barton et al., 1974). The symbols Jr and Ja have been changed into jR and jA
because some minor modifications have been made in their definitions.

% In addition to the block shape factor mentioned above, the Appendix describes various types of
measurements which can be used to estimate the block volume.
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Eq. (4) is valid for sample diameters up to some metres, and may, therefore, be applied
for massive rock masses.

TABLE 1 THE RATINGS OF THE JOINT ROUGHNESS FACTOR (jR) FOUND FROM
SMOOTHNESS AND WAVINESS (From Palmstrém, 1995)
(The ratings of jR are similar to Jr in the Q-system)

small scale large scale waviness of joint plane
smoothness of planar slightly strongly stepped interlocking
joint surface undulating undulating (large scale)
very rough 3 4 6 7.5 9
rough 2 3 4 5 6
slightly rough 1.5 2 3 4 4.5
smooth 1 1.5 2 25 3
polished N 0.75 1 1.5 2 2.5
slickensided 0.6- 1.5 1-2 15-3 2-4 25-5
For filled joints: jR=1 For irregular joints a rating of jR =35 is suggested

"' For slickensided joints the value of jR depends on the presence and appearance of the striations; the highest value is used for

marked striations.

TABLE 2 CHARACTERIZATION AND RATING OF THE JOINT ALTERATION FACTOR (jA).
(from Palmstrom (1995)
(/4 is similar to Ja in the Q-system, except for the grade of alteration)

A. CONTACT BETWEEN THE TWO ROCK WALL SURFACES

TERM DESCRIPTION JjA
Clean joints
-Healed or "welded" joints | - Softening, impermeable filling (quartz, epidote etc.) 0.75
-Fresh rock walls - No coating or filling on joint surface, except for staining 1
-Alteration of joint wall:
- 1 grade more altered - The joint surface exhibits one class higher alteration than the rock 2
- 2 grades more altered - The joint surface shows two classes higher alteration than the rock 4
Coating or thin filling
-Sand, silt, calcite etc. - Coating of friction materials without clay 3
-Clay, chlorite, talc etc. - Coating of softening and cohesive minerals 4
B. FILLED JOINTS WITH PARTIAL OR NO CONTACT BETWEEN THE ROCK WALL
SURFACES
Partial wall No wall
contact contact
TYPE OF FILLING DESCRIPTION thin fillings | thick filling
MATERIAL (<Smm"’) or gouge
jA jA
-Sand, silt, calcite etc. - Filling of friction materials without clay 4 8
-Compacted clay materials | - "Hard" filling of softening and cohesive materials 6 10
-Soft clay materials - Medium to low over-consolidation of filling 8 12
-Swelling clay materials - Filling material exhibits clear swelling properties 8-12 12-20

" Based on joint thickness division in the RMR system (Bieniawski, 1973)
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TABLE 3 THE JOINT SIZE AND CONTINUITY FACTOR (jL ) (from Palmstrom, 1995).

jL
JOINT TERM TYPE continuous  discontinuous
LENGTH joints joints
<0.5m very short bedding/foliation partings 3 6
0.1-10m short/small joint 2 4
1-10m medium joint 1 2

10-30m long/large joint : . 0.75 1.5
>30m very long/large -filled joint ), seam ) or shear” 0.5 1

" Often occurs as a single discontinuity, and should in these cases be treated separately. © Discontinuous joints end in massive rock
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Figure 3 The jointing parameter (JP) found from the joint condition factor (jC) and various measure-
ments of jointing intensity (Vb, Jv, RQD). The determination of JP from Vb (or ROD or Jv) in
the examples shown in Section 3 are indicated (from Palmstrém, 1996a).
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From Figure 3 the jointing parameter (JP) can be found using the block volume (Vb)
and the joint condition factor (jC). As shown in the upper left part of the diagram, the
volumetric joint count (Jv) for various joint sets (and/or block shapes) can be used
instead of the block volume. This is based on the correlations given in the Appendix.
Also, the RQD can be used, but its inability to characterise massive rock or highly
jointed rock masses leads to a reduced quality of the JP.

The classification of RMi is presented in Table 4. Numerical values alone are seldom
sufficient for characterizing the properties of a complex material such as a rock mass.
Therefore, the RMi and its parameters should be accompanied by supplementary descrip-
tions.

TABLE 4 CLASSIFICATION OF RMi. (from Palmstrém, 1995)

TERM
for RMi related to rock RMi value
mass strength

Extremely low Extremely weak <0.001
Very low Very weak 0.001 - 0.01
Low Weak 0.01-0.1
Moderate Medium 0.1-1
High Strong 1-10
Very high Very strong 10 - 100
Extremely high Extremely strong >100

The RMi can be applied in various types of rock engineering with adjustment for
features related to the particular project or utilisation of the rock. These applications are
briefly described in Section 4.3.

3. EXAMPLES

The values of the jointing parameter (JP) found in the following examples are shown in
Figure 3.

Example 1
The block volume has been measured as Vb = 0.003 m’ =3 dm3). As given in Tables 1
to 3, the joint condition factor jC = 0.75 is determined from:
- the rough joint surfaces and small undulations of the joint wall which gives jR = 3;
- the clay coated joints, i.e. jJA =4; and
- the 3 - 10 m long, continuous joints, which gives jL = 1.
Applying the values for Vb and jC in Figure 3, a value of JP = 0.02 is found. % With a
compressive strength of the rock o, = 50 MPa, the value of RMi = 0.02+ 150 =3 (high)

i Using eq. (2) a value of JP=0.018 is found
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Example 2
The block volume is Vb = 0.6 m’. The joint condition factor jC =2 is determined from
Tables 1 to 3, based on:

-smooth joint surfaces and planar joint walls which gives jR =1;

-fresh joints, jA = 1; and 1 to 10 m long discontinuous joints, i.e. jL = 2.
From Figure 3 the value JP = 0.25 is found. ” Witha compressive strength 6, = 50
MPa of the rock, the value of RMi=12.5 (very high).

Example 3
Values of RQD =50 and jC=0.2 give JP=0.007

Example 4

Two joint sets with average spacings 0.3 m and 1 m, and some random joints occur in
an area. The volumetric joint countis Jv=1/0.3 + 1/1 +0.5 =45

With a joint condition factor jC = 0.5 the jointing parameter JP =0.12 (by using the
column for 2 to 3 joint sets in Figure 3).

Example 5

The following jointing features are measured: only one joint set with average spacing

S =0.45 m, and a joint condition factor jC = 8. For this massive rock it is seen in
Figure 3 that the value of JP is determined from the scale factor for compressive
strength f;=0.45. For a rock with ¢, =130 MPa the value of RMi = 59.6 (very high).

4. DISCUSSION

The RMi can be applied in various types of rock engineering with adjustment for
features related to the particular project or utilisation of the rock These applications are
briefly mentioned in Section 4.3.

4.1 Benefits - limitations of the RMi

Some of the benefits of the RMi system are:

e The RMi will give significant improvements in the use of geological input data.
This is mainly achieved by its systematic use of well defined parameters in which the
three-dimensional character of rock masses is represented by the block volume.

o The RMi can easily be used for rough estimates when limited information is avail-
able on the ground conditions. For example, in early stages of a project where
rough estimates are sufficient, eq. (3b) can be applied.

' JP = 0.24 is found using eq. (2)

% The assumed value for the random joints.
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® The RMi is well suited for comparisons and exchange of knowledge between different
locations.
In this way it may contribute to improved communication between people involved
in rock engineering and design.

o The RM;i offers a platform suitable for engineering judgement.
RMi is a general parameter which characterizes the inherent strength of rock masses,
and may be applied in engineering as a quality indicator for this construction mate-
rial. As RMi is composed of real block volumes and common joint parameters for
rock masses, it should easily be related to the field conditions. This is important in
application of engineering judgement.

e The RMi system covers a wide spectrum of rock mass variations.
It therefore has possibilities for wider applications than the existing rock mass clas-
sification and characterization systems of today.

Any attempt to mathematically express the variable structure and properties of jointed

rock masses in a general failure criterion, may result in complex expressions. By

restricting the RMi to uniaxial compressive strength only, it has been possible to arrive

at the relatively simple expressions in eqs. (1) and (2). Because simplicity has been

preferred in the structure as well as in the selection of parameters in RMi, it is clear that

such an index may result in inaccuracy and limitations, of which the main are connected

to:

o The range and types of rock masses covered by the RMi.
Both the intact rock materials as well as the joints exhibit great directional variations
in composition and structure which may result in a large range in compositions and
properties of rock masses. It is, therefore, not possible to characterize all these com-
binations in one, single number. Nevertheless, the RMi probably characterizes a
wider range of materials than most classification systems.

o The accuracy in the expression of RMi.
The value of the jointing parameter (JP) is calibrated from a few large scale com-
pression tests. Both the evaluation of the various factors (jR, jA and Vb) used in ob-
taining JP and the relatively small size of some of the samples tested, may be
sources of error in the expression for JP. The value of RMi found may therefore be
approximate. In some cases, however, errors in the various parameters may partly
have neutralized each other.

o The effect of combining parameters that vary in range.
The parameters used to calculate the RMi will in general express a certain range of
values. As with any classification system, combination of such variables may cause
errors. In some cases the result is that the RMi may be inaccurate. For these reasons,
the RMi may best be considered as a relative index in its characterization of the rock
mass strength.
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4.2 Other similar rock mass characterization methods

A similar approach to a strength characterization of rock masses has been proposed by
Hansagi (1965a, 1965b), who introduced a reduction factor (C, ) comparable to the
jointing parameter (JP) to arrive at an expression for the compressive strength of the
rock mass, expressed as

Om= 0c- Gy eq. (6)

Hansagi named C, as a 'geflige-factor’' (= joint factor) being "representative for the
Jjointed effect of a rock mass". This factor consists of two inputs: a factor for the
"structure of jointing" (core length), and a scale factor. Hansagi (1965b) mentions that
the value of C, is 0.7 for massive rock and 0.47 for jointed rock (containing small
joints) for two test locations in Kiruna, Sweden. Hansagi did not, however, as far as the
author knows, publish more on his method.

In its original form the Hoek-Brown criterion is expressed in terms of the major and the
minor principal stresses at failure as

0'1'=o'3'+(m'csc'0'3,'+s'crcz)'/2 eq. (7)

where ;' = is the major principal effective stress at failure.
o3 = is the minor principal effective stress.
6. = is the uniaxial compressive strength of the intact rock material from which the rock

mass is composed.
s and m are empirical constants representing inherent properties of jointing conditions and
rock characteristics.

For o3 =0, eq. (7) expresses the unconfined compressive strength of a rock mass
Ys
Cen=0."S eq. (8)

This expression is similar in structure to the expression RMi =g - JP
4.3 Possible applications of the RMi

The main purpose during development of the RMi has been to work out a practical
system to characterize rock masses which can be used in rock engineering and design.
When applied, the RMi-value or its parameters are adjusted for local features of
importance for the engineering purpose, as indicated in Figure 4.

Figure 5 shows the main areas for application of RMi together with the influence of its
parameters in different fields. The RMi-value can seldom be used directly in classifica-
tion systems as many of them are systems made for a particular purpose. Some of the
input parameters included in the RMi are sometimes similar to those used in the classi-
fications and may then be applied more or less directly.
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According to Hoek and Brown (1980) the constants m and s in the Hoek-Brown
failure criterion for rock masses” depend on the properties of the rock and the extent to
which it has been broken before being subjected to the [failure] stresses. Both constants
are dimensionless.

The value of s ranges from 0 for jointed rock masses to 1 for intact rock. It is found
using the RMR or the Q classification system as described by Hoek (1983), Hoek and
Brown (1980, 1988), and Wood (1991). As seen in eq. (8) the value of s =JP 2 can be
found directly by applying the RMi system.

The constant m varies with the jointing. In the later publication on the Hoek-Brown
failure criterion it has been replaced by m;. Palmstrom (1995) has shown that based on
data from Wood (1990) and Hoek et al.(1992) it can be mathematically expressed:

- for undisturbed rock masses as ~ mp = m; - JP *% eq. (9)

- for disturbed rock masses as my =m; - JP 087 eq. (10)
where m; = values for intact rocks given in Table 5.

TABLE 5 VALUES FOR THE m; FACTOR IN THE HOEK-BROWN FAILURE CRITERION
(from Palmstrom, 1995a, based on Wood, 1990 and Hoek et al., 1992),

Rating of Rating of Rating of
Sedimentary rocks | the fa%tor Igneous rocks the fa?)tor Metamorphic rocks the fa%tor
m; m; m;

Anhydrite 13.2 Andesite 18.9 Amphibolite 31.2
Claystone 34 Basalt 17) Amphibolitic gneiss 31?7
Conglomerate (20) Diabase (dolerite) 15.2 Augen gneiss 307
Coral chalk 7.2 Diorite 271? Granite gneiss 307
Dolomite 10.1 Gabbro 25.8 Gneiss 29.2
Limestone 8.4 Granite 32.7 Gneiss granite 307
Sandstone 18.8 Granodiorite 207 Greenstone 207
Siltstone 9.6 Monzonite 307 Marble 9.3
Norite 21.7 Mica gneiss 307
Rhyolite (20) Mica quartzite 257
Syenite 30? Mica schist 157
Phyllite 137
Quartzite 23.7
Slate 11.4
Talc schist 10 7

» Values in parenthesis have been estimated by Hoek et al (1992); some others with question mark have been
assumed by Palmstrém (1995a)

Thus, RMi introduces an easier and more direct method to find the values of both
constants s and m, as JP involves only inherent features which have a direct impact on
the behaviour of the rock mass. In this way, RMi may contribute to a future improve-
ment of the Hoek Brown failure criterion.

? 1t should be born in mind that the Hoek-Brown failure criterion is only valid for continuous rock masses
(Hoek and Brown, 1980), i.e. massive rock or highly jointed and crushed rock masses. . - y
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A system for application of RMi in rock support evaluations in underground excava-
tions have been presented by Palmstrém (1995a). It is based on two main groups of
ground; the continuous and the discontinuous rock masses determined by the ratio
between block diameter and the tunnel diameter. For each group a chart has been
presented, see Palmstrom (1995a or 1996a). In addition to the parameters involved in
the RMi, the joint orientation, the rock stress level in the excavation, and the number of
joint sets are used. For weakness zones additional information on the thickness of the
zone and the quality of the adjacent rock masses are used. Thus the RMi method for
rock support evaluation contains more information on the ground conditions than other
similar classification systems for rock support determination.

For estimates of the penetration rate of full face tunnelling machines (TBM) a system
applying JP and o in addition to specification of the TBM has been presented by
Palmstrom (1995a).

Finally, the system for characterizing block geometry (volume, shape factor, angles) in
the RMi system may be of use in numerical models.

ABSTRACT

The Rock Mass index, RMi, has been developed to satisfy a need for a strength charac-
terization of rock masses for use in rock engineering and design. The method gives a
measure of the reduction of intact rock strength caused by joints given by RMi =c -
JP Here o, is the uniaxial compressive strength of the intact rock measured on 50 mm
diameter samples, and JP is the jointing parameter which is a combined measure of
block size (or intensity of jointing) and joint characteristics as measured by joint
roughness, alteration and size.

This paper describes the method of determining the RMi for a rock mass using various
common field observations. The determination of a meaningful equivalent block size is a
key issue which is described in detail.

SAMMENDRAG

RMi (Rock Mass index) som er et nytt system for karakterisering av bergmasser, tilbyr
bedre kvalitet ved bruk av geologiske data i bergteknikk. Det er basert pa parametre for
bergart (trykkfasthet) og oppsprekning (mengde av sprekker uttrykt ved blokkvolum,
ruhet og karakter av sprekkeflater, samt lengde av sprekkene). For & kunne kombiner
alle disse parametrene i et uttrykk for en bergmasses fasthet, er det benyttet kalibrering
mot 7 kjente tester av bergmasser og en 'back analysis'. Ved & karakterisere bergmas-
sers styrke, er RMi godt egnet for & kunne benyttes som basis inngangsparameter i ulike
bergtekniske beregninger, som for eksempel stabilitet- og sikringsbestemmelser, inndrift
ved fullprofilboring, og Hoek-Brown bruddkriterium for bergmasser. Blokksterrelsen er
viktigste inngangsparameter i systemet. Mater 4 méle denne pa er derfor viet stor plass i
artikkelen.
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APPENDIX
METHODS AND CORRELATIONS TO DETERMINE THE BLOCK VOLUME

"The success of the of the field investigation will depend on the geologist's ability to
recognise and describe in a quantitative manner those factors which the engineer can
include in his analysis." Douglas R. Piteau, 1970

Al INTRODUCTION

In most cases the block size is the most important factor in the RMi. Block size is also
used in some of the applications of RMi in engineering, especially for design of rock
support. Consequently, the accuracy of this parameter has a significant impact on the
quality of the RMi and hence of the calculations performed. This appendix presents
methods to determine the block volume from various types of jointing observations and
measurements.

The block dimensions are determined by joint spacings and the number of joint sets.
Individual or random joints and possibly other planes of weakness may further influence
the size and shape of blocks. Impact from rock blasting may also influence. As the joint
spacings generally vary greatly, the difference in size between the smaller and the larger
blocks can be significant. Therefore, the characterization of block volume should be
given rather as an interval than as a single value.

If less than 3 joint sets occur, defined blocks may not be found. However, in many cases
the presence of random joints or other weakness planes may contribute to defining
blocks. Also where the jointing is irregular, or many of the joints are discontinuous, it
can sometimes be difficult to recognize the actual size and shape of individual blocks.
Thus, from time to time the block size and shape therefore have to be determined using
a simplification where an equivalent block volume is used, as is described in Section A8.

The correlations between various joint measurements are shown in Figure Al. As the
blocks generally have varying sizes and shapes, the measurements of characteristic
dimensions can be time-consuming and laborious. To remedy this, easy recognizable
dimensions of the blocks and simple correlations between the different types of jointing
measurements have been preferred, as is presented in this Appendix.

A2 BLOCK VOLUME MEASURED DIRECTLY IN SITU OR IN DRILL CORES

Where the individual blocks can be observed in a surface, their volume can be directly
measured from relevant dimensions by selecting several representative blocks and
measuring their average dimensions. For small blocks or fragments having volumes in
dm’ size or less, this method of block volume measurement is often beneficial as it is
much easier to estimate the volume of a block compared to all the measurements which
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have to be made to include all joints. Block volume can also be measured in drill cores
where small fragments occur for example in faulted or crushed zones.
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Fig. A1  The principles in estimating the block volume from various types of joint density measure-
ments.(Revised from Palmstrom, 1995a)

A3 BLOCK VOLUME FOUND FROM JOINT SPACINGS

The terms joint spacing and average joint spacing are often used in the description of
rock masses. Joint spacing is the distance between individual joints within a joint set.
Where more than one set occurs, this measurement is, in the case of surface observa-
tions, often given as the average of the spacings for these sets. There is often some
uncertainty as to how this average value is found. For instance, the average spacing for
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3 joint sets having spacings: S1=1m,S2=0.5m,and S3=02m is Sa=0.125m,
and not 0.85 m which initially may seem appropriate.w)

When logging drill cores the average length of core pieces'? or frequencies are seldom
true spacings, as joints of different sets probably are included in the measurement. In
addition, random joints which do not necessarily belong to any joint set, have an
influence.

As the term 'joint spacing' does not indicate what it includes, it is frequently difficult to
determine whether a 'joint spacing' referred to in the literature represents the true joint
spacing. Thus, there is often much confusion related to joint spacing recordings.

Especially where irregular jointing occurs, it is time-consuming to measure all (random)
joints in a joint survey. In such cases, as well as for other jointing patterns, it is often
much quicker - and also more accurate - to measure the block volume directly in the
field as is mentioned in Section 3.

Where three regular joint sets occur, the block volume can be found from the joint spac-
ings as
Vb = — Sl-SZ-S3. = Ybo : eq. (A-1)
sinyl-siny2-siny3 sinyl-siny2-siny3

where v1,72,y3 are the angles between the joint sets, and
S1,82, 83 are the spacings between the individual joints in each set.
Vb, is the block volume in cases where joints intersect at right angles.

For a rhombohedral block with two angles between 45° and 60°, two between 135° and
150° and the last two being 90°, the volume will be between Vb=1.3 Vb, and 2 Vb, .
Compared to the variations caused by the joint spacings, the effect from the intersection
angle between joint sets is generally relatively small.

A4 BLOCK VOLUME FOUND FROM JOINT FREQUENCY MEASUREMENTS
A4.1 The volumetric joint count (Jv)

The volumetric joint count (Jv) has been described by Palmstréom (1982, 1985, 1986)
and Sen and Eissa (1991, 1992). It is a measure of the number of joints within a unit
volume of rock mass, defined by

' The average spacing is found from 1/Sa = 1/81 + 1/S2 + 1/S3 and not from Sa = (S1 + S2 + S3)/3
which often seems to be applied.

11 . ] . i . C .
) Joint or fracture intercept is the appropriate term for measurement of the distance between joints along a
line or borehole.
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Iv=Z(1/5) eq. (A-2a)
where S; = the joint spacing in metres for the each joint set i.

Also random joints can be included by assuming a random spacing for each of these.
Experience indicates that this can be set to Sr =5 m; thus, the volumetric joint count

can be generally expressed as
Iv=Z (1/§;) + Nr/5 eq. (A-2b)

where Nr = the number of random joints. A more accurate method to determine Nr has been
described by Palmstrom (1995a or 1995d).

Jv can easily be calculated from joint observations, since it is based on measurements
of joint spacings or frequencies. In the cases where mostly random or irregular jointing
occur, Jv can be found by counting all the joints observed in an area of known size as
described by Palmstrom (1995a or 1995d).

A4.2 The correlation between block volume (Vb) and volumetric joint count (Jv)

Since both the volumetric joint count (Jv) and the size of blocks in a rock mass vary
according to the degree of jointing, there is a correlation between them (Palmstrom,
1982). Jv varies with the joint spacings, while the block size also depends on the type
of block. A correlation between the two parameters has therefore to be adjusted or
corrected for the block shape and the angle between the joint sets, given as

Vb = B-Jv? — . 1 , eq. (A-3a)
sinyl-siny2-siny3

For cases where all angles between the block faces are 90°, the block volume is
Vb,=p-Jv™> eq. (A-3b)

_ (ocil+.:):2-0(3-1!'113)3 . eq. (A-4)
(a2-a3)

(where a2 = S2/S1 and a3 = S3/S1) depends mainly on the differences between the

joint set spacings. It has therefore been named the block shape factor. It is further

described in Section AS.

The factor g

As the volumetric joint count (Jv) by definition takes into account in an unambiguous
way all the occurring joints in a rock mass, it is often appropriate to use Jv in the
correlation between joint frequency measurements and block volume estimates
(Palmstrém, 1982). Important here is the block shape factor  which is included in all
equations to estimate the block volume, see Figure Al.
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When the frequency is given for each joint set, it is, as mentioned, possible to determine
the block volume directly. In other cases, when an 'average frequency' is given, it is as
for joint spacings, uncertain whether this frequency value refers to one-, two- or three-
dimensional measurements; hence no accurate general correlation can be presented. The
use of joint frequency measurements presented in the following paragraph are similar to
the joint spacing measurements shown in Section A3.

A4.3  Block volume found from 2-D joint frequency measurements on an area or
surface

The 2-D joint frequency is the number of joints measured in an area. A simple correla-
tion between 2-D and 3-D frequency (Jv) values can be done using the empirical

expression
Jv=Na- ka eq. (A-5)

where ka = correlation factor. It varies mainly between 1 and 2.5 with an average value
ka = 1.5. The factor has its highest value where the observation plane is parallel to
the main joint set.

The joint frequency (Na) varies with the orientation of the observation plane and with
respect to the attitude of the joints. Recording of Na in several surfaces of various
orientation gives a more accurate measure of the jointing. Being an average measure,
Na should be measured in selected areas showing the same type and density of joint-
ing. Thus, a large area should be divided into smaller, representative areas containing
similar jointing, and the variation in jointing for the whole area calculated based on
these observations.

As the length of the joints compared to the size of the area will influence on the fre-
quency observed, some sort of adjustments should be made where more accurate
estimates are required.

A4.4 From I-D jointing frequency measurements along a scanline or drill core

This is a record of the joint frequency along a borehole or a scanline given as the
number of joints intersecting a certain length. This 1-D joint frequency is an average
measure along a selected length of the core. As in other core logging methods, it is
important to measure the joints in sections along the line or core which shows a similar
joint frequency. At the start of the logging it is rational to divide the length of the
borehole/scanline into such sections.

The correlation between 1-D joint frequency observations in drill holes (or scanlines)
and volumetric 3-D frequency (Jv) can be done using an expression similar to eq. (A-5).
The joint frequency, given as the number of joints per metre, can be expressed as:
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Jv=NI-kl eq. (A-6)

where kI = correlation factor, which varies between 1.25 and 6, with an average value
kl = 2. There is generally a rather poor correlation between Jv and NI

A5 WEIGHTED JOINT DENSITY MEASUREMENTS (wJd)

R. Terzaghi (1965) points out that the accuracy of jointing measurements can be in-
creased by replacing the number of joints measured on a surface or in a bore hole (N, )
intersected at an angle o, by a value Ng,. Ny, represents the number of joints with the
same orientation which would have been observed at an intersection angle of 90°. This

is expressed as
Ngo = N,/sina eq. (A-7)

Terzaghi stresses the problem connected to small values of a, because, in these cases,
the number of intersections will be significantly affected by local variations in spacing
and continuity. "No correction whatsoever can be applied if o. is zero. Hence Nyy would
fail to correctly indicate the abundance of horizontal and gently dipping joints in a
horizontal observation surface.”

The weighted joint density method is based on measuring the intersection angle between
each joint and the observation surface or borehole. To solve the problem of small
intersection angles and to simplify the observations, the angles have been divided into
intervals as shown in Table Al.

measurements 2-D measurements

|‘

i d
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—

g
o

n

-

-

Fig. A2. The intersection between joints and a drill core hole (left) and a surface (right)
(from Palmstrém, 1995).
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For 2-D measurements (surface observations) the weighted joint density is defined as

wld = (1/4/A) Z(1/sind;) = (1/4/A ) Z(£) eq. (A-8)
and, similarly, for 1-D measurements along a scan line or in drill cores
wld=(1/L) £(1/sind;) = (1/ L) Z(f;) " eq. (A-9)

where §; = the angle between the observation plane (surface) and the individual joint.
A = the size of the area in m, see Figure A2.
L = the length of the measured section along core or line.
f; = the interval factor given in Table A1, its ratings have been determined by Palm-
strom (1995a) from trial and error of various angles and joint densities.

In practice, each joint is multiplied by the value of (f;) for the actual angle interval. After
some training it should be possible to quickly determine the intervals in Table A1 for the
angle §;. By applying these intervals the strong influence of the smallest angles, i.e.
angles parallel or nearly parallel to the observation plane or bore hole, are removed

TABLE Al SELECTED INTERVALS OF THE ANGLE (3,) AND THE
CORRESPONDING FACTOR (f) (from Palmstrom, 1995)

angle §, factor f; (= 1/sind;)
> 60° 1

31-60° 1.5

16 - 30° 3.5
<16° 6

As the weighted joint density method reduces the inaccuracy caused by the orientation
of the observation surface or bore hole, it leads to a better characterization of the rock
mass, which in turn may result in a reduced amount of bore holes required in an inves-
tigation.

The weighted joint density is approximately equal to the volumetric joint count, i.e.
Jv =~ wld.

A6 BLOCK TYPES AND SHAPES

Methods to determine the block shape factor  given in eq. (A-4) and its characteriza-
tion are described in this section. The #ype and shape of blocks are determined by:

- the number of joint sets;

- the differences in joint spacings; and

- the angles between the joints or joint sets.

For a rock mass with 3 joint sets intersecting at right angles the values of [ are given in

Figure A3. The types of blocks delineated by joints have in the literature been character-
ized in different ways and by different terms. Where relatively regular jointing exists, it
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may be possible to give adequate characterization of the jointing pattern according to
the system presented by Dearman (1991). In most cases, however, there is no regular
jointing pattern; a rough characterization of the blocks is therefore generally more
practical, for example a division into three main groups only, as presented by Sen and
Eissa (1991). The terms applied by Palmstrom (1995a) are shown in Figure A3. For B =
27 to 32 the block term 'compact' has been introduced to include cubical, equidimen-
sional, blocky and other existing terms for blocks not being long or flat.
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Fig. A3 Block types characterized by the block shape factor ( B ) found from the ratio between spacings
of the joint sets. The data are based on 3 joint sets intersecting at right angles (from Palmstrom,
1995a). Example: For 02 =4 and a3 =15, B = 135.

The use of Figure A3 requires 3 joint sets. As blocks often have more than six faces or
have irregular shape, it can be difficult to estimate p. Therefore, the following simpli-
fied method to estimate [ has been developed by Palmstrém (1995a), in which the
longest and shortest dimension of the block are applied:

B=20+7a3/al =20+7 a3 eq. (A-10)

where a3 and al are the longest and shortest dimension of the block.

The evaluations made by Palmstrom (1995a) have shown that eq. (A-10) covers most
types of blocks (where § < 1000) within reasonable accuracy (+ 25%). For very flat to
extremely flat blocks (see Figure A3) eq. (A-9) has limited accuracy.

Where [ is not known, it is recommended to use a 'common' value of B = 40.
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A7 CORRELATION BETWEEN THE RQD AND THE VOLUMETRIC JOINT
COUNT (Jv)

It is not possible to obtain good correlations between RQD and Jv or between RQD and
other measurements of jointing. Palmstrom (1982) presented the following simple

expression:
Jv=35-0.3RQD \ eq. (A-11)

Especially where many of the core pieces have lengths around 0.1 m, the correlation
above may inaccurate. However, when RQD is the only joint data available, eq. (A-11)
has been found to be the best simple transition from RQD via Jv to block volume.

The block volume (Vb) can be found from the volumetric joint count (Jv) using input of
the block shape factor (B) (see egs. (A-3a) and (A-3b)).

A8 METHODS TO FIND AN EQUIVALENT BLOCK VOLUME WHERE JOINTS
DO NOT DELIMIT BLOCKS

As mentioned in Section A1 a minimum of three joint sets in different directions are
theoretically necessary to delimit blocks in a rock mass. There are, however, cases with
irregular jointing where blocks are formed mainly from random joints, and other cases
where the blocks are delimited by one or two joint sets and additional random joints. In
cases where the jointing is composed of one or two joint sets with no or few random
joints, the joints do not define individual blocks. In such cases an equivalent block
volume is used in the calculations of RMi. Such block volume may be found from one
of the following methods:

1. Where only one joint set occurs, the equivalent block volume may be considered to
be similar to the area of the joint planelz) multiplied by distance between the two
joints: Vb = L*-S HereL is the joint length and S is the spacing between the joints.

[Example: For foliation partings with lengths L = 0.5 m to 2 m and average joint
spacing S =0.2 m, the equivalent block volume will vary between Vb=S - L=
0.2-05%=0.05m> and Vb=02-22=08m’]

2. For two joint sets the spacing for the two sets (S1 and S2) and the length (L) of the
joints can be applied: Vb=S1-82-L

3. For most cases the equivalent block volume can be found from eq. (A-3b)
[Vb=B-Jv’ . ] which requires input from the block shape factor (B). 8 can be
estimated from eq. (A-10) ' [B =20+ 7 a3/al]

2 Here is assumed that the joint plane is circular, i.e. A= wLY4 ~ 7
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A method to arrive at a better estimate of [ using the length and spacing of the
joints, is given in the following:
Eq. (A-4) was developed for defined blocks formed by three joint sets. Where
less than three sets occur, B can be adjusted by a factor n;, which represents a
rating for the actual number of joint sets, to characterize an equivalent block
shape factor:

B =20 + 7 (Smax/Smin )3/1)) = 20 + 2180/ (Spmin” 1) eq. (A-12)
The ratings of n; are given as:

3 joint sets + random n; =3.5 3 joint sets n =3

2 joint sets + random joints 2.5 2 joint sets 2

1 joint set + random joints 1.5 1 joint set only 1

4. For small discontinuities (fissures, partings and small joints) for which the lengths
can be measured or easily estimated, the length and spacing of the joints correspond
to the longest and shortest block dimension, hence the ratio length/spacing = L/S can
replace S, /Spin ineq. (A-12): B=20+21L /(S n;) eq. (A-13)

For long joints it is often sufficiently accurate to use a length L = 4 m.
A8.1 Example

For one joint set (n; = 1) spaced at S1=0.2 m with an average joint length L1 =2 m,
the block shape factor according to eq. (A-13)is B =20+ 21 L1/(S1- n;) = 230.

The volumetric joint count for this set is Jv =1/S1 =35 which gives

Vb=B v’ =184m’.

[For a defined block limited by 3 joints sets crossing at right angles with spacings S1,
L1, L1, the volumeis Vb=02-2-2=08m’]

13) As the volumetric joint count can be measured also where joints do not delimit defined blocks, this
approach may. be applied where few joints sets are found.

63







BRUK AV Q-METODEN I TBM TUNNELER, VED
FELTKARTLEGGING OG BORKJERNELOGGING

The Q-method used in TBM tunnels, field mapping and core logging

Fredrik Loset, Nick Barton, Eystein Grimstad and Vidar Kveldsvik
Norwegian Geotechnical Institute

INTRODUCTION
The Q-method is a system for classification of rock masses related to stability. From
six different parameters a Q-value can be calculated using the following formula:

Q . _RQD X J_l‘ X Jl
J J. SRF
n a
The parameters are:
RQD = Rock Quality Designation (Deere 1962)
I = Joint set number
I, = Joint alteration number
I = Joint roughness number
| = Joint water reduction factor
SRF = Stress reduction factor

The different parameter values are estimated during geological mapping according to
a table with descriptions, see Table 1. A high Q-value indicates good stability and a
low Q-value indicates poor stability.

The Q-method was developed more than 20 years ago (Barton et al., 1974) and has
since been revised (Grimstad and Barton, 1993). It is now one of the most widely
used classification systems in the world for design and support estimation for all types
of tunnels and caverns. The support recommendation in the Q-system is based on
empirical data, and in the last revision more than 1000 new examples from recently
constructed tunnels are included.

The Q-method was developed from data on tunnels and caverns excavated by drill and
blast. Later on, data from TBM tunnels has also been included. The method is also
useful during pre-investigation, i.e., field mapping and core logging. However, one
should bear in mind that the Q-method can not always be used without reservations in
TBM tunnels, in field mapping and in core logging.
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Table

1 Q-parameter values

. . . approx
1. Rock Quality Designation RQD 5. Joint Water Reduction Factor oo | J
(hgiem?)
A_|veryooor 28 Dry excavations or minorinflow, Le., <5 limin ,
B |Poar 25-50 A iocaliy i 0
C |Fair 50-75 Wedi v A
D |Good 75- 50 B |jcint fillings 25 [} 068
E [Exceilent 90 - 100 c Large inflow or high pressurs in competentrock 2.5.10 0.5
Noto: i} Whnere ROD is reportec or measured as < 10 finciuding 0}, a with unfilled joints
nominal value of 10 is used to evaiuate Q. p |Ltawe mﬂow or high prassure, considerable 2510 | 0.33
ii) RQD intervals of 5, /.., 100, 95, 90, erc., ara sulliciently it fillings * )
flow or water pressure at
E vhighin >10 | 0.2:01
2. Joint Set Number Jn hlnlmq. decaying W;:h tme
yhigh inflow or water prassure
A | Massive, no or few joints 0.5-1.0 F iceable decay >10 [0.1-0.05
B | One joint set 2 Note: i) Factors C to F are crude esti J, it
C |One joint set plus randam joints 3 mul‘urcn are installed. ) e .
D |Two jointsets ry li} Special problems caused by ice formatonars not cansidered,
€ | Two joint sets plus random joints 6
F_|Three joint sets 9 6. Stress Reduction Factor SRF
G | Thres joint sets plus random joints 12 a) Wesk zones k /7 which may cause loosening of
W |Four or more joint sets, random, heavily jointed, 15 rock mass whan funnel Iy axcavated
“sugar cube”, efc. M 1 i onea 0 or
J_|Crushed rack, earthlike 20 A ically disi k, very loose grock 10
Note: i} Forintersections.use (3.0 x J,) (._"v denlh). — n
i) Forportals, use 2.0 x J.) B Single zones Jay or 5
isi drock (depth of jon 5 50m)
. Singl: z0nes /ay ot ch
3. Joint Roughness Numbar J, c Rl o Identh ton > 50m} 2.5
a8} Rack-wal contact, and b} rock-wall contact before 10 cm shear b Muitiple shear zones in campetentrock (c/ay-free), loose 75
A |Di i 3 surroundingrock (any deoth) i
B |Roughor iregular, undulating E] E Singls spnrsxosr:r;)in compeatentrock (c/ay-free) (depth ol 5.0
C |Smooth,undulating 2
m Singie shul 20nes in compsatantrock {c/ay-free) idepth of
D |Shckenmded, undulating 1.5 F > 50m) s
E_|Foughorimegular. planar IS G Loose, open joints, heavily jointed or “sugar cube”, ete. (any 5.0
F |Smooth.planar 1.0 depth) )
G pianar 0.5 Note: i) Reduce these values of SRF by 25-50% if the relavant shear zones
Note: i} Descnptionsrefer to small scale features and intermediatescaie only influence but do natintersect the excavauon.
features, in that order. b} Competent rock, rock stress probiems a,lo, o, lo, SRF
¢} No rock-wall contact whan sheared H |Low streas, near surface, ooen joints >200 <0.01 2.5
Zone cantaining clay minerals thick enough to Medium stress, favouratle stress
N prevent rock-wall contact 0 4 it 200-107]0.01-0.3 )
J Sandy, gravelly ar crushed zone thick engughta 1.0 High stress, very tight structure. Usually
prevent rock-wall contact K |favourable to stability, may be 10-5 0.3-0.4 0.5-2
Note: i)  Add 1.0 it the mean spacing of the relevant pint set)s greater than 3m. unfavourabia for wall stability,
i) J, = 0.5 can be used for ptanar slickensided joints having Moderate slabbing after > 1 hourin
ineations, provided the li »sre orientad for mini L | massive rock §-3 |0.5-0.65| 5-50
surangth. labbing and rock burst after a faw
M ek 3-2 0.65-1 | 50-200
4. Joint Alteration Number J [ Jo Heavy rock burst (strain-burst) and
approx. N i i Y i i <2 >1 200-400
a] Rock-wall contect (no mineral filfings. anly / massive rock
A |Tightly healed, hard, non-softening,impermeable 0.75 Nate: iil For strongly anisotropic virgin stress fiald {if measured): when
lilling, /.e.. quartz or epidote 5 < oy/0y = 10, reduce o, t0 0.750,. Whena, /g, > 10, reduce
B |Unaltered joint walls, surface staining only 25.35° 1.0 g, t0 0.50,, whera g, = uncun'm-dcnmwewnnsu-nath oy and
Stightly altered joint walls. Non-softeningmineral @, ara the major and minor pri Land g, =
. y . . a0 tangential stress {estimated from elastic theory),
¢ :::::":; sandy parucles, clay-fres disintegrated 25-30 20 i) Few case records available where depthol crown below surface is
b Iess than span widih, SuggestSAF increase fram 2.5 to 5 for such
D Silty- or sandy-ciay coatings. smail ctay fracuon 20-25° 3.0 cases isee M},
lnon-softening) - 7
- - - - cl rock: plasvic flow of incompetent rock oo lo SAF
-iol:;mngur low lnAclunn t;:lav :mn::al coatings.i.e., under the infl: of high rock ¢/0c
|kaclinite oPmica. Alsa chionte, taic, gypsum, 160 ~ - = =
E graphite, ete., and small quanutiesot aweiling 518 e o 1M'Id squeazing rock pressure 1-5 5-10
clavs. P |Heavy squeezing rock pressura >5 10-20
b) Rock-wall contact befors 10 em shear (thin mineral fillings) Mote: iv) Cases of squeszing rack may occur for depth H > 350 Q*? (Singn
= - — 300 2 et al., 1992). Rock maas g be
F |Sandy parucles, clav-ree disintegratedrock, etc. 25-30 | 0 fromgq = 0.7 y Q' (MPa} where y = rock density in kN/m? 'Singh,
HSuong:y;tl:lur-cnnsolma(eun:nl-s:g:‘r:'ngqlzv 16.24° ‘ 6.0 1993).
mineral Atings u dl 5 ing rock: ical activity g on af watan
M or 10w ovE ftenung, clay XY | " 1
H unerat fings ot e 12-36 a.0 : |Mild sweiling rock pressure | _s.10
1 TR
= ey g3 4, [Heavy sweiling rock pressure GetS
J put <5Smm Vaiug ot J, 5-120 312
on percent of g clay particles, Nota: J, and J, classificatron is appiied to the joint sec or ciscontinuity that
and access to water. #fc. is least favouraole lar stapility botn from tna ooint af view of
Lcr No rock-wal contact when sheared (thick minaral fillings) onentanon and snear resistance, 7 lwners r = g, tan "’ {J,/J, 1.
L y/Z0nE4 or Danas of disintegrateaor crushed rack and | ¢ .44 6. 8, ar Chaose the mast likely feature to allow failure to sninats.
|:|av (see G, H. J for aescnphonaf clay conaion) ) 3-12
Zanes or Danas af sity- or sandy-clay, smail clay B J J
1 -
] fraction (nan-saltsning) 9 Q -EC—D- L x —:—
o |Thn=k. conunuouszones or bandsof clay isea G, H, | o, o | 10. 13, Jn JI SRF
J for descnpuanol clay condition) or 13-20

66



Another important thing to have in mind is that the Q-system is a system for rock
mass classification (as are most other classification systems) and therefore cannot be
used for evaluation of the stability of single large unstable wedges or blocks. The
stability of single blocks is dependent on additional parameters. The Q-values
describe the general stability conditions for a section of a tunnel. They can be used to
determine what the mean bolt spacing should be in a tunnel; not, however, the exact
position of each bolt.

TBM TUNNELS

Engineering geological mapping is usually more difficult in a TBM tunnel than in a
tunnel excavated by drill-and-blast methods since the walls in a TBM tunnel are as a
rule quite smooth. It is therefore difficult to study the joint faces in order to make use
of the Q-method. However, use of a classification system is always advantageous,
since it focuses attention on key parameters.

Blasting will often open the joints around a tunnel excavated by the drill-and-blast
method. This does not occur in a TBM tunnel, where most of the joints seem to be
closed, and it may therefore be difficult to say what is a real joint and what is a
mineral vein or a foliation plane. The calculation of RQD may therefore be difficult.
It is also difficult to study the joint surfaces due to the usual lack of outbreak so J. and
J. may be difficult to evaluate. To find out if there is any filling of clay or another
soft mineral in a joint, it is often useful to try to press a thin knife into the joint. It is
also important to study joint surfaces where they are found, i.e., where blocks have
fallen down. Joints belonging to a specific set will often have a characteristic
roughness and filling.

In a drill-and-blast tunnel most of the loose blocks will fall down during the blasting.
This will not occur to the same degree in a TBM tunnel. In a TBM tunnel potentially
unstable blocks may be found even if the Q-values are high. These blocks may fall
down at any time and will represent a danger for people working in the tunnel.
Therefore the mapping must be carried out with great care, and in addition to the
general Q-classification, the joint geometry must be studied carefully to determine
whether any unstable blocks exist.
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FIELD MAPPING

Field mapping is usually an important part of the pre-investigations for tunnels, and
the Q-system can with advantage be used during such mapping. Of course there may
be uncertainties regarding some of the Q-parameters during the planning stage. This
will among other things depend on the exposures. If there are only a few or small
rock exposures, these exposures usually will represent only the rock masses of best
quality, whereas more jointed rocks and fault zones will be covered by soil. The
surface rocks may also be weathered and therefore generally of poorer quality than the
rock masses at the tunnel level.

The Q-parameters RQD, J, and J, can usually be successfully estimated during field
mapping. J, may be underestimated since joint fillings of clay may easily have been
washed away near the surface. J;, and SRF are related to the tunnel location and may
be more difficult to estimate. If no plans for a tunnel exist, J,, and SRF often are
given the value 1, and in that way a form of "maximum Q-value" is calculated. If
some information about the permeability of the rock masses is available, for example
from boreholes or from nearby tunnels, it may be possible make an estimate of J,, .
The stress reduction factor, SRF, may be estimated from the overburden of a tunnel
or determined from stress measurements. If the planned tunnel is to cross marked
fault zones, a SRF-value of 5-10 may be relevant for some sections. Rocks with
swelling or squeezing properties may also be given rather high SRF-values.

CORE DRILLING

Core drilling is often a part of the pre-investigations for tunnels and caverns. It is
very important to make a good description of the cores, and therefore the Q-system
should be used during the core logging.

Since RQD is normally defined from drill cores, this parameter value can be
measured correctly during the logging. This RQD values are only along the direction
of the borehole, and may not be quite representative for the rock mass if for example
the main joint set is parallel to the borehole. J, can be estimated by noting the angles
between the joints and the cores and their different character, but joints nearly parallel
to the borehole will be underrepresented in the cores. In order to find a correct J,
value it is advantageous to make comparison with field mapping from the area around
the borehole. Whereas RQD is often calculated for one or two metres of core, J,
must be estimated for sections of several metres. The fact that one joint set is missing
in sections of one or two metres, will not necessarily mean that this joint set is
missing in the rock mass. Joints nearly parallel to the borehole may seldom be seen
in the cores even if the joint spacing is rather small, see Figure 1.
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Figure 1 Borehole in rock masses with three joint sets where one of the sets is nearly
parallel to the borehole.
Borhull i bergmasser med tre sprekkesett hvor det ene settet er neer parallelt
med borhullet.

The small scale roughness of the joint surfaces can be studied in the cores, but since
the joint samples found in the cores are usually only a few centimetres or decimetres
long, the larger scale undulations are often difficult to estimate. The J, values found
during core logging may therefore be subject to some uncertainties, but will generally
be conservative.

As for field mapping there will also be some uncertainties concerning the J, values.
Since water usually is used during the drilling, joint fillings of clay may have been
washed away.

Many of the same reservations as for field mapping will also concern J,, and SRF
values since these parameters are related to the tunnel location. Permeability tests are
often carried out in conjunction with core drilling, and the results from such tests will
be used for to estimate J,,. SRF depends among other things on overburden, fault
zones and the presence of swelling or squeezing rocks; and by using the data from the
cores it is often possible to make a preliminary estimate of the SRF value.

In connection with the Q-logging the cores must be divided into structural units of
suitable length. The Q-value is then calculated for each unit. This means that there
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should not be considerable variation in rock mass quality within each unit. On the
other hand the unit should at least have a length of some metres to give a correct
picture of the rock mass conditions. If there are marked weakness zones in rock
masses of rather good quality, these zones must be given their own Q-value even if
they are only one metre thick. Experience is required in evaluating whether the better
quality wall rock should be given a reduced Q-value due to a fault-related SRF value
at this location, i.e., if loosening could occur during the construction due to this
feature.

Sometimes parts of the cores are missing. This is often caused by poor rock quality,
i.e., the rock is crushed or altered to clay. Where cores are missing, it is of course
impossible to estimate the Q-value; but probably the quality will be poorer than where
cores are found. Usually RQD will be 0 (10 in the Q-system) where cores are
missing, J, will often be 15-20, J, often 1 and J, at least 6. Sections of several metres
of missing core may also indicate a SRF-value of 5-10.

Generally it is very important during the planning stage of a tunnel to combine all
available data from different sources such as field mapping, core drilling, geophysical
measurements and empirical data from other tunnels. In such cases it is very
advantageous to use a classification system such as the Q-method. To present the
data, a spreadsheet as shown in Figure 2 may be useful. Here the variation in the
different Q-parameters is shown by histograms, and the maximum, minimum and
mean Q-values are calculated. From this diagram it is also possible to make an
estimate of the percentage of the different quality classes.
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Diagram som viser kjerneloggingsdata fra Bryozokalk i Malmp
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EXAMPLES
VEAS Sewage Tunnel, Norway

The central sewage treatment plant for Oslo is situated 30 km west of the centre of the
city. The sewage is transported to the plant through a tunnel system. Most of these
tunnels have been excavated by TBM and have a diameter of 3-3.5m. Usually
stability problems only occurred in connection with fault zones. However, at some
locations block falls occurred where the rock mass quality seemed to be rather good.
In one case a 7m long wedge fell down a few days after the head of the TBM had
passed, see Figure 3.

Instable
wedsey /)

TBM, "
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Figure 3 Unstable wedge in a sewage tunnel
Ustabil kile i kloakktunnel
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At this location the rock was Ordovician shale and the tunnel direction was nearly
parallel to the strike direction in the shale. The wedge was limited by a bedding plane
joint, vertical joints at right angles to the strike direction of the bedding and a random
joint with the same strike direction as the bedding but with opposite dip direction.

The joints forming the wedge were generally undulating, but smooth, with a thin
coating containing some clay. No water or stress problems seemed to occur in the
tunnel. From this the following Q-value was found:

9 2 1
= C o0
Q=>4

A Q-value of 7.5 in this type of tunnel generally means no support. A comment to
the Q-value may be that the special wedge was completely de-stressed and therefore
SRF = 2.5 could possibly have been used instead of 1. Another point is that the
mechanism of the block fall was not sliding along a joint surface, but the wedge fell
directly down, and therefore the parameters J, and J, are rather irrelevant. The
problem here, however, was not the Q-system, but to locate the wedge before it fell
down. Generally the Q-value was correct, and no systematic support was needed. In
a drill-and-blast tunnel the wedge would surely have fallen down during the blasting.
This shows the need for a very exact mapping in a TBM tunnel, and in addition to the
Q-classification, a geometrical study of the joint pattern is also needed to locate
unstable, single blocks.

Svartisen Road Tunnel, Norway

Svartisen road tunnel between Glomfjord and Kilvik in northern Norway is 7.6 km
long (Leset 1992). 4.4 km of the tunnel was excavated by TBM with a diameter of
6.3m. The TBM cross section was, however, too small, and the tunnel had to be
widened by drill-and-blast to a span width of about 7m, see Figure 4. The rocks in
this part of the tunnel are meta-sediments mainly mica gneiss and marble.

This tunnel provided a rather unique opportunity to study the relation between TBM
boring and drill-and-blast in exactly the same rock masses. A Q-classification of the
TBM tunnel was carried out and then repeated after widening by drill-and-blast. The
results showed that the Q-value was reduced by the drill-and-blast. This reduction in
Q-value only occured in rock masses of medium quality, i.e. Q = 4-30. The average
Q-value in the TBM tunnel was found to be 20.5, but this value was reduced to 18.5
after the drill-and-blast. The reason for this was that the blasting had created new
fractures, and weakness planes had been transformed to open joints giving a reduction
of the RQD value. By definition, only natural joints shall be taken into consideration
when calculating RQD. However, around a tunnel all fractures will influence the
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stability, and therefore both natural and artificial fractures must be included in the
calculation of RQD for use in the Q-system.

6.25m l--“:;rd-
N

Figure 4 Cross-section of the Svartisen road tunnel
Tverrsnitt av Svartisen vegtunnel

Another interesting topic here was the stress situation. As the rock overburden was
up to 1100m, rather high stresses were expected. Shortly after excavation there was
usually no sign of spalling, slabbing or rock burst tendencies, and therefore SRF was
visually estimated to 1. However, after some weeks or months rock stress caused
spalling in some sections, and the SRF value had to be changed to 2.5. The visually
estimated SRF value was dependent on when the mapping was done.

Aspb Hard Rock Laboratory, Sweden

The ZEDEX project carried out at Aspd is an in situ study of the excavation disturbed
zone for TBM and drill-and-blast excavation. The experiment was carried out in two
parallel tunnels of S5m span at a depth of 420m below the surface. One tunnel was
excavated by drill-and-blast and the other by TBM. NGI, under contract for UK
Nirex Ltd, has, in collaboration with SKB, made a Q-classification of the two tunnels
and of more than 800m of drill cores from the rock masses around the tunnels. This
project provided a good opportunity to compare Q-logging from a TBM tunnel, from
a drill-and-blast tunnel and from drill cores all belonging basically to the same general
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volume of rock masses. Unfortunately there was not much variation in the good
quality rock in this area.

Table 2 Average values for Q and Q-parameters.

Q [ROD ] 1, J. J, J, | SRF
Drill cores (835m) 24.0 | 97 4 [ 27 ] 1.8 o066 ] 1
TBM tunnel (50m) 20| 99 [ 37 [ 25] 2 [ 066 | 1
Drill & blast tunnel (38m) | 21.5 | 98 | 3.8 | 2.4 | 1.9 | 0.66 | 1

As seen in the above table, only small differences in values were registered between
the tunnels and the drill cores. These differences may be caused by the fact that not
exactly the same rock masses had been classified. On the other hand, the average Q-
value is lowest in the drill-and-blast tunnel which should be expected since the
blasting would have created new fractures. It should also be taken into consideration
that there may be small errors in the parameter values for the drill cores and the TBM
tunnel. In the drill cores there were some uncertainties concerning the J;, J. and J,
and in the TBM tunnel the estimation of J, was difficult since almost no joint surface
could be studied in detail. The conclusion is, however, that the Q-method can be
used with a high degree of accuracy both in evaluating TBM tunnels and drill cores.

The Copenhagen and Bryozoan Limestone in Copenhagen and Malme

NGI has in collaboration with VBB VIAK, DGU and DGI been involved in pre-
investigations for two tunnel projects in the Copenhagen and Bryozoan limestone.
These projects are the City tunnel in Malmg in Sweden and a metro project in
Copenhagen. The investigations have consisted of drill core logging and some
geological mapping in excavations. This type of limestone has a bedded structure
with alternating hard and soft beds. Some thin beds rich in flint also occur. The
thickness of each beds varies, but is usually 0.1-2m. The use of the Q-method in such
a rock type obviously presents some principal problems. The hard and soft beds are
very different and have very different Q-values if considered separately. A single
bed, however, is usually too thin to be considered as unit in the Q-logging. Sections
consisting of several beds have therefore been used as logging units.

The stability of a tunnel in such rock will depend on where the soft beds will cut
through the tunnel. Since the bedding is almost horizontal, a soft bed in the tunnel
wall would only have a slight influence on the stability, but a soft bed in the roof
would be very unfavourable. Therefore the soft beds have been considered as
weakness zones during the Q-classification. In such weakness zones shear strength
(J./1,) is evaluated as no rock-to-rock contact, which gives a J, value of 1 and a J,
value of at least 6. These values for J, and J, have been used in logging units
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containing soft beds. In the hard beds the joints are rough with a thin sandy/silty
filling and J, and J, have therefore usually both been estimated to be 3.

Most of the joints seen in the vertical drill cores are bedding plane joints. Field
observations indicate that more or less vertical joints also exist, and this fact has been
kept in mind during the logging. J,-values of 4-6 have often been used. RQD can be
measured in the cores, but very soft beds classified as incompetent must be given a
RQD value of 0 (10 in the Q-system) even if no joints occur. Since the tunnels in
question will have little rock overburden and the soft beds are considered as weakness
zones, a SRF value of 2.5-5 will be relevant. Results of the core logging are shown
in Figure 2.
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SAMMENDRAG

Q-metoden er et av de mest brukte klassifikasjonssystemer for bergmasser med hensyn
til stabilitet i tunneler og bergrom. Ved & vurdere 6 bergmasseparametre kan en Q-
verdi regnes ut, og denne verdien kan brukes ved stabilitetsvurdering og bestemmelse
av sikring.

Opprinnelig er Q-metoden bygget opp pa grunnlag av data fra sprengte tunneler.
Senere er det ogsd kommet inn en betydelig mengde data fra TBM tunneler. Q-
metoden kan ogsa brukes ved forundersekelser for bergrom, det vil si ved
feltkartlegging og borkjernelogging, men man ma vare oppmerksom péa at det ved
slike undersekelser kan vare vanskelig 4 bestemme enkelte av parametrene slik at det
kan bli en viss usikkerhet med hensyn til Q-verdiene.
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Ved hjelp av Q-metoden fiar man en beskrivelse av en bergmasse, men dette betyr
ikke at Q-verdien gir et uttrykk for stabiliteten av hver enkelt blokk i denne massen.
Man kan derfor ha lese enkeltblokker i bergmasser som ut fra Q-verdien skulle ha god
stabilitet. Dette kan spesielt vare tilfelle i TBM tunneler fordi boringen av slike
tunneler i liten grad vil pavirke bergmassene omkring, slik at lose blokker kan bli
hengende igjen. I slike tunneler er det derfor viktig at man i tillegg til vanlig Q-
klassifisering ogs4 gjer en neyaktig generell geologisk kartlegging, slik at lose blokker
kan oppdages. Q-klassifisering i TBM tunneler kan vaere vanskeligere enn i en
sprengt tunnel fordi tunnelveggene oftest er helt glatte, og det er derfor vanskelig 4
studere sprekkflatene.

Ved feltkartlegging og borkjemelogging kan bestemmelsen av de enkelte
parameterverdiene vare forbundet med en viss usikkerhet. I en borkjerne ser man
oftest bare noen fa centimeter av en sprekkeflate, og ruhet i storre skala kan derfor
vaere vanskelig & vurdere. Da det brukes vann under boringen, kan sprekkefyllinger
av leire bli vasket vekk, og parameterverdien for sprekkeomvandling kan derfor vare
vanskelig 4 bestemme. Det samme kan vere tilfellet ved feltkartlegging da man ofte
far en utvasking av sprekkene ner overflaten. Til tross for disse usikkerhetene vil det
alltid veere en fordel 4 bruke Q-systemet bade ved feltkartlegging og kjernelogging.

I eksemplene blir de forskjellige bruksomridene for Q-metoden belyst. I
kloakktunneler i Osloomrédet boret med TBM ble metoden systematisk brukt. Det
samme gjaldt i Svartistunnelen i Nord-Norge som forst ble boret med TBM, og
deretter ble tverrsnittet utvidet ved sprengning.

Ved Aspélaboratoriet i Sverige ble Q-verdiene bestemt i borkjerner, i en TBM tunnel
og i en sprengt tunnel. I forbindelse med tunnelprosjekter i Malmea og Kebenhavn er
Q-metoden brukt ved logging av borkjerner fra lagdelte kalksteiner hvor det er svart
stor forskjell mellom de enkelte lagene.

77






KLASSIFICERING | INTERNATIONELLA KONTRAKT
Classification systems used in international contracts

Gunnar Nord, Atlas Copco Rock Drills AB

Inledning:

Man kan konstatera att vid undermarksprojekt som gér till internationell budgivning
nastan undantagslost vérderar bergférhallandena med hjélp av nagon form av
klassificering. Manga ganger anvinder man klassificeringen som instrument for
att faststalla ersattningsnivaerna till entreprendren men det ar Iangt ifrAn ndgon
regel. Manga ganger ges resultatet av klassificeringen endast som en upplysning
till en budgivare utan nagra kontraktuella konsekvenser.

Uppenbart &r emellertid att man finner det vardefullt att goéra nagon form av
klassificering. Att néja sig med en generell och ibland detaljerad geologisk
beskrivning ar nastan aldrig tillfyllest. Det ar egentligen inte markligt eftersom
kostnadsvarderingen av projekten grundar sig pa en mangdférteckning som ar
svar att upprétta utan att det féreligger nagon form av vérdering av undermarks-
forhallandena av typ klassificering.

Ambitionen &r inte hér att ge en heltickande bild av hur klassificering tillampas i
internationella sammanhang utan belysa vilka problemstéliningar man fokusera
intresset pa.

Klassificeringssystem

Vid de flesta kontrakterade undermarksarbetena tillAmpar man nagon form av
klassificering av bergférhallandena. Syftet med den &r att ge en bade kvantitativ
och kvalitativ uppfattning om vilka férhallanden man kommer att moéta. Vésentliga
avvikelser i utfallet i férhallande till stilld prognos kan ge upphov till krav pa
ekonomisk erséttning fran entreprendren. Det har ibland medfért att en del klienter
eller bestéllare inte har velat se klassificeringen som en del av anbudshandlingar-
na utan endast for entreprendrens information. Det hir &r ett krypskytte som
séllan I6nar sig.

Vilka &r da de discipliner som intresset fokuseras kring vid klassificering i
internationella kontrakt. Med internationella kontrakt menas h&r kontrakt
utformade s4 att inte enbart nationella foretag har méjlighet att bjuda pa arbetena.
D v s de &r utformade sprakligt och kontraktuellt sa att internationella entrepren-
rer kan ge anbud. | manga fall 4r det en klart uttryckt énskan fran &garen
(klienten) att internationella entreprenérer skall utiéra arbetena elller &tminstone
leda dem eftersom de nationella inte bedémdes kapabla att utféra arbetena till
erforderlig kvalite och inom rimliga tidsramar. Foér att f& med de kapabla
internationella aktérerna i seriés anbudsgivning krdvs en kvalificerad vardering av
bergférhéllandena och d4 utgér internationellt accepterade klassificeringar en vil
framkomlig vég.

Vilka &r da de egenskaper hos berget som man dnskar klassificera. Nastan alltid
forekommer en vardering av bergets stabilitet med avseende pa det aktuella
héalrummet. Det finns flera sétt att gora klassificeringen. | den tysksprakiga vérlden
lutar man sig gdrma mot utvecklingen av det Lanfferska systemet dar man talar om
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stehzeit eller vad vi med engelska termer kallar stand up time. Detta system finns
vél beskrivet i de schweisiska normerna SIA 199.

Vilka &r d& slutsatserna av studien av ett antal tunnel-projekt som har gétt ut pa
internationell budgivning? Den generella slutsatsen &r att man handskats med
klassificeringen pa ett relativt intelligent satt. Man stravar efter att prestera
klassificeringen som skall fungera som en méatare pa vad projekt kommer att
kosta. De utgér oftast ett matningsinstrument for att faststélla erséattning fill
entreprendérema. Det kommer att framga av exemplifieringen nedan att klassifice-
ringarna kan se ganska olika ut. Det &r inte att férvana sig over eftersom
bergférhadllandena kan vara mycket varierande och likasa skiftar karaktéren pa
uttagsmetoderna. Nar det galler TBM-drivning férekommer ofta tva klassiticerings-
system ett som avser stabilitet och darav féljande forstérkningsinsatser samt ett
klassificeringssystem som végleder anbudsgivaren i sin bedémning av framdrifts-
hastigheten.

Det ar uppenbart att man stravar efter att ansluta sig till mera védlkénda klassifice-
ringssystem men i manga fall ar det inte tillrdckligt eftersom systemen inte &r
tillrackligt kénsliga for de platsspecifika férhallandena. Det finns dven exempel
speciellt vid hégbergstdckning dd man har givit upp. Det ar alltfor kostsamt att
anstandigt klarlagga bergsférhallandena pa de aktuella djupen.

Man kan konstatera att klassificeringssystem utarbetade av Geomechanics och
NGI anvéands relativt flitigt, atminstone i den engelsksprakiga vérlden och dar
bergsforhallandena &r sddana att man kan tilliampa blockmodeller fér att beskriva
berget.

Det finns &ven stora undermarksprojekt dar man inte goér nagon klassificering alls,
trots att bestéllaren ar val sa kvalificerad.

For att belysa hur klassificeringen utformas skall har kort &terges nagra exempel
pa klassificering vid nagra storre projekt som &r tdmligen farska, inget projekt &r
aldre &n 8 ar. Projekten ar:

» Lesotho highland water scheme 1989-1994
» Channel tunnel 1988-1991
» Mauvoisin 1998-
»  Kdpenhamn mini metro 1996-
» St Marguerite 1996-

nagra &r avslutade och nagon &r inte 4nnu pabdrjad.
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Koépenhamns mini metro

Képenhamns mini metro skiljer sig nagot frdn de 6vriga eftersom det har fran
bérjan deklarerats att huvuddelen av tunnlarna skall utféras med skéldad TBM
som kan motsta ett yttre vattentryck. Omedelbart bakom skolden skall man
montera betonginklddnad i form av segment.

| samband med projekteringen av metro genomférde man ett omfattande
undersokningsprogram i syfte att beskriva berget pa ett adekvat satt. L4ngs hela
tunnellinjen genomférdes en stor mangd undersokningshdl bade karnhal och
hammarborrhdl. | manga av hdlen har man genomfért geofysisk métning man har
véarderat upptagna karnor med hjalp av NGI som sjalvfallet har tillampat Q-
varderingen. Vidare har borrkdrnor testats rent mekaniskt och mycket av
resultaten ingar i dokumentationen som kan erhdllas vid anbudsgivning.
Anbudsdokumenten omfattar dock ej undersékningsresuitaten.

Vad har man nu gjort med alla data? For de delar som berdr den TBM borrade
tunneln har man sokt ge en karakteristik at berget i form av férdelningsdiagram.
Man har alltsa inte &gnat sig at att dela in tunneln i sektioner utmed tunneins
langdaxel och i varje sektion beskriva berget enligt en faststélld standard. Har
skall ges nagra exempel pa hur man har beskrivit berget.

Bergets hardhet har man bendmnt induration, som éversatt betyder hardnande,
i ett antal steg H1-HS dar H1 ar mycket mjukt berg och H5 &r karkteriserat av
silicifierad kalksten och flinta. Skalan som ar dansk har man ocksa relaterat till
ISRM:s hardhetsbeskrivning fér sprickytor och som lyder enligt tabell 1 nedan.

RO Extremely weak rock Intended by thumbnail 0.25-1.0
R1 Very weak rock Crumbles under firm blows with 1.0-5.0
point of geological hammer, can be
pesled by a pocket knife
R2 Weak rock Can be pesled by a pocket knife 5.0-25

with difficulty, shallow indentations
made by firm blow with point of geo-
logical hammer

R3 Madium strong rock Cannot be scraped or peeled witha | 25-50
pocket knife, specimen can be frac-
tured with single firm blow of geolo-

gical hammer

R4 Strong rock Spedimen requires more than one 50-100
blow of geological hammer to fractu-
re it

R5 Very strong rock Specimen requires many blows of 100-250

geological hammer of fracture it

R6 Extremely strong rock Specimen can only be chipped with | >250
geological hammer

Tabell 1 Hardhetsbeskrivning enligt ISRM
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I dokumenten som hér till anbudshandlingarna har man hjort en sammanstélining
6ver sannolikheten att stéta pa berg av olika hardhetsgrad (H1-H5) och man har
darvid skilt pa évre och mittre Képenhamnskalksten tabell 2. Som framgéar av
vardema sa kan man forvanta sig relativt stor spridning i férdelningen. Det ar inte

Distribution of Induration (%)

ISRM Induration
. Middle Copenhagen
d Upper Copenhagen
Grade Limestone Limestone
50 fractile® | Median | 95% fractile?® | 5% fractile® | Median | 95% fractile?

RO H1 0 1 15 0 1 10

R1 H2 35 40 50 15 34 55

R2 H3 10 27 50 10 28 40
R3-R4 H4 5 15 30 5 20 35
R5-R6 HSY 5 15 20 5 12 40

Table 233 Distribution of induration within the Copenhagen Limestone

uppenbart hur man skall tolka denna uppstélining, och darfér skall ett exempel
goras. Valj H2 i 6vre Képenhamnskalksten och uppgifterna tolkas som féljer:
Sannolikheten fér att materialet H2 skall utgéra mindre an 35% &r 5% och likasa
5% for att den skall utgéra 50% eller mer och median vérdet ar 40%.

| den geologiska sammanfattningen som ej utgér del av anbudsdokumenten finns
frekvensstudier av bergprovernas enaxliga tryckhallfasthet relaterad till hele
population bade viktad och oviktad, till dvre respektive mittre Képenhamnskalkster
och slutligen fordelat pa graden av hardhet. Dessa diagram kommenteras inte héi
eftersom de hér bara ar exempel pa hur klassificering kan utféras.

P& samma satt har man beskrivit sprickigheten. Man har utgatt fran en 5-gradig

skala $1-S5 dar varje grad ar definierad och tabell 3 p& nésta sida skall lasas pa
samma sitt som den féregaende tabellen.
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Decgree Remarks Distribution of fissures (%)
ﬁSSOf. Upper Copenhagen Middle Copenhagen
Limestone Limestonc
5% Median 95% 5% Mecdian 95%
fractile” fractile® fractile" fractile"
S1 Unfractured 0 0 5 0 0 5
s2 Slightly 15 3 70 10 29 45
fractured
S3 Fractured 15 25 50 5 28 45
S4 Very 15 34 45 10 32 60
fractured
Ss Crushed, 0 14 25 5 8 30
blocky J
Table 23.4 Distribution of fissuring within the Copenhagen Limestone

Note: 1) Fractile rounded off the nearest 5%.

For att snabbt fa en mera gripbar kansla for hur séndersprucket berget &r sa har
man aven studerat férdelningen av RQD och den framgar av tabell 4 nedan.

Soil Type RQD (%)
5% fractile Median 95% fractile
Upper Copenhagen Limestone 0 24 67
Middle Copcnhagen Limestone 0 18 60

Table 23.5 Rock Quality Designation of Copenhagen Limestone

Till sifferexercisen har man naturligtvis givit typiska geologiska profiler det &r inte
vad man i dagligt tal kallar klassificering.

Klassificering av bergférhallandena pa detta projekt skiljer sig nagot fran den
traditionella. Man fragar sig varfor och svaret ar sannolikt att séka i alt 1) man har
forlagt tunnlarna i nagra fa strata 2) drivningsmetoden som pabjudes &r relativt
okénslig fér férandringar i bergkvaliten inom de specifiserade ramarna.

Channel tunnel

Projektet kréver inte ndgon narmare presentation, tunneln finns val férankrad i de
flestas medvetande. Kontraktet mellan ET(Eurotunnel) och TML (Trans Manche
Link) skrivs under i augusti 1986. Kontraktet séger att TML skall designa , bygga,
testa, genomfora kommission och ET skall driva transportleden. Tunneldesign och
byggande var baserade pa en target kostnadsuppgoérelse.
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Undersdkningar for tunneln hade inletts redan under 1950-talet och utforts i tre
omgangar 1958-1965, 1972-1973 samt 1986-1987 dar den sista kampanjen
utfordes av TML. Man kunde da konstatera att den geoligiska strukturen langs
tunneln ar relativt enkel och det foreligger inga stora férskjutningar. Den storsta
forkastningen Iag pa franska sidan och hade en vertikal rérelse av 8-10 meter.

Redan efter borrkampanjen 1973-1974 hade man konstaterat att lagret med chalk
marl var det mest ldmpade. Vid borrkampanjen 1986-1987 foérdjupade man sitt
kunnande om detta strata i vilket tunneln skulle férlaggas.

Nagon egentlig klassificering av berget langs tunnelstrackningen gjorde man alltsa
inte. Bergtdrhallandena var tdmligen ensartade med undantag for férkastningarna
pa den franska sidan. Man konstaterade efter att ha utfort ett antal klassificeringar
pa blottat berg vid Sheakspeare-Cliff savéil under som ovan jord att RMR och Q-
systemet var relativt okénsliga fér de variationer som féreldg i Strata Chalk marl
man erhdll spannet 58-68 fér RMR och 5-14 {6r Q. Trots det s4 tilldmpade man
en klassificering p& de delar som schaktades ut med radheader och dér berget
exponerades. Den klassificeringen utgjorde mer en dokumentation 4n underlag
for beslut och avtal. Huvuddelen av tunnlarna skulle utféras med skéldad TBM och
man hade daliga méjligheter att kontrollera huruvida en bergsklassificering stimde
eller ej. Man koncentrerade sig pa att sa langt det var meningsfylit beskriva den
aktuella geologiska horisonten. Har skall kommenteras vilka faktorer som var
styrande for foridggningen av tunnein. Man koncentrerade sig pd RQD-vérden,
permeabilitet kalkhalt, svéllegenskaper, odranerad skjuvhalifasthet och Youngs
modulus. Man sdkte ett optimum for dessa.

Publicerade vérden frdn undersdkningarna visar mattlig spridning hos varderna
man har alltsa lyckats lokalisera tdmligen ensartade horisonter dir det inte ar 16nt
att soka sérsklija olika partier med traditionella klassificeringsmetoder.

Den uppféljning man kunde genomféra i samband med tunneldrivning var att
lokalisera ett tunt med véldefinierat lager och styra TBM i vertikalled s att man
befann sig inom ett férutbestamt avstand fran detta.

Lesotho transfer tunnel

Lesotho highland water project tillhdr sannolikt de storre enskilda undermarkspro-
jektet som har erbjudits de internationella entreprenérerna under senare tid.
Projektet omfattar hela 80 km tunnel med en diameter pa 5 meter. Tunneln ar
forlagd i tva olika formationer ndmligen basalt och sandsten. Tunneln kom att
drivas med hjélp av tunnelborrmaskin. Inte mindre &n 5 TBM engagerades for
projektet varav 4 var helt ppna maskiner och en dubbelskdldad TBM som hade
kapacitet att sétta betongelement under skdlden. Det fanns alltsa ett klart intresse
fran bestéllaren att med nagon form av klassificering beskriva och kvantifiera
bergférhallandena, for att {4 ett instrument att reglera kontraktssumman med. Det
‘var mojligt att bjuda bade med TBM och borra sprang. Man skapade tva
klassificeringssystem nédmligen klassificering av berg och klassificering av
forstarkning. Att endast tunneldel i basalt behandlas hér beror pa att projektet var
uppdelat i tva designkontrakt och endast uppstromsdelen, den i basalt, kommer
att presenteras.
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Basalten ligger i huvudsak i horisontella lager med varierande tjockiek beroende
av hur kratftigt lavafiédet och vilka viskositetsforhallandena var. Basaltens karaktar
varierar saledes och det ar den variationen som aterspeglas i klassificeringssyste-
met som aterges nedan.

Bergklass A Lesotho basalt som innehaller mer &n 1 ytprocent av amygdu-
ler synbara for 6gat. Till A rdknas &ven tufflager.

B Lesotho basalt med mindre &n 1 ytprocent av amygduler
synbara f6r 6gat.

C Intrusiva bergarter i huvudsak dominerade av doleriter men
aven andra intrusiver ingar i denna klass.

Men eftersom man ldngs hela tunneln kommer att méta s k mixed face d v s A och
B och eventuellt C, s& har man pa basis av den férsta klassificeringen gjort en
tunnelanpassad bergsklassificering som ser ut som nedan.

i A>70%
B+C <30%

ii 70%> A>30%
70%> B+C>30%
C<30%

iii A<30%
B+C>70%
C<30%

iv A+B<70%
C>30%

Vartr har man nu gjort en bergbeskrivning enligt detta ménster? Syftet med
klassificering &r att den skail &terspegia de insatser som entreprenéren maste
vidtaga i form av variationer i insatser men dven &terspegla uppnabara kapacite-
ter. | det har fallet &r det uppenbart att man erhaller hégre TBM-indrift i A-berg och
samst i C-berg. Likasa kan det vara en variation i cutterslitaget. Bestéllaren har
i detta fall inte t6retagit ndgon klassificering av berget 6ver definierade strackor
langs tunneln. Man har istdllet sammanstallt totalmangderna av de olika
bergklassema f6r de skilda byggnadsdelama. Exempel pa uppdelning framgar av
tabell 5 pa nésta sida som tacker % transfertunneln (tunneln i basalt) eller 23 km.
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TENDER SCHEDULE L
SCHEDULE L{)

CONTRACT HDA 124

RATES OF EXCAVATION ADVANCE IN MIXED FACE CONDITIONS (m/weok)
(TBM Ogption)

Percantage of Rock Classes In Face
A>70 | 70>A>30 A<30 TOTAL LENGTH OF
B+C<30| 30<B+C<7q B+C>70[ A+B<70| CLASSIFIED
C<30 C«<30 C>30 EXCAVATION
ntake Adh (DBM) (65) | ( 69 ( 78) ( 4 ( 216)
Rate of advance =
Pelaneng Adh (DBM)| ( 566) | ( 604) ( 679) (38) (1 887)
Rate of advance =
Intake Nornh (3 410) |(3 637) (4 091) (227) (11 365)
Drive (TBM)
Rate of advance =
Pelaneng North (2 780) ((2 965) (3 335) (185) (S 265)
Drive (TBM)
Rate of advance =
TOTALS (6 821 ) |(7 275 ) (8 183 ) (454 ) | (22 733)

i. Rock Class A

2, Rock Class B

3. Rock Class C indicates Intrusive rocks

Tabellen ar avsedd fér TBM-drivning som utgjorde en méjlig drivningsmetod. For
borrning och sprangning &r bergférhallandena detsamma. Tabellen ar avsedd for
anbudsgivaren att ga in med sina langtidskapaciteter. Genom att fylla i tabelin sa
forbinder sig entreprendren att prestera ett antal meter per vecka. Faststéllelse av

indicates amygdaloldal hasah.

Indlcates non-amygdaloidal basait.

rock class gors gemensamt fér var 20 meter i samband med utférande.

Man har ocksa en s k supportklassificering och syftet med denna &r ocksa att
utgdra underlag for erséttning till entreprendr. Klassificering framgar av tabell 6

env Bv

- LA BV{

nedan.
TABLE 11/t SUPPORT CLASSIFICATION
Support Closs Level of Iniciel Support
Tex [ ]
LT 8{ Random rockbolting
L] Bl Systematic Llight pattern bolting
gMIll| 811! Systematic pattern bolting with mesh over crown
aniv BIV Systematic pattern bolting with relnforced shotcrete over crown

Stael arches ulth refnforced shotcrete

Systematic pattern bolting with short fntermediata balts in
overstressed zones

Daterminadon of the Rock Qlasses and Mixed Face Condhlons
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Tabellen &r tiligénglig pa bade TBM-drivning och konventionell drivning, och avser
endast forstarkning som maste utféras vid tunnelfront. Det &r sddan forstarkning
som ibland bendmns tempordr och som inverkar pa framdriftshasigheten.
Anbudsgivaren far ange i vilken utstrackning som de skilda supportklasserna
reducerar framdriftshastigheten. Det gjordes i prognosen éver supportklasserna
som framgar av tabell 7 nedan.

TENDER SCHEDULE L CONTRACT NQ. LHDA 124
SCHEDULE L(0)
EFFECT OF INMAL SUPPORT INSTALLATION IN ALL MIXED FACE CONDITIONS (m/week)
(TBM Optson)
Supporn Qass
,
TBM BM! BMII BMIl! BMiV BMV TOTALS
DBM 8l Bil Bl BIV BY
make Adh (185) (149) @ ©) () (216)
(DBM)
. Reductlon In rate of advance due 10 suppor! installation =
‘Pelsneng Adh (1783) (52) (42) (0) (0) (1887)
(OBM) e
Reduction in rate of advance due 10 suppor! installation =
make Nonh (10157) (593) (333) (167) (55) | (11365)
Drive (TBM)
Reduction In rate of advance due 10 suppor insuallglion =
~elaneng North| (7 892) 17 (936) (346) (68) (23) (3285)
Drive (TBM)
Reduction In rate of advance due 1o suppon installation =
IOTAJ.S (20 038) l (1595) (788) (234) (78) (22733)

Tabelien ovan tacker supportkiasser i-V. Kiass Vi som ar allokerad for sméllberg
har givits en sérskild tabell eftersom man raknar med att korta bultar ej kommer
att tillampas pa hela tvarsnittet.
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TENDER SCHEDULE L CONTRACT NO. LHDA 124
SCHEDULE L)

EFFECT OF INMTIAL SUPPORT CLASS VI INSTALLATION IN ALL MIXED FACE CONDIMIONS (m/weck)
' (TBM Option)

Palaneng North Drive

|
No. of 8 16 24 32
1,20m Bolts/m TOTALS
BMI & (150) (585) (175) (145) (1 095)
BMVI
BMIl & (10) (20) (10) (10) (50)
BMVI
BMIll & (10) (10) (10) (10) (40)
BMVI
TOTALS (210) (615) (195) (165) (1 185)
Reduction =

Man kan konstatera att man pd detta projekt har gatt infér en mycket pragmatisk
klassificering dar entreprenoéren skall {4 ersattning for skilda bergférhallande helt
beroende av hur han anser att de paverkar honom. Man har vidare undvikit att
ldgesbestdamma de skilda bergtyperna sannolikt f6r man har inte kunnat p g a den
bitvis héga bergtackningen. Merparten av tunneln har mer &n 500 meter berg 6ver

sig.
Mauvoisin Il

Mauvoisin Il &r ett vattenkraftprojekt belaget i sddra delen av Schweiz. Projektet
var ute f6r anbudsrakning under 1995 men har skjutits pa framtiden nagra ar. Det
betyder dock inget i detta sammanhang d& bergsklassificeringen i forundersok-
ningen ej ar beroende av detta.

Tunneln var fran bérjan avsedda att utféras med hjalp av TBM och dérfér har
bade undersdkningar och klassificeringssystem anpassats for detta. Man har har
anvant tva parallella Idpande klassificeringssystem. Man har det schweiziska
traditionella systemet dér man har s k “unsbruchklassen” (brytningsklasser) som
ar numrerade fran |-T. Dessa klasser har funnits ett 20-tal ar och innebér p4 intet
sétt nagon nyhet. Trots detta visas tabell 9 pa nésta sida.

| denna tabell som &r speciellt anpassad for TBM har man en klassangivelse och
dartill hdrande specificering av erforderlig forstarkning. Man har ockséa angivit var
forstarkningarna skall sattas in i férhallande till TBM:n, L1 &r i maskinomradet, L2
vid bakriggen och L3 bakom bakriggen. Normalt medféljer en langdsektion éver
hela tunneln i vilken man anger i vilka sektioner man kan férvanta sig de olika
brytningsklasserna.
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68

l Klasse | Klasse It Klasss il | Klasse IV l Klasse V Kiesse T
Ausbruchidassen fir Tunnel
[ e - '
Maschinen- i%ﬁt%-iéy B l”!r'-e-“;-?., s = nAnker am > n Anker am - Anker mit Netz ung - geschlossenst geschlossener
bereich S 2 2=53| Profilumlang Frofitumfang Teilbogen Stahleinbau mit oder Tiibbing-
(B DA mit Netz und/oder - Spritzbeton als Ver- ohne Verzug ginbau
PSS einzelnon Verzugs- siegelung aul > 14 - Voliflachige
blechen des Profilumtangs Stehlelemente
- Druckverteilende
SSa Elemante im Bersich
CEris der Verspannplallen
= = s
Nach- Netz afs Stainfallsicherung Systematische Anordnung | Systemalische Anordnung Systematische Anordnung
1dufer- mil Anker oder Bolzen - > n Ankor rnit ~ Netz, Spritzbeton ~ Sohlerisicherung mit
bereich befostigt Teilbdgen auf > 14 au! dem gesamten Spritzbeton, falls keine
L2

Sohltibbinge, fslls
im Projekt fir alls
Felsklassen vorgesehen

des Profilumtangs
= Nelz und Spritzbeton suf
< '4 des Profilumfangs

Nichi systematische
Anordnung
> n Anke!

Prolilumfang exkl. Sohle
- Teilbogen mit Anker aut
= % das Profilumfsngs

Nicht systematische
Anordnung
~ Netz, Spritzbston aut
= ¥4 das Profilumtangs
- 2 n Ankor mit Teilbogen
aul < 14 des
Profilumfangs

Sohltibbinge vorgesehen

- geschlossener Stahlein-
bau, ev. aul Sohltiibbbing
abgestitzt

Nicht systematisch
Anordnung

- Netz, Spritzbeton auf dam |72

gesamten Profilumfang
exkl. Sohle

- Teilbcgen mit Anker auf
S ¥4 des Profilumiangs

- geschlossensr Stahiain-
bau mit oder ohna Verzug

Rackwirtiger

Bgreich L3 Die Ausbruchsicherung im L3 ist fir die Ausbruchklasseneinteilung unerhedlich.
ﬁfleOO m Falls eine solche vorgesehen wird, sind Stifllstandspositionen vorzusehaon.

inter
Nachlavfer
Werte fUr n max. Ausbruchdurchmessear 4.00m 6.00m 9.00m 12.00m
(Anzahl Anker pro Lautmetar Tunnel) n 2 J 4 6

Tabella 12

Y Sind in 8inum

Bestimmung der Ausbruchklassen aufgrund dor Ausbruchsicherung fiir Vortrieb mit Tunnelbohrmaschine im Fals !
Tubalienfeld mehrere Sicharungsmassnahmen nufgatihit, sc ponigt jode MMassnahme fir sich aligin (ir dia Kisssierung.

6 1138V.1



Det andra klassificeringssystemet som hér tillimpas parallellt skall ge entreprent-
ren en uppfattning om hur snabbt han kan ta sig fram och vilken férslitning han
kan foérvanta sig pa diskrullar och borrkronor. | den tar man upp faktorerna
kvartshalt, hardhet avstand mellan diskontinuiteter och motstand mot uppsprick-
ning i diskontinuiteterna. Genom att ta hansyn till s& manga faktorer har man fatt
ett system med inte mindre &n 36 klasser och systemet framgér av tabell 10 pa

nasta sida.

Vid klassificering av liknande arbeten dér man inte har ténkt sig TBM tar man inte
med den senaste klassificeringen d& den &r nastan direkt riktad till mekanisk
bearbetning. Daremot har man den tidigare klassificeringen men dar da L1=Brust
bereich, L2=Vortriebs bereich och L3=Rickwérfiger bereich.

Som framgar av detta exempel har man en mycket praktisk syn pa klassificering-
en. Det skall finnas ett klart samband mellan bergklass och kostnad f6r utférande.

90



TABELL 10

MAUVOISIN 0 -

LOT 1 - Conditions particuliéres:

GALERIE D'AMENEE - CLASSES D'APTITUDE
AU FORAGE - DEFINITIONS

Annexe 7.2

DURETE DU SCHISTOSITE, RESISTANCE AU CLASSE
QUARTZ % ROCHER LITAGE CISAILLEMENT-S.5:ON| D'APTITUDE
INTACT LA SCHISTOSITE AU FORAGE
<20 % FAIBLE SERREE FAIBLE 1 ]
ELEVEE 2
ESPACEE FAIBLE )
ELEVEE 4
MOYENNE SERREE FAIBLE 5
ELEVEE 6
ESPACEE FAIBLE 7
ELEVEE 8
FORTE SERREE - FAIBLE S
ELEVEE 10
ESPACEE FAIBLE 11
ELEVEE 12
20%40% FAIBLE SERREE FAIBLE 13
' ELEVEE 14
ESPACEE FAIBLE 15
ELEVEE 16
MOYENNE SERREE FAIBLE 17
ELEVEE 18
ESPACEE FAIBLE 19
ELEVEE 20
FORTE SERREE FAIBLE _ 21
ELEVEE 22
ESPACEE FAIBLE 23
ELEVEE 24
>40% FAIBLE SERREE FAIBLE 25
ELEVEE 26
ESPACEE FAIBLE 27
ELEVEE 28
MOYENNE SERREE FAIBLE 2
ELEVEE 30
ESPACEE FAIBLE 31
ELEVEE 32
FORTE SERREE FAIBLE 33
ELEVEE a4
ESPACEE FAIBLE 35
ELEVEE 36
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St Marguerite Il

Vid vattenkraftsbygget St Marguerite i Quebec Kanada, som just nu &r inne i
anbudsfasen, har man bedrivit forundersokningar i néstan 10 ar. Det har resulterat
i en stor mangd dokument. Bestéllaren Hydro Quebec har pa ett snyggt satt
redovisat alla undersokningsresultaten. De utgor dock inte del av anbudsdoku-
menten men finns tillgangliga for studier p& ett kontor i Montreal. Man far
emellertid inte géra nagra kopior av dem.

Varken i anbudsdokumenten eller i de utstélida handlingarna har man gjort nagon
egentlig sammanstéllning av resultaten och &n mindre har man utfért nagon
klassificering av berget. Man kan naturligtvis frdga sig om detta &r en internationell
entreprenad eftersom anbudsgivarna ar tvungna att ha ett operativt kontor i
Quebec och likasad har man styckat upp det stora arbetet f0r att ge de lokala
entreprendrema en fordel. Likafullt har de mgjlighet att sla sig samman med storre
internationella entreprendrer.

Hur ser da projektet ut? Det innehaller en damm, en tilloppstunnel 8 km lang
170 m? stor, svallschakt, men inte pennstock, en kraftstation under jord och en
avioppstunnel av samma storlek som tilloppstunnel och cirka 2 km lang.
Bergtackningen &ar mattlig 50-300 meter. Berget utgdrs av en anorthosite, som
bestar till cirka 90% av faltspat och ar mycket kompetent. Férundersdkningarna
har koncentrerats till dammlaget och kraftstationen. Den stora och langa
tilloppstunneln har bara tilldelats tva kdrnborrhal ett vid svallschaktet och ett
genom en stérre férvdntad férkastning. Férutom borrning har man utfort
satelitbildstolkningar, ytkartering samt seismiska undersékningar. Resultatet av
dessa visar pa ett nast intill otroligt gott berg om man bortser fran dammlaget.
Kéarnatervinningen dr generellt 100% nar man har kommit igenom ytberget och
RQD-vardena ar generellt 90% eller mer. Det lutande kdrnhdlet genom den
forvantade forkastningen visade pd en sankning av RQD-vardet éver cirka 40
meter till minimala 45%.

Bestallaren, som maste betraktas som mycket erfaren, har darfor inte besvérat sig
med att gbra nagon klassificering. Han har istallet mycket strikt faststallt villkoren
for tunneldrivningen och har till och med givit borrplan for uttag av tunnelpallien.
I méngdférteckningen aterspeglas hans tro pa erforderliga forstarkningar. Pa 5 km
av tilloppstunneln som &r entreprenad forvantar han sig endast cirka 7 000 bult
och 250 m® sprutbetong déremot tror han sig behéva 20 000 m? nét som inte skall
insprutas med betong.

Att han férvantar sig mycket sma problem med stabiliteten aterspeglar sig ocksa
i tidsplanen dar galleriet skall tas ut med cirka 180 m/manad och palien 300
m/manad sett som enkelfront.
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Slutord

Ambitionen har varit att aterge skilda satt att kilassificera berg vid stdrre internatio-
nella entreprenader. Ambitionen har inte varit att statistiskt forsoka klarlagga
dominans f0r ett eller annat system utan mera visa vad som kan férekomma. Det
ar uppenbart s att det féreligger en klart hog frekvens av anvdndandet av RMR
och Q-systemet dven om de inte har exemplifierats hdr. De har emellertid sina
begrénsningar speciellt vid TBM-tunnlar varfér bestéllare i maénga fall har tagit
fram lokalt anpassade system fér att i slutindan uppna ett billigare och battre
resultat.

Kéllor  Anbudshandlingar
Kdpenhamns mini metro
Lesotho highland project
Mauvoisin ||
St Marguerite Il

SUMMARY

This paper describes different classification systems used in international
contracts. Examples are taken from five planned or completed projects, namely the
Copenhagen mini metro (Denmark), the Channel railway tunnel (France/ UK), the
Lesotho transfer tunnel (South Africa), the Mauvoisin Il hydropower project
(Switzerland) and the St Marguerite 1ll hydropower project (Canada).
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"STORDA ZONEN" VID BERGBYGGANDE

"Excavation disturbed Zone"
in Rock Engineering

Introduktion: Christer Svemar, SKB






JAMFORANDE STUDIE AV DEN STORDA ZONEN FOR SPRANGD
RESPEKTIVE BORRAD TUNNEL - ZEDEX-FORSOKET I ASPO

A comparison of the excavation disturbed zone for blasted and bored tunnels -
Results from the ZEDEX Project at Aspo

Olle Olsson, Svensk Karnbranslehantering AB

INTRODUCTION

Previous work has shown that the excavation of a tunnel will cause a disturbance to
the rock mass surrounding the tunnel. The character and magnitude of the disturbance
is a function of the existence of the air filled void represented by the tunnel, the
resulting stress redistribution, the method of excavation used to excavate the tunnel
and the properties and nature of the rock mass. The properties of the disturbed zone
surrounding excavations is of importance to repository performance and safety
assessment as it may provide preferential pathways for radionuclide transport or may
affect the efficiency and effectiveness of plugs placed to seal drifts.

ANDRA, UK Nirex, and SKB have jointly set up the ZEDEX Project at the Aspo
Hard Rock Laboratory, Sweden, in order to improve understanding of the properties
and extent the Excavation Disturbed Zone (EDZ).! The main objective was to study
the mechanical behavior of the EDZ with respect to its origin, character, magnitude
of property change, extent, and its dependance of excavation method. The project
also provided a test of equipment and methodology for quantifying the EDZ. The
ZEDEX Project includes tests of "normal" excavation by drill and blast, a smooth
blasting procedure based on low shock explosives, and excavation by tunnel boring.
The results are expected to build confidence in the modelling of the disturbed zone
and to support the selection of excavation methods for repository construction.

EXPERIMENTAL CONFIGURATION

The ZEDEX experiment is performed in two parallel drifts at a depth of 420 m
below the ground surface. One drift has been excavated by tunnel boring and the
other drift by drill and blast. The shape of the blasted drift is circular, except for the
flat floor. The diameter is the same as for the TBM drift, i.e. 5 m. A number of
boreholes have been drilled axially and radially relative to the test drifts to assess the
properties and extent of the EDZ (Figures 1 and 2).

The excavation disturbance has been quantified through measurements of:
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. acceleration

. displacements

. P- and S-wave velocity

. hydraulic conductivity

. natural and induced fracturing

. temperature

. acoustic energy release (micro-crack generation)
. stress state

Remote sensing techniques, such as cross-hole seismic tomography and reflection
radar applied from drifts and boreholes, were used to map the spatial change in
properties. Measurements were made before and after excavation in order to quantify
changes in properties due to excavation.

The drilling and instrumentation of boreholes along the TBM test drift began in April
1994. The excavation of the TBM drift and measurements in the holes along this
drift after excavation were completed in October 1994. Tests in the Drill & Blast test
drift began in November 1994 and were completed by April 1995. This was followed
by an integrated analysis results obtained from both drifts.

RESULTS

The rock at the ZEDEX site is predominantly Aspé diorite intersected by a few dikes
of fine-grained granite. The rock mass is intersected by three dominating sets of
fractures, some of which are water bearing with considerable outflow. The D&B drift
is only intersected by two water-conducting fractures while the number of water-
conducting fractures intersecting the TBM drift is considerably larger. Borehole radar,
seismic reflection, and geotechnical mapping were all useful in delineating the
features. The main discontinuities are all steeply dipping striking NW and NE (Figure

3).

Q and RMR logging used to determine the rock mass quality gave uniform results of
good quality rock, indicating the requirement for no support over the tunnel span.

Seismic tomographic imaging showed variability in velocity and attenuation
interpreted to be associated with fracturing. One or two features in the tomograms
were seen to correlate with the mapped fractures in the TBM dnift. However,
identifying smaller features from tomographic imaging alone is generally more
problematic. The average P-wave velocity of about 6 km/s indicated very good
quality rock. Seismic anisotropy measurements showed good correlation with fracture
orientations.
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The magnitude of the main principal stress (,) is estimated to approximately 32
MPa at the ZEDEX site. The direction of &, is approximately NW and horizontal.
The magnitudes of &, and o, are estimated to 17 and 10 MPa, respectively.

During TBM excavation, vibration measurements showed that only about 0.03 % of
the energy used to excavate the tunnel and bore through the rock was radiated into
the surrounding rock as seismic energy. Particle velocities determined 3 m from the
tunnel wall during cutting were only about 1 mm/s. For the D&B drift excavated by
blasting 4-7 % of the energy applied in the form of explosives was converted into
seismic energy. Accelerations measured 3 m from the drift wall reached values in
excess of 500 g. The TBM requires much more cumulative energy to create a similar
length of tunnel compared to a drill and blast round. However, the time required for
excavation and the minimal seismic efficiency of the TBM means that drill and blast
methods may input somewhere in the range of a million times more power into the
rock as seismic waves or ground vibration.

Acoustic Emission (AE) monitoring was made when TBM excavation was stopped
overnight at 9 m, 15 m, 22 m, and 25 m measured from the start of the TBM tunnel.
When the TBM stopped at 9.0 meters the majority of the recorded and subsequently
located AE activity (232 events) defined a narrow zone directly in front of the
position of the TBM face. Additionally other events were located around the tunnel,
generally within 1 meter of the tunnel perimeter and ahead of the tunnel face. In the
D&B drift AE monitoring was made after each blast round (Figure 4). The spatial
distribution of AE events was similar for both drifts but the number of events
recorded for the D&B drift excavation was about 10 times more than for the TBM
drift. For rounds where blasting failed most AE events were located within the
blasted yet intact rock, but there was some evidence that the damage also extended
further into the walls than for successful blasts. Estimates of crack initiation stress
based on the maximum shear stress (6,-0,) at the AE event locations gave an average
value of about 25 MPa. This low stress value suggests that the cracking may have
been occurring in rock already damaged directly by the excavation process.

Convergence measurements were made at TBM-tunnel lengths of 9 m and 24 m. The
results indicate predominantly horizontal convergence (3.6 mm and 1.3 mm,
respectively) in both sections, with little displacement in the vertical direction. This
pattern of displacements is consistent with the in situ stress measurements which
indicate a horizontal to vertical stress ratio of about 3:1. The magnitude of the
displacements is also consistent with expected magnitudes of the mass modulus.

In the D&B drift displacements were measured after each round. Measured
displacements were generally less than 1 mm where most of the displacement
occurred within one blast round. The small displacements measured were partly due
to that the convergence pins had to be placed about 2 m behind the center of the face
due to its curvature.
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The seismic tomography results showed no effects of excavation on the seismic
properties of the rock at distances larger than 1.5 m from the drift wall for any of the
excavation methods. However, in the D&B drift a low velocity zone extending up to
about 1 m from the drift floor was observed.

Hydraulic pressure build-up tests in C4 and C5 at the TBM drift showed a general
decrease in permeability after the excavation. Hydraulic tests in radial boreholes in
the TBM drift did not show any notable induced effect by excavation on matrix
permeability. At the D&B drift hydraulic properties in the A- and B-boreholes
generally show increased permeability after excavation even though both large
increases and decreases are observed locally. Hydraulic test in the short radial holes
in the D&B drift show clear evidence of increased permeability in a zone near the
drift wall.

The results of the measurements made in the short radial boreholes (permeability,
seismic velocity, acoustic impedance, and fracture mapping) can be summarized as
follows:

° The comparison and analysis between the different measurements types in
general showed a strong correlation.

° The vertical boreholes in the D&B drift indicate the presence of a larger
zone of damage than observed in boreholes with other orientations. This
can be explained by the high lifter hole charging and the large radius of
the invert (flat floor).

° The results of measurements made in the TBM drift and horizontal
boreholes in the D&B drift are interpreted to show less damage.

¢ The extent of the damaged zone in the D&B drift is estimated to be 0.8
m 1in the floor and about 0.3 m in the walls. In the TBM drift there is
very little evidence of damage except within 0.2 m of the tunnel
perimeter.

During excavation of the D&B drift, there were two major misfires which had to be
reblasted in total. Four rounds had to be reblasted as rock was remaining in the
contour of the walls. Only 4 of the 9 rounds did not require any corrective action.
The reasons suggested for the low success rate in blasting were misfires due to
sympathetic initiation of the charges in the cut, however, successful blasts sometimes
had some missing detonations in the cut. Generally, failed rounds showed more
intensive and extensive damage than successful rounds.

Differences in initial conditions, coupled with relatively small differences between
results from the two drill and blast designs, make it difficult to draw any conclusions
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regarding the differences between the effect of excavation method between low shock
energy smooth blasting and normal smooth blasting.

CONCLUSIONS

Generally, the far-field measurements showed little evidence of damage for any of
the excavation techniques. MPBX displacement measurements showed that
deformation in the far-field was predominantly elastic around the normal-smooth-
blasted excavation, despite this being the technique that put the highest energy into
the rock. Seismic measurements showed no measurable change in the far-field. AE
source locations showed that there was sparse activity beyond about 2 m from the
tunnel perimeter, but the distribution of events was similar for both TBM and D&B
drifts at that distance. Hydraulic tests of flow rate, specific capacity and
transmissivity showed that there were changes occurring in the far field around both
tunnels, but the results were inconsistent and difficult to interpret. Hydraulic changes
and AE activity in the far-field may result from opening, closing or minor shearing of
existing fractures due to stress redistribution.

From the measurements performed it is possible to suggest that the damaged zone
formed by the excavation of the D&B drift was greater than that caused by
excavating the TBM drift. This damaged zone is charaterized by induced fracturing,
lucreased permeability, and reduced seismic velocities. It must, however, be borne in
mind that relatively few measurements were made around the TBM drift to determine
the extent of the damaged zone. The maximum measurable damage zone was
approximately 20 cm around the TBM drift and approximately 80 cm around the
D&B drift. However, from the measurements made it was observed that the extent of
the damage zone varied around the D&B drift but the maximum 'damage’ or
disturbance was in the floor and probably was a consequence of the larger charges
used in the lifter holes for the rounds and the flat shape of the floor.

The range of methodologies employed during the ZEDEX project has allowed
equipment to be both tested and to assess the applicability of certain equipment and
methods to quantifying the EDZ and the change in properties in the EDZ around the
drifts. Some of the equipment utilized was specially designed and constructed to
address the problem of measuring the EDZ and the funding organizations anticipated
that they would use the equipment developed within their own programmes. An
example of this is the seismic tomography equipment, the use of the equipment as
part of the ZEDEX project has indicated where improvements would be required.
Additionally, the use of the equipment suggests that if the development of an EDZ is
to be detected/investigated using this technique one, or both, of the boreholes to be
used must be closer to the designed position of the drift wall than at Aspé.
Furthermore, from the work performed some of the techniques used should not be
selected for future EDZ experiments.
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The laboratory measurements provided a check on the near field in-situ
measurements in terms of providing data on rock properties by alternative techniques.
In general, the laboratory measurements corroborated the results obtained in-situ and
provided greater confidence in the interpreted extent of the damage zone. In addition,
the laboratory measurements provided data on parameters such as micro-crack
porosity, compressibility and micro-cracking not directly obtainable from in-situ
methods.

In general, the suite of methods employed in the ZEDEX Project has been effective
in characterizing the extent and magnitude of property change in the EDZ. However,
a major problem in evaluating the results which have been obtained in a
heterogeneous geologic setting is the relative scarcity of data points. To obtain a
better statistical base to substantiate conclusions made above, the ZEDEX Project
will be extended by another year. The project extension will include drilling and
measurements in additional short radial holes, modelling and extended data
evaluations focussed at understanding of the crack initiation mechanisms and
observed changes in hydraulic properties.
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SAMMANFATTNING

Byggande av schakt och tunnlar i ett djupfoérvar for anvéint kdarbrinsle kommer att
orsaka en stérning pa omgivande berg som kan medfora minskning av bergets
stabilitet och férandrade hydrauliska egenskaper som maste beaktas vid utformningen
av ett djupforvar for anvant kdarnbransle och utvirderingen av dess langsiktiga
sikerhet. For att belysa dessa fragor har ANDRA, UK Nirex och SKB gemensamt
organiserat ZEDEX-projektet som genomfors vid SKB:s Aspélaboratorium beliget
norr om Oskarshamn. Projektets mal ir att studera den storda zonen med avseende pa
orsaken till fordndringar i bergets egenskaper, forindringarnas storlek, storda zonens
utbredning samt dess beroende av brytmetod. Projektet innefattar ocksé test av
utrustning och teknik for att kvantifiera den storda zonen. ZEDEX-projektet innefattar
test av "normal" drivning medelst spriangning, forsiktig sprangning och
tunnelborrning.

ZEDEX genomfors i tva parallella orter belagna 420 m under markytan. En tunnel
har borrats med TBM och en har sprangts. Bada tunnlarna har cirkulér profil och 5 m
diameter. Ett antal undersokningshal har borrats dels lings med de bada tunnlarna
och dels radiellt. Den stérda zonens egenskaper har kvantifierats genom métning av:
acceleration, bergrorelser, seismisk hastighet, observation av naturliga och inducerade
sprickor, temperatur, akustisk emission fran mikrosprickbildning och bergspéanningar.
Dessutom har seismik och radar anviénts for att beskriva rumsliga férandringar 1
bergets egenskaper.

Resultaten visar pa sma forandringar i bergets egenskaper pa avstand stérre 4n 1 m
fran ortviggen (fjarrzonen) fér samtliga brytmetoder. Miétningarna av bergrorelserna
visar pa elastiska rérelser i fjarrzonen. De seismiska méitningarna visade inte pa nagra
mitbara forandringar i fjarrzonen. Mycket lite akustisk emission observerades pa
avstand storre 4n 2 m frén ortvdggarna och fordelningen av de observerade
hindelserna var timligen lika for den TBM borrade och den spriangda orten.
Hydrauliska maétningar visade pa foériandringar i fjarrzonen runt bada tunnlarna men
resultaten ar inkonsistenta och svéra att tolka. Akustisk emission och forandringar 1
hydrauliska egenskaper i1 fjarrzonen kan orsakas av foérandringar i sprickapertur eller
skjuvning langs befintliga sprickor.

Maitningarna har visat att det finns en skadad zon runt orterna som &r stérre for den
springda orten dn for den borrade. Den skadade zonen karakteriseras av inducerade
sprickor, 6kad permeabilitet och minskad seismisk hastighet. Skadezonens utbredning
runt TBM tunneln uppskattas till mindre dn 20 cm, till c:a 30 cm 1 viaggen och c:a 80
cm 1 sulan pa den spriangda tunneln. Utbredningen av skadezonen varierade beroende
pa de geologiska forhédllandena och utfallet av sprangningen. Den storre skadezonen i
sulan ar troligen en effekt av den stérre laddningen 1 bottenhalen och sulans platta
form. Sprangsalvor med tva olika borr- och laddplaner provades men nagon
signifikant skillnad 1 skadezon erhélls inte.

105






CHARACTERIZATION OF THE EXCAVATION DISTURBED ZONE CAUSED BY
THE BORING OF THE FULL SCALE DEPOSITION HOLES IN THE RESEARCH

TUNNEL AT OLKILUOTO

Jorma Autio, Saanio&Riekkola Oy

1 INTRODUCTION

Three holes of the size of deposition holes (depth 7.5 m and diameter 1.5 m) were bored
in hard rock in the Research Tunnel at Olkiluoto in Finland, Figure 1. A novel full face
boring technique was used which was based on rotary crushing of rock and removal of
crushed rock by vacuum flushing through the drill string, Figure 2 & 3.

RESEARCH
TUNNEL

Figure 1. VLJ-repository, Research Tunnel and full scale experimental deposition
holes.
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Figure 2. Operating principle of the boring method.

The boring of experimental full scale deposition holes was accompanied by

comprehensive pre- and post-characterization of the rock in the near field of the holes

with geophysical, geological, hydraulic and rock mechanical tests.

Tests were carried out during the boring in order to find out the effect of changes in

operating parameters to the performance of the boring machine and the quality of the
hole. The evaluation of the quality of the holes included studies on the geometry of the

holes, measurement of surface roughness with a laser profilometer and study of

excavation disturbance in the zone close to the surface of the holes with two novel

methods, namely He-gas method and H“CPMMA-method.

Both the boring of the full scale experimental deposition holes and the characterization
of the holes was carried out by Swedish Nuclear Fuel and Waste Management Co.

(SKB) and Teollisuuden Voima Oy (TVO) in Finland in co-operation.
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Figure 3. The cutter head on top of one of the experimental deposition holes.

2 THE RESEARCH TUNNEL AT OLKILUOTO

The Research Tunnel is located 60 m deep in the VLJ-repository which is an
underground disposal facility for the low and medium level waste generated at the
Olkiluoto nuclear power plant. The repository is located within 1 km from TVO I and
TVO II BWR's on the Olkiluoto island on the southwest coast of Finland. The repository

was taken into operation in 1992.

The Research Tunnel has been excavated using conventional drill and blast technique. It
is located in an east-west striking tonalite formation which is surrounded by mica
gneiss, Figure 4. The rock types found in the Research Tunnel are gneissic tonalite and
pegmatite. Tonalite is usually slightly foliated, medium grained, massive and sparsely
fractured. Besides gneissic tonalite, which is referred as anisotropic tonalite, a fine
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grained, isotropic tonalite variant is met. Pegmatite is non-foliated, coarse grained,
massive and sparsely fractured. The main minerals of the anisotropic tonalite were
quartz, plagioclase, biotite and hornblende which total to about 94 % of the total
content. The mafic minerals, especially oblong grains of biotite and hornblende are
oriented. The grains are subhedral and the alteration to secondary minerals is

insignificant.

Figure 4. 3-D model of the Research Tunnel showing the hydraulically conductive
fracture zones in the vicinity of the tunnel and the three full scale experimental

deposition holes.

The state of stress at the VLI-repository and Research Tunnel area is low. The measured
values of in situ stresses were in average from 5 to 6 MPa at the level of the repository.

The rockmechanical properties, drillability values, abrasiveness and mineralogy were
determined (Johansson & Autio 1993, Johansson & Autio 1995). The compressive
strength of the anisotropic tonalite was 80 MPa, the tensile strength was 9 MPa, the
average DRI-value was 55 (Figure 5), the average brittleness value Sy was 51.5, the
Sievers’ SJ value 32.4 and the CAl-value (Cerchar Abrasitivity Index) of the anisotropic
tonalite which describes the abrasitivity was 3.8, Figure 6.

The geology of the full scale holes was mapped by Aikés&Saclén (1995) and the rock
was observed to be sparsely fractured.
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3 GEOMETRY OF THE EXPERIMENTAL FULL SCALE DEPOSITION
HOLES AND SURFACE ROUGHNESS

The diameter of the holes was measured as the minimum peak to peak diameter to
different directions with a depth interval of 1 m. The ratio of the diameters was
calculated to find out the ellipticity of the holes.

The coordinates of the centerline of the hole were measured and the straightness and
curvature of the holes were determined with these. The measurements were carried out

at a depth interval of 1 m.

The geometry was measured with standard type of surveying equipment such as
tacheometer of type Kern E2-DM504 and theodolite of type Kern DKM-2A.

The surface roughness of three experimental full-scale deposition holes was measured
by optical linear laser profilometer, Figure 7 & 8 (Halttunen 1995).
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Figure 7. Unevenness of the surface of deposition holes.
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The roughness parameters which were calculated from the measurements of the surface
topography were: R, and R,(ISO), which describe differences in profile height, and Sr,
which describes the differences between the spacing of peaks in the profile.

Furthermore, two R, parameters (root mean square parameters of amplitude),
determined from the filtered profiles were included. These so called mega and macro
roughness values were calculated from two filtered profiles. The macro-value is
estimated by eliminating the wavelengths below 0.5 mm and above 50 mm from the
measured profiles. The filters of mega-values are 50 mm and 500 mm.

The average values of the roughness parameters in different holes did not differ
significantly. Distinct variations were found in amplitude parameters of holes in relation
to hole depth as seen in Figure 9. The variations were most distinct in the R,-parameter
although consistent variations occurred also in parameters R, and mega-roughness. Most
of the culmination points of the roughness parameter curves corresponded to positions
where the drill string of the boring machine had been extended and therefore the boring
had stopped and the cutter head had been lifted.
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Figure 9. Values of amplitude parametes of surface roughness on different levels in the
full scale hole 2. The values are averages of four vertical lines.

4 EXCAVATION DISTURBANCE CAUSED BY BORING

The disturbance caused by boring on the rock was studied with two novel methods,
namely the '*CPMMA-method (Siitari-Kauppi 1995) and the He- gas method

(Hartikainen et al. 1995).

The disturbance was studied in laboratory from & 98 mm core samples which were
taken from different parts of the holes and represented different boring parameters

(Autio et al. 1995), Figure 10.
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Figure 10. Location of sampling sections of experimental full-scale deposition holes
with corresponding boring parameters (Autio et al. 1995)

5 “CPMMA-METHOD

The mechanical disturbance of the side walls were determined in terms of geometry of
microfractures and porosity profiles with '“CPMMA-method (Siitari-Kauppi 1995). The
novel method and the applications of it have been described earlier in detail by Hellmut
et al. (1993&1994).

The method involved impregnation of the rocks with '4C methylmethacrylate,
irradiation polymerization, sample partitioning (Figure 11), autoradiography (Figure 12)
and optical densitometry with digital image processing techniques.

Scanning electron microscopy (SEM) and energy dispersive X-ray analysis (EDX) were
used in addition to the'*CPMMA-method to investigate in greater detail the pore
apertures and minerals in some porous regions. SEM/EDX studies were conducted on

"CMMA -impregnated samples.

The disturbed zone occurred as a zone of increased porosity and a zone of distinct
porous tracelines which extended deeper in the rock matrix than the zone of increased
porosity (Figure 12, 13 & 14). The total porosities increased at depths of 0-10 mm in the
disturbed zone in samples cored from the walls of the holes.
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Figure 11. Partition diagram for & 98 mm core sample A3 for the “CPMMA study
from the full scale experimental deposition hole 2. The exposed surfaces were studied.

Figure 12. Example of a autoradiograph, sample C2 (Siitari-Kauppi 1995). The upper
surface of the sample is section of the surface of the hole 3. The plane of the section is
perpendicular to the surface. Different levels of gray shades represent different levels of

porosity.

116



0.8

a
L ClL1/B
0.6 -
_ C2.1/A
9\:
204 +—
g =
5 [ma}
[=%
a
02 Lmifs
1] =)
oo = B =
N i ¥ e P -
0 +——Ff—7— 1 T

0 5 10 15 20 25

30
depth (mm)

Figure 13. Porosity profiles of samples of C-series. Section of sample C2 is shown in

Figure 12. The porosity value is presented in relation to depth from the disturbed
surface (Siitari-Kauppi 1995).

Fadol S0
HYEHI

Figure 14. The microstructure of disturbed tonalite, SEM/EDX, 1000x magnification
(Siitari-Kauppi 1995).
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6 HELIUM- GAS METHOD

The disturbance of the side wall rock was determined from samples taken from six
positions in the walls of the holes. The disturbance was determined in terms of effective
diffusion coefficients and permeability coefficients with a novel He- gas method
(Hartikainen et al. 1994, 1995).

The method is used with two techniques, one is based on pure diffusion of helium gas
(Figure 15) and the other on flow of helium through the sample caused by a pressure

gradient (Figure 16).

Both techniques allow easy and effective determination of diffusion and permeability
coefficients. Examples of measured and calculated breakthrough curves of through
diffusion measurement of sample B3.1 and flow rates for permeability measurement are
shown in Figure 17. The measuring time of the diffusion coefficient of the sample B3.1
was 23 hours. The length of the sample was 55.6 mm and the diameter was 98 mm.

Selector valve

He sniffer

—>

\ SAMPLE )

Figure 15. The experimental set up for the through diffusion measurement (Hartikainen
etal. 1995).
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The diffusion and permeability coefficients were measured from 30 samples of both
undisturbed and disturbed rock. According to the measurements there is a zone of higher
permeability and diffusitivity next to the surface of the holes. The thickness of this zone
was calculated and the maximum depth extent of separate microcracks was estimated on
the basis of the measurements.
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Figure 17. Sample B3.1 of length 55.6 mm and diameter 98 mm. Measured and
calculated breakthrough curves of through diffusion measurement (on left) and
measured flow rates and corresponding curve fit of permeability measurement (on
right).
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SUMMARY

Three holes of the size of deposition holes (depth 7.5 m and diameter 1.5 m) were bored
in hard rock in the Research Tunnel at Olkiluoto in Finland. A novel full face boring
technique was used which was based on rotary crushing of rock and removal of crushed
rock by vacuum flushing through the drill string. During the boring tests were carried
out in order to find out the effect of changes in operating parameters to the performance
of the boring machine and the quality of the hole.

The interest in the quality of the hole was focused on the surface roughness of the hole
and the mechanical disturbance specified as increased microfracturing and porosity in a
zone next to the surface. The evaluation of the quality of the hole included studies on
the geometry of the holes, measurement of surface roughness with a laser profilometer
and study of excavation disturbance in the zone close to the surface of the holes with
two novel methods, namely He-gasdiffusion method and “CPMMA-method.

The total porosities which were measured with the 14*CPMMA-method indicated a
disturbed zone of increased porosity up to a certain depth from the surface. The porous

tracelines were observed to penetrate even deeper from the surface.

The diffusion and permeability coefficients were measured with the He-gas method
indicated a zone of higher conductivity and diffusitivity next to the surface of the holes.
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FULLY GROUTED BOLTS SUBJECTED TO BLAST VIBRATIONS

Gyste bergbolter utsatt for sprengningsrystelser

Dr.ing. Gisle Stjern, SINTEF Rock and Mineral Engineering, Trondheim, Norway

1. ABSTRACT

This study comprises pull-out testing of bolts and vibration measurements on both the
rock and the bolts subjected to close proximity blasting. Laboratory testing of
compressive and flexural strength of the grout and analysis of polished thin sections of
specimens consisting of bolt, grout and rock are presented. There is almost no reduction
in pull-out strength for bolts installed close to the blast (3.4 m), compared to more
distant installed bolts (22.0 m). Furthermore, there is no difference in pull-out strength
for bolts with freshest grout compared to bolts with cured grout, when subjected to blast
loadings. Anchorage length of the bolts were 125 mm, which gave an average pull-out
strength of 140 kN, or 93 % of the yielding load of the steel. Analysis of polished thin
sections of the rock, grout and bolt do not show any variation in crack pattern or crack
frequency between bolts with varying distance to the blast or varying curing of the grout
when subjected to the blast loadings. Repeated pulling of previously pulled bolts show a
healing effect of the grout. None of the tests carried out indicate any reduction of the
bolt/grout performance, Therefore, bearing capacity of fully grouted bolts is maintained
in hard rock tunnelling.

2. INTRODUCTION

When tunnels or other underground structures are constructed by conventional drill and
blasting, the need for safe support requires the installation of rock bolts in close
proximity to the blast source. In Norway, the use of fully grouted rebars has not been
recommended close to the blast source because of supposed damage of the grout by
blast induced vibrations, Jorstad (1967). This has led to the practice that fully grouted
rebars used as secondary support are placed at least some 30 - 50 m behind the face.
There has been no design criteria developed for this practice, neither on minimum
distance to the face nor on the maximum level of blast induced peak particle velocity
(PPV). Many have believed the practice to be unnecessary conservative.

125



Some practical experience has been gained in the Boliden Mines in Sweden. Where
fully grouted rebars have been used in production areas without any noticeable loss of
function, Krauland (1993). Stillborg (1984), showed that there was no reduction in cable
bolt performance when these have been exposed to PPVs of

500 mm/s. Littlejohn et al. (1987), investigated the influence of blasting on resin
anchored rock bolts. A major finding was that the safe distance to the blast source could
be reduced to 1 m without detectable damage to the anchorage of the bolts.

The scope of the investigations was to find:

e The vibration influence with respect to particle peak velocity (PPV) on the
performance of fully grouted rock bolts.
e The grout sensitivity to blast vibrations according to grout age.

3. TEST-SITE

The tests took place in the Grong copper and zinc mine located about 200 km north of
Trondheim, Norway. The massive sulphide orebody is situated in greenstones of the
Norwegian Calodenides. The experiments were done in an exploration drive in the
upper parts of the western orebody, in an area not influenced by production blast
vibrations. The cross section of the drive is 6 by 6 m. The rock mass is competent and
the roof of the drive was unsupported before the tests commenced. Table 1 shows the
properties of the rock at the test site. The host rock at the site was greenstone in the area
of the blast charge and pyrite where the most distant bolts were installed.

Table 1. Properties of the rock at the test site

: Pyrite Greenstone
Bulk density 37.1 kN/m’ 27.0 kN/m’
Uniaxial Compressive Strength 135 MPa 94 MPa
Young’s Modulus 143 GPa 40 GPa
Poisson’s ratio 0.21 0.10
Sound velocity 6320 m/s 2600-3330 m/s (in situ)

The rock temperature on the site is 8.5°C.
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4. TEST PROCEDURE
4.1. Test Arrangement

The 20 mm rebar bolts (500 N/mmz) were placed at four different distances from the
blast source in order to obtain different magnitudes of the vibrations. Different curing
age was achieved by installation of bolts at seven different times preceding the blast
event, ranged from 65 hours to 9 hours before the blast. Pull-out tests of installed bolts
were performed to find the increase in anchorage capacity, and thereby evaluate the
curing level at different times. These tests were needed since curing is a time and
temperature dependent process.

Initial blasting tests were carried out at the site to find the dynamic bulk modulus of the
rock mass, and the distances for each bolt group from the blast were calculated. The test
was designed to get vibrations ranging from 1000 mm/s for the bolts installed closest to
the charge, to about 100 mny/s for the most remote bolts. The distances from the blast to
the bolt groups were 3.4 m (A), 6.8 m (B), 13.2 m (C) and 22.0 m (D) respectively
(Figure 1). The bolts were installed in 51 mm vertical up-holes in groups of 4, with 3
bolts for pull-testing and 1 bolt for overcoring. In total 112 bolts were installed in the
roof. For the main test, a total of 8 geophones were mounted both on the rock surface
and on the adjacent bolts. This was done to compare the vibrations in the bolt shank to
those in the rock. Figure 3 shows the mounted geophones on the rock surface and on an
adjacent bolt. The geophones were placed in pairs at the A, B, C and D groups (Figure

1).
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Figure 1. Plan of the test site, showing location of bolts, geophones and blast
charge. Testomrdde med plassering av bolter, geofoner og salve.

After the blast the bolts were tested by pull-out testing to find the anchorage capacity.
The curing age was about 72 hours when the grout was subjected to pull-out testing. In
addition one bolt in each group was drilled out by overcoring and prepared in the
laboratory. Thin polished sections were made of the core samples and treated with a
fluorescent liquid. These sections were illuminated by UV-light in order to map crack
patterns caused by the blast vibrations.

4.2. Grout properties and mixing/pumping

The grout used in the tests was a special grout mixture for rock bolts, with a cement
content of 47 %. The grout was mixed by first adding water into a mixing vessel and
then adding grout while mixing. The water amount was 5.7 litres per 25 kg bag of grout.
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The calculated w/c-ratio was 0.42. The grout was mixed in a two vessel grout pump.
After the initial mixing, the mix was allowed to blend for another 3-5 minutes before the
mix was allowed into the pumping vessel.

4.3. Boltinstallation and Pull-out testing

The bolts were grouted by first filling the hole from toe to collar with the grouting tube.
The grouting tube was forced out of the hole by the grout during pumping. Then the
bolts were pushed into the hole.

The anchorage capacity after the blast was determined by pull-out testing of the 20 mm
diameter rebars, with an ultimate tensile strength of 180 kN. The test bolt lay-out is
shown in Figure 2. The grouted length of the rebar bolts was 1.0 m with an additional
150 mm of threads protruding from the rock. An anchorage length of 125 mm was
chosen to keep the anchorage load below the yielding load of the bolts. The curing age
of the grout was about 72 hours when subjected to pull-testing.

Plastic Tube
Grease Layer

Plastic Tube Plastic Film

51 mm

150 mm L 1256 mm ‘ 1 725 mm 150 mm _|
LDe-bonciecl " Embedment / De -bonded i
Length

Figure 2. Principle of the bolts installed for pull-testing. Prinsipp av spesialbolter
Jor testing av forankringskapasitet.

The pull-out testing equipment consists of a hollow hydraulic cylinder mounted to a
steel cylinder with tri-pod legs. The tri-pod legs facilitate the pulling of bolts which are
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not installed perpendicularly to the rock surface, while the steel cylinder enables the
bolts to be pulled for a total length of 200 mm. A pressure transducer measures the
pressure while the displacement is recorded by a wire potentiometer. The two gauges
are connected to a portable PC where the data are stored and processed.

5. DETERMINATION OF THE ROCK TRANSMISSION FACTOR
AND MAIN CHARGE

In order to calculate and design a charge that would induce vibrations with PPV of 1000
mm/s, test blasting was done at the site to estimate the rock transmission factor (K).
Vibrations were measured at various distances from the detonation. Several blastings
with two different charge weights were carried out, while vibrations were recorded. The
two charge weights were 0.6 and 1.1 kg. The dynamite cartridges were loaded into 34
mm horizontal holes in the wall of the drive. All blasts were confined and no free
breakage occurred.

Geophones were mounted at 4, 8 and 16 m from the detonation point, and the vertical
peak particle velocity (PPV) of the vibrations was measured. The geophones were
connected to a recording instrument, that shows the complete time history sequences of
the vibrations. To calculate the rock transmission factor (K), Equation (1) a Norwegian
guidance was used, NS 8141 (1993).

K= .‘_)_d = 541’6_10—0.0186«1 M

Vo

Q = charge weight in kg

v = peak particle velocity (PPV) in mm/s
d = distance from charge point in metres
K = rock transmission factor

The rock transmission factor decreases slightly with distance from the blast point, due to
presence of joints and other inhomogenities.

The test charge was calculated as (2):

o-(22)

A rock transmission factor of 541 and a desired PPV of 1000 mm/s for the closest bolts
gave a charge weight of 32 kg (dynamite). This agrees well with the largest charge

130



weight per detonator period that can be expected from a normal tunnel blast. The charge
was loaded into five holes with 7 cartridges (40x400 mm) in each. Millisecond
detonators with interval number zero (instantaneous detonations) were used for all
holes. The holes were drilled in a pattern similar to that of stoping holes in normal
blasts, but the holes were drilled with a large enough burden to avoid free breakage.

6. RESULTS

6.1. Peak particle velocity

Readings of the geophones closest to the blast failed because the horizontal vibrations
exceeded the limits of the geophones. One of the geophones, 6.8 m from the blast,
showed normal waveforms, but the PPV exceeded the vertical vibration limit (without
damping shunt), which resulted in a flat part at 250 mm/s in the beginning of the curve.
Extrapolating of the tangents on both sides of the flat part of the curve, indicated a PPV
of 500 - 600 mm/s. The measured PPVs indicate that the charge was sufficient to give
the expected vibration of 1000 mm/s for the closest bolts.

Figure 3. Geophones mounted on the rock surface and on an adjacent bolt.
Geofoner montert pa bergflate og bergbolt.
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Figure 4. Calculated and measured vibrations from the main blast. Kalkulerte og
mdite vibrasjoner fra hovedsalve.

6.2. Grout testing

Three RILEM (The International Union of Testing and Research Laboratories for
Materials and Structures) grout specimens (40 mm x 40 mm x 160 mm) were taken
from each batch of the bolt grouting. The moulds were sealed in plastic and left at the
site for 72 hours before being moved to the laboratory where they were stored for a total
of 28 days. Then the specimens were tested for flexural- and compressive strength
according to European standard (EN 196-1, 1992). As seen in Figure 5, the 28 days
compressive strength varied between 55 MPa and 70 MPa. Normal compressive
strength according to the grout mix manufacturer is 60 MPa.
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Figure 5. Grout flexural and uniaxial compressive strength. Boyestrekkfasthet og
enaksiell trykkfasthet for boltemortel.

6.3. Pull-out tests

40 bolts were installed in the wall before the main tests. These bolts were tested to
determine the in situ curing of the grout with time. The results are shown in Figure 6.
The installation time (time before blast) of the roof bolts was determined from these
curves.
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Figure 6. Anchorage capacity for bolts at different curing age. Forankringskapasitet
for spesialbolter (forankringslengde 125 mm) ved ulik mortelalder.

20 of the 80 pulled bolts were tested for both load and displacement. For the remaining
60 bolts, only maximum loads were measured

Figure 7. shows the results from the pull-testing after the blast at about 72 hours after
bolt installation. The results from each location are presented as mean values with a
confidence interval of * 1 standard deviation. As seen on the figure there is virtually no
reduction of anchorage capacity of the bolts close to the blast source when compared to
the more distant bolts. There is a small reduction for the bolts installed 13.6 m from the
face. The cause of this could be local different geological condition, giving lower
confinement on the grout annulus. However, no visible changes in rock type or foliation
were observed in the area. The anchorage capacity is just below the yielding load of the
rebars (180 kN), even though the embedment length is only 125 mm.
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Figure 7. Anchorage capacity as a function of distance from blast source (face).
Forankringskapasitet som funksjon av avstand fra sprengningssted.

Figure 8 shows the anchorage capacity versus batch number (grout age). The results are
presented as the mean value for each batch regardless of the distance from the face with
a confidential interval of +1 standard deviation. The results between the batches and
also within each batch vary more than the results between each location (cf. Figure 5).

The lowest anchorage capacity is recorded for batch number 1. This can be explained by
several factors unique to this experiment which could influence the final strength of the
grout. Generally, when the water was allowed in the mixing drum, a small volume of
water leaked through the seals and into the pumping drum. This could have resulted in
different w/c-ratios between the grout batches. During the grouting of batch number 1
there were several tube breakages which delayed the installation for more than one hour.
As seen in Figure 8 the lowest anchorage capacity is recorded for bolts grouted from
batch number 1. Grouting delays make a stiffer grout which may promote improper steel
embedment.
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Figure 8. Anchorage capacity as a function of grout age and batch number.
Forankringskapasitet som funksjon av mortelalder/batchnummer.

6.4. Repeated pull-out testing

From a safety view-point it is of interest to know how fresh grout behaves after it has
been subjected to large deformations (grout failure). The question is whether the grout
continues the curing process and increases the anchorage capacity, or whether the grout
has sustained permanent reduction in anchorage capacity. To evaluate this effect, some
of the bolts from the initial pull-out tests were pull-out tested again about 110 hours
after installation. Figure 9 shows the ultimate anchorage capacity when tested at the two
occasions. All bolts show an increase in anchorage capacity at repeated testing. As
expected, the bolts with the shortest curing time at the first test showed the greatest rate
of increase in anchorage capacity. The bolts which had been allowed to cure for a longer
time before being tested initially still showed a marked increase in anchorage capacity,
but the rate of increase is lower. The self healing of the grout was also proved in
laboratory tests performed on different grouts (Stjern, 1995).
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Figure 9. Results from repeated pull-out testing. Forankringskapasitet for bolter som
er testet ved to ulike tidspunkt.

6.5. Analysis of polished thin sections of grouted bolts

In order to investigate the influence of the main blast on the grout in detail, polished
sections of the core samples were prepared. All together 28 samples were gathered, one
core sample from each bolt group. These bolts were standard rebar bolts not subjected to
pull-out testing and embedded along the complete bolt length. The cores were prepared
in the laboratory where 100 mm long samples were cut at a distance 400 - 700 mm from
the rock surface. The core samples were split close to the rebar ribs prior to surface
polishing. The polished section, consisting of both the grout/rock and the rebar/grout
interface, was covered with a thin film of fluorescent liquid. The samples were visually
inspected and photographs were taken both under normal light and UV-light, see Figure
10. Cracks and pores with a magnitude above 0.05 mm can be detected by this method.

The observation shows that the grout contains a multitude of cracks. These cracks are
more or less evenly distributed, with radial cracks (mean length of 25-30 mm) radiating
from the perimeter of the sample, and axial cracks along the rebar. In addition, cracks
along the grout/rock interface were observed. These cracks appear to be caused by
shrinkage from grout curing. It is likely that these cracks may have grown during the
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preparation of the polished sections because of the continuous drying of the samples.
This is not be likely to occur in situ if water saturated condition exists in the rock. If the
cracks and joints were a result of blasting, one would expect them to be more irregular
and possibly oriented in a 45° inclined pattern, caused by deformations and shear
failures in the grout. Furthermore, if they were caused by deformations due to
vibrations, the crack would also be propagating into the rock, which never was
observed. The direction of the cracks in the grout does not coincide with the foliation
planes in the rock (running almost 45° to the bolt axis), which presumably are the
weakest planes and thus should have guided the cracking.

Figure 10. Polished section of rebar bolt, grout and grout/rock interface illuminated in
UV-light. Polerte planslip av kamstalbolt, martel og (mortel/berg kontakt, belyst med
ultraviolett lys.

7. DISCUSSION

In general all tests indicate that the anchorage capacity is not detectably influenced by
blast vibrations even at a PPV of 1000 mm/s. Furthermore, the age of the grout does not
indicate to be sensitive to vibrations. These findings are supported by investigations
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carried out by Andrieux etal. (1994). Their study, done in the underground
experimental mine in Val d’Or (Quebec, Canada), showed that induced fractures in the
rock mass were generally not observed at a distance greater than 1.5 m from heavily
charged (ANFOQ) 57 mm blast holes, corresponding to a PPV of 850-1000 mm/s.

These results are similar compared to a normal tunnelling blast charge, where the charge
weight per detonator period rarely exceeds 32 kg. Furthermore, a standard tunnel blast
gives lower magnitudes of vibrations, as the blast geometry will give free breakage of
the rock, which not was the case for the blast described here.

Grout is often considered as a corrosion protection of rock bolts. The protection is
provided by the alkaline environment that the cement creates around the steel, and also
by the grout preventing free water to flow close to the bolt. However, this study of the
thin sections indicate that the grout may be more permeable than previously assumed.
Cracks both along the grout/rock interface and cracks running radially towards the bolt
provide a mechanism for water to reach contact with the steel and thereby creating an
environment more prone to corrosion damage. Previous in situ investigations as well as
core samples taken during these experiments show that the bolt may often be placed
eccentrically in the borehole. Eccentric location in the hole makes the protective layer
thinner and provides a shorter flow path for the water. This gives rise to questions about
the actual ability of the grout to provide corrosion protection for the installed rock bolts.

Considering the corrosion protection provided by the grout, there are several factors that
must be evaluated. First, corrosion depends on the presence of water and oxygen,
Svendenius (1984), which implies that there must be excess water (flow) along the bolt.
Thidemann and Bruland (1991) showed that none of the protected bolts (also point
anchored ones) showed minor corrosion attacks (minor pitting) when used in
hydropower tunnels. Furthermore, the pH level and also the saline components of the
water will play a decisive role on the corrosion rate, Andersen (1978). In addition, the
alkaline conditions in the grout may dissipate over time and the corrosion protection
will be reduced even further. These questions were not within the scope of this work,
and it is recommended that these questions should be answered by further studies.

8. CONCLUSIONS

The main conclusions of this study is that the mechanical performance of fully grouted
bolts subjected to close proximity blasting are not reduced by the blast vibrations. Bolts
close to the blast (face) show no reduction in anchorage capacity when compared to
more distantly installed bolts. This suggests that fully grouted bolts can be used close to
the face for normal tunnel blasting without any damaging effect on the functioning of
the rock bolt. The magnitude of the vibrations and also the charge weights per detonator
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period are similar to normal tunnel blasting. However, fully grouted bolts cannot be
used as primary support at the face to reinforce loose blocks or wedges, because the
grouts normally need several hours for setting (cf. Figure 6).

Repulling of previously pull-out tested bolts show a healing effect of the fresh grout
even when large deformations have been experienced by the bolts. This healing effect is
observed for grouts reaching an age of 48 hours (temperature 8°C). Practically, this
means that if grout failures have occurred because of blasts or other loadings during the
initial curing period, the grout will still be maturing and regain strength.

Analyses of polished sections of bolts sampled at different distance from the blast show
no fractures which were likely to have been caused by blast induced stresses. The grout
was intersected by evenly distributed cracks that form a radial pattern radially and
axially to the bolt shank. This cracking and the fact that the bolt shanks normally are
placed somewhat eccentrically in the borehole raise some concerns about the corrosion
protection ability of the grout.

9. SAMMENDRAG

Det er utfort feltforsok i Grong gruver for & vurdere effekten av sprengnings-
belastninger pa fullt innstapte kamstalbolter. Feltforsgkene omfatter uttrekksforsgk for 4
vurdere forankringskapasitet pa boltene samt vibrasjonsmalinger (bade pa boltene og pa
bergflaten) for & okumentere hvilke rystelsesbelastninger boltene har vart utsatt for.
Videre er det foretatt kjerneboringer, hvorav det er laget planslip for 4 detaljstudere
oppsprekkingsmensteret i mortelen. Mortelen benyttet i forsekene er laboratorietestet
for i finne strekk-og trykkfasthet. Forsgkene er utfort slik at bade effekten av varierende
vibrasjonsnivé (varierende avstand til sprengningssted) samt effekten av ulik alder pa
boltemertelen kan vurderes. Det er ingen malbar reduksjon i forankringskraft for bolter
montert nar stuff (3,4 m) i forhold til de som er montert lengre fra (opptil 22 m). Det er
heller ingen mélbar forskjell i forankringskapasitet for bolter med ulik grad av herding
av mortelen, nar denne ble utsatt for sprengnings-rystelsene. Analyser av planslip viser
ingen forskjell i sprekkesystem eller sprekketetthet hverken ved varierende
rystelsesnivd, eller ulik mertelalder da denne ble eksponert for sprengningsrystelser.
Ettertesting av bolter, som for har vert testet for & finne forankringskapasitet, viser at
mertelen har en “legende” evne. Mortelen fortsetter herdingen etter forste brudd, noe
som gir gkt forankringskapasitet i forhold til forste gang den ble testet. Ingen av testene
har avdekket noen form for svekkelse av mertelen og det kan dermed konkluderes med
at fullt innstapte bolter kan benyttes pa eller ncert inntil stuff ved normal tunneldrift.
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VATTENFALLS ANLAGGNINGAR INFOR RINGEN PROJEKTET,
STOCKHOLM.

Grouted rockbolts, their resistance, experiences from Vattenfall hydropower stations
with aspect to the Ringen projekt, Stockholm.

Ulrika Hamberg, Vigverket Region Stockholm, Solna
Per Erik Soder, Vattenfall Hydropower, Ludvika

INLEDNING

Dennis6verenskommelsen omfattar inom Vigverkets ansvarsomrade vigsystemen
Ringen och Yttre Tvérleden. Ringen innebér att ca 12 km vig ska forliggas i tunnel
runt Stockholms innerstadsomrade. Den totala tunnelldngden blir drygt 40 km med
hénsyn till att Ringen har dubbla tunnelrér med enkelriktad trafik och ett stort antal
underjordiska trafikplatser med pé- och avfartsramper. Aven Yttre Tvirleden
innehaller omfattande végstréckor i tunnlar runt négra av de vistra och norra
fororterna.

Konsekvenserna vid felbeslut géllande till exempel 16sningar av
konstruktionsdetaljer kan bli mycket kostsamma bade i bygg- och i driftskedet till
foljd av de ldnga tunnelstrickorna. For att si langt som méjligt undvika detta har
Vigverket Regions Stockholm, projekt Ringen och Yttre Tvirleden intentionen att
utreda och i viss mén testa 16sningar dér tveksamhet foreligger for att finna goda
sédana.

I Véagverkets "Allmén teknisk beskrivning - Tunnel 95" anges att det birande
huvudsystemet i tunnlar ska dimensioneras for en livsldngd p4 80 - 120 &r.

Hur ska en bultkonstruktion se ut for att halla i 120 &r. I Sverige har
berganldggningar traditionellt forstirkts med injutna, icke rostskyddsbehandlade
stalbultar sedan 1940-talet. I norska anvisningar krivs normalt varmfSrzinkade bultar
som, da tunnlarna passerar under havsbotten, dessutom skall beldggas med ett lager
epoxi. I Sverige ifragasitts detta starkt med hénsyn till de erfarenheter man har av
berganlidggningar i landet.

Flera studier har gjorts av enskilda bultars bestindighet dir de studerade bultarna
sédllan varit monterade i mer n 15 &r. Déremot finns det i stort sett inga studier
gjorda pa berganlaggningars bestidndighet med avseende pa bultarna.

Daé Vigverket endast #ger ett fatal, relativt nya anldgggningar, finns ej tillréackligt
eget underlag att grunda en relevant utredning p4 och dérfor har Vigverket vint sig
till en stor berganliggningségare, Vattenfall, for att utnyttja deras erfarenheter infor
valet av bultningsfilosofi.
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Area %

VATTENFALL

Vattenfall &r dgare till ett stort antal tunnlar av vilka den forsta togs i bruk ar 1907.

Storsta utbyggnaden av stora tunnlar ligger p4 sjuttiotalet. Stationer byggda fore
1970 stér f6r mindre 4n 15 % av takytan i tunnlar inom Vattenfalls anldggningar,
vilket motsvarar omkring 200 000 m? takyta, totalt finns ca 1500 000 m?. I figur 1
visas aldersfordelning i 10 &rs intervall for takytor i vattenkraftsanldggningar.

Figur 1. Nya takytor i vattenkraftsanldggningar i 10 &rs intervall.

New roofarea in hydropower plants in 10-year intervals.
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Inom Vattenfall har anvints ingjutna bergbultar av armeringsjirn fran i stort sett
bdrjan av 40-talet. De bultar som finns installerade #r: (se dven figur 2)

Injektobultar Bultar bestiende av armeringsj4rn som fists i botten,
med kilar alt. kilats fast vid borrhalsmynningen.
Injektering har sedan skett frén hilmynning.
Anvindes fram till 1958.

Perfobultar  Bultar bestdende av armeringsjirn som sitts i
cementbruk som inforts i hélen i perforerat
cementfyllt platrér. Nagra fa bultar satta fran 1959,
framst som installationsfdrankringar.

SN - bultar  Bultar bestdende av armeringsjim som infors i
cementbruk som injicerats i borrhilen med slang.
Relativt styvt bruk anvénts vct 0.28-0.30 . Bultar av
denna typ har satts fran 1952.
(SN = Stornorrfors)

Detta innebiér att de flesta bergbultar som finns som permanenta bergbultar inom
Vattenfallsanldggningar 4ar av SN-typ. I figur 3 ges takarea som forstirkts med de
olika bulttyperna.

Bultséttningen har varit "normerad" genom att bultsittningsanvisningar utfirdats med
ca 10 &rs mellanrum sedan 1956. De ingjutna bultarna har i normalfallet ej varit
rostskyddsbehandlade.

Korrosionsbenédgenheten hos utstickande bultdelar har beaktats i de fall da de utgér
infidstningar for andra konstruktionsdetaljer sdsom undertak, kabelstegar och
liknande. Sadana delar har ibland utforts rostskyddsbehandlade. Ovriga utstickande
bultéindar har utférts utan rostskydd men ibland ingjutits i sprutbetong eller betong.
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Figur 2. Olika typer av bergbultar anvénda for permanentsikring inom
Vattenfall anldggningar

Various rockbolt types utilized for permenent support in Vattenfall.
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Figur 3.

Takyta

Typer av bergbultar och tunnelarea som funktion av
produktionstidpunkt.

Rock bolt types and tunnelarea as function of time of construction.
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BERGFORSTARKNINGSTYPER

Forstirkningarna bestaende av ingjutna bergbultar av olika typer som utforts fran
senare hilften av 40-talet. I daligt/mycket déligt berg har i stort sett endast
platsgjutna konstruktioner - typ betongbagar, stod, eller innertak utforts.

Tidigt sattes injektobultar och perfobultar for att efter Stornorrfors ersittas med
bultar satta i tjock cementvilling injicerat i borrhdl. Denna metod utvecklades fran
mitten av 50-talet och modifierades 1961 genom 6vergang till ren cementpasta
istillet for den tidigare anvinda cement/sand blandningen. I huvudsak har alltsa
samma metod for bultséttning anvénts frén 1956 till fram i dag. Vilket innebir att
omkring 80 - 90 % av takytor inom Vattenfallsanldggningar forstirkts med denna

bulttyp.
BERGFORSTARKNINGSMANGDER

Bultméngden for maskinstationer &r i stort sett 3 - 5 ganger store dn vad Q-index
scheman ger idag. Tillatna laster dimensionerades mot en sikerhetsfaktor av 1.7,
forankringslangd i fast berg anges till > 40 ggr bultdiametern och haldimension skall
vara 15 mm storre &n bultens diameter.

Injektobultar, perfobultar och SN-bultar forordades 1956 som méjliga for
permanentforstirking. Bultséttning med SN-bultar ndmns bara i
vattenfallanvisningarna for bultséttning av 1961.

Cementingjutningar har provats med olika typer och blandningar av tillsatsmedel och
sand. Efter 1961 sa ger bultsittningsanvisningarna att bultar skall séttas i
cementpasta med lagt vct 0.28-0.30.

BESIKTNINGAR OCH UNDERHALL

Besiktningar och underhall av bergytorna sker regelbundet for de
undermarksforlagda kraftstationerna. Bergunderhéllsomraden finns 4lvvis.
Underhéllsomrédena har uppréttade underhallsplaner och underhallsscheman for

varje station. ‘

For besiktning och skrotning upprittas rapporter. I samband med skrotningsarbeten
noteras nedskrotade massor for varje stationsdel for sig i separat skrotningsrapport.

For nybyggda stationer finns ett underhéllsshema och driftskort med noteringar om
geologi och bergforstirkning samt vad som skall kontrolleras i samband med
bergbesiktning. Se exempel pa driftkort och underhallsschema fran Klippens
kraftstation i figur 4.
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Figur 4

Exempel pé underhallsschema for en region och driftkort fran
Maskinsalen i Klippens kraftstation.

Maintenance scheme for two rivers and sevicecard for the
machinehall in Klippens hydropower plant.

Sammanstillning av planerade bergbesiktningar och bergskrotningar
vid kraftstationerna efter Indals- ach .&ngcrrn:mﬁlven

B= Bergbesiktnin,
S = Bergskrotning

Anliggning | Bergytor 19 0 19 93 19 94 19 95 19 96 19 97 19 98
m B S B S ] S 8 s B S B [ s B s |
Siadsforsen 1.600 X X
Midskog 7.100 X X X X
Sillre 2200 X X X
tHalle 3.000 X X X
Niverede 200 X X X X
Stugun 100 X X X X
Tarkvisste 1.400 X X X X
Bergeforsen 600 X X X X
Tompshammar 10.000 X X
Forsmo 9.200 X X X
Namforsen 1.000 X X
Kilforsen 25.100 X X
Lascle 21.500 X X i
Lingbjdm 5.500 X X
Stalon 9.200 X X
4nov 1992  Bemhard Persson
BERGRVALITE
OJ
MASKINSTATION A SAMRE
VERRSTAD —f

STALLVERK

121 MASKINSTATION

Bergarterna inom omradet utgdrs i huvudsak av glimmergnejs med
en del granitinslag. Berget i de centrala delarna av stationen
4r blockigt med tva stycken sprickgrupper samt skiffrighet i
sjdlva bergarten. Vattendropp framst vid infarten till
stationen. Blockutfall i taket till £6ljd av ogynnsamma
sprickriktningar. Lokalt, Q-virden mitt i taket ned till
ungefar 10.
Sdrskild kontroll i omrdde C och D (sprickzon som tvarar
stationen).
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VATTENFALLS ERFARENHETER
Bultars och ingjutningars tillstand i forhallande till miljé och aider.

[ de enstaka fall ras och reparationer forekommit i forstéirkta omraden, har dessa
orsakats av bland annat forsimrad bérformaga hos ingdende bultar, som i sin tur
beror pé att bultar rostat av, urlakning av cementingjutning, felaktigheter i samband
med installation av bultar och felaktigheter i materialval. Andra orsaker kan vara
geologiskt betingade sdsom vittring eller ¢j tillrdcklig forstirkningsnivd med hénsyn
till geologiska forhallanden. Den vanligaste orsaken till bekymmer med
bultforstirkta partier torde kunna hénféras till dalig ingjutning av bult och da frimst
vattendropp. I figur 5 har angivits stérre bergproblem och ras som intréffat
kraftstationer under ca 40 &r. Problemen har indelats i tre grupper: déliga bultar,
déligt berg och tidsberoende omvandling av berg.

Figur 5. Storre bergproblem och ras som intréffat i olika
kraftstationer under ca 40 4r, grupperade pé, daliga bultar,
daligt berg eller tidsberoende omvandling av berget, sdsom
uttorkning.

Major rockproblems and failures occuring in powerplants during abt.
40 years, grouped according to bad bolts, bad rock och time
dependent change in rock conditions, such as by drying.

1 9?? , 1980 1990

Bulttyp, installationstidpunkt och bergproblem de senaste iren.

777
l/;/f DALIG BULT

UTTORKNING

TIDSFORSAMRING

AV BERG

:} DALIGT BERG
(VATTENFORING)
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Korrosion

I samband med tillbyggnad av Harspranget 1980 testades korrosionen pa utstickande
bultdndar i den gamla utloppstunneln. Tunneln var da ca 30 ar. En genomsnittlig
avfrétning av 0.02-0.03 mm/4r noterades, maximal gropfritning var stérre 4n 0.1-0.2
mmv/dr. Korrosionen var storst vid bergytan, vid grinsen mellan det syrerikare
strommande tunnelvattnet och det syrefattigare vattnet i bulthalen.

En allmén erfarenhet 4r att utstickande bultindar rostar, vilket lokalt i
halmynningarna har lett till en viss "rostspriingning” av cementbruket nigon cm.

Uppviirmda utrymmen

Uppvérmning av bergyta i anslutning till maskinsal och transformatorsal till omkring
+20° medfor att en uttorkning av bergytan sker. I kinsliga bergarter kan detta darfor
innebéra en foréndring i lasterna pa bergforstirkningen, och ge krav pa
kompletterande forstirkningar. Detta har bla. erfarits i Gejméans kraftstation byggd i
fjallskiffer berggrund.

Kontroll av bultar

Kontroll av bultar borjar redan pa projekteringsstadiet genom att i stort sett endast en
sorts bult, med specificerad stil och ingjutningskvalité respektive
bultséttningsforfarande godkints som permanent for bergforstirkningsandamal.
Detta har reglerats i Vattenfall- anvisningar. Kontroll p& byggarbetsplats har sedan
utforts av kontrollant.

Efterkontroll av bergrum och bergférstirkning utfors genom regelbundet
aterkommande bergbesiktningar. Bergbultskontrollen utférs okulért eller genom
tester som Boltometer eller utdragsforsok.

Boltometer testerna ir foranledda av besiktningsresultat som vattendropp ur bulthal,
bomma partier som birs av bult eller tveksamhet angende bulttypens bestindighet
baserat pa tester av just den satta bultens typ och artal. Som en ledning for
bestimmande av detta tjénar de gamla anvisningarna och datidens bultmaterial och
installationsforfarande.

Boltometertester har utforts pa bultar av olika &lder och utfSrande. De bultar som
testats har varit Injektobultar, Perfobultar och SN-bultar. Testningarna har i huvudsak
utforts i maskinsalar och angrénsande tunnelutrymmen. Testningarna har givit
resultat enligt figur 6. Boltometertester gav att SN-bultar 4r bra till stor del, perfo-
och injektobultar mer tveksamma. Inga forindringar pga olika lder hos de testade
bultarna kunde iakttas.

151



Figur 6. Antal bra bultar i boltometertester (A och B bultar har
klassats som bra, C och D som déliga)
for tre typer av bergforankringar. Bultar i tillfartstunnlar o
och maskinsalstak 4r de som testats.

Amount of good bolts classed in boltometertests ( A and B bolts have
been classed as good, C and D as bad) for three types of bolts. Bolts
in access tunnels and machinehalls are tested.

Antal bra bultar

Antal %

Inga storre ras eller stennedfall har intréffat som enbart kan forklaras bero pa
forsimring hos bergforstirkningarna. Detta beror troligen pa tre faktorer

a. Systematisk bergbesiktning och underhall utfors enligt ett
rullande schema med intervall ca 4 - 5 ar. Vattenvigar besiktas
och atgérdas ofta i samband med stérre maskinellt underhall i
stationerna. Intervallet for detta &r ungefir 10 - 40 ar.

b. Hog forstirkningsnivé i férhallande till bergkvalitén. Detta pastdende
giller stationsutrymmen och ej vattenvigar.

c. Val av bestindig forstarkning.

En stor del av bergytorna inom Vattenfall anldggningarna har utforts utan
sprutbetong vilket till viss del forklarar skrotningsbehovet.
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MILJC')FC')RHAL_!_ANDEN | STOCKHOLMSTRAKTEN OCH DESS
BETYDELSE FOR BERGBULTAR.

Bergarterna for de flesta Vattenfall anléiggningarna ér till 6vervigande del gnejser
och graniter, huvudbergarterna inom Stockholmsomradet kan troligen forvintas ha
likvérdiga egenskaper som bergarter betriffande avsaknaden av vittringsbeniigenhet
och vara mycket langtidsstabila. Infistning av bultar i bra berg torde dérfor vara fullt
jamforbar.

Risk finns for kontakt med salt grundvatten i Stockholmsomradet, vilket ger en 6kad
korrosions- risk jaimfort med Vattenfalls stationer. Troligt &r att bergbults livslingd i
Stockholm dérfor blir kortare &n for Vattenfalls norrlandsstationer.

SLUTSATSER

Virdering och jamforelse med Ringen projektet - ur forstirkingssynpunkt - gors
mycket dversiktligt 1 schemat nedan genom tilldelning av + (béttre) eller - (séimre)
relativt Vattenfalls anléggningar.

Vattenfall Ringen virdering
Geologi
Bergtyper granit o gnejs sedimentgnejs +
Daliga zoner undvikits genomkorsas - -
Grundvatten bra kvalité  sdmre kvalité -
Driftskede
Vibrationer maskiner trafiklast *
Uttorkning uttorkning  innertak +
Val av bult vanliga KS  vanliga Ks *
ev roskskydd (+)=
Design
Forstarkingsméngd konservativ  branchpraxis - -
Forstarkningstyper bult bult + sprutbtg  +++
Utférande
manuellt manuellt . -
maskinellt -
utférande rel. god god *
kontroll
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Slutsatsen av ovanstaende exposé dr att simre forhallanden betréffande geologi - pga
riktningskrav, troligen storre exponering for krosszoner och liknande for
végtunnlarna kan forvintas gentemot Vattenfalls anlédggningar.

Bultséttningen blir mindre i vdgtunnlar genom att numera rekommenderas mindre
miéngd bult samt att forstirkningen kompletteras med sprutbetong.

Ytforstiarkningen i form av sprutbetong innebér troligen att underhéllskraven blir
lagre for Ringen 4n Vattenfalls underhallskrav, eftersom miljobelastningen pé
bergytan blir ldgre. (tex. uttorkning, vibrationsavlossning etc...)

DISKUSSION

Kraftstationerna har byggts ut i etapper och det ger upphov till olika typer av
tekniska 16sningar var och en avspeglande sin tids tekniknivé och underhélls filosofi,

ibland inom samma anldggning.

Bergbulten har utvecklats fran en relativt komplex sak med injekteringsrdr och
avluftningsror till ett standariserat kamstal satt i bruksfyllt borrhal vilket minskar
risken for fel i samband med bultséttning. Intensivt utvecklingsarbete bedrevs i
mitten av 50-talet betrdffande bultutformning. Baserat pd vunna erfarenheter har
sedan Vattenfall utfirdat anvisningar for bergbultning med ungefar 10-4rs intervall
fran 1956.

Livslangd hos forstiarkningssystemen

Det faktum att bergunderhéllsgrupperna besiktar och skrotar samt utfor
tilldggsforstirkningar innebdr att Vattenfall i stort €j har ndgon undermarksférlagd
station dér tillaggsforstirkningar inte har utforts inom en tidsperiod av 10 - 20 ar.
Livsldngden hos ett bultforstirkningssystem bestdende av berg/bult/omgivningen &r
trots detta okédnd. I vattenvigar finns tunnlar dir ingen besiktning eller
tilliggsforstarkning uforts inom intervallet 10 - 50 &r. Tunnlarna &r trots det intakta
och uppvisar mycket sillan ngra fallfériuster som skulle bli fallet om férédndringar i
tunnelarean intréffar.

En hogre fel andel hos gamla injekto och perfobultar férekommer. Felen &r troligen
fordelade mellan rena installationsfel - komplicerad metod etc.. och fel hos borrhél
beroende pa férekomst av vatten.

Upprittandet av installationsanvisningar for bergbult har troligen en mycket viktig
roll i att bultarna &r sa bra som de 4r.

D4 fel forekommer hos bultade partier beroende pa att bultarna installerats slarvigt
respektive av att fel material eller utférande valts( systematiskt fel) - medger
vattenfalls materialet slutsatsen att bergbesiktning med skrotning, respektive kontroll
av bergbult 4r viktig att kunna utfora.
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SUMMARY

In Sweden, non-corrosive protected grouted dowels have traditionally been used
since the 1940's. Based on experiences gained from a number of underground
hydropower plants within Vattenfall, the long-term function of the dowels is
discussed. The hydro power plants owned by the Vattenfall involve about 1.5M
square metres of tunnel roof of which 15% of the total area belong to plants built
before 1970. Normally, Injekto, Perfo and grouted dowel bolts have been used,
and 25 mm diameter ribbed bars are the most common. Simple grouted dowels
without corrosion protection have mainly been used from 1958 and onwards.
Inspection of waterways and other underground structures have shown that only
minor rock falls have occurred during the years due to malfunctioning bolts. The
water tunnels included in the Swedish hydro schemes are without exceptions
unlined and shotcrete is used only to a small extent in power houses and other
underground installations. However, inspections and systematic maintenance are
being made on a 4 to 5 year basis involving scaling and complementary support,
such as selective bolting, replacement of malfunctioning bolts and shotcreting.
Grouted dowels seem to be more reliable in comparison with the types mentioned
above.
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DIFFICULTIES RELATED TO SQUEEZING ROCK IN THE URI-
PROJECT, INDIA

Problem i samband med krypande berg i Uri-projektet, Indien

Johan Brantmark, KTH, Uri Civil Contractor AB
Anders Heiner, VBB Anldggning AB - SWECO
Jiiri Martna, Consulting Engineering Geologist
Hakan Stille, KTH

ABSTRACT

The tailrace tunnel at the Uri HPP, Kashmir, India, has been successfully excavated.
The tunnel passes through the Panjal thrust which is one of the major thrusts in this part
of the Himalayas and also through a major fault zone. The highly metamorphosed rock
mass was weak and crushed due to the tectonic activities. The overburden of 400-500 m
in combination with the soft rock caused short term stability problems as well as
continuous squeezing. The method of excavation as well as that of support had to be
designed for the extreme conditions within the soft rock. In order to evaluate how the
ongoing squeezing would affect the cast concrete lining, two test linings were cast and
instrumented for measurement of deformation. The evaluation gave a good picture of
the distribution of stresses along the lining.

1 INTRODUCTION

The Uri Hydroelectric Power Project is situated in the State of Jammu and Kashmir in
north-western India. The power plant is supplied with water from the Jhelum River
which has its springs in Kashmir and flows through the Kashmir Valley into Pakistan,
where it becomes a tributary to the Indus River. The project is designed as a run-of-the-
river scheme. The water is diverted from the river and lead from the head regulator and
desilting basins into an 11 km long headrace tunnel and two 210 m high pressure shafts.
After passing the four turbines in the machinery hall the water is lead through the draft
tubes and the 2 km long tailrace tunnel back into the river.

The project is owned by the National Hydroelectric Power Corporation Ltd, NHPC. The
construction of this hydro power project is undertaken on a turn-key basis by a
consortium involving Skanska International Civil Engineering AB and NCC
International AB for the civil works, SWECO AB as the designer, ABB Generation AB
for the electrical works and Kvaerner Boving Ltd for the mechanical works. Skanska
and NCC have formed a subsidary company for their joint undertaking called Uri Civil
Contractor AB. Skanska is the leader of the consortium. The work was started in 1990
and the project is scheduled to be completed in May 1997. A general description of the
project has been given by Heiner et al. 1993,
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Several types of tunnel instability have occurred. Instability in connection with the
excavation of the machinery hall and buckling phenomena in tunnels aligned along the
foliation planes have been discussed in Brantmark et al. 1995. In some reaches of the
headrace tunnel the vertical rock cover exceeds 850 m. In this tunnel the same kind of
stress related problems were observed as is described in the above paper.

Quite different types of instability, which are the subject of the present paper, were met
with in the tailrace tunnel. These include weak or extremely weak rock under high
stresses, squeezing and both short time and long time stability problems.

2 GEOLOGY

In the underground works at Uri a both stratigraphically and lithologically wide range
of rocks has been encountered, Table 1, Fig. 2.1.

Table 1. Rock types encountered in the underground works at Uri
Age Formation  Lithology

Tertiary (Eocene) Nummulitic Shale, limestone layers
Permo-Carboniferous Panjal Meta-volcanics

Lower Paleozoic to Pre-Cambrian Tanawal Quartzitic schists
Pre-Cambrian Salkhala Schists,graphitic schists

The geology of the Uri Project is elucidated in Heiner et al. 1993, together with adapted
rock mass classification and stipulated initial support.

The upstream half of the totally 10.7 km long headrace tunnel was excavated in the
rocks of the Tanawal series, consisting predominantly of quartzitic schists.

The downstream half of the headrace tunnel was excavated in the so-called Panjal
volcanics, comprising greenstones with a generally well developed schistosity. They are
regarded to be metamorphic andesitic or basaltic lavas. Sills of a similar appearance
occur also intercalated in the Tanawal schists.

The machinery hall with appurtenant rock caverns and tunnels are located in Panjal
volcanics. The problems encountered during the excavation of the powerhouse complex
are discussed in Brantmark et al. 1995.

In the 2027 m long tailrace tunnel a somewhat more complicated geology, rather
different from the expected one, was encountered, Table 2, Fig. 2.2. It can be observed
from Fig. 2.2, that the rock cover is between some 250 and 500 m. In the tunnel reaches
where squeezing has been observed it is more than 300 m.

Because of adverse natural conditions - inaccessible terrain, soil cover and crushed rock
- none of the attempted drillholes reached the tailrace tunnel alignment. The geological
expectations were based on surface mapping and some test adits only.
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Table 2. Geological sequence in the tailrace tunne] (from upstream).
Lithology/stratigraphy Tectonics Length, m
Panjal volcanics 30
Sheared talc-chlorite-graphite schists Fault zone 292
Metavolcanics, strata of schists Several healed faults 865

Schist 203
Marble, layers of graphite schist 51

Schist, shale and graphite schist Panjal thrust 55

Eocene shale with limestone layers 531

Upstream of the Panjal thrust, essentially Panjal volcanics were expected to be met with
in the tunnel. Because of surface evidence, these strata were expected to be interrupted
by a major fault zone, containing i.a. crushed Eocene shale and a repetition of the Panjal

thrust. However, this did not occur.
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Longitudinal geological section of the tailrace tunnel.

Geologisk langdsektion av utloppstunneln
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In the upstream end of the tailrace tunnel, after about 30 m of Panjal volcanics, a some
290 m wide zone of sheared and crushed rock consisting of a blend of mica, talc,
chlorite and graphite schists and phyllites with some limestone bands was encountered.
A notable amount of clayey gouge was also present. The rocks in this major fault zone
had a very low strength and poor engineering properties. Since the rock cover was 400 -
500 m, a troublesome squeezing of the tunnel took place.

Downstream from this fault zone, schistose meta-volcanics with strata of schists were
encountered. Several minor faults, some of them quite healed, were met with. After
about 860 m the rock changed to partly graphitic schists for a length of 200 m. A
massive marble bank and the Panjal thrust concluded this series of strata.

The Panjal thrust causes the definite change of the tunnelling medium in the tailrace
tunnel from the Palaeozoic and Pre-Cambrian meta-volcanics and schists to Eocene
shale. The strike of the Panjal thrust is N60W with a north-easterly dip of some 45°.
The thickness of the thrust, represented by crushed and intensely folded schist and
shale, is only some 50-55 m. However, as discussed above, highly disturbed rock zones
have been met with upstream of it, indicating comprehensive tectonic movements in
this reach.

It has not been possible to clarify the tectonic events which in this tunnel reach led to a
profound difference between the surface geology and that of the tunnel alignment.

It can be suggested, that the graphite-rich schists, unique for the Project, represent the
Pre-Cambrian Salkhala formation. North of the project area, the Salkhalas are
represented by such rocks.

3 EXCAVATION OF THE REACH CH. 0/038 - 0/322

3.1 Method of excavation

The first 300 m of the tailrace tunnel provided challenging rock conditions. In this reach
the rock was crushed and sheared with a short stand-up time. The uniaxial strength was
estimated to be below 1 MPa, the overburden 400 - 500 m and the contents of graphite
and chloritic clay were high. In most of this reach the rock could have been excavated
by excavator only, however drill and blast was used in order to maintain the profile
(Fig. 3.1).

Due to the poor condition of the rock mass, special precautions had to be taken during
the excavation. The poor rock was first encountered at chainage 0/038. Here the
excavation was successfully carried out with heading and bench in combination with
spiling. This method of excavation worked well for the first 90 m. However, when the
tunnel reached chainage 0/128, the quality of the rock deteriorated further and
instability was observed in the face. In order to improve the stability, the heading had to
be divided. Hence from chainage 0/128 to 0/322 the tunnel was excavated with divided
heading (multiple drift) (Fig 3.2).
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Figure 3.1 The rock was soft enough to be excavated by excavator. View of the
bench.
Bergmassan var tillrdckligt mjuk for att gravas ut. Vy mot pallen.

When entering rock conditions which require a divided, heading several considerations
have to be made regarding the method of excavation.

e How many headings are needed?

e How far ahead of the side drifts should the pilot drift be?
¢ Length of rounds?

e Distance between face and bench?

Every additional heading requires additional time and causes additional joints in the
rock support. Therefore the number of headings should be as few as possible, still
providing tunnel stability. Two different designs of headings were discussed, one with a
central pilot drift (3 headings) and one with a pilot drift on one side (2 headings), and
the latter alternative was adapted (Fig. 3.3). The shape of the pilot drift was
unfavourable from the stability point of view and, in order to achieve stability of the
heading, it had to be finished as soon as possible. In order to provide adequate support
to the face, a divided face had to be maintained. Thus the pilot drift had to be as short as
possible yet long enough to support to the face. In the present case the length was 1 to 2
times the height of the pilot drift, corresponding to 4 to 8 m (Fig. 3.4).
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_Figure 3.2 The tunnel was excavated by multiple drift. View towards the bench and
the divided heading.
Tunneln togs ut med delat galleri och pall. Vy mot fronten.

The rock support applied in the heading provided a good support for vertical
deformation. However, the supporting action in the horizontal direction was poor as
long as the supporting ring of concrete had not been closed with walls and invert.
Therefore, the bench had to be excavated as soon as possible after the excavation of the
heading. In the first 90 m, where the excavation was carried out with heading and
bench, the bench could be left up to 50 m behind the heading. When the conditions
deteriorated further the bench had to be shortened to not more than 20 m. The section
could then be fully supported within 1 to 2 weeks after the excavation of the heading.
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Figure 3.3 Possible designs of the heading and bench
Mojliga utformningar av galleri och pall

~ Y
1
|
| b
|
@ |
o
2' A |
-
' |
I |
| < |
| I
epe— — — — — — |
A
| 4-8m l.

Figure 3.4  The heading was kept 4 to 8 m ahead of the right side
Pilottunneln ligger 4 till 8 m framfor strossen.

3.2 Pattern of deformation

3.2.1 Instrumentation

When tunnelling in such poor rock conditions as encountered in this part of the tailrace
tunnel, there is always a risk of long term failure. It is therefore important to monitor
the movements of the rock mass in such a way that a developing failure can be taken
care of in due time. The adapted system should fulfil several requirements. The
measurement system must be sufficiently accurate, the results should be possible to
interpret, it must be easy to take readings and it should be cheap.
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The system adapted was based almost entirely on tape extensometer. Every 10to 15 m a
horizontal section was installed and every third section was a three point measurement
section. A problem with the three point sections was the ventilation tube located in the
centre of the roof. In many sections the tube prevented measurement and no monitoring
of the vertical deformations was possible (Fig. 3.5). However, performed measurements
and visual inspections indicate that the major deformation took place in the walls.

Figure 3.5 Horizontal as well as three point extensometer sections were used, the
ventilation tube however prevented vertical readings in many points.
Horizontella och trepunkts sektioner installerades, dock hindrade
lufttuben métningar i flera sektioner.

The adapted system with tape extensometers worked well, the accuracy was high, it was
a simple method and fairly cheap since all articles of consumption could be
manufactured at site.

At a few places rod extensometers were installed in order to measure the extent of
movement inside the rock mass. The rod extensometers were manufactured at site as
one point extensometers of 5 and 10 m length. They indicated that movements extended
more than 10 m into the rock mass.

3.2.2 Results and evaluation

Along with the excavation some considerable deformations of the tunnel took place.
The total convergence was in general in the order of 0.3 m or 3 % of the diameter. The
development of deformation at chainage 0/210 is shown in Figure 3.6. The graph is
typical for this part of the tunnel and can be divided into three stages. It should be noted
that it is practically impossible to install the measurement section until the heading is
complete. Therefore the magnitude of the measured deformations is less than the actual
convergence.
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In the first stage (1) only the heading was excavated. The rate of deformation was then
in the magnitude of 2-5 cm/week. The rock support consisted of shotcrete and dowels.
The second stage was associated with the excavation of the bench. When the bench was
removed (2), the tunnel walls got higher and the horizontal support was decreased. This
caused a momentary convergence of 5-10 cm. The final stage (3) was reached when the
temporary rock support was completed with a horizontal invert. After that the rate of
deformation decreased and was less than 1 cm/week. This creeping could go on for a
long time, with a gradually decreasing rate of movement.

__‘_’-’-/_
j Squeezing continues (3)

/ Excavation of bench, from
fch. 07215, (2)

I
Squeezing
! (rock support completed) (3)

Excavation of bench, to ch. 0/215, (2)

/
[

Excavation of gallery, (1)

10-feb-95

T T T T 1

12-mar-95 11-apr-95 11-maj-95 10-jun-95 10-jul-95 09-aug-95 08-sep-95

Figure 3.6  The development of deformation can be divided into 3 parts; excavation
of heading (1), removal of bench (2) and a time dependent squeezing (3).
Example from chainage 0/210
Utvecklingen av deformationer kan delas in i tre delar; deformation i
samband med uttaget av galleriet (1), pallen (2) och en tidsberoende
krypning (3). Exempel fran sektion 0/210

3.3 Support methods

Based on the period when active, the rock support used can be divided into three
groups. Spiling was used in order to increase the stand up time and allow longer rounds.
Shotcrete, dowels and lattice arches served as temporary as well as permanent supports.
Finally, a cast concrete lining formed the permanent support.
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Spiling was used in excavation of the entire reach between chainage 0/038 and 0/322. It
was used in order to prevent loose rock in the roof and walls from ravelling during the
time between the blast and the application of the rock support. The spiling consisted of
re-bars, installed sub-horizontally ahead of the face. In order to work properly the spiles
had to be well supported in both ends, also after the blast. By extending the spiles about
two metres ahead of the planned pull of the blast, this end was supported by the face. In
the other end the spiles were supported by the applied rock support. Since the spiles
were only supposed to take lateral load during a short period of time, there was no need
to grout them (Fig. 3.7).

In the first 90 m of this zone of poor rock the temporary rock support consisted of 150
mm of fibre reinforced shotcrete, 4-6 m long grouted dowels, ¢/c 1.5 m and occasional
wire mesh reinforced shotcrete arches. Yet as the condition of the rock mass
deteriorated the amount of rock support had to be increased.

As a result of unsymmetrical deformation of the rock mass, the sprayed concrete often
failed in tension. Wire mesh was therefore introduced to increase the tensional capacity
of the shotcrete (Fig. 3.8). In order to avoid shadows around the mesh, unreinforced
shotcrete was used to cover the wire mesh. However, in the parts where the lining was
subject to high compression, the layer with wire mesh and unreinforced shotcrete turned
out to be a weakness plane. Shear cracks could be initiated in the plane along the wire
mesh. The design of the increased rock support was therefore a combination of wire
mesh reinforced and fibre reinforced shotcrete. The support was built up of five 50 mm
thick layers, two reinforced by wire mesh and three reinforced by fibre. Furthermore 6
m long dowels were installed. (Fig. 3.9).
Min. 1.5 m
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Figure 3.7 Spiling was used in order to increase the stand up time.
Frampélning anvindes for att forlédnga stitiden f6r bergmassan.
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Figure 3.8 Due to inhomogeneous deformation of the tunnel, tension cracks

developed.
Da deformationerna ej var likformiga runt tunneln uppstod dragbrott.

The application of the support system had to be designed taking the squeezing of the
rock mass into consideration. The aim was to expose the installed rock support to as
small deformations as possible without jeopardising the over all stability of the tunnel.
Since a major part of the deformations takes place close to the face, the main part of the
support was applied some distance from the face. After each blast the face, roof and
walls were immediately sprayed with one layer of shotcrete. This layer was extended
back two rounds. Thereafter dowels, spiling and wire mesh were installed and covered
by unreinforced shotcrete. The same process were repeated after each blast. In that way
the final temporary support was achieved three rounds from the face (Fig.3.10).

~ 250mm |

4

lFibre reinforced shofcrete

‘Wiremesh reinforced shotcrete

Figure 3.9  The rock support was built up by a combination of wire mesh reinforced
and fibre reinforced shotcrete.
Bergforstiarkningen utgjordes av en kombination av nét- och
fiberarmerad sprutbetong.
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Figure 3.10  Some of the shotcrete was applied away from the face in order to restrict
forced deformation of the shotcrete.
Sprutbetongen applicerades till viss del en bit fran fronten for att undvika
patvingad deformation.

Since the tunnel was excavated with a divided heading, three joints occured in the rock
support, i.e. one in the roof, and one in each wall. It was of vital importance that these
joints were made as strong as possible. In the heading part of the tunnel, only the first
two layer of reinforced shotcrete was applied in the pilot drift. The remaining layers
were applied after excavation of the entire heading. In this way the joint in the roof was
nicely covered. By the time the walls were to be supported, full treatment had already
been given to the heading part. The wire mesh in the lower part of the walls of the
heading was not covered with shotcrete in order to enable joining with the walls of the
bench. Since no continuation can be obtained over a joint in the fibre reinforced
shotcrete, it was important that the wire meshes was joined well together.

Large deformations were observed in the walls after the excavation of the bench. In
order to stabilize these, a counter pressure had to be applied by the rock support. In
order to enable the rock support to take horizontal loads, the ring of shotcrete was
closed by casting a concrete invert.

In spite of the extensive rock support applied, the movements did not cease completely.
In chainage 0/170 to 0/255 the horizontal rate of convergence was still a few mm/week
in April 1995, half a year after excavation. Damages could be seen in the rock support
and it was found necessary to try to arrest the movements. In order to do so, installation
of lattice arches was started. These arches consisted of 20 mm reinforcement bars in a
square and a triangular pattern, embedded in shotcrete (Fig 3.11). The arches were
planned to be installed in two stages, in a first stage the outer layer of reinforcement
bars should be installed, thereafter shotcrete should be applied, then the inner layer of
reinforcement bars and finally the inner layer of shotcrete should have been placed.
However, when parts of the outer layer were in place, the rate of convergence showed
signs of diminishing to an acceptable level. In view of this and as construction of the
arches also turned out to be complicated, the work with the arches was interrupted and
the remaining bars will serve as a reinforcement in the permanent lining.
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Figure 3.11  Lattice arches was constructed in a square and a triangular pattern.
Bégar av armeringsjédrn (sk. lattice arch) installerades i fyrkants- och
trekantsmonster.

4 SQUEEZING AND LONG TERM STABILITY

4.1 Observed squeezing behaviour

In considerable parts of the tailrace tunnel, which were excavated in shales and schists
and where the overburden was more than 300 m, an ongoing time dependent movement
has been observed. The total convergence in the crushed graphitic schists in the
upstream part of the tunnel was in general in the magnitude of 300 mm and the rate of
squeezing was generally in the magnitude of a few mm/week. In the downstream part
of the tunnel, excavated in shale, the total convergence was in general about 100 mm or
less and the rate of creeping was between parts of millimetres to a few millimetres per
week (Fig. 2.2).

Figure 4.1 shows the result from measurements of convergence in chainage 1/569
which was excavated in shale in the end of May 1993. The rock mass in the area is
thinly bedded with a high content of clay and exhibits damp water conditions. It can be
seen that initially the rate of convergence was high, but decreasing with time. The
section was initially supported by 6 cm of shotcrete and 4 m long grouted dowels, c/c
2m. In the end of August 1993 severe cracking was observed in the walls and a
substantial amount of shotcrete was scaled down. The walls were then supported with
10 cm of fibre reinforced shotcrete and another set of 4 m dowels, c/c 2m. In Fig 4.1 it
can be seen that this treatment reduced the rate of movement. In the spring of 1994 an
attempt was made to arrest the movements by installation of another set of 6 m long
grouted dowels, c/c 2 m. No effect could be observed with certainty. After almost two
years stable conditions had not been achieved.

In the parts of the tunnel which were excavated in the crushed graphitic schist in the
upstream part of the tunnel, the rate of convergence was initially extremely high (40-
100 mm/week) but after completion of the rock support, including a cast invert, the rate
of movement decreased to in general 0.5-5 mm/week (Fig 3.4). This deformation rate
was then continuous for a long time and not until October 1995 some completely stable
sections were observed.
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Figure 4.1 Development of deformation in shale (ch. 1/569).
Deformationsutveckling i shale (ch. 1/569)

Common for both the schist and the shale was that the rate of deformation often was
constant during a period of time and then suddenly dropped to a lower level. The graph
shown in Figure 4.1 can in this way be devided into five time periods in which the rate
of movement is constant (Fig. 4.2). This behaviour could be explained by adjustments
in the rock mass with sudden slips along joints.
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Figure 4.2 The rate of deformation is periodically constant with time. Here the
graph from Fig. 4.1 is divided into 5 periods with a constant rate of
movement.

Deformationshastigheten r tidvis konstant. Har &r grafen fran Fig 4.1
uppdelad i 5 perioder d& deformationshastigheten var konstant.
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4.2 Considerations for the permanent lining

4.2.1 General

The permanent lining in the tailrace tunnel at the Uri Project was initially not designed
to take any squeezing loads. However, when the problems with the ongoing movements
became evident, they had to be taken into consideration for the design of the final
lining. Following questions were asked.

e How much deformation remains?
e How does the installed rock support affect the rate of deformations?
e What load will the deformations cause in the lining?

The main problem is involved in the first question. If the future deformation can be
properly estimated, then the load on the lining can be calculated and the design of the
lining can be verified. In order to estimate the future deformation a valid creep model
had to be established.

The initially available input was the measured convergence in the tunnel. Later on also
two test linings were cast and instrumented. In the following, different available creep
models are discussed in principle, and an evaluation of the recordings from the test
linings is described. Based on this and the convergence measurements, a valid creep
model is finally defined.

4.2.2 Theoretical models

In the literature a number of different approaches have been used in order to describe
time dependent behaviour of a rock mass. Available theories can be categorised in two
fundamentally different groups, based on the development of deformation.

One group is based on the "ageing theory”. The rock mass is characterised by an initial
and a residual strength. The creep is a result of the loss of strength and ultimate
deformation can be defined by the residual strength (Ladanyi 1974).

Another approach is using the Maxwell visco elastic model. The rock mass is assumed
to have no long term shear strength and the deformations are therefore continuous as
long as the stress field is not hydrostatic. Such a model yields loads on a lining equal to
the initial in situ stress, or continuous deformations until the entire tunnel is closed. This
model is mainly valid for salt mines but some shales and schists have shown a similar
behaviour (Ladanyi, 1984)

A number of models has been based on a combination of these two ultimate ways to
define the rock behaviour. These models are using a visco-elastic basic model, stability
is however assumed when the deviatoric value becomes less than a certain limiting
value.

The ageing theory yields a definite amount of squeezing and the viscoelastic approach
yields an ongoing continuous deformation. When designing a lining it is important to
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define which approach is appropriate. If the Maxwell model is valid for the rock mass,
the final theoretical pressure on the lining will be equal to the initial in situ stress. Since
it is impossible to design for such large pressures, the lining has to be designed to last
for a certain period of time instead. However, if the rock mass is characterised by the
ageing theory, the final expected deformation can be calculated and the lining designed
accordingly.

4.2.3 The effect of installed rock support and permanent lining

The development of deformations is a combination of the behaviour of the rock mass
and that of the rock support. In Figure 4.3 the squeezing behaviour of a rock mass is
illustrated by the ground reaction curve concept. This figure shows that it is the
movement of the supported rock mass which is measured. In order to show the
behaviour of the rock mass only, the effect of the rock support has to be subtracted.
From Fig. 4.3 it is evident that, even if the unsupported rock mass continuously
approaches a state of equilibrium, the measured combined effect from the rock mass
and the support can still show a continuous rate of movement.

The effect of installing the lining can be studied in principle with the ground reaction
curve. At the time of casting the lining the relation between the rock support and the
rock mass is represented by point A (Fig. 4.3). The maximum possible deformation the
lining will be subjected to is then defined by the distance b. However, because of the
stiffness of the lining, the actual deformation will be less and instead pressure will build
up in the lining. The maximum possible pressure is indicated by the distance c. The
actual result will involve a pressure less than ¢ and a deformation less than b. Therefore
these values can be used as a worst case estimate.

4.3  The selected formulation of creep

Within the scope of a master thesis (Johansson and Stille; 1995) the available
convergence measurements were analysed and some back calculations were carried out.
The authors concluded that the shale could be described as an ageing rock mass,
characterised by an angle of friction, a cohesion and a modulus of elasticity. According
to the thesis, the shale could be characterised by a angle of friction $=25°, modulus of
elasticity, E=3 GPa and a time dependent cohesion, C = 440 * ¢-0.008t + 360.

In this connection the authors also assumed that even the graphitic, phyllitic schist
could be described by the ageing theory, meaning that the rock would reach a state of
equilibrium after a sufficient amount of squeezing. This assumption was made in 1994
on the basis of at that time availiable measurements. However, the only way the
assumption could be confirmed with certainty was that the deformation ceased
completely in some sections. In October 1995 stability was reached in several sections
along the critical initial 300 m of the tailrace tunnel.
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Figure 4.3 The measured deformation is the combined effect of the rock mass and

the rock support. The maximum possible deformation and pressure can
be estimated from this concept.

Den uppmétta deformationen beror bade av bergets och

bergforstarkningens egenskaper. Maximal deformation och maximal

belastning pa den permanenta inklddnaden kan uppskattas ur detta
koncept.

5 TEST LININGS
5.1 General

In order to gain a better understanding of how the ongoing movements would affect the
permanent lining of the tunnel, two test linings were cast. The first was cast at chainage
1/384-1/389 in the middle of May 1994. This reach is a transition zone between marble
of good quality and graphitic-phyllitic schists of poor quality. The second lining was

cast in April 1995 at chainage 1/558-1/576 where the rock consists entirely of red,
thinly bedded shale with a high content of clay.

The first lining was cast only three months after excavation of the section and at the
time of casting the face was only 30 m ahead. No measurements of convergence were
carried out before casting of the lining. After casting a convergence of about 100 mm
has been measured 6 m and 14 m m from the sections at ch. 1/370, and at ch. 1/378. At
the location for the second test lining, measurements of convergence had been carried

out for a long time. At the time of casting the rate of convergence was here 0,2
mm/week (Fig. 5.1).
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Figure 5.1 The horizontal convergence 6 and 14 m from the first test lining (upper)
The horizontal convergence at the location of the second test lining by
the time the lining was cast (lower)

Horisontell konvergens 6 och 14 m fran den forsta testinklidnaden (6vre)
Horisontell konvergens vid den andra testliningen da testinkllidnaden
gjots (nedre)

5.2 Measurement program

On each lining two types of deformation measurements were carried out according to
principles lined out by Kovari et al. 1977. The convergence of the tunnel was measured
in three directions, horizontally and vertically on the left and on the right side. Further,
change in curvature and tangential strain was measured along the periphery of the lining
on one metre long sections (Fig 5.2). The instrument used to measure the convergence
was a tape extensometer and the change of curvature and tangential strain were
measured by curvometer and distometer, respectively. The first test lining was provided
with one measurement section and in the second lining three sections were installed.
Readings were normally taken every week or every second week. The accuracy of the
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tape extensometer and the curvometers was about 5/100 mm. The distometer has been
somewhat more accurate.

11 10 9 8
12 7
13 6
14 5
15 4
16 3
17 2

Figure 5.2  The deformation of the lining was measured in 18 sections of 1 m length.
Deformationen mittes i 18 enmeters sektioner.

5.3 Evaluation of the results from the measurements

The convergence measurements indicate that the tunnel at the test lining is now stable.
In total a horizontal convergence of about 3 mm and a vertical deformation of 1.5 mm
has been measured.

An example from measurement with distometer and curvometer is shown in Figure 5.3.
The graphs have been corrected for obvious errors due to misreadings and errors caused
by mechanical damage to the measurement points. Here it can be seen that the rate of
deformation decreases with time.

The deformations obtained from curvometer and distometer can be converted into
stresses within the concrete. In order to do so, two assumptions have to be made.
Firstly, elastic conditions are assumed to apply to the concrete ring, and secondly, the
moment of inertia is assumed to be known and constant for the entire lining.

Changes in curvature and length are known from the measurements. From the theory of
elasticity the moment and normal force can be calculated. Based on this calculation the
radial pressure which is acting on the lining is then computed. The boundary conditions
are defined by the deformation of adjacent sections (Kovari et al. 1977).
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Curvometer measurement on test lining in
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Examples of results from distometer and curvometer readings. (note that
due to differeces in the scale on the y-axis, the readings from the
curvometer appears more scattered than those from the distometer)
Exempel pa resultat fran distometer och kurvometer métning. (notera att
skillnader i skalan pé y-axeln gor att kurvometerméitningarna ter sig mer
osdkra &n disrometermétningarn)
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In this way the radial pressure as well as the tangential stress were calculated for all four
sections. The result is shown in Figure 5.4 and 5.5. From these figures it can be
concluded that the radial pressure was as an average 3 MPa in the first test lining (ch.
1/383) whereas it was 0.6 MPa in the second lining (ch. 1/564-1/571). The tangential
stresses in the concrete were on the average 14 MPa with a peak stress of 28 MPa in the
first test lining and 6 MPa and 12 MPa, respectively, in the second lining. The
tangential stresses are evaluated as mean stresses over the entire cross section, hence the
maximum stress was somewhat larger. It can also bee seen that the right side of the
lining was in general subjected to a higher load than the left side. This is in accordence
with the tape extensometer measurements performed.

It is hardly surprising that the stress level was higher in the first lining than in the
second one. In the near vicinity of the first lining a convergence of 100 mm took place
after casting the lining. Furthermore, the first lining is only 5 m long and it is reasonable
to believe that additional load has been transferred on the lining from the boundaries. It
can be concluded that the lining adds substantially to the stability of the tunnel and that
the probability of overloading of the permanent lining is small.

|—|1

— 1 MPa

Chainage 1386 Chainage 1564

MPa

— 1 MPa m1 MPd

Chainage 1566 Chainage1571

Figure 5.4  Calculated radial pressure for the different measurement sections.
Ber#knade radiella tryck verkande pé testinklddnaderna.
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Figure 5.5 Calculated tangential stress in the lining.
Berdknad tangentialspénning i inklddnaden.

6 Conclusions

The Uri Project is situated in an area with a complex geology. The tailrace tunnel
intersects the Panjal thrust which is associated with large tectonic movements and
extensive weakness zones. The rock consists mainly of nummulitic shales, graphitic-
phyllitic schists and Panjal volcanics. The shales and schists are weak but had
nevertheless an ability to stand considerable deformations.

Because of the relatively high overburden and the low strength of the rock in the
tailrace tunnel, problems occurred with the short term as well as the long term stability.
In spite of the poor rock at chainage 0/038-0/322 the tunnelling was successfully carried
out with conventional drill and blast technique. The use of spiling and multiple drift
was essential in order to gain sufficient stand up time to allow a proper rock support to
be installed. The adopted support system with a combination of wire mesh and steel
fibre as reinforcement in the shotcrete yielded sufficient strength and stiffness to
stabilize the weak rock encountered.

While tunnelling soft ground, a measurement programmme has to be an integrated part
of the production cycle. The continuous monitoring of the movements produced
valuable information about the stability of the tunnel. The adopted system with tape
extensometers fulfilled the requirements on accuracy, simplicity and cost.
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The development of deformations in the graphitic phyllitic rock takes place in three
stages. In the first stage the convergence is associated with the excavation of the
heading. The second stage is associated with the excavation of the bench and yields a
momentary convergence. This second stage of deformation is of the same magnitude as
that of the initial stage. The third phase of deformation is characterised by a time
dependent squeezing.

The squeezing phenomenon observed both in the shale and in the crushed graphitic
schist could be described as an ageing phenomenon where the ultimate deformation can
be calculated from the residual strength. Back calculation showed that the shale could
be characterised by a constant angle of friction and by a cohesion decreasing
exponentially with time.

The test linings yielded valuable information about the capasity of the lining to stand
squeezing loads, and the instrumentation gave a good picture of the distribution of
stresses around the lining. Based on the results from measurements in the test linings
and measurements in the tunnel it can be concluded that the lining will be subjected to a
pressure in the magnitude of 1 MPa which is about 1/3 of its bearing capasity.

REFERENCES

Brantmark, J., Heiner, A., Martna, J. and Stille, H. 1995; ”The excavation of the
machinery hall, Uri Hydroelectric Power Project, India” Swedish Rock

Engineering Research Foundation (SveBeFo), Rock Mechanics Meeting in
Stockholm 1995, pp 247-263, Stockholm

Heiner, A., Martna, J. and Stille, H. 1993; “The Uri Project and its status 1992”
Swedish Rock Engineering Research Foundation, Rock Mechanics Meeting in
Stockholm 1993, pp 185-200, Stockholm

Johansson, H. and Stille, B. 1995 ”Squeezing ground - Erfarenheter fran utloppstunneln
i Uri HPP” Master thesis, Dep. of Soil and Rock Mechanics, Royal Institute of
Technology, Stockholm 1995

Koviari, K., Amstad, Ch. and Fritz, P. 1977; "Integrated measuring technique for rock
pressure determination” Int. Symp. on Field Measurements in Rock Mechanics
in Ziirich 1977. pp 289-313, Ziirich

Ladanyi, B. 1974; "Use of the long term strength concept in the determination of
ground pressure on tunnel linings”

Ladanyi, B. 1984; “Tunnel lining design in creeping rock” Design and performance of
underground excavations. ISRM/BGS, Cambridge,1984

180



SAMMANFATTNING

Utloppstunneln vid Uri-projektet i Kashmir, Indien, har firdigstillts efter drivning
undersvéra bergforhallanden. Tunneln gér bl.a. genom Panjal Thrust som 4r en av de
storre dverskjutningarna i denna del av Himalayas. Bergmassan bestér av krossade och
starkt tektoniserade gimmerskiffrar, innehallande en stor méngd grafit och klorit, samt
meta-vulkanit och lerskiffer (Fig. 2.2) Utloppstunneln har en upp till 400-500 meters
bergtickning vilken i kombination med den svaga lerskiffern och den krossade
glimmerskiffern leder till tidsberoende krypningar i bergmassan.

Den krossade skiffern som upptréder framst i bérjan av tunneln (sektion 0/020-0/320,
Fig. 2.2) var svag med kort statid vilken stillde stora krav pa valda drivnings- och
forstiarknings-metoder. Den forsta delen av denna stricka kunde tas ut genom drivning
med galleri och pall i kombination med frampélning, men efter 90 meter forsimrades
bergkvaliteten ytterligare vilket ledde till instabilitet i tunnelfronten. Drivningen fick da
fortsdttas med ett delat galleri (multiple drift) och méangden forstirkning fick 6kas fran
150 mm fibersprutbetong med 4 m gjutbult, ¢/c 1,5 m till 250 mm av en kombination av
nétarmerad och fiberarmerad sprutbetong och 6 m gjutbult c¢/c 1,2 m. Under drivningen
av hela denna stricka har frampalning anvints for att ¢ka statiden och ddrigenom
mojligéra langre salvor. Frampélningen har utgjorts av armeringsjdrn som borrats in c/c
30 cm runt om profilen, riktade utit ca 10°. Jirnen har i sin yttre 4nda sprutats in bakom
nétarmerad sprutbetong, och de stréckte sig in ca 2 m framfor den planerade salvan. Pa
detta vis hindras eventuell 16st berg i tak och vigg fran att falla ned. Dérigenom kan
tunnelprofilen behéllas, vilket &r viktigt ur stabilitetssynpunkt.

Vid uttag av denna stricka med mycket svagt berg har deformationer varit ett stort
problem. I samband med tunneluttaget skedde en konvergens av ca 25 cm, didrefter
f6ljde en ldngsam krypning. Den kraftiga rérelsen i samband med drivningen gjorde det
Onskvirt att installera huvuddelen av forstdrkningen en bit fran stuffen. P4 det viset
utsattes den for en sa liten tvdngsdeformation som majligt.

I Fig. 2.2 indikeras att problem med tidsberoende deformationer upptradde ldngs knappt
halva tunnelstrdckningen. Kryphastigheter pa delar av millimetrar upp till runt en cm
per vecka har uppmitts lings tunnel. Da tunneln slutligen skulle klis med en
betonginklddnad var det visentligt att undersdka hur inklddnaden kommer att paverkas
av bergrorelserna. For att avgora detta gjots tva provinklddnader som instrumenterades
for deformationsmétning i enlighet med en metod som har beskrivits av Kovari et al.
1977. Den {orsta inklidnaden gjots i en Overgangszon mellan marmor och
glimmerskiffer, medan den andra gjots i lerskiffern. Den forsta inklddnaden gjéts endast
30 meter frdn tunnelfronten. Efter gjutningen har en konvergens pd ca 100 mm
uppmitts som en foljd av tunnelsprangningen och en vidare krypning (Fig. 5.1). Vid
laget for den andra inklddnaden hade deformationerna redan avtagit till mindre 4n 0,5
mm/vecka. Andringar i krékning och lingd mittes i 1 m langa bitar lings tunnelns
periferi (Fig 5.2).

Utvirderingen av provinklddnaden visade att betonginklddnaden har en god
stabiliserande effekt. Ett radiellt tryck pa runt 3 MPa har uppmiitts vid den forsta
inklddnaden medan motsvarande tryck i den andra var 0,6 MPa (Fig. 5.4, 5.5). 3 MPa #r
1 hogsta laget men kan forklaras med de stora deformationer nidra inklddnaden som
orsakats av spridngning vid den nirliggande fronten och av det tidiga stadiet av

krypning.
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FLODESTEST OCH SPRICKVIDDSBESTAMNING AV NATURLIGA
BERGSPRICKOR

Flow experiments and aperture measurements on natural rock fractures

Eva Hakami, Itasca
Erik Larsson, CTH

INLEDNING

Vattenstromning 1 bergsprickor dr ett &mnesomrade som har tagits upp ett flertal génger
pd BM-dagen de senaste aren. Man konstaterade till exempel vid studier av
injekteringens styrmekanismer (BM-dagen 1991 [1]) att bergsprickornas
Oppningsgeometri styr injekteringsresultatet och vilken metod som bor viljas. De
hydrauliska tester som anvénds for att undersoka bergmassans egenskaper, och vars
resultat ligger till grund for design av tidtningsatgérder, kriaver ocksé att man gor
antaganden om stromningens (dvs sprickdppningens) geometri (BM-dagen 1994 [2]).

Forskningen i samband med fradgan om slutforvaring av radioaktivt avfall har ytterligare
fokuserat intresset kring de hydromekaniska egenskaperna hos bergsprickor.
Forskningsresultat frin Stripa-projektet och Aspo-laboratoriet har presenterats hir pa
BM-dagen 1992 och 1995 [3-5]. En viktig del av denna forskning &r &mnat just t att visa
hur, och 1 vilken grad, grundvattentransport av radioaktiva partiklar skulle kunna ske fran
ett framtida f6rvar i berg. Transporttiden for partiklar i grundvatten beror till stor del pa
hastigheten hos vattenflodet. Flodeshastigheten varierar fran punkt till punkt i
bergmassan pa grund av variationen i sprickdppning, dels mellan olika sprickor och dels
over ett enskilt sprickplan.

Vid forra arets bergmekanikdag presenterades de hittills vunna erfarenheterna fran
DECOVALEX-projektet [6]. I detta pAgdende internationella projekt soker man utveckla
berikningsmetoder fOr att studera termo-hydro-mekaniska processer i bergmassan. En av
erfarenheterna som férdes fram var den att storsta svarigheten vid utvirderingen av
berdkningsmodellerna lag i bristande kdnnedom om de bakomliggande fysikaliska
mekanismerna for sprickor.

Dessa ovan nimnda arbeten visar, tillsammans med forskningsresultat frdn manga andra
lander, pa behovet av bittre kunskap om vattenstromning i enskilda sprickor. For att
knyta samman de bergmekaniska och geohydrologiska erfarenheterna har ett
samarbetsprojekt pagatt under 1992 - 95 mellan avdelningen for teknisk geologi, KTH
och geologiska institutionen CTH med SKB som uppdragsgivare och finansiér.
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Projektets 6vergripande mal var att prediktera grundvattenstromning och transport i
bergsprickor. Figur 1 illustrerar och sammanfattar de olika stegen i projektet. Forst
bestimdes ett experimentellt virde pa flodet genom provet med ett flédestest.Sedan
mittes sprickviddsfordelningen och med hjilp av berdkningsmodeller baserade pa
férdelningen kunde en prediktion av flodet goras. Genom att jimféra de experimentella
resultaten med prediktionen kunde berikningsmodellerna utviérderas. De olika
mitmetoderna beskrivs nirmare i det féljande. For ndrmare redovisning om analys och

berékningsdelen refereras till Hakami [7] och Larsson [8].

S =
.. =]
W~ ¥~
— \ ’ - - -P-.\ -
I W £ 4 N -
- \/ e
In-su_u. Prediction
conditions

Fluorescent . )
epoxy .I_-_ -I
Biaxial
loading
cell '
Analysis N
Measurements Em— e

@ Cut

Digital
video
camera
Concrete /
casting ul ,“ Micro-
scope UV-light
=/ 8

)

L]
11|

— Image analysis

x-y-table

Figur 1 De olika momenten i projektet.
The different steps taken in the project.
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FLODESEXPERIMENT

En borrkirna med diameter 190 mm och en lingd pa ca 415 mm borrades ut vid Aspo-
laboratoriet. Orienteringen valdes pa sadant sitt att kidrnans lingdaxel var parallell med
skirningslinjen mellan tva sprickplan. Det var dock endast ett av de tva sprickplanen
som var hydrauliskt aktiv. Kidrnan placerades i en biaxialcell med vilken ett omgivande
tryck pa kérnan kunde varieras. Till cellens nedre dnda anslots en tdtslutande gavel dér
vatten kunde ledas in, figur 2. Genom detta fick vi ett vattenflode genom sprickan

Figur 2 Den principiella uppstillningen vid flédesforsdken med borrkdrnan 1
biaxialcellen.
The arrangements of the flow experiments with the core in the biaxial cell.

nerifrdn och upp. P4 detta sitt reducerades risken for att luft skulle fastna i sprickan.Vid
kidrnans 6vre dnda placerades ett utloppsror sé att en konstant vattenniva kunde
bibehallas och vattenflodet genom sprickan mitas upp. Flodesmétningarna genomfordes
med olika hydrauliska gradienter och normaltryck 6ver sprickplanet.

I figur 3 ser vi det uppmiitta flodet som funktion av skillnaden i vattentryck.

Normaltrycket har 6kats stegvis for varje lastcykel. Punkterna som ér benédmnda 0.45y; dr
miitta i nista lastcykel med ett tryck pd 0.45 MPa. Tiden mellan de tva lastcyklerna var
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Figur 3 Flodet plottat mot vattengradienten for olika normaltryck.
The water flow plotted against the water gradient for various compression
pressures.

cirka tva och ett halvt dygn. Vi kan alltsa konstatera att vi har skillnad i flédet dven efter
flera lastcykler. Flodet dr direkt proportionellt mot gradienten vilket innebir att vi har
laminért flode i sprickan.

I tabell 1 dr transmissiviteten, 7, och den hydrauliska sprickvidden, e, beridknade
utgdende fran flodet. Den hydrauliska sprickvidden definieras som sprickvidden hos en
spricka med konstant sprickdppning som skulle gett samma flode som den narturliga
sprickan gav. Den hydrauliska sprickvidden minskade med 40 um nir trycket 6ver
sprickan b’kaﬁde frﬁ? 0.3 till 1.2 MPa. Detta motsvarar en kompressibilitet

K=2-10 [Pa_ :| . Den mekaniska deformationen av sprickan registrerad av
lagesgivare Over sprickan vid kédrnans bada kortsidor var for det aktuella tryckintervallet
31 um respektive 27 pum.
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Tabell 1 Beridknad Transmisivitet och hydraulisk sprickvidd for olika tryck over
sprickan.
Calculated transmissivity and hydraulic aperture at different pressure over the
fracture.

P[MPa]  T[m'/s]  elum]

0.30 1.81-105 285
0.45 1.67-105 277
0.60 1.56- 10 271
0.75 1.51- 105 268
0.90 1.40- 107 261
1.05 1.27-105 253
1.20 1.15- 105 245
0.45; 1.19- 105 248
SPRICKVIDDSBESTAMNING

Efter avslutade flodesforsok injekterades sprickan med flourescerande epoxy som fick
hirda medan kiirnan fortfarande satt kvar i lastcellen. Epoxyskiktets tjocklek motsvarar
diarmed sprickvidden vid det aktuella trycket. Skiktets tjocklek kunde mitas genom att
kérnan forst sdgades upp i fyra segment. Dessa delar gots in i betong och kapades
allteftersom Lings métprofilerna (se figur 4). Profilerna studerades i ett stereomikroskop
som var direkt anslutet till ett bildbehandlingssystem. Med hjélp av lampliga filter 1
mikroskopet var det mojligt att f& en bra kontrast mellan berget och epoxyn.
Bildbehandlingssystemet programmerades att mita sprickvidden vid punkter pa ett
specificerat avstand lings profilen. Sextiofem profiler mittes med 200 um mellan
mitpunkterna, fyra profiler med 100 um och en med 50 pm. Totalt registerades cirka
30000 métvérden.

Parametern sprickvidd, b, dr hir definierad enligt figur 5. Sprickplanet antas ligga
parallellt med ett referensplan. Sprickvidden &r det punktvisa avstdndet mellan
sprickytorna vinkelritt mot referensplanet.

I tabell 2 redovisas statistiska parametrar for sprickvidden i de atta olika delomradena pa
sprickytan (se figur 4). Medelvirdet for sprickvidden pa hela sprickytan var cirka

360 pm. Det kan jimforas med den hydrauliska sprickvidden pa 248 um.
Medelsprickvidden ir alltsd 1.4 ganger sa stor som den hydrauliska sprickvidden. Den
hydrauliska sprickvidden ér oftast mindre én medelsprickvidden dérfor att man inte far
ett ritlinjigt flode i en narturlig spricka och att tranga sektioner kontrollerar totalflodet.
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Figur 4 Mitprofilernas ldgen pa sprickan med delomriden A-H.
Location of measurement profiles on the fracture surface with subareas A-H.

fracture
surfaces

reference plane

Figur 5 Definition av sprickvidd.
Definition of fracture aperture.
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Tabell 2 Statistik dver sprickvidder fordelat pa atta delomraden
Statistics of apertures in eight subareas of the fracture

Delyta a b c d e f g h
Antal 5836 5825 3525 3840 3220 3468 2423 1679
datapunkter

medelvirde 365 307 380 349 384 358 379 360
standardavikelse 133 133 151 145 157 150 207 231
median 366 317 373 338 358 331 336 321
b <50 pm [%] 5.5 7.0 3.0 3.5 0.5 0.7 0.7 3.0

Datan fran sprickviddsmitningen kan dven analyseras med avseende pa den spatiella
korrelationen. Med hjilp av berdknade variogram kan det s kallade
korrelationsavstandet bestimmas. Denna parameter talar om inom vilken radie runt en
punkt pa sprickplanet som sprickvidden ér statistisk korrelerad med sprickvidden i
punkten. Korrelationsavstandet kan anviéndas for att ytterligare karaktirisera
sprickdppningsgeometrin (se Hakami 1995 [7]), och var i detta fall 5 - 20 mm for
samtliga delomriden.

SLUTSATSER

Den metod och utrustning som utvecklats for stromningsforsok och
sprickviddsbestdmning pa narturliga bergsprickor har visat sig fungera tillfredsstillande.
Det nya med metoden ir att den kan ge savil hydrauliska som mekaniska
sprickparametrar och dessutom detaljerad information om sprickdppningens geometri
for ett och samma sprickprov.

Metoden har tilldampats pd en spricka i granit. Medelsprickvidden for denna spricka var
360 um med en standardavvikelse pa 150 pm vid 0.45 MPa normalspénning. Mindre &n
5% av sprickytan hade en sprickvidd mindre &n 50 wm. Korrelationsavstindet for den
spatiella fordelningen av sprickvidden var ca 1 cm. Medelsprickvidden var 1.4 gnger
storre 4n den hydrauliska sprickvidden berdknad fran resultaten fran flodestestet, vilket
stimmer Gverens med resultat som erhdllits i andra studier av bergsprickor.

SUMMARY

The aim of the experimental work presented in the paper has been to carry out flow
experiments and aperture measurements on the same specimen of a single natural
fracture, in order to compare measured flow with predicted flow based on geometrical
description of the fracture void space.
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A core was drilled parallel to a natural fracture in crystalline rock. The diameter of the
core was 190 mm and it was about 415 mm long. The sample was placed in a biaxial cell
and a constant water head was supplied to the lower end of the cell. The flow through the
fracture was measured from the overflow at the top for different confining pressures and
water heads. The hydraulic aperture, e, decreased from 285 mm to 245 mm when the
confining pressure was increased from 0.3 MPa to 1.2 MPa. In terms of compressibility
this corresponds toa k = 2- 10 [Pa_

A technique to measure the aperture was developed utilizing injection of fluorescent
epoxy in the fracture specimen. An image analysis system was used to take
measurements along sections across the fracture surface. The method was successfully
applied to a fracture in granite having a mean aperture of 360 pm at 0.45 MPa normal
stress. The spatial correlation of the aperture was about one centimeter. The mean of the
measured aperture was 1.4 times larger than the hydraulic aperture. This is a ratio of the
same order as in other studies.
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BERGINJEKTERING VID SVARA FORHALLANDEN MED
TVAKOMPONENTSPOLYURETAN.

Rock grouting in difficult conditions with two component polyurethane.

Peter Jonsson, Stabilator AB
Martin Brantberger, Stabilator AB

BAKGRUND

Vid underjordsbyggande kan déliga bergforhallanden, te x stora vattenfloden och hoga
vattentryck ge problem under drift samt i den permanenta konstruktionen. En av
atgarderna for att minska problemen dr normalt en systematisk forinjektering. Denna
injektering kan vid svéra forhallanden bli tidsédande med manga ominjekteringar och /
eller efterinjekteringar som foljd.

En del av Stabilators utvecklingsarbete har inriktat sig pa att ta fram metoder for att pa
ett effektivt sdtt kunna tita bergpartier med svéra férhallanden och ddrmed minska
behovet av ominjekteringar och efterinjekteringar. Ett system, som for nirvarande
studeras, &r baserat pa ett tvikomponentspolyuretan, Bevedan / Bevedol. Produkten
tillverkas av det tyska foretaget Carbo Tech. Foretaget Carbo Tech har sitt ursprung i
den tyska kolindustrin och dess produkter har utvecklats genom att svira stabilitets - och
tatningsproblem ofta upptrader i tyska kolgruvor. Polyuretanet har provats av Stabilator
pa ett tunnelbygge pa Island och Hallandsdsen i Sverige.

SYFTE

Syftet med rapporten 4r att beskriva polyuretansystemets funktion samt dterge
erfarenheter fran nigra utforda injekteringar.
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INJEKTERINGSSYSTEMET
Funktion

Bevedan / Bevedol r ett tvdkomponentspolyuretan som under en lingre tid har anvants
framfor allt i gruvor men dven i tunnelarbeten i bl a Tyskland och Schweiz. Vid
tunnelarbeten anvinds produkten inom f6ljande omraden.

- For - och efterinjektering
- Stabilisering av berg
- Injektering av bultar

Injekteringsmedel

Injekteringsmedlet bestdr av tvd komponenter, Bevedan och Bevedol. Bevedan ar
grundkomponenten och Bevedol 4r en komponent, som finns i olika typer. Beroende pa
valet av Bevedol erhdlles ett polyuretan med olika egenskaper t ex viskositet, hirdnings-
tid, volymokning, héllfasthet mm.

Nir de tva komponenterna blandas reagerar de med eller utan vatten. Vid reaktionen
med vatten sker en uppskumning och volymen okar, varvid en fast, skumliknande
struktur bildas. Den vattenoberoende reaktionen ger en hédrd och tit slutprodukt. For
titning av berg med stora vattenfloden och hoga vattentryck dr Bevedol WFA eller
Bevedol WF limpliga. Reaktionen startar efter ca 0,75 respektive 1,5 minuter och efter
ca 5 respektive 15 minuter dr produkten genomhardad. Vid reaktionen mellan de tvéd
komponenterna frigors koldioxid, vilket ger ett gastryck, som kan forbittra intrangnings-
formagan.

Urlakningstester i avjoniserat vatten, utforda av CBI, visar att midngden urlakade 4mnen
understiger svenska grinsvirden for dricksvatten. Polyuretanet 4r ocksa resistent mot
sulfater, syror och baser enligt tyska undersokningar .

Utrustning

Injekteringsutrustningen bestar av en luftdriven tvdkomponentspump. De tva
pumpenheterna drivs av en gemensam cylinder, vilket sikerstéller en exakt volyms-
proportionering ( 1:1 ) oavsett slagfrekvens. Komponenterna sugs separat upp fran
dunkar eller fat och pumpas atskilda till ett ror, i vilket de blandas med en statisk mixer,
som 4r monterad i roret. Roret i sin tur r kopplat till en engdngsmanschett, vilken bldses
upp med injekteringstrycket. Nar injekteringen i ett hal ar klart, kopplas roret bort fran
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manschetten och anvinds till nista hal. For att fa in injekteringsmedlet si néra liget for
vattenldckage som mojligt kan manschetten forlingas med plastror.

ERFARENHETER FRAN UTFORDA TUNNELPROJEKT

Botnsdalur - och Breidadalurtunnlarna, Island

Bakgrund

Botnsdalur - och Breidadalurtunnlarna ingdr i ett vigtunnelprojekt pd Nordvistra Island.
Tunnlarna, vars totala lingd ar 8,7 km, &r belidgna i basaltisk lava. Basalten var normalt
av god kvalitet men ofta kraftigt uppsprucken med kraftiga vattenfloden frin lokala
akvifirer eller ytan,

Utforande

Botnsdalur

I Botnsdalurtunneln var bergmassan av god kvalitet, emellertid var den ofta kraftigt
uppsprucken med stora vattenfloden. I en del av tunneln var vatteninflodena s kraftiga,
att fortsatt tunneldrivning inte kunde ske. Vattenflodena var upp till 150 - 180 liter /
sekund vid ett tryck pé 10 - 12 bar. Den stora uppgiften blev att skapa kontrollerade
forhdllanden avseende vatteninflodena och att tita omradet for att mojliggéra fortsatt
tunneldrivning med systematisk forinjektering med cement. Forsok att tita berget med
enbart cement misslyckades p4 grund av att injekteringsbruket spolades ut av det kraftiga
vattenflodet.

Tétningsarbetena utfordes som en omfattande forinjektering uppdelad i nio steg med
béde polyuretan och cement. Vid polyuretaninjekteringarna anvindes Bevedol WFA,
vilket ger en mycket snabbreagerande produkt, vilket var limpligt vid de mycket kraftiga
vattenflodena. Den preliminéira planen att utfora systematisk borrning och injektering
overgavs. Istillet utfordes selektiv borrning med ett forutbestamt lingsta haldjup eller
tills dess att vatten patriffades. Detta gjordes for att minimera antalet borrhal och pa s&
sitt f3 bttre kontroll 6ver injekteringen. Vid polyuretaninjekteringen var borrhélen
mellan 8 - 10 meter ldnga och trycket som applicerades ca 200 bar. Vid cement-
injekteringarna forlangdes vissa av de redan injekterade halen genom omborrning i
tremetersintervaller upp till 24 meter.
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Efter att ha avslutat injekteringsinsatsen och borrade sonderingshél visade pa smé
vattenméngder, drevs tunneln vidare tvd salvor med mellanliggande sonderingsborrning.
Tunneln var under dessa salvor i det nirmaste torr. En ny sondering gav emellertid stora
vatteninfléden i den vinstra viggen trots att man befann sig i redan injekterat omréde.
Detta indikerade att stora vattenfloden dven kunde forekomma lokalt, vilket satte stora
krav pd borrhlsorienteringen. En ny injekteringsomging med cement utfordes pa
liknande sétt som i den forsta omgéngen. Efter denna omgéng kunde tunneln drivas
vidare enligt den ursprungliga metoden.

Breidadalur

I Breidadalurtunneln pétriffades en forkastningszon med dalig bergkvalitet. Vatten-
flodena var inte s stora som i Botnsdalur, men i kombination med den diliga berg-
kvaliteten var risken for kollaps stor.

Innan injekteringsarbetena startade hade omradet runt tunnelfronten forstiarkts med
fiberarmerad sprutbetong och bultar. Injekteringen utfordes sedan pa samma satt som i
Botnsdalurtunneln med omvixlande polyuretan och cement. Trycket vid polyuretan-
injekteringen minskades till ca 150 bar pd grund av den dliga bergkvaliteten. Efter nio
dagars injektering var omrédet stabiliserat, s att fortsatt tunneldrivning kunde ske.

Hallandsdsen, Sverige
Bakgrund

Tunneln genom Hallands8sen blir vid fardigstéllandet en ca 8 km lang jirnvigspassage
med tvé enkelsparstunnlar. Bergmassan bestar till stor del av gnejs med inslag av
amfibolit och diabasgéngar. Amfiboliten, som ar av mer eller mindre skiffrig karaktar,
upptréder vanligtvis som géngar, linser eller oregelbundna sliror i gnejsmassan. Ofta ar
sprickorna i bergmassan fyllda p& grund av ler - och kloritomvandling.

De ordinarie ttningsarbetena har varit omfattande p grund av svira bergforhallanden.
Meénga génger har vatteninflddena varit stora, men vid forinjekteringarna var det svért att
fa en tillrécklig utbredning p4 injekteringsmedlen och dérmed uppné en god
tatningseffekt. I praktiken har detta inneburit manga ominjekteringar innan en ny salva
kunde skjutas. Manga olika typer av injekteringsmede! har provats utan nagon storre
effekt.
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Stabilator har dirfor av Banverket fitt mojlighet att prova en annan injekteringsmetod
med ambitionen att minska ominjekteringsbehovet. Det injekteringsmedel som provades
var Bevedan / Bevedol. Provinjekteringarna utfordes i tre sektioner, en pa sodra sidan
och tva pa norra sidan.

Utforande

Vid injekteringarna i Hallandsdsen anvindes Bevedol WF. Bevedol WF ger ett snabb-
reagerande polyuretan, som 4r limpligt vid tétning i jord och berg med stora vatten-
floden. Polyuretanet blir dock inte lika snabbt som vid anvindning av Bevedol WFA.
Alla injekteringarna utfordes enligt samma metod, dock med varierande sluttryck.
Antalet hél, hallingden och hilplaceringen var den samma som vid de ordinarie
injekteringarna. I alla hal placerades manschetten 1 - 1,5 m innanfor halmynningen.

P4 grund av blandningens snabba reaktionstid krivdes en stor pumpkapacitet med héga
injekteringstryck. Pumptrycket som applicerades varierade vid de olika injekteringarna
mellan 90 och 150 bar. Detta tryck minskar emellertid med ca 50 bar pa grund av
motstdnd i pumpsystemet, vilket ger ett effektivt tryck i halet pa ca 40 - 100 bar.

Sédra sidan, éstra tunneln 198 / 380

Injekteringarna i de tva foregdende sektionerna hade utforts i tv omgangar med
cementbaserat injekteringsmedel. Vattenflodena i dessa sektioner var mellan
40 och 90 liter / minut, stuff och koncentrerade till botten av stuffen.

Polyuretaninjekteringen i den nya sektionen utfordes i 18 hal, 14 m linga och med
borrhalsdiameter 64 mm. Vattenléckaget ur injekteringshalen var koncentrerade till det
nedre vinstra hornet och vinster vigg. Totalt vattenflode fran stuffen var ca 150 liter /
minut, av vilket 130 liter / minut kom ur tv4 stycken hal. Injekteringarna utfordes med
ca 90 bars sluttryck pa pumpen.

Totalt pumpades 1150 liter in i berget, av vilka 720 liter i zonen med vattenfléden ur
injekteringshalen. En viss spridning av injekteringsmedel till stuffen uppticktes under
injekteringen.

Vid injekteringen noterades problem med att f& packern att sitta kvar i hlet, vilket
framfor allt berodde pa daligt berg i manschettlaget.

Kontrollhél borrade ett i botten och ett i respektive viigg gav endast ett vattenflode pa
totalt ca 2 liter / minut. Stuffen beh6vde inte ominjekteras och en ny salva togs ut direkt.
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Norra sidan, vistra tunneln 191 / 086

Polyuretaninjekteringen utfordes i en sektion en salva efter den foregiende injekterings-
omgangen. Den forra injekteringen bestod av fem stycken injekteringsskirmar utforda
med cement. Vattenflodet var frin borjan totalt 472 liter / minut och ganska jamnt
fordelat 6ver stuffen. Vid den forsta ominjekteringen minskade flodet till 124 liter / minut
men dérefter gjordes tva injekteringsskdrmar utan nigot mitbart titningsresultat. Vid
den femte injekteringen siinktes vattenflodet till 20 liter / minut och en ny salva fick
skjutas.

Polyuretaninjekteringen i den nya sektionen utfordes i 18 hal, 15 m linga och med
borrhélsdiameter 51 mm. Vattenlickagen ur injekteringshilen var mellan 5 och

30 liter / minut, vilka var ganska jimnt fordelade over stuffen. Totalt vattenflode var

ca 220 liter / minut. Det lickte ocksd ganska mycket vatten ur sprickor 6ver hela stuffen.
I denna sektion noterades en tydlig uppsprickning i decimetertjocka skivor, som éver-
tvdrade tunneln. Sluttrycket sattes till ca 100 bar och totalt pumpades 1330 liter in i
berget.

Vattenldckaget ur kontrollhalen var ca 20 liter / min, hl. En ny skéirm borrades upp,
vilket gav ett sammanlagt vattenfléde ur injekteringshélen pa ca 110 liter / minut.
Vatteninflodet hade dirmed minskat till hilften. De nya injekteringshalen injekterades
med cement av huvudentreprenoren.

Norra sidan, véstra tunneln 191 / 121

Vid denna polyuretaninjektering bestlldes en injektering inklusive eventuell erfordrad
ominjektering. Injekteringen utfordes i en oinjekterad zon i 18 plus 18 hil, 15 m linga
och med borrhélsdiameter 51 mm. I den andra omgéngen injekterades ocksa 4 stuffhal.

Vattenflodet ur injekteringshalen i den forsta omgangen var 879 liter / minut av vilket
ca 600 liter / minut kom ur takhalen ( ca 150 liter / minut, hdl ). Aven stufflickage i den
nedre vinstra delen noterades. Sprickstrukturen hade samma utseende som i sektion
191/ 086. Stopptrycket dkades vid dessa injekteringar till ca 150 bar for att om mojligt
fa en bittre intringning.

Totalt pumpades 1320 liter in i berget i den forsta omgéngen och 1585 liter i den andra
omgangen. Materialdtgangen var ganska jamnt fordelad éver stuffen dock med nigot
storre méngder i tak - och stuffhil.

Resultatet av kontrollhélen efter forsta omgngen medforde att en ny skdrm var tvungen

att borras upp. De kraftiga vattenlickagen frin takhilen hade d& endast minskat
marginellt. Efter ytterligare en injekteringsomgang med polyuretan borrades kontrollhal

198



pé nytt. Aven denna ging erholls ett resultat som krivde att en ny skdrm borrades.
Tatningseffekten var nu nagot storre i den vinstra delen av taket, dar flodet hade minskat
till ca 50 - 100 liter / min, hal. I den hogra sidan av taket noterades ingen métbar
tatningseffekt. Den nedre vinstra delen av stuffen torkade emellertid upp mirkbart. De
nya injekteringshdlen injekterades med cement av huvudentreprenéren.

Kommentarer

En god titningseffekt uppnaddes i det vattenforande partiet i sektionen pa den s6dra
sidan. Att en sémre tatningseffekt uppnaddes pa den norra sidan, kan bero pé en eller
flera av foljande faktorer.

- Spricksystemet: Sprickfyllnadsgraden var ndgot stérre pa den norra sidan, vilket kan
innebira att det var svart att fa forbindelse mellan olika delar av spricksystemet. Detta
indikerades &ven vid cementinjekteringarna i de polyuretaninjekterade omridena. P& den
norra sidan kréavdes fler ominjekteringar &n p& den s6dra sidan.

- Reaktionstiden: En snabb reaktionstid ger en begrinsad intrangning, speciellt vid
anvindning av langa hél pa grund av en lingre hilfyllnadstid.

- Halavstinden: En snabb reaktionstid i kombination med 18nga hal och ldnga hilavstand
ger en begrinsad tatningseffekt.

SLUTSATSER

Vid injektering i svdra bergforhallanden, t ex stora vattenfloden och hoga vattentryck, ir
tvakomponentspolyuretaner av typen Bevedan / Bevedol ett alternativ eller komplement
till andra typer av injekteringsmedel. Vid polyuretaninjektering bor emellertid foljande
parametrar beaktas.

Halldngden: Lénga hal tar relativt ling tid att fylla. Vid injektering med snabbreagerande
polyuretaner, Bevedan / Bevedol WF och Bevedan / Bevedol WFA, kan polyuretanet ha
hunnit for langt i hardningsprocessen innan den egentliga intringningen i bergmassan,
vilket begrinsar spridningen i spricksystemet. Kortare borrhal 4r ur denna aspekt att
foredra. Vid mycket stora vattenflsden bor korta hil kombineras med anvindande av
Bevedol WFA. Om forutséttningarna i évrigt tilliter, kan man med ritt kombination
Bevedan / Bevedol injektera dven lingre hal vid en forinjektering. Linga hal ar normalt
att foredra for att erhlla en effektiv drivningscykel.

Haldiametern: Borrhélsdiameter 51 mm ér att foredra eftersom detta ger kortare
hélfylinadstider, mindre materialdtgéng och en bittre anliggning mellan packer och berg.
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Hélavsténdet: Vid problem med intringningen kan ett kortare hlavstind vara lampligt
for att mojliggéra en god tatningseffekt.

Halorienteringen: Halorienteringen bor anpassas for att fa kontakt med de vattenforande
zonerna.

Bevedoltyp: Ritt kombination av Bevedan och Bevedoltyp méste tillimpas for att erhilla
de ritta egenskaperna hos polyuretanet vid olika applikationer.

For att effektivt kunna utnyttja produktens positiva egenskaper kravs att man far
mojlighet att genom forprov gora nodvindiga justeringar for optimering av reaktionstid,
hallingd, halplacering, pumptryck mm.

REFERENSER

Carbo Tech, Berg - und Tunnelbausysteme, GmbH, Produktinformation

Zimmerling, Dieter, Stabilator, 1993, Arbetsrapport, Botnsdalur / Breidadalur

ABSTRACT

In tunnel constructions difficult rock conditions, such as heavy inflow of water and high
water pressures, can cause severe problems during excavation and in the permanent
construction. In order to solve these problems, normally a systematic pregrouting
campaign is executed. In difficult conditions these groutings can be time-consuming with
many regroutings as a result.

One method, which at present is studied by Stabilator in order to decrease the number of
regroutings, is the two component polyurethane system Bevedan / Bevedol,
manufactured by the German company Carbo Tech. The system has been applied by
Stabilator at tunnel projects in Iceland and in Hallandsésen, Sweden.

The polyurethane is mostly used for rock stabilization, bolting, sealing against gas and
water and rehabilitating of tunnel structures. The system consists of the two components
Bevedan, which is the basematerial and different types of Bevedol, depending on the
required setting time and foaming factor. The components react with each other after
blending in the static mixer of a feedpipe just before passing the packer. The reaction
starts with or without water. When reacting with water the material foams and CO, is
liberated. The reaction without water results in a dense and hard product. For sealing
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works in tunnels with heavy inflow of water and high water pressures the Bevedan /
Bevedol WFA or the Bevedan / Bevedol WF system is preferable. These polyuretahanes
have a reaction time of approximately 0,75 and 1,5 minutes respectively. The equipment
needed for the system is a pneumatically driven two component pump, which delivers the
the two components at the volumetric ratio of 1:1.

Experiences from tunnel projects show that a good result can be achived in difficult rock
conditions. To reach this effect it is however important to carefully choose the right
combination of Bevedan and Bevedol, and if necessary combine it with other types of
grout materials. Depending on the choise of grout material it is also important to adjust
the length and the orientation of the boreholes. '
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DRANERS FUNKTION VID OLIKA DRIFTSFORHALLANDEN - RESULTAT
FRAN TEST AV DRANER I TUNNEL VID HORNSBERG, STOCKHOLM

The behaviour of drains under different working conditions. Results from a field test in
a tunnel at Hornsberg, Stockholm

Anders Fredriksson, ADG Grundteknik
Ulrika Hamberg, Vigverket Region Stockholm
Jan Johansson, Naturgasteknik AB

INLEDNING

Dennisdverenskommelsen omfattar inom Vigverkets ansvarsomrade vigsystemen
Ringen och Yttre Tvérleden. Ringen innebir att ca 12 km vig skall forldggas i tunnel
runt Stockholms innerstadsomrade. Den totala tunnellingden blir drygt 40 km med hén-
syn till att Ringen har dubbla tunnelrér med enkelriktad trafik och ett stort antal under-
jordiska trafikplatser med pa- och avfartsramper. Aven Yttre Tvirleden innehaller om-
fattande végstréackor i tunnlar runt ndgra av de véstra och norra férorterna.

Konsekvenserna vid felbeslut gillande till exempel 16sningar av konstruktionsdetaljer
kan bli mycket kostsamma bade i bygg- och i driftskedet till foljd av de langa tunnel-
strickorna. For att s& langt som mdjligt undvika felbeslut har Vigverket region
Stockholm, projekt Ringen och Yttre Tvérleden intentionen att utreda och i viss man
testa konstruktionslosningar i de fall tveksamhet foreligger for deras funktion.

Trots omsorgsfull titning vid tunneldrivning i berg letar sig sma méngder vatten alltid in
i tunneln. Detta vatten kan under vintern frysa till is och orsaka skador. Fér att undvika
detta appliceras i de flesta fall isolerade dréner pa bergtak och viggar for att samla upp
vattnet och frostfritt leda bort det.

Att dréner inte fungerar 4r ett ként och inte ovanligt problem i bergtunnlar. Drinerna
ldcker, sétter igen, vibrerar loss etc. Eftersom det &r ett uttalat krav att Ringens tunnlar
ska ha en hog tillgidnglighet for trafikanterna kan man ej acceptera dterkommande lapp-
ning och lagning av drénerna.

Det finns néra nog inget skrivet eller undersokt om driners funktion eller drifterfaren-
heter. Tillfrdgade anldggningsigare konstaterar dock att driner i kalla tunnlar néstan all-
tid innebar problem.

For att i mojligaste man undvika problem med dréner i Ringens tunnlar installeras inner-
tak 6ver koérbanorna och drénséttningen begrinsas till tunnlarnas viggar. Osikerheten
om ritt utformning av viggdréner har utretts i ett omfattande forsok under sommar och
host 1995 samt vintern 1996.
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FORSOKENS SYFTE

Det 6vergripande syftet fér drdnageforsSken har varit att jamfora fem olika dréntyper (
typ A - E) med avseende pé:

* byggbarhet och ekonomi

* drineringsfunktion

e driftsdkerhet (m.h.t. stérningar i form av frost, igenséttning, dynamisk last)
* underhall (mdjligheter och behov)

Forsoken har utf6rts under sé realistiska former som mdjligt. Drénerna installerades un-
der juni 1995 av BESAB AB. Forsoket kommer att avslutas under vintern 1996 och
resultatet kommer att utgora en viktig del i beslutsunderlaget vid val av drdnagesystem
f6r RYT-tunnlarna. I denna artikel redovisas nagra delresultat av den hitintills utférda
provningen.

STUDERADE DRANTYPER

De fem testade dréntyperna dr egentligen ganska lika. De innehéller samma priméra
funktioner:

* Skapande av spalt
* Vattenavskidrmning
* Frostskydd

¢ Lastupptagning

Spalten skapas med hjélp av ror (typ A,B,E), nabbar (typ C) eller urfrésta spér (typ D).
Vattenavskdrmningen skapas med hjilp av expanderad polyetylenisolering i samtliga
fall utom typ C, dér funktionen #r dubblerad med en platonmatta. Frostskyddet baseras
pa polyetylenens isolerande formaga. Typ B kompletteras med véirmekabel. Lastupp-
tagningen sker for driantyp A-D med hjilp av nitarmerad sprutbetong infdst i kraftiga
bergbultar. For typ E anvénds fiberarmerad sprutbetong och vidhiftning mot berget.

Det dr redan hér virt att notera att det med den aktuella konstruktionen finns skillnader
mellan drintyperna avseende till vilken maximal bredd drédnen kan byggas. Dréntyperna
A, C och D kan med utnyttjande av det komponentsystem som anvénts gbras odndligt
bred. Dréntyp B dr med sin tunna isolering inte lamplig for storre spéannvidder mellan
inféstningpunkterna (syftet med denna dréntyp 4r att ta hand om enstaka punktlickage).
Dréntyp E maste vid storre bredder kompletteras med lastbdrande férankringar i berget
da lastupptagningen genom vidhiftning utmed rinderna blir otillrécklig. Dréntyp E
ndrmar sig alltsa vid storre bredder utformningsmassigt typ D fast med fiberarmerad
sprutbetong i stéllet for ndtarmerad.
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Typ A, Insprutad isolerad driin med driinagerir

Utformningen av dréntyp A “Insprutad isolerad drin med drénagerdr” illustreras i Figur
1. Drénen kan utforas med varierande bredd, i forssksanldggningen monteras drénen i
det smalaste utférandet 1500 mm.

Drinen bestér av ett eller flera distansbildande dridnagerér, 858/50 mm, som monteras
vertikalt mot berget dver det lickande avsnittet. Som kombinerad vattentétning och
isolering anvinds en 50 mm tjock matta av expanderad polyetylen. Isoleringsmattan har
slutna celler och lag densitet vilket innebér 1ag vattenabsorption och god isolerings-
forméga. Drinen klds med ett 60 mm tjockt skikt av sprutbetong, centriskt armerad med
ett armeringsnit (a6 #150). Armeringsnétet forses med distanser for att hélla ritt avstand
till mattan.

A—— Armeringsstege

Infistningsbult ¢ 12 mm

—— Isolering 50 mm

Armeringsnét ¢ 6 mm

Drénrér ¢ 58 mm

Bricka for fixering
av isolering

Sprutbetong 60 mm

Figur 1 [lustration av drintyp A. Horisontalsnitt.
Lllustration of drain type A. Horizontal section.

Infdstningen av hela drénen till berget sker med 912/400 kamstélsbult c/c minimum
1200 mm som f6rankras med polyesterpatroner i borrhélet. Bultarna dr géngade i ytter-
snden och forses med speciella frontbrickor som fixerar isoleringen mot berget. Aven
sprutbetongens armering fixeras till bultarna med hjélp av ett speciellt fistbeslag. Vid
drinens vertikala rdnder sammanbinds bultraden med en armeringsstege 210 mm som
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har till uppgift att pressa isoleringsmattan mot berget. Alla infdstningsdetaljer &r
standardkomponenter.

Drénen har gjorts dtkomlig for inspektion och rensning genom att drénrdren forsetts
med rensningsanordningar i ver- och underkant. I provanldggningen har drinen fSrsetts
med négra extra inspektionsanordningar, bland annat fSr inspektion av utrymmet vid
sidan om och mellan dréinroren.

Typ B, Insprutad isolerad drin med driinageror och viirmekabel

Utformningen av drintyp B “Insprutad isolerad drin med drénagerér och virmekabel”
illustreras i Figur 2). Drinen #r frimst tinkt for punktldckage med begrénsad bredd, i
forsoksanldggningen utfors drinen med bredden 600 mm.

Drinalternativet bestér av ett distansbildande drinagerér @58/50 mm som monteras ver-
tikalt mot berget dver det lickande avsnittet. I drédnagerdret placeras en sjdlvbegransande
vidrmekabel. Som kombinerad vattentitning och isolering anvénds en 12 mm matta av
expanderad polyetylen forsett med reveteringsnit. Drianen klds med ett 60 mm tjockt
skikt av sprutbetong, centriskt armerad med ett armeringsnit (@6 #150). Armeringsnétet
forses med distanser for att hélla réitt avstand till mattan.

Armeringsstege

Sprutbetong 60mm
Armering ¢ 6 mm
Isolering 12 mm

Drénrér ¢ 58 mm med
virmekabel

Bricka for fixering
av armering

Infdstningsbult ¢ 12 mm

Figur 2 [lustration av dréntyp B. Horisontalsnitt.
Hllustration of drain type B. Horizontal section.

Infistningen av hela drinen till berget sker pd samma sétt som drén A.

Drénen har gjorts atkomlig for inspektion och rensning genom att drénréren forsetts
med rensningsanordningar i dver- och underkant. I provanldggningen har drénen forsetts
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med nagra extra inspektionsanordningar, bland annat for inspektion av utrymmet vid
sidan om och mellan drénréren.

Typ C, Insprutad isolerad drin med platonmatta

Utformningen av dréntyp C “Insprutad isolerad drdn med platonmatta” illustreras i Figur
3. Drénen kan utféras med varierande bredd, i forsoksanliggningen monteras drénen i
det smalaste utfSrandet 1500 mm. Drinalternativet bestér av en distansbildande plast-
matta typ Platon Tunnel-matta. Mattan monteras med “nabbara” viinda mot berget
over det lickande avsnittet. Utanfor plastmattan monteras en

50 mm tjock isoleringsmatta av expanderad polyetylen. Drinen klds med ett 60 mm
tjockt skikt av sprutbetong, centriskt armerad med ett armeringsnit (@6 #150). Arme-
ringsnitet forses med distanser for att halla ritt avstand till mattan.

Armeringsstege

Infistningsbult ¢ 12 mm

-—— Isolering 50 mm

5—— Armeringsnét ¢ 6 mm

Distansbildande
platonmatta

Bricka for fixering
av isolering

Sprutbetong 60 mm

Figur 3 Iustration av dréntyp C. Horisontalsnitt.
Hllustration of drain type C. Horizontal section.

Infdstningen av hela drénen till berget sker pa samma sitt som drén typ A.

Drénen har gjorts dtkomlig f5r inspektion och rensning genom att drénen har forsetts
med inspektionsanordningar.
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Typ D, Insprutad isolerad driin med sparad isolering

Utformningen av dréntyp D "Insprutad isolerad drdn med spérad isolering” illustreras i
Figur 4. Drénen kan utforas med varierande bredd, i forsdksanldggningen monteras dré-
nen i det smalaste utforandet 1500 mm.

Armeringsstege

Inféstningsbult ¢ 12 mm

—— Spérad isolering 50 mm

+——  Armeringsnét ¢ 6 mm

Bricka for fixering
av isolering

Sprutbetong 60 mm

Figur 4 Ilustration av dréntyp D. Horisontalsnitt.
Lllustration of drain type D. Horizontal section.

Drinalternativet innehéller en kombinerad vattentédtning, isolering och distansbildare i
form av en 50 mm tjock matta av expanderad polyetylen med urfrésta spar. Isolerings-
mattan har slutna celler och lag densitet vilket innebér 1&g vattenabsorption och god
isoleringsforméga. Mattan monteras med den sparade ytan mot berget (vertikala spar)
over det ldckande avsnittet. Drinen klds med ett 60 mm tjockt skikt av sprutbetong,
centriskt armerad med ett armeringsnat (o6 #150). Armeringsnitet forses med distanser
for att halla rétt avstand till mattan.

Inféstningen av hela drinen till berget sker pa samma sétt som drén typ A.

Drinen har gjorts dtkomlig f6r inspektion och rensning genom att drénen har forsetts
med inspektionsanordningar.
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Typ E, Insprutad isolerad driin, Banverksdrin

Utformningen av dréntyp E “Insprutad isolerad drdn, Banverksdrdn” illustreras i Figur 5.
Drénen har anvinds av Banverket for bland annat Svealandsbanan, ddrav namnet. Dri-
nen har maximalt utforts i en bredd av 2000 mm, i forsoksanldggningen monteras dré-
nen i en bredd av 1000 mm.

Drénalternativet bestar av en 45 mm tjock expanderad polyetylenisolering med tvé
vertikala frésta spar 150 mm fran kanterna vinda mot berget. For att bilda distans
mellan berget och isoleringen monteras en 620 mm slang av polyetylen 6ver det
lackande partiet. Drénen sprutas in med 40 mm fiberarmerad sprutbetong och 20 mm
oarmerad sprutbetong.

Inféistningen av isoleringen till berget sker med plattjirn 404 mm utefter de vertikala
sidorna (dven den horisontella Gverkanten). Plattjirnen fésts i berget med expanderbult
28/165 c¢/c minimum 400 mm. Sug- och tryckkrafterna pa sprutbetongen dverfors till
sidoberget genom vidhéftning mellan sprutbetong och berg ldngs drénens sidor.

Drinen kan goras atkomlig for inspektion och rensning genom att den forses med rens-
ningsanordningar i ver- och underkant. I forséksanlédggningen forses drinen med nigra
extra rensningsanordningar.

\ Expanderbult ¢ 8 mm
- Isolering 45 mm
Distansrér PE ¢ 20 mm

<—— Oarmerad sprut-
betong 20 mm

—— Fiberarmerad sprut-
betong 40 mm

Plattjirn 40 x 4 mm

Figur 5 lustration av drédntyp E. Horisontalsnitt.
Hllustration of drain type E. Horizontal section.
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PROVPLATS

Ett flertal tunnlar i Stockholmsomrédet har under planeringsfasen granskats av
Vigverket med avseende pa limpligheten att utfora filttester pa dréner. Dessutom har
en viss inventering av kinda problem med utfillningar utforts.

Det slutliga valet 511 pa en tunneln vid Hornsbergsstrand. Tunneln &gs av Stockholm
Energi. Det framsta skilet till att forldgga forsoken till denna tunnel var att tunneln er-
bjuder mojlighet till tester bade med avseende pa isbildning vid kyla (det finns gott om
naturliga vatteninlickage) och med avseende pa igensittningsfenomen (kraftiga utfill-
ningar av bakterieslam forekommer). Aven dvriga forutsittningar 4r gynnsamma, bland
annat tillgénglighet och forsérjning med el och kommunalvatten. En del av tunneln har
avgrinsats si den kan kylas med ett kylaggregat, se figur 6. Placeringen av de olika dré-
nerna framgdr av figur 6. Drén nr 10 - 13 har monterats for att utféra dynamiska tester

pa.

Vattenflodet genom varje drén har samlats upp i en ldda monterad i drdnens underkant.
LAadan 4r forsedd med ett utlopp dér vattenflddet kan métas med ett métglas.

Bergtickningen vid provplatsen 4r cirka 15 m.

RoérH
A 4D 3 A 2 E

[
yimaskin

5C 6A 7B 8B 9E 10A 11A 12A 13 A
Rér V fib fib
| | | |
0/070 0/075 0/080 0/085 0/090 0/095 0/100 0/105 0/110
LEGEND
A Dréntyp A, Insprutad isolerad drén med drénagerdr
B Drantyp B, insprutad isolerad dran med dréanagerdr och varmekabel
Cc Dréntyp C, Insprutad isolerad drén med Platonmatta
D Drantyp D, Insprutad isolerad dran med spérad isolering
E Dréntyp E, Insprutad isolerad drén, Banverksdran

RérH  Héger stuprér fran taket
RérV  Vénster stupror fran taket

Figur 6 Placering av dréner i tunnel vid Hornsberg
The location of the drains in the tunnel at Hornsberg.

PRODUKTIONSUPPFOLJNING

Produktionsuppfoljningen har syftat till att véirdera de studerade drintyperna med hén-
syn till byggbarhet och kostnader.
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Utvérderingen av dréntypernas byggbarhet har gett foljande rangordning. (Det bor pa-

pekas att rangordningen enbart baserar sig pA montagemissiga beddmningar och alltsa
inte tar ndgon hénsyn till skillnader i funktion. En sidan virdering kan goras forst nér

hela testprogrammet genomforts.)

1. DrinE Enklast att montera framst p& grund av smidigare infistnings-
detaljer och utférandet med fiberarmerad sprutbetong.

2. DrinD  Enklast av de driner som har ingjutna bultar och nitarmerad

sprutbetong. Inga onddiga arbetsmoment.

Drin A Lika som D, men drénroren utgér extra arbetsmoment.

4. Drén C Lika som D, men platonmattan utgdr extra arbetsmoment och
har oklar funktion.

5. Drén B Den tunna isoleringen fungerar montagemadssigt déligt. Drén-
ror med virmekabel utgér extra arbetsmoment

(O8]

Kostnadsjdmforelsen mellan driantyperna A-E har visat att dréantyp B har den ligsta
kostnaden riknat per langdmeter drén (beror frdmst pa att typ B har den minsta mon-
terade bredden). Om priset i stillet berdknas per kvadratmeter drén blir drintyp D
billigast.

DYNAMISK PROVNING

Lastoverforingen frdn sprutbetongen till berget sker for de studerade drintyperna pa tva
alternativa sétt. For drén typ A-D sker dverforingen till berget med bultar till vilken
sprutbetongen 4r férankrad medan for dréin typ E sker Sverforingen till berget via vid-
hiftning mellan sprutbetong och berg lings dridnens kanter. Sprutbetongen kan utformas
pa tvé sitt dels som ndtarmerad sprutbetong, typ A-D, och dels som fiberarmerad sprut-
betong, typ E.

Syftet med den dynamiska provningen har varit att se om det 4r nigon skillnad i ut-
mattningstalighet mellan nétarmerad sprutbetong och fiberarmerad sprutbetong samt
mellan de tvé sitten att §verfora lasten till berget.

Den dynamiska belastningen pé sprutbetongen har dstadkommits med en hydraulisk
kolv som var infist i en mothallsbalk. Mothéllsbalken férankrades i berget utanfor dra-
ner. Mothallsbalken och hydraulkolven hidngdes upp i en rérstillning.

Mellan kolven och inféstningsanordningen i sprutbetongen placerades en kraftgivare.
Den hydrauliska kolven styrdes via en styrenhet och en hydraulpump. Belastnings-
amplituden holls konstant med hjélp av styrenheten. Vid provningen har en belastnings-
frekvens av 13 Hz anvénts. Efter ett antal forutbestimda belastningscykler mittes de-
formations-amplituden. Genom att plotta deformationsamplitudens storlek mot antalet
belastningscykler kan ev utmatning av konstruktionen studeras.

Den dynamiska belastningen har alltsa utgjorts av en punktlast i drinens mitt. Storleken
pa lasten har satts lika med arean mellan infistningsbultarna multiplicerat med 0,8 kPa
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Figur 7 Deformationsamplitud som funktion av antalet belastningscykler vid
belastning av drin med forankrad nédtarmerad sprutbetong.
The amplitude of the deformation plotted against the number of loading
cycles for a drain with shotcrete reinforced with a steelnet.
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Figur 8 Deformationsamplitud som funktion av antalet belastningscykler vid
belastning av dridn med fiberarmerad sprutbetong dér lasten overfors via

vidhéftning till berget..
The amplitude of the deformation plotted against the number of loading
cycles for a drain with shotcrete reinforced with steel fibres.
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som dr den dimensionerande belastningen som sug eller tryck. Lasten har varierats
mellan tryck och drag. I en forsta belastningsomgéng har dréinen belastats med 1 miljon
lastvéxlingar med denna last darefter har lasten Skats i tva steg till en fordubbling re-
spektive tredubbling. Vid varje lastniva har 1 miljon lastvixlingar utforts.

Resultatet av dessa belastningar pé en drén med nitarmerad, forankrad sprutbetong re-
dovisas i figur 7 och i figur 8 pa en fiberarmerad sprutbetong dir lasten verfors via
vidhéftning till berget.

Det framgdr av resultatet att det vid de studerade lastnivaerna inte &r nagon skillnad
mellan konstruktionsalternativen fransett att deformationerna #r nagot storre for dréinen
med den fiberarmerade sprutbetongen jamfSrt med den nitarmerade. Man kan inte spéra
négon tendens till utmattning dven vid en lastniva som motsvarar tre ganger dimen-
sionerande last.

DRANFUNKTION VID BAKTERIELLT BETINGAD IGENSATTNING

Mikrobiell omvandling av jirn mellan olika oxidationstal spelar en avgérande roll i na-
turen. Vanligen édger processerna rum i grinsomrédet mellan syrerika och syrefattiga
miljder. Speciellt den syrefria delen &r viktig eftersom det #r dér jirnreduktion och
jarnmobilisering sker. Jarnreducerande bakterier kan leva med eller utan syre och liv-
néra sig pa organiska foreningar. Dessa bakterier ger inga direkta utfillningsproblem i
sig men skapar forutséttningar for de jirnoxiderande bakterierna genom att 5ka méing-
den jérn (II) i grundvattnet.

De jérnoxiderande bakterierna verkar i gransomrédet mellan aerob och anaerob miljé
dér de sdker en optimal kombination av jérn (I) och syre. Jirnoxidationen f5ljs av en
omedelbar utfillning av jarn (III) i form av hydroxider och oxider, ofta tillsammans med
bakterierna, stjilkar, slem eller hdljen. Man far da en voluminés massa som efterhand
hérdnar till timligen svéaravldgsnade beldggningar. Precis som for jérn finns det dven ett
stort antal bakterier som reducerar eller oxiderar manganfSreningar. Processerna ér lik-
artade och kan dven de leda till igenséttningsproblem.

Avsikten med delforsoket var att studera bakteriellt betingad igenséttning av dréner.
Foljande moment ingick i delstudien:

* Kemisk analys av grundvatten

* Provtagning av befintliga utfillningar i tunneln for att bestimma typ av bakterier
* Analys av biologisk tillvixthastighet med hjilp av monterade biofilmsreaktorer
* Observation och dokumentation av igenséttningsforlopp i dréner

* Rensningsforsok

Grundvattenanalysen visade pé relativt hoga jarnhalter, 22 - 46 mg/l. Aven mangan-

halten och alkaniteten var hégre &n normalt. Proverna kan ha varit paverkade av de be-
fintliga bakterieutfillningarna p4 bergviiggarna samt av injekteringsbruk. Mikrosko-
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peringen av prover fran utfillningarna visade att dessa var starkt oxiderade och dérfor
troligen gamla. Den biologiska aktiviteten var lag, endast pa ett fatal stéllen (vid rin-

nande eller droppande vatten) hittades bakteriestrukturer, framst stjélkar frén den jdrn-
oxiderande bakterien Gallionella ferruginea.

For att kunna bestdimma tillvixthastighet och for att erhalla ostérda prover monterades
tre paneler med biofilmsreaktorer kopplade till manschettférsedda borrhal. Vattnet fran
borrhalet leddes for varje panel genom de tre reaktorerna( se figur 9), som simulerar tre
olika flodes- och syresittningstillstind. Fran reaktorerna togs efter en viss tids expone-
ring prover ut for vidare analys pa laboratorium. Tyvérr sinade vattnet vid panel 2 varfor
den utesléts fran analysen. Resultaten fran analysen av den bakteriella tillvaxthastig-
heten i biofilmsreaktorerna visas i Tabell 1. Docent Karsten Pedersen vid Géteborgs
universitet, Avd. fér allmén och marin mikrobiologi, har svarat for tillverkning av reak-

torerna och for analys av proverna.

Bloreokfor

{ glossklvor ¥
Vs ™~

ol

— —
Inlopp Utlopp
Figur 9 Testpanel med tre biofilmsreaktorer.

Testpanel with three biofilm reactors.

Resultaten visar bland annat att flodeshastigheten inte &r den mest avgérande faktorn for
utfillningshastigheten. Storleken pa ytan som vattnet rinner Gver har ddremot stor be-
tydelse f6r médngden utfillning. Vattnets jarninnehall avgor langs hur lang stricka som
utfillningen sker. Viktiga milj6faktorer (forutom jarnhalt) &r pH-vérde, syretillgdng och

temperatur.
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Tabell 1 Resultat fran analys av bakteriell tillvaxthastighet (viktangivelser avser
torrvikt).
Drifttid Flode | Flodeshastighet | Utfilld mingd Tillvéxt Tillvéxt | Jdrnhalt
(Dagar) | (ml/min) (mm/s) (g!mz) (g/mz,vecka) (g/mz.m3) (%)
Panel 1, Reaktor 1 40 26-77 1,7-4,9 12 2,1 4,0 27,5
Panel 3, Reaktor 1 21 1-3 0,06-0,18 2,2 0,73 36,7 22,7

Under hela forsksperioden i Hornsbergstunneln har igenséttningsforloppet f6ljts och
dokumenterats genom inspektion med hjélp av fiberskop och videokamera. Dessutom
har vattenflodena genom drénerna mitts regelbundet for att kontrollera att igenstt-
ningen inte gatt sa langt att flodet avstannar. Utfillningar av brunt bakterieslam kunde
konstateras i dréinerna redan efter kort tid, ca en méanad. Tillvéixthastigheten 4r mycket
olika i de monterade drénerna. Dréner med kraftig utfillning aterfinns i de omraden dér
stora mangder utfillningsrester observerades pa bergytan innan forséken paborjades.

Utféllningar av betydelse (centimetertjocklekar) har konstaterats bland annat i drinerna
1, 4 och 7. Speciellt kraftiga 4r utfillningarna i drén 7. Drénen &r av typ B och &r forsedd
med drénagerdr ¢58 mm. Utfillningarna har byggts upp inne i driéinen s att det for ett
horisontalsnitt s smaningom bara var drénrdret kvar for vattnet att rinna i. Senare vixte
utfillningarna till &ven inne i drénréret sd att ca 30% av arean fylldes.

[ detta ldge beslots att genomfSra rensningsforsok i drin 1 och dréin 7 med hjilp av hog-
trycksspolning. Spolning av drén 1 var svar eftersom dréintypen saknar spolrér. Det gér
didrmed inte att styra spolmunstycket sa att hela drénens lingd kan genomspolas. Dir-
emot var det betydligt ldttare att spola drénréret i drén 7. Alla utfillningar inne i réret
kunde enkelt avldgsnas och spolslangen kunde f6ras genom hela drénens lingd. Spol-
ningen hade dédremot liten mérkbar effekt pa utfillingen utanfor sjilva drinroret.

Slutsatserna fran studien av bakteriellt betingad igensittning 4r bland annat att den bio-
logiska aktiviteten, och ddrmed utfillningshastigheten, kan variera avsevirt mellan nér-
liggande ldckagepunkter. Fér omraden och sprickor med “rétt” forutséttningar kan till-
véxten av igensittningsprodukter ske snabbt och tita en driin inom loppet av sex
ménader. Vidare &r det en forutséttning att ha dréner med spolrér for att rensning och
spolning ska vara méjligt. Om allt jérn inte fallit ut i drdnen fortsitter utfillningarna i
végkroppen och dridnageledningarna. I problemomraden bor dérfor drinagesystemet ut-
formas som ett slutet system for att méjliggdra rensning och for att undvika igenséttning
av végkroppen.

DRANFUNKTION VID KYLA
I det kylda avsnittet har fyra olika dréntyper monterats (dé typ C och typ D bedémdes

vara likvérdiga till funktionen monterades endast typ D). Vidare finns ett isolerat inner-
tak med héngrénnor och tva stuprdr installerats i den kylda tunneldelen.
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Provningsprogrammet for kylforsoket baserades pa forhandsutgdva av TUNNEL 94 dér
dimensionerande k6ldmingd anges till 900 dygnsgrader for Stockholmsomradet och den
lsgsta temperaturen till -15 °C. Enligt TUNNEL 95 4r dimensionerande maximikdold-
méngd ca 1100 dygnsgrader varfor kylforsoket har forldngts mot de ursprungliga pro-
grammet.

Under successiv nedkylning av tunneldelen har temperaturutvecklingen i dréner, ovan-
for innertak och i bergmassan studerats. Istillvéixten i dréner har studerats genom
okuldrbesiktning och videofilmning. I drénerna har besiktningen skett med hjélp av
fiberskop som fors in genom rensnings- och inspektionsanordningarna. Métning av
vattenfloden fran de enskilda drinerna har utférts med maétglas och klocka.

I figur 10 visas hur temperaturen har varierat i tunnelluften framfor drén nr 8.

15 T T |
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1995-06-30 1995-08-09 1995-09-18 1995-10-28 1995-12-07 1996-01-16
Figur 10 Temperaturvariation i tunnelluften framfor drén nr 8.

The temperature variation in the tunnel air in front of drain 8.

I figur 11 - 14 redovisas temperaturfrhallandena i bergmassan bakom drénerna vid tre
olika tidpunkter. Isotermerna har konstruerats med lednings av de sex temperaturgivare
som finns i bergmassan bakom drénerna.

Figur 11, typ A, visar hur kylan tringer in bakom isoleringen fran den oisolerade berg-

massan pa sidan om drénen. Sjélva drénens isoleringsformaga ér tillrécklig att forhindra
koldintringning via sprutbetong och isolering. Pa grund av drénens ringa utstrdckning i
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sidled kommer bergmassan efter hand att frysa bakom isoleringen pa grund av kéldin-
trangningen fran sidan.

Drién 8, typ B, uppvisar samma beteende, se figur 12. I denna drén &r sjilva drinréret
uppvédrmt med en varmekabel. Det tillforda virmet dr emellertid inte tillréickligt for att
forhindra frysning av bergmassan bakom drénen.

Drin 9, typ E, uppvisar ett liknande beteende som de tva foregdende drinerna, se figur
13, men man kan se att kyla dven trénger in genom sjélva drénen. Isoleringstjockleken
dr nagot mindre i denna drén jamfort med drén typ A. Dessutom &r luftspalten mellan
isolering och berg betydligt mindre &n i dréinerna typ A och typ B.

Bakom drén nr 4, typ D, har bergmassan inte frusit, se figur 14. Detta beror troligen pa
att den befinner sig for ndra den tviirgéende véiggen som avskiljer den kylda delen av
tunneln frdn den del av tunneln dér kylaggregatet stir. Denna del av tunneln haller en
temperatur av ca 20 °C. Virmestrdmningen bakom denna vigg 4r tydligen tillricklig for
att véirma upp bergmassan bakom drénen. Dessutom &r vattenflodet i denna dréin betyd-
ligt storre &n i de 6vriga dridnerna inom det kylda tunnelavsnittet.

[ figur 15 - 17 visas vattenflsdet ur drén 3, 8 och 9 samt temperaturen i bergmassan 0,2
m innanfr bergytan mitt bakom drdnen som funktion av tiden. Det framgar av figurerna
att nér temperaturen i bergmassan blir 0 °C minskar vattenflddet och nér temperaturen
understiger ca -1 - -2 °C avstannar vattenflodet helt.

Okulérbesiktning med fiberskop av utrymmet bakom isoleringen i drénerna visar att i
drén 9 finns fortfarande ej isfyllda utrymmen efter det att vattenflsdet ut ur dréinen av-
stannat.

[ drén 8 4r utrymmet mellan isolering och berg delvis fyllt med is medan sjilva drinroret
dér vérmekabeln finns &r 6ppet.

Drén 3 &r helt fylld med is nér vattenflodet ut ur dréinen avstannat. Inldckagepunkten i
drén 3 finns under det isolerade innertaket varfor lickagepunkten inte har frusit till nir
Ovriga delar av drénen &r frusna s att vattnet inte kan passera genom drénen.

De inldckagepunkter som har funnits i drédnerna inom det kylda tunnelavsnittet har blivit
tdta nér temperaturen i bergmassan blivit lagre dn ca -2°C. Hitintills har inga for funk-
tionen avgoérande skador uppkommit pa de dréner som har frusit. Flsdesmitningarna
tyder pé att inldckaget i Gvriga ej igenfrusna ldckagepunkter 6kar nir en lickagepunkt
fryser igen.
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SAMMANFATTNING

For att fa ett underlag till beslut om drénagesystem for Ringen och Yttre Tvérledens-
tunnlar har ett filtforssk genomforts dir fem olika drintyper har testats med avseende

pa:

byggbarhet och ekonomi

* dréneringsfunktion

driftsékerhet (m.h.t. storningar i form av frost, igenséttning, dynamisk last)
underhill (mojligheter och behov)

Ur montage och kostnadsbedémningar har foljande slustsatser dragits:

* De alternativ som 4r utférandemaissigt enkla och som innehaller f4 komponenter ger
ocksa de ldgsta kostnaderna.

* Billigaste utférandet for bade en smal och en bred drén &r med fiberarmerad sprut-
betong och ingjutna bultar men utan dréinrér och virmekabel.

Den utforda dynamiska provningen uppvisar ingen skillnad med avseende pa ut-
mattningshéllfasthet mellan en dridn som klds med ndtarmerad sprutbetong eller en som
klas med fiberarmerad sprutbetong. Man kan inte spara ndgon tendens till utmattning
dven vid en lastnivd som motsvarar tre ganger dimensionerande last.

Slutsatserna fran studien av bakteriellt betingad igenséttning 4r bland annat att den bio-
logiska aktiviteten, och ddrmed utfillningshastigheten, kan variera avsevért mellan nér-
liggande lackagepunkter. Fér omraden och sprickor med ritt” forutséttningar kan till-
véxten av igensdttningsprodukter ske snabbt och téta en drdn inom loppet av sex
ménader. Vidare &r det en forutsittning att ha driner med spolror for att rensning och
spolning ska vara mgjligt. Om allt jdrn inte fallit ut i dréinen fortsétter utféllningen i
véagkroppen och i dranageledningarna. I problemomréaden bér darfor dranagesystemet
utformas som ett slutet system for att mojliggéra rensning och for att undvika igen-
sittning av vdgkroppen.

Test av dréner i en nedkyld tunneldel visar att ingen av drdnerna kan forhindra frysning
av bergmassan bakom drénen. Nér temperaturen i bergmassan bakom drénen under-
stiger ca -2 °C avstannar vattenflodet in i driinen vid de lickageméngder som uppmiitts
under forsoksperioden ca 2 - 70 ml/min och ldckagepunkt. Hitintills har inga for funk-
tionen avgorande skador uppkommit pa de draner som har frusit.
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ORAN 3 TYP A
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Figur 11 Isotermer &ver temperaturfrhallandena i bergmassan bakom drin 3, typ
A, vid tre olika tidpunkter.
Isoterms in the rockmass behind drain 3, type A, at three separate times.
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DRAN 8 TYP B
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Figur 12 [sotermer 6ver temperaturforhédllandena i bergmassan bakom drin 8, typ
B, vid tre olika tidpunkter.
Isoterms in the rockmass behind drain 8, type B, at three separate times.
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DRAN 9 TYP E
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Figur 13 Isotermer Gver temperaturforhallandena i bergmassan bakom dréin 9, typ
E, vid tre olika tidpunkter.

Isoterms in the rockmass behind drain 9, type e, at three separate times.
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DRAN 4 TYP D
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Figur 14 Isotermer Gver temperaturforhéllandena i bergmassan bakom dréin 4, typ
D, vid tre olika tidpunkter.
Isoterms in the rockmass behind drain 4, type D, at three separate times.
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Figur 15 Flode ur drén nr 3 samt temperatur i bergmassan .
Water flow out of drain 3 and the temperature variation in the rockmass.
90 | T 12
g0 il ‘ —m—Flodeidannrs | | .o
70 | ! —— Temperatur 0.2 m L1 8
L bakom bergytan ‘
60 | — S i 6
1= | =
£ | =
}E_ 50 | - -4 B
E @
g 40 2 €
2 2
“ 30 0
20 -2
10 4
0 6

1995-06-30 1995-08-09 1995-09-18 1995-10-28 1995-12-07 1996-01-16

Figur 16 Flode ur drén nr 8 samt temperatur i bergmassan.
Water flow out of drain 8 and the temperature variation in the rockmass.
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Figur 17 Flode ur drén nr 9 samt temperatur i bergmassan.
Water flow out of drain 9 and the temperature variation in the rockmass.
SUMMARY

A large motorway ring, to large extent in rock tunnels, is planned around central
Stockholm (The Stockholm Ring Road Project). As a part of the design work several
critical construction details have been thouroughly investigated, among them the
drainage system. The investigation of the drainage system has focused on:

* Construction and economy

¢ Drainage function

* Operational reliability (regarding freezing, clogging and dynamic loads)
* Maintenance (possibilities and needs)

The drains were subjected to dynamic tests in order to simulate the traffic load. No
effects of fatigue was registered for any of the drains despite a loading level three times
higher than the design load.

As the drains all are isolated, the freezing front enters the rock on the sides of the drain
and chills the rock mass behind the drain so that the water flow is eventually stopped.
No negative effects due to freezing have been observed during cooling down to -15°C.

Micro-biological activity occurs locally in a rock tunnel and can in a worst case cause
clogging of an entire drain after six months.
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INGENJORSGEOLOGISKA ERFARENHETER FRAN BREIDA-
DALS/BOTNSHEIDI-TUNNELN PA ISLAND

Experiences from road tunnels work on Iceland, Breidadals/Botnsheidi
tunnel

Hdkan Stille, KTH
Stig Eriksson, Skanska

1. TUNNELPROJEKT

I det nordvistra hornet av Island har det islaindska Vagverket, Vegagerdin,
latit utfora ett vagtunnelprojekt for att battre knyta samman tvé fjorddalar,
Breidadalur och Botnsdalur med Tungudalur dér regionens centralort
Isafjordur dr beldgen.

Tunnelsystemet skall ge en viderokénslig vagforbindelse och ersitta de
bergsvdgar som idag sammanbinder dalarna. Dessa végar &r ofta stingda un-
der vinterhalvéaret pd grund av sndstormar, snofall och snoskred.

Omradet dr relativt glesbefolkat och trafikflodet har uppskattats till ca 300
bilar per dygn. Det ekonomiska underlaget dr ddrfor begréansat, vilket resul-
terar i en 1&g budget och sparsam design.

Entreprendr har varit ett svenskt-norskt-islandskt-danskt konsortium. Den
svenska representanten var Skanska.

Tunnelsystemet dr Y-format med ett ben i varje dal. Den totala tunnelldng-
den i berg dr ca 8,7 km. Frdn Tungudalur till korsningspunkten ar tunneln
dubbelfilig med en tunnelbredd pé ca 7,5 m och en tvirsnittsarea p4 48,5 m”.
Fran de andra tva dalarna ar tunneln enkelfilig med en bredd pd 5 m och
tvirsnittsyta pa 29,5 m’ se figur 1.

I dessa tunnelben har métesplatser sprangts ut pa var 160 m. Alla tunnlar
lutar uppat ca 1-1,5%. Detta innebér att tunnlarna kan utféras drianerade
utan att beh6va pumpa inldckande vatten. Tunnelpaslagen ligger pa nivé ca
150 m. Hogsta berget 6ver tunneln ligger pa ca 700 m, vilket ger en bergtack-
ning pa upp till ca 550 m.
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Fig. 1 Plan 6ver tunnlarna
Plan of the tunnels

2. GEOLOGI
Allmaéant

Island ar beldget pa den mittatlantiska ryggen som delar de europeiska och
amerikanska kontinentalplattorna. Vid plattornas isdrglidning uppstar vul-
kaniska aktiviteter och nybildning av magmatiska bergarter (basalter). Basal-
terna p& nordvéstra Island bildades for ca 10-15 miljoner &r sedan och har en
total tjocklek pé ca 6-7 km. Basaltlagren stupar svagt mot sydost ca 4-5°. Varje
lavafléde kan strukturellt indelas i tre delar:

Den kristallina mittendelen som ér sjdlva basaltlagret omges upptill och
nedtill av en scoria. Scorian bestdr av fragment av basalt av varierande po-
rositet bildande en typ av breccia som oftast ar relativt vdlkonsoliderad. I
toppscorian finns ofta inbdddade lager av sediment.

Sjdlva kristallina mittendelen utgors oftast av en hard, tung basalt med gra
farg. Berget dr normalt paverkat av ett typiskt irreguldrt rombiskt sprick-
monster pa grund av avkylningsprocessen av lavaflodet. Detta gor att basal-
ten kan uppvisa en hog porositet (5-10%), dvs betydligt storre dn vart skan-
dinaviska urberg, se figur 2.
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Fig. 2 Principbild av ett basaltlager
Schematic structure of a single basalt lava

Tryckhallfastheten f6r dessa lager varierar men dr normalt f6ljande:
scoria 20 - 40 Mpa
sediment 10 -20 Mpa
basalt 100 - 150 Mpa

Forkastningar dr ofta forekommande. Dessa dr oftast brantstdende och upp-
visar rorelser fran ndgon meter upp till tiotals metrar. Breccia och krossat
berg omger ofta sjalva forkastningen.
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Vidare férekommer basaltiska brantstdende géngar som Overtvdrar basalt-
flodena. Dessa dr ca 0,5-15 m i tjocklek och normalt kraftigt uppspruckna.

Grundvattenytan ligger normalt ndra markytan p& grund av den hdga ne-
derbérden. Grundvattenflodet sker normalt pa tvé sétt. Forst ett horisontellt
flode langs basaltlagret eftersom de omgivande scorialagren dr normalt tdta
eller mindre genomslédppliga. Sekundért sker ett vertikalt flode mellan de
olika lagren genom foérekomster av forkastningar och gangar. Dessa utgor de
storre vattenférande zonerna i bergmassan, eftersom de skir igenom lava-
floden och kan binda ihop de olika akvifdrerna.

De ytliga akvifdrerna far sitt vattentillskott direkt genom infiltration av ne-
derbérden medan de djupare liggande akvifdrerna for varmvatten och har

ofta ett hogre mineralinnehall.

Vid projektomradet

Utf6érda forundersSkningar gav vid handen att ett markant férkastningssys-
tem med strykning NE-SW genomsitter bergmassan.

Drianagemonstret i form av killsprdng och utférda undersdkningar visade,

att de 6versta 150-200 m av lavaflodena var mycket genomsldppliga medan

basaltlagren blev generellt titare mot djupet. Grundvattnet hade huvudsak-
ligen ett lagt mineralinnehall indikerande ett kallt ytligt vatten. Vattentem-
peraturen vid tunnelnivdn férvantades vara ca 15-30°C.

Storleken pa den Svre reservoiren har uppskattats att ha en yta pa ca 10 km?
innehdllande 20-40 - 10° m® vatten.

3. KRITISKA HANDELSER
3.1 Stora vattenfloden i tunnlarna

Héndelseférlopp

Det stora problemet med tunneldrivning var de stora inldckagen av vatten.
Problemen finns beskrivna av Stattin, 1994.

Under drivning av de tre forsta kilometrarna tunnel stotte man lokalt pé
relativt stora mingder vatten men inget som pafordrade négra speciella at-
garder, som t ex injektering. Vattentemperaturen var ca 10-15°C. Ungefar

vid korset uppmiitte man lokalt en betydligt ldgre vattentemperatur, ca +4°C.

Detta tolkades sdsom att en av undersokningshdlen ledde ned det kallare
vattnet frdn den Ovre akvifdren ned till tunneln.
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