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Sammanfattning 
Detta examensarbete omfattar en studie av gyroskop och gyroteodolit, 
byggnät i tunnlar samt en närmare studie av geodetiska referensnät och 
mätmetoder i projekt Hallandsås. 

Projekt Hallandsås är ett järnvägsprojekt genom Hallandsås i södra Sverige 
där två, 9 km långa parallella tunnlar ska byggas. Den nya järnvägen genom 
tunnlarna kommer att jämna ut en nuvarande svår järnvägssträckning av den 
västra stambanan över åsen. Tunneln kommer att byggas med hjälp av en 
Tunnelborrningsmaskin (TBM). 

Noggrannhetskraven för geodetiska referensnät i tunnlar är högt satta och i 
projekt där TBM används är den ännu högre. Det totala genomslagsfelet i 
Projekt Hallandsås får ej överstiga ± 100 mm. Endast hälften av detta får 
användas för osäkerhet i byggnät, dvs ± 50 mm. Möjligheten till att göra 
noggranna mätningar och etablera referensnät med hög noggrannhet är 
begränsade i tunnlarna. I normalfallet, när konstruktioner skall uppföras på 
markytan etableras först ett specifikt geodetiskt byggplatsnät. Detta nät 
ansluts mot nationella stomnät eller andra regionala stomnät som omsluter 
byggplatsen. När en tunnel skall byggas är det också möjligt att konstruera ett 
övergripande stomnät för tunnelprojektet. Det är när dessa nät skall förtätas till 
bygg- och bruksnät som skillnaderna börjar. När byggnation sker på markytan 
är det möjligt att även ansluta och utjämna dessa underliggande nät mot 
överordnade punkter som omsluter underliggande nät och därefter kan 
byggande påbörjas. Denna sista procedur är ej möjlig när en tunnel skall 
byggas. 

Det finns dock metoder för att optimera byggnät i tunnel. Detta examensarbete 
kommer att titta närmare på några av dessa metoder, framförallt hur olika 
nätkonfigurationer påverkar noggrannheten för genomslag samt möjligheten 
att kontrollera näten genom överbestämmande mätningar. Gyroinstrumentet, 
korrekt använt är en av de viktigaste metoderna för att både kontrollera och 
förbättra noggrannheten i ett byggnät i tunnel. 

Studierna i detta examensarbete kommer att påvisa att genomslagsfelet i ett 
flygande polygontåg förbättras avsevärt av gyromätningar, även ett mer 
överbestämt nät förbättras, dock inte lika mycket. Vi kommer också att se att 
gyromätningar spelar en avgörande roll för kontrollerbarheten hos ett flygande 
polygontåg även om ett mer överbestämt nät alltid kommer att vara bättre när 
det gäller att söka efter och eliminera fel. 

Detta examensarbete behandlar endast mätningar i plana koordinatsystem. 
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Abstract 
This thesis comprises a study of the gyroscope and the gyrotheodolite, tunnel 
control networks and a case study of geodetic reference networks and survey 
methods in the Project Hallandsås. 

The Project Hallandsås is a railroad tunnel project through the ridge of 
Hallandsås in the south of Sweden. Two parallel, 9 kilometres long, tunnels 
are to be constructed. The railway through these tunnels will smootht a difficult 
section of the Swedish main western railroad. The tunnel is excavated and 
lined with enforced concrete using a Tunnel Boring Machine (TBM). 

The demands of accuracy of geodetic reference networks in a tunnel project 
are high and in projects using TBM: s, even higher. The total breakthrough 
accuracy in Project Hallandsås is ± 100 mm. Of this the surveys may use half 
of this tolerance, i.e. ± 50 mm. The possibility to do accurate surveys and 
establish accurate reference network are limited. In the normal case when 
construction takes place on the surface, the first thing that is done is to 
establish a site-specific geodetic network. The networks are connected to 
national networks or other regional networks surrounding the construction site. 
To have a superordinate site-specific geodetic network is also possible for a 
tunnel project. The differences begin with the establishment of 
working/construction networks below the superordinate network through 
densification of higher project networks. In the surface construction case it is 
possible to connect the surveys to points that surround the construction area 
and once the networks are adjusted and checked for errors toward all points, 
construction may begin. This last procedure is not possible when a tunnel is 
excavated.  

However, there are methods to optimise the tunnel control network. This 
thesis will look at some of these methods, particularly on how different 
configurations of network affect the breakthrough accuracy and possibility to 
check the networks through redundant surveys. The gyro instrument, correctly 
used, is one of the most important methods to both check and improve the 
accuracy of the tunnel control network. 

The studies in this thesis will show that the breakthrough error of an open-
ended traverse is much improved by using gyro observations, and that a more 
redundant network is also improved but to a lower degree. We will also see 
that the gyro observations plays a significant role in checking the open-ended 
traverse for errors even though more redundant network will always be better 
for the checking and elimination of errors. 

This thesis will only discuss surveys in the plane coordinate system. 
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1 Introduction 

During the construction of larger structures a site-specific geodetic network is 
necessary. Using national geodetic reference networks or other regional 
networks are not suitable due to that these networks are adjusted for a larger 
area and usually do not have the close range accuracy that is needed. Many 
of the regional networks have been extended into lower order that result in 
discrepancies in the net. When constructing tunnels such as in Project 
Hallandsås, where construction has started at three different places, it is vital 
that the staring points for each place are connected and of good geometric 
quality. From these starting points the tunnel is excavated or driven and a 
tunnel construction network is established which enables further construction 
of the tunnel within the tunnel itself. There are four types of planar networks 
for the Hallandsås project; a specific construction site network covering the 
whole project area, connection networks which leaves starting points outside 
the tunnel entrances, construction networks and finally a working network 
through the complete tunnel. 

The specific construction site network will be a densification of the Swedish 
national network. To achieve close range accuracy it is not connected with a 
forced connection, hence reducing the influence of scale factors and other 
discrepancies, which may originate from the national networks. It will however 
have the same mean orientation as the surrounding network. The network will 
surround the whole project area, but no points will be established inside any 
construction area, hence reducing the risk of them. This thesis will only briefly 
discuss the construction and quality of the base network. 

The connection networks are direct densifications of the specific construction 
site network into the construction areas outside each tunnel entrance. The 
network shall consist of stable points established within or in the vicinity of the 
site. The connection network in plan shall provide starting points for working 
networks in plan as well as construction and working networks in tunnels. The 
connection network in plan will be established using GPS technology. In order 
to further improve internal accuracy locally in the connection network, it will be 
surveyed, either wholly or partly, by conventional triangulation.  

The tunnel construction networks are direct concentration of the connection 
networks with all the intricacies of a tunnel network, which this thesis will focus 
upon. The networks will be used to positioning a full-face tunnel boring 
machine (TBM) with a diameter of 11 metres. Two 9 km long parallel tunnels 
will be constructed. The tunnel must not deviate more than ± 50 mm from the 
designed tunnel line. Approximately half way there is a 1 km long construction 
tunnel that connects with the main tunnels. This tunnel will probably be used 
to verify the position and direction of the main tunnels. The most difficult part 
of the project, from a geodetic point of view, is to create a 9 km long and 10 m 
wide tunnel network which will have an estimated breakthrough error of less 
than ± 50 mm. Therefore analyses of accuracy will be focused on this part of 
the network.  
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When the tunnels are completed a working network will be established 
through the tunnels. This network will be used for the construction of the 
railway structures. This net is also a densification of the specific construction 
site network but must as well be connected to the surrounding working 
networks of the adjacent railroad structures connecting to the tunnel from 
north and south. Even though there will be possible to construct and adjust 
this tunnel network from one entrance to the other it will not be free from error 
propagation and might deviate from the “true” surface network. It is also 
important to have known relations between the tunnel working network and 
the tunnel construction networks since e.g. all as built documentation of the 
tunnel project must be related to the tunnel working network but some surveys 
are only possible to do when only the tunnel construction networks exist. This 
intricacy will not be further discussed in this thesis than that the same methods 
to improve the tunnel construction networks could also be applied to the tunnel 
working network.  

The standard rule to improve any geodetic reference network is to improve the 
configuration of the network and add redundant surveys. This is also important 
in the tunnel case, and this thesis will study how a surplus of observations will 
affect accuracies and the possibility to detect survey errors. However, the 
possibilities to change network configurations and adding extra traditional 
surveys in a tunnel are limited. Therefore the use of gyrotheodolites is an 
important method to both check and improve tunnel networks. With the gyro it 
is possible to measure azimuths, which are independent from the computed 
bearing of a tunnel network. Since the gyro surveys independent azimuths, it 
is important to use a gyro properly and to compute the azimuths into bearings 
in a correct way. Another important issue is that even though the accuracy of 
gyrotheodolites has improved over the years it is still not near the accuracies 
one would demand on a normal geodetic surface reference network survey.  

This thesis will start with describing the theory and survey methods of the 
gyro, which corrections that are important to add to the observations to get 
accurate azimuths and converting these into bearings. We will also discuss 
errors and accuracy of the gyro observations. The tunnel control networks 
used in Project Hallandsås and other network types used in other tunnel 
projects will be described. Methods for analyzing networks and breakthrough 
errors will be discussed and used in the study of the different network types 
with and without gyro observations. The tunnel control networks will be studied 
with regards to accuracy and redundancy without any extra gyro observations, 
with a few observations as checks and with extensive use of gyro when 
surveying the tunnel control networks. 

2 The gyroscope 

The gyroscope consists of a perfectly balanced wheel, which is arranged to 
spin symmetrically at high speed about an axis. By suspending the mass of 
the wheel, or rotor, in a precisely designed gimbal arrangement, the unit is 
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free to move in two planes, each perpendicular to each other as well as to the 
plane of spin. This grants the gyroscope freedom to move in three dimensions. 

 
Fig. 1 The free gyroscope. 

A gyroscope, where the freedom of movement is not restricted in any way, is 
referred to as a ”free gyroscope”. But there exists gyroscopes where the 
freedom of movement is somewhat restricted, such as the ”constrained” and 
the ”spring restrained” gyros. 

2.1 Physical properties 
The behaviour of a free gyroscope can be derived from two physical 
properties, gyroscopic inertia and precession. 

2.1.1 Inertia and angular momentum 

Newton’s first law of motion states that ”a body will remain in its state of rest or 
uniform motion in a straight line unless a force is applied to change that state”. 
From this law it should be noted that a spinning mass would remain in its 
plane of rotation unless acted upon by an external force. Gyroscopic inertia is 
the opposition the spinning mass generates towards this external force. 

The linear momentum of a body in motion is the product of its mass and its 
velocity (mv). The angular momentum of a particle spinning about an axis is 
the product of its linear momentum and the perpendicular distance of the 
particle from the axle (mvr). If the velocity of the spinning rotor is converted to 
angular velocity, ω , the angular momentum can be written as: mωr2. For a 
spinning rotor of constant mass where all the rotating particles are the same 
and concentrated at the outer edge of the rotor, the angular momentum is the 
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product of the moment of inertia and the angular velocity, i.e. Iω, where the 
inertia (I) = 0.5 mr2. 

Gyroscopic inertia and the momentum of a spinning rotor are two factors that 
are closely linked to each other. The momentum of such a rotor depends upon 
three main factors: 

1. the total mass, M of the rotor (for all particles) 

2. the radius r summed as the constant R (for all the particles) where R is the 
radius of gyration 

3. the angular velocity ω 

4. The angular momentum is now proportional to ωMR2.  

If one or more of these factors are changed, the rotor’s gyroscopic inertia will 
be affected. Both mass and radius will remain constant once a rotor has been 
constructed. To maintain gyroscopic angular momentum, and thus inertia, it is 
therefore necessary to control the speed of the rotor accurately. 

2.1.2 Precession 

Precession is the term used to describe the movement of the axle of a 
gyroscope under the influence of an external force. If we, for reasons of 
simplicity, compare a gyroscope with a toy top, we know that the top at rest 
will fall down on the ground due to the gravitational force exerting on the top. 
However, if the top is rotating around its symmetry line, then the top will not 
fall down and the symmetry rotation axis will move in a conic around a vertical 
line. This well-known phenomena is called regular precession of a top. 

If a force is applied to the spinning rotor of a gyroscope by moving one end of 
its axle, the gyroscope will be displaced at an angle of 90 degrees from the 
applied force. 
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Fig. 2 Resulting precession P takes place at 90 degrees in the direction of spin from the applied 
force F. This direction of the precession is the same as the applied force. 

2.2 The free gyroscope in a terrestrial plane 
The effect of earth rotation beneath the gyroscope causes an apparent 
movement of the mechanism. This is because the spin axis of the gyroscope 
is fixed by inertia to a celestial reference and not to a terrestrial point. This 
apparent movement of the gyro can be divided into two components: gyro drift 
and gyro tilt. 

2.2.1 Gyro drift and tilt 

If the free gyro is sitting at the North Pole, with its spin axis horizontal to the 
earth’s surface, then an apparent clockwise movement of the gyro occurs. The 
spin axis remains constant but as the earth rotates anti-clockwise (viewed 
from the north pole) beneath it, the gyro appears to rotate or drift clockwise at 
a rate of one revolution for each sidereal day. 

If the gyro is placed with its spin axis horizontal to the equator, then the 
eastern end of the spin axis appears to tilt upwards as the earth rotates. The 
gyro will appear to execute one complete revolution about the horizontal axis 
for each sidereal day. 
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Fig. 3 Effect of earth rotation on the gyro 

Gyro drift will be at its maximum at the poles and zero at the equator, whilst 
gyro tilt is the reciprocal of this. At any intermediate latitude the gyro will suffer 
from both drift and tilt with the magnitude of each error being proportional to 
the sine and cosine of the latitude respectively. When a gyro is placed exactly 
with its spin axis parallel to the spin axis of the earth at any latitude, the 
mechanism will maintain its direction relative to the earth. There is no tilt or 
azimuth movement and the gyro may be considered to be meridian stabilized. 

The rate of drift and tilt motion is given as: 

1. tilt = 15o cos φ (latitude, degrees per hour) 

2. Azimuth drift = 15o sin φ (latitude, degrees per hour) 

where 15o is the hourly rate of the earth’s rotation and Azimuth is the angle 
formed between the gyro spin axis and the earth’s spin axis. 

2.3 The controlled gyroscope 
It has been stated that a free gyroscope suffers an apparent movement in both 
azimuth and tilt of the rotor axis depending upon location in latitude. It is 
possible to calculate the necessary force required to produce a reciprocal 
action to correct the effect of apparent movement. A force can be applied to 
the gyro, which will cause both azimuth and tilt precession to occur in 
opposition to the unwanted force caused by the gyro position of the earth. If 
the opposite feedback is correctly applied, the gyro will no longer seek a 
celestial point but will be terrestrially stabilized and will assume a fixed 
attitude. Although the gyro is now stabilized to a terrestrial point it is not 
suitable for use as a navigating compass. The reasons for this are as follows:  

1. It is not north seeking. 

2. It is liable to be unstable and will drift if the applied reciprocal forces are not 
precise. 
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3. The mechanism is liable to drift due to precessional forces acting upon it 
through the friction of the gimbal bearings. This effect is not constant and is 
therefore difficult to compensate. 

4. If the gyro is continuously moved, a complex system of different reciprocal 
forces needs to be applied due to continual changes in latitude. 

2.4 North seeking gyro 
The gyro spin axis can be made meridian seeking (maintaining the spin axis 
parallel to the earth’s spin axis) by the use of a pendulum acting under the 
influence of earth gravity. The pendulum causes a force to act upon the gyro 
assembly that will precess under its influence. Precession enables the 
instrument to become north seeking. As the pendulum swings towards the 
centre of gravity a downward force is applied to the wheel axle, which in turn 
causes horizontal precession to occur. Thus gravitational force acting 
downward on the spinner axle causes the gyroscope to precess horizontally to 
maintain the axle pointing towards true north. 

2.4.1 The gravity controlled gyro obtained by pendulum 

The two main ways of achieving precessional action due to gravity are to 
make the gyro spin axis either bottom or top heavy. The pendulous weight will 
always seek the centre of gravity and in so doing will exert a torque about the 
gyro horizontal axis. However, due to earth rotation and gyro rigidity the 
pendulum will cause the gravity control, i.e. the pendulous weight, to move 
away from the centre of gravity. In a bottom heavy gyroscope the spinner is 
rotating clockwise when viewed from the south end. Precession, caused by 
the force exerted on the spin axis by gravity, will cause the north-east end of 
the spin axis to move to the east when it is below the horizontal. A reciprocal 
action will occur causing the north-east end of the spin axis to precess 
towards the west when above the horizontal. The spin axis will always appear 
to tilt with its north end away from the earth (up) when to the east of the 
meridian, and north end towards the earth (down) when to the west of the 
meridian because of the effect of earth rotation and gyro rigidity. This action 
will cause the north end of the spin axis, of a gravity controlled undamped 
gyro, to describe an ellipse about the meridian. The extent of the ellipse will 
vary depending upon the initial displacement of the gyro spin axis from the 
meridian and from the earth’s horizontal. The gyro will not settle on the 
meridian and is therefore not suitable for use as a precise north reference 
compass aid 



 8

 



 9

 
Fig. 4 Behaviour of the gravity-controlled gyro (undamped). 

Whereas the bottom heavy gyroscope is constructed with a plain weight 
attached to the spin axis and a clockwise spinning rotor to produce a north 
settling action, the design of the top-heavy gyroscope is not equally 
straightforward. Adding a weight to the top of the rotor produces a number of 
undesirable effects, especially if the gyro is moving during observation. To 
counteract unwanted effects, an apparent top weighting of the gyroscope is 
achieved by the use of mercury fluid ballistic contained in two reservoirs or 
pots. Each ballistic pot, partly filled with mercury, is mounted at the north and 
south sides of the rotor on the spin axis. A small bore tube connects the bases 
of each pot together providing a restricted path for the liquid to flow from one 
container to the other. The ballistic system is mounted in such a way that, 
when the gyro tilts, the fluid will also tilt and cause a displacement of mercury. 
This action produces a torque about the horizontal axis with a resulting 
precession in azimuth.  
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Fig. 5 A controlled top-heavy gyroscope at the equator. 

Consider a controlled gyroscope to be at the equator with its spin axis east 
west. As the earth rotates west to east, the gyro will appear to tilt about its 
horizontal axis, the east end rising causing mercury to flow from pot A to pot 
B. The resulting unbalance of the ballistic will cause a torque about the 
horizontal axis. This causes precession about the vertical axis and the spin 
axis will move in azimuth towards the meridian and subsequently describe an 
ellipse around it in the same way as for the bottom heave gyroscope. In order 
to make the top-heavy gyroscope north seeking an anticlockwise spinning 
rotor has to be used. As has previously been described this type of gyro is 
north seeking only and will not settle in the meridian.  

2.4.2 The damped controlled gyro 

The ellipse described by the gravity controlled undamped gyro possesses a 
constant ratio of the major and minor axes. If the extent of one axis can be 
reduced, the length of the other axis will be reduced in proportion. If the gyro 
axis is influenced by a second force, which exerts a damping torque about the 
vertical axis so as to cause the spin axis to move towards the horizontal, the 
minor axis of the ellipse will be reduced as well. Under these conditions the 
gyro spin axis will eventually settle horizontally on the meridian.  
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Fig. 6 Behaviour of the gravity-controlled gyro (damped). 

2.4.3 Gyro damping 

The apparent tilting of the gyroscope can be reduced by producing an offset 
controlling force, which creates ”anti-tilt” precession causing the unit to settle 
in the meridian. This is achieved by producing a force about the vertical axis to 
cause precession about the horizontal axis. In the top weighted system the 
mercury ballistic controlling force id offset slightly to the east of the vertical. 
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The point of offset attachment is carefully calculated to provide sufficient 
damping action to cause the gyro to settle in the meridian. A comparatively 
small force is required to produce the necessary anti-tilt precession. 

An alternative and more commonly used method of applying anti-tilt damping 
is done by simply adding an extra weight to the gyroscope as is illustrated in 
figure 7.  

 
Fig. 7 (a) Effect of control force plus damping force 

           (b) An alternative method of applying offset damping 

The amount of damping required depends upon the rate of tilt of the gyro axle 
and as such will be affected by latitude. However the damping period will 
always remain constant despite the changes of amplitude of successive 
swings to east and west of the gyro axle.  
Figure 8 shows a typical settling curve for a gyro with a 75-minute damping 
period. The time taken for one oscillation, from A1 to A3 is termed the natural 
period of the gyro. 
 

 
Fig. 8 An example of a damping curve 

2.4.4 The amount of tilt remaining on a settled gyro 

The settling curve traced by the north end of the gyro spin axis illustrated in 
figure 6 assumes that the gyroscope is situated at the equator and will, 
therefore, not be affected by gyro tilt. It is more likely that the gyro 
observations take place at some north/south latitude and consequently gyro 
drift must be taken into account. For a gyroscope in northern latitudes, the 
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gyro spin axis will drift to the east of the meridian and tilt upwards. For any 
fixed latitude the easterly drift is constant. Westerly precession, however, is 
directly proportional to the angle of tilt of the rotor axle from the horizontal, 
which itself is dependent upon the deviation between it and the meridian. At 
some point the easterly deviation of the north end of the spin axis produces an 
angle of tilt causing a rate of westerly precession that is equal and opposite to 
the easterly drift. The north end, although pointing to the east of the meridian, 
is now stabilized in azimuth. As the north end moves easterly away from the 
meridian both the rate of change of the tilt angle and the angle itself are 
increasing. The increasing angle of tilt produces an increasing rate of 
downward damping tilt until a point is reached where the upward and 
downward rates of tilt cancel. The north end of the axle is above the horizontal 
although the rotor axle is stabilized.  

Figure 9 shows that the gyroscope has settled, at point 0, to the east of the 
meridian and is tilted up. The extent of the easterly and northerly (azimuth and 
tilt) error in the settled position is determined by latitude. An increase in 
latitude causes an increase in both the easterly deviation from the meridian 
and the angle of tilt above the horizontal. It is necessary therefore for latitude 
error, as the discrepancy is called, to be corrected in a gyroscope. As latitude 
increases, the effect of earth rotation becomes progressively less and 
consequently tilting of the rotor axle becomes less. It follows therefore that the 
rate of damping precession needed to cancel the rate of tilt, also will be less. 

 
Fig. 9 A curve showing error to the east and tilt caused by latitude of a settled 
gyroscope. 

 

2.5 Gyros used with theodolites 
The gyros used for geodetic surveying are somewhat constrained. These 
gyros are only used in a static mode i.e. they are not moved around while one 
is measuring with it. Therefore a lot of the problems previously described are 
eliminated and a simpler kind of gyro may be used. 

The pendulum motion is established by the fact that the gyro is earthbound. 
Together with the tripod and the theodolite, it is pulled out of the original 
spinning plane by the earth’s spinning motion. The gyro starts to drift and tilt 
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which gravity wants to correct. Precession interferes with this correction and 
the gyro starts to swing in a pendulum (or oscillating) motion. 

2.6 Observation methods 
Since the gyro oscillates about the meridian plane one has to measure the 
size or swing periods of these oscillations to be able to determine True North. 
Two methods have been developed for this: the Transit Method and the 
Reversal Point Method. Modern gyros have automated this methods, and all 
one has to do is to focus the theodolite telescope to target and press 
“START”. However, the theory of the methods used for the GAK 1 still applies 
for the modern instruments. Another parameter, which at least needs to be 
checked for every surveying campaign, is the adaptation constant, i.e. the 
angle between the centre of the gyro oscillation and the ascertained position N 
of the alidade, which is correlated to the line of sight of the theodolite 
telescope. 

2.6.1 Measuring methods for GAK 1 

2.6.1.1  Transit Method 
The instrument must be approximately orientated toward True North. Then the 
time intervals between at least three successive transits of the moving gyro 
mark through the middle of the scale are measured, and the amplitude of the 
gyro oscillation is read on the scale at the turning points. 

 

Fig. 10 Transit-Method 
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The angular correction that must be applied to the provisional orientation is 
proportional to the amplitude and to the difference in the times taken to make 
the half swings to the east and west of the middle of the scale. By measuring 
in two different directions N’ one may calculate the proportional factor c using: 

2211

21 ''
atat

NNc
⋅∆−⋅∆

−
=       (2-1) 

Thereby True North can be calculated using: 

NNN ∆+= '        (2-2) 

where: 

tacN ∆⋅⋅=∆  

=a amplitude of gyro oscillation observed on instrument display 

2.6.1.2 Reversal Point Method 
Using the horizontal slow motion drive screw of the theodolite in order to 
follow-up, the moving mark is kept as sharply as possible in the middle of the 
scale. When a reversal point is reached, the horizontal circle of the theodolite 
is read. 

 

Fig. 11 Reversal point Method 
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From the circle readings 1u , 2u  and 3u  at three successive reversal points, the 
horizontal circle value for True North can be calculated: 

N
u u

u= ∗
+

+
⎛
⎝⎜

⎞
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1
2 2

1 3
2       (2-3) 

An experience gained in the study of the gyro is that one should strive after 
having smooth, pendulous movement with a starting amplitude not higher than 
10 units in the gyro amplitude scale. There is a radical decrease in accuracy 
when these conditions have not been fullfilled. The problem is that in order to 
achieve this, one has to start measuring with the gyro quite closely in line with 
the meridian plane. It is therefore recommended to pre-orient the gyro with, for 
example, a few readings using the reversal point method and then start over. 

2.6.1.3  Alternative method 
An alternative method that has been looked into in this study is to try to 
modulate the cosine curve, which the oscillating gyro describes about the 
meridian plane. The data that describes the amplitude of this curve is gathered 
in the same way as for the reversal point method.  

The amplitude of the gyro decreases with time. To calculate the exact change 
of the amplitude, which can be applied to all measuring series, is of course 
impossible. The individual readings in an arbitrary series are far from accurate 
enough to be able to establish a general curve for the changes in the 
amplitude. One has to find an approximation. Studies from a number of series 
shows that the decrease over time is close to, but not completely, linear. 
When a quadratic change in the amplitude was implemented on the series it 
showed that this was closer to the truth in the behaviour of the gyro. It may be 
correct to approximate the rate of change of the gyro to a short interval of such 
a curve, but when this curve approaches infinity it proves rather unsound to 
use this approximation. This resulted in the use of a exponential curve: 

)( ( )P ae n cbn= +− π πcos       (2-4) 

Where: 

P =  direction of the gyro rotor 

a =  parameter describing the linear decrease of the amplitude 

b =  parameter describing the deviation from the linear decrease 

c =  parameter describing the average direction of the gyro 

n = Observation index in series 
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In order to get the above described parameters and further be able to analyse 
the observations a program was constructed in Matlab, version 5.2. The 
Matlab code is displayed in Appendix 1 and has the following features: 

1. It imports and constructs an observation vector 

2. Calculates rudimentary start values for the three parameters a, b and c 

3. Constructs a design matrix using the partial derivatives for a, b and c 
together with the start values 

4. Adjustment by elements to get corrections to the initial start values for a, b 
and c 

5. The corrections are added to a, b and c. A new design matrix is constructed 
as described in 3 

6. 4 and 5 are iterated until the parameter c differs less than 0.0001 in three 
succeeding iterations 

7. The standard deviation is calculated 

8. The result is presented, both as a plot and text 

9. After analysing the result one can remove an observation and recomputed 
i.e. rerun step 3 through 9   

The advantage of this method is that if one has one bad reading of the 
amplitude it does not affect other readings as it does when using the original 
calculation method. Then three readings are needed to be able to calculate an 
average. When calculating a curve which fits all the readings the best, it is 
easier to analyse an unique reading by calculate its deviation from the curve. 
An obvious disadvantage is if the changes in amplitude of the gyro does not fit 
the parameters of the above described cosine curve, one might exclude 
observations, which in reality are sound. However, the other two methods are 
also based on similar assumptions and similar problems arise if the changes 
in amplitude behave irrationally. 

2.6.2 Measuring methods for Gyromat 2000 (DMT) 

The GYROMAT finds north by continuous automatic observations of only one 
gyroscope oscillation at small amplitude. The free gyroscopic oscillation is 
measured by an opto-electronic pick-up over a period T, and thereafter 
integrated as described in the figure below: 
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Fig. 12 Integration method for GYROMAT 

The zero mark of the pick-up, after iterative preliminary orientation, still shows 
a deviation αΚ relative to the resulting oscillation centre R (the resultant of 
tape-induced and gyroscope-induced torque) and an orientation deviation αN 
relative to the geographical north, desribed in the upper left figure in Fig 12. αN 
results from the equilibrium condition of torques, i.e. between the gyroscope-
induced directional torque and the tape-induced torque. The amount of the 
integral yields αΚ, i.e. surface area during one complete oscillation in Fig 12. 
The orientation deviation αN to be arrived at is calculated by multiplying αΚ by 

(1+ x ) where 
K

B

D
Dx = . [Korittke, 1988] 

The fieldwork with this automatic instrument is fairly simple. The instrument is 
set up as a normal total station (though somewhat more cumbersome), 
orientate the instrument to an approximate north (±45 o, the further from north 
the longer measuring time) and after that the surveys may begin by selecting a 
program and pressing start. A normal survey to detect north in the south part 
of Sweden takes about 10 minutes. 
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The gyro is integrated with a total station, thereby displaying the direction of 
north in horizontal circle value of the total station. 

2.7 Geodetic corrections 
Gyroscopic observations are equivalent to astronomical azimuths. As the 
adjustments are done in the national projection system, the following 
corrections must be applied to reduce such observations to grid bearings: 

• correction for polar motion (actual pole to CIO pole) 

• arc to chord correction 

• convergence of the meridian 

• instrumental corrections 

• correction for the deflection of the vertical 

The following details can be added concerning these corrections: 

2.7.1 Polar motion 

The earth rotates around an axis which deviates from the principal axis of 
maximum inertia, this means that the earth rotation axis will not remain fixed 
with respect to the earth body, rather move periodically around a certain mean 
axis. Such movement of the earth rotation axis is called Polar motion. Due to 
polar motion, it is important to reduce all observations so they refer to a certain 
mean pole. The most widely used mean pole is the International Convention of 
Origin (CIO), which is defined as the mean position of the instantaneous pole 
during the period 1900 to 1905.However, the deviation between an arbitrary 
rotation axis and the rotation axis corresponding to CIO is less than 0.1 mgon 
and therefore this correction is neglected. 

2.7.2 Arc to chord correction 

The arc to chord corrections is applied by reference to formulae of the 
projection concerned. This correction is negligible for short distances 

2.7.3 Convergence of the meridians 

The line of sight of the telescope of a theodolite in accurate adjustment traces 
out a vertical plane as the telescope is turned about its horizontal axis. This, if 
one regards the earth as spherical, one may consider to be a plane passing 
through the centre of the earth. Therefore the straight line that is set out by a 
theodolite is in reality always the arc of a great circle on the earth’s surface. 
Now, unless it happens to coincide with the equator or with a meridian of 
longitude, any great circle will cut different meridians at different angles. In 
other words, its bearing will vary from point to point. Thus as one proceeds 
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along a straight line set out by a theodolite on the earth’s surface, the bearing 
of the line will not remain constant but will gradually alter.  

This alteration in the bearing of a straight line is an important matter in surveys 
of any magnitude, as in latitudes in the neighbourhood of 60o it amounts to 
almost a minute of arc in a line of one kilometre in lengths, and in higher 
latitudes the alteration is even bigger. 

When one is using a gyro, the above stated problem is reversed. A gyro will in 
fact seek out and eventually settle in a meridian (true north) but when one 
wants to implement the gyro observations on a predefined map grid one has 
to keep in mind that the observed meridian only coincides with the map grid 
along the middle meridian of the map grid. The further east or west one gets 
from the middle meridian the larger the deviation between direction of North of 
the map grid and the meridian of longitude that the gyro shows. 

This deviation (c) may be calculated using the following formula: 

( )tan tan sinc = − ∗λ λ ϕ0       (2-5) 

where: 

ϕ = latitude of gyro position 
λ = longitude of gyro position 
λ0 = longitude of the middle meridian of the map grid system 

2.7.4 Instrumental corrections 

An alignment error can exist between the indicated heading of the gyroscope 
and the horizontal optical axis of the theodolite. This constant error can be 
determined at a measuring range where the azimuth is known. 

2.7.5 Correction for the deflection of the vertical 

The influence of the irregularity of the earth’s gravitational field (deflection of 
the vertical) thus merits special attention in regions where the deviation of the 
vertical is suspected to be large. 

A study of this problem has been carried out for the St Gotthard and 
Lötschberg tunnels [Carosio et al., 1997]. The tunnels, one under the St 
Gotthard (57 km long) and the other under the Lötschberg (about 30 km long) 
were to be built. The Swiss Federal Railways instructed the Swiss Federal 
Institute of Technology to make studies by mathematical models for the 
definition of the required quality of the geodetic networks, especially with 
regard to the accuracy and reliability. Because of the length of the tunnels, 
gyroscopic observations are needed in addition to conventional methods. 
However, in a mountainous area such as the St Gotthard range, the effects of 
the variation of the earth’s gravitational field are not negligible. Experiments 
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have thus been carried out on the effects of such variations on gyroscopic 
azimuths. 

The instrument that was used in these experiments was the Gyromat 2000 
supplied by Deutsche Montan Technologie (DMT) of Bochum. This instrument 
has a measuring time of 8 minutes, with a nominal precision of 0.7 mgon. 

The deflection of the vertical is the angle between the vertical at a point and 
the normal to the reference ellipsoid. The application of this correction allows 
an astronomical azimuth to be converted to geodetic azimuth, as follows 
[Heiskanen and Moritz, 1967, p. 186]: 

A = − • − • − • •α η φ ξ α η αtan ( )sin cos cot z     (2-6) 

where α  is the astronomical azimuth 
  A  is the geodetic azimuth 
  η  is the east-west component of the deflection of the 
   vertical 
  ξ  is the north-south component of the deflection of the 
   vertical 
  φ  is the geographical latitude 
 and z  is the zenith distance to the observed point 

In the case of a tunnel, where the lines of sight are approximately horizontal, 
cot z = 0, will only the η  component of the deflection account to the correction. 

2.7.6 Errors and accuracy 

The accuracy of a gyro attached to a theodolite or a total station is of 
paramount importance, particularly when used for the constructions of tunnels 
or similar projects, where high accuracy of positions is needed but hard to 
reach by other means. This implies that all possible errors, apart from random 
errors of observation; should be eliminated in advance. 

If the corrections described in section 2.7 are applied to the gyroscopic 
observations, accuracies within 6 mgon for GAK 1 and 0.8 mgon for the 
modern Gyromat 2000 can be reached. If the GAK 1 is attached to a WILD T 
16 theodolite with an accuracy of 5 mgon, azimuths may be determined with 
an accuracy of 8 mgon. However, these accuracies have rarely been obtained 
during this study. 

This is one of the reasons why a slightly higher standard á-priori error will be 
used in the analyses in later sections. 
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3 Geodetic control networks in tunnels 

The elongated shape and comparatively small diameter of tunnels limit the 
geometrical design of tunnel networks compared to surface networks. Another 
important difference between a surface network and a tunnel network, 
particularly during tunnel construction, is that the surface network can be 
adjusted, and if this is done in a proper way all influence of errors has been 
minimised. Once the network is adjusted, construction of e.g. a building can 
begin from points, which have a high internal accuracy as well as accurate 
relations within the complete construction site and also usually established in 
connection with neighbouring or superordinate networks. 

In the tunnel constructions of today the demands of accuracy of the tunnel 
networks are increased. Today excavation is done with tunnel boring 
machines (TBM), which erects concrete lining only a few metres from the front 
of the tunnel, i.e. permanent structures are being constructed from points that 
in the surface case would be considered unacceptable. 

Since it is impossible to excavate the tunnel from an adjusted control network, 
other ways and methods have to be used to secure that the constructed tunnel 
will fulfil the demands of spatial geometry for the intended use of the tunnel. 
For example, a railway tunnel needs a large enough open space, called cross 
section, which is associated with a centre line and profile, called rail geometry. 
Hence, a somewhat larger tunnel will be excavated. There is, of course, 
necessary to make room for concrete lining and other installations for rock 
support, but also for spatial errors in construction, including the tunnel 
networks. However, since it is expensive to excavated rock, every extra 
centimetre that is needed has to be motivated and that the surveyors are only 
allowed to use a few centimetres when they are establishing their networks. 

An important method to prove that the tunnel network will be good enough is 
to estimate the breakthrough accuracy before the tunnel construction begins. 
This section will describe methods to calculate the breakthrough accuracy, 
describe and analyse different tunnel networks and how gyro observations 
may improve the tunnel networks. As usual, errors can be divided in to three 
different categories: gross, systematic and random errors. This paper will 
mainly discuss how random errors affects the networks. The predicted values 
of gross and systematic errors are hard to estimate due to the character of 
these errors and they have to be predicted and minimised by other means 
than pure mathematics. We will start off to discuss these errors briefly. 

3.1 Influence of gross and systematic errors 
As previously stated, an important way to establish if a surveying method is 
sufficient enough for a tunnel project is to try to simulate how the random 
errors accumulate until the point of breakthrough. But that will never be 
enough if the influences of gross or systematic errors are not respected. All 
the traditional influences of gross and systematic errors, e.g. instrumental 
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calibration, physical environment, human factors and observation routines, 
which are important to consider for traditional reference network surveying, 
are of course also important when a tunnel network is to be established. One 
way of detecting and minimizing the influence of such an error is to make 
redundant and/or independent observations. We will look how different 
network configurations and the introduction of gyro observations could help to 
detect such errors in later sections. 

At the same time as when the analyses of breakthrough errors (random 
errors) are carried out some important parameters should be calculated for 
each observation: the redundancy value, the smallest detectable error and the 
effect of errors in adjustment. 

• Redundancy value explains how well the observation is checked by 
comparing it to other observations. The redundancy value is calculated 
by dividing the number of redundant observations by the total number 
of observations. The value should be above 0.35 but already at values 
under 0.71 it makes the error detection difficult. 

• The smallest detectable error is how large an error must be to be 
detected. 

• The effect of errors in adjustment means how much the total accuracy of 
the adjustment may be affected by the smallest detectable error.  

Two specific sources of gross errors in tunnel surveying are the influences of 
refraction and rock deformation. 

The influence of refraction could be very extensive due to the difference of 
temperature close to the walls of the tunnels and the centre of the tunnel. 
There is frequently also a large temperature difference at the tunnel adits, 
between the outside temperature and the temperature inside the tunnel. The 
influence of refraction affects both distance and directional observations. 
Surveying methods has to be applied which minimize this influence. The effect 
of refraction could be considered as a systematic error, and there are many 
papers on how it could be reduced, e.g. [Chrzanowski, 1981]. However, the 
best way is to try to plan the surveys in such away that the influence of 
refractions is reduced by e.g. survey in the centre in the tunnel and not a long 
the walls of the tunnel and to try to avoid to place survey legs close to 
operating machinery. 

When most rock is excavated, it takes some time for the remaining rock to 
stabilize. Since the points of a reference network are established on the tunnel 
surface, they will move with the deformation of the rock and thereby 
destroying the network. As long as these deformations take place the 
reference network needs to be updated through a complete network survey. 
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3.2 Breakthrough accuracy 
A study on how the breakthrough accuracy could be calculated and optimised 
was conducted in connection with plans for a possible tunnel between 
Newfoundland and Labrador in Canada [Chrzanowski, 1981]. Although there 
are many excellent publications regarding setting-out surveys during tunnel 
construction at that time, there are not many which deal with the accuracy of 
the tunnel construction network in a proper way. This thesis will use 
Chrzanowski’s methods for analysing and comparing different reference 
network described in section 3.3 and 3.4. The methods used will however be 
somewhat modified for simplicity.  

Consider a tunnel that is driven along a theoretical tunnel geometry from two 
opposite adits. The two tunnels are predicted to meet in a theoretical point P. 
Since all observations are affected by errors the theoretical point P will in 
reality vary in accordance with survey errors. The survey errors intended are 
the accumulative errors from surveying the surface network between the two 
adits and the survey of each individual tunnel control network. The position of 
point P in one of the tunnel control network is called P’ and in the opposite 
network P”. The difference between P’ and P” is the breakthrough error for 
point P.  

An estimate of the value of random errors can be calculated by using the law 
of error propagation and the method of the least squares adjustment of 
observation equations which gives the full variance-covariance matrix Σx for all 
coordinates of the nonfixed points in the surface and underground networks. 
Using the basic principles of theory of errors and least squares adjustment 
[Fan, 1997], the variance-covariance matrix Σx for the combined network of the 
surface network and the two tunnel networks, is calculated from: 

 ( ) 12
0

−
=Σ PAAT

x σ       (3-1) 

where σ0 is an a priori estimated standard deviation of the 
observation with the unit weight 

  A is a matrix of coefficients of observation equations 
from  

  P is the weight matrix of observations 

From Σx the submatrix Σx(p) for points P’ and P” can be extracted. Thus the 
submatrix Σx(p) describes the variance in x and y, and the covariance for x and 
y  for each point, as well as the variance-covariance for the points. This in turn 
describes the variance for point P and is best described by a relative standard-
error curve from which an error ellipse for point P may be calculated. The 
submatrix Σx(p) can be explicitly written: 
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and the semimajor and semiminor axes of the relative standard error ellipse 
for points P’ and P” can be calculated from: 
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The azimuth φ  of the semimajor axis a  is calculated from: 
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When driving a tunnel it is the directional error, which is of interest, and not the 
error in length, therefore the breakthrough error is calculated as a component 
of the error curve in the direction perpendicular to the tunnel geometry. The 
relation between the direction of the error curve and the direction 
perpendicular to the tunnel is: 

 φαε +−= 90       (3-6) 

where α  is the azimuth of the axis of the tunnel at point P 

The standard deviation at angel ε  from the semimajor axis a , i.e. εσ , is 
calculated from: 

 εεσε
22222 sincos ba +=      (3-7) 

This value is compared with the tolerance limit for misalignment for the tunnel 
project. If the error is larger, the methods for survey must be changed, i.e. 
optimised.  
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3.2.1 Simplification of methods 

One thing that could be a problem when calculating the covariance for P’ 
compared with P” is the need for combining the surface network with the two 
tunnel networks (from surface to point P’ and surface to point P”). The surface 
network is often established in advance and the breakthrough point is not 
included in the adjustment [Chrzanowski, 1981]. The same is true for this 
thesis. Another problem is that the program, which will be used for the 
analyses described in section 4.1, only presents the variances and 
covariances for analysed points and does not present the variance-
covariances for all observations.  

The influence of the surface network on the two tunnel networks will be added 
through an elastic adjustment of each tunnel network using the previously 
calculated covariance (x and y) for each connecting point between the tunnel 
network and the surface network. The breakthrough point P will be analysed 
by calculating its covariance matrix pC  by adding the two co-variance 

matrixes 'pC and "pC  according to the law of error propagation: 

"' ppp CCC +=       (3-8) 

or: 
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The semimajor and semiminor axis of an error ellipse can now be calculated 
using eq. 3-3 and 3-4, its orientation with eq. 3-5 and subsequently the error 
perpendicular to the tunnel geometry using eq. 3-6 and 3-7.  

The difference between the method described in [Chrzanowski, 1981] and this 
simplified approach is that the dependency between point P’ and P” is ignored. 
This will have the effect that the error will be somewhat larger for this 
simplified approach, this can be seen by comparing eq 3-4 and eq 3-9. 
However, the influence on the variance-covariance which describes the 
dependency between P’ and P” is assumed to be very small for the tunnel 
network in Project Hallandsås, considering that there will be close to 2000 
observations in surface network and tunnel networks, separating these two 
points.  
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3.3 Networks in previous tunnel projects  
Prior to describing the networks used in Project Hallandsås, we will look at 
other network types that have been used for tunnel construction with TBM. 

3.3.1 Open-ended traverses in S:t Gotthard 

The optimisation of the breakthrough accuracy must concentrate on the 
optimisation and improvement in the design of the underground control 
surveys which commonly consists of open-ended traverses, while the surface 
network is usually overdesigned and its accuracy requirements exaggerated 
[Chrzanowski, 1981]. Because the transportation and construction machinery 
occupies the center portion of the tunnel, underground traverses are reduced 
to the space along the tunnel walls, leaving open-ended traverses as the only 
option. Two or even three orders of traverses should be established. First, the 
lowest order traverse is run simultaneously with the progress of the tunnel. It 
provides continuous control of the construction works. This “construction 
traverse” usually has to be established with very short legs, 100 metres 
between stations. Once the tunnel has progressed about one or two 
kilometres, a higher order traverse, which checks the location of the last point 
of the construction traverse, is established. The procedure is sometimes 
repeated once more with a third traverse with distances as long as possible 
and, from all three, the final correction to the axis of the tunnel is calculated. 
The correction should be calculated as a weighted mean from the results of all 
the traverses rather than treating the highest order traverse as errorless and 
applying the correction as equal to the total difference between the results of 
the higher or lower order traverses. This is particularly important when the 
influence of some systematic errors such as atmospheric refraction is 
suspected. This is, indeed the case if the traverse is situated only along the 
tunnel wall. 

The open-ended traverse is surveyed with very few over-determinations and 
the possibility to check the surveys through calculations are limited (next to 
non). The only way to do a check by total station during these circumstances 
is by surveying the traverse repeatedly preferably in the way described above. 
However a higher order traverse which uses the same points as the lower 
traverse, even if the traverse is made less dense, by skipping some points, will 
be affected by the same influences of systematic errors. Chrzanowski 
suggests that one should try to run the construction traverse on one side of 
the tunnel and the higher order checking traverse on the other side. If the 
gradients of temperature dT/dY, near the wall in the direction perpendicular to 
the lines of sight, are symmetrical distributed, then both traverses should be 
deflected in opposite directions. This means that a mean value from both 
traverses for setting out the centre line of the tunnel should minimise the 
influence of refraction. Once again proving that it would be a mistake to 
correct the position of the last point of the construction traverse according to 
the results obtained only from the higher order traverse. 
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Another way to check an open-ended theodolite-surveyed traverse is to use a 
gyro instrument. It is recommended recommends that gyro checks should be 
made at least at every 4th or 5th station, at least in the highest order control 
traverse, preferably though at each station [Chrzanowski, 1981]. 

3.3.2 Gyro supported traverses in the Channel Tunnel 

The limitations on usable space for surveying, also discussed in section 3.3.1, 
led to survey stations established close to the walls in the tunnel connecting 
England with France [Korittke, 1991]. However, in this case it was possible to 
allow a strong zig-zag route for traversing and by doing this one could avoid 
the influence of refraction as much as possible. The traverse was surveyed 
with a Leica T 2002. A gyrotheodolite (DMT Gyromat 2000) was also used, 
measuring azimuths twice at each point. The difference in bearing between 
the two types of observations was after 6.5 kilometres 17.6 mgon. 

However, during the New Years shutdown, when no construction activities in 
the tunnel took place, a second survey campaign was carried out. This time a 
traverse was run in the centre of the tunnel on special plates on which forced 
centring was possible. The differences of the bearings between the optical and 
gyro-supported traverse were eight times smaller compared with those values 
obtained from zig-zag traverse. The difference in bearing between the two 
types of observations after 6.5 kilometres was 2.4 mgon. The conclusion was 
that the influence of the horizontal refraction is much less when traverse was 
run in the centre of the tunnel than on the brackets near the wall of the tunnel. 
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3.3.3 Networks in the superconducting super collider 

The tunnel network comprises two zig-zag traverses through pairs of points 
with 150 metres distance between two pairs creating a lattice network. The 
network was surveyed as described below in Fig. 13 [Greening et al., 1993]: 

 
Fig. 13 Control network in the superconducting super collider tunnel 

The important difference with these surveys and the simple traverse is the 
amount of redundancy within the surveys i.e. when these surveys are adjusted 
they may be checked within the computation program in a proper way. 
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3.4 The Hallandsås Railroad tunnel 
The Hallandsås or “Ridge of Halland” is a very old (2 billion years old) 
geological formation that divides Sweden’s most southern province, Skåne 
from the province of Halland, to the north west of Skåne. When the main 
western railroad line was built in the late 1800’s connecting the cities along the 
west coast of Sweden, the crossing of this ridge proved to be a challenge. The 
ridge is about 10 km wide and rises quite steeply up to a height of 180 metres 
from bordering flat landscapes. This led to that the railroad crossing the ridge 
is one of Sweden’s steepest railroads with a lot of sharp bends. In the 1970’s it 
was decided that the capacity of this line needed to be improved. The 
problems with height difference in combination with that a lot of areas on the 
ridge had been classified as environmentally protected; a tunnel was decided 
to be the best alternative, although very expensive. It was decided that a two-
line track was going to be built in two separate 9 km long tunnels.  

In 1993 construction of the tunnel started with an open Tunnel Boring Machine 
(TBM) from the north. This TBM was stuck in the bad rock after a few metres. 
It was decided to continue the project with traditional drill and blast methods 
from four fronts (two in the north and two in the south). After a while it was 
decided to open up a mid adit to increase production with four new fronts. 
During the construction the poor geology led to a large in leakage of water. 
Traditional method with concrete injection was not sufficient to stop the water. 
When concrete lining of the tunnels were considered too expensive it was 
decided to use a chemical injection substance called Rocha Gil, which had 
been used in other project with terrific results. However, the amount of Rocha 
Gil that was used was extreme compared to other projects. One of the 
chemicals used was Acryl amid, which poisoned the workers and leaked out 
into the environmentally protected areas. The project was finally stopped in 
1997 when a third of the tunnels had been completed. In the north 2 times 1.5 
km of tunnel was completed, in the south 2 times 1.6 km. In the mid adit a 
900-meter long access tunnel was completed, but only 40 metres had been 
blast in the main tunnels. Between the years 1997 and 2001 the Swedish 
Railroad Administration (Banverket) investigated if it was at all possible to 
build a tunnel through the Hallandsås and at what costs. During this time the 
excavated tunnels, which still had too much in leak of water, were lined with 
concrete and a rubber membrane. The Swedish government decided that the 
tunnel was going to be built even though the costs had increased 7 times from 
the original budget (1993). In 2002 a new contractor was hired. This contractor 
will use a shielded TBM that erects prefabricated segmental concrete lining 
just a few metres behind the front of the machine. 

3.4.1 Superordinate and connecting reference networks 

Since the project has been restarted a few times, it has as many sets of 
reference networks. In the most recent contract between Banverket and the 
contractor in 2002 it was decided that the employer was responsible for the 
Superordinate project networks in plane and height called “Stomnät 
Hallandsås I plan (SHP)” and “Stomnät Hallandsås I höjd (SHH)” and the 
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contractor was responsible for all networks under SHP and SHH, and when 
the tunnel work was completed, the contractor has to connect his network 
networks to the connecting networks in the adjacent railroads. 

Fig. 14 Reference points in the Swedish National Grid (Riksnätspunkter) and the superordinate 
Construction Site Network (Stomnät Hallandsås i plan) 

The SHP-network was established as a densification of the Swedish national 
network (Riksnätet), with a minimum of four points at each adit as well as 
points overlapping adjacent railroad networks. The points had to be 
established outside the areas given to the contractor, guarding them from 
being destroyed by his work, but as close as possible to serve as useful 
reference points for the contractors networks. The points were established as 
concrete pillars with forced centring. 

The network, consisting of 20 points, was surveyed in 3 epochs, using 15 
Leica GPS receivers with Leica Geodetic antennas, which had been calibrated 
against a Dorne Margolin-T antenna. Some of the points at each adit were 
also surveyed with a total station of type Leica 2003. Included in the surveys 
were points at the adits, which had been used as reference points in the 
previous projects. After a free adjustment with one point fixed in SWEREF 99, 
the coordinates were transformed to the project projection plane and 
thereafter shifted, using a unitary transformation on all Swedish national 
network points as well as points from the previous project. The calculated 
accuracy of the points was about 2 mm in both northing and easting. It is this 
calculated accuracy that will be entered in the analysis of the tunnel control 
network. 
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The contractor had to establish a connection network at each tunnel adit as a 
densification of SHP and SHH. From these networks the contractor should 
start his tunnel construction networks. The contactor would use both GPS and 
total stations when surveying the connection network. GPS was only used as 
a survey check for the points at the south adit; at the mid and north adit some 
of the GPS-vectors was however used in the adjustments for the connection 
network points. The points were established as pillars.  

The analysis of the tunnel control networks includes the surveys of the 
connection networks. 

Within the tunnel the contractor will use two network types called Construction 
network type 1 and Construction network type 3. These networks are 
described in the next section. (Construction network type 2 is the same as 
type 1 but affected by rock deformations and/or construction works). The final 
working networks through the tunnels will be surveyed as type 1.  

3.4.2 Tunnel networks used in Project Hallandsås 

The two tunnels through the ridge of Hallandsås will be approximately 9 
kilometres long, the access tunnel to the mid-adit connects the main tunnels 
after 4.5 kilometres. In the existing 1.7 km tunnels in the south and the 1.5 km 
tunnels in the north a network type called Construction network type 1 is 
established, see Fig 15. 

The TBM will start from a special constructed chamber at the innermost part in 
the south-eastern tunnel . The TBM is approximately 150 metres long, on top 
of the TBM (in the roof of the tunnel) a local TBM-traverse will transport 
coordinates from the main construction networks to the guiding system of the 
TBM. This network will not be considered in this thesis. Behind the TBM, 
connecting the local TBM network with construction network type 1, a different 
type of network, type 3, will be established which will leave the centre portion 
of the tunnel free for the transportation and construction machinery. As soon 
as possible this network will be re-surveyed and upgraded to a type 1 network.  

The overall construction tolerance is set to ±100 mm, i.e. the tunnel is 
designed with a radius 100 mm larger than what the employer has demanded 
in the contract. The steering of the TBM and erecting of the concrete rings will 
use a large part of this tolerance. Approximately half (±50 mm) is the given 
tolerance for the control networks. 
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Fig. 15 Completed tunnels in previous projects and zones that are classified as difficult with 
respect to geology 

It is uncertain at this stage whether it will be possible to connect the tunnel 
networks to the surveys done at the mid-adit. The analyses in this thesis will 
therefore exclude the possibility to connect at the mid adit. For the Project 
Hallandsås, the contractor has made analysis of the networks used in the 
project for both options; from the south to the mid adit SHP-points and from 
the south, by-passing the mid adit and having the breakthrough at the 
connection with the construction network in the north tunnels (1.5 km from the 
north adit and its SHP-points). 

Both construction network types will have the same point marking called 
“unikonsol”. The unikonsol is a metal plate, which is erected on the tunnel wall. 
Onto the plate can be fitted either a bracket for instruments or a Leica GPH1 
prism arm with GPR1 prism. The centre of the prism will coincide with the 
vertical axis of the instrument and the height of bracket. The points will be 
placed in pairs on each tunnel wall with a distance of 150 metres between 
pairs. 
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3.4.2.1 Construction network type 1 

Fig. 16 Construction network type 1 
 
Construction network type 1, described by Fig. 16, is a combination of 
traverses established by free stations in the centre of the tunnel, were the 
influence of refraction is as low as possible, and double lattice design of the 
network; the centre traverses are surveyed as a lattice, 2 to 3 metres in width 
and the wall points are surveyed from minimum three stations also in the form 
of a lattice. Thus, tripods are placed in between every pair of wall points, they 
are placed in a zig-zag manner ± 1 to 1.5 metres from the centre line of the 
tunnel. From each stations directions and distances are measured to the 
closest pair of wall points, the pair behind and the pair in front of the station as 
well as to the two tripod stations behind and the two in front. The observations 
are done using a Leica T 2003 instrument. 

After observations are completed and reduction for atmosphere and projection 
has been carried out, the network is adjusted using the standard á-priori 
errors: 

Directions: 0.30 mgon 

Distances: 1 mm + 1 ppm 

Centring: 0.5 mm 

The Leica T 2003 has a standard á-priori error of 0.15 mgon for direction. The 
contractor choses to double this to compensate for any influence of refraction. 

As a control the contractor calculates the three traverses in the centre of the 
tunnel individually and compares them with the adjusted result of the total 
network. 

3.4.2.2  Construction network type 3 
 
Error!

 
 

Back up TBM 
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Fig. 17 Construction network type 3 

 
The construction network type 3, described by Fig. 17, will be surveyed as 
indicated above using the same wall points as for network type 1. From each 
wall point the 5 nearest points on the opposite wall are surveyed. observations 
along the tunnel wall are only carried out between the last to point pairs 
closest to the TBM. 

In this thesis network type 3 will be analysed all the way from the connection 
networks at the tunnel adits. However, the contractor will try to survey the 
network as type 1 no later than three new pairs of points have been 
established. 

3.5 Improving network survey with gyro observations 
In the Project Hallandsås independent checks of the tunnel control network 
will be carried out through gyro surveys. They will primarily not be used to 
update the network but only to check the bearings in the networks. Before the 
start of the TBM, two gyro observations will be carried out in each tunnel; one 
500 metres from the adit and one at the tunnel front. A 450 metres long base 
will be measured from each direction in the centre of the tunnel. The position 
and orientation of the instrument versus the tunnel control network will be 
established through a free station with observations to the three closest wall 
point pairs, i.e. a total of six wall points will be used. These two gyro checks in 
each tunnel are done to confirm that the transfer of directions between the 
surface network and the tunnel network are free from systematic errors due to 
influence of refraction at the adits and to confirm the general design of the 
network prior to the start of the TBM. 

Later in this thesis the tunnel networks will be analysed from adit to adit 
through a single tunnel. In project Hallandsås the tunnels built in the previous 
projects are connected with cross tunnels, approximately every 400 metres. 
The construction network type 1 prior to the start of the TBM has taken 
advantage of this by connecting the two parallel tunnel networks through these 
cross tunnels. This has improved the accuracies enormously. This result, 
together with that it is planned to connect the tunnel networks at the mid adit, 
has led to the decision that the above stated gyro surveys will be sufficient. 

If circumstances change, the contractor will use more gyro surveys. If, for 
example, the contractor may not connect the tunnel network at the mid adit, 
the simulated breakthrough error towards the northern tunnels will supersede 
the tolerances. One way to improve the accuracy is to update the tunnel 
control network with gyro surveys by including them in the network 
adjustment. 
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3.5.1 Network survey with gyro versus gyro checks 

The advantage of using gyro surveys in a tunnel control network is easily 
understood since it gives an independent direction. However, it is not an 
unknown situation when a contractor has made gyro survey checks. These 
checks indicate an error in the direction of the tunnel control network. The 
direction of the tunnel control network has hence been adjusted according to 
the results from the gyro observations. Though later, when breakthrough is 
achieved, the contractor found out that if they had not made the compensation 
according to the gyro observations the position of the breakthrough would 
have been more accurate, i.e. the original direction of the control network was 
better than the gyro observations indicated. 

One must not forget that a single survey by a completely different method is 
very hard to check in itself and decide how good it actually is. When analysed, 
adding two or three gyro checks, does not have an enormous effect on the 
accuracy in a tunnel control network such the one used in Hallandsås. To get 
a significant effect one has to do surveys in accordance with the networks 
described to improve the English Channel networks or networks in the 
superconducting super collider. 

If gyro observations are going to be used for either checking or updating the 
network, it is vital that the observations are checked within them selves, i.e. 
that all corrections are applied and that the surveying and computation 
methods are such that the influence of gross and systematic errors are 
minimized. 
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4 Analysis of networks 

Four different types of networks will be analysed, open-end traverse, network 
constructed as lattice, construction network type 1 and construction network 
type 3. The networks will be placed in the west tunnel in Project Hallandsås. 
Two of the networks, the open-end traverse and construction network type 1, 
will be analysed with gyro checks and extensive gyro surveys respectively. 

4.1 Methods and computation programs 
The methods described in sections 3.1 and 3.2 will be used to analyse the 
networks. The observations will be added to a network adjustment module in 
the geodesy application provided by SBG Geo. The adjustments are 
computed by using least squares adjustment according to well known 
methods and equations described e.g. in [Fan, 1997] and [Lantmäriverket, 
1996].  

The simulated observations are adjusted using “elastic connection” thereby 
adding the variance co-variance matrices of the surface network into the 
adjustment. 

4.2 Network analysis without gyro observations 
After all observations have been entered into the network adjustment 
programme, SBG Geo, the network is simulated and theoretical errors for 
observations and points are calculated. The calculations are based on the 
standard á-priori errors described in section 3.4.2.1. 

Distance to breakthrough: 

7,5 km from south adit  

1.5 km from north adit 

4.2.1 Analysis of polygon traverse 

 

Fig. 18 Open ended traverses along tunnel wall  

Points are established on one tunnel wall with a distance of 150 metres 
between each point, see Fig 18. 
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Fig. 19 Result of network simulation of open end traverses presented as error ellipses for each 
point 

An error ellipse is generated for each point in the simulation and by studying 
Fig. 19 one can see the rate of how fast the error growes and that the form of 
the ellipses indicates that it is the error perpendicular to the direction of the 
tunnel which increases dramatically. This may be seen even more clearly in 
diagram 1 below which describes the major and minor ellipse axis individually 
for each point along the tunnel wall. 
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Error propagation in open ended traverse
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Diagram 1  Error propagation in open ended traverse from south adit to breakthrough point 

From diagram 1 we can see the growth of the error from the points in the 
construction site network at the south adit to the breakthrough point. But to get 
the total breakthrough error according to the described methods in section 3.2, 
we need to add the errors from the north tunnels as well. The breakthrough 
point P is here denoted as U50-H and from the network simulation the 
accuracies for U50-HS and U50-HN are extracted and displayed in Table 1. 

Table 1 Variance, co-variance and error ellipse parameters for the individual breakthrough 
points U50-H from south and north 

Breakthrough 
point from: 
south/north 

σx σy σxy Major axis 
(mm) 

Minor axis 
(mm) 

Bearing of 
Major axis 
(gon) 

U50-HS 0,0773 0,1042 -8,0316e-3 0,1297 0,0046 140,5833059 

U50-HN 0,0070 0,0089 -5,5779e-5 0,0110 0,0024 141,4734151 

 

The errors in Table 1 are added using equation (3-9) and the error ellipse 
describing the breakthrough accuracy for point U50-H is calculated, using 
equations (3-3) to (3-5) and displayed in Table 2. 
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Table 2 Variance, co-variance and error ellipse parameters for the breakthrough point U50-H  

Breakthrough 
point  

σ2
∆x σ2

∆y σ∆x∆y Major axis 
(mm) 

Minor axis 
(mm) 

Bearing of 
Major axis 
(gon) 

U50-H 0,006024 0,010937 -8,09E-03 0,130126 0,00533 140,6142 

 

The bearing of the major error ellipse axis is compared with the bearing of the 
railroad geometry, which at the breakthrough point is 40,57 gon. The relation 
between the orientation of the error ellipse and the bearing of the tunnel is 
calculated, using equation (3-6): 

ε = 100 –40,57 + 140,61 = 200,04 gon, which is the same as 0,04 gon. 

The very small value of ε verifies that the directions of the major ellipse axis for 
the points U50-HS and U50-HN coincide with the direction for the major axis 
of the ellipse describing the breakthrough error at U50-H and that the direction 
of these errors are perpendicular to the direction of the tunnel. 

Finally, the distribution of the error perpendicular to the tunnel axis, σε, can be 
calculated, using equation (3-7). The result is σε = 130 mm. At 95% probability 
level the error is 255 mm, which by far exceeds the tolerance of ± 50 mm.  

4.2.1.1 Possibility to check network through computation 

Table 3 Redundancy parameters for open-ended traverse 

Type of 
observation 

Redundancy Smallest 
detectable 
error 

Effect by errors in 
adjustment 

Direction  0 N/A N/A 

Distance 0,5000 0,0045 mm 0,0023 mm 

As can be seen in Table 3, it is impossible to check directions. The only way to 
do this is by surveying the traverse more than once or use a control traverse 
as described in section 3.3.1. 
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4.2.2 Analysis of Networks constructed as lattice 

Point distance in this network is 150 metres between each wall point on the 
same wall and 75 metres to point on opposite wall, see Fig. 20. 

 

Fig. 20 Network constructed as lattice 

 

Fig. 21 Result of network simulation of a network constructed as lattice presented as error 
ellipses for each point 
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Error propagation in a lattice network
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Diagram 2 Error propagation in a lattice network from south adit to breakthrough point 

Figure 21 and diagram 2 indicates the same size and directions of error 
ellipses and the same amount of error propagation for the network constructed 
as lattice compared with the open ended traverse. 

Using the same methods as described in section 4.2.1 give the results 
presented in Tables 4 and 5. 

Table 4 Variance, co-variance and error ellipse parameters for the individual breakthrough 
points U50-H from south and north 

Breakthrough 
point from: 
south/north 

σx σy σxy Major axis 
(mm) 

Minor axis 
(mm) 

Bearing of 
Major axis 
(gon) 

U50-HS 0,0740 0,1002 -7,4022e-3 0,1245 0,0041 140,4766327 

U50-HN 0,0079 0,0097 -7,1305e-5 0,0123 0,0023 143,0129593 

 

Table 5 Variance, co-variance and error ellipse parameters for the breakthrough point U50-H 

Breakthrough 
point  

σ2
∆x σ2

∆x σ∆x∆y Major axis 
(mm) 

Minor axis 
(mm) 

Bearing of 
Major axis 
(gon) 

U50-H 0,005538 0,010134 -7,47E-03 0,12512 0,004181 140,505 
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ε =  199,94 gon, which equals -0,06 gon. This still indicates that the largest 
component of the error is very close to the direction perpendicular to the 
tunnel. 

Finally, the distribution of the error perpendicular to the tunnel axis, σε, can be 
calculated, using equation (3-7). The result is σε = 125 mm. At 95% probability 
level the error is 245 mm, which is approximately the same as for the open-
ended traverse as indicated above when the error ellipses were studied; This 
also far exceeds the tolerance of ± 50 mm. 

4.2.2.1 Possibility to check network through computation 

Table 6 Redundancy parameters for a lattice network 

Type of 
observation 

Redundancy Smallest 
detectable 
error 

Effect by errors in 
adjustment 

Direction  0,7711 0,0034 gon 0,0008 gon 

Distance 0,6367 0,0006078 mm 0,0002208 mm 

 

The values in Table 6 indicate that the network is possible to check and gross 
errors are possible to find. As described in section 3.1, the large redundancy 
values indicates that the network is homogeneous and over determined. 
However, the errors in direction could become quite large without any 
warnings. 
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4.2.3 Analysis of Construction network type 1 

150 metres distance between pairs of points, see Fig. 22. 

 
Fig. 22 Construction network type 1 

 

Fig. 23 Result of network simulation of construction network type 1 presented as error ellipses 
for each point 
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Error propagation in construction network type1
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Diagram 3 Error propagation in construction network type 1 from south adit to breakthrough 
point 

Figure 23 and diagram 3 indicates the same size and directions of error 
ellipses and the same amount of error propagation for the network constructed 
as lattice compared with the open ended traverse. 

Using the same methods as described in section 4.2.1 give the results 
presented in Tables 7 and 8. 

Table 7 Variance, co-variance and error ellipse parameters for the individual breakthrough 
points TBM-0 from south and north 

Breakthrough 
point from: 
south/north 

σx σy σxy Major axis 
(mm) 

Minor axis 
(mm) 

Bearing of 
Major axis 
(gon) 

TBM-0s 0,0486 0,0658 -3,1908e-3 0,0818 0,0026 140,4878894 

TBM-0n 0,0110 0,0139 -1,4673e-4 0,0175 0,0025 142,5182809 

 

Table 8 Variance, co-variance and error ellipse parameters for the breakthrough point TBM-0 

Breakthrough 
point  

σ2
∆x σ2

∆x σ∆x∆y Major axis 
(mm) 

Minor axis 
(mm) 

Bearing of 
Major axis 
(gon) 

TBM-0 0,002483 0,004523 -3,34E-03 0,083623 0,003606 140,5594 
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ε =  199,99 gon, which equals -0,01 gon. This still indicates that the largest 
component of the error is very close to the direction perpendicular to the 
tunnel. 

σε = 84 mm. At 95% probability level the error is 164 mm. This does also 
exceed the project tolerance of ± 50 mm. The network needs to be improved, 
in the case of project Hallandsås the connection at the mid-adit will probably 
be possible. The simulated breakthrough error at the mid-adit is 0,047 mm at 
95% probability level. Then the surveys through the cross tunnels are also 
used to improve the network. 

4.2.3.1 Possibility to check network through computation 
Due to the configuration of the network the parameters vary considerably 
between different segments in the network, e.g. observation of direction from 
station point to nearest prism has different values than observations from one 
station point to another. Therefore we will look at the different segments as 
well. 

Table 9 Redundancy parameters for construction network type 1 

Type of 
observation from 
station point 

Target point Redundancy Smallest 
detectable 
error 

Effect by 
errors in 
adjustment 

Directions Nearest two 
wall prisms 

0,21460 0,00105 gon 0,00082 gon 

Directions Other wall 
prisms 

0,47120 0,00071 gon 0,00037 gon 

Directions Other station 
points 

0,56090 0,00065 mm 0,00028 mm 

Distances All targets > 0,78600 < 0,004 mm < 0,0008 mm 

 

When Table 9 are compared with Table 6, i.e. Redundancy parameters for a 
lattice network, we can draw the conclusion that also this network is possible 
to check and gross errors are possible to find. It is interesting to note that the 
smallest detectable errors is reduced 3 to 5 times but the redundancy of the 
observations is also reduced. However, apart from the directions between 
station point and nearest two wall prisms, the redundancy value is well over 
0.35. 

In the Project Hallandsås, the use and implementation of the short directional 
surveys (around 5 metres) between station point and nearest two wall prisms 
are under discussion between the contractor and the employer. Since 
automation of the total station results in that all distances and directions are 
surveyed to the targets of interest and it is tedious work to remove all 
discussed directional surveys afterwards, the contractor wanted to use them in 
the calculations. Another argument from the contractor was that these extra 
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directional surveys were almost free from the influence of refraction and would 
help to detect systematic and gross errors. 

If the short directional surveys are removed from the simulation but keeping 
the short distances surveys we get the result described in Table 10.  

Table 10 Redundancy parameters for construction network type 1 without short directional 
surveys 

Type of 
observation from 
station point 

Target point Redundancy Smallest 
detectable 
error 

Effect by 
errors in 
adjustment 

Directions Other wall 
prisms 

0,46940 0,00071 gon 0,00038 gon 

Directions Other station 
points 

0,56080 0,00065 gon 0,00028 gon 

Distances Nearest two 
wall prisms 

0,80200 0,00310 mm 0,00060 mm 

Distances Other station 
points 

0,80030 0,00360 mm 0,00070 mm 

Distances Other wall 
prisms 

0,44360 0,00480 mm 0,00270 mm 

 

When Table 10 is compared with Table 9 we can see that the values, though 
slightly worsened, are very similar too the simulation containing short 
directional surveys, apart from the longer distance surveys two wall prisms. 
Although still over 0,35, the redundancy value for these observations has 
almost been reduced by 50 %.  

We will also look at how the removal of the short directional surveys affects 
the total accuracy. Using the same methods as described in section 4.2.1 give 
the results presented in Tables 11 and 12. 

Table 11 Variance, co-variance and error ellipse parameters for the individual breakthrough 
points TBM-0 from south and north 

Breakthrough 
point from: 
south/north 

σx σy σxy Major axis 
(mm) 

Minor axis 
(mm) 

Bearing of 
Major axis 
(gon) 

TBM-0s 0,0490 0,0663 -3,2385e-3 0,0824 0,0028 140,4936820 

TBM-0n 0,0115 0,0144 -1,5934e-4 0,0183 0,0025 142,5715211 
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Table 12 Variance, co-variance and error ellipse parameters for the breakthrough point TBM-0  

Breakthrough 
point  

σ2
∆x σ2

∆x σ∆x∆y Major axis 
(mm) 

Minor axis 
(mm) 

Bearing of 
Major axis 
(gon) 

TBM-0 0,002533 0,004603 -3,40E-03 0,084381 0,004025 140,5892 

 

σε = 84 mm. At 95% probability level the error is 165 mm, which is 
approximately the same, compared with using all directional surveys in the 
calculations. 

When the contractor carried out the surveys in the existing tunnels it was 
found out that it was very hard to do accurate short directional surveys with in 
the specified standard á-priori errors. Many of these very “flagged out” in the 
calculations, having a standard residual of over 3. 

Since the short directional surveys are carried out automatically, they could be 
used as a first check for systematic and gross errors and then removed from 
further calculations. 
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4.2.4 Analysis of Construction network type 3 

 

Fig. 24 Construction network type 3 

 

Fig. 25 Result of network simulation of construction network type 3 presented as error ellipses 
for each point 
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Error propagation in construction network type 3 
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Diagram 4 Error propagation in construction network type 3 from south adit to breakthrough 
point 

Figure 25 and diagram 4 indicates the same size and directions of error 
ellipses and the same amount of error propagation for the network constructed 
as lattice compared with the open ended traverse. 

Using the same methods as described in section 4.2.1 give the results 
presented in table 13 and 14. 

Table 13 Variance, co-variance and error ellipse parameters for the individual breakthrough 
points TBM-0 from south and north 

Breakthrough 
point from: 
south/north 

σx σy σxy Major axis 
(mm) 

Minor axis 
(mm) 

Bearing of 
Major axis 
(gon) 

TBM-0s 0,0286 0,0389 -1,1082e-3 0,0483 0,0024 140,3318603 

TBM-0n 0,0046 0,0058 -2,3098e-5 0,0071 0,0018 141,8355396 

 

Table 14 Variance, co-variance and error ellipse parameters for the breakthrough point TBM-0 

Breakthrough 
point  

σ2
∆x σ2

∆x σ∆x∆y Major axis 
(mm) 

Minor axis 
(mm) 

Bearing of 
Major axis 
(gon) 

TBM-0 0,000845 0,001547 -1,13E-03 0,0488 0,00321 140,4325 
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ε =  199,86 gon ≡ -0,14 gon, slightly higher than for construction network type 
1 but still indicates that the largest component of the error is very close to the 
direction perpendicular to the tunnel 

σε =  49 mm. At 95% probability level the error is 96 mm, which exceeds the 
project tolerances but is better than the result for construction network type 1. 
The better result is an indication of that longer distance of directional 
observation gives a higher accuracy. Construction network type 3 has twice 
the number of directional observations of a 300 metres distance. However, 
many of the directional observations are very close to the tunnel wall, 
influence of refraction may be extensive. 

4.2.4.1 Possibility to check network through computation 

Table 15 Redundancy parameters for construction network type 3 

Type of 
observation 

Redundancy Smallest 
detectable 
error 

Effect by errors in 
adjustment 

Direction  0,48 – 0,61 0,00062 – 
0,00070 gon 

0,00024 – 0,00036 gon 

Distance 0,85 0,0040 mm 0,0006 – 0,0003 mm 

 

Table 15 indicates that this network is also easily checked through 
computation as it shows very similar results as those displayed in Table 10, 
i.e. redundancy parameters for construction network type 1 without short 
directional surveys. 

The conclusion is that if the influence of refraction could be kept to a minimum 
construction network type 3 would be best. 
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4.3 Network analysis with gyro checks  
As described above, the network may be checked with the help of gyro 
observations. These may be added into the adjustment and thereby 
strengthen the network. As previously mentioned, before these may update 
the network the gyro measured azimuths need to be corrected and 
transformed to bearings in the site construction network and checked for gross 
or systematic errors.  

The primary reason for these observations in the project Hallandsås would 
hence be to check the network and not for improving the direction of the 
network. However, in this thesis they are included in the network analysis to 
find out what the effect would be if they were used in such a way. 

Five 450 metres long gyro observations are added to the network. Since the 
tunnel through the ridge of Hallandsås starts and ends with a curvature 
(approximately 500 metres long in the south and 700 metres long in the north) 
the first gyro observations will be carried out just after the end of these. The 
other three will be done with an interval of 1500 metres, i.e. 2400 to 2850, 
4350 to 4800 and the last between 6300 and 6750 metres in to the tunnel. The 
first two checks are carried out mainly because of the known difficulties with 
transferring the directions through the tunnel adits and through curved tunnels. 
The last is carried out approximately 600 metres before the breakthrough 
points, which would give time and distance needed to make corrections if 
deviations would be discovered.  

Every gyro observation is done in both directions with a GYROMAT 2000. The 
claimed standard á-priori error for the azimuth is approximately  0,7 – 1 mgon. 
In the project Hallandsås and in the analysis below a standard á-priori error of 
2 mgon will be used. This quite high deviation from the claimed error is due to 
influence of refraction, to compensate for some of the errors which may arise 
from correcting the azimuth to the bearing and also not to over dramatise the 
affect of the gyro observations compared to the other observations; as 
previously mentioned in section 3.3.6.1, the standard á priori errors for 
direction and length are also used somewhat larger than what is actually 
achievable. 

Since it is construction network type 1 which is used in Project Hallandsås we 
will in this thesis only look how gyro observations will affect this network and 
as a comparison, the open ended polygon traverse. 
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4.3.1 Analysis of polygon traverse 

Using the same methods as described in section 4.2.1 but now including the 
gyro observations described above, give the results presented below: 

 

Fig. 26 Result of network simulation of an open-ended traverse with 5 gyro observations 
presented as error ellipses for each point 
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Error propagation in open ended traverse
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Diagram 5 Error propagation in an open-ended traverse with 5 gyro observations from south 
adit to breakthrough point 

Figure 26 and diagram 5 indicates that the accuracy is vastly improved and 
more similar to the error propagation for construction networks 1 and 3. 

Using the same methods as described in section 4.2.1 give the results 
presented in table 16 and 17. 

Table 16 Variance, co-variance and error ellipse parameters for the individual breakthrough 
points U50-H from south and north 

Breakthrough 
point from: 
south/north 

σx σy σxy Major axis 
(mm) 

Minor axis 
(mm) 

Bearing of 
Major axis 
(gon) 

U50-HS 0,0315 0,0425 -1,3191e-3 0,0527 0,0046 140,4612847 

U50-HN 0,0060 0,0075 -3,8458e-5 0,0092 0,0024 141,8990995 

 

Table 17 Variance, co-variance and error ellipse parameters for the breakthrough point U50-H 

Breakthrough 
point  

σ2
∆x σ2

∆x σ∆x∆y Major axis 
(mm) 

Minor axis 
(mm) 

Bearing of 
Major axis 
(gon) 

U50-H 0,001028 0,001863 -1,36E-03 0,053531 0,005018 140,511 
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ε =  199,94 gon ≡ -0,06 gon, which still indicates that the largest component of 
the error is very close to the direction perpendicular to the tunnel 

σε = 54 mm. At 95 % probability level the error is 105 mm, which still exceed 
the tolerance of ± 50 mm but have more than halved the breakthrough error 
compared to the survey without gyros.  

4.3.1.1 Possibility to check network through computation 

Table 18 Redundancy parameters for open-ended traverse with gyro checks 

Type of 
observation 

Redundancy Smallest 
detectable 
error 

Effect by errors in 
adjustment 

Gyro 0,650 0,004905 gon 0,001708 gon 

Direction  0 – 0,02 N/A N/A 

Distance 0,500 0,0045 mm 0,0022 mm 

 

As can be seen in Table 18, the possibility to check the network through 
computation is still very small, however slightly larger in those places where 
the gyro observations are done. The gyro observation has a high redundancy 
value, above 0.35, but allows almost 10 times as high, undetected errors in 
the adjustment as compared with the directions in the construction network 
type 1 and 2. 
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4.3.2 Analysis of Construction network type 1 

Using the same methods as described in section 4.2.1 and the same 
traditional surveys as described in section 4.2.3 and 3.3.6.1 but now with the 
gyro observations included, give the results presented below: 

 

Fig. 27 Result of network simulation of Construction network type 1 with 5 gyro observations 
presented as error ellipses for each point  

Error propagation in construction network type1 
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Diagram 6 Error propagation Construction network type 1 with 5 gyro observations from south 
adit to breakthrough point 
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Table 19 Variance, co-variance and error ellipse parameters for the individual breakthrough 
points TBM-0 from south and north 

Breakthrough 
point from: 
south/north 

σx σy σxy Major axis 
(mm) 

Minor axis 
(mm) 

Bearing of 
Major axis 
(gon) 

TBM-0s 0,0305 0,0413 -1,2511e-3 0,0513 0,0028 140,4299035 

TBM-0n 0,0080 0,0100 -7,3519e-5 0,0126 0,0025 142,3521315 

 

Table 20 Variance, co-variance and error ellipse parameters for the breakthrough point TBM-0  

Breakthrough 
point  

σ2
∆x σ2

∆x σ∆x∆y Major axis 
(mm) 

Minor axis 
(mm) 

Bearing of 
Major axis 
(gon) 

TBM-0 0,000994 0,001806 -1,33E-03 0,052782 0,003746 140,5433 

 

ε =  199,97 gon ≡ -0,03 gon, which indicates that the largest component of the 
error is very close to the direction perpendicular to the tunnel 

σε = 53 mm. At 95% probability level the error is 103 mm. This does also 
exceed the project tolerance of ± 50 mm. The network needs to be improved, 
and these few gyro checks will not suffice to achieve the project tolerances, a 
connection at the mid adit or more gyro observation is still necessary.  

An interesting note is that the accuracy of the open ended traverse was 
improved 2,5 times whereas the construction network type 1 only was 
improved 1,5 times when the same gyro observations was added to the 
networks.  

4.3.2.1 Possibility to check network through computation 

Table 21 Redundancy parameters for construction network type 1 with gyro checks 

Type of 
observation 

Redundancy Smallest detectable 
error 

Effect by errors in 
adjustment 

Gyro 0,80610 0,00441 gon 0,00086 gon 

Direction  0,47 – 0,69 0,00071 – 0,00058 gon 0,00038 – 0,00018 gon 

Distance 0,44 – 0,81 0,0048 – 0,0031 mm 0,0027 – 0,0006 mm 
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As can be seen in Table 21, the effect by errors in gyro observations is easier 
to detect in this network type than in a single open-ended traverse. The 
conclusion is hence that even though a few gyro observations may not 
improve the total accuracy very much; deviations between direction in network 
and gyro observed bearings are easier to analysis in construction network 
type 1. 

4.4 Network analysis with extensive gyro observations 
Finally follows an analysis on how much a network theoretically could be 
improved with gyro observations. Gyro observations are added in to the 
network as observations to and from each closest instrument station in the 
polygon traverse and Construction network type 1, i.e. length of each 
observation is 150 metres. 

4.4.1 Analysis of polygon traverse 

Using the same methods as described in section 4.2.1 but now with the gyro 
observations described above included, give the results presented below: 

 

Fig. 28 Result of network simulation of an open-ended traverse with extensive gyro 
observations presented as error ellipses for each point 
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Error propagation in open ended traverse
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Diagram 7 Error propagation in an open-ended traverse with extensive gyro observations from 
south adit to breakthrough point 

 

Table 22 Variance, co-variance and error ellipse parameters for the individual breakthrough 
points U50-H from south and north 

Breakthrough 
point from: 
south/north 

σx σy σxy Major axis 
(mm) 

Minor axis 
(mm) 

Bearing of 
Major axis 
(gon) 

U50-HS 0,0102 0,0133 -1,1435e-4 0,0161 0,0046 140,3073547 

U50-HN 0,0041 0,0050 -1,4620e-5 0,0060 0,0024 141,3491227 

 

Table 23 Variance, co-variance and error ellipse parameters for the breakthrough point U50-H 

Breakthrough 
point  

σ2
∆x σ2

∆x σ∆x∆y Major axis 
(mm) 

Minor axis 
(mm) 

Bearing of 
Major axis 
(gon) 

U50-H 0,000121 0,000202 -1,29E-04 0,017221 0,005117 140,3101 

 

ε =  199,74 gon ≡ -0,26 gon, which, even though slightly higher than 
previously attained values, still indicates that the largest component of the 
error is very close to the direction perpendicular to the tunnel 
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σε = 17 mm. At 95% probability level the error is 34 mm, which is impressingly 
small and would suffice in the project Hallandsås with its tolerance of ± 50 mm 
if the redundancy of the surveys had been higher. 

4.4.1.1 Possibility to check network through computation 

Table 24 Redundancy parameters for open-ended traverse with extensive gyro observations 

Type of 
observation 

Redundancy Smallest 
detectable 
error 

Effect by errors in 
adjustment 

Gyro 0,9051 0,0041622 gon 0,0003950 gon 

Direction  0,0949 0,0015743 gon 0,0014249 gon 

Distance 0,5000 0,0045 mm 0,0023 mm 

 

As can be seen in table 24, the redundancy is high for the gyro and distance 
observations, but the redundancy for the directional observations is very low. 
A systematic error in gyro observation could have a large influence on the 
accuracy of the directions in the tunnel. 
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4.4.2 Analysis of Construction network type 1 

Using the same methods as described in section 4.2.1 and the same 
traditional surveys as described in section 4.2.3 and 3.3.6.1 but now with gyro 
surveys between every instrument point, give the results presented below: 

 

Fig. 29 Result of network simulation of Construction network type 1 with extensive gyro 
observations presented as error ellipses for each point 
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Error propagation in construction network type1 
with extensive gyro surveys
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Diagram 8 Error propagation Construction network type 1 with extensive gyro observations from 
south adit to breakthrough point 

Table 25 Variance, co-variance and error ellipse parameters for the individual breakthrough 
points TBM-0 from south and north 

Breakthrough 
point from: 
south/north 

σx σy σxy Major axis 
(mm) 

Minor axis 
(mm) 

Bearing of 
Major axis 
(gon) 

TBM-0s 0,0098 0,0131 -1,1971e-4 0,0161 0,0028 140,3294414 

TBM-0n 0,0044 0,0053 -1,6759e-5 0,0064 0,0025 141,7860679 

 

Table 26 Variance, co-variance and error ellipse parameters for the breakthrough point TBM-0 

Breakthrough 
point  

σ2
∆x σ2

∆x σ∆x∆y Major axis 
(mm) 

Minor axis 
(mm) 

Bearing of 
Major axis 
(gon) 

TBM-0 0,000115 0,0002 -1,36E-04 0,017331 0,003837 140,4645 

 

ε =  199,89 gon ≡ -0,11 gon, which, indicates that the largest component of the 
error is very close to the direction perpendicular to the tunnel 

σε = 17mm. At 95% probability level the error is 34 mm, which is the same as 
for the open ended traverse but would suffice in the project Hallandsås with its 
tolerance of ± 50 mm as the below redundancy parameters indicates. 
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4.4.2.1 Possibility to check network through computation 

Table 27 Redundancy parameters for Construction network type 1 with extensive gyro 
observations 

Type of 
observation 

Redundancy Smallest detectable 
error 

Effect by errors in 
adjustment 

Gyro 0,960 0,0040 0,00016 

Direction  0,471 – 0,697 0,00071 – 0,00058 0,00037 – 0,00018 

Distance 0,444 – 0,815 0,0048 – 0,0040 0,0027 – 0,0007 

 

As can be seen in Table 27, the redundancy values are all within acceptable 
levels. However, it is important that the gyro surveys are added in the same 
network computation adjustment as the other network observations (and 
preferably surveyed in the same survey campaign). 

If it will not be possible to connect the network at the mid adit in Project 
Hallandsås the project tolerances could be achieved by using gyro surveys. 
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5 Conclusion 

The conclusions of the studies in this thesis are that the breakthrough error of 
an open-ended traverse is much improved by using gyro observations, and 
that a more redundant network is also improved but to a lower degree. 
However, the difference in breakthrough error when the gyro is not used 
depends solely of the configuration of the networks. As soon as the gyro is 
introduced, these difference in accuracy is rapidly smoothed out. If gyro 
observations are introduced the difference between the network types is solely 
that the more redundant surveys the higher possibility to detect gross and 
systematic errors. 

If gyro observation are to be used in an adjustment to improve the network, it 
is very important that the observations are checked within them selves, i.e. 
that all corrections are applied and that the surveying and computation 
methods are such that the influence of gross and systematic errors are 
minimized. We could see that the effect of an error in a gyro observation in the 
open-ended traverse was almost three times higher than in construction 
network type 1. This concludes that it is still important to have as much 
redundancy as possible in the network surveys.  

We can also conclude that the longer the legs of the traverse are, the better 
the final accuracy will be. However, when the distances of the legs are 
increased the more difficult it is to avoid influence of refraction. 

The demanded accuracy of tunnel project of today implies that longer tunnels 
(with distances above 6 km or where it is difficult to get long starting directional 
surveys) need gyro observations to guarantee that the construction tolerances 
will be met.  
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Appendix 1 Matlab program 

This program fits a cosine curve with observations from the Reversal Point 
Method. 
 
clear 
format long 
[obsl,pkt]=input('Vad heter indata filen? : '); 
del=[]; 
for i=1:1:(size(obsl)) 
   del=[del 
        1]; 
end 
t=[abs(obsl(1)-obsl(2))/2 
   0.00000 
   (((obsl(1)+obsl(3))/2)+obsl(2))/2]; 
 
cont = 1; 
while cont == 1 
   n=1; 
   savet3=[]; 
   itbrake=10; 
   while (itbrake>0.00001) 
      wl=[]; 
      l=[]; 
      z=0; 
      A=[]; 
      r=[]; 
      for i=1:1:(size(obsl)) 
         if del(i) ~= 0 
            y0it=(t(1)*exp((-1)*t(2)*z))*cos(z)+t(3); 
            l=[l 
        obsl(i)-y0it]; 
     wl=[wl 
         obsl(i)]; 
            A=[A 
               exp((-1)*t(2)*z)*cos(z) (-1)*t(1)*exp((-1)*t(2)*z)*z*cos(z) 1]; 
     r=[r 
        z]; 
         end 
         z=z+pi; 
      end 
      dt=inv(A'*A)*A'*l; 
      t=t+dt; 
      savet3=[savet3 
       t(3)]; 
      if n>=3 
         if abs(savet3(n)-savet3(n-2))<0.00001 
     itbrake=abs(savet3(n)-savet3(n-1)); 
         end; 
      end 
      n=n+1; 
   end 
   x=0:0.01:((size(obsl,1)+3)*pi); 
   y=(t(1).*exp((-1).*t(2).*x)).*cos(x)+t(3); 



 67

   z=0.*x+t(3); 
   lskatt=A*dt; 
   red=l-lskatt; 
   sigma=sqrt((red'*red)/(size(l,1)-3)); 
   disp(' '); 
   bearing=pkt-t(3); 
   fprintf('Antal iterationer     : %3.0f\n',n) 
   fprintf('Start amplitud        : %3.5f\n',t(1)) 
   fprintf('Amplitud minskning/pi : %3.5f\n',exp((-1)*t(2))) 
   fprintf('Riktningsmedelvärde   : %3.5f\n',t(3)) 
   fprintf('Standardavvikelse     : %3.5f\n',sigma) 
   for i=1:1:size(pkt,1) 
    fprintf('Bäring mot punkt      : %3.5f\n',bearing(i)) 
   end 
   disp(' '); 
   disp('differens mot sigma'); 
   n=0; 
   for i=1:1:size(obsl,1) 
      if del(i)==0 
  n=n+1; 
         fprintf('bortagen mätning nr: %3.0f\n',[i]) 
      else 
         fprintf('%3.0f %5.5f %5.1f\n',[i], [red(i-n)], [red(i-n)/sigma]) 
      end 
   end 
 
   plot(x,y,x,z,r,wl,'*') 
   disp('Vill du ta bort någon mätning?'); 
   cont=input('ja = 1, nej = 0 : '); 
   if cont == 1 
      index=input('Vilken? : '); 
      del(index)=0; 
   end 
end 
 
To be able to use the above program one has to have an ”indata” file. Such a 
file may look like this: 
function [obsl,pkt] = bag5() 
 
obsl=[52.162 
   56.788 
   52.210 
   56.720 
   52.275 
   56.695 
   52.310 
   56.625 
   52.375 
   56.538 
   52.432 
   56.450 
   52.542 
   56.365 
   52.625 
   56.300 
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   52.735]; 
pkt=[76.330 
   325.1985]; 
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