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Abstract: The mining characteristics and the geometry of 
underground development works and tunnelling in the 
metalliferous and coal mines (length, diameter, surface access, 
presence of drilling and hauling equipment) significantly limit 
the type of survey control, which may be practically applied. 
Generally, long open linear or spiral traverses with one end 
orientation would be used. In some cases, for very long tunnels 
without intermediate access shafts, a double traverse with 
diagonal ties would be utilised. Due to the fact that check of 
closure is not possible before completion of the whole tunnel, or 
its section of significant length, the highest standards of 
angular and distance measurements, as well as, levelling are 
required. Authors present the error analysis for such traverses 
and suggest strategies (geometry, surveying equipment and 
methods) that may lead to significant improvement of accuracy 
for such surveys. The error analysis and survey limitations for 
traverses realised using the “wall stations” method are also 
presented. 

I. INTRODUCTION 
The check surveys are carried out to provide a reference 

position (including direction and level) for the development 
of engineering or ground structures at different phases of 
they construction. In case of the detected misplacement or 
misalignment, the check survey could be utilised for the 
correcting procedures. The check surveys are very important 
part of mine surveying practice, as frequently mine surveyor 
must provide level and direction for long and accessible 
only from one side development works.  The surveyor 
providing such service should be able to assess the quality 
(accuracy) of his work, as well as, to plan the surveying 
procedures and the equipment used, when the specific level 
of accuracy is required.  

The conditions, which exist in mining underground 
development and tunnelling works (cross-section, width, 
height, length, power and utility systems, drilling, mining 
and hauling equipment) significantly limit the type of survey 
control network which may be practically applied for setting 
out and control purposes. Generally a long open linear 
traverse with one end orientation would be used. In the case 
of double entries with intermediate crosscuts, a double 
traverse with ties may be employed. Due to the fact that the 
check of closure is not possible before the completion of the 
whole tunnel, or its section between vertical shafts, the 
highest standards of accuracy for angular and distance 
measurements, as well as, levelling are required. A great 
improvement of accuracy can be achieved by application of 
the azimuthal traverses where azimuths (bearings) of sides 
are measured directly by means of high accuracy gyro-
theodolite. 

In this paper authors are reviewing the major factors 
affecting the accuracy of check surveys based on long open 

traverses.  Authors do not pretend to be originators of such 
analysis but intend to combine information, frequently 
located in different sources (Wolf and Ghilani, 1997, 
Mikhail and Gracie, 1981, Kowalczyk, 1968) and add a 
value of practical examples relevant to the Australian 
mining conditions. 

The accuracy analyses are also applied to the control 
networks employing the “wall stations”, which become so 
popular in the Australian underground mines. 

II. ERROR PROPAGATION IN OPEN TRAVERSES 
The positional errors of traverse stations are related to the 

errors of angular (traverse angles) and linear (traverse sides) 
measurements, as well as, the initial or subsequent 
orientation surveys. Following the rules of error 
propagation, the errors can be analysed for different types of 
traverses: 
• Angular – where angles and distances are measured 
• Azimuthal – where bearings of all sides and distances 

are measured, and 
• Mixed – where all angles and distances, as well as, 

periodically bearings are measured.  

B. Angular traverse 
 

 
Figure 15: Open angular traverse 

An open linear traverse, presented in Figure 15, is 
originating from a base 0-1 with known co-ordinates. For 
traverse with measured angles (β) and distances (l) the co-
ordinates (N = northing, E = easting) of its last point (K) are 
calculated from the following relationships (1, 2): 
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where: A0 is the initial azimuth of traverse that is 
calculated from the co-ordinates of points 0 and 1. 

Applying the rules governing propagation of errors to the 

above functions the standard deviations ,  of 
northing (N) and easting (E) co-ordinates of the last point of 
traverse can be calculated as follows: 

(3) 

(4) 
There is a graphical interpretation of two of the terms in 

the above equations. The component Ri sinγi is a projection 
of a link (Ri) between the end-point (K) of traverse and its 
(i) point on N axis (northing) and component Ri cosγi is a 
similar projection, but on E axis (easting) (Figure 16). 

 

 
Figure 16: Graphical interpretation of Ri factors 

For a typical straight open traverse, with one side initial 
orientation and legs of similar length, the lateral location 
error (q) of its end-point (K) can be expressed by the 
following equation: 

  (5) 
where: 
q = lateral error, 
L = length of a traverse (from an orientation point), 

 = standard deviation of the orientation azimuth, 

 = standard deviation of measured angles, 
! = rho (206265"), 
n = number of traverse legs (number of measured 

angles) 
The longitudinal location error (s) of the end point (K) 

may be expressed by the equation: 

      (6) 
where: 
s = longitudinal error, 

 = standard (distance) deviation of each traverse leg, 
n = number of traverse legs. 
The standard deviation of the orientation azimuth plays 

an important role in accuracy calculations. The magnitude of 
it may be estimated from the location errors and the distance 
between the initial control stations. 

If the distance between control stations is (l0) and location 
errors of each station are (s0) and (s1) then the standard 
deviation of orientation azimuth (!Ao) can be estimated as 
follows: 

σ Ao = ± ρ
l0

s0
2 + s1

2

2
    (7) 

C. Azimuthal traverse 
In azimuthal traverse orientation of each traverse leg is 

measured directly using compass, gyro-theodolite or other 
means (Figure 17).  

Figure 17: Azimuthal traverse 

The co-ordinates of end-point (K) are calculated as 
follows: 

 (8) 

 (9) 
In this case the standard errors of end-point co-ordinates 

will result in: 

  (10) 
 

  (11) 
Assuming linear shape of azimuthal traverse the lateral 

(q) and longitudinal (s) error of the end-point (K) can be 
expressed as: 

 or,    (12) 

     (13) 
 Comparing equations (5), (7) and (12), (13) it can be 

seen that there is a significant difference in the propagation 
of errors between angular traverses and azimuthal traverses.  

The cumulative effect of directional errors is significantly 
lower in azimuthal traverses. A calculated example of such 
comparison is presented in next section of this paper. 

D. Traverse with periodic orientation surveys 

Figure 18: Traverse with periodic orientation surveys 
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When azimuths are periodically measured in an open 
traverse (Figure 18), two calculation procedures of 
coordinates, utilising non-rigorous adjustments, may be 
distinguished: 

a) Procedure where each sight of traverse section has 
orientation based only on measurement of azimuth of the 
first site of this section; adjustment of horizontal angles is 
not performed, 

b) Procedure where each sight of traverse section has 
orientation based on the measurement of starting and ending 
sights of this section; adjustment of horizontal angles is 
exercised. 

The formulas representing the lateral location error of the 
end point of a traverse for each of the above procedures are 
as follows: 

For case a): 

  (14) 
where: 
σg = standard deviation of measured gyro-azimuths, 
σβ = standard deviation of measured horizontal angles, 
L = total length of a traverse, 
n = number of traverse legs, 
m      = number of sections (of similar length) [section = 

the portion of traverse between two consecutive measured 
azimuths], and 

ρ = rho (206265″) 
 
For case b): 

 (15) 
 
where: all symbols are as defined in equation (14) 

E. Impact of traverse shape 
All the above analyses relate to the standard errors. There 

is 68% probability that the end point of surveyed traverse 
would fell inside of the boundaries defined by these errors. 
However, in the engineering practice, to increase the 
assurance of surveys, the above errors must be doubled 
(P=95%) or tripled (P=99.7%) and introduced as the limit 
errors.   

Previously a simple, straight in shape, traverse was 
considered. A question has to be asked; how the different 
shapes, and they complexities, could impact on the error 
propagation and accuracy of surveys? 

Zagibalov et al (2015) conducted a numerical error 
simulation analyses to answer the above question. A 
complexity factor representing the shape of a traverse was 
introduced in the form:  

! = !/! 
where: P = total traverse length, L= distance between the 

starting and ending points of traverse.  
The results suggest that for the traverses with complexity 

factor 1.5 and less the doubled (2x) standard deviations 
could be used as the limit error (P=95%). For the traverses 

with complexity factor more than 1.5 the limit error must be 
increased to the tripled (3x) standard error. 

III. COMPARATIVE ACCURACY ANALYSIS 
Three types of traverses were analysed: 
• Open traverse where only angles and distances are 

measured. In this case the shape of traverse was also 
taken into account. The analyses were performed for:  

• Open linear (straight) traverse that is set in a long, 
straight decline, 

• Open circular traverse implemented in a spiralling 
down decline. 

• Open traverse based on measured gyro-azimuths; 
• Open traverse where surveys of angles and distances are 

supplemented by determination of gyro-azimuths. 
Accuracy analysis is based on calculations of lateral 

errors for the end-points of different traverses. This error is 
considered as a most significant measure of tunnel 
positioning accuracy. To provide more complete 
information, the longitudinal errors were also calculated. 

To allow comparison of results, pertaining to different 
types of traverses, the same values of standard deviations 
related to angles, gyro azimuths and distances were applied 
for all cases. 
The particular adopted values were as follows:  
• The standard deviation of a measured angle, !! = ± 7" 

(maximum standard deviation requirement by the 
National Code of Practice for Mine Surveying in 
Australia), 

• The standard deviation of a measured gyro azimuths, !! 
= ± 3" (e.g. DTM gyro), 

• The standard deviation of a measured distance of 50 m, 
!!  = ± 2 mm. 

The location errors of traverse end-points were calculated 
for different traverse lengths, from 0.5 km to 5 km, with a 
step of 0.5 km. The standard length of a single traverse leg 
was assumed to be 50m. Using calculation results the 
comparative graphs presenting build-up of location errors 
(lateral = q and longitudinal = s) were constructed. 

The first graph (Figure 19) presents location errors for 
linear and circular traverses.  It can be clearly noted that the 
growth of location errors along traverse length is much 
faster for a linear (strait) traverse, if compared to a circular 
one (e.g. in a spiral decline). 

 

 

 
In the next step the comparison of lateral errors in angular 

versus azimuthal traverses was performed. As mentioned 
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Figure 19: End-point lateral error for open angular traverses (linear vs 
circular) 
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previously, significant difference in the propagation of 
errors along traverses was noted. In a long traverse, with 
many stations, the positional accuracy of the last point is 
much better in a traverse with measured azimuths, compared 
to a traverse with measured angles. The results of 
comparative calculations are presented in Table 1 and in 
Figure 20.  

TABLE 1: VALUES OF LATERAL ERRORS IN ANGULAR AND AZIMUTHAL 
TRAVERSES. 

 

 

 
The next graph (Figure 21) represents lateral errors of the 

end-point of an open linear traverse with measured gyro-
azimuths.  In this case gyro-azimuths provide orientation to 
the following section of traverse and adjustment of 
horizontal angles is not performed. The value of lateral error 
was calculated as a function of traverse length and the 
number of measured gyro-azimuths in this traverse. It is 
clearly visible, that the constructed graph can provide 
answer for the optimal frequency of measured gyro-
azimuths in analysed traverses.  This optimal frequency 
depends on the accuracy of measured angles versus the 
accuracy of gyro-azimuths.  

 

 

 

The final graph (Figure 22) is very similar to the previous 
one (Figure 21). It relates to the traverses where the 
measured gyro-azimuths where utilised to adjust the 
measured angles in the section of traverse between them.  
Application of such calculation procedure resulted in the 
significant reduction (up to 50 %) of lateral errors affecting 
the end-point of a traverse. 

 

IV. TRAVERSES UTILISING WALL-STATIONS 
Although the back of mine drives provides a secure 

location for control points, it presents a number of 
disadvantages for mine surveying, the most obvious of 
which is the difficulty of installation and access. Locating 
control points in backs in a modern high-volume 
underground mine usually requires lifting apparatus to 
heights of >5 m. In contrast, locating control points in walls 
makes installation and access easier, faster, and safer. 

Because a theodolite cannot be set under a control point, 
wall-station traversing requires use of a surveying technique 
other than that used for classical traversing. Rather, the 
resection technique (free stationing), with all available 
distances and horizontal angles measured, is used to 
determine instrument position. Wall-mounted points are 
observed from a temporary instrument station located in the 
drive. 

Wall-station traversing has become popular in 
underground mining operations, particularly in Western 
Australia, and it is important that surveying professionals 
have an in-depth understanding of the methodology, 
accuracy, and limitations of the technique. 

The instrument and target are shown in Figure 23. The 
surveyor secures a target to the wall by inserting a target 
stem into a wall sleeve mounted in a drilled hole. The 
method requires specially designed target prisms that retain 
a central position regardless of their rotation. Total station 
instruments must be coaxial; that is, distances and angles 
must be measured along the same line of sight and software 
must be able to determine instrument position from 
resection observations by means of the least-square best-fit 
calculation method. 
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Figure 20: Build-up of lateral errors along angular and azimuthal traverses 

Figure 21: Lateral errors for azimuthal traverses (where adjustment of 
angles is not performed) 

Figure 22: Lateral errors for azimuthal traverses (where adjustment of 
angles is performed) 
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Figure 23: Wall-station traversing: (a) Setup of instrument and target; (b) 
Reflector mounted in a wall sleeve 

Analyses of wall-station traverse accuracy suggest that, 
for optimal directional accuracy, a configuration must have 
acute-triangle geometry (Jarosz and Shepherd, 2004). 
Temporary instrument stations located normal or near 
normal to wall stations decrease the accuracy of bearing 
transfer. If acute-triangle geometry is not always possible, 
then take additional observations to the previous and next 
instrument station to add rigidity to the survey structure and 
use forced centering when observing consecutive instrument 
stations. Ensure that the initial triangle geometry is acute 
(Figure 24). 

 
Figure 24: Wall-station traversing with additional observations between 
instrument stations 

Recent experiences suggest that wall-station traversing 
significantly increases the safety of surveying operations in 
modern underground mines with large drives. However, it 
requires the use of modern coaxial theodolite and zero-
constant reflectors. Distance measurements must be accurate 
to ±(1 mm + 2 ppm) and angular measurements must be 
accurate to ±5”. 

V. CONCLUSIONS 
The error analysis of long traverses suggests that the 

introduction of gyro-azimuth surveys can significantly 
improve the overall quality of such traverses.   

The gyro surveys should be introduced in an optimal way. 
i.e. they frequency of surveyed gyro azimuths, along the 
traverse, should be determined taking into account the 
accuracy of angular versus gyro surveys. 

The geometry arrangement is an important element 
impacting the directional accuracy of traverse using “wall 
stations”. The acute angle geometry of “wall station” 
triangles should provide optimal directional accuracy for 
such traverse. 
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