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A Simulation Analysis on the Expected Horizontal Accuracy of a Bridge Stakeout 
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Abstract: The positioning of an object in space, i.e. "transfer" of data from the design to the field is an extremely significant and important geodetic operation. This activity 
requires great and well-deserved attention, especially when it comes to sensitive structures such as bridges. The position of a stakeout point in the field depends on a 
variety of different influences, all determining the actual accuracy of the stakeout. The aim of this Article is to investigate the dependency of horizontal setting out of the 
bridge axis accuracy (abutments and piers of the bridge) from the distance between the station and the setout point, the datum of the geodetic control network, and the 
precision of angular and linear measurements. The authors use an innovative visualization technique for the assessment of spatial variation of the horizontal stakeout by 
error ellipses. 
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1 INTRODUCTION 

Bridge construction requires a joint participation of 
experts from various fields, including those from the field 
of geodesy [1]. During construction, survey activities are 
conducted during different phases, starting with the 
production of the large-scale engineering plan (map), pier 
and abutment stakeout, to the monitoring of eventual 
displacement and deformations of the bridge during its 
exploitation [2, 3]. Survey measurements of the structure 
displacement before and after earthquakes are of the 
utmost importance for further bridge usage [4]. 

The stakeout of bridges is one of the most important 
tasks for surveying engineers. Through it the geometry of 
the designed structure is transferred on site — both in a 
horizontal and vertical sense [5]. During such a task it is 
important to know the required precision of the stakeout, 
which is defined through the permitted deviations for the 
measurement and geometrical tolerances connected with 
the structure’s location. On the basis of the coordinate 
errors of the control geodetic network, and errors in 
stakeout element measurements, it is possible to predict 
the accuracy that will be achieved during the stakeout of 
the structures’ individual points. It is important to 
emphasize that the achieved accuracy of the stakeout 
should be smaller than the required one [6]. 

Recent research of stakeout accuracy predictions was 
mostly directed towards the analysis of optimal 
procedures for satisfying the accuracy requirements. In 
[6] the influence of the geodetic network design, the 
measurements and selection of the appropriate 
instruments for stakeout accuracy were analyzed. It was 
shown that in most cases the required accuracy could be 
obtained by using measurements with only one face of the 
instrument. Investigation results [7] showed that during 
the assembly of the concrete and steel elements, a very 
high measurement precision needed to be obtained, and 
based upon this, a revision of the current standard - ISO 
4463 - (Measurement methods for building - Setting-out 
and measurement) [8] was proposed and updated. 
However, during the comprehensive analysis of the 
standards of civil engineering structures in terms of their 
geometry, the authors of the article [9] define the criteria 
for the acceptance of geodetic measurement results. The 
investigation [10] draws attention to specific ways for 

defining the stakeout uncertainty index - particularly on 
the basis of the variance-covariance matrix. 

In most of the stakeout research, global and local 
position accuracy of the points is expressed through 
standard deviation in the direction of the coordinate axis 
or total positional error. The problem with this kind of 
accuracy prediction is that it does not provide an insight 
into predicted accuracy of stakeout points within any 
direction — a factor which is usually critical. In this 
article the horizontal accuracy of the stakeout is analyzed 
through absolute error ellipses, wherein the stakeout 
points actually lie. In terms of a concrete example of the 
geodetic network, established for the bridge construction, 
the uncertainty of the point stakeout depending on the 
selection of the datum of the geodetic network, the 
distance between the designed points of the structure and 
points of the geodetic network, the accuracy of the 
geodetic instrument and the centering error were tested 
and analyzed.  

2 GEODETIC ACTIVITIES DURING THE DESIGN AND 
EXECUTION OF BRIDGES 

Bridges - in a broader sense - have the primary 
purpose of continuing roads while also representing 
structures by which certain barriers are crossed [11]. Each 
and every bridge structure needs to fulfill four basic 
requirements: a functional demand, a stable demand 
(security, stability and durability), an aesthetic demand, 
and an economic demand [12]. Geodetic activities that are 
completed for bridge execution are: a survey of the site 
and production of large-scale plans, establishment of the 
horizontal and vertical control networks, stakeouts, 
monitoring, supervision, and control of execution [13]. 
Each operation where a new bridge structure is being built 
or an old bridge structure is being rehabilitated, is 
comprised of numerous tasks where geodesy remains 
critical; in both the engineering geodesy part of the design 
and in the cadastral-geodetic part of the project. 

A control network of points is established for the 
purpose of bridge execution. This network can be used for 
the production of the base map for the purpose of bridge 
design, for the stakeout, and for bridge monitoring during 
the execution process. The position of the permanent 
geodetic points within the network depends on: the size 
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and distribution of the structure, configuration of the land 
surface, and the method of observations for determining 
control point coordinates. Usually - for the purposes of 
the bridge - a network in the shape of a square, or 
rectangle and triangle and two rectangles, or similar, is set 
up [14]. The longer the bridge the more the control 
network adopts a snake-like shape [13]. The positioning 
of the control network points should be such as to ensure 
the required accuracy of setting-out the bridge structure 
[5]. In regard to accuracy, the highest demands are placed 
upon the stakeout of the bridge’s substructure (columns, 
abutment), so the control network needs to be adjusted 
accordingly. High demands regarding the accuracy of the 
control network for bridge execution, require a reliable 
stabilization that will serve such a purpose and be less 
prone to deformations during the structure’s execution 
[2]. The bridge control networks are established by 
terrestrial or satellite methods (Global Navigation 
Satellite System - GNSS) or, as is currently most popular, 
a combination of these two methods [15]. 

3 THE HORIZONTAL SETTING OUT 

Transferring the designed structures on site is defined 
as staking (setting or laying) and is done in horizontal and 
vertical planes. This research will only examine 
horizontal setting. In order to start with the stakeout of the 
object on site, it is necessary to determine the setting out 
elements. The vast majorities of today’s building designs 
are constructed digitally and are defined in the two-
dimensional Cartesian coordinate system (y, x). So, the 
staking elements are done analytically, and thus for their 
transfer on the site, the coordinate method [16, 17] is 
used. This means that the layout of the horizontal setting 
out points is done on the basis of control network and the 
design coordinates of points that need to be staked out, 
using selected surveying instruments.  

A detailed description of the geodetic datum and 
coordinate systems is provided in the relevant literature, 
i.e. [18, 19, 20].   

Staking a building’s position of design points is most 
frequently performed by polar and satellite RTK (Real 
Time Kinematic) GNSS method, and sometimes by the 
intersection of the sight lines [21]. The RTK method is 
characterized by a short time interval needed for the 
determination of the coordinates for individual points, and 
is highly economical [2]. Due to the strict limits of 
geometric tolerances within a bridge substructure, the 
obtained accuracy of results from RTK measurements 
[22, 23] does not meet the needs of their stakeout. 
Another disadvantage is that this method requires 
fulfillment of numerous measurement conditions. It is 
particularly important that there are no nearby reflective 
surfaces which would cause multipath signals; a feat 
difficult to achieve in practice [24]. For these reasons the 
polar method of staking continues to be the most 
practiced procedure [6]. 

The principal of staking via the polar method is based 
on marking a large number of the structure’s points from 
a single control (known) point A. The instrument 
(electronic tacheometer – total station) is oriented in a 
known bearing toward the second known point B (Fig. 1). 
The new point P is then set up by the bearing νP and 

length d which are determined from their known 
Cartesian coordinates (y, x) [16], according to Eq. (1): 

𝛼𝛼 = 𝜈𝜈𝑃𝑃 − 𝜈𝜈𝐵𝐵 = atan 𝑦𝑦𝑃𝑃−𝑦𝑦𝐴𝐴
𝑥𝑥𝑃𝑃−𝑥𝑥𝐴𝐴

− atan 𝑦𝑦𝐵𝐵−𝑦𝑦𝐴𝐴
𝑥𝑥𝐵𝐵−𝑥𝑥𝐴𝐴

 (1) 

𝑑𝑑 = �(𝑦𝑦𝑃𝑃 − 𝑦𝑦𝐴𝐴)2 + (𝑥𝑥𝑃𝑃 − 𝑥𝑥𝐴𝐴)2 

Figure 1 Staking of the design point by polar method  

4 ACCURACY OF POINT STAKEOUT BY POLAR 
METHOD 

Before starting any work on a stakeout, it is necessary 
to check the quality of the geodetic network and decide 
what type of measurements should be used in order to 
achieve the required accuracy. Assessing the quality of 
the geodetic operations and drawing the appropriate 
conclusions relies on the least squares estimation - a 
powerful statistical technique known as rigorous method 
or adjustment. Least squares techniques used for carrying 
out the analysis and adjustment of survey measurements 
are explained in the relevant literature, i.e. [25, 26, 27].   

The required accuracy does not depend on 
measurements; instead its definition is based on the 
characteristics of the designed structure that is to be 
transferred to the site. The required accuracy is usually 
defined by the required standard deviation τP of each 
staking point. Staking of the design point P with polar 
coordinates is realized by measuring the horizontal angle 
α and horizontal distance d, using two points with known 
coordinates, A and B. The accuracy obtained in this way 
is defined as a resultant of known coordinate errors and 
the measurement errors of stakeout elements (α, d). This 
accuracy is usually expressed as achieved horizontal 
deviation σP. Taking into account all the relevant 
components of errors, during the planning of the stakeout 
process it is important to satisfy the criteria in Eq. (2) [6]: 

|𝜎𝜎𝑃𝑃| ≤ |𝜏𝜏𝑃𝑃|               (2) 

Typically, geometrical tolerances of civil engineering 
structures are expressed across certain axes; and the 
obtained value of horizontal deviations are as well 
expressed in the directions of coordinate axes [7]. In 
regard to polar staking, transverse σq and longitudinal 
deviation σl are considered in the local polar coordinate 
system (Fig. 2). These values do not provide complete 
information regarding the accuracy of the points’ 
location. The uncertainty of the position is likely not 
known in any direction other than those of the coordinate 
axes. It is much better if the uncertainty of the horizontal 
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position of a point is expressed in a graphical format by 
the error ellipse. In practice it is common to calculate the 
error ellipse with a 5% significance level (α = 0.05). In 
order to calculate the elements of the error ellipse, it is 
necessary to have a variance-covariance matrix of 
orthogonal coordinate points. The variance-covariance 
matrix of stakeout points - more precisely the coordinates 
of points - follows from the error propagation law. For its 
calculation, according to Eq. (3), variance-covariance 
matrix of initial starting points (𝑪𝑪𝑷𝑷), vector measurements 
(l) with its variance-covariance matrix (𝑪𝑪𝒍𝒍) and functional 
relation between calculated coordinates and 
measurements [(𝑥𝑥 = 𝑓𝑓(𝑙𝑙)] are required [17]: 

𝑪𝑪𝒙𝒙 = �
𝜎𝜎1 𝜎𝜎12
𝜎𝜎21 𝜎𝜎2 � = 𝑪𝑪𝑷𝑷 + 𝑩𝑩 ∙ 𝑪𝑪𝒍𝒍 ∙ 𝑩𝑩T  (3) 

The B matrix is a Jacobian matrix. It is a matrix of 
the vectors' partial derivatives of coordinate parameters in 
respect to the measurement vector, defined by Eq. (4): 

𝑩𝑩 = ∂𝑥𝑥
∂𝑙𝑙

     (4) 

Elements of the error ellipse, the sizes of semi-major 
and semi-minor axes (a and b) and the orientation of the 
major axis (angle Θ) are calculated according to Eq. (5): 

tan2𝛩𝛩 =
2 ∙ 𝜎𝜎12
𝜎𝜎1 − 𝜎𝜎2

𝑎𝑎 = �1
2
�𝜎𝜎12 + 𝜎𝜎22 + �(𝜎𝜎12 − 𝜎𝜎22)2 + 4 ∙ 𝜎𝜎122 �           (5) 

𝑏𝑏 = �1
2
�𝜎𝜎12 + 𝜎𝜎22 − �(𝜎𝜎12 − 𝜎𝜎22)2 + 4 ∙ 𝜎𝜎122 � 

The calculations according to Eq. 5 produce standard 
error ellipse [27]. The chance that the point actually lies 
within the standard error ellipse is 39% [21]. The method 
of obtaining the 95% error ellipse depends on whether the 
variance-covariance matrix of the population is unknown 
[17]. 

Figure 2 Uncertainty prediction of the stake out by the polar method: (1) 
transversal, longitudinal and horizontal deviation; (2) error ellipse 

To express the predicted uncertainty of two-
dimensional position of stakeout points, error circles can 
be used with an appropriate level of confidence; this is 
referred to as CEP (Circular Error Probable) [28]. The 
radius of the standard circle, which incorporates 50 % of 
the points, is calculated by Eq. (6): 

𝐶𝐶𝐶𝐶𝐶𝐶 = 0.59 ∙ (𝑎𝑎 + 𝑏𝑏) ± 3 %, for b/3 < a < 3·b       (6) 

An error circle with 95% confidence level is 
determined by Eq. (7): 

𝐶𝐶𝐶𝐶𝐶𝐶95% = 2.08 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶             (7) 

5 EMPIRICAL CASE STUDY 

The testing and analysis of the data in this study were 
carried out on the bridge (overpass) "Ciglane", located in 
the metropolitan area of Sarajevo, Bosnia and 
Herzegovina (Fig. 3). 

Figure 3 Location of the tested area shown on a topographic map (4418, 1:200 
000, Military geographical institute Belgrade, 1972) 

5.1 Brief Description of the Tested Structure 

The bridge was designed in 1976 as part of an urban 
highway (Fig. 4). This highway was foreseen as an 
extension of the M5 highway, the European road E761 
through Sarajevo. It was to begin at the eastern entrance 
of the city, leading the Sarajevo’s northern area to the 
west, whereby it would be connected to the A1 highway 
at the end. The bridge was supposed to have two separate 
carriage ways, one for each direction. The bridge was 
partially built before the aggression on Bosnia and 
Herzegovina in 1992 after which all works were 
suspended. The completed southern structure with its two 
lanes is currently used as part of the local improvised road 
(Fig. 5). 

Figure 4 Bridge "Ciglane" as a part of the designed city highway, according to 
[29], shown on a digital orthophoto (6H15-5, 6H15-6, 1:5000, Federal ministry of 

physical planning, 2008) 
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Figure 5 Part of the bridge "Ciglane" which is in use  

(photo taken by N. Tuno, 2016) 
 
In case of a possible continuation of the construction 

of the city highway, and thus construction of this bridge, 
it would be necessary to conduct accurate surveying and 
stakeouts of the existing and designed parts of the bridge. 
 
5.2 Horizontal Geodetic Network 

 
With the aim of testing the optimal stakeout 

parameters, a pilot micro-triangulation network was 
established on the site. The establishment of the control 
network was carried out in three phases: design, execution 
and analysis. 

By using the control network project it was 
determined where the control points would be placed 
(configuration) and in which way it would be measured. It 
was initially anticipated that the network covered an area 
of 40 ha, and was to be defined by 5 points. Three points 
are located on the east side of the bridge and two on the 
west side. Points are located at an average distance of 260 
m (minimum 55 m, maximum 390 m). Due to the terrain 
configuration around the bridge, construction and high 
vegetation, optimal geometric configuration of the 
geodetic network was achieved. 

By execution of the control network the project 
became a reality. Work on the network measurements 
began after the stabilization of points was completed. 
Measurements in the network were realized by total 

station Leica Geosystems TC605L. The instrument 
precision according to DIN18723 [30] was σu = 5" for 
angle measurement and σd = 3 mm + 3 ppm for linear 
measurement [31]. Before measurements started, testing 
of the instrument was done according to the current ISO 
standards 17123-3 and 17123-4. Test results confirmed 
the declared precision. Measurements in the network 
involved the measurements of the horizontal directions 
and distances between all points (a total of 20 directions 
and 20 distances). 

Analysis of the geodetic network included the 
correction and reduction of field measurements, detection 
and removal of gross and systematic errors, adjustment of 
a geodetic network by the least squares method 
(parametric model), statistical testing of estimated 
measurement residuals, and analysis of the accuracy of 
the obtained results. 

In order to determine the network in space, it is 
necessary to know the minimum number of parameters 
required for its positioning according to pre-defined 
coordinate systems. Since the intent of this study was to 
examine the accuracy of the stakeout data - dependent on 
the adopted datum - three adjustments with different 
definitions of datum parameters of geodetic network were 
conducted. 

The first adjustment was performed using a 
conventional method, i.e. connecting the network to 
points with known coordinates in the Bosnian-
Herzegovinian State Coordinate System (points C1 and 
C2). These two known points defined conventional datum 
parameters, and their coordinates were fixed during the 
process of adjustment. In the second case, definition of 
the network datum was done in a minimally constrained 
solution. In the adjustment procedure the coordinates of 
the point C1 and the y coordinate of the point C2 were 
fixed, giving the necessary (minimal) number of network 
parameters that were taken as error-free. Finally, the free 
network adjustment was carried out, i.e. defining the 
optimum datum, without the introduction of points’ error-
free coordinates. The algorithms of the aforementioned 
adjustment of the geodetic networks were provided in [25, 
26, 27, 32]. The basic indicators of the accuracy analysis 
of the three adjustment methods are illustrated in Tab. 1. 

 
Table 1 Indicators of the geodetic network quality 

Adjustment type 
Reference 
standard 

deviation s0 

Average value of 
standard deviation 
per y axis �̅�𝑠𝑦𝑦 (m) 

Average value of 
standard deviation 
per x axis �̅�𝑠𝑥𝑥 (m) 

Maximum value of 
standard deviation 

per y axis max sy (m) 

Maximum value of 
standard deviation 

per x axis max sx (m) 
Conventional 4.2 0.004 0.008 0.008 0.017 
Minimally constrained solution 1.7 0.005 0.002 0.010 0.003 
Free 1.7 0.002 0.001 0.002 0.002 

 
5.3 The Accuracy Analysis of a Bridge Stakeout 

 
According to [6, 7, 14], there are numerous 

influences that dictate the accuracy of a stakeout by polar 
method: operator's errors, weather conditions, the 
instrumental errors, centering error at the station point, 
centering error at the observed known point, centering 
error at the setout point, marking errors, distance between 
the station point and the setout point, precision of the 
theodolite, precision of electronic distance meters (EDM), 
and positional errors of geodetic control points.  

It is not possible in the scope of this study to display 
the analysis of all listed influences that affect the accuracy 
of staking. However, the effects of distance dependent 
errors, the accuracy of the coordinates of the geodetic 
network, the precision of angular and linear 
measurements and centering errors were addressed. In 
that respect, 10 points on the bridge structure were 
considered: piers (Si; i =1, ..., 8) and abutments (U1 and 
U2), for which accuracy of the stakeout was analyzed 
using error ellipses and circular errors. 
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5.3.1 Distance between the Station Point and the Setout 
Point 
 
Transfer of the calculated stakeout elements (Eq. (1)), 

with the aim of marking the characteristic points of the 
designed structure, is usually performed by using 
electronic tacheometers. The distances are measured with 
this instrument by electronic means; this is characterized 
by a much higher speed and range compared to the 
classical mechanical and optical methods of measurement 
[33]. Thanks to the high precision of distance 
measurements (relative deviation amount from 10−4 to 
10−7), radio connections between the surveyors and 
assistants; electronic guide lights; the implementation of a 
fully automated universal tacheometer etc., it is now 
widely considered that the value of a distance between the 
station point and the project point does not play an 
important role in staking. 

In order to determine whether, and to what extent, the 
distance d affects the quality of stakeout, the study 
examines how an increased distance is reflected on the 
horizontal accuracy of setout points. Here, the coordinates 
of the control network, obtained on the basis of 

adjustment by defining the optimal datum, were adopted. 
It was assumed that the staking would be done with the 
instrument having the same accuracy as the one used in 
the network measurement [σu = 5", σd = (3 mm + 3 ppm)]. 
Point C3 was used as a station point in the first test and 
parameters of error ellipse were then calculated, as well 
as circular errors for all 10 points of the bridge. After that, 
indicators of accuracy were calculated for the points on 
the bridge structure, assuming that the stakeout was 
performed from point C5. Finally, the third test implied 
that 5 points on the bridge closer to point C5 (U1, S1, S2, 
S3 and S4) were to be staked out from this station, while 
the points S5, S6, S7, S8 and U2 were to be staked out 
from C3. The main indicators of the performed tests are 
shown in Fig. 6 and in Tab. 2. 
 

Table 2 Quality indicators of stake out depending on the mutual distance 
between the station point and point that is being staked 

Station C3, distance range of 
staking 50 - 315 m 

C3 and C5, distance range 
of staking 50 - 165 m 

Parameter 95 % a b CEP a b CEP 
Average (m) 0.013 0.007 0.010 0.009 0.007 0.008 
Maximum (m) 0.020 0.008 0.014 0.011 0.008 0.010 
Minimum (m) 0.008 0.005 0.007 0.008 0.005 0.007 

 

 
Figure 6 The influence of the distance of bridge points to the station point on the accuracy of staking: (1) station C3; (2) station C5; (3) stations C3 and C5 

 

 
Figure 7 The relationship of distance between the bridge stakeout points and 

the instrument and the accuracy of staking 

By analyzing the accuracy indicators, obtained from 
these tests, it can be seen that noticeably better results 
were achieved when the stakeout was performed from 
two stations, i.e. when the distances are shorter. The 
relation of the minimum and maximum error ellipse areas 
in such staking is 1:2, as opposed to staking from the only 
one endpoint, when the ratio is 1:4. Fig. 6 clearly shows 
that in the case of staking with two stations, error ellipses 
are more equal than error ellipses obtained by staking 
from one station. This indicates a significantly greater 
degree of homogeneity within the obtained results. 
Increasing the distance has a negative impact on the 
accuracy of the polar stakeout. Regression lines have a 
very good relationship between the distance from the 
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instrument to set out points and circular errors predicted 
with 50 % and 95 % level of confidence (see Fig. 7). 
 
5.3.2 Geodetic Network Datum 
 

In section 5.2 it was shown that the selection of the 
datum of the geodetic network directly affects the 
accuracy of its points’ coordinates. With the aim of 
investigating the impact of datum parameters on the 
quality of setting-out the bridge, the error ellipse of 
stakeout points was analyzed herein for all three adopted 
data. It is assumed that staking was performed from 
points C3 and C5, using an electronic total station with 
the precision of σu = 5" and σd = (3 mm + 3 ppm). 

If the staking of a bridge is considered by using the 
geodetic network with conventional definition of the 
datum and the datum definition with minimally 
constrained solution, correlation of predicted error 
ellipses and selected points that define the coordinate 
system is evident. Points on the bridge that are closer to 

the chosen origin of the coordinate system have smaller 
horizontal deviations, and the deviations of points that are 
further from the origin are higher (ratio of minimum and 
maximum areas of error ellipses is approximately 1:4) 
(Tab. 3, Fig. 8). Therefore, with this kind of datum 
choice, the relative relationship between the points of the 
bridge cannot be maintained. In other words, 
homogeneity and isotropy of their accuracy cannot be 
achieved. The achieved accuracy of staking in the system 
defined by minimally constrained solution (average value 
of CEP95% is 15 mm) is better around 40% in respect to 
the accuracy obtained from the network defined by 
conventional datum. This refers to the errors related to the 
inaccuracy of the coordinates of the connecting points in 
the national coordinate system. The obtained maximum 
values of the achieved horizontal deviation in both cases 
exceed the geometrical tolerances for the positioning of 
base supports and determining the deflection of the bridge 
piers. 

 
Figure 8 The influence of the selected geodetic network datum on the accuracy of staking: (1) conventional; (2) minimally constrained solution C5; (3) optimal 

 
Table 3 Indicators of the stakeout quality depending on the datum of the 

geodetic network 

Adjustment type Conventional 
Minimally 
constrained 

solution 
Free 

Semi-axis of the 
ellipse error 95 % a b a b a b 
Average (m) 0.033 0.014 0.020 0.010 0.009 0.007 
Maximum (m) 0.047 0.017 0.028 0.011 0.011 0.008 
Minimum (m) 0.016 0.012 0.010 0.009 0.008 0.005 

 
The obtained parameters of staking accuracy resulted 

from the coordinates of geodetic network defined by the 
optimal datum; show a more balanced positional strength 
of all bridge points than in the two previous cases. 

In the case of a free geodetic network, a significantly 
better homogeneity of obtained accuracy was achieved 

(ratio of minimum and maximum area of error ellipse is 
approximately 1:2), as well as isotropy (the ratio of 
average minor and major semi-axis of the ellipse is 1:1.3). 
Therefore, a more realistic assessment of the accuracy of 
the bridge’s setout points was achieved, while satisfying 
all requirements. 

 
5.3.3 The Precision of Electronic Tacheometers 

 
The selection and usage of appropriate instruments, - 

which provide the favorable results when staking - are 
often a dilemma in practice. This is due to the large 
number of different electronic tacheometers models that 
are used nowadays, all providing a different level of 
accuracy, efficiency and opportunities. In order to assess 
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the influence of measurement uncertainty of angular and 
linear measurements on the accuracy of staking out, the 
appropriate parameters which reflect the accuracy of point 
layout are calculated here. It was assumed that the staking 
was performed from points C3 and C5, whose coordinates 
were determined by free adjustment of the network. 

 

 

 
Figure 9 The trend of average values of the accuracy of staking depending on 

the precision of the total station 
 
The accuracy of staking was considered; if it was 

done by instruments whose standard deviation of angular 
measurement was 1", 2", 3", 5", 7" and 10" (with 
uncertainty of distance measurement of 2 mm), and the 
standard deviation of linear measurements 1 mm, 2 mm, 3 
mm, 5 mm and 10 mm (with angular measurement 
uncertainty 5"). As expected, it was shown that 
measurements with higher standard deviations led to 
reduced accuracy of setout points. In Fig. 9 it is visible 
that the increase of the average staking accuracy (CEP) 
may be modeled very well with regression lines. The 
obtained results state that angle measurements with 
precise tacheometers (σu = 1" or better) does not 
contribute significantly to quality improvement of staking 
in respect to the total station of standard precision (σu = 3" 
- 5") which is now mostly used in practice. A similar 
trend is evident with linear measurements, where it is 

visible that acceptable results were obtained using 
standard tacheometers (σd = 2 - 3 mm). It should be 
emphasized that such accuracy of distance measuring can 
only be achieved in the standard and continuous 
measurement mode of an EDM instrument. Due to the 
fact that these electronic distance measurement modes 
require a longer measurement time, the "tracking" mode 
of measurements is usually used in practice for staking. 
Here, the distance is measured very fast but with 
considerably less accuracy (typically σd = 10 mm). Fig. 9 
shows that such distance measurement accuracy is not 
acceptable for more precise staking. 

 
5.3.4 The Effect of Target Miscentering 
 

Whenever an instrument or a target is set over a 
point, there will be some error due to faulty centering. It 
can be attributed to environmental conditions, plummet 
errors, quality of optics, personal abilities, and so on [27]. 
The centering accuracy for a well-adjusted optical 
plummet, a well-adjusted laser plummet or plumbing rod 
is about 0.5 mm /m (height of instrument or target in 
meters)[34]. As the tacheometer and target on the 
observed control point are centered with the aid of an 
optical or a laser plummet, their centering errors have no 
significant influence on the accuracy of staking and these 
errors are not taken into consideration in this paper. On 
the other hand, the impact of target centering error at the 
layout point cannot be ignored. Land surveyors 
conventionally use reflectors mounted to range poles for 
staking of the design points. The pole is usually hand-held 
over a target and must be held plumb by a surveyor, with 
the aid of a bubble level [35]. The position uncertainty of 
the reflector is closely related to the bubble (level vial) 
sensitivity (an angular change in the position of the axis 
of the bubble per 2 mm of bubble movement). The 
sensitivity of the most range pole bubbles tends to be in 
the range of 30 to 60 arc-minutes [36]. For example, if the 
vial has 60' sensitivity and the pole is 2 m tall, the 
horizontal miscentering would be 35 mm [37]. Even a 
careful manual plumbing of the pole can result in the top 
of the pole being as much as five centimeters out of 
vertical from the bottom, caused by the human inability to 
hold a range pole perfectly in the direction of the plumb 
line [35]. Thus, an inevitable centering error affects the 
position of each layout point [6]. 

 

 
Figure 10 The influence of the distance of bridge points to the station point on the accuracy of staking: (1) station C3; (2) station C5; (3) stations C3 and C5 
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In this paper the authors provide the analysis of the 
effect of target centering error on the achieved bridge 
point positioning accuracy It is assumed that staking was 
performed from points C3 and C5, with an electronic total 
station with the precision σu = 5" and σd = (2 mm + 2 
ppm). The errors in angles and distances due to target 
miscentering were determined according to [6] and [34]. 
The empirical relation between the maximum expected 
values of centering errors at the layout points and the 
resulting error ellipses is illustrated in Fig. 10. Results in 
Fig. 10 show clearly that target miscentering has strong 
influence on the achieved point positioning accuracy. The 
average area of error ellipses, obtained under the 
assumption that the maximum centering error is 1 mm, is 
20 times smaller than those resulting from 30 mm 
maximum miscentering. Regression line shows a very 
good relationship between the maximum centering errors 
and circular errors predicted with 95% level of confidence 
(Fig. 11). 

 

 
Figure 11 The trend of average values of the accuracy of staking depending on 

the target centering error 
 

6 CONCLUSION 
 
The research results show that the process of bridge 

stakeouts - as the most sensitive and the most vulnerable 
structure used for traffic purposes - require a very high 
accuracy of surveying operations, and, as a consequence, 
it dictates the accuracy of geodetic control network and 
instruments that will be used for measurements. The 
correct choice of stakeout procedure contributes to the 
avoidance of adverse impacts on the building’s execution. 

In the stakeout planning process, an optimal solution 
should be identified in terms of required quality criteria - 
accuracy. Once the configuration of the geodetic network 
is determined and the measurement method and 
instrumentation is selected, by utilizing the method of 
simulation accuracy analysis, it is possible to determine 
the precision and reliability of points that are to be set out. 
If the foreseen solution does not meet the required 
accuracy, a new solution is searched for, until required 
accuracy is obtained by the simulation. 

This study clearly shows that more complete 
information about the uncertainty of the position of setout 
points is obtained when using error ellipse, as opposed to 
the usual methods of accuracy assessment in the 
directions of the coordinate axes. Other than describing 
the uncertainty of the staked position of a point, a great 
advantage of the error ellipses lies in the fact that a visual 
comparison of achieved accuracy in any two points can be 
done. This possibility is of great importance in the 

simulation of different variants of a structure’s stakeout. 
If one looks at their shape, size and orientation, different 
variants of staking can easily be compared and thus the 
best one can be selected. 

Qualitative examination of the influences that dictate 
the accuracy of a stakeout by polar method has shown 
that the choice of the geodetic network datum and target 
centering accuracy have the greatest influence on the 
uncertainty of the bridge's point set out. It was noted that 
the state geodetic network, as well as the network that is 
adjusted with minimally constrained solution, cannot 
ensure the stringent requirements of accuracy for bridge 
substructure stakeouts (piers, abutments and bearings on 
them). Due to the required accuracy, the geodetic network 
should be adjusted by defining the optimum datum. To 
reduce the influence of the target miscentering, it is 
necessary to use a more sensitive bubble levels, a brace 
pole or a tripod or bipod to help steady the reflector pole 
and apply the shortest possible pole height. Since a 
significant dependence of stakeout accuracy and distance 
of the bridge points from the geodetic network was 
shown, it is necessary to ensure that the geodetic control 
points are sufficiently close to the bridge, in order to 
perform the setting-out with the shortest possible 
distances. The use of standard electronic tacheometers 
can produce satisfactory accuracies of bridge stakeout, 
but only in a standard and a continuous mode of 
measurement with the electronic distance meters. 
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