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Abstract

Road upgrading to increase freight and passenger transport capacity requires surveying services, carried out at every stage of
construction. During the construction of road sections designed as curves or arcs, their shape must be constantly monitored.
During surveying, it is necessary to determine the elements of curves, in particular the radius and length of the curve, as well as
the bisector, tangents, and angle of return of the tangents. The article presents a methodology for determining the radii of curves
on highways using a GNSS system receiver with planar rectangular coordinates derived through post-processing using the
Trimble Geomatics Office (TGO) software. In addition, the authors present the results of measurements of the height markers of
the bottom layer of the substructure on the section from measuring point 1015+40 to measuring point 1020+00 of the
Astana-Petropavlovsk highway. On the test object, tests were carried out on the technical condition of the pavement. The results
were determined by the parameter. The highway section was also examined geometrically on the basis of levelling measurements.
The paper proposes a methodology for road construction work that divides the measurements into two stages: initial — based on
GNSS technology, and a second one — based on the levelling method.

Key words: Global Satellite Navigation Systems, geodetic surveys, transportation construction, road geometry, optimization of
calculations

1 Introduction construction, and operation stages. This has led to the concept of

creating a "'passport" for transport facilities, which would cover
Roadway geometric data, user behavior, and crash data provide the the entire life cycle of the given piece of infrastructure (Shutin and
main input for developing existing highway safety evaluations (Ce-  Dolgov, 2019). The fundamental data for the Digital Passport of a
falo et al., 2017). Traffic safety and potential risk managementare transport object are geometric data. Easy, effective, and reliable
crucial to achieving a safe, balanced, and sustainable road transport  methods for obtaining this type of data are crucial in monitoring
system. To enhance the quality of transport infrastructure, compre- extensive such linear structures as roads.

hensive studies are necessary, with particular focus on the design, Numerous scientific studies explore various platforms like UAVs
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(unmanned aerial vehicles), ground robots, smartphones, and
ground vehicles equipped with modern measurement technolo-
gies such as GNSS (Global Navigation Satellite Systems), LiDAR
(Light Detection and Ranging) and other sensors to assess the con-
dition and geometry of roads (Bazhenov, 2021; Di Graziano et al.,
2020; Ranyal et al., 2022). Traditional methods for obtaining geo-
metric data include: theodolites, total stations, spirit levels, rods,
measuring tapes, rulers, sights, as well as various templates and
mechanical devices. However, technological advancements now
allow for significantly faster measurement methods, often using
units pre-installed on moving devices. Remote-sensing technolo-
gies for road information inventory are rapidly developing (Guan
etal., 2016), offering the possibility of acquiring three-dimensional
(3D) information on large-area roadways with survey-grade accu-
racy at traffic speeds, thus providing new and efficient ways for the
road information inventory.

The adoption of modern measurement techniques requires the
development of appropriate methodologies for data acquisition and
processing as well as their application in field conditions. The co-
ordinate method is currently a default in setting out curves in the
field, where coordinates of points calculated using formulas are
imported into instruments via dedicated software. In road construc-
tion, surveying work begins with route preparation, which involves
reconnaissance activities to designate control points and outline
the equipment’s movement route. This process includes establish-
ing a reference geodetic network using temporary anchor points,
with baselines subdivided at the start and end of the mobile labo-
ratory’s movement. Temporary points are linked to continuously-
operational base stations through static observations or PPP (Pre-
cise Point Positioning), ensuring measurement consistency and
adherence to the WGS-84 or GSK-2011 coordinate system (State
Geodetic Coordinate System).

During measurements, it is necessary to determine the geo-
metric parameters of curves, particularly the radius and length of
curvature, bisector, tangents, and angle of rotation. Various meth-
ods can be employed to address this task. Before detailing the layout
of the arc on-site, the positions of the turning angle apex, the begin-
ning, the middle, and the end of the arc are determined. The spacing
between points along the curve is determined by the curve’s length,
radius, and construction method. Determining curve radii is a cru-
cial aspect of comprehensive geodetic control in road construction.
The geodetic control procedures employed in highway construction
include the following operations: route reconstruction, control dur-
ing roadbed construction, layout of artificial structure axes, detailed
layout of circular and transitional curves, plan-altitude control dur-
ing pavement laying, and executive surveying. The aim of this work
was to explore the capabilities of satellite positioning systems in
assessing the technical condition of roads. Its main focus was on
determining the geometric parameters of vertical arches.

GNSS are actively used to address diverse industrial and geospa-
tial challenges (Boyarchuk et al., 2022; Catania et al., 2020; Lo-
batskaya and Strelchenko, 2016; Pomortseva et al., 2020; Prokhorov
and Medvedev, 2022; Vatseva et al., 2013). The utilization of con-
temporary GNSS receivers for real-time data acquisition in geodetic
surveying on highways has been extensively discussed in litera-
ture (Gorda, 2020; Hryhorovskyi et al., 2020; Karan et al., 2014;
Tikhomirov et al., 2022). Compared to traditional geodetic tech-
nologies, these systems offer additional advantages, including:

- abroad range of accuracies in determining the location of ob-
jects, spanning from tens of meters to millimeters,

- high labor productivity attributed to the rapid acquisition of
information (5 to 10 times faster than classical technologies),

- economic efficiency, as there is no need for direct visibility be-
tween geodetic points and the transmission of complex signals,

- independence from weather conditions,

- high process automation,

- the capability to conduct observations in kinematics, and more.

Satellite technologies also present specific limitations, such as
susceptibility to obstacles in close proximity to the satellite antenna
(elevation mask), the need for intricate coordinate transformations
between different systems, including the complexities associated
with obtaining orthometric heights, and other challenges.

World-wide most execution work has been replaced by construc-
tion equipment. The work of excavators and graders is controlled by
a suitable system using positioning methods: RTK-GNSS and Total
Station. Machine control is being implemented on construction
sites (Raza et al., 2022). The role of the surveyor is primarily to gen-
erate 3D models of the project, which are uploaded into the system
that controls the work of machines in real time, with the advan-
tage of reducing the risk of execution errors, as well as minimizing
staking and inspection work.

However, solutions based on GNSS or Total Station positioning
are expensive and unavailable in some countries. Like laser scan-
ning, BIM (Han et al., 2023) or UAV technology (Han et al., 2021),
machine control technology for excavators or graders requires mod-
ern equipment that contractors in many countries cannot afford.
The article is an attempt to modernize and update traditional meth-
ods, which are still used for economic reasons.

The paper proposes a methodology for road construction work
that divides control measurements into two stages. In the first stage,
which consists of earthworks and construction of initial layers,
GNSS satellite technology is used. This method allows a horizontal
accuracy of 1—3 cm and an elevation accuracy of 1-5 cm. In the
second stage, which involves the construction of subsequent road
layers, levelling technology is used. Successively, as the work pro-
gresses, the accuracy of control measurements must be increased,
and levelling provides an elevation accuracy of 1 cm.

Another goal of this research was to develop algorithms for the
automatic detection of deviations of curve heights from nominal
values, based on geometric and statistical laws. This article is orga-
nized as follows: the Methods section presents the geometric rela-
tionships between the parameters of the vertical curve and outlines
the procedure of the conducted research along with the theoretical
aspects of the statistical analyses. The Research Results section
presents the values obtained. The Discussion section compares the
methods used and their reflection in existing studies using similar
technologies. Finally, the Conclusion section provides a summary
and concluding remarks.

2 Methods

Let us initially examine a well-established geometric theorem and
present its proof in the context of road geometry. This theorem
concerns the central angle of a circle and the angle inscribed in
a circle, both based on the same arc of the circle. Subsequently,
methods for determining the radii and elements of circular curves
will be developed based on this theorem. The content of the theorem
and its proof are illustrated in Figure 1.

Theorem: the central angle formed by radii and resting on the
arc of the circle (2-3) is equal to twice the inscribed angle b, which
is formed by segments (1-2 and 1-3). This angle can be drawn to
the given arc from any point on the circle that does not lie on the
arc. The proof is provided below:

Proof: let us consider the isosceles triangles 0-1-2 and 0-1-3
(Figure 1). From triangle 0-1-2, we have:

v=180°—-x—b—x—b=180°—2x—2b (1)
From triangle 0-1-3, we have:
vy =180°—x—-b—x—-b=180°-2x—2b (2)

where: v — the central angle formed by radii and resting on the arc
of the circle (1-2); z — the central angle formed by radii and resting
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Figure 1. Diagram illustrating the relationship between the central angle
z and the inscribed angle b

on the arc of the circle (2-3); b — the angle inscribed in the circle
and resting on the arc of the circle (2-3); x — the angle inscribed in
the circle between the radius and the bisector of the arc of the circle
(1-3).

When point 1 is displaced to another part of the circle, with the
position of the circle arc (2-3) remaining unchanged, the relation-
ship z = 2b is maintained.

The presented theorem serves as the foundation for methods
aimed at determining the radii of circular curves during the pass-
portization and reconstruction of roads, utilizing satellite naviga-
tion system receivers and electronic tachymeters. In the passporti-
zation of highways, particularly in areas where straight sections
are relatively short or practically non-existent, such as when using
splines for tracing, the determination of curve parameters requires
establishing the coordinates of at least three points, as depicted in
Figure 2.

(a) (b)

Figure 2. (a) — determination of curve radii using three points. The fol-
lowing adjustments have been made to the text: 1,2,3 — points
of GNSS receiver installation for coordinate determination; I,
L, I3 — chords connecting the locations of points; R — radius of
the circular curve; (b) — a concave curve is depicted

The sequence of actions for determining the geometric parame-
ters of highways sing GNSS receivers is illustrated in Figure 3. The
methodology presented in this chapter involves the use of geodetic-
class GNSS receivers — planned within the range of 0.5 cm to 3 cm.
The coordinates are initially determined in the WGS-84 system and
subsequently transformed into rectangular coordinates using such
software as: LGO, TBC, and Topcon Tools. For measurement con-
trol, it is imperative to solve the inverse geodetic problem within a
designated software module to obtain the relevant angles and line
lengths. Figure 3 shows the scheme for determining the radius in
the vertical plane. The calculations involve finding angles b and c.
Using these angles and chord lengths, the radius and length of the
curve can be calculated.

By solving inverse geodetic problems, the intermediate param-
eters of the survey structure are determined according to the for-
mulas:

;o 1=VEh 3)

tanv =

als
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Measurement of coordinates (in WGS-84) of three points
located in an arbitrary part of the curve using GNSS receivers.

+

In post-processing mode, the data is transformed into
rectangular coordinates, followed by the determination of the
corresponding direction angles (a5, a;_3, a3.5, a3.4) and chord

lengths (1, I, ).

|

The calculation of the horizontal angles b and cis performed
as the differences between the direction angles a based on —
the presented theorem b=a, ;-a, ,.c=a;,-a; .

RTK mode

_ L _ L _ I3 - _ R+
~ 2sinb’ _ 2sinc’ 2sin(b+c)’ B 90° |
q where:

R - aradius of arc of circle;
K - alength of arc of circle.

Figure 3. Algorithm of production actions

where: h — the vertical distance between two points, representing
the difference in height; d — the horizontal distance between two
points, calculated as the square root of the sum of the squares of
the differences between the horizontal coordinates; v — the vertical
angles, from which the angles inscribed in the circle and based on
arcs (2-3) and (1-2), respectively, are calculated:

b=vi3-v1-3; C=v31 - V3 (4)
Based on the formulas illustrated in Figure 4, the root mean square
error (RMS) in the determination of radius and RMS of the length
of the curve will be equal to:

1 \2 costh)l \*
_ 2 +m2
R = \Jml <2sin(b)> b <2p sinz(b)>

0.035R\ 2
mg = \/mg{(o.035(3)2 +m%5 < 0B )

where: mp — RMS of radius determination; m; — RMS of chord
length determination (positioning accuracy by geodetic-class GNSS
receivers — planned within the range of 0.5 to 3 cm); m;, — RMS of
determination of horizontal angles (5-10); p = 206265"; mi — RMS
of determination of the curve length; mfs — RMS of determination
(measurement) of vertical angles; 3 — value of vertical angles, g =
b+c.

In accordance with regulatory guidelines, the accuracy in de-
termining the radii of horizontal and vertical curves on highways
should be within +10% of the radius R. Upon calculating the accu-
racy of radius determination across a range from 100 m to 3000 m
for different road categories, it has been noted that the root mean
square errors are consistently within the range of 0.1 m to 1 m. This
level of precision significantly surpasses the recommended require-
ments.

In addition to the coordinate method, an alternative approach
employs an electronic theodolite, wherein chord lengths (I) and
angles (b, ¢) are not computed, but, instead, are measured directly
in the field, as depicted in Figure 4. This method of control proves
particularly effective in highway construction (Bazhenov, 2021).

By designating K (20, 50, 100 m) as a constant in formula
R-= Ig:)boo" , adirect dependency of the radius on the horizontal angle
b is established. For fixed values of the arc length, the formula uses
the following expressions: when K¢ =20 thenR = % ; when

K¢ = 50 thenR = 1433%; when K = 100 thenR = 2866#‘242. The
developed method facilitates a rapid determination of radii in circu-
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Figure 4. Method of real-time determination of radii in a circular curve

lar curves on highways following the measurement of the angle b.
This involves positioning an electronic theodolite at any point along
the curve, either preceding the laid arc of fixed length or beyond it
and subsequently measuring the angle at the ends of the arc. For
practical implementation in production settings, specialized tables
can be devised. These tables allow for the direct determination of
the radius value based on the angle b values calculated at specific
intervals. When it is necessary to determine not only the radius but
also the other elements of the curve (curve, tangent, bisector), a
fixed arc length Kf (the end of the curve-1) should be laid out from
points at the beginning or end of the curve. Angles b, (the angle
inscribed in the circle and resting on the arc of circle 2-3) and b,
(the angle inscribed in the circle and resting on the arc of circle 1-2)
should be measured accordingly from these points.

Then, the elements of the curve will be determined from the
following relationships:

T =R tan(b; + b,)
_ mR2(by +by) _ mR(by +by)
N 180° N 90°
B =R (sec(b; + by) — 1)

(6)

where: T — the length of the tangent to the arc of the circle, T =
|1B| = |B3|; C — thearclength of the circle; B — the distance between
the vertex of the arc of a circle and the center of the arc of the circle,
B = |BB|.

The method for determining curve parameters described above
is recommended when there is direct visibility between the points
at the beginning and the end of the curve. The accuracy of radius
determination, denoted as my, will depend on the precision of mea-
suring angles 3 and radius lengths R, and can be calculated using
the following formula: mp = mgR. In the measurements taken
with the Sokkia 530RL electronic theodolite, which has an angular
accuracy of 5", the root mean square error in radius determination
will be as follows: for radii up to 500 m mg = 0.01 m, for radii up to
1000 m my, = 0.02 m, for radii up to 5000 m mp = 0.12 m.

3 Results

Table 1 presents a comparative analysis of techniques employed in
ascertaining geometric parameters in highway construction and
inventorying. The method described is both applicable and imple-
mentable in the Real-Time Kinematic (RTK) mode. In this scenario,
rectangular coordinates are determined on-site in real time, allow-
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Figure 5. Results of the executive survey of survey points from the bot-
tom layer of the base on the section from survey point 1015+40
to survey point 1020+00 of the ""Astana-Petropavlovsk" high-
way. Elevation changes along the investigated section of the
highway.

ing for rapid calculations of geometric parameters.

To analyze the quality of the highway, we used data from
the executive survey at the reconstruction site of the "Astana-
Petropavlovsk" highway, part of the transit corridor "Borovoye-
Kokshetau-Petropavlovsk-Russian Federation border" (km 418—
443). At that time, the existing road corresponded to technical
category III, and it was being upgraded to meet the technical cat-
egory II standards. The road surface levelling survey was carried
out based on height marks of the top of the bottom layer of the
road base from PK 1015+40 to PK 1020+00, covering a length of 460
meters. The levelling was conducted using Sokkia C330 levellers
and telescopic 5-meter laths every 20 meters along the route’s axis
and the edges of the roadway. Based on the elevation values of the
road axis and right and left edges, a graph was created to clearly
show the difference in elevations and the curvature of the roadbed
(Figure 5).

The study of the levelness of the highway was carried out by
calculating the amplitude differences of elevations according to
formula:

h; h;
5h' = 71_k;— ik _ hl + Al (7)

where: h; — is the relative elevation of the point for which the de-
viation is determined; h;_; and h;,;, — are relative marks of the
preceding and following points, respectively; i — number of the
point for which the deviation is determined; i — k and i + k — ordinal
numbers of the previous and subsequent points, respectively; A; —
correction for the radius of the vertical curve.

The subject of the study is assigned a longitudinal micro pro-
file in the form of an array of ordinates (amplitudes), allowing for
the distance between the fixed ordinates to be a few centimeters.
The accuracy of their measurement increases to millimeter values,
depending on the capabilities of the applied equipment.

The values obtained from the calculation are presented in Fig-
ure 6. Inaccordance with GOST R 5926-2016 (Scalco et al., 2023) and
GOST 33101-2014 (Butenko and Nevoit, 2021), the total number of
5h; values obtained should be taken as 100%, and the number of 5h;
values less than those established by SP 78.13330 should be calcu-
lated with with an accuracy of 0.1%. According to SP 78.13330.2012
(Kovrov, 2022), 90% of the determinations should be within the
limits of 24 mm, and 10% of determinations should not exceed
these values by more than 1.5 times.

When analyzing the compliance with the established require-
ments for the levelness of a highway of technical category III, to
which the investigated road section of the ""Astana-Petropavlovsk"
highway belongs, all received amplitudes were converted to ab-
solute values to calculate the percentage ratio of acceptable and
unacceptable values.
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Table 1. Techniques for determining geometric parameters on highways (Nikitin, 2018; Katkalo, 2012)

Methods . . -
Normative Mechanized Katkalo Yu.A. Nikitin AV.
Indicators
Effective (determines
. Constrained by local cps Difficulties in X .
Construction Control ea by Difficult to execute . . horizontal and vertical
conditions mountainous conditions s
radii of curves)
e e . Accuracy is determined
Verification of Geometric . N . " . . . Independent of the
ertication ¢ m H Requires significant time by the conditions of the Difficulty in selecting the " . pencent o i
Parameters during - . - terrain and conditions
. investment road surface and the theodolite position
Inventorying . . beyond the road surface
inertial system
Li h igui High i li . . High i h
ow (due tq t he amblgulty igh (assuming a quality Gomplies with regulatory igh (determined by the
Degree of agreement in determining turning upper layer of road requirements accuracy of modern GNSS
angles and tangents) pavement) d receivers)

40

height differences 6hi

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

No.ofp. p.

—&— To the left of the axis, mm —&— Axis,mm  —@—Totherightof theaxis,mm = = =24 == =24

Figure 6. Calculated amplitude height differences &h; on the section of
the "Astana-Petropavlovsk' highway

Table 2. International Roughness Index condition rating scale for sealed
roads

Pavement

condition perfectly

good satisfactorily | unsatisfactorily

International
Roughness
Index (IRI)

<250 |250—3.00| 3.00 —3.40 > 3.40

On the road axis, all amplitude differences did not exceed the
permissible value of 24 mm, which means that the central part
of the road surface can be considered flat. On the left part of the
axis, there is a deviation exceeding the limit value, but more than
95% of all 22 amplitudes are within the limit set by the normative
documentation, and the remaining value does not exceed the spec-
ified tolerance more than 1.5 times (24.5 mm does not exceed the
value 24 mm*1.5 = 36 mm). On the right side of the road, 20% of
determinations do not meet the tolerance of 24 mm, but they do
not exceed 36 mm.

Thus, the deviations obtained on the axis and on the left edge of
the road fully comply with the required levelness for a category II
highway. However, on the right edge, according to the normative
documentation, the values for four amplitude differences (points 1,
4, 10, 11) along the investigated section of the route (Figure 6) are
beyond the tolerated range. Since this layer of the roadbed is the
bottom layer, it is necessary to lay the subsequent layer taking into
account the unevenness in places with unacceptable values.

In addition to assessing the geometric properties of the high-
way of the base and pavement layers by determining the algebraic
differences in elevations (amplitudes), the flatness of the roadway
should be verified using the International Roughness Index (IRI)
(Cruz et al., 2021; Golov et al., 2022; Mucka, 2017)(see Table 2).

Relative elevations were determined by profilometer, and eleva-

Table 3. Relative elevations, determined using a profilometer, showing
the height differences between two points that are 250 mm

apart
IRI readings, m/km average IRIindex
km forward reverse value, score
direction direction m/km
1 2 3 4 5

£46+200 424 2.21 3.23 satisfactorily
4,6+300 3.72 172 2.72 good
4,6+4,00 3.80 2.12 2.96 good
46+500 2.59 1.42 2.01 perfectly
4,6+600 3.02 2.57 2.80 good
4,6+700 3.46 2.44 2.95 good
46+800 3.18 2.21 2.70 good
4,6+900 2.28 172 2.00 perfectly
47+000 £4.02. 2.12 3.07 good
47+100 3.61 1.42 2.52 perfectly
47+200 2.94 2.57 2.76 good
47+300 2.80 2.44 2.62 good
47+400 3.21 2.58 2.90 good
47+500 435 1.99 3.17 satisfactorily
47+600 2.58 2.03 231 perfectly
47+700 2.44 2.08 2.26 perfectly
47+800 3.08 234 2.71 good
47+900 3.76 2.01 2.89 good
48+000 2.78 2.53 2.66 good
4,8+100 239 1.70 2.05 perfectly
4,8+200 2.23 1.84 2.04 perfectly
48+300 2.56 1.79 2.18 perfectly
4,8+4,00 3.22 1.86 2.54 perfectly
4,8+500 4.63 1.63 3.13 satisfactorily
4,8+600 4L74 2.09 3.42 unsatisfactorily
4,8+700 447 2.53 3.50 unsatisfactorily

tion differences were calculated between two points with an interval
of 250 mm. The measurement data obtained are presented in Ta-
ble 3 and in a graph in Figure 7. The last column of Table 3 shows
the IRI values. The research has shown that more than 59% of the
surveyed section is in a good condition, and the section requiring
repair account for more than 30% of the total length.

Since during construction on the investigated section of the
highway the acceptable values were not achieved on the right edge,
it was decided to perform mathematical processing of statistical
studies of road surface flatness.

Inorder to calculate the accuracy of laying the bottom layer of the
pavement of the investigated section of the ""Astana-Petropavlovsk"
highway, while ensuring the permissible deviations of height marks
for bases and pavements of category II public roads, it is necessary



Table 4. Statistical analysis of the results of the investigated section of the Astana-Petropavlovsk highway

Calculation results

Name of calculated value
Along the highway axis

Along the left edge from the
highway axis

Along the right edge from the
highway axis

Maximum amplitude value Xmax = 16.0 mm

Xmax = 24.5 Mm

Xmax = 33.5 Mm

Minimum amplitude value Xmin = —19.5 mm

Xmin = —17.5 Mmm

Xmin = —36.0 mm

Range of variation R =16 — (—19.5) = 35.5 mm

R = 24.5 — (-17.5) = 42.0 mm

R =33.5-(-36) = 69.5 mm

h =355/(1 +3.32-1g(22))

Interval difference
h = 6,51 mm

h = 42.0/(1 + 3.32-1g(22))
h = 770 mm

h = 69.5/(1 + 3.32-1g(22))
h = 12.74 mm

The arithmetic mean of a series X = 0.37/22 = 0.02 mm

X = 7.53/22 = 0.34 mm

X = —15.09/22 = —0.69 mm

m = /740.65/(22 — 1)

m = 5.94 mm

RMS determination of amplitude
differences

m = 1/1201.94/(22 — 1)

m = 8.95 mm

m = /2889.01/(22 — 1)

m = 1552 mm

RMS of the arithmetic mean M = 5.94/+/22 = 1.27 mm

M = 8.95/v/22 = 1.27 mm

M =15.52/1/22 = 331 mm

Dispersion D = 1417.81/22 = 64.45 mm?

D = 2563.48/22 = 116.52 mm?

D = 5898.67/22 = 268.12 mm?

o = \/64.45 = 8.03 mm

Standard deviation

o = 1/116.52 = 10.79 mm

o = V268.12 = 16.37 mm

Sum of theoretical probabilities ZP(x;) = 0.999

TP(x;) = 0.98

ZP(x;) = 0.98

Confidence interval for the

. . —2.61<X < 2.6
mathematical expectation <X <264

—3.62 < X < 430

—755< X< 6.18

Confidence interval for the

standard 3.84 < 0 < 8.04

5.82 < 0 < 12.08 10.09 < 0 < 20.95
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Figure 7. IRI values

to set the confidence probability P = 0.95 and analyze the amplitude
differences of height marks under normal distribution. Therefore,
it is required to establish the regularity of distribution of amplitude
differences of heights by intervals (h) using the range of variation of
amplitude differences of heights (R) and their number (N), taking
into account the difference of their maximum and minimum val-
ues, according to the formula: h = W. Indicators of further
calculations are summarized in Table 4.

The study resultsshow that the standard values for amplitude
differences fall within the calculated confidence intervals, indi-
cating the accuracy and reliability of the analysis performed. The
analysis results led to the construction of curves showing the theo-
retical and practical distribution of amplitude differences of height
marks along the axis, right edge, and left edge of the "Astana-
Petropavlovsk" highway. These curves visually indicate that the
amplitude differences in heights follow a normal distribution. To
ensure the quality of the research, the results were verified with a
statistical hypothesis using Pearson’s x2 criterion. The statistical
analysis of the differences in pavement height amplitudes along
the road axis is presented in Table 5.

The study shows that the values of Pearson’s criterion on the
axis, to the left of the axis, and to the right of the axis are 2.67, 5.97,
and 5.33, respectively. These values need to be compared with the

acceptable tabular value, which depends on the degrees of freedom
(r) and confidence probability (P = 95).

With the degrees of freedom r = 2, the tabular value of Pearson’s
criterion x2 is 5.991. Since none of the three values exceeds the
permissible value, they satisfy the given inequality, confirming the
statistical hypothesis. This means the test was successful, and the
amplitude differences fit the normal distribution, demonstrating
the accuracy and reliability of the analysis. To ensure the func-
tionality of mobile laser scanning systems on road surface, control
points were marked on the asphalt pavement. The coordinates and
heights of these points were determined in a fast static mode using
temporary fixation points.

The analysis of the method for determining highway levelness
through amplitude differences, using data from the executive sur-
vey with a leveler, indicates that the amplitude differences did not
exceed the permissible value of 24 mm for the technical category II
highway. This means that the levelness of the road corresponded to
the selected design category of the public road. Furthermore, sta-
tistical processing of the obtained amplitudes showed that the mea-
surement errors fit the normal distribution, validating the correct
performance of the analysis, the accuracy of construction works,
and the quality of geodetic works for controlling the highway’s
straightness.

The alignment of design marks was carried out at picket points
of the road in the central part of the motorway and at the edges of
the carriageway. Since the roadbed has several layers, the design
points were taken after each paving layer. The requirements to the
surveying of elevations were met with a maximum error of 10mm.
As practice has shown, with the help of a GPS receiver with the
use of ‘real-time kinematics’ technology it is possible to carry out
operational surveying works with high accuracy in small areas or
on objects that do not require special accuracy. It is incorrect to carry
out GNSS surveying with GNSS equipment, as the equipment does
not allow to maintain the required accuracy of height marking. The
minimum error of determining the height coordinates of satellite
equipment exceeds the required value of 10 mm.

Therefore, electronic total stations are widely used in the con-
struction of motorways, they are built in. The programme explains
how to determine the metaposition of elevation marks of the points
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Table 5. Statistical processing of amplitude height differences of road surface along the axis of the ""Astana-Petropavlovsk' highway; section from

survey point 1015+40 to survey point 1020+00

]
- O
E‘D § Sitril:(:r(‘),g?;e ];::t(:n(')\f;:lh ; n; w; X; n;x; Xi-X n; (x;-x)* t ty 1/2F(ty) 1/2F(t,)  P(x;)
<
-19.50 -12.99 2 009 -1625 -32.49 -16.26 529.03 -329  -2.19 -0.50 -0.49 0.01
" -12.99 -6.49 1 0.05 -9.74 -9.74 -9.76 95.23 -2.19  -110 -0.49 -0.36 0.12
5 -6.49 0.02 8 036 -324  -25.89 -3.25 84.65 -1.10  0.00 -0.36 0.00 0.36
:% 0.02 6.52 8 036 3.27 26.16 3.25 84.65 0.00 1.10 0.00 036 0.36
ED 6.52 13.03 1 0.05 9.78 9.78 9.76 95.23 1.10 2.19 0.36 0.49 0.12
© 13.03 19.53 2 009 16.28 32.56 16.26 529.03 2.19 3.29 0.49 0.50 0.01
Summations 22 1 1417.81 0.999
-17.50 -9.80 5 023 -13.65 -68.26 -13.99 979.17 -1.99 -113 -0.48 -037 0.11
§ -9.80 -2.11 4 018 -5.95 -23.82 -6.30 158.63 -113  -0.27 -0.37 -0.11 0.26
é -% -2.11 5.59 7 0.32 174 12.19 1.40 13.71 -0.27 059 -0.11 0.22 0.33
% % 5.59 13.29 3 0.14 9.44 2832 9.10 248.22 0.59 1.45 0.22 0.43 0.20
o8 13.29 20.98 2 0.09 17.14 34.27 16.79 564.00 1.45 2.31 0.43 0.49 0.06
% 20.98 28.68 1 0.05  24.83 24.83 24.49 599.74 2.31 3.17 0.49 0.48 0.01
Summations 22 1 2563.48 0.98
-36.00 -23.26 3 014 -29.63 -88.90 -2895 2513.64 -2.28 -146 -0.49 -0.43 0.06
% -23.26 -10.53 2 009 -1690 -33.79 -16.21 525.52 -1.46  -0.63 -0.43 -0.24 0.19
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% 27.68 £40.42 1 0.05 34.05 34.05 3474 1206.55 1.83 2.65 0.47 0.49 0.02
Summations 22 1 5898.67 0.98

to be removed. The capabilities of the device meet the requirements
of accuracy in height, and special software allows you to enter the
coordinates of points for further partitioning.

4 Discussion

The developed methods for determining the geometric parameters
of highways and artificial structures enable prompt and precise
the execution of geodetic measurements (Barta et al., 2021; Bla-
chowski etal., 2014; Boyarchuk et al., 2022; Braun and Stroner, 2014;
Cignetti et al., 2019; Elnabwy et al., 2013; Kovrov, 2022; Kuzmin,
2019; Mill et al., 2015; Mufioz-Salinas et al., 2009; Samsonov and
Baryakh, 2020; Tasc¢i, 2015). This enhancement in labor produc-
tivity is achieved through a reduction in the time required for task
completion. These techniques for determining curve radii have
been effectively applied to ascertain the geometric parameters of
adjacent roads during engineering and geodetic surveys.

Geospatial data most often obtained to control geometric param-
eters of motorways with geodetic measuring instruments: mobile
laser scanning laboratory, electronic levellers and total stations,
global navigation satellite systems (GNSS) receivers.

Certain total stations feature specialized built-in software for
curve layout, typically employing circular curves. GNSS receivers
also incorporate technologies for curve layout. The predominant
method for staking out curves on the terrain is the coordinate ap-
proach, where point coordinates, determined through calculation
formulas, are imported into the instruments using dedicated soft-
ware. However, the procedural sequence for executing such tasks
is currently absent from literature and manuals on geodetic instru-
ment operation. Consequently, there is a need to adapt modern
geodetic technologies to the context of road construction.

The primary focus in implementing the transportation segment
of the plan is the innovative transformation of the infrastructure

construction sector. This involves the introduction and extensive
adoption of advanced digital technologies.

Currently, digital technologies in transportation infrastructure
represent fragmented components of various systems. There is an
imperative need for a paradigm shift in the conceptualization of
roads and their constituent elements. This transformation should
extend to all facets of roads, encompassing design, construction
supervision, and maintenance of highways.

5 Conclusion

Based on the analysis of data and the conclusions drawn, it is evident
that the proposed method for determining curve radii on highways
is more productive and efficient than the classical solutions. Its
application ensures the precise determination of geometric param-
eters in the construction and operation of highways. In this paper,
we have delineated the fundamental principles for curve layout,
presenting geodetic methods for the layout of circular and transi-
tion curves and the control of earthwork. The paper also presents
a sequence of actions for determining the geometric parameters
of highways. The creation of a digital road passport is essential to
address current challenges in automating road management pro-
cesses and traffic flow control, including safety and information
security (Boyarchuk et al., 2022; Shutin and Dolgov, 2019; Tasci,
2015). The basis for creating a road passport, which can be used
for such tasks as: road renovation, road management, and pre-
cise road navigation is the acquisition of accurate geometric data.
A digital road passport can facilitate the automation of road facil-
ity management processes and enhance transportation logistics,
thereby significantly increasing mobility by improving the speed
of traffic flow. This advancement will promote the use of highly
automated freight delivery vehicles and create conditions for the
potential realization of unmanned vehicle movement.
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