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Abstract: Roughness parameters as the elements
of surface condition and deformation assessment
based on the results of TLS scanning. Roughness
is the attribute of a surface that can be defined as
a collection of small surface unevennesses that
can be identified optically or detected mechani-
cally which do not result from the surface’s shape
and their size depends on a material type as well
as on undergone processing. The most often uti-
lised roughness parameters are: Ra — mean dis-
tance value of the points on the observed profile
from the average line on the sampling length, and
Rz — difference between arithmetic mean height
of the five highest peaks and arithmetic mean
depth of the five deepest valleys regarding to the
average line on the length of the measured frag-
ment. In practice, roughness parameters are most
often defined for surface elements that require re-
levant manufacturing or processing through grind-
ing, founding or polishing in order to provide the
expected surface roughness. To measure those
parameters for the produced elements profilo-
meters are used. In this paper the authors present
an alternative approach of determining and uti-
lising such parameters. Instead of the utilising
methods based on sampling length measurement,
roughness parameters are determined on the ba-
sis of point clouds, that represent a surface of
rough concrete, obtained through terrestrial laser
scanning. The authors suggest using the surface
roughness parameter data acquired in this way as
a supplementary data in the condition assessment
(erosion rate) of surfaces being a part of engineer-
ing constructions made of concrete.

Key words: terrestrial laser scanning, roughness,
deformations, displacements in engineering ob-
jects

INTRODUCTION

Concrete surfaces, due to their nature,
are affected by surface erosion caused
by the influence of weather conditions.
The authors of the paper suggest us-
ing data from terrestrial laser scanning
(TLS) in order to define roughness pa-
rameters that will serve as a complemen-
tary element in the condition assessment
of surfaces of engineering constructions.
Based on the determined parameters it is
possible to extrapolate the necessity to
introduce additional protective measures
by cleaning, covering the surface with
protective agent or grinding and filling
of cavities.

Terrestrial laser scanning is a meas-
urement method that allows the registra-
tion of millions of points representing
surveyed surface. The instrument emits
a laser beam that makes it possible to de-
termine the distance from the surveyed
surface. The XYZ coordinates and the
intensity value of the reflected beam for
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each point are obtained as a result of
scan. This method enables a contactless
measurement of the surveyed object’s
surface. Owing to the point clouds reg-
istered during the scan it is possible to
create quasi-continuous point models
of the surface. A number of geometric
analyses as well as detailed analytical
and computational considerations can be
carried out using those models as a base.
Identification of roughness parameters for
selected fragments of a surface can serve
as an example of an analysis based on the
data from terrestrial laser scanning.

Roughness and its parameters

Roughness is a surface attribute, that can
be defined as a collection of small sur-
face unevenness’s, which do not result
from the surface’s shape. Small surface
unevennesses can be identified optically
or detected mechanically. Their size de-
pends on the material type and under-
gone processing. Therefore roughness
is an optically noticeable or mechani-
cally detectable unevenness of a surface.

Numerous parameters and norms used
to create qualitative and quantitative
descriptions of surface roughness were
defined in subject literature and norms.
However, two of them are most fre-
quently used (Ra and Rz), among which
Ra plays the leading role (Dobrzynski
1977, Skupnik 2013).

Mean arithmetic deviation of surface
roughness profile forming the average
line (Ra), which is the average value of
distance between points y,, y,, ...y on
the observed profile from the average
line on the sampling length (Fig. 1).

i=n
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where:

n — number of points,

y,— distance between point and observed
profile.

Difference between arithmetic mean
height of the five highest peaks and
arithmetic mean depth of the five deep-
est valleys (Rz), regarding average line
on the length of the measured distance
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FIGURE 1. Diagram defining Ra roughness parameter
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FIGURE 2. Diagram defining Rz roughness parameter (the reference line can take the form of the

profile average line)

(roughness based on 10 points on the
profile) — Figure 2.

In the above definitions the profile
average line is a line in the shape of the
nominal profile (designed) that divides
the profile in such a way that on the dis-
tance of the sampling length (L)) the sum
of the squared distances of the points
belonging to the observed profile is the
smallest.

The issue of roughness is directly
connected to materials engineering, thus
in practice roughness parameters are
most often defined for surface elements
that require relevant manufacturing or
processing through grinding, founding
or polishing in order to provide the ex-
pected surface roughness. Profilometers,
which make it possible to measure the
peaks and valleys along the surveyed

N

Rz
5

where:

w,Ww, W, W, W,— distances between
the five highest peaks and reference
line,

D, D,, D,, D, D, — distances between
the five deepest valleys and refer
ence line,

Vi~ distance between the highest peaks
and observed profile,

y,, — distance between the deepest valleys
and observed profile.

_ W AW, + W+ W, + W +|D1+D2+D3+D4+D5|:é(i‘yl}i‘+i

yvi

1 Y

5

profile, are used to measure those param-
eters. This measurement is made with
the accuracy equal to a single microme-
tre. However, in the case of surfaces
belonging to massive concrete structure
carrying out this kind of measurements
is impossible. Character of the deforma-
tion and irregularities on the surface of
the concrete is completely different then
on surfaces made of steel or synthetic
materials. On technical grounds of the
way the casting of concrete, marks on the
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surface remaining after the formwork
and shuttering process, and also observed
fouling vegetation changes diagnosed
roughness parameters are in centimetres
rather than millimetres. For example we
have to diagnose slits with a depth of
1-2 ¢cm and a width of 0.5-2 c¢cm, which
occasionally come to 5-10 cm. The ac-
curacy of point clouds obtained from
terrestrial laser scanning is suitable for
measuring the components of this size.
Due to this fact application of data ob-
tained through terrestrial laser scanning
was suggested.

MATERIAL AND METHODS

In order to determine roughness param-
eters for a concrete surface it is essen-
tial to determine the profile average line
against which point distances will be
calculated. Surfaces for which roughness
parameters can be determined may be
vertical or inclined. Due to their orien-
tation in space two different approaches
can be used, which are presented in the
further part of the article.

Determining roughness parameters
for vertically oriented surfaces

Due to the orientation of vertical sur-
faces the regression line fit into a point
cloud projected onto a horizontal plane
can serve as the average line. This sim-
plification is possible because one of the
surface’s edges is parallel to the Z axis.
Linear regression, which minimizes
point drifts from the line running along

the X and Y axes, is the most often used
concept in numerical studies and analy-
ses of sets of two-dimensional points.
Orthogonal regression is distinguished
from the simple linear regression by the
fact, that the parameters of the approxi-
mation line are computed on the basis of
a minimization of the sum of the squared
distances of the points (x, y) from the
sought regression line. Due to that fact,
it fulfils the previously mentioned crite-
ria of the average line. By determining
the line of orthogonal regression two
perpendicular lines are obtained that
define the minimum and maximum of
the sum of the squared distances (Cra-
mér 1999). The proceedings leading to
determination of the parameters for the
orthogonal regression line are presented
below (Zaczek-Peplinska 2015).

xcosftysinf—p=0

X,y — points coordinates,
S —the angle of slope to the axis 0X,

p — distance between the line and the
centre of the coordinate system,

d — directed distance from a point to
a line of a normal equation,

n  —number of points.

d=|xcos f+ysin f—p|
E:de :Z(x,. cos B+ y,sin f— p)’
i=1 i=1

L 23 (cosf+yisin f-p) =0
p i=1
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incidence angles of the scanned surface.
According to the characteristics of the
scanner — for the distance up to 50 m

Elimination of the p parameter from
the objective function results in:

a—E:—sinzﬁZ(Xf —Y?)+2cos28> XY, =0

p par pa

the linearity error is less than or equal to
1 mm. Due to the measurement technolo-
gy and the size of the object the roughness
parameters were determined in mm but
2a not in micrometers (1 pm = 0.001 mm)

Thus tan2ﬁ=T7

where:
X,Y. — relative coordinates to the centre
of gravity of the set of points.
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In order to assess the applicability of
roughness parameters in evaluation of
concrete surface condition experimen-
tally a scanned cubic hydrotechnical
concrete sample sized 10 x 10 x 10 cm
was used (Fig. 3). The block was scanned

from the distance of 20 m by using Z+F
Imager 5006h scanner operating in vari-
ous operational modes and with various

FIGURE 3. a — view of the test field, b — cubic
concrete sample with marked A and B surfaces
Source: Kowalska and Zaczek-Peplinska 2015.
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as it is the case when evaluating surfaces
for processing quality purposes.
Determined roughness parameters
are dependent on the selected density
obtained through measurement of the
point cloud. Table 1 presents values of
the obtained resolution depending on the
scanners operational mode with scanning
distance set to 20 m. Table 2 summarises
the values of Ra and Rz parameters for

TABLE 1. Dependence of a scan resolution in the
Z+F Imager 5006h scanner’s operational mode
— distance between neighbouring points (beam’s
angle of incidence 0°, D — distance from the
scanner)

Resolution
“ultra P o 5
D (m) high” high middle
mm
10 1.6 6.3 12.6
20 32 12.6 25.2

Source: Kowalska and Zaczek-Peplinska 2015.

TABLE 2. Summary of Ra and Rz values for
surface A of the concrete sample (resolution m
— “middle”, h — “high”, u — “ultra high”)

;E]ega;?osf Rqso- Ra Rz Num.ber
incidence (°) lution | (mm) | (mm) | of points

m 3.39 110.47 21

34 h 1.08 | 7.44 97

u 1.07 |15.94 | 1523

m 5.36 20.61 28

40 h 1.04 | 5.96 89

u 1.06 [24.25 | 1405

m 279 | 195 18

44 h 0.69 | 3.46 74

u 1.18 | 14.34 | 1297

m 355 7.14 12

60 h 1.26 | 5.29 59

u 097 | 797 943

Source: Kowalska and Zaczek-Peplinska 2015.

surface A of the concrete sample using
different operational modes (resolution m
—“middle”, h — “high”, u — “ultra high”).
In order to provide a better visualiza-
tion of the results presented in the table
the said results were further presented in
a graphical form. Figure 4 clearly illus-
trates that the obtained value of rough-
ness parameter depends on the scan res-
olution. The roughness parameter value
significantly deviates for the “middle”
resolution setting. This is caused by an
imprecise capture of the surface on the
point cloud. The distance between regis-
tered points is big enough to cause dis-
ruption in actual roughness. This effect
is not present when resolution is set to
“high” and “ultra high” as more points
are being recorded. For “high” and “ul-
tra high” resolutions and angles of inci-
dence at 34° and 40° the Ra parameter is
equal at 0.02 mm, whereas for angles of
incidence at 44° and 60° the discrepancy
reaches 0.49 and 0.29 mm respectively
(Table 2). The Rz parameter variability
takes on a completely different charac-
ter than Ra variability as presented in
Figure 5. Values of Rz for an identical
sample scanned using different angles
of incidence are most convergent when
the resolution is set to “high”. However,
it cannot be treated as reliable. In order
to verify this assumption, the standard
deviation values for the five deepest and
the five highest points used to determine
the parameter and the whole sample
were compared. The obtained results are



5 ]

4

Roughness parameters... 35

Ra[mm] 3 —

2_

N N B

The theoretical angle of incidence of the laser beam [°]

mode middle

mode

high m mode ultra high

FIGURE 4. Graph presenting Ra parameter values for surface A of the concrete sample
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FIGURE 5. Graph presenting Rz parameter values for surface A of the concrete sample

presented in Table 3. The errors in the
research paper were identified through
analysis of the result comparison. For
example, when determining the Rz pa-
rameter for an incidence angle of 40°
and high resolution (h) a point which
was in fact a measurement noise was
selected. The significant deviation of the
o . parameter is evidence of this. Ad-
ditional proof can be found in the sig-

nificant deviation in other Rz parameter
values for an incidence angle of 40° and
high resolution (h) determined for the
same resolution but for different inci-
dence angles. The Rz parameter is very
sensitive to measurement errors that
form so-called measurement peaks dis-
rupting the obtained results. This can
be observed by analysing the values
in Table 2, where the obtained results
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TABLE 3. Summary of ¢, [mm] ¢, [mm]
o, [mm] values for surface A of the concrete sam-
ple (resolution m — “middle”, h — “high”, u — “ultra

high”)

.A n.gle of Reso- o o o,
m"l(‘l‘;nce lution| (mm) | (mm) | (mm)
ho| 032 | 138 | 214

34 m | 054 | 122 | 402

u | 022 | 128 | 844

ho| 534 | 157 | 935

40 m | 052 | 135 | 329

u | 217 | 314 | 13.03

ho| 149 | 193 | 410

44 m | 026 | 08 | 191

u | 196 | 000 | 7.67

ho| 020 | 332 | 281

60 m | 033 | 019 | 280

u | 049 | 025 | 422

Source: Kowalska and Zaczek-Peplinska 2015.

differ by 100%. The data presented in
Table 3 serves as confirmation of the
low reliability of the Rz parameter de-
termined using data form terrestrial la-
ser scanning and that this method should
not be used in order to determine surface
roughness parameters.

The presented results are consis-
tent with authors’ previous experiments
(Zaczek-Peplinska 2015) and subject
literature (Kaasalainen 2011). They in-
dicate a necessity to carry out analyses
for smaller areas limited by the value of
beam’s incidence angle.

Using the results obtained from the
earlier experiments one can assume the
existence of different area classes with
reference depending on the laser beam’s

incidence

2015):

e Class ID: scan distance up to 10 m
M angle of incidence 0-30° M mode:
High,

e C(Class IIDa: scan distance 10-50 m
M angle of incidence 0—40° M mode:
High,

e Class IIDb: scan distance do 30 m M
angle of incidence 0-20° M mode:
Middle,

e C(Class IIDc: scan distance up to 20 m M
angle of incidence 30—-50° M (mode:
High U Middle).

angle  (Zaczek-Peplinska

Determining roughness parameters
for inclined surfaces

As previously mentioned, due to the
specific character of engineering con-
structions, especially due to their com-
plicated geometry, one cannot limit the
possible orientations vertically oriented
surfaces only. Thus, it is essential to
analyse roughness parameters for pla-
nar surfaces oriented freely in the three-
-dimensional space. Because of that the
orthogonal regression line which forms
the average line should be replaced by
a plane fit into a point cloud.

According to the definition of an av-
erage line, fitting of a plane into a point
cloud has to be carried out using least
squares method minimizing squared dis-
tance between the points and the surface.
Fitting of the plane is performed through
successive iterations. Output parameters
for the plane are determined using three



points — the centre of gravity of the point
cloud and two most distant points from
the said centre. During selection of the
points their position is controlled in such
a way that they have to be located on the
opposite sides of the centre of gravity.
The control involves determining the
value of the angle between projections
of straight lines that connect the selected
points with the centre of gravity. The
points are accepted if this angle is great-
er than 135°.

In order to perform the analysis a frag-
ment of a scan of a flat, inclined concrete
downstream wall of Roznow dam was
selected. The analysed surface covering
the area of approximately 8 x 50 m was
marked on the scan’s visualization us-
ing red colour (Fig. 6b). The scan was
performed using scanning total station
Leica Nova MS50 from the distance of
approximately 50 m. Inclination of the
object’s wall has no effect on the ob-
tained results owing to the chosen meth-
odology of determining Ra and Rz rough-
ness parameters regarding to a surface
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iteratively fitted into point cloud being
the result of the measurement. The influ-
ence of laser’s angle of incidence on the
surveyed surface is presented in Table 2.
This angle should be treated as a sum of
the angle resulting from the position of
the scanner and the surveyed wall’s in-
clination angle.

Table 4 presents the determined val-
ues of Ra and Rz parameters for a sec-
tion of a point cloud marked in Figure 6b
and for the three smaller areas designat-
ed from it (Fig. 7). Significant discrep-
ancy of Rz parameter value results from
the inclusion of protruding points which

TABLE 4. Summary of Ra and Rz parameter
values calculated for the fragments marked in
Figure 7 and the whole analysed area scanned
using various resolution settings

Description Ra (mm) | Rz (mm)
Area 1, resolution 2 cm 6.00 56.00

Area 2, resolution 2 cm 28.00 39.00

Area 3, resolution 2 cm 23.00 150.00
Whole, resolution 2 cm 13.00 201.00
Whole, resolution 5 cm 13.00 252.00
Whole, resolution 15 cm | 14.00 247.00

FIGURE 6a. A view of downstream wall of the water dam in Roznow
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FIGURE 6b. Scan of the downstream wall of the water dam in Roznéw in intensity colouring with

marked experimental area
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FIGURE 7. Map representing distances between points and the fitted average plane in colour range

with marked test areas

interfere with the obtained value. The
above-mentioned measurement peaks
were marked in dark grey in Figure 7.
An analysis of the results summarised
in Table 4 also shows that Ra parameter
values for the whole experimental area
are consistent regardless of the scan’s
resolution. However, it has to be empha-
sised that the resolution does not result
from scanning mode but is the result of
point selection based on the minimal dis-

tance between the neighbouring points.
Values of Ra and Rz are provided in mil-
limetres due to the size of the expected
changes.

RESULTS AND DISCUSSION

It is worth mentioning that when fitting
a plane into a point cloud using least
squares method, choosing the largest
possible area of the point cloud provides
the greatest advantages. However, when



performing analysis of roughness pa-
rameters one should select significantly
smaller areas. When analysing a large
area, local surface unevennesses be-
come averaged due to the characteristics
of roughness parameters. This conclusion
is supported by the results in Table 4
where average value of Ra parameter
for areas 1 and 2 — 17 mm — is close to
the parameter obtained on the basis of
analysis of the whole area.

When determining roughness param-
eters based on the distances between the
points from the average surface one also
receives information on the object defor-
mation. Figure 8 presents a juxtaposition
image of the analysed area in the colour
range of the reflected laser beam’s inten-
sity value, map visualising the distances
between points and the fitted surface in
colouring range and a photograph of the
analysed experimental area.

The presented juxtaposition shows
that when evaluating the condition of

Intensity

Distance
from the
surface

Photography
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a surface one should base the assessment
on information from various sources.
General numerical characteristic of the
surface is provided by the roughness pa-
rameter. Using this value as a base one
can classify the type of treatment the
surface should be subjected to. By ana-
lysing intensity values one obtains infor-
mation on surface soiling (blue colour)
or the occurring seepages (red colour).
Map visualising the distances between
points and the fitted surface can provide
surface information on the possible de-
formations (cavities, protrusions). Pho-
tography allows for visual verification
of the results.

Analysis of surface deformation, as
in the case of roughness parameters,
should be carried out for adequately
sized areas. Figure 9 presents a juxtapo-
sition of intensity image and deforma-
tion map for area 2 (Fig. 7) analysing
a smaller area and choosing an individ-
ual colouring range provides better, and

Distance [m]
0043586 |
0037220
0030854
0024489
0018123
0011757
0005392
-0.000974
-0.007340
0013705
-0.020071
-0.026437
-0.032802
0039168
004553
-0.051900
-0.058265
-0.065187
-0.072109

FIGURE 8. Juxtaposition of intensity image, map visualising the distances between points and the fitted
surface presented in colouring range and a photography of the analysed test area
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as a result more detailed information on
the selected area. When analysing the
whole area it would be impossible to no-
tice a crevice clearly visible in Figure 9.
Intensity

-1626.222168
-1649.708282.

-1673.194397

-1696.680511

-1720.166626

1743652740

“1767.138855:

1790624969

-1814.111084:

-1837.597198:

-1861.083313

-1884.569427

-1908.055542

-1931.541656

-1955.027771.

-1978.513885:
~2002.000000

AL ; 2 &i

The intensity of the reflections

5-10 mm and larger, it is possible to
ignore the noise present in the measure-
ment “strip”.

Distance [m]
0011615
0007054

0.002492
-0.002069
-0.006631
0011192
“0.015754
0020315
0024877
-0.020438

+0.034000

it i ,
The distance from the surface

FIGURE 9. Juxtaposition of intensity image and the map visualising the distances between points and

the fitted surface (test area 2)

Additionally, one can notice a cavity in
its centre that is not visible on the inten-
sity image.

When using data from terrestrial la-
ser scanning in order to control the con-
dition of concrete surfaces one has to
bear in mind the “thickness” aspect of
a point cloud. As a result of a scan of
a selected section a “strip” is obtained
which represents the structure of the
surface. However, it also contains trace
amounts of measurement noise. In view
of the above, the approach suggested in
the paper can be used to determine sur-
face roughness on levels exceeding sev-
eral millimetres and not on sub-millime-
ter level. Assuming the targeted changes
and deformations fall within range of

CONCLUSIONS

Based on the previously mentioned re-
sults it may be concluded that the com-
parison of roughness parameters com-
puted for an object after every periodic
control measurement can constitute one
evaluation element aiming at the assess-
ment of the technical surface condition
and indicate the stages of erosion of the
concrete surface. Based on the change
of roughness parameters in the follow-
ing periods, the control measurements
can be used to decide on the need for ad-
ditional security activities like cleaning,
coating the surface of safeguards, or car-
rying out repair processing — grinding,
filling cavities.



It is worth pointing out that the Ra
parameter — mean distance value of the
points on the observed profile from the
average line on the sampling length — is
“more resistant” to the changes in a scan
resolution and the angle at which the
surface is scanned than Rz parameter.
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Streszczenie: Parametry chropowatosci jako
element oceny stanu powierzchni na podstawie
TLS. Chropowatos$¢ jest to cecha powierzchni
definiowana jako zbidr drobnych nieréwnosci
powierzchni, ktére nie wynikaja z jej ksztal-
tu, a ich wielko$¢ zalezy od rodzaju materialu
i przeprowadzonej obrobki. Najczgsciej wyko-
rzystywanymi parametrami chropowato$ci sa:
Ra — $rednia warto$¢ odlegltosci punktow profilu
zaobserwowanego od linii $redniej na dlugosci
odcinka elementarnego, oraz Rz —réznica migdzy
$rednig arytmetyczna wysokoscia pigciu najwyz-
szych wzniesien i $rednia arytmetyczna pigciu
najglebszych wglebien wzgledem linii $redniej
na dhugosci odcinka pomiarowego. W praktyce
najczesciej parametry chropowatosci sa okresla-
ne dla powierzchni elementéow, ktérych odpo-
wiednie wykonanie lub obrobka, np. szlifowanie,
odlewanie czy polerowanie, ma zapewni¢ ocze-
kiwana chropowato$¢ powierzchni. Do pomiaru
tych parametréw dla zrealizowanych elementow
wykorzystuje si¢ profilometry. W artykule zapre-
zentowano odmienne podejscie do wyznaczania
i wykorzystania tych parametréw. Parametry
chropowatosci w tej pracy wyznaczane sa na
podstawie chmury punktéw z naziemnego ska-
ningu laserowego reprezentujacej powierzchnig
chropowatej probki betonowej, a nie pomiaru od-
cinka elementarnego. Zaproponowano rowniez
wykorzystanie wyznaczonych w ten sposob para-
metrow chropowato$ci powierzchni jako danych
uzupehiajacych w ocenie stanu (stopnia erozji)
powierzchni konstrukeji z betonu.
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