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Direct topographic profiling of real pavement surfaces is often challenging, especially on high-traffic highways or
racetracks where access time is limited. In such cases, silicone replicas offer a practical alternative for acquiring
detailed surface information related to frictional behavior, wear mechanisms, and the mechanical response of
materials in contact. In this work, a quantitative comparison is presented between topographic measurements
carried out on two road specimens and the corresponding silicone replicas produced via dedicated molding,
alongside methodological guidelines for the correct use of silicone replicas and the processing of the acquired
topographic data. 3D areal parameters according to ISO 25178-2, such as the power spectral density (PSD), the
probability density function (PDF), and the Abbott-Firestone curve, are compared between the silicone replica
and the drill road surface to validate whether the replica can reliably reproduce the surface information. The
comparison between silicone and the road specimens underlines that the technique must be employed with care,
since differences attributable to “mushroom-shaped” cavities can lead to considerable errors in the roughness

parameters.

1. Introduction

Surface topography plays a crucial role in tribological applications,
since many functional properties such as friction, wear, lubricant reten-
tion, material fatigue, corrosion resistance, heat transfer, and optical be-
havior are directly linked to the shape and texture of a surface [1-3]. In
the automotive sector, accurate knowledge of road roughness is essential
for understanding tyre-road interactions [4-9], proving fundamental in
improving road user safety.

Although areal surface-texture measurement was introduced in the
manufacturing industry during the early 1980s, at that time, there was
no consensus on measurement procedures or parameter selection, which
led to confusion and inflated costs due to an overabundance of met-
rics. To address this issue, Whitehouse [10] proposed the first system-
atic approach for identifying the most industrially relevant parameters,
and the European Community subsequently funded a collaborative re-
search effort to further refine these guidelines [11]. The outcome was
the “Birmingham Fourteen,” a reduced set of three-dimensional surface-
characterization parameters designed to capture the essential features of
surface texture.

Since then, additional parameters were introduced to describe sur-
face roughness more comprehensively [12,13]. Parallel efforts recast to-
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pography analysis in the frequency domain: for example, Height Differ-
ence Correlation (HDC) has been applied in the spatial domain [4,14],
while Power Spectral Density (PSD) methods have been developed in
the spectral domain [3,15,16]. All of these contributions ultimately in-
formed the ISO 25178-2 [17] standard, which now defines 36 three-
dimensional roughness parameters categorized as height, amplitude,
spatial, hybrid, field, and feature metrics applicable to profile, image,
or height-map data.

Collecting all this data is done in laboratory using high-precision pro-
filometers, but when the object of study cannot be transported or sec-
tioned, such as outdoor pavement, portable profilometers become nec-
essary. Unfortunately, transporting these sensitive instruments presents
several challenges:

1. Risk of damage during transit: The delicate and sensitive instruments
used in topographic measurement can be easily damaged during
transport, affecting their accuracy and functionality.

2. Sensitivity to environmental conditions: Devices are often suscepti-
ble to environmental changes, such as humidity, temperature fluctu-
ations, and vibrations, which can degrade performance.

3. Security Concerns: Expensive and highly specialized equipment can
pose security risks and require careful handling and secure transport
arrangements to avoid theft or loss.
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4. High logistical costs: The cost of packing, shipping, and insuring
these instruments can be substantial, affecting overall project bud-
gets.

5. Need for recalibration after transport: After transport, devices often
need to be recalibrated to ensure accurate measurements, adding
time and complexity to field operations.

6. Surfaces to be scanned are not always horizontal, making it impos-
sible to place a profilometer on them.

As a practical alternative to direct in-situ scanning, one can apply sili-
cone to create a replica of the surface. Silicone replicas are lightweight,
easily transported, and storable without degradation, yet they faithfully
capture fine topographic details in a matter of minutes, unlike some
profilometric methods that require hours [18].

This technique has found applications across diverse fields. In den-
tistry, Laurent et al. [19] aimed to quantify the marginal fit of cast
crowns: silicone was applied between the crown and the prepared tooth,
cured, and then sectioned to provide a physical replica of the inter-
facial gap that could be measured under a microscope. In biomedical
engineering, Doyle et al. [20] sought to manufacture patient-specific
aneurysm phantoms: silicone was cast into molds reconstructed from
CT scans, producing transparent vascular models for subsequent biome-
chanical and hemodynamic testing. In fracture mechanics, Fields and
Miller [21] investigated crack initiation and crack-opening displace-
ment; they pressed silicone onto fracture surfaces to obtain negative
replicas that preserved fine topographic details for microscopic obser-
vation without altering the original specimen. In geology, Bizjak [22]
characterised rock-joint roughness coefficients by pouring silicone into
joint surfaces, then scanning the cured molds to extract 3D roughness
descriptors relevant for geomechanical modelling.

In tribology, Persson et al. [18] explicitly questioned whether sili-
cone replicas can reliably capture the spectral and statistical features
of engineering surfaces. They emphasised that while replicas reproduce
general morphology, the resolution requirements for calculating rough-
ness indicators-particularly slope- and curvature-dependent parameters-
are far more stringent than in dentistry, biomedical modelling, or geol-
ogy. This raises a critical question that motivates the present study: to
what extent do measurements taken on a silicone replica coincide with
those obtained directly from the actual surface?

This paper aims to understand the differences between direct road
measurements and silicone replicas, determining the boundaries of ap-
plicability of this indirect technique. By quantifying the approximations
introduced when reconstructing roughness through silicone molds, the
study identifies the precautions needed for their reliable use.

The significance of this work lies in the fact that, unlike other do-
mains where replicas serve mainly descriptive purposes (dentistry, ge-
ology, fracture analysis), tribological and pavement applications de-
mand quantitative fidelity of slope- and curvature-related roughness pa-
rameters. These descriptors directly feed into friction and wear models
[4,6], where errors may propagate into safety-critical predictions. Fur-
thermore, this study contributes methodologically by documenting the
practical aspects of replica preparation-such as silicone type, deposition
protocol, and curing times. By systematically comparing real asphalt sur-
faces and their replicas across multiple roughness indicators, this study
fills a knowledge gap left open by previous exploratory works [18] and
provides practical guidelines-including a porosity threshold-for safe and
reproducible application in road engineering.

It should be noted that silicone replicas are not intended to serve as
mechanical surrogates of asphalt mixtures in wear or abrasion processes.
Their role is purely metrological: they provide a high-fidelity geometric
record of the surface, which can be analyzed in the laboratory and used
for long-term archiving. In this sense, replicas are particularly valuable
for monitoring surface wear over time, as sequential molds of the same
pavement location can be compared to quantify the evolution of rough-
ness parameters under traffic and environmental loading.
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In Section 2, the roughness parameters analyzed are detailed, with
emphasis on the criteria employed for the choice [23]. Section 3 dis-
cusses the interpretative challenges associated with these parameters,
including issues of data reduction, scale dependence, and the influence
of tails. Finally, Section 4 presents the measurement results on real pave-
ment surfaces and their silicone replicas, highlighting the key discrep-
ancies and their implications for accurate roughness evaluation.

2. Roughness parameters

The surface’s features reflect not only the manufacturing process but
also the operating conditions and the mechanisms of wear it experiences.
Traditional texts classify surface roughness metrics into three functional
categories: amplitude, spacing, and hybrid parameters [12,13]. How-
ever, ISO 25178-2 [17] broadens this categorization by defining addi-
tional groups. In particular, beyond the amplitude, spacing, and hybrid
groups, the standard introduces parameters related to areal material ra-
tio functions, volumetric characteristics, fractal aspects, and miscella-
neous surface attributes, thus offering a more comprehensive descrip-
tion of surface texture.

Roughness parameters can be calculated in two-dimensional (2D)
form, when height values are extended along a single direction (on the
Profile), or in three-dimensional (3D) form, when extended along two
directions (on the Area). For this reason, these are also called Profile
and Areal parameters. Since the surface analysis was born [24], a heavy
use of two-dimensional profile analysis has been made in the scientific
and engineering fields.

Three-dimensional parameters are now much more common because
3D areal texture analysis offers more opportunities than the study of 2D
profiles [16]. However, for isotropic surfaces, the difference between the
3D and average parameters of those calculated 2D for parallel profiles
is minimal [25,26]. The following discussion focuses on selected areal
(3D) parameters rather than the full set of 36 defined by ISO 25178-2.
Numerous studies have highlighted that many of these metrics convey
overlapping information, rendering a comprehensive computation both
redundant and cumbersome [23,27,28]. To address this, we have chosen
a subset of parameters based on the criteria of computational simplicity,
functional relevance, robustness against measurement error, and statis-
tical independence as recommended by these authors.

2.1. Height parameters

Height parameters provide direct information on the vertical vari-
ation of the surface; they are related to the absolute value of certain
heights and to the shape of the Probability Density Function (PDF).

2.1.1. Absolute peak and valley related

Among height parameters, two are related to a single value of the
heights, these are: S, (peak height), and S, (valley depth), which are
respectively the maximum and the minimum value from the mean value
of the heights of the surface. These parameters are represented respec-
tively by the Egs. (1) and (2) and the Fig. 1.

S, = max(Z(x,y)) 1)
S, = |min(Z(x, y))| 2

The sum of these two parameters is .S, and represents the maximum
distance from the depth valley and the highest peak (Eq. (3), Fig. 1)

S, =5,+85, €))

2.1.2. Heights distribution related

There are also height parameters that characterise the PDF of heights
on the surface without directly specifying the heights themselves. For
example, measures the spread of heights and indicates the general level
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Fig. 1. Visual representation of the parameter S, S, and S, sum of the first
two.

Fig. 2. Visual representation of the parameter S, and S, .

of roughness across the surface, and instead describes the shape of the
height distribution. These parameters will be mentioned below.

S, is the arithmetic mean of the absolute values of vertical deviation
from the mean line through the surface (Eq. (4), Fig. 2).

&—wmzxwmwl “

i=1 j=

Where m and n are respectively the total amount of the sampling in the
direction x and y.

S, is the Root Mean Square (RM S) value of surface heights (Eq. (5),
Fig. 2).

m n

Z2(x;, 5
wm;ﬁ (xio%,) ®)

Sy =
It is important to note that RMS coincides with the ’Standard Deviation’
because one of the initial steps in studying surfaces is to remove the
mean value.

Skewness (Eq. (6), Fig. 3) and kurtosis (Eq. (7), Fig. 4), respectively
S, and Sy, characterise the appearance of the height distribution of
the texture. Skewness gives information about the symmetry of a height
distribution. A positive skewness value suggests a right-tailed height dis-
tribution, meaning deeper valleys are more likely than prominent peaks,
while a negative skewness value indicates the opposite.

Kurtosis characterises the peakedness of the distribution. In surface
analysis, it helps identify whether a surface exhibits pronounced peaks
and deep valleys or a more uniform texture.

yZZZWL 6

q i=1j=

sk = (m n)
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Fig. 3. Representation of what a probability density function would look like
with skewness (S,;) values less than and greater than zero.

Fig. 4. Representation of what a probability density function would look like
with kurtosis (S;,) values less than and greater than three.
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The reason why height distributions are important is that they are
related to various tribological phenomena such as friction, wear, and
lubrication. This observation is supported by research of Dzierwa et al.
[29] and Sedlacek et al. [30,31], which highlighted that smooth sur-
faces often exhibit low friction in disk-on-sphere tests. However, the
situation becomes more complex when considering rough surfaces in
the dry regime. The coefficient of friction is affected by the roughness
height and can vary significantly depending on the type of contact and
surface conformation. In some cases, a rougher surface may increase the
coefficient of friction, while in others, it may lead to increased wear and
friction.

2.2. Spacing parameters

Spacing parameters quantify the spatial organization of a surface by
measuring the distances between repeating features. They are derived
from 3D topographical data using the Auto Correlation Function (ACF).

The ACF is an important tool in studying surface roughness. It pro-
vides information about the spatial distribution of surface height varia-
tions. Generally, autocorrelation measures how height variations at one
position correlate with the same variations at other positions. If the val-
ues are highly correlated, the autocorrelation function will have higher
values, whereas if the values are uncorrelated, the autocorrelation func-
tion will have values close to zero. Auto-correlation function can be
calculated in both 2D and 3D, depending on the dimension of the study.
2D evaluates the correlation between height variations along a direc-
tion, while 3D auto-correlation function considers correlation in height
variations across all directions of three-dimensional space.
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Fig. 5. Various profile with the same RM S value.

2.3. Hybrid parameters

Hybrid parameters combine amplitude and spacing. Any change in
amplitude or spacing can therefore influence these parameters. The hy-
brid parameter and the areal interface parameter are the only two hy-
brid parameters contained in the ISO 25178-2 [17]. Parameter S,, is
also called RMS slope or surface slope. Parameter S, is the ratio of the
increase in the interface area.

M N 2 2
_ 1 (3Z(xi,yj) aZ(X,"yj')
qu_(M-N) ;;[( ox ) +< dy > ] ®

M N 2 2
_ 1 GZ(xi,yj) 0Z(xi9yj')
S“’_(M~N)ZZ[\/1+< ox ) +< 9y ) _1] ©

i=1 j=1

Where M and N are m — 1 and n — 1 respectively.

Hybrid parameters, which depend on the gradient, are greatly influ-
enced by the sampling interval and high-frequency noise; therefore, they
are often difficult to compare if measured with different instruments. It
is considered that the slope (S,,) is proportional to the friction coeffi-
cient between the surface and the rubber [6], or that, in general, high
levels of slope can more significantly deform the rubber sliding on a sur-
face, inducing hysteretic phenomena that are directly related to rubber
friction [5,23].

3. Aspects in using roughness parameters

It has been widely noted over time that many roughness parameters
present the same issues and challenges that need to be addressed. In the
following sections, some of the most significant of these will be explored.

3.1. Reduction of information content and scale dependence

It has been observed that surface morphology can be described using
a wide variety of parameters [32]. Indexes such as RMS, skewness, and
kurtosis have been widely used to describe surfaces and the shape of
their PDFs.

Unfortunately, these parameters do not adequately describe surface
morphology according to Gonzalez Martinez et al. [33]. A straightfor-
ward rationale explains this phenomenon: imagine a surface represented
by n x n discrete image points. If only the RMS roughness is measured,
all the intricate details of the surface’s structure collapse into one sin-
gle numerical value. Consequently, two surfaces with distinctly different
morphologies might register the same RMS roughness (Fig. 5) while ex-
hibiting significantly different tribological behaviors.

A study conducted in 2002 by Duparre et al. [34] illustrates the dif-
ficulty in comparing roughness. The research involved measuring the
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Fig. 6. The first row shows the PSD and the second row illustrates the corre-
sponding sinusoidal composition signal.

surface topography of 15 samples ranging from smooth to precision-
machined flat surfaces, thus covering a wide roughness range and en-
abling the use of various measurement techniques. When different types
of measurements performed on the same samples were converted to a
common quantity, such as RMS roughness, and compared, the results
were generally different due to the different spatial frequency limita-
tions of the instruments.

It has been demonstrated that the RMS roughness of a surface is de-
pendent on the measurement scale; as the area of the image increases,
the corresponding RMS value also rises. This indicates that RMS rough-
ness is not a property that remains constant regardless of scale.

3.2. Tails influencing

In statistical data analysis, it is crucial to consider the influence of
the PDF’s tails on descriptive parameters of the distribution. Long tails,
which are extreme values within the dataset, can significantly distort the
bell shape of the PDF and consequently affect estimates of symmetry and
peakedness. For example, the presence of positive or negative long tails
can alter skewness, making the distribution more or less asymmetric
compared to the normal distribution [35]. Additionally, long tails can
increase kurtosis, accentuating its value, even if the distribution appears
Gaussian [36]. The influence of tails on these parameters can lead to
misleading interpretations, as distributions with very similar shapes may
exhibit significantly different skewness and kurtosis values. Therefore,
it is good practice not only to consider these numerical descriptors, but
also to visually inspect the shape of the distributions. When comparing
two or more distributions, it is often useful to normalize and overlay
them to facilitate a more accurate and meaningful comparison.

3.3. Texture wavelength

The range of texture wavelengths influences tyre-road interactions
and, in turn, affects various aspects of vehicle-road dynamics, including
friction, noise, and wear [37-39].

The statistical parameters described so far do not provide any infor-
mation for different wavelengths. A single value will be representative
of the entire surface.

For this reason, the Fourier transform of the autocorrelation func-
tion is necessary to search for something that provides information at
different wavelengths, how it is possible to seen in Section 2. This tool
is called ‘Power Spectral Density’ (PSD) (Fig. 6).

In practice, the PSD gives information about the ‘n’ harmonics of the
signal because the roads are made by random periodic signals. Roads are
typically self-affine, where high PSD signals correspond to low wavevec-
tors and vice versa [40].

PSD is mentioned in the ISO 25178-2 [17] as ‘Fourier transformation’.
It is widely used as a road descriptor and standardized by ISO 13473-4
and 8608 [32,41]. PSD is also widely used, such as input for contact
models [4,6,42] According to Jacobs et al. [40], C*° is the correct form
of PSD to use, as most contact models assume isotropic roughness; how-
ever, the surface should also be checked for anisotropy. For a 2D image
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of the topography, this can be assessed by calculating the surface PSD
C?P, in which the presence or absence of radial symmetry should be
evident.

It is possible to calculate the PSD!S? for invariant and isotropic sur-
faces, which means that the statistical properties are the same on all
the surface [15,40] thus it is obtained directly from the surface or the
average of C!P+ [12].

It is possible to define PSD, for self-affine fractal surfaces [3], as
below:

CHo(q) = C, - 72D 10)

where ¢ is the spatial wavevector while the slope of the PSD is given
by (-2 — 2H). Thus using the analytic PSD expression presented earlier,
one can determine the Hurst coefficients (H).

PSD is one of the most commonly used tools for describing surfaces
at different wavelengths [41,43]. However, it should be noted that PSD
does not provide any information about the probability density function
(PDF) of the heights, unlike Sgs Skus and Sj;.

4. Road & silicone comparison

This work aims to understand if there are any differences between a
real road acquisition and a Silicone one and in case provide a quantita-
tive evaluation of them.

Differences can be introduced by various factors, some related to the
acquisition methodology, the type of instrument used, and repeatability,
as well as the acquisition setup: scan dimensions, resolution, filters, etc
[40]. Others could be due to the silicone’s capability to penetrate the
cavities and, therefore, replicate the surface as faithfully as possible at
microscopic scales [18].

Although the present study focuses on surface replication and topo-
graphic fidelity, the implications extend directly to friction and wear
modelling in pavement engineering. Reliable reconstruction of surface
texture enables the evaluation of roughness parameters that influence
tyre-road contact mechanics, hysteretic losses, and ultimately the fric-
tion decay that affects vehicle safety and pavement service life. By quan-
tifying the accuracy of silicone replicas, this work provides a foundation
for future applications in friction modelling, predictive maintenance,
and the development of safer, longer-lasting pavement surfaces.

4.1. Experimental setup

The setup is divided into three main areas: the topography instru-
ment, the drilling roads where the replica was performed and the sili-
cone to make a replica.

The profilometer ’AMES 9400 HD’ is a laser scanner, utilizing the
laser triangulation method [44] was used to measure the surfaces to
achieve statistical information of these. The instrument setup was con-
figured to maximize the variety of samples on the acquired dimension. It
acquires several equispaced lines, and for each line, it acquires a certain
sampling.

In particular, as mentioned in the Section 3.1, since the RMS value,
and consequently the area under the PSD, is influenced by the scan size,
it would be ideal to use the largest dimension allowed by the profilome-
ter (104x72 mm?). However, it was necessary to reduce the size to 90x50
mm? due to the maximum amount of silicone that could be used for each
replica.

Sha et al. [45] states that the necessary size to obtain statistical infor-
mation with low variance on the surface is 50x50 mm?. This is required
to capture all the macrotexture information which, according to ISO
13473-4 [32], corresponds to wavelengths ranging from 0.5 to 50 mm,
the same wavelengths that most influence friction and wear phenomena
between tyre and road.

The acquisition covers a total area smaller than what is needed. In
the main sampling direction, it reaches 90 mm, exceeding the minimum
requirement, while in the secondary direction, it reaches 50 mm, which
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Fig. 7. Drill Road - A: Bituminous road - B: Unbituminous road.

is still within the macrotexture range [46]. Since there are comparing
scans performed with the same area and sampling, this should not pose
any issue for the relative comparison.

As for the acquisition dimensions, 6.35 um is the step between one
acquired point and another, and 74.20 um the distance between one
line and another. The first was chosen to have the narrowest sampling
interval of the device, while the second was set to ensure fast scanning
times and quick data processing.

The two roads are drilled from real pavements, each specimen being
300x200 mm? in area, showing differences in aggregate size, curvature,
and bitumen distribution (Fig. 7). For simplicity, these are referred to
as 'Road A’ and 'Road B’.

It should be noted that no information was available regarding the
mix design or volumetric properties of the materials (aggregate grada-
tion, bitumen content, porosity). This is consistent with the practical
context of the study, which aims to investigate surface topography as
retrieved from real pavements, such as racing tracks, where such ma-
terial properties are typically unknown or inaccessible. Scans were per-
formed on these roads with the same instrument setup, and, in the same
scanning area, a silicone mold was also made using a widely employed
silicone for non-destructive replication in material testing.

A two-component fast-curing silicone rubber was employed to ob-
tain non-destructive replicas of the asphalt surface. The cured replicas
reproduce fine features down to approximately 0.1 pm, with negligible
shrinkage and a tear strength in the order of 15-20 kN /m?. The material
exhibits a viscosity of about 18,000 mm? /s at 25 °C and cures within 10-
15min under ambient conditions. Once cured, the replicas are dimen-
sionally stable over time, allowing for long-term storage and subsequent
laboratory analysis. Similar silicone compounds are widely used in the
dental field for impression techniques, where their cost is on the order
of 10 € per 100 g, making them affordable also for field applications in
pavement engineering.

A template with a 100x60 mm?> hole was used for the application
of silicone via mixing Handgun. Ensuring the spread in a specific area,
where subsequently the topography is measured.

The measure of the actual road and its replica presents the same as-
perity and Hill/Cave (respectively the opposite due to the silicone being
the replica of the road,) Fig. 8.

Regarding durability, once cured, the silicone replicas remain di-
mensionally stable over time and can be reused for repeated profilo-
metric analyses without measurable degradation. Based on laboratory
experience and manufacturer data, replicas can be stored for years
if kept in dry, dust-free environments and protected from direct sun-
light or high temperatures. However, the material is not intended for
mechanical loading or friction testing, and each replica should be used
solely for topographic measurements.
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Fig. 8. Silicone (left) and road (right) measurements and their similarities.

Table 1
Descriptors A.

Road A Sp(m) Sv(m) Szm) S,(m) S,(m) S, S Sig Sar

Road 11.82e-4 39.21e-4 51.03e-4 3.47e-4 4.95e-4 8.77 -2.17 2.76 0.64
Silicone 14.01e-4 36.08e-4 50.09e-4 4.10e-4 5.59e-4 6.44 -1.61 3.15 0.49
Error % 18.53 -7.98 -1.84 18.16 1293 -26.57 25.81 14.13 -23.44

Table 2

Hurst coefficients.
Road A Hurst
Drill 0.659
Silicone 0.660
Error % 0.15

4.2. Results & discussion

Below, the road descriptors seen previously will be examined and
commented on, calculated for both roads and their respective silicone
mold. Results will be presented in terms of: S,, S, S, Sz, Sy Sku> Sk
Syq> Sqr and PSD. The Hurst coefficient (H) will also be reported to
emphasize the differences in the PSDs.

4.2.1. Road A

Height Parameters related to absolute peak and valley: S, S, S, have
an absolute error ranging from 1.84 to 18.53%. .S, has the lowest error
and this means that the relative value among the maximum and mini-
mum height is maintained.

Height Parameters related to the height distribution S, S, Sy, and

S, have an absolute error ranging from 12.93 to 26.57%. The errors
of the first two parameters are in the range of the parameters related
to absolute peak and valley. However, it is possible to see that values
like S;, and S, tend to have a larger error, particularly as they move
towards normalizing the height distributions. Kurtosis will tend to 3 and
Skewness will tend to 0.
Probability Density Function is connected to parameters how .S}, and
S, but as mentioned in paragraph Section 3.2, these parameters are
influenced by the tails of the height distribution (Tables 1, 2), It is pos-
sible to notice an error around 25% for both, but it is also possible to
see from Fig. 9 that the height distribution and the material ratio are
quite the same for road and silicone.

Hybrid Parameters: S, and S,, have an absolute error in the range
of the other parameters, in complete agreement with the other indexes.
Silicone effectively captures the frequency content of Road A, as demon-
strated by the strong similarity between the PSD curves of the original

Results in Engineering 29 (2026) 108828

Heights Distribution
1800 T T

[ Road
1600 [ [_silicone| 4

1400 |
1200 |

w 1000

PD

800

600 [

400 -

200 [

Z[m] %107

%102 Abbott-Firestone Curve

d
1 Silicone | 7

0.5 1

0 10 20 30 40 50 60 70 80 90 100
Material area ratio [%]

Fig. 9. PDF and Abbott-Firestone curve for road A and its silicone replica.

log ;,(C%) (m*)
S

2 L I . I . . |
1.5 2 25 3 3.5 4 4.5 5 5.5 6
log(q) (rad/m)

Fig. 10. C™*° comparison between roads A and its silicone replica.

surface and its replica, with a Hurst coefficient error of 0.15% of the
silicone from the real road.

Characteristic curves such as the PDF, Abbott-Firestone curve, and PSD
(Figs. 9-10) appear significantly more similar between the silicone
replica and the actual road than do the statistical parameters. This oc-
curs because the PDF and Abbott-Firestone curves illustrate, even quali-
tatively, the magnitude and cumulative distribution of heights recorded
by the profilometer, rendering them unaffected by the issues outlined
in Section 3. The PSD, being independent of absolute height values and
their distribution, considers only the frequency content of the surfaces,
allowing the curves of the road and the silicone replica to overlap.
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Table 3
Descriptors B.

Road B Sp (m) Sv (m) Sz(m) S, (m) S, (m) Sy S Saq

Road 22.80e-4 31.82e-4 54.62e-4 4.6%e-4 6.06e-4 4.57 -1.34 2.50 0.57
Silicone 22.55e-4 53.16e-4 75.62e-4 7.56e-4 9.78e-4 4.71 -1.40 6.27 0.85
Error % -1.10 67.07 38.45 61.19 61.39 3.06 —-4.8 150.8 49.12
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Fig. 11. PDF and Abbott-Firestone curve for road B and its silicone replica.

4.2.2. Road B

Height Parameters related to absolute peak and valley: S, S,, S, have
an absolute error ranging from 1.84 to 18.53%. If the lowest value is
smaller than the road A, the error for the value .S, is much higher than
the road A.

The trend of the Height Parameters related to the height distribution
is the opposite of the Road A. The absolute error for S,, S, is higher
than S,, and S,,. This seams to be that the Probability Density function
is well replicate by the silicone, but also for this road the tails of the
height distribution have a large impact on the values like S, and S,
which even if the absolute error is in the range of around 3/5% but it is
possible to see a big different in terms of distribution and the material
ratio in Fig. 11.

It is worth noting that S,, and S,, exhibit the largest discrepancies
between road and replica (Tables 3, 4). This effect does not originate
from the molding fidelity, but from the way the replica is subsequently
scanned: while the silicone reproduces the geometry with high accuracy,
the optical profilometer interacts differently with the replica than with
the real asphalt, especially in correspondence with cavities and undercut
features. As a result, descriptors related to local gradients and developed
area are particularly affected (explanation in Section 4.3.)

In addition, the replica of Road B fails to reproduce the spectral con-
tent of the surface. The PSD (Fig. 12) shows an upward shift and the
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Table 4

Hurst coefficients.
Road B Hurst
Drill 0.681
Silicone 0.632
Error % -7.20

Hurst coefficient deviates with an absolute error of 7.2%. These spec-
tral differences confirm that, for Road B, silicone replicas do not provide
reliable information on the actual pavement.

This divergence is also visible in the probability and material ra-
tio curves (Fig. 11), where the distributions from silicone clearly de-
part from those of the real surface, producing large errors in statistical
parameters. In contrast, for Road A, such discrepancies are negligible:
compactness of aggregate particles fills the voids and prevents the for-
mation of undercut cavities, allowing the silicone to replicate the same
topography that the laser scanner detects directly. All of these observa-
tions are consistent with the surface phenomena that will be explained
in detail in the following subsection.

4.3. Mushroom aspects

There are significant differences in the roughness parameters be-
tween roads and replicas more significant on the road B than on the
A. This is because roads present a large amount of space in the cavities
below the top plane. This means that the topography measurements on
the silicone replica of these roads are affected by an intrinsic error since
the shape of the silicone does not reflect what the profilometer acquires
from above.

During the molding process, the silicone infiltrates the gaps between
the pebbles, ensuring that these voids are faithfully replicated. Notably,
the resulting silicone mold captures the distinctive mushroom-shaped
cavities from the original surface. (Fig. 13).

This phenomenon impacts the measurement of the replica because
the laser projects onto the surface along its line of sight, failing to cap-
ture recessed areas that are not directly visible. A graphical depiction
of this effect is provided in Fig. 14, where the coupling of road-silicone
is shown and Fig. 15, where the acquisition process of both road and
silicone is shown [47].

This effect can be interpreted as a combination of transient phenom-
ena and boundary effects. During the replication process, the silicone
mold deforms around the road asperities, especially at their edges. These
boundary regions, where the transition between peak and valley occurs,
tend to be exaggerated. As a result, the replica includes exaggerated val-
leys that do not correspond to the actual road profile.
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Fig. 13. Mushroom shape on silicone mold.

Fig. 14. Schematic proof of silicone mushroom replica.

Cavity Cavity Mold

Mold Scan

Cavity Scan

Fig. 15. Measurement phenomenon and boundary effects.

Moreover, during the laser scanning phase, the beam can only detect
surfaces within its direct line of sight. This creates a shadowing effect,
especially in steep or undercut regions, where the laser cannot penetrate.
These transient visibility conditions result in an incomplete acquisition
of the mold, underestimating peaks and overestimating valleys.

Mushroom-like shapes, as shown in Fig. 13, represent the reverse
of the cavities (valleys) of the actual road surface. As a result, silicone
molds of roads with a lack of bitumen in the cavities tend to replicate
larger valleys than those detectable by the laser scanner from above,
precisely due to silicone that expands into the empty spaces (causing a
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mushroom shape). While the number of peak heights may be preserved,
the size of the cavities is significantly distorted, leading to substantial
errors in the roughness parameters.

It is therefore deducible that surfaces with low porosity are more
suitable for the use of silicone replicas to obtain statistical information,
such as sandpaper, corundum, metals, and ceramics.

5. Conclusions

The comparative analysis between direct asphalt measurements and
silicone replicas has revealed clear differences in replication fidelity.
Road A, characterized by bitumen covering the aggregate interstices,
showed a good agreement between real and replicated surfaces. In con-
trast, Road B, lacking bitumen at the aggregate boundaries, exhibited
pronounced discrepancies. The presence of deep cavities and voids that
could not be properly filled during molding led to the formation of
“mushroom-shaped” protrusions, which altered the replicated topogra-
phy.

These structural differences translated into significant errors in sev-
eral roughness descriptors. Amplitude-related parameters such as S, and
S, remained relatively stable, while slope- and curvature-dependent
metrics (S,,, S,.) were strongly affected because strongly connected
with the slope of the PSD [3]. Spectral analyses confirmed these find-
ings, with an upward shift in the PSD and notable errors in the Hurst
coefficient. Although distribution parameters like skewness and kurtosis
appeared less sensitive, their values were still influenced by the tails of
the height distribution.

From a mechanical standpoint, silicone and asphalt mixtures exhibit
fundamentally different elastic and viscoelastic properties. The elas-
tic modulus of cured silicone rubber typically ranges between 1 and
10 MPa, while that of asphalt mixtures, dominated by the aggregate
skeleton, is in the order of several GPa. This disparity of more than
three orders of magnitude means that silicone cannot reproduce the
stress distribution, local deformation, or micro-fracture mechanisms oc-
curring under real traffic loads. Consequently, replicas can only be used
for geometric monitoring of surface evolution and not for reproducing
the mechanical wear mechanisms themselves.

From an application perspective, the results suggest that silicone
replicas can be a valuable non-destructive tool when applied to dense as-
phalt surfaces with low porosity, such as conventional wearing courses
and racetrack pavements. In these cases, replicas reproduce most rough-
ness descriptors with acceptable errors and allow reliable monitoring of
surface wear and polishing. Conversely, in highly porous mixtures such
as open-graded friction courses and drainage asphalts, the presence of
interconnected voids leads to systematic distortions that strongly affect
slope-related parameters and spectral indicators, limiting the reliability
of replicas for advanced roughness evaluation.

This methodological boundary is highly relevant for skid resistance
studies: surface wear and polishing are among the main drivers of fric-
tion decay, as demonstrated in several recent investigations on asphalt
pavements that correlated the evolution of 3D texture parameters with
skid resistance performance [48-50]. In this context, silicone replicas
offer a practical means to capture and archive surface conditions, en-
abling longitudinal monitoring of polishing effects without the need for
invasive core sampling. This makes the method especially useful for
laboratory-based investigations of friction decay and for comparative
studies across different pavement types, provided that porosity remains
below a certain threshold.

In summary, this study demonstrates that silicone replicas are re-
liable when applied to dense, low-porosity asphalt mixtures, where
they reproduce amplitude-type roughness descriptors and material ratio
curves with acceptable accuracy. In contrast, replicas of highly porous or
open-graded mixtures are affected by void-induced artefacts that com-
promise slope-related and spectral parameters. These findings establish
the conditions under which replicas can be confidently used, while also
delineating their intrinsic limitations.
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