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Abstract Attenuated Total Reflection Fourier
Transform Infrared spectroscopy has become a pop-
ular spectroscopic technique in bituminous binder
analysis. However, comparable results are not obtain-
able yet due to differences in devices, measurement
routines, sample preparation procedures, and spectral
evaluation. Thus, the Task Group 1 of the RILEM
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TC 295-FBB: “Fingerprinting bituminous binders
using physicochemical analysis” focuses on bringing
this method towards pre-standardization. This study
evaluates the reproducibility and consistency from
round robin test, where 21 participating laboratories
performed six different preparation techniques on
three different binders in an unaged, short-term, and
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long-term aged state. A total of 6461 spectra were
recorded and evaluated for their mean, standard devi-
ation and coefficient of variation (CV) in the spectral
region between 1800 and 600 cm™!. The results show
that the solid sample preparation methods provide
excellent reproducibility, with a coefficient of vari-
ation below 2%. Only the solvent method showed a
higher coefficient of variation at 7.18%. Outliers with
a high CV were detected and categorized into two
groups: one where only one of the four samples dif-
fered and the other where all 16 spectra showed slight
scattering in the overall absorption. The consistency
of the method is significantly influenced by the accu-
racy of sample preparation, which is crucial for mini-
mizing differences in slope, baseline, and noise in the
spectra. These findings show the excellent reproduc-
ibility of these sample preparation methods and will
be further examined to establish universal indices
for evaluating effects such as ageing, bringing the
method closer towards standardization.

Keywords Bitumen - FTIR spectroscopy -
Reproducibility - Round robin test - Material
handling - Preparation routine
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1 Introduction

Chemical analysis represents a crucial aspect that
helps with understanding the properties and perfor-
mance of bituminous materials used in road con-
struction. Due to its ability to quickly investigate
certain chemical moieties, known as functional
groups, Fourier Transform Infrared (FTIR) spec-
troscopy has become one of the most popular chem-
ical analysis techniques used in bitumen research. In
organic chemistry, functional groups are described
as molecules or atomic groups that significantly
determine the properties or reaction behavior of a
material. In the context of bitumen, these functional
groups play a crucial role in processes like ageing,
as reported in early literature by Petersen et al. [1].
Many functional groups in bitumen are infrared
(IR) active, which means that they change their
dipole momentum upon absorption of infrared light.
This absorption causes the molecules to rotate or
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vibrate, resulting in characteristic bands in the IR
spectrum observed through FTIR spectroscopy.
This makes it a useful technique since bitumen is
a complex mixture of many different molecules.
Hence, the method provides a simplified overview
of the material, revealing relevant IR active func-
tional groups.

Beitchman et al. [2] were among the first to apply
FTIR spectroscopy on bituminous binders from roof-
ing, which revealed one of the first FTIR spectra
with all the important absorption bands, which are
often reported in literature [3—7]. These bands can
be categorized into hydrocarbon-containing groups
like alkyls, alkenes or aromatic structures, oxygen-
containing functional groups like ketones, 2-quinolo-
nes, carboxylic acids, anhydrides or alcohols [5, 7],
and sulfur containing functional groups like sulfides,
sulfoxides, sulfones or sulfate esters [8]. Ageing pro-
cesses incorporate oxygen into the material, leading
to increased absorption of two key functional groups:
the carbonyl signal at 1700 cm™! and the sulfoxide
signal at 1030 cm™!. Other less pronounced changes
in the spectra can be seen in the spectral region
between 1800 and 680 cm™!, where an increase in
absorption is linked to an increase in polarity due to
the formation of higher polar fractions during ageing
[5, 9]. Additionally, slight increases in the aromatic
bands at 1600, 850, 810 and 750 cm™! are expected
upon ageing, which can be linked to the dehydroge-
nation of perhydro-aromatics like 9.10-dihydroan-
tracenes. These molecules are believed to react with
oxygen, initiating a chain oxidation mechanism [10].

In addition to its analytical capability, the practical
applicability of the method needs to be highlighted.
The development of the attenuated total reflection
(ATR) mode, where the solid sample is brought in
direct contact with the ATR crystal, simplifies the
process and makes it easier to capture chemical infor-
mation on bitumen without extensive knowledge or
expertise. Furthermore, the method is time efficient
since recording a spectrum only needs a couple of
minutes. However, it should be noted that it may
have some limitations due to variation in the result-
ing spectrum caused by differences in the detectors’
characteristics or due to other bias caused by the ATR
mode.

In the past, FTIR spectroscopy was not always an
easily applicable and fast method. Before the imple-
mentation of the ATR mode, FTIR spectroscopy was

performed in transmission mode [3, 7, 11]. Usually,
this procedure required dissolving the binder in a sol-
vent and applying it onto a suitable substrate, such as
crystal window made from sodium chloride (NaCl),
cesium iodide (Csl) or potassium bromide (KBr) and
re-precipitating it [12]. Thus, the solvent needed time
to evaporate before measurement, which involved sig-
nificant time investment and risk of changes, as the
thin bitumen film was exposed to the atmosphere.
Other factors, such as dissolution rates and variations
in solvents had to be considered, since the chemi-
cal composition of bitumen can differ depending on
its crude oil source and refinery procedure. Alterna-
tively, bitumen could also be measured in solution,
which shows significantly higher intensities. How-
ever, the usage of solvent resembles a disadvantage in
regard to practicability and work safety [13]. Trans-
mission measurements could also be done without
dissolution, by forming a thin film of hot binder on
a crystal window. However, the question of repeat-
ability and homogeneity can be raised. Therefore,
a simple measurement with a solid material that is
directly applied onto the ATR crystal can make prac-
tice easier. The most common type of crystal used in
ATR mode is diamond, rarely these crystals are made
out of germanium, zinc selenide or a combination of
diamond and zinc selenide. The diamond crystal is
often sintered into a metal plate, making the method
robust and resistant to external stress factors such as
mechanical force, solvents or different temperatures.
While the utilization of ATR-FTIR increased sig-
nificantly over the last 10 years, it led to questions
regarding the impact of sample preparation, meas-
urements routine and universal applicability of the
method: are we obtaining the same results when dif-
ferent laboratories are performing FTIR spectroscopy
on the same material? The challenge lies in the fact
that FTIR spectroscopy offers qualitative information
about the presence of functional groups, which often
needs to be referenced (e.g. comparing different age-
ing states of the same binder). This differs from analy-
sis methods established in the engineering field, such
as rheology or other mechanical tests, which provide
specific quantified values linked to physical proper-
ties like stiffness. In addition, typical mechanical tests
for bitumen are standardized. However, in the field of
ATR-FTIR spectroscopy, various international stand-
ards exist, which are typically linked for polymer
analysis like the determination of the microstructure
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of styrene-butadiene rubber [14]. Limited availability
of standardization of ATR-FTIR spectroscopy of bitu-
minous binders cause different procedures adopted by
different labs, resulting in inconsistencies in bitumen
evaluation, i.e. different indices and values.

Typical spectral evaluation included normalization
and integration of certain regions of interest, such as
the carbonyl signal around 1700 cm™! and the sulfox-
ides signal at 1030 cm™!, which were linked to ageing
and were quantified against unaged binders. Varia-
tions in the limits of integration have been proposed,
such as the valley-to-valley method or tangential inte-
gration method, which considered the “actual” area
of a band, excluding its background, proposed by
Lamontagne et al. [3, 15]. The same methods, with
slight adjustments to the limits, have been used by
researchers from the Belgian Road Research Group
(BRRC) [13], the Laboratoire central des ponts et
chaussées (LCPC) [16], or participants from the
MURE project in France [17]. Hofko et al. [4] com-
pared this method with the full baseline integration
method, addressing reproducibility and sensitivity
to oxidation effects. Studies by Weigel et al. [12, 18]
used standard normal variate (SNV) transformation
and multivariate analysis (MVA) to detect differ-
ences in binder’s crude oil origin and predict proper-
ties. Principal component analysis (PCA) and linear
discriminant analysis (LDA) were used by Weigel
et al. [12] and Ma et al. [19] to investigate the effects
of ageing via FTIR spectroscopy. These methods can
be used to analyze the entire spectrum easily and help
identify differences in the bitumen source, type and
ageing state. Similar work by Primerano et al. [20]
used MVA to detect differences in laboratory and
field-aged binders, addressing the influence of tem-
perature, light and reactive oxygen species.

International groups, such as those within the
RILEM community, have made use of FTIR spec-
troscopy. The RILEM TC 206-ATB on Advances in
Interlaboratory Testing and Evaluation of Bituminous
Materials has used FTIR spectroscopy and conducted
spectral interpretations of international data [21],
while the RILEM TC 252-CMB on Chemo-Mechan-
ical Characterization of Bituminous Materials con-
ducted a round robin test using FTIR spectroscopy.
Nine different laboratories participated in the round
robin and investigated four unaged, laboratory short-
and long-term aged binders [22]. Data evaluation
involved partial baseline correction and integration

using either the tangential or full baseline method.
These studies showed that a combination of baseline
correction and full baseline integration led to better
reproducibility compared to tangential integration.
However, a major drawback of this round robin test
was that each laboratory performed individual ageing
procedures, which caused discrepancies in the ageing
levels of the binders. The RILEM TC 272-PIM on
Phase and Interface behavior of bituminous materials
analyzed seven different binders, including unmodi-
fied and polymer-modified bitumen [23]. Results
were evaluated using a deconvolution model based on
a Gaussian normal distribution, derivate analysis, an
8-point baseline correction and maximum normaliza-
tion at the aliphatic region around 1450 cm™!, which
showed promising comparisons between the labora-
tories. It also showed that the use of the derivate, by
offsetting any baseline difference, offers a powerful
tool to standardize the spectra. Mirwald et al. [24, 25]
investigated the impact of heating time and tempera-
ture and storage conditions and time on unmodified
and modified asphalt binders with ATR-FTIR spec-
troscopy. The results recommended rigorous speci-
men preparation, including a maximum heating time
of 5 — 10 min below 180 °C (depending on the sam-
ple quantity and grade) and careful thermal monitor-
ing and homogenization. Sample storage can have a
significant effect since visible light can rapidly oxi-
dize the sample surface, which alters the measured
spectrum [25, 26]. As a result, binder samples should
be stored in a dark, temperature-controlled room,
covered with a non-light transparent lid, and meas-
ured within one hour after preparation to minimize
environmental contamination from visible light, dust
or elevated temperatures. These parameters are now
considered in the current round robin test from the
RILEM TC 295-FBB, with its objectives described
below.

2 Objective and goals of the round robin test

This round robin test aimed to evaluate the impact of
different sample preparation procedures for unmodi-
fied bituminous materials analyzed with ATR-FTIR
spectroscopy, with an overview given in Fig. 1. A
total of 21 active laboratories received three unaged,
laboratory short-term and long-term aged bind-
ers and performed various preparation techniques.
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9 Binders (3x unaged, 3xRTFOT, 3x PAV)

Different Preparation Techniques

Large Quantity — Large Quantity — Oven

Heating Plate (LQ_HP) (La_0) Metal Can (MC)

Heating Plate (SQ_HP)

Small Quantity — Small Quantity — Hot

Gun (SQ_HG)

ATR-FTIR spectroscopy of the binders

Solvent (Sol)

|¢

Recording 4 spectra per binder/ageing state

Recording 4 repetitions per sample

Spectral Evaluation

Receiving a total of 16 spectra per
binder/ageing state/preparation method

|¢

Raw data repeatability: Coefficient of variation for the fingerprint region

Normalized data reliability: Robust Z-score for the finger print region

Fig. 1 Overview of the testing procedure in the RILEM TC 295-FBB TGl round robin test and data evaluation methods

Four samples were prepared and measured with four
repeats for each binder, ageing state and preparation
method, resulting in a total of 16 spectra per binder,
ageing state and preparation technique. The result-
ing raw data was collected and evaluated following
a simple reproducibility evaluation (coefficient of
variation) in the extended fingerprint region (spectral
region between 1800 and 600 cm™') and a spectral
evaluation approach to evaluate the consistency of
the methods by identifying outliers with a high CV as
well as outliers depending on the respective data col-
lected per preparation method using a Python script.

2.1 Participating laboratories
Table 1 shows the 21 laboratories from 12 different

countries working in academia or industry that par-
ticipated in the round robin test.

3 Materials and methods
3.1 Materials

Three different unmodified 70/100 penetration graded
binders from the same European specification class,

Table 1 Participating laboratories in the RILEM TC 295-FBB

TG1 round robin test

Laboratory Name Country

TU Wien Austria

University of Antwerp +Nynas Belgium

Belgian Road Research Centre Belgium

University of Waterloo Canada

Aalto University Finland

Cerema / UMR MCD France

Kraton France

Colas France

Bundeanstalt fiir Materialforschung und Germany
-priifung (BAM)

Universitit Kassel Germany

Vilnius Techn Lithuania

Road and Bridge Research Institute Poland

Warsaw University of Technology Poland

VTI Sweden

EMPA Switzerland

TNO The Netherlands

TU Delft The Netherlands

Ooms Producten The Netherlands

The University of Texas at Austin USA

FHWA USA

MTE Services USA
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but different providers, were used in the round robin
test. Their mechanical properties are as follows:

e BI1158 (TU Wien): Needle penetration of 84
1/10 mm and softening point of 45.8 °C

e B1198 (TU Delft): Needle penetration of 85
1/10 mm and softening point of 47.0 °C

e B1199 (Nynas): Needle penetration of 84
1/10 mm and softening point of 45.8 °C

All binders were investigated at three different age-
ing states:

e Unaged/original (ageing suffix A)
e Laboratory short-term aged (ageing suffix B)
e Laboratory long-term aged (ageing suffix C)

Laboratory ageing was conducted at a single labo-
ratory (TU Wien) to limit differences due to labora-
tory facilities, equipment and ageing protocols, ensur-
ing that each laboratory received binders in the exact
same ageing state. All aged binders were homoge-
nized prior to distribution, flushed with nitrogen and
sealed before shipping.

For laboratory short-term ageing, the Rolling Thin
Film Oven Test (RTFOT) was performed accord-
ing to the EN 12607-1 [27], with all binders aged at
163 °C for a duration of 75 min. For laboratory long-
term ageing, the Pressure Ageing Vessel Test (PAV)
was conducted according to the EN 14679 [28]. The
ageing parameters were set to 100 °C and 2.1 MPa
with an ageing duration of 20 h.

Overall, all active participants of the round robin
test received a total of nine binders:

e BII58A (unaged), B1158B (RTFOT), B1158C
(RTFOT +PAV)

e BI1198A (unaged), B1198B (RTFOT), B1198C
(RTFOT +PAV)

e BI1199A (unaged), B1199B (RTFOT), B1199C
(RTFOT +PAV)

3.2 Sample preparation methods

Six different sample preparation techniques, which
involved utilizing various heating devices and tools
commonly found in bitumen laboratories, such
as heating plates, ovens, and hot guns, as well as

different amounts of binder, were tested. Since FTIR
spectroscopy can be conducted on a very small
amount of sample, the preparation process considered
a range of material quantities, from less than 1 g to
more than 5 g of binder.

The purpose of using different sample prepara-
tion techniques was to determine whether significant
differences between the methods can be detected
based on exposure to thermal stress or other factors.
An overview of the four preparation techniques that
use common laboratory equipment is schematically
shown in Fig. 2.

Since the major advantage of ATR-FTIR is that
the material can be analysed in its solid state, most
of the methods (five out of six) used the material in
solid state. Only the last method involved dissolving
the respective binders and re-precipitating them. This
approach intended to determine whether the dissolv-
ing process affects the repeatability and reproduc-
ibility of the measurements. Furthermore, it aimed to
provide a connection to previous measurements con-
ducted in transmission mode [3, 7, 11].

An overview of the respective method parameters
can be found in Table 2. Detailed insights into the
individual preparation techniques will be elaborated
below. If a method required a transfer of the binder
from a larger can into a small metal can, a heated
spoon or spatula was used. However, it was ensured
that the spoon or spatula was not too hot (>200 °C)
to cause any evaporation of the binder.

3.2.1 Large quantity—heating plate (LQ_HP)

In the “Large Quantity—Heating Plate” (LQ_HP)
method, ~5 g of the respective binder was transferred
in a small, open metal container (see left side of
Fig. 2) and was placed on a preheated heating plate
that was set to 180 °C. During the heating process
(5-10 min) the bitumen was continuously stirred with
a thermometer to ensure sufficient homogeneity and
maintain temperature control during the heating pro-
cess. Once the binder had reached a sufficient work-
ability or viscosity, the thermometer was used to
prepare 4 bitumen droplets onto sufficient substrates
(silicone paper or paper slips). The final samples were
stored in a light and dust proof container and stored
for a minimum of 5 min and a maximum of 1 h prior
to the measurement.
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Large Quantity Preparation Methods
>5g Bitumen

Metal Container | " i

3
=

Stirring/homogenization

No Stirring/homogenization

| I |
Oven (LQ_O)

Heating Plate (LQ_HP)

Heating Time: LQ HP:5-10 Minutes

LQ 0: 10 Minutes

Stirring/homogenization

Small Quantity Preparation Methods
<1g Bitumen -
¢

Metal Container *

£\

Heating Plate (SQ_HP)

Stirring/homogenization

Hot Gun (SQ_HG)

EeatineaninesS@QERPFNNVIinite
S@QEHGEMSIVIimute

Fig. 2 Schematic drawing of the different solid sample preparation techniques involving common laboratory equipment

Table 2 Overview of the
parameters for all sample
preparation methods

Preparation method

Binder quan- Heating tem- Heating dura-  Solvent [g]

tity [g] perature [°C] tion [min]
Large Quantity—Heating Plate >5 180 5-10 -
Large Quantity—Oven >5 180 5-10 -
Metal Can - - - -
Small Quantity—Heating Plate <1 180 1-2 -
Small Quantity—Hot Gun <1 180 1-2 -
Solvent 1 - - 3

3.2.2 Large quantity—oven (LQ_O)

In the “Large Quantity—Oven” (LQ_O)
method,~5 g of the respective binder was trans-
ferred in a small, closed metal container and was
placed in a preheated oven set to 180 °C (see mid-
dle left side of Fig. 2). After 5-10 min of heating,
the hot binder is taken out of the oven, stirred and
homogenized with a thermometer and droplets are
applied onto the substrate. Since the metal can is
covered with a lid, ventilation settings of the oven
were not significant [24]. The resulting samples
were stored in a light and dust proof container and
stored for a minimum of 5 min and a maximum of
1 h prior to the measurement.

3.2.3 Metal can (MC)

For the “metal can” preparation technique the
binder was directly taken from the shipped binder
can and applied onto the ATR crystal of the FTIR
spectrometer without any preheating or pre-homog-
enization. This preparation method is the fastest
but could cause uncertainties in repeatability and
reproducibility, as no homogenization is conducted.
Comparison between the “heating and homogeniz-
ing” and this preparation method will be discussed
throughout the results.



255 Page 8 of 21

Materials and Structures (2025) 58:255

3.2.4 Small quantity—heating plate (SQ_HP)

For the “Small Quantity- Heating Plate” method,
merely 0.5-1 g of the respective binder was trans-
ferred into a small metal spoon and heated directly
on a preheated heating plate set to 180 °C (see mid-
dle right side of Fig. 2). The binder was heated for
roughly 1 min until it reached a liquid-like state. Dur-
ing heating continuous stirring with a thermometer
ensured sufficient homogeneity and thermal monitor-
ing. Once the binder has reached a liquid-like state
the thermometer was used to apply the 4 small sample
droplets onto sufficient substrates before the samples
were covered in a light and dust proof container. The
measurements were conducted between 5 and 60 min
of resting.

3.2.5 Small quantity—hot gun (SQ_HG)

For the “Small Quantity—Hot Gun” method 0.5-1 g
of the respective binder are transferred into a small
metal spoon and heated directly over a hot gun (see
right side of Fig. 2). The crucial aspect of this method
is to ensure that the binder is not getting too hot (e.g.
reducing the hot guns power) so that the binder gets
in a liquid-like state without going beyond 180 °C.
Therefore, the thermometer is used to track the tem-
perature and ensure homogeneity. After heating (max.
1 min), the binder is then applied onto the substrates
and stored in a light and dust proof container before
being measured after 5 min of resting.

3.2.6 Solvent (Sol)

The last preparation method used in the round robin
test was the solvent method, where 1 g of the respec-
tive binder was dissolved in 3 g of a toluene. After
ensuring complete dissolution 2 -3 droplets of the
solved binder are applied onto the ATR crystal (where
a background of the clean crystal was recorded prior
to the application). After the solvent has evaporated
from the crystal the spectra are recorded. Completion
of evaporation could be determined by the preview
feature of the software, which allows in-situ monitor-
ing of the current spectrum. The measurement was
started once the bands of the solvent had disappeared
from the preview spectrum.

3.3 Analysis method
3.3.1 ATR-FTIR spectrometer and parameters

Information on the different FTIR spectrometers that
were used in this round robin test can be found in
Table 3.

All spectra were recorded within a wavenum-
ber range of 4000-600 cm™!, a resolution of 4 cm™!
and 24 scans.' A background spectrum of the empty,
clean ATR crystal was recorded prior to each appli-
cation of a sample. After the background spectrum
recording was completed, the sample was applied
within one minute to reduce the risk of altering the
background of the resulting spectrum due to potential
changes in the surrounding atmosphere.

For each binder (B1158, B1198, B1199), age-
ing state (A, B, C) and preparation method (LQ_HP,
LQ_O, MC, SQ_HP, SQ_HG, Sol) four samples were
prepared and tested four times, resulting in a total of
16 spectra per binder, ageing state and preparation
method. After recording the four repeats per sample,
the ATR crystal was cleaned thoroughly using a non-
toxic bitumen solvent (e.g. limonene), followed by
a fast-evaporating alcohol (e.g. isopropanol) which
ensured a clean ATR crystal prior to the next back-
ground recording.

All recorded spectra were gathered for visual pre-
evaluation prior to data evaluation. Once all raw data
was sorted, spectral data evaluation was started.

3.3.2 Raw data evaluation

The following routine describes the evaluation of a
data set from one preparation method (e.g. LQ_HP)
from one laboratory. If a laboratory has performed
a preparation method, a total of 144 spectra (4 sam-
plesx4 repeatsx3 bindersX3 ageing states) were
generated and evaluated as follows:

e The 144 spectra in their raw data form were
loaded into OPUS (FTIR software of Bruker) and

! It should be noted that due to differences in the way devices
acquire scans, this number might change from device to
device. The reference device for this determination was a
Burker Alpha II.
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Table 3 Information on the FTIR spectrometers used in the round robin test

Lab Code IR Device Device Mode ATR Crystal Detector Pressure
lever avali-
able

1 Perkin Elmer Spectrum 3 ATR Diamond/ZnSe DTGS Yes

2 Thermo Scientific Nicolet iS50 ATR Diamond DLaTGS Yes

3 Shimadzu ATR Diamond DLATGS Yes

4 Bruker Alpha II ATR Diamond DTGS Yes

5 Bruker Alpha ATR Germanium DTGS Yes

6 Bruker Alpha II ATR, Diamond DTGS Yes

7 Bruker Alpha ATR, Diamond DTGS Yes

8 Bruker Alpha II ATR Diamond DTGS Yes

9 Bruker Tensor 27 FTIR ATR Diamond MTC Yes

10 Thermo Scientific Nicolet iS10 ATR Diamond DTGS Yes

11 Thermo Scientific IS10 ATR Diamond DTGS No

12 Perkin Elmer ATR Diamond LiTaO3 yes

13 Perkin Elmer spectrum 3 ATR Diamond/ZnSe LiTaO3 Yes

14 Perkin Elmer spectrum 3 ATR Diamond/ZnSe LiTaO3 No

15 Thermo Scientific Nicolett iS50 ATR Diamond DTGS Yes

16 Thermo Scientific Nicolet iS10 ATR Diamond DTGS Yes

17 Bruker Alpha II ATR Diamond DTGS Yes

18 Bruker Alpha II ATR Diamond DTGS Yes

19 Perkin Elmer spectrum 100 ATR Diamond DTGS Yes

20 Thermo Scientific Nicolet iS50 ATR Diamond DTGS Yes

21 Thermo Scientific Nicolet 6700 ATR Diamond DTGS Yes

converted into 144 text files using a macro within
the software.

The 144 text files were condensed into an Excel
file using a custom-made script that grouped
the 16 spectra per binder and ageing into a total
of nine tabs (one for each binder in each age-
ing state). Hence, one tab contains the following
information:

o Ist column contains the wavenumbers from
4000 to 600 cm™"

0  2nd—17th columns contain the absorbance
values of the 16 spectra.

0 18th, 19th and 20th columns contain the
mean, standard deviation and coefficient
of variation (standard deviation divided by
mean) for each of the 16 repeats across the
entire spectral range. Thus, a mean value,
standard deviation and coefficient of vari-
ation are generated for each wavenumber
from these 16 spectra.

e In addition to that, the mean, standard deviation
and coefficient of variation from the so called
extended fingerprint region, which refers to the
spectral region between 1800 and 600 cm™!, were
collected, as they contain the most relevant spec-
tral information for bituminous materials. Further-
more, this step neglects any scattering caused by
effects like own absorption of the diamond crystal
(between 2200 and 1800 cm™') or other environ-
mental factors as well as ensures that absorption
values are high enough to not lead to absurd val-
ues for the coefficient of variation.

e The resulting coefficient of variation, abbrevi-
ated CV (in %) of the extended fingerprint region

2 This can happen when absorption values are close to 0,
where then a mean value close to O is divided by a standard
deviation, resulting in coefficients of variation going beyond
100%, even though the reproducibility of the data itself is fine.
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between 1800 and 600 cm™' was summarized for
each of the nine binders.

This procedure was carried out for all nine tabs
and summarizes the data from each lab per ageing
method, which provides information on the respec-
tive repeatability of one laboratory. This process
was repeated for each laboratory evaluating the CV
for the same preparation method. After completing
this step, all CVs obtained from the labs were sum-
marized into a master excel file, representing the
reproducibility for the sample preparation method.
This entire process was then repeated for all other
preparation techniques. Finally, the resulting CV
values are plotted as bar charts and are shown in
the results from Figs. 3, 4, 5, 6, 7 and 8.

3.3.3 Robust Z-score analysis for outlier detection

In this study, a robust z-score analysis was employed
to identify outliers within the dataset. This method
offers advantages when handling datasets that may
contain outliers capable of distorting traditional sta-
tistical measures. The analysis was conducted in two
distinct manners: examining both positive and nega-
tive tails of the distribution and focusing solely on
the positive tail. The positive and negative tails of a
distribution refer to the regions where the values are
significantly higher or lower than the mean, respec-
tively, representing the extremes of the data range.
In a normal distribution, these tails correspond to
the right (positive tail) and left (negative tail) sides,
where values are greater or lower than the mean by
several standard deviations, respectively.

The study involving both tails of the distribu-
tion applied to spectral data aimed to detect spectra
positioned significantly higher or lower compared
to others in the dataset. This analysis provided
insights into spectra that exhibited notable devia-
tions from the norm. Conversely, the positive tail
analysis focused on coefficient of variation (CV)
values derived from multiple laboratories. This
method targeted CV values showing unusually high
variations, indicative of potential outliers within the
dataset. Detailed explanations of both the both-tails
and positive-tail approaches will be provided in the
following sections. These analyses were influential
in ensuring the robustness and consistency of the
outlier detection process within diverse datasets.

3.3.3.1 Positive tail analysis This analysis focused
solely on the positive tail, which used the CV values
derived from multiple laboratories. This method tar-
geted CV values showing unusually high variations,
indicative of potential outliers within the dataset.
The negative tail was not included since it represents
a low CV value (good reproducibility). The analy-
sis focused on CV values obtained from the spectral
raw data evaluation. The goal was to identify out-
lier laboratories compared to others by applying the
following procedure. The CV values from various
laboratories, under identical conditions including
preparation methods, binder type, and ageing level,
were input into the robust z-score analysis algorithm
using Eq. 1. This analysis facilitated the detection
of laboratories exhibiting significant deviations from
the expected variability, indicating potential outliers
within the dataset.

Robust Z — Score(xi) = (xi — Median(X))/(MAD(X))

(D

In this study, Median(X) and MAD(X) refer to the

median and median absolute deviation of the dataset
X, respectively. MAD(X) is computed with Eq. 2:

MAD(X) = Median (|X — Median(X)|) )

The dataset X corresponds to the individual values
from each sample. In the context of the analysis, xi
represents each laboratory’s CV value.

A commonly used threshold is A=3.5, where data
points with |Robust Z-Score(xi)| > 3.5 were classified
as outliers [29, 30]. In a normally distributed dataset,
about 99.954% of data points fall within+3.5 stand-
ard deviations from the mean. A z-score greater than
3.5 (or less than -3.5) is considered an outlier because
it indicates a data point that is more than three stand-
ard deviations away from the mean. Consequently,
only about 0.046% of data points are expected to
have z-scores greater than 3.5 or less than -3.5. If
significantly more than 0.046% of the points in each
spectrum are outside the +3.5 z-score range, it could
indicate that the entire dataset has characteristics of
an outlier, suggesting a non-normal distribution or the
presence of a broader issue with the spectrum (e.g., a
major chemical change, baseline shift, or instrumen-
tal error).

Labs were flagged as outliers if their robust
z-scores exceeded the predefined threshold A. For this
analysis focusing on the positive tail, outliers were
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identified by Robust Z-Score(xi) > A, where A is typi-
cally set to 3.5 for standard outlier detection [29, 30].

3.3.3.2 Positive and negative tails analysis The data
obtained from the round robin test was categorized
based on various factors including the laboratory,
FTIR device, preparation methods, binder source, or
binder ageing condition. The primary focus of this
study was to evaluate differences in FTIR measure-
ments based on sample preparation methods. For this
purpose, the data was initially divided into six groups
representing different preparation methods: LQ_HP,
LQ_O, MC, SQ_HP, SQ_HG, Sol.

The spectral data within each preparation method
group underwent several preprocessing steps. First,
a normalization procedure called normalization to
change the maximum to one (NMO) was applied
[31]. This normalization step aims to standardize
absorbance values across data collected from dif-
ferent devices by scaling them to a consistent range
of 0 to 1. Specifically, within the NMO method,
the minimum absorbance value within the range of
2800-3200 cm™' is set to zero, and then the maxi-
mum value is adjusted to 1 using Eqgs. (3) and (4).

Yj = y; — min(y;) 3)
o i
YT nax (%) @

where yij and yij* represent the initial and new values
of the j-th variable (i.e., absorbance) in the i-th spec-
trum (i.e., sample).

This preprocessing step is crucial in this phase
because the data was measured using different
devices, which can result in varying intensity levels
across measurements. Normalization within each
group ensures that the data becomes comparable
without altering the inherent information of each
spectrum. Following normalization, data trimming
was performed to focus on the spectral data within
the wavenumber range of 680-1800 cm™', aligning
with the range used for coefficient of variation (CV)
calculations.

By splitting the data into six groups based on prep-
aration methods, the variability within each subgroup
was increased, as each group contains three differ-
ent materials and three different ageing levels. This

approach allows to focus solely on the preparation
methods. All three binder types and all ageing levels
were aggregated to create an imaginary binder (super-
binder) with a range of variability. This provides the
opportunity to examine the consistency of results for
each preparation method, independent of the binder
type and ageing condition, and to identify spectra
that deviate from acceptable norms. By interpreting
the detected outliers, a general understanding of the
outlier spectrum shape and perhaps the reasons for
irregularities can be gained.

Within each subgroup, all absorbance values at a
specific wavenumber were considered as X in Eq. 1,
and robust z-scores were calculated for that wave-
number across all spectra. This process was repeated
for all wavenumbers, resulting in each spectrum
having a list of robust z-scores corresponding to its
wavenumbers.

Outlier spectra were identified based on the crite-
rion that if more than 1% of the points in the robust
z-scores list exceeded a predetermined threshold A.

4 Results and discussion
4.1 Raw data reproducibility and outlier detection

This section shows the raw data reproducibility as
well as the impact of the positive tail outlier analysis
and detection of all collected spectra. The bar figures
show the respective CV from the extended fingerprint
region between 1800 and 600 cm™' of the 16 spectra
for all 9 binders obtained from each lab (depending
on whether the lab performed the method or not). The
CV values of B1158 are shown in green, the CV val-
ues of B1198 in red and the CV values of B1199 in
blue.

4.1.1 Large quantity—heating plate (LQ_HP)
method

Figure 3 shows the resulting CV of the “Large Quan-
tity—Heating Plate” method across the extended
fingerprint region between 1800 and 600 cm™'. The
majority of the laboratories (17 out of 21) used this
preparation method, as it was selected as the most
commonly available technique in this round robin
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Fig. 3 Raw data reproducibility of the extended fingerprint region from all three binders

in their respective unaged, RTFOT and
PAV ageing states using the large quantity—heating plate (LQ_HP) method
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Fig. 4 Raw data reproducibility of the extended fingerprint region from all three binders in their respective unaged, RTFOT and
PAV ageing states using the large quantity—oven (LQ_O) method
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Fig. 6 Raw data reproducibility of the extended fingerprint region from all three binders in their respective unaged, RTFOT and
PAV ageing states using the small quantity—heating plate (SQ_HP) method
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Fig. 7 Raw data reproducibility of the extended fingerprint region from all three binders in their respective unaged, RTFOT and
PAV ageing states using the small quantity—hot gun (SQ_HG) method
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test. Across all three different binders, this method
demonstrated overall good reproducibility. How-
ever, a wide range of CV values between 0.03% and
22.93% were observed. Summarizing all individual
CV values into an “all binder” value, a CV of 2.89%
can be obtained for the LQ_HP method.

Even when including the outliers, the results show
the potential and great reproducibility of FTIR spec-
troscopy, where such a value was obtained from 2270
spectra recorded for this preparation method. From
these 2270 spectra, 320 (20 samples) were detected as
outliers during the positive tail analysis, meaning that
the LQ_HP contains 14.1% outliers. Excluding these
320 spectra from the “all binder” results in a final CV
value of 1.51%, which resembles an excellent repro-
ducibility of the respective preparation method.

4.1.2 Large quantity—oven (LQ_O) method

Figure 4 shows the results of the raw data evalua-
tion for the “Large Quantity—Oven” method. This
method was performed by 10 laboratories resulting in
a total of 1057 spectra considered in the evaluation
process. The methods CV values range from 0.06 to
12.59%, which is a smaller span than for the LQ HP
method. However, it is difficult to judge whether this
method is more suitable for sample preparation than
the LQ_HP by simply comparing the respective val-
ues obtained, as only 1057 spectra were considered,
compared to the 2270 spectra for the LQ_HP method.
This can mean that laboratories with a large outlier
using the LQ_HP method might not have performed
the LQ_O method.

Summarizing the CV values from each binder
for all laboratories shown in Fig. 4, an “all binder”
CV value of 2.76% is obtained. This value is slightly
lower than the “all binder” value obtained for the LQ_
HP method (2.89%). In order to judge which method
is better for obtaining the best reproducibility, a com-
parison of the methods for one laboratory would be
necessary. However, since the scope of this section
is to discuss the raw data obtained in the round robin
test, it would exceed the paper’s content and will be
discussed in future work, potentially in a recommen-
dations document. A total of 272 spectra (17 samples)
were detected in the positive tail outlier analysis.
This means that 25.7% of the spectra recorded were
outliers. Removing them lowers the “all binder” CV
from 2.76 to 1.35%. This results in an even better

reproducibility after outlier removal compared to the
LQ_HP method.

4.1.3 Metal can (MC) method

Figure 5 shows the results of the metal can method.
This method was carried out by 9 laboratories, result-
ing in a total of 780 spectra recorded. Values around
the 2% mark can be seen for majority of the laborato-
ries, with a CV range from 0.04 to 13.45%.

In contrast to the previously shown methods, this
method does not utilize homogenization, as the sam-
ple is directly applied onto the ATR crystal. Thus, the
question arises whether this could become a problem
for reproducibility. However, no immediate difference
can be seen in the “all binder” CV value of 2.95%
compared to the values from the LQ_HP method
(2.89%) or the LQ_O method (2.76%). However, it
needs to be kept in mind that this method again only
contains significantly fewer spectra (780) compared
to the LQ_HP method (2270) and the LQ_O method
(1057).

Out of the 780 spectra, a total of 96 spectra (6
samples) were detected as outliers during the posi-
tive tail analysis. This means that the MC method
has an outlier percentage of 12.3%. The effect of
removing these outliers reduces the “all binder” CV
value to 2.01%. This ranks the method’s reproduc-
ibility worse than the LQ_HP and LQ_O methods,
which might indicate that homogenization could play
a role in achieving the best reproducibility for FTIR
spectroscopy.

4.1.4 Small quantity—heating plate (SQ_HP)
method

Figure 6 shows the results of "Small Quantity—Heat-
ing Plate” method, where 15 laboratories have con-
ducted measurements, resulting in a total of 1324
spectra. Most of the data has a CV of below 2%, with
arange from 0.28 to 14.84%.

Summarizing all the CVs of all the labs and bind-
ers results to an “all binder” CV value of 1.68% for
the SQ_HP method. Even with outliers, the method
has a CV of below 2%. Removing the 80 outlier spec-
tra (5 samples) during the positive tail analysis, the
value was lowered even further to 1.18%. Considering
this, the SQ_HP has an outlier percentage of 6.0%,
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making it the method with the best reproducibility
and lowest outlier rate compared to the metal can and
large quantity methods.

4.1.5 Small quantity—hot gun (SQ_HG) method

Figure 7 shows the results of the “Small Quantity—
Hot Gun” method, which was performed by six labo-
ratories, resulting in a total of 770 spectra. CV values
for this method range from 0.34 to 12.70%.

The respective “all binder” CV value is 3.24%,
which becomes 1.91% after removing the 32 outlier
spectra (2 samples—4.2% outliers) during the posi-
tive tail analysis. This ranks the method’s reproduc-
ibility in 4th place after all other homogenizing prep-
aration methods.

4.1.6 Solvent (Sol) method

Figure 8 shows the resulting CV values of the sol-
vent method that was performed by two laboratories,
resulting in a total of 260 spectra. Overall, the repro-
ducibility seems to be worse compared to the non-sol-
vent methods, as the lowest CV values can be found
at 1.98%, reaching a maximum at 16.64%.

The previous assumption of worse reproduc-
ibility is confirmed by the “all binder” CV value of
7.18%. This is the highest value of all six preparation
techniques, which indicates that the reproducibility
is not reliable, in addition to the slow and tedious
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Fig. 9 Examples of common outliers from the round robin test
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preparation procedure. Furthermore, since only two
laboratories have performed the method and their
values are all in the 5% range, no outliers are identi-
fied during the positive tail analysis, leaving the “all
binder” CV after outlier identification at the same
value. Nonetheless, it should be kept in mind that
only two laboratories have performed this method. To
fully judge its reliability and consistency, more data
would be needed.

In addition to differences in reproducibility, there
is a question regarding whether the dissolution pro-
cess can influence the chemical functional groups
detected with FTIR spectroscopy. However, as this
paper focuses only on the raw data reproducibility
of the methods used, addressing this concern will be
part of future work.

4.2 Outlier identification and categorizing

To identify why certain spectra were assigned as out-
liers during the positive tail analysis, a manual check
had to be conducted. Therefore, the respective spec-
tra were loaded into the OPUS software and visually
inspected. Most of the outliers could be separated into
these two categories:

e One (or sometimes two) sample(s), consisting of
four repeats or spectra showed designated differ-
ences when compared to the rest of the series (as
demonstrated on the left side of Fig. 9).

) T T T T T

J Sample 1

0,35 ——Sample2 |
—— Sample 3

| Sample 4
0,30 4 1y
0,25 4
0,20 4 | " r
0,15 1 '1
0,10 |
0,05
0,00

T T T T T T
4000 3500 3000 2500 2000 1500 1000

Wavenumber [cm™']



255 Page 16 of 21 Materials and Structures (2025) 58:255

Table 4 Outlier analysis Method Lab Binder Reason for outlier Additional note
from the LQ_HP method

LQ_HP 4 B1198A 1 of 4 Samples is an Outlier
LQ_HP 5 B1158C 1 of 4 Samples is an Outlier
LQ_HP 7 B1198A 1 of 4 Samples is an Outlier
LQ_HP 7 B1198C 1 of 4 Samples is an Outlier

LQ_HP 10 B1198A 1 of 4 Samples is an Outlier

LQ_HP 10 B1198B 1 of 4 Samples is an Outlier

LQ_HP 10 BI1199A 2 of 4 Samples are an Outlier ~Significant Scattering between repeats
LQ_HP 14 B1158B Different Intensities

LQ_HP 14 B1158C Different Intensities

LQ_HP 14 B1198A Different Intensities

LQ_HP 14 B1199B Different Intensities

LQ_HP 14 B1199A Different Intensities

LQ_HP 18 BI1158A Different Intensities Additional Bands (Impurities)
LQ_HP 19 B1198A Different Intensities

LQ_HP 21 B1158B 1 of 4 Samples is an Outlier

LQ_HP 21 B1158C Different Intensities

LQ_HP 21 B1198A 1 of 4 Samples is an Outlier

LQ_HP 21 B1198B Different Intensities

LQ_HP 21 B1198C Different Intensities

LQ_HP 21 B1199B 1 of 4 Samples is an Outlier

LQ_O 5 B1158B 2 of 4 Samples are an Outlier
LQ_O 5 B1158C Different Intensities

LQ_O 5 B1198A 2 of 4 Samples are an Outlier
LQ_O 5 B1198C 1 of 4 Samples is an Outlier

LQ_O 5 B1199C Different Intensities
LQ_O 11 B1158A Different Intensities
LQ_O 11 B1158B Different Intensities
LQ_O 20 B1158A Different Intensities
LQ_O 20 B1158B Different Intensities
LQ_O 20 B1198A Different Intensities
LQ_O 20 B1198B Different Intensities
LQ_O 20 B1199A Different Intensities
LQ_O 20 B1199B Different Intensities
LQ_O 20 B1199C Different Intensities
LQ_O 21 B1158B 1 of 4 Samples is an Outlier
LQ_O 21 B1158C Different Intensities

MC 20 BI1158A Different Intensities
MC 20 B1198B Different Intensities
MC 20 B1198C Different Intensities
MC 20 B1199B Different Intensities
MC 21  BI1158A Different Intensities
MC 21  B1158B Different Intensities Additional Bands (Impurities)

SQ_HP 5 B1158C Different Intensities
SQ_HP 5 B1198A Different Intensities
SQ_HP 5 B1198C 2 of 4 Samples are an Outlier
SQ_HP 12 BI1158A Different Intensities
SQ_HG 5 B1158C Different Intensities
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Table 4 (continued) Method Lab Binder

Reason for outlier

Additional note

SQ_HG 5
SQ_HG 20
SQ_HG 20
SQ_HG 20
SQ_HG 20
SQ_HG 20
SQ_HG 21

B1198C 2 of 4 Samples are an Outlier
B1158A Different Intensities
B1158B Different Intensities
B1158C Different Intensities
B1198A Different Intensities
B1199A Different Intensities
B1158B Different Intensities

o The entire series showed a difference in their
overall absorbance (as demonstrated on the right
side of Fig. 9), showing also scattering across the
repeats within one sample.

Table 4 summarizes the outliers detected from
the different preparation methods. From the table, it
is apparent that almost all outliers are classified into
specific categories. In rare cases, two of the four
samples were around a similar intensity level. Addi-
tional notable occurrences in the spectra are detailed
in the right column of the tables. Interestingly, only
two samples showed a different band in their spectra,
indicating that minimal error occurred during sample

LQ_HP

preparation as the occurrence of contaminated sam-
ples is low.

4.3 Consistency of the sample preparation methods

In addition to evaluating the reproducibility through
coefficient of variation (CV) values, the consistency
of inter-lab data for each preparation method, across
all binders and ageing conditions was evaluated
by aggregating the data into a "super-binder". To
achieve this, the data were divided into six groups
based on sample preparation methods. This aggre-
gation allows to examine the variation in spectral
measurements across all labs for the "super-binder"
considering the impact of the different devices as

e
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well as the operator. QOutlier detection was then
applied to identify spectra that deviated from the
normal range of measurements for the super binder,
analysed both tails (positive and negative) as
described in the methods.

It is important to note that being identified as out-
lier in the super-binder dataset does not necessarily
indicate low reproducibility. Measurements with an
acceptable CV value and good reproducibility may
still be detected as outliers, if the cause of deviation
(whatever it may be) is consistent across all measure-
ments. On the contrary, there may be measurements
where both low reproducibility and low consistency
contribute to outlier detection.

Figure 10 a to 10 f show aggregated spectra from
all laboratories for each preparation method, where
red spectra are detected as outliers. The number of
original and outlier spectra varies for each labora-
tory. To evaluate why certain spectra are assigned as
outliers, a visual inspection was conducted. For better
visualization, the respective outlier spectra are plotted
in Fig. 11 a to 11 f. An outlier spectrum can belong
to measurements from a specific laboratory without
necessarily affecting all of its measurements. Since
all measurements from all labs are combined, a wider
range of variation is acceptable. In total, 8.4% out of

LQ_HP

6461 were detected as outliers. Interestingly, the MC
method demonstrated the lowest number of outliers,
with only four spectra identified (out of 944 spectra).
This would suggest that incorporating additional steps
in sample preparation, without ensuring their proper
execution, could pose challenges for future inter-labo-
ratory comparisons. However, as the deviation in the
spectra is most likely linked to the respective device
used, a deeper look into this would be needed, as
scattering in the lower end of the spectra is dependent
on the spectrometer.

The following sections focus on identifying the
characteristics of outlier spectra and understanding
the reasons behind these deviations. This analysis
aims to develop guidelines to enhance the effective-
ness of sample preparation techniques.

The main reasons for considering a spectrum as an
outlier are listed below for each preparation method:

e LQ_HP: Noise in the range of 1500-1800 cm™!,
differences in overall absorbance and base-
line slope, unexpected peaks between 1000 and
1100 cm™" and 1200-1400 cm™', and shifts in
peak positions.
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e LQ O: Steeper baseline slope, abnormal valleys
and peaks, and unexpected peaks between 1100
and 1300 cm™" and 1400-1500 cm™".

e MC: Shifted peaks and unexpected absorbance
for normal peaks at 833-912 cm™' and 984—
1047 cm™".

e SO _HP: Noise in the range of 1500-1800 cm™!,
differences in overall absorbance and baseline
slope, and unexpected peaks between 1300 and
1400 cm™.

e SQO_HG: Unexpected peaks between 680 and
900 cm™! and shifted peaks towards higher
absorbances.

e Sol: Noise in the range of 1500-1800 cm™' and
unexpected peaks between 680 and 750 cm™.

The observed issues can be grouped into three
main categories: (a) differences in slope and base-
line, (b) unexpected peaks and peak shifts, and (c)
noisy spectra. These problems can result from the
presence of impurities or contaminants in the bitu-
men sample, improper sample preparation (such as
uneven spreading on the ATR crystal or variations
in sample thickness), and misalignment or calibra-
tion errors of devices. To address these issues and
obtain reliable spectra in ATR-FTIR spectroscopy
of binders, consistent and proper sample preparation
is crucial. Training of ATR-FTIR users to follow a
commonly accepted and applied preparation method
can eliminate most of these problems. In addition to
proper sample preparation, baseline correction pre-
processing, regular calibration of the instrument to
ensure accurate measurements, increasing the number
of scans, and performing signal averaging to improve
the signal-to-noise ratio and reduce noise in the spec-
trum are recommended. Furthermore, if unexpected
peaks or shifts are observed, repeating the measure-
ments to confirm the results is suggested.

5 Summary and conclusion

The manuscript presents the results from the ATR-
FTIR spectroscopy round robin test conducted in the
Task Group 1 of the RILEM TC-295 Fingerprinting
Bituminous Binders, where 21 laboratories measured
three different binders in three different ageing states
(unaged, laboratory short-term aged and laboratory
long-term aged). 16 spectra were recorded per binder,

ageing state and sample preparation method, which
resulted in a total of 6461 spectra collected in the
round robin test. The reproducibility was evaluated
using the mean, standard deviation and coefficient of
variation of the absorbance values from the extended
fingerprint region (spectral range between 1800 and
600 cm™!), followed by various outlier detection pro-
cedures, which lead to the following conclusions:

e The best overall reproducibility after outlier
removal is seen for the “Small Quantity—Heat-
ing Plate” method (CV of 1.1% considering 1324
spectra), followed by the “Large Quantity—
Oven” method (CV of 1.35% considering 1057
spectra), the “Large Quantity—Heating Plate”
(CV of 1.51% considering 2270 spectra), “Small
Quantity—Hot Gun” (CV of 1.91% considering
770 spectra) and the “Metal Can” method (CV of
2.01% considering 780 spectra). The method with
the worst reproducibility is the solvent method
(CV of 7.18% considering 260 spectra).

e The outlier detection was performed in two differ-
ent forms: focusing on both the positive and nega-
tive tails, and exclusively on the positive tail. The
first approach, applied to spectral data, identified
spectra with values significantly higher or lower
than the norm, providing insights into notable
deviations caused mostly by the devices (detector
type and its absorption profile) as well as the oper-
ator. This outlier identification and categorizing
using the positive tail analysis revealed that most
of the outliers could be clustered into two groups:
in the first outlier group, one (or two) of the four
samples showed a significant difference in absorp-
tion. In the second outlier group, a difference in
absorption across all 16 spectra was observed.

e The second approach, focused on CV values from
multiple laboratories, targeted outliers with unusu-
ally high variability, indicating potential inconsist-
encies from the respective laboratory. The results
suggest that incorporating additional steps in
sample preparation, without ensuring their proper
execution, could pose challenges for future inter-
laboratory comparisons. Thus, a focus on proper
execution is crucial.

Overall, the results from the evaluation of the
reproducibility and consistency from the round
robin test demonstrate the excellent capabilities of
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ATR-FTIR spectroscopy. Following specific sample
preparation techniques can yield excellent reproduc-
ibility, bringing the method one step closer towards
pre-standardization. As the topic of the reproducibil-
ity of the method itself has been covered, future work
will focus on questions related to whether a universal
data evaluation technique can be found independent
of a spectrometer. This could provide insights on spe-
cific questions, such as universal evaluation of binder
ageing via indices generation. Only after this, a clear
recommendation as to the most suitable sample prep-
aration technique can be given.
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