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A B S T R A C T

Reducing CO2 emissions from concrete production requires effective recycling of cement, particularly its clinker 
component. Significant emission reductions depend on innovative techniques that extract high-quality cement 
fractions from recycled concrete, beginning with source separation strategies before demolition. This study 
developed a practical measurement approach using handheld X-ray fluorescence (HXRF) to identify cement types 
(i.e. cement classifications such as CEM I, CEM II/B-V, CEM III/B) in End-of-Life concrete. The research was 
conducted in two phases: First, laboratory testing of seven powder samples (milled river gravel and sand, three 
cement types: CEM I, CEM II/B-V and CEM III/B along with blast furnace slag and fly ash) and three cement paste 
prism types containing the three cement types established optimal measurement parameters and assessed 
moisture influence. Second, field measurements were taken on outdoor concrete blocks, containing the three 
cement types, after one year of weather exposure. Measurements were conducted on both the exposed surface 
and subsurface layers (after removing 0.1–5 mm of material). Results showed that powder samples can be 
accurately characterized with 10-second measurements, while concrete blocks require at least 20 s. HXRF 
measurements demonstrated good reproducibility with low coefficients of variation (CV) values, ensuring reli
able cement type identification. Surface measurements are reliable only when the concrete is unaltered: coatings, 
paint, or weathering negatively affect accuracy, necessitating removal of the surface layer. Cement types were 
successfully distinguished using oxide concentrations (Al₂O₃, Fe₂O₃, P₂O₅, MgO) and their ratios (CEM III/B: 
Al2O3/Fe2O3 > 9.0, MgO/Fe2O3 > 3.0, MgO/CaO > 0.11, Fe2O3/Al2O3 < 0.11 and Fe2O3/CaO < 0.04; CEM II/B- 
V: P2O5/CaO > 0.005 and P2O5/Fe2O3 > 0.1; CEM I: P2O5/CaO < 0.005 and P2O5/Fe2O3 < 0.1). This study 
demonstrates that handheld XRF enables fast and reliable in-situ identification of the three studied cement types, 
supporting improved source separation and cement recycling strategies.

1. Introduction

Recycling of cement, particularly the clinker fraction, is critical for 
minimizing the environmental impact of concrete, as clinker production 
accounts for over 80 % of the CO2 emissions associated with the cement 
production [2,26]. Current traditional crushing and recycling processes 
of End-of-Life concrete products only produce coarse (>4 mm) and fine 
(0 – 4 mm) aggregate fractions. While the coarse fraction is mostly used 
for lower grade applications, the fine fraction, which also includes 
cement, is not reused at all (Fig. 1) [1,7, 8]. To achieve significant re
ductions in CO2 emissions, recycling processes should prioritize 
retrieving cement, which holds potential high-value reuse when 

separated effectively. Innovative crushing and recycling techniques are 
essential for this, as they enable the extraction of not only clean sec
ondary aggregates, but more importantly the old cement in the form of 
residual cementitious fines (Fig. 2) [38].

Currently, recycled aggregates are often heterogenous in composi
tion due to mixing various concrete waste streams from different sour
ces, resulting in variations in quality, composition, and contaminations 
(Fig. 3) [29]. This heterogeneity limits the high-value reuse potential of 
particularly the fine fraction containing valuable cementitious compo
nents. To maximize the reuse potential, fine fraction separation strate
gies must be implemented to harvest the cementitious fraction. Such 
strategies should begin by characterizing End-of-Life (EoL) concrete, 
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particularly its cementitious components, before starting the demoli
tion-, crushing- and recycling processes. This novel approach would 
enable upstream separation of concretes with specific cement types, 
thereby increasing the potential for high quality downstream separation 
and upcycling.

Separation at the source has thus the potential to reduce the het
erogeneity of residual fines with respect to cementitious component 
types (e.g. clinker, ground granulated blast furnace slag (GGBFS), fly 
ash, etc.). From both environmental and financial perspectives, pre- 
separating Portland (clinker) cement-based concrete from concrete 
containing blended (lower clinker content) cement types is preferable, 
ensuring more homogeneous residual cementitious fine fractions. 
Moreover, specific applications may require particular cement types to 
optimize the new concrete mixture. Direct reuse or reuse after additional 
treatment of the residual cementitious fines lead to various material 
compositions: hydraulic cement, hydrated cement, pozzolanic material 
and filler [37,38]. The suitability for specific applications depends on 
the specific characteristics of the material and upcycling methods pro
duce varying outcomes based on the material’s origin. For instance, 
residual cementitious fines derived from Portland cement (CEM I) con
crete are particularly suitable for CO2 storage due to their higher por
tlandite and calcium oxide content compared to blended cements with 
lower clinker contents, such as blast furnace slag cements (BFS, CEM III) 
or fly ash cements (FA, CEM II). On the contrary, BFS containing fines 
appear more suitable for pozzolanic material formation and appear to 
carbonate faster than those consisting of FA [24,40].

The quantity of unreacted cement is another factor that determines 
the value of the fines from concrete crushing and recycling. Under
standing the type, fineness and amount of cement in upstream concrete 
is therefore of interest. From an environmental perspective, concrete 
fines with high unreacted clinker content are preferred, as they can 
potentially replace primary clinker in new applications. Fines from 
blended cement-based concretes contain lower amounts of unreacted 
clinker, but may offer advantages in recovering unreacted BFS or FA 
particles for use in new concrete or geopolymer mixtures.

Optimizing the recycling process requires identifying the cement 
type in concrete prior to demolition. Handheld X-ray fluorescence 
(HXRF) represents a promising technique [1], as it determines the 
elemental composition of a material [5,14]. It is non-destructive, 

portable and enables rapid, on-site measurements [20,23]. The tech
nique can distinguish cement types based on elemental or oxide 
composition, making it valuable to determine if potential differences 
allow differentiation in the type of cement in end-of-life (EoL) concrete, 
where cements may have been combined with other constituents.

While a limited number of studies have used HXRF for concrete and 
cement characterization [14,35], Nedelkjović et al. [28] specifically 
investigated HXRF for EoL concrete characterization and cement iden
tification under controlled laboratory conditions. They concluded that 
HXRF has the potential to determine concrete quality at its origin, aiding 
in increasing reuse efficiency of recycled concrete components. How
ever, their work was limited to laboratory settings, leaving gaps 
regarding practical field application feasibility under outdoor condi
tions. In practice, cement identification may be more challenging as 
environmental factors can alter the chemical composition of the con
crete surface layers, e.g., through carbonation or erosion [3]. Addi
tionally, coatings or paint layers can obscure the actual concrete 
composition, hindering accurate identification measurements. Envi
ronmental factors during HXRF surface measurements include moisture 
from rain and precipitation and efflorescence effects. Moisture causes 
deviations in measurement results by increasing the absorption of 
characteristic fluorescent X-rays, resulting in lower and potentially 
biased intensities [10,33]. The intensity decrease varies by elements, 
with heavier elements less affected than lighter elements [19]. Efflo
rescence, salt deposit formation on the concrete surface, occurs when 
calcium hydroxide (CH) migrates to the surface through diffusion or 
pore water evaporation [9,21, 41]. This leads to calcium carbonate 
formation on the concrete surface due to the reaction with atmospheric 
CO2 [9,22,41], may hinder cement type determination in EoL concrete 
structures through HXRF surface analysis [21].

The present research therefore aims to develop a practical mea
surement approach using HXRF techniques to identify cement types in 
End-of-Life concrete under outdoor conditions. Unlike previous 
laboratory-based studies, this work provides field validation through 
several novel approaches: field validation under weathered conditions, 
surface layer removal analysis and oxide ratio analysis, resulting in a 
practical measurement approach. The experimental approach began 
with laboratory protocol development, focusing on measurement time 
and moisture influence on the accuracy of cement identification across 

Fig. 1. Current traditional concrete recycling process adapted from [1]. Particularly the fine fraction (0 – 4 mm) of traditionally crushed concrete is landfilled, even 
though it contains the potentially most valuable cement fraction.
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different cement types. This was followed by field testing of specially 
prepared concrete blocks that were aged at least one year under outdoor 
conditions. This testing validates its practical applicability when surface 
layers are eroded, contaminated, or affected by efflorescence, conditions 
often encountered in EoL concrete. Analyses were performed both 
before and after surface layer removal to evaluate whether cement types 
could be accurately identified.

2. Materials and methods

2.1. Handheld X-ray fluorescence

In this research, three categories of samples were prepared and 
characterized using HXRF: powders, cement paste prisms, and concrete 
blocks. The powders were analysed to investigate variations in the 
chemical composition of the primary materials found in concrete, which 
can aid in cement type identification, and to assess the impact of mea
surement time on the reliability of the results. Cement paste prisms were 
prepared in a laboratory setting to assess the influence of moisture on 
the measurement results and to determine whether a potential bias, 
relative to the actual chemical composition, needs to be considered as a 
result. In contrast to the controlled nature of the fine powders, the final 
category, concrete blocks, represents complex, heterogeneous outdoor 
samples, which are examined to assess the practical feasibility of the 
HXRF for concrete in outdoor conditions. Both measurement time and 
chemical composition were analysed to develop a method suitable for 
practical applications. In this study, a X-MET8000 Expert GEO HXRF 
device was used for this purpose. It features a 25 mm2 high resolution 
silicon-drift detector and a Rh target X-ray tube, with robust funda
mental parameters providing an analytical range from Mg to U. The 
measurement spot size is 10.7 × 9.4 mm, but can be reduced to a spot 
size with a diameter of 3 mm for increased resolution using a small-spot 
collimator. The instrument was calibrated using certified reference 
materials. Detection limits were evaluated using the instrument limit of 
detection (IDL), defined as the concentration required for an element to 
produce an X-ray signal greater than three times the standard deviation 
of the background noise level, and the method limit of detection (MDL), 
defined as the minimum concentration that can be measured and 

reported with 99 % confidence that the element’s concentration is 
greater than zero [13]. Although handheld XRF instruments may exhibit 
precision and accuracy limitations compared to laboratory-based 
methods, the strong correlations observed between handheld and 
desktop measurements (R² > 0.90) indicate adequate analytical con
sistency for field-based measurements. Insight in the correlation be
tween HXRF and desktop XRF are provided in Appendix B.

2.2. Powders

The primary powders analysed by HXRF in this research represent a 
set of the most commonly used mineral components in concrete, which 
can be classified into two main groups: aggregates and cements. For this 
study, the aggregates used are river gravel and river sand, which were 
milled to powders (<125 µm) in a Retsch mortar grinder RM200. The 
cement types chosen reflect the most commonly used ones in the 
Netherlands: Portland cement (CEM I), blast furnace cement (CEM III/B) 
and fly ash cement (CEM II/B-V). Since CEM III/B and CEM II/B-V are 
blends of CEM I with blast furnace slag and fly ash, respectively, these 
supplementary materials are also included among the powders exam
ined in this study. A complete overview of the seven primary powders 
analysed in this study is provided in Table 1.

2.2.1. Measurement time
For the measurements the prepared powders were placed in sample 

cups and retained in these cups with a special thin film (Mylar® thin 
film: 3.6μm). These cups were then placed in a benchtop setup to which 
the HXRF was attached. The HXRF guide recommends a measurement 
time of 30 s to 5 min for powders to ensure reliable results, accounting 
for their heterogeneous nature [12]. However, shorter measurement 
times are preferred in practical applications if they can provide com
parable accuracy. To assess the influence of measurement time, various 
durations were tested, namely 5, 10, 20, 30, 60, 90, 120, and 300 s. 
Reliability was calculated by using the 300-second measurement as the 
reference standard (100 % reliability) for each oxide. For shorter mea
surement durations, reliability was determined by comparing the 
measured oxide concentrations to their corresponding 300-second 
values and calculating the percentage deviation. A measurement 

Fig. 2. Envisioned innovative concrete recycling process adapted from [1]. In this innovative recycling process both the fine and coarse aggregate fractions are fully 
reused as well as the cement is retrieved and reused.
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duration was considered acceptable if it achieved at least 95 % reli
ability, meaning the oxide concentrations deviated by no more than 5 % 
from the 300-second reference values. To assess measurement repro
ducibility, triplicate analyses were performed on all measurement lo
cations, both on the surface and after surface removal (Appendix A).

2.3. Cement paste prisms

Cement pastes were made of the three chosen cement types and 
hydrated in prism moulds (3 prisms per cement type) with a water-to- 
cement ratio of 0.5 and covered with a thin plastic sheet prior to 
demoulding to prevent evaporation of water. Mixing of the cement 
pastes was done in accordance with EN 196–1 [30]. After a day the 
prisms were removed from the moulds and stored in zip lock bags for at 
least 28 days at 20 ◦C until further testing. These cement prisms were 
used to study the impact of moisture on HXRF characterization. 
Apparent differences in detected chemical composition due to moisture 
is also expected to be relevant for concrete in practice. After the storage 
period (28 days in zip lock bags), the prisms were divided into three 
different groups to examine the possible influence of moisture variation 
on the HXRF analysis. Measurements (average of 6) were conducted on 
cement paste prisms in the laboratory setup subjected to the following 
conditions: 

• Directly after storage in zip lock bags (fully hydrated) at room tem
perature (20 ◦C).

• Furnace dried at 105 ◦C until no further weight decrease (fully 
dried).

• Saturated in water for 1, 5 and 30 min (increasing level of water 
saturation).

2.4. Concrete blocks

Concrete blocks with three different known mixture designs and 
constituents were manufactured by Urban Mine B.V. to represent out
door concrete structures. The primary difference between the prepared 
concrete blocks was the type of cements used. These were chosen to 
represent the most commonly used cement types in the Netherlands. 
Five blocks, each measuring 160 × 80 x 80 centimetres were produced 
for each cement type. These blocks were stored outdoors for one year 
(2022–2023) before HXRF measurements were conducted. During this 
period, climatic conditions recorded by the Royal Netherlands Meteo
rological Institute included 14 tropical days (maximum temperature 
≥30◦C), 71 frost days (minimum temperature <0◦C), and substantial 

precipitation (1789 mm) typical of the Dutch maritime climate [16,17]. 
Table 2 provides an overview of the mixture design for the concrete 
blocks.

2.4.1. Measurement setup
The concrete blocks were stacked outdoors to serve as a storage bay. 

To ensure that HXRF measurements were consistently taken at the same 
spot on the concrete blocks, a suspending standard was developed 
(Fig. 4). The standard was positioned over the highest block so that a rail 
hung down on one side. Depending on the height of the stacked blocks, 
the rail was supported either from the ground or by an anchor attached 
to the rail via an elastic rope. This standard enabled vertical movement 
of the HXRF measurement equipment, ensuring that multiple measure
ments could be taken at the exact same spot along the height of the 
blocks. Furthermore, the measurement device could be positioned on 
either side of the rail due to the rotatable holder.

2.4.2. Efflorescence effect and measurement time
Layers with high calcium content on the concrete surface (e.g. due to 

carbonation of aged concrete or the efflorescence effect) may hinder 
accurate identification of the used cement type of the underlying con
crete. To determine whether such a carbonation or alternatively efflo
rescence effect occurring on the produced concrete blocks complicates 
the cement identification process, a specific set of measurements was 
performed. Therefore, the surface of each block was divided into six 
measurement locations (Fig. 5). Measurements were subsequently con
ducted both on the untreated concrete surface and after removing the 
top surface layer using an angle grinder with a flap disc to a depth be
tween 0.1 – 5 mm to minimize the influence of carbonation, efflores
cence or potential environmental contamination effects.

Fig. 3. Possible concrete sources of various qualities, compositions and contamination resulting in heterogeneous quality concrete waste streams. These waste 
streams are currently often pooled and mixed at the recycling plant prior to recycling what limits the high-quality recycling potential of particularly the fine fraction.

Table 1 
Overview of the composition of the studied primary powders.

Powders River gravel 
(milled)

River sand 
(milled)

CEM I Blast 
furnace slag

Fly 
ash

River gravel 100 % - - - -
River sand - 100 % - - -
CEM I - - 100 % - -
CEM II/B-V - - 70 % - 30 %
CEM III/B - - 30 % 70 % -
Blast 

furnace 
slag

- - - 100 % -

Fly ash - - - - 100 %
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XRF measurements can be affected by factors such as grain size, 
heterogeneity, and mineralogical composition. To mitigate these effects, 
the preparation of pressed pellets or fused beads containing the sample 
of interest is often recommended [15]. However, this approach is not 
feasible for field measurements. Consequently, measurement times were 
not only evaluated for the powders, but also the concrete blocks. The 
same measurement times evaluated for the powders were applied for the 
concrete blocks. The six measurement locations mentioned, were also 
used to assess how the measurement time affects the reliability of the 
concrete block results.

3. Results

3.1. Powders

3.1.1. Measurement time of powders
In total, 7 different powders (as listed in Table 1) and the effect of 8 

measurement times (5, 10, 20, 30, 60, 90, 120, 300 sec) were analysed. 
The aim was to determine the minimum HXRF measurement time 
required to achieve reliable oxide identification in various cementitious 
powders, while maximizing testing efficiency for industrial applications. 
By identifying the optimal minimum measurement times for different 
powder types, more efficient quality control procedures without 

Table 2 
Mixture designs (values in kg per m3 concrete) with varying cement types for the concrete blocks analysed in this study.

Mixture design [kg]

River gravel 4/32 River sand 0/4 CEM I 52.5 R Blast furnace slag Fly ash Super plasticizer Water Total

Block 1: CEM I 1010 860 330 0 0 2 162 2364
Block 2: CEM III/B 1010 860 100 230 0 2 162 2364
Block 3: CEM II/B-V 1010 830 230 0 100 2 162 2334

Fig. 4. Suspended standard for in situ HXRF measurements of concrete blocks.

Fig. 5. Division of concrete block surface into six measurement locations.
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compromising accuracy can be achieved. A theoretical reliability 
threshold of 95 % [25,27,31] was used as the initial benchmark for 
acceptable oxide identification. However, lower reliability thresholds 
are acceptable when oxide composition variations remain distinctive for 
cement identification.

Fig. 6 provides an overview of the change in reliability for the 
increasing measurement times used for all the powders. All investigated 
powders show a reliability of oxide identification above the 95 % 
threshold when using measurement times of 50 s or longer. CEM I ap
pears most sensitive to measurement time, as all other powders reached 
the 95 % reliability threshold with just 30 s of measurement time and 
stayed above 90 % reliability for shorter measurement times.

In practice, further reduction in measurement time may be feasible 
depending on the required level of accuracy. Supplementary Table S1
illustrates the impact of measurement time on the composition of CEM I 
powder. For most specific oxides, lowering the 95 % reliability threshold 
and shortening the measurement time still yield comparable composi
tions. However, the largest deviations are observed for MgO across all 
powders. For FA and CEM II/B-V, this effect is particularly pronounced 
at shorter measurement times (5, 10, and 20 s) where it is the only oxide 
below 95 % reliability. Similarly, CEM I exhibits this reduced reliability 
pattern, with an additional significant reliability decrease observed at 
the 60-second measurement interval. Notably, the reliability of MgO is 
particularly low at 5 s, but increases to more than twice that value by the 
10-second mark. This deviation in MgO reliability appears to be smaller 
for materials with larger amounts of MgO present in their chemical 
composition, such as BFS and CEM III/B. For these materials, the lowest 
reliability is 80.8 % at 5 s and 76.1 % at 20 s, respectively. Additionally, 
P2O5 shows slight variations in its reliability, with the smallest reliability 
being 93.8 % for CEM III/B at 60 s and 89.6 % for BFS at 5 s. Fe2O3 
remains above a 95 % reliability threshold, except for the 5-second 
measurement in BFS (94.5 %).

3.1.2. Chemical composition of cement types
Table 3 shows the oxide composition percentages of the three cement 

types as an example from literature [4,11,34,36] and obtained through 
HXRF measurements in this study. To distinguish CEM I from CEM III/B 
and CEM II/B-V, the CaO and SiO2 content could potentially provide a 
first indication. However, typically applied siliceous aggregates also 
contain large amounts of SiO2, which might interfere with the cement 
type specific Ca/SiO2 ratios. More specific elements might therefore be 
required for proper cement type identification. The amount of Al2O3 is 
significantly lower in CEM I compared to the other two cement types, 

because the latter contain supplementary cementitious materials (slag 
and fly ash, respectively) that are naturally rich in Al2O3. To differen
tiate between CEM II/B-V and CEM III/B, P₂O₅, Fe₂O₃ and MgO contents 
are of interest as they reflect the different SCM compositions: MgO 
content is higher in CEM III/B due to the magnesium-rich nature of blast 
furnace slag, while Fe₂O₃ levels are higher in CEM II/B-V due to the iron 
content typically found in fly ash. P₂O₅ provides additional discrimina
tion between these slag- and fly ash-containing cements.

3.2. Cement paste prisms – effect of moisture

In outdoor applications, moisture conditions can vary considerably 
across different concrete elements and locations. This variation in 
moisture content can impact the accuracy of HXRF measurements and 
result in apparent differences in the detected chemical composition. 
Fig. 7 illustrates the influence of various moisture incubation conditions 
on the apparent chemical composition of three cement types. Similar 
trends are observed across the different cement prisms. After drying the 
prisms in a furnace, a slight increase in SiO2 and Al2O3 content and a 
decrease in CaO content was observed for the CEM III/B and CEM II/B-V 
prisms. The CEM I prisms showed an opposite trend. After saturation, 
the CaO content increased, while the SiO2 and Al2O3 content decreased. 
No clear deviations were observed for the other oxides.

To differentiate deviations in chemical composition caused by 
moisture from those due to surface carbonation or the efflorescence 
effect, cement prisms were immersed in a water bath for varying dura
tions, as described in Section 2.3. Table 4 presents the measurement 
results for three different cement types, recorded both before and after 
immersion for various residence times. The residence times tested were 
1 min, 5 min, and 30 min. Measurements taken prior to immersion serve 
as the 0-minute baseline and are compared with the results obtained 
after the specified residence times.

The table indicates slight apparent changes in the chemical compo
sition of the prisms for each residence time, especially after saturating 
for 30 min. An increase in the CaO content is observed as the residence 
time increases for CEM I prisms, whereas for the CEM III/B and CEM II/ 
B-V prisms this is only observed after the 30 min saturation. The con
centration of the other oxides generally decreases, except for Fe2O3 in all 
prisms, K2O in CEM III/B and MgO in all prisms, which remain relatively 
consistent across all moisture conditions.

When considering the 1- and 5-minute residence times, the differ
ences in chemical composition are comparable to the reference (0 min) 
measurements. For CEM I, a slight increase in CaO is observed, whereas 

Fig. 6. Reliability of powder composition identification for different measurement times of the HXRF device. Achieving a 95 % reliability threshold requires 50 s of 
measurement time, but acceptable results for practical applications can be obtained with 10 s.
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Table 3 
Oxide composition percentages measured by HXRF and example oxide composition percentages from literature [4,11,34,36] as determined by XRF of the three cement 
types. Distinct differences between the cement types are observed.

CaO SiO2 Al2O3 Fe2O3 MgO Na2O K2O TiO2 P2O5 SO3 Ref.

CEM I Lit. 60–67 17–25 3 – 8 0.5 – 6.0 0.1 – 5.5 0 – 0.8 0 – 1.7 0.1 – 0.4 0.1 – 0.2 1 – 3 [11, 34]
HXRF 64.64 22.33 5.29 2.02 1.49 n.d. 1.15 0.22 0.29 6.97 -

CEM III/B Lit. 48.20 30.1 10.10 1.00 6.80 0.3 0.3 - - 2.5 [36]
HXRF 50.06 29.95 9.39 0.78 4.61 n.d. 0.93 0.84 0.37 4.12 -

CEM II/B-V Lit. 40.79 28.44 14.11 2.93 2.93 0.55 1.44 0.45 0.45 4.33 [4]
HXRF 46.15 30.8 9.92 3.72 0.7 n.d. 1.59 0.52 0.56 5.49 -

Fig. 7. Influence of moisture on the chemical composition of hydrated cementitious prisms. The largest change in concentration was observed for SiO2 and CaO, but 
they remained within the cement identification range.
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CEM III/B and CEM II/B-V show only minor deviations. Similarly, only 
small differences are observed for the other oxides. The only exceptions 
are K2O and SO3 in CEM I, which decreased after 1 min of saturation. 
However, for a residence time of 30 min, larger changes occurred.

3.3. Concrete blocks

3.3.1. Measurement time
Fig. 8 provides an overview of the change in reliability for different 

measurement times for the five concrete blocks and their three compo
sitions. Similarly to the powders, the aim was to determine the minimum 
required measurement time to obtain reliable oxide results. However, 
the blocks potentially require different minimum measurement times 
due to their different physical properties and heterogeneity. Expecta
tions are therefore that the minimum measurement time to obtain the 
same theoretical reliability threshold of 95 % increases for the concrete 
blocks. However, lower reliability is again acceptable when oxide 
composition variations remain distinctive for cement identification. By 
taking this into account, the approach is optimized for different sample 
types while maintaining reliable results. The investigated blocks 
demonstrate a reliability of oxide identification above the 95 % 
threshold when using measurement times of 80 s and longer, except for 
block 3.5 which crossed the 95 % threshold only at 190 s. For shorter 
measurement times the reliability remained above 85 %, except for 
blocks 2.5 and 3.5, which required measurement times of at least 20 s to 
achieve this reliability.

Fig.entary Figures S1-S3 and Supplementary Tables S2-S4 present an 
overview of the deviation in composition of the individual concrete 
blocks for different measurement times. The results indicate no signifi
cant variations in composition for measurement times ranging from 20 
to 300 s. Similar to the powders, magnesium shows the largest de
viations. Below 20 s, larger changes in composition were observed.

3.3.2. Surface layer composition of the concrete blocks
Concrete elements can generally be divided into three main layers as 

a result of the wall effect: a cementitious surface layer (about 0.1 mm), 
an underlying mortar layer (about 5 mm) and the bulk concrete layer 
[18,32]. The top layer characterized by HXRF should therefore partic
ularly yield the chemical composition of the cement type used in the 
concrete. This approach aligns with the methodology developed in a 
laboratory setting by Nedelkjović et al. [28], which uses the cementi
tious surface layer to identify the cement type in concrete elements.

In this study, a total of six locations were measured on each block, 
resulting in 30 measurement locations for each cement type. Each 
location was measured three times and the averages of these measure
ments are presented in Fig. 9. To identify the tracer elements relevant for 
cement identification, the cement types were analysed using HXRF prior 
to being incorporated into the concrete mixture. The chemical compo
sition of these cements is provided in Supplementary Table S5. These 

results reveal distinct deviations in all measured oxide concentration, 
particularly CaO, Al2O3, Fe2O3, MgO and P2O5. The Al2O3 concentration 
is relatively higher for CEM III/B and CEM II/B-V compared to CEM I. 
Furthermore, the CaO concentration is highest for CEM I, the MgO 
concentration for CEM III/B and the Fe2O3 and P2O5 concentrations for 
CEM II/B-V. This pattern is also observed in the average results of the 
surface layer measurements of the three corresponding concrete blocks, 
although the differences between the oxides are more nuanced. In 
particular, the range of CaO and MgO concentrations appears to 
fluctuate.

3.3.3. Removal of the surface layer
To eliminate the efflorescence effect and other potential influences 

on the outer layer, the surface of the concrete was removed to a depth 
between 0.1 – 5 mm. The same approach used for surface measurements 
was then applied. During the measurements, the HXRF was positioned 
between the aggregate particles as much as possible. The average results 
are shown in Fig. 10. Block 2 and 3 show an increased Al2O3 concen
tration compared to block 1. To distinguish between blocks 2 and 3, the 
oxide concentrations of MgO, Fe2O3 and P2O5 can be used. Higher oxide 
concentrations of MgO were observed for block 2, whereas block 3 
showed higher concentrations of Fe2O3 and P2O5.

In addition to the oxide concentrations, the normalized ratios be
tween certain specific oxides may also be of interest for identifying the 
cement type. Fig. 11 displays the normalized oxide ratios of interest for 
identifying the cement type in the concrete blocks. Ratios involving SiO2 
were not considered, because the studied concrete blocks contained 
siliceous aggregates. Block 2, containing CEM III/B cement, has various 
distinct ratio ranges that can be used for identification. It shows high 
ratios for Al2O3/Fe2O3 (>9.0), MgO/Fe2O3 (>3.0) and MgO/CaO 
(>0.11), whereas Fe2O3/Al2O3 (<0.11) and Fe2O3/CaO (<0.04) are 
significantly lower compared to the other blocks. Subsequently, blocks 1 
(CEM I) and 3 (CEM II/B-V) differ based on their P2O5/CaO and P2O5/ 
Fe2O3 ratios, which are both higher for block 3 (>0.005 and >0.1 
respectively). Additionally, the Al2O3/CaO is generally lower for block 
1, although this difference is less distinct compared to other ratios. The 
ranges for the various ratios are shown in Table 5.

4. Discussion

Establishing an optimal HXRF measurement approach is crucial for 
characterizing End-of-Life concrete both before and during the recycling 
process. This characterization represents a critical step for efficient 
recycling and successful upcycling of residual cementitious fines. In this 
context, upcycling refers to the transformation of these fines into high- 
quality secondary cements, which plays a vital role in reducing 
concrete-related CO2 emissions by decreasing or potentially eliminating 
the need for primary cement production. Optimizing the HXRF mea
surement approach not only enhances field execution efficiency, but also 
improves the recognizability of the concrete composition. Reliable 
characterization ensures the production of high-quality residual 
cementitious fines suitable for high-value applications rather than being 
downcycled into lower-grade uses (Fig. 12). To advance this optimiza
tion, this study specifically examined the measurement time, moisture 
influence, and the impact of efflorescence on cement type identification.

4.1. Measurement time

From a theoretical perspective, the 95 % measurement reliability 
threshold [25,27,31] was considered when determining minimum 
measurement times. Results from the present study indicate that a 
minimum measurement duration of 50 s for powders and 80 s for con
crete blocks is required to achieve the 95 % reliability standard. How
ever, when the reliability threshold is decreased to 85 %, a value 
generally considered sufficient for accurate characterization and iden
tification, measurement times can be reduced to 10 s and 20 s, 

Table 4 
Influence of the saturation time on the apparent chemical composition of hy
drated cementitious prisms. Changes to the measured concentrations remained 
within the range for cement identification.

SiO2 Al2O3 SO3 CaO K2O Fe2O3 MgO

CEM I 0 min 25.4 7.0 4.6 54.0 4.2 1.6 2.2
1 min 25.5 7.0 2.8 57.0 2.5 1.7 2.6
5 min 25.0 6.8 2.4 58.4 2.3 1.7 2.4
30 min 24.1 6.5 3.0 59.4 2.1 1.8 2.4

CEM III/B 0 min 33.1 11.8 3.8 40.3 0.7 0.6 7.5
1 min 33.1 11.8 3.8 40.2 0.7 0.6 7.4
5 min 33.0 11.8 3.7 40.4 0.7 0.6 7.6
30 min 31.7 11.3 3.6 42.8 0.7 0.7 7.2

CEM II/B-V 0 min 32.1 10.9 4.7 42.8 1.0 2.4 2.3
1 min 31.5 10.6 4.7 43.8 1.0 2.6 2.1
5 min 32.3 11.1 5.2 41.6 0.9 2.5 2.6
30 min 28.7 9.4 4.2 47.9 0.9 2.9 2.7

A.T.M. Alberda van Ekenstein et al.                                                                                                                                                                                                        Construction and Building Materials 502 (2025) 144293 

8 



Fig. 8. Reliability of the concrete block composition for different measurement times of the HXRF. Achieving a 95 % reliability threshold requires 80 s of mea
surement time in most cases, but acceptable results for practical applications can be obtained with 20 s.
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respectively. This would substantially increase processing efficiency in 
practice when large numbers of samples need to be processed within a 
given time period. From theory, it is known that elements with atomic 
numbers below 16 present significant measurement challenges using 
HXRF due to their lower energy emissions [6,39]. Magnesium (Mg), 
with atomic number 12, exemplifies this limitation, resulting in reduced 
detection reliability. This particularly explains the observed fluctuations 
in the reliability observed in this study (see Supplementary Table S1). 
While these deviations suggest that MgO may therefore not be ideal as 
an oxide for cement identification, materials containing higher MgO 
concentrations can still be effectively distinguished from those with 
lower MgO content based on relative composition analysis. From a 
practical applicability standpoint, powder measurement times can 
therefore be reduced from 50 s to 5 s, as all powders demonstrate reli
ability above 85 % for a 5-second measurement duration. However, 
practical considerations recommend against durations below 10 s, as the 
HXRF device typically requires 5–10 s stabilization before displaying 
initial results. Therefore, 10 s represents a recommended lower bound
ary for powder measurements in field applications.

The analysis of measurement time requirements for concrete blocks 
provides key insights into the reliability of HXRF characterization across 
sample types. Compared to powders, concrete blocks generally require 
longer measurement durations to achieve comparable reliability, which 

aligns with theoretical expectations due to matrix effects. X-rays pene
trate more effectively in fine powders, whereas larger particles reduce 
penetration depth, yielding responses primarily from surface or larger 
grains. Additionally, heterogeneity and mineralogical differences 
further influence measurement accuracy [15]. Most concrete block 
samples achieved the 95 % reliability threshold at measurement times of 
80 s or longer, with block 3.5 being an exception, requiring 190 s to 
reach this standard. This variation highlights the influence of composi
tional heterogeneity on measurement reliability in solid concrete sam
ples. At reduced measurement times, however, most blocks maintained 
reliability above 85 %, with blocks 2.5 and 3.5 requiring minimum 
measurement durations of 20 s to achieve this level of confidence. Based 
on these findings, a minimum 20-second measurement time is recom
mended for field applications involving solid concrete. Results from this 
study (listed in Supplementary Figures S1-S3 and Supplementary 
Tables S2-S4) confirm measurement stability when measurement time is 
decreased from 300 to 20 s, suggesting that shorter measurement times 
are sufficient for field applications. However, measurement times below 
20 s showed significant variations, indicating that this measurement 
duration represents a practical lower threshold for reliable concrete 
product analysis. Consistent with the powder analysis findings, mag
nesium exhibited the largest measurement deviations across all time
frames, confirming the challenges associated with detecting lighter 

Fig. 9. Average chemical composition of the surface layer of the three concrete blocks containing different cement types.

Fig. 10. Average chemical composition of the mortar layer of the three concrete blocks.
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elements using HXRF technology.

4.2. Moisture influence and efflorescence effect

The influence of moisture on the HXRF measurement results is an 
important factor to consider, particularly for concrete exposed to out
door conditions. Nedelkjović et al. [28] found that moisture significantly 
impacts measured oxide concentrations, except for Fe2O3. Similar trends 
were observed in this study: with increasing moisture content, CaO 
levels increased while SiO₂ and Al₂O₃ decreased. In contrast, SO₃ and 
MgO remained detectable. However, the specific changes varied 
depending on the cement type. While moisture influenced oxide con
centrations, these changes were not significant enough to prevent 
cement type identification, as oxide concentrations between cement 

Fig. 11. Normalized ratio’s of interest for the determination of the cement types in the blocks. After block 2 (CEM III/B-based) has been identified, a clear distinction 
can be made between block 1 (CEM I-based) and 3 (CEM II/B-V-based).

Table 5 
Normalized range of the ratio between certain oxides and CaO, Al2O3 or Fe2O3 
that result in an identification of the cement type within the concrete blocks. 
Block 1 is CEM I based concrete, block 2 is CEM III/B based concrete and block 3 
is CEM II/B-V based concrete.

Block 1 Block 2 Block 3

Oxide 
/ 
CaO

Al2O3 0.2 – 0.26 0.26 – 0.35 0.21 – 0.38
Fe2O3 0.04 – 0.05 0.02 – 0.04 5.37 – 6.49
P2O5 0.003 – 0.004 0.002 – 0.004 0.006 – 0.008
MgO 0.05 – 0.08 0.11 – 0.16 0.06 – 0.10

Oxide/Al2O3 Fe2O3 0.17 – 0.26 0.07 – 0.11 0.16 – 0.28
Oxide 

/ 
Fe2O3

Al2O3 3.84 – 5.84 9.51 – 13.64 3.60 – 6.36
P2O5 0.06 – 0.08 0.07 – 0.14 0.10 – 0.13
MgO 1.05 – 1.82 3.83 – 5.35 1.01 – 1.59
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types remained distinctly different. CEM III/B prisms showed only minor 
concentration changes. CEM I appeared more sensitive to moisture, with 
noticeable variations in SiO₂, Al₂O₃, CaO, K₂O, and SO₃ concentrations, 
while Fe₂O₃ and MgO remained largely stable. For CEM II/B-V prisms, 
concentration changes became more apparent with increased moisture. 
Despite these moisture-induced variations, all measurements remained 
within the acceptable range (>85 % reliability threshold) for accurate 
cement type identification. Other factors, such as efflorescence or sur
face coatings, appear to have a more pronounced influence on cement 
identification.

Analysis of the chemical composition as measured by HXRF relative 
to block position (see results shown in Supplementary Figures S4-S6) 
revealed significant variability, largely influenced by surface conditions. 
In some locations, the absence of a cement layer indicated that mea
surements were taken directly from the mortar, leading to in
consistencies. Another notable factor affecting surface composition was 
the efflorescence effect, characterized by elevated calcium concentra
tions in the outer layer. This resulted in an overestimation of CaO con
tent, consistent with findings by Nedeljković et al. [28], who reported 
this phenomenon as particularly pronounced in CEM I cements due to 
their higher intrinsic CaO levels. However, in this study, the extent of 
efflorescence could not be linked to the cement type. The highest CaO 
concentration (84.1 %) was measured on Block 2.5 (see Supplementary 
Figures S4-S6 for results), which could lead to misclassification as a CEM 
I cement instead of the actual CEM III/B. Conversely, some measure
ments showed significantly lower calcium values (e.g., 47.6 % for Block 
2), likely due to weathering resulting in eroded surface layers. These 
fluctuations in CaO also affect the relative concentrations of other ele
ments critical for cement identification. In indoor environments, the 
surface layer may provide a reliable indication of the cement type. 
However, paints or coatings commonly applied indoors can obstruct 
access to the original cement surface and should be removed before 
HXRF analysis. Furthermore, the age of the concrete plays a role in 
surface composition, particularly in outdoor conditions. EoL concrete 
structures are typically much older than the blocks used in this study, 
which may lead to even greater surface degradation over time and 
subsequently loss of the surface layer.

4.3. Removal of the surface layer

Given the challenges with the surface layer mentioned above, the 
effect of removing the surface layer of aged concrete objects on HXRF 
analysis results was analysed in this study. Nedeljković et al. [28]
recommend ultrafine sandpaper (P-grade 2000 or grit size <10 µm) to 
remove calcium carbonate layers and expose underlying cement paste. 
However, in this study, this approach was found to be impractical for 
outdoor concrete elements. The sandpaper lacked sufficient durability 
across variable surface morphologies, and operator technique 

significantly influenced removal thickness. Since HXRF technology will 
be deployed across multiple companies and operators, measurement 
approaches with minimal operator dependency are strongly preferred.

Consequently, the investigation was expanded to deeper concrete 
layers (0.1 – 5 mm), where aggregate presence introduces new variables 
requiring consideration. During testing, the HXRF device was positioned 
between visible aggregates when possible. The siliceous origin of ag
gregates in the investigated concrete blocks resulted in predictably 
elevated SiO2 concentrations in these layers. Despite this, specific oxide 
concentrations and distinctive elemental combinations were identified 
that effectively determine the cement type following removal of the 
surface layer.

For block 1 (CEM I-based), cement identification relied primarily on 
lower Al2O3 content paired with higher Fe2O3 concentrations. The dif
ferentiation between blocks 2 (CEM III/B-based) and 3 (CEM II/B-V- 
based) was achieved by the higher MgO and lower Fe2O3 concentra
tions of block 2. Notably, SiO2 was an unreliable identification marker 
due to significant aggregate influence on its concentrations. Element 
ratios emerged as particularly valuable for identification, providing 
clearer insights than absolute concentrations. These ratios, presented in 
Table 5 and Fig. 11, demonstrate that ratios between CaO, Al2O3, Fe2O3, 
P2O5, and MgO can effectively be used to identify concrete cement type 
across various samples. The table also establishes preliminary threshold 
ranges facilitating accurate cement identification under field conditions. 
Therefore, when measurements can be performed on cement stone be
tween visible aggregates, HXRF technology demonstrates significant 
potential for accurate cement identification even in deeper concrete 
layers, which represents an important advancement for practical field 
applications in concrete recycling and assessment.

5. Conclusion

This study investigated a practical measurement approach using 
handheld X-Ray Fluorescence (HXRF) to identify present cement types 
in End-of-Life (EoL) concrete. The following key conclusions can be 
drawn: 

• Measurement time and sample type: 
For the investigated cementitious powders, a 50-second mea

surement time achieves 95 % reliability, although shorter durations 
(down to 10 s) are acceptable in practice as lower reliability 
thresholds still enable cement identification. For concrete blocks, 
80 s ensures 95 % reliability, with 20 s being a practical minimum. 
Surface layer measurements require approximately 30 measurement 
points for reliable cement identification. However, accuracy is 
compromised by efflorescence, coatings, weathering and inconsis
tent surface removal, making deeper-layer analysis preferable in 
such cases.

Fig. 12. Process steps for retrieval of high-quality residual cementitious fines. It is important to gain insight into the concrete’s chemical composition with respect to 
the present cement type prior to demolition and crushing for determination of the potentially most suitable upcycling approach and application potential of 
retrieved fines.
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• Moisture and Efflorescence effects: 
Moisture has a negligible impact on cement type identification, 

with variations remaining within acceptable bounds for reliable 
classification. In contrast, efflorescence can significantly distort 
oxide concentrations and must be accounted for or removed.

• Oxide markers for cement identification: 
After surface removal, cement types can be reliably distinguished 

based on oxide concentrations and elemental ratios. Key differ
entiators include Al₂O₃, Fe₂O₃, P₂O₅, and MgO levels. 
o CEM I is characterized by lower Al₂O₃ (average 6.2 %) 

concentrations.
o CEM II/B-V and CEM III/B are differentiated by MgO (average 

2.1 % versus 3.7 %), Fe₂O₃ (average 1.5 % versus 0.8 %), and P₂O₅ 
(average 0.18 % versus 0.09 %) levels.

o Specific ratios support classification: 
▪ CEM III/B: Al2O3/Fe2O3 > 9.0, MgO/Fe2O3 > 3.0, MgO/CaO 
> 0.11, Fe2O3/Al2O3 < 0.11 and Fe2O3/CaO < 0.04.

▪ CEM II/B-V: P2O5/CaO > 0.005 and P2O5/Fe2O3 > 0.1.
▪ CEM I generally shows opposite trends: P2O5/CaO < 0.005 and 

P2O5/Fe2O3 < 0.1.

Several recommendations emerge from this research along with 
suggestions for future work. For reliable field application, the surface 
layer should be removed to avoid errors due to coatings or weathering. 
Future studies should aim to refine oxide thresholds and broaden clas
sification across more cement types. The authors foresee huge potential 
for integrating machine learning techniques using HXRF-derived 
chemical composition data to enhance the precision and scalability of 
cement identification in diverse concrete compositions. However, this 
approach remains speculative and would require systematic validation 
and research to address potential challenges.
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Appendix A. – Chemical composition reproducibility of the CEM I based concrete blocks with and without surface removal for 3 
measurement locations (A, B, C; 3 repeated measurements per location)

Reproducibility tests revealed good precision for most oxides critical to cement classification (Table A.1-A.2). Coefficient of variation values were 
consistently low. While MgO showed higher variability, precision was improved after surface removal. Most oxides show reduced standard deviations 
and CV values (Tables A.1 versus A.2) after surface removal. This suggests that surface contamination or weathering can affect measurement 
reproducibility. Surface removal improved measurement precision, reinforcing the importance of including this in the methodology. Even with the 
higher variability observed for MgO, the precision achieved is sufficient for distinguishing between different cement types.

A.1 
Surface layer measurements Block 1 (Std Dev: standard deviation, CV: coefficient of variance)

SiO2 Al2O3 SO3 CaO K2O Fe2O3 MgO

Location A 1 [wt%] 18.385 3.708 3.467 70.694 1.664 1.775 0.701
2 [wt%] 18.283 3.785 3.533 70.355 1.673 1.833 0.895
3 [wt%] 18.335 3.978 3.480 68.172 1.597 1.737 3.669
Average [wt%] 18.334 3.824 3.493 69.740 1.645 1.782 1.755
Std Dev [wt%] 0.051 0.139 0.035 1.369 0.041 0.048 1.660
CV [%] 0.28 3.65 0.99 1.96 2.52 2.71 94.61

Location B 1 [wt%] 22.760 4.049 3.500 62.292 1.237 1.490 4.731
2 [wt%] 22.806 4.079 3.653 62.431 1.222 1.573 4.126
3 [wt%] 22.669 3.819 3.760 64.510 1.258 1.573 1.830
Average [wt%] 22.745 3.982 3.638 63.078 1.239 1.546 3.562
Std Dev [wt%] 0.070 0.142 0.131 1.242 0.018 0.048 1.530
CV [%] 0.31 3.57 3.60 1.97 1.44 3.10 42.96

Location C 1 [wt%] 20.899 4.494 2.597 65.426 1.739 1.599 3.488
2 [wt%] 20.908 4.404 2.681 66.312 1.787 1.590 2.433
3 [wt%] 20.352 4.426 2.626 67.874 1.811 1.697 1.260
Average [wt%] 20.720 4.441 2.635 66.537 1.779 1.629 2.394
Std Dev [wt%] 0.318 0.047 0.043 1.239 0.037 0.060 1.114
CV [%] 1.54 1.05 1.61 1.86 2.06 3.67 46.55

A.2 
Measurements after surface removal of Block 1 (Std Dev: standard deviation, CV: coefficient of variance)

SiO2 Al2O3 SO3 CaO K2O Fe2O3 MgO

Location A 1 [wt%] 52.350 5.993 2.286 26.723 1.579 0.948 1.532
2 [wt%] 52.383 5.899 2.182 27.003 1.600 1.044 0.973
3 [wt%] 52.250 5.639 2.232 27.146 1.621 1.018 1.366
Average [wt%] 52.328 5.844 2.233 26.957 1.600 1.003 1.290
Std Dev [wt%] 0.069 0.183 0.052 0.215 0.021 0.050 0.287
CV [%] 0.13 3.14 2.34 0.80 1.33 4.97 22.27

Location B 1 [wt%] 50.904 5.096 2.061 28.774 1.145 1.151 2.554
2 [wt%] 51.350 5.564 1.990 27.161 1.173 1.341 2.881
3 [wt%] 51.591 5.521 1.940 27.063 1.198 1.383 2.594
Average [wt%] 51.281 5.394 1.997 27.666 1.172 1.292 2.676

(continued on next page)
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A.2 (continued )

SiO2 Al2O3 SO3 CaO K2O Fe2O3 MgO

Std Dev [wt%] 0.348 0.258 0.061 0.961 0.027 0.124 0.178
CV [%] 0.68 4.79 3.06 3.47 2.27 9.61 6.67

Location C 1 [wt%] 52.504 5.276 1.287 28.054 1.613 0.948 1.579
2 [wt%] 53.063 5.169 1.272 27.738 1.577 0.924 1.350
3 [wt%] 52.817 5.132 1.334 27.854 1.605 0.892 1.586
Average [wt%] 52.795 5.193 1.298 27.882 1.598 0.921 1.505
Std Dev [wt%] 0.280 0.075 0.033 0.160 0.019 0.028 0.134
CV [%] 0.53 1.44 2.52 0.57 1.18 3.04 8.94

Appendix B. – Cross validation of HXRF and desktop XRF results

B.1. Cross validation of HXRF and desktop XRF results of CaO and MgO

B.2 
Overview of R2-values of the cross validation of HXRF and desktop XRF for various oxides

SiO2 Al2O3 SO3 CaO Fe2O3 MgO

R2 0.9866 0.9266 0.9493 0.9789 0.9287 0.9046

Appendix C. Supporting information

Supplementary data associated with this article can be found in the online version at doi:10.1016/j.conbuildmat.2025.144293.

Data availability

Data will be made available on request.
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