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A B S T R A C T

The content of leftover cement paste is a crucial parameter for determining recycled aggregates quality. Various 
methods assess this, including wet techniques (acid dissolution, chemical degradation, water absorption), 
physical approaches (freeze-thaw cycles, mechanical shredding, oven-dried density, thermal disaggregation), 
and spectroscopic or microscopy analyses. However, these methods often lack accuracy, are time-consuming, or 
depend on operator skill. A novel X-ray Powder Diffraction and Rietveld quantitative phase analysis approach is 
introduced to improve measurements precision. Results are compared with multi-scale analyses (microscopy, X- 
ray computed tomography, mechanical testing) on recycled aggregate concrete specimens. Findings highlight a 
strong correlation between leftover cement paste content and key concrete properties, including microstructure, 
hydration products, and mechanical performance. This study confirms that leftover cement paste content is a 
decisive factor in recycled concrete aggregate properties, and that the proposed method offers a rapid and 
reliable approach to control this parameter.

1. Introduction

Construction and demolition waste (CDW) is one of the main cate
gories of waste produced globally, so its recycling within a circular 
economy to produce new building materials has become crucial (J. Li 
et al., 2023; Su et al., 2024). Recycled aggregates (RAs), which are 
produced from CDW, might reduce the total environmental impact of 
concrete production by reducing the mining of natural resources from 
aggregate quarries and pits (Dinh et al., 2022; Nilimaa, 2023). It is 
commonly acknowledged that RAs derived from the comminution of 
CDW are potential substitutes for natural aggregates (NAs) in con
struction projects (Althoey et al., 2023; Karlsson et al., 2021). At the 
same time, the current use of these secondary raw materials is mostly 
devoted to sub-bases and bases of pavements of roads and highways, 
where they are employed in unbound layers and low-grade concretes (C. 
Zhang et al., 2020). The limited adoption of RAs in high-grade appli
cations (i.e., structural concrete) comes from the composite nature, and 
high heterogeneity of these secondary raw-materials, resulting in 

uneven interactions with cementitious binders (Djerbi, 2018). In fact, 
when directly produced from CDW crushed concrete, RAs are typically 
composed of the original NAs and of a variable amount of leftover 
cement paste (LCP) clinging to the surface (de Juan and Gutiérrez, 
2009). The final properties of recycled aggregate concrete, where RAs 
are used instead of natural counterparts, are adversely impacted by the 
amount of LCP (Bai et al., 2020; J. Kim, 2022; Seo and Choi, 2014). This 
characteristic is considered as the primary obstacle that prevents the use 
of RAs in new structural high-grade concrete (Tam et al., 2021; Verian 
et al., 2018). Compared to natural rocks, the LCP increases the average 
porosity and reduces the bulk density of such aggregates, which is a 
major reason for the observed decline in fresh-mixing properties (Deng 
et al., 2023; Faleschini et al., 2014; B. Li et al., 2021), mechanical per
formances (Piccinali et al., 2022; B. Wang et al., 2021a), and durability 
of recycled aggregate concrete (Guo et al., 2018), affecting the confi
dence of the stakeholders in adopting RAs. The content of LCP within 
RAs is known to vary depending on the average RA diameter size, 
crushing methods, aging and original strength grade of the LCP, thus 
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affecting the final properties of concrete with a variable and unpre
dictable order of magnitude (Chen et al., 2024).

The measure of the LCP content is crucial in determining the quality 
of RAs and shall become a mandatory step prior to the batching plant 
process. Despite this requirement, an internationally standardized pro
cedure has not yet been established, whereas different methods have 
been proposed and are currently in use, as summarized in (Braymand 
et al., 2017; Tam et al., 2021). Existing protocols for measuring LCP 
content in RAs span a wide range of approaches. Among them, wet 
methods - such as acid dissolution, chemical degradation and water 
absorption - are the most commonly employed. They measure either a 
negative mass variation following the acid-induced dissolution of the 
LCP (Lal Chauhan and Jail Singh, 2023) or a positive mass variation due 
to retained fluids, as in the case of saturated-surface-dried water ab
sorption tests (Duan et al., 2022). Alternatively, physical method
s—including freeze-thaw cycles, mechanical shredding, oven-dried 
density, and thermal disaggregation—might also be employed to 
remove LCP and quantify its content (dos Santos Macedo et al., 2019; 
Zhao et al., 2013). In some cases, a combination of both approaches has 
been proposed and applied (Tam et al., 2021). A more advanced and 
precise strategy involves spectroscopic and microscopy techniques (Hu 
et al., 2024), often complemented by computer-based image analysis 
(Bisciotti et al., 2024; Y. Wang et al., 2021b). However, many of these 
procedures are time-consuming and not suitable for routine quality 
monitoring, while others fail to offer a clear and straightforward mea
sure of this feature (Rangel et al., 2019). The wet acid methods, for 
example, may overestimate the cement paste content when recycled 
aggregates contain limestone, or many other acid-soluble rocks and 
minerals (Ulsen et al., 2022). Similarly, the absorption methods are 
influenced by the LCP porosity. Physical approaches are invasive, 
non-reproducible and their result typically depends on the original 
strength grade of the LCP (Martín-Morales et al., 2013). Microscope 
investigation is typically highly operator dependent. Whereas methods 
based on the chemical composition (e. g., X-ray fluorescence) are yet 
unable to distinguish LCP from limestone content (Angulo et al., 2009). 
In this scenario, X-ray Powder Diffraction (XRPD) may offer a valuable 
alternative solution. This method has grown beyond its roots in the 
world of laboratory research and is regarded as one of the most powerful 
industrial process-control tools in the field of building materials and 
minerals (Meier et al., 2012). XRPD opens enormous possibilities for 
in-situ monitoring of process and quality control, even in the field of 
continuous on-line measurements during industrial production (Dhanjal 
et al., 2006; Gugin et al., 2024). The use of XRPD to quantify LCP content 
in RAs has been previously explored (Bisciotti et al., 2024). The esti
mation is based on XRPD quantitative phase analysis by the Rietveld 
method (Aranda et al., 2012). The results reflect the crystalline assem
blage in RAs, distinguishing rock forming minerals of the NAs from the 
LCP clinker and binder constituents. In terms of acquisition speed, the 
introduction of ultra-fast silicon-based linear and two-dimensional de
tectors has led to up to a 150-fold increase (Anderson et al., 2015). A 
scan that once required 3 h to collect data can now be completed in less 
than 2 min, with some advanced settings achieving results in just a few 
seconds (D. O’Flynn et al., 2013). The Rietveld approach, which is the 
bottleneck of the method proposed, can also be automated to speed up 
the methodology and reduce human mistakes using machine learning 
algorithms (Feng et al., 2019; H. Kim and Yoon, 2024). The whole 
process, from sample preparation to Rietveld calculations, can be 
completed in less than 30 min.

With the aim of testing the aforementioned method and validate the 
possible testing protocol, different samples from coarse, fine and ultra- 
fine RAs are substituted to NAs in a fixed proportion into concrete. All 
the RAs samples were previously analyzed using XRPD and the Rietveld 
method, employing the results of the quantitative phase analysis to infer 
the LCP content. Afterward, a fixed mix-design formulation—where the 
cement type, water-to-cement ratio, and mixing and curing procedures 
are kept constant—is adopted for more accurate tracking of the 

microscopic features that emerge from RAs usage. The investigation of 
the concrete microstructure is conducted using lab-based X-ray 
computed tomography (X-ray micro-CT) in conjunction with optical 
microscopy (OM) and scanning electron microscopy (SEM). A detailed 
review of X-ray micro-CT application to cement and concrete materials 
can be found in da Silva (2018). This technique allows the microstruc
tural characterization of a large range of materials in the 
three-dimensional (3D) domain with a non-destructive approach (Baker 
et al., 2012). Ultimately, quantitative data gathered from multi-scale 
analyses—including pore size, geometry, and connectivity—and con
crete mechanical testing, are compared with LCP measurements ob
tained from the novel XRPD-based methodology.

2. Materials and methods

2.1. Natural and recycled aggregates

The NAs used are sand and gravel from the River Po (Italy), which 
are described based on UNI EN 932–3:2022. The gradation of the ma
terials is shown in Fig. 1. The starting CDW contains more than 90 % of 
structural concrete (>40 MPa, 28 days compressional strength), the 
crushed concrete RAs are obtained from the demolition of a structure 
originally composed of white cement. The materials are collected from 
the stock piles in accordance with standard UNE-EN 932-1 (1998). After 
dry sieving (UNI EN 933-1, 2012), the obtained size distributions are 
used to replace NAs in the mix-design (Table 1) maintaining the final 
granulometric curve unaltered.

2.2. Concrete formulation

The mix-design of the concrete is done according to the British 
Department of the Environment (DOE) standard method (Teychenne 
et al., 1997), which targeted a compressive strength of 25 MPa on the 
28th day. Type CEM I Portland cement 52.5 R is used, having a sharply 
different color from the residual white cement paste clinging to the RAs. 
River Po (Italy) sand and gravel are used as both fine and coarse NAs. 
Besides the reference concrete (named NAC) made only of NAs, there are 
notably three other types of mixtures prepared by replacing the NAs 
with three individual classes of RAs having different diameter sizes: 10 - 
4 mm (CRA), 4–0.6 mm (FRA), and 0.6–0 mm (UFRA), although they 
come from the same original source. The replacement percentage of RAs 
is calculated based on the total weight of the aggregate content, entirely 
substituting the corresponding size fraction from the mix-design results. 
The mix-design for all the specimens is presented in Table 1. The 
water-binder ratio is kept at 0.58 in all the mixtures. No chemical ad
mixtures are used.

Fig. 1. Gradation curve of the natural aggregate.
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2.3. Testing protocol

The samples of RAs analyzed, divided into the aforementioned 
classes (CRA, FRA, UFRA), are obtained in the lab using a quartering 
method according to UNE-EN 932–2, 2000. Starting from each RA 
mound, 10 % of the material content is collected and shredded into fine 
powder using a jaw-crusher, followed by a mechanical press. The fine 
powders obtained are directly analyzed through XRPD. From the results 
employing Rietveld quantitative phase analysis, the wt. (%) of the 
different crystalline constituents of the RAs is used to obtain the LCP 
content according to the method proposed in Bisciotti et al. (2024). 
Subsequently, all the designed concrete mixtures have been produced 
according to UNI EN 206:2021. The specimens are cast in laboratory 
conditions and demolded 24 ± 2 h after mixing, then fully submerged in 
water at a temperature of 25 ± 2 ◦C until the age of testing. The 
determination of the flexural and compressive strength is done after 7, 
28, and 90 days of curing. Following a first investigation with OM and 
SEM, the concrete samples are subjected to X-ray micro-CT analysis. 
Different microstructural characteristics of the concrete specimens are 
quantified from the 3D tomographic reconstruction and from further 
image analysis process. The obtained results are compared and dis
cussed. Fig. 2 schematically depicts the testing protocol.

2.3.1. Recycled aggregates analyses and mineralogical model
Using a Bruker D8 Advance Da Vinci diffractometer at room tem

perature, XRPD patterns were collected in the 2 θ range of 5–90◦ at the 
Department of Physics and Earth Science of the University of Ferrara. 
The phase identification was carried out with DIFFRACT.EVA suite 
utilizing the Powder Diffraction File (PDF-2) database maintained by the 
International Centre for Diffraction Data (ICDD). An accurate quanti
tative phase analysis was then performed by the Rietveld profile fitting 
method applied to the X-ray diffraction patterns, using the Bruker 
TOPAS 5.0 software. The results provided a direct weighted (wt. %) 
quantification of the natural fragments dispersed in the RAs, the residual 
clinker minerals, the hydration phases, and of the carbonation products 
resulting from the latter. Four main classes of crystalline micro- 

constituents are defined for the RA materials as follows: 

• Rock-forming minerals (RFM) related to the NAs original fraction 
(quartz, feldspars, chlorite etc.).

• Unreacted-cement (UC) for the anhydrous clinker phases (alite C3S, 
belite C2S, aluminate C3A – calcium aluminoferrite C4AF is not pre
sent here due to the white cement composition).

• Hydrated-cement (HC) for the hydration products (portlandite CH, 
ettringite AFt and AFm phases, namely the hydrated calcium alu
minates based on the hydrocalumite-like structure). For the C-S-H gel 
component, a tobermorite-like structure was used (Mesecke et al., 
2022), and a crystallite size of 1.5 nm was fixed to obtain a profile 
fitting that follows the amorphous content.

• Carbonated-cement (CC) for the calcite polymorphs (calcite, vaterite, 
aragonite).

During the Rietveld calculation, the individual peak shape functions 
of the crystalline constituents were summed and combined with a 
background function. The background was modeled using a three-term 
Chebyshev polynomial equation over the entire 2θ range to maintain an 
almost linear profile. This approach allowed for the visualization and 
quantification of the semi-amorphous C-S-H peak, which overlaps with 
the background and lies beneath the bases of the more crystalline peaks. 
The weight percentages (wt.%) of each crystalline phase were deter
mined based on their peak positions and relative intensities. The good
ness of fit was evaluated using the Residual Weighted Profile (Rwp) 
value and by visually assessing the difference between the observed and 
calculated profiles on the same scale.

2.3.2. Microstructural investigation of concrete
To undertake the microstructure examination, concrete sections 

embedded in epoxy resin from various specimens were observed using 
OM and SEM. The SEM device employed is a JEOL JSM-IT500 with an 
EDS detector and a BSE backscattered electron detector. The acquisi
tions were carried out in low-vacuum mode, allowing imaging and 
analysis of uncoated materials at a gun voltage of 15.0 kV. Concrete 

Table 1 
Material content within the concrete specimen according to the mix-design obtained with the British DOE Standard Method (Teychenne et al., 1997).

Material content (kg/m3)

Mixture Cement NA CRA FRA UFRA Water W/C

NAC 313.64 1822.68 – – – 181.68 0.58
CR104 313.64 1184.80 637.88 – – 181.68 0.58
CR406 313.64 1251.51 – 571.17 – 181.68 0.58
CR060 313.64 1209.05 – – 613.64 181.68 0.58

Fig. 2. Testing protocol for leftover cement paste monitoring and validation from the concrete microstructure.
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specimens of 10x10 × 60 mm were cut and imaged using X-ray micro- 
CT. The micro-CT analyses were performed using a Zeiss XRadia’s 
MicroXCT-400 instrument available at the Materials Department of ZAG 
(Slovenia) with the following operating parameters: voltage = 80 kV, 
source power = 10 W, LE2 filtering, source-to-sample distance = 52.5 
mm, and source-to-detector distance = 150 mm. For each sample, a 
series of 1600 radiographs (projections) was acquired over a total angle 
of 360◦, with an exposure time per projection of 3 s and an effective pixel 
size of 17.6 μm. The tomographic reconstruction was performed using 
the XRM Zeiss reconstruction software. This software also allows to 
apply a beam hardening correction to the images. The resulting recon
structed axial slices are in 16-bit TIFF format. The processing and 
analysis of the reconstructed 3D data was performed using the Drag
onFly software (version 2022.2, free license for academic users) by ORS 
(Canada). The quantitative parameters extracted from the volumetric 
images were selected with an emphasis on the pore system, including 
porosity (volume %), pore size distribution, pore spatial distribution and 
connectivity. After an optimization procedure, the following multi-stage 
protocol was adopted: 

(1) For all imaged specimens, the original reconstructed slices were 
converted to 16-bit raw format, using the Fiji software (Schneider 
et al., 2012), in the same interval of gray level intensities in order 
to compare the gray level values assigned to pores (the darkest 
areas), silica mineral particles (the brightest areas), and the 
cement matrix (the areas with intermediate intensity).

(2) From the overall reconstructed volumes, the background areas 
were removed after defining a Volume of Interest (VOI) from the 
concrete specimens which is made out of cropped rectangular 
prisms. For each imaged specimen, a VOI composed of (365 x 390 
x 830) voxels (corresponding to ca. 6.40 x 6.85 × 15 mm3) was 
selected. The VOI must include all relevant morphological fea
tures of interest, such as the old and new cement matrix, pores, 
and D-ITZ, being at the same time a representative elementary 
volume (REV). Due to the inclusion of aggregate particles, con
crete specimens usually have high pore volume variations and 
low connectivity within similar VOIs (Yio et al., 2017). Therefore, 
the REV assessment was undertaken by evaluating pores disper
sion using the bounding box approach (Al-Raoush and Papado
poulos, 2010).

(3) The sample microstructure is composed of different phases of 
interest having broad compositional variability identified after 
the raw materials analysis (See Sec. 2.3.1). The main feature of 
interest is the porosity distribution. The 3D images were pre
processed with a grayscale-to-grayscale filter to reduce the noise 
and enhance its edges. A median filter wasafterwards appliedto
gether with an unsharp filter to enhance the contrast and reso
lution of very fine pores. The resulting image was then segmented 
to obtain the binary distribution for the objects of interest. We 
adopted a semi-automated threshold-based segmentation process 
to optimally identify the pores by applying the 3D Otsu method 
(Otsu, 1979). The pores touching the edges of the ROI prism were 
excluded from the analysis in order to conduct a study only on the 
inner representative features. Quantitative analysis was carried 
out on this preprocessed image. For a meaningful description of 
the VOI, pores with volume less than 8 voxels were excluded from 
the quantitative analysis.

(4) After the segmentation procedure, it was possible to calculate the 
volume (%) of pores and to determine their spatial 3D distribu
tion within the cement matrix as well as the main properties of 
interest such as geometrical features and connectivity. All this 
information was obtained after completing a skeletonization of 
the pore phase using the tool available in the Dragonfly software. 
This method allows extraction of the “spine” of a 3D object, 
generating a node at each pore location and node-to-node 
branches. Analyzing the skeleton morphology allows for a 

simpler 3D depiction of the pore network, providing quantitative 
data such as the number of nodes and the branch distribution 
(Zandomeneghi et al., 2010).

(5) Numerous statistical attributes were computed for each individ
ual pore, in addition to their volume percentage (total porosity). 
These parameters were chosen after a review of the literature and 
variables found in studies on the porosity in bricks and other 
building materials. Among them, six parameters wereselected to 
characterize the microstructure of the investigated concrete 
samples, namely: pore volume, aspect ratio, sphericity and mean 
Feret diameter, as well as skeleton Euclidean length, and number 
of skeleton branches.

3. Results

3.1. X-ray powder diffraction and rietveld refinement

The XRPD pattern collected from the CRA, FRA and UFRA samples 
provides a unique ‘fingerprint’ information on the crystalline constitu
ents from the bulk RAs assemblage. The Rwp values are displayed 
together with the measured and calculated profiles (Fig. 3). The results 
of the quantitative phase analysis applied to the X-ray diffraction pat
terns of the RAs are shown in Table 2.

From the peak positions, the occurrence of residual cement minerals 
(C3S, C2S, C3A) and other secondary crystalline phases, which represent 
the hydration and carbonation products of the LCP, was identified. The 
C3S phase used is the monoclinic form (M3), based on the CIF file 
determined in De La Torre et al. (2002). The C2S employed is in the alpha 
form, which has a hexagonal structure (Mumme et al., 1995). C3A is 
instead in the cubic space group, according to de Andrade Gobbo et al. 
(2004). The profile shape for the C-S-H semi-amorphous phase comes 
from the CIF file of 14 Å tobermorite, a crystalline natural analogue of 
C-S-H (Grangeon et al., 2013). By imposing a crystallite size below 5 nm, 
the C-S-H semi-amorphous structure was modeled (Duque-Redondo 
et al., 2022; Mesecke et al., 2022). Besides AFt (ettringite), two main 
AFm phases are identified, namely (1) and (2), respectively the 
hemi-carbo aluminate form and the mono-carbo aluminate one 
(Renaudin et al., 1999). The minerals accounting for RFM are mainly 
silicates and carbonates. Hence, the occurrence of feldspars, quartz, 
dolomite, iron-minerals (hematite and goethite) likely pertains to the 
original NA counterpart fragments. Hornblende, as well, is a common 
mineral often associated with volcanic and metamorphic rocks. Other 
phyllosilicate minerals (muscovite and chlorite) could mainly result 
from the fine NAs originally used or occasionally from soil mixing during 
disposal of CDW. Calcite is therefore present either as an aggregate 
(primary) or, more importantly, as a main carbonation product (sec
ondary), together with vaterite and aragonite. Both primary (type-1) 
and secondary (type-2) calcite are revealed by the shape of main peak at 
29.6◦ 2θ. The coexistence of two calcite types was modeled using two 
structures having different crystallite sizes: a type-1 calcite with an 
average crystallite size above 80 nm and a type-2 calcite with a value of 
25–35 nm.

3.2. Mineralogical model

The results of the XRPD Rietveld quantitative phase analysis were 
used to obtain the volume of RFM, UC, HC, and CC for the different RAs 
used. The partial steps of calculation and relative volumes can be found 
in Table II of the Supplementary Materials. The results (Fig. 4) show that 
CRA have a higher volume fraction of RFM (%) related to the NAs 
counterpart (73 %), whereas for the FRA and UFRA, the values are 
progressively decrease (respectively 61 and 41 %). The opposite trend is 
found for the HC (%) volumes, which account for 25 % in the CRA, 37.5 
% in FRA and 50 % in UFRA. A similar trend is observed for the UC%. 
The CC (%) is eventually very similar acrossall the different samples, 
accounting for only a few percentage points. In conclusion, from the sum 
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of the mentioned components, excluding the RFM (%) content, it is 
possible to assess the total LCP (%) content, which is found to be 59 % in 
UFRA, 39 % in FRA and 27 % in CRA.

3.3. Concrete microstructure analysis

The properties of the concrete samples, such as the cement matrix, 
aggregates, and ITZ surroundings, were also captured and outlined using 
OM. The new cement paste is gray, while the old LCP is composed of 
white cement, making it easy to distinguish between RAs and NAs. The 
reference concrete sample NAC is characterized by irregularly shaped 
NA grains with varying sizes well graded and evenly distributed 
(Fig. 5a). Quartz, feldspar, and rock fragments (e.g., granite, basalt, 
limestone) are common and have a spherical geometry, being river 
sediments. The petrography of sand and gravel from the Po’ river, based 
on OM analysis, is provided in Table I of the Supplementary Materials. 
The cement paste matrix has a fine texture, forming an interwoven and 
homogenous mix with no local segregation (Fig. 5b). In sample RC104, 
multiple CRA particles can be seen and the LCP distribution appears 
uneven, where some grains are fully covered while others are only 
partially surrounded (Fig. 5c). This condition is a direct consequence of 
the crushing process of the original concrete-CDW source. (Chen et al., 
2024). The variable LCP distribution results in the developing of ITZ 
(Fig. 5d). The concrete matrix seems gap-graded, with CRA particles 
generally larger than the corresponding NAs (within the same 10-4 mm 
size). However, the overall texture and mix remains comparable to the 
reference NAC.

The same cannot be said for RC406, which differs from the refence 
concrete. The ITZ layers formed after the introduction of FRA extend 
into a void area (Fig. 6e), showing a greater impact of LCP on a larger 
scale. Although the mix homogeneity and the aggregate gradation re
mains adequate, the matrix is less coherent, and local segregation, 
micro-cracks, and voids can be observed in the surroundings of the RAs 
(Fig. 6f). An even greater impact is observed in RC060, where the 
presence of UFRA significantly alters the cement texture and color, 
giving it a more brownish hue. (Fig. 6g). This is likely a consequence of 

Fig. 3. XRPD diffraction patterns for the ultra-fine recycled aggregates (UFRA), fine recycled aggregates (FRA), and coarse recycled aggregates (CRA). The blue 
profile is the measured pattern, the red profile is the Rietveld calculation, the yellow is the C-S-H semi-amorphous profile and the black one the residual profile. The 
main peaks of the UC, HC and CC phases are shown. For the abbreviations, refer to Table 2.

Table 2 
Rietveld quantitative phase analysis of the studied RA samples (UFRA, FRA, 
CRA) with the wt.% of mineral phases identified and classified as unreacted 
cement (UC), hydrated cement (HC), carbonated cement (CC), and rock forming 
minerals (R).

Mineral phases Groups UFRA FRA CRA

Calcite type-1 RFM 23.91 53.08 55.16
Quartz RFM 7.14 3.54 9.29
Albite RFM 0.96 0.00 1.88
Orthoclase RFM 0.94 1.52 1.37
Chlorite RFM – 0.43 0.39
Muscovite RFM 2.80 1.27 2.16
Dolomite RFM 3.61 1.13 2.28
Lizardite RFM 0.12 0.00 0.02
Goethite RFM 0.18 0.04 0.03
Hematite RFM 0.17 0.1 0.02
Horneblende RFM 0.00 0.2 0.34
Kaolinite RFM 1.35 0.00 0.45
Tricalcium Silicate (C3S) UC 3.74 0.23 0.19
Dicalcium Silicate (C2S) UC 2.21 0.52 0.60
Gypsum (Gyps.) UC 0.13 0.40 0.36
C3A UC 0.15 0.04 0.05
C-S-H HC 43.31 34.92 24.35
Ettringite (AFt) HC 2.27 0.54 0.18
AFm (1) HC 1.35 0.61 0.63
AFm (2) HC 0.24 0.00 0.03
Portlandite (CH) HC 1.95 0.84 0.20
Calcite type-2 (Calc.) CC 3.06 0.40 0.00
Vaterite CC 0.41 0.21 0.02
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higher content of fine clays and other soil minerals, as also indicated by 
the XRPD analysis (Table 2). The matrix is also gap-graded, and local 
segregation is common. Although RAs are not visible, high- 
magnification observation reveals that the LCP structure, and there
fore of ITZ, is preserved even in the finest grains. (Fig. 6h).

The SEM investigation of concrete specimens provides both impor
tant morphological information and semi-quantitative chemical point 
analyses using the EDS detector. From the chemical perspective, the LCP 
composition closely resembles that of the fresh cement paste (Table III of 
Supplementary Materials). LCP exhibits higher calcium (CaO, 58–63 %) 

and lower silica content (SiO2, 25–28 %) compared to the fresh cement 
paste, which has an inverse trend, with SiO2 (45–50 %) and (CaO 29–34 
%). These differences mainly arise from the superior carbonation degree 
of the LCP, which has also altered the morphology of the RAs (Fig. 7a). 
Another distinguishing feature is the slightly higher iron and alumina 
content in the fresh cement paste, which reflects the presence of clinker 
minerals like C3A and C4AF. Due to their comparable calcium-silicate 
nature, the D-ITZ is the main distinct feature indicating the presence 
of RAs (Fig. 7b). Indeed, the D-ITZ appears as an outer, lighter rim with 
voids and deformation zones within the new cement paste. It was 

Fig. 4. Pie charts of the volume reconstructions according to the XRPD mineralogical model.

Fig. 5. Optical microscopy images of NAC and RC104 concrete specimen sections.

Fig. 6. Optical microscopy images of RC406 and RC060 concrete specimen sections.

Fig. 7. SEM images of studied samples and BSE chemical semi-quantitative results from the point analyses.

A. Bisciotti et al.                                                                                                                                                                                                                                Developments in the Built Environment 23 (2025) 100709 

6 



possible to measure the D-ITZ average thickness, which, in agreement 
with previous literature, is found to be around 20 μm, although with 
considerable variations depending on the LCP content (Le and Bui, 2020; 
R. Wang et al., 2020). In the new cement paste of recycled concrete 
aggregate, following the BSE/EDS point analyses, the widespread pres
ence of unreacted cement grains (e.g., C3S - characterized by a 
well-preserved rectangular morphology) has been observed, particularly 
prominent in the proximity of RAs (Fig. 7c).

3.4. X-ray computed microtomography results

Based on the reconstruction of the micro-CT images (Fig. 8), a 
sequence of image processing operations was performed to quantify the 
sample’s main features of interest (See Sec. 2.3.2).

The characteristic diameter of the RAs utilized (CRA, FRA and UFRA) 
is found to have a direct influence on shaping the porosity developed 
inside the cement matrix (Fig. 9). Both total porosity (%) and pore 
volume (mm3), which is a measure of the average volume for the whole 
porosity distribution, decline linearly when RAs of smaller size are 
replaced in the reference mix-design (Table 3).

For the porous phase, diameters, volumes, surface areas, and sphe
ricities of pores have been obtained, along with color-coded visualiza
tions according to pore attributes. Numerous statistical attributes were 
computed for each individual pore, as shown in Table 3, in addition to 
their volume percentage (total porosity). The geometry of pores changes 
with the use of different RAs; the aspect ratio is higher for the RC060 
(0.70) and steadily decreases until it reaches the NAC reference sample 
(0.64). The sphericity of the pores, which indicates the general geome
try, exhibits the maximum value (0.94) in the NAC sample before 
steadily declining to the RC060 (0.91). The mean Feret diameter, which 
yields a mean value of the pore’s diameter, shows that from the RC060 
(0.06 mm) to the NAC sample (0.11 mm), the value doubles.

Furthermore, the score plot of the entire data distribution for the 
pores’ volume displays some other interesting features (Fig. 10). While 
the NAC reference concrete has a conventional porosity distribution, 
with the prevalence of pores larger than 0.5 mm3, all the other concrete 
specimens containing RAs exhibit a somewhat opposite trend. In these 
samples, finer pores with a maximum volume of 0.005 mm3 prevail, 
which are not found in the reference concrete. It is worth mentioning the 
trend involving the fraction of the smallest pores within the recycled 
concrete itself (p. < 0.005 mm3), whose contribution linearly increases 
with the inclusion of smaller-sized RA, from CR104 (around 350 counts) 
to CR060 (around 450 counts).

Another significant piece of information obtained from the micro-CT 
analysis involves the evaluation of the skeleton Euclidean length values 
and connectivity density (Table 3), which characterize the extension and 
number of possible paths that connect node-to-node and node-to-end 
branches, measured from a dense graph of the individual pores. From 

the skeleton Euclidean length (mm), the maximum distance in the 
porosity network is found in the reference natural aggregates concrete 
(NAC), with this value gradually decreasing with the introduction of 
smaller-diameter RAs. The count of skeleton branches, with lengths 
between 0 and 0.2 mm, displays even broader differences. RC060 has 
more than 80,000 local pores connections (Fig. 11). Comparing the 
other samples, we observe that the order of magnitude is roughly 10 
times higher. In this regard, it is also interesting to point out that sample 
RC104 has less pore skeleton branches than the reference sample NAC.

3.5. Mechanical testing

The mechanical test results for the analyzed concrete specimens 
show a non-uniform pattern that explains the positive or negative 
impact of replacing NA with RAs in regular mix-design. As prior work 
has already shown (B. Wang et al., 2021a), there are significant varia
tions between coarse (4–10 mm in size) and fine (below 4 mm in size) 
RAs utilization. Following 28 days of curing, the use of fine RAs, as 
observed for samples RC060 and RC406, led to a decrease of 38 % and 
27 %, respectively, in comparison to the reference concrete’s mechani
cal strength. In contrast, the use of coarse RAs, as in sample RC104, 
allowed to achieve a mechanical strength 7 % higher than of the refer
ence NAC sample (Fig. 12). The observed reduction of mechanical 
properties at 90 days of curing for recycled aggregate concrete samples 
can be due to the aggregate-cement paste weakening caused by moisture 
absorption from the LCP that affects the bond strength, as reported 
previously (Etxeberria et al., 2007; Poon et al., 2004). This condition 
represents a substantial threat for the durability and safety of con
structions that encompass RAs (J.C. Liu et al., 2023).

4. Discussion

4.1. Raw materials analyses and mineralogical model

The adoption of the XRPD method for characterizing RAs provides a 
rapid (less than 30 min) and precise approach for achieving a compre
hensive volumetric reconstruction of the key features of these secondary 
raw materials (Fig. 4). Compared to other available testing methods for 
RAs, XRPD offers several advantages, particularly in assessing the LCP 
content. Beyond its fast acquisition time, this method also demonstrates 
superior reliability. Moreover, as noted in Section 3.3, RAs show 
considerable sample variability, with certain grains differing signifi
cantly from the rest. Since XRPD analyzes bulk samples, it delivers a 
more representative description compared to microscopy and SEM in
vestigations, which may be less accurate depending on the focus of the 
observation and on the operator’s expertise. Physical methods—such as 
freeze-thaw cycles, mechanical shredding, oven-dried density, and 
thermal disaggregation—are highly dependent on the properties of LCP 

Fig. 8. 3D rendering of the investigated volume of interest (10 x 10 x 60) mm for different concrete specimens.
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(Pepe et al., 2014). Significant variations in the adhesion strength of the 
LCP arise due to differences in the original cement type, 
water-to-cement ratio, aging conditions, carbonation degree, and other 
factors. Consequently, applying the same protocol can lead to incon
sistent outcomes, compromising the reproducibility of the method. In 
contrast, the XRPD-based method proposed here identifies crystalline 
products associated with the LCP component based on their diffraction 
peak positions, which serve as unique fingerprints. These fingerprints 
are then translated into weighted volume information using the Rietveld 
method (Le Saoût et al., 2011). The accuracy of the results can also be 
monitored and assessed through the Rwp values, which quantify the 
difference between the reconstructed and measured XRPD profiles 
(Fig. 3). Eventually, RAs can be classified from high-quality to 
low-quality materials based on the ratio between RFM and LCP content. 
Indeed, the RFM value represents the volumetric reconstruction for the 
group of minerals attributed to the original aggregate embedded in the 
RAs. These fragments, mainly composed of silicate minerals, are pri
marily responsible for the positive contribution to the final mechanical 

performance of concrete. The anhydrous cement phases (UC) are clinker 
minerals that have not fully reacted during the hydration process, this is 
a normal and well-documented condition affecting cement pastes 
(Jansen et al., 2018). Identifying the UC minerals from XRPD is a basic 
task, and multiple papers document and explain the procedure (Aranda 
et al., 2012). More challenging are the measurements of HC and CC, 
which also contribute to the overall content of LCP. The C-S-H gel is the 
major product of the cement hydration process (Nonat, 2004), due to its 
poorly crystalline nature it is typically included in the XRD amorphous 
fraction, which can also be measured using different XRPD approaches 
ranging from the use of an internal standard to more complex ones (H. 
Kim and Yoon, 2024; X. Li and Scrivener, 2025). In the present research, 
with the aim of speeding up the procedure, the C-S-H has been measured 
through the Rietveld procedure by modeling a tobermorite-like struc
ture with a small crystal size (below 5 nm). A more precise approach 
could result from the use of an internal standard, which, on the contrary, 
would increase the time needed. The method has been previously tested 
and described (Mesecke et al., 2022). Additionally, the Rietveld 
approach is also used to model the bi-modal crystallite size distribution 
of calcite. When analyzing concrete containing both limestone aggre
gates and carbonated cement paste using XRPD, the primary calcite peak 
at 29.6◦ 2θ often appears asymmetric. As discussed in Section 3.1, this 
asymmetry arises from the presence of two distinct calcite phases. The 
secondary calcite resulting from the carbonation of the LCP has a smaller 
crystalline site, and therefore can be distinguished from the primary one 
coming from the limestone content (Bisciotti et al., 2024). In conclusion, 
within the studied RAs it is found that the content of LCP increases 
exponentially with the decrease in the diameter. In agreement with most 
previous literature data (de Juan and Gutiérrez, 2009; Mazhoud et al., 
2022).

4.2. Concrete microstructure investigation

The microstructure examination conducted through OM and SEM 
(Sec. 3.3) allowed the observation of the main macroscopical and 
microscopical features of the NAs and RAs and their relative impact on 
the concrete matrix. A primary difference between the two lies in the 
shape, geometry, and volume of the aggregates, in these aspects, RAs 
differs from NAs being largely influenced by the LCP content. This 

Fig. 9. Results of image processing and analysis for the reference sample NAC. a) Reconstructed slices in the main axial directions, b) the same slices after processing 
and segmentation, c) 3D total porosity distribution.

Table 3 
Mean values of the variables obtained from the multi-ROI analysis used to describe the pore distribution for the different samples.

Samples Total porosity 
(%)

Pores volume 
(mm3)

Pores aspect 
ratio

Pores 
sphericity

Mean Feret diameter 
(mm)

Skeleton Euclidean Length 
(mm)

Connected skeleton branches 
count

NAC 5.4 0.008 0.64 0.94 0.11 0.18 6918
RC104 5.6 0.007 0.66 0.93 0.11 0.18 5989
RC406 6.7 0.004 0.66 0.93 0.10 0.17 8225
RC060 7.8 0.002 0.70 0.91 0.06 0.11 80640

Fig. 10. Bar charts plot of the pore (p) volume (mm3) distribution within the 
studied samples.
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variation directly impacts gradation and grain size distribution, ulti
mately affecting the concrete’s final properties (Q. Liu et al., 2024; Ren 
et al., 2024). While CRA does not appear to significantly alter the con
crete mix compared to the reference sample, FRA and UFRA introduce 
major secondary effects, such as local segregation, alteration of cement 
texture, and the formation of porosity and voids associated with the 
D-ITZ. The D-ITZ, also known as ITZ4 - new mortar-bonded mortar (Lu 
et al., 2024), mainly represents void areas within the concrete matrix. Its 
development results from the local absorption and subsequent release of 
water from the LCP, affecting the hydration degree of the fresh cement 
around it (Erdem et al., 2018; Vargas et al., 2017). Clear evidence of this 
process is the presence of unreacted clinker minerals in the proximity of 
RAs, observed by SEM analyses, which indicates that the latter inter
acted with the fresh cement paste, absorbing part of the mixed water, 
locally hindering the process of hydration. This effect has shown a 
higher magnitude in the presence of UFRA, indicating higher absorption 
from the LCP. Again, following SEM imaging, the thickness of the D-ITZ 
layers was found to be in the range of 20–100 μm, as already described in 
previous literature (Fang et al., 2023), based on this evidence, the pixel 
size resolution for the micro-CT analysis was set below this value. As 

shown by the SEM-EDS chemical analysis, the main difference between 
LCP and fresh cement paste mainly lies in the carbonation degree. 
Therefore, this feature may represent a key parameter in controlling the 
interaction between RAs and new concrete, as observed in previous 
studies (J. Zhang et al., 2015).

Following the Micro-CT investigation, the total porosity inside the 
different concrete specimens was found to soar with the substitution of 
RAs, and with the reduction of the RAs’ mean diameter (see total 
porosity (%) in Table 3). In detail, all of the RC specimens developed 
capillary porosity (volume size <0.05 mm3), which is less abundant in 
the reference NAC sample (Fig. 13). Taking into account the size of the 
pores, using the mean Feret diameter (Table 3), the average radius of the 
pores is almost two times higher in the NAC sample (0.11 mm) 
compared to the RC specimens (0.06 mm). The number of small pores 
increases as the size of RAs decreases, peaking in the RC060 sample and 
diminishing through the RC406 and RC104 specimens.

The geometry of the pores described by their aspect ratio and 
sphericity values (Table 3) indicates that the use of finer RAs leads to the 
formation of more equidimensional pores (similar max/min axis) even if 
they are less spherical. Larger pores, albeit less uniform, are primarily 
found in NAC and are caused by entrapped air voids, which range in size 
from 50 to 300 μm, created during compaction and mixing stages. On 
the other hand, in the presence of RAs, widespread capillary pores are 
formed, which are more uniform and usually range in size from 10 nm to 
10 μm. These pores develop when the fresh cement paste and the LCP 
interact (Sáez del Bosque et al., 2017; Zhan et al., 2020). Afterward, the 
pore skeletonization evidenced a correlation between the formation of a 
tight network of capillary pores and the decrease in the RAs’ diameters. 
The information from the skeleton Euclidean length (mm) represents 
another key description of the pore distribution in the cement matrix. 
The use of small-diameter RAs causes the length of local-scale connec
tions within the pores to decrease, as shown by the color visualization 
(Fig. 14). Eventually, with adoption and subsequent reduction of RAs 
size, the capillary pores formed are smaller, more frequent, and wide
spread, resulting in an increase in pore density connectivity (Table 3). 
This latter circumstance has a large impact on the overall microstructure 
of the concrete, representing diffused voids and unbound areas formed 
in the surroundings of RAs, specifically in the proximity of leftover 
cement paste. It is therefore possible to conclude that the described 
capillary porosity is effectively part of the D-ITZ layers.

Fig. 11. Skeleton Euclidean length (mm) bar charts for the different specimens.

Fig. 12. Bar chart of the compressive strength after 7, 28 and 90 dd of curing.
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4.3. From the mineralogical model to the concrete properties

The importance of monitoring RAs quality, particularly in terms of 
LCP content, has been highlighted by the resultant impact on concrete 
microstructure and mechanical properties. For the studied samples, the 
content of LCP, as previously described, increases linearly with the 
decrease in the RAs’ diameters 27 % in CRA, 39 % in FRA and 59 % in 
UFRA, in agreement with previous studies (Florea and Brouwers, 2013). 
These data, obtained from the XRPD analyses, are eventually compared 
with the information on the concrete microstructure obtained from the 
Micro-CT investigation. The number, volume, geometry, and network of 
pores are directly shaped by the RAs usage and especially by the LCP 
content. As the latter increases from 0 % (NAC samples) to 59 % 
(RC060), the average pore volume decreases from 0.08 mm3 to 0.002 
mm3, representing a 75 % reduction. Simultaneously, the aspect ratio 
and sphericity of the pores are also affected, albeit to a lesser extent. The 
most significant impact, however, appears to result from the skeletoni
zation of the pore matrix. When UFRA replaces NAs, the number of 
connected pores surges from approximately 7000 to nearly 80,000—a 
tenfold increase. This finding is particularly critical for understanding 
the corresponding deterioration in the mechanical properties of concrete 
incorporating these fine fractions of RAs. As previously discussed, the 
development of this capillary-connected porosity reflects the formation 
of D-ITZ layers, where the microcracks are known to be preferentially 
generated under loading (Xiong et al., 2016). Eventually, the macro
scopic characteristics of concrete, like the mechanical performance, are 
also affected by the types of pores and their distribution, and therefore 
also directly by the LCP content (Kumar Mehta and Monteiro, 2006).

5. Conclusions

Existing protocols for measuring LCP content in RAs span a wide 
range of approaches, although a great number of them might not be 
accurate, reproducible, or fast enough. At the same time, monitoring the 
LCP content appears to be a mandatory step in assessing the quality of 
RAs. The method adopted and discussed in the present work, based on 
XRPD and Rietveld refinement, represents a valid, accurate, and fast 
protocol for the precise determination of this feature. Future de
velopments could explore the use of machine learning to automate the 
Rietveld protocol following XRPD measurements, minimizing human 
errors and standardizing the procedure. Besides LCP quantification, the 
same method, can be further adopted to quantify the ratio of NAs present 
(RFM%) to other unwanted mineral components in CDW (ceramic, tiles, 
gypsum etc.). Moreover, the ageing of the CDW can be tracked (based on 
CC%), together with the disposal conditions. Based on such information, 
treatment methods can be chosen to improve CDW properties and/or to 
determine the best operating conditions for recycling in new applica
tions, which may differ from the production of RAs, such as carbon 
capture and storage, clinker production, or the production of supple
mentary cementitious materials.
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