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Abstract: The use of ballast in tracks generates waste that, in most cases, is destined for
landfill. The proposal to use this waste as a replacement in OPC in different proportions
valorizes the waste and allows its participation in the Circular Economy. To this end, two
samples of ballast waste with substitution ratios (10, 15, and 20%) were studied for one
year using pozzolanic activity, XRD, SEM/EDX, and CT scanning analysis. The shortest
setting times corresponded to the ballast waste substitutions with the highest percentage,
which is related to particle size and the presence of amorphous material, thereby reducing
the setting time. The workability of mortars with a substitution indicates that the average
consistency decreases as the substitution percentage increases, while the loss of fluidity
grows with a higher substitution percentage. Porosity is linked to the formation of C-5-H
gels and the presence of ettringite, which fills the pores between particles. Tortuosity can be
considered low, which hinders the transport of aqueous solutions, making the substituted
cements studied more resistant to hydration processes.

Keywords: CDW ballast; pozzolanic reaction; supplementary cementitious material; poros-

ity

1. Introduction

The utilization of construction and demolition waste produced in cement manufac-
turing is one of the challenges facing modern society. One of the least well-known types
of waste is that generated after the useful life of ballast, which serves as a substrate for
railway tracks.

The design and operation of railway systems must comply with both technical and
legal requirements. Today, two main types of railway substructures are used worldwide:
ballasted track systems and ballastless track systems. A ballasted track consists of a pair of
rails, sleepers, and fastening systems supported by a ballast layer. Its main advantage lies in
its low construction cost and effective drainage performance, although regular maintenance
is always required [1]. In contrast, ballastless tracks feature a concrete roadbed in which
the sleepers are embedded—commonly known as a slab track [2].

Mineralogically, ballast waste consists of silicates and kaolinitic clay minerals [3].
Most of this waste is either used as inert material or stored in waste dumps or landfills,
presenting significant technical, economic, and environmental challenges.

With continued use, ballast becomes rounded and loses the properties that make
it suitable for supporting the weight of the track structure, ultimately turning into inert
waste that is sent to landfills. However, different studies have shown that this waste can

Appl. Sci. 2025, 15, 5605

https:/ /doi.org/10.3390/app15105605


https://doi.org/10.3390/app15105605
https://doi.org/10.3390/app15105605
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-7130-7945
https://doi.org/10.3390/app15105605
https://www.mdpi.com/article/10.3390/app15105605?type=check_update&version=2

Appl. Sci. 2025, 15, 5605

2of 16

be repurposed, particularly as supplementary cementitious material (SCMs), replacing
cement in different proportions for cement and concrete production. The incorporation
of various types of waste into cement—such as fly ash, slag, sewage sludge, plant waste,
and, more broadly, construction and demolition waste, including ballast waste—is a widely
accepted practice.

Supplementary cementitious materials (SCMs) are multiphase heterogeneous mate-
rials whose properties are influenced by the characteristics of each component [4]. This
necessitates the study of the microstructure of the construction element, which has been
carried out in different works using mercury intrusion porosimetry (MIP), one of the most
widely used techniques for determining pore size distribution, from capillary pores to air
voids in cement paste samples [5]. X-ray diffraction (XRD) can be employed for qualita-
tive and semiquantitative analysis of the components present in powdered samples [6].
Scanning electron microscopy (SEM) provides microstructural information on the sample
surface through high-resolution imaging [7]. Additionally, nuclear magnetic resonance
(NMR), a non-destructive technique, can be used to examine extremely fine components
such as C-S-H gels and capillary pores [8,9]. The pore structure is one of the most crit-
ical characteristics of cement-based materials, directly affecting mechanical properties,
transport properties, and durability.

The microstructure of these materials has been characterized through various prop-
erties, including permeability [10,11], thermal conductivity [12], strength [13], carbon-
ation [14-16], freeze—thaw resistance [17], chloride attack resistance [18], porous struc-
ture [19-21], pore connectivity [22], hydration [23-25], damage evolution [26], and deterio-
ration [27], along with physical properties such as mass diffusivity [28], among others.

Recently, X-ray micro-computed tomography (u-CT) has contributed significantly
to the study of porous structures in materials [29], as it does not require special sample
preparation. This aspect is particularly important for studies involving Portland cement-
based materials, where many conventional sample preparation procedures can alter the
structure of the cement paste.

The role of additives in cement-based systems has been extensively studied, not only
for sustainability and cost-effectiveness, but also due to the advantages these materials
provide in the final cement product [30]. The cost and environmental impact of cement pro-
duction are constrained by sustainability concerns, and also by the benefits associated with
pozzolanic binders added to cement. In addition to these advantages, blended materials
exhibit improved micro- and macrostructural properties [31]. When pozzolanic materials
are incorporated into cement-based systems, they react with portlandite formed during
cement hydration [32], modifying both fresh and hardened-state properties. Changes in
particle size distribution influence setting times [33] and viscosity. At early hydration
stages, pozzolanic materials act primarily as fillers, increasing the effective water-to-binder
ratio and reducing hydration heat [34,35]. At later stages, they contribute pozzolanically,
enhancing cement properties. These structural modifications improve macro-properties,
such as expansion control [36] and durability [37].

The aim of this study is to analyze the behavior of novel silico-aluminous mineral
additions with pozzolanic activity and added value in cement manufacturing and similar
materials. Specifically, the study investigates the use of railway infrastructure waste—track
ballast—as a replacement material in pozzolanic cement for applications in slab tracks and
concrete sleepers. The research aims to evaluate the pore structure (porosity and other
morphological parameters) of a cement matrix composite using u-CT on an intact sample.
Initially, the pozzolanic characteristics of the materials and their workability in their raw
state will be examined.
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2. Materials and Methods
2.1. Materials

Two types of rock samples, used as ballast in track renewal works near the extraction
site, were selected for this study. To simulate ballast residue, rock fragments were subjected
to the Los Angeles abrasion test [38], which assesses the suitability of ballast for its intended
use under the conditions specified in Annex C of the standard [39]. The abraded material
was collected for use in the tests conducted in this study.

e  Sample B-1: Hornfels with a granoblastic texture, matte luster, and opaque colors. The
extraction area is located in Aldeavieja, Avila (Spain) [40] (Figure 1).

e  Sample B-2: Dark-colored porphyritic rock. The sampling area is located on carto-
graphic sheet No. 531 of the Geological Map of Spain (scale 1:50,000), “Avila de los
Caballeros” (Avila, Spain) [41] (Figure 2).
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Figure 1. Sample B-1. (a) General view of the quarry. (b) Geological map of the area. (c) Aerial
photograph. (d) Hand-shown material. Source: Google Earth Pro. Scale: 1:1000.

Mortar specimens were prepared using ordinary Portland cement (CEM I 42.5N) and
mixtures of the same cement with 10%, 15%, and 20% replacement of the selected waste
material. The specimens were produced in accordance with relevant standards [42—-45],
with dimensions of 4 cm X 4 cm X 16 cm for testing. When preparing mortars with
replacement materials, grain size is a crucial factor. According to [46], replacement levels
around 10% can improve mechanical and elastic properties when different particle sizes
are combined, preventing homogeneity.
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Figure 2. Sample B-2. (a) General view of the quarry. (b) Geological map of the area. (c) Aerial
photograph. (d) Hand-shown material. Source: Google Earth Pro. Scale: 1:700.

The ordinary Portland cement (OPC) used in this study is CEM 142.5 R, supplied by
the Lafarge Holcim cement plant in Villaluenga de la Sagra (Toledo, Spain). The sand used
is a UNE-EN 196-1 standardized natural sand [47], with a silica content of >98%.

2.2. Methods

The particle size distribution was determined using laser diffraction spectrometry
(LDS), within a measurement range of 0.1 pm to 1750 um. The analysis was performed
with a Sympatec Helos 12 LA spectrometer (Sympatec, Clausthal-Zellerfeld, Germany) in
a wet system, where the samples were subjected to shaking and ultrasound treatment to
maximize particle dispersion in a non-reactive liquid—in this case, isopropyl alcohol.

The solid phase identification was carried out by X-ray diffraction (XRD) using a
SIEMENS D-5000 X-ray diffractometer (Siemens, Madrid, Spain). The unoriented powder
diffractogram was recorded within a 5° to 60° range, at a scan rate of 2° per minute. The
X-ray generator tube used a tungsten filament with a copper anode (Cu K« radiation). The
applied current and voltage were 30 mA and 40 kV, respectively, while the divergence and
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receiving slits measured 1° and 0.18°, respectively. Phase identification and quantification
were performed using Match! v.3 and Rietveld FullProf software (version 8.20), with
data from the Inorganic Crystal Structure Database (ICSD) and the Crystallography Open
Database (COD), using rutile as an internal standard.

For SEM/EDX analysis, a PHILIPS XL scanning electron microscope (Philips, Eind-
hoven, The Netherlands) with a tungsten source was used. Samples were fixed onto
a metallic sample holder with double-sided graphite adhesive tape and, subsequently,
gold-coated using a BIO-RAD SC 502 sputter coater (Bio-Rad Laboratories, Inc., Hercules,
CA, USA) to ensure conductivity. The same electron microscopy system was used for
point chemical analysis, employing energy-dispersive X-ray spectroscopy (EDX) with a
silicon/lithium detector and a DX4i EDX analyzer (IXRF Systems, Hillsboro, OR, USA).

Since the mechanical strength of cement-based materials is closely related to the
microporosity of the cementitious matrix, this characteristic was assessed using X-ray
computed tomography (CT). A NIKON XT-H-160 CT scanner (Nikon, Leuven, Belgium)
was used, equipped with a W-target, a 0.375 mm Cu filter, and a 708 ms exposure time per
frame, capturing a total of four frames with 1100 to 155 kV and 57 pA settings. This setup
allowed for cross-sectional imaging of the internal structures.

To evaluate pozzolanic activity, an accelerated method was applied. In total, 1 g of the
sample was placed in 75 mL of a saturated calcium hydroxide solution (17.68 mM/L) at
40 °Cfor 1, 7, 14, 28, and 90 days. At each time interval, the solution was vacuum-filtered
through a Biichner funnel, and the calcium ion concentration, expressed as calcium oxide
(fixed lime), was determined following the procedure detailed in the standard [48].

The chemical characterization was performed using inductively coupled plasma mass
spectrometry (ICP-MS) with a PerkinElmer Elan 6000 spectrometer (Perkin Elmer, Wellesley,
MA, USA), equipped with an AS91 automatic injector.

3. Results and Discussion

3.1. Initial Samples
3.1.1. Mineralogical Composition

Sample B-1. The mineralogical analysis is presented in Table 1. The composition is
dominated by silicates, which are the most abundant minerals. Notable phases include
biotite, quartz, kaolinite, and hematite. In terms of feldspars, the sample contains orthoclase
(potassium aluminosilicate) and albite (sodium aluminosilicate), along with a fraction of
amorphous material.

Table 1. Rietveld quantification of the studied samples (RB and X? = agreement factors; n.d. = not
detected).

Ballast R Biotite Kaolinite  Quartz Orthoclase Albite Aﬁ‘;g:;:lu S Hematite Labradorite
Waste B (%) (%) (%) (%) (%) (%) (%) (%)

B-1 16.5 30 7 29 6 14 10 4 n.d.

B-2 12.3 35 6 21 5 n.d. 6 4 23

Sample B-2: Its mineralogical composition is similar to that of Sample B-1, but with
lower quartz content. Additionally, albite is absent, being replaced by labradorite (calcium
aluminosilicate) (Table 1).

The ballast residues, rich in silicates (quartz, feldspars, phyllosilicates), contribute
to ordinary Portland cement (OPC) (which is rich in alkalis) by introducing a silicon-
and aluminum-dominated composition. This enhances cement properties, particularly
workability, leading to the production of ecological pozzolanic cement. This process
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promotes sustainability by incorporating waste and recycled materials into the cement
manufacturing cycle, replacing naturally extracted resources, some of which are becoming
scarce. The grinding and fineness of the material disrupt crystalline structures, increasing
specific surface area and thereby facilitating the pozzolanic reaction [49].

3.1.2. Chemical Composition

The major element analysis indicates that the combined content of silicon, aluminum,
and iron oxides exceeds 85%. Additionally, Sample B-2 exhibits higher sodium and calcium
concentrations, which is attributed to the presence of labradorite (Table 2). Its loss on
ignition (LOI) is slightly higher than that of Sample B-1. Regarding the minor and trace
element analysis, both samples contain Li, Be, Sc, V, Cr, Co, Ni, Cu, Zn, Ga, Ge, As, Se, Rb,
St, Y, Zr, Nb, Sn, Cs, La, Ce, Pr, Nd, Sm, Gd, Dy, Er, Yb, Hf, Ta, W, T1, Pb, Bi, and U.

Table 2. Chemical analysis of the major elements (LOI = loss in ignition).

Oxides (%) B-1 Sample B-2 Sample
Na,O 2.97 478
MgO 1.72 0.95
Al O3 13.79 19.60
K,O 2.85 4.06
CaO 2.77 3.26
MnO 0.11 0.03
TiO, 0.80 0.37
Fe;O3 6.72 3.49
SiO, 68.27 63.49

LOI 0.67 1.22

All this leads us to believe that this acidic composition, along with a small particle
size, will exhibit significant pozzolanic activity.

3.1.3. Pozzolanicity

For both samples, B-1 and B-2, the pozzolanic activity was assessed to determine the
activation capacity of this ballast waste. The accelerated method was used over 1, 7, 14, 28,
90, 180, and 360 days, measuring the calcium concentration—expressed as calcium oxide or
fixed lime—according to the standard [48].

The pozzolanicity test results for both study samples are presented in Figure 3. The
fixed lime measurements are very similar, with slightly lower values in sample B-1 at
early ages (indicating a slightly slower lime fixation). However, after more than 90 days
of pozzolanic reaction, the trend reverses. When comparing this type of addition—ballast
waste—with other materials used in the cement industry, such as silica fume, fly ash, or
even non-standardized additions like sanitary ceramic waste or slag from the steel or copper
industry [50] a similar behavior was initially seen, with slow pozzolanic activity. However,
by 28 days—the age considered in the regulations—a greater lime fixation capacity was
achieved compared with those reported in the literature.
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Figure 3. Variation in pozzolanic activity with reaction time in the samples studied.

3.1.4. Particle Size

The particle size distribution curves for both samples are similar, exhibiting two peaks:
one around 6 pm for both, and a second at 9.5 um for sample B-2 and 15 um for sample B-1
(Figure 4). These results suggest that, based on particle size, both samples can be considered
potential pozzolans.

—— B-1sample

—— B-2 sample
= . OPC
(e 8 _
o 30
i)
=
]
)
2
‘= 20
k7]
2
2
(7]
S
< 10—

1 T
0 1 particle size (um) 10 100

Figure 4. Particle size distribution density curves in all samples studied.

3.2. Preparation of Mortars with Ballast Waste

For the preparation of mortars with ballast waste, standardized CEN sand with a
particle size between 1 mm and 0.08 mm was used, meeting the specified requirements [47].
The cement used was an early-age reactive cement [51], primarily composed of CaO, and
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Loss of fluidity =

followed by silica, with smaller amounts of alumina, iron oxides, magnesium oxides, and
alkaline elements. The mixture of ballast waste and Portland cement ensured material
homogeneity. Replacements of 10%, 15%, and 20% ballast waste by weight were prepared
in the OPC. Workability was evaluated in the fresh state, while porosity was analyzed in
the hardened state.

3.2.1. Workability

In cement-based materials, the fresh state corresponds to the time between cement
hydration and setting, during which the material exhibits plastic behavior. Workability tests
were conducted on cements with 10%, 15%, and 20% ballast waste replacement (sample
B-1 and sample B-2). The selected water/cement ratio for the test was 0.5, and the cement
replacement/sand ratio was 1:3.

Before mixing, the reference cement (OPC) and the ballast replacement dosages were
blended in a tubular device for five minutes to prevent segregation during mixing, which
was carried out using Controls-brand equipment [47].

The mortar consistency results are shown in Figure 5. For each type of cement, average
values from three consistency determinations are provided. Additionally, the loss of fluidity
in the cement with ballast replacement, relative to OPC, is represented and calculated using
Equation (1).

(medium consistency re ference — mediaum consistency cement)
mediaum consistency reference

x 100 1)

160

I

10%B-1 15%B-1 20%B-1 10%B-2 15%B-2 20% B-2

M medium consistency (mm) Mloss of fluidity (%) |

Figure 5. Representation of the values of fluidity loss and average consistency in all mortars.

In general, a decrease in the spread diameter (mean consistency) is observed as the
replacement percentage increases from 10% to 20%. The loss of fluidity in the cement with
the replacement follows a linear trend as the ballast waste replacement percentage increases
(from 10% to 20%) (Figure 5).

The mean consistency of both samples studied is similar, and decreases as the replace-
ment percentage increases. The results are also similar for fluidity loss, which increases
with the ballast waste replacement percentage in OPC.

Studies on cement with replacement using siliceous materials [52-55] show that the
resulting mixtures require a higher water demand to maintain workability. The replacement
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of small amounts of cement (5% by mass) with kaolin has little effect on paste fluidity.
However, at higher replacement percentages (above 10%), the addition of water-reducing
agents or superplasticizers is usually necessary to ensure workability.

Regarding workability, the pozzolanic activity of cements with the studied sample
substitutions has been determined using the Frattini test, with testing times of 8 and 15 days,
according to the standard. The values obtained have been presented in Figure 6.

16
S,
7
= 12 "6/’/,-
> q’c
£ 2
£ orcad B-110% 8 days
£ ays @
® @ B-110% 15 days
5 ® OPC15days @ .1 15% 15 days
8 ® B-i 28(3‘? 216': %t’i;v;ays @ B-210% 8 days
S B-2 20% 15 days @ ®5115%84d ©B-215%8 days
- % 8 days
B-ZB 125“14,0 ;‘5 f:\;s @®B-220% 8 days
- ays
4 \ \ \ \ \ \
40 50 60 70 80 90 100

[OH]- (mmol/L)

Figure 6. Frattini diagram with values obtained from the studied samples.

All samples with substitutions at 8 days are located above the CaO solubility curve,
with a tendency to be positioned to the left of the CaO/OH™ solubility curve relative to
OPC. This corresponds to an increase in the concentration of Ca?* released during the
hydration process of the new cements. The sample B-2 mortars at 8 days deviate from
the rest and from OPC, although they maintain the tendency to be positioned above the
solubility curve.

Meanwhile, the sample B-2 mortars with the three substitutions at 15 days are be-
low the CaO solubility limit curve, due to a lower calcium ion content released during
the hydration reaction. This condition allows these cements to be classified as Class IV
pozzolanic-type cements [56].

The situation appears to coincide with the pozzolanic activity data, that is, with the low
activity at an early age up to 28 days, attributed to a filler effect during this period [57], caus-
ing a nucleation process in which more space is available for the precipitation of hydration
products. In contrast, at ages beyond 28 days, the filler effect is replaced by the pozzolanic
effect, leading to a decrease in portlandite content and the release of calcium ions.

3.2.2. Porosity

Over time, cement-based materials set, harden, and acquire the properties of a solid
material. Various tests must be conducted to assess their stability. One of the key properties
is porosity. The porous structure of mortars refers to the system formed by all the pores
contained within them and their distribution throughout the material. The response to
different aggressive actions (physical, chemical, and biological) from the environment is
influenced by the transport of substances within this porous structure.
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Among the different types of porosity, the type related to interconnected pores is
particularly important, as it represents the maximum reversible water content. This porosity
is directly associated with the transport of liquids and gases, the exchange of dissolved
substances, and the tortuosity of the pathways [58].

Depending on pore size, they can be classified as macropores, mesopores or capillary
pores, and micropores. The first category corresponds to air bubbles naturally trapped
(compaction pores) and/or those intentionally included (entrained air pores). The second
category includes pores located outside the cement gel compounds; these pores have
variable shapes and may or may not be interconnected and open to the exterior. The last
category consists of pores within the hydrated and hardened paste, which generally do not
exchange fluids with the surrounding environment.

The pore types most directly related to durability and substance transport are macrop-
ores and capillary pores. A quantification of macropores in the samples yielded the results
shown in Figure 7, highlighting the high number of small pores in the 20% substitution at
the beginning of the material’s hydration reaction. After one year, these pores had reduced
to less than half. This is associated with the particle size of the ballast residue, which is
smaller than that of OPC. Larger pores are most abundant in the 10% substitution after one
year of reaction.

90

.< 0.001 mm3
) 0.001=0.09mm3
[ ]>0.09mm3

80

70

60

50

40

30

number of pores (%)

20

10

0
0/0 10/0 15/0 20/0 0/360 10/360 15/360 20/360

% replacement/days

Figure 7. Quantification of macroporosity (as a percentage of pore number) grouped into three pore
volume intervals (>0.09 mm?, <0.09 mm?® >0.001 mm?, and <0.001 mm?).

Large-volume pores are scarce at all reaction times and residue substitution propor-
tions. Medium-volume pores in OPC remain constant throughout the entire hydration
reaction. Small-volume pores are the most numerous, increasing in number throughout the
test for both substitutions (Figure 8).



Appl. Sci. 2025, 15, 5605 110f 16

100
@> 0.09 mm3
. [00.001=0.09mm3
80
< 0.001 mm3
2
o 60
€
=]
S
o 40
S
o
<1
20
0

0/0 10/0 15/0  20/0 0/360 10/360 15/360 20/360
% replacement/days

Figure 8. Quantification of macroporosity (as a percentage of pore volume) grouped into three pore
volume intervals (>0.09 mm?3, <0.09 mm? >0.001 mm?, and <0.001 mm?).

The total porosity values and the average pore size in mortars with residue substitu-
tion changed after one year compared to OPC, with a decrease in average pore size [13].
Regarding pore volume, the largest pores were the most abundant throughout the entire
period considered. Intermediate pores were almost non-existent (Figure 9). Porosity is
linked to the formation of C-5-H gels, whose morphology varies depending on the degree
of hydration [59-62].

Defect volume (mm?3)

u0.090

0.081

0.072

0.063
0.054
0.045
0.036

0.027

0.018

0.009

Figure 9. Representation of volume defects in the studied samples.
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Small pores, which are predominant in mortars with a substitution, decrease in quan-
tity over time, in contrast to larger-volume pores. SEM/EDX observations indicate that
when the cement has no substitution, the contact between grains is formed by C-5-H gels
and ettringite fibers, giving it a slightly porous appearance (Figure 10A,C). In contrast, when
observing cement with a substitution, less-porous materials are generated (Figure 10B).

- % v ettringite
4 )

2

Figure 10. (A,C) Cement without substitution. (B) Cement with 15% substitution.

3.2.3. Pore Connectivity and Tortuosity

In relation to porosity, studies have been conducted on tortuosity, which is defined as
the ratio between the length of the continuous path between two points and the shortest
straight-line distance [63], and it can be calculated as proposed by Salmas and Androut-
sopoulos [64].

Higher tortuosity in cement-based mixtures could be attributed to the greater refine-
ment of pores and a faster hydration rate [65]. Conversely, moisture and ion transport are
facilitated [66], which is not observed in the studied samples (Figure 9).

Over time, pores are filled by the precipitation of ettringite, interacting with C-S-H
gels, as observed in Figure 10C.

4. Conclusions

Siliceous waste samples from railway ballast have been used as OPC substitutions to
avoid landfill disposal and to utilize the waste as an SMC.
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Pozzolanicity tests have been carried out with natural samples. After one year of
reaction and monitoring at 1, 7, 28, 90, 180, and 360 days, all samples presented pozzolanic
activity, with the highest values observed for sample B-1, which contains a high amount of
amorphous material.

When a 10% ballast waste substitution is prepared, the same compounds are pro-
duced as in cement without a substitution, coexisting with the raw waste minerals (quartz,
feldspar, mica, kaolinite, and hematite). With a 20% substitution, the hydration processes
are similar to those observed for the 10% substitution in terms of the obtained hydration
products and those inherited from the initial composition. A significant amount of C-S-
H gels and LDH compounds form, but the behavior of portlandite differs. Portlandite
decreases at medium reaction times and remains at longer times.

The shortest setting times correspond to waste substitutions with the highest per-
centage; this is related to particle size and the presence of amorphous material, thereby
reducing setting time.

The workability of mortars with a substitution indicates that the average consistency
decreases as the substitution percentage increases, while the loss of fluidity grows with a
higher substitution percentage.

The total porosity and average pore size in mortars with a substitution are modified
compared to OPC: there is a decrease in the 0.001 to 0.09 mm? porosity in mortars with
10% and 20% substitutions. The most abundant pore volume is greater than 0.09 mm?,
maintaining a constant number throughout the hydration reaction. Intermediate pores are
fewer in number with the 10% substitution, while in the 20% substitution, the largest pores
are almost non-existent.

Porosity is linked to the formation of C-S-H gels and the presence of ettringite, which
fills the pores between particles. Tortuosity can be considered low, which hinders the
transport of aqueous solutions, making the substituted cements studied more resistant to
hydration processes.
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