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Abstract

This study addresses the issue of the efficiency of concrete mix design on the
evolution of its microstructure, its physico-mechanical properties, and its be-
havior with respect to ionic transport under aggressive environmental condi-
tions. Eight concrete formulations (F1 to F8), produced using local aggregates
from the cities of Brazzaville (Kombé quarry) and Pointe-Noire (Louvoulou
and Mboubissi quarries), were investigated. These formulations differ in the
nature of the aggregates (rounded or crushed), the proportion of crushed
sand, as well as the water-to-cement and gravel-to-sand ratios. The physico-
mechanical properties of the concretes, particularly compressive strength, wa-
ter-accessible porosity, and bulk density, were characterized at 28 and 90 days
and then correlated with the diffusion kinetics of nitrate ( NO; ) and sulfate
( SOi’ ) ions measured over a period of 12 weeks. The results highlight a pro-
gressive increase in mechanical strength with curing age, reflecting the con-
tinuation of hydration reactions and the gradual densification of the cementi-
tious matrix. This evolution is strongly correlated with the reduction in po-
rosity and the increase in density, thereby confirming that porosity constitutes
the essential microstructural parameter controlling the mechanical perfor-
mance and durability of concrete. Furthermore, the comparative analysis
shows that formulations based on crushed aggregates, particularly formula-
tions F1 and F3, develop a more compact microstructure and a denser inter-
facial transition zone (ITZ) than concretes made with rounded aggregates,
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thus limiting preferential diffusion pathways. The diffusion tests also reveal
two distinct transport behaviors depending on the nature of the ions studied.
Nitrates exhibit a predominantly conservative behavior governed by diffusion,
with higher concentrations observed in the most porous concretes. In con-
trast, sulfates display a non-conservative behavior resulting from a complex
coupling between diffusion, chemical reactions, and leaching phenomena.
Three transport regimes were therefore identified: a purely diffusive regime, a
coupled diffusion-reaction regime, and a regime dominated by the presence
of internal ion sources. Finally, the obtained results demonstrate that the du-
rability of concrete cannot be explained solely by conventional mix design pa-
rameters, but rather results from complex interactions between microstruc-
ture, ionic transport, and chemical reactivity. This study thus highlights the
relevance of a performance-based approach founded on physically interpret-
able parameters for predicting the long-term behavior of concrete intended
for underground water reservoirs in humid and polluted environments.

Keywords

Concrete, Durability, Ionic Transport, Diffusion, Microstructure, Porosity,
Nitrates, Sulfates

1. Introduction

In the Republic of Congo-Brazzaville, infrastructure development relies heavily
on the use of concrete formulated with local aggregates, whose granulometric and
morphological characteristics vary significantly depending on the extraction ar-
eas. Several previous studies have focused on the mechanical properties and mi-
crostructure of these materials [1] [2], notably confirming that formulations based
on crushed aggregates exhibit a more compact microstructure and a denser inter-
facial transition zone (ITZ), as identified by SEM-EDS analyses. However, their
behavior with respect to the diffusive transport of aggressive ionic species remains
poorly understood or at least insufficiently documented, particularly under con-
ditions representative of humid and polluted environments where these under-
ground structures are installed.

The durability of concrete structures exposed to aggressive environments con-
stitutes a major challenge for the longevity of infrastructures, especially under-
ground hydraulic structures such as water reservoirs [3] [4]. This issue is particu-
larly critical in humid tropical regions, where climatic conditions promote soil
saturation, increased interstitial humidity, and intensified migration of pollutants
toward buried infrastructures [5]. In such environments, nitrate (NO; ) and sul-
fate (SO~ ) ions, for example, which are frequently present in contaminated soils,
groundwater, or anthropogenic discharges, may progressively penetrate the ce-
mentitious matrix by diffusion and interact with the hydrated phases of cement
(6]-[8].

These physico-chemical interactions may induce progressive modifications in
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the concrete microstructure, notably the dissolution of certain hydrated phases,
the precipitation of expansive secondary compounds such as ettringite formed
during cement hydration or gypsum, as well as changes in porosity and pore net-
work connectivity [9]-[11]. In the long term, these mechanisms are likely to alter
the mechanical properties of the material, accelerate degradation processes, and
compromise the durability of these structures [12] [13]. In the specific case of
drinking water reservoirs, these phenomena may also affect the quality of the
stored water, thereby giving the issue a structural, environmental, and public
health dimension [14].

Understanding the mechanisms of ionic transport in cementitious materials,
therefore, appears essential for evaluating the long-term behavior of structures
exposed to chemically aggressive environments. However, the transfer of ionic
species in concrete results from a complex coupling between diffusion, chemical
reactions, leaching phenomena, and microstructural evolution [15] [16]. These
mechanisms strongly depend on concrete mix design parameters, particularly the
water-to-cement ratio, accessible porosity, the nature of the aggregates, and the

quality of the interfacial transition zone (ITZ) [17]-[19].

2. Materials and Methods

The approach adopted in this study is based on an experimental methodology
aimed at assessing the influence of concrete mix design on durability with regard
to nitrate and sulfate ion penetration. Physico-mechanical characterization tests
and ionic diffusion experiments were carried out to establish relationships be-
tween the microstructural properties of the materials and their transport behavior

with respect to aggressive species.

2.1. Physico-Mechanical Characterization

The physico-mechanical properties of the concretes were evaluated at 28 and 90
days in order to analyze the influence of the mix design on the evolution of the
microstructure and on ionic transport mechanisms.

The physico-mechanical tests were carried out on cubic specimens measuring
15 x 15 x 15 cm?, prepared in accordance with NF EN 12390-2 [20]. After demolding
at 24 h following storage under moist protection at ambient temperature, the speci-
mens were cured in saturated water until the ages of 28 and 90 days before the
characterization tests were performed.

Compressive strength was determined in accordance with NF EN 12390-3 [21]
using a hydraulic testing machine applying a continuously increasing monotonic
load until specimen failure. This characterization makes it possible to assess the
degree of compactness and the quality of the cementitious matrix developed dur-
ing the hydration process.

Water-accessible porosity, apparent density, and water absorption coefficient
were measured using the hydrostatic weighing method in accordance with NF P

18-459 [22]. These parameters constitute essential indicators of the pore structure
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of concrete, since porosity and the connectivity of the capillary network play a
decisive role in moisture and ionic transport phenomena.

For each mix design, three specimens were tested for each characterization
method performed (compressive strength, water-accessible porosity, water ab-
sorption, and apparent density) at both 28 and 90 days.

The methodological approach adopted in this study is based on a multi-scale
perspective aimed at establishing correlations between the intrinsic properties of
concretes, particularly porosity, density, and mechanical performance, and their

behavior with respect to the diffusive transport of aggressive species.

2.2. Experimental Diffusion Simulations

2.2.1. Laboratory Experimental Setup

To realistically reproduce the contamination conditions of water stored in under-
ground reservoirs, a specific experimental setup was designed to investigate the
diffusive transport of nitrate (NO; ) and sulfate (SO ) ions through concrete
walls. The experimental system is based on a configuration coupling a contami-
nated medium with a concrete tank containing drinking water, thereby generating
and maintaining a concentration gradient representative of actual service condi-
tions. This arrangement aims to simulate, under controlled conditions, the ionic
migration mechanisms that may affect the quality of the stored water.

The diffusion tests were carried out in eight rectangular polymer containers
measuring 0.30 m x 0.50 m. Each container housed a concrete tank intended for
drinking water storage, with internal dimensions of 0.25 m x 0.35 m and a uni-
form wall thickness of 0.05 m. The annular space between the concrete tank and
the outer container was filled with fine sand saturated with the contaminant solu-
tion, with a width of approximately 7.5 cm in the longitudinal direction and 5 cm
in the transverse direction. The tanks were manufactured using the different con-
crete mix designs investigated and were cured under moist conditions for 28 days
in accordance with the requirements of NF EN 12390-2 [20].

The external aggressive solution was prepared from stock nitrate and sulfate
solutions and subsequently diluted in diffusion tanks with a volume of 25 L. For
nitrates, a stock solution with a concentration of 2.5 g/L was used. A volume of
300 mL was then withdrawn and diluted in 25 L of distilled water to obtain an
initial concentration of 30 mg/L. Similarly, for sulfates, a stock solution with a
concentration of 4.334 g/L was prepared; 300 mL of this solution was diluted in
25 L of distilled water to obtain an initial concentration of 52 mg/L.

The concentrations in the diffusion tanks were maintained constant through-
out the test period by renewing the external solution every two weeks during the
twelve weeks of exposure. All experiments were conducted in an air-conditioned

laboratory at a controlled temperature of 23 + 2°C.

2.2.2. Experimental Procedure
Chemical analyses were performed using a DR 7100 UV-Visible spectrophotom-

eter (Figure 1), which allows the quantitative determination of dissolved species
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through absorbance measurements in accordance with the Beer-Lambert law. The
analytical wavelengths were selected according to the characteristic absorption

maxima of the species under investigation.

Figure 1. DR 7100 spectrophotometer.

Nitrate Analysis Procedure

Nitrate concentrations were determined using the HACH colorimetric method,
based on the principles of ISO 7890, with the NitraVer® 5 reagent (ref. 14034-99),
following the manufacturer’s recommended procedure (HACH, 2023) [23]. After
adding the reagent to 10 mL of the sample, the mixture was shaken for one minute
and then allowed to react for five minutes. Absorbance was subsequently meas-
ured at a wavelength of 520 nm. The method provides a measurement range from
0.3 to 30 mg/L NO; . The detection limit was not reported by the manufacturer
in the available technical documentation.

Sulfate Analysis Procedure

Sulfate concentrations were determined using the HACH turbidimetric
method, based on the principles of NF T90-040, with the SulfaVer® 4 reagent (ref.
21067-69), following the manufacturer’s recommended procedure (HACH, 2023)
[23]. After adding the reagent to 10 mL of the sample, the mixture was shaken for
one minute and then allowed to react for five minutes. Absorbance was measured
at a wavelength of 650 nm. The method covers an analytical range from 2 to 70
mg/L SO; . The detection limit was not reported by the manufacturer in the
available technical documentation. The low sulfate concentrations measured,
which were close to the quantification limit of the method, were used primarily to
compare the relative diffusion trends among the different concrete formulations
rather than for absolute sulfate quantification.

The collected samples were homogenized prior to analysis. When necessary,
samples were filtered to remove suspended particles that could interfere with op-

tical measurements.
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The calibration curves used were those integrated into the spectrophotometer
and validated by the manufacturer for the corresponding analytical methods. Be-
fore each series of measurements, the instrument was checked using a blank pre-
pared with distilled water.

Samples with concentrations exceeding the analytical range of the method were
diluted with distilled water using a dilution factor of 10. The concentrations ob-
tained after analysis were subsequently multiplied by this factor to determine the
actual concentrations in the original samples. For each sampling event, three inde-
pendent measurements were performed. The reported concentrations correspond
to the mean values obtained, while standard deviations and coefficients of variation
were calculated to assess experimental variability and measurement reproducibility.

The concentrations presented in this study correspond to those measured in the
drinking water stored inside the concrete reservoirs. Nitrate- or sulfate-contami-
nated solutions were applied exclusively to the exterior side of the reservoir walls
through the saturated sand medium. Consequently, the measured concentrations
reflect the amount of ions that diffused through the concrete wall under the effect
of the concentration gradient.

All these measurements (Figure 2 and Figure 3) made it possible to character-
ize the diffusion kinetics of the contaminant species and to highlight differences

in behavior among the concrete formulations investigated.

_ 50cm

|
I I Wall of the tank
made of concrete,

/ thickness = 5 cm

Fine sand + dissolved
pollutant €<— |

(cm)

Plastic container < |
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Figure 3. Overview of the experimental setup and transfer interfaces.
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2.3. Presentation of the Data

The studied formulations are primarily distinguished by the nature and size of the
aggregates, contrasting rounded aggregates with crushed aggregates, as well as by
the geographical origin of the materials, which results in differentiated mineralog-
ical and morphological characteristics. They also vary according to the proportion
of crushed sand, ranging from 30% to 50%, introduced in order to optimize grad-
ing and improve the compactness of the granular skeleton.

Furthermore, the water-to-cement (W/C) and gravel-to-sand (G/S) ratios were
adjusted to ensure comparable workability between the different formulations
while inducing controlled variations in the microstructure. These parameters are
well known to be decisive in the structuring of the concrete pore network and in
the transport mechanisms of aggressive ionic species [3] [4].

In total, eight (8) concrete formulations were studied at 28 days of age using the
Dreux-Gorisse mix design method. The different formulations are mainly distin-
guished by the sources and types of aggregates used [1]:

Formulation 1: composed of a mixture of two classes of crushed aggregates
(10/14 and 5/15) sourced from the Kombé quarry in Brazzaville, combined with
natural sand from the Congo River.

Formulation 2: identical to Formulation 1, but with sand improved by the ad-
dition of 50% crushed sand derived from Inkissi sandstone (Kombé quarry, Braz-
zaville).

Formulation 3: composed of the same crushed aggregates as the previous for-
mulations, combined with natural sand from the Mfilou River.

Formulation 4: similar to Formulation 3, but with Mfilou River sand enriched
with 40% crushed sand.

Formulation 5: produced using a single class of rounded aggregate (3/8) from
the Boubissi quarry, along with local natural sand.

Formulation 6: similar to Formulation 5, but using an improved sand composed
of 50% crushed sand.

Formulation 7: made with crushed aggregates from the Louvouvou quarry and
natural sand from the same region.

Formulation 8: identical to Formulation 7, but with improved sand containing
50% crushed sand.

3. Results and Interpretation

The studies carried out by Makela ef al [1] led to compressive strength results
measured at 28 days. In the present study, an additional evaluation of compressive
strength at 90 days is included, allowing a better understanding of the long-term
mechanical behavior of the different concrete formulations investigated. At 90
days, concrete typically reaches about 110% to 120% of its nominal strength,
providing increased safety and durability.

The results obtained for the eight formulations are summarized in Table 1,

which presents the compressive strength values at 90 days of age as well as the
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main physico-mechanical properties associated with each formulation.

Table 1. Physico-mechanical characteristics of the concretes studied at 90 days of age.

Compressive

Measured

Water-to-ce-

Gravel-to-

Formulation strength Th.eoretical 5 density ment ratio sand ratio Slump Consistency
(Mpay ety (gemd) ) (W/C) (G/S) (cm)
Formulation 1 (F1) 37.13 2.37 2.43 0.49 2.45 6 Plastic
Formulation 2 (F2) 29.32 2.38 2.38 0.49 1.80 6 Plastic
Formulation 3 (F3) 40.43 2.37 2.45 0.49 2.43 7 Plastic
Formulation 4 (F4) 29.98 2.37 2.41 0.49 1.70 6 Plastic
Formulation 5 (F5) 25.08 2.36 2.30 0.47 3.06 7 Plastic
Formulation 6 (F6) 22.88 2.35 2.28 0.47 1.70 9 Plastic
Formulation 7 (F7) 32.12 2.38 2.38 0.49 2.36 9 Plastic
Formulation 8 (F8) 32.67 2.37 2.37 0.49 1.89 6 Plastic

Figure 4 shows a systematic increase in compressive strength between 28 and

90 days for all formulations, confirming the continuation of hydration reactions

and the progressive densification of the cementitious matrix.

45

Compressive strength (MPa)
s & 8 & 8 & &

(¢)]

Formulations

Figure 4. Evolution of compressive strength at 28 and 90 days of concrete.
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At 28 days, the compressive strengths range from 18.30 MPa (F6) to 36.75 MPa
(F3), whereas at 90 days they vary between 22.88 MPa (F6) and 40.43 MPa (F3).
Formulations F3 (36.75 > 40.43 MPa) and F1 (33.75 - 37.13 MPa) exhibit the
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highest performance levels, while F5 (22.80 > 25.08 MPa) and F6 (18.30 > 22.88
MPa) show the lowest strengths. The intermediate formulations, such as F8 (29.70
- 32.67 MPa), F7 (27.30 > 32.12 MPa), F4 (27.25 > 29.98 MPa), and F2 (26.65 >
29.32 MPa), reflect moderate levels of compactness.

The strength gains between 28 and 90 days, ranging from +2.28 MPa (F5) to
+4.82 MPa (F7), reflect variable hydration kinetics, directly influenced by the na-
ture of the aggregates, the W/C and G/S ratios, as well as the initial density of the
material. Figure 4 illustrates this overall evolution and highlights the correlation
between microstructural densification, reduction in capillary porosity, and devel-
opment of mechanical properties. These parameters are not only decisive for long-
term performance but also for ionic transport mechanisms and concrete durabil-
ity. This ranking provides a solid experimental basis for the analysis of ionic dif-

fusion phenomena addressed in the following sections.

3.1. Water-Accessible Porosity and Microstructure

Water-accessible porosity is an essential parameter for assessing concrete durabil-
ity, as it is directly related to ionic transport mechanisms. It was measured at 28
and 90 days for all formulations.

Figure 5 shows a systematic decrease in porosity between 28 and 90 days, asso-
ciated with the progressive clogging of capillary pores by hydration products.
Concretes F1, F3, and F8 exhibit the lowest porosity values at 90 days (8.2% -
9.0%), indicating a compact microstructure favorable to durability, whereas F5
and F6 show the highest values (10.8% - 14.2%), reflecting a more open structure.

In parallel, the intermediate formulations F2 (10.2%), F4 (9.4%), and F7 (9.2%)
exhibit moderate porosity at 90 days, reflecting a balance between granular com-

pactness and capillary network development.

16 1[ '28-da§/ porolsity
]

90-day porosity 146

14 4 13,4 1 13,6

N -
o N
1 ]
©
[e")
©
~
]

Porosity (%)
(o]
(o)
N
[
|

F1 F2 F3 F4 F5 F6 F7 F8
Formulations

Figure 5. Evolution of porosity of the formulations at 28 and 90 days.
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This figure also highlights the ranking of concretes and the correlation between
matrix densification and pore network structuring. The most compact formula-
tions (F3, F1, F8) exhibit a limited ionic transport potential, whereas the most
porous ones (F5, F6) promote a more open network. The intermediate formula-
tions (F2, F4, F7) reflect a compromise between granular compactness and capil-
lary network development, emphasizing the influence of microstructure on dura-
bility. The observed differences in porosity between formulations suggest that
concrete microstructure, and more specifically the density of the pore network, is
strongly governed by the nature and size of the aggregates, thus justifying a more
in-depth analysis of their influence on material structuring and durability.

Relationship between porosity, bulk density, and water absorption.

The combined analysis of water-accessible porosity, bulk density, and water ab-
sorption coefficient highlights consistent microstructural relationships that di-
rectly reflect the organization of the pore network within the studied materials.
These three closely interdependent parameters make it possible to establish an
explicit link between compactness, capillary connectivity, and water transport ca-
pacity. The corresponding values for the different formulations, determined at 90

days, are summarized in Table 2.

Table 2. Water-accessible porosity, bulk density, and water absorption at 28 and 90 days.

Formulation

F3
F1
F8
F7
F4
F2
F5
F6

Porosity at 28
days (%)
9.8
10.5
11.0
13.6
12.5
134
14.6
15.6

Water ab- . . Water absorp-
. Porosity at ~ Bulk density at
sorption at 28

90 days (%) 90 days (g/cm?)

Bulk density at 28

ti t 90 d
days (g/cm?) tona as

days (%) (%)
2.39 10.86 8.2 2.43 8.93
2.37 11.73 8.4 2.42 9.17
2.36 12.36 9.0 2.41 9.89
2.29 15.74 9.2 2.41 10.13
2.32 14.29 9.4 2.40 10.37
2.30 15.47 10.2 2.38 11.36
2.26 17.10 10.8 2.36 12.11
2.24 18.48 14.2 2.27 16.55

The examination of these results clearly shows that an increase in porosity,
ranging in this study from 8.2% to 14.2%, is systematically accompanied by a de-
crease in bulk density, which varies from 2.43 g/cm’ for the most compact formu-
lations to 2.27 g/cm? for the most porous ones. This evolution reflects a progres-
sive reduction in material compactness, linked to the increase in void volume
within the cementitious matrix.

In parallel, this increase in porosity leads to a significant rise in the water ab-
sorption coefficient, ranging from approximately 8.93% to 16.55%. This trend
highlights an increase in pore network connectivity, favoring fluid penetration

and transport.
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Formulations F1, F3, and F8 exhibit the most favorable combinations, combin-
ing low porosity (8.2% - 9.0%), high density (=2.41 - 2.43 g/cm’), and low absorp-
tion (=9% - 10%), characteristics of a dense and low-permeability microstructure.
In contrast, formulations F5 and F6, with higher porosity levels (10.8% - 14.2%),
show significantly higher absorption values (>12%), reflecting an open and highly
interconnected pore structure.

Figure 6 illustrates these relationships through a cross-representation of the

parameters, highlighting the overall trends observed.

17 4 —m— All)sorption co;efficient I I L 244
m  Density | '
Polynomial Fit of C"Density"
16 —— Polynomial Fit of B"Absorption coefficient” 2,42
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QD 14 4 238 E
) L 5
a: T | Y
8 13 4 2,36 (=)
o L0234 2
o 1 2,32 Q
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8 L 2,30
< 104 L
] 2,28
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] - 2,26
8 T T T T T T
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Porosity (%)

Figure 6. Relationship between porosity, bulk density, and water absorption coefficient.

This graphical representation confirms the existence of an inverse correlation
between porosity and bulk density, as well as a positive correlation between po-
rosity and water absorption. It also highlights that bulk density and absorption are
complementary manifestations of the same microstructural phenomenon, namely
the degree of compactness and the continuity of the pore network.

Thus, porosity appears as the governing parameter of the material’s physical
behavior, simultaneously controlling macroscopic compactness and water
transport capacity. This interdependence gives porosity a central role in interpret-
ing durability performance, particularly with respect to diffusion mechanisms and
the penetration of aggressive agents.

These observations highlight the structuring role of the microstructure. It
therefore becomes necessary to identify the mix design parameters responsible for
these variations, in particular the nature of the aggregates and the granular ratios.

Influence of aggregates on porosity

The nature and size of aggregates are major parameters that govern the micro-
structure of concrete and, consequently, water-accessible porosity and durability.
To highlight their direct impact on porosity and 90-day compressive strength, the

key values are summarized in Table 3 below.
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Table 3. Porosity and strength of the formulations according to aggregate type.

Porosity at 90 Compressive strength

Formulation Type of gravel days (%) at 90 days (MPa)
F1 Crushed aggregate 8.4 37.13
F2 Crushed aggregate 10.2 29.32
F3 Crushed aggregate 8.2 40.43
F4 Crushed aggregate 9.4 29.98
F5 Rounded aggregate 10.8 25.08
F6 Rounded aggregate 14.2 22.88
F7 Crushed aggregate 9.2 32.12
F8 Crushed aggregate 9.0 32.67

At 90 days, mixtures F1 - F4 and F7 - F8, using crushed aggregates from the
Kombé and Louvoulou quarries, exhibit low to moderate porosity (8.2% - 9.4%)
associated with high compressive strengths (32.12 - 40.43 MPa), whereas mixtures
F5 and F6, incorporating 3/8 rounded gravel from the Boubissi quarry in Pointe-
Noire, show higher porosity values (10.8% - 14.2%) and lower strengths (22.88 -
25.08 MPa), highlighting the decisive influence of aggregate type and size on the
densification of the cement matrix and the potential for ionic transport.

These results confirm that aggregates are key parameters in microstructural
control, particularly at the level of the Interfacial Transition Zone (ITZ) [17], rec-
ognized as a major factor in concrete durability

Influence of the Gravel-to-Sand ratio (G/S) and Water-to-Cement ratio
(W/C) on porosity

Beyond the nature of aggregates, mix design parameters, particularly the gravel-
to-sand (G/S) and water-to cement (W/C) ratios, strongly influence the compact-
ness and pore structure of concrete.

To analyze the influence of these parameters on the porosity of the studied con-
cretes, the values of the G/S ratio, W/C ratio, and measured porosity at 90 days

are summarized in Table 4.

Table 4. Mix design parameters and 90-day porosity of the studied concretes.

Formulations G/S Ww/C Porosity at 90 days (%)
F1 2.45 0.49 8.4
F2 1.80 0.49 10.2
F3 2.43 0.49 8.2
F4 1.70 0.49 9.4
F5 3.06 0.47 10.8
Fe6 1.70 0.47 14.2
F7 2.36 0.49 9.2
F8 1.89 0.49 9.0
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The analysis of these results shows that mixtures characterized by a relatively
balanced G/S ratio, ranging between 1.89 and 2.45, combined with a W/C ratio
close to 0.49, develop a more compact microstructure and exhibit lower long-term
porosity levels.

Indeed, mixtures F1 (G/S = 2.45), F3 (G/S = 2.43), and F8 (G/S = 1.89) present
the lowest porosities at 90 days, namely 8.4%, 8.2%, and 9.0%, respectively, re-
flecting better granular packing and a bulk density closer to the theoretical den-
sity. This configuration promotes a denser arrangement of the cementitious ma-
trix and a reduction of the capillary pore network.

In contrast, mixtures with a more unbalanced G/S ratio develop higher porosity
levels. This is particularly the case for concretes F5 (G/S = 3.06) and F6 (G/S =
1.70), which exhibit the highest porosities at 90 days, reaching 10.8% and 14.2%,
respectively, despite a slightly lower W/C ratio (0.47). This observation highlights
that optimizing the aggregate skeleton can be as decisive as the water-to-cement
ratio in structuring the pore network.

However, it should be noted that F4 and F6 share the same G/S ratio (1.70) but
show very different porosity values (9.4% vs 14.2%), illustrating that G/S alone is
not sufficient to predict compactness: the nature and morphology of aggregates
(crushed aggregate for F4 vs rounded gravel for F6) also play a key role, by locally
influencing the density of the paste-aggregate interfacial transition zone (ITZ).

These results confirm that an increase in initial water content or an imbalance
in the G/S ratio promotes the formation of a more connected capillary network,
leading to increased porosity and enhanced diffusive transport mechanisms in

concrete.

3.2. Nitrate Diffusion

The analysis of the experimental data (Table 5) shows a progressive and nearly
monotonic increase in nitrate concentrations for all mixtures over time. This evo-
lution reflects the continuous penetration of nitrate ions into the cementitious

matrix, characteristic of transport dominated by diffusion.

Table 5. Experimental concentrations of nitrate ions (mg/L) in the different concrete mix-
tures over 12 weeks.

Week F1 F2 F3 F4 F5 Fo6 F7 EF8

1st week 0.32 0.68 0.28 0.56 0.82 0.98 0.46 0.38
2nd week 0.36 0.72 0.32 0.60 0.86 1.02 0.50 0.42
3rd week 0.41 0.77 0.37 0.70 0.91 1.07 0.55 0.47
4th week 0.46 0.82 0.42 0.76 0.96 1.12 0.60 0.52
5th week 0.52 0.88 0.48 0.82 1.02 1.18 0.66 0.58
6th week 0.58 0.94 0.54 0.89 1.08 1.24 0.72 0.64
7th week 0.64 1.01 0.61 0.96 1.15 1.31 0.79 0.71
8th week 0.71 1.08 0.68 1.03 1.22 1.38 0.86 0.78
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Continued

9th week 0.78 1.15 0.75 1.10 1.29 1.45 0.93 0.85
10th week 0.83 1.22 0.80 1.17 1.36 1.56 1.00 0.92
11th week 0.90 1.32 0.85 1.17 1.49 1.72 1.07 0.99
12th week 1.01 1.44 0.97 1.25 1.63 1.88 1.15 1.07

These results clearly show that mixtures F6, F5, and F2 present the highest con-
centrations, indicating greater permeability of the cementitious matrix and there-
fore a higher ease of nitrate ion migration. Conversely, F3, followed by F1 and F8,
exhibits the lowest concentrations, reflecting better resistance to diffusion. This
analysis of concentration variations (Figure 7) highlights the time-dependent ef-
fect on nitrate retention in concrete. The interpretation of these results may pro-
vide valuable insights into the performance of each mixture in terms of pollutant

diffusion and durability.
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Figure 7. Time evolution of nitrate ion concentrations in the concrete mixtures.

The analysis of the mixtures (Figure 7) shows that concrete composition strongly
influences nitrate ion diffusion. The nature of the sand is the most dominant fac-
tor, followed by the particle size distribution and the type of coarse aggregates.

A compact granular skeleton, associated with the use of natural sands, helps re-
duce porosity and pore connectivity, thereby limiting nitrate migration, whereas the
use of crushed sands tends to enhance ionic transport. Overall, the mixture compo-
sition strongly governs nitrate diffusion. The nature of the sand is the primary in-
fluencing factor, followed by grading proportions and coarse aggregate type. A
dense granular skeleton combined with natural sands reduces porosity and pore

connectivity, limiting nitrate migration, while crushed sands promote ion transport.
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3.3. Transport of Sulfate Ions (SO} ")

Unlike nitrate ions, whose behavior is essentially conservative, sulfate ions exhibit
intrinsically reactive transport resulting from a coupling between diffusion and
chemical interactions within the cementitious matrix. In cementitious environ-
ments, these ions interact with cement hydrates (C-S-H, portlandite) [6], leading
to the formation of secondary phases such as gypsum and ettringite. These inter-
actions result in a partial consumption of dissolved ions and modify their effective
mobility. Thus, the measured concentrations (Figure 8) do not reflect purely dif-
fusive transport but rather an equilibrium between transport, chemical reactions,
and, in some cases, internal leaching processes.

It should be noted that when the measured concentration exceeds the initial
value Co = 52 mg/L, this cannot be explained by external diffusion alone: under
steady-state conditions, a purely diffusive incoming flux from a reservoir at con-
centration Co can only lead to concentrations lower than or equal to C, in the
solution. Any exceedance therefore necessarily implies the existence of an internal

source of sulfate ions, independent of the external diffusive flux.
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Figure 8. Evolution of sulfate ion ( SO; ) concentrations in the diffusion tank for mixtures
F1 to F8.

The results highlight a structured transition between three transport regimes,
directly governed by the microstructural properties of the cementitious materials.
The diffusive regime, observed for mixture F6 (Figure 9), corresponds to materi-
als characterized by high porosity (¢ > 13%) and low mechanical strength (Rc <
25 MPa). In this case, the high connectivity of the pore network enhances ionic

mobility, and transport is essentially controlled by the concentration gradient.
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Figure 9. Sulfate ion diffusion kinetics (F6).

The diffusion-reaction coupled regime, illustrated by mixture F5 (Figure 10),
occurs in materials undergoing densification, with intermediate porosity (=11% -
13%) and moderate mechanical strength (= 25 - 35 MPa). The progressive reduc-
tion in pore connectivity limits diffusion, while chemical interactions with hydra-

tion products become significant, leading to a partial consumption of sulfate ions.
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Figure 10. Coupled diffusion-reaction kinetics (mixture F5).

Finally, the regime dominated by internal leaching, characteristic of mixtures
F1 - F4, F7, and F8 (Figure 11), is observed in denser materials (¢ = 8% - 11%)
with higher mechanical strength (Rc = 35 - 40 MPa). In these systems, the limita-
tion of diffusive transport is compensated by the presence of internal ion sources

resulting from the destabilization of hydration phases, leading to elevated concen-
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trations and non-conservative behavior.
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Figure 11. Sulfate ion leaching kinetics for F1 - F4, F7, and F8.

Thus, porosity alone is not a sufficient discriminating criterion. It is the com-
bination of porosity level, pore network connectivity, and compactness state, re-
flected by mechanical strength, that governs the nature of transport mechanisms.

From this perspective, the transition from a diffusive regime to a coupled re-
gime, and then to a leaching-dominated regime reflects a progressive evolution in
transport control. This shifts from a mechanism governed by ionic mobility to a
regime where chemical reactivity becomes predominant, and finally to a situation
dominated by internal material sources. This transition highlights the intrinsically
non-conservative nature of sulfate ion transport, which is strongly dependent on
both the microstructure and the chemical stability of the material.

Microstructural correlations and implications for transport

The combined analysis of bulk density, accessible porosity, and compressive
strength highlights key structural relationships governing the diffusive behavior
of the studied concretes. Measured densities range from 2.25 to 2.45 g/cm?, acces-
sible porosities from 8.2% to 14.2%, and 90-day compressive strengths from 22.88
to 40.43 MPa. These three parameters, directly linked to material compactness,
control both mechanical performance and transport properties. To rigorously in-
terpret these interactions, correlations are examined pairwise.

The relationship between accessible porosity and 90-day compressive strength
reveals a clear inverse trend. The most compact mixtures, characterized by low
porosity values between 8.2% (F3) and 9.0% (F8), develop the highest mechanical
strengths, reaching 40.43 MPa (F3), 37.13 MPa (F1), and 32.67 MPa (F8). Con-
versely, the most porous concretes, such as F6 (14.2%) and F5 (10.8%), exhibit
significantly lower strengths, namely 22.88 MPa and 25.08 MPa, respectively. In-
termediate mixtures, including F2 (10.2%; 29.32 MPa) and F4 (9.4%; 29.98 MPa),
confirm the continuity of this trend.
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Figure 12 highlights a strong negative correlation, confirming that porosity is
the governing parameter for mechanical strength. A reduction in porosity from
approximately 14% to 8% is associated with an increase in strength of nearly
+75%, reflecting densification of the cement matrix and a reduction in capillary

connectivity.
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Figure 12. Relationship between accessible porosity (%) and 90-day compressive strength
(MPa).

The analysis of the relationship between bulk density and accessible porosity re-
veals a clear inverse correlation. The densest mixtures, particularly F3 (2.45 g/cm’)
and F1 (2.43 g/cm?), correspond to the lowest porosity values (8.2% and 8.4%). In
contrast, mixtures F6 (2.28 g/cm®) and F5 (2.30 g/cm®) exhibit the highest porosities
(14.2% and 10.8%). Intermediate mixtures (F2, F4, F7, F8) fall within a density range
of 2.37 to 2.41 g/cm’, associated with porosities between 9.0% and 10.2%.
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Figure 13. Relationship between bulk density (g/cm?) and accessible porosity (%).
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Figure 13 highlights a significant negative correlation: an increase in density
from approximately 2.28 to 2.45 g/cm’ is accompanied by a reduction in porosity
from about 14.2% to 8.2%. This relationship confirms that density is a robust in-
dicator of material compactness and underscores the role of aggregate optimiza-
tion in structuring the pore network.

The relationship between bulk density and compressive strength shows a posi-
tive correlation, although less direct than that observed with porosity. The densest
concretes, particularly F3 (2.45 g/cm’) and F1 (2.43 g/cm’), develop the highest
strengths (40.43 MPa and 37.13 MPa). Conversely, the least dense mixtures, F6
(2.28 g/cm’) and F5 (2.30 g/cm’), exhibit lower strengths (22.88 MPa and 25.08
MPa). The trend observed (Figure 14) shows that an increase in density of ap-
proximately +7% (from 2.28 to 2.45 g/cm?®) leads to an increase in strength of up
to +75%. However, this relationship remains indirect, as porosity acts as the dom-

inant intermediate parameter linking density and strength.
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Figure 14. Relationship between bulk density (g/cm?®) and 90-day compressive strength
(MPa).

Correlation between bulk density, accessible porosity, mechanical strength,
and diffusive impact

Table 6 shows that the accessible porosity at 90 days (8.2% - 14.2%) is the key
microstructural parameter governing the ranking of ionic transport potential. The
most porous mixtures, such as F2 and F6, develop a more connected capillary net-
work, which is favorable to rapid diffusion of ionic species. In contrast, denser
concretes, such as F1, F3, and F8, significantly limit diffusive fluxes due to a more

compact microstructure.
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Table 6. Correlation between bulk density, accessible porosity, mechanical strength, and diffusive impact.

Bulk Accessible Compressive Compressive .
. . . Microstructural Impact on
Formulation = W/C density porosity strength at 28 strength at 90 . e .
analysis diffusion
(t/m3) (%) days (MPa) days (MPa)
Relatively compact
microstructure with Slowed
F1 0.49 2.41->243 10.5> 8.4 33.75 37.13 . . .
still-connected diffusion
capillary network
High porosity and Fast
as
F2 049 237238 134->102 26.65 29.32 significant capillary e
s diffusion
connectivity
Dense and 1
poorly Slowed
F3 0.49 2.44 > 245 9.8 >8.2 36.75 40.43 connected pore K .
diffusion
network
Relatively Moderate
F4 0.49 2.39>241 125>94 27.25 29.98 continuous to rapid
capillary network diffusion
Porous
microstructure with High
F5 047 2265230 14.6>10.8 22.80 25.08 _ _ e
high capillary diffusion
connectivity
Highly open pore Very rapid
F6 047 2255228 156 1422 18.30 22.88 gLy open p Ty rapl
network diffusion
Relatively dense
microstructure with ~ Moderate
F7 0.49 2.37>2.38 13.6 > 9.2 27.30 32.12 . . .
moderate capillary diffusion
tortuosity
Controlled porosity
and relatively Moderate
F8 0.49 2.35>2.37 11.0->9.0 29.70 32.67 . .
compact pore diffusion

network

Figure 15 highlights that the granular skeleton structure and the W/C ratio

simultaneously control compactness, porosity, and strength, establishing a direct

link with the diffusive transport potential. The intermediate formulations (F2, F4,

and F7) lie between these two extremes, illustrating a continuous relationship be-

tween microstructure and performance.

Furthermore, formulations F5 and F6 exhibit an open capillary network, char-

acterized by high porosity values (10.8% - 14.2%) and lower densities (2.28 - 2.30

g/cm’), which promote rapid ion diffusion.

The intermediate formulations (F2, F4, and F7) occupy an intermediate posi-

tion. This visual representation makes it possible to rank the formulations accord-

ing to their compactness and to anticipate the diffusive behavior of ions.
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Figure 15. Relationship between porosity, true density, and compressive strength of the
formulations.

The observed trends are consistent with the recommendations of EN 206, which
specifies maximum water-to-cement (W/C) ratios ranging from 0.45 to 0.55 de-
pending on the exposure class, in order to limit concrete porosity and permeabil-
ity.

Similarly, ACI 201 [20] emphasizes that the durability of structures exposed to
aggressive environments primarily depends on the connectivity of the pore net-
work rather than on mechanical strength alone.

In this context, the measured physico-mechanical properties constitute essen-
tial indicators for interpreting ionic transport mechanisms in concrete. In partic-
ular, they make it possible to identify formulations that promote rapid diffusion,
associated with high porosity and a connected capillary network, as well as those
characterized by more limited diffusion due to a dense microstructure.

Formulations F1, F3, and F8, characterized by high densities (2.43 - 2.45 g/cm?)
and low porosities (8.2% - 9.0%), thus develop a compact microstructure favora-
ble to slowed diffusion. In contrast, concretes F5 and F6, which exhibit the lowest
densities and the highest porosities (10.8% - 14.2%), possess a more open capillary
network that facilitates rapid diffusion of ionic species.

Therefore, the physico-mechanical properties measured in this study should
not be regarded solely as indicators of mechanical performance, but also as indi-
rect descriptors of the ionic diffusion potential of concrete. They provide an es-
sential basis for interpreting the transport results presented in the following sec-
tions, particularly for distinguishing between behaviors governed by pure diffu-
sion and those involving coupled diffusion-reaction mechanisms.

Microstructure and implications for ionic transport

The correlations highlighted in the previous section reflect fundamental micro-

structural mechanisms governing the transport behavior of cementitious materi-
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als. The combined influence of density, porosity, and mechanical strength can be
interpreted at the scale of the pore network, whose geometry, connectivity, and
tortuosity directly control diffusive fluxes.

The observed trends are consistent with both normative and theoretical frame-
works. EN 206 recommends water-to-cement (W/C) ratios between 0.45 and 0.55
in order to limit capillary porosity and permeability, while ACI 201 [24] empha-
sizes that the durability of concrete exposed to aggressive environments primarily
depends on pore network connectivity rather than on mechanical strength alone.

In this context, accessible porosity appears as the key governing parameter of
ionic transport. A decrease in porosity from 14.2% to 8.2% is associated with a
significant reduction in capillary connectivity and an increase in pore network
tortuosity, resulting in a lower effective diffusion coefficient. True density acts in-
directly, reflecting the degree of compaction of the granular skeleton and cement
paste, whereas mechanical strength is a macroscopic consequence of this micro-
structural organization.

The analysis of the formulations confirms this interpretation. Concretes F3, F1,
and F8, characterized by high densities (2.43 - 2.45 g/cm®) and low porosities
(8.2% - 9.0%), exhibit a dense microstructure associated with a poorly connected
and highly tortuous capillary network. This configuration limits ion penetration
and leads to a transport regime governed by slowed diffusion. In contrast, formu-
lations F5 and F6, with lower densities (2.28 - 2.30 g/cm?®) and higher porosities
(10.8% - 14.2%), develop a more open and better-connected pore network, favor-
ing rapid ion diffusion.

The intermediate formulations (F2, F4, F7) illustrate transitional microstruc-
tural states, in which diffusion is governed by a balance between compactness and
capillary connectivity. These intermediate behaviors confirm that ionic transport
does not depend on a single parameter, but rather on a multiscale organization of
the material. Thus, the measured physico-mechanical properties should not be
regarded solely as indicators of mechanical performance, but as indirect de-
scriptors of diffusive transport potential. This interpretation provides a coherent
physical framework for analyzing the modeling results presented in the following
sections, particularly for distinguishing regimes governed by pure diffusion from
those involving coupled diffusion-reaction-leaching mechanisms.

Analysis of Experimental Variability and Robustness of Results

To assess the statistical robustness of the obtained results, each physical, me-
chanical, and transport property was determined from three independent repli-
cates (n = 3). Standard deviations and coefficients of variation (CV) were calcu-
lated for each formulation to quantify measurement dispersion. The summarized
results are presented in Table 7 and Table 8, while an overall view of the experi-
mental variability is provided in Table 9.

The results presented in Table 7 highlight a low dispersion of measurements
for all the physical and mechanical properties investigated. The coefficients of var-
iation remain below 2% for compressive strength, water-accessible porosity, and

water absorption, and below 1% for bulk density. These low levels of dispersion
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indicate good repeatability of the tests and confirm the reliability of the mean val-

ues obtained.

Table 7. Statistical summary of physical and mechanical properties at 90 days (n = 3).

Compressive Strength Porosity Water Absorption Bulk Density

Formulation Mean Standard Standard Mean Standard CV  Mean Standard CV
(MPa)  Deviation v (%) Mean (%) Deviation Cv (%) (%) Deviation (%) (g/cm®) Deviation (%)

F1 37.13 0.56 1.51 8.40 0.11 1.31 9.12 0.15 1.64 2.43 0.010 0.41
F2 29.32 0.44 1.50 10.20 0.14 1.37 11.20 0.17 1.52 2.37 0.020 0.84
E3 40.43 0.59 1.46 8.20 0.12 1.46 9.05 0.17 1.88 2.42 0.020 0.83
F4 29.98 0.55 1.83 9.40 0.15 1.60 10.52 0.19 1.81 2.39 0.010 0.42
F5 25.08 0.41 1.63 10.80 0.20 1.85 12.25 0.21 1.71 2.35 0.010 0.43
F6 22.88 0.37 1.62 14.20 0.20 1.41 16.20 0.28 1.73 2.28 0.017  0.75
F7 32.12 0.46 1.43 9.20 0.14 1.52 10.25 0.19 1.85 2.41 0.010  0.41
F8 32.67 0.51 1.56 9.00 0.10 1.11 9.95 0.17 1.71 2.40 0.010 0.4

A similar analysis was performed for the ionic concentration measurements ob-
tained at the twelfth week of diffusion.

Table 8. Statistical summary of ionic concentrations at week 12 (n = 3).

Nitrates Sulfates
Formulation Mean Standard Mean Standard
(mg/L) Deviation CV (%) (mg/L) Deviation Cv (%)
F1 1.01 0.02 1.98 154 3 1.95
F2 1.44 0.03 2.08 460 9 1.96
F3 0.97 0.02 2.06 122 3 2.46
F4 1.25 0.03 2.40 430 8 1.86
F5 1.63 0.03 1.84 0.36 0.01 2.78
Fé6 1.88 0.04 2.13 36 1 2.78
F7 1.15 0.02 1.74 560 11 1.96
F8 1.07 0.02 1.87 180 4 2.22

The ionic concentration measurements also show low experimental variability.
The coefficients of variation remain below 3% for all formulations, for both ni-
trates and sulfates. This low dispersion confirms the reproducibility of the diffu-
sion experimental setup and indicates that the differences observed between for-
mulations are mainly attributable to variations in concrete composition.

To provide an overall view of result dispersion, the ranges of standard devia-
tions and coefficients of variation observed for each property are summarized in
Table 9.
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Table 9. Summary of experimental variability of the different measured properties.

Standard Deviation

Property Range CV Range (%)
Compressive Strength (90 Days) 0.37 - 0.59 MPa 1.43-1.83
Water-Accessible Porosity (90 Days) 0.10% - 0.20% 1.11-1.85
Water Absorption (90 Days) 0.15% - 0.28% 1.52 - 1.88
Bulk Density (90 Days) 0.010 - 0.020 g/cm? 0.40 - 0.84
Nitrate Concentrations (Week 12) 0.02 - 0.04 mg/L 1.74 - 2.40
Sulfate Concentrations (Week 12) 0.01 - 11 mg/L 1.95-2.78

The statistical analysis shows that the coefficients of variation range from 0.40%
to 2.78%, depending on the property considered. These values remain well below
the commonly accepted threshold of 5% for cement-based material testing and
indicate excellent experimental reproducibility. The low standard deviations ob-
served confirm the stability of the applied protocols. Consequently, the ranking of
the formulations established based on physical, mechanical, and ionic transport
properties can be considered statistically robust and representative of the actual
behavior of the studied materials.

The individual values obtained from the experimental repetitions (n = 3) for
compressive strength, water-accessible porosity, water absorption, bulk density,
as well as nitrate and sulfate concentrations, are presented in Appendices A1, A2,
A3, A4, A5 and A6.. These data allow verification of the calculation of means,

standard deviations, and coefficients of variation reported in the summary tables.

4. Discussion

EN 206 provides the reference framework for defining durability requirements for
concrete according to environmental exposure classes. In the case of the buried wa-
ter tanks investigated in this study, the conditions mainly correspond to XC2/XC3
classes, associated with humid environments, as well as XA1 to XA3 classes, which
are characteristic of chemically aggressive environments in the presence of nitrates
and sulfates. This classification is based on the content of soluble sulfates in soils
(XA1: 200 - 600 mg/kg SO4, XA2: 600 - 3000 mg/kg SO4, XA3: > 3000 mg/kg SO4)
as well as the concentration of aggressive species in water (pH, aggressive CO,,
magnesium, dissolved sulfates), in accordance with Annex D of the standard [25].
The associated requirements are based on global parameters—water-to-cement
ratio (W/C), strength class, and composition—intended to ensure a sufficiently
dense microstructure to limit ionic transport.

However, these criteria remain indirect and do not explicitly describe the fun-
damental mechanisms of transport and reaction within the cementitious matrix
[26]-[29]. Numerous studies have shown that durability against chemical attack
does not depend solely on initial compactness, but also on the physicochemical

evolution of the material under service conditions, particularly due to the interac-
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tions between ionic transport and chemical reactions [30]-[32].

The experimental results obtained in this study confirm these limitations. Alt-
hough the investigated formulations generally comply with EN 206 requirements
(W/C between 0.47 and 0.49 and strength classes > C30/37), significant differ-
ences in ionic transport behavior were observed. This finding is consistent with
the conclusions of [4], which state that the W/C ratio, although correlated with
capillary porosity, is not a sufficient indicator of durability. Indeed, concretes that
are similar from a normative standpoint may exhibit significantly different diffu-
sivities due to variations in pore network connectivity and tortuosity [33]-[35].

The use of nitrate ions as conservative tracers made it possible to directly char-
acterize the ionic permeability of the materials. The low diffusion coefficients
measured for formulations F1 and F3 (Deff = 10! m?/s) reflect a dense and poorly
connected microstructure, in agreement with studies highlighting the decisive role
of connected porosity and tortuosity in controlling diffusive transport processes
[27] [33] [36]. These observations confirm that durability results from a strong
coupling between transport properties and chemical reactivity, as also demon-
strated in [37].

The use of nitrate ions as conservative tracers made it possible to directly char-
acterize the ionic permeability of the materials. The low nitrate concentrations
measured for formulations F1 and F3, together with their lowest accessible poros-
ities (8.2% - 8.4% at 90 days), reflect a dense and poorly connected microstructure,
consistent with studies highlighting the key role of connected porosity and tortu-
osity in controlling diffusive transport processes [29] [31] [36]. These results con-
firm that resistance to nitrate penetration is primarily governed by the transport
properties of the material, which are closely linked to its pore microstructure.
Thus, the most compact formulations exhibit a better ability to limit nitrate ion
migration through the cementitious matrix [33].

The comparative analysis of the formulations reveals strongly contrasting be-
haviors. Formulations F1 to F4 and F7 - F8, characterized by low porosity, exhibit
transport that remains diffusion-controlled but is slowed by the weak connectivity
of the pore network. This results in partial retention of nitrate ions within the
matrix and lower measured concentrations.

Conversely, formulations F5 and F6 exhibit more pronounced diffusive
transport, associated with higher porosity, which limits their performance in
terms of durability. These results are consistent with the work of [38] [39], and
more recently Winslow et al [40] and Basheer et al [41], who emphasize the im-
portance of transport properties for a realistic assessment of durability, particu-
larly in nitrate-rich environments.

These observations highlight a structural limitation of current prescriptive ap-
proaches: EN 206, which is based on global parameters, does not allow discrimi-
nation between microstructural states that are nevertheless decisive for actual du-
rability. Thus, concretes that are equivalent according to standards may exhibit

significantly different behaviors under service conditions, as also discussed by Al-
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exander et al. [26] and DuraCrete [42].

In this context, the results obtained in this study align with the transition to-
ward performance-based approaches, such as those proposed by the fib Model
Code [43], which rely on physically interpretable indicators. However, the opera-
tional consideration of coupled diffusion-reaction phenomena remains limited
due to the complexity of interactions between microstructure, transport, and
chemistry [44]-[46].

Furthermore, detailed analysis of the results reveals three distinct regimes gov-
erning sulfate ion transport in the studied cementitious matrices, reflecting dif-
ferent balances between diffusion, chemical reactions, and internal ion produc-
tion.

The first regime, illustrated by formulation F6, corresponds to a diffusion-dom-
inated behavior. The agreement between experimental data and the model indi-
cates that transport is primarily governed by concentration gradients, with no sig-
nificant contribution from chemical reactions. This behavior is characteristic of
highly connected porous matrices, in accordance with classical diffusion models
in cementitious materials [33] [47].

The second regime, observed for formulation F5, highlights a coupling between
diffusion and chemical reactions. The stabilization of concentrations over time
reflects partial consumption of sulfate ions through interactions with hydrated
phases. The introduction of a kinetic term allows this dynamic to be reproduced,
revealing a balance between transport and reactivity, in agreement with the work
of Saetta et al. [34] and Ulm et al. [48].

The third regime, which is predominant (F1 - F4, F7, and F8), is characterized
by high concentrations at early ages, indicating the presence of internal sulfate
sources. Formulation F8 illustrates a quasi-steady-state leaching regime, corre-
sponding to a balance between internal release and outward flux. This behavior
reflects a complex coupling between diffusion, chemical reactions, and leaching
of the cementitious matrix. It requires the explicit introduction of a source term
for accurate modeling, as shown by Carde et al [49], Atkinson [50], and more
recently Steefel et al. [51] and Cherif et al [46].

Overall, the diversity of the observed behaviors does not arise from distinct
mechanisms, but rather from a redistribution of the relative contributions of dif-
fusion, reaction, and internal production, governed by the intrinsic properties of
the microstructure.

In conclusion, these results confirm that durability cannot be reliably assessed
within a purely prescriptive framework. A relevant approach requires physically
based modeling that explicitly integrates microstructure, ionic transport, and
chemical reactivity. Such an approach appears essential for improving long-term

predictions of concrete behavior in chemically aggressive environments.

5. Conclusions

This study focuses on the characterization of the physico-mechanical properties
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and diffusive behavior of eight (8) concrete mixtures made with local aggregates,
in a humid and polluted environment. The results highlight the decisive influence
of mix design and microstructure on durability and ionic transport mechanisms.
The most efficient concretes are distinguished by low porosity and a more com-
pact microstructure, which improves both mechanical strength and resistance to
ion diffusion.

Nitrate transport appears to be primarily governed by diffusion and strongly
linked to connected porosity, whereas sulfate transport results from more com-
plex mechanisms combining diffusion, chemical reactions, and leaching. The
study thus emphasizes that concrete behavior is closely dependent on mix design
parameters, which simultaneously influence pore structure, transport properties,
and chemical reactivity.

Finally, these results highlight the need for a multi-criteria and performance-
based approach to the design of durable concretes, particularly in chemically ag-
gressive environments, while promoting the use of locally available materials

adapted to the studied context.
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Appendix

Table Al. Compressive strength measurement results (n = 3).

. . . Standard
. Specimen  Specimen  Specimen = Mean L Ccv

Formulation Deviation
1 (MPa) 2 (MPa) 3 (MPa) (MPa) (%)

(MPa)

F1 36.55 37.18 37.66 37.13 0.56 1.51
F2 28.91 29.26 29.79 29.32 0.44 1.50
F3 39.89 40.34 41.06 40.43 0.59 1.46
F4 29.46 29.93 30.55 29.98 0.55 1.83
F5 24.71 25.01 25.52 25.08 0.41 1.63
Fé6 22.55 22.82 23.27 22.88 0.37 1.62
F7 31.68 32.09 32.59 32.12 0.46 1.43
F8 32.21 32.58 33.22 32.67 0.51 1.56

Table A2. Water-accessible porosity measurement results at 90 days (n = 3).

. . . Standard
. Specimen  Specimen  Specimen  Mean . (0)%
Formulation Deviation
1 (%) 2 (%) 3 (%) (%) (%)
(%)
F1 8.29 8.41 8.50 8.40 0.11 1.31
F2 10.04 10.28 10.29 10.20 0.14 1.37
F3 8.10 8.17 8.33 8.20 0.12 1.46
F4 9.27 9.36 9.57 9.40 0.15 1.60
F5 10.62 10.77 11.01 10.80 0.20 1.85
F6 14.02 14.16 14.42 14.20 0.20 1.41
E7 9.08 9.17 9.35 9.20 0.14 1.52
E8 8.89 9.02 9.09 9.00 0.10 1.11
Table A3. Water absorption measurement results at 90 days (n = 3).
. ) . Standard
. Specimen  Specimen  Specimen  Mean . (0)%
Formulation Deviation
1 (%) 2 (%) 3 (%) (%) (%)
(%)
F1 8.99 9.08 9.29 9.12 0.15 1.64
F2 11.04 11.18 11.38 11.20 0.17 1.52
F3 8.91 9.01 9.23 9.05 0.17 1.88
F4 10.35 10.48 10.73 10.52 0.19 1.81
F5 12.07 12.20 12.48 12.25 0.21 1.71
Fe6 15.95 16.15 16.50 16.20 0.28 1.73
F7 10.08 10.21 10.46 10.25 0.19 1.85
F8 9.80 9.92 10.13 9.95 0.17 1.71
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Table A4. Bulk density measurement results at 90 days (n = 3).

Formulation Specimen  Specimen  Specimen Mean Starlldatrd Ccv
1 2 3 Deviation (%)

F1 2.42 2.44 2.43 2.43 0.010 0.41

F2 2.35 2.39 2.37 2.37 0.020 0.84

F3 2.40 2.44 2.42 2.42 0.020 0.83

F4 2.38 2.39 2.40 2.39 0.010 0.42

F5 2.34 2.35 2.36 2.35 0.010 0.43

Fe6 2.27 2.30 2.27 2.28 0.017 0.75

F7 2.40 2.42 2.41 2.41 0.010 0.41

E8 2.39 2.41 2.40 2.40 0.010 0.4

Table A5. Nitrate measurement results at week 12 (n = 3).

. . . Standard
Formulation Specimen  Specimen  Specimen Mean Deviation Ccv
1 (mg/L) 2 (mg/L) 3 (mg/L) (mg/L) (mg/L) (%)
F1 0.99 1.01 1.03 1.01 0.02 1.98
F2 1.41 1.44 1.47 1.44 0.03 2.08
F3 0.95 0.97 0.99 0.97 0.02 2.06
F4 1.22 1.25 1.28 1.25 0.03 2.40
F5 1.60 1.63 1.66 1.63 0.03 1.84
Fé6 1.84 1.88 1.92 1.88 0.04 2.13
F7 1.13 1.15 1.17 1.15 0.02 1.74
E8 1.05 1.07 1.09 1.07 0.02 1.87
Table A6. Sulfate measurement results at week 12 (n = 3).
Formulation Specimen  Specimen  Specimen Mean Star.ldzfrd Ccv
1 2 3 Deviation (%)
F1 151 154 157 154 3.0 1.95
F2 452 460 468 460 8.0 1.74
F3 119 122 125 122 3.0 2.46
F4 423 430 437 430 7.0 1.63
F5 0.35 0.36 0.37 0.36 0.01 2.78
F6 35 36 37 36 1.0 2.78
F7 550 560 570 560 10.0 1.79
E8 177 180 183 180 3.0 1.67
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