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Abstract

Salt precipitation is a major factor influencing the internal characteristics of concrete
during curing. In this study, the impacts of the type and concentration of various
salts on the characteristics of porous cementitious materials were investigated

using a series of engineered porous concrete specimens. The results indicated that
chemical interactions among interparticle cement, clay mineral, calcite, and different
salts in aqueous media during 28 days of curing could alter properties such as
porosity, permeability, and mechanical strength depending on salt concentration.
Among these, concrete permeability was most affected. There was an inverse
relationship between the content of monovalent ions and concrete porosity and
permeability. In contrast, for divalent ions in the concentration range of 10-30 g/L,
an optimum value of 15 g/L resulted in the lowest salt precipitation and highest
porosity and permeability values. Furthermore, different salts present during curing
led to an increase of up to 16% in compressional wave velocity. Based on the results
of ultrasonic and uniaxial compressive strength (UCS) tests, linear and exponential
correlations were observed between porosity and compressional/shear wave
velocities, while UCS was exponentially related to porosity.

Highlights

- The effects of chemical interactions of various ions on concrete properties were
investigated.

- The impacts of both monovalent and divalent ions on porosity and permeability
were studied.

- Divalent ions have an optimum concentration of 15 g/L at which the least
precipitation occurs.

« An increase in compression sonic wave velocity due to modifying concrete integrity
was observed.

Keywords Salt precipitation, Curing process, Geochemistry, Mechanical and physical
properties, Engineered porous concrete, Cementitious materials
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Introduction

Salt precipitation significantly influences the microstructure and mechanical integrity of
cementitious materials during curing. This phenomenon, which involves salt transport,
crystallization, and pore filling, is relevant to various engineering applications includ-
ing soil stabilization, concrete durability in saline environments, subsurface infrastruc-
ture performance, and underground formations. The underlying processes are driven
by physicochemical interactions between pore water, cement phases, and external ions
under varying environmental conditions [1-7]. This phenomenon naturally taking place
at the pore scale at ambient and higher temperatures and pressures is greatly affected by
the heterogeneity of the pore space morphology and pore size distribution (PSD) [8-11].
Large pores are the most likely places for salt crystals to grow and precipitate in porous
materials. This is because growth in small pores necessitates a substantial increment in
surface area relative to a slight increase in volume [12]. In this regard, saline water dry-
ing and evaporation, mineral replacement processes, and chemical reactions cause salt
to precipitate, crystallize, and grow in concrete and soil in porous media [10]. It is worth
mentioning that the permeability and porosity as the main physical properties of the
porous concretes would be decreased by salt precipitation [9].

Literature review

Previous research has shown that salt crystallization can obstruct pore spaces, reduce
permeability, and alter porosity distribution in cement-based materials. These effects
are magnified in heterogeneous pore networks, where salts preferentially accumulate
in larger or more accessible voids. Several studies have investigated salt-induced dam-
age in natural rocks, such as sandstones and shales, particularly in the context of CO,
injection or drying processes [13—17]. However, such studies primarily address long-
term secondary property changes, which occur after material post-curing due to envi-
ronmental exposure. In contrast, limited studies have focused on primary physical and
mechanical characteristics such as porosity, permeability, and strength that evolve dur-
ing the initial curing phase. Espinosa-Marzal and Scherer (2013) and Tang et al. (2015)
reported that the various salts (NaCl, KCl, Na,SO,, and MgSO,) and pore structure of
the host rock had an impact on the pore-clogging caused by salt precipitation. Accord-
ing to their experimental outcomes, salt precipitation could reduce rock porosity and
permeability by 14.6% and 83.3%, respectively. The experimental results also revealed
that salt precipitation had a higher effect on pores with smaller diameters than on larger
ones [18, 19]. Shokri-Kuehni et al. (2017) performed a series of experimental tests to
investigate the effects of salinity and precipitation during brine evaporation in porous
media. The results demonstrated that salt precipitation could be substantial, particularly
while the brine was saturated with halite. The permeability may drop to 73% of its initial
amount under such circumstances [20]. He et al. (2019) performed several pore-scale
visualization experiments to investigate the morphology, distribution, and impact of salt
deposition on reducing the permeability of porous structures. The results revealed that
ex-situ precipitation could happen for hydrophilic and neutral porous surfaces and com-
pletely clogged pore throats and bodies, causing a considerable decrease in permeabil-
ity. Besides, a decrease in permeability was observed due to raising the injection rate of
CO, [21]. Zhang et al. (2020) investigated the effects of salt precipitation on the physi-
cal properties of a tight gas reservoir. Their findings showed that rock permeability was
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reduced over time by more than 90% compared to initial conditions where the size of the
salt crystal and the diameter of the pore throat were the same [22]. Zhang et al. (2022)
studied the influence of salt precipitation on the secondary physical characteristics and
the adsorption capacity of the shale matrix. The results demonstrated that porosity, per-
meability, and specific area of the shale matrix decreased by 23.0%, 47.0%, and 20.4%,
respectively. Larger pores and throats were more affected by salt precipitation, which led
to the breakdown of reservoir fluid flow channels and a significant shift in the distribu-
tion of pore sizes [23]. Yang et al. (2023) conducted a series of geo-mechanical tests to
investigate the impact of two various brine solutions (5% sodium chloride and 5% potas-
sium sulfate) on the mechanical, acoustic emission, and fracture characteristics of sand-
stone samples under various unloading conditions [24]. Almutairi et al. (2023) studied
the effects of ion and temperature on mineral reactions and fine migration in carbonate
structures. They noticed two distinct mineral reactions: mineral dissolution, leading to
increased permeability and grain redistribution, and cation exchange, which facilitates
the release of silicate particles [25]. Zeng et al. (2023) investigated the impact of fluid
saturation and salinity on the mechanical characteristics of rocks using a novel triax-
ial compressional system incorporating micro-seismicity monitoring. The experiment
involved conducting rock failure and fracture reactivation tests on dry and wet samples
(i.e., saturated with brines) of varying salinity levels. The findings indicated that the peak
stress of saturated specimens is lower than that of unsaturated specimens, providing evi-
dence that fluid saturation might negatively impact rock strength [26]. Hosseini et al.
(2024) created a theoretical framework to forecast the occurrence of formation damage
due to the accumulation of salt deposits. A comprehensive model incorporating ther-
modynamics, kinetics, and hydrodynamics was established and integrated with the ion
transport equation to depict the motion of ions accurately. The suggested model could
precisely forecast the distribution of scale precipitation and the subsequent decrease in
the porosity and permeability in a one-dimensional porous medium [27].

Study motivation and scope

To the best of the authors’ knowledge, previous research has mainly focused on post-
curing (secondary) effects of salt precipitation as a detrimental element under CO,
injection, evaporation, or environmental exposure on the petrophysical properties of
porous materials. However, limited studies have systematically investigated how various
dissolved salts and their concentrations affect the primary microstructural and mechani-
cal development of engineered porous cementitious materials during the curing process.
In other words, most existing studies either neglect the curing phase or treat salt as a
post-cure stressor. The current research fills this gap by experimentally examining the
direct impact of monovalent and divalent ion interactions on salt precipitation patterns,
pore structure modification, and strength development using engineered porous con-
crete samples. For this purpose, the reaction between the cement hydration process and
various external salts, including sodium chloride, sodium sulfate, calcium chloride dihy-
drate, and magnesium chloride hexahydrate during curing time for the porous concretes
comprehensively investigated by microstructural, mineralogical, physical, chemical, and
mechanical analysis. The use of synthetic samples with controlled composition allows for
an isolated evaluation of salt-specific effects, contributing novel insights into optimizing

material formulation for enhanced performance in saline environments and designing
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salt-tolerant cementitious materials for use in saline groundwater zones, subsurface for-
mations, and other chemically aggressive environments. Moreover, the current research
can draw a specific picture of primary chemical interactions to better understand the
changes occurring over the curing period causing impairments in porous concrete
properties.

Methodology workflow

This study employed a multi-method approach to assess the chemical, physical, and
mechanical changes induced by salt interactions during concrete curing. The analytical
techniques used include:

— X-ray Diffraction (XRD): To analyze the mineralogical changes and reaction
products resulting from salt—cement interactions, XRD analysis was performed. The
XRD measurements were conducted using Cu Ka radiation at 60 kV and 60 mA,
0.0310° step size over a 28 range of 10°~70°. XRD spectra were obtained for samples
corresponding to both the lowest (10 g/L) and highest (30 g/L) salt concentrations
to capture the contrast in reactivity and phase formation. These measurements
allowed for identification of crystalline compounds such as portlandite, ettringite,
and various residual salts.

— Fourier-Transform Infrared Spectroscopy (FTIR): This test was accomplished to
detect chemical bonding and molecular vibrations indicative of hydration and
salt-related compounds. The test was performed in the range of 4000-400 cm™ at
0.4 cm™ resolution.

— Field Emission Scanning Electron Microscopy (FESEM): This test was performed to
evaluate the microstructure, pore surface morphology, and elemental composition of
precipitated crystals.

— Physical and mechanical tests: These include porosity and permeability
measurements, compressional and shear wave velocity tests, and uniaxial
compressive strength (UCS) testing, performed on dried and trimmed samples after

28 days of curing.

This comprehensive set of methods allows for correlating chemical reactions with
changes in physical structure and mechanical performance.

Concrete constituents

Porous concrete samples used in the current study were artificially made of sand par-
ticles, kaolinite as a clay mineral, and Portland cement with a density of 3.11 g/cm?. Con-
crete samples, owing to their analog chemical properties and uniform structural texture
without any heterogeneities, have been widely used in rock, soil, and cementitious mate-
rial studies [28—34]. To cover a broad particle size range, sand grain sizes maintained
constant in the range of 0.1 to 0.8 mm (i.e., very fine to coarse type) with a 2.64 g/cm?®
density. The X-ray fluorescence spectrometry (XRF) analyses of the cement, sand grains,
and kaolinite are given in Table 1.

Figure 1 illustrates the grain size distribution curve for the sand used in the concrete
specimens. The sand comprises well-graded particles ranging from 0.1 to 0.8 mm, cover-
ing fine to coarse fractions to simulate a natural granular matrix and enhance packing
efficiency.
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Table 1 XRF analyses of cement, sand particles, and kaolinite (wt%)
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Chemical Si0, AlLO; BaO CaO Fe,0; K,0 MgO MnO Na,0 P,0;, SO; TiO, LOI
composition
Cement 2053 427 005 6343 321 071 285 016 035 005 251 031 157
Sand 7986 744 008 396 044 293 025 014 178 - 132 006 149
Kaolinite 5086 1921 - 154 528 226 253 007 116 012 - 1.14 683
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Fig. 1 Grain size distribution of samples

Table 2 Salt concentration used to prepare different conditions of the curing process

Salt solution ID Salt Concentration (g/L)
A Nadl 10
B Na,SO, 10
C CaCl,.2H,0 10
D MgCl,.6H,0 10
E Nacl 15
F Na,SO, 15
G CaCl,.2H,0 15
H MgCl,.6H,0 15
I Nadl 30
J Na,SO, 30
K CaCl,.2H,0 30
L MgCl,.6H,0 30

It is worth mentioning that the selected mass proportions of the components (i.e.,

72 wt% sand, 11 wt% Portland cement, 5 wt% kaolinite clay, and 12 wt% water) were

adopted from Shakiba et al. (2020a). This composition has been validated in prior stud-

ies for achieving structural integrity, realistic porosity and permeability values, and con-

sistent mechanical properties in synthetic porous samples, making it suitable for the

targeted analysis of salt interactions during curing. It should be noted that samples need

to be cured to carry out physical and mechanical laboratory tests. In this regard, a series

of salt solutions at three distinct concentrations were considered to provide various cur-

ing conditions, as presented in Table 2:
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The selection of salts (NaCl, Na,SO,, CaCl,-2H,0, and MgCl,-6H,0) was based on
their common occurrence in naturally saline environments, brines, and formation waters
in regions with arid or semi-arid climates, including the Middle East. These ions are fre-
quently encountered in geotechnical and reservoir engineering operations in Iran and
similar contexts, making the experimental conditions representative of real-world engi-
neering challenges involving salt exposure. The chosen salt concentrations (i.e., 10, 15,
and 30 g/L) represent a range of salinities commonly found in saline groundwater, for-
mation brines, and industrial wastewater, and are based on reported ranges in regional
geochemical data and previous experimental studies involving ion—cement interactions
(33, 35, 36].

It is noteworthy that the chemical composition of curing fluids, especially the type and
concentration of dissolved salts, can significantly influence hydration kinetics, cement—
ion reactions, and ultimately, the formation of the hardened matrix. Ions such as Na*, K*,
Mg*, and SO, interact with hydration products like C-S-H, portlandite, and ettringite,
leading to structural and chemical modifications in the cementitious framework.

Sample Preparing procedure

In the present study, the sandstone composition proposed by Shakiba et al. (2020a) was
applied to prepare concrete specimens. According to the ASTM C305 procedure, the
preparation involved mixing 12 wt% water, 11 wt% cement, 5 wt% clay mineral, and
72 wt% sand [32]. These constituents were blended using a mechanical mixer until a
homogenous mixture was achieved. The resulting mortar was poured into cylindrical
molds, and a vibrator plate was used to eliminate any trapped air or voids. The molds
were then placed in an absorption oven at 25 °C and nearly 100% humidity for 24 h to
enable initial curing. After demolding, specimens were immersed in saturated calcite
solutions containing the selected salts for a 28-day curing period. This process facilitated
pore interconnectivity and enhanced cementation [37, 38]. The calcite solution facilitates
additional calcium ion availability, promoting further nucleation of calcium-rich phases
(e.g., C-S-H) and enhancing the degree of cementation and inter-particle bonding. This
also helps establish more continuous pore networks while enabling ion exchange with
the introduced salts [39]. Upon completion of curing, the samples were dried at 100 °C
to remove moisture before testing, and then trimmed for physical and mechanical evalu-
ations. It should be noted that the drying step was conducted after full curing and was
applied uniformly across all samples. This ensured consistent moisture removal while
avoiding disruption of early hydration or salt crystallization processes. Figure 2 shows
the samples after the initial and final curing processes.

The absorption oven used during the initial 24-hour curing stage operated at a con-
trolled temperature of 25 °C and near-saturated humidity (~100%) to facilitate primary
hydration without premature drying. After the final 28-day curing in salt solutions,
the concrete specimens were dried at 100 °C to remove moisture prior to testing. This
temperature was selected to ensure consistent comparison across all samples. Since
the hydration reactions and ion—cement interactions had largely completed during
the 28-day curing phase, the thermal treatment did not significantly influence the final
microstructure or mechanical performance. Similar post-curing drying protocols have
been applied in earlier studies [32, 40, 41]. Although 100 °C is relatively high for drying
cementitious materials, the thermal treatment was performed after the completion of
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Fig. 2 Concrete samples after initial and final curing processes

the 28-day curing process when hydration and salt precipitation had stabilized. More-
over, while some degree of salt recrystallization or thermal microcracking could occur
under elevated temperatures [18], this risk was minimized by the fact that the samples
were fully cured beforehand. Additionally, since all specimens were subjected to the
same post-curing drying conditions, any potential microstructural changes would have
occurred uniformly, thereby preserving the integrity of comparative analysis across dif-
ferent salt treatments. It is noteworthy that each measurement was replicated three
times to ensure repeatability, and reported physical and mechanical results represent
average values. The physical properties of the specimens are given in Table 3.

Results

Chemical reaction products

Chemical reactions between clay minerals, cement, and salts would result in new prod-
ucts that may change the samples primary physical and mechanical properties. In this
regard, XRD analysis can detect chemical products and even residual reactants [42]. It
is worth mentioning that XRD analyses were measured in operating conditions of 60 kV,
60 mA current, 0.0310 (20) step size, and 10° to 70° scanning range for samples with the
lowest salt concentration (1-4) and the highest ion concentration (9-12). It is notewor-
thy that in the present study, samples from the lowest (10 g/L) and highest (30 g/L) con-
centrations were selected for XRD and FTIR to highlight the contrast between minimal
and extensive salt—cement interactions. These represent the chemical reactivity bound-
aries in the experimental design. Figures 3 and 4 illustrate XRD analyses of samples.
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Table 3 Physical properties of samples

Sample Saltsolution Length Standard deviation

Diameter Standard deviation Grain density

(mm)  (length) (mm) (diameter) (g/cm?)
1 A 7511 0.15 36.35 0.05 2.559
2 B 74.57 0.06 36.30 0.07 2.554
3 C 74.57 0.13 37.00 0.13 2.565
4 D 74.56 0.07 37.22 0.05 2.562
5 E 74.77 0.04 37.35 0.06 2.564
6 F 74.39 0.07 36.82 0.08 2.557
7 G 75.09 0.03 36.25 0.05 2.564
8 H 74.58 0.1 36.97 0.09 2.567
9 | 74.60 0.06 36.47 0.06 2.567
10 J 74.74 0.05 37.20 0.06 2.558
1 K 74.36 0.06 37.05 0.06 2.563
12 L 74.53 0.07 36.83 0.07 2572
Q: Quartz Mg-S-H: Magnesium Silicate Hydrate
Q Q K: Kaolinite Et: Ettringite
CH: Calcium Hydroxide G: Gibbsite
CaC: Calcite C28: Dicalcium Silicate
MgOH: Magnesium Hydroxide CSH: Calcium Silicate Hydrate
NaSO: Sodium Sulphate NC: Sodium Chloride
Mg-S-H K G MgOH
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Fig.3 XRD analyses of samples 1-4
Q: Quartz Mg-S-H: Magnesium Silicate Hydrate
K: Kaolinite Et: Ettringite
Q Q CH: Calcium Hydroxide G: Gibbsite
CaC: Calcite (28S: Dicalcium Silicate
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Fig. 4 XRD analyses of samples 9-12
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Table 4 Chemical components resulting from chemical reactions

Component Chemical formula Reaction Reference

Calcium Ca(OH), Ca0+H,0—Ca(0H), [43]

hydroxide

(portlandite)

Magnesium ~ Mg(OH), MgO +H,0—-Mg(OH), [44]

hydroxide

(brucite)

Magnesium — 2Mg;Si,O5(OH), 3Mg,Si0, + Si0,,4H,0— 2Mg;5i,05(OH), [45]

silicate

hydrate

(lizardite)

Ettringite CagAL(S0,)5(OH),,26H,0  6Ca®*+2AI(OH), +40H +350,2 +26H,0—Ca AL(SO,)  [46]
4(OH),,.26H,0

Gibbsite Al(OH), ALO;+H,0—AI(OH), [47]

Calciumssili-  3Ca0-2Si0,-4H,0 2Ca;3Si0;5+7H,0— 3Ca0-25i0,4H,0 +3Ca(OH), [48]

cate hydrate
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Fig.5 FTIR spectrum of specimens 9-12

The main chemical products resulting from chemical reactions between salt/cement
and concrete minerals are shown in Figs. 3 and 4 and given in Table 4. Besides, some

excess reactants (i.e., salts and minerals) can be observed in XRD analyses.

Ingredients spectra of samples

The FTIR technique was performed in the 4000-400 cm™! mid-infrared spectral region
at 0.4 cm™! resolution to collect ingredients spectra for samples 9-12. The results of
XRD analyses are used in this section to strengthen FTIR outcomes. Figure 5 shows the
FTIR spectrum of samples.

In this study, the FTIR analysis was applied to determine the chemical products of
the reaction of cement, various salts, and kaolinite in four different fluid solutions as
influential elements in forming the internal structure of samples. The FTIR test is based
on the vibrations of molecular bonds of the different minerals. The position of absorp-
tion peaks in the infrared region of the electromagnetic spectrum helps to determine
the molecular bonds of a mineral [49, 50]. Figure 5 illustrates the FTIR spectrum of
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samples 9, 10, 11, and 12 in multiple absorption peaks concerning kaolinite (the Si—-O-Si
and Al-O-Si stretching peaks of the tetrahedral layer could be observed at 1032 and
1008 cm™}, respectively) [51]. The peaks at 517, 780, and 810 cm™! would be expected
for quartz minerals, and peaks at 876 and 1424 cm™ for calcium hydroxide [52]. The
extensive band at 1424 cm™! shows the Ca—O bond related to the carbonation of calcium
hydroxide. Besides, the strong bands between 3100 and 3400 cm™ can be attributed to
O-H stretching and bending vibrations, and the band at about 1633 cm™* corresponds
to O-H vibrations, which indicates the existence of the O-H bond in calcium hydrox-
ide [53]. Moreover, calcite has been documented to have peaks at 876 and 1431 cm!
[54]. The characteristic adsorptions at 876 cm™! are attributed to Si-O bending vibration
(calcium silicate hydrate (CSH)) [55, 56]. In concentrated CaCl,, CSH expands less than
in salt solutions containing NaCl, which may likely have high-charge exchange cations
firmly attracting the dipoles of water molecules surrounding them, causing a phenom-
enon known as dielectric saturation [57]. This phenomenon reduces the effective dielec-
tric constant of water near the cations, limiting the mobility of water dipoles and thus
suppressing hydration reactions and delaying the formation of gel-like phases such as
C-S-H. Consequently, precipitation is reduced due to limited ion mobility and restricted
nucleation sites [57]. In addition, an increase in the concentration of Cl” could decrease
the peak value of C-S-H because of forming 3CaO-Al,04-3CaCl;-32H,0 as a result of
the reaction between Cl” and 3Ca0O-Al,O, (C;A) [58]. As can be seen in Figs. 3 and 4, in
samples containing Mg?*, the peak of CSH would decline owing to lower solubility of
Mg(OH), than Ca(OH), [58]. The hydroxyl groups of the CSH-phases and water mol-
ecules cause a broad band in the 3100-3500 cm™' region together with an -OH bending
mode between 1633 and 1663 cm™! [59]. The additional band can be marked in the FTIR
spectra of hydrated tricalcium silicate (C,S) at 1371 and 3640 cm™' [60]. Furthermore,
the dicalcium silicate (C2S) vibration would develop at around 876 cm™! [61]. The FTIR
spectra for Mg(OH), (Brucite) show the absorption bands in 1015 and 3700 cm™! [62,
63]. The following three bands at 610, 991, and 3684 cm™! are related to vibrations of
2Mg,Si,05(OH), (Lizardite) [64, 65]. The FTIR spectra of CazAl,(SO,);(OH);,.26H,0O
(Ettringite) is located in 3630 cm™! [66—68]. The presence of SO,* in the solution (sam-
ples 2 and 10) could produce more Ettringite [58]. All the elements that emerged in FTIR
and XRD analyses demonstrated that the presence of various salts and clay minerals
(kaolinite in this study) in the concrete composition could produce new components
presented in Table 4. It is worth mentioning that such components would influence the
characteristics of the concrete. In addition, as can be seen from Figs. 3 and 4, such reac-
tants in the porous media may also remain unreacted, and consequently, they can fur-
ther affect the properties of the concrete. Over extended periods, these unreacted salts
and minerals can act as latent sources of chemical reactivity, particularly under environ-
mental fluctuations such as wetting—drying or thermal cycles. Their gradual dissolution
or delayed recrystallization may initiate microcracking, promote secondary expansion,
or reduce the chemical stability of the matrix, ultimately compromising long-term dura-
bility of the cementitious material. Such behavior is especially critical in saline environ-
ments where ion exchange and moisture ingress are likely to persist [69].
Key chemical bond changes observed in FTIR due to salt interactions are as follows:

«+ The shift in peaks of O—H and Si—O-Si, suggests altered hydration states.
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o Reduced C-S-H peak intensity in Mg-rich samples indicates suppressed gel
formation.

+ Enhanced peaks at 1424 cm™ and 876 cm™ in SO,* systems suggest ettringite and
calcite precipitation.

Discussion

Salt concentration and precipitation

In this study, 12 various salt solutions have been used to prepare the aqueous phase.
Total salinity and concentration of reactive ions are two main factors forming precipita-
tion in an aqueous solution [70]. In this regard, ion activity has a remarkable effect on
an indicator known as saturation index (SI), a function of the type and concentration of
ions. It represents the amount of salt precipitation in a solution as Eq. 1 [33].

ST = log (yimy) /Kgp 1)

Where y; is the activity coefficient, m; represents ion concentration, and Ky, is the solu-
bility product. SI is a thermodynamic indicator of salt precipitation potential; positive SI
values suggest oversaturation and imminent deposition of salts in pore space. Generally,
negative SI values decrease precipitation, while positive quantities show an increment of
deposition [70]. It should be noted that the numerator in Eq. 1 is known as ion activity.
Calcite in an aqueous solution can react as Eq. 2:

CaCO3+H,0 — Ca’*™+CO3* +HT+(OH) ™~ 2)

Calcium ions resulting from CaCO, can react with other ions (e.g., CI” and SO,*") in the
solution because of its high activity. Figure 6 shows the chemical reactions between salt
ions and Ca?* in the aqueous solution.

The main adverse products of the reaction between NaCl/Na,SO, and calcite are
CaCl, and CaSO,. Such calcium salts comprising divalent ions can result in precipita-
tion for even a low concentration and, thus, affect concrete physical and mechanical
characteristics [71]. The reactions illustrated in Fig. 6 demonstrate how calcium carbon-
ate in the matrix interacts with salt ions such as Cl~ and SO,*" to form calcium-based
precipitates like CaCl and CaSO,. These reaction products can accumulate within the
pore space, leading to physical pore-filling and thereby reducing the connectivity of flow
paths. In particular, the formation of CaSO, may also contribute to expansive crystalliza-
tion pressure, especially in confined pores, which can initiate microcracks and lead to
mechanical degradation over time. Therefore, the reaction pathways not only alter the
porosity and permeability but also play a critical role in potential strength loss under
certain chemical environments.

To quantify the amount of salt precipitation in this study, the residual curing solutions
from each sample container were collected at the end of the 28-day period. These solu-
tions were filtered through 0.45 pm membrane filters to separate solid precipitates. The
filtered solids were then dried at 60 °C for 24 h and weighed using a high-precision ana-
lytical balance with +0.001 g accuracy. The recorded mass represented the amount of
salt precipitated due to chemical interactions during curing under each condition. Fig-
ure 7 illustrates the amount of salt precipitation for all solutions.

As can be seen from Fig. 7, in NaCl and Na,SO,, as salt concentration increased, the

amount of salt precipitation increased. That is, an increase in ionic concentration can
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lead to significant differences in the characteristics of a salty solution and influence the
deposition pattern of salts [72]. Besides, based on Eq. 1, an increase in ion concentra-
tion can result in a higher SI, hence, more precipitation in the medium. The results
indicated that sulfate ions could increase the total amount of precipitation. This is due
to the formation of ettringite (CasAl,(SO,)s(OH);,-26 H,O), which is a crystalline and
expansive hydration product resulting from reactions between sulfate ions and calcium/
aluminum phases present in the cement matrix. Ettringite has a relatively large molar
volume and tends to nucleate rapidly in sulfate-rich environments, thereby contributing
significantly to solid-phase precipitation and pore filling [66, 73]. However, a synclinal
trend was observed for salt solutions comprising divalent cations (i.e.,, Ca** and Mg?").
Various transport processes such as capillary flow and diffusion mechanisms, often
result in disruptive expansion due to detrimental reactions between diverse ions and
the hydrated cement phase in the pore space [69]. Hence, the presence of calcium and
magnesium ions in the solution could form ettringite and lizardite as prone elements
to precipitate [73, 74]. For salt concentration higher than 15 g/L (i.e., solutions 11 and
12), more concentration of a reactive ion in solution (i.e., Ca®>* or Mg?") could lead to an
increase in both ion activity and solubility product and, therefore, more precipitation
in the medium would be [33]. For salt concentrations lower than 15 g/L (i.e., samples
3 and 4), although salt concentration decreased, the activity of Ca*" as the reactive ion
would prevail over the salinity. Consequently, total salt precipitation would increase as
well. That is, under such conditions, the activity of the reactive ion could play a pivotal
role in intensifying total precipitation [33, 71]. According to the results, the concentra-
tion of 15 g/L of CaCl,.2H,0 and MgCl,.6H,O should be considered an optimum point
for the least salt precipitation. This optimum concentration has practical implications
in engineering design, particularly for the formulation of cementitious systems used in
saline aquifers, oil and gas wells, or groundwater control structures. Maintaining salt
concentrations near this threshold may help minimize detrimental precipitation, pre-
serve permeability, and enhance long-term durability without compromising early-age
strength. For instance, in reservoir cementing or underground grouting, brine chemis-
try can be adjusted to target such optimal salinity levels, thereby mitigating formation
damage while maintaining structural integrity [33, 71]. It should be noted that magne-
sium ion has a moderate influence on the enhancement of salt precipitation compared
to calcium ion owing to its lower chemical activity than that of calcium [75]. Sulfate ions
can neutralize the decreasing effect of magnesium on precipitation [33]. Therefore, if no
sulfate ions were in the solution, the role of magnesium ions in the reduction of total salt
deposition would be more sensible, especially for high precipitations, as for the same
concentration of calcium and magnesium of 30 g/L, magnesium brine resulted in 15%
lower precipitation. A series of magnified FESEM images taken from thin slabs of speci-
mens also show the detrimental influence of precipitation on pore surfaces, resulting in
changing primary physical characteristics of the concrete, as illustrated in Fig. 8.

In Fig. 8a and f, the borders between interconnected pore throats and salt precipi-
tations were highlighted in red. As observed in the FESEM images, samples cured in
lower salt concentrations (i.e., Fig. 8a, d and g, and 8j) retain relatively clean and open
pore surfaces, with fewer crystal formations. In contrast, samples treated with higher
salt concentrations (i.e., Fig. 8c, f and i, and 8l) exhibit dense accumulations of crystal-
line precipitates along pore walls and throats. These precipitates often appear as angular
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Fig. 8 FESEM images of samples including (a) NaCl 10 g/L, (b) NaCl 15 g/L, (c) NaCl 30 g/L, (d) Na,SO, 10 g/L, (e)
Na,SO, 15 g/L, () Na,50, 30 /L, (g) CaCl,2H,0 10 g/L, (h) CaCl,.2H,0 15 g/L, (i) CaCl,2H,0 30 g/L, (j) MgCl,.6H,0
10 g/L, (k) MgCl,.6H,0 15 g/L, (I) MgCl,.6H,0 30 g/L (view field: 26.22 um). Red dotted lines in subfigures (g) to (I)
highlight visible accumulations of salt crystals within pore regions, based on morphology and contrast. Although
no EDS analysis was conducted, the precipitation zones correspond to known salt types used in each curing
condition

or needle-like structures that partially or fully obstruct interconnected pore channels.
Particularly in samples with divalent cations at 15 g/L (Fig. 8h and k), the microstructure
appears more stable with minimal pore clogging. These observations provide visual con-
firmation of the correlation between salt concentration and pore accessibility, reinforc-

ing the permeability and porosity trends described earlier [22, 38, 74].
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According to Fig. 8, in samples comprising NaCl and Na,SO,, as salt concentration
increased, the concrete surface would be influenced by chemical interactions. Moreover,
as can be observed in Fig. 8h and k, the lowest chemical precipitation associated with
divalent cations would be formed at 15 g/L concentrations for both CaCl,.2H,O and
MgCl,.6H,0 salts.

Physical and mechanical properties
Generally, two mechanisms can be identified for salt transport by water in a porous
material. The first is diffusion, which tends to even out accumulations but is relatively
slow in porous materials. Capillary flow is considered the second mechanism, which is
most efficient and typically faster than diffusion. Water can transport salts when liquid,
while they can be retained in the vapor phase. The capillarity mechanism controls liquid
water, while the diffusion mechanism controls water vapor. In more detail, capillary flow
occurs when liquid water is drawn through narrow interconnected pores due to sur-
face tension forces and pressure gradients. This mechanism dominates during the early
stages of drying or in fully saturated systems and results in relatively fast and directional
movement of dissolved salts. As water evaporates at the surface, also known as the dry-
ing front, salts are transported via liquid films toward these regions and subsequently
precipitate, typically forming crusts or visible salt deposits called efflorescence. On the
other hand, diffusion governs salt transport in the vapor phase, particularly under lower
humidity conditions or in partially saturated pore structures. Driven by concentration
gradients, this process is slower and leads to a more gradual and spatially distributed
movement of salts throughout the pore network. In drying cementitious materials, both
mechanisms may operate simultaneously. Capillary flow tends to concentrate salts at
exposed surfaces, while diffusion enables redistribution within the interior. The dynamic
balance between these two mechanisms significantly affects the location and morphol-
ogy of salt precipitation, which in turn impacts pore blockage, permeability, and long-
term durability of the material [76, 77]. Figure 9 schematically depicts these mechanisms.
These two mechanisms would inevitably compete in the porous material [76]. Thus,

any precipitation in the porous media could be an obstacle that affects fluid flow, and as

Fig. 9 Conceptual illustration of salt transport mechanisms: (a) capillary flow driven by surface tension and pore
connectivity enables rapid salt migration and accumulation at drying fronts; (b) diffusion dominates vapor-phase
transport, leading to gradual redistribution of dissolved salts across the pore space
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a result, it would alter rock properties such as porosity, permeability, and rock strength
[22, 78-80]. Due to capillary flow, salt concentrations in the liquid phase are highest at
the surface of pores, leading to preferential precipitation at the surface, so-called efflo-
rescence phenomenon [20]. During precipitation, permeability decreases due to a reduc-
tion in porosity. Nevertheless, permeability can alter by several orders of magnitude for
diverse dissolution/precipitation processes under varying reactive transport conditions,
regardless of whether the porosity remains the same or not [77]. Figures 10 and 11 show
concrete porosity and permeability for all samples, respectively.

Figures 10 and 11 indicate that concrete porosity and permeability were indirectly
related to the total precipitation amount. At the same time, their relationship with salt
concentration depended on ion types in salt (i.e., monovalent or divalent ions). Sam-
ples containing NaCl and Na,SO, showed a decreasing trend associated with salt pre-
cipitation. Nevertheless, changes in the concentration of divalent cations (i.e., Ca** and
Mg?*) demonstrated an anticlinal mode on the primary physical properties of concrete,
resulting from findings in Fig. 7. In this regard, concrete permeability is much more
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susceptible to changes in salt precipitation than concrete porosity due to pore throat
blockage. In other words, unlike total porosity, permeability is governed by intercon-
nected pore throats, which are more susceptible to blockage by localized crystal growth
[37, 38]. Bacci et al. (2011) also reported such an observation when they injected CO,
into saline aquifers [17]. For instance, a 50% change in calcium chloride content could
alter concrete porosity and permeability by about 5% and 60%, respectively. This indi-
cates that salt precipitation in porous media can severely affect flow paths compared to
total void volume. Such a feature would be significant in porous materials, where fluid
flow is much more important than storage capacity. Furthermore, a series of samples
were tested, and the results indicated inverse relationships between concrete porosity
and compressional and shear sonic wave velocities, as shown in Fig. 12.

The correlations between porosity—sonic velocities may serve as a basis for non-
destructive evaluation of concrete curing and internal degradation under saline con-
ditions. Based on Fig. 12, both linear and exponential relationships demonstrate good
data matching as their squared regression coefficient values considerably approach one,
and thus, they can be used to predict the relation between concrete porosity and sonic
wave velocity. A comparative evaluation of the linear and exponential fits for the rela-
tionship between porosity and sonic wave velocity was performed using the coefficient
of determination (R®). The exponential fits achieved R* value of 0.96 and 0.97, indicat-
ing a very strong correlation, while the linear fit resulted in a slightly lower R* of 0.96.
Given the improved accuracy and better data representation, the exponential model was
selected as the preferred fit to describe the dependence of sonic wave velocity on poros-
ity in the concrete samples. It should be noted that structurally analogous specimens
would reduce pore geometry effects on such relationships [81]. Increasing salt precipita-
tion can impact concrete porosity by blocking interconnected pores. As a result, con-
crete structural integrity and internal continuity would improve. The same composition
and preparation process of porous concrete samples could compensate for the impacts
of some adverse factors, such as type of porosity and pore geometry, on the relation-
ship between concrete porosity and sonic wave velocity. However, comparing current
data and our previous outcomes reveals that distinct salts in initial water composition
could increase compressional sonic wave velocity up to about 16% [82]. To investigate
the impact of salt precipitation on concrete porosity and strength, a series of uniaxial
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Fig. 12 The relationship between concrete porosity and sonic wave velocity
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Fig. 13 UCS data in terms of concrete porosity of the current study and data from Iranfar et al. (2023) [82]

compressive strength (UCS) tests were performed on specimens. Moreover, for bench-
marking purposes, UCS—porosity data from Iranfar et al. (2023) was used in comparison
with the present results, as both studies employed artificial porous concrete specimens
with identical cement content (11 wt%) and similar mix design and curing protocols
[82]. This consistency supports a valid comparison of mechanical behavior trends. The
results are presented in Fig. 13:

Porosity as a discontinuity in concrete structure could lessen the strength of a con-
crete under compressive and tensile stresses. Figure 13 illustrates an inverse exponen-
tial relationship between concrete porosity and UCS, which agrees with our previous
study on artificial samples with the same cement content [82]. While porosity is a major
control on UCS, the presence of dissolved salts may also influence mechanical strength
independently through chemical means. Specifically, certain salts promote the forma-
tion of additional crystalline phases (e.g., ettringite, brucite, or modified C-S-H), which
can enhance particle bonding or matrix densification. Conversely, excessive salt content
or aggressive ion interactions may introduce microcracking or heterogeneous precipi-
tation zones that locally weaken the structure. Therefore, the impact of salts on UCS
reflects a combination of physical pore alteration and chemical reinforcement or degra-
dation depending on the salt type and concentration [54, 67, 81]. The results also showed
that various salts in an aqueous solution could increase the accuracy of the exponential
correlation between the UCS and porosity of the concrete. It has been established that
heterogeneous pore size distributions on the surface of pores cause preferential efflo-
rescence occurring exclusively at fine pores [11]. The exponential relationship observed
between UCS and porosity provides a practical tool for predicting strength behavior
in salt-affected cementitious materials. In field applications, porosity can be measured
more readily than strength, particularly using non-destructive techniques such as sonic
or imaging-based methods. This relationship can therefore serve as a design criterion for
selecting appropriate curing strategies or material formulations in environments where
salt exposure is likely, ensuring sufficient strength development while accounting for
microstructural changes induced by salt precipitation. Given that the structural charac-
teristics of artificial porous samples can be controlled, they can be widely used to study
the effect of each influential factor on primary mechanical and physical properties.
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Conclusions

The principal objective of this study was to evaluate how the type and concentration of
dissolved salts influence precipitation behavior and its effect on the primary physical and
mechanical properties of porous cementitious materials during curing. The key findings

can be summarized as follows:

— The results indicated that concrete permeability is significantly more sensitive to
salt concentration than porosity. For example, a 50% increase in salt concentration
reduced porosity by only 5%, whereas it caused a 60% decrease in permeability,
highlighting the vulnerability of flow paths to pore throat blockage.

— The concentration of monovalent ions was inversely proportional to the porosity and
permeability of concrete due to the ion activity relating to SI factor. For divalent ions
(ie., Ca®, Mg™), an optimum salt concentration of 15 g/L was identified, at which
the minimum precipitation occurred, leading to the highest measured porosity and
permeability values. This insight is particularly valuable for designing salt-tolerant
cementitious materials in environments prone to chemical interaction with brine,
where exceeding this threshold could result in increased pore blockage and strength
loss. For instance, in samples containing magnesium chloride, salt concentrations
lower (10 g/L) and upper (30 g/L) than the optimum point would enhance the
precipitation up to 24% and 107%, respectively. These quantities for a calcium
chloride sample were 18% and 121%, respectively.

— Residual reactants from salt—cement—clay interactions modified the internal
structure of the concrete, increasing compressional wave velocity by up to 16%. This
increase is associated with enhanced bonding, matrix densification, and improved
continuity, indicating better material quality and durability in saline environments,
and also helped define a reliable exponential relationship between UCS and porosity.

These findings offer practical values for material selection and design in geotechni-
cal, structural, and subsurface engineering projects where salt exposure during curing
is likely, such as in saline aquifers, coastal zones, or arid climates with saline ground-
water. By identifying optimal salt concentrations that minimize precipitation and pre-
serve porosity and permeability, this study supports the development of more durable
cementitious systems under chemically aggressive conditions. However, it should be
noted that the study was conducted using artificial samples with fixed composition and a
controlled curing period of 28 days. Moreover, the environmental conditions were static
and did not include thermal or moisture fluctuations often encountered in the field.
Future research should focus on validating these outcomes under more realistic and
dynamic environmental scenarios.

These findings are practically applicable to the formulation and curing of cementi-
tious materials in environments exposed to saline water, such as coastal infrastructure,
underground formations, and oil and gas wells. The correlation between porosity and
mechanical/sonic properties also offers a basis for non-destructive monitoring during
curing. Nevertheless, the study was conducted under controlled laboratory conditions
using synthetic specimens and fixed curing time. Future research should assess the long-
term durability of similar systems under cyclic wetting—drying, thermal, and chemical
conditions, and various mechanical loads to capture real-world variability.
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