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ARTICLE INFO ABSTRACT
Keywords: Disposing of excess salt from seawater desalination and the potash industry presents substantial
Salt waste ecological risks worldwide. This underscores the pressing need to explore reuse possibilities to

Surface inclination

mitigate environmental damage. One potential solution involves incorporating salt waste into
Efflorescence

building construction, especially in environments with low air humidity. However, this integra-
tion affects composite materials’ mechanical and hydrothermal properties and results in efflo-
rescence on the material surface. This study investigates how different surface inclinations and
two types of salt waste affect efflorescence in salt cement mixtures. The primary goal of this
research is to design more resource-efficient building materials by reducing cement usage while
improving understanding of optimized surface design in indoor construction applications.
Experimental in-situ measurements employing Confocal Laser Scanning Microscopy (CLSM) and
Macro X-ray fluorescence scanning (MA-XRF) were conducted to examine salt crystallization
accumulation on the salt cement surface. Our findings indicate higher efflorescence on concrete-
salt surfaces with steeper inclinations (30-60 %). Furthermore, salt waste from the potash in-
dustry exhibits greater efflorescence than desalination salts, attributed to its higher sodium
chloride content. This research contributes to a deeper understanding of the interactions among
salt waste, cement, and surface characteristics, providing valuable insights for future advance-
ments in construction materials science.

Sustainable concrete
Non-destructive methods

1. Introduction

Today, salts are abundant by-products in desalination plants and potash production processes [1]. Edward Jones et al. discovered
that in 2018, with 15,906 operational desalination plants worldwide, the global volume of salt waste reached 8.45 million cubic meters
per day, with nearly half originating from the Middle East and North Africa [2,3]. In 2022, there were already 22,000 desalination
plants, expected to rise yearly by between 6 % and 12 % [3]. The most common ionic compound in salt waste from water desalination
is sodium chloride (NaCl), about 77 wt%. The remaining salt components are MgCly-6 H20 (10 wt%), MgS04-7 HaO (6 wt%),
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CaS04-2 Hy0 (3.9 wt%), and KCI (2 wt%) [4]. At the same time, in potash production, salt waste ranging from 0.05 to 0.43 million
cubic meters is generated daily, primarily originating from Russia, Belarus, and Canada [5-9]. Together, approximately 8.88 million
cubic meters of salt waste are generated globally every day, and it consists of NaCl (94.8 wt%), KCl (2.6 wt%), MgCls-6 H0 (0.8 wt%),
MgS04-7 Ho0 (0.2 wt%) [10,11], and soil. Unfortunately, much of this waste is disposed of in the environment (see Fig. 1),
contributing to heightened water salinity and temperature. These changes have detrimental effects on both flora and fauna, posing a
severe threat to plant and aquatic life, particularly in areas of high concentration [1,12]. Using salt waste has the potential to mitigate
salt contamination of the environment and reduce reliance on energy- or COy-intensive materials.

Incorporating salt into construction materials is an emerging concept with historical precedents. Ancient examples include the use
of salt-rich mud mortar in Karshif bricks in Egypt [13,14] and seawater-mixed lime concrete by the Romans [15-18]. More recently,
salt-based materials have been explored for nuclear waste containment in Germany [19]. Manufacturing methods for salt-based
materials include compression [20-22], crystallization [23-25], and additive manufacturing [26-29]. One of the key motivations
for salt-based materials is reducing reliance on cement, a major contributor to CO, emissions due to clinker manufacturing and raw
material extraction [26-30]. Studies have examined cement mixtures with salt or seawater, finding initial strength increases followed
by long-term deterioration due to chemical interactions [30-32].

Even though salt in a concrete mixture may diminish mechanical properties, it still demonstrates numerous positive attributes. It
boasts antibacterial qualities, is inflammable, and assists in maintaining humidity and heat. Moreover, its crystallization can have
advantageous and disadvantageous impacts on material properties. Gotti et al. suggest that adding salt to cement can significantly
reduce water penetration depth, with crystallization playing a pivotal role in Roman hydraulic concrete. Also, certain types of
sandstone form a salt crystallization barrier that helps prevent decay as it fills the pores and limits the further infiltration of substances
[10,33]. However, that same research also suggests that building materials containing salts in coastal areas may weaken over time due
to repeated dry-wet cycles [32,34]. Furthermore, beyond construction, salt’s beneficial properties in therapies like speleotherapy
[35-38] and halotherapy [39-42] suggest potential integration into building materials for enhanced human health benefits. An in-
crease in salt crystallization on the material surface might result in a higher concentration of salt particles in the air. Breathing more
salt particles in the air could clean the lungs, which is beneficial for respiratory health. However, further investigation is required into
building surface and salt behavior [43,44].

Salt crystallization or efflorescence is a naturally occurring deterioration pattern with salts in building materials [45,46]. Un-
derstanding the mechanism of efflorescence is crucial for comprehending how salts can be incorporated with cement. Salt crystallizes
when salt dissolved in water precipitates out of solution due to oversaturation, influenced by temperature and humidity [46,47]. For
instance, in the case of sodium chloride salts, it is commonly known that they crystalize at room temperature (21°C) and have a relative
humidity lower than 75 %. However, salts of different chemical components crystallize under various environmental conditions.
Sodium sulfate’s crystallization process differs with relative humidity lower than 50 % and higher than 50 % [33].

Salt solutions can crystallize on the surface or within pores in cement-based materials. Gomez et al. studied how volume, surface
free energies, and local curvature affect nucleation [47,48]. They found that surface geometry changes nuclei’s critical size and path to
equilibrium. Surface curvature significantly affects crystallization onset and initial crystal size. On curved surfaces, critical crystal size
can deviate from that on low inclination surfaces [49]. Similarly, Amanda J. Page and Richard P. Sear’s research [50] on noble gases
and methane crystallization found specific crystal alignment in wedges. Using Monte Carlo simulations, they showed nucleation rates
increase with surface inclination from 0° to 55°, then decrease at higher angles [50].

Surface inclination affects not only nucleation size and rate but also salt accumulation. Nachshon et al. showed that the surface
angle influences capillary water distribution during evaporation, creating different pressure levels and speeds [51]. Higher inclinations
lead to more salt accumulation at higher positions due to changes in solute transport. Capillary-driven flow enhances salt crystal
growth by forming conduits on non-porous surfaces, allowing electrolytes to wick upwards. This crystal growth continues through
capillary flow and water evaporation. Relative humidity and flow dynamics also impact salt deposition patterns. Upward capillary
flows from evaporation can overpower downward sedimentation, pushing particles to higher areas and increasing salt accumulation
[51,52]. With lower humidity, evaporation is faster and occurs within salt crystallization. The study of the mechanisms shows that the

Fig. 1. Monte Kali in Germany (Source:Vesna Pungercar).



V. Pungercar et al. Case Studies in Construction Materials 22 (2025) e04631

surface’s inclination can influence the growth of salt crystals on the surface.

A literature review found that salt accumulation on the surface can be analyzed using different methods [53-64]. The most used
aim at visual inspection [53,58,60,65], chemical analysis (X-ray diffraction, Gravimetric Analysis, Ion Chromatography, Fourier
Transform Infrared Spectroscopy) [55,59,64,66], surface analysis (Scanning Electron Microscopy, Energy Dispersive X-ray spectros-
copy) [62,67], material analysis (moisture testing, porosity testing, mechanical testing) [54,56,57,68] and standardized testing
methods outlined by ASTM standards [61]. The salt deposits can be visually inspected and compared with other surfaces [53,58,60,
65]. However, the analysis is subjective and needs to give more qualitative results. Chemical analysis includes the investigation of
weighing samples and identifying crystalline compounds, ions, or molecular structures [55,59,64,66]. However, it cannot provide a
complete picture of efflorescence across large surfaces. The surface analysis also gives detailed information at the microscopic level,
but due to magnification issues, the analyzed surfaces are always small and can only be generalized for part of the surface [62,67].
More indirect information about the efflorescence provides material analysis [54,56,57,68] but does not directly show the efflores-
cence’s effect. Standardized testing methods can sometimes be high inclination and only consider some different conditions [61].
Therefore, analyzing methods should have a microscopic level for defining the chemical composition and a macro level for deter-
mining the amount of efflorescence. Thus, the use of imaging methods as in this paper can better address the heterogeneity of the salts
deposits and distribution across the surfaces.

Our experimental study aims to evaluate the efflorescence of salt-concrete material at different surface inclinations. This
acknowledgment would help to design salt-concrete wall panels with a maximum salt efflorescence for potential enchancement of
respiratory health as well as evaluate the capabilities and limitation of non-destructive imaging methodologies for salts efflorescence
evaluation. The experimental results will show the potential of using a high amount of salt waste by reducing cement usage in building
materials and improving the understanding of optimized surface design in indoor construction applications.

2. Materials and methods

An optimal surface that absorbs as much heat as possible and is health-promoting should have the largest projected surface area.
This means the panels should have a textured surface instead of a low inclination one. Inspirations for surface structuring were found in
nature. In this research project, the surface of the human small intestine was used as a model, which achieves a large surface area
through the formation of so-called intestinal villi.

To determine the optimal surface design of the panels, the salt crystallization at different surface inclination angles was system-
atically investigated by Confocal laser scanning microscopy (CLSM) and Macro X-ray Fluorescence imaging (MA-XRF). Our research
contributes to better understand the formation of salts efflorescence on salt-concrete materials, which helps to give guidelines for
optimizing and designing indoor wall panels (see Fig. 2). The Fig. 2 illustrates a structure inspired by the human intestine, charac-
terized by a small external surface area but an extensively large internal surface area. This unique configuration made it an ideal
template for experiments aimed at enhancing the surface areas of specimens.

2.1. Materials

2.1.1. Salt-concrete mixture

The salt-concrete mixture was predefined from previous research due to its superior mechanical performance [69]. Materials
selected for the salt-containing mixtures included Portland limestone cement (CEM II/A-LL 42.5 R, manufacturer: Heidelberg Mate-
rials Cement), sand (CEN standard sand according to DIN EN 196, manufacturer: Normensand GmbH 6), distilled water, and salts from
potash (distributer: Diacleanshop and desalination production (distributer: Diacleanshop). The mixture paste was prepared according
to standard DIN 196-1, with a water-to-cement ratio of 0.70 and a cement-to-sand ratio of 1:3 (see Table 1).

In this study, XRD analysis was not performed because the chemical composition of the salts was obtained from existing literature
(see Table 2). Additionally, the industry was unwilling to provide the actual salt waste for direct analysis. As a result, we reproduced
the salt mixtures based on their known chemical compositions from published sources, ensuring that the materials used in the study
were representative of real industrial salt waste. Instead of conducting XRD, we relied on XRF analysis to confirm the elemental
composition of the synthesized salt mixtures. This approach allowed us to study the influence of these salts on concrete mixtures while
maintaining consistency with industrial compositions, despite the lack of direct industrial samples.

The chemical composition of cement, sand, and the two different salt waste materials was determined using Inductively Coupled
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Fig. 2. The concept of increasing surface area.
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Table 1
Salt-concrete mixture proportions (kg/m?).
Mixture Cement Desalination salts Potash salts Sand Distilled Water
Desalination salt concrete (DS) 258 343 772 180
Potash salt concrete (PS) 258 343 772 180
Table 2
Chemical composition of salt waste from desalination and potash production [70,71].
Chemical composition Potash production [wt%] [70] Desalination [wt%] [71]
NaCl 94.8 77.0
KCl 2.6 2.0
MgCl2 0.8 10.0
MgS04 0.2 7.0
CaSO4 - 4.0

Plasma Optical Emission Spectrometry (ICP-OES) Avio 500 ICP-OES, PerkinElmer. The results of the chemical analysis show that the
examined cement is as expected primarily composed of CaO, SiO,, AloO3, FeoO3, and SOg, while the sand is mainly composed of Al,O3
and SiO». The characteristic salts from the desalination plants and potash production mostly contain Cl, Na, K, Na;0O, and MgO (see
Table 2). The term SOs (IC]) refers to the sulfur trioxide (SOs) content measured using Ion Chromatography (IC) and SOs (OES)
represents the sulfur trioxide content determined through Optical Emission Spectroscopy (OES). The notation Na-0-a indicates a
specific variation in the measurement of sodium oxide (Naz0), involving a correction factor.

The cement and salt particle sizes (from desalination plants) were determined using a laser granulometer (see Fig. 4). For this
purpose, the samples were dispersed in isopropanol and then measured using laser diffraction. The grain size distribution of CEN norm
sand (from Normensand GmbH), based on the producer product description, ranges between 0.08 and 2.00 mm.

Table 4 presents the particle size distribu

tion (d10, d50,dD90) for CEM II/A-LL 42.5 R cement, desalination salts, and CEN norm sand. The CEN norm sand has the largest
particles, with d50 = 400 pm. In contrast, the desalination salts (d50 = 16.4 pm) and cement (d50 = 8.7 pm) have much finer particles.
The d90 values show that 90 % of CEN norm sand particles are smaller than 120 pm, whereas the desalination salts and cement have
d90 values of 40.1 pm and 31.1 pm, respectively, confirming that sand has the coarsest grain structure. The chemical compositions of
the DS and PS salts differed, but the grain size distributions provided by the producer were the same across the different compositions.
Therefore, only one desalination salt mixture was analyzed to verify the producer’s information regarding grain size distribution. The
particle size distribution of CEN norm sand was taken from the producer’s information, as it was predefined and supplied by the
manufacturer.

2.1.2. Preparation of mock-ups

Sample preparation was carried out following a 7-step procedure (see Fig. 5). The preparation procedure of the paste involved
weighing (Step 1) of each component. It is followed by mixing using a mechanical mixer Siemens TD 200 to ensure the homogeneity of
the mixture (Step 2). The paste mixture was distributed into the mold compartments (Step 3). The mold compartments used for shaping
the paste samples were custom-designed and fabricated using a laser cutter to create the prototype form. This means that the molds
were specifically crafted to fit the intended sample dimensions and experimental requirements, ensuring precision and consistency in

Fig. 3. Materials for potash salt-concrete mixture.
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CEM II/A-LL 42,5 R Normsand Potash salts (PS) Desalination salts(DS)
S0;3 [IC] 3.07 0.00 0.00 0.00
SO3 [OES] 3.32 0.22 0.46 4.96
Sulfide 0.04 0.00 0.00 0.00
Cl- 0.00 0.00 58.97 53.35
Na* 0.00 0.00 36.85 31.49
K* 0.00 0.00 1.58 1.31
Ca* 0.00 0.00 0.01 1.07
Mg?* 0.00 0.00 0.30 2.48
Na,O 0.29 0.20 49.64 42.43
K,O0 0.63 0.78 1.90 1.57
Na,0-a 0.71 0.71 50.89 43.46
CaO 62.25 0.10 0.02 1.50
MgO 0.80 0.09 0.49 4.12
Fe,03 1.29 0.53 0.00 0.00
Al,03 3.57 1.61 0.00 0.01
SiO, 20.08 95.86 0.00 0.00
P,0s 0.18 0.07 0.02 0.05
BaO 0.02 0.02 0.00 0.00
SrO 0.17 0.00 0.00 0.01
MnO 0.04 0.01 0.00 0.00
TiO, 0.21 0.06 0.00 0.00
Cry03 0.01 0.00 0.00 0.00
V305 0.01 0.01 0.00 0.00
ZnO 0.01 0.00 0.00 0.00
Table 4

Particle size distribution.

CEM II/A-LL 42.5 R, (um)

Desalination salts (um)

CEN norm sand (um)

d10 1.3 3.1 900
ds0 8.7 16.4 400
doo 31.1 40.1 120

sample preparation. During the filling process (Step 4), the paste undergoes gentle poking to facilitate the expulsion of air, thereby
reducing the likelihood of pore formation. Following this step, the samples undergo a drying period at 20°C and 50 % relative humidity
in the climate chamber for 24 hours (Step 5) before being carefully de-molded (Step 6). Upon demolding, the samples are sealed with
tape (Step 7), leaving only the observed surface exposed to air to promote salt crystallization predominantly on the surface. These
prepared samples are then stored under specified conditions for 27 days at 20°C and 50 % relative humidity in a climate chamber (Step
8), adhering to the standard curing time for cement to allow for comprehensive analysis and observation. It is essential to note the
difficulty in controlling and avoiding pores on the samples while also acknowledging that the edges of the samples may exhibit relative
brittleness at the time of demolding.

To study how the inclination and salt chemical composition would affect the crystal growth on the cement surface, two series of
samples (Set A and Set B) that are different in volume were designed (seeFig. 6). The initial series (Set A) comprised samples with a
consistent inclined surface measuring 10 cm in width and 10 cm in length, and different cm in height. The second series (Set B)
featured samples of identical dimensions, measuring 10 cm in width, 10 cm in length, and 2 cm in height. Each series encompassed six
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Step 5 Step 6 Step 7 Step 8

Fig. 5. A series of photos showing the sample preparation process: Step 1: Weighting, Step 2: Mixing, Step 3: Creating molds, Step 4: Filling the
molds, Step 5: Drying in a climate chamber for 24 hours. Step 6: Demolding, Step 7: Sealing the samples, Step 8: Drying the samples in a climate
chamber for 27 days.

SETA

10cm

Fig. 6. Figures explaining the mold compartments: (a) Set A and (b) Set B.

samples with inclinations (0) at 0°, 10°, 20°, 30°, 45° and 60°. All samples with inclination from 0 to 30° are defined as low inclination
surfaces, and the inclination between 30 and 60° as high inclination surfaces. Photos were captured perpendicular to the surface by
maintaining a constant observed area, facilitating more accessible surface analysis. Fig. 6 shows the two samples sets.

2.1.3. Methods

CLSM and MA-XRF (Fig. 8) were employed for investigating the mock ups surfaces. Both methods are non-destructive and do not
require the removal of samples and permit the analysis without contact with the surface of the specimen. CLSM was expected to reveal
higher roughness at the upper points of the surface, as increased crystallization is anticipated to occur there, according to the literature.
Macro X-ray Fluorescence was expected to show that the crystallization of Cl-based salts varie with the material mixture (potash and
desalination salts) and inclination on the surface of samples. The results of both methods are shown and discussed below.

CLSM enables the collection of detailed surface information such as porosity, wear, cracking, and roughness across various ma-
terials, especially cement-based materials [72-74]. In this research study, a Confocal Laser Scanning Microscopy (VK-X100-M-D) from
Keyence was utilized to analyze the surface roughness on two measurement areas of each sample. The microscopy employed a red laser
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Fig. 7. (a) Set A; (b) Set B. CLSM Measurements are shown as the upper surface at both sets with the position of the measurement point of dark blue
(PS Upward Measuring Point), bright blue (PS Downward Measuring Point), dark gray (DS Upward Measuring Point) and bright gray (DS Downward
Measuring Point). MA-XRF measurements are shown as downward surfaces on the samples with rectangular surfaces in the middle of the sample.
Three areas at MA-XRF are evaluated: dark blue (PS Upward Mapped Area), bright blue (PS Middle Mapped Area), very bright blue (PS Downward
Mapped Area), dark gray (DS Upward Mapped Area), bright gray (DS Middle Mapped Area) and very bright gray (DS Downward Mapped Area).

Fig. 8. Data collection tools, left: Scanning Confocal Microscopy, suitable: Macroscopic X-ray Fluorescence.

(685 nm) as its light source. Data were collected with objective lenses with a 5x magnification in which each scan covered a viewing
measurement range of 2700 pm horizontally and 2025 pm vertically. Data collection was facilitated through the VK Aufname-Modul
and VK Mulitfile Analyser software, enabling the generation of detailed surface maps for analysis. One measurement area was in the
upper part, and one was in the lower part of the samples. In this experimental study, CLSM measurements were conducted on two

Fig. 9. Microscopic view showcasing the growth of salt crystal. Left: With 10x magnification. Right: with 40x magnification, the cubic crystal
structure grown in different directions can be observed.
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distinct areas.

MA-XRF analysis were performed with an ELIO spectrometer (Bruker) equipped with an Rh source operating at 30 kV and 80 pA.
The focal spot size is of 1 mm, with an acquisition time of 60 s for punctual analysis and 1 s/px for mapping (total of 320 measure-
ments/px per mapping). The measurements are acquired at a distance of one cm from the sample’s surface. The Elio spectrometer has a
two-laser-based system that permits the optimisation of the measurement conditions in terms of X-ray source and detector geometrical
alignment. The spatial distributions of the elements were obtained using Elio Bruker software. Neither helium flow nor filters were
used. However the use of Helium could permit a higher sensitivity to light element, it cannot be used during mapping measurements.
Semi-quantitative data evaluation was performed with ArtTAX-Ctrl software (Intax). The instrument allows the detection of elements
with Z > 11 (Na). In this paper, Chlorine (Cl) and Potassium (K) were considered as marker-elements of the added salts. All the in-
tensities shown below for up, middle and downward areas are mean values of 60 measurements/pixel. To permit comparison between
the different samples/sets, signal intensities were normalized using the signal of the Rh (emission line Kal 20.216 keV).

3. Results and discussion

Based on macroscopic observation, salts efflorescence is clearly visible on the surface of all the mockups sets after curing. Fig. 9
shows the concrete surface under the optical microscope at a magnification of 10x (Fig. 9, left) and 40x (Fig. 9, right). Cubic crystal
shapes indicate the presence of Cl-based salts formation. While the varied growth directions of the salt could influence the surface
topography in 2D, the volume of salt efflorescence can be expressed in terms of surface roughness, which values can be precisely
measured using 3D laser confocal microscopy and used as parameter to compare the different specimen.

3.1. Surface roughness evaluation

The surface roughness values collected using confocal microscopy are summarized in Table 5 and Fig. 10, illustrating the changes in
surface roughness of the concrete after curing at different dryinginclination. The results indicate that at the top measurement point, the
surface roughness is higher than the bottom position at both samples and material mixtures. This is in line with the results of Nachshon
et al., where the increase of efflorescence at great inclination has been explained because of the greater gravity [51].

In Set A, the surface roughness is:

- 9.14 % higher (from 23.449 pm to 25.593 pm) at the upwards measurement point
compared to the downwards measurement point for the PS mixture.

11.65 % higher (from 19.703 pm to 22.303 pm) at the upwards measurement point
compared to the downwards measurement point for the DS mixture.

max by 25.593 pm at the upwards measurement point at the DS mixture.

min by 19.703 pm at the downward measurement point at the PS mixture.
In Set B, the surface roughness is:

is up to 31.01 % higher (from 15.874 pm to 20.800 pm) at the upward measurement
point compared to the downward measurement point for the PS mixture

- 21.95 % higher (from 16.975pm to 21.752 pm)) at the upward measurement point
compared to the downward measurement point for the DS mixture.

max by 21.752 pm at the upward measurement point at the PS mixture

min by 15.874 pm at the downward measurement point at the PS mixture.

There is also a difference between sample sets A and B. The highest value in Set A is observed at the upward measurement point at
DS mixtures by 25.593 pm. The highest value in Set B is observed at the upward measurement point at PS mixtures by 21.752 pm.

3.1.1. Surface roughness: low inclination surfaces versus high inclination surfaces
The roughness of the high inclination and low inclination surfaces is presented in Table 5 and Fig. 11. Analysis indicates that the

Table 5
Average Surface Roughness values of two salt mixtures (DS and PS) for sets A and B.
Salt mixture Position of measurement Average Surface roughness (pm) Standard Deviation
Set A
PS Upwards 25.593 8.954
Downwards 23.449 6.134
DS Upwards 22.303 4.862
Downwards 19.703 3.926
Set B
PS Upwards 20.800 20.159
Downwards 15.874 16.378
DS Upwards 21.752 15.986
Downwards 16.975 13.029




Table 6

The evaluated topography and rendered 3D model of Set A_PS Upward Measurement at three different surface inclinations (0°, 30°, 60°) with CLSM.
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Table 7
Surface roughness between low inclination and high inclination surfaces for the DS and PS mixtures’ upward and downward measurement values for
sets A and B.

Set A

Salt mixture Inclination Position of measurement Average Surface roughness (um) Standard Deviation

PS 0-30° Upwards 3.82 0.034
0-30° Downwards 3.78 0.017
30-60° Upwards 37.82 12.107
30-60° Downwards 27.93 15.321

DS 0-30° Upwards 16.09 11.305
0-30° Downwards 6.50 4.740
30-60° Upwards 27.42 20.367
30-60° Downwards 27.46 8.517

Sample Set B

PS 0-30° Upwards 21.89 6.401
0-30° Downwards 18.91 5.664
30-60° Upwards 29.30 10.874
30-60° Downwards 27.99 0.266

DS 0-30° Upwards 21.29 7.436
0-30° Downwards 16.89 3.337
30-60° Upwards 23.32 0.840
30-60° Downwards 22.52 1.926

surface roughness for the high inclination surface (inclined at 30-60°) was always higher than that of the low inclination surface
(inclined at 0-30°) across most measurements. Table 5 shows the evaluated topography and rendered 3D model of Set A_PS Upward
Measurements as examples for visual validation at different surface inclinations. Set A, with higher inclination, showed more sig-
nificant differences between the surfaces’ minimal and highest measured points (more variation in colors — from blue to yellow). Lower
inclination and lower surface roughness were observed at 0° inclination, with more consistent colors ranging from yellow to red.

For Set A, the surface roughness for PS and DS mixtures is always higher than the low inclination surface roughness. Also, an
increase in the surface roughness at the upward in comparison to downward measurement points is noted within both material
mixtures. The surface roughness is:

- 90 % higher (from 3.78 pm to 37.82 pym) at the high inclination upwards measurement point compared to the low inclination
upwards measurement point for the PS mixture.

- 88 % higher (from 3.82 pm to 27.93 pm) at the high inclination upwards measurement point than the low inclination upwards
measurement point for the DS mixture.

- max by 26 % at the upwards measurement point compared to the downwards measurement point at the PS mixture (30-60°).

- about 0 % at the upwards measurement point compared to the downwards measurement point at the DS mixture (30-60°).

Set B’s differences in surface roughness for PS and DS between high inclination and low inclination surfaces are not as high as in Set
A. The surface roughness is:

- 25 % higher (from 21.89 pm to 20.80 pm) at the high inclination upwards measurement point compared to the low inclination
upwards measurement point for the PS mixture.

- 9 % higher (from 15.975pm to 22.753 pum) at the high inclination upwards measurement point compared to the low inclination
upwards measurement point for the DS mixture.

- max by 201 % at the upwards measurement point compared to the downwards measurement point at the DS mixture (0-30°).

- min by 3 % at the upwards measurement point compared to the downwards measurement point at the DS mixture (0-30°).

3.2. Sample/surface characterization: elemental analysis

The elements detected by Macro-XRF in both sample sets include Si, S, Cl, K, Ca, and Fe, with minor signals of Sr and Ti. It is
important to note that the depth of XRF measurement varies based on the energy of the element and the density of the matrix. For a
concrete matrix, the densities are 1882 kg/m?® for DS and 1950 kg/m? for PS. The penetration depths for Cl analysis are 1.77 mmfor DS
and 1.71 mmfor PS[75]. This indicates that we were able to fully penetrate the salt efflorescence (maximum thickness of 2 mm) on the
surface and detect signals from the saturated concrete block.

3.3. Effect of the salts admixtures

PS and DS mixtures showed different crystallization amounts on the surface. Fig. 11 shows that only once, for the surface roughness
of PS concrete at 0-30° inclination, the values are lower than those of the DS concrete mixture. This salt accumulation pattern suggests
a chemical composition affecting salt crystallization. It is essential to emphasize that DS salts have about 11 times more SO3 (in PS
0.46 wt%, in DS 4.96 wt%) and about 8 times more MgO (in PS 0.49 wt%, in DS 4.12 wt%) than PS salts.

A salt concrete mixture containing higher levels of SO3 and Mg can contribute to more stable matrix [76-78] and could also help to
reduce efflorescence. Sulfur trioxide (SOs) is introduced into cement through gypsum (CaSOs-2H-0) to regulate hydration [79-81]. It
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Table 8
Surface roughness values for low inclination and high inclination surfaces of DS and PS mixtures’ upward, middle, and downward measurement for
sets A and B.

Cl
Mean (x = 60) S(x = 60) Min Max
Down 20240430_PS_deg0 47,4 12,3 25,6 71,3
20240403_A_PS_60deg 56,8 19,5 29,3 150,5
20240403_B_PS_60deg 57,3 15,3 31,1 91,9
Middle 20240430_PS_deg0 45,6 11,1 31,0 74,8
20240403_A_PS_60deg 59,4 18,9 36,2 141,0
20240403_B_PS_60deg 52,3 23,0 25,1 167,3
Upper 20240430_PS_deg0 42,9 13,1 15,2 95,4
20240403_A_PS_60deg 56,5 15,3 37,0 116,3
20240403_B_PS_60deg 58,9 14,8 38,5 105,8
K
Mean (x = 60) S(x = 60) Min Max
Down 20240430_PS_deg0 8,6 2,3 4,5 13,1
20240403_A_PS_60deg 2,7 1,5 1,1 9,8
20240403_B_PS_60deg 7,7 2,5 2,2 15,3
Middle 20240430_PS_deg0 8,3 2,4 3,5 15,9
20240403_A_PS_60deg 1,5 0,7 0,5 4,0
20240403_B_PS_60deg 7,2 3,0 2,8 18,0
Upper 20240430_PS_deg0 8,3 2,8 3,0 20,7
20240403_A_PS_60deg 2,7 1,5 1,0 7,3
20240403_B_PS_60deg 7,3 2,9 2,7 14,3
Cl
Mean (x = 60) S(x = 60) Min Max
Down 20240430_DS_deg0 48,8 15,7 24,4 113,0
20240403_A_DS_deg60 50,6 14,2 25,0 110,9
20240403_B_DS_60deg 34,7 11,7 17,4 64,9
Middle 20240430_DS_deg0 48,5 13,0 28,1 82,1
20240403_A_DS_deg60 56,9 17,5 31,4 114,7
20240403_B_DS_60deg 34,6 11,1 14,6 63,0
Upper 20240430_DS_deg0 40,5 9,6 26,5 65,6
20240403_A_DS_deg60 54,0 22,1 20,5 1321
20240403_B_DS_60deg 29,4 10,8 13,3 66,5
K
Mean (x = 60) S(x = 60) Min Max
Down 20240430_DS_deg0 8,7 3,0 4,6 23,6
20240403_A_DS_deg60 2,1 0,8 0,8 4,8
20240403_B_DS_60deg 7,2 2,6 2,8 13,6
Middle 20240430_DS_deg0 8,9 2,6
20240403_A_DS_deg60 3,3 1,3 1,2 5,8
20240403_B_DS_60deg 7,3 1,9 4,5 12,6
Upper 20240430_DS_deg0 9,3 2,0 2,5 18,7
20240403_A_DS_60deg 7,3 3,3 3,8 23,7
20240403_B_DS_60deg 6,1 2,4 5,4 14,5

plays a key role in controlling the reaction of tricalcium aluminate (CsA). The right amount of SOs ensures proper ettringite formation,
enhancing early strength and preventing cracks [81]. In blended cements, such as those with fly ash or silica fume, SOs helps maintain
an alkaline environment [80]. This promotes further hydration, leading to a denser structure and improved long-term durability. A
well-balanced SOz content lowers permeability, reducing the movement of salts and minimizing efflorescence [79]. However,
excessive SOs can cause expansion and structural issues [80]. Mg contributes to chemical binding by promoting the formation of
magnesium-aluminum layered double hydroxide (Mg-Al LDH), which can trap ions more effectively. This reduces the availability of
free chloride, one of the main contributors to salt efflorescence, thereby limiting its migration to the surface [76]. However, under
humid conditions, the presence of sulfates and MgO in concrete can lead to expansive phenomena (increase of the volume and internal
stresses) that influence negatively the durability of concrete [82,83].

Since XRD measurements were not conducted, CemGEMS simulations were used as an alternative to predict the expected hydration
phases and chemical interactions in three cementitious systems: plain cement (without added salts), cement with desalination salts,
and cement with potash salts (see Table 1, Table 2, Table 3). Simulations confirmed higher SO3 and MgO levels in DS salt mixtures
promoted gypsum and ettringite formation. In contrast, PS (Fig. 12) mixtures exhibit lower sulfate binding and greater efflorescence
potential. Brucite (Mg(OH)2) formation is more pronounced in DS mixtures, indicating that the hydration of MgO can contribute to
increased expansion risks under humid conditions. In contrast, PS mixtures exhibit lower Brucite formation, suggesting a reduced
potential for expansion-related issues. DS mixtures have a lower aqueous phase volume, where more ions could be chemically bound,
while PS mixtures retain more free ions and could increase efflorescence formation. These results align with MA-XRF findings, where
chloride distribution is more uniform in DS mixtures and localized in PS mixtures. The simulations of PS mixture could stabilize
chlorides through Friedel’s Salt, but would probably not fully prevent their migration. The findings confirm that balancing SOs and
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Fig. 10. Surface Roughness for the upward and downward measurement values of DS and PS mixtures for Set A and B.

MgO content is crucial to minimizing efflorescence while preventing expansion-related damage. These computational results strongly
support the experimental observations.

As a result, the Fig. 12 shows the XRF mapping of the mock-ups with a low inclination surface (0°) in comparison to the specimen
with a 60° inclination for both set A and B of DS and PS concrete admixtures. In the mapping, red indicates higher counts/pixel values
(signal intensity) for the selected element/energy line, while dark blue represents lower signal values.

When comparing the maximum signals detected for Cl in the low inclination samples for both salt-concrete admixtures, the values
are comparable (max > 3000 counts). The signal detected for K, however, is slightly lower for the low inclination surface of the PS-
concrete admixture (max > 700 counts). If we observe the distribution of the presence of Cl-based salts, these are more heteroge-
neously distributed for the DS-samples. Most areas shows low signals (areas mostly green and blue coloured) in comparison with the
PS-admixture where the signal are hiher (areas mostly yellow-red coloured).

Furthermore, in the mappings, it is possible to observe that the Cl-based compounds are quite uniformly distributed. The K mapping
permits to observe the distribution of KCl salts.

3.4. Effect of the salts/concrete volume

The experimental results for CLSM are presented in Fig. 10 and Fig. 11. It can be seen that all maximal values were measured in Set
A (25.593 pm in PS Upwards, 23.449 pm in PS Downwards, 22.303 pm in DS Upwards, and 19.703 pm in DS Downwards). Set A has, in
comparison to Set B, a minimum increase in the mass up to 42 % at an inclination of 10° and a max 108 % at an inclination of 60°. The
reason for higher values at Set A found in the literature is that a higher amount of salt can be presented with more mixture mass. More
salt in the mixture increases the potential for a higher density of salt crystals on the surface [84].

According to the CLSM results, the XRF mean signals detected for Cl for set A are higher than set B, confirming that the volume
affects the migration of salts.

3.5. Effect of the surface inclination

As shown in Fig. 11 and Table 5 with CLSM, the average surface roughness values are between 25 % and 90 % higher at high
inclination inclination (30-60°) than at low inclination (0-30°). The same tendency is observed for both sets (A and B) and both
material mixtures. Concerning the inclination, different researchers attributed the reason for more efflorescence to the distribution of
capillary water with the material and evaporation on the inclined surface [51,84]. Low inclination surfaces were smoother, had fewer
nucleation sites, and crystals grew more uniformly than on surfaces with high inclination. these highly inclined surfaces showed more
irregularities and pores than the low inclination ones.

The differences in measure positions were also noted. When we took the same material and inclination, different values were
measured at the upward and downward positions. As shown in Fig. 10 and Fig. 11, in most cases, the downward measurement point is
performed with lower average surface roughness as the upward measurement point. Almost no difference was measured at the DS
mixture (30-60°) whereas maximal difference of about 26 % at the PS mixture (30-60°). It is supposed that salt crystallized in higher
amounts on the upper part of the inclined surface due to the accumulation of water and solute at the lowest part [51]. Solute transport
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parallel to the slope is fast enough that salt crystallizes crystalizes at the upper part, but in the lower region, it can not. When the
material does not have much water content, the solute is no longer transported to the upper part; salt crystals also occur in the lower
region. However, it is still less than the amount on the upper part.

Considering the mapping in Fig. 12, the maximum counts detected for the ClI signal significantly increase from low inclination
samples to inclined samples (60°) for both salt-concrete admixtures. However, in the mapping for the 60° inclination, it is unclear
whether there are differences between the upper, middle, and lower areas.

In Fig. 13, the graphical representation illustrates the mean count values normalized by the Rh signal for 60 measurements in three
distinct areas: upper, middle, and downward. If we examine the PS-admixture graph for Cl, the values for the samples of Set A and Set
B, inclined at 60° are higher than those for the low inclination sample. A slight increase in the count values is observed between the
downward and upper areas. In the DS-admixture graph for Cl, the values for the Set B sample, inclined at 60°, are higher than those of
the low inclination sample, similar to the PS-admixture results. In contrast, Set A shows significantly lower values compared to all the
other samples analyzed. This observation could align with previous findings [32,78,85] that indicate higher porosity in similar
samples, which could lead to increased noise in X-ray measurements. The resulting spectra were notably noisy, with a high back-
ground, likely due to the analysis capturing air within the pores. The presence of air within the pores of a sample can interfere with the
X-ray measurement, leading to scattering and background noise in the spectra. Interestingly, in the upward areas, both the values of Cl
for DS and PS admixtures of Set A and Set B show convergence. This can be attributed to the fact that the thickness or concrete volume
becomes comparable for both sets in the upper region.

When considering only the K values, thus those from KCl salts, the behavior of the data is similar for both the DS and PS admixtures.
It appears that inclined samples exhibit lower K values, suggesting that NaCl and/or MgCl: preferentially migrate to the surface of these
inclined samples. Additionally, the B set demonstrates lower K values for both the PS and DS admixtures, which correlates with the
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Fig. 12. CenGEMS simulations of three cementitious systems: plain cement, cement with desalination salts and cement with potash salts.

lower volume of the samples. No clear trend regarding the effect of measurements taken at the lower, middle, and upper positions can
be observed.

4. Conclusions

This paper presents a systematic experimental study on the effect of surface inclination on the efflorescence of two salt-concrete
mixtures with salt compositions from potash and desalination processes. The following conclusions can be drawn based on the test
results and discussions:

1. Most mixtures made with salt waste from the potash process (PS) had a higher surface roughness than that of salts from the
desalination process (DS). Also, differences between measurement points on the upper and lower surface of the inclined surface
were higher at PS mixtures than at DS mixtures. It is assumed that the composition of salt has a more significant effect. DS salt has a
higher amount of SO3 and MgO. The literature shows that MgO and SO3 can react with soluble salt within the concrete so that the
salt does not crystallize that much on the surface.

2. Surface inclinations are essential for the design of wall panels. We noticed that more salt crystallization developed in our exper-
imental study in the upper parts of the inclined surface than in the lower parts. Also, with the high inclination inclination (30-60°),
more salt crystallization was observed than with the low inclination surfaces (0-30°) at both materials and measurement points.
The reason is in agreement with the literature where it is stated that salt crystalisation is hindered due to water capillary flow in the
down part, whereas, at the upper part, the evaporation and smaller capillary flow enable a better environment for salts growing. To
enhance salt efflorescence e.g. due to design wishes, the wall panel with a higher inclination and PS mixture would be the best
choice.

3. CLSM and MA-XREF results showed slight discrepancies in the measurements. This can arise due to different factors. CLSM is highly
sensitive to surface topography, and small inclination changes can affect measurements. MA-XRF has a greater penetration depth,
and samples have a greater volume. In the future, for more reliable results, many more measurements of the same samples should
be made and compared. Unfortunately, further measurements could not be performed due to limited availability of the CLSM
equipment, as it was occupied by other concurrent research projects. However, multiple measurement areas will be taken in the
future to ensure the results are genuinely significant and reliable.

This paper supports previous findings in the literature that the inclination of surfaces influences salt crystallization. It also shows
the impact and differences between using salt waste in concrete mixtures. PS mixtures achieve a higher crystallization amount than DS
mixtures. We believe salt waste composites may gain importance in building materials due to the increasing demand for drinking water
and the need for sustainable waste management. However, it is important to consider that high salt content in concrete mixtures can
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Fig. 14. A graphical representation of the mean count values (based on x = 60 measurements) for Cl and K is presented, showcasing the results for
the upward, middle, and downward areas.

cause significant risks to the durability of reinforced concrete structures due to corrosion. Future research should focus on mitigating
these risks through protective measures, alternative mix designs, or controlled applications where reinforcement is not a concern.
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