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Abstract: The possibility of the synergic occurrence of the chemical and physical modes of sulfate attack at the 
evaporating front is one of the un-resolved issues concerning the case of the partially immersed concretes. Some 
of the past studies put the accent on chemical sulfate attack as the dominant mechanism, while others identified 
physical sulfate attack responsible for the degradation of the evaporating front. To fill out this knowledge gap and 
distinguish the dominant mechanism at work, the presented study focused on the role of climatic condition. 
Accordingly, visual characteristics, phase composition, and ultrasonic pulse velocity of the immersed and upper-
dry regions of the partially immersed concretes in Na2SO4 solution were analyzed under different climatic cycles. 
The designed cycles offered low and high evaporation rates, allowing the thenardite/mirabilite transitions in the 
Na2SO4.nH2O system. It was found that regardless of the evaporation rate, the mechanisms of physical sulfate 
attack were favored over the chemical ones. Furthermore, the differences in the evaporation rates of the 
environments determined the location of the physical sulfate attack. Under high evaporation rate, such aggression 
was realized beneath the mortar layer of the concrete, leading to its internal microcracking and spalling.       
Keywords: Physical sulfate attack; Chemical sulfate attack; Partial immersion; Climatic cycle; Evaporation rate.   

 
 
1. Introduction 
 

In the early 20th century, the chemical mode of sulfate attack (CSA) was recognized in cementitious materials, 
and accordingly, various resistant cements were introduced in the building materials industry [1, 2]. Since then, a 
relatively rich literature has been developed on the topic of CSA, and a standardized test was designed to assess 
the performance of cementitious systems against this threat [3-5]. 

Meanwhile, the physical mode of sulfate attack (PSA) was often neglected or mis-identified [6]. PSA refers to 
the phase transitions of the sulfated salts (particularly Na2SO4.nH2O) inside the pores of the cementitious materials 
which induces an expansive crystallization pressure, leading to their spalling and surface scaling [7]. Unlike CSA, 
no chemical interactions between the sulfate ions and cement hydrates are at work in the mechanisms of PSA. So 
far on several field investigations, signs of PSA have been identified within the failed sulfated concrete structures 
[8-10]. Such observations encouraged the addition of a new chapter, entitled “physical sulfate attack”, in the ACI 
201.2R-08: Guide to Durable Concrete [11]. 

From then on, increasing attention was dedicated to gaining a deeper understanding of the mechanisms of PSA. 
This has made the “partially immersed concrete in sulfate solution” an special case of interest. In service fields, 
many concrete structures can be recalled that are partially immersed in sulfated sources, including marine 
structures, basement walls in residential or industrial areas, abutments, and so forth [6, 12, 13]. In this mode of 
exposure, the bottom part of the cementitious material is fully immersed in sulfated sources, while its upper section 
experiences humid air. Sulfate solution ascends toward the upper-dry section of the material via capillary suction. 
There, an interface forms between the ascended pore solution and the air, where the pore solution finds the chance 
to evaporate [14, 15]. Since sulfate ions cannot evaporate, they begin to accumulate and form a high concentrated 
zone near the noted pore solution-vapour interface. The location of this zone is a function of the evaporation rate 
(𝐽𝐽𝐸𝐸) and capillary suction (𝐽𝐽𝑐𝑐) as [16, 17]: 

 
𝐽𝐽𝑐𝑐 = 𝜅𝜅

𝜂𝜂
(−𝑃𝑃𝑐𝑐−𝜌𝜌𝑠𝑠𝑔𝑔ℎ)

ℎ
          (1) 
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where 𝜅𝜅 is the material’s permeability, 𝜌𝜌𝑠𝑠 is the pore solution’s density, ℎ is the height of the capillary suction, 𝑃𝑃𝑐𝑐 
refers to the capillary pressure, 𝜂𝜂 is the pore solution’s viscosity, and 𝑔𝑔 is the acceleration due to gravity. When 
𝐽𝐽𝑐𝑐 ≥ 𝐽𝐽𝐸𝐸 the interface remains to the outer surfaces of the material. Once 𝐽𝐽𝐸𝐸 > 𝐽𝐽𝑐𝑐 the interface progresses beneath 
the outer surface.  

So far, several studies tended to the case of the partially immersed cementitious materials in sulfate solution 
[18-25]. But, there are still substantial knowledge gaps to be noted. 

One of the un-resolved issues is the possibility of the synergic occurrence of CSA and PSA within the upper-
dry parts of the partially immersed structures. It was hinted earlier that high concentrated sulfate zones appear at 
the active evaporating front of these structures. As illustrated in fig. 1, such accumulated sulfate ions face a double 
tendency: 

1) They can either reach supersaturation and precipitate the relevant salts, corresponding to the mechanisms of 
PSA. Or; 

2) They can diffuse toward de-stabilizing the existing cement hydrates and contribute to the mechanisms of 
CSA. 

 

 
Figure 1. Schematic of the duality of CSA and PSA within the evaporating front of the partially immersed 
cementitious materials 

 
Regarding the mentioned duality, two different schools of thought have been formed. On the one hand, the 

authors of [7, 18, 19] put the accent on CSA as the main aggressive mechanism. They reasoned that the mentioned 
high concentrated zones could accelerate the progress of CSA, and the mechanisms of PSA, if any, became evident 
after CSA had deteriorated the microstructure. On the other hand, there exist several studies that could not detect 
any notable signs of CSA in the damaged evaporating front of their samples. Instead, abundant salt crystals were 
observed there, signifying the PSA as the dominant mechanism at work [9, 12, 20, 25-27]. 

As discussed, there is no consensus on the main responsible mechanism behind the damage of the evaporating 
front of the partially immersed concretes in sulfated fields. This knowledge gap is practically important because 
only after identifying the responsible mechanism, one can think about the possible improvement strategies. 

The role of the climatic condition is one of the missing pieces to solve the noted duality. To the best of our 
knowledge, there is scarce data in the literature focused on this role. The performance of the partially immersed 
cementitious samples has only been studied under one climatic cycle in the previously cited works [12, 18, 19, 24, 
25, 27]. Hence, to fill out this missing piece, it is the objective of the present research to evaluate the duality of 
CSA & PSA in damaging the partially immersed concretes under different climatic cycles. 
 
2. Experimental 
 
2.1 Materials  

The utilized binder for manufacturing the concrete samples was ordinary Portland cement (OPC) type I (CEM 
I 42.5R) with the chemical composition as detailed in table 1. 
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Table 1. Chemical composition of the utilized cement. 
Oxide Mass (%) 
SiO2 21.8 
Fe2O3 2.9 
Al2O3 5.4 
CaO 66.8 
MgO 1.5 

 
Natural aggregates were provided from a local river and fell into the following categories; Coarse aggregates 

with the diameter ranging from 8-16mm, medium aggregates with the diameter of 2-8mm, and sand with the 
diameter of less than 2mm. Tap water was used for the creation of the concrete mixture. Table 2 details the 
concrete’s mix proportions. 

 
Table 2. Mix proportions of the concrete (kg/m3). 

OPC Water Water/OPC Coarse Aggregate Medium Aggregate Sand 
390 195 0.5 558 648 594 

 
A laboratory mixer was employed for mixing the ingredients. First, aggregates and cement were mixed for 30s, 

then while stirring, water was gradually spread throughout the mixture. The mixing process lasted for approx. 5 
mins. Upon its completion, the slump consistency and air content of the fresh mixture were measured based on 
[28, 29] and found out to be 60mm and 3.4%, respectively. Subsequently, the fresh concrete was poured into 
rectangular prismatic molds with the dimensions of 100x100x200mm. The cast concretes were de-moulded after 
24h and moved into a water tank under room temperature to cure for 28 days. After the curing period, concretes 
were kept under room condition for 1 week. This stage was intended to lower the saturation level of the cured 
concretes to intensify the following suction of the sulfate solution into them. 

 
2.2 Research plan 

In this study, 5% Na2SO4 solution was utilized as the sulfated source. To simulate the partial immersion 
condition in the fields, the cured prismatic OPC concretes were exposed to the solution as displayed in fig. 2. 

 

 
Figure 2. Schematic of the partial immersion condition 

 
As can be seen from fig. 2, the bottom 1/3 of the samples remained permanently immersed in the solution, while 

the upper 2/3 of the samples was in contact with the air. To make sure that each concrete was exposed to the same 
amount of solution during the analysis, the prepared solutions were poured into similar 150x150x150mm plastic 
boxes as shown in fig. 2 to hold each sample solely.  

Fig. 3 displays the phase diagram of the Na2SO4.nH2O system. 
The simulated climatic cycles of this study were designed in such a way to allow transition between thenardite 

(Na2SO4(V)) and mirabilite (Na2SO4.10H2O) at the upper 2/3 of the samples based on fig. 3. As signaled in fig. 3, 
the details of the designed climatic cycles are: 

1) E1  For 1 week, partially immersed concretes were kept under 20°C and RH of 80% (stable presence of 
mirabilite). Next, while still partially immersed, samples were moved to oven under 40°C and RH of 14% for 
another week (stable presence of thenardite) to complete one cycle. 

2) E2  For 1 week, partially immersed concretes were kept under 20°C and RH of 36% (stable presence of 
thenardite). Next, while still partially immersed, samples were moved to refrigerator under 2°C and RH of 75% 
for another week (stable presence of mirabilite) to complete one cycle.      
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Figure 3. Phase diagram of the Na2SO4.nH2O system, covering the stable phases after [30] 

 
12 cycles were completed in this study. To maintain the level and concentration of the Na2SO4 solution 

throughout the whole project, the solutions were renewed after the completion of each cycle. 
The designed environments were inspired by the diurnal climatic fluctuations during the hot and cold seasons. 

While both E1 and E2 allow the thenardite/mirabilite transitions, they offer respectively high and low evaporation 
rates.  

To identify the responsible deterioration mechanism under the mentioned different environments, the visual 
characteristics and phase composition of the evaporating front of the samples were assessed. The visual 
characteristics were recorded every 4 cycles to be compared with each other. After completing the 12 cycles, 
segments were collected from the mortar layer of the upper 2/3 sections of the samples for the phase composition 
analyses. Segments were also extracted from their immersed parts (where only CSA was possible) for reference. 
The sampling depth was down to 10mm from the outer surface and carried out on all 4 faces of the concretes. 
Sampling was done on at least two concrete samples. The collected segments were divided into two groups; one 
group was immediately moved for the scanning electron microscopy (SEM) analysis combined with the energy 
dispersive X-ray spectroscopy (EDS). The other group was ground and passed through a 63μm sieve to separate 
the quartz from the paste as much as possible for the X-ray diffraction (XRD) and thermogravimetry (TG) 
investigations. 

Furthermore, to follow the microcracking condition of the upper-dry parts of the concretes under the different 
environments, the non-destructive method of ultrasonic pulse velocity (UPV) was utilized. The UPV 
measurements were done at the evaporating front of the samples in two-cycle intervals. The UPV measurements 
were also conducted on the immersed parts of the concretes (where only CSA was possible) for reference.   

Fig. 4 presents the diagram of the research plan. 
 

 
Figure 4. Schematic of the research plan 

 
2.3 Techniques 
 
2.3.1 Visual characteristics 

Every 4 cycles, the efflorescence that formed on the concretes was removed gently via a brush, and the visual 
characteristics of the samples that experienced the different climatic cycles were recorded and compared with one 
another. 
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2.3.2 X-ray diffraction pattern 
PANalytical X’Pert Pro MPD diffractometer (Malvern Panalytical Ltd., Royston, UK) was utilized to obtain 

the X-ray diffraction patterns of the samples in the Bragg–Brentano reflection geometry under room temperature. 
The copper CuKa radiation was used from a sealed tube (30 mA, 40 kV), and the analysis was conducted in the 
2θ range of 4–80° with a step of 0.017° and an exposure per step of 200s. To avoid preferred orientation effects, 
samples were turned around throughout the data collection. PANalytical HighScore software (ver. 4.9, Malvern 
PANalytical Ltd., Royston, UK) plus the International Centre for Diffraction Data’s (ICDD) powder diffraction 
file (PDF-2 ver. 2020) database of standard reference materials were used to identify the phases. 200-300mg of 
powdered samples was used for each measurement.  

 
2.3.3 Thermogravimetry 

Netzsch STA 449 F1 Jupiter thermos-analyzer was used for the TG analysis. 50mg of powdered sample was 
heated in an open corundum crucible under 50cm3/min of nitrogen flow. The temperature range of the analysis 
was 30–1000°C with the heating rate of 20°C/min. 

 
2.3.4 Scanning electron microscopy 

Quanta FEG 250 microscope (FEI, Hillsboro, OR, USA), combined with the EDAX (Mahwah, NJ, USA) were 
utilized for the SEM/EDS investigations. The surfaces of the collected segments were coated by a 50nm carbon 
layer to provide the required conductivity. The analyses were conducted under a low vacuum condition of 40 Pa. 

 
2.3.5 Ultrasonic pulse velocity 

An ultrasonic pulse analyzer (i.e. Controls) equipped with two circular transducers having the diameter of 50mm 
and the precision of 0.1 μs was used for the non-destructive UPV recording of the upper-dry and immersed parts 
of the concretes. Each measurement was done on 3 separate samples for averaging. 

 
3. Results 
 
3.1 Visual characteristics  

Fig. 5 illustrates the typical conditions of the concrete samples in 4-cycle intervals. 
 

 
Figure 5. Typical condition of the concretes under the E1 and E2 climates every 4 cycles 

As can be followed from fig. 5, the E1 climatic cycle induced a much more severe and faster degradation in the 
concretes compared with the E2 cycle. The serious surface scaling appeared on the evaporating front of the E1 
samples after only 4 cycles. Whereas, the scaling revealed itself under the E2 climatic cycle after approx. 8 cycles 
with a less intensity. Fig. 6 provides a closer look on the schematic modes of the degradation in the evaporating 
front of the concretes after completing the 12 cycles. 

The typical aftermaths in the evaporating front of the concretes that experienced the E1 climatic cycle were: 
1) Complete removal of the surface paste layer, 
2) Spalling of the mortar layer, 
3) Eventual exposure of the inner coarse aggregates. 
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In the case of the E2 concretes, the surface paste layer was scaled gradually. But unlike the E1 samples, the 
mortar layer beneath their surface remained nearly intact and no notable spalling was observed, as shown in fig. 
6.  

The illustrated scaled regions in figs. 5 and 6 were chosen for the phase composition analyses and UPV 
measurements as discussed in the up-coming sections. 

 

 
Figure 6. Schematic modes of the degradation in the evaporating front of the concretes under the E1 and E2 
climates after 12 cycles  

 
3.2 X-ray diffraction patterns 

Fig. 7 displays the XRD patterns of the immersed and upper-dry regions of the concretes under the E1 and E2 
climatic cycles in the enlarged 2θ range of 4-40°. 

 

 

 
Figure 7. XRD patterns of the immersed and upper-dry sections of the concretes: a) under the E1 climate; b) under 
the E2 climate (E=Ettringite, G=Gypsum, Th=Thenardite, Q=Quartz, C=Calcite) 
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Based on figs. 7a and 7b, the typical signs of Na2SO4-induced CSA (precipitation of ettringite and gypsum, 
following the decomposition of portlandite [31]) were expectedly found within the immersed parts of the E1 and 
E2 samples. However, when it comes to the evaporating front of the concretes, one can see from figs.7a and 7b 
that no detectable ettringite, with only slight traces of gypsum, could be detected under both E1 and E2 cycles. 
Instead, evident thenardite maxima appeared there. 
 
3.3 Thermogravimetry analysis 

Fig. 8 shows the obtained TG curves from the immersed and upper-dry regions of the E1 and E2 concretes in 
the temperature range of 50-250°C. 

 

 
Figure 8. TG curves of the immersed and upper-scaled regions of the E1 and E2 concretes 

 
Throughout the noted temperature range, mass losses due to the following endothermic reactions are expected 

[32]: 
1) De-hydration of the free and adsorbed water on the surface of the hydrates. 
2) De-hydration of ettringite. 
3) De-hydration of gypsum. 
4) Partial de-hydration of the chemically bound water of the C-S-H gel which gradually persists up until 600°C. 
Table 3 summarizes the recorded mass losses of fig. 8. 
 

Table 3. Recorded TG mass losses in the temperature range of 50-250°C 
Sample E1 Immersed E1 Upper-Dry E2 Immersed E2 Upper-Dry 

Mass Loss (%) 92.14 94.07 91.37 94.76 
 

According to fig. 8 and table 3, 32.5% & 64.6% higher mass losses were recorded within the immersed sections 
of the E1 and E2 samples, respectively, compared with their upper-dry parts. To identify the de-hydrated phases 
in fig. 8, fig. 9 displays the differential TG curves. 

 

 
Figure 9. Differential TG curves of the immersed and upper-scaled regions of the E1 and E2 concretes (H=C-S-
H gel, E=Ettringite, G=Gypsum) 
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Based on fig. 9, the immersed parts of the E1 and E2 concretes revealed two maxima at approx. 123°C and 
141°C, which can be assigned to the de-hydration of ettringite [33] and gypsum [32], respectively. Within the 
evaporating front of both samples, the first peak shifted to lower temperatures at approx. 107°C, corresponding to 
the partial de-hydration of C-S-H gel [34]. This peak was masked in the immersed parts due to the intense presence 
of ettringite. The second peak in both E1 and E2 evaporating fronts appeared at approx. 138°C, assigning to the 
gypsum dehydration. But, the intensity of this peak was lower than that of the immersed regions. 

Combining such phase identifications with fig. 8 and table 3, one infers the intense presence of the CSA products 
inside the immersed sections of both samples. However, within their evaporating fronts, no notable ettringite and 
slight gypsum could be detected. This agrees with the observations of section 3.2.   
 
3.4 Scanning electron microscopy 

To provide a more detailed view on the upper-dry microstructure of the concretes under the E1 and E2 cycles, 
SEM/EDS analysis was utilized. Figs. 10 and 11 display different locations from the upper-dry microstructure 
under the E1 climatic cycle. 

 

 

 
Figure 10. Upper-dry microstructure of the concrete under the E1 climate: a) detection of a filled pore with 
adjacent microcracks, b) identifying thenardite inside the pore (S=Sulfate, Si=Silicate, Na=Sodium, Ca=Calcium) 

 
As can be seen from figs. 10 and 11, filled pores with pseudo-spherical substances were detected at the 

evaporating front of the samples under the E1 climate. Based on the conducted EDS analysis, abundant sulfate and 
sodium ions were found within the noted pores. Such features, in agreement with the findings of section 3.2, 
indicate that the pores were filled with thenardite. 

Figs. 12 and 13 illustrate various locations from the upper-dry microstructure under the E2 climatic cycle. 
Based on fig. 12, precipitated thenardite were detected on the surface of the aggregates under the E2 climate. 

In addition, pseudo-columnar phases were seen there, as shown in fig. 13. From a closer perspective, EDS analysis 
detected abundant calcium and sulfate ions within such phases, identifying them as gypsum crystals in agreement 
with the observations of the sections 3.2 and 3.3.  
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Figure 11. Upper-dry microstructure of the concrete under the E1 climate: a) detecting a filled gap, b) identifying 
thenardite through mapping sodium and sulfate ions within the gap 
 
3.5 Ultrasonic pulse velocity  

Fig. 14 shows the average UPV measurements of the immersed and upper-dry sections of the E1 and E2 
concretes.  

Based on fig. 14, the most notable drop of the average UPV was recorded at the upper-dry parts of the E1 
concretes. There, the highest reduction (i.e. for approx. 6%) occurred between the 6-8 cycles. This is in accordance 
with the observations of section 3.1, where during the mentioned period, nearly all the paste layer of the E1 upper-
dry parts was scaled. Figs. 5 and 6 already presented that between the 10-12 cycles, the upper mortar layer of the 
E1 concretes also spalled. Because of such spalling and lack of the smooth surface, the UPV measurements could 
not be done during the noted period. Concerning the upper-dry parts of the E2 concretes, one notes that the average 
UPV evolved with the same pattern as the immersed regions of the samples. 

Unlike the sudden drop of the UPV at the upper-dry parts of the E1 samples, the immersed parts revealed a 
gradual and less intense drop between the 6-12 cycles. There, the average UPV decreased for approx. 3.5 and 5% 
at the immersed parts of E1 and E2 samples, respectively.  
 
3.6 Discussions 

Based on the presented observations, while the typical products of the Na2SO4-induced CSA appeared inside 
the immersed parts of the concretes after 6 months, no detectable ettringite with only slight traces of gypsum could 
be found within their evaporating fronts. Thus, the role of CSA in deteriorating the upper-dry regions of the 
concretes can be excluded. Instead, abundant thenardite was witnessed there, plus the typical aftermaths of salt 
weathering (i.e. surface scaling & spalling as shown in section 3.1.). Accordingly, one infers that the main role 
behind the failure of the evaporating front of the concretes was PSA. 

This is in contrast with those studies that detected CSA as the main damaging mechanism in the upper-dry 
regions of their samples [7, 18, 19]. The key note here is that the partially immersed samples of [18, 19] were 
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stored under a constant temperature and RH. Presumably, under such constant climatic condition, the concentrated 
Na+ and SO₄²- ions at the evaporating front find the chance to diffuse toward reacting with the cement hydrates. 
But, as presented in this work, in case of the climatic cycles that allow the thenardite/mirabilite transition (no 
matter the evaporation rate), the noted concentrated ions rather made the pore solution supersaturated and 
contributed to the mechanisms of PSA. 

 

 

 
Figure 12. Upper-dry microstructure of the concrete under the E2 climate:  a) detection of the precipitated phases 
on the aggregate’s surface, b) identifying the thenardite crystals (S=Sulfate, Na=Sodium, Ca=Calcium, 
Si=Silicate) 

 
This tendency can be explained considering the kinetics of the undergoing processes. More time is required for 

the de-stabilization of the paste’s hydrates and involvement of the sulfate ions in CSA. Whereas, crystallization of 
the relevant Na2SO4.nH2O salts upon supersaturation can be an immediate phenomenon. Such difference 
elaborates why only little gypsum could be detected in the upper-dry regions, while the presence of thenardite was 
plentiful. 

It is remarkable that PSA was the dominant tendency under both climatic cycles. The probable mechanism of 
PSA in this work was the precipitation of thenardite under the E1 and E2 climates when RH was equal to 14% and 
36%, respectively. The subsequent rise of RH (and cooling of the temperature) to 75% and 80% led to the 
dissolution of such thenardite. This event highly supersaturated the pore solution with respect to mirabilite, having 
a 314% higher molar volume than that of the thenardite, and induced it’s through-solution crystallization [35]. The 
mentioned cyclic transition applied pressure upon the pore walls which surpassed the tensile strength of the 
concretes, leading to their microcracking [36] (see fig. 10). 

Although the same PSA mechanism occurred under the E1 and E2 climatic cycles, the location of the concrete’s 
evaporating front was different. As observed in section 3.1., the upper-dry mortar layer of the concretes that 
underwent the E1 cycle received a significant spalling. Whereas, the concretes that experienced the E2 cycle 
maintained their mortar layer, receiving only the scaling of their exterior paste layer. This difference is due to the 
higher evaporation rate offered by the E1 climatic cycle than that of the E2 one. The evaporation rate offered by 
the E1 climatic cycle exceeded the capillary suction rate (see Eq. (1)) above the immersion line, and thus, formed 
the pore solution/air interface below the mortar layer of the samples. Consequently, the crystallization pressure 
was applied upon the mortar layer and spalled it [37]. Analogously, the most sudden and sever drop in the average 
UPV was recorded at the upper-dry parts of the E1 concretes (see fig. 14), which can be attributed to the internal 
microcracking and spalling of their mortar layer. In the case of the E2 cycle, such interface was created above the 
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mortar layer, and thus, put its pressure only upon the exterior paste layer of the samples. Fig. 15. illustrates the 
schematic mechanism of PSA under the E1 and E2 climatic cycles. 

 

 

 
Figure 13. Upper-dry microstructure of the concrete under the E2 climate: a) detection of pseudo-columnar phases, 
b) identifying the gypsum crystals (S=Sulfate, Na=Sodium, Ca=Calcium, Si=Silicate, Al=Aluminate)  

 
Figure 14. Average UPV measurements of the immersed and upper-dry sections of the concretes under the E1 and 
E2 climatic cycles 

  

 
Figure 15. Schematic of the PSA mechanism at the evaporating front of the concretes under the E1 and E2 climates 
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4. Conclusions 
 
The presented study investigated the duality of CSA and PSA at the evaporating front of the partially immersed 

OPC concretes in Na2SO4 solution. The objective was to distinguish the dominant aggressive mechanism there 
under different climatic cycles offering high and low evaporation rates. Both climatic cycles were designed in such 
a way to induce the thenardite/mirabilite transition. After 6 months of exposure, the followings were noted: 

1) The evaporating front of the concretes that experienced the low evaporation rate cycle received scaling of 
their outer paste layer. 

2) The concretes that were subjected to high evaporation rate cycle not only got paste scaling, but also spalling 
of their beneath mortar layer. 

3) The fully immersed sections of the concretes were filled with the Na2SO4-induced CSA products. However, 
no detectable ettringite with slight traces of gypsum were found within their evaporating fronts. This situation was 
encountered under both climatic cycles. 

4) Abundant thenardite was witnessed within the evaporating front of the concretes. These salts precipitated 
mostly on the aggregate’s surfaces, filling the microstructural pores and pressuring the surrounding skeletons, 
leading to their microcracking.  

5) The UPV of the evaporating from of the concretes that underwent the high evaporation rate cycle dropped 
suddenly and intensely, analogous to the initiation of the mortar spalling. Compared with it, the UPV of the 
immersed parts of the samples (no matter the evaporation rate) decreased gradually and less intensely.  

Based on the above notes, it can be concluded that under the climatic fluctuations which allow the 
thenardite/mirabilite transition (no matter the low or high evaporation rate), the accumulated Na+ and SO₄²- ions 
at the evaporating front of the concretes preferably crystallize upon supersaturation, rather than being consumed 
by CSA. Thus, PSA can be distinguished as the main mechanism behind the deterioration of the upper-dry regions 
of such structures. 

Under high evaporation rate, the mentioned salt transitions occurred beneath the mortar layer of the concrete 
and thus, spalled it. There, internal microcracks appeared at the mortar layer which notably dropped the average 
UPV (i.e. for approx. 8%). However, under low evaporation rate, such crystallizations were near the outer paste 
layer, causing only the exterior surface scaling and preserving the mortar layer. 

It was pointed out that the previous studies which put the accent on the role of CSA in damaging the evaporating 
front of the cementitious materials were conducted under constant temperature and RH. Based on the findings of 
the present study, however, the mere chance of thenardite/mirabilite phase transition made the mechanisms of PSA 
kinetically favorable over CSA. 
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