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Abstract

:

Reinforced concrete structure durability hinges on concrete permeability, which relies on the characteristics of the inner porous network. Harmful ions and gases can accelerate steel corrosion. Permeability-reducing admixtures (PRA), including crystalline admixtures (CA), are commonly used to mitigate this. This study examines a commercial CA’s impact on durability-related aspects in concrete specimens. Two concrete mixtures with matching proportions were prepared: a reference mix and another mix with a commercial crystalline admixture. Several properties were studied, such as compressive strength, density, porosity, electrical resistivity, water absorption capacity, chloride diffusion, air permeability, and corrosion resistance. The studied admixture in concrete yields several positive outcomes such as a slight reduction in mixing water, a potential 6% increase in concrete’s compressive strength and the development of a denser and less permeable structure with 3% lower porosity and water absorption than the reference mix. Electrical resistivity improves by 10%. Unidirectional chloride diffusion tests show no differences. Air permeability decreases by from 36% to 55%, and the water absorption rate diminishes by 23%. The admixture potentially reduces the scatter in corrosion initiation periods for steel reinforcements, delaying corrosion onset by around 60 days, although more extensive experiments are needed for definitive conclusions.
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1. Introduction


The durability of reinforced concrete structures is highly related to the permeability properties of concrete, with the concrete cover over the steel reinforcement being the most critical zone in this regard [1]. The permeability properties depend mainly on the characteristics of the inner porous network of concrete (porosity, connectivity of the pores, and pore size distribution). The concrete cover can be permeated by water or aqueous solutions containing harmful ions, such as chloride (Cl−) ions, or by gaseous substances such as oxygen (O2) or carbon dioxide (CO2) from the atmosphere [2]. All these transport processes have a marked influence on steel reinforcement corrosion in concrete. Both the contamination of concrete by Cl− ions and the carbonation of the concrete cover due to CO2 are known to be circumstances leading to the onset of steel corrosion [3]. Later, the intensity of the process (corrosion rate) is highly dependent on the moisture of concrete and on the chloride content. The availability of O2 at the steel–concrete interface, mainly determined by the gas permeability of the concrete cover, may also play a significant role on the steel corrosion rate in certain cases or stages of the corrosion process [4,5].



One of the most popular strategies to avoid durability problems of reinforced concrete structures is the use of permeability-reducing admixtures (PRAs) [6]. These products are classified as admixtures able to reduce the water permeability of concrete under nonhydrostatic conditions (PRAN), and those that can also function under hydrostatic pressures (PRAH) [7]. These products can be used as surface treatments of concrete structures, under the form of coatings [8], or as additives incorporated to the concrete mix in order to obtain integral waterproof concrete [9].



Crystalline admixtures (CA) are products with a twofold effect: reducing the permeability of concrete and self-healing cracks [10]. CAs are composed of particles of different size and chemical compositions, including cement, fillers, pozzolans, slags, sands and “active chemicals” [10]. Most CAs are commercial products containing proprietary constituents and their formulations are kept confidential. It is important to consider that the constituents and chemical compositions of different CAs may be quite diverse; hence, different behaviors and properties can be found in practice. Certain components of CA show high hydrophilic character, they can react in presence of water to form insoluble pore/crack blocking precipitates [7], which contribute to reducing the permeability of concrete and provide some ability to self-seal cracks [10]. It is also possible that in some cases the newly formed precipitates can react with the surrounding products of cement hydration [11].



In this work, we will focus on the effects of using a commercial CA as an integral PRA for a conventional Portland cement concrete on several selected durability-related properties. There is a general consensus on the ability of CAs to significantly reduce the permeability of concrete and other cement-based materials to water under pressure [11,12,13,14]. There is also some evidence that CAs can increase the resistance of concrete to water capillary absorption [15]. Hence, it seems that CAs can be considered as PRAH and PRAN [16]. Regarding the resistance of concrete to Cl− ion penetration, the reported results seem to be inconclusive: some authors found that the incorporation of an admixture characterized by crystallization activity had no detectable effect on the Cl− diffusion coefficient (natural diffusion test) of a Portland cement concrete incorporating fly ash [17], while other researchers detected some reduction in the Cl− diffusion coefficient (natural diffusion through ponding test) when incorporating a CA to a Portland cement and a Portland–Limestone cement [14]. In this latter case, the intensity of the effect seemed to be somewhat dependent on the length of the water curing period [14]. However, the same authors found that the difference in total charge passed (coulombs) in the rapid chloride permeability (RCP) test [18] between concrete mixes with and without CA was inconsistent [14]. Recently, a study [19] has reported a reduction in the Cl− diffusion coefficient (obtained through a Cl− migration test [20]) when incorporating a CA to two concretes prepared with a CEM II-type cement [21].



Very few publications [16,19] have addressed the effect of CA on the corrosion of steel reinforcement embedded in concrete. Both mentioned articles have concluded that the incorporation of CAs to reinforced concrete specimens can delay the onset of the steel corrosion [16,19].



The objective of this work is to perform a preliminary study of the effect of a commercial CA on selected durability-related properties of reinforced Portland cement concrete: some parameters related to the micro-structure (permeable porosity and electrical resistivity of water-saturated specimens) and some key mass transport parameters (Cl− diffusion coefficient obtained through a natural diffusion test procedure, water absorption coefficient through Karsten’s test [22], and air permeability of concrete through Torrent’s test [23]). Finally, some preliminary tests have been performed on the corrosion of embedded steel into concrete specimens containing the CA. The corrosion behavior has been assessed through classical non-destructive electrochemical techniques. The same CA has been previously found to provide concrete with considerable resistance to water penetration under pressure [11] and to capillarity water absorption [24]. Although an air permeability test has been used before to assess the ability of concrete mixes (containing several additives including a commercial CA) to self-healing pre-cracked specimens [25], to the best of the authors’ knowledge, no previous publication has studied the effect of an integral CA on the air permeability of bulk uncracked concrete. Hence, this study might be the first to address the CA-mediated possible reduction in the air permeability of concrete, which can play a role on determining the corrosion rate of steel reinforcement. It can be also an important property to be considered in certain applications such are concrete enclosures of nuclear facilities or underground concrete walls in contact with the terrain, which can be susceptible to be permeated by radioactive radon gas.




2. Materials and Methods


2.1. Concretes Tested


Two mixtures of concrete were prepared: a reference one denoted by C and another one denoted by C*, incorporating a commercial crystalline admixture CCADM (generic acronym not corresponding to the commercial name of the product). The mix design criteria were the following: both mixes should have compositions and consistencies as similar as possible, and the use of other additives (different from CCADM) should be avoided. Table 1 shows the compositions and consistencies of both concretes. A Portland cement with additions (CEM II 42.5R [26]) was used together with local limestone sand and aggregates. For this preliminary study, the CCADM admixture dosage was set at 0.29% relative to cement mass. The water/cement (w/c) ratio of concrete C was 0.60 for a plastic consistency of 4.0 cm (Abrams cone setting [27]), while the (w/c) ratio for C* concrete was slightly lowered to a value of 0.57 in order to attain practically the same consistency. Different types of specimens, including some steel-reinforced samples, were prepared for the different tests to be performed (their shapes and sizes are described in the following Sections). All the specimens were cured over 75 days in a humid chamber at 90% RH and 23 °C, except the specimens intended for the compressive strength test, whose curing time was only 28 days in the same humid chamber. After these curing steps, each specimen was preconditioned, kept, and tested following the experimental conditions prescribed in the corresponding testing procedure.




2.2. Compressive Strength


Compressive strength tests were performed after 28 days curing according to standard UNE-EN 12390-3 [28]. Three cubic samples of 150 mm side length were used for each concrete type.




2.3. Density, Porosity, and Water Absorption


Density, absorption coefficient, and porosity accessible to water were determined according to standard ASTM-C642 [29]. They were determined after 75 days curing using broken pieces of concrete of at least 350 cm3 volume. Three pieces were used for each type of concrete.




2.4. Electrical Resistivity


The non-destructive measurement of the bulk electrical resistivity   ( ρ )   of concrete in water saturated conditions was used as an indirect assessment of the evolution of the microstructure of both concrete mixes. After the 75-day curing step, three cylinders (10 cm diameter by 5 cm length) of each concrete mix (C and C*) were water saturated under vacuum [30] and later kept permanently immersed under tap water. The measurements were performed in saturated surface-dry condition just after vacuum saturation of the samples and after 7, 14, 28, 56, and 84 days of water immersion of the specimens. An EG&G INSTRUMENTS Model 362 potentiostat (Princeton Applied Research, Oak Ridge, TN, USA), with an ohmic drop compensation system, was used for determining the values of  ρ  [31].




2.5. Water Absorption Karsten Test


The Karsten tube test has been widely used to measure the water absorption characteristics of porous construction materials (mainly façade building materials), and to assess the effectiveness of water-repellent treatments [22]. Two main advantages of the test are its non-destructive character and the possibility of on-site determinations. It may be considered as representative of situations where the construction materials are subject to the action of wind-driven rain. However, in the case of materials with small pores, the test is mainly representative of capillary transport [22]. The test has also been used successfully for assessing the efficacy of surface hydrophobic agents in reducing the water penetration in concrete [32]. In the same work, it was demonstrated that the results of the Karsten tube and those of the classical water capillary absorption test presented a satisfactory correlation [32]. The test has been performed in this work on three samples of each concrete mix (C and C*). The specimens were concrete parallelepipeds of dimensions 170 mm × 170 mm × 80 mm, which, after the 75 days curing step, were kept under laboratory atmospheric condition (approximately 50% RH and 25 °C). Two testing campaigns were performed: at 14 days and 105 days after the end of the curing period.




2.6. Unidirectional Chloride Diffusion Test


Unidirectional chloride diffusion tests were performed according to the European standard EN 12390-11:2015 [33]. The ponding method was used. Three specimens (cylinders of 10 cm diameter by 5 cm length) were tested for each concrete mix (C and C*). The concrete samples were first water saturated under vacuum according to standard ASTM C1202-97 [18]. Then, all surfaces of the sample, except one of the cylinder bases, were sealed with hot paraffin, and a pond was attached to the test surface. The pond was filled with a 3% in mass NaCl aqueous solution and sealed with polyethylene. The whole system was wrapped in polyethylene. After 90 days of exposure to the NaCl solution, the pond was removed, and powder concrete samples were obtained from the exposed surface inwards in layers of 2 mm thickness through a grinding process [34]. Finally, the Cl− content of the powder concrete samples was determined by potentiometric titration with a 0.01 M AgNO3 solution [35,36]. The Cl− content values were expressed as % in mass of concrete.




2.7. Air Permeability Torrent Test


The air permeability of both concrete mixes (C and C*) was determined using the Torrent Permeability Test procedure, which yields values of the so-called Torrent’s air permeability coefficient   ( k T )   [23]. Two main advantages of the test are its non-destructive character and the possibility of on-site determinations. Furthermore, it has been demonstrated [37] that the results of measurements of   k T   on concrete samples prepared with different cement types and different water/cement ratios, show an excellent correlation with the results of a reference method (oxygen permeability through the RILEM Cembureau Method [38]). Three samples were tested for each concrete mix. The specimens were concrete parallelepipeds of dimensions 170 mm × 170 mm × 80 mm, which, after the 75-day curing step, were kept under laboratory atmospheric conditions (approximately 50% RH and 25 °C). Four testing campaigns were performed at 7, 14, 28, and 56 days after the end of the curing period. Since the concrete’s permeability to gases is strongly dependent on the water saturation of the samples, it is necessary to make parallel measurements of the electrical resistivity of the specimens. In this case, it was performed by measuring the surface resistivity   (  ρ s  )   by means of a Wenner probe tester [39].




2.8. Rebar Corrosion Resistance Accelerated Test


Three samples were casted for each concrete type (C and C*). The reinforced concrete specimens had dimensions of 180 mm × 180 mm × 80 mm with an embedded 12 mm diameter corrugated steel rebar located at 20 mm (cover depth from surface), see Figure 1. The ends of the steel rebars were sealed with insulating tape in order to obtain an exposed to corrosion rebar length of 14 cm. The test specimens were cured in the humid chamber (90% RH and 23 °C) over 75 days. After curing, a PVC pool was attached to the top of each specimen in order to allow ponding with water and a NaCl solution, as shown in Figure 1.



It is known that it may take long to start the corrosion of steel bars embedded in concrete [1,2,3,4]. For this reason, it was decided to perform an accelerated corrosion test based on wetting–drying cycles coupled with the periodic surface application of a certain amount of a 0.5 M NaCl aqueous solution in order to emulate environmental conditions similar to those that may be found in the marine tidal and splash exposure classes of marine constructions (XS3 exposure class according to the Spanish Structural Code [40]). Non-destructive electrochemical measurements were performed during the test in order to detect the onset of the steel corrosion and to monitor the intensity of the process. The portable GECOR 6 equipment (GEOCISA, Madrid, Spain) was used to measure the potential corrosion   E  c o r r   , the concrete resistivity  ρ , and the corrosion rate   I  c o r r   . A Cu/CuSO4 (saturated) reference electrode was used. The electrochemical measurements require a wet, but not saturated, state of the concrete. In order to meet this requirement, the testing surface was sprayed with tap water 15 min before taking the readings. The test procedure was as follows: in the first phase, the pond was filled with tap water for 14 days. This was performed to check the initial corrosion state. In the second phase, the pool was kept empty for 7 days. This is a drying stage of the specimens previous to the next phase. In the third and last phase, the wetting–drying cycles were applied with periodic surface application of a certain amount of a 0.5 M NaCl solution. See Figure 1 and Table 2 for details of the cycles, whose duration was of four or five days. The electrochemical measurements were taken with an approximate weekly periodicity during the whole accelerated corrosion test, which lasted about 36 weeks.





3. Results and Discussion


3.1. Compressive Strength


Compressive strength results at 28 days age for both concretes are shown in Table 3. An increase of about 6% is observed on concrete compressive strength when the admixture is used. This means that the presence of CCADM does not reduce the compressive strength of the concrete for the same consistency. This, together to the fact that the incorporation of CCADM, at the dosage rate recommended by the manufacturer, does not hinder the workability of the concrete mix (see Table 1 and Section 2.1), seems to indicate that the use of the admixture does not negatively affect some of the main technological properties of concrete. Hence, more research would be advisable to test comprehensively the influence of the admixture on the technological properties of concrete.




3.2. Density, Porosity, and Water Absorption


Results from the ASTM-C642 test are shown in Table 4 for both concretes. While the density is almost unaffected by the presence of CCADM, a slight decrease of about 3% is observed for water absorption and porosity when the admixture is used. These results show that the admixture has a certain capacity of producing a somewhat more closed porous structure of concrete, thus reducing the permeability to fluids and external aggressive substances.




3.3. Electrical Resistivity


The evolutions of the bulk electrical resistivity ( ρ ) values of saturated specimens of both concretes (C and C*) are shown in Figure 2. Mean values along with the corresponding error bars are shown. Electrical resistivity is an indicator of reinforced concrete durability [41], especially regarding rebar corrosion susceptibility [42]: the higher the resistivity, the lower the rebar corrosion susceptibility. Figure 2 shows that resistivity values are similar for both concretes up to 14 days. From 28 days onward, concrete C* shows values about 10% higher than concrete C. This shows, in qualitative agreement with results in Section 3.2, the ability of the admixture to create a more closed porous network, as compared to concrete C, which most probably will reduce the permeability of the concrete C*. However, quantitatively, the effect seems to be more pronounced in Figure 2 than what can be expected from the different values of permeable porosity shown in Table 4. The explanation can be traced to the different conditions in the experimental procedures (see Section 2.3 and Section 2.4). While the specimens used for the porosity measurement were cured in a humid chamber (no permanent contact with liquid water) and immediately tested, the specimens for the  ρ  measurements were water saturated in vacuum after the same curing step, and later kept immersed in tap water. This points to a possible important effect of the curing and service conditions of concrete, being most probably the permanent contact with liquid water the more favored condition for developing the permeability properties of concrete incorporating an admixture of type CCADM. A careful examination of Figure 2 shows that the differences in  ρ  of both concretes are apparent only after 14 days of water immersion.




3.4. Water Absorption Karsten Test


Figure 3a,b show the evolutions of the amounts of absorbed water during the Karsten tests. Mean values corresponding to the three specimens tested for each concrete type along with the corresponding error bars are shown. As a representative parameter of the behavior of the concretes under study it has been chosen the so-called water absorption coefficient (  W A C  ) [22], expressed here in the units of    kg   m 2  · min    , and calculated as the mean absorption rate during the first 150 min of the test [32]. Table 5 shows the values of this mean absorption rate (  W A  C 150   ) for both concretes. It is apparent from Figure 3a that the water absorption behavior of both concretes is practically equal at 14 days after the end of the curing period. On the other hand, at 105 days after the end of the curing period, the concrete C* shows a lower water absorption rate, as compared to C (Figure 3b), which is quantified as a reduction in   W A  C 150    of 23%, see Table 5. These results can be compared to those obtained in previous researches [15], where it was shown that the incorporation of different CA materials to Portland cement concretes lead to a significant reduction in the water sorptivity, which can be 50% lower than that of the control mix. The reductions were dependent on the (w/c) ratio, being higher for a high w/c value of   0.60   than for low w/c values of about   0.39   and on the length of the curing period, being higher the longer was the curing [15]. The quantitative discrepancy of results of this work to previous results can be understood by considering the different curing procedures: humid chamber (no permanent contact with liquid water) in this work, and permanent water curing in the previous work [15]. This points again to a possible important effect of the curing and service conditions of concrete on the efficacy of crystalline admixtures in reducing the permeability of concrete, see Section 3.3.




3.5. Unidirectional Chloride Diffusion Test


The obtained chloride content profiles after 90 days of unidirectional Cl− diffusion are shown in Figure 4. Mean values of the determined Cl− contents (three specimens tested for each concrete mix) along with the corresponding deviation bars are depicted in Figure 4.



The obtained Cl− content profiles are fitted to Fick’s second law of diffusion [33].


  C  ( x , t )  =  C S  erfc   x  2    D  n s s   t       








where   C ( x , t )  ( % )   is the chloride concentration as a function of depth x (m) and time t (s),   erfc  ( x )  = 1 −  2  π    ∫ 0 x   e  −  u 2    d u   is the complement of the error function, and the fitted parameters are the surface chloride concentration   C S   (%) and the non-steady state diffusion coefficient   D  n s s    (m2/s). The obtained fitted parameters are shown in Table 6.



The mean chloride profiles of Figure 4, and also the values of their fitted parameters (Table 6), are very close for both concretes. This means that the presence of the admixture does not affect the chloride ingress by diffusion in the experimental conditions of this work. This result is in good agreement with findings of previous works [17].




3.6. Air Permeability Torrent Test


The evolutions of the mean values of the air permeability coefficient   k T   and the surface electrical resistivity   ρ s   are shown in Figure 5 and Figure 6, respectively. The figures incorporate the corresponding dispersion bars. According to Figure 5, the concrete C* achieved a considerable reduction in the values of   k T   in comparison to the reference concrete C. These reductions were in the range 36–55%, thus indicating a better performance of C* regarding gas permeability.



At first glance, it would be possible to consider the results of Figure 6 to be in contradiction with those of Figure 2: in Figure 6 the concrete C specimens show higher electrical resistivity than those of concrete C*, while the opposite is observed in Figure 2. However, it should be considered that the bulk resistivity measurements of Figure 2 were performed under conditions of full water saturation of the pore network of concrete, while the surface resistivity measurements of Figure 6 were performed in a drying environment (exposure to the lab atmosphere), see Section 2.4 and Section 2.7. The permanent exposure to liquid water allows the concrete C* specimens to develop a more closed pore network, as compared to the concrete C, due to the hydrophilic character of the admixture, thus leading to higher values of  ρ  in Figure 2. On the other hand, the results of Figure 6 seem to indicate that the drying process of the concrete C specimens is quicker than that of the concrete C* specimens, most probably due also to a more open pore network of C in comparison to C*.



The quality of a concrete with respect to its permeability to gases can be established according to Table 7 if the resistivity is high enough, or according to nomogram of Figure 7 in any case [23]. The values of   k T   and   ρ s   have been plotted in the nomogram of Figure 7, showing that these criteria allow classifying the concrete C* with admixture as a good quality one while the reference concrete C would be classified as a normal quality one.




3.7. Rebar Corrosion Resistance Accelerated Test


Figure 8a,b show the evolutions of concrete resistivity ( ρ ) during the corrosion tests of the reinforced specimens of concretes C and C*, respectively. Figure 9 contains the evolutions of the mean values of  ρ  for both types of concrete. The graphs contain two vertical lines at 14 and 21 days, which indicate the end of the first phase of the corrosion experiments (permanent ponding with tap water) and the end of the second phase (drying period of 7 days), respectively. At 21 days from the beginning of the tests, the final phase began, consisting of wetting–drying cycles with periodic surface application of an amount of NaCl aqueous solution (see Section 2.8).



It is apparent from Figure 9 that both types of concrete show no significant differences regarding the electrical resistivity, except during approximately the first 30 days (see Figure 9). In this initial period the reinforced specimens of C* show higher  ρ  values than the corresponding specimens of C. This finding is in line with the behaviors shown in Figure 2. Considering that during the first 14 days of the corrosion tests the specimens are subject to a permanent ponding with tap water, it is likely that the presence of the hydrophilic admixture CCADM in the C* specimens might give rise to a more closed and hence less permeable pore network, as compared to the C specimens.



Figure 10a,b show the evolutions of steel corrosion potential (  E  c o r r   ) during the corrosion tests of the reinforced specimens of concretes C and C*, respectively. Figure 11 contains the evolutions of the mean values of   E  c o r r    for both types of concrete. The potentials are measured against a saturated Cu/CuSO4 reference electrode. The graphs contain three horizontal lines at −200, −350, and −500 mV, which indicate the accepted limits separating the domains of low, intermediate, and high risk of corrosion, according to ASTM C876-22B [43], see Table 8.



A sharp decrease of   E  c o r r   , below the −200 mV limit, is normally considered as indicative of the depassivation of steel, i.e., the breakdown of the passivating layer on steel reinforcement embedded in concrete [3,4]. Figure 10a shows a high scatter for the time of this depassivation event in the cases of concrete C, with 170, 150, and 90 days for samples C1, C2, and C3, respectively. The scattering in the depassivation time is much lower for concrete C* (Figure 10b), where the observed range is from 150 to 170 days. With the available data, it is not possible to explain the scattering observed in the depassivation times of the concrete C specimens. However, it should be considered that corrosion is always a complex stochastic process, for which it is frequent to find a considerable scattering.



Figure 12a,b show the evolutions of steel corrosion rate (  I  c o r r   ) during the corrosion tests of the reinforced specimens of concretes C and C*, respectively. Figure 13 contains the evolutions of the mean values of   I  c o r r    for both types of concrete. The corrosion rate is expressed in electrochemical units, i.e.,  μ A/cm2.   I  c o r r    is a kinetic parameter related with the actual intensity of the corrosion process. The values accepted in the literature [44,45] for its interpretation are shown in Table 9. The graphs contain three horizontal lines at 0.1, 0.5, and 1  μ A/cm2 which indicate the accepted limits separating the domains of negligible, low, intermediate, and high corrosion rate [44,45], see Table 9.



The increase in   I  c o r r    at values higher than 0.1–0.2  μ A/cm2 is usually taken as indicative of the irreversible onset of the corrosion process of steel reinforcement in concrete [44,45]. This usually happens when the steel rebar depassivates or some days after. It is worth noting that this behavior is observed when the evolutions of   E  c o r r    (Figure 10 and Figure 11) are compared with the evolutions of   I  c o r r    (Figure 12 and Figure 13). In the case of concrete C, the depassivation (drop in   E  c o r r    values) happened at 170, 150, and 90 days for samples C1, C2, and C3 respectively, while the corresponding corrosion initiation times (rise in   I  c o r r    values) were at 180, 150, and 110 days, respectively. In the case of concrete C*, the depassivation took place in the range from 150 to 170 days, and the corresponding corrosion initiation times spanned in the same range. The comparison of the   I  c o r r    mean values of both concretes in Figure 13 seems to show that the presence of the admixture could increase the corrosion initiation time from about 110 to 170 days, but this conclusion is not definitive due to the high scatter observed in the case of the concrete C specimens. The obtained results of electrochemical measurements seem to indicate that the presence of the admixture CCADM in concrete could reduce the scattering of the corrosion initiation period and could delay the corrosion initiation (from 110 to 170 days, according to Figure 13), in the experimental conditions of this work. This outcome is in fairly good agreement with findings of previous works [16,19]. However, the small number of tested specimens (from a statistical point of view) does not allow for unequivocal acceptance of this conclusion. More experiments would be necessary, with a greater number of specimens and a longer duration of the tests, to be able to carefully evaluate the effect of the incorporation of the admixture on the corrosion processes of steel reinforcement in concrete.





4. Conclusions


According to the results obtained in this study, the following conclusions can be drawn about the use of the studied admixture in concrete:




	
The incorporation of the admixture to the concrete allows the amount of mixing water to be slightly reduced for the same consistency. This makes it possible to improve the durability properties of the material or reduce the amount of plasticizing additive to be used in mixing (for the same consistency).



	
The incorporation of the admixture is not detrimental regarding the compressive strength of Portland cement concrete.



	
The admixture allows the generation of a more closed porous structure, and therefore less permeable, in Portland cement concrete. The reduction in porosity and water absorption is quantified at approximately 3% compared to a reference concrete.



	
Portland cement concrete incorporating the admixture shows electrical resistivity values (in water saturated state of the pore network) that are approximately 10% higher than those of the reference concrete. This reflects a greater capacity to reduce porosity and permeability, especially in conditions close to water saturation of the pore network.



	
Portland cement concrete incorporating the admixture has shown a slight reduction in the water absorption coefficient (water absorption test by Karsten’s method) in comparison to the reference concrete. This reduction is quantified at a value of 23% in the experimental conditions of this work.



	
The unidirectional chloride diffusion tests have not revealed differences in behavior, in terms of resistance to chloride penetration by diffusion, between a concrete incorporating the admixture and a reference concrete.



	
The incorporation of the admixture to Portland cement concrete has led to a considerable reduction in the air permeability coefficient (Torrent test) compared to a reference concrete. This reduction is quantified between 36% and 55%.



	
The incorporation of the admixture can reduce the scatter in the corrosion initiation times of the steel reinforcements and could have an effect of delaying the onset of their corrosion, with respect to a reference concrete. Under the test conditions of the present research, the delay in corrosion onset times could translate into an increase from about 110 days to about 170 days. However, more experiments would be necessary, with a greater number of specimens and a longer duration of the tests, to be able to carefully evaluate the effect of the incorporation of the admixture on the corrosion processes of steel reinforcement in concrete.
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Figure 1. Concrete sample for corrosion test, and the steps of the wetting–drying cycles during the corrosion test. See text and Table 2 for details. 
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Figure 2. Evolution of the bulk electrical resistivity  ρ  of saturated concrete specimens. The specimens were kept permanently immersed in tap water after the curing period. 
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Figure 3. Evolutions of the mean amounts of absorbed water during the Karsten tests at 14 days (a) and at 105 days (b) after the end of the curing period. 
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Figure 4. Chloride profiles. 
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Figure 5. Evolutions of the mean values of the air permeability coefficient   k T   for both concretes. Times are taken after the end of the curing period. 
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Figure 6. Evolutions of the mean values of the surface electrical resistivity   ρ s   for both concretes. Times are taken after the end of the curing period. 
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Figure 7. Nomogram of concrete quality with respect to permeability to gases. 
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Figure 8. Evolution of resistivity  ρ  for the reinforced specimens of concrete C (a) and C* (b) during the corrosion tests. 
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Figure 9. Evolution of the mean values of resistivity  ρ  for the reinforced specimens of concretes C and C* during the corrosion tests. 
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Figure 10. Evolution of steel corrosion potential   E  c o r r    for the reinforced specimens of concrete C (a) and C* (b) during the corrosion tests. 
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Figure 11. Evolution of the mean values of steel corrosion potential   E  c o r r    for the reinforced specimens of concretes C and C* during the corrosion tests. 
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Figure 12. Evolution of steel corrosion rate   I  c o r r    for the reinforced specimens of concrete C (a) and C* (b) during the corrosion tests. 
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Figure 13. Evolution of the mean values of steel corrosion rate   I  c o r r    for the reinforced specimens of concretes C and C* during the corrosion tests. 
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Table 1. Mixtures of concretes tested.
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	Parameter
	Concrete C
	Concrete C*





	CEM II 42.5 R (kg/m3)
	350.0
	350.0



	Sand (kg/m3)
	630.0
	630.0



	Aggregate 4/6 (kg/m3)
	465.5
	465.5



	Aggregate 6/12 (kg/m3)
	679.0
	679.0



	Deionized water (kg/m3)
	210.0
	199.5



	Water/cement ratio
	0.60
	0.57



	CCADM admixture (% ref. cement mass)
	–
	0.29



	Abrams cone setting (cm)
	4.0
	3.5










 





Table 2. Details of the wetting–drying cycles with application of a 0.5 M NaCl solution during the accelerated corrosion test.






Table 2. Details of the wetting–drying cycles with application of a 0.5 M NaCl solution during the accelerated corrosion test.





	Day
	Action





	1
	Spread 65 mL of 0.5 M NaCl solution on the tested concrete surface inside the pond



	2
	Allow the specimen to dry 1



	3
	Moisten the specimen during 3 h by ponding with 300 mL of tap water. Empty the pond and take the electrochemical measurements:  ρ ,   E  c o r r    and   I  c o r r   



	4
	Allow the specimen to dry 1







1 In case any of the dry periods were coincident with a weekend, the drying time was extended to two days.













 





Table 3. Compressive strength at 28 days age of the tested concretes.
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	Parameter
	Concrete C
	Concrete C*





	Mean value (MPa)
	30.00
	31.71



	Standard Deviation (MPa)
	0.17
	0.33










 





Table 4. Results from the ASTM-C642 test.
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Parameter

	
Concrete C

	
Concrete C*




	
Mean Value

	
Standard Deviation

	
Mean Value

	
Standard Deviation






	
Absorption after immersion and saturation (%)

	
8.33

	
0.26

	
8.05

	
0.33




	
Dry bulk density (kg/m3)

	
2200

	
10

	
2210

	
20




	
Bulk density after immersion and saturation (kg/m3)

	
2380

	
10

	
2390

	
10




	
Apparent density (kg/m3)

	
2690

	
0

	
2700

	
0




	
Permeable pore volume (%)

	
18.31

	
0.46

	
17.83

	
0.61











 





Table 5. Water absorption rate at 150 min determined by the Karsten test.
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	Time of Testing (Days) 1
	Parameter
	Concrete C
	Concrete C*





	14
	   W A  C 150        10  − 3    kg   m 2  · min     
	7.0
	7.3



	14
	Standard deviation of   W A  C 150       10  − 3    kg   m 2  · min    
	3.1
	3.4



	105
	   W A  C 150        10  − 3    kg   m 2  · min     
	7.9
	6.1



	105
	Standard deviation of   W A  C 150       10  − 3    kg   m 2  · min    
	2.6
	3.3







1 The times of testing are expressed as days after the end of the curing period.













 





Table 6. Fitted parameters to the Fick’s second law of diffusion.
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	Parameter
	Concrete C
	Concrete C*





	  D  n s s    mean value (10−12 m2/s)
	23.3
	22.2



	  D  n s s    standard deviation (10−12 m2/s)
	6.4
	1.6



	  C S   mean value (%)
	0.547
	0.516



	  C S   standard deviation (%)
	0.034
	0.031










 





Table 7. Quality classification of concretes with respect to permeability to gases.






Table 7. Quality classification of concretes with respect to permeability to gases.





	Quality
	kT (10−16 m2)





	1—Very good
	<0.01



	2—Good
	0.01–0.1



	3—Normal
	0.1–1



	4—Poor
	1–10



	5—Very poor
	>10










 





Table 8. Corrosion probability according to   E  c o r r    values.






Table 8. Corrosion probability according to   E  c o r r    values.





	   E corr    (mV vs.    Cu /  CuSO 4     (Sat))
	Corrosion Probability





	>−200
	Low risk of corrosion (10%)



	   − 350 <  E  c o r r   < − 200   
	Intermediate



	   − 500 <  E  c o r r   < − 350   
	High risk of corrosion (90%)



	<−500
	Severe corrosion










 





Table 9. Interpretation of   I  c o r r    values.






Table 9. Interpretation of   I  c o r r    values.





	   I corr    (  μ  A/cm2)
	Corrosion Rate (  μ  A/year)
	Corrosion State





	<0.1
	<1.16
	Negligible



	0.1–0.5
	1.16–5.8
	Low–Moderate



	0.5-1
	5.8–11.6
	Intermediate



	>1
	>11.6
	High
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