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2

Additive manufacturing has a remarkable impact on concrete manufacturing. Its application has evolved from printing prototypes and laboratory scale objects to the manufacturing of fully functional concrete elements [START_REF] Lim | Improving flexural characteristics of 3D printed geopolymer composite with in-process steel cable reinforcement reinforcement[END_REF], [START_REF] Bos | Additive manufacturing of concrete in construction: potentials and challenges of 3D concrete printing[END_REF]. Recently, 3D printing of concrete elements has been applied in the infrastructure construction industry, which could bring in significant improvements to the field [START_REF] Jones | Additive Manufacturing Processes for Infrastructure Construction : A Review[END_REF], [START_REF] Bukkapatnam | Workshop Report-NSF Workshop on Additive Manufacturing (3D Printing) for Civil Infrastructure Design and Construction[END_REF]. Over and above, 3D printing was introduced to a more critical field of applications, where printed structures are continuously exposed to aggressive environments. For example, Winsun released the very first 3D printed river revetment wall, over 500 meters long [START_REF]Winsun completes world's first, 500 meters long, 3D printed river revetment wall[END_REF]. Similarly, XtreeE has used 3D printing technology to reproduce natural coral reefs, using normal concrete material, as well as water collectors for drainage systems [START_REF]the Face of Climate Change: Saving Coral Reefs with 3D Printing[END_REF].

Despite that, daily applications still seem far away because of the conservative practices in this field [START_REF] Schutter | Vision of 3D printing with concrete -Technical, economic and environmental potentials[END_REF]. They are persisting challenges in penetrating the market due to the lack of compliance with building codes [START_REF] Asprone | Rethinking reinforcement for digital fabrication with concrete[END_REF]. In addition, some technical challenges need to be overcome to trigger all the opportunities offered by 3D printing techniques in the building sector, such as reinforcement incorporation to provide sufficient tensile capacity and ductility for the intended applications [START_REF] Baz | Interlayer reinforcement of 3D printed concrete elements[END_REF]- [START_REF] Baz | Mechanical assessment of concrete -Steel bonding in 3D printed elements[END_REF]. Though, in order to consider 3D printing as a successful construction practice, high quality properties of the final product have to be targeted. In other words, the design of concrete elements should be based on different requirements [START_REF] Lowke | Particle-bed 3D printing in concrete construction -Possibilities and challenges[END_REF], mainly specified by the structural stability and ability to bear and transfer loads [START_REF] Nerella | Incorporating reinforcement into digital concrete construction[END_REF], the durability against environmental effects [START_REF] Buswell | 3D printing using concrete extrusion : a roadmap for research[END_REF], [START_REF] Vitharana | A study on strength and corrosion protection of cement mortar with the inclusion of nanomaterials[END_REF], and the aesthetic needs [START_REF] Gao | The status , challenges , and future of additive manufacturing in engineering[END_REF]. Indeed, for a broader field of applications, not just the physical and mechanical properties of printable materials need to be assessed, but the durability needs to be addressed as well. This is said because the life cycle assessment of constructions is majorly affected by the materials production [START_REF] Agustí-Juan | Environmental design guidelines for digital fabrication[END_REF], enabling them to reach a reasonable service live in natural or industrial exposure conditions [START_REF] Schutter | Vision of 3D printing with concrete -Technical, economic and environmental potentials[END_REF].

The lack of performance testing protocols of 3D printed elements makes the analogy between printed and casted concrete elements obscure. All structural and durability design standards consider concrete as a homogeneous material [START_REF] Tosun | DEVELOPMENTS OF 3D CONCRETE PRINTING PROCESS[END_REF], which might not be always applicable for 3D printed elements. In fact, these elements have anisotropic behavior due their particular production identity [START_REF] Panda | Anisotropic mechanical performance of 3D printed fiber reinforced sustainable construction material[END_REF]- [START_REF] Paul | Fresh and hardened properties of 3D printable cementitious materials for building and construction[END_REF]. Thus, the current standards need to be revised and adapted for structures having anisotropic properties.

The properties of hardened cement paste are majorly influenced by its microstructure, and the way in which the material is casted [START_REF] Gallucci | 3D experimental investigation of the microstructure of cement pastes using synchrotron X-ray microtomography (μCT)[END_REF]. The induced heterogeneities and interfaces caused by the process represent a major challenge [START_REF] Moini | Additive Manufacturing and Characterization of Architectured Cement-based Materials via X-ray Micro-Computed Tomography[END_REF].The effect of weak interfaces between successive layers on the mechanical properties of 3D printed elements has been widely reported in the literature [START_REF] Rahul | Mechanical characterization of 3D printable concrete[END_REF]- [START_REF] Zareiyan | Effects of interlocking on interlayer adhesion and strength of structures in 3D printing of concrete[END_REF]. This weakness is due to the layered concept creating extra voids between successive layers, with more porous properties of the layers themselves, in addition to the anisotropic characteristics [START_REF] Schutter | Vision of 3D printing with concrete -Technical, economic and environmental potentials[END_REF]. Having said that, the quality of the bond generated between superposed layers is mostly influenced by the rheological and thixotropic properties of the material used [START_REF] Panda | Use of magnesium-silicatehydrate (M-S-H) cement mixes in 3D printing applications[END_REF], [START_REF] Akbar | A new photogrammetry method to study the relationship between thixotropy and bond strength of multi-layers casting of self-consolidating concrete[END_REF], [START_REF] Sanjayan | Effect of Surface Moisture on Inter-Layer Strength of 3D Printed Concrete[END_REF]. Alongside, the same printing parameters affecting the mechanical and rheological properties of concrete in its fresh and hardened states, affect the durability properties. These parameters are mainly the printing speed and pumping pressure [START_REF] Wolfs | Hardened properties of 3D printed concrete: The influence of process parameters on interlayer adhesion[END_REF]. For example, a higher print-time interval decrease the adhesion between successive layers due to the water evaporation causing a lower surface moisture content and possibly a weaker bond between layers [START_REF] Sanjayan | Effect of Surface Moisture on Inter-Layer Strength of 3D Printed Concrete[END_REF]. In addition, an increase in the printing speed introduces bigger pores [START_REF] Van Der Putten | The Effect of Print Parameters on the (Micro) structure of 3D Printed Cementitious Materials[END_REF]. Alongside, a lower printing pressure induces a higher surface roughness due to the kinetic energy of the sand particles causing more voids formation [START_REF] Van Der Putten | Microstructural Characterization of 3D Printed Cementitious Materials[END_REF]. In some cases, air bubbles present inside the layer itself might escape due to the pressure exerted by subsequent layers and stay entrapped at the interface level. Therefore, a weak link between successive layers would threaten the durability of printed elements, due to the creation of another preferential ingress path for aggressive substances from the surrounding environment. Alternatively stated, the chemical diffusion through interfaces can be faster than that in bulk concrete, which may jeopardize the durability of the structure. In addition, this matter would increase the corrosion rate of the reinforcing steel bars placed between layers. However, the current focus on the material properties concerning the durability aspect is still limited [START_REF] Tosun | DEVELOPMENTS OF 3D CONCRETE PRINTING PROCESS[END_REF].

Durability characteristics correspond to the ability of the material to resist different environmental exposures for a long period of time, without significant deterioration [START_REF] Mehta | Concrete: Microstructure, Properties and Materials[END_REF].

Concerning the durability of concrete material, it depends on many factors, mainly cement type and content, water to cement (W/C) ratio [START_REF] Panda | Use of magnesium-silicatehydrate (M-S-H) cement mixes in 3D printing applications[END_REF], [START_REF] Hewayde | Effect of Mixture Design Parameters and Wetting-Drying Cycles on Resistance of Concrete to Sulfuric Acid Attack[END_REF], curing conditions and compaction [START_REF]BS EN 206:2013 Concrete -Specification , performance , production and conformity[END_REF].

Indeed, some of these aspects are not relevant for 3D printed elements, especially those related to compaction, which is not applicable in the field of additive manufacturing.

Typically, it is known that ordinary Portland cement has little resistance to acid attacks, because of its high alkalinity [START_REF] Gu | Sulphuric acid exposure of conventional concrete and alkali-activated concrete : Assessment of test methodologies[END_REF], [START_REF] Barbhuiya | Behaviour of a Sustainable Concrete in Acidic Environment[END_REF]. Therefore, acids can easily deteriorate concrete in various ways.

Notably, sulfuric acid (H2SO4) is one of the most harmful acids to act on concrete materials due to its combined effect of acid and sulphate attack [START_REF] Mene´ndez | Sulfate Attack of Concrete[END_REF]. It reacts with the calcium hydroxide (CH) of the hydrated cement paste, and produces gypsum. Yet, the decomposition of concrete under acid attack depends mainly on concrete porosity and acid concentration [START_REF] Kawai | Concrete Deterioration Caused by Sulfuric Acid Attack[END_REF].

This study is based on an experimental analysis of concrete samples exposed to sulfuric acid environments. Though, it is less common for a 3D printed structure to be subjected to high concentrations of acid attacks; however, the reason behind using it is because of being very corrosive, and thus, it would considerably accelerate the corrosion rate of concrete samples.

However, the objective of this research is to investigate the microstructural properties of 3D printed concrete elements and their resistance against sulfuric acid attacks, in comparison to nonprinted samples. In particular, it aims to qualify the interfaces and bonding efficiency between successive layers. Hence, it aims to draw a better perception regarding whether a printed element acts homogeneously as a casted object, or as a stack of concrete layers. Herein, three mixes compositions having different thixotropic properties were used, and all specimens whether printed or not, were studied on a macroscopic and microscopic scale.

2-Materials and Methods

The experimental program presented in this research covers two phases. The first phase corresponds to the materials development and rheological characterizations, whereas the second one describes the production and preparation of the specimens used for the durability assessment.

2.1-Mix design and material characterization 2.1.1-Raw Materials

All developed mixes consisted of an Ordinary Portland Cement (CEM I 52.5 N), having a density of 3.1g/cm 3 and 8.2 μm median particle diameter "D50". The sand used was made of crushed limestone having a particle size distribution of 0 to 2 mm including 19% smaller than 63 μm and a density of 2.7 g/cm 3 . These mixes contained as well CBCALC 80 μm limestone filler with a density of 2.7g/cm 3 and 5.7 μm D50. As for the admixtures used, all mixes contained CHRYSO®Fluid Optima 100 high range water reducer (HRWR) having a phosphonate base with 31% ± 1.5% dry content, and a commercially used BELITEX® ADDICHAP viscosity modifying agent (VMA) powder.

The chemical composition of the cement are shown in table 1. properties of the printable materials could affect the quality of the bond generated between superposed layers [START_REF] Tinghong | Effect of Structural Build-Up on Interlayer Bond Strength of 3D[END_REF]- [START_REF] Panda | The Effect of Material Fresh Properties and Process Parameters on Buildability and Interlayer Adhesion of 3D Printed Concrete[END_REF]. If this were to happen, weak plane could be formed creating preferential pathways for chemicals intrusion. Therefore, the aim of testing more than one composition was to exclusively investigate the overall effect of 3D printing techniques on the quality of the link between successive layers over a wider range of material's conditions.

These mixes compositions are shown in table 2. Mix A is considered as reference, Mix B contains a higher amount of limestone filler, and Mix C has a lower water to cement ratio (W/C). The same mixing procedure adopted by Baz et al. [START_REF] Baz | Influence of the mix composition on the thixotropy of 3D printable mortars[END_REF] was followed, and it consisted first of dry mixing all solid ingredients for 120 sec at a speed of 60 RPM. Water and HRWR were added gradually afterwards, during 30 sec, while keeping on the same mixing speed. Then after, the mixing speed was increased to 124 RPM for 90 sec. Once finished, the mix is left at rest for 60 sec. At the end, the material's mixing was resumed for 120 sec at 124 RPM.

2.1.4-Printability assessment

The printability of the developed mixes has been systematically assessed, based on visual inspections. Initially, the printing has been done manually using a laboratory gun device equipped by a circular nozzle of a 1 cm diameter, as in El Cheikh et al. [START_REF] Cheikh | Numerical and experimental studies of aggregate blocking in mortar extrusion[END_REF]. Herein, the extrudability of the mortar was evaluated based on its ability to get out of the nozzle smoothly, without any discontinuity in the layer or blockage of the nozzle. Alongside, the buildability of all mortars has been evaluated based on the ability of the printed layers to stand strong and still without showing any shape deformation after the layers superposition. Fig. 1 shows a manually printed section using Mix A presenting 15 superposed layers of 1 cm thick each, having a straight wall shape.

Note that, the printability of all mixes used in terms of extrudability and buildability has been further confirmed using an actual 3-axis gantry printer as it is explained later in section 2.2.2. 

2.1.6-Rheological characterization using the fall-cone test

The fall-cone penetrometer has been used to measure the evolution of the static yield stress over a certain period of time, as per the European standard "NF EN ISO 17892-6" [START_REF]EN ISO 17892-6: Geotechnical investigation and testing -laboratory testing of soil -part 6: Fall cone test[END_REF]. Hereby, a 30° steel cone having a smooth surface has been used. 100 g further added to the system to ensure a significant penetration of the cone in the material [START_REF] Baz | Influence of the mix composition on the thixotropy of 3D printable mortars[END_REF].

The material was put in a circular steel container having a diameter of 30 cm and a depth of 5 cm. The container was then put over a jolting table for 30 shocks to ensure a proper filling, and to remove any entrapped air bubbles. The surface of the container was gently sawn, and the excessive materials were cut off. The material was then left at rest for 120 sec. Once done, the tip of the cone was placed at the surface of the material, then it was released to fall under its own weight for 5 sec ± 1 sec, and the penetration depth "ℎ" was recorded. This procedure was repeated every 150 sec over a time span of 1320 sec (22 min). 5 cm were left between a penetration and another. Besides, the measurements were repeated three times, each on a different batch.

The static yield stress was derived from the penetration depth of the cone, and it was calculated using Eq. 1. In this equation, " " corresponds to the calculated yield stress (Pa), " " represents the force generated by the mass of the cone (N), "ℎ" is the penetration depth (mm), and "Ɵ" is the angle of the cone used (degrees).

=

[61] (Eq. 1)

The linear model proposed by Roussel et al. [START_REF] Roussel | A thixotropy model for fresh fluid concretes : Theory , validation and applications[END_REF] was adopted. However for this research, the initial yield stress " 0,0 " at = 0 sec was neglected because it has an insignificant magnitude relative to that developed when the mix is at rest. In fact, the total yield stress was presented in a simplified form following Eq. 2.

0( ) =

[62] (Eq. 4)

2.2-Specimens preparation for the submersion in sulfuric acid solutions

2.2.1-Mixing procedure

A uniform mixing procedure was adopted for the production of all samples from different mixes.

It was always done at room temperature (≃ 22 ͦ C ± 2 ͦ C) to minimize the difference between batches. A DITO-SAMA 80 litters BMXE80 mixer was used. First, all solid ingredients were dry mixed for about 2 min at a low speed (20 RPM). Then after, water and HRWR were added gradually. After adding all liquids, the mixing speed was progressively increased to 100 RPM.

The overall mixing process took around 10 min. During the mixing time, the walls of the mixer's bowl were scrapped using a large spatula to ensure that all materials were properly mixed. After finishing, the material was collected and directly placed inside the printer's pump.

2.2.2-Samples manufacturing

Two different sample categories were made for each mix composition. The first category included casted samples, taken as references. The second category included printed samples.

First, the reference samples were casted inside 4×4×16 cm molds, in a single pour, without external vibration. This is to simulate the bulk material of each printed layer which can never be vibrated. Second, printed samples were done using an automated 3-axis gantry printer having a circular nozzle of 1.9 cm diameter (Fig. 2). Hence, the difference in the production of reference samples is the absence of multiple layers and pumping pressure. The standoff distance of the nozzle was fixed to 1 cm, in order to obtain a 1 cm thick layers.

Moreover, the printing speed was set to 6.4 cm/sec, and it was adjusted in a way to print a layer having a width ranging between 5 and 5.5 cm. Indeed, in this case the printed layers were compressed one on top of the other because of the pumping pressure exerted during printing that allows for the material to spreads off and produce a layer of 5 cm out a 1.9 cm circular nozzle. After 24 h, non-printed samples were de-molded and kept at 100% RH at a temperature ≈ 20 ± 2 ͦ C for 38 days. Then after, all printed and non-printed samples were cut down properly using a cord saw with water discharge to make 4×4×2 cm specimens (Fig. 4). At the end, all samples were placed inside the oven for 6 days at 50 ͦ C to cease the hydration process. It should be noted here that printed samples were initially cut down, and only the core samples were subjected to acidic environment, to qualify exclusively the interface properties resulting from the layers superposition. In other words, this is done to eliminate first the vulnerable interfaces between consecutive layers generating concentration ports for acid ingress. Second, to guarantee that micro-cracks no longer exist at the surfaces. This issue must be taken seriously, because in 3D printing, concrete elements are more susceptible to micro-cracks caused by the plastic shrinkage and temperature strains, due to the absence of formworks.

2.3-Sulfuric acid exposure

The Sulfuric acid (H2SO4) used has an initial concentration of 98%. Two samples of each production method and mix design were submerged in a bath of 1% and 3% sulfuric acid solution separately (the choice of these concentrations was based on the literature [START_REF] Gu | Sulphuric acid exposure of conventional concrete and alkali-activated concrete : Assessment of test methodologies[END_REF], [START_REF] Luisa | Concrete degradation mechanisms by sulfuric acid attack[END_REF]).

The volume of the solution was equal to four times the volume of submerged solid, as suggested by the standard test method for mortars exposed to sulfate attack (ASTM C1012/C1012M -18b) [START_REF]ASTM C1012/C1012M -18b Standard Test Method for Length Change of Hydraulic-Cement Mortars Exposed to a Sulfate Solution[END_REF]. The specimens were laid on plastic supports, inside hermetic plastic containers to prevent any evaporation (Fig. 5). The storage temperature was maintained at 22 ± 2 ͦ C, and the solution was renewed at 3, 7, 14, 21, 28 and 42 days. 

2.4-Macroscopic characterization

All samples were gently cleaned using a brush and dried using paper towels before each solution renewal. This process was done to remove poorly adhered corroded material. Then after, a visual assessment of the corroded samples caused by the damage progression on the concrete elements surfaces was carried out, and the mass loss of each sample was recorded, during each solution renewal.

2.5-Microscopic characterization 2.5.1-Mercury Intrusion Porosimetry (MIP)

The description of the pore structure and their distribution play an important role when studying the durability of cementitious materials. In general, these pores are classified into macro-pores, capillary pores, and gel pores. However, there is no common agreement on the ranges describing the boundaries of each pore size [START_REF] Gong | Empirical Estimation of Pore Size Distribution in Cement , Mortar , and Concrete[END_REF]. In addition, until now there is no test or method that could measure the entire pore structure at once [START_REF] Van Der Putten | Microstructural Characterization of 3D Printed Cementitious Materials[END_REF]. However, in this study it was decided to measure the pore size distribution using the Mercury Intrusion Porosimetry (MIP) for all non-degraded samples.

To study the porosity of all samples, printed and non-printed specimens having the dimensions of 1×1×1 cm were obtained from the core of the original ones. These specimens were carefully cut using a very precise cord saw with water discharge. It should be mentioned that for the printed samples, the specimens were carefully taken in a way to insure the presence of an interlayer inside of it. The masses of the tested samples ranged between 2.5 g and 3 g.

2.5.1-Scanning Electron Microscopy (SEM)

The Scanning Electron Microscopy (SEM) was used to characterize and visualize the inside of the degraded and non-degraded samples, and to explore the microstructural characteristics of all specimens. Herein, only degraded samples that were submerged in a solution of 1% acidic concentration were analyzed, because those who were attacked by a solution containing 3% acid were severely deteriorated.

The tested samples were cut off from the original ones using a cord saw with water discharge.

The size of each sample to be visualized was equal to 1.5×1.5 cm×"thickness of the sample" (the thickness of non-degraded samples is equal to 2 cm, whereas the thickness of degraded samples ranges between 1.7 cm and 1.9 cm depending on the degree of corrosion). Then after, these samples were impregnated with a low viscosity epoxy resin under vacuum, and cured for 24 h until the resin is fully hardened. Precisely, samples were embedded in resin (H2020, Huntsman)

under vacuum (pressure 100 -200 mbar). After the resin hardens, the thin excess at the sample's surface were removed carefully using 80 grit diamond discs (Struers MD System) and grounded using successive decreasing abrasive sizes 220 and 500 for around 5 sec and 30 sec respectively with a 25 N load on MD discs rotating at 150 rpm. The 1200 grit stage was carried out under the same conditions for around 1 min. A manual lapping using 800 grit powder SiC mixed with ethanol was carried out on a glass plate. Then after, fine polishing was carried out on woven discs (MD Dac) with diamond pastes. Herein, samples were grounded first using 6 µm diamond paste for no more than 5 min at 30 rpm. Afterwards, samples were grounded using 3 µm diamond paste at 40 rpm for 3 min. At the end, the samples were grounded using 1 µm diamond paste at 60 rpm for 1.5 min. Between each step, water free lubricants was used (Struers DP Brown) to carry out cleaning in depth with ethanol, soft brushes and cotton. over the cut surfaces to visualize the inside of the element and not the degraded surfaces. For the non-printed samples (whether degraded or not), a random cut side was observed by the SEM since there is no layers to be perceived. However in this study, special care was taken to visualize the internal structure of the printed samples in order to locate the inter-layer, if any is still existing after the complete setting and hardening of the material. For the non-degraded printed samples, the layers direction was known, and the SEM observation was carried over the correct cut side. Though, because of the complete surface deterioration of the degraded printed samples subject to sulfuric acid attack, all signs indicating the layers direction were ruined.

Therefore, horizontal and vertical observations were done over both cut sides of the same sample.

(a) (b) because it has the lowest water to cement ratio. However, it was anticipated that Mix A yields a higher strength than Mix B because it has a lower limestone filler content. This is further detailed by Baz et al. [START_REF] Baz | Influence of the mix composition on the thixotropy of 3D printable mortars[END_REF].

3.2-Fall-cone and thixotropy results

Fig. 7, Fig. 8 and Fig. 9 show the yield stress evolution in function of time for Mix A, Mix B, and Mix C with their standard deviations respectively. These results pointed out that for all mixes the yield stress is almost linear during the first 1320 sec. For that given period, Roussel's model predicted a reasonable structural build-up rate of the material, and this was further confirmed by the corresponding correlation factors (R 2 ) for each mix. Though, the equivalent thixotropic index "Athix" describing the slope of the curves was equal to 2.85, 5.17, and 17.23 for Mix A, Mix B, and Mix C respectively. Hence, these mixes representing different Athix values cover a wide range of materials having various rheological properties used for 3D printing applications. Therefore, the findings of this research could be applied over a broader range of printable material.

However, it should be mentioned that the time course over which the yield stress evolution of Mix C was limited to 870 sec, just to keep on using the simplified linear model proposed by Roussel et al. [START_REF] Roussel | A thixotropy model for fresh fluid concretes : Theory , validation and applications[END_REF] for the analysis of results. Precisely, the variation of the yield stress was not linear when going through the entire time scale (up to 1320 sec), and the exponential model proposed by Perrot et al. [START_REF] Perrot | Structural built-up of cement-based materials used for 3D-printing extrusion techniques[END_REF] was more representative, because it gave a higher correlation factor (R 2 ). Therefore, it was decided to divide the growth rate of the yield stress into two stages. The first stage defined between 120 sec and 870 sec, presented a slow and linear increase of the yield stress. The second stage presented a fast development of the yield stress until the end of the testing time. That being the case, the results were limited to the first stage. as the immersion period increases, the material's loss became greater and more significant, especially with the higher concentration of sulfuric acid in the solution. Thus, after 56 days of immersion the samples presented a very porous surface structures, in addition to a more significant corrosion and spoiling of the paste leading to an irregular shape and smaller size of the specimens. Over and above, it can be noticed that the printed and non-printed samples of all mixes were in general equally deteriorated for each submersion condition. Herein, the printed and non-printed samples showed a thinner section with much more exposed aggregates when compared to shorter immersion periods. Though, it must be mentioned that for the case of all printed samples of all mixes, no inter-layer was observed and no cracks appeared at that level. always observed for all mixes. However, the mass loss of the samples submerged in sulfuric acid having a concentration of 1% was much lower than the samples put in a solution having a concentration of 3%. Yet, the rate of decrease in non-printed samples was systematically higher than that of the printed ones.

In particular, Mix C showed the highest mass loss among other mixes. Though, it is not a matter of higher Athix value, instead, it is majorly related to the water to cement ratio. Thus, as a matter of fact, this variance was not obvious between Mix A and Mix B because they both have the same water content, but only different limestone filler content. Particularly, previous studies found that a decrease in the water to cement ratio results in an increase of mass loss [START_REF] Hewayde | Effect of Mixture Design Parameters and Wetting-Drying Cycles on Resistance of Concrete to Sulfuric Acid Attack[END_REF]. This happens even if a mix having a lower water to cement ratio is relatively denser and has fewer pores. However, knowing that a denser structure better prevents the absorption of sulfuric acid toward the inside of the sample, but still it presents an abundant amount of hydrates. Thus, as time progress the acid reacts with the cement paste over a larger concrete surface causing much more significant deterioration [START_REF] Hewayde | Effect of Mixture Design Parameters and Wetting-Drying Cycles on Resistance of Concrete to Sulfuric Acid Attack[END_REF].

As for the current study, it can be said that 3D printed elements were strong enough to resist further deterioration and mass loss. Hence, this gives an indication that the inter-layers did not allow the solution to further penetrate inside the element, and therefore to react and ruin a larger surface of the specimen.

(a) (b) 

3.4.1-Mercury Intrusion Porosimetry results

Table 3 shows the total porosity for all mixes and conditions. The total porosities of printed and non-printed samples, for all mixes were comparable. The non-printed samples made of Mix A, Mix B, and Mix C, had a porosity equal to 13.58%, 13.74%, and 11.23% respectively.

Alongside, the total porosity of the printed samples of, Mix A was equal to 13.11%, Mix B equal to 12.89%, and Mix C equal to 11.67%. However, the distribution of pores differed largely between printed and non-printed specimens, as can be observed in Fig. 13 Despite the variance in the pore size distribution found among mixes between non-printed and printed samples, the target of this particular study is to provide a comparison between both types of samples within each mix individually. Hence, when comparing the results of the non-printed specimens to those of the printed ones in all mixes, it can be clearly seen that the non-printed samples show a much higher concentration of pores having diameters less than 0.1 μm. On the other hand, the results of printed samples of all mixes indicated the presence of a larger concentration of pores ranging between 1 μm and 0.1 μm, which are negligible in the non-printed ones.

Based on the results of the MIP analysis, exposing the differences in the pore size distribution between printed or non-printed samples while having almost the same total porosity; this difference can be attributed to the external pressure exerted over the material when being printed [START_REF] Koker | Manufacturing processes for engineered cement-based composite material products[END_REF]. As previously mentioned in section 2.2.2, non-printed samples were not vibrated on purpose, to get closer as much as possible of the material's internal structure inside of each printed layer that is not subject to any type of vibration. Thus, the only difference between the two production methods is the pumping pressure put over the deposited layers. Yet, the extruded material is subject to high shearing stresses, causing a deflocculation of the material's internal structure, leading to a better rearrangement of the small particles including cement grains. Hence, this fact decreases the concentration of pores having a diameter smaller than 0.1 µm.

Few studies concerning the durability aspects and the effect of the pore size distribution were found in the literature, still no one provided a comparison between the different production methods (printed and non-printed). Schrofl et al. [START_REF] Schr | Capillary Water Intake by 3D-Printed Concrete Visualised and Quantified by Neutron Radiography[END_REF] discussed the increasing capillary water intake with respect to the increasing time gap between layers deposition. They found that a time gap up to 13 min was short enough to avoid preferential capillary suction at the inter-layer level.

However, a time gap of 24 h would certainly give rise to quick capillary suction through the inter-faces because of the formation of more accessible pores. Similarly, Van der Putten et al. [START_REF] Van Der Putten | The Effect of Print Parameters on the (Micro)structure of 3D Printed Cementitious Materials[END_REF] found that no additional porosity is induced while not having additional time gap between layers deposition. However, a much denser matrix is formed due to the low porosity found in samples with no time gap, which in its turn is caused by the material's compaction performed by the layer being printed over the one underneath. Bran-Anleu et al. [START_REF] Bran Anleu | Chloride Ingress Through Cold Joints in Digitally Fabricated Concrete by micro-XRF Mapping[END_REF] investigated the chloride penetration in 3D printed specimens for different interval times, and found that the penetration rate is significantly higher for longer time gaps due to the formation of additional voids between superposed layers. Hence, these previous findings support the results of this research. 

3.4.2-Scanning Electron Microscopy results

Based on the external appearance and shape of the printed elements shown in Fig. 3, it was decided to start by visualizing the specimens of Mix A. The printed layers are much more exposed than those of Mix B and Mix C. Therefore, it was presumed that if any inter-layer is to be identified, it has to be more visible in Mix A rather than other mixes.

Herein it should be noted that all presented figures are a collection of 38 independent SEM pictures that were organized and rearranged altogether to render a full image of the cut surface under display.

Fig. 16 shows the microstructure of a non-degraded and non-printed sample using Mix A, whereas Fig. 17 shows the microstructure of a non-degraded printed sample, at the cut side where the inter-layer must be located. It can be seen from Fig. 17 the presence of spherical pores of different volumes. This indicates that the larger pores are entrapped air bubbles, only caused by the production method, which did not use any vibration in this case. On the other hand, the majority of the pores in a printed sample (Fig. 17) have an irregular and deformed shape, unlike those found in the non-printed sample (Fig. 16). In fact, the void deformations in printed samples are caused by the external pressure applied on the material when being extruded. Besides, it can be also seen that the concentration of medium pores (1μm > Pore size > 0.1 μm) is higher than in the non-printed sample, and this is previously confirmed by the MIP results in section 3.4.1.

Above all, if we take a deeper look over Fig. 17, no inter-layers can be identified. The pores do not present a continuous pattern over the cut surface, neither in the horizontal nor the vertical directions. As well, no crack lines were recognized that can provide any information about a weak plane. Even more, it is worth mentioning that the printing direction did not dictated a certain orientation of the sand grains. In addition, there cannot be seen any thin strip of continuous cement paste which could unveil the contact plane between the subsequent layer and the upper one. This fact gives an indication that the superposed layers merged well, and the sand grain crossed the inter-layers. Hence, this might be due to the kinetic energy of the suspended sand particles owing to the pumping pressure. ingress, were closed due to the precipitation of gypsum (small white dots) caused by the sulfate contained in the sulfuric acid (Fig. 19).

Fig. 20 and Fig. 21 show the microstructure of cut side 1 and cut side 2 respectively of the tested specimen extracted from the degraded printed element after 56 days of acid exposure (the two sides were observed for the reason previously explained in section 2.5.1). Still, even in a degraded printed sample, the inter-layers are not spotted neither at cut side 1, nor at cut side 2.

This fact confirms that the inter-layer are not weak planes that create a preferential path for the solution's ingress into the concrete element. Herein, it can be said that the printed element acted like a monolithic body, and had a homogeneous microstructure. The findings of the SEM observations performed over all sample conditions (degraded / nondegraded, printed / non-printed) of Mix A were sufficient to figure out that no layers are going to appear in the rest mixes.

Moreover, as no inter-layers were perceived in the printed samples, it might be evident to say that the Mercury Intrusion Porosimetry performed over printed samples corresponds to that of the bulk material.

Overall, all these results including those of the MIP analysis confirmed the argument presented by De Koker [START_REF] Koker | Manufacturing processes for engineered cement-based composite material products[END_REF] that in a printed concrete element, the concrete matrix could be denser than in a non-printed one, because of the external pressure exerted over the material when being extruded. Hence, this fact results in a stronger resistance against the degradation of the paste.

4-Conclusion and perspectives

This article presents an experimental research aiming to characterize the microstructural properties of 3D printed concrete elements in regard to non-printed ones. In particular, a durability assessment has been carried out over three printable mortar mixes having different thixotropic properties. Herein, these samples were subjected to two sulfuric acid solutions of 1% and 3% concentrations for 56 days continuously.

First, a rheological characterization of the mortars used was carried out using the fall-cone penetrometer. The measurements revealed that the mixes under investigation covered a wide range of materials with different thixotropic properties.

Second on a macroscopic scale, a visual assessment was carried out for all samples of both exposures, and it was found the following:

• Printed and non-printed samples were equally deteriorated. However, those submerged in a 3% acid solution were much more degraded.

•

The rate of mass loss between printed and non-printed samples of all mixes was almost the same, but still, the non-printed ones degrades slightly faster in most cases. This happened because of the presence of a larger number of accessible pores (for the same total volume of porosity) exposing a lager surface of paste. Nevertheless, printed samples did not fail at the interlayer level or showed any cracks over that plane.

Third on a microscopic scale, only the samples of all mixes that were submerged in a solution of 1% acid concentration were analyzed. This is done because the samples subject to 3% acid concentration were almost totally degraded. The porosity of all non-degraded samples, whether printed or not, were measured by the mercury intrusion porosimetry (MIP), and it was found the following:

• The total porosity of printed and non-printed samples of each mix separately was almost the same, however the pores size distribution varied a lot between printed and non-printed conditions. Generally, printed samples of all mixes presented a higher volume of pores having a diameter ranging between 1 μm and 0.1 μm. Despite that, non-printed samples showed the highest content of pores smaller than 0.1 μm.

Besides, a scanning electron microscopy (SEM) visualization has been done over the degraded and non-degraded samples, in particular for Mix A that shows the highest level of surface roughness among all other mixes. Accordingly, the following conclusion was drawn:

• SEM clarified the pores size distribution triggered by the MIP, and confirmed the previous results.

• Despite of the material's thixotropic behavior, superposed layers are still able to merge together without showing any sign of layer stacking.

• Even when the printed samples were subjected to sulfuric acid attack, the inter-layers did not form weak planes for the solution ingress. Thus, the printed elements behaved as a monolithic body without showing any discontinuity in its internal structure that could threaten its durability.

Finally, it was perceived that the printing pressure applied over the material when being extruded has a fundamental effect of the material's internal structure. Hence it would be interesting to reconsider the same research context but by focusing on the effect of the printing parameters on the pore size distribution of a printed element, as well as their consequences on its durability against aggressive environments.
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 1 Figure 1: Manually printed element using Mix A for printability assessment 2.1.5-Mechanical performance of mortars The mechanical performance of the newly developed mixes was systematically evaluated by measuring the compressive strength of casted (non-printed) samples at 38 days (the age when the samples were submerged in the sulfuric acid solutions for the first time). Three trials of each mix were tested at a load rate of 144 KN/min using an Instron UTM machine as per the European standard testing method NF EN 196 [59].
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 23 Figure 2: 3-axis gantry printer

Fig. 3

 3 Fig.3shows a printed sample of each mix. All samples made out of the same mix have the same number of superposed layers. It must be mentioned that, the layers were printed successively with a time gap of 15 sec, corresponding to the applied printing speed (No additional time gap has been intentionally added). After finishing, the samples were directly cut down (when the material is still in its fresh state). All samples were left to cure at room temperature (≃ 22 ͦ C ± 2 ͦ C) during the first 24 h.

Figure 3 :

 3 Figure 3: Printed sample of each mix

Figure 4 :

 4 Figure 4: Testing sample

Figure 5 :

 5 Figure 5: Specimens of the same mix placed inside a plastic container

Fig. 6 (

 6 Fig. 6(a) shows the tested specimen extracted out of the original sample, and Fig. 6(b) shows a front view of one cut side, as well as the observation directions. All observations were conducted

Figure 6 :

 6 Figure 6: Schematic illustration of SEM samples 3-Results and discussion 3.1-Mechanical performance of mortars Mix A, Mix B, and Mix C gave a compressive strength equal to 48 MPa, 57 MPa, and 73 MPa respectively. Herein, the resistance attained by Mix C was the highest among other mixes,
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 78 Figure 7: Yield stress variation in function of time for Mix A

Figure 9 :

 9 Figure 9: Yield stress variation in function of time for Mix C 3.3-Macroscopic analysis and results 3.3.1-Shape deterioration and visual assessment Fig. 10 and Fig. 11 visually show the progression of damage on the surface of concrete samples exposed to a 3% and 1% acidic solution at different ages respectively. It can be clearly seen that after 3 days of continuous immersion, printed and non-printed concrete samples from all mixes started to show a mild corrosion, characterized by a slight spoiling of the cement paste. However,

Figure 1 :Figure 10 :

 110 Figure 1: Progressive damage of printed and non-printed samples in 3% acidic solution

Figure 12 : 3 . 4 -

 1234 Figure 12: Mass loss of printed and non-printed concrete samples exposed to a solution containing (a) 1% and (b) 3% sulfuric acid
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 15 Figures 13(a), 14(a), 15(a) show the cumulative pores volume between 1 µm and 0.01 µm, whereas Figures 13(b), 14(b), 15(b) show the total amount of pores between 1 µm and 0.1 µm, and less than 0.1 µm independently.
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 13 Figure 13: Pore size distribution of printed and non-printed elements Mix A

Figure 14 :

 14 Figure 14: Pore size distribution of printed and non-printed elements Mix B

Figure 15 :

 15 Figure 15: Pore size distribution of printed and non-printed elements Mix C

23 485Figure 16 :Figure 17 :

 231617 Figure 16: Microstructure of the non-degraded / non-printed sample Mix A
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 18192021 Figure 18: Microstructure of the degraded / non-printed sample after 56 days of exposure Mix A

  

  

  

  

Table 1 : Chemical composition of cement Compounds Concentration (%)

 1 

	CaO	63.8
	SiO2	20.0
	Al2O3	5.3
	Fe2O3	3.0
	SO3	3.0
	MgO	0.9
	K2O	0.9
	Na2O	0.5
	P2O5	0.3
	TiO2	0.3
	MnO	< 0.1
	NiO	< 0.1
	CuO	< 0.1
	ZnO	0.1
	SrO	0.1
	ZrO2	< 0.1
	2.1.2-Mortar compositions	
	Three mixes having different thixitropic characteristics were used in this study. In particular, this
	was done because previous researches have confirmed that the rheological and thixotropic

Table 2 :

 2 Relative mixes compositions

		Sand	Filler	Water	VMA %	HRWR %
		(S/C)	(F/C)	(W/C)	(VMA/C)	(HRWR/C)
	Mix A	1.72	0.33	0.51	0.40	0.81
	Mix B	2.02	0.54	0.60	0.47	0.95
	Mix C	1.72	0.33	0.41	0.40	1.52
	2.1.3-Mixing procedure				
	For the development of the mixes, a 5 liters mixer (Hobart mixer N50CE) was used, and the mixing
	procedure was done at room temperature (≃ 22 ͦ C ± 2 ͦ C) to minimize the difference between batches.

Table 3 :

 3 Total Porosity

		Mix A		Mix B		Mix C	
		Non-printed	Printed	Non-printed	Printed	Non-printed	Printed
	Total Porosity (%)	13.58	13.11	13.74	12.89	11.23	11.67
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