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Digital construction of concrete elements using 3D printing technology has been undergoing an exponential growth in terms of research activities and demonstration projects. Though, most researches focused on the behavior of the cementitious materials used in 3D printing, without deeply immersing in the reinforcement of printed elements. In this paper, a detailed experimental program is presented to characterize the quality of the bond developed between concrete and steel bars through a series of pull-out tests. These tests are performed over printed and nonprinted samples as well. When printed, the layers orientation, whether parallel or perpendicular to the steel bar is taken into consideration. Hence, it was found that a highly thixotropic material did not undermine the developed bond between printed concrete and rebar. In addition, vibrated concrete (non-printed) gave better resistance to pull-out stresses succeeded by the parallel then the perpendicular samples. Yet, the overall performance of 3D printed concrete in terms of the bond generated with steel could be rated as satisfactory.

1-Introduction

. Indeed, the most important rheological factor affecting the material's

2

behavior is its static yield stress. It must be high enough to ensure the stability of the printed element [START_REF] Roussel | A thixotropy model for fresh fluid concretes : Theory , validation and applications[END_REF]. Hence, the strength gain corresponds to the structural build-up of the material, causing a continuous increase of the static yield stress over time [START_REF] Roussel | The origins of thixotropy of fresh cement pastes[END_REF]. This time dependent phenomenon represents a rheological characteristic termed thixotropy [START_REF] Roussel | The origins of thixotropy of fresh cement pastes[END_REF]. Roussel et al. [START_REF] Roussel | A thixotropy model for fresh fluid concretes : Theory , validation and applications[END_REF] proposed a linear model based on the structuration rate of the material, to describe the static yield stress evolution with time (Eq. 1). Whereas Perrot et al. [START_REF] Perrot | Prediction of lateral form pressure exerted by concrete at low casting rates[END_REF] offered an exponential model that implements a critical characteristic time alongside (Eq. 2).

[11] (Eq. 1)

[13] (Eq. 2)

Usually, the measurements of the yield stress are carried using either rotational, or plate rheometers [START_REF] Banfill | Comparison of concrete rheometers : International tests at LCPC[END_REF]. Though, despite their attractiveness, most rheomters are not adapted for materials containing aggregates such as mortar [START_REF] Wallevik | Relationship between the Bingham parameters and slump[END_REF]. In fact, the yield stress of mortars is commonly measured using easier methods, such as the slump-flow test [START_REF] Chidiac | Slump and Slump Flow for Characterizing Yield Stress of Fresh Concrete[END_REF], the inclined plate test [START_REF] Omran | Effect of SCC mixture composition on thixotropy and formwork pressure[END_REF], and different penetration tests [START_REF] Khalil | Use of calcium sulfoaluminate cements for setting control of 3D-printing mortars[END_REF] [19] (cone plunger, Vicat plunger, etc.).

Apart from the material's rheology and requirements, most of the printing techniques focus on the placement of concrete regardless of the incorporation of reinforcement. Therefore, the application of 3D printed elements in concrete structures was almost limited for partitioning works and unreinforced masonry [START_REF] Mechtcherine | 3D-Printed Steel Reinforcement for Digital Concrete Construction Manufacture, Mechanical Properties and Bond Behaviour[END_REF]- [START_REF] Van Woensel | Printing Architecture: An Overview of Existing and Promising Additive Manufacturing Methods and Their Application in the Building Industry[END_REF]. Over and above, the lack of reinforcement prevents the production of concrete elements having sufficient ductility and tensile capacity. Hence, in order for this technique to reach maturity, reinforcement has to be also integrated in the fabrication process itself. Accordingly, different reinforcing approaches were developed by several companies and research institutes such as, Swinburne University of Technology, ETH Zurich, TU/e University, WinSun , ApisCore and many others [START_REF] Lim | Developments in construction-scale additive manufacturing processes[END_REF]- [START_REF] Schutter | Vision of 3D printing with concrete -Technical, economic and environmental potentials[END_REF].

Currently, most of the existing 3D printing techniques are neither feasible nor practical to be adopted for mass production, but if so, there is a lot of limitations that cease their progress and limit their potentials. For example, in the case of fiber reinforcing methods, the presence of fibers might generate a weakness between superposed layers, because they might not cross the horizontal joints properly, leaving extra voids [START_REF] Mechtcherine | 3D-Printed Steel Reinforcement for Digital Concrete Construction Manufacture, Mechanical Properties and Bond Behaviour[END_REF]. Eventually, fibers are not capable of totally replacing continuous bars in terms of load bearing capacity in most of the structural requirements, because fiber reinforced elements are limited in strength and ductility [START_REF] Asprone | Rethinking reinforcement for digital fabrication with concrete[END_REF]. In this paper a simpler reinforcing method has been adopted, described by integrating conventional steel bars between layers, during the printing process. However, the particular rheological properties of the printable material, as well as the nature of this technology that do not allow any type of external vibration impose many queries concerning the bond between concrete and the reinforcement. In addition, unlike conventional concrete elements, a more specific factor that would certainly influence the behavior of a printed section, is the layer direction with respect to the steel bar and acting loads. This is of high importance and should never be neglected because previous researches showed that these elements have anisotropic properties that should be considered [START_REF] Panda | Anisotropic mechanical performance of 3D printed fiber reinforced sustainable construction material[END_REF], [START_REF] Ma | Mechanical characterization of 3D printed anisotropic cementitious material by the electromechanical transducer[END_REF]- [START_REF] Kazemian | Cementitious materials for construction-scale 3D printing: Laboratory testing of fresh printing mixture[END_REF].

Typically, the pull-out test is a method used to determine the bond strength between steel bars and the surrounding material. Many factors affect the failing mechanism of the pull-out samples, mainly the volume of the surrounding concrete and confining conditions [START_REF] Haskett | Local and global bond characteristics of steel reinforcing bars[END_REF]. In unconfined condition a concrete splitting is more likely to occur resulting from the longitudinal proliferating cracks caused by the wedging action of the bar ribs. However, in confined conditions, the pullout failure is generally governed by a de-bonding of the bar and concrete due to the fact of preventing the cracks propagation by the surrounding material [START_REF] Bos | Experimental exploration of metal cable as reinforcement in 3D printed concrete[END_REF], [START_REF] Al-Shannag | Bond behavior of steel bars embedded in concretes made with natural lightweight aggregates[END_REF]. The resistance against pull-out forces is majorly dictated by the concrete quality, level of confinement, and most importantly the degree of compaction and the quality of the bond around the reinforcement [START_REF]Fédération Internationale du Béton, Bond of Reinforcement in Concrete[END_REF], [START_REF] Cairns | Bond and anchorage of embedded steel reinforcement in the fib Model Code 2010[END_REF]. Indeed, the distinctive key parameter affecting the bond quality in printed concrete, is the fact of eliminating external vibration due to the absence of molds in 3D printing.

In this context, the aims of this research are first, to investigate the effect of a highly thixotropic material on the bond generated between 3D printed concrete and the steel bar, and second, understand the effect of the printing direction with respect to the bar on the developed bond. A proper comparison between the behavior of printed and conventionally casted samples is held to demonstrate the potential of 3D printing technology. In addition, a commercially used Viscosity Modifying Agent powder is added to the mix and it is equal to 0.4% of the cement weight.

2-Materials and methods

2.1.2-Mixing procedure

The material's mixing has been done using a 5 litter mixer. The mixing procedure adopted consisted of dry mixing all solid ingredients first for 120 sec at a speed of 60 RPM. Then after, water and HRWR were gradually added within 30sec while keeping on the same mixing speed.

Directly after pouring all the liquids, the speed was increase to 124 RPM for the next 90 sec. The mix was then left at rest for 60 sec. At the end, the mixing was launched again for 120 sec at high speed (124 RPM). It should be noted that all mixes have been done at room temperature (≃ 22 ͦ C ± 2 ͦ C) to minimize the difference between batches.

2.1.3-Printability assessment

The preliminary evaluation of the material's printability has been systematically carried out based on visual inspections, when initially developing the mix. The printing was done manually, using a laboratory gun device, having a circular nozzle of 1 cm diameter, similar to the one used in [START_REF] Khalil | Use of calcium sulfoaluminate cements for setting control of 3D-printing mortars[END_REF], [START_REF] Cheikh | Numerical and experimental studies of aggregate blocking in mortar extrusion[END_REF], [START_REF] Baz | Effect of the Printing Method and Mortar's Workability on Pull-Out Strength of 3D Printed Elements[END_REF]. The extrudability has been assessed by the ability of the material to get smoothly out of the nozzle without showing any discontinuity in the layer or nozzle's blockage.

As for the buildability of the mix, it has been primarily qualified by printing the largest number of superposed layers in a straight wall shape of 20 cm.

2.1.4-Flow table test

The workability of the developed mix has been measured as per the standard test method for flow of hydraulic cement mortar (ASTM C1437-15) [START_REF] Astm C | Standard Test Method for Flow of Hydraulic Cement Mortar[END_REF]. The testing procedure consisted of filling half of the conical mold first, placed at the center of the flow table. The mold was uniformly tamped 20 times to insure a proper filling, with limited entrapped air voids. Then after, the remaining half was filled and the mold was tamped again. The excessive material was cut off to provide a plane surface. At the end, the mold was carefully lifted away, and the table was dropped 25 times within 15 sec, then the spread diameter of the material was measured.

2.1.5-Fall cone test

In this research, it was decided to use the Fall cone penetrometer to measure the static yield stress evolution of the mix, 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]. A steel alloy 30 ͦ cone weighting 80 g and having a smooth surface has been used. An additional 100 g was further added to the system to ensure a significant penetration in the material. The sample's preparation consisted of placing the mix inside a circular steel container having a diameter of 30 cm and 5 cm deep. The container was then placed on a jolting table for 30 shocks. This was done to properly fill the container and remove the entrapped air bubbles. After finishing, the surface of the container has been gently sawn to cut off excessive material. The material was left at rest to settle for 120 sec. After then, the tip of the cone was positioned at the surface of the material.

Afterwards, the cone was released for 5 sec ± 1 sec to penetrate well, and the penetration depth "h" was recorded. This procedure has been repeated every 150 sec over the course of 1320 sec (22 min), and a 5 cm distance was left between successive penetrations. The measurements were replicated three times, each on a different batch.

The static yiled stress was derived from the penetration depth of the cone using Eq. 3, where:

is the calculated yield stress (Pa), is the force generated by the mass of the cone (N), is the penetration depth (mm), and is the angle of the cone used (degrees).

[49] (Eq. 3)

In this research 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, the initial yield stress at =0 was neglected because its magnitude is insignificant when compared to the shear stress developed when the mix is at rest. Therefore, the static yield stress was presented in a simplified form, as shown in Eq. 4.

[11] (Eq. 4)

2.2-Specimen preparation for the pull-out test

2.2.1-Bar's geometry

The steel bars used have an indented surface geometry, and a representative nominal diameter (db) of 8 mm. The nominal design yield strength is equal to 500 N/mm 2 , and the actual yield strength is equal to 626 N/mm 2 , conforming to the European Standard requirements of indented steel bars EN 10080 [START_REF]Steel for the reinforcement of concrete -Weldable reinforcing steel -General[END_REF]. Precisely, the surface geometry of the bars has three equally distributed rows of indentations as shown in Fig. 1. The corresponding variable are summarized in table 1. 

2.2.2-Mixing procedure

A uniform mixing procedure was adopted and always done at room temperature (≃ 22 ͦ C) to minimize the difference between batches. An 80 litter mixer was used. All solid ingredients were dry mixed gently for around 2 min at a speed of 20 RPM. Then, water and High Range Water

Reducer were added gradually. The mixing process takes around 10 min with an increase in the mixing speed up to 100 RPM. During mixing, the walls of the mixer's bowl were scrapped using a large spatula to ensure that all materials are properly mixed. After finishing, the material was collected and directly placed inside the printer's pump.

2.2.3-Samples manufacturing

Two different sample categories were manufactured for the pull-out tests. The first category consists of conventionally mold-cast (non-printed) samples, taken as references. The second category includes printed samples with two different layer orientations, either parallel or perpendicular to the steel bar. Six samples are made for each condition.

First of all, an effective embedment depth of 5db equal to 4 cm is adopted for all samples of both categories. This is in accordance with the principle of the standard pull-out test proposed by the European Standard EN 10080 -Annex D [START_REF]Steel for the reinforcement of concrete -Weldable reinforcing steel -General[END_REF]. Besides, an adhesive tape was wrapped at both sides of the bar (0.5 cm from each side) to break its adhesion with concrete, set the exact embedment depth needed and overcome the stress concentrations generated at the limits of the embedment depth. The non-printed samples were made by placing and vibrating mortar inside small polystyrene molds of 4×4×5 cm with the bar passing through. On the other hand, the samples of the second category were printed using an automated 3-axis gantry printer having a circular nozzle of 1.9 cm diameter (Fig. 2). The standoff distance of the nozzle, corresponding to its vertical position above the printing surface was fixed to 1 cm, thus each printed layer has a height of 1cm. Moreover, the printing speed was equal to 6.4 cm/sec, and it was adjusted in a way to produce a layer's width ranging between 5 and 5.5 cm. The printing path was traced in a way to produce parallel and perpendicular samples in a single run. The followed path and steel bars layout are shown in Fig. 3 and Fig. 4. Three layers were printed first, then the bars were placed in their proper locations, depending on the layers direction (Fig. 4). Each bar was slightly pushed down in a way that half of its diameter is merged in the layer below. Both ends (extremities) of the bar rely on supports to insure its stability and keep it strictly horizontal all over the layer's surface, without further drowning when depositing the next layers on top (Fig. 4). Then after, three more layers were printed on top of the bars, to end up having a total number of six layers. superposed layers is of major importance since the mortar used is highly thixotropic. At the end, the samples were cut down properly and the redundant material was removed directly after printing (when the material is still fresh) as it can be seen in Fig. 5. This was done so the material can rebuild its internal structure in case of any disturbance while cutting the samples. Otherwise did, if the samples were cut after the material hardens, the cutting action may create microcracks, and hence, the bond between steel and concrete will be negatively affected. Over and above, the distance between bars was left large enough to avoid damaging the core samples, and to keep the curved edges and "modified" areas far from the steel bars. Afterwards, the samples were left to cure in ambient conditions. were then filled with a different mortar mix to insure a good confinement of the printed segment (Fig. 6). Indeed, the confined conditions favors pull-out failure of the bar to exclusively quantify the bond generated between steel and concrete. Alternatively stated, the degree of confinement and surrounding of the bar is one of the most important parameters that dictate the failure mode.

Thus, a strong confinement of the samples has to be provided in order to avoid the splitting of the concrete cube, and insure a pull-out failure. 

2.3-Mechanical characterization of the bond strength and testing procedure

The applied load rate was equal to 0.05 mm/sec. This load rate has been chosen in a way that the failure occurs between the first and the third minutes of the test, as specified by the European Organization for Technical Assessment (EOTA) Technical Report 048 for the testing details of post-installed fasteners in concrete [START_REF] Eota | European Organisation of Technical Assessment[END_REF]. However, a customized setup system was developed for this research exclusively (Fig. 7). This system allowed to overcome the imperfections and deformity of the samples surface caused by the casting process by filling the voids with a fine sand, and therefore to provide a uniform load distribution. In practice, the sand was used as an alternative method for the neoprene pad caps, which are not able to cover such large defects. Fig. 8 shows the actual pull-out sample with the assembled setup. Wood curbs were fixed all around the surface edges of the cube, creating a formwork of 5mm depth to hold the sand particles. A steel plate having a thickness of 1 cm was grooved at the middle to allow for the steel bar to pass through. This was done to secure additional confinement for the concrete surrounding the bar when being pulled to avoid concrete cone failure, and ensure a definitive slipping failure mode. The drilled hole has a diameter of 12 mm corresponding to the bar's diameter (db) plus 4 mm (db+4) as specified by the EOTA TR 048 [START_REF] Eota | European Organisation of Technical Assessment[END_REF]. At the end, the whole system was fixed to the base of the testing machine using threaded rods and connectors, and the steel bar was gripped by the machine's clamp.

All results were calculated using the following equation:

(Eq. 5)

Where:

= experimental bond strength (MPa) = ultimate axial tension force (N)

= nominal rebar diameter (mm) = embedment length (mm) 3-Results and discussion

3.1-Flow table and fall cone results

First of all, the spreading diameter of the mix measured using the flow table was equal to 14.5 cm. Fig. 9 shows the evolution of the material's yield stress in function of time for all three trials and their average. It highlights that the increase of the yield stress is almost linear during the first 22 min. In this period, Roussel's model predicted the structural build-up of the material, and this was confirmed by the corresponding correlation factor (R 2 ) equal to 0.934. The yield stress linearly increased from 620 Pa straight up to 6828 Pa. The corresponding thixotropic index describing the slope of the resulting curve was equal to 5.17, which indicated that the material is highly thixotropic. This was determined based on the ranges defined by Roussel [START_REF] Roussel | A thixotropy model for fresh fluid concretes : Theory , validation and applications[END_REF] to classify self-compacting concrete (SCC) according to their proper values. Roussel figured out that any mix showing an value strictly above 0.5 Pa/sec ( > 0.5 Pa/sec) is considered highly thixotropic. In the literature, it can be found that most of the materials used for 3D printing are highly thixotropic. For example, Perrot et al. [START_REF] Perrot | Structural built-up of cement-based materials used for 3D-printing extrusion techniques[END_REF] developed a mix having a structuration rate of 0.9 Pa/sec. Kruger et al. [START_REF] Kruger | An ab initio approach for thixotropy characterisation of (nanoparticle-infused) 3D printable concrete[END_REF], [START_REF] Pj | Multi-physics approach for improved thixotropy of cement-based materials for 3DPC[END_REF] developed different printable mixes having an ranging between 0.6 Pa/sec and 1.08 Pa/sec. Panda et al. [START_REF] Panda | Improving the 3D printability of high volume fly ash mixtures via the use of nano attapulgite clay[END_REF] developed several mixes with an average value of 1.65 Pa/sec and 2.54 Pa/sec. Besides, Wangler et al. [START_REF] Wangler | Digital Concrete : Opportunities and Challenges[END_REF] point out that a material having an of 2 Pa/sec would result in a good printability performance. Here, it should be noted that the material used in this study has been designed to develop a significantly high structuration rate, compared to what has been presented in the literature. This was done to investigate the ultimate consequences on the bond quality between concrete and the steel bar, which an extremely thixotropic material may lead to. Eventually, a lower thixotropic material would systematically result in a reduced impact and better bonding. 

3.2-Pull-out results

Table 2 shows the actual pull-out stress (MPa) of each sample in all conditions (Non-printed, Parallel and Perpendicular). Fig. 10 shows the average result of the pull-out test of each sample corresponding to all conditions, in terms of actual stress and relative strength (%) with respect to the reference elements. The results showed a reasonable standard deviation for each case, indicating the reproducibility and consistency of the adopted method.

It can be clearly seen that the conventionally casted samples dominated, followed by the parallel then the perpendicular printed samples, generating a resistance against pull-out stresses of 18.7 MPa, 16.2 MPa and 14.5 MPa respectively. Accordingly, it was found that when the printed layers are parallel to the steel bar, a strength reduction of 13% in the pull-out capacity occurs, whereas, when the printed layers are perpendicular to the steel bar, a reduction up to 22% takes place. Despite this variance, it can be approved that even when a highly thixotropic mortar mix is used for printing, the material is still able to fill the spaces between the indentations of the bar, due to the pressure exerted when printing, and therefore ensure a good covering and provide a strong bond with the bar's surface. the first stage, just before reaching the peak load, the bonding forces are provided by the chemical adhesion occurring at the interface between concrete and the bar, due to the hardening of cement. However, after failure, the bond forces between concrete and the bar correspond to the frictional and mechanical interactions. Herein, as it can be relatively seen in all loaddisplacement graphs, the same mode of failure occurred whether for printed or conventionally casted samples. Initially, a linear response took place short before reaching the peak load (the slope of the increasing load remains constant). Hereafter, the load kept on increasing but in a slower rate for a short period, and the curve exhibited a non-linear response until reaching the peak load. At that instant, the curve showed a plateau during which the slip kept on increasing for a constant bond strength. Finally, a constant decrease of the load began with a remarkable increase in the bar's slippage. At this stage, the acting load corresponded to the residual bond strength caused by the frictional and mechanical interactions between the bar and surrounding concrete.

Despite the mode of variation of the resulting curves, the highest average load was attained by the non-printed samples, followed by the parallel then the perpendicular printed ones (as shown earlier in Table 2 and Fig. 10). Besides, Fig. 12 representing the non-printed samples showed that the slopes of the increasing loads were the highest. The corresponding displacements of the bars before reaching the peak loads were way below 0.5 mm, which is the lowest displacement attained (until failure) in comparison with printed samples. Whereas in the case of printed elements, the corresponding displacements of the bars when the peak loads were reached floated around 0.5 mm. Alongside, the decreasing rates of the loads after failure (slopes of the curves) were slower than for parallel and perpendicular printed samples. These facts indicated that the bond developed between non-printed concrete and steel bars exhibit a stiffer behavior when compared to printed samples. As for the case of both printing conditions (Fig. 12, 13), the overall areas below the curves in the case of parallel samples were greater than for perpendicular samples. Indeed, the residual strength is mainly dictated by the confining forces acting over the bar being pulled. These differences imply that the parallel samples display stiffer behavior than perpendicular samples, as well as a stronger confinement of the bars. Hence, these findings confirm and further explain the variations between non-printed, parallel, and perpendicular samples. bar itself. Fig. 17 shows an illustration of the resulting pressure gradient over the bars for parallel and perpendicular samples respectively. It can be clearly observed that for the case of parallel sample, all the embedment depth of the bar is under maximum printing pressure. Herein, the maximum pressure zone, highlighted in red, represents the bar's surface area directly below the printer's nozzle, corresponding to a standoff distance of 0.6 cm. However, as the material spreads away, the resulting pressure starts to decrease gradually until it reaches the minimum at the layer extremities. The orange zone describes the area below the nozzle, at a standoff distance equal to 1 cm, and the yellow zone depict the spread material outside the nozzle's projection.

Correspondingly, a lower pressure results in a less dense material, and weaker internal structure.

In contrast, the pressure variation largely influences the bond strength generated in the case of perpendicular sample. In this case, only 1.9 cm of the bar's embedment depth is subjected to the maximum pressure, corresponding to the nozzle's opening diameter, whereas, the rest carries a lower charge. As a matter of fact, the mortar's confinement in parallel samples is stronger than for perpendicular ones. Therefore, it can be confirmed that the bonding conditions of a steel bar with the printed layer is affected by the printing direction. used to the current one was ParaM2, which was made by printing a bed layer first, then placing the bar at the center of it. On the other hand, the closest perpendicular method to the currently adopted approach was PerpM2. This method was done by printing simultaneously two adjacent layers, with the bar positioned perpendicularly in between. As for the printable material used in the current work, the mix was designed to have a spreading identical to Mix1 of the previous study to provide a proper comparison between results. Specifically, ParaM2 showed almost the same pull-out capacity of a non-printed element, equivalent to a 98%. Besides, PerpM2 gave a lower resistance against pull-out stresses making only 79% of the resistance achieved by the nonprinted samples. Though, in the present case, the same sequence of printing conditions is manifested, but with more explicit results. Namely, in both studies, non-printed samples dominated, followed by the parallel and perpendicular ones respectively. Hence, despite the printing method, the parallel printed layers always develop a better bond with steel bars. In addition, it is worth mentioning that the lab gun device can be used as a representative printing method for preliminary studies.

4-Conclusion

The article at hand has presented an experimental research aiming to characterize the quality of the bond generated between concrete and a steel bar, based on the mechanical behavior of 3D printed elements under different printing conditions. First, a rheological characterization of the printable material has been carried out using the fall-cone penetrometer to track its structuration rate over time, showing that the used mortar is a highly thixotropic material. Second, a series of pull-out tests was done over printed and non-printed concrete samples to assess the bond generated between steel bars and concrete, and to further understand the effect of the printed layer's direction with respect to the steel bar on the pull-out capacity.

The variance in the bond strength between mold-casted, 3D printed parallel, and 3D printed perpendicular samples is primarily attributed to the casting method and layers direction with respect to the steel bar. It can be clearly observed that the resistance against pull-out forces dominated in mold casted elements. A better bond is always generated with the bar because of the externally applied vibration, eliminating most of the voids inside the bulk material. Besides, samples made of layers that are printed parallel to the steel bar outperformed those made of layers perpendicular to the bar (87% and 78% of the strength of vibrated samples respectively). Indeed, non-printed samples exhibited a stiffer and more rigid behavior compared to printed samples. Similarly, parallel printed samples showed a stiffer response when compared to the perpendicular printed ones. Despite the fact, these findings assure that a good bond is generated between concrete and steel even in printed elements. Yet, the major contributor of this difference is the variation of the resulting stresses applied over the mortar when being printed, caused by the printing process and parameters. These variations lead to a better confinement and stronger bond with the bar when the layers are printed parallel. Herein, this variation depends on the pumping pressure, and the layer's width with respect to the printer's nozzle. Therefore, convenient reduction/safety factors still need to be applied to the printing method adopted in order to counterbalance the shortage of the bond strength.

Finally, the results of this work establish a wider research framework to optimize the conventional reinforcing techniques in the field of 3D concrete printing. Hence, it would be interesting to reconsider the same research project, but by focusing on the appropriate dimensions (geometry) of the printed layer.
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 1 Figure 1: Illustration of an indented bar[START_REF]Steel for the reinforcement of concrete -Weldable reinforcing steel -General[END_REF] 
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 2334 Figure 2: 3-axis gantry printer
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 5 Figure 5: Parallel and Perpendicular printed samples after being Cut After 7 days of curing, the steel bars were cut from one side, and the printed and non-printed elements were top centered in polystyrene cube molds of 15×15×15 cm dimensions. The molds
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 6 Figure 6: Confined Pull-out samples
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 8 Figure 8: Pull-out testing system
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 9 Figure 9: Yield stress variation in function of time
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 10 Figure 10: Graphical presentation of the average and relative pull-out strength
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 11 Fig. 11-13 represent the load-displacement curves of the steel bars for non-printed, parallel, and perpendicular samples respectively. In general, the resistance against pull-out forces is provided by three major mechanisms: chemical adhesion, friction, and mechanical interlocking. During
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 1112 Figure 11: Load-displacement relationship for non-printed samples
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 14 Figure 14: Broken printed element showing macroscopic voids
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 17 Figure 17: Pressure gradient over steel bars As previously mentioned, this research was a continuation of a preceding project, where BAZ et al. [46] adopted a similar methodology for testing the bond generated between steel and concrete for mold casted and printed objects, based on a series of pull-out tests. In the former study, BAZ et al. used a lab gun device simulating the printer's work to produce the samples, and it was considered as a first step in this context. In addition, different printing methods and mortar workabilities were investigated. They defined four printing approaches, two parallel (ParaM1 & ParaM2) and two perpendicular (PerpM1 & PerpM2). The closest parallel method previously

  

  

Table 1 :

 1 Surface geometry specifications of the indented bars

	Inclination	Spacing	Width	Depth	Sum of gaps
	"β"	"c"	"b"	"t"	"Σe"
	35°	3.2 mm	1.6 mm	0.8 mm	6 mm

Table 2 :

 2 Detailed pull-out results

				Pull-Out Stress	Average (MPa)
				(MPa)	(Std. Dev.)
	Non-	Print	ed	20.5 20.5	18.7 (2.1)
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The difference between parallel and perpendicular samples can be attributed to the formation of larger voids in the case of perpendicular samples, caused by the splitting action of layers across the steel bar (as explained in the section 3.2 § 5). The volume of the material extruded out of a 1.9 cm nozzle fixed to a height of 1cm above the printing surface (standoff distance) is always constant along the printing path. Though, when the nozzle passes over the bar, an instantaneous change of the local nozzle's height occurs. Herein, the actual standoff distance is suddenly reduced to 0.6 cm, which is equal to the actual standoff distance (1 cm) minus half of the bar's diameter (0.4 cm) (Fig. 16). At this level, while the volume of the extruded material is maintained constant, the area designated to initially accommodate for the material is reduced. This reduction causes a higher squeezing of the material against the surface of the bar below, right before the material overflows. Hence, a higher printing pressure is excreted over the surface of the bar due to the temporary decrease of the nozzle's standoff distance. Particularly, the resulting printing pressure exerted over the bar largely differs between parallel and perpendicular samples, which therefore affects the degree and strength of confinement of the