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Abstract

:

This paper analyzes the pore morphology of two different concrete mixtures (plain and fiber-reinforced) under two different curing conditions, through the use of a CT scanner and post-processing software. Twelve cylinders of 45.2 mm in diameter and 50 mm in height were cast. Half of the specimens were kept in a humidity-controlled room, at 20 °C and 60% humidity, and the rest in a curing room, at 20 °C and 100% humidity. All the specimens were scanned at the age of 28 days, using a micro CT scanner. The results reveal that the presence of fibers substantially modifies the pore morphology in the way of increasing the volume of voids and the pore-size, reducing the shape factor of the voids and reorienting the voids toward a direction more aligned to the one showed by the fibers. In general, the curing conditions do no exhibit a great impact on the results.
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1. Introduction


Fiber-reinforced concrete is a structural solution of growing use. In most current uses, fibers are used to improve the mechanical and/or structural behavior of hardened concrete. The most common use of fibers is to reduce the cracking in concrete, thus directly improving the durability of concrete [1,2,3], although it cannot be strictly considered as a structural use of fibers.



From a structural point of view, fibers are currently being used to improve the tensile strength of concrete, replacing totally or partially the conventional rebars. The research reveals that fibers have a positive impact on the post-peak behavior of concrete, although it strongly depends on fiber amount and orientation [4,5,6,7,8,9,10,11]. Other current uses are to improve the fatigue behavior of concrete [11,12,13,14,15,16,17], the behavior under impact loads [18] or freeze–thaw cycles [19,20,21], among others. Moreover, during the past few years, a lot of research has been conducted regarding new types of fibers, beyond the most conventional ones (i.e., steel, polypropylene, carbon, glass, etc.) [22,23,24,25].



It has been commonly assumed that, in general, the fibers do not modify the concrete matrix, except for the interface between concrete matrix and fiber, which tends to be more porous. However, some research has been conducted in the last years showing that fibers modify the concrete matrix [26,27,28].



This work aims to demonstrate that steel fibers modify the concrete matrix because they significantly alter the main geometrical parameters of the internal voids. This fact could have an impact on certain mechanical behaviors directly related to porosity, e.g., freeze–thaw cycles or fatigue.



Computer tomography (CT) scan technology was used to observe the different geometrical patterns of internal voids due to presence of fibers inside the concrete specimens. This is a relatively new technology for concrete, although in some other fields, like medicine, it has been used since more than 40 years ago. Most of the previous research mainly focused on the fiber orientation inside the concrete [29,30,31,32,33,34,35]. However, in recent years, there is an increasing interest on the study of concrete porosity and several interesting works have been published in this field. Most of them are focused on plain concrete and, more particularly, on pervious concrete [36,37,38,39,40,41,42,43,44,45]. Most of this research analyzes the correlation between porosity and macroscopic behavior, like fatigue or freeze–thaw cycles, among others.



Hardened concrete always includes voids which play a vital role for concrete property. Some of the voids are unavoidable, as they are filled by air due to the loss of water during the curing process. In other cases, concrete is designed with a preset amount of internal voids, depending on functional needs [35,46,47,48,49,50]. In these cases, the shape of the voids, their size distribution, etc., influence the macroscopic behavior of hardened concrete.



According to the International Union of Pure and Applied Chemistry (IUPAC), pores can be classified according to their size into micropores (smaller than 2 nm), mesopores (from 2 to 50 nm) and macropores (larger than 50 nm) [51,52,53]. Several methods to analyze the voids can be found in the literature. The most traditional ones are mercury-intrusion porosimetry (MIP) and nitrogen absorption. These methods have two main limitations. First, they can only provide the pore-size distribution but not the pore distribution, shape, etc. Second, these techniques can only provide information about the open porosity and not about the closed porosity. In this situation, CT-Scan technology can overcome the limitations of the traditional methods and is able to provide information about the shape of all the voids inside the concrete specimen.



In this study, two different concrete mixtures were studied: plain concrete (PC) and steel-fiber-reinforced concrete (SFRC). In both cases the concrete mixture is identical. The only difference is that SFRC includes steel fibers. In order to study how humidity affects pore morphology, half of the specimens were hardened in a curing room, with 20 °C and 100% humidity, and the rest of them were cured in a humidity-controlled room, with 20 °C and 60% humidity. All the specimens were scanned, using a CT scanner to detect the voids and the fibers (these last ones in the case of steel-fiber-reinforced concrete specimens). Using post-processing routines, especially developed by the authors, we observed and compared the main parameters regarding the pore morphology in both mixtures: porosity, pore-size distribution, pore shape, void’s orientation, fibers’ orientation, etc.



In this case, all the specimens were scanned at the age of 28 days, i.e., when the hardening process of concrete was almost finished and no relevant variations of the pore morphology were expected. The analysis of the evolution of the pore morphology during the hardening process has been previously studied [54,55].



This paper is structured as follows: The experimental procedure is presented in Section 2, the results of the tests are described and discussed in Section 3; and, finally, the conclusions are found in Section 4. Next, the materials used in this research, the manufacturing procedure and the scanning process are described.




2. Experimental Program


In this section, the materials used in the research, the specimen manufacturing process and the scanning process are described in detail.



2.1. Materials


This study was conducted with the use of 12 concrete cylinders of 45.2 mm diameter and 50 mm height. Six of them were cast with plain concrete (PC), and the rest were cast with steel-fiber-reinforced concrete (SFRC). Table 1 shows the mixture proportions of two mixtures.



The steel fibers used were Dramix OL 8/16 (provided by BEKAERT, Zwevegem, Belgium), 8 mm in length and 0.16 mm in thickness. The volume of the fiber fraction was 0.1%. The superplasticizer used was Glenium 52 (provided by BASF, Ludwigshafen am Rhein, Germany). The nano-silica used was MasterRoc MS 685 (provided by BASF). The Portland cement used was CEM I 52.5 R [56]. The fine aggregate (4 mm nominal size) was siliceous.



Compressive strength for each mixture was tested, using 40 mm side cubes, which were cut from 40 × 40 × 160 mm prisms, according to EN 196-1:2016 [57]. The average concrete compressive strength was 71.2 MPa, with an average standard deviation of 1.8 MPa, and no relevant differences between both mixtures were observed.




2.2. Specimens Manufacturing Process


Similar to the research conducted by Mínguez, Vicente and co-workers [53,54], the molds for the concrete specimens were made by using PVC cylinders of 45.2 mm inner diameter, 50 mm outer diameter and 50 mm height. A PVC disc of 60 mm diameter and 3 mm thickness was welded at the bottom of each pipe, in order to guarantee a tight connection (Figure 1).



A cement mortar mixer was used to mix all the components of the cement paste, following the EN 196-1:2016 [57] standard. A small scoop was used to pour concrete inside the molds, and they were filled in two approximately equal layers. No vibration was applied, but some small punches were applied on the sides of the molds, once they were filled with mortar, to help the mortar expel the entrapped air. Finally, the upper surface of each mold was smoothed with a trowel.



Once the specimens were cast, three of them belonging to each series were cured in a curing room, with 20 °C and 100% humidity. The rest of the specimens were kept in a temperature and humidity-controlled room, where they remain at 20 °C and 60% humidity. The first ones are herein referred to as “moist-cured” specimens, and the last ones are “air-cured”. All the specimens were cured for 28 days. During the curing period, only the upper face of the cylinders was exposed to air, since the molds were kept during all the time.



The air-cured series simulates the behavior of a small piece of a greater concrete element (i.e., a concrete slab), where only one face is in contact with the air, and water can only escape from the concrete matrix through this face. On the contrary, the moist-cured series simulate the behavior of the inner regions of a volumetric concrete element (i.e., a concrete dam), far from the free surface and with no possibility of losing water.



After the curing process, the specimens were scanned, using a CT scanner, to investigate the concrete properties.




2.3. Scanning Process


In this study, concrete specimens were scanned by a GE Phoenix v|tome|x device equipped with a tube of 300 kV/500 W. Using the post-processing software VGSTUDIO MAX (Volume Graphics, Heidelberg, Germany), 2000 2D slices of 2048 × 2048 pixels (Figure 2) were obtained throughout the height of the specimen from the CT scanner machine. In this case, for a section of 45.2 mm diameter, the horizontal resolution is 25 × 25 μm2, and the vertical distance between the slices was 25 μm. After that, a 3D image of the whole specimens was generated, using all the 2D images mentioned above.



The post-processing software provides a gray value to each voxel (volumetric pixel), which is an integer number between 0 and 255, where 0 means pure black and 255 means pure white. A value of 255 is assigned to the densest voxel, and a value of 0 is assigned to the less dense voxel. For the rest of the voxels, a linear relation is considered. The conclusion of the scanning process is a file including X, Y and Z Cartesian coordinates of the voxel center of gravity and an integer number, from 0 to 255, regarding the density. The total amount of voxels in a specimen is around 4.3 × 109. A detailed explanation of the scanning process was previously described by Vicente et al. [34,42,58].



The next step in this process was to identify and isolate each individual void inside the specimen, with image analysis software. To do this, the digital image processing (DIP) software AVIZO (FEI Visualization Sciences Group, Hillsboro, OR, USA) was used. First, the software identified the voxels belonging to voids, which are the ones showing a gray value inside a range. In the case of steel-fiber-reinforced concrete, the voxels belonging to fibers were also identified and isolated. In this case, once the histogram of gray scale was studied, the considered range for voids was between 0 and 65, and for fibers between 200 and 255 (Figure 3). The voxels between 65 and 200 belong to the concrete matrix.



It can be observed that a great number of the dark voxels belong to the ones placed outside the mold. In consequence, the diagrams in Figure 3 are not valid to obtain the percentage of voids in the specimen.



Next, all the voxels placed outside the inner face of the mold were deleted, because they did not belong to the concrete specimen. Then, all the voxels in contact were merged, since they come from the same void. The software identifies and isolates the different voids. The final result of this image analysis is a dot matrix containing the Cartesian coordinates X, Y and Z of the center of gravity of each void, as well as some other geometrical parameters of the voids (length and volume among others). Figure 4 shows an isometric view of one specimen of each mixture and each mixture condition.



Analogously, in the case of the SFRC specimens, the voxels belonging to the fibers were identified and isolated. A new dot matrix was performed to each specimen, including the X, Y and Z Cartesian coordinates to the center of gravity of each fiber, as well as many other geometrical parameters of the fibers (Figure 5).



It can be observed in Figure 2 that some of the largest voids are in contact to the inner face of the mold. In order to avoid these facts on the analysis, the whole specimen was not studied, but an inner cylinder of the specimen with a diameter 90% of the nominal diameter of the concrete specimen, i.e., 40.7 mm. This fact can be explained by the wall-effect of concrete and also by the shrinkage.



In this work, only voids with less than three voxels in the largest direction (i.e., 75 µm length, approximately) were discarded, because they are too small, and the CT scan does not provide enough sharpness to clearly identify them. Additionally, voids larger than 10 mm in the largest direction were discarded, since they are non-representative voids. The results shown in this paper are the average values of the three specimens.





3. Experimental Results and Discussion


The direct observation of the 3D image is not enough to detect differences between the specimens and, even less, to be able to quantify them. Therefore, it is necessary to perform a numerical post-process in order to extract the huge amount of useful information provided by the CT scanner. The data presented in the different tables and figures are the average values of the three specimens belonging to the same mixture and the same curing conditions.



3.1. Total Volume of Voids and Porosity


The first parameter to be studied in all the specimens is the total volume of voids and the porosity. This last parameter is defined as the quotient between the total volume of voids and the volume of the specimen. Table 2 shows the average values of the total volume of voids and the porosity for the different mixtures and curing conditions. The values in brackets are the standard deviation.



The values of porosity shown in Table 2 are, in general, low, since not all the porosity was measured; as explained before, only voids with a length between 75 µm and 10 mm were considered.



Table 2 shows that fiber-reinforced concrete specimens have significantly higher total volume of voids and porosity compared to plain concrete specimens, of around two or three times higher. This happens in both moist-cured and air-cured concrete. It is concluded that, in this case, steel fibers help to increase the internal porosity.



Beyond the porosity that is trapped during the concreting process, most of the air voids in hardened concrete are because of the loss of water during the curing process. Water consumption during the hydration process and evaporation of water are the two main causes of air voids inside concrete.



In the case of plain concrete, simultaneously with the water consumption and the appearance of voids, they tend to collapse (at least partially) because of the hydrostatic pressure of fresh concrete, as well as its low stiffness. This space is filled by the fresh concrete paste. This process leads to a reduction of the porosity, and the macroscopic effects are the well-known phenomena of plastic settlement of concrete and initial plastic shrinkage.



In the case of steel-fiber-reinforced concrete, fibers provide higher viscosity to fresh concrete paste and also greater stiffness, which implies a less tendency to the voids’ collapse.



Additionally, plain concrete specimens subjected to air curing show a slight greater volume of voids and porosity. This is directly related to the moisture of the room where the specimens were cured. In the case of air-cured specimens, more evaporation occurs compared to moist-cured specimens. The lower loss of water in this last case implies a lower porosity. This phenomenon is less clear in the case of fiber-reinforced concrete.



The difference between air-cured concretes and moist-cured concrete is small, since the concrete-exposed surface is small. In addition, in the case of steel-fiber-reinforced concrete, fibers help to mitigate the voids’ collapse, even close to the exposed surface.




3.2. Variation of the Total Porosity along the Depth


The porosity is not equally distributed throughout the depth of the specimens. Figure 6 shows this variation, in both mixtures, as well as in both curing conditions. In all cases, relative depth is shown, i.e., varying from 0 to 1, where 0 belongs to the exposed surface of the specimens.



The results shown in Figure 6 agree with the ones shown in Table 2. First, it is observed that plain concretes show a porosity clearly smaller than fiber-reinforced concretes. This happens in both air-cured and moist-cured concretes. As explained before, this is due to the lower capacity of plain concrete to retain the largest voids, which directly implies a reduction of the porosity.



In the case of fiber-reinforced concrete, it is observed that porosity shows the minimum value in the exposed surface (depth range 0.0–0.1), and it tends to increase with the depth. In this region, smaller components show a higher percentage. In addition, the capacity to retain voids in fresh concrete is small, as fresh concrete is less viscous, as well as less stiff.



In the case of plain concrete, this phenomenon can be also observed, although it is less relevant, since low porosity values are observed in all the depth.




3.3. Porosity and Porosimetric Curves


Post-processing the data provided by the CT scanner allows the ability to obtain the shape of each individual void and all of their related parameters. Particularly, the length and the volume of each void is of interest. The pore length is defined as the maximum distance between two voxels of the same void.



Using these data from all the voids, we can plot the pore volume curves and the porosimetric curves. A pore volume curve is defined as the graph correlating the void’s length and the sum of the volumes of the voids with a length equal or lower than that one. On the other hand, the porosimetric curve is defined as the graph correlating the void’s length and the sum of the volumes of the voids with a length equal or lower than that one divided by the total volume of pores. In both cases, these graphs represent the pore size distribution.



Figure 7 shows the pore volume curves and the porosimetric curves belonging to the different mixtures and curing conditions. The horizontal axis is limited to 10 mm pore length, since greater pores are residual and not of interest.



Figure 7a shows that the fiber-reinforced concrete specimens show a porosity greater than that of the plain concrete. Moreover, the curves belonging to fiber-reinforced concrete are over the ones belonging to plain concrete, which means that those ones show more voids in all the lengths.



The differences between air-cured and moist-cured concretes are very small. In the case of fiber-reinforced concrete, it seems that the larger voids are more dominant than the smaller voids. On the contrary, in the case of plain concrete, it seems that smaller voids are more dominant than the larger ones.



Figure 7b provides information complementary to the curve shown in Figure 7a. It highlights that fiber-reinforced concrete curves are to the right of the plain concrete curves, which means that fiber-reinforced concretes are able to retain a greater percentage of large-size voids.



This can be explained by the mechanisms that occur while concrete paste remains fresh. Because of the hydrostatic pressure that fresh concrete paste exerts on the pore walls, it tends to collapse. The void’s stability depends on the viscosity of fresh concrete, as well as its stiffness and the void’s diameter. The larger the diameter, the less stable the void is. In addition, the greater the fluidity of the fresh concrete paste and the smaller the stiffness, the less stable the void is.



While concrete remains fresh, the fiber-reinforced concrete matrix is less fluid and stiffer. In consequence, it is able to retain larger voids. On the contrary, the plain concrete matrix is more fluid and less stiff. In consequence, it is not able to retain larger voids, and the voids tend to collapse, becoming smaller voids. Additionally, a part of the air of the collapsed pore gets off, and the global porosity reduces.



In all cases, the porosimetric curves show two parts clearly different. In the first part, the curves are approximately straight. It goes from 0 to approximately 1.5 mm in the case of plain concrete, and to around 3.0 mm in the case of fiber-reinforced concrete. This pore length can be named as a “critical pore length”, and it seems to be related to the stability of the voids. Beyond the critical pore length, the slopes of the curves are progressively reduced.



During the first part, the pore volume shows a uniform distribution, i.e., the percentage of pore volume belonging to, for example, the pore length range 0.0–0.5 mm is the same that the one belonging to, for example, the pore length range 1.0–1.5 mm.



On the contrary, during the second part of the curve, the participation of the different pore length ranges decreases, while the pore length increases. This means, for example, that the pore length range 3.0–3.5 mm retains more pore volume than the pore length range 4.0–4.5 mm.



In addition, Figure 8 shows that, in general, moist-cured concretes are to the left of the air-cured concretes. This means that the ambient moisture influences the morphology of the voids, in such a way that the higher the moisture, the smaller the voids are.



An interesting parameter related to the pore size distribution is the nominal maximum pore size (NMPS), defined as the pore length corresponding to a cumulative pore volume of 90%. This parameter is analogous to the “nominal maximum aggregate size” or NMAS, commonly used in coarse aggregates. Table 3 shows the values of NMPS for all the series.



It can be observed in Table 3 that, under the same curing conditions, the NMPS of fiber-reinforced concrete is greater than the one of plain concrete. In consequence, fiber-reinforced concrete retains more pore volume and also larger voids. In addition, moist-cured concretes show smaller values of NMPS than air-cured, meaning that a higher environmental moisture helps to obtain smaller voids. These results agree with the ones previously shown.




3.4. Variation of Porosity and Porosimetric Curves along the Depth


Voids are not equally distributed along the depth. The distance to the exposed surface, where evaporation and water interchange occurs, is relevant to understand how the porosity is distributed along the depth. Next, the porosity curves of the different mixtures and curing conditions are shown for the different depth ranges (Figure 8).



It is highlighted that the thickest graphs represent the complete porosity curves (the ones shown in Figure 7a) which are, in fact, the average of the rest of the curves.



Figure 8 shows some interesting data. First, it is observed that, in general, curves belonging to the lower half of the specimens are placed over the full curve, while the curves belonging to the upper half are placed below the full curve. This phenomenon is observed in all cases, both in fiber-reinforced concrete and plain concrete, as well as in moist-cured concrete and air-cured concrete. This means that, mainly the porosity is concentrated in the lower half of the specimens. This is because they are far from the free surface and, in consequence, it is more difficult for the trapped air to get off while the concrete paste remains fresh.



In the case of plain concrete, curves belonging to the depth ranges 0.4–0.5 and/or 0.5–0.6 show an abnormal behavior, different from their neighbors. This is because the cylinders were cast in two times and a small horizontal construction joints appeared. This phenomenon is less clear in fiber-reinforced concrete because fibers act as stitches between the two faces of the joint.



Additionally, the curves belonging to the depth range 0.0–0.1 show a behavior different from the rest of curves. In this range, the porosity is small and also shows lower porosity in all the pore sizes.



Next, the porosity curves of the different mixtures and curing conditions are shown for the different depth ranges (Figure 9).



Analogously, in this case, the thickest graphs represent the complete porosimetric curves (the ones shown in Figure 7b), which are, in fact, the average of the rest of the curves.



Figure 9 shows some interesting data. Firstly, it is observed that there are not relevant differences between the curves belonging to the upper half of the specimens and the ones belonging to the lower part: All of them are close to each other, and they are also close to the full curve. This means that the percentages of pore volume are similarly distributed along the depth. Pore size distribution is strongly related to the spaces that remain in the concrete matrix that are also related to the composition of the concrete matrix. As this composition is uniformly distributed along the depth, the spaces available for voids are uniformly distributed and, in consequence, the porosimetric curves are similar.



In the case of plain concrete, it is observed that the porosimetric curve belonging to the depth 0.4–0.5 in one case and the one belonging the depth 0.5–0.6 in the other case are significantly displaced to the right. These curves show the effect of the horizontal construction joint. In this zone, a higher pore volume is observed (Figure 8c,d) and greater pores, too (Figure 9c,d).



In general, porosimetric curves belonging to the range 0.0–0.1 (exposed surface) are slightly displaced to the left. This means that, in this region, the smaller voids are more dominant, since they are easier to retain.




3.5. Shape Factor of the Voids


Using the pore length and the volume of each individual void, it is possible to obtain its shape factor, defined as the ratio between the volume of the void and the volume of the sphere circumscribed to it (Equation (1)).


  S F =    V p     1 6  · π ·  L p    3     



(1)




where    V p    is the volume of the void, and    L p    is the pore length. Figure 10 shows the histograms of the shape factor of the different mixtures and the different curing conditions.



Figure 10 show some interesting results. Firstly, it can be observed that, in all cases, pores are far from a perfect sphere, since, in all cases, the shape factors are far from 1.0.



Fiber-reinforced concretes show smaller shape factors, showing a mode between 0.10 and 0.15 and with more than 90% of the voids with a shape factor below 0.3. On the contrary, plain concretes show a slightly larger shape factor, showing a mode between 0.10 and 0.25, and with more than 90% of the voids with a shape factor below 0.4.



Voids, which are the less-dense and the less-stiff component of the concrete matrix, tend to occupy the space that the rest of the components are not able to occupy. These spaces are not rounded, but elongated. In the case of fiber-reinforced concretes, spaces become more elongated because of the presence of the fibers, and, in consequence, the voids are more elongated too.



In the case of fiber-reinforced concretes, there is almost no difference in the histograms of shape factor for air-cured and moist-cured concretes. On the contrary, in the case of plain concretes, there is a significant difference in the histograms. Moist-cured concrete shows a histogram of shape factor moved to the right, with means that voids tend to be a bit more rounded. This means that curing conditions affect the pore morphology.



Pore morphology shows relevant variations along the depth. Figure 11 shows the histograms of shape factor along the depth for the different mixtures and curing conditions.



Figure 11 shows that, in general, the histograms of shape factor vary with the depth, in such a way that, when the depth increases, the histogram moves to the right.



This means that the voids tend to be more rounded. This phenomenon is observed in all concretes, although it is clearer in moist-cured concretes, both in plain and fiber-reinforced concretes. This is because of the increase of the hydrostatic pressure with the depth when concrete paste is fresh, which favors the creation of voids with a more efficient geometry, i.e., closer to the sphere.



In the case of plain concrete, the influence of the horizontal construction joint is shown as a greater percentage of stretched voids.




3.6. Correlation between the Pore and the Fiber Orientation


Since voids are not rounded, but elongated, it is possible to obtain their orientation. Additionally, in the case of steel-fiber-reinforced concrete, it is possible to obtain the fiber orientation. By correlating the orientation of both voids and fibers, it is possible to check if the fibers influence in any way the orientation of the voids. Again, this information is obtained from the CT scanner and the post-processing and the image analysis software.



In order to analyze the voids’ and fibers’ orientation, the following angles are used: θ (theta) and φ (phi) (Figure 12). Theta is a polar angle, i.e., the angle between the main axis of the void or fiber (the one containing its length) and the Z axis. Phi is the azimuthal angle, i.e., the angle between the projection of the main axis on the XY plane and the X axis. Theta varies from 0° to 90°, while phi varies from −180° to 180°.



Next, the histograms of voids’ and fibers’ orientation are shown for the different mixtures and the different curing conditions (Figure 13 and Figure 14).



Figure 13 reveals that, in all cases, voids are mainly oriented in the XY plane, i.e., the horizontal plane, since Figure 13 reveals that the greater percentage of the pores shows a theta angle close to 90°. Additionally, inside the XY plane, there is not a dominant direction, since Figure 13a reveals that, approximately, the phi angle is uniformly distributed.



These tendencies can be observed in both plain concrete and steel-fiber-reinforced concrete mixtures and also in both air-cured and moist-cured concretes. In the case of the phi angle, it can be highlighted that, in all cases, there is a uniform distribution of the voids inside the XY plane. No relevant differences can be observed between plain concrete and steel-fiber-reinforced concrete mixtures, and there are also no relevant differences between air-cured and moist-cured concretes. In the case of the theta angle, it can be highlighted that pores belonging to steel-fiber-reinforced concrete mixtures tend to be more horizontal, since they show higher relative frequency in the range of 70°–90° than plain concrete mixtures.



Figure 14 reveals that fibers also show an orientation similar to the voids’ one. Again, fibers are mainly oriented in the XY plane, since Figure 14b reveals that the greater percentage of the fibers shows a theta angle close to 90°. Additionally, inside the XY plane, there is no dominant direction, since Figure 14a reveals that, approximately, the phi angle is uniformly distributed.



In order to define numerically the orientation along Z axis (theta angle), the efficiency index (   e i   ) is used (Vicente et al. 2014) according to the following equation (Equation (2)):


   e i  =   ∑  i = 1  n    f i  · c o s  (   θ i   )   



(2)




where    f i    is the relative frequency of each bar of the histogram, and    θ i    is the average value of the theta angle of each bar of the histogram. The efficiency index can show values from 0 to 1, where 0 means that all the elements (voids or fibers in this case) are oriented perpendicularly to the Z axis, and 1 means that all the elements (voids or fibers in this case) are oriented parallel to the Z axis.



Table 4 shows the values of the efficiency index of both voids and fibers for all the mixtures and all the curing conditions.



Table 4 reveals some significant results. First, it can be noticed that, in the case of the voids, the plain concrete mixtures show a greater value of efficiency index than the steel-fiber-reinforced concrete mixtures. Again, it is demonstrated that the presence of fibers modifies the pore morphology of the cement paste. The difference between the air-cured mixtures and the moist-cured mixtures is almost null, which means that the curing conditions has no influence on the voids’ orientation.



Fibers show a value of efficiency index smaller than voids, and, again, there is no significant difference between air-cured mixture and moist-cured mixture.



It can be concluded that fibers tend to align the voids to their own orientations. The efficiency indexes to the voids belonging to the steel-fiber-reinforced concrete mixtures show an intermediate value between the ones of the voids belonging to the plain concrete mixtures and the ones of the fibers belonging to the steel-fiber-reinforced concrete mixtures. This means that the orientation of the voids belonging to the steel-fiber-reinforced concrete mixtures is partially conditioned by the cement-paste matrix and partially conditioned by the fibers.





4. Conclusions


This paper analyzes the variation of the internal pore morphology of two different mixtures cured under two different curing conditions, through the use of a CT scanner and a DIP software.



Some findings were obtained. First, it can be noticed that the steel-fiber-reinforced concrete specimens show a greater amount of pore volume than the plain concrete ones. This happens in both moist-cured and air-cured concrete. Two phenomena can explain this, both of them related to fresh concrete. First, fibers may trap and retain more pores during the concreting process. Second, the voids created due to the internal water-consumption process can be easily retained in the case of steel-fiber-reinforced concrete.



In the case of steel-fiber-reinforced concrete, a higher porosity is observed in the interior of the specimen, i.e., far from the exposed surface, where the porosity is smaller. This phenomenon can be observed in both air-cured and moist-cured specimens. In the case of plain concrete, this phenomenon can also be observed, although it is less intense. In this case, no relevant differences between air-cured and moist-cured concretes have been detected.



When both the pore volume curves and the porosimetric curves are studied, it can be observed that steel-fiber-reinforced concrete specimens are capable of retaining greater voids. This fact can be explained in terms of fresh concrete. Fibers provide additional stiffness to the fresh cement paste, allowing SFRC specimens to retain a greater number of large-size voids. Again, no relevant differences between air-cured and moist-cured concretes were detected.



When the nominal maximum pore size (NMPS) was studied, it was revealed that steel-fiber-reinforced concrete specimens are able to have a higher value of NMPS than the one of plain concrete and, additionally, air-cured mixtures show a higher value of NMPS than the one of moist-cured mixtures. This means that curing conditions modify the pore-size distribution.



When we studied how the pore volume curves and the porosimetric curves evolve along the depth, some interesting results were observed. First, the percentage of small pores increases with the depth. This happens in both mixtures and in both curing conditions. This variation is less intense in the case of steel-fiber-reinforced concrete than in plain concrete. Again, the rheology of fresh concrete seems to be behind these observations.



The study of the shape factor reveals that voids are far away from a sphere; in fact, they are very flaky or elongated. This phenomenon can be observed in both mixtures and in both curing conditions. However, voids belonging to the steel-fiber-reinforced concrete specimens show a smaller shape factor.



It can also be observed that there is a small variation of the shape factor with the depth, but in all the cases, a progressive increase of it can be observed.



In terms of voids’ orientation, it can be observed that, in all cases, the voids tend to be oriented horizontally, i.e., perpendicular to the vertical direction (which coincides with the concreting direction). In the horizontal plane, no dominant direction can be observed.



In the case of steel-fiber-reinforced concrete specimens, the fibers’ orientation is also obtained, and the results are similar to the ones observed with the voids: Fibers tend to be oriented perpendicularly to the vertical axis, and, in the horizontal plane, they are randomly oriented.



The efficiency index is obtained for all the mixtures and all the curing conditions, for both the voids and the fibers (when it is possible, i.e., in the case of steel-fiber-reinforced concrete). The results demonstrate that fibers influence the voids’ orientation. In this case, the curing conditions are less relevant, but not negligible.



Finally, it can be concluded that the presence of fibers significantly modifies the pore morphology, in several aspects: Fibers increase the porosity of concrete, modify the pore-size distribution, increasing the percentage of small voids, modify the orientation toward an orientation more aligned to the fibers, and modify the shape of the voids, causing them to become more elongated.



The differences observed in pore morphology and distribution between plain and fiber-reinforced-concrete and between moist- and air-cured conditions could have an impact on certain mechanical behaviors directly related to porosity, e.g., freeze–thaw cycles or fatigue.
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Figure 1. Mold and specimen [54,55]. 
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Figure 2. Slices belonging to different mixtures and curing conditions. 
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Figure 3. Histograms of gray scale. 
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Figure 4. Three-dimensional views of the pores belonging to different mixtures and curing conditions. 






Figure 4. Three-dimensional views of the pores belonging to different mixtures and curing conditions.



[image: Applsci 10 04286 g004]







[image: Applsci 10 04286 g005 550] 





Figure 5. Three-dimensional views of the fibers belonging to different curing conditions. 
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Figure 6. Variation of the porosity along the depth. 
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Figure 7. (a) Pore volume curves and (b) porosimetric curves. 
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Figure 8. Porosity curves along the depth: (a) SFRC moist-cured, (b) SFRC air-cured, (c) PC moist-cured and (d) PC air-cured. 
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Figure 9. Porosimetric curves along the depth: (a) SFRC moist-cured, (b) SFRC air-cured, (c) PC moist-cured and (d) PC air-cured. 
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Figure 10. Histogram of the shape factor. 
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Figure 11. Histograms of shape factor along the depth: (a) SFRC moist-cured, (b) SFRC air-cured, (c) PC moist-cured and (d) PC air-cured. 
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Figure 12. Identification of θ (theta) and φ (phi) angles. 
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Figure 13. Voids’ orientation: (a) phi and (b) theta. 
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Figure 14. Fibers’ orientation: (a) phi and (b) theta. 
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Table 1. Mixture proportions.






Table 1. Mixture proportions.





	
Dosage

	
Plain Concrete

(PC)

	
Steel-Fiber-Reinforced Concrete

(SFRC)






	
Cement (kg/m3)

	
700.0




	
Fine Aggregate (kg/m3)

	
1400.0




	
Nanosilica (kg/m3)

	
10.5




	
Water (kg/m3)

	
217.0




	
Superplasticizer (kg/m3)

	
24.5




	
Steel fibers (kg/m3)

	
-

	
7.8
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Table 2. Total volume of voids and porosity.
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	Mixture and Curing Condition
	Total Volume of Voids (mm3)
	Porosity (%)





	SFRC. Moist-Cured
	408.14 (40.3)
	0.63% (0.06%)



	SFRC. Air-Cured
	424.60 (44.1)
	0.65% (0.07%)



	PC. Moist-Cured
	112.18 (11.8)
	0.17% (0.02%)



	PC. Air-Cured
	179.23 (16.6)
	0.28% (0.03%)
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Table 3. Nominal maximum pore size (NMPS).
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	Mixture and Curing Condition
	NMPS (mm)





	SFRC. Moist-Cured
	3.67



	SFRC. Air-Cured
	6.41



	PC. Moist-Cured
	2.55



	PC. Air-Cured
	4.69
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Table 4. Efficiency index.






Table 4. Efficiency index.





	
Element

	
Mixture

	
Efficiency Index






	
Voids

	
PC. Air-Cured

	
0.47




	
PC. Moist-Cured

	
0.48




	
SFRC. Air-Cured

	
0.41




	
SFRC. Moist-Cured

	
0.41




	
Fibers

	
SFRC. Air-Cured

	
0.26




	
SFRC. Moist-Cured

	
0.25
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