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Abstract

:

Three-dimensional printed concrete (3DPC) is an anisotropic heterogeneous material composed of a concrete matrix and the interfaces between layers and filaments that form during printing. The overall ion transport properties can be characterized by the equivalent diffusion coefficient. This paper first establishes a theoretical model to calculate the equivalent diffusion coefficient of 3DPC. Verification through numerical calculations shows that this theoretical model is highly precise. Based on this, the model was used to analyze the effects of dimensionless interface parameters on the equivalent diffusion coefficients in different directions of 3DPC. Finally, the dynamic ionic transport properties of 3DPC were investigated through finite element numerical simulation. The results of the dynamic study indicate that interfaces have a significant impact on the ion distribution and its evolution within 3DPC. The product of the interface diffusion coefficient and interface size can represent the ionic transport capacity of an interface. The stronger the ionic transport capacity of an interface, the higher the ion concentration at that interface. Due to the “drainage” effect of lateral interfaces, the ion concentration in the middle of 3DPC with a smaller equivalent diffusion coefficient is higher than that in 3DPC with a larger equivalent diffusion coefficient.
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1. Introduction


As one of the advanced additive manufacturing (AM) technologies, 3D printed concrete (3DPC) integrates numerous cutting-edge scientific technologies, including digital design and material engineering [1,2]. Recently, 3DPC has garnered significant attention for its ability to eliminate the need for concrete molds, thus enabling the construction of buildings with more complex geometries and higher precision [3,4]. As an additive manufacturing technology, 3DPC precisely controls the material, thereby reducing construction costs and environmental pollution [5]. Its advantages also include reduced manual labor, lowering the risk of accidents, and offering the flexibility to adjust building structures according to designers’ requirements. This flexibility helps to accommodate various construction, size, and functional requirements and saves construction time [6].



Despite its numerous advantages, 3DPC faces several challenges that need addressing. Due to the absence of molds, exposure to environmental conditions (wind, rain, temperature, carbon dioxide, chemical ions, etc.) may cause greater deformation of the concrete. This deformation can lead to the formation of microcracks or an increase in porosity, thus creating preferential pathways for the transport of harmful substances [7,8,9]. Furthermore, the layer-by-layer construction inherent to 3DPC introduces significant porosity between layers and filaments. These pores tend to align, creating directional channels that accelerate the corrosion process and adversely affect the structural integrity and durability of 3DPC [10]. Consequently, reinforcing and minimizing the vulnerabilities at the interfaces between layers and filaments during printing is of utmost importance [11].



Previous research has indicated that chloride penetration, along with the initiation and propagation of corrosion on reinforcement, are among the primary reasons for reducing concrete durability in reinforced concrete. With the emergence of 3DPC technology, researchers have attempted to incorporate steel reinforcement to address its inherent weakness in bending resistance. This includes the design of steel reinforcement printing devices, synchronous insertion of rebar [12,13], interlayer reinforcement mesh embedding [14], and post-printing reinforced concrete casting [15,16]. Consequently, the study of chloride ion diffusion in 3DPC has become increasingly crucial.



Researchers have already investigated the diffusivity of chloride ions in 3DPC. For instance, Xu et al. [7] examined the impact of printing time intervals on the resistance of interlayer interfaces in 3DPC to chloride ion penetration. Surehali et al. [6] investigated how the height and width of each printed layer, the printing speed, and the quality of interlayer and inter-filament interfaces affect the directionality of moisture and harmful ion transport. Their research involved analyzing the porosity and conductivity of the microstructure of 3DPC samples to understand the effect of anisotropy on transport properties. Malan et al. [17] studied the durability of interlayer interfaces in 3DPC, comparing it with cast concrete of the same material composition. Their findings indicated that cast samples outperformed 3D printed samples in terms of durability, underscoring the importance of improving the interface properties of 3DPC.



However, current research on the ion transport properties and durability of 3DPC primarily relies on experiments, with few studies utilizing numerical simulations. Given the complex structure of 3DPC and the variability of environmental factors, conducting experimental research becomes complicated. Building on 3DPC ion diffusion experiments, this study proposes an algorithm based on Fick’s laws of diffusion to calculate the thickness and diffusion coefficients of the interlayer and inter-filament interfaces in 3DPC. The accuracy of the calculations was verified by comparing theoretical calculations with finite element simulation results. This method allows for a more precise determination of the thickness diffusion coefficients of the interlayer and inter-filament interfaces and the establishment of a numerical model for 3DPC. Through simulation calculations, the performance of 3DPC can be assessed more conveniently and quickly, with its durability predicted.




2. Equivalent Diffusion Coefficient Calculation Model


Moradllo [18] experimentally validated that the process of ion penetration in concrete adheres to Fick’s laws of diffusion, described by the following equations:


          ∂ c   ∂ t   = −   ∂ J   ∂ x         J = − D   ∂ c   ∂ x          



(1)




where   c   represents the ion concentration within the concrete,   t   denotes the erosion time,   J   is the ion diffusion flux,   D   is the diffusion coefficient of the concrete, and   x   indicates the diffusion distance.



3DPC can be viewed as a biphasic system composed of the matrix and weak interface layers. Its diffusion performance depends on both the inherent diffusion properties of the concrete matrix and the diffusion properties and distribution of the weak interfaces [19]. An equivalent diffusion coefficient can characterize the overall diffusion performance of 3DPC. Constructed as a regular biphasic system through a layer-by-layer printing mechanism, 3DPC allows for the derivation of calculation formulas for the equivalent diffusion coefficients in different directions using Fick’s laws, which is suitable for such a physically simple, anisotropic heterogeneous material.



2.1. Parallel Model and Series Model


The analysis begins by examining the equivalent diffusion coefficient of a biphasic system under parallel and series configurations. For generality, consider a regular biphasic system composed of three layers, simplified as a planar problem, as illustrated in Figure 1. The total thickness and width of the system are denoted by   A   and   B  , respectively, with each layer’s thickness represented by     a   i     (  i = 1 ,   2 ,   3  ), the matrix diffusion coefficient represented by     D   m    , and the inclusion phase diffusion coefficient represented by     D   1    .



If ions diffuse in the y-direction, the biphasic system can be considered a parallel model. Assuming the ion concentrations at the left and right boundaries are     c   L     and     c   R    , respectively, and that there is no flux at the top and bottom boundaries, the equivalent diffusion coefficient     D   y     in the y-direction can be derived under these conditions. The total flux   J A   across the right boundary is given as follows:


  J A =   J   1     a   1   +   J   2     a   2   +   J   3     a   3    



(2)




where   J   represents the average flux across the right boundary, with     J   1    ,     J   2    , and     J   3     being the fluxes through the upper matrix layer, interface layer, and lower matrix layer, respectively. According to Fick’s first law, as follows:


        J =   D   y       c   L   −   c   R     B           J   1   =   D   m       c   L   −   c   R     B           J   2   =   D   1       c   L   −   c   R     B           J   3   =   D   m       c   L   −   c   R     B          



(3)







Bringing Equation (3) into Equation (2) simplifies it, as follows:


        D   y   =     a   1   +   a   3     A     D   m   +     a   2     A     D   1          =   1 − υ     D   m   + υ   D   1        



(4)




where   υ =     a   2     A    , represents the volume fraction of the inclusion phase. Equation (4) is the formula for the equivalent diffusion coefficient of the biphasic system in the case of parallel connection.



If ions diffuse in the z-direction, the biphasic system can be considered a serial model. Assuming the ion concentrations at the upper and lower boundaries are     c   u     and     c   d    , respectively, with no flux at the left and right boundaries, and the ion concentrations on the upper and lower sides of the middle layer are     c   1     and     c   2    , respectively, the equivalent diffusion coefficient     D   z     in the z-direction can be derived under these conditions. Since the flux across each cross-section perpendicular to the z-axis is equal, it follows that:


  J =   D   m       c   u   −   c   1       a   1     =   D   1       c   1   −   c   2       a   2     =   D   m       c   2   −   c   d       a   3      



(5)







From (5), as follows:


          c   u   −   c   1   =   J   a   1       D   m             c   1   −   c   2   =   J   a   2       D   1             c   2   −   c   d   =   J   a   3       D   m            



(6)







For the biphasic system as a whole, the flux at the lower boundary can also be expressed as follows:


  J =   D   z       c   u   −   c   d     A   =   D   z         c   u   −   c   1     +     c   1   −   c   2     +     c   2   −   c   d       A    



(7)







Equation (6) is simplified by adding Equation (7) to obtain the following:


            D   z       − 1   =     a   1   +   a   3     A         D   m       − 1   +     a   2     A         D   1       − 1          =   1 − υ         D   m       − 1   + υ       D   1       − 1        



(8)







Equation (8) is the formula for the equivalent diffusion coefficient of a biphasic system in the case of a series connection.




2.2. 3DPC Equivalent Diffusion Coefficient


The interlayer and inter-filament interfaces can be considered inclusion phases by deriving the equivalent diffusion coefficient of 3DPC based on the parallel and serial models of the biphasic system.



Without loss of generality, it is assumed that the 3DPC has only one interlayer interface and one inter-filament interface, as illustrated in the simplified model in Figure 2. The diffusion coefficients for the matrix, interlayer interface, and inter-filament interface are denoted as     D   m    ,     D   1    , and     D   2    , respectively. The total thickness, width, and length of the 3DPC are denoted as   A  ,   B  , and   C  , respectively. The thickness of the interlayer interface is     a   2    , with the upper and lower matrix thicknesses as     a   1     and     a   3    , respectively. The width of the inter-filament interface is     b   2    , with the left and right matrix widths as     b   1     and     b   3    , respectively.



When ions diffuse along the x-direction, the parallel model mentioned earlier can be applied to calculate the equivalent diffusion coefficient     D   x    . Using Formula (4), we obtain the following:


        D   x   =   1 −     a   2       b   1   +   b   3       A · B   −     b   2     B       D   m   +     a   2       b   1   +   b   3       A · B     D   1   +     b   2     B     D   2          =   1 −   υ   1   −   υ   2       D   m   +   υ   1     D   1   +   υ   2     D   2        



(9)




where     υ   1   =     a   2       b   1   +   b   3       A · B    , represents the volume ratio of the interlayer interface, and     υ   2   =     b   2     B    , represents the volume ratio of the inter-filament interface.



When ions diffuse along the y-direction, the problem can be simplified to a planar issue, with the   y z   cross-section depicted in Figure 3. Utilizing the interlayer and inter-filament interfaces, 3DPC can be segmented into a grid of three rows by three columns, resulting in nine distinct sections, labeled 1 through 9. The diffusion coefficients for these sections are considered constant. The calculation of the equivalent diffusion coefficient     D   y     can follow a methodology of “parallel-then-series” or “series-then-parallel”.



If the “parallel-first, series-second” approach is adopted, the equivalent diffusion coefficients     D   p 1     for parts 1, 4, and 7 are first calculated using the parallel model.


        D   p 1   =     a   1   +   a   3     A     D   m   +     a   2     A     D   1          =   1 −   λ   1       D   m   +   λ   1     D   1        



(10)




where     λ   1   =     a   2     A    , represents the ratio of the interlayer interface thickness to the total thickness of the 3DPC. Similarly, the equivalent diffusion coefficients     D   p 2     for parts 2, 5, and 8, and     D   p 3     for parts 3, 6, and 9 can be calculated using the parallel model, yielding the following:


    D   p 2   =   D   2    



(11)






    D   p 3   =   D   p 1    



(12)







Then, using the series model to calculate the equivalent diffusion coefficients for the first, second, and third columns, we obtain the overall equivalent diffusion coefficient     D   y     for the 3DPC under the “parallel-first, series-next” scenario, as follows:


            D   y       − 1   =     b   1     B         D   p 1       − 1   +     b   2     B         D   p 2       − 1   +     b   3     B         D   p 3       − 1          =     b   1   +   b   3     B         D   p 1       − 1   +     b   2     B         D   p 2       − 1          =   1 −   λ   2           1 −   λ   1       D   m   +   λ   1     D   1       − 1   +   λ   2         D   2       − 1        



(13)




where     λ   2   =     b   2     B    , represents the ratio of the width of the inter-filament interface to the total width of the 3DPC.



If adopting the “series-first, parallel-next” method, we first use the series model to calculate the equivalent diffusion coefficients     D   s 1     for parts 1, 2, and 3;     D   s 2     for parts 4, 5, and 6; and     D   s 3     for parts 7, 8, and 9, resulting in the following:


        D   s 1       − 1   =   1 −   λ   2           D   m       − 1   +   λ   2         D   2       − 1    



(14)






        D   s 2       − 1   =   1 −   λ   2           D   1       − 1   +   λ   2         D   2       − 1    



(15)






    D   s 3   =   D   s 1    



(16)







Then, using the parallel model to calculate the equivalent diffusion coefficients for the first, second, and third rows, we obtain the overall equivalent diffusion coefficient     D   y     for the 3DPC under the “series-first, parallel-next” scenario, as follows:


        D   y   =     a   1     A     D   s 1   +     a   2     A     D   s 2   +     a   3     A     D   s 3          =     a   1     + a   3     A     D   s 1   +     a   2     A     D   s 2          =   1 −   λ   1           1 −   λ   2           D   m       − 1   +   λ   2         D   2       − 1       − 1          +   λ   1         1 −   λ   2           D   1       − 1   +   λ   2         D   2       − 1       − 1        



(17)







When ions diffuse in the z-direction, the method for calculating the equivalent diffusion coefficient is similar to that in the y-direction. If the “parallel-first, series-next” method is used, we obtain the following:


        D   z       − 1   =   1 −   λ   1           1 −   λ   2       D   m   +   λ   2     D   2       − 1   +   λ   1         1 −   λ   2       D   1   +   λ   2     D   2       − 1    



(18)







If the “series-first, parallel-next” method is adopted, we obtain the following:


    D   z   =   1 −   λ   2           1 −   λ   1           D   m       − 1   +   λ   1         D   1       − 1       − 1   +   λ   2     D   2    



(19)








2.3. Nondimensionalization of Equations


The equations were nondimensionalized to facilitate the discussion on the general trends in the variation of the effective diffusion coefficients for 3DPC.



Let υ denote the ratio of the total volume of all interfaces to the total volume of the 3DPC. Consequently, there exists a relationship among the interlayer interface ratio     λ   1    , the inter-filament interface ratio     λ   2    , and the volume ratio   υ   as follows:


    λ   1   +   λ   2   −   λ   1     λ   2   = υ  



(20)







When the υ is smaller, as follows:


    λ   1   +   λ   2   ≈ υ  



(21)







Define the dimensionless parameter   λ =   λ   1   /   λ   2    ,     D   1 m   =   D   1   /   D   m    ,     D   2 m   =   D   2   /   D   m    ,     D   x m   =   D   x   /   D   m    ,     D   y m   =   D   y   /   D   m    , and     D   z m   =   D   z   /   D   m    ; then, we can denote     D   x m    ,     D   y m    , and     D   z m     as quaternions of   υ  ,   λ  ,     D   1 m    , and     D   2 m    . This allows for the simplification of Equations (9), (13), (17)–(19) to the following forms:


    D   x m   = 1 − υ +   λ υ   λ + 1     D   1 m   +   υ   λ + 1     D   2 m    



(22)






        D   y m       − 1   =   λ − υ + 1       υ D   1 m   − υ + 1   λ + 1   +   υ     λ + 1     D   2 m      



(23)






    D   y m   =     λ − λ υ + 1     D   2 m       λ − υ + 1     D   2 m   + υ   +   λ υ   D   1 m     D   2 m       λ − υ + 1     D   2 m   + υ   D   1 m      



(24)






        D   z m       − 1   =   λ − λ υ + 1       D   2 m   − 1   υ + λ + 1   +   λ υ     λ − υ + 1     D   1 m   + υ   D   2 m      



(25)






    D   z m   =     λ − υ + 1     D   1 m       λ − λ υ + 1     D   1 m   + λ υ   +   υ   D   2 m     λ + 1    



(26)









3. Finite Element Model


To verify the accuracy of the theoretical model described above, a 3DPC numerical model was established using the finite element software COMSOL 6.0 for steady-state ion transport analysis to calculate the equivalent diffusion coefficient of 3DPC. The simulation results were then compared with the theoretical calculations. The finite element model, as shown in Figure 4, applies different concentration loads (    C   h     and     C   l    ) to two pairs of edges of the specimen, creating a concentration gradient in which ions diffuse from a high-concentration area to a low-concentration area, with the other two sides of the specimen being no-flux states. Accordingly, the specimen’s equivalent diffusion coefficient can be determined using the following formula, based on Fick’s laws of diffusion:


    D   e f f   =     l   1   ·   J   t o t       l   2   ·     C   h   −   C   l        



(27)




where     l   1     and     l   2     are the lengths of the specimen’s edges and     J   t o t     is the diffusion flux at the specimen’s low concentration boundary.



To further investigate the dynamic ion transport properties of 3DPC, COMSOL was used to simulate the scenario of a 3DPC specimen immersed in a salt solution. The model, depicted in Figure 5, identifies the horizontal direction as the interlayer interface and the vertical direction as the inter-filament interface. The bottom surface of the specimen is immersed in a salt solution with a chloride ion concentration of   126.94   m o l /   m   3    , with no flux on the other surfaces. Chloride ions are transported upward from the bottom surface by diffusion, allowing for the analysis of differences in the dynamic ion transport properties of 3DPC with various structural parameters.




4. Analysis of Results


4.1. Theoretical Model Validation


Example 1, J. Van Der Putten et al. [20], investigated the impact of printing time intervals on the ion transport properties of 3DPC. In this experiment, the 3DPC consisted solely of interlayer interfaces. The matrix diffusion coefficient     D   m     and the equivalent diffusion coefficient     D   y     along the direction of the interlayer interface were measured. The related experimental data are listed in Table 1, and this case can be analyzed using a parallel model.



In this case, the interface thickness     a   2     and the interface diffusion coefficient     D   1     are unknown. It is assumed that     a   2     varies from 0.1 mm to 1.5 mm (current research indicates that the interlayer thickness of 3DPC generally falls within the range of 0.1 mm to 1 mm [21,22,23,24,25]. To enhance the broad applicability of the numerical model in this study, a slightly higher value for interlayer thickness was chosen). Consequently, the interface diffusion coefficient     D   1     can be calculated using the parallel model Equation (4), thereby establishing the relationship curve of     D   1     as a function of     a   2    , as illustrated in Figure 6.



To validate the accuracy of the parallel model’s theoretical equation, a 3DPC numerical model was developed using the COMSOL 6.0 software, based on the interface thickness     a   2     and the structural parameters listed in Table 1. The interface diffusion coefficient     D   1    , corresponding to     a   2    , is input as the interface material parameter. The finite element method is then applied to simulate the steady-state ion transport within the 3DPC and to calculate the effective diffusion coefficient of the 3DPC. The simulated results are compared with the experimental values presented in Table 1, and these findings are also depicted in Figure 6.



As shown in Figure 6, the interfacial diffusion coefficient     D   1     decreases with increasing interfacial thickness     a   2    , but the rate of decrease gradually slows down. This phenomenon can be explained by Equation (4), in which     D   1     is inversely proportional to     a   2    . When the overall diffusion coefficient of the 3DPC remains constant, the diffusion coefficient at the interface decreases as the interfacial thickness increases. The simulated values of     D   y     align perfectly with the experimental data, demonstrating the accuracy of the theoretical Equation (4) when applied to parallel configurations of 3DPC.



Example 2, S. Surehali et al. [6] investigated the relationship between the anisotropy of ion transport in 3DPC and variables such as layer height and interface type. Their experiment encompassed both interlayer and inter-filament interfaces within the 3DPC. It measured the matrix diffusion coefficient     D   m     along with the effective diffusion coefficients in three different directions (    D   x    ,     D   y    , and     D   z    ) for the 3DPC. The relevant experimental data are presented in Table 2.



In this example, there are four unknown parameters, including the thickness of the interlayer interface     a   2     and its diffusion coefficient     D   1    , along with the width of the inter-filament interface     b   2     and its diffusion coefficient     D   2    . Assuming the range of     a   2     is from 0.1 mm to 1.2 mm, the values for     b   2    ,     D   1    , and     D   2     can be calculated by solving a system of equations for     D   x    ,     D   y    , and     D   z     based on the theoretical model presented in Section 2.2. Depending on the combinations of series and parallel configurations, there are four different sets of equations. These are outlined in Table 3. The calculated values for     b   2    ,     D   1    , and     D   2     according to these four scenarios are listed in Table 4.



As can be observed from Table 4, for the same value of     a   2    , there can be up to four different sets of solutions. When     a   2     is small, scenarios 2 and 4 have no solution, while when     a   2     is large, scenarios 1 and 4 have no solution. Relatively speaking, the solutions for scenarios 1 and 4 are similar, as are the solutions for scenarios 2 and 3. The variation patterns of the interlayer interface diffusion coefficient     D   1     with interlayer interface thickness     a   2    , as well as the inter-filament interface diffusion coefficient     D   2     with inter-filament interface width     b   2    , are shown in Figure 7. It can be seen from the figure that, regardless of the interface type, the variation trends of the interface diffusion coefficients calculated by different scenarios are essentially the same, approximately following an inverse proportional function relationship.



To verify the accuracy of the theoretical model and the solutions, a numerical model of the 3DPC was established using the interlayer interface thickness     a   2     and the structural parameters listed in Table 4, along with the calculated values of     b   2    ,     D   1    , and     D   2    . The finite element software COMSOL 6.0 was utilized to simulate the steady-state transport of ions within the 3DPC and to calculate the effective diffusion coefficients in various directions. The simulated results were compared with the experimental values in Table 4, with outcomes illustrated in Figure 7.



As can be seen in Figure 8, the error in     D   x     is essentially zero for all scenarios, indicating that the formula for calculating     D   x     is accurate. The error in     D   y     decreases with an increase in     a   2    , while the error in     D   z     increases with an increase in     a   2    . However, the maximum error for both     D   y     and     D   z     does not exceed 2%, demonstrating good agreement between simulation and measured values. All four solution scenarios exhibit high precision, thereby validating the accuracy of the theoretical model presented in this study.




4.2. Static Analyses


The effective diffusion coefficient is a crucial parameter for characterizing the ion transport properties of 3DPC. Utilizing the theoretical model presented in this paper allows for the accurate and convenient calculation of the equivalent diffusion coefficients of 3DPC, thereby analyzing the impact of structural and material parameters on the overall ion transport performance of 3DPC.



Within Equations (22)–(26), four dimensionless variables are introduced, including   υ  ,   λ  ,     D   1 m    , and     D   2 m    . It is assumed that the structural parameters   υ = 0.1   and   λ = 1   remain constant and the range of material parameters     D   1 m     and     D   2 m     is from 1 to 20. The variation patterns of equivalent diffusion coefficients with structural parameters were analyzed. Figure 9 shows the contour maps of     D   x m    ,     D   y m    , and     D   z m     as functions of material parameters     D   1 m     and     D   2 m    . It can be observed that the contour lines of     D   x m     are 45° straight lines, indicating that     D   1 m     and     D   2 m     affect     D   x m     in the same manner; the contour lines of     D   y m     are approximately horizontal, indicating that     D   y m     is more influenced by changes in     D   1 m     than by changes in     D   2 m    ; and the contour lines of     D   z m     are approximately vertical, indicating that     D   z m     is less influenced by changes in     D   1 m     and more by changes in     D   2 m    . Building on Figure 9 and Figure 10, the curves of the dimensionless equivalent diffusion coefficients are presented as functions of     D   1 m     when     D   2 m   = 10   and as functions of     D   2 m     when     D   1 m   = 10  . It can be seen that both     D   x m     and     D   y m     linearly increase with an increase in     D   1 m    , while     D   z m     remains essentially unchanged with an increase in     D   1 m    ; both     D   x m     and     D   z m     linearly increase with an increase in     D   2 m    , while     D   y m     remains essentially unchanged.



Assuming the material parameters     D   1 m   = 10   and     D   2 m   = 10   are constant, and analyzing the variation of the effective diffusion coefficient with structural parameters   υ   ranging from 0.05 to 0.2 and   λ   from 0.1 to 10, Figure 11 displays contour plots of     D   x m    ,     D   y m    , and     D   z m     against   υ   and   λ  . It is observed that the isoclines of     D   x m     are horizontal lines, indicating that     D   x m     is influenced solely by   υ   and is independent of   λ  ;     D   y m     increases with both   λ   and   υ  , with its maximum value located at the upper right corner of the contour plot; and     D   z m     decreases with increasing   λ   and increases with   υ  , with its maximum value in the upper left corner. Building on Figure 11 and Figure 12, curves showing the variation of dimensionless effective diffusion coefficients are presented with   υ   at   λ = 5   and with   λ   at   υ = 0.2  . These graphs illustrate that     D   x m    ,     D   y m    , and     D   z m     all increase linearly with   υ  , with     D   x m     being the most sensitive to changes in   υ  , followed by     D   y m    , and     D   z m     being the least affected. Meanwhile,     D   x m     remains constant with variations in   λ  ,     D   y m     initially increases rapidly with   λ   before stabilizing, and     D   z m     decreases rapidly before reaching a steady state.




4.3. Dynamic Analysis


The equivalent diffusion coefficient primarily reflects the overall diffusion performance of 3DPC under steady-state conditions. However, ion transport is a dynamic process, and the anisotropy of diffusion performance caused by the presence of interlayer and inter-filament interfaces results in significant temporal and spatial differences in the ion transport process within 3DPC [26]. These differences cannot be captured by the equivalent diffusion coefficient alone and require investigation through dynamic analysis.



Numerical simulation validation indicates that the interface parameter values calculated using the theoretical model, as presented in Table 4, adequately conform to the experimental data of effective diffusion coefficients provided in reference [6]. This suggests that under consistent printing parameters and determined effective diffusion coefficients, multiple possibilities exist for the values of interface parameters.



Utilizing the two sets of interface parameters calculated in Table 4 and experimental data provided by the literature [6], numerical Models 1 and 2 were established using COMSOL. In the experiments in the literature [6], the layer height parameter could vary between 6 mm and 20 mm. Models 1 and 2 had a layer height of 6 mm. For comparison, Model 3 had a layer height of 18 mm, in which printing one layer was equivalent to printing three layers originally, thereby reducing the interlayer interfaces and, consequently, the equivalent diffusion coefficient. For ease of comparison, it was assumed that the parameters of the inter-filament interfaces for Model 3 were the same as those for Model 2. The primary modeling parameters for the three models are listed in Table 5. Using COMSOL, the transport process of chloride ions in a salt solution was simulated to study the differences in ion transport performance under dynamic conditions across these three models.



Steady-state analysis yields the vertical effective diffusion coefficients for the three models. Model 1 has an effective diffusion coefficient of   20.93 ×   10   − 12       m   2   / s  , Model 2 is   20.78 ×   10   − 12       m   2   / s  , and Model 3 is   19.40 ×   10   − 12       m   2   / s  . The effective diffusion coefficient of Model 1 is the highest. Model 2’s coefficient is 0.7% lower than that of Model 1, while Model 3’s is 7.3% lower than Model 1.



The ion transport capability of an interface is influenced not only by the interface’s diffusion coefficient but also by its size. For planar issues, the parameter   Q   is defined to characterize the interface’s ability to transport ions, represented by the following equation:


  Q =   D   f   · w  



(28)




where     D   f     represents the interface diffusion coefficient,   w   represents the size of the interface, and   Q   physically signifies the number of ions transported by the interface per unit time when the concentration gradient is one unit. For convenience in subsequent research, the   Q   values for both the interlayer and inter-filament interfaces calculated for the three models are also listed in Table 5.



Figure 13 presents the iso-concentration contours and diffusion flux streamlines of chloride ions for three models at the same moment (after 30 days of specimen immersion). The iso-concentration contours reveal that the lower part of the specimen has a denser distribution, while the upper part is sparser, indicating significant concentration changes in the lower part compared to smaller changes in the upper part. The presence of inter-filament interfaces causes the contour lines to bend upward due to the higher diffusion speed of chloride ions in the inter-filament interfaces than in the matrix, resulting in a higher ion concentration at the same height within the interfaces than in the matrix. Furthermore, the closer to the upper boundary, the greater the concentration difference, and correspondingly, the greater the curvature of the contours. Since the diffusion coefficient at the interface significantly exceeds that of the matrix, this results in a sudden change in the slope of the contours upon crossing the interface, with the change being more pronounced for narrower interfaces and larger diffusion coefficients. The illustration shows that streamlines are perpendicular to the iso-concentration contours, indicating that chloride ions primarily diffuse vertically upward, accompanied by horizontal diffusion from the center toward the sides. The tendency for chloride ions to diffuse sideways becomes more apparent with elevation, and the interlayer interfaces provide pathways for lateral diffusion. The size of the arrows indicates that the diffusion flux decreases from the bottom to the top and from the center to the sides, with the maximum diffusion flux occurring at the inter-filament interfaces, highlighting their role as critical pathways for chloride ion diffusion.



A comparison of Figure 13a–c reveals that near the bottom region, the differences in the distribution of iso-concentration contours and streamlines among the three models are minimal, indicating a roughly similar chloride ion concentration distribution in the bottom region across the different models. However, closer to the top, the differences among the three models become more pronounced, reflecting the variance in their dynamic transport properties for chloride ions. Therefore, by analyzing the temporal variation in the chloride ion concentration distribution at the upper boundary, the influence of interface parameters on the dynamic ion transport properties of 3DPC can be investigated.



Figure 14 illustrates the comparison of chloride ion concentration distributions and the average chloride ion concentrations at the upper boundary of the specimens at different times across three models. It can be observed from the figure that the distribution curves of chloride ion concentrations resemble a “hat” shape, with a higher concentration in the middle and lower concentrations on both sides. As time progresses, the difference in concentration decreases, leading to a gradual flattening of the curve shape. Although Model 3 has the smallest vertical equivalent diffusion coefficient, in the early stages (as shown in Figure 14a), Model 3 exhibits the highest maximum and average boundary concentrations among the three models. This is because the amount of chloride ion diffusion is minimal at the initial stage, and the interlayer interface widths of Models 2 and 3 are small, leading to a rapid increase in concentration. Additionally, due to the absence of interlayer interfaces, the amount of chloride ions diffusing from the center to the sides in Model 3 is the least, resulting in the highest maximum and average concentrations for Model 3.



Over time, the amount of chloride ion diffusion continues to increase, but due to the limitation imposed by the interlayer interface widths, Models 2 and 3 can only transmit a limited amount of chloride ions upward (refer to the interface transmission capacity indicator   Q  , shown in Table 5). As a result, the maximum concentration of Model 1 gradually surpasses that of Models 2 and 3. Concurrently, the maximum concentration of Model 2 gradually approaches and surpasses that of Model 3. This is attributed to Models 2 and 3 having the same inter-filament interface, but Model 2 being able to transport more chloride ions upward through the interlayer interface. Thus, the maximum concentration of Model 2 eventually exceeds that of Model 3.



On the other hand, because the equivalent diffusion coefficients of Models 1 and 2 are similar and significantly greater than that of Model 3, the average concentrations of Models 1 and 2 are closer. After the initial stage, their average concentrations quickly surpass that of Model 3. Additionally, because the ion transport capacity of Model 2’s interlayer interface exceeds that of Model 1 (as seen in Table 5), under the influence of the concentration difference in the horizontal direction, Model 2 can transport more chloride ions from the center to the sides through the interlayer interface. Consequently, on both sides of the upper boundary, the concentration of Model 2 is higher than that of Model 1, and the concentration of Model 1 exceeds that of Model 3.



When the concentration of chloride ions in concrete reaches a certain level, it can initiate the corrosion of reinforcing steel. This threshold concentration is the critical concentration for chloride-induced corrosion of reinforcement. According to the recommended values in reference [27], this critical concentration is   33.85   m o l /   m   3    . Therefore, by analyzing the isopleths of the critical concentration in concrete, the areas and extent of concrete corrosion can be determined.



Figure 15 presents a comparison of the critical concentration contours for three models at different moments. The contours are characterized by high middle and lower sides, attributed to the faster diffusion rate of chloride ions at the inter-filament interfaces compared to the matrix [28]. This results in higher chloride ion concentrations at the inter-filament interfaces than in the matrix at the same elevation. The contour lines divide the sample into two regions, with concentrations above   33.85   m o l /   m   3     below the contour and below   33.85   m o l /   m   3     above it. Over time, these contours move upward and laterally. Despite Model 3 having a significantly lower effective diffusion coefficient than Models 1 and 2, the central part of Model 3’s contour is the highest among the three models in the initial period (Figure 15a,b). This is due to the narrow inter-filament interface in Model 3, which lacks an interlayer interface to divert chloride ions, leading to a rapid increase in chloride ion concentration at the Model 3 inter-filament interface initially. Due to the strongest diffusion capability at the inter-filament interface in Model 1, its contours reach the upper boundary first (Figure 15c). The interlayer interface in Model 2 provides a rapid channel for chloride ions to diffuse laterally, thereby reducing the chloride ion concentration at the Model 2 inter-filament interface. Consequently, the isopleths of Model 3 reach the upper boundary before those of Model 2 (Figure 15d). Given the strongest diffusion capability at the interlayer interface of Model 2, its isopleths on both sides are the highest among the three models. Over time, the contours of Models 1 and 2 are significantly higher than those of Model 3 (Figure 15e) due to the overall stronger diffusion capability of Models 1 and 2 compared to Model 3. When the contours spread to the upper boundary, the concentration in the vast majority of the sample area exceeds the critical concentration of   33.85   m o l /   m   3    , indicating a significant reduction in the sample’s durability.



Research into the dynamic ion transport process in 3DPC demonstrates that the equivalent diffusion coefficient does not fully reflect the dynamic ion transport performance of 3DPC. The presence of interfaces significantly impacts the distribution and evolution of ions within 3DPC [6,29,30,31]. The comparison between Models 1 and 2 shows that, in the initial stage, ions diffuse faster in interfaces with a high diffusion coefficient and narrow channels, resulting in higher ion concentrations in those interfaces. However, the ability of an interface to transport ions is not only related to the interface’s diffusion coefficient but also to the channel size. The larger the product of these two factors, the stronger the interface’s capacity to transport ions. Over time, interfaces with a stronger transport capacity will ultimately exhibit higher ion concentrations. The comparison between Models 2 and 3 indicates that, due to a special interface structure, the local ion concentration in 3DPC with a lower equivalent diffusion coefficient may be significantly higher than that in 3DPC with a higher equivalent diffusion coefficient for a period of time. This occurs because more interfaces, although increasing the equivalent diffusion coefficient of 3DPC, can accelerate ions diffusing from the high-concentration center to the lower-concentration sides perpendicular to the main diffusion direction, thereby acting as a “peak shaving and valley filling” mechanism that temporarily slows down the speed of ion diffusion in the primary direction. However, as the “peak shaving and valley filling” process completes, the ion concentration in 3DPC with a higher equivalent diffusion coefficient will ultimately exceed that in 3DPC with a lower equivalent diffusion coefficient.





5. Conclusions and Perspectives


A theoretical calculation model for the equivalent diffusion coefficient of 3DPC was established based on Fick’s laws of diffusion. This model was validated using numerical methods, and the effects of interface structural parameters and material parameters on the static ion transport performance of 3DPC were analyzed according to the theoretical model. To further investigate the dynamic ion transport performance of 3DPC, the transport process of chloride ions at the bottom of 3DPC immersed in a salt solution was simulated using COMSOL. The dynamic ion transport properties differences among models with various parameters were analyzed. The main conclusions are as follows:




	(1)

	
Numerical calculations have confirmed that the theoretical model provides precise computational results for single-interface 3DPC models, which possess either interlayer interfaces or inter-filament interfaces. For dual-interface 3DPC models, incorporating both interlayer and inter-filament interfaces, the theoretical calculation results for     D   x     are accurate, while the theoretical results for     D   y     and     D   z     show an error of no more than 2%.




	(2)

	
The impact of material parameters     D   1 m     and     D   2 m     on static performance is as follows:     D   x m     and     D   y m     linearly increase with     D   1 m    , with minimal impact on     D   z m    , and     D   x m     and     D   z m     linearly increase with     D   2 m    , while     D   2 m     has little effect on     D   y m    . As for the impact of structural parameters   υ   and   λ   on static performance,     D   x m    ,     D   y m    , and     D   z m     all linearly increase with   υ  , with     D   x m     being most affected, followed by     D   y m     and     D   z m    ,   λ   has no impact on     D   x m    ,     D   y m     rapidly increases with   λ   before stabilizing, and     D   z m     rapidly decreases with   λ   before reaching a steady state.




	(3)

	
Interfaces have a significant impact on the dynamic ion transport performance in 3DPC. The capacity of an interface to transport ions is not only related to the interface diffusion coefficient but also to the channel size. The larger the product of these two factors, the stronger the ion transport capacity of the interface, leading to higher ion concentrations over time. Lateral interfaces accelerate ion diffusion from the center toward the sides, making the vertical concentration contour lines flatter. Consequently, for a period, a 3DPC with a lower effective diffusion coefficient may exhibit higher ion concentrations in its central part.









It should be noted that this study has certain limitations, such as the assumption that the interfaces are regular rectangles and that the dimensions and parameters of the interlayer and inter-filament interfaces remain constant. This assumption is based on ideal conditions, which may slightly differ from the actual situation in 3DPC. Attention should be paid to further research progress regarding the rational values of interface structural parameters and material parameters, and our research should be refined based on these findings. Although this paper successfully simulated the chloride ion transport in 3DPC, the model needs further refinement to adequately cover changes in the actual environment, porous structures [32,33], and the effects of cracks [34]. Moreover, future research should also consider the performance of concrete materials and the coupling effect of early hydration in concrete [35,36] to develop a more practically meaningful model and verify its accuracy through experiments.
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Figure 1. Biphasic system model. (a) Parallel model schematic; (b) series model schematic. 
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Figure 2. 3DPC simplified model (consider both the interlayer and inter-filament interfaces). 
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Figure 3. Illustration of calculations for two models. 
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Figure 4. Static analysis model. 
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Figure 5. Dynamic analysis model. 
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Figure 6. Plot of interfacial diffusion coefficient with interfacial thickness. 
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Figure 7. Plot of interfacial diffusion coefficient versus interfacial thickness. (a) Variation of diffusion coefficient at the interlayer interface with the thickness of the interlayer interface. (b) Variation of diffusion coefficient at the inter-filament interface with the thickness of the inter-filament interface. 
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Figure 8. Plot of the error of     D   x    ,     D   y    , and     D   z     in each scheme compared to the measured values. (a) Scenario 1; (b) Scenario 2; (c) Scenario 3; (d) Scenario 4. 
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Figure 9. Variation of the equivalent diffusion coefficient with material parameters. (a)     D   x m    ; (b)     D   y m    ; (c)     D   z m    . 
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Figure 10. Nondimensional equivalent diffusion coefficient variation with material parameters. (a) Curves of dimensionless equivalent diffusion coefficients as a function of D1m. (b) Curves of dimensionless equivalent diffusion coefficients as a function of D2m. 
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Figure 11. Variation of the equivalent diffusion coefficient with structural parameters. (a)     D   x m    ; (b)     D   y m    ; (c)     D   z m   .   
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Figure 12. Nondimensional equivalent diffusion coefficient variation with structural parameters. (a) Curves of dimensionless equivalent diffusion coefficients as a function of   υ .   (b) Curves of dimensionless equivalent diffusion coefficients as a function of   λ .   
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Figure 13. Diffusion 30 d streamlines. (a) Model 1; (b) Model 2; and (c) Model 3. 






Figure 13. Diffusion 30 d streamlines. (a) Model 1; (b) Model 2; and (c) Model 3.



[image: Buildings 14 01216 g013]







[image: Buildings 14 01216 g014a][image: Buildings 14 01216 g014b] 





Figure 14. Chloride diffusion concentration maps for Models 1, 2, and 3 exit boundaries. (a) Chloride diffusion 5 d; (b) chloride diffusion 15 d; (c) chloride diffusion 40 d; and (d) chloride diffusion 200 d. 
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Figure 15. Contour plots of critical concentrations for the three models. (a) Chloride diffusion 5 d; (b) chloride diffusion 15 d; (c) chloride diffusion 26.7 d; (d) chloride diffusion 27.4 d; and (e) chloride diffusion 40 d. 
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Table 1. The main parameters of 3DPC in the literature test.
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	Layers
	Thickness of Single-Layer Matrix
	    Matrix   Diffusion   Coefficient     D   m      
	    Equivalent   Diffusion   Coefficient     D   y      
	Reference





	4
	10 mm
	4.603 × 10−12 m2/s
	13.05 × 10−12 m2/s
	J. Van Der Putten et al. [20]










 





Table 2. The main parameters of 3DPC in the literature test.
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	Thickness of Single-Layer Matrix
	Width of Single-Layer Matrix
	    Matrix   Diffusion   Coefficient     D   m      
	    Equivalent   Diffusion   Coefficient     D   x      
	    Equivalent   Diffusion   Coefficient     D   y      
	    Equivalent   Diffusion   Coefficient     D   z      
	Reference





	6 mm
	20 mm
	15.03 × 10−12 m2/s
	25.55 × 10−12 m2/s
	21.36 × 10−12 m2/s
	20.99 × 10−12 m2/s
	S. Surehali et al. [6]










 





Table 3. Four different systems of simultaneous equations schemes.
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Scenarios 1

	
Scenarios 2

	
Scenarios 3

	
Scenarios 4






	
     D   x     

	
Theoretical model

	
parallel connection

	
parallel connection

	
parallel connection

	
parallel connection




	
Equation

	
(9)

	
(9)

	
(9)

	
(9)




	
     D   y     

	
Theoretical model

	
parallel-then-series

	
series-then-parallel

	
parallel-then-series

	
series-then-parallel




	
Equation

	
(13)

	
(17)

	
(13)

	
(17)




	
     D   z     

	
Theoretical model

	
parallel-then-series

	
series-then-parallel

	
series-then-parallel

	
series-then-parallel




	
Equation

	
(18)

	
(19)

	
(19)

	
(18)











 





Table 4. Parameter values of 3DPC computed under 4 scenarios.
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Scenarios 1

	
Scenarios 2




	
     a   2     ( m m )   

	
     b   2     ( m m )   

	
    D   1     (×10−12 m2/s)

	
    D   2     (×10−12 m2/s)

	
     b   2     ( m m )   

	
    D   1     (×10−12 m2/s)

	
    D   2     (×10−12 m2/s)




	
0.1

	
2.807

	
477.94

	
96.79

	
No solution




	
0.2

	
2.371

	
253.60

	
108.38

	
No solution




	
0.3

	
1.981

	
178.48

	
122.88

	
No solution




	
0.4

	
1.629

	
140.73

	
141.75

	
No solution




	
0.5

	
1.308

	
117.95

	
167.57

	
2.402

	
116.10

	
102.31




	
0.6

	
1.014

	
102.68

	
205.35

	
1.816

	
100.23

	
127.34




	
0.7

	
0.743

	
91.72

	
266.35

	
1.416

	
89.17

	
155.12




	
0.8

	
0.492

	
83.45

	
382.25

	
1.093

	
80.97

	
191.39




	
0.9

	
0.259

	
76.99

	
690.27

	
0.815

	
74.62

	
244.96




	
1.0

	
0.0418

	
71.80

	
4054.2

	
0.565

	
69.57

	
336.68




	
1.1

	
No solution

	
0.338

	
65.44

	
537.21




	
1.2

	
No solution

	
0.128

	
62.01

	
1353.8




	

	
Scenarios 3

	
Scenarios 4




	
     a   2     ( m m )   

	
     b   2     ( m m )   

	
    D   1     (×10−12 m2/s)

	
    D   2     (×10−12 m2/s)

	
     b   2     ( m m )   

	
    D   1     (×10−12 m2/s)

	
    D   2     (×10−12 m2/s)




	
0.1

	
2.963

	
472.98

	
93.44

	
No solution




	
0.2

	
2.641

	
249.16

	
100.77

	
No solution




	
0.3

	
2.335

	
174.48

	
109.52

	
No solution




	
0.4

	
2.043

	
137.09

	
120.22

	
2.468

	
143.54

	
98.68




	
0.5

	
1.765

	
114.62

	
133.62

	
1.609

	
118.76

	
139.04




	
0.6

	
1.499

	
99.62

	
150.95

	
1.147

	
102.98

	
183.34




	
0.7

	
1.244

	
88.89

	
174.31

	
0.800

	
91.83

	
248.34




	
0.8

	
1.001

	
80.84

	
207.59

	
0.513

	
83.49

	
367.01




	
0.9

	
0.768

	
74.56

	
258.99

	
0.264

	
77.00

	
677.08




	
1.0

	
0.544

	
69.54

	
349.04

	
0.0419

	
71.80

	
4042.6




	
1.1

	
0.331

	
65.43

	
548.23

	
No solution




	
1.2

	
0.127

	
62.01

	
1363.8

	
No solution








Different Scenarios are bolded in the table.













 





Table 5. The main modeling parameters of the three models.






Table 5. The main modeling parameters of the three models.





	

	
Number of Layers

	
Number of Strips

	
Matrix Thickness (mm)

	
Matrix Width (mm)

	
Interlayer Interface Thickness (mm)

	
Interlayer Interface Diffusion Coefficient (10−12 m2/s)

	
Interlayer Interface Horizontal Ion Transport Capacity (10−15 m3/s)




	
Model 1

	
3

	
2

	
6

	
20

	
0.1

	
477.94

	
47.8




	
Model 2

	
3

	
2

	
6

	
20

	
0.9

	
76.99

	
69.3




	
Model 3

	
1

	
2

	
18

	
20

	
\

	
\

	
\




	

	
Inter-Filament Interface Thickness (mm)

	
Inter-Filament Interface Diffusion Coefficient (10−12 m2/s)

	
Inter-Filament Interface Vertical Ion Transport Capacity (10−15 m3/s)




	
Model 1

	
2.807

	
96.79

	
271.7




	
Model 2

	
0.259

	
690.27

	
178.8




	
Model 3

	
0.259

	
690.27

	
178.8








The names of the main parameters required in the table have been bolded.
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