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Abstract

:

Three-dimensional concrete printing (3DCP) is of great interest to scientists and the construction industry to bring automation to structural engineering applications. However, studies on the thermal performance of three-dimensional printed concrete (3DPC) building envelopes are limited, despite their potential to provide a long-term solution to modern construction challenges. This work is a numerical study to examine the impact of infill geometry on 3DPC lattice envelope thermal performance. Three different lattice structures were modeled to have the same thickness and nearly equal contour lengths, voids, and insulation percentages. Additionally, the effects of filament width and the application of granular insulating materials (expanded polystyrene beads and loose-fill perlite) were also studied. Finally, the efficacy of insulation was established. Results show that void area affects the thermal performance of 3DPC envelopes under stagnant air conditions, while web length, filament width, and contact (intersection) area between the webs and face shells affect the thermal behavior when cavities are filled with insulating materials due to thermal bridging. The thermal efficiency of insulation, which shows the effective use of insulation, varies between 26 and 44%, due to thermal bridges.
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1. Introduction


The construction industry consumes more than half of all raw materials globally, emits the most carbon, and accounts for 40% of total energy consumed globally [1]. This has a significant environmental impact because of its energy consumption. Three-dimensional printed concrete (3DPC) has emerged as a potential answer as the building sector changes to meet the demands of sustainability and environmental responsibility. This revolutionary technique is altering traditional construction practices by promising increased material and energy efficiency [2,3]. Three-dimensional concrete printing (3DCP) can reduce the environmental impact of material transportation by moving production directly to the construction site [4]. Furthermore, recent research into the incorporation of recycled elements implies that 3DCP can help reduce waste [5]. As a result, with increased knowledge of environmental protection legislation, the perception of sustainable growth in the construction industry is gaining traction. These days, the primary goal is to create a built environment that uses as little energy as possible [6].



Additive manufacturing presents a multitude of promising commercial prospects, with one of its key strengths lying in the capacity for product personalization [7]. Largely attributed to its rapid prototyping, customizable features, and just-in-time production capabilities, this technology has unlocked many profitable avenues across various industries [8]. Businesses are strategically leveraging the perks of 3D printing by leveraging diverse printing processes and approaches. Notably, two techniques, the Material Deposition Method (MDM) and binder jetting stand out as optimal for large-scale construction and small-scale architectural components, respectively [9].



The innovative MDM utilizes a nozzle to deposit construction material in a layered fashion, often as extruded concrete or mortar to construct 3D printed structures [9]. In their study, Mechtcherine et al. [10] investigated the application of MDM in construction, with a focus on creating building components using a robotic extrusion system. This cutting-edge technology has also been adopted by companies like Apis Cor, a pioneering construction startup, for on-site 3D printing of buildings. Their approach involves utilizing on-site robotic extrusion of construction materials to fabricate walls and structural elements [11].



Walls serve a crucial purpose in maintaining a stable internal microclimate within a building. Beyond just being resilient and long-lasting, these walls must also effectively block heat loss, excessive heat in the summer, noise pollution, and an increase in humidity. In response to the growing emphasis on energy sustainability in construction, 3DPC structures have emerged as a promising solution for achieving this objective [2,12]. A key factor to consider in the assessment of a building’s heat transfer capabilities is its thermal transmittance, also known as the U-value. This value expresses the rate at which heat flows through a material or assembly. Accurate U-value predictions are crucial in assessing various building components such as walls, roofs, and windows. These metrics are instrumental in projecting a building’s energy consumption and ensuring thermal comfort. However, determining U-values is no easy task, as the intricate process is influenced by multiple factors such as the materials used, junctions, and interfaces, all of which play a critical role in heat transfer. Sophisticated modeling methods, such as finite element (FE) analysis and computational fluid dynamics (CFD), offer more accurate predictions of U-values for intricate systems.



A variety of factors, including cavity size, geometry changes, and the addition of insulation in cavities can influence optimization of thermal performance in 3DPC walls. Researchers like Mansouri et al. [13] showed that subdividing large cavities into smaller ones can significantly reduce heat flux. Nemova et al. [14] experimentally studied the thermal performance of 3DPC-enclosing structures. They were able to develop an innovative energy-efficient ventilated 3DPC envelope with a low thermal conductivity coefficient following the climatic zone. Alkhalidi and Hatuqay [9] focused on designing energy-efficient and low-cost dwelling units by balancing cavities and 3D-printed material. Similarly, Suntharalingam et al. [15] demonstrated that complex geometries, such as double-rowed honeycomb or lattice structures, enhance insulation by trapping air.



The cavity-insulating material used in previous studies [9,15], expanded polylactic acid (E-PLA), a bio-based foam material, still has limited applications. While E-PLA has a niche market due to its green characteristics when compared to traditional materials, it still has a higher cost, lower thermal resistance (R-value), high sensitivity to moisture, relatively poor fire resistance, limited availability in some regions, and a lack of extensive long-term performance data [16,17,18]. Similarly, AlZahrani et al. [19] investigated the energy efficiency of infill structures while maintaining equal void-to-concrete ratios. They found that modifying the infill structure of 3DPC walls affects their thermal conductivity. However, their study lacks clear information on the geometric parameters of all the walls and the structural considerations made.



Due to the lack of technical design standards in the additive manufacturing of concrete walls, studies on the evaluation of thermal performance can easily overlook the structural aspects of these walls. In almost all the studies delving into the thermal performance optimization of 3DPC walls, the premises of the selection of infill structures are not clearly addressed. Therefore, this study aims to examine the impact of the infill geometry on the energy performance of large-scale, commercially applied 3DPC walls using infill structures of sufficient structural integrity. The selection of infill structures used in this study is supported by experimental literature and industrial trends. This work studies the effects of void area, filament width, and insulation on the thermal performance of 3DPC envelopes for the same thickness, contour lengths, and void and insulation percentages. Because they are widely available, granular insulating materials, namely expanded polystyrene (EPS) beads and loose-fill perlite, are used in this study. The choice of these materials is also motivated by many other factors, such as ease and versatility of application, conformity to irregular shapes, recyclability, sustainability, and cost. Moreover, this study also aims to assert the extent to which thermal bridges affect the effective usage of granular insulating materials.




2. Methodology and Analysis


Three types of walls were chosen, and a thorough parametric analysis was carried out to investigate how the internal structure (infill structure) impacts energy performance. The study established the impact of void area effects, filament width, and insulation on the thermal behavior of these lattice envelopes. A detailed explanation of the parametric study can be found in Section 2.2. In selecting the three infill structures used in this study, a comprehensive approach was adopted to ensure that the lattice structures not only possess adequate structural integrity but also aligned with current industrial trends. The heat transfer analysis utilized Ansys Workbench for modeling. Appropriate numerical heat transfer models were created and verified using published data.



EPS beads and loose-fill perlite were applied for cavity insulation. Table 1 shows the thermal properties of the 3DPC and cavity-insulating materials [20,21,22]. Lastly, an assessment of the thermal efficiency of insulation is made to assert the extent to which thermal bridges can produce significant heat losses, resulting in ineffective usage of the insulation material. This research contributes to the development of energy-efficient and sustainable 3DPC building envelopes. The sections that follow contain detailed information on the research’s methodology.



2.1. Development of the Finite Element Model


2.1.1. Heat Transfer Analysis


In the realm of heat transfer across 3DPC walls, there is a delicate interplay between conduction, convection, and radiation. Notably, conduction plays a dominant role in this process, which can be attributed to the thermal behavior of the still air entrapped within the infill and the comparatively low temperatures at the external surfaces. The stagnant air acts as an insulator, impeding heat transfer via convective and radiative means. Because air movement is restricted, conduction becomes the primary mechanism for heat movement inside this region of the walls [19].



Due to the unconfined nature of the surroundings, convective and radiative processes are prominent heat exchange mechanisms between ambient air and the interior and external wall surfaces. This enables greater fluid mobility and radiant energy exchange. However, the insulative properties of air cavities often decrease as the cavity size increases. Tamimi et al. [26] found that heat transfer studies using still air are unreliable for cavities larger than 200 mm. Large cavities suffer from the development of convection currents, reducing their insulating efficacy. In contrast, smaller cavities, with still air forming a stagnant layer, function as effective insulators [27].



For one-dimensional heat transfer analysis through a building component consisting of homogeneous layers, EN ISO 6946 [28] provides a simplified calculation method to determine thermal transmittance. In the simplified calculation method, the principle of thermal resistance is applied, and the thermal transmittance (U) is given by:


  U =   1     R   T      



(1)







To determine the total thermal resistance through homogeneous layers, every material layer must be considered. The design thermal values of the layers can be provided as either design thermal conductivity or design thermal resistance. For a given thermal conductivity (λ), the thermal resistance (R) of a layer with a thickness (L) is obtained by:


  R =  L λ   



(2)







As a result, the total thermal resistance (RT) of a plane-building component made up of thermally homogenous layers perpendicular to the heat flow is computed using the following expression:


    R   T   =   R   c o n v , i   +   R   l a y e r , 1   +   R   l a y e r , 2   + … +   R   l a y e r , n   +   R   c o n v , e    



(3)







    R   c o n v , i     and     R   c o n v , e     are the convectional resistances of the internal and external surfaces, respectively. The heat flow (Q) through an assembly of homogeneous layers is directly proportional to the thermal transmittance (U) and is given by:


  Q = U ∆ T  



(4)







The 3DPC walls are a homogeneous medium with constant thermal conductivity. Equation (5) describes three-dimensional heat conduction via a 3DPC envelope, which considers temperature variations in all three spatial directions: x, y, and z.



Since granular insulating materials are used for cavity insulation, these materials have interconnected voids between the individual grains, forming a tortuous but continuous air path through them. The heat transfer mechanisms within voids include solid and gas conduction, gas convection, and long-wave radiation [29]. EPS cell sizes, for instance, may typically be in the range of 50–350 µm, and the air convection component is negligible. The heat transfer through granular materials in this study is therefore determined using conductive contributions only, as radiation is also negligible due to low-temperature conditions [30,31].


    ∂ T   ∂ t   = α       ∂   2   T   ∂   x   2     +     ∂   2   T   ∂   y   2     +     ∂   2   T   ∂   z   2        



(5)




where:




	
T is the temperature as a function of x, y, z, and time t.



	
α is the thermal diffusivity of the material.








When examining the correlation between structural loading and the thermal performance of masonry walls, the primary focus often lies in subjecting these walls to extremely high temperatures, such as in the case of a fire. The intense heat causes the masonry to bend towards the source of the fire, leading to potential issues with vertical loading after extended exposure. This is because the elements within the masonry become unstable laterally due to the significant stresses caused by moments from lateral displacement [32,33,34]. However, the small temperature differences applied in this study are not significant enough to produce thermal strains and, under certain conditions, generate stresses within the 3DPC walls. Therefore, unloaded 3DPC wall configurations were investigated in this study through an uncoupled heat-transfer analysis (structural analysis is not integrated).



The isotropic material model present in Ansys was employed throughout this study. In this model, heat conduction is considered to be homogenous throughout the lattice structures, and the thermal properties do not vary significantly with direction. This means that the lattice structures’ response to temperature changes is consistent across its entire volume. Within the lattice structures, it is assumed that all material properties, including specific heat capacity and thermal conductivity, are uniform in all directions [35]. The material properties are fed directly into the constitutive model.



In this heat transfer investigation, two parallel surfaces were identified as isothermal with varying temperatures. As a result, a perpendicular heat flow between these surfaces was established while disregarding any heat flux in the other direction since the other boundaries are considered insulated (adiabatic). The convective surface heat-transfer coefficients for the external and internal environments were set according to the provisions of EN ISO 6946: 25 W/m2.K and 7.69 W/m2.K, respectively [28]. The exterior and interior sink temperatures were determined to be 302.5 K and 297.5 K, respectively. To achieve a design temperature difference of 5 K, the ambient temperature was maintained at a constant 295.15 K. Surface average weighted heat flux results were derived from simulations, and U-values were calculated by dividing the surface average weighted heat flux with the design temperature difference. The empty cavities were modeled as air layers. The thermal conductivity of still air was determined by dividing the thickness of the air layer with unventilated air layer thermal transmittance values interpolated from the relevant table given in EN ISO 6946 [28]. Figure 1 shows the application of boundary conditions to the FE models.




2.1.2. Mesh Sensitivity Analysis


Mesh sensitivity analysis was performed to find the ideal element size that produces the more accurate results while consuming the least amount of computational time and resources. To do so, seven various mesh size combinations of global and edge seedings were investigated in five cavity layouts of hollow concrete bricks selected from the work of Henrique dos Santos et al. [23]. They thermally characterized several cavity layouts of hollow concrete bricks. The cavity layouts selected for sensitivity analysis were B1, B3, B5, B7, and B9, and are provided in Figure 2. Edge seeding was used to selectively refine the mesh along edges or boundaries where higher mesh resolution is needed to improve the overall mesh quality. This sensitivity analysis’s global/edge seeding combinations ranged from a very coarse combination of 20/2 mm to a finer 3/2 mm. Figure 3 depicts the mesh sensitivity analysis.



Overall, the U-values decreased as the mesh sizes decreased. When the mesh combinations had global seedings greater than 8 mm, the decrease was significant; when the global seedings were less than 8 mm, the decrease was very minor and almost insignificant. In contrast, as the mesh sizes were reduced, the computing time increased. At 8/2 mm, there was a satisfactory balance between computational time and accuracy. The increase in computational time was large for 3/2 mm as the lowest mesh size studied. Therefore, the 5/2 mm combination was chosen to balance computing efficiency and accuracy, as well as to obtain clearer heat flux contour maps.




2.1.3. Validation of Finite Element Model


Validating finite element models is critical since it provides accuracy assessment, model implementation verification, and confidence building in the model’s predictive capabilities. As a result, the simulation models developed were tested against previously published literature. The validation was performed against the work of Henrique dos Santos et al. [23]. They performed the thermal characterization of several cavity layouts of hollow concrete bricks. This was completed by comparing the thermal transmittances obtained from FE simulations to those calculated using the analytical methodology presented in international regulation (EN ISO 6946). Therefore, 10 cavity layouts of hollow concrete blocks, provided in Figure 2, were modeled and validated.



Figure 4 shows the U-value results obtained from the FE models developed by the authors and those calculated by Henrique dos Santos et al. for each block using EN ISO 6946. The simulation results are in good agreement with the standard values. The absolute average error is 2.88%, which is less than Henrique dos Santos et al.’s absolute average error of 3.81% when compared with their FEM (finite element modeling) results. Hence, the models are accurate and reliable and could be used for detailed parametric analysis of the energy performance of 3DPC building envelopes.



The constitutive model used was also validated against the work of Tamimi et al. [26]. They studied the thermal performance of 3DPC walls both experimentally and numerically. They established the thermal transmittance values of the printed structures using heat flux meters and thermocouples. Figure 5 shows the wall geometry of Structure 1 adopted for validation.



For the in situ measurement of the U-value, tests were conducted for both the column and cavity locations of Structure 1. Therefore, two models were developed, and the U-values were determined with the application of the same boundary conditions. The thermal conductivities of 3DPC filament, concrete, gypsum board, glass wool, and steel are 0.781, 0.8, 0.159, 0.031, and 60.5 W/m.K, respectively [26].



The U-values from the FE simulations were 0.455 W/m2.K and 0.410 W/m2.K for the cavity and column locations, while those from in situ measurements were 0.440 W/m2.K and 0.395 W/m2.K, respectively [26]. Despite the respective errors of 3.41% and 3.80% in the simulated results, the results show very good agreement. These errors may be attributed to the nature of the construction of this 3DPC technology. Sun et al. [36] conducted an experimental study on the thermal performance of a 3DPC prototype building. They discovered that some 3D printing characteristics, such as the number of layers per printing, rest time during the printing process, and layer-by-layer appearance, can have adverse effects on 3DPC thermal performance and generate thermal defects. However, simplifications were made in the FE models such as assuming the wall panels to be straight-faced instead of the actual layer-by-layer appearance. Moreover, air may be entrapped between layers during the printing process, creating voids that may be insulative. All these phenomena have the potential to affect the overall thermal performance of 3DPC envelopes. It may be expected for FE models to have a slightly higher U-values.



Assumptions on the size and spacing of the rebar were also made in the case of the column section due to a lack of clear information in the literature. For the longitudinal bars and lateral ties, 12 mm and 8 mm diameter bars at spacings of 50 mm (from faces of 3PDC) and 300 mm (center-to-center) were applied, respectively. Despite being minor by volume fraction of the concrete column, all these discrepancies may potentially affect the thermal resistance of the section. Therefore, the results of this validation can be relied on, as the errors are minimal and justifiable. The validation results also align with similar studies on heat conduction, such as Lu et al. [37]’s study. They conducted numerical modeling and experimental verification for the anisotropic heat conduction process in the velocity probe of the thermal mass flowmeter. Their results showed that the average relative error between the simulated results and experimental data was 2.92%, and the maximum relative error was 10.91%.





2.2. Parametric Study


A holistic selection approach was taken in the selection of the three infill structures used for the parametric study. This is to ensure that the lattice structures studied not only have sufficient structural integrity obtained from experimentation literature but are also consistent with additive manufacturing industrial trends. Despite several novel structures for in-fill materials proposed in the literature, the selection of the lattice structures was limited to three. This is because of the limited structural performance data, especially under axial compression, which is the main loading direction for wall systems. Most of the literature on the mechanical performance properties of 3DPC infill structures focuses on their flexural performance as beams, with loadings in the vertical (layer deposition direction) and transverse (layer translation direction) loading directions. Moreover, some of the proposed infill structures still do not have commercial applications among companies in the 3DPC business.



The first lattice structure (T) is a truss topology (zigzag) obtained from the work of Daungwilailuk et al. [38]. They experimentally studied the large-scale 3DPC walls under unconfined axial compression to determine the effect of different infill patterns on mechanical behavior. Their study indicated that the inner truss inside 3DPC plays a role in the wall bracing. It can mitigate the wall bowing and prevent the buckling failure of the wall. Joh et al. [39] note that when the wall and lateral supports are connected in parallel, there is a tendency for higher resistance to buckling. Companies like Black Buffalo and QOROX commonly use this wall type [40].



The second wall type (A) used in this study is a square zig-zag configuration obtained from Apis Cor, a Guinness Book World Record holder for the world’s largest 3D-printed building on Earth. The company affirms that its 12” lattice structure is of the same structural integrity as a 12” concrete block wall [11].



Lastly, the third wall structure (P) is an innovative cob design adopted from the literature of Bello and Memari [40], who conducted an extensive review of the current state of 3D printing in the concrete industry. They looked at several companies currently in the additive manufacturing space and their approaches to the creation of 3DPC walls, including wall design. This cob design (the inside cavity is separated by a weave-like pattern) is unique to WASP, another leading company in the 3DPC industry based in Italy. In this wall design, no steel reinforcement is added to the wall, as the shape of the wall itself is designed to provide all the necessary strength [41,42]. Figure 6 shows the three wall types considered in the parametric analysis. The first, second, and third wall types are denoted by T, A, and P, respectively.



To study the effects of void area, filament width, and insulation on the thermal performance of 3DPC envelopes, all the lattice structures under this study were modeled to have the same thickness, height, nearly equal contour lengths and void, and insulation percentages. All contour lengths were measured along the center lines of the respective filaments as shown by red-dotted lines in Figure 6. By keeping the void area constant, the concrete area was increased by varying the filament width. This was completed using three nozzle sizes, i.e., 35 mm, 40 mm, and 50 mm, established from common industrial practice (Table 2). In the large-scale 3D printing of buildings, many companies, like Black Buffalo 3D, the first company to receive a building code compliance, at material, machine, and structural wall levels, use nozzle sizes of 1.38″–1.97″ (35–50 mm) [43]. For the 35 and 40 mm nozzles, the contour lengths, void, and insulation percentages are almost identical, while minor differences can be seen with the 50 mm nozzle size. Additionally, the T and A walls have very close void areas, while the P walls have a slightly lower void area. All walls are modeled to have an initial thickness of 12 in. (304.8 mm) but increased slightly due to an increase in filament width. Furthermore, a constant wall height of 500 mm is maintained in all cases. A detailed description of the parametric study is given in Table 2, where T35 means wall type one with a 35 mm nozzle size. The same analogy applies to naming all the subsequent walls.



The thermal performance of building envelopes is significantly impacted by the design of their insulation. This design is heavily influenced by a financial trade-off between the initial investment in improving the envelope and the long-term cost of energy for maintaining the space, taking into account factors such as durability and maintenance expenses [44]. An important aspect of this study is the incorporation of granular insulating materials, i.e., loose-fill EPS beads and perlite, for cavity filling of the hollow 3DPC building envelopes. The choice of these materials is not only motivated by the demands of sustainability and environmental responsibility in the construction industry but also by the ease and versatility of application, conformity to irregular shapes, and cost-effectiveness offered by these materials. EPS insulation is a highly efficient and environmentally friendly option, known for its lightweight and sturdy composition. As stated by the Insulation Company of America, it has always been free of harmful substances such as CFCs and HCFCs [45]. Its impressive characteristics, including its low thermal conductivity and lightweight structure, significantly reduce heat transfer in 3DPC structures [45,46]. Similarly, perlite, a naturally occurring inorganic mineral, is a long-lasting insulation material that can support its weight without settling or bridging. It boasts excellent thermal properties due to its amorphous volcanic glass structure and offers added protection against fires at a reasonable cost. Not only is perlite lightweight and easily poured, but it also does not require any special equipment or skills. This versatile material is mined and processed with minimal impact on the environment, making it a preferred choice for green communities who recognize its high-performance qualities [47,48].



Granular insulating materials, as stated earlier, have interconnected voids between the individual grains, forming a tortuous but continuous air path through them. Tests conducted by Simpson et al. [31] indicated that the thermal conductivity of loose EPS beads can be up to 5% higher than that of EPS boards of a similar density. Therefore, the thermal conductivity of the granular materials in this study was increased by 5%. A total of 27 wall models, with and without cavity insulation, are considered in the parametric study (Table 2). It is worth noting that in real-life construction, in all the wall systems, a portion of the wall cavities are filled with concrete and rebar, while others are reserved for services such as electrical and plumbing. To maintain consistency, the analysis was conducted without the presence of concrete and reinforcement, as well as service lines in the cavities.




2.3. Thermal Insulation of Efficiency


Although insulation materials are mostly cheaper than concrete materials, they considerably increase the overall cost of construction. Thus, the effective use of these materials for insulation is important. By studying the relative thermal efficiency (TEff) of insulation materials, the effectiveness of these materials in preventing the flow of thermal energy in building assemblies can be quantified and cost-optimized. Thermal insulation efficiency is used as a measure of the extent to which unintended thermal bridges can produce significant heat losses, resulting in ineffective usage of the insulation material. It is often quantified in terms of the R-value (thermal resistance) [49]. The higher the thermal resistance, the more efficient the insulation is at increasing the thermal inertia. Since thermal resistance and U-value are reciprocals, the higher the U-value, the less efficient the insulation is.



The method of estimating the TEff value in this study is based on an R-value comparison of insulated (Rin) and uninsulated (Run) envelopes, each having the same face area (Afa). The equivalent R-value (Req) of the insulation material alone is the R-value of insulation inserts into the cavities collectively per wall. It is calculated as an equivalent transformed layer of the total insulation material used for cavity filling, having the same face surface area (Afa) as the wall under consideration and containing the same volume of insulation (VTins). The equivalent thickness of the insulation layer is the quotient of the total volume of insulation (VTins) divided by the face surface area (Afa), while Req is the product of the equivalent thickness and the thermal resistivity of the insulation material [50]. TEff may be expressed by the following equation:


    T   E f f   =     R   i n   −   R   u n       R   e q     × 100  



(6)




where



	
Rin is the R-value of the insulated wall panel,



	
Run is the R-value of the uninsulated wall panel, and



	
Req is the equivalent resistance of insulation material alone, configured as a single uninterrupted layer.








3. Results and Discussion


This section discusses the numerical simulation results of the parametric study. The thermal transmittance values of all the models are given in Table 3. For nearly the same contour lengths, the effects of infill shapes, voids, and insulation areas, as well as filament width, are discussed herein.



3.1. Effect of Area of Stagnant Air


Overall, the U-values for T (truss-type) and A (zigzag-type) are very close, while those of P (weave-like pattern) are comparatively lower for nearly equal contour lengths (Table 3). In both the T and A walls, the thermal conductivities of the voids are the same due to identical air layer thicknesses (200 mm) (Figure 6). However, T walls have a slightly higher void area than A walls. T walls have a void area of 89,680.7 mm2 while that of A walls is 86,965.55 mm2 (Table 2). The difference in void area between the two wall types is 2715.15 mm2. Despite the small difference, the void percentages in both wall types are almost identical for the same filament width. For instance, for the same 35 mm nozzle, the void percentages for the T35 and A35 walls are 58.4% and 57.06%, respectively. The voids of the P walls, on the other hand, have two types of air layers based on the different thicknesses of the air layers. The larger voids are of the same thickness as those of the T and A walls, while the smaller ones have almost half the thickness (98 mm) (Figure 6). Additionally, the P walls have the lowest void area, 70,996.6 mm2, comparatively (Table 2). The void area differences between P and A walls and P walls are 18,684.1 mm2 and 15,968.95 mm2, respectively. Consequently, the void percentages of the P walls are lower for the same filament width.



Figure 7 shows the heat flow paths in the surface heat flux contour maps of the walls. In T and A walls, heat transfer occurs predominately through voids via gas conduction (vibration and collision of gas particles). This is because the total thermal conduction of the stagnant air volume considered is slightly higher than that of the 3DPC in both wall types. It should be noted that the thermal conductivity of stagnant air is proportional to the thickness of the air layer [28]. Thus, gas conduction is high in thick air layers. T35 has the highest U-value, 3.486 W/m2.K, of all walls, indicating the poorest thermal performance (Table 3). P50 shows the best thermal performance under stagnant air conditions, with a U-value of 1.947 W/m2.K. Furthermore, it is observed that for T and A walls of the same filament width (nozzle size), the U-values of the T walls are slightly higher than those of the A walls. For example, T40 has a U-value of 3.312 W/m2.K while that of A40 is 3.296 W/m2.K. The thermal behavior may be because of the difference in void areas. Additionally, a notable decrease in the U-values is seen across all wall types with an increase in filament width (nozzle size). This may be because of the increase in concrete areas and subsequent decrease in void percentage. Since most of the heat transfer occurs via the more conductive voids, an increase in filament width more or less acts as an insulative reverse effect.



On the other hand, the heat path through P walls is different from the first two types. Since P walls have two types of air layers, the thermal conductivities of these layers are different. In the larger voids, the heat transfer mechanism is the same as that of T and A walls. However, smaller voids have lower thermal conduction than the 3DPC. They have an insulative effect, and heat transfer occurs predominantly via the webs in these regions. Due to the presence of insulative air layers in P walls and their low void area, these walls exhibit the best thermal behavior. P35 has a U-value of 2.77 W/m2.K, while P50 has 1.947 W/m2.K. Therefore, the thermal performance of 3DPC lattice envelopes under stagnant air conditions in voids is mainly affected by the void area. T walls with the largest void area have the worst performance, while P walls with a smaller void area have the best thermal resistance. Figure 8 shows the thermal performance of the 3DPC envelopes with respect to their void area.




3.2. Effect of Cavity Insulation


To improve the thermal inertia, EPS beads and loose fill perlite were applied in the cavities of the 3DPC lattice structures. The introduction of granular insulating materials significantly lowers the U-values for all wall types (Table 3). The thermal conductivity of the 3DPC is 32.6 and 21.8 times higher than that of EPS beads and loose-fill perlite, respectively (Table 1). Due to the high thermal conductivities between the 3DPC and the insulating materials, the heat path through all the insulated wall types is predominantly through the concrete webbing of the lattice structures. Thermal bridging is evident between the external and interior surfaces (Figure 9 and Figure 10). Thermal bridges occur when highly conductive structural components penetrate the insulation plane [51].



The percentage reductions in U-values in all wall types for both insulating materials are close and vary between 77.3 and 87.2% (Figure 11). Even though the percentage reductions due to EPS are slightly higher than those of perlite, the average difference is very small, i.e., 2.16% (Table 3). For example, for the 35 mm filament width with EPS insulation, the percentage reductions in U-values for T35, A35, and P35 are 87.23%, 86.95%, and 84.95%, respectively. This shows that cavity insulation significantly improves the thermal performance of 3DPC envelopes, which complements the results presented by Alkhalidi and Hatuqay [9]. Overall, P-walls show the best thermal performance of all wall types. For example, P50 has 0.154 W/m2.K has the lowest U-value, and A50 has 0.563 W/m2.K has the highest U-value of all EPS-insulated walls. This thermal behavior is contrary to the respective areas of insulation of the wall types. While cavity insulation significantly improves the thermal performance of 3DPC envelopes, there is a contradiction with the results presented by Suntharalingam et al. [15]. Their results showed that U-values decreased with an increase in void area with insulation due to larger amounts of insulation directing a reduction in material conductivities. However, the results of the current study say otherwise. T walls have the largest area of insulation of the three wall types in this study, while those of P walls are the smallest. Yet P-walls show the best thermal performance of all wall types. From the U-values of insulated lattice structures of the same thickness, contour lengths, and insulation percentage, it can be deduced that the individual differences in the thermal performance of 3DPC structures are not affected by the area of insulation but rather by thermal bridging resulting from the geometric properties of the structures. Figure 12 shows the thermal performance of the 3DPC envelopes with respect to their area of insulation.




3.3. Effect of Geometric Properties of Insulated Lattice Structures


Of the three wall types, the P walls have the longest webs due to their cob design. The webs in these walls cross each other at a small slant angle compared to those of the T walls, with webs subtending a larger angle of inclination (Figure 6). This makes the P walls have the longest web length (heat path), followed by the T walls. The webs of the A walls are the shortest since they are perpendicular to the exterior and interior surfaces of the lattice structures. It means that there is a short and more direct bridge between the two wall faces. For instance, for the 35 mm filament width, the web lengths for the P35, T35, and A35 are 479, 288, and 245 mm, respectively. Since heat transfer through these insulated lattice structures is predominantly by conduction through the webs, heat takes the longest distance to travel through the P walls and the shortest distance from the A walls. This partly explains why the P walls have the lowest U-values and the A walls the highest. Similar observations were made by Pierzchlewicz [52], who compared the thermal performance of multicore and solid blocks. The researcher found that, when compared to multicore blocks with aligned holes, those with staggered holes elongate the heat flow path through walls. This improves the thermal resistance of the multicore blocks with staggered holes.



Furthermore, the contact or intersection area between the webs and face shells might also contribute to the thermal behavior of these insulated lattice envelopes. The A walls have the largest contact area of the three wall types. For instance, for the 35 mm filament width, the contact distance of A35 is 158 mm, whereas that of T35 and P35 is 36 mm and 37 mm, respectively. A large contact or intersection area means heat flow happens over a larger area. Similar observations were made by NCMA [53], who studied heat transfer through concrete blocks with different numbers of webs. They found a 30% reduction in the thermal resistance of concrete blocks with two webs over the typical three-web concrete blocks.



Lastly, across all walls of the same type, the U-value increases with an increase in the filament width. For example, the U-values of the perlite-insulated T walls, T35, T40, and T50 are 0.509, 0.525, and 0.593 W/m2.K. This is because an increase in filament width implies an increase in the cross-sectional area of the webs. Since thermal bridging is predominant, the area through which heat travels increases, thereby reducing the thermal performance. The thermal performance of insulated 3DPC envelopes of the same contour lengths and percentage of insulation is mainly affected by the web length, filament width, and the contact (intersection) area between the webs and face shells.




3.4. Thermal Efficiency of Insulation


The thermal efficiency (TEff) of the insulation was calculated to determine its effectiveness. Thermal bridges significantly affect the effectiveness of the insulation, as discussed in the previous sections. This is because of the large thermal conductivity differences between the 3DPC and the granular fill materials. The thermal efficiency of both insulating materials in all wall types varies between 26 and 44% (Table 4 and Figure 13). This shows that 56–74% of the applied insulation is not used and does not contribute to increasing the thermal resistance of the lattice structures. Therefore, to reduce the effect of thermal bridges that undermine the effective use of insulation, innovative wall designs such as combined double-row walls, which minimize or eliminate web connections, are a potential solution. Other insulation techniques, such as internal wall insulation and the use of 3D printed lightweight concretes, are other potential solutions. Higher-density concrete tends to have more compressive strength than lightweight concrete, but lightweight concrete has a lower thermal conductivity [50]. The smaller the difference in thermal conductivities between the 3DPC and insulation fill material, the lower the effects of thermal bridging. This explains why perlite-insulated walls have slightly higher thermal efficiencies of insulation than EPS-insulated walls.



When it comes to 3D-printed concrete, the generally traditional materials adopted are mainly cement and fine sand in most cases. It is worth noting that, despite the study focusing on 3DPC made of traditional materials, researchers have developed and applied various innovative materials. These range from different supplement cementitious materials (SCMs), phase change materials (PCM), admixtures, fibers, and different aggregate types [54,55]. When applied, all these materials have the potential to affect thermal performance based on their quantities and thermal conductivities.



By volume, aggregates, which occupy 60–70% of the volume of concrete, play an important role in the thermal performance of concrete [55]. Lightweight aggregates are typically associated with low densities and low thermal conductivities. This is the case for recycled sand, which has growing applications in construction due to sustainability concerns. Mohammad et al. [56] developed a high-performance lightweight concrete for 3D printing, while Pietras et al. [57] developed a novel 3D printing cement-based composite material with granulated cork. The application of such materials improves the thermal performance of 3DPC envelopes.



Coarse aggregate application in 3DPC, however, is an unavoidable development for a variety of 3DPC applications in construction. Ji et al. [58] introduced large-scale applications of coarse aggregates in 3DPC. Coarse aggregates have higher densities and thermal conductivities, thereby comprising thermal performance. SCMs, PCM, admixtures and fibers also have the potential to influence the thermal properties of 3DPC. When compared to ordinary concrete, 3DPC tends to have a higher percentage of entrained air bubbles. This is due to the use of viscosity-modifying and enhancing admixtures to maintain the desired rheological properties. Furthermore, additional air is entrapped between 3PDC layers during the printing process because of the nature of layer-to-layer construction. Both entrained and entrapped air volumes may have the potential to enhance the thermal resistivity of 3DPC. Hao et al. [59] studied the thermal conductivity of 3DPC made of recycled fine aggregate and PCM. Under the same size, density class, or mix design, they noted that the thermal conductivity of the 3DPC can reach up to 31.04% lower than that of mold-cast concrete. The replacement ratios of cement with SCMs by volume fraction are relatively small, and in the case of fibers, with a typical volume fraction of 2%, their application could almost be insignificant [60]. Other innovative materials that have found application in 3DPC are copper tailings, paraffin, and geopolymers, which have the potential to influence the thermal properties [61,62]. The composition of the mix designs of 3DPC presents opportunities for research into their effects on the thermal performance of 3DPC.





4. Conclusions


This work is a numerical study of 3DPC lattice envelopes to understand the influence of the geometry of the infill structure on their thermal performance. With emphasis on the buildability, scalability, and application of 3D concrete printing, the study was limited to lattice structures produced by the Material Deposition Method (extrusion). A holistic selection approach was taken in the selection of the three infill structures used in this study. This is to ensure that the lattice structures studied not only have sufficient structural integrity but are also consistent with additive manufacturing industrial trends. All the lattice structures were modeled to have nearly equal contour lengths and void and insulation percentages. Additionally, the effects of filament width and the application of granular insulating material (EPS beads and loose-fill perlite) were also studied. Lastly, the efficacy of insulation was also established to determine the extent to which unintended thermal bridges produce significant heat losses, resulting in the ineffective usage of the insulation material. Based on the findings of the analysis, the following conclusions were reached:




	
The thermal performance of 3DPC envelopes in stagnant air conditions is primarily influenced by the void area. T walls with the largest void area have the worst performance.



	
When the cavities are insulated, the individual differences in the thermal performance of 3DPC structures are not influenced by insulation area but by thermal bridging due to geometric properties. Despite having the smallest insulation area, P-walls show the best thermal performance among all wall types.



	
The thermal performance of insulated 3DPC envelopes of the same contour lengths is mainly affected by the web length, filament width, and the contact (intersection) area between the webs and face shells.



	
Due to varying web lengths, heat travels the longest distance through the P walls and the shortest distance from the A walls via thermal bridging. Furthermore, a large contact or intersection area between the webs and face shells, as in the case of the A walls, reduces thermal performance.



	
The U-values of insulated lattice structures increase with an increase in the filament width. This is because of the increase in the cross-sectional area of the webs, through which thermal bridging is predominant.



	
The application of EPS beads shows better thermal performance than that of loose fill perlite, owing to the lower thermal conductivity of EPS beads. To reduce thermal bridges and improve the effective use of insulation, the use of innovative wall designs, together with other insulation techniques and lightweight concrete, is recommended.








These results provide designers with insights to consider when planning buildings’ energy needs. This study broadens our understanding and gives a better insight into the energy performance of building systems and cost-effective options during the adoption of additive manufacturing in the construction industry.
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Figure 1. The application of boundary conditions to the FE models (dimensions in mm). 
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Figure 2. Hollow concrete block layouts studied [23]. Source: Henrique dos Santos, G., Fogiatto, M. A., and Mendes, N, numerical analysis of thermal transmittance of hollow concrete blocks. Journal of Building Physics, 41(1), 7–24, copyright © 2017 by SAGE Journals. Reprinted by Permission of SAGE Publications. 
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Figure 3. Mesh sensitivity analysis. 
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Figure 4. U-value results were obtained from the FE models developed by the author and those determined by Henrique dos Santos et al. [23]. 
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Figure 5. Plan view of Structure 1 (dimensions in mm). Source: redrawn based on data from Tamini et al. [26]. 
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Figure 6. Wall types (35 mm filament width) for the parametric analysis (dimensions in mm). 
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Figure 7. Surface heat flux contour maps with stagnant air in cavities. 
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Figure 8. Thermal transmittance variations with void area. 
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Figure 9. Surface heat flux contour maps of loose fill perlite insulated walls. 
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Figure 10. Surface heat flux contour maps of EPS insulated walls. 
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Figure 11. Reductions in U-values due to cavity insulation. 
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Figure 12. Thermal transmittance variations with area of insulation. 
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Figure 13. Thermal Efficiency (TEff) of Insulation of Perlite and EPS. 
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Table 1. Thermal properties of materials.
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	Material
	Density (kg/m3)
	Thermal Conductivity (W/m.K)
	Specific Heat (J/g.K)
	Source





	Concrete Block
	2300
	1.750
	1.000
	[23]



	3DPC
	1950
	0.979
	0.972
	[22,24]



	Air
	Ideal gas
	0.0242
	1.00643
	[15]



	EPS
	40
	0.03
	1.25
	[20,25]



	Perlite
	400
	0.045
	0.837
	[21,25]










 





Table 2. Detailed description of the parametric study.
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	Wall
	Nozzle Size (mm)
	Contour Path Length (mm)
	Concrete Area (mm2)
	Void Area (mm2)
	Void Percentage
	Cavity Fill Material
	No. of Models





	T35
	35
	1870
	63,872.03
	89,680.7
	58.4
	Air, EPS and Perlite
	3



	T40
	40
	1897.66
	73,951.28
	89,680.7
	54.8
	Air, EPS and Perlite
	3



	T50
	50
	2038
	89,682
	89,680.7
	50.0
	Air, EPS and Perlite
	3



	A35
	35
	1869.6
	65,434.4
	86,965.55
	57.1
	Air, EPS and Perlite
	3



	A40
	40
	1882.98
	74,771.5
	86,965.55
	53.8
	Air, EPS and Perlite
	3



	A50
	50
	1919.38
	94,047.2
	86,965.55
	48.0
	Air, EPS and Perlite
	3



	P35
	35
	1870
	62,505.79
	70,996.6
	53.2
	Air, EPS and Perlite
	3



	P40
	40
	1915.1
	90,217.24
	70,996.6
	44.0
	Air, EPS and Perlite
	3



	P50
	50
	2005.5
	94,269.93
	70,996.6
	43.0
	Air, EPS and Perlite
	3



	Total
	
	
	
	
	
	
	27










 





Table 3. Thermal transmittance values of all models in the parametric study.
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Wall Configuration

	
U-Values (W/m2.K)

	
Percentage Reduction (PR) (%)

	
Difference in PR (%)




	
Air

	
Perlite

	
EPS

	
Perlite

	
EPS






	
T35

	
3.485

	
0.509

	
0.445

	
85.39

	
87.23

	
1.84




	
T40

	
3.312

	
0.525

	
0.464

	
84.15

	
85.99

	
1.84




	
T50

	
3.093

	
0.593

	
0.534

	
80.83

	
82.74

	
1.91




	
A35

	
3.472

	
0.519

	
0.453

	
85.05

	
86.95

	
1.90




	
A40

	
3.296

	
0.559

	
0.496

	
83.04

	
84.95

	
1.91




	
A50

	
2.993

	
0.622

	
0.563

	
79.22

	
81.19

	
1.97




	
P35

	
2.77

	
0.489

	
0.417

	
82.35

	
84.95

	
2.60




	
P40

	
2.702

	
0.516

	
0.444

	
80.90

	
83.57

	
2.66




	
P50

	
2.459

	
0.558

	
0.49

	
77.31

	
80.07

	
2.77











 





Table 4. Thermal efficiency of insulation of perlite and EPS.
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Wall Configuration

	
Run

	
Rin (K·m/W)

	
Req (K·m/W)

	
TEff (%)




	
Perlite

	
EPS

	
Perlite

	
EPS

	
Perlite

	
EPS






	
T35

	
0.287

	
1.965

	
2.247

	
4.234

	
5.650

	
39.63

	
34.70




	
T40

	
0.302

	
1.905

	
2.155

	
4.167

	
5.556

	
38.47

	
33.36




	
T50

	
0.323

	
1.686

	
1.873

	
3.922

	
5.236

	
34.76

	
29.59




	
A35

	
0.288

	
1.927

	
2.208

	
4.132

	
5.525

	
39.66

	
34.74




	
A40

	
0.303

	
1.789

	
2.016

	
4.098

	
5.464

	
36.25

	
31.34




	
A50

	
0.334

	
1.608

	
1.776

	
4.000

	
5.348

	
31.84

	
26.97




	
P35

	
0.361

	
2.045

	
2.398

	
3.861

	
5.155

	
43.62

	
39.52




	
P40

	
0.370

	
1.938

	
2.252

	
3.774

	
5.025

	
41.55

	
37.45




	
P50

	
0.407

	
1.792

	
2.041

	
3.597

	
4.808

	
38.52

	
33.99
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