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Abstract

:

As the construction industry, especially steel construction, contributes to a large portion of global greenhouse gas emissions, sustainable structural design has become a necessity to achieve the world vision of reaching net zero emissions by 2050. As steel portal frames are the most used structural system for single-story buildings, the main objective of this study is to determine the optimal steel portal frame configuration using prismatic and/or non-prismatic members to achieve the least embodied carbon. Five different portal frame configurations are considered under the effect of five distinct loading conditions. The results led to developing design charts consisting of contour plots showing the embodied carbon per unit of volume enclosed by the steel frame for different frame configurations, loading conditions, span lengths, and column heights. In addition, by increasing the number of member divisions, design variables, and non-prismatic segments, the average embodied carbon of the steel portal frames can be significantly reduced by about 14.34% up to 26.47% relative to the configuration with only prismatic members.
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1. Introduction


Over the past few centuries, human life activities, especially the Industrial Revolution, have cumulatively impacted our planet, causing drastic changes in our climate [1]. Climate change represents a great danger to human life on Earth as it drives an increase in the intensity and frequency of heat waves, droughts, hurricanes, and other natural disasters [2,3,4,5]. The burning of fossil fuels as energy resources led to the increase in the concentration of greenhouse gases (GHGs), including carbon dioxide (CO   2  ), methane (CH   4  ), and nitrous oxide (N   2  O), in the Earth’s atmosphere, causing an increase in the average temperature of the Earth’s surface, which is known as global warming [6,7,8]. Scientists forecast that if the environmentally harmful practices continue, the average temperature of the Earth’s surface will increase by 2–6    °  C by the end of the 21st century using 3 different CO   2   emission scenarios [6]. Therefore, it is our responsibility to control GHGs emissions in every possible way. Many countries have recently established legal commitments [9] to cut down their CO   2   emissions to meet the global target of a 45% reduction in CO   2   emissions by 2030 and achieve net-zero carbon emissions by 2050 [10]. However, a significant mismatch between the global aspirations and current global CO   2   emissions can be clearly noted [11].



According to United Nations Global Status Report (GSR), the building and construction industry is a major source of GHGs emissions as it contributes to more than 37% of energy- and process-related CO   2   emissions and over 34% of energy demand globally [12]. Therefore, assessing and minimizing the CO   2   emissions associated with the construction industry have attracted significant attention in the scientific research community. There are two main types of CO   2   emissions related to the construction industry: operational carbon and embodied carbon. Operational carbon is the carbon associated with the energy consumed during various building operations, including heating, cooling, lighting, etc. Embodied carbon is the carbon emissions associated with material extraction, fabrication, transportation to site, construction, maintenance, and demolition [12]. Today, operational carbon surpasses embodied carbon in the contribution to the total CO   2   emissions from the construction industry [13]. However, as the world utilizes more sources of renewable energy [14], the contribution of operational carbon is beginning to decline compared with embodied carbon, making it an important target to be minimized [15,16].



Several studies have been conducted on the life cycle assessment (LCA) of both carbon and energy associated with buildings [17,18,19], whereas other researchers have focused primarily on assessing embodied carbon [20,21,22,23,24]. Pomponi and Moncaster reviewed the literature encompassing various measures that can be used to mitigate and reduce the embodied carbon of the built environment [24]. One of the mitigation measures they proposed is to make better design decisions during the preliminary design stage where a significant reduction in embodied carbon can be achieved [24]. Targeting embodied carbon emissions at this stage opens the field for optimization researchers to contribute to the global target of reducing carbon emissions.



The three main construction materials used in most building projects are reinforced concrete, steel, and timber [25,26,27]. According to the Allwood et al. investigation [28], the steel industry alone contributes approximately 2.5 gigatonnes of CO   2   emissions, which is about 25% of the total global CO   2   emissions. Nearly half of the produced steel is utilized in the construction industry [28]. Therefore, extensive scientific effort should be focused on minimizing the GHG emissions produced by the steel construction industry to effectively control global warming and climate change [28]. Steel portal frames are one of the most commonly used structural systems to cover medium to large spans due to their efficiency and ease of fabrication and erection [29,30,31]. For example, in the United Kingdom, steel portal frames are used in about 90% of single-story commercial buildings [32]. Therefore, making these structures net-zero carbon can significantly contribute to reducing CO   2   emissions worldwide [33].



In prior literature, there is a wealth of research optimizing the cost and weight of steel portal frames as, traditionally, the steel cost is the most important element structural engineers try to minimize [30,34,35,36,37,38,39,40,41,42]. As the world focus shifts toward more sustainable structural designs, however, researchers are focusing more on minimizing the carbon content of steel buildings than on cost savings. McKinstray et al. developed a methodology combining both a multi-objective evolutionary algorithm and artificial neural networks to minimize the carbon emissions of single-story steel commercial buildings [43]. They concluded that asymmetric frame configurations are necessary to achieve the highest carbon offset using photovoltaic (PV) panels installed on the south-facing roof direction. In addition, it was found that carbon offsetting is more and more challenging, and in some instances impossible, for buildings with big volumes caused by high eaves. It was also discovered that the use of asymmetric geometries enabled lower embodied energy structures with similar carbon efficiency. D’Amico and Pomponi introduced a software tool on Rhino Python that can be used to minimize both steel mass and carbon emissions of steel-framed buildings using the sequential search (SS) algorithm [25]. McKinstray et al. utilized the well-regarded genetic algorithm (GA) to compare the optimal weights of various frame configurations, utilizing rolled, fabricated, and tapered sections [33]. They concluded that utilizing fabricated and tapered members in steel portal frames can achieve material savings up to 9% and 11%, respectively, compared to using hot-rolled sections. However, they considered only one configuration of steel frames consisting of six tapered members. In addition, they considered neither snow loads nor seismic loads. In addition, they concluded that an asymmetric structural shape would add 5–13% more weight on average, with extra PV loading having little to no impact on the ideal design. Our review of the current literature identified that there is a lack of studies comparing the embodied carbon emissions of different configurations of steel portal frames with tapered members under all practical load types.



Hoping to add to the current literature, the main contributions of this study are to compare the embodied carbon of four different practical tapered steel portal frame configurations against that of prismatic sections to determine the most environmentally sustainable design for different span lengths, column heights, and loading conditions and to determine the optimal span length and column height range that require the least embodied carbon per unit of enclosed steel frame volume.




2. Optimization Problem Formulation


In this section, a detailed description of the optimization problem formulation is presented.



2.1. Objective Function


The embodied carbon, which can be estimated by global warming potential (GWP) [44], is considered the objective function of this optimization process. In this study, the `cradle-to-cradle’ approach is utilized by considering the embodied carbon emissions over the entire life cycle of the building. This approach includes the initial stage (Modules A1 to A5), the use stage (Modules B1 to B7), the end-of-life stage (Modules C1 to C4), and the recovery or recycling potential of the materials (Module D). In this study, the embodied carbon in-use (Modules B1 to B5) and operational carbon impact (Modules B6 to B7) are not considered because the embodied carbon of the use stage is identical for all of the compared steel frame models. Therefore, it does not affect the choice of the optimal steel frame configuration. The objective function is given by Equation (1) as follows:


  G W P =  ∑  i = 1   N  e l .     ∑  j = 1   N  m o d .     E C  C j  · ρ  L i    1 2   t  w i    (  h  w 1 i   +  h  w 2 i   )  + 2  b  f i    t  f i      



(1)




where   N  e l .    is the number of frame elements;  ρ  is the steel density;   L i   is the member length;   t  w i   ,   h  w 1 i   , and   h  w 2 i    are the web plate thickness, height at the beginning, and height at the end, respectively;   t  f i    and   b  f i    are the flange plate thickness and width, respectively;   N  m o d .    is the number of considered embodied carbon modules; and   E C  C j    is the embodied carbon coefficient of Module j for the fabricated steel beams utilized for the frame members. The embodied carbon coefficients calculated by Drewniok et al. [45] for each module are utilized in this study.




2.2. Design Variables


The optimized frames cover a single span with a variable length ranging between 10 m and 50 m with a step of 10 m (5 different span lengths). The height of the column is also variable, ranging between 6 m and 16 m with a step of 2 m (6 distinct column heights). The cross-sectional dimensions of the steel members are considered the sizing design variables. Here,   t  f c   ,   b  f c   ,   t  w c   ,   h  w c i   , and   h  w c j    are the column flange plate thickness, width, column web plate thickness, bottom height, and top height, respectively, and   t  f r   ,   b  f r   ,   t  w r   ,   h  w r i   , and   h  w r j    are the rafter flange plate thickness, width, rafter web plate thickness, middle height, and edge height, respectively. In some frame configurations, specific members are subdivided into segments. The ratio between the segment length to the total member length is defined as the segment length ratio (SLR). For the shape optimization, the span length, column height, and segment length ratios of both the columns (  S L  R c   ) and the rafter (  S L  R  r 1     and   S L  R  r 2    ) are considered geometry design variables. Finally, for the topology optimization, five different configurations of steel gable frames incorporating prismatic and/or non-prismatic sections are optimized as shown in Figure 1 (where the number between the parentheses represents the design variable number). The number of design variables for the control model, Models 1, 2, 3, and 4, are 8, 10, 14, 14, and 16, respectively. The possible values for each design variable are presented in Table 1.




2.3. Design Constraints


In order to obtain practical optimal designs that can represent the common engineering practice, ANSI/AISC 360-16 [46], ANSI/AISC 341-16 [47], ASCE/SEI 7-16 [48], and Design Guide 25 [49] provisions are utilized to establish the strength constraints and serviceability constraints of the optimization problem as given in Table 2 and Table 3, respectively.   P u  ,   P c  ,   M  u x   ,   M  c x   ,   M  u y   , and   M  c y    are the factored axial force, design axial strength, factored bending moment about the major axis, design moment capacity about the major axis, factored bending moment about the minor axis, and design moment capacity about the minor axis, respectively. This constraint is used to control the in-plane resistance and out-of-plane resistance at purlins and bracing points locations. Here,   δ v   is the vertical displacement of the apex, L is the span length,   δ h   is the horizontal displacement of the eave, h is the mean roof height of the frame, and   δ M   is the seismic drift as defined in ASCE/SEI 7-16 [48].




2.4. Penalty Function


To improve the algorithm’s ability to balance between exploration at the start of the optimization process and exploitation at the end of it, the S-shape penalty function proposed by Liu et al. [50] is adopted to calculate the penalized objective function of the frame. The function is defined by Equation (2) as follows:


  P  ( i t e r )  =  10       θ 2  −  θ 1    1 +  e    20 ( − i t e r +  N 4  )  N      +  θ 1      



(2)




where   i t e r   and N are the iteration and the total number of iterations, respectively, and   θ 1   and   θ 2   are parameters that control the bounds of the penalty function. The penalty function varies between   [  10  θ 1   ,  10  θ 2   ]  . In this study, the values of   θ 1   and   θ 2   are taken as zero and three, respectively.





3. Structural Analysis


Structural analysis is performed on MATLAB software [51] using the assembly stiffness method according to Equation (3) as follows:


    { D }   n × 1   =    K g    n × n   − 1     { F }   n × 1    



(3)




where    { D }   n × 1    is the displacement vector,     K g    n × n    is the structure (global) stiffness matrix,    { F }   n × 1    is the applied loads vector, and n is the number of degrees of freedom in the structure. Each tapered member is modeled using the stepped representation as permitted by the Design Guide 25 [49]. In order to avoid the occurrence of shear locking and ill-conditioned stiffness matrices [52], the stiffness matrix for each element is derived based on the Timoshenko beam element stiffness matrix presented in Equations (4)–(6) as:


    k e   =      E · A / L    0   0    − E · A / L    0   0     0    η / L     η / 2    0    − η / L     η / 2      0    η / 2     η ( 4 + ζ ) L / 12    0    − η / 2     η ( 2 − ζ ) L / 12       − E · A / L    0   0    E · A / L    0   0     0    − η / L     − η / 2    0    η / L     − η / 2      0    η / 2     η ( 2 − ζ ) L / 12    0    − η / 2     η ( 4 + ζ ) L / 12       



(4)




with


     η =   12 E ·  I x     ( 1 + ζ )   L 2        



(5)






     ζ =   12 E ·  I x  · k   A · G ·  L 2        



(6)




where G is the shear modulus, and k is the shear correction factor proposed by Cowper [53], which is defined by Equations (7) and (8) as:


  k =   10  ( 1 + ν )    ( 1 + 3 ω )  2   γ   



(7)






     γ =     12 + 72 ω + 150  ω 2  + 90  ω 3           + ν ( 11 + 66 ω + 135  ω 2  + 90  ω 3  )          + 30  μ 2  · ω  ( 1 + ω )  + 5 ν ·  η 2  · ω  ( 8 + 9 ω )      



(8)




where  ω  is equal to    ( 2 b ·  t f  )  /  ( h ·  t w  )   ,  μ  is calculated as   b / h  , and  ν  is the Poisson’s ratio.



In order to calculate the in-plane buckling strength of tapered members, the successive approximations method is utilized according to Design Guide 25 provisions [49]. The elastic buckling multiplier (  γ e  ), defined as the ratio of the elastic buckling load to an arbitrarily chosen reference load   P  r e f    as shown in Equation (9), is calculated and used to estimate the elastic buckling load   P e   of tapered members.


   γ e  =   P e   P  r e f     



(9)







As recommended by ANSI/AISC 360-16 specifications [46], the direct analysis method is used to account for the inelastic effects. In addition, the second-order effects (i.e.,   P − Δ   and   P − δ   effects) are accounted for using the amplified first-order analysis approach as permitted by ANSI/AISC 360-16 specifications [46].




4. Structural Loading


In this section, the methodology of loading the optimized frames is briefly presented.



4.1. Loading Methods


The provisions of ASCE/SEI 7-16 [48] are utilized to establish the structural loading of the optimized frames. The dead load on the frame encompasses the own weight of the steel members in addition to a superimposed dead load of 250 N/m   2   to account for the weight of purlins and roofing material in addition to any other collateral loads. The minimum live load for pitched roofs is 960 N/m   2   (20 psf). For the snow load, both the balanced and unbalanced distribution of snow loads are considered in this study. As all the considered frames can be classified as low-rise buildings, the envelope procedure for wind load calculation is utilized. The equivalent lateral force approach for seismic load calculation is adopted in this study for both the horizontal and vertical components of the seismic load. Notional loads are calculated as per ANSI/AISC 360-16 specifications [46].



All the parameters necessary to calculate the applied loads according to ASCE/SEI 7–16 provisions [48] are given in Table 4, Table 5 and Table 6 for the snow load, wind load, and seismic load, respectively.




4.2. Loading Conditions


In order to investigate the effect of different load types on the embodied carbon of steel frames, five distinct locations in the United States with very different loading conditions are considered for the loading of the optimized frames. St. Charles represents high seismic loads, whereas Miami represents high wind loads. Detroit, St. Paul, and Berlin are selected to represent the snow load variation from low to medium to high, respectively. The different loading parameters that depend on the frame location are presented in Table 7, where   P g   is the ground snow load, V is the basic wind speed, and the different seismic parameters are defined in ANSI/AISC 360-16 provisions [46]. The load combinations provided by ASCE/SEI 7-16 specifications [48] are adopted in this study.





5. The Optimization Process


In this section, a brief description of the optimized building characteristics, material properties, and the utilized optimization algorithm is presented.



5.1. Utilized Building Configuration


The considered frame is supported by two hinges. The thickness of the roofing layer is considered equal to 0.20 m. The maximum purlin spacing is considered equal to 2.50 m. A total of 5 different span lengths (L) are considered to determine the optimal span length causing the least embodied carbon, including 10, 20, 30, 40, and 50 m. In addition, 6 different eave heights (  H  e a v e   ) including 6, 8, 10, 12, 14, and 16 m are utilized in this study. The roof slope of the gable frame is considered equal to 17.5% (for typical steel industrial buildings).




5.2. Utilized Material Properties


For the steel structural members, carbon steel of grade ASTM A36 as per ANSI/AISC 360-16 specifications [46] is utilized with the following material properties:   ρ = 7850   Kg/m   3  ,    F u  = 400   MPa,    F y  = 250   MPa,   ν = 0.3  ,   E = 200   GPa, and   G = 79.3   GPa, where  ρ  is the steel density,   F u   is the ultimate strength,   F y   is the yield strength,  ν  is the Poisson ratio, E is the modulus of elasticity, and G is the shear modulus.




5.3. Utilized Optimization Algorithm


Many robust and highly efficient meta-heuristic optimization algorithms have been recently developed to optimize practical engineering problems. A new meta-heuristic optimization algorithm called the crystal structure algorithm (CryStAl) was proposed by Talatahari et al. [54]. In this study, an adaptation of CryStAl is utilized for minimizing the embodied carbon. The optimization process utilizes 100 iterations and 50 search agents.





6. Results and Discussion


In this section, the results obtained by performing more than 3.8 million frame analyses using the MATLAB program [51] written by the authors are discussed and analyzed.



6.1. Minimizing the Embodied Carbon of Different Frame Configurations


A sample of the optimal steel frame designs and their associated GWP for a specific frame located in Detroit with a span length of 20 m and a column height of 8 m is presented in Table 8. As shown by the results, Model 4 managed to achieve the highest reduction in the embodied carbon (EC) by about 26.18% compared to the control model. Models 2 and 3 followed Model 4 by achieving an EC reduction of about 25.75% and 23.07%, respectively, compared to the control model. Although Model 1 performed the worst among different configurations of steel frames with tapered members, it still managed to achieve a significant EC reduction compared to the control model, with only prismatic members, by about 12.23%. In order to compare the EC of frames with various span lengths and column heights, the steel frame embodied carbon, measured by kgCO   2  , is divided by the volume of space enclosed by the steel frame, measured by m   3  , to obtain the embodied carbon per unit of the enclosed volume, measured by kgCO   2  /m   3  . Relating the carbon emissions to the building volume is commonly utilized in environmental engineering, especially for assessing the regulated carbon emissions caused by heating, cooling, and ventilation which are directly related to the building volume [43]. In addition, if a project requires a specific enclosed volume (e.g., for a storage facility), the span length and column height corresponding to the least embodied carbon per unit volume can be utilized to achieve the minimum total embodied carbon. In the rest of this study, the embodied carbon per unit volume will be denoted by the embodied carbon intensity (ECI).



Contour plots showing the ECI corresponding to different span lengths (L) and column heights (H    e a v e   ) for different frame models were prepared. As noticed by the results in Table 8, Model 4 managed to achieve the least embodied carbon, so its contour plots are presented in Figure 2, whereas the contour plots of the remaining models are presented in Appendix A.



For a specific loading condition, for example Detroit (shown in Figure 2a), the optimal span length and column height, giving ECI of less than 2.6 kgCO   2  /m   3   of the enclosed volume, are between 18 m and 24 m for the span length and between 9.6 m and 13.2 m for the column height. Therefore, the optimal span length and column height ranges can be determined for different loading conditions and frame models using these contour plots. Note that in the highest snow load case (in Berlin, NH) shown in Figure 2c, the optimal span length range (between 10 m and 17 m) is much shorter than the optimal range for the previously discussed case of Detroit (between 18 m and 24 m). This is mainly due to the higher snow load that causes, in the case of larger spans, higher vertical deflections and straining actions, resulting in larger required steel sections and higher embodied carbon. Another observation is that the minimum ECI associated with Berlin (3.47 kgCO   2  /m   3  ) is much more than that of Detroit (2.58 kgCO   2  /m   3  ) with about a 34.5% increase. This shows the high sensitivity of steel frames to higher snow loads. These contour plots can be utilized as a design aid to obtain the ECI of a steel gable frame with any span length, column height, loading condition, and frame configuration.



To determine the variation trend of the ECI with the span length, the average ECI for each model for different span lengths is shown in Figure 3. It is shown that all the models achieved the least ECI when utilizing a short-to-medium span length (i.e., 20 m). As the span length increases above 20 m, the ECI significantly increases. Therefore, frames with large span lengths are not optimal when the objective is to minimize the embodied carbon emissions. On the other hand, frames with spans less than 20 m have higher ECI, mainly due to the small volume enclosed by the frames compared to the required amount of steel for the frame members.



To investigate the ECI variation with the column height, the average ECI variation for different models with different column heights is presented in Figure 4. Note that for all the models, as the column height increases, the average ECI decreases. This can be explained by the higher rate of volume increase due to increasing the column height compared to the embodied carbon increase rate. However, increasing the column height to reduce the ECI has diminishing returns, as shown in Figure 4, as the reduction seems to be negligible for column heights greater than 12 m. This is mainly due to the higher wind loads associated with larger column heights, leading to requiring a larger amount of steel and thus a larger amount of embodied carbon. Therefore, to achieve the least embodied carbon per unit of enclosed volume while keeping the total embodied carbon at a reasonable level, medium column heights (i.e., about 12 m) are recommended.




6.2. Comparison of Different Gable Frame Configurations


In order to visualize the contribution of the embodied carbon resulting from each specific module (A, C, and D), Figure 5 shows the average ECI of each module for different frame models.



The ECI results of the control model are discussed in detail as a case study. Module A1, representing the process of extraction and supply of raw materials, has the largest contribution to the ECI of steel gable frames which is equal to 11.42 kgCO   2  /m   3  , representing about 75.3% of the total positive embodied carbon of the steel gable frame. The second largest contributor to positive embodied carbon is Module A3, which represents the embodied carbon caused by the manufacturing processes of the steel frame members using steel plates. Module A3 contributes to the total positive embodied carbon of steel gable frames by about 2.49 kgCO   2  /m   3   (about 16.5%). As can also be noted from Figure 5, both the construction process stage (Modules A4 and A5) and end-of-life and demolition stage (Modules C1 to C4) only contribute a small fraction to the total positive embodied carbon of the steel gable frame of about 0.26 kgCO   2  /m   3   (1.7%) and 0.69 kgCO   2  /m   3   (4.5%), respectively. As structural steel is a highly recyclable material, Module D (representing the reuse, recovery, or recycling potential of steel) represents a negative contribution to the embodied carbon by offsetting the positive embodied carbon by about 4.63 kgCO   2  /m   3   (about 30.6% of the positive embodied carbon over the entire life cycle of the material). After investigating the contribution of each module in the entire life cycle embodied carbon of different steel frames, Table 9 gives the percentage of the overall achieved reduction in the ECI of Models 1, 2, 3, and 4 compared to the control model that uses only prismatic members.



As shown in Table 9, Model 4 achieved the highest ECI reduction (26.47%) by the efficient utilization of the structural steel material. Model 4 only uses the required amount of steel where needed, whereas the control model has a large quantity of structural steel that is not used to its full potential (due to the prismatic sections). This leads to an unnecessary increase in the ECI of the control model. Model 2 achieved the second-best reduction of the ECI (23.57%). The main difference between Models 4 and 2 is that Model 4 utilizes tapered members for all frame segments, while Model 2 utilizes a combination of prismatic and non-prismatic members. This proves the high material usage efficiency associated with using tapered members compared to prismatic ones. Model 3 follows Model 2 by achieving a 22.57% reduction of ECI compared to the control model. The main difference between Model 4 and Model 3 is that Model 3 utilizes a single tapered member for the column, whereas Model 4 column consists of two different tapered members. Although Model 1 achieved the poorest performance compared to Models 2, 3, and 4, it managed to outperform the control model by about 14.34% which is still a significant reduction in the ECI. The main difference between Models 1 and 3 is that the Model 3 rafter consists of 6 tapered segments compared to only 2 for Model 1. This single change in frame topology caused an increase of about 57.4% in the achieved ECI reduction.



To determine the optimal frame topology for different span lengths, the average achieved ECI reduction of Models 1, 2, 3, and 4 compared to the control model is shown in Figure 6 for different span lengths. As can be noted in Figure 6, in the case of small span lengths (i.e., 10 m), the difference between different models is relatively small. However, as the span length increases, the ECI reduction achieved by Models 2, 3, and 4 increases significantly compared to that of Model 1 which remains almost constant at about 14.3% across all span lengths. The rate of improvement of Models 2, 3, and 4, however, is higher for relatively shorter spans compared to larger ones.



The effect of column height increase on the achieved ECI reduction by each model is shown in Figure 7. As the column height increases, the average achieved reduction slightly decreases for Models 2, 3, and 4, whereas for Model 1 it remains almost constant at an average of 14.3%. By investigating the extreme points of the contour plots, we can noted that in the case of small span lengths and large column heights, represented at the top left corners of the plots, the differences between the achieved ECI reduction by Models 1, 2, 3, and 4 are relatively negligible, which makes Model 1 the most attractive option as it is the simplest and requires the least fabrication cost. However, for larger span lengths and shorter column heights, represented at the bottom right corners of the plots, Model 4 manages to achieve a significantly larger ECI reduction making it the most environmentally sustainable topology of steel gable frames.




6.3. Effect of Loading Type


To investigate the effect of different loading conditions on the ECI of steel gable frames, Model 4 is considered as a case study in this section. The average ECI achieved by Model 4 for different span lengths and loading conditions is shown in Figure 8.



It can be observed that in the case of shorter span lengths, the loading condition causing the largest average ECI is the highest wind load (in Miami, FL), whereas the remaining loading conditions achieve almost the same ECI. However, as the span length increases, the ECI associated with almost all loading conditions (except for the highest snow load in Berlin, NH) decreases for the 20 m span length and then increases significantly for larger span lengths. The highest snow load (in Berlin, NH), however, causes the ECI of the steel frame to increase significantly as the span length increases to be the most critical loading condition for span lengths of 20 m and higher. This can be explained as follows. As span length increases, the high snow loads cause the straining actions to significantly increase, requiring larger steel sections with higher ECI. At the same time, the increase in the enclosed volume is not able to match the increase in the embodied carbon leading to an overall increase in the embodied carbon per unit of the enclosed volume by the steel frame. Furthermore, Figure 9 shows the ratio between the ECI for each span length and the least ECI across all spans for a specific loading condition. The same conclusions can be drawn as the highest wind load (in Miami, FL) is the most critical in the case of short spans (i.e., 10 m), while the highest snow load (in Berlin, NH) is the most critical for other span lengths. Another observation is that both Detroit and St. Charles achieved almost the same variation. This proves that the high seismic load is not effective in controlling the design of light, low-rise structures such as steel gable frames.



Finally, to investigate the difference of the ECI between the highest and lowest column heights (16 m and 6 m, respectively) for different span lengths, Figure 10 shows the ratio of the ECI of the 16 m column height case to that of the 6 m column height case for different span lengths and loading conditions for Model 4.



As Figure 10 shows, the loading condition causing the largest difference in the ECI for all span lengths is the case of the highest wind load (in Miami, FL), whereas the case of the highest vertical snow load (in Berlin, NH) results in the least difference between the column heights. Another observation is that both Detroit and St. Charles achieved almost the same variation which further proves the fact that the seismic load is not effective in controlling the design of steel gable frames. As the span length increases, the ratio between the ECI for the 16 m and 6 m cases decreases gradually for all loading conditions to reach a constant value at large span lengths (i.e., 50 m). The ECI for the 16 m column height frame is larger than that of the 6 m column height for short span lengths (i.e., 10 m). However, as the span length increases, the ECI ratio decreases at the highest rate in the case of the highest snow load (in Berlin, NH) and the lowest rate in the case of the highest wind load (in Miami, FL). The ECI for the 16 m column height case becomes less than that of the 6 m case for span lengths greater than 15 m and 26 m for the highest snow load and wind load, respectively.





7. Conclusions


In this study, various configurations of steel gable frames with both tapered and prismatic members are compared to determine the optimal configuration with the least embodied carbon, using a ‘cradle-to-cradle’ approach. Sizing, geometry, and topology optimization are performed to optimize the steel frames. The results of this study show the following:




	
For different frame configurations and loading conditions, contour plots showing the embodied carbon per unit of the enclosed volume by the steel frame (ECI) for different span lengths and column heights are prepared and can be used as design charts to determine the optimal span length and column height that achieve the least ECI.



	
In most cases, the minimum ECI can be achieved using frames with short-to-medium span lengths (i.e., around 20 m) and medium column heights (i.e., around 12 m).



	
For structural steel, Modules A1 and A3 have the largest contribution to the life-cycle positive embodied carbon of steel gable frames by about 75.3% and 16.5%, respectively. Whereas, Module D offsets the positive embodied carbon by about 30.6%.



	
The minimum ECI of a specific steel portal frame configuration can be reduced by increasing the number of member divisions, decision variables, and tapered segments.



	
Model 4 is able to achieve the highest ECI reduction relative to the control model by an average of 26.47%, followed by Models 2, 3, and 1 with ECI reduction of about 23.67%, 22.57%, and 14.34%, respectively.



	
For short span lengths, the difference between the different models is insignificant. However, as the span length increases, the average ECI reduction achieved by Models 2, 3, and 4 increases significantly, while that of Model 1 remains almost constant.



	
As the column height increases, the average ECI reduction achieved by Models 2, 3, and 4 slightly decreases, whereas that of Model 1 stays almost the same.
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Appendix A. Contours of the Minimum ECI for Each Model
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Figure A1. Contours of optimal frame ECI (kgCO   2  /m   3  ) for the control model: (a) Detroit, MI; (b) St. Paul, MN; (c) Berlin, NH; (d) Miami, FL; (e) St. Charles, KY. 
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Figure A2. Contours of optimal frame ECI (kgCO   2  /m   3  ) for Model 1: (a) Detroit, MI; (b) St. Paul, MN; (c) Berlin, NH; (d) Miami, FL; (e) St. Charles, KY. 
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Figure A3. Contours of optimal frame ECI (kgCO   2  /m   3  ) for Model 2: (a) Detroit, MI; (b) St. Paul, MN; (c) Berlin, NH; (d) Miami, FL; (e) St. Charles, KY. 
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Figure A4. Contours of optimal frame ECI (kgCO   2  /m   3  ) for Model 3: (a) Detroit, MI; (b) St. Paul, MN; (c) Berlin, NH; (d) Miami, FL; (e) St. Charles, KY. 
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Figure 1. Utilized gable frame configurations and design variables: (a) control model; (b) Model 1; (c) Model 2; (d) Model 3; (e) Model 4. 
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Figure 2. Contours of optimal frame ECI (kgCO   2  /m   3  ) for Model 4: (a) Detroit, MI; (b) St. Paul, MN; (c) Berlin, NH; (d) Miami, FL; (e) St. Charles, KY. 
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Figure 3. Average ECI variation with span length for different models. 
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Figure 4. Average ECI variation with column height for different models. 
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Figure 5. Average contribution of different modules in the ECI for each model. 
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Figure 6. Average ECI reduction variation with span length for different models. 
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Figure 7. Average ECI reduction variation with column height for different models. 
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Figure 8. Average ECI achieved by Model 4 for different span lengths and loading conditions. 
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Figure 9. Average ECI ratio variation with span length for different load conditions. 
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Figure 10. Varitation of the ECI ratio between the frames with 16 m and 6 m column heights with span length. 
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Table 1. Design variables discrete values.
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Variable

	
Unit

	
Discrete Values

	
Number of Discrete Values






	
   h  w c    

	
mm

	
250:

	
+10

	
:1500

	
126




	
    h  w c j   −  h  w c i     

	
mm

	
0:

	
+10

	
:1250

	
126




	
   t  w c    

	
mm

	
6:

	
+2

	
:12

	
4




	
   b  f c    

	
mm

	
130:

	
+10

	
:300

	
18




	
   t  f c    

	
mm

	
6:

	
+2

	
:40

	
18




	
   h  w r    

	
mm

	
250:

	
+10

	
:1500

	
126




	
    h  w r j   −  h  w r i     

	
mm

	
0:

	
+10

	
:1250

	
126




	
   t  w r    

	
mm

	
6:

	
+2

	
:12

	
4




	
   b  f r    

	
mm

	
130:

	
+10

	
:300

	
18




	
   t  f r    

	
mm

	
6:

	
+2

	
:40

	
18




	
   S L  R c    

	
%

	
10%:

	
+5%

	
:90%

	
17




	
   S L  R  r 1     

	
%

	
10%:

	
+5%

	
:80%

	
15




	
   S L  R  r 2     

	
%

	
10%:

	
+5%

	
:80%

	
15
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Table 2. Strength constraints.






Table 2. Strength constraints.





	Straining Action
	Limit





	Combined compression and bending
	     P u   2  P c    +    M  u x    M  c x    +   M  u y    M  c y     ≤ 1 ,         P u   P c   < 0.2        P u   P c   +  8 9     M  u x    M  c x    +   M  u y    M  c y     ≤ 1 ,       P u   P c   ≥ 0.2   



	Combined tension and bending
	     P u   P c   +    M  u x    M  c x    +   M  u y    M  c y     ≤ 1   



	Shear force
	     V u   V c   ≤ 1   
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Table 3. Serviceability constraints.
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Load Case

	
Apex Vertical Displacement

	
Eave Horizontal Displacement




	
Total Loads

	
Live Load

	
Total Loads

	
Seismic Load






	
Limit

	
    δ v  ≤ L / 240   

	
    δ v  ≤ L / 360   

	
    δ h  ≤ h / 200   

	
   δ M  ≤ 0.02   h
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Table 4. Snow load parameters.






Table 4. Snow load parameters.





	Parameter
	    C e    
	    I s    
	    C t    
	Exposure
	Risk Category
	Surface Roughness





	Value
	1.0
	1.0
	1.0
	Partially exposed
	II
	B










[image: Table] 





Table 5. Wind load parameters.
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	Parameter
	    K e    
	    K zt    
	    K d    
	Surface Roughness
	Enclosure Class
	Building Height
	Exposure Category





	Value
	1.0
	1.0
	0.85
	B
	Enclosed
	Low-rise
	B
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Table 6. Seismic load parameters.






Table 6. Seismic load parameters.





	Parameter
	    I e    
	R
	    C d    
	Risk Category
	Structural System
	Site Class





	Value
	1.0
	3.5
	3.5
	II
	Ordinary moment frame
	D
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Table 7. Loading parameters of different frame locations.
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Location

	
Seismic Parameters




	
  P g  

[N/m2]

	
 V 

[m/s]

	
  T L  

[s]

	
  S 1  

-

	
  S s  

-

	
  F a  

-

	
  F v  

-






	
St. Charles, KY, USA

	
718

	
47

	
12

	
0.192

	
0.479

	
1.417

	
2.216




	
Miami, FL, USA

	
0

	
76

	
8

	
0.02

	
0.04

	
1.6

	
2.4




	
Berlin, NH, USA

	
4310

	
48

	
6

	
0.075

	
0.258

	
1.594

	
2.4




	
St. Paul, MN, USA

	
2395

	
49

	
12

	
0.03

	
0.047

	
1.6

	
2.4




	
Detroit, MI, USA

	
960

	
48

	
12

	
0.046

	
0.103

	
1.6

	
2.4
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Table 8. A sample of the optimal designs of different models.
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GWP [kgCO2]

	
Column

	
Rafter

	
  SLR c  

%

	
  SLR  r 1   

%

	
  SLR  r 2   

%




	

	
  h  w  bot .   

[mm]

	
  h  w  mid .   

[mm]

	
  h  w  top   

[mm]

	
  t w  

[mm]

	
  b f  

[mm]

	
  t f  

[mm]

	
  h  w  edge   

[mm]

	
  h  w  int . 1   

[mm]

	
  h  w  int . 2   

[mm]

	
  h  w  mid .   

[mm]

	
  t w  

[mm]

	
  b f  

[mm]

	
  t f  

[mm]






	
Control Model

	
2952

	
480

	
-

	
480

	
6

	
220

	
8

	
650

	
-

	
-

	
650

	
6

	
150

	
6

	
-

	
-

	
-




	
Model 1

	
2591

	
250

	
-

	
870

	
6

	
190

	
6

	
810

	
-

	
-

	
250

	
6

	
160

	
6

	
-

	
-

	
-




	
Model 2

	
2192

	
280

	
280

	
950

	
6

	
140

	
6

	
820

	
260

	
260

	
590

	
6

	
130

	
6

	
75%

	
30%

	
60%




	
Model 3

	
2271

	
250

	
-

	
890

	
6

	
170

	
6

	
820

	
320

	
250

	
500

	
6

	
130

	
6

	
-

	
30%

	
55%




	
Model 4

	
2181

	
250

	
680

	
780

	
6

	
130

	
6

	
760

	
260

	
260

	
650

	
6

	
130

	
6

	
30%

	
30%

	
55%
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Table 9. Average ECI reduction of Models 1, 2, 3, and 4 compared to the control model.
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	Model 1
	Model 2
	Model 3
	Model 4





	ECI Reduction %
	14.34%
	23.67%
	22.57%
	26.47%
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