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Abstract

:

This research optimizes the environmental impact of a conventional building foundation in Northern Europe while considering the economic cost. The foundation is composed of piles and ground beams. Calculations are performed following relevant building Eurocodes and using life cycle assessment methodology. Concrete and steel accounted for the majority of the environmental impact of foundation alternatives; in particular, steel on piles has a significant influence. Selecting small sections of precast piles or low-reinforcement vibro-piles instead of continuous-flight auger piles can reduce the environmental impacts and economic costs of a foundation by 55% and 40%, respectively. However, using precast beams rather than building them on site can increase the global warming potential (GWP) by up to 10%. Increasing the concrete strength in vibro-piles can reduce the eco-costs, ReCiPe indicator, and cumulated energy demand (CED) by up to 30%; the GWP by 25%; and the economic costs by up to 15%. Designing three piles instead of four piles per beam reduces the eco-costs and ReCiPe by 20–30%, the GWP by 15–20%, the CED by 15–25%, and the costs by 12%. A Pareto analysis was used to select the best foundation alternatives in terms of the combination of costs and eco-burdens, which are those with vibro-piles with higher concrete strengths (low reinforcement), cast in situ or prefabricated beams and four piles per beam.






Keywords:


ground beam; LCA; prefabrication; vibro-pile; eurocode; precast prestressed concrete pile; continuous flight auger pile; eco-costs; life cycle assessment; economic












1. Introduction


1.1. Background


To keep the global temperature rise preferably at no more than 1.5 degrees Celsius by the end of the century [1], it is necessary to diminish global emissions by more than 50% by 2030 and work towards carbon neutrality by 2050. The construction sector accounts for 36% of final energy use and 39% of carbon dioxide (CO2) related to energy and processes [2]. To date, the focus has been on reducing the energy consumed during the use of buildings. However, embodied energy related to the materials, construction, maintenance, and end of life of buildings is becoming increasingly important [3]. Life Cycle Assessment (LCA) has proven to be a suitable tool to reduce the environmental impact of buildings [4,5]. Nevertheless, uncertainties in the LCA calculation must be minimized and reliable benchmarks must be provided for evaluating buildings [6,7]. The LCA can be carried out at various levels of the system, such as for portions, components, or the entire building [8]. Nonetheless, the foundation, which is the lowest part of the building and in contact with the soil, is rarely assessed despite its considerable impact at an aggregate level, leaving ample room for improvement [9,10]. Consequently, rigorous studies are required to optimize foundations, thus reducing the emissions from the construction sector.




1.2. Deep Foundations


A deep foundation is a type of foundation that depends on the deeper layers of the soil, while a shallow foundation is based on the surface layers of the soil [11]. Deep foundations tend to have a greater environmental impact than shallow foundations due to the greater amount of materials used [12,13]. A typical deep foundation for buildings and other civil works consists of piles, which are vertical structural elements driven or drilled deep into the ground at a building site. Piles tend to work in groups braced by ground beams, pile caps, and slabs. A conventional foundation in Northern Europe is composed of piles and ground beams. The foundation can be either built directly on the ground (cast in situ) or built in a factory (prefabricated) and then transported and installed on site [14]. During the installation, the joints between precast components are connected with steel reinforcing bars and sealed with mortar. Cast in situ beams can be built into different types of formwork (e.g., removable or non-removable, different materials and forms, etc.), and a blinding or plastic foil is often required at the bottom. Below are some of the most commonly used types of piles in Northern Europe [11]:




	
Precast prestressed concrete (PPC) piles are prefabricated piles that are prestressed and driven in the ground using a diesel or hydraulic hammer (Figure 1). The main advantage of PPC piles over conventional precast piles is that they are more resistant given the same pile cross-section. Therefore, PPC piles are slender and lighter, making them easier to lift and drive. Additionally, the effect of prestressing closes the cracks of concrete caused during handling and driving, which combined with high-quality concrete, extends the durability of the prestressed pile.



	
Fundex piles are built by drilling a metallic tube with a tip on the ground (Figure 2). Then, the reinforcement cage is installed and concrete is poured inside the tube. Finally, the metal tube is removed, leaving the sacrificial drill point in the soil, and the pile head is cut to ensure a good connection with the upper structure.



	
Continuous flight auger (CFA) piles are drilled and concreted in one continuous operation, reducing installation time compared to bored piles (Figure 3). The reinforcement cage is then placed in the upper meters of the pile when concrete is still wet.



	
Vibro-piles are built by driving a metal tube closed at the end by a sacrificial plate (Figure 4). Then, the reinforcement cage is installed, and concrete is poured inside the tube. Finally, an outer ring vibrator is used to extract the tube from the soil, leaving the sacrificial plate in the soil.








Concretes for precast foundations tend to have higher strengths than cast in situ concrete because precast components are built in a factory where production conditions are more controlled and it is easier to obtain higher strengths. The nomenclature for concrete strength from the Eurocode consists of a capital C followed by two compressive strengths, one measured using concrete cylinder test specimens and the other using concrete cube specimens (e.g., C25/30) [15].




1.3. Previous Literature


Previous studies have reported that concrete and steel account for the highest greenhouse gas (GHG) emissions during the construction of deep concrete foundations (66–90%), followed by equipment usage (12–19%) and transportation (9–16%) [14,16,17,18,19]. In addition, piles account for the majority of the environmental impact in a foundation compared to a concrete raft or pile caps. Therefore, it is desirable to reduce the environmental impact of foundation materials, particularly for piles.



The decisions made at the design stage are important because they affect the long-term impact of a foundation [20,21]. For instance, the use of precast concrete piles instead of CFA piles was shown to halve the environmental impact of a foundation, fully counteracting the extra emissions from prefabrication (higher concrete strength, more transport, and installation). The same study also reported that prefabrication may be more expensive than conventionally cast in situ methods, although this is closely related to the nature of each work (e.g., number of units, location). Conversely, Luo et al. [16] reported that precast concrete piles can create 5% more GHG emissions than bored piles, with materials and transportation being points to be optimized. However, the emissions from the construction of precast concrete piles were closely related to the area, cost, and number of piles in a foundation [22].



The combination of variables in the design of a foundation also showed reductions in the GWP. For instance, the selection of the level of prefabrication, concrete strength, type, and calculation codes of a foundation reduced the GWP impact of the foundation by up to 50–60% [14,17]. For this reason, this research also incorporated these variables and others derived from common practice with the intention that the resulting recommendations could be easily implemented in future foundation designs. Furthermore, the study also included some types of piles which are used in Northern Europe (PPC, Fundex, and vibro-piles) that have yet to be environmentally assessed. The economic cost was also included, since the implementation of a new solution in the construction sector depends significantly on its economic cost [16,23,24]. Additionally, a Pareto analysis was performed on building foundations to select the best alternatives in terms of the combination of costs and ecological burdens. Furthermore, the study focuses solely on the foundation and its environmental optimization [9,10], which is normally approached as part of a building [7]. In this respect, prior studies [14,16,17] optimized environmentally part of a foundation (i.e., a pile cap with piles, a footing, and only piles of a foundation); the present study aims to go one step further by considering the entire foundation of the building.




1.4. Objectives


The research is based on a real case and aims to optimize a conventional foundation for Northern Europe in terms of the environment by considering the economic cost and studying the variables of the prefabrication level (fully precast, semi-precast, and cast in situ), concrete strength of cast in situ piles (C20/25, C25/30, C30/37, C40/50), type of pile (precast prestressed concrete pile (PPC), continuous flight auger (CFA), Fundex, and vibro-pile), and the number of piles per ground beam (3 and 4 piles). The specific objectives are (i) to conduct a structural analysis to determine the dimensions of foundation alternatives; (ii) to calculate and analyze the environmental burden using LCA; (iii) to calculate and analyze the economic cost; (iv) to apply a Pareto analysis (the so-called Pareto front) to select the best solution(s), given a combination of the eco-burdens and costs; and (v) to assess the influence of the study variables on the environmental burden and the economic cost of a foundation and, in doing so, define specific design conclusions and recommendations.





2. Materials and Methods


The integrated methodology applied to determine the environmental influence of the study variables includes a selection of equivalent alternatives (Section 2.1), an explanation of a case study (Section 2.2), a definition of a functional unit (FU) (Section 2.3) as well as system boundaries (Section 2.4) and quantitative model (Section 2.5), an explanation of the foundation design (Section 2.6 and Section 2.7) and LCA (Section 2.8), and a compilation of the data sources used (Section 2.9).



2.1. Selection of Equivalent Alternatives


The type of foundation and the study variables are common in usual Northern Europe practices. The abbreviations used to designate the study alternatives are shown in Table 1.




2.2. Case Study


The reference project is a neutral energy housing project in Vianen (The Netherlands) (Figure 5) which is composed of 16 buildings with similar characteristics. The foundation of building 13 was selected for assessment (Figure 6). The foundation is composed of precast concrete piles and ground beams (Figure 7). The main characteristics of the foundation of the reference project are shown in Supplementary Material S1. The soil is composed of loose layers of sand that increase in resistance to levels of 8–10 m where the piles are embedded. The reference project has been adapted to better analyze the influence of the variables on the study results. For instance, the prefabricated concrete walls were turned into sand-lime brick and the partition walls into two 120 mm sand-lime bricks. Table 2 shows the building materials and permanent and variable loads considered in the study. Finally, wind load was not considered, given that it does not alter the results of the study.




2.3. Functional Unit


The functional unit (FU) is a conventional foundation that consists of concrete ground beams and piles considering different levels of prefabrication, types of pile, concrete compressive strength, and number of piles per beam for a useful life of 50 years.




2.4. System Boundaries


Figure 8 shows the phases of the LCA and the elements considered in each of them. The phases comprise steps from the extraction of raw materials to the construction of the foundation on site. The various transports are included in the corresponding phases (e.g., the transport of raw material, products, waste, soil). The levelling of the ground prior to building the foundation was not considered because it is very specific to each work and does not alter the study comparison. Nevertheless, the excavation of each foundation has been considered because it is different depending on the alternative. The pumping of concrete and the transport of the machines to the site were excluded because a preliminary study showed that their environmental impact was low. The use phase was also excluded because well-designed foundations tend to not require maintenance. Similarly, the end of life was not considered because recycling or reusing foundations is not the norm, although there is great potential in this area [7]. The piles are usually left installed in the ground, although precast ground beams, which are a very recent foundation element, have not yet reached the end of their useful life. However, in cases where the precast ground beams were built in temporary buildings (10 and 15 years), which is not the usual case, at the end of their useful life, they were (i) reused in the same building, (ii) reused in another building. or (iii) dismantled and demolished. In cases (i) and (ii), the end of life was considered in the design stage of the beams.




2.5. Quantitative Model for Environmental Impact Category Calculation


Below the quantitative model used to calculate the eco-burdens for each category is shown [17].


  E =   ∑   i = 1  n    ∑   j = 1  m     p i     Q  i j    



(1)




where E is the single indicator score (i.e., Eco-costs 2017, ReCiPe 2016 Endpoint World (2010) H/A, GWP 100-year 2013 Intergovernmental Panel on Climate Change and cumulated energy demand) of the FU; n is the total number of reference flows; i is the reference flow (i.e., material, diesel, formwork, or transportation); m is the total number of phases in the life cycle (i.e., 4); j is the phase of the life cycle (i.e., raw material extraction, production, earthworks, or construction); pi is the combined factor for characterization, normalization, and weighting per unit of reference flow (e.g., factor per kg or m2 material); and Qij is the quantity of reference flow in an FU phase.




2.6. Structural Design of Ground Beams


Loads were calculated according to NEN-EN 1990+A1+A1/C2:2019/NB:2019 [26] and NEN-EN 1991-1-1+C1+C11:2019/NB:2019 [27]. Reinforced concrete beams (cast in place and precast) were designed following NEN-EN 1992-1-1+C1:2011/NB:2016+A1:2020 [28]. Calculations of the beams were performed with Technosoft Balkroosters [29]. All the beams were designed for an XC3 environmental class (moderate humidity) according to Table 4.1 in [28], with concrete covers of 35 mm for cast in situ beams and 30 mm for precast beams complying with article 4.4.1 in [28]. In addition, cast-in-place beams were designed to be cast in a common removable timber formwork [30] so that all the alternatives could be compared without insulation. Additionally, they were designed to be built over a 50 mm concrete blinding [28]. The formwork was considered to be used 5 times. The concrete strength considered for cast in situ beams was C30/37, that for concrete blinding was C12/15, and that for precast beams was C40/50, which is aligned with normal practices. However, different strengths of concrete for ground beams were not considered because a preliminary study showed that increasing the strength of concrete in beams minimally increases their resistance, because beams work mostly in bending rather than in compression. Ground beams were dimensioned following the usual Dutch practice. The height was set at 500 mm for all the ground beams (cast in situ and precast). For the cast-in-situ ground beams, a minimum width of 500 mm for transverse walls and 400 mm for longitudinal walls was established so that the width of the beams matched the width of the walls. However, for the precast floor beams, this was not necessary because the consoles, which are elements that protrude from both sides of the top of the beam, allow the beam to be adjusted to the width of the wall. It should be mentioned that consoles were not included in the material calculation of the study due to their low impact on the results. Finally, various PPC pile and wide beam foundation options were discarded from the study because they were oversized and unrealistic for reasons of economic cost, transportation, and installation.




2.7. Geotechnical and Structural Design of Piles


The bearing capacity of the piles was calculated following NEN 9997-1+C2:2017 [31]. All the piles were designed for an XC4 environmental class (cyclic wet and dry) according to Table 4.1 in [28]. The normal loads to the piles were 510 kN for the four-pile beams and 760 kN for the three-pile beams. Concrete covers were designed to be 70 mm for CFA piles, 50 mm for Fundex piles, 40 mm for vibro-piles, and 30 mm for PPC piles, which is in line with article 4.4.1 in [28]. The concrete strengths considered for cast in situ piles were C20/25, C25/30, and C30/37, complying with NEN-EN 1536:2010+A1:2015 [32], and C35/45 for PPC piles according to product specifications. In most cases, the heads of the piles were not cut off. However, in Fundex piles, it has been considered that the pile head is cut off (1 m), which aligns with the usual practice. Afterwards, the heads of all types of piles were rebuilt with mortar, and a reinforcing bar was placed on top of each pile to connect them with the precast ground beams, which was not necessary for the cast-in-situ beams, since they were built directly on top of piles.



In terms of reinforcement, all the pile types were reinforced with the minimum amount of reinforcement, which is specified in Table 9.6 from [28], and an additional reinforcement was also calculated to resist the bending moment at the head of the pile (38 kNm in three-beam piles and 25.5 kNm in four-beam piles). This bending moment arises from considering a 50 mm eccentricity in the structural calculations to cover possible unforeseen events, such as construction misalignments and horizontal forces. As a result, a larger pile diameter may be required to arm this bending moment. Furthermore, the minimum diameter considered for the longitudinal reinforcement was 12 mm in all piles [28], while for stirrups it was considered to be 6 mm in CFA piles, 8 mm in vibro-piles, and 5 mm in Fundex piles according to article 10.2.4 in [33]. The reinforcement for PPC piles was retrieved from product specifications. Finally, most of the piles were reinforced at all lengths, except CFA piles, which were reinforced only at the three superior meters [33], and an additional bar of Ø20 mm was arranged in the center of the CFA pile to compensate for the weakness of the superior layers of the soil (article 7.1.7 in [32]). Regarding cast in situ piles, the minimum cement content considered was 375 kg/m3, complying with Annex D of [15], and a reduction in the pile diameter was applied to cover the uncertainty of building a pile directly on the ground following article 2.3.4.2 in [28].



The higher the concrete strength in the piles, the less steel reinforcement is required. It is worth mentioning that a higher concrete strength was not considered once the cast in situ piles reached the minimum steel reinforcement because it did not add information in the study. As previously mentioned, the environmental impact of the cubic meter of concrete is the same for the different concrete resistances in this study following the Dutch regulations. Therefore, rather than looking for the best option that may depend on each case (loads, soil, etc.), it is intended to detect the influence of the study variables on the environmental and economic results of the alternatives to consider them in future designs and codes of foundations.




2.8. Life Cycle Assessment


The LCA method was applied to determine the environmental impact, as defined in international codes [34,35]. The software SimaPro version 9.2 [36] was used for the calculations. Since LCA is used here to determine whether “system A is better than System B”, so-called “single score methods” are applied, as has been recommended by the Society of Environmental Toxicology and Chemistry [37] and the Joint Research Centre of the EU [38]. The calculations were performed for 4 indicator types: (i) carbon footprint, as a “single issue method”; (ii) ReCiPe, as a “damage-based method”; (iii) eco-costs, as a “monetized prevention-based method”; (iv) and embodied energy, as a “single issue method”. In their sectors, these four indicators are the most applied methods in science. The eco-costs comply with [39]. Although monetization in LCA is not very common, the advantage of eco-costs is that they are so-called “external costs” (i.e., costs for our society that are not incorporated in the price of a product), so they have a direct meaning to architects, business managers, and governmental policy makers. Recently, there have been increasing applications of eco-costs in the building industry—e.g., for concrete construction [40] and beams [41]. Eco-costs are also applied in full cost accounting (FCA), which is also called true cost accounting (TCA). The basic philosophy behind TCA is that the external costs (=environmental burden) of a product should be added to the economic costs to enable a fair comparison in product benchmarking between a cheap but polluting product and a “clean” product. Another way to address the issue of “ecology versus economy” is to display the external costs and the economic costs in a two-dimensional graph and determine the Pareto front (being the best solution). Section 3.4 explains how such a Pareto analysis works in practice.




2.9. Data Sources


The economic and construction data were mainly provided by leading foundation and concrete companies in the Netherlands. Data from Vroom Funderingstechnieken [25] provided the quantities of diesel needed to install the various types of piles (CFA, Vibro, Prefab, and Fundex) and precast beams and the quantities of sacrificial steel for Fundex and Vibro piles. The specifications for the PPC piles were provided by a Dutch precast concrete company. Mebin B.V. [42] provided concrete dosages for cast in situ foundations. Most of the economic data were obtained from the EcoQuaestor database [43], except for the cast in situ concretes, which were provided by Mebin B.V. The installation and removal of machinery on site were not considered in either the environmental or economic costs due to their marginal influence on the study results.



Environmental data were retrieved from the Ecoinvent v.3.5 [44] and Idemat database [45]. The various piles used different types of steel. Nonetheless, the same steel was considered for all reinforcements (steel reinforcement with a working process) because not all steels were found in the consulted databases. In this regard, the importance of retrieving the data from the same databases should be remarked on to ensure a fair comparison. Please see Supplementary Material S2 for more information on the materials/processes and quantities introduced in SimaPro. The transport distances for materials and components were obtained from the literature and are summarized in Table 3. Note that these distances are for a trip by truck; however, in the study two trips by truck were considered (one to deliver the product and then another to return to the empty truck to the factory).





3. Results and Discussion


The results of the research are presented and discussed in the subsections below: structural results of the foundation alternatives (Section 3.1), environmental results of only piles (Section 3.2.1), environmental results of foundation alternatives (piles and beams) (Section 3.2.2), economic results of the foundation alternatives (Section 3.3), and the economic-environmental results of the foundation alternatives (Pareto front) (Section 3.4). Please find absolute values of the environmental and economic results in Supplementary Material S5.



3.1. Structural Results


Table 4 shows the study alternatives along with the main characteristics of the alternatives for later conducting the environmental and economic analysis. Please consult Supplementary Materials S3 and S4 for more information on the structural results.




3.2. Environmental Results


3.2.1. Piles


Figure 9 compares the GHG emissions of various piles from alternatives with cast in situ beams and three piles per beam. The piles from foundation alternatives with precast beams and four piles per beam are not shown, as they display a similar trend.



If we observe the environmental impact of each element in the construction of a pile (e.g., reinforcement, transport, etc.), concrete and steel play an important role in the environmental results of all piles, representing 65–95% of the impact. In addition, pile driving (i.e., drilling, driving, etc.) can represent up to 20% of the GWP and CED from pile construction, as is the case with Fundex piles, given that for this type of pile diesel is needed not only for piling but also for an external unit for pumping concrete. Additionally, the sacrificial steel in the Fundex pile type can represent up to 15% of GWP, up to 25% of eco-costs, and 20% of ReCiPe and CED. Transportation in precast piles accounts for 15–20% of the environmental impact. However, the transportation of waste derived from installation in all piles has little impact on the environmental results.



If we compare the environmental impact between the piles, it can be observed that piles with the least amount of reinforcement obtained the best environmental results, namely precast piles with the smallest cross-sections (e.g., P250-35) and vibro-piles with the highest concrete strengths. On the other hand, the types of piles that obtained the worst environmental results were those with large amounts of concrete and/or steel. These included CFA piles (e.g., C600-20), vibro-piles with low concrete strengths and/or large amounts of reinforcement (e.g., V305-20), and Fundex piles with larger cross-sections (e.g., F460-20).



If we analyze the influence of the study variables on the environmental results of piles, we can see that prefabricated piles with the smallest cross-sections obtained the best environmental results (e.g., P250-35). Additionally, the increase in concrete strength in vibro-piles led to reductions in GHG emissions, which is in line with a previous study [17]. Finally, four-pile ground beam piles obtained better results than three-pile ground beam piles because the latter have more steel reinforcement to compensate for higher buckling loads.




3.2.2. Foundation Alternatives (Piles and Beams)


Materials are the main contributor to environmental impact (85–95%) in all indicators of the foundation alternatives, which is aligned with previous studies [14,17]. Figure 10 shows some of the relevant environmental results to allow for a discussion of the influence of study variables.



In terms of prefabrication, foundation alternatives with small cross-section precast piles (PPCs) obtained the best environmental results in the study (e.g., 9–28). However, the use of prefabricated beams instead of cast in situ beams increased the environmental impact of the foundation alternatives by up to 5% in terms of eco-costs, ReCiPe, and CED and 10% in terms of GWP. This is because concrete in precast beams has a greater impact (more cement) than concrete in cast in situ beams. In this sense, concrete has a special effect on the GWP indicator, while steel is on the eco-cost indicator. Furthermore, precast ground beams require transportation to and installation at the building site, which far outweighs the impact of concrete blinding and the larger volumes of concrete in cast in situ beams. Most likely, as the beam becomes wider (precast or cast in situ), the amount of concrete and steel increases, and consequently, the environmental impact of the beam is higher. However, the prefabrication of ground beams might be interesting from a cradle-to-grave perspective [48], as they can have a prolonged service life (from reuse).



The design of the piles has an important effect on the environmental results of the hole foundation. Nevertheless, the type of pile itself is not a guarantee that the foundation alternative is sustainable, although the reduced amounts of concrete and particularly steel are sustainable. Nevertheless, it should be noted that some types of piles use fewer materials and resources than others to support the same load. The foundation alternatives that resulted in the lowest environmental impact compared to the worst environmental result were those with small cross-section PPC piles (9, 28), which obtained up to 55% lower environmental impacts, and vibro-piles with low amounts of reinforcement, which obtained up to 45% smaller impacts (e.g., 21→4Ø12). Surprisingly, these alternatives have the lowest amounts of steel reinforcement in the piles examined in this study. In contrast, the foundation alternatives that inflicted the greatest environmental impact were those with vibro-piles with large amounts of reinforcement (e.g., 11→8Ø20), CFA piles (e.g., 1→diameter 600) with large amounts of concrete, and Fundex piles with moderately high amounts of concrete and steel, which includes the sacrificial steel (e.g., 8→ diameter 460 + 7Ø12 + 160 kg tip).



The increase in concrete strength in vibro-piles from C20/25 to C40/50 reduced the eco-cost, ReCiPe, and CED impacts by up to 30% and GWP by 25% (e.g., 2–4). Similarly, the increase in concrete strength from C30/37 to C40/50 reduced the eco-costs and ReCiPe impacts by up to 25%, and GWP and CED by up to 20% (e.g., 3–4). Surprisingly, vibro-piles that differed only in concrete strength had a similar impact from concrete but a different impact from steel (e.g., 3 and 4). This is explained because the concrete for cast in situ piles must have a minimal cement content of 375 kg/m3 according to Dutch regulation [15], which assimilates the impact of concrete between cast-in-situ piles. However, the impact of steel between these piles is different because as the higher concrete strength is, the less steel reinforcement is required, since concrete contributes more to resisting the forces.



In terms of the number of piles in beams, four-pile foundations obtained 20–30% fewer impacts in eco-costs and ReCiPe, 15–20% in GWP and 15–25% in CED compared to those with three piles (e.g., 3–21). This is because less steel is required to compensate for the bending moments and shear forces in the beams and buckling forces in the piles.



Given the same beam, alternatives with vibro-piles that fit the beams better (i.e., larger piles) obtained 25–40% lower eco-costs and ReCiPe and up to 30% lower GWPs and CEDs compared to smaller diameter piles (e.g., 11–14). This is because a larger diameter pile has a higher capacity since the axial forces are distributed over a larger surface and therefore the internal forces are smaller, reducing the required steel reinforcement.





3.3. Economic Results of Foundation Alternatives


Piles accounted for 40–60% of the cost of foundation alternatives. Figure 11 shows some of the representative economic results of the study to allow for a discussion of the study variables. Foundation alternatives with piles with larger concrete pile cross-sections incurred the highest economic costs (e.g., 1, 10, 16, 17), while foundations with low-reinforcement vibro-piles with precast beams (e.g., 15, 26) and cast in situ beams (e.g., 6, 21) were the most economical options (up to 40% cheaper). The increase in the strength of concrete in vibro-piles considerably reduced the cost of the foundation by 7–10% from C20 to C30 and from C30 to C40 and up to 15% from C20 to C40. This is because as the strength of the concrete increases, less steel reinforcement is required, although the cost of concrete is slightly higher. Moreover, foundations with four piles per beam were 7–12% more economical than foundations with three piles because the former have less steel reinforcement (e.g., 3–21). Alternatives with vibro-piles that fit the beams better (i.e., larger pile for the same beam) were up to 20% cheaper. Finally, foundations with the same piles and with precast or cast in situ beams obtained similar economic costs (approximately 5% up and down).




3.4. Environmental-Economic Results of Foundation Alternatives (Pareto Front)


The best choices on the basis of both economy and ecology are shown in Figure 12 and Figure 13. In a one-dimensional system, there is one best choice, but in a two-dimensional system the best choices are given on a line: the so-called Pareto Front. A solution at the Pareto Front has no better alternative in the sense that there are no alternatives that score better on eco-costs and, at the same time, on costs. Such a solution is called Pareto Optimal, or Pareto Efficient [49]. There are many examples of this mathematical concept of multi-objective optimization (MOO), often related to the costs of energy conservation systems in the building industry [50], the refurbishment of buildings [51], and industrial processes [52]. The method is used to select the best solutions out of a cloud of alternatives and has the advantage that such a selection is still free of subjective choices.



A final choice of the best solution on the Pareto front, however, is a matter of a subjective choice—in this case, the relative importance of the eco-costs versus the costs (i.e., “how important is the ecology compared to the economy?”). A recent approach is to minimize the “true costs”, where “true costs” = “eco-costs” + “costs” [53], and where “true costs” = “constant” is a straight line in Figure 12. In our case, it is a co-incidence that the Pareto front falls along this straight line. That means that, in this case, an additional subjective criterion must be applied to make a final choice. When the carbon footprint in Figure 13 is expressed in terms of money (e.g., the (future) price of carbon allowances, or the “eco-costs of carbon footprint”), the additional criterion of minimizing the true costs leads to a final choice.



The foundation alternatives that obtained the lowest results from this perspective were those composed of vibro-piles with a medium section (305 mm), low reinforcement (4Ø12), higher compressive concrete strengths (C30), four-pile cast in situ beams (21), and four-pile precast beams (26). It is worth mentioning that the same alternative with greater concrete strength (C40) was not considered because the amount of steel in the pile (21) is already the minimum established by regulations and therefore would have obtained similar environmental results. Second, the best-rated foundation alternatives were those with vibro-piles with a wide cross-section (356 mm), low reinforcement (5Ø12), the highest compressive concrete strength (C25), four-pile precast beams (15) and three-pile cast in situ beams (6). Surprisingly, these alternatives (21, 26, 6, 16) have the lowest amounts of steel reinforcement in cast in situ piles. Prefabricated piles with small cross-sections have even reduced amounts of reinforcement (9, 28). The alternatives with prefabricated piles of small cross-sections obtained the best environmental results (Section 3.2.2.), although from an environmental and economic perspective the aforementioned alternatives with vibro-piles obtained better results because vibro-piles are cheaper (according to the database consulted). In contrast, the alternatives that obtained the worst results were the CFA piles with three and four piles per beam cast in situ (1, 17), as they required the highest amounts of concrete. Second, the worst-rated foundation alternatives were those with Fundex piles (8) and PPC piles (10, 16) with large pile cross-sections and highly reinforced vibro-piles (11). It should be mentioned that the larger the section of a pile was, the greater the width of the beam would be, thus increasing the amount of concrete.





4. Conclusions


An assessment has been presented, from an environmental and economic perspective, of the construction of a conventional building foundation composed of piles and ground beams according to the variables of level of prefabrication (fully precast, semiprecast, and cast in situ), the concrete strength of cast in situ piles (C20/25, C25/30, C30/37, C40/50), the type of pile (precast prestressed concrete (PPC), continuous flight auger (CFA), Fundex, and Vibro piles), and the number of piles per beam (3 and 4 piles). Some of the main conclusions of the study are summarized below.



	
None of the study variables guarantees that a foundation is sustainable. However, a combination of selected variables can reduce the environmental impact by up to 55% and the economic costs by up to 40% compared to the worst study alternatives. Materials accounted for 85–95% of the impact of the foundation; therefore, the combination of variables must guarantee a reduction in the impact of materials, particularly of steel on piles.



	
From an environmental perspective, it is recommended to use PPC piles with small cross-sections because the environmental impact of the foundation is significantly reduced by up to 45–55% in all environmental indicators. It is also recommended to use vibro-piles with low amounts of reinforcement because the environmental impact can be reduced by up to 40–45%. In contrast, it is not recommended to use CFA piles or highly reinforced vibro-piles in this type of foundation. In addition, the use of prefabricated beams instead of cast in situ beams increases the environmental impact of the foundation by up to 5% in terms of eco-costs, ReCiPe, and CED and up to 10% in GWP over 100 years. Moreover, increasing the compressive strength of concrete in vibro-piles is highly recommended because it reduces the environmental impact of the foundation. For instance, the increase in concrete strength from C20/25 to C40/50 reduces the eco-costs, ReCiPe, and CED by up to 30% and the GWP over 100 years by up to 25%. Finally, the design of four piles per beam instead of three piles per beam can reduce the eco-costs and ReCiPe impact by 20–30%, GWP over 100 years by 15–20%, and CED by 15–25% due to the reduction in steel reinforcing amounts.



	
From an economic perspective, it is preferable to select foundations with vibro-piles with high concrete strengths and with four-pile beams either cast in situ or prefabricated. Conversely, it is not recommended to select CPI piles or precast piles with large cross-sections. Additionally, increasing the strength of concrete from C20 to C30 and from C30 to C40 can reduce the cost of the foundation between 7% and 12% and from C20 to C40 by up to 15%. Moreover, designing four piles instead of three can reduce the economic cost of the foundation by up to 12%.



	
From an environmental and economic perspective (Pareto front), foundations should have low amounts of concrete and especially steel in the piles. Thus, it is recommended to use piles with reduced cross-sections, as their width also conditions the amount of materials in beams. However, reducing the pile cross-section may increase the amount of steel reinforcement in piles, and then the use of a higher concrete strength can moderate steel amounts. Vibro-piles with higher concrete strengths with cast in situ or prefabricated beams and four piles per beam are the most recommended alternatives from this perspective. Alternatives with CFA piles, Fundex piles, and PPC piles with large cross-sections and three piles per beam are the least recommended.






This paper has highlighted that changing certain common variables in the design of a foundation can significantly reduce the environmental and economic cost of the construction of a foundation. However, it must be considered that each type of pile has its optimal application that depends on many factors, such as the type of soil, loads, regulations, and tradition. Besides this, the economic cost of construction can be variable depending on the location and size of the work and the construction company, among other things. However, an attempt was made to minimize this uncertainty—on the one hand, by starting from a real case that was built, and on the other hand by using the databases and resources conventionally used in real practice. Future research could consider the study variables to optimize other constructive elements (slabs, etc.) and include other variables that lead to a significant reduction in environmental impact and economic cost. Likewise, it is interesting to consider other more sustainable materials (geopolymer concrete, biobased reinforcement, etc.) as well as other optimized designs [48]. This research aims to influence future buildings and codes to contribute to the improvement of environmental sustainability in the construction sector.
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Figure 1. Precast prestressed concrete pile. 
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Figure 2. Fundex pile. 
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Figure 3. Continuous flight auger (CFA) pile. 
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Figure 4. Vibro-pile. 
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Figure 5. Aerial photo of the reference project [25]. 
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Figure 6. Foundation of building 13 of the reference project in Vianen. 
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Figure 7. A foundation of the reference project [25]. 
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Figure 8. Life cycle diagram and system boundaries of the construction of the foundation alternatives. 
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Figure 9. Relative impact of piles from beams with three piles considering the indicators of GWP, Eco-costs, ReCiPe, and CED. Terminology: type of pile (continuous flight auger (C), Vibro (V), Fundex (F), precast prestressed concrete (P) pile) + pile diameter/side (mm) − pile concrete strength (C20/25 (20), C25/30 (25), C30/37 (30), C35/45 (35), C40/50 (40)). 
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Figure 10. Relative impact of the eco-costs, ReCiPe, GWP, and CED of relevant study foundation alternatives. Terminology: foundation alternative number − type of pile (continuous flight auger (C), Vibro (V), Fundex (F), precast prestressed concrete (P) pile) + pile diameter/side (mm) − pile concrete strength (C20/25 (20), C25/30 (25), C30/37 (30), C35/45 (35), C40/50 (40))/cast in situ (I) and precast (P) beams + (3) and (4) piles per beam + width of the beam (mm). 
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Figure 11. Economic cost of relevant study foundation alternatives. Terminology: foundation alternative number − type of pile (continuous flight auger (C), Vibro (V), Fundex (F), precast prestressed concrete (P) pile) + pile diameter/side (mm) − pile concrete strength (C20/25 (20), C25/30 (25), C30/37 (30), C35/45 (35), C40/50 (40))/cast in situ (I) and precast (P) beams + (3) and (4) piles per beam + width of the beam (mm). 
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Figure 12. Pareto front of all foundation alternatives, eco-costs vs. costs. Note that the dotted line also depicts true costs = eco-costs + costs = constant (e.g., solutions 26 and 21 have the same true costs). 
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Figure 13. Pareto front of all foundation alternatives, 100-year GWP vs. costs. 
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Table 1. Abbreviations used in the study.
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	Variables
	Abbreviations





	1
	Number of foundation
	1–28



	2
	Type of pile + diameter/side of the pile (mm)
	Continuous flight auger pile (C), Vibro-pile (V), Fundex pile (F), Precast prestressed concrete pile (P)



	3
	Concrete strength
	Cast in situ: C20/25 (20), C25/30 (25), C30/37 (30), C40/50 (40). Precast: 35/45 (35)



	4
	Beam
	Cast in situ (I) (concrete is poured on site), Precast (P) (concrete is poured in a specialized facility)



	5
	Piles per beam
	(3) and (4)



	6
	Width of the beam (mm)
	Cast in situ (500, 550, 650) and Precast (300, 350, 400, 450)







Example: 1-C600-20/I3.650 is foundation number 1 and is composed of C600-20 piles and I3.650 beams. The C600-20 pile is a continuous flight auger pile 600 mm in diameter with a concrete strength of C20/25. I3.650 is a cast in situ beam supported by three piles with a width of 650 mm.
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Table 2. Building materials and permanent loads used in the study.
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	Element
	Construction System
	Loads





	Ground floor
	PS insulation floor
	3.6/2.55 kN/m2



	First and second floors
	Concrete floor
	5.7/2.55 kN/m2



	Roof
	Timber + tiles
	1.0/0.0 kN/m2



	Facades
	Timber frame construction + masonry
	2.5 kN/m2



	Front facade
	Sand-lime bricks + masonry
	4.3 kN/m2



	Building wall
	2 × 120 mm sand-lime bricks construction
	4.5 kN/m2



	Extension facade
	Sand-lime bricks + masonry
	4.3 kN/m2



	Roof extension
	Concrete floor
	5.5/0.0 kN/m2
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Table 3. Transport distances used for calculation.
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Item

	
Transportation

	
Distances

(km)

	
Retrieved from




	

	
From

	
To

	

	






	
Cement

	
Place of production

	
Concrete plant

Precast concrete plant

	
75

	
[14,17,46]




	
Aggregates

	
Place of production

	
Concrete plant

Precast concrete plant

	
40




	
Steel reinforcement

	
Place of production

	
Construction site

Precast concrete plant

	
130




	
Concrete

	
Place of production

	
Construction site

	
30




	
Soil

	
Construction site

	
Landfill sites

	
30




	
Waste

	
Construction site

	
Waste management facility

	
30

	




	
Sawn timber

	
Place of production

	
Construction site

	
50

	
[46]




	
Additives

	
Place of production

	
Concrete plant

Precast concrete plant

	
100

	
[14,17]




	
Precast units

	
Precast concrete plant

	
Construction site

	
150

	
[47]
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Table 4. Main characteristics of the foundation alternatives.
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Foundation Alternative Code

	
Number

	
Piles

	
Concrete

	
Steel

	
Steel Reinforcement for Piles




	
u

	
m3

	
kg

	






	
1-C600-20/I3.650

	
1

	
32

	
169

	
4900

	
7Ø16 (3 m) + Ø25 (10 m)




	
2-V305-20/I3.500

	
2

	
32

	
70

	
11,540

	
8Ø20 *




	
3-V305-30/I3.500

	
3

	
32

	
70

	
9469

	
6Ø20 *




	
4-V305-40/I3.500

	
4

	
32

	
70

	
6568

	
5Ø16 *




	
5-V356-20/I3.500

	
5

	
32

	
81

	
6582

	
5Ø16 *




	
6-V356-25/I3.500

	
6

	
32

	
81

	
5132

	
5Ø12 *




	
7-F380-20/I3.500

	
7

	
32

	
83

	
7438

	
5Ø16 *




	
8-F460-20/I3.550

	
8

	
32

	
106

	
7651

	
7Ø12 *




	
9-P250-35/I4.500

	
9

	
41

	
66

	
2406

	
4Ø6.9 *




	
10-P350-35/I3.500

	
10

	
32

	
92

	
3383

	
4Ø9.3 *




	
11-V305-20/P3.400

	
11

	
32

	
65

	
11,468

	
8Ø20 *




	
12-V305-30/P3.400

	
12

	
32

	
65

	
9397

	
6Ø20 *




	
13-V305-40/P3.400

	
13

	
32

	
65

	
6497

	
5Ø16 *




	
14-V356-20/P3.400

	
14

	
32

	
76

	
6510

	
5Ø16 *




	
15-V356-25/P3.400

	
15

	
32

	
76

	
5060

	
5Ø12 *




	
16-P350-35/P3.400

	
16

	
32

	
87

	
3311

	
4Ø9.3 *




	
17-C500-20/I4.550

	
17

	
32

	
151

	
4622

	
5Ø16 (3 m) + Ø25 (10 m)




	
18-V273-30/I4.500

	
18

	
41

	
70

	
10,765

	
6Ø20 *




	
19-V273-40/I4.500

	
19

	
41

	
70

	
7048

	
5Ø16 *




	
20-V305-20/I4.500

	
20

	
41

	
78

	
7911

	
6Ø16 *




	
21-V305-30/I4.500

	
21

	
41

	
78

	
4727

	
4Ø12 *




	
22-F380-20/I4.500

	
22

	
41

	
95

	
6460

	
5Ø12 *




	
23-V273-30/P4.350

	
23

	
41

	
63

	
10,794

	
6Ø20 *




	
24-V273-40/P4.350

	
24

	
41

	
63

	
7077

	
5Ø16 *




	
25-V305-20/P4.350

	
25

	
41

	
71

	
7940

	
6Ø16 *




	
26-V305-30/P4.350

	
26

	
41

	
71

	
4757

	
4Ø12 *




	
27-F380-20/P4.450

	
27

	
41

	
93

	
6554

	
5Ø12 *




	
28-P250-35/P4.300

	
28

	
41

	
64

	
2509

	
4Ø6.9 *








Terminology: foundation alternative number − type of pile (continuous flight auger (C), Vibro (V), Fundex (F), precast prestressed concrete (P) pile) + pile diameter/side (mm) − pile concrete strength (C20/25 (20), C25/30 (25), C30/37 (30), C35/45 (35), C40/50 (40))/Cast in situ (I) and precast (P) beams + (3) and (4) piles per beam + width of the beam (mm). * Reinforcement all the length of the pile.
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