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Residential foundation selection is critical for the lifetime performance of the project, but the type of foundation selected can depend on cost. This study aims to compare the new construction costs of residential slab-on-fill and four types of crawl space foundations for residential projects by quantifying the material quantities for each and exploring the effect of building characteristics on material quantities and total costs. The building characteristics selected are size (139 m2, 186 m2, and 232 m2), footprint aspect ratio (1:1, 1:2.5, and 1:5) and first floor elevation (0 m–1.2 m in 0.3 m increments). We find that material quantities and total costs change not only with building size and elevation, but also with footprint aspect ratio. Applying 2022 RSMeans Building Construction Cost data, the results show that for any building size, aspect ratio, or elevation, raised wood flooring on pier foundations ($118–$180 per m2) and slab on fill ($103–$211 per m2) are the least expensive, while crawl space foundations with stemwalls are the most expensive ($147–$280 per m2). The results of this study can be used by residential builders, developers and designers in evaluating foundation costs and design alternatives. The methodology may also be adapted for use in other applications such as flood mitigation or energy efficiency projects or environmental sustainability assessments.
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1 INTRODUCTION
This paper demonstrates a fundamental methodology to analyse the estimated construction costs of elevated foundation methods that are typical for single-family residential (SFR) structures. Structures that are elevated above probable flood risk are more likely to resist damages caused from hurricane storm surge, riverine flooding, and changes in future conditions, due to sea level rise and drainage impacts from increased development. (FEMA, 2013; Godfrey et al., 2015). Post flood remediation is often expensive (Taghinezhad et al., 2021) and homeowners often choose not to rebuild if the costs are very high (Gyourko and Saiz, 2004; Gallagher & Hartley, 2017). In addition, mitigating existing structures that have sustained past damage through elevation retrofit can prove to be cost-prohibitive for many property owners; validating the importance of proactively elevating SFR structures above probable or historic flood risk during new construction. Therefore, providing property owners an understanding of the construction costs associated with various foundation methods will aid in the selection of the optimal foundation configuration to meet design criteria and reduce potential future losses.
While several studies on construction cost estimation methodology have been identified, very few have focused on foundation costs. For example, Del Bianco et al. (2012) studied the cost and construction time for nine new residential construction projects in Alabama, United States, with raised floor foundations (slab-on-fill, concrete slab on stemwall with fill, and raised wood floor system on stemwall). Actual project costs were provided by the participating builders and contain region-specific material and labor prices. Since the SFR projects were from the same region and constructed approximately at the same time, the cost comparisons are valid. However, material and labor prices change with time and location, and independently of each other. Hence the results cannot be generally applied to other projects even though the findings provide a useful comparison of foundation costs for comparable projects.
Other studies have used computer modeling techniques such as neural networks and Case Based Reasoning to model overall project costs using either historical or simulated project information as input (e.g., Kim et al., 2004; Leśniak and Zima, 2018). These techniques have the advantage of being customizable for specific cost outputs such as foundation costs or exterior envelope costs. However, the accuracy of the analysis depends on having a large input dataset, which may not be practicable for all but the larger developers and construction firms (Juszczyk, 2017).
Econometric analyses predicting construction price indices have been proposed as a cost estimation method (Joukar & Nahmens, 2016; Rafiei and Adeli, 2018; Zhang et al., 2019; Mahdavian et al., 2021). While these methods may be useful to forecast commodity prices, they cannot be used to develop a generalized estimation methodology given the volatility of such indices. For instance, the National Association of Home Builders (NAHB) survey of home construction costs found that foundation costs were 10.8% of the total cost in 2017, but increased to 11.8% of total cost in 2019 owing in part to an increase in ready mix concrete prices (NAHB, 2019). Prices derived from commodity and labour prices based on economic trends are used in published construction cost databases such as Robert Snow Means (RSMeans, 2022). Such databases are typically national averages published for each year. However, such aggregate costs cannot be applied without adjusting for location and time using an inflation factor. Since material prices do not vary in tandem across time, a single inflation factor cannot represent actual current prices across the board. Additionally, construction material prices can vary with factors such as project scale and supplier discounts (Estes, 2016).
Given the drawbacks of published cost databases, material quantity based cost estimation is more accurate. Building Information Modelling (BIM) is an efficient tool given the quantity take-off and 4-D scheduling capabilities of several software (e.g., Elghaish et al., 2019; Lee et al., 2020). Design changes are also easily tracked and therefore cost estimate implications are easy to compare in different scenarios (Juszczyk et al., 2016). BIM based cost estimation is both faster and more accurate than manual cost estimation (Haider et al., 2020). However, relying on BIM at this juncture is premature due to the current limitations of the software. BIM requires participation from all parties in the construction process, which is not yet the case (Zhao and Wang, 2014). The costs of the software and lack of skills are also cited for low uptake of BIM (Ghaffarianhoseini et al., 2017). Additionally, the lack of universal coding structures has proved to be a hindrance to wider acceptance of BIM in the construction industry (Ying, 2019). BIM also requires a high level of integration and task coordination between various stakeholders. Since there is always a lag in level of completion between the entities, cost estimation is often delayed as the model does not have sufficient details for take-offs (Jordan, 2017).
This study aims to develop a methodological framework to calculate material quantity-based foundation cost estimates for a single-family home. This paper translates prescriptive International Residential Code 2015 (IRC, 2015, 2014) foundation requirements to a series of quantity take-off formulae and applies national RSMeans (2022) cost data. Material quantity formulae are developed for slab-on-fill (Figure 2) and crawl space foundations, with separate formulae for stemwall with concrete slab-on fill floor (Figure 3), stemwall with concrete slab on internal concrete masonry unit (CMU) piers (Figures 4, 5), stemwall with wood framed floor on internal CMU piers (Figure 6), and pier with wood framed floor foundations (Figure 7). Material quantities are calculated to demonstrate the methodology for representative buildings with footprint areas of 139, 186, and 232 m2 (1,500, 2,000 and 2,500 sq. ft.), aspect ratios of 1:1, 1:2.5, and 1:5, and first floor elevations (i.e., the top of the lowest floor of a residential building without a basement) of 0 m–1.2 m in 0.3 m increments (0–4 ft. in 1 ft. increments). RSMeans (2022) construction costs are applied to the quantity take-off data to estimate foundation costs. This offers a generalized methodology of applying construction cost data to material quantities.
There are many potential applications of the formulae and results developed in this paper. First, the formulae may be directly applied by anyone involved in material quantity take-off for IRC 2015-compliant foundations, including construction estimators and homeowners. The clear presentation and comprehensiveness of the formulae allow for usage by non-professionals and may be modified in the event of future code revisions. By separating material quantities from construction cost data, more comprehensive, location-based cost data may be applied to the derived quantities, resulting in improved cost estimates for residential construction professionals that are easily refined based on changes in labour and productivity. The results themselves are beneficial for many stakeholders in the residential construction decision making process. These derived quantities can also be used in the analysis of other building performance metrics such as carbon footprint (Matthews et al., 2016) and embodied energy (Bansal et al., 2020). Homeowners can use the results of this paper to understand the cost implications of selecting a particular foundation type or elevating their home at the time of construction. Building code officials and local decision makers may find value in this paper as it presents a comparison of costs that may be useful in better understanding cost considerations associated with changes in local building or floodplain ordinances. Finally, community resilience researchers will find tremendous value in this paper, as it provides a comprehensive methodology to estimate costs for different types of foundations and elevations. This paper provides a missing link by providing researchers a sound methodology to estimate new construction costs, thereby increasing the reliability of cost estimates at individual building and community scales and enabling optimization of flood hazard cost benefit approaches.
2 METHODOLOGY
Material quantities and costs are modelled for three buildings representative of the existing housing stock in the US, with different areas (139 m2, 186 m2 and 232 m2), footprint aspect ratios (1:1, 1:2.5 and 1:5) and first floor elevations (0 m–1.2 m in 0.3 m increments). The incremental costs are calculated with respect to grade (elevation = 0 m).
Five commonly used foundation types were selected for analysis–slab-on-fill, and four crawl space foundation types. While the slab-on-fill and one of the crawl space foundations with structural fill are considered closed foundation types, the others are considered open foundation types as they allow the passage of flood water. This is vital in flood prone areas as the force of the moving water may cause catastrophic damage to the lower portions of the home. Where structural fill is used, the damage is not caused from the collapse of the foundation, but by scour and altered hydrological flows in the vicinity.
2.1 Building characteristics
Historical construction records maintained since 1974 by the US Census Bureau (summarized in Table 1) indicate that the total liveable floor area of the median single-family home in the US has ranged from a low of 141 m2 (1,520 sq. ft.) in 1982 to a high of 229 m2 (2,467 sq. ft.) in 2015 (US Census Bureau, 2019) with an overall median of 182 m2 (1,966 sq. ft.). As these are median home sizes, they account for all the homes larger and smaller than the average for each region. This is why the maximum and minimum median home size for the entire United States do not always correspond to the maximum or minimum in any individual region for the same year. Since many of these homes are still in the existing housing stock in the US, this study considers home sizes of 139 m2 (1,500 sq. ft.), 186 m2 (2,000 sq. ft.) and 232 m2 (2,500 sq. ft.).
TABLE 1 | Summary of the median new single-family home sizes in the US built between 1974 and 2018.
[image: Table 1]Additionally, the effect of building shape on material quantities is estimated by studying each building at three footprint aspect ratios (Length:Width)—square (1:1), intermediate (1:2.5) and linear (1:5). The aspect ratios selected are meant to represent the widest possible range of rectangular buildings from a square (1:1) to an extremely linear (1:5) configuration seen in standard manufactured homes. (A standard “single-wide” manufactured homes in the US has a width of 5.5 m (18 ft) or less and a length of 27.4 m (90 ft) or less (TenWolde, 1994; Zhou, 2013)). An arbitrary aspect ratio of 1:2.5 is selected as an intermediate size.
The elevation of the first floor (i.e., the lowest habitable floor of the home) is assumed to have an effect on the overall foundation material required and the cost. Therefore, material quantities are calculated in 0.3 m (1 ft) increments from 0 m to 1.2 m (4 ft).
For the purpose of this research, it is assumed that for each foundation type, the difference between a house with first floor at grade (0 m) and the same house at an elevation h above existing grade is only the amount of material used in the foundation. Therefore, the specific details of the building such as wall assemblies, interior finishes, roof and installed equipment are ignored, assuming the structural requirements of the building are unchanged and that the foundation material quantities are determined purely by the desired elevation of first floor above existing grade.
The homes modelled are assumed to be single storied with a rectangular footprint (Figure 1). This study considers slab-on-fill and four types of crawl space foundations. Slab-on-fill foundations are constructed directly on soil with under-floor building systems embedded in the soil. The elevation for this foundation type is modified by the use of additional structural fill. Crawl space foundations result in a raised first floor relative to adjacent grade. Although this can be achieved in several different ways, this study analyses the four common types as described in Table 2.
[image: Figure 1]FIGURE 1 | Building footprint.
TABLE 2 | Foundation types.
[image: Table 2]The homes are assumed to comply with the IRC, which establishes minimum requirements for single-family and town home residential construction, and is now used directly or as the basis for customized local construction codes in most jurisdictions in the US. Due to the lag in adoption of the latest versions of construction codes by local authorities, the 2015 version of the IRC is used as the basis for this study even though the current version is IRC 2021.
2.2 Material quantity formulae
Appropriate equations are developed to calculate material quantities for specific items in the construction process for each foundation type using the assumed geometry of the building and standard foundation construction practices. A breakdown of the construction process for each foundation type from rough grading and excavation, to form-work and fill compaction gives a breakdown of materials and activities to ensure costs for each are included in the analysis. Foundation configurations are based on the IRC requirements where applicable, or on other industry sources. For instance, placement of insulation either in contact with grade or under raised flooring is as laid out in the US Department of Energy’s (DOE) Foundation Design Handbook (Carmody et al., 2013). Although this study only considers rectangular building footprints and a single storey, the methodology developed can be applied to other building shapes and number of stories through the derivation of appropriate material quantity equations. Finally, the effectiveness of each formula was independently verified by performing the calculations independently and comparing the resulting material quantities and costs.
2.2.1 Slab-on-fill foundation
The construction process for a new slab-on-grade foundation can be divided into six broad categories–rough grading of the site, installation and compaction of structural fill, excavation for edge beam, placing of gravel, installation of insulation and vapour barrier, and installation of edge beams and the slab.
Figure 2 shows the typical cross-section and plan configuration of a slab-on-fill foundation. The slab of thickness t with monolithic edge beams of depth D is installed on structural fill of height h. The fill is also assumed to have a level surface on top extending an equal distance a in all directions from the exterior face of the building. The structural fill is embanked for stability at a slope of 1:s. The embanked fill is typically stabilized using landscaping such as sod or other materials, which are not considered here.
[image: Figure 2]FIGURE 2 | Cross-section detail and plan of slab-on-grade foundation.
Rough Grading of the site involves clearing of scrub, trees and other impediments and levelling the site to proceed with construction activities. Depending on the site conditions and the design intent, grading may involve moving excavated earth from higher parts of the site and filling the lower parts with the removed soil. In other cases, extra soil may need to be transported to the site either to achieve the grade required or amend the existing soil to meet the bearing capacity required by design. For this study, it is assumed that the site is already free of obstructions and only requires rough grading to receive the structural fill.
For a conservative estimate of the rough grading quantity for a slab-on-fill foundation, it is assumed that only the area directly under fill will be cleared and levelled. Therefore, given a fill height h, embankment slope 1:s (i.e., 1 vertical to s horizontal units), and fill extension around the building a, the total area of rough grading for a building of length L and width B is calculated using Eq. 1.
[image: image]
Structural fill is the additional fill that must be added to raise the existing grade below the building slab. This soil is typically selected to complement the existing soil in order to achieve the total design bearing capacity for the project and may vary depending on the overall finished slab level to be achieved. IRC 2015 (R401.4) indicates that soil tests to verify existing soil conditions may be required by the local authority having jurisdiction (AHJ) where expansive, compressible or shifting soils are suspected. According to general soil classification, the weakest soils are clay, sandy, silty clay, clayey silt, silt and sandy siltclay (CL, ML, MH and CH) with a bearing capacity of 7,320 kg/m2 (1,500 psf). Soil tests are recommended where soils are likely to have a lower bearing capacity, and the AHJ may require emendation or replacement of existing soils with imported fill (IRC 2015—Table R401.4.1). For this study, the structural fill is assumed to be common earth fill with a standard swell factor of 30%. The fill is assumed to extend to a distance a beyond the building footprint in each direction with an embankment slope of 1:s (i.e., 1 vertical to s horizontal units; see Figure 2).
The structural fill forms a truncated pyramid shape (frustum) and therefore, the volume is a function of the top and bottom areas of the frustum. Given building length L, building width B, top fill extension a, fill height h and embankment slope 1:s, the top and bottom areas, A1 and A2, respectively, are calculated using Eqs 2, 3.
[image: image]
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The total height of fill adjacent to the building is different from within the building footprint as the fill below the slab must allow for the thickness of the slab (t), insulation (i) and gravel (g) layer, whereas the top of slab is raised above the finish exterior grade (h’). The volume of fill is given by Eq. 4, where σ is the soil swell factor of the fill. Swell factor is calculated from the bank and loose density of the soil expressed as a percentage (Iowa DOT, 2021).
[image: image]
Excavation of trenches for the slab edges takes place on the compacted structural fill and/or the undisturbed soil depending on the finish soil grade relative to existing grade. Given insulation thickness i, beam width W, beam depth D, gravel depth g, slab thickness t, and distance from finish exterior grade to top of slab h’, the volume of excavation is given by Eq. 5a when finish fill height is less than depth of floor assembly (0 ≤ h ≤ (t + i + g-h’)) and Eq. 5b otherwise (h ≥ (t + i + g-h’)).
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Slab-on-grade foundations are susceptible to water intrusion from poorly drained soil. Therefore, a continuous, 10–15 cm (4–6 inches) deep layer of limestone or other suitable gravel is installed to improve drainage. Assuming layer depth g, the volume of gravel needed for a building of dimensions LxB is given by Eq. 6.
[image: image]
But since the unit cost of compacted gravel is given per unit area, the area of gravel required is given by Eq. 7.
[image: image]
Vapour barrier is installed continuous above the gravel as an additional moisture control measure. This is typically a layer of polyethylene or other moisture resistance sheeting and must be run vertically on the outside of the slab edge for proper moisture control (Figure 2). The total area of vapour barrier required is given by Eq. 8.
[image: image]
Insulation is installed under the slab in cold climates to protect the structure from frost damage but is optional in warmer climates. This is typically a continuous layer of rigid insulation installed between the gravel layer and the vapour barrier. The total area of material to be installed is given by Eq. 9.
[image: image]
Concrete slab-on-grade is typically cast-in-place resting on levelled and compacted earth (Figure 2). The volume of a concrete slab of thickness t for a building footprint of LxB is given by Eq. 10.
[image: image]
The thickened slab edge is poured monolithically with the slab to a depth of D from the top of the slab and having a bottom width W. The outer sides of the slab edge beam are formed using vertical forms, but the bottoms of the edge beams and slab are formed using the compacted substrate. The total running length of the concrete edge beam is given by Eq. 11.
[image: image]
2.2.2 Crawl space foundations
Although there is no standard definition in the IRC for a crawl space, it is generally understood to be an under floor space between a raised first floor and the grade below. Crawl spaces are typically unoccupied and only used for access to under floor utilities such as plumbing and HVAC runs. Four types of crawl space foundations were considered for this study—1) CS-1: CMU stemwalls with a concrete slab-on-fill, 2) CS-2: CMU stemwalls with concrete slab on internal CMU piers, 3) CS-3: CMU stemwalls with wood frame floor assembly on internal CMU piers, and 4) CS-4: open foundation on CMU piers (Table 2). A finish material is typically applied to the outside of the stemwall. However, for the purpose of this study, this finish material is ignored.
The construction process for crawl space or raised floor foundations involves grading, excavation, placing gravel, pouring concrete footings, placing structural fill where used, installation of vapour barrier and insulation, construction of CMU stemwalls and/or piers, and installation of floor assembly. Since unvented crawl spaces are not recommended in flood prone areas, all crawl space foundations are assumed to be vented except where structural fill is used (CS-1). The quantities for the different crawl space foundation types are calculated using formulas described in the following sections.
2.2.2.1 Stemwall with concrete slab-on-fill floor (CS-1)
This is a fully enclosed foundation type with no access to the crawl space other than masonry vents and weeps as required for moisture control (Figure 3). Structural fill is installed within the CMU stemwall enclosure and compacted to design specifications. The fill is topped with a layer of gravel with a vapour barrier and continuous rigid insulation board as a moisture and thermal barrier. The concrete floor slab is poured last. The foundation material quantities are calculated as follows.
[image: Figure 3]FIGURE 3 | Cross section and plan of stemwall foundation with concrete slab-on-fill.
Rough grading is assumed to be required only to the extent of the building footprint and the grading area AR for a building of length L and breadth B is given by Eq. 12.
[image: image]
Excavation volume for the strip foundation of width W and at a depth of h’ and centered on the CMU stemwall of thickness w, for a building of length L and breadth B is given by Eq. 13a when fill height is less than depth of floor assembly (0 ≤ h ≤ (i + g)) and Eq. 13b otherwise (h ≥ (i + g)), where t is the depth of the floor assembly, i is the thickness of insulation, and g is the depth of the gravel layer.
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Gravel quantity used is the sum of the layer below the strip footing and on top of the structural fill. The area of gravel layer of depth g for footing width W, stemwall thickness w, given building length L and breadth B is calculated by Eq. 14.
[image: image]
Concrete strip footing quantity is calculated in linear feet given a uniform footing width W and depth D for building of length L and breadth B by Eq. 15.
[image: image]
CMU quantity is calculated as the vertical area of the masonry stemwall for foundation embedment h’ from top of exterior grade to bottom of strip footing, elevation h, and footing depth D using Eq. 16.
[image: image]
Structural Fill volume (swell factor σ) installed between the stemwalls of width w given total embedment h’ from top of existing grade to bottom of strip footing, top of slab elevation h above exterior grade, insulation thickness i, and gravel layer thickness g, is given by Eq. 17.
[image: image]
Vapour Barrier is installed continuous under the slab to the exterior face of stemwall. The area required for building length L and breadth B, and stemwall thickness w is given by Eq. 18.
[image: image]
Rigid Insulation board is installed continuous below slab (between stemwalls) and also vertically at the exterior face of stemwall. The total area required for building footprint LxB, footing depth D, footing embedment h’ and elevation h is given by Eq. 19.
[image: image]
Concrete floor slab volume for slab thickness t for building of length L and breadth B is given by Eq. 10.
2.2.2.2 Stemwall with concrete slab on internal CMU piers (CS-2)
This is a fully enclosed foundation type with no access to the crawl space other than vents as required (Figures 4, 5). Internal CMU piers are supported on isolated concrete pads and located at regular intervals to support the structure above. A layer of gravel and a continuous vapour barrier are applied to the soil within the stemwall enclosure to improve drainage. Continuous rigid insulation board is applied to the bottom of the concrete slab.
[image: Figure 4]FIGURE 4 | Cross section of stemwall foundation with internal piers.
[image: Figure 5]FIGURE 5 | Plan of stemwall foundation with internal piers.
Rough grading is assumed to be required only to the extent of the building footprint and the area for a building of length L and breadth B is given by Eq. 12.
The total number of internal piers in each direction, along the building length L and breadth B are given by Eqs 20, 21, with y representing the pier spacing. Each of these numbers must be rounded to the nearest whole integer.
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From Eqs 20, 21, total number of piers N is therefore given by Eq. 22.
[image: image]
Excavation volume for the foundation is the volume required for the strip footing as well as for the individual pier footings. Given strip footing of width W and embedment h’ centered on the CMU stemwall of thickness w, and N square internal CMU piers of width C and a footing toe projection P for building length L and breadth B, excavation volume is given by Eq. 23.
[image: image]
Area of gravel layer of depth g used for strip footing and N pier footings is calculated using Eq. 24.
[image: image]
CMU quantity for stemwalls is calculated as a vertical area of the masonry stemwall for foundation embedment h’ from top of exterior grade to bottom of strip footing, and elevation h using Eq. 16.
CMU piers of width C within the stemwall enclosure are measured per vertical height of each pier. Given the total number of internal piers N (Eq. 22), elevation h, foundation embedment h’, footing depth D, and floor assembly depth t, the total vertical height of all piers for a building of length L and breadth B, is given by Eq. 25.
[image: image]
Total footing quantities include concrete for the continuous strip footing at stemwalls as well as the individual pads at each internal CMU pier. Concrete footings pads of fixed size are typically priced by number, which is the same as the total number of piers N given by Eq. 22. The strip footing quantity is calculated as a running length given the footing width W and depth D using Eq. 15 as for crawl space foundation type CS-1.
Vapour Barrier is applied continuously on the soil and tuned up on the inside of the stemwall to create a continuous moisture barrier. Area of Vapour Barrier for building length L and breadth B, elevation h, and floor assembly depth t, is given by Eq. 26.
[image: image]
Rigid insulation is applied at the underside of the flood slab and vertically on the face of the stemwall and calculated by Eq. 27.
[image: image]
Concrete floor slab volume for slab thickness t for building of length L and breadth B is calculated using Eq. 10.
2.2.2.3 Stemwall with wood frame floor on internal CMU piers (CS-3)
This foundation type is the same as foundation type CS-2, with the exception of the floor assembly. Here a wood floor assembly is considered, consisting of a framing system and sub-flooring material sufficient to provide a continuous weather resistant first floor assembly as part of the foundation system. The framing consists of wood girders or beams placed at regular intervals along the length of the building with joists overlaid perpendicular to the beams. The sub-floor typically consists of an exterior rated sheathing material such as plywood or Oriented Strand Board. Therefore, the materials quantities for all other elements such as stemwall, internal pier, and concrete footing are calculated using formulae developed for foundation type CS-2 (Figures 5, 6).
[image: Figure 6]FIGURE 6 | Cross section of stemwall foundation with internal piers.
Rough grading is assumed to be required only to the extent of the building footprint and the grading area R for a building of length L and breadth B is given by Eq. 12. Excavation volume E for the strip foundation of width W and depth D centered on the CMU stemwall of thickness w for building of length L and breadth B is given by Eq. 23. Gravel quantity used for strip footing and N pier footings is calculated the same as for foundation type CS-2 using Eq. 24. Concrete strip footing and pad footings at each internal pier are also calculated as for foundation type CS-2 using Eqs 15, 22, respectively. CMU quantity for the stemwall is calculated as a vertical area of the stemwall using Eq. 16. CMU pier quantities are calculated per unit height of given pier size as for foundation type CS-2 using Eq. 25. Vapour Barrier is installed the same as for foundation type CS-2 and the quantities are given by Eq. 26.
Since a raised wood floor requires sound as well as thermal and moisture control, the underfloor insulation consists of a layer of batt insulation installed between the joists enclosed with a continuous foil faced rigid insulation board installed to the underside of the floor framing. The area of underfloor insulation, AI is calculated using Eq. 28.
[image: image]
Wood Framing for the floor members consists of girders and joists. Girders are larger members typically placed spanning the shorter dimension of the building. Therefore, assuming the building length L is longer than its breadth B, the number of girders required is given by Eq. 29, where γ is the on center (o.c.) girder spacing. Eq. 30 gives the number of joists, which are laid on top of and perpendicular to the girders at ρ units o.c. Note that NWg and NWj must be rounded up to the next whole integer.
[image: image]
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Using Eqs 29, 30, the total volume of girders and joists is given by Eq. 31, where αg and αj represent the unit volume of selected girders and joists, respectively
[image: image]
Wood sub-floor consisting of sheathing material is the same as the building area by Eq. 32
[image: image]
2.2.2.4 Pier foundation with wood frame floor (CS-4)
This is an open foundation type with access to the crawl space (Figure 7). The entire building is supported on regularly spaced CMU piers which are supported on isolated concrete pads. A layer of gravel below footings and a continuous vapour barrier applied to the soil help to improve drainage. Continuous batt insulation and rigid insulation board is applied to the bottom of the wood floor assembly for thermal insulation. The wood floor assembly consists of girders spanning the breadth of the building, with smaller joists installed on top and perpendicular to the girders similar to foundation type CS-3. A continuous exterior rated wood sheathing material such as plywood or Oriented Striated Board is installed over the joists as a sub-floor. Material quantities for this foundation type are calculates as follows.
[image: Figure 7]FIGURE 7 | Cross section and plan of pier foundation with wood framed floor.
Rough grading is assumed to be required only to the extent of the building footprint and the grading area AR for a building of length L and breadth B is given by Eq. 12.
The number of piers in each direction, along the building length L and breadth B are given by Eqs 33, 34, with y representing the pier spacing. Each of these numbers must be rounded to the nearest whole integer.
[image: image]
[image: image]
From Eqs 33, 34, total number of piers is given by Eq. 35.
[image: image]
Excavation volume for piers of width C with footing toe projection P with total number of piers, N, from Eq. 35, is given by Eq. 36, where h’ is the depth to the bottom of the footing from grade.
[image: image]
Gravel layer of depth g is installed at each footing pad and the area is calculated using Eq. 37.
[image: image]
CMU pier quantity is calculated as the vertical height of the masonry for piers of a given size. Using the total number of piers N (Eq. 35), CMU quantity is given by Eq. 25. Insulation installed continuous below the floor assembly as a thermal barrier and is given by Eq. 28. The wood floor assembly quantities are calculated as for foundation type CS-3. Wood Volume of wood framing including girders and joists is given by Eq. 31, and wood sub-floor consisting of sheathing material is calculated using Eq. 32.
2.3 Cost information
Construction costs vary widely by location (Gyourko and Saiz, 2006; Estes, 2016). When estimating costs for a project bid package, contractors may use aggregated cost data from publications such as RSMeans or from their own database of previously completed projects. The types of cost information used may be a square foot cost, unit price per assembly or costs for individual materials used in the project. Typically, once the design is at the Construction Documents phase, exact material quantities are easily calculated and therefore, square foot and assembly prices are not used.
In the United States, RSMeans and other published construction cost data are useful for estimating the overall cost of a project. However, these are typically nationally aggregated mean costs and intended to be used with a local multiplier. Prior studies have found that locally adjusted RSMeans costs vary from actual local material prices. For example, Estes (2016) found that for a slab-on-grade foundation assembly with 0.1 m (4 inches) thick slab, vapour barrier and welded wire fabric in Baton Rouge, Louisiana, United States, concrete was found to be underestimated by 18% and vapour barrier by as much as 67%. Additionally, assembly costs for 0.1 m (4 inches) thick concrete slab were found to differ significantly (p = 0.004, α = 0.05) when comparing locally sourced costs and adjusted RSMeans cost data (Estes, 2016). Published cost data also lack accuracy due to the type and manner of data collected and represented. For example, RSMeans data do not account for variations caused by local codes, productivity rates, climate conditions, labour quality and availability, or costs related to land prices and permit fees (Ontario Construction Secretariat, 2001).
In order to eliminate the inconsistencies caused by regional cost variations, this study uses cost information available at RSMeans (2022) from Gordian. Table 3 summarizes the material, equipment and labour costs considered for each foundation element. The costs given represent the national average cost of material, labour and equipment per unit, including a 10% mark-up for installer’s profit and overhead, but excluding the general contractor’s profit and overhead.
TABLE 3 | Foundation elements description and per-unit cost from RSMeans construction costs (2022).
[image: Table 3]The IRC requires crawl space foundations with walls to have either engineered or un-engineered openings to allow for free passage of flood waters. Engineered openings have pre-fabricated fenestrations which open with the force of the flood waters. Given that the engineered openings are optional per code, this study assumes most homeowners will avoid them and considers all such openings in the stemwall foundations as un-engineered.
2.4 Statistical analysis
Two-way ANOVA is used to examine the effects of first floor elevation and footprint aspect ratio on costs to test the following hypotheses:
Hypotheses 1:. Footprint aspect ratio has no effect on foundation costs
Hypotheses 2:. Elevation of first floor above adjacent grade has no effect on foundation costs
Hypotheses 3:. There is no interaction between first floor elevation and footprint aspect ratio
3 RESULTS
3.1 Material quantity comparisons for all foundation types
Supplementary Appendix SA1 gives the assumed values for all variables used to calculate the material quantities and costs in this study. These are based on a combination of IRC 2015 minimums and industry standard practice where the IRC does not prescribe a value or the industry standard exceeds the code minimum. For example, the minimum concrete slab thickness per IRC 2015 is 0.089 m (3.5 inches), but the industry standard is 0.1 m (4 inches).
Table 4 shows a comparison of material quantities for total concrete, total CMU and structural fill used for each SFR-Foundation model with the average quantity for each SFR model across all foundation types. For all the foundation types, concrete has the highest per unit cost and since it is used in all five foundation types, it is a critical element in any cost analysis. The volume of concrete required for all foundation types ranges from 0.04 to 0.18 m3 per m2 of building area (Supplementary Appendix SA2). Foundation types CS-4 and CS-3 require the least concrete since they only use concrete for pier footing pads and stemwall strip footing (Supplementary Appendix SA2). The overall volume of concrete is higher and quite similar in CS-1, CS-2, and slab-on-fill. The quantity of concrete required increases slightly with aspect ratio with square aspect ratio (1:1) requiring the least and linear aspect ratio (1:5) requiring the most, for the same building size. The total concrete volume increases but the per unit area quantity of concrete decreases with building size for the same aspect ratio. However, since concrete is used in these foundation types only as flooring and footing, the quantity is unaffected by change in first floor elevation (Supplementary Appendix SA2).
TABLE 4 | Material quantities concrete, CMU and structural fill for all single-family residential-foundation models.
[image: Table 4]CMU foundation walls are typically estimated by square feet of vertical wall surface for a given wall thickness. Here, the overall volume of CMU is considered in order to compare total quantity across all foundation types (Supplementary Appendix SA3). The results indicate that for foundations with CMU stemwalls and/or piers, it requires between 0.01 m3 and 0.22 m3 per m2 building area (Supplementary Appendix SA4). As expected, 0.3 m (12 inches) thick CMU stemwalls require more volume of masonry than 0.2 m (8 inches) thick CMU stemwalls. The volume also increases slightly with aspect ratios for each building with square aspect ratio (1:1) requiring the least and linear aspect ratio (1:5) requiring the most CMU by volume. Additionally, CMU volume increases with change in elevation in crawl space foundations as the stemwall and pier configurations are directly affected by the first floor elevation. For every 0.3 m (1 ft) increase in elevation, there is an increase in CMU volume between 0.01 and 0.04 m3 per m2 floor area of CMU (Supplementary Appendix SA4).
Structural fill is only used in two foundation types–slab-on-fill and CS-1. Of these, the slab-on-fill foundation requires the greatest quantities of structural fill at any elevation due to the configuration of the fill. The rate of increase is especially great with respect to elevation in slab-on-fill foundations since the fill configuration for slab-on-fill requires an embanked slope for stability–about 0.62–0.93 m3 per m2 floor area for 0.3 m (1 ft) elevation. Square aspect ratios require less structural fill, when holding the building size and elevation constant (Supplementary Appendix SA4).
3.2 Cost comparisons for all foundation types
The results show that for smaller building areas, and at lower first floor elevations, slab-on-fill foundations are the least expensive, while CS-4 costs well below average when the material quantities increase, i.e., for larger buildings and at higher first floor elevations (Table 5). Crawl space foundations with CMU stemwalls are the most expensive and within these, 0.3 m (12 inches) thick CMU stemwalls are much more expensive than 0.2 m (8 inches) thick CMU stemwalls. This is apparent due to the higher material volume and the slightly higher unit cost of 0.3 m (12 inch) CMU. Costs also increase with the addition of structural fill whereas floor material does not appear to affect costs (Table 5). The total cost of all foundation types by building area, aspect ratio, and first floor elevation is presented at Supplementary Appendix SB1. The 0.3 m CMU CS-3 foundation is the most expensive one based on cost per unit building area, ranging from $147 per m2 to $280 per m2 (Supplementary Appendix SB2). In all cases, either slab-on-fill or CS-4 foundation is found to be the least expensive one.
TABLE 5 | Comparison of individual foundation costs to the average.
[image: Table 5]Per unit area costs given in Table 6 show the cost premium for increasing the first floor elevation from 0.3 m (1 ft) to 1.2 m (4 ft) elevations. The results indicate that CS-4 is the least expensive for all building sizes and aspect ratios except 0.3 m elevation for 1:1, 1:2.5, and 1:5 aspect ratio of 186 m2 and 1:1 aspect ratio of 232 m2 building area; where slab on fill was less expensive. In most cases, 0.3 m CMU CS-1 foundation is most expensive.
TABLE 6 | Unit foundation cost increase with elevation.
[image: Table 6]3.3 Statistical analysis results
The ANOVA results indicate that although both footprint aspect ratio and first floor elevation have a significant impact on cost (p < 0.0001, α = 0.05), while the interaction is not significant (Table 7). The QQ and residual plots indicate the assumptions for ANOVA are maintained, negating the need for non-parametric tests (Figure 8). The analysis was conducted using cost per unit floor area ($/m2) to standardize the data across all building sizes. The results are similar when the data is analysed by either foundation type or aspect ratio.
TABLE 7 | Two-way ANOVA results.
[image: Table 7][image: Figure 8]FIGURE 8 | QQ and residuals plots.
A post-ANOVA means comparison using a p-adjusted Bonferroni Test indicates that the mean of linear aspect ratio (1:5) is significantly different (α = 0.05) at from both the square (1:1) as well as the intermediate (1:2.5) aspect ratios, whereas the means of the latter two groups are not significantly different (Table 8). On the other hand, all elevation levels have significantly different means.
TABLE 8 | Pair-wise test results.
[image: Table 8]4 DISCUSSION
The dynamic costs of a foundation are those that change with change in first floor elevation above adjacent grade. Of the foundation materials considered here, structural fill is sensitive to all three building characteristics studied–building area, footprint aspect ratio and first floor elevation. The greatest portion of this cost comes from the cost to haul the fill and therefore, costs are lower for a fill source closer to the site. In the case of the crawl space foundations, masonry has the largest dynamic cost, and this is more sensitive to elevation than building area or aspect ratio.
The static costs, consisting of all the other foundation elements, do not change with elevation. Of these, concrete accounts for the largest portion of total costs. Therefore, at lower elevations, concrete accounts for a greater portion of the total foundation cost but reduces with increase in elevation as the masonry and structural fill costs increases. The results confirm that material quantities increase with building size and first floor elevation. Also, square footprints require the least materials and so cost less than linear footprints for any given foundation type, building size and elevation. The results also confirm that for each foundation type, one or two foundation elements have the greatest cost impact either due to greater material quantity required (e.g., structural fill for slab-on-fill foundation) or due to a higher unit cost (e.g., concrete). However, in some cases, higher unit costs may be balanced by a greater quantity of cheaper material (e.g., structural fill in CS-1 vs. CMU piers in CS-2). Therefore, careful selection of foundation type is as critical as material selection.
Another source of cost variation comes from market fluctuations in material prices. For example, lumber costs in particular have increased dramatically recently from $677.97 per m3 in 2020 to $1,769.07 per m3 in 2022 (RSMeans, 2022). The National Association of Home Builders’ Construction Cost Survey results indicate that the slab-on-grade foundation for an average single-family unit cost $140 per m2 ($13 per sq. ft.) and accounted for 11.8% of total construction costs (NAHB, 2019). In comparison, our results show a lower unit cost at grade $108—$139 per m2 ($10.04–12.92 per sq. ft.), but this can increase for linear aspect ratios and higher elevations. For example, we see a 55%–60% increase in cost for each building size when comparing linear (1:5) aspect ratio at 1.2 m (4 ft) elevation and square (1:1) aspect ratio at grade. This corresponds to a 16%–17% increase in the fill quantity required per m2 of floor area per 0.3 m increase in elevation.
Slab-on-fill foundation is widely used in the US since it is considered easier to install, and though there is no clear evidence to make this assertion, it is the only reported foundation type in the NAHB cost survey. Our results indicate that at the lower elevations and for smaller building sizes, slab-on-fill and CS-4 are the least expensive. However, at higher elevations, CS-1, CS-2 and CS-3 costs are comparable to slab-on-fill foundation. Closed foundation types such as slab-on-fill and CS-1 (stemwall with structural fill) have been shown to change hydrological flows in the surrounding areas and it is prone to scour from severe flood events and storm surges (FEMA, 2001). There is ample evidence of exacerbated flooding caused by hydrological changes in rapid urbanization events (Zope et al., 2017). In addition to the avoided losses to other properties from displaced flood waters, open foundation is also less prone to scour and therefore, will have fewer events causing major damages over the life of the building. Therefore, if CS-4 foundation type is not suitable due to site or design conditions, an open crawl space foundation with stemwalls may be a better choice than slab-on-fill.
Raising the first floor elevation above the base flood elevation, also known as freeboard, is a recommended method of flood mitigation and has been shown to be a net benefit to homeowners (Gnan et al., 2022a; Al Assi et al., 2022; Gnan et al., 2022b; Gnan et al., 2022c; Al Assi et al., 2023a; Al Assi et al., 2023b; Friedland et al., 2023). Table 6 shows comparative cost premiums associated with freeboard for each foundation type, reiterating that raised wood floor on CMU piers (CS-4) is the least expensive while 0.3 m CMU stemwall foundation is the most expensive. These results offer a simple way of evaluating the costs and benefits of including different levels of freeboard during construction compared to raising an existing structure.
The formulae developed in this study focus on the material quantities of the different foundation types and therefore offer a variety of non-cost related analyses. For instance, the residential foundation contributes to a significant portion of the building’s embodied energy (Bansal et al., 2014). Therefore, these formulae can form the basis for evaluating the environmental footprint of residential projects.
5 LIMITATIONS AND FUTURE WORK
This study is limited to IRC 2015 compliant, single-storey, rectangular structures of light weight stick construction. This construction method is typical for the US and therefore the foundation configurations considered here are specific to that country, as is the cost database used. The proposed methodology can be easily modified to compare material quantities for other construction methods, foundation types and building characteristics, as well as the use of any other appropriate cost information.
The building characteristics are not based on actual structural design calculations and foundation elements such as slab thickness and pier sizes and spacing are assumed to match what is used in typical residential projects. Doing so allows the results to be generalized more widely. Where an actual structural design is available, the material quantities can be calculated more precisely per the project specifications.
The cost data used in this study does not include margins for waste or General Contractor’s Overhead and Profit. These are generally assumed to be 10% and 15% in the industry, but these are not fixed and depend greatly on the project parameters and the contractor. Therefore, removing them from the analysis reduces some of the variability. Where such specifics are known (for, e.g., an average across several projects by the same General Contractor, including them in the analysis will increase accuracy. The results also do not consider lifetime performance of materials which would affect lifecycle costs.
There are several possible future directions for the work presented here. For example, the formulae presented can be modified for different building sizes and aspect ratios. These results can be used to develop a lifecycle cost assessment of these foundation types. The methodology may also be useful in the evaluation of alternative flood mitigation projects or in resource allocation decision making by flood plain managers. Another possible application is in the evaluation of energy efficiency measures such as sub-floor insulation materials and installation techniques.
6 CONCLUSION
Using basic quantity estimating techniques, this research quantifies the construction material and cost variations for a range of single-family residential foundations. The results show that raised wood floor on CMU piers (CS-4) is the least expensive foundation type, while crawl space foundations with 0.3 m (12 inch) CMU stemwalls are the most expensive. While some materials have a higher unit cost, selecting a foundation type with cheaper material does not necessarily translate to savings, as seen from the comparable overall costs of CMU stemwall crawl space foundations with structural fill (CS-1) and with internal piers (CS-2) for most building areas and footprint aspect ratios.
It is estimated that for 0.3 m (1 ft) increase in elevation, CMU quantity required increases by 0.01–0.04 m3 per m2 of building area for crawl space foundations. The total volume of concrete is not affected by change in elevation for any of the foundation types considered here. Crawlspace foundations require about 0.16 m3 of concrete per m2 of floor area where a concrete floor slab is used and about 0.06 m3 per m2 of building area where concrete is only used in the footings.
The major findings of this study are:
• Slab-on-fills are cost-effective at lower elevations and CMU pier foundations with wood frame floor (CS-4) are cost-effective at higher elevations.
• First floor elevation and footprint aspect ratio have a significant effect on the building material quantities and cost (p= <0.001, α = 0.05).
• The total cost increases but per unit foundation cost decreases with increasing building area.
Foundation costs generally increase with elevation, building size and slightly with footprint aspect ratio. For all foundation types, a square aspect ratio (1:1) requires the least quantity of construction materials, while a linear aspect ratio (1:5) requires the most material, for a given building size and elevation. Although the effect of the aspect ratio is statistically significant, first floor elevation has a greater effect on costs.
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Rough grading of site with dozer and labour, up to 929 m (10,000 sq. ft) 312213200170 | $1,15000  each
Rough grading of site with grader and labour, up to 1860 m (20,000 sq.ft.) 31-221320.0200 | $1010.00  each
Structural fill Common earth fill 15.24 m (50 ft) haul using SSHP loader and labour 31-2323.142020 | S153 loose m*
Haul cost per cycle (wait, load, travel, unload and return), 13.76 m* (18 CY) truck, 30min | 31-23.23.20.9068 $10.66 loose m*
wait, 32.2 km (20 mile) cycle
Compaction using sheepsfoot roller in 0.2 m (8 inches) lfts 31-232324.0600 | $325 embankment
o
Excavation Common earth trench excavation using 0.29 m* (3/8 CY) excavator, less than 1.22 m (4 ft) | 31-23.16.13.0050  $10.67 bank m*
deep
Gravel Gravel fill compacted, with labour 0.15 m (6 inches) deep 31-232317.0600 | $9.15 m?
Under-floor Insulation | 25.4 cm (10 inches) thick, unfaced batt insulation, R-30 072116102210 | $23.90 m*
3.81 am (15 inches) thick, foil faced polyisocyanurate 07-2113.10.01650 | $1690 m?
Insulation Expanded polystyrene rigid insulation, 0.05 m (2 inches) thick continuous, R7.69 072113102120 | S13.78 m*
Vapour barrier 0.15 mm (6 mil) polyethylene vapour barrier, standard, in 9.3 m* (100 sq. ft.) rolls 07-2613.10.0901 | 5215 93 m’
Concrete slab 24,132 kPa (3,500 psi) cast-in-place slab-on-grade, 0.1 m (4 inches) thick, no finish 03-30.53.40.4650 | $387.80 m
Concrete forms Flat plate, job-built plywood, 4 use 03-111335.1150 | $59.96 m’
Concrete slab edge Reinforced 24,132 kPa (3,500 psi) cast-in-place concrete, monolithic pour with slab, 03-305340.4730 | $11247 m
vertical outside face, earthen bottom and inside slope, 16 inches deep in addition to slab
thickness
Concrete masonry units | 0.2 m (8 inches) CMU (cost per area of face of wall) 042210260250 | $94.08 m*
03 m (12 inches) CMU (cost per area of face of wall) 042210260350 | $155.00 m*
0.4'm x 0.4 m (16 inches x 16 inches) CMU pier w/4-#4 reinforcing, grout (cost per unit | 04-22.10.18.0160 | $165.85 m
height of pier)
Concrete footings 24,132 kPa (3,500 psi) concrete strip footing 0.6 m x 0.3 m (24 inches x 12 inches) 03-305340.0510 | $12838 m
including reinforcement
24,132 kPa (3,500 psi) concrete footing pad @ CMU piers, 0.9 m x 0.9 m x 0.3 m 03-3053.40.0510 | $176.00 each
(36 inches x 36 inches x 12 inches) deep
Wood framing 2-2x12 girders @ 244 m (8 ft-0 inches) o.c. with 2 x 10 joists @ 04 m (16 inches) o< | 06-11.10.10.4065 | $1769.07  m’
06-11.10.10.3545
Sub-floor | 2 cm (3/4") thick plywood, CDX 06-16.23.10.0207 $17.87 m*
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0.1'm (4 inches) thick concrete floor slab with monolithic turned down edges
0.2m (8 inches) or 0.3 m (12 inches) thick continuous CMU stemwall with 0.1 m (4 inches) concrete floor slab on structural fill

0.2 m (8 inches) or 0.3 m (12 inches) thick continuous CMU stemwall with 0.1 m (4 inches) concrete floor slab on internal 0.4 m x
0.4 m (16 inches x 16 inches) CMU piers at 3 m (10 ft) o.c

0.2:m (8 inches) or 0.3 m (12 inches) thick continuous CMU stemwall with wood framed floor assembly on internal 0.4 m x 0.4 m
(16 inches x 16 inches) CMU piers at 3 m (10 ft) o.c

0.1'm (4 inches) wood framed floor assembly on 0.4 m x 0.4 m (16 inches x 16 inches) CMU piers at 3 m (10 ft) o.c
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Region Mean m? (sq.ft) Relative std. Error (%) Total units completed 1974-2018

(1,000s)
United States | 141 (1,520) 229 (2,467) 183 (1,966) 2 46,396
Northeast 131 (1,405) 232 (2492) 189 (2,037) 5 4,895

Midwest 131 (1,405) 223 (2,400) 173 (1,866) 4 ‘ 8943

South 139 (1,500) 234 (2517) 185 (1,993) 3 ‘ 21,503
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