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a b s t r a c t

The design of building foundations has usually been based on tradition, local practice, experience, and
structural design codes. Safety is invariably considered the main factor and environmental criteria (or, in
general, sustainability) is seldom given due consideration. However, similar safety indicators can be
achieved with different variables and a minimum safety factor must always be ensured. The main
objective of this study is, from an environmental perspective, to assess the influence of the construction
system (cast-in-situ or precast), foundation type (rigid or flexible), and structural code (EC-2 or EHE-08)
in the case of a concrete shallow foundation (CSF), using Life Cycle Assessment (LCA). Applying this
methodology, the materials (concrete and steel) yielded the highest impacts in all categories, at around
95% for cast-in-situ CSFs and at around 85% for precast CSFs, both in relation to global warming.
Consequently, optimization of the amount of these materials is crucial when considering the particular
variables selected in this study. The results showed that cast-in-situ and flexible CSFs at moderately
shallow depths (and therefore with less steel reinforcement) and precast CSFs with considerable re-
ductions in concrete volumes (due to sloped shapes) had lower environmental impacts. In addition, cast-
in-situ CSFs constructed in accordance with the EHE-08 structural code showed lower impacts, while
precast CSFs complying with the EC-2 code were environmentally preferable. However, a specific study
might be required for specific factors in each case (loads, soil type, structural settlement, among others).
Relevant environmental effects associated with the three variables should therefore be given specific
consideration in the development of structural design codes and future constructions.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

1.1. Background

It has been widely reported that buildings generate one third of
Global Greenhouse Gas (GHG) emissions (UNEP, 2009a) and over
40% of global energy demand (UNEP, 2009b). The global population
is projected to increase by 30% in 2050 (United Nations, 2017) and,
as ever, new buildings will be necessary. According to quantitative
data, the operational phase of the building is widely expected to
dominate the life-cycle impact, mainly due to heating and cooling
requirements (Ghattas et al., 2013). The embodied phase, which

includes materials manufacturing and transportation, construction,
maintenance, renovation, and demolition is expected to contribute
10e20% of the life-cycle impact of a building (UNEP, 2009b).
Nevertheless, the embodied phase in low-energy buildings can
represent as much as 50% of total life cycle impact (Ghattas et al.,
2013). A high impact that is due to the lower impacts of the oper-
ational phase and the greater use of materials, especially energy
intensive materials (Sartori and Hestnes, 2007). This study is
focused on the foundation of the building, which is the part that
transfers loads from the building or the structure to a suitable soil
stratum. Ground movements, foundation, and plumbing can ac-
count for more than 60% of CO2 emissions in the construction of
low-energy terraced houses (Gonz�alez and García Navarro, 2006).
Moreover, foundation emissions are released over much shorter
time spans when compared with the construction of the whole* Corresponding author.
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structure (Sandanayake et al., 2016). Unfortunately, environmental
purposes are rarely taken into account in designing foundations
(Ondova and Estokova, 2016), leaving much scope for improvement
(Rose Inman and Houlihan Wiberg, 2015). Consequently, there is a
need for approaches that will optimize resource consumption and
reduce the environmental impacts of foundations to minimize the
impact of the building stock.

1.2. Building shallow foundations

Common building foundation types can briefly be classified into
isolated concrete shallow foundations (CSFs) for individual col-
umns, combined CSFs for several columns, and raft foundations for
a whole building basement. From a structural point of view (EHE-
08, 2008), CSFs can be considered rigid when the column-to-edge
length of the footing, v, is less than or equal to twice the depth h
(v� 2h); and CSFs are flexible when v> 2h (Fig. 1). Obviously, rigid
CSFs require less steel reinforcement than flexible CSFs. In addition,
foundations can bear directly on the ground (shallow foundations)
or they can incorporate piles that transfer the load to a deeper load-
bearing stratum (deep foundations).

In addition, CSFs tend to present prismatic shapes. Two common
types of CSF according to their shapes (Fig. 1) are studied here: the
sloped CSF (a) and the single CSF (b). The former can provide
substantial savings on concrete and reinforcement steel. However,
sloped shapes are rarely built on site, as the reduction in the overall
cost of the concrete is not compensated by the increased labour
costs. Therefore, sloped shapes are normally precast, in a concrete
casting process using reusablemoulds or forms. The product is then
cured in a controlled environment (normally a factory), transported
to the construction site, hoisted and manoeuvred into position.

The above manufacturing process, known as prefabrication,
generally occurs at a specialized facility where one or more com-
ponents of a final installation are formed from various materials
(Chiang et al., 2006). Widely adopted in building projects (Wong
et al., 2003), prefabrication can be categorized into three types:
semi-prefabricated (some cast-in-situ and other precast compo-
nents); fully prefabricated (all building components independently
prefabricated and mounted in situ); and volumetric modular
building, which is fully built in the factory (Mao et al., 2013). Pre-
fabrication has many benefits, including better supervision that
improves the quality of the product, a design that is fixed in the
early stage of construction, costs that tend to be lower, and a
shorter construction time (Tam et al., 2007a). Prefabrication re-
duces the use of materials and solves most difficult geometric
configurations that require complex forming procedures (Wong
et al., 2003). The construction process is independent of weather
conditions and on-site accidents are reduced (Kamali and Hewage,
2017); the site is cleaner and tidier; site malpractices, waste (Tam
et al., 2007b), and GHG emissions are reduced (Mao et al., 2013);
and subsequent waste handling activities are facilitated, which
include waste sorting, reuse, recycling and disposal (Li et al., 2014).
Nevertheless, some of the main drawbacks of prefabrication are
inflexibility towards changes in the design (no adaptation to site

characteristics); higher initial construction costs (industrial instal-
lation and design); the need for an initial investment in design
development; limited space for placing prefabricated building
components; and the limited experience of some contractors (Tam
et al., 2007a). Moreover, problems joining prefabricated units can
require skilled workers and specialized transportation (Chiang
et al., 2006). Prefabrication is highly suitable for very repetitive
construction processes, for mass production (Wong et al., 2003)
and when speed and quality assurance are of importance in the
construction process. Nevertheless, although prefabrication is
common in building structures, it is unusual in building founda-
tions, that depend on natural (soil) conditions, although it might be
of interest to take advantage of the aforementioned benefits. It has
recently been stated that prefabricated foundations can help to
fulfil environmental regulations and to obtain a better energy code
for buildings. These foundations are not only quicker to build, but
they also reduce natural resources and waste and emit less CO2,
compared to traditional cast-in-situ foundations (Wren, 2012).

The construction of a conventional foundation consists of four
main steps: building a framework or digging the ground; levelling
by pouring a base course of lean concrete; placing the steel rein-
forcement; and concreting the foundation. The foundation usually
achieves the required strength after 28 days. Building a precast
foundation on site is much faster, because works on site mainly
consist of preparing the ground and installing the foundation. At
times, digging and backfilling of trenches and soil compaction are
also required; but once the foundation is mounted, it is ready to
hold the load. In both cases the manufacturing and the transport of
materials (concrete, precast units, …) and finishing operations
must be added.

One of the key points in foundation design is appropriate soil
settlement to prevent subsidence of the building and to support its
structural load, because the ground is heterogeneous and (different
soil layers and water content) will vary over time. Thus, the prop-
erties and the conditions of the soil, structural loading, the type of
building structure, and the permissible amount of differential set-
tlement have to be carefully considered when selecting a suitable
foundation. The design of a foundation consists of two main parts:
the geotechnical one that determines the soil properties; and, the
structural one that determines the reinforced concrete design.
There are design codes for structures and foundations all around
the world. The Eurocode that regulates geotechnical aspects is
Eurocode 7: Geotechnical Design - Part 1: General Rules (EN, 1997-
1, 2004). The Eurocode that governs the structural components is
Eurocode 2: Design of concrete structures - Part 1-1: General rules
and rules for buildings (EN, 1992-1-1, 2004). Spanish codes that
regulate the design of a foundation are the Technical Building Code
- Structural safety - Foundations (CTE-SE-C, 2008) inwhich shallow
foundations appear in Section 4 and deep foundations in Section 5;
and the EHE-08 Structural Concrete Code (EHE-08, 2008), in which
foundations are addressed in article 58. Additionally, foundations
may be designed either in flexure as a (deep) beam (Calavera Ruiz,
2008), or by applying a truss analogy (Ritter, 1899) where the
concrete acts as the struts and tensile strength is added by rein-
forcement elements. According to (EHE-08, 2008), in rigid foun-
dations, the most appropriate method of analysis is strut-and-tie
modelling, while in flexible foundations, flexural methods are
applied.

1.3. Summary of the state of the art

As stated above, although the environmental impacts of foun-
dation construction are significant, the general tendency is not to
consider them, prioritizing the initial cost (Pujadas et al., 2013)
together with safety assurance (Tam et al., 2007a). The utility of the

Fig. 1. Geometry and parameter definitions for (a) rigid sloped CSFs and (b) flexible
single CSFs. Base (b), depth (h), footing column-to-edge length (v), side depth (s),
lateral (c1) and bottom (c2) concrete covers and effective depth (d).
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