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Abstract: Due to its components, concrete is a material with a high carbon footprint. In order to decrease
this parameter, it has become more common to incorporate recycled waste material as aggregate
replacement. Recycled waste materials can help to improve the sustainability of concrete and reduce
greenhouse emissions. This study considers recycled waste materials such as recycled concrete aggregate,
waste tire rubber and recycled plastic types of Polyethylene Terephthalate (PET) and High-density
Polyethylene (HDPE). Through a Life Cycle Assessment (LCA), it is possible to evaluate and compare the
effectiveness of incorporating recycled material into the concrete to reduce its environmental impact.
However, the results of an LCA are susceptible to different parameters, such as the functional unit or the
system boundary established for the research, leading to varying results from one study to another. This
research will investigate essential parameters for developing an LCA applied to concrete with recycled
waste material as aggregate replacement.
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1. Introduction

Concrete is one of the most widely used materials worldwide. Approximately 33 tonnes are produced yearly
[1]. With the continuous development of societies where the maintenance and construction of new
infrastructure is necessary to meet current and future needs, the utilisation of concrete is expected to grow.
Because concrete requires the use of varied materials, its production has a significant impact on the
environment. For instance, only 1 tonne of Portland Cement is estimated to produce 1 tonne of carbon
dioxide [2]. There is, a current and pressing need to reduce the number of emissions generated by concrete
production, which has led to research into alternative materials with lower emissions, at the same time,
reduce the dependence on natural materials [3]. Recycled waste materials can be used as partial or
complete replacement of natural aggregates in concrete. For example, waste tire rubber and plastics like
Polyethylene Terephthalate (PET) and High-density Polyethylene (HDPE) can be used a fine and coarse
aggregate replacement.

The use of recycled waste materials as a replacement for natural aggregates requires optimal quantities of
recycled material in concrete to provide some improvement on the overall performance of the concrete and
at the same time help to reduce the carbon footprint. A Life Cycle Assessment (LCA) can quantify the impact
of concrete on the environment; this tool allows for a comparison between traditional concrete and concretes
containing recycled waste materials, and overall assess the sustainability. This paper studies important
parameters for developing an LCA, considering recycled waste materials used as aggregate replacement.

2. Overview of a Life Cycle Assessment (LCA)

The LCA is a method to determine the environmental impact of a process or a product. In relation to
concrete, this tool makes it possible to estimate the total emissions generated from the production of
concrete. Consequently, it is possible to identify and quantify the elements that contribute the most to the
emissions over the life cycle of the concrete material, i.e. production, application, and demolition.

The AS ISO 14040:2019 [4] is the Australian standard that defines the principles and framework of an LCA.
There are 4 phases or steps that must be carried out, i.e., determining the purpose and scope of the study,
the Life Cycle Inventory Analysis (LCl), the Life Cycle Impact Assessment (LCIA) and the interpretation.
The initial phase consists of establishing, as a first measure, the goal. e.g., why is the analysis being done;
what is the objective or purpose of the study. In addition, the scope should be defined as this will determine
the parameters and restrictions that will be included in the study (system boundary) as well as the functional
unit and the impact categories. The LCl is the stage where all the required data for the analysis is collected



based on what was defined in the goal and scope stage. It is required to define all system elements to
determine its inputs and outputs. The next phase of the LCA starts with allocating the system's elements to
the impact categories. Next, the environmental impact is quantified for each of the different impact
categories, a process known as characterisation. The last phase focuses on analysing the results obtained;
these should follow the goal and scope defined in the first phase. It should be noted that the standard states
that this should be a circular process. Whenever possible, the results of one phase should be included in
the model and rerun the analysis; this will make the results more precise and reliable.

3. Life Cycle Assessment in concrete with recycled waste material

The LCA of concrete with recycled waste material can be more challenging than traditional concrete as the
additional aspect of the recycled materials process needs to be considered. To understand this, Figure 1
shows a flow diagram of the entire process of concrete with recycled waste material. The procedure starts
with extracting the raw material, followed by manufacturing the cementitious materials and natural
aggregates. Once all the materials are gathered, the concrete is produced and then supplied. At the end of
the concrete structure life cycle, the concrete material is demolished. From this point, the debris is typically
placed in landfill ending its service life or reused as recycled concrete aggregate material. If the last option
is chosen, the material will go through a recycling process where it will be processed to be suitable as an
aggregate material. Note that this diagram has two points of entry, the raw material extraction and the
recycling process. For the recycling process, materials such as rubber and/or plastics can enter the flow to
be processed as an aggregate.
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Figure 1. Flow diagram of concrete with recycled waste material process
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Four main components have been identified that impact an LCA; The given system, the functional unit, the
inventory used to feed the analysis, and the chosen LCA's software. Different inputs for each of these
components can vary the overall results of an LCA. Various researchers have used diverse parameters to
quantify concrete emissions in the literature. Cement has been identified within concrete production as the
component with the highest emissions [5].

For this paper, different authors have been studied to understand LCA's state of the art in concrete with
recycled waste materials. Only concretes that have recycled concrete, rubber, and/or plastics have been
considered [6-20].

3.1 System boundary

The system boundary refers to the LCA's focus and should be established during the goal and scope phase.
There are three main approaches, i.e., cradle-to-gate, cradle-to-cradle, and cradle-to-grave. These three



determine the size of the system being analysed, therefore, its complexity. A cradle-to-gate approach is
when the study is focused on analysing the material from its extraction, transport, and subsequent
manufacturing process. Cradle-to-cradle considers more components from the extraction point up to the
recycling of the material. Finally, the biggest size of the system is when a cradle-to-grave approach is taken,
considering the entire life cycle of the material, that is, from the extraction point up to its disposal [21]. The
more components a system has, the more complex the study becomes since there is an increase in the
amount of data that needs to be analysed. Note that it can be considered a different group called the gate-
to-gate, where the analysis evaluates intermediate sections, e.g., transport and manufacturing [22]. Figure
2 shows the approaches different researchers have taken when performing LCA based on the information
collected from [6-20].
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gate-to-gate = cradle-to-gate = cradle-to-cradle ® cradle-to-grave
Figure 2. LCA's system boundary for concretes with recycled waste

Further, some researchers have proposed additional methodologies to incorporate other parameters into
the LCA analysis that have not been considered. For example, Hossein et al. [23] proposed a framework
that compares concrete with and without recycled solid waste materials, including whether these have been
experimentally tested.

3.2 Functional unit

The functional unit is an important parameter influencing the result of an LCA's; the unit allows the
comparison between the different components that are part of the LCA system and that initially do not have
a common element to be comparable. The functional unit can be anything as long it allows a comparison of
all the system components. For concrete, researchers have used the volume of concrete as a functional
unit incorporating 1 m3 [6,8]. Similarly, the volume necessary to construct a specific structural element has
been used [24].

In order to compare concrete with recycled waste content to traditional concrete, it is necessary to add
parameters to the functional unit, as the type of recycled waste materials can affect the performance of the
concrete. Generally, the common parameters used are workability and compressive strength. It has been
identified that only a few authors have tried to include additional parameters, such as durability. Xia, B.,
Ding, T., et al. [10] incorporates the durability properties of recycled materials by incorporating an equation
for the degradation rate and reusable percentage of the materials based on the carbonation depth. Whereas
Chen, C., Habert, G., et al. [25] suggest a mass allocation procedure based on relative mass and
environmental burdens.

3.3 Inventory

The inventory is an essential component when performing an LCA. There are various sources, and their
use will depend on the characteristics of the system that is being studied. It has been identified that several
researchers have used Ecolnvent as their source for their database [9, 11, 13-14,17]. Other databases
include Impact 2002+, GEMIS, government agencies, or even specific data to the study site.

The use of the environmental impacts will depend on the specific target of the LCA, i.e. the goal and scope
defined during the first phase. Figure 3 shows the most common environmental impacts that different
researchers have measured when performing LCA based on the information collected from [6-20].
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Figure 3. Common environmental impacts for concretes with recycled waste

3.4 LCA Software

Due to the growing popularity of LCA, software that allows for alterations and customization has increased.
There are various software such as OpenLCA managed by GreenDelta, GaBi by Sphera, BEES by The
National Institute of Standards and Technology (NIST) in the U.S.A, and SimaPro developed by PRé in the
Netherlands. SimaPro is the most commonly used [12-14], [17],[18]. It is important to mention that all the
software are different. Some are oriented to applications from other industries; hence the customisation and
flexibility may vary from one another. According to Seto, K.E., Panesar, D.K., et al. [26], selecting specific
software to carry out the LCA is dependent upon flexibility in the customisation process, the capacity to
analyse all the data that is required, the quality of its results, and overall, the one that best suits the particular
needs.

Other researchers have developed additional tools. For example, Gursel [27] developed the "Green
Concrete LCA Tool". This a specific tool designed for LCA in concrete. Regarding the essential parameters,
such as the functional unit, the default measurement for this tool is the volume. On the other hand, the tool
developed by Kim, T., Lee, S., et al. [28] referred to as "Concrete GHG Emissions LCA Software" is
specialised in calculating greenhouse gas. It has a system boundary cradle-to-gate, which means it can
analyse from the acquisition of the material up to the concrete manufacturing phase.

4, Discussion

It has been identified that there are few studies of LCA applied to concrete with rubber and/or plastic recycled
content as aggregate replacement in concrete [7]. Commonly an LCA has been conducted on concrete with
recycled concrete as aggregate. Therefore, there is still a need to further investigate the LCA of concrete
with combinations of recycled content type such as combined plastic, rubber, glass, and SCMs.

The functional unit of concrete with recycled waste must consider the volume and other concrete properties
such as mechanical or durability performance. The overall performance of concrete is influenced by the
recycled material content; hence it is necessary to set additional parameters to compare these recycled
content concretes with the traditional concrete. The degradation and durability properties of the recycled the
materials through the life cycle of the concrete needs to be considered. It is also essential to determine how
many times a material can be recycled to provide the desired properties of the concrete, and this will also
depend on the type of material and the individual recycling processing.

Regarding the system boundary, it was identified that the most common LCA type is cradle-to-gate as it is
a system that allows for focus on only certain aspects without too much simplification or complexity. As
mentioned previously, the bigger the system boundary, the higher the number of elements to be analysed.
Ideally, it would be more beneficial to incorporate as many elements into the LCA as the result would be
subjected to more variables and the results more precise. In order to analyse the complete life cycle of
concrete with recycled waste content a cradle-to-grave analysis is more appropriate.

Choosing a database will depend on the one that best suits the study. However, it is very common to use
specific databases for specific components of the study, e.g., a database to calculate the manufacturing



process and another for the transportation of the materials. Regarding the environmental impacts, their use
will depend on the goal and scope defined for the LCA. It was identified that the most common impact was
global warming.

There are several options available to carry out the LCA. The decision to use a determined software will lie
in being able to successfully accommodate the specific needs of the study. This may include working in the
desired functional unit, adapting the desired inventory, obtaining the expected environmental impacts, and
ensuring reliability of the results.

3. Conclusions

This paper presents important considerations when conducting an LCA of concrete with recycled waste
material content:

1. To determine the performance on concrete with recycled material content in comparison to
traditional concrete, parameters such as mechanical or durability properties, and the recycling
process of the materials needs to be considered.

2. It was identified that only a few LCA studies have been conducted on concretes with plastic or
rubber content. Further research is necessary to have a better understanding of their environmental
impacts.

3. The selected software to conduct the LCA should be the one that best meets the goal and scope of
the project and can deliver reliable results; this includes the flexibility of using the desired functional
unit or inventory.

4. Based on the research, the most common system boundary is cradle-to-gate, and the
environmental impact is global warming.
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