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ABSTRACT  

 

Currently, and for many years, there has been an ongoing dialogue regarding the concept of 

sustainability as one of the key elements for the development of humanity and the possibility of 

ensuring a livable future for subsequent generations, the search for a sustainable future is 

undertaken with the purpose of addressing the climate crisis we are currently facing. To achieve 

this, it is necessary to stabilize CO2 emissions and greenhouse gases, which in recent years have 

had a dramatic increase, bringing with them irreversible consequences for environmental systems. 

The field of architecture and construction is one of the most polluting sectors, with a significant 

impact on environmental problems, making it essential for innovative strategies in adaptation, 

mitigation, and maintenance to be implemented as a means to address the crisis. 

Based on this context, this thesis explores the implementation of biochar as a sustainable 

construction material, influenced by the principles of sustainable economics, extending the 

lifecycle of materials and reducing anthropogenic emissions. As a material recovered from waste 

in the production of biomass through the process of pyrolysis, biochar is emerging as one of the 

most influential supplies for an environmentally resilient future, with numerous applications. 

Specifically for the construction industry, biochar is applied in concrete as a replacement for 

cement and in cementitious composites as an aggregate and an additive for wood 

polypropylene composites and plasters, with the aim of reducing environmental footprints and 

enhancing the capacity to capture CO2 from the air.  

This experimental research made a critical analysis applying a methodology of various 

elaboration of distinct formulations of mortar samples maintaining the change of 5% biochar to 

the cement content and varying the water cement ratios, additionally, 3D printing samples were 

made as an application of new technologies. The different samples were subjected to various 

mechanical tests to identify and study mechanical properties, including flexural and compressive 

stresses. The research seeks to extend the scope of the advantages of biochar application as a 

performance-oriented material, offering profitable information for future implementations and 

research of biochar in Cementitious materials and 3D printing.  
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INTRODUCTION 

 
With the current climate crisis and the ongoing dialogue of need to transform towards a 

sustainable future, one of the most questioned and examined industries is the construction industry 

as it is one of the largest contributors to the current disturbing carbon and environmental footprint 

due to its notable resource depletion and greenhouse gases emission. This has encouraged the 

emergence of innovative strategies with the implementation of new construction technologies for 

the development of new materials and the adaptability of the most conventional materials, in the 

exploration to reduce their environmental impact and the undesirable alteration in environmental 

systems, creating the potential to mitigate the environmental impacts of traditional building 

practices. 

Cement and concrete are known to be one of the most important materials in construction, being 

one of the most used and primary materials, its reliability comes from its outstanding properties, 

versatility, economy and performance. However, its massive production makes it one of the mayor 

contributors to global carbon dioxide emissions and one of the biggest challenges in the 

transformative process of anthropogenic development towards a sustainable and environmentally 

resilient one. As a response to this premise, concrete has been meticulously studied in all 

production stages, but also considering various modification and variations to its formulation.  

Consequently, several possibilities have derived due to this exploration, biochar incorporation 

into cementitious materials is one of the innovative strategies to carbon emissions reduction. 

Obtained as a remaining product of other chemical processes, biochar is a low-cost carbon rich 

waste from the pyrolysis of organic biomass. Recognized for its ability to improve concrete 

properties, sequester carbon and reduce its weight, makes biochar a promising additive for 

cementitious mixture designs working towards the reduction of cements environmental footprint 

and adjusting the build environment towards an energy efficient and resilient future.  

Simultaneously, 3D printing has been one of the lates technologies, providing advanced 

possibilities in design flexibility and material efficiency. With this technology the application of 

cementitious material becomes more precise, reducing waste production and broadening design 

complexity, permitting the increase in geometry difficulty, which would be hard to achieve with 

traditional construction methods. The combination of innovation and technology results in 

biochar in cementitious materials and 3D printing, creating an opportunity to study the alliance 

between sustainable material and cutting-edge technology.  

This thesis is exploratory research integrating biochar into cementitious materials for 3D printing 

applications in the field of architecture and construction. Initially the potentials of biochar as a 

sustainable additive are going to be studied, assessing its impact on the concrete/mortar 

mechanical properties, such as flexion and compression, and looking for the environmental 

performance when structured by 3D printing technology. In this way the experimental analysis 

aims to contribute in the development of more sustainable construction practices that align with 

the growing demand for low-carbon, high-performance building materials. 
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CLIMATE CHANGE  

Climate change has been one of the most urgent global challenges. Throughout history the world 

has overcome various temperature change periods where temperature either increases or 

decreases. Even though, changes in temperature have always taken hundreds of years, in the last 

150 years, since the beginning of industrialization the oscillation in temperature has been 

extremely abrupt and driving the world into a climate crisis. The term climate change refers to 

long-term shifts in temperature, precipitation patterns, and other enduring changes that impact 

Earth's climate system1. 

The Intergovernmental Panel on Climate Change (IPCC) refers to climate change as “statistically 

significant variations in the mean state of the climate or its variability, persisting for an extended 

period, typically decades or longer” (Pachauri, Meyer, & Core Writing Team, 2014). With this the 

recognition of various environmental problems have been identified, not only limiting human 

wellbeing but generating irreversible consequences to the future survival of humankind and other 

living organisms on the planet2. As shown in the graph below, even though changes can be 

attributed to both natural processes and anthropogenic activities, evidence shows human activity 

is the dominant contributor to change in the chemical composition of the atmosphere, making it 

the primary driver of environmental problems since the mid-20th century3.  

 

 

Figure 1 Cumulative total anthropogenic CO2 emissions from 1870 (GtCO2). 
Source: (Pachauri, Meyer, & Core Writing Team, 2014) 

 
1 (Hulme , 2017) 
2 (Mravcová, 2023) 
3 (IPCC, 2021) 
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The term "RCP" stands for Representative Concentration Pathway, a concept introduced by the 

Intergovernmental Panel on Climate Change (IPCC) to describe four distinct greenhouse gas 

concentration trajectories used for climate modeling and research. RCPs represent different 

scenarios of anthropogenic emissions and their resulting radiative forcing values by the year 2100, 

measured in watts per square meter (W/m²) relative to pre-industrial levels. Each RCP is 

associated with specific socioeconomic assumptions, technological developments, and policy 

measures aimed at either mitigating or intensifying greenhouse gas emissions4. The four primary 

RCPs are as follows: 

RCP2.6: This scenario reflects a peak in greenhouse gas emissions around 2020, followed by a 

significant decline, leading to a radiative forcing of 2.6 W/m² by 21005. It assumes strong 

mitigation efforts, aligning with global climate goals, such as limiting global warming to below 

2°C relative to pre-industrial levels6. 

RCP4.5: This pathway assumes a stabilization of radiative forcing at 4.5 W/m² by 2100, with 

emissions peaking around 2040. It incorporates moderate mitigation policies, resulting in 

intermediate temperature increases7. 

RCP6.0: In this scenario, emissions continue to rise until around 2080 before stabilizing, leading 

to a radiative forcing of 6.0 W/m² by 2100. It reflects the slower adoption of mitigation strategies, 

with a reliance on technological solutions later in the century8. 

RCP8.5: Often referred to as a "business-as-usual" scenario, RCP8.5 assumes minimal mitigation 

efforts, with radiative forcing reaching 8.5 W/m² by 2100. This pathway results in high 

greenhouse gas emissions and is associated with significant temperature increases, posing severe 

risks to ecosystems and human societies9. 

These RCPs provide a framework for understanding potential future climate outcomes based on 

varying levels of global action. They serve as inputs for climate models to project temperature 

changes, sea level rise, and other climate-related impacts, enabling policymakers to assess the 

consequences of different emissions trajectories and plan for adaptive and mitigative strategies10. 

 
To have a better understanding of the rising average global temperature phenomenon scientists 

and researchers have developed key indicators evidencing the negative impact of human actions 

on the climate system, among tis we can find global temperature increase, rising greenhouse gas 

concentrations, melting ice and rising sea levels, ocean acidification, extreme weather events, 

reduction of oceans ph, and changes in precipitation11. Most of these indicators have an 

anthropogenic origin and come either to fossil fuel combustion, deforestation and land use, or 

industrial processes and agriculture, integrated in the unlimited idea of growth and development 

in a world with limited resources. Below are some models and research studies supporting the 

above stated hypothesis in the concerning impacts of human actions regarding climate change. 

 
4 (Van Vuuren, Edmods, Kainuma, & Riahi, 2011) 
5 (IPCC, 2018) 
6 (Van Vuuren, Edmods, Kainuma, & Riahi, 2011) 
7 (Clarke, et al., 2007) 
8 (Fujino, Nair, Kaniuma, Masui, & Matsuoka, 2006) 
9 (Riahi, Shilpa, Krey, & Cho, 2011) 
10 (IPCC, 2014) 
11 (Mravcová, 2023) 
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Figure 2 Time series of different global annual change in mean temperature for the 1900–2300 

period. 
Source: (Pachauri, Meyer, & Core Writing Team, 2014) 

 

Figure 3 Total annual anthropogenic GHG emissions by gases 1970–2010. 
Source: (Pachauri, Meyer, & Core Writing Team, 2014) 
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While climate change refers to the change in climate measurements over a long period of time, 

global warming refers to the increase in temperature mostly caused by atmospheric greenhouse 

gasses concentration increase12. Due to the disruptive misuse of resources and abusive production 

of GHG, human induced climate change is closing the gap towards threshold that could potentially 

cause irreversible damage to environmental systems.  For this reason, after years in ongoing 

discussions over climate change adaptation and maintenance, according to scientists, it is 

imperative to control the increase in global average temperature over the following years as an 

increase of 2°C compared to pre-industrial could lead to catastrophic irreversible consequences 

(Paris Agreement, 2015). The international community therefore has created the carbon budget, 

the amount of carbon dioxide that can be emitted to maintain the global temperatures below that 

2°C increase13, even more, as stated in the IPCC special report: Global Warming of 1.5°C it would 

be preferable as an increase of 2°C is already bringing unfavorable ecological systems14.  

 

PLANETARY BOUNDARIES  

This concept was introduced in 2009 as a new approach to global sustainability, this approach 

“aims to define a safe operating space for human societies to develop and thrive, based on our 

evolving understanding of the functioning and resilience of the Earth system”15. This theoretical 

concept highlights the pressures that anthropogenic actions have caused to the actual earth system 

to reach a state of abrupt changes in the environment that can no longer be excluded affecting the 

future of humanity.  

The planetary boundaries have been identified as the limits to ensure the Earth system operates 

safely, seven of these boundaries can already be quantified while other two additional boundaries 

have not yet been identified with a boundary level. These are: climate change (CO₂ concentration 

in the atmosphere <350 ppm and/or a maximum change of +1 W m² in radiative forcing); ocean 

acidification (mean surface seawater saturation state with respect to aragonite >= 80% of pre-

industrial levels); stratospheric ozone (<5% reduction in O3 concentration from pre-industrial 

level of 290 Dobson Units); biogeochemical nitrogen (N) cycle (limit industrial and agricultural 

fixation of N² to 35 Tg N yr(-1)) and phosphorus (P) cycle (annual P inflow to oceans not to 

exceed 10 times the natural background weathering of P); global freshwater use (<4000 km³ yr(-

1) of consumptive use of runoff resources); land system change (<15% of the ice-free land surface 

under cropland); and the rate at which biological diversity is lost (annual rate of <10 extinctions 

per million species); chemical pollution and atmospheric aerosol loading16. This information is 

graphed in the table below. 

 
12 (USGS, n.d.) 
13 (Levin & Tompkins, 2014) 
14 (Mann, 2024) 
15 (Rockström J., 2015) 
16 (Rockström J. S. W., 2009) 
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Tale 1 Planetary Boundaries. 

Source: (Rockström Johan, 2009) 

Figure 4 The 2023 update to the Planetary boundaries. 
Source: (Stockhol University, 2023) 
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Even though “Transgressing one or more planetary boundaries may be deleterious or even 

catastrophic due to the risk of crossing thresholds that will trigger non-linear, abrupt 

environmental change within continental- to planetary-scale systems”17, various planetary 

boundaries have already been transgressed. The planetary boundaries concept proposes 

groundwork through controlled variables towards a safe operating space that works towards a 

resilient18 and Holocene19 earth system. 

 

SUSTAINABILITY  

Sustainability was defined in 1987 by the UN (United Nations) by the Brundtland Commission 

as “meeting the needs of the present without compromising the ability of future generations to 

meet their own needs.” (UN, 2012) The UN with the collaborative work of almost 140 developing 

countries are now seeking a sustainable future through an integrated approach concerns not only 

environmental consideration but also socio-economic development.   

Although the concept of sustainability gained global recognition following the United Nations' 

formal definition, the need for a fundamental shift in the way we live and develop has been a topic 

of discussion for many years. An ongoing dialogue between the paradigm of perpetual growth in 

an environment with limitations prompted a growing awareness of the environmental, social, and 

economic challenges posed by unsustainable development practices. Over time, the urgency of 

this shift has only intensified as the negative impact of human activity on the planet has become 

more recognizable and gradually taken center stage in various disciplines.   

It is clear the concept of sustainability is both a theoretical and political construct that has evolved 

over time, drawing from a diverse range of knowledge and practices. Its development has been 

shaped by contributions from various disciplines, as well as advocacy by international 

organizations. Over the past several decades, these actors have played a pivotal role in advancing 

the idea of sustainability, working to broaden its acceptance and integration into global policy 

frameworks. While the concept initially emerged from academic and activist circles, it has since 

gained widespread recognition as a critical guiding principle for addressing the complex 

challenges of environmental, social, and economic limitations, as the continuous discussion that 

started formerly since the 1960´s and is currently ongoing20.  

One of the first major appraising was the publication of “The Limits to Growth (LtG)” by the 

Club of Rome in the 1972. In 1968 The Club of Rome was created as an informal organization 

which purpose was to join and confront a variety of interdependent components such as 

economics, politics, environment and society.  The interaction between these varied and diverse 

components will conform and study the complexity in regarding the human innovative actions 

confronted with the demographic and environmental limitations of the global context in which 

we live21.  The limits to growth establish the challenges and preventions that humans need to face 

to achieve alternative patterns to assure a livable future.   

 
17 (Rockström J. S. W., 2009) 
18 “The climate is changing, and human activity is the primary factor in the acceleration of climate change 

over the past century. The ability to prepare for, recover from, and adapt to these impacts is called 

“climate resilience.” (Center for climate and energy solutions, 2019) 
19 “Range within which Earth System processes varied in the Holocene as a scientific reference point for a 

desirable planetary state”. (Rockström J. S. W., 2009) 
20 (Civín, 2023) 
21 (Blewitt, 2015) 



19 
 

The Limits to Growth was developed as a collaboration between The Club of Rome and the MIT 

research team with the aim to start different international debates in all societies direct the 

conversations as cited in the report towards the formation of ¨thoughtful men and women in all 

fields of endeavor to consider the need for concerted action now if we are to preserve the 

habitability of this planet for ourselves and our children¨22. One of the key issues identified by 

The Cub of Rome is the varying levels of human concern which arise from human perspective 

and the difficulty of thinking that growth has a limit. These variations in perspective are analyzed 

through the dimensions of space and time and are illustrated in the following figure. 

 

Figure 5 human perspectives. 
source: (Meadows. Donella H, 1972) 

The analysis concludes that "every human concern falls somewhere on the space-time graph. The 

majority of concerns pertain to matters affecting only family and friends, typically over a short 

time span. Some concerns extend further, considering issues that impact a city or nation, while 

only a small number of individuals possess a global perspective, encompassing both broader 

spatial and temporal dimensions"” (Meadows et al, 1972, p.19). 

From this statement, it becomes clear that humans often overlook the long-term consequences of 

our current lifestyles and decision-making processes. The book emphasizes that the constant 

 
22 (Meadows. Donella H, 1972) 
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search for economic growth and consumption, without consideration for environmental limits, 

poses a significant threat to the sustainability of both our societies and the planet. The authors 

argue that the unchecked exploitation of resources, combined with growing populations, could 

lead to a collapse of critical ecological and social systems establishing the clean need of 

fundamental changes to be made.  

In the light of displaying the relationships and dynamics of society to interrogate the unsuitable 

development towards a wellbeing for future generations23, a model of the five major global 

concerns of the world was elaborated. The use of the computational modelling sicked a way to 

interconnect the trends of accelerated industrialization, rapid population growth, widespread 

malnutrition, depletion of nonrenewable resources and environmental deterioration of global 

economic systems and their interactions24. The model sought to construct a development 

measurement that instead of studying these trends by months or years the measurement widened 

into a measurement involving decades or centuries.   

In this way computational modelling seeks to portray a warning, generating a better understanding 

of the complex world system of interdependent dynamics of exponential growth created by the 

different technological, economic, social and environmental factors that frame the way the world 

operates. By breaking down this complexity the authors illustrate the importance of current 

forecasts in future problems focusing on the collective relationship of different world 

models.  Some of the world models which gave greater input and evidence of the need to 

reevaluate human practices and world development decisions, narrowing the path towards a state 

of global equilibrium and more sustainable future are the world models of standard run and natural 

resources.  

 
23 (Meadowcroft, 2024) 
24 (Civín, 2023) 
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Figure 6 World Model of Standard Run. 
Source: (Meadows. Donella H, 1972) 
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Figure 7 World Model of Natural Resources. 

Source: (Meadows. Donella H, 1972) 

In conclusion, The Limits to Growth highlight the critical need for a paradigm shift starting from 

the assumption that without taking care or resource availability the world economy will collapse 

within 50-to-100-year time25. “If the present growth trends in world population, industrialization, 

pollution, food production, and resource depletion continue unchanged, the limits to growth on 

this planet will be reached sometime within the next one hundred years. The most probable result 

will be a rather sudden and uncontrollable decline in both population and industrial capacity” 

(Meadows et al, 1972, p.23). This message intended to shift humanity development approaches, 

emphasizing the unsustainable nature of current economic and consumption patterns.  

The book warns that without significant changes to the way we manage resources, population 

growth, and industrial output, the planet will face irreversible ecological degradation, social 

instability, and economic collapse. It calls for a global commitment to sustainable development, 

which involves reducing consumption, adopting circular economic models, and prioritizing 

environmental restoration. For architecture and urban planning, this means rethinking design 

 
25 (The Universty of Nottingham, 2012) 
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practices to minimize environmental impact, enhance resource efficiency, and create resilient, 

adaptive built environments that support both current and future generations. The model applied 

in Limits to Growth was verified 30 years later but some of its authors and other independent 

institutions such as the Commonwealth Scientific and Industrial Research Organization 

(CSIRO)26 resulting in support of the previous outcomes, underscoring the urgency of integrating 

ecological limits into all facets of decision-making to ensure a livable and sustainable future, the 

result of this analysis is summarized in the following tables which present different possible 

scenarios depending on the future decision making27.  

Table 2 Values and rates of change of scenario variables compared with the data at year 2000 

for three scenarios. 
Source: (Turner, 2008) 

 
Figure 8 Normalized root mean square deviation for each LtG output compared with the 

observed data, for each scenario. Closer agreement between data and model output. 
Source: (Turner, 2008) 

Indeed, new ways of living must ensure that current development does not obstruct the future 

generations’ well-being; it is necessary to implement sustainable practices at every level of 

decision-making, from the design of individual buildings to the planning of entire cities28. This 

 
26 (Meadows D.H., 2004) 
27 (Turner, 2008) 
28 (Civín, 2023) 
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includes adopting energy-efficient technologies, using renewable materials, and fostering designs 

that prioritize the health of the ecosystem and its inhabitants. As the effects of climate change 

intensify, it is more evident the importance of shifting towards a development model that respects 

ecological limits, addresses environmental justice, and supports long-term ecological and social 

resilience.   

 

SUSTAINABLE DEVELOPMENT  

The Stockholm Conference of 1972, entitled the United Nations Conference on the Human 

Environment, was one of the fundamental milestones in the history of environmental governance. 

Held in Stockholm, Sweden, this was the first major international conference to address the 

growing concerns about environmental degradation, linking human development with ecological 

sustainability29. The conference brought together 113 nations that with the help of environmental 

experts produced a turning point in global environmental policy “parallel processes of institution 

building, scientific innovation, and political engagement” (Sorlin & Paglia , 2024) in order to 

create shared values for a global governance. A key outcome of the conference was the adoption 

of the Stockholm Declaration, a series of 26 principles that set the foundation for modern 

environmental law and international collaboration. These principles emphasized the need for 

sustainable development, the right to a healthy environment, and the importance of international 

cooperation in addressing environmental issues30.  

Moreover, the conference highlighted the urgency of addressing issues such as climate change, 

ecosystemic services, pollution, resource depletion, and the protection of biodiversity, and 

broadened the conversation including topics such as population and poverty, which have since 

remained central to global environmental agendas31. The Stockholm Conference also led to the 

establishment of various conferences, action plans involving multilateral environmental 

cooperation, and programs such as the Conference on Environment and Development32 or the 

United Nations Environment Programme33. The conference was not only decisive in coordinating 

global environmental efforts, what is more crucial is the post conference shape of institution 

building in government governance system34. While the conference did not produce legally 

binding agreements, it was a landmark providing the framework and groundwork for future 

environmental diplomacy, subsequent global agreements, including the Rio Summit (1992), 

Kyoto protocol (1997) and the Paris Agreement (2015), which would later build on the principles 

of sustainable development articulated in Stockholm.  

The Rio Summit, known as the United Nations Conference on Environment and Development 

(UNCED) brought together representatives from 178 nations, including over 100 heads of state, 

international organizations, and non-governmental organizations (NGOs)35. By the end of the 

conference several official documents were developed resulting in influential agreements and 

declarations that continue to shape international environmental policy such as: The Rio 

Declaration on Environment and Development, Agenda 21, The Convention on Biological 

 
29 (UNESCO, 1998) 
30 (UN, 1972) 
31 (Lorenzini & Cassata, 2022) 
32 Developed in 1992, also known as the Earth Summit  
33 UNEP - Formally launched in December 1972, accumulated a mixed record in fostering global 

environmental cooperation. (Manulak, 2023) 
34 (Manulak, 2023) 
35 (Chasek, Downie, & Brown , 2017) 
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Diversity (CBD), The United Nations Framework Convention on Climate Change (UNFCCC), 

and The Forest Principles also leading to the creation of the commission on Sustainability 

Development36.  

The 2015 Paris Agreement brought together 196 Parties, including nearly every nation in the 

world, in a legally binding framework to address the escalating threat of climate change37. The 

Agreement marked a shift from previous climate negotiations by focusing on both mitigation and 

adaptation efforts, while emphasizing the importance of international cooperation commitments. 

The key elements on the Paris Agreement on climate change were identified as: Net Zero, limit 

the temperature rise to 1.5˚C; Adaptation, review countries commitment to cutting emissions, and 

finance, providing climate finance to developing countries38. 

The Kyoto Protocol, adopted in 1997 and enforced in 2005, is a legally binding international 

treaty under the United Nations Framework Convention on Climate Change (UNFCCC) that aims 

to reduce greenhouse gas (GHG) emissions to mitigate global warming. The protocol set 

mandatory emission reduction targets for 37 industrialized nations and the European Community, 

with an average reduction goal of 5% below 1990 levels during the first commitment period 

(2008–2012)39. In 2012, a second commitment period, known as the Doha Amendment, was 

established, requiring reductions of at least 18% by 2020 compared to 1990 levels40. 

 
36 (UN, n.d.) 
37 (Rajamani, 2016) 
38 (UN, n.d.) 
39 (UNFCC, 2011) 
40 (UNFCC, 2013) 
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 Figure 9 Sustainable Development: common concerns, differing emphases. 

Source: (National Academy, 1999) 

Sustainable development is commonly defined as “development that meets the needs of the 

present without compromising the ability of future generations to meet their own needs”, this 

definition, first articulated in the 1987 Brundtland Report - Our Common Future, was one of the 

fundamental elements for de development of modern sustainability discourse41. Sustainable 

development is confirmed by three pillars: environmental, economic, and social sustainability, 

each of which must be addressed in parallel for it to be fulfilled. These pillars are inherently 

interconnected, and the challenge lies in balancing these dimensions to create integrated, 

sustainable development pathways, achieving it requires not only mitigating environmental 

degradation but also promoting economic resilience and social equity42. 

 
41 (World Commission on Environment and Development, 1987) 
42 (Kates , Parris, & Leiserowitz, 2005) 



27 
 

 

Figure 10 Venn diagram for sustainable development. 
Source: (Myllyviita, 2013) 

Environmental sustainability focuses on maintaining the integrity of natural systems and 

conserving and resources management, pollution prevent and environmental protection and 

restauration of future generations. This pillar is based on the concept of "planetary boundaries”, 

introduced in 2009 by Rockstrom et al, which outline the Earth’s ecological systems towards a 

safe operating space for humanity43. The boundaries provision a critical threshold of the limits 

beyond the Anthropocene44 period we live on causing irreversible environmental damage may 

occur, including climate change, biodiversity loss, and land-system change. Thereby for Earth’s 

life-support it is essential that human activity should stay within these boundaries with the aim of 

ensuring the Earth to continue working correctly. Additionally, achieving environmental 

sustainability requires the adoption of practices and technologies that reduce resource use and 

environmental degradation, including renewable energy, circular economy principle, and 

sustainable land use45. 

The economic dimension of sustainable development considers a change in growth concept 

thriving resilient, inclusive and equitable economies that settle resource depletion, this new 

concept of growth fosters innovation and adaptation policies promoting resource efficiency to 

ensure financial stability46. Economic resilience exposes key economic and social patterns, 

broadening the debate of growth addressing disparities in wealth and inequality, ensuring the 

presence of political economy driven by equitably distributed across societies for economic 

growth to be considered truly sustainable47. The holistic approach in global development argues 

that economic sustainability requires a shift from conventional economic models that prioritize 

growth to systems that address well-being, social equity, and the efficient use of resources48. A 

key concept in this regard is the circular economy, “model of production and consumption, which 

involves sharing, leasing, reusing, repairing, refurbishing and recycling existing materials and 

 
43 (Rockström J. S. W., 2009) 
44 “Is an unofficial unit of geologic time, used to describe the most recent period in Earth’s history when 

human activity started to have a significant impact on the planet’s climate and ecosystems” (National 

Geographic Society, 2023). 
45 (Geissdoerfer, Savaget, bOCKEN, & Hultink, 2017) 
46 (Oliwia, 2024) 
47 (Piketty & Goldhammer, 2014) 
48 (Sachs, 2015) 
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products as long as possible” (European Parliament, 2023), thereby reducing waste and extending 

products life cycle. 

 

Figure 11 The circular economy model 
Source: European Parliament Research Service 

The social dimension of sustainability emphasizes justice, equity, and the improvement of human 

well-being, embracing social networking, and cooperation for disparities reduction and essential 

services to be ensured for all individuals49. According to Sen (1999), development should be 

understood not merely as economic growth but as the expansion of human capabilities where the 

focus is on freedom as the expansion method of societies value, depending on socioeconomical 

arranges and political - civil rights. Social sustainability also addresses issues such as health, 

education, and access to basic needs, ensuring that all individuals, particularly marginalized 

groups, can participate in just societies, providing equitable access to opportunities and 

resources50. This perspective is further expanded by Boström et al. (2015), who argue that social 

sustainability includes fostering community resilience, cultural diversity, and social cohesion. 

Ensuring that sustainable development initiatives address the needs of vulnerable populations is 

critical for achieving global social sustainability. 

Governance plays one of the most important roles in facilitating sustainable development, as it 

involves creating the framework, policies, arrangements and institutional cooperation needed to 

support the integration of sustainability across all sectors. Effective governance requires 

collaboration among governments, businesses, and civil society creating standard quantifiable 

indicators to achieve common sustainability goals51. The implementation of sustainability policies 

must be supported by science and evidence of regression analyses that base decision making, 

testing the influence of governance participation, policy coherence, reflexivity, adaptation and 

 
49 (Oliwia, 2024) 
50 (enel, 2024) 
51 (Kubiszewski, et al., 2013) 
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democratic institutionality participation in adaptive environmental and social conditions52. 

Governance is particularly important in the context of global challenges such as climate change, 

where international cooperation is essential. For this reason, in 2015 The United Nations adopted 

the Sustainable Development Goals, representing a comprehensive framework for achieving 

sustainability at the global level, providing targets for governments and organizations to strive 

toward53. 

 

Figure 12 Sustainable Development Goals. 
Source: (United Nations, 2015) 

In conclusion, sustainable development is a complex and multiscale concept that requires the 

integrated consideration of environmental, economic, and social dimensions. As highlighted by 

Sachs (2015), achieving sustainability involves systemic change at all levels of society, from 

individual behavior to global governance. While there are significant challenges in the sphere of 

global environmental crises and socio-economic inequality, the pursuit of sustainable 

development becomes even more essential on account of balancing the three pillars of 

sustainability and ensuring a viable future for generations to come. 

 

SUSTAINABLE DEVELOPMENT IN CONSTRUCTION 

Construction and the building environment are some of the most influential elements caused by 

the Anthropocene, with bigger contributors to global warming, and for this same reason playing 

a significant role in climate change due to its substantial greenhouse gas emissions and resource-

intensive practices. The building sector is responsible for a large portion of global CO₂ emissions, 

primarily from the production of construction materials highly relying on fossil fuels such as 

cement and steel54. Additionally, construction activities and material production, use and disposal 

contribute to inconceivable emissions throughput the whole material life cycle, reinforcing 

 
52 (Glass & Newig, 2019) 
53 (United Nations, 2015) 
54 (Oliver, 2022) 
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deforestation and land-use changes, creating a further reducing carbon sequestration capacity and 

exacerbating the greenhouse effect55.  

Beyond emissions, the construction industry is constantly exploiting the natural environment, 

generating substantial waste and consuming large amounts of energy and natural resources, 

including water and raw materials, leading to increased environmental load. To mitigate these 

impacts, sustainable construction policies and practices are gaining prominence, emphasizing the 

use of low-carbon materials, energy-efficient designs, and circular economy principles that aim 

to reduce resource consumption and minimize waste56 .

 

Figure 13 Global anthropogenic CO2 emissions related to energy processes for all development 

sectors and specifically for industrial emissions. 
Source: (Allwood, Cullen, & Waught, 2010) 

 

Figure 14 Normalized global demand for the five key materials since 1960. 
Source: (Allwood, Cullen, & Waught, 2010) 

In the hopes to adapt and mitigate the ecosystem disruption induced by activities, sustainable 

development has also become one of the main concepts towards achieving a net zero world. In 

 
55 (Hertwich, Lifset, Pauliuk, & Heeren, 2020) 
56 (Pomponi & Moncaster, 2017) 
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this way sustainable development in construction encompasses a broad range of considerations 

that span the entire lifecycle of a building, from the selection of raw materials to its end of life. 

One of the primary factors is to be aware of the whole life cycle of the material starting by the 

source of raw materials to the disposal and treatment, which includes assessing the energy 

consumed in their transportation and transformation57. According to Allwood et al. (2011), the 

embodied energy in construction materials plays a significant role in reducing or increasing a 

building’s overall environmental footprint. Furthermore, the construction process must optimize 

energy buildings with optimized thermal performance and energy-efficient systems so that carbon 

emissions can be significantly reduced over time. Another essential aspect is the durability of 

materials and the flexibility of building design to adapt to future needs and technologies, required 

for the building’s lifespan to be extended consequently reducing the need for cost renovations58. 

Sustainable buildings must also consider their potential for disassembly and reassembly, 

facilitating the reuse and recycling of materials, in line with principles of the circular economy59. 

Additionally, integrating renewable energy sources power for heating, cooling, and natural 

ventilation, not only decreases reliance on nonrenewable energy but also enhances the building's 

sustainability. Studies show that solar energy integration can significantly reduce operational 

energy use and improve the overall environmental impact60 of buildings by avoiding the use of 

fossil fuels and lead to massive environmental problems. Achieving sustainability in construction 

requires a holistic approach, addressing material choices, energy efficiency, adaptability, and 

renewable energy integration to promote long-term environmental resilience. 

 

 
57 (Huang , et al., 2020) 
58 (Thormark , 2002) 
59 (González , Sendra, Herena, Rosquillas, & Vaz, 2021) 
60 (Hu, y otros, 2020) 
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STATE OF THE ART 

 

CEMENT  

Cement is a finely ground material primarily composed of limestone, clay, and other mineral 

constituents, which undergoes a high-temperature calcination process in a kiln to form clinker. 

This clinker is subsequently ground with a small proportion of gypsum to produce Portland 

cement, the most widely used type of cement61. Upon the addition of water to the previously 

explained fine powder, cement undergoes a chemical reaction known as hydration, which leads 

to the formation of calcium silicate hydrate and other compounds that develop strength and 

rigidity to the material. In this process aggregates of different origins and such as sand and gravel 

are additions to the mixture to produce concrete62. 

Cement is one of the most used materials throughout human history, though the first extensive 

construction evidence of cement implementation is found in the roman empire when lime and 

volcanic ash reacted with water and formed a hard mass63, the implementation of cementitious 

materials started back in 2600 B.C. in the Egyptian empire with the use of calcined gypsum as 

part of the pyramid construction64. One of the first contributors in the understanding and 

application of cement technologies is the Roman Marcus Vitruvius, architect and engineer who 

captured all his knowledge and discoveries in one of the most ancient treaties ever found 

establishing the first principles of architecture "Ten books of Architecture". 

The significance of cement for the construction sector started very early in human history, 

resulting in it being one of the most indispensable materials for everyday life due to its 

affordability, durability and mechanical properties. Nowadays cement is one of the most broadly 

used construction materials serving a mainstay for current infrastructure, used in almost all scopes 

of architecture and engineering due to its versatility and its possibility of variation in different 

components. Its predominancy comes from the endless possibilities that it gives us, constantly 

evolving, new technologies being implemented, and innovative procedures and applications 

constantly being, makes it the material which allowed for the development of cities and 

urbanization to exist worldwide. 

 
61 (Taylor , 1997) 
62 (Neville A. , 2011) 
63 This cementitious material would then be known as pozzlanic cement 
64 (CEMEX, 2002) 
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Figure 15 World Cement production in industrialized and developing countries. 

Source: (Geiger, 2011) 

 

Figure 16 World Cement production 2022. 
Source: (CEMBUREAU, 2022) 

However, due to its feedstock and its great volume production processes it is known to be one of 

the bigger emitters of CO₂ in the same way, one of the major contributors to GHG emissions. 

Specifically, only the manufacture of Portland cement is responsible for almost 6-8% of the global 

GHG emissions65 because of the calcination of limestone is one of the major inputs to carbon 

dioxide release as a byproduct. In the same way other GHG are released in the energy intensive 

heating and grinding processes of the raw material66. All of this has made cement production a 

focal point in the discussion of construction sustainability, the urgent need for alternative 

mitigation strategies, promoting research for alternative material implementation, carbon capture 

and storage technologies, and energy efficient procedures67.  

 
65 (Schumacher & Juniper, 2023) 
66 (Habert, 2013) 
67 (Gupta & Chaudhary, 2020) 
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TYPES OF CEMENT  

Cement, as the most widely used construction material worldwide, became one of the pillars 

needed for development in infrastructure and architecture to take place. Its versatility is evident 

in the wide range of types and formulations available, each designed to meet specific construction 

requirements and address diverse needs. The various types of cement are the result of extensive 

research and innovation, reflecting the evolution of architecture and engineering throughout 

history alongside the evolution of concrete. Over time, advancements in materials science and 

engineering practices have led to the refinement of cement properties, enabling the creation of 

specialized formulas adapting to durability, sustainability, and structural performance.  

OPC - Ordinary Portland Cement is the most widely used cement in general construction, 

categorized into three grades (strength classes) based on the compressive strength obtained after 

28 days of hydration. These grades indicate the strength in MPa achieved in standard testing 

conditions. This type of cement is known for its versatility, making it suitable for a wide range of 

applications in buildings, bridges, and pavements. As its composition is the simplest, consisting 

only of limestone, clay, and gypsum, it makes it easy to be produced contributing to its application 

in the construction industry68.  

In the early 19th century, Portland cement established itself as one of the materials that would 

revolutionize the construction industry. In 1824, Joseph Aspdin, an English mason, patented a 

method for producing a hydraulic cement by burning a mixture of limestone and clay, which he 

named "Portland cement" due to its resemblance to the building stones found on the Isle of 

Portland in England69. Aspdin's invention was further refined by subsequent researchers and 

industrialists, one of the most notable advances was the improvement in consistency and strength 

of the cement through advancements in kiln design technologies and when a better understanding 

of the chemistry behind the implementation of the raw materials used in the production process 

of cement was gained70. By the late 19th century and continuing until current dates, Portland 

cement is the dominant binding material used in concrete, mostly used to its improved properties 

such as strength and durability compared to previous material used before. 

PPC - Portland Pozzolana Cement is produced by blending Ordinary Portland Cement with 

pozzolanic materials like fly ash or volcanic ash, with a content varying from 35-55%. These 

pozzolanic materials react with calcium hydroxide released during the hydration process, 

enhancing the durability and strength of the cement due to - lower content of Ca(OH)2 , lower 

content of C3A, and lower porosity71. It is known for its lower heat of hydration and greater 

resistance to aggressive chemical environments, commonly used in marine structures, dams, and 

sewage treatment plants, where resistance to sulphates and other chemicals exposure is critical 

due to the impact these chemicals can have on the structures affecting their resistance and 

durability.   

Rapid Hardening Cement is a type of cement that sets and gains strength much faster than Portland 

cement. Even though it is similar in composition there is a difference found in the particle size 

distribution. This type of cement utilizes a finer particle size, which accelerates hydration and 

 
68 (Mindess, Young , & Darwin, 2003) 
69 (Nobis, n.d) 
70 (Hewlett, 1935) 
71 (Mehta & Monteiro, 2014) 
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strength development. Rapid Hardening Cement achieves a high early strength, making it ideal 

for fast-track construction projects, including pavement repairs and precast concrete elements72. 

Masonry Cement is a blend of Portland cement, including limestone, plasticizers, and other 

additives to improve its workability and binding strength. It is specifically designed for use in 

masonry applications such as brickwork, blockwork, and plastering73. 

GGBFS - Ground Granulated Blast Furnace Slag Cement, commonly known as Blast furnace 

Cement, is created by blending OPC with granulated blast furnace slag74. The inclusion of slag 

improves the cement's durability, reduces heat of hydration, and enhances resistance to chemicals, 

particularly from chlorides and sulphates75. Blast Furnace Cement is widely used in mass concrete 

applications such as foundations, marine structures, and infrastructure projects exposed to harsh 

environments76. Its lower carbon footprint compared to traditional OPC aligns with sustainable 

construction practices as cement with 85% of GGBS allows the saving of up to 2 GJ/ton of energy. 

 

PORTLAND CEMENT  

Portland cement is the predominant type of cement used worldwide, is the foundational 

cementitious component used in concrete mixtures, making it crucial for the existence of 

construction, civil engineering and architectural applications. The main ingredient in Portland 

cement is clinker, produced by calcining a blend of raw materials (most commonly limestone and 

clay are the ones used) and calcium aluminates, at high temperatures in a rotary kiln. This heating 

process causes the decomposition of calcium carbonate into calcium oxide and carbon dioxide, 

accompanied by a series of chemical transformations that generate calcium silicates (the primary 

constituents of clinker)77. At the end of this process, the resulting product is allowed to cool down, 

once cooled, the clinker is finely ground and mixed with a small proportion of gypsum to regulate 

the setting time, resulting in the final Portland cement product78. 

The performance characteristics of Portland cement are closely linked to its chemical composition 

and how fine the material resulted from the grinding process. The most crucial compounds for the 

strength development of the concrete in the early and long-term stages are, tricalcium silicate 

(C₃S) and dicalcium silicate (C₂S). During the hydration process these silicates react with water 

to form calcium silicate hydrates (C-S-H) and calcium hydroxide, responsible for imparting 

strength and durability to the concrete after it achieves its hardened state79. The addition of 

gypsum is essential to manage the rate of hydration, preventing premature setting and ensuring 

sufficient workability during application80. Properly measuring and balancing the chemical 

constituents of Portland cement is vital to the concrete creation, as variations to the mixture 

 
72 (Neville A. , 2011) 
73 (Aitcin, 1998) 
74 A byproduct of steel manufacturing, formed by rapidly cooling slag from smelted iron ore in a blast 

furnace, consists of at least two-thirds glassy slag by mass and exhibits hydraulic properties when 

properly activated. 
75 (Neville A. , 2011) 
76 (Mehta & Monteiro, 2014) 
77 (Taylor , 1997) 
78 (Neville A. , 2011) 
79 (Mehta & Monteiro, 2014) 
80 (Hewlett, 1935) 
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formula can impact in significant changes of the mechanical properties, including compressive 

strength, setting characteristics, and overall durability81. 

Despite its essential role in construction, as mentioned before the production of Portland cement 

has significant climate impacts that can conclude in irreversible environmental repercussions. 

These environmental impacts come because of the highly energy-intensive manufacturing process 

that relies on the combustion of fossil fuels in kilns. For this process to be carried out temperatures 

above 1,450°C need to be reached, leading to substantial emissions of carbon dioxide. To address 

these environmental challenges, there is a concerted effort that needs to be addressed by all the 

areas involved in construction to reduce clinker content in cement by incorporating supplementary 

cementitious materials (SCMs), such as fly ash, slag, and natural pozzolans. These alternatives 

not only decrease the carbon footprint associated with cement production but also enhance the 

durability and life cycle of concrete82. 

 

PRODUCTIVE CYCLE  

 

Figure 17 Portland cement manufacturing process. 
Source: (Encyclopedia Britannica, 2007). 

The production cycle of Portland cement is a multistage process that requires precise control over 

raw materials and processing conditions to ensure the desired quality of the final product. This 

process, even if standardized with the aim of creating lower waste and contamination, is both 

resource and energy intensive. The steps in the production cycle start with the extraction and 

preparation of raw materials, and then move on to the grinding and blending into a raw meal, 

clinker production in a rotary kiln, and the final grinding stage to produce cement powder83. 

The initial phase of Portland cement production involves raw materials extraction and preparation, 

primarily limestone and clay, which supply the necessary calcium, silica, alumina, and iron oxides 

required for cement formulation and manufacture84. These raw materials are typically mined from 

 
81 (Taylor , 1997) 
82 (Djettene, Dubois, Duprez, Weireld, & Thomas, 2024) 
83 (Wansbrough, 2017) 
84 (Habert, 2013) 
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quarries and sorted out through an arduous selection process considering their chemical 

compositions to ensure they meet the criteria for cement manufacturing. After the extraction 

process is finished, the raw materials are exposed to a crushing process to reduce their size, after 

which they are blended to create a homogeneous mixture. This blend, known as the raw mix, is 

then dried to achieve a consistent moisture content suitable for further processing85. 

The second stage involves the grinding of the raw mix to a fine powder known as the raw meal. 

The fineness and the mixture formula of the raw meal is critical, as it directly influences the 

efficiency of subsequent chemical reactions during clinker formation86. This process can be made 

in two different methods, the dry process and the wet process. In the dry process, progressively 

abandoned, clay and limestone are crushed, analyzed for mineral content, and mixed before being 

ground to a fine powder, if needed necessary minerals will be added to ensure its correct 

composition. In the wet process, the clay is mixed into a paste with water, then combined with 

crushed lime and further ground, heavy particles removed, and the resultant composition tested 

for proper mineral balance, with additives added as needed87. This finely ground material is then 

passed through a preheater tower and known as the pre-calciner. The preheating stage serves to 

partially calcine the limestone, decomposing calcium carbonate into calcium oxide and carbon 

dioxide, which aims to reduce the energy required in the primary kiln phase88.  

The preheated material obtained from the grinding is now ready for clinker production at the high 

temperature environment of the rotary kiln. The transformation process that is going to be further 

explained of the preheated raw meal into clinker is one of the most essential in cement 

manufacturing. It occurs in a rotary kiln operating at temperatures around 1,450°C89, this high 

temperature energy intensive process creates a suitable environment for the creation of a series of 

complex chemical reactions, in which the raw materials are sintered to form nodules of clinker90. 

The production of clinkers is an energy-intensive step, largely due to the high heat required, 

making it the primary source of carbon dioxide emissions within the cement manufacturing 

cycle91. 

 

 
Figure 18 Schematic outline of kiln processes. 
Source: (Mindess, Young , & Darwin, 2003) 

 
85 (Taylor , 1997) 
86 (Mehta & Monteiro, 2014) 
87 (Wansbrough, 2017) 
88 (Worell , Price, Hendriks, & Meida , 2001) 
89 (Ige, Olanrewaju, Duffy, & Obiora, 2001) 
90 (Taylor , 1997) 
91 (Griffiths, et al., 2023) 
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The most significant reactions involve the formation of calcium silicates (specifically, tricalcium 

silicate (C₃S) and dicalcium silicate (C₂S)), crucial for the cement's development of satisfactory 

mechanical properties92. From the major mineral constituents’ mechanical properties and 

performance of the concrete can vary, C₃S (tricalcium silicate) and C₂S (dicalcium silicate) are 

responsible for the material strength. A higher proportion of C₃S, often accompanied by a lower 

percentage of C₂S (dicalcium silicate), contributes to rapid strength development, especially in 

the early stages, but also results in higher heat generation during the setting process. Conversely, 

a lower amount of C₃S and a higher concentration of C₂S causes the material to slower strength 

gain, extending the process over a period of 52 days instead of 28, while generating less heat. 

Even though C₃A affects strength contribution, it is associated with undesirable rapid heat 

generation and high reactivity, which can be mitigated by incorporating calcium sulfate (CaSO4) 

into the cement. Additionally, C₃A can be converted into the more favorable C4AF (calcium 

ferrite) by adding iron oxide (Fe₂O₃) prior to the heating process, considering that this conversion 

reduces the formation of C₃S. C4AF enhances the cement's resistance to seawater and results in a 

slower reaction with reduced heat evolution93. 

Compound Abbreviation Chemical Formula Weight Percent 
Tricalcium silicate C3S 3CaO*SiO2 60-70 
Dicalcium silicate C2S 2CaO*SiO2 10-20 
Tricalcium aluminate C 3A 3CaO*Al2 O3 5-10 
Tetra calcium 

aluminoferrite 
C4AF 4CaO* Al2 O3 *Fe₂O₃ 3-8 

Table 3 Major mineral constituents of Portland Cement. 
Source: (Wansbrough, 2017). 

Once the clinker exits the kiln, it is rapidly cooled using air to stabilize its properties and to stop 

any further chemical reactions. Cooling also preserves the microstructure of the clinker, essential 

for its reactivity. The cooled clinker is then mixed with a controlled amount of gypsum (typically 

around 3-5%), which regulates the setting time of the cement and prevents the rapid development 

of rigidity also known as flash setting 94. This mixture is ground to a fine powder in specialized 

mills, the fineness of the grind significantly affects the hydration rate and, consequently, the 

strength development of the cement, underscoring the importance of this final step95. The finished 

cement is stored in silos before being dispatched for use in construction projects. 

The hydration process of Portland cement is a multifaceted chemical process that involves a series 

of interactions between its components and water, ultimately forming compounds that contribute 

to the cement’s final mechanical properties. The process undergoes a series of different reactions 

involving each of the previously stated chemical compounds in the composition of Portland 

cement, the different reaction rates result in the gradual increase in strength of the material over 

time.  

Compound Hydration reactions 
Tricalcium silicate Hydrates and hardens rapidly, responsible for initial set and early 

strength. Higher percentages of C3S will exhibit higher early 

strength. 

 
92 (Mehta & Monteiro, 2014) 
93 (Wansbrough, 2017) 
94 (Neville A. , 2011) 
95 (Hewlett, 1935) 
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Dicalcium silicate Hydrates and hardens slowly, responsible for strength increases 

beyond one week. 
Tricalcium aluminate Hydrates and hardens the quickest. Liberates a large amount of 

heat very fast, contributing to early strength. Gypsum is added to 

to retard C3A hydration. Without gypsum, C3A hydration would 

cause Portland cement to set almost immediately after adding 

water. 
Tetra calcium 

aluminoferrite 
Hydrates rapidly with almost no contribution to strength. Permits 

lower kiln temperatures manufacturing. Color effects are due to 

C4AF. 
Table 4 Hydration Reactions. 

Source: (University of Washington, state DOTs, FHWA, 2024) 

 

PROPERTIES 

The physical properties of Portland cement are critical to its performance in construction. 

Understanding these characteristics allows the appropriate selection of cement type for each 

specific application. To ensure durability and structural integrity, the cement needs to be analyzed 

by fineness, specific gravity, consistency, setting time, soundness, compressive strength, and heat 

of hydration. 

Fineness refers to the particle size of cement which affects the rate of hydration, strength 

development, and heat generation. The surface area available for hydration reactions increases in 

the presence of finer cement particle size, achieving faster strength gain and higher early strength, 

this effect is seen on the first seven days of hydration96. The fineness of Portland cement is 

typically measured using the Blaine air permeability method, with values commonly ranging 

between 300 to 400 m²/kg97.  

The specific gravity of Portland cement, usually around 3.1598, indicates its density relative to 

water. This property for calculating the mixed proportions of concrete, guaranteeing the correct 

balance of components creating the optimal specifications for workability and strength99.  

Consistency influences the workability of concrete and the hydration process, with insufficient 

water leading to incomplete hydration and excessive water causing segregation and reduced 

strength. It measures the water/cement ratio to achieve a paste of standard viscosity. It is typically 

determined using the Vicat apparatus, where normal consistency falls within the range of 26% to 

33% of the cement’s weight 100.   

The setting time of cement refers to the period required for the paste to transform from its fluid 

state to a hardened state. The initial setting time typically ranges from 30 to 90 minutes, while the 

 
96 (Kosmatka, Kerkhoff, & Panarese, 2002) 
97 (Neville A. , 2011) 
98 For portland-blast-furnace-slag and portland-pozzolan the specific gravities is 2.90 (Kosmatka, 

Kerkhoff, & Panarese, 2002) 
99 (Mindess, Young , & Darwin, 2003) 
100 (Hewlett, 1935) 
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final setting time is generally within 10 hours 101. A broad variety of tests are used to measure 

factors such as fineness, water content, and admixtures which can influence setting time102. 

Soundness is commonly measured by the Le Chatelier method or autoclave expansion tests. It 

secures the cement from undergoing significant volumetric changes after setting, the permissible 

expansion limit is generally set at 10 mm or less103. Overpassing this limit could lead to cracking 

or disintegration, on the other hand unsoundness is often caused by the presence of free lime or 

magnesia, which hydrate slowly and expand. 

Compressive strength permits cement to withstand axial loads. It is measured by testing standard 

mortar cubes at 3, 7, and 28 days of curing. Portland cement typically achieves a compressive 

strength of 20 MPa at 3 days and 40 MPa at 28 days, depending on the type of cement and curing 

conditions104. 

The heat of hydration is the thermal energy released during the chemical reactions between 

cement and water. While higher heat is beneficial in cold climates, excessive heat can cause 

thermal cracking in massive concrete structures.  

 

STANDARIZATIONS AND REGULATIONS 

EN STANDARDS 197 – 1  

The EN 197-1 standard is the European specification for cement, which defines the composition, 

classification, specification and conformity criteria for common cement. This standard is based 

on cements production and use across Europe maintain consistent quality, safety, and performance 

level. The objective of EN 197-1 is to standardize cement types, providing guidelines for 

producers and users to maintain reliability of the material used in construction applications105. 

The exploration of the EN 197-1, gives a broader understanding of cement, its implications for 

production, and the key properties specified within the standard.  

Cement standards are looking for harmonization to assure quality and uniformity across 

construction materials, particularly within the European context. The EN 197-1 standard, initially 

published in 2000 by the European Committee for Standardization (CEN), covers various types 

of cements used in Europe, mainly considering different types of traditional Portland cement, 

composite cements, and special cements like sulfate-resistant variants106. 

EN 197-1 specifies the requirements for 27 distinct cement types, categorized into five main 

groups based on the clinker content and supplementary materials used. Each type of cement is 

further divided into subclasses based on specific composition ratios and performance 

requirements, reflecting variations in composition percentages, physical characteristics, and 

performance attributes. 

 

 
101 (Neville A. , 2011) 
102 (University of Washington, state DOTs, FHWA, 2024) 
103 (Mindess, Young , & Darwin, 2003) 
104 (Hewlett, 1935) 
105 (Dhir & Jones, 2014) 
106 (Datis Export Group, 2020) 
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CEM I Portland Cement Composed primarily of clinker, with a minor 

addition of gypsum. 
CEM II Portland-Composite 

Cement 
includes up to 35% supplementary cementitious 

materials (SCMs) such as fly ash or limestone. 
CEM III Blast Furnace Cement contains a significant percentage of granulated 

blast furnace slag (up to 95% in some types). 
CEM IV Pozzolanic Cement includes natural pozzolans like volcanic ash or 

calcined clays. 
CEM V Composite Cement mixture of clinker, slag, pozzolans, and other 

SCMs. 
Table 5 Main types of cement according to the EN 197-1. 

Source: Information adapted from the (CEN, 2011) 
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Table 6 EN 197-1 cement subtypes. The name of each subcategory comes from: 

CEM II / A – S 
CEM (Roman number) / letter – letter 

cement type / % addition – type of addition 
Source: (CEN, 2011) 

 

PROPERTIES 

The EN 197-1 standard emphasizes strictly controlling the chemical composition of cement so 

that consistent quality and durability can be achieved. This includes setting maximum limits for 
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oxides such as tricalcium aluminate (C₃A), tricalcium silicate (C₃S), and dicalcium silicate (C₂S), 

which influence the cement's hydration behavior and long-term strength107. 

The standard presents specific guidelines for physical and mechanical properties requirements 

such as early strength, standard strength, initial setting time, and soundness. 

 
Table 7 Mechanical and physical requirements given as characteristic values. 

Source: (CEN, 2011) 

 
Table 8 Chemical requirements given as characteristic value. 

Source: (CEN, 2011) 

TESTING AND CONFORMITY CRITERIA 

The conformity criteria set forth in EN 197-1 require that all cement types undergo rigorous 

testing procedures to verify their compliance with the standard. The testing covers a range of 

factors, including chemical composition, mechanical strength, and consistency of performance108. 

 
107 (Taylor , 1997) 
108 (CEN, 2011) 
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Cement producers are required to follow precise testing protocols, including sampling methods109, 

chemical analysis110 and Physical testing for strength, setting times, and fineness111. 

Conformity assessment is crucial for maintaining the reliability of cement materials, so that 

expected safety and durability standards can be met in construction. The certification process is 

managed by national standardization bodies, which verify that manufacturers serve the EN 197-

1 guidelines. 

 

ASTM C150 SPECIFICATION  

The American Society for Testing and Materials (ASTM) is an organization that creates voluntary 

consensus standards on a global scale. These standards are crafted by committees comprising 

industry professionals, who collaborate through an open and transparent process to produce 

standards, test methods, specifications, guides, and best practices112.  

ASTM C150 is a recognized Standard Specification for Portland Cement regulation, setting forth 

the requirements for the composition, performance, and testing of Portland cement. Provides 

essential criteria to ensure the consistency, safety, and durability of Portland cement used in 

construction projects, necessary to maintain harmonized quality in concrete production113. 

Portland cement is the most used cement in the world, as it is the main ingredient in concrete, 

mortar, and other construction materials. The ASTM C150 standard gives guidance towards the 

cement industry's best practices, supporting reliable and long-lasting infrastructure. The standard 

Specification for Portland Cement, also known as ASTM C 150, acknowledges 8 basic types of 

Portland cement. 

 

Type  Name  Purpose 
I Normal General-purpose cement is suitable for most 

purposes. 
IA Normal-Air Entraining An air-entraining modification of Type I. 
II Moderate Sulfate 

Resistance 
Used as a precaution against moderate sulfate 

attack. It will usually generate less heat at a slower 

rate than Type I cement. 
IIA Moderate Sulfate 

Resistance-Air 

Entraining 

An air-entraining modification of Type II. 

III High Early Strength Used when high early strength is needed. It has more 

C3S than Type I cement and has been ground finer 

to provide a higher surface-to-volume ratio, both of 

which speed up hydration reactions. Strength gain is 

double that of Type I cement in the first 24 hours. 
IIIA High Early Strength-

Air Entraining 
An air-entraining modification of Type III. 

 
109 Specified in EN 196-7. (CEN, 2011) 
110 Used to determine oxide composition according to EN 196-2. (CEN, 2011) 
111Specified in the EN 187-1. (CEN, 2011) 
112 (ASTM, 2024) 
113 (Kosmatka, Kerkhoff, & Panarese, 2002) 
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IV Low Heat of Hydration Used when hydration heat must be minimized in 

large volume applications such as gravity dams. 

Contains about half the C3S and C3A and double the 

C2S of Type I cement. 
V High Sulfate Resistance Used as a precaution against severe sulfate action – 

principally where soils or groundwaters have a high 

sulfate content. It gains strength at a slower rate than 

Type I cement. High sulfate resistance is attributable 

to low C3A content. 
Table 9 ASTM Types of Portland Cement. 

Source: (University of Washington, state DOTs, FHWA, 2024) 

Each of this cement outlined types in ASTM C150 is further classified by its fineness, chemical 

composition, and physical properties specific to different applications, allowing engineers and 

builders to select the appropriate cement type based on environmental factors and performance 

requirements. 

 

PROPERTIES 

Chemical composition of Portland cement is strictly defined in the ASTM C150 to guarantee the 

materials’ performance and longevity. In the same way as in the EN 197-1 standard, these standard 

chemical compounds include tricalcium silicate (C₃S), dicalcium silicate (C₂S), tricalcium 

aluminate (C₃A), and tetra calcium aluminoferrite (C₄AF), directly affecting the cements 

hydration rate, setting time, and long-term strength of the cement114. Specific requirements under 

ASTM C150 include chemical Composition, Physical Properties, Setting Time and Soundness.  

These stringent chemical and physical criteria ensure that Portland cement produced according to 

ASTM C150 provides reliable performance under diverse environmental conditions. 

Table 10 Standard composition requirements. 
Source: (ASTM, 1940) 

 
114 (Neville A. , 2011) 
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Table 11 Optional standard composition requirements. 
Source: (ASTM, 1940) 

 
Table 12 Standard Physical requirements. 

Source: (ASTM, 1940) 

 
Table 13 Optional standard Physical requirements. 

Source: (ASTM, 1940) 

 

TESTING AND CONFORMITY CRITERIA 

The ASTM C150 standard requires that Portland cement develop a series of standardized tests 

that need to stand in a specified criterion. These tests let the cement achieve the necessary 

requirements for both physical and chemical properties115, to obtain these key testing protocols 

 
115 (ASTM, 1940) 
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are needed such as Sampling methods116, Chemical analysis117 , Strength testing118 Fineness 

assessment119 , and Setting time evaluation120  

Conformity with these standards is verified by independent laboratories and quality control 

systems implemented by cement manufacturers. The certification process provides confidence 

in the material's reliability, making ASTM C150 indispensable for the cement industry. 

 

ENVIRONMENTAL IMPACT - EN 197-1 & ASTM C150 

A significant aspect of the EN 197-1 standard is its encouragement of sustainable cement 

production. Researchers have noted the importance of EN 197-1 in setting criteria that align with 

environmental and durability considerations121. In a similar way ASTM C150 not only assures 

cements quality but also impacts the durability and sustainability of concrete structures with the 

implementation of cement based in sulfate resistance and heat of hydration, supporting the design 

of structures in challenging environments122. 

Both standards also prevent environmental hazards, this is evident when incorporating industrial 

by-products like fly ash, slag, and silica fume promote the use of supplementary cementitious 

materials (SCMs) to reduce the environmental footprint of cement production. The use of these 

materials can lower carbon dioxide emissions related with clinker production, responsible for a 

great portion of the cement industry total CO₂ emissions123. In the same way researchers state that 

standard detailed classification developed in the EN 197-1allows for improved predictability in 

the behavior of cementitious systems, especially in long-term durability assessments124.  

Although ASTM C150 does not cover blended cements, it indirectly supports sustainable 

practices through specifications that encourage performance-based assessment and the use of 

materials with lower environmental impacts125. In addition, the EN 197-1 standard supports the 

circular economy by allowing the incorporation of industrial by-products126 like slag and fly ash, 

promoting the recycling of materials that would otherwise contribute to waste. As a result, EN 

197-1 plays a crucial role in advancing sustainable practices within the construction sector. 

 

IMPACT IN THE CONSTRUCTION INDUSTRY - EN 197-1 & ASTM C150 

EN 197-1 implementation has influences and transformed the European construction industry. 

The standardization of cement types and properties has permitted improvements in trade and 

regulatory compliance, creating a single market for cementitious materials simplifying the 

production processes and supply chain for construction projects, while enhancing the durability, 

safety and quality of infrastructure across Europe127. In addition, the variety, specificity and 

 
116 Explained in the ASTM C183. (ASTM, 1940) 
117 Referring to the oxide content according to ASTM C114. (ASTM, 1940) 
118 Using ASTM C109 for compressive strength. (ASTM, 1940) 
119 ASTM C204 presenting Blaine air permeability. (ASTM, 1940) 
120120 Confirmed with Vicat needle method ASTM C191. (ASTM, 1940) 
121 (Muller, 2023) 
122 (Mindess, Young , & Darwin, 2003) 
123 (Li , Dengler , & Hesse, 2023) 
124 (Taylor , 1997) 
125 (ASTM, 1940) 
126 Products that could also be a residual waste from other industrial construction processes. 
127 (Mather, 2004) 
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properties offered by the various types of cement outlined in EN 197-1 allows engineers and 

architects to select the most suitable material properties for each project, whether it involves high-

strength requirements, sulfate resistance, or sustainable construction goals.  

Nevertheless, ASTM C150 influences the construction industry, particularly in North America, 

by standardizing material specifications for Portland cement. This standardization has facilitated 

interstate and international trade of cement products, enabling suppliers to achieve a consistent 

criterion. The result is a more efficient construction sector, where design professionals can rely 

on the uniformity of cement quality when planning and executing projects128, allowing versatility 

for cement implementation in modern construction, where materials must meet increasingly 

stringent demands for both performance and sustainability. 

 

CONCRETE  

We can trace "concrete" back to the Latin verb concrescere, meaning "to grow together." 

Appropriately, when it first entered English "concrete" could mean "connected by growth."129. 

Concrete has been fundamental to the development of modern civilization, serving as the primary 

material for the construction of infrastructure that supports urban and industrial growth. Its 

durability, versatility, and cost-effectiveness have facilitated the creation of monumental 

structures, which are integral to contemporary society. Concrete use has enabled the rapid 

expansion of cities, the improvement of transportation networks, and the advancement of 

technological and economic systems. In daily life, nearly every aspect of human existence is 

influenced by concrete, from the buildings we live in and work into the roads we travel on spaces 

in which we rely upon carrying out all activities. As such, concrete has become an indispensable 

material, supporting not only the physical framework of modern life but also the very functioning 

of global economies and the advancement of human civilization. 

Concrete is a composite material consisting of water, cement, and aggregates, such as sand, 

gravel, or crushed stone. The cement, typically Portland cement, functions as the binder that holds 

the aggregates together, while the water reacts with the cement through a process of hydration, 

leading to the hardening of the mixture130. The creation of concrete is based on the implementation 

of specific proportions between cement, water, and aggregates. Maintaining the correct 

proportions plays a vital role in determining the material properties such as, strength, durability, 

and workability131. Furthermore, admixtures can be incorporated into the composition to modify 

the concrete properties, including its setting time, workability, and resistance to environmental 

factors132  

 

 
128 (Mehta & Monteiro, 2014) 
129 (Merriam Webster, n.d.) 
130 (Neville A. , 2011) 
131 (Mehta & Monteiro, 2014) 
132 (Mindess, Young , & Darwin, 2003) 
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Table 14 Definition of concrete. 
Source: (Mindess, Young , & Darwin, 2003) 

Followed by steel, concrete is the most used material in construction, gaining great importance 

for the development of contemporary architecture and construction, offering a range of 

advantages that contribute to its extensive use. Its compressive strength, durability, and 

adaptability to various forms and finishes make it the ideal material for a widespread 

implementation of structural and architectural applications, from high-rise buildings to 

infrastructure projects. Concrete’s resistance to fire, water, and weathering ensures longevity and 

low maintenance, while its versatility allows for both functional and aesthetic flexibility133. 

Despite these benefits, concrete presents several limitations which have caused recent research in 

innovative techniques and applications to be incorporated into concrete production and 

manufacture. One of the biggest disadvantages of concrete utilization is the environmental impact 

of cement production, which by being an energy intensive procedure matter, becomes a major 

source of carbon dioxide emissions, remaining in a critical concern in sustainable construction134. 

Additionally, concrete exhibits limited tensile strength, ductility, strength to weight ratio and 

volume instability making it necessary to be reinforced with materials such as steel to address 

structural demands in tension135. Furthermore, the material’s susceptibility to cracking under 

stress and its relatively slow curing time can pose challenges in both design and construction 

processes that continue to be currently studied.  

 

Table 15 Typical Engineering Properties of Structural Concrete. 
Source: (Mindess, Young , & Darwin, 2003) 

Mortar and concrete are fundamental components in construction, each serving specific functions 

and exhibiting distinct physical and mechanical properties. Concrete is the most complex and 

robust construction material among the two, conformed by cement paste, sand as the fine 

aggregate, gravel and crushed stone as the coarse aggregates, and water. The properties of 

concrete can be adjusted through variations in the mix design, such as alteration in the aggregate 

size, incorporating admixtures, or altering the water to cement ratio. These adjustments make 

concrete adaptable for diverse environments and physical requirements, one clear example of this 

is the implementation of coarse aggregates which increases the compressive strength and 

durability of concrete compared to mortar136. 

 
133 (Mehta & Monteiro, 2014) 
134 (Mindess, Young , & Darwin, 2003)  
135135 (Neville A. , 2011) 
136 (Aitcin, 1998) 
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Finally, mortar is a mixture of cement paste, sand working as the fine aggregates, and water. 

Sometimes, additional additives like lime or plasticizers are incorporated to improve workability 

or specific properties. Mortar is primarily used as an adhesive material for bonding masonry units 

such as bricks, blocks, or stones filling the gaps between these units, distributing loads evenly and 

ensuring structural stability. Compared to cement paste, mortar has enhanced workability and 

reduced shrinkage due to the presence of fine aggregates, which also improves its resistance to 

cracking137. The fine aggregate content in mortar also contributes to its relatively low compressive 

strength compared to concrete, making it more suitable for nonstructural applications. 

 

RHEOLOGY OF CONCRETE 

Rheology is the scientific study of the deformation and flow behavior of materials under applied 

forces, encompassing both liquids and soft solids. It examines how materials respond to stress, 

strain, and strain rates, providing insights into their viscosity, elasticity, and plasticity 

characteristics138. In the construction area, understanding the rheology of cementitious materials 

is critical, as it helps understand the complexity of the mixture in its viscous state which will 

influence its workability, stability, and when hardened, the mechanical properties of concrete, 

ensures that that the concrete will compact without segregation or excessive bleeding139. The key 

rheological parameters to consider when studying concrete are the yield stress and plastic 

viscosity. Yield stress represents the stress threshold required for concrete for it to start flowing, 

while plastic viscosity measures the resistance to flow when movement has already started140.  

The concept of workability in concrete is intrinsically tied to its rheological properties affecting 

the mixture ability to be placed, compacted, and finished. Traditional methods such as the slump 

test were used to study concrete workability, the problem with this type of test is that it provides 

limited information about the flow behavior of concrete. In contrast, advanced rheological tests 

such as rotational rheometers and portable field devices provide more accurate assessments of 

concrete flow characteristics, leading to better quality control141. Rheological measurements offer 

a more comprehensive analysis by quantifying both yield stress and viscosity, allowing for real-

time adjustments in concrete mixtures giving a more precise understanding of how fresh concrete 

behaves under different conditions142. It is important to consider that deficient rheological control 

can lead to improper consolidation, increased porosity, and honeycombing, compromising 

concretes durability and strength143. Furthermore, rheological assessments help in concrete 

mixtures design that align with modern construction techniques, one of this is pumping and 3D 

printing, where consistent flow properties are essential for quality control and concrete paste 

workability, were concrete without blockages or segregation. 

 

 

 

 
137 (Hewlett, 1935) 
138 (Barnes, Hutton, & Walter, 1989) 
139 (Tattersall & Banfill, 1983) 
140 (Roussel, 2011) 
141 (Roussel, 2011) 
142 (Banfill, 1991) 
143 (Neville A. , 2011) 
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CONCRETE CONSTITUENTS  

Concrete is a composite material formed by the combination of four primary constituents: cement, 

aggregates, water, and admixtures. Each of these components plays a distinct and essential role 

in ensuring that the concrete achieves the desired properties and performance. The careful 

selection and proportioning of these materials are crucial for optimizing the structural, 

mechanical, and durability characteristics of concrete.  

Cement, commonly Portland cement, is the main component in concrete design mixtures, acts as 

the primary binding agent, initiating the hydration process when mixed with water, leading to the 

formation of calcium silicate hydrates (C-S-H), this imparts strength and rigidity to the hardened 

material144. Aggregates, divided into fine - sand ((<4mm) and coarse - gravel or crushed stone 

(( >4mm), and can be natural or artificial, serve as the main filler material as they cost less than 

cement. Aggregates directly influence the concrete’s density, strength, and durability. These 

aggregates constitute the bulk of the concrete’s volume, reducing shrinkage and enhancing the 

overall structural integrity145. Elements such as particle size, shape, rugosity and angularity are 

going to have direct impacts on the concrete’s compressive strength and elastic modulus. Water 

is essential for the hydration of cement and the workability of the mix, with the water-to-cement 

ratio being a critical factor in determining the final strength and porosity of the concrete146. 

Applying the Abrams´ rule, when decreasing the water to cement ratio, the mechanical strength 

of concrete will increase. Additionally, admixtures such as plasticizers, accelerators, retarders, 

expanders, superplasticizers and air entraining agents are often incorporated to modify specific 

characteristics of the concrete, such as setting time, workability, and durability under various 

environmental conditions. These chemical admixtures allow them to work with concrete mixes 

with specific performance requirements, such as increased freeze-thaw resistance or enhanced 

compressive strength147. 

The application of these constituents in a mix design involves careful consideration of several 

factors, including the target compressive strength, workability, and durability under 

environmental conditions. One of the most important parameters in mix design is the water to 

cement (w/c) ratio, as it directly influences both the strength and permeability of the concrete. 

Normally, a lower w/c ratio enhances strength but decreases workability, requiring admixtures 

like superplasticizers to maintain fluidity without compromising the concrete mechanical 

performance148. The particle, size, and shape of aggregates impacts on the concrete’s density, 

stability, and overall durability, which are key factors for long-term performance149. 

Even though, typically, the volume of a mix is about 10 to 15% cementitious material, 60 to 75% 

aggregate, and 15 to 20% water150. Entrained air in concrete mixes may also take up to 8%. 

Standards and guidelines such as those provided by the American Concrete Institute (ACI) and 

British Standards (BS EN 206) outline detailed methodologies for creating concrete mix designs 

suited to both local and international requirements. These standards incorporate research-backed 

procedures to ensure that concrete produced aligns with established safety, strength, and durability 

 
144 (Hewlett, 1935) 
145 (Mindess, Young , & Darwin, 2003) 
146 (Neville A. , 2011) 
147 (Kosmatka, Kerkhoff, & Panarese, 2002) 
148 (Mehta & Monteiro, 2014) 
149 (Kosmatka, Kerkhoff, & Panarese, 2002) 
150 (Caltrans, 2013) 
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metrics under varied conditions151. A well-executed cement mixture design not only enhances the 

mechanical and physical properties of concrete but also supports sustainable construction 

practices by minimizing waste and optimizing resource usage152. 

 

TYPES OF CONCRETE 

There is a wide variety of concrete types, each designed to address specific construction needs 

and challenges, each type of concrete showcases unique features, making each of them suitable 

for diverse applications and enabling the construction industry to select materials that meet 

specific performance requirements for each project demands. Some of these types have origins 

that trace back centuries, reflecting traditional techniques and materials, while others are recent 

innovations developed in response to the evolving demands of modern architecture and 

engineering. The development and implementation of diverse concrete applications continue to 

create opportunities for the construction industry, allowing for new developments. Between all 

the types of concrete we can find: 

1. HSC -High Strength Concrete  
2. HPC -High Performance Concrete 
3. DSP/UHPC-Densified with Small Particles/Ultra-High-Performance Concrete 
4. SCC/SLC-Self Compacting Concrete/Self-Leveling Concrete 
5. 3SC-3-Self Concrete: Self-compacting, Self-curing, Self-compressing 
6. FCR-Fiber Reinforced Concrete 
7. Gunite Shotcrete HPS-High Performance Shotcrete 
8. LC-Lightweighted Concrete 
9. SCLC-Self Compacting Lightweighted Concrete 
10. HPLC-High Performance Lightweighted Concrete 
11. RCA-Recycled Concrete Aggregates 
12. PIC-Polymer Impregnated Concrete 
13. SCC-Self Compensated Shrinkage 

 

 

 

 

 

 

 

 

 

 

 
151 (Americal Concrete Insttute (ACI), 2002) 
152 (Aitcin, 1998) 
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BIOCHAR 

 

WHAT IS BIOCHAR?  

UK Biochar Research Centre established a definition of biochar as “a porous, carbon-rich solid 

produced by the thermochemical conversion of organic materials under oxygen-limited 

conditions.”153. This process, known as pyrolysis, breaks down the organic material into fine-

grained, charred charcoal. Although it resembles conventional charcoal, biochar is made through 

a special process designed to minimize contamination and effectively store carbon. Unlike 

traditional combustion, where materials burn in an oxygen-rich environment and release 

greenhouse gases (GHGs), particularly carbon dioxide154, pyrolysis offers a more sustainable 

alternative. During this process, a significant portion of carbon from the original biomass155 is 

preserved in a solid form, which helps to reduce carbon emissions and facilitates carbon 

sequestration. This definition has been constructed intentionally to remain flexible, considering 

the various production methods and applications of biochar. 

Biochar’s most notable applications are found in agriculture, where it has been shown to enhance 

nutrient efficiency supplied in fertilizers, and it also improves soil and water management, both 

of which contribute to increased crop yields. After noticing all significant agricultural benefits, 

biochar is also reconsidered as an effective carbon sequester, making it an interesting material 

nowadays156. The main properties of biochar have led to its recognition as a highly versatile 

material with applications in various disciplines, all of which are influenced by the choice of 

feedstock. 

The feedstock used in biochar production plays a key role in determining the properties and 

quality of the resulting biochar157. Biomass’ main components are cellulose, hemicellulose and 

lignin. Each of them has a different composition structure, therefore reacting in a unique way 

 
153 (University of Edinburgh, n.d.) 
154 (Golisano Institude for Sustainability, 2021) 
155 Biomass is a renewable organic resource that can be turned into fuel. Specificata fonte non valida. 
156 (Lehmann & Joseph, 2024) 
157 (Sachini Supunsala , et al., 2023) 
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during the pyrolysis process. The lignocellulosic158 biomass promotes the formation of biochar. A 

large variety of feedstocks are sourced from wood residues, biomass crops, and waste materials 

deriving from municipal, livestock, industrial and agricultural sectors. By using these discarded 

materials, biochar production not only adds value to waste, but also supports a circular economy, 

transforming waste into valuable resources. This process helps to reduce waste, optimize resource 

use, and promote sustainability by the continued cycle from production to consumption. 

One of the main properties of biochar is its porosity and high carbon content159, which together 

make possible the adsorption of heavy metals and organic pollutants. Its physicochemical 

characteristics, including a large surface area, cations exchange capacity (CEC), and 

electrochemical properties, enhance its ability to remove heavy metals and organic pollutants 

from soil and water, while also enabling energy storage. Originally recognized for its role in 

carbon sequestration in agricultural systems, biochar's applications have expanded into urban 

environments. It is nowadays used for pollutant control, waste management, and the development 

of construction materials and other commercial products. 

Biochar is applied in roof drains and stormwater outfalls to filter bacteria and organic matter. It is 

also incorporated into construction materials like cement, plasters, gypsum board, plastics, and 

building blocks. These applications not only improve the physical properties of construction 

materials but also enhance their potential for carbon sequestration. As a durable carbon storage 

medium, biochar can reduce the demand for sand and cement160, making construction practices 

more sustainable. Biochar's diverse uses, extending from agriculture to urban environments, 

reflect its versatility and its potential to drive environmental sustainability in a wide range of 

industries.  

 

PHYSICAL CHARACTERISTICS 

As previously noted, biochar is primarily characterized by its distinct physical properties. 

Regeneration International describes biochar as “black, highly porous, lightweight, fine-grained, 

and possessing a large surface area, with approximately 70 percent of its composition being 

carbon”161. The high porosity emerges from the carbon framework remaining after biomass 

undergoes pyrolysis, resulting in a fine-grained, porous charcoal. The size of the biochar particles 

varies according to the pyrolysis time, especially the size of the biomass used for its production.  

Biochar’s utility is shaped by several physical properties. One such characteristic is density, 

commonly known as bulk density, which is determined by the mass within a given volume, 

depending on the raw material used for biomass. As it is discussed in the book Biochar Emerging 

Applications, the arrangement of graphene sheets in biochar plays a significant role: a greater 

number of pores leads to lower density, making biochar an excellent thermal insulator with 

reduced thermal conductivity. This structural configuration also enhances thermal stability, which 

refers to biochar's ability to resist degradation at high temperatures. When biochar is more 

compact and organized, it can maintain a better integrity under heat. 

Another important physical property is electrical conductivity, which is determined by how 

carbon atoms are arranged inside biochar162. As biochar undergoes pyrolysis at higher 

 
158 Lignocellulosic materials come from natural resources, such as the stems and roots of trees, and woody 

plants consisting of brittle and fibrous tissues and are made up of polymers of cellulose, hemicellulose, 

and lignin.Specificata fonte non valida. 
159 (Tagliaferro, Rosso, & Giorcelli, 2020) 
160 (Tagliaferro, Rosso, & Giorcelli, 2020) 
161 (Spears, 2018) 
162 (Jindo, Mizumoto, Sawada, Sanchez-Monedero, & Sonoki, 2014) 
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temperatures, it forms more organized structures, allowing electrons to move freely, thereby 

improving conductivity. This is especially useful in applications such as energy storage and other 

industrial uses. 

The mechanical properties of biochar, meaning to the ability to deform under stress, are closely 

linked to its carbon content. Generally, the higher the carbon content, the better the mechanical 

properties, which makes biochar suitable for use in construction materials163. 

In addition to these, porosity plays a key role in biochar's adsorption mechanisms, as mentioned 

in Biochar Emerging Applications, section 2.2.2. There are two important parameters that are 

associated with biochar porosity: the BET surface area (specific surface area of biochar) generally 

measures high in the presence of high microporosity with pore diameter lower than < 2nm. The 

pore volume measures the total space inside the biochar by considering the meso and macropores 

(diameter between 2 and 50nm and > 50nm, respectively). The pore size distribution, or the 

variation in pore sizes within biochar, directly affects its capacity to transfer mass and interact 

with contaminants. Fluid and biochar interactions are permitted by the macropores that act as a 

main access route to the micropores. Both can differ in the quality of adsorption during the 

pyrolysis: the process of devolatilization for lighter condensable enhances the overall pore 

volume. On the other hand, the presence of heavier condensable that remain in the pores reduces 

both the total pore volume and the specific surface area.  

Considering all aspects, biochar's physical properties such as its porosity, density, thermal and 

electrical conductivities, mechanical strength, and adsorption capabilities; make it a highly 

versatile material with a broad range of potential applications across environmental, agricultural, 

and industrial sectors.  

CHEMICAL CHARACTERISTICS 

While biochar’s physical properties are essential for its functionality and wide range of 

applications, its chemical characteristics are just as important in shaping its performance and 

effectiveness. The main elements in biochar are carbon, hydrogen, and nitrogen (C, H, N), making 

up over 95% of its weight, along with small traces of heavy metals and inorganic minerals164. 

When considering biochar’s physical properties, it’s important to point out that characteristics 

like hardness and toughness are directly linked to its carbon content. As the amount of biochar 

increases in a mixture, it can reduce the toughness of mortar, which in turn affects its overall 

mechanical performance, as discussed in Application of Biochar in Concrete. 

In terms of thermal stability, the levels of aromatization and graphitization in biochar do have an 

impact in boosting its resilience, thereby improving its overall performance under extreme 

conditions. The more graphitized the biochar, the more effective it is in enhancing adsorption. 

Additionally, biochar has a strong capacity to adsorb heavy metals through surface ion 

interactions, making it an ideal material for capturing and removing these contaminants. One 

mechanism at play is surface complexation, where complex structures are formed through 

interaction between metal ions and the surface ligands of biochar. Biochar typically carries a 

negative charge on its surface, allowing it to attract and adsorb positively charged compounds 

through electrostatic interactions. The strength of these interactions is largely influenced by the 

pH of the solution, which directly affects the surface charge of the biochar.  

As is highlighted in the report Application of Biochar in Concrete, biochar with a higher density 

generally has a lower carbon content, allowing for higher dosages to be added to cement mortar 

 
163 (Tagliaferro, Rosso, & Giorcelli, 2020) 
164 (Sachini Supunsala , et al., 2023) 
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mixtures. This balance between biochar's chemical and physical properties makes it highly 

effective and sustainable material for a broad range of industrial and environmental applications. 

 

HISTORY OF BIOCHAR 

Biochar has its roots in the ancient practices of Indigenous peoples in the Brazilian Amazon. They 

created rich, dark soils known as Terra Preta (dark soil) in the 19th century Amazon territories 

were reported by Smith in the year 1879 and by Hartt in 1885. According to Sheil et al.165, these 

soils were very different from poor, acidic soils around them. Nutrients were very low as also 

cation exchange capacity. Terra Preta was full of important nutrients like phosphorus, calcium, 

and potassium, making it fertile and productive.  

Falcao’s research in 2012 suggested that these soils were made by Indigenous peoples who added 

organic materials into pyrolysis, such as fishbones and biomass. They used biomass to create 

biochar, which helps lock nutrients into the soil. This method, known as slash-and-char, improved 

soil quality. Other studies also suggest controlled burning was used to clear land for farming166  

In the 1960s, Dutch scientist Wim Sombroek revealed that Terra Preta was not a natural 

phenomenon, but the result of human effort. In his book Amazon Soils, he confirmed that these 

rich, fertile soils were created intentionally by Indigenous peoples thousands of years ago, 

between 3,000 to 5,000 years ago167. Later studies supported this view, showing that the soil's 

remarkable fertility was the result of careful human stewardship, not simply natural processes.  

Although it was initially believed to be found only in the Amazon, there were found similar 

carbon-rich soils in places like Mexico, Africa, Borneo, and the United States. These soils, formed 

by both natural and human-caused fires, are rich in organic matter, retain moisture, and support 

microbial life, showing that biochar-enhanced soils have been around for over 10,000 years168. 

The main reason Terra Preta is so fertile is its high biochar content. The slash-and-char method of 

charring biomass, rather than burning it completely, adds carbon to the soil, which improves soil 

structure and helps it hold nutrients. Terra Preta fertility is due to the relevant presence of 

carbonaceous material, that can retain the soil nutrients in particles, and these are usually deeper 

than surrounding soils, sometimes up to 1-2 meters deep. Studies show that these soils could be 

farmed for many years without needing extra fertilizer169. These soils stand out for their high pH 

and rich concentrations of nutrients such as nitrogen (N), phosphorus (P), potassium (K), and 

calcium (Ca). They also contain up to 70 times more biochar than nearby soils, with carbon levels 

reaching up to 150 grams per kilogram, compared to just 20-30 grams per kilogram in soils 

without charcoal. While biochar is a major factor in the fertility of Terra Preta, other organic 

materials were used, such as human and animal waste, fish and animal bones, and food scraps, 

also helped enrich the soil with nutrients. 

In the 20th century, biochar began to be used in other ways. In Japan, a type of biochar made from 

rice husks, called kuntan, was used in hydroponic farming, water purification, and gas adsorption. 

During World War I, biochar was used in gas masks to filter harmful gases170. These early uses 

set the stage for biochar’s return and renewed significance in modern times, as it is now seen as a 

tool to improve soil fertility and capture carbon to fight climate change.  

 
165 (Sheil, et al., 2012) 
166 (Woods, et al., 2008) 
167 (Schmidt , et al., 2014) 
168 (Lehman, Kern, Glaser, & Woods, 2004) 
169 (Escalante Rebolledo, et al., 2016) 
170 (Meyer, 2009) 
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FEEDSTOCKS 

Biochar varies depending on the feedstocks used, like crop residues, animal manure, and forest 

waste.  Since these feedstocks come from waste, they help the environment by removing residues 

that would otherwise pollute and instead, they are transformed into a product biochar that helps 

restore and enrich the atmosphere. The type of feedstock also has a big impact on the nutrient 

content and properties of the biochar171.  

An article, published by Nature Communications in 2010, Woolf et al172. presented the "Annual 

globally sustainable biomass feedstock availability" sorted among crops, waste, and forestry, 

subdivided into rice, other cereals, sugar cane (crops), manure, biomass crops (waste), forestry 

residues, agroforestry, green/wood waste (foresty).  

 
Table 36 The estimation done by the authors of ref.173. 2.27 Pg C/yearwith an optimistic 

scenario, and two additional scenarios with lower demands 1.64 Pg C/year (Beta) and 1.01 Pg 

C/year (Alpha) of how much organic material (in terms of carbon) could be turned into biochar 

each year, based on available feedstocks like crops, waste and forestry. 
Source: (Woolf, Amonette, Street-Perrott, Lehmann, & Joseph, 2010)  

The calculation cannot be entirely precise, as the yield of biochar varies with the type of biomass 

used, and specific conditions during pyrolysis can significantly influence the final output.  

Last publication have highlighted the most common types of feedstocks, but in the article 

Suitability of Different Agricultural and Urban Organic Wastes as Feedstocks for the Production 

of Biochar174,  urban wastes such as Greenwaste (GW) were introduced. This organic waste from 

urban areas includes a mix of grass, leaves, branches, small stems, and trimmings collected 

separately from gardens. It’s typically shredded and chipped to make it easier to process; CellMatt 

(CM) is also an organic waste of urban origin produced from household, commercial and 

 
171 (International Biochar Initiative (IBI), 2024) 
172 (Woolf, Amonette, Street-Perrott, Lehmann, & Joseph, 2010) 
173 Pg C = petagrams of carbon, a unit used to measure large amounts of carbon. (Royal Meteorogical 

Society, 2024) 
174 (Lopez-Cano, et al., 2018) 
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industrial wastes. These wastes are sterilized to achieve the complete removal of pathogens. 

Finally, Municipal Press Cake (PC) is an organic waste from urban areas, obtained from anaerobic 

digestion175. 

Both agricultural and urban wastes are valuable as feedstocks for producing biochar through 

pyrolysis. However, with urban waste, it is important to perform process and evaluations with 

care to ensure the biochar obtained is free from harmful contaminants. Especially to guarantee 

that biochar will be beneficial to the environment. 

 

PRODUCTION 

Understanding the processes behind biochar production is essential to advancing its applications 

in sustainability. Biochar: Emerging Applications highlights pyrolysis, gasification, and 

hydrothermal processing as the primary thermochemical methods used today to convert different 

types of biomasses into renewable energy sources, blending traditional ecological practices with 

contemporary technological advancements to address modern environmental challenges. 

Through the thermochemical process of pyrolysis, biomass undergoes transformation under heat 

and without oxygen, creating char while also yielding gases and bio-oil176. Reflecting cycles of 

renewal in nature, pyrolysis is practiced in three forms: slow, intermediate, fast and flash. Among 

these, slow pyrolysis is the most suitable method for biochar production. 

 

Figure 19 Scheme of the pyrolysis process. 
Source: (Khaled & Erriquez, 2019/20) 

Slow pyrolysis can be applied in different scales: simple and rudimental batch earth mounds to 

large and industrial systems. There are different classifications considering mode of operation, 

construction material, feedstock allowable size, portability, biomass loading mode and heating 

method. As outlined previously, the method that increases char yield is called slow pyrolysis or 

carbonization. This process is done under atmospheric pressure, with temperatures between 

300°C and 550°C. The process involves slow heating rates (0.1-0.8°C/s) and long retention times 

(5-30 min or even 25-35 h), allowing the organic material to change gradually over several hours 

to days, based on the type of reactor used177. Slow pyrolysis increases biochar yield by allowing 

 
175 Anaerobic digestion is a process in which organic materials, like food waste or agricultural residues, 

are broken down by microorganisms in an oxygen-free environment. (American Biogas Council, s.d.)  
176 (Tagliaferro, Rosso, & Giorcelli, 2020) 
177 (Amalina, et al., 2022) 
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vapors to stay in the reactor longer, facilitating secondary reactions. The slow rate of heating and 

the moderate temperatures used in pyrolysis support the formation of biochar. The amount of 

biochar produced depends on the features of the material and the specifications of the pyrolysis 

process, as was pointed out earlier. 

Intermediate pyrolysis operates between slow and fast pyrolysis, with reactions occurring at 

temperatures between 450°C and 550°C. It moves faster than slow pyrolysis, completing in just 

10 to 30 seconds, but slower than fast pyrolysis. This method produces less charcoal than slow 

pyrolysis. The process leads to a variety of products: biochar, bio-oil, and gases178.  

Fast pyrolysis is a method defined by high temperatures and quick heating, reaching 10 to 1000°C 

per second, with very short residence times of 0.5 to 2 seconds. This process focuses on 

maximizing the production of bio-oil. The distribution of by-products depends on the biomass's 

characteristics, the heating speed, and the temperature. When bio-oil is the primary product, 

temperatures between 425°C and 600°C are ideal, with the heat not exceeding 650°C. However, 

if gas is the target, the temperature may rise to 1000°C. To achieve such intense heating, the 

biomass must be finely ground (typically smaller than 1 mm) allowing for better heat transfer and 

reducing mass and heat transfer limitations. For optimal bio-oil production, the biomass should 

contain no more than 10% moisture, which also allows for easier grinding and quicker heating. 

Flash pyrolysis works to maximize bio-oil production through the use of extremely high 

temperatures, rapid heating rates greater than 1000°C per second, and very brief exposure times 

(less than 0.5 seconds). This method creates similar products to fast pyrolysis, with temperatures 

ranging from 800 to 1000°C.To ensure the best results, the biomass should be finely ground to 

particles under 0.2 mm. 

 

Figure 20 Scheme of the general concept of pyrolysis and their outputs 
Source. (Amalina, et al., 2022) 

Another type of pyrolysis, a more recent one is microwave pyrolysis. In this process microwaves 

penetrate the entire material at almost the same time. A uniform temperature distribution is 

obtained due to the heat transfer at the outer surface of the heated material and a char layer is 

created, and it grows to the surface direction. This means that the char and vapor products go 

through the same path as heat transfer. That is why the product quality is enhanced compared to 

the conventional heating processes. 

 
178 (Ge , et al., 2021) 
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Figure 21 Scheme diagram of conventional pyrolysis and microwave pyrolysis. 
Source: (Tagliaferro, Rosso, & Giorcelli, 2020) 

The studies made in section 4.4 of Biochar Emerging Applications, have compared the 

conventional heating process with microwave heating process, it has been demonstrated that there 

is not much different between biochar yields but there are several upgrades on the process such 

as: lower energy consumption, better porosity (larger micropore), higher adsorption capacity, 

much more uniform and cleaner. In terms of the shape and size of particles there is an evident 

difference, and it is a better quality than the one done in microwave pyrolysis, with a higher 

surface area and pore volume. 

Heating method is one of the most important classification criteria because it determines the 

energy self-sustainability of the process: allothermal carbonization or autothermal carbonization. 

In both cases, the pyrolysis process is performed in the full absence of oxygen, and heat is 

provided by an external source. In allothermal cases the combustion of pyrogases (the resulting 

heat) can be transferred to the reactor by directly injecting the flue gas. In the other hand, the 

autothermal case, heat is generated with the reactor itself by the air179. 

Building on the understanding of pyrolysis, the discussion extends to gasification and 

hydrothermal processing. While pyrolysis primarily focuses on maximizing char yields through 

controlled heating in oxygen-free environments, gasification converts biomass into syngas by 

heating it between 700°C and 1300°C under conditions of partial oxidation. The resulting syngas 

is made up of carbon monoxide (CO), hydrogen (H2), and small amounts of methane 

(CH4). Although it has a lower energy value, syngas can power engines, turbines, or serve as a 

base for chemicals like methanol. The process may or may not use catalysts, which influence the 

reaction temperature. Higher temperatures, longer holding times, and carefully managed water 

density with lower biomass amounts result in greater gas yields180. 

 

Figure 22 Scheme of the gasification process. 
Source: (Khaled & Erriquez, 2019/20) 

 
179 (Tagliaferro, Rosso, & Giorcelli, 2020) 
180 (Kee Lam, Chun Minh Loy, Yusup, & Teong Lee, 2019) 
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In contrast, hydrothermal carbonization uses water and pressure to convert biomass into 

hydrochar while preventing evaporation during heating. Unlike dry methods, it operates at lower 

temperatures with steady heat for the required duration. Hydrochar is removed by dewatering, 

leaving behind water rich in organic and inorganic compounds that must be handled carefully. 

Anaerobic digestion is one way to recover nutrients like phosphates from this water. In the 

process, water serves many roles, including transferring heat, aiding reactions, and acting as both 

a catalyst and a solvent181. 

Some of the technologies were proposed in section 3.2. of Biochar Emerging Applications: Kilns 

are simple and traditional systems for biochar production, still in use today in many places due to 

their low cost and straightforward operation. Logs are arranged in an earth pit, covered with soil 

to limit airflow, and left to slowly convert to biochar. Because kilns can be built near the harvest 

site, they save on transport costs. Yet, the method demands considerable effort and time. The 

quality and amount of biochar depend not only on the biomass but also on the material used to 

construct the kiln, which might be brick, concrete, or metal. 

 

Figure 23 Scheme of kiln technology. 
Source: (Khaled & Erriquez, 2019/20) 

Another technique is industrial carbonization, that can be achieved with allothermal reactors, 

where hot vapors and gases provide heat for pyrolysis. Non-condensable gases are recycled to 

maintain the heating. In its simplest form, the system uses indirect heating, consisting of a closed 

metal container and a pipeline that carries gases to a combustion chamber. The process starts with 

water vapor from biomass drying, followed by pyrolysis. The generated pyrogas fuels the system, 

resulting in a self-sustaining process that yields more char than autothermal methods.  

Not to be overlooked, converts are reactors that can carbonize small-sized biomass, like wood 

chips or pellets, this char is usually obtained as powder. It consists in a cylindrical shell which is 

inclined and rotates to allow biomass to flow down. The heat can be supplied by heating the shell 

from outside or inside by a hot gas flow. The main advantages are the biomass flexibility, 

scalability and maturity of the technology. 
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APPLICATION 

From the transformation of biomass through pyrolysis, biochar, along with its by-products as bio-

oil and gases, reveals itself as a product of great potential. As time passes, its use has expanded, 

biochar helps mitigate the negative impact that biomass previously caused. Its qualities are shaped 

by the feedstock it comes from, the methods by which it is made, and the conditions that guide its 

creation. These factors shape the biochar’s quality, yield, and impact182.  

From purifying air and water to producing activated carbon, biochar plays many roles. It helps in 

anaerobic digestion, strengthens construction materials, and supports agriculture by conditioning 

soil, adding to compost, and storing carbon. Biochar plays a key role in the flow of the circular 

economy, nurturing agriculture and horticulture. Its diverse benefits hold great promise for the 

sustainability of emerging bioenergy systems.  

In Biochar: Production, Applications and the Future, the many uses of biochar are revealed. 

Starting in the fields of agriculture and horticulture: it supports fertilizers, strengthens the soil’s 

ability to hold water, and helps nourish the life that lives in the soil, making nutrients more 

available to the crops. Biochar also works to reduce harmful metals and can bring balance to soils 

that are too acidic. Like compost, it can enrich the soil, but unlike compost that offers its gifts for 

a short time, biochar stays in the soil, continuing to offer its benefits long after it is applied. 

As previously indicated, biochar stands as a protector, adsorbing all the harmful substances from 

the earth and waters. From switchgrass biochar, it has been used to remove the red dye from 

wastewater (a dye that can harm the land and creatures who rely on it). Biochar also adsorbs 

metals and other pollutants from soil and water. Biochar’s ability to hold carbon, offers an 

enhanced land, purifying it in a way that sustains the earth and all living things183. 

In the construction industry, biochar has become an important component, notably in concrete 

mixtures. Studies in recent times have shown that adding biochar to cement yields positive 

outcomes, particularly in the development of fill material and paving blocks. Biochar aids the 

hydration process of cement, contributing to its strength.  

Biochar also enhances the material’s ability to capture and hold toxic substances and organic 

pollutants. Precisely, wood-based biochar presents a sustainable option for cement recycling, 

converting highly polluted waste into a useful and beneficial material. When used in construction, 

biochar helps buildings gather carbon dioxide, pulling it from the air and holding it in the walls, 

helping to mitigate the weight of greenhouse gases by as much as 25%. Likewise, clay-biochar 

plaster offers excellent insulation and breathability, helping to regulate humidity levels throughout 

both summer and winter while also preventing mold growth. With its ability to retain water and 

balance the pH, biochar also draws in some of the mixing water in concrete, reducing excess 

moisture and strengthening the foundation of the structure184. Biochar-concrete bricks stand out 

for their lightweight structure and high porosity185. Meanwhile, biochar in asphalt enhances its 

flow-induced crystallization properties, improving its performance and leading to a more durable 

material. 

 

BIOCHAR IN CONCRETE 

In response to the decarbonation of cement industry, the use of biochar-concrete composites has 

emerged as a promising solution, combining traditional knowledge with modern innovation 

 
182 (Kwaku Armah, et al., 2023) 
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Biochar, a material used for centuries by our ancestors to enrich soil and promote growth186 , is 

gaining attention in the construction industry, although its application is still in the early stages. 

Despite this, biochar holds great potential in advancing sustainable development. As discussed in 

the section on Application, biochar’s carbon sequestration properties are key to its role in reducing 

greenhouse gas emissions. Its high carbon content, coupled with its porous structure and large 

surface area, makes it an ideal additive for enhancing concrete performance. These characteristics 

suggest that it is possible to reduce the cement content in concrete without compromising its 

strength and durability. In fact, this reduction may even improve the material’s overall 

performance187. Additionally, biochar incorporation has been shown to enhance the thermal 

properties of concrete, improving its resistance to temperature fluctuations and increasing energy 

efficiency in buildings. 

The thesis now shifts to a detailed review of specific research on biochar in concrete, aiming to 

evaluate the existing literature and highlight key developments in this field. 

 

PREVIOUS RESEARCH 

After a theoretical examination of cement, concrete, and biochar, this thesis transitions into 

practical research to explore the specific behaviors and relationships between these concepts. The 

aim is to understand how they interact in real-world applications.  

The first study, entitled Modified fracture properties of cement composites with nano/micro 

carbonized bagasse fibers, investigated the use of ordinary Portland cement, a high-range water-

reducing admixture, distilled water, and nano/micro carbonized bagasse particles to improve the 

fracture properties of the cement composites. Several experiments were conducted with different 

percentages of carbonized bagasse fibers as an additive, with proportions ranging from 0.025%, 

0.05%, 0.08%, 0.2%, 0.5%, and 1.0% by weight of cement. The water-to-cement ratio and 

superplasticizer content were kept constant at 35% and 1.5% by the weight of cement, 

respectively188. 

The preparation process followed two steps: initially, the carbonized bagasse fibers were mixed 

with water using a bath sonication method. Afterward, the entire mix was combined with cement, 

initially merged slowly for one and a half minutes, followed by faster mixing for another two and 

a half minutes. The resulting formulations were poured into molds, remained in a humid 

environment, and left for 24 hours. After this period, the samples were demolded and immersed 

in water for curing over 28 days. 

The tests analysis of these samples were performed using techniques such as Field Emission 

Scanning Electron Microscopy (FE-SEM) and a mechanical testing machine Zwick Line-Z010 

under CMOD (Crack Mouth Opening Displacement), among others. All the data was digitally 

recorded. The test results showed an improvement in both flexural strength and fracture 

toughness, with the samples composed of 0.2% to 0.5% carbonized bagasse fibers exhibiting the 

highest resistance. Integrating the carbonized bagasse fibers effectively interrupts the crack path, 

creating multiple smaller cracks. Thus, this led to discontinuities and promoted crack pinning and 

deflection, requiring additional energy for crack propagation. This adding of bagasse fibers 

enhanced fracture toughness of the cement. 

The next study, Carbonized nano/microparticles for enhanced mechanical properties and 

electromagnetic interference shielding of cementitious materials, examined cement composites 
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containing carbonized nano/microparticles of peanut shells (PS) and hazelnuts shells (HS). 

Similar to the first research, samples were prepared with varying percentages of carbonized 

articles: 0.025%, 0.05%, 0.08%, 0.2%, 0.5%, and 1.0% by weight of cement. The water-to-cement 

ratio (0.35) and super plasticizer (1.5% by weight of cement) were maintained constant, consistent 

with the conditions used previously. Four samples were prepared for each composition.  

The mixture preparation followed the same steps as described before: the carbonized particles 

were first sonicated for 15 minutes in an ultrasonic bath, then mixed with cement. The mixing 

process involved two minutes of slow mixing followed by two more minutes at higher speed. The 

paste was poured into molds, kept in a humid environment for 24 hours, and cured in water at 

room temperature for 28 days189.  

The test analysis remained constant with the first study, including Field Emission Scanning 

Electron Microscopy (FE-SEM), a mechanical testing machine  ZwickLine Z010 under CMOD, 

and others. FE-SEM analysis revealed a well-dispersed PS and HS particles in the cement matrix, 

with carbon content at 87.7% for HS and 93.8% for PS. 

In terms of flexural strength and fracture energy, HS samples did better than PS samples. This 

was likely due to HS's higher density (2.35 g/cm³) compared to PS (2.20 g/cm³). As observed in 

the first study, the addition of carbonized particles enhanced the material’s toughness. 

Shielding effectiveness was evaluated across four frequencies: mobile communications, GPS 

devices, microwave ovens, and radio communications. The 0.5% carbonized PS cement sample 

showed improvements of 353%, 214%, 122%, and 76%, respectively, compared to plain cement. 

The 0.5% carbonized HS cement sample indicated comparable improvements of 335%, 214%, 

122%, and 76%. 

Parallel to the previous study with bagasse fibers, cracks in the composition either followed 

weaker paths around the particles or branched into finer cracks due to the presence of obstacles. 

This crack branching dissipated energy and improved fracture toughness. 

Overall, both PS and HS composites, like the bagasse fibers in the previous study, demonstrated 

increased fracture energy compared to plain cement. The addition of fine carbonized aggregates 

disrupted and dissipated crack energy, significantly improving both shielding effectiveness and 

mechanical performance. 

The following study, Crack path and fracture surface modifications in cement composites, 

investigated cement composites incorporating carbonized micro particles of coconut shells. 

Samples were prepared with 0.05%, 0.08%, and 0.2% carbonized coconut shell particles by 

weight of cement. The water-to-cement ratio (0.35) and superplasticizer (1.5% by weight of 

cement) were maintained constant. The mixing process followed standard procedures, The 

samples were molded and cured for 28 days. First, flexural tests were performed, followed by 

compression tests to evaluate the mechanical properties. 

Characterization methods included FE-SEM, mechanical testing machine ZwickLine Z010 under 

CMOD, and others. Mechanical testing indicated a 20% reduction in flexural strength with 0.05% 

carbonized coconut shell particles. CMOD results revealed the inert particles delayed crack 

growth and fracture, with the maximum CMOD improving by 80% to 100%, enhancing ductility 

and fracture energy. FE-SEM also showed that the particles forced cracks to deflect and contour, 

increasing energy absorption190. 

In short, adding carbonized coconut shell particles into cement composites greatly improves the 

fracture properties, ductility, and toughness. These analyses indicate that carbonized coconut shell 
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particles are a valuable additive for strengthening cementitious materials, offering a sustainable 

approach to improving construction materials. 

This study: Carbonaceous admixtures in cementitious building materials, explored the integration 

of carbonized coconut shell and wood waste in particles of different sizes into cement composites. 

The materials used for the development were ordinary Portland cement, natural sand with 

maximum particle of 700 μm, two types of biochar commercially prepared from waste of coconut 

shell (COCO-BC) and mixed tropical wood wastes(W-BC). For each biochar type, two different 

particle size gradations: finer biochar (80 μm) and coarser biochar (250 μm)191. Seven 

formulations were tested: one control mixture without biochar and six mixtures containing 

biochar. The biochar dosage was fixed at 2% by weight of cement. The water-to-cement ratio was 

set at 0.50, and the sand-to-cement ratio at 2.50 for all mixtures. 

The preparation of the mortar involved two main steps. First, the dry components (cement, sand, 

and biochar) were mixed for 2 minutes at 60 rpm. Then, the mixing water was gradually added 

over 30 seconds, followed by mixing for an additional 3 minutes at 124 rpm. Once the mixture 

became uniform, it was mixed at high speed (255 rpm) for 1 minute. The prepared mixtures were 

cast into molds and vibrated to ensure proper compaction. The sample surfaces were then covered 

with plastic wrap to prevent moisture loss through evaporation, maintaining conditions at 30°C 

and 65% relative humidity until demolding, which occurred 22–24 hours after mixing. After 

demolding, the samples were cured in water at 25–26°C for 3 or 7 days. 

The analysis of the samples’ morphology was conducted. Particle size analysis showed that coarse 

wood and coconut biochar (45–50 µm) were significantly reduced to 10 µm (WBC-F) and 18 µm 

(COCO-BC-F). Fine wood biochar (WBC-F) shares a similar particle size distribution (PSD) with 

cement (17 µm), improving the packing of the biochar-cement matrix. Coconut biochar (COCO-

BC-F) has a slightly coarser PSD than cement but remains finer than sand grains, reducing inter-

particle voids and improving matrix densification. 

In terms of compressive strength, the mortars with WBC-C and CBC-C showed similar strength 

to the control at 7 days. This suggests that coarser biochar reveals macro-pores into the matrix, 

which negatively affects strength. On the other hand, for WBC-C + F, the 10% improvement 

observed at 7 days was not consistent enough to be statistically significant. Meanwhile, COCO-

BC-C + F showed a 17–18% higher strength than COCO-BC-C, despite the different mixtures, 

the strength development was similar COCO-BC-F. 

Adding finer biochar leads to a notable increase of strength, with increases of 12.5% and 17% 

observed at 7 days. While hydration occurs in the macro-pores of biochar, these pores can remain 

empty like air voids in the mortar, creating weak spots that are susceptible of cracking and 

fracture.  

Using finer biochar (e.g., WBC-F or COCO-BC-F) enhances the degree of hydration by 6–12% 

compared to plain mortar or mortar with only coarser biochar. Mortars containing finer biochar 

(WBC-F-2% and COCO-BC-F-2%) show significantly higher compressive strength than the 

control, even though their hydration kinetics are similar. This is due to the filler effect of fine 

biochar: the fine particles increase surface energy, making it harder for cracks to form and spread.  

A mix of coarse and fine biochar produces a similar yield stress growth rate to the control but 

slightly lowers overall workability. Additionally, biochar also helps with internal curing and 

provides a surface for hydration products to form. 

 
191 (Gupta, Tulliani, & Wei Kua, Carbonaceous admixtures in cementitious building materials: Effect of 
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The most recent research, though not the least significant, focuses on 3D printing of ordinary 

Portland cement with waste wood derived biochar obtained from gasification. This study 

investigated the potential of biochar, derived from wood gasification, as an additive in cement 

paste formulations to enhance the properties of 3D printed cementitious materials. The materials 

used for the developing these cement composites included ordinary Portland cement, 

superplasticizer, sand, kaolin, calcium carbonate, and biochar. The biochar was incorporated into 

the cement pastes at various proportions: 0wt%, 5wt%, 10wt%, 15wt%, and 20wt%. The process 

involved the use of Ordinary Portland Cement, sand sieved through a 210 µm mesh, macerated 

biochar sieved to the same size, kaolin (25% by weight) for improving workability and strength 

due to its high silica and alumina content, calcium carbonate (5% by weight) to increase alkalinity 

and support the hydration process, and superplasticizer (2% by weight) to improve flowability 

and workability of the paste.  

The preparation of the cement paste followed several steps. At the beginning, as first step, the dry 

ingredients, including Portland cement, sand, kaolin, and calcium carbonate, were mixed. Next, 

water and superplasticizer were added to the mixture, and the superplasticizer maintained at 2% 

by weight of cement to enhance fluidity and workability. The mixture was smooth, uniform paste, 

ideal for 3D printing. 

The following formulations were done:  

o F1 (10% Biochar): Comprising 48% Portland cement, 10% sand, 25% kaolin, 5% calcium 

carbonate, and 10% biochar. 
o F2 (10% Biochar, Most Successful Formulation): This formulation, very similar to F1 but 

optimized with superplasticizer, was the best formulation in terms of printability and 

performance. It included 48% Portland cement, 2% superplasticizer, 10% sand, 25% 

kaolin, 5% calcium carbonate, and 10% biochar. 
o F3 (15% Biochar): A higher biochar content, but this formulation faced issues with 

printing and stability, causing difficulties in sample solidification. 
o F4 (20% Biochar): This formulation, with the highest biochar content, had flowability 

issues and was excluded from further testing. 

Therefore, these formulations were extruded through a nozzle in a 3D printing creating the 

samples for testing. The printing was considered successful for formulations F1, F2, and F3, in 

which F2 has shown the best performance in terms of stability and printability. Afterward, there 

were done twenty cylindrical samples, with a height of 25.4 mm and diameter of 19 mm, and then 

cured for 28 days. 

The formulations were evaluated using compression tests on a Shimadzu AG100NXplus universal 

testing machine, along with other analyses such as scanning electron microscopy (SEM). 

Compressive strength tests were performed on the 3D printed samples from formulations F1, F2, 

and F3, with F4 excluded due to printability issues192. 

This study highlights the significant potential of using biochar, derived from wood gasification, 

as an additive in cement formulations for 3D printing. The F2 mix, containing 10% biochar, 

demonstrated good printability, along with satisfactory compressive strength (4.8 MPa) and 

ductility (4.6%). Promising SEM results were also observed. Incorporating biochar enhances 

material properties, such as surface area and thermal stability, both of which are essential for 

successful 3D printing applications. 

Considering all that has been explored previously, this thesis focuses on exploring the practical 

use of biochar in 3D printing as a way to support sustainable construction. It combines insights 
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from both traditional practices and modern technology to explore how biochar can improve 

material properties and support more environmentally responsible building methods.  

Looking at biochar as a material, it has a great potential on construction industry, especially by 

some factors such as circular economy, waste management and carbon reduction. This thesis aims 

to introduce biochar as an essential part of the future sustainable construction’s application with 

the specific emphasis on 3d printing as an innovative and promising implementation. 

 

3D PRINTING  

According to Autodesk, 3D printing transforms a digital 3D computer-aided design CAD model 

or similar file into a physical object through an additive manufacturing process. By systematically 

layering material, this method builds an object with precision and depth, bringing a virtual design 

to life in tangible, in a three-dimensional form193. Additive manufacturing, widely known as 3D 

printing, has unlocked new possibilities in design freedom. Since the mid-1980s, it has gained 

popularity in industries such as biomedical, aerospace, and manufacturing for its versatility and 

efficiency194.  

In the construction industry, 3D printing has had a positive impact by addressing challenges such 

as reducing material waste, decreasing construction times, mitigating labor shortages, and 

breaking the limitations of conventional construction techniques195. The tool of 3D printing has 

scaled up from crafting small prototypes to producing a larger scale component, introducing 

complex geometric designs and cost benefit solutions.  

As 3D printing continues to evolve with the applications in construction, it requires an intense 

understanding of the technologies that conform to the additive manufacturing. To apply 3D 

printing efficiently, various technological aspects must be studied 

TECHNOLOGY  

According to the findings in An Overview on 3D Printing Technology: Technological, Materials, 

and Applications, “the 3D printing technology has originated from the layer-by-layer fabrication 

technology of 3D structures directly from CAD drawing”196. These technologies have been 

classified into seven categories, as defined by ASTM Standard197, including methods like binder 

jetting, directed energy deposition, material extrusion, material jetting, power bed fusion, sheet 

lamination, and vat photopolymerization198.  

The method of blinder jetting is based on liquid binding agent deposited on powder particles. The 

layers are performed repetitively to produce a solid structure, as mentioned in the research Binder 

Jetting: A Review of Process, Materials, and Methods199. The function of this process is essentially 

to bind liquid on a powder bed, which joins particles together and forms the shape defined by the 

CAD model. The advantage of this technique is that it does not require high temperatures, 

allowing the use of a wide variety of materials, which also includes sand, and the development is 

on high-speed production and fine resolution200. 

 
193 Specificata fonte non valida. 
194 (Khan, Sanchez, & Zhou, 2020) 
195 Specificata fonte non valida. 
196 Specificata fonte non valida. 
197 Specificata fonte non valida. 
198 Specificata fonte non valida. 
199 Specificata fonte non valida. 
200 Specificata fonte non valida. 
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Figure 24 Binder jetting scheme. 
Source: (Freeman Technology, 2019). 

Another additive manufacturing method is Directed Energy Deposition (DED), which focuses on 

thermal energy, offers a total different approach than binder jetting, by melting materials like wire 

or powder, creating solid structures layer by layer, where an energy source such as laser, electron 

beam or plasma arc, melts the feedstock material and continuously deposits it to build geometries 

into structures201. This type of method allows the production of complex elements, with minimal 

waste, still contributing to both cost efficiency and sustainability202. 

 

Figure 25 Directed Energy Deposition scheme. 
Source: (3Ds Dassault Systemes, s.d.). 

Materials Extrusion is a different technique of additive manufacturing, which is characterized by 

the layer-by-layer material placement through a nozzle or orifice under controlled pressure. This 

technology is valued for its versatility and cost effectiveness, as it can be applied for printing a 

wide range of materials including thermoplastics, composites, cement-based mixtures and even 

living cells203. This methodology works through extruding the material by constant pressure, in a 

semi-liquid condition, allowing it to cool and solidify into the final structure. This is now a large-

scale implementation for construction projects204. 
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Figure 26 Extrusion method used: (a) filament-based, (b) plunger-based, and (c) screw-based 

extrusion. 
Source:  (Spina & Morfini, 2024). 

Material Jetting is an additional method of 3D printing that employs the inkjet technology, similar 

to the traditional two-dimensional printing, by applying droplets of liquid material layer by layer, 

eventually creating a tangible object based on CAD model205. This process uses a printhead, which 

sprays droplets of liquid materials, such as polymers or thermoplastic materials, which are 

consequently cured by using UV light lamps or heat, depending on the material properties. Among 

its advantages, Material Jetting specializes in creating high resolution of complex geometries with 

fine details, making it particularly suitable for applications in aerospace, medical and automotive 

industries206. 

 

Figure 27 Material Jetting 3D printing scheme. 
Source:  (Otton, Hussain, Birbara, & Greil, 2017). 

The next additive manufacturing technology is Powder Bed Fusion, which includes electron beam 

melting, selective laser sintering and selective heat sintering printing technologies. These different 

techniques enable enhanced productivity, and produce complex geometries with high precision, 

excellent mechanical properties, minimal waste and the use of different materials. All the 

processes share fundamental characteristics: A system that includes one or more thermal sources, 

usually lasers, for enabling fusion of powder particles, a method for controlling the localized 

fusion of powder to a specific region within each layer, and mechanisms for adding and leveling 
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the powder layers207. In essence, this process involves applying a thin layer of powdered material, 

such as metal or polymer, onto a build platform. Subsequently, heat is applied to melt or fuse the 

powder in predetermined regions, as specified by the design. After each layer is fused, the build 

platform is lowered slightly, and the procedure repeated for successive layers until the final 

segment is fully constructed.  

 

Figure 28 Laser powder bed fusion process scheme. 
Source: (Cobbinah, Nzeukou, Onawale, & Matizamhuka, 2021). 

Sheet lamination is an additive manufacturing technique that involves bonding material layers, 

which are usually composed of sheets of paper, metal or metal. In this process, each sheet is 

deposited onto the build platform and cutting tools such as lasers are employed to precisely cut 

the sheet in accordance with the design specifications. Afterwards, a bonding agent is applied, 

and the following layer of material is then added. This process is continuously followed until the 

three-dimensional object is fully formed208. One of the main advantages of sheet lamination is its 

capability to produce large and complex geometries at a cost-effective rate, making it especially 

favorable in applications such as tooling, prototyping, and even final product manufacturing209. 

 

Figure 29 Sheet lamination overview. 
Source: (Engineering Product Design, 2019). 

The last technology is Vat Photopolymerization, which is an advanced additive manufacturing 

technique that employs a liquid resin cured by UV light to form solid objects layer by layer. By 

using ultraviolet light, this process hardens a photosensitive resin specifically, stabilizing it in 

precise areas by the computer-aided design model. Each layer is hardened before the next is 
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applied, building the object incrementally and ensuring highly accurate and detailed outcomes210. 

In fact, one of the significant advantages of this technique is its ability to produce parts with 

extremely fine resolution, making it suitable for applications in industries requiring high-precision 

components, such as aerospace, medical devices, and dental manufacturing211. However, the 

process is often limited by the material’s ability to fully cure and the post-processing 

requirements, which can be time-consuming212. 

 
Figure 30 Schematic diagrams of three approaches to photopolymerization processes. 

Source: (Gibson, Rosen, & Stucker, 2015). 

 

Given the precision and fine resolution achievable with techniques like Vat Photopolymerization, 

the selection of high-quality materials becomes fundamental. These materials directly influence 

the structural integrity, precision, and durability of the printed components. Therefore, to ensure 

the specifications, procedures and standards, it is necessary to control over the process.213.  

Furthermore, 3D printing technology tolerates a large variety of materials, including ceramics, 

metals, polymers, as well as their integration as a hybrid composition. All the different types of 

materials enable the versatility and the complexity of the possibles applications214. 

In the same way, in the construction sector, the development of cement-based printing inks is 

essential for the success of the 3D printing applications in the building sector. These inks must be 

balanced by the flowability, extrudability and buildability, while solidifying in time and still 

maintaining the structural integrity215. Some of the challenges that are presented in these materials 

include: rheological behavior, adhesion between layers and optimization of composition. 
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RHEOLOGY IN 3D PRINITNG  

The importance of rheology extends beyond traditional concrete applications to modern 

construction techniques, including 3D printing. With the application of these new technologies, 

detailed rheological control is crucial for maintaining the shape stability of the first base printed 

layers and to ensure sufficient bonding with the successive layers. To achieve this a balance 

between a low yield stress to enable extrusion and high viscosity to prevent slump after deposition 

is required. The incorporation of supplementary cementitious materials (SCMs), such as fly ash, 

slag, and silica fumeamplifies the importance of rheology in concrete sustainability. The 

implementation of these materials starts from reducing the environmental impact of concrete, but 

they also introduce variability in rheological behavior that must be carefully managed as it may 

change the workability and viscosity of the mixture Considering this, it becomes evident that 

through rheological assessments, it is possible to optimize the use of SCMs, ensuring that they 

enhance, rather than inhibiting, the performance of the concrete mixture. Thus, rheology is 

essential to developing innovative and sustainable concrete technologies that meet the demands 

of contemporary more sustainable and resilient ways of construction. 

 

APPLICATION IN CONCRETE 

The application of 3D printing in the construction industry is changing the traditional building 

market, offering innovative solutions producing complex and customized structures. This 

technology, particularly large-scale 3D printing of concrete, has captured considerable attention 

due to its capacity to reduce waste, enhance precision and shorter timelines, as previously 

mentioned. These large technologies are typically divided into three main categories: 3D printing 

elements, 3D printing formworks and monolithic 3D printing applied on site, approaching into 

different stages and aspects of the construction process. 

    

Image 1 3D printed elements: wall segments printed in factory and completed fabricated 3D 

printed concrete building in Nanjing. 
Source: (Khan, Sanchez, & Zhou, 2020). 
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Image 2 3D printed Formworks. 
Source: (Khan, Sanchez, & Zhou, 2020). 

 

Image 3 Monolithic 3D printing on site. 
Source: (Khan, Sanchez, & Zhou, 2020). 

One of the most critical aspects of 3D printing in concrete is guaranteeing the structural integrity 

and durability of the printed concrete, which can be influenced by the printing size and the 

reinforcement solutions incorporated into the design216. As an environmentally conscious 

technology, 3D printing facilitates the creation of highly complex geometric structures while 

promoting sustainability in production processes. The capability to print with minimal waste and 

diverse materials aligns with efforts to reduce the carbon footprint217. The emergence of Building 

Information Modeling (BIM) enhances the application of 3D printing technology in 

construction218.  

Two outstanding examples of 3D printed buildings that demonstrate the potential of this 

technology include the Apis Cor Printed House in Melbourne, Florida and the Canal House in 

Amsterdam. These projects demonstrate the ability of 3D printing to create innovative, cost-

effective, and environmentally sustainable housing solutions, while exploring new horizons of 

architectural design and construction methods. 

 
216 Specificata fonte non valida. 
217 Specificata fonte non valida. 
218 (Khan, Sanchez, & Zhou, 2020) 
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| 

Image 4 Apis Cor's 3D-printed concrete walls for a residential house in Melbourne, FL. 
Soucre: (Apis Cor, a Manufacturer of Construction 3D Printing Robots, Announces Strategic 

Investment by D.R. Horton, 2024). 

 

Image 5 The Canal House in Amsterdam, The World’s First 3D Printed Canal House  
Source: (Renner, s.d.) 
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EXPERIMETNAL ACTIVITY 

 

RESEARCH PARADIGMA 

Throughout previous research and understanding of the main topics in the state of the art and 

theoretical background, it becomes evident in the urgency in the construction industry addressing 

climate change and developing mitigation strategies for global warming. One of the main 

strategies is the research of the main construction material for them to overcome variations and 

transformations to reduce architecture’s environmental impact. Some of the main materials placed 

on the scope are all cement-based products such as cementitious paste, mortar, and concrete. All 

of them produce a high environmental footprint due to their high levels production of greenhouse 

gas emissions, and particularly the production of CO₂. Despite technological advancement and 

construction industry efforts, ranging from high-performance materials to smart building 

technologies, no material has been invented to meet the needs, in terms of versatility and load-

bearing capacity. Consequently, cement remains the primary source for architectural and 

engineering development, in these ways attempt short-term strategies towards palliative and 

adaptive measures to mitigate the environmental impact of cement-based materials that need to 

be taken in reducing the negative environmental impact of cementitious materials. 

Cement is one of the main sources for modern world construction, due to its characteristics, 

durability, versatility, and mechanical performance. However, the cement industry, accounts for 

approximately 6-8% of the world's anthropogenic CO₂ output as stated before. This comes from 

the materials calcination process during its production, and the energy intensive technology 

applied in the manufacturing process. Research in cementitious materials in finding a balance 

between achieving sustainable development needs and the essential cement reliance on the 

construction sector. This research aims to explore how the environmental footprint of these 

materials can be minimized while maintaining the high-performance parameters required for this 

material. One promising hypothesis is the implementation of alternative environmentally friendly 

materials that allow cement content reduction in concrete mixture designs.  

One of the most innovative materials studied to lower carbon dioxide emissions is biochar which 

can partially replace cement. Biochar, a carbon-rich byproduct derived from the pyrolysis of 

biomass, offers the potential to sequester carbon while enhancing the sustainable value of 

concrete. Incorporating biochar into cementitious mixes reduces the overall cement content 

without compromising the essential chemical, physical, or mechanical properties. In the same 

way, biochar's porous structure can improve performance characteristics such as durability, water 

retention, and thermal insulation, making it one of the most currently studied materials for 

sustainable construction. 

This approach not only targets the reduction of CO₂ emissions but also introduces the 

implementation of circular economy, where waste materials can be repurposed, extend the 

materials life cycle, and promote resource efficiency. By partially replacing cement with materials 

that have a lower carbon footprint, the construction industry can take significant steps towards 

minimizing its environmental impact, targeting the reducing CO₂ emissions during both the 

production phase and elongating concrete structures lifecycle towards a sustainable development. 

A critical aspect of this research is to understand if the introduction of sustainable materials, such 

as biochar, does not degrade the structural performance of cementitious composites, aiming for 
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modification in the concrete mix design to preserve the integrity, strength, and durability that 

concrete needs for its applications.  

In addition to this, the experiment also targets the implementation of one of the most advanced 

technologies aligned with sustainable development in the application of 3D printing. This 

emerging technology permits previously unachievable, precise innovative design approaches to 

concrete structures production based on efficient material utilization. By minimizing material 

waste, the integration of 3D printing in construction brings several sustainability benefits such as: 

Material efficiency by reducing waste and using only the necessary and optimizing material 

distribution. Lowering carbon footprint allows for cement content reduction and facilitates 

sustainable additives integration. Innovation and optimization enhancing not only the 

architectural aesthetic capacity but also, optimizing structural elements by reducing the overall 

volume of material used. Local and on-site productions, lowering the embodied carbon of the 

material by avoiding transportation or prefabrication of components and implementing local 

components suitable for contextually adaptive practices. 

Based on this understanding, this research is guided by the construction sector to achieve 

sustainability goals with the realities of material performance and availability. Investigating the 

potential of biochar and other environmentally friendly additives implementation in existing 

materials to make them more sustainable, integrated with 3D concrete printing implementation, 

the thesis aims to contribute to a more sustainable built environment. The expected outcome is to 

present a pathway for concrete that is compatible with the demands of climate change mitigation, 

enabling the construction industry to transition into a low-carbon economy. 
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MATERIALS 

As previously stated, the experimental process required various components for the formulation 

of the mortar paste including cement, biochar, a superplasticizer, and polyethylene glycol (PEG). 

Each of these materials was meticulously selected based on their unique characterization and 

contribution to the overall performance of the mortar. Making it is essential to characterize and 

specify the significance and properties of each component to establish their roles and application. 

CEMENT 

Cement works as the primary binding agent in the mortar, providing strength and cohesion 

through the hydration process. Its chemical and physical properties are critical when determining 

the mechanical performance of the final mixture, that is why it is highly important the utilization 

of a high-quality cement which satisfies the specific requirements of fineness, setting time, and 

compressive strength. 

The cement used in the experiment is a Buzzi Unicem Portland cement Type I 52.5 R, a high-

performance cement which ensures obtaining structural integrity, optimal workability and 

durability. This cement is classified under the European standard EN 197-1, ensuring it meets the 

necessary mechanical, chemical and physical performance benchmarks.  

 
Image 6 Cement Type I 52.5 R. 

Source: (Buzzi Unicem S.r.l., n.d.) 

Its primary characteristics include a high compressive strength of at least 52.5 MPa after curing 

for 28 days, developing rapid early strength, meeting the requirements of European Regulation 

305/2011 (Construction Products Regulation, CPR) and is appropriately labeled in compliance 

with the regulatory framework, making it suitable for demanding construction projects that 

require short curing times. Buzzi Unicem Tipo I 52.5 R contains a minimum of 95% clinker and 

is formulated with a finely controlled particle size distribution, which enhances its reactivity and 

ensures fast hydration, and leaves only a 5% to secondary constituents219. The cement’s Blaine 

surface area220 optimizes to balance workability with strength, allowing for smoother applications 

 
219 These proportions exclude the inclusion of calcium sulfate and other additives. (Buzzi Unicem S.r.l., 

n.d.) 
220 Spherical Surface area found by the formula 4 *π* r². (CUEMATH, n.d.) 
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and reducing water demand, making the material highly compatible with additives like 

superplasticizers, which are commonly used to improve the mortar’s rheology221. 

 

Parameter  Test method Indicative values222 Characteristic limits 

based on the standard 
Sulfates (SO3) UNI EN 196/2 < 3.7% ≤ 4.0% 
Chlotrides (Cl - ) UNI EN 196/2 < 0.08% ≤ 0.10% 
Loss to fire UNI EN 196/2 < 5.0% ≤ 5.0% 
Insoluble residue UNI EN 196/2 < 1.0% ≤ 5.0% 
Chromium VI soluble in 

water 
UNI EN 196/10 ≤ 2 ppm ≤ 2 ppm 

Table 17 Chemical requirements. 
Source: (Buzzi Unicem S.r.l., n.d.) 

 

Parameter  Test method Indicative values Characteristic 

limits based on the 

norm 
Blaine specific surface 

area 
EN 196/6 4000-5500 cm2/g  

Setting starting time EN 196/3 >90 min ≥ 45min 
Volume stability EN 196/3 ≤10 mm ≤10 mm 
Mortar consistency  UNI 7044 >70%  
Compression resistance 

after 2- day curing   
 

EN 196/1 
>35,0 MPa ≥ 30 MPa 

Compression resistance 

after 28- day curing   
>56,0 MPa ≥ 52.5 MPa 

Table 18 Mechanical and physical requirements. 
Source: (Buzzi Unicem S.r.l., n.d.) 

The primary advantage of this cement is its high early strength, which accelerates the construction 

process and improves structural performance in early stages. Additionally, the product's superior 

sulfates’ resistance makes it suitable for aggressive environments, such as marine or industrial 

settings. However, a potential limitation of Type I 52.5 R cement is its relatively higher heat of 

hydration, which may lead to thermal cracking in massive concrete structures. To mitigate this, 

careful thermal management or alternative cementitious materials might be necessary in large-

scale application223. 

For more details detail refer to ANNEX 1.  
 

 

 
221 (Buzzi Unicem S.r.l., n.d.) 
222 The values represent the level above (or below) which it is reasonable to expect the positioning of the 

average values, for the parameters indicated, of the BUZZI UNICEM cements belonging to the type and 

class indicated in the header, calculated on an annual basis and considering internal self-monitoring data. 

(Buzzi Unicem S.r.l., n.d.) 
223 (Buzzi Unicem, n.d.) 
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BIOCHAR  

Supplementary Cementitious Materials (SCMs) can be classified broadly into two categories: 

natural (e.g., volcanic ash, calcined clays) and industrial by-products (e.g., fly ash, silica fume, 

ground granulated blast-furnace slag). SCMs are soluble siliceous, aluminosiliceous, or calcium 

aluminosiliceous powders used as partial replacements of clinker in cements or as partial 

replacements of portland cement in concrete mixtures224. 

SCMs contribute to the properties of cementitious systems through hydraulic or pozzolanic 

activity, forming additional calcium silicate hydrates (C-S-H), which densify the matrix and 

reduce permeability225. When used independently or blended with Portland cement both fresh and 

hardened properties of concrete are improved, presenting a resistance improvement to sulfate 

attack, alkali-silica reaction (ASR), and chloride ingress while extending the service life of 

concrete structures ability through its refined pore structure226. 

Its incorporation is studied and applied due to its ability in improving sustainable requirements 

and reducing the environmental impacts of the construction industry, decreasing the clinker factor 

in Portland cement production, therefore lowering CO₂ emissions. The use of SCMs can result in 

CO₂ reductions of up to 60% when working as an environmentally approved substitute for clinker, 

contributing to more sustainable construction practices227. 

SCMs, as other cementitious components, are evaluated based on their physical, chemical, and 

mechanical requirements which establish its suitability input to cementitious materials, starting 

with the chemical compositions and the presence of silica (SiO₂), alumina (Al₂O₃), and calcium 

oxide (CaO), the percentage composition of these compounds in SCMs determining its reactivity. 

High silica contents undergo pozzolanic reactions, while CaO supports hydraulic reactions.  

The European specification for cement EN 450-1:2012 specifies the chemical requirements for 

fly ash used in concrete, while EN 15167-1:2006 covers ground granulated blast-furnace slag. 

Both standards emphasize limits on reactive silica, free lime, and loss on ignition for cement to 

achieve consistent performance228. Moreover, The American Society for Testing and Materials 

Standards such as ASTM C618 presents the requirements for fly ash and natural pozzolans, 

ASTM C989 for slag, and ASTM C1240 for silica fume specify minimum requirements for these 

oxides to ensure consistent performance229. 

Particle size, specific surface area, and fineness are essential factors that significantly influence 

the reactivity and workability of concrete, making these the main physical requirements in SCMs 

materials. Finer materials, such as silica fumes230, develop high reactivity due to their large 

specific surface area, concluding in faster pozzolanic reactions231 improving strength and reducing 

permeability. Particle size distribution also affects water demand and rheological behavior. When 

finer particles are presented, the material usually increases water demand, forcing the use of 

admixtures to maintain workability232. EN 196-6 provides guidelines for determining the fineness 

of cement and SCMs using the Blaine air permeability method. 

Pozzolanic and hydraulic reactivity in SCMs is needed to contribute to concrete strength 

development. Pozzolanic reactivity is characterized by the ability of the SCM to react with 

 
224 (Juneger, Snelling, & Bernal, 2019) 
225 (Thomas , 2013) 
226 (Neville A. , 2011) 
227 (Mehta & Monteiro, 2014) 
228 (CEN, 2011) 
229 (ASTM, 2024) 
230 As stated in EN 13263-1:2005 
231 (Mindess, Young , & Darwin, 2003) 
232 (British Standards Institution, 2013) 
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calcium hydroxide (CH) to form secondary calcium silicate hydrates (C-S-H), while hydraulic 

materials, such as slag, possess inherent cementitious properties when activated by water or 

calcium hydroxide. EN 196-5 outlines the pozzolanicity test, which assesses the reactivity of 

pozzolanic materials, ensuring compliance with performance-based criteria, also the Frattini test 

and strength activity index (SAI) are common methods used to assess these properties according 

to ASTM C311. 

SCMs improve concrete resistance to aggressive environments. For instance, slag and fly ash 

reduce the heat of hydration, which is crucial for mass concrete applications233. According to BS 

EN 206:2013, the use of SCMs lowers the permeability of concrete, increasing resistance to 

chloride ingress, sulfate attack, and alkali-silica reaction, particularly relevant for marine and 

industrial environments, where prolonged exposure to aggressive conditions can compromise 

concrete integrity234.  

Despite the numerous advantages, SCMs also present certain challenges that must be addressed. 

Variability in the composition of by-product SCMs, such as fly ash and slag, can lead to 

inconsistent performance, even so, some SCMs may require longer and more controlled curing 

periods and environments due to their slower early strength development235. In this way, 

comprehensive quality control measures and proper mix design adjustments are essential to 

maximize the benefits of SCMs. 

Apart SCMs, biochar, a carbon-rich material produced through the pyrolysis of organic biomass 

works as a sustainable admixture for the mortar mixture design. Its porous structure and high 

surface area contribute to improved thermal insulation, moisture regulation, and environmental 

sustainability while reducing the carbon footprint of the mortar. Additionally, biochar is known to 

improve the mortar’s mechanical properties, increasing its density and reducing micro-

cracking236. 

For this experiment the biochar used is produced by NERA Company, this component plays a 

significant role in increasing cementitious materials the sustainability and performance. Biochar 

is recognized for its potential to sequester atmospheric CO₂237, reducing the carbon footprint of 

construction projects while simultaneously improving material properties. Its porous structure 

improves water retention and contributes to better curing conditions, promoting the optimal 

conditions for the formation of hydrated cement phases238. 

 
233 (Khan & Young, 2024) 
234234 (Pourakbar & Huat, 2016) 
235 (Gartner & Hirao, 2015) 
236 (Mishra, Danoglidis, Shah, & Gdoutos, 2024) 
237 (Lin , y otros, 2023) 
238 (Gupta, Kua, & Low, Use of biochar as carbon sequestering additive in cement mortar, 2018) 
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Image 7 Nero Biochar. 
Source: (NERO, 2022) 

NERA Biochar is obtained from pyrolyzed wood waste239, providing a carbon content of 

approximately 90% because of the wood being processed at high temperatures (around 700 °C) 

in an oxygen-deprived environment, producing a stable and eco-friendly product. The biochar is 

ground to fine particles, often less than 180 µm, to maximize surface area, which enhances its 

integration with the cement matrix and improves mechanical properties such as compressive and 

flexural strength240. 

Studies have shown that incorporating biochar at low percentages maintaining a relationship of 

1-5% biochar by weight of cement, can improve the compressive strength and reduce water 

adsorption in mortar and cement pastes241. However, excessive additions can compromise 

workability, with flow reductions of up to 20% when biochar content reaches 15%242. 

Additionally, NERA Biochar's microporous structure enhances water adsorption, promoting 

better internal curing and mitigating shrinkage cracking in cement-based materials243. 

 

Despite its benefits, challenges such as reduced workability and potential difficulty in dispersion 

within the cement matrix are most commonly present when implementing, additionally requiring 

the use of superplasticizers and polyethylene glycol as the technique to resolve the previously 

stated problematics. Furthermore, the specific surface area and particle size distribution are 

crucial parameters that influence its performance and integration244. 

For more details refer to ANNEX 2. 

 

 

 

 

 
239 (NERO, n.d.) 
240 (Suarez-Riera, et al., 2024) 
241 (Choi, Yun, & Lee, 2012) 
242 (Akhtar & Sarmah, 2018) 
243 (NERO, n.d.) 
244 (Suarez-Riera, et al., 2024) 
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SUPERPLASTICIZER 

Superplasticizers, also known as high-range water reducers are chemical admixtures, designed to 

enhance the workability of concrete without increasing its water content. By reducing the water-

to-cement (w/c) ratio, superplasticizers enable the production of high-strength, durable concrete 

with improved workability. They are essential in the production of self-compacting concrete 

(SCC), high-performance concrete (HPC), and other advanced cementitious materials245. 

According to EN 934-2:2019246, superplasticizers reduce water content while maintaining and 

improving workability, thus contributing to strengthening structural performance and 

sustainability in construction.  

For these reasons superplasticizers are critical for modern concrete applications as a technology 

that allows the production of concrete with low water content without compromising slump or 

flow is typically evaluated through standard tests such as the slump test and flow table test as 

stated in EN 12350-5. Reducing the w/c ratio results in enhanced compressive strength, lower 

permeability, and improved durability, particularly important in densely reinforced or complex-

shaped structures, which are essential for long-lasting structures subjected to aggressive 

environments247. EN 934-2:2019 highlights the ability of superplasticizers as capable of reducing 

water content by at least 12% while maintaining a high level of workability.  

Superplasticizers are categorized into different chemical families, the most used are Sulfonated 

Melamine Formaldehyde (SMF), Sulfonated Naphthalene Formaldehyde (SNF), and 

Polycarboxylate Ether (PCE). This last one is established as the most advanced one, granting 

superior dispersing capability and extended workability retention, also allowing for tailored 

molecular designs, offering enhanced control over concrete rheology and long-term stability248. 

Setting time and strength development of concrete is affected by superplasticizers as traditional 

sulfonate-based admixtures may slightly accelerate or retard setting, typically offering greater 

control over setting time without compromising early strength. This type of properties is then 

tested as stated in EN 480-2 specifies test methods for evaluating the setting time of concrete 

containing admixtures, ensuring compliance with performance criteria. Moreover, as highlighted 

in EN 206:2013249 by reducing the w/c ratio, superplasticizers contribute to the production of 

dense, impermeable concrete, enhancing resistance to chloride ingress, sulfate attack, and freeze-

thaw cycles. Additionally, superplasticizers facilitate the production of self-compacting concrete 

(SCC), which eliminates the need for vibration, reducing the risk of segregation and improving 

surface finish quality. 

For the experiment the Dynamo SP1, manufactured by Mapei, a high-performance 

superplasticizer designed for enhancing concrete’s workability and mechanical strength was used. 

It is particularly beneficial in applications requiring a low w/c ratio while ensuring high early and 

final compressive strengths. This product is primarily based on a modified acrylic polymer, 

making it suitable for self-compacting250, precast concrete applications251, and high durability 

structures252. Incorporating Dynamon SP1 into mortar paste is known to enhances flowability, 

 
245 (Caltrans, 2013) 
246 Defines performance requirements for concrete admixtures 
247 (Neville A. , 2011) 
248 (Flatt & Schober, 2012) 
249 The importance of admixtures in achieving durability class specifications, particularly in aggressive 

exposure conditions 
250 Used alongside products like Visco fluid SCC for enhanced flow without segregation risks. (Mapei, 

n.d.) 
251 Manufacturing prestressed beams, roofing slabs, and cladding panels. (Mapei, n.d.) 
252 Suitable for waterproof and freeze-thaw-resistant concretes, conforming to EN 206-1 exposure 

classifications. (Mapei, n.d.) 
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reduces water content, and improves the paste's durability and mechanical properties. In addition, 

Dynamon SP1 aids in reducing shrinkage, permeability, and the risk of segregation in concrete. 

This feature is particularly important for maintaining long-term performance and durability is 

critical253. 

 
Image 8 Mapei Dynamon SP1. 

Source: (Mapei, n.d.) 

For more details refer to ANNEX 3. 

The performance of superplasticizers depends on their compatibility with different types of 

cement, as variations in cement composition can affect dispersion efficiency and setting time, 

particularly for the application of Dynamon SP1 will offer excellent water reduction and 

workability retention, its performance depends on proper dosage254 and application procedures, 

such as adding it after other components to optimize dispersion. According to EN 197-1:2011, 

cements containing supplementary cementitious materials (e.g., fly ash, slag) can exhibit different 

interactions with superplasticizers. Another challenge presented by the application of 

superplasticizer is the latent potential for overdosage, which can lead to segregation, excessive 

bleeding, or delayed setting. Additionally, the performance of superplasticizers may vary 

depending on the cement composition, temperature, and mixing conditions. Therefore, careful 

dosage optimization and thorough compatibility testing are essential to ensure consistent 

performance255. 

Based on the literature, valuable insight was provided into the benefits of incorporating 

superplasticizers into mortar mix designs to enhance. However, during experimental trials, the 

interaction between the superplasticizer and biochar introduced into the mixture resulted in 

unexpected chemical reactions. Specifically, the presence of biochar altered the behavior of the 

superplasticizer, leading to segregation of the mixture and a phenomenon known as bleeding, 

where the mortar paste exhibited excessive separation of water from the solid components. This 

destabilization compromised the homogeneity of the mixture, rendering it unsuitable for practical 

applications and 3D printing. Consequently, the use of the superplasticizer Dynamon SP1 was no 

longer continued in the mortar mixture design trials, and the focus shifted to alternative 

admixtures , specifically polyethylene glycol. 

 

 

 
253 (Mapei, n.d.) 
254 0.6-1.2 L per 100 kg of cement (Mapei, n.d.) 
255 (Mindess, Young , & Darwin, 2003) 
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POLYETHYLENE GLYCOL (PEG) 

Polyethylene glycols (PEGs) is a water-soluble polymer commonly used in cementitious materials 

as a chemical admixture characterized by its chemical structure consisting of repeating ethylene 

oxide units, (C₂H4O) n, and its ability to be synthesized with various molecular weights256. PEGs 

consist of repeating ethylene oxide units, giving them a hydrophilic nature and a wide range of 

molecular weights257. They are known to be very versatile materials as they are presented in both 

liquid and solid forms which make them applicable in a wide range of different concrete 

formulations. PEGs are particularly beneficial in scenarios requiring internal curing, shrinkage 

mitigation258, water retention agents and hydration stabilization, which are essential for high-

performance and durable concrete systems for cracking, early-age shrinkage, and loss of 

workability, challenges presented in concrete modern technologies259. The effectiveness of PEG 

in concrete depends on several key parameters, including molecular weight, dosage, and its 

interaction with other cementitious components. 

PEG is available in various molecular weights, ranging from low 400 g/mol, more readily soluble 

in water and commonly used for internal curing purposes, to high 10,000 g/mol providing longer-

lasting hydration control. The choice of molecular weight significantly affects the rate of water 

release and the extent of hydration enhancement260. By retaining water within the matrix, PEG 

ensures continuous hydration even after the external water source is depleted mitigating 

autogenous and drying shrinkage. Studies have demonstrated that PEG can reduce autogenous 

shrinkage by 30%–50%, depending on its dosage and molecular weight261, supported by the 

standard EN 12390-13, which governs the determination of shrinkage in hardened concrete, used 

to assess the effectiveness of PEG in reducing shrinkage. 

When increasing hydration and reducing shrinkage, PEGs affect concretes mechanical properties 

such as compressive strength when applied at optimal dosages. PEG increases strength 

development by promoting hydration, however excessive dosage amounts need to be avoided as 

it can reduce strength because of porosity increase taking into consideration the EN 12390-3262. 

Additionally, PEG indirectly improves the long-term durability of concrete, by reducing cracking, 

improving resistance to chloride ingress, sulfate attack, and freeze-thaw cycles, aligning with the 

durability requirements specified in EN 206:2013263. 

After testing PEGs compatibility under real mix conditions with different molecular weights (600 

g/mol, 4,000 g/mol, 10,000 g/mol), the implementation of the 10,000 g/mol was selected and the 

PEG was introduced to the mortar mixture design with a dosage of 2 grams per 10 grams of 

cement to improve segregation issues and maintain workability without inducing adverse 

chemical interactions.  

 
256256 (National Center for Biotechnology Information, 2024) 
257 Ranging from a few hundred to several thousand Daltons (Mehta & Monteiro, 2014) 
258 Working as a shrinkage-reducing admixtures (SRAs) 
259 (Neville A. , 2011) 
260 (Bilek, Kalina, & Novotny, 208) 
261 (Just, Wyrzykowski, Bajare, & Lura, 2015) 
262 Gives the requirements for compressive strength testing in concrete. 
263 Standard for exposure classes relevant to marine, industrial, and freeze-thaw environments. 
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- 
Image 20 Sigma-Aldrich Polyethylene Glycol 10,000 

Source: (Author) 

The Polyethylene Glycol (PEG) 10,000, applied in the experiment is the Sigma-Aldrich company 

PEG under catalog number 81281-1KG, is a high-molecular-weight polymer with a molecular 

range of 8 500 to 11 500. Its structure includes hydroxyl groups at both ends, contributing to its 

hydrophilicity, flexibility, and compatibility in various applications, particularly in modifying 

cementitious materials. 

For more details refer to ANNEX 4. 
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METHODOLOGY 

Firstly, it is important to state that the focus of the thesis practical work was developed based on 

theoretical work from the investigation of current literature in the topic and previous research 

findings, which indicated that the mechanical properties of mortar begin to change when the 

proportion of biochar as a cement replacement exceeds 5%. Therefore, to ensure the reliability of 

the results and maintain optimal mortar performance, the biochar-cement replacement ratio for 

all tests was set at 5%. 

The experiment was developed using a trial-and-error model, particularly effective when dealing 

with empirical research in engineering and materials science, where other models may not fully 

capture the complexity of the system, requiring a more exploratory approach where the variables 

interact in an unpredictable way. This model is performed in a systematic process where variables 

interact with each other in different combinations, observing outcomes, and refining the 

experimental conditions based on the results. The model is based on the constant refining of either 

material proportions, environmental conditions, or processing techniques, until identifying the 

optimal parameters that meet the experiment specific performance criteria264. Although it is often 

considered a less structured experimental model compared to others, trial-and-error remains a 

valuable strategy, especially in the early stages of research, where limited theoretical data is 

available to guide precise predictions. The flexibility of this methodology allows for real-time 

adjustments and the incorporation of unexpected findings 265.  

 

BIOCHAR PREPARATION: 

The experiment's initial phase involved already prepared biochar, acquired from a controlled 

wood pyrolysis process (Nera biochar produced in Montestrutto, Settimo Vittone (TO)), ensuring 

consistency in material characteristics. The objective of this stage was to reduce the particle size 

of the biochar, which is a critical factor influencing the mechanical behavior and integration of 

the biochar in cementitious mixtures. 

The biochar was placed in a closed container, filling its volume with enough quantity to allow 

sufficient pace for movement and grinding. In addition, agate balls were added to the container, 

utilized as an abrasive medium to help in the grinding process. The agate balls were selected for 

their hardness and size, which are suitable for breaking down the biochar particles and increasing 

grinding efficiency. The container was then securely sealed to prevent any loss of material when 

positioned on the rolling bench and subjected to continuous rotation for a period of 24 hours. The 

bench was set to rotate at a consistent speed, optimizing the movement of both the balls and 

biochar within the container. 

 
264 (Montgomery, 2017) 
265 (Box, Hunter, & Hunter, 2005) 
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Image 9 Biochar griding in the rolling bench. 

Source: (Author) 

The rotation period executed a consisting grinding action with the balls moving within the 

confined space, creating a repetitive impact and abrasion effect on the biochar particles, trying to 

a reduction in their size. This method ensures a more uniform and fine particle distribution, which 

is essential for its role as a partial cement replacement in mortar mixtures. 

Despite the long grinding process, when opening the container to check the particles size 

reduction obtained, no noticeable change in the particle size of the biochar was observed, 

indicating that the initial method was insufficient. Given the limited success, a step was introduced 

before subjecting the biochar to the grinding process again. This additional step aimed to improve 

the efficiency of the grinding while minimizing the loss of fine particles. 

 
Image 10 Biochar after dry grinding, seamlessly change done to the particle size. 

Source: (Author) 

In this new process the biochar was initially placed in a mortar, and distilled water was added 

gradually. This water addition was crucial to reduce the dispersion of fine, pulverized particles 

into the air, a problem encountered when handling dry biochar. The mixture was then manually 

ground using An alumina pestle until the biochar transitioned from a solid to a slurry-like 

consistency when the distilled water and biochar were mixed, indicating a successful preliminary 

breakdown of particles. This pre-crush process allowed biochar breakdown facility from solid 

particles into a more workable form. 
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Image 11 Biochar hydrated pre grinding crushing process.  

Source: (Author) 

The slurry mixture of biochar and distilled water was then transferred into the same closed 

container used previously, along with the balls. This modified mixture was then subjected to a 

second grinding process, where the container was placed on the rolling bench and rotated for an 

additional 24 hours. The wet grinding approach aimed to achieve a finer and more uniform particle 

size. 

After the 24-hour grinding period, the container was opened, and the biochar mixture was 

carefully transferred into a beaker placed in an oven set to a controlled temperature of 60˚C 

submitting the biochar into a drying process. The objective was to evaporate all water content, 

leaving behind only the finely ground biochar. This process lasted approximately 48 hours. 

 
Image 12 Fully dried biochar after 48 hours. 

Source: (Author) 

Once fully dried, the final particle size adjustment process started with the pulverized biochar 

passed through a 250 µm sieve to ensure that the particle size met the criteria required for the 

experiment and a uniform particle distribution. The sieve with the biochar was then placed in an 

electrical sieve shaker and processed for 15 minutes, separating only the particles that passed 

though the sieve. This mechanical sieving step was critical for achieving a consistent particle size 

distribution that would optimize the biochar's integration into the cementitious mixtures. 
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Image 13 Final biochar 250 µm particle size after sieving. 

Source: (Author) 

The reduction of biochar particle size is a crucial step, as it directly influences its interaction with 

the cement matrix. Fine particles are expected to distribute more evenly throughout the mix, 

providing a more uniform filler effect and potentially enhancing the hydration process of the 

cement. This could lead to improved mechanical properties and overall performance of the 

biochar-cement composite. Thus, ensuring proper particle size was fundamental to the integrity 

of the subsequent experimental phases. 

 

SAND PREPARATION: 

Following the successful archival of biochar particles target size of 250 µm, it was necessary to 

follow the same process with the sand used in the experiment to ensure it also met the same size 

criteria. The objective of having both materials in 250 µm was to ensure consistency in particle 

size to achieve a homogeneous mortar mix design, crucial for reliable experimental results. 

Although the initial sand was already fine sand, its particle size distribution was too large to meet 

the specifications required for the experiment, that is why a sieving procedure needs to be done.  

The fine sand was first placed in the oven to dry and ensure there was no moisture content, as 

humidity can affect the sieving efficiency, and introduced to the 250 µm sieve. The sieve was 

mounted onto an electrical sieve shaker, this sieving method provides consistent, controlled 

vibrations to facilitate the passage of finer particles through the mesh. The shaker's vibration 

frequency and amplitude also benefit optimizing sieving efficiency and time reduction required 

for each batch. 

 
Image 14 Sand sieving equipment. 

Source: (Author) 
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The electrical sieve shaker operated for 15 minutes per cycle. This duration allowed adequate 

time for the vibration and mechanical agitation to separate the particles in an effective way. During 

each cycle, the sand was shaked at a consistent speed, causing finer particles to fall through the 

mesh while larger particles remained on top. The material that passed through the sieve was 

collected and verified for particle size consistency, the left sand material that did not meet the 250 

µm criterion was discarded. After each sand cycle was sieved and verified, the processed sand 

was collected in a sealed container to prevent contamination from dust or moisture. This process 

was repeated until enough sand, meeting the 250 µm specification, was accumulated to move on 

with the experimental mortar mixtures. 

 
Image 15 Sand placed in the electrical sieve shaker in a 250 µm sieve. 

Source: (Author) 

To maintain sand quality and efficiency in the sieving, the sieve was regularly inspected for 

blockages at the end of each cycle. If blockages were detected, the sieving process was paused, 

and the sieve cleaned before resuming. One of the most significant challenges faced during the 

sieving process was the rapid blockage of the sieve by the sand particles that could pass though. 

This issue slowed down the sieving process, as it required frequent interruptions to clean the sieve. 

In the interest of solving the sieve clogging problems, the sieve was regularly cleaned using an 

ultrasonic cleaner. The ultrasonic cleaner utilizes high frequency waves to create microscopic 

bubbles in a cleaning solution, removing any sand particles that had adhered to the sieve mesh. 

Each cleaning session took approximately 10 to 15 minutes, during which the sieve was fully 

immersed in the cleaning solution and subjected to ultrasonic vibrations. Once cleaned, dried 

completely to avoid sand humidity, and then remounted onto the sieve shaker. 

Standardization of both the biochar and sand particle size assures a homogeneous mortar mixture 

with uniform mechanical properties such as compressive strength, tensile strength, and good 

durability. In the next stages of this research, the prepared biochar and sand will be used in various 

concrete mix designs, adhering to a 5% cement replacement ratio, to analyze its effects on the 

physical and mechanical properties of the composite material. 

 

GRANULOMETRY  

Biochar granulometry analysis was performed using the Malvern Mastersizer 3000 Aero S, an 

advanced dry powder dispersion system designed to measure particle size distributions with high 
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precision and reproducibility. This instrument determines particle size using laser diffraction 

based on the angular scattering of light as it traverses a dispersed sample. As illustrated in figure  

66, the scattering of laser incident light differs based on the size of the particles, with smaller 

particles scattering light at larger angles and larger particles scattering light at smaller angles266. 

 For dry powders like biochar, the Aero S disperser uses compressed air which accelerates the 

biochar particles into the system which is regulated to control the vibration of the blade, ensuring 

that the powder falls steadily without excessive force. The airflow then separates the powder, and 

the detector subsequently measures the particle sizes. Dispersion parameters like air pressure, 

feed rate, material’s refractive index and geometry are carefully controlled to achieve the best 

results. 

  

Figure 65 Malvern Mastersizer 3000 Aero S 
Source: (Malvern Panalytical, 2024).  

 

Figure 66 Illustration of the laser diffraction process within the Malvern Mastersizer 3000 

Aeros S instrument 
Source: (Malvern Panalytical, 2024). 

The Mastersizer 3000 has a wide measuring range, from 0.01 µm to 3500 µm, and uses advanced 

software capable of analyzing data in real time. The system’s modular design supports its 

versatility, allowing it to handle cohesive and fragile powders effectively. This approach avoids 

the use of liquid dispersants, provides accurate and economically viable assessments, and 

accounts for dry particle states that are important for biochar applications. 

 
266 (Malvern Panalytical, 2024) 
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Image 124 Introducing biochar powder particles into the conical steel cell for granulometry 

analysis 
Soure: (Author). 

For granulometry analysis, biochar powder particles were prepared and added to the upper part 

of the Malvern Mastersizer 3000 Aero S, where it is placed in a conical cell made of steel and 

locked by a fine mesh to prevent the passage of larger particles that could disrupt the 

measurement. 

After loading the sample, it was fed into a vibrating conveyor belt that was designed to randomly 

determine the distance between the particles. This movement promoted overall mixing of the 

sample enabling the particles to flow into a venturi, where they were transported by a controlled 

suction mechanism into the area of laser diffractive measurements. In this method, patterns of 

scattered light from particle interaction with a laser beam were captured and analyzed to 

accurately measure the particle size distribution. This method achieves a high reproducibility and 

reliability in the granulometry characterization. 

 

GRANOLUMETRY ANALYSIS 

 

Figure74. Cumulative Granulometric Distribution of Biochar Measured by Laser Diffraction 

(Author).
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Multiple trials were performed to acquire results with precision, upon which the final values were 

averaged to represent a precise particle size profile. In the first measurement we performed, the 

maximum particle size recorded in the measurement was 3500 µm, which is larger than expected, 

particularly given the 250 µm sieve used for separation. This inconsistency indicates potential 

issues with de-agglomeration during the measurement process. To obtain accurate results, a 

second measurement was taken, and the final average was based on the first four measurements, 

and the second 5 measurements which showed consistent and reliable results. Biochar was sieved 

at 250 microns, and an average of 9 different measurements was taken to obtain accurate result. 

The particle size span of the biochar was also wide, from 0.01 µm to around 567 µm.  

Therefore, the results are presented in a single cumulative curve to represent the full range of 

particle sizes. Here, the cumulative distribution curve reflected information in values which 

correspond to the particle sizes in figure 4: 

Dv (10) which corresponds to the 10% of the cumulative curve, was found to be 6.22 µm; Dv 

(50), the median diameter, was 28.5 µm; Dv (90), which represents the particle size below which 

90% of the particles fall, was calculated at 175 µm. Dv (100), representing the diameter at which 

all particles are smaller, was calculated as 567 µm. 

It is important to mention that the processes of the scattering of the particles are not homogeneous, 

nor are the particles themselves spherical, which introduces a variability into the picture, 

increasing also the margin of error. This variability may cause variations in the laser diffraction 

data. In addition, elongated particles, longer than 250 microns can pass through the apertures of 

the sieve and then, explain the small fraction of particles bigger than the sieve opening size. 

Nevertheless, the granulometry analysis still gives insight regarding the potential of the biochar 

to be utilized as a matrix material within the cement. The main objective is to enhance the 

flowability and workability of the mixture by achieving an equivalent particle size distribution 

among the dry components. This uniformity facilitates the processing, allowing smooth 

incorporation into the final product.  

 

MORTAR MIXTURE PREPARATION: 

When sieving of biochar and sand to 250 µm was achieved, the development of the mortar mixture 

design began. The goal of this phase was to create a mortar mix that not only met the targeted 

mechanical properties but also performed well firstly under conditions simulating the 3D printing 

process so that less material was wasted making small mixture samples in this process before 

making the 500g mixture needed to use the 3D printing machine.  

The initial mixtures settled a starting point for the mix design from a base formula applying a 

traditional 3:1 sand-cement ratio. This classic ratio is widely used in mortar preparation, providing 

a good balance of workability and strength. Additionally, a 0.4 water-cement (w/c) ratio was used 

in the initial trials. This ratio aimed to maintain adequate fluidity in the mixture so that it could 

pass through the 3D printing equipment without compromising the structural integrity of the 

paste. This ratio is critical for ensuring the right consistency, hydration, and binding of the cement 

paste. And finally adding 5% biochar replacement level of cement as previously stated, providing 

a reliable basis for evaluating the mechanical and environmental performance of biochar 

incorporation to mortar. 

Moving on to the preparation of the mortar mixture, precise and consistent repetitive steps were 

required to ensure that the components were fully integrated and homogeneous. This was a main 

factor given the experimental nature of the biochar-cement replacement and the addition of 
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admixtures such as superplasticizers and polyethylene glycols (PEGs). The use of a mechanical 

mixer was essential in achieving a high-quality and uniform mixture in order to achieve consistent 

distribution of biochar throughout the cement matrix267, and more stable paste with fewer air 

pockets, enhancing the material’s cohesion and contributing to its suitability for the extrusion 

process during 3D printing.  

The preparation of the mortar mixture started with the precise weighing of all individual 

components, a critical step to accuracy and consistency in the formulation. Each material, 

including cement, aggregates, water, and any additional admixtures such as biochar or 

polyethylene glycol (PEG), was measured using calibrated equipment to minimize deviations 

from the target mix proportions. This meticulous process is done to maintain the integrity of the 

mixture, as even slight variations in component quantities can significantly affect the physical and 

mechanical properties of the final product. By carefully controlling the proportions of each 

constituent, the desired workability, strength, and durability characteristics of the cementitious 

composite can be reliably achieved. Moreover, this approach ensures repeatability and 

reproducibility in experimental trials. 

 
Image 16 Sand and mortar were already weighed, and biochar weighting is being carried out. 

Source: (Author) 

When all the components were correctly weighed the mixture began by mixing the dry ingredients 

to ensure a rigorous combination of cement, biochar and sand as the solid agents of the mixture 

in a mechanical mixer. This provided a consistency in material blending to achieve the desired 

physical and chemical interactions between the materials and allowing the cement particles to 

adhere uniformly to the biochar and sand, ensuring that the subsequent addition of liquid 

components to the mixture would not lead to clumping or uneven distribution. 

After the dry components were uniformly mixed the gradual addition of the liquid components 

started. The water, superplasticizers (Mapei Dynamoon SP1), and PEGs (with different molecular 

weights: 600, and 10,000) were introduced slowly into the dry paste. This step was done 

maintaining the mixer running at a low speed while adding the liquid components by stages to 

maintain control over the paste's consistency and to prevent the formation of lumps or segregation 

of materials and ensuring the dry paste to moist evenly. This slow addition allowed the cement to 

begin its hydration process uniformly while integrating the biochar particles seamlessly.  

 
267 Critical for maintaining the intended mechanical properties and environmental performance of the 

final material 
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In the same way with a gradual incorporation of the superplasticizers and the PEG into the 

mixture, adding these admixtures in small increments to avoid over-saturation, and ensuring the 

full homogeneity with the other mixture components. The addition of the admixtures was slowly 

and in stages to monitor the paste change in viscosity and carried out over several minutes while 

observing the paste’s consistency, ensuring that the mixture maintained a homogeneous texture 

without becoming overly thick or too fluid, allowed for precise adjustments in paste fluidity and 

viscosity, minimizing the risk of segregation or improper hydration. 

 
Image 17. mechanical mixture of all mortar mix design constituents. 

Source: (Author) 

The implementation of a trial-and-error method development was essential to ensure a suitable 

mix design, this repetitive approach focused on optimizing the physical properties of the mortar 

for 3D printing. Various parameters were adjusted based on the performance of each mix after 

subjecting each of the previous mixtures to a manual impression test using a 5mm syringe. This 

test was done as a preliminary simulation of the 3D printing process, to understand the paste’s 

behavior during the impression test, providing insights into its suitability for extrusion and the 

changes that needed to be made for the upcoming mixtures.   

During this simulation impression tests key factors were observed which gave insight and 

guidelines into the variations that needed to be made. fractures in the paste such as cracking or 

breaking of the paste indicated inadequate cohesion or low water content. Separation of materials, 

segregation between sand, cement, and biochar occurred, indicated that the mix lacked sufficient 

binding or had an inappropriate water-cement ratio. Water drainage due to water excess runoff 

indicated an overly high water-cement ratio, affecting the paste's strength and stability. This trial-

and-error method took place until a formula was established that met the requirements for 3D 

printing, demonstrating good printability as the paste was able to maintain its shape after 

extrusion, with minimal sagging or deformation, with a consistent texture without segregation of 

materials, and an adequate viscosity allowing the extrusion through a 5mm syringe without 

clogging. 
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Image18 Simulation of the 3D printer 

extrusion with a 5mm syringe. 
Source: (Author) 

 
Image19 Mortar paste after undergoing the 

syringe test without success as it lacked 

workability. 
Source: (Author) 

 

In addition to the syringe test which focused on mechanical and flowability assessments to 

simulate the 3Dprinting extrusion, during the trial-and-error phase other manual test were 

conducted. The physical properties of the mortar paste gave an understanding of the paste's 

behavior under conditions like those experiences after 3D printing. Ensuring that the mixture 

possessed the right rheological characteristics essential for guaranteeing the mortar’s stability and 

structural integrity when extruded. 

The moldability and physical behavior was evaluated by shaping small squares from the paste. 

This was done to verify if the paste exhibited plasticine268 properties, indicating a successful paste 

as one that could be molded into a square without sticking to the gloves, indicating appropriate 

consistency and workability. Excessive stickiness would suggest too high a water content or 

insufficient cohesion, both undesirable for 3D printing. 

 
268 Malleable enough to be easily shaped by hand yet firm enough to retain its form once molded. 
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Image 21 Moldability and physical behavior test results of various mortar mix designs. 

Source: (Author) 

Once molded, the small squares were left to rest for a short period to observe the paste's ability to 

maintain its shape and structural integrity. This square was monitored to identify if it could 

maintain uniformity without showing any signs of deformation, slumping or collapsing. A stable 

mixture would indicate that the paste possessed sufficient internal cohesion and viscosity, critical 

for layer adhesion during 3D printing and post extrusion performance.  

This overtime test also looked for any sweating, meaning that the mortar began to exude water, 

indicating a poor mix balance, typically too much water or insufficient binding due to inadequate 

hydration. Cracking was another criterion being evaluated as any visible surface cracks that 

developed during this period might indicate issues with the paste’s drying behavior, shrinkage 

potential, or insufficient cohesion between the binder (cement) and biochar, which could result in 

structural weaknesses during or after printing. 
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Image 22 Syringe and moldability - physical behavior mortar mixture design test results. 

Source: (Author) 

 
Image 23 Syringe test physical behavior results showing the evolution and variation of the 

mortars workability by creating different mis design formulations. 
Source: (Author) 

 
Image 23 Moldability test physical behavior results showing the evolution and variation of the 

mortars workability by creating different mis design formulations. 
Source: (Author) 

According to the behavior observed during each test, several variables were modified and adjusted 

in the mixed composition, including the water content, sand-cement ratio, and superplasticizers 

and PEGs implementation. Trials were conducted repeatedly to optimize flowability, 

cohesiveness, and overall performance. Providing valuable insights into how the cementitious 

paste would behave under real 3D printing conditions, this allowed for early identification of 

potential issues related to drying, shape retention, and surface quality, comprehension of structural 

stability in the way the paste would settle and solidify, and enhanced mixture refinement on the 

mixture’s physical characteristics.  

After numerous adjustments and trials, a suitable mixture design was identified that met the 

criteria for effective 3D printing. The final formula maintained the 0.95:1 sand-cement ratio and 

a modified water-cement ratio of 0.38 that provided optimal workability. The paste’s behavior 

during syringe extrusion was stable, indicating a successful balance of the components. In the 

context of admixtures, the chemical interaction between the superplasticizers and the biochar 

resulted in segregation within the mixture, leading to a distinct separation between the wet and 

dry components. This incompatibility necessitated the exclusion of the superplasticizers from the 

formulation. Conversely, for the incorporation of polyethylene glycol, a PEG with a molecular 

weight of 10,000 was applied in the mixture, different dosages were tried with different quantities 
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applied in respect to cement. The final dosage was carefully controlled, with 2 grams of PEG 

added for every 10 grams of cement. All the above ensured optimal integration of the component 

into the cementitious matrix to later be printed in 3D. 

 

3D PRINTING software  

With a reliable mixture design in place, the next phase involved conducting real 3D printing trials 

with the implementation of the finalized mixture design prepared in larger quantities (min 

500grams). The paste was loaded into the WASP 2040 printer’s feed system, where it underwent 

a series of preliminary extrusion tests to calibrate the machine parameters, such as print speed, 

nozzle size, and layer height. These extrusion tests looked for the correct printing parameters 

evaluating the extrudability, buildability, and stability of the mixture. Extrudability focused on the 

mixture’s ability to flow smoothly through the printer’s nozzle without clogging or causing 

pressure fluctuations. Buildability assures the ability of printed layers to maintain structural 

integrity without collapsing or merging into each other, and correct layer adhesion to guarantee 

uniform bonding between successive layers. Finally, stability of the printed structure, assure the 

ability to retain the designed geometry without deformation. 

The file preparation stage is crucial to ensuring the success of 3D printing experiments, especially 

when dealing with unconventional materials like biochar-cement composites like precision, 

material behavior when altering parameters such as extrusion width, nozzle diameter, and speed 

allowing the software to compensate for the unique behavior of the biochar-enhanced paste, which 

behaves differently than conventional mortar or typical 3D printing materials like PLA. 

Consistency is obtained by modifying the extrusion and layer height parameters. 

For a correct 3D printing process to take place a precise file preparation was required to certify 

accurate and consistent construction of the mortar samples. This stage involved using CAD 

software to design the printing model, followed by the setup of Simply3D slicing software to 

adjust printing parameters suitable for the experimental material. The process began with the 

creation of a 3D model of the desired sample using AutoCAD software. A simple rectangular 

block with dimensions of 2x2x8cm was designed for an easy evaluation of the material's 

mechanical properties. After designed the model was saved in a 3D format to ensure compatibility 

with the 3D printing software, exporting the finalized design as an .STL269 file.  

Subsequently, the file was introduced into Simply3D slicing software utilized for setting up the 

3D printing parameters. This software is widely used for its flexibility in handling various printing 

materials and adjusting printing specifications. Firstly, the units of measurement were confirmed 

to be in millimeters, ensuring that the software’s scale matched the design specifications and 

preventing any dimensional discrepancies during printing. Once the file was imported, the next 

step involved a setting adjustment process configuring the settings to match the specifications of 

the experiment and correct parameters regarding the final formula mix design and the 3D printer 

that was going to be used. This required accessing the Edit Process Settings menu, where several 

key parameters were adjusted for the optimal performance of the mortar mixture: 

Extruder Tab setting of Nozzle Diameter was adjusted according to the specific setup of the 

WASP2040 3D printer. This parameter is crucial because it dictates the thickness of the extruded 

layers, influencing both the printing resolution and the flow requirements of the paste. Extrusion 

 
269 A standard file format for 3D printing. 
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width was also set to match the nozzle size, ensuring a consistent and precise application of the 

mortar. This adjustment helps control the consistency of the layer adhesion and surface finish. 

Modifications in the Layer Tab were made to the Primary Layer Height setting to achieve a 

balance between printing speed and structural fidelity, as layer height can increase resolution but 

requires a more stable and well-formulated paste. Another altered setting was Outline/Perimeter 

Shells: The number of perimeter shells was adjusted to define the wall thickness of the printed 

sample ensuring that the samples would have adequate structural integrity during testing. 

From the Additions Tab Skirt Layers was the only changed parameter, increased to 2 layers, which 

helps stabilize the extrusion by priming the nozzle and ensuring a smooth flow before starting the 

actual print. This adjustment reduced gaps or under-extrusion in the early stages of the print. 

In the Infill Tab, the alteration of the Infill Pattern, internal and external, was donde based on the 

specific testing requirements. A rectilinear pattern was selected for both the external and internal 

layers to ensure surface smoothness. 

Additionally in the Speeds Tab, the Default Printing Speed was adjusted to account for the 

properties of the biochar-cementitious paste, which requires a slower speed than typical plastic 

filaments to ensure consistent extrusion without clogging or interruptions. 

Finally in the Advanced Tab Extrusion Length and Printing Width were critical parameters for the 

stability of the printed structure. The extrusion length was carefully calibrated to ensure that the 

paste flow matched the intended design, preventing over- or under-extrusion. The printing width 

was adjusted to ensure maximum bonding strength and minimal gaps between layers. 

 
Image 25 Simply 3D slicing software parameterized document. 

Source: (Author) 

In this stage of the process the trial-and-error method was reintroduced into the experiment as 

different printing tests were made considering the internal infill patterns offset, printing speed, 

and nozzle size, for which different printing files were made alternating these variables. Once all 

parameters were configurated, the file was exported from Simplify3D in the format required by 

the WASP2040 3D printer.  

 

3D PRINTING process 

The preparation and execution of the 3D printing trials required detailed setup and calibration of 

the Delta Wasp 2040 Clay 3D printer, a machine specifically designed to handle dense and fluid 

materials. The following steps outline the installation, calibration, and operation procedures 

necessary to ensure accurate and consistent printing of the biochar-cementitious mortar samples. 

The printer Installation and Extruder Setup is divided into seven different phases: 
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Starting with the Installation of the Extruder, from this procedure start with the printer turned off, 

for the extruder to be manually positioned on the printer’s extrusion frame, and securely attached 

using two locking screws, to obtaining a correct leveling and fixation. The extruder needs to be 

then connected to the printer’s main wiring system, ensuring a proper linkage between power and 

control signals. 

Continuing with the preparation of the material tank, due to the small size of the samples (2x2x8 

cm), the mortar mixture preparation quantity was not big enough to use the big aluminum tank 

that has its own structure which permits it to be clamped directly to the machine. That is why the 

small aluminum tank was selected to hold the mortar mixture, forcing the creation of a separate 

external structure to be able to support this tank conformed from a ring stand and a clamp. The 

tank setup began by inserting the piston into the cylinder of the aluminum tank to create an airtight 

chamber, that allows the insertion of pressure to the tanks to cause the extrusion of the material. 

The biochar-cementitious mixture was divided into manageable portions, forming small clay-like 

balls, which were then carefully inserted one by one into the tank, and compressed manually to 

remove as many air bubbles as possible, minimizing the risk of air pockets disrupting the 

extrusion during the printing process. 

After the material was placed in the tank the following step consisted in sealing and connecting 

it. Once the tank was filled, the placement of the two aluminum caps needs to be secured, being 

very careful with the placement knowing that one cap connected the tank to the pressure 

manometer and a compressed air line from the compressor  (placed in the side where the piston 

is visible), while the other linked it to the printer’s extruder system (placed in the side were the 

mortar mixture is visible).  

   
Image 26 Aluminum tank filling process. 

Source: (Author)  

 
Image 27 Aluminum tank caps and pressure 

piston. 
Source: (Author) 

 

The sealed tank is then positioned on the left side of the machine, supported by a ring stand and 

clamp, ensuring stability during the printing operation. Before turning on the compressor, the 

pressure gauge needs to be in a closed position, verifying the pressure is set at 0 bar to avoid any 

sudden release. Subsequently, the tank was connected to the extruder, by means of the Teflon 

extrusion tube, which provides a stable and flexible pipe for the paste to move from the tank to 

the nozzle. After the setup is correctly performed, the printer is switched on, and the basic 

functionality check performance is done to confirm that all components are operational and 

correctly placed and connected. 
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Image 28 tank placement setup and 

connection to the pressure compression and 

the Teflon tube 
Source: (Author). 

 
Image 29 Extruder placement setup and 

connection to the aluminum tank and the 3D 

printer. 
Source: (Author) 

Moving on to, the Calibration and Printing Setup process by Leveling and Setting the Z-Axis. 

The calibration begins by selecting the Auto Home function to position the printer's bed correctly 

and adjust the critical Z-value (the distance between the nozzle and the printing bed). For this to 

modify, the printer’s knob is used to manually change the Z-value leaving a 0.5 mm gap between 

the nozzle tip and the bed, this precise distance is essential to maintain a proper layer adhesion 

and material flow. Once the correct distance is achieved, the Z-value can be saved in the printer’s 

memory for consistent operation, remembering to repeat this process every time the height of the 

printing base changes. 

Before printing, an initial extrusion is conducted to verify material flow, for this the Teflon tube 

needs to be temporarily disconnected from the extruder, starting to slowly increase the pressure 

from the compressor until a steady flow of the material is achieved. A recommended printing 

pressure varies between 4-6 bars, even though for this specific experiment a big variation in 

pressure for all the samples was needed. 
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Image 30 Teflon tube mixture fluidity test. 

Source: (Author) 

Once a consistent flow is verified, the tube should be reconnected to the extruder, and a second 

test performed with the extruder engaged, ensuring the materials correct passage through the 

nozzle without blockages or drainage. 

 
Image 31 Complete extrusion system, printing trial. 

Source: (Author) 

This test causes Material and Printing Test Adjustments made based on refining parameters such 

as the rheology, fluidity, and moldability of the mixture until the proper consistency is achieved. 

These refinements included modifications to the formula, nozzle size, and printing parameters. 

Initially for this specific experiment, a 3 mm nozzle was used, but after successful calibration, a 

2 mm nozzle was adopted for a more optimal and detailed definition. Attempts with a 1.5 mm 

nozzle were unsuccessful due to frequent blockages, that led to no successful printed samples.   

For the 3D Printing Execution process: 

Preparation of the previously finalized Printing Files is involved, saved as a .gcode format, and  

loaded onto a SD card, inserted the SD card into the printer. This file includes all pre-determined 

parameters and paths necessary for printing the test samples. Select the file from the printer’s 

interface, go to auto home, extrude, SD card and select the file, after this the printing process will 

begin automatically. 
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Once the printing starts place a close attention to the initial layer monitoring is requested, as these 

are crucial for guaranteeing overall structural stability. While printing issues such as layer 

separation, excessive extrusion, or material drainage can be monitored, real time adjustments can 

be made using the printer’s control interface. The printer allows material flow adjustments either 

by increasing or decreasing the percentage of extrusion through the printer’s settings, ensuring 

consistent layer deposition and preventing defects. 

Once the printer reaches the final layer, the sample needs to be carefully removed from the print 

bed and set aside for curing. Each test print required precise timing and monitoring to ensure no 

disruptions occurred during the layering process. 

For this specific experiment throughout the printing process a series of adjustments were 

conducted based on observations from the extrusion tests, including material composition 

alterations to the cement-water ratio and the PEG change were performed to optimize the paste's 

characteristics. Also, the printing p arameters suffered alterations until the 2 mm nozzle was 

standardized for reliable performance. After validating the correct printing parameters, 

optimizations allowed for smooth extrusion and consistent layer adhesion and achieving 

successful prints, three types of samples were produced with varying w/c ratios (0.38, 0.36, and 

0.40) to collect comparative data on the material’s performance and analyze the impact of water 

content on the biochar-cement mixture's physical and mechanical properties. 

  
Image 32 3D printer, first printing layer 

problems due to nozzle blockage. 
Source: (Author). 

 
Image 33 3D printer, first trials with a 0.45 

w/c ratio. 
Source: (Author). 
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Image 34 3D printer, sample trial with a 0.38 

w/c ratio. 
Source: (Author). 

 

 
Image 35 3D printer, while printing a sample 

last layer. 
Source: (Author).

 

 

TRADITIONAL CASTING SAMPLES 

In addition to the 3D printed samples, a series of traditional cast mortar samples were made. This 

comparative study in this research was crucial to evaluate the impact of biochar on the 

performance of the mortar when using different preparation techniques like 3D printing and 

conventional casting. The following section describes the methodology for the preparation of the 

traditional cast samples. 

In the preparation of traditional cast mortar samples to ensure consistency the dimensions of the 

cast samples were chosen to match those of the 3D-printed ones 2x2x8 cm. This allowed for direct 

comparison of mechanical properties and performance under identical conditions. Rectangular 

molds with these dimensions are implemented, made from durable plastic to facilitate easy 

demolding and to withstand the pressure exerted during casting. Before filling the mold with the 

mortar mixture, the molds need to be thoroughly cleaned and treated with a mold release agent to 

prevent adhesion of the mortar, ensuring clean extraction after curing. From this point the casting 

process starts. 



106 
 

 
Image 36 Traditional cast mold setup. 

Source: (Author) 

To establish a reliable comparison between the printed and traditional samples the molds are cast 

with the same paste used in the 3D printing. To minimize the formation of air pockets, the mortar 

was introduced in small increments, gently tapping the sides of the molds after each addition to 

release any trapped air bubbles. The filling process is done with care to ensure even compaction 

throughout the mold, after the mold was filled in the top surface, it was then leveled using a 

spatula, to be sure that all samples present a consistent height and volume. 

Traditional samples were done for all three types of w/c ratios (0.38, 0.36, and 0.40). 

 

CURING PROCESS  

After casting, and 3D printing, a consistent curing process is required to be applied to both the 

3D-printed and traditionally cast samples to be sure a controlled and reliable comparison of the 

performance of biochar-enhanced mortars can be done. Proper curing is essential in cementitious 

materials, as it allows for full hydration of the cement particles, leading to the development of 

optimal mechanical properties.  

The initial curing phase starts with setting and initial hardening, when the prepared samples are 

ready, a 24-hour phase in a saturated humid environment is set to all the 3D-printed and 

traditionally cast specimens, allowing the mortar to harden sufficiently for handling and removal 

from the molds without disturbing the material's structural integrity. 

The 3D-printed samples remain on the printer bed for the initial 24 hours. During this time, they 

began to set and harden, gaining strength, crucial for the initial consolidation of the layers and 

ensuring no premature deformation occurs. In the same way the traditionally cast samples also 

remained in their molds during this period. The molds were kept in a humidity controlled 

environment at room temperature to maintain consistent initial curing conditions. 
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Image 37 24-hour hardening phase setup. 

Source: (Author) 

Unmolding process takes careful removal from molds both for 3D printing and traditional casting. 

For 3D-printed samples after 24 hours, a careful detachment from the print bed needs to be done. 

Due to the delicate nature of the early setting mortar, a gentle removal method is necessary by 

lightly hydrating the samples spraying a fine proportion of water onto the sides of the sample to 

ease detachment. After this, using a small spatula, a pressure was carefully applied  between the 

sample and the print bed to gradually lift the edges without causing damage. This slow and 

meticulous process ensured that the layers remained intact, and the sample shape was preserved.  

 
Image 38 Unmolding process of 3D printed samples. 

Source: (Author) 

On the other hand, for traditional cast samples the unmolding process is much easier by removing 

the clamps that secured the molds, and then gently disassembling each mold, releasing the 

samples without applying stress to the early-stage mortar. 

 Once free, the samples were inspected and submerging into a 28-day curing process. This water 

curing procedure for both sets of samples consisted in submerged all samples in water to initiate 

a full curing cycle of 28 days, which is a standard curing period to assure the development of 

optimal strength and durability in cementitious materials. 

The steps to follow for water curing are placing all samples in a controlled airtight container filled 

with sufficient water to completely submerge each sample, ensuring even hydration across the 

entire surface area. The containers demand to be kept in a controlled room temperature 
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environment, approximately 23°C, to avoid any fluctuations that could influence the hydration 

rate, to then start the post curing phase.  

 
Image 39 28-day mortar sample hydration. 

Source: (Author) 

After the 28-day curing period, the samples start the final sample preparation for testing by 

removing them from the containers. 3D-printed samples: Once removed from the water, the 3D-

printed samples were handled with care to avoid surface damage, considering the precision 

required in analyzing layer integrity. In the same way traditional cast samples are similarly taken 

out of the containers, with attention paid to any signs of surface swelling or cracks. 

Finally, the drying process of all samples starts allowing air to dry in a controlled indoor 

environment after the excess water is gently wiped off the surface with a cloth, once dry, the 

samples were labeled and cataloged according to their fabrication method (3D-printed or 

traditional) and mix design parameters for identification during testing. This process ensured the 

correct sample development to further be mechanically tested.  

 
Image 40 Samples drying process. 

Source: (Author) 
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Image 41 Drying Process of all samples after currying process. 

Source: (Author) 



110 
 

Curing was a critical phase in experimental methodology because it significantly influences the 

final properties of cement-based materials. Proper curing ensures that the chemical reactions 

within the cement matrix, particularly the hydration process, reached completion. This affects key 

characteristics such as compression strength, durability, and consistency. 

In compressive strength an adequate curing leads to full development of the internal 

microstructure, crucial for bearing loads. In durability, water curing helps reduce the risk of 

cracking and shrinkage, making the material more resistant to environmental stress. Consistency 

is obtained from using the same curing methodology for both 3D-printed and traditional samples 

allowed for a direct and reliable comparison, isolating the effects of the fabrication method and 

the biochar content on the mortar’s performance. 

 

MIXTURE DESIGN RESULTS 

Test w/c ratio s/c ratio % biochar Superplasticiz

er 
(g) 

PEG type 
(g/mol) 

PEG amount 
270 
(g) 

1 0.40 3:1 5 0.20 600 - 
2 0.50 3:1 5 - 600 0.08 
3 0.55 3:1 5 - 600 - 
4 0.75 3:1 5 0.11 600 0.29 
5 0.55 2.5:1 5 0.80 600 0.29 
6 0.40 1.5:1 5 0.10 600 - 
7 0.40 1.5:1 5 0.15 600 0.08 
8 0.45 1.5:1 5 1.50 600 - 
9 0.42 1.5:1 5 1.50 600 - 

10 0.45 1.5:1 5 0.12 600 0.08 
11 0.47 1:1 5 0.15 600 0.29 
12 0.50 1:1 5 - 600 0.70 
13 0.50 1:1 5 - 600 7.00 
14 0.54 1:1 5 - 600 7.00 
15 0.52 0.95:1 5 - 600 7.00 
16 0.48 0.94:1 5 - 600 7.00 
17 0.48 0.95:1 5 - 4,000 7.00 
18 0.45 0.95:1 5 - 4,000 7.00 
19 0.45 0.95:1 5 - 4,000 1.50 
20 0.40 0.95:1 5 - 4,000 1.50 
21 0.42 0.95:1 5 - 4,000 1.50 
22 0.45 0.95:1 5 - 4,000 1.50 
23 0.42 0.95:1 5 - 4,000 1.50 
24 0.35 0.95:1 5 - 4,000 1.50 
25 0.35 0.95:1 5 - 10,000 1.50 
26 0.35 0.95:1 5 - 10,000 2.00 
27 0.38 0.95:1 5 - 4,000 2.00 
28 0.35 0.95:1 5 - 10,000 1.75 
29 0.38 0.95:1 5 - 10,000 1.75 
30 0.45 0.95:1 5 - 10,000 2.00 
31 0.43 0.95:1 5 - 10,000 2.00 
32 0.42 0.95:1 5 - 109,000 2.00 

 
270 Δ g of peg for every 10 g of cement. 
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33 0.38 0.95:1 5 - 10,000 2.00 
34 0.36 0.95:1 5 - 10,000 2.00 
35 0.37 0.95:1 5 - 10,000 2.00 
36 0.40 0.95:1 5 - 10,000 2.00 

Table 19 Summary of the mortar mix design trials.  

Table 19 above summarizes the various mortar mix design trials conducted throughout the 

experimental process, illustrating the chemical interactions and adjustments made based on the 

physical properties observed during testing. These trials were developed and refined through a 

systematic evaluation of the mixtures’ performance, particularly after undergoing two key tests 

described in the Methodology section: the syringe test and the molded cube test. Each trial 

involved preparing a final sample weighing approximately 30 grams, allowing for consistent 

comparison across different formulations, and the mixture design sample to be enough to undergo 

both tests. 

The table 19 highlights the progression of the experimental process, with specific tests marked in 

blue to indicate those that were selected for further testing in the 3D printing extrusion trials, also 

detailed in the Methodology section. For these tests, each trial involved preparing a final sample 

weighing approximately 250 grams so that the aluminum tank and piston could have enough 

material to operate correctly. These selected mixtures demonstrated sufficient stability and flow 

characteristics to be tested for their extrudability under 3D printing conditions. Adjustments made 

to the formulations were based on the observed physical properties and performance of the 

mixtures, including issues such as bleeding, segregation, dripping, workability, fluidity, and 

moisture retention.  

The modifications in each trial considered the influence of additives and admixtures on the overall 

mixed behavior, ensuring that the mixtures achieved the necessary balance between mechanical 

performance and printability, highlighting the relationship between material properties and mix 

design, generating the need for continuous testing and adjusting so that the unique demands of 

innovative construction technologies such as 3D printing can be reached. This iterative process 

allowed for both the chemical composition and physical characteristics to be achieved, while 

optimizing the mortar for 3D printing applications and maintaining structural integrity and 

performance of the mortar. 

Test w/c ratio s/c ratio % biochar PEG type 
(g/mol) 

PEG amount 271 
(g) 

A 0.38 0.95:1 5 10,000 2.00 
B 0.36 0.95:1 5 10,000 2.00 
C 0.40 0.95:1 5 10,000 2.00 

Table 20 Final Printed mortar mixture designs.  

At the end of the experimental sample mixture design production, three primary mortar mix 

designs were obtained, showing suitable criteria for 3D printing. The implementation of variations 

in the three-mixture design enabled a comparative analysis of their chemical, physical, and 

mechanical properties generation reliability to the research results. These mix designs, as shown 

in the table above, were chosen to assess the impact of varying the aggregate-to-cement (w/c) 

ratio, as despite changes in the w/c ratio, the mixtures retained the necessary characteristics for 

extrusion and layer deposition. This ensured a successful printing process proceeding without 

interruption supported by the mixture’s consistent rheological properties, granting workability 

and flowability, between other characteristics to achieve an effective 3D printing.  

 
271 Δ g of peg for every 10 g of cement. 
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However, attempts to alter other components of the mix design, such as the type or dosage of 

admixtures, resulted in significant performance issues that prevented 3D printing. When these 

variations were introduced, the mixtures exhibited undesirable properties, including clogging, 

excess moisture, stickiness, or dehydration, all of which compromised their ability to pass the 

extrusion tests outlined in the Methodology section. These failures demonstrated the delicate 

balance required between component proportions and rheological performance in 3D-printed 

mortar. Any deviation from this balance disrupted the extrusion process, preventing the mortar 

from flowing smoothly through the nozzle and adhering properly during layer deposition, findings 

that reinforce maintaining consistent rheological properties as crucial for achieving printability 

and structural integrity in additive manufacturing applications. 

 

SOFTWARE APPLICATION  

Two different G-code files were developed In Simply 3D Slicing Software for the 3D printing to 

take place and   the mortar samples to be obtained for subsequent curing and mechanical testing. 

These files were specifically designed to control the 3D printer’s movements and extrusion 

parameters, ensuring the production of consistent and uniform samples for flexural and 

compressive strength testing. The use of G-code allowed precise layer-by-layer deposition, 

ensuring that the printed samples met the geometric and dimensional requirements necessary for 

accurate mechanical evaluation. 

Prior to printing, the software provided a digital simulation of the layer-by-layer printing process, 

allowing for a detailed visualization of how the printing parameters would affect the final product, 

offering valuable insights into potential issues, allowing identification of discrepancies or areas 

needing adjustment before transferring the file to the SD card for actual printing. By identifying 

potential problems before printing, the simulation process significantly reduced the risk of errors 

during the physical printing stage and minimized material waste, making 3D printing a cost-

effective proactive process increasing the overall reliability of the experimental trials. 

          
a                                                                       b  

Image 24 Simply 3D Slicing Software printing model with a different printing angle application 

in the infill. 
Source: (Author) 

Below are going to be presented all of the parameters measurements that were established to 

obtain a successful 3D printing process for both 3mm and 2mm nozzles applied.  

3 mm nozzle parameters: 
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Figure 31 Simply 3D Slicing Software Extrude tab parameters (3mm nozzle).  

  
Figure 32 Simply 3D Slicing Software Layer tab parameters (3mm nozzle).   

 
Figure 33 Simply 3D Slicing Software Additions tab parameters (3mm nozzle).  



114 
 

 
Figure 34 Simply 3D Slicing Software Infill tab parameters (3mm nozzle).   

 
 Figure 35 Simply 3D Slicing Software Speed tab parameters (3mm nozzle).  

 
Figure 36 Simply 3D Slicing Software Other tab parameters (3mm nozzle).   
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Figure 37 Simply 3D Slicing Software Advanced tab parameters (3mm nozzle).  

       2 mm nozzle parameters: 

 
Figure 38 Simply 3D Slicing Software Extrude tab parameters (2mm nozzle).  

 
Figure 39 Simply 3D Slicing Software Layer tab parameters (2mm nozzle). 
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Figure 40 Simply 3D Slicing Software Additions tab parameters (2mm nozzle). 

 
Figure 41 Simply 3D Slicing Software Infill tab parameters (2mm nozzle). 

 
Figure 42 Simply 3D Slicing Software Support tab parameters (2mm nozzle). 
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Figure 43 Simply 3D Slicing Software Temperature tab parameters (2mm nozzle). 

 
Figure 44 Simply 3D Slicing Software Cooling tab parameters (2mm nozzle). 

 
Figure 45 Simply 3D Slicing Software G-code tab parameters (2mm nozzle). 
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Figure 46 Simply 3D Slicing Software Speed tab parameters (2mm nozzle). 

The parameters highlighted within the blue rectangular frames were identified as having the most 

significant impact on the printing properties and overall efficiency of the 3D printing process. 

These parameters were carefully analyzed and adjusted to optimize key factors such as extrusion 

consistency, layer adhesion, and print stability, resulting in 17 different printed samples, from 

which 6 samples printed using a 3 mm nozzle and 11 samples printed using a 2 mm nozzle. 

 

SAMPLE CARACTERIZATION  

In the following table, the results of these trials are meticulously documented for each sample, 

with its characterizations and printing parameters to ensure a comprehensive understanding of 

how each variable influenced the print quality and mechanical performance. Between these 

parameters we find the samples mix design type, extrusion pressure, printing speed, and Z-axis 

value relative to the printing bed. The Z-value was monitored to secure proper layer height and 

bond between layers, which are critical factors in maintaining structural integrity and achieving 

precise dimensional accuracy in the printed specimens. 

This systematic approach to parameter optimization not only enhanced the efficiency of the 3D 

printing process but also ensured consistent output across varying nozzle sizes and mixed designs. 

By carefully controlling these parameters, the experiment minimized variability, allowing for a 

robust comparison of the samples’ mechanical properties and providing valuable insights into the 

relationship between print settings and the structural performance of 3D-printed mortar. 
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Sample Nozzle  
(mm) 

Mix 

Design272 
Pressure273 

(bar) 
Printing speed 

(mm/s) 
Z-axis value  

(mm) 
Infill274 

1 3 A 4.0 5 392.0 b 
2 3 A 4.0 5 392.0 b 
3 3 A 4.0 5 932.0 b 
4 3 A 2.2 5 392.0 b 
5 3 A 3.0 5 392.3 b 
6 3 A 3.5 5 392.3 a 
7 2 A 3.7 5 393.0 a 
8 2 A 4.5 5 393.0 a 
9 2 A 2.8 5 393.0 a 
10 2 A 3.5 5 402.6 a 
11 2 B 5.0 5 392.5 a 
12 2 B 4.5 5 392.5 a 
13 2 B 5.0 5 390.9 a 
14 2 B 4.8 5 392.5 a 
15 2 C 5.0 5 392 a 
16 2 C 5.0 5 392 a 
17 2 C 5.0 5 392 a 

Table 21 Printed samples properties. 

To ensure the generation of reliable data and enable meaningful comparisons and conclusions, 

traditionally cast samples were also prepared for each of the three mortar mix designs. These 

conventionally cast samples served as a benchmark against which the performance of the 3D-

printed samples could be evaluated, providing a control group to assess any differences in 

mechanical, physical, and chemical properties resulting from the printing process. The results of 

the traditional samples will be categorized and presented in the table below, with each sample 

classified by its mix design type.  

Sample Mix Design275 
18 A 
19 A 
20 A 
21 B 
22 B 
23 B 
24 C 
25 C 
26 C 

Table 22 Traditional casting samples properties. 

 
272 Characterized in Table 19 Final Printed mortar mixture designs. 
273 Extrusion pressure exerted on the piston inside the aluminum tank 
274 Identified in Image 24 Simply 3D Slicing Software printing model with a different printing angle 

application in the infill. 

 
275 Characterized in Table 21 Final Printed mortar mixture designs. 
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After the samples were printed, they underwent a curing process to facilitate proper hydration and 

strength development prior to mechanical testing. This curing process was designed to follow a 

standard 28-day hydration period, which is widely recognized as the optimal timeframe for 

achieving the desired mechanical properties in cementitious materials276. Proper curing is critical 

for ensuring that the concrete or mortar reaches its full potential in terms of compressive and 

flexural strength, as it allows for the continued hydration of cement particles, reducing the risk of 

cracking and improving durability.  

Traditionally cast samples were subjected to the same curing and testing protocols as the 3D-

printed specimens, ensuring consistency in the evaluation of their flexural and compressive 

strength. This dual approach allows for a comprehensive understanding of the effectiveness of 3D 

printing as a construction technique in comparison to conventional casting, incorporating both 

3D-printed and cast samples, the study was able to investigate the influence of the fabrication 

method on the final mechanical performance of the mortar.  

Table 23 below organizes key dates related to the curing process, including the dates when each 

sample was printed, the initiation of curing, and the completion of the 28-day curing period. This 

timeline ensures that each sample receives consistent treatment, allowing for accurate and 

standardized comparisons of their mechanical performance. By maintaining a controlled curing 

environment and adhering to a strict curing schedule, the experiment aims to minimize variability 

and ensure that the mechanical testing results accurately reflect the influence of mix design and 

fabrication method on the strength and durability of the mortar samples. 

Sample Printing date Initiation of 

curing 
End of curing Curing days 

1 15/10/2024 17/10/2024 15/11/2024 29 
2 15/10/2024 17/10/2024 15/11/2024 29 
3 15/10/2024 17/10/2024 15/11/2024 29 
4 17/10/2024 18/10/2024 15/11/2024 28 
5 17/10/2024 18/10/2024 15/11/2024 28 
6 17/10/2024 18/10/2024 15/11/2024 28 
7 17/10/2024 18/10/2024 15/11/2024 28 
8 17/10/2024 21/10/2024 15/11/2024 25 
9 17/10/2024 21/10/2024 15/11/2024 25 

10 18/10/2024 21/10/2024 15/11/2024 25 
11 21/10/2024 22/10/2024 15/11/2024 25 
12 21/10/2024 22/10/2024 15/11/2024 25 
13 21/10/2024 22/10/2024 15/11/2024 25 
14 21/10/2024 22/10/2024 15/11/2024 25 
15 21/10/2024 22/10/2024 15/11/2024 25 
16 21/10/2024 22/10/2024 15/11/2024 25 
17 21/10/2024 22/10/2024 15/11/2024 25 
18 17/10/2024 18/10/2024 15/11/2024 28 
19 17/10/2024 18/10/2024 15/11/2024 28 
20 17/10/2024 18/10/2024 15/11/2024 28 
21 21/10/2024 22/10/2024 15/11/2024 25 

 
276 (Neville A. , 2011) 
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22 21/10/2024 22/10/2024 15/11/2024 25 
23 21/10/2024 22/10/2024 15/11/2024 25 
24 21/10/2024 22/10/2024 15/11/2024 25 
25 21/10/2024 22/10/2024 15/11/2024 25 
26 21/10/2024 22/10/2024 15/11/2024 25 

Table 23 Samples curing days process. 

Following the completion of the curing process, the samples were removed from the water and 

thoroughly dried to prepare them for the next stage of testing. A precise measurement process was 

then conducted, involving measuring each sample's weight and dimensions (length, width, and 

height). All measurements were conducted using a caliper to ensure precision. However, due to 

the heterogeneous nature of the samples, slight variations in dimensions were observed. To 

account for these inconsistencies, the width was measured at three distinct points along each 

sample. The average of these three measurements was then calculated and used for subsequent 

mechanical testing. This procedure was consistently applied to both width and length 

measurements to enhance the reliability of the data and ensure accurate assessment during the 

mechanical tests. 

These measurements were essential for calculating key parameters used in the mechanical testing 

of the samples, specifically for flexural and compressive strength evaluations. 

 

Sample Weight 
(g) 

Width 
(mm) 

Hight 
(mm) 

Length 
(mm) 

Volume 
(m³) 

Density 
(g/ m³) 

1 71.44 24.13 18.40 82.65 36.70 1.95 
2 73.65 20.68 25.29 82.11 42.94 1.72 
3 78.35 26.63 20.07 84.70 45.27 1.72 
4 52.32 19.30 20.33 79.79 31.31 1.67 
5 61.02 19.35 23.06 81.37 36.31 1.68 
6 75.16 21.94 22.45 81.97 40.37 1.86 
7 61.94 19.91 21.42 81.00 34.54 1.79 
8 69.39 24.76 19.75 81.89 40.04 1.73 
9 56.06 19.70 21.60 80.74 34.36 1.63 
10 71.25 23.13 19.05 83.54 36.81 1.94 
11 43.39 20.45 17.35 79.79 28.31 1.53 
12 90.13 28.53 21.57 84.82 52.19 1.73 
13 52.33 20.52 20.70 80.52 34.27 1.53 
14 52.19 19.30 20.77 80.41 32.28 1.62 
15 67.66 23.74 18.98 82.43 37.14 1.82 
16 68.02 19.86 22.53 83.03 37.15 1.83 
17 62.08 19.25 23.56 81.23 36.84 1.69 
18 78.03 23.52 20.82 80.70 39.52 1.97 
19 77.71 23.95 20.72 80.23 39.82 1.95 
20 78.58 23.65 20.71 80.31 44.23 1.78 
21 78.59 23.59 20.94 80.49 39.76 1.98 
22 78.53 24.11 20.35 80.62 39.56 1.99 
23 81.33 23.79 21.31 80.83 40.98 1.95 
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24 79.09 23.50 20.90 80.42 39.49 2.00 
25 76.79 23.69 20.56 81.13 39.52 1.94 
26 79.68 23.38 21.20 80.19 39.75 2.00 

Table 24 Sample measurement. 

After completing the sample measuring process, the mechanical testing phase commenced, 

focusing on both flexural and compressive strength evaluations. Flexural testing was conducted 

to assess the samples' resistance to bending forces, while compressive testing evaluated their 

ability to withstand axial loads. The test equipment used for mechanical characterization was 

manufactured by MTS Systems Corporation (USA). It is a servo-hydraulic test equipment with 

control of load, stroke and strain. For three-points bending tests, the prisms were loaded in 

correspondence of the central section up to failure. The compressive tests were done on the two 

halves of the sample previously broken during flexural tests. These tests were designed to provide 

a comprehensive understanding of the structural performance and comparability of both the 3D-

printed mortar and traditional cast mortar under various loading conditions. 

 

MECHANICAL TESTS  

This chapter presents a comprehensive explanation of the mechanical tests performed to 

characterize the mechanical properties of mortar. The investigation focuses on fundamental 

parameters, including flexural strength, compressive strength and fracture energy, which are 

essential to understand the mechanical behavior and durability of mortar as a construction 

material.  

To achieve these goals, two well-known structural testing methods were performed: a three-point 

bending test and compression test. The three-point bending tests were used to measure the flexural 

strength and fracture energy, providing insights into the material’s capacity to resist cracking and 

deformation under deflection loads. On the other hand, compression tests were carried out to 

evaluate compressive strength, an essential test of the material’s performance to resist axial loads 

without failure. All testing procedures were performed under controlled conditions at the 

laboratory of Construction Risk and Durability Center at DISEG, Politecnico di Torino, 

guaranteeing meticulous testing protocols and reliability of the results. 

 

THREE-POINT BENDING TEST 

The three-point bending test was performed according to EN 196-1277 (standard testing method 

for determining the compressive and optional flexural strength of cement mortars, as well as 

validating compaction equipment procedures) using a single-column displacement-controlled 

flexural testing machine, Zwick Line Z050.  

The Zwick Line Z050 is a highly advanced testing machine commonly used in the evaluation of 

material mechanical properties. This universal testing machine is designed to perform a large 

variety of tests, including tensile, compression and flexural tests, with a certain emphasis on high-

precision measurements. This machine operates with a maximum load capacity of 50 kN, making 

it suitable for testing small to medium sized samples. Its sophisticated control system allows for 

precise adjustment in load and displacement, guaranteeing reliable and stable results throughout 

various test procedures278. The machine is equipped with a set of sensors and digital interfaces, 

allowing real time monitoring and data gathering, which are essential for detailed analysis and 

 
277 Specificata fonte non valida. 
278 Specificata fonte non valida. 
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interpretation of the material performance. Moreover, its modular design provides flexibility, 

allowing users to adapt the machine’s setup to suit testing needs, such as incorporating different 

grips or loading fixtures279.    

 
Image 43 Testing machine used for the flexural and compression test. 

Source: (Author). 

The Zwick Line-Z050 testing machine was used to perform the three-point bending test in this 

examination. Force control at a rate of 50 N/s was implemented, as suggested by the EN 196-1 

standard for mortars. This method guarantees a controlled and stable application of force, aligning 

with the prescribed testing procedure to assess the material's behavior under progressive loading. 

This setup allows for precise assessment of the material's flexural performance and contributes to 

a reliable calculation of the modulus of rupture (MOR), which was determined using the following 

equation: 

 

𝜎𝑀 =
1.5 ⋅ 𝐹 ⋅ 𝐿

𝐴 ⋅ 𝑏
 

where 𝐹 represents the maximum applied force (in Newtons), 𝐿 is the distance between the two 

support points of the sample, in this case 60 mm, 𝐴 is the cross-sectional area of the sample, and 

𝑏 indicates the width of the sample's cross-section. The modulus of rupture, or flexural strength, 

is a parameter that assesses the material's resistance to bending stress, particularly in applications 

where materials are exposed to flexural forces. This provides an estimate of the material's ability 

to persist through maximum bending stress before failure, which is necessary to evaluate the 

structural performance and reliability of materials under load.  

Before performing the three-point bending test, preparation of the mortar samples is essential to 

guarantee accurate and reliable results. The preparation process begins by measuring and 

weighing the samples to register their mass and physical dimensions, including depth, width, and 

length, with all values carefully recorded. Additionally, three reference points are marked on each 

sample to correspond precisely with the placement of the machines’ supports, facilitating accurate 

positioning during the test. 

 
279 Specificata fonte non valida. 
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Image 44 Measurement of samples and marking referent points in preparation for the three-

point bending test. 
Source: (Author). 

 
Figure 47 Schematic representation of the samples’ approximate dimensions in mm and 

positioning for a three-point bending test. 
Source: (Author) 

 

Image 45 Positioning and centering of the specimen bars on the Zwick Line Z050 testing 

machine. 
Source: (Author). 

The n-shaped supports, spaced 60 mm apart, act as the lower contact points for the sample. Given 

that the samples measure approximately 8 cm in length, the reference points must be aligned with 
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the supports, maintaining a consistent 1 cm gap between the edge of the sample and the reference 

points, oriented toward the center. Proper alignment also requires that the midpoint of the sample’s 

upper surface is positioned directly below the center of the upper knife of the testing machine. 

     

(a)                           (b)                          (c) 

Image 46 Sequential images (a, b, c) illustrating the procedure for test performance on the 

Zwick Line Z050. 
Source: (Author). 

The sequence of the flexural testing process is presented in a series of images. Image 46 (a) 

Illustrates the precise alignment of the specimen at the onset of the test, Image 46 (b) captures the 

critical moment of sample failure, and Image 46 (c) depicts the fully collapsed sample following 

failure. Maintaining precise alignment is important for achieving uniform force distribution 

during testing. Any misalignment could result in uneven load application, thereby distorting the 

material’s fracture behavior and compromising the consistency of the results. 
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COMPRESSION TEST 

In preparation for the compression tests, the flexural testing setup of the Zwick Line Z050 

machine was removed, and the necessary components were reconfigured to perform the 

compression test. This involved removing the bending test fixtures, installing the appropriate 

compression plates. 

 

Image 47 Zwick Line-Z010 testing machine with the arrangement of compression fixtures. 
Source: (Author). 

The compression tests were conducted in accordance with the EN 196-1280 standard for mortars, 

which specifies a constant loading rate of 2400 N/s. As the study progressed, the remaining broken 

halves of the mortar prisms during the flexural tests were repurposed for compression testing. The 

samples were properly placed between the machine’s steel compression plates, with the proper 

alignment and guaranteed uniform force distribution during loading. The Zwick Line Z050 

machine was configured to apply the specified loading rate, gradually increasing the force until 

the sample failed. The maximum load at the point of failure was recorded, allowing the calculation 

of the compressive strength of the mortar. 

 
280 Specificata fonte non valida. 
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Image 48 Arrangement of the fractured halves of the mortar prisms from the flexural tests, 

prepared to begin the compression test. 
Source: (Author). 

   
a                                      b 

Image 49 Printed samples following the three-point bending test, displaying the failure surface 

of (a) sample 2 with a water-to-cement ratio of 0.38, and (b) sample 3 with a water-to-cement 

ratio of 0.36. 
Source: (Author). 

 
a                             b                           c 

Image 50 Sequential images (a, b, c) illustrating the procedure with a 3D-printed sample during 

the compression test on the Zwick Line Z050 
Source: (Author). 

The sequence of the compression testing process is presented in a series of images. Image 50 (a) 

demonstrates the precise alignment of the specimen at the commencement of the test, Image 50  

(b) captures the critical moment of specimen failure, and Image 50 (c) displays the fully collapsed 

specimen following failure. The precise control of the 2400 N/s loading rate was fundamental to 
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the reliability of the results. Throughout the test, the samples’ alignment and the loading rate were 

maintained according to the standard, and data on the mortar’s behavior under compressive stress 

was recorded. 

To further explore the compressive strength, the two broken prisms from the three-point bending 

test were used for following compression tests. This methodology allowed a clear comparison of 

material's response to both flexural and compressive loads. The compression test aimed to 

quantify the maximum force the sample could withstand before rupture, a main factor that 

determines the material's compressive strength. The compressive strength (σ𝑐,𝑚𝑎𝑥) was calculated 

using the formula: 

 

σ𝑐,𝑚𝑎𝑥 =
𝐹𝑚𝑎𝑥

𝑏 ⋅ ℎ
 

  

Where 𝐹𝑚𝑎𝑥  is the maximum force sustained by the sample before failure, and 𝑏 and ℎ represent 

the thickness of the sample in both, horizontal and vertical directions, respectively. Compressive 

strength provides an understanding of material’s resistance to axial loading and its performance 

in real-world structural applications. The use of broken prisms from the three-point bending test 

allowed a more comprehensive assessment of the material’s behavior under different loading 

modes, highlighting its mechanical properties throughout multiple testing conditions. This 

method aligns with established standards for compressive strength testing, validating the 

reliability and accuracy of the results.  

 

MECHANICAL PROPERTIES TEST SAMPLE IDENTIFICATION 

The tables below present a detailed characterization of the samples, specifying which samples 

were subjected to each type of mechanical test. The samples are organized and systematically 

renamed according to the specific test they underwent, ensuring clear identification and 

traceability throughout the testing process. This systematic approach allows for efficient data 

management and facilitates the analysis of different factors, and the correlations between mix 

design parameters and structural performance evaluation.  

Reference Sample label Bending test Sample label Compression test sample label 
281 

3D Printed 0.38_w/c 3 mm_nozzle 
1 3 5 6 
2 2 3 4 
3 1 1 2 
4 5 8 9 
5 4 7 - 
6 6 10 - 

3D Printed 0.38_w/c 2 mm_nozzle 
7 1 1 - 
8 4 5 6 
9 3 4 - 

 
281 The spaces marked as (-) are the samples that were separated to develop further analysis if needed 
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10 2 2 3 
Traditional casting 0.38_w/c 

18 1 1 - 
19 2 2 3 
20 3 4 5 

3D Printed 0.36_w/c 2 mm_nozzle 
11 3 4 5 
12 4 6 7 
13 2 3 - 
14 1 1 2 

Traditional casting 0.36_w/c 
24 1 1 - 
25 2 2 3 
26 3 4 5 

3D Printed 0.40_w/c 2 mm_nozzle 
15 3 4 5 
16 2 2 3 
17 1 1 - 

Traditional casting 0.40_w/c  
21 1 1 2 
22 2 3 4 
23 3 5 - 

Table 24 Sample Labels for Mechanical Testing: Classification and Reference Guide. 

This table organizes the labels of samples subjected to various mechanical tests, categorizing 

them by their specific test type to highlight key characteristics of each sample. By referencing 

the assigned sample numbers, samples can be traced back to the corresponding tables above. 

 

MECHANICAL TEST RESULTS  

This section presents a detailed analysis of the mechanical test results for the mortar samples, 

focusing on key parameters such as flexural strength and compressive strength. The tests were 

conducted on both 3D-printed and traditionally cast mortar samples, allowing for a comparative 

evaluation of the two fabrication methods. The study incorporated varying water-to-cement (w/c) 

ratios, specifically between 0.36, 0.38, and 0.40, alongside the inclusion of 5% biochar, as 

outlined in the methodology discussed in previous chapters. 

The results from the bending (flexural) and compressive tests are presented below, offering insight 

into the impact of different mix designs and printing methods on the structural performance of the 

mortar samples. This analysis provides a comprehensive understanding of the mechanical 

behavior and suitability of these formulations for various construction applications. It is also 

important to note that all samples the three point bending test were carried out using constant 

parameter such as: test speed (50 N/s), time save interval (0.01 s), and a pre-load (5N).  
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BENDING TEST RESULTS  

 

 

 

 

 

Sample Emod 
(MPa) 

F 282 
(N) 

Fmax 
(N) 

σF 
(MPa) 

dL at 

Fmax 

(mm) 

W˳ 
(mm) 

H˳ 
(mm) 

S˳ 
(mm²) 

tTest 
(s) 

1 6.87 28.40 587.06 4.93 0.74 26.63 20.07 534.46 12.88 
2 13.89 43.52 562.99 3.83 0.36 20.68 25.29 522.99 12.38 
3 153.27 152.16 616.98 6.80 0.38 24.13 18.40 443.99 13.32 
4 40.85 105.26 564.27 4.94 0.82 19.35 23.06 446.21 12.32 
5 467.10 201.81 442.09 4.99 0.45 19.30 20.33 392.37 9.89 
6 307.93 355.46 707.85 5.76 0.55 21.94 22.45 492.56 15.07 

MEAN 5.21  
Standard deviation, σ 0.91  

 
Table 23 3D Printed 0.38_w/c 3mm_nozzle three-point bending test. 

 
Figure 48 3D Printed 0.38_w/c 3mm_nozzle three-point bending test comparison between 

standard force (N) and deformation (%). 

 

 

 

 
282 at 0.2% plastic deformation 
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Sample Emod 
(MPa) 

F 283 
(N) 

Fmax 
(N) 

σF 
(MPa) 

dL at 

Fmax 

(mm) 

W˳ 
(mm) 

H˳ 
(mm) 

S˳ 
(mm²) 

tTest 
(s) 

1 826.44 488.73 657.56 6.45 0.22 19.91 21.42 426.47 13.92 
2 578.58 477.41 600.56 6.44 0.37 23.13 19.05 440.63 12.90 
3 791.61 428.25 549.18 5.38 0.25 19.70 21.60 425.52 11.94 
4 353.26 508.40 627.15 5.84 0.38 24.76 19.75 489.01 13.48 

MEAN 6.03  
Standard deviation, σ 0.46  

 
Table 26 3D Printed 0.38_w/c 2mm_nozzle three-point bending test. 

 

 
Figure 49 3D Printed 0.38_w/c 2mm_nozzle three-point bending test comparison between 

standard force (N) and deformation (%). 

 

 

 

 
283 at 0.2% plastic deformation 
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Sample Emod 
(MPa) 

F 284 
(N) 

Fmax 
(N) 

σF 
(Mpa) 

Dl at 

Fmax 

(mm) 

W˳ 
(mm) 

 H˳ 
(mm) 

S˳ 
(mm²) 

tTest 
(s) 

1 5.55 4.14 539.97 4.77 0.22 23.52  20.82 489.69 11.44 
2 91.43 80.33 575.49 5.04 0.19 23.95  20.72 496.24 15.66 
3 764.39 - 462.60 4.10 0.18 23.65  20.71 489.79 9.97 

MEAN 4.64   
Standard deviation, σ 0.39   

 
Table 27 Traditional casting 0.38_w/c three-point bending test. 

 

 
Figure 50 Traditional casting 0.38_w/c three-point bending test comparison between standard 

force (N) and deformation (%). 

 

 

 

 

 

 
284 at 0.2% plastic deformation 
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Sample Emod 
(MPa) 

F 285 
(N) 

Fmax 
(N) 

σF 
(MPa) 

dL at 

Fmax 

(mm) 

W˳ 
(mm) 

H˳ 
(mm) 

S˳ 
(mm²) 

tTest 
(s) 

1 60.99 68.27 444.07 4.80 0.98 19.30 20.77 400.86 9.79 
2 103.27 45.39 544.99 5.58 0.81 20.52 20.70 424.76 11.80 
3 - 5.60 385.06 5.63 0.79 20.45 17.35 354.81 8.65 
4 525.90 651.15 783.99 5.32 0.52 28.53 21.57 615.39 16.74 

MEAN 5.33  
Standard deviation, σ 0.33  

 
Table 28 3D Printed 0.36_w/c 2mm_nozzle three-point bending test. 

 

 
Figure 51 3D Printed 0.36_w/c 2mm_nozzle three-point bending test comparison between 

standard force (N) and deformation (%). 

 

 

 

 

 

 
285 at 0.2% plastic deformation 
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Sample Emod 
(MPa) 

F 286 
(N) 

Fmax 
(N) 

σF 
(Mpa) 

dL at 

Fmax 

(mm) 

W˳ 
(mm) 

H˳ 
(mm) 

S˳ 
(mm²) 

tTest 
(s) 

1 741.92 302.33 474.34 4.16 0.18 23.50 20.90 491.15 10.88 
2 97.02 95.10 431.48 3.78 0.24 23.69 20.56 487.07 9.68 
3 118.15 105.69 497.81 4.26 0.23 23.38 21.20 495.66 11.14 

MEAN 4.10  
Standard deviation, σ 0.16  

 
Table 29 Traditional casting 0.36_w/c three-point bending test. 

 

 
Figure 52 3D Traditional casting 0.36_w/c three-point bending test comparison between 

standard force (N) and deformation (%). 

 

 

 

 

 

 

 
286 at 0.2% plastic deformation 
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Sample Emod 
(MPa) 

F 287 
(N) 

Fmax 
(N) 

σF 
(MPa) 

dL at 

Fmax 

(mm) 

W˳ 
(mm) 

H˳ 
(mm) 

S˳ 
(mm²) 

tTest 
(s) 

1 24.15 57.44 436.22 3.67 0.47 19.25 23.56 453.53 9.96 
2 2.10 4.27 435.99 3.89 0.35 19.86 22.53 447.45 9.78 
3 20.38 38.13 421.26 3.26 0.33 23.74 18.89 449.82 9.66 

MEAN 4.01  
Standard deviation, σ 0.33  

 
Table 30 3D Printed 0.40_w/c 2mm_nozzle three-point bending test. 

 

 
Figure 53 3D Printed 0.40_w/c 2mm_nozzle three-point bending test comparison between 

standard force (N) and deformation (%). 

 

 

 

 

 

 

 
287 at 0.2% plastic deformation 
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Sample Emod 
(MPa) 

F 288 
(N) 

Fmax 
(N) 

σF 
(Mpa) 

dL at 

Fmax 

(mm) 

W˳ 
(mm) 

H˳ 
(mm) 

S˳ 
(mm²) 

tTest 
(s) 

1 - 5.52 467.61 4.07 0.35 23.59 20.94 493.97 10.36 
2 112.26 10.92 444.09 4.00 0.45 24.11 20.35 490.64 9.89 
3 7.55 2.78 606.93 5.06 0.24 23.79 21.31 506.96 13.30 

MEAN 4.38  
Standard deviation, σ 0.48  

 
Table 31 Traditional casting 0.40_w/c three-point bending test. 

 
Figure 54 Traditional casting 0.40_w/c three-point bending test comparison between standard 

force (N) and deformation (%). 

 

 

 

 

 

 

 
288 at 0.2% plastic deformation 
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DATA ANALYSIS  

Sample Type  3D Printing 2mm nozzle Traditional Cast 
Mean σF 

(MPa) 
Standard 

deviation, σ 
Mean σF 

(MPa) 
Standard 

deviation, σ 
0.38_w/c  6.03 0.46 4.64 0.39 
0.36_w/c  5.33 0.33 4.10 0.16 
0.40_w/c  4.01 0.33 4.38 0.48 
Sample Type  3D Printing 2mm nozzle 3D Printing 3mm nozzle 

Mean σF 

(MPa) 
Standard 

deviation, σ 
Mean σF 

(MPa) 
Standard 

deviation, σ 
0.38_w/c  6.03 0.46 5.21 0.91 

Table 39 Summarized results obtained from the three-point bending test. 

 

 
Figure 55 Summarized results of the flexural strength for each mixture sample. 

The test results indicate that the flexural strength values obtained from sample tested under EN 

12390-5 and ASTM C78 standards are consistent with the typical ranges found in literature. For 

standard-grade concrete, the flexural strength measured ranged from 3 MPa to 6 MPa using EN 

12390-5, while ASTM C78 tests yielded values between 450 psi (3.1 MPa) and 700 psi (4.8 MPa) 

for similar concrete grades. 

As the difference in testing methodologies between three-point loading and four-point loading 

significantly impacts the results, this specific experiment applied the method established by the 

EN 12390-5 to understand the flexural strength with samples of dimension of 20 mm  20 mm  

80 mm. The four-point loading often distributes stresses more uniformly, reducing the likelihood 

of localized failure, which can result in slightly higher flexural strength values289. On the other 

hand, the three-point bending method concentrates stress at mid-span, making the sample more 

prone to tensile cracking at lower loads290.  

 
The flexural strength results reveal that all samples meet the minimum strength requirements 

established by the EN standards. However, significant differences are observed between the 

flexural strength values of traditionally cast and 3D-printed samples. The traditionally cast 

samples consistently exhibited higher tensile strength compared to the 3D-printed ones, indicating 

 
289 (Neville & Brooks, 2010) 
290 Specificata fonte non valida. 
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that conventional casting methods continue to provide superior structural integrity in terms of 

tensile performance when the workability of the material is enough for manual placing in the 

molds (w/c=0.4). On the contrary, for higher viscosity values of the mix, 3D printed materials 

showed higher mechanical properties (w/c= 0.36 & 0.38). 

For 3D-printed samples, no direct correlation between thew/c ratio and tensile strength was 

observed. However, it could be that the w/c = 0.38 was the optimum value. Among the printed 

samples, those with a 0.38 w/c ratio produced using a 2 mm nozzle demonstrated the highest 

flexural strength, suggesting that nozzle size plays a critical role in determining the cohesion and 

structural stability of the printed layers, considering the size of the printed samples. Specifically, 

the reduction in nozzle size resulted in improved layer bonding and enhanced structural 

development, leading to better mechanical performance. 

In contrast, the flexural strength of traditionally cast samples did not vary significantly across the 

different w/c ratios. Like the 3D-printed samples, there was no clear relationship between 

increasing the w/c ratio and a decrease in tensile strength, contrarily to initial expectations. This 

suggests that while the w/c ratio remains a crucial factor in mix design, its influence on flexural 

strength may be mitigated by the workability of the mortar. 

These findings highlight the importance of nozzle size in 3D printing for improving mechanical 

performance and suggest that additional factors (i.e. workability), beyond w/c ratio, may govern 

flexural strength in both 3D-printed and traditionally cast mortars. 
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COMPRESSION TEST RESULTS  

 

 

 

 

Sample W˳ 
(mm) 

H˳ 
(mm) 

S˳ 
(mm²) 

L˳ 
(mm²) 

Fmax 
(N) 

tTest 
(s) 

σC 
(MPa) 

dL at 

Fmax 

(mm) 
1 26.63 20.07 532.60 20.00 3804.35 2.56 7.14 4.48 
2 26.63 20.07 532.60 20.00 5134.50 3.24 9.64 4.35 
3 20.68 25.29 413.60 20.00 5822.98 3.71 14.08 4.37 
4 20.68 25.29 413.60 20.00 5687.12 3.85 13.75 3.32 
5 24.13 18.40 482.60 20.00 3278.12 2.57 6.79 4.05 
6 24.13 18.40 482.60 20.00 4641.46 3.14 9.62 3.92 
7 19.35 23.06 387.00 20.00 5045.29 3.42 13.04 3.83 
8 19.30 20.33 386.00 20.00 1873.72 2.06 4.85 3.54 
9 19.30 20.33 386.00 20.00 3268.14 2.87 8.46 3.17 
10 21.94 22.45 438.8 20.00 5749.43 3.82 13.10 3.48 

MEAN 10.05  
Standard deviation, σ 3.12  

 
Table 40 3D Printed 0.38_w/c 3 mm_nozzle compression test. 

 

 
Figure 56 3D Printed 0.38_w/c 2 mm_nozzle compression test comparison between standard 

force (N) and deformation (%). 
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Sample W˳ 
(mm) 

H˳ 
(mm) 

S˳ 
(mm²) 

L˳ 
(mm²) 

Fmax 
(N) 

tTest 
(s) 

σC 
(MPa) 

dL at 

Fmax 

(mm) 
1 19.91 21.42 398.20 20.00 5811.79 3.77 14.59 3.15 
2 23.13 19.05 462.60 20.00 9180.35 5.23 19.86 3.30 
3 23.13 19.05 426.60 20.00 9403.24 5.29 20.33 2.95 
4 19.70 21.60 394.00 20.00 4517.29 3.24 11.47 3.40 
5 24.76 19.75 495.20 20.00 6573.68 4.17 13.27 3.17 
6 24.76 19.75 495.20 20.00 6558.87 4.14 13.24 3.34 

MEAN 15.46  
Standard deviation, σ 3.40  

 
Table 41 3D Printed 0.38_w/c 2 mm_nozzle compression test. 

 

 
Figure 57 3D Printed 0.38_w/c 2mm_nozzle compression test comparison between standard 

force (N) and deformation (%). 
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Sample W˳ 
(mm) 

H˳ 
(mm) 

S˳ 
(mm²) 

L˳ 
(mm²) 

Fmax 
(N) 

tTest 
(s) 

σC 
(MPa) 

dL at 

Fmax 

(mm) 
1 23.52 20.82 416.40 20.00 14093.96 7.93 29.96 1.35 
2 23.95 20.72 414.40 20.00 13504.99 6.93 28.19 3.43 
3 23.95 20.72 414.40 20.00 13506.78 7.15 28.19 2.35 
4 23.65 20.71 472.60 20.00 13905.21 7.17 29.39 3.16 
5 23.65 20.71 472.60 20.00 13491.55 7.07 28.52 2.56 

MEAN 28.85  
Standard deviation, σ 0.71  

 
Table 42 Traditional cast 0.38_w/c compression test. 

 

 
Figure 58 Traditional casting 0.38_w/c compression test comparison between standard force 

(N) and deformation (%). 
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Sample W˳ 
(mm) 

H˳ 
(mm) 

S˳ 
(mm²) 

L˳ 
(mm²) 

Fmax 
(N) 

tTest 
(s) 

σC 
(MPa) 

dL at 

Fmax 

(mm) 
1 19.30 20.77 386.00 20.00 4.99 2.72 4.99 0.41 
2 19.30 20.77 386.00 20.00 5.07 2.35 5.67 3.66 
3 20.52 20.70 410.40 20.00 6.18 2.36 6.18 3.87 
4 20.45 17.35 409.00 20.00 6.40 - 6.40 - 
5 20.45 17.35 409.00 20.00 9.98 - 9.98 - 
6 28.53 21.57 570.60 20.00 9.38 3.78 9.38 3.17 
7 28.53 21.557 570.60 20.00 8.82 3.49 8.82 3.17 

MEAN 7.26  
Standard deviation, σ 1.93  

 
Table 43 3D Printed 0.36_w/c 2 mm_nozzle compression test. 

 

 
Figure 59 3D Printed 0.36_w/c 2 mm_nozzle compression test comparison between standard 

force (N) and deformation (%). 
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Sample W˳ 
(mm) 

H˳ 
(mm) 

S˳ 
(mm²) 

L˳ 
(mm²) 

Fmax 
(N) 

tTest 
(s) 

σC 
(MPa) 

dL at 

Fmax 

(mm) 
1 23.50 20.90 470.00 20.00 12725.96 6.85 27.08 27.08 
2 23.69 20.56 473.80 20.00 10096.53 5.71 21.31 21.31 
3 23.69 20.56 473.80 20.00 12604.01 6.64 26.60 26.60 
4 23.38 21.20 467.60 20.00 13096.17 6.85 28.01 28.01 
5 23.38 21.20 467.60 20.00 12834.62 6.85 27.45 27.45 

MEAN 26.09  
Standard deviation, σ 2.43  

 
Table 44 Traditional casting 0.36_w/c compression test.  

 

 
Figure 60 Traditional casting 0.36_w/c compression test comparison between standard force 

(N) and deformation (%). 
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Sample W˳ 
(mm) 

H˳ 
(mm) 

S˳ 
(mm²) 

L˳ 
(mm²) 

Fmax 
(N) 

tTest 
(s) 

σC 
(MPa) 

dL at 

Fmax 

(mm) 
1 19.25 23.56 384.60 20.00 5059.06 3.35 13.14 3.99 
2 19.86 22.53 397.20 20.00 4164.92 3.06 10.49 3.69 
3 19.86 22.53 397.20 20.00 4526.65 3.20 11.40 3.63 
4 23.74 18.98 474.80 20.00 5976.22 3.82 12.57 3.60 
5 23.74 18.98 474.80 20.00 5749.68 3.64 12.11 3.86 

MEAN 11.94  
Standard deviation, σ 0.93  

 
Table 45 3D Printed 0.40_w/c 2 mm_nozzle compression test. 

 

 
Figure 61 3D Printed 0.40_w/c 2 mm_nozzle compression test comparison between standard 

force (N) and deformation (%). 
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Sample W˳ 
(mm) 

H˳ 
(mm) 

S˳ 
(mm²) 

L˳ 
(mm²) 

Fmax 
(N) 

tTest 
(s) 

σC 
(MPa) 

dL at 

Fmax 

(mm) 
1 23.59 20.94 471.80 20.00 12504.32 6.49 26.50 3.57 
2 23.59 20.94 471.80 20.00 12841.14 6.67 27.22 3.83 
3 23.69 20.56 473.8 20.00 12769.23 6.58 26.95 4.29 
5 23.79 21.31 475.80 20.00 13015.49 6.68 27.35 3.23 

MEAN 27.01  
σ 0.32  

 
Table 46 Traditional casting 0.40_w/c compression test. 

 

 
Figure 46 Traditional casting 0.40_w/c compression test comparison between standard force 

(N) and deformation (%). 
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DATA ANALYSIS  

Sample Type  3D Printing 2mm nozzle Traditional Cast 
Mean σF 

(MPa) 

Standard 

deviation, σ 
Mean σF 

(MPa) 
Standard 

deviation, σ 
0.38_w/c  15.46 3.12 28.85 0.71 
0.36_w/c  7.26 1.93 26.09 2.43 
0.40_w/c  11.94 0.93 27.01 0.32 
Sample Type  3D Printing 2mm nozzle 3D Printing 3mm nozzle 

Mean σF 

(MPa) 
Standard 

deviation, σ 
Mean σF 

(MPa) 
Standard 

deviation, σ 
0.38_w/c  15.46 3.12 10.05 0.46 

 
Table 47 Summarized results obtained from the compression test. 

 

 
Figure 63 Summarized results obtained from the compression test. 

Compressive strength is the most critical property of concrete and a key indicator of its structural 

performance under load. It determines the material's capacity to withstand axial loads without 

failure and serves as the primary basis for design specifications in concrete structures. This 

chapter presents the results of compressive strength tests conducted according to EN 196-1 and 

ASTM C39 standards, with a comparison of their testing methodologies, sample dimensions, and 

strength classifications. 

The compressive strength results from both standards demonstrate the inherent relationship 

between sample shape and strength values. Concrete with a cylinder strength of 30 MPa in EN 

standards often exhibited a cube strength of 37 MPa due to the different failure mechanisms291. 

In the ASTM testing regime, 4,000 psi (27.6 MPa) concrete was observed to meet typical 

structural requirements, with strengths ranging up to 10,000 psi (69 MPa) for high-performance 

applications.  

The results confirm that specimen shape plays a significant role in compressive strength 

outcomes. Cube specimens fail at higher loads compared to cylinders because the cube's uniform 

 
291 (Neville & Brooks, 2010) 
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stress distribution resists axial compression more effectively292. For this specifical experiment the 

compressive strength was calculated as stated by the European Standards.  

The compressive strength results indicate that, although none of the samples fully meet the 

compressive strength requirements established by EN standards, the traditionally cast samples 

show promising performance, nearing the 30 MPa threshold. These samples demonstrated 

approximately double the compressive strength of their 3D-printed counterparts, highlighting the 

superior structural integrity achieved through conventional casting methods. 

In the case of 3D-printed samples, no direct correlation was observed between the w/c ratio and 

compressive strength. However, as previously observed for flexural tests results, among the 

printed samples, the highest compressive strength was achieved with a 0.38 w/c ratio using a 2 

mm nozzle, suggesting that nozzle size significantly influences the structural cohesion and 

strength of printed layers. Specifically, a smaller nozzle size enhances layer bonding and results 

in improved structural development, leading to stronger, more cohesive printed elements with less 

defects. 

Similarly, in the traditionally cast samples, no clear relationship was found between increasing 

the w/c ratio and a decrease in compressive strength. Contrary to expectations, the sample with a 

0.38 w/c ratio exhibited the highest compressive strength, aligning with the trend observed in the 

3D-printed samples. This finding indicates that while w/c ratio remains an important factor, other 

variables, such as fabrication method and layer cohesion, as well as mix workability play a crucial 

role in determining compressive strength. 

These results emphasize the potential of nozzle size reduction in 3D printing to enhance 

compressive performance and suggest that further optimization of mix designs and printing 

parameters could bridge the performance gap between 3D-printed and traditionally cast mortars. 

Image 49.b well illustrates the defects present in the printed samples (voids between the printed 

layers) that hampered the mechanical properties.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
292 (Eurpean Committee fro Standardization, 2019) 
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SEM OBSERVATIONS 

Scanning Electron Microscopes (SEMs) are versatile tools frequently used in different sectors 

such as industrial, commercial, and research due to their ability to provide high resolution 

imaging, generally implemented for the characterization of materials, quality control and defect 

analysis293. SEMs provide a clear understanding of sample’s topography, morphology, and, if 

equipped, chemical composition. Contrarily to a traditional optical microscope, these 

microscopes use electron beams instead of light to obtain a higher zoom and resolution to scan 

the sample’s surface, enabling micro and nanoscale observations. These electrons interact with 

the samples, producing signals that are captured as images, which can then be used to determine 

information about the material’s structure and properties. Versality is characterized by the 

integration of Energy-Dispersive X-ray Spectroscopy (EDX), Based Automated Mineralogy 

(SEM-AM), Backscattered Electron (BSE), among others294 for collecting information about the 

chemical composition of the materials. 

SEM uses a thermionic electron gun that generates electrons that are focused onto the sample 

surface. As the electron beam interacts with the sample, it produces both secondary and 

backscattered electrons which are detected to form high-resolution images295. In short, SEM is an 

essential tool for identifying various materials, offering detailed insights and revealing defects 

and imperfections that might alternatively go undetected296. 

While utilizing a SEM, sample preparation is a well-known preparation step to guarantee high-

quality imaging. First, the sample is metallized with a thin conductive layer to prevent charging 

under the electron exposure. This is important for non-conductive materials, which would 

otherwise distort the image, as could occur in the present research with the last sample. The 

sample is then placed in the SEM chamber, where it is kept under vacuum conditions. Once the 

conditions are accurate, the electrons are directed on the sample, and images are captured. These 

images provide important information about the sample's surface topography and morphology, 

which can be analyzed for further research or quality control in industrial applications297. 

 
Figure 64 The Scanning Electron Microscope (SEM) consists of two principal sections 

illustrated in the image: the electron column, which houses the electron source and focusing 

systems, and the electronics console, responsible for controlling and processing the signals. 
Source: (Ural, 2021). 

 
293 Specificata fonte non valida. 
294 Specificata fonte non valida. 
295 Specificata fonte non valida. 
296 Specificata fonte non valida. 
297 (Ural, 2021) 
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In scientific applications, SEM is recognized for its ability to examine a large selection of samples. 

Sample preparation varies depending on the material type, and special care must be taken to 

ensure the sample’s surface to be clean. Additionally, the sample must be appropriately sized to 

fit within the dimensions of the SEM chamber.  

 

SEM SAMPLE IDENTIFICATION 

Arriving at the Scanning Electron Microscopy (SEM) observations to examine the microstructure 

of the prepared materials, making it possible to observe the eventual interactions between the 

cementitious materials, admixtures, and additives at a microscopic level. This technique was 

particularly valuable for identifying potential issues related to material bonding, phase 

distribution, and the evidence of new chemical compound formation during the hydration process.  

For this analysis, only a selected group of characteristic samples from the experimental population 

were analyzed. These samples were carefully chosen to represent distinctive features of the 

different mix designs and applied technologies, providing insights into how each formulation 

behaved under specific conditions, and evidence if any performance variation is occurring. 

Table 48 below illustrates the relationship between the sample names used in the SEM 

observations and their corresponding reference sample labels. By cross-referencing these labels, 

it is possible to understand which specific formulations were analyzed so that a correlation 

between the SEM micrographs and mechanical test results can take place to evidence potential 

chemical interactions at the micro-level which can influence the overall durability, strength, and 

long-term performance of the mortars.  

Type of sample Reference sample label SEM analysis label 
Traditional casting 0.38_w/c 18 1 
Traditional casting 0.40_w/c 23 2 
3D Printed 0.36_w/c 2 mm_nozzle 13 3 
Traditional casting 0.36_w/c 24 4 
3D Printed 0.38_w/c 2 mm_nozzle 9 5 
3D Printed 0.40_w/c 2 mm_nozzle 17 6 

 
Table 48 Sample labels for SEM analysis: Classification and Reference Guide 

 

SAMPLE PREPARATION FOR ANALYSIS 

In this analysis, samples were selected from both 3D-printed and traditional cast samples to ensure 

a comprehensive comparative analysis. Three different water-to-cement ratios (0.36, 0.38, and 

0.40) were included to observe the effect of varying hydration levels on the microstructure. Each 

sample was crushed into small fragments (less than 10 mm) to fit into the SEM specimen chamber 

and appropriately labeled. Before SEM observations, the samples were thoroughly dried in an 

oven at 60 °C on November 15th, and removed on the day of analysis (November 27th) to 

eliminate any residual moisture that could interfere with the SEM’s vacuum environment during 

imaging. Since cementitious materials are non-conductive, all samples were coated with a thin 

metal layer (based on platinum) to prevent charging under the electron beam and to enhance image 

resolution. After metalizing the samples, they were placed in the SEM vacuum chamber to 

proceed with the observations. 
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SEM OBSERVATION ANALYSIS 

 
Image 51 Hitachi S4000 SEM, DISAT, Politecnico di Torino. 

Source: (Author). 

The SEM analysis for this thesis was performed using the Hitachi S-4000 Scanning Electron 

Microscope (SEM) to evaluate the microstructural features of the mortar samples.  

Additionally, the SEM analysis enable the identification of portlandite (Ca(OH)₂), a compound 

formed during the hydration process of Portland cement, as well as calcium carbonate (CaCO₃), 

which forms through carbonation. Carbonation occurs when portlandite in the concrete reacts 

with carbon dioxide (CO₂) from the air, a process that may take place during the material’s 

lifespan298. Furthermore, calcium silicate hydrate (C-S-H), an important hydration product, was 

also identified. If hydration ceases, the formation of sufficient C-S-H is inhibited, disrupting the 

concrete's microstructure and allowing harmful agents to penetrate, which can lead to defects such 

as cracks, incomplete hydration, and surface imperfections299. Moreover, the SEM observations 

revealed another typical hydration product of Portland cement: ettringite 

(3CaO.Al2O3.3CaSO4.32H2O) which forms when tricalcium aluminate reacts with gypsum and 

water. 

The objective of using SEM analysis was to perform a detailed examination of the microstructural 

integrity of materials, focusing on identifying micro-cracks, voids, and fractures within the 

material matrix, thereby identifying potential weaknesses. This is essential for assessing the 

structural integrity of concrete and other composite materials produced through various 

manufacturing methods, including 3D printing and traditional casting. In the case of 3D-printed 

materials, SEM observations can reveal issues such as incomplete bonding between layers, 

internal voids, or surface irregularities, all of which may compromise the material’s overall 

strength and durability. Similarly, traditional casting methods may introduce defects, such as 

shrinkage cracks or voids, often resulting from improper curing or inconsistencies in the material 

composition300. By identifying these microstructural inconsistencies, SEM observations provide 

valuable insights into how different processing methods affect the material's performance, helping 

to improve manufacturing practices and increase material quality and durability. 

 

 
298 Specificata fonte non valida. 
299 Specificata fonte non valida. 
300 Specificata fonte non valida. 
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SAMPLE 1. Sample with a water-to-cement (w/c) ratio of 0.38 and produced through traditional 

casting methods. 

 

Image 52 SEM image of Sample 1 at 200x 

magnification, captured during analysis  
 

 
Image 54 SEM image of Sample 1 at 200x 

magnification, captured during analysis 

 
Image 53 SEM image of Sample 1 at 600x 

magnification, captured during analysis                                                                                                                                       

 
Image 55 SEM image of Sample 1 at 800x 

magnification, captured during analysis  

 
Image 56. SEM image of Sample 1 at 600x 

magnification, captured during analysis  

 
Image 58. SEM image of Sample 1 at 1500x 

magnification, captured during analysis  



152 
 

 
Image 60. SEM image of Sample 1 at 5000x 

magnification, captured during analysis 

 
Image 57. SEM image of Sample 1 at 1000x 

magnification, captured during analysis  

 
Image 59. SEM image of Sample 1 at 200x 

magnification, captured during analysis 
 

 
Image 61. SEM image of Sample 1 at 

30000x magnification, captured during 

analysis

 
Image 62 SEM image of Sample 1 at 1500x 

magnification, captured during analysis  

 
Image 63. SEM image of Sample 1 at 400x 

magnification, captured during analysis 
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Image 64 SEM image of Sample 1 at 400x 

magnification, captured during analysis 

 
Image 65. SEM image of Sample 1 at 600x 

magnification, captured during analysis

The microstructural analysis of the sample, prepared with a water-to-cement (w/c) ratio of 0.38 

using traditional casting methods and incorporating 5% biochar, revealed the presence of 

characteristic hydration products, in particular calcium silicate hydrate (C-S-H) and portlandite 

(hexagonal crystals in pores in images 63-65) 

 An element identified in images64-65, during the SEM analysis was the presence of air voids in 

the matrix, which interrupted the material's consistency. These voids form pathways to the access 

of harmful agents such as as water and carbon dioxide301. Moreover, the gathering of portlandite 

crystals near the voids indicates that these areas may act as strategic location for hydration 

products. However, air voids may impact negatively structural performance, as it reduces the 

material's resistance to mechanical stresses, potentially initiating crack formation and 

propagation. 

Additionally, the integration of 5% biochar into the cementitious matrix presented challenges in 

achieving an effective binding with the cement paste. SEM imaging highlights in images 54-56 

and 59,62, biochar particles, some of them poorly bound to the the cement paste (images 60)  

 

 

 

 

 

 

 

 

 

 

 

 

 
301 Specificata fonte non valida. 
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SAMPLE 2. Sample with a water-to-cement (w/c) ratio of 0.40 and produced through traditional 

casting methods. 

 
Image 66 SEM image of Sample 2 at 40x 

magnification, captured during analysis 

 
Image 68. SEM image of Sample 2 at 40x 

magnification, captured during analysis 
 

 
Image 70. SEM image of Sample 2 at 600x 

magnification, captured during analysis 

 
Image 67. SEM image of Sample 2 at 200x 

magnification, captured during analysis 

 
Image 69. SEM image of Sample 2 at 600x 

magnification, captured during analysis 
 

 
Image 71. SEM image of Sample 2 at 1000x 

magnification, captured during analysis 
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Image 72. SEM image of Sample 2 at 1000x 

magnification, captured during analysis

 
Image 74. SEM image of Sample 2 at 2000x 

magnification, captured during analysis

 
Image 76. SEM image of Sample 2 at 2000x 

magnification, captured during analysis 

 
Image 73. SEM image of Sample 2 at 2000x 

magnification, captured during analysis 

 
Image 75. SEM image of Sample 2 at 8000x 

magnification, captured during analysis

 
Image 77. SEM image of Sample 2 at 4000x 

magnification, captured during analysis
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Image 78. SEM image of Sample 2 at 2000x 

magnification, captured during analysis 

 
Image 79. SEM image of Sample 2 at 8000x 

magnification, captured during analysis

The sample, with a water-to-cement (w/c) ratio of 0.40, prepared through traditional casting 

methods with biochar’s addition of 5%, highlights important details of the material's 

microstructure and compositional properties. The SEM observations highlight the presence of 

calcium silicate hydrate (C-S-H) in image 76-77, which is indispensable for the strength and 

durability of cementitious materials. In addition, portlandite (Ca(OH)₂) is detected in pores in 

images 67-69 The identification of C-S-H and portlandite confirms the expected hydration 

reactions in the cementitious matrix.  

However, porosity as a main characteristic of biochar, was visible through their channels in 

images72-77. While the biochar particles are rather well dispersed throughout the matrix, they 

demonstrate limited adhesion to the cementitious materials. This lack of bonding is likely due to 

the biochar’s surface characteristics, which appears incompatible with the cement’s chemical 

composition. As a result, the biochar struggles to form a chemical bond, leading to a low seamless 

connection between the biochar and the cement as can be identified in image 77. 
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SAMPLE 3. Sample with a water-to-cement (w/c) ratio of 0.36 and produced through 3D printing 

(nozzle 2 mm) method. 

Image 80. SEM image of Sample 3 at 50x 

magnification, captured during analysis 

 
Image 82. SEM image of Sample 3 at 100x 

magnification, captured during analysis

 
Image 84. SEM image of Sample 3 at 200x 

magnification, captured during analysis 

 
Image 81. SEM image of Sample 3 at 200x 

magnification, captured during analysis 
 

 
Image 83. SEM image of Sample 3 at 200x 

magnification, captured during analysis

 
Image 85. SEM image of Sample 3 at 400x 

magnification, captured during analysis 
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Image 86. SEM image of Sample 3 at 400x 

magnification, captured during analysis

 
Image 87. SEM image of Sample 3 at 600x 

magnification, captured during analysis

 
Image 89. SEM image of Sample 3 at 2000x 

magnification, captured during analysis 

 
Image 88 SEM image of Sample 3 at 2000x 

magnification, captured during analysis

 
Image 90 SEM image of Sample 3 at 4000x 

magnification, captured during analysis

 
Image 91. SEM image of Sample 3 at 2000x 

magnification, captured during analysis 

 

The SEM observations conducted for the 3D printed sample with a w/c ratio of 0.36 and 5% 

biochar incorporation reveals characteristics that are markedly different from those seen in tradi-

tional casting approaches. One such observation evidenced an apparent gap or interface between 

two printed layers, which was regarded as a defect in the material (images 82-83). This defect can 

have important implications in terms of the mechanical performance of the composite material 
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since the layers may not always be well-bonded in the 3D printing process, as highlighted, which 

represents a weak point within the material. 

The results showed again the presence of portlandite (Ca(OH)₂) (iamges81,87,88). Portlandite 

crystals are converted from portlandite to calcium carbonate (CaCO₃) are seen in images 87 and 

88. Specifically, this consists of portlandite interacting with the CO₂ present in the environment, 

developing a progressively more cubic structure in comparison to normal hexagonal portlandite 

crystals. Moreover, the most porous areas of the sample (located where carbonation of portlandite 

had taken place) showed typical long needles of ettringite (images87-88).  

Finally, the SEM images provided detailed observations of the biochar’s distribution within the 

cementitious matrix. Images 86-91 clearly show the porous structure of biochar, with visible 

hydration products of cement paste passing through the channels. In image 88, a closer look at 

these channels shows that while some elements from the cement matrix are penetrating the 

biochar, large parts of the space remain unfilled with cement particles, which indicates weak 

bonding between the biochar and the surrounding cementitious material. Image 90 further 

displays this problem; these sections didn't totally bind with the material, leaving voids. These 

findings indicate that the biochar has limited adhesion to the cement matrix, probably because of 

chemical incompatibility, and this may be detrimental to the mechanical performance and 

durability of the 3D-printed cementitious composite. These findings highlight the importance of 

improving biochar-cement compatibility to optimize the material’s properties for enhanced 

performance. 
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SAMPLE 4. Sample with a water-to-cement (w/c) ratio of 0.36 and produced through traditional 

casting method. 

 

Image 92 SEM image of Sample 4 at 100x 

magnification, captured during analysis 
 

 
Image 94 SEM image of Sample 4 at 200x 

magnification, captured during analysis 
 

 
Image 96. SEM image of Sample 4 at 600x 

magnification, captured during analysis 

 
Image 93 SEM image of Sample 4 at 1000x 

magnification, captured during analysis 
 

 
Image 95 SEM image of Sample 4 at 2000x 

magnification, captured during analysis 
 

 
Image 97. SEM image of Sample 4 at 4000x 

magnification, captured during analysis
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Image 98 SEM image of Sample 4 at 6000x 

magnification, captured during analysis

 
Image 100 SEM image of Sample 4 at 

1000x magnification, captured during 

analysis 

 
Image 99 SEM image of Sample 4 at 2000x 

magnification, captured during analysis 

 
Image 101 SEM image of Sample 4 at 

2000x magnification, captured during 

analysis

The sample with a water to cement (w/c) ratio of 0.36 prepared by the traditional casting method 

was analyzed with the help of SEM. The most outstanding findings evident from images 92-95 

were the abundant presence of calcium carbonate crystals (CaCO₃). This indicates that portlandite 

(Ca(OH)₂) in the cement matrix has reacted chemically with atmospheric CO₂, a prevalent 

phenomenon in cementitious materials. Additionally, biochar particles were identified throughout 

the matrix; they displayed minimal attachment to the surrounding cementitious components, as 

already observed in the previous samples (images 99-101).  

The observation was complicated to perform as the sample had insufficient metallization, which 

created challenges during SEM imaging. The inadequate conductive coating led to a reduction in 

the quality and clarity of the observations. Despite these difficulties, it was evident that the sample 

exhibited an elevated level of porosity throughout all analyzed areas. This pervasive porosity not 

only facilitates carbonation but also reduces the material's structural integrity, providing pathways 

for potentially harmful agents to penetrate and degrade the matrix. 
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SAMPLE 5. Sample with a water-to-cement (w/c) ratio of 0.38 and produced through 3D printing 

(nozzle 2 mm) method. 

Image 102 SEM image of Sample 5 at 40x 

magnification, captured during analysis

 
Image 103 SEM image of Sample 5 at 40x 

magnification, captured during analysis

 
Image 104 SEM image of Sample 5 at 200x 

magnification, captured during analysis 

 

 
Image 105 SEM image of Sample 5 at 600x 

magnification, captured during analysis

 
Image 106 SEM image of Sample 5 at 

1000x magnification, captured during 

analysis 

 
Image 107 SEM image of Sample 5 at 

2000x magnification, captured during 

analysis 
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Image 108 SEM image of Sample 5 at 600x 

magnification, captured during analysis

 
Image 109 SEM image of Sample 5 at 

4000x magnification, captured during 

analysis

 
Image 110 SEM image of Sample 5 at 

1000x magnification, captured during 

analysis 

111 SEM image of Sample 5 at 2000x 

magnification, captured during analysis

112 SEM image of Sample 5 at 6000x 

magnification, captured during analysis

113 SEM image of Sample 5 at 6000x 

magnification, captured during analysis
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In this analysis, a 3D-printed w/c ratio of 0.38 sample was evaluated, with a modified printing 

orientation compared to the previous sample. In this case, the layers were placed in a non-

transversal section, resulting in a different perspective, as shown in Image 103. Unlike the 

previous transversal section, where gaps between layers were clearly visible, this new orientation 

annuls any perceptibility of gaps, and the sample appeared more integrated. As shown in Image 

102, the layers were well-bonded, with fewer visible air voids. This improvement in layer 

attachment reflects a uniform distribution of material during the 3D printing process, facilitating 

better layer fusion. Additionally, as perceived in Images 106-113, the distribution of biochar 

appeared homogenous throughout the cement matrix. As previously observed, biochar particles 

are only partially covered by the hydrated cement paste products (Images 52-110) 

Moreover, some fractures were observed in the sample, particularly in Images 109-110. However, 

it was difficult to determine whether these fractures resulted from the mechanical testing or 

occurred during the preparation of the sample for SEM analysis, where the sample was broken 

into smaller pieces. The fractures seem to follow an irregular path, sometimes contouring, 

sometimes fracturing biochar particles. 
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SAMPLE 6. Sample with a water-to-cement (w/c) ratio of 0.40 and produced through 3D printing 

(nozzle 2 mm) method. 

Image 114 SEM image of Sample 6 at 40x 

magnification, captured during analysis  

 
Image 115 SEM image of Sample 6 at 40x 

magnification, captured during analysis

 
Image 116 SEM image of Sample 6 at 100x 

magnification, captured during analysis 

 
Image 117 SEM image of Sample 6 at 400x 

magnification, captured during analysis

 

Image 118 SEM image of Sample 6 at 

1000x magnification, captured during 

analysis

 
Image 119 SEM image of Sample 6 at 

4000x magnification, captured during 

analysis 
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Image 120 SEM image of Sample 6 at 200x 

magnification, captured during analysis 

 
Image 121 SEM image of Sample 6 at 600x 

magnification, captured during analysis 

 
Image 122 SEM image of Sample 6 at 

1000x magnification, captured during 

analysis

 
Image 123 SEM image of Sample 6 at 

1000x magnification, captured during 

analysis  

3D printed sample with a w/c ratio of 0.40 was examined, the positioning on the sample holder 

of the SEM was similar as sample 3 (image114). The SEM images shown in images 117, 121 and 

123 illustrate a good dispersion of biochar within the cement matrix. Moreover, hydration 

products are surrounding biochar particles, such as portlandite (see Images 117 and 120), and C-

S-H (image 119).  

In Images 120-123, the biochar particles are distributed uniformly with sand particle surrounded 

by C-S-H and portlandite, providing structural support to the entire formed sample. Specifically, 

Image 119 shows a portion of biochar oriented longitudinally and completely enclosed by C-S-H 

and portlandite, all of which demonstrate that biochar particles are incorporated into the 

cementitious matrix, if not effectively bound to it.  
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AN OVERALL VIEW  

The SEM observations of the six samples, three of them produced through the traditional casting 

and the other three performed via 3D printing, provided information on how biochar and varying 

water-to-cement (w/c) ratios can affect the microstructure of cement-based materials. This 

evaluation indicates significant differences in performance, structural integrity, and explains 

biochar integration within the cement matrix. 

The traditional casting method, particularly for samples with w/c ratios of 0.38 (Sample 1) and 

0.40 (Sample 2), demonstrated the typical hydration products of cement, such as calcium silicate 

hydrate (C-S-H) and portlandite, which are essential for the material's strength and durability. 

However, there were some struggles to incorporate biochar particles, as it was evident the poor 

bonding with cement matrix for both samples. The porous interface, along with problems such as 

porosity, air voids and carbonation, contribute long-term durability issues in these biochar-cement 

systems. The limited bonding provided by biochar contributed to minimal performance of these 

samples. 

The 3D-printed samples (Samples 3, 5, and 6), however, demonstrated distinguishing 

characteristics. These samples showed a better integration of biochar within the cement matrix 

(especially in Sample 5 and 6) with a more homogeneous distribution of biochar particles. 

Regardless of whether it has been printed in layers, the material morphology is more 

homogeneous and with less void space at least perceptible. Hydration products like portlandite 

and C-S-H were more homogenously distributed around the biochar particles which may improve 

the overall mechanical properties of the material. Some minor defects, such as air voids and poor 

layer bonding in Sample 3 and Sample 6 were visible. Though these imperfections were 

significant, they did not majorly impact the overall material quality.  

Though all samples show consistent signs of carbonation, this phenomenon appears to be greatest 

at areas of higher porosity. The positive effects of biochar in enhancing the performance of cement 

are clear, however mechanical properties are also dependent on biochar distribution within the 

matrix and its attachment to the cement matrix. The 3D printing process seems to have substantial 

advantages regarding the dispersion of biochar and the homogeneity of the material, which may 

result in improved mechanical performance. 

Overall, results indicate that the 3D-printed samples had better biochar integration, hydration 

product distribution, and better material homogeneity than the cast samples, probably because of 

the extrusion process during printing. Sample 5 showed more uniform biochar distribution and 

better bonding between layers, thus reflecting the potential of 3D printing with biochar-cement 

composites. Nonetheless, both production methods still must be optimized to overcome problems 

with carbonation, and biochar–cement attachment that limit the durability of these materials. 
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SAMPLE (w/c) 

Ratio 
Production 

Method 
Observations Microstructural 

Characteristics 
Hydration 

Products 
Issues 

Identified 
Challenges 

SAMPLE 

1 
0.38 Traditional 

Casting 
Poor biochar 

adhesion, 

carbonation 
of 

portlandite 

Air voids 

disrupting 

consistency, 
carbonation in 

portlandite 

C-S-H, 

portlandite 

CaCO₃ 

Poor 

biochar-

cement 
bonding, 

surface 

carbonation, 

porosity 

Weak 

adhesion 

between 
biochar and 

cement, 

reduced long-

term 
durability 

due to 

carbonation 
SAMPLE 

2 
0.40 Traditional 

Casting 
Limited 

biochar 

integration 

Biochar poorly 

bonded 
C-S-H, 

portlandite 

CaCO₃  

Poor 

bonding 

between 
biochar and 

cement 

Increased 

porosity, low 

biochar-
cement 

adhesion 
SAMPLE 

3 
0.36 3D 

Printing (2 

mm 

nozzle) 

Layer 

bonding 

issues, 

porosity, 
biochar 

distribution 
 

Weak bonding 

between 

biochar and 

cement, 
carbonation  

Portlandite 

C-S-H 

CaCO₃ 

Layer 

bonding 

issues, weak 

biochar-
cement bond 

Inconsistent 

bonding 

between 

layers, 
potential 

weakness due 

to poor 

adhesion 
SAMPLE 

4 
0.36 Traditional 

Casting 
High 

carbonation, 
minimal 

biochar 

attachment 

High porosity, 

carbonation, 
poor biochar 

integration 

CaCO₃ 
C-S-H 

Extreme 

carbonation, 
insufficient 

metallization 

Porosity 

reducing 
structural 

integrity, 

poor 

adhesion 
between 

biochar and 

cement 
SAMPLE 

5 
0.38 3D 

Printing (2 

mm 
nozzle) 

Improved 

layer 

bonding, 
good biochar 

distribution 

Better adhesion 

of biochar, 

uniform 
distribution 

C-S-H, 

portlandite 
 

Minor 

fractures 
Occasional 

fractures, but 

overall 
improvement 

in material 

structure 
SAMPLE 

6 
0.40 3D 

Printing (2 

mm 
nozzle) 

Good 

biochar 

distribution, 
minimal 

defects 

Uniform 

biochar 

distribution 
with C-S-H and 

portlandite 

C-S-H, 

portlandite, 

CaCO₃ 
 

Minor 

irregularity 
Biochar well 

integrated, 

but minor 
defects due 

to air voids 

during 

extrusion 
Table 49 Summary chart of the SEM analysis highlighting the best-performing sample among 

all tested samples
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CONCLUSIONS 

 
Given this context, the research in this thesis explored the incorporation of biochar as a sustainable 

admixture to cementitious mixtures, the rationale for the selection lies in its potential to reduce 

cement content, thereby lowering CO₂ emissions, while enhancing the lifecycle performance of 

cement-based materials. Biochar's inclusion not only aligns with the principles of circular 

economy but also transforms what was traditionally considered waste into a valuable resource for 

construction. Biochar, a byproduct of the pyrolysis process used in biomass production, is derived 

from organic waste materials, such as wood, some of its benefits are its porous structure and 

electromagnetic properties allowing it to contribute to carbon sequestration while also offering 

environmental benefits, including the adsorption of heavy metals and organic pollutants, as well 

as electromagnetic shielding. 

During the sample preparation process, several key factors were identified that significantly 

influenced the performance of the biochar-enhanced mixtures. Initial conclusions indicated the 

importance of handling biochar in a liquid state to ensure proper grinding and reduce particle size 

to approximately 250 µm, this particle size reduction and subsequent homogenization of materials 

were crucial in achieving better adhesion and cohesion within the mortar paste. This is done to 

ensure proper material management during this stage, ensuring a consistent and cohesive mixture, 

which was critical for successful mortar preparation. 

Regarding admixtures, early trials revealed a significant incompatibility between 

superplasticizers and biochar as the chemical reaction between these components led to increased 

viscosity, which negatively impacted the workability and printability of the mortar paste. This 

issue caused the removal of superplasticizers from the formulation, instead, polyethylene glycol 

(PEG) proved to be a key component, providing the required flowability and workability to ensure 

the successful execution of the extrusion test and the production of printable samples. PEG’s role 

was instrumental in achieving the correct mixture rheology for 3D printing while maintaining 

structural integrity. 

From the mixture design phase, the optimal formulation emerged at the sample developed by a 

mixture with a 0.38 w/c ratio, a 0.95:1 s/c ratio, 5% biochar supplementation, and the inclusion 

of polyethylene glycol with a molecular weight of 10,000 g/mol, applied at a proportion of 2 

grams per 10 grams of cement. This combination exhibited superior performance across key 

mechanical and rheological parameters, making it the most promising formulation for 3D printing 

applications. 

The 0.38 w/c ratio was particularly effective in balancing workability and strength development, 

providing sufficient fluidity for extrusion while maintaining structural integrity. Meanwhile, the 

0.95:1 s/c ratio ensured a cohesive and homogenous mixture, minimizing segregation and 

enhancing the mechanical stability of the printed layers. The 5% biochar addition not only reduced 

the cement content, thus lowering the environmental footprint, but also contributed to the 

material’s durability and internal curing properties because of porous nature, which enhances 

water retention and hydration efficiency. 

PEGs role was critical in this optimized design. By mitigating the viscosity issues observed in 

earlier trials with superplasticizers, PEG facilitated smoother extrusion and consistent layer 

adhesion during the printing process. Its molecular weight of 10,000 g/mol provided an ideal 

balance of lubrication and cohesion, ensuring the mortar’s flowability without compromising its 

structural performance. This mixture allowed for successful 3D printing trials, demonstrating high 

cohesion between layers and minimal deformation during extrusion. 

In relation to the mechanical properties results of both the three-point bending test and the 

compression test highlight that the mortar sample with a 0.38 water-to-cement w/c ratio 
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consistently achieved the highest mechanical performance, coming closest to meeting the EN 

normative thresholds for both flexural and compressive strength. 

The analysis of the flexural strength results from the three-point bending test demonstrates that 

all samples, regardless of their production method, met the minimum strength requirements 

established by European standards. However, traditional cast samples consistently exhibited 

higher flexural strength values than their 3D-printed counterparts. For 3D printing, no clear 

correlation between the w/c ratio and tensile strength was observed, though the 0.38 w/c ratio 

sample printed with a 2 mm nozzle outperformed the others. 

For the 3D printing tests, the results suggest that the reduction of nozzle size enhances the 

cohesion between printed layers, leading to better structural development and fewer weaknesses 

within the layers. Conversely, in traditional cast samples, variations in the w/c ratio did not 

significantly impact flexural strength, confirming that the tensile strength results remained 

relatively stable across different ratios. However, despite this stability, altering the w/c ratio can 

notably affect workability, which becomes critical in large-scale construction where precise 

handling and flowability are necessary. 

In terms of compressive strength, the results showed that although none of the samples fully met 

the EN standard threshold of 30 MPa, traditional cast samples nearly achieved this benchmark. 

These samples exhibited double the compressive strength of 3D-printed samples, with the 0.38 

w/c ratio again emerging as the most effective formulation. 

As with flexural strength, no clear correlation was found between w/c ratio and compressive 

strength in 3D-printed samples. However, the 2 mm nozzle yielded better compressive results 

compared to the larger nozzle size, likely due to improved layer cohesion and reduced porosity in 

the printed structure. In traditional casting, the 0.38 w/c ratio sample also recorded the highest 

compressive strength, confirming its superior performance across both mechanical tests. 

Overall analysis of mechanical testing indicates that the tested mixtures exhibit higher 

compressive strength than flexural strength, but the flexural strength were nearest to the standard 

threshold than the compression ones suggesting their potential use in horizontal structural 

elements such as beams, both 3D-printed and traditionally cast samples demonstrated sufficient 

flexural performance for such applications. Even though the use of biochar-modified mortars in 

vertical structural elements remains viable only for traditional casting, the compressive strength 

of 3D-printed samples falls below acceptable thresholds. 

The granulometry and SEM (Scanning Electron Microscopy) analyses played an important role 

in validating the reliability of the experimental procedures and providing a deeper understanding 

of the mortar’s microstructural behavior.  

The granulometry analysis provided critical insights into the particle size distribution of the 

mortar mixture, essential for ensuring workability and flowability in 3D printing applications. 

Although a margin of error remains due to the challenges posed by the small particle size and the 

irregular shapes of particles, which can lead to discrepancies between the actual particle size and 

the measured values, the results were overall satisfactory. Most particles fell within or near the 

target size range, indicating that the grinding and sieving processes were conducted effectively, 

achieving a small and uniform particle size was crucial, as it directly enhanced the flowability of 

the mortar, ensuring smoother extrusion and consistent layer deposition during 3D printing. This 

success in particle size refinement supports the feasibility of using biochar as a fine aggregate 

while maintaining the necessary properties for 3D printing. 

The SEM analysis provided valuable insights into the microstructural integrity of the mortar post-

curing. Key aspects examined included the presence of bubbles, fractures, chemical reactions, 

and the cohesion and adhesion of the composite materials. Any fractures detected were attributed 
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to mechanical testing performed prior to the STEM analysis, indicating a successful curing 

process and a well-executed methodology. Biochar distribution from the SEM observations 

confirmed the uniform distribution of biochar throughout the mortar matrix. This event highlights 

the effectiveness of the mixing process, ensuring that the biochar is well integrated into the 

composite. 

The analysis revealed the formation of essential hydration products such as Calcium Silicate 

Hydrate (C-S-H), portlandite (Ca(OH)₂), and ettringite, which are critical to the mechanical 

strength of cementitious materials. Furthermore, the interaction between the mortar’s outer 

surfaces and the external environment led to the development of calcium carbonate. This is a 

common reaction in cementitious materials exposed to air, indicating natural carbonation. 

Despite the biochar’s uniform distribution, the analysis indicated a lack of chemical compatibility 

between the biochar and the cement matrix. Like traditional aggregates, biochar did not form 

significant chemical bonds with the surrounding materials, suggesting that its role in the mixture 

is primarily physical filling rather than chemical binding. This lack of cohesion could potentially 

impact on the long-term durability and strength of the material, requiring further research into 

how biochar can be chemically modified or combined with other admixtures to improve 

compatibility. 

This research demonstrated that integrating biochar into cementitious mixtures can lead to 

promising advancements in the field of sustainable construction materials. By substituting a 

portion of cement with biochar, not only is the cement’s carbon footprint reduced, but the resulting 

material also shows potential for enhanced durability and long-term environmental benefits. 

These findings reinforce the necessity of continuing to develop and implement innovative 

materials that address both environmental concerns and the mechanical performance demands of 

the construction industry.  

This thesis contributes to the growing body of knowledge that supports the shift towards a 

sustainable construction paradigm, providing a pathway for future research and practical 

applications in reducing the environmental impact of cement while meeting the industry's 

performance expectations. By bridging the gap between sustainability goals and technological 

advancements, this study contributes to the ongoing transformation of the construction industry 

into a more resilient, responsible, and future-ready sector. 
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OBSERVATIONS AND FURTHER APPLICATION  

This optimized mixture design offers a significant step forward in the development of sustainable 

3D-printable cementitious materials. By demonstrating that a combination of biochar 

supplementation and PEG-based admixture optimization can achieve both environmental benefits 

and mechanical performance, this research opens the door for broader adoption of eco-friendly 

construction technologies. Future research could explore further refinements in biochar particle 

size, alternative admixture formulations, and scaling up for larger structural applications, 

additionally, long-term durability studies and environmental impact assessments will be crucial 

in validating the feasibility of this mixture in real-world construction scenarios. 

While conventional casting outperformed 3D printing in mechanical tests, it is important to 

recognize that 3D concrete printing remains a relatively new and evolving technology. 

Improvements in printing accuracy, layer cohesion, and mixture design are necessary to close the 

performance gap. Future research should focus on optimizing mixture formulations, including 

adjustments to biochar content, admixtures, and printing parameters, to enhance the structural 

integrity and mechanical properties of 3D-printed mortars. With continued experimentation, it is 

likely that 3D printing will become a viable, sustainable alternative for a broader range of 

structural applications. 

Based on the outcomes of this study, several key areas for future research and practical 

applications have been identified to improve the performance of biochar-enhanced 3D-printed 

mortars and explore their broader use in construction. To advance the structural capabilities of 

3D-printed mortar, future research should focus on enhancing the mixture design efficiency to 

accommodate smaller nozzle diameters (1.5 mm or 1 mm). Successfully printing with smaller 

nozzles could improve layer cohesion and precision, resulting in more compact structures. And 

mechanical performance, as smaller nozzles typically lead to better layer bonding and increased 

density, potentially boosting both flexural and compressive strengths. 

A critical next step is the examination of the long-term impact of biochar in mortar. Future studies 

should investigate durability over time, understanding how biochar-enhanced mortar performs 

over extended periods will behave. Impacts of weathering and environmental exposure, 

evaluating the mortar's resistance to environmental factors such as moisture, freeze-thaw cycles, 

and carbonation. And aging tests, performing mechanical tests at various curing stages (e.g., 7 

days, 28 days, and 56 days) to track changes in mechanical strength development over time, 

helping to clarify the long-term hydration and microstructural stability of the biochar-mortar 

system. 

For practical applications, integrating this biochar-enhanced mortar into reinforced concrete 

systems could be the key to reaching the required structural thresholds. Reinforced concrete could 

benefit from improved flexural and compressive strengths through enhanced mixture designs, 

potentially enabling the biochar mortar to serve as structural-grade material. And hybrid solutions 

combining 3D-printed elements and traditional reinforcements to leverage the strengths of both 

technologies for structural projects. 

Innovative future applications could also involve using biochar-mortar for 3D-printed capsules 

designed for self-healing concrete. This approach could introduce biochar-based capsules into 

concrete mixtures that release self-healing agents when cracks form, improving concrete's 

durability and lifespan. This type of application also reduces maintenance costs by minimizing 

crack propagation and promoting automatic repair of micro-damages, aligning sustainable 

construction goals. As part of the further development of self-healing concrete, this work 

investigates the implementation of 3D-printed mortar capsules intended for encapsulation of self-

healing agents. They were manufactured with the same composition as the previous concrete 

matrix (0.38 w/c ratio, 5% biochar) in the form of capsules with dimensions of 5 cm high, 1 cm 
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in diameter, and a nozzle of 2 mm thickness. The capsules were printed with a hollow cavity 

considered to be filled with self-healing agents (e.g., bacterial spores or chemical healing agents) 

and then integrated into a standard mortar sample.  

Self-healing concrete is an innovation in construction materials, contributing to the ability to 

autonomously repair cracks that can threaten structural integrity. This feature in concrete was 

inspired by the natural self-healing ability found in concrete, such as autogenous healing (through 

the hydration of unreacted cement) or carbonation processes302. However, while it works with 

small fissures, it is less controllable for practical use than other healing systems, as it requires the 

presence of water. These limitations inspired the development of advanced self-healing concrete, 

using approaches like the introduction of bacteria, or other sealed healing substances303. 

An outstanding technique is microbial-induced calcite precipitation, where bacteria such as the 

Bacillus species are employed to produce calcium carbonate that successfully and sustainably fills 

cracks. Not only do these materials contribute to the durability of construction, but they also save 

on expenses and minimize the environmental footprint, integrating them into sustainable building. 

Such a method is beneficial to overcome problems like corrosion of reinforcement, usually caused 

by exposure to moisture and oxygen forced by cracks304. This feature would reduce repair needs, 

thus providing both economic and environmental benefits, which makes self-healing concrete an 

active research topic in the field of construction and materials science. 

For this application the software documentation suggests software application and 

implementation. G-code files were developed in Simply 3D Slicing Software for the 3D printing 

to realize the capsule samples. These files were designed to control the 3D printer’s movements 

and extrusion parameters, to obtain uniform samples. The use of G-code allows a precise layer-

by-layer deposition, to reach the correct geometry and dimensions. As mentioned in the chapter 

of Samples Results, the software provided a digital simulation of the layer-by-layer printing 

process, which allows identify discrepancies that may need adjustment before transferring the file 

to the SD card for printing. 

 

Figure 67 Simply 3D Slicing Software printing model of capsule 
Source: (Author). 

Below are going to be presented all the parameters that were established to obtain the 3D printing 

for 2 mm nozzle applied. 

 
302 Specificata fonte non valida. 
303 Specificata fonte non valida. 
304 Specificata fonte non valida. 
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Figure 68 Simply 3D Slicing Software Speed tab parameters (2 mm nozzle). 

 
Figure 69 Simply 3D Slicing Software Speed tab parameters (2 mm nozzle). 

 
Figure 70 Simply 3D Slicing Software Speed tab parameters (2 mm nozzle). 
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Figure 71 Simply 3D Slicing Software Speed tab parameters (2 mm nozzle). 

 
Figure 72 Simply 3D Slicing Software Speed tab parameters (2 mm nozzle). 

 
Figure 73 Simply 3D Slicing Software Speed tab parameters (2 mm nozzle) 

The parameters highlighted with the blue frames were identified as having the greatest influence 

on the printing characteristics and overall effectiveness of the 3D printing process. 

First trials of printing this capsule developed the following outputs from the 3D printing trials 

reflected the factors that affected the quality and functionality of the capsules. The first trial gave 
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the most potent capsules due to the freshness of the mix and a more consistent pressure during 

extrusion. Follow-up trials, using a more rigid consistency, required higher pressures, which 

compromised both homogeneity and stability. Moreover, the nozzle height during build-up of 

layers presented additional challenges, leading to irregular layers, and the structural narrowness 

of capsules caused handling issues and required proper drying time between the printing and 

removal of the capsules. 

 

Image 125 First 3D-printed capsule recently developed 
Source: (Author). 

 

Image 126 All the capsules produced using 3D printing 
Source: (Author). 

  

Image 127 3D printed capsules after curing process 
Source: (Author). 

These early results give valuable information about the weak spots and opportunities for 

enhancement in the 3D printing procedure of self-healing concrete capsules. While benchmarks 

from the initial trials showed compromising, difficulty presented in the later experiments highlight 

the need to optimize the printing parameters to obtain uniform quality and stable characteristics. 

As the capsules are composed of material that is compatible with the surrounding concrete matrix, 

it would integrate seamlessly and does not compromise the overall mechanical properties. When 

the cracks form in the matrix, capsules would break, releasing healing agents to effectively seal 

the cracks. The approach uses the precision of 3D printing to provide uniformity in capsule quality 
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and allows for controlled dispersion of the contents within the matrix. This aspect also underlines 

the need to optimize the 3D printing process to achieve the required functionality of the capsule 

in future developments. 

This thesis serves as a guide for future studies looking to enhance self-healing concrete, which 

might be directed towards improving capsule composition for augmented rupture efficiency and 

healing outcomes. It should also be explored how biochar enhancement of the mortar interacts 

with the action of the self-healing agents, so that the mechanical reinforcement from biochar 

works together with the self-healing efficiency to benefit. Furthermore, searching for alternative 

healing agents and assessing their environmental impacts could enhance the sustainability of this 

technology. Thus, incorporating 3D-printed capsules into the mortar matrix is an advancement to 

develop an enhancement on self-healing concrete. Raising concrete durability and minimizing 

repairs clearly supports the development of more sustainable infrastructure. These 

recommendations provide a pathway for advancing biochar-enhanced 3D-printed mortar as a 

sustainable and innovative solution in modern construction. By deepening the understanding of 

its mechanical performance, long-term durability, and practical integration into reinforced 

concrete, biochar mortar could contribute significantly to reducing the environmental footprint of 

the construction industry while maintaining structural integrity and performance. 
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ANNEXES 

 

ANNEX 1. Buzzi Unicem Cement Type I 52.2 R technical data sheet. 
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ANNEX 2. Nero Biochar technical data sheet. 

 



180 
 

ANNEX 3. Mapei Dynamon SP1 technical data sheet.
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ANNEX 4. Sigma-Aldrich Polyethylene Glycol 10 000 technical data sheet. 
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