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Abstract 

A D Botha 

Department of Civil Engineering, 

University of Stellenbosch, 

Private Bag X1, 7602 Matieland, South Africa. 

Thesis: MEng Structural Engineering 

April 2022 

Plastic waste within the built environment is a global concern, with proportions of waste plastic 

produced in municipal solid waste being more than 10% by the beginning of the millennium. Within 

the engineering community, the use of construction materials implementing waste plastics has been a 

recent development that aims to minimise the effect of plastic waste on the environment. One major 

concern, however, is that addition of plastics has an unknown impact on the fire response and 

behaviour of recycled construction products. All structures are required to have a fire rating to 

quantify the resistance of the structure to a fire event. The unknown response of recycled construction 

materials to fire has resulted in the investigation of several recycled construction systems within this 

thesis.  

Systems that were analysed include Ecobricks (a building block made of a plastic bottle that is filled 

with plastic infill material), adobe bricks (building units made from natural in-situ soils) and RESIN8 

bricks (concrete masonry units with added plastic aggregate replacement). The exposure of each of 

these systems to a heat source representing a small fire allowed their respective response to fire to be 

examined, both qualitatively and quantitively, and for observed behaviour to be captured.  

The adaptation of a newly developed system for fire response testing (Heat Transfer Rate Inducing 

System or H-TRIS) was employed for the experimentation carried out in this thesis. The system used 

involved the use of electric radiant panels for means of heating experiments (coined as the eH-TRIS). 

Samples were subjected to constant heat fluxes of up to 35 kW/m² imparted purely by means of 

radiative heat transfer, without the effect of the convective zone heating the sample. 

A qualitative assessment of the behaviour of exposed Ecobricks with the use of video and 

photographic data was performed, as well as quantitative thermal assessment of the associated adobe 

protection system. A quantitative analysis of the RESIN8 samples was carried out to determine total 

mass losses, release of energy as well as total heat release rates for samples of increasing replacement 

plastic content. In addition, the pre- and post-fire compressive strengths of the RESIN8 samples were 

determined to quantify the effect of fire on the capacity of brick strength. 

The use of exposed Ecobricks was found to lead to undesirable fire behaviour, including the presence 

of flaming droplets, high smoke production and sustained burning immediately after ignition. A 

significant improvement was observed with the use of adobe, with minimal effects of heat transfer 

impacting on the system. The replacement content of the RESIN8 samples influenced both smoke 

production and heat transfer, with high volumes of smoke observed for the highest replacement group. 

Capacity of the RESIN8 units was also found to drop up to 34.7% of original compressive strength, 

with heat releases ranging from 291 to 3075 kW with an increase in RESIN8 replacement. 

The research in this paper aims to act as a spearhead into the topic of these systems, as further 

research will be required into the many other facets (and additional construction materials) that 

remain. 
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Uitreksel 

Plastiekafval is 'n wêreldwye bekommernis, met betrekking tot plastiekafval wat in munisipale afval 

geproduseer word en wat meer as 10% gestyg het van die begin van die millennium. Binne die 

ingenieursgemeenskap is die gebruik van konstruksiemateriaal, wat afvalplastiek implementeer, 'n 

onlangse ontwikkeling wat daarop gemik is om die effek van plastiekafval op die omgewing te 

verminder. Een groot bekommernis is egter dat byvoeging van plastiek 'n onbekende impak op die 

brandreaksie en gedrag van herwonne konstruksieprodukte het. Alle strukture moet 'n brandgradering 

hê om die weerstand van die struktuur teen 'n brandgebeurtenis te kwantifiseer. Die onbekende reaksie 

van herwonne konstruksiemateriaal op brand het gelei tot die ondersoek van verskeie herwonne 

konstruksiestelsels binne hierdie tesis. 

Stelsels wat ontleed is, sluit in ‘Ecobricks’ ('n boublok gemaak van 'n plastiekbottel wat met 

plastiekvulmateriaal gevul is), adobe-stene (bou-eenhede gemaak van natuurlike in-situ grond) en 

RESIN8-stene (betonmesseleenhede met bygevoegde plastiek-aggregaatvervanging). Die blootstelling 

van elk van hierdie stelsels aan 'n hittebron, wat 'n klein brand verteenwoordig, het toegelaat dat hul 

onderskeie reaksies kon ondersoek, beide kwalitatief en kwantitief en waargenome gedrag kon 

vasgelê word. 

Die aanpassing van 'n nuwe ontwikkelde stelsel vir brandreaksietoetsing (‘Heat Transfer Rate 

Inducing System of H-TRIS’) is aangewend vir die eksperimentering wat in hierdie tesis uitgevoer is. 

Die stelsel wat gebruik is, behels die gebruik van elektriese stralingspanele vir middele van 

verhittingseksperimente (ontgin as die eH-TRIS). Monsters is blootgestel aan konstante hittevloede 

van tot 35 kW/m² wat deur middel van radiatiewe hitte-oordrag oorgedra is, sonder dat die effek van 

die konvektiewe sone die monster verhit. 

'n Kwalitatiewe assessering van die gedrag van blootgestelde ‘Ecobricks’ met die gebruik van video- 

en fotografiese data is uitgevoer, sowel as kwantitatiewe termiese assessering van die gepaardgaande 

adobe-beskermingstelsel. 'n Kwantitatiewe ontleding van die RESIN8-monsters is uitgevoer om totale 

massaverliese, vrystelling van energie sowel as totale hittevrystellingtempo's vir monsters met 

toenemende vervangingsplastiekinhoud te bepaal. Daarbenewens is die voor- en na-vuur druksterktes 

van die RESIN8 monsters bepaal om die effek van vuur op die kapasiteit van baksteensterkte te 

kwantifiseer. 

Daar is gevind dat die gebruik van blootgestelde Ecobricks tot ongewenste brandgedrag lei, insluitend 

die teenwoordigheid van vlammende druppels, hoë rookproduksie en volgehoue brand onmiddellik na 

ontsteking. 'n Beduidende verbetering is waargeneem met die gebruik van Adobe, met minimale 

effekte van hitte-oordrag wat 'n impak op die stelsel het. Die vervangingsinhoud van die RESIN8-

monsters het beide rookproduksie en hitte-oordrag beïnvloed, met hoë volumes rook waargeneem vir 

die hoogste vervangingsgroep. Daar is ook gevind dat die kapasiteit van die RESIN8-eenhede tot 

34.7% van oorspronklike druksterkte daal, met hittevrystellings wat wissel van 291 tot 3075 kW met 

'n toename in RESIN8-vervanging. 

Die navorsing in hierdie tesis het ten doel om as 'n begin-punt in die onderwerp van hierdie stelsels op 

te tree, aangesien verdere navorsing vereis sal word na die vele ander fasette (en bykomende 

konstruksiemateriaal) wat oorbly. 
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1. Introduction 

1.1. Background 

Plastic waste is a global problem that cannot be ignored or side-lined any longer. The proportion of 

plastic present in municipal solid waste (MSW) grew from approximately 1% in the 1960s to 10% in 

the mid-2000s in middle to high income countries. This is a major problem as land and sea become 

oversaturated with masses of non-biodegradable material (Figure 1.1) According to Kohler et al. 

(2018), approximately only 43.7% of documented plastics are recovered/recycled within South 

Africa. Recycling efforts are also made more difficult to achieve as a result of high proportions of 

plastics having to be sorted from landfill sites.  

 

Figure 1.1: Plastic pollution found at sea as well as on land (Abdulraheem, 2018; CFP, 2021) 

 

The use of recycled construction materials has become a significant focus within the construction 

industry on both an international and local scale due to growing awareness of sustainability. Readily 

available materials that are considered as ‘waste’ or ‘landfill’ items could potentially be prevented 
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from polluting new areas of land by being utilised in a variety of ways. Such materials can be 

implemented to create sustainable and eco-friendly solutions that can be substituted for traditional 

building materials such as traditional masonry bricks, timber elements and concrete (Bipat, 2021) . 

A selection of recycled materials is being used around the world to create awareness of the potential 

of forming part of a community-based drive to create awareness around reducing personal waste 

impact on the environment. These materials include Ecobricks (along with the various protection 

systems used during their construction) as well as solid building units utilising processed waste 

plastics as an aggregate substitute (RESIN8) within common mix designs. Ecobricks are building 

blocks consisting of polyethylene terephthalate (PET) bottles that are packed with clean waste plastics 

of any type (GEA, 2020). RESIN8 is an aggregate replacement material that is made of a combination 

of waste plastics to form a fine stone-like material that can be used in concrete masonry unit mix 

designs (CRDC Global, 2020).   

It is important to note the current challenges that the South African housing sector faces. As of 2019, 

it was estimated that the housing shortfall for the Reconstruction Development Programme (RDP) and 

Breaking New Ground projects amounted to approximately 2.1 million homes (Reality Check Team, 

2019). The RDP is a socio-economic framework that was implemented in 1994 to challenge the many 

problems faced within South Africa; one major aspect being the access to homes for all South 

Africans (O`Malley, 1994). Presently, the current housing shortfall estimate stands at 2.5 million 

homes, with officials stating the number is suspected to be higher due to a lack of reliable data 

(Mahlakoana, 2021). As the population within the country increases, the demand for housing will 

naturally continue to increase. Since a large number of houses built locally will be assessing the use of 

alternative construction materials with respect to economic and environmental advantages, the 

opportunity for recycled construction materials is significant. However, it is important to note another 

major problem that is currently plaguing both formal and informal settlements of South Africa on a 

regular basis; the hazard of fire and rapid fire spread within the settlement itself. All formal homes are 

required to have certain minimum fire resistance ratings, whilst the lack of fire resistance in informal 

dwellings leads to large conflagrations.  
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Figure 1.2: Imizamo Yethu informal settlement fire of 2017 (Sullivan, 2018) 

 

Typically, informal dwellings are constructed using a range of widely available materials including 

wood, galvanized sheeting, cardboard and tyres amongst others. As a result, the fire potential of these 

types of dwellings is immense. Combined with a significantly high density of dwellings within 

settlements, the opportunity for rapid fire spread is also a major problem experienced with fires of this 

nature. Notable fires that have occurred in the past include the Imizamo Yethu and Masiphumelele 

informal settlement fires in 2017 and 2020 respectively. The Imizamo Yethu fire (Figure 1.2) was one 

of the largest settlement fires in recent history, resulting in the displacement of approximately 10,000 

people and destruction of 3,500 dwellings (de Koker et al., 2020). Hence, even if residents or NGOs 

are providing informal homes the fire resistance rating of dwellings is important. The response of 

recycled construction materials in fire (particularly plastics) is for the most part unknown. Plastics are 

manufactured with the use of oil. As a result, plastics are inherently flammable with a high release of 

energy upon burning. Combined with a high energy potential, the release of large volumes of noxious 

fumes also poses a potential problem. Recycled construction materials could play an integral part in 

the reducing cost of construction as well as making use of abundant waste materials generated locally, 

which would be utilised in low-rise homes. However, safety cannot be compromised when promoting 

systems incorporating waste plastic products. 
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1.2. Overview 

The research within this thesis presents a selection of locally available recycled plastic construction 

materials and tests their response to fire when subjected to a heat flux of known magnitude. The aim 

is to provide insight into how these materials behave in fire such that they can be used effectively 

within a structure, while not compromising on fire safety or exceeding limits of applicable fire 

parameters as set out in various standards. Additionally, it must be identified when materials cannot 

be considered safe for use.  

As initial component of the research involved the development and use of a novel testing method to 

provide an alternative to full-scale furnace testing. The Heat-Transfer Rate Inducing System (H-TRIS) 

setup developed is based on the principle of radiative heating that can reach a sufficient level of heat 

flux without the effect of convective interference (referred to as the boundary layer) (Maluk et al., 

2019). In this work an electronic version of the H-TRIS is developed, which has not been done to-

date. With the use of multiple radiant panels, a wide variety of sample sizes can be accommodated 

while configurations can be customized based on sample shape or orientation. 

A total of three systems were selected for assessment; including (a) exposed Ecobricks (primarily 

used a benchmark to understand their flammability and behaviour in fire), (b) adobe earth bricks with 

Ecobricks as an infill, and (c) concrete units with added aggregate replacement (RESIN8) within a 

pre-existing mix-design. Each system was exposed to the aforementioned H-TRIS setup in order to 

assess their respective response to fire (in this instance, a pre-defined constant heat flux). Using a 

combination of visual assessment and quantifiable measured data, recommendations are made 

regarding the suitability of each of these systems within construction with respect to their fire 

response. These recommendations are be based on potential problems or risks discovered during the 

testing of each of the systems, or calculated parameters that were compared against defined values or 

limits outlined within the literature. 
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1.3. Research objectives 

The goal of this research is to gain an understanding of the fire response of various recycled 

construction materials when subjected to a heat source simulating fire conditions. The broad 

individual objectives of this research are as follows: 

• Design and construction a novel electronic H-TRIS experimental setup for simulating fire 

exposure.  

• Gain insight into the fire behaviour of exposed Ecobricks when subjected to a constant heat 

flux (30-35 kW/m²), to serve as a benchmark for demonstrating their potential behaviour in 

fire. 

• Investigate an alternative Ecobrick protection system using adobe earth blocks, to 

complement plaster protection methods used in previous experiments, and assess behaviour 

when heated. 

• Investigate the effect of RESIN8 on fire behaviour of concrete building units when used as an 

aggregate replacement 

• Assess suitability of the above materials as widely used construction materials with respect to 

existing standards 

The project will seek to answer the following questions: 

• How do Ecobricks behave when exposed to a constant heat flux by means of simple visual 

tests and photographic capture? 

• What can be done in addition to current known protection methods that are used in Ecobrick 

construction? 

• What level of plastic replacement within cement brick units is considered safe with respect to 

contribution to the total fuel load of the structure and gas emissions from the brick itself? 

• How does fire influence the strength of said bricks (mass loss, cross sectional reduction, 

contribution to fire load energy density etc.)? 

 

1.4. Scope and limitations 

Although a myriad of recycled construction materials is available internationally, not all of these 

products are readily available for the South African market. In addition, the assessment of all 

available materials would be a task too intensive for the means of a single research paper. The 

construction materials in the paper were therefore selected based on their current/planned use within 

the country and local availability. Further materials will need to be assessed in the future, which will 

complement recycled materials presented within this paper. Also, Ecobricks and RESIN8 are very 

different in nature and provide good comparisons of products at each end of the spectrum of plastic 
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geometry and usage in construction with regards to fire. Ecobricks systems result in large, and often 

continuous, distributions of plastic material and must typically be protected by other construction 

materials (e.g., plaster of boards) and will be referred to as having “macro” plastic units. Conversely, 

masonry systems incorporating RESIN8 result in large numbers of small plastic particles dispersed 

within a concrete or clay matrix and will be referred to as having “micro” plastic units in this work. 

RESIN8 bricks may, or may not, be directly exposed to fire conditions.  

The H-TRIS was used to assess the materials selected on a small scale to obtain initial observations 

and parameters of each of the systems used. Heat flux intensities utilised are high enough to cause 

ignition, but were intentionally kept low such that smoke emission, plastic response and other factors 

could be investigated. It is noted that formal fire resistance ratings can only be obtained with the use 

of a full-scale furnace test and heat fluxes exceeding that of 100 kW/m². Further research will be 

required to assess the interaction of full-scale samples for both exposed Ecobricks and RESIN8 

concrete units in a furnace or constructed dwelling undergoing a fully developed fire. Hence, this 

work provides a preliminary assessment and investigation that will guide future testing.   

Additionally, instrumentation required for obtaining time-dependent data such as mass loss (where 

required) and calorimetry was not readily available at the time of testing. The total mass loss was 

therefore measured to quantify the total energy lost, which is then compared to values available in the 

literature. Further research will be required to obtain time-dependent mass losses to accurately 

develop heat release rate curves for each of the samples tested. 

 

1.5. Layout 

Chapter 1 – Introduction: Provides the background as well as the overview, research objectives and 

scope limitations of this research 

Chapter 2 – Literature review: Applicable literature is provided and reviewed to inform the reader 

of necessary knowledge required for the work completed throughout this thesis. This includes the 

fundamentals of fire behaviour, basic concepts of heat transfer as well as key aspects of fire safety and 

fire resistance. A selection of fire response and resistance tests are also discussed along with the range 

of recycled construction materials utilised during testing within this thesis. 

Chapter 3 – Previous research: Research completed by colleagues at Stellenbosch University is 

covered within this section which pertains to the use of Ecobricks as an infill material for wall 

partitions and the associated plaster thickness that will be suitable to protect these systems in the event 

of a fire. Details of the sample setups, instrumentation and a summary of the results are provided in 

this section.  
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Chapter 4 – Experimental setup:  the setup used for testing the selection of recycled construction 

materials (eH-TRIS) is introduced in this section   along with details of the three recycled construction 

systems tested within this thesis (exposed Ecobricks, adobe Ecobrick protection and RESIN8 concrete 

masonry units with added waste plastic aggregate replacement). The process used to test each of the 

three systems is also provided in this chapter. 

Chapter 5 – Results and analysis: the results of testing fire response of each of the three systems are 

presented within this chapter. Each system is then analysed and discussed based on the parameters/ 

data acquired during testing. A qualitative analysis is performed for the Ecobricks, whereas he adobe 

and RESIN8 systems are quantified using results of previous studies and comparable data. 

Chapter 6 – Conclusions and recommendations: an overview of the entire thesis is provided in this 

chapter, followed by a summary of findings from experimental results and discussion. 

Recommendations pertinent to each of the systems are then listed as well as areas for future research 

that can be investigated. 
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2. Theoretical Background 

This section seeks to inform the user of knowledge pertinent to the chapters to follow. A brief 

summary of topics involving fire behaviour, basics in heat transfer, material response to fire as well as 

methods of testing currently employed to quantify a construction system’s response to fire are 

included. A background as well as past and current usage of the construction materials used for testing 

is also provided. The references utilised herein provide much insight should further detail of the 

concepts discussed be required. 

2.1.1. Fire Behaviour 

2.1.2. Ignition 

Ignition of a fire is the start of an exothermic chemical reaction. This stage can be identified by a 

temperature increase above ambient temperature. This stage can occur due to piloted or spontaneous 

ignition and will lead to a combustion process that can be either a smouldering or flaming fire. The 

source of ignition can also be referred to as the ‘fire trigger’ (Bengtsson, 2001). Spontaneous 

combustion occurs at different temperatures for different materials, with wood igniting at a surface 

temperature between 500°C and 600°C and plastics igniting within the region of 350°C up to 580°C 

(depending on the type of plastic concerned.) Piloted ignition typically occurs at lower temperatures 

than spontaneous ignition. 

Immediately after ignition, the effect of ventilation of an enclosure on the rate fire growth is minimal. 

The fire would therefore be fuel controlled. The properties of the material undergoing combustion 

would therefore determine the nature of the combustion process. A material such as a bed sheet would 

usually result in a flaming fire, whereas a thick log of wood would result in a smouldering fire. This 

highlights that a less dense material with a relatively large surface area would result in rapid flame 

spread, whereas a denser material would result in slower spread of flame.  

The four key factors that affect flame spread over a surface are discussed below as provided by 

(Bengtsson, 2001).  

1. Thermal inertia: flame spread rates are largely dependent on thermal inertia. Thermal inertia 

is a material property and is represented by 𝑘𝜌𝑐, where 𝑘 is the coefficient of thermal 

conduction, 𝜌 is the material density and 𝑐 is the specific heat of the material. A high density 

generally indicates a high thermal inertia when considering solid materials. Thus, a material 

with a low thermal inertia usually has a low density. Flame spread is generally greater over a 

surface with a lower thermal inertia compared to a higher thermal inertia. 
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2. Surface geometry: The rate of fire spread increases with an increase in exposed surface area, 

and with regards to the thermal feedback between burning items. An internal corner will 

result in an increased flame spread due to the interaction between both burning surfaces. 

Smoke that accumulates in the corner from the heated material also heats up and results in 

less air being drawn into the plume.  

3. Surface direction: the rate of upward flame spread is far greater than in a downwards 

direction (referred to as creeping). Vertical flame spread up a wall and horizontal flame 

spread along a roof have the fastest spread rate, whereas spread along a floor or down a wall 

are slower. In certain cases, the upward spread of flame can be up to 10 times greater than 

lateral flame spread (Moore-Bick, 2017). A visual representation of this phenomena is shown 

in Figure 2.1 (F.I.R.E., 2017). 

 

 

Figure 2.1: Rate of burning for varying orientation and flame origin (F.I.R.E., 2017) 

 

The difference in upward and downward rate of spread is since heated gases rise due to 

buoyancy forces. The flame height resulting from upward spread is also often twice as high as 

for that of downward spread (over the same period for several materials).  

4. Surrounding environment: As ambient temperature increases, the rate of flame spread also 

increases. The required temperature for ignition is reached more rapidly because the surface 

of the material is preheated.  

2.1.3. Phases of fire behaviour 

Fire growth rates are typically classified as either ultra-fast, fast, medium or slow after ignition. This 

is dependent on the type of combustion, surrounding environment, fuel type and supply of airflow to 

the fire. A smouldering fire can produce noxious gases (e.g. carbon monoxide, hydrochloric acid) 

while the energy release rate may be low. The presence of toxic volatiles due to incomplete 

combustion of the specimen can also be a potential problem depending on the material undergoing 
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burning. A smouldering fire may die out, or the growth period may take a long time before the fire 

reaches flashover conditions (discussed in the next section). A fire can thus be described based on the 

production of combustion gases and the rate of energy released. 

Conversely, it is also possible for a fire to grow rapidly. This is evident in flaming fires where the 

ignition of highly flammable fuel leads to rapid flame spread over the surface. The heat flux from the 

burning fuel can be high enough to ignite adjacent combustibles. This rapid growth is also aided by 

the presence of sufficient oxygen and fuel supply. A fire in the growth stage, in most cases, is known 

as a fuel-controlled fire.  

As this fire continues to grow, gases are released from the burning materials. The process of release of 

gases from the burnt solids is referred to as pyrolysis and begins at temperatures ranging of 100°C to 

250°C (Bengtsson, 2001). Pyrolysis of a material can be detected either visually or when the mixture 

of emitted gases and oxygen begin to burn. In addition to the burnt gases, suspended solids due to 

incomplete combustion will accumulate at ceiling level to form what is known as the smoke or hot 

layer. The flow of hot air and smoke out of a room containing a fire forms the plume. A fire plume 

can be defined as the flow of hot gases that forms within, and above, a flame (Bengtsson, 2001). An 

example of a typical fire plume in an enclosure is shown by Figure 2.2. 

 

Figure 2.2: Formation of hot layer with smoke plume outflow with products of incomplete combustion 

(Bengtsson, 2001) 

 

The heated smoke gas layer that forms is referred to as the hot layer within the enclosure. This is 

accompanied by the ‘cold zone’ found below the hot smoke layer. Once the heat flux emitted from the 

hot layer is sufficient to ignite all exposed items an enclosure (flux around 15-20 kW/m2 typically) it 

causes rapid fire growth, and this will result in the phenomenon known as flashover. Thereafter the 

fire will transition to the fully developed phase. At this phase the heat release is at its maximum and 
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will typically be governed by the availability of oxygen entering through openings, i.e. the fire 

becomes ventilation controlled. Once fuel starts to be consumed the fire will enter the decay phase, 

which is associated with a reduced heat release rate and temperatures.  

 

2.2. Heat transfer 

The interpretation of fire phenomena requires an understanding of multiple areas of physics including 

those of fluid dynamics and heat transfer. In the following subsections, the fundamental mechanisms 

of heat transfer (conduction, convection and radiation) will be discussed. The presence of all three 

mechanisms can usually be found in every fire, but it is commonly found that one mechanism is more 

prevalent at a defined stage of the fire or location within the burning area (Drysdale, 2011). 

Details pertaining to the three mechanisms of heat transfer are drawn from Buchanan & Abu (2019). 

unless noted otherwise. 

2.2.1. Conduction 

The conduction mode is associated with heat transfer in solid materials, where the transfer of heat 

from a high temperature zone to a lower temperature zone occurs within one, or multiple, physically 

interconnected bodies. The transfer or flow of heat from high temperature regions to lower 

temperature regions is expressed as heat flux. The heat flux per unit area is proportional to the 

temperature gradient when considered at a macroscopic level and can be represented by q” as shown 

in Equation 2.1 (Rohsenow and Hartnett, 1999) 

𝑞�̇�" = −𝑘
𝑑𝑇

𝑑𝑥
                                                             (2.1) 

where 𝑘 is defined as the coefficient of thermal conductivity. This value is characteristic of the 

material involved in the conduction mode of heat transfer. The inclusion of the negative sign accounts 

for the movement of heat in the direction of decreasing temperature. The abovementioned form of 

heat conduction is known as the one-dimensional form of heat conduction (Fourier’s Law). 

With 𝑞𝑥
"̇  defined as in Equation 2.2 

𝑞𝑥
"̇ = (

𝑑𝑞𝑥

𝑑𝑡
)/𝐴                                                        (2.2) 

in units of W/m.K (when 𝑞"̇ is defined in units of W/m², 𝑇 in units of °C or K, and 𝑥 in units of m).  

When considering a problem involving a real fire, the transient fire condition is related to most fires 

and requires several time-dependent partial differential equations to be solved. If we, however, 

consider that such equations will tend towards equilibrium (steady state) over time, the use of the 
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steady state condition can greatly simplify analysis of fire instances. The use of the steady state is 

permitted if there is no significant variation of the heat source and integrity of materials. The steady 

state equation for conduction can be expressed using Equation 2.3 and is illustrated by Figure 2.3 

(Quintiere, 2016). 

�̇� =
𝑘𝐴(𝑇ℎ−𝑇𝑐)

𝑑
                                                           (2.3) 

where 𝑘 is defined as the coefficient of thermal conductivity, 𝐴 is the area of the fire exposed surface,  

𝑇ℎ is the temperature of the fire exposed surface, 𝑇𝑐 is the temperature of the unexposed surface and 𝑑 

is the thickness of the sample in question.  

 

 

 

Figure 2.3: Conduction of heat energy through a solid body from a hot to cool region (Quintiere, 2016) 
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The thermal conductivity of materials is temperature dependent, with common conductivity 

coefficients being defined at an ambient temperature of 20°C, with values of common materials 

shown in Table 2.1 (Pitts and Sissom, 1998). 

Table 2.1: Conductivity values for commonly found materials (Pitts and Sissom, 1998) 

Material 𝒌 (W/m.°C) 

Mild steel 45.8 

Concrete 0.76 - 1.4 

Brick (common building) 0.69 

High density polyethylene (HDPE) 0.44 

Low density polyethylene (LDPE) 0.35 

Polyethylene terephthalate (PET) 0.2 

Polypropylene 0.16 

Polyvinylchloride (PVC) 0.09 

Air 0.026 

 

2.2.2. Convection 

While conduction deals with the migration of heat through solids, convection is the transfer of heat 

through either a liquid or gaseous medium. Specifically, convection can be defined as the energy 

exchange between a surface and an adjacent fluid (Welty et al., 2008). The hot gases and products of 

incomplete combustion contained in the smoke plume are carried upwards through convective action. 

As a result, convection plays a major part in contributing towards flame spread in an enclosure fire. It 

is important to note that convection can either cool or heat a solid, depending on the relative 

temperature gradient between the solid and fluid respectively. 

The rate of change in temperature is also critically influenced by the velocity of the fluid over an 

object’s surface. The convective flow is represented by Equation 2.4, referred to as the Newton rate 

equation first defined by Newton in 1701: 

�̇�" = ℎ𝑐∆𝑇                                                           (2.4) 

where ℎ𝑐 is the coefficient of convective heat transfer (W/m2.K) and ∆𝑇 is the difference in 

temperature between the fluid and emitting/ receiving surface. Since the presence of the laminar flow 

layer is present for any flow over a surface (even for turbulent flow) the conduction through this layer 

must be considered (the basis of convective heat transfer). Hence, the coefficient of convective heat 

transfer is also commonly referred to as the film coefficient, as can be seen in software packages such 

as Abaqus (Duval et al., 2014).  

Stellenbosch University https://scholar.sun.ac.za



2 .  T H E O R E T I C A L  B A C K G R O U N D  

 

14 

 

Values of ℎ𝑐 differ depending on the thickness of the boundary layer, surface geometry and flow 

properties. A value of 25W/m².K is recommended for use with a standard fire curve, whereas values 

of 35W/m2.K and 50W/m2.K are recommended for parametric and hydrocarbon fire curves 

respectively (CEN, 2002).  

It is important to make the distinction between free and forced convection, as this plays a pivotal role 

in the cooling/heating of the system. Free convection is associated with the burning of the item in 

open air without the effects of external sources of ventilation, fans or excessive wind. Forced 

convection involves the use of some form of extraction fan/ducting system that 

intentionally/unintentionally cause airflow over the surface of the burning item. Typical ranges of ℎ𝑐 

are shown in Table 2.2 for both forced and free convection through air and water (Welty et al., 2008). 

Table 2.2: Convection coefficients for common cases of convective heat transfer from Welty et al. (2008) 

Mechanism 𝒉𝒄 (W/m².K) 

Free convection; air 5-50 

Forced convection; air 25-250 

Forced convection; water 250-15,000 

 

2.2.3. Radiation 

The mechanism of radiation involves the transfer of thermal energy between two bodies through 

electromagnetic waves. Radiation is unique to conduction and convection since no medium is 

required for heat transfer to occur. At higher temperatures, radiation is also the greatest contributor to 

heat transfer, owing to the fact that the energy transfer is proportional to the fourth power of the 

temperature of the emitter and receiver (Pitts and Sissom, 1998). 

Radiative energy transfer can occur within a wide spectrum of wavelengths, from the lower frequency 

(radio) to the highest frequency possible (gamma). A distribution of the spectrum of radiation is 

shown below in Figure 2.4 (Bird et al., 2002). 
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Figure 2.4: Spectrum of wavelengths for radiative heat transfer (Bird et al., 2002) 

Radiation can occur such that a system undergoes change from a high to a low energy state. This is 

referred to as emission. Absorption occurs when radiant energy is added to the system and the change 

from a low to a high energy state takes place (Bird et al., 2002).  Thermal radiation occurs between 

the region of visible light and an extension towards the far infra-red spectrum. This ‘window’ within 

the radiative spectrum usually occurs between wavelengths of 0.4 - 100 μm (Drysdale, 2011). The 

total energy (𝐸) of a grey body emitted by unit area of a grey surface above it is given by Equation 2.5 

(Drysdale, 2011) 

𝐸 = 𝜀𝜎𝑇4                                                             (2.5) 

where 𝜀 is the emissivity of the emitting body, 𝜎 is the Stefan Boltzmann constant (5.67 x 10⁻⁸ W/ 

m².K⁴) and T is the temperature of the hot body. The emissivity values of some common materials are 

given in Table 2.3 (Welty et al., 2008; ). 

Table 2.3: Emissivity values of a selection of materials from Welty et al. (2008) 

Material 𝜺 

Brick, red rough 0.93 

Ceramic 0.9 – 0.94 

Concrete 0.94 

Plastic 0.85 – 0.95 
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When taking the position of an item relative to the radiator, it is important to define a configuration 

factor which accounts for any rotation of the one surface relative to the other, and the distance 

between them. This concept is illustrated in Figure 2.5 below and the configuration factor can be 

calculated using Equation 2.6. 

 

Figure 2.5: Configuration factor for two surfaces at an angle to one another (Buchanan and Abu, 2017) 

 

𝜑 = ∫
cos 𝜃1 cos 𝜃2

𝜋𝑟2 𝑑𝐴1
0

𝐴1
                                                       (2.6) 

The configuration factor can be expressed in terms of the explicit surface area of the radiator when 

considering a point at the centre on the receiving surface that is parallel to the radiator. The 

configuration factor for the above case is illustrated in Figure 2.6 and can be calculated using 

Equation 2.7. 
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Figure 2.6: Configuration factor for parallel rectangular radiator and receiving surface (Buchanan and 

Abu, 2017) 

 

𝜑 =
2

𝜋
[

𝑥

√1+𝑥2
tan−1 (

𝑦

√1+𝑥2
) +

𝑦

√1+𝑦2
tan−1 (

𝑥

√1+𝑦2
)]                               (2.7) 

where 𝑥 =
𝐻

2𝑟
 and 𝑦 =

𝑊

2𝑟
 

When considering the temperature gradient between two items, the resultant flux (in kW/m²) received 

by an item can be calculated using Equation 2.8 

�̇�" = 𝜑𝜎𝜖(𝑇ℎ
4 − 𝑇0

4)                                                   (2.8) 

where 𝑇ℎ is the temperature of the emitter and 𝑇0 is the ambient temperature of the surrounding fluid 

2.2.4. Numerical techniques for analysis 

When considering a structural element such as a wall, numerical methods can be used to calculate the 

temperature on the unexposed face and throughout the depth of the wall if thermal parameters are 

known. To solve for these temperatures, the total thickness of the wall needs to be represented by a set 

number of thermally thin elements of equivalent thickness (∆𝑥). A layout of elements for a wall of 

infinite thickness is shown in Figure 2.7 (Drysdale, 2011). 
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Figure 2.7: Thermally thin elements within a wall of infinite thickness used for transient analysis 

(Drysdale, 2011) 

In this way, the thermally thick element (a reasonably complex problem) can be analysed efficiently 

without the need for excessively complicated systems of equations. 

Conduction 

The change in temperature due to conduction for elements on the outside edge of the sample (𝑇1𝑐𝑜𝑛𝑑) 

is due to losses caused by conduction through the sample. This can be expressed as shown in Equation 

2.9 

𝑇𝑐𝑜𝑛𝑑(𝑡 + ∆𝑡) =
𝑘

∆𝑥
(𝑇1(𝑡)−𝑇2(𝑡))

𝜌𝑐𝑝∆𝑥
                                             (2.9) 

where 𝑘 is the coefficient of conductivity of the wall material,  𝜌 is the density of the wall material, 𝑐𝑝 

is the specific heat of the wall material and ∆𝑥 is the chosen thickness of the thin element. 

Convection 

For internal elements (such as 𝑇2), heat is gained from the outside element (𝑇1) and lost to the inner 

element (T3). The change in temperature due to convection between each element (𝑇𝑐𝑜𝑛𝑣) can be 

expressed as shown in Equation 2.10 

𝑇𝑐𝑜𝑛𝑣(𝑡 + ∆𝑡) =
ℎ(𝑇𝑔(𝑡+∆𝑡)−𝑇1(𝑡))∆𝑡

𝜌𝑐𝑝∆𝑥
                                      (2.10) 

where ℎ is the film coefficient on the face concerned and 𝑇𝑔 is the gas temperature in front of the face 

concerned 

Radiation 

The change in temperature due to radiation between each element (𝑇𝑟𝑎𝑑) can be expressed as shown 

in Equation 2.11 
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𝑇𝑟𝑎𝑑(𝑡 + ∆𝑡) =
𝜑𝜀𝑡𝜎(𝑇𝑟(𝑡+∆𝑡)4−𝑇1(𝑡)4)∆𝑡

𝜌𝑐𝑝∆𝑥
                                     (2.11) 

 

where 𝜑 is the configuration factor, 𝜀𝑡 is the resultant emissivity and 𝑇𝑟 is the temperature of the 

radiator. The resultant emissivity can be calculated using Equation 2.12 

𝜀𝑡 =
1

1

𝜀𝑒
+

1

𝜀𝑟
−1

                                                              (2.12) 

where 𝜀𝑒 and 𝜀𝑟 are the emissivities of the emitter and receiver respectively 

Effects of all three heat transfer mechanisms 

Using the combined effects of conduction, convection and radiation for heat transfer, an expression 

for the temperature at the exposed surface (𝑇1) can be obtained as shown in Equation 2.13 

𝑇1(𝑡 + ∆𝑡) = 𝑇𝑐𝑜𝑛𝑑(𝑡 + ∆𝑡) + 𝑇𝑐𝑜𝑛𝑣(𝑡 + ∆𝑡) + 𝑇𝑟𝑎𝑑(𝑡 + ∆𝑡) + 𝑇1(𝑡)                     (2.13) 

 

2.3. Material contributions to fire 

The fuel within a fire is one of the key factors that influences how hot the fire will burn and how 

rapidly a fire will grow, as well as how much energy is released over the duration of the fire. This can 

be quantified by calorific value or heat of combustion of the material concerned, shown in Equation 

2.14 

∆𝐻𝑐,𝑛 = ∆𝐻𝑐(1 − 0.01𝑚𝑐) − 0.025𝑚𝑐                                      (2.14) 

where: 

∆𝐻𝑐,𝑛 is the effective heat of combustion, accounting for the presence of moisture in the material 

∆𝐻𝑐 is the net calorific value of the given material 

𝑚𝑐 is the moisture content expressed as a percentage of the given material mass 

The maximum energy release (𝐸 in MJ for a dry fuel) is thus represented as shown in Equation 2.15 

𝐸 = 𝑀∆𝐻𝑐,𝑛                                                            (2.15) 

where: 

M is the mass of given material (kg) 
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For most fuels, the net calorific value ranges from 10 – 50 MJ/kg. Some calorific values of common 

fuels are given in Table 2.4 (CEN, 2002) 

Table 2.4: Net calorific values of selected common materials (CEN, 2002) 

Material ∆𝑯𝒄 (MJ/kg) 

Wood 17.5 

Charcoal 30 

Gasoline, petroleum, diesel 45 

Polyethylene, polypropylene, polystyrene 40 

Polyester 30 

Polyvinylchloride 20 

 

When taking the energy released within a room into account, it is common practice to quantify the 

energy release in terms of the available floor area of the room where the fire is expected. This is 

referred to as the Fire Load Energy Density (FLED in MJ/ m²) as given by Equation 2.16 

𝐹𝐿𝐸𝐷 =
𝐸

𝐴𝑓 
                                                             (2.16) 

where: 

 𝐴𝑓  is the floor area of the compartment (m²) 

Values of common FLED values for a number of rooms have been developed in standards to give a 

guideline of expected fire loads for specific occupancies. FLED values as given in EN are shown in 

Table 2.6 

Table 2.5: FLED values for a number of occupancies (CEN, 2002) 

Occupancy Average (MJ/m²) 80% Fractile (MJ/m²) 

Dwelling 780 948 

Hospital room 230 280 

Hotel room 310 377 

Library 1500 1824 

Office 420 511 

Classroom 285 347 

Shopping centre 600 730 

Cinema 300 365 

Public space 100 122 

 

Stellenbosch University https://scholar.sun.ac.za



2 .  T H E O R E T I C A L  B A C K G R O U N D  

 

21 

 

According to (Babrauskas and Peacock, 1992), the single most important aspect of describing the 

intensity of a fire is the heat release rate (HRR). This is calculated by considering the amount of 

energy released (MW) within a certain period of time (s). An average heat release rate (Q in MW) can 

be calculated using Equation 2.17 (Buchanan and Abu, 2017) 

𝑄 =
𝐸

𝑡
                                                                    (2.17) 

For most materials with a high calorific value, the heat release rate is characterised by a rapid initial 

release of energy followed by a steady heat release and decay after the majority of the fuel has been 

expended. As discussed in Section2.6.3, the HRR of materials is usually characterised using a cone 

calorimeter.  

 

2.4. Fire safety and protection 

Every year, the occurrence of fires in living spaces results in the deaths of many civilians and loss of 

property amounting to millions of Rands. These fires can occur in any type of building, often when 

least expected. Unfortunately, the global expectation that your home or workplace will be safe from 

the effect of an unwanted fire therefore cannot be guaranteed. It is impossible to prevent all major 

fires, but it is very possible to reduce the probability of these fires from occurring. This can be 

achieved by implementing the many strategies of fire safety and protection technologies (Buchanan 

and Abu, 2017). 

The purpose of fire protection is to, as far as possible, limit the probability of injury, property loss, 

environmental and death in the case of a fire occurring. In the past, this was of great interest to 

companies involved in insurance of property. Early fire codes were in fact designed to limit the loss of 

property and associated cost to insurance companies. At present, the loss of life is of a greater concern 

than that of property loss. As such, according to (Rasbash et al., 2004), fire safety objectives are 

stated in one of the following ways 

a) To protect life 

b) To protect property 

c) To make sure the cause of the fire safety incident must never occur in the future. 

The first two objectives can be quantified by ensuring that, as far as possible, risks regarding life or 

property can be satisfactorily mitigated. The third objective has been considered to have come about 

as a result of the involvement of society when a disaster occurs that has a major impact on the public 

sphere. Absolutely, it is not possible to satisfy the third objective as a risk of an occurrence of fire will 

always exist no matter the level of mitigation that has been put in place. In addition to the objectives 
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above, contemporary codes are also starting to list environmental protection as a key focus for 

reducing the impact of fires.  

In certain cases, codes only provide life safety and protection to personal property whereas fire 

damage to the structure is assumed to be covered by the owner or insurer of the building. Fire 

protection features are usually implemented in a manner that accounts for both life safety and property 

protection. It is important for the distinction between life safety and property protection to be made 

clear, especially if the owner of the affected building is unaware of the extent of fire damage to the 

building and its contents. 

2.4.1. Life safety 

Ensuring safe escape of occupants of a building is one of the most common goals when providing life 

safety. In order to do this, occupants need to be alerted of the fire, escape paths need to be easily 

identifiable and fire and smoke should not be able to affect people while making use of the escape 

paths provided. If escape is not possible, safety needs to be provided for these persons in the form of a 

fire refuge. Occupants of neighbouring structures should also be protected, as well as fire fighters and 

rescue workers who enter the affected structure to bring the fire under control. 

2.4.2. Property protection 

The first objective of property protection involves protecting the structure, fabric and building 

contents (Buchanan and Abu, 2017). The fire protection of neighbouring structures is considered as an 

additional objective. Loss of business and loss of national heritage landmarks is considered as an 

intangible loss and is an important objective to consider in fire protection. The damage of essential 

services such as energy distribution or telecoms is considered as a loss disproportionate to the size of 

the original fire. 

 

2.5. Fire resistance 

Fire resistance is the determination of an element’s resistance to (a) loss of strength to prevent 

structural collapse, (b) preventing the passage of smoke or flames, and/or (c) unexposed faces 

reaching certain temperatures when exposed to a fire. Failure criteria are discussed in further detail 

below. This resistance can be applied to elements within a building that use one or more types of 

material, as it is independent of the type of material used in the element. Resistance of an element to 

fire is often taken as the time within which the element can meet predefined requirements when 

exposed to a standard fire. An element receives a fire resistance rating once testing has been complete 

to assess its behaviour under a standard fire load. Ratings are allocated (most often) in set units, the 

most common being a rating in hours. A beam that had shown a fire resistance up to 220 minutes, for 

example, would be assigned a fire resistance rating of 2 hours. A standardised system of units, such as 
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hours, allows for assigned ratings of the member to be compared easily with resistance requirements 

in codes. 

2.5.1. Relationship of fire resistance to fire severity 

When assessing the safety of a structure with respect to fire, it is paramount to consider the 

relationship between fire resistance and fire severity. This requires the fire resistance of an element 

(or system of elements) to exceed the expected severity of the fire that the element will be exposed to. 

Currently, there are three well defined methods of relating fire resistance to fire severity, as listed in 

the subsections below 

Time domain 

When comparing fire resistance and severity, time can be utilised as a comparative variable such that 

𝑡𝑓𝑎𝑖𝑙 ≥ 𝑡𝑠 

where 𝑡𝑓𝑎𝑖𝑙 is the time to failure of the element with relation to the standard fire curve and 𝑡𝑠 is the 

expected duration of fire for the element/ structure under evaluation. A fire resistance rating usually is 

attributed to the time to failure of an element whereas the duration of fire is taken as the equivalent 

exposure time to the standard fire or prescribed time of standard fire exposure specified in codes. 

Temperature domain 

An alternative for comparing the criteria for failure of an element is to utilise the temperature domain 

concept. This compares the maximum temperature achieved by an element does not exceed a 

temperature which is deemed to cause failure. As such the temperatures of the fire and element need 

to be related such that 

𝑇𝑓𝑎𝑖𝑙 ≥ 𝑇𝑚𝑎𝑥 

where 𝑇𝑓𝑎𝑖𝑙 is the temperature that would cause failure of the element and 𝑇𝑚𝑎𝑥 is the maximum 

expected temperature of the occurring fire. The definition of failure differs with the nature of the 

element analysed, with excessive temperature rise and structural collapse being related to the failure 

of separating elements and structural elements respectively.  

2.5.2. Specification of fire resistance 

The allocation of a fire resistance rating to a building element is most commonly done by carrying out 

a physical test on the element, although calculations are now also more widely accepted than in the 

past. The use of codes has allowed standardised calculations to be used for a wide range of element 

types. Fire resistance ratings can be categorised under 3 primary types: being generic, proprietary and 

calculation-based ratings. Generic ratings are related to specific materials, whereas proprietary ratings 

are specified by manufacturers for a given product independent of the materials used. Both of the 
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aforementioned resistance ratings are obtained through 1:1 scale fire resistance tests. Many factors 

including fire severity, material properties and support conditions (amongst others) influence the fire 

resistance rating of an element. 

 

2.6. Methods of testing fire resistance and response 

Fire resistance is required to be based on full-scale testing results in most countries. It must be noted, 

however, that resistance tests are not meant to represent a real fire. These tests rather afford 

standardised comparisons to be drawn between structures and (most importantly) their fire 

performance. Small scale tests have been ineffective at representing the behaviour of connections and 

the effects of shrinkage, delamination of materials and large deflections (Buchanan and Abu, 2017). 

Although expensive, large-scale tests are used to take these effects and behaviour into account but 

should only be used when deemed necessary. Standards for fire resistance testing are predominantly 

based on the ISO 834 (alternatively known as the standard fire as shown in Figure 2.8) for many 

countries globally (ISO, 2014), whereas European countries make use of the EN 1363 standard (CEN, 

2020) and the USA adheres to guidelines set out by the ASTM E119 standard (ASTM International, 

2020). Some countries also make use of their own standards based on ISO 834, with modifications 

made to the code to provide for further special cases applicable to the country concerned. 

 

Figure 2.8: ISO 834 Standard fire curve temperature distribution over one hour (ISO, 2014) 

 

2.6.1. Furnace testing 

Fire resistance tests are typically conducted with the use of a fire test furnace. Furnaces usually are 

constructed using a large steel frame that is lined with a combination of fire bricks and ceramic fibre 

blanket. Gas or oil burners are used as heat sources, while thermocouples are used for measuring 
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internal temperatures and monitoring conditions within the furnace. An observation window or 

camera setup within the furnace can be used to supplement monitoring of the furnace interior. A 

chimney to vent smoke and hot gases should also be provided. 

Most furnace tests consist of a sample constructed within a separate frame, which is built into the 

furnace front face before the start of testing. The building in of the sample effectively seals the 

furnace. The burners are then controlled over the duration of the test in order to model the effect of 

the standard fire time-temperature curve. Temperatures that are measured using positioned 

thermocouples include temperatures at the unexposed face of the sample as well as the internal 

temperature of the furnace. 

Walls are one of the most commonly tested elements when assessing fire resistance. As a result, the 

predominant number of fire resistance furnaces are designed to facilitate wall testing. For non-load 

bearing walls (or partitions) structural integrity and insulation are considered as criteria governing 

failure. Such a failure would entail the large movement or deflection of the wall edge, in addition to 

other factors stipulated by the chosen standard for testing. Non-load bearing walls are far less 

demanding during the design and testing stages, as neither stability nor equipment to provide loading 

need to be considered. Height and end fixity conditions are important when testing wall elements and 

need to be modelled such that the test represents real world installations as closely as possible.  

2.6.2. Criteria for failure 

For the testing of samples, the main criteria that exist include the (a) stability/load bearing capacity, 

(b) integrity and (c) insulation of the element concerned. Depending on the nature of the element 

used, one or a combination of the criteria will need to be met in order for the element to achieve its 

target fire resistance. A number of commonly found elements and required criteria to be met during 

testing are shown in Table 2.6. 

Table 2.6: Criteria for failure of various elements with respect to stability, integrity and insulation modes 

(Buchanan and Abu, 2017) 

 Stability Integrity Insulation 

Partition  ✓  ✓  

Door  ✓  ✓  

Load-bearing wall ✓  ✓  ✓  

Floor-ceiling ✓  ✓  ✓  

Beam/ column ✓    

Fire resistant glazing  ✓   
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The stability of an element is applicable to structural members within a building such as columns and 

beams. A horizontal (beam) element shall be deemed to have failed in the case of the deflection 

exceeding that of L/30, where L is the length of the member in question between supports (SABS, 

2005).  

Integrity is based on the ability of an element to resist failure by means of cracking or the formation of 

severe holes or openings through which flames or hot gases can pass. As a result, flames anywhere 

along the unexposed side of the sample would result in integrity failure. 

Insulation takes the temperature anywhere on the unexposed surface of the sample into account. It is 

stipulated in the code that an average temperature rise of 140 °C above ambient on the unexposed area 

of the sample is grounds for insulation failure. A rise of 180°C above ambient temperature or 

temperature exceeding 220°C at any point on the sample is additionally grounds for insulation failure. 

2.6.3. Cone calorimeter testing 

One of the most critical elements of testing a material’s fire potential is the Heat Release Rate. If the 

HRR is known, the contribution of the material as a fuel and subsequent risk of fire occurring can be 

quantified. An effective method of measuring the fire potential of a material is known as the technique 

of cone calorimetry (SFPE, 2016).  

A cone calorimeter works on the basis of directly relating the amount of oxygen that is consumed by a 

burning object to the amount of heat that is generated by the object when burning occurs. The 

generated heat (HRR) is correlated to the associated fire severity (growth rate). A donut-shaped 

radiant heat source (most commonly achieved using radiant coils) is used to quantify flammability of 

a material by heating the material and forcing it to burn. Common cone calorimeters can impart fluxes 

within the range of 0-100kW/m², but the level of heat flux utilised is dependent on the type of 

material. Ignition is achieved once a sufficient level of pyrolysis has been reached such that gases can 

be ignited by a sparking ignitor above the sample. Combustion products are extracted through the 

heater and into the exhaust duct. The duct is instrumented allowing key values such as the mass loss 

rate, maximum and total HRR and ignition time to be measured (Lindholm et al., 2007)
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3. Literature review 

3.1. Recycled materials used in construction 

3.1.1. Background 

Recycled bricks can make use of many waste materials that would usually be transferred straight to 

landfill after their design life has been expended. These materials can include recycled concrete 

aggregate (RCA), non-recyclable plastics and various other materials. As a result, there is potential for 

many different material compositions to be developed for use in the construction industry.  

For the purposes of this work, three configurations were investigated to assess their suitability for use 

in widespread construction. These three systems include (1) exposed Ecobricks, (2) Ecobricks 

protected by means of a layer of adobe bricks and (3) masonry units that incorporate varying 

percentages of RESIN8 within solid concrete units. Greater emphasis was placed on the testing of the 

RESIN8 building units as the use of Ecobricks in a construction system has been investigated 

previously. 

3.1.2. The principle of macro vs. micro plastic units 

A current debate between stakeholders within the field of recycled materials is how to make use of 

plastics within construction materials while taking the end-of-life of the structure into account. This is 

important as it forms the basis of the argument for plastic use within building units. One key principle 

is if the plastic should be used as a building unit itself or if plastic should be used within existing 

traditional building units as an aggregate replacement. For the means of this research, the terms 

“macro” and “micro” shall be used to describe plastic building units and plastic aggregate 

replacement products respectfully. 

3.1.3. Macro units 

The macro method can be described as using the plastic as the physical building block. In this form, 

the plastic can be easily extracted after the end of the structure’s useful life. This is the primary 

advantage of the Ecobrick, as the bottle can be removed and reused if the structure is dismantled. It is 

important that cement-based materials are not used in the wet state when making use of Ecobricks, as 

this undermines the principle of reuse when the structure reaches the end of its useful life. 

Concrete/cement-based materials adhere to the bottles once cast, which makes it near impossible to 

extract the bottles from the wall without rupturing the PET shell, effectively rendering the Ecobricks 

as useless. 
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The use of natural materials, such as cob and adobe, allows encapsulation of the Ecobricks that can be 

effectively deconstructed without damaging the Ecobrick upon removal from the wall. This is due to 

cob and adobe being much softer and breakable than concrete/ cement-stabilised materials. 

3.1.4. Micro units 

The use of micro plastic units involves the combination of more traditional construction materials 

with the use of plastics as an aggregate replacement/ additive in the mix design. Many products have 

been used on both a small and large scale within industry, with various types of plastics being used. 

The additive is usually comprised of much smaller processed plastic particles that are added to the 

mix. These particles can come in multiple forms; the most common being solid flakes/pellets which 

are mixed with cement, sand and aggregate or as a molten solution that can be extruded and formed 

into any practically any shape as required.   

 

3.2. Ecobricks  

3.2.1. Description  

An Ecobrick consists of a plastic bottle that is packed with waste plastic to form a building block. The 

bottles used are made from Polyethylene Terephthalate (or PET) while infill plastic material consists 

of wrappers or labels which are made largely from Polypropylene (PP), High Density or Low Density 

Polyethylene (HDPE/ LDPE) or metallised foil film (PP/Aluminium composite). The aim of Ecobrick 

use is to reduce the total surface area of the infill material in order to effectively protect it from 

degradation. Degradation of the infill would lead to the leaching of toxins into the environment as 

well as the decomposition into micro plastics. The effective capturing of such plastics (also known as 

sequestering of waste) allows use of previously unusable waste to be turned into a building block that 

can be used multiple times over. As such, Ecobricks fall into the category of macro building units 

where the plastic itself is used as the principal structure. Examples of common Ecobricks are shown in 

Figure 2.9 
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Figure 3.1: A student in the Philippines with created Ecobricks (Chan and Christie, 2019) 

According to guidelines from the Global Ecobrick Alliance (GEA) the recommended minimum 

density of material within the brick itself is 0.33 g of infill material per millilitre of container. Using 

these guidelines, the minimum material found in a standard 2 l PET bottle should weigh 

approximately 660 g. As Ecobricks can be made by anyone within a multitude of regions, the weight 

and size of each Ecobrick used can vary considerably from project to project.  

3.2.2. Ecobricks in construction 

The use of Ecobricks has been employed in various construction projects around the world. These 

projects primarily consist of community initiatives where NGOs are involved in uplifting certain 

facilities or services that are lacking, particularly in developing countries. Construction using 

Ecobricks is primarily used in non-structural settings (non- load bearing walls or as infill partitions). 

This is achieved by using a cast reinforced concrete frame to provide support for further floors or the 

addition of a roof structure. Organizations such as Hug It Forward have established methods similar to 

those described above, utilising set post-and-beam methods for frame erection with either timber 

members or cast concrete frames (Hug It Forward, 2013). A schematic of the post-and-beam method 

is shown below in Figure 3.2, complete with infill Ecobricks and the chicken wire mesh prior to 

plastering of the system. 
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Figure 3.2: Post-and-beam construction with Ecobrick infill partitions 

 

 

Figure 3.3: Post-and-beam frame cast and ready for pin and partition installation (Hug It Forward, 2013) 
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Pins are then placed in the concrete posts and beams in order to provide a mounting for the first layer 

of chicken mesh. This allows each Ecobrick to be secured to the mesh layer before plastering. Once 

all Ecobricks have been placed, a second layer of mesh is added to encapsulate the Ecobricks within 

the mesh cage. This then allows a layer of plaster to be applied to either side of the mesh to complete 

the infill and create the partition required, as shown in Figure 3.4 (Hug It Forward, 2013). 

 

Figure 3.4: Plastering of Ecobrick and chicken mesh partition (Hug It Forward, 2013) 

 

The orientation of the Ecobricks can be either horizontal or vertical during construction. Horizontal 

placement allows the use of more Ecobricks within the wall, but results in a much thicker partition 

once built. A vertical orientation results in a much thinner layer profile, but does use less bricks when 

constructing the partition. The initial placement of bricks in the horizontal orientation requires 

significantly less effort than the vertical, as the bricks support each other as each layer is added.  

3.2.3. Projects implementing Ecobricks 

Many Ecobrick projects have been completed in the South American region, with a predominant 

number of Ecobrick structures being built in Guatemala (Hug It Forward, 2013). To date, Hug It 

Forward has built a total of 326 Ecobrick classrooms with over 132 completed projects. Some of these 

projects include Maria del Carmen, Xetonox and Caquixajay (Figure 3.5, Figure 3.6 and Figure 3.7). 
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Figure 3.5: Maria del Carmen Ecobrick classroom project, Guatemala (Hug It Forward, 2013) 

 

Figure 3.6: Xetonox Ecobrick classroom project, Guatemala (Hug It Forward, 2013) 

 

Figure 3.7: Caquixajay Ecobrick classroom project, Guatemala (Hug It Forward, 2013) 
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For all three projects, the use of the post-and-beam construction can be seen from the elements 

painted in white, with the remainder of the infill partitions comprising of Ecobricks and plaster 

material. The exposed partition of the Caquixajay project can be seen in Figure 2.16 prior to 

plastering, which shows the Ecobrick system within the wall itself. 

 

Figure 3.8: Post and beam construction with unplastered Ecobrick partition during construction (Hug It 

Forward, 2013) 

 

A notable local project using Ecobricks was a newly built nursery school on the West Rand that made 

use of just over three tonnes of plastic for the entire construction. A total of 6,000 Ecobricks were 

used to construct two classrooms at Thoriso Nursery School. One of the classrooms is shown in 

Figure 3.9 (Evans, 2021). 
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Figure 3.9: Interior view of Thoriso Nursery Ecobrick classroom on the West Rand (Evans, 2021) 

 

Figure 3.10: Exterior plastered North-facing wall and East facing unplastered wall (Evans, 2021) 

 

Apart from the exterior North-facing wall, the remainder of the interior and exterior walls remained 

un-plastered. The North-facing wall was plastered to avoid UV degradation of the Ecobricks over 

time, as this wall received the most sun during the day. The main reason for leaving the walls un-

plastered was due to cost constraints in the project, according to the project leader (Evans, 2021). As a 

result, just over 85 % of the Ecobrick surface area is exposed. As discussed above, this means that the 

structure has no fire rating and the bottles could burn rapidly if exposed to elevated temperatures.  

3.3. Adobe-earth bricks 

Ecobricks require a passive protection layer to protect them from fire exposure. Low-cost materials 

that can be utilised in areas with low limited construction expertise are ideal. Hence, in this work it is 

considered whether adobe bricks can provide a suitable system in conjunction with Ecobricks.  
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3.3.1. What is adobe? 

The use of natural, in-situ materials has become the recent focus of the construction and architectural 

industries. This is especially true when assessing current problems relating to low-cost housing 

solutions; namely availability and cost of materials (direct and logistical costs). The use of adobe 

bricks for the means of sustainable building is a seemingly viable approach. Adobe bricks, in their 

most basic form, contain a mixture of clay, silt and sand mixed with water. This mixture is then cast 

in moulds to form bricks that can be used for construction purposes (UNIDO, 2015).  

The method of natural air drying (also referred to as the adobe method) depends on the occurrence of 

shrinkage of the clay content of the mixture. This shrinkage is the main mechanism that provides 

stability and allows formation of the material, as clay inherently forms a solid mass once sufficiently 

dried (Velde et al., 2008). It is important that the materials within the adobe brick are distributed as 

evenly as possible, as too much of one component within a section of the brick can lead to instability 

of the brick structure (Benghida, 2015). 

If a soil contains too much clay content, shrinkage and associated cracking will occur as the bricks 

dry. Additionally, the presence of too much sand in the mix will result in the brick eroding at a faster 

rate due to weathering. The most desired types of soils for use in adobe bricks are loamy sands, sandy 

loams or sandy clay loams. The clay content within an adobe brick is variable, with the recommended 

range differing from source to source. (Brown and Clifton, 1978) recommend clay content within the 

range of 10-15%, whereas an adobe manual from (Dominguez, 2011) recommends the clay content of 

soils to be within 15 to 30% of the total mix. Some typical clay-silt-clay ratios within recommended 

soil types can be found in Table 3.1. 

Table 3.1: Typical clay-silt-sand percentages within recommended soil types used for adobe bricks 

(Dominguez, 2011) 

Type of soil Clay % Silt % Sand % 

Loamy sand 0-15 0-30 70-85 

Sandy loam 15-20 0-30 50-70 

Sandy clay loam 20-30 0-30 50-70 

 

3.3.2. Adobe brick variants 

Three main types of adobe brick were identified; these include traditional adobe brick, compressed 

earth adobe brick as well as stabilised adobe brick.  

Traditional adobe brick (shown in Figure 3.11) consists of the use of general in-situ soil that contains 

roughly equal ratios of silt and clay in the mix with a higher proportion of course sand or fine gravel. 

Fibres (usually natural such as straw, grass or reeds) can be added to the mix to provide crack 
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prevention during the curing process as well as to provide strength in tension if so required. These 

types of adobe bricks are usually cast into wooden forms made to the size of the brick required by the 

end user. Mud mortar is commonly used in construction, which contains identical pure adobe material 

as used in the bricks themselves. A plaster material is also commonly used to protect walls against 

erosion over time (this usually consists of a stabilised material such as cement plaster or similar 

material as used in the bricks with added stabiliser such as lime or Portland cement). 

 

Figure 3.11: Traditional adobe bricks being smoothed by hand upon removal of forms (O’ Keefe, 2019) 

 

Compressed earth adobe contains almost identical material constituents to traditional adobe bricks, 

with the exception of having less water content present within the mix upon casting. The 

recommended water content for a compressed earth adobe block is 12 to 15 %, as opposed to 25-30 % 

for a traditional adobe block. The bricks are then created with the use of hand tools or a brick-making 

machine by compressing the adobe mixture into moulds under pressure (Figure 2.20). The 

compressed brick should not be confused with the rammed earth technique, which involves the 

tamping of adobe material within a large form or mould to create larger elements such as walls. 

Compressed bricks generally exhibit a higher compressive strength and tend to reach maximum 

strength in a reduced time compared to traditional adobe units. However, the effect of moisture still 

tends to result in the equally rapid degradation to that of traditional adobe (Austin, 1984).  
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Figure 3.12: Common brick press used for making compressed adobe units 

 

Stabilised adobe consists of the addition of a stabilising material such as asphalt emulsion or cement 

to the existing earth combination of a traditional adobe brick. In doing so, the water resistance of the 

adobe bricks is improved such that external weathering by heavy rainfall or undercutting due to 

moisture attack at the structure base is minimised. Adobe earth blocks can be either partially or fully 

stabilised, using either cement or asphalt emulsion in percentages of 2-3% and 5-12% by weight 

respectively. In areas where temperatures drop to sub-zero ranges, stabilisers also assist in providing 

additional stability against freeze-thaw processes that would usually result in the rapid degradation of 

non-stabilised adobe.  

The distinction of use between stabilised and non-stabilised adobe is critical when considering the use 

of either method, as the use of both simultaneously is generally not recommended due to the material 

difference between virgin clay and cement-based materials,  
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3.4. RESIN8 – Plastic aggregate 

3.4.1. Background to plastic aggregate usage 

A current difficulty experienced within the recycling industry has been to how to process all waste 

plastic effectively and efficiently. Most ‘clean’ or ‘virgin’ plastics such as PET, HDPE, LDPE etc. are 

indeed readily recycled within South Africa. However, a large portion of waste plastics consists of 

materials that are much harder to recycle such as PP/foil laminates, polystyrene trays, PET food 

containers etc. As a result, this portion of non-recyclable plastics still goes directly to landfill and is a 

problem regarding leaching of toxins and an almost infinite time to complete decomposition. In 

addition, virgin plastics are not always found in dedicated recycling streams, and often have to be 

manually separated from landfill sites to recover them successfully for recycling to occur (Kohler et 

al., 2018). 

Some projects, such as the GreenAntz initiative in the Philippines, use waste plastics (including PET, 

PP, HDPE, LDPE and Tetra-Pak cartons) within their own brick mix designs to develop bricks that 

are similar to a standard building unit. GreenAntz specifically makes use of waste plastic generated by 

sachet packaging, which accounts for more than 50 % of generated plastic waste within the 

Philippines (GAIA, 2019).  The waste plastic is shredded and then combined with a mixture of sand, 

gravel and cement to form a mix that can be cast. The final product is a lightweight building unit 

similar in size to a standard cement brick as shown in Figure 3.13 (SIP Innovations Philippines Inc., 

2019) 

 

Figure 3.13: GreenAntz cement masonry units incorporating waste plastic in mix design (SIP Innovations 

Philippines Inc., 2019) 

 

However, it is explicitly stated by the company that any soiled, wet or loose plastic items will not be 

accepted for means of manufacturing the bricks shown above. This is due to possible damage that 

may be incurred by the machinery used to process the plastic as well as having an effect on other 
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clean plastics placed in the mix. At present, the company does not provide processed material to the 

public to be used in other mix designs. This is a common issue found with most recycled brick 

providers; mix designs are kept private while the product specifications used in the mix is not made 

available to the consumer market.  

3.4.2. Development of RESIN8 

When assessing the current socio-economic situation in South Africa, a few key factors are clear from 

the onset: 

• Nearly a third of South Africa’s population was unemployed in the first quarter of 2021, at a 

record high of 32.6%. This has presently risen to a new high of 34.4% (Naidoo, 2021). 

• Waste pickers, a large proportion of South Africa’s recycling market, are not able to clean and dry 

plastics when providing the items to recycling centres. This is largely owing to the fact that most 

waste pickers do not have access or the means to pre-process plastic waste before handing them 

over to recycling depositories. 

• Approximately 89% of plastic within South Africa is currently un-recycled, with an estimated 1.1 

million tons of 1.5 million tons of annually produced waste plastic either accumulating at landfill 

sites or being discarded in the natural environment (CRDC Global, 2020) 

The Centre for Regenerative Design and Collaboration (CRDC) is seeking to tackle the above 

problems with a product that incorporates the above challenges and provides a solution named 

RESIN8 (Figure 2.22) 

.  

Figure 3.14: RESIN8 aggregate replacement using plastic waste (CRDC Global, 2020) 
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RESIN8 is a concrete modifier developed by the CRDC in collaboration with plastic waste 

management bodies, stakeholders in the construction industry as well as a number of local non-

government organizations (NGOs). The process employed by the company known as REAP (Recover 

– Enrich – Appreciate – Prosper) is centred around a circular business model, in which waste streams 

of one industry (plastic waste from retail outlets and consumers) become a value stream for the next 

(recycling companies and stakeholders) such that the sum of the output (recycled products) is equal to 

or greater than the sum of the input (discarded plastics) (CRDC Global, 2020).  

RESIN8 is processed in such a way that plastic waste need not be washed or dried before processing 

can occur. This eliminates the need for local waste pickers (or any person on the street for that matter) 

to pre-process the waste plastic before handing over to RESIN8 process plants. RESIN8 also makes 

use of all plastic types (groups 1 through 7) which overcomes the difficulty experienced in the past 

with recycling any composite plastics and previously non-recyclable goods. Currently the technical 

details of the RESIN8 production process are confidential. However, the main processes employed are 

the shredding or waste plastic and the incorporation of an extender/binder. The final product is a 

small-scale aggregate with particle sizes typically varying between 1-5mm.   

The raw shredded waste plastic used in the manufacturing of RESIN8 is shown in Figure 3.15. A high 

proportion of the waste plastic used consists either of polyethylene or polypropylene, as these are two 

of the most produced plastics internationally (Bråte et al., 2014). 

 

Figure 3.15: Shredded waste plastic before processing (CRDC Global, 2020) 

 

Once the plastic has been shredded, it is extruded using a proprietary process into long plastic pieces, 

which are then chipped into RESIN8 once allowed to dry sufficiently. RESIN8 before and after 

chipping is shown in Figure 3.16 and Figure 3.17. 
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Figure 3.16: RESIN8 before chipping into 1 - 5 mm aggregate size (CRDC Global, 2020) 

 

Figure 3.17: RESIN8 end-product ready for use in mix design (CRDC Global, 2020) 

 

3.4.3. RESIN8 usage in construction units 

The intended usage of RESIN8 was for low replacement values within concrete as an aggregate 

replacement for coarse aggregates such as stone and gravel. As a result, some of the stated benefits of 

aggregate replacement by the CRDC when using RESIN8 include weight reduction, maintained 

compressive strength (for 5% replacement content in the mix by volume) and an improved bond with 

cement within the concrete matrix. In this way, it is possible to make use of the product in any context 

of concrete including poured-in-place concrete elements, pavement structures and individual building 

units (bricks). However, strength is reduced when the product is added. Limited data is available in 

the literature with regards to whether durability, porosity, water adsorption and similar factors are 

influenced by its inclusion.  
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3.4.4. Use in past and current construction projects 

RESIN8 has been used in a number of projects, both locally and internationally. One project that 

showcased the potential of the product involved a social housing project that was completed in Valle 

Azul, Costa Rica in 2021. This project made use of RESIN8 building units to create a total of 50 new 

homes for the underprivileged and persons in vulnerable groups (the elderly as well as those with 

motor impairments or debilitating diseases). The project was a group venture between the CRDC, 

Pedregal, DOW International and Habitat for Humanity. The constructed homes are shown in Figure 

3.18. 

 

Figure 3.18: Housing project making use of RESIN8 building units in Valle Azul, Costa Rica (CRDC 

Global, 2020) 

 

Locally, a RESIN8 pilot plant in Blackheath, Cape Town, is currently undergoing trials with a number 

of new plants planning to be completed in the coming months of 2021. The current pilot plant had 

produced (as of April 2021) just over 20 tons of waste plastic to create RESIN8 for use in a number of 

RDP projects in the Western Cape. A current local project involves the use of RESIN8 blocks in 

collaboration with Cape Concrete and Martin & East to build a total of 5,000 new Breaking New 

Ground homes for the Western Cape Government.   

3.5. Previous research 

3.5.1. Full scale furnace testing of Ecobrick samples 

This chapter gives a very brief overview of previous fire testing done on Ecobricks, which has been 

completed as part of the same overall Stellenbosch University project on the use of fire-safe recycled 
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building materials. The previous work, which is currently under review, is used to highlight areas 

needing further research.  

Research by Sander (2022) has aimed to determine a suitable plaster layer thickness that would offer 

fire resistance to Ecobrick walls. The fire resistance in question was for a standard fire (ISO 834 

standard curve) using a full furnace test with large samples built into the front furnace wall. One of 

the samples is shown in Figure 3.19. 

 

Figure 3.19: Test of horizontally orientated Ecobrick wall layout with Cob infill material (Sander, 2022) 

 

A total of six samples were built; using both a horizontal and vertical Ecobrick orientation with three 

plaster constituents (cob, lime and cement). All samples were constructed in a similar manner to that 

described by Hug It Forward; with a timber frame replacing the concrete used in actual projects to 

allow for weight reduction and ease of moving the sample. Chicken mesh was placed in one face of 

the sample to allow the Ecobricks to be fixed within the frame, and infill material was then placed 

around the Ecobricks to ensure as little voids were present as possible. The infill material used for all 

samples consisted of cob to only allow the effect of the outer plaster layer (typically referred to as 

“render”) to be accounted for. Once the infill had been placed, each of the renders was applied to the 

exposed face at a thickness of 40 mm. A schematic of the plan and profile of the horizontal and 

vertical samples is shown in Figure 3.20 and Figure 3.21 respectively. 
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Figure 3.20: Construction of horizontally orientated cob sample (Sander, 2022) 

 

Figure 3.21: Construction of vertically orientated cob sample (Sander, 2022) 

 

Each sample was instrumented with a series of thermocouples in an X arrangement at a number of 

thicknesses through the sample cross-section. At each of the 5 positions, thermocouples were placed 

at 5 thicknesses within the section (exposed surface, 20 mm, 40 mm, midway into the sample and at 

the unexposed surface). The use of the thermocouple data obtained over the duration of the furnace 

test was used to gain an understanding into the heat transfer through the wall structure. In turn, the 

layer thickness required to prevent the critical temperature from occurring at the Ecobricks could be 

determined for the chosen time rating. Each of the plan and profiles of the horizontal and vertical 

instrumentations are shown in Figure 3.22 and Figure 3.23. 
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Figure 3.22: Thermocouple layout of vertically orientated cob sample (Sander, 2022) 

 

Figure 3.23: Thermocouple layout of horizontally orientated cob sample (Sander, 2022) 
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3.5.2. Summary of results and areas of research 

Table 3.2 provides a summary of the fire resistance times obtained for the different Ecobrick 

configurations. The sample that performed the best was the horizontally orientated cob plastered 

system which obtained a 90-minute fire rating based on traditional classifications, but a 30-minute 

classification when smoke emissions from the melting of the bottles was considered.  

Table 3.2: Result summary of fire resistance testing of Ecobrick wall samples (Sander, 2022) 

 
Cob plaster Cement plaster 

Lime 

plaster 

 Horizontal Vertical Horizontal Vertical Horizontal 

Time to plastic ignition 

temperature = 360°C (min) 

90 63 > 72 26 16 

Time to insulation criteria 

average = 160°C (min) 

90 90 - 30 35 

Time to smoke onset (min)  35 - 44 27 9 

Estimated fire resistance 

excluding smoke emission (min) 

60 60 30 - - 

Recommended fire resistance 

(min) 

30 30 30 - - 

 

From the aforementioned work, there are a number of areas requiring future work. These include (1) 

qualitatively studying how Ecobricks burn when exposed to elevated temperatures. In the study of 

Sander (2022), the Ecobricks were all within the walls. So, the extent they were burnt and how they 

burnt could not be observed. However, noxious smoke could be observed. (2) To obtain 1 hour fire-

rated wall, which is typically required for multi-storey buildings and low-rise public infrastructure 

such as schools, additional protection is required. Hence, either thicker plaster layers are required (i.e. 

greater than 40 mm of cob) or otherwise an alternative building system to house the bricks. The latter 

has led to the consideration of adobe bricks in this work, while the former has resulted in free burning 

studies on unprotected Ecobricks. Also, when a home is exposed to a fire cracks can form in walls, 

portions of a structure may collapse exposing internal components, penetrations through walls may 

not be protected and similar aspects may result in Ecobricks being directly exposed to flames.  

 

3.6. Conclusions 

The literature reviewed within this chapter has provided an overview of the fundamentals of fire 

behaviour, fire safety and properties of various materials pertaining to fire risk and heat transfer. A 
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number of available recycled construction material systems are then discussed to introduce the reader 

to recycled materials that are commonly used both locally and internationally, with a discussion of 

previous research of Ecobrick behaviour in fire being provided hereafter. 

The behaviour of Ecobricks within a plaster protection system provided a basis for a continuation of 

research into the behaviour of recycled construction material systems, which will be discussed within 

the following chapters. A novel method of testing was used to allow the capture of fire behaviour of 

the Ecobrick system, as well as the heat transfer properties of the Ecobrick protection and RESIN8 

brick systems.
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4. Experimental setup 

4.1. Equipment used for testing 

4.1.1. Original H-TRIS specifications  

One of the most significant challenges in fire testing is finding an efficient, controlled method of 

heating a sample sufficiently in such a way that thermal data can be captured while minimising the 

effects of flame impingement, convective plume interference and positioning of thermocouples such 

that they can read a constant radiative flux of the exposed specimen surface (Maluk et al., 2019). 

Furnace testing is an effective means of testing fire resistance but has a number of caveats; some of 

which include the requirement of extensive setup time and effort (building samples into masonry 

frames), cost (running and investing in burners, control software and the furnace itself) and space 

(furnaces are large pieces of equipment). As a result, there are not many businesses that offer furnace 

testing (especially within South Africa) and the few that do often charge a considerable fee for testing 

a sample (e.g. R40,000 -R80,000 per test).  

To provide an alternative that could be used for smaller samples, an experimental setup has been 

created such that a small sample could be exposed to an intense heat source without the effects of 

flame impingement or interference from the convective zone (i.e. hot combustion gases over the face 

of a sample). This system is known as a Heat-Transfer Rate Inducing System (H-TRIS) as termed by 

a joint project between the University of Edinburgh and University of Queensland (Maluk et al., 

2019). The principle of the H-TRIS involves the use of a series of radiant panels mounted to a flat 

surface such that a sample can be heated on a single face for a chosen time period. The setup involved 

the use of four propane-fired panels arranged to give a 200 mm x 400 mm heated surface area. The 

use of these types of panels enabled heat fluxes of 5 to 130 kW/m² to be imposed on a test sample. 

Incident heat flux was measured using a water-cooled heat flux gauge (HFG) mounted to a specially 

designed self-cooling probe. This allowed heat flux to be known at the expected position of the test 

surface without the effects of convective zone interference. The HFG probe system and first prototype 

of the H-TRIS are shown in Figure 4.1 and Figure 4.2 respectively. 

 

Figure 4.1: HFG mounted to self-cooling probe system (Maluk et al., 2019) 
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Figure 4.2: H-TRIS Mark I with propane burners and running rail (Maluk et al., 2019) 

 

Three distinct advantages of this method of testing are immediately evident, as stated in the research 

paper by (Maluk et al., 2019) 

• It is possible to impose a range of heat flux levels on the sample over a given time period, 

with continuous or user-defined distributions of incident heat flux being able to be 

achieved using the controller interface 

• Tests are repeatable and ease of calibration for different experimental setups and 

materials allows for a good statistical confidence of results with decreasing variability 

with a number of tests 

• Repeat tests can be conducted at relatively low cost (both economic and temporal) when 

compared to full-scale furnace testing 

Disadvantages include only being able to include smaller samples, and the use of open gas burners 

which can have safety implications.  

Stellenbosch University https://scholar.sun.ac.za



4 .  M E T H O D  O F  E X P E R I M E N T A L  S E T U P  

 

50 

 

4.1.2. Development of the eH-TRIS 

For testing of each of the experiments in this works, a similar system was created in order to emulate 

the effects induced by the H-TRIS system developed by Maluk (2019). However, the primary 

difference has been the use of electronic radiant panels, which has not been done in past work. This 

work was achieved with the use of a steel frame mounted to a running rail that could be moved 

manually to the desired position to achieve the target incident heat flux. A water-cooled HFG 

(combination Gardon/ Schmidt-Boelter type) was employed to measure the incident heat flux at the 

front face position of the test sample during the experiments. Instead of the use of gas-powered 

radiant panels, a series of electric radiant heaters (Elstein® SHTS™ 1 super high temperature heaters) 

were used as a radiant heat source for the H-TRIS. Each SHTS™ panel in the array has an installable 

surface rating of 76.8 kW/m² at a maximum power consumption of 1,200 W. A total of nine panels 

were used to create a 3 x 3 array square radiating surface, with a setup schematic of the front array 

shown in Figure 4.3 and Figure 4.4 with the fully heated system shown in Figure 4.5. The panels' 

operating temperature is 860 °C with a maximum temperature of 900 °C. Such temperatures and heat 

fluxes are well in excess of the ignition criteria of all combustible construction materials.  

 

Figure 4.3: Layout of eH-TRIS system used for experimental testing 
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Figure 4.4: 3 x 3 Elstein® SHTS™ radiant panel layout used in eH-TRIS system 

 

 

Figure 4.5: Fully heated eH-TRIS system showing Elstein® radiant panels and supporting frame 

mounted atop running rail 
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For all samples that were tested, a flux in the range of 30-35 kW/m2 was always maintained to ensure 

that material response would not be affected by difference in received flux at the surface. In cases 

where it was not possible to make use of an HFG for constant monitoring of the heat flux during 

testing, the HFG was placed in the position of the test sample and the H-TRIS was moved along the 

rail to a position corresponding with the desired heat flux. This position was then marked on the rail 

and the H-TRIS itself to ensure that each experiment received the desired heat flux. 

Samples were placed in front of the radiant panel array such that interference from the rising 

convective zone would not impact on the net heat input of the sample. As such, only radiative heat 

flux would be responsible for the heating of the sample and can be controlled accordingly without the 

impact of other heat transfer modes. A heat flux value of 35 kW/m2 was chosen as this point of heat 

flux was the highest constant value possible that could be obtained with the setup used during testing. 

This is lower than that of a furnace test (100 kW/m2 and above) but was deemed sufficient for the 

purposes of this research as the primary material of study (waste plastic within the construction 

materials) has a critical heat flux of approximately 15 kW/m2 . 

Advantages of using electric panels rather than gas-fired panels include (1) lab safety is improved, (2) 

the cost is typically significantly lower when all control and safety costs are considered, (3) the 

system is easily modifiable to be bigger or smaller and a 4x4 panel arrangement is currently under 

development, (4) the electronic panels can easily be mounted in different configurations such as small 

circular arrangements for testing columns, and (5) control systems can readily modify and adjust the 

temperature of panels (which will be implemented in future work). The primary disadvantage of the 

work is that lower heat fluxes are emitted to high intensity radiation, approaching that of standard 

furnaces, cannot be simulated.  
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4.2. Brick setups 

4.2.1. Exposed Ecobrick setup – qualitatively understanding fire performance 

Research by Sander (2022) into the behaviour of Ecobricks encapsulated within a plaster system 

highlighted the need to understand both (1) exposed Ecobricks, and (2) Ecobricks with more passive 

protection than an equivalent 40 mm layer of cob. The former can highlight potential issues regarding 

the response of the raw plastic material to a heat source of considerable intensity and is the focus of 

this section whilst the latter is addressed in the next section.  

Two types of exposed Ecobrick were tested; one packed with pure polypropylene (PP) material as 

well as an Ecobrick packed with pure polyethylene (PE) products (both HDPE and LDPE). This was 

done to assess the behaviour of each material when subjected to a heat source of constant flux. Each 

of these materials was chosen since both PP and PE are some of the most commonly found materials 

within Ecobricks due to their malleable nature. As a result, they are the easiest types of plastics to fit 

through the bottle neck when creating the Ecobrick. PE and PP also contribute to the greatest tonnage 

of consumer plastic produced yearly, with PE and PP ranking first and second globally versus other 

plastic types (Bråte et al., 2014). These samples were then placed on a plinth and secured using a wire 

tie attached to the surrounding frame to ensure the bottle did not fall over prematurely during testing. 

The PP and PE Ecobricks are shown ready on the test plinth in Figure 4.6 and Figure 4.7, 

respectively. 

 

Figure 4.6: Polypropylene (PP) Ecobrick setup prior to exposure to the eH-TRIS 
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Figure 4.7: Polyethylene (PE) Ecobrick setup prior to exposure to the eH-TRIS 

 

Prior to the beginning of each test, the eH-TRIS was allowed to preheat to a temperature of 850 °C 

before being moved closer to the sample at a distance corresponding to a constant heat flux of 30 

kW/m².  The preheated system positioned away from the sample is shown in Figure 4.8. The critical 

heat flux (CHF) of PP and PE is 15 kW/m2  whereas PET has a CHF of 10 kW/ m2, meaning that 

samples are expected to ignite readily (Tewarson et al., 2000). Nevertheless, this exposure is still 

significantly lower than expected during a developing, or developed fire in an enclosure where heat 

fluxes of over 100 kW/m2 are possible.  
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Figure 4.8: Fully heated eH-TRIS before testing  

 

Video footage of the Ecobrick was then captured to assess behaviour of the sample while subjected to 

the constant heat flux. Post-fire analysis includes the opening up of the PET bottle (if still possible), as 

well as investigating the behaviour of the internal contents of the bottle and the time to ignition of 

each sample. Mass losses were not quantified during the testing of the Ecobrick samples, as the scales 

available during research had insufficient resolution to capture  

4.2.2. Adobe-protected Ecobrick setup 

For both the Adobe and RESIN8 building units, it was decided to use an Imperial standard size brick 

as a template for each of the samples. The Imperial brick (220 x 106 x 73 mm) is one of the most 
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common size building units within South Africa, with most units being based off this size template. A 

schematic of the brick size is provided in Figure 4.9. 

 

Figure 4.9: Dimensions of the Imperial brick commonly found across South Africa 

 

Many local stores and hardware stores stock a variety of brick sizes which include the Imperial or 

‘Stock’ brick. The main characteristic strength groups for the standard Imperial brick are 7, 10 and 

14 MPa. 7 MPa bricks are usually used for single storey cavity walls, whereas 10 and 14 MPa bricks 

can be used for single layer/ cavity walls for both single and double storey buildings. An example of a 

14 MPa engineering grade Imperial unit is that available from Cape Brick as shown in Figure 4.10, 

with a mass of 3.4 kg and the use of up to 60 % recycled construction and demolition material (Cape 

Brick, 2021) 

 

Figure 4.10: A typical Imperial 'stock' brick as found from local suppliers within South Africa 

 

For the adobe system, the strength of the bricks was (for means of thermal response) not a concern for 

testing. As a result, additional fibres or stabilisers were not added into the mix design. This is due to 

the fact that in this study the adobe bricks would not be used as primary load bearing elements, but 
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rather as a protection system for the Ecobricks within. The bricks were still, however, required to be 

sturdy enough to be handled and placed without breakage. The clay used in the adobe mix design was 

kindly provided by Cabrico Clay brick manufacturers in Koelenhof. As the clay was provided directly 

from a stockpile, the distribution of particle sizes required the material to be processed before adding 

into the adobe mix. This was achieved by using a No. 5 sieve (4 mm mesh) before crushing the sieved 

material to allow the clay to mix with the sand and water without clumping or hardening. This was 

also done to prevent imperfections within each of the bricks leading to localised cracking/ failure.   

The adobe bricks were made by initially mixing the dry constituents (clay and sand) in a pan mixer to 

allow for even distribution of the sand and clay. This would prevent separation of the two materials 

during the casting process and allow for even distribution of the sand and clay in the bricks. The 

mixture was then transferred to a wheelbarrow and water was gradually added to allow for adequate 

workability. A hand shovel was then used to fold the water into the mix before thoroughly turning the 

mix by hand for approximately 15 minutes. The mix was then poured into each of the brick moulds 

and tamped with a hammer on the side of the mould to allow entrapped air to escape. Once no visible 

bubbles were forming at the top surface of each of the moulds, the bricks were allowed to air dry 

overnight. After 12-18 hours, the mould was removed and each of the bricks was allowed to dry in the 

open air for a period of two weeks. Each of the two moulds created could hold a total of seven adobe 

bricks, yielding 14 bricks per casting session. One of the cast batches of Adobe bricks as well as the 

wooden form used for casting is shown in Figure 4.11 and Figure 4.12. 

 

 

Figure 4.11: Cast adobe bricks upon removal of forms after 24 hours of casting 
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Figure 4.12: Cast adobe bricks with removed wooden form 

 

The first batch of adobe bricks was made using an equal ratio of sand, clay and water as a starting 

mixture. Sieved Malmesbury sand was initially used, as this is a recommended fine aggregate 

commonly included for concrete mix designs. Upon inspection, it was, however, discovered that the 

quality of the initial brick batch was unsatisfactory after the two-week drying period, as the edges of 

the bricks easily broke when handled. As a result, stockpile block sand was used for the second mix. 

The block sand contained courser grains and (as a result of not being sieved) less fine content than the 

Malmesbury variant. This allowed the fine-grained clay to bind to the courser grained sand resulting 

in a mix with improved cohesion and durability when handled.  

To provide an alternative to the protective plaster layers used by (Sander, 2022), the Adobe bricks 

were used to form a protective wall on either side of the Ecobricks (used in a vertical orientation). In 

this way, a cavity wall system could be employed with the use of two Adobe brick layers encasing a 

layer of Ecobricks. The proposed system is shown in Figure 4.13 
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Figure 4.13: Proposed adobe wall system with centre Ecobrick layer and adobe brick outer protective 

layers 

 

The use of Adobe bricks as opposed to plaster layers allows for the creation of a protection layer that 

can easily be built incrementally without having to account for greater layer thicknesses to prevent the 

render falling off the sample. The bricks also mitigate problems with regard to delamination of the 

plaster from the sample; direct exposure of the internal Ecobricks is therefore of lesser risk than with 

the use of plaster consisting of equivalent material. The provision of an Adobe wall on either side of 

the Ecobrick layer allows for fire resistance to be provided regardless of which side is exposed to fire. 

While the bricks were in the process of drying, a frame made of a combination of steel angle sections 

and calcium silicate boards to form a cavity the size of a small ‘wall’. The cavity was dimensioned 

such that a wall the width of two adobe brick and height of five adobe bricks could be built into the 

frame within a tolerance of 5 mm. As such, no resizing of the bricks would be required to fit into the 

frame before testing. The completed frame (with top plate removed) is shown in Figure 4.14 

 

Figure 4.14: Construction of adobe brick housing for testing of system in front of the eHTRIS 
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Once the adobe bricks had completed drying, they were placed within the cavity to create the partition 

wall. It was decided to place the bricks atop one another without the use of any mortar material. This 

was as a result of the bricks having minimal gap between them once placed while providing for a 

worst-case scenario if any imperfections in the mortar were to occur, resulting in the Ecobricks being 

exposed to direct radiation. The mortar material is generally made of the same material as the Adobe 

brick itself, so this would have little effect on the general conductance of heat through the wall to the 

Ecobricks. The sides of the bricks in contact with the calcium silicate boards were sealed at the front 

face using Den Braven fire sealant. This allowed effective insulation of the sides of the adobe bricks 

to ensure that excessive heat loss due to convection off the brick sides did not occur.  

 

Figure 4.15: Completed adobe brick protection system 

 

Once the adobe front wall was completed, the Ecobricks were placed inside of the enclosure directly 

behind the unexposed face of the adobe bricks. The Ecobricks were made sure to be in direct contact 

with the adobe bricks such that heat at the unexposed face could be transferred as effectively as 

possible. It was decided that (in the possible case that the unexposed first layer of adobe brick heated 

up sufficiently to cause melting and smoke production of the Ecobricks) the second layer of adobe 

bricks would not be added to the rear of the Ecobricks. This was done so the behaviour of the 

Ecobricks behind the first adobe layer could be observed. In future research, it is recommended that a 

second layer be added to investigate the insulating effect of a second layer on the cavity containing 

the Ecobricks when subject to the eH-TRIS in a similar configuration. 
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Figure 4.16: Preheating of eH-TRIS prior to beginning of test 

  

 

Figure 4.17: Rear of adobe bricks showing Ecobricks against protection system with thermocouple 

placement 

 

1.5 mm Type K thermocouples were added to measure temperatures at the front surface as well as at 

thicknesses within the bricks themselves. A total of eight thermocouples were used; two at the front 

face, four at a depth of 53 mm and two at a depth of 78 mm from the exposed face (25 mm from the 

unexposed face). Positions of each of the thermocouples are shown in Figure 4.18. 
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Figure 4.18: Positions of thermocouples within Adobe brick protection system 

 

To be conservative in the measurement of temperatures at the unexposed face of the adobe system, the 

78 mm depth temperatures were used as a reference for the unexposed face temperatures. This 

provides for the lower heat fluxes imposed by the H-TRIS (30-35 kW/m²) by reducing the effective 

thickness of the adobe brick. As such, an undesirable thermal response was classified as the exceeding 

of the limits of Section 5.2.3 stated in SANS 10177-2 in Chapter 2 of this thesis, which states that the 

average temperature rise at the unexposed face of the sample should not exceed that of 140 °C above 

ambient temperature, or 220 °C at any point on the surface during the test (SABS, 2005). It is noted 

that a test involving an enclosure fire will result in higher imposed heat fluxes (approximately 

100kW/m²) which will need to be addressed in future research.   
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4.2.3. RESIN8 brick setup 

The mix design for the RESIN8 bricks was based on a 40 MPa characteristic strength concrete mix 

design. Stone and cement were incorporated into the initial mix, meaning that the classification would 

be that of a concrete block and not a cement brick. The base mix design is shown in Table 4.1 

Table 4.1: Mix design used as basis for RESIN8 replacement mixes 

Material Mass (kg) Volume (l) Volume (%) 

Sand 890 329.6 32.3 

Cement 395 125.4 12.3 

Water 190 190 18.6 

Stone 900 375 36.8 

RESIN8 0 0 0 

 

For the modified mix designs, it was decided to keep the water/cement ratio constant as in the original 

mix design. This would allow for variability influencing a change in strength to be as low as possible, 

such that the effect of the RESIN8 would be the primary variable influencing any changes observed. It 

was also decided to keep the fine content of the mix (in this instance sand content) as constant as 

possible, replacing only the stone content with increasing RESIN8 for higher replacement levels.  

It was however not possible to decrease the stone content any further by the design of the 40% mix, as 

stone had been replaced. The sand was therefore decreased for the 40% and 50% replacement mix 

designs. The final mix designs are shown in Table 4.2: 5% replacement RESIN8 mass and volume 

proportions through Table 4.7. 

Table 4.2: 5% replacement RESIN8 mass and volume proportions 

Material Mass (kg) Volume (l) Volume (%) 

Sand 890 329.6 32.3 

Cement 395 125.3 12.3 

Water 190 190 18.6 

Stone 800 333 32.4 

RESIN8 50 51.5 5 
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Table 4.3: 10% replacement RESIN8 mass and volume proportions 

Material Mass (kg) Volume (l) Volume (%) 

Sand 890 329.6 32.3 

Cement 395 125.4 12.3 

Water 190 190 18.6 

Stone 650 270.8 26.6 

RESIN8 100 103.1 10.1 

 

Table 4.4: 20% replacement RESIN8 mass and volume proportions 

Material Mass (kg) Volume (l) Volume (%) 

Sand 890 329.6 32.1 

Cement 395 125.4 12.2 

Water 190 190 18.5 

Stone 420 175 17.1 

RESIN8 200 206.2 20.1 

 

Table 4.5: 30% replacement RESIN8 mass and volume proportions 

Material Mass (kg) Volume (l) Volume (%) 

Sand 850 314.8 30.7 

Cement 395 125.4 12.2 

Water 190 190 18.5 

Stone 210 87.5 8.5 

RESIN8 300 309.3 30.1 

 

Table 4.6: 40% replacement RESIN8 mass and volume proportions 

Material Mass (kg) Volume (l) Volume (%) 

Sand 700 259.3 25.2 

Cement 395 125.4 12.2 

Water 190 190 18.5 

Stone 100 41.7 4.1 

RESIN8 400 412.4 40.1 
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Table 4.7: 50% replacement RESIN8 mass and volume proportions 

Material Mass (kg) Volume (l) Volume (%) 

Sand 480 177.8 17.3 

Cement 395 125.4 12.2 

Water 190 190 18.5 

Stone 50 20.8 2 

RESIN8 500 515.5 50.1 

 

For each mix design, a total of 14 concrete brick samples per replacement content group were cast in 

custom brick moulds. The sizing and testing of concrete masonry units is standardized with the 

application of SANS 1215:2008 which outlines tolerances for size differences, methods of testing as 

well as allowable materials within the units themselves (SABS, 2008). The moulds used for the 

Adobe bricks were again used for casting the RESIN8 samples, and the RESIN8 units were as such 

based on the Imperial brick standard as discussed in 4.2.2. The tolerances for acceptable sizing of 

concrete masonry bricks are provided in Table 4.8 (SABS, 2008) 

Table 4.8: Allowable tolerances between concrete building unit dimensions 

Overall size Tolerances (mm) 

Length +2 

-4 

Width ±3 

Height ±3 

 

To adhere to the tolerances set out in Table 4.8, the moulds were re-checked to ensure that neither the 

length nor width of the bricks differed by more than 2 mm. Each of the mould bays were then fixed 

using a combination of wood screws and wood glue to ensure that the bays remained in plane and 

skewness along any of the dimensions was minimised. A backing board was also added to each of the 

moulds and then sealed using silicone to ensure that fine/ cementitious content could not escape 

through the seam between the mould and the backing board. Each brick bay was painted with a 

waterproof sealant and oiled before the casting of each RESIN8 brick batch. The moulds before 

casting are shown in Figure 4.19 with applied de-bonding oil. 
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Figure 4.19: Modified wooden forms used for casting of RESIN8 replacement concrete units 

 

For each RESIN8 concrete mix, the dry aggregate was added to a mechanical pan mixer and allowed 

to mix for a period of approximately 5 minutes. The water content of the mix was then added, and the 

wet mix was allowed to mix for a further 10 minutes. The wet mix was then transferred to the moulds 

on a vibrating table to ensure that the final bricks did not experience aggregate displacement or an 

uneven distribution of constituents within the cast brick. Once the mould bays had been filled, the 

vibrating table was activated to allow the mix to evenly distribute within the mould bays. Additional 

material was added to the bays incrementally during the vibration time to ensure each bay was over-

filled with the concrete mix. Once the bays were full, a trowel was used to level off the top of the 

moulds to ensure that the height of each of the bricks was flush with the top of the mould frame. This 

once again provided consistency in the dimensioning of the bricks to keep to the tolerance guidelines 

provided in Table 4.8.  

Figure 4.20 shows a completed mix poured into both moulds (note: the third empty bay of the left-

hand mould was due to a crack in the backing board directly beneath the bay; hence this was repaired 

for the next batch of bricks). 
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Figure 4.20: Modified wooden forms with fresh cast RESIN8 concrete mix 

 

It was noted that the higher replacement value bricks (specifically the 40 and 50% mixes) were very 

stiff and of a low workability. This was due to the large amount of RESIN8 needed to be placed into 

the mix to achieve the correct volume of material, resulting in much higher volumes of solid 

aggregate compared to water content. The 50 % replacement bricks also exhibited a stark difference 

in surface finish as opposed to the other replacement levels. The top surface finish of the 50% bricks 

was rough and contained many voids with the RESIN8 clearly seen at the surface. The contact with 

the moulds on the sides and bottom of the brick still maintained an overall level surface finish. This 

meant that no additional capping would be required when testing the compressive strength of the brick 

itself. Replacement level bricks from 5 through 50% replacement contents are shown in Figures 

Figure 4.21 and Figure 4.22 showing differences in the surface finish of each of the bricks when 

removed from the wooden forms. 
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Figure 4.21: 5% through 50% RESIN8 concrete units, left to right, showing top surface finish of each 

brick 

 

Figure 4.22: 5% through 50% RESIN8 concrete units, left to right, showing side surface finish of each 

brick 

Each of the bricks were left to air dry in the Structures Laboratory for a period of two weeks. The 

bricks were not placed in a curing tank or kept in a climate-controlled room to account for drying 

conditions less favourable than that of a laboratory setting. A period of two weeks was also chosen for 

drying due to time constraints of the project and since explicit strength of the bricks was not a primary 

factor of analysis. Rather, the comparison of pre-exposure versus post-exposure strength was of 

greater importance to ascertain the loss in strength after exposure to a heat source. Once each of the 

brick batches had dried for two weeks, each was transferred to a controlled oven where they were 

allowed to dry for a period of 24 hours at a set temperature of 100 °C. Once completed, the bricks 

were immediately removed from the oven and testing commenced. Oven drying was carried out to 

reduce the moisture content, as moisture would have a beneficial impact on fire resistance, and 

conservative results are preferable in this work.  
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For each series of RESIN8 brick samples, a total of six samples were tested for each replacement 

group; three samples were tested in compression without H-TRIS exposure while a further three were 

exposed to the H-TRIS at a set heat flux of 30 kW/m² for a period of 60 minutes. Once exposure was 

completed, each of the bricks was then tested in compression to compare the results to the unexposed 

samples. The mass of each of the samples subjected to exposure was also noted before and after 

exposure to the H-TRIS in order to quantify the mass loss during the burning of the plastic material 

within the brick itself. To ensure that excessive heat loss did not occur on the edges of the RESIN8 

samples, a simple frame consisting of ceramic fibre blanket and calcium silicate board was made to fit 

each of the samples. This was secured in place with the use of a threaded rod clamp for the top and 

bottom board plates. The system encasing a 50% brick is shown in Figure 4.23. 

 

Figure 4.23: Calcium silicate securing boards with ceramic fibre blanket used as insulating material to 

prevent significant heat transfer from the brick sides 
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Figure 4.24: Brick on test plinth showing thermocouple on exposed and unexposed face with insulating in 

place 

 

For each of the exposed samples, the front and rear surface temperatures at the centre of the brick 

were obtained using a thermocouple at the surface of the brick. The thermocouples were held in place 

as far as possible by bracing them onto the surrounding frame of each RESIN8 brick before 

commencing each test. 

4.2.4. Comments on the radiant flux intensity 

A wide variety of heat fluxes could be used in the testing. However, for fire testing a value well in 

excess of the critical heat flux of materials tested should be applied, which was initially set as 30 

kW/m² for this work. During testing of the bricks incorporating RESIN8 it was identified that due to 

the rate of pyrolysis gas formation auto-ignition did not occur, meaning that no flaming on the front of 

samples was observed. It is likely that had an ignitor been present flaming combustion would have 

occurred. However, it was quickly identified that this was beneficial to testing as it allowed for an 

improved analysis of the smoke/pyrolysis products emitted during testing and meant that all samples 

were subjected to the same thermal conditions. Otherwise, it is possible that bricks with higher plastic 

content would have had flaming behaviour, whilst lower replacement values may not have 

experienced flaming. Flames emit additional radiation and would lead to different thermal exposure 

conditions. Nevertheless, following this preliminary study furnace testing will be required in the 

future.  

Stellenbosch University https://scholar.sun.ac.za



5 .  R E S U L T S  &  A N A L Y S I S  

 

71 

 

5. Results and analysis 

5.1. Introduction 

Results and discussions of each of the recycled construction materials will be provided within this 

chapter. Section 5.2 focuses on a qualitative assessment of the exposed Ecobrick system, whereas 

Sections 5.3 and 5.4 focuses on a quantitative assessment of the adobe and RESIN8 systems 

respectively. 

The qualitative assessment of the exposed Ecobrick system in Section 5.2 is performed using 

photographic results of the experiments, with a timeline of each experiment providing key fire events 

for each of the polypropylene (PP) and polyethylene (PE) experiments. The observed behaviour is 

then further analysed to highlight potential risks of the use of this type of system. Mass losses as well 

as quantification of gas contents were not conducted during these tests, and will require further study 

in research to follow. 

Section 5.3 provides the time-temperature distribution curves of thermocouples placed throughout the 

sample to quantify the heat transfer properties of the adobe brick protection system. This data is then 

compared to data obtained for plaster protection layers in previous research. 

Section 5.4 provides the photographic and time-temperature curves for each of the RESIN8 samples 

tested during experiments. Key properties of each of the bricks including mass loss and compressive 

strength are also provided for each of the samples before and after exposure to the H-TRIS. 

A summary of results and analysis is then provided in Section 5.5, with key findings presented and 

discussed in detail for each of the experiments performed. 

5.2. Exposed Ecobrick fire tests 

In this section polypropylene (PP) and polyethylene (PE) Ecobrick tests will be discussed which 

included the time to auto-ignition of each of the samples, qualitative assessment of the behaviour of 

the material when burning and smoke production of each of the two Ecobrick types. 

5.2.1. PP bottle results 

When unprotected, Ecobricks inherently pose a great risk of being affected by excessive heat transfer 

from a heat source. This is due to the relatively low CHF values of the outer bottle (10 kW/m²) and 

infill material (15 kW/m²).  

In experimental work the PP bottle began to melt almost immediately after being exposed to the 

radiant panels. The PET bottle began to rupture after approximately 16 seconds of being exposed to 
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the heat source, expanding outwards as the inner material began to melt. Soon after, the onset of 

smoke production had started to occur. The initial rupture of the Ecobrick is shown in Figure 5.1. 

 

Figure 5.1: Initial rupture of PP Ecobrick front face 

 

The entire front face of the PET had ruptured approximately 50 seconds after initial exposure. This 

was paired with an increased level of volatiles being released from the bottle as the inner PP material 

was unprotected by the PET shell which had melted off completely at the front face. This is shown in 

Figure 5.2 
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Figure 5.2: Onset of intense smoke production and complete melting of front face 

 

An initial flash was observed after 203 seconds, but flaming was not sustained, whereas auto ignition 

occurred at 209 seconds followed by sustained burning. Flaming continued until the bottle neck had 

melted sufficiently to detach from the wire tie at approximately 250 seconds. The Ecobrick was 

extinguished hereafter to prevent any further burning. Initial flash to sustained burning is shown in 

Figure 5.3. 
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Figure 5.3: Initial flash, complete auto-ignition and sustained burning of PP Ecobrick 

 

5.2.2. HDPE/ LDPE bottle results 

For the PE sample, the production of smoke was observed at approximately 60 seconds after being 

exposed to the H-TRIS. This coincided with the initial melting of the PET outer bottle and blackening 

of the outer shell.  This is shown in Figure 5.4. 

 

Figure 5.4: PE Ecobrick upon initial melting of outer PET shell 
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At 240 seconds into the PE sample test, the entire front face of the Ecobrick had blackened and the 

PET shell had been ruptured. As a result, the PE internal material had begun to escape from the bottle 

itself as the material closest to the front face had heated up sufficiently to its melting point. This 

meant that molten plastic pooled at the base of the bottle as the heat exposure continued, as shown in 

Figure 5.5.  

 

Figure 5.5: PE Ecobrick formation of complete outer shell blackening layer and melted inner PE material 

 

After 446 seconds, the sample reached flaming ignition with sustained burning experienced 

immediately after the initial flash. The initial flash and sustained burning thereafter is shown in Figure 

5.6. 

 

Figure 5.6: Initial flash leading to sustained burning of PE Ecobrick 
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5.2.3. Analysis of exposed Ecobricks bottle testing 

It is inherently difficult to measure surface temperatures as well as temperatures of items that are non-

uniform in nature and continuously change shape. This is especially true of exposed Ecobricks as the 

material has a nature to melt at relatively low temperatures and deforms rapidly when subjected to a 

heat source. However, many important observations can be made from the exposure of this type of 

material to a heat source.  

One such observation is the time to ignition of the sample, which was taken as the auto-ignition time 

of each of the samples tested. As such, the longest-case scenario is accounted for by assuming no 

external pilot event will result in the lighting of volatiles being produced by the sample. When 

subjected to the heat flux of 30 kW/m², the PP sample achieved auto-ignition in approximately 

209 seconds, with the PE sample achieving auto-ignition in approximately 446 seconds. Thus, the 

ignition of the PE sample took over double the amount of time to achieve a flaming condition as 

opposed to the PP sample. This is summarised in Table 5.1: Summary of key events during Ecobrick 

testing 

Table 5.1: Summary of key events during Ecobrick testing 

Bottle material Initial rupture 

(s) 

Complete front 

face rupture (s) 

Flash (s) Sustained 

burning (s) 

PP 16 50 203 209 

PE 60 240 446 446 

 

When assessing the state of the materials during testing, it was evident that the PE material had a 

tendency to flow out of the sample and pool towards the base of the bottle. In contrast, the PP material 

remained intact within the remaining shell of the Ecobrick without severe running due to melting of 

the material. When assessing the melting points of PE and PP, it becomes evident that the latter melts 

at a higher temperature of 186 °C compared to PE at 135 °C. PET has the highest melting point of all 

the constituents at 260 °C, meaning that most of the material at the front face of the Ecobrick would 

have heated to its melting point by the point of the shell rupture. It is however important to note that 

PET has a lower ignition temperature at 374 °C compared to than that of PP/PE at 443 °C (Tewarson 

et al., 2000). 

Due to the molten state of the materials within the Ecobrick, there were incidences of flaming droplets 

present for both samples as the flaming progressed. This is a major risk of flame spread, as the falling 

molten plastic has the potential to run down the wall and further ignite materials below it in addition 

to upward flame spread from the already flaming Ecobrick. Instances of flaming droplets are shown in 

Figure 5.7 and Figure 5.8 for the PP and PE samples respectively. 

Stellenbosch University https://scholar.sun.ac.za



5 .  R E S U L T S  &  A N A L Y S I S  

 

77 

 

 

Figure 5.7: Flaming droplets from PP Ecobrick sample undergoing sustained burning 

 

Figure 5.8: Flaming droplets from PE Ecobrick sample undergoing sustained burning 

 

Another observation made was the reaction of the burning plastic residue to being extinguished with 

the use of water. As a result of plastic being petroleum based, the addition of water results in a violent 

explosion of flame even for a small pool of flaming plastic. This is shown in Figure 5.9. 
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Figure 5.9: Danger of extinguishing Ecobrick fires with water or water-based products 

 

The reaction to water is especially concerning when considering the context of an Ecobrick structure. 

For many instances, the advocacy for Ecobrick usage has been surrounding affordable housing for the 

underprivileged as well as public spaces for small communities in poorer areas. As such, the 

likelihood of non-water-based suppression systems being installed in these areas is somewhat 

unlikely. In the event of a fire event occurring, an involvement of the Ecobrick structure in the fire 

forms a highly dangerous situation where water-based extinguishing may be the only option in 

stopping a fire from spreading and engulfing the entire structure. As can be seen from Error! 

Reference source not found. water is commonly used by both residents and fire-fighters when 

combatting settlement fires. Ultimately, as would be expected, this work highlights that when 

Ecobricks are exposed to elevated temperatures and heat fluxes they can become very dangerous and 

will severely influence fire behaviour and spread. If walls collapsed during an incident, it could 

endanger firefighters in the vicinity.  
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5.3. Adobe bricks 

In this work, vertical configurations of Ecobricks protected with adobe bricks were carried out under a 

constant heat flux of 30 kW/m². This was done to compare the suitability of adobe brick units to 

previous renders added to Ecobrick infill walls in previous research. 

Calculations and data shown within this section can be found in the external appendix within the 

created data repository available at doi: 10.25413/sun.16915156 

5.3.1. Results 

The total adobe protection system was successfully able to prevent any notable heat transfer to the 

Ecobricks on the unexposed side of the Adobe bricks. Positions of the thermocouples are as shown in 

Figure 4.18. The Ecobricks are located at the centre of either adobe brick layer, meaning that the 78 

mm thermocouple depth from the unexposed face is key for understanding performance.  The 

temperatures of each of the thermocouples distributed within the sample are shown in Figure 5.10 

 

Figure 5.10: Temperature distribution of thermocouples present in Adobe brick protection system 

 

Temperatures of the thermocouples placed at a depth of 53 mm and 78 mm into the Adobe bricks are 

shown in  Figure 5.11. 
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Figure 5.11: 25 and 53 mm depth temperatures within adobe wall system 

  

A view of the front face of the Adobe bricks from the start to completion of the test is shown below in 

Figure 5.12 

 

Figure 5.12: Progression of adobe brick test over 1 hour of H-TRIS exposure 
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For the duration of the test, the Ecobricks were sufficiently protected and did not exhibit any signs of 

the onset of melting or deformation resulting from contact with a heat source. From the temperature 

distribution of the 25 mm thermocouple depth, a temperature rise of 57 °C above ambient (ie. absolute 

temperature of 82°C) was observed which is well below the maximum average temperature rise of 

140°C stipulated in (SABS, 2008). The actual exposed temperature at the rear surface of the adobe 

bricks would be considerably lower than that of the 25 mm layer, meaning that the Ecobricks would 

be well protected in the event of a fire. 

5.3.2. Analysis 

With reference to the work on testing Ecobricks in a furnace (Sander, 2021), the potential of adobe 

bricks as a protective measure for Ecobrick infill walls shows that the thermal performance of 

traditional adobe methods is satisfactory in line with allowable temperature limits set out. The low 

conductivity and thick profiles mean that good passive protection is provided, as would be expected.  

When compared to the plaster layers employed by Sander (2022), the depth of the sample is much 

greater than the plaster layer thicknesses used for previous experiments. A comparison of the final 

temperatures of experiments by Sander (2022) is given in Table 5.2. 

Table 5.2: Comparison of temperatures of previous experiments and experiments performed in this thesis 

Previous experiments Experiment in thesis 

 Cob (vertical) Cob (horizontal) Adobe 

Surface 

temperature @ 

60 minutes (°C) 

920 940 Surface temperature @ 60 

minutes (°C) 

375 

20 mm 

temperature @ 

60 minutes (°C) 

480 440 53 mm temperature @ 60 

minutes (°C) 

200 

40 mm 

temperature @ 

60 minutes (°C) 

343 240 78 mm temperature @ 60 

minutes (°C) 

136 

 

When assessing the temperatures of the adobe tests, it is evident that the surface temperatures at the 

exposed face are significantly lower than those experienced in the tests performed by Sander (2022). 

This is expected due to the higher heat fluxes (in the order of 200 kW/m²) produced by the furnace as 

opposed to those produced by the eH-TRIS (30-35 kW/m²). However, a thermal response is still 

highly valuable as a predicted temperature distribution can still be developed using the data from both 

experiments. 
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Using the obtained thermal gradient of the adobe samples, an expected temperature distribution for 

full-scale conditions was able to be estimated. Using the maximum surface temperature experienced 

for the cob samples of 940°C, temperatures at the 53 mm and 78 mm depths were calculated. The 

results are shown in Table 5.3. 

Table 5.3: Estimated-full scale adobe brick system temperatures 

Depth (mm) Actual temperature 

(°C) 

Ratio of surface 

temperature (%) 

Estimated full-scale 

(°C) 

0 375 100 930 

53 200 53.3 496 

78 136 36.3 337 

 

The distribution of temperature decrease with time for the adobe, vertical cob and horizontal cob 

samples is shown in Figure 5.13 

 

Figure 5.13: Temperature decrease with depth for earthen samples @ 60 minutes 

 

An approximately linear relationship in temperature decrease with an increase in depth from the 

exposed face is apparent for the adobe system. This contrasts to that of the cob, which decreases 

rapidly across the first 20 mm of depth and then experiences a decrease in temperature drop-off. 

Using the linear relationship of the adobe, the gradient of the temperature decrease was used to 

estimate the unexposed surface temperature for the full-scale condition. The unexposed surface 

temperature was estimated to be 159.5 °C, or 17% of the original surface temperature after 60 minutes 

of exposure to the eH-TRIS. This estimated temperature additionally satisfies the maximum average 
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temperature rise of 140 °C in (SABS, 2005), with a rise above ambient temperature of 139.5 °C 

occurring for an ambient temperature of 20 °C. The addition of plaster layers to the adobe bricks for 

finishing and weather resistance will further protect against heat transfer, with behaviour of the 

unexposed bricks falling in line with requirements. 
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5.4. RESIN8 bricks 

This section overviews the testing of the concrete bricks containing 0%, 5%, 10%, 20%, 30%, 40% 

and 50% RESIN8 by volume when exposed to the eH-TRIS for an hour. Trends in behaviour are 

important to illustrate how increasing volumes of plastic influence smoke emissions and capacity. For 

each set of results the average of three tests are shown. Also, samples were weighed and tested for 

compressive strength before and after fire exposure. When considering results, it should be 

remembered that combustible construction products are permitted, such as for timber structures.  

Overall fire safety must however not be compromised, and the combustible nature needs to be taken 

into account.  Furthermore, as noted in Section 4.2.3, bricks are being tested with no plaster layer in 

place, and a plaster layer will provide passive protection to the samples. 

Calculations and data shown within this section can be found in the external appendix within the 

created data repository available at: doi: 10.25413/sun.16903864  

5.4.1. Results 

Behaviour 

For each of the brick groups (with the exception of the 0% replacement samples) the plastic content 

within the brick was observed to emerge from the surface of the brick as the front face was heated by 

the H-TRIS. These plastic ‘bubbles’ gradually grew larger as the heat progressed further into the face 

of the brick and resulted in the rapid production of smoke from the exposed side. After a period of 

being exposed to the H-TRIS, volatiles in the plastic had undergone complete pyrolysis which 

resulted in the formation of a plastic-concrete ‘char’ layer. This char layer continued to form until all 

of the plastic in the front portion of the brick had emerged and undergone pyrolysis. After this point, 

smoke production decreased dramatically, and no further plastic was seen emerging from the front 

face.  

A progressive emergence of the ‘char’ front is shown in Figure 5.14 which provides a close-up 

perspective the pyrolysis of the replacement content of a 30% RESIN8 brick. As noted above, the 

pyrolysis gases did not ignite, which proved to be beneficial for studying the behaviour in-depth.  
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Figure 5.14: Formation of plastic 'char' layer of a RESIN8 30% replacement brick over time 

As stated previously, the smoke production from each of the RESIN8 samples increased significantly 

with an increase in replacement contents. This is discussed further in the analysis with a summary of 

peak smoke points shown in Figure 5.15 for 5 through 50% RESIN8 replacement contents. No smoke 

was emitted from the 0% benchmark brick.  

 

 

Figure 5.15:  Smoke production from RESIN8 samples (5% through 50%; left to right, top to bottom) 
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Temperatures 

The average temperature distribution at the front (exposed) face of each of the RESIN8 replacement 

samples is shown in Figure 5.16 as well as the rear (unexposed) face temperatures shown in Figure 

5.17 (i.e. at the back of the brick at a depth of  73 mm). A general observed trend was an increasing 

temperature at the front face with an increase in RESIN8 replacement content, and a decreasing 

temperature at the rear face with an increase in RESIN8 replacement content. This highlights that as 

plastic aggregate is lost the conductivity decreases, leading to a build-up of heat at the front face and 

reduced temperatures at the back face.  

 

Figure 5.16: Temperatures of RESIN8 samples exposed front face 

 

Figure 5.17: Temperatures of RESIN8 samples unexposed rear face 
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Mass loss 

The total mass losses for the bricks were found to increase with an increase in replacement value. This 

was expected as more plastic in the higher replacement bricks was available to be consumed after 

prolonged exposure to the H-TRIS. The total mass loss for each of the seven groups is shown in 

Figure 5.18. Note that this mass loss includes both moisture and RESIN8, in addition to material that 

fell off. RESIN8 mass loss represents a contribution to the fuel load in a compartment and will 

enhance fire behaviour, as will be discussed below. These values will be updated below to isolate the 

contribution to fuel load.   

  

Figure 5.18: Unmodified mass losses of RESIN8 replacement bricks after 1 hour exposure to H-TRIS 
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Figure 5.19: Pre-fire compressive load of RESIN8 brick groups 

 

 

Figure 5.20: Post-fire compressive load of RESIN8 brick groups 
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5.4.2. Analysis 

Smoke production 

From the testing results, it was clear that the smoke production from each of the bricks was markedly 

increased with an increase in RESIN8 content. This can be seen in Figure 5.21 through Figure 5.26, 

showing the smoke production levels from each of the samples for 0% RESIN8 replacement content 

through 50% RESIN8 replacement content 

 

Figure 5.21: RESIN8 50% aggregate replacement smoke production over time during exposure to H-

-TRIS 

 

Figure 5.22: RESIN8 40% aggregate replacement smoke production over time during exposure to H-

-TRIS 
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Figure 5.23: RESIN8 30% aggregate replacement smoke production over time during exposure to H-

TRIS 

 

 

Figure 5.24: RESIN8 20% aggregate replacement smoke production over time during exposure to H-

-TRIS 

 

Figure 5.25: RESIN8 10% aggregate replacement smoke production over time during exposure to H-

-TRIS 
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Figure 5.26: RESIN8 5% aggregate replacement smoke production over time during exposure to H-

-TRIS 

When comparing each of the RESIN8 replacement content figures above, it is evident that the 20% 

replacement sample experiences a significant increase in smoke production compared to the 10% 

replacement sample. This is also evident when comparing the total mass losses of the 20% and 10%, 

with the 20% experiencing double the mass loss at 3.1% versus the 1.5% of the 10% sample. This is 

again seen for the 30% sample, with the predominant production of smoke occurring between two and 

ten minutes into the testing of the sample. In addition to the total fuel load contribution the rate of 

contribution is also important. A high and early spike in mass loss rate will be more likely to lead to 

flashover and fire spread between dwellings, as opposed to a gradual consistent mass loss, even if the 

total mass change is the same. 

An observation made with regard to the higher replacement contents is the rapid onset of smouldering 

combustion soon after exposure to the H-TRIS. This led to a high level of smoke production within 

minutes and subsequent reduction of smoke production after the material had formed a ‘char’ layer at 

the front face of the sample. This is especially evident when assessing the 40% and 50% replacement 

samples, with the emergence of the plastic material from the front face in the first minute followed by 

the rapid production of high volumes of smoke from two through five minutes of exposure to the H-

-TRIS. After ten minutes into the start of the test, smoke levels had reduced to those experienced 

within the first minute of the test, with almost no smoke being produced after the passing of 30 

minutes. 

Potential fuel load for standard dwelling 

This section estimates the fuel load contribution of the RESIN8 bricks. When considering the masses 

of RESIN8 within each of the samples, the fuel load for a typical sized room constructed using 

RESIN8 replacement bricks can be calculated for each replacement group. Fuel loads of each sample, 

based on initial replacement mass, are shown in Table 5.4 with the calculations of each of the fuel 

loads provided below and as shown in Appendix _. 
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Table 5.4: Total potential fuel load, FLED and Q for a standard sized room constructed with respective 

replacement content RESIN8 bricks 

Replacement 

content (%) 

Fuel Load (MJ) for a 

standard size room 

FLED (MJ/m²) adjusted  for 

per area of floor 

Q (kW) for 

standard size room 

5 3635 421 1010 

10 7349 851 2041 

20 14594 1689 4054 

30 21875 2531 6076 

40 29118 3370 8088 

50 36370 4209 10102 

 

When comparing the FLED values to 80% fractile values set out in (CEN, 2002), it becomes clear that 

a replacement content of above 20% results in an excess of the 948 MJ/m² specified for a residential 

dwelling. The 50% replacement sample is naturally of greatest concern, exceeding the 1824 MJ/m² 

FLED attributed to a library by approximately 1200 MJ/m². The value of the fuel load becomes more 

concerning considering this value only accounts for the wall material. When accounting for items 

within the room, the total FLED will proceed to increase which will inevitably result in an 

unacceptably high fuel load for the occupancy under consideration. 

Estimated total mass and energy losses 

As a result of the high RESIN8 replacement contents, exacerbated losses were seen in the 40% and 

50% samples due to total disintegration of the front face after burning had completed. Delamination 

of the front face along with molten plastic and mortar mix meant that it was near impossible to keep 

the sample intact after testing. This phenomenon is shown in Figure 5.27 with the approximate line of 

zero strength shown by the yellow line on a 40% replacement sample just after heat exposure. 
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Figure 5.27: Perspective view of post-heated 40% RESIN8 sample with the approximate line of zero 

strength (shown in yellow) 

 

 

Figure 5.28: Top-down view of post-heated 40% RESIN8 sample 
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Figure 5.29: Side view of post-heated 40% RESIN8 sample 

 

Figure 5.30: Perspective view of post-heated 50% RESIN8 sample showing charring and cracking of the 

front face and underlying cross-section 
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Figure 5.31: Top-down view of post-heated 50% RESIN8 sample 

 

 

Figure 5.32: Side view of post-heated 50% RESIN8 sample 

 

However, since the bricks were assumed to have an even distribution of plastic-to-concrete content for 

each of their respective replacement contents, the total mass of the section that fell off the sample was 

assumed to contain the same percentage of RESIN8 as the rest of the brick. Using this logic, the total 

actual mass loss of the 40% and 50% samples were reduced by 40% and 50% respectively. The 

modified mass losses are shown in Figure 5.33. 
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Figure 5.33: Modified mass losses of RESIN8 replacement content units 

 

As can be seen from the mass losses above, the 0% and 5% samples exhibited a higher mass loss that 

that of the 10% sample. Due to a finer concrete matrix with less voids being present for the lower 

replacement value bricks, it was hypothesised that the higher mass losses were due to the increased 

presence of moisture content in the bricks themselves. The higher replacement content RESIN8 units 

(due to having more voids and an increasingly porous matrix) would have dried to a greater degree 

when placed in the oven for the 24 hours prior to testing. As a result, more moisture was present in the 

0% and 5% samples, leading to an increased mass loss seen in Figure 5.33. Naturally, having zero 

replacement content present in the mix design, the 0% replacement brick would have no mass loss 

attributed to RESIN8. To account for moisture content in the 5% brick, the percentage mass loss per 

brick was cross referenced against the mass of plastic in each replacement level mix design. These 

results are shown in Table 5.5  

Table 5.5: Percentage mass of RESIN8 consumed due to exposure 

Replacement 

content (%) 

Mass loss (g) Mass of RESIN8 in mix 

design (g) 

Percentage plastic consumed 

(%) 

0 111.34 0 0 

5 75.3 82.6 91.2* 

10 52.3 167.1 31.3 

20 99.7 331.8 30 

30 124.3 497.3 25 

40 178.1 661.9 26.9 

50 251.7 826.8 30.4 

*Mass loss earmarked as comparatively high to other percentage plastic consumed values 
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When comparing the percentages shown in Table 5.5, it becomes clear that the theoretical percentage 

plastic consumed in the 5% brick is much higher than that of the other replacement groups. The 10% 

through 50% replacement samples had a percentage plastic consumption within a range of 6%, as 

opposed to the difference of 60% between the 5% and 10% replacement brick. This correlates with 

the hypothesis of an increased presence of water content in the lower replacement samples, resulting 

in a mass loss due to moisture evaporation rather than the consumption of RESIN8. For this reason, an 

average of the mass losses of the 10% through 50% RESIN8 samples and actual mass of plastic 

within the 5% RESIN8 sample was used to calculate an expected mass loss of plastic of the 5% 

sample. Calculations for the average mass loss above can be found in the data repository. The final 

mass losses are shown in Figure 5.34. 

 

Figure 5.34: Adjusted mass losses of RESIN8 replacement brick groups 

 

Using the above mass losses of each of the RESIN8 samples, the total energy release was calculated 

for each sample as shown in Table 5.6. 
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Table 5.6: Energy and heat release for single RESIN8 samples based on recorded mass losses 

Replacement 

content (%) 

𝑬 (MJ) 𝑬𝒎𝒐𝒅 (MJ) 𝑸𝒂𝒗𝒈 (kW) 𝑸𝒎𝒐𝒅 (kW) 

5 3.01 0.95 0.84 0.27 

10 2.09 2.09 0.58 0.58 

20 3.99 3.99 1.11 1.11 

30 4.97 4.97 1.38 1.38 

40 7.13 7.13 1.86 1.86 

50 10.07 10.07 3.12 3.12 

 

Using a standard room size (2.4 x 3.6 x 2.3 m) as for the calculation of the potential FLED, the total 

energy released in the room as well as the average heat release rate (AHRR) was calculated. These 

values are shown in Table 5.7 

Table 5.7: Energy and heat release potential for standard RESIN8 room based on recorded mass losses 

Replacement 

content (%) 

𝑬𝒓𝒐𝒐𝒎 (MJ) for 

all walls 

FLED (MJ/ m²) (adjusted to be per 

area of floor) 

𝑸𝒎𝒐𝒅 (kW) 

5 1049 121 291 

10 2302 266 639 

20 4384 507 1218 

30 5469 633 1519 

40 7836 907 2177 

50 11282 1306 3075 

 

The 30% to 0% aggregate replacement brick groups did not experience any disintegration of the front 

face and stayed intact when being removed from the test plinth. As such, these mass losses did not 

need to be modified as the total mass lost was due to pyrolysis of the plastic itself and not physical 

loss of the brick matrix. 

Mass loss equivalence 

Since a defined mass is lost over a period of time, a comparison was proposed to be drawn between 

the loss of plastic and the charring rate for timber members. Charring rates of wood have been found 

to be approximately linear in nature, with the rate of char being dependent on the density and moisture 

content of the type of wood (Buchanan and Abu, 2017). Charring rates for common types of wood 

used in construction are provided in Table 5.8. 
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Table 5.8: Charring rates for various types of available wood products (Buchanan and Abu, 2017) 

Material Minimum density (kg/m³) 𝜷𝟎 (mm/min) 

Glue laminated timber (GLT) 290 0.65 

Solid softwood timber 290 0.65 

Solid or glue laminated hardwood timber 450 0.5 

LVL panels 480 0.65 

Plywood 450 1.0 

Other wood panel products 450 0.9 

 

When assessing the RESIN8 bricks, an equivalent thickness of wood panelling was calculated for 

each of the RESIN8 brick groups based on the adjusted mass losses found in Figure 5.34. This was 

calculated using an assumed timber density (450 kg/m³ for a pine/ spruce standard wood) Calculations 

for the equivalent timber thickness can be found in _. The equivalent timber panel thicknesses and 

rates of charring of each of the equivalent panel are shown in Table 5.9 

Table 5.9: Equivalent thickness and charring rates of RESIN8 samples 

Replacement content (%) E (MJ) 𝒕𝒆𝒒𝒖𝒊𝒗𝒂𝒍𝒆𝒏𝒕 (mm) 𝜷 (mm/min) 

5 1049 5.3 0.09 

10 2302 11.7 0.2 

20 4384 22.3 0.37 

30 5469 27.9 0.46 

40 7836 39.9 0.67 

50 11282 57.5 0.96 

 

Based on the equivalent charring rates of each of the bricks above, the 30% to 50% replacement 

samples closely represent timber products in terms of measured charring rates shown in Table 5.9. 

The 30% sample resembling the charring rate of a solid/ glue laminated hardwood, whereas the 50% 

sample approximates to that of plywood.  

As a result, any content greater than and including the 30% sample would require a level of protection 

in the form of a plaster layer or boarding system to mitigate the transfer of heat to the brick structure 

in the event of a fire. 

Compressive strength 

A single outlier was identified in the 0%, 5% and 10% replacement groups upon examining the results 

of compression testing.   As a result, it was chosen to omit each of these outliers from their respective 
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datasets to improve the correlation between the replacement content and compressive strength. The 

modified dataset is shown by Figure 5.35 

 

Figure 5.35: Modified pre-exposure compressive strength of RESIN8 brick groups 

 

The compressive strengths of each of the bricks after exposure to the eH-TRIS revealed that strength 

losses increase with an increase in RESIN8 content within the mix design. Table 5.10 provides a 

summary of pre- and post-fire compressive strengths and stresses. 

Table 5.10: Summary of RESIN8 replacement sample compressive test results 

Replacement 

content (%) 

Pre-fire 

compressive 

load (kN) 

Post-fire 

compressive 

load (kN) 

Pre-fire 

compressive 

stress (MPa) 

Post-fire 

compressive 

stress (MPa) 

Fire 

exposure 

capacity 

loss (%) 

0 409.5 417.5 25.5 25.9 0 

5 329.6 282.6 20.5 17.6 14.2 

10 346.6 266.9 21.6 16.6 22.9 

20 312.2 216.9 19.4 13.5 30.5 

30 243.1 168.7 15.1 10.5 30.6 

40 225.3 147 14 9.1 34.7 

50 123.3 83.1 7.7 5.2 32.6 

 

Naturally, the effect of exposure to a heat source will affect the higher content bricks to a greater 

degree as a result of the plastic melting and migrating towards the brick surface as the internal 

structure is heated. This results in the creation of voids within the structure of the brick, which will 
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weaken the overall bond strength of the mix itself. Considerable losses in strength begin to occur with 

a RESIN8 content of 20% or greater. 

Exposed and unexposed face temperatures and thermal numerical analysis 

A general trend observed in the temperature data of each of the RESIN8 samples was the decrease in 

temperature at the rear unexposed face with an increase in replacement content, with the exception of 

the 5 % content brick falling below the 0%, 10% and 20% content samples at the end of one hour of 

exposure. This is indicative of a decrease in conductivity with an increase in replacement content. 

This is further supported by the front face temperatures, showing a distinct increase in temperature 

with an increase in replacement content. When analysing cross sections of each of the samples after 

exposure, the heat transfer through the thickness of the brick can be seen using the RESIN8 that 

penetrated through the unexposed top brick surface. This is shown in Figure 5.36. 

 

Figure 5.36: Cross section distribution of RESIN8 samples after exposure to H-TRIS, highlighting heat 

transfer through samples over time 

 

As the replacement content increases, it is apparent from the front face temperature curves that a zone 

of low conductivity on the front face begins to affect the temperature rise of the sample. This is most 

evident for the 30%, 40% and 50% samples with a pronounced rising branch before the onset of 

stabilising at approximately 10, 12 and 15 minutes respectively after exposure to the H-TRIS with 

front face temperature curves of the aforementioned replacement groups shown in Figure 5.37. 
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Figure 5.37: Front face temperature curves for 30%, 40% and 50% RESIN8 replacement samples, 

showing steep rising temperature branch and stabilized plateau  

 

The area of low conductivity at the front face subsequently results in an accumulation of heat for the 

higher replacement samples. Consequently, the conduction of heat through the sample is impeded 

resulting in a lower temperature at the rear face. Again, this supports the hypothesis of an increase in 

RESIN8 content will result in a lower unexposed rear face temperature. 

5.4.3. Numerical modelling 

To provide a quantification of the temperatures recorded over the time of testing for each of the 

RESIN8 samples, a simple 1D heat transfer calculation was developed using the numerical methods 

described by (Drysdale, 2011) in Section 2.2.4. The method used below does not take the temperature 

dependent properties of the RESIN8 into account, as this will require further research to determine the 

exact proportions of materials used within the mix to establish a relationship between the temperature 

and specific heat and conductivity of the material. 

The configuration factor for the RESIN8 setup involved the area of the radiant panels centred to each 

RESIN8 brick that was tested.  When checking the resultant heat flux with the use of Equation 2.8 

from Section 2.2.3, the heat flux emitted (when using a configuration factor and emissivity equal to 1) 

was within the range of 30.3 to 35.5 kW/m² for temperatures of 855 to 890 °C respectively. It was 

therefore decided to use a configuration factor and emissivity of 1 for the purposes of calculation 

based on the readings received from the HFG. 
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As the replacement content of the RESIN8 increased, it was hypothesised that the conductivity of the 

mix design would subsequently decrease. This would lead to an accumulation of heat at the exposed 

face with less heat being conducted through the sample to the unexposed face. As a result, the 

conductivities used in the numerical solution were hypothesised to gradually decrease for each 

increasing replacement value. The conductivities used for each of the RESIN8 brick numerical 

solutions are shown in Table 5.11.  

Table 5.11: Conductivity of RESIN8 replacement samples 

Replacement value (%) k (W/m.K) 

0 1.05 

5 0.83 

10 0.84 

20 0.75 

30 0.67 

40 0.6 

50 0.57 

 

To account for the rapid rising temperature branches experienced in the higher RESIN8 replacement 

samples, a low conductivity was used for the first 2 mm section of the analysis. This would emulate 

the burning off of the plastic and creation of voids at the front face. The conductivities used are given 

in Table 5.12. 

Table 5.12: Conductivity at front face of higher RESIN8 replacement level samples 

Replacement value (%) k (W/ m.K) 

30 0.3 

40 0.25 

50 0.16 

 

Owing to the fact that the sample was placed under a hood in order to extract excess smoke from the 

room during testing, the conditions for convection were approximated in order to achieve a ‘best-fit’ 

scenario. The fan speed was set as low as possible (10Hz rotational frequency) to minimise 

interference and effect on the testing conditions but would inevitably influence the upward flow of the 

hot gases and smoke plume being produced by the sample. As a result of the extraction system being 

used, the heat transfer coefficients for each of the bricks corresponded to a transitional phase within 

the upper bound of natural convection and lower bound of forced convection for both the front and the 

rear face of the sample.  
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Convective heat transfer coefficients used for analysis are shown in Table 5.13 

Table 5.13: Coefficients of convective heat transfer for numerical analysis of RESIN8 samples 

Replacement value (%) 𝒉𝒉 (W/m².K) 𝒉𝒄 (W/m².K) 

0 95 30 

5 87 30 

10 80 30 

20 80 30 

30 80 30 

40 80 30 

50 80 30 

 

Due to the use of plastic types 1 through 7 within RESIN8 as well as a selection of proprietary 

additives within the mix, the specific heat capacity of the product is not defined in any available 

literature or data sheet. The specific heat of each of the RESIN8 bricks was therefore set to the 

defined value of concrete of 880 J/kg.K as found in (Drysdale, 2011). It is acknowledged that this is 

an assumption made for the purpose of the simplified analysis, and that further study will be required 

to determine the specific heat of the material in future research. For each RESIN8 replacement brick, 

the temperature input (representing the radiator) was based on the heating curve of the eH-TRIS 

obtained during experiments 

The results of analysis for the rear faces of the 0% through 50% samples are shown in Figure 5.38 

through Figure 5.44. 

 

Figure 5.38: 0% RESIN8 replacement rear face temperature 
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Figure 5.39: 5% RESIN8 replacement rear face temperature 

 

Figure 5.40: 10% RESIN8 replacement rear face temperature 
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Figure 5.41: 20% RESIN8 replacement rear face temperature 

 

Figure 5.42: 30% RESIN8 replacement rear face temperature 
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Figure 5.43: 40% RESIN8 replacement rear face temperature 

 

Figure 5.44: 50% RESIN8 replacement rear face temperature 
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conductivity at the front face, with a maximum under-prediction. A summary of maximum 

temperature differences between each group is shown in Table 5.14 

Table 5.14: Temperature difference between actual and numerical values of unexposed face for RESIN8 

replacement contents 

Replacement 

content (%) 

Experimental rear 

face temperature @ 

60 min (°C) 

Numerical rear face 

temperature @ 60 min 

(°C)  

Rear face experimental vs. 

numerical maximum 

temperature range (°C) 

0 90.8 88.8 14.7 

5 73.4 75.7 14.3 

10 80.8 82.1 7.95 

20 76.8 77.3 13.7 

30 64.2 65.8 16.8 

40 58.5 62.1 7.8 

50 56.8 57.9 5.4 

 

The results of analysis for the front faces of the 0% through 50% samples are shown in Figure 5.45 

through Figure 5.51. 

 

 

Figure 5.45: 0% RESIN8 replacement front face temperature 
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Figure 5.46: 5% RESIN8 replacement front face temperature 

  

Figure 5.47: 10% RESIN8 replacement front face temperature 

  

Figure 5.48:  20% RESIN8 replacement front face temperature 
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Figure 5.49:  30% RESIN8 replacement front face temperature 

  

Figure 5.50: 40% RESIN8 replacement front face temperature 

 

Figure 5.51: 50% RESIN8 replacement front face temperature  
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Table 5.15: Temperature difference between actual and numerical values of exposed face for RESIN8 

replacement contents 

Replacement 

content (%) 

Experimental front 

face temperature @ 

60 min (°C) 

Numerical front 

face temperature @ 

60 min (°C)  

Front face numerical vs. 

average maximum 

temperature range (°C) 

0 329 328.4 37.3 

5 353.2 355.6 34.9 

10 381.3 377.7 17.9 

20 361 382.6 27.2 

30 382.8 393.3 86.5 

40 410.7 418.1 86.9 

50 412.1 425 102 

 

The relatively high differences in temperature highlighted in the front face numerical vs. average 

temperature column in Table 5.15 are primarily due to a time delay between the recorded and 

numerical temperatures. The temperature range was calculated based on the time difference between 

consecutive data points found on each of the time-temperature curves. When assessing each of the 

curves, it is evident that the curve trends between the recorded and numerical temperatures are well 

represented with the numerical solution over predicting along the time temperature curve for each of 

the samples. 

The results of the analysis confirmed the hypothesis that conductivity of the brick will decrease with 

an increase in RESIN8 content. The presence of a high concentration of plastic accumulating at the 

front face results in a zone of low conductivity which is categorised by a high front face temperature 

and lower rear face temperature for samples with replacement levels of 30% RESIN8 or greater. Good 

agreement between the experimental and numerical models can be obtained by using simple methods 

of heat transfer by radiation, conduction and convection for both the front and rear face. However, 

improvement will be required in further research with regard to the determination of the specific heat 

of the material as well as changes over time with regard to moisture migration, density and 

temperature dependent conductivity values. 
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5.5. Summary of findings 

A total of three systems used as recycled construction materials that make use of waste plastic as a 

primary building block (macro plastics) or as an aggregate replacement within a masonry building 

unit (micro plastics). The testing of these three systems produced many valuable findings presented 

throughout this chapter. For each of the three systems, the most significant results have been listed in 

the sections to follow. 

5.5.1. Exposed Ecobricks 

• Polypropylene most critical material within Ecobrick: for the two types of Ecobrick 

tested, the polypropylene (PP) Ecobrick auto-ignited within under half the time of the 

polyethylene (PE) Ecobrick at 209 seconds compared to 446 seconds respectively. This is 

concerning as PP is one of the most widely produced plastics today, with most non-recyclable 

plastic products consisting of PP composite materials. A short time to ignition will result in 

the rapid spread of flame in the event of a fire, leading to large conflagrations if multiple 

structures were built using the same materials. 

• Rapid and high volume of smoke production: each of the Ecobricks (of either material 

configuration) produces high volumes of volatile gases when exposed to an intense heat 

source. The production of gases occurs shortly after the introduction of a heat source. The 

nature of Ecobrick walls (highly porous and not sealed from one side) means that the smoke 

will be able to penetrate the wall system, resulting in the release of smoke from both the 

exposed and unexposed face.  

• Presence of flaming droplets: The infill plastic used for the Ecobricks become molten when 

heated sufficiently. Once flaming occurs, the volatiles being produced by the molten material 

ignite and result in the occurrence of flaming droplets falling from the Ecobricks. This is a 

major problem in the event of a fire as the droplets have the potential to ignite lower floors (in 

the event of the Ecobricks being used as infill material on the floor above). Flaming droplets 

also have the potential to ignite combustibles within the room at floor level, which will 

further contribute to the overall intensity of the fire. 

• Suppression risks: plastics are an oil-based material, meaning that the heat capacity of these 

products is considerable at approximately 40MJ/kg. The reaction of oil fires to water also 

means that traditional suppression by water bucket/ fire hoses is not recommended due to the 

explosion of flame when introducing water to oil. Communities in areas that use Ecobrick 

construction are also typically of the lower income bracket, which means access to advanced 

suppression systems required to extinguish petrochemical fires is unlikely (water mist, foam 

systems, large scale DCP extinguishing etc.). 
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5.5.2. Adobe 

• Low transmission of heat: for 60 minutes exposure to the H-TRIS, the temperature at 25 

mm from the unexposed face was 82°C at the middle row of the sample. Being the hottest 

section of the adobe layout, the temperature at the unexposed face would have been 

significantly less than the 25 mm measurement. The critical melting point of the Ecobrick 

outer shell (PET) of 260°C and infill material (PE/PP) of 130°C. Consequently, total heat 

transfer through the sample was sufficiently low to ensure that the temperatures did not 

exceed the melting points of the Ecobrick materials or limits set out in (SABS, 2005). 

Predictions for full-scale experiments showed that temperature estimates were below 

maximum limits as set out in (SABS, 2005) and that adobe samples should provide sufficient 

protection for Ecobricks for 60 minutes. This will however need to be verified in future 

research. 

• Minimal delamination of cross section: no delamination was experienced from the adobe 

setup as was present with different renders used in previous research by Sander, 2021. As a 

result, the direct exposure of the plastic to open flame would be prevented. This could offer a 

potential solution to the problem of layer delamination of plaster when exposed to highly 

elevated temperatures. 

5.5.3. RESIN8 

• Decrease in strength with increase in replacement content: with the increased percentage 

of RESIN8 present in the concrete mix, the units experienced a decrease in compressive 

strength. For two-week compressive strength, the 5% replacement brick exhibited a 20% 

reduction in strength at 20.5 MPa compared to the 0% replacement brick at 25.5 MPa. The 

50% replacement brick exhibited a 70% reduction in strength at 7.7 MPa compared to the 0% 

brick at 25.5 MPa. 

• Consistent decrease in strength when exposed to fire: the exposure of the RESIN8 bricks 

to fire revealed that the influence of fire exposure has a marked influence on the strength of 

the bricks. The effect of fire exposure increases in severity with an increase in replacement 

content, with the 5% replacement brick having a strength reduction of 14.3% (20.5 to 17.6 

MPa) compared to the 50 % replacement brick having a strength reduction of 32.7% (7.7 to 

5.2 MPa). The 40% replacement brick experienced the greatest reduction of 34.8% (14 to 9.2 

MPa) 

• Mass loss of third of plastic content after 60 minutes: for the 10% to 50% replacement 

bricks, an average mass loss of 28.9% of RESIN8 originally found in the mix design was 

observed. The 5% was adjusted accordingly due to the effect of higher levels of moisture 

content in the brick matrix. A high energy release was observed for the higher replacement 

groups with the 50% replacement brick releasing 1306 MJ/m² (contribution from the RESIN8 
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bricks only with no additional items in the room); significantly higher than the 80% fractile 

value of 948 MJ/m² for a standard dwelling.  

• Decrease in conductivity with an increase in replacement content: the temperatures 

observed at the unexposed face of the bricks decreased with an increase in replacement 

content, with the 0 and 50% replacement bricks having temperatures of 90.8 °C and 56.8 °C at 

the rear face respectively. The front face temperatures were also seen to increase with an 

increase in replacement content, with the 0% and 50% replacement bricks having 

temperatures of 329 °C and 412.1 °C at the front face respectively. The temperature behaviour 

of the bricks was concluded to be due to a decrease in overall conductivity of the brick with 

an increase in RESIN8 content, due to plastic having a lower conductivity than that of 

standard concrete. This was supported by a simple one-dimensional numerical analysis of 

each of the bricks, which highlighted a distinct trend of changing conductivity impacting on 

the heat transfer through each of the samples. 
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6. Conclusion & recommendations 

6.1. Overview 

This thesis has investigated the behaviour of several masonry-based systems incorporating waste 

plastic to fire. Chapter 1 introduced the problem statement and presented the objectives and scope of 

the research. The literature required to complete the research necessary was then reviewed in Chapter 

2. Relevant concepts discussed include fire behaviour, the basics of heat transfer, fire safety and 

resistance, a selection of established test methods and the recycled construction materials selected for 

this thesis.  

The nature of recycled construction materials (especially those incorporating waste plastic) have been 

of particular interest in recent research and development. These materials include Ecobricks and their 

associated protection systems as well as masonry units incorporating waste plastic within the mix 

design as an aggregate replacement. Chapter 3 provides a background on previous research done on 

the use Ecobricks as an infill wall as well as protection renders used as a benchmark for further study. 

The types of render and associated thicknesses used, experimental setup and results thereof will be 

outlined in the chapter. 

Chapter 4 provides the reader with methods of experimental setup for the system used for testing as 

well as the three recycled construction material systems tested. The use of a novel method of testing 

(H-TRIS) has opened avenues for a new type of fire response test. A setup based on the principles of 

this system was built and used for all samples tested in this thesis. The eH-TRIS offers the advantage 

of reaching levels of heat flux high enough to achieve the ignition temperature of most materials 

while minimising the effect of the convective zone through heat transfer by radiation only. The 

Ecobrick, adobe and RESIN8 system setups are also described in detail in this chapter with regards to 

material, design and instrumentation considerations. 

Chapter 5 provides both the results and analysis of the eH-TRIS testing carried out on the Ecobrick, 

adobe and RESIN8 systems. A qualitative assessment of the Ecobrick setup is provided by 

highlighting potential problems obtained from video footage of exposed Ecobricks to the eH-TRIS at 

a constant heat flux. The adobe system is assessed by means of temperature data to quantify 

performance of this system compared to render material tested in previous research. The testing of the 

RESIN8 system involved the capture of temperature response as well as total mass loss due to fire 

exposure. The pre- and post-fire compressive strengths were also compared to assess the impact of 

fire exposure on the strength capacity of masonry units incorporating waste plastic in the mix design. 

This was concluded with a rudimentary numerical analysis to quantify temperature differences on the 

front and rear sample faces. 
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Chapter 6 provides a summary of the key findings of this research along with recommendations for 

future research based on the findings of each of the tested systems.  

6.2. Recommendations and design considerations 

The use of recycled materials within construction materials has great potential to utilise previous 

waste products and turn them into building units that effectively sequester and reduce the amount of 

this waste that is transferred straight to landfill. However, these materials need to be used responsibly 

to prevent unforeseen effects from occurring in the future. This paper has assessed three such systems 

with respect to their response to fire and behaviour that need to be considered when designing these 

types of systems. 

The use of unexposed Ecobricks is not recommended in any construction application from the results 

of the testing carried out within this paper. The highly flammable nature of the PET bottles and infill 

PP/PE material means that exposure to relatively low heat fluxes will result in the emission of large 

volumes of volatiles and noxious gases. In addition, the material is susceptible to auto-ignition after a 

short period of time and sustained burning occurs immediately after the initial flash event. The 

material is also difficult to extinguish and exhibits highly dangerous behaviour when attempting to 

extinguish with any water-based product. This is due to the explosive reaction of an oil-based fire 

with the sudden addition of water. For this reason, Ecobricks need to be protected by an additional 

layer of material to ensure that the fire event does not reach the Ecobrick layer whatsoever. 

Adobe bricks offer a suitable solution to protecting Ecobricks in the event of a fire. The nature of the 

material means that the use of in-situ soils can be employed to create a brick that can be made by 

almost any person with the use of minimal tools. These bricks have shown the potential of being 

modular while countering the effects of plaster delamination experienced with protection methods 

applied in previous experiments (Sander, 2022). The thermal transfer of the adobe material was 

sufficiently low to protect the Ecobricks against the level of imposed heat flux for a 60-minute period. 

The use of aggregate replacement (RESIN8) within concrete masonry units is a viable method of 

incorporating waste plastic into modular systems that can provide high strength solutions for 

construction. The use of replacement contents higher than 10% resulted in a post fire strength 

reduction of over 30%, with only the 0%, 5% and 10% replacement samples achieving an overall 

capacity exceeding that of 15 MPa. The production of smoke is a problem with regard to the release 

of volatiles into the enclosure, especially if the enclosure is sealed and the opening of a door results in 

an event of backdraft, posing a major safety risk for occupants and first responders to a fire. Smoke 

production increases dramatically from 10% to 20% RESIN8 replacement content, with volatile rich 

smoke being the highest for the 50% sample. When assessing the recommended FLED value for a 

dwelling, it becomes immediately apparent that the higher contents have the fuel potential to greatly 
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exceed the value of 948 MJ/m², with the 20% brick having a potential of 1689 MJ/m² compared to 

851 MJ/m² for the 10% brick. When considering all of the above parameters, a recommendation of a 

usage up to 10% content is recommended when considering the use of RESIN8 construction units. 

6.3. Future research 

In order to quantify the full-scale potential of adobe bricks, it is recommended that a large wall system 

utilising adobe be constructed and tested in a furnace application. This would allow the resistance of 

each of the bricks subjected to higher heat fluxes simulating real fires (in excess of 100 kW/m²) to be 

checked and to validate estimates made in this research with regards to temperatures of the unexposed 

face temperatures. 

In addition, the testing of RESIN8 within different characteristic strength mix designs would be of 

significant interest to assess the impact of the addition of plastic aggregate to high or low strength 

mixes, and the sensitivity of the mix to the addition thereof. Further research is required to fully 

capture the thermal properties of RESIN8 bricks once cast such as specific heat, density changes and 

mass loss per unit time to obtain a heat release rate curve for different replacement levels. The 

exposure of a RESIN8 unit wall system to a furnace test would also be of considerable value to 

understand the behaviour of higher replacement values when subjected to a real fire condition with 

higher imposed levels of heat flux. 
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