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ABSTRAKT  

Pro dosažení udržitelného rozvoje v oblasti stavebních materiálů je třeba brát v úvahu ekologické, 

ekonomické a sociální aspekty průmyslové výroby. Tato práce adresuje první dva aspekty. 

Teoretický i praktický výzkum byl prováděn za účelem studia možnosti nahradit běžně používáné 

redispergovatelné prášky, které jsou používané v průmyslu suchých maltových směsí jako 

primární přísady, průmyslově zpracovanými elastomery z odpadních materiálů, jako jsou 

recyklované pryže z pneumatik. Průzkum vědecké literatury zpracovaný v rámci teoretického 

výzkumu popisuje stav techniky v oblasti polymerní modifikace maltových výrobků a účinek 

běžně používaných modifikátorů a elastomerních plniv na vlastnosti maltových a betonových 

výrobků. Experimentální výzkum byl prováděn za účelem prozkoumat možnost nahrazení 

redispergovatelných prášků za elastomerní plniva. Vlastnosti čerstvé a ztvrdlé malty, obsahující 

různá množství elastomerních částic, byly studovány. Výsledky naznačují, že částečné nahrazení 

by bylo možné bez zhoršení vlastností výrobku. 

KLÍČOVÁ SLOVA  

polymerem modifikované cementové kompozity, redispergovatelný prášek, elastomerí plniva, 

substituce, pryž z pneumatik, recyklovaný polymerní odpad, průmyslový odpad, přátelský k 

životnímu prostředí, přídržnost 

ABSTRACT  

To attain a sustainable development in the field of building materials, it is necessary to consider 

environmental, economic, and social aspects of the industrial production. This thesis addresses 

the first two aspects. Both theoretical and practical research were implemented in order to study 

the possibility to replace the commonly used RDPs, that are being used in the dry-mix mortar 

industry as a primary additive, with the industrially processed elastomer waste materials, such as 

recycled tire rubber. The review of the scientific literature processed within the theoretical 

research discloses the state of the art in the field of polymer modification of the mortar products 

and the effect of the commonly used modifiers and elastomer fillers on the performance of mortar 

and concrete products. The experimental research was implemented to study the possibility of the 

replacement of the RDPs for the elastomer fillers. The performance of fresh and hardened mortar 

containing various amounts of elastomer particles was studied. The results indicate, that the partial 

replacement could be feasible without worsening the performance of the product. 

KEYWORDS  

polymer-modified cement composites, redispersible powder, elastomer fillers, substitution, tire 

rubber, recycled polymer waste, industrial waste, environmentally friendly, adhesive strength  
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1. INTRODUCTION 

The world in 21st century surely is facing major environmental issues and challenges. Technical 

development has created huge opportunities for improvement of the quality of life for a major part 

of world´s population since the industrial revolution.  This has come hand in hand with increased 

demand for goods and services. However, the life cycle thinking approach in industry is relatively 

new. Companies producing these goods and services in the past two centuries did not consider the 

“end of life” and “disposal/recycle” stage of the product lifecycle as much as they do nowadays, 

which led to the unprecedented accumulation of waste. What is worse, the major part of this waste 

is whether non-biodegradable or the degradation lasts for decades or even centuries. A typical 

example of this kind of hardly degradable waste having a huge environmental impact all over the 

world is a polymeric waste. We can now fairly estimate, that the effort to implement this waste as 

a partial substitution for raw materials used in civil engineering industry could help to reduce the 

impact of the waste. 

For example, it is estimated, that out of 1.5 billion car tires manufactured annually all over 

the world, almost 1 billion end their service life. More than 50% out of these tires are being 

discarded without any additional treatment. By the year 2030, additional 5 billion tires are 

estimated to be discarded on a regular basis. [1] In Germany alone, the total annual revenue 

contributing to the rubber processing industry for the year 2015 was 11.56 billion EUR, from 

which 5.2 billion contributes to car tire industry (45%), with material consumption of 354,000 

tons of elastomeric materials. [2] Another example could be worn-out shoes and textiles containing 

rubber parts. A German recycling company Soex claims to come to 400 tons of waste textiles 

every day, including 35,000 pairs of used shoes. Although only one-quarter of these shoes is so 

damaged, that it ends up in company’s recycling machine. [3] It is clear, though, that both these 

examples show how much waste our society is producing and what kind of possibilities it implies 

for the future industrial development.  

Using of recycled polymeric waste is not the only example of using polymeric raw material 

in building materials industry. In fact, using polymeric materials to improve properties of cement 

composites has almost 100 years of history. The first patent referring to paving materials with 

natural rubber latexes had been issued in 1923 in Great Britain with the number 191,474 [4]. The 

present concept of polymer modification was first published in another British patent No. 217,279 

[5] in 1924. Other patents significantly contributing to the development of these materials were, 

for example, a German patent No. 680,312 [6] from 1939, US patents No. 2,227,533 [7] from 1941 

and No. 2,311,233 [8] from 1943. In these applications, the polymeric material is used in form of 

polymer dispersion (latex), redispersible polymer powder (later referred to as RDP), a water -

soluble polymer or a liquid polymer [9] and is mainly produced as a primary raw material, 

compared to recycled materials mentioned above. The concept of modification of cement- and 

gypsum-based composites with rubber particles, which are cut, granulated or in powder form, was 

published later in 1932 in a British patent number GB402810 (The Gypsum Mines Limited). [10] 
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2. GOALS 

The main goal of the thesis is to carry out an overview of scientific literature supported by the 

series of tests trying to find out whether it is possible to partially or totally substitute the polymeric 

raw materials used nowadays as an active elastifying agents (mainly RDPs) in polymer-modified 

mortars for elastomeric fillers, such as recycled rubber. The thesis contains both theoretical and 

practical investigation. 

The chapter called “Theoretical research” aims to bring a broad review of a list of scientific 

references discussing the possibilities of using polymeric modifiers and their effect on properties 

of cement composites (referring to concrete and various kinds of mortar products). Both primary 

and secondary (recycled) polymeric materials are considered. The chapter begins with a 

characterization of cement-polymer composites, effects of polymer modification on properties of 

these composites, their industrial applications, goes on with the characterization of secondary 

elastomer materials, their categorization, use, and effect on the properties of cement composites, 

and is finished with the review of environmental and health impacts related to the use of recycled 

polymeric materials. 

In the chapter called “Practical research”, the details about all testing procedures carried 

out within the experimental part of the thesis and their results are disclosed. The chapter starts 

with the testing methodology and mixtures description and finishes with the discussion  of the 

results.  

The “Conclusion” chapter is about to disclose the importance and implications of the 

presented results and findings. 
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3. THEORETICAL RESEARCH 

3.1. Cement-Polymer Composites 

Cement-polymer composites are silicate-based materials (traditionally concretes and mortars). 

They are prepared by replacing the partial or total amount of silicate binder (mostly cement) with 

polymers achieving properties that are predetermining these materials for new, less usual 

applications. [11] What is more, cement-polymer composites have become more attractive in 

recent years also thanks to the possibility to use secondary waste products as polymer modifiers. 

This development could be credited basically to two different aspects. Firstly, the cost of the 

primary polymer resin is usually relatively high. On the other hand, using industrial wastes makes 

more sense from the ecological point of view. Wastes like flying ash [12], slag or wood chips [13] 

have already been used for substituting the binder in silicate-based composites very successfully.  

However, this kind of modification also has some negative effects on properties of silicate -based 

materials. [14] All the aspects mentioned above will be discussed later. 

3.1.1 Classification of Cement-Polymer Composites 

By the principles of their process technology, cement-polymer composites are generally classified 

into the three following categories: 

● Polymer-modified mortar (PMM) and concrete (PMC) 

● Polymer mortar (PM) and concrete (PC) 

● Polymer-impregnated mortar (PIM) and concrete (PIC) [11] 

 

Figure 1: The classification of cement-polymer composites [11] 
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Worldwide, cement-polymer composites are mainly used for precast structural components, e.g. 

bridge deck overlays, patching works, artificial marbles, repair concretes and mortars, machine 

tool basements, self-levelling floor systems, tile adhesives, etc. [11,14] In the United States alone, 

it is estimated that yearly over 1.2 million m2 of bridge decks are overlaid with cement-polymer 

concrete and about 60,300 m3 of cement-polymer concrete is being placed on new and deteriorated 

existing structures every year. [15,16] Properties of cement polymer composites depend mostly on 

the polymer-cement ratio (the mass ratio of the amount of solid phase of polymer modifier to the 

amount of cement) and of course on the type of the used polymer modifier and its function in the 

system. [9] Figure 2 shows the classification of polymer modifiers based on their application and 

substantial differences. 

 

Figure 2: The classification of polymer modifiers [9,11] 
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As mentioned above, the polymer modifiers can be divided into four basic types determining the 

final characteristics of the composite. In the following subsections, these four types will be 

discussed. 

3.1.1.1 Polymer Latexes (Dispersions) 

Generally, polymer latexes are copolymer systems of two or more different monomers. The total 

amount of dispersed solids included in the system is 40% to 50% including polymers, stabilizers, 

emulsifiers etc. The size of the dispersed particles is very small, typically 0.05 to  5µm. Polymer 

latexes are usually produced by emulsion polymerization except for natural latex and epoxy latex. 

The natural rubber latex is tapped from the rubber trees, for example, Hevea Brasiliensis [9], 

Euphorbia characias [17], Taraxacum kok-saghyz, Scorzonera Uzbekistanica [18], etc. The liquid 

is then concentrated to obtain the optimal total amount of solid particles. The epoxy latex, on the 

other hand, is produced by emulsification of an epoxy resin using surfactants in water. As polymer 

based admixtures for concretes and mortars, mostly commercially available ones are based on 

elastomeric and thermoplastic polymers. These polymers form continuous polymer films when 

dried. The most commonly used latexes for this application are styrene-butadiene rubber (SBR) 

and chloroprene rubber (CR) for elastomeric latexes, polyacrylic ester (PAE), poly(ethylene-vinyl 

acetate) (EVA) and poly(styrene-acrylic ester) (SAE) for thermoplastic latexes. [9] 

The type of surfactants used in production determines the kind of electrical charges on the 

particles. In this regard, polymer latexes can be classified as following:  

● Cationic - positively charged. 

● Anionic - negatively charged. 

● Non-ionic - uncharged. [9] 

For the proper function of the polymer-based admixtures, these have to fulfill following general 

requirements: 

● High chemical stability - as during cement hydration, the extremely active cations such as 

calcium cations Ca2+ and aluminum cations Al3+ are liberated. 

● High mechanical stability - to withstand high shear stress in mortar during mixing or 

pumping. 

● Low tendency to create additional air bubbles in the fresh composite.  

● No adverse influence on cement hydration. 

● Ability to create continuous polymer films and their good adhesion to the cement hydrates 

and aggregates. 

● High water and alkali resistance. 

● High thermal stability. [9] 

3.1.1.2 Redispersible Polymer Powders (RDPs) 

The manufacturing process of RDPs follows several steps. Firstly, the polymer latexes as raw 

materials are produced as described in the previous subsection. The latexes are then modified with 

ingredients such as bactericides, spray-drying aids and anti-foaming agents. To obtain the powder 

form, the latex is then spray-dried. During or after the spray-drying process, anti-blocking agents 

such as clay, silica or calcium carbonate are added to prevent the creation of clusters in the 

powders during storage. The RDPs usually contain 5-15% of ash, which primarily comes from the 

anti-blocking agents. When placed in the water, RDPs easily redisperse or re-emulsify and create 

polymer latexes containing particles of 1-10µm in diameter. During the mixing process, RDPs are 

usually added to the dry mix, before the water is added. The redispersion or re-emulsification after 

the water is added then takes places with all components of the composite present in the mixture. 
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The most commonly used latexes as polymer-based admixtures are poly(ethylene-vinyl acetate) 

(EVA) and poly(vinyl acetate-vinyl versatate) (VAVeoVA). [9] 

3.1.1.3 Water-Soluble Polymers 

Water-soluble powdered polymers such as cellulose derivatives (MC, HEC), polyvinyl alcohol 

(PVA), polyacrylamide (PAA), etc. are usually added to the composite during mixing in the form 

of powders or aqueous solutions. When added in the form of powder, the mixing process should 

be executed similarly to the mixing process with RDPs. Since acrylates used to modify cement-

based composites such as calcium acrylate or magnesium acrylate are also water-soluble, they also 

tend to be classified within this category. The main effect of water-soluble polymers added to 

cement-based composites is to improve the workability of the fresh composite. [9] 

3.1.1.4 Liquid Polymers 

Polymers falling into this category are usually viscous polymeric liquids such as epoxy resin and 

unsaturated polyester resin. They are usually added to the cement-based composites as polymer-

based admixtures together with other liquid admixtures such as accelerators or retardants. The 

liquid polymers are the least used type of polymer-based admixtures mainly due to their high cost 

and the method of batching. [9] 

3.1.2 Limitations 

When it comes to aspects that are slowing down the progress in the development of these materials, 

the first thing is the cost. The cost of the polymer is usually 10-100-times higher than the cost of 

portland cement. Even when we consider that the bulk density of cement is roughly 2.5-times 

higher than that of the polymer, the cost difference is still significant. In this regard, the volume 

of the cement-polymer composite used should be as low as possible, which makes it very 

unpractical for the use as a construction material or other high volume applications, such as paving 

material etc. [19] 

Another major disadvantage of this material is its inability to withstand high temperatures. 

This fact implies, that cement-polymer composites are not suitable for applications, where the risk 

of fire occurs. This is another major reason why these materials cannot be used as construction 

materials. [19] 

The third limitation is the possible negative impact of the polymer on the environment or 

even human health. The main problem could be seen in volatile or toxic compounds incorporated 

in the polymer modifier. This problem mainly occurs during the manufacturing and construction 

process. After the composite has set and hardened, this problem almost disappears as the polymer 

molecules are mainly incorporated in the structure of the products of cement hydration. However, 

the possible negative impact on the workers during the construction process should be taken into 

account. [19] 

3.1.3 Vision for the Future 

Predictions are often very unreliable. However, when we look at past history and some current 

trends in the civil engineering industry, we can get the feeling about what are the possibilities for 

the future development of cement-polymer composites. Recent developments are listed below: 

● Low shrinkage polyester-styrene resins have already been developed and hybrid resins 

combining advantages of two or more resins are being developed. 
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● Void-free batching technology has been developed. It is capable of replacing air by a gas. 

The gas is eventually incorporated into the polymer. This leads to the pore-free composite 

matrix. 

● Conductive polymer systems are under investigation. 

● The pre-packaged dry mix cement-polymer mortar systems are available. This concept 

may be applicable for other polymer systems. [19] 

As mentioned in the section 3.1.2, the high cost of polymer used in these mixtures makes these 

materials mostly suitable for low-volume applications, for example, thin-layer components. There 

are three main application groups that seem to play the main role as consumers on the cement -

polymer composite market: 

● Repair systems - This application usually requires a relatively low volume of the repairing 

material and the requirements on the quality of repairing material are high, which makes 

cement-polymer composites highly suitable for this application. 

● Precast components - Thin panels or components with complex architectural shape could 

take a great advantage mainly of high moldability and impact resistance of these materials.  

● Adhesive systems - These systems usually use thin layers of the composite and 

continuously require higher flexibility and impact resistance. Additionally, some other 

advantages, e.g. sound deadening ability or low thermal conductivity, could be considered 

in these systems. [19] 

3.2. Effect of Polymer Modification 

This thesis’s main focus is set on polymer-modified mortars (PMMs). Status quo in modifying 

mortars with polymers is using water-soluble polymers in combination with polymer latexes or 

RDPs. Water-soluble polymers, such as cellulose derivatives (methylcellulose (MC), 

hydroxyethyl cellulose (HEC)) are usually used in order to improve the properties of the fresh 

mixture, typically the higher water retention ability. [20] Polymer latexes and/or RDPs are mainly 

used as the elastifying admixtures for the hardened composite. RDPs are basically polymer latexes 

transferred from liquid (dispersive) form to the form of powder with some additional agents to 

prevent clustering during their storage. [9] The powder form and stability during storage makes 

them highly suitable for use in the process of dry-mix mortar production. In the subsequent 

sections, the effect of using latexes/RDPs and water-soluble polymers on the microstructure, 

cement hydration products, and properties of the final product will be disclosed.  

3.2.1 Cement Hydration and Microstructure 

According to Silva et al. [21], there have been some controversies existing among researchers, 

whether there is only physical interaction occurring between cement and polymeric phase or there 

is both physical and chemical interaction between the phases.  Janotka et al. [22] claim that the 

result of the chemical interaction could be the formation of complex structures and changes in the 

cement hydration products’ morphology, composition and quantity, especially of calcium 

hydroxide.  

The theoretical principle of the function of RDPs generally, from the manufacturing 

process to adding water to the dry mortar mixture is displayed in Figure 3. 
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Figure 3: Simplified model of redispersible powder function.(PS=particle size) [23] 

3.2.1.1 Effect of Redispersible EVA Powder 

In order to fill the lack of information in this field, Silva et al. [21] have carried out series of tests 

disclosed in a study published in 2002. Since it is amongst the most commonly used RDPs 

worldwide, the copolymer poly(ethylene-vinyl acetate) (EVA) in combination with ordinary 

portland cement was used. Differential thermal analysis (DTA), thermogravimetric analysis (TG), 

Fourier-transform infrared spectroscopy (FR-IR) and scanning electron microscopy (SEM) 

methods were used after 28 days to analyze the samples that were produced with constant 

water/cement ratio. The series provided results that enabled authors to introduce four major 

conclusions: 

 Chemical interaction between acid acetate anion and Ca2+ ions takes place. 

o When dispersed in a solution saturated with calcium hydroxide (Ca(OH)2), 

molecules of EVA undergo hydrolysis and the acetate anion ((CH3COO)-) is 

released subsequently reacting with Ca2+ ions in the pore water of the cement 

pastes. 

o The products of this interaction are calcium acetate (Ca(CH3COO)2xH2O), an 

organic salt with high hygroscopicity, and polyvinyl alcohol (PVA), which is water 

soluble. 

o These two facts can play a role in determining the performance of this mortar in 

wet conditions. [21,24] 

 The alkaline hydrolysis is not complete. 

o Results of FR-IR indicate that some acetate groups rest bonded to the EVA main 

chain. 

o EVA copolymer changes into a terpolymer formed from ethylene, vinyl acetate, 

and polyvinyl alcohol. [21] 

 EVA retards the whole cement hydration reactions. 

o The hydration reactions in presence of EVA lead to the formation of Hadley’s 

grains and big and well-crystallized rods of ettringite due to slow crystallization 

process. (Figure 4) 

o The amount of calcium hydroxide (Ca(OH)2) is also reduced because EVA 

consumes Ca2+ ions from the solution. [21,25] 
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Figure 4: Ettringite crystals in pure paste (a) and inside Hadley grains of EVA-modified pastes (b). 

[21] 

 EVA modification causes the expressive formation of the polymeric film.  

o The film is deposited on the surface of anhydrous and hydrated cement phases. 

(Figure 5) 

o It is also partially sealing pore walls. [21] 

 

Figure 5: The EVA film on the surface of anhydrous and hydrated cement phases. [21] 

In 2001, Silva et al. published a study [26], which discusses the pore size distribution in the 

structure of polymer-modified cement pastes using mercury intrusion porosimetry (MIP). Samples 

modified with EVA (RDP) and HEC (water-soluble polymer) both separately and combined were 

used. The results of the tests provided following conclusions:  

 High contents of HEC add two more peaks in the pore size distribution curve. This is 

probably caused by the lower degree of cement hydration and the air entrainment effect of 

HEC. 

 Copolymer EVA strongly increases the main peak, which can be seen in Figure 6. 

 The higher capillary and total pore volume of the pastes that were modified by EVA might 

be due to a lower hydration degree. 

 The effect of polymer modification in case of mortar modified by both substances on the 

porosity depends on the interaction of the polymers. In the case of EVA, with 

polymer/cement (P/C) ratio of 20%, the porosity can be increased up to 40%. The 

experiments showed, that HEC reacts with EVA in the fresh state of mortar and decreases 

the effects of EVA on the porosity. [26] 
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Figure 6: Typical pore size distribution of (a) EVA- and (b) HEC-modified pastes. [26] 

3.2.1.2 Effect of SBR Latex/Powder 

In 2009, a study was published by Yang et al. [27], aiming to investigate the interaction between 

SBR latex and cement during the hydration process. The mortar samples with various P/C mass 

ratios and constant W/C ratio were used. To monitor the development of the microstructure and 

the hydration processes, field emission scanning electron microscopy (FESEM), energy-dispersive 

X-ray spectroscopy (EDX) and Fourier-transform infrared spectroscopy (FT-IR) methods were 

utilized. Another studies published by Wang et al. in 2006 [28] and 2011 [29], describe the series 

of tests carried out to enclose the effect of SBR powder modifier on the formation of AFt and 

AFm phases as well as C4AH13 and CAH10 in cement pastes using X-ray diffraction analysis 

(XRD). All mentioned studies provided results that partially correspond with results for previously 

discussed EVA modification: 

 The SBR latex reduces calcium hydroxide content and mitigates carbonation.  

o Usually, a small amount of carboxylic acid is chemically bound to the polymer 

particle surface. In the highly alkaline environment, these groups are ionized and 

interact with calcium ions Ca2+, resulting in decreased amount of calcium 

hydroxide Ca(OH)2 produced. This process is analogically applicable also for 

other polymer modifying latexes/powders and Figure 7 illustrates the possible 

interactions between SBR particles with cement grains or cement hydrates.  

o At higher P/C ratios, the microstructure of the mortar became denser and more 

refined, which resulted in the reduced porosity of the cement paste and 

subsequently in the increased resistance to the penetration of gaseous substances 

that usually cause processes like carbonation. [27] 
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Figure 7: Possible interactions between SBR particles with cement grains or hydrates. [27] 

 The SBR latex/powder promotes the formation of AFt phases. 

o When the P/C ratio is 10% and 20%, the content of AFt (Al 2O3 – Fe2O3 – tri) 

phases reaches 1.6 and 2.0 times that of the plane paste respectively. This is most 

probably caused by a decrease in the formation of calcium hydroxide in the SBR 

powder-modified pastes at early hydration age. 

o AFm (Al2O3 – Fe2O3 – mono) phases, produced by the gradual reaction of unstable 

primary ettringite with C3A, and C4AH13 appear after 7 and 28 days and are both 

decreased by the addition of SBR powder. 

o The content of CAH10 rises with the P/C ratio and hydration time. It reaches the 

maximum content at the age of day and then gradually decreases. [27-29] 

o The comparison of phases created in the initial and later stages of hydration can 

be observed in Figure 8. 

 

Figure 8: X-ray diffraction (XRD) patterns of cement pastes with and without SBR powder after (a) 6 

hours and (b) 28 days of hydration. [29] 

 



22 

 

 The SBR latex alters the morphology and microstructure of the mortar. 

o With increasing P/C ratio, more and more visible polymer film, as can be seen on 

Figure 9, was observed using the FESEM method. The formation of polymer film 

causes the better coherence between the phases and decreasing the porosity of the 

cement matrix. 

 

Figure 9: FESEM images of SBR-modified mortars with a P/C ratio: (a) 8 %, (b) 16 %. [27] 

3.2.1.3 Effect of Water-soluble Polymers 

Probably, the most common area of application of water-soluble polymers in building material 

industry are various kinds of adhesive mortars, e.g. tile adhesive mortar or mortars in composite 

thermal insulation systems. The main purposes of the addition of water-soluble polymers are 

usually improving the water retention ability of mortar to obtain optimal workability properties, 

air entrainment and thickening of the mortar which leads to a decrease of a tendency to bleeding 

and excessive drying out. [30] Jenni et al. issued a scientific publication in 2005 [31] disclosing 

the series of experiments studying the effect of water-soluble polymer admixtures on 

microstructure and hydration process of tile adhesive mortar. Multiple mixtures were prepared, 

introducing cellulose ether (CE) as water-soluble polymer and polyvinyl alcohol (PVA) as 

redispersible powder both separately and combined. Based on the results, it is possible to describe 

the effect of water-soluble polymers on tile adhesive mortar in several steps:  

 Latex films are created at air void interfaces (Figure 10). 

o The CE is usually included in these films as the second polymer component and 

tends to be incorporated in the structure of cement hydrate phases.  

o The CE films suffered more fractures than the latex film and contribute less to the 

total adhesive strength of the mortar. 

o The composite latex-CE films are considered to be responsible for the increase in 

the adhesive strength of the mortar. It is assumed that they represent the 

predominant occurrence of latex in the matrix. 

o The ability to create such films and their morphology depends strongly on the type 

of redispersible powder latex. 
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Figure 10: Polymer film formation in model systems (a,b) and in the fresh mortar (c,d) [31] 

 Both PVA and CE are capable of formation of the isolated films after being dissolved 

in the pore solution. 

 The water migration leads to portlandite depletion on the substrate-mortar interface. 

o After mortar is applied on the porous substrate (e.g. concrete surface), capillary 

forces pull the water toward the substrate surface. 

o This process leads to a fractionation of dissolved particles leading to increased 

aggregation of water-soluble and redispersible admixtures above the substrate. 

o This consequently causes the portlandite depletion in this area.  

 The mortar-tile interface represents the weakest part of the system. 

o The phenomenon which has been named “skinning” (creating a “skin” on the 

surface of mortar after application using a notched trowel, creating ripples and 

grooves) leads to the introduction of entrapped air on the surface area. 

o This consequently leads to worse coherence between the mortar and tile after tile 

inlaying, ultimately leading to decreased adhesive strength in this area. [31] 

In the later publication issued in 2009 [30], Knapen and Van Gemert disclosed series of tests 

aiming to evaluate the effect of three types of water-soluble polymers, namely polyvinyl alcohol 

acetate (PVAA), methylcellulose (MC) and hydroxyethylcellulose (HEC), on the hydration 

process of cement particles using isothermal calorimetry, thermal analysis and FT-IR 

spectroscopy. While in the case of PVAA and MC modified mortars, a small decrease in the 

hydration rate was observed, in the case of HEC the process was significantly retarded during the 

early stages of hydration. Despite the fact, the amount of chemically bound water was higher in 

the cases of modified mortars after 90 days of hydration, probably due to better dispersion of 

cement particles and the increased water retention ability. The addition of water-soluble 

admixtures has also influenced the crystal morphology of portlandite. In the case of MC 

modification, a layered deposition of portlandite with polymer bridges between the layers has been 

observed. (Figure 11)  
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Figure 11: Stacks of layered portlandite crystals in mortar modified with 1% of MC. [30] 

3.2.2 Effect of RDPs on mortar properties 

As described in subsection 3.2.1.3, water-soluble polymer modifiers are mainly used as additives 

aiming to improve the properties of fresh mortar by improving the water retention ability of the 

fresh mortar, increasing air entrainment, and thickening the consistency. [30] While polymer 

latexes and redispersible powders are used mainly to improve the properties of hardened cement 

composites, they also affect properties of the composites in a fresh state. In general, modifiers 

with different chemical origin might have different effects. In subsections 3.2.1.1 and 3.2.1.2, the 

action of polymer latexes and RDPs during the cement hydration process was disclosed. Since we 

have the evidence that these modifiers cause some delay in the hydration reactions, we can assume 

that the prolonged or improved workability could be observed. According to Barluenga et al. [32], 

Wang et al. [33] and Betioli et al. [34], RDPs proved to have water-reduction, water-retention, and 

air entrainment effects on the fresh mortar. However, the effect on consistency seems to be time-

related. There are also a number of scientific studies covering the topic of improvement of hard 

mortar properties when modified with polymer latexes or redispersible powders of the different 

chemical origin. The experimental results of these studies are being summarized in following 

subsections. 

3.2.2.1 Rheology and the Water-reduction Effect 

The shear apparent viscosity-shear rate relationship was determined by Betioli et al. [34] using 

rotational rheometry after 15 and 60 minutes of hydration for cement pastes containing 5% and 

10% of EVA modifier. 

After 15 minutes of hydration, the apparent viscosity of modified pastes was lower than 

that of the reference paste. This phenomenon could be assigned to the ball-bearing effect attributed 

to the ultrafine spherical EVA particles distribution and was observed for the shear rate values up 

to ca. 55s-1. After this point, the modified pastes showed higher apparent viscosity. This 

phenomenon is caused by desorption of EVA particles from cement particles during higher shear 

rates, shortening the mean distance among particles and thus causing the viscosity decrease.  [34] 

After 60 minutes of hydration, the EVA-modified pastes showed lower apparent viscosity 

even during higher shear rates. Although the ball-bearing effect in this stage of hydration is 
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limited, because the acetate groups interact with alkali ions and polymeric particles are adsorbed 

onto cement particles surface, they still act as an electrosteric barrier. [34] 

In their experimental study, Wang et al. [33] have found that the water-reduction effect in 

cement mortar modified with VAVeoVA copolymer powder to be significant (Figure 12). At a 

constant flow value of (170±5)mm, with the addition of just 1% of the modifier, the water -

reduction rate reached circa 6%. The water-reduction rate increased gradually with increasing 

content of polymer modifier. With the polymer modifier content of 15%, the water-reduction rate 

increased to about 35%. After this threshold, no significant change was observed.  

Another test series [32] studied the w/c ratio necessary to reach the Vicat standard 

consistency with increasing SBR latex modifier content. The results correlate with those presented 

above, however, the water-reduction effect, in this case, is less dramatic. The w/c ratio was 

decreased from 0.267 with 5% of the modifier to 0.257 with 20% of the modifier. 

3.2.2.2 Water-retention Effect 

Wang et al. [33] also proved that the VAVeoVA copolymer powder has very good water-retention 

capabilities in fresh mortar. With the modifier content ca. 6%, the water-retention rate reaches up 

to 98%, compared to the rate of 88% of mortar without the modifier. With the further increase of 

modifier content, the water-retention rate rises up to more than 99% with the modifier content of 

20%. The relationship can be seen in the Figure 12. 

 

Figure 12: The water-reduction and water-retention effect of VAVeoVa-modified mortars. [33] 

3.2.2.3 Air-entrainment Effect and Unit Weight 

In the mortar modified with VAVeoVA copolymer powder, the increase in air content is also 

apparent. When mortar without any modifier and with 1% of modifier was compared, the air 

content has increased from 6% to 8.6%. With further increasing modifier content, the air content 

was increasing approximately linearly up to 15% of the modifier, as displayed by Figure 13. This 

air-entrainment phenomenon is being also mirrored by the unit weight, which tends to decrease 

with increased modifier content thanks to the higher amount of entrained air.  [33] 
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Figure 13: Air entrainment effect of VAVeoVA copolymer-modified mortars. [33] 

3.2.2.4 Setting Time 

For the mortar containing various amounts of SBR powder, a Vicat needle apparatus was used by 

Barluenga et al. [32] to determine the initial and final setting times. The results indicate that the 

inclusion of SBR modifier in the system results in shortening of both initial and final setting times. 

Generally, it is possible to say that with increasing amount of modifier, the setting time is shorter. 

However, there is a significant change in the tendency at the modifier content of 15%. After this 

point, the setting time decrease is sharper. This could be credited to the massive polymer film 

formation with higher modifier contents when the film formation starts to govern the hydration 

process of cement particles. The correlation is being displayed by Figure 14. 

 

Figure 14: Initial and final setting time of SBR powder-modified mortars. [32] 

3.2.2.5 Adhesive Strength 

Adhesive strength belongs to the most important properties of adhesive or repair mortar products 

in general, defining their core performance. There is strong evidence, which is presented below, 

that addition of polymer modifiers to these products leads to improvement in their adhesive 

capabilities. 

Mirza et al. [35] studied repair mortar products with the addition of SBR and acrylic 

polymer modifiers attempting to determine their influence on some properties of hardened mortar. 

The adhesive strength test was performed in accordance to ASTM C882-91. Base concrete 
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cylinders were cut and sandblasted prior to the application of the mortar. After the application, 

they were cured in both dry and wet storage conditions. The results showed, that the mortars 

containing SBR modifier generally reached higher adhesive strength than the reference mortar and 

those containing acrylic modifiers. More specifically, the adhesive strength of SBR-modified 

mortars reached 2-3 times higher values than that of reference mortar. It is also possible to state, 

that the samples containing SBR modifier that were cured in dry storage conditions reached higher 

adhesive strength values than those treated in wet conditions. 

Jenni et al. [36] studied the influence of polymer modifiers such as cellulose ether (CE), 

polyvinyl alcohol (PVA) and following types of redispersible powders: vinyl 

acetate/ethylene/vinyl chloride copolymer (VC), styrene/acrylic copolymer (SA) and 

ethylene/vinyl–acetate copolymer (EVA). The samples were prepared with different setups of 

modifiers displayed by Figure 15. The figure also displays the results of adhesive strength 

experiments. The results show that in the mortar without RDP, the PVA addition leads to increase 

of adhesive strength. In all cases with added RDP, the significant increase of adhesive strength is 

obvious. The last two bars clearly show, that with a higher amount of added EVA copolymer, the 

adhesive strength of the mortar increased significantly. 

 

Figure 15: Adhesive strength of mortars modified with different polymer combinations [36] 

3.2.2.6 Compressive Strength 

Barluenga et al. [32] studied the dependence of the compressive strength of mortar modified with 

various amounts of SBR latex with constant w/c ratio according to EN 196-1. The strength values 

were measured after 7, 28 and 56 days. Although the samples after 56 naturally showed the highest 

and those after 7 days the lowest compressive strength, in all three cases (after  7, 28 and 56 days) 

the results showed the same decreasing tendency with increasing amount of SBR latex modifier. 

For example, the compressive strength measured after 28 days decreased from 31MPa for the 

sample with 0% amount of modifier to 19MPa for the sample with 25% amount of the modifier. 

While results of experimental series conducted by Medeiros et al. [37] in accordance with 

EN 196-1 showed, that the addition of 10% amount of EVA or acrylic copolymer have no 

significant influence on the compressive strength of repair mortar products (Figure 16), Wang et 

al. [33] proved, that the effect of the VAVeoVA copolymer on compressive strength of cement 

mortar according to ISO 679 is significant (Figure 17). The results indicate, that with the addition 

of 0 to 5% of the copolymer, the decrease of strength after 28 days of curing is most significant, 

falling from 72MPa to 25MPa. With further addition of the copolymer above 5%, the compressive 

strength seems to stay constant, oscillating around 25MPa up to the dosage of 25% of the 

copolymer. 
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Figure 16: Compressive strength of different mixtures (R1=mixture with portland cement (PC), 

R1+E=PC with EVA modifier, R1+A=PC with an acrylic modifier, R2=mixture with portland 

cement with high early strength (PCR), R2+E=PCR with EVA modifier, R2+A=PCR with acrylic 

modifier). Specimens cured under wet (darker columns) and dry (brighter columns) conditions. [37] 

 

Figure 17: Compressive strength of VAVeoVa powder-modified mortars with different amounts of 

the modifier and different curing ages. [33] 

Mirza et al. [35] also studied the compressive strength of repair mortars with SBR acrylic modifier. 

It was tested on mortar cubes sized 50x50x50mm according to ASTM C109-92. The compressive 

strength of SBR-modified mortars reached values ranging from 45 up to 80MPa and was proved 

to be higher than that of reference mortar, which reached 43MPa. The overall performance of 

mortars modified with acrylic modifiers was much more uncertain with results ranging from 20 to 

65MPa. 

3.2.2.7 Flexural Strength 

Results of flexural strength experiments from different studies show more uniform results than 

those of compressive strength. The results of flexural strength tests are drawn from the first three 

studies disclosed in previous subsection 3.2.3.2. 

Barluenga et al. [32] studied also the dependence of the flexural strength of mortar 

modified with various amounts of SBR latex with constant w/c ratio according to EN 196-1. The 

results show a very slight increase in flexural strength after 28 days of curing in samples with 5% 

and 10% of SBR modifier. Compared to the sample without the modifier, the strength values 

increased from 5MPa to 5.4 and 5.3MPa respectively. With further addition of the modifier, slow 
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declination of flexural strength values was observed, ending up at 4.8MPa for samples with 25% 

of the SBR modifier.  

Experimental results from the study conducted by Medeiros et al. [37] in accordance with 

EN 196-1 show, that the addition of 10% amount of EVA or acrylic copolymer has a positive 

effect on the flexural strength of repair mortars for both mixtures with ordinary portland cement 

and portland cement with high early strength. (Figure 18) 

Wang et al. [33] in accordance with ISO 679 proved that the effect of the VAVeoVA 

copolymer on compressive strength of cement mortar cured for 28 days is not uniform for different 

contents of polymer modifier. As displayed in Figure 19, with the addition of smaller amounts of 

the modifier, the flexural strength decreased, reaching the minimum values with the VAVeoVA 

content around 5%, dropping from more than 12MPa down to ca 9MPa. However, with further 

increase of the polymer modifier amount, the flexural strength increased up to almost 12MPa with 

the VAVeoVA content of 20%. 

 

Figure 18: Flexural strength of different mixtures (R1=mixture with portland cement (PC), 

R1+E=PC with EVA modifier, R1+A=PC with an acrylic modifier, R2=mixture with portland 

cement with high early strength (PCR), R2+E=PCR with EVA modifier, R2+A=PCR with acrylic 

modifier). Specimens cured under wet (darker columns) and dry (brighter columns) conditions. [37] 

 

 

Figure 19: Flexural strength of VAVeoVa powder-modified mortars. [33] 
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3.2.2.8 Young’s Modulus of Elasticity 

Bureau et al. presented in their publication [38] the results of the experimental series aiming to 

examine mechanical properties of mortars modified with SBR latex. The static Young’s modulus 

was studied using compression geometry with cyclic loading and unloading periods. The measured 

stress values and longitudinal strain were used to calculate the modulus. The results showed a 

significant decrease of the modulus values with increasing amount of the used modifier from 

30,5GPa for reference mortar 0% modifier content, to 16,9GPa for mortar with 20% modifier 

content. However, this development has a logical explanation. With the introduction of a 

polymeric material that is much more elastic, thus has much lower Young’s modulus than the 

mortar matrix itself, the modulus of the whole composite matrix decreases with increasing amount 

of the polymer modifier. 

Within the experimental series of mortars with various amounts of SBR latex, Barluenga 

et al. [32] studied also its influence on dynamic Young's modulus measuring the ultrasonic pulse 

propagation velocity in a hardened mortar after 1, 7, 28 and 56 days of curing. The results 

displayed by Figure 20 also show the significant decrease in values of the modulus with increasing 

polymer modifier amount, corresponding to the results of the static Young’s modulus presented 

in above stated study. In this case, the value of dynamic Young's modulus as dropped from 

27,5GPa for the reference mortar to 19,5GPa for mortar with 20% modifier content and 17.5GPa 

for mortar with 25% modifier content after 28 days of curing. 

 

Figure 20: Ultrasonic modulus of SBR latex modified mortar at several ages. [32] 

3.2.2.9 Toughness 

After the evaluation of the compressive and flexural strength of mortars modified with VAVeoVA 

copolymer, Wang et al. in their publication [33] calculated the ratio of compressive strength to 

flexural strength. The value of the ratio determines the toughness of the material, following the 

general assumption saying, that the lower the ratio, the tougher and less fragile the material is. 

The dependence of the calculated ratio of the polymer modifier content is displayed by the Figure 

21. It can be seen, that the value of the ratio decreases significantly for the modifier content 

increased from 0 to 5%. This sharp decline can be credited mostly to the sharp decline in 

compressive stress for the same modifier contents. The sharper declination could be observed for 

samples cured for 28 days than for 3 days. With the modifier content higher than 5% no significant 

development was observed for both curing ages. 
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Figure 21: Ratio of compressive strength to flexural strength, VAVeoVa-modified mortars [33] 

3.2.2.10 Porosity and Unit Weight 

In the subsection 3.2.2.3, the experimental series from Wang et al. [33] were disclosed, discussing 

the effect of VAVeoVA copolymer powder on air entrainment effect and unit weight of fresh 

mortar. It was concluded, that with increasing polymer content, the amount of entrained air was 

also increasing, consequently decreasing the unit weight of mortar. Experimental results from a 

study carried out by Barluenga et al. [32] confirm, that there is an analogy between air content and 

unit weight of fresh mortar and porosity and density of hardened mortar. The results indicate that 

with increasing amount of SBR latex modifier, the closed and total porosity of mortar is also 

increasing. The density values of hardened mortar, on the other hand, show a declining trend. This 

fact is caused by the increased amount of pores in the structure of composite as well as by the fact, 

that part of the composite matrix is now composed of polymeric material, which has a lower 

density than the cement matrix itself. The open porosity of the mortar also showed a slightly 

declining trend, probably caused by the enhanced formation of polymer film on the open surface 

of the mortar. 

3.2.2.11 Water Absorption and Penetration Resistance 

Wang et al. in their experimental study [33] also studied the effect of the VAVeoVA copolymer 

content on water absorption and resistance to water penetration. The water capillary absorption 

was measured according to DIN52617. The water absorption was measured within 48 hours and 

the results show a gradual decrease in the amount of absorbed water with increasing amount of 

polymer modifier. This relationship is displayed by Figure 22. The decrease of absorbed water is 

significantly apparent with rising amount of modifier up to 7% of polymer content. Above this 

amount, the decrease is significantly slower.  



32 

 

 

Figure 22: Relationship between the water capillary absorption and time of VAVeoVa powder-

modified mortars [33] 

The anti-penetration capacity of the mortar was measured according to DL/T 5126-2001. The 

conic samples were sealed with olefin and the underside surface was contacted with water. The 

water pressure was gradually increased to 1.5MPa in 8 hours. After the test, the samples were 

broken and the depth of the penetration was measured. The penetration depth decreased from 

12mm for samples with 0% amount of modifier to 7mm for samples with just 1% of the modifier 

and to 2mm for samples with 15% of the modifier. In the case of samples with 20% amount of the 

VAVeoVA copolymer, no water penetration was observed. It can be summarized, that the addition 

of the VAVeoVA copolymer modifier has a significant influence on the water penetration 

resistance of cement mortars. [33] 

3.2.2.12 Freeze-thaw Resistance 

Mirza et al. [35] disclosed in their publication from 2002 also results of freeze-thaw resistance 

experiments of repair mortars containing SBR or acrylic modifiers. After 300 hundred freeze-thaw 

cycles, the polymer modification proved to have a positive effect on freeze-thaw resistance. The 

tests were carried out according to ASTM C-666, Procedure A. The mass loss of the reference 

mortar reached 2%, while the mass loss of the modified with SBR or acrylic modifiers was lower 

than 1% for all SBR-modified mixtures. 

3.2.2.13 Thermal Degradation 

Muhammad et al. have concluded an experimental study [39], evaluating the effect of natural 

rubber latex modification on the mass loss of cement mortar in high temperatures. Cement mortar 

without polymer modification (referred to as NM), mortar modified with 10% amount of NR latex 

(NM-10%) and mortar modified with 20% amount of NR latex (NM-20%) were studied. To 

determine the mass loss, thermogravimetry analysis was used. The temperature was raised from 

25°C up to 900°C with the ratio of 10°C /min. The results of the mass loss experiment are 

displayed by Figure 23. As can be seen, NM suffered the highest total mass loss of 7.1%, followed 

by NM-20% with 3.5% and NM-10% with a total mass loss of 3.0%. 

In the case of NM, the gradual mass loss can be observed from the commencement of the 

heating up to 400°C. This gradual loss can be assigned to the elimination of the moisture. After 

this threshold, there was a sharp fall contributing to decomposition of cement  hydrates and oxides 

between 520°C and 720°C. In both cases of modified mortar, the mass loss had slower progress 

with rising temperature up to 400°C, especially in the case of NM-20%. This phenomenon could 
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be seen as a consequence of the moisture-retention effect of the polymer film in the hardened 

composite structure. The NR latex has a very fine nature and shows some micro-fracture filling 

capabilities. In the region from 350°C to 430°C, the mass loss of NM-20% started to be more 

significant than that of NM-10%. As the temperature reached the decomposition point of 

polyisoprene particles, the mass loss represented the combined effect of moisture escape and latex 

film decomposition. Since NM-20% contains more latex tan NM-10%, the mass loss effect was 

more apparent in NM-20%. After this region, the resinous polymer film keeps retarding the 

decomposition of hydration products and cement oxides. Generally, it is possible to conclude, that 

the inclusion of NR latex modifier has a significant positive effect on the rate of degradation of 

cement mortar in high temperatures. [39] 

 

Figure 23: Mass loss of cement mortars in high temperatures (NM = non-modified mortar, NM-10% 

= mortar modified with 10% of NRL, NM-20% = mortar modified with 20% of NRL) [39] 

3.2.2.14 Long-term Performance 

Schulze et al. [40] have conducted an experimental study in order to determine the long-term 

performance of polymer modified cement mortars. In the series, vinyl acetate-ethylene (EVA), 

styrene-acrylic copolymer (SA) and ethylene- vinyl chloride-vinyl laurate terpolymer (E/VC/VL) 

were used as modifiers. The long-term performance was determined by the changes in the 

adhesive, flexural and compressive strength of the test samples after 10 years in both interior and 

exterior climate. The mortar for adhesive strength samples was applied on a concrete block and 

tested according to DIN 18 156. The flexural and compressive strength were tested with 

accordance to EN 196. 

In the case of results of adhesive strength in the outdoor exposure, as shown in Figure 24, 

we can observe an increasing trend in all cases (unmodified and 3 modified mortars) over the time 

frame of 10 years. The unmodified mortar showed the lowest values during the whole time frame. 

All 3 modified mortars showed very similar performance in first years. After 10 years, the mortar 

modified with EVA proved to have the highest adhesive strength. In the indoor exposure, the 

values for unmodified mortar don’t show the increasing trend anymore and stay far below the 

values of modified mortars. In the case of modified mortars, values show a slightly increasing 

trend and the differences between the different modifier types are negligible. The lower values in 

the case of indoor climate treatment could be assigned to lower moisture levels (50%) compared 

to the outdoor moisture. [40] 
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Figure 24: Time relation of adhesive strength of samples treated in outdoor climate (left) and indoor 

climate (right). [40] 

The flexural strength values for unmodified mortar showed a sharp increase in the outdoor climate 

conditions in first few years, compared to indoor climate, as can be seen in Figure 25. Again, this 

development could be explained in terms of lower moisture in indoor climate and subsequent 

slower hydration process of cement. The values after 10 years, however, were comparable. In the 

case of modified mortars, all three showed stable and comparable results in both outdoor and 

indoor climate. In indoor climate, the results were comparable to those of unmodified mortar. In 

outdoor climate, the values for modified mortars were higher in the first half of the t ime frame. 

After this threshold, all results were comparable. [40] 

 

Figure 25: Time relation of flexural strength of samples treated in outdoor climate (left) and indoor 

climate (right). [40] 

In the case of compressive strength results, again, a very stable behaviour of all samples modified 

with polymer modifier can be observed. The results are displayed by Figure 26. In both outdoor 

and indoor climate conditions, the results are comparable for all three modified mortars and have 

an increasing tendency. Compared to indoor climate, the compressive strength of unmodified 

mortar in outdoor climate shows a sharp increase in the first year and then only slight or no further 

increase over time. In the indoor climate, the increase is much more continuous and has the 

roughly linear inclination. The compressive strength generally depends on the porosity and the 

microstructure of the composite. Since the introduced polymer modifiers have such low 

compressive strength themselves, we can count the polymer compartment as an additional 

porosity. This is the main reason for the lower compressive strength of modified mortars compared 

to the unmodified one. [40] 
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Figure 26: Time relation of compressive strength of samples treated in outdoor climate (left) and 

indoor climate (right). [40] 

Overall, all samples of mortars modified with polymer modifier showed stable performance over 

the whole timeframe of 10 years with increasing tendency in all tested mechanical properties. [40] 

3.3. Elastomer Fillers 

Since status quo in polymer modification nowadays is mainly about using elastomer materials as 

primary products thanks to their elastic nature and positive effect on the properties of both fresh 

and hardened mortar and concrete materials, it is a logical step to try to replace these materials, 

partially or totally, by recycled elastomeric materials, in order to reduce the price and 

environmental impact of the final products. In this subchapter, various elastomeric materials that 

have the potential to meet the criteria will be discussed. 

3.3.1 Characterization and Categorization 

Elastomers are made up of long chains of atoms, mainly carbon, hydrogen, and oxygen. Their 

typical feature is that the atoms in chains are cross-linked with their neighbouring chains and these 

links pull them back to the original shape after the load is removed. The chains can be composed 

of repeated units of the same monomer, two (copolymers), three (terpolymers) or more different 

monomers. The most important properties of elastomers, that made them highly suitable for a wide 

range of applications, are elasticity and resilience. Most elastomers possess also other practical 

properties, such as low permeability to gasses and liquids, good electrical and thermal resistance, 

good mechanical properties and a good adherence to various surfaces. [41] All these properties 

make these materials highly suitable also for the application in building materials industry. 

When we speak about recycled elastomer materials as a potential raw material group for 

mortar and concrete products, we mostly speak about recycled tires, parts of footwear or other 

parts of clothing, sealing materials, and other industrial waste materials. Unlike redispersible 

powders, these materials usually act only as fillers. 

In order to reach the desired properties, these products are commonly being modified 

during their manufacturing process. For example, the modifiers in a tire rubber production include 

reinforcing fillers (most commonly carbon black), a plasticizer (for low temperatures properties), 

antioxidants, a release package, a scorch retarder, a curative, an accelerator, and others. The 

mixture is then cured at high temperature to obtain the long-chained and cross-linked structure of 

the final product. The curing process is called vulcanization and leads to the development of the 

cross-links between the polymer chains in the rubber via the introduction of sulphur atoms in the 

system. [42] 
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The typical composition of a tire consists of the elastomeric material (45-47%), carbon 

black (21.5-22%), several types and sizes of metal parts (12-25%), textiles (5.5-10%), zinc oxide 

(1-2%), sulphur (1%), and additives, such as waxes, oils, pigments, silicas and clays (5-7.5%). In 

total, a common-sized all-season passenger tire made by the US company Goodyear consists of 

30 kinds of synthetic rubber, 8 kinds of natural rubber, 8 kinds of carbon black, s teel cord for 

belts, polyester and nylon fibre, steel bead wire, and 40 different additives (chemicals, waxes, oils, 

pigments, silicas and clays). Figure 27 displays a typical composition of a car tire. [43] 

 

Figure 27: A typical composition of a car tire. [43] 

When the tire reaches the end of its service life and is being considered for a  recycling process, 

the final balance between the components is different, because the elastomeric material of the 

tread is partially worn-out. What is more, the recycled rubber from used tires contains not only 

the elastomeric materials but also the carbon black, the sulphur, the zinc oxide, the additives and 

some contamination of metals and fibres. Only the finest powders are completely free from wires 

and textiles. [43] 

We can now state, that with introducing recycled elastomer materials in a mortar and 

concrete products, we also introduce a wide variety of chemical compounds in the system. Some 

of them are chemically bonded to the polymer matrix, while some can be soluble or volatile. With 

this in mind, the effects of these materials on the properties of the mortar or concrete and the 

potential health and environmental impacts should be thoroughly examined. The overview of 

physical and mechanical properties of the most common elastomer materials, as well as some other 

common polymers and other materials, are listed in Table 12 in subsection 4.4.3.1. 
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Recently, the most used recycled elastomer material in building industry has been tire 

crumb rubber. The most preferred method of tire rubber recycling is grinding. The overall process 

consists of several steps including shredding, separation of steel and textile, granulation and 

classification. The final granulate usually comes in sizes from 0.0075 to 4.75mm. Because of the 

viscoelastic nature and low heat conductivity of the crumb rubber, a special attention to the 

temperature reached during the grinding process has to be paid. With respect to this fact, the 

ambient grinding and cryogenic grinding are most widely used techniques for granulation of tire 

rubber. During the ambient grinding process, the rubber is being processed at an ambient 

temperature. In the case of cryogenic grinding, tire rubber is cooled below its glass transition 

temperature and shattered by passing through an impact type mill. [1]  

From the point of possible usage of discarded tire rubber particles in mortar and concrete, 

Ganjian et al. [48] have classified the tire rubber in three main categories:  

 Shredded or chipped rubber to replace coarse aggregates. 

o In this category, the tires are shredded in two stages. In the end of the first stage, 

the shredded pieces have a length of 300-430mm and width of 100-230mm. In the 

second stage, the length is first reduced to 100-150mm and then further reduced to 

13-76mm. These can be used to replace the coarse aggregates. 

 Crumb rubber to replace fine aggregates. 

o The process takes place in special mills, where the rubber is ground to granules of 

size ranging from 0.425 to 4.75mm. Depending on the type of the mills and the 

produced temperature, various sizes of the particles could be produced. 

 Ground rubber to partially replace cement. 

o The size of the ground rubber depends on the equipment used in the refining 

process. Using the micro-milling process, particle sizes from 0.075 to 0.475mm 

could be obtained. In the ground rubber preparation process, a magnetic separation 

and screening stages would be embraced. [48] 

3.3.2 Durability of elastomer materials 

Within an attempt to incorporate a mostly-organic secondary material into a composite material 

with an inorganic binder (e.g. rubber into mortar or concrete), it is very important to consider 

a long-term performance of the components themselves and their combination respectively. An 

alkali resistance, as well as UV resistance and thermal performance of elastomer fillers, is 

discussed in this section. A long-term performance of mortar and concrete products containing 

elastomer fillers is discussed in the subsection 3.3.2.11. 

Since the chemical environment within the cement composite matrix is highly alkaline in 

order for the hydration processes to occur, it is necessary to confirm a  chemical resistance of all 

components of the composite to alkali substances. In cement composite matrix, a calcium 

hydroxide is a substance contributing to the alkalinity of the matrix environment by the greatest 

extent. Generally, an alkali resistance of the most common elastomer materials is considered to 

be relatively high and satisfactory. For example, a chemical resistance of elastomers such as 

natural rubber (NR), styrene-butadiene rubber (SBR), acrylonitrile-butadiene rubber (NBR), 

ethylene-propylene-diene rubber (EPDM), isobutene-isoprene-butyl rubber (IIR), or chloroprene 

rubber (CR) to calcium hydroxide is rated as “A – Recommended – Little or minor effect” [49], 

on the scale from A to D, or “1 – With excellent/satisfactory chemical resistance”, on the scale 

from 1 to 4. [50,51] A chemical resistance to calcium hydroxide of a polyurethane (PU), for 

example, was rated as “2 – Fair” [50], on the scale from 1 to 4. 

Helaly et al. [52] have studied a chemical resistance (acid, alkali, and salt resistance) of 

vulcanized natural rubber (NR) and acrylonitrile-butadiene rubber (NBR). The prepared rubber 

samples were immersed in a hydrochloric acid, sodium hydroxide and sodium chloride solutions 
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at concentrations of 5%, 15%, and 20% for the time period of 168 hours at ambient temperature. 

After the final inspection, the authors concluded, that no remarkable effect on the rubber 

components was observed. A final conclusion was made that the studied materials have a  good 

chemical resistance and a good long-term performance could be expected. Despite the presented 

evidence, a further research in this field is necessary. 

Another attribute of polymeric materials significantly contributing to their long-term 

performance is a UV radiation resistance. Exposure of polymers (including elastomers) to a  UV 

radiation, leads to a degrading photo-oxidative process called photodegradation. This process 

leads to a deterioration of the physical properties of polymers, changes in their colour, or causes 

chalking. Most of the elastomer materials considered to be recycled and used as fillers in a mortar 

and concrete products, such as tire rubber, rubber from shoe soles or industrial rubber wastes, are 

being modified during their manufacturing process with UV stabilizers, more specifically, UV 

absorbers. These additives are able to absorb the energy of the UV radiation and conver t it into 

a thermal energy, which is then easily dissipated. Carbon black, as one of the most widely used 

additives in tire rubber industry, is one of the most effective and economically feasible UV 

absorbers used in the rubber industry in general. [53,54] Although the effectiveness of these 

additives slowly deteriorates over time, we can estimate that these materials will have a  stable 

UV-related performance once incorporated into the composite matrix. 

A thermal degradation is another important aspect of a long-term performance of 

elastomeric materials. Most of the common elastomer materials are stable in the temperature 

ranges correlating with the operating temperature of common cement composites.  [51] 

A temperature capability of some elastomers is displayed by Figure 28. In the case of dramatically 

increased temperature (e.g. in the case of fire), an organic content of elastomer fillers burns out 

and the pore system created in the matrix helps to release the internal pressure induced in the 

composite matrix, as presented in the subsection 3.3.2.10. 

 

 

Figure 28: Typical temperature capability of elastomers. [51] 

3.3.3 Effect of Elastomer Filler Modification 

In this section, the overview of scientific publications disclosing experimental studies of elastomer 

filler modification and its effect on the properties of mortar and concrete products will be 

presented. It is aiming to provide fundamental information necessary to compare the effects of the 

commonly used modifiers (especially RDPs) presented in the section 3.2.2, and secondary waste 

materials (such as tire rubber particles, etc.). This section will present effect of elastomer filler 

modification on properties of both mortar and concrete products in both fresh and hardened state.  
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3.3.2.1 Workability 

Khaloo et al. [55] studied the effect of the high-volume addition of tire-rubber particles as a partial 

substitution for fine and coarse aggregates in concrete. They prepared three types of concrete 

mixtures. One type contained fine rubber particles that were used as a partial substitution for fine 

aggregates (F-type), one type contained coarse rubber particles as a partial substitution for coarse 

aggregates (C-type) and one type that contained both fine and coarse rubber particles as a partial 

substitution for both fine and coarse aggregates (Combined). Among other tests, they conducted 

the slump test with accordance to ASTM C143. As can be seen in Figure 29, the slump of the 

mixture without the addition of tire particles was circa 50mm. In the case of F-type mortar, we 

can observe a significant increase in slump up to total rubber content circa 13% with the slump 

value 75mm. In the case of C-type mortar, the effect is opposite and the slump value decreases 

down to circa 13% with the slump value 20mm. In the case of mortar with combined rubber 

substitution, the slump value increases very slightly up to circa 15% of rubber replacement and 

then slow decrease occurs.  

 

Figure 29: Dependence of the slump value on the rubber aggregate replacement content in various 

mixtures. (Coarse = C-type, Fine = F-type, Combined = Combined) [55] 

Bignozzi et al. [56] studied the workability of self-compacting concrete with partial substitution 

of fine aggregates for rubber tire particles with the size range from 0.05 to 2mm. They observed 

the increase in the slump flow value from 630mm for 0% substitution to 700mm slump for 33.3% 

substitution. In another experimental study disclosing the workability of self-compacting concrete, 

Turatsinze et al. [57] have partially substituted coarse aggregates for tire rubber particles with 

sizes from 4 to 10mm. In their study, they observed a slight decrease in slump flow test value from 

640mm for 0% substitution to 620mm for 25% volumetric substitution. It can be concluded, that 

these findings are in line with the results from the study of Khaloo et al. [55] disclosed above. The 

effect of the rubber particles on the slump values is much less significant in the case of self -

compacting, probably because of the disturbing effect of the super plasticizing additive.  

Other studies [58-60] have proven that the effect of tire rubber replacement for aggregates 

in concrete has the negative effect of the slump values, regardless the size of the rubber particles. 

Authors assign this phenomenon mainly to the reduced compatibility of the shredded and crumb 

rubber particles with other components in concrete and a certain level of water absorption of the 

rubber particles. Bravo et al. [61] have disclosed in their study, that concrete mixes containing 

mechanically processed rubber particles by ambient temperature had lower slump values than the  
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mixes containing cryogenic tire particles. This phenomenon could be assigned to the higher 

specific surface and sharpness of the edges of mechanically processed particles by the ambient 

temperature. 

3.3.2.2 Air Content and Unit Weight 

Turatsinze et al. [57] have observed, that the partial substitution of coarse aggregates for tire 

rubber particles with sizes from 4 to 10mm increases the air amount in the self -compacting 

concrete. They have observed quasi-linear relation, which is displayed by Figure 30, between the 

air content and the content of the substituting rubber particles in the concrete. The results show, 

that the air content rose from 3% with the 0% substitution to almost 9% with the 25% substitution. 

 

Figure 30: The air content in rubber modified mortar as a function of the rubber particle content. 

[57] 

Fedroff et al. [62] and Khatib et al. [63] have also observed the increase of air content in concrete 

modified with rubber particles. This phenomenon could be attributed to the non-polar nature of 

the rubber surface. After water is added to the mixture, the rubber particles tend to repel the water, 

which leads to adherence of a certain amount of air on the rubber surface. This consequently leads 

to the higher air content and lower unit weight of the concrete mixture. Khatib et al. [63] add, that 

the effect of rubber addition on the unit weight is negligible when the amount of rubber addition 

is lower than 10-20% of total aggregate volume.  

According to the experimental series presented by Khaloo et al. [55], the partial 

replacement of fine aggregates (F-type), coarse aggregates (C-type) and the combination 

(Combined), by the recycled tire rubber particles has a significant effect on the unit weight of the 

concrete. In all three cases, the unit weight had a declining tendency with increasing amount of 

rubber substitution. With the rubber particle replacement of 50%, the decrease in unit weight in 

the case of F-type was 34%, 45% in the case of C-type and 33% in the case of the combined type. 

The results are displayed by Figure 31. 
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Figure 31: Dependence of the unit weight on the rubber aggregate replacement content in various 

mixtures. (Coarse = C-type, Fine = F-type, Combined = Combined) [55] 

Other studies [58, 64, 65] based on experimental series concluded, that the partial inclusion of 

recycled rubber particles decreases the unit weight of the concrete by 2% to 13% compared to the 

reference concrete. This effect was more significant when smaller rubber particles were used. 

Corinaldesi et al. [66] have studied the effect of partial substitution of fine aggregates in 

mortar for whether SBR waste particles, PU waste particles, or SR particles from shoe soles. All 

rubber particles ranged from 0 to 12 mm in diameter. The results show, that the total substitution 

for the PU, SBR and SR particles of 30% reduced the unit weight of the mortar by 20%, 16%, and 

14% respectively. 

3.3.2.3 Tensile strength 

The effect on the adhesive strength of mortars modified with elastomer fillers was not in focus in 

the presented studies. Some studies [48,68,69], however, have proven that the poor bonding 

between the rubber particles and other components of the cement matrix leads also to decrease of 

tensile (pull-off) strength on the concrete and mortar respectively. The results of the study 

performed by Ganijan et al. [48] are displayed by Figure 32. 

 

Figure 32: Tensile (pull-off) strength of concrete with chipped and ground rubber substitution. [48] 
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3.3.2.4 Compressive strength 

Numerous research projects have been conducted, aiming to determine the effect of waste rubber 

particles (mostly from recycled tires) on the mechanical properties of concrete and mortar. The 

underlining theoretical assumption is, that the compressive strength is reduced due to the 

incorporation of a material with a much lower modulus of elasticity than the concrete matrix, 

causing the weakening of the whole inner structure of the material matrix. Other issues are the 

increased air entrainment of the mixtures with rubber particles, worsen interaction of the rubber-

cement paste interface and problems during casting and compacting of the mixture, when the 

rubber particles have the tendency to segregate up to the surface of the mixture, which 

consequently causes inhomogeneity. [48,66] 

Ganijan et al. [48] have disclosed their findings of experimental series exploring the effect 

of chipped tire rubber as the replacement for coarse aggregates and ground tire rubber as the 

replacement for cement on the compressive strength. The reduction of compressive strength with 

5% replacement is really insignificant. With the rubber content of 7.5% and 10%, the compressive 

strength reduction was 10% and 23% respectively. 

Corinaldesi et al. [67] have also studied the effect of partial substitution of fine aggregates 

in mortar for SBR, PU, and SR particles on the compressive strength of the mortar according to 

EN 1015-11. The results are displayed by Figure 33. They are in line with formerly stated 

assumptions that the compressive strength decreases with increasing amount of polymer particles. 

In this particular case, the SBR particles proved to have the worst impact on the compressive 

strength from the examined modifiers. For example. The reduction of compressive strength with 

30% of the SBR substitution was decreased by more than 50% after 28 days.  

 

Figure 33: Compressive strength of mortar as a function of curing time. [67] 

3.3.2.5 Flexural strength 

When it comes to flexural strength, it is expected, that the introduction of rubber particles will 

have a negative effect on the flexural strength mainly due to the weak bonding capability of the 

interface between rubber particles and cement paste. [48] 

Ganijan et al. [48] have found, that the flexural strength of concrete decreases with 

increasing amount of incorporated of chipped and ground rubber particles. The reduction of 

flexural strength containing 10% rubber substitution was more than 20% percent compared to the 

mixture without rubber particles. Interestingly, the flexural strength in the case of mixtures with 

7.5% and 10% rubber content was higher, when cement was partially substituted for ground 

rubber, than when coarse aggregates were partially substituted for chipped rubber. These results 
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are in line with the assumption stated above. In the case of compressive strength, the values were 

always higher in for mixtures with, where coarse aggregates were substituted for chipped rubber. 

Results from Thomas et al. [66] also confirm the negative effect of crumb rubber on the 

flexural strength of concrete, however in this particular case, the effect is less significant, than the 

effect on compressive strength.  

Corinaldesi et al. [67] have studied also the effect of partial substitution of fine aggregates 

in mortar for SBR, PU and SR particles on the flexural strength of the mortar according to EN 

1015-11. The results displayed by the Figure 34 show a decrease of flexural strength with 

increased amount of polymer particles. The lowest values were again obtained in the case of 

mortar modified with SBR particles, and the decrease in flexural strength of the mixture containing 

30% of SBR particles compared to the control mortar was 50%. The authors suggested, that the 

reason for the bad strength performance of the SBR particles may lie in their morphology. They 

have described their surface as „smooth“ and with „low porosity“, and this fact consequently leads 

to the weak bonding between the particle surface and cement paste, underlining the above-stated 

assumptions. On the other hand, the mixture containing 10% substitution of PU particles showed 

almost the same values of flexural strength as the control mortar. Other studies [48,68,69] have 

proven, that the poor bonding between the rubber particles and other components of the cement 

matrix leads also to decrease of tensile (pull-off) strength on the concrete and mortar respectively. 

 

Figure 34: Flexural strength of mortar as a function of curing time. [67] 

3.3.2.6 Young’s modulus of elasticity 

Various authors [48,55,68] agree, that there is a strong supposition for the negative effect of waste 

rubber particles modification on the modulus of elasticity of concrete and mortar for following 

reasons: 

 The conventionally used aggregates and hardened cement paste are usually the main 

components contributing to the compressive strength and modulus of elasticity of concrete 

and mortar. It can be drawn, that the higher the modulus of elasticity of these components, 

the higher the modulus of elasticity of the mixture as a whole. Introducing or partially 

substituting the aggregates in the mixture for rubber particles with a much lower modulus 

of elasticity decreases the modulus of elasticity of the whole mixture.  

 Another problem is again the weak bonding of rubber particles with the cement matrix. 

The interface between two materials with such different mechanical properties acts as a 

micro-crack itself. 
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Ganijan et al. [48] have studied the effect of chipped and ground tire rubber as the replacement 

for coarse aggregates and cement on the static modulus of elasticity. Their findings are in line 

with the assumption stated above and are displayed by Figure 35. The relation between the rubber 

content and the modulus of elasticity could be described as decreasing and quasi -linear. In this 

case, no significant difference was observed between the mixture with replaced coarse aggregates 

or the mixture with replaced cement. In both cases, the modulus of elasticity was evenly being 

decreased with increasing amount of the rubber replacement. 

 

Figure 35: Dependence of the modulus of elasticity on the rubber content and type. [48] 

3.3.2.7 Toughness and Shrinkage 

Poor strain capacity and tensile strength properties are one of the weakest points of cement 

composites. The tendency to crack development often leads to the premature failure of the material 

and can cause a variety of problems.  [69,70] 

Meshgin et al. [69] have conducted the experimental study aiming to determine the effect 

of rubber particles used as a partial substitution for aggregates (sand) in cement mortar. Two 

different sizes of rubber particles were used – fine particles and coarse particles. Among other 

tests, they have conducted the drying shrinkage test using rectangular prism specimens with 

dimensions 24.5x24.5x245mm according to ASTM C157/C157M-08 and the length changes in 

the ambient environment were measured. Their results show clearly, that the size of the rubber 

particles plays an important role in this case. The decrease in the particle size led to a significant 

decrease in shrinkage. This phenomenon could be assigned to the fact, that the fine particles could 

be easier accommodated in the pores of the cement matrix. However in the case of the coarser 

particles, with respect to their low modulus of elasticity, we can estimate that with increased stress 

in the matrix caused by shrinkage processes, they weaken the whole matrix structure, and therefore 

they lower the resistance to the shrinkage. One of the mixtures examined in this study contained 

also redispersible powder. The results proved, that the RDP has reduced the shrinkage of the 

mortar. The authors offered the explanation stating, that the RDP acts as kind of sealing for the 

microstructure of the cement matrix itself, preventing the excessive escape of the water, 

consequently reducing the drying shrinkage of the mortar. 

Drawing from the above-stated conclusions, the combination of fine rubber particles with 

RDP appears as the ideal solution with respect to reaching the optimal shrinkage elimination in 

mixtures modified with rubber particles. 

Turatsinze et al. [70] have conducted a series of tests examining the free and restrained 

shrinkage of the mortar containing rubber particles as a partial substitution for natural aggregates 

in an amount of 20% and 30% substitution by the mass. The free shrinkage tests were carried out 
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in accordance with NF P 15–433, using prismatic specimens with dimensions of 40x40x160mm. 

The results are in line with the previously disclosed study and show that the introduction of rubber 

particles in the composite leads to increased free shrinkage. The results are displayed by Figure 

36. 

 

Figure 36: Free shrinkage as a function of time and rubber replacement content- (M0 = control 

mortar, M20 = 20% replacement, M30 = 30% replacement) [70] 

In theory, the introduction of an elastic material into the structure of much more rigid and brittle 

structure of cement composite could have beneficial effects on the strain capacity of the 

composite. To put this theoretical conclusion in test and to investigate the balance between this 

theoretical assumption and the results of the free shrinkage test, Turatsinze et al. [70] have also 

conducted a restrained shrinkage cracking test. The fresh mortar was cast around the steel ring, 

which then acts as the restraint during the shrinking process. The results of the tests are in contrast 

with the results of free shrinkage tests. In the case of control mortar, the wide crack with the width 

of 1.1mm along the full height of the specimen appeared after 6 days. In the case of the specimen 

containing 20% rubber substitution, a discontinuous crack along the full height of the specimen 

with the width of 0.8mm appeared after 9 days. Lastly, in the case of the specimen containing 30% 

of the rubber substitution, a multiple discontinuous cracking occurred after 17 and 21 days, with 

the width of 0.1 and 0.7mm respectively. None of the cracks reached the full height of the 

specimen.  

Other authors [71-73] disclosed the increased toughness and impact resistance of the 

concrete containing rubber particles, deriving from the increased ability of the material to absorb 

energy. According to their findings, these capabilities highly depend on the size of the rubber 

particles used to modify concrete. When rubber shreds with dimension up to 10mm are introduced, 

it has a positive effect on the energy absorption during the deformation, mainly because the 

material is able to withstand an additional load after the peak load. When granular rubber particles 

with diameters up to 2mm were used, this effect was not observed.  

3.3.2.8 Water absorption and penetration 

Sukontasukkul et al. [79] have conducted experiments to determine the water absorption of 

concrete modified with fine and coarse rubber particles. Their findings show, that the concrete 

mixture containing the coarser particles showed higher water absorption than the control mixture 

whereas, the mixture with the finer rubber particles showed lower water absorption than the 

control mix. The increased water absorption in the case of coarser rubber particles could be 
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explained by the non-polar nature of the rubber surface, leading to the introduction of a certain 

amount of air bubbles in the interface between the particles and the cement matrix, consequently 

leading to higher water absorption. On the other hand, the fine particles probably act as filler for 

existing pores in the cement matrix. What is more, the air bubbles that are entrained with the fine 

rubber particles are much smaller in diameter, so their effect on the overall absorption is much 

smaller. 

Findings of the water absorption tests concluded by Ganijan et al. [48] are in line with 

those of Sukontasukkul et al. [79] They have studied the effect of chipped (coarser) and ground 

(finer) tire rubber as the replacement for coarse aggregates and cement respectively on the water 

absorption and water penetration of concrete. The results of water absorption tests show, that the 

water absorption rose with the amount of coarse rubber particles in the concrete. On the other 

hand, the water absorption of concrete containing fine rubber particles was decreasing with 

increasing amount of the particles in concrete. The authors offered the explanation that is 

consistent with that of Sukontasukkul et al. When it comes to water permeability, the depth of the 

water penetration rose with increasing amount of rubber for both coarse rubber aggregates and 

fine rubber particles. The results of water absorption and water permeability tests are shown in 

Figure 37.  

 

Figure 37: Water absorption and permeability depth of the specimens containing different amounts 

of coarse (chipped) and fine (ground) rubber particles. [48] 

In the case of the mixtures with fine rubber particles, the results of the two tests are in contrast. 

The explanation for this phenomenon could be as following. The air bubbles entrained by the fine 

rubber particles are small enough to prevent the water from the penetration simply by the capillary 

sorption forces (water absorption test). But when the water acts on the matrix with increased 

external pressure (as in the case of water permeability test), it is able to overcome the resistance, 
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and in this stage, the overall increased porosity of the interfaces between rubber particles and 

cement matrix plays a negative role in the water permeability resistance. [48] 

3.3.2.9 Thermal and acoustic properties 

Meshgin et al. [69] have studied the effect of fine and coarse rubber particles used as a partial 

substitution for aggregates (sand) in cement mortar. In order to disclose the effect of the rubber 

particles on the thermal conductivity of the mortar, thermal diffusivity and specific heat of the 

mortar were measured using the Differential Scanning Calorimetry method. Using the measured 

values, the thermal conductivity was consequently calculated. The result can be summarized in 

these major conclusions: 

 The samples containing finer rubber particles showed significantly lower values of thermal 

conductivity compared to the samples containing coarser rubber particles. Considering the 

lower thermal conductivity of the rubber itself, we can see it as an insulating component 

of the composite. With the constant rubber volume content, we can say, that the smaller 

and better spatially distributed will the rubber particles in the composite matrix be, the 

better the thermal insulative properties will the mortar obtain.  

 It was also observed, that there is a strong dependence of the thermal conductivity of the 

mortar on the rubber content in the mortar. The bigger the volume content of rubber 

particles in the mortar, the lower the thermal conductivity of the mortar.  

 The inclusion of RDPs in the mortar has slightly increased the thermal conductivity of the 

rubberized mortar, due to the fact, that it has the potential to fill the pores that would 

otherwise have a thermal insulative effect. 

Corinaldesi et al. [67] have carried out the measurements of thermal conductivity on mortars 

containing PU waste particles according to UNI 7745. They have used the hot plate method. They 

have found, that mortars containing 10% and 30% of PU particles have shown the reduction of 

the thermal conductivity of 12% and 20% respectively, compared to the control mortar.  

When it comes to acoustic properties of rubberized concrete, there are studies that confirm 

the better sound absorption capabilities of this material, compared to the plain concrete. Based on 

their experimental study, Holmes et al. [58] disclosed, that the sound absorption ability of concrete 

modified with rubber particles was improved in low, normal and high-temperature environments. 

The mixtures containing 15% rubber particle substitution with sizes 2-6mm and 10-19mm showed 

the best results in high-frequency sound absorption, due to the wider surface affected by the sound 

wave. 

Sukontasukkul [74] has also found that the crumb rubber concrete has improved sound 

absorption abilities, especially for high-frequency ranges (higher than 1000Hz) when compared 

to the control concrete. In this particular case, the noise reduction coefficient was found to be 36% 

higher compared to the control concrete mix. 

There have also been attempts to implement this approach in a mortar and adhesive 

products. Bestelberger [75] has disclosed the experimental series, using the flowable screed and 

tile adhesive mortar, both containing recycled tire rubber particles in various formulations, 

attempting to reach the highest impact sound reduction index, evaluated according to ISO 717-2. 

The sound deadening system is displayed by Figure 38. In the case of this particular formulation, 

the impact sound reduction index was 9dB, compared to the bare concrete slab.  
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Figure 38: The sound deadening system for ceramic tile flooring. [75] 

3.3.2.10 Fire performance 

Hernández-Olivares et al. [78] have studied the fire performance of the high-strength concrete 

(HSC) modified with recycled fibre-shaped rubber particles with an average length of 12.5mm, 

using three different volumetric fractions (3%, 5%, and 8%). The fire tests were conducting in 

accordance with ISO 834. The test was ended, once the exposed side of the specimen reached the 

temperature of 1000°C. As expected, in the case of the control mixture, the explosive spalling was 

observed. In the case of mixtures modified with rubber particles, the spalling was not observed. 

During the high-temperature exposition, the rubber particles burnt and left the capillary pores in 

the structure of the composite, those allowed the internal pressure from the water vapour to 

decrease. The exposed specimens of control mortar and mortar with 3% of rubber particles can be 

seen in Figure 39. The Figure 40 shows the curvature of the test specimens that was caused by the 

thermal gradient and vapour pressure. 

 

Figure 39: The exposed surface of the control mortar (0%) and mortar modified with 3% of rubber. 

[78] 
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Figure 40: The view on the curved specimens after the heat exposure (the number represent their 

rubber content percentage). [78] 

3.3.2.11 Long-term performance 

With respect to durability of the concrete and mortar from a long-term perspective, following 

attributes were identified as crucial: freeze-thaw resistance, abrasion resistance, carbonation 

resistance, sulphate acid attack resistance, and chloride penetration resistance. All of these 

attributes are discussed in this subsection in the presented order.  

Savas et al. [76] studied the freeze-thaw resistance of the rubberized concrete in 

accordance with ASTM C 666, Procedure A. Mixtures containing 10%, 15%, 20% and 30% of 

ground rubber by the weight of cement of the control mixture were prepared. The size range of 

the rubber particles was 2-6mm. The results showed improvement in the case of mixtures 

containing 10% and 15% of ground rubber compared to the control mixture. On the other hand, 

the mixtures containing 20% and 30% of the rubber particles did not meet the ASTM standard 

values. Zhu et al. [77] also claim that there is a correlation between the size of rubber particles 

and freeze-thaw resistance. Their research shows, that the freeze-thaw resistance of the concrete 

was higher when the rubber particles used were finer. 

Gesoglu et al. [80] and Thomas et al. [81] have both found, based on their experimental 

studies, that the abrasion resistance of the concrete with fine crumb rubber particles (smaller than 

1mm) was higher than that of the control concrete. They have also found that the mixtures wi th 

the fine rubber particles showed better abrasion resistance than those containing bigger tire chips. 

In the case of the fine crumb rubber, the depth of wear caused by abrasion was reduced from 

0.91% to 0.17% when the amount of crumb rubber was increased from 0% to 20%. The authors 

commented, that the fine rubber particles released from the surface layers acted as a  brush and 

prevented the surface from further abrasion.  Sukontasukkul et al. [82] disclosed, that the abrasion 

resistance of concrete containing rubber particles decreased compared to the control mix. 

However, they also stated, that the mixture that contained particles of various sizes performed 

better than those that contained only single-sized particles. 

Thomas et al. [66] disclosed the experimental series, where they replaced natural 

aggregates in the concrete with ground rubber particles of sizes varying from the rubber powder 

to the particles with a maximal size of 4mm. The depth of carbonation was measured in accordance 

with CPC 18 RILEM with various lengths of the carbon dioxide exposure. The mixtures with three 

different water-cement ratios (0.40, 0.45, 0.50) were tested. The results show, that the depth of 

carbonation depends both on the water-cement ratio and the amount of the ground rubber 

replacement. In the case of the ratio of 0.40, the depth of carbonation first decreased from 21mm 

for 0% rubber content to 19mm for 10% rubber content after 91 days, and then increased to 25mm 
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for 20% rubber content. In the cases of the two other water-cement ratios (0.45 and 0.50), the 

carbonation depth gradually rose with the amount of ground rubber.  

Within the same experimental study, Thomas et al. [66] studied also the resistance to 

sulphate acid attack. Specimens with the three different water-cement ratios were exposed to a 3% 

solution of MgSO4 according to ASTM C 1012-89 and ASTM C 267-97. The weight loss, water 

absorption, and compressive strength loss of the exposed specimens were evaluated after 28, 91, 

and 182 of the exposure. The results show, that for all three water-cement ratios, the weight loss, 

compressive strength loss, and the water absorption of exposed specimens were increasing with 

increasing time of the exposure. After exposure for 182 days, mixtures with 0% to 12.5% rubber 

particle substitution showed an increase in the weight, reaching the maximum in mixture with 

7.5% rubber particle substitution. In the case of specimens containing 15% to 20% of the 

substitution, the decrease in weight was observed compared to the control mixture. In the case of 

water absorption and compressive strength loss, a gradual increase with the increase of the rubber 

substitution amount was observed in all cases after 182 days of exposure. These findings correlate 

with the results of mercury intrusion porosimetry of the specimens, carried out according to ASTM 

D 4404-10. It was proved that the porosity of the concrete was increasing with the increasing 

amount of the rubber particle substitution. The higher porosity makes it simpler for the acid 

solution to penetrate the structure and expose a larger surface area of the cement matrix, 

accelerating the deterioration process. 

In another research publication, Thomas et al. [83] disclosed the results of the chloride 

penetration resistance tests for the concrete with partial substitution of crumb rubber particl es 

exposed to 4% NaCl solution for 28, 56, and 91 days with the three different water-cement ratios. 

In all cases, the depth of the penetration was increasing with the time of exposure, as expected. 

For all three water-cement ratios, the results showed a slightly decreasing trend of the penetration 

depth with rubber content increasing from 0% to 5%. From the point, the penetration depth was 

slowly increasing with the increasing amount of rubber particle substitution.  

It is not simple to summarize the overall long-term performance of the rubber-modified 

concrete and mortar based on the data presented, since some of the attributes shown improvements, 

while others did not. Generally, it is possible to conclude, that none of the presented attributes 

showed really significant worsening tendency with the introduction of the rubber particle 

substitution in concrete and mortar. However, further research in this field is necessary.  

3.3.4 The Synergic Effect of RDPs and Elastomer Fillers 

A US patent WO/2000/027774 [84] from 2000 introduces a shredded crumb rubber particles into latex-

modified cement mixtures. The invention is aiming to increase the aging resistance, flexibility and 

adhesive capabilities of the mortar without a significant decrease in compressive and flexural strength. 

The decrease in mechanical properties was mostly contributed to the weak bonding between rubber 

particles and the cement matrix and the surface of the mineral aggregates. Introducing the cross-linked 

chains into the latex via the introduction of rubber particles was believed to lead to a synergistic action 

in the mortar.  

An experimental study was carried out to disclose the performance of the material. The 

composition of the mortar was proposed as the following: 

 100 parts by weight of portland cement 

 1-30 parts by weight of rubber crumb 

 40-70 parts by weight of water 

 5-20 parts by weight of latex 

 100-600 parts by weight of material from the group consisting of sand, aggregate, light 

aggregate, or a mixture of these [84] 
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Four types of concrete were mixed including ordinary concrete (OC), latex concrete (LC), rubber 

concrete (RC) and latex/rubber concrete (LRC). The compressive and flexural strength, as well as 

the impact energy absorption of the mixtures, are summarized in Table 1. 

Table 1: The experimental results of four different mixture types. [84] 

Attribute 

Ordinary 

concrete 

(OC) 

Latex 

concrete (LC) 

Rubber 

concrete (RC) 

Latex/Rubber 

concrete 

(LRC) 

Compressive strength [MPa] 28,2 26,0 12,7 15,3 

Flexural strength [MPa] 2,5 3,0 1,7 3,3 

Impact energy absorption 163J [J] 6,0 6,4 6,1 8,0 

Impact energy absorption 6.8J [J] 0,61 0,69 0,60 0,85 

While the compressive strength in the case of LRC was decreased compared to the OC by 45%, 

the flexural strength of the LRC reached the highest value from all 4 mixtures and was increased 

by 32% compared to OC. The impact energy absorption was determined according to ASTM E23 

at two different energy levels: 120 lb-ft (eq. to the app. 163J) and 5 lb-ft (eq. to the app. 6.8J). In 

both cases, the impact energy absorption capabilities were improved in the case of LRC compared 

to OC by 33% and 39% respectively. In the conclusion, the authors have reported, that the 

presented composite material provided the following benefits: an improved crack resistance, heat 

conductivity reduction, improved shock energy absorption capabilities, and an improved noise 

level reduction. [84] 

3.4. Environmental, Economic and Health Concerns 

In this subchapter, environmental, economic and health concerns will be discussed. The 

assessment of environmental impact of using primary polymeric additives (such as polymer 

latexes and redispersible powders) is rather complex. Since they are used as primary materials, 

the natural resource depletion and the pollution implying from the manufacturing process should 

be considered. However, once incorporated into the structure of cement composite, their effect on 

the environment can be seen as negligible until the end-of-life phase of the structure. The health 

impact of these materials seems to get only a little attention. Though it can be expected to have 

insignificant health impact once it is a part of composite microstructure, the impact on workers 

during the manufacturing process and product manipulation should be considered. On the other 

hand, while using recycled polymeric waste as secondary raw materials seems to have positive 

environmental and economic impact, the health impact of these materials seems to be rather 

negative. This will be discussed more specifically in following sections.  

3.4.1 Environmental and Economic Impact 

When it comes to plastic waste (e.g. used tires), the easiest and cheapest  way of their disposal is 

to burn them or to landfill them. [85,86] However, both these approaches are unacceptable from 

the environmental point of view. Burning the plastic waste produces enormous amounts of 

environmentally hazardous substances and causes severe air pollution. The landfills are covering 

large areas and because most polymeric materials are not readily biodegradable, they pose a 

potential threat to the environment. What is more, they also create big fire hazard and provide a 

breeding ground for rats, mice, vermin, and mosquitoes [85,87,89] 
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There are also some alternative ways of dealing with these wastes. Several proposals 

concerning the use of discarded tires include using them as a fuel for the cement kilns, as feedstock 

for carbon black production, as reefs in marine environments or as fillers in paving asphalts and 

concretes. Using tires as a fuel is technically feasible, but due to the high initial costs , it can be 

economically unattractive. In the process of carbon black production, using rubber tires eliminates 

the shredding and grinding costs, but the overall process is more expensive and provides a final 

product with lower quality. On the other hand, the use of discarded tires in asphalts and concretes 

for paving can be technically feasible and economically attractive at the same time. However, the 

asphalt industry can absorb only the limited amount of disposed tires. In United States, for 

example, it can absorb 30-40% of disposed tires. [88]  

Incorporating waste materials into cement-based composites to partially replace 

aggregates or other components could be both environmentally (by using waste materials that 

would otherwise play the role of potential threat to the environment and reducing the amount of 

natural resources being used) and economically (as it could substitute other costly components in 

the composite) attractive alternative. [85] However, as discussed in section 3.1.3, the current 

developments in this field assume mostly low-volume applications of cement composites modified 

with polymers, so the environmental impacts may not be so significant.  

3.4.2 Health Impact 

Despite all advantages provided by using secondary polymer materials as cement composites 

modifiers, there are some negative aspects. Since most of the substances are produced 

synthetically, there are legitimate suspensories regarding possible negative health impacts. The 

main concern is focused on the presence of metals, mainly zinc and lead, polycyclic aromatic 

hydrocarbons (PAHs) and volatile organic compounds (VOCs). [90] 

While widely used polymer materials such as PET, PE, PVC etc. being recycled and reused 

are well known for their relatively stable structure with negligible effects on human health, 

materials such as recycled tire rubber could pose some negative effects. Nowadays, there are 

several possible ways to use recycled tires with increasing popularity, such as asphalt or concrete 

pavers and sidewalks, animal flooring, fitness centre flooring, playground surface or sports fields. 

[91] 

Menichini et al. [92] provided a revision of recent literature concerning the potential 

toxicity of tire rubber and concluded that the most likely exposure paths of hazardous substances 

could be via inhalation, ingestion, and skin contact. PAHs, which are used in rubber industry like 

aromatic extender oils are claimed to be of a major concern due to their carcinogenic activity.  

Although the amount of investigation on the potential health risks of cement composites modified 

with recycled tire rubber is very limited, there is a series of publications [90-93] enclosing the 

investigation on hazardous substances that are contained in the playground and sports field 

flooring and pavers made of recycled tire rubber. Based on the collected results, it is possible to 

draw the following conclusions: 

 In most cases, PAHs were detected in high contents. 

 Studied PAHs had generally low bioaccessibility. 

 The zinc content has been found to highly exceed the health-based soil standards. 

 The lead contents were relatively low compared to health-based soil standards. 

The presented findings were concluded based on results obtained from an outdoor measurement 

and they present the substances, those should be of the highest concern. However, in order to 

assess the real possible impact on human health, the real possible intake and health effects would 

have to be evaluated. Beausoleil et al. [94] have reviewed scientific literature about the chemicals 
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contained in the artificial turf with tire rubber fillers and made the conclusion, that “the health 

risks for players who use artificial turf are not significant and that it is completely safe to engage 

in sports activities on this type of outdoor field”. 

All in all, the fact, that these new materials contain such potentially harmful substances 

and that so little research in this field has been done, it should be highly recommended to monitor 

closely the content of these substances and try to minimize their impact on human health, 

especially in indoor applications. 

3.4.3 Odour Management 

Odour can play a significant role in the product branding. Since the plastic waste (especially 

recycled tires) tend to have an expressive odour both in the form of powder and also as a part of 

fresh mortar, it is reasonable to make an effort to reduce the odour. Odour can be defined a s: “a 

sensation resulting from stimulation of the olfactory organs, whereas an odour is an experience of 

perceiving a smell”. [95] 

Hoven et al. [96] conducted series of tests in order to identify the substances most 

responsible for the offensive odour of natural rubber and consequently to eliminate the odour. The 

potential odour-eliminating substances were added prior to the vulcanization process. Using gas 

chromatography (GC) and gas chromatography/mass spectrometry (GC/MS) methods, 

approximately 50 compounds were identified and classified in following groups: aliphatic and 

aromatic hydrocarbons, derivatives containing nitrogen and sulphur, aldehydes and ketones and 

volatile fatty acids. The experimental data from Hoven et al. [96] and Juntarachat et al. [97] 

propose, that the offensive odour is caused mainly by both incomplete microbial degradation of 

non-rubber components (carbohydrates, proteins, and lipids) during storage and their thermal 

degradation during processing. The analysis results suggest, that compounds having the highest 

retention time play the most significant role in the rubber odour. These compounds were verified 

as low molecular weight volatile fatty acids. 

After the initial analysis, Hoven et al. [96] have attempted to reduce the odour. As a 

compound with the highest relative abundance, acetic acid was chosen as an indicator of odour 

intensity and the odour reduction was monitored by following the peak corresponding to this 

compound using GC analysis. Sodium dodecyl sulphate, chitosan, carbon black, cyclodextrin, 

benzalkonium chloride and zeolite13x were used as the odour-reducing substances. Results 

indicated, that chitosan and carbon black proved to be the strongest candidates to reduce the odour 

of natural rubber without worsening its mechanical properties after the vulcanization process, 

followed by zeolite13x. Carbon black, for example, is nowadays broadly used as a filler, an odour 

reductant, and a UV stabilizer in the tire rubber industry.  

Although odour can play a significant role in product branding, as mentioned above, the 

use of odour-reducing agents should be carefully considered. All the possible short-term and long-

term negative effects on other properties of both fresh and hardened cement composite must be 

evaluated. Economic feasibility of such solution also needs to be considered. 
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4. PRACTICAL RESEARCH 

The main goal of this research is to examine the possibility of total or partial replacement of 

redispersible powders (RDPs) in polymer-modified mortar (PMM) products for elastomer fillers 

(EFs), without worsening their mechanical and practical properties. In order to bring more clarity 

in this particular field, a broad experimental study was carried out, which is being disclosed within 

this chapter. The whole experimental study was carried out in laboratory conditions in the R&D 

Department (Innovationszentrum) of the company Baumit Beteiligungen GmbH in Austria.  

4.1 Materials 

As a reference sample, a control mortar (CM) was prepared. The composition of the control mortar 

is presented by Table 2. A zero amount of elastomer fillers was used in the control mortar. Despite 

the fact that the contents of the components are stated in ranges, in the case of all mixtures prepared 

within this study, the contents of all components were kept constant, except the content of 

redispersible powder (RDP) and the content of elastomer fillers (EF). The amounts of RDPs and 

EFs were used in six different variations throughout the whole study.  These variations are 

displayed in Table 3. The study consists of three experimental series (I. series, II. series, and III. 

series). The methodology of the different variations mixed within the three experimental series is 

described in subchapter 4.2. 

Table 2: The composition of the control mortar. 

Component Content 

CEM I 32,5 R 20-35% 

Aggregates and Fillers 65-75% 

Water 22-28% 

Water-retention Additive 0.2-0.4% 

Redispersible Powder (RDP) 2.5% 

Elastomer Fillers (EF) 0% 

Table 3: The six different variations of the content of RDPs and EFs. 

No. 
Content by the weight [%] 

RDP EF 

1. 0 5 

2. 1 3 

3. 1.5 2 

4. 1.75 1.5 

5. 2 1 

6. 2.25 0.5 

Control mortar 2.5 0 
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4.1.1 Cement 

As a main binding agent, ordinary portland cement CEM I 32.5 R was used in all mixtures. The 

content of cement used in each mixture was kept constant. 

4.1.2 Aggregates and Fillers 

As aggregates and fillers, limestone-based aggregates were used. The particle dimensions of the 

aggregates and fillers ranged from 0 to 1mm. The amount of fillers (the finest fraction) was 

adjusted for each individual mixture in order to compensate the changing amount of RDPs and 

EFs. However, these variations were negligible compared to the overall weight of the mixtures. 

In this regard, we can state, that the amounts of aggregates and fillers were constant for each 

mixture. 

4.1.3 Water 

An ordinary tap water with the temperature of 20°C was used in all mixtures. The amount of the 

water used in various mixtures was determined during the mixing process in order to reach the 

desired consistency and ranged from 22 to 28%.  

4.1.4 Water-retention Additive 

An additive based on methylcellulose (MC) was used as a water-retention agent in all mixtures. 

The amount of this additive was kept constant for each mixture.  

4.1.5 Redispersible Powder 

As a redispersible powder, a poly(ethylene-vinyl acetate)-based (EVA-based) additive was used. 

EVA-based RDPs are widely used thanks to their positive effect on the properties of a  wide range 

of mortar products. [9] The amount of the RDP was variable for different mixtures according to 

the Table 3. 

4.1.6 Elastomer Fillers 

Although the elastomer fillers were only expected to act as fillers [84], they were used in this 

experimental study as a potential elastifying agent for the mortar in a hardened state. The amount of 

EFs in different mixtures was variable in accordance with the Table 3. All EF samples were black 

elastomer recycled powders with particle dimensions ranging from 0 to 900µm. There were 5 major 

origin areas of the recycled elastomers (the corresponding acronyms used in the sample coding are 

displayed in Table 4):  

 Tire rubber comes from a recycled ground tire rubber.  

 Industrial waste samples consist of recycled sealings, moulds, pads, etc.  

 Primary products are the only samples that are not recycled. They are primarily 

manufactured for a specific application and used as a primary raw material.  

 Shoe sole rubber comes from recycled shoe soles.  

 There are also a few samples of unknown origin due to the lack of information from the 

suppliers. 
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Table 4: Five origin areas of elastomer fillers and their acronyms used in sample coding. 

Origin Acronym 

Tire Rubber TR 

Industrial Waste IW 

Primary Product PP 

Shoe Soles SS 

Unspecified UN 

The Figure 41 displays an example of the sample coding. The codes of all mixtures are composed 

of characters that enable a reader to immediately recognize the origin, material base, and 

granulometry of a particular elastomer filler used in the mixture. 

 

 

Figure 41: An example of the sample coding in accordance with the used EF. 

The granulometry ranges used in the sample coding are the ones declared by the supplying 

company. Later on, before the III. series tests were started, a more detailed analysis on the bulk 

density and the real granulometry of the EF samples was conducted. Since the number of the EF 

samples used in the whole experimental study was 38, the more detailed study was made only with 

the best 8 EF samples chosen to be mixed within the III. series. In addition, the loss on ignition of 

the samples mixed into the dry mortar mixtures was determined before the dry mixtures were 

mixed with water. The results of these analyses could be found in the subsections 4.4.3.1. and 

4.4.3.2 respectively. 

4.2 Methodology 

As mentioned above, all experiments were carried out within three major experimental series. The 

relations between the series and the consequent decision-making process is being displayed by the 

Figure 42. Within each series, samples were mixed in two or three different variations (where 

contents of RDPs and EF were variable). All procedures described in subchapter 4.3. were carried 

out within each experimental series. 
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Figure 42: The relations between the three major experimental series. 

In the I. series, 63 mixtures were mixed in total, including one reference sample (the control 

mortar) and 31 samples of EFs in two different variations, namely 5%EF+0%RDP and 

3%EF+1%RDP. All testing procedures were conducted for all 63 mixtures. The collected data 

were then used to decide which EFs had the best performance once incorporated in the mortar. 

Due to a weak performance of mixtures with 5% of EFs, the variation of 5%EF+0%RDP was no 

longer used in the study. 

For the II. series, 9 EF samples with the best performance in the I. series were chosen. In 

addition, 7 new EF samples were included to be tested within the II. series. All these 16 EF samples 

were mixed in two variations, so in total, 32 mixtures were mixed in the second series. The two 

variations included 3%EF+1%RDP and 2%EF+1.5%RDP. Again, all procedures were conducted 

in the case of all mixtures and the collected data were used to decide which EF samples had the 

best performance. 

For the III. series, the final 8 EF samples with the best performance in the II. series were 

chosen. Before the 8 samples were mixed, a detailed analysis on real granulometry, bulk density, 

and loss on ignition was conducted. These 8 samples were then mixed in three additional 

variations, so in total, 24 mixtures were mixed within the III. series. The three variations included 

1.5%EF+1.75%RDP, 1%EF+2%RDP, and 0.5%EF+2.25%RDP. 

Table 5 displays a complete list of all the 38 EF samples and the variations these samples 

were mixed in within the three experimental series. It is possible to see that as a  result of this 

iterative process, the best 8 samples were mixed totally in 5 different variations (excluding the 

variation 5%EF+0%RDP). These 40 mixtures (marked with the red dashed frame line in Table 5) 

represent the core result basis for the final comparison and conclusion. 
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Table 5: A list of all EF samples and variations the samples were mixed in. 

EF Sample Code 

I. SERIES II. SERIES III. SERIES 

5%EF+ 

0%RDP 

3%EF+ 

1%RDP 

3%EF+ 

1%RDP 

2%EF+ 

1,5%RDP 

1,5EF+ 

1,75%RDP 

1%EF+ 

2%RDP 

0,5%EF+ 

2,25%RDP 

TR-EPDM-0-400 x x           

TR-EPDM-500-600 x x         

TR-NBR-0-400 x x         

TR-NR-0-600 x x         

TR-SBR-0-75 x x         

TR-SBR/NR-0-105 x x         

TR-SBR/NR-0-200a x x         

TR-SBR/NR-0-200b x x         

TR-SBR/NR-0-400 x x         

TR-SBR/NR-0-600a x x         

TR-SBR/NR-0-800c x x         

TR-SBR/NR-200-600 x x         

IW-SBR/NR-0-200 x x         

IW-SBR/NR-0-450 x x         

IW-SBR/NBR-0-400a x x         

PP-NBR-80-160  x x         

PP-NBR-200-600 x x         

PP-uNBR-UN x x         

UN-EPDM-0-200 x x         

UN-EPDM-0-400 x x         

UN-EPDM-0-600 x x         

UN-SBR/NR-0-400 x x         

TR-EPDM-0-450 x x x x     

TR-EPDM-0-900 x x x x     

TR-SBR/NR-0-800a x x x x     

TR-SBR/NR-200-800a x x x x     

SS-BIIR-0-600 x x x x     

TR-NBR-300-400 x x x x x x x 

TR-SBR-0-450 x x x x x x x 

TR-SBR/NR-0-800b x x x x x x x 

SS-SBR-0-600a x x x x x x x 

TR-NBR-200-800    x x x x x 

TR-SBR/NR-0-200c    x x x x x 

TR-SBR/NR-0-600b    x x x x x 

IW-SBR/NBR-0-400b    x x x x x 

TR-NBR-0-450    x x     

TR-SBR/NR-200-800b    x x     

SS-SBR-0-600b     x x       

        

x   Samples mixed only in one series 

x   Samples mixed in two series 

x   Samples mixed in all three series 
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4.3 Procedures 

As mentioned above, all mixtures mixed within this study were tested within all procedures 

disclosed below. Figure 43 represents the sequence of experimental procedures carried out for 

each mixture. All procedures were conducted under laboratory conditions and the repeatability of 

the procedures was ensured by using the international standards. In the case of procedures that are 

not specified in international standards, internal company standards were followed.  

 

Figure 43: The sequence of the experimental procedures for each mixture. 

4.3.1 Mixing Process 

All mixtures were mixed in accordance with EN 196-1 [98]. Firstly, a dry mixture was prepared 

according to the proposed recipe. The dry mixture with the corresponding amount of water was 

then mixed at the lower rotation speed for 30 seconds. This period was followed by 60 seconds 

without mixing. During these 60 seconds, the mortar was wiped from the walls of the mixing pot 

and from the mixer. After this period, the mixture was mixed again at the lower rotation speed for 

60 seconds. The mixing device used in this process can be seen in Figure 44. 
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Figure 44: A mixing device in accordance with EN 196-1 [98]. 

4.3.2 Water Demand 

The water demand was not kept constant for every mixture. The aim was to keep the consistency 

at a constant level. However, no testing procedure was performed to check the consistency of each 

mixture. The determination of the water amount used in each mixture was performed based on the 

apparent workability right after the mixing process and water amount was adapted if needed. Since 

the amount of EFs and RDPs used in the mixtures had some effects on the consistency of the 

mixtures, the water demand varied from 22% to 28%. 

4.3.3 Odour in Fresh Mortar 

An odour of the fresh mortar was established as an important aspect of the quality of this material. 

The „rubber-like“ odour was significant in the case of many mixtures, especially right after the 

dry mixture was mixed with the water for the first time and was gradually fading away over time. 

In order to measure the performance of the material in this direction, the odour of the fresh mortar 

was monitored and recorded. A simple smelling test was performed in the case of each mixture 

right after the water was added to the dry mixture. The particular odour level was then classified 

into one of the 5 categories listed in Table 6. 
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Table 6: Categorisation of the odour in the fresh mortar. 

Category Description 

1 No odour 

2 Lighter odour 

3 Clearly noticeable odour 

4 Stronger odour 

5 Extremely strong odour 

4.3.4 Fresh Mortar Density 

The fresh mortar density was measured in accordance with EN 1015-6 [99]. An empty calibrated 

metal pot with the defined volume of 1l was weighted and then filled with the fresh mortar in two 

steps with a small amount of an excess material on top. The pot was then placed on the impact 

table and the mortar was compacted with 15 impacts. After the procedure, the pot was removed 

from the table and the top surface was smoothed with a metal ruler so that there was no excess 

material anymore. The pot filled with the compacted mortar with the smoothed surface was then 

weighed again and the fresh mortar density was determined as the difference in the weight of the 

full pot and the empty pot in g/l. The impact table used during this procedure is shown in Figure 

45. 

 

Figure 45: An impact table used in the fresh mortar density determination procedure in accordance 

with EN 1015-6 [99]. 

4.3.5 Workability 

In order to determine the workability of the mixtures, the fresh mortar was applied on an  EPS 

board with the surface area of 0.5 m2 that was fixed on a vertical wall. The mortar was applied 

using a notched trowel. A reinforcing mesh was inserted in the layer and the surface was then 

smoothed using a smooth side of the trowel. After the surface was smoothed, a  time period of 30 

minutes was measured. After this period, the surface was smoothed again using the smooth side 

of the trowel. Three major aspects were studied within this procedure. Firstly, the overall ease of 

the application of the mortar on the EPS board combined with the ease  of the embedding of the 

reinforcing mesh and the ease of smoothing the surface of the mortar. This first aspect is referred 
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to as a „workability“. Secondly, the cohesion of the mortar was monitored, referred to as a 

„consistency“. Lastly, the ease of smoothing the surface after 30 minutes was rated, referred to as 

a „workability 30’“. Table 7 presents the categories of all three studied aspects. In the case of each 

mixture, a mean value of these three categories was calculated and the resulting value represents 

the overall workability of the mixture. During the calculation of the mean value, all three values 

had the same weight. 

Table 7: Categories of the three workability aspects. 

Category Workability Consistency Workability 30’ 

1 easily workable coherent easily workable 

2 stiffer less coherent stiffer 

3 rather stiff incoherent rather stiff 

 

Figure 46: The EPS boards stored after the workability testing procedure. 

4.3.6 Adhesive Strength 

Adhesive strength was identified as the most important attribute of the studied mortar in the 

hardened state. It was tested on both concrete and EPS substrate. For both these substrates, both 

dry and wet conditions were simulated during the storage and curing process of the samples. The 

whole procedure (the sample storage as well as the testing procedure) was conducted in accordance 

with a standard ETAG 004 [100]. During the preparation of the samples, the mortar was applied 

on the flat surface of the plate (concrete and EPS) and evenly smoothed with the smooth edge of 

a trowel. Figure 47 shows the samples with smoothed surface. 
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Figure 47: Four plates (2 concrete and 2 EPS) prepared for each mixture. 

All four plates were stored for 27 days in the normal laboratory conditions with a temperature of 

23°C and a relative moisture of 50%. On the 27th day, 5 metal anchors were fixed on each plate 

using 2-component epoxy adhesive. The samples were kept in the same conditions for another 24 

hours to let the adhesive set freely. On the 28 th day, the mortar around the metal anchors on all 

four plates was cut. The cut samples can be seen in Figure 48.  

 

Figure 48: Samples cut after dry storage. 

Right after the samples were cut, the two plates marked as „dry“ (one on a concrete and one on 

EPS plate) were tested using a pressing testing device and the adhesive strength for each plate was 

determined as a mean value from 5 tests (5 anchors that were pulled). The two plates marked as 

„wet“ were not tested at this point. Instead, they were placed under water with the temperature of 

20°C for 48 hours. After the 48 hours (on the 30th day), the plates were removed from the water 
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and let in normal laboratory conditions for 2 hours to slightly dry out. After the two hours, they 

were tested the same way the „dry“ plates were tested. Again, the adhesive strength for each plate 

was determined as a mean value from 5 tests (5 anchors that were pulled). As an outcome of this 

procedure, values of adhesive strength for each mixture on both concrete and EPS substrate in 

both dry and wet conditions were obtained (4 values for each mixture). The testing device used 

within this procedure can be seen on Figure 49. 

 

Figure 49: The testing device used for the adhesive strength testing procedure. 
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4.4 Results and Discussion 

As an outcome of the experimental study, each mixture comes with one result value for each tested 

attribute, more specifically, totally 8 result values for each mixture. These 8 values represent the 

following attributes:  

 Water demand 

 Odour in fresh mortar 

 Fresh mortar density 

 Workability 

 Adhesive strength on concrete, dry conditions 

 Adhesive strength on concrete, wet conditions 

 Adhesive strength on EPS, dry conditions 

 Adhesive strength on EPS, wet conditions 

In order to make the comparison between the numerous result values simpler and more straight-

forward, a noting system was created. There are 5 notes from 1 to 5. The note 1 represents the best 

performance, while the note 5 represents the worst performance. Limit values were set for each 

attribute specifically, so it is possible to assign each result value with the corresponding note. In 

addition, specific colouring was assigned to the each note for better graphical recognition. The 

limit values for specific attributes are listed in Table 8. 

Table 8: The key for the note assignment using limit values for specific attributes. 

Attribute Unit 
Notes 

1 2 3 4 5 

Water demand [%] (25,26] 
(0,25] 

U(26,27] 
(27,28] (28,29] (29,∞) 

Odour in fresh 

mortar 
[-] (0,1] (1,2] (2,3] (3,4] (4,5] 

Fresh mortar density [g/l] (1550,1620] 
(1520,1550] 

U(1620,1650] 

(1500,1520] 

U(1650,1680] 

(1480,1500] 

U(1680,1750] 

(0,1480] 

U(1750,∞) 

Workability [-] (0,1.5] (1.5,1.8] (1.8,2.0] (2.0,2.4] (2.4,∞) 

Adhesive strength on 

concrete, dry 
[N/mm2] (∞,0.8] (0.8,0.6] (0.6,0.4] (0.4,0.25] (0.25,0] 

Adhesive strength on 

concrete, wet 
[N/mm2] (∞,0.8] (0.8,0.6] (0.6,0.4] (0.4,0.20] (0.20,0] 

Adhesive strength on 

EPS, dry 
[N/mm2] (∞,0.09] (0.09,0.08] (0.08,0.07] (0.07,0.05] (0.05,0] 

Adhesive strength on 

EPS, wet 
[N/mm2] (∞,0.08] (0.08,0.07] (0.07,0.055] (0.055,0.04] (0.04,0] 

Overall note [-] (0.0,2.1] (2.1,2.6] (2.6,3.0] (3.0,3.5] (3.5,∞) 

In the following sections, tables with the experimental results from all procedures for all three 

experimental series are presented. Result values for each attribute in all variations can be found 

in the matrix. Additionally, each cell of the matrix is coloured in accordance with the note assigned 

to the value in accordance with the Table 8. The overall notes from all variations were used to 

calculate the mean value of the notes for each EF sample. The samples in both tables are ordered 

by this mean value from the smallest to the largest (from the best performance to the worst 

performance). However, the note-based order of the samples was not the only criterion considered 

in the decision-making process. Other aspects such as price, supplying company and variability 

of the sample material base, origin and granulometry were also considered when deciding on 

which samples will be mixed in the next series. 
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4.4.1 I. Series 

A complete list of results from the I. series is displayed in Table 9 (for the variation 

5%EF+0%RDP) and Table 10 (for the variation 3%EF+1%RDP). The key to the colouring and 

the order of the samples is corresponding with the system explained above in subchapter 4.4.  The 

samples marked with the blue colour are the samples chosen to be tested in the II. series. 

4.4.1.1 Results 

Table 9: The results of the I.series, variation 5%EF+0%RDP. 
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CM 23 2 1645 1.7 1.09 0.54 0.090 0.066 2.00 

TR-NBR-0-400 27 3 1656 1.8 0.46 0.67 0.073 0.078 2.63 

SS-SBR-0-600a 25.5 3 1623 1.5 0.34 0.43 0.061 0.074 2.50 

TR-SBR-0-450 25 4.5 1585 1.7 0.27 0.34 0.095 0.075 2.50 

TR-NBR-300-400 24 4.5 1617 1.8 0.34 0.83 0.056 0.079 2.75 

UN-EPDM-0-600 26 4 1580 1.8 0.33 0.76 0.059 0.074 2.63 

TR-SBR-0-75 27 4.5 1697 2.0 0.85 0.63 0.069 0.073 2.88 

PP-NBR-200-600 27 3.5 1627 2.5 0.60 0.83 0.089 0.069 2.75 

TR-SBR/NR-0-800b 24.5 4.5 1655 2.0 0.56 0.73 0.062 0.049 3.25 

UN-EPDM-0-400 27 4 1627 1.8 0.36 0.59 0.080 0.070 2.75 

TR-SBR/NR-0-105 28 4.5 1657 2.0 0.27 0.66 0.064 0.071 3.25 

PP-NBR-80-160  28 4 1617 2.3 0.45 0.25 0.091 0.040 3.00 

TR-SBR/NR-200-800a 24.5 4.5 1657 2.0 0.35 0.84 0.040 0.050 3.38 

TR-SBR/NR-0-600a 26 4.5 1641 1.8 0.53 0.31 0.089 0.066 2.88 

TR-SBR/NR-0-800c 25.5 4 1627 2.7 0.60 0.69 0.077 0.058 2.88 

TR-SBR/NR-0-200b 26 4 1657 2.0 0.55 0.60 0.048 0.042 3.25 

TR-EPDM-0-900 24.5 4.5 1566 2.3 0.29 0.65 0.094 0.051 2.88 

SS-BIIR-0-600 25.5 3.5 1668 1.5 0.30 0.53 0.046 0.063 3.00 

TR-EPDM-0-400 27 4 1630 1.7 0.32 0.66 0.048 0.051 3.13 

TR-NR-0-600 26.5 4.5 1616 1.8 0.33 0.43 0.042 0.047 3.38 

TR-EPDM-0-450 24.5 4.5 1593 1.7 0.32 0.69 0.022 0.048 3.13 

TR-SBR/NR-0-200a 27.5 4 1643 1.8 0.49 0.37 0.047 0.052 3.50 

TR-SBR/NR-0-400 24 4.5 1609 2.0 0.29 0.36 0.049 0.057 3.38 

TR-SBR/NR-200-600 25 4.5 1585 2.0 0.19 0.49 0.041 0.050 3.38 

IW-SBR/NR-0-450 26 4.5 1584 2.0 0.30 0.21 0.059 0.033 3.38 

UN-EPDM-0-200 27.5 4.5 1596 1.8 0.35 0.59 0.059 0.045 3.38 

TR-SBR/NR-0-800a 24 4.5 1598 2.0 0.33 0.31 0.029 0.054 3.50 

TR-EPDM-500-600 26.5 4.5 1639 1.8 0.40 0.45 0.049 0.043 3.50 

UN-SBR/NR-0-400 27 4.5 1585 1.8 0.20 0.24 0.039 0.044 3.63 

IW-SBR/NR-0-200 27 4.5 1574 1.8 0.30 0.29 0.036 0.038 3.63 

IW-SBR/NBR-0-400a 27.5 3.5 1637 2.5 0.47 0.39 0.061 0.051 3.63 

PP-uNBR-UN 28.5 3 1618 1.7 0.22 0.10 0.023 0.021 3.75 
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Table 10: The results of the I.series, variation 3%EF+1%RDP. 
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CM 23 2 1645 1.7 1.09 0.54 0.090 0.066  2.00 

TR-NBR-0-400 27 2.5 1597 1.3 0.74 0.88 0.098 0.067  1.75 

SS-SBR-0-600a 24.5 2.5 1634 1.8 0.43 0.73 0.108 0.076  2.13 

TR-SBR-0-450 24 4 1614 1.5 0.49 0.70 0.090 0.059  2.13 

TR-NBR-300-400 23.5 4 1627 1.5 0.63 0.77 0.102 0.084  1.88 

UN-EPDM-0-600 26 3.5 1615 1.5 0.60 0.75 0.076 0.060  2.13 

TR-SBR-0-75 27 4 1637 1.5 0.73 0.68 0.089 0.073  2.13 

PP-NBR-200-600 27 3 1600 1.3 0.53 0.74 0.055 0.061  2.38 

TR-SBR/NR-0-800b 23.5 4 1638 1.7 1.00 0.82 0.088 0.075  2.00 

UN-EPDM-0-400 27 3.5 1609 1.5 0.49 0.53 0.070 0.060  2.50 

TR-SBR/NR-0-105 27 4 1609 1.7 0.46 0.71 0.090 0.078  2.13 

PP-NBR-80-160  28 3.5 1590 1.3 0.41 0.49 0.081 0.073  2.38 

TR-SBR/NR-200-800a 23.5 4 1633 1.7 1.15 0.71 0.096 0.071  2.00 

TR-SBR/NR-0-600a 26 4 1606 1.5 0.48 0.50 0.066 0.050  2.63 

TR-SBR/NR-0-800c 25.5 3.5 1614 2.0 0.51 0.79 0.054 0.055  2.63 

TR-SBR/NR-0-200b 26 3.5 1622 1.8 0.86 0.82 0.079 0.053  2.38 

TR-EPDM-0-900 23.5 4.5 1666 2.3 0.57 0.73 0.104 0.067  2.88 

SS-BIIR-0-600 24.5 3 1664 1.7 0.38 0.74 0.063 0.059  2.88 

TR-EPDM-0-400 27 3.5 1630 1.3 0.39 0.78 0.064 0.066  2.75 

TR-NR-0-600 26.5 4 1598 1.7 0.52 0.56 0.076 0.057  2.63 

TR-EPDM-0-450 23 4.5 1646 2.2 0.51 0.71 0.071 0.053  3.13 

TR-SBR/NR-0-200a 27.5 4 1610 1.7 0.47 0.63 0.055 0.068  2.75 

TR-SBR/NR-0-400 24 4 1577 1.7 0.36 0.49 0.073 0.049  2.88 

TR-SBR/NR-200-600 25 4 1583 2.3 0.33 0.65 0.063 0.059  2.88 

IW-SBR/NR-0-450 26 4.5 1607 1.8 0.56 0.61 0.058 0.049  2.88 

UN-EPDM-0-200 27.5 3.5 1584 1.5 0.30 0.56 0.054 0.061  2.88 

TR-SBR/NR-0-800a 23 3.5 1633 1.8 0.31 0.69 0.044 0.070  2.88 

TR-EPDM-500-600 26.5 4 1614 1.8 0.47 0.51 0.058 0.059  2.88 

UN-SBR/NR-0-400 26.5 4.5 1599 1.5 0.50 0.37 0.081 0.050  2.75 

IW-SBR/NR-0-200 27 4.5 1591 1.8 0.46 0.41 0.061 0.066  3.00 

IW-SBR/NBR-0-400a 27.5 3 1635 1.8 0.56 0.51 0.053 0.055  3.00 

PP-uNBR-UN 28.5 2.5 1580 1.3 0.27 0.26 0.064 0.057  3.00 
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4.4.1.2 Discussion 

The results presented in the tables presented in subsection 4.4.1.1 provide us with data concerning 

partial (each attribute separately) and overall performance of each EF sample in two different 

variations mixed in the I. series. The colouring makes it simpler to compare the results of different 

EF samples within each examined attribute. Based on the data presented in the I. series, it is 

possible to draw the following conclusions: 

 The most obvious fact that can be concluded from the data is, that all EF samples showed 

better partial and overall performance when mixed in the variation 3%EF+1%RDP rather 

than in the variation 5%EF+0%RDP. This fact could be assigned to the following aspects: 

o The amount of 5% of EF was too high and had a negative effect on studied 

attributes compared to the control mortar. 

o The samples contained no RDP. This fact could have a negative effect on the 

studied attribute compared to the control mortar since it was observed, that RDPs 

have a positive effect on properties of cement composites (see the section 3.2.2). 

The control mortar mixed within this experimental study showed better 

performance than all other mixtures mixed within the variation 5%EF +0%RDP. 

o Based on these facts, the variation 5%EF+0%RDP was decided not to be used in 

the future experimental series. 

 No observable effect of the material base, origin or the granulometry of the EF samples 

on the performance of the mixtures was identified. 

 Overall, the worst performance throughout all samples in both variations was observed 

in the case of odour in a fresh mortar and adhesive strength on EPS in dry conditions. 

 In the case of the variation 3%EF+1%RDP, the observed performance of the fresh mortar 

of almost all samples was generally very good and in some cases was found to be better 

than the one of the control mortar. 

 The overall performance of the hardened mortar (represented by adhesive strength values) 

in the case of variation 3%EF+1%RDP was mostly worse than the one of the control 

mortar. 

 In the case of the variation 3%EF+1%RDP, there were 2 mixtures identified to show 

better overall performance than the control mortar, namely TR-NBR-0-400 and TR-NBR-

300-400.  

 Resulting from the findings within the I. series and other criteria specified in subchapter 

4.4, the following 9 EF samples were chosen to be used in the II. series: 

o SS-SBR-0-600a 

o TR-NBR-0-400 

o SS-BIIR-0-600 

o TR-SBR-0-450 

o TR-SBR/NR-0-800b 

o PP-NBR-80-160 

o TR-EPDM-0-900 

o TR-SBR/NR-200-800a 

o TR-SBR/NR-0-800a  
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4.4.2 II. Series 

A complete list of results from the II. series for both variations is displayed in Table 11. The key 

to the colouring and the order of the samples is corresponding with the system explained in 

subchapter 4.4. The samples marked with the blue colour are the samples chosen to be tested in 

the III. series. 

4.4.2.1 Results 

Table 11: The results of the II.series, both variations. 
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3
%
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+
1
%
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TR-NBR-300-400 23.5 4 1627 1.5 0.63 0.77 0.102 0.084 1.88 

IW-SBR/NBR-0-400b 23.5 3.5 1632 1.3 1.02 0.74 0.095 0.081 1.75 

TR-SBR-0-450 24 4 1614 1.5 0.49 0.70 0.090 0.059 2.13 

TR-SBR/NR-0-800b 23.5 4 1638 1.7 1.00 0.82 0.088 0.075 2.00 

TR-NBR-200-800 22.5 3.5 1652 1.7 0.88 0.74 0.099 0.062 2.25 

CM 23 2 1645 1.7 1.09 0.54 0.090 0.066 2.00 

TR-NBR-0-450 23.5 4 1618 1.7 0.38 0.69 0.103 0.070 2.25 

TR-SBR/NR-0-200c 23.5 3.5 1637 1.7 0.47 0.68 0.068 0.075 2.63 

TR-SBR/NR-0-600b 22.5 3.5 1644 1.8 0.60 0.64 0.086 0.075 2.38 

TR-SBR/NR-200-800a 23.5 4 1633 1.7 1.15 0.71 0.096 0.071 2.00 

SS-SBR-0-600a 24.5 2.5 1634 1.8 0.43 0.73 0.108 0.076 2.13 

SS-SBR-0-600b 24.5 2.5 1610 1.7 0.78 0.72 0.054 0.057 2.38 

TR-SBR/NR-200-800b 23 3.5 1647 1.8 0.52 0.69 0.063 0.074 2.63 

TR-EPDM-0-900 23.5 4.5 1666 2.3 0.57 0.73 0.104 0.067 2.88 

TR-SBR/NR-0-800a 23 3.5 1633 1.8 0.31 0.69 0.044 0.070 2.88 

TR-EPDM-0-450 23 4.5 1646 2.2 0.51 0.71 0.071 0.053 3.13 

SS-BIIR-0-600 24.5 3 1664 1.7 0.38 0.74 0.063 0.059 2.88 
 

2
%

E
F

+
1

.5
%

R
D

P
 

 

TR-NBR-300-400 22.5 3.5 1646 1.3 1.43 0.98 0.097 0.099 

  

1.63 

IW-SBR/NBR-0-400b 23 3 1622 1.3 0.72 0.65 0.093 0.083 1.75 

TR-SBR-0-450 23 3.5 1624 1.5 1.29 0.90 0.084 0.100 1.75 

TR-SBR/NR-0-800b 22.5 4 1643 1.5 0.90 0.73 0.110 0.077 1.88 

TR-NBR-200-800 22 3 1629 1.3 1.31 0.78 0.098 0.105 1.63 

CM 23 2 1645 1.7 1.09 0.54 0.090 0.066 2.00 

TR-NBR-0-450 22.5 3.5 1634 1.3 0.63 0.69 0.129 0.093 1.88 

TR-SBR/NR-0-200c 22.5 3.5 1644 1.5 1.19 0.85 0.090 0.087 1.63 

TR-SBR/NR-0-600b 22 3 1636 1.8 0.66 0.65 0.102 0.094 1.88 

TR-SBR/NR-200-800a 22.5 4 1650 1.5 0.56 0.66 0.080 0.067 2.38 

SS-SBR-0-600a 24 2.5 1632 1.7 0.77 0.84 0.078 0.064 2.25 

SS-SBR-0-600b 24 2.5 1631 1.5 0.80 0.73 0.074 0.065 2.13 

TR-SBR/NR-200-800b 22.5 3.5 1617 1.7 0.79 0.73 0.091 0.078 2.00 

TR-EPDM-0-900 23 3.5 1663 2.2 0.84 0.80 0.097 0.099 2.13 

TR-SBR/NR-0-800a 22.5 3.5 1636 1.5 0.48 0.68 0.082 0.069 2.38 

TR-EPDM-0-450 23 4 1642 1.7 0.41 0.79 0.089 0.088 2.25 

SS-BIIR-0-600 24 2.5 1650 1.7 0.42 0.78 0.070 0.067 2.50 



70 

 

4.4.2.2 Discussion 

The results presented in the Table 11 provide us with data concerning partial (each attribute 

separately) and overall performance of each EF sample in two different variations mixed in the II. 

series. Within this series, 9 EF samples from the I. series and 7 completely new samples were 

mixed in variations 3%EF+1%RDP and 2%EF+1.5%RDP. Based on the results presented in the 

II. series, it is possible to draw the following conclusions:  

 The trend observed in the results from the I. series is obvious also in the II. series:  

o The partial and overall performance are improving with the decreasing amount of 

EF and the increasing amount of RDP. 

 As observed in the I. series, also the results from the II. series do not indicate any 

observable effect of the material base, origin, or granulometry of the samples on the 

performance of the mixtures.  

 The worst performance throughout the attributes within specific mixtures was observed 

in the case of the odour of the fresh mortar.  

 The performance of the hardened mortar (values of the adhesive strength) is more evenly 

distributed and in some cases comparable to the performance of the control mortar 

(especially in the case of the variation 2%EF+1.5%RDP). 

 In the case of the variation 3%EF+1%RDP, 2 mixtures were identified to show better 

overall performance than the control mortar, namely TR-NBR-0-400 and TR-NBR-300-

400. 

 In the case of the variation 2%EF+1.5%RDP, 8 out of 16 mixtures were identified to 

show better overall performance than the control mortar. Out of these mixtures, 7 EF 

samples were chosen to be used in the III. series.  

 In total, 8 EF samples were chosen to be used in the III. series:  

o TR-NBR-300-400 

o IW-SBR/NBR-0-400b 

o TR-SBR-0-450 

o TR-SBR/NR-0-800b 

o TR-NBR-200-800 

o TR-SBR/NR-0-200c 

o TR-SBR/NR-0-600b 

o SS-SBR-0-600a 

 Since there was an improvement with the decreasing amount of EF and the increasing 

amount of RDP observed and some of the mixtures showed better performance than the 

control mortar, it is possible to conclude at this point, that: 

o The partial substitution of the RDP for the EF could not only be possible but 

could even bring improvements in the performance of the mortar.  

o The total substitution of the RDP for the EF is not feasible since it leads to a worse 

performance of the mortar.  

o The goal of the further examination (mainly of the III. series) is to figure out the 

appropriate variation of the amount of the EF and the RDP by the further decrease 

in the amount of EF and the increase in the amount of RDP. 
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4.4.3 III. Series 

Before the mixtures from the III. series were mixed, the real granulometry and bulk density of the 

8 EF samples to be tested within this series were studied. Also, a loss on ignition of the samples 

mixed in the dry mortar mixtures was studied. These analyses are closer described in the 

subsections 4.4.3.1 and 4.4.3.2 respectively. A complete list of the results from the III. series for 

all three variations is displayed in Table 13 in the subsection 4.4.3.3. The key to the colouring and 

the order of the samples is corresponding with the system explained in subchapter 4.4. 

4.4.3.1 EF Sample Analysis 

The experiments aiming to determine the granulometry via the sieving analysis procedure and the 

bulk density of the elastomer fillers were performed in accordance with the testing procedure 

defined in the standard EN 459-2 [102]. The results of these analyzes are displayed in Figure 50 

and Figure 51 respectively.  

 

Figure 50: The results of the bulk density analysis. 
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Figure 51: The results of the particle size analysis. 

The results of bulk density analysis show that the shoe-sole sample (SS-SBR-0-600a) has the 

highest bulk density from all 8 EF samples, while the tire-rubber sample (TR-NBR-300-400) has 

the lowest bulk density. No clear dependence of bulk density on the granulometry of the samples 

was observed.  

The results of particle size analysis uncovered some differences between the granulometry 

specified by the supplying companies and the granulometry determined via the sieving analysis, 

especially in the case of samples TR-SBR-0-450, TR-NBR-300-400, TR-SBR/NR-0-200c, and 

TR-SBR/NR-0-600b. The samples IW-SBR/NBR-0-400b, SS-SBR-0-600a, and TR-SBR/NR-0-

200c proved to have the highest content of fine particles, while the sample TR-SBR/NR-0-600b 

proved to have the highest content of coarse particles. 

In addition to these results, Table 12 presents the basic physical and mechanical properties 

of the most common elastomer materials as well as some other common polymers and other 

materials. 
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Table 12: Physical and mechanical properties of the most common elastomer materials [44-47] 
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Unit kg/m3 °C J/kg/K W/m/K °C 
Pa-1 Pa Pa 

% 
  (x 10-12) (x 106) (x 106) 

NR 
U 913 -72 1905 0.13 35.5 515 - - - 44 

P 
970 -63 1828 0.15 40 514 1.3 17-25 

750-

850 
44 

NBRa 
U - - - - - - - - - 44,45 

P 1020 -85 1970 0.25 - - - - - 44 

SBRb 
U 

933 
-59 to -

64 
1890 - - 530 - - - 44,45 

P 
980 -52 1830 

0.19-

0.25 
- 510 1.6 1.4-3 

400-

600 
44 

EPDM 
U - - - - - - - - - 44 

P 
850 

-60 to -

69 
2340 - - - 2 6-16 100 44 

IIR 
U 917 -71 1950 - 1.5 - - - - 44 

P 
933 -63 1850 0.13 - 508 1 18-21 

750-

950 
44 

CR 
U 1230 -45 2200 0.19 55-78 480 - - - 44 

P 
1320 -45 

2100-

2200 
0.19 - 440 1.6 25-38 

800-

1000 
44 

PE 
910-

965 

-30 to        

-128 
1920 - 88-132 - 

55-

1034 
12-79 

12-

700 
44 

PP 
900-

910 
-3,2 1930 11.7 138-155 - 

1032-

1720 
29-39 

500-

900 
44 

PS 
1040-

1100 
80-90 

1190-

1840 

0.11-

0.13 
240 220 

3000-

3400 
- - 44 

PVC 
1391-

1431 
78-107 

1050-

2930 
0.16 - 

3.57-

8.75 
2964 - 

13,3-

243 
44 

PVAc 1191 26-39 
1300-

1800 
0.16 150 - 600 29-49 

10-

20 
44 

PAN 
1140-

1190 
50-95 - 0.04 250-320 - - - 7-60 44 

POE 870 -55 - - 60 - 18 - 1000 44 

PUR 1200 -50 1760 0.19 - - 8 39 580 46 

SR 1200 -130 1590 0.23 - - - 8 480 46 

EVA 
930-

1000 
- 1400 0.34 - - 15-80 3-35 

300-

800 
46 

OC 
2200-

2400 
- 750 2.00 - - 

14000-

41000 
2-5 - 47 

 
a bound acrylonitrile content = 40% U unvulcanized 
b bound styrene content = 25% P pure vulcanizate 
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4.4.3.2 Loss on ignition 

The loss on ignition analysis is usually being carried out in order to determine the content of water, 

organic matter, carbonate minerals, and siliciclastic (e.g. quartz) content. The loss on ignition is 

usually processed sequentially. The mass loss of the samples represents the loss of water, carbon 

dioxide, and other gasses escaping the chemical structure of the samples. In the first stage, samples 

are heated at around 500°C. In this stage, the water and organic content are eliminated. In the 

second stage, the samples are heated at 900-1000°C in order to eliminate the carbonate minerals 

and siliciclastic content. [101] The loss on ignition of the dry premixed mortar samples was 

determined in accordance with the standard EN 459-2 [102]. 

 

 

Figure 52: The results of the loss on ignition at 450 and 950 °C. 

Evaluating the results of the loss on ignition test, it can be concluded, that the content of water 

and organic matter (which comes mostly with the EF powder) is very similar in all mixtures tested. 

It is also possible to see a slightly decreasing trend in all cases of the 8 EF samples for the three 

variations in each case. This corresponds to the decreasing amount of the EF used in these 

variations. In the second stage (samples heated at 950°C), no major differences were observed. In 

most cases, the mixtures containing the highest amount of the EF sample (the variation 

1.5%EF+1.75%RDP) showed the highest loss on ignition. 
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4.4.3.3 Results 

Table 13: The results of the III.series, three variations. 
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1
.5

%
E

F
+

1
.7

5
%

R
D

P
 

  

TR-NBR-300-400 23 3.5 1650 1.3 1.16 0.89 0.107 0.089 

  

1.63 

IW-SBR/NBR-0-400b 23 3 1641 1.3 0.49 0.64 0.108 0.093 1.88 

TR-NBR-200-800 22 3 1651 1.5 0.99 0.69 0.103 0.085 1.75 

TR-SBR/NR-0-200c 22.5 3.5 1646 1.5 1.33 0.78 0.106 0.093 1.75 

TR-SBR-0-450 23 3.5 1623 1.5 0.41 0.58 0.110 0.083 2.13 

TR-SBR/NR-0-800b 22.5 4 1629 1.7 0.49 0.62 0.094 0.075 2.25 

CM 23 2 1645 1.7 1.09 0.54 0.090 0.066 2.00 

SS-SBR-0-600a 23.5 2.5 1628 1.7 0.69 0.77 0.096 0.089 1.88 

TR-SBR/NR-0-600b 22.5 3 1633 1.7 0.63 0.71 0.073 0.073 2.25 

 

1
.%

E
F

+
2

%
R

D
P

 

  

TR-NBR-300-400 23 3 1630 1.3 0.60 0.68 0.093 0.093 

  

1.75 

IW-SBR/NBR-0-400b 23 2.5 1637 1.3 0.55 0.65 0.105 0.090 1.88 

TR-NBR-200-800 22 3 1637 1.5 0.55 0.59 0.112 0.094 2.00 

TR-SBR/NR-0-200c 22.5 3 1640 1.3 0.56 0.65 0.095 0.094 1.88 

TR-SBR-0-450 23 3.5 1634 1.3 0.46 0.54 0.113 0.092 2.13 

TR-SBR/NR-0-800b 22.5 4 1639 1.7 0.68 0.67 0.118 0.088 2.00 

CM 23 2 1645 1.7 1.09 0.54 0.090 0.066 2.00 

SS-SBR-0-600a 23 2.5 1664 1.7 0.72 0.70 0.104 0.096 2.00 

TR-SBR/NR-0-600b 22.5 3 1636 1.5 0.73 0.71 0.078 0.075 2.13 

 

0
.5

%
E

F
+

2
.2

5
%

R
D

P
 

  

TR-NBR-300-400 22.5 3 1655 1.3 0.75 0.57 0.100 0.085 

  

2.00 

IW-SBR/NBR-0-400b 23 2.5 1643 1.3 0.86 0.64 0.074 0.077 2.00 

TR-NBR-200-800 22.5 3 1636 1.3 0.54 0.60 0.121 0.086 1.88 

TR-SBR/NR-0-200c 22.5 3 1645 1.3 0.64 0.55 0.099 0.099 1.88 

TR-SBR-0-450 23 3 1621 1.3 0.92 0.75 0.118 0.095 1.63 

TR-SBR/NR-0-800b 22.5 3.5 1632 1.5 0.84 0.64 0.116 0.110 1.75 

CM 23 2 1645 1.7 1.09 0.54 0.090 0.066 2.00 

SS-SBR-0-600a 23 2.5 1639 1.5 0.58 0.51 0.106 0.095 2.00 

TR-SBR/NR-0-600b 22.5 2.5 1651 1.3 0.78 0.73 0.090 0.076 2.00 
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4.4.3.4 Discussion 

The results presented in the Table 13 provide us with data concerning partial (each attribute 

separately) and overall performance of each EF sample in three different variations mixed in the 

III. series. Within this series, 8 EF samples from the II. series were mixed in variations 

1.5%EF+1.75%RDP, 1%EF+2%RDP, and 0.5%EF+2.25%RDP. Based on the results presented in 

the III. series, it is possible to draw the following conclusions:  

 The trend observed in the results from the I. and II. series is obvious also in the III. series:  

o The partial and overall performance are improving with the decreasing amount of 

EF and the increasing amount of RDP in all three variations in the III. series.  

o The performance of the mixtures mixed within the III. series is better than that of 

mixtures mixed within the I. and the II. series. 

 The results from the III. series also do not indicate any observable effect of the material 

base, origin, or granulometry of the samples on the performance of the mixtures.  

 The worst performance throughout the attributes within specific mixtures was again 

observed in the case of the odour of the fresh mortar. 

 The performance of the hardened mortar (values of the adhesive strength) is even more 

evenly distributed and in some cases comparable or better than the performance of the 

control mortar.  

 In the case of the variations 1.5%EF+1.75%RDP and 1%EF+2%RDP, most of the 

mixtures were identified to show the same or better overall performance than the control 

mortar. 

 In the case of the variation 0.5%EF+2.25%RDP, all of the mixtures were identified to 

show the same or better overall performance than the control mortar.   

4.4.4 The Final Evaluation 

Resulting from the iterative process of the three experimental series, the set of 40 final mixtures 

(8 EF samples, each mixed in 5 variations) represent the core result basis for the final evaluation 

of the EF samples. This section aims to summarize the final results and provide the possibility to 

compare the performance of variable EF samples mixed in different variations using a graphical 

evaluation. The specific attributes are evaluated separately. Results for each attribute are displayed 

by two charts. The first chart always displays the absolute values (the real values) of the results. 

The second chart displays the results calculated as a percentual part compared to the control mortar 

(the result of the control mortar for each attribute represents 100% and is displayed in the chart 

by the red line). For example, the water demand of the mixture mixed with the sample TR-NBR-

300-400 in the variation 3%EF+1%RDP reaches 102.2% of the water demand of the control 

mortar. 
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4.4.4.1 Fresh mortar attributes 

 

 

Figure 53: The final comparison of the results of the water demand. 
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Figure 54: The final comparison of the results of the odour in fresh mortar. 
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Figure 55: The final comparison of the results of the fresh mortar density. 
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Figure 56: The final comparison of the results of the workability. 

TR-NBR-300-400

TR-SBR/NR-0-200c

TR-NBR-200-800

IW-SBR/NBR-0-400b

TR-SBR-0-450

SS-SBR-0-600a

TR-SBR/NR-0-800b

TR-SBR/NR-0-600b

1.0

1.2

1.4

1.6

1.8

2.0

W
o

rk
ab

il
it

y
 [

-]

0 10 20 30 40 50 60 70 80 90 100 110

TR-SBR/NR-0-600b

TR-SBR/NR-0-800b

SS-SBR-0-600a

TR-SBR-0-450

IW-SBR/NBR-0-400b

TR-NBR-200-800

TR-SBR/NR-0-200c

TR-NBR-300-400

Percentual workability (compared to the control mortar) [%]

3%EF+1%RDP 2%EF+1.5%RDP 1.5%EF+1.75%RDP 1%EF+2%RDP 0.5%EF+2.25%RDP



81 

 

The water demand of the 40 mixtures ranged from 22 to 24.5% in order to maintain the required 

consistency. It shows us, that although the amount of the EFs and RDPs contained in the mixtures 

was low, their slight variations can have a measurable effect on the rheology of the fresh mortar. 

In the case of samples IW-SBR/NBR-0-400b, TR-SBR-0-450, and SS-SBR-0-600a, the water 

demand tends to decrease with the decreasing amount of the EF. In the case of other samples, the 

water demand tends to be higher in variations with 3% of EF and 0% of EF than the other four 

variations. Overall, the majority of mixtures showed lower water demand than that of the control 

mortar. 

When it comes to odour in a fresh mortar, all mixtures show worse results than that of 

the control mortar. The odour of the EF was rather intensive in all cases. Although the amount of 

the EF in the mixtures is minor, the introduction of the EF into the mortar leads to remarkable 

worsening of the odour especially after the water is added to the mixture. In the case of all 

mixtures, there was a clear decreasing trend in the intensity of the odour with decreasing amount 

of the EF introduced. The best odour performance was identified in the case of the sample SS-

SBR-0-600a, followed by samples IW-SBR/NBR-0-400b and TR-SBR/NR-0-600b. 

The values of the fresh mortar density ranged from 1614 to 1664g/l (the difference of 

3.1% compared to the value for CM). Although not very clearly, we can observe a  very slightly 

increasing overall tendency in the fresh mortar density with the decreasing amount of the EF 

introduced. This could probably be assigned to the air-entraining effect of the EFs described in 

the subsection 3.3.2.2. With the decreasing amount of the EFs, the amount of entrained air is also 

decreasing, what leads to a slightly higher fresh mortar density. The majority of the mixtures 

reached lower fresh mortar density than that of the control mortar. The most significant effect of 

the introduction of EF was observed in the case of a mixture with the sample TR-SBR-0-450, 

implying it has probably the highest air-entraining effect from the samples introduced. 

In the case of the workability of the fresh mortar, some more significant differences were 

measured among the mixtures (the range of 74.1% compared to the result of  CM). The worst 

workability performance was observed in the case of mixtures containing 3% of the EF and the 

control mortar (0% of the EF). Mixtures mixed in the other 4 variations showed better 

performance, reaching the peak in the case of the mixtures containing 1% and 0.5% of the EF. The 

best performance among the EF samples throughout all variations was observed in the case of the 

sample IW-SBR/NBR-0-400b, followed by the sample TR-NBR-300-400, while the worst 

performance was observed in the case of samples SS-SBR-0-600a and TR-SBR/NR-0-600b. 
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4.4.4.2 Hardened mortar attributes 

 

 

Figure 57: The final comparison of the results of the adhesive strength on a concrete substrate in dry 

curing conditions. 
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Figure 58: The final comparison of the results of the adhesive strength on a concrete substrate in wet 

curing conditions. 
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Figure 59: The final comparison of the results of the adhesive strength on an EPS substrate in dry 

curing conditions. 

0.04

0.05

0.06

0.07

0.08

0.09

0.1

0.11

0.12

0.13

0.14

3%EF

1%DP

2%EF

1,5%DP

1,5%EF

1,75%DP

1%EF

2%DP

0,5%EF

2,25%DP

0%EF

2,5%DP

A
d

h
es

iv
e 

st
re

n
g
th

, 
E

P
S

, 
D

ry
 [

N
/m

m
2

]
TR-NBR-300-400 TR-SBR/NR-0-200c TR-NBR-200-800 IW-SBR/NBR-0-400b

TR-SBR-0-450 SS-SBR-0-600a TR-SBR/NR-0-800b TR-SBR/NR-0-600b

0 20 40 60 80 100 120 140

TR-SBR/NR-0-600b

TR-SBR/NR-0-800b

SS-SBR-0-600a

TR-SBR-0-450

IW-SBR/NBR-0-400b

TR-NBR-200-800

TR-SBR/NR-0-200c

TR-NBR-300-400

Percentual adhesive strength (compared to the control mortar) [%]

3%EF+1%RDP 2%EF+1.5%RDP 1.5%EF+1.75%RDP 1%EF+2%RDP 0.5%EF+2.25%RDP



85 

 

 

 

Figure 60: The final comparison of the results of the adhesive strength on an EPS substrate in wet 

curing conditions. 
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The most obvious feature arising from the results of the adhesive strength, in general, is their 

diversity. 

In the case of the adhesive strength on concrete stored in dry curing conditions, this fact 

is especially obvious. The results range from 0.41 to 1,43N/mm2 (eq. to 94.4% compared to the 

result of CM). The overall trend following the separate variations could be described as the sine 

function type of trend as can be seen in the Figure 57. However the mean value of the results of 

all EF samples in variations containing 3, 2, and 1.5% of the EF are higher compared to the ones 

in variations with 1 and 0.5% of the EF, the variability of the results in the case of variations with 

1 and 0.5% of the EF is much lower than in the case of the three other variations. The best 

performance was observed in the case of EF samples TR-NBR-300-400, TR-SBR/NR-0-200c, and 

TR-NBR-200-800. In the case of other samples, the results were more even. 

The results of the adhesive strength on concrete in wet curing conditions show lower 

variability (eq. to 86.5% compared to the result of the CM). The overall trend of the adhesive 

strength is slightly decreasing with the decreasing amount of the EF. The best performance was 

observed in the case of the sample TR-NBR-300-400. The results of other samples were 

comparable, while almost all of them were higher than the one of the control mortar.  

The variability of the results of the adhesive strength on EPS in dry curing conditions was 

equivalent to 58.8% compared to the result of CM and was evenly distributed among all variations 

for all EF samples mixed. The overall trend of the adhesive strength is very slightly increasing 

with the decreasing amount of the EFs used in the mixtures. Most of the mixtures reached higher 

values of adhesive strength than the control mortar. The best results were observed in the case of 

the samples TR-NBR-200-800, TR-SBR-0-450, and TR-SBR/NR-0-800b, while the worst 

performance was observed in the case of the sample TR-SBR/NR-0-600b. 

A higher variability (eq. to 77.3% compared to the result of the CM) was observed in the 

case of the results of the adhesive strength on EPS in wet curing conditions. The results among 

the variations are rather evenly distributed except the variations containing 2 and 0.5% of the EF. 

In these cases, the diversity of results was higher. The overall tendency of the adhesive strength 

is again slightly increasing with the decreasing amount of the EF and then drops down in the case 

of the control mortar. The majority of the mixtures reached higher results than the control mortar. 

The best performance was observed in the case of samples TR-NBR-300-400, TR-SBR/NR-0-

200c, and IW-SBR/NBR-0-400b, while the worst performance was again observed in the case of 

the sample TR-SBR/NR-0-600b.  
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5. CONCLUSION 

The actual state of the art in the field of polymer modification of cement composites was 

presented. In addition, the effect of the commonly used modifiers (such as RDPs) as well as an 

industrially processed elastomer fillers presented in various studies, was disclosed. The theoretical 

research presented in this thesis has shown, that it can be feasible, both economically and 

environmentally, to use elastomer fillers in a mortar and concrete products in order to improve 

some attributes of the fresh or hardened composite material. It has also shown, that it is possible 

to partially or totally replace the RDPs widely used in the mortar products. This has prepared the 

theoretical background for the practical part of the thesis. 

Based on the results obtained within the experimental study of this thesis, it is possible to draw 

the following conclusions: 

 The total replacement of RDPs for EFs proved not to be feasible in this study. 

o The samples with total replacement showed inadequate results.  

o For this reason, the experimental row with total replacement (the variation 

5%EF+0%RDP) was terminated after the first experimental series.  

 The partial replacement of RDPs for EFs proved to be feasible, reaching better results 

than the control mortar in many cases. 

 The overall performance of the mixtures modified with a specific EF samples was 

improving with the decreasing amount of the EF and increasing the amount of the RDP, 

reaching the peak in the case of the variation 0.5%EF+2.25%RDP. 

o The overall performance of all mixtures mixed within the variation 

0.5%EF+2.25%RDP was better than that of the control mortar. 

 The samples TR-NBR-300-400, IW-SBR/NBR-0-400b, and TR-NBR-200-800 showed 

the best overall performance, while the sample TR-SBR/NR-0-600b showed the worst 

overall performance. 

 No observable effect of the material base, origin or the granulometry of the EF samples 

on the performance of all the mixtures was identified.  

 The only specific attribute that was worse in the case of all mixtures modified with EFs 

compared to the control mortar was the odour in fresh mortar.  

The practical research of this thesis has proven experimentally, that it is possible to replace the 

RDPs with elastomer fillers in a certain content, acquiring a more sustainable material, both from 

the economic and environmental perspective. The performance of many samples mixed in 

different variations was improved compared to the control mortar. However, there are still same 

challenges to be solved in this direction, namely: 

 The possibility to limit and control the intensity of the odour in the fresh mortar should 

be studied. 

 The content of the volatile organic compounds (VOCs) and other potentially harmful 

substances contained in the elastomer fillers should be studied. 

 A possible positive effect of the addition of the elastomer fillers on the energy absorption 

capability and impact resistance of the mortar should be evaluated.  

 In addition, the aging process and the long-term performance of the cement composite 

modified with EF in addition with RDP should be studied.  
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6.2 List of Acronyms 

(CH3COO)- acetate anion LC latex concrete 

AFm (Al2O3 – Fe2O3 – mono) phase LRC latex/rubber concrete 

AFt (Al2O3-Fe2O3-tri) phase MBR 
methyl methacrylate-

butadiene rubber 

Al2O3 aluminium oxide MC methylcellulose 

ASTM American Society for Testing and Materials MgSO4 magnesium sulphate 

C3A tricalcium aluminate MIP 
mercury intrusion 

porosimetry 

C4AH13 calcium alumino hydrate phases NaCl sodium chloride 

Ca(CH3COO)2 

xH2O 
calcium acetate dihydrate NBR 

Poly(butadiene-

coacrylonitrile) 

Ca(OH)2 calcium hydroxide NF 
French Organization for 

Standardization 

Ca2+ calcium cation NM normal mortar 

CAH10 calcium alumino hydrate phases NR Polyisoprene, Natural rubber 

CE cellulose ether OC ordinary concrete 

CM control mortar 
P/C 

ratio 
polymer/cement ratio 

CR chloroprene rubber PAA polyacrylamide 

DIN German Organization for Standardization PAE polyacrylic ester 

DL/T Translated English of Chinese Standard PAH 
polycyclic aromatic 

hydrocarbon 

DTA differential thermal analysis PAN Polyacrylonitrile 

EDX energy-dispersive X-ray spectroscopy PC polymer concrete 

EF elastomer filler PC portland cement 

EN European standards PE polyethylene 

EP epoxy PET polyethylene terephthalate 

EPDM Ethylene-propylene-diene terpolymer PIC 
polymer-impregnated 

concrete 

EPS expanded polystyrene PIM polymer-impregnated mortar  

ETAG 

Guidline for European Technical Approval 

of External Thermal Insulation Composite 

Systems (ETICS) with Rendering 

PM polymer mortar  

EUR Euro (currency) PMC polymer-modified concrete 

EVA poly(ethylene-vinyl acetate) PMM polymer-modified mortar 

Fe2O3 iron oxide POE Polyolefin elastomers 

FESEM 
field emission scanning electron 

microscopy 
PP polypropylene 

FR-IR Fourier-transform infrared spectroscopy PP primary product 

GC gas chromatography PS Polystyrene 

GC/MS gas chromatography/mass spectrometry PU Polyurethane 

HEC hydroxyethylcellulose PUR Polyurethane ruber 

HSC high-strength concrete PVA polyvinyl alcohol 

IIR Poly(isobutene)-co-(isoprene)butyl rubber PVAA polyvinyl alcohol acetate 

ISO 
International Organization for 

Standardization 
PVAc poly(vinyl acetate) 

IW industrial waste PVC polyvinylchloride 
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PVP poly(vinyl propionate) TR tire rubber 

R&D  research and development UN unspecified 

RC runner concrete UNI 
Italian Organization for 

Standardization 

RDP redispersible powder UP unsaturated polyester 

RILEM 

International Union of Laboratories 

and Experts in Construction 

Materials, Systems and Structures 

US United States 

SA styrene/acrylic copolymer UV ultra violet 

SAE poly(styrene-acrylic ester) VAVeoVA 
poly(vinyl acetate-vinyl 

versatate) 

SBR styrene-butadiene rubber VC 
vinyl acetate/ethylene/vinyl 

chloride copolymer 

SEM scanning electron microscopy VOC volatile organic compound 

SR Silicone rubber W/C ratio water/cement ratio 

SS shoe sole XRD X-ray diffraction analysis 

TG thermogravimetric analysis   
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