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Abstract
Various solutions for the management of rubber waste from used tires are known. We encounter in particular tests of concrete 
mixtures and the finished product, in the literature. These tests are describing rheological, mechanical and durability properties, 
mainly. However, the high toxicity of rubber waste from car tires requires that such concrete be tested in terms of ecotoxicology. The 
paper presents the results of research on the use of three different SBR granulates as fillers in mortars with a slag or CEM IV cement 
binder. The focus was on the immobilization of harmful compounds from rubber granules in the binder mass. It was assumed that 
the construction product using mortar with rubber granules would be in contact with water. The mass share of granulates in mortars 
was 4.7%. The grain size of the granulates was up to 4 mm, mainly 1–3 mm. A decrease in the strength of mortars with the addition 
of granulates and no leaching of polycyclic aromatic hydrocarbons from mortars was demonstrated. The metals from the mortars were 
absorbed by the rubber, most probably. The strength of slag mortars was greater than cement mortars.

1. Introduction
Used car tires are a huge ecological problem due to their 

increasing quantity. Tires are made from rugged, hard-wear-
ing rubber, so disposing of them is a major environmental 
challenge. They cannot be easily recycled, are difficult to 
reuse, break down into crumbs causing an increase in the 
content of microplastics in the environment [1–5]. Pilking-
ton [2] emphasizes that the United States alone disposes of 
246 million to 300 million used tires each year. Globally, the 
problem is quantified at between 1 billion and 1.8 billion used 
tires every year. This makes up between 2% and 3% of all the 
waste collected on Earth [2]. This problem will increase as the 
world's population grows – especially as the growing middle 
class population in poorer countries creates a larger market 
for personal transportation [2]. According to the report of 
the World Bank (2019) entitled “What a Waste 2.0: A Global 
Snapshot of Solid Waste Management to 2050” [6] an increase 
in waste generation of up to 70% was expected by 2050. From 
2.01 billion tons in 2016, a total of 3.4 billion tons of annual 
waste was projected for the year 2050. Thus, the problem of 
tire waste disposal is quite serious. Due to the growing prob-
lem with waste tires worldwide, researchers are now focused 
on preparing rubberized concrete a widely used, greener con-
struction material [2,3,7]. They combine with various binders 
shredded used tires as aggregate in varying degrees of filling 
and grinding, depending on the desired properties and desig-
nation [8]. Tire-derived aggregates (TDA) have been gaining 
more and more popularity in recent years [9]. Studies give 
different results. First research on rubberized concrete in 
the 1990s [8] found that the addition of rubber to a concrete 

mixture decreased the material’s flexural and compressive 
strengths. It was also shown that cracking in concrete oc-
curred more frequently than in conventional concrete due to 
the poor adhesion between rubber materials and other com-
ponents of the concrete [2].

On the other hand, researchers found that, compared with 
conventional concrete, rubberized concrete displayed high 
toughness, a good capacity for plastic energy, strong durability, 
low porosity, abrasion resistance, and low density. Recent ad-
vances in rubberized concrete studies (9-16) have found that, it 
displays better crack resistance than conventional concrete. This 
kind of concrete is also more resistant to tensile stresses than 
conventional concrete, and is relatively flexible, which means it 
can withstand heavy impacts more effectively [2,10]. Moreover 
it was also found that mechanical strength of concrete with the 
addition of rubber is improved by the use of silica fume [11]. An 
exemplary studies on the durability of concrete with the addi-
tion of rubber have shown that with 7.5% of the addition, less 
chloride penetration is obtained [9]. In most cases, concrete with 
rubber granulate was tested for strength, sorption and durability 
characteristics. Researchers were focusing on the effectiveness of 
binding the rubber to the binder as well [12-17].

However, there are few works that pay attention to the 
interaction of this concrete with the natural environment. 
Such concrete can be in contact with groundwater, rainwater, 
technological water, which can cause leaching of various com-
pounds from it. This concrete will then be stored as demoli-
tion waste in landfills or used to strengthen the ground.

An example all-season van tire contains approximately 30 
types of synthetic and 8 natural rubbers, 8 types of carbon 
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black and 40 different chemicals, waxes, oils, pigments, silica 
and clays [1,17–20]. According to ETRMA [19], tires contain 
an exemplary composition: rubber/elastomers (48%), carbon 
black (22%), metal (15%), additives (8%), textiles (5%), zinc 
oxide (1% passenger tires or 2% truck and off-road tyres), 
sulfur (1%). Ultimately, the tire consists of rubber, which ac-

counts for about 70–80% of the tire weight, steel and textile 
fibers [21].

Literature data indicate that in recycled tire granulates 
there may be chemicals that are toxic to human health and 
the environment [22–30]. Their source may be raw materi-
als of inadequate quality used to produce rubber mixtures or 

Tab. 1. Grain size of SBR granules, fraction share and photos of granulates on graph paper
Tab. 1. Uziarnienie granulatów SBR, udział frakcji i fotografie granulatów na papierze milimetrowym
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contamination of the rubber vulcanization process or tire re-
cycling [31–33]. These substances include polycyclic aromatic 
hydrocarbons (PAHs) and heavy metals such as Pb, Cd, Hg, 
Cr, Zn and Sn. PAHs, Pb, Cd i Hg are classified according to 
Regulation (EC) No. 1272/2008 of the European Parliament 
and of the Council (EC) No. 1272/2008 – CLP, as substances 
that are carcinogenic and posing a threat to the aquatic envi-
ronment [34]. 

The mentioned substances may be washed out and released 
into the environment with groundwater. After entering the en-
vironment, they do not biodegrade, accumulate in living organ-
isms and may negatively affect their organs and systems [35]. 
Exemplary leaching tests carried out by Grynkiewicz-Bylina et 
al. [1] of 84 samples of rubber granulate taken from the surface 
of sports fields or delivered by recyclers in Poland indicated the 
excessive content of PAHs (polycyclic aromatic hydrocarbons) 
specified in the REACH Regulation [36]. 

Due to the lack of legal regulations specifying the crite-
ria for assessing cement and slag mortars with rubber granu-
lates in this work included criteria for admitting inert waste 
to landfills for heavy metals, including permissible limit val-
ues for their leaching set out in the Council Decision of 19 
December 2002 [37]. The permissible leaching limits are as 
follows: Hg: 0.01 mg/kg; total Cr: 0.5 mg/kg; Zn: 4 mg/kg; Cd: 
0.04 mg/kg; Pb: 0.5 mg/kg.

Harmful substances may also be present in blastfurnance 
slag, as indicated by research conducted by Giergiczna et. al [38].

For the above reasons, there is a belief that concrete with 
granulate is dangerous.

The gaps in testing the ecotoxicology of concrete with 
TDA are the reason for creating stereotypes that prevent the 

use of such concrete in construction. De Maeijer et al. [17] 
after a detailed study of the literature in the field, noticed that 
there is little research on the ecotoxicological impact of rub-
ber granulate, which represents a huge gap in knowledge.

A leaching study of 8 concrete mixtures with rubber 
granulate by Kardos and Durham [39] indicated that the con-
centration of both leached metals and volatile organic com-
pounds was below acceptable limits. These concrete mixtures 
was made of Portland cement with fly ash and chemical ad-
mixtures. Other studies indicate that the reaction of the en-
vironment in which the rubber granulate is located can have 
a large impact on leaching. For example, trace metals can be 
more easily extracted from rubber under acidic conditions, 
and the amount of dissolved organic carbon increased signifi-
cantly under alkaline conditions [17]. 

Therefore, it was decided that further tests of hardened 
mixtures of building binders with the use of these granules 
must be subjected to leaching tests of toxic chemical sub-
stances. The complex microstructure of the binder matrix can 
immobilize toxic metals [17,39].

In this work CEM IV and activated granulated blast fur-
nace slag (GBFS) was used as a binders as a less emissive, to 
increase the ecological index on both sides. It is true that cur-
rently in Europe there is a trend of liquidation of blast furnace 
processes, but this research on a global scale is up to date.

Work [40] presents research using slag and tire granules 
in concrete, however, slag was used as a 20% binder substitute, 
and the basic binder was Ordinary Portland Cement (OPC). 
Akram et al. [40] replaced the natural aggregate with rubber 
granulate in the amount of 5, 10, 20 and 30% of the concrete 
volume. They investigated rheological, mechanical and dura-

Tab. 2. Chemical composition of cement and slag, %mas [*ND – not detected]

Tab. 3. Composition of mortar mixtures and volumes of SBR granules

Tab. 4. Concentration of PAHs and leachability of zinc from SBR granulates, mg/kg [*ND – not detected]

Tab. 2. Skład chemiczny cementu i żużla, %mas [*ND – nie wykryto]

Tab. 3. Skład mieszanek zapraw i objętości granulatów SBR

Tab. 4. Zawartość wwa i wymywalność cynku z granulatów sbr, mg/kg  [*ND – nie wykryto]
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bility properties. They found that the strength decreases with 
the increase in the granule content due to the low cohesion of 
the rubber with the cement paste, and that the use of slag in-
creased the resistance to acid attack. They calculated also that 
concrete with slag and rubber granules can be more efficient: 
it reduces workability, reduces flow, has lower CO2 emission, 
lower costs, lower energy and water requirements. The exem-
plary strength of the samples tested at day 28 increased from 
11.6% to 23.2, 34.8 and 39.5% with an increase in the degree 
of replacement from 5% to 10, 20 and 30%, respectively, rela-
tive to the not modified concrete samples with CEM I without 
rubber granules.

In work [41], in turn, the influence of the addition of 
styrene-butadiene copolymer (SBR) on the early hydration 
of cement was investigated. Studies have shown that the SBR 
copolymer delays the setting of cement.

2, Materials and Methods  
The research began with verifying the type of material 

used to make samples of ground black rubber granules (GK-
C, GK-D and GK-F) obtained from the recycler. For this pur-
pose, the identification of plastic in rubber granules was carried 
out using the pyrolytic thermal desorption method coupled 
with gas chromatography with mass spectrometry detection 
(TD-Pyr GC-MS) according to [42], based on the presence of 
fragmentation products. This method was chosen, because it al-
lows the identification of organic compounds directly from the 
sample without the long-term and labor-intensive preparation 
process, required in other methods, such as Raman microscopy 
(RM) or Fourier transform infrared spectroscopy (FTIR) [43].

The content of 15 PAHs was determined in the granulate 
samples: benzo[a]pyrene BaP, dibenz[a,h]anthracene DBA-

hA, benzo[e]pyrene BeP, benz[a]anthracene BaA, chrysene 
CHR, benzo[b]fluoranthene BbFA, benzo[j]fluoranthene 
BjFA, benzo[k]fluoranthene BkFA, indeno[1,2,3-cd]pyrene 
IcdP, benzo[ghi]perylene BghiP, phenanthrene, anthracene, 
fluoranthene, pyrene and naphthalene. The determination 
was performed by gas chromatography with tandem mass 
spectrometry (GC-MS/MS) using a gas chromatograph cou-
pled with a GCMS/MS/7890B/7000C mass detector. This 
method was selected due to the high sensitivity and selectiv-
ity achieved for low levels of PAHs using GC-MS/MS com-
pared to other commonly used analytical techniques such as 
high-performance liquid chromatography (HPLC) combined 
with a UV, fluorescence or diode-array detector (DAD).

The grain size analysis of 3 types of rubber granulates was 
performed on the basis of the ISO 13320:2009 [44] laser dif-
fraction method. This method is applicable to particle sizes 
ranging from 0.1 μm to 3 mm. The study was conducted in 
isopropanol using a Horiba LA-300 device. The results are 
presented in Table 1.

The ground granulated blast furnace slag had a specific 
surface area of 3850 cm2/g according to Blaine. The use of slag 
as a binder required the use of an alkaline activator, which 
was sodium metasilicate in an amount of 5% in relation to the 
weight of the slag, as in [45]. Using X-ray diffraction, it was 
confirmed that the slag contained approximately 98% of the 
amorphous phase. The cement marked CEM IV/B(V)32.5N 
is a pozzolanic cement, according to EN-197-1, with normal 
early strength, consisting of clinker (40-60%), silica fly ash 
(max. 55%) and gypsum (3–5%).

To determine chemical composition of cement and 
GGBFS grounded to a grain size less than 100 μm and dried 
at 105°C to constant weight, the X-ray fluorescence method 

Fig. 1. The sum of PAHs concentration in granulates (SBR-C to SBR-F), mg/kg

Fig. 2. Results of bending strength of cement mortars (G-KA to GK-F) and slag mortars (GK-A' to GK-F')

Rys. 1. Suma zawartości WWA w granulatach (SBR-C do SBR-F), mg/kg

Rys. 2. Wytrzymałość na zginanie zapraw cementowych (G-KA do GK-F) i żużlowych (GKA’ do GK-F’)
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(XRF) was used, according to PN-EN ISO 12677:2011 [46]. 
The chemical composition analysis was performed using a 
MagiX PW2424 spectrometer produced by PANalytical. The 
chemical composition of cement and slag is given in Table 2.

Then, mortar mixtures were made with the composition 
given in Table 3, using distilled water and standard sand with 
the trade name Kwarcmix (PN-EN 196-1).

The rubber granulate was mixed with sand first, and then 
the procedure was followed according to the rules of PN-EN 
196-1. Bars measuring 4×4×16 cm were formed. Mortars 
marked "A" did not contain granulates, and the remaining 
mortars contained SBR granules with similar grain sizes, 
and each of them was added to the mortar in the same mass 
quantity. The bulk volumes of the granulates were different, 
as shown in Table 3. After demoulding, the mortar bars were 
conditioned at a temperature of 20±2°C and protected against 
moisture loss. The strength test was carried out in accordance 
with the standard [47]. Cement mortars were tested after 28 
days, and slag mortars were tested after 14 days.

The leachability of harmful substances was tested for 
granules and for mortars after 2 months of hardening. 

The leachability of the following metals was determined 
in the granulates: Hg, total chromium (Cr) and hexavalent 
(Cr(VI)), Zn, Cd, Sn and Pb. The leachability of 15 PAHs was 
determined in mortars. Content of PAHs in granulates was 
tested, as well. 

Shredded samples of SBR granulates and mortars were dy-
namically washed with deionized water according to PN-EN 
12457-4:2006 [48]. The pH value of the water used for leach-
ing did not exceed 6.7.

Determination of leachability of elements: total Cr, Zn, 
Cd, Sn, Pb from mortars was carried out by the inductively 
coupled plasma mass spectrometry (ICP-MS) method with 
the use of Agilent 7900 ICP-MS. This method is characterized 
by a low limit of quantification and high selectivity, which 

enables the simultaneous determination of many elements 
in complex matrices, such as trace amounts of rare earth ele-
ments (REE) in waste [49]. 

The leachability of Cr(VI) from rubber granules was de-
termined by high-performance liquid chromatography with 
inductively coupled plasma mass spectrometry (HPLC-ICP-
MS) using Agilent 7700 Series ICP-MS with Agilent 1260 In-
finity series HPLC.

Cold-vapor atomic absorption spectroscopy (CV-AAS) 
with the Perkin Elmer FIMS 100 mercury analyser was select-
ed for the Hg leaching study due to the use of a unique tech-
nique of mercury vapour measurement at room temperature. 

The leachability of PAHs from mortars was determined 
by gas chromatography with tandem mass spectrometry [GC-
MS/MS] used to determine the PAH content in granulates, 
as well.

3. Results
Plastic identification results. The tests carried out using 

the TD-Pyr GC-MS method showed in granulate samples 
the presence of: 1,3-butadiene, toluene (TO), 4-vinylicyclo-
hexene (D), styrene (S), α-methylstyrene, C12H18 (B trim-
er), C12H14 (SB hybrid dimer), C16H12 (SBB hybrid dimer), 
which are SBR fragmentation products. Therefore, based on 
the obtained test results, it was found that the used granulates 
are SBR, i.e. styrene-butadiene rubber used for the produc-
tion of tires in the vulcanization process.

The results of testing the PAH content in rubber granu-
lates given in Table 4, include values other than zero only. The 
sums of PAHs content in granulates are shown in Figure 1. 
Analyzing the above results, it can be concluded that the test-
ed granulates contained 3 to 5 PAHs (BghiP, phenanthrene, 
fluoranthene, PYR, naphthalene). The highest total PAH con-
tent was recorded for SBR-F granules (32.6 mg/kg) and the 
lowest for SBR-D granules (11.9 mg/kg).

Fig. 3. Results of compressive strength of cement mortars (G-KA to GK-F) and slag mortars (GK-A' to GK-F')

Fig. 4. 4×4 cm fracture of the GK-D cement mortar beam after bending strength test with visible black SBR-D rubber granules

Rys. 3. Wytrzymałość na ściskanie zapraw cementowych (G-KA do GK-F) i żużlowych (GKA’ do GK-F’)

Rys. 4. Przełam zaprawy cementowej GK-D po badaniu wytrzymałości na zginanie z widocznymi czarnymi granulami gumowymi SBR-D
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The results of testing the grain size of rubber granulates 
are presented in Table 1. As can be seen, the granulate called 
SBR-C has the largest granulation, and SBR-F the smallest 
granulation, and therefore the largest specific surface, which 
could not be determined due to the no stiffness of the matrix. 
SBR-D and SBR-F granules have dimensions in the range of 
1.0–2.0 mm (approx. 80%), while SBR-C granules had dimen-
sions of 1.0–4.0 mm (90%).

When comparing the chemical composition of cement 
and slag, one can notice a great similarity in composition. 
There was slightly more aluminum in the cement, by about 
7%, while the slag binder contained more magnesium, silicon 
and sodium (due to the use of an activator after mixing).

The results of the mortar strength test are presented in 
Figure 2 and Figure 3. Slag mortars have the prime symbol. 
The research shows that although the hardening time of ce-
ment mortars was longer, they obtained lower strength than 
slag mortars. The addition of granules in the amount of 7.4% 
by mass compared to the mixture, contributed to a reduc-
tion in flexural and compressive strength for each mixture. 
Bending strength of slag mortars decreased by about 20–40% 
and the compressive strength by about 20–36%. In turn, in 
the case of cement mortars, the bending strength decreased 
by approximately 18–80% and the compressive strength by 
approximately 40–70%. It should be additionally empha-
sized that after breaking the bars, it was difficult to separate 
its halves. This proves good adhesion of rubber granules to 
binders.

The quality of the granules had a significant impact on the 
mechanical properties of mortars. Granules made of rubber 
with the highest density (SBR-D) and the smallest grain size 
variation had the lowest bending strength value. Probably due 
to their compact microstructure, they were least consistent 
with the binder matrix. In contrast to SBR-C granules, the 
grain size of which was more varied and included even a 3-4 
mm fraction. The cement mortar that achieved the highest 
strength, both in bending and compression, was the one us-
ing the smallest granules (SBR-F). This was most likely due to 
their large number and the most developed specific surface. 
However, the slag mortar worked best with SBR-C granules, 
and this mixture (GK-C') achieved the highest strength values 
of all mixtures with SBR granules.

Figure 4 shows a photo of an exemplary fracture of the 
GK-D cement mortar beam with visible rubber granules.

The results of the leachability of harmful substances from 
granules and mortars are presented in Tables 4 and 5. 

Despite many tests described in the point above, Tables 
4 and 5 include only those values that were partly different 
from zero in a given series of determinations. In the remain-

ing examinations, the compounds were not detected or were 
at the detection level. The most frequently leached metal from 
SBR granules was zinc, which is the first to be responsible for 
the increased toxicity of leachates from used tire granules 
[17] because it is used as a vulcanization activator. Among 
determined metals: total Cr, Zn, Cd, Sn, Pb, Cr(VI) and Hg, 
only Zn was washed from the granulates, and additionally  
Hg, Cr(VI), total Cr and Pb were washed from the mortars. 
Therefore, these elements came from binders. 

Referring the obtained test results to the permissible limit 
values for metal leaching for inert waste permitted for storage 
in inert waste landfills [37], no exceedances were found for 
mortars.

It should be noted here, the work focuses on investigating 
the toxicity caused by the rubber granulates, and the results 
show that the granulates contributed to the reduction the 
leachability of metals. This was most likely due to the sorption 
properties of the granules. Only mercury present in the ce-
ment mortar GK-A was also present in the mortar with gran-
ules (GK-C). The amount of Pb washed from cement mortars 
was reduced by approximately 60-40% thanks to the use of 
rubber granules.

PAHs contained in SBR granules, including BghiP, 
phenanthrene, fluoranthene, PYR, naphthalene, were not 
washed out of the mortars.

4. Summary 
The key feature of rubberized concrete is its huge poten-

tial for environmental benefit. There are few solutions avail-
able for the growing tire waste problem. Thus the  rubberized 
concrete may be a viable way to close this large waste loop. 
Granulated concrete has a number of desirable properties 
such as lower density, higher durability and higher impact re-
sistance compared to conventional concrete. The flexibility of 
concrete with rubber granulate dedicates it to impact-absorb-
ing applications. So it can be used as shock absorber in road 
construction and as earthquake wave damper in buildings [6]. 
Concrete with rubber granules is also a good sound absorber. 
Rubber granulate concrete is very well suited for the produc-
tion of footings and slabs, which, for example, in Australia 
makes up 40% of all concrete consumption [2]. 

Test results indicate that the granules in the mixture 
reduce the strength, which in turn will require the use of a 
higher-strength binder. Therefore, each time the design of 
concrete should be individually approached depending on its 
application. 

We also need to work on special methods of preparing gran-
ules to optimize a composition of such kind of concrete and its 
manufacturing processes. Pretreating of rubber particles with 

Tab. 5. Leachability of metals from mortars, mg/kg [*nd – not detected]
Tab. 5. Wymywalność metali z zapraw, mg/kg [*nd – nie wykryto]
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chemical or mechanical treatments could improve cohesion with 
concrete particles and result in a stronger final material.

In a further stage of research, it is also planned to check 
the effectiveness of sorption of salts and mineral impurities 
in external plasters thanks to the addition of SBR or EPDM 
granules. It is also assumed to check the impact of granules 
in the mortar on the environment during a fire. Another re-
search goal is to examine odorous compounds released from 
granulates and mortars containing granulates. To confirm the 
lack of ecotoxicity of mortars with rubber granules containing 
PAHs, due to the low solubility of these compounds in deion-
ized water, which is the standard leaching liquid, it is planned, 
as part of further research, to leach them using a liquid simu-
lating the chemical composition of the liquid in pores of mor-
tars, i.e. strong bases and water activating the slag.

5. Conclusions
The results of the tests confirm the possibility of using 

rubber granulates in construction mortars. The mortars are 
not harmful to the environment. SBR granules make the mor-
tar matrix coherent and do not separate under the influence 
of external forces.

The use of a filler in the form of rubber granules, in the 
amount of 4.7% of the total mass, reduced the strength of both 
cement and slag mortars. Slag mortars were characterized by 
greater durability.

Granules, not much different at first glance, turned out to 
have different properties. Therefore, rubber granulate collected 
even from one recycler cannot be treated in the same way due 
to different processing methods, types of tires and their wear. 
This is visible in the case of SBR-C granulate, which cooper-
ated best with the slag binder, obtaining the highest strength, 
and in the case of SBR-F granulate, which provided the highest 
strength in the cement binder, but only in bending.

The aim of the study was to check the toxicity of rubber 
granules, but metals contained in the cement binder were ab-
sorbed by the granules. The mortars themselves turned out to 
be non-toxic. This allows us to claim that the granules con-
tribute to increase environmental friendliness of mortars with 
rubber granules. 

Conducting chemical analyzes for toxicity assessment pur-
poses requires the use of advanced analytical techniques char-
acterized by high sensitivity and low detection limits, due to the 
trace amounts of the chemical substances being determined.

Polycyclic aromatic hydrocarbons present in the SBR 
granulates were not detected in the mortar filtrates.

The lowest content of PAHs in SBR-D granules and the low-
est strength of mortars with this granulate suggest the existence 
of a relationship. These relationships cannot be ruled out, but 
they cannot be confirmed at this stage of research, as well.
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Badania zapraw cementowych i żużlowych z granulatami gumowymi SBR pod względem
ekotoksykologiczności i wytrzymałości

Znane są różne rozwiązania zagospodarowania odpadów gumowych pochodzących ze zużytych opon, w  literaturze napotykamy 
w szczególności na badania mieszanek betonowych i już gotowego wyrobu. Są to badania opisujące głównie właściwości reologiczne, 
mechaniczne i trwałościowe.
Jednak duża toksyczność gumowych odpadów z opon samochodowych nakazuje badać taki beton pod względem ekotoksykologicznym.
W  pracy przedstawiono wyniki badań nad użyciem 3 różnych granulatów jako wypełniaczy zapraw ze spoiwem żużlowym lub 
cementowym CEM IV. Skupiono się na immobilizacji szkodliwych związków z  granul gumowych w  masie spoiwa. Założono, że 
wyrób budowlany z użyciem zaprawy z granulatem gumowym będzie miał kontakt z wodą. Masowy udział granulatów w zaprawach 
wynosił 4,7%. Uziarnienie granulatów wynosiło do 4 mm, głównie 1–3 mm.
Wykazano spadek wytrzymałości zapraw z  dodatkiem granulatów oraz brak wymywania wielopierścieniowych węglowodorów 
aromatycznych z zapraw. Metale z zapraw zostały zasorbowane przez gumę, w większości przypadków.

granulat gumowy SBR, WWA, toksyczność, wymywanie, CEM IV, żużelSłowa kluczowe


