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Abstract Rubber derived from end-of-life tires 
oers a sustainable solution for reducing the envi-
ronmental impact of cement-based materials. In this 
study, recycled rubber aggregate (RRA) was used as 
a partial volumetric replacement (15% and 30%) of 
natural ne sand in cement-based mortars to evalu-
ate its eectiveness in mitigating alkali–silica reac-
tion (ASR). The experimental program included 
mechanical testing, ASR expansion measurements, 
and microstructural analyses. The results showed 
that increasing RRA content led to a reduction in 
compressive strength by up to 24.1% and exural 
strength by up to 19.8% after 28  days of curing. 
Despite this reduction, a signicant improvement in 

ASR resistance was observed. For mortars containing 
highly reactive aggregates, ASR expansion decreased 
from approximately 0.73% in the reference mixture to 
0.47% with 30% RRA, corresponding to a reduction 
of up to 33%. Microstructural observations conrmed 
that RRA acts as a stress-relieving inclusion, limiting 
crack propagation and reducing ASR gel formation. 
Physicochemical analyses (XRD, TGA, and FTIR) 
indicated that alkaline treatment induces surface 
oxidation of RRA without aecting the stability of 
mineral components. The ndings demonstrate that 
ASR mitigation is not solely due to dilution of reac-
tive aggregates, but also to the elastic and microstruc-
tural buering eects of RRA. Furthermore, a simple 
predictive model is proposed to estimate the required 
rubber content for eective ASR mitigation.

Keywords Recycled rubber aggregate · Reactive 
aggregate · Flexural test · Compression tests · 
Microstructural analyses

1 Introduction

The management of end-of-life materials, includ-
ing persistent non-biodegradable used tires, repre-
sents a signicant challenge to global sustainability 
goals. Waste tire rubber constitutes a major part of 
this problem, as over one billion waste tires are gen-
erated annually worldwide [1]. Data from the U.S. 
Tire Manufacturers Association [2] indicate that the 
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United States produces more than 230 million scrap 
tires annually, with about 75 million stockpiled. In 
Europe, the European Association of Tire and Rubber 
Producers [3] reported that 4.2 million tons of end-of-
life tires were disposed in 2023, of which 93% were 
recovered through reuse, recycling, or energy produc-
tion [4]. However, improper disposal methods such as 
landlling, open burning, and illegal dumping remain 
widespread, causing serious environmental and health 
risks [5].

At the same time, end-of-life tires are increas-
ingly recognized as a potential source of second-
ary raw materials, because recycling rubber reduces 
non-renewable energy consumption and greenhouse 
gas emissions [6]. Indeed, substituting 10–30% of 
natural sand with crumb rubber decreases the demand 
for virgin aggregate and lowers the energy intensity 
of quarrying, crushing, and transportation. Bravo and 
de Brito [4] estimated that aggregate extraction and 
processing contribute approximately 50–100 kg  CO2 
per ton of concrete, implying that partial replace-
ment with recycled rubber may reduce emissions 
by 5–15%. Moreover, Shu and Huang [7] empha-
sized that valorisation of end-of-life tires avoids 
incineration or landlling, thereby preventing addi-
tional greenhouse gas emissions. Recent life cycle 
assessment studies [8, 9] conrm that in rubberized 
concretes a consistent reduction in embodied car-
bon compared with conventional mixtures can be 
achieved, particularly when high substitution levels of 
non-renewable aggregates are implemented.

A promising and sustainable strategy is therefore 
the incorporation, within cement-based compos-
ites, of recycled rubber aggregate (RRA), typically 
obtained from end-of-life tires via mechanical or cry-
ogenic processing, producing crumb rubber or shreds 
of various sizes. Shu and Huang [7] highlighted the 
potential of rubberized concrete to balance sustain-
ability and performance, while Muñoz-Sánchez et al. 
[5] explored how construction materials can innovate 
by using waste rubber. These materials can partially 
replace cement [9] or natural aggregates [5, 8], reduc-
ing the demand for virgin resources and creating a 
recycling pathway for waste tires.

Previous studies [1, 4, 5] showed that rub-
ber incorporation modies density, workability, 
and overall behaviour of cementitious composites, 
opening opportunities for specialized applications. 
Also, the mechanical performance of rubberized 

composites has been widely studied. In general, 
rubber addition reduces compressive strength due to 
a lower stiness of rubber with respect to mineral 
aggregates [10, 11], but enhances ductility, tough-
ness, and impact resistance [12–14].

Ling et al. [15] reported improved energy absorp-
tion capacity, which increases resilience to dynamic 
loading, whereas Turatsinze et al. [12] showed that 
rubberized mortars exhibit superior post-cracking 
behaviour and strain capacity. Zhang et  al. [16] 
further conrmed that ultra-high-performance con-
crete with crumb rubber powders displays enhanced 
dynamic compressive behaviour, highlighting the 
role of rubber in improving toughness and energy 
dissipation under impact. Microstructural stud-
ies also highlight the importance of the interfacial 
transition zone (ITZ) between rubber particles and 
the cement matrix [17], ITZ in rubberized concrete 
is weaker than in conventional composites, but the 
exibility of rubber can enhance toughness and 
energy absorption. The porous structure of rubber 
aggregates may also inuence water permeability 
and shrinkage, and age-related ITZ modications 
indicate possible long-term stabilization of proper-
ties [17].

Research activities also focus on durability 
aspects, particularly alkali–silica reaction (ASR). 
Afshinnia and Poursaee [18] found that RRA miti-
gates ASR-related cracking, as rubber tends to absorb 
stress concentrations. Similarly, Abbas et  al. [19] 
reported promising results regarding ASR mitigation 
when rubber aggregate substitutes stone sand. Nev-
ertheless, from all the previous studies, it remains 
unclear whether reduced ASR expansion results 
from dilution of reactive sand or from the buering 
eect of RRA against ASR-related stresses. To settle 
this issue, a new study, which examines the potential 
of recycled rubber aggregate to partially substitute 
natural expansive sand in cement-based mortars, is 
proposed herein. More precisely, mechanical perfor-
mance, ASR mitigation, and microstructural devel-
opment are analysed, with a focus on the behaviour 
of untreated and surface-treated RRA. By develop-
ing and validating a procedure for substituting natu-
ral sand with recycled rubber aggregate, not only a 
method to mitigate ASR expansion is introduced, but 
also the circular use of end-of-life tires is promoted. 
As a consequence, the reliance of concrete on virgin 
raw materials is remarkably reduced.
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2  Materials

Ordinary Portland Cement (CEM I 52.5 R), char-
acterized by a high alkali content  (Na₂Oeq = 0.87%) 
and a Blaine specic surface area of 546  m2·kg−1 
was used in the study. It met standard requirements 
for soundness and strength development, making it 
suitable for testing purposes.

Three sands were used in this study (S1, S2, and 
S3), already investigated in other research projects 
[20].Two sands, S1 and S2, had dierent gradations 
(see Fig.  1): S1 sand was classied as moderately 
reactive (14-day expansion > 0.1% and ≤ 0.3%), cor-
responding to Class R1; S2 sand was classied as 
very highly reactive (14-day expansion > 0.45%), 
corresponding to Class R3, according to AASHTO 
R 80–17 [21]. The alkali reactivity was attributed 
mainly to the presence of microcrystalline and cryp-
tocrystalline quartz, which are highly susceptible to 
alkali–silica reaction.

In addition to these reactive sands, a non-reactive 
quartz sand S3 (14-day expansion < 0.10%) was also 
taken into account for comparative purposes.

The physical properties of the sands, characterized 
by bulk density within the range of 1550–1650 kg/m3, 
water absorption below 1.5%, and neness modulus 
values between 1.6 and 2.2, were typical of ne natu-
ral aggregates [20].

The recycled rubber granulates used for this study 
was a dry, free owing granulate with particle sizes 
ranging from 0.50 mm to 1.00 mm, characterized by 
irregularly shaped grains and a black colour. The bulk 
density was approximately 1200 kg  m−3. Both S1 and 
S2 sands were modied by partially substituting the 
sand fraction with recycled rubber granulate. Speci-
cally, 15% and 30% of the sand masses retained on 
the 0.5 mm sieve was removed from S1 and S2 and 
replaced with an equal volume of rubber granulate, 
having a matching nominal particle size of 0.5 mm. 
This volumetric substitution preserved the original 
packing density and gradation of the sands.

In total, six sands were prepared to cast six mor-
tars following the EN 196–1 [22] standard. The com-
position of these M mortars, used for the mechani-
cal tests, are reported in Table 1. Reference mortars 
(S1-M-0 and S2-M-0) were prepared without rubber 
by using standard proportions of cement, sand, and 
water. For mortars incorporating recycled rubber 
aggregate, 15% (S1-M-15) or 30% (S1-M-30) of the 
sand S1 was replaced with recycled rubber (fraction 
at 0.50  mm), and the same amount of sand S2 was 
substituted by rubber granulate (S2-M-15 and S2-M-
30). In addition, 30% of the mass of the highly reac-
tive S2 sand was replaced with non-reactive sand S3 
(mortar S2-M-30_S3). This substitution was intro-
duced to evaluate whether the mitigation of ASR in 
rubberized mortars is solely a result of reducing the 
amount of reactive aggregate (i.e., dilution eect), or 
the recycled rubber aggregate provides an additional Fig. 1  Sieve curves of the analyzed sands

Table 1  Composition (in 
kg/m3) of the M mortars 
used for mechanical tests

Constituent S1-M-0 S1-M-15 S1-M-30 S2-M-0 S2-M-15 S2-M-30 S2-M-30_S3

Cement 450 450 450 450 450 450 450
Sand S1 1350 1147 946 0 0 0 0
Sand S2 0 0 0 1350 1147 946 946
Sand S3 0 0 0 0 0 0 404
Water 225 225 225 225 225 225 225
RRA 0 50 100 0 50 100 0
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benecial mechanism, such as microstructural buer-
ing or stress absorption. In other words, by including 
the mixture S2-M-30_S3, 30% of the expansive sand 
S2 sand was replaced with inert sand S3 instead of 
RRA, in order to determine whether or not RRA con-
tributes as only a passive ller in suppressing ASR-
induced expansion.

To evaluate the inuence of recycled rubber aggre-
gate on the expansion due to alkali–silica reaction, 
seven mortar mixtures were specically prepared and 
tailored according to the AMBT protocol [23]. These 
A mortars were designed to mirror those reported in 
Table  1 and used in the mechanical test series. As 
shown in Table 2, A mortars were composed by the 
same reactive or moderately reactive sand types (S1 
and S2), with 15% or 30% of the sand mass replaced 
by RRA. Similarly, to M mortars, the substitution was 
done volumetrically, preserving the particle size dis-
tribution by replacing the sand fractions with rubber 
granules of the same nominal size. The main tailoring 
dierence between the mortars A and M was the w/c 
ratio, which was slightly reduced from 0.50 to 0.47 
in the A mortars, according to the RILEM AAR-2 
protocol [23]. Hence, a direct comparison between 
mechanical performance and durability behaviour 
under aggressive alkaline conditions was possible for 
companion mortars of Tables 1 and 2.

3  Methods

To evaluate the eects on recycled rubber aggregate 
resulting from alkaline exposure, a series of analyti-
cal tests were performed on RRA particles with a 
grain size varying from 0.50  mm to 1.00  mm (i.e., 
the fraction passing the sieve of 1  mm and retained 
at that of 0.5 mm). The aim was to understand how 
sodium hydroxide treatment may aect surface prop-
erties, thermal stability, and chemical composition of 

rubber, which in turn aects the behaviour of A mor-
tars in terms of ASR mitigation and interfacial bond 
of RRA with the cement matrix.

Hence, 100  g of rubber granulate was suspended 
in 300 mL of 1 M NaOH solution for 30 min at room 
temperature. Afterwards, the specimens were dried 
under two conditions: air-dried at 20  °C and oven-
dried at 80 °C, both for 24 h. After drying, the treated 
RRA was ltered and prepared for analysis.

Three complementary characterization methods 
were applied, X-ray Diraction (XRD), Thermo-
gravimetric Analysis (TGA), and Attenuated Total 
Reectance Fourier-Transform Infrared Spectroscopy 
(ATR-FTIR). XRD analysis was performed using a 
Bruker D8 DISCOVER diractometer (Cu anode, 
40 kV, 40 mA), scanning in the 2θ range of 5°–65°, 
with a step size of 0.02° and 1 s per step. Phase iden-
tication was carried out using Dirac.Eva software. 
TGA measurements were conducted from room tem-
perature to 800  °C, at a heating rate of 10  °C/min 
under a nitrogen atmosphere (40  mL/min), using 
Perkin Elmer TGA 800 equipment. The aim was to 
determine the degradation prole of the polymeric 
matrix and assess whether NaOH treatment aected 
thermal stability.

The ATR-FTIR spectra were recorded in the 
400–4000   cm−1 range using a Spectrum Two instru-
ment. Before the analysis, the specimens were nely 
ground to improve spectral resolution. This test 
helped detect signs of surface oxidation, such as the 
appearance of hydroxyl groups or changes in hydro-
carbon chains, which may inuence adhesion to the 
cement matrix.

The evaluation of compressive and exural 
strength of the M mortars (Table 1) was conducted in 
accordance with the EN 196-1 [22] standard. Three 
specimens, measuring 40 × 40 × 160  mm3, were pre-
pared for each mortar mixture. The specimens were 
stored at 20 ± 1 °C with a relative humidity ≥ 90% for 

Table 2  Composition (in 
kg/m3) of the A mortars 
used for ASR test

Constituent S1-A-0 S1-A-15 S1-A-30 S2-A-0 S2-A-15 S2-A-30 S2-A-30_S3

Cement 440 440 440 440 440 440 440
Sand S1 990 842 693 0 0 0 0
Sand S2 0 0 0 990 842 693 693
Sand S3 0 0 0 0 0 0 297
Water 206.8 206.8 206.8 206.8 206.8 206.8 206.8
RRA 0 37 73 0 37 73 0
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24 h under tightly tted covers. Following demould-
ing, the specimens were immersed in water at 
20 ± 1 °C until testing. Flexural strength was obtained 
from a three-point bending test, in which the load was 
applied at the midpoint of the prism up to the failure. 
After tested in bending, the two fractured halves of 
the prism were used to measure compressive strength, 
starting from the maximum load applied on the bear-
ing surface. Both the tests were performed after 
28 days of curing.

To evaluate the ASR potential of the aggregates 
and assess the mitigating eects of recycled rubber 
aggregate, the A mortars of Table 2 were subjected to 
AMBT [23]. This laboratory test preserves the natu-
ral characteristics of aggregates and ensures results 
similar to those observed on eld, while adhering to 
specic test protocol. Three bars (25 × 25 × 285  mm3) 
were prepared, initially cured for 24 h at room tem-
perature, and then immersed in water at 80  °C for 
an additional 24  h. Following curing, the bars were 
submerged in a 1 M NaOH solution and maintained 
at 80 °C. To observe longer expansion, length meas-
urements were taken starting from the 4th day till the 
28th day after exposure.

After the expansion tests, fragments were 
extracted from the beams and analysed with a Scan-
ning Electron Microscopy (SEM). They were dried 
at 50 °C for three days and impregnated with a low-
viscosity epoxy resin to stabilize the microstructure. 
Subsequently, they were ground and polished with 
diamond pastes to create a smooth surface suit-
able for SEM. The polished specimens were coated 
with carbon to ensure electrical conductivity. SEM 
analysis was performed at an accelerating voltage 
of 15–20  kV using backscattered electron imag-
ing (BSE) to examine the microstructure and detect 
ASR products. EDS analysis was also carried out 
to investigate the chemical composition of the ASR 
gel, including the reaction products within aggre-
gate cracks, air voids, recycled rubber aggregate, 
and the interfacial transition zone between the RRA 
and cement paste.

A summary of the experimental program, includ-
ing all test methods, key parameters, and their 
respective purposes, is provided in Table 3.

Table 3  Overview of experimental program and test methods

No Test/analysis Material/specimen Standard/method Key parameters Purpose

1 NaOH treatment of 
RRA 

Recycled rubber aggre-
gate (0.5–1.0 mm)

Laboratory procedure 1 M NaOH, 30 min; 
drying at 20 °C or 
80 °C

Simulation of alkaline 
exposure and surface 
modication

2 XRD analysis Untreated and treated 
RRA 

Bruker D8 DISCOVER 2θ = 5–65°, step 0.02°, 
1 s/step

Identication of crystal-
line phases and chemi-
cal stability

3 TGA analysis Untreated and treated 
RRA 

Perkin Elmer TGA 800 RT–800 °C, 10 °C/min, 
N₂ atmosphere

Evaluation of thermal 
stability and degrada-
tion behaviour

4 ATR-FTIR analysis Untreated and treated 
RRA 

Spectrum Two 400–4000 cm⁻1 Detection of functional 
groups and surface 
oxidation

5 Flexural strength Mortar prisms 
(40 × 40 × 160  mm3)

EN 196–1 3-point bending, 
28 days curing

Determination of tensile 
strength

6 Compressive strength Mortar halves after 
bending

EN 196–1 Load to failure, 28 days 
curing

Determination of com-
pressive strength

7 ASR expansion 
(AMBT)

Mortar bars 
(25 × 25 × 285  mm3)

RILEM AAR-2 1 M NaOH, 80 °C, 
28 days

Evaluation of ASR 
susceptibility and 
mitigation

8 SEM–EDS analysis Post-mortem analysis, 
Mortar fragments 
after ASR test

SEM–EDS 15–20 kV, polished, 
carbon-coated, EDS 
point analysis

Microstructure and crack 
development. Chemical 
composition of reaction 
products
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4  Results

As Fig. 2 shows, the XRD analysis of recycled rub-
ber granulate revealed the presence of crystalline 
phases including zinc oxide and calcite, along with 
a broad amorphous background attributed to the 
organic components of the rubber, such as carbon 
black and the vulcanized polymer matrix. The com-
parison of untreated samples and those treated with 
1 M NaOH at 20 °C and 80 °C showed no signi-
cant changes in peak positions or intensities, indi-
cating that ZnO remained chemically stable under 
alkaline conditions.

The results on the thermogravimetric analyses 
presented in Fig.  3 revealed that all RRA speci-
mens underwent major mass loss within the range 
300–500  °C, corresponding to the decomposition 
of the polymeric matrix and carbonaceous phases. 
The weight loss % in this temperature range is char-
acteristic to the thermal degradation of vulcanized 
rubber, corresponding to the breakdown of polyiso-
prene chains [24]. The weight (%) curves indicate 
that untreated RRA experienced the greatest overall 
mass loss, while NaOH-treated specimens at 80 °C 
produced the largest residue, suggesting improved 
thermal stability. The dierences in the weight loss 
% in the alkali-treated specimens can be attributed 
to the removal of low-molecular-weight organic 

compounds and surface impurities during NaOH 
treatment.

In parallel, the DTG curves show that NaOH-
treated specimens exhibit sharper and more distinct 
degradation peaks in the range 350–500  °C, with 
lower weight loss in the initial range between 250 
and 300 °C, reecting accelerated decomposition pro-
cesses compared to the gradual prole of untreated 
RRA. This behavior suggests that alkaline treatment 
modies the rubber network structure, likely through 
partial devulcanization or hydrolysis of sulphur cross-
links, resulting in a more homogeneous degradation 
pathway. No signicant changes were observed below 
120  °C, apart from negligible DTG signals associ-
ated with traces of surface-adsorbed moisture. Above 
600  °C, additional weight of the specimen changes 
may be attributed to the further degradation of resid-
ual organics and mineral llers, including the degra-
dation of carbon black [25].

Figure 4 presents the FTIR spectra of recycled rub-
ber aggregate in three conditions: untreated, treated 
with 1  M NaOH at 20  °C, and treated with 1  M 
NaOH at 80 °C. The analysis reveals distinct chemi-
cal changes of the rubber surface as a result of alka-
line treatment, with temperature playing a signicant 
role in the extent of alteration. All spectra show char-
acteristic bands attributed to the polymeric compo-
nents of vulcanized rubber, including:

Fig. 2  XRD patterns of 
recycled rubber granulate 
untreated and treated with 
1 M NaOH at 20 °C and 
80 °C
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Fig. 3  TGA-DTG curves of recycled rubber granulate untreated and treated with 1 M NaOH at 20 °C and 80 °C

Fig. 4  The IR spectra of 
recycled rubber aggregate 
RRA untreated and treated 
with 1 M NaOH at 20 °C 
and at 80 °C
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• broad band near 3350  cm⁻1, corresponding to 
O–H stretching vibrations, which became more 
pronounced after NaOH treatment, indicating 
the formation of hydroxyl groups in the after the 
alkali treatment, while the presence of minor band 
around 1640  cm⁻1 can be attributed to the pres-
ence of water traces onto the surface,

• bands around 2900   cm−1, associated with C–H 
stretching in unsaturated aliphatic chains in the 
polyisoprene, where the changes in the intensity 
in treated samples, particularly at 80 °C can sug-
gest partial degradation of the polymeric structure, 
possibly surface of the RRA,

• bands in the range of 1000–1600   cm−1, corre-
sponding to functional groups such as C–C, C=C, 
C–O, and C–S. The changes in the band shape 
after the alkali treatment at 80  °C treatment, can 
be attributed to the chemical degradation of the 
rubber specimens through the partial oxidation or 
hydrolysis of rubber ingredients.

• bands in the 700  cm⁻1 and 872   cm−1 can be 
ascribed to the –C=C–H out of plane stretching, 
while bands located in the range 430–469  cm⁻1 
and 562  cm⁻1 are characteristic to the –S–S– 
stretching vibrations in the vulcanized rubber 
[26, 27]. At the same time the bands located at 
562   cm−1 and 700   cm−1 are characteristic of the 
Zn–O vibrations in the mineral ller [28].

The inuence of recycled rubber aggregate on 
the mechanical properties of mortars is illustrated in 

Fig. 5, where both compressive strength  fc (Fig. 5a) 
and exural strength  ft (Fig. 5b) exhibited an evident 
decreasing trend with RRA content. For mortars pre-
pared with moderately reactive sand (S1), the refer-
ence mix without RRA (S1-M-0) showed the highest 
 fc and  ft. The introduction of 15% RRA (S1-M-15) 
led to a reduction of 12.4% in compressive strength 
and of 9.9% in exural strength when compared to 
the reference specimen. When the RRA content was 
increased to 30% (S1-M-30), the compressive and 
exural strength further decreased of 24.1% and 
19.8%, respectively.

Similarly, for mortars made with highly reactive 
sand S2, the compressive strength decreased with 
respect to S2-M-0 mixture by 11.1% and 22.8% for 
15% (S2- M-15) and 30% (S2-M-30) of RRA replace-
ments, respectively. The corresponding exural 
strength reductions were 9.2% and 18.5% for S2-M-
15 and S2-M-30, respectively. Concerning S2-M-
30_S3 (where 30% of the sand S2 was replaced with 
the non-reactive sand S3) the values of  fc and  ft were 
41.5 MPa and 7.8 MPa, respectively. As these values 
are more or less coincident with those of S1-M-0 and 
S2-M-0, it means that the reduction of strength is 
only due to the substitution of stone sand with rubber 
aggregate, and not on the type of stone aggregate.

The eectiveness of RRA in mitigating ASR, eval-
uated through accelerated mortar bar tests at 80  °C 
in 1  M NaOH, is shown in Fig.  6. In the S1 series 
(Fig.  6a), the control mortar (S1-A-0), the mortar 
with 15% of RRA (S1-A-15), and the mortar with 

Fig. 5  The compressive (a) and exural (b) strength results of M mortars after 28 days of curing



Materials and Structures          (2026) 59:297  Page 9 of 17   297 

Vol.: (0123456789)

30% RRA (S1-A-30) gave about the same expan-
sion. More precisely, after 28 days, S1-A-0 exhibited 
the highest expansion (0.30%), whereas S1-A-15 and 
S1-A-30 showed an expansion of 0.23%. Thus, the 
presence of RRA provides a long-term mitigation in 
the case of moderately reactive sand.

In the S2 series (Fig. 6b), the eect of RRA was 
more pronounced. At 14  days, expansion dropped 
from 0.49% of the control mixture (S2-A-0) to 0.43% 
in the presence of 15% of RRA (S2-A-15), and to 
0.33% with 30% of RRA (S2-A-30). After 28  days, 
these dierences are more pronounced, because 
expansions reached ~ 0.73% for S2-A-0, ~ 0.66% for 
S2-A-15, and ~ 0.47% for S2-A-30.

The consistent reduction of expansion with 
increasing RRA content is evident when the perfor-
mance of S2-A-30_S3 is compared with that of S2-A-
30. Although the mixture S2-A-30 exhibited slightly 
lower expansion than S2-A-30_S3, the dierence 
between these results is relatively small and may fall 
within experimental variability.

The microstructure of the mortars investigated 
in this project are illustrated with the SEM images 
reported in Figs.  7, 8, and 9. In the reference mor-
tar without RRA (Fig.  7a), signicant ASR-induced 
cracking and gel formation were observed around 
reactive aggregates. These cracks propagated 
throughout the matrix, indicating a severe ASR activ-
ity. Conversely, mortars with 15% RRA (Fig.  7b) 

displayed fewer cracks and reduced ASR gel forma-
tion: RRA disrupted reaction pathways and absorbed 
stresses, resulting into an eective mitigation of 
ASR-induced damage. This is particularly true in 
the mortar S2-A-30 containing 30% recycled rubber 
aggregate (Fig. 7c), where no cracks were observed in 
the surrounding cementitious matrix. Although ASR-
induced cracking occurs within the reactive aggregate 
(Fig. 8), the cracks appear to reach only the immedi-
ate vicinity of the aggregate–cement matrix interface, 
where ASR gel is also observed near rubber particles, 
but do not propagate further into the matrix (Fig. 9). 
This suggests that the presence of RRA may interfere 
with crack propagation at this stage.

Figure  8 shows the SEM morphology of the ref-
erence sample with highly reactive sand S2 (i.e., 
S2-A-0). The general view (Fig.  8a) reveals distinct 
cracks in the aggregate grains and at the interface 
between cement paste and sand particles, with the 
presence of an expansive ASR gel. Moreover, EDS 
analysis (Fig.  8b), conrms the presence of Si and 
Na in the specimen S2-A-0, resulting from the silica- 
and alkali-rich ASR products concentrated around 
the aggregate surface and inside the cracks. A clear 
boundary can also be observed between the aggregate 
grain and the alkali–silica reaction products. Both 
SEM image and the EDS spectra show the dierent 
composition in the regions marked as (1) and (2) in 
Fig. 7b-c.

Fig. 6  Expansion of the tested mortars after 28 days of exposure to 1 M NaOH at 80 °C: (a) S1 series; (b) S2 series
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Figure 9 presents the SEM microstructure of the 
contact zone between the cement matrix and recy-
cled rubber aggregate in the mortar S2-A_30, incor-
porating 30% of RRA and highly reactive sand S2. 

The general view (Fig. 9a) reveals a well-preserved 
interface and an eective stress mitigation provided 
by the elastic RRA, with no visible cracks extend-
ing from the aggregate into the surrounding matrix. 
The detailed image with EDS line analysis (Fig. 9b) 
highlights a distinct interfacial zone, approximately 
10 ÷ 15  µm wide, characterized by altered micro-
structure and chemical composition of both rub-
ber particle and cement paste. The EDS line scan 
showed an increased concentration of carbon within 
the rubber grain and a gradual transition to higher 
calcium and silicon contents in the cement paste, 
consistent with the presence of calcium silicate 
hydrate phases. A localized increase in sulphur was 
also observed near the interface, suggesting poten-
tial incorporation of sulphur-containing compounds, 
likely from the vulcanized rubber.

Complementary to the SEM analyses, the thermal 
studies with TGA were performed revealing clear 
dierences in the thermal behaviour between RRA 
containing mortars after exposure in alkali media 
for 28 days. As can be seen in Fig. 10 all specimens 
exhibit an initial weight loss up to 100 °C that can 
relate to the evaporation of water that was adsorbed 
in the specimens or possibly dehydration of C-S–H, 
or ettringite [29]. The RRA-modied specimens 
show more intensive peaks in this region, which 
can be associated to the more intensive moisture 
retention from pores in the RRA-modied mortars 
compared to the bare mortar. Following region in 
the thermograms is mainly attributed to the port-
landite decomposition (about 450 °C), while speci-
mens S2-A-15 and S2-A-30 reveal additional peak 
around 380 °C that comes from the RRA degrada-
tion. Compared to the thermal studies for bare RRA 
specimens the decomposition of RRA in mortars 
occurs in 10 °C lower temperature for the catalytic 
eect of minerals [30]. Subsequent peaks located 
around 700 °C are attributed to the decarbonation of 
the calcium carbonate in the specimens. The RRA-
modied specimens exhibit noticeable changes in 
peak shape and intensity, indicating that the incor-
poration of RRA aects the carbonation behaviour 
and microstructural morphology of the mortars. The 
sharp peaks in the S2-A-15 and S2-A-30 secimens 
above 500 °C can come from the granules disassem-
bling for the non-homogeneous grains size in the 
grinded specimens.
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Fig. 7  SEM microstructure of mortars after the ASR test on 
polished surfaces, using highly reactive sand S2: (a) reference 
mortar S2-M-0; (b) mortar S2-M-15; and (c) mortar S2-M-30 
(1—recycled rubber aggregate, 2—cracked aggregate grain)
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5  Discussion

The mechanical strength data revealed a consistent 
decrease in both compressive and exural strength
with increasing RRA content (see Fig.  5), which 
agrees with previous ndings [10, 11, 31]. In par-
ticular, Gregori et al. [32] proposed a compressive 
strength reduction factor (SRF), dened as the ratio 
between the strength of rubberized and reference 
mortars, which can be bounded by the following 
empirical functions:

where, S = substitution rate of sand with rubber (in 
this paper, it is equal to 15% and 30%). As shown 
in Fig.  11a, the compressive SRF of the mortars M 
(Table  1) are exactly within the range bordered by 
Eqs. (1). Therefore, the main insight provided by 
Eqs. (1a–b) is not their predictive accuracy, but their 

(1a)SRF = 0.247 + 0.753(1 − S)2.308

(1b)SRF = 0.001 + 0.999(1 − S)9.855

(b)(a)

(1) (2)

Fig. 8  SEM microstructure of the contact zone between cement matrix and aggregate aected by ASR in the reference mortar S2-A-
0: (a) general views; (b) detailed image with EDS spectra
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ability to place the obtained results within a broader, 
previously established framework. Moreover, it is 
possible to observe that both mechanical performance 

and ASR mitigation trends can be described with 
similar empirical relationships.

(a)

(b)

Fig. 9  SEM microstructure of the contact zone between the cement matrix and rubber aggregate aected by ASR in mortar S2-M-
30 with polished surfaces: (a) general view; (b) detailed image with EDS line analysis

Fig. 10  TGA-DTG curves of S2-A-0, S2-A-15, and S2-A-30 after 28 days of NaOH treatment
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When the same functions are compared with the 
exural SRF values (Fig.  11b), only Eq.  (1a) pro-
vides a reliable t, suggesting that rubberized mortars 
retain a relatively higher exural capacity compared 
to compressive strength. These losses of strength may 
be primarily attributed to the elastic nature of rub-
ber, which deforms under load and reduces the stress 
transfer eciency [33]. Moreover, a weakened and 
more porous interfacial transition zone, as well as an 
insucient adhesion arising from the hydrophobic-
ity of rubber particles [17, 33, 34], are also present. 
The ITZ observed in Fig. 7c does not exhibit the dis-
continuities typically reported in previous studies, 
which may be related to the dierent exposure condi-
tions of the specimens and the apparent inuence of 
NaOH on the near-surface behaviour of rubber. This 
conjecture is supported by the FTIR spectra of Fig. 4, 
which shows oxidation-related features indicative 
of increased rubber polarity. Also, the XRD results 
of Fig.  2 conrms that mineral llers such as ZnO 
remains chemically stable under alkaline conditions 
[35].

All the previous ndings suggest that NaOH 
exposure modies the outer polymeric layer of RRA 
without altering its inorganic components and poten-
tially enhancing local bonding with the cementitious 
matrix. Similar eects were reported by Mohammadi 

et  al. [33], who demonstrated that NaOH treatment 
increases surface roughness and alters the interfacial 
chemistry of rubber, leading to temporary improve-
ments in bonding with the cementitious matrix. For 
these reasons the exural SRF is closer to the upper-
bound of the range depicted in Fig. 10 than the com-
pressive SRF.

Recent studies conrm that the incorporation of 
recycled rubber aggregate reduces compressive and 
exural strength due to its low stiness and weaker 
interfacial bonding [10, 11, 31]. This behaviour is 
also consistent with recent ndings, where rubber 
incorporation leads to reduced compressive strength, 
but enhanced ductility and post-cracking performance 
[36]. However, this is accompanied by improved 
deformation capacity and crack resistance, as rub-
ber particles act as exible inclusions that redistrib-
ute internal stresses [37]. Regarding ASR mitigation, 
rubber aggregate has been shown to reduce expan-
sion, depending on replacement level and particle 
characteristics [31]. This eect is attributed not only 
to dilution of reactive aggregates, but also to stress 
absorption and limited moisture transport within the 
microstructure [38]. Microstructural analyses further 
indicate that rubber modies crack propagation at the 
aggregate–paste interface, contributing to reduced 
ASR-induced damage [39].

Fig. 11  Comparison between the strength reduction factors (SRF) experimentally measured in M mortars and those obtained by 
Gregori et al. [32]: (a) compressive strength; (b) exural strength
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As shown in Fig.  6, the incorporation of recy-
cled rubber aggregate in cement mortars signi-
cantly mitigated alkali-silica reaction, especially 
in mixes containing highly reactive aggregates S2 
(Fig. 6b). Although both S2-A-30_S3 and S2-A-30 
mixtures involved a 30% substitution of highly reac-
tive aggregate with non-reactive materials, the dif-
ference in ASR-induced expansion between them is 
marginal and may lie within the bounds of experi-
mental variability. Nevertheless, microstructural 
observations (Fig.  9) show the presence of a dis-
tinct interfacial transition zone between the cement 
matrix and the rubber particles, while FTIR analy-
sis (Fig. 4) suggests that the rubber surface under-
goes modication under alkaline conditions. These 
results imply that, in addition to the prevailing dilu-
tion eect, the incorporation of RRA may also pro-
vide a secondary contribution to ASR mitigation. 
Indeed, the elastic and hydrophobic characteristics 
of rubber [40, 41] promote stress redistribution and 
reducing internal moisture transport, respectively. 
Similar mechanisms have been reported in recent 
studies, where rubber inclusions were shown to act 
as stress-relieving phases, and capable of inuenc-
ing transport properties and interfacial behaviour in 
cement-based composites [31, 42]. Moreover, rub-
ber incorporation has been shown to inuence per-
meability and moisture transport, which are critical 
factors in ASR development [37, 38, 42, 43]. These 
combined eects support the interpretation that 
ASR mitigation in rubberized systems is governed 
by a multi-mechanism process rather than dilution 
alone.

The hydrophobic nature of rubber has been asso-
ciated with limited internal moisture mobility and 
disruptions in the aggregate–cement interface, con-
ditions unfavourable for ASR development [17]. 
Although these eects were not examined directly 
in the present study, they are consistent with reduced 
permeability previously reported for rubberized sys-
tems [17]. This is also consistent with recent ndings, 
where rubber substitution was shown to inuence not 
only mechanical performance but also permeability 
characteristics of cement-based composites, further 
contributing to durability-related improvements [43]. 
Additionally, the elastic response of RRA may con-
tribute to local stress dissipation and reduced crack 
formation during ASR gel expansion [42], in line 
with earlier observations of enhanced deformability 

and energy absorption in similar cement-based com-
posites [12, 15].

Although SEM observations were performed 
on specimens exposed to 1  M NaOH, they provide 
insight into the potential mechanisms involved. As 
shown in Fig.  9, Ca and Si ions penetrated into the 
outer layer of the rubber particles, forming a transi-
tion zone that appeared more continuous than the 
sharply dened interface typically reported in the lit-
erature. While this phenomenon may be inuenced 
by the alkaline exposure conditions, it suggests that 
a modied interfacial layer could contribute to more 
ecient stress redistribution under bending and, con-
sequently, to ASR mitigation.

Accordingly, an expansion reduction factor (ERF) 
can be introduced and dened as the ratio between 
28-day expansion of RRA mortars and that of the 
control mortars (S1-A-0 or S2-A-0):

Interestingly, ERF values computed with Eq.  (2) 
and reported in Fig. 12 is also close Eq.  (1a), espe-
cially for mortars with low and high reactive aggre-
gates. When the substitution rate is lower than 30%, 
both experimental and theoretical results show an 
almost linear decrement of ERF and SRF with the 

(2)ERF =

expansion of the mortar

expansion of the reference mortar

Fig. 12  Expansion reduction factors (ERF) versus Eq. (1a and 
1b)



Materials and Structures          (2026) 59:297  Page 15 of 17   297 

Vol.: (0123456789)

substitution rate S. This parallelism highlights that 
both exural SRF and ERF are inuenced by the 
same microstructural changes introduced by rubber, 
notably the formation of a ITZ and the stress-absorb-
ing capacity of elastic inclusions.

It must be emphasized that Eqs. (1), derived from 
compressive strength data, can also be used to predict 
the reduction of exural strength and of ASR expan-
sion (Fig. 10b and Fig. 11). It is not a physical causal-
ity, but rather a general empirical correlation for dif-
ferent eects of rubber incorporation: in mechanics, 
SRF reects reduced stress transfer and weaker ITZ, 
whereas in durability, ERF reects stress relaxation 
and moisture control. Both these phenomena are due 
to the intrinsic properties of rubber [16, 33].

Although only few tests were performed herein, 
promising results arise from Fig. 10b and Fig. 11. 
Indeed, Eq. (1a) suggests the way to tailor cement-
based systems containing both expansive aggregate 
and rubber from end-of-life tires. More speci-
cally, it could not be necessary to perform mechan-
ical and ASR expansion tests, but only one of these 
two tests could be sucient to predict both the loss 
of exural strength and the expansion rate. If other 
tests corroborate the results previously described, 
the use of Eq. (1a) will represent an interesting rea-
son to incorporate RRA in mortars, and to foster 
circular economy practices in construction. Indeed, 
by repurposing waste tire rubber, not only landll 
accumulation will be reduced, but also the reliance 
on natural aggregates will decrease, addressing 
critical environmental concerns. These sustainabil-
ity benets complement the technical advantages 
observed in mitigating ASR.

6  Conclusions

As a result, the use of recycled rubber aggregate as 
a partial replacement of ne sand in cement mortars 
aects both mechanical performance and ASR miti-
gation. In particular:

• RRA incorporation resulted in a reduction of 
compressive strength by up to 24.1% and exural 
strength by up to 19.8% at 28  days, with higher 
substitution levels leading to greater strength 
losses.

• Despite this, a signicant improvement in ASR 
resistance was observed. For highly reactive 
aggregates, expansion decreased from approxi-
mately 0.73% to 0.47%, corresponding to a 
reduction of up to 33%.

• Microstructural analyses showed that RRA cre-
ates a more continuous and exible interfacial 
transition zone (≈ 10–15  µm), limiting crack 
propagation and reducing ASR-related damage.

• The mitigation eect is primarily attributed 
to the dilution of reactive aggregates, while 
the stress-absorbing capacity and hydrophobic 
nature of rubber may provide an additional, sec-
ondary contribution.

• A predictive relationship between the strength 
reduction factor (SRF) and expansion reduction 
factor (ERF) was proposed, enabling estimation 
of the required rubber content for ASR mitiga-
tion.

The study was conducted on mortar specimens 
under accelerated laboratory conditions, which may 
not fully represent long-term behaviour in concrete 
structures. Further research activities should focus 
not only on corroborating the results on mortars, but 
also on the long-term durability of full-scale concrete 
systems, in order to validate the applicability of RRA 
in practical engineering applications.
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