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ABSTRACT: This paper investigates the influence of silica coated rubber on the performance of rubber mortars. A classical 
Stöber sol-gel method is applied to produce a layer of silica coating on rubber particles, which is used to partially replace the fine 
aggregates in concrete. The effects of the surface-modified rubber particles on the flowability, mechanical strength, capillary water 
absorption rate, and microstructure of mortars are examined. The results show that the silica coating on the rubber particles reduces 
the contact angle between the rubber particles from 120° to 103° (i.e., by 17°) and changes the hydrophobic properties from strong 
hydrophobicity to weak hydrophobicity. The mechanical strengths of mortars are significantly improved by the incorporation 
of surface-modified rubber particles, i.e., from 41.60% to 44.86% (compressive strength) and from 7.80% to 26.28% (flexural 
strength). In addition, the incorporation of surface modified rubber particles increases the density of the mortar’s microstructure 
and enhances the interfaces with its surrounding pastes.
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RESUMEN: Rendimiento de morteros de caucho que contienen caucho recubierto de sílice. Este trabajo investiga la influencia del 
caucho recubierto de sílice en el rendimiento de los morteros de caucho. Se aplica un método clásico de Stöber sol-gel para producir 
una capa de revestimiento de sílice sobre las partículas de caucho, que se utiliza para reemplazar parcialmente los áridos finos en el 
hormigón. Se examinan los efectos de las partículas de caucho modificadas en la superficie sobre la fluidez, la resistencia mecánica, 
la tasa de absorción de agua por capilaridad y la microestructura de los morteros. Los resultados muestran que el revestimiento de 
sílice de las partículas de caucho reduce el ángulo de contacto entre las partículas de caucho de 120° a 103° (es decir, en 17°) y 
cambia las propiedades hidrofóbicas de hidrofobia fuerte a hidrofobia débil. Las resistencias mecánicas de los morteros mejoran 
significativamente con la incorporación de partículas de caucho modificadas en la superficie, del 41,60% al 44,86% (resistencia a la 
compresión) y del 7,80% al 26,28% (resistencia a la flexión). Además, la incorporación de partículas de caucho modificadas en la 
superficie aumenta la densidad de la microestructura del mortero y mejora las interfases con las pastas que lo rodean.

PALABRAS CLAVE: Mortero; Tratamiento de residuos; Propiedades mecánicas; Caracterización; Microestructura.
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1. INTRODUCTION

Currently, waste tires have become one of the main 
sources of waste flow worldwide, causing great con-
cern about the related environmental problems. Ef-
fective methods to reuse waste tires are of interest to 
many people. One of the recommended reuse routes 
for waste tires is to convert them into rubber parti-
cles as a possible alternative to the fine aggregates in 
concrete (1, 2). Related studies have indicated that 
concrete containing rubber particles exhibits a bet-
ter impact resistance, toughness, thermal insulation, 
and sound absorption, which are specially required 
in the construction of airports, surge guards and mil-
itary protection (3-5). This study provides reliable 
insights into the recycling of waste tires into useful 
new materials. However, concrete containing rubber 
particles normally has a poor mechanical perfor-
mance (6). It was reported that adding rubber to con-
crete caused the concrete to lose 20% to 60% of its 
compressive strength depending on factors such as 
the mix proportion, the nature of the rubber particles, 
and the ages of the rubber particles and the concrete 
(7). The low elasticity modulus and hydrophobic na-
ture of rubber particles are the two major reasons for 
the reduction in the compressive strength of rubber 
concrete (8). Since rubber particles undergo larger 
deformations than pastes under the same load, the 
stress transferring route of rubber concrete’s bearing 
load breaks at the interface. From this point of view, 
the rubber particles within the microstructure of the 
concrete may substantially function as pores (9, 10).

To overcome this disadvantage of rubber con-
crete, modifying the rubber particles is one potential 
method of enhancing the bonding effect of the rub-
ber particles at the interface. Actually, the surface 
modification of rubber particles has been found to 
be an effective method of improving the mechanical 
strength of rubber concrete (11). Li et al. (12) mod-
ified rubber particles using a silane coupling agent, 
and they found that the compressive strength and 
flexural strength of the rubber concrete increased 
by 4% and 13%, respectively. Dong et al. (13) con-
firmed that mortars containing rubber treated with a 
silane coupling agent had 10-20% higher compres-
sive strengths. Balaha et al. (14) showed that treat-
ing crumb rubber with polyvinyl alcohol (PVA), sili-
ca fumes and sodium hydroxide (NaOH) reduced the 
reductions in the compressive strength and tensile 
strength of the concrete compared to concretes con-
taining untreated crumb rubber. He et al. (15) intro-
duced carboxyl, hydroxyl and sulfonic acid groups 
onto the rubber surfaces using KMnO4 and NaHSO3 
solutions. They found that the contact angle of the 
modified rubber was reduced, which improved the 
compressive strength a maximum of 48.7%.

In addition to chemical surface modification of 
rubber particles, chemical coating is another feasi-
ble route (11). This method forms a layer of coating 

on the surface of the substance through a chemical 
reaction to improve the performance of the materi-
al’s surfaces and to enhance its compatibility with 
other substrates. The sol-gel method is widely used 
for chemical coating due to its mild reaction and low 
cost (16). It has been investigated and applied to the 
coating of microcapsules and other various multidi-
mensional fields, such as the ceramic industry and 
biomedical instruments (17-22). Nevertheless, its 
use has rarely been reported in the context of con-
crete materials.

Thus, in this study, the sol-gel method was used 
to coat rubber particles with silica. This method not 
only enhances the bonding effect between the rub-
ber particles and the surrounding pastes, but it also 
greatly inhibits the aggregation of rubber particles 
within mixtures. To investigate the benefits of mod-
ifying mortars with rubber, sand volume fractions of 
5%, 10%, 15%, and 20% were replaced by rubber 
particles. A comprehensive experiment was conduct-
ed to investigate the effects of the surface-modified 
rubber particles on the performance of the mortars. 
The fresh and hardened properties of the mortars 
were tested including the flowability, compressive 
strength, and capillary water absorption. In addition, 
scanning electron microscopy (SEM) photographs, 
X-ray diffraction (XRD) and Fourier transform in-
frared spectroscopy (FT-IR) were used to reveal the 
related mechanisms.

2. EXPERIMENTAL DETAILS

2.1. Materials

The P.O. 42.5 ordinary Portland cement produced 
according to standard ASTM C150/C150M (23) was 
purchased from the Anhui Conch Cement Co., Ltd. 
Table 1 shows its density, Brunauer, Emmett and 
Teller (BET) area and chemical composition. The 
aggregate used was natural river sand with a fineness 
modulus of 2.36 and an apparent density of 2600 kg/
m3. Rubber particles (60 - 80 mesh) produced from 
waste tires were substituted for part of the sand vol-
ume (Figure 1). The particle size distributions of the 
cement, rubber particles and sand are presented in 
Figure 2. Unless otherwise noted, the water used to 
prepare the pastes and mortars was tap water. 

The experiments involved a method of surface 
coating the rubber particles. The materials used in 
these experiments were deionized water, analyti-
cally pure orthosilicic acid tetraethyl ester (TEOS), 
ammonia hydroxide with an ammonia concentra-
tion of 25%, anhydrous ethanol, and 3-aminopro-
pyltriethoxysilane (silane coupling agent KH550) 
with effective contents of greater than 98%. All of 
those materials were purchased from the Sinop-
harm Chemical Reagent Co., Ltd.
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2.2. Surface modification of the rubber particles

The classical Stöber sol-gel method was used to 
modify the surface properties of the rubber particles. 
In a typical procedure, 60 mL of ethanol, 5 mL of 
deionized water, 5 mL of ammonia water, 15 mL 
of TEOS, 20 g of rubber particles and 0.171 g of 
KH550 were mixed together. They were stirred for 
4 h at room temperature and pressure and were sub-
sequently aged for 24 h. Then, the mixture was fil-
tered, washed with alcohol and water, and the rubber 
particles were separated out using a Buchner funnel. 
Finally, the surface modified rubber particles were 
oven dried at 60 ºC for 24 h.

Table 1. Density, BET area and chemical composition of the cement.

Density / (kg/m3) BET area / (m2/g)
Chemical composition/(wt.%) (XRF)

CaO SiO2 Al2O3 MgO Fe2O3 SO3

Cement 3100 1.081 60.22 21.07 8.82 1.36 3.65 2.81

Figure 1. SEM images of the rubber particles.

Figure 2. Particle size distributions of the cement, rubber parti-
cles and sand.

2.3. Mixture proportions

To examine the effect of the surface modified rubber 
particles on the performance of the mortar, 9 mixtures 
were prepared with sand content of 50%. A water to ce-
ment (w/c) ratio of 0.4 was selected to ensure suitable 
workability of mortar samples. Rubber particles with 
and without surface modification were used to substitute 
for 5% to 20% of the sand volume (Table 2). For the 
codes of these mixtures, R indicates mortar containing 
raw rubber and SMR indicates mortar containing sur-
face modified rubber, and the numbers following the let-
ter identifications indicate the volume of sand replaced 
by rubber particles with or without surface modification. 
To prepare the mortars, all of the dry materials were ini-
tially mixed in a Harbor mixer for 3 min, and then, they 
were mixed with water and were stirred for 2 min.

Table 2. Mixture proportions (kg/m3).

Mixtures Cement Sand Water Rubber
R0 750 1050 300 0
R5 750 997.5 300 21.1
R10 750 945 300 42.2
R15 750 892.5 300 63.4
R20 750 840 300 84.5
SMR5 750 997.5 300 21.1
SMR10 750 945 300 42.2
SMR15 750 892.5 300 63.4
SMR20 750 840 300 84.5

2.4. Test methods

2.4.1. Contact angle

The hydrophobicity of the rubber particles was 
measured in terms of the water contact angle using 
a Kino sl200c contact angle measuring instrument 
(Kono Industry Co., Ltd.). The contact angle was 
used to quantify the hydrophobicity of the rubber con-
trolling droplets within 3 µL. The terminal value of the 
mortar contact angle was determined using the average 
of three repeated measurements.

2.4.2. Flowability 

The flowability of the fresh mixture was tested us-
ing a flow table according to standard ASTM C1437 
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of the American Society for Testing and Materials 
(24). The average result of three identical tests con-
ducted on each mixture was reported.

2.4.3. Compressive strength and flexural strength

The fresh mixtures were cast using 50 mm cubic 
molds for the compressive strength tests according 
to standard ASTM C109 (25), and 40 mm × 40 mm 
× 160 mm prism molds were used for the flexural 
strength tests according to standard ASTM C349 
(26). First, the mixtures were cured in the molds in 
the standard curing room with 23 ºC ± 2 ºC and RH 
≥ 95%. After 24 hours, the mortars were removed 
from the molds and were continuously cured for 3 
d, 7 d and 28 d. The average results of the triplicate 
specimens were reported for both the compressive 
strength and flexural strength tests.

2.4.4. Capillary water absorption

The capillary water absorption was measured us-
ing cylinder molds (size of d × h = 100 mm × 50 
mm) according to standard ASTM C1585 (27). The 
specimens were cured in the curing room for 27 d. 
After this, except for the smooth plate surface, the 
other surfaces of each specimen were sealed using 
epoxy resin to ensure one-dimensional water trans-
port. The specimens were oven dried to a constant 
weight at 105ºC for 24 h. During the testing, the up-
per surface of the specimen was sealed with plastic 
film while the bottom surface was immersed in 1 - 3 
mm of water. At the predetermined immersion ages, 
the mass of the specimen was measured and record-
ed. Figure 3 shows a schematic of the apparatus used 
for the capillary water absorption. The average value 
for triplicate specimens composed of each mixture 
was reported.

Figure 3. Schematic of the capillary water absorption.

2.4.5. Morphology and spectroscopy analyses

The microstructure morphology of the mortars 
and rubber particles (raw and surface modified) 
were investigated using a Flex 1000 scanning elec-

tron microscope with an acceleration voltage of 20 
kV (Hitachi Co., Ltd., Japan). The prepared mor-
tar samples cured for 28 d and the rubber particles 
(raw and surface modified) were sprayed with gold 
particles for 120 s to ensure its electrical conduc-
tivity for the SEM observations.

The mineral composition of each mixture was de-
termined using a Smart lab SE-type X-ray diffrac-
tometer with Cu_Ka radiation at 200 mA and 40 kV. 
The range of the scanning angle and the scan speed 
were 2θ = 5° - 80° and 3°/min, respectively. The XRD 
specimens with particle sizes less than 75 μm were 
prepared from mortars cured for 28 d. Further hy-
dration of the samples was terminated in advance by 
soaking the samples in anhydrous ethanol.

A Thermo Scientific Nicolet IS50 type Fourier 
transform infrared spectroscope was used to ana-
lyze the molecular structure of the rubber particles 
(raw and surface modified). Its scanning range was 
4000 cm-1 - 400 cm-1.

3. RESULTS AND DISCUSSIONS

3.1. Morphology and contact angle of the rubber 
particles

The SEM images shown in Figure 4 illustrate the 
morphological differences between the rubber parti-
cles with and without surface modification. In Fig-
ure 4a, the raw rubber particle has a dense surface 
with clear corners. After the rubber particles have 
been surface modified using the classic Stöber sol-
gel method (Figure 4b), the surfaces of the rubber 
particles are much rougher and are obviously dif-
ferent from that shown in Figure 4a, Figure 4b also 
shows a close-up of the surface of a rubber particle. 
As can be seen from the figure, the coating layer is 
composed of substantial spherical silica nanoparti-
cles. This is mainly because tetraethyl orthosilicate, 
i.e., the silica source, was hydrolyzed and condensed 
to form the silica precursor solution under base ca-
talysis. Importantly, the rubber particles act as nu-
cleation sites and a stable silica coating is formed 
on the surface of the rubber particles due to a cross 
linking network of silica clusters and micelle’s po-
lymerization (28).

Figure 4c and Figure 4d show the contact angles 
between rubber particles with and without surface 
modification, respectively. Through surface modifi-
cation by silica coating, the contact angle between 
the rubber particles was reduced from 120° to 103° 
(i.e., by 17°), which converted the surface proper-
ties of the rubber particles from strong hydropho-
bicity to weak hydrophobicity. This promoted hy-
drophilia is beneficial to achieving a better bonding 
efficiency between the rubber particles and the sur-
rounding pastes.

https://doi.org/10.3989/mc.2021.11620
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3.2. FT-IR spectra of the rubber particles

Figure 5 shows the FT-IR spectra of the rubber par-
ticles. The major difference between the two FT-IR 
spectra is the existence of three peaks in the surface 
modified rubber’s spectrum at 467 cm-1, 799 cm-1 and 
1087 cm-1. In particular, the sharp peak near 467 cm-1 
corresponds to the bending vibration peak of Si - O - 
Si, and the peak around 799 cm-1 represents the sym-
metric stretching vibration of Si - O. The peak at about 
1087 cm-1 is attributed to the asymmetric stretching 
vibration of Si - O. These three peaks demonstrate 
that SiO2 exists on the rubber sample, indicating that 
a layer of SiO2 coating has been successfully applied 
to the surface of the rubber (29).

3.3. Flowability of the fresh mixtures

Figure 6 shows the flowability of the fresh mix-
tures. As can be seen from the figure, the incorpora-
tion of rubber particles into the mixtures led to poor-
er workabilities. The greater the amount of rubber 

Figure 4. Morphology and contact angle of rubber particles: (a) SEM image of raw rubber particle, (b) SEM image of surface modified 
rubber particle, (c) contact angle between raw rubber particles and (d) contact angle between surface modified rubber particles.

Figure 5. FT-IR spectra of the rubber particles.

particles, the lower the flowability. This is in agree-
ment with the findings of Alakhras and Smadi (30). 
They suggested that this phenomenon was the result 
of gas being introduced into the fresh slurry along 
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with the rubber particles, which directly improved 
the porosity and flow resistance of the fresh slurry, 
resulting in the poor workability of the mortar. Nev-
ertheless, the mortars containing surface-modified 
rubber particles exhibit better workabilities than the 
mortars containing raw rubber particles.

Figure 6. Flowabilities of the fresh mixtures.

3.4. Mechanical strength of mortars containing 
rubber particles

Table 3 shows the mechanical strength of the 
mortars containing rubber particles. Generally, the 
compressive strength of mortar containing rubber 
particles is much lower than the control group for 
all ages. This is reasonable and has been report-
ed everywhere. This phenomenon occurs because 
the rubber particles within the microstructure of 
the mortar may actually act as pores due to its low 

elastic modulus and the poor interface between the 
rubber particles and the surrounding pastes (31-
33). Since the bulk property of the rubber parti-
cles is out of our control, we modified the surfac-
es of the rubber particles to enhance the interface 
and improve the mechanical strength of the mor-
tar. As can be seen from Table 3, the compressive 
strengths of the mortars containing surface-modi-
fied rubber particles are significantly higher than 
those containing the same amount of raw rubber 
particles. Specially, the 28 d compressive strengths 
of the SMR5, SMR10, SMR15 and SMR20 mix-
tures were increased by 41.60%, 42.29%, 44.86% 
and 42.44%, respectively, compared to the corre-
sponding mortars containing raw rubber particles. 
This suggests that surface coating the rubber parti-
cles helps compensate for the loss of compressive 
strength due to the poor surface properties of the 
raw rubber particles.

Table 3 also presents the flexural strengths of 
the mortars. The flexural strengths of the mortars 
containing rubber particles with or without surface 
modification are closely related to their compres-
sive strengths. The addition of rubber particles with 
or without surface modification reduced the flex-
ural strengths of the mortars to varying degrees. 
However, through surface modification, the 28 d 
flexural strengths of the SMR5, SMR10, SMR15 
and SMR20 mixtures were increased by 7.80%, 
11.17%, 20.10% and 26.28%, respectively, com-
pared to the corresponding mortars containing the 
same amounts of raw rubber particles. This in-
crement of the mechanical strength suggests that 
surface modification is a valid method of improv-
ing the mechanical properties of mortars contain-
ing rubber particles. This improved mechanical 
strength is attributed to the strengthened interface 
transition zone (ITZ) due to the nano silica coating. 
The improved hydrophilia of the modified rubber 
particles increases the precipitation of hydration 

Table 3. Experimental results of the mechanical properties of mortars containing rubber particles at 3, 7 and 28 days.

Mortar specimen Compressive strength (MPa) Flexural strength (MPa)
3 days 7 days 28 days 3 days 7 days 28 days

R0 31.43(±0.79) 37.70(±0.94) 49.20(±1.26) 7.25(±0.49) 8.86(±0.30) 9.44(±0.19)
R5 22.19(±3.84) 27.24(±2.22) 34.05(±3.99) 6.29(±0.20) 7.17(±0.05) 8.55(±0.14)
R10 23.04(±1.72) 24.10(±2.47) 30.92(±1.28) 5.26(±0.13) 6.06(±0.12) 7.34(±0.13)
R15 19.82(±0.81) 20.32(±2.87) 29.67(±1.7) 5.09(±0.19) 5.85(±0.19) 6.68(±0.37)
R20 18.22(±1.58) 21.63(±1.45) 26.65(±2.02) 4.70(±0.22) 5.50(±0.25) 6.00(±0.18)
SMR5 27.80(±2.10) 32.64(±0.30) 48.22(±1.36) 6.09(±0.34) 7.48(±0.37) 9.22(±0.27)
SMR10 26.07(±6.03) 33.25(±2.46) 44.00(±2.18) 6.66(±0.17) 7.65(±0.27) 8.16(±0.34)
SMR15 24.44(±1.05) 32.00(±3.06) 42.98(±4.32) 5.71(±0.55) 6.59(±0.47) 8.02(±0.26)
SMR20 23.44(±0.17) 29.34(±1.55) 37.96(±2.04) 5.44(±0.07) 6.84(±0.11) 7.57(±0.43)
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products in the region surrounding the rubber par-
ticles, and the microstructure of the ITZ becomes 
denser due to these additional hydration products.

3.5. Capillary water absorption

Figure 7 shows the capillary water absorption of 
the mortars with and without rubber particles. The 
capillary water absorption occurs in two stages: an 
initial quick stage in which the capillary water ab-
sorption is mainly controlled by open voids, and a 
second slow stage. In the second stage, when these 
open pores have been saturated, water can only be 
driven into the mortars through the capillary pores. 
The capillary tension within the capillary pores en-
sures that more water permeates into the mortars 
but at low speeds, which is classified as the slow 
second stage. The incorporation of raw rubber par-
ticles helps reduce the capillary water absorption 
of the mortar, which is ascribed to the hydropho-
bic nature of the rubber particles. Thus, although 
the incorporation of rubber particles increases the 
porosity of the mortars due to the poor surface con-
ditions of the rubber particles, the capillary wa-
ter absorption is substantially improved since the 
rubber particles impede the water permeation into 
the mortar (34). In contrast, the mortars containing 
surface-modified rubber particles have larger capil-
lary water absorptions. For instance, the 8 d water 
absorption of SMR5, SMR10, SMR15 and SMR20 
were larger than the corresponding mortars con-
taining the same amounts of raw rubber particles. 
This difference is attributed to the improved hydro-
philia of the surface-modified rubber particles in 
the microstructure of the mortar.

Figure 7. Water absorption of the mortars containing rubber 
particles.

3.6. Morphology and mineralogical 
composition

3.6.1. SEM

Figure 8 shows the SEM images of the 28 d 
mortars with and without rubber particles. As can 
be seen from Figure 8a, the microstructure of the 
control mortar is dense and does not contain large 
pores. However, as can be seen from Figure 8b to 
Figure 8e, the incorporation of rubber particles in-
troduces significant pores into the microstructure 
of the mortars. The interfaces between the rubber 
particles and the surrounding pastes in these fig-
ures are obviously characterized by voids, which 
are shown in more detail in the close-ups. This is 
expected since the surface nature of the rubber par-
ticles is much more hydrophobic.

However, when the rubber particles have been 
surface modified by coating them with a layer of 
nanosilica, as can be seen from Figure 8f to Figure 
8i, the microstructures of the mortars containing 
modified rubber particles are improved, with much 
fewer large pores. The voids between the sur-
face-modified rubber particles and the surrounding 
pastes are smaller and more evenly disappeared. 
This demonstrates that the surface modification of 
rubber particles improves the performance of rub-
ber mortar. As a result, strengthening the interface 
on microscale eventually increases the mechanical 
strength on the macroscale (Table 3).

3.6.2. XRD patterns

XRD analysis was conducted to investigate the 
influence of rubber particles on the hydration for-
mation of cements (Figure 9). A total of five ma-
jor minerals were identified and they are labeled 
in Figure 9, including calcium hydroxide (JCPDS 
# 441481), calcium silicate hydrate (JCPDS # 
33-0306), gismondine (JCPDS # 200452), silica 
(JCPDS # 461045) and calcium carbonate (JCPDS 
# 170763). Among them, the diffraction peak of 
silica is likely caused by the sand in the mortar 
and the silica in the modified rubber. The calcium 
carbonate was likely formed through the carbon-
ation of the calcium hydroxide during the sample 
preparation.

In general, the addition of rubber particles did 
not induce the formation of new minerals. This 
may be because the rubber was not involved in the 
hydration reaction within the mortar, and it only 
acted as a fine aggregate filler in the mortar. Like-
wise, no new substances were found in the surface 
modified rubber mortars. This is mainly because 
the silica coated on the rubber particles may be in-
volved in the hydration reaction of the cement, and 
thus, it may have produced more hydrated calcium 
silicate rather than producing new substances. The 
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Figure 8. SEM images of the mortars cured for 28 days: (a) R0; (b) R5; (c) R10; (d) R15; (e) 
R20; (f) SMR5; (g) SMR10; (h) SMR15 and (i) SMR20.
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silica coating may have a filling effect and a mi-
cro-aggregate effect, which improved the ITZ and 
increased the density of the structure.

Figure 9. XRD spectra of the cement mortars cured for 28 days.

4. CONCLUSIONS

In this study, the effects of the surface modifica-
tion of rubber particles on the performance of rubber 
mortars were investigated. A classical Stöber sol-gel 
method was used to coat the rubber particles with 
silica. The following conclusions were drawn from 
the experimental results.

1) A layer of silica coating was produced using the 
wet chemical sol-gel method. This coating reduced 
the contact angle between the rubber particles from 
120° to 103° (i.e., by 17°) and modified the hydro-
phobic properties of the rubber from strong hydro-
phobicity to weak hydrophobicity.

2) The modification of the rubber particles sig-
nificantly improved the mechanical strengths of 
the mortars from 41.60% to 44.86% (compres-
sive strength) and from 7.80% to 26.28% (flexural 
strength) compared to those of mortars containing 
raw rubber particles depending on the dosages of 
the incorporated rubber particles. This confirms that 
the surface modification of rubber particles through 
chemical coating improves the mechanical proper-
ties of rubber mortars.

3) The flowabilities and capillary water absorp-
tion rates of the mortars were increased by the sur-
face modified rubber particles as a result of the im-
proved hydrophilia of the rubber particles within the 
microstructures of the mortars. However, the incor-
poration of surface modified rubber particles did not 
significantly affect the hydration products.

4) Mortars containing surface modified rubber 
particles have fewer pores and a much denser mi-

crostructure than mortars containing raw rubber par-
ticles. The interface between the surface modified 
rubber particles and the surrounding pastes was also 
modified.

Based on the findings of the research, the pro-
posed modification method for rubber particles dis-
played promising potential towards to application 
in real projects in consideration of the improved 
workability and mechanical strength as compared 
to that of mortar with raw rubber particles. How-
ever, more studies should be further carried out 
to simplify the treatment route to achieve optimal 
economic efficiency.
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