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This research characterises the structure and micro-structure of asphalt-silica composites heated to a temperature of 150 °C, 
as well as their physical and mechanical properties. The asphalt and silica mass ratios were varied into 10:90, 15:85, 
20:80, 25:75, 30:70 and 35:65. The characterisation of the asphalt-silica composite was performed using Fourier Transform 
Infrared (FTIR), X-ray Diffraction (XRD), and Scanning Electron Microscopy (SEM). The results of the XRD studies show 
that the main phases are amorphous silica and carbon, which are linked to the functional groups of silicon hydroxide, silicon 
dioxide and alkanes. The other results show that the reduced water absorption, compressive strength, and density are caused 
by the increased porosity and swelling thickness with an increasing amount of the added asphalt. Asphalt-silica composites 
with asphalt addition from 10 to 20 % experience insignificant changes in compressive strength, water absorption, and 
swelling thickness. These results prove that asphalt has a significant impact on the phase of silica, making it have the 
potential to replace light steel roofing devices.

INTRODUCTION

 Rice husks, as a biomass waste, are available in 
abundance and this sustainable waste is beneficial to 
use due to its SiO2 content that makes it a cost-effective 
alternative source of silica. Earlier studies [1-7] proved 
that rice husks have the potential to be a source of silica 
with high purity, activity, and amorphous level, and that 
it can be prepared in sols due to its high solubility in 
alkali solutions. The silica obtained from rice husk has 
also been successfully used as an alternative to produce 
nanosilica [8-10], ferrisilicate [11], forsterite [12-13], 
cordierite [14], silica-asphalt composite [15-16] and 
mullite [17]. There are also other research studies using 
silica from rice husks as a distilled vegetable oil for medi-
cine, detergents, adhesives, ceramics, pesticides [18-19], 
energy-saving agents [20], and catalysts [21-22].
 Silica can be used to produce an asphalt composite 
with a desired performance because of its strong ther-
mal stability, large specific area, high reactivity, good 
dispersion and adsorption ability. It has great advantages 
in improving the temperature performance, fatigue, 
water stability, elastic stretching, and asphalt temperature 
susceptibility [23-29]. Some researchers have carried 
out low temperature bending tests on asphalt matrix 

mixtures [30]. They found that the addition of silica im-
proves the low temperature performance and increases 
the shrinkage coefficient of these mixtures. In addition, 
asphalt modifications using 2 - 4 % silica show increases 
in the softening and viscosity points as well as a reduction 
in the penetration rate, resulting in a stiff behaviour 
and high modulus [31]. A mixture of 7 % asphalt with 
silica indicates that the asphalt resistance to the asphalt 
stability increases [22], and the resistance to ageing and 
fatigue cracking also increases [23] with the use of 4 and 
6 % silica. At the same time, addition of 1 and 2 % silica 
increases the soft point and asphalt hardness, as well as 
providing high resistance to rutting deformations [32].
 Asphalt is a unique viscoelastic solid at room tempe-
rature [33], consisting of weak chemical bonds that are 
easily modified by temperature. It is also a complex alloy 
of elastic compounds with a relatively low hydrogen-
carbon ratio and high boiling point, which is highly 
dependent on the loading time and temperature [34-35]. 
These characteristics mean that asphalt is generally used 
as an aggregate binder, such as for the construction of 
flexible pavements, buildings and roofing materials. Heat 
treatment allows asphalt to turn into a liquid adhesive 
and is easily mixed with other materials. During the 
cooling process, asphalt becomes waterproof, sticky, 
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and strong. However, temperature susceptibility limits 
the use of asphalt. This is where modification comes 
into play. Several kinds of fibre forms have the potential 
to be used in conjunction with asphalt, including glass, 
carbon, and polymers. Asphalt mixtures tend to be more 
resistant to low temperature cracking and permanent 
deformation [36], and have high a tensile strength with 
the addition of fibres [37]. Adding rubber powder and 
a transformer increases the penetration point and hard-
ness of asphalt [38], and cement can improve the modulus 
of stiffness, rutting resistance, resistance to moisture, and 
asphalt fatigue [39]. Several other researchers have used 
various polymers for rubber-based blends [40-42], fibres 
and scrap fibres [35,43], and nanocomposite polymers 
and have observed different mechanical properties of 
asphalt [44-45].
 This research aims to figure out the structure and 
micro-structure of asphalt-silica composites, as well as 
their physical and mechanical properties. Emphasis has 
been placed on the effect of the asphalt-silica ratio to 
the structure, and micro-structure of the asphalt-silica 
composites. Detailed information on some features of the 
asphalt-silica composite has been obtained from analyses 
using FTIR, XRD, and SEM. Furthermore, several phy-
sical and mechanical properties of the asphalt-silica 
composites were investigated.

EXPERIMENTAL

 The asphalt used in this experiment was obtained 
from a refinery in Buton, Southeast Sulawesi province 
in Indonesia, while the modifier is a rice husk silica. The 
5 % NaOH and 10 % HNO3 were purchased from Aldrich 
and the absolute alcohol (C2H5OH) was purchased from 
Merck. The synthesis of the asphalt-silica composite 
consists of two steps; (i) silica extraction, and (ii) asphalt 
and rice husk silica mixture with different amounts of 
asphalt and silica. The silica was extracted from the 
rice husk with the technique used in a previous study 
[12]. 10 % HNO3 was gradually added to the acquired 
sol solution to turn the sol into a real gel. The gel was 
then heated in an oven at 110 °C for 10 hours and pul-
verised until it became a powder and was sifted using 
a 200 Millipore screen. The asphalt-silica composite 
synthesis was performed for a suitable mixture of asphalt 
and silica. A total of 100 g of the lumped asphalt was 
diluted under thermal treatment at 100 °C and mixed 
with the silica powder using a shear mixer at 125 rpm 
for 6 hours. The next process was to get a solid asphalt-
silica composite, a certain amount of asphalt and silica 
were mixed according to the mass ratios of 10:90, 15:85, 
20:80, 25:75, 30:70 and 35:65. These mixtures were then 
pressed in a cylindrical metal die at 2 × 104 N·m-2, which 
was then calcined at 150 °C using the technique used in 
previous studies [15], using a programmed temperature 
increase of 3 °C·min-1 for 5 hours. The asphalt and silica 

reactions were observed using FTIR, XRD, and SEM. 
Meanwhile, the FTIR spectrum was conducted with 
a Merk Perkin Elmer. These samples were then milled 
using an analytical grade KBr. The X-ray diffraction 
pattern was recorded using an automatic Shimadzu 
XD-610 with a copper radiation source (λ = 1.5406 nm). 
The XRD spectrum was collected in the 2θ range 
(10 - 100°), calculating 1 second with 0.02 step size. 
The microstructure change and chemical element ana-
lyses were observed by a SEM Philips-XL coupled with 
energy dispersive spectrometry (EDS). Afterwards, 
the bulk density and porosity were measured [46], the 
absorption of water and thickness of swelling were 
observed in accordance with JIS A 5908 [47]. Finally, 
the compression strength was measured using an MTS 
Landmark 100 kN. The compressive strength was calcu-
lated using σ = F/A (F = Force (Newton) and A = Surface 
area (m2)). The dimensions of the measured sample for 
the compressive strength were 0.005 m thick and 0.02 m 
in diameter.

RESULTS AND DISCUSSION

Structural properties of
asphalt-silica composite

 The interaction mechanism between the asphalt and 
the rice husk silica was investigated using a FTIR spec-
trometer. The FTIR spectrum of the samples is shown in 
Figure 1a-h. The FTIR spectrum of asphalt is shown in 
Figure 1a and the FTIR spectrum of silica is shown in 
Figure 1b, while the FTIR spectrum of the samples with 
the different asphalt contents is shown in Figure 1c-h. 
 Figure 1a shows the presence of three high peaks 
at 2928, 1723, and 1266 cm-1, and followed by other 
peaks at 962, 752, and 693 cm-1. The peaks at 2928 and 
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Figure 1.  FTIR characteristics of the asphalt-silica composites 
with a different asphalt and silica mass ratio.
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1266 cm-1 present the function of the O–H characteristic 
group of the carboxylic acids and that of C–H from the 
alkanes, while the peak at 1723 shows the vibrations of 
the carbonyl group C = O [15]. Others strong peaks are 
located at 962, 752, and 693 cm-1, which are related to 
the bending vibrations of C–H in the phenyl. The silica 
sample (Figure 1b) reveals the existence of a broad band 
centred around the 3450 cm-1 region, which is attributed 
to the stretching vibration of the hydroxyl (–OH) group 
of silanol (SiOH). The existence of the Si–OH bond is 
supported by a weak band centred around 1098 cm-1, and 
the presence of the adsorbed water molecules is suppor-
ted by the absorption band centred around 1638 cm-1, 
which is attributed to the bending vibration of the O–H 
bond. The two characteristic bands at 1098, and 797 cm-1 
are attributed to the asymmetric stretching vibration, 
symmetric stretching vibration, and bending vibration of 
the Si–O–Si.
 For the samples with 10 % and 15 % asphalt (Fi-
gure 1c-d), the presence of functional groups is almost the 
same as the silica functional groups in Figure 1b, namely 
the O–H, Si–OH and C–H groups. However, in Figure 
1c-d, the strong peaks appear at 797, 2857, and 2928 cm-1 

are caused by the asphalt-induced C-H vibrations, which 
may be characteristic of the O–H vibrations of the carbo-
xylic acid and the C–H vibrations of the alkanes, as was 
also found in previous studies [48-49]. The obvious 
effect of adding asphalt to the functional groups of the 
sample is shown in Figure 1e-h. A significant influence 
can be seen with the appearance of the peaks associated 
with the hydroxyl function around 3450 cm-1, indicating 
a reaction between the asphalt and silica during the as-
phalt addition process. The most obvious change can be 
seen with the peak decrease associated with Si(OH)4, 
which includes the interaction between the asphalt and 
the silica. The decrease in this band is caused by the 
vibrations of the SiO tetrahedral structure and the change 
in intensity indicates the disorientation of the asphalt as 
a result of the interconnection of the asphalt molecules 
and the silica. This is also supported by a decrease in 
the intensity of the O–H bond band due to the release of 
water molecules and OH species through the breakdown 
of the asphalt. As a result, the intensity of the absorption 
bands at 797, 1638, and 1098 cm-1 decreased which 
was followed by an increase in the bands at 2857 and 
2928 cm-1. The results from the samples also show a gra- 
dual reduction in the absorption peak at 3450 cm-1 to 
an increase with the 30 % asphalt and its practical dis-
appearance at 35 %. This indicates that Si(OH) reacts 
with asphalt. However, the addition of asphalt appears 
to affect the intensity of the chemical group of the silica, 
and hence, the overall material performance. Thus, it is 
concluded that silica undergoes an inter-bond change 
with the addition of asphalt. In the absence of a new peak 
appearing in the sample curve, it is assumed that no new 
functional group formation is produced in the samples.

 Samples were then analysed using XRD to under-
stand the reaction process of the asphalt and the silica. 
Figure 2a shows the spectrum of the asphalt and Figure 
2b-g presents the patterns of the samples with the diffe-
rent asphalt contents. 
 The diffraction patterns presented in Figure 2a re-
veal the presence of two wide peaks of about 23.20° and 
42.50° of 2θ indicating the formation of asphaltenes’ 
crystals which occur due to condensed aliphatic chains 
or saturated rings, while the formation of multi-layered 
graphene takes place by the staging aromatic molecules 
present in the asphaltenes’ structure. This phenomenon 
was also found in previous studies. [15]. The diffraction 
pattern of the sample with the addition of 10 % asphalt 
(Figure 2b) explains the presence of the amorphous crys-
talline phase located at about 18 - 30° of the 2θ value. In 
more detail, the amorphous crystalline phase of the sample 
shows crystals of asphaltene (carbon) and silica, found 
in the diffraction pattern of the samples. These indicate 
that some of the hydroxide components accumulate in 
the sample, as shown in the FTIR results (Figure 1c-h). 
Furthermore, the intensity of the amorphous silica struc- 
ture with a peak of 2θ at 21.8° decreased with the addition 
of asphalt (Figure 2c-h), indicating that the asphalt does 
not react with the silica. In addition, the decrease in the 
intensity of the amorphous silica is assumed to result in 
a very strong bond between the asphalt and the silica 
molecules through London dispersion forces, without 
the formation of new structures. The existence of bonds 
between the asphalt and silica molecules is supported by 
the presence of the Si–OH and C–H groups (Figure 1c-h) 
and the detection of carbon and silica elements (Table 1).
 Figure 3 presents the SEM inspections of the 
asphalt-silica composite after being calcined to a tempe-
rature of 150 °C and Table 1 shows the chemical com-
positions of the samples. As shown in Figure 3 and 
Table 1, the surface morphologies of the samples are 
characterised by the presence of particles with different 
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Figure 2.  FXRD characteristics of the asphalt-silica composite 
with a different asphalt and silica mass ratio.
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grain sizes and distributions, as well as detection of the 
major elements C, Si and the minor elements Na and S, 
as supported by previous studies [15]. The detection of 
C and Si indicates that the asphalt and silica do not react, 
so there is no new phase formation, as shown by the XRD 
results in Figures 2b-c. The microstructure of the samples 
with a 10 % asphalt content (Figure 3a) do not show any 
major different characteristics, in comparison with the 
15 % asphalt content (Figure 3b). The surface of both 
samples is characterised by smaller asphaltenic phases 
that disperse into several large grains of silica particles. 
The asphalt reacts with the silica, so that the pore size 
becomes larger as the asphalt coagulates, supported by 
the presence of carbon and silica, as presented in the 
XRD results (Figures 2b-c). Figures 3c-f shows that the 
surface morphology at a higher asphalt content of about 
20 %, 25 %, 30 % and 35 % accumulates with an inho-
mogeneous shape and size of the asphaltenic structures 
that cover large grains of silica. It can be concluded that 
as the asphalt content increases, more hydroxide products 
are produced, and the pores are filled with the asphalt. 
The interaction of the asphalt and silica increases the size 
and changes the shape of the particles. These phenomena 
suggest that silica and asphalt particles interact strongly 

and uniformly. The modified asphalt does not form new 
structures, but the silica in the asphalt can change the 
physical and mechanical properties of the asphalt. All 
the samples were marked by an initial low crystallisa-
tion of the silica, which indicates the formation process 
of the structural asphalt-silica composite. In this study, 
the properties of asphalt-silica composite are mainly 
determined by the asphalt phase, that is, by the type of 
the component and the amount of the asphalt. It was 
observed that the proper amount of the asphalt mixture 
mixed with silica is 10 to 20 %.
 The elemental analysis of the asphalt-silica compo-
site is given in Table 1. The analysis shows the signi-
ficance of adding asphalt compared to the silica for the 
composition of the silica and carbon. As presented in 
Table 1, an amount of carbon (34.33 %) is found from 
a 10% asphalt addition. This figure increases to 49.64 % 
with the addition of up to 35 % asphalt. Meanwhile, 
samples with an asphalt addition of 10 % contained 
23.46 % and decreased to 14.72 % with an asphalt addi-
tion of up to 35 %. The SEM image also shows that the 
sample has high viscosity with an increase in the asphalt 
to 35 %.

b) 15:85 %a) 10:90 %

Figure 3.  SEM characteristics of the asphalt-silica compo-site with a different asphalt and silica mass ratio: a) 10:90 %, b) 15:85 % 
(legend: C = Carbon, Si = Silica). (Continue on next page)

Table 1.  Elemental analysis of the asphalt-silica composite.

 Asphalt Oxygen O Carbon C Silicon Si Sulfur S Sodium Na
 (%) (wt. %) (wt. %) (wt. %) (wt. %) (wt. %)

 10 39.38 34.33 23.46 0.60 2.23
 15 40.26 38.81 18.06 0.98 1.99
 20 38.44 41.59 16.90 1.31 1.76
 25 39.14 42.13 15.11 1.24 2.28
 30 40.54 43.28 14.83 0.98 1.37
 35 32.91 49.64 14.72 1.45 1.28
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Physical properties of
the asphalt-silica composite

 The change in the density and porosity with the 
increasing asphalt ratio is shown in Figure 4. These 
results showed that the porosities of the samples in-
creased slowly with the addition of asphalt to 25 % and 
increased sharply with the addition of asphalt up to 35 % 
(Figure 4a). The increase in the porosity with the addition 
of asphalt up to 35 % was clearly seen as a result of the 
increase in the carbon content (Table 1). This result im-
plies that the non-uniformity in the pore size leads to 
an increased porosity and permeability, and hence, a softer 
matrix, and also implies that the formation of pozzo- 
lans occurs with the presence of the asphalt around the si-
lica. Meanwhile, the samples’ densities decrease sharply 

with the asphalt addition to 25 % and decrease slowly 
with an asphalt addition to 35 %. As can be seen in Figu-
re 4b, the densities decreased from 3.95 to 3.05 g·cm-3 
as the asphalt content increased from 10 to 20 %, and 
the densities slowly decreased with  asphalt content from 
20 to 30 %, and they reached the value of 2.35 g∙cm-3 at 
an asphalt content of 35 %. This phenomenon is caused 
by a decrease in the silica, as shown in Table 1. Increasing 
the asphalt content seems to increase the propagation of 
the pores in the matrix, resulting in a sudden increase in 
the porosity, as shown in Figure 4a. The decrease in the 
sample density corresponds to the decrease in the silica 
and increase in the carbon, as shown in Table 1. From the 
physical properties, it can be seen that the increase in the 
porosity is evident with pores of different shapes and sizes 
on the sample surface. In addition, this phenomenon also 

e) 30:70 %

c) 20:80 %

f) 35:65 %

d) 25:75 %

Figure 3.  SEM characteristics of the asphalt-silica composite with a different asphalt and silica mass ratio; c) 20:80 %, d) 25:75 %, 
e) 30:70 %, f) 35:65 % (legend: C = Carbon, Si = Silica).
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occurs due to the carbon agglomeration around the silica 
particles and the increase in the carbon with the addition 
of the asphalt. It was also observed that the asphalt mole-
cules, as binders, have self-binding properties, causing 
the formation of pores, thereby increasing the number of 
inhomogeneous pore nucleation sites in the asphalt-silica 
structure.

 The compressive strength-displacement curves of 
the samples with the different asphalt contents are 
presented in Figure 5. The results indicate that the com-
pression strength of the asphalt composite decreased 
with an increasing asphalt content. As shown in Figure 5, 
the compressive strength for all the samples does not 
change until a displacement of 0.4 mm. Furthermore, 
samples with an asphalt content of 10, 15, 25, 30, and 
35 % experienced the maximum increase in the com-
pressive strength with a displacement of 1.5 mm, while 

the sample with the addition of 20 % asphalt expe- 
rienced the maximum compressive strength with a dis-
placement of 2 mm. This trend implies that the sample 
density decreases as a result of an increase in the amount 
of asphalt and carbon. Briefly, these findings suggest 
that the compressive strength of the sample corresponds 
to the changes in the porosity and density produced in 
this study, which are more clearly shown in Figure 6. 
The results indicate that the compressive strength of the 
asphalt-silica composite decreased noticeably with an 
increased asphalt content in the sample. 
 It can be seen from Figure 6 that the compressive 
strength increased with the change in the asphalt addi-
tion from 10 to 15 %. The increase in the compressive 
strength of the sample with the 15 % asphalt addition 
is due to the high binding ability of the asphalt to the 
silica, which fills the spaces among the silica grains. The 
compressive strength decreased sharply with the addition 
of asphalt up to 35 %, followed by a large increase in 
the porosity and a decrease in the density, as shown in 
Figure 4. This phenomenon is due to the small specific 
surface of the silica where the ability of the asphalt 
to bind the silica is weak to fill the spaces among the 
various silica grains. The compressive strength increased 
smoothly when increasing the asphalt content from 10 to 
15 % and reached a value of 46.5 MPa, and decreased 
when increasing the asphalt content up to 35 % and 
reached a value of 25.6 MPa. The results also clearly 
show that the highest asphalt composite compressive 
strength is obtained when using an asphalt addition of 
15 %. A reduction in the compressive strength starts 
from an asphalt content at 15 to 35 % due to the weak 
bond between the asphalt and silica particles. These 
characteristics indicate that the asphalt-silica composite 
becomes less fused and less dense as a result of the 
decrease in the amount of silica and the increase in the 
amount of carbon (Table 1). Obviously, the results of this 
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Figure 4.  The change in porosity (a) and density (b) of the 
asphalt-silica composite with a different asphalt and silica mass 
ratio.

Figure 5.  Compressive strength-displacement curves of the 
samples with the different asphalt contents.

Figure 6.  Variation in the compressive strength of the asphalt-
silica composite with the different asphalt contents.
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study strongly reveal that the changes in the compressive 
strength are in line with the changes in the density 
and porosity (Figures 4a and b). The parameters of the 
density, porosity and structural characteristics greatly 
affect the compressive strength value. In addition, the 
homogeneity, size and distribution of the particles largely 
determine the compressive strength value.
 Figure 7 shows the changes in the water absorption 
and swelling thickness of the asphalt-silica composite 
prepared with the different asphalt contents.  Figure 7a 
shows that the water adsorption of the samples increases 
slowly from an asphalt content of 10 to 20 %, and de-
creases up to 25 %, and relatively increases up to 35 %. 
It can also be seen that the water absorption for an asphalt 
increase from 10 to 20 % is greater than for an asphalt 
increase from 20 to 35 %. Figure 7a shows that, overall, 
an increasing asphalt content reduces water absorption in 
the mixture. The full saturation of the samples during this 
test causes a reduction in the amount of water absorp-
tion that, in turn, is due to the filling of the silica voids 
(including pores and entrapped air voids) with asphalt, 
and the reduction of the entrapped air voids inside the 
silica. In contrast to the water absorption, the swelling 
thickness of the samples increases with an increase in 
the asphalt content, as shown in Figure 7b. The increased 
swelling thickness with the addition of the asphalt is 
attributed to a suitable carbon and silica ratio (Table 1), 
and the formation of some micro-cavities is probably 
influenced by the lack of bonding between the silica and 
the asphalt. This phenomenon reveals that the swelling 
thickness increases with an increasing asphalt content 
until it reaches a certain value, where it no longer occurs. 
This may also be due to the reduced spread and interface 
bonding between the asphalt and the silica, as shown 
in Figure 3. These profiles suggest that the swelling 
thickness is due to the presence of the silica structure and 
low viscosity of the asphalt-silica composite samples. 
These results also indicate that the water absorption 
and swelling thickness can be reduced by adjusting the 
number and formation of the silica particles, it will be 

useful in assessing the significance of the material for 
its application to suit various desires. Other important 
aspects in designing the water absorption and swelling 
thickness are the size, and even the distribution of silica 
the particles and asphalt arrangement according to the 
microstructure, as shown in Figure 3.

CONCLUSIONS

 The present investigation revealed some of the re- 
actions and physical properties of the asphalt-silica 
composites. The XRD and FTIR studies show that the as-
phalt-silica composites’ phase with the additional asphalt 
does not change the amorphous silica phase. The surface 
morphology of the asphalt-silica composites results in 
the formation of large groups with different pore shape 
distributions on the surface. The microstructure of the 
asphalt-silica composites shows that the dispersed as-
phalt binds the silica with inhomogeneous particle sizes 
on the sample surface. The addition of asphalt can redu-
ce the water absorption and density. The asphalt-silica 
composites with the additional asphalt of 10 to 20 % 
experience insignificant changes in the compressive 
strength, water absorption, as well as the swelling thick-
ness so that they can be used as an alternative roofing 
material to lightweight steel roofing.
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