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Abstract 

The surface layer of flexible pavement is made of composite materials consisting of binder 

(bitumen), aggregates and mineral filler, which are mixed and paved as top layer by paver provides 

more than 70% strength to it. With the increment in the intensity of traffic loading with a more 

commercial vehicle, the core strength of flexible pavement should be strengthened to improve 

pavement characteristics and quality by doing possible modifications. 

Silica Fume, an industrial waste product, has an adverse impact on the environment if not disposed 

of safely. It is an extremely fine nanocrystalline polymorph of silica and has a significant potential 

of use as a mineral filler. The bituminous mix, a distinctive pavement material with more than 18% 

void ratio, is used to construct porous paved structures. In paved structures, porosity is essential 

for water drainage and noise reduction, along with structural defects like rutting, fatigue, potholes, 

and raveling. Usage of mineral filler in bituminous mix leads to porosity reduction and 

densification, resulting in improvement of strength and durability. 

This project investigates the effective reuse of industrial waste silica fume as a replacement of 

conventional mineral filler along with Polypropylene (Plastic waste, non-biodegradable) in a 

bituminous mix to densify paved structures. Mechanical resistivity, durability of the bituminous 

mix has been assessed using Marshall Stability Strength (MSS), Indirect Tensile Strength (ITS), 

Mean Marshall Stability Ratio (MMSR), Index of Retained Strength (IRS), and Water Sensitivity 

(WS) Tests for varying percentages of bitumen (4.5%. 5.0%, 5.5%, and 6.0%), silica fume (i.e. 

2.0%, 4.0%, and 6.0%) and Polypropylene (2%, 4% and 6%) content. 

Inclusion of silica fume and Polypropylene increased the weight density, while the air void 

percentage remained within the acceptable limits as prescribed by MoRTH. Results justify the 

utilization of industrial waste silica fume as a sustainable substitute for conventional mineral 

fillers. The results also show significant improvement in the strength and aging performance of 

bituminous mix with the inclusion of 6.0 % silica fume and 4.0 % Polypropylene at 5.5% bitumen 

content.  

Numerical analysis with ABAQUS is carried out to evaluate the Fatigue failure with experimental 

and theoretical values for three cases that showed an optimum margin of 26.478 %, 24.17 %, 30.59 

% for silica fume with polypropylene, silica fume only and without silica fume respectively.       
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Chapter 1 

Introduction 

1.1  Definition 

A multi-layered pavement with Bituminous Mix as a surface layer, is what simply considered as a 

flexible pavement with conical load transfer from every point of contact down the layer. The 

bituminous mix is a preferable material for enhancing the strength, durability, water resistance, 

smoothness, and noise reduction in paved structures [1–4]. The surface layer of flexible paved 

structures is a mixture of asphalt concrete, i.e. aggregate and binder (Bitumen is the traditional 

binder used), with graded minerals used for improving stiffness [5,6]. The surface layer of the 

paved structure mostly comprises of coarse aggregate and mineral filler with more than 90% of 

Hot Mix Asphalt (HMA) [2,7]. However, surface layer contributes to the strength of paved 

structures [8,9]  with  materials such as lime [10], cement [11], dust stone, fly ash [12–15] as fillers 

and HDPE (High Density Polyethylene) [16–18], crumb rubber [19–22] and volcanic ash [23] as 

binder substitute. Mineral filler and bituminous binders are two major constituents of reducing air 

voids and enhancing stability and durability  of bituminous mix against the rutting and shoving 

[24–28]. A higher concentration of mineral filler with low bituminous binder content produces a 

dry mix that is not suitable for the construction of a paved structure, whereas overfilling with a 

bituminous binder imparts fluid-like characteristics to the hot mix asphalt (HMA) [29]. The 

inclusion of optimum content of mineral filler increases the modulus of elasticity of HMA; 

however, overdoses of mineral filler reduce the aggregate content, and reduction in strength is 

observed [30]. 

1.2 Background 

The cement is the conventional mineral filler used in a bituminous mix to increase the stability and 

durability [31], which causes global warming due to CO2 emission [32,33]. The cement production 

industry emitted approximately 522.00 MT CO2 in the year 2016 [34] and the production of one-

ton cement effectuate approx. 0.8T CO2 [35,36]. Cement production ramps up at breakneck speed 

via a yearly increase of 2.5 percent and 4.6BT of gross production in 2015 [37]. India is the 2nd 
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largest cement manufacturer causing the threat of higher CO2 emission; therefore, researchers are 

constantly looking for new technologies that can substitute cement [38].  The Sustainable uses of 

various industrial waste like Phosphate waste filler [39], Jordanian oil shale fly ash [40], baghouse 

fines [41] , recycled waste lime [42], municipal solid waste incineration ash [30,43] and waste 

ceramic material [44,45] have been investigated as mineral  filler. Results indicate the optimum 

performance of the bituminous mix with the inclusion of industrial waste as mineral [46,47]. 

The industrial wastes are constantly being used to construct sustainable and environmental friendly 

paved structures. Silica fume (microsilica) is an extremely fine silica nanocrystalline polymorph 

formed as a by-product of silicon and ferrosilicon alloy processing in electric arc furnaces (EAFs). 

Furthermore, the material involved in the pozzolanic reaction with the calcium hydroxide crystals 

producing additional cementing material (C-S-H) and eliminating areas of stress concentrations 

prone to failure initiation [48–51]. Silica Fume (SF) has been used in the concrete industries to 

improve compressive strength, hardening of concrete and as a partial replacement of cement [51–

55] . SF is being used in transportation geotechnics to reduces swelling pressure and increasing 

the bearing capacity of the paved structure subgrade [56,57]; however, there is a minimal 

investigation carried out to use as a filler in HMA. The use of industrial waste lime considered as 

economical mineral filler in HMA has been investigated, and the result shows that  4% lime content 

by weight of aggregate increase Marshall Stability Strength [58] and 2 to 10-year durability  can 

be increased with the inclusion of 1-1.5% hydrated lime [28]. Silica fume having similar 

pozzolanic properties as lime[59], which encourages the use of silica fume as mineral filler in 

HMA.  

Plastic being the most non-conventional waste and due to its non-biodegradable nature, becomes 

hazardous to the environment and ecosystem. A perfect ban on plastic cannot be an optimum 

solution as its alternative is very hard to find and in today’s day to day life its requirement is more 

often, these are some of the reasons that lead its objectivity in the field of engineering.   

1.3 Objective 

As different mineral filler has been used to maximize the performance of surface layer of flexible 

pavement [62-65], this report used silica fume (an industrial waste) and then polypropylene along 

with silica fume as a mineral filler to stabilize HMA, after getting experimental values fatigue 

failure behavior is simulated with ABAQUS software to determine the percentage conversion rate 

of experimental values with numerical values.  
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Chapter 2 

Literature Survey  

This chapter mainly focuses on the methodology of factors affecting surface layer, filler in 

bituminous mix, fatigue failure of flexible pavement and numerical analysis with different 

software. 

 

2.1 Experimental analysis 

Mineral filler is one of the important component of HMA and many experiments have been done 

to utilize fine material as per ASTM D-5329 (16), fly ash and hydrated lime was used as a mineral 

filler and it was observed that with addition of 4% fly ash in HMA, 7% reduction in optimum 

bitumen content (OBC) was seen [62]. Crushed stoned dust was used and it was observed that with 

the addition of 10% stone dust marshall stability and flow was 8.2 kN and 3.4 mm [63]. Cement 

was used as mineral filler and it was observed that increment of bulk density and marshall stability 

with 4.3% and 25% respectively [64]. Binder substitute is also used in HMA to strengthen its core 

strength such as HDPE (High-Density Polyethylene) that shows optimum use of 10% HDPE to 

improve marshall stability [65]. 

2.2 Numerical analysis 

Numerical analysis for flexible pavement is done with many software such as ABAQUS, 

IITPAVE, PlAXIS etc. to simulate the behavior of pavement under different load conditions such 

as aircraft load at different mesh sizes and elements that shows its relationship with time-frequency 

[66]. The analysis with horizontal loads and interface conditions is carried out with to simulate life 

for flexible and semi-rigid pavement [67]. An analysis with ABAQUS is carried out to figure out 

different load area conditions such as rectangular, circular, semi-circular and ellipsoidal n which 

circular and rectangular contact area come out to be optimum [68]. Load Vs Deflection analysis is 

carried out with ABAQUS to examine the different material properties such as mass density, 

Young’s modulus etc. [69]. 
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Chapter 3 

Materials 

3.1 Aggregate 

The crushed quartz aggregates are used in the study. To assess the quality of aggregate various lab 

experiments i.e. cleanliness, grain size distribution, bulk specific gravity, Los Angles Abrasion, 

soundness. Shape and size, impact strength and water absorption have been carried out. The 

experimental results of the physical properties of considered aggregate are shown in Table 1 and 

Fig 1.  The gradation curve of considered aggregate has been compared with MoRTH upper limit 

and lower limit of aggregate per cribbed for the flexible paved structure construction which 

designates the material as grade II. 

Table 1: Properties of Aggregate Considered 

Test Parameters Specified limit 

(MoRTH) 

Test 

Result 

Test Method 

Cleanliness (Dust) (%)  Max 5 %  3 IS 2386 Part I  

Bulk Specific gravity   2-3 2.68 IS 2386 Part III  

Percent wear by Los angles abrasion (%) Max 35 % 10.6 IS 2386 Part IV 

Soundness loss by sodium sulfate solution 

(%) 

Max 12% 3.4 IS 2386 Part V 

Soundness loss by Magnesium Sulphate 

solution (%) 

Max 18% 3.7 IS 2386 Part V 

Flaky and Elongation Index (%) 

20mm 

10mm 

Impact Strength (%)  

20 mm 

10 mm 

Water absorption (%) 

Water Sensitivity (%) 

Max 35% 

 

 

Max 27% 

 

 

Max 2% 

Min 80% 

 

27.93 

32.13 

 

4.15 

5.91 

1.67 

93 

IS 2386 Part I 

 

 

IS 2386 Part IV 

 

 

IS 2386 Part III 

AASTHO 283 
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Figure 1: Grain size distribution curve of aggregate as per MoRTH requirement for 

aggregate 

 

3.2 Bitumen 

The conventional VG–30 Grade of bitumen have been used in the present study provided by Tiki 

Tar Industries (Baroda) Limited Gujarat India.  The properties of the binder were assessed by 

carrying out the viscosity, flash point, penetration, softening point, matter soluble, ductility and 

specific gravity lab experiments. The physical properties of a bitumen binder consider in the study 

are presented in Table 2. 

 

 

 

 

Table 2: Properties of Bitumen Considered 
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Test Parameters Specified limit 

(MoRTH) 

Test Result Test Method 

Absolute viscosity at 60°C poises 2400-3600 2855 IS 1206 (P-2) 

Kinematic viscosity at 135°C cSt, Min. 350 392 IS 1206 (P-3) 

Flashpoint cleave land open cup, °C, 

Min. 

250 °C 304 IS 1448 (P-

69) 

Penetration at 25°C, 100gm, 5sec, 

1/10mm, Min 

45 60 IS 1203 

Softening point (R&B), °C, Min 75°C 49 IS 1205 

Ductility at 25°C, cm, Min. 

Specific Gravity gm/cc 

 

 

40 

0.97-1.02 

75 

0.987 

IS 1208 

IS 1202 

 

3.3 Silica Fume 

The processed silica fume used in the research work provided by the Safew Tech system Indore 

(India) in powder form and air-dried. The various chemical and physical properties of silica fume 

are given in Table 3. 

 

Table 3: Properties of Silica Fume Considered 

Property Value 

Density, (Mg/m3) 92.25 

SiO2 (%) 98.87 

Al2O3(%) 0.02 

Fe2O3 (%) 0.01 

K2O (%) 0.08 

CaO (%) 0.23 

Specific surface area 

(m2/kg) 

15000-30000 

Percentage fines (%) 91 
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3.4 Polypropylene 

Polypropylene have been used in this project as a binder substitute to observe its variability with 

different amount of mineral filler (here SF) as they have many advantages, such as High strength, 

chemically inertness, non-corrosiveness, etc. For the present study, fibers with a length of 6 mm 

were used provided by Bajaj Reinforcements Nagpur India. The physical, chemical, and 

mechanical properties of Polypropylene shown in Table 4. 

 

Table 4. Properties of polypropylene fiber considered 

S.No. Property Value 

1.  Bulk Density 910 

2.  Tensile strength (kN/mm2) 0.67 

3.  Young’s modulus 

(kN/mm2) 

4.0 

4.  Melting point (°C) 165 
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Chapter 4 

Experiments 

After preliminary material characterization, the mix design of a bituminous mix has been carried 

out. The varying percentage of silica fume (i.e. 0.0%, 2.0%, 4.0%, and 6.0%) with bitumen (4.5%. 

5.0%, 5.5%, and 6.0%) and Polypropylene (i.e. 2.0%, 4.0% and 6.0% by weight of silica fume) by 

weight of aggregate are used to investigate the stability and durability of bituminous mix  The 

prepared bituminous mix mechanical resistivity, durability have been assessed using of the 

bituminous mix Marshall Stability Strength (MSS), Indirect Tensile Strength (ITS), Mean 

Marshall Stability Ratio (MMSR), Index of Retained Strength (IRS), and Water Sensitivity (WS) 

Tests. The bituminous mixes were prepared by using MoRTH guidelines. The bituminous mix was 

compacted in the desired size as per test requirement using standard compactor with 75 blows.  

 

4.1 Marshall Stability Test 

The test sample with varying percentages of silica fume (i.e. 2.0%, 4.0%, and 6.0%) and bitumen 

(4.5%. 5.0%, 5.5%, and 6.0%) by weight of aggregate content has been prepared. After getting the 

optimum mineral filler content test sample with varying percentages of polypropylene (i.e. 2%, 

4%, 6%) by weight of silica fume is carried out.   The cylindrical specimen of 67 ± 3mm diameter 

and 102.0mm thickness is statically compacted and kept in the water bath at 60 ± 1 °C temperature 

for the duration of 35± 5 min [60]. Three specimens of each grade of mix prepared to investigate 

the effect of repeatability and results are reported by applying standard deviation. The 100kN load 

cell and 50mm LVDT with a data acquisition system were used to measure and record the 

maximum load resistance and respective deformation at the constant strain rate of 50.4 mm/min. 

The results of the experiments have been reported as Marshall's stability, flow, and quotient.  

 

4.2 Volumetric properties 

The volumetric properties represent the volume of the binder, mineral filler, and coarse-aggregates 

necessary to produce a bituminous mixture of desirable material properties. The volumetric 



20 | P a g e  
 

parameters of the bituminous mix are significant for the long-term strength and durability of a 

paved structure. The various volumetric properties, which include maximum theoretical specific 

gravity, dry density, percentage of air voids, voids in mineral filler, voids filled with bitumen 

content of the bituminous mix has been evaluated to assess modified mix.  The following 

mathematical equations have been considered for the calculation of volumetric properties  

4.2.1 Maximum Theoretical Specific Gravity (Gmm) 

Gmm= 
Wmix

(V
mix

-Va)
 

4.2.2 Dry Density 

Dry density= 
WA

(WSSD-Ww)
 

4.2.3 Air Voids (VA) 

VA= ( 
Gmm-Gmb 

Gmm

)×100 

4.2.4 Voids in Mineral Aggregate (VMA) 

VMA= (1-
VMA-VA 

VMA
)×100 

 

4.2.5 Voids Filled with Bitumen (VFB) 

VFB= ( 
VMA-VA

VMA
 )×100 

Where,  

Wmix = Weight of bitumen mix,  

WSSD = Weight of the saturated surface dry samples 

Vmix = Volume of bitumen mix,   

Va = Volume of air voids 
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VMA = Voids in mineral aggregate  

Gmm = Maximum theoretical specific gravity  

Gmb  = Bulk specific gravity of the mix 

 

4.3 Indirect Tensile Strength 

In accordance with ASTM D6931 [61] Indirect tensile strength (ITS) test has been conducted on 

the test specimen prepared.  The cylindrical specimen of 67 ± 3mm diameter and 102mm thickness 

by ASTM D3549/D3549M [62] was statically compacted and 4 hours air-dried specimen are kept 

in the water bath at 60 ± 1 °C temperature for the duration of 35± 5 min. The indirect tensile 

strength test has been conducted to calculate the stiffness modulus which represents the cracking, 

fatigue and rutting property at low temperature. The test has been carried out at a constant strain 

rate of 50.4mm/min. The mathematical equation to calculate the maximum tensile strength given 

in Eq. 6: 

σt= 
2×Pmax

πHD
 

Where; 

 𝜎𝑡 = Indirect tensile strength (kPa) 

Pmax  = Maximum load carrying capacity (kN) 

H = Height of the specimen (mm) 

D = Diameter of the specimen (mm) 

 

 

4.4 Index of Retained Strength 

IRS test has been conducted as per ASTM D6927 [60] standard to evaluate the moisture damage 

effect on a bituminous mix. The results of the test represent the loss of cohesion caused due to 

water action. The total 6 specimens of each modified grade have been prepared in accordance with 



22 | P a g e  
 

ASTM D3549/D3549M [62]. The 3 specimens were kept at 60 ± 1 °C temperature for the duration 

of 24 hrs. in water bath and remaining 3 specimens are air-dried for 4 hrs. and then placed in water 

bath at 60 ± 1 °C temperature for the duration of 35± 5 min for testing. The specimens were tested 

at constant strain rate 50.4 mm/min to calculate the ultimate load-carrying capacity of the 

bituminous mix. The mathematical expression for the index of retained strength used for the 

calculation is given in 7. 

IRS (%)= (
Sw

Sd

)×100 

Where  

Sw: Wet specimen compressive Strength after 24 hrs.  

 Sd: Dry specimen compressive strength after 35± 5 min. 

 

4.5 Long Term Aging (LTA) 

LTA was calculated to evaluate the long term hardening of paved structures during in-service life. 

The LTA  was calculated as per SHRP A-003A, the specimens are cured in an oven at 80 ± 5 °C 

for 5 days simulate the long term hardening of 10 years in-service life [63]. The 6 specimens with 

varying content of bitumen and silica fume and then with polypropylene cured in the water bath 

and then tested by ASTM D6927 [60] at 60 ± 1 °C.  The long-term aging results are presented by 

MMSR. The mathematical equation to calculated MMSR is given in Eq. 8.   

MMSR= 
MSafter aging

MSbefore aging

 

 

 

4.6 Water Sensitivity Test  

The resistance provided to water-induced damage for the bituminous mixes due to the addition of 

the silica fume and then polypropylene as mineral filler was calculated by reduction in the indirect 
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tensile strength (ITS) percentage, before and after controlled moisture condition i.e. water bath 

immersion for 24 hrs. at 60°C by AASHTO T-283. 
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Chapter 5 

Numerical approach 

Abaqus software is used here for numerical analysis of flexible pavement for fatigue failure and 

linear elastic model is considered. 

5.1 Equations used 

1. Linear Elastic model for pavement layers 

                        

{
 
 

 
 
ᵋ11
ᵋ22
ᵋ33
ᵞ12
ᵞ13
ᵞ23}

 
 

 
 

 = 

[
 
 
 
 
 
1/𝐸 −𝑣/𝐸 −𝑣/𝐸 0 0 0
−𝑣/𝐸 1/𝐸 −𝑣/𝐸 0 0 0
−𝑣/𝐸 −𝑣/𝐸 1/𝐸 0 0 0
0 0 0 1/𝐺 0 0
0 0 0 0 1/𝐺 0
0 0 0 0 0 1/𝐺

         

]
 
 
 
 
 

    

{
 
 

 
 
𝜎11
𝜎22
𝜎33
𝜎12
𝜎13
𝜎23}

 
 

 
 

 

and 

𝐺 = 𝐸/2(1 + 𝑣) 

Where  

ᵋ = Strain at a point 

𝝈 = Stress at a point 

v = Poisson’s ratio 

E = Young’s modulus 

G = Shear modulus 

2.  Fatigue failure equation for max. 20 % crack at bottom of surface layer 

𝑁𝑓 = 0.0796 ∗ (1/Ɛ𝑡)3.291 ∗ (1/𝐸)0.854 

Where 

𝑁𝑓  = 𝑁𝑜.  𝑜𝑓 𝑐𝑢𝑚𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑎𝑥𝑙𝑒𝑠 𝑡𝑜 𝑝𝑟𝑜𝑑𝑢𝑐𝑒 20% 𝑐𝑟𝑎𝑐𝑘𝑒𝑑 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 

Ɛt = Tensile strength at any point on bottom of surface layer 

E = Young’s modulus at any point on the bottom of surface layer 
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5.2 Boundary Condition 

The sides of pavement are restricted from rotation and moving from all the possible direction when 

we look in the real scenario, thus we have taken ENCASTRE boundary condition that says, 

U1 = 0   UR1 = 0 

U2 = 0   UR2 = 0 

U3 = 0   UR3 = 0 

Where 

U1, U2, U3 are movement in X, Y and Z direction respectively. 

UR1, UR2, UR3 are rotation in X, Y and Z direction respectively. 

 

5.3 Mesh element and size 

 Mesh element and size is taken to have fine parts and effective nodes, the element and size are 

given below  

Mesh (Global) size at the point of load = 0.01  

Mesh (Global) size elsewhere = 0.1 

Mesh elements used = wedge (C3D6, 6 node linear triangular prism) 

 

Figure 2: Mesh element and size 
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5.4 Interaction properties 

Surface-to-surface contact is considered as layers are deformable and rigid and lower part of 

surface layer is taken as master surface and upper part of base layer is considered as slave layer 

as the later one is below the former one. Tangential property is defined by ‘Rough’ as practically 

it is not possible to have a smooth surface. 

 

5.5 Load condition 

As per the IRC 37 the standard load for wheel is given to be 80 kN, so by accordance with the IRC 

37 we have considered four points on surface layer and 20 kN is given to each point having circular 

contact diameter of 198 mm for the analysis of flexible pavement. 

 

 

 

 

Figure 3: Boundary condition and load condition 
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Table 5: Input parameter given for numerical analysis 

 

 

 

 

 

 

Parameters used Without SF With SF With SF + Polypropylene 

Length 10 m 10 m 10 m 

Width 3.5 m 3.5 m 3.5 m 

Height 0.01 m 0.01 m 0.01 m 

Young’s Modulus  221631.0 kN/m2 1193980.0 kN/m2 1197480.0 kN/m2 

Poisson’s Ratio 0.35 0.35 0.35 

Load condition 80 kN (vertical down) 80 kN (vertical down) 80 kN (vertical down) 

Boundary condition Encastre Encastre Encastre 

Mesh element  Wedge (C3D6) Wedge (C3D6) Wedge (C3D6) 

Mesh Size 0.01 (Global) 0.01 (Global) 0.01 (Global) 

Time Step 0.1 to 1 Second 0.1 to 1 Second 0.1 to 1 Second 

Interaction property Rough (f=0.47) Rough (f=0.47) Rough (f=0.47) 
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Chapter 6 

Results 

 

6.1 Silica Fume as a mineral filler 

Marshall Stability of a bituminous mix is the ultimate load that the specimen can carry, while the 

Marshall flow is the deformation of the specimen that occurred under peak load. Figure 2 shows 

the effect of mineral filler as silica fume on a) Bulk density b) Flow c) Marshall Stability d) 

Marshall quotient of the varying percentages of silica fume and bitumen content. From Fig. 2 (a) 

it can be observed that the bulk density of the bituminous mix increased with the addition of 2% 

and 4% SF content, however with the 6 % SF content inclusion, the reduction in the bulk density 

has been observed. The SF having higher specific surface area and with the inclusion of the fine 

particles in the bituminous mix voids filled closely and the increment in bulk density was observed. 

Since silica fume is lightweight material hence higher concentration of SF content reduced a bulk 

density. The pozzolanic reaction of silica fume occurs during the curing period of bituminous mix, 

which induced cementation effect in the specimen and as a result, stiff bituminous mix obtained. 

Due to stiffness in the specimen Marshall flow reduced as shown in Fig 2(b).  Figure 2(c) shows 

the effect of silica fume on Marshall stability of bituminous mix, as noted with the inclusion of SF 

the bulk density has been increased, and flow (mm) has been decreasing; hence a significant 

amount of improvement in the Marshall stability has been observed.  Figure 2 (d) depicts the effect 

of SF content on Marshall quotient of bituminous mix. As the Marshall stability value has been 

increased and stability flow has been decreased, as a result the Marshall quotient has been 

increased up to 3.01. As per the MoRTH [64] recommendation the MQ should be lies between 2 

to 4 for the paved structures. The bituminous mix during loading deformed in cohesion and 

adhesion. The cohesion and adhesion failure occurs due to the failure of binder and binder- 

aggregate interface, respectively.  It has been observed that the adhesive bond between binder-

aggregate is the controlling mechanism for failure in MSS test. The binder content increases the 

adhesive bond and silica fume fills the void in the specimen, which sufficiently increases the 

specific surface area to carry the traffic load. Figure 2(c) shows the MSS value increase with 

increasing the binder and mineral filler content. However, a higher concentration of mineral filler 

with low bituminous binder content produces a dry mix, whereas overfilling with a bituminous 
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binder imparts fluid-like characteristics in the specimen, as a result the reduction in the stability 

strength was observed at high concentration. The higher stability with lower flow rate is the 

primary indicator of resistance of paved structures against the deformation.  

 

Figure 4: Effect of silica fume on a) Bulk density b) Flow c) Marshall stability d) Marshall 

quotient 

The increase in the bulk density also shows the densification of the bituminous mix which can be 

used in paved structure in case of stiff mix requirement. The aggregates having a higher density 

than the mineral filler silica fume hence SF particles penetrated in a specimen and formed a layer 

on the aggregate surface.  The SF particles fill the air voids present in the specimen, but the values 

obtained are under specified limit 3%  to 5% as given by MoRTH [64] for mineral filler. The bulk 

specific gravity is the air voids depended parameter, the minimum air voids reduce the bulk volume 

of the bituminous mix which significantly increases the specific gravity as shown in Fig. 2 (a).  

Figure. 3 shows the effect of silica fume on a) Air voids b) Voids in mineral filler c) Voids filled 

with bitumen d) Percentage volume of bitumen. The air voids of the bituminous mix have been 

reduced from 13.97 % to 4.17 %. As shown in Fig 3 (a) and (b), with the addition of SF as filler 

material the void ratio and void in mineral aggregate have been reduced. Figure 3 (d) depicts the 

effect of SF content on percentage volume of bitumen content and it can be observed that with the 

increase of the SF content the reduction in the % volume of bitumen content has been observed 

since the SF fines fill the voids up to a great extent. 
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Figure 5: Effect of silica fume on a) Air voids b) Voids in mineral filler c) Voids filled with 

bitumen d) Percentage volume of bitumen 

Figure 4 shows the effect of silica fume on an ITS of a bituminous mix. It can be observed that 

with the inclusion of silica fume in the bituminous mix the ITS value of mixes increases 

significantly, however, the over dosses of silica fume content reduces the ITS value. The maximum 

value of ITS was observed at the 4.0 % silica fume mixed with 5.5% VG 30 grade of bitumen; the 

more or less similar results have also been observed at 5.0% VG 30 content. The inclusion of silica 

fume in the mixing process the pozzolanic action during the curing, and hence, the tangible 

improvement in the ITS has been observed. From Fig.4 it can be seen that 2 % SF at 5.0% bitumen 

content, 4.0% and 6.0% SF at 5.5 % bitumen content gives higher values. The inclusion of a higher 

percentage of the SF content also increases the requirement of bitumen for processing adequate 

strength. The no filler material reduces the strength of bituminous mix up to a great extent and 

gives similar results even by increasing the bitumen content in the mix. The presence of SF content 

as a filler material reduces the void ratio hence with the densified bituminous mix the strength has 

been increased.  
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Figure 6: Effect of silica fume on indirect tensile strength of the bituminous mix 

 

Figure 5 illustrated the effect of silica fume on the index of retained strength of a bituminous mix. 

It is clearly shown that there is less influence by moisture damage with the addition of silica fume 

in a bituminous mix. The IRS value has been increased from 39 % to 86 % with the addition of SF 

content.  The maximum performance to the IRS was observed by 4.0% and 6.0 %  SF at 5.5% 

bitumen content in the mix. The higher content of silica fume makes bituminous mix as stiffer, 

and as a result in low reduction in the strength has been observed with increasing the SF content. 

 

Figure 7: Effect of silica fume on the index of retained strength of the bituminous mix 
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The effect of silica fume on a Mean Marshall Stability Ratio of a bituminous mix is illustrated in 

Fig 6. The similar behavior of the bituminous mix has found, as observed during IRS results. The 

increment in the values has been observed. This test shows the long terms aging effect of the 

modified bituminous mix. The properties have shown significant improvement due to pozzolanic 

reaction of SF content for five days curing period. Stiffen bitumen mix gives more MSS than the 

initial curing period specimen, hence the effect of aging lies under the acceptable limit.  The MSS 

decreased when the silica fume was not used in the bituminous mix, which shows with time 

bitumen hardened and cause loss in strength.  

 

Figure 8: Effect of silica fume on the Mean Marshall stability ratio of bituminous mix 

 

The effect of silica fume as a mineral filler on a water sensitivity of a bituminous mix shown in 

Fig. 7. With the inclusion of silica fume the average loss in the strength has been reduced due to 

moisture-induced damage. The results are expressed as loss in indirect tensile strength of the 

bitumen after 24 hrs. of submersion period. The loss of ITS value was observed 19.80%, 18.51% 

and 17.50% with the inclusion of 2.0%, 4.0%, and 6.0% SF content, respectively. These values of 

the ITS lies in the acceptable limit of maximum 20%  loss of strength due to water sensitivity [65]. 
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The higher content of silica fume content shows less reduction in the ITS loss due to pozzolanic 

action occurs during the curing period; however, the reduction caused due to the hardening of 

binder content. Bitumen mix losses strength up-to 40% without mineral filler content, which 

indicates less durability.  

 

Figure 9: Effect of silica fume on water sensitivity test of bituminous mix 

6.2 Silica Fume and polypropylene 

Experiments with polypropylene is carried out by keeping optimum bitumen content 5.5 % by total 

weight constant and changing with polypropylene (2.0 %,4.0%,6.0% and 8.0%) with different 

silica fume (0%,2%,4% and 6%) content. Figure 10 shows the effect of mineral filler as silica fume 

and polypropylene on a) Bulk density b) Flow c) Marshall Stability d) Marshall quotient of the 

varying percentages of silica fume and bitumen content. From Fig. 10 (a) it can be observed that 

the bulk density of the bituminous mix increased with the addition of 2% and 4% polypropylene 

content and 6 % polypropylene content while slight decrease is observed with 8 % polypropylene 

content. Figure 10 (c) shows the effect of silica fume and polypropylene on marshall stability of 

bituminous mix, as noted with the inclusion of SF and polypropylene the bulk density has been 

increased, and flow (mm) has been decreasing; hence a significant amount of improvement in the 

Marshall stability has been observed. Figure10 (d) depicts the effect of SF content on Marshall 
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quotient of bituminous mix. As the Marshall stability value has been increased and stability flow 

has been decreased, as a result the Marshall quotient has been increased up to 3.07. As per the 

MoRTH [64] recommendation the MQ should be lies between 2 to 4 for the paved structures. 

Figure 11(c) shows the marshall stability value increase with increasing the polypropylene and 

mineral filler content. However, a higher concentration of mineral filler with low bituminous 

binder content produces a dry mix, whereas overfilling with a bituminous binder imparts fluid-like 

characteristics in the specimen, as a result the reduction in the stability strength was observed at 

high concentration.  

 

Figure 10: Effect of silica fume on a) Bulk density b) Flow c) Marshall stability d) Marshall 

quotient 

 

The SF particles fill the air voids present in the specimen, but the values obtained are under 

specified limit 3%  to 5% as given by MoRTH [64] for mineral filler. The bulk specific gravity is 

the air voids depended parameter, the minimum air voids reduce the bulk volume of the bituminous 

mix which significantly increases the specific gravity as shown in Fig. 10 (a). Figure. 11 shows 

the effect of silica fume on a) Air voids b) Voids in mineral filler. The air voids of the bituminous 
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mix have been reduced from 13.85 % to 3.98 %. As shown in Fig 11 (a) and (b), with the addition 

of SF as filler material the void ratio and void in mineral aggregate have been reduced up to 4% 

SF content. 

 

Figure 11: Effect of silica fume on a) Air voids b) Voids in mineral filler 

 

Figure 12 shows the effect of silica fume on an ITS of a bituminous mix. It can be observed that 

with the inclusion of silica fume in the bituminous mix the ITS value of mixes increases 

significantly, however, the over dosses of silica fume content reduces the ITS value. The maximum 

value of ITS was observed at the 4.0 % silica fume and 6.0 % polypropylene mixed with 5.5% VG 

30 grade of bitumen.  
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Figure 12: Effect of silica fume on indirect tensile strength of the bituminous mix 

Figure 13 illustrated the effect of silica fume on the index of retained strength of a bituminous mix. 

It is clearly shown that there is less influence by moisture damage with the addition of silica fume 

in a bituminous mix. The IRS value has been increased from 40.86 % to 96.12 % with the addition 

of SF and polypropylene content.  The maximum performance to the IRS was observed by 4.0% 

and 6.0 % SF with 6.0% and 4.0% polypropylene respectively.  

 

Figure 13: Effect of silica fume on the index of retained strength of the bituminous mix 
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The effect of silica fume on a Mean Marshall Stability Ratio of a bituminous mix is illustrated in 

Fig 14. As it can be observed that a slight increase in MMSR with extra addition of polypropylene 

with SF which shows very slight effect of polypropylene on aging of HMA. 

 

Figure 14: Effect of silica fume on the Mean Marshall stability ratio of bituminous mix 

 

The effect of silica fume as a mineral filler on a water sensitivity of a bituminous mix shown in 

Fig. 15. With the inclusion of silica fume the average loss in the strength has been reduced due to 

moisture-induced damage. The results are expressed as loss in indirect tensile strength of the 

bitumen after 24 hrs. of submersion period. The loss of ITS value was observed 17.58%, 18.43% 

and 16.73% with the inclusion of 2.0%, 4.0%, and 6.0% SF content and 4%, 4% and 6% 

polypropylene respectively. These values of the ITS lies in the acceptable limit of maximum 20%  

loss of strength due to water sensitivity [65].  
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Figure 15: Effect of silica fume on water sensitivity test of bituminous mix 

 

 

6.3 Numerical analysis 

Values of Young’s Modulus for the three cases i.e. without mineral filler, with SF and with SF and 

polypropylene has been taken from ITS test of corresponding optimum composition. Young’s 

Modulus from software is coming out to be 247679.397 kN/m2, 1363105.0 kN/m2 and 1347830.95 

kN/m2 for HMA without mineral filler, with SF and with SF and polypropylene respectively. The 

conversion error for fatigue failure equation can be claimed from experimental and numerical 

analysis is coming out to be 30.59%, 24.17% and 26.478 % respectively. 
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  Table 6: Summary of conversion error with ABAQUS  

 

Parameters Numerical 

value 

(without SF) 

Experiment 

value 

(without SF) 

Numerical 

value 

(with SF) 

Experiment 

Value 

(with SF) 

Numerical 

value 

(with SF + 

PP) 

Experiment 

Value 

(with SF + 

PP) 

E 247679.39  

𝑘𝑁/𝑚2 

 

221631.00    

𝑘𝑁/𝑚2 

 

1363105.0  

𝑘𝑁/𝑚2 

1193980.0    

𝑘𝑁/𝑚2 

1347830.9  

𝑘𝑁/𝑚2 

1197480.0    

𝑘𝑁/𝑚2 

ᵋt 

 

1.1e-05 

 

1.27e-05 

 

4.71e-07 

 

2.63e-07 

 

5.18e-07 

 

3.56e-07 

 

Nf 5745.2347 

sa 

 

3987.76 sa 

 

42.669 msa 

 

32.356 msa 

 

47.349 msa 

 

34.811 msa 

 

Conversion 

Error  

30.59% 

 

 24.17 % 

 

 26.478 % 
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             Table 7: Summary of Experimental Results (SF) 

Volumetric 

Properties  

0.0 % Silica Fume 2.0 % Silica Fume 4.0 % Silica Fume 6.0 % Silica Fume 

Bitumen Content Bitumen Content Bitumen Content Bitumen Content 

4.5 5.0 5.5 6.0 4.5 5.0 5.5 6.0 4.5 5.0 5.5 6.0 4.5 5.0 5.5 6.0 

Gmm 2.356 2.36 2.34 2.338 2.47 2.57 2.52 2.5 2.65 2.76 2.81 2.58 2.63 2.68 2.7 2.66 

Vv 13.57 13.43 13.89 13.97 10.36 9.29 9.87 10.1 7.09 5.01 4.17 9.37 8.1 6.9 6.45 6.95 

VMA 25.03 26.11 27.64 28.89 22.37 23.1 24.69 26.05 19.97 19.84 20.7 25.84 43.6 53.57 61.21 59.79 

VFB 55.63 62.49 60.65 59.2 62.52 74.4 72.22 65.28 47.65 59.65 79.85 68.22 43.6 53.57 61.21 59.79 

Vb 11.46 12.68 13.75 14.92 12.01 13.81 14.82 15.95 12.88 14.83 16.53 16.47 12.79 14.4 15.88 16.97 

MS 2.2 2.27 2.11 2.09 4.36 5.53 4.76 4.56 8.43 10.57 12.53 5.61 7.54 8.89 9.45 8.65 

Flow 4.12 5.78 6.2 8.17 3.91 3.99 5.03 5.45 3.04 3.51 3.89 4.92 2.84 3.43 3.78 4.48 

MQ 0.53 0.39 0.34 0.26 1.12 1.39 0.95 0.84 2.77 3.01 3.22 1.14 2.65 2.59 2.5 1.93 

ITS 209.64 216.31 201.06 199.16 415.46 526.95 453.58 434.52 803.29 1007.22 1193.98 534.58 718.49 847.13 900.49 824.26 

MSS 0.89 0.97 0.87 0.83 2.76 4.00 3.25 3.08 5.97 8.63 10.77 4.40 4.92 6.23 8.16 6.77 

MMSR 78.25 76.86 77.25 74.32 102.50 102.68 103.54 101.24 116.42 117.38 121.54 112.59 124.52 123.18 105.40 104.30 

WS 32.00 34.50 33.28 36.80 21.00 19.80 20.20 20.68 20.53 19.29 18.51 22.63 21.60 18.20 17.50 23.58 

IRS 40.25 42.68 41.21 39.64 63.40 72.40 68.30 67.50 70.80 81.65 85.96 78.36 65.30 70.10 86.30 78.24 
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Table 8: Summary of Experimental Results (SF+PP) 

Volumetric 

Properties  

0.0 % Silica Fume 2.0 % Silica Fume 4.0 % Silica Fume 6.0 % Silica Fume 

PP Content PP Content PP Content PP Content 

2.0 4.0 6.0 8.0 2.0 4.0 6.0 8.0 2.0 4.0 6.0 8.0 2.0 4.0 6.0 8.0 

Gm 2.455 2.46 2.47 2.385 2.5 2.63 2.76 2.556 2.819 2.83 2.89 2.824 2.785 2.79 2.814 2.772 

Vv 13.85 13.58 13.46 13.72 8.68  8.27 8.01 8.48 4.22 4.03 3.98 4.11 6.38 6.24 6.01 6.59 

VMA 27.78 26.85 28.22 30.12 25.75 23.51 23.18 24.59 24.45 21.5 20.51 25.1 21.37 20.52 23.46 25.4 

VFB 50.14 53.14 52.3 54.44 66.29 64.82 65.44 65.51 82.74 81.25 80.59 83.62 70.14 69.59 74.38 70.05 

Vb 13.93 13.27 14.76 16.4 17.07 15.24 15.17 16.11 20.23 17.47 16.53 20.99 14.99 14.28 17.45 18.81 

MS 2.17 2.3 2.45 2.2 5.84 7.01 7.84 5.98 11.97 12.26 12.68 12.21 9.54 9.78 10.59 8.45 

Flow 6.05 6.17 6.32 6.4 4.96 5.13 5.54 5.68 3.75 3.98 4.13 4.57 3.85 3.97 4.09 4.21 

MQ 0.35 0.37 0.38 0.27 1.17 1.36 1.41 1.05 3.19 3.08 3.07 2.67 2.47 2.46 2.59 2.007 

ITS 212.73 218.54 219.00 202.16 454.48 457.99 613.98 414.72 913.69 1167.65 1197.48 1158.87 906.49 967.11 875.45 700.86 

MSa 0.668 0.80 1.07 0.955 4.02 5.5 6.46 4.35 7.51 8.52 12.18 6.06 8.45 9.82 8.12 7.03 

MMSR 73.65 72.78 76.85 73.12 98.39 101.47 110.78 101.24 112.31 117.58 131.84 108.79 130.92 129.79 117.65 114.47 

WS 31.49 30.05 28.90 29.73 20.79 17.58 18.33 20.19 20.67 18.43 18.88 19.42 21.59 17.02 16.73 19.39 

IRS 43.39 40.86 44.01 43.42 68.86 78.59 82.39 72.84 85.46 89.03 96.12 80.79 88.63 92.76 87.88 83.19 
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Chapter 7 

Conclusion and Future work 

This report presents the study of effective reuse of industrial waste silica fume as a mineral filler 

and polypropylene as a binder substitute in the bituminous mix to densify paved structures.  Silica 

Fume, an industrial waste product, has an adverse impact on the environment if not disposed of 

safely. Its utilization in the construction industry can reduce the disposal problem of waste and use 

of conventional natural materials. The conventional mineral filler cement production emits large 

quantity of CO2 which adversely affects the environment. On the other hand polypropylene being 

a plastic material and non-biodegradable substance, is somehow threat for the sustainable 

development. The comparative analysis by varying the SF and bitumen content and then with 

variable polypropylene content has been carried out. The following conclusion can be drawn based 

on durability and strength tests.  

• Silica fume fulfills satisfactory properties to use as a mineral filler prescribed by MoRTH. 

Marshall stability strength of HMA increased with the inclusion of silica fume as a mineral 

filler. The 4.0% silica fume at 5.5% bitumen content gives more stability, which can be 

considered as an optimum limit for the filler and binder.  The Marshall quotient has been 

increased up to 3.5%, and air voids of the bituminous mix have been reduced from 13.97% 

to 4.17 %. On the other hand with 6% polypropylene and 4.0% SF marshall stability 

strength gives it’s highest value,  with which lies in the acceptable limit prescribe by the 

MoRTH.  

• Indirect Tensile strength of the bituminous mix exponentially increased with the addition 

of silica fume and then with polypropylene. The ITS value has been increased by 1193.98 

kPa  with the inclusion of 4.0 % silica fume at 5.5% VG 30-grade bitumen, and 1197.48 

kPa with inclusion of 6.0% polypropylene and 4.0 % SF, which signifies the effect use of 

SF and polypropylene as a mineral filler and binder substitute respectively. 

• Numerical analysis for variation of fatigue failure values (up to 20% crack) to use this 

constituent of HMA in the real field for the purpose of flexible pavement construction are 

showing values under 30% which concludes its usability in the actual field. 
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Experiments do show a favorable reason to use SF as a mineral filler at 4.0 % by total 

weight but yet it is pozzolanic reactive substance it’s microscopic chemistry with bitumen 

content and HMA needs to be checked and a small flexible pavement demonstration should 

be taken to ensure its effective usability. 
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