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Abstract: High performance concrete pavement
appears to be the best choice for layer with high
strength and low cost. In this paper, the mechanical
properties were investigated which considered
essential for design and requirements of rigid highway
pavement. These properties were examined by
compressive strength, flexural strength and modulus of
elasticity. Previous test investigations were imposed
for concrete mixes with different Nano SiO2 (size of 30
nm) percentage (0, 0.5, 1,1.5, & 2) % by wright of
cement as mineral admixture . Also, X- Ray Diffraction
(XRD) and X-Ray Fluorescence (XRF) tests were
conducted to indicate the chemical composition of the
used admixture. Energy Dispersive Spectroscopy (EDS)
was conducted to visualize the micro structural
behaviour of concrete during hydration process. Wet
and dry mixing methods were utilised to prepare the
modified concrete mixes and the results of the more
effective method, were adopted. Scanning electron
microscopy (SEM) was utilized to investigate the
microstructure and morphology of nano concrete
mixes. The results of SEM indicated that the
microstructural distribution of C-S-H gel were
comparable for all the nano mixes. The decrease in
thickness of nano concrete layer was associated with
the increment in the percentage of nano silica add to
the mixes when the other factors remain the same.
The best percentage of nano silica was 1.5% by weight
of cementitious materials (by using dry mixing
method). This percentage satisfied all requirements of
fresh and hardened concrete mixes for highway
pavement and achieved well microstructure with
significant decrement in the thickness of concrete layer
which positively reflected on construction cost .

Keywords: Microstructure, Mechanical properties,
Nano Silica, Layer Thickness, Rigid Pavement.

1. Introduction

Rigid Highway pavement plays a significant
role in the nation’s infrastructure. The
construction and maintenance of them
consume large amount of energy resulting in
environmental impact and reduction of
covetable source. Therefore, any method
reducing the above harmful impact may reflect
positivity on sustainable development [1] .
One of main recent technology is the use of
nano concrete mixes to construct rigid
highway pavement. The use of nano materials
in cement-based mixes have sustainable merits
due to the advantages related to the final
product. The incorporation of nano materials
into matrix improves the mechanical
properties of nano composite [2].

Usually, the high specific surface of nano
silica particles cause high adsorption of Ca+
ions as well as accelerate the dissolution rate
of C3S which in turn increase the hydration
rate and the formation of the cement hydration
products. In addition, nano silica acts as
reactive filler which increase the packing
density and reduce the voids within the
concrete mass [3].
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The chemical effect of nano silica that reacts
with CH (calcium hydroxide) from cement
hydration to form calcium Silica hydrate C-S-
H. The formation of C-S-H increases the
strength and durability of concrete relative to
control one. Thus, the nano silica of new
composite enhanced the general properties of
concrete [4].

The porosity of control hardened concrete mix
is approximately high and the mechanical
characteristics are comparably low. The use of
nano silica initiates the early pozzolanic
reaction on the silica products to form C-S-H
gel and increase the viscosity of cementitious
mix. This process may impose negative or
positive effect on microstructural development
depending on the percentage of nano silica [5].

1.2. Nano Silica Admixture (SiO,)

Pozzolanics are known as siliceous and
alumina particles reacting with Ca(OH).-CH
to form cementitious products. The mineral
characteristics such as particle size and the
amorphousness are the main parameter related
to Pozzolanic activities. The ultra-size of nano
silica causes packing that work as filler inside
the matrix of hardened cement paste
increasing the strength, durability and sulphate
resistance of mixes [6].

2. Experimental Work
2.1. Material

The materials used to prepare the test samples

in this research are:

e Water: Tap (drinking) water, free of oils,
acids, alkaline, is suitable for sample
preparations.

e Fine aggregate: Al-Gkaider natural sand
with most particles smaller than 4.75 mm,
based on Iragi requirements (N0.45/1984-
Fine aggregate based on gradation Zone
No.2) [7].
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e Coarse aggregate: generally all particles
smaller than 20 mm, based on Iraqi
requirements (N0.45/1984) [7].

e Cement: Al Jeser sulfate resisting cement
produced in Irag was used. The cement
conforms to the Iragi requirements
(N0.5/1984-type V) [8].

¢ Nano material: Nano silica (SiO) has high
purity reaches to 99% and particle size of
about (30 nm) with different contents (0%,
0.5%, 1%, 1.5%, 2%) by weight of cement.

e High range water reduces admixture
(superplasticizer). Hyperplastic (PC 175) is
high performance super plasticizer used as
dispersing addition in order to overcome
the nano particles agglomeration and
ensure reactive surface for the filling effect
and C-S-H formation. [9].

e Colloidal polymer resins admixture Poly
Vinyl Alcohol (PVA) is colloidal material
(solid white granules) in water help
dispersion of micro material [10].

2.2. Concrete Mix

The concrete mix was prepared to achieve the
requirements of concrete mixture construction
(C30) according to ACI 211.1) [11].

2.2.1. Types of Nano Mixing Method

For better performance, the following main
mixing methods [6], which were used to solve
the problem of nano agglomeration during
addition to cement binder within nano
modified concrete mixture:

1. Wet Mixing Method

Nano silica admixture was mixed with first
part of mixing water in the presence of
Polyvinyl alcohol (PVA) (1% by weight of
cement binder) by using stirring device as
shown in plate (1-a) for (10 min period) .
Then, the solution was treated by sonication
device with 50W power for (5 min period) and
temperature (25 °C)) as shown in plate (1-b).
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The second part of mixing water was mixed
with superplastizer (0.5 liter/100 kg of
cementitious material) by using electrical
mixer. The final step of preparing nano
modified concrete mixes was achieved by
adding all mentioned solution with the

residual mixing water to the other concrete
components (aggregate) and the concrete
mixes were poured into steel models of
specimens, compacted by vibratory table for
(3-4) seconds and cured in water bathes at 20-
25°C temperature [12].

N
ol

a- Stirring Device b- Sonication Device
Plate 1. Devices for Wet Mixing Method (Nano
Material Laboratory, College of Materials Engineering,
University of Babylon)

2. Dry Mixing Method

Nano silica material was added to part of
cement binder in a small container and mixed
by using rotary mixer for (25 min., period ) as
shown in plate 2 .

The first part of mixing water was mixed with
the superplastizer (0.5 |liter/100 kg of
cementitious material) by using electrical
mixer . The Final step of preparing nano silica
concrete mixer was done by adding solution
and modified cement to the other components
(aggregate) and the concrete mixes were
poured into steel models of specimens,
compacted by vibratory table for (3-4) seconds
and cured in water bathes at 20-25 °C
temperature.
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a- Rotary Device

b- Nano Silica and Cement

Before and After Mixing

Plate2. Rotary Device for Dry Mixing Method (Nano

Material Laboratory, College of Materials Engineering,
University of Babylon)

e X-Ray Detraction Test of Nano Silica
Admixture

The crystallinity of Nano-silica particle was
determined by X-ray diffraction (XRD) which
is considered the most useful technique for
identification of microstructure was shown in
Figure (1). The analysis was compatible with
the powder is amorphous silica with little
impurities.

1F WMWW W‘WWM‘MWLW{“WJ,WW‘ "

T
3

Thets-2Thets (deg)

Figurel. XRD Analysis of Nano (Sio,) Particles
(Germany-Iraqgi Laboratory, College of Science,
University of Baghdad)

e X-Ray Florescence Test of Nano Silica
Admixture

It is a simple non-distractive method for
testing the quantitative and qualitative analysis
of chemical composition of Nano silica
material to achieve the purity and chemical
composition of the admixture as shown in
Table (1).
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Tablel. XRF Results of Nano (SiO,) Particles
Germany-Iragi laboratory, College of Science,

University of Baghdad.
Samplo Name 8102 Date of Receipt 031112019 1240
Description nano Method TurboQuant-Powd
7 Symbol _ Eloment Norm. Int Concentration  Abs Ermor
2 M0 Magnesium 0,0000 <000M % (000 %
13 A203  Aluminum 02139 1387 % 00 %
4 802 Silkon 35531,0665 M3 % 01 %
15 P25  Phosphorus 21,0 00200 % 00038 %
6 803  Sulw 30,5036 000050 % (00 %
11 Cl Chioring 157.2008 002818 % 0,00017 %
9 KO  Polossiom 0,0000 <0012 % (000 %
N C0  Calelum 328700 01403 % 00023 %
2 T02  Titanium 18.3218 00745 % 00016 %
A V05 Vanadium 06745 0,005 % 00027 %
% 0203 Chomium 53510 0,00088 % 0,00005 %
% MO Manganese 19706 0,00504 % 0,00021 %
% Fe203  lron 3430652 01341 % 0,0005 %
A C0  Cobal 1,0889 <000000 % (0.00020)%
% NO Nickel 14,2836 0,00205 % 0,00006 %
2 C0  Copper 57028 0,00000 % 0,00000 %
N 0 I 218309 0,00100 % 0,00004 %
N Ga Gallium 0,0000 <000005%  (00) %
N Ge Germaniym 0,0000 <000005%  (00) %
B A203  Amenic 00000 <000007%  (00) %
W S Selenium 00000 <000005% (000 %
B B Bromin 20583 0,00007 % 0,00001 %
i R0 Rubidum 10,0020 0,00017 % 0,00001 %
¥ S0  Stontum Ram 0,00086 % 0,00001 %
0oy Yitrium 022349 0,00085 % 0,00001 %
0 200 Zirconium 10,7622 000327 % 0,00000 %
41 Nb205  Niobium 05148 0,00013 % 0,00004 %
2 M Molybdenum 521 0,00089 % 0,00005 %
i1 N Silver 11532 0,00054 % 0,00013 %
@ Cd Cadmium 10281 0,00002 % 0,00001 %
5 802 Tin 0,0000 <00000% (00 %
51 Sh205  Antimony 21855 <000040% (000 %
R T Tollurum 0,0000 000030 %  (00) %
L lodine 0,0000 <000030% (00) %
5 O Casiym 0,0000 <0000 %  (00) %
% Ba Bariym 26 <00000% (00 %
i L Lanthanum 203 <000020% (000 %
58 Co Corlum 23554 <000020% (00) %
n H Hafnium 31036 0,00034 % 0,00003 %
7 Te205  Tontolum 31,8206 0,00795 % 0,00014 %
o W03 Tungsten 2801 0,00016 % 0,00002 %
0 H Mercury 31380 0,00018 % 0,00002 %
Bt M Thallium 49410 0,00020 % 0,00001 %
2 PO Lead 142 0,00073 % 0,00003 %
8 B Blsmuth 0,0000 <000010% (00 %
M T Thorium 136309 0,00056 % 0,00002 %
n Uranium 124085 0,00019 % 0,00001 %
Sum of concentration 200 %
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2.3. Testing Procedure

2.3.1. Fresh Concrete Test

For all the natural and nano SiO2 concrete
mixes, slump test was conducted immediately
after mixing in accordance to (ASTM C-143-
89) [13].

2.3.2. Hardened Concrete Test

Compressive strength: The cubic samples
for the test were manufactured with
dimensions  (150x150x150 mm) in
accordance with (BS 1881-Part 116) [14].
The cubes were tested utilizing the standard
testing machine having a capacity of
2000kN.

Flexural strength test: The samples of
modulus of raptures were fabricated in
accordance to (ASTM C 78-02) [15] with
dimension (100x100x400 mm). These
primes were tested by Flexural machine of
(2000 kN) capacity.

Static Modulus of Elasticity: The related
test was carried out in accordance to ASTM
(469-02) [16]. The cylindrical samples
were manufactured with  dimensions
(150300 mm). Then, they fixed in
compressive machine with attaching stain
measuring equipment, and the dial gauge
with average of 0.001 mm.

2.3.3. Microstructural Analysis (SEM Test)

Scanning electronic microscopy (SEM) is
utilised to investigate the Microstructure and
the morphology of control mixes and these
with Nano silica admixtures as shown in plate

(3).
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Plate3. Scanning Electronic Microscopy (SEM) with
Sputter Coating Device (Microscopic Laboratory,
College of Science, University of Kufa)

3. Results and Discussion

3.1. Fresh Properties of Control and Nano
Cement Mix

Due to the large surface area of Nano silica
(smaller particle size of Nano silica
admixture), the initial setting time is reduced
and the slump value is decreased that have a
significant effect on workability behaviour of
Nano concrete mix due to high degree of
agglomeration but still within the adopted
limitation (25-75 mm slump) except for2%
Nano silica content. Thus, there was a greater
demand for the superplastizer to achieve the
required workability as shown in Figure (2).

H control
B Slump (wet)

- mSlump (dry)
E 50
‘a: 40
E
“ 2
w I
0
MO M1 M2 1% M3 M4
Control  0.5% 1.5% 2.0%
Mixture Type

Figure2. Effect of Fresh Mix Type According Nano
Silica Addition Content on Slump Value

3.2. Hardened Properties of Control and Nano
Concrete Mixes

Nano silica gives both pozzolanic
activities due to high surface area and
packing ability with significant role in
filling voids, thus it increases the
mechanical properties.
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MO M1 M2 M3 M4
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Figure3. Effect of Mix Type According Nano Silica
Addition Content on Compressive Strength at Age (28)
Days

w1
o

Compressive Strength (Mpa)

Moreover, it can participate in the hydration
process to create C-S-H product through
reaction with Ca(OH) [17] .

The increase of strength is the most important
benefit of using nano materials like Nano
silica as shown in Table (2) and Figure (3, 4,
& 5).

10 H control

oI I “ " I
Mo M1 M2 M3 M4

Mixture Type
Figure4. Effect of Mix Type According Nano Silica
Addition Content on Flexural Strength at Age (28) Days

mwet mdry

e )] o

Flexural Strength (Mpa)
N

Hcontrol Mwet MDry

60

40
| I II
0
MO M1 M2 M3 M4

Mixture Type
Figure5. Effect of Mix Type According Nano Silica

Addition Content on Modulus of Elasticity at Age (28)
Days

Modukus of Elasticity (Mpa)
o
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Table 2. Tests Values of Compressive Strength,
Flexural Strength and Modulus of Elasticity at Age 28
Days for Control Concrete and Nano Silica Concrete

Mixes

_ Compressive Flexural Modu!ug of
Mix strength (MPa) strength Elasticity
Type (MPa) (GPa)

Wet Dry Wet Dry Wet Dry
MO 34.78 4.95 3221
M1 3510 3598 502 543 37.88 38.07
M2 37.04 3832 588 6.07 4489 46.19
M3 4257 4459 743 781 5193 5251
M4 39.83 40.17 6.87 711 46.12 46.50

3.3. Microstructure Analysis of Control and
Nano Concrete Mixes

In SEM analysis of concrete mixes, it can be
noticed the absence of well-developed
Ca(OH)2 plates and the presence of relatively
high porosity. When nano particles are
uniformly distributed in concrete mix, they fill
cement panes and act as concrete core. Due to
its intense activity, cement hydration becomes
rapid and concrete strength measures
especially modulus of elasticity increase that
agree with [18].

The microstructure of hydrated cement paste
of M3 (1.5% of nano silica addition) was
shown in Figure (6-a). The considerable
strength obtained in this mix was due to the
pozzolanic activity of the Nano silica. The
chemical reaction of nano silica with the
portlandite Ca(OH). leads to production of
additional C-S-H gel and less voids. The nano
structure is very dense and many crystalic
lumps can be observed. From EDS test shown
in Figure (6-b), the purity observed matches
the specification which  presents the
predominant phases Oxygen (O), silicon (Si)
and Calcium (Ca). That shows a good reaction
between silica and Ca(OH)..
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a. SEM Micrograph of b. EDS Images of M3

Ms.
Figure 6. Microstructure Analysis of M3 (1.5% Nano
Silica Modified Concrete)

From SEM micrograph shown in Figure (7-a),
it was observed that C-S-H gel was rapidly
spread on the Mo (control mix) which was the
main cause for the effective strength but with
Ettringite appearance extend in relatively high
air voids. The microstructure looks to contain
many amorphous substances. EDS test given
in Figure (7-b) presents the predominant phase
oxygen (O) and calcium (Ca) only. High
concentration of Ca due to the formation of
Ca(OH): crystals.

a. SEM Micrograph of Mg b. EDS Images of Mo
Figure 7. Microstructure Analysis of Mg (Control
Concrete)

4. Thickness Design of Nano Concrete
Layer

The thickness of the concrete layer within
rigid highway pavement is fabricated in
accordance to AASHTO Guide [19]. All
mixes are designed to withstand the same
conditions. Table (3) shows the comparison
which is based on layer thickness between
control mix (0% Nano silica addition) and
mixes contain different percentages of Nano
silica admixture (0.5, 1, 1.5, and 2% %). As
given in previous table, the mixes contain
Nano silica admixture gives lower thickness
than control mixes due to high value of
modulus of elasticity and Flexural strength.
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This may make saving in construction cost
with taking in consideration the Nano silica
cost.

Table3. Calculated Thickness Values of Highway

Layer For Control and Nano Silica Concrete

Mixes
MR Ex108 (psi)
Mix W K (psi)
Type 18x10% (pci)
Wet Dry Wet Dry
MO 60 200 718 4.7
M1 60 200 728 787 549 552
M2 60 200 853 880 6.51 6.69
M3 60 200 1077 1132 753 761
M4 60 200 996 1031 6.68 6.74
. Recommended
H (i) H (in)
Wet Dry Wet Dry
13.93 14
13.90 13.36 14 14
12.89 12.70 13 13
11.49 11.20 12 12
1191 1171 12 12
5. Conclusions

According to the mechanical properties, with
microstructure analysis of nano silica concrete
and the results of experimental investigation

that are presented

in the research, the

following conclusions are obtained:

1.

. An

The workability of nano concrete decreases
with the increase in percentage of nano
silica particles, but still within the required
limitation except for 2% nano silica.

Two nano mixing methods were utilized,
wet mixing method by stirring device and
sonication device to overcome the
agglomeration phenomena and dry mixing
method by using rotary device . The results
showed that the dry method was better than
wet method.

increase in all results of related
hardened properties is noticed for nano
concrete mix compared to control one
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regardless to the percentage of Nano SiO>
added. The increment rate reaches 28%,
57%, 62% of original values of control
mixes for compressive strength, flexural
strength and modulus of elasticity.

. The decrement in the thickness of concrete

layer was related to the increment in the
percentage of nano silica addition in a mix
when all other factors are held constant.
These decrement rate reaches to 19% of
original thickness value of control mix.

. The SEM analysis of Nano concrete layer

with percentage of 1.5% Nano silica
admixture showed that high C-S-H
hydration product with the uniformly
distrusted, few air voids and dense structure
were achieved.

. From the aforementioned results, it can be

concluded that the nano concrete layer had
a better microstructural and mechanical
performance than control layer with
preference to use 1.5% nano silica
admixture for economical purposes and
good pavement performance.
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