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PROPERTIES OF CONCRETE CONTAINING GGBF SLAG AND NANOSILICA
by
Mohammad Sajjadul Islam
Dr. Aly Said, Examination Committee Chair, Associate Professor of Civil and
Environmental Engineering Department, University of Nevada, Las Vegas

ABSTRACT
Ground granulated blast furnace slag (GGBFS), a by-product from steel production, has
been used as a partial replacement of portland cement in concrete for over a century. It
constitutes a beneficial reuse of a by-product material, less consumption of portland
cement concrete. Lower consumption of portland cement concrete can help reduce
construction cost. Furthermore, it lowers the industrial carbon footprint, and landfill
disposal which is a major environmental issue the world is facing today. The chemical
composition of GGBF slag is similar to portland cement with hydraulic properties and
additional pozzolanic properties with excellent alkali silica reactivity mitigation and
resistance to chemical sulfate attack. The major limitation of slag are its slower early
strength gain, susceptibility to surface scaling where concrete slabs is exposed to freezing
and thawing in the presence of moisture and deicing salts. Concrete containing pozzolans
also requires less cement content to reach its design strength. Pozzolanic reaction is
generally slow compared to hydration reaction, which limits the cement replacement by
pozzolans. Nano-silica can accelerate the pozzanic reaction due to its high surface area to
volume ratio. This characteristic of nano-silica also promotes the cement hydration
reaction between produces C–S–H gel and Ca(OH)2. Calcium hydroxide is then consumed
by the pozzlanic reaction with nano-silica and GGBF slag and produces more binding
iii

C–S–H gel in the system. The hypothesis of this study is that the use of ternary blends of
portland cement, GGBF slag and nano-silica, could allow the effect of one study material
to compensate for the inherent shortcomings of another. The aim of this research is to
investigate the properties of concrete containing ordinary portland cement (OPC)
replaced by 50% GGBF slag with two different ratios of nano-silica (3% and 6% of the
total cementitous material). In this regard, reactivity, mechanical properties and the
durability of the studied mixtures were tested.
Furthermore, when slag is used for alkali-silica reactivity (ASR) mitigation, a 50% slag
cement is is typically recommended. However, such high cement replacement by slag is
associated with salt scaling issues. Also, scarcity of high quality (120 grade) GGBF slag
in some markets may limit its use on large scale. Another goal of the current study is to
mitigate ASR problem using a lower percentage of cement replacement with slag.
Additionally, the physical salt attack (PSA) on concrete, a phenomenon that is sometimes
misidentified as a chemical salt attack, may cause significant damage to concrete cast in
contact with sulfate rich soils in some climates.. The physical effect of salt was explored
by combining the quantitative X-ray diffraction(XRD) with the Rietveld refinement
method. Currently, no standard test and no code provision are available for PSA, so to
investigate this phenomenon’s effect on the studied mixtures, an environmental chamber
was used to simulate seasonal changes in the regions where concrete is exposed to this
type of distress with the specimens partially immersed in the high concentration salt
solution.
To further verify the observed physical and mechanical changes imparted to the concrete
with slag through the addition of nano-silica, microstructure of the cement matrix.
iv

Accordingly, the tested mixtures were further examined by mercury intrusion
porosimetry (MIP), energy dispersive X-ray spectroscopy (EDS) and scanning electron
microscopy (SEM).
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Chapter 1
Introduction and Background
Concrete is known to be the most used man-made material (Mehta and Monteiro, 2006).
Its production is based mainly on the cement industry with total yearly yield worldwide
exceeding 2.6 billion tons (USGS, 2010). Furthermore, it should be mentioned that the
cement industry is considered to be one of the most energy consuming industries and one
of the highest carbon dioxide (CO2) emissions sources. Carbon dioxide is considered the
main greenhouse gas (GHG), to which most of global climate change is attributed
(Barker et al., 2009). The cement manufacture industry is responsible for approximately
5% of the global man-made CO2 emissions every year (WBCSD, 2002), in which 50% of
these emissions are caused by the chemical processes during manufacturing, and the rest
is caused by fuel consumption. Extensive research efforts have been directed to reduce
the effect of cement industry on GHG emission either by improving the manufacturing
process efficiency (Deja et al., 2010 and Barker et al., 2009) or adopting the use of
supplementary cementitious materials (SCMs) that may partially or fully replace ordinary
cement (Gartner, 2004). An SCM may be defined as “a material that, when used in
conjunction with portland cement, contributes to the properties of the hardened concrete
through hydraulic or pozzolanic activity, or both” (CSA A3001, 2003). The term
supplementary cementitious materials encompasses manufactured pozzolans, and
industrial by-products such as fly ash, slag and silica fume, to name a few. Although each
material’s composition fluctuates appreciably with respect to the others, are different than
others, the basic principle remains constant, that is, to produce calcium silicate hydrate
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(C-S-H) gel, the main cementing compound in the matrix. Reduced water demand, better
workability, increased long-term strength and improved durability in extreme
environments are but a few of the typical benefits of using SCMs. The SCMs (one or
multiple) can be added/inter-ground with cement as an integral component of a final
commercial product of blended cement (Thomas, 2013). Alternatively, SCMs are added
during the mixing process at ready mix batch plants, which is the typical practice in the
United States.

Figure 1-1: Chemical composition of commonly used SCMs.
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1.1 Literature review of commonly used SCM
The chemical and physical properties of SCMs, the chemical reactions that occur with
these materials, and the impact that they have on concrete vary widely among the
different types of SCM. Figure 1-1: describes the nature of commonly used SCMs. The
(C-S-H) gel, the main cementing compound in the matrix. hydration of portland cement
creates binder material (calcium-silicate-hydrate) and calcium hydroxide. SCMs reacts
with the calcium hydroxide and forms an additional binder material. The additional
binding material further develops the hardened properties of concrete. Since the 1970,
the practice of using SCMs in concrete has been growing in North America.
1.1.1 Fly ash
Fly Ash is a by-product of coal-fired electric power-generating plants. Fly ash is collected
by removing the particles from the air-stream exiting from the combustion of pulverized
coal. The major constituents of fly ash are silica, alumina, iron, and calcium. The minor
constituents are magnesium, sulfur, sodium, potassium and carbon. Two major types of
fly ashes, Class F, and Class C are specified in ASTM C618. Class C fly ash is highcalcium (10% to 30%) ashes with a carbon content of less than 2%. Class F fly ash is
low-calcium (less than 10%) ashes with carbon contents of less than 5%. The
performance of these two types of ashes in concrete depends on how they interact with
portland cement in the concrete (Detwiler et al., 1996).
1.1.2 Silica fume
Silica fume is a by-product of the production of element silicon or alloys containing silica
(ACI CT-1, 2013). The particle size of silica fume is extremely small, with more than
95% of the particles being less than one micro meter. The potential for the use of silica
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fume in concrete has been established since the 1940s (Holland, 2005). Folliard et al.
(2003) describes that 10% dosage of silica fume has been proven to reduce the expansion
required to control ASR. However, high-dosage silica fume creates workability concerns,
high water and super plasticizer demand, and shrinkage problems in concrete that makes
it difficult for use in high-dosage in field applications.
1.1.3 GGBF Slag
GGBF slag, a glassy material formed from blast furnace-produced molten slag (a byproduct in the manufacturing of iron) is produced in its final state of a very fine powder
form by passing molten slag through multiple processes. Molten iron and molten slag are
two products which are produced by melting of iron-ore, coke and limestone in a blast
furnace, as shown in Figure 1-2. Molten slag comprises of some oxides from limestone,
and mostly silicates and alumina from the original iron ore, which are lighter and float on
the top of the molten iron. High pressure water jets are used to cool off molten slag,
which is essential for a couple of reasons. First, the instant cooling prevents formation of
large crystals. Second, granular particles less than 5 mm in size are formed by rapid
quenching of the slag. The final granular material constitutes about 95% of noncrystalline calcium-alumino-silicates. The last step is to dry and grind this granular
material in a rotating ball mill to reach its final powder form (Siddique and Khan, 2011).
GGBF slag can be used as a direct replacement for ordinary cement on one-to-one as an
industrial by-product, and hence it is much more environmentally friendly compared to
portland cement (Haque et al., 1984). Therefore, the U.S. Green Building Council
(USGBC) considers using GGBF slag use in concrete as a mean to acquire credits in the
Leadership in Energy and Environmental Design (LEED) program. Beside its economic
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and environmental benefits, GGBF slag can also perform better than ordinary portland
cement in cases where aggregates have potential alkali silica reactivity (ASR) (Malvar et
al.,2002).
Iron ore fluxing stone fuel

High temperature

Air cooled slag
Ground granulated slag

Steel making
Figure 1-2: Schematic layout of an iron blast furnace.

The use of slag as partial replacement to cement reduces the potential of ASR occurring
by reducing the amount of alkali in the system that is available for reaction with the
aggregate. A greater proportion of the alkalis are bound by the hydration products of slag
cement compared with portland cement and this means that the alkali concentration in the
concrete pore solution is reduced which, in turn, reduces the risk of alkali reaction with
the aggregate. The amount of slag required will depend on the reactivity of the aggregate
and the alkali contributed by the portland cement. Hester et al. (2005) found that 50% or
higher level of GGBF slag reduce the concrete expansion due to ASR. Veiga and
Gastaldini (2012) investigated the sulfate resistance of concrete containing various
percentages of GGBF slag. In that study mortar specimen was exposed to 5% sodium
sulfate (Na2SO4) solution for two years. The results showed that the addition of slag to
concrete enhances its resistance to sulfate attack. Furthermore, the resistance of concrete
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to sulfate attack increased with the increase in slag percentage from 0% to 6%. The
reported improvement in sulfate resistance was attributed to the following: 1) GGBF slag
does not contain C3A rather reduce it while blended with portland cement, 2) produce
less calcium hydroxide than OPC to form ettringite (Siddique and Khan, 2011).
The proportion of GGBF slag in a mixture, should be dependent on the following: 1) the
application in which of concrete , 2) the curing temperature, 3) the grade of the slag, and
4) the characteristics of the cement (Bush et al., 2000). Concrete containing slag content
at 50% replacement showed a similar slump loss, no higher bleeding, similar initial
setting time at 29°C than that of ordinary concrete (Ramezanianpour, 2014). In the
current study, GGBF slag is used as 50% of the total cementitious materials. The main
concern about GGBF slag concrete is its slow rate of strength development compared to
normal concrete. It is not suitable for some application where early strength is required.
Stark and Ludwig (1997) found evidence by a majority of authors that GGBF slag lowers
scaling resistance, but they also found some that disagreed. Several studies were
performed to identify different solutions for this problem.
1.1.4 Nano-silica
Nanotechnology is one of the cutting-edge technologies that may significantly improve
physical and chemical properties of SCMs that may lead to major breakthroughs in the
concrete industry (Drexler et al., 1991). The impact of adding nano-silica to concrete is
one of the latest research activities of nano-technology in concrete (Balaguru et al.,
2008). Nano-silica is a manufactured material composed of particles size smaller than
100 nm. The high amorphous silicon dioxide content makes it a very pozzolanic material
in concrete. Nano-silica creates millions of very small particles in a concrete mixture.
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These particles fill in the spaces between coarse and fine aggregates as well as in the
spaces between cement particles. This phenomenon is referred as particle packing or
micro-filling. Nano-silica
silica has no ability to hydrate like cement.. Experimental results
indicated that the performance of concrete
concrete, including nano-silica
silica was generally better
than that containing micro
micro-silica
silica in terms of mechanical properties and durability (Said
(
et
al., 2012 and Ghasemi et al., 2010). Furthermore, several studies showed that significant
improvements of performance of cement mortars and concrete occur with the addition
ad
of
nano-silica (Li et al., 2004). Belkowitz and Armentrout (2009) observed that the small
particle sizes of nano-silica
silica provide
provided a larger surface area for the reaction. Figure 1-3
portrays the particle size and a specific surface area of various construction materials.
materials

Specific surface area m2/kg

1000000

Nano-engineered concrete
High-strength concrete
Conventional concrete

100000
10000

Silica fume

1000

Metakaolin

100
GGBFS

10

Portland
cement
Fly ash

1
0.1
0.01
1

10

100

1000
10000
particle size, nm

100000 1000000 10000000

Figure 1-3: Particle size and specific surface area related to concrete materials (Sobolev
et al., 2009)
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The smaller the particle sizes, the higher the rate of the early hydration and pozzolanic
reactions (Byung-Wan et al., 2007).

Nano-silica is available in two main forms:

compacted dry grains and colloidal suspension. The dry grained nano-silica requires
special preparation procedure before mixing to ensure appropriate dispersion. It mixes
with, water or liquid admixtures, then it is added to the concrete mixture so it can
uniformly improve the cement matrix. This preparation, which is generally a mechanical
dispersion process, may be associated with human exposure to nano-particles. Addition
of powder nano-silica can be hazardous and time sensitive since agglomeration of
particles can start immediately after the end of mixing. On the other hand, the colloidal
nano-silica which, is manufactured as a suspension electrochemically stabilized in a
dispersive solution is a form of nano-silica that is easier to use. Adequate dispersion,
prevents agglomeration of particles and maintains particle size at the nano-level, thus
ensuring the full benefit of nano-silica. This is supported by experimental results, which
indicate that better behavior was achieved when colloidal nano-silica was added to mortar
specimens compared to the dry grained nano-silica (Campillo et al., 2003). More
complete dispersion can lead to a more pronounced nano-particle effect. In this research
work, 50% GGBF slag and 50% portland cement have been used in addition to 3% and
6% of colloidal nano-silica. All the results of the experiments have been compared with
ordinary portland cement concrete with same ratios of nano-silica.
1.1.5 Nano-alumina
Nano-alumina (nano-Al2O3) has similar characteristics like nano-silica. It might be used
as a supplementary cementitious material. However, there is limited research work done
on the use of nano-alumina. Behfarnia and Salemi (2013) found that the chemical
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reaction between cement and nano-alumina produces C–A–S (calcium aluminum silicate)
gel in concrete. Nano-alumina also reacts with calcium hydroxide and from calcium
aluminates. Their investigation results show that concrete incorporating nano-alumina
particles has higher compressive strength compare to that of the concrete without nanoalumina particles. Nazari et al. (2010) found that the maximum limit of 2% with average
particle size of 15 nm could be the advantageous replacement of cement. In the current
study, a pilot investigation on the effect of nano-alumina to mitigate ASR was performed.
The variable blending of three cementitious materials in the concrete, known as ternary
blends, are discussed in the next section.
1.1.6 Ternary blends of SCMs
The concept of ternary blends has the economic implication and technical benefits, such
as workability enhancement, early strength development, and durability properties
improvements.. The durability properties of ternary blends concrete are never critically
affected by heat curing even at high curing temperatures (Ekolu, 2004). When
considering ternary blends to control ASR, the combination of two or more SCMs should
aim at reducing the quantities of portland cement and increasing the durability. The
combination of nano-silica and slag increased the technical benefits more than the use of
one of these materials individually.
The microstructure of concrete is heterogeneous and highly complex. However,
properties can be modified by making suitable changes in the microstructure of a material
(Mehta, 2006). Lee et al. (2010) showed that adding nano-titanium dioxide (TiO2)
accelerates the hydration of tri-calcium silicate (C3S) even though TiO2 does not take part
in either the hydration or the pozzolanic reactions. Therefore, to understand the
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mechanism how all the binders work together along with the aggregates, water, and
admixture inside the concrete, advanced analytical techniques such as mercury intrusion
porosimetry (MIP), energy dispersive X-ray spectroscopy (EDX), scanning electron
microscopy (SEM) must be employed.
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Research Objective

In this study, concrete mixtures with 50% GGBF slag and 3%-6% nano-silica has been
investigated. One of the objectives of this experimental research program is to increase
the effect of different ratio of nano-silica in the concrete with GGBF slag. This research
investigation includes a technical literature review, laboratory experiments, discussion of
results, limitations, conclusions and recommendations. The dissertation is divided into
eight chapters, and the following is a description of the chapter breakdown.
Chapter I provides the background and a basic overview of GGBF slag, nano-silica, and
performance results of concrete with GGBF slag from various studies.
Chapter II deals with the properties of the materials such as aggregates, binders,
admixtures, colloidal nano-silica of the proposed concrete mixture and the procedures for
mixing, curing and preparing testing specimens. Also, the experimental programs used to
gauge the reactivity, mechanical properties and the durability of the studied mixtures are
included.
Chapter III presents the fresh properties of the tested concrete, including slump, setting
time and adiabatic temperature and the test results of the mechanical properties, such as
compressive strength at different ages, splitting tensile strength, modulus of elasticity and
modulus of rupture.
Chapter IV presents the testing procedure and results for some of the physical properties
of the mixtures such as rapid chloride ion permeability, abrasion resistance and surface
scaling due to freeze-thaw cycles.
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Chapter V includes studies on the porosity, pore size distribution and microstructure of
the concrete mixtures using mercury intrusion porosimetry, energy dispersive X-ray
spectroscopy, scanning electron microscopy to understand how GGBF Slag and nanosilica affect the properties of concrete.
Chapter VI describes the phenomenon of crystallization of salts in concrete pores. This
phenomenon occurs in regions where foundations of concrete structures are built in soil
that contains with large amounts of certain salts. In this chapter, quantitative X-ray
diffraction with the Rietveld analysis shown GGBF slag with various percentages of
nano-silica help concrete to resist the physical salt attack.
Chapter VII discusses the use of GGBF slag an nano-silica in ASR mitigation. It is
established that high volume of GGBF slag is very effective in the case of ASR
mitigation of the concrete. On the other hand, since slag is not readily available across the
United States. Therefore, using GGBF slag for a large project may pose a hurdle in some
areas in the US where reactive aggregate is widespread. This chapter includes the
investigation of the effect of various percentages of GGBF slag replacement with and
without nano-silica on alkali silica reactivity mitigation through the use of the accelerated
mortar bar test.
Chapter VIII reports on the conclusions of the research investigation. Recommendations
for future related studies are also proposed.
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Research Significance

In this study, advanced techniques such as mercury intrusion porosimetry, energy
dispersive X-ray spectroscopy, scanning electron microscopy were utilized to analyze the
properties of concrete at microscopic level which may lead to further the understanding
of concrete microstructure manipulation.This will certainly enhance the role of
nanotechnology in the concrete industry. For the case of ASR mitigation, 50% or higher
slag replacement is the current state of practice for a reliable level of mitigation. In this
study, it is found that a lower percentage of slag replacement can achieve the same level
of ASR mitigation with the optimum amount of colloidal nano-silica. A lower percentage
of slag also reduces surface scaling problem in concrete.
Using recycled or industrial waste materials in the concrete mixtures is considered as one
of the sustainable solutions for concrete (Jalali et al., 2013). This extensive study would
contribute to the sustainable solutions for concrete by enhancing the understanding of the
use of GGBF slag. As a result, all the findings of this study will be beneficial to both
public agencies and private entities across the globe.
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Chapter 2
Materials and Methodology
The current study investigated six concrete mixtures. Three of these mixtures had only
portland cement as binder, whereas three mixtures had 50% GGBF slag replacement of
portland cement. Different dosage of nano-SiO2 was used for both types of concrete. For
all mixtures, the water to cementitious material ratio was kept at a constant value of 0.40.
Several trial batches were prepared for each type of mixture to identify the appropriate
amount of super plasticizer to maintain target slump 3"-5". All experiments were
conducted according to ASTM standards except physical salt attack because currently
there are neither code provisions nor standard testing protocal that directly address it. The
properties of the used materials, mixture proportions, mixing and testing procedures are
presented in the following sections.
2.1 Materials
Type of cement, aggregate size, grade, fineness modulus of, and admixture as well as
batch size were same for all mixtures in order to isolate the effect of GGBF slag and
nano-silica independently.
2.1.1 Aggregate
The coarse aggregate was rounded, well-graded natural gravel with specific gravity of
2.79, an absorption ratio of 0.60% and dry rodded unit weight of 102 lb/ft3 (1634 kg/m3).
The fine aggregate, sand, which had specific weight 2.78, an absorption ratio of 0.80%
and fineness modulus (FM) of 3.00. The fineness modulus of the aggregate was measured
every time it was collected from the source. FM variation up to 0.2 is acceptable.
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Consistent FM is important to keep the water demand same that result same consistency
and strength of the concrete. The moisture content of the fine aggregate and coarse
aggregate were measured before mixing any fresh batch of concrete, and required amount
of water was adjusted to keep the w/c ratio 0.40. Figure 2-1and Figure 2-2 show the
gradation curves of the coarse and fine aggregates used in this study.
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Figure 2-1: Gradation curve for the coarse aggregate.
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Figure 2-2: Gradation curve for the fine aggregate.
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2.1.2 Portland cement
The type of the portland cement was II/V which meets ASTM C150 (2007)
specifications, and is commonly used in the Las Vegas area due to sulfate present in the
soil. Table 2-1 represents the main composition and properties of the cement used. The r
primary compounds in portland cement are Tricalcium silicate (C3S), Dicalcium silicate
(C2S), Tricalcium aluminate(C3A), Tetracalcium aluminoferrite (C4AF).

2.1.3 GGBF slag
Grade 120 GGBF slag was used which specific gravity 2.94. The main chemical
constituents of slag and portland cement are similar and only different in proportions.
Chemical composition of portland cement, Type II was collected from Said et al. (2012)
and chemical composition of GGBF slag were collected from Ramezanianpour and
Malhotra (1995) are presented in the Table 2-1.
In North America, slag is classified on the basis of its activity index, which is determined
based on the strength of mortars in accordance with Equation 1:

(

SAI = SP

P

)× 100

(1)

Where SAI is slag activity index, SP and P are the compressive strengths of mortar cubes
with, respectively, 50% slag and 0% slag or control mixture. The values of SP and P
were measured by the standard compressive strength test and the ratio was matched with
the value published in the ASTM C989.
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Table 2-1: Chemical composition and properties of portland cement and GGBF Slag
Portland cement (Type
II/VI)

GGBF Slag

SiO2 (%)

20.64

38

Al2O3 (%)

3.40

6.63

Fe2O3 (%)

3.40

0.40

CaO (%)

63.5

35.7

MgO (%)

4.70

13.6

SO3 (%)

2.40

-

Na2O (%)

0.46

0.36

Loss on Ignition (%)

1.20

0.76

Specific Gravity

3.15

2.92

2.1.4 Mixing water
Ordinary tap water was used for mixing with a temperature of 70 ± 3 °F (21 ± 2 °C).
2.1.5 Nano-silica
The colloidal nano-silica is an aqueous odorless solution with a milky white appearance.
The SiO2 content of the used nano-silica is 50% by weight and its average particles size is
35 nm, the density of the solution is about 87.4 lb/ft3 (1400 kg/m3) and its pH value is
9.5.
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2.1.6 Nano-alumina
The colloidal nano-alumina is an aqueous odorless solution with a milky white
appearance. The Al2O3 content of the used nano-alumina is 17% by weight and its
average particles size is 100 nm, and its pH value is 4.
2.2 Mixture proportions
For all the mixtures, the cementitious material content was kept at 658 lb/yd3 of concrete
(about 390 kg/m3), while the water-cementitious material ratio was kept at 0.40. The total
amount of mixing water was adjusted by the moisture content of the aggregates. Two
ratios of added nano-SiO2 were used which are 3% and 6% of the cementitious material
weight, beside two control mixtures without the addition of nano-silica. The coarse
aggregate content for all the mixtures was 1635 lb/yd3 (970 kg/m3), while the fine
aggregate content was 1331 lb/yd3 (790 kg/m3). Table 2-2 shows the details of the all
mixtures proportion. All specimens from Group A were replicated based on mixtures
formulated by Zeidan (2013).
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Table 2-2: Details of mixtures and their proportions

Mixture

Cement
lb/yd3
3

(kg/m )

GGBF
slag
lb/yd

3

(kg/m3)

Colloidal
Nanosilica
Solution
lb/yd

3

Water*
lb/yd3
3

(kg/m )

Super
plasticizer
(ADVA
195)
fl
oz/100lb
of binder

3

(kg/m )

658
A-0

658

Fine

Aggregate

Aggregate

lb/yd3

lb/yd3

(kg/m3)

(kg/m3)

(mL/100
kg)
263.2

5

1996

1330

(156)

(326)

(1184)

(789)

39.48

243.46

7

1980

1320

(23.4)

(144.3)

(457)

(1175)

(783)

78.96

223.72

14

1959

1305

(46.8)

(132.6)

(914)

(1162)

(774)

263.2

7

1960

1306

(156)

(261)

(1163)

(775)

-

(390)
A-1

Coarse

(390)
658

A-2

(390)
329

329

C-0

(149.2)

(149.2)

329

329

39.48

243.46

13

1945

1296

(149.2)

(149.2)

(23.4)

(144.3)

(326)

(1154)

(769)

329

329

78.96

223.72

21

1927

1284

(149.2)

(149.2)

(46.8)

(132.6)

(653)

(1143)

(762)

C-1

C-2
* The amount of water in the nano-silica solution was subtracted from the total water
content.

2.3 Methodology
All the materials were kept at room temperature 73 ± 3 °F (22.5 ± 2 °C) for at least 24
hours before mixing in order to assure a constant mixing temperature. An electrically

19

powered concrete mixer was used for all mixtures and mixing times and sequences were
kept constant. The slump was checked for each mixture to ensure the required
workability. The high surface area of nano-silica decrease the amount of available water
in the concrete mixture and interferes with the flowing characteristics of fresh concrete
(Pacheco-Torgal et al., 2013). In order to offset the workability problem for all the
mixtures superplasticizer (SP) were employed according to ASTM C494 (2008). The
amount of SP required for each type of mixture to maintain a consistent level of
workability varried. Several trial batches were made to determine the volume of the SP
for every mixture by testing the slump according to ASTM C143 (2010). It was noted
during there trials that the SP was increased with increasing nano-silica dosage.

Cylindrical specimens of diameter 4 in. (104 mm) and height of 8 in. (208 mm) were
prepared according to the specification ASTM C 192 (2005) to investigate the
mechanical properties, and durability. Mortar bar of 1"x1"x10" was made for the test of
alkali silica reactivity. Concrete block of 9"x9"x3" was made for surface scaling and nonstandard size of 2"x3" cylinders for physical salt attack. Vibrating table was used after
mixing to ensure appropriate compaction of the specimens. The molded specimens were
covered to prevent water loss after casting and were kept in room temperature untill demolding time. The curing of the specimens began just after removal from molds in the
curing room 24 hours at a temperature 73.5 ± 3.5 °F (23 ± 2°C) and at a relative humidity
not less than 95% until testing time. The following flow charts Figure 2-3 and Figure 2-4
illustrates the design of all six mixtures and the detailed methodology of this study
respectively.
.
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Mixture Design

A-0
Ordinary
portland
cement
(OPC)

A-1
OPC & 3%
nano-silica
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Figure 2-3: All six mixtures of this study.
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50% GGBF
slag & 6%
nano-silica
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22
Tensile
Strength

Rapid
Chloride
Penetration

Mercury
Intrusion
Porosimetry

Abrasive
Resistance

Scanning
Electron
Microscope

Surface
Scaling

Modulus of
Rupture

Figure 2-4: The detail methodology of this study.
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Chapter 3
Fresh Properties, Reactivity and Mechanical Properties
3.1 Setting time
Setting time is one of the important fresh properties of cement. Vicat needle testing was
performed according to ASTM C191 to find the initial and final setting of cement.
Cement pastes were prepared by mixing 650 grams of cementitious materials with 260
grams of water (w/c=0.40). No water reducing admixtures were used for any of the
pastes as most types of admixtures may affect setting times. The paste was molded in the
standard molds and kept in a moisture closet with temperature of 20 ± 2°C and relative
humidity not less than 90%. The initial setting time is defined as the time elapses from
the moment water is added until the paste ceases to be fluid and get plastic. The
penetration of the standard Vicat needle (1 mm in diameter) was recorded every 15
minutes and the molds were kept in the moisture closet between readings. The initial
setting time was determined when the needle penetration is equal to 25 mm. This value
was determined via interpolation between the two closest readings to 25 mm. On the
other hand, the final setting time is defined as elapses from the moment water is added
until the paste get certain degree of hardness. In the experiment the final setting time was
determined when Vicat needle left no complete impression on the surface. Table 3-1
shows the summary of Vicat needle testing results of all six mixtures. Figure 3-1 and 3-2
illustrate the Vicat needle penetration with time for both group A and group C mixtures.
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Table 3-1 Summary of Vicat needle testing results.
Cementitious Materials
Proportions

Corresponding
Concrete
Mixture

Initial Setting
Time
(min)

Final Setting
Time
(min)

Cement only

A-0

190

245

Cement +3%Nano-Silica

A-1

192

246

Cement +6%Nano-Silica

A-2

145

222

C-0

282

425

C-1

270

399

C-2

222

334

50%Cement+50%GGBF
slag
50%Cement+50% GGBF
slag +3% Nano-Silca
50%Cement+50% GGBF
slag +6% Nano-Silca

45

Penetration depth, mm

40
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20
A-0

15

A-1
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5
0
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Figure 3-1: Vicat needle penetration depths for pastes of Group A.
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Figure 3-2: Vicat needle penetration depths for pastes of Group C.
Analysis of results
It was found from group A results that using nano-silica has an impact on shortening of
both of the initial and final setting times of portland cement paste. Adding 6% nano-silica
reduced the initial setting time by around 25%, while the final setting time was reduced
by around 10%. However, 3% of added nano-silica did not have a considerable effect on
setting times in this case. Slag generally increase the setting time which was also
observed in this experiment. Adding 6% of nano-silica to the slag reduced the initial and
final setting time by around 21%. The large surface area of nano-silica increased the
adsorption of water which might impacts the fresh properties of concrete.
3.2 Adiabatic temperature
The reaction between a portland cement and water is called the hydration reaction, and it
is exothermic in nature (Kosmatka et al., 2003). The liberation of heat with respect to
time is an index of the cement mortar reactivity. The amount of heat generation during
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the hydration primarily depend on the high heat evolution of C3S and C3A (Kadri and
Duval, 2009).
3.2.1 Experimental program
The adiabatic temperature was recorded to compare the diffrence in reactivity level of the
cement and GGBF slag mixtures with nano-silica. The temperature change in the
concrete was monitored for all mixtures using thermocouples and a data logger connected
to a personal computer. It determined the adiabatic temperature according to ASTM
C1064 (2008). Cylindrical specimen, 4 × 8 in. (104 × 208 mm) , were prepared
immediately after mixing where the thermocouple was embedded at the mid height of the
cylinders. The cylinderswere wrapped with a thermal insulator and kept inside another
airtight cylinder to prevent heat loss during the test. Every one-minute interval the
temperature was recorded using a multi-channel data logger for more than 40 hours after
mixing at room temperature of 73 ± 3 °F (22.5 ± 2 °C).
3.2.2 Analysis of results
The recorded temperatures were plotted against the time for the group A mixtures, as
shown in Figure 3-3: and group C mixtures as shown in Figure 3-4:. The temperature
increased after mixing during the acceleration and the setting period until a peak is
reached followed by a deceleration period where the temperature decreased until a
relatively constant temperature was recorded. The recorded adiabatic temperature shows
that the peak temperature, which can be an indicator of the hydration reaction of calcium
tri-silicate (C3S) and calcium di-silicate (C2S), was higher for mixtures (C-1), (C-2) and
(A-1), (A-2) compared to that of their control mixtures counterparts (C-0) and (A-0),
respectively. This observation is an indicatoion of higher reactivity level for mixtures
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containing colloidal nano-silica. In Figure 3-3, the duration of the dormant period of C-1
and C-2 was more extensive than A-1 and A-2. The explanation of this phenomena is the
chemical effect of superplasticizer. Kadri and Duval (2009) observed that the amount of
superplasticizer causes a retarding effect to on the hydration. They found when the
superplasticizer content increased from 0.6% (w/c = 0.45) to 5.5% (w/c = 0.25), the
duration of the dormant period extended from 2 to 14 hours. They also found that
increasing of silica fume content compensated for the retarding effect of the
superplasticizer. In the current study, a similar effect of nano-silica was observed. In this
regard, C-2 is significantly higher than C-1.
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Figure 3-3: Change in adiabatic temperature of Group-A mixtures
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Figure 3-4: Change in adiabatic temperature of Group-C mixtures
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28

50

3.3 Compressive strength
Concrete compressive strength was determined according to ASTM C39 (2008) using a
static testing machine for concrete cylinders for each of the tested mixtures. Steel caps
with rubber pads were used for testing of the cylinders to comply with ASTM C1231
(2010).
3.3.1 Experimental program
Cylinders of 4 inches diameter and 8 inches height, prepared, molded and compacted
according to ASTM C192. The cylinders were unmolded after 24 hours of mixing then
cured in a curing room until the time of testing. The compressive strength was
determined at the curing ages of 3, 7, and 28 days after casting. For each age, the average
strength of at least three cylinders was calculated.
3.3.2 Analysis of results
The average compressive strength of the tested mixtures of different ages is given in

Table 3-3. It was found that compressive strength of C-0 is higher than that of A-0 at 28
days. When portland cement reacts with water, it forms calcium silicate hydrate (CSH)
and portlandite (CH). CSH is the binder that provides strength and holds the aggregates
with cement paste together. When slag is used with cement as part of the cementitious
material in a concrete mixture, it reacts with water and (CH) to form more CSH. The
additional CSH makes the concrete matrix dense, thus enhancing strength. However, 3days and 7-days compressive strength of A-0 is higher than that of C-0. Early strength
development of C-0 is slower than A-0. It can be noted from the values of compressive
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strength that using nano-silica with control mixture resulted in an improvement in the
compressive strength in all ages. The hypothesis of this study is that adding nano-silica
could eliminate the slower early strength of cement containiing slag. In using 3% nanoSiO2 with 50% replacement by GGBF slag (C-1) resulted 10% and 16.8% increment of
compressive strength compare to A-0 at 3-days and 7-days accordinglyas shown in
Figure 3-6. Increasing the nano-SiO2 ratio to 6% (C-2) resulted in 11% and 43% increase
in strength compared to the control mixture (A-0) at 3-days and 7-days. This may be
explained by pozzolanic reaction of nano-SiO2 and portlandite. It can be noticed from
Figure 3-6: that between the 7th and 28th days the slope of C-0 is lower than that of A-0
which indicate slower strength gain of GGBF slag containing concrete. Furthermore, the
higher slope of A-1 than that of A-0 indicates faster rate of strength gain due to the
incorporation of nano-SiO2

.

It was found from Figure 3-7 that the addition of higher

amount of nano-silica in concrete with GGBF slag and concrete without GGBF slag
increase the early strength. Moreover, slope of both curves indicates it is more
pronounced for concrete with GGBF slag than concrete without GGBF slag.
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Table 3-2: Average compressive strength for the tested mixtures
Mixture

Compressive strength
3-day,ksi (MPa)

7-day,ksi (MPa)

28-day,ksi(MPa)

A-0

5.25 (36.2)

7.14 (49.2)

8.77 (60.5)

A-1

5.61 (38.7)

7.39 (50.9)

10.23 (70.5)

A-2

6.46 (37.6)

8.44 (58.2)

10.89 (75.1)

C-0

4.85 (33.4)

6.96 (47.9)

9.74 (67.2)

C-1

5.77 (39.8)

8.34 (57.5)

10.7 (73.8)

C-2

5.83 (40.2)

10.20 (70.3)

11.58 (79.8)
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Figure 3-6: Relation between the compressive strength and curing age.
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Figure 3-7: Relation between compressive strength at 3-days and nano-silica added to the
mixture.

3.4 Tensile strength and modulus of rupture
Tensile strength and modulus of rupture were determined according to ASTM C496
(2008) and ASTM C78 (2007) respectively using the static testing machine for the
concrete cylinders cast for each of the tested mixtures.
3.4.1 Experimental program
In order to determine tensile strength, cylinders of 4 inches diameter and 8 inches height,
prepared, molded and compacted according to ASTM C192. In order to evaluate the
modulus of rupture, concrete beams 6”×6”×24” (150×150×600 mm) were prepared for
all the six mixtures. All the specimens were unmolded after 24 hours of mixing then
cured in a curing room until 28 days.
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3.4.2 Analysis of results
The average tensile strength of each mixture was calculated and given in Table 3-3,
Figure 3-8: and Figure3-9. For all the mixtures the tensile strength ranged between 9%
and 10% of the compressive strength apart from mixture (C-2). The addition of the nanoSiO2 increases the tensile strength of the non-GGBF slag mixtures by 14% and 28% for
nano-SiO2 dosages of 3% and 6%, respectively. The strength was increased by 15% and
13% in the cases of concrete with GGBF slag. For both C-1 and C-2, the tensile strength
was higher than the A-0 and C-0. In case of modulus of rupture strength of A-1, A-2 are
32% and 41% higher than A-0. However, C-0 is 33% higher than A-0 and C-1, C-2 are
36% and 45% higher than A-0. All this results prove that slag and nano-silica
individually and jointly improve the strength of concrete which is in line with the
compressive strength results.

Table 3-3: Average tensile strength for the tested mixtures
Tensile strength
28-days,
psi (MPa)

Modulus of
rupture 28 days,
psi (MPa)

A-0

774 (5.3)

1100 (7.58)

A-1

886 (6.1)

1450 (9.99)

A-2

988 (6.8)

1555 (10.72)

C-0

752 (5.2)

1465 (10.1)

C-1

867 (6.0)

1495 (10.31)

C-2

1077 (7.4)

1598 (11.02)

Mixture
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Figure 3-8: Average splitting tensile strength for the tested mixtures at 28 days
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Figure 3-9: Average modulus of rupture for the tested mixtures at 28 days

34

Modulus of rupture (MPa)

12

1800

Chapter 4
Durability
Durability is the ability to age without significant deterioration. A durable material helps
the environment by conserving resources and reducing wastedue to environmental
impacts of repair and replacement. The durability of concrete may be defined as the
ability of concrete to resist weathering, chemical attack, and abrasion while maintaining
its desired engineering properties (Kosmatka et al., 2003). Different concretes require
different degrees of durability depending on the exposure environment and the properties
desired. Permeability, resistance to abrasion, surface scaling due to freeze-thaw action in
the presence of deicing salts are the key measurements of durability (Bleszynski, 2002).
In this chapter, the effect of nano-silica on these primary parameters of concrete will be
investigated
4.1 Rapid chloride-ion penetration test
Chloride present in plain concrete that does not contain steel is generally not a durability
concern. Concrete protects embedded steel from corrosion through its highly alkaline
nature. The high pH environment in concrete causes a passivating and non-corroding
protective oxide film to form on steel. However, the presence of chloride ions from
deicers or sea water can destroy or penetrate the film. Once the chloride corrosion
threshold is reached, an electric cell is formed along the steel or between steel bars and
the electrochemical process of corrosion begins. Therefore, the resistance of concrete to
chloride ion penetration is an important property.
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4.1.1 Experimental program
Rapid chloride penetration test, ASTM C1202 (2008), test method consists of monitoring
the amount of electrical charge passed through a concrete specimen. The concrete
specimen’s dimensions were 2-in. (51-mm) thick, 4-in. (102-mm) nominal diameter. The
specimen was cut from the middle section of a standard cylinder. Total duration of the
experiment was during a 6-h. RCPT was conducted for all the mixtures at 28 days,
according to the procedures specified on ASTM. The concrete cylinders were cut after
removing the parent cylinders from the curing tank. Then, conditioning process includes
placing the discs in a vacuum desiccator for 3 hours with the pressure less than 1 mm Hg
(133 Pa), followed by soaking in deaerated water for 18 ± 2 hours. The specimens then
were placed in the testing cell with one side filled with 3.0% sodium chloride (NaCl)
solution and the other side filled with 0.3N sodium hydroxide (NaOH) solution. A
potential difference of 60 V DC is maintained across the ends of the specimen. An
additional testing procedure suggested by Bassuoni et al. (2006) to improve the
quantitative accuracy of the test was performed at the end of the 6 hour testing period.
This procedure involved measuring the physical penetration depth of chloride ions. The
tested specimens were axially split after the standard ASTM testing procedure using an
electrical saw. Then the inner face of each half specimen was sprayed with silver nitrate
solution, which forms a white precipitate of silver chloride after about 15 minutes. The
average depth of the white precipitation was calculated by measuring the depth in five
different positions along the diameter of each specimen. The experimental setup in the
laboratory is shown in the Figure 4-1.
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Figure 4-1: Experimental setup of Rapid chloride permeability test (RCPT).

4.1.2 Analysis of results
The total charge passed shown in Table 4-1. The average chloride penetration depth was
considered to be an indication of the physical ingress of the chloride ion as shown in
Figure 4-2:. The penetration depth measurements of group A and group C showed that
the addition of nano-silica results in a reduction of the penetration depth. Also, the
comparison between A-0 and C-2 imply that ternary blends of portland cement, slag and
nano-silica improve the microstructure and porosity of the cement matrix, which are the
main factors affecting the transport properties and permeability of concrete.
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Table 4-1: Summary of the RCPT results
Mixture

Passed charge,
coulombs

Penetrability
evaluation

Penetration depth, in
(mm)

A-0

1837

Low

0.40 (10.2)

A-1

939

Very Low

0.12 (3.1)

A-2

294

Very Low

0.18 (4.7)

C-0

1094

Very Low

0.27 (6.9)

C-1

506

Very Low

0.18 (4.6)

C-2

215

Very Low

0.10 (2.5)

Figure 4-2: Physical chloride penetration for Specimen C-1(on the left) and C-0 (on the
right)

4.2 Abrasive resistance
Deterioration of concrete surfaces occurs due to various forms of wear under exposure
conditions. Abrasion is one of the common types of deterioration that is observed in
pavements, floors, and bridge decks due to rubbing, scraping, skidding, or sliding of
objects on concrete surfaces.
4.2.1 Experimental program
Sandblasting technique according to ASTM C418 (2005) was used to investigate the
abrasion resistance of six different mixtures of concrete. All the specimens were disk38

shaped with a diameter of 6” (150 mm) and 3” (75 mm) thickness and cured for 28 days
in the standard curing tank. Before sandblasting specimens are surface dried with a damp
cloth to obtain saturated surface-dry (SSD) condition. The sand used for testing was
natural sand which was selected and graded according to the same ASTM standard. For
each mixture, two disks were prepared, and four points were sandblasted for 60 seconds
with the nozzle 3” (75mm) apart from the surface, as illustrated in Figure 4-3, which
makes the total of eight cavities for each mixture as shown in Figure 4-4(a). Oil based
clay was used to measure the volume of those cavities Figure 4-4(b). The mass of the
clay supply was determined before and after filling the cavities and the volume of the
cavities could then be determined as the difference between the two masses divided by
the density of the used clay.

Figure 4-3: Experimental setup of Abrasive resistance
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4.2.2 Analysis of results
In the appendix, Figure A-1 through Figure A-5 show samples of the tested specimens
after abrasion and after filling the cavities with clay. The average volume of each cavity
was determined by dividing the total abraded volume by number of testing spots. Bar
chart of Figure 4-5: shows a comparison of the average abrasion cavity volume for the
tested mixtures with the average cavity volume of group A and group C was reduced in
nearly linear trend with the increase of the nano-silica dosage Also, the abraded area was
measured for each spot and the abrasion coefficients were calculated by dividing the
average cavity volume by the mean abraded area of each spot. In Table 4-2, all the
calculated values of the abrasion test results are listed. Overall, ternary blend mixture
show better abrasive resistance.

(a)

(b)

Figure 4-4: Abrasion specimen C-2 a) after abrasion , b) with clay-filled cavities.
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Table 4-2: Summary of abrasion test results

Mixture

Average Cavity
Volume (in3)

Average Abraded
Area/cavity (in2)

Abrasion
Coefficient
(in3/in2)

A-0

0.075

1.843

0.041

A-1

0.058

1.838

0.032

A-2

0.048

1.457

0.033

C-0

0.046

1.364

0.034

C-1

0.030

1.179

0.025

C-2

0.022

1.030

0.021

Average cavity volume (in3)

0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01
0
A-0

A-1

A-2

C-0

C-1

Mixture
Figure 4-5: Average abrasion cavity volume for the tested mixtures.
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C-2

4.3 Surface scaling
Concrete surfaces such as in sidewalks, curbs, highway barriers, etc. are exposed to
deicing salts and cyclic freezing-thawing, which creates scaling on the top surface. This
common type of surface distress in cold regions is known as scaling. The hygroscopic
nature of the deicing salts causes an increase in the degree of saturation of the concrete
and induces crystal growth within the pores. The layer-by-layer freezing pattern caused
by salt concentration gradients induces differential stresses within the concrete (Şahin et
al., 2010). Bleszynski et al. (2002) reported that addition of silica fume increase the salt
scaling resistance of blast furnace slag concrete. Concrete containing 50% or higher
percentages of GGBF slag as cement replacement has lower resistance to deicer salt
scaling in comparison to ordinary portland cement concrete at 28 days (Afrani et
al.,1994; Copuroglu et al., 2004; Panesar and Chidiac, 2007).

Figure 4-6: Environmental chamber for freezing action
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4.3.1 Experimental program
The resistance of the six tested mixtures for freeze-thaw and de-icing salt was
investigated according to ASTM C672 (2003). Concrete slabs of 9” × 9” × 3”
(225×225×75 mm) were prepared as two replicates for each mixture. The specimens were
moist cured for 14 days after mixing in the standard curing tank followed by 14 days of
air curing in laboratory conditions (temperature of 20 ± 2°C and relative humidity of 50 ±
5 %). On the surface of each specimen a pond of salt solution was created to simulate the
effect of the deicing chemicals. A dike of height ½” (12 mm) and width ¾” (18 mm) was
shaped in the concrete mold to keep around ¼” (6 mm) of solution on top of the surface
all the time. Although ASTM standard specifes using calcium chloride (CaCl2) solution,
for this study, 4% sodium chloride (NaCl) solution was used instead. NaCl is proven to
be more aggressive and it is a more commonly used as a de-icing salt (Sahin et al., 2010).
The specimens were subjected to 24 hour freeze-thaw cycles. They were placed for 16-18
hours in the freezer as shown in Figure 4-6 at -18 ± 3°C followed by 6-8 hours in
laboratory ambient conditions (20 ± 2°C and relative humidity of 50 ± 5 %). The surfaces
of the specimens were flushed, and the solution was replaced every 7-10 days. The cycles
continued until at least 60 cycles were completed as recommended by ASTM standards.
Every two weeks, the surface was visually inspected, and the debris was collected from
the surface on a sieve #200 and then weighed.
4.3.2 Analysis of results
The scaling level is visually rated and presented in the Table 4-3. Mixtures containing
GGBF slag with no nano-silica (C-0) suffered significantly higher levels of scaling at
different times of exposure. The mass of the debris in this group was considerably higher
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than Group A. C-1, C-2 exhibit better scaling resistance than C-0. It can be concluded
that adding nano-silica improve the bond between the paste and aggregate particles and
thus enhance the mechanical properties.

(a)

(b)

Figure 4-7: Surface scaling of (a) C-0 and (b) A-1.

Table 4-3: Average debris mass and visual rating of specimens.

After 30 cycles of exposure

A-0

Cumulative
Collected Debris
Mass
(g/specimen)
14.3

A-1

After 60 cycles of exposure

1

Cumulative
Collected Debris
Mass
(g/specimen)
20.4

6.2

1

15.4

2

A-2

16.6

2

25.5

4

C-0

22.2

3

37.8

4

C-1

19.5

3

32.3

4

C-2

16.1

1

29.8

3

Mixture

Visual Rating
(ASTM C672)
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Visual Rating
(ASTM C672)
1

Average cumulative debris mas
(g)

Rating

Condition of Surface

0

no scaling

1

very slight scaling (3 mm [1⁄8 in.] depth, max, no coarse aggregate visible)

2

slight to moderate scaling

3

moderate scaling (some coarse aggregate visible)

4

moderate to severe scaling

5

severe scaling (coarse aggregate visible over entire surface)

45
40
35
30
25
20
15
10
5
0
A-0

A-1

A-2

C-0

C-1

Mixture
Figure 4-8: Average total debris mass after 60 cycles of exposure.
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Chapter 5
Micro-Structure and Porosity
The small region, typically 10 to 50 micrometer (10-6 m) thick, around the coarse
aggregate is called the interfacial transition zone (ITZ). In fresh concrete, water forms a
film around the coarse aggregates that results in higher w/c ratio locally than bulk cement
paste. So at the ITZ, excess voids and micro-cracks develop. Ollivier et al. (1996) and
Mehta et al. (2006) claim ITZ is weaker than two other main components of concrete,
namely, aggregate and cement paste. Therefore, the ITZ is one of the principal factors
that influence the mechanical behavior of concrete. The strength of the ITZ can be
measured by means of two main techniques: image analysis of flat polished surfaces
observed by SEM, and mercury intrusion porosimetry (MIP).
5.1 Mercury Intrusion Porosimetry
One of the widely-used methods to measure the pore size distribution and the total
porosity of the cement mortar is mercury intrusion porosimetry (MIP) test.
5.1.1 Experimental program
The sample for the test was collected from the concrete cylinder cured for 28 days. The
splitting tensile test was conducted to break the cylinder and a tiny chip, 3 to 10 mm (add
dimensions in inches too) in size, was collected from the core of the concrete cylinder.
Subsequently, the sample was prepared by drying it in the oven for 72 hours at a
temperature of 60 ± 2°C followed by storing in a desiccator containing silica gel. The
coarse aggregate and cracks were carefully excluded as the MIP test significantly varies
due to the presence of those in the sample. The Hg-concrete contact angle and the
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mercury surface tension were taken as 130° and 485 dynes/cm, respectively (Shi and
Winslow, 1985; Kumar and Bhattacharjee, 2003).
5.1.2 Analysis of results
The cumulative mercury intrusion increase with the higher pressure and pore size of the
cement paste was calculated from the pressure applied to intrude the mercury. It is shown
in Figure 5-1: and Figure 5-2: that initially the growth of mercury intrusion was slow and
after hitting the threshold pore diameter, mercury intrusion shoots up. In Table 5-1, the
apparent total porosities, threshold pore diameters and percentage volume of micro-pores
(less than 0.1 µm) for the mixtures are presented. It implied that the addition of nanosilica reduces the total porosity and with the higher dosage of nano-silica the total
porosity decreases more. The threshold pore diameter of A-1 is less than that of A-0 as it
contains nano-silica. The comparison between A-1 and A-2 show that the threshold pore
diameter of A-2 is less than A-1 as it has double amount of nano-silica. A similar kind of
pattern found in the group C. The percentage volume of micro-pores in C-1 and C-2 are
greater than that of the reference mixture C-0, which shows that nano-silica densifies the
cementitious matrix and refines the pore structure.
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Table 5-1: Summary of mercury intrusion porosimetry
Mixture

Apparent total
porosity
(%)

Threshold pore
Diameter
(µm)

Percentage of small
pores (<0.1µm)
(%)

A-0

10.13

0.10

69.3%

A-1

6.91

0.075

75.4%

A-2

6.44

0.060

72.2%

C-0

6.20

0.04

75.5%

C-1

5.68

0.02

75.90%

C-2

1.12

0.015

77.73%

0.05
Cumulative intrusion (ml/g)

A-0
A-1

0.04

A-2

0.03
0.02
0.01
0
0.001

0.01

0.1

1
10
Pore diameter (µm)

100

1000

Figure 5-1: Pore size distribution of the control mixture with different dosage of nanosilica
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Cumulative intrusion (ml/g)

0.06
C-0
0.05

C-1
C-2

0.04
0.03
0.02
0.01
0
0.001

0.01

0.1

1

10

100

1000

Pore diameter (µm)
Figure 5-2: Pore size distribution for mixtures with GGBF slag and different dosage of
nano-silica

5.2 Scanning Electron Microscope (SEM)
SEM is a technique which complements of MIP tests. In this study, backscattered
scanning microscopy was used. It gives the clear images of ITZ and binder matrix.
Special sample preparation was performed. Initially a small piece (1” by 2”) was cut from
concrete cylinder after it cured for 28 days. Then a polished thin section was prepared
with the help of petrographer. Figure 5-3: and Figure 5-4: show that the cement paste of
A-2 is remarkably dense, uniform and less porous than reference concrete, A-0. In Figure
5-5:, the cement matrix of C-0 is porous and micro cracks at the ITZ Figure 5-6:, C-2
cement film at the ITZ appears the most dense, strong and less porous compare to all
mixtures. The filling effect and pore refinement into the ITZ as well as in the bulk paste
is due to the size of the finer particles of nano-silica. These additions may act as
nucleation sites. The analysis of the SEM image of A-0 and C-0 reflects incomplete
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degree of hydration which leads to lower strength of concrete compare to concrete with
nano-silica. These results conforms with MIP, and compressive strength results.

Figure 5-3: SEM image of A-0.

Figure 5-4: SEM image of A-2.
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Figure 5-5: SEM image of C-0.

Figure 5-6: SEM image of C-2.
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Chapter 6
Physical Salt Attack
One of the greatest concerns in the field of concrete durability is the physical salt attack
(PSA). Surface scaling and flaking of the basement walls, piers, abutments, slabs on
grade and service tunnels due to salt crystallization in pores is defined as PSA by ACI201.2R-(2008). Sulfate attack is a particular problem in arid areas, such as the northern
Great Plains and parts of the western United States. The damage developed in the vicinity
of the drying surface of the concrete exposed to the soil or water, which is loaded with
high concentration of salt e.g. sulfate salts, carbonate salts, chloride salts as shown Figure
A-12. The most common and severe type of physical salt attack is caused by sodium
sulfate salts. It occurs in a less aggressive way in carbonates and chloride salts with
limited or no interaction between hydrated cement paste and salt ions (Bassouni and
Rahman, 2015). Salt solution from the surrounding water or groundwater enters the
concrete through capillary action which is the ability of a liquid to flow through narrow
spaces of the pores in opposition to gravity without the support of external force and
diffusion. When pore water evaporates from above-ground concrete surfaces, the salt
concentrates and crystallizes. The growth of salt crystal occurs when the rate of
evaporation from the concrete surface is higher than the capillarity. This results in salt
deposition on the surface (efflorescence). The efflorescence is not harmful but indicates
the presence of salt crystals beneath the surface (subflorescence) of concrete. The volume
of subflorescence increase in the environment where temperature and relative humidity
fluctuate in a wider range and repeated cycles over the years. The continuous growth of
salt crystals inside the pores exerts pressure on the surrounding pore wall.
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This crystallization pressure (P) can be mathematically described by the following
equation (Correns, 1949)
=

ln

where R is the ideal gas constant, Vs is the molar volume of solid salt, T is the absolute
temperature, C is the solute concentration and Cs is the saturation concentration. At
supersaturation conditions, P calculated from the above equation may exceed the tensile
capacity of the concrete pore wall and cause progressive surface scaling.
There are several factors affecting the damage, including salt type and concentration,
hydration phase transformation of the salt, evaporation rate, surface tension, vapor
pressure, environmental conditions, and properties of the pore structure. The two of
primary concern for PSA are the sodium sulfates, mirabilite (Na2SO4.10H2O) and
thenardite (Na2SO4). Haynes et al., 2008 studied and confirmed that out of five different
environmental exposures the most severe damage was observed when the ambient
conditions cycled between temperature of 20°C with 80% relative humidity and 45°C
with 15% relative humidity. This range of temperature and humidity can be correlated to
seasonal variations in many geographic locations around the world. Under field
conditions, due to changes in ambient temperature and relative humidity, these cycles can
occur several times a day. The changes in temperature and relative humidity can cause
alternate cycles of dissolution and crystallization of sodium sulfate salts. This results in
phase changes between anhydrous sodium sulfate (thenardite, Na2SO4) and decahydrate
sodium sulfate (mirabilite, Na2SO4.10H2O) which is associated with an increase in the
solid volume of around 315%. Phase diagram for sodium sulfate is shown in Figure 6-1:.

53

The continuous lines indicate the boundaries of the stable phases. The solubility of
thenardite becomes increasingly larger than that of mirabilite below 32 °C. Therefore,
any porous material containing thenardite that is exposed to water or rising humidity will
host both dissolution of thenardite and precipitation of mirabilite. The thenardite
dissolves until it reaches its equilibrium concentration, which at ambient temperature is
highly supersaturated with respect to mirabilite as indicated in the Figure 6-1.

Solution

Relative humidity (%)

90
75

Mirabilite

60
45

Thenardite
30
15
0
0

5

10

15

20

25

30

35

40

45

50

Temprature (˚C)

Figure 6-1: Phase diagram for sodium sulfate (Flatt, 2002).

6.1 Experimental program
In this study, the effects of slag and different dosages of nano-silica on the resistance of
concrete to the sodium sulfate solution were explored by six different concrete mixtures.
For instance, portland cement with 3% and 6% nano-silica and portland cement with 50%
slag and 3% and 6% nano-silica. There are currently no standard test methods directly
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addressing this issue of PSA on cement-based materials. Reading (1982) and Hartell et al.
(2011) found that the highest level of surface scaling occurred when one-third of the test
specimens was immersed in the salt solution and rest exposed to the air. The specimens
were partially immersed up to one-third of the total height in plastic containers with
airtight lids containing a high-concentration (10%) sodium sulfate solution. To minimize
the evaporation of solution, the lids were cut circularly to provide an opening equal to the
diameter of the cylinder, as shown in Figure 6-2. The very high concentration of the
solution was selected to accelerate the test procedure. The exposed portion of specimens
was subjected to cyclic temperature and humidity. Continuous intake of the solution by
capillary action, especially during the drying stages reduced the solution level in the
containers; the solution was therefore frequently replenished in order to maintain the
solution level to one-third of the height of cylinders. Figure 6-3 shows the environmental
chamber where all the specimen were stored.

Surface scaling
Capillary rise of solution
Container full of 10%
sodium sulfate solution

Figure 6-2: Schematic diagram showing the PSA specimen.
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Figure 6-3: Specimen stored in sodium sulfate solution at controlled temperature and
humidity

Figure 6-4: Physical salt attack cause surface scaling at C-0, C-1, C-2 (from left to right)
after 112 cycles.
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Figure 6-4 shows the highest scaling occured at C-0 and lowest at C-2. The damage
mechanisms of physical salt attack was investigated using the following processes 1)
scanning electron microscopy (SEM) associated with energy-dispersive X-ray analysis
(EDX), 2) mineralogical analysis by X-ray diffraction with Rietveld method, 3) water
absorption. Fracture surfaces were extracted from the surface (up to 20 mm depth) of the
drying and immersed portions of the specimens.
6.1.1 SEM associated with energy dispersive X-ray spectroscope
The samples were coated with a fine layer of carbon before performing the analysis to
make the surface conductive and to improve the sample imaging. The combination of
SEM and EDX render a qualitative picture of the minerals in the tested samples. Figure
6-11 illustrates the thenardite crystals deposited in the cracks of C-0 specimen. This
observation proves the deleterious effect of salt crystallization inside the pores. The
ettringite, needle-shaped crystals, as shown in Figure 6-10 and gypsum were identified in
the same sample, but from the immersed portion. Those crystals were relatively small and
found less frequently. In case of chemical sulfate attack, Brown and Hooton (2002) found
high volume of ettringite and gypsum in the damaged area of concrete. In this study, the
concentration and size of those crystals did not appear to be a potential cause of damage.
SEM and EDX results support that crystallization of sodium sulfate is the primary reason
of deterioration.
In the next phase tested sample were ground to powder and passing through sieve #200
(75 µm). This powder was prepared from carefully extracted fractured pieces (not
pincluding large coarse aggregate) of specimens. In the final phase samples were tested
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by X-ray
ray diffraction (XRD) w
with
ith the Rietveld method for quantitative analysis of the
minerals.

(a)

(b)

Figure 6-5:: (a) SEM image and (b) EDX spectrum of ettringite sample collected from
below the solution in specimen C
C-0.

(a)

(b)

Figure 6-6:: a) SEM image and (b) EDX spectrum of Thenardite
Thenardite.. Sample collected from
above the solution in specimen C
C-0.
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(a)

(b)

Figure 6-7: a) SEM image and (b) EDX spectrum of Gypsum. Sample collected from
above the solution in specimen C-2.

6.1.2 X-ray Diffraction with Rietveld Method
Different phases have similar chemistry, but different atomic arrangements that result in a
distinct X-ray diffraction pattern, Figure 6-8. The pattern of each phase all together
creates the diffraction pattern of a mixture. XRD determine the type and quantity of the
crystalline phase. It is a good match when experimental data contain all major peaks
listed in the reference pattern. XRD has become a widespread tool for the
characterization of portland cement based materials (Taylor, 1993; Mansoutre and
Lequex, 1996; Meyer et al., 1998). Advancement of detector performance and
development of user-friendly analysis software, full XRD profile fitting approach such as
Rietveld analysis instead of single peak quantification method render the process rapid
and robust (Hill et al.,1987 and Bish et al., 1988). The principle of Rietveld analysis is to
iteratively compare the experimental pattern with a simulated pattern (Rietveld, 1969).
The pattern simulated based on the presumed amounts, crystal parameters, and equipment
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parameters of a mixture of known phases. All these parameters may be adjusted between
iterations to minimize the difference between experimental and simulated patterns by
least squares fitting (Walenta and Fullmann2004). In this study, Rietveld quantitative
phase analysis was done by Topas-Academic software. A mixture containing amorphous
materials does not produce sharp diffraction peak. Amorphous or nano crystalline phases
are present hump that can be fitted using peaks phase. Peak phase consists of a set of one
or more peaks and background function. A proper selection of diffractometer settings and
control on the background functions parameters yields robust quantification strategy
(Scrivener et al., 2004; Hesse et al., 2011; Mitchell et al., 2006).

(a)

(b)

(c)

Figure 6-8: (a) XRD machine (b) X-ray diffraction pattern of same element (c) diffraction
pattern of a mixture
http://prism.mit.edu/xray/introduction%20to%20xrpd%20data%20analysis.pdf)
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Sample
Location

Thenardite

Dolomite

Calcite

Quartz Low

Gypsum

Ettringite

Mixture

Table 6-1: Rietveld quantitative XRD analysis results for the tested specimens.

Above
Solution

7.26%

71.17%

12.56%

2.40%

1.88%

1.42%

Immersed
in Solution

3.96%

72.30%

14.13%

2.91%

1.54%

1.87%

Above
Solution

9.02%

70.00%

14.59%

2.33%

1.14%

0.85%

Immersed
in Solution

3.44%

73.12%

10.98%

3.64%

3.34%

1.71%

Above
Solution

16.03%

71.58%

5.20%

3.79%

0.44%

0.24%

Immersed
in Solution

6.71%

66.87%

19.11%

3.08%

1.12%

0.68%

Above
Solution

4.45%

15.30%

36.84%

26.69%

1.61%

5.75%

Immersed
in Solution

2.43%

32.93%

33.62%

26.23%

1.53%

3.70%

Above
Solution

1.55%

28.62%

30.27%

32.17%

1.22%

6.32%

Immersed
in Solution

1.21%

28.84%

28.08%

35.95%

1.35%

4.66%

Above
Solution

1.61%

29.03%

24.27%

38.12%

1.04%

5.69%

Immersed
in Solution

1.02%

20.17%

30.70%

31.73%

1.80%

7.59%

A-0

A-1

A-2

C-0

C-1

C-2

6.1.3 Analysis of results
The efflorescence of salts was accumulated on the surface exposed to the air. It was
pronounced, as shown in the Figure 6-9, during hot (45°C) and dry (15% RH) cycle than
cold (20°C) and humid (80% RH) cycle. Figure 6-8 shows the different level of damage
occurred on the specimens of Group C after 112 cycles. It was remarkable that all the
flaking of the surface occurred above the solution and close to the lead (one-third height
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from the bottom of the specimen). This flaking was scattered, did not continue through
the whole cross section. The most damage was found in A-0.

(a)

(b)

Figure 6-9 Efflorescence of salt (a) C-0 and (b) scaling of C-0
All the phase diffraction patterns of the tested samples are presented in the Appendix A.
Rietveld analysis of all the XRD pattern as shown in Table 6-1 gives the percentage of
the minerals exist in each sample. In general, aggregates are the source of the Dolomite,
Calcite, Quartz etc. Thenardite (anhydrous form of sodium sulfate ) is the primary
interest of this investigation. Large volume of thenardite was discovered in the dry
segment (above the salt solution) of the tested samples than that of submerged segment.
Gypsum and ettringite are generated from chemical reaction of portlandite and sulfate.
However, their presence in all the sample was insignificant, which indicates that the
damages on the concrete surface were not chemical reaction between sulfate and cement
paste (chemical attack) at this stage. Damage is because when water enters the thenarditecontaining material, dissolution of this mineral creates a solution highly supersaturated
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with respect to mirabilite. The concentration is high enough for mirabilite precipitation to
generate stresses in excess of the tensile strength of concrete.
6.1.4 Water absorption
Concrete with different cementitious materials has different pore structure. Therefore, the
presence of supplementary cementitious materials is one of the important factors that
control the water absorption. Salt crystallization due to physical slat attack in various
concrete structure can be determined by the water absorption test. The mass of a
specimen with time yield the rate of absorption. The higher the absorption of water the
greater the mass. Only one surface of the specimen is in contact with the water. The
entrance of water is dominated by capillary. The test measures the susceptibility of an
unsaturated concrete to the penetration of water.

Figure 6-10: Absorption test, specimens are partially immersed in the water
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Experimental program
The following experimental program was conducted accoding to ASTM C1585 (2004).
The concrete cylinders (diameter, 100 mm and height, 200 mm) were cast and cured for
28 days in a standard curing tank. The disc shape specimens (diameter, 100 mm and
height, 50mm) were cut from the concrete cylinder. Two specimens were made from
each batch. A total of six mixtures were placed in the environmental chamber. The
temperature (45 ± 1°C) and relative humidity (15 ± 2 %) of the environmental chamber
was similar to the hot/dry period of the PSA exposure cycle. To prevent the moisture loss
during the absorption the sides were sealed with aluminum tape and the top surface was
sealed with loosely attached plastic sheets. After three days, each specimen was placed
inside a sealable container and ensured the free flow of air around the specimen. Then the
container was stored at 23 ± 2°C for two weeks. After that, the specimen was removed
and the mass was recorded to the nearest 0.01 g. The support device were placed at the
bottom of the specimens and then the pan was filled with tap water so that the water level
is 1 to 3 mm above the top of the support device. Water absorption was determined as a
function of time. Mass was measured at the intervals of 60 s, 5 min, 10 min, 20 min, 30
min, 60 min, every hour up to 6 h, once a day up to 3 days, 2 measurement between 4 to
7 days, 1 measurement between 7 to 9 days.

I, mm =

∗

where, I = the absorption, m = the change in specimen mass in grams, at the time t, a =
the exposed area of the specimen, in mm2, and d = the density of the water in g/mm3.

64

Table 6-2: Absorption rates for the tested mixtures.
Mixture

Initial absorption rate
(mm/sec1/2)

Secondary absorption rate
(mm/sec1/2)

A-0

0.0069

0.0013

A-1

0.0066

0.0008

A-2

0.0047

0.0006

C-0

0.0017

0.0007

C-1

0.0018

0.0004

C-2

0.0018

0.0003

3.0
A-0

2.5

Absorption (mm)

A-1

2.0

A-2

1.5
1.0
0.5
0.0
0

200

400

600

800

SQRT of Time (sec1/2)
Figure 6-11 Absorption-time relationships of control mixture with different dosage of
nano-silica
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Figure 6-12: Absorption-time relationships for mixtures with GGBF slag and different
dosage of nano-silica

6.1.5 Analysis of results
The Table 6-2 presents absorption rates of all mixtures. It was observed that for all
mixtures absorption rates were decreased with increasing nano-silica. It complies with the
MIP and permeability results. Addition of nano-silica results in the refinement of the pore
structure, which consequently made the specimens less penetrable. The results of the
water absorption test show notable correlation between the absorption rate and concrete
resistance to PSA. Therefore, A-1, A-2 and C-1, C-2 were less penetrable and had less
damage compare to A-0 and C-0 respectively.
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Chapter 7
Alkali-Silica Reactivity

Alkali-silica reaction (ASR) produces gel in between mortar and aggregates. In favorable
temperature and humidity, this gel expands and aggravates the cracks of the concrete.
Gradually, this lead to map or pattern cracks, block cracks, exudation, pop-out etc
(Hobbs, 1988). Stanton (1940) reported ASR one of the major cause of structural
damage. In the year 1998, the Federal Highway Administration offered a survey
nationwide and found ASR affected structures in 35 states (FHWA-RD-03-047, 2003). It
was found that the alkali-reactive aggregates are widespread in the United States, Eastern
Canada, Australia and several countries in Europe and South Africa (Mehta and
Monteiro, 2006).
Cyclic freezing and thawing in northern regions can exacerbate the cracking initiated by
ASR. It may open the pathways for chloride ions to enter inside the concrete and begin
the corrosion of embedded reinforcement. After the hydration of the cement, alkali
hydroxides are produced in the concrete pores. On the other hand, certain forms of
reactive silica minerals occur naturally in some aggregates. The chemical reaction
between this alkali and silica yields an alkali-silica gel. This gel is hygroscopic (absorb
water) and swells if the concrete is in a moist environment. The swelling of the gel
increases its volume and creates pressure on the surrounding pore walls. Swamy and AlAsali (1989), Fan and Hanson (1998) confirmed that concrete structure exposed to high
moisture along with high temperatures showed significant declination of strength,
stiffness and durability. Portland cement is the primary source of alkalis in the concrete.
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In some cases, additional alkalis may be supplied by aggregates, admixtures,
supplementary cementing materials or from deicing salts or sea water. Aggregates are
reactive if contain opal, cristobalite, tridymite, volcanic glass and various forms of
microcrystalline, cryptocrystalline and strained quartz. The relative humidity of 80
percent and above increases the intensity of ASR.
Damage due to ASR can be avoided. In case of new construction, one of the two
following ways can be adopted for ASR mitigation: 1) avoiding reactive aggregates or 2)
adding admixture or supplementary cementing materials that can deplete the alkali
solution from the concrete. Structures in warmer exposures are more susceptible to alkalisilica reactivity than those in colder exposures. Silica fume can reduce the alkalinity of
the pore solution (Aquino et al., 2001; Rasheeduzzafar and Hussain, 1991; Canham et al.,
1987: Thomas et al., 1999). Class F fly ash has been effectively used for controlling the
damage caused by ASR (Haque et al., 1984, Malvar et al., 2002). Metakaolin, calcined
clay and different types of natural pozzolans have been investigated to mitigate ASR
(Sabir et al., 2001; Ramlochan et al., 2000; Turanliet al., 2003).
The ACI 233R (2011) guide on slag cement in concrete and mortar indicates a minimum of
40% cement replacement with GGBF slag is typically needed to mitigate ASR. A
significant reduction in expansion of the concrete was observed when 50% portland
cement was replaced with slag, and the alkali level of that dosage of slag was not a
contributory factor (Hester et al., 2005).
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7.1 Experimental program
In this study, the experimental program was designed to find the optimum amount of slag
required to mitigate ASR. In many cases, 50% and higher slag replacement may result in
surface scaling and also high quality slag (120 grade) are expensive due to their limited
supply in the market. Therefore, one of the objectives of this study was to determine the
amount of slag that is significantly lower than 50%, but provide a similar level of ASR
mitigation. In this regard, two different dosages to 3% and 6% nano-silica were used with
various percentages of slag replacement. This effect was investigated in terms of 14-day
expansion of mortar bar. The accelerated mortar-bar method, according to ASTM C1260
(2001) and ASTM C1567 (2008) was used to measure the expansion caused by ASR for
different mixtures. Superplasticizer (ADVA195) was used at different dosages to achieve
a constant and acceptable level of workability for all the mixtures. The source of fine
aggregate was known to be reactive. Fine aggregate was prepared and graded as specified
by the ASTM standards and shown in Appendix A, Table A-1. For the test the proportion
of the dry materials was 1 part of cementitious materials (hydraulic cement in addition of
GGBF slag) to 2.25 parts of graded aggregate by mass for aggregate with the relative
density above 2.45. Three specimens were made for each batch. Therefore, 440 g of
cementitious materials and 990 g of aggregate and water-cement ratio equal to 0.47 by
mass which is 206.8 g were mixed at one time in the batch. The amount of water was
adjusted to account for the water included in the nano-silica solution. After completion of
the original mixing of the mortar batch, the molds (1” × 1” × 11”) were filled with two
equal layers, each layer being compacted with the tamper. All the molds were kept in a
moist cabinet. After 24 hours, all the specimens were removed from the molds and placed
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in a storage container with sufficient tap water to totally immerse them. The containers
were sealed and placed in an oven at 80 ± 2°C for a period of 24 hours. The bars were
removed one at a time from the water and dry their surface with a towel. Reading of each
bar immediately after drying, the length was measured by length comparator which is
called zero readings. After taking all the readings, all the specimens were placed in a
container with sufficient 1N NaOH, at 80 ± 2°C and returned it to the oven.
At each period the difference between the zero comparator reading of the specimen and
the reading were calculated nearest 0.001 % of the effective gauge length and recorded as
the expansion of the specimen for that period. Finally, the average expansion of the three
specimens of a given cement-aggregate combination was calculated to the nearest 0.01 %
as the expansion for the combination for a given period. The expansion in the bars was
measured and recorded every 3-4 days for the first 14 days after starting the exposure and
every 7-10 days after that. According to ASTM standards, the main reference expansion
value was measured after 14 days of exposure. ASR behavior is considered innocuous if
the expansion percentage is less than 0.10%. For expansions more than 0.20%, the
standards recommends considering this case to be potentially deleterious. Initially, mortar
bars were prepared by control mixture, CM and tested to verify the reactivity of the
aggregates. The accelerated mortar bar test result of CM shows 0.335% expansion at14days which is a clear index of reactive aggregate.
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(a)

(b)

Figure 7-1: (a) Digital length comparator (b) Mortar
ortar bars stored in NaOH solution at
80°C.

Figure 7-2: Mortar bars CM after 14-days exposure at 80± 2°C,, 1N NaOH (Zeidan,
2013).
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7.1.1 Effect of nano-silica on the level of ASR mitigation
In this study, six different mixtures of mortar bar expansion examined at different ages
upto 28-days to investigate the effect of different dosage of nano-silica with various
proportion of cementitous material in terms of ASR mitigation.
Table 7-1 Cementitious material combinations used for the tested mortar mixtures
Portland
Cement

GGBF
slag

CM

100%

0%

C97N3

97%

0%

C94N6

94%

0%

C50S50N3

50%

50%

C70S30N3

70%

30%

Nanosilica
0%
3%
6%
3%
3%

Table 7-2 Expansion ratios in mortar bars

CM
C97N3
C94N6
C50S50N3
C70S30N3

0

3

7

14

28

0

0.082%

0.234%

0.34%

0.64%

0

0.030%

0.093%

0.19%

0.38%

0

0.013%

0.04%

0.09%

0.25%

0

0.02%

0.041%

0.058%

0.12%

0

0.085%

0.108%

0.095%

0.122%
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0.007
CM

Average expansion at 14 days

0.006

C97N3
C94N6

0.005

C50S50N3
0.004

C70S30N3

0.003
0.002
0.001
0
0

5

10

15

20

25

30

Time, days

Figure 7-3 Expansion in mortar bars at different ages

7.1.2 Analysis of results
It was evident from the test that with the increased dosage of nano-silica the expansion
rate of mortar bar reduced. However, in order to mitigate the ASR, portland cement with
6% nano-silica was required. ASR mitigation with 3% nano-silica was achieved,
however, in that case portland cement was replaced by 30% GGBF slag. While portland
cement was replaced by 50% slag and 3% nano-silica it showed similar level of
performance as binary blend of 6% nano-silica with portland cement.
7.1.3 Effect of cement replacement by slag on the level of ASR mitigation
The investigation was performed in three phases. In phase 1, six mixtures of different
percentages of cement replacement by slag (15%, 20%, 25%, 30%, 35%, 50%) were
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made. The mixtures proportion are given in Table 7-1. In the second phase, 3% nanosilica was added with phase 1 mixtures. The mixtures proportions are given in Table 7-2.
In the third phase, nano-silica dosage was doubled to 6%. The mixtures proportions are
given in Table 7-3. Results for all three phases are presented in Figure 7-4 for easy
comparison.
Table 7-3 Cementitious material combinations used for the six tested mortar mixtures
(Phase 1)
Portland
Cement

GGBF
slag

C85S15

85%

15%

C80S20

80%

20%

C75S25

75%

25%

C70S30

70%

30%

C65S35

65%

35%

C50S50

50%

50%

Table 7-4 Mixture constituents of mortar bars containing different ratio of cement and
slag (Phase 1)
Portland
Cement, g

GGBF
slag , g

Fine
aggregate, g

Water, g

C85S15

374

66

990

206.8

C80S20

352

88

990

206.8

C75S25

330

110

990

206.8

C70S30

308

132

990

206.8

C65S35

286

154

990

206.8

C50S50

220

220

990

206.8
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Table 7-5 Cementitious material combinations used for the six tested mortar mixtures
(Phase 2)
Portland
Cement

GGBF
slag

C85S15N3

85%

15%

C80S20N3

80%

20%

C75S25N3

75%

25%

C70S30N3

70%

30%

C65S35N3

65%

35%

C50S50N3

50%

50%

Nanosilica
3%
3%
3%
3%
3%
3%

Table 7-6: Mixture constituents of mortar bars containing different ratio of cement, slag
and nano-silica (Phase 2)
Portland
Cement, g

GGBF
slag , g

Fine
aggregate, g

Water, g

Nanosilica, g

C85S15N3

374

66

990

193.6

26.4

C80S20N3

352

88

990

193.6

26.4

C75S25N3

330

110

990

193.6

26.4

C70S30N3

308

132

990

193.6

26.4

C65S35N3

286

154

990

193.6

26.4

C50S50N3

220

220

990

193.6

26.4
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Table 7-7 Cementitious material combinations used for the six tested mortar mixtures
(Phase 3)
Portland
Cement

GGBF
slag

Nanosilica

C85S15N6

85%

15%

6%

C80S20N6

80%

20%

6%

C75S25N6

75%

25%

6%

C70S30N6

70%

30%

6%

C65S35N6

65%

35%

6%

C50S50N6

50%

50%

6%

Table 7-8: Mixture constituents of mortar bars containing different ratio of cement, slag
and nano-silica (Phase 3)
Portland
Cement, g

GGBF slag, g

Fine
aggregate, g

Water, g

Nano-silica, g

C85S15N6

374

66

990

180.4

52.8

C80S20N6

352

88

990

180.4

52.8

C75S25N6

330

110

990

180.4

52.8

C70S30N6

308

132

990

180.4

52.8

C65S35N6

286

154

990

180.4

52.8

C50S50N6

220

220

990

180.4

52.8
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7.1.4 Analysis of results
GGBF slag pozzolanic action consumes alkalis produced during the hydration process,
thus reducing the total alkalis in the concrete. As a result, limited alkalis are present to
trigger ASR reaction. Typically, slag also reduces the concrete pore solution alkalinity,
which is one of the three influential parameters for alkali-silica reactivity. In Figure7-4:,
the columns represent the average expansion ratios of at least 3 mortar bars for each
mixture. It was found that for binary blend of portland cement and slag, 50% or higher
slag replacement is required for ASR mitigation. The 14-days expansion value of 30%
slag replacement with 3% nano-silica is less than 0.10% and showed similar result like
50% slag replacement with no nano-silica. Concrete is susceptible to surface scaling in
places where cyclic freezing and thawing with deicing salts are present. In those places
30% slag with 3% nano-silica can be used instead of 50% slag. High quality (120 grade)
GGBF slag is not available across the US. This result might be very useful in large
construction projects where large volumes of slag are required, yet may not be available
locally or regionally.
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Table 7-9 Expansion ratios in mortar bars
Mixture

Average expansion at
14-days (%)
C85S15

0.208

C80S20

0.205

C75S25

0.187

C70S30

0.172

C65S35

0.148

C50S50

0.094

C85S15N3

0.121

C80S20N3

0.1045

C75S25N3

0.0985

C70S30N3

0.095

C65S35N3

0.0845

C50S50N3

0.058

C85S15N6

0.101

C80S20N6

0.089

C75S25N6

0.087

C70S30N6

0.0855

C65S35N6

0.084

C50S50N6

0.05
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Cement, Slag & 6% Nano silica

50%, 50%

Cement, Slag & 3% Nano silica

50%, 50%

65%, 35%
70%, 30%
75%, 25%
80%, 20%
85%, 15%

65%, 35%
70%, 30%
75%, 25%
80%, 20%
85%, 15%
50%, 50%

Cement, Slag

65%, 35%
70%, 30%
75%, 25%
80%, 20%
85%, 15%
0.000

0.050

0.100
0.150
Average expansion at 14-days

Figure7-4: Expansion in mortar bars of various mixtures.
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0.200

0.250

7.1.5 Analytical study of nano-silica and nano-alumina in terms of ASR mitigation
In this section, the prospect of nano-alumina for ASR mitigation was also explored with
nano-silica. In the Table 7-4 mixture constituents of mortar bars are presented.
Table 7-10 Cementitious material combinations used for the six tested mortar mixtures
Portland
Cement

GGBF
slag

Fly ash

Nanosilica

Nanoalumina

C97N3

97%

0%

0%

3%

0%

C99A3

99.7%

0%

0%

0%

0.3%

C50S50N3

50%

50%

0%

3%

0%

C50S50A

50%

50%

0%

0%

0.3%

C85F15N3

85%

0%

15%

3%

0%

C85F15A

85%

0%

15%

0%

0.3%

Table 7-11: Mixture constituents of mortar bars containing different ratio of cement, slag,
nano-silica and nano-alumina
Portland
Cement,
g

GGBF
slag, g

Fly Ash,
g

Fine
aggregate,
g

Water,
g

Nanosilica,
g

Nanoalumina, g

C97N3

220

-

-

990

193.6

26.4

0

C99A3

220

-

-

990

200.3

-

7.8

C50S50N3

220

220

-

990

193.6

26.4

0

C50S50A

220

220

-

990

200.3

-

7.8

C85F15N3

374

-

66

990

193.6

26.4

0

C85F15A

374

-

66

990

200.3

-

7.8
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Table 7-12 Expansion ratios in mortar bars
Mixtures

Mixture proportion

Average expansion at
14-days
0.19

97%,3%

C97N3
C99A3
C50S50N3
C50S50A
C85F15N3
C85F15A

100%, 0.3%

0.269

50%, 50%, 3%

0.058

50%, 50%, 0.3%

0.052

85%,15%,3%

0.11

85%, 15%, 0.3%

0.085

0.3
0.25
0.2
0.15
0.1
0.05
0
97%,3%

100%, 0.3% 50%, 50%, 3%

Cement, Nano- Cement, Nano- Cement, Slag
silica
alumina
& Nano-silica

50%, 50%,
0.3%

85%,15%,3%

85%, 15%,
0.3%

Cement, Slag
& Nanoalumina

Cement, Fly
ash, Nanosilica

Cement, Fly
ash & Nanoalumina

Figure 7-5 Bar chart of expansion ratios in mortar bars

7.1.6 Analysis of results
It was found that, portland cement with 3% nano-silica or portland cement with 0.3%
nano-alumina were failed to achieve acceptable limit of ASR mitigation. However, both
showed satisfactory result when mixed with 50% slag and 50% cement. In case of fly ash
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different outcome was found. With 15% fly ash and 3% nano-silica failed to achieve the
acceptable limit whereas 0.3% nano-alumina with same amount of fly ash yield less than
0.1% expansion at 14 days.
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Chapter 8
Conclusions and Recommendations
8.1 Conclusions
Addition of GGBF slag in the portand cement increased the initial and final setting time
compare to control mixture. However, addition of nano-silica decreased both the setting
time.
It was found from the adiabatic temperature experiment that colloidal nano-silica can
accelerate cement and slag hydration. It indicates significant enhancement in concrete
early strength.
Early strength, 3-days and 7-days compressive strength, of the GGBF slag concrete were
increased 11% and 43% respectively compare to ordinary portland cement concrete with
the increase in colloidal nano-silica dosages.
Both nano-silica and slag improved the tensile strength and modulus of rupture of
concrete.
The concrete resistance to surface scaling and abrasion were improved with the addition
of nano-silica especially for the concrete containing GGBF slag and portland cement.
The values of the passing charges and the depth of the physical penetration of the
chloride ion show a significant improvement in chloride ion penetration resistivity with
adding slag & nano-silica.
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MIP results showed that slag & nano-silica reduce the voids inside the concrete and
refine the pore structure.
SEM image shows, concrete containing portland cement with nano-silica and portland
cement with slag and nano- silica, have less voids & strong bond between cement paste
and aggregate. Both the MIP and SEM experiments helped to understand the reason
behind the improvement of the mechanical properties and durability
XRD, SEM, EDX and water absorption results provided the fundamental understanding
of the damage process due to physical salt attack. It might be a guidance physical salt
attack (PSA) investigation. It was found from the experimental program that
crystallization of sodium sulfate is the primary reason of concrete deterioration. Portland
cement with silica did not show good resistance against PSA but with slag concrete is
less susceptible to PSA.
It was evident from the test that with the increased dosage of nano-silica the expansion
rate of mortar bar reduced. ASR mitigation with portland cement and nano-silica
achieved when the nan0-silica dosage was 6%.
ASR mitigation with portland cement and slag achieved when the amount of slag is 50%
of the total cementitious materials. Similar level of performance can be achieved by 30%
slag if 3% nano silica also added. Even 20% slag showed little better performance than
the previous two type of mixture with 6% nano-silica. Concrete with higher percentage
(e.g. 50%) of GGBF slag is susceptible to surface scaling in places where cyclic
freezing and thawing with deicing salts are present. In those places lower percentage of
slag can be used.
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It was found that 0.3% nano-alumina could not mitigate ASR alone but with 50%slag or
15% fly ash it mitigate the ASR.
It was found that incorporating small amounts of nano-silica with the concrete containing
ordinary portland cement and GGBF slag counterbalance the negative effect of slag on
early strength and durability, leading to a robust use of GGBF slag.

8.2 Recommendations for future work
1. Properties of concrete containing lower grade (80 or 100) of GGBF slag and nanosilica might be investigated.
2. In the ternary blend concrete heat of hydration might be more investigated to
determine the heat evolution due to hydraulic reaction only or with the combination of
pozzolanic reaction.
3. Properties of concrete with other supplementary cementitous materials, for instance
metakaolin , natural pozzolan etc, might be investigated with different mixture
proportion.
4. Life cycle cost analysis of concrete containing GGBF slag and nano-silica might be
investigated.
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Appendix A

Figure A-1 Abrasion specimen A-0 a) after abrasion, b) with clay-filled cavities

Figure A-2 Abrasion specimen A-1 a) after abrasion, b) with clay-filled cavities.

Figure A-3 Abrasion specimen A-2 a) after abrasion, b) with clay-filled cavities.
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Figure A-4 Abrasion specimen C-0 a) after abrasion, b) with clay-filled cavities

Figure A-5 Abrasion specimen C-1 a) after abrasion, b) with clay-filled cavities.

Table A-1 Gradation of aggregate for mortar bar specimens
Sieve size (passing)
No. 4
4.75 mm

Mass, %
10

99 g

No. 8

2.36 mm

25

247.50 g

No. 16

1.18 mm

25

247.50 g

No. 30

600 Mm

25

247.50 g

No. 50

300 Mm

15

148.50 g
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Figure A-6 XRD diffraction pattern of C-0. Sample collected from above the solution
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Figure A-7 XRD diffraction pattern of C-0. Sample collected from below the solution
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Figure A-8 XRD diffraction pattern of C-1. Sample collected from above the solution

9,000

C1-Below 03-06-15.raw_1

8,000
7,000
6,000

Counts

5,000
4,000
3,000
2,000
1,000
0
-1,000
-2,000
-3,000
10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

2Th Degrees

Figure A-9 XRD diffraction pattern of C-1. Sample collected from below the solution

89

85

18,000
16,000
14,000
12,000

Counts

10,000
8,000
6,000
4,000
2,000
0
-2,000
-4,000
10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

2Th Degrees

Counts

Figure A-10 XRD diffraction pattern of C-2. Sample collected from above the solution
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Figure A-11 XRD diffraction pattern of C-2. Sample collected from below the solution
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(a)

(b)
Figure A-12: (a) and (b) Physical salt attack
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