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ABSTRACT 

The work described in this thesis has been carried out in order to gain further knowledge on 

the porosity related properties of self-compacting concrete incorporating different types of 

additives. This was completed by evaluating the fresh and hardened properties of concretes 

with the aid of some selected tests performed according to their relevant standard. To do so, 

multiple ultra-high strength, self-compacting, and normally-vibrated concretes were 

designed, produced and evaluated. This was completed by applying a wide range of tests.  

Slump flow table and V-funnel time tests were conducted in order to characterize the fresh 

state. Hardened properties which combines the mechanical and durability properties were 

carried out in order to assess the effect of the type of additive. Compressive strength, surface 

hardness and ultrasonic pulse velocity were the evaluated mechanical properties. In addition, 

durability properties were investigated through water tightness, total porosity, apparent 

porosity, rapid chloride migration, carbonation, freeze and thaw, and air void characteristics 

tests. Nevertheless, alongside this research work, a sustainable self-compacting concrete type 

(with low clinker content) was developed based on locally produced waste materials (waste 

perlite powder).  

The finding of this thesis will contribute to deeply understand the role additives on affecting 

the internal microstructure of sustainable self-compacting concrete. The recommendations 

suggested from this work are fundamental in order to achieve a more sustainable self-

compacting concrete. 

Results suggested an extension for the processing window of SCC which represents the 

workability characteristics. In addition, WPP was investigated as a green filler material for 

SCC and proven to satisfy the SCC fresh and hardened properties. 

The effect of alternating concrete parameters on the repeatability of the surface hardness of 

the Schmidt hammer was earlier investigated on normally vibrated concrete. Thereby, an 

extensive evaluation has been performed on several SCC to assess the coefficient of variation 

of the Schmidt hammer with respect to different concrete parameters. Present PhD research 

has revealed the most pronounced influencing parameters for the rebound surface hardness 

of self-compacting concrete. 

As for the long term effect of the type of additives on the chloride migration in concrete, 

different fillers and supplementary cementitious material were analyzed separately, in terms 

of time dependency on the concrete resistivity to chloride migration.
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CHAPTER 1: INTRODUCTION 

1.1 Background 

Nowadays everything is evolving. The societal thinking, technology, environment, 

governments, and others are varying as the population now notices the impact of these issues 

on life. The world cannot be imagined without concrete. Among other construction materials 

(i.e. steel, timber etc.), there is no doubt that concrete is the most consumed and common 

building material (Crown, 2008). As it was the building block for the roman empire, today 

it is the developed material which paved the way for a new generation of gravity defined 

megastructures. The raw materials that enable to create this magical formula can be found 

almost in every country on the earth. It is very simple to combine cement, aggregate and 

water to produce and cast fresh concrete in almost any desired shape. However, the mixing 

proportions of these materials will define either a tragedy or a success. Therefore, it is very 

essential to understand its characteristics in both fresh and hardened states. 

The primary keys that make concrete the most commonly used material is because of its 

relatively low cost, permeability characteristics, and accessibility of the necessary raw 

materials. Worldwide, the cement sector is estimated to produce about 5-8% of the total global 

anthropogenic carbon dioxide (CO2) emission. If no measures are implemented, CO2 

emission is estimated to be approximately 0.8 t for every ton of clinker (Novak et al., 2005). 

One of the most important concerns regarding SCC is the high cost of production due to the 

implementation of admixtures and high dosages of binders to satisfy its rheological 

properties. According to Nehdi et al. (2004), the cost of materials needed to produce the SCC 

is approximately 20-50 % higher than those for the NVC. Due to climate changes, 

environment-friendly concretes have earned a great attention for the last decades, in terms of 

research and development. Since concrete is considered an exhaustive material, requiring 

fossil fuel for its production, the cement industry had been able to reduce the carbon footprint 

by creating blended cement with SCMs (Mikulčić et al., 2016). The fastest and most effective 

way of reducing CO2 emission is achieved by replacing the clinker by a high amount of SCMs 

(Sethy et al., 2016; Mohammadi et al., 2015; Nagaratnam et al., 2015). Therefore, the 

application of sustainable concrete with low Portland cement clinker content brings a lot of 

attention to the construction industry. Also, the most effective way to achieve a low cost and 

sustainable SCC is by the utilization of high dosages of pozzolanic or non-pozzolanic 

additives or by-product materials as a partial replacement of cement (Dinakar et al, 2008). 
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Therefore, the current research work is stimulated by investigating the relation between 

durability and porosity characteristics of multiple NVC and SCC mixtures using different 

types of additives or by-product materials at a relatively high content. 

1.2 Research significance 

In the field of concrete technology, the research today is directed towards enhancing the 

concrete service life. SCC is considered an advanced type of concrete, providing enhanced 

mechanical and durability properties. Since most all design standards were developed on the 

base of the NVC, the applicability and limitations of these design codes towards the hardened 

properties of the SCC is a question for today’s modern application. The past decade showed 

a rapid development of the SCC and its more and more frequent application in construction. 

This widespread utilization of the SCC forced us to gain further knowledge about the 

parameters affecting the fresh and hardened properties of the SCC since it became hard to 

neglect the influence of its microstructure on the mechanical and durability performance. 

According to Assié et al. (2007), the results of his laboratory tests according to his question 

“is SCC as durable as NVC” kept the answer to this question ambiguous. Therefore, 

evaluating the transport characteristics such as fluid, gas and aggressive substances, which 

considered as the main causes that affect steel corrosion, in relation with the porosity 

parameters by stimulating them experimentally, were the core of an overall understanding of 

concretes durability. 

1.3 Objectives 

The overall aim of the present study was to analyze the effect of using different types of 

additives on the fresh and hardened properties of sustainable SCC. Minimizing the concrete 

impact on the environment, and with maximizing its performance and service life; sustainable 

SCC could be attained.  The main concern of the research was to gain further understanding 

between the porosity and hardened properties of sustainable SCCs. To do so, several 

laboratory experiments were carried out on produced concretes, with different types of 

additives (fillers and supplementary cementitious materials). Thus, all properties which were 

directly interconnected to the concretes macro/microstructure could be determined. This was 

fulfilled by carrying out a wide range of laboratory tests. By specifying the constrain and 

variable parameters, the main objectives of this PhD thesis were the following: 

1. To specify the limits in the workability window of the SCC (slump flow diameter vs. v-
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funnel time) and define the minimum dosage of high range water reducing admixture, in 

terms of the volumetric water-to-powder ratio. 

2. To evaluate the efficiency of different types of additives for a sustainable SCC: Fillers 

(limestone and waste perlite powder) and supplementary cementitious materials 

(metakaolin and silica fume). 

3. To evaluate the possible effects of alternating the concrete parameters (water-to-binder 

ratio, water-to-powder ratio, concrete type, admixture type, addition of supplementary 

cementitious materials, porosity and carbonation) on the repeatability (coefficient of 

variation) of the rebound surface hardness of the Schmidt hammer. 

4. To evaluate the effect of different types of additives on the long term resistance of the SCC 

against chloride migration. 
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CHAPTER 2: SELF COMPACTING CONCRETE 

2.1 Historical review, definition and categories 

The concept of the SCC was being first applied in Japan in the mid-1980s. Motivated by the 

lack of skilled workers and durability damages caused by inadequate compaction – A 

fundamental study on the workability of the SCC was carried out at Tokyo University. 

Thereby, the first prototype of the SCC proportioning was fulfilled in 1988, by using the 

same compositions of materials as provided in NVC. The aim of applying SCC was to 

eliminate poor compaction which was identified as a primary cause of poor durability of 

concrete structures (Okamura and Ouchi, 2003).   

On the other hand, the standard literature for the SCC showed that Collepardi (2001) made 

an interesting comparison between “pre-SCC-era” in the period from 1970s until the first 

prototype of the SCC, which was casted in 1988 in Japan. This emphasized that the 

development of the SCC was not reachable until the availability of effective 

superplasticizers. At earlier stages, SCC was noted as “High performance concrete” by its 

developers Okamura and Ouchi (2003). This terminology was used when the concrete meets 

the following requirements: Self compact-ability in the fresh state, avoidance of initial 

defects in early age and protection against external factors in the hardened state. However, 

Neville and Aïtcin (1998) developed what is commonly known as “High performance 

concrete”, which is defined as a concrete with a high durability caused by its low water-to-

binder ratio. Thus, there was a necessity to have an alternative name, which considering its 

most significant characteristic, suggested itself: Self-compacting concrete. Goodier (2003), 

was one of the first published references utilizing the term “self-compacting concrete” in 

Japan 1995. 

According to British Standard (BS EN 206-9, 2010), SCC is defined as a concrete which is 

able to flow and compact under its own weight, fill the formwork with its reinforcement, 

ducts, box-outs etc., whilst maintaining homogeneity. 

Other researchers (Khayat, 1999; Khayat et al., 1999) had defined the SCC as self-

consolidating concrete in almost the same terms as a highly flow-able concrete that should 

meet the following criteria’s: 

 Flow-ability: SCC should have the ability to completely flow (horizontally and vertically 

upwards, if necessary) and fill all spaces in formwork without any external compaction. 

 Passing ability: SCC should pass through heavy reinforcing steel bars without any 
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blockage or/ nesting. 

 Segregation resistance: SCC should remain homogeneous and cohesive without any 

separation of its heavy components (aggregates or/and fibres), throughout the entire 

construction process (mixing, transporting, handling, placing, casting, etc.). 

Three separate approaches have been used to produce SCC (Dehn et al., 2000; 

Holschemacher and Klug, 2002): 

1. Powder-type SCC by applying limited amount of coarse aggregates and increased 

amount of powder content, which were needed to limit the free water content and 

increase the plastic viscosity. 

2. Viscosity-enhancing admixture type SCC: A viscosity-enhancing admixture was used 

along with the HRWRA without increasing the amount of powder materials to produce 

SCC. As compared to powder type SCC, viscosity-enhancing admixture type SCC 

contained higher dosage of superplasticizer or water-to-powder ratio to obtain the desired 

filling ability. The powder content was less, since the viscosity was controlled by the 

addition of viscosity-enhancing admixture. 

3. Combined-type SCC: A viscosity-enhancing admixture and a high amount of powder 

materials were used along with a HRWRA at a low water-to-binder ratio. This type was 

developed to improve the robustness of the powder-type SCC, by adding a small amount 

of viscosity-enhancing admixture. In such mixtures, the dosage of the viscosity-

enhancing admixture was less than those of the viscosity-enhancing admixture type SCC. 

Nonetheless, attention should be made on the compatibility between superplasticizer, 

viscosity-enhancing admixture, and powders. 

2.2 Material aspects 

The production of the SCC requires a more appropriate selection of the ingredients than 

NVC, to meet the targeted requirements for fresh and hardened states. To achieve the desired 

performance of the SCC, the constituting materials will define the expected behavior of the 

SCC. Therefore, the following sections describe the raw materials characteristics, which 

have influence on the properties of the SCC. 

2.2.1 Aggregates 

The coarse aggregates were designated to be the larger aggregate sizes with upper sieve size 

(D) is greater than or equal to 4 mm, and the lower sieve size is greater or equal to 2mm (BS 



11 

 

EN 12620-2002, 2008). They are granular materials, such as gravel or crushed stone, and are 

usually used with fine aggregate and binding materials to produce concrete. As for the NVC, 

coarse aggregate is also a key factor for the SCC. This could be explained by its influence on 

the flow-ability, segregation resistance, and strength properties (Okamura and Ozawa 2003). 

Moreover, the porosity and reactivity of coarse aggregate are considered as sensitive factors 

which could influence the durability of the SCC. Porous aggregates resulted lower strength 

and less resistance to freeze and thaw cycles. Also, some types of aggregates might cause 

alkali-aggregate reaction. Hence, the coarse aggregates should be carefully selected.  

On the other hand, fine aggregates are the second type of aggregates for the SCC. It is 

commonly defined as sand. The fine aggregates are designated to have small sizes, with upper 

sieve size (D) is less than or equal to 4 mm (BS EN 12620-2002, 2008). They occupy a greater 

volume in the SCC than in NVC (Okamura and Ozawa, 2003). Fine aggregates have a great 

influence on the performance of the SCC. If the proportions were selected carefully, the flow-

ability and segregation resistance of the SCC would be enhanced (Okamura and Ozawa, 

1995). The fine aggregates, which were selected for the SCC, should be as the following: 

Sharp, angular, chemically inert, sound, low absorbent, and free from deleterious substances 

to obtain high strength and long durability. Also, the fine aggregates used for the SCC must 

be well-graded to reduce the paste volume (EFNARC, 2005).  

2.2.3 Cement 

The most widely used type of cement is the ordinary Portland cement. It is used either as the 

primary binder or in combination with additives or SCMs for SCC. Because of its physical 

characteristics, Portland cement enhances the flow-ability of the SCC when it is applied with 

water to lubricate the aggregates (Okamura and Ozawa, 2003). Portland cement could also 

improve the segregation resistance of the SCC by influencing the density of the bulk cement 

paste of the concrete (Bonen and Shah, 2005). Once Portland cement reacts with water, the 

hydraulic reaction reduces the porosity of the concrete and results in a packed concrete 

skeleton which contributes to improved durability (Neville 1996). 

2.2.4 Water 

The hydration reaction of cement could start only in the presence of water. Water is needed 

for the creation of the paste phase, and thereby, to bind the aggregate particles together. 

Moreover, water is required along with the HRWRA to achieve the self-compacting ability 
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of the SCC (Okamura and Ozawa, 2003).  

2.2.5 Additive types 

Today, the evolution and development of sustainability impose the necessity of reducing the 

content of ordinary Portland cement in concrete production. SCMs provide the key issue for 

cement replacement. These materials are generated from silica dominated minerals (e.g. silica 

fume, perlite powder, quartz powder), alumino-silicates (e.g. activated clays, metakaolins) or 

ternary composition SiO2-Al2O3-CaO; e.g. slags and fly ashes (Borosnyói, 2016). Due to their 

chemical compositions, degree of crystallinity, and fineness (Blaine); SCMs provide an 

enhancing effect on the hardened state of concrete by reacting with the Ca(OH)2 formed 

during the hydration process of Portland cement. Therefore, additional calcium silicate 

hydrate is formed (Borosnyói, 2016; Uysal et al., 2011; Puentes et al., 2015; Junak et al., 

2014; Ondova et al., 2014). 

There has been an increasing interest in using high amounts of fillers as powder materials in 

SCC. By that, SCC would be a more economical and sustainable material by decreasing the 

utilization of cement. There are several types of fillers and SCMs that have been reported to 

be successful in SCC production. The most common fillers are LP, fly ash, slag and others 

(Lothenbach et al. 2011). SCMs were classified based on their hydration effect. The addition 

of SCMs for an appropriate content directly influences the pore network of concrete by 

reducing porosity and enhancing the microstructure of cement stone (Megat Johari et al., 

2010). For instance, LP is a non pozzolanic material, MK and SF are pozzolanic materials. 

Hence based on the source of the material used (natural or artificial), SCMs could be 

categorized. LP, perlite powder, pumicite, and calcined clay are considered as natural SCMs. 

Industrial by-products such as SF, fly ash, and grounded granulated blast-furnace slag are the 

commonly used artificial SCMs. Perlite powder which have a nature of an amorphous 

material is recently applied as a supplementary cementitious material. Basically, it is a natural 

glassy volcanic rock which is highly available all around the world. Regarding the pozzolanic 

activity, the optimum values of perlite replacement percentages of Ordinary Portland cement 

were recorded to be 15% and 20% at 28 d and 90 d (Yu et al., 2002). 

2.2.6 Admixtures 

HRWRA, also known as superplasticizer, is the most common admixture used in the concrete 

industry. It is considered the key material for the production of the SCC. By its liquefying 
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mechanism (HRWRA deflocculates the cement particles and by the dispersing action free the 

trapped water), it reduces the yield stress and plastic viscosity of concrete, and by that, ensures 

SCC workability (Neville and Aïtcin, 1998).  

2.3 Main differences between SCC and NVC 

The basic material compositions of the NVC and SCC are quite similar. They consist of 

binders, aggregates, water and admixtures. However, to achieve the desired properties of the 

SCC, the amount of fine materials is increased without changing the water content, as 

compared to the NVC. Furtherly, the aggregate fractions volume is different. Fine aggregates 

are larger in content, and the amount of coarse aggregate is less in the mixture. Fig. 2.1 

shows the typical differences between the volume of the fractions of the SCC and NVC 

constituent materials. 

 

Fig. 2.1. Examples of materials used in regular concrete and self-consolidating concrete 

by absolute volume (Kosmatka et al., 2002). 

 

2.4 Mixture proportions  

The original mix design method developed by Okamura and Ozawa (1995), which is the 

Japanese mix design, stilled the basic formula for most of the SCC producers. This mix 

design is based on three main rules which are as follows:  

 Limited aggregate content; 

 Low water to powder ratio; 

 Use of superplasticizers. 

Limiting aggregate content: The flow-ability, the filling ability and passing ability of the 

SCC mixes were limited by the friction between the aggregates. By reducing the volume and 
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maximum coarse aggregates size, and utilizing smooth rounded aggregates instead of 

crushed ones, the above properties could be improved: the workability of the SCC matrix 

could be enhanced and the packing density of the SCC matrix could be optimized. According 

to Douglas (2004), rounded particles have been shown to achieve higher packing densities 

than crushed particles; see Fig. 2.2. 

High dosage of superplasticizer: By using the optimum amount of superplasticizer, the flow-

ability and passing ability characteristics for the SCC mixtures was ensured, while 

maintaining the homogeneity at an adequate level. The superplasticizer dissolves flocculated 

cement particles, by reducing the attractive forces and increasing the repulsion forces among 

them. A high dosage of superplasticizer would result in segregation, and a low dosage would 

reduce the flow-ability of the mixture. The overall performance of the SCC would be 

improved with a good degree of cohesiveness (Kwan and Ng, 2010).  

High water-to-powder ratio: the main property of the SCC mixtures compared to the NVC 

is that they contain a high volume of paste to ensure aggregate separation (Nanthagopalan 

and Santhanam, 2009). Okamura and Ouchi (2003) stated that the deformation of SCC 

during the flow could increase the internal stresses, particularly near the obstacles. The 

energy required for flowing was consumed by these excess internal stresses, which may 

cause blockage. However, a high viscosity paste prevented localized increases in internal 

stresses due to the approach of coarse aggregate particles. A high amount of fine particles 

led to an increase in the workability and cohesiveness, thus reducing the possibility of the 

interlocking of coarse particles which could result in a blocking behavior (Khayat, 1999). 

Because of the necessity of a high amount of fine materials, cement replacement materials 

such as slag, silica fume, fly ash, and others were usually used to increase the amount of 

fines, to avoid excessive heat generation. 
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Fig. 2.2. Methods for achieving self-compactability (Okamura and Ozawa, 1995). 

 

Regarding the mixture proportions of the SCC, the European Guideline for SCC (EFNARC, 

2005) stated that there was no standard method for SCC mix design and many ready mixed 

companies, academic institutions and others have developed their own mixture design. These 

guidelines were not intended to provide a specific advice on mix design but Table 2.1. gives 

an indication of the typical range of constituents in SCC by weight and by volume. These 

proportions were in no way restrictive and many SCC mixtures would fall outside this range. 

 

Table 2.1. Typical range of the SCC mixture compositions (EFNARC, 2005). 

Constituent Typical range by 

mass, (kg/m3) 

Typical range by volume, 

(L/m3) 

Powder 380 - 600   

Paste   300 - 380 

Water 150 - 210 150 - 210 

Coarse aggregate 750 - 1000 270 - 360 

Fine aggregate (sand) Content balances the volume of the other constituents, 

 typically 48 – 55% of total aggregate weight. 

w/p (V%)   0.85 – 1.10 

2.5 Microstructure of the SCC 

After mixing the raw components of concrete, large amounts of ettringite and hexagonal 

crystals of calcium hydroxide (CH) would be formed in a further porous framework between 

the aggregate-cement matrix interface and the bulk matrix. With the progress of hydration, 
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this porous region might be filled with poorly crystalline calcium silicate hydrate gel leading 

to a decrease in the porosity. It is the resulting zone that is known as the interfacial transition 

zone (Scrivener et al., 2004). This zone consists of a water film, a calcium hydroxide layer 

on the aggregate side, and a porous matrix layer between the calcium hydroxide layer and 

the bulk paste matrix (Safiuddin, 2008); see Fig. 2.3. 

Concrete is considered to be a material that is divided into two-phases: aggregate and paste. 

Later a more convincing approach came into consideration, the presence of a particular zone 

of hydrated paste in the proximity of aggregates (the interfacial transition zone). Certainly, 

it is better to account the hardened concrete as it is categorized of three phases in the 

microstructural level: aggregate, cement paste, and interfacial transition zone (Ollivier et al., 

1995; Scrivener and Nemati, 1996). As for the cement paste, it combines several types of 

voids which directly affect its properties. The typical scales of both the voids and the solid 

phases in the hydrated cement paste are shown in Fig. 2.4. While the hydration reaction 

progresses, the spaces that are initially filled with water, are replaced by the hydration 

product. This residual space is called capillary pore (Neville, 2010). According to Table 2.2, 

capillary pores are divided into three groups: small, medium and large capillary pores. Since 

the pores which are smaller than 10 μm in diameter have less influence on permeability, 

capillary pores are defined as medium and large capillaries, with diameters from 10 nm to 

10 μm. The pores in this range would mostly affect the permeability and diffusivity of the 

cement paste. 

 

Fig. 2.3. Schematic representation of aggregate-interfacial transition zone-bulk paste 

matrix microstructure (Safiuddin, 2008). 
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Fig. 2.4. Typical dimensions of different phases in the hardened cement paste (Mehta and 

Monteiro, 2006). 

 

Table 2.2 Classification of pores in hydrated cement paste (Wang, 2013). 

Name Type of 

pores 

Diameter Paste properties 

affected 

Micro pores  “ inter 

layer” 

 

 

Gel pores 

Up to 0.5 nm Shrinkage, creep at all 

RH 

Micro pores “inter 

layer” 

0.5 nm to 2.5 

nm 

Shrinkage, creep at all 

RH 

Small (gel) 

capillaries 

2.5 nm to 10 

nm 

Shrinkage between 

50% and 80% RH 

Medium capillaries  

 

Capillary 

pores 

10 nm to 50 

nm 

Strength, permeability, 

shrinkage at high RH, 

>80% 

Large capillaries 50 nm to 10 

µm 

Strength, permeability 

Entrained air  0.01 mm to 1 

mm 

Strength 

 

The hydrated product occupies more volume than the cement particles, and with the 

development of the hydration reaction, in the form of a gel continues to expand into the 

capillary system. Other type of voids such as entrapped air and entrained air are available in 

the pore structure of the concrete. The entrained air type pore is incorporated in the pore 

structure to enhance the concrete resistance against freeze and thaw cycles. However, the 

entrapped air is formed due to inadequate compaction of concrete. These overall cavities or 
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voids form the porosity of the cement, and thereby the concrete porosity.   

The distribution of the concrete pores at various scales from 1 nm to 1 cm is illustrated in 

Fig. 2.5. At the large scale (macro), the entrapped air void could influence the concrete 

strength properties only. However, the continuous system of capillary pores (10 nm to 10 

µm) could significantly affect and control both the strength, and permeability characteristics. 

Since the vibration helps water to accumulate on the surfaces of coarse aggregate particles, 

the NVC tends to contain a porous matrix and weaken interfacial zones which results in 

inferiorities in the hardened properties. Elimination of the compacting process and 

incorporation of powders led to a denser cement matrix and improved interfacial bond 

between aggregates and paste (Trägrådh, 1999). For instance, Zhu et al. (2004) stated that 

the difference in the interfacial transition zone between the top and bottom of a wall made 

from SCC was much lower than of that made from NVC. 

 

 

Fig. 2.5. Distribution of the concrete pores at different scales in details (Khashaa, 2015). 

 

SCC is characterized by a rich microstructure due to many reasons: Firstly, the filling effect 

in the capillary pores at low water-to-binder ratio along with the use of HRWRA. Secondly, 

the use of SCMs which improve the capillary segmentation, pore refinement and porosity 

reduction because of the micro-filling and pozzolanic reaction.  

In the presence of HRWRA and SCMs, the microstructure of the SCC could be enriched 

because of the following: formation of a continuous lattice of dense particles and an 

amorphous; homogeneous matrix, pore refinement and porosity reduction, formation of a 

strong and dense transition zone, confinement of aggregates, presence of very little free 

water, and existence of very low free lime content (Khashaa, 2015). 
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2.6 Performance criteria for SCC 

SCC fell into the category of high performance concretes. Therefore, SCC must fulfill the 

rheological characteristics at the fresh state. Also, SCC should meet the performance criteria 

of hardened high-performance concrete to ensure adequate mechanical and durability 

properties. Table 2.3 summarizes different performance criteria specified for the SCC 

(Safiuddin, 2008). 

 

Table 2.3. Performance criteria for high performance SCC (Safiuddin, 2008). 

Method Property Performance 

criteria 

 SCC properties  

Slump Filling ability 250 - 280 mm 

 

Slump flow Filling ability, segregation 

resistance 

550 - 850 mm 

 

V-funnel flow Filling ability, segregation 

resistance 

5 - 14 s 

Orimet flow with 80 mm 

orifice 

Filling ability, segregation 

resistance 

2.5 - 9 s 

Filling percentage in fill-

box 

Filling ability, passing ability 90 - 100% 

 

Blocking ratio in L-box Filling ability, passing ability, 

segregation resistance 

 

> 0.8 

 

Filling height in U-box Filling ability, passing ability 30 mm 

Slump cone – J-ring flow Reduction in slump flow as a 

measure of passing ability 

 

50 mm 

 

Penetration depth Segregation resistance 8 mm 

 

Sieve segregation Segregation resistance 18 % 

 HPC properties  

Air content by pressure 

method 

Fresh air content 4 to 8 % 

Axial compression on 

cylinders 

 

Early-age compressive strength > 20 MPa 

28 and 91 d compressive strength > 40 MPa 

Ultrasonic pulse velocity 

by PUNDIT 

 

Physical quality or condition 

(packing, uniformity, etc.) 

≥ 4575 m/s 

 

Porosity by fluid 

displacement method 

 

Total porosity as an indicator of 

strength and transport properties 

7 - 15 % 
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Absorption by water 

saturation technique 

 

Water absorption as an indicator 

of durability 

 

3 - 6 % 

 

True electrical resistivity 

by Wenner probe 

 

Electrical resistance to corrosion > 5 - 10 kΩ-cm 

 

Rapid chloride ion 

penetration 
Electrical charged passed as an 

indicator of corrosion resistance 

 

< 2000 C 

Normal chloride ion 

penetration at 6 months 

Penetrated chloride value as an 

indicator of corrosion resistance 

< 0.07 % 

Durability factor after 

300 cycles of freeze-thaw 

 

Resistance to freezing and 

thawing 

> 0.8 

2.7 Key fresh properties of the SCC 

The primary fresh properties of the SCC are the filling ability, passing ability and segregation 

resistance. These properties must be taken into consideration in the design phase of the SCC. 

2.7.1 Filling ability 

The filling ability is a property of the fresh SCC that permits it to flow into the formwork 

under self-weight, and without any vibration or any other means of consolidation  

(EFNARC, 2002). SCC filling ability is controlled through its rheological parameters such 

as the yield stress and the plastic viscosity. In general, HRWRA improves the flow-ability 

of the SCC by reducing the yield stress and plastic viscosity. On the other hand, extreme 

dosages of HRWRA resulted in very high fluidity that may cause concrete segregation. The 

use of SCM is a great alternative to improve the segregation resistance, thereby, the stability 

of the mixture is maintained as well as good flowing ability in the fresh SCC. SCMs such as 

ground granulated blast-furnace slag, MK, SF, fly ash and others have been used to produce 

SCC with a good flowing ability (Megat et al. 2011, Puthipad et al.,2016). Table 2.4 

summarizes the Slump flow classes which is related to the flowability and filling ability in 

unconfined conditions (BS EN 206-9, 2007). 

 

 

 

 

Table 2.4. The slump flow classes by EFNARC (2005) and BS EN 206-9 (2007). 
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Slump flow classes Mean slump flow diameter (mm) 

SF1 550 – 650 

SF2 660 – 750 

SF3 760 – 850  

2.7.2 Passing ability 

Passing ability is defined as the ability of fresh SCC to flow through small openings and fill 

the spaces within the reinforcement (EFNARC, 2002). In the case of heavily reinforced 

structures, an adequate passing ability of the SCC enables it to be placed and consolidated 

through the dense reinforcing bars without any aggregate blockage (ACI 237R-07, 2007). 

The filling and passing ability are directly connected. Also, the passing ability is affected by 

the number and spacing of the reinforcing bars. A good passing ability could be achieved by 

increasing the filling ability of fresh concrete and by limiting the segregation of coarse 

aggregates. 

2.7.3 Segregation resistance 

SCC segregation resistance is defined by its ability to remain uniform during and after 

placement without any loss of stability because of bleeding, mortar separation, and coarse 

aggregate settlement (EFNARC, 2002). In particular, the distortion of aggregates becomes 

non-uniform if SCC does not have the necessary segregation resistance. A good segregation 

resistance SCC can be obtained by the proper selection of material constituents and their 

related fractions. Therefore, SCC with a good segregation resistance is characterized by a 

high amount of powder material, a limited content of well-graded coarse aggregates, a small 

nominal maximum size of aggregate, and a low water-to-binder ratio (Bonen and Shah, 

2005). A viscosity modifying agent could assist in the segregation resistance of SCC 

(Okamura and Ozawa, 2003). 

 2.7.4 Viscosity 

The characterization of the viscosity of the SCC could be determined by using the V-funnel 

time and T500 slump-flow tests. Test procedures were clearly described in EFNARC 

guidelines for SCC (EFNARC, 2005).  

There is a large amount of recommendations and guidelines in the literature. Tables 2.5 and 
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2.6 summarize the viscosity classes (VF) and V-funnel time ranges for SCC. 

Table 2.5. Viscosity classification for V-funnel test as suggested by EFNARC (2005). 

Viscosity class V-funnel time as per BS 

EN 206-9 

EFNARC 

VF1 ≤ 9 ≤ 10 s 

VF2 9 – 25 ≥ 7s ; ≤ 27 s 

 

Table 2.6. Recommendation for V-funnel time by several authors. 

References Recommended V-funnel time (s) 

BRL 1801 recommendations (2002) 9-25  

EFNARC guidelines (2002) 6-12 

Domone (2006) 3-15 

2.7.5 Processing window 

During the development of the mixture composition of the SCC, the optimum workability 

range was established for the fresh state. Fig. 2.6 illustrates the workability range as suggested 

by (DAfStb, 2003). By adding the upper and lower limits of funnel time and slump flow table 

tests values, a so-called SCC-processing window was created. Mixtures being located inside 

of this window have been proven, by the addressed tests, to have adequate flow-ability and 

stability. However, mixtures outside of this window were under the risk of segregation or 

stagnation. This could help to assess and limit the targeted values which were based on the 

upper and lower limits of the slump flow and for the V-funnel time tests. 
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Fig. 2.6. Processing window for SCC as suggested by DAfStb (2003). 

 

2.8 Key hardened properties of the SCC 

2.8.1 Compressive strength 

The compressive strength of concrete is considered a pillar of the design rules for concrete 

structures. In general, the compressive strength of concrete depends on the water-to-binder 

ratio, binder-to-aggregate ratio, degree of compaction and the mixture proportions. 

However, the water-to-binder ratio represented the primary parameter in controlling the 

evolution of the concrete compressive strength. 

As mentioned earlier in section 2.25, the most commonly used additives were LP, fly ash, 

SF and others. In Fig. 2.7, compressive strength data from 178 papers were collected to plot 

the equivalent cylinder compressive strength against the corrected water-to-cement ratio 

(w/c). In addition, the following analysis was based on the types of additive only. The results 

obtained with LP and fly ash were within the same region. When slag is incorporated, an 

upward shift can be noticed as compared to LP and fly ash. Compressive strength with 90 

MPa or higher were reported when SF was used (Khayat and De Schutter, 2014). Domone 

(2007) showed that LP makes a contribution to strength gain, mainly in the beginning of the 

hardening phase. Boel (2010) reported by means of mercury porosimetry tests on hardened 

cement pastes that LP helped by obtaining a denser structure, by the filling effect. It should 

be mentioned also that the specific surface area of the filler could have an important effect 
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on the compressive strength (Khayat and De Schutter, 2014). 

 

 

Fig. 2.7. Influence of the types of additive (Khayat and De Schutter, 2014). 

 

2.8.2 Rebound hardness 

The evaluation of an existing concrete structures is preferably carried out by using NDT 

methods. The Schmidt hammer is classified as one of the most commonly used techniques. 

Several empirical relationships have been created based on regression analysis, between 

applied rebound index and actual compressive strength of tested elements to predict the actual 

compressive strength (Szilágyi, 2009; Szilágyi et al., 2010). Strength prediction accuracy 

strongly depends on the correlation between the strength of concrete and the amount of 

measured in-situ tests. Hence, the validation of such methodology remains a key issue 

questioning the reliability of the results. A number of earlier studies tried to understand the 

uncertainty of this testing method by evaluating the concrete itself. The literature provides a 

connection between rebound index COV and concrete parameters, such as water-cement ratio 

of the concrete, age of the concrete, the applied cement type for the concrete, the testing 

conditions and others (Masi and Chiauzzi, 2013; Szilágyi et al. ,2010; Szilágyi et al., 2013; 

Szilágyi et al., 2011; Alwash et al., 2016; Breyesse, 2012; Szilágyi et al., 2015). Over the last 

decade, several concrete types were created, as well as diagnostic applications, that were not 

limited only to the NVC. Because of the high paste content and rheological properties, 

HPSCC microstructure was considered to be more unified, dense and interconnected (Nikbin 

et al.,2014; Barluenga et al.,2013; fib Bulletin 3, 1999). Therefore, the variability of the 
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rebound hardness index in HPSCC usually brings into question the effectiveness of the 

Schmidt hammer. In this study; however, the attention is turned on to the variation of the 

rebound index as an effect of several parameters influencing concrete properties. Over the 

last 20 years, several trials and models have been developed to study the dependence of the 

mechanical behavior of NVC on the microstructure of the cement paste. In this effort the 

‘‘degree of sensitivity concept” has been used, which is based on the pore structure of cement 

paste (Athan et al., 2011). HPSCC, with a growing interest in application, is considered more 

adequate, in terms of homogeneity and sensitivity than the NVC. Sensitivity represents the 

degree of dependence of the concrete on its pore structure and related properties. Earlier 

studies on NVC and high strength concrete showed that the latter has better correlation with 

regard to its sensitivity (Athan et al., 2011; Oktar et al., 1996). 

To assess the characteristic compressive strength of concrete, mean and standard deviations 

are calculated based on the strength points of the tested specimen, fitting a different type of 

probability distribution (that is certainly not always a normal distribution). 

The COV contributes to a better understanding of the margin of variability and dispersion of 

material properties, as well as their standard deviation. Referring to fib bulletin 3 (1999),  

Fig. 2.8 shows the COV of concrete mean compressive strengths ranged between 20 and 70 

MPa. To perform the present study, concrete types and compositions were selected properly 

to obtain an objective comparative evaluation. Therefore, the parameters related to the 

powder, binders, admixtures and fillers have to be considered with respect to the repeatability 

of the rebound index. 

The term repeatability considers the inherent scatter with the NDT method and is often noted 

as a within test variation. For the characterization of repeatability, either the standard 

deviation or the COV of repeated tests by the same operator on the same material could be 

suitable. The repeatability for the Schmidt rebound hammer test was found to be appropriately 

described by the within-test COV, rather than the within-test standard deviation (ACI 228, 

2003). 
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Fig. 2.8. Coefficient of variation (V) as a function of the mean compressive strength (fcm); 

 (fib bulletin 3, 1999). 

 

Fig. 2.9 illustrates the COV parameter regarding the mean rebound index. The repeatability 

of the Schmidt rebound hammer analyzed, in terms of the COV can range between 10% and 

12% of the within-test COV. Hence, additional studies were needed for more data relevant to 

the Schmidt hammer tests. 

 

 

Fig. 2.9. Coefficient of variation (VR) as a function of the mean rebound index (Rm);  

(ACI 228, 2003). 

2.8.3 Ultrasonic pulse velocity 

Quality control of concrete structures, by means of NDT methods, is highly required 

in the field of concrete technology. Based on the calculation of transmission speed of 
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ultrasonic pulses in concrete, diagnostic assessment of the properties of concrete structures 

is possible. Several earlier studies on various concretes with the application of ultrasonic 

pulse velocity (UPV) proved the efficiency of a such non-destructive test (Abo-Qudais, 

2005; Zhu, 2011; Hamid, 2010). However, this instrument highly depends on many 

parameters affecting its response such as the concretes age, type of cement, water-to-binder 

ratio, applied aggregates, curing conditions, measured distance and the temperature of the 

evaluated element (Ravindrarajah, 1997; Neville, 1981). For instance, Malhotra had 

evaluated the UPVs of concrete for different water-binder ratios and aggregate content. 

Thereby they were able to introduce the concrete specimen and the range of ultrasonic 

velocities, in terms of variables affecting concrete quality (Malhotra, 1976); see Table 2.7. 

 

Table 2.7. Concrete classification based on ultrasonic pulse velocity (Malhotra, 1976). 

Pulse velocity (m/s) Concrete classification 

V > 4575 Excellent 

4575 > V > 3660 Good 

3660 > V > 3050 Questionable 

3050 > V > 2135 Poor 

V < 2135 Very poor 

2.8.5 Porosity 

The porosity of concrete is defined by the fraction of the total volume of pores that 

is occupied in the bulk cement paste, the interfacial transition zone and the aggregates. It is 

considered one of the major aspects that affects the strength of concrete (Neville, 1996). The 

porosity of concrete can be divided into two forms: total and capillary porosity. The total 

porosity combines the capillary and air porosity. However, capillary porosity is characterized 

by the network of open pores in the concrete. The capillary porosity has significant influence 

on the durability properties of concrete. 

The total and capillary porosity are expected to be lower in SCC (7 to 15%) as compared to 

the NVC, due to compacted pore structure (See Table 2.3). The pore system in the SCC is 

more refined than in the NVC. This could be explained by the low water-to-binder ratio, the 

higher degree of particles packing because of the self-compact-ability property, the greater 

degree of hydration due to deflocculating and dispersion of cement particles in the presence 

of HRWRA, and the pozzolanic reaction along with the micro-filling effects of SCMs which 
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contributed in enhancing the pore structure of the SCC. 

2.8.6 Frost resistance 

 Concrete is subjected to several exposure conditions that highly affect its design and 

properties. The damage resulted from the freezing and thawing contributes to the concrete 

repair costs in cold climate countries. This phenomenon is caused by the freezing of water 

inside the capillary pore structure causing the volume expansion by 9%. This could result in 

internal tensile stresses, which may lead to a local failure of concrete. Moreover, in the 

presence of deicing salts, the outer layers in contact with sodium chloride are more strongly 

affected by frost, causing the splitting off of small chips or flakes from the material. Hence, 

air entraining admixture is introduced to concrete to ensure proper resistance against freezing 

and thawing. In such a way, an artificial air-void system is created in cement paste to allow 

the uptake extension volume of the freezing water without internal damage. Standards 

recommended some limitation regarding the air void parameters. For instance, ACI restricts 

the value of the spacing factor to 0.2 mm (ACI 201.2R-08, 2008). The European standards 

did not provide specific guidelines to the air void characteristics; see Table 2.8.  

 

Table 2.8. Air content requirements in concrete (Łaźniewska-Piekarczyk, 2013). 

    XF1 XF2 XF3 XF4 

EN 206-1 

Minimum air content of the fresh 

mixture, % – 4 4 4 

Austrian 

ÖNORM 

4710-1 

 

Minimum air content of the fresh 

mixture, % – 2.5 2.5 4 

Minimum air content of micro-voids 

A300, % – 1 1 1.8 

Maximum void spacing factor L, mm – – – 0.18 

Danish  

DS. 2426 

 

 

Minimum air content of the fresh 

mixture, % – 4.5 4.5 4.5 

Minimum air A content, % – 3.5 3.5 3.5 

Maximum spacing factor L, mm – 0.2 0.2 0.2 

Symbol: L is the air void spacing factor; A is the air content in hardened concrete; A300 is the content of micro-voids with 

a diagonal diameter of less than 0.3 mm in hardened concrete. All are cited according to BS EN 480-11 (2005). 

 

Some HRWRA of the new generation could cause excessive air-entraining in the SCC 
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mixture. The concrete workability has a huge impact on the pore structure especially capillary 

pores located in the interfacial transition zone (Szwabowski et al., 2008). 

 Previous studies have shown the effect of air entraining admixtures on the response of 

the SCC. Since SCC is characterized by its flowing ability and viscosity, provided by special 

admixtures, air bubbles could move more freely in highly fluid concrete, thereby coalesced 

or ruptured bubbles have higher probability of occurring in the SCC (Khayat and Assad, 

2002; ACI 201.2R-08, 2008; Szwabowski et al., 2008; Łaźniewska-Piekarczyk, 2013). 

However, in SCC mixtures with a higher viscosity, air bubbles are protected against rupturing 

or coalescence by so called ‘the cushion effect’ (Łaźniewska-Piekarczyk, 2013). Moreover, 

Struble and yiang (2004) pointed out that in pastes with no HRWRA, the yield stress 

increased and the viscosity decreased with the increasing of the air content. These effects 

were explained by two competing mechanisms: the formation of bubble bridges, which 

increase the yield stress, and the fluid action of bubbles, which increases the plastic viscosity 

(Du and Folliard, 2005). Therefore, admixtures have a significant effect on the response of 

air entraining admixture on the concrete paste at the fresh state. The present article shows the 

effect of air entraining admixtures, along with or without the use of SCMs on the hardened 

properties of the SCC. 

2.8.7 Chloride migration 

Today, durability properties of the SCC are under continuous investigation in 

accordance with many comparisons with NVC. The key falls into the “pore structure” that 

defines the mechanism of permeability. The latter directly influences the service life of a 

material (Erdem et al., 2006). Chloride migration is considered a critical factor in the 

deterioration of the reinforced concrete structures. Concrete subjected to marine 

environments or de-icing salts is highly dependent on chloride diffusion for durability aspects. 

Recently, probabilistic-based approaches have proved to provide a more realistic design for 

durability assessment and its relative conditions for reinforced concrete structures (Edvardsen 

at al., 2005). To assess the chloride resistance of the SCC using the non-steady state migration 

test, Heirman et al. (2006) classified this behavior based on the chloride migration coefficient; 

see Table 2.9. 
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Table 2.9. Assessment of chloride resistance in SCC using non-steady state migration 

coefficient after Heirman et al. (2006). 

Non-steady state migration coefficient Criteria 

Dnssm < 2.10-12 m2/s Very good  

Dnssm < 8.10-12 m2/s Good 

Dnssm < 16.10-12 m2/s Moderate 

Dnssm > 16.10-12 m2/s Not suitable 
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CHAPTER 3: EXPERIMENTAL STUDIES 

3.1 Materials 

Properties and characteristics of the below described materials are available in the 

appendix due to space limitations. 

3.1.1 Slag cement 

Blast furnace slag cement (C) “CEM III/A 32.5 R” with a compressive strength grade 

of 32.5 MPa and clinker content ranged between 41 and 58% (%by weight) in accordance 

with British European Standards BS EN 197-1:2011 (2011) was applied for the present study. 

CEM III/A 32.5 R produced by “LAFARGE” company was applied for the production of all 

the investigated concrete mixtures.  

3.1.2 Aggregates 

In the case of NVC and SCC mixtures, “Danube” quartz gravel and sand with 

maximum aggregate size of 16 mm lies in the grading curve of British European Standards 

(BS EN 12620-2002+A1, 2008) were used. Sand (0-4 mm), small gravel (4-8 mm) and 

medium gravel (8-16 mm) were divided in the following percentages of particle size 

fractions 45%, 20% and 35% respectively. In the case of UHSC, natural quartz sand was 

used as aggregate with maximum diameter size of 5 mm. The corresponding grading 

fractions of quartz sand were raned between 0.2-5 mm.  

3.1.3 Powders 

SCC requires a considerable amount of fillers as a partial replacement of cement. 

Therefore, a more sustainable and economical product could be reached. To achieve the 

necessary rheological properties of the SCC, a considerable amount of HRWRA and fillers 

are required to achieve the deformability and resistance to segregation at fresh state. Several 

types of fillers and SCMs proved their efficiency in the SCC. LP, Fly ash, slag, MK, and SF 

are the most common additives for the SCC.  

3.1.3.1 Limestone powder  

Locally produced and supplied LP by “LAFRAGE”, with a particle size less than 32 
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µm was applied in the production of LP SCC mixtures. This filler type was considered the 

non-pozzolonic material applied in this study. It is characterized by the physical effect of the 

fine particles that able to fill the pore microstructure of the concrete. However, there is no 

chemical contribution of the LP to enhance the microstructure of the hydrated cement paste.   

3.1.3.2 Perlite powder 

Perlite is a glassy volcanic rock, which is considered a pozzolanic material (Rashad, 

2016) because of the SiO2 and Al2O3 high contents. Generally speaking, expanded perlite is 

produced from raw perlite rock and applied as a valuable lightweight material. Hungary is 

one of the most well-known producing perlite producing countries worldwide (U.S. 

Geological Survey, 2016). The physical and chemical characteristics of the perlite facilitate 

its application in construction, horticulture and other fields. Perlite powder or expanded 

perlite can both be used along with aggregate or cementitious materials as an addition or 

replacement of those materials in the building industry. Local perlite is produced in different 

particle sizes, resulting in a high amount of WPP. During the grinding of raw perlite, a huge 

amount of WPP is collected and stored as fine grained waste (Géza et al., 2015). The authors 

suggested whether such waste could be used as a filler material for the SCC production, 

since the particle size distribution is appropriate. 

WPP, that originates from grounded raw perlite to select the fractions that are capable 

to expend, was used as a filler for the SCC mixtures. Note that two types of WPP were 

generated from cutting the raw perlite rock, which mainly differentiate in the specific surface 

area (WPP-C and WPP-SZ).  

3.1.3.3 Metakaolin 

A commercially available MK powder was used as an alumino-silicate based SCM.  

Metaver-N is a thermal treated pure kaolin pozzolanic SCM produced by the calcination of 

concentrated kaolin. MK is characterized by its ability to bind large amount of free lime in 

the form of calcium silicate hydrate.  

3.1.3.4 Silica fume  

SF is a by-product generated from the ferrosilicon metals and silicon alloys. It is 

consisted of high content of amorphous silicon dioxide with very fine spherical particles. 
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The key of SF efficiency is related to its extremely fine particle size (0.1 µm), and the 

reactive silicon dioxide. The latter forms a chemical bond with the free lime which is 

available in the cement matrix. Sikafume-HR supplied from the “Sika” was applied in this 

study.  

3.1.3 Admixtures 

3.1.3.1 High range water reducing admixture 

The rheological properties of the SCC were ensured by adding the HRWRA to the 

fresh concrete. This type of admixtures reduces the water dosage of a concrete mixture for 

the desired slump class. The applied HRWRA “Sika ViscoCrete-5 Neu folyósító” was a 

modified polycarboxylates aqueous solution.  

3.1.3.2 Air entrained admixture  

An artificial void system is created by adding the AEA in the fresh concrete. A 

synthetic chemical blend type “Sika- Aer was applied in this study. 

3.2 Test method and evaluation 

3.2.1 Fresh properties 

The properties of the fresh SCC were evaluated using the slump flow and V-funnel 

tests, in accordance with EFNARC (2005), to ensure all the necessary requirements of 

workability and viscosity. The flow table test was performed on NVC according to 

Hungarian European Standard (MSZ EN 12350-5, 2009). 

3.2.2 Mechanical properties 

3.2.2.1 Compressive strength 

The specimens were tested in agreement with the Hungarian European Standard 

(MSZ EN 12390-3, 2009), using a universal closed-loop hydraulic testing machine at a 

constant loading rate of 11.25 kN/s. 

3.2.2.2 Rebound hardness and ultrasonic pulse velocity 
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Surface hardness test was performed using N-type Schmidt hammer according to the 

European standard (MSZ-EN 12504-2, 2012). The specimens were put in the compression 

testing machine and loaded with a constant force of about 20% of their ultimate compressive 

strength. A total of 10 impact points were applied horizontally on the molded side of the 

specimen. Striking points were uniformly distributed onto the tested surface of the 150 mm 

cubic specimen. The mean, standard deviation and COV values were calculated from 10 

replicate rebound index readings on the same surface of the concrete specimen. 

The UPV test was performed according to the American Standard (ASTM C 597, 

1997) and the velocities were measured using the direct transmission method through a 

“Tico” instrument with measuring frequency of 54 kHz. Three probes were recorded for 

each of the 150 mm cubic specimens and reported as the average of three repeats per cube.  

3.2.3 Durability properties 

3.2.3.1 Total porosity 

Total porosity in hardened concrete was determined based on the ratio of bulk and 

particle densities of concrete specimens. Bulk density was measured according to the 

American Standard (ASTM C 642, 1997). Shredded compressive strength specimens were 

crushed and grounded into fine powder reaching an average diameter size of 0.02 mm to 

evaluate the density of the particles using pycnometers (ISO/DIS 17892-3, 2014). Note that 

fluid pycnometer method with oven-dried specimens was adopted. Three specimens for each 

mixture were tested. Hence total porosity is calculated from the following equation: 

𝑃𝑇 = 1 −
𝜌𝑏

𝜌𝑝
                                                         (1) 

ρb and ρp are the bulk and particle densities (g/cm3) respectively. 

3.2.3.2 Apparent porosity 

Water absorption by immersion test was applied until the specimens were fully 

saturated so that it could be checked by no mass variation. It was followed by oven drying 

for 24 hours under 100 degrees Celsius. Relative masses were recorded to get the water 

content in V% which corresponds to the atmospheric water saturated condition designated 

by the apparent porosity. Cylindrical specimens with relative dimensions of Ø100 × 200 mm 

were tested in this evaluation. 
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3.2.3.3 Rapid chloride migration 

To simulate the diffusion of chloride ions into the concrete, the rapid chloride 

migration test (RCM) presnts an effective tool for visualizing the chloride transport into the 

tested section. Based on the external electrical currents and the chloride ions available 

outside of the saturated specimen, a cathodic-anodic reaction is produced for chloride ions 

transport from the upstream solution, thereby a non-steady-state migration state could be 

created. The RCM test was performed for two cylindrical specimens (Ø100 × 50 mm) 

prepared according to NT Build 492 Standards (NT BUILD 492, 1999). 

3.2.3.4 Carbonation 

Carbonation depth (Xc) was computed by spraying phenolphthalein-alcohol solution 

onto the sliced surface of 150 mm cubic specimen. The carbonation depth which corresponds 

to the unchanged color thickness layer was measured at the center of each exposed surface 

and the average value was recorded. Two carbonation scenarios were tested. The first one 

corresponded to the natural carbonation with the atmosphere in laboratory conditions. The 

second type was for the accelerated carbonation under 4% by volume of air of CO2.  

3.2.3.5 Frost resistance 

 Frost scaling resistance of the SCC was evaluated according to the European 

standards (DD CEN/TS 12390-9:2006, 2006) noted as ‘slab test’. This protocol is based on 

determining the concrete resistance to repeated cycles of freezing and thawing in contact with 

3% of sodium chloride solution. After N number of cycles, the amount of material scaled from 

the tested specimen was measured. Note that the test was performed up to 56 cycles. 

3.2.3.6 Air void characteristics 

Air void distribution was analyzed using a modified point count process (BS EN 480-

11, 2005). Surface preparation is a very sensitive process to have adequate results. Hence the 

following procedure was carried out according to the local air void 457 suppliers. Two 150 

mm sized cubes were transformed into three 40 mm concrete specimens. Each was grinded 

in both upper and bottom 150 mm squared surface until a smooth and totally flat surface was 

reached in both layers. This process was followed by special grinding and lapping steps. 

Basically, the slab saw products results with a fairly smooth cut; hence 125-micron disc was 
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applied as a start of a counter clock wise lapping. The process took 2.5 minutes and a steel 

ruler was laid across the sample surface to ensure that the specimen is flat. Water was used 

for washing the sample to clean the voids from any debris. Afterwards the sample was rotated 

90 degrees clockwise and lapped for an additional 2.5 minutes. The specimen was allowed to 

dry for 38 degrees Celsius in the oven followed by a coat of thinned lacquer. This cycle was 

repeated for 70, 30, 15 and 6 micron discs respectively. Hence for more accuracy, specimens 

were examined under a stereo microscope for quality check. 

3.2.3.7 Water penetration depth 

Water penetration depth under pressure was determined according to the Hungarian 

Standards (MSZ EN 12390-8:2009, 2009). Two 150 mm cubes were formed for each 

mixture. When applying the water pressure (5 bar) onto the specimen surface for 72 hours, 

water penetration front was marked after splitting the cubic specimen into two halves, 

enabling the measurement of the maximum penetration depth. 

3.3 Mix design 

3.3.1 Approach 

SCC mixtures were designed using different total powder contents of 520, 580 and 

620 kg/m3 to achieve the targeted rheological properties. The main binder (slag cement type), 

filler (LP or WPP) and SCMs (MK or SF) defined the total powder content.  

As for the mixing water, a fixed amount of water (180 kg/m3) was added with the variation 

of the cement content (320, 360, 400 kg/m3). The HRWRA dosage was varied to achieve the 

desired slump flow table diameter which corresponds to SF3 classification.  

3.3.2 Design variables and constraints 

The variables and constraints corresponding to the SCC mixtures are shown in Tables 

3.1 and 3.2. The main variable parameters were the water-to-cement ratio, water-to-powder 

ratio and the addition of SCMs. On the other hand, the constant parameters were the slump 

flow classification, the water content, and the particle size distribution fractions with a 

maximum aggregate size of 16 mm. Tables 3.1 and 3.2 summarize the variable and 

constraints parameters of all produced concretes for this study. A total of 12 NVC and 84 

SCC mixtures were produced, and 11 UHSC mixtures were collected from local laboratory 
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work (Sinka, 2016).  

 

Table 3.1. Variables parameters for all produced SCC mixtures. 

Variables 

1. w/c (by weight): 0.45, 0.5 ,0.562 

2. Cement content (kg/m3): 320 -360- 400 

3. SCM content (kg/m3): 0 or 40 

4. SCM type: MK or SF 

5. Filler type: LP or WPP 

6. Total powder content (kg/m3): 520 -580- 620 

7. Cement type: CEM III/A 32.5 N-MSR or CEM III/A 32.5 R-MSR 

 

Table 3.2. Constraints parameters for all produced SCC mixtures. 

Constraints 

1. Aggregates fraction: 4/8 mm (20%), 8/16 mm (35%), sand 0/4 mm (45%) 

2. Maximum aggregate size, Dmax (mm): 16 

3. Water content (kg/m3): 180  

4. SF3 targeted classification for the slump flow table 

 

 

 

 

 

 

 

 

 

 

  



38 

 

Table 3.3. Mixture proportions of NVC, SCC and UHPC mixtures. 

   kg/m3 

# 

Reference 

Concrete  

type Cement type C LP WPP MK SF 

FL 

 

Kwarsz Water HRWRA 

1 NVC CEM III/A-N 320 0 0 0 0 0 180 0.7 

2 NVC CEM III/A-N 360 0 0 0 0 0 180 0.6 

3 NVC CEM III/A-N 400 0 0 0 0 0 180 0.8 

4 NVC CEM III/A-R 320 0 0 0 0 0 180 0.8 

5 NVC CEM III/A-R 360 0 0 0 0 0 180 0.7 

6 NVC CEM III/A-R 400 0 0 0 0 0 180 1.0 

7 NVC CEM III/A-R 320 0 0 40 0 0 180 0.7 

8 NVC CEM III/A-R 360 0 0 40 0 0 180 1.0 

9 NVC CEM III/A-R 400 0 0 40 0 0 180 1.7 

10 NVC CEM III/A-R 320 0 0 0 40 0 180 0.5 

11 NVC CEM III/A-R 360 0 0 0 40 0 180 1.0 

12 NVC CEM III/A-R 400 0 0 0 40 0 180 1.2 

13 SCC CEM III/A-R 320 300 0 0 0 0 180 2.2 

14 SCC CEM III/A-R 360 260 0 0 0 0 180 2.3 

15 SCC CEM III/A-R 400 220 0 0 0 0 180 2.6 

16 SCC CEM III/A-R 320 260 0 40 0 0 180 2.2 

17 SCC CEM III/A-R 360 220 0 40 0 0 180 2.7 

18 SCC CEM III/A-R 400 180 0 40 0 0 180 2.8 

19 SCC CEM III/A-R 320 260 0 0 40 0 180 4.0 

20 SCC CEM III/A-R 360 220 0 0 40 0 180 3.6 

21 SCC CEM III/A-R 400 180 0 0 40 0 180 3.2 

22 SCC CEM III/A-R 320 260 0 0 0 0 180 1.0 

23 SCC CEM III/A-R 360 220 0 0 0 0 180 1.3 

24 SCC CEM III/A-R 400 180 0 0 0 0 180 3.2 

25 SCC CEM III/A-R 320 220 0 40 0 0 180 2.4 

26 SCC CEM III/A-R 360 180 0 40 0 0 180 2.6 

27 SCC CEM III/A-R 400 140 0 40 0 0 180 4.0 

28 SCC CEM III/A-R 320 220 0 0 40 0 180 2.9 

29 SCC CEM III/A-R 360 180 0 0 40 0 180 3.1 

30 SCC CEM III/A-R 400 140 0 0 40 0 180 3.7 

31 SCC CEM III/A-R 320 300 0 0 0 0 180 3.0 

32 SCC CEM III/A-R 360 260 0 0 0 0 180 3.1 

33 SCC CEM III/A-R 400 220 0 0 0 0 180 3.6 

34 SCC CEM III/A-R 320 260 0 40 0 0 180 3.4 

35 SCC CEM III/A-R 360 220 0 40 0 0 180 4.0 
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Table 3.3. Mixture proportions of NVC, SCC and UHPC mixtures. 

   kg/m3 

# 

Reference 

Concrete  

type Cement type C LP WPP MK SF 

FL 

 

Kwarsz Water HRWRA 

36 SCC CEM III/A-R 400 180 0 40 0 0 180 4.4 

37 SCC CEM III/A-R 320 260 0 0 40 0 180 5.4 

38 SCC CEM III/A-R 360 220 0 0 40 0 180 4.9 

39 SCC CEM III/A-R 400 180 0 0 40 0 180 5.2 

40 SCC CEM III/A-R 320 260 0 0 0 0 180 1.9 

41 SCC CEM III/A-R 360 220 0 0 0 0 180 2.0 

42 SCC CEM III/A-R 400 180 0 0 0 0 180 2.7 

43 SCC CEM III/A-R 320 220 0 40 0 0 180 2.7 

44 SCC CEM III/A-R 360 180 0 40 0 0 180 2.9 

45 SCC CEM III/A-R 400 140 0 40 0 0 180 4.0 

46 SCC CEM III/A-R 320 220 0 0 40 0 180 2.9 

47 SCC CEM III/A-R 360 180 0 0 40 0 180 3.2 

48 SCC CEM III/A-R 400 140 0 0 40 0 180 3.8 

49 SCC CEM III/A-R 320 200 0 0 0 0 180 1.7 

50 SCC CEM III/A-R 360 160 0 0 0 0 180 1.5 

51 SCC CEM III/A-R 400 120 0 0 0 0 180 1.8 

52 SCC CEM III/A-R 320 160 0 40 0 0 180 2.3 

53 SCC CEM III/A-R 360 120 0 40 0 0 180 2.3 

54 SCC CEM III/A-R 400 80 0 40 0 0 180 2.8 

55 SCC CEM III/A-R 320 160 0 0 40 0 180 2.3 

56 SCC CEM III/A-R 360 120 0 0 40 0 180 2.3 

57 SCC CEM III/A-R 400 80 0 0 40 0 180 2.7 

58 SCC CEM III/A-R 320 300 0 0 0 0 180 3.7 

59 SCC CEM III/A-R 360 260 0 0 0 0 180 3.4 

60 SCC CEM III/A-R 400 220 0 0 0 0 180 3.9 

61 SCC CEM III/A-R 320 260 0 40 0 0 180 4.8 

62 SCC CEM III/A-R 360 220 0 40 0 0 180 5.8 

63 SCC CEM III/A-R 400 180 0 40 0 0 180 6.2 

64 SCC CEM III/A-R 320 260 0 0 40 0 180 4.6 

65 SCC CEM III/A-R 360 220 0 0 40 0 180 5.0 

66 SCC CEM III/A-R 400 180 0 0 40 0 180 4.8 

67 SCC CEM III/A-R 320 0 300 0 0 0 180 7.2 

68 SCC CEM III/A-R 360 0 260 0 0 0 180 9.3 

69 SCC CEM III/A-R 400 0 220 0 0 0 180 7.6 

70 SCC CEM III/A-R 320 0 260 40 0 0 180 7.6 

71 SCC CEM III/A-R 360 0 220 40 0 0 180 8.1 

72 SCC CEM III/A-R 400 0 180 40 0 0 180 8.4 

73 SCC CEM III/A-R 320 0 260 0 40 0 180 7.6 

74 SCC CEM III/A-R 360 0 220 0 40 0 180 7.2 

75 SCC CEM III/A-R 400 0 180 0 40 0 180 10.6 
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Table 3.3. Mixture proportions of NVC, SCC and UHPC mixtures. 

   kg/m3 

# 

Reference 

Concrete  

type Cement type C LP WPP MK SF 

FL 

 Kwarsz Water HRWRA 

76 SCC CEM III/A-R 320 0 260 0 0 0 180 6.4 

77 SCC CEM III/A-R 360 0 220 0 0 0 180 7.6 

78 SCC CEM III/A-R 400 0 180 0 0 0 180 8.0 

79 SCC CEM III/A-R 320 0 220 40 0 0 180 7.4 

80 SCC CEM III/A-R 360 0 180 40 0 0 180 8.1 

81 SCC CEM III/A-R 400 0 140 40 0 0 180 8.4 

82 SCC CEM III/A-R 320 0 220 0 40 0 180 7.0 

83 SCC CEM III/A-R 360 0 180 0 40 0 180 8.0 

84 SCC CEM III/A-R 400 0 140 0 40 0 180 8.9 

85 SCC CEM III/A-N 320 300 0 0 0 0 180 1.3 

86 SCC CEM III/A-N 360 260 0 0 0 0 180 1.8 

87 SCC CEM III/A-N 400 220 0 0 0 0 180 2.0 

88 SCC CEM III/A-N 320 260 0 0 0 0 180 1.3 

89 SCC CEM III/A-N 360 220 0 0 0 0 180 1.8 

90 SCC CEM III/A-N 400 180 0 0 0 0 180 2.2 

91 SCC CEM III/A-N 320 200 0 0 0 0 180 1.7 

92 SCC CEM III/A-N 360 160 0 0 0 0 180 1.5 

93 SCC CEM III/A-N 400 120 0 0 0 0 180 1.8 

94 SCC CEM III/A-N 320 160 0 0 0 0 180 1.4 

95 SCC CEM III/A-N 360 120 0 0 0 0 180 1.4 

96 SCC CEM III/A-N 400 80 0 0 0 0 180 1.4 

97 UHSC CEM II A-S 600 0 0 102 48 300 180 18.6 

98 UHSC CEM II A-S 660 0 0 112.2 52.8 300 198 20.5 

99 UHSC CEM II A-S 720 0 0 122.4 57.6 200 216 12.2 

100 UHSC CEM II A-S 780 0 0 132.6 62.4 200 234 14.4 

101 UHSC CEM II A-S 840 0 0 142.8 67.2 200 252 19.7 

102 UHSC CEM II A-S 600 0 0 102 48 200 174 12.0 

103 UHSC CEM II A-S 660 0 0 112.2 52.8 200 178 15.8 

104 UHSC CEM II A-S 440 0 0 44 22 0 167 3.3 

105 UHSC CEM II A-S 660 0 0 112.2 0 300 198 13.9 

106 UHSC CEM II A-S 780 0 0 132.6 0 300 234 20.7 

107 UHSC CEM II A-S 840 0 0 142.8 0 240 252 6.7 
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CHAPTER 4: EVALUATION OF THE RESULTS AND 

DISCUSSIONS 

4.1 Analysis of fresh SCC [2], [3], [4], [9] 

4.1.1 High range water reducing admixture dosage 

4.1.1.1. Total powder and cement content 

To evaluate the effect of the total powder and cement content on the HRWRA 

dosage, three separate total powder and cement content values were selected in this 

comparison (620 kg/m3, 580 kg/m3, 520 kg/m3), (320 kg/m3, 360 kg/m3, 400 kg/m3). Note 

that a constant amount of 180 kg/m3 of water was added for all the mixtures. The following 

analysis corresponded to 27 SCC mixtures (# Ref.: 31 to 57; See Table 3.3). The HRWRA 

amount varied between the SCC series. In the case of mixture S1 (#Ref: 37), the highest 

dosage of HRWRA (5.44 kg/m3) was required. It appeared that with higher total powder 

content, more HRWRA amount was ensured the workability of concrete.  As it can be seen 

in Fig. 4.1, SCC mixtures with highest total powder content (620 kg/m3) have a mean amount 

of HRWRA of 4.1 kg/m3. This value decreases with the decrease of total powder content 

reaching 2.90 and 2.20 kg/m3 in the case of 580 and 520 kg/m3 respectively. 

 

 

Fig.4.1. Mean values of the HRWRA dosages, in terms of similar total powder content for 

SCC mixtures [3]. 

 

The same pattern could be noticed with the cement content variation. According to 

Fig. 4.2, SCC mixtures with of 400 kg/m3 of cement, showed a mean HRWRA dosage of 
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3.44 kg/m3. However, SCC mixtures with lower cement content (320 or 360 kg/m3) had 

lower HRWRA dosages (2.85 and 2.91 kg/m3) respectively. This behaviour would be 

explained by the additional volume of paste which made the mixture robust; with sufficient 

cohesion at the fresh state of the concrete. The intrinsic shear strength of the mixture 

decreases and by that it enhanced the mixture smooth flow by overcoming inter-particle 

friction. Also, it should be pointed out the effect of powder on enhancing the plastic viscosity 

of the mixture, thus requiring additional HRWRA dosage to reach the targeted workability 

(Girish et al., 2010).  

Furthermore, the effects of MK and SF on the SCC mixtures were noticeable as 

compared to their reference mixtures. “Silica fume” and “Metakaolin” series required 

additional HRWRA dosage (to 52% and 35%) than other reference SCC. Because of the 

higher specific surface area of SF particles compared to MK and cement, the corresponding 

HRWRA dosage was higher. Hassan et al. (2012) confirmed such behaviour by 

acknowledging that the addition of MK required less HRWRA dosage than SF at the same 

level of addition. 

 

 

Fig. 4.2. Mean values of HRWRA dosages, in terms of similar cement content for SCC 

mixtures [3]. 

 

4.1.1.2. Fillers and supplementary cementitious materials 

The following section compares the effect of different filler type with the addition of 

SCMs on the HRWRA dosage.  

To begin with the first case, 8 SCC mixtures were selected to distinguish the response 

between LP and WPP (# Ref.: 40, 41, 43, 44, 76, 77 79 and 80; see Table 3.3). Fig. 4.3 shows 
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HRWRA dosages used to keep a slump flow range of 740-810 mm associated with a low 

viscous behavior of the SCC (flow time below 10 s). To do so, the viscosity V-funnel time 

test was performed to measure the speed of flow. The tests revealed that the filling ability was 

highly affected by the binder content. In the case of the influence of the cement content, the 

HRWRA dosage increased to 18% for the SCC mixtures (S.360C.220WPP and 

S.360C.220LP) as compared to the control mixtures (S.320C.260WPP and S.320C.260LP). 

Moreover, nearly all mixtures that included MK as the SCM resulted in a higher HRWRA 

dosage (to 44% increase in HRWRA dosage) as compared to the control mixtures that did not 

include MK. As can be seen in Fig. 4.3, the difference between LP and WPP fillers in 

HRWRA dosage resulted in considerable changes: the latter required approximately 2.5 to 4 

times more of the HRWRA dosage as compared to the SCC mixtures incorporating LP. This 

substantial difference could be explained by the water absorption ability of WPP, which 

increases the water dosage and so the workability of the mixture. In this sense, additional 

HRWRA was needed to ensure adequate rheological properties of the SCC according to 

EFNARC (2005). 

 

 

Fig. 4.3. HRWRA dosages of the SCC mixtures [4]. 

 

To avoid the risk of segregation in the SCC from excess amount of HRWRA, Fig. 4.4 

shows a curve where the minimum HRWRA dosage is indicated in accordance with the 

volumetric w/p derived from data’s in Table IV. The replacement of aggregates by fine 

powders (lower volumetric water to powder ratio) increased the HRWRA dosage as compared 
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to the mixtures with higher volumetric w/p. The risk of obtaining very viscous, unworkable 

SCC mixture can be reduced by increasing the w/p. The causes of increase in HRWRA dosage 

upon SCMs were studied by several researches (Hassan et al., 2012). They concluded that 

the very small size SCMs particles with a high specific surface area, tended to agglomerate 

resulting in a high HRWRA dosage. Thereby, excess of HRWRA helped to deflocculates the 

fine agglomerate particle, hence to lubricate the flowing system. The workability results 

corresponding to the slump flow table and V-funnel time tests were evaluated, in terms of 

their adequacy according to EFNARC (2005). Mixtures with stagnation or segregation were 

recorded according to their visual inspection. 

 

 

Fig. 4.4 Relationship between the HRWRA content and the volumetric w/p [2]. 

 

0.78 ≤  
𝑤

𝑝
 ≤ 1.04 

𝐻𝑅𝑊𝑅𝐴 = 172.57 (
𝑤

𝑝
)

2
− 328.2 (

𝑤

𝑝
) + 156.63                                            (2) 

 

4.1.2 Flow ability and viscosity 

Figs. 4.5a and 4.5b shows the time for the V-funnel test for the same case described 

in Fig. 4.3. The flow time of the SCC mixtures with WPP ranged between 5.5 to 8.6 s as 

compared to 5.7 to 10.3 s for SCC mixtures with LP. These values demonstrated a low 

viscosity and high deformation velocity of the studied concretes. The influence of AEA had 

to be evaluated, in terms of its effect on the flowability of the SCC, hence, two separate series 

(NAE and AE) of a total of 18 SCC mixtures were compared. Each of the series holds 9 SCC 
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mixtures. Referring to Tables 3.3 and III, SCC mixtures (#Ref.: 31 to 39, NAE) and (#Ref.: 

58 to 56, AE) were selected in this comparison. The HRWRA dosage varied between SCC 

series. Rheological properties of the SCC highly depended on the binder type and content. It 

should be stated out that a range of slump flow of 750-800 mm was targeted. As for the V-

funnel time results, MK mixtures showed on average higher values of 55% for NAE and 79% 

for AE mixtures as compared to their reference mixtures. 

 

 

Fig. 4.5a. V-funnel test for self-compacting concrete (SCC) mixtures made with different 

contents of cement (C: 320, 360 kg/m3), limestone powder (LP: 260, 220, 180 kg/m3), 

waste perlite powder (LP: 260, 220, 180 kg/m3) and metakaolin (MK: 40 kg/m3). [4]. 

 

 

Fig. 4.5b. Slump flow tests for self-compacting concrete (SCC) mixtures made with 

different contents of cement (C: 320, 360 kg/m3), limestone powder (LP: 260, 220, 180 

kg/m3), waste perlite powder (LP: 260, 220, 180 kg/m3) and metakaolin (MK: 40 kg/m3) 

[4]. 
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However, SF mixtures showed a slight increase on average of 6% for NAE and 10% 

for AE mixtures which were close to the reference mixtures (see Fig. 4.6). Thus, MK highly 

affected the viscosity and cohesion of the SCC mixtures than to SF addition. 

The high cohesiveness of MK bearing mixtures was to be the reason for the high V-funnel 

time. For more details, the cellular structure and high micro-porosity of MK particles coupled 

with their specific surface area seem to be responsible for this plastic viscosity change (Saleh 

Ahari et al., 2015). On the other hand, shorter V-funnel times were recorded in SF 

incorporated mixtures. This could be explained by the ball bearing effect and additional 

lubrication provided by spherical and smooth-textured of the SF particles. This finding is 

consistent with the following references (Madandoust and Mousavi, 2012; Hassan et al., 

2012; Saleh Ahari et al., 2015). 

 

 

Fig. 4.6. Slump flow and V-funnel tests for non-air entrained (NAE) and air entrained 

(AE) self-compacting concrete mixtures (SCC) made with different contents of cement (C: 

320, 360, 400 kg/m3), limestone powder (LP: 300, 260, 220, 180 kg/m3), metakaolin (MK: 

40 kg/m3), and silica fume (SF: 40 kg/m3) [9]. 

 

4.1.3 Window solution 

According to measures from Table IV, a processing window similar to Fig. 2.6 for the 

studied SCC mixtures was derived. Note that all studied mixtures were having the same 

grading fraction of aggregates with a maximum nominal size of 16 mm.  Based on the 

positively evaluated SCC mixtures given in Table IV and the limitation given by (EFNARC, 
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2002), an extension has been created see Figs. 4.7a and 4.7b. 

 This was updated in four directions. First, the V-funnel time was enlarged to 14 s, to account 

for the higher friction and viscous SCC mixtures. Stagnation was noticed by visual inspection 

when the V-funnel time was greater than 14 s and the slump flow diameter was less than 600 

mm. These mixtures were lacking the flow ability characteristic of the SCC.  

 

 

Fig. 4.7a. Suggested processing window for SCC, (corresponding data are collected from 

Table 3.5) in terms of V-funnel time and slump flow (in green); The red window 

corresponds to EFNARC limitations (EFNARC, 2002) [2]. 

 

 

Fig. 4.7b. Suggested processing window for SCC, (corresponding data are collected from 

Table IV) in terms of V-funnel time and volumetric water to powder ratio (in green); The red 

window corresponds to EFNARC limitations (EFNARC, 2002) [2]. 

 

Referring to Fig. 4.7a, cases with stagnation corresponded to mixtures with low 
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volumetric w/p (#Ref.: 14 and 22; Mixtures “T2” and “T4”; see Tables III and IV), hence 

enhancing the plastic viscosity of the concrete. However, these mixtures were reproduced 

with the same mixture compositions but with a higher HRWRA dosage (#Ref.: 32 and 40; 

Mixtures “R2” and “R4”), providing adequate flow ability and viscosity properties. 

Therefore, the requirement of V-funnel time greater than 14s and slump flow less than 600 

mm might be an appropriate limitation for a highly viscous SCC. Note that this workability 

window applies to the temperature that ranged around 20 °C. 

On the other hand, the slump flow axis was enlarged to 850 mm, to account for the highly 

flowable mixtures. When it came to mixtures holding a V-funnel time less than 4 s, 

segregation of concrete was visually observed (#Ref.: 24 and 57); The V-funnel time axis was 

enlarged also in the direction of shorter funnel times. Here at least the mark of 4 s should be 

included as lower funnel time limit. It has been shown that the SCC mixtures with a low V-

funnel time value, as low as 4.6 s (#Ref.: 42; Mixture “R6”), could be successfully produced 

while also fulfilling all other requirements. This is of special relevance in particular for 

mixtures with low yield stress, thus with large slump flows.  

The workability ranges for all collected SCC mixtures are shown in Fig. 4.7b, in terms of 

their volumetric w/p and V-funnel time. These mixtures differed in the total powder content, 

water-to-cement ratio, and types of additives (see Table 3.3). It could be noticed that the 

workability ranges fluctuated between 750 and 850 mm since the targeted slump flow 

classification was SF3 for the following mixtures (#Ref.: 31 to 84; “R1” to “S3-P2”; Tables 

C and D). However, the exact position of the targeted workability highly depended on the 

implemented materials and their physical properties. (EFNARC, 2005) classified the viscosity 

of the SCC into two classes (see Table 2.4), Figs. 4.7a and 4.7b compare all mixtures arranged 

according to their viscosity class (VF1 or VF2).  

It can be noticed that several mixtures shared the same slump flow value but with a different 

V-funnel time. For instance, if the SCC mixtures containing MK “M2” or SF “S2” are 

compared to the corresponding reference mixture “R2”, almost a common slump flow 

diameter (800 ±20 mm) is shown; however, with a significant difference in the V-funnel time 

value. MK enhanced the plastic viscosity of the mixture by 36% for the V-funnel time, while 

adding SF did not appear to have any effect on the viscosity. Same pattern was noticed in the 

case of mixtures “M7” and “R7”. Also, same response pattern was noticed for mixtures “M5” 

and “S5” as compared to “R5”.  

In summary, it is possible to state that the absorption of some of the mixing water and 

HRWRA is controlled by the shape, fineness, surface texture and micro-porosity of the SCMs 
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as well as the rate of hydration of the binder which played an important role on the viscosity 

of the concrete mixtures (Saleh Ahari et al., 2015).  
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4.2 Mechanical properties 

4.2.1 Compressive strength [1], [3], [4] 

4.2.1.2 Effect of filler type 

In the following comparison, the NVC and SCC mixtures with the corresponding 

reference numbers were selected (#Ref.: 4, 5, 7, 8, 40, 41, 43 and 44; See Table 3.3, III and 

V). The mean compressive strengths of the NVC and SCC mixtures at 7, 28, 56 and 400 d are 

illustrated in Figs. 4.8, 4.9a and 4.9b and summarized in Table V. The effects of binder 

content, filler type, and SCM on the magnitude and time development of the compressive 

strength are significant. Three main factors can affect the compressive strength of concrete 

when SCMs are applied: the pozzolanic reaction, the filling, and the dilution effects (Wild et 

al., 1996). In the present study, NVC and SCC mixtures incorporating a non-pozzolanic (LP) 

or pozzolanic filler type (WPP) were evaluated to show their effect at three different stages. 

First, comparing NVC and SCC mixtures, at the same cement and SCM content, helped to 

distinguish the effects of the fillers in the SCC mixtures. For all testing periods, the 

compressive strength of the SCC mixtures increased between 4% and 60% relative to the 

NVC control mixtures (same binder content). The use of fine filler material (particle-size 

distribution smaller than 32 µm) enhanced the concrete microstructure, along with the 

aggregate distribution, and therefore the pore size decreased significantly. Also, a stronger 

bond between the paste and the aggregates was achieved with the elimination of vibration in 

the case of the SCC (Akçaoǧlu et al., 2004).  

Comparing the NVC and SCC mixtures incorporating the highest total binder content 

(360C+40MK kg/m3), NVC.360C.40K and SCC.360C.180WPP.40MK, showed maximum 

compressive strength values at 400 d of 71.45 and 106.3 MPa, respectively. Generally, the 

NVC compressive strength is directly influenced by the w/b ratio, although higher 

compressive strength values were obtained in this study with relatively low w/p ratios. 

However, in the case of the SCC mixtures, the LP and WPP fillers showed different responses 

at the same w/b. A comparison between SCC mixtures incorporating LP or WPP as fillers 

that did not include MK as an SCM showed that mixtures with perlite exhibited relatively 

higher compressive strength values. That increase was most significant at 400 d, which 

showed a 53% strength increase of the WPP mixtures in comparison to the LP mixtures 

(SCC.360C.220LP and SCC.360C.220WPP). The reason for this difference in strength is 



51 

 

related to the additional pozzolanic activity of WPP, in addition to its filling and curing effect 

(Yu et al., 2003). Because the morphology of particles was increased after grinding, the 

specific surface area increased. Therefore, the WPP chemical compositions (mainly SiO2 and 

Al2O3) was conductive to the display of pozzolanic properties. Okuyucu et al. (2011) reported 

an increase of compressive strength for a 35% replacement of Portland cement by unexpended 

perlite powder at 28 d with respect to their control mixtures. Demirboğa et al. (2001) reported 

a noticeable pozzolanic activity, by replacing pumice aggregates with expanded perlite, which 

resulted in a compressive strength increase to 108% at 28 d. 

Regarding SCMs, the effective addition level with the clinker generally enhances the 

pore structure of the cement paste (Johari et al., 2011). Here, MK which is considered to have 

an optimal effect according to earlier studies (Brooks and Johari, 2001; Wild et al., 1998), 

was added to 18–20% Portland cement Over all testing periods, the strengths of the mixtures 

incorporating MK increased 9 and 20% for NVC and between 1 and 27% for SCC mixtures. 

However, the effect was more pronounced (10% on average) for the SCC mixtures that 

included LP as compared to those that included WPP. 

 

 

Fig. 4.8. Mean compressive strengths for Normally vibrated and self-compacting concrete 

mixtures at ages of 7, 28, 56 and 400 d [4]. 

 

4.2.1.3 Effect of supplementary cementitious materials 
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To evaluate the impact of SCMs on the compressive strength of concrete, the 

following mixtures were selected in this comparison (#Ref.: 31 to 51; See Tables 3.3, III and 

VI). Absolute mean compressive strengths of all the SCC mixtures are shown in Table VI. As 

it can be observed, SCC mixtures with MK or SF (Metakaolin and Silica fume series) had 

higher compressive strengths at all ages than those mixtures without SCMs (Reference 

series).  

 

 
Fig. 4.9a. Strength development for the concrete mixtures with cement content of  

320 kg/m 3[4]. 

 

 

 

 Fig. 4.9b. Strength development for the concrete mixtures with cement content of  

360 kg/m3[4]. 

 

According to Figs. 4.10a and 4.10b, with changes that influence SCC such as variation in the 

powder content, a decreasing tendency in the compressive strength with the decrease of 

powder content is noticed. SCC mixtures which possess total powder content of 580 and 520 

kg/m3 showed a mean decrease of 13% and 21% for 28 d with respect to the highest content 
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620 kg/m3. Same pattern is noticed in the case of 400 d of age with a decrease of 14% and 

18% respectively. Therefore, the application of more LP filler considerably enhanced the 

strength of concrete once it is used in combination with a pozzolanic material (Nehme, 2015). 

For visualizing the magnitude of SCMs effect independently, SCC mixtures were divided into 

three series. Maximum compressive strength values of 77 MPa at 28 d was recorded for MK 

mixture (M3) which was considered to have the overall best performance. This behavior 

would be explained by the high amount of powder (620 kg/m3) and binder (400 cement + 40 

MK kg/m3) in comparison to other mixtures. However, S3 mixture which combines the same 

amount of powder and binder showed the second highest values of mean compressive strength 

in comparison to the M3 mixture. The range of compressive strength increase of Metakaolin 

and Silica fume mixtures ranged between 5-31 % and 1-27 % at 28 d and 12-26 % and 7-32 

% at 400 d. 

 

Fig. 4.10a. Mean values of the compressive strength, in terms of similar total powder 

content for SCC mixtures at 28 d [3]. 

 

 

Fig. 4.10b. Mean values of the compressive strength, in terms of similar total powder 

content for SCC mixtures at 400 d [3]. 
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Considering Figs. 4.11a and 4.11b, mean compressive strength values of the SCC 

mixtures showed an increasing tendency with the increase of cement content. In the case of 

all SCC mixtures which held a cement content of 400 kg/m3, a mean increase of 26 % was 

noticed with respect to all SCC which hold 320 kg/m3. The same behavior was observed by 

15% in the case of the SCC mixtures with 360 kg/m3 of cement content. Moreover, 

Metakaolin and Silica fume series resulted in highest mean compressive strength values of 64 

and 61 MPa in comparison to R series of 54.43 MPa. Fast pozzolanic reaction explains MK 

and silica fume effect in comparison to reference mixtures. This is in agreement with the 

established fact in the literature (Hassan et al. 2012; Guneyisi et al. 2012). 

 

 

Fig. 4.11a. Mean values of compressive strength, in terms of similar cement content for 

SCC mixtures at 28 d [3]. 

 

 

Fig. 4.11b. Mean values of compressive strength, in terms of similar cement content for 

SCC mixtures at 400 d [3]. 

 

Absolute results of the mean values of the total porosity are presented in Table VI. 



55 

 

The Reference series held the highest total porosity mean value of 14.84 %, whereas lower 

values were shown for Metakaolin and Silica fume series (10.47 % and 8.17 %) respectively. 

Reference mixture R4 heled the maximum total porosity value of 13.19% which corresponded 

to the lowest cement content (320 kg/m3). At the highest binder content (400 C + 40 SF 

kg/m3), mixture S3 showed the lowest value of the total porosity (4.76%). Fig. 4.12 illustrates 

the mean values of total porosity of Reference, Metakaolin and Silica fume series with respect 

to the total powder content. Generally, an increasing pattern is noticed for the total porosity 

along with the decrease of the total powder content. In the case of the highest value of the 

total powder content (620 kg/m3), the mean value of the total porosity was 8.91 %. When the 

total powder content decreases, the mean values of the total porosity increase (reaching 

10.45% and 11.27 % for 580 and 520 kg/m3 respectively). Safiuddin (2008) showed similar 

results when rice husk was used as a SCMs, a decreasing pattern in the total porosity was 

noticed with lower water-to-binder (w/b) ratio and higher rice husk contents. 

 Likewise, referring to Figs. 4.12a and 4.12b, the same pattern was noticed when the 

cement content decreased.  

 

 

Fig. 4.12a. Mean values of total porosity, in terms of similar total powder and cement contents 

for the SCC mixtures at 400 d [3]. 

 

Regarding the effect of SCMs’ on the total powder or cement content, MK and SF 

improved the total porosity in a range of 1-30 % and 15-44 % as compared to the Reference 

series. It was also proved by mercury intrusion porosimetry analysis that SCC with a high 

powder content, the filling effect provided by the powder materials helped making the 

concrete porosity lower than NVC (Shuhua and Peiyu, 2010).   
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  Fig. 4.12b. Mean values of total porosity, in terms of similar total powder and cement 

contents for the SCC mixtures at 400 d [3]. 

4.2.1.4 Effect of air content 

The effect of air entraining admixture along with the addition of SCMs must be also 

evaluated, in terms of the SCC resistance against freeze and thaw. Hence, 6 SCC mixtures 

were selected in the following comparison (#Ref.: 31, 34, 37, 58, 61, 64; see Tables 3.3, III 

and VII). The compressive strengths were evaluated at the 7, 28, 56 and 400 d. From the 

results, the impact of air entraining admixture and SCMs could be noticed on the mechanical 

response of the SCC mixtures at different magnitudes (Fig. 4.13). In both NAE and AE cases, 

MK mixtures exhibited the maximum compressive strengths. Fig. 4.13 illustrates the mean 

compressive strength of all SCC mixtures separately. At 28 d, MK mixture seemed to be the 

most effective in the compressive strength as compared to the reference (NAE-R1) and the 

SF (NAE-S1) mixtures, reaching a maximum compressive strength of 69 MPa (NAE-M1). 

When AEA was introduced to the other series at 0.15% of the cement weight, the compressive 

strengths dropped between 32-52% in accordance with their matching mixture in the NAE 

series. MK mixture (AE-M1) showed the highest value of compressive strength of 46 N/mm2 

as compared to the other AE mixtures. According to Safiuddin et al. (2010), by increasing the 

air content in the SCC, the compressive strength decreased. This reduction in the compressive 

strength was about 4 N/mm2 per 1% increase in air content at fresh state. In this study, the 

compressive strength dropped 2% with the increase of 1% of air content in hardened concrete 

state referring to BS EN 480-11 (2005) transverse method results (see Table VIII). 
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Fig. 4.13. Compressive strength at 7, 28, 56 and 400 d of the SCC mixtures [1].  
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4.2.2 Rebound hardness [6], [10], [11], [12] 

Input and output are the key terms to understand the behavior of Schmidt hammer 

towards the tested material. The outcomes of this process depend on what kind of input data 

is involved. Input in this case is defined as the following: type and constituent of material, 

quality control and exposures which influence the material properties and the type of 

Schmidt hammer used. In this research program, several variables and constant parameters 

were selected to evaluate the limitations and boundary conditions of the rebound index of 

N-type Schmidt hammer on a series of NVC, HPSCC and UHSC. Concrete is a composite 

material, that has been lately developing with the use of SCMs. Therefore, many types of 

concrete are produced and classified as NVC, HPSCC and UHSC. Since these classifications 

are designated based on the provided materials inside the mixture, this work intends to show 

a compressive analysis on the repeatability of the surface hardness with respect to the 

influence of such a selection of parameters. For this purpose, the response of the Schmidt 

hammer rebound index COV is arranged according to the selected parameter and its relevant 

conditions. A series of experimental tests was applied on 795 cubic specimens with the 

purpose of understanding the repeatability of the rebound index of several concrete types. 

The applications reveal that EN 13791 (2007) underestimates the compressive strength of 

concrete. Moreover, the results obtained in a such large scattering of coefficients of variation 

had to be separated and organized based on their designated parameters. Hence the response 

of the Schmidt hammer in relation to the studied parameters, such as water- binder ratio, 

water-powder ratio, SCMs and admixtures, proved their dependency on the deviation of 

coefficient of variation of the rebound index. 

4.2.2.1 Materials and mixtures 

The applied cements were supplied by the local Producer, ‘‘LAFARGE”, based on 

European standards (EN 197-1:2011, 2011), CEM II A-S 42.5 RS, CEM III A-N 32.5 MSR 

and CEM III A-R 32.5 MSR. MK and SF served as the SCMs implemented independently 

in the mixtures.  

Quartz sand and gravel collected from the ‘‘Danube” were used for the preparation 

of HPSCC and NVC with relative maximum aggregate size (Dmax) of 16 mm. Three nominal 

grading fractions according to European Standard (BS EN 12620:2002+A1:2008, 2008) 

were used: sand 0/4 mm, small gravel 4/8 mm and medium gravel 8/16 mm. In the case of 

UHSC, natural quartz sand was used as aggregate with maximum diameter size of 5 mm. 
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The grading fractions used are of quartz sand ranging, between 0.2/5 mm. 

Limestone and perlite powder were the fillers used to produce HPSCC. Grinded fine 

quartz sand was supplied for the UHSC. The term ‘‘powder” is defined by the sum of cement, 

SCMs and fillers. According to European standards (BS EN 934-2:2009+A1:2012, 2012), 

HRWRA and AEA represent the added admixtures in several dosages. Workability tests 

were performed according to concrete type and its relevant standard (EFNARC, 2005; MSZ-

EN 12350-5:2009, 2009). Measurements were carried out at several time offsets: 2-7-56- 

90-240-400 d. Specimens were tested under saturated surface dry conditions at 2 and 7 d. 

However, for all other time offsets, the specimens were under air dried atmospheric 

laboratory conditions. All specimens were demolded after 20–24 h of mixing and cured 

under water for 7 d and afterwards under laboratory atmospheric conditions. 

Depending on the classification and concrete type, w/p and w/b ratios were selected 

to achieve the desired rheological and hardened properties. 

A total of 104 concrete mixtures data from earlier publications [10, 11, 12], student’s 

diploma (Sinka, 2016) and current research work were collected together and arranged as 

the following: 12 NVC, 81 HPSCC and 11 UHSC (Tables 4.1 and 4.2 summarize the test 

parameters with their relative materials). 
 

Table 4.1. Ranges of water-binder, water-powder and cement-aggregate ratios designed 

for the relative mixture. 

Range of ratios UHSC HPSCC NVC 

*w/b 0.21- 0.24 0.56 - 0.41 0.56 - 0.41 

**w/p 0.17 -  0.20 0.29 - 0.34 0.56 - 0.41 

***c/a 0.25 - 1.16 0.17 - 0.21 0.17-0.22 

*water to binder ratio (by weight) 

**water to powder ratio (by weight) 

***Cement to aggregates ratio (by weight) 

 

 

Table 4.2. Materials applied for producing the selective concrete type. 

 UHSC HPSCC NVC 

Cement type CEM II A-S 42.5 

R 

CEM III A-N 32.5  

CEM III A-R 32.5  

CEM III A-N 32.5  

CEM III A-R 32.5  

SCMs MK, SF MK, SF MK, SF 

Filler type Quartz sand Limestone, perlite - 

Admixture 

type 

Sika ViscoCrete 

5 

Sika ViscoCrete 5, 

Sika Aer 

Sika ViscoCrete 5  
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4.2.2.3 Analysis based on EN 13791 

Validation of empirical relationships connected to (rebound index-compressive 

strength) represents a crucial issue in concrete structure assessments. Hence from the same 

batch, concrete samples should be tested for surface hardness and compressive strength to 

obtain a reliable empirical relationship from linear regression analysis. EN 13791 standard 

(EN 13791, 2007) stated that with the aim of ensuring a reliable assessment, drilled core 

strength tests must be performed for the calibration of the NDT-strength model. This method 

was validated according to the acceptable confidence level acquired by drilling n number of 

cores. However, still the main benefit of Schmidt hammer application was not achieved by 

harming the evaluated element. 

A wide range of experimental laboratory data collecting a total of 795 specimens was 

evaluated concerning their rebound index and compressive strength. Fig. 4.14 illustrates the 

relationship between these properties together with the basic curve given in EN  13791 

Standards. Mean rebound indices ranged between (Rm = 20.9 - 64.8) and for mean 

compressive strength (fcm = 17.12 – N/mm2 - 139.28 N/mm2). It could be noticed that EN 

13791 curve limited in a range of 20 < Rm < 50 is almost located at the lower boundary of 

for all tested points. It indicated that the basic curve provides a high margin of safety; 

however, underestimating the actual compressive strength values.  

 

 

Fig. 4.14.  Experimental rebound index - compressive strength results (795 test 

specimens) with respect to the basic curve given in EN 13791 [6]. 

 

Therefore, EN 13791 basic curve must be reconsidered for a positive shift along the 
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y-axis to reach the actual compressive strength. A positive shift indicates the difference 

between the actual and the predicted compressive strength values, which was mentioned in 

EN 13791 Ch. 8.3. Note that the curve provided by EN 13791 was suggested for the 

prediction of compressive strength of similar batches. Although, the authors aim was only 

to observe the location of the curve suggested by the EN 13791 with respect to all 

experimental produced mixtures. 

An extensive analysis was accomplished on the repeatability of 795 data 

measurements collecting mean rebound indices and compressive strengths. 

Since there were various concrete types and classifications, statistical characteristics 

of the rebound index was essential to understand the response of the Schmidt hammer to the 

tested surface. Figs. 4.15 and 4.16 represent the COV of all experimental mixtures with 

regard to their mean rebound indices and compressive strengths. It could be observed the 

decreasing tendency of COV with the increase of the mean of the compressive strengths, 

which confirmed the tendency in the behavior illustrated earlier in Fig.  2.8.  Despite that 

fact, ACI  228.1R-03 Committee recommendation (Fig. 2.9) should be reconsidered since 

no clear tendency is observed in the COV over the mean rebound index values in comparison 

to Fig.  4.15.  

 

 

Fig. 4.15. Coefficient of variation (VR) as a function of the mean rebound index (Rm) [6]. 

 

 The latter clearly indicated the decreasing pattern of COV over the increase of mean 

rebound index. As the evaluated data was not distributed equally concerning mixture types, 

testing dates and admixtures, a correlation between concrete types and COV cannot be 

achieved. The work aimed to have a generalized view on the behavior of rebound index and 

compressive strength over the COV. Moreover, in the following section, concrete mixtures 
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were arranged based on the evaluated property, enabling more objective interpretations that 

would be reached. 

 

 

Fig. 4.16. Coefficient of variation (VR) as a function of the mean compressive strength 

(fcm) [6]. 

4.2.2.4 Parameters affecting the repeatability of the Schmidt hammer 

4.2.2.4.1 Concrete type 

Analysis of batch to batch variation was not the scope of this study. The goal was 

rather to evaluate the evolution of COV of concrete types over time. Therefore, all 

experimental data was arranged regarding the concrete types. Fig. 4.17 shows a graphical 

demonstration of mean within test variation of rebound index values for NVC, HPSCC and 

UHSC over time. The age of tested concretes varied between 2 d and 400 d. Referring to 

mean rebound index, UHSC and HPSCC resulted in lower COV over the testing period, as 

compared to the references mixtures (NVC). 1-4.6 % differences could be realized between 

the mean coefficient of variation of the rebound index corresponding to different concrete 

types at early age of concrete (7 and 28 d). Experiments showed that the COV of the rebound 

index was very sensitive to the tested concrete type before the age of 90 d. Differences 

seemed to become more balanced over the age of 90 d. From a practical point of view, as 

the studied concrete types have different rheological properties, in terms of deformability 

and viscosity, the authors claimed that the rebound index COV was directly affected by the 

placement method of concrete. 
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Fig. 4.17. Effect of concrete types on the coefficient of variation (VR) of the rebound index 

in time [6]. 

 

To understand more the behavior of Schmidt hammer on the concrete mixtures, a 

normal distribution density function (Fig. 4.18) was plotted for visualizing independently the 

standard deviation of the rebound value of each mixture. In this case, 12 SCC (#Ref: 16 to 21 

and 25 to 30; See Tables 3.3 and III) and 3 NVC (#Ref: 4, 5 and 6; See Table 3.3 and III) 

mixtures were compared, in terms of their standard deviation. In the case of 320 kg/m3 cement 

content, highest value of the standard deviation was corresponding to NVC (3.93). The latter 

decreased in the case of the SCC and tend to reach a minimum value of 3.14.  

  
Figure 4.18. Normal distribution density function of all rebound values [12]. 

 

Same pattern was observed in the case of 360 and 400 Kg/m3. The relative average 
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standard deviations were 3,164 and 2.856 respectively. Based on this observation, when the 

cement content increases, standard deviation decreased. Especially in the case of MK and SF 

implementation in the concrete matrix, the hydration process was enhanced due to the 

chemical reaction in which these SCMs provided simultaneously with the main binding 

material (cement). Hence a denser microstructure was provided. 

4.2.2.4.2 Powder content 

A comparative analysis was performed on several w/p ratios to evaluate the effect of 

their variation over the COV of the rebound index. The following w/p ratios were selected 

from the experimental study: w/p = 0.17–0.29–0.31–0.34–0.5. As it can be observed in Fig. 

4.19a, it was experimentally proved by the COV values that the rebound index becomes less 

sensitive with the decrease of w/p ratio. In the first 28 d, almost all cases showed a rapid 

decrease in the rebound index COV, which could be explained by the hydration reaction. 

However, over 90 d, the rate of hydration became lower and it had a noticeable influence on 

rebound index COV values. 0-6.8 % differences could be realized between the mean 

coefficient of variation of the rebound index corresponding to different concrete types at 

early ages of concrete (7 and 28 d). This behavior is explained by the increase of powder 

content in the concrete matrix reaching a more homogeneous material in term of particle size 

and distribution. Also, it should be stated out the effect of Dmax on the response of rebound 

index COV. As it can be noticed in Figs. 4.17 and 4.19, lowest rebound index COV values 

were observed for UHSC mixtures with relative w/p = 0.17 and Dmax = 5 mm. In the case of 

HPSCC and NVC mixtures, the latter showed higher rebound index COV values despite that 

they hold the same maximum aggregate size (Dmax = 16 mm). This behavior is deduced by 

the difference powder content between NVC and HPSCC types. HPSCC contained more 

powder content, thereby enhancing the concrete microstructure. 

4.2.2.4.3 Binder content 

One of the most influential parameters on concrete strength is the w/b ratio (Mlinárik 

et al., 2016). The change of the rebound index response is directly related to the binder 

content. Therefore, higher w/b ratios resulted in higher values of rebound index COV 

(Szilágyi et al., 2014). According to Fig. 4.19b, the influence of the water-to-binder ratio was 

possible to be arranged and studied. The binder in this study is defined as the active materials 

responsible for hydration (cement, MK and SF). The range of the evaluated w/b ratios from 
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the experimental data was w/ b = 0.22–0.562. It was clearly recognized that the COV of the 

rebound index decreased with the decrease of w/b ratio. The age of the tested concrete ranged 

between 2 d and 400 d. Several interpretations could be made. In the first 28 d, a rapid decline 

in the COV was noticed due to the hydration phenomena. The same pattern was observed 

from the age of 28 to 90 d yet at a lower degree. This could be an effect of the low rate of 

hydration in comparison to earliest 28 d period. A remarkable increase was observed over the 

age of 90 d in the COV which was directly connected to carbonation effect to the concrete 

surface. 0.3-6.1 % of differences could be noticed among the coefficient of variation of the 

rebound index corresponding to different water-to-binder ratios (w/b = 0.41 to 0.562), at early 

age of concrete (7 and 28 d). Future information regarding the carbonation phenomena will 

be discussed later in present work. 

 

 

Fig. 4.19. Effect of the (a) water-to-binder (w/b), (b) water-to-powder w/p ratios on 

the coefficient of variation (VR) of the rebound index in time in time. [6]. 

4.2.2.4.4 Supplementary cementitious materials 

From all earlier mentioned data, 26 HPSCC mixtures were chosen and separated into 

three concrete categories. The purpose was to analyze the influence of SCMs on the 

repeatability parameters. The studied categories were: reference, MK and SF mixtures. 

Reference mixtures (R) were the type that do not incorporate any kind of SCMs. MK 

mixtures category only contain MK beside the cement binder as SCMs and the same goes 

for the third category regarding SF mixtures. These mixtures were produced with w/p = 0.29-

0.31 and w/ b = 0.562–0.5–0.45–0.41. Fig. 4.20a shows that the influence of SCMs was 

quite evident. The age of the examined concretes was at 7 and 28 d. It was found 
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experimentally that the lowest mean COV value for the rebound index could be reached if 

adding SF into concrete mixtures over reference mixtures. Hence, the differentiation 

between the influences of distinct hydraulic additives (MK and SF) was evident. MK and SF 

enhanced the concrete microstructure by decreasing the repeatability of the surface hardness 

in a range of 6-30% with respect to their relative reference mixtures. A range between 0.3-

1.2 % of differences can be noticed among the coefficient of variation of the rebound index 

corresponding to the addition of metakaolin and silica fume. Explanation of such behavior 

is translated by the effect of SCMs on the rate and magnitude of the pozzolonic reaction in 

improving physical properties of the hardened cement paste (Borosnyói, 2016). 

4.2.2.4.4 Admixture type 

The flow ability and viscosity of HPSCC and UHSC were controlled through the 

HRWRA and viscosity modifying agents. Further types of admixtures such as air entraining 

admixtures had a significant impact on the concrete pore structure (Łaźniewska, 2013). 

Consequently, from the basic database mentioned earlier, a comparison between 18 HPSCC 

mixtures (divided as 9 symmetrical non air entrained (NAE) and air entrained (AE) HPSCC 

mixtures) was performed. These mixtures were produced with w/p = 0.29 and w/b = 0.562–

0.5–0.4 5–0.41. The tested ages were 7, 28 and 56 d. Fig. 4.20b illustrates the mean rebound 

index COV of NAE and AE mixture categories over time. 

 

 

Fig. 4.20. Effect of supplementary cementitious materials (a) and (b) air entraining 

admixture (AE) on the coefficient of variation (VR) of the rebound index [6]. 

 

 First at 7 d, AE category showed an increase of 35% with respect to NAE reference 
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category. Over the age of 7 d, the difference between rebound indices COV of NAE and AE 

categories was decreasing reaching a more balanced behavior at age of 56 d. A range 

between 0.1-2.0 % of differences could be noticed among the coefficient of variation of the 

rebound index corresponding to different the addition of air entraining agent. This response 

of rebound index COV could be explained by AE admixtures which supply air voids into the 

concrete microstructure. Consequently, from the basic database mentioned earlier, a 

comparison between 18 HPSCC mixtures (divided as 9 symmetrical non air entrained (NAE) 

and air entrained (AE) HPSCC mixtures) was performed. These mixtures were produced 

with w/p = 0.29 and w/b = 0.562–0.5–0.4 5–0.41. The tested ages were 7, 28 and 56 d. Fig. 

4.20b illustrates the mean rebound index COV of NAE and AE mixture categories over time. 

 First at 7 d, AE category showed an increase of 35% with respect to reference 

category NAE. Over the age of 7 d, the difference between rebound indices COV of NAE 

and AE categories was decreasing reaching a more balanced behavior at 56 d. A range 

between 0.1-2.0 % of differences could be noticed among the coefficient of variation of the 

rebound index corresponding to different the addition of air entraining agent. This response 

of rebound index COV could be explained by AE admixtures which supply air voids into the 

concrete microstructure. 

4.2.2.5 Porosity parameters 

The total porosity measurements were accomplished for 27 HPSCC mixtures at 400 

d. Selected water-powder and water-binder ratios were w/p = 0.29–0.31–0.34 and w/b = 0.5 

62–0.5–0.45–0.41. Mean COV of rebound index of examined mixtures over the total 

porosity is plotted in Fig. 4.21a. It can be observed that COV of rebound index increases 

along with the total porosity. Water-to-powder ratios were plotted separately. As it was 

demonstrated earlier in Fig. 4.21a, at higher water-to-powder ratio, the increase of rebound 

index COV was observed. Additional apparent porosity measurements were completed on 

the HPSCC mixtures (Fig. 4.21b).  
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Fig. 4.21. Coefficient of variation of the rebound index (VR) as a function of the mean (a) 

total and (b) apparent porosity provided by different w/p ratios. [6]. 

 

The same response of rebound index COV over the apparent porosity was observed in Fig. 

4.21b. Therefore, it could be concluded that the concrete microstructure, which is directly 

affected by the pore network, also has an evident influence on the COV of the rebound index. 

4.2.2.6 Carbonation measurements 

The surface hardness response is related to the properties of the near surface of 

concrete layer. Within that region, the surface hardness of concrete was higher than the 

interior region of concrete due to the carbonation effect (Kim et al., 2009). In the previous 

section of binder content, carbonation effect had a significant influence on the COV of the 

rebound index. Therefore, the carbonation depth of specimens at 400 d was evaluated. A 

sum of 3 NVC and 27 HPSCC mixtures was designated for this evaluation, selected by, 

water-to-powder and water-to-binder ratios, w/p = 0.29–0.5625 and w/ b = 0.562–0.5–0.45–

0.41. Carbonation depth (Xc) was observed between 1.23 and 12.02 mm, proportionally 

increasing with the increase of the water-to-binder ratio. The same pattern was observed, in 

terms of rebound index COV. These results confirmed Szilági et al. work (Szilágyi et al., 

2014) in term of connectivity between repeatability and carbonation depth (Fig. 4.26).  

Gas permeability has been evaluated as a durability factor which influences concrete 

properties (RILEM, 2007). CO2 reacts with hydration products and dissipate through the 

concrete to induce the corrosion process. Hence the aim was to investigate the relation 

between the carbonation rates and surface hardness of concrete. In this case, 18 SCC (#Ref: 

16 to 30; See Tables 3.3 and III) and 3 NVC (#Ref: 4, 5 and 6; See Tables 3.3 and III) 

mixtures were compared, in terms of their carbonation depths. The carbonation depth for 

both (natural and accelerated carbonation tests) are illustrated in Fig. 4.23. The accelerated 
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test showed the difference in rates with respect to time. On average 46% increase of 

carbonation depth in one month for the accelerated case with respect to the natural 

carbonation process was observed. 

 

 

Fig. 4.22. Coefficient of variation of the rebound index (VR) as a function of the mean 

carbonation depth [6]. 

 

Fig. 4.24 showed that the compressive strength is not affected after the accelerated 

carbonation. However, the rebound value showed an average increase of 7.7% with respect 

of the value recorded at the end of natural carbonation (240 d). This increasing tendency 

depended on the water-to-cement ratio. In the case of constant water content and higher 

amount of cement, the depth of carbonation decreased. 

 

 

Fig. 4.23. Natural and accelerated carbonation depth for three separate w/c [11]. 
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 Fig. 4.24. Rebound value vs compressive strength for natural and accelerated 

carbonation [11]. 

 

For instance, the water-to-cement ratio of 0.45 showed a slight average increase of 

5% of the rebound value as compared to specimens (with no accelerated carbonation). This 

deviation could be explained based on the pore structure of concrete and the influence of 

water-to-cement ratio on the rebound value. Moreover, SF showed a higher resistance to 

carbonation with respect to MK, and mixtures only with cement as a binder material. This 

could be explained by the higher specific surface of SF and therefore its higher reactivity in 

the hydration process. During the hydration, higher amount of CH is present with denser 

CSH structure in the case of SF pozzolanic additive, hence the carbonation is slower. 

The result of carbonation (CaCO3) might produce a shell around the CH and delay 

the carbonation reaction (Chang et al., 2004; Laberblad, 2005).  

4.2.3 Ultrasonic pulse velocity [4, 5] 

In this chapter, the aim was to investigate and compare the effect of using different 

powder content, w/b ratios combining binary and ternary cementitious materials on the 

response of ultrasonic transmission and compressive strength of the NVC and SCC mixtures.   

Several SCC and NVC mixtures were designed and tested with various laboratory 

methods. The following parameters were kept unchanged in each concrete mixture (the 

particle size distribution: Dmax = 16 mm; the type of cement: CEM III 32.5/A R-MSR; the 

water content: 180 kg/m3, and the mass of MK and SF slurry materials: 40 kg/m3). 

The varied parameters (the concrete type: SCC or NVC; w/b = 0.562- 0.5- 0.45-0.41;  



71 

 

powder content: 320-360-400-520-580-620 kg/m3, and SCMs: none, MK or SF).  

A total of 30 concrete mixtures were produced (27 SCC: #Ref.: 37 to 57) and (3 NVC: 

#Ref: 4, 5 and 6); See Tables 3.3 and III.  

Absolute values of the total porosity at 400 d are provided in Table XV. The total 

porosity of both NVC and SCC were correlated, in terms of their UPV values; see Fig. 4.25. 

The total porosity varied in the range of 5.15-15.89 %. In general, total porosity results are 

considered to classify the quality of concrete as good. According to (Hearn et al., 2006), 

high quality concrete has a total porosity of 7%, whereas average quality concrete owns 15%. 

The lowest level of porosity was reached in the case of the SCC S3 incorporating silica fume 

and with lowest water-to-binder ratio of 0.41. Aggregate packing was improved and by the 

filling effect of the powder content, hence higher range of fines is provided for less porous 

network.  Moreover, it could be observed the decreasing trend of total porosity with the 

increase of UPV. Accordingly, it could be concluded that the porous network highly affects 

the response of UPV in concrete. 

 

 

Fig. 4.25. Total porosity versus the UPV for different types of all concrete mixtures at 28 d 

[5]. 

 

Another case was analyzed to consider the variation of UPV values, in terms of 

concrete types and binder content. The studied concretes were summarized in Table XVI for 

7, 28, 56 and 400 d. According to Malhotra (1976), all UPV results above 3660 m/s were 

considered good. The UPV test results showed the clear influence of filler type in enhancing 

the void microstructure of the concrete. Comparing NVC and SCC mixtures, higher UPV 

values were noticed in SCC mixtures, which are strongly related to the filling effect as it 

provides a denser and more interlocked microstructure for high-velocity ultrasonic waves to 
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pass through. Fig. 4.26 shows the difference in UPV results for the various concretes.  

 

Fig. 4.26. Mean ultrasonic pulse velocity at 7, 28, 56 and 400 d [4]. 

 

The maximum UPV value is 4730 m/s at 400 d corresponding to the 

SCC.360C.180WPP.40MK mixture. Also, the UPV value increased with increasing age. 

This phenomenon could be explained by the hydration development of the binder materials, 

filling the cracks and voids in the cement paste.  

 

4.2.3.4 Relationship between compressive strength and UPV 

Earlier studies demonstrated that there is no unique relationship between 

compressive strength and UPV of concrete (Neville, 2005). However, the UPV of concrete 

is highly influenced by cement paste state. The latter is directly affected by the water-to-

binder ratio. 

   𝑓′𝑐 = 0.0745𝑒0.0015𝑥   

 

(3) 

Based on regressing an exponential curve among the available data, Fig. 4.27 shows 

the relationship between compressive strength and UPV of all tested concretes, the regressed 

curve and the EN 13791 recommendation (EN 13791:2007, 2007). According to the 

experimental results, exponential relationship between compressive strength and UPV was 

plotted and compared to EN 13791 Standards. One can observe how highly EN 13791 

underestimated the actual compressive strength. Furthermore, to assess the compressive 

strength of produced concrete, the authors suggested the following equations which is 
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located at the lowest boundaries of the plotted data.  Hence a more reliable estimate would 

be fulfilled. 

 

 

Fig. 4.27. Relationship between compressive strength and UPV for all tested concretes in 

terms of EN 13791 recommendations [5].  
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4.3 Durability properties  

4.3.1. Water tightness [4, 9] 

To assess the resistance of the SCC against the water penetration test, two separate 

scenarios were evaluated. The first case corresponded to 18 SCC mixtures in which they were 

divided into two symmetrical series (9 NAE-SCC and 9 AE-SCC mixtures). Their 

corresponding reference number were (31-39 for the NAE) and (58-66 for the AE mixtures); 

see Tables 3.3 and III and XVII. According to Fig. 4.28, AE mixtures showed higher average 

water penetration depth value about 24% with respect to NAE mixtures. The maximum 

penetration depth was recorded for AE-R2 (16.02 mm). The lowest penetration depth 

corresponded to NAE-S3 (6.58 mm). Water penetration depth decreased on average from 8 

to 41% for NAE and from 1 to 25% for AE mixtures according to their references. SF 

mixtures showed a more effective behavior in comparison to MK mixtures with a higher 

resistance reaching more than 40% at a total binder content of 440 kg/m3. 

 

 

Fig. 4.28. water penetration depths based on reference mixtures [9]. 

 

On the other hand, the other scenario corresponded to 4 NVC (#Ref: 4. 5, 7 and 8) and 

8 SCC (#Ref.: 40, 41 43, 44, 76, 77, 79 and 80) mixtures. Fig. 4.29 shows the results of the 

water penetration depth under pressure conducted on the studied concretes. The perlite 

mixture (SCC.360C.180WPP.40MK) had a lower water penetration depth than other SCC 

types.  
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Moreover, comparing the SCC and NVC types, the NVC types clearly showed higher 

water penetration depths (with an average increase of 71%) than the SCC types. This behavior 

could be explained by the filling effect attributed to the SCC mixtures, which reduced the 

interconnectivity of the pore microstructure, thus resulting in lower penetration depths.  

However, comparing the NVC mixtures with different amounts of binder content, a higher 

binder content (360 kg/m3 rather than 320 kg/m3, which resulted in lower water penetration 

depth) showed an average enhancement in penetration depth of 15%. This could be explained 

by the additional pozzolanic activity, which improved the permeability results. All specimens 

revealed a negligible effect for MK as an addition to the total binder content, which is 

indicated by the small differences between the water penetration depths. Concrete is 

considered water tight for all practical purposes when the maximum water penetration depth 

is less than 50 mm (Hedegaard and Hansen, 1992). According to Fig. 4.29, all reading 

showed less than 50 mm maximum penetration depths which ranged from 28.1 to 11.0 mm, 

depending on the cement content, filler type, and the addition of supplementary cementitious 

material (metakaolin). 

 

 

Fig. 4.29. Mean water penetration depth of studied mixtures at 90 d [4]. 

4.3.2 Apparent porosity [1,4] 

The water absorption test was carried out as described in Section 3.4.3.2 at 28 and 90 

d. Because the current test has some limitations in that it is only capable of measuring the 

volume of accessible pores, this measurement does not represent the absolute porosity of the 

concrete. The binder content had a significant influence on the degree of water absorption, 
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which was confirmed by earlier research results (Da Silva and De Brito, 2015; Dinakar et al., 

2013). This fact is directly associated with the concrete porosity water-to-cement ratio 

relationship, where higher water-to-cement ratios resulted in a higher volume of pores, thus 

increasing the volume of accessible pores.  

The first comparison represents 4 NVC (#Ref: 4. 5, 7 and 8) and 8 SCC (#Ref.: 40, 41 

43, 44, 76, 77, 79 and 80) mixtures; see Tables 3.3, III, and XVIII. Fig. 4.30 shows that the 

SCC mixtures that included WPP as the filler exhibited the highest absorption values in 

comparison to all other mixtures. Türkmen and Kantarcı (2007) reported an increase in the 

apparent porosity, where expanded perlite was applied as a substitute for natural sand by 

volume. Also, Dawood (2015) reported an increased water absorption to 24% for concretes 

containing by partially substituting natural sand with 60% expanded perlite (maximum size 

0.15 mm). However, 90 d, the inclusion of WPP as a filler material for SCC mixtures 

decreased the porosity as a result of its pozzolanic activity by converting Ca(OH)2 to extra 

calcium silicate hydrate in the accessible pore microstructure of the hardened cement paste. 

Thus, lower apparent porosity values were reached. 

 

 

Fig. 4.30. Mean apparent porosity of studied mixtures at ages of 28 and 90 d [4]. 

 

In the case of the addition of AEA, water absorption by immersion test was carried out at the 

400 d to evaluate the apparent porosity (water content in volume that corresponds to the 

atmospheric water saturated condition). The following concretes were selected in this analysis 

(#Ref.: 31, 34, 37, 58, 61 and 64); see Tables 3.3 and VII. Absolute mean values of the results 

are illustrated in Fig. 4.31. It can be observed that the specimens that contained MK absorbed 
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less water than the specimens with SF or without any SCMs. In the case of the use of AEA in 

AE series, a noticeable increase of apparent porosity was noticed, reaching a maximum value 

of 8.43% for the reference mixture (AE-R1). This significant increase in AE series ranged 

between 50% and 212% with respect to their matching mixtures in the NAE series. The water 

absorption of high-quality SCC is usually less than 5% (Kosmatka et al. 2002). Thus, NAE 

series confirms to fall into this category.  

 

Fig. 4.31. Apparent porosity of the SCC mixtures [1]. 

4.3.3 Frost scaling resistance [1] 

Air void analysis in hardened state of the SCC mixtures revealed some major 

differences between NAE and AE series. The total volume of air in hardened concrete was 

found to increase drastically with the introduction of the synthetic type air entraining 

admixture. At a constant dosage (0.15% of cement content of air entraining admixture), the 

air content in the AE series mixtures increased to 3 times the values in NAE series mixtures. 

The reason behind this dramatic increase was the high dosage of air entraining admixture 

and the short mixing time which did not exceed 7 minutes (Ouchi and Attachaiyawuth, 

2016). Also, since the targeted classification of slump flow table SF3 required high level of 

workability, the HRWRA and the air entraining admixture increased the air voids. Fig. 4.32 

presents the mass of scaled materials results for SCC mixtures. Scaled material after 28 and 

56 cycles could give a clear indication about the durability potential of tested concretes 

against freezing-thawing cycles. SCC mixtures were tested at 90 d. The frost resistance of 

all SCC mixtures was fulfilled since it fell below the commonly assumed acceptable 

performance (mass of scaled material ≤ 1 kg/m2). However, with the use of air entraining 

admixture in AE series, the mass of scaled materials significantly dropped in accordance 

with NAE series. Regarding the SCMs effect, MK clearly showed a better response, in terms 
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of enhancing the resistance against salt-scaling. The latter was proved by Hassan et. al 

(2012). Based on BS EN 480-11 (2005) method, air void distribution in hardened concrete 

are given in Figs. 4.33a - 4.33c, in terms of the diameters (0-4000 µm). When MK or SF 

were used (NAE-M1 or NAE-S1), a decrease of small voids content could be reached in 

comparison to reference mixture (NAE-R1). Therefore, for comparative purposes, it could 

be observed in this case that there were almost no air voids below 300 µm for NAE series. 

Obviously, AEA drastically increased the air content at a high level of water-to-cement ratio. 

The reason of such effect was the influence of the HRWRA along with the air entraining 

admixture on the decreasing of the liquid phase in surface tension in the paste microstructure 

(Szwabowski and Łaźniewska-Piekarczyk, 2008). 

 

Fig. 4.32. Hardened density and apparent porosity of the SCC mixtures. 

 

Fig. 4.33a. Air void size distribution in hardened concrete according to  

BS EN 480-11 (2005) for R1 mixtures [1]. 
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Fig. 4.33b. Air void size distribution in hardened concrete according to  

BS EN 480-11 (2005) for M1 mixtures [1]. 

 

 

Fig. 4.33c. Air void size distribution in hardened concrete according to  

BS EN 480-11 (2005) for S1 mixtures [1]. 

 

4.3.4 Chloride migration [4, 8, 9] 

4.3.4.1 Filler and supplementary cementitious materials 

The introduction of AE admixture would affect the concrete permeability. In the 

following comparison, two symmetrical series of 18 SCC mixtures in which they were 

divided into two symmetrical series (9 NAE-SCC and 9 AE-SCC mixtures). There 

corresponding reference numbers were (31-39 for the NAE) and (58-66 for the AE mixtures); 

see Tables 3.3 and III. According to Fig. 4.34, AE mixtures appeared to have a higher average 

chloride migration coefficient about 36% than NAE mixtures. The highest coefficient was 
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recorded for AE-R1 (6.313×10-12 m2/s). The lowest value corresponded to NAE-S3  

(0.255×10-12 m2/s). A decrease of chloride migration coefficient was between 15% to 88% 

for NAE and 13% to 88% for AE mixtures, in terms of their reference mixtures. It was 

observed in the case of highest bindery content (440 kg/m3), SF tended to be more effective 

than MK at similar percentages of mass replacement of cement. Thus, SF is more effective in 

chloride migration resistance between 10-12.5% of mass replacement of cement. 

 

 

Fig. 4.34. RCM for SCC mixtures incorporating MK and SF at different level of w/c as 

compared to the reference mixtures (Non air entrained vs air entrained) [9]. 

 

Referring to 4 NVC (#Ref: 4. 5, 7 and 8) and 8 SCC (#Ref.: 40, 41 43, 44, 76, 77, 79 

and 80) mixtures; Fig. 4.35 represents the measured mean chloride migration coefficients at 

90 d. The criterion suggested by Heirman et al., (2006) showed that almost all obtained 

migration coefficients results fell into the “good resistance against chloride ingress” category. 

Also, it was realized observed that the SCC mixtures with WPP had a considerably higher 

chloride migration ability than NVC or SCC mixtures with LP.  

Moreover, the addition of MK addition had a noticeable effect in reducing the chloride 

migration coefficient. It could be seen that the addition of MK in the perlite mixture was less 

efficient as compared to the NVC and SCC mixtures with LP. The significant reduction in 

chloride ion penetration could be explained by the formation of a secondary calcium silicate 

hydrate CSH gel when MK reacts with the cement hydration product along with its alumina 

content (Al-Akhras, 2006). The concrete’s ability to resist the penetration of chloride ions was 
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highly enhanced by the pozzolanic activity provided by slag, MK, and WPP. In general, it 

could be concluded that an improved pore microstructure was obtained in the concrete matrix. 

 

 

Fig. 4.35. Mean chloride migration coefficient of the various concretes at 90 d [4]. 

4.3.4.2 Time dependent property of SCMs 

To evaluate the impact of SCMs on the chloride migration of concrete, the following 

mixtures were selected in this comparison (#Ref.: 40, 42, 43, 45, 46 and 48; See Table 3.3 

and III). Figs 4.36a and 4.36b represent the measured average chloride migration coefficients 

at 28, 90 and 460 d. As expected, the resistance of concrete to chloride migration increased 

with the increase of age. Even though the nine SCC mixtures exhibited different chloride 

migration coefficient at 28 d, their classification fell in the good criteria. At 460 d, the chloride 

migration coefficients decreased in almost all studied SCC mixtures reaching the very good 

criteria. It could be explained by the further hydration of the binders from 28 to 460 d. 

Evaluating the effect of SCMs on the chloride migration in SCC, it can be noticed that the 

reference concrete without the addition of SCM (Plain cement) had considerably higher 

chloride migration ability than mixtures with SCMs. At early state (28 d), SF was superior to 

that of MK. However, with the progress of time, it was obvious that the further improvement 

on the resistance to chloride migration of the SCC containing SF was rather slight compared 

to that of the MK at 460 d. That could be explained by the development of the pore structure 

(apparent porosity; connected pores). The chloride binding capacity of concrete strongly rely 

on the content of C-S-H gel, regardless of the w/c ratio. The amount of C-S-H gel increases 
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with the addition of SCMs, leading to the increase of chloride binding capacity (Luping and 

Nilsson, 1993). 

 
Fig.4.36a. RCM for SCC mixtures incorporating MK at different levels of w/c as at 28, 90, 

and 460d. 

 

 

Fig.4.36b. RCM for SCC mixtures incorporating MK at different levels of w/c as at 28, 90, 

and 460d. 

4.3.4.3 Service life 

Service life and durability are interconnected towards keeping the structure behavior 

and integrity safe and adequate. The research consisted of applying the experimental results 

of rapid chloride migration (RCM) coefficients in a probabilistic deterioration model. 

Chloride penetration was modelled using Fick’s diffusion law. Through this time dependent 

property, a simulation process using Monte Carlo analysis was applied to evaluate the 
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corrosion time to initiate. RCM coefficient of eighteen SCC mixtures incorporating perlite 

powder were evaluated. Several parameters influencing the behavior of the mixtures were 

divided into two categories: aggregates particle size distribution, water content, cement, and 

powder type which were classified as the constant parameters. On the other hand, perlite pow-

der, cement and total fine were classified as the variable parameters. The results indicated 

less effective behavior of the SCC mixtures in chloride diffusion coefficient as compared to 

NVC made with higher cement grade. 

4.3.4.3.1 Probabilistic model 

To evaluate the initiation time of corrosion of a structural element, a full probabilistic 

design method for chloride induced corrosion is adopted according to fib model code (fib 

Bulletin 34, 2006). Parameters affecting the service life of the material must be analyzed. 

Chloride penetration into the concrete represents one of many durability factors which 

contributes the deterioration process of reinforced concrete. Hence, to predict initiation time, 

Fick’s second law of Diffusion is applied: 

 

𝑑𝐶(𝑥,𝑡)

𝑑𝑡
= 𝐷𝑐  .  

𝑑2𝐶(𝑥,𝑡)

𝑑𝑥2                                                                  (4) 

This differential equation was solved for a predefined border state; hence the following 

equation was adopted based on these conditions: 

𝐶(𝑥, 𝑡) =  𝐶𝑠 𝑓𝑜𝑟 𝑥 = 0 𝑎𝑛𝑑 𝑡 > 0, 𝑎𝑛𝑑 𝐶(𝑥, 𝑡) =  𝐶0 𝑓𝑜𝑟 𝑥 = 0 𝑎𝑛𝑑 𝑡 = 0 

𝐶(𝑥, 𝑡) = 𝐶0 + ( 𝐶𝑠𝛥𝑥 − 𝐶0). [1 − 𝑒𝑟𝑓 (
𝑥

2√𝐷.𝑡
)]                                        (5) 

Many earlier researches (Takewaka, 1988) have showed the separate influences of each 

parameter with respect to time on the diffusion coefficient. The most critical factors were the 

w/c ratio of the concrete mix, exposure conditions, and cement type. However, temperature 

is a sensitive parameter, which must be also taken into account; however, it affects the 

exposure classes and rate of reaction that influences durability factors. Therefore, the 

following relationship is correlated with the previous equation in which T= 294 k is 

considered the ambient temperature. 

𝐶𝑐𝑟𝑖𝑡 = 𝐶(𝑥, 𝑡) = 𝐶0 + ( 𝐶𝑠𝛥𝑥 − 𝐶0). [1 − 𝑒𝑟𝑓 (
𝑎−∆𝑥

2√𝐷𝑎𝑝𝑝,𝐶.𝑡
)]                       (6) 

The apparent coefficient of chloride migration could be determined by means of the following 

equation: 

𝐷𝑎𝑝𝑝,𝑐 =  𝑘𝑒 . 𝐷𝑅𝐶𝑀,0. 𝑘𝑡 . 𝐴(𝑡)                                                (7) 
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Where 

  𝑘𝑒 = 𝑒
−𝑏𝑒(

1

𝑇𝑟𝑒𝑓
−

1

𝑇𝑟𝑒𝑎𝑙
)

                                                         (8) 

𝐴(𝑡) = (
𝑡0

𝑡
)𝛼                                                                   (9) 

In the design phase, a limit state function must be defined to express the ending point of the 

service life. Several limit state such as ultimate and serviceability limit states could be applied.   

𝑔 =  𝑅(𝑡) − 𝑆(𝑡)  > 0                                                  (10) 

𝑝𝑓 = 𝑃(𝐶(𝑥, 𝑡) ≥  𝐶𝑐𝑟𝑖𝑡)                                             (11) 

This approach was performed based on the Monte Carlo Method. This simulation was applied 

based on a sequence of random numbers. In this model, Fick’s second Law of Diffusion was 

simulated as the physio-chemical process. The requirements obliged to arrange all the random 

variables. Also, the selection of the appropriate distribution for each one, hence an adequate 

density function was reached. However, the probability of failure was calculated according 

to the evaluation of the limit state function for a high selection of trials. 

𝑝𝑓 =
1

𝑁
 . ∑ 𝐼[𝑔(𝑟𝑗 , 𝑠𝑗)]

𝑁

𝑗=1
                                              (12) 

4.3.4.3.2 Experimental results 

Table 4.3 shows the results of RCM test. As the mixtures were divided into two 

categories of total fine content. Type I and II show an average value of RCM coefficient of 

5.36×10-12 and 6.32×10-12 m2/s respectively. The latter shows an increase of RCM coefficient 

18% with respect to type I. This behaviour could be explained due to the higher amount of 

fine materials in which able to fill the pores and obtain a more enhanced microstructure which 

helped to resist more the migration phenomena. 

 

Table 4.3. DRCM,0 coefficient of all SCC mixtures at t0 = 28 d. 

Mix ID D RCM,0  ×10-12 [m2/s] Mix ID D RCM,0 ×10-12 [m2/s] 

I-N1 8.18 II-N1 11.01 

I-N2 5.34 II-N2 6.80 

I-N3 3.34 II-N3 5.24 

I-M1 6.62 II-M1 7.53 

I-M2 4.75 II-M2 5.43 

I-M3 3.71 II-M3 4.30 
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I-S1 5.85 II-S1 5.99 

I-S2 5.59 II-S2 5.66 

I-S3 4.85 II-S3 4.93 

 

4.3.4.3.3 Input parameters 

 In the present work, the objective was to assess the probability of corrosion initiation 

predicted in the initiation stage. The failure was reached when the chloride concentration was 

equivalent to the critical concentration in which the reinforcement’s depth reached the 

threshold stage. To perform the analysis, we assumed a submerged chloride exposure class 

XS3 and a targeted period of serviceability limit sate (SLS) design of 50 years. Hence the 

parameters in Table 4.4 were collected from the literature based on that assumption (fib 

Bulletin 34, 2006; Van der Wegan et al., 2012; Pruckner, 2001; Lay, 2001). 

The following application aimed for studying the influence of concrete covers and 

water-to-binder ratio (w/b) on the probability of corrosion initiation considering two different 

scenarios of cement types.  

Comparing slag cements was applied for two types: CEM III/B 42.5 and CEM III/A 

32.5 R. The first cement type data were available in fib model code for service life (fib Bulletin 

34, 2006). The latter data were collected from the experimental results as shown in Table 4.4. 

The mean rapid chloride migration coefficients of all mixtures applied in the simulation 

combining all cement variable in Table 4.4 was 5.84 ×10-12 m2/s. Monte Carlo simulation was 

adopted for the statistical analysis with 105 values of sampling. 

 

Table 4.4. Statistical data for all random variables values of different types of cement. 

Parameter Distribution CEM III/B 42.5 CEM III/A 32.5 R 

 

X  µ(x)  CoV µ(x) CoV 

Ccrit,  %wt c Normal 2.1%  9.5% 2.1%  9.5% 

Cs,Δx, %wt c Lognormal 3.8%  30% 3.8%  30% 

Α Beta 0.45 45% 0.45 45% 

be [K] Normal 4800 14% 4800 14% 

D RCM,0 (10-12) , m2/s Normal 2.04 20% 5.84 20% 

a, mm Normal 100 10% 100 10 
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Treal, K Normal 284 3.16% 284 3.16% 

C0 , %wt c Constant 0.07 0.07 0.035 0.035 

t0, d Constant 28 0 28 0 

Kt, - Constant 1 0 1 0 

 

 

4.3.4.3.4 Concrete cover 

According to the parameter shown in Table 4.4, two durability analysis were 

performed for visualizing the effect of concrete cover thickness variation.  The results 

obtained are shown in Figs. 4.37 and 4.38. A range of 100-180 mm concrete cover depths and 

the average chloride diffusion coefficients were adopted. When the concrete cover value 

increased, the time to reach a given probability of corrosion initiation also increased. For 

instance, if the maximum limit of probability was selected as 20 % and the concrete cover 

was 100 mm, this probability was reached within 28 years according to Fig. 4.38. Referring 

to Standards (fib Bulletin 34, 2006), the design value for SLS was p(f)=10-1. In the case of 

CEM III/B, the design was adequate for all concrete cover depth according to Fig. 4.37. 

 

 

Fig. 4.37. Effect of the concrete cover on the probability of corrosion initiation for CEM 

III/B 42.5 [8]. 
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Fig. 4.38. Effect of the concrete cover on the probability of corrosion initiation for CEM 

III/A 32.5 R [8]. 

 

The same goes with CEM III/A; however, with a minimum concrete cover of 160 mm. The 

explanation was because of the difference between chloride migration coefficients of the 

selected binders. Hence, concrete cover parameter was considered one of the most effective 

parameters with a high influence on the service life of the structural element. 

4.3.4.3.5 Binder content 

According to the parameter shown in Table 4.4 and selected from the fib Standard (fib 

Bulletin 34, 2006), two simulations were performed to compare the effect of w/b ratio on the 

service life design.  When the w/b ratio increased, time to reach a given probability of 

corrosion initiation decreased. For instance, if the maximum limit of probability was selected 

as 5 % and w/b ratio is 0.5, this probability was reached within 45 years according to Fig. 

4.39. As it has been mentioned before, the SLS is considered at 10% of the probability of 

failure. Therefore, CEM/B type was considered to be the most effective for a service live for 

all selected w/b ratios. CEM/A showed 43 years of SLS at 0.41 w/b ratio. 

 



88 

 

 

Fig. 4.39. Effect of the water-to-binder ratios (w/b) on the probability of corrosion 

initiation for CEM III/B 42.5 [8]. 

 

 

Fig. 4.40. Effect of the water-to-binder ratios (w/b) on the probability of corrosion 

initiation for CEM III/A 32.5 R [8]. 
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CHAPTER 5: SUMMARY AND NEW SCIENTIC RESULTS  

Summary 

SCC is sensitive to small changes in the material properties and proportions used in 

the mix design. An approach for assessing the fresh properties of the SCC has been developed 

which represented the workability window of the SCC in a diagram (slump flow diameter as 

the measure of the flow ability and the V-funnel flow time as the measure of the viscosity). 

SCC must possess adequate flow ability and viscosity properties at the fresh state. Such 

behavior should be verified by the commonly available testing methods. The present study 

assessed the behavior of a total 72 SCC mixtures produced in the laboratory and discussed 

the effect of the total powder content, cement content, filler type and SCMs, and evaluated 

how a highly flow able SCC (SF3 class) could be successfully produced to control the 

stagnation and segregation phenomena’s. By that, conclusions [2 ,3 ,4, 9] were given below:  

 The HRWRA dosage of the SCC mixture increased with higher total powder and cement 

contents, keeping a constant addition of water. 10-32 % and 45-88% decrease could be 

noticed among the HRWRA addition, with the decrease of the total powder and cement 

contents (520-580-620 kg/m3), (320-360-400 kg/m3) respectively in accordance with 

their reference mixtures. 

 The HRWRA dosage of the SCC had increased with the rise of the total powder content, 

reaching to 52% for silica fume series as compared to the R series. 

 The minimum V-funnel time for VF1 classification should be 4 s; otherwise segregation 

of concrete would occur.  

 For the same slump flow diameter, mixtures incorporating MK or SF showed higher 

HRWRA dosage as compared to their reference mixtures. 

 The V-funnel time of mixtures incorporating MK was higher than SF mixtures. 

 The use of high volumes of WPP for SCC satisfied the EFNARC requirements for flow 

ability and viscosity. However, the HRWRA dosage of the SCC incorporating WPP had 

significantly increased to 300% as compared to the SCC mixtures using LP. 

 The target slump flow class (SF3; 760-850 mm) could be successfully produced with 

variation of the water-to-cement ratio in weight (w/c: 0.45-0.562), with the variation of 

water-to-powder ratio in weight (w/p: 0.29-0.34), with the use of different fillers (LP or 

WPP) or different SCMs (MK or SF) and without the need for a viscosity modifying 

agent (Powder type SCC). Consequently, the minimum high range reducing admixture 
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dosage was specified (Fig. 4.4) according to the volumetric water-to-powder ratio. 

 The optimum ranges of workability for the SCC and its corresponding limits (stagnation 

and segregation) had to be tested and specified for the adequate SCC window. That would 

be done by varying the volumetric water-to-powder ratio and high range water reducing 

admixture. Thereby, this helped to identify the workability limits within the workability 

diagram. 

 An extension of the processing window for SCC suggested in (Fig. 2.6) had been 

developed. Based on the results of the slump flow diameter and V-funnel time tests, 

(EFNARC, 2002) and (EFNARC, 2005) limitations for SCC slump flow diameter and V-

funnel time were updated (Figs. 4.7a and 4.7b). 

As for the evaluation of the mechanical properties, the influence of the fillers, SCMs, 

and air entraining admixture were evaluated for the compressive strength property of the SCC. 

Based on the results and analyses of the mechanical property chapter [1] [3], [4], the following 

conclusions could be drawn: 

 The experimental results on the compressive strength of WPP reported higher values than 

LP at the same binder content (to 53% strength increase of WPP mixtures as compared to 

LP at 400 d [4]. 

 The compressive strengths of the SCC mixtures that included MK or SF as the SCM were 

enhanced between 5-31 % and 1-27% at 28 d; 12-26% and 7-32 % at 400 d respectively 

as compared to their references, resulting in more hydrated products in presence with 

cement binder [3].  

 The maximum compressive strengths were reported for the highest total powder content 

with the addition of MK as a SCM (Metakaolin series), at the same addition (40 kg/m3) 

as compared to SF [3]. 

 The total porosity highly depended on the total powder and cement content. With the 

addition of 40 kg/m3 of MK or SF, the total porosity was enhanced by 1-30 % and 15-44 

% respectively as compared to their references [3]. 

 The increased air content directly affected the mechanical properties of the SCC; The 

compressive strength dropped since the air entraining admixture supplied air voids, 

achieving higher total void content [1]. 

In the other part of this chapter, a series of experimental tests was applied on 795 cubic 

specimens with the purpose of understanding the repeatability of the rebound index of several 

concrete types. The applications revealed that EN 13791 underestimated the compressive 
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strength of concrete. Moreover, the results obtained in a such large scattering of coefficients 

of variation had to be separated and organized based on their designated parameters. Hence, 

the response of the Schmidt hammer in relation to the studied parameters, such as water-to-

binder ratio, water-to-powder ratio, SCMs, and admixtures, proved their dependency on the 

deviation of coefficient of variation of the rebound index. Nonetheless, the following 

conclusions could be drawn from this investigation [6, 10, 12]:  

 The COV of the rebound index is inversely proportional to the mean value of the rebound 

index. 

 Ultra-high strength and high performance SCCs showed lower rebound index COV as 

compared to normally vibrated concretes. 

 The rebound index COV was inversely proportional to the water-to-binder and water-to-

powder ratios; however, directly proportional to the carbonation depth. 

 Mixtures incorporating supplementary cementitious materials such as metakaolin or silica 

fume enhanced the repeatability of rebound index by resulting in lower rebound index 

COV than reference mixtures.  

 The air entrained HPSCC mixtures showed higher values of rebound index COV than 

non-air entrained mixtures.  

 The rebound index COV increases proportionally to the porosity measurements (both total 

and apparent porosity). 

 The increase of the COV of the rebound index was influenced by the carbonation depth 

of concrete. 

 

Ultrasonic pulse velocity is a valuable non-destructive technique in assessing cement 

based materials. Many factors could affect the response of such measurement; hence, the 

conclusions derived from experimental study were the following [4, 5]: 

 Ultrasonic pulse velocity was inversely proportional to the water-to-binder ratio. 

 The total porosity of concrete decreased with lower water-to-binder ratio and higher total 

powder content. 

 The increase of compressive strength, ultrasonic pulse velocity was directly affected by 

the decrease of total porosity.  

 The excellent hardened properties were obtained in the case of water-to-binder ratio of 

w/b = 0.41. 

 The total powder content highly affected the response of ultrasonic pulse velocity in 
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NVC, whereas insignificant influence was observed in the case of the SCC mixtures. 

In terms of permeability, the water tightness was more effective in the SCC as compared 

to NVC, with an average decrease of the water penetration depth of 71%. In case of the use of 

MK, a slight enhancement in the water penetration depth was observed for mixtures with WPP 

as compared to those with LP. The SCC mixtures incorporating WPP filler seemed to be less 

effective in water absorption as compared to mixtures with LP. 

The chloride diffusivity was dependent on the type of filler used in the concrete. Both 

the NVC and LP SCC mixtures showed lower chloride migration coefficients than WPP SCC 

mixtures. In hardened concrete, the addition of metakaolin or silica fume had a positive effect 

on the apparent porosity, providing an enhancement for the capillary microstructure. In the case 

of non-air entrained mixtures, individual use of metakaolin enhanced the resistance against frost 

scaling rather than by silica fume (after 56 cycles). Several complicated techniques in the 

literature were available concerning durability design. A simple approach was applied and 

simulated using Math-lab software for Monte Carlo simulation. The factor varied when we 

alternated several parameters in one limit state function to visualize and understand the impact 

of each variable on the failure function. Hence, from the previous analysis, the following 

conclusions can be drawn:  

Cement strength class of the relative applied slag cement highly affected the probability of 

failure of chloride-induced corrosion because of the physio-chemical properties and the direct 

effect on the diffusion coefficient. With the increase of perlite powder content in SCC, the 

resistance against chloride migration clarified a better behavior. Also, concrete cover depth was 

strongly dependent on concrete grade which could be defined based on w/b ratio, and the service 

period selected in which rely on the selected environmental class. The SCC mixtures showed a 

lower capacity of service life because of the applied binder type in the concrete matrix as 

compared to the conventional concrete used in the literature with higher grade value. Evidently, 

higher binder content promoted for higher resistant against failure because of the enhanced 

microstructure. Nevertheless, the target was to obtain a structural design which combines 

safety, efficiency and economic conditions. Thus, this probabilistic approach presented an 

effective tool towards service life structural assessment.  
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New scientific results (NSR) 

NSR 1: Workability window of self-compacting concrete 

I investigated the fresh properties of 72 self-compacting concrete mixtures using the slump 

flow diameter and V-funnel time tests to assess the effect of different types of fillers and 

supplementary cementitious materials, consequently, a comparative evaluation between 

mixtures was completed.  

1.1: I experimentally developed an extension of the processing window for self-

compacting concrete [2, 3]. 

EFNARC (2002) stated that the limitations for the minimum and maximum values for the 

slump flow and V-funnel time tests for self-compacting concrete which were characterized 

by a maximum aggregate size to 20 mm. Later on, EFNARC (2005) stated that if SF3 

classification is required, maximum aggregate size should be 16 mm. 

From the experimental results, stagnation of concrete mixtures was observed when the slump 

flow value was less than 600 mm and V-funnel time value was greater than 14 s. On the other 

hand, V-funnel time less than 4 s clearly indicated the segregation of concrete. The suggested 

window gave a safe limit for the workability characteristics for self-compacting concrete, in 

terms of the volumetric water-powder ratio (Figs. 4.7a and 4.7b). 

1.2: I experimentally specified the minimum dosage of high range water reducing 

admixture, in terms of the volumetric water-to-powder ratio. Hence, the target slump 

flow class (SF3; 760-850 mm) could be successfully produced for self-compacting 

concrete powder-type without the need for a viscosity modifying agent [2, 3]. 

To avoid the risk of segregation in SCC from the excess amount of high range water reducing 

admixture, Fig. 4.4 shows a curve where the minimum amount of high range water reducing 

admixture is indicated in accordance with the volumetric water-powder ratio from 72 

mixtures (Equation 2). 

NSR 2: Sustainable self-compacting concrete 

Self-compacting concrete requires high amount of powder materials (cement, fillers, 

supplementary cementitious materials, etc.) to obtain adequate rheological properties. Powder 

materials are of the particular interest as they contributed to partially substitute the cement, 

which is the most cost and energy intensive ingredients of concrete. Waste perlite powder 

was investigated, in terms its applicability and adequacy as a filler material and compared 

with limestone powder for self-compacting concrete. In this framework, self-compacting 

concrete mixtures were produced with different constant and variable parameters to evaluate 
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the efficiency of such material, in terms of its mechanical and durability aspect. 

2.1: I experimentally demonstrated from the analysis of 2 types of filler (limestone and 

waste perlite powders) that the use of waste perlite powder in self-compacting concrete 

satisfied the workability requirements and was more effective than limestone powder in 

the compressive strength property [4]. 

According to the workability results in Figs. 4.5a and 4.5b, self-compacting concrete mixtures 

with waste perlite powder satisfied the slump flow and V-funnel tests in accordance with 

EFNARC (2005) recommendations. 

Because of its pozzolanic and curing activity, it contributed in enhancing the compressive 

strength to 53% as compared to limestone powder (Figs. 4.8, 4.9a and 4.9b). 

2.2: I experimentally demonstrated from the analysis of 2 types of filler (limestone and 

waste perlite powders) that the waste perlite powder satisfied the durability 

performance, in terms of the water penetration depth, water immersion, and rapid 

chloride migration tests [4].  

Concrete is considered water tight for all practical purposes when the maximum water 

penetration depth is 50 mm (Hedegaard and Hansen, 1992). According to Fig. 4.29, all 

reading showed less than 50 mm of maximum penetration depth which ranged from 28.1 to 

11.0 mm, depending on the cement content, filler type, and the addition of supplementary 

cementitious material (metakaolin). 

The binder content has a significant influence on the degree of water absorption, which was 

confirmed by earlier research results (Da Silva and De Brito, 2015; Dinakar et al., 2013). 

This fact is directly associated with the concrete porosity water-to-cement ratio relationship, 

where higher water-to-cement ratios result in a higher volume of pores, thus increasing the 

volume of accessible pores. 

To assess the chloride resistance of self-compacting concrete using the non-steady state 

migration test, Heirman et al. (2006) classified this behavior based on the chloride migration 

coefficient. According to Fig. 4.35, all readings showed that the non-steady state chloride 

migration coefficients were less than 8·10-12 m²/s. This classification falls into the “Good 

resistance against chloride ingress”. 

NSR 3: Repeatability of the rebound hardness of the Schmidt hammer for self-

compacting concrete  

3.1: I have experimentally demonstrated from the analysis of 795 specimens in the 

laboratory (with total number of individual rebound index reading exceeding seven 

thousand) that the coefficient of variation of the rebound index of self-compacting 
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concrete is influenced by the water-to-binder ratio, the water-to-powder ratio, the age 

of concrete, the addition of supplementary cementitious materials, the admixture type, 

the porosity measurements, and the carbonation depth [6, 10, 11, 12]. 

I have demonstrated on 5 different water-to-binder ratios that the mean coefficient of variation 

of the rebound index is increasing by increasing the water-to-binder ratio (Fig. 4.19.a). 0.3-

6.1 % of differences could be noticed among the coefficient of variation of the rebound index 

corresponding to different water-to-binder ratios (w/b = 0.41 to 0.562), at early age of 

concrete (7 and 28 d). 

I have demonstrated on 5 different water-to-powder ratios that the mean coefficient of 

variation of the rebound index is increasing by increasing the water-to-powder ratio (Fig. 

4.19.b). 0- 6.8 % of differences could be realized between the mean coefficient of variation 

of the rebound index corresponding to different water-to-powder ratios (w/p = 0.17-0.5) at 

early age of concrete (7 and 28 d). 

I have demonstrated on 2 different supplementary cementitious materials (metakaolin or silica 

fume) that the mean coefficient of variation of the rebound index is decreasing by the use of 

supplementary cementitious materials (metakaolin or silica fume).  

0.3-1.2 % of differences could be noticed among the coefficient of variation of the rebound 

index corresponding to the addition of metakaolin and silica fume (Fig. 4.20a). 

I have demonstrated by the use of air entraining agent that the mean coefficient of variation 

of the rebound index is increasing by the use of air entraining agent. 0.1-2.0 % of differences 

could be noticed among the coefficient of variation of the rebound index corresponding to 

different the addition of air entraining admixture (Fig. 4.20b). 

I have demonstrated by the total and apparent porosity tests that the mean coefficient of 

variation of the rebound index is increasing by the increase of water-to-powder ratio (Figs. 

4.21a and 4.21b). The analyzed range of the water to powder ratio was w/p = 0.29-0.34, and 

the corresponding coefficients of variation of rebound index were found to be 2 % and 6 %, 

respectively. 

I have demonstrated by carbonation depth measurements that the mean coefficient of 

variation of the rebound index is increasing by the increase of carbonation depth (Fig. 4.22). 

3.2: I have demonstrated from the analysis of 795 specimens in the laboratory (with total 

number of individual rebound index reading exceeding seven thousand) that the 

coefficient of variation of the rebound index of self-compacting concrete is inversely 

proportional to the average value of the rebound index (Ranges: Rm = 20.9 - 64.8,  

fcm: 17.12 MPa- 139.29 MPa) [6, 10, 11, 12]. 



96 

 

According to the “American Concrete Institute” (ACI  228.1R-03, 2003), the relevant 

recommendation should be reconsidered since no clear tendency was observed in the COV 

over the mean rebound index values in comparison to Fig. 4.15.  The latter clearly showed 

the decreasing pattern of the coefficient of variation over the increase of the mean rebound 

index. 

NSR 4: Long term chloride migration of self-compacting concrete 

4: I have demonstrated on 2 different types of supplementary cementitious materials 

(metakaolin or silica fume) that the chloride migration coefficient is time dependent on 

the supplementary cementitious material type. Silica fume is noticed to have at early age 

fast pozzolanic activity as compared to metakaolin which has proven to possess a long-

term effect on enhancing the resistance of chloride migration of studied concrete [8 ,13]. 

With the progress of time, it is obvious that the further improvement on the resistance to 

chloride migration of the self-compacting concrete containing silica fume is rather slight as 

compared to that of the metakaolin at 460 d (Figs. 36a and 36b). 

Future perspective 

To attain a sustainable product, the performance of concrete in terms of strength and durability 

must be maximized. Similarly, minimizing the use of its raw materials with significant effects 

on the environment should be considered as a part of the path toward sustainable concrete.  

This thesis addressed a suggestion for an alternative type of filler for self-compacting 

concrete. Self-compacting concrete is a unique type of concrete with exclusive workability 

properties, which makes the placing of concrete much easier and efficient. To do so, the use 

of waste perlite powder at a high content as a filler material in self-compacting concrete was 

investigated. The results indicated that waste perlite powder had a significant pozzolanic 

effect on the concrete microstructure, reaching a positive impact on the compressive strength 

of the concrete. Furthermore, enhanced durability properties of the SCC mixtures 

incorporating waste perlite powder was obtained. 

Along this study, an extensive analysis on several parameters affecting the repeatability of 

the surface hardness of the Schmidt hammer was performed. As ultra-high strength concrete 

resulted in very low rebound index coefficient of variation, the predication of ultra-high 

strength concrete actual compressive strength would be reliable. The next logical step is to 

investigate structural elements produced with the same materials relevant to our laboratory 

research. Afterwards, an objective comparison between in-situ and laboratory results can be 

completed to verify such behavior. Furthermore, the particle size distribution concerning the 
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aggregate needs a deeper study, since this factor directly affects the empirical relationship. 

As a general remark, further research is needed to improve the reliability of the use of the 

Schmidt hammer as a tool for compressive strength assessment. 
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APPENDIX  

Table I. Chemical characteristics of binders and filler materials. 

Chemical 

composition 

C MK SF LP WPP-C WPP-SZ 

SiO2  25.53 52.79 95.09 5.63 73.80 73.2 

Al2O3  6.3 42.07 0.24 1.4 13.80 16.6 

Fe2O3  2.29 1.25 0.06 0.9 1.57 2.6 

CaO  55.59 0.37 0.91 50.32 1.17 1.06 

MgO  4.05 0.38 0.32 0.65 0.11 0.2 

SO3  2.34 < 0.01 0.07 0.08 - - 

K2O  0.78 1.22 0.51 0.29 4.01 3.5 

Na2O  0.33 0.02 0.2 0.07 2.66 1.5 

TiO2  0.28 0.2 < 0.01 0.08 0.083 0.09 

P2O5  0.03 0.06 0.07 0.02 - - 

 

Table II. Physical characteristics of binders and filler materials 

Physical properties C MK SF LP WPP-C WPP-SZ 

Specific gravity 3.1 2.6 2.35 2.69 2.33 2.33 

Specific surface area 

(cm2/g) 

3450 15244 20450 3470 843.3 4159 

Loss on ignition (%) 2.15 1.59 2.49 40.55 2.8 1.21 

 

 

 

 

 

 

 

 

 

 

 



B 

 

Table III. Mixtures designations according to the published manuscripts. 

  [1] [2], [3], [5] [8] [9] [12] [10], [13] [4]   

#Ref.               

1           NC-1   

2           NC-2   

3           NC-3   

4   N1     NC-1   NVC.320C 

5   N2     NC-2   NVC.360C 

6   N3     NC-3     

7             NVC.320C.40MK 

8             NVC.360C.40MK 

9               

10               

11               

12               

13   T1           

14   T2           

15   T3           

16   SCC-1     SCC-1     

17   SCC-2     SCC-2     

18   SCC-3     SCC-3     

19   SCC-4     SCC-4     

20   SCC-5     SCC-5     

21   SCC-6     SCC-6     

22   T4           

23   T5           

24   T6           

25   SCC-7     SCC-7     

26   SCC-8     SCC-8     

27   SCC-9     SCC-9     

28   SCC-10     SCC-10     

29   SCC-11     SCC-11     



C 

 

30   SCC-12     SCC-12     

31 NAE-R1 R1   I-R1       

32   R2   I-R2       

33   R3   I-R3       

34 NAE-R2 M1   I-M1       

35   M2   I-M2       

36   M3   I-M3       

37 NAE-R3 S1   I-S1       

38   S2   I-S2       

39   S3   I-S3       

40   R4         SCC.320C.260LP 

41   R5         SCC.360C.220LP 

42   R6           

43   M4         SCC.320C.220LP.40MK 

44   M5         SCC.360C.180LP.40MK 

45   M6           

46   S4           

47   S5           

48   S6           

49   R7           

50   R8           

51   R9           

52   M7           

53   M8           

54   M9           

55   S7           

56   S8           

57   S9           

58 AE-R1 NA1   II-R1       

59   NA2   II-R2       

60   NA3   II-R3       

61 AE-M1 MA1   II-M1       



D 

 

62   MA2   II-M2       

63   MA3   II-M3       

64 AE-S1 SA1   II-S1       

65   SA2   II-S2       

66   SA3   II-S3       

67   N1-P1 I-N1         

68   N2-P1 I-N2         

69   N3-P1 I-N3         

70   M1-P1 I-M1         

71   M2-P1 I-M2         

72   M3-P1 I-M3         

73   S1-P1 I-S1         

74   S2-P1 I-S2         

75   S3-P1 I-S3         

76   N1-P2 II-N1       SCC.320C.260.WPP 

77   N2-P2 II-N2       SCC.360C.220.WPP 

78   N3-P2 II-N3         

79   M1-P2 II-M1       SCC.320C.220WPP.40MK 

80   M2-P2 II-M2       SCC.360C.180WPP.40MK 

81   M3-P2 II-M3         

82   S1-P2 II-S1         

83   S2-P2 II-S2         

84   S3-P2 II-S3         

85           SCC-1   

86           SCC-2   

87           SCC-3   

88           SCC-4   

89           SCC-5   

90           SCC-6   

91           SCC-7   

92           SCC-8   

93           SCC-9   
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94           SCC-10   

95           SCC-11   

96           SCC-12   

 

Table IV. Results of the fresh characteristics of produced SCCs. 

 #Ref. w/p (V%) MK 

kg/m3 

SF 

kg/m3 

HRWRA 

kg/m3 

V-funnel 

s 

Slump 

mm 

Visual 

inspection 

13 0.84 0 0 2.24 7.5 730 Adequate 

14 0.85 0 0 2.34 14.55 580 Stagnation 

15 0.85 0 0 2.6 8.5 630 Adequate 

16 0.84 40 0 2.2048 9.5 610 Adequate 

17 0.84 40 0 2.7 7.7 720 Adequate 

18 0.85 40 0 2.8 9.3 690 Adequate 

19 0.83 0 40 4 8.2 710 Adequate 

20 0.84 0 40 3.6 12 725 Adequate 

21 0.85 0 40 3.2 9.5 720 Adequate 

22 0.90 0 0 0.96 16.54 530 Stagnation 

23 0.91 0 0 1.26 9.5 630 Adequate 

24 0.92 0 0 3.2 3.7 890 Segregation 

25 0.90 40 0 2.4 13.2 680 Adequate 

26 0.91 40 0 2.628 6.8 820 Adequate 

27 0.92 40 0 4 7 850 Adequate 

28 0.89 0 40 2.88 10.8 835 Adequate 

29 0.90 0 40 3.132 8.38 835 Adequate 

30 0.91 0 40 3.7 9.9 820 Adequate 

31 0.84 0 0 3.04 5 800 Adequate 

32 0.85 0 0 3.06 6.3 795 Adequate 

33 0.85 0 0 3.56 5.9 790 Adequate 

34 0.84 40 0 3.36 7.13 775 Adequate 

35 0.84 40 0 3.96 8.6 800 Adequate 

36 0.85 40 0 4.4 11 755 Adequate 

37 0.83 0 40 5.44 5.28 765 Adequate 
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38 0.84 0 40 4.86 6.26 780 Adequate 

39 0.85 0 40 5.2 6.73 770 Adequate 

40 0.90 0 0 1.92 5.66 740 Adequate 

41 0.91 0 0 2.016 5.36 760 Adequate 

42 0.92 0 0 2.72 4.56 780 Adequate 

43 0.90 40 0 2.72 9.65 775 Adequate 

44 0.91 40 0 2.916 10.32 780 Adequate 

45 0.92 40 0 4 8.63 810 Adequate 

46 0.89 0 40 2.88 6.33 760 Adequate 

47 0.90 0 40 3.168 4.95 770 Adequate 

48 0.91 0 40 3.76 5.05 790 Adequate 

49 1.01 0 0 1.744 5.21 780 Adequate 

50 1.03 0 0 1.548 7.65 750 Adequate 

51 1.04 0 0 1.76 5.85 770 Adequate 

52 1.01 40 0 2.272 7.52 770 Adequate 

53 1.02 40 0 2.34 8.65 785 Adequate 

54 1.03 40 0 2.84 9.66 800 Adequate 

55 1.00 0 40 2.3136 6.65 765 Adequate 

56 1.01 0 40 2.34 5.95 780 Adequate 

57 1.02 0 40 2.72 3.59 850 Segregation 

58 0.84 0 0 3.68 4.91 790 Adequate 

59 0.85 0 0 3.42 6.1 760 Adequate 

60 0.85 0 0 3.92 6.12 780 Adequate 

61 0.84 40 0 4.8 9.48 790 Adequate 

62 0.84 40 0 5.76 11.2 800 Adequate 

63 0.85 40 0 6.2 10.1 790 Adequate 

64 0.83 0 40 4.64 6.55 750 Adequate 

65 0.84 0 40 5.04 5.89 770 Adequate 

66 0.85 0 40 4.8 6.44 760 Adequate 

67 0.78 0 0 7.168 8 850 Adequate 

68 0.79 0 0 9.31 7.6 825 Adequate 

69 0.81 0 0 7.568 10.05 780 Adequate 
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70 0.78 40 0 7.646 10.29 760 Adequate 

71 0.80 40 0 8.1 12.48 725 Adequate 

72 0.81 40 0 8.4 8.31 840 Adequate 

73 0.78 0 40 7.584 5 810 Adequate 

74 0.79 0 40 7.2 7.75 750 Adequate 

75 0.81 0 40 10.56 8.65 780 Adequate 

76 0.84 0 0 6.4 6.1 785 Adequate 

77 0.85 0 0 7.56 5.5 800 Adequate 

78 0.87 0 0 7.96 11.65 790 Adequate 

79 0.84 40 0 7.42 8.6 800 Adequate 

80 0.86 40 0 8.1 6.4 790 Adequate 

81 0.88 40 0 8.4 7.89 765 Adequate 

82 0.84 0 40 7.04 5.5 785 Adequate 

83 0.86 0 40 7.95 8.1 770 Adequate 

84 0.87 0 40 8.88 8.0 790 Adequate 

 

Table V. Compressive strengths at 7, 28, 56 and, 400d. 

 7 d 28 d 56 d 400 d 

  Mean COV% Mean COV% Mean COV% Mean COV% 

NVC.320C 
25.10 2.47 42.95 1.02 49.54 2.07 54.54 1.40 

NVC.320C.40MK 
30.31 2.69 48.63 3.11 55.65 1.34 64.26 2.22 

SCC.320C.260LP 
34.22 1.71 47.21 1.14 51.88 2.66 59.61 2.11 

SCC.320.220LP.40MK 
38.61 2.33 56.11 1.92 61.01 2.37 70.53 3.03 

SCC.320C.260WPP 
34.99 1.72 52.85 2.09 60.75 1.51 87.26 1.36 

SCC.320C.220WPP.40MK 
36.38 3.04 61.89 1.89 68.54 1.32 90.19 1.96 

NVC.360C 
29.39 7.98 45.71 3.96 54.89 1.78 61.55 1.92 

NVC.360C.40MK 
32.15 2.47 52.09 1.34 63.65 1.42 71.45 1.42 

SCC.360C.220LP 
38.20 1.25 52.76 3.23 58.52 2.42 65.66 1.94 

SCC.360C.180LP.40MK 
48.78 1.15 61.96 3.18 69.50 2.01 82.60 3.25 

SCC.360C.220WPP 
47.20 1.49 62.94 1.86 71.14 2.39 101.00 2.01 

SCC.360C.180WPP.40MK 
47.95 3.49 74.00 2.78 83.54 0.93 106.30 1.15 
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Table VI. Compressive strengths of SCC mixtures at 7, 28, 56 and 400d. 

Mixtures  

ID 

 
Compressive strength , MPa 

Total porosity, V % 

Time  *fcm,cube fcm,cube Pt 

d  28 400 400 

R1  57.90 71.68 12.78 

R2  63.04 83.43 11.11 

R3  70.39 91.83 9.06 

R4  47.21 59.61 13.03 

R5  52.76 65.66 12.07 

R6  57.71 76.24 11.20 

R7  40.72 53.74 14.84 

R8  48.49 68.28 13.04 

R9  51.66 78.67 10.85 

M1  61.33 80.53 10.98 

M2  68.80 94.88 11.54 

M3  76.99 104.84 6.34 

M4  56.11 70.53 12.50 

M5  61.96 82.60 11.89 

M6  69.90 90.22 8.98 

M7  50.85 64.82 13.12 

M8  63.61 85.44 10.23 

M9  64.91 91.61 8.63 

S1  59.00 77.44 7.59 

S2  65.01 89.74 5.65 

S3  74.43 101.87 5.15 

S4  49.79 73.68 9.26 

S5  59.41 85.55 8.86 

S6  70.46 91.61 6.25 

S7  48.91 71.16 12.48 

S8  59.50 76.41 10.12 

S9  61.98 79.53 8.16 
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Table VII. Results of the compressive strength at of 7, 28, 56, and 400d and water by 

immersion at 400 d. 

Concrete property 

 NAE NAE NAE AE AE AE 

Testing 

time R1 M1 S1 R1 M1 S1 

 Compressive strength, MPa 

  

  

7 d 39 43 44 26 31 34 

28 d 58 61 59 38 46 43 

56 d 65 69 64 40 54 47 

400 d 72 81 77 45 57 49 

Water absorption by 

immersion, V % 400 d 5.59 3.50 4.54 8.43 7.45 6.96 

 

Table VIII.  Air void characteristics and mass of scaled materials for tested SCC mixtures. 

Air void characteristics     Mass of scaled material, kg/m2 

  A(%) α (mm-1) L (mm) A300 (%) 28 cycles 56 cycles 

NAE -R1 5.19 17.93 0.312 1.01 0.35 0.44 

NAE -M1 3.47 19.39 0.346 0.53 0.21 0.29 

NAE -S1 3.65 10.41 0.631 0.15 0.37 0.55 

AE -R1 13.04 21.2 0.148 4.66 0.27 0.32 

AE -M1 11.75 23.12 0.151 5.47 0.17 0.19 

AE -S1 12.62 32.17 0.101 6.72 0.14 0.19 

 

Table IX. effect of concrete type on the COV of the rebound index with time. 

COV, % 2 d 7 d  28 d  56 d  90 d  240 d  400 d 

UHSC 2.5 2.6 1.8   1.2     

HPSCC   5.8 4.8 4.4 4.6 5.2 3.6 

NVC   7.2 5.6 7.2 8.4   6.9 
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Table X. effect of water to powder ratio (by weight) on the COV of the rebound index with time. 

 COV, %  2 d 7 d 28 d 56 d 90 d 240 d  400 d 

w/p = 0.17 3.3 2.4 2.0   0.8     

w/p = 0.29   5.7 4.7 4.3 4.4 4.8 3.3 

w/p = 0.31   4.9 4.7 4.1 4.7 5.6 3.7 

w/p = 0.34   7.4 6.3 5.0     3.8 

w/p = 0.5   9.2 5.0 6.7     6.9 

 

Table XI. effect of water to binder ratio (by weight) on the COV of the rebound index with time. 

  COV, %  2 d 7 d 28 d 56 d 90 d 240 d  400 d 

w/b = 0.22 2.5 2.6 1.8   1.2     

w/b = 0.41   4.9 4.2 3.8 4.4 4.6 2.4 

w/b = 0.45   5.9 5.0 4.8 4.5 4.9 3.4 

w/b = 0.50   6.5 5.5 4.9 5.1 5.6 4.3 

w/b = 0.562   8.8 5.8 4.4 5.4 6.3 6.5 

 

Table XII. effect of the SCM type on the COV of the rebound index with time. 

  COV, %  7 d 28 d 

Reference 5.6 5.5 

Metakaolin 5.0 5.2 

Silica fume 4.3 4.5 

 

Table XIII. effect of the AEA on the COV of the rebound index with time. 

   COV, %  7 d 28 d 56 d 

NAE 5.7 5.2 4.8 

AE 7.7 5.9 4.9 

 

Table XIV. effect of the total and apparent porosity on the COV of the rebound index. 

 COV, % Total porosity, 

V% 

Apparent porosity, V% 

w/p = 0.29 5.45 12.78 5.59 

w/p = 0.29 4.51 11.11 5.03 

w/p = 0.29 2.90 9.06 3.92 

w/p = 0.29 3.68 10.98 3.5 
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w/p = 0.29 2.46 11.54 2.41 

w/p = 0.29 2.00 6.34 1.88 

w/p = 0.29 3.41 7.59 4.54 

w/p = 0.29 2.55 5.65 3.71 

w/p = 0.29 2.53 5.15 2.98 

w/p = 0.31 5.75 13.03 6.26 

w/p = 0.31 4.72 12.07 5.91 

w/p = 0.31 3.33 11.20 4.15 

w/p = 0.31 4.00 12.50 2.1 

w/p = 0.31 4.08 11.89 1.87 

w/p = 0.31 2.73 8.98 1.25 

w/p = 0.31 3.86 9.26 3.13 

w/p = 0.31 2.70 8.86 1.79 

w/p = 0.31 2.23 6.25 1.54 

w/p = 0.34 6.04 14.84 6.23 

w/p = 0.34 4.29 13.04 6.01 

w/p = 0.34 3.19 10.85 5.45 

w/p = 0.34 4.32 13.12 3.59 

w/p = 0.34 2.99 10.23 3.89 

w/p = 0.34 2.62 8.63 2.04 

w/p = 0.34 3.22 12.48 4.133 

w/p = 0.34 4.74 10.12 3.22 

w/p = 0.34 2.41 8.16 3.82 

 

 

Table XV. UPV, mean compressive strength and total porosity results with time. 

 28 d 56 d 400 d 

Mix 

ID 

V, 

m/s 

fcm , MPa V, 

m/s 

fcm , MPa PT, 

V% 

R1 4390 58 4410 65 12.78 

R2 4420 63 4495 70 11.11 

R3 4530 70 4525 76 9.06 
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R4 4360 47 4380 52 13.03 

R5 4440 53 4435 59 12.07 

R6 4480 58 4510 65 11.20 

R7 4320 41 4390 46 14.84 

R8 4380 48 4410 57 13.04 

R9 4415 52 4445 60 10.85 

M1 4430 61 4485 69 10.98 

M2 4485 69 4510 75 11.54 

M3 4620 77 4655 79 6.34 

M4 4370 56 4390 61 12.50 

M5 4400 62 4440 70 11.89 

M6 4550 70 4580 74 8.98 

M7 4375 51 4445 58 13.12 

M8 4455 64 4475 71 10.23 

M9 4510 65 4510 71 8.63 

S1 4395 59 4453 64 7.59 

S2 4447 65 4475 70 5.65 

S3 4548 74 4570 77 5.15 

S4 4385 50 4410 60 9.26 

S5 4415 59 4425 69 8.86 

S6 4510 70 4585 75 6.25 

S7 4385 49 4405 58 12.48 

S8 4400 59 4465 65 10.12 

S9 4425 62 4485 69 8.16 

N1 4080 43 4160 50 15.89 

N2 4260 46 4310 55 13.84 

N3 4316 59 4410 62 12.21 

 

 

 

 

Table XVI. mean UPV values and COV results with time. 
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 7 d 28 d 56 d 400 d 

 Mean COV% Mean COV% Mean COV% Mean COV% 

NVC.320C 3963 0.39 4080 0.49 4160 0.83 4280 0.81 

NVC.320C.40MK 4211 0.60 4473 2.00 4490 0.59 4490 0.45 

SCC.320C.260LP 4222 0.61 4360 0.72 4380 2.47 4420 0.68 

SCC.320.220LP.40MK 4260 1.02 4370 1.00 4390 1.18 4540 1.01 

SCC.320C.260WPP 4227 2.97 4392 0.81 4495 1.28 4660 0.57 

SCC.320C.220WPP.40MK 4328 0.74 4430 1.08 4413 0.69 4685 0.49 

NVC.360C 4117 0.60 4260 0.70 4310 0.61 4520 0.59 

N.360C.40MK 4148 0.40 4303 2.55 4510 0.48 4580 0.29 

SCC.360C.220LP 4290 1.76 4440 1.48 4435 1.55 4695 1.65 

SCC.360C.180LP.40MK 4360 0.83 4440 1.13 4440 0.81 4670 0.43 

SCC.360C.220WPP 4452 0.68 4463 1.03 4548 1.62 4710 0.56 

SCC.360C.180WPP.40MK 4545 0.96 4657 0.56 4603 0.89 4730 0.73 
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Table XVII. Results of water penetration depth, salt scaling, chloride migration coefficient, 

and carbonation depth tests. 

Mix. 

ID 

Water Penetration 

depth 
Salt scaling 

Chloride 

migration 

coeffecient 

Carbonation 

depth 

mm kg/m2 Dnssm (10-12 m2/s) mm 

 NAE AE NAE AE NAE AE NAE AE 

R1 13.13 14.25 0.353 0.266 5.015 6.313 2.35 3.05 

R2 13.27 16.02 0.261 0.222 3.329 4.454 1.55 1.89 

R3 11.23 11.99 0.233 0.229 2.275 3.163 0.956 1.95 

M1 11.99 14.06 0.205 0.175 3.007 4.084 2.18 2.75 

M2 11.61 15.55 0.154 0.137 2.819 3.865 1.31 1.72 

M3 8.66 9.90 0.161 0.146 1.649 2.408 0.879 1.45 

S1 9.43 13.87 0.373 0.144 2.072 2.334 1.08 1.847 

S2 8.86 13.46 0.298 0.152 1.414 1.731 1.11 1.42 

S3 6.59 8.95 0.178 0.115 0.255 0.454 0.756 1.09 

 

Table XVIII. Results of water penetration depth, apparent porosity, and chloride migration 

coefficient with time. 

 

Water penetration 

 depth (mm) 
Apparent porosity (%V) 

Dnssm (10-12 m2/s) 

 90 d 28 d 90 d 90 d 

  Mean COV% Mean COV% Mean COV% Mean COV% 

NVC.320C 28.13 11.99 5.20 7.84 4.12 12.86 4.86 5.97 

NVC.320C.40MK 26.90 10.23 4.21 15.52 4.03 11.35 2.88 6.64 

SCC.320C.260LP 18.55 15.59 6.41 9.73 4.87 24.83 5.24 8.37 

SCC.320.220LP.40MK 16.89 11.10 4.79 6.33 4.08 11.20 3.09 9.15 

SCC.320C.260WPP 14.78 7.75 8.41 12.53 6.05 8.12 6.76 5.65 

SCC.320.220WPP.40MK 15.41 11.38 8.61 9.81 6.32 13.17 5.97 6.87 

NVC.360C 25.58 5.64 4.64 8.08 4.32 4.16 4.05 5.59 

NVC.360C.40MK 22.26 5.59 4.04 7.19 3.62 8.25 3.04 9.77 

SCC.360C.220LP 20.54 10.88 6.81 6.52 5.01 9.57 3.14 8.56 

SCC.360C.180LP.40MK 15.54 14.60 5.54 11.30 4.65 5.65 2.51 10.14 

SCC.360C.220WPP 11.01 23.12 9.84 3.88 7.09 7.07 5.16 5.62 

SCC.360C.180WPP.40MK 11.56 13.27 8.19 5.20 6.69 8.07 4.85 7.87 

 


