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Abstract 
 

The work presented in this thesis deals with the development of self-consolidating high 

performance concrete (SCHPC) incorporating rice husk ash (RHA) as a supplementary 

cementing material. Various SCHPCs were produced using the water-binder (W/B) ratios of 

0.30, 0.35, 0.40 and 0.50, and RHA content in the range of 0 to 30% of cement by weight. In 

addition, a number of pastes and mortars formulated from the concretes were prepared and 

tested for the filling ability. The paste and mortar filling abilities were tested with respect to 

flow time and flow spread, respectively, at various dosages of high-range water reducer 

(HRWR). Also, the mortars were tested for the air content at various dosages of air-

entraining admixture (AEA). It was observed that the flow time of the pastes increased with 

lower W/B ratio and higher RHA content, whereas the flow spread of the mortars decreased 

with higher W/B ratio and greater RHA content. Both paste and mortar filling abilities 

increased with higher HRWR dosages. In addition, the air content of the mortars decreased 

with lower W/B ratio and higher RHA content for given AEA dosages. 

The fresh SCHPCs were tested for filling ability, passing ability, air-void stability, 

segregation resistance, unit weight and air content. The filling ability was determined with 

respect to slump and slump flow, inverted slump cone flow time and spread, and orimet flow 

time and spread. The passing ability was measured with regard to slump and slump flow with 

J-ring, inverted slump cone flow spread with J-ring, and orimet flow spread with J-ring. The 

air-void stability in several fresh SCHPC mixtures was investigated with respect to re-mixing 

of concrete and subsequent measurement of air content at different test stages. 

The test results obtained for the fresh properties showed that the inverted slump cone 

and orimet flow times increased with lower W/B ratio and greater RHA content. In addition, 

the slump flow, inverted slump cone flow spread, and orimet flow spread with and without J-

ring increased considerably with lower W/B ratio and greater RHA content. However, the 

increases in slump with and without J-ring at lower W/B ratio and higher RHA content were 

not significant. The unit weight of concrete slightly decreased with higher W/B ratio and 

greater RHA content, and with higher air content. Achieving the target air content required 

greater AEA dosages for lower W/B ratio and higher RHA content. However, the presence of 

RHA had no adverse effect on the air-void stability of concrete. 
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The segregation resistance of various SCHPCs was investigated by visual inspection 

of concrete in mixer pan, and during and after different flow tests. Slight bleeding and a thick 

layer of paste were noticed in mixer pan for several concretes. The dynamic segregation in 

the form of discontinuity or blockage of flow did not occur during the orimet and inverted 

slump cone flow tests for any concrete. No aggregate pile appeared in the slump flow, and 

orimet and inverted slump cone flow spreads of any concrete. But minor to severe mortar 

halos were noticed in the periphery of the flow spread of several concretes, particularly in the 

presence of high RHA content. The results of visual inspection suggest that both lower W/B 

ratio and greater RHA content improved the dynamic segregation resistance of concrete. In 

contrast, the higher RHA content resulted in a lower static segregation resistance, which was 

overcome in the presence of viscosity-enhancing admixture (VEA). 

The static segregation resistance of several SCHPCs was quantitatively determined by 

sieve and column apparatus. The segregation index given by the sieve increased with lower 

W/B ratio and higher RHA content, thus indicating a reduced static segregation resistance. In 

contrast, the segregation factor given by the column apparatus decreased with lower W/B 

ratio suggesting an increased static segregation resistance. However, the segregation factor 

increased with higher RHA content, and thus revealed a reduction in static segregation 

resistance. In the presence of VEA, both segregation index and segregation factor decreased 

significantly, indicating an improvement in the static segregation resistance of concrete. 

The hardened SCHPCs were tested for compressive strength, ultrasonic pulse 

velocity, water absorption, total porosity and electrical resistivity. Test results revealed that 

the compressive strength, ultrasonic pulse velocity and true electrical resistivity increased, 

whereas the water absorption and total porosity decreased with lower W/B ratio and higher 

RHA content. The entrained air-voids decreased the compressive strength, ultrasonic pulse 

velocity, water absorption and total porosity, but slightly increased the electrical resistivity of 

concrete. In general, the hardened properties indicated good durability of the concretes. 

The empirical models for the filling ability (slump flow) and compressive strength of 

SCHPC were derived and verified with test data from this study and other data taken from 

the literature. The slump flow and compressive strength computed from the models were 

coherent with the measured values. Both filling ability and strength models were useful to 

develop a mixture design method for SCHPC with and without RHA. 
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Chapter 1 

Introduction 

 

1.1 General 

Advancements in concrete technology have resulted in the development of a new type of 

concrete, which is known as self-consolidating high performance concrete (SCHPC). The 

merits of SCHPC are based on the concept of self-consolidating and high performance 

concretes. Self-consolidating concrete (SCC) is a flowing concrete that spreads through 

congested reinforcement, fills every corner of the formwork, and is consolidated under its 

self-weight (Khayat 1999). SCC requires excellent filling ability, good passing ability, and 

adequate segregation resistance. But it does not include high strength and good durability as 

essential performance criteria. Conversely, high performance concrete (HPC) has been 

defined as a concrete that is properly designed, mixed, placed, consolidated, and cured to 

provide high strength and low transport properties or good durability (Russell 1999). HPC 

exhibits good segregation resistance. But HPC does not provide excellent filling ability and 

passing ability, and therefore needs external means such as rodding or vibration for proper 

consolidation. Hence, a concrete that fulfills the performance criteria of both SCC and HPC 

can be referred to as SCHPC. An SCHPC is that concrete, which offers excellent 

performance with respect to filling ability, passing ability, segregation resistance, strength, 

transport properties and durability. 

SCHPC is produced by exploiting the benefits of high-range water reducer (HRWR) 

and supplementary cementing material (SCM). The use of HRWR is essential to produce 

SCHPC. A HRWR contributes to achieve excellent filling ability and passing ability. In 

addition, SCMs are incorporated in SCHPC mostly to enhance the strength and durability of 

concrete. It may also contribute to attain good segregation resistance. In Canada and other 

countries, several well-known SCMs such as silica fume, ground granulated blast-furnace 

slag, and fly ash have been used to produce SCHPC (Bouzoubaâ and Lachemi 2001, Khayat 

2000, Okamura and Ozawa 1994, Persson 2001). In comparison, the use of rice husk ash 

(RHA) in SCHPC is very limited. RHA is obtained by controlled burning of rice husks, 
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which are agricultural wastes generated in the rice-milling industry. It has been found that 

RHA provides dramatic improvements in hardened properties and durability of concrete 

(Mehta and Folliard 1995, Maeda et al. 2001). Similar effects might be observed when RHA 

is used in SCHPC. SCMs are also essential for high strength and high durability of SCHPC. 

Moreover, the expense of some SCMs such as silica fume and high reactivity metakaolin 

increases the overall material cost of SCHPC. Therefore, the use of less-expensive RHA is 

more desirable to decrease the overall production cost of SCHPC. The usage of RHA also 

minimizes the environmental burden resolving vast waste disposal problems caused by rice 

milling industries. The recent yearly production of rice in the world is about 560 million 

metric tons (Vegas 2004). Rice husk constitutes approximately one fifth of the dried rice 

(Mehta 1992). Therefore, about 120 million metric tons of rice husks are available annually 

for disposal. This is causing a huge environmental load for rice-producing countries, which 

can be reduced if RHA is used in concrete production. Thus, the incorporation of RHA in 

SCHPC will be a novel solution to the environmental problem caused by rice husks. Also, 

the use of RHA lowers the demand for cement in construction industry, and thus reduces the 

cost of cement production and lessens the environmental pollution caused by cement 

factories. Hence, RHA not only improves concrete properties and durability, but also 

provides substantial economic and environmental benefits. Yet, no comprehensive research 

has been conducted to explore the potential of RHA by investigating its effect on fresh and 

hardened properties and durability of SCHPC. 

The present study has attempted to develop SCHPCs utilizing RHA as a SCM. The 

key properties of SCHPCs and their binder paste and mortar components have been 

determined in this study. In particular, the effects of RHA on various properties of different 

binder pastes, mortars and SCHPCs have been examined. A simplified mixture proportioning 

process for SCHPC has been developed. New and modified test approaches have been 

applied to determine several properties of binder pastes, mortars and SCHPCs. The test 

apparatus have been developed to measure the filling ability, passing ability, and segregation 

resistance of SCHPCs. In addition, empirical models have been developed for the filling 

ability and compressive strength of SCHPC. The outcome of this study will extend the scope 

of SCHPC, and thus generate new opportunities for the construction industry. Although there 
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is not a large source of RHA in Canada, the findings of the present study will be useful for 

the rice-producing countries. 

 

1.2 Scope of the Thesis 

The contents of the thesis are given in ten chapters. 

Chapter 1 introduces SCHPC with a short overview of the present research and 

briefly presents the scope of the thesis. 

Chapter 2 presents a background of SCHPC, highlights the major issues of SCHPC, 

describes various constituent materials of SCHPC including their key aspects, identifies 

several research needs, and gives the research objectives. 

Chapter 3 gives an overview of the research program and procedures for experimental 

investigation and development of test apparatus, modeling, and mixture design. 

Chapter 4 discusses the selection and testing of constituent materials, describes the 

preparation and testing of aggregate blends, presents the characteristics of constituent 

materials and aggregate blends, and emphasizes their usefulness. 

Chapter 5 presents the formulation, preparation and testing of various binder pastes, 

gives the test results for the filling ability of the pastes, discusses the significance of these 

results, highlights the effects of HRWR, RHA and water-binder (W/B) ratio on the filling 

ability of the pastes, reports the saturation dosage and water reduction capacity of HRWR, 

and depicts the water demand and suitability of RHA. 

Chapter 6 presents the formulation, preparation and testing of various mortars, 

provides the test results for the filling ability and air content of the mortars, discusses the 

importance of these results, highlights the effects of HRWR, AEA, RHA and W/B ratio on 

the filling ability and air content of the mortars, focuses on the acceptability of saturation 

dosages of HRWR obtained from flow cone test of binder pastes, and depicts the suitability 

of RHA. 

Chapter 7 presents the design and proportioning process of various concrete mixtures, 

and reports the primary and adjusted mixture proportions including the dosages of chemical 

admixtures. 

Chapter 8 describes the development of flowing ability test apparatus, depicts the 

preparation and testing of various fresh concretes, presents the test results for the key fresh 
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properties of various SCHPCs including air-void stability, and discusses the significance of 

these results. In addition, this chapter discusses the effects of HRWR, AEA, RHA, W/B ratio 

and air content on the fresh properties of SCHPC, highlights the air-void stability in fresh 

SCHPC including the effects of re-mixing and filling ability, demonstrates inverted slump 

cone apparatus with test procedure and performance criteria for filling ability and passing 

ability, and develops correlations among several properties of fresh SCHPCs. This chapter 

also provides the correlations between flow properties of SCHPC and its paste and mortar 

components, gives the relationship between estimated and actual AEA dosages of various 

SCHPCs, establishes a model for filling ability and discusses it validity and application, and 

reports the optimum RHA content. 

Chapter 9 presents the preparation of hardened test specimens, describes the test setup 

and testing of various hardened concretes, discusses the test results for hardened properties of 

various SCHPCs, highlights the importance of these results, discusses the effects of RHA, 

W/B ratio and air content, shows the relationships between different hardened properties, 

establishes a model for compressive strength and discusses its validity and application, and 

gives the optimum content of RHA. 

Chapter 10 describes the development of a simplified column apparatus including the 

test procedure and performance criteria. This chapter also depicts the testing of several 

SCHPCs for segregation resistance, describes the segregation test results, compares the 

performance of sieve and column tests, discusses the effects of RHA, W/B ratio and VEA, 

and gives the optimum RHA content to produce segregation-resistant SCHPC. 

Chapter 11 presents a mixture design procedure for SCHPC, highlights the principles 

and performance requirements of mixture design, and depicts materials selection and 

requirements for mixture composition. In addition, this chapter gives a design example and 

discusses the limitation of the mixture design procedure. 

Chapter 12 provides a summary of the research findings, presents the contributions, 

and gives several recommendations for future study. 
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Chapter 2 

Literature Review and Research Objectives 

 

2.1 General 

Self-consolidating high performance concrete (SCHPC) is relatively a new building material 

in the construction industry. This chapter presents a background and review of SCHPC. It 

primarily gives the definition and briefly describes the characteristics, advantages, 

applications, and economy of SCHPC. Then it provides a short background of SCHPC; 

depicts the basic principles, production approaches, flowing ability and microstructure of 

SCHPC; focuses on the performance criteria and material aspects of SCHPC; justifies the 

need for a different approach and presents the current methods for designing SCHPC; and 

discusses the mixing and stability of SCHPC. Also, this chapter highlights major fresh and 

hardened properties, and states the curing and testing issues of SCHPC. Finally, this chapter 

emphasizes certain modeling approaches, presents the research needs for SCHPC, and sets 

the research objectives. 

 

2.2 Self-consolidating High Performance Concrete 

The development of SCHPC has implied significant changes in the conceptual approach and 

construction methods for concrete structures, and opened new opportunities for design. The 

definition, characteristics, advantages, applications and economy of SCHPC are briefly 

discussed below. 

 

2.2.1 Definition 

Self-consolidating concrete (SCC) is a special type of concrete that spreads through the 

congested reinforcement, reaches every corner of the formwork, and is consolidated under its 

own weight. It provides excellent filling ability and passing ability, and exhibits good 

segregation resistance (Khayat 1999). When the performance criteria of high strength and 

durability for high performance concrete (HPC) are included in SCC with a low water-binder 

(W/B) ratio, it can be referred to as SCHPC. A SCHPC is that special concrete, which would 
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give the optimized performance with respect to flow characteristics, strength, transport 

properties and durability consistent with the requirements of service life under a given set of 

materials, loads and exposure conditions. 

 

2.2.2 Characteristics 

SCHPC differs from ordinary concrete with respect to its performance in fresh and hardened 

states that are mainly driven by exceptional material components and mixture proportions. It 

incorporates several special ingredients such as high-range water reducer (HRWR), 

supplementary cementing material (SCM), and viscosity-enhancing admixture (VEA) in 

addition to the basic materials used for ordinary concrete. The proportions of component 

materials in SCHPC are also significantly different from those of ordinary concrete 

(Okamura and Ozawa 1995; Okamura and Ouchi 2003). SCHPC includes a much higher 

quantity of binder, a lower water content, a greater fine aggregate content, and a lesser 

amount of coarse aggregate than ordinary concrete. The W/B ratio of SCHPC is also much 

lower than that of ordinary concrete. While ordinary concrete has the W/B ratio mostly above 

0.50, SCHPC needs a W/B ratio that typically ranges from 0.20 to 0.40 (Persson 2001, Zhu 

and Bartos 2003). 

 

2.2.3 Advantages 

Self-consolidating high performance concrete offers many advantages. Some of these are as 

follows (Cameron 2003, EFNARC 2002, Okamura and Ouchi 2003): 

a. Flows through and around reinforcing steel under self-weight and eliminates the need for 

vibration equipment or any other means of consolidation. 

b. Reduces noise and improves the construction environment in the absence of concrete 

vibrating equipment. 

c. Requires fewer laborers for transport and placement of concrete, and thus becomes more 

economical. 

d. Eases concrete placement operations, and thus increases construction ability. 

e. Reduces the volume of excavation and shoring involved in foundation trenches. 

f. Allows the formwork to last longer due to the elimination of vibration equipment.  
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g. Favors the placement of a large amount of reinforcement in small sections such as those 

most often seen in high-rise buildings. 

h. Saves a large quantity of concrete due to the reduced section of structural components. 

i. Provides good finishing without any surface pores and improves the aesthetical 

appearance of concrete. 

j. Results in greater strength due to enhanced compactness and reduced porosity. 

k. Confers high early strength, allows a quicker reuse of formwork, and thus enhances the 

production rate. 

l. Imparts improved water-tightness, and thus offers reduced transport properties and 

enhanced durability. 

m. Simplifies the construction of the structures of complicated design due to the easement in 

casting and molding of the complex architectural forms. 

 

2.2.4 Applications 

Self-consolidating high performance concrete has been applied successfully in building, 

bridge, culvert, tunnel, diaphragm wall, tank, dam, and precast concrete products. It has also 

been used in repair and rehabilitation of existing structures. Several applications of SCHPC 

are mentioned in Table 2.1: 

 

Table 2.1: Applications of self-consolidating high performance concrete 
Structure Location Reference 
Anchorages of Akashi-Kaikyo suspension 
bridge 

Japan Okamura and Ouchi 2003 

Towers of a cable-stayed bridge Japan Okamura et al. 2000 
Wall of a large LNG tank belonging to Osaka 
Gas Company 

Japan Okamura et al. 2000 

Beam repair in the Webster parking structure 
in downtown Sherbrooke  

Canada Khayat 2000 

Rehabilitation of slab and wall elements in a 
hydroelectric power plant  

Canada Khayat 2000 

Continuous underground diaphragm walls  Japan Seto et al. 1997 
Precast cladding panels  UK Watson 2003 
Thin-wall prestressed concrete products Japan Nagai et al. 1999 
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2.2.5 Economy 

The overall material cost of SCHPC is higher than that of ordinary concrete. The cost 

involved in quality control is also high in case of SCHPC due to instability problems. 

However, the increased cost for materials and quality control can be compensated through 

concrete quantity savings and productivity improvement. SCHPC is generally stronger than 

ordinary concrete. Therefore, the structural components will be made of thinner sections, and 

thus savings can be attained due to a less amount of concrete. The productivity improvement 

also reduces the cost involved in formwork. Moreover, SCHPC offers better mechanical and 

durability performance and greater service life than ordinary concrete, and hence can be 

acceptable over the increased initial cost. If the cost analysis is conducted based on the 

lifecycle costing, the cost-effectiveness of SCHPC in construction industry will be apparent. 

The use of SCHPC in high-rise building, bridge, offshore platform and other special 

structures will be economical over the increased cost of materials and more rigorous quality 

control. In fact, the overall cost will be low due to drastic reduction in the geometry of the 

structural components, reduced number of laborers, decrease in reinforcement percentage, 

ease of conveyance and placement, and reduction in formwork and shoring. Indirect benefits 

can also be gained through the durability improvement leading to maintenance savings. The 

maintenance and repair costs are expected to be low in SCHPC. Thus, a lot of savings will be 

achieved particularly for the large projects if SCHPC is used (Ouchi et al. 2003). 

 

2.3 Background of Self-consolidating High Performance Concrete 

The construction of concrete structures needs thorough placement and good consolidation of 

fresh concrete to obtain good hardened properties and durability. However, the proper 

placement and consolidation were not always achievable with ordinary concretes, even 

though placed by skilled laborers. The lack of skilled laborers was also a great concern in 

construction industry. Then, the concept of SCHPC first came out in Japan to build durable 

concrete structures and to offset the growing shortage of skilled labors. 

Okamura and Ozawa (1995) advocated the development of SCHPC in 1986 and 

developed the first prototype in 1988. However, the development of SCHPC did not occur 

rapidly. The literature shows that self-leveling and segregation-free concretes were produced 

using HRWR more than one decade before the development of SCHPC (Collepardi 1976). 
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These concretes were very similar to SCHPC in fluidity, cohesiveness, and low tendency to 

segregation. The stability of these concretes was maintained successfully despite the absence 

of VEA. However, the precursors of SCHPC were largely dependent of high paste volume. 

Therefore, the overall cost was very high and the application remained limited. Thereafter, 

the invention of more effective HRWR and VEA made the advent of modern SCHPC 

(Collepardi 1994, Khayat and Guizani 1997). The technology of SCHPC has been tailored 

and optimized in Japan during last decade. The Japanese concrete industry commercialized 

SCHPC under the trade names of “Non-vibrated Concrete,” “Super-quality Concrete,” and 

“Biocrete” (Bartos 2000). At the same time, SCHPC has become familiar in North America, 

Europe, and other parts of the world (Shah et al. 2002, Wallevik and Nielsson 2003). 

 

2.4 Basic Principles of Self-consolidating High Performance Concrete 

SCHPC can be produced by achieving self-consolidation capacity (self-compactability) 

through optimum flowing ability (filling ability and passing ability) and optimum segregation 

resistance, as illustrated in Figure 2.1. The optimum flowing ability can be obtained by using 

HRWR, limited coarse aggregate content, and an increased amount of cementing materials at 

low W/B ratio (Dehn et al. 2000, Okamura and Ouchi 2003). Conversely, the optimum 

segregation resistance can be attained either by limited coarse aggregate content and 

increased cementing materials at low W/B ratio, or by using a VEA (Okamura and Ozawa 

1994, Okamura and Ozawa 1995). In addition, the aggregate size influences both flowing 

ability and segregation resistance of SCHPC (Bui et al. 2002, Saak et al. 2001). A reduced 

aggregate size is preferable to obtain optimum flowing ability (particularly passing ability) 

and optimum segregation resistance. The flowing ability and segregation resistance of 

SCHPC are also interrelated. Both poor and high segregation resistances may decrease the 

flowing ability, whereas a high flowing ability may cause segregation in SCHPC. 

The main parameters that influence the flowing ability and segregation resistance of 

SCHPC are the volume concentrations of cementing materials and coarse aggregates. The 

limited coarse aggregate content and the increased amount of cementing materials at low 

W/B ratio result in higher relative distance between aggregate particles. Thus, the frequency 

of contact and collision between coarse aggregates decreases during the deformation of 

plastic concrete (Okamura et al. 2000). This greatly reduces the internal stress and thus 
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increases the flowing ability of concrete. However, the increased flowing ability tends to 

produce very high fluidity with low viscosity, which reduces the segregation resistance of 

SCHPC. Therefore, the flowing ability and segregation resistance of fresh SCHPC mixture 

must be balanced in such a way so that the self-consolidation capacity is achieved without 

any segregation. An adequately viscous paste is required to inhibit the segregation of coarse 

aggregates. The optimum segregation resistance with a sufficiently high viscosity hinders the 

separation of coarse aggregates from the paste, while maintaining a good flowing ability in 

concrete (Okamura and Ozawa 1994). It also prevents coarse aggregates from approaching 

each other and thereby eliminates the localized increase in internal stress. The optimum 

flowing ability and segregation resistance can be ensured by the proper use of coarse 

aggregates, cementing materials with a low W/B ratio, HRWR and VEA. 
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Figure 2.1: Basic principles of SCHPC (adapted from Okamura and Ozawa 1995) 
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2.5 Approaches to Obtain Self-consolidating High Performance Concrete 

Three approaches have been identified to produce SCHPC: 

a. Powder-type SCHPC using limited coarse aggregate content and increased amount of 

binder (Okamura and Ouchi 2003): This is achieved by using greater amount of fine 

aggregate and cementing material along with HRWR at low W/B ratio. 

b. VEA-type SCHPC using VEA (Okamura and Ozawa 1995): A VEA is used with HRWR 

without increasing the content of binder or cementing material to produce SCHPC. 

c. Combination-type SCHPC using both VEA and increased amount of binder (Shindoh and 

Matsuoka 2003): A VEA and an increased amount of cementing material are used with 

HRWR at low W/B ratio. 

 

2.6 Flowing Ability of Self-consolidating High Performance Concrete 

The flowing ability is a property of fresh SCHPC that allows it to flow into and fill the spaces 

within the formwork, or pass through tight openings between reinforcing bars under self-

weight, and without any vibration or any other means of consolidation (EFNARC 2002). The 

flowing ability of SCHPC is controlled by its rheological parameters such as yield stress and 

plastic viscosity, which can be determined using a rheometer (Geiker et al. 2002) or by 

testing the slump, slump flow and slump time of concrete (Chidiac et al. 2000). Nevertheless, 

SCHPC exhibits exceptional flowing ability due to its low yield stress and moderate plastic 

viscosity (Nehdi et al. 2003a, Khayat 1999). In general, HRWR improves the flowing ability 

of SCHPC by reducing the yield stress and plastic viscosity. However, excessive dosage of 

HRWR results in very high fluidity that may cause an instability or segregation problem. The 

incorporation of a suitable SCM is an option to improve the segregation resistance, and thus 

to maintain stability as well as good flowing ability in fresh SCHPC. Most common SCMs 

such as silica fume, ground granulated blast-furnace slag, fly ash and limestone filler have 

been used to produce SCHPC with a good flowing ability (Lachemi et al. 2003, Okamura and 

Ozawa 1994). Similarly, rice husk ash (RHA) can be used in SCHPC. RHA may provide 

good benefits through increased plastic viscosity, which is required to prevent segregation in 

SCHPC. However, RHA possesses an extremely high specific surface area in comparison to 

other SCMs (Zhang and Malhotra 1996). Hence, RHA may cause a flowing ability problem 

in SCHPC that can be overcome using an efficient HRWR, such as polycarboxylate 
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copolymer. However, no comprehensive research has been conducted to explore the effects 

of RHA on the flowing ability of SCHPC. 

The flowing ability of SCHPC is related to the flow behavior of its paste and mortar 

components. This is because SCHPC can be considered as a combination of coarse 

aggregates and mortar, or an aggregate skeleton and a matrix of paste. Many researchers 

investigated the flow properties of paste and mortar to design SCHPC with a good flowing 

ability (Domone 2006, Gettu et al. 2001, Kim et al. 1997, Okamura and Ozawa 1995). But 

none of these studies reported the correlation between flowing ability of SCHPC and its paste 

or mortar component. An earlier study reported that the flowing ability of SCHPC is well-

correlated with the flowing ability of its mortar fraction (Jin and Domone 2002). Similar 

result can be found for SCHPC and its paste component. Unfortunately, limited studies have 

been conducted to establish the relationship between the flowing ability of SCHPC and its 

paste component incorporating RHA. 

 

2.7 Microstructure of Self-consolidating High Performance Concrete 

Concrete was considered, for a long time, as a purely two-phase material: paste and 

aggregate. Later a more rational and realistic approach took into account the existence of a 

particular zone of hydrated paste in the proximity of aggregates. This is called ‘interfacial 

transition zone’. Indeed, from the microstructural standpoint, it is helpful to consider 

hardened concrete made up of three phases, namely aggregate, bulk cement paste and 

interfacial transition zone (Mehta and Aïtcin 1990). The interfacial transition zone mainly 

consists of a water film, a calcium hydroxide layer on the aggregate side, and a porous paste 

matrix layer between calcium hydroxide layer and bulk paste matrix (Hearn et al. 1997). This 

is shown in Figure 2.2. 

Microstructural testing of fractured samples of ordinary concrete shows that the 

hydrated cement paste contains many large pores. During cement hydration, massive 

hexagonal lime crystal plates develop quickly within these large pores. Ettringite needles, 

monosulfonaluminate platelets and fibrous crystals of calcium silicate hydrates are also seen 

(Aïtcin 1997). In HPC, these hexagonal lime crystals, ettringite needles and fibrous CSH 

crystals cannot develop in a more homogeneous and compacted paste. Furthermore, the 

interfacial transition zone is more porous and crystallized in ordinary concrete due to the 
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presence of excessive water surrounding the aggregate. The water film usually surrounds the 

aggregates during mixing. This can also be supplemented by the entrapped bleed water. As a 

result, the water content of the paste in interfacial transition zone becomes higher than that of 

bulk paste matrix. In HPC, a very intimate contact between the aggregate and the hydrated 

cement paste develops. The hydrated cement paste in the transition zone has almost the same 

texture as that between the aggregates. This results in more homogeneous microstructure in 

concrete. In fact, there remain no preferential channels of penetration in the microstructure of 

HPC through which the aggressive agents can enter the concrete. 
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Figure 2.2: Schematic representation of aggregate-interfacial transition zone-bulk paste 

matrix microstructure (adapted from Hearn et al. 1997) 
 

The rich microstructure of HPC is mainly due to the processes of filling in the 

capillary pores at reduced water content or low W/B ratio with HRWR. Also, the presence of 

SCM enhances capillary segmentation, pore refinement and porosity reduction due to micro-

filling and pozzolanic effects. It is likely that a microstructural development similar to that of 

HPC (Moranville-Regourd 1994) also occurs in SCHPC, thus creates a rich microstructure. 

In the presence of HRWR and SCM, the microstructure of SCHPC can be enriched due to the 
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following features: formation of a continuous lattice of dense particles, formation of an 

amorphous and 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. Figure 2.3 illustrates how SCM and 

HRWR can develop a rich microstructure in SCHPC. 
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Figure 2.3: Development of rich microstructure in self-consolidating high performance 
concrete 

 

2.8 Performance Criteria for Self-consolidating High Performance Concrete 

SCHPC is a combination of SCC and HPC. In the fresh state, SCHPC must fulfill the 

performance criteria of SCC. SCHPC must also satisfy the performance criteria of hardened 
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HPC to achieve good hardened properties and high durability. Table 2.2 presents various 

performance criteria that may be specified for SCHPC (Brameshuber and Uebachs 2001, Bui 

et al. 2002, EFNARC 2002, Grünewald et al. 2004, Hearn 1996, Hearn et al. 1994, Khayat 

2000, Kosmatka et al. 2002, Holland 1993, SCCEPG 2005, Perez et al. 2002, Shetty 2001, 

Vanwalleghem et al. 2003). 

 

Table 2.2: Performance criteria for self-consolidating high performance concrete 
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 % 

Early-age compressive strength > 20 MPa Axial compression on cylinders 
28 and 91 days 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 % 

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 > 0.80 
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2.9 Material Aspects for Self-consolidating High Performance Concrete 

Self-consolidating high performance concrete consists of cement, aggregates, water, and 

chemical admixture and/or SCM. Most common chemical admixtures used for SCHPC are 

HRWR, VEA and AEA. Aggregates, cement, water, and HRWR are the principal materials 

where as SCM, VEA, AEA, and other chemicals can be used as the optional materials. 

The production of SCHPC involves more stringent control on the selection of 

constituent materials than ordinary concrete to meet the requirements for fresh and hardened 

properties and durability. The reason is that the performance of SCHPC largely depends on 

the characteristics of its ingredients. The suitable properties of the constituent materials are 

the defining factors to achieve the expected benefits from SCHPC. Indeed, the constituent 

materials play important roles when they are combined in concrete. Therefore, suitable 

constituent materials should be selected and specifications must be given more enforcement 

to produce SCHPC. The following sections briefly illustrate the component materials of 

SCHPC emphasizing their properties. 

 

2.9.1 Coarse aggregate 

The aggregates retained on the 4.75-mm (No.4) sieve are defined as coarse aggregates 

(ASTM C125, 2004). They are granular materials, such as gravel or crushed stone, and are 

usually used with fine aggregate and cementing material or binder to produce concrete. As in 

any concrete, coarse aggregates are also a key component of SCHPC. Coarse aggregates 

significantly influence the performance of SCHPC by affecting the flowing ability, 

segregation resistance, and strength of concrete (Noguchi et al. 1999, Okamura and Ozawa 

1995, Xie et al. 2002). 

 

2.9.1.1 Physical properties 

The physical characteristics such as the size, shape, surface texture, and porosity of coarse 

aggregates affect the properties and durability of concrete. The nominal maximum size for 

SCHPC can be 20 or 25 mm (Uomoto and Ozawa 1999). However, the smaller size is 

preferable to produce higher strength (ACI 211.4R-93, 2004; Kwan 2000) and to reduce 

segregation in fresh SCHPC (Bonen and Shah 2005). The shape and texture of coarse 

aggregates influence the packing of combined aggregates in SCHPC (Gettu et al. 2001). The 
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shape of the coarse aggregates also considerably affects the properties of SCHPC. Round 

aggregates are better than angular aggregates for flowing ability of SCHPC, since they 

induce less yield stress and plastic viscosity in concrete mixture due to less inter-particle 

friction (Geiker et al. 2002, Mindess et al. 2003). Conversely, rough and angular aggregates 

are conducive to high strength and strong interfacial bond due to rough surface texture and 

interlocking characteristic (Taylor et al. 1996). But the surface texture, aspect ratio, and 

angularity of angular aggregates are not conducive to the flowing ability of SCHPC because 

of greater water demand (Xie et al. 2002) and increased yield stress and plastic viscosity 

(Geiker et al. 2002). However, the required flowing ability can be maintained in the presence 

of HRWR. 

The porosity and reactivity of coarse aggregate are also of great concerns for the 

durability of SCHPC. Porous aggregates produce less strength and less resistance to freezing 

and thawing. Some aggregates may cause alkali-aggregate reactions. Therefore, the selection 

of coarse aggregates should be conducted carefully. In general, good quality coarse 

aggregates should be used to enhance strength, aggregate-matrix bond, flow properties, and 

durability of SCHPC. The ASTM and CSA have specified some physical requirements for 

coarse aggregates (ASTM C33, 2004; CSA A23.1, 2004; CSA A23.2, 2004). These 

requirements are also applicable for the coarse aggregates to be used in SCHPC. 

 

2.9.1.2 Gradation 

The gradation of coarse aggregates affects the flow properties and segregation resistance of 

SCHPC. The well-graded coarse aggregates contribute to produce the optimum mixture with 

least particle interference (Shilstone, Sr. 1990), and thus enhance the flowing ability and 

reduce the tendency of segregation in fresh concrete (Neville 1996). They also improve the 

hardened properties and durability of concrete due to dense particle packing (Tasi et al. 

2006). In addition, the gradation influences the volume content of the coarse aggregates to be 

used in SCHPC. The volume content of coarse aggregates can be increased when they are 

well-graded (Okamura and Ozawa 1995). It indicates that a lesser amount of mortar is 

required for well-graded coarse aggregates to achieve the target filling ability and passing 

ability in SCHPC. 
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The ASTM and CSA (ASTM C33, 2004; CSA A23.1, 2004) have the gradation 

requirement for the coarse aggregates to be used in concrete. This gradation requirement is 

also applicable for the coarse aggregates to be used in SCHPC. The reports based on the 

laboratory and field experience revealed that the coarse aggregates meeting ASTM C 33 

(2004) grading specification can contribute to improve the placement, finishing and 

durability performance of concrete (Shilstone, Sr. 1990; Shilstone, Sr. and Shilstone, Jr. 

1993). 

 

2.9.2 Fine aggregate 

Fine aggregates are the second ingredient of aggregate phase in SCHPC. Sand is the most 

commonly used fine aggregate for concrete. Fine aggregates pass the 4.75 mm (No. 4) sieve 

but are retained on the 75 μm (No. 200) sieve (ASTM C125, 2004). They occupy a greater 

volume in SCHPC, as compared to ordinary concrete (Bonen and Shah 2005). Similar to 

coarse aggregates, fine aggregates also influence the performance of SCHPC. They increase 

the flowing ability and segregation resistance when used at a suitable amount (Okamura and 

Ozawa 1995, Su et al. 2002). In addition, they modify the strength of concrete when used in 

varying proportion with cement and coarse aggregates (Xie et al. 2002). 

 

2.9.2.1 Physical properties 

The physical properties of fine aggregate influence the performance of concrete in fresh and 

hardened states. For instance, the particle shape, surface texture, surface area, and void 

content affect the mixing water requirement and compressive strength of concrete (ACI 

211.4R-93, 2004). Also, the physical characteristics of fine aggregate considerably influence 

the mortar flow and thus it may affect the flowing ability of SCHPC (Hu and Wang 2005, 

Okamura and Ozawa 1995). The published guidelines show that fine aggregates may produce 

more significant effect than coarse aggregates on the fresh properties of SCHPC (SCCEPG 

2005). Therefore, the physical properties of fine aggregate should be conducive to the 

performance of SCHPC. 

The fine aggregates selected for SCHPC should be sharp, angular, chemically inert, 

sound, low absorbent, and free from deleterious substances to attain high strength and good 

durability. However, the sharp and angular fine aggregates are not beneficial to the flowing 
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ability of SCHPC, since they increase the viscosity of mortar phase (Westerholm 2006). This 

adverse effect can be minimized using increased HRWR dosage and reduced fine aggregate 

content. Nevertheless, the ASTM and CSA have specified the physical requirements for fine 

aggregates (ASTM C33, 2004; CSA A23.1, 2004; CSA A23.2, 2004). These requirements 

are also appropriate to select the fine aggregates for SCHPC. 

 

2.9.2.2 Gradation 

Gradation of fine aggregates represents the size distribution of particles in the range of 4.75 

mm to 150 μm. The gradation of fine aggregates has an effect on the viscosity of mortar, and 

thereby on the flowing ability of fresh concrete (Murata and Kikukawa 1992). The poor sand 

grading affects the water and cement contents of concrete, and causes most mixing problems 

(Shilstone, Sr. and Shilstone, Jr. 2002). In general, the fine aggregates selected for SCHPC 

should be well-graded to reduce the paste content (SCCEPG 2005). The well-graded fine 

aggregates increase the flow of mortar (Hu and Wang 2005), and hence may improve the 

flowing ability of SCHPC. Furthermore, the well-graded fine aggregates contribute to 

improve the packing density, and thus the hardened properties and durability of concrete 

(Tasi et al. 2006). 

The ASTM and CSA (ASTM C33, 2004; CSA A23.1, 2004) have specified the 

requirement of fine aggregate grading, which is valid for SCHPC. The laboratory and field 

experience showed that the gradation of fine aggregates meeting ASTM C 33 (2004) grading 

specification does not adversely affect the quality of concrete (Shilstone, Sr. and Shilstone, 

Jr. 1993). The gradation of fine aggregates is usually determined by sieve analysis. It 

introduces a parameter known as ‘fineness modulus’ for arriving at satisfactory gradation. 

The ‘fineness modulus’ is a ready index of the coarseness or fineness of fine aggregates. The 

larger the index, the coarser are the fine aggregates. A fineness modulus in the range of 2.5 to 

3.2 is generally recommended for high-strength high performance concrete (ACI 211.4R-93, 

2004; Nawy 1996), and can also be used for SCHPC. 

 

2.9.3 Portland cement 

Portland cement is most widely used to produce various types of concrete. It is a hydraulic 

cement, which is produced by pulverizing clinker consisting of calcium silicates, and usually 
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containing calcium sulfate as an interground addition (ASTM C150, 2004). Portland cement 

is also a key component of SCHPC. It is used alone or in combination with SCM to produce 

SCHPC. Portland cement improves the flowing ability of SCHPC when used with water to 

lubricate the aggregates (Okamura and Ozawa 1995). Portland cement can also affect the 

segregation resistance of SCHPC by affecting the density of cement paste matrix of concrete 

(Bonen and Shah 2005). After reacting with water, portland cement also reduces the porosity 

and results in a packed concrete mass leading to low transport properties and good durability 

(Neville 1996). 

 

2.9.3.1 Physical properties 

The physical properties of cement significantly influence the performance of concrete. This 

is also true for SCHPC. The cement used for SCHPC should have sound flow and setting 

properties. It should enhance the fluidity of concrete and should be free from false setting due 

to premature stiffening within a few minutes of mixing with water. Also, it should be 

compatible with the chemical admixtures such as HRWR, AEA and VEA. 

Lump-free fresh cement should be used in SCHPC. The cement should possess 

carefully controlled fineness, and should produce low or moderate heat of hydration to 

control the volume changes in concrete (Struble and Hawkins 1994). The ASTM and CSA 

(ASTM C 150, 2004; CSA A23.1, 2004) have specified the physical property requirements 

for various portland cements, which are also useful to choose the proper cement for SCHPC. 

 

2.9.3.2 Chemical composition 

The chemical analysis of portland cement has revealed that it mostly consists of various 

oxide compounds. The major oxide compounds are lime, silica, alumina, and iron. In 

addition, two minor oxides namely sodium and potassium oxides are of some importance, 

particularly with regard to alkali-aggregate reactions in concrete. In addition, magnesia and 

sulfuric anhydrite can be present, although they are not beneficial constituents of cement. 

The typical chemical composition of portland cement is shown in Table 2.3. The ASTM and 

CSA (ASTM C 150, 2004; CAN/CSA A3001, 2003) have specified the chemical 

requirements for different types of portland cement. These requirements are also beneficial to 

select the appropriate cement for SCHPC. 
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Table 2.3: Typical chemical composition of portland cement (Brandt 1995) 
Chemical 
Name Composition 

Mass content (%) 

Calcium oxide (lime) CaO 58 – 66 
Silicon dioxide (silica) SiO2 18 – 26 
Aluminum oxide (alumina) Al2O3 4 – 12 
Ferrous and ferric oxides (iron oxides) Fe2O3 and FeO 1 – 6 
Magnesium oxide (magnesia) MgO 1 – 3 
Sulfur trioxide (sulfuric anhydrite)  SO3  0.5 – 2.5 
Alkaline oxides (alkalis) Na2O and K2O ≤ 1.0 

 

 

2.9.4 Supplementary cementing materials 

Supplementary cementing materials are finely divided materials, which contribute to the 

properties of the hardened concrete through hydraulic or pozzolanic activity, or both 

(CAN/CSA A3001, 2003). They are greatly beneficial for concrete properties and durability 

due to their effective physical and chemical effects on material packing and microstructure 

(Hassan et. al 2000, Khatri and Sirivivatnanon 1995, Mehta 1994). Indeed, the production of 

SCHPC cannot be achieved without using SCM, especially when high strength and good 

durability are the prime goal (Hooton 2000, Zhang and Malhotra 1996). 

Supplementary cementing materials are classified as low reactive, cementitious or 

pozzolanic, or both cementitious and pozzolanic based on their role in hydration (Mindess et 

al. 2003). For example, limestone powder is low reactive, natural cement and hydraulic lime 

are cementitious, silica fume and Class F fly ash are pozzolanic, and ground granulated blast-

furnace slag and Class C fly ash are both cementitious and pozzolanic SCMs. Based on the 

sources, SCMs are also categorized as natural and artificial. Limestone powder, volcanic 

tuffs, pumicite, calcined clay, opaline cherts, and shales are some of natural SCMs. The 

industrial by-products such as silica fume, fly ash, and ground granulated blast-furnace slag 

are frequently used as artificial SCMs. In addition, SCMs can be obtained from agricultural 

wastes such as RHA, and can be industrially manufactured such as high reactivity 

metakaolin. The artificial SCMs such as silica fume, ground granulated blast-furnace slag, 

and fly ash have most commonly been used in SCHPC (Bouzoubaâ and Lachemi 2001, 

Ghezal and Khayat 2002, Lachemi et al. 2003). 
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2.9.4.1 Physical requirements 

The ASTM and CSA (ASTM C 618, 2004; ASTM C 989, 2004; ASTM C 1240, 2004; 

CAN/CSA A3001, 2003) have specified the physical requirements for natural, and most 

artificial SCMs such as silica fume, fly ash and ground granulated blast-furnace slag. These 

requirements mainly provide the limits for fineness, expansion or contraction, pozzolanic 

activity, uniformity, and reactivity. However, currently there are no ASTM or CSA physical 

requirements for RHA. Some of the physical requirements for silica fume given in ASTM C 

1240 (2004) can be valid for RHA. 

 

2.9.4.2 Chemical requirements 

The ASTM and CSA (ASTM C 618, 2004; ASTM C 989, 2004; ASTM C 1240, 2004; 

CAN/CSA A3001, 2003) have specified the chemical requirements for silica fume, fly ash, 

ground granulated blast-furnace slag, and natural SCMs. These requirements mostly provide 

the limits for several chemical components and igneous loss. At present, there are no ASTM 

or CSA chemical requirements for RHA. However, the chemical requirements given for 

silica fume might be applicable to RHA due to their comparable chemical composition. 

 

2.9.5 Rice husk ash 

Rice husk ash is produced by incinerating the husks of rice paddy. Rice husk is a by-product 

of rice milling industry. Controlled incineration of rice husks between 5000C and 8000C 

produces non-crystalline amorphous RHA (Mehta and Monteiro 1993, Malhotra 1993). RHA 

is whitish or gray in color. The particles of RHA occur in cellular structure with a very high 

surface fineness. They have 90% to 95% amorphous silica (Mehta 1992). Due to high silica 

content, RHA possesses excellent pozzolanic activity. 

 

2.9.5.1 Physical properties 

The physical properties of RHA largely depend on burning conditions. Particularly, the 

period and temperature of burning affect the microstructure and characteristics of RHA 

(Nagataki 1994). The partial burning of rice husks produces black RHA whereas the 

complete burning results in either white or grey RHA (Ismail and Waliuddin 1996). In 

addition, the uncontrolled burning at high temperature produces crystalline RHA, which 
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possesses poor pozzolanic property. Conversely, the controlled burning at about 5000C to 

8000C results in non-crystalline or amorphous silica, which shows very high pozzolanic 

activity (Mehta and Monteiro 1993, Nagataki 1994). The burning condition also affects the 

relative density of RHA. The relative density of grey RHA obtained from complete burning 

is generally 2.05 to 2.11 (Ismail and Waliuddin 1996, Nehdi et al. 2003b). 

The RHA particles are mostly in the size range of 4 to 75 μm (Mehta 2002). The 

majority of the particles pass 45-μm (No. 325) sieve. The median particle diameter typically 

ranges from 6 to 38 μm (Mehta 2002), which is larger than that of silica fume. However, 

unlike silica fume, the RHA particles are porous and possess a honeycomb microstructure 

(Zhang and Malhotra 1996). Therefore, the specific surface area of RHA is extremely high. 

The specific surface area of silica fume is typically 20 m2/g whereas that of non-crystalline 

RHA can be in the range of 50 to 100 m2/g (Mehta 1992). 

 

2.9.5.2 Chemical composition 

Rice husk ash contains a high amount of amorphous silica, which originally comes from the 

surfaces of the husk (Jauberthie et al. 2000) after burning in moderately oxidizing 

environment at controlled temperature (5000C to 8000C) for a suitable time length generally 

ranging from 15 minutes to 1 hour (Nagataki 1994). The silica content (SiO2) of RHA ranges 

between 90 to 95%, which is similar to that of silica fume (Mehta 1992, Zhang et al. 1996). 

The typical chemical composition of RHA is given in Table 2.4. 

 

Table 2.4: Typical chemical composition of rice husk ash (Mehta 2002) 
Component Mass content (%) 
Silicon dioxide (SiO2) 94.37 
Aluminum oxide (Al2O3) 0.06 
Ferric oxide (Fe2O3) 0.04 
Calcium oxide (CaO) 0.48 
Magnesium oxide (MgO) 0.13 
Sodium oxide (Na2O) 0.08 
Potassium oxide (K2O) 1.97 
Phosphorus oxide (P2O5) 1.19 
Titanium oxide (TiO2) 0.02 
Sulfur trioxide (SO3) 0.01 
Igneous loss 1.18 
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2.9.5.3 Role in concretes 

The role of RHA in SCHPC is the same as that in any other concretes. In concrete, the RHA 

mainly serves as a microfiller, pozzolan, and viscosity modifier. The RHA particles can fill 

the voids between the larger cement grains because of their smaller size, as shown in Figure 

2.4. However, the microfilling ability of RHA is not as effective as silica fume. This is 

because the RHA particles are much larger than the silica fume particles. The typical median 

particle size of RHA is about 7 μm, while that of the cement and silica fume is 13 μm and 0.1 

μm, respectively (Mehta 1994, Zhang and Malhotra 1996). Although RHA is not very fine in 

particle size, it behaves as a very reactive pozzolanic material because of its extreme surface 

fineness and high silica content (Mehta 1992, Mehta 1994). In the presence of water, the 

RHA actively reacts with Ca(OH)2 liberated during cement hydration (pozzolanic reaction) 

and produces additional calcium silicate hydrate (CSH), as shown in Equation 2.1 and 

Equation 2.2. 
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Figure 2.4: Microfilling effect of RHA 
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Hydration reaction: C2S or C3S + H2O → primary CSH + Ca(OH)2                   (Equation 2.1) 

Pozzolanic reaction: Ca(OH)2 + RHA (SiO2) + H2O → secondary CSH            (Equation 2.2) 

 

The pozzolanic reaction product fills the pores existing between cement grains and 

results in dense calcium silicate hydrate, as shown in Figure 2.5. Both microfilling and 

pozzolanic effects of RHA play an important role to refine the pore structure in bulk paste 

matrix and interfacial transition zone of concrete. The pore refinement occurring due to the 

secondary reaction between RHA and Ca(OH)2 makes the microstructure of concrete denser 

and improves the interfacial bond between aggregates and binder paste. As a result, the 

strength, transport properties and durability of concrete are improved. 
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Figure 2.5: Pozzolanic effect of RHA 
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Similar to silica fume, the RHA can also act as a viscosity modifier (Rixom and 

Mailvaganam 1999). Due to extreme surface fineness, it increases the water-retaining 

capacity, and thus enhances the viscosity of concrete mixture. 

 

2.9.5.4 Use in self-consolidating high performance concretes 

The use of RHA in concrete was accelerated after Mehta’s findings in 1973 (Mehta 1992). 

During the last two decades, RHA has been used to produce high strength and high 

performance concretes in many countries including Canada (Mahmud et al. 2004, Mehta 

1992, Zhang and Malhotra 1996). In USA and Canada, RHA has been competently used to 

protect concrete structures from chloride attack (Mehta 1992, Zhang et al. 1996). Also, it has 

been used recently in Canada, as a part of composite cement to produce normal-strength SCC 

(Nehdi et al. 2004). However, the use of RHA to produce SCHPC has not been reported. 

 

2.9.6 Water 

Water is the readily available most important component of SCHPC. The hydration of 

cement can take place only in the presence of water. Adequate water is required for the 

hydration of cement, leading to the formation of paste to bind the aggregates. In addition, 

water is required in conjunction with HRWR to achieve the self-consolidation capacity of 

SCHPC (Okamura and Ozawa 1995). It contributes to attain good flowing ability of SCHPC 

by lubricating the fine and coarse aggregates. 

 

2.9.6.1 Physical quality 

Water intended for use in concrete should be clean, fresh and free of deleterious substances. 

Water containing harmful substances such as silts, suspended particles, organic matter, oil, or 

sugar can unfavorably affect the strength and setting properties of cement and disrupt the 

affinity between aggregate and cement paste (Nawy 1996). Therefore, the suitability of water 

should be examined before use. As a rule, any water with a silt content below 2000 mg/L is 

suitable for use in concrete (Shetty 2001). In general, the potable or drinkable water is safe 

for use in concrete. However, the criterion of potability is not absolute. Water not fit for 

drinking may also be used satisfactorily in making concrete. 
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2.9.6.2 Chemical quality 

The mixing water for SCHPC should be chemically safe. The pH of mixing water should be 

in the range of 6.0 to 8.0 (Shetty 2001). It should not contain high amount of dissolved 

solids, chlorides, alkalis, carbonates, bicarbonates, sulfates, and other salts, which can 

interfere with the performance of concrete. Water containing chloride ion, SO3 ion, and 

dissolved solids below 500, 1000, and 2000 mg/L, respectively, is generally satisfactory for 

making concrete (Neville and Brooks 1999, Owens 1992). Though dissolved solids 

exceeding 2000 mg/L are not always harmful, they can affect the strength and setting 

properties of cement adversely. Water including organic acids may also adversely affect the 

hydration of cement. Therefore, when the suitability of water is questionable, it must be 

tested prior to use in concrete. The ASTM and CSA (ASTM C 94/C 94M, 2004; CSA A23.1, 

2004) have specified some physical and chemical limits to judge the acceptability of 

questionable mixing water. 

 

2.9.7 High-range water reducer 

High-range water reducer, also known as superplasticizer, has made a breakthrough in 

concrete industry. It is an essential material component that must be used to produce SCHPC. 

The HRWRs improve the flowing ability of SCHPC by their liquefying and dispersing 

actions. They reduce the yield stress and plastic viscosity of concrete by their liquefying 

action (Hu and De Larrard 1996, Yen et al. 1999), and thus provide a good flowing ability in 

SCHPC. In addition, the HRWRs deflocculate the cement particles and free the trapped water 

by their dispersing action (Aïtcin et al. 1994), and hence enhance the flowing ability of 

SCHPC. In dispersing action, the inter-particle friction and thus the flow resistance are also 

decreased, and therefore the flowing ability of concrete is improved. 

High-range water reducers can either increase the strength by lowering the quantity of 

mixing water for a given flowing ability, or reduce both cement and water contents to 

achieve a given strength and flowing ability (Hover 1998). They contribute to achieve denser 

packing and lower porosity in concrete by increasing the flowing ability and improving the 

hydration through greater dispersion of the cement particles, and thus assist in producing 

high strength and good durability (Collepardi 1994). 
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There are mainly four categories of HRWR (Neville 1996, Mindess et al. 2003). They 

are sulfonated melamine-formaldehyde condensates, sulfonated naphthalene-formaldehyde 

condensates, modified lignosulfonates, and carboxylated acrylic ester copolymers or 

polycarboxylates. 

 

2.9.7.1 Physical properties 

High-range water reducers are generally formulated to produce high plasticity, normal-

setting characteristics, and accelerated strengths in concrete. HRWRs are usually available in 

clear to dark brown liquid form but also obtainable in solid state as a brownish powder. They 

usually possess a viscosity in the range of 60 to 80 centipoises, and a solid content varying 

from 22 to 42% by weight (Aïtcin 1998). Also, the relative density of HRWR is near to that 

of water and hence it can be easily dispersed with water. 

A particular type of HRWR can be used as a singular admixture or as a component in 

an admixture system, but it must fulfill some physical requirements and should be compatible 

with cementing materials for good performance in concrete. The ASTM has specified some 

physical requirements for HRWR (ASTM C 494/C 494M, 2004). 

 

2.9.7.2 Chemical structure 

Polycarboxylate HRWRs are generally used to produce SCHPC. They are produced from the 

relevant monomers by a free radical mechanism. The molecular structure of polycarboxylate 

HRWRs consists of a main chain and a graft chain. The main chain contains carboxylate 

groups (COO-) while the graft chain comprises ethylene oxide (EO). The chemical structure 

of polycarboxylate HRWRs is shown in Figure 2.6. 

 

2.9.7.3 Mechanisms of water reduction 

High-range water reducers prevent the formation of cement-water agglomeration in concrete 

mixture and disperse the cement particles in aqueous phase, as can be seen from Figures 2.7 

and 2.8. Thus, the water demand of concrete mixture is significantly reduced. HRWRs can 

exert the water-reducing action by two mechanisms, known as electrical and steric 

repulsions. 
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Figure 2.6: Chemical structure of polycarboxylate HRWR (Palacios and Puertas 2005). 
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Figure 2.7: Cement-water agglomeration in absence of HRWR 
 

 

 

 

 

 

 

 

 

 

Figure 2.8: Dispersion of cement particles in presence of HRWR 
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The conventional or first-generation HRWR exerts the water reducing action by 

decreasing the surface tension of water and by equidirectional charging of the cement grains. 

When a HRWR is added to concrete, the cement particles are dispersed in the aqueous phase 

of fresh concrete and therefore the cement-water agglomerates cannot form (Dodson 1990). 

The dispersion mechanism is driven by the adsorption of the HRWR molecules on the 

cement grains. The adsorbed molecules bring about the repulsion forces between cement 

particles (electrical repulsion) due to their negative electrical charges. Consequently, 

flocculation is prevented and the cement particles are dispersed homogeneously in the fresh 

concrete (Erdogdu 2000). This results in an appreciable reduction in the quantity of mixing 

water, since the water molecules, which were previously entrapped in cement grain flakes 

now become free. 

The second-generation HRWRs such as polycarboxylate HRWR work by steric 

hindrance effects (steric repulsion mechanism) to prevent cement-water agglomeration 

(Bigley and Greenwood 2003). It has unique graft chains (side chains) of polyethelene oxide 

that extend onto the surface of cement particles (Chandra and Björnström 2002). These graft 

chains move in water and steer the cement grains to disperse evenly in the mixture. Also, the 

main chains of polycarboxylate HRWR spread around the cement grains and prevent them 

from being in contact with each other. Hence, the cement grains cannot be associated to form 

cement-water agglomeration, and the water needed for a given flowing ability is greatly 

reduced. 

 

2.9.8 Air-entraining admixture 

Air-entraining admixture is used in portland cement paste, mortar or concrete for the purpose 

of entraining air in the respective masses (Dodson 1990). The main application of AEA in 

SCHPC is to protect the hardened concrete from frost attack and repeated freezing and 

thawing (Khayat 2000). An AEA incorporates millions of non-coalescing microscopic air 

bubbles in fresh concrete and forms a network of air-voids in hardened concrete. The air-

voids act like pressure releasing valves, and thus reduce the stresses caused by the expanding 

frost. In addition, the air bubbles act like ball-bearings and thus enhance the flowing ability 

of concrete (Mindess et al. 2003). They can also decrease bleeding in concrete by reducing 
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the differential movement of water (Shetty 2001). However, they may reduce the segregation 

resistance of SCHPC by affecting the plastic viscosity of concrete (Khayat 2000). 

 

2.9.8.1 Physical properties 

Air-entraining admixture is generally formulated in liquid form. The relative density of AEA 

is closer to that of water. It is also soluble in water. Hence, the dispersion of AEA in concrete 

is enhanced when used with the mixing water. Also, most AEAs are not totally evaporable. 

They contain some solids. The solid content depends on the type of AEA. It usually varies in 

the range of 5% to 20% by weight (Rixom and Mailvaganam 1999). 

The AEA intended for use in concrete must be compatible with other admixtures such 

as HRWR and VEA. The ASTM has specified several physical requirements for AEA to 

ensure its good performance in concretes (ASTM C 260, 2004). 

 

2.9.8.2 Chemical properties 

The chemical properties of AEAs depend on the raw materials from which they are made up. 

The AEA are usually formulated from neutralized wood resins, fatty-acid salts, alkyl-aryl 

sulfonates, alkyl sulfates and phenol ethoxylates (Rixom and Mailvaganam 1999). They can 

be anionic, cationic and non-ionic. However, most of the modern AEAs are anionic in 

character. They impart much better stability to the entrained air-voids. 

The commercially available AEAs generally contain no chloride and possess a higher 

pH, thus do not promote corrosion of reinforcing steel in concrete. Also, they usually do not 

have any volatile organic compounds. However, currently there is no standard specification 

for the chemical requirements of AEA.  

 

2.9.8.3 Mechanism of air entrainment 

The mechanism of air entrainment can be explained by the thermodynamics of air bubble 

coalescence in aqueous phase of fresh concrete. The stability of air bubbles in fresh non-air 

entrained concrete largely depends on air pressure within the bubble and the solubility of air 

in surrounding aqueous phase (Dodson 1990). The extent of pressure inside the air bubbles is 

defined by the surface tension of cement solution and the diameter of the bubbles. The 

pressure within the air bubbles and their diameter are inversely related. The pressure inside 
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the bubbles is higher when the diameter is smaller. Again, the higher the pressure, the greater 

is the solubility of the air bubbles in the surrounding aqueous phase. Consequently, the 

process of air dissolution occurs in the proximity of the smaller bubbles. Hence, the smaller 

air bubbles tend to become even smaller and eventually disappear. The dissolution of air 

from the smaller bubbles causes an equivalent amount of air to enter the larger bubbles 

undergoing less pressure. As a result, the larger bubbles become larger at the expense of the 

smaller ones and get out of the concrete mixture. 

The normal thermodynamics of air bubble coalescence is impeded in the presence of 

AEA. When an AEA is added to the concrete, it forms a coating at the interface of air bubble 

and aqueous phase. The stability of air-voids largely depends on the solubility of this coating. 

If the coating is insoluble and sufficiently elastic, it resists internal and external pressures in 

its environment, and inhibits the transmission of air from air bubble to aqueous phase 

(Dodson 1990). Most AEAs are predominantly anionic surfactants, which form an insoluble 

coating across air-void/aqueous phase interface (Rixom and Mailvaganam 1999). Thus, the 

air bubbles do not deteriorate with time. This means the air entrainment becomes stable in 

concrete mixture. 

 

2.9.9 Viscosity-enhancing admixture 

Viscosity-enhancing admixture is relatively a new addition to the family of admixtures for 

cement paste, mortar and concrete. The common application of VEA is to produce non-

dispersible underwater concrete and SCHPC. VEA improves the viscosity and cohesion of 

fresh concrete, and thus reduces the bleeding, surface settlement and aggregate sedimentation 

resulting in a more stable and uniform fresh concrete (Khayat and Guizani 1997). In addition, 

VEA makes the fresh concrete more robust and less sensitive to the small variations in the 

conditions and proportions of other constituent materials (SCCEPG 2005). 

Rixom and Mailvaganam (1999) have categorized the VEAs into five classes based 

on their physical actions in concrete. The classification is as follows: 

Class A: Water-soluble synthetic and natural organic polymers, which increase the 

viscosity of concrete by increasing the viscosity of mixing water. 

Class B: Organic water-soluble flocculants, which increase the viscosity of concrete 

by enhancing interparticle attraction between cement particles. 
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Class C: Emulsions of various organic materials, which improve the viscosity of 

concrete by increasing interparticle attraction and supplying additional superfine particles in 

the cement paste. 

Class D: Water-swellable inorganic materials of high surface area that improve the 

viscosity of concrete by increasing the water-retaining capacity of the concrete. 

Class E: Inorganic materials of high surface area that improve the viscosity of 

concrete by increasing the content of fine particles in concrete, and thereby resulting in 

greater thixotropy. 

Most widely used VEAs for concrete are of Class A (Khayat 1998, Rixom and 

Mailvaganam 1999). The VEAs under this class can be further subdivided into natural, semi-

synthetic and synthetic polymers. 

 

2.9.9.1 Physical properties 

The most common VEAs are water soluble. They are available in liquid form. They are 

generally lighter than other chemical admixtures such as HRWR and AEA with a relative 

density very close to that of water. They also contain a very small amount of solids, as 

compared to HRWR and AEA. Currently, there is no ASTM or CSA standard specification 

providing any physical requirements for VEA. Nevertheless, the VEAs should be compatible 

with other chemical admixtures, particularly HRWR, to produce cohesive yet highly 

flowable concrete mixtures (Mailvaganam 1994). 

 

2.9.9.2 Chemical properties 

The chemical properties of VEA vary depending on the type of admixture. The water-soluble 

synthetic and natural organic polymers (Class A VEA) are mostly used in concrete. The 

primary structure of Class A VEAs is built with a carbon backbone with side chains. The 

backbone is composed of six-carbon chains. Such chemical structure results in a high 

molecular weight and contributes to increase the viscosity of solution when used in concrete 

(Rixom and Mailvaganam 1999). 

Most commercially available VEAs can be categorized under Class A. The Class A 

VEAs are more tolerant of salts and cations. They are also stable to the changes in pH and 

temperature. In addition, they contained no chloride and volatile organic compounds. Thus, 
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they are expected to cause no adverse effects on the properties and durability of concrete. 

However, presently there is no standard specification for the chemical requirements of VEA. 

 

2.9.9.3 Mechanisms of viscosity enhancement 

The mechanism of viscosity enhancement depends on the type of VEA. The VEAs under 

Class A work through the mechanisms of adsorption, association and intertwining (Khayat 

1998). In adsorption, the long-chain polymer molecules adsorb and fix a part of the mixing 

water (Okamura and Ozawa 1995), and thus expand by adhering to the periphery of water 

molecules. As a result, the free movement of water molecules is obstructed, and the viscosity 

of the mixing water and that of the concrete mixture are increased. In association, the 

molecules of adjacent polymer chains develop attractive forces that further obstruct water 

movement and form a gel, resulting in an increase in the viscosity of concrete. In addition, 

the polymer chains can intertwine and entangle, resulting in an increase in the viscosity of the 

concrete mixture. However, such intertwining and entanglement depends on the 

concentration of VEA and deformation or shear rate of concrete. 

 

2.10 Mixture Design for Self-consolidating High Performance Concrete 

The mixture design of SCHPC is different from that of ordinary concrete. In general, 

compressive strength is the primary criterion for designing ordinary concrete. Conversely, 

the flowing ability and durability must be given equal importance with the compressive 

strength in designing SCHPC. Thus, a different design approach is needed for SCHPC. 

 

2.10.1 Justification for a different method of mixture design 

The process of mixture design for ordinary concrete is not applicable to SCHPC for the 

following reasons: 

a. Established relationships between average and specified compressive strengths of 

ordinary concrete could be unacceptable for SCHPC possessing high strength. 

b. Traditional curves for the relationship between W/B ratio and compressive strength could 

be misleading for SCHPC that needs a lower W/B ratio. 

c. None of the traditional curves for W/B ratio and strength relationship accounts for the 

effect of SCM, HRWR, and VEA, which are usually used to produce SCHPC. 
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d. The coarse aggregate content of ordinary concrete is relatively high and unsuitable for 

SCHPC. 

e. The fine aggregate content obtained from traditional method is generally much lower 

than that recommended for SCHPC. 

f. The approximate water content of concrete mixture does not include the effects of SCM 

and HRWR, which are usually incorporated in SCHPC. 

g. Slump alone is no longer a performance criterion for the flowing ability of SCHPC. 

The aggregate content, the incorporation of SCM, and the presence of various 

chemical admixtures may have a significant influence on the flow characteristics, strength, 

transport properties and durability of SCHPC. Therefore, a different design approach should 

be followed, instead of traditional method, to design the mixture composition of SCHPC. 

 

2.10.2 Current methods of mixture design 

The mixture design method proposed by Okamura and Ozawa (1995) has mostly been used 

in Japan. The Japanese Ready-mixed Concrete Association (JRMCA) has simplified this 

method to standardize the mixture proportioning process of SCHPC in Japan (Su et al. 2001). 

Okamura and Ozawa’s method has also been using in many countries of Europe with some 

modifications (EFNARC 2002, SCCEPG 2005). In this method, the coarse and fine 

aggregate contents are fixed and the self-consolidation capacity is achieved just by modifying 

the W/B ratio and HRWR dosage. The disadvantage of this method is that the W/B ratio 

cannot be fixed based on the strength requirement since it has to be decided through 

achieving the self-consolidation capacity. Therefore, the W/B ratio fixed on the basis of self-

consolidation capacity may not provide the expected strength. In addition, it may take many 

trial mixtures to fix the proper W/B ratio and HRWR dosage, as these two must be balanced 

to provide optimum flowing ability and segregation resistance unless a VEA is used. 

In North America, there is no ACI or CSA standard mixture design method for 

SCHPC. The ACI is currently working to develop a mixture design procedure for SCC (ACI 

Committee 211H, 2006). Recently, the International Centre for Aggregates Research (ICAR) 

in the University of Texas at Austin has developed a mixture design for SCC (Koehler and 

Fowler 2006). This method emphasizes to satisfy the criteria of filling ability, passing ability 

and segregation resistance, but does not give equal importance on strength and durability. For 
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example, it allows a W/B ≥ 0.45, which is not suitable to achieve high strength and good 

durability. Therefore, this method may not be valid for SCHPC. Saak et al. (2001) have also 

introduced a design methodology for SCC, assuming that the rheology and density of paste 

matrix dictate the flowing ability and segregation resistance of concrete. This methodology 

highlights how the segregation can be controlled in SCC, but it does not clearly explain how 

the aggregate characteristics and content influence the filling ability and passing ability of 

concrete. In addition, it does not give any clear guidelines for obtaining high strength and 

improved transport properties or durability. Nevertheless, the concrete industry is exploiting 

Shilstone’s method to produce SCHPC (Monroe 2004). This mixture design method is based 

on aggregate particle distribution and several parameters for workability, coarseness and 

mortar fraction (Shilstone, Sr. 1990). The self-consolidation capacity can be obtained by 

adjusting the workability and coarseness parameters, and by fixing the water content and 

HRWR dosage based on trial mixtures. The mortar factor is useful to judge the water content 

and the quantity of cement. In addition, the aggregate particle distribution facilitates to 

provide the optimum graded mixture. Above all, this method concentrates on the gradation of 

aggregates and aggregate blend but does not discuss the effect of coarse aggregate content, 

and the role of cementing materials and chemical admixtures. 

In China, Kwan (2000) developed a mixture design method for SCHPC incorporating 

silica fume. This method shows the process of getting SCHPC with a mean 28-day cube 

strength greater than 80 MPa and a slump above 200 mm. It uses a W/B ratio and strength 

relationship, which is different from that of ordinary concrete. But it fixes the dosage of 

HRWR at 3% by weight of binder, which may not be practical for any other SCHPC. 

Another mixture design method for SCHPC has been developed in China (Xie et al. 2002). It 

is specific to SCHPC incorporating ultra-pulverized fly ash. This method employs the 

fineness of ultra-pulverized fly ash and the optimum HRWR dosage to assess the flowing 

ability SCHPC. It includes a very high content of cementing material, which is not cost-

effective. This method also uses relatively a high coarse aggregate content, which is not 

favorable for good passing ability. 

In Taiwan, a mixture design method has been developed based on the concept of 

aggregate packing factor (Su et al. 2001). This method can predetermine the amount of SCM 

and the dosage of HRWR although they may need to be adjusted by trial mixtures. In this 
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method, the fine aggregate content is high, which enhances the filling ability and passing 

ability but reduces the compressive strength. Also, this method assumes that the relationship 

between compressive strength and W/B ratio is similar to that of ordinary concrete. 

Several statistical mixture design methods such as factorial design approach (Ghezal 

and Khayat 2002), and three-factor central composite design method (Ozyildirim and Lane 

2003) have been used in North America to produce SCHPC mainly for laboratory-based 

work. These approaches provide an optimum mixture composition from various mixture 

combinations. Nevertheless, they are not always practical due to the variability of constituent 

materials and the involvement of a greater number of variables in mixture design. 

 

2.11 Mixing of Self-consolidating High Performance Concrete 

Mixing is a mechanical operation to obtain a uniform mixture of concrete. A sound mixing is 

necessary for SCHPC to disperse the constituent materials uniformly. Conventional mixers 

can be used in producing SCHPC. However, the horizontal twin shaft type mixer is more 

suitable to increase the mixing efficiency (Chang and Peng 2001). Also, the mixing time for 

SCHPC is greater than that of ordinary concrete due to its higher plastic viscosity at low W/B 

ratio (Chopin et al. 2004). 

The mixing sequence of SCHPC can be different from that of ordinary concrete due 

to the presence of chemical admixtures such as HRWR and VEA. In general, the aggregates 

are mixed first with a portion of mixing water followed by the addition of cementing 

materials. HRWR should be added once the aggregates and the cementing materials are 

wetted out. This will increase the effectiveness of HRWR (Chang and Peng 2001) and avoid 

the loss of HRWR through absorption by aggregates (Price 1994). When an AEA is selected 

for use, it is generally added at the initial stage of mixing, as it needs greater mixing time to 

achieve optimal performance (Kosmatka et al. 2002). In addition, when the VEA needs to be 

used in SCHPC to improve the stability of concrete mixture, it can be added either at the 

earlier or later stage of mixing (MBT 2002). 

 

2.12 Stability of Self-consolidating High Performance Concrete 

The stability of SCHPC refers to its ability to resist phase separation such as bleeding and 

segregation of the paste from the aggregates or the settlement of coarse aggregates during 
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and after placement. Generally, two forms of stability are a concern for the fresh SCHPC; 

static and dynamic stabilities. Both static and dynamic stabilities must be ensured in SCHPC 

to obtain uniform distribution of the constituent materials, particularly coarse aggregates, 

throughout the concrete component (Bui et al. 2002, Daczko 2002). Air-void stability is 

another issue that needs to be maintained in SCHPC exposed to freezing and thawing 

environment. All forms of the stability of SCHPC are affected by various factors such as 

constituent materials, mixture proportions and placement techniques. 

 

2.12.1 Static stability 

The stability of concrete after placement is known as the static stability. It refers to the 

resistance of the cast-in-place fresh concrete to segregation until the onset of hardening. The 

lack of static stability induces surface defects, affects the interfacial transition zone leading to 

impaired impermeability and mechanical properties, and weakens the bond to embedded 

reinforcement (Assaad et al. 2004). 

SCHPC exhibits good static stability when the coarse aggregates remain suspended in 

the mixture. This criterion is controlled by the rheological properties of concrete. The yield 

stress and plastic viscosity play the key role. The difference between the relative densities of 

aggregate and matrix is also a critical factor. The yield stress opposes the sedimentation of 

coarse aggregates. The yield stress in SCHPC is relatively very low and therefore coarse 

aggregates tend to settle under static condition. For an aggregate of given size, the 

sedimentation of aggregate also depends on the viscosity and density of the matrix. 

In cast-in-place fresh SCHPC, the aggregates are subjected to buoyancy, gravity and 

restoring or frictional force (Saak et al. 2001), as shown in Figure 2.9. The gravity or 

gravitational force is given as  

 

aag VgF ρ=                                                                                                            (Equation 2.3) 

 

where: 

g is the gravitational acceleration, ρa is the density of the aggregate, and Va is the volume of 

aggregate. The buoyancy or buoyant force is given as 
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amb VgF ρ=                                                                                                           (Equation 2.4) 

 

where: 

ρm is the density of the matrix. The gravitational force acting on the aggregate becomes 

greater than the buoyant force, since the density of the aggregate is usually greater than that 

of the matrix. Therefore, the total downward force acting on the aggregate, 

 

( )maaamaabgd gVVgVgFFF ρρρρ −=−=−=                                                 (Equation 2.5) 
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Figure 2.9: Schematic of aggregate suspended in paste matrix (adapted from Bonen and Shah 
2005) 

 

 

Under static condition, the restoring force is proportional to the yield stress of the 

matrix (Saak et al. 2001) and can be expressed as 

 

ayr AF τ=                                                                                                              (Equation 2.6) 
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where: 

τy is the yield stress of the matrix and Aa is the cross-sectional area of the aggregate immersed 

in the matrix. In order to keep the aggregate stationary, 

 

( maaaydr gVAeiFF )ρρτ −≥≥ .,.,                                                                      (Equation 2.7) 

 

For spherical aggregates, Aa = πra
2 and Va = 4πra

3/3, where ra = radius of aggregate. 

Therefore, 
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When Fr < Fd, aggregate settlement or sedimentation will occur. The aggregate will 

settle down through the matrix and the velocity of the aggregate will increase until the 

equilibrium of all forces is achieved (Bonen and Shah 2005). In this case, the restoring force, 

Fr is replaced by a frictional force Ff given by 

 

eaf vrF πη6=                                                                                                         (Equation 2.9) 

 

where: 

η is the viscosity of the matrix, and ve is the equilibrium velocity of the aggregate. Under 

equilibrium condition, the net forces acting on the aggregate are zero, and therefore the 

frictional force, 

 

( ) ( )maaeamaabgf gVvreigVFFF ρρπηρρ −=−=−= 6.,.,                             (Equation 2.10) 

 

By substituting Va, 
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It is evident from Equation 2.8 that both yield stress and matrix density are crucial to 

control static stability. Also, Equation 2.11 indicates that the extent of static segregation 

depends on the aggregate size used in concrete, and the viscosity and density of the matrix. 

 

2.12.2 Dynamic stability 

The stability of fresh concrete during transport and placement is referred to as dynamic 

stability. It describes the resistance to dynamic segregation that generally occurs in the 

presence of obstruction and exhibits blockage of concrete. The lack of dynamic stability 

causes the differential accumulation of coarse aggregate and separation of the matrix. Such 

phenomena result in the heterogeneity due to the variations across the concrete, and degrade 

the properties of the concrete (Bonen and Shah 2005). SCHPC possesses good dynamic 

stability if the coarse aggregates move uniformly with the matrix as a cohesive fluid during 

flow. This criterion is achieved through improved viscosity of the matrix (Saak et al. 2001). 

Dynamic segregation may occur in SCHPC during placement along horizontal and 

perpendicular directions. In horizontal flow, the aggregate is subjected to several forces such 

as lateral mixture drag, gravity, buoyancy, vertical drag, and viscous force or plastic 

viscosity, as presented in Figure 2.10. In contrast, the aggregate is subjected to gravity, 

buoyancy and vertical drag force during perpendicular flow, as shown in Figure 2.11. In 

horizontal flow, the lateral mixture drag and vertical drag help to keep the aggregates 

suspended in concrete mixture (Bonen and Shah 2005). Both lateral mixture drag and vertical 

drag depend on the velocity of the concrete mixture during placement. In this case, the plastic 

viscosity of the matrix also resists the separation of coarse aggregates, acting oppositely to 

the direction of lateral mixture drag. In perpendicular flow, the vertical drag resists the falling 

of the aggregate (Saak et al. 2001). The vertical drag force can be given by 

 

2

2
1

tmaDdr vACF ρ=                                                                                             (Equation 2.12) 

 

where: 

CD is the drag coefficient and vt is the constant terminal velocity of the aggregate. Aa and ρm 

are explained in Section 2.12.1. 
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Figure 2.10: Forces acting on aggregate during horizontal flow (adapted from Bonen and 
Shah 2005) 
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Figure 2.11: Forces acting on aggregate during perpendicular flow (adapted from Bonen and 
Shah 2005) 
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The total downward force will be equal to the vertical drag force when the aggregate 

reaches the constant terminal velocity. Thus, based on Equations 2.5 and 2.12, 

 

( maatmaD gVvAC ρρρ −=2

2
1 )                                                                           (Equation 2.13) 

 

Simplifying Equation 2.13, the terminal velocity of the aggregate can be expressed as 
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=                                                                                         (Equation 2.14) 

 

The terminal velocity of the aggregate should be minimized to avoid dynamic 

segregation. It is obvious from Equation 2.14 that the terminal velocity depends on the matrix 

density of concrete for the given size and type of aggregate. Also, the terminal velocity is 

inversely related to the drag coefficient, as can be seen from Equation 2.14. The drag 

coefficient, CD, greatly depends on the viscosity of matrix (Saak et al. 2001). When the 

viscosity of matrix is high, the drag coefficient becomes high. At high drag coefficient, the 

terminal velocity of the falling aggregate will be low. Hence, the aggregate falling will be 

slowed down and the segregation will be reduced. 

 

2.12.3 Air-void stability 

The entrained air-voids must be stable in concrete to ensure a good resistance to freezing and 

thawing. This is particularly more important for SCHPC, as the presence of HRWR tends to 

destabilize the entrained air-voids during transport and placement of concrete (Saucier et al. 

1990, Khayat and Assaad 2002). Many research reports indicate that the HRWRs can cause 

some loss of air content during intermittent agitation (Jana et al. 2005, Johnston 1994). This 

is perhaps attributed to the production of a greater number of large-size bubbles, which could 

easily disappear with time. In addition, re-mixing, presence of SCM, re-dosing of HRWR, 

cement-admixture compatibility, and type of AEA affect the air-void stability in concrete 

(Baalbaki and Aïtcin 1994, Pigeon et al. 1989, Saucier et al. 1990, Baekmark et al. 1994). 

Excessive fluidity and segregation could be another factor that may cause air-void instability 
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problem in SCHPC. The air-void stability can be ensured in SCHPC by a proper mixture 

composition including a suitable combination of chemical admixtures. An increase in the 

amount of cementing material at a low W/B ratio or the use of VEA can maintain the 

appropriate air-void system during transport, placement and setting of SCHPC (Khayat 2000, 

Khayat and Assaad 2002). 

 

2.12.4 Role of rice husk ash 

The stability of SCHPC is mainly controlled by its mixture variables. The properties and 

proportions of cementing materials have significant effect on both static and dynamic 

stability (Saak et al. 2001) as well as on air-void stability of SCHPC (Khayat and Assaad 

2002). If SCHPC suffers from instability problem, it can be eliminated by increasing the 

amount of SCM (Nagataki and Fujiwara 1995). However, it depends on some physical 

properties such as particle shape and size, specific surface area, and relative density of SCM. 

These properties influence the yield stress, viscosity and density of the cement paste matrix 

that affect the stability of SCHPC (Saak et al. 2001, Bonen and Shah 2005). Since the yield 

stress, plastic viscosity and density of the paste matrix are changed in the presence of RHA, 

both static and dynamic stability of SCHPC including RHA can be influenced. Also, the 

change in the viscosity of paste influences the formation of stable air-voids. Consequently, 

the air-void stability of SCHPC can also be affected in the presence of RHA. Nevertheless, 

limited studies investigated the effect of RHA on the stability of SCHPC. 

 

2.13 Key Fresh Properties of Self-consolidating High Performance Concrete 

The key fresh properties of SCHPC are the filling ability, passing ability and segregation 

resistance. These three properties must be satisfied regardless of the sophistication of the 

mixture design and other considerations such as cost. Among other fresh properties, plastic 

shrinkage, unit weight and air content are noteworthy. 

 

2.13.1 Filling ability 

Filling ability is defined as the ability of fresh SCHPC to flow into and fill the spaces within 

the formwork under self-weight at unconfined condition (Bartos 2000, EFNARC 2002). It is 

associated with the formability, self-leveling capacity, and finishing ability of SCHPC. The 
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filling ability is an essential property of SCHPC to achieve self-consolidation capacity. This 

property is crucial for concrete placement with proper casting technique (ACI 237R-07, 

2007). The filling ability primarily depends on the aggregate content, W/B ratio, binder 

content and HRWR dosage of concrete (Okamura and Ozawa 1995). A good filling ability 

can be achieved by limiting the coarse aggregate content and increasing the amount of 

cementing materials, while adding a proper dosage of HRWR. 

 

2.13.2 Passing ability 

Passing ability is defined as the ability of fresh SCHPC to flow through tight openings or 

spaces confined by steel reinforcing bars (Bartos 2000, EFNARC 2002). Where structures 

are heavily reinforced, a good passing ability of SCHPC enables it to be placed and 

consolidated through dense reinforcing bars without any aggregate blockage (ACI 237R-07, 

2007). The factors affecting the filling ability also influence the passing ability of concrete. 

In addition, the passing ability depends on the number and spacing of the reinforcing bars. A 

good passing ability can be achieved by increasing the filling ability of fresh concrete and by 

limiting the segregation of coarse aggregates. 

 

2.13.3 Segregation resistance 

The segregation resistance of SCHPC refers to its ability to remain uniform during and after 

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

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

non-uniform if SCHPC does not possess sufficient segregation resistance. This might affect 

the properties and durability of concrete. A recent study has reported that the water 

absorption and chloride penetration of SCHPC can be affected under poor segregation 

resistance (Daczko 2002). A good segregation resistance can be attained in SCHPC by a 

proper mixture composition. An increased amount of cementing materials, a small nominal 

maximum size of aggregate, a limited content of well-graded coarse aggregates, and a low 

W/B ratio should be used to achieve good segregation resistance (Bonen and Shah 2005). In 

addition, the segregation resistance of SCHPC can be improved by using VEA (Okamura and 

Ozawa 1994). 
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2.13.4 Unit weight 

The unit weight of SCHPC refers to its mass per unit volume of fresh concrete. It depends on 

the mixture composition of concrete. The unit weight of concrete becomes slightly lower 

when a SCM such as RHA, fly ash and silica fume is incorporated (Zain et al. 1999). This is 

because most SCMs are lighter than cement. However, it also depends on the degree of 

materials packing in concrete. 

 

2.13.5 Air content 

Adequate air content must be maintained in SCHPC in order to protect it from freezing and 

thawing damage (Brameshuber and Uebachs 2003, Hayakawa et al. 1994). The network of 

entrained air bubbles offsets the hydraulic pressure posed by freezing water, and thus 

improves the performance of concrete in freezing and thawing environment (Hayakawa et al. 

1994). However, obtaining the correct air content in SCHPC is not very straightforward. 

There are many factors such as mixture proportions, aggregate grading, cement composition, 

type of HRWR, type and composition of SCM, mixing or placing method, and temperature 

etc., that affect air-entrainment, and therefore achieving the target air content becomes much 

more difficult (ACI 201.2R-01, 2004; Du and Folliard 2005, Pigeon 1994). 

 

2.13.6 Role of rice husk ash 

The presence of RHA results in a high water demand due to high specific surface area 

(Mahmud et al. 2004, Zhang and Malhotra 1996). Thus, the filling ability and passing ability 

can be affected if the increased water demand is not reduced with the adequate dosage of 

HRWR. Moreover, the incorporation of RHA reduces the unit weight of concrete (Ismail and 

Waliuddin 1996). The air content of concrete is also affected in the presence of RHA. The 

concrete requires more AEA for a given air content when RHA is used with cement (Zhang 

and Malhotra 1996). It was also reported that RHA reduces bleeding and segregation in non-

self-consolidating concrete (Mehta 1992, Zhang and Malhotra 1996) due to enhanced 

viscosity. However, a decrease in bleeding increases the susceptibility of plastic shrinkage 

cracking. In addition, the incorporation of RHA lowers the density of paste matrix and thus 

may adversely affect the segregation resistance of SCHPC, particularly in static condition. 
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However, very few studies have been conducted to investigate the effects of RHA on the 

fresh properties of SCHPC. 

 

2.14 Curing of Self-consolidating High Performance Concrete 

Curing is ideally a process that keeps the concrete element completely saturated or as much 

saturated as possible until the water-filled spaces are substantially reduced by hydration 

products (Gowripalan et al. 1992, Mather 1987). Concrete properties and durability are 

significantly influenced by curing since it greatly affects the hydration of cement. The 

hydration of cement virtually ceases when the relative humidity within the capillaries drops 

below 80% (Neville 1996). The lack of moisture in cement paste can also result in 

autogenous shrinkage due to self-desiccation. This is particularly a concern for the concretes 

with higher binder content and lower W/B ratio (Neville 1996). Moreover, the drying of 

concrete surfaces results in shrinkage cracks that may aggravate the durability problems. 

Therefore, an efficient curing method is inevitable to prevent the concrete from drying and 

self-desiccation, and to maintain the relative humidity above 80%. 

A proper curing of SCHPC is crucial to produce greater hydration products, and to 

reduce the porosity and drying shrinkage cracking of concrete, and thus to achieve higher 

strength and greater resistance to physical or chemical attacks in aggressive environments. If 

SCHPC is not well cured, particularly at the early age, it will not gain the properties and 

durability at the desired level due to a lower degree of hydration, and would suffer from 

irreparable loss. Therefore, a suitable curing method such as water ponding, spraying of 

water, covering with wet burlap and plastic sheet, storing in a moist room, wrapping with 

polyfilm, or storing in an oven with controlled temperature is essential to produce strong and 

durable SCHPC. Water ponding, spraying of water, storing in a moist room and covering 

with wet burlap are different forms of water curing, which is most effective to improve the 

hardened properties of concrete (Aïtcin et al. 1994). In addition, wrapped curing, such as 

wrapping with polyfilm, provides concrete properties closer to those given by water curing 

(Zain et al. 2000). Hence, water curing should be the first choice to cure SCHPC. In case of 

water shortage, wrapped curing can be adopted to cure SCHPC. The curing period should be 

at least 7 days to improve the properties and durability of concrete (ACI 308R-01, 2001). 
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This is more crucial for SCHPC to reduce its autogenous and drying shrinkages caused by 

high binder content and low W/B ratio. 

 

2.15 Testing of Self-consolidating High Performance Concrete 

Testing of SCHPC includes the testing of both fresh and hardened concretes. The testing of 

fresh concretes usually includes the tests for rheological parameters (yield stress and plastic 

viscosity), flowing ability (filling ability and passing ability), segregation resistance, air 

content, unit weight, etc. The testing of hardened concretes includes both destructive and 

non-destructive tests. Among various destructive tests, the compression test is of great 

importance. The other important destructive tests are flexural (bending), and direct and 

indirect (splitting) tension tests. The non-destructive testing includes tests for ultrasonic pulse 

velocity, modulus of elasticity, porosity, absorption, permeability, electrical resistivity, etc. 

Most of the test methods available for determining the fresh properties of ordinary 

concrete are not suitable for SCHPC due to different workability characteristics. However, 

very few standard test methods were established for fresh SCHPC. The most common slump 

test has been used widely with some modifications to examine the filling ability of SCHPC 

(Shindoh and Matsuoka 2003). Recently, the ASTM has standardized the slump flow test for 

determining the filling ability of SCC (ASTM C 1611/C 1611M, 2007), which is also 

applicable for SCHPC. In addition, the V-funnel and Orimet have been using to determine 

the filling ability of SCHPC (Bartos 2000, EFNARC 2002). Similar to filling ability, there 

were few standard test methods to measure the passing ability of SCHPC. Lately, the ASTM 

has standardized the J-ring to measure the passing ability of SCC (ASTM C 1621/C 1621M, 

2007). This test method is also applicable to SCHPC. Moreover, the U-box, L-box and Fill-

box have been used for determining the passing ability of SCHPC (EFNARC 2002, Okamura 

and Ouchi 2003). The segregation resistance is mostly being measured by standard No. 4 

sieve (EFNARC 2002, Nagataki and Fujiwara 1995) and column apparatus (Assaad et al. 

2004, Sonebi 2004a). The ASTM has also standardized a column apparatus for testing the 

segregation resistance of SCC (ASTM C 1610/C 1610M, 2006), which is also valid for 

freshly mixed SCHPC. For other fresh properties of SCHPC such as unit weight and air 

content, the existing test methods for ordinary concrete can be used with some modifications, 

particularly for the procedures of filling and consolidation. 

 48



In case of hardened SCHPC, the test methods used for ordinary concrete can be 

employed to determine the concrete properties. However, the testing ages should be extended 

to 56 or 91 days for most hardened properties. This is because SCHPC most often contains 

SCMs; some of these hydrate at a slower rate than portland cement (Lessard and Aïtcin 

1994). In addition, a higher specified loading rate can be applied to SCHPC as compared to 

ordinary concrete, while conducting the destructive strength test. This is because the strength 

of SCHPC is much higher than that of ordinary concrete. Also, the capping conditions for the 

compression test of SCHPC may not be the same as for ordinary concrete. Nevertheless, 

these changes do not enforce to employ completely new test methods for hardened SCHPC. 

 

2.16 Key Hardened Properties of Self-consolidating High Performance Concrete 

Compressive strength, porosity, ultrasonic pulse velocity, absorption, permeability, and 

electrical resistivity are some of the key hardened properties of SCHPC. They are briefly 

discussed below. 

 

2.16.1 Compressive strength 

Compressive strength is the most important mechanical property of concrete. In general, for a 

given set of cement and aggregates, and under the same mixing, curing and testing 

conditions, the compressive strength of a concrete primarily depends on W/B ratio, 

binder/aggregate (B/A) ratio, mixture composition, and degree of consolidation. However, it 

is the W/B ratio that chiefly controls the development of compressive strength in concrete. 

The limits of W/B ratio to achieve a targeted compressive strength in high-strength HPC are 

as follows (Lessard et al. 1995): 

50 MPa – 75 MPa, for 0.30 ≤ W/B ≤ 0.40 

75 MPa – 100 MPa, for 0.25 ≤ W/B ≤ 0.35 

100 MPa – 125 MPa, for 0.20 ≤ W/B ≤ 0.30 

125 MPa and above, for W/B ≤ 0.20 

Ordinary concrete generally produces a compressive strength in the range of 20 to 40 

MPa. The compressive strength of SCHPC is much higher than that of ordinary concrete. For 

a compressive strength varying from 50 to 125 MPa, the aforementioned range of W/B ratios 

is also valid for SCHPC (Persson 2001). Another observation is that the kinetics of strength 
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increase is notably faster in SCHPC (Persson 2001) as compared to ordinary concrete due to 

increased gel/space ratio at lower W/B ratio. 

 

2.16.2 Porosity 

Porosity refers to a fraction of the total concrete volume that is occupied by the pores in bulk 

cement paste, interfacial transition zone and aggregates. It is one of the major factors that 

control the strength of concrete (Neville 1996). Porosity also affects the electrical resistivity, 

and thus the corrosion resistance of concrete (Claisse et al. 2001). The porosity of concrete 

can be characterized into two forms – total and capillary or suction porosity (Nokken and 

Hooton 2002). The total porosity is mainly comprised of capillary and air porosity. In 

contrast, the network of open pores mainly constitutes the capillary porosity of concrete. The 

capillary porosity has considerable effects on the transport properties and hence on the 

durability of concrete (Hearn et al. 1994). 

The total and capillary porosity are expected to be low in SCHPC (7 to 15%) as 

compared to ordinary concrete due to compacted pore structure. The pore system in SCHPC 

is more refined than that in ordinary concrete (Attiogbe et al. 2002). This is mainly because 

of a low W/B ratio. The higher degree of packing due to good consolidation, the greater 

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

of HRWR, and the pozzolanic and micro-filling effects of SCM also contribute to form a 

refined pore structure in SCHPC. 

 

2.16.3 Ultrasonic pulse velocity 

The ultrasonic pulse velocity is defined as the traversed distance of the pulse or sonic wave 

per unit transit time. This is obtained from the path length (length of the interposed concrete 

specimen) and transit time. The ultrasonic pulse velocity of concrete is mainly influenced by 

the mixture composition of concrete, moisture and maturity of concrete, curing conditions, 

and temperature. Generally, a high ultrasonic pulse velocity through concrete indicates that 

the concrete is of good quality. An ultrasonic pulse velocity above 4575 m/sec states the 

‘excellent’ quality of concrete whereas an ultrasonic pulse velocity below 2135 m/sec reveals 

the ‘very poor’ condition of concrete (Leslie and Cheeseman 1949, Shetty 2001). 
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Ultrasonic pulse velocity can be used to evaluate the physical quality of SCHPC. It is 

also useful to detect the cracks and flaws, and to study the freeze-thaw durability of SCHPC. 

The ultrasonic pulse velocity of SCHPC is expected to be much higher than that of ordinary 

concrete. This is due to the refined pore structure and dense microstructure of SCHPC. 

However, no considerable studies have been conducted on the non-destructive evaluation of 

SCHPC using ultrasonic pulse velocity method. 

 

2.16.4 Absorption 

Absorption is a process by which a liquid gets into and tends to fill the open pores in a 

porous solid body such as a component of concrete (ASTM C 125, 2004). The absorption is 

generally more significant in surface layer than the core of concrete due to strong capillary 

action. The rate at which a dry concrete surface absorbs a liquid can be taken as a predictor of 

the durability of concrete. Water is the most common liquid with which the concrete comes 

in contact. Hence, water absorption is widely used to indicate the absorptivity of concrete. It 

can be determined based on the increase in mass of a concrete specimen due to the 

penetration of water into its open pores. 

Water absorption is directly related to concrete’s resistance to water penetration, 

which plays an important role in various deterioration mechanisms and carries many 

deleterious agents from the surroundings. Like other engineering properties, the water 

absorption of concrete is directly influenced by the porosity (Hearn et al. 1994). The porosity 

controls the microstructure and thus the absorption of concrete, depending on the relative 

quantities of the pores of various types and sizes (Hearn et al. 1997). When the porosity 

decreases, the water absorption is also reduced. It was reported that SCHPC provides a water 

absorption in the range of 3 to 6% (Schutter et al. 2003, Vanwalleghem et al. 2003). 

 

2.16.5 Permeability 

Permeability of concrete is defined as the movement of liquid and/or gas through a mass of 

concrete under a constant pressure gradient. It is an intrinsic property of concrete that chiefly 

depends upon the geometric arrangement and characteristics of the constituent materials. The 

permeability of concrete is mainly controlled by the compactness and porosity of the 

hydrated paste present in bulk paste matrix and interfacial transition zone. In the hydrated 
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paste, the capillary and gel pores can be distinguished. The gel pores are very small. 

Although they constitute a network of open pores, the permeability of this network is very 

low. Conversely, the capillary pores are relatively large spaces existing between the cement 

grains. It is the capillary porosity that greatly affects the permeability of concrete (Perraton et 

al. 1994). 

The permeability of SCHPC is typically lower than that of ordinary concrete. The 

previous research showed that SCHPC results in very low water and gas permeability (Zhu 

and Bartos 2003, Schutter et al. 2003). This is mostly attributed to the superior flow 

properties, dense microstructure and refined pore structure that develop in the presence of 

SCM and HRWR at low W/B ratio. Good flow properties result in excellent packing 

condition due to improved consolidation, and thus contribute to reduce the permeability of 

concrete.  

 

2.16.6 Electrical resistivity 

The corrosion-resisting performance of concrete is influenced by its electrical resistivity, 

which refers to the resistance that the electrical charges experience while passing through the 

concrete. The electrical resistivity must be sufficiently high to inhibit the corrosion process in 

concrete. The increased electrical resistivity of concrete hinders the movement of electrons 

from the anodic to the cathode regions, and thereby retards the propagation of corrosion 

process. It has been reported that the corrosion rate becomes very low when the true 

electrical resistivity (apparent resistivity/cell correction factor) of concrete is greater than 10 

kΩ-cm (Hearn 1996). HPC has been known to provide higher electrical resistivity (Hansen et 

al. 1993, Tasi et al. 2006). 

Limited studies have been carried out to investigate the electrical resistivity of 

SCHPC. Hwang and Hung (2002) determined the electrical resistivity of SCHPC as a 

measure of the durability at different W/B ratios. They found that SCHPC provides an 

electrical resistivity much higher than 10 kΩ-cm at later ages (≥ 28 days). This is mainly 

attributed to the reduced porosity of SCHPC. The reduction in porosity lessens the amount of 

electrolyte and impedes the movement of electrical charges, and thus increases the electrical 

resistivity of concrete. 
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2.16.7 Role of rice husk ash 

The published literature shows that the hardened properties of concrete are improved in the 

presence of RHA. For example, RHA provided significant improvements in compressive and 

tensile strengths, ultrasonic pulse velocity, and transport properties of high strength and high 

performance concretes (Ismail and Waliuddin 1996, Zhang and Malhotra 1996, Mahmud et 

al. 2004). Similar performance of RHA is expected in case of SCHPC. However, limited 

studies have been conducted to investigate the effect of RHA on the hardened properties of 

SCHPC. 

 

2.17 Modeling of Self-consolidating High Performance Concrete 

The modeling of fresh and hardened concrete properties is useful for mixture design and 

performance prediction. In published literature, there are several models available for fresh 

and hardened concretes. Most of these models are related to the filling ability and 

compressive strength of concrete, and can be applicable for SCHPC. 

 

2.17.1 Models for filling ability 

The slump and slump flow are two fresh properties that express the filling ability of concrete. 

Hu et al. (1996) proposed a semi-empirical model relating the slump to the yield stress of 

fresh concrete as follows: 

 

)300(
270

Sy −=
ρτ                                                                                              (Equation 2.15) 

 

where: 

S is the slump (mm), τy is the yield stress (Pa), and ρ is the unit weight or density of fresh 

concrete (kg/m3). 

 

For the above model, the correlation between yield stress and slump is poor when the 

plastic viscosity of concrete exceeds 300 Pa.s. Ferraris and de Larrard (1998) improved the 

accuracy of Hu’s model by changing the value of the slope term and adding a constant term 
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as shown in Equation 2.16. They implied that the modified version of Hu’s model is valid for 

very fluid concrete such as SCHPC. 
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ρτ                                                                                    (Equation 2.16) 

 

Ferraris and de Larrard (1998) also provided a relationship among the plastic 

viscosity, slump and slump time of concrete as follows: 
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where: 

μ is the plastic viscosity (Pa.s) and Ts is slump time (s), S is the slump (mm), and ρ is the 

density of fresh concrete (kg/m3). This relationship is given for a slump value in the range of 

200 to 260 mm. Therefore, it is also valid for SCHPC. 

 

Murata (1984) produced a relationship to calculate the maximum bottom shear stress, 

and developed a model for the slump flow and yield stress as follows: 

 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= 22

1

b
bm R

gV
π
ρτ                                                                                                    (Equation 2.18) 

 

b
y

bmf R
S

τ
τ
22

=                                                                                                     (Equation 2.19) 

 

where: 

τbm is the maximum bottom shear stress (Pa), Sf is the slump flow of concrete (m), τy is the 

yield stress of concrete (Pa), Rb is the bottom radius of concrete sample before deformation 

(m), ρ is the density of fresh concrete (kg/m3), g is gravitational acceleration (9.806 m/s2), 

and V is the volume of concrete sample (m3). The frictional resistance between concrete 

 54



sample and rubber sheet was considered in this model. This model is valid for the concretes 

possessing a yield stress in the range of 0 to 1000 Pa, and thus can be applied to SCHPC. 

 

Murata and Kukawa (1992) also proposed an empirical model relating the slump and 

yield stress of concrete in the following form: 
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where: 

τy is the yield stress (Pa) and S is the slump (mm) of concrete. This relationship is valid for 

the slump ranging from 125 to 260 mm. Therefore, it is also applicable for SCHPC. 

 

Tanigawa et al. (1992) proposed semi-empirical models for the yield stress and plastic 

viscosity of fresh concrete relating slump, slump flow, and slump time as follows: 
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where: 

τy is the yield stress (Pa), S is the slump  of concrete (m), αs is a shape factor, a is the ratio of 

top radius to the bottom radius of the slump cone, ρ is the density of fresh concrete (kg/m3), g 

is the gravitational acceleration (9.806 m/s2), H is the initial height of concrete sample (m), V 

is the volume of concrete sample (m3), μ is the plastic viscosity (Pa.s), Sf is the slump flow of 
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concrete (m), and Ts is the slump time (s). The models are generally valid for any fresh 

concrete including SCHPC. However, the accuracy of these models depends on the variation 

of shape factor. 

 

Chidiac et al. (2000) revised Equations 2.21 and 2.22 to avoid the effect of shape 

factor (αs) and provided the relationships for the yield stress and plastic viscosity of concrete 

as follows: 

 

23
4

f
y S

gV
π
ρτ =                                                                                                        (Equation 2.24) 

 

2150 f

s

SS
gVHT
π

ρ
μ =                                                                                                      (Equation 2.25) 

 

where: 

τy is the yield stress (Pa); μ is the plastic viscosity (Pa.s), Sf is the slump flow of concrete (m), 

H is the initial height of concrete sample (m), S is the slump of concrete (m), Ts is the slump 

time (s), ρ is the density of fresh concrete (kg/m3), g is the gravitational acceleration (9.806 

m/s2), and V is the volume of concrete sample (m3). These equations can be used to estimate 

the yield stress and plastic viscosity of SCHPC. 

 

2.17.2 Models for compressive strength 

Duval and Kadri (1998) proposed a model for the compressive strength of silica fume HPC 

in the following form: 
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where: 

fc(t) is the compressive strength at any time t; K is a coefficient that depends on the type of 

aggregates and is computed from the 28-day compressive strength of reference concrete 
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without silica fume; Rc28 is the 28-day compressive strength of cement or standardized 

mortar; y is a coefficient that accounts for the entrapped air volume and depends on the 

consistency of concrete, and for a very plastic or fluid concrete the value is taken as 0.07; C, 

W and SF are the masses of cement, water and silica fume, respectively; A(t) is a kinetics 

function that is obtained from the compressive strength of reference concrete at a time t, 

assuming A(t) equals zero at 28 days. The model was produced based on the compressive 

strength of various concretes including normal and sulfate-resistant cements. This model is 

valid for the concrete age up to 28 days. 

 

De Larrard (1994) also suggested a model for the compressive strength of silica fume 

HPC as follows: 
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where: 

fc28 is the compressive strength at 28 days, and the other terms convey the same meanings as 

in Duval and Kadri’s model. The model was developed based on the compressive strength of 

concretes including normal portland cement. This model is only suitable for the computation 

of the 28 days compressive strength of concrete. 

 

Gutiérrez and Cánovas (1996) proposed a model for the compressive strength of HPC 

in the following form: 
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where: 

fcm is the mean compressive strength at 28 days, Kc is a parameter related to cement strength, 

and the other terms express the same meanings, as in Duval and Kadri’s and De Larrard’s 
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models. The model was developed based on the compressive strength of concretes prepared 

with high early-strength cements. This model also provides only the 28 days compressive 

strength of concrete. 

 

Combining a function for the strength development and a second function correlating 

the strength with water-cement (W/C) ratio, silica fume content, and maximum size of coarse 

aggregate, Videla and Gaedicke (2004) also suggested a model for the compressive strength 

of portland blast-furnace slag cement HPC as follows: 
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Where: 

fc(t), C, W and t convey the same meanings as mentioned before; SF is the amount of silica 

fume (mass percent) and D is the maximum size of coarse aggregates (mm). The model was 

derived based on the compressive strength of concretes including slag cement and silica 

fume. This model is applicable to estimate the compressive strength at any concrete age. 

 

The above models are specific to HPC including silica fume, and for W/C ratio below 

0.40. These models can be applied to SCHPC including RHA if silica fume and RHA 

produce similar effect on the compressive strength of concrete. Nevertheless, a similar model 

can be developed for SCHPC containing RHA based on the experimental results. 

 

2.17.3 Other models 

Bui et al. (2002) proposed a rheological model for SCHPC. This model is based on the 

concept of paste rheology, aggregate spacing and average aggregate diameter. The zones of 

low deformability or inadequate flowing ability, stability (satisfactory zone) and segregation 

(segregation zone) are discussed in this model. In addition, Ghezal and Khayat (2002), and 

Sonebi (2004b) derived the statistical models for normal-strength and medium-strength 

SCCs. These models predict the key fresh properties such as the filling ability and passing 

ability as well as the compressive strength of SCC. The development of these models 
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involved the testing of a number of concrete mixtures. Also, the mixture parameters such as 

cement content, SCM and HRWR, etc. are generally selected on trial basis. They are 

material-specific and therefore may not be directly applicable to other sets of materials. 

However, the derived models would be helpful to simulate different sets of materials in 

future SCC and SCHPC concrete mixtures, leading to time and cost savings from a reduced 

number of trail batches. 

 

2.18 Research Needs 

Self-consolidating high performance concrete has rapidly gained broad acceptance in North 

America. It could be used successfully in many structural as well as non-structural 

applications. However, comprehensive research is necessary to fill the existing knowledge 

gaps and to link different issues for the prospect of SCHPC in different sectors of 

construction. Based on the literature review, the following research needs have been 

identified in the field of SCHPC: 

a. Potential for the use of waste materials such as RHA to improve concrete properties and 

durability. 

b. Development of a simplified mixture design method. 

c. Investigation of the relationship between the filling ability of concrete and the filling 

ability of its paste or mortar component. 

d. Investigation of the air-void stability in fresh and hardened concretes. 

e. Investigation of the effect of RHA on the fresh and hardened properties, and durability of 

concrete. 

f. Investigation of the effect of RHA on the static and dynamic stabilities or segregation 

resistances of concrete. 

g. Development of simple test apparatus to examine the filling ability, passing ability and 

segregation resistance of concrete. 

h. Assessment of the physical quality of concrete by different non-destructive test methods. 

i. Modeling of major fresh and hardened properties of concrete with respect to key mixture 

design parameters. 
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2.19 Research Objectives 

The main objective of the study was to develop SCHPCs incorporating RHA, and to 

investigate their performance at fresh and hardened states.  The sub-objectives of the study 

were as follows: 

a. Investigation of the filling ability of various SCHPCs, and their paste and mortar 

components. 

b. Development of a simple design approach for the mixture proportioning of SCHPC. 

c. Development of simplified and single-operator test apparatus for assessing the filling 

ability, passing ability, and segregation resistance of SCHPC. 

d. Evaluation of the air-void stability in various fresh SCHPCs with and without RHA. 

e. Investigation of the effect of RHA on various properties of fresh and hardened SCHPCs. 

f. Examination of the effect of RHA on the static and dynamic segregation resistances of 

various SCHPCs. 

a. Development of empirical models for the filling ability (slump flow) and compressive 

strength of SCHPC. 
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Chapter 3 

Research Program and Procedures 

 

3.1 General 

The research program was comprised of experimental investigation and modeling. The aim 

of the experimental investigation was to examine the suitability of component materials and 

to observe the performance of different binder pastes and mortars, and various fresh and 

hardened self-consolidating high performance concretes (SCHPCs). The pastes, mortars and 

concretes used contained rice husk ash (RHA) as a supplementary cementing material 

(SCM). This chapter discusses the research procedure and provides a flowchart for the 

overall research program. 

 

3.2 Experimental Investigation 

The experimental investigation for various SCHPCs was comprised of selection and testing 

of materials, testing of aggregate blends, testing of binder pastes, testing of mortars, design of 

concrete mixtures, preparation and testing of fresh concretes, and preparation and testing of 

hardened concretes. In addition, the development of several test apparatus for measuring the 

key fresh properties of SCHPC was included. The overall experimental investigation is 

shown in the flowchart given in Figure 3.1. 

The following systematic procedure was followed to carry out the research on 

SCHPCs incorporating RHA: 

Step 1: The constituent materials for SCHPCs were selected, collected, and tested for 

the key properties. 

Step 2: Various aggregate blends were prepared by mixing concrete stone and 

concrete sand at different proportions. The aggregate blends were tested to determine the 

optimum sand-aggregate (S/A) ratio leading to maximum bulk density. 

Step 3: The primary mixture proportions of SCHPCs were determined based on the 

results obtained from the testing of materials and aggregate blends, and by selecting the 

water-binder (W/B) ratio and estimating the mixing water requirement of concrete. 
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Figure 3.1: Overall research program 
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Step 4: Various binder pastes were formulated from the primary mixture proportions 

of the concretes. The binder pastes were tested using a standard grout flow cone to determine 

their filling ability with respect to flow time, to obtain the saturation dosages of high-range 

water reducer (HRWR), to find the water reduction caused by HRWR, to observe the 

suitability of RHA for use in SCHPC, and to assess the water demand of RHA. 

Step 5: Various mortars were formulated based on the primary mixture proportions of 

the concretes. The mortars were tested using a standard flow mould to determine their filling 

ability with respect to flow spread, to verify the saturation dosages of HRWR obtained from 

flow cone test, and to observe the suitability of RHA for use in SCHPC. In addition, the 

mortars were tested using a Chace air indicator to obtain the air content, and thus to estimate 

the AEA dosages for the concretes. 

Step 6: The mixture proportions of different SCHPCs were adjusted after fixing the 

dosages of HRWR, AEA and viscosity-enhancing admixture (VEA), and correcting the 

proportions of aggregates and water. 

Step 7: The component materials were batched based on the adjusted mixture 

proportions, and mixed in a revolving type pan mixer to prepare the fresh SCHPC mixtures. 

Step 8: New, modified and existing test apparatus were used to investigate the fresh 

properties of different SCHPCs. An inverted slump cone apparatus including the test 

procedure and performance criteria was developed for use without and with a J-ring to 

determine the filling ability and passing ability of SCHPC, respectively. In addition, a 

simplified column apparatus including the test method and performance criteria was 

developed to measure the static segregation resistance of SCHPC. 

Step 9: The fresh SCHPC mixtures were tested for filling ability, passing ability, unit 

weight, and air content. In addition, several SCHPC mixtures were tested for air-void 

stability. The filling ability was determined with respect to slump and slump flow, orimet 

flow time and spread, and inverted slump cone flow time and spread. The passing ability was 

measured with regard to slump and slump flow, orimet flow spread, and inverted slump cone 

flow spread in the presence of a J-ring. The air-void stability was investigated with respect to 

the air content of concrete after re-mixing at different test stages. 

Step 10: The segregation resistance of fresh SCHPCs was visually inspected by 

observing the quality of concrete resting in mixer pan and during slump flow, orimet flow 
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and inverted slump cone flow tests. In addition, the segregation resistance of several 

concretes was quantitatively determined by sieve and column segregation tests. 

Step 11: The test specimens were cast after examining the fresh properties of the 

concretes. The specimens were cured and modified when necessary for determining the key 

hardened properties of SCHPC mixtures. 

Step 12: Existing and modified test methods were used to investigate the hardened 

properties of different SCHPCs. The laboratory tests were carried out to determine the 

compressive strength, ultrasonic pulse velocity, water absorption, total porosity, and 

electrical resistivity of the concretes. 

 

3.3 Modeling and Mixture Design  

The models of two key properties such as filling ability and compressive strength and a 

mixture design method for SCHPC were developed. The filling ability model was developed 

based on the results of slump flow. The validity of the model was further examined based on 

the related data available in the literature. The strength model was developed based on the 

results of compression test for various SCHPC concrete mixtures. The validity of the strength 

model was also checked using a set of related data gathered from the literature. Finally, a 

mixture design method for SCHPC was produced based on the test results and developed 

models. 
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Chapter 4 

Characteristics of Constituent Materials and Aggregate Blends 

 

4.1 General 

This chapter deals with the selection and testing of constituent materials for the concretes 

used in the present study. The physical characteristics of the constituent materials of 

concretes, the results of sieve analyses for concrete stone and sand (coarse and fine 

aggregates), and the chemical and particle size analyses of cement and rice husk ash (RHA) 

are presented and discussed in this chapter. The preparation and testing of the aggregate 

blends and their test results are also shown and discussed in this chapter. In addition, this 

chapter discusses the usefulness of the properties of constituent materials and aggregate 

blends. 

 

4.2 Selection and Testing of Constituent Materials 

Concrete stone, concrete sand, normal portland cement, amorphous RHA, normal tap water, 

polycarboxylate-based high-range water reducer (HRWR), synthetic air-entraining admixture 

(AEA), and modified polysaccharide-based viscosity-enhancing admixture (VEA) were 

selected to produce various self-consolidating high performance concretes (SCHPCs). The 

component materials were tested to examine their suitability and to obtain several physical 

properties required for the mixture proportioning process of concrete. The following sections 

describe the constituent materials along with the experiments conducted. 

 

4.2.1 Concrete stone 

Locally available concrete stone in the form of a blend of crushed and round aggregates was 

used as the coarse aggregate (CA). The weight percentage of round aggregate was 50% of the 

total aggregates. The concrete stone was tested for mass passing 75-μm sieve, oven-dry basis 

bulk density, void content, saturated surface-dry relative density, absorption, total evaporable 

moisture content, mass loss due to unconfined freeze-thaw, and accelerated mortar bar 
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expansion. In addition, the sieve analysis was performed for the concrete stone according to 

ASTM C 136 (2004). 

 

4.2.2 Concrete sand 

Locally available concrete sand in the form of natural pit sand by source was used as the fine 

aggregate (FA). The sand was found as deposits in soil, and obtained by forming pits into the 

soil. The concrete sand was tested for mass passing 75-μm sieve, oven-dry basis bulk density, 

void content, saturated surface-dry basis relative density, absorption, total evaporable 

moisture content, and accelerated mortar bar expansion. Moreover, the sieve analysis was 

performed for the concrete sand in accordance with ASTM C 136 (2004). 

 

4.2.3 Normal portland cement 

Lafarge normal portland cement (C) was used as the main cementing material. It complied 

with the requirements of ASTM Type I (CSA Type 10 or Type GU) cement (ASTM C 150, 

2004; CAN/CSA A3001, 2003). The cement was tested for sieve fineness by 75-μm, 150-μm 

and 325-μm sieves, relative density, Blaine specific surface area, setting time, compressive 

strength, autoclave expansion and air content. It was also tested for the particle size 

distribution and chemical composition. A Malvern Mastersizer was used for the particle size 

analysis by laser diffraction method (ISO 13320-1, 1999). The chemical analysis was 

determined based on ASTM C 114 (2004) to obtain the oxide and compound compositions, 

free lime, insoluble residue and loss on ignition. 

 

4.2.4 Amorphous rice husk ash 

Amorphous (non-crystalline) RHA was used as a supplementary cementing material (SCM). 

It was available in very fine powder form with a grey color. RHA was tested for relative 

density, Blaine specific surface area, accelerated pozzolanic activity, particle size 

distribution, and chemical composition. The accelerated pozzolanic activity was determined 

according to the procedure used for silica fume, as given in ASTM C 1240 (2004). The 

hydrometer method, as mentioned in ASTM D 422 (2004) was applied for the particle size 

analysis of RHA. The borate fusion whole rock analysis by XRF spectrometry was used to 

determine the oxide composition and loss on ignition of RHA (Taggart, Jr. and Siems 2002). 

 66



In addition, the RHA was tested for the sulfur, carbon and chloride contents. The LECO C/S 

Analyzer was used to determine the total sulfur (Brown and Curry 2002a) and carbon (Brown 

and Curry 2002b) contents of RHA by combustion. The chloride content was obtained by the 

pressed powder XRF analysis (Bruker 2004). 

 

4.2.5 Tap water 

The normal tap water was used as the mixing water for preparing the concretes. The quality 

of water was verified with respect to pH, total solids, chlorides, sulfates, and alkalis, which 

were obtained from the tap water analysis conducted by the Regional Municipality of 

Waterloo (2003). The tap water was also tested for the density at the ambient temperature 

(24±20C). 

 

4.2.6 Polycarboxylate-based high-range water reducer 

A polycarboxylate-based HRWR, commercially known as Glenium 3400 NV, was used to 

produce the required flowing ability of concrete. It was available in dark brown liquid form. 

The HRWR was tested to verify whether it complies with the ASTM physical requirements 

with respect to water content, setting time, compressive strength, flexural strength, length 

change and relative durability factor (ASTM C494/C 494M, 2004). It was also tested for 

relative density and solid content. 

 

4.2.7 Synthetic air-entraining admixture 

A synthetic AEA, commercially known as Micro Air, was used to produce the required air 

content in concretes. It was available as brown aqueous solution. The AEA chosen was tested 

to verify whether it conforms to the ASTM physical requirements with respect to bleeding, 

setting time, compressive strength, flexural strength, length change, and relative durability 

factor (ASTM C 260, 2004). It was also tested for relative density and solid content. 

 

4.2.8 Modified polysaccharide-based viscosity-enhancing admixture 

A water-soluble modified polysaccharide-based VEA, commercially known as Rheomac 

VMA 362, was used to improve the segregation resistance of several concretes. It was a 
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Class A VEA according to the classification given by Rixom and Mailvaganam (1999). The 

VEA was available as light brown liquid. 

The ASTM or CSA currently has no standard specification for VEA. Nevertheless, 

the “harmlessness” tests were conducted on the VEA selected with regard to setting time, 

compressive strength, flexural strength, length change and relative durability factor in order 

to identify any adverse effect of Rheomac VMA 362. The VEA was also tested for relative 

density and solid content. 

 

4.3 Characteristics of Concrete Stone 

The concrete stone was characterized by a number of physical properties and gradation 

obtained from sieve analysis before using in concrete. 

 

4.3.1 Physical properties 

The test results for the physical properties of concrete stone are given in Table 4.1. These 

properties indicated that the concrete stone was suitable for use as coarse aggregate in 

producing concretes. The mass finer than 75-μm sieve, mass loss due to unconfined freeze-

thaw, and mortar bar expansion were within the maximum permissible limits set by the 

ASTM or CSA (ASTM C 33, 2004; CSA A23.1, 2004; CSA A23.2, 2004). 

 

Table 4.1: Physical properties of concrete stone 
Property Value Maximum permissible limit 
Mass passing 75-μm sieve* 0.8% 1% (ASTM C33) 
Oven-dry basis bulk density 1670 kg/m3 --- 
Void content 37% --- 
Saturated surface-dry basis relative density 2.71 --- 
Absorption 1.5% --- 
Total evaporable moisture content 0.1% --- 
Mass loss due to unconfined freeze-thaw* 3.0% 6% (CSA A23.1) 
Accelerated mortar bar expansion* 0.08% 0.15% (CSA A23.2) 

* Test results obtained from Peto MacCallum Ltd., Toronto, Ontario, Canada. 
 

The saturated surface-dry basis relative density of concrete stone was 2.71. Most 

natural aggregates possess relative densities between 2.4 to 2.9 (Kosmatka et al. 2002). The 

absorption of concrete stone was 1.5%. The absorption of coarse aggregates usually varies 
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from 0.5 to 4.5% (Neville 1996). Thus, the absorption of concrete stone was in the lower 

range, which is good for concretes. A higher absorption value is indicative of greater pores in 

aggregates that might affect the strength and durability of concretes. 

The oven-dry basis bulk density of concrete stone determined under compacted 

condition was 1670 kg/m3. The bulk density of concrete aggregates generally varies from 

1200 to 1750 kg/m3 (Kosmatka et al. 2002). It includes the pores and voids existing in 

aggregates. The void content of concrete stone computed based on the oven-dry basis bulk 

density was 37%. Thus, the void content obtained represents the percentage of voids between 

compacted aggregates. The void content of coarse aggregates usually ranges from 30 to 45% 

(Kosmatka et al. 2002). 

The concrete stone used was air-dried. There was no free or surface moisture on the 

surface of aggregates. Therefore, the concrete stone contained a negligible amount of total 

evaporable moisture (0.1%). The moisture content of coarse aggregates is generally not 

considered in the primary mixture proportions of concrete. But the moisture content increases 

the quantity of mixing water that produces a higher W/B ratio and thus produces an impact 

on the properties of concrete. Hence, the moisture content of the aggregates should be given 

due allowance to adjust the mixture proportions of concrete. 

 

4.3.2 Gradation 

The gradation of concrete stone obtained from the sieve analysis is presented in Figure 4.1. 

The coefficient of gradation for the gradation curve of concrete stone was 1.12. It indicates 

that the concrete stone used was well-graded. A well-graded material usually provides a 

coefficient of gradation in the range of 1 to 3 (Das 1999). Moreover, the grading of the 

different sizes of concrete stone was between the upper and lower limits specified in ASTM 

C 33 (2004). The predominant portion of the concrete stone was between the coarser sieve 

sizes of 19 and 9.5 mm. Therefore, the fineness modulus of concrete stone was also higher. 

The fineness modulus obtained was 6.78. The fineness modulus of coarse aggregate can vary 

from 6.30 to 6.90 for the acceptable grading range specified by the ASTM (ASTM C 33, 

2004). 

The gradation of concrete stone or coarse aggregates affects the workability or 

flowing ability (filling ability and passing ability) of concrete. This is because it affects the 
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required water and cement contents of concrete. The grading of coarse aggregates also 

influences the segregation resistance of concrete, since the packing conditions of the 

aggregates are affected by the gradation (Neville 1996; Tasi et al. 2006). Thus, poorly graded 

coarse aggregates might have negative effects on the flowing ability and segregation 

resistance of SCHPC. 
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Figure 4.1: Gradation of concrete stone 
 

The gradation also exhibits the maximum size of the coarse aggregates used. The 

nominal maximum size of the concrete stone was 19 mm, as observed during sieve analysis. 

The maximum size of the coarse aggregate influences the water content needed for a given 

flowing ability. An increase in maximum size decreases the required water content. An 

increased maximum size of coarse aggregate also reduces the cement content (Kosmatka et 

al. 2002). Thus, the maximum size of coarse aggregate plays a significant role in mixture 

design of concrete. 

 

4.4 Characteristics of Concrete Sand 

The concrete sand was characterized by means of various physical properties. In addition, the 

gradation of concrete sand was observed by conducting the sieve analysis. 
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4.4.1 Physical properties 

The test results for the physical properties of concrete sand are presented in Table 4.2. The 

physical properties of concrete sand indicated that it was suitable for use to produce the 

concretes. The mass passing 75-μm sieve and accelerated mortar bar expansion of concrete 

sand were below the maximum permissible limits specified by the ASTM or CSA (ASTM C 

33, 2004; CSA A23.2, 2004). 

 

Table 4.2: Physical properties of concrete sand 
Property Value Maximum permissible limit 
Mass passing 75-μm sieve* 1.8%  3 to 5% (ASTM C 33) 
Oven-dry basis bulk density 1860 kg/m3 --- 
Void content 28% --- 
Saturated surface-dry basis relative density 2.62 --- 
Absorption 1.0% --- 
Total evaporable moisture content 0.1% --- 
Accelerated mortar bar expansion* 0.138% 0.15% (CSA A23.1) 

* Test results obtained from Peto MacCallum Ltd., Toronto, Ontario, Canada. 
 

 

The absorption of concrete sand obtained was 1.0%. The absorption of fine aggregate 

generally varies in the range of 0.2 to 3.0% (Neville 1996). Hence, the absorption of concrete 

sand was in the lower range, which is beneficial for concrete properties and durability. 

Furthermore, the absorption of concrete sand was less than that of concrete stone. It indicates 

that concrete sand had less pores than concrete stone. Also, the total evaporable moisture 

content of concrete sand was 0.1%, which is the same as that of concrete stone. The reason 

may be the identical drying condition. 

The oven-dry basis bulk density of concrete sand was 1860 kg/m3, which is greater 

than that of concrete stone. The bulk density of sand is generally higher than that of coarse 

aggregate due to reduced void content. The void content of concrete sand was 28%, which is 

lower than that of concrete stone. The saturated surface-dry basis relative density of concrete 

sand was 2.62, which is less than that of concrete stone. Thus, the concrete sand was slightly 

lighter than the concrete stone. However, the difference between the relative densities of pit 

sand and concrete stone was insignificant (< 4%). A large difference between the relative 

densities of fine and coarse aggregates leads to increased segregation in concrete. 
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4.4.2 Gradation 

The gradation of concrete sand obtained from the sieve analysis is shown in Figure 4.2. The 

coefficient of gradation was 1.03, which is greater than 1. Thus, the concrete sand was 

considered well-graded. Furthermore, the grading of different sizes of concrete sand was 

within the limits specified by the ASTM (ASTM C 33, 2004). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0

20

40

60

80

100

120

0.1 1 10

Sieve size (mm)

%
 F

in
er

Grading of concrete sand
ASTM lower limit
ASTM upper limit

Figure 4.2: Gradation of concrete sand 
 

The nominal maximum size and fineness modulus of concrete sand were obtained 

from the sieve analysis. The nominal maximum size and fineness modulus of concrete sand 

were 4.75 and 2.74, respectively. The fineness modulus indicated that the concrete sand was 

appropriate for producing concrete mixtures. The fineness modulus of sand for use in 

concrete generally varies in the range of 2.4 to 3.2 (ACI 211.4R-93, 2004; Nawy 1996, 

Kosmatka et al. 2002). 

The gradation of sand influences the total surface area of the aggregates that 

determines the water demand as well as affects the compressive strength of concrete mixture 

(Neville 1996). Thus, it influences the mixture design of concrete. Moreover, the sand 
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gradation affects the flow properties of mortar (Hu and Wang 2005), and influences the 

physical packing of constituent materials in concrete (Tasi et al. 2006). Consequently, the 

sand gradation may affect the properties of SCHPC. 

 

4.5 Characteristics of Normal Portland Cement 

The normal portland cement was characterized by determining various physical properties, 

chemical composition and particle size distribution. 

 

4.5.1 Physical properties 

The test results for the physical properties of cement used are shown in Table 4.3. The sieve 

fineness by 45-μm sieve, Blaine specific surface area and compressive strength were above 

the minimum permissible limits where as the time of setting, autoclave expansion and air 

content were below the maximum permissible limits set by the ASTM and CSA (ASTM 

C150, 2004; CSA A23.1, 2004). In addition, the relative density of cement was 3.16. The 

density of portland cement usually varies from 3.10 to 3.25 (Kosmatka et al. 2002). Thus, the 

normal portland cement was physically suitable to produce the concretes for this study. 

 

Table 4.3: Physical properties of normal portland cement 
Property Value Permissible limit 
Relative density 3.16 --- 

Blaine specific surface area: 412 m2/kg ≥ 280 (ASTM C 150) 
% passing 45-μm wet sieve*: 91.5 ≥ 72% (CSA A23.1) 
% passing 75-μm dry sieve: 99.1 --- 

Fineness 

% passing 150-μm dry sieve: 99.9 --- 
Time of setting 
(Vicat)* 

Initial: 132 min 45 – 375 min (ASTM C 150) 

3 days: 26.9 MPa ≥ 14.5 MPa (CSA A23.1) 
7 days: 32.2 MPa ≥ 20 MPa (CSA A23.1) 

Compressive 
strength* 

28 days: 38.8 MPa ≥ 26.5 MPa (CSA A23.1) 
Autoclave 
expansion* 

0.11% ≤ 0.80% (ASTM C 150) 

Air content* 7.2% ≤ 12% (ASTM C 150) 
*Test results obtained from Lafarge North America, Woodstock, Ontario, Canada. 
 

The Blaine specific surface area and both the dry and wet sieve finenesses assist to 

check the ground condition of cement. However, the Blaine specific surface area is widely 
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used to represent the surface fineness of cement. This is better than sieve fineness because it 

provides an idea of uniformity of the fineness. Also, the specific surface area acts as a 

measure for the frequency of the particles of average size. 

The setting time is an indicator of the unsoundness of cement due to storage. The 

compressive strength of cement is used to indicate its contribution to the strength of concrete. 

The autoclave expansion indicates the soundness of cement. The air content indicates the 

suitability of cement for use in air-entrained concretes. The relative density of cement does 

not reflect the quality of cement, but it is used for the design and control of concrete 

mixtures. 

 

4.5.2 Particle size distribution 

The particle size distribution of normal portland cement is shown in Figure 4.3. The cement 

particles were well-graded. The coefficient of gradation was 1.084, which is greater than 1, 

hence indicating a good grading of the cement. 

Most of the cement particles were in the smaller range. Approximately 90% of the 

cement particles were smaller than 45 μm, as can be seen from Figure 4.3. The median size 

of the cement was 15 μm. The particle size distribution is also related to the fineness of 

cement. The greater the amount of smaller cement particles, the higher is the cement 

fineness. A greater amount of smaller particle sizes increases the rate of cement hydration, 

and thus accelerates the strength development in concrete. 

 

4.5.3 Chemical composition 

The chemical composition of cement is shown in Table 4.4. The cement used fulfilled the 

chemical requirements specified by the ASTM and CSA (ASTM C 150, 2004; CAN/CSA 

A3001, 2003). It was mainly composed of the oxides of several metallic elements. The 

cement had magnesium oxide and sulfur trioxide below the maximum permissible limits. But 

the equivalent alkali content was higher than the maximum specified limit. The excessive 

amounts of magnesium oxide and sulfur trioxide make the cement unsound. In addition, the 

cement may cause alkali-aggregate reaction, efflorescence and staining in concrete if the 

alkali content is excessive. However, the limit for alkali content is given for the cement 

intended to be used with potentially reactive aggregates (ASTM C 150, 2004). Since, the 
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aggregates used in the present study were non-reactive, the alkali content of the cement can 

be considered acceptable.  
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Figure 4.3: Particle size distribution of normal portland cement and rice husk ash 
 

The major compounds of the cement are also shown in Table 4.4. The quantities of 

the compounds present in cement were consistent with the typical range (Brandt 1995). The 

cement used also contained a negligible amount of insoluble residue. It largely arises from 

the impurities of gypsum. The loss on ignition of the cement was below the maximum 

permissible limit set by the ASTM (ASTM C 150, 2004). A higher loss on ignition indicates 

pre-hydration and/or carbonation due to the exposure of cement to the atmosphere during 

improper or prolonged storage. 

 

4.6 Characteristics of Amorphous Rice Husk Ash 

The RHA was characterized by means of several physical properties, chemical composition 

and particle size distribution. 
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Table 4.4: Chemical composition of normal portland cement* 
Chemical component Mass content (%) Permissible limit 
Oxide composition 
Silicon dioxide or silica (SiO2) 19.7 --- 
Aluminum oxide or alumina (Al2O3) 5.1 --- 
Iron oxide (Fe2O3) 2.5 --- 
Calcium oxide or lime (CaO) 62.3 --- 
Magnesium oxide or magnesia 
(MgO) 

3.3 ≤ 6% (ASTM C 150) 

Sulfur trioxide or sulfuric anhydrite 
(SO3) 

2.9 3 – 3.5% (ASTM C 150) 

Free lime (FCaO) 1.1 --- 
Equivalent alkalis or alkaline oxides 
(Na2O + 0.658K2O) 

0.72 ≤ 0.6% (ASTM C 150) 

Compound composition 
Tricalcium silicate (C3S) 58 --- 
Dicalcium silicate (C2S) 13 --- 
Tricalcium aluminate (C3A) 9 --- 
Tetracalcium aluminoferrite (C4AF) 8 --- 
Others 
Insoluble residue 0.46 ≤ 1.5% (CSA A23.1) 
Loss on ignition 2.7 ≤ 3% (ASTM C 150) 

* Test results obtained from Lafarge North America, Woodstock, Ontario, Canada. 
 

 

4.6.1 Physical properties 

The results for the tested physical properties are shown in Table 4.5. The relative density of 

RHA was 2.07. It generally varies in the range of 2.05 to 2.10 for most sources of RHA 

(Mehta 2002, Nehdi et al. 2003b). The Blaine specific surface area of RHA was 2326 m2/kg. 

The Blaine air permeability method is not convenient to measure the high specific surface 

area of RHA. However, it was used to obtain the Blaine specific surface area of RHA for 

comparison with normal portland cement. The Blaine specific surface area of RHA was 

about 5.65 times that of normal portland cement. The specific surface area of cementing 

material or binder influences the strength of concrete. The greater the fineness of binder, the 

higher is the strength of concrete. Hence, the higher Blaine specific surface area of RHA 

indicates that it would produce a good development of compressive strength in concrete. In 

contrast, the incorporation of RHA would cause a reduction in the flowing ability of 
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concrete. This is because the increase in specific surface area results in a greater water 

demand and reduces the amount of free water available in concrete mixture. 

 

Table 4.5: Physical properties of rice husk ash 
Property Value 
Relative density 2.07 
Blaine specific surface area 2326 m2/kg 
Accelerated pozzolanic activity 122.4% 

 

The accelerated pozzolanic activity index was 122.4%, which is much higher than 

85%, the minimum requirement for silica fume (ASTM C 1240, 2004). The pozzolanic 

activity of RHA is generally greater than that of other supplementary cementing materials 

such as silica fume (Nehdi et al. 2003b). This is due to extremely high specific surface area 

of RHA. The specific surface area of RHA is much higher than that of fly ash and ground 

granulated blast-furnace slag, and even silica fume. The specific surface area of RHA by 

nitrogen adsorption can be about 1.5 times that of silica fume (Zhang and Malhotra 1996). 

Nevertheless, the high accelerated pozzolanic activity index of RHA indicates that it would 

accelerate the strength development at the early ages of concrete. 

 

4.6.2 Particle size distribution 

The particle size distribution of RHA is shown in Figure 4.3. It was obtained using a soil 

hydrometer based on the principle of Stokes’ law for particle size determination. This method 

is widely used for obtaining an estimate of the distribution of soil particle sizes ranging from 

1 to 75 μm. The range of soil particle sizes for the hydrometer analysis to be valid is 

approximately 0.2 to 200 μm, which also covers the size range of RHA. In addition, the dry 

sample is mixed with distilled water and a small amount of dispersing agent to form the 

suspension for use in hydrometer analysis. A similar sample preparation is also applicable for 

RHA since it does not react with water. 

The RHA particles were well-graded with a coefficient of gradation approximately 1. 

About 85% of the RHA particles were smaller than 20 μm. The median particle size of RHA 

was 6 μm. A median diameter of RHA in the range of 6 to 15 μm is preferred with respect to 

workability and cohesiveness (Mehta 2002). The median particle size of RHA was 2.5 times 

finer than that of cement. The lower particle size of RHA contributes to reduce the bleeding 
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in concrete. A lower particle size increases the density of the paste, and thus lessens the 

bleeding in concrete by obstructing the movement of rising water. The lower particle size of 

RHA also improves the particle packing in binder paste, and thus the compressive of 

concrete. However, the lower particle size of RHA results in increased specific surface area 

that affects the water demand of concrete for a given flowing ability. 

 

4.6.3 Chemical composition 

The chemical composition of RHA is presented in Table 4.6. The major component of RHA 

is silicon dioxide or silica (SiO2). The mass content of silica was more than 90% in RHA. 

This is the main oxide component that contributes to the pozzolanic reaction or secondary 

hydration in concrete including RHA. There were other oxides in insignificant quantities. In 

addition to the oxide components, negligible amounts of sulfur and carbon were present in 

RHA. The RHA was also tested for the chloride content. The amount of chloride found was 

110 g/t (0.011%), which is acceptable. The recommended water-soluble chloride limit is 

typically 0.06% by mass of cementing material to avoid the risk of corrosion in concrete 

(ACI 222R-01, 2004). 

There are no ASTM or CSA chemical requirements for RHA. However, the chemical 

requirements for silica fume can be applied to RHA since they are similar SCMs by chemical 

composition. The maximum permissible loss on ignition and the minimum amount of silica 

required are 6% and 85%, respectively for silica fume (CAN/CSA A3001, 2004). In case of 

RHA, the loss on ignition was less than 6% and the silica content was much higher than 85%. 

Also, the equivalent alkali content of RHA was 0.88%. An equivalent alkali content lower 

than 1% is specified for silica fume to counteract the reactivity of aggregates (CSA A23.2, 

2004). This limit can also be applied to RHA, since its pozzolanic activity is similar to that of 

silica fume. Thus, the RHA was acceptable for use in concrete even with the potentially 

reactive aggregates. 

 

4.7 Quality of Tap Water 

The tap water did not contain any objectionable substances causing color or odor. The 

composition of the tap water obtained from the analysis conducted by the Regional 

Municipality of Waterloo (2003) is shown in Table 4.7. 
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Table 4.6: Chemical composition of rice husk ash* 
Chemical component Mass content (%) 
Oxide composition 
Silicon dioxide or silica (SiO2) 93.6 
Aluminum oxide or alumina (Al2O3) 0.02 
Iron oxide (Fe2O3) 0.80 
Calcium oxide or lime (CaO) 0.38 
Magnesium oxide or magnesia (MgO) 0.34 
Sodium oxide (Na2O) 0.05 
Potassium oxide (K2O) 1.26 
Equivalent alkalis (Na2O + 0.658 K2O) 0.88 
Titanium oxide (TiO2) 0.01 
Phosphorous oxide (P2O5) 0.58 
Manganese oxide (MnO) 0.14 
Chromium oxide (Cr2O3) 0.01 
Vanadium oxide (V2O5) < 0.01 
Others 
Sulfur (S) < 0.01 
Carbon (C) 0.15 
Loss on ignition 1.90 
Chloride (Cl): 110 g/t  

* Test results obtained from SGS Lakefield Research Limited, Ontario, Canada. 
 

 

Table 4.7: Quality of normal tap water* 
Parameter Value contained CSA permissible limit 
Solids 430 mg/L ≤ 50000 mg/L 
Chlorides (Cl-) 80 mg/L ≤ 500 mg/L 
Sulfates (SO4

2-) 55 mg/L ≤ 3000 mg/L 
Sodium (Na+) 30 mg/L --- 
Potassium (K+) 2.5 mg/L --- 
Sodium equivalent 
(Na2O + 0.658K2O) 

42.4 mg/L ≤ 600 mg/L 

pH 7.56 --- 
*Test results obtained from the Regional Municipality of Waterloo. 
 

 

The water was not tested to verify the acceptance criteria based on the physical tests 

for compressive strength and setting time, as specified in ASTM C 94/C 94M (2004). This is 

because the aesthetical and chemical qualities of water were excellent. The total solids, 

chlorides, sulfates and alkalis of water were far below the maximum permissible limit 
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specified by the CSA A23.1 (2004). However, the tap water was tested to determine the 

density required for mixture proportioning process. The density of water found was 997.28 

kg/m3. It was determined at the ambient temperature (240C) since the batching and mixing of 

the concretes were carried out at 24±20C. 

 

4.8 Characteristics of Glenium 3400 NV 

The results for the tested properties of Glenium 3400 NV with respect to the physical 

requirements specified in ASTM C 494/C 494M (2004) are presented in Table 4.8. All 

physical requirements for Type F (HRWR) chemical admixture were fulfilled for Glenium 

3400 NV. Moreover, the relative density and solid content of Glenium 3400 NV were 1.069 

and 41%, respectively. The relative density was used to compute the volume basis dosages of 

HRWR. Also, both relative density and solid content helped to calculate the water 

contribution of HRWR while adjusting the mixing water for various concrete mixtures. 

 

Table 4.8: Physical analysis of Glenium 3400 NV* 
Property Control 

concrete 
Concrete with 
Glenium 3400 NV 

Change 
vs. control 

ASTM 
permissible 
limit 

Water content (kg/m3) 137.6 121.6 88% ≤ 88% 
Setting time (hr:min) 
Initial 4:12 4:10 -0:02 -1:00 to +1:30 
Final 5:35 5:32 -0:03 -1:00 to +1:30 
Compressive strength (MPa) 
1day 9.86 16.3 165% ≥ 140 
3 days 19.6 29.2 149% ≥ 125 
7 days 24.4 31.8 130% ≥ 115 
28 days 32.8 40.4 123% ≥ 110 
6 months 43.0 47.9 111% ≥ 100 
1 year 46.8 49.9 107% ≥ 100 
Flexural strength (MPa) 
3 days 3.3 4.3 130% ≥ 110 
7 days 3.9 5.0 128% ≥ 100 
28 days 5.0 6.1 122% ≥ 100 
Shrinkage, increase over 
control (percentage points) 

0.032 0.038 0.007 ≤ 0.010 

Relative durability factor --- 97% --- ≥ 80% 
*Test results obtained from BASF Construction Chemicals Ltd., Brampton, Ontario, Canada. 
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4.9 Characteristics of Micro Air 

The test results of the physical analysis of Micro Air with regard to the physical requirements 

specified by the ASTM (ASTM C 260, 2004) are presented in Table 4.9. All physical 

requirements of AEAs were fulfilled for Micro Air. Moreover, the relative density and solid 

content of Micro Air determined were 1.01 and 13%, respectively. The relative density of 

Micro Air was close to that of water, thus eased the dispersion of AEA in mixing water. The 

solid content was helpful to identify any unexpected solid impurities in Micro Air. Also, the 

relative density helped to calculate the volume basis dosages of Micro Air. 

 

Table 4.9: Physical analysis of Micro Air* 
Property Control 

concrete 
Concrete with 
Micro Air 

Change 
vs. control 

ASTM 
permissible limit 

Bleeding (% over control) --- 0.06 --- ≤ 2% 
Setting time (hr:min) 
Initial 3:34 3:44 +0:10 -1:15 to +1:15 
Final 4:43 5:05 +0:22 -1:15 to +1:15 
Compressive strength (MPa) 
3 days 23.7 21.7 92% ≥ 90 
7 days 31.0 28.8 93% ≥ 90 
28 days 36.7 36.1 98% ≥ 90 
Flexural strength (MPa) 
3 days 4.1 4.1 100% ≥ 90 
7 days 4.4 4.6 105% ≥ 90 
28 days 5.4 5.3 98% ≥ 90 
Shrinkage, increase over 
control (percentage points) 

0.038 0.039 0.001 ≤ 0.006 

Relative durability factor --- 99% --- ≥ 80% 
*Test results obtained from BASF Construction Chemicals Ltd., Brampton, Ontario, Canada. 
 

 

4.10 Characteristics of Rheomac VMA 362 

The results of “harmlessness tests” are shown in Table 4.10. The results of “harmlessness 

tests” were justified based on several permissible limits specified in ASTM C 494/C 494M 

(2004). The physical requirements for length change (shrinkage) and relative durability factor 

are the same for all chemical admixtures mentioned in this standard specification. It can also 

be applied for a VEA such as Rheomac VMA 362. In addition, the compressive and flexural 
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strength requirements are minimum for Type B (retarding) chemical admixture whereas the 

setting time requirement is minimum for Type A (water reducing) chemical admixture. These 

requirements can also be applied to Rheomac VMA 362 to examine whether it produces any 

adverse effects. 

The results of “harmlessness tests” exhibit that Rheomac VMA 362 was not harmful 

for the properties of concrete. The relative density and solid content of Rheomac VMA 362 

determined were 1.002 and 0.5%, respectively. The relative density was very close to that of 

mixing water. It facilitated the dispersion of Rheomac VMA 362 in concrete. In addition, the 

relative density supported to determine the volume basis dosages of Rheomac VMA 362. 

 

Table 4.10: Physical analysis of Rheomac VMA 362* 
Property Control 

concrete 
Concrete with 
Rheomac 
VMA 362 

Change vs. 
control 

ASTM 
permissible 
limit 

Time of setting (hr:min) 
Initial 4:36 4:45 +0:09 -1:00 to +1:30 
Final 6:16 6:12 -0:04 -1:00 to +1:30 
Compressive strength (MPa) 
3 days 17.0 18.3 108% ≥ 90% 
7 days 22.0 24.2 110% ≥ 90% 
28 days 29.6 32.0 108% ≥ 90% 
6 months 38.0 39.2 103% ≥ 90% 
1 year 41.6 39.3 95% ≥ 90% 
Flexural strength (MPa) 
3 days 3.7 3.5 95% ≥ 90% 
7 days 4.6 4.6 100% ≥ 90% 
28 days 5.7 5.4 95% ≥ 90% 
Shrinkage, increase over 
control (percentage points) 

0.019 0.026 0.007 ≤ 0.010 

Relative durability factor  --- 99% --- ≥ 80% 
*Test results obtained from BASF Construction Chemicals Ltd., Brampton, Ontario, Canada. 
 

 

4.11 Preparation and Testing of Aggregate Blends 

Various aggregate blends were prepared using air-dry basis fine and coarse aggregates, and 

tested to determine compacted and uncompacted or loose bulk densities, and thus to obtain 

the optimum S/A ratio producing maximum bulk density. 
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4.11.1 Preparation of aggregate blends 

The air-dry basis fine and coarse aggregates were mixed by hand using shovel and scoop to 

prepare the aggregate blends. The CA/FA and sand-aggregate (S/A) ratios used in the 

aggregate blends for determining bulk density and optimum S/A ratio are shown in Table 

4.11. The size of these aggregate blends was 20 kg, which was more than 125% of the 

weight-basis quantity required to fill the cylindrical measure used for determining bulk 

density. According to ASTM C29/C 29M (2004), the size of aggregate sample should be 

about 125% to 200% of the quantity needed to fill the measure. 

 

Table 4.11: Details of the aggregate blends used for testing bulk density and optimum sand-
aggregate ratio. 

Aggregate 
blend 

CA/FA 
ratio 

S/A ratio 
[FA/(FA+CA)] 

Aggregate quantities for testing bulk 
density (kg) 

   Coarse aggregate Fine aggregate 
A25 0.25 0.80 4.00 16.00 
A50 0.50 0.67 6.65 13.35 
A75 0.75 0.57 8.60 11.40 
A100 1.00 0.50 10.00 10.00 
A125 1.25 0.45 11.10 8.90 
A150 1.50 0.40 12.00 8.00 
A175 1.75 0.36 12.75 7.25 
A200 2.00 0.33 13.35 6.65 

 

 

4.11.2 Test for bulk density and optimum sand-aggregate ratio 

The bulk density of the aggregate blends was determined in compacted and uncompacted or 

loose conditions. A cylindrical metal measure or container of 7.21 liters capacity was used in 

the measurement. The test procedures given in ASTM C 29/C 29M (2004) were followed to 

determine the compacted and uncompacted bulk densities. In determining the uncompacted 

bulk density, the cylindrical measure was filled with aggregate blends in one layer and 

without any compaction. In contrast, the cylindrical measure was filled in three layers, and 

each layer was compacted by rodding in specified manner to obtain the compacted bulk 

density. In both cases, the filling operation was conducted by means of a scoop. Based on the 

test results for compacted and uncompacted bulk densities, the optimum S/A ratio leading to 

the maximum bulk density was determined. 
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4.12 Properties of Aggregate Blends 

The properties of aggregate blends obtained were compacted, loose or uncompacted and 

maximum bulk densities, and optimum S/A ratio. 

 

4.12.1 Bulk density 

The compacted and uncompacted bulk densities of different aggregate blends obtained for 

various S/A ratios are presented in Figure 4.4. 
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Figure 4.4: Bulk densities of different aggregate blends 
 

 

Compacted bulk density: 

The compacted bulk density was obtained for the compacted aggregate blends. It varied with 

the S/A ratios, as can be seen from Figure 4.4. The compacted bulk density gradually 

increased from 2007.7 to 2091.0 kg/m3 for the S/A ratio varying in the range of 0.33 to 0.50. 
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Then it decreased with the increase in S/A ratio. This suggests that the extent of voids 

between aggregates also varied with different S/A ratios. 

 

Uncompacted bulk density: 

The uncompacted bulk density was obtained for the loose aggregate blends. Similar to 

compacted bulk density, it also varied with the S/A ratios, as can be seen from Figure 4.4. 

The uncompacted bulk density gradually increased from 1837.8 to 1997.3 kg/m3 for the S/A 

ratio varying in the range of 0.33 to 0.50. Also, the curve of uncompacted bulk density 

obtained was below that of compacted bulk density. This is because the uncompacted bulk 

density was lower than the compacted bulk density for all S/A ratios. The lower 

uncompacted bulk density indicates the presence of greater void content in aggregate blends. 

 

Maximum bulk density: 

The bulk density of the aggregate blends reached a maximum value for a particular S/A ratio. 

It was called the maximum bulk density. The compacted and uncompacted maximum bulk 

densities obtained were 2091.0 and 1997.3 kg/m3, respectively. The maximum bulk density is 

accompanied with a minimum void content in aggregate blend that contributes to produce 

low porosity and good compressive strength in concretes. 

 

4.12.2 Optimum sand-aggregate ratio 

The S/A ratio, which resulted in the maximum bulk density in aggregate blends was defined 

as the optimum S/A ratio. For both compacted and uncompacted aggregate blends, the 

optimum S/A ratio found was 0.50, as can be seen from Figure 4.4. 

 

4.13 Use of Properties of Constituent Materials and Aggregate Blends 

The properties of the constituent materials were used to judge their suitability for producing 

paste, mortar and concrete mixtures. In addition, a number of physical properties of the 

materials were used in determining the primary and adjusted mixture proportions of the 

concretes. The sieve analyses of fine and coarse aggregates were useful to identify any 

deviation from the gradation requirement. The chemical compositions of the cementing 

materials were used to check the required proportions of the component compounds, and to 
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examine whether any impurities are present beyond the permissible limits. The particle size 

analyses of the cementing materials were useful to understand their packing characteristics in 

the paste composition of the concretes. 

The bulk density results of aggregate blends were used to determine the optimum S/A 

ratio. The optimum S/A ratio was beneficial to obtain the mixture proportions of various 

SCHPCs. The optimum S/A ratio leading to maximum bulk density was used in the concretes 

to produce low water absorption and porosity, high electrical resistivity and ultrasonic pulse 

velocity, and good compressive strength. In addition, the optimum S/A ratio lessened the 

amount of cementing material required for concretes, and thus made the concrete production 

more economic. 

 

4.14 Conclusions 

a. The constituent materials were suitable for producing the concrete mixtures, as they met 

the specified physical and chemical requirements. 

b. The gradations of fine and coarse aggregates were in the specified range suitable for 

producing concrete mixtures. 

c. The chemical compositions of the cementing materials exhibited that the chemical 

components were in specified proportions and no impurities were present above the 

maximum permissible limits. 

d. The particle size analyses of the cementing materials revealed that both cement and RHA 

were well-graded suggesting good particle packing in the paste composition of concretes. 

e. The maximum compacted and uncompacted bulk densities with minimum void content 

were obtained at the optimum S/A ratio of 0.50. 

f. The optimum S/A ratio was used in the mixture proportioning of concretes to improve the 

hardened properties and durability of concrete. 
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Chapter 5 

Filling Ability of Binder Pastes 

 

5.1 General 

The preparation and testing of various binder pastes, and the test results for the filling ability 

of the binder pastes with respect to flow time are presented and discussed in this chapter. The 

effects of high-range water reducer (HRWR), rice husk ash (RHA), and water-binder (W/B) 

ratio on the filling ability of the binder pastes are discussed. The saturation dosages and water 

reduction capacity of HRWR, and the water demand and suitability of RHA are highlighted. 

Finally, this chapter emphasizes how the paste filling ability results can be used in the 

concrete mixture design process. 

 

5.2 Research Significance 

The filling ability of binder pastes is useful to facilitate the mixture proportioning process of 

self-consolidating high performance concrete (SCHPC). The optimum combination of the 

cement, supplementary cementing material (SCM) and HRWR for an SCHPC mixture can be 

selected based on the filling ability of its binder component. The optimization of cement-

admixture system reduces the volume of laboratory work involved in determining the 

mixture proportions of SCHPC. In addition, it is possible to predict the filling ability of 

SCHPC based on the filling ability of its paste component. Consequently, the whole mixture 

proportioning process becomes simplified, and the loss of materials is minimized. Moreover, 

the effectiveness and suitability of SCM and the efficiency of HRWR to be used in concretes 

can be examined based on the filling ability of the binder pastes. 

 

5.3 Preparation and Testing of Binder Pastes 

Different types of binder paste were prepared and tested to determine the filling ability with 

respect to flow time. The increased flow time correlates with a reduced filling ability of the 

pastes. The water reduction capacity and saturation dosage (SD) of HRWR and the water 
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demand of RHA were also determined based on the filling ability results of various binder 

pastes. 

The binder pastes were designated based on the W/B ratio and RHA content used in 

corresponding parent concretes (Table 5.1). For example, the ‘P30R0S1’ and ‘P30R0S2’ 

designations were chosen for the binder pastes prepared with a W/B ratio of 0.30 and 0% 

RHA content, as used in corresponding parent concrete ‘C30R0A6’. In addition, the ‘S1’ and 

‘S2’ components were used in the designations to categorize the binder pastes under series 1 

and series 2, respectively.   

 

5.3.1 Preparation of binder pastes 

A series of binder pastes (P30R0S1 to P50R0S1), as shown in Table 5.1, was prepared to 

investigate the filling ability at various HRWR dosages, and thus to determine the saturation 

dosages of HRWR. The lower limits of HRWR dosage were selected to produce a continuous 

flow whereas the upper limits were chosen to obtain a flow beyond the saturation flow of 

pastes. The amount of the mixing water (W) for these pastes was 1.571 kg. The amounts of 

cement (C) and RHA were varied based on their proportions in the corresponding parent 

concretes. Another series of binder pastes (P30R0S2 to P50R0S2), as shown in Table 5.2, 

was prepared to test the filling ability for various water contents, and thus to determine the 

water reduction caused by HRWR and the water demand of RHA. The amounts of cement 

and RHA were same as in the first series. However, no HRWR was used to vary the filling 

ability of the pastes. Instead, the mixing water was increased incrementally to increase the 

filling ability of the pastes. The limits of water increment were chosen to produce a 

continuous flow of the pastes with successively lower flow time in the absence of HRWR. 

The binder pastes were prepared using an epicyclic revolving type small mechanical 

mixer conforming to ASTM C 305 (2004). The mixer is shown in Figure 5.1. The nominal 

capacity of the mixing bowl was 4.73 liters. The cementing or binding material (cement 

alone or with RHA) was placed in the mixing bowl and dry mixed for 30 seconds with a 

stainless steel spoon. This step was omitted when RHA was not present in the binder system. 

The mixer was then started and the binding material was mixed with water for 30 seconds. 

Then the mixer was stopped, and the paste was quickly scraped from side and bottom of the 

mixing bowl over a period of 30 seconds. The mixer was restarted and run for 60 seconds. 
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The initial dosage of HRWR was added over a period of 5 to 10 seconds and the mixing was 

continued for 30 seconds. This step was omitted for the second series of binder pastes 

(P30R0S2 to P50R0S2) listed in Table 5.2. Nevertheless, the mixer was stopped again, and 

the paste was scraped from side and bottom of the mixing bowl to break the agglomerates 

over a period of 30 seconds. The mixer was restarted again and run for additional 30 seconds. 

Later, subsequent dosages of HRWR were used to increase the fluidity of the binder pastes 

(from P30R0S1 to P50R0S1) mentioned in Table 5.1. For each incremental HRWR dosage, 

further mixing was conducted for 60 seconds. This step was different for the binder pastes 

(P30R0S2 to P50R0S2) shown in Table 5.2, where the water content was increased 

subsequently instead of adding HRWR. In all mixing stages, the mixer was run at slow speed 

to minimize the entrapped air. 

 

Table 5.1: Details of the binder pastes prepared with various dosages of HRWR (series 1) 
Paste 
 

Parent 
concrete* 

W/B 
ratio 

RHA 
(%B) 

C♠

(kg) 
RHA 
(kg) 

W♣

(kg) 
HRWR 
(%B) 

P30R0S1 C30R0A6 0.30 0 5.237 0 1.571 0.25-2.00 
P30R15S1 C30R15A6 0.30 15 4.451 0.786 1.571 0.75-4.00 
P30R20S1 C30R20A6 0.30 20 4.190 1.047 1.571 0.75-4.00 
P35R0S1 C35R0A4 

C35R0A6 
C35R0A8 

0.35 0 4.489 0 1.571 0.25-2.00 

P35R5S1 C35R5A6 0.35 5 4.265 0.225 1.571 0.25-2.00 
P35R10S1 C35R10A6 0.35 10 4.040 0.449 1.571 0.50-3.00 
P35R15S1 C35R15A4 

C35R15A6 
C35R15A8 

0.35 15 3.816 0.673 1.571 0.50-4.00 

P35R20S1 C35R20A4 
C35R20A6 
C35R20A8 

0.35 20 3.591 0.898 1.571 0.75-4.00 

P35R25S1 C35R25A6 0.35 25 3.367 1.122 1.571 0.75-4.50 
P35R30S1 C35R30A6 0.35 30 3.142 1.347 1.571 0.75-5.00 
P40R0S1 C40R0A6 0.40 0 3.928 0 1.571 0.25-2.00 
P40R15S1 C40R15A6 0.40 15 3.338 0.589 1.571 0.25-2.00 
P40R20S1 C40R20A6 0.40 20 3.142 0.786 1.571 0.50-2.50 
P50R0S1 C50R0A2 

C50R0A6 
0.50 0 3.142 0 1.571 0-1.25 

*Concrete designations are explained in Chapter 7; ♠Cement; ♣Water. 
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Table 5.2: Details of the binder pastes prepared with different increased water contents 
(series 2) 

Paste 
 

Parent 
concrete* 

Initial 
W/B 
ratio 

RHA 
(%B) 

C 
(kg) 

RHA 
(kg) 

Initial W 
(kg) 

Increase in 
water content 
(%W) 

P30R0S2 C30R0A6 0.30 0 5.237 0 1.571 40-80 
P30R15S2 C30R15A6 0.30 15 4.451 0.786 1.571 70-110 
P30R20S2 C30R20A6 0.30 20 4.190 1.047 1.571 80-120 
P35R0S2 C35R0A4 

C35R0A6 
C35R0A8 

0.35 0 4.489 0 1.571 20-60 

P35R5S2 C35R5A6 0.35 5 4.265 0.225 1.571 30-70 
P35R10S2 C35R10A6 0.35 10 4.040 0.449 1.571 40-80 
P35R15S2 C35R15A4 

C35R15A6 
C35R15A8 

0.35 15 3.816 0.673 1.571 50-90 

P35R20S2 C35R20A4 
C35R20A6 
C35R20A8 

0.35 20 3.591 0.898 1.571 60-100 

P35R25S2 C35R25A6 0.35 25 3.367 1.122 1.571 70-110 
P35R30S2 C35R30A6 0.35 30 3.142 1.347 1.571 80-120 
P40R0S2 C40R0A6 0.40 0 3.928 0 1.571 10-50 
P40R15S2 C40R15A6 0.40 15 3.338 0.589 1.571 30-70 
P40R20S2 C40R20A6 0.40 20 3.142 0.786 1.571 40-80 
P50R0S2 C50R0A2 

C50R0A6 
0.50 0 3.142 0 1.571 0-20 

*Concrete designations are explained in Chapter 7 
 

 

5.3.2 Flow cone test 

The filling ability of the binder pastes was investigated by flow cone test. A flow cone 

conforming to ASTM C 939 (2004) was used to measure the filling ability with respect to 

flow time. The calibration volume of the flow cone was 1.725 liters. It had a 19 mm (internal 

diameter) discharge tube at the bottom. The flow cone was leveled, and the discharge tube 

was closed using a rubber stopper. The paste was poured into the flow cone up to the 

calibration mark. The rubber stopper was then removed to allow the paste to flow out of the 

cone. Simultaneously, a stopwatch was started to record the flow time of the paste. The paste 

passing through the discharge tube was collected in a receiving container and transferred to 

the mixer bowl for further mixing with additional HRWR or water to vary the filling ability. 
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In the case of the binder pastes (P30R0S1 to P50R0S1) listed in Table 5.1, several 

incremental dosages of HRWR were added to the paste and the flow time was determined for 

each increment. In contrast, the water content was increased step by step for the binder pastes 

(P30R0S2 to P50R0S2) listed in Table 5.2, and the flow time was determined for each 

increase in water content. An operational stage of the flow cone test is shown in Figure 5.1. 

 

 

 

 

 

 

 

 

 

 Mixer for preparing pastes and mortars Flow cone test for pastes 
 

Figure 5.1: Mixer for preparing binder pastes and testing of paste filling ability 
 

 

5.4 Filling Ability of Binder Pastes 

The results of the flow cone test for various binder pastes under series 1 are presented in 

Figures 5.2 to 5.4. These figures indicate the filling ability of the binder pastes with respect 

to the flow time at various dosages of HRWR. In addition, the flow cone test results for 

various binder pastes under series 2 are shown in Figures 5.5 to 5.7. These figures exhibit the 

filling ability of the binder pastes with regard to flow time with increasing water content at 

no HRWR. 

 

5.4.1 Effect of high-range water reducer 

The effect of HRWR on the filling ability of binder pastes is evident in Figures 5.2 to 5.4. 

The filling ability of the binder pastes was increased, that is, the flow time was decreased 

with increasing dosages of HRWR. This indicates that the plastic viscosity of the binder 
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pastes was gradually reduced, and thus the paste fluidity was increased with greater HRWR 

dosages. This is mostly due to the liquefying and dispersing actions of the HRWR. In 

liquefying action, the HRWR improves the filling ability of the binder pastes with reduced 

yield stress and plastic viscosity. In dispersing action, the HRWR hinders the coagulation or 

flocculation of cement particles and disperses them more evenly, hence enhancing the filling 

ability of the binder pastes through reduced inter-particle friction. 
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Figure 5.2: Flow time of pastes with increased HRWR dosages (W/B = 0.30) 
 

 

5.4.2 Saturation dosages of high-range water reducer 

The rate of increase in the filling ability, that is, the rate of decrease in the flow time of 

binder pastes was diminished with greater HRWR dosages. The increase in filling ability or 

decrease in flow time of the binder pastes was insignificant (0% to 3%) after a certain 

dosage, which was defined as the saturation dosage of HRWR. The flow curves became 

flatter at saturation dosage of HRWR. Thus, it was understood that, beyond saturation 

dosage, the addition of HRWR is no longer effective to increase the filling ability or to 

decrease the flow time of the pastes, as can be seen from Figures 5.2 to 5.4. 
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Figure 5.3: Flow time of pastes with increased HRWR dosages (W/B = 0.35) 
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Figure 5.4: Flow time of pastes with increased HRWR dosages (W/B = 0.40 and 0.50) 
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Figure 5.5: Flow time of pastes with increased water content (initial W/B = 0.30) 
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Figure 5.6: Flow time of pastes with increased water content (initial W/B = 0.35) 
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Figure 5.7: Flow time of pastes with increased water content (initial W/B = 0.40 and 0.50) 
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Figure 5.9: Effect of RHA on the saturation dosages of high-range water reducer 
 

 

The saturation dosages of HRWR were influenced by the W/B ratio and RHA content 

of the binder pastes, as can be seen from Figures 5.8 and 5.9. The decreased W/B ratio and 

the increased RHA content required higher HRWR dosages to achieve the saturation flow of 

the binder pastes. The flocculation forces were greater at lower W/B ratio and higher RHA 

content, thus needed increased HRWR dosages for the dispersion of the cementing materials 

to produce saturation flow of the binder pastes. 

 

5.4.3 Water reduction capacity of high-range water reducer 

The water reduction capacity of HRWR was determined based on the flow time results 

presented in Figures 5.2 to 5.7. The flow time data at various saturation dosages of HRWR 

were obtained from the flow curves shown in Figures 5.2 to 5.4. These flow time data were 

superimposed in the corresponding flow curves shown in Figures 5.5 to 5.7 to obtain the 

increase in water content needed for producing the same paste filling ability without HRWR. 

Then, the water reduction capacity of HRWR was calculated from the following equation: 
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−

=
O
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WW
W                                                                                        (Equation 5.1) 

 

where: 

WR = Water reduction capacity of HRWR (%) 

WHRWR = Water content for the saturation flow time in presence of HRWR 

WO = Water content needed for the same flow time without any HRWR 

 

For example, the flow time of the binder paste with 0.30 W/B ratio and 0% RHA was 

8.67 s at 1.25% saturation dosage of HRWR. In the absence of HRWR, the increase in water 

content needed to produce this flow time was found from Figure 5.5 by linear interpolation. 

The value obtained was 43.7%. Now, the water content used for preparing the binder paste 

with the saturation dosage of HRWR was 1571 g. It implies that (1571×1.437 = 2257.53) g 

of water was required to produce the same flow time without HRWR. Thus, the amount of 

water reduced was (2257.53 - 1571 = 686.53) g that led to (686.53×100/2257.53) = 30.4% 

water reduction. 

The water reduction capacity of HRWR for various binder pastes is presented in 

Figure 5.10. The water reduction varied from 12.4% to 45.7% depending on the saturation 

dosage of HRWR. It is obvious from Figure 5.10 that the water reduction capacity increased 

with the increase in saturation dosage of HRWR. However, the efficiency of HRWR in water 

reduction varied with W/B ratio and RHA content. HRWR was more effective in water 

reduction at lower W/B ratio and higher RHA content, as can be seen from Figure 5.11. The 

lowest water reduction of 12.4% was obtained at the W/B ratio of 0.50 and 0% RHA content. 

Conversely, the water reduction was significantly high (45.7%) at the W/B ratio of 0.30 and 

20% RHA content. This is perhaps due to the enhanced steric repulsion of HRWR molecules 

at higher volume concentration of the cementing materials. 

 

5.4.4 Water demand of rice husk ash 

The water demand of various RHA contents was computed based on the flow time data 

presented in Figures 5.5 to 5.7, which provided the increase in water content needed for the 
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binder pastes with and without RHA to produce the filling ability as given by the saturation 

dosage of HRWR. The following equation was used to calculate the water demand of RHA. 

 

IOIRHAD WWW −=                                                                                                  (Equation 5.2) 

 

where: 

WD = Water demand of RHA (%) 

WIO = Percent increase in water content required for the binder paste without RHA 

WIRHA = Percent increase in water content needed for the binder paste with RHA 
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Figure 5.10: Water reduction capacity for various saturation dosages of HRWR 
 

For example, the increase in water content needed to achieve the saturation flow time 

(8.67 s) in the absence of HRWR was 43.7% for the binder paste with 0.30 W/B ratio and 0% 

RHA, as discussed before (Section 5.4.3). Similarly, the saturation flow time for the binder 
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paste with 0.30 W/B ratio and 15% RHA in the presence of HRWR was obtained from 

Figure 5.2 as 11.95 s. The increase in water content required to attain this flow time in the 

absence of HRWR was found from Figure 5.5 as 73.7%. Hence, the water demand of 15% 

RHA was (73.6% – 43.7%) = 30%. 

The water demand of various RHA contents to achieve the saturation flow is shown in 

Figure 5.12. It is evident from Figure 5.12 that the water demand increased with the increase 

in RHA content. Also, the water demand became greater at lower W/B ratio since the 

quantity of RHA was increased. Nevertheless, the water demand of RHA varied in the range 

of 0% to 55.1% depending on its content used in the binder pastes. The highest water demand 

(55.1%) was observed for 30% RHA content, which was incorporated in a SCHPC mixture 

with the W/B ratio of 0.35. The increased water demand of RHA is mainly attributed to its 

particle characteristics. The smaller particle size and porous honey-comb microstructure of 

RHA resulted in very high specific surface area that demanded a greater amount of water for 

saturation flow. 
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Figure 5.11: Effect of W/B ratio and RHA content on the water reduction capacity of HRWR 
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Figure 5.12: Water demand of RHA for saturation flow of binder pastes 
 

 

5.4.5 Effect of rice husk ash and water-binder ratio 

The flow curves presented in Figures 5.2 to 5.4 showed a shift towards the upward right-hand 

direction as the W/B ratio is reduced and the RHA content is increased. These trends indicate 

that the plastic viscosity of the binder pastes was increased with reduced W/B ratio and 

increased RHA content. 

The effects of RHA and W/B ratio on the filling ability of the binder pastes were 

examined based on the saturation dosages of HRWR. The flow time values of the pastes at 

saturation dosages of HRWR were determined from Figures 5.2 to 5.4, and plotted in Figure 

5.13. The filling ability of the binder pastes was reduced and therefore the flow time value 

became higher with increasing RHA content and lower W/B ratio, as evident in Figure 5.13. 

This is mostly due to the increased volume fraction and wettable surface area of the binder. 

The volume fraction of the binder was increased with lower W/B ratio and higher RHA 

content, which is evident from Figure 5.14. The increase in volume fraction of the binder 
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increases the viscosity of the binder paste. The viscosity of the paste generally increases 

exponentially with the increase in volume fraction of the binder (Struble and Sun 1995, 

Struble et al. 1998). Also, the wettable surface area of the binder affects the viscosity of the 

paste. The viscosity of the paste increases with greater wettable surface area of the binder 

(Nehdi et al. 1998). In the present study, the surface area of the binder used in different 

pastes was calculated based on the Blaine specific surface area of cement and RHA. The 

computed surface areas of the binder with various RHA contents and W/B ratios are plotted 

in Figure. 5.15. It can be seen from Figure 5.15 that the surface area of the binder was 

increased with increasing RHA content and decreasing W/B ratio. Thus, it can be inferred 

that the wettable surface area was increased at lower W/B ratio and higher RHA content. The 

increase in wettable surface area decreases the amount of free water available in the paste. 

Consequently, the fluidity of the paste is decreased and the viscosity becomes higher, thus 

causing a resistance to paste flow. 
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Figure 5.13: Effect of RHA and W/B ratio on the saturation flow time of binder pastes 
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Figure 5.14: Effect of RHA and W/B ratio on the binder volume fraction of pastes 
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Figure 5.15: Effect of RHA and W/B ratio on the surface area of binder 
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The morphology (shape and surface texture) of the RHA particles was also not 

conducive to the filling ability of the binder pastes. The RHA particles are angular and 

cellular with honey-comb microstructure (Zhang and Malhotra 1996), and thus could exhibit 

interlocking characteristics. Therefore, the inter-particle friction becomes higher in the 

presence of RHA. Also, the angular and porous RHA particles require more water than 

rounded non-porous particles, resulting in less free water availability in the paste. Hence, the 

binder paste with higher RHA content exhibited a lower filling ability with greater flow time. 

 

5.5 Suitable Content of Rice Husk Ash 

The test results showed that the presence of RHA affects the filling ability of the binder 

pastes. The filling ability of the binder pastes was reduced with greater RHA content due to 

increased water demand. It was observed that the water demand of RHA became very high 

when its content exceeded 20%. In particular, the water demand of 25% and 30% RHA in 

P35R25S1 and P35R30S1 binder pastes, respectively, were higher than the water reduction 

capacity of the respective saturation dosage of HRWR. This can be seen from Figures 5.10 

and 5.12. It indicates that the water demand of RHA was not fulfilled in P35R25S1 and 

P35R30S1 binder pastes, even with the saturation dosages of HRWR. Hence, the filling 

ability of these binder pastes can be affected. Furthermore, the saturation dosages of HRWR 

became much higher when the RHA content was greater than 20%, as can be seen from 

Figure 5.9. A HRWR dosage more than 3% is usually considered very high for SCHPC 

(Kwan 1999). Very high dosages of HRWR may cause cement setting problem leading to 

delayed hydration. In addition, mixing and handling difficulties were experienced for the 

binder pastes with 20% RHA at 0.30 W/B ratio, and 25 to 30% RHA at 0.35 W/B ratio. 

Based on these standpoints, a RHA content above 15% can be considered unsuitable for the 

pastes and their corresponding parent concretes. 

 

5.6 Use of Filling Ability Results of Binder Pastes 

The filling ability results of the binder pastes exhibited the effects of HRWR, RHA content 

and W/B ratio. The saturation dosages and water reduction capacity of HRWR, and the water 

demand of RHA content were helpful to fix the HRWR dosages for various SCHPC 

mixtures. These results were also useful to judge the suitability of RHA for use in concretes. 
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Moreover, the flow time results of the binder pastes indicated the filling ability of the 

corresponding parent concretes. They were used for establishing the correlation of paste 

filling ability with the filling ability of concretes. 

 

5.7 Conclusions 

a. The filling ability of the pastes was increased, and thus the flow time was decreased with 

greater dosages of HRWR. This is attributed to the efficient liquefying and dispersing 

actions of the HRWR. 

b. The flow time of the pastes was increased with lower W/B ratio and higher RHA content. 

This is due to the increased plastic viscosity caused by a greater volume fraction and 

surface area of the binder. 

c. The lower W/B ratio and higher RHA content increased the flocculation forces, and thus 

required higher dosages of HRWR to achieve the saturation flow of the binder pastes. 

d. The water reduction capacity of HRWR was increased at lower W/B ratio and higher 

RHA content. This is mostly credited to the enhanced steric repulsion of HRWR at higher 

volume concentration of the binder. 

e. The water demand for saturation flow was increased with higher RHA content. This is 

attributed to the extremely high specific surface area arising from the smaller particle size 

and porous honey-comb microstructure of RHA. 

f. A RHA content greater than 15% of binder by weight can be considered unsuitable due to 

excessive water demand, and mixing and handling difficulties. 

g. The optimum HRWR dosage and the suitable RHA content for concretes can be 

determined based on the filling ability of binder pastes, and thus the paste filling ability 

facilitates the mixture proportioning process of SCHPC. 
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Chapter 6 

Filling Ability and Air Content of Mortars 

 

6.1 General 

The preparation and testing of mortars for the filling ability and air content, and their test 

results are presented and discussed in this chapter. The effects of high-range water reducer 

(HRWR), air-entraining admixture (AEA), water-binder (W/B) ratio, and rice husk ash 

(RHA) on the filling ability and air content of the mortars are highlighted. The acceptability 

of saturation dosages of HRWR and the suitability of RHA are discussed. The estimated 

AEA dosages for concretes are also given. Finally, this chapter focuses how the mortar filling 

ability and air content results are useful for the concrete mixtures. 

 

6.2 Research Significance 

The filling ability of mortars as that of binder pastes is useful to support the mixture 

proportioning process of self-consolidating high performance concrete (SCHPC). The 

suitable contents of cement and supplementary cementing material (SCM) and the required 

dosage of HRWR for an SCHPC mixture can be determined based on the filling ability of its 

mortar component. In addition, it is possible to estimate the AEA dosages for SCHPC 

mixtures based on the air content of the mortar components. These processes minimize the 

volume of laboratory work involved in finding the mixture proportions of SCHPC because 

the number of trial mixtures, and thus the loss of materials are greatly reduced. A wide range 

of variables can also be assessed using mortars in a short period. Moreover, the effectiveness 

of HRWR, SCM, and AEA can be observed based on the filling ability and air content of 

mortars. 

 

6.3 Preparation and Testing of Mortars 

Different types of mortars were prepared and tested to examine the filling ability with respect 

to flow spread, to verify the saturation dosages (SDs) of HRWR obtained from flow cone test 

of binder pastes, and to determine the air content for various dosages of AEA. The 
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designations of the mortars are given in Table 6.1 based on the W/B ratio and RHA content 

used in the corresponding parent concrete. For instance, the ‘M30R0S1’ and ‘M30R0S2’ 

designations were selected for the mortars prepared with a W/B ratio of 0.30 and 0% RHA 

content, as used in corresponding parent concrete ‘C30R0A6’. The ‘S1’ and ‘S2’ components 

were used in the designations to categorize the mortars under series 1 (without AEA) and 

series 2 (with AEA), respectively. The supplementary letter ‘a’ or ‘b’ was added right after 

‘S1’ and ‘S2’ in case of several mortars formulated from the concretes with 4 and 8% design 

air content, respectively. Moreover, the letter ‘c’ was used after ‘S1’ for a mortar formulated 

from the concrete C50R0A2 (W/B: 0.50; RHA: 0%) containing 2% entrapped air content. 

 

6.3.1 Preparation of mortars 

A series of mortars (M30R0S1 to M50R0S1c), as given in Table 6.1, was prepared without 

AEA (no air entrainment) to investigate the filling ability at various HRWR dosages, and 

thus examining the effect of RHA and verifying the saturation dosages of HRWR. A second 

series of mortars (M30R0S2 to M50R0S2), as listed in Table 6.1, was prepared with AEA for 

testing air content. The primary mixture proportions of the mortars tested for filling ability 

and air content are shown in Table 6.1. These proportions were calculated based on the 

primary mixture proportions of the corresponding parent concretes. 

The volume of the mortars prepared was 3 liters in both series. The dosages of 

HRWR for the mortars under series 1 were varied in the vicinity of saturation dosages 

obtained from the flow cone test of binder pastes. No AEA was used in the series 1 mortars. 

The dosages of HRWR used for the mortars under series 2 were fixed at the saturation 

dosages. The AEA was added to these mortars to produce the entrained air-voids. For each 

mortar, the dosages of AEA were varied with additional mixing. The limits of AEA dosages 

were chosen to produce the mortar air content in the range of 3.7% to 19.4%, which is 

equivalent to the concrete air content ranging from 2.5% to 12.9%. 

Before batching, the water correction was determined considering the absorption of 

fine aggregate (natural pit sand) and the water contribution of HRWR. Accordingly, the 

proportions of fine aggregate and water were adjusted. These adjustments were required 

since air-dry pit sand and liquid HRWR were used in preparing the mortars. The adjusted 
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mixture proportions of the mortars under series 1 and series 2 are presented in Table 6.2 and 

Table 6.3, respectively. 

 

Table 6.1: Primary mixture proportions of the mortars tested for filling ability and air content 
(series 1 and series 2) 

Mortar type Parent 
concrete* 

FA♠ (kg) C♥ (kg) RHA (kg) W♦ (kg) 

M30R0S1, M30R0S2 C30R0A6 4.030 2.358 0 0.707 
M30R15S1, M30R15S2 C30R15A6 3.914 1.985 0.350 0.701 
M30R20S1, M30R20S2 C30R20A6 3.875 1.862 0.465 0.698 
M35R0S1, M35R0S2 C35R0A6 4.246 2.057 0 0.720 
M35R0S1a, M35R0S2a C35R0A4 4.305 2.024 0 0.708 
M35R0S1b, M35R0S2b C35R0A8 4.186 2.092 0 0.732 
M35R5S1, M35R5S2 C35R5A6 4.212 1.949 0.102 0.718 
M35R10S1, M35R10S2 C35R10A6 4.178 1.841 0.204 0.716 
M35R15S1, M35R15S2 C35R15A6 4.143 1.734 0.306 0.714 
M35R15S1a, M35R15S2a C35R15A4 4.202 1.706 0.301 0.702 
M35R15S1b, M35R15S2b C35R15A8 4.082 1.763 0.311 0.726 
M35R20S1, M35R20S2 C35R20A6 4.109 1.627 0.407 0.712 
M35R20S1a, M35R20S2a C35R20A4 4.169 1.601 0.401 0.701 
M35R20S1b, M35R20S2b C35R20A8 4.048 1.654 0.414 0.724 
M35R25S1, M35R25S2 C35R25A6 4.075 1.521 0.507 0.710 
M35R30S1, M35R30S2 C35R30A6 4.041 1.416 0.607 0.708 
M40R0S1, M40R0S2 C40R0A6 4.414 1.824 0 0.730 
M40R15S1, M40R15S2 C40R15A6 4.321 1.539 0.271 0.724 
M40R20S1, M40R20S2 C40R20A6 4.290 1.445 0.361 0.723 
M50R0S1, M50R0S2 C50R0A6 4.646 1.493 0 0.746 
M50R0S1c♣ C50R0A2 4.440 1.589 0 0.794 

*Designations are given in Chapter 7; ♣Tested for filling ability only; ♠Fine aggregate; 
♥Cement; ♦Water 
 

 

The mortars were prepared using an epicyclic revolving type small mechanical mixer 

used for the binder pastes (Figure 5.1, Chapter 5). The fine aggregate and cementing material 

(cement alone or with RHA) were taken in the mixing bowl, and dry-mixed for 60 seconds 

using a stainless spoon. The mixing water was added into the bowl and a rest period of 30 

seconds was allowed for absorption by the fine aggregate. In case of series 2 mortars, this 

step was followed using the initial dosage of AEA. Then the mixer was started and the initial 

dosage of HRWR was gradually added followed by mixing for 60 seconds. This step was 
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followed using the saturation dosage of HRWR for the second series of mortars (M30R0S2 

to M50R0S2) mentioned in Table 6.3. Later the mixer was stopped, and the mortar was 

quickly scraped from the side and bottom of the mixing bowl over a period of 30 seconds. 

The mixer was restarted and run for 60 seconds. Again, the mixer was stopped, the mortar 

from the bottom and side of the bowl was scraped, and the mortar agglomerates were broken 

if any over a period of 30 seconds. The mixer was restarted again and the mixing was 

continued for 60 seconds. Later, the subsequent dosages of HRWR were used to vary the 

fluidity of the mortars (M30R0S1 to M50R0S1c) mentioned in Table 6.2. For each 

incremental HRWR dosage, further mixing was conducted for 60 seconds. This step was 

different for the mortars (M30R0S2 to M50R0S2) mentioned in Table 6.3, for which 

additional AEA was added instead of HRWR and the mixing was continued for 120 seconds 

for each incremental AEA dosage. 

 

Table 6.2: Adjusted mixture proportions of the mortars tested for filling ability by flow 
mould (series 1) 

Mortar type 
 

Parent 
concrete 

FA (kg) C (kg) RHA (kg) W (kg) HRWR 
(% B) 

M30R0S1 C30R0A6 3.994 2.358 0 0.726 1.00-2.00 
M30R15S1 C30R15A6 3.879 1.985 0.350 0.702 1.50-3.00 
M30R20S1 C30R20A6 3.840 1.862 0.465 0.692 2.00-4.00 
M35R0S1 C35R0A6 4.208 2.057 0 0.746 0.75-1.50 
M35R0S1a C35R0A4 4.267 2.024 0 0.734 0.75-1.50 
M35R0S1b C35R0A8 4.149 2.092 0 0.757 0.75-1.50 
M35R5S1 C35R5A6 4.174 1.949 0.102 0.741 0.75-1.75 
M35R10S1 C35R10A6 4.141 1.841 0.204 0.735 1.00-2.00 
M35R15S1 C35R15A6 4.106 1.734 0.306 0.727 1.25-2.50 
M35R15S1a C35R15A4 4.164 1.706 0.301 0.716 1.25-2.50 
M35R15S1b C35R15A8 4.046 1.763 0.311 0.738 1.25-2.50 
M35R20S1 C35R20A6 4.072 1.627 0.407 0.719 1.50-3.00 
M35R20S1a C35R20A4 4.132 1.601 0.401 0.708 1.50-3.00 
M35R20S1b C35R20A8 4.012 1.654 0.414 0.729 1.50-3.00 
M35R25S1 C35R25A6 4.039 1.521 0.507 0.710 1.75-3.50 
M35R30S1 C35R30A6 4.005 1.416 0.607 0.702 2.50-4.50 
M40R0S1 C40R0A6 4.375 1.824 0 0.761 0.50-1.25 
M40R15S1 C40R15A6 4.282 1.539 0.271 0.750 1.00-2.00 
M40R20S1 C40R20A6 4.252 1.445 0.361 0.745 1.50-2.50 
M50R0S1 C50R0A6 4.605 1.493 0 0.783 0.25-1.00 
M50R0S1c C50R0A2 4.400 1.589 0 0.829 0.25-1.00 
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6.3.2 Flow mould test 

The flow mould test was conducted to investigate the filling ability of the mortars at various 

dosages of HRWR. A standard flow mould conforming to ASTM C 230/C 230M (2004) was 

used to determine the filling ability with respect to flow spread. The flow mould used is 

shown in Figure 6.1. The mould was placed over a leveled plexiglass plate. The mortar was 

placed into the mould in one layer and without any compaction. Then the mould was raised 

vertically without any disturbance, and the mortar was allowed to flow over the plexiglass 

plate. The diameter of the mortar spread was measured at two pairs of right-angle locations 

that divided the flow patty into eight equal segments. The average diameter was used to 

express the flow spread of mortar. An operational stage of the flow mould test is shown in 

Figure 6.1. 

 

Table 6.3: Adjusted mixture proportions of the mortars tested for air content by Chace 
indicator (series 2) 

Mortar type 
 

Parent 
concrete 

FA 
(kg) 

C 
(kg) 

RHA 
(kg) 

W 
(kg) 

HRWR 
(% B) 

AEA 
(ml) 

M30R0S2 C30R0A6 3.994 2.358 0 0.726 1.25 1.0-4.0 
M30R15S2 C30R15A6 3.879 1.985 0.350 0.702 2.50 1.0-4.0 
M30R20S2 C30R20A6 3.840 1.862 0.465 0.692 3.00 1.0-4.0 
M35R0S2 C35R0A6 4.208 2.057 0 0.746 1.00 1.0-4.0 
M35R0S2a C35R0A4 4.267 2.024 0 0.734 1.00 1.0-4.0 
M35R0S2b C35R0A8 4.149 2.092 0 0.757 1.00 1.0-4.0 
M35R5S2 C35R5A6 4.174 1.949 0.102 0.741 1.25 1.0-4.0 
M35R10S2 C35R10A6 4.141 1.841 0.204 0.735 1.50 1.0-4.0 
M35R15S2 C35R15A6 4.106 1.734 0.306 0.727 2.00 1.0-4.0 
M35R15S2a C35R15A4 4.164 1.706 0.301 0.716 2.00 1.0-4.0 
M35R15S2b C35R15A8 4.046 1.763 0.311 0.738 2.00 1.0-4.0 
M35R20S2 C35R20A6 4.072 1.627 0.407 0.719 2.50 1.0-4.0 
M35R20S2a C35R20A4 4.132 1.601 0.401 0.708 2.50 1.0-4.0 
M35R20S2b C35R20A8 4.012 1.654 0.414 0.729 2.50 1.0-4.0 
M35R25S2 C35R25A6 4.039 1.521 0.507 0.710 3.00 1.0-4.0 
M35R30S2 C35R30A6 4.005 1.416 0.607 0.702 3.50 1.0-4.0 
M40R0S2 C40R0A6 4.375 1.824 0 0.761 0.75 1.0-4.0 
M40R15S2 C40R15A6 4.282 1.539 0.271 0.750 1.25 1.0-4.0 
M40R20S2 C40R20A6 4.252 1.445 0.361 0.745 1.50 1.0-4.0 
M50R0S2 C50R0A6 4.605 1.493 0 0.783 0.5 0.5-2.0 
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6.3.3 Chace indicator test 

The Chace indicator test was carried out to determine the air content of the mortars at various 

dosages of AEA. The Chace indicator used is shown in Figure 6.2. The standard procedure 

given in AASHTO T 199 (2004) was followed in determining the air content except for 

filling the brass cup; the mortar was placed into the brass cup without any rodding by thin 

stiff wire. An operational stage of the Chace indicator test is shown in Figure 6.2. 
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Figure 6.1: Test setup and testing of mortar filling ability with respect to flow spread 
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Figure 6.2: Test setup and testing of mortars for air content 
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6.4 Filling Ability of Mortars 

The results of the flow mould test for various mortars are illustrated in Figures 6.3 to 6.7. 

These figures exhibit the filling ability of the mortars with respect to the flow spread at 

various dosages of HRWR. The flow spread varied in the range of 195 to 325 mm for all 

mortars. The bottom diameter of the mortar samples was 100 mm at the start of the test. 

Thus, the mortars spread by 95 to 225 mm for different HRWR dosages. For saturation 

HRWR dosages, the flow spread of the mortars formulated from various SCHPC mixtures 

differed in the range of 238 mm to 317 mm. A mortar flow spread in the range of 275 to 335 

mm generally suggests a slump flow of 550 to 850 mm for SCHPC (Jin and Domone 2002). 

The flow spread of the mortars is controlled by their rheological properties; yield 

stress and plastic viscosity. The flow spread increases with reduced yield stress and plastic 

viscosity (Tanigawa and Mori 1989). The mixture parameters that might affect the yield 

stress and plastic viscosity, and thus the flow spread of mortar are listed in Table 6.4. These 

parameters were computed based on the saturated surface-dry basis mixture proportions of 

the mortars used in the present study. 
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Figure 6.3: Flow spread of various mortars (W/B = 0.30, concrete air content = 6%) 
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Figure 6.4: Flow spread of various mortars (W/B = 0.35, concrete air content = 6%) 
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Figure 6.5: Flow spread of various mortars (W/B = 0.40, concrete air content = 6%) 
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Figure 6.6: Flow spread of various mortars (W/B = 0.35, concrete air content = 4% and 8%) 
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Figure 6.7: Flow spread of various mortars (W/B = 0.50, concrete air content = 2% and 6%) 
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The flow curves presented in Figures 6.3 to 6.5 represent the mortars formulated from 

the concretes with 6% design air content. It was observed that these curves progressively 

shifted towards the downward right-hand and downward direction showing a reduction in 

flow spread. It indicates that the yield stress and plastic viscosity of the mortars represented 

were gradually increased. This is mostly due to the increases in the volume fraction of total 

solids, and specific surface area and volume fraction of binder (Banfill 1994, Vom Berg 

1979, Westerholm 2006). 

 

Table 6.4: Various mixture parameters of the mortars tested for filling ability and air content 
Mortar type 
 

Volume 
fraction of 
total 
solids 
(m3/m3) 

Volume 
fraction 
of sand 
(m3/m3) 

Binder 
volume 
fraction 
(m3/m3) 

Binder 
surface area 
(×103 m2/m3) 

Volume 
fraction 
of paste 
(m3/m3) 

M30R0S1, M30R0S2 0.764 0.514 0.249 323.833 0.486 
M30R15S1, M30R15S2 0.766 0.499 0.266 543.973 0.501 
M30R20S1, M30R20S2 0.766 0.494 0.272 616.243 0.506 
M35R0S1, M35R0S2 0.759 0.542 0.218 282.493 0.458 
M35R0S1a, M35R0S2a 0.763 0.549 0.214 277.963 0.451 
M35R0S1b, M35R0S2b 0.755 0.534 0.221 287.303 0.466 
M35R5S1, M35R5S2 0.760 0.537 0.223 346.747 0.463 
M35R10S1, M35R10S2 0.761 0.533 0.228 411 0.467 
M35R15S1, M35R15S2 0.761 0.529 0.233 475.387 0.471 
M35R15S1a, M35R15S2a 0.765 0.536 0.229 467.667 0.464 
M35R15S1b, M35R15S2b 0.757 0.521 0.237 483.247 0.479 
M35R20S1, M35R20S2 0.762 0.524 0.238 539.003 0.476 
M35R20S1a, M35R20S2a 0.766 0.532 0.234 530.780 0.468 
M35R20S1b, M35R20S2b 0.758 0.516 0.242 548.137 0.484 
M35R25S1, M35R25S2 0.763 0.520 0.243 601.977 0.480 
M35R30S1, M35R30S2 0.763 0.516 0.248 665.090 0.484 
M40R0S1, M40R0S2 0.756 0.563 0.193 250.497 0.437 
M40R15S1, M40R15S2 0.758 0.551 0.207 421.470 0.449 
M40R20S1, M40R20S2 0.758 0.547 0.211 478.343 0.453 
M50R0S1, M50R0S2 0.751 0.593 0.158 205.040 0.407 
M50R0S1c 0.734 0.566 0.168 218.223 0.434 

 

The flow curves illustrated in Figures 6.6 and 6.7 represent the mortars, which were 

formulated from the concretes with different air content. These curves exhibit that 

M35R0S1b, M35R15S1b, M35R20S1b and M50R0S1c provided higher flow spread than 
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M35R0S1a, M35R15S1a, M35R20S1a and M50R0S1, respectively. In particular, the flow 

spread of M50R0S1 was significantly lower than that of M50R0S1c for all HRWR dosages. 

Also, bleeding and a larger sand pile (due to segregation of fine aggregates) appeared at and 

after the saturation dosage of HRWR, and no increase in flow spread was observed. 

Therefore, the mortar M50R0S1 exhibited a different trend in flow curve beyond the 

saturation dosage of HRWR, as evident in Figure 6.7. The increase in the flow spread of 

M35R0S1b, M35R15S1b, M35R20S1b and M50R0S1c is possibly due to the combined 

effect of greater paste volume, lower total solids, and reduced sand content. The decrease in 

total solids and sand content, and the increase in paste volume contribute to reduce the yield 

stress and plastic viscosity (Banfill 1994, Westerholm 2006), leading to increased flow 

spread. Moreover, the sand content affects the amount of free water in mortars. The sand 

particles confine some of the mixing water in mortars. The amount of confined water is 

approximately proportional to the volume content of sand (Okamura and Ozawa 1995). It 

means that a lesser amount of water is confined at reduced sand content. Consequently, a 

greater amount of free water was available in M35R0S1b, M35R15S1b, M35R20S1b and 

M50R0S1c containing lower sand content to improve the filling ability of the mortars. 

 

6.4.1 Effect of high-range water reducer 

The effect of HRWR on the filling ability of the mortars is evident from Figures 6.3 to 6.7. In 

general, the filling ability, that is, the flow spread of the mortars increased with increasing 

dosages of HRWR, and this trend was in agreement with other research findings (Chandra 

and Björnström 2002, Domone 2006). It indicates that the yield stress and plastic viscosity of 

the mortars were reduced and therefore the mortar deformability increased with higher 

dosages of HRWR. This is mainly credited to the liquefying and dispersing actions of the 

HRWR, as discussed in Chapter 5. 

The effect of HRWR on the flow spread of the mortars was also examined by visual 

inspection. The excessive HRWR dosage (equal to or greater than saturation dosage) was not 

conducive to the flow spread of the mortars since it caused bleeding, and bleed water 

appeared at the periphery of the spread for the majority of the mortars, as can be seen from 

Table 6.5. In few cases such as for M50R0S1 and M50R0S1c, the sand pile appeared at the 

centre of the flow spread. 
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Table 6.5: Results of visual inspection of the flow spread of mortars during flow mould test 
Mortar type 
 

Parent 
concrete 

Saturation 
dosage of 
HRWR (%B)* 

Dosage of 
HRWR used 
(%B) 

Observation on flow 
spread  of mortar 

M30R0S1 C30R0A6 1.25 1.00-2.00 Bleeding at and after 
1.5% HRWR 

M30R15S1 C30R15A6 2.5 1.50-3.00 No bleeding 
M30R20S1 C30R20A6 3 2.00-4.00 No bleeding 
M35R0S1 C35R0A6 1 0.75-1.50 Bleeding at and after 

1.25% HRWR 
M35R0S1a C35R0A4 1 0.75-1.50 Bleeding at and after 

1.25% HRWR 
M35R0S1b C35R0A8 1 0.75-1.50 Bleeding at and after 1% 

HRWR 
M35R5S1 C35R5A6 1.25 0.75-1.75 Bleeding at and after 

1.50% HRWR 
M35R10S1 C35R10A6 1.5 1.00-2.00 Bleeding at 2% HRWR 
M35R15S1 C35R15A6 2 1.25-2.50 Bleeding at 2.5% HRWR 
M35R15S1a C35R15A4 2 1.25-2.50 Bleeding at 2.5% HRWR 
M35R15S1b C35R15A8 2 1.25-2.50 Bleeding at 2.5% HRWR 
M35R20S1 C35R20A6 2.5 1.50-3.00 No bleeding 
M35R20S1a C35R20A4 2.5 1.50-3.00 No bleeding 
M35R20S1b C35R20A8 2.5 1.50-3.00 No bleeding 
M35R25S1 C35R25A6 3 1.75-3.50 No bleeding 
M35R30S1 C35R30A6 3.5 2.50-4.50 No bleeding 
M40R0S1 C40R0A6 0.75 0.50-1.25 Bleeding at and after 

0.75% HRWR 
M40R15S1 C40R15A6 1.25 1.00-2.00 Bleeding at and after 

1.75% HRWR 
M40R20S1 C40R20A6 1.5 1.50-3.00 Bleeding at and after 

2.5% HRWR 
M50R0S1 C50R0A6 0.5 0.25-1.00 Bleeding and bigger sand 

pile at and after 0.5% 
HRWR 

M50R0S1c C50R0A2 0.5 0.25-1.00 Bleeding and smaller 
sand pile at and after 
0.5% HRWR 

*Obtained from flow cone test of binder pastes mentioned in Chapter 5 
 

 

6.4.2 Verification of saturation dosages of high-range water reducer 

The saturation dosages obtained from the flow cone test of the binder pastes were verified 

based on the flow spread of the mortars. In general, the increase in flow spread was 
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insignificant (0% to 5.6%) beyond the saturation dosages of HRWR. Furthermore, the 

bleeding occurred in most cases when the HRWR dosages exceeded the saturation dosage. 

This observation justifies the acceptability of the saturation dosages of HRWR obtained from 

the flow cone test of the binder pastes. However, a slight bleeding was even observed for the 

saturation dosages of HRWR in few cases such as for the mortars designated as M35R0S1b, 

M40R0S1, M50R0S1 and M50R0S1c. In addition, a sand pile appeared in the flow spread of 

M50R0S1 and M50R0S1c due to the segregation of fine aggregates. The overall observations 

suggest that the use of HRWR at or above saturation dosage should be avoided to prevent 

bleeding and segregation, and thus to improve the uniformity of mortars. 

 

6.4.3 Effect of water-binder ratio 

The effect of W/B ratio on the filling ability of the mortars was examined based on the flow 

spreads obtained at the saturation dosages of HRWR. The saturation flow spread of the 

mortars corresponding to the parent concretes with 6% design air content were noted from 

Figures 6.3 to 6.5 and 6.7, and plotted in Figure 6.8. It can be seen from Figure 6.8 that the 

saturation flow spread was greater for lower W/B ratio. This is due to larger paste volume 

and reduced sand content. At lower W/B ratio, the paste volume was increased 

simultaneously with the reduced sand content, as can be seen from Table 6.4. The increased 

paste volume and the reduced sand content decrease the yield stress and plastic viscosity of 

the mortars (Banfill 1994, Westerholm 2006), leading to greater flow spread. Also, the 

dispersion of the sand particles was enhanced with reduced sand content and increased paste 

volume. The increased paste volume pushed the sand particle away from each other with 

greater coating thickness of paste (Noguchi and Tomosawa 1999, Yen et al. 1999). Thus, the 

friction among sand particles became lower with higher inter-particle distance, and a greater 

kinetic energy was available to spread the mortar. 

 

6.4.4 Effect of rice husk ash 

The presence of RHA removed the bleeding from the mortars at saturation and higher 

dosages of HRWR, as can be seen from Table 6.5. But the flow spread of the mortars was 

decreased in the presence of RHA, which is obvious from Figure 6.9. Hence, the greater 

HRWR dosages were required at higher RHA contents to obtain the saturation flow spread. 
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For similar reason, the flow curves presented in Figures 6.3 to 6.5 generally showed a shift 

towards the downward right-hand direction, as the RHA content was increased. Such trends 

indicate that the yield stress and plastic viscosity of the mortars were increased with 

increasing RHA content. This is mostly due to the increased volume fraction and surface area 

of the binder caused by RHA. In particular, the surface area of the binder was increased 

predominantly in the presence of RHA. Both yield stress and viscosity of the mortars are 

increased with increasing surface area of the binder (Vom Berg 1979, Westerholm 2006). 

This is linked with the increased water demand of greater surface area that decreases the 

amount of free water available in mortar mixtures. 
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Figure 6.8: Effect of water-binder ratio on the flow spread of mortars 
 

6.5 Air Content of Mortars 

The results of the air content for different mortars are presented in Figures 6.10 to 6.13. The 

air content curves presented in Figures 6.10, 6.11 and 6.13 are for the mortars formulated 

from the concretes with 6% design air content. In contrast, the air content curves shown in 

Figure 6.12 are for the mortars formulated from the concretes with 4 and 8% design air 

contents. In general, the measured air content of the mortars varied from 3.7 to 19.4% for the 
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AEA dosages used in the range of 0.5 to 4 mL. Also, the air content curves shifted to the 

downward direction with increasing RHA content and lower W/B ratio, indicating the 

increased demand of AEA for a given air content. 

 

280

290

300

310

320

0 5 10 15 20 25 30 35

RHA (%B)

S
at

ur
at

io
n 

flo
w

 s
pr

ea
d 

(m
m

)

W/B = 0.30
W/B = 0.35
W/B = 0.40

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.9: Effect of rice husk ash on the flow spread of mortars 
 

The variation in the air content of different mortars, as observed in Figures 6.10 to 

6.13, occurred due to the differences in W/B ratios and RHA contents along with AEA 

dosages. Moreover, the variation in the air content of the mortars presented in Figure 6.12 

was caused by the changes in sand content. The sand content of M35R0S2a, M35R15S2a and 

M35R20S2a was greater than that of M35R0S2b, M35R15S2b, M35R20S2b, respectively, as 

can be seen from Table 6.3. The increase in sand content results in increased yield stress and 

viscosity (Banfill 1994), which reduce the air content. Also, it was observed that the former 

mortars provided lower flow spread than the latter mortars. A reduction in flow spread might 

reduce the air content for a given AEA dosage (Siebel 1989) possibly due to the enhanced 

interaction of the sand particles. Hence, the air content of M35R0S2a, M35R15S2a and 

M35R20S2a was about 1.5 to 2.5% lower than that of M35R0S2b, M35R15S2b and 

M35R20S2b, respectively, as can be seen in Figure 6.12. 
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Figure 6.10: Air content of various mortars (W/B = 0.30, concrete air content = 6%) 
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Figure 6.11: Air content of various mortars (W/B = 0.35, concrete air content = 6%) 
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Figure 6.12: Air content of various mortars (W/B = 0.35, concrete air content = 4% and 8%) 
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Figure 6.13: Air content of various mortars (W/B = 0.40 and 0.50, concrete air content = 6%) 
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6.5.1 Effect of air-entraining admixture 

The air content of the mortars increased with increasing AEA dosages, as can be seen from 

Figures 6.10 to 6.13. The rate of increase was generally greater for the AEA dosages at 3 mL 

and above indicating the formation of more air-voids. It is reflected with the slope of the 

curves that became steeper in most cases at higher AEA dosages between 3 and 4 mL. This is 

perhaps due to the reduced loss of AEA through absorption in sand particles and binding 

materials that occurs at the early stage of mixing. Furthermore, additional air-voids can also 

be produced from the previous dosages with increased mixing time (Kosmatka et al. 2002), 

leading to a greater total air content. 

 

6.5.2 Effect of water-binder ratio 

The air content of the mortars was decreased linearly with lower W/B ratio for all AEA 

dosages, which is obvious from Figure 6.14. This is caused by the increased cement content 

at lower W/B ratio (ACI 212.3R-04, 2004; Whiting and Nagi 1998). An increase in the 

amount of cementing material results in a higher surface area that enhances the yield stress 

and plastic viscosity of paste, and thus causes some loss of air-voids leading to a reduction in 

air content. 

 

6.5.3 Effect of rice husk ash 

The air content of the mortars decreased with the increased RHA content for all AEA 

dosages. In general, the mortar air content was reduced linearly with increasing RHA 

content, as can be seen from Figure 6.15. Also, the reduction in air content due to RHA 

followed a similar trendline for all AEA dosages. The reduction in air content is mostly due 

to the increased surface area of the binder in the presence of RHA. The increased surface area 

of the binder intensifies the viscosity of the paste that tends to collapse some of the air-voids 

with increased internal pressure (Khayat and Assaad 2002). In addition, the increased RHA 

content required higher dosages of HRWR. The HRWR molecules impede the attachment of 

entrained air-voids onto the binding materials by reducing the attachment sites (Khayat and 

Assaad 2002). Thus, the air content of the mortars can be reduced with increased RHA 

content. 
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Figure 6.14: Effect of W/B ratio on the air content of mortars 
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Figure 6.15: Effect of RHA content on the air content of mortars 
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6.6 Suitable Content of Rice Husk Ash 

The reduction in the filling ability of the mortars was significant for a RHA content greater 

than 20% although it practically eliminated the bleeding. However, it depended on the W/B 

ratio of the mortars. The water demand for 20% RHA was higher at lower water W/B ratio. 

For this reason, 20% RHA caused a significant reduction in the flow spread of mortars at 

0.30 and 0.35 W/B ratios. In comparison, the minimum reduction in flow spread was 

observed at 0.40 W/B ratio, as can be seen from Figures 6.5 and 6.9. Also, it can be inferred 

based on Figures 6.4 and 6.9 that the yield stress and plastic viscosity became very high at 25 

and 30% RHA, resulting in a significant reduction in the flow spread of mortar. Therefore, 

relatively high HRWR dosages were required to achieve the saturation flow spread for these 

two cases. The overall flow spread results suggest that a RHA content greater than 20% is 

not effective for the filling ability of mortar. In addition, the demand for the AEA dosages for 

a given air content was comparatively high for 20% and greater RHA contents. Also, 

handling and mixing difficulties were experienced for the mortars with a RHA content higher 

than 15%, particularly at lower W/B ratios. Therefore, a RHA content greater than 15% may 

not be suitable to achieve the target filling ability of mortars and their corresponding parent 

concretes. 

 

6.7 Estimated Dosages of Air-entraining Admixture for Concretes 

The dosages of AEA required to produce a given air content in concretes were estimated 

based on the air content results of the mortars. For this, the concrete air content was 

converted into the equivalent mortar air content. Since the entrapped air content of the 

concrete is not produced from the AEA dosage, it was deducted from the specified concrete 

air content. The entrapped air content of concretes generally varies in the range of 1 to 3% 

(Kosmatka et al. 2002). Therefore, an average amount of entrapped air (2%) was subtracted 

from the specified concrete air content before converting it into equivalent mortar air content. 

Also, the entrapped air content of the mortars was not included while computing the 

equivalent mortar air content since the entrapped air is minimized when the mortars are 

produced at the slow speed of the mixer (Kim and Robertson 1997). The following equation 

was used to determine the equivalent mortar air content of the concretes (ASTM C231, 

2004):  
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where: 

Ame = Equivalent air content of the mortar (%) 

Ac = Entrained air content of the concrete (%) 

Vc = Air-free absolute volume of the concrete (m3) 

Vm = Air-free absolute volume of the mortar component of concrete (m3) 

 

The AEA dosages needed for the equivalent mortar air contents were calculated using 

the air content curves presented in Figures 6.10 to 6.13. These AEA dosages are applicable 

for the pure mortars, which were prepared separately instead of taking them from the 

concrete mixtures during testing of the air content by Chace indicator. Hence, they were 

corrected by multiplying with the actual air-free volume fraction of the mortar present in 

concrete. Equation 6.2 was applied to estimate the AEA dosages for the concretes. The 

estimated AEA dosages are shown in Table 6.6. 
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ce B
RD

D φ                                                                                       (Equation 6.2) 

 

where: 

B = Binder content of mortar (kg) 

Dce = Estimated AEA dosage for the specified air content of concrete (%B) 

Dme = AEA dosage for the equivalent air content of mortar (mL) 

Rd = Relative density of AEA 

φmc = Volume fraction of the mortar component in concrete (m3/m3) 

 

6.8 Use of Filling Ability and Air Content Results of Mortars 

The filling ability results primarily revealed the effects of HRWR, RHA content, and W/B 

ratio or binder content on the flow spread of mortars. In addition, the flow spread of several 

mortars showed the effect of sand content. These results were useful to verify the saturation 
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dosages of HRWR obtained from the flow cone test of the binder pastes, and to decide the 

HRWR dosages for various SCHPC mixtures. It was understood that a HRWR dosage less 

than its saturation dosage usually should be used to improve the uniformity of concretes 

without any bleeding and segregation of coarse aggregates. Therefore, the HRWR dosages in 

the range of 70 to 80% of saturation dosages were selected for use in SCHPC mixtures 

except for C50R0A2 and C50R0A6. The saturation dosage was intentionally used in 

C50R0A2 to investigate the performance of segregation column apparatus. The flow spread 

results of the mortars were also helpful to observe the effectiveness of HRWR and the 

suitability of RHA for the required filling ability of concretes. On the other hand, the air 

content results of the mortars were used to estimate the AEA dosages for various air-

entrained SCHPC mixtures. These processes minimized the number of trial mixtures 

involved in the mixture design of concretes. 

 

Table 6.6: Estimated AEA dosages for various concrete mixtures 
Concrete 
type 

W/B 
ratio 

Binder content 
(kg/m3) 

RHA content 
(%B) 

Design air 
content (%) 

AEA dosage 
(%B) 

C30R0A6 0.30 492.7 0 6 0.030 
C30R15A6 0.30 492.7 15 6 0.045 
C30R20A6 0.30 492.7 20 6 0.052 
C35R0A6 0.35 422.3 0 6 0.022 
C35R0A4 0.35 422.3 0 4 0.015 
C35R0A8 0.35 422.3 0 8 0.031 
C35R5A6 0.35 422.3 5 6 0.026 
C35R10A6 0.35 422.3 10 6 0.030 
C35R15A6 0.35 422.3 15 6 0.043 
C35R15A4 0.35 422.3 15 4 0.023 
C35R15A8 0.35 422.3 15 8 0.072 
C35R20A6 0.35 422.3 20 6 0.051 
C35R20A4 0.35 422.3 20 4 0.027 
C35R20A8 0.35 422.3 20 8 0.078 
C35R25A6 0.35 422.3 25 6 0.060 
C35R30A6 0.35 422.3 30 6 0.070 
C40R0A6 0.40 369.5 0 6 0.013 
C40R15A6 0.40 369.5 15 6 0.041 
C40R20A6 0.40 369.5 20 6 0.049 
C50R0A6 0.50 296.8 0 6 0.008 
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6.9 Conclusions 

a. The filling ability of the mortars with respect to flow spread was increased with greater 

dosages of HRWR, which improved the deformability of mortar by its liquefying and 

dispersing actions. 

b. The increase in mortar flow spread was not significant beyond the saturation dosages of 

HRWR obtained from the flow cone test of binder pastes. In most cases the bleeding and 

in few cases the sand pile appeared when the HRWR dosage used was equal to and 

higher than saturation dosage. 

c. Excessive dosages of HRWR caused bleeding, which was minimized or eliminated in the 

presence of RHA that reduced the amount of free water available in mortar mixture due 

to increased water demand. 

d. The filling ability, that is, the flow spread of the mortars was increased with lower W/B 

ratio due to larger paste volume and reduced sand content. 

e. The filling ability of the mortars with regard to flow spread was decreased with higher 

RHA content due to the increased volume fraction and surface area of the binder. 

f. A RHA content greater than 20% reduced the flow spread of mortar significantly, 

suggesting it might be unsuitable to achieve the required filling ability of concrete. Also, 

the demand for the AEA dosages for a given air content was relatively high for 20% and 

greater RHA contents. 

g. The filling ability and air content of the mortars were influenced by their mixture 

composition, particularly, the sand and cement contents affected the flow spread and air 

content of the mortars by affecting their yield stress and plastic viscosity. 

h. The air content of the mortars increased with the increase in AEA dosage due to the 

formation of greater air-voids, and decreased with lower W/B ratio and higher RHA 

content due to the increases in binder content, binder surface area and HRWR dosage. 

i. The filling ability and air content of the mortars facilitate the mixture proportioning 

process of concretes to set the necessary HRWR dosages, to estimate the required AEA 

dosages, and to select a suitable RHA content. 
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Chapter 7 

Mixture Proportions of Concretes 

 

7.1 General 

The design of self-consolidating high performance concrete (SCHPC) mixtures including the 

variables and constraints are presented and discussed in this chapter. In addition, this chapter 

presents the design approach, describes different types of SCHPC, and gives their primary 

and adjusted mixture proportions and the dosages of various chemical admixtures such as 

high-range water reducer (HRWR), air-entraining admixture (AEA) and viscosity-enhancing 

admixture (VEA). 

 

7.2 Design of Concrete Mixtures 

Different types of SCHPC mixtures were designed with various water-binder (W/B) ratios 

and rice husk ash (RHA) contents. All SCHPC mixtures designed were air-entrained except 

for one. The non-air-entrained concrete was mainly designed for using in the development of 

segregation column apparatus. 

 

7.2.1 Design variables and constraints 

The variables and constraints for different concrete mixtures are shown in Table 7.1. The 

major design variables for the concrete mixtures were W/B ratio or binder (cement plus 

RHA) content, RHA content and air content. The other variables were the dosages of HRWR 

and AEA, and the mixing time of concrete. The dosages of HRWR were varied for different 

concrete mixtures to achieve a slump flow in the range of 600 to 800 mm. The HRWR 

dosages were mainly dependent of the W/B ratio or binder content and RHA content used. 

The dosages of AEA also varied for different concrete mixtures, depending on the required 

air content and the W/B ratio and RHA content used. 

The major constraints for the concrete mixtures were the slump and slump flow. A 

minimum slump of 250 mm and a minimum slump flow of 600 mm were considered to 

produce the SCHPC mixtures. The optimum sand-aggregate (S/A) ratio was also used in all 
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concrete mixtures. The type and source of the constituent materials and the nominal 

maximum size of fine and coarse aggregates were kept unchanged. A minimum total air 

content of 4% and a minimum 28 days compressive strength of 40 MPa were considered for 

all air-entrained concrete mixtures. In addition, a maximum sieve segregation of 18%, and a 

maximum column segregation of 20% were set for the acceptable static segregation 

resistance of the concrete mixtures. 

 

Table 7.1: Variables and constraints for different types of concrete mixture 
Variables 

a. W/B ratios: 0.30, 0.35, 0.40, 0.50 by weight 
b. Binder content: 295 to 495 kg/m3 
c. RHA content: 0 to 30% of total binder by weight 
d. Total air content: 2 to 8% 
e. HRWR dosage: 0.50 to 2.45% of binder by weight 
f. AEA dosage: 0 to 0.085% of binder by weight 
g. VEA dosage: 0 to 1.00% of binder by weight 
h. Net mixing time: 7 to 13 minutes 

Constraints 
a. Type and source of the constituent materials of concrete 
b. Nominal maximum size of fine aggregates: 4.75 mm 
c. Nominal maximum size of coarse aggregates: 19 mm 
d. Minimum slump: 250 mm 
e. Minimum slump flow: 600 mm 
f. Minimum total air content for fresh air-entrained concrete: 4% 
g. Minimum compressive strength at 28 days: 40 MPa 
h. Optimum S/A ratio: 0.50 
i. Maximum sieve segregation: 18% 
j. Maximum column segregation: 20% 

 

 

7.2.2 Design approach 

The SCHPC mixtures were designed using the W/B ratios of 0.30, 0.35, 0.40 and 0.50 to 

achieve the target compressive strength in the range of 40 to 100 MPa. These W/B ratios 

were selected based on the recommendation of Lessard et al. (1995) for mixture design of 

air-entrained high performance concrete. The RHA was used in SCHPC mixtures as a 

supplementary cementing material substituting 0 to 30% of cement by weight. The design air 

content was 6% for the majority of SCHPC mixtures. The design air content was 4 to 8% for 

the SCHPC mixtures tested for air-void stability. In addition, 2% design air content 
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(entrapped air content) was considered for the non-air-entrained SCHPC mixture with 0.50 

W/B ratio and 0% RHA content. 

The quantity of the mixing water for SCHPC mixtures with 0.30 to 0.40 W/B ratios 

was estimated and adjusted based on the ACI guideline for mixture design of high strength 

concrete given in ACI 211.4R-93 (2004). In this case, a minimum slump of 75 to 100 mm 

specified without any HRWR was considered for the first estimate of mixing water 

requirement. The mixing water for the SCHPC mixtures with 0.50 W/B ratio was estimated 

according to the CAC guideline (Kosmatka et al. 2002). In this case a minimum slump of 25 

to 50 mm was considered for the first estimate of mixing water prior to the addition of any 

HRWR. In addition, the optimum S/A ratio of 0.50, as obtained from the testing of various 

aggregate blends, was used to design the SCHPC mixtures. The HRWR was used in all 

concretes to obtain the required filling ability and passing ability. The AEA was incorporated 

to obtain the concrete air content in the range of 4% to 8%. Moreover, the VEA was used in a 

limited number of concrete mixtures to improve their stability with increased segregation 

resistance. 

 

7.2.3 Various types of concrete mixture 

In total, twenty one different types of SCHPC mixtures were designed. The designation and 

description of the concrete mixtures are presented in Table 7.2. The concrete mixtures were 

designated based on the W/B ratio, RHA content, and design air content used. For example, 

the ‘C30R0A6’ designation was used for a concrete prepared with a W/B ratio of 0.30, 0% 

RHA content, and 6% design air content. 

 

7.3 Mixture Proportions 

The mixture proportions of various SCHPCs were determined based on the absolute volume 

method. At first, the primary mixture proportions were determined considering the design air 

content and the absolute volumes of fine and coarse aggregates, binder (cement pus RHA), 

and water. Then, the dosages of chemical admixtures (HRWR, AEA and VEA) were 

decided, the water correction was done, and finally the adjusted mixture proportions were 

determined for concrete batching. 
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7.3.1 Primary mixture proportions 

The primary mixture proportions of various SCHPCs were determined based on the 

following procedure: 

Step 1: Deciding the W/B ratio based on the expected compressive strength. 

Step 2: Estimation of the mixing water requirement for concretes. 

Step 3: Computation of the quantity of binder from W/B ratio and mixing water. 

Step 4: Calculation of the cement and RHA contents based on the quantity of total binder and 

the weight replacement level of cement by RHA. 

Step 5: Determination of the relative proportions of concrete stone and concrete sand in total 

aggregates based on the optimum S/A ratio. 

Step 6: Calculation of the quantity of total aggregates, and thus the proportions of concrete 

stone and sand using absolute volume method. 

 

Table 7.2: Designation and description of the concrete mixtures 
Binder (B) Concrete type W/B ratio 
C* (%B) RHA (%B) 

Design air 
content (%) 

C30R0A6 0.30 100 0 6 
C30R15A6 0.30 85 15 6 
C30R20A6 0.30 80 20 6 
C35R0A6 0.35 100 0 6 
C35R0A4 0.35 100 0 4 
C35R0A8 0.35 100 0 8 
C35R5A6 0.35 95 5 6 
C35R10A6 0.35 90 10 6 
C35R15A6 0.35 85 15 6 
C35R15A4 0.35 85 15 4 
C35R15A8 0.35 85 15 8 
C35R20A6 0.35 80 20 6 
C35R20A4 0.35 80 20 4 
C35R20A8 0.35 80 20 8 
C35R25A6 0.35 75 25 6 
C35R30A6 0.35 70 30 6 
C40R0A6 0.40 100 0 6 
C40R15A6 0.40 85 15 6 
C40R20A6 0.40 80 20 6 
C50R0A6 0.50 100 0 6 
C50R0A2 0.50 100 0 2 

*Normal portland cement 
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The absolute volumes of the HRWR, AEA and VEA were not taken into account to 

calculate the primary mixture proportions. This is because these chemical admixtures were 

used as additives to the primary concrete mixtures. The primary mixture proportions of the 

concretes are shown in Table 7.3. 

 

Table 7.3: Details of the primary concrete mixture proportions 
Concrete type CA* 

(kg/m3) 
FA♣

(kg/m3) 
C 
(kg/m3) 

RHA 
(kg/m3) 

W♠

(kg/m3) 
C30R0A6 846.3 842.2 492.7 0 147.8 
C30R15A6 829.9 825.8 418.8 73.9 147.8 
C30R20A6 824.4 820.3 394.2 98.5 147.8 
C35R0A6 876.1 871.8 422.3 0 147.8 
C35R0A4 902.7 898.3 422.3 0 147.8 
C35R0A8 849.4 845.2 422.3 0 147.8 
C35R5A6 871.4 867.1 401.2 21.1 147.8 
C35R10A6 866.7 862.4 380.1 42.2 147.8 
C35R15A6 862.0 857.8 359.0 63.3 147.8 
C35R15A4 888.6 884.2 359.0 63.3 147.8 
C35R15A8 835.3 831.2 359.0 63.3 147.8 
C35R20A6 857.3 853.1 337.8 84.5 147.8 
C35R20A4 883.9 879.5 337.8 84.5 147.8 
C35R20A8 830.6 826.5 337.8 84.5 147.8 
C35R25A6 852.6 848.4 316.7 105.6 147.8 
C35R30A6 847.9 843.7 295.6 126.7 147.8 
C40R0A6 898.4 894.0 369.5 0 147.8 
C40R15A6 886.0 881.7 314.1 55.4 147.8 
C40R20A6 881.9 877.6 295.6 73.9 147.8 
C50R0A6 928.3 923.7 296.8 0 148.4 
C50R0A2 940.1 935.5 334.8 0 167.4 

*Coarse aggregate; ♣Fine aggregate; ♠Normal tap water  

 

 

7.3.2 Dosages of chemical admixtures 

The dosages of chemical admixtures such as HRWR, AEA and VEA were selected to 

produce the required flowing ability (filling ability and passing ability), air content, and 

segregation resistance, respectively. The HRWR dosages for the concretes were set based on 

the saturation dosages (SDs) of HRWR. The saturation dosages of HRWR were obtained 

from the filling ability test results of the pastes, as discussed in Chapter 5. The AEA dosages 
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needed for the concretes were fixed based on the estimated AEA dosages obtained from the 

air content test results of the mortars, as shown in Chapter 6. In addition, the dosages of VEA 

were selected for the limited number of concrete mixtures according to the guideline of the 

manufacturer. The dosages of HRWR, AEA and VEA used for the concretes are shown in 

Table 7.4. The dosages of the chemical admixtures shown were applied as a single addition 

except for the HRWR dosages used for C35R0A4, C35R0A8, C35R15A4, C35R15A8, 

C35R20A4, and C35R20A8, which were tested for the air-void stability in fresh concretes. 

For these concretes, the HRWR dosages were used as several split additions to maintain 

similar slump and slump flow during different test stages so that their effects on the air 

content of concrete were minimized. 

 

 

Table 7.4: Various mass dosages of HRWR, AEA and VEA 
Dosage of HRWR Concrete type 
%SD* %B 

Dosage of AEA 
(%B) 

Dosage of VEA 
(%B) 

C30R0A6 70 0.875 0.026 --- 
C30R15A6 70 1.75 0.047 --- 
C30R20A6 70 2.10 0.056 --- 
C35R0A6 70 0.70 0.020 --- 
C35R0A4 70+10×3 0.70+0.10×3 0.016 --- 
C35R0A8 70+10×3 0.70+0.10×3 0.026 --- 
C35R5A6 70 0.875 0.025 --- 
C35R10A6 70 1.05 0.035 0 - 0.923  
C35R15A6 70 1.40 0.045 0 - 0.923 
C35R15A4 70+10×3 1.4+0.20×3 0.031 --- 
C35R15A8 70+10×3 1.4+0.20×3 0.072 --- 
C35R20A6 70 1.75 0.054 --- 
C35R20A4 70+10×3 1.75+0.25×3 0.036 --- 
C35R20A8 70+10×3 1.75+0.25×3 0.083 --- 
C35R25A6 70 2.10 0.070 --- 
C35R30A6 70 2.45 0.080 --- 
C40R0A6 80 0.60 0.011 --- 
C40R15A6 80 1.00 0.040 --- 
C40R20A6 80 1.20 0.051 --- 
C50R0A6 100 0.50 0.006 --- 
C50R0A2 100 0.50 0 --- 

*Saturation dosage of HRWR 
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7.3.3 Adjusted mixture proportions 

The primary mixture proportions of fine and coarse aggregates obtained were on the basis of 

saturated surface-dry condition. However, the air-dry basis fine and coarse aggregates were 

used in preparing the concrete mixtures. Therefore, they absorbed some mixing water during 

concrete batching. In addition, the liquid HRWR contributed some water to the mixing water. 

Thus, the water corrections were made considering the absorption of aggregates and the 

water contribution of HRWR to obtain the accurate proportion of the mixing water. 

Moreover, the proportions of fine and coarse aggregates were adjusted based on their 

absorption and moisture content. The adjusted mixture proportions of the concretes are 

shown in Table 7.5. 

 

 

Table 7.5: Details of the adjusted concrete mixture proportions 
Concrete type CA 

(kg/m3) 
FA 
(kg/m3) 

C 
(kg/m3) 

RHA 
(kg/m3) 

W 
(kg/m3) 

C30R0A6 834.7 834.7 492.7 0 163.4 
C30R15A6 818.4 818.4 418.8 73.9 159.4 
C30R20A6 813.0 813.0 394.2 98.5 157.8 
C35R0A6 864.0 864.0 422.3 0 165.2 
C35R0A4 890.3 890.3 422.3 0 165.7 
C35R0A8 837.7 837.7 422.3 0 164.5 
C35R5A6 859.4 859.4 401.2 21.1 164.5 
C35R10A6 854.7 854.7 380.1 42.2 163.8 
C35R15A6 850.1 850.1 359.0 63.3 162.4 
C35R15A4 876.4 876.4 359.0 63.3 162.9 
C35R15A8 823.8 823.8 359.0 63.3 161.9 
C35R20A6 845.5 845.5 337.8 84.5 161.1 
C35R20A4 871.7 871.7 337.8 84.5 161.6 
C35R20A8 819.2 819.2 337.8 84.5 160.4 
C35R25A6 840.8 840.8 316.7 105.6 159.7 
C35R30A6 836.2 836.2 295.6 126.7 158.3 
C40R0A6 886.0 886.0 369.5 0 166.6 
C40R15A6 873.8 873.8 314.1 55.4 165.2 
C40R20A6 869.8 869.8 295.6 73.9 163.4 
C50R0A6 915.5 915.5 296.8 0 169.4 
C50R0A2 927.2 927.2 334.8 0 187.6 
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7.4 Concluding Remarks 

The concrete mixtures were designed using the W/B ratios varying from 0.30 to 0.50, RHA 

content ranging from 0 to 30% of binder by weight, and an optimum S/A ratio of 0.50. The 

primary mixture proportions were computed based on the absolute volumes of the constituent 

materials. The dosages of HRWR were fixed based on the saturation dosages obtained from 

the flow cone test of binder pastes. The dosages of AEA were estimated using the air content 

results of the mortar components of corresponding parent concretes. The VEA dosages were 

fixed based on the manufacture’s guideline. 
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Chapter 8 

Properties of Freshly Mixed Self-consolidating High Performance 

Concretes 

 

8.1 General 

This chapter describes the preparation and testing of various freshly mixed self-consolidating 

high performance concretes (SCHPCs). The test results for various fresh properties of 

different SCHPCs, and for the air void-stability in several freshly mixed SCHPCs are also 

presented and discussed. A simplified single-operator inverted slump cone apparatus 

including the performance criteria for filling ability and passing ability has been introduced. 

The effects of water-binder (W/B) ratio, rice husk ash (RHA), high-range water reducer 

(HRWR), and air content are highlighted. The effects of re-mixing and filling ability on the 

air-void stability are also discussed. In addition, a number of correlations for the flow times 

of paste and concrete, flow spread of mortar and slump flow of concrete, various filling 

ability and passing ability properties, and estimated and actual dosages of AEA are shown. 

This chapter also provides an empirical model for the filling ability with regard to slump 

flow, and discusses its validity and application. Finally, this chapter gives the optimum RHA 

content of SCHPC. 

 

8.2 Research Significance 

The filling ability and passing ability are two essential properties of SCHPC. They must be 

carefully maintained in concretes to achieve self-consolidation capacity (self-compactability). 

The air-void stability in SCHPC is also essential to provide sufficient freeze-thaw resistance. 

The performance of various SCHPCs incorporating RHA was investigated with respect to 

different fresh properties, particularly filling ability and passing ability. In addition to several 

known techniques, a simplified single-operator inverted slump cone apparatus was proposed 

to assess the filling ability and passing ability. The correlations for different filling ability 

and passing ability properties are highlighted. Also, the air-void stability in fresh SCHPC is 
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discussed. The test results give the effect of RHA on various fresh properties and air-void 

stability, and suggest an optimum RHA content for SCHPC. Based on the slump flow results, 

a filling ability model was developed to facilitate the mixture design of SCHPC. The research 

findings will be of special interest to the construction industry regarding the use of SCHPC in 

different structural and non-structural applications. 

 

8.3 Preparation of Fresh Concretes 

The fresh SCHPC mixtures were prepared using a revolving pan type mixer conforming to 

ASTM C 192/C 192M (2004). The nominal capacity of the pan was 50 liters. The pan mixer 

used is shown in Figure 8.1. 

 

8.3.1 Batching procedure 

The batch volume of the concrete mixtures was calculated before batching. The batch 

quantity of the fresh concrete taken was at least 15% more than the required to compensate 

the loss during mixing and testing. The amounts of the primary constituent materials for each 

concrete batch were determined based on the adjusted mixture proportions shown in Table 

7.5 (Chapter 7). The aggregates, cement and RHA were taken on weight basis. But the 

quantities of the mixing water and all chemical admixtures such as HRWR, air-entraining 

admixture (AEA) and viscosity-enhancing admixture (VEA) required for a concrete batch 

were measured on volume basis. The volume dosages of the chemical admixtures were 

determined based on the mass dosages shown in Table 7.4 (Chapter 7). 

 

8.3.2 Mixing method 

The coarse and fine aggregates were charged first into the mixer and mixed with one-quarter 

of the mixing water for 60 seconds. Then the dosage of AEA dispensed in the second-quarter 

of the mixing water was added and the mixing was continued for 60 seconds. This step was 

followed in absence of AEA in non-air-entrained SCHPC mixture. The mixer was stopped 

thereafter and the cementing material (cement alone or with RHA) was charged into the 

mixer. Immediately, the mixer was restarted and the mixing was continued for 120 seconds 

with the addition of third-quarter of the mixing water. After that, the mixer was stopped, and 

the concrete materials in the pan were covered with a piece of wet burlap and allowed to rest 
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for 180 seconds. The rest period was intended to allow the air-dry aggregates to absorb some 

of the mixing water, thus minimizing the likelihood for absorption of HRWR by the 

aggregates. Then the mixer was restarted and the mixing was continued for 180 seconds with 

the addition of HRWR dispensed in fourth-quarter of the mixing water. 

 

8.4 Testing of Fresh Concretes 

The fresh SCHPC mixtures were tested for slump and slump flow with and without J-ring, 

unit weight and air content, orimet flow with and without J-ring, and inverted slump cone 

flow with and without J-ring. Some of the SCHPC mixtures were also tested for the air-void 

stability. The overall test program for various fresh concretes is shown in Table 8.1. 

 

Table 8.1: Test program for different types of fresh SCHPC 
Concrete designation* Type of tests 

Slump and slump flow 
Slump and slump flow with J-ring 
Orimet flow 
Orimet flow with J-ring 
Inverted slump cone flow 
Inverted slump cone flow with J-ring 
Unit weight 

C30R0A6, C30R15A6, C30R20A6 
 
C35R0A6, C35R5A6, C35R10A6, 
C35R15A6, C35R20A6, C35R25A6, 
C35R30A6 
 
C40R0A6, C40R15A6, C40R20A6 
 
C50R0A2, C50R0A6 

Air content 

Air-void stability 
Air content 
Slump and slump flow 

C35R0A4, C35R0A8, 
C35R15A4, C35R15A8, 
C35R20A4, C35R20A8  

Unit weight 
*Concrete designations are given in Chapter 7 

 

8.4.1 Slump and slump flow test 

The slump and slump flow were determined using an Abram’s slump cone (ASTM C 143/C 

143M, 2004). The fresh concrete was poured into the slump cone in one layer and without 

any consolidation. Then the slump cone was raised vertically in 3 to 5 seconds to allow the 

fresh concrete to deform over the surface of a steel pan or sheet. The vertical drop of the 

concrete sample from its original position was measured and reported as the slump. An 

operational stage of the slump test is shown in Figure 8.1. 
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 Measurement of slump flow with J-ring Flow spread in orimet flow test 
 

Figure 8.1: Pan mixer, slump and slump flow with and without J-ring, and orimet flow spread 
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The slump flow was measured from the same test conducted for determining the 

slump. The diameter of the concrete spread was measured at four positions that divided the 

flow patty into eight equal segments. The average diameter was used to express the slump 

flow of the concrete. An operational stage of the slump flow test is also shown in Figure 8.1. 

 

8.4.2 Slump cone – J-ring flow test 

The slump cone – J-ring flow test was conducted to determine the slump and slump flow 

with J-ring. The J-ring was built using 10-mm deformed reinforcing bars. The spacing of the 

bars was 57 mm (3 times the maximum size of concrete stone), which is greater than the 

minimum recommended bar spacing. The minimum recommended bar spacing for J-ring is 

2.5 times higher than the maximum size of coarse aggregate (Brameshuber and Uebachs 

2001). The details of the J-ring are shown in Figure 8.2. The slump cone was placed at the 

centre of the J-ring and filled with concrete in one layer without any consolidation. Then the 

slump cone was raised vertically and the concrete was allowed to deform. The vertical drop 

of the concrete sample was measured in presence of J-ring and reported as the slump with J-

ring. An operational stage of the slump measurement in the presence of J-ring is shown in 

Figure 8.1. In addition, the diameter of the concrete spread through the J-ring was measured 

in a similar way as mentioned in case of slump flow. The average diameter was recorded as 

the slump flow with J-ring. An operational stage for the slump flow measurement in the 

presence of J-ring is shown in Figure 8.1. 

 

8.4.3 Orimet flow test 

The orimet flow was determined using an orimet, as shown in Figure 8.3. This apparatus is 

used in Europe to examine the filling ability of SCHPC (EFNARC 2002). It has a 120 mm 

diameter × 600 mm long vertical pipe section, which is welded with a 60 mm high conical 

orifice at the bottom end. The outlet diameter of the orifice can be varied. The orimet used in 

this study had an orifice with the outlet diameter of 80 mm. The level of the orifice outlet 

was fixed at a height of 430 mm from the floor. During testing, the fresh concrete was placed 

into the pipe section of the orimet without any consolidation, while keeping the trap door 

closed. Then the door was opened and the concrete was allowed to flow through the orifice. 

Simultaneously, a stopwatch was used to record the flow time. In addition, the diameter of 
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the deformed concrete was measured at four right-angle positions that divided the flow patty 

into eight equal segments. The average diameter was recorded as the orimet flow spread. An 

operational stage of the orimet flow test is shown in Figure 8.1. 

  
 
  

 

   
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.2: Details of the J-ring 
 

8.4.4 Orimet – J-ring flow test 

The orimet – J-ring flow test was conducted to determine the orimet flow spread with J-ring. 

The orimet was placed over the J-ring and the orifice of the orimet was centralized with the 

J-ring. The concrete was placed in the cast pipe of the orimet in one layer and without any 

consolidation. The trap door was opened, and the concrete was allowed to fall and deform 

through the J-ring. The diameter of the concrete spread through the J-ring was measured in a 

similar way as mentioned in case of orimet flow spread. The average diameter was recorded 
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as the orimet flow spread with J-ring. An operational stage of the orimet – J-ring flow test is 

shown in Figure 8.4. 
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Figure 8.3: Details of the orimet apparatus 
 

8.4.5 Inverted slump cone flow test 

The inverted slump cone flow was determined using the Abram’s slump cone in its inverted 

position. The details of the inverted slump cone apparatus are shown in Figure 8.5. A wooden 

rigid frame was built to hold the inverted slump cone, and a trap door was attached at the 

bottom of the inverted slump cone. The constricted end of the inverted slump cone was at a 

height of 430 mm from the floor. The conical shape (the diameter is reduced from 200 to 100 

mm over a depth of 300 mm) produced some resistance to the concrete flow. The fresh 
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concrete was placed into the inverted slump cone in one layer while keeping the trap door 

closed at the bottom. No means of consolidation was used during concrete placement. 

Immediately after filling of the inverted slump cone, the trap door was opened to allow the 

concrete to flow. At the same time, a stopwatch was used to record the flow time of the 

concrete. In addition, the diameter of the concrete spread was measured at four right-angle 

positions that divided the flow patty into eight equal segments. The average diameter was 

recorded as the inverted slump cone flow spread. An operational stage of the inverted slump 

cone flow test is shown in Figure 8.4. 

 

8.4.6 Inverted slump cone – J-ring flow test 

The inverted slump cone – J-ring flow test was conducted to determine the inverted slump 

cone flow spread with J-ring. The test was carried out by using the inverted slump cone 

apparatus along with a J-ring. The inverted slump cone apparatus was placed above the J-ring 

with the lower opening of the cone vertically centralized with the J-ring. The trap door was 

closed and the concrete was placed in the inverted slump cone in one layer and without any 

consolidation. Then the trapped door was opened, and the concrete was allowed to fall and 

flow through the J-ring. The diameter of the deformed concrete was measured in the presence 

of J-ring. The measurement was taken in a similar way as mentioned in case of inverted 

slump cone flow spread. The average diameter was reported as the inverted slump cone flow 

spread with J-ring. An operational stage of the inverted slump cone – J-ring flow test is 

shown in Figure 8.4. 

 

8.4.7 Test for unit weight 

The unit weight of various fresh concretes was determined using the measuring bowl of the 

air meter. The measuring bowl was calibrated prior to testing to determine the volume. The 

procedure stated in ASTM C 138/C 138M (2004) was followed with some exceptions for 

filling and consolidation. Specifically, the measuring bowl was filled in one layer instead of 

three, and no means of consolidation was used during concrete filling. The weight of the 

concrete contained in the measuring bowl was determined. Later, the unit weight was 

computed from known weight and volume of concrete. An operational stage of unit weight 

measurement is shown in Figure 8.4. 
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Figure 8.5: Details of the inverted slump cone apparatus 
 

 

8.4.8 Test for air content 

The air content of the fresh concretes was determined by a Type B air meter (ASTM C 231, 

2004), as shown in Figure 8.4. The pressure method was used with some exceptions for 

pouring and consolidation. Specifically, the measuring bowl of the air meter was filled with 

the fresh concrete in one layer and without any means of consolidation. The air content 

obtained from the air meter was corrected for the aggregate content of the concrete to obtain 

the actual air content. An operational stage of the air content test is shown in Figure 8.4. 

 

8.4.9 Test for air-void stability 

Several SCHPC mixtures (C35R0A4 to C35R20A8), as mentioned in Table 8.1 were tested 

to examine the air-void stability in fresh concretes. The details of these concretes including 
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the mixture proportions and dosages of HRWR and AEA are given in Tables 7.2 to 7.5 

(Chapter 7). The concrete mixtures were prepared following the same procedure as described 

in Section 8.3. However, the saturation dosage (SD) of HRWR was used by splitting to 

produce the required filling ability. The saturation dosage was split into four parts such as 70, 

10, 10 and 10%, and added sequentially into concrete mixture to maintain similar slump and 

slump flow during different test stages as shown in Figure 8.6. The initial dosage of HRWR 

was 70% of the saturation dosage. The remaining three parts of the saturation dosage of 

HRWR were added to the concrete mixture during re-mixing at different test stages. 

The air-void stability was investigated with respect to the changes in fresh air content 

over time. The total testing time of 60 to 90 minutes was chosen based on the transportation 

time of concrete from ready-mixed concrete plant to the jobsite. The lower testing time (60 

minutes) was chosen for the concretes with 4% design air content whereas the higher testing 

time (90 minutes) was selected for the concretes with 8% design air content. The entire 

testing was comprised of four stages as shown in Figure 8.6. At the end of Stage 1, the 

concrete mixtures were tested after 15 minutes from the start of initial mixing to determine 

the air content. Then the concrete mixtures were covered with wet burlap and allowed for 

rest. The subsequent rest period varied from 10 to 25 minutes depending on the testing time 

as shown in Figure 8.6. Before testing the air content at the end of Stages 2 to 4, the concrete 

mixtures were re-mixed. The re-mixing was employed to simulate intermittent agitation of 

concrete during transportation. The re-mixing was conducted for 6 minutes in total and 

applied at 3 stages for all concretes. In each stage, the re-mixing time was 2 minutes. The 

subsequent measurement for air content was taken after 30, 45 and 60 minutes for the 

concretes with 4% design air content (C35R0A4, C35R15A4, and C35R20A4). These 

measurements were carried out after 30, 60 and 90 minutes for the concretes with 8% design 

air content (C35R0A8, C35R15A8, and C35R20A8). The air content of all fresh concretes 

was determined following the test procedure mentioned in Section 8.4.8. 

 

8.5 Filling Ability of Concretes 

The filling ability results of various SCHPC mixtures were obtained with respect to slump 

and slump flow, inverted slump cone flow time and spread, and orimet flow time and spread. 

They are discussed below. 
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Figure 8.6: Details of air-void stability test 
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8.5.1 Slump and slump flow 

The slump varied in the range of 260 to 280 mm, which is consistent with the slump values 

reported in the literature (Ferraris et al. 2000). However, the measured slump values did not 

exhibit any significant relative differences among the filling ability of the concretes, since the 

variation of the slump was marginal. The slump mainly depends on the yield stress of the 

concrete. When the yield stress is low, the slump becomes very high (Tanigawa and Mori 

1989). The yield stress is greatly reduced in SCHPC due to the higher dosages of HRWR. 

The yield stress of SCHPC is less than 60 Pa (Bonen and Shah 2005), and typically ranges 

between 20 and 50 Pa (Cyr and Mouret 2003). For this low range of yield stress, the variation 

in the slump of SCHPC mixtures becomes insignificant, suggesting that slump is not a 

suitable criterion to assess the filling ability of SCHPC. 

The slump flow of the concretes varied in the range of 600 to 770 mm, which 

indicates an excellent filling ability of SCHPC. Usually, the slump flow of SCHPC varies 

from 550 to 850 mm (EFNARC 2002, Khayat 2000, SCCEPG 2005). Unlike slump, the 

slump flow results exhibited the relative differences in the filling ability of the concretes with 

some variation in the flow spread. Hence, the slump flow is recommended instead of slump 

to assess the filling ability of SCHPC. 

 

8.5.2 Orimet flow time and spread 

The orimet flow time of different SCHPC mixtures varied in the range of 1.8 to 11.5 sec. The 

maximum acceptable limit for orimet flow time is 9 sec (Grünewald et al. 2004). The orimet 

flow time of several concretes with higher RHA content (greater than 15 to 20%) at lower 

W/B ratios was slightly above this maximum limit. Furthermore, the orimet flow spread 

varied from 615 to 800 mm for different concretes. The variation in the orimet flow spread 

followed a similar trend as observed for the slump flow of different concretes. It was also 

observed that the orimet flow spreads were greater than the slump flow values by 15 to 40 

mm. Thus, it was understood that more kinetic energy was involved in the orimet flow spread 

of concrete. This is mainly due to a greater amount of concrete used in orimet test. In 

addition, the concrete dropped from a height of 430 mm, which is higher than the sample 

height (300 mm) used in slump flow test. 
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8.5.3 Inverted slump cone flow time and spread 

The inverted slump cone flow time of different SCHPC mixtures varied in the range of 1.1 to 

6.2 sec and the inverted slump cone flow spread ranged from 550 to 725 mm for different 

concretes. The variation in the inverted slump cone flow time followed a similar trend as 

observed for the orimet flow time of the concretes. In addition, the variation in the inverted 

slump cone flow spread followed a similar trend as observed for the slump flow and orimet 

flow spread of the concretes. It was also observed that the inverted slump cone flow spreads 

were lower than the slump flow values by 15 to 50 mm. It indicates that less kinetic energy 

was available in the inverted slump cone flow spread although the concrete quantity was the 

same and the falling height was greater than the sample height as used in the slump flow test. 

This suggests that some loss of energy occurred due to the resistance caused by the 

constricted end of the inverted slump cone and owing to the impact of concrete on the pan. 

 

8.5.4 Effect of water-binder ratio and rice husk ash on flow time 

The orimet and inverted slump cone flow times were influenced by the W/B ratio and RHA 

content of the concretes, as can be seen from Figure 8.7. The flow times increased with lower 

W/B ratio and greater RHA content, thus indicating an increase in the plastic viscosity of the 

concretes. The reasons are the same as discussed for the filling ability of the binder pastes 

(Chapter 5). The volume fraction and surface area of binder were increased with lower W/B 

ratio and higher RHA content, as can be seen from Table 8.2. The increased volume fraction 

and surface area of the binder increase the viscosity of concretes, and hence increase the flow 

time of concretes (Kim et al. 1997). However, the aggregate content of concretes was 

reduced and the paste volume was increased simultaneously with the lower W/B ratio and 

greater RHA content. The reduced aggregate content and the increased paste volume 

decrease the plastic viscosity of the concretes (Struble et al. 1998, EFNARC 2002). Based on 

the data given in Table 8.2, it was understood that the proportional reduction in aggregate 

content and increase in paste volume were not as significant as the proportional increases in 

volume fraction and surface area of binder. Therefore, the net effect was to increase the 

plastic viscosity of concrete as indicated from the flow time results of the orimet and inverted 

slump cone flow tests. Nevertheless, the viscosity remained low enough to sustain 

uninterrupted concrete flow during the orimet and inverted slump cone flow tests. 
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Figure 8.7: Effect of W/B ratio and RHA content on the orimet and inverted slump cone flow 
times of concrete 

 

 

8.5.5 Effect of water-binder ratio and rice husk ash on slump and flow spreads 

The slump flow, orimet flow spread, and inverted slump cone flow spread increased 

considerably with lower W/B ratio and higher RHA content, as can be seen from Figures 8.8 

to 8.10. This is attributed to the increased paste volume and decreased aggregate content of 

concrete. The paste volume of the concretes was increased with lower W/B ratio and higher 

RHA content, as can be seen from Table 8.2. In addition, the aggregate content was 

decreased at lower W/B ratio and higher RHA content, as evident from Tables 7.3, 7.5 

(Chapter 7) and 8.2. The slump flow increases with increased paste volume and decreased 

aggregate content of the concrete (Bonen and Shah 2005, Yen et al. 1999). A similar effect is 

expected for orimet and inverted slump cone flow spreads. The increased paste volume and 

decreased aggregate content enhance the deformability of the concrete, as the collision 

between aggregates is greatly reduced with higher inter-particle distance. However, the 

increased paste volume at lower W/B ratio and higher RHA content did not produce any 

significant influence on the slump of the concretes, as can be seen from Figure 8.11. This is 
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because the relationship between slump and yield stress becomes less dependent on the paste 

volume in highly workable concretes such as SCHPC (Wallevik 2006). 

 

Table 8.2: Variations of volume fractions of aggregates, binder, RHA and paste, and surface 
area of the binder for different SCHPCs 

Concrete 
 

Volume 
fraction of 
aggregates 
(m3/m3) 

Volume 
fraction of 
RHA 
(m3/m3) 

Volume 
fraction of 
binder 
(m3/m3) 

Surface area 
of binder 
(×103 m2/m3) 

Volume 
fraction of 
paste* 
(m3/m3) 

C30R0A6 0.635 0 0.156 202.78 0.365 
C30R15A6 0.622 0.036 0.169 344.06 0.378 
C30R20A6 0.615 0.047 0.172 388.92 0.385 
C35R0A6 0.661 0 0.135 174.72 0.339 
C35R0A4 0.674 0 0.133 172.99 0.326 
C35R0A8 0.635 0 0.134 173.34 0.365 
C35R5A6 0.655 0.010 0.138 214.70 0.345 
C35R10A6 0.654 0.021 0.142 256.00 0.346 
C35R15A6 0.650 0.031 0.145 296.15 0.351 
C35R15A4 0.662 0.031 0.144 292.94 0.338 
C35R15A8 0.624 0.031 0.144 293.41 0.376 
C35R20A6 0.646 0.041 0.149 336.74 0.354 
C35R20A4 0.657 0.041 0.147 332.43 0.343 
C35R20A8 0.616 0.041 0.146 331.44 0.384 
C35R25A6 0.637 0.051 0.151 374.48 0.363 
C35R30A6 0.636 0.061 0.155 415.78 0.364 
C40R0A6 0.673 0 0.117 151.76 0.328 
C40R15A6 0.668 0.027 0.127 259.45 0.332 
C40R20A6 0.664 0.036 0.130 294.52 0.336 
C50R0A6 0.702 0 0.095 123.10 0.298 
C50R0A2 0.706 0 0.106 138.00 0.294 

* Includes the measured air content 

 

8.5.6 Effect of high-range water reducer on filling ability 

The liquefying and dispersion actions and the resulting water reduction capacity of HRWR 

contributed to improve the filling ability of concretes. The adequate dosage of HRWR 

improved the deformability of concrete and thus resulted in high slump and slump flow, and 

good orimet flow and inverted slump cone flow spreads. In addition, the adequate dosage of 

HRWR contributed to achieve an optimum viscosity, and therefore an uninterrupted concrete 

flow with lower flow time was maintained. 
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Figure 8.8: Effect of W/B ratio and RHA content on the slump flow of concretes  
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Figure 8.9: Effect of W/B ratio and RHA content on the orimet flow spread of concretes 
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Figure 8.10: Effect of W/B ratio and RHA content on the inverted slump cone flow spread of 
concretes 
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Figure 8.11: Effect of W/B ratio and RHA content on the slump of concretes  
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8.5.7 Effect of air-entraining admixture on filling ability 

The AEA induced microscopic air-bubbles which acted like ball-bearing to increase the 

filling ability of concretes. Therefore, the use of AEA decreased the water demand of 

concrete for a given filling ability. This is obvious from the mixture proportions of C50R0A2 

and C50R0A2 given in Tables 7.3 and 7.5 (Chapter 7). Despite the lower water and binder 

contents, the filling ability properties of C50R0A6 were similar to those of C50R0A2 due to 

the presence of AEA. 

 

8.6 Correlations for Different Filling Ability Properties 

The correlations for the flow times of pastes and concretes, and the flow spread of mortars 

and slump flow of concretes were determined. The correlations for the orimet and inverted 

slump cone flow times, slump flow and orimet flow spread, slump flow and inverted slump 

cone flow spread, and orimet and inverted slump cone flow spread of the concretes were also 

determined. 

 

8.6.1 Flow times of pastes and concretes 

The inverted slump cone and orimet flow times of the concretes were plotted versus the paste 

flow time. The flow time of the concretes was strongly correlated with the flow time of the 

pastes, as can be seen from Figure 8.12. In both cases, the relationship was linear. The 

coefficient of determination (R2) reveals that at least 88 to 96% of the flow time data were 

accounted for in the linear relationship. The correlation coefficient (R) for concrete orimet 

flow time and paste flow time was 0.939, while the correlation coefficient for concrete 

inverted slump cone flow time and paste flow time was 0.979. The excellent correlations 

were obtained since the changes in viscosity due to various W/B ratios and RHA contents 

followed similar trends in pastes and concretes. Also, the flow times of concrete and paste 

are highly dependent of the paste viscosity (Kim et al. 1997, Schwartzentruber et al. 2006). 

 

8.6.2 Flow spread of mortars and slump flow of concretes 

The slump flow of concretes was plotted versus the flow spread of mortars to determine the 

correlation. A good correlation with a linear relationship between the slump flow of concrete 

and the flow spread of mortar was obtained in the absence of RHA, as can be seen from 
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Figure 8.13. The coefficient of determination was 0.953 and the correlation coefficient was 

0.976. The good correlation was obtained because both mortar flow spread and concrete 

slump flow were increased similarly without RHA at lower W/B ratio. In contrast, a poor 

correlation was observed between mortar flow spread and concrete slump flow when both 

mortars and concretes contained the RHA. This is because the mortar flow spread was 

decreased but the concrete slump flow was increased in the presence of RHA. The opposite 

behavior of RHA in mortars and concretes is possibly related to the volume fraction and 

surface area of the binder. The volume fraction and surface area of the binder were 

significantly greater in mortars as compared to concretes, as can be seen from Table 6.4 

(Chapter 6) and Table 8.2. Increased surface area and volume fraction of binder significantly 

increase the yield stress and plastic viscosity of mortars (Banfill 1994, Westerholm 2006), 

and thus may decrease the mortar flow spread despite the increased paste volume. In 

addition, the mortars did not contain any entrained air content, while the concretes containing 

RHA had an air content in the range of 4.2 to 8.6%, which can reduce the required water 

content by 10 to 12% (Kosmatka et al. 2002). Hence, the air content improved the filling 

ability of the concretes for a given water content, and resulted in greater slump flow. 

 

 

Cftisc = 0.465 Pft - 0.707

R2 = 0.958

Cfto = 0.739 Pft + 0.169

R2 = 0.882

0

3

6

9

12

15

18

0 3 6 9 12 15 18

Flow time of paste, Pft (sec)

Fl
ow

 ti
m

e 
of

 c
on

cr
et

e,
 C

fto
 o

r C
fti

sc
 (s

ec
) Inverted slump cone/Flow cone Orimet/Flow cone

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.12: Correlation between flow times of pastes and concretes 
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Figure 8.13: Correlation between mortar flow spread and concrete slump flow 
 

8.6.3 Orimet and inverted slump cone flow times 

The orimet and inverted slump cone flow times were well-correlated with a linear 

relationship, as can be seen from Figure 8.14. The coefficient of determination was 0.918 and 

the correlation coefficient was 0.958. The good correlation was obtained because both orimet 

and inverted slump cone flow time varied similarly with the W/B ratio and RHA content. In 

addition, both orimet and inverted slump cone flow time were similarly related to the plastic 

viscosity of the paste component of concrete. 

 

8.6.4 Inverted slump cone flow spread and slump flow 

The slump flow and inverted slump cone flow spread of the concretes were well-correlated 

with a linear relationship, as can be seen from Figure 8.15. This is because both inverted 

slump cone flow spread and slump flow varied similarly with the W/B ratio and RHA 

content of concrete. The coefficient of determination was 0.946 and the correlation 

coefficient was 0.973. The strong correlation also indicated that both inverted slump cone 

flow spread and slump flow were similarly related to the yield stress of concrete. 
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Figure 8.14: Correlation between orimet and inverted slump cone flow times 
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Figure 8.15: Correlation between inverted slump cone flow spread and slump flow 
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8.6.5 Orimet flow spread and slump flow 

The slump flow and inverted slump cone flow spread of the concretes were well-correlated 

with a linear relationship, as can be seen from Figure 8.16. The coefficient of determination 

was 0.979 and the correlation coefficient was 0.989. The excellent correlation was due to 

similar trend of variation of orimet flow spread and slump flow with the W/B ratio and RHA 

content of concrete. It was also understood from the relationship that both orimet flow spread 

and slump flow were similarly related to the yield stress of concrete. 
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Figure 8.16: Correlation between orimet flow spread and slump flow 
 

8.6.6 Orimet and inverted slump cone flow spreads 

The orimet and inverted slump cone flow spreads of the concretes were well-correlated. The 

best-fit curve was a straight line, as can be seen from Figure 8.17. The coefficient of 

determination and the correlation coefficient was 0.975 and 0.987, respectively. The strong 

correlation is attributed to similar trend of variation of inverted slump cone and orimet flow 

spreads with the W/B ratio and RHA content of concrete. Also, both inverted slump cone and 

orimet flow spreads were similarly related to the slump flow, which is highly dependent of 

the yield stress of concrete (Murata 1984, Saak et al. 2004). 
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Figure 8.17: Correlation between orimet and inverted slump cone flow spreads 
 

8.7 Performance Criteria for Inverted Slump Cone Flow 

The performance criteria for the inverted slump cone flow time and spread can be determined 

based on the known criteria for orimet flow time and slump flow. The acceptable range of the 

flow time of SCHPC measured by the orimet having an orifice with 80 mm outlet diameter is 

2.5 to 9 sec (Grünewald et al. 2004). Using this orimet flow time range, the performance 

criterion for the inverted slump cone flow time was determined based on the correlation 

between inverted slump cone and orimet flow times. For 2.5 to 9 sec orimet flow time, the 

corresponding inverted slump cone flow time was 1 to 4.8 sec. Thus, the performance 

criterion for the inverted slump cone flow time can be set at 1 to 5 sec. 

The slump flow of SCHPC generally varies in the range of 550 to 850 mm (EFNARC 

2002, Khayat 2000, SCCEPG 2005). Using this slump flow range, the performance criteria 

for the inverted slump cone flow spread was determined based on the correlation between 

inverted slump cone flow spread and slump flow. For 550 to 850 mm slump flow, the 

corresponding inverted slump cone flow spread was 505 to 824 mm. Thus, the performance 

criterion for the inverted slump cone flow spread can be set at 500 to 825 mm. 
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8.8 Advantages of Inverted Slump Cone Apparatus 

The inverted slump cone apparatus will be useful to measure the filling ability of SCHPC. In 

addition, it can be used with the J-ring to measure both filling ability and passing ability of 

concrete simultaneously. It might also qualitatively indicate the segregation resistance of 

concrete whether it is used alone or with J-ring. Thus a single test apparatus will provide 

information on three key properties of SCHPC. The inadequacy of filling ability, passing 

ability and segregation resistance will be detected during concrete flow. 

The inverted slump cone apparatus would provide several benefits over some of the 

existing methods. For example, the standard slump and slump flow test does not provide any 

information on the viscosity unless the slumping or slump flow time is measured. The 

inverted slump cone apparatus can be used to obtain information on both yield stress and 

plastic viscosity from the same test. The flow time relates the viscosity where as the flow 

spread indicates the yield stress of concrete. Moreover, it has the advantage of being a 

dynamic test and thus reflects the concrete placement in practice. In comparison with other 

apparatus such as slump cone and orimet, the inverted slump cone ideally does not require 

two operators. It can be easily handled by a single operator. In addition, it requires about 

27% less concrete than the orimet and thus saves both concrete quantity and operation time. 

The whole test takes about 2 to 3 minutes to conduct. Because of simplicity, it can be used 

comfortably and quickly in laboratory and field. 

The construction of inverted slump cone apparatus is not difficult as compared to 

other apparatus such as U-box. The construction cost is also minimal since it uses Abram’s 

slump cone, which is not expensive. The cone used in inverted slump cone apparatus can be 

separated easily. Therefore, the same cone can also be used to conduct the slump and slump 

flow test. 

 

8.9 Model for Filling Ability of Concretes 

An empirical model has been developed for the filling ability of SCHPC based on the slump 

flow and paste volume of the concretes. In a slump flow test, the deformation of the fresh 

concrete is mainly caused by gravity. The deformation continues until the equilibrium is 

established and the fresh concrete achieves it final slump flow spread. In equilibrium, the 
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applied shear stress is equal to the yield stress. Based on the force balance approach given by 

Murata (1984), the yield stress (τy) of the concrete can be calculated as follows: 

 

( ) 222/2 ff
y SS

gV ρα
π
ρτ ==                                                                                       (Equation 8.1) 

 

where: 

ρ is the density or unit weight of concrete (kg/m3), g is the gravitational acceleration (9.806 

m/s2), V is the volume of fresh concrete that equals the volume of slump cone (0.0055 m3), Sf 

is the slump flow (diameter of spread) of concrete (m), and α is a constant that substitutes 

(2gV/π). 

 

Equation 8.1 is based on the assumption that the concrete behaves as an 

incompressible material and no flow exists between the layers of concrete. It is obvious from 

Equation 8.1 that the second power of the slump flow is inversely proportional to the yield 

stress of concrete. The yield stress is a major rheological parameter of concrete. Tomas 

(1961) performed a comprehensive experimental investigation on the non-Newtonian 

laminar-flow properties of flocculated suspension and reported a relationship for the yield 

stress. Based on a wide range of data fitted satisfactorily with the Bingham plastic model, he 

concluded that the yield stress is directly proportional to the cube of the volume fraction of 

solids (Sv) for any given suspension. That is, 

 
3
vy S∝τ                                                                                                                  (Equation 8.2) 

 

The SCHPC mixture can be considered as a flocculated suspension (coarse and fine 

aggregates suspended in a matrix of binder paste). In addition, it is well-known that the 

SCHPC mixture behaves like a Bingham (non-Newtonian) fluid. Hence, the following 

relationship can be assumed for SCHPC: 

 
n
vy S∝τ                                                                                                                  (Equation 8.3) 

 161



where: 

n is an empirical constant and Sv is the volume fraction of coarse and fine aggregates 

(concrete stone and sand). Assuming the air-voids and HRWR dosage as a part of the binder 

paste, for 1 m3 of concrete, Sv can be expressed in the following form with respect to the 

paste volume of concrete (Vp). 

 

pv VS −= 1                                                                                                             (Equation 8.4) 

 

Now from Equations 8.1, 8.3 and 8.4, the following relationship can be obtained for 

the slump flow and paste volume of concrete. 

 

n
p

f

V
S

)1(2 −= βρ                                                                                                    (Equation 8.5) 

 

where: 

β is an empirical constant. Both β and n were determined based on the experimental results 

obtained from the slump flow test of various concretes. In order to determine β and n, 

Equation 8.5 was reformed as follows: 

 

ββρ ln)1(ln})1(ln{ln 2 +−=−= p
n

p
f

VnV
S

                                                        (Equation 8.6) 

 

The paste volume was computed based on the proportions of cement and water, the 

dosages of HRWR and the air content or volume of air-voids in concrete. The logarithmic 

data of ρ/Sf
2 were plotted versus the logarithmic (1-Vp) data for various concretes. The best-

fit plot was a straight line, as can be seen from Figure 8.18. 

The value of n was determined as the slope of the straight line whereas the value of β 

was found based on the intercept of the y = ln(ρ/Sf
2) axis. The values of β and n obtained 

were 15873, and 2.84, respectively. Thus, Equation 8.5 can be expressed in the following 

form: 
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Figure 8.18: Relationship between (ρ/Sf
2) and (1-Vp) for various concrete mixtures 

 

 

Equation 8.7 can be modified by replacing ρ by the relative density (ρr) of fresh 

concrete (ρr = ρ/ρw, where ρw is the density of water at 240C, 997.28 kg/m3). Hence, the 

following equation can be obtained. 

 

84.2
2 )1(92.15 p
f

r V
S

−=
ρ                                                                                           (Equation 8.8) 

 

where: 

ρr = Relative density of concrete 

Sf = Slump flow of concrete (m) 

Vp = Paste volume of concrete (m3/m3) 
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8.9.1 Validity of the model 

The filling ability model (Equation 8.8) is applicable for SCHPC mixtures possessing a paste 

volume in the range of 0.29 to 0.39 m3/m3. The paste volume of SCHPC typically ranges 

from 0.28 to 0.40 m3/m3 (ACI Committee 211H, 2006; Koehler and Fowler 2006, SCCEPG 

2005). In addition, this model is valid for both air-entrained and non-air-entrained SCHPC 

with and without RHA. The model was derived based on the slump flow varying from 600 to 

800 mm in the absence of any VEA. The slump flow in such range was achieved by using 70 

to 80% of the saturation dosages of a polycarboxylate-based HRWR. However, the model 

can be used for the slump flow range of 550 to 850 mm, which is common for SCHPC 

(SCCEPG 2005). 

The suitability, type and proportions of the constituent materials, particularly the type 

and dosage of HRWR and the binder-HRWR compatibility may affect the generalization of 

the model. The dosage of HRWR could influence the slump flow significantly without any 

considerable change in the paste volume. Similarly, the incompatibility of HRWR with the 

binder may reduce the slump flow without any change in the paste volume of concrete. 

Nevertheless, the model was used to calculate the slump flow of various SCHPC mixtures 

produced in the present study. In addition, the model was applied for a number of SCHPC 

mixtures selected from the literature. The paste volume of these concretes ranged from 0.30 

to 0.40 m3/m3. Some of these concretes contained ground granulated blast-furnace slag 

and/or different types fly ash. The slump flows of these concretes were computed using the 

model. The computed slump flows were compared with the measured values as shown in 

Figure 8.19. The computed and measured slump flows of the concretes were within ±7.6% 

error. The best-fit line for the measured and computed slump flows had a coefficient of 

determination of 0.741 (correlation coefficient: 0.861) indicating that at least 74% of the 

measured slump values were accounted for with the derived model. 

 

8.9.2 Application of the model 

The filling ability model (Equation 8.8) will be helpful to determine the paste volume needed 

for a given slump flow of concrete, and thus to facilitate the mixture design of SCHPC. This 

is because the water and binder contents of a concrete mixture can be determined for a 

chosen W/B ratio if the paste volume is known. Also, the water content for a given binder 
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content or the binder content for a given water content can be found based on the paste 

volume of concrete. In addition, the filling ability model would be useful to assess the 

passing ability of SCHPC because the passing ability is well-correlated with the filling ability 

of concrete, as discussed in Section 8.12. 
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Figure 8.19: Comparison between computed and measured slump flows of various SCHPCs 
 

8.10 Passing Ability of Concretes 

The passing ability results of various SCHPC mixtures were obtained with respect to slump 

and slump flow with J-ring, orimet – J-ring flow, and inverted slump cone – J-ring flow. 

They are presented and discussed below. 

 

8.10.1 Slump and slump flow with J-ring 

The slump with J-ring varied in the range of 250 to 270 mm for various concretes, as can be 

seen from Figure 8.20. Similar to the slump, the slump with J-ring also varied in a narrow 

range indicating its unsuitability for measuring the passing ability of SCHPC. The reason is 

the same as discussed in case of slump. Unlike the slump with J-ring, the slump flow with J-

ring varied in a wide range of 575 to 740 mm, as can be seen from Figure 8.21. The 
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minimum slump flow with J-ring was observed for the SCHPCs with 0.50 W/B ratio and 

without any RHA. But the highest slump flow with J-ring was attained for the SCHPC with 

0.30 W/B ratio and 20% RHA. The trend was similar as observed in case of slump flow. 

However, the slump flow was reduced by 15 to 30 mm. The maximum reduction in slump 

flow in the presence of J-ring should not greater than 50 mm to maintain good passing ability 

(Brameshuber and Uebachs 2001). The slump flow with J-ring was about 96 to 98% of the 

slump flow without J-ring. Thus, the slump flow results in the presence of J-ring exhibited a 

good passing ability of the concretes. 
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Figure 8.20: Effect of W/B ratio and RHA content on the slump with J-ring for various 
concretes 

 

8.10.2 Orimet – J-ring flow 

The orimet – J-ring flow (orimet flow spread in presence of J-ring) varied from 590 to 775 

mm, as can be seen from Figure 8.22. The variation in orimet – J-ring flow followed a trend 

similar to that observed in orimet flow spread. However, the presence of J-ring decreased the 

orimet flow spread by 15 to 40 mm. Similar to the slump flow with J-ring, the lowest orimet 

– J-ring flow was observed for the SCHPC mixtures with 0.50 W/B ratio and without any 
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RHA. The highest orimet – J-ring flow was obtained for the SCHPC with 0.30 W/B ratio and 

20% RHA. In general, the orimet – J-ring flow was 94 to 98% of the orimet flow spread, and 

thus indicated a good passing ability of the concretes. 
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Figure 8.21: Effect of W/B ratio and RHA content on the slump flow with J-ring for various 
concretes 

 

8.10.3 Inverted slump cone – J-ring flow 

The inverted slump cone – J-ring flow of various SCHPC mixtures ranged from 525 to 710 

mm, as can be seen from Figure 8.23. Similar to the slump flow with J-ring and orimet – J-

ring flow, the lowest inverted slump cone – J-ring flow was obtained for the SCHPCs with 

0.50 W/B ratio and no RHA whereas the highest inverted slump cone – J-ring flow was 

achieved for SCHPC mixture with 0.30 W/B ratio and 20% RHA. Moreover, the trend of 

variation in the inverted slump cone – J-ring flow was similar to that of inverted slump cone 

flow spread. But the spread of the concretes was reduced in the presence of J-ring. The 

difference between the inverted slump cone – J-ring flow and inverted slump cone flow 

spread was about 15 to 30 mm. However, the inverted slump cone – J-ring flow was about 95 

to 98% of the inverted slump cone flow spread, and thus exhibited a good passing ability of 

the concretes. 
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Figure 8.22: Effect of W/B ratio and RHA content on the orimet – J-ring flow of various 
concretes 
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Figure 8.23: Effect of W/B ratio and RHA content on the inverted slump cone – J-ring flow 
of various concretes 

 168



8.10.4 Effect of water-binder ratio and rice husk ash on passing ability 

The slump and slump flow with J-ring, orimet – J-ring flow, and inverted slump cone – J-ring 

flow were affected by the W/B ratio and RHA content of the concretes. The slump and slump 

flow with J-ring, orimet – J-ring flow, and inverted slump cone – J-ring flow increased with 

lower W/B ratio and greater RHA content, as evident from Figures 8.20 to 8.23.  This is due 

to increased paste volume and decreased aggregate content as discussed in case of the filling 

ability properties of the concretes with respect to flow spreads (Section 8.5.5). However, the 

effects of W/B ratio and RHA content on the slump with J-ring were marginal, as evident 

from Figure 8.20. A similar trend was observed for the slump without J-ring. 

 

8.10.5 Effect of high-range water reducer on passing ability 

The HRWR influenced the passing ability of concretes by influencing filling ability. The 

adequate dosage of HRWR improved the filling ability, and thus maintained a good passing 

ability for the concretes. Therefore, a significant amount of concrete passed though the J-ring 

in all cases, as discussed before. 

 

8.10.6 Effect of air-entraining admixture on passing ability 

The AEA improved the passing ability of concrete in a similar way as it did in case of filling 

ability (Section 8.5.7). The effect of AEA is evident from the passing ability properties of 

C50R0A2 and C50R0A6. Despite lower water and binder contents, the passing ability 

properties of C50R0A6 were similar to those of C50R0A2 due to the presence of AEA. 

 

8.11 Correlations for Different Passing Ability Properties 

The correlations for slump flow with J-ring and orimet – J-ring flow, slump flow with J-ring 

and inverted slump cone – J-ring flow, and orimet – J-ring flow and inverted slump cone – J-

ring flow are expressed in Figures 8.24 to 8.26. 

 

8.11.1 Slump flow with J-ring and orimet – J-ring flow 

The orimet – J-ring flow and slump flow with J-ring were well-correlated with a linear 

relationship, as be seen from Figure 8.24. The coefficient of determination was 0.921, and 

the correlation coefficient was 0.960. The strong correlation is due to similar trends of 
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variation of orimet – J-ring flow and slump flow with J-ring with the W/B ratio and RHA 

content. Also, the presence of J-ring produced similar effects to reduce the spread of concrete 

during slump cone – J-ring and orimet – J-ring tests. 
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Figure 8.24: Correlation between orimet – J-ring flow and slump flow with J-ring for various 
concretes 

 

8.11.2 Inverted slump cone – J-ring flow and slump flow with J-ring 

The inverted slump cone – J-ring flow and slump flow with J-ring were well-correlated with 

a linear relationship, as can be seen from Figure 8.25. The best-fit line had a coefficient of 

determination of 0.914 and a correlation coefficient of 0.956. The strong correlation was 

obtained because both inverted slump cone – J-ring flow and slump flow with J-ring varied 

similarly with the W/B ratio and RHA content of concrete. In addition, the presence of J-ring 

produced similar effects for the reduction in the spread of concretes during slump cone – J-

ring and inverted slump cone – J-ring tests. 

 

8.11.3 Inverted slump cone – J-ring flow and orimet – J-ring flow  

The inverted slump cone – J-ring flow and orimet – J-ring flow showed a good correlation 

with a linear relationship, as obvious from Figure 8.26. The coefficient of determination was 
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0.892 and the correlation coefficient was 0.944. The strong correlation obtained is attributed 

to similar variations of inverted slump cone – J-ring flow and orimet – J-ring flow with the 

W/B ratio and RHA content of concrete. Also, both inverted slump cone – J-ring flow and 

orimet – J-ring flow are similarly related to the yield stress and plastic viscosity that 

influence the spread of concrete. 
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Figure 8.25: Correlation between inverted slump cone – J-ring flow and slump flow with J-
ring for various concretes 

 

8.12 Correlations between Filling Ability and Passing Ability Properties 

The correlations between filling ability properties (slump and slump flow, orimet flow 

spread, and inverted slump cone flow spread) and passing ability properties (slump and 

slump flow with J-ring, orimet – J-ring flow, and inverted slump cone – J-ring flow) were 

established. The filling ability properties exhibited strong linear correlations with the passing 

ability properties, as can be seen from Figures 8.27 to 8.34. The coefficient of determination 

ranged from 0.904 to 1, and the correlation coefficient varied in the range of 0.951 to 1. 

Strong correlations were obtained because the filling ability and passing ability properties 

varied similarly with various W/B ratios and RHA contents of the concretes. 
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Figure 8.26: Correlation between inverted slump cone – J-ring flow and orimet – J-ring flow 
for various concretes 
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Figure 8.27: Correlation between slump with and without J-ring for various concretes 
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Figure 8.28: Correlation between slump flow with and without J-ring for various concretes 
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Figure 8.29: Correlation between inverted slump cone flow spread with and without J-ring 
for various concretes 
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Figure 8.30: Correlation between orimet flow spread with and without J-ring for various 
concretes 
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Figure 8.31: Correlation between inverted slump cone – J-ring flow and slump flow for 
various concretes 
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Figure 8.32: Correlation between orimet – J-ring flow and slump flow for various concretes  
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Figure 8.33: Correlation between inverted slump cone – J-ring flow and orimet flow spread 
for various concretes 

 175



 

R2 = 0.939

500

550

600

650

700

750

800

500 550 600 650 700 750 800

Inverted slump cone flow spread (mm)

O
rim

et
-J

-r
in

g 
flo

w
 (m

m
)

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.34: Correlation between orimet – J-ring flow and inverted slump cone flow spread 
for various concretes 

 

8.13 Performance Criterion for Inverted Slump Cone – J-ring Flow 

The performance criterion for the inverted slump cone – J-ring flow can be determined based 

on the known criterion for slump flow, which is widely used to measure the filling ability of 

SCHPC. The slump flow of SCHPC is generally specified in the range of 550 to 850 mm 

(EFNARC 2002, Khayat 2000, SCCEPG 2005). Using this slump flow range, the 

performance criterion for the inverted slump cone – J-ring flow can be determined based on 

the correlation between inverted slump cone – J-ring flow and slump flow, as shown in 

Figure 8.31. The corresponding inverted slump cone – J-ring flow obtained for 550 to 850 

mm slump flow was 487 to 801 mm. Thus, the performance criterion for the inverted slump 

cone – J-ring flow spread can be fixed in the range of 475 to 800 mm. 

 

8.14 Unit Weight of Concretes 

The results of unit weight for different concretes are presented in Table 8.3. The unit weight 

of the concretes varied in the range of 2230 to 2355 kg/m3 depending on the W/B ratio, RHA 

content and air content. Based on the measured air content of concrete and the batch weight 
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of constituent materials, the unit weights for various SCHPCs were also estimated. The 

difference between the estimated and measured unit weights was negligible (1 to 3%), as can 

be seen from Table 8.3. 

 

Table 8.3: Unit weight and air content of various fresh concretes 
Air content (%) Unit weight (kg/m3) Concrete W/B ratio RHA (%B)

Design Measured Estimated Measured 
C30R0A6 0.30 0 6 5.7 2290 2325 
C30R15A6 0.30 15 6 5.3 2265 2280 
C30R20A6 0.30 20 6 5.7 2245 2260 
C35R0A6 0.35 0 6 5.3 2285 2315 
C35R0A4 0.35 0 4 4.3 2310 2355 
C35R0A8 0.35 0 8 8.1 2160 2230 
C35R5A6 0.35 5 6 5.5 2275 2310 
C35R10A6 0.35 10 6 5.1 2275 2310 
C35R15A6 0.35 15 6 5.1 2265 2290 
C35R15A4 0.35 15 4 4.2 2290 2320 
C35R15A8 0.35 15 8 8.0 2190 2240 
C35R20A6 0.35 20 6 5.0 2255 2280 
C35R20A4 0.35 20 4 4.3 2280 2315 
C35R20A8 0.35 20 8 8.6 2170 2235 
C35R25A6 0.35 25 6 5.6 2235 2255 
C35R30A6 0.35 30 6 5.2 2235 2255 
C40R0A6 0.40 0 6 6.1 2260 2275 
C40R15A6 0.40 15 6 5.2 2255 2280 
C40R20A6 0.40 20 6 5.3 2245 2260 
C50R0A2 0.50 0 2 1.8 2300 2350 
C50R0A6 0.50 0 6 5.2 2215 2250 

 

 

8.14.1 Effect of water-binder ratio 

The unit weight of the concretes without RHA was slightly reduced with higher W/B ratio 

for a given air content, as can be seen from Table 8.3. The binder weight was lower at higher 

W/B ratio, which is evident from Tables 7.3 and 7.5 (Chapter 7). However, the aggregate 

weight increased at higher W/B ratio. But the percent increase in aggregate weight was much 

lower than the percent reduction in binder weight per unit volume of concrete. Therefore, the 

unit weight of concrete was decreased at higher W/B ratio. 
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8.14.2 Effect of rice husk ash 

The unit weight of most concretes decreased slightly with higher RHA content, as evident 

from Table 8.3. This is because RHA was lighter than cement. Also, the fine and coarse 

aggregate contents decreased as the paste volume increased in the presence of RHA.  

However, the decrease in the unit weight of concrete caused by RHA was marginal (1.7 to 

2.8%). This is perhaps attributed to the improved physical packing of the fresh concretes due 

to the finer particle size of RHA as compared to cement. 

 

8.14.3 Effect of air content 

The unit weight of the concretes varied with the air content. The higher unit weight was 

obtained at lower air content, as can be seen from Table 8.3. This is due to the increased 

aggregate contents. At lower air content, the amounts of both fine and coarse aggregates were 

increased for a given W/B ratio (fixed contents of binder and water), as can be seen from 

Tables 7.3 and 7.4 (Chapter 7). 

 

8.15 Air Content of Concretes 

The results of air content for various SCHPC mixtures are shown in Table 8.3. The measured 

air contents were within ±1.0% of the design air content, which is acceptable. The maximum 

acceptable tolerance for air content measurement can be in the range of ±1.5% (ACI 201.2R-

01, 2004). 

 

8.15.1 Effect of water-binder ratio and rice husk ash 

The air content was prone to decrease with lower W/B ratio and higher RHA content due to 

the same reasons as discussed in Sections 6.5.2 and 6.5.3 (Chapter 6). Therefore, the demand 

for AEA was increased progressively with lower W/B ratio and higher RHA content for a 

given design air content, as illustrated in Table 7.4 (Chapter 7). 

 

8.15.2 Correlation of estimated and actual dosages of air-entraining admixture 

The correlation between actual and estimated AEA dosages of concretes was established. 

The estimated AEA dosages for various concretes were obtained based on the air content of 

their mortar components (Chapter 6). The actual and estimated AEA dosages were well-
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correlated with a correlation coefficient of 0.96. The relationship was linear, as can be seen 

from Figure 8.35. Some variations in estimated and actual AEA dosages occurred possibly 

due to the differences in ambient environment, batch volume, mixture composition and type 

of mixer. However, the observed correlation suggests that the AEA dosages required for air-

entrained SCHPC mixtures can be estimated based on the air content results of their 

corresponding mortar components. 
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Figure 8.35: Correlation between estimated and actual AEA dosages for various concretes 
 

 

8.16 Air-void Stability of Concretes 

The air-void stability was observed in several fresh SCHPCs with respect to the changes in 

air content over time. The results for air content of the SCHPCs tested at different stages are 

presented in Figures 8.36 and 8.37. It can be seen from Figure 8.36 that the air content varied 

from 3.5 to 4.3% for the concretes with 4% design air content. Conversely, the air content 

ranged from 7.5 to 8.6% for the concretes with 8% design air content, as can be seen from 

Figure 8.37. Hence, the actual air contents deviated from the design air contents (4 and 8%) 

within the range of ±0.6%, which is less than the acceptable tolerance of ±1.5% for air 
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content measurement (ACI 201.2R-01, 2004). In a few cases, the air content observed during 

the second stage of testing at 30 minutes from concrete batching was slightly higher than the 

initial air content. This is possibly due to enhanced dispersion of the entrained air under more 

mixing action. The overall test results indicate that the air-void stability in all fresh SCHPC 

mixtures was good. The maximum loss of air content over the period of 60 and 90 minutes 

was less than 1.0% for all concretes. This is below the air loss of 1 to 2% that generally 

occurs due to the transportation of concrete (Kosmatka et al. 2002). 
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Figure 8.36: Variation of air content in self-consolidating high performance concretes with 
4% design air content 

 

 
The air-void stability observed in various fresh SCHPC mixtures is attributed to the 

relatively high binder content, low W/B ratio and high S/A ratio. These properties are not 

only conducive to the filling ability of the concretes, but also enhance the air-void stability 

(Khayat and Assaad 2002). In the present study, the concretes tested for air-void stability 

were prepared using a relatively low coarse aggregate content with a higher amount of 

binder. In addition, the saturation dosages of HRWR dispersed the binding materials and 
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maintained a good fluidity in the concrete mixtures. As a result, the inter-particle friction and 

collision of aggregates were reduced during mixing, handling and placement, which might 

produce more stable air-voids in fresh concretes. 
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Figure 8.37: Variation of air content in self-consolidating high performance concretes with 
8% design air content 

 
 

8.16.1 Effect of re-mixing 

The re-mixing was used at different stages as shown in Figure 8.6 to simulate the intermittent 

agitation of concrete during transport. No significant loss of air content occurred due to re-

mixing at different test stages, as can be seen from Figures 8.36 and 8.37. Also, there was no 

significant difference in loss of air content between first and second groups of concretes, 

which were intermittently re-mixed and tested at several stages extended to 60 and 90 

minutes, respectively. This suggests that the concrete placement can be delayed up to 60 to 

90 minutes from the time of batching, while maintaining the desirable air content. This time 

is adequate for the transport of concrete from the ready-mixed plant to the construction site. 
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8.16.2 Effect of filling ability 

The air-void stability can be affected by the filling ability of the concretes. The ability of 

AEA to reduce the surface tension is generally decreased at lower filling ability (Khayat and 

Assaad 2002). Thus, bigger and less stable air-voids could be produced. Also, the reduction 

in filling ability (slump and slump flow) tends to lower the total air content of fresh concrete 

(Baalbaki and Aïtcin 1994). These drawbacks were eliminated in the current study since the 

filling ability of the concretes was almost the same at all test stages. The measured slump and 

slump flow of the concretes tested for air-void stability are presented in Tables 8.4 and 8.5, 

respectively. It can be seen from Table 8.4 that the slump was always consistent for each 

concrete. The variation in slump at different test stages was -1.8 to 0%. Moreover, Table 8.5 

shows that the slump flow was also consistent for each concrete. The variation in slump flow 

at different test stages was -3.5 to 4.5%. 

 

Table 8.4: Variation of slump at different test stages for various SCHPCs 
Concrete RHA (%B) Slump (mm) 

  T = 15 min. T = 30 min. T = 45 min. T = 60 min. 
C35R0A4 0 275 275 275 270 
C35R15A4 15 280 275 275 275 
C35R20A4 20 275 275 275 275 

  T = 15 min. T = 30 min. T = 60 min. T = 90 min. 
C35R0A8 0 275 275 275 275 
C35R15A8 15 280 275 275 275 
C35R20A8 20 275 275 275 270 

 

8.16.3 Effect of high-range water reducer 

The HRWR was used by splitting its saturation dosages to maintain similar filling ability 

over the testing duration for all concretes tested for air-void stability. The initial (70% of SD) 

and successive dosages (10% of SD) of HRWR worked very well to provide the consistent 

slump and slump flow throughout the testing periods, as can be seen from Tables 8.4 and 8.5. 

Thus, the spilt dosages of HRWR minimized the drawbacks of different filling ability (slump 

and slump flow) as discussed in Section 8.16.2. However, the additional dosages may 

slightly increase the air content of concrete through interaction with the AEA (Baalbaki and 

Aïtcin 1994). It can be assumed that this effect was minimized in the present study since a 

minimum additional dosage of HRWR (only 10% of SD) was used at later stages. Indeed, a 
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previous research reported that the total air content of fresh concrete is relatively unaffected 

by the split addition of HRWR (Schemmel et al. 1994). 

 

Table 8.5: Variation of slump flow at different test stages for various SCHPCs 
Concrete RHA (%B) Slump flow (mm) 

  T = 15 min. T = 30 min. T = 45 min. T = 60 min. 
C35R0A4 0 700 700 700 680 
C35R15A4 15 720 705 700 700 
C35R20A4 20 690 695 700 695 

  T = 15 min. T = 30 min. T = 60 min. T = 90 min. 
C35R0A8 0 670 680 700 695 
C35R15A8 15 720 700 710 695 
C35R20A8 20 695 690 695 690 

 

8.16.4 Effect of rice husk ash 

The air-void stability in fresh concretes was not affected by the presence of RHA. This is 

evident from Figures 8.36 and 8.37. However, the presence of RHA increased the demand of 

AEA for a given range of air content. It can be seen from Table 7.4 (Chapter 7) that greater 

AEA dosages were required for concretes with 15 and 20% RHA at 4 and 8% design air 

content. This is mostly due to the increased paste viscosity and reduced attachment site of 

entrained air-voids, as discussed in case of mortar air content (Chapter 6). In addition, some 

AEA molecules could also be adsorbed or absorbed in the porous and honeycomb 

microstructure of RHA. Thus, a lower amount of AEA will be available for air-void 

formation and stabilization. The steric repulsion of polycarboxylate-based HRWR with long 

grafted side chains (Mindess et al. 2003) may further reduce the attachment of air-voids on 

cement and RHA particles. Hence, some air-voids could become less stable and combine to 

seep out of the concrete mixture, resulting in a higher demand for AEA. Both attachment site 

reduction and steric repulsion effects of HRWR can be more pronounced in case of 15 and 

20% RHA, since greater dosages were used to obtain the desired filling ability in concretes. 

 

8.17 Optimum Content of Rice Husk Ash 

The optimum content of RHA was determined based on the consideration of several factors, 

and was found to depend on the W/B ratio of the concretes. The RHA content above 15% 

caused a high viscosity in the concrete with 0.30 W/B ratio and thus the orimet flow time 
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exceeded the maximum acceptable criterion for filling ability. In contrast, the orimet flow 

time was within the acceptable range when 20% RHA was used in concretes with 0.35 and 

0.40 W/B ratios. However, the viscosity became higher for 25 and 30% RHA contents used 

in concretes with 0.35 W/B ratio and therefore the orimet flow time also exceeded the 

maximum acceptable criterion in these two cases. In addition, the RHA content greater than 

15% required high dosages of HRWR to achieve the required filling ability and passing 

ability, particularly at lower W/B ratios. In case of 20 to 30% RHA, the HRWR dosages 

required were much higher than the maximum dosage recommended by the manufacturer. A 

high dosage of HRWR may cause concrete setting problem and thus could delay the 

hydration process. Handling and mixing difficulties were also experienced for the concretes 

including a RHA content greater than 15%. Nevertheless, obtaining the required filling 

ability, passing ability and air content was not problematic in the presence of 15% RHA. 

Moreover, no adverse effect on the air-void stability in fresh concrete was observed for 15% 

RHA. The overall test results suggest that 15% RHA can be selected as the optimum content 

for use in SCHPC. 

 

8.18 Conclusions 

a. The slump flow, inverted slump cone flow spread, and orimet flow spread with and 

without J-ring increased at lower W/B ratio and higher RHA content due to the increased 

paste volume of concrete. 

b. The dosages of HRWR required to achieve adequate filling ability and passing ability 

increased with lower W/B ratio and higher RHA content mostly due to the increased 

content and surface area of the binder. 

c. The filling ability and passing ability criteria were fulfilled for all SCHPCs except few 

concretes with a lower W/B ratio and a RHA content greater than 15 and 20% that 

exhibited high viscosity mostly due to the excessive surface area of rice husk ash. 

d. The orimet and inverted slump cone flow times increased with lower W/B ratio and 

higher RHA content, and thus indicated the increased viscosity of concrete. This is 

greatly attributed to the increased volume fraction and surface area of the binder used in 

concrete. 
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e. The filling ability model is applicable to various air-entrained and non-air-entrained 

SCHPC mixtures containing a paste volume in the range of 0.29 to 0.40 m3/m3, and 

providing a slump flow between 550 and 850 mm. 

f. The filling ability model provided the slump flows close to the measured slump flow 

values. The computed and measured slump flows were within ±7.6% error. 

g. Strong correlations were observed for the flow times of all pastes and concretes. The 

mortar flow spread was also well correlated with the slump flow of concrete in the 

absence of RHA. Strong correlations were also seen for various filling ability and 

passing ability properties of concrete. 

h. The inverted slump cone apparatus can be used in laboratory and field comfortably by a 

single operator with and without J-ring to assess the filling ability and passing ability of 

SCHPC based on the performance criteria derived. 

i. The air-void stability in various SCHPC mixtures was not affected by the presence of 

RHA and re-mixing, as the maximum loss of air content over the period of 60 to 90 

minutes remained less than 1%. 

j. The unit weight of concrete slightly increased at lower W/B ratio due to greater binder 

content. The unit weight of concrete also increased with lower air content due to 

increased aggregate quantity and reduced void content. Conversely, the unit weight 

marginally decreased with higher RHA content due to the increased paste volume. 

k. The measured air contents were within ±1.0% of the design air contents. The dosages of 

AEA for achieving a given air content increased with lower W/B ratio and greater RHA 

content mostly due to higher plastic viscosity of the concretes. 

l. The estimated and actual AEA dosages for different SCHPC mixtures were well-

correlated. Hence, the AEA dosage needed for a concrete air content can be fixed based 

on the AEA dosage used for the equivalent mortar air content. 

m. The optimum RHA content was 15% based on the results of filling ability and passing 

ability properties at lower W/B ratios of 0.30 and 0.35. It was dependent of the W/B ratio 

used in concrete. An increased optimum content can be obtained at higher W/B ratios. 
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Chapter 9 

Properties of Hardened Self-consolidating High Performance 

Concretes 

 

9.1 General 

The preparation of hardened test specimens, the test procedures, and the test results for 

various hardened properties of self-consolidating high performance concretes (SCHPCs) are 

presented in this chapter. The effects of water-binder (W/B) ratio, rice husk ash (RHA) and 

air content are discussed, and the correlations among different hardened properties are 

shown. This chapter also presents a model for the compressive strength of concretes, and 

discusses it validity and application. 

 

9.2 Research Significance 

The cost-effective SCHPCs with good hardened properties and durability are desirable in 

construction industry. The SCHPCs have been produced using several supplementary 

cementing materials (SCMs) such as silica fume, ground granulated blast-furnace slag, and 

fly ash. However, silica fume is an expensive SCM. Presently, slag and fly ash are also sold 

in North America as a commercial commodity. In developing countries, the use of SCM such 

as silica fume may be cost-prohibitive. Therefore, it is important to use an alternative less 

expensive SCM such as RHA to produce cost-effective SCHPC. Like silica fume, RHA 

offers similar benefits with regard to hardened properties and durability of concrete. This 

study incorporated RHA in various SCHPCs as an SCM. The performance of RHA was 

investigated with respect to several hardened properties. Both destructive and non-destructive 

tests were performed to obtain key hardened properties of different SCHPCs and an 

empirical model for compressive strength was developed. Some of the properties tested were 

indicative of concrete durability. The test results obtained for the hardened properties of the 

concretes can be beneficial to the construction industry regarding the use of RHA in SCHPC. 

Also, the strength model will be useful for the mixture design of SCHPC. 
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9.3 Preparation of Test Specimens 

The specimens required for testing the hardened properties of concrete were prepared 

through several steps such as molding, de-molding, and curing. In addition, grinding and 

cutting operations were performed when necessary. The cylinder specimens of different 

sizes, as shown in Figure 9.1, were used in conducting the tests for hardened properties. The 

details of the test specimens are shown in Table 9.1. The cylinder specimens required for 

testing the compressive strength, ultrasonic pulse velocity, and electrical resistivity of 

hardened concretes were molded in single-use plastic moulds. The ASTM standard practice 

(ASTM C 192/C 192M, 2004) was followed with some exceptions for molding the test 

specimens; the fresh concrete was poured into the cylinder moulds in one layer, and no 

vibration or rodding was used for consolidation. The cylinder specimens were sealed 

immediately using the lids and left undisturbed at room temperature. The specimens were de-

molded, marked and transferred to the fog room for wet curing at the age of 24±4 hours. The 

wet curing was carried out until the day of testing. The ASTM standard practice (ASTM C 

192/C 192M, 2004) was followed for curing. The curing temperature was 23±20C and the 

relative humidity was above 95%. 

 

 

 

 

 

 

 

 

 

 100D×200H mm de-moulded cylinders 100D×50H mm cut cylinders 

 

Figure 9.1: Cylinder specimens used for determining the hardened properties of concretes 
 

The cylinder (100D×200H mm) specimens were always kept saturated during the 

testing of electrical resistivity to minimize the differential drying effects. Also, the top faces 
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of the molded cylinders were smoothened by grinding to make the ends plane and parallel 

before testing ultrasonic pulse velocity and compressive strength. It facilitated good coupling 

during the ultrasonic pulse velocity test. It also ensured the perpendicularity of end faces to 

the axis of specimen during the compression test. 

 

Table 9.1: Details of the test specimens 
Type of test Type of specimens Size of specimens 

 
Compression Medium cylinders 100D*×200H♣ mm 
Ultrasonic pulse velocity Medium cylinders 100D×200H mm 
Electrical resistivity Medium cylinders 100D×200H mm 
Water absorption and total porosity Small cylinders 100D×50H mm 

*Diameter; ♣Height 
 

 

The test specimens (100D×50H mm small cylinders) required for determining the 

water absorption and total porosity were prepared by cutting a required number of molded 

and cured cylinders. While cutting operation, thin sections from both ends of the cylinders 

were discarded to minimize the end effects. Three 100D×50H mm small cylinder specimens 

were prepared from each 100D×200H mm parent cylinder. 

 

9.4 Test Procedures for Hardened Concretes 

The hardened specimens of various SCHPCs were tested to determine compressive strength, 

ultrasonic pulse velocity, water absorption and total porosity, and true electrical resistivity. 

The details of the test program are shown in Table 9.2. 

 

9.4.1 Compression test 

The compression test was carried out to determine the compressive strength of the concretes. 

ASTM standard (ASTM C 39/C 39M, 2004) was followed to conduct the compression test at 

the ages of 3, 7, 28 and 56 days. Triplicate 100D×200H mm medium cylinders were tested at 

each age. During testing, unbonded metal (steel) caps with neoprene elastometric pads were 

used on the end faces of the cylinders to ensure uniaxial loading. An operational stage of the 

compression test is shown in Figure 9.2. The compression was applied and the maximum or 
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ultimate load carried by the specimen was recorded. The compressive strength was calculated 

based on the ultimate load and the cross-sectional area of the cylinder, and averaged from the 

results of three specimens. 

 

Table 9.2: Test program for different types of hardened concrete 
Concrete type* Type of test Test age 

(days) 
Specimens number 
tested at each age 

Compression 3, 7, 28, 56 3 

Ultrasonic pulse velocity 28, 56 3 

Electrical resistivity 28, 56 3 

C30R0A6, C30R15A6, 
C30R20A6 
 
C35R0A6, C35R5A6, 
C35R10A6, 35R15A6, 
C35R20A6, 35R25A6, 
C35R30A6 
 
C40R0A6, C40R15A6, 
C40R20A6 
 
C50R0A2, C50R0A6 

Water absorption and 
total porosity 

28, 56 3 

*Concrete designations are given in Chapter 7 
 

 

9.4.2 Test for ultrasonic pulse velocity 

The test for ultrasonic pulse velocity of concretes was carried out in accordance with ASTM 

C 597 (2004). An operational stage of the ultrasonic pulse velocity test is shown in Figure 

9.2. The test was conducted at the ages of 28 and 56 days. Triplicate 100D×200H mm 

cylinders were tested at each age. The specimens were air-dried at room temperature 

(23±20C) for 24 hours prior to testing. The drying process helped to obtain good coupling 

between transducers and specimen. The average path length of the specimens was 

determined by taking the measurement at four quaternary longitudinal locations. A CNS 

portable ultrasonic non-destructive digital indicating tester, PUNDIT plus (CNS Farnell 

2000) was used for determining the ultrasonic pulse velocity. Before using the PUNDIT, the 

transducers were zeroed by placing them face to face with water-soluble coupling gel. During 

testing, the transducers were coupled firmly to the specimen ends and the transit time was 

recorded. The ultrasonic pulse velocity was determined from measured transit time and path 

length and averaged based on the results of three specimens. 
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 Water absorption and total porosity test 
(vacuum saturation) 

Water absorption and total porosity test 
(determination of buoyant mass)  

 

Figure 9.2: Different tests for determining the hardened properties of concretes 
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9.4.3 Test for electrical resistivity 

The electrical resistivity test for concretes was carried out by the four-point Wenner array 

probe technique. The Florida test method FM 5-578 was followed for determining the 

resistivity of various concretes (Florida Department of Transportation 2004). A CNS RM 

MKII concrete resistivity meter (CNS Farnell 2004) was used to measure the surface 

resistivity at the ages of 28 and 56 days. The probe array spacing used was 40 mm. An 

operational stage of the electrical resistivity test is shown in Figure 9.2. Triplicate 

100D×200H mm saturated cylinders were used at each test age. The resistivity measurements 

were taken at four quaternary longitudinal locations of the specimen, and repeated once for 

each location to obtain 8 readings per specimen. Hence, 24 resistivity readings were obtained 

in total for three specimens. These readings were averaged to get the electrical resistivity of 

the concrete. The resistivity obtained was the apparent electrical resistivity of concrete. 

Therefore, a correction factor was applied to obtain the true electrical resistivity. The 

correction factor was determined based on the procedure described by Morris et al. (1996). 

The true electrical resistivity of the concretes was determined by dividing the apparent 

resistivity with the correction factor. 

 

9.4.4 Test for water absorption and total porosity 

A test method based on the vacuum saturation technique was employed to determine the 

water absorption and total porosity of the concretes from saturated, suspended and oven-dry 

masses of the specimens. A schematic of the vacuum saturation technique is shown in Figure 

9.3. The 100D×50H mm cylinder specimens were vacuum saturated at the ages of 28 and 56 

days. Triplicate specimens were used at each testing age. The specimens were placed in a 

vacuum pycnometer with both end faces being exposed. There was a movable air-tight collar 

attached to the lid of this pycnometer. The collar was used to connect or disconnect the 

vacuum and water lines with the pycnometer holding test specimens. Cool tap water was 

poured in another vacuum pycnometer. Both pycnometers were covered by the lid and sealed 

using vacuum grease. The pycnometers were then connected to a vacuum pump through a 

water trap by means of a vacuum line connector. A pressure gage was attached to the vacuum 

line connector. Another pressure gage was attached to the vacuum pycnometer holding water 

to ensure the required vacuum pressure. The vacuum pump was started and run for 3 hours at 
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a pressure of -97 kPa (-28.5 in. Hg). With the vacuum pump still running, the stopcock for 

the pycnometer containing water was closed and the vacuum was released. Immediately, the 

vacuum line of the pycnometer holding test specimens was disconnected by turning the collar 

to the air-tight position, the water line was attached, and a sufficient amount of de-aired 

water was drained to entirely cover the specimens. Then the water line was disconnected 

while keeping the collar in air-tight position, the vacuum line was connected, and the 

specimens covered with de-aired water were further vacuumed for two hours. An operational 

stage of the vacuum saturation technique is shown in Figure 9.2. After 5 hours of vacuum 

operation, the pump was turned off and the air was allowed to enter the pycnometer 

containing test specimens. The specimens were soaked under water keeping them in vacuum 

pycnometer for 19 hours and then the saturated surface-dry and buoyant masses were 

determined. An operational stage of the buoyant mass measurement is shown in Figure 9.2. 

Then the specimens were oven-dried at 105±50C for 48 hours. The oven-drying was 

conducted after vacuum saturation to eliminate the effect of microstructural damage. Later 

the specimens were removed from the oven, cooled in dry air to a room temperature of 

23±20C, and then weighed to obtain the oven-dry mass. Finally, the water absorption and 

total porosity of the concretes were calculated using Equation 9.1 and Equation 9.2, 

respectively, and averaged based on the results of three specimens. 

 

%100×
−

=
d

ds
a M

MM
W                                                                                         (Equation 9.1) 

%100×
−
−

=
bs

ds
t MM

MM
P                                                                                          (Equation 9.2) 

 

where: 

Pt = Total porosity (volume %) 

Wa = Water absorption (mass %) 

Mb = Buoyant mass of the saturated specimen in water 

Md = Oven-dry mass of the specimen in air 

Ms = Saturated surface-dry mass of the specimen in air 
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Figure 9.3: Schematic of test setup for determining water absorption and total porosity 
 

 

9.5 Test Results for Hardened Properties 

The hardened properties of the concretes tested were the compressive strength, ultrasonic 

pulse velocity, water absorption, total porosity, and electrical resistivity. The results are 

presented and discussed below. 

 

9.5.1 Compressive strength 

The detailed results for compressive strength including the average strength with standard 

deviation are given in Tables 9.3 and 9.4. The average compressive strengths of the concretes 

are presented in Figures 9.4 to 9.6. The gain in compressive strength continued to occur until 

the age of 56 days where the highest strength was achieved for all concretes due to greater 

hydration of cementing materials. However, the largest strength development happened 

between 3 and 28 days, as can be seen from Figures 9.4 to 9.6. The compressive strength at 

the age of 28 days was in the range of 42.7 to 94.1 MPa for different concretes. In addition, 

the compressive strength of concretes at the age of 56 days varied from 44.9 to 98.4 MPa. 
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Table 9.3: Compressive strength of various concretes (W/B = 0.30, 0.40, and 0.50) 
Concrete 
Mixture 

Compressive strength (MPa) 

 3D 7D 28D 56D 
C30R0A6 S1: 53.8 

S2: 53.8 
S3: 52.6 
Average: 53.4 
σ*: 0.69 

S1: 62.4 
S2: 61.8 
S3: 61.2 
Average: 61.8 
σ: 0.60 

S1: 68.9 
S2: 68.8 
S3: 68.6 
Average: 68.8 
σ: 0.16 

S1: 71.0 
S2: 71.3 
S3: 71.6 
Average: 71.3 
σ: 0.30 

C30R15A6 S1: 55.7 
S2: 56.3 
S3: 55.7 
Average: 55.9 
σ: 0.35 

S1: 68.5 
S2: 69.2 
S3: 70.4 
Average: 69.4 
σ: 0.96 

S1: 88.4 
S2: 87.5 
S3: 86.9 
Average: 87.6 
σ: 0.76 

S1: 92.1 
S2: 91.5 
S3: 91.8 
Average: 91.8 
σ: 0.30 

C30R20A6 S1: 56.9 
S2: 57.5 
S3: 56.3 
Average: 56.9 
σ: 0.60 

S1: 71.6 
S2: 72.2 
S3: 72.8 
Average: 72.2 
σ: 0.60 

S1: 92.4 
S2: 93.0 
S3: 91.2 
Average: 92.2 
σ: 0.92 

S1: 96.4 
S2: 94.8 
S3: 95.8 
Average: 95.7 
σ: 0.81 

C40R0A6 S1: 42.2 
S2: 42.2 
S3: 41.6 
Average: 42.0 
σ: 0.35 

S1: 50.2 
S2: 50.2 
S3: 49.5 
Average: 49.9 
σ: 0.41 

S1: 59.7 
S2: 59.3 
S3: 59.1 
Average: 59.4 
σ: 0.31 

S1: 62.4 
S2: 61.5 
S3: 61.8 
Average: 61.9 
σ: 0.46 

C40R15A6 S1: 43.5 
S2: 42.8 
S3: 42.9 
Average: 43.1 
σ: 0.38 

S1: 52.0 
S2: 50.8 
S3: 53.2 
Average: 52.0 
σ: 1.20 

S1: 67.0 
S2: 64.6 
S3: 65.5 
Average: 65.7 
σ: 1.21 

S1: 68.5 
S2: 70.1 
S3: 69.2 
Average: 69.3 
σ: 0.80 

C40R20A6 S1: 44.6 
S2: 42.8 
S3: 44.1 
Average: 43.8 
σ: 0.38 

S1: 56.9 
S2: 55.7 
S3: 54.5 
Average: 55.7 
σ: 1.2 

S1: 71.0 
S2: 71.9 
S3: 70.4 
Average: 71.1 
σ: 0.76 

S1: 74.7 
S2: 73.7 
S3: 74.1 
Average: 74.2 
σ: 0.51 

C50R0A6 S1: 30.0 
S2: 29.4 
S3: 29.7 
Average: 29.7 
σ: 0.30 

S1: 36.1 
S2: 35.2 
S3: 34.6 
Average: 35.3 
σ: 0.76 

S1: 41.6 
S2: 43.1 
S3: 43.4 
Average: 42.7 
σ: 0.96 

S1: 45.3 
S2: 44.7 
S3: 44.7 
Average: 44.9 
σ: 0.35 

C50R0A2 S1: 36.1 
S2: 37.0 
S3: 36.7 
Average: 36.6 
σ: 0.46 

S1: 45.3 
S2: 44.7 
S3: 44.1 
Average: 44.7 
σ: 0.60 

S1: 56.6 
S2: 54.5 
S3: 56.0 
Average: 55.7 
σ: 1.08 

S1: 57.8 
S2: 56.6 
S3: 57.5 
Average: 57.3 
σ: 0.62 

*Standard deviation 
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Table 9.4: Compressive strength of various concretes (W/B = 0.35) 
Concrete 
Mixture 

Compressive strength (MPa) 

 3D 7D 28D 56D 
C35R0A6 S1: 47.8 

S2: 47.1 
S3: 47.2 
Average: 47.4 
σ: 0.38 

S1: 56.9 
S2: 56.9 
S3: 56.3 
Average: 56.7 
σ: 0.35 

S1: 66.4 
S2: 64.9 
S3: 65.5 
Average: 65.6 
σ: 0.76 

S1: 68.3 
S2: 67.9 
S3: 68.6 
Average: 68.3 
σ: 0.35 

C35R5A6 S1: 48.3 
S2: 49.0 
S3: 48.9 
Average: 48.7 
σ: 0.38 

S1: 58.1 
S2: 58.7 
S3: 57.5 
Average: 58.1 
σ: 0.60 

S1: 71.6 
S2: 70.4 
S3: 72.8 
Average: 71.6 
σ: 1.2 

S1: 74.6 
S2: 75.0 
S3: 72.2 
Average: 73.9 
σ: 1.5 

C35R10A6 S1: 49.6 
S2: 49.0 
S3: 50.2 
Average: 49.6 
σ: 0.60 

S1: 59.7 
S2: 60.3 
S3: 60.0 
Average: 60.0 
σ: 0.30 

S1: 75.0 
S2: 73.7 
S3: 75.9 
Average: 74.9 
σ: 1.11 

S1: 76.2 
S2: 77.7 
S3: 78.4 
Average: 77.5 
σ: 1.13 

C35R15A6 S1: 49.9 
S2: 50.2 
S3: 50.5 
Average: 50.2 
σ: 0.30 

S1: 61.9 
S2: 61.8 
S3: 62.5 
Average: 62.1 
σ: 0.38 

S1: 78.5 
S2: 78.3 
S3: 78.9 
Average: 78.6 
σ: 0.31 

S1: 80.7 
S2: 81.1 
S3: 81.6 
Average: 81.1 
σ: 0.55 

C35R20A6 S1: 50.8 
S2: 51.4 
S3: 50.8 
Average: 51.0 
σ: 0.35 

S1: 64.9 
S2: 66.1 
S3: 65.5 
Average: 65.5 
σ: 0.60 

S1: 85.1 
S2: 85.6 
S3: 85.6 
Average: 85.4 
σ: 0.29 

S1: 89.9 
S2: 89.9 
S3: 89.3 
Average: 89.7 
σ: 0.35 

C35R25A6 S1: 52.1 
S2: 52.1 
S3: 50.8 
Average: 51.7 
σ: 0.75 

S1: 66.7 
S2: 67.3 
S3: 69.2 
Average: 67.7 
σ: 1.31 

S1: 88.1 
S2: 90.6 
S3: 90.0 
Average: 89.6 
σ: 1.31 

S1: 95.2 
S2: 93.0 
S3: 94.2 
Average:  
σ: 1.10 

C35R30A6 S1: 51.7 
S2: 52.0 
S3: 52.3 
Average: 52.0 
σ: 0.30 

S1: 69.1 
S2: 70.7 
S3: 69.8 
Average: 69.9 
σ: 0.80 

S1: 92.4 
S2: 95.2 
S3: 94.8 
Average: 94.1 
σ: 1.51 

S1: 98.2 
S2: 98.5 
S3: 98.5 
Average: 98.4 
σ: 0.17 

 

The highest level of later-age compressive strength was achieved for C35R30A6, 

which contained 30% RHA at the W/B ratio of 0.35. Conversely, the lowest level of 

compressive strength at all ages was obtained for C50R0A6, which was produced with a 
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W/B ratio of 0.50 and without any RHA. Nevertheless, the requirements for the early-age 

and later-age compressive strengths of high performance concrete, as listed in Table 2.2 

(Chapter 2) were fulfilled for all SCHPCs. The development of good compressive strength is 

due to the use of optimum sand-aggregate (S/A) ratio and high-range water reducer (HRWR) 

that resulted in dense concretes with minimum voids. 
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Figure 9.4: Compressive strength development of various concretes (W/B = 0.30) 
 

9.5.1.1 Effect of water-binder ratio 

The compressive strength of the concretes increased significantly with lower W/B ratio, as 

evident from Tables 9.3 and 9.4, and from Figures 9.7 and 9.8. The increase in compressive 

strength is directly related to the reduction in concrete porosity (Neville 1996, Neville and 

Brooks, 1999). In the present study, the total porosity of concrete decreased with lower W/B 

ratio. Hence, it can be inferred that the microstructure of concrete was improved in both bulk 

paste matrix and interfacial transition zone. Also, the cement content became higher at lower 

W/B ratio since the water content was kept constant for all concretes. It was deduced that the 

increased cement content improved the physical packing of aggregates and produced a 

greater amount of calcium silicate hydrate (CSH) leading to a higher compressive strength. 
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Figure 9.5: Compressive strength development of various concretes (W/B = 0.35) 
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Figure 9.6: Compressive strength development of various concretes (W/B = 0.40 and 0.50) 
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Figure 9.7: Effect of W/B ratio on the compressive strength of concretes without RHA 
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Figure 9.8: Effect of W/B ratio on the 28 days compressive strength of concretes with RHA 
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9.5.1.2 Effect of rice husk ash 

The RHA significantly increased the compressive strength of concretes at the ages of 7, 28 

and 56 days, as evident from Tables 9.3 to 9.4 and Figure 9.8. The improvement of 

compressive strength is mostly due to the microfilling ability and pozzolanic activity of RHA 

(see Section 2.9.5.3). With a smaller particle size, the RHA can fill the micro-voids within 

the cement particles. Also, the RHA readily reacts with water and calcium hydroxide, a by-

product of cement hydration and produces additional calcium silicate hydrate or CSH (Yu et 

al. 1999). The additional CSH increases the compressive strength of concrete since it is a 

major strength-contributing compound. Also, the additional CSH reduces the porosity of 

concrete by filling the capillary pores, and thus improves the microstructure of concrete in 

bulk paste matrix and transition zone leading to increased compressive strength. 

 

9.5.1.3 Effect of air content 

The increased air content decreased the compressive strength of concretes. This is obvious 

from the compressive strength development in concretes ‘C50R0A2’ and ‘C50R0A6’, as 

presented in Figure 9.6. The air content of C50R0A2 was 1.8% whereas C50R0A6 had an air 

content of 5.2%. For 3.4% increase in air content, the reduction in 28 days compressive 

strength was 13.0 MPa. Thus, the compressive strength was reduced by 3.82 MPa per 1% 

increase in air content. The decrease in compressive strength with increased air content is due 

to the reason that the entrained air-voids increase the void content of concrete (Neville 1996). 

 

9.5.2 Ultrasonic pulse velocity 

The average test results for the 28 and 56 days ultrasonic pulse velocity of the concretes are 

presented in Figures 9.9 to 9.11. The ultrasonic pulse velocity varied in the range of 4.730 to 

5.097 km/s, thus indicated an excellent physical condition of the concretes. This is because 

an ultrasonic pulse velocity higher than 4.575 km/s generally indicates an excellent quality of 

concrete (Demirboğa et al. 2004, Leslie and Cheeseman 1949). The excellent ultrasonic pulse 

velocity attained was mostly due to the improved pore structure of concretes resulting from 

optimum S/A ratio and enhanced filling ability. Also, the ultrasonic pulse velocity of all 

concretes at 56 days was greater than that at 28 days, which is due to reduced porosity 

resulting from continued hydration of the cementing materials. 
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Figure 9.9: Ultrasonic pulse velocity of various concretes (W/B = 0.30) 
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Figure 9.10: Ultrasonic pulse velocity of various concretes (W/B = 0.35) 
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Figure 9.11: Ultrasonic pulse velocity of various concretes (W/B = 0.40 and 0.50) 
 

9.5.2.1 Effect of water-binder ratio 

The ultrasonic pulse velocity of the concretes was increased with lower W/B ratio, as evident 

from Figures 9.12 and 9.13. A similar effect was noticed in an earlier study (Lin et al. 2003). 

In the present study, the maximum increase in pulse velocity was 4.61%. The highest level of 

ultrasonic pulse velocity was achieved for the concretes prepared with the W/B ratio of 0.30 

due to reduced porosity of concrete resulting from greater volume of hydration products 

(Section 9.5.4.1). In contrast, the lowest level of ultrasonic pulse velocity was obtained for 

the two concretes produced with a W/B ratio of 0.50 due to increased porosity. However, the 

range of ultrasonic pulse velocity (4.730 to 4.884 km/s > 4.575 km/s) obtained for this W/B 

ratio still represents an excellent physical quality of concrete. This is possibly due to the 

reason that the aggregate content was increased at higher W/B ratios, as evident from Tables 

7.3 and 7.5 (Chapter 7). The higher aggregate content accelerates the propagation of the 

pulse through concrete and therefore the ultrasonic pulse velocity is increased for the same 

strength level (Naik and Malhotra 1991, Shetty 2001). 
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Figure 9.12: Effect of W/B ratio on the ultrasonic pulse velocity of concretes 
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Figure 9.13: Effect of W/B ratio and RHA content on the 28 days ultrasonic pulse velocity of 
concretes 
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9.5.2.2 Effect of rice husk ash 

The presence of RHA increased the ultrasonic pulse velocity, as can be seen from Figures 9.9 

to 9.11, and Figure 9.13. It suggests that the use of RHA improved the quality of concrete 

through reduced porosity and densification of its pore structure. The physical and chemical 

modification of the pore structure of concrete occurs in the presence of RHA due to its 

microfilling and pozzolanic effects (see Section 9.5.1.2). This results in pore refinement and 

porosity reduction leading to a dense pore structure in both bulk paste matrix and transition 

zone of concrete that contributes to increase the ultrasonic pulse velocity. However, the 

increase in ultrasonic pulse velocity with increased RHA content was not as significant as the 

increase in compressive strength. The maximum increase in ultrasonic pulse velocity was 

about 2.66%. It indicates that the ultrasonic pulse velocity is less sensitive to the micro-

porosity of concrete. Also, the aggregate content was slightly decreased with the increase in 

RHA content, as can be seen from Tables 7.3 and 7.5 (Chapter 7). This can reduce the 

positive effect of RHA on the ultrasonic pulse velocity of concrete since a reduction in 

aggregate content decreases the ultrasonic pulse velocity of concrete (Naik and Malhotra 

1991, Shetty 2001). 

 

9.5.2.3 Effect of air content 

The ultrasonic pulse velocity of the non-air-entrained concrete was higher than that of air-

entrained concrete produced with the same W/B ratio, as can be seen from Figure 9.11. At 

both 28 and 56 days, the concrete ‘C50R0A2’ containing 1.8% entrapped air content 

provided higher ultrasonic pulse velocity than the concrete ‘C50R0A6’, which had 5.2% total 

air content. This indicates that the presence of entrained air-voids delayed the propagation of 

the pulse leading to a lower ultrasonic pulse velocity. This is probably due to greater number 

of pores and CSH gel/pore interfaces in the presence of entrained air-voids that may 

influence the passage of the ultrasonic pulse, and hence its velocity through concrete. 

 

9.5.3 Water absorption 

The average test results for the water absorption of the concretes are illustrated in Figures 

9.14 to 9.16. The lower water absorption was obtained at 56 days for all concretes. The 

reason is the same as discussed in Sections 9.5.1 and 9.5.2. Nevertheless, the water 
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absorption varied from 2.89% to 5.97%, which is relatively low. The water absorption of 

SCHPC generally varies in the range of 3 to 6%, as mentioned in Table 2.2 (Chapter 2). The 

non-RHA concretes provided higher water absorption than the RHA concretes. For example, 

the concretes with higher W/B ratio and without any RHA such as ‘C50R0A2’ and 

‘C50R0A6’ provided a water absorption close to 5% at both ages, as can be seen from Figure 

9.16. In addition, the concrete ‘C40R0A6’ provided 5.25% and 5% water absorption at 28 

and 56 days, respectively. The lowest level of water absorption was obtained for the concrete 

‘C35R30A6’, which provided 3.03% and 2.89% water absorption at the age of 28 and 56 

days, respectively. In contrast, the highest level of water absorption was found for the 

concrete ‘C50R0A2’, which provided 5.97% and 5.85% water absorption at the age of 28 

and 56 days, respectively. The low range of water absorption (2.89 to 5.97%) obtained was 

due to the limited pore connectivity and reduced porosity of the concretes. The water 

absorption of concrete becomes low when the capillary porosity is less than 15%, since most 

of the pores appear to be discontinuous (Bentz and Haecker 1999, Parrott 1992) and thus the 

flow channels for the water movement are reduced. 
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Figure 9.14: Water absorption of various concretes (W/B = 0.30) 

 204



 

 

 

 

 

 

 

 

 

 

 

 

 

 

2 3 4 5 6

C35R0A6

C35R5A6

C35R10A6

C35R15A6

C35R20A6

C35R25A6

C35R30A6
Ty

pe
 o

f c
on

cr
et

e

Water absorption (%)

56 days
28 days

Figure 9.15: Water absorption of various concretes (W/B = 0.35) 
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9.5.3.1 Effect of water-binder ratio 

The water absorption of the concretes at both ages of 28 and 56 days varied linearly with the 

W/B ratios. It was reduced with lower W/B ratio, as can be seen from Figures 9.17 and 9.18. 

In the absence of RHA, the highest level of water absorption was obtained for the concretes 

prepared with the W/B ratio of 0.50. Conversely, the lowest level of water absorption was 

achieved for the concrete produced with the W/B ratio of 0.30. In the case of non-RHA 

concretes, the reduction in water absorption at the W/B ratio of 0.30 was about 25% in 

comparison with the W/B ratio of 0.50. In the presence RHA, the water absorption of 

concrete was also decreased with lower W/B ratio, as evident from Figure 9.18. The reasons 

are the same as discussed in Sections 9.5.1.1 and 9.5.2.1. 
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Figure 9.17: Effect of W/B ratio on the water absorption of concretes 
 

 

9.5.3.2 Effect of rice husk ash 

The water absorption of the concretes was decreased with greater RHA content, as can be 

seen from Figure 9.18. This is also evident from Figures 9.14 to 9.16. Similar results were 

reported by Coutinho (2003) and Mahmud et al. (2004) for medium and high strength 
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concretes. In the present study, the RHA produced a higher degree of reduction in water 

absorption for different W/B ratios. This is evident from the steeper slope of the lines 

representing the RHA concretes in Figure 9.18. The lowest level of water absorption was 

attained for 30% RHA used in the concrete ‘C35R30A6’, which provided about 35% reduced 

water absorption than C35R0A6 at 28 and 56 days. The significant reduction in water 

absorption obtained is primarily credited to the reduced porosity of the concretes at higher 

RHA content, as discussed in Sections 9.5.1.2 and 9.5.2.2. 
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Figure 9.18: Effect of W/B ratio and RHA content on the 28 days water absorption of 
concretes 

 
 

9.5.3.3 Effect of air content 

The water absorption of concrete was slightly reduced in the presence of entrained air-voids. 

It can be seen from Figure 9.16 that the concrete ‘C50R0A2’ containing 1.8% entrapped air 

provided higher water absorption than the concrete ‘C50R0A6’ containing 5.2% total air 

content. Similar results were obtained by Dhir et al. (1987). The reason is that the porosity of 

C50R0A6 was reduced due to the presence of entrained air-voids (see Section 9.5.4.3). 
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9.5.4 Total porosity 

The average test results for the total porosity of concretes are illustrated in Figures 9.19 to 

9.21. The total porosity ranged from 6.77 to 13.71%. The lowest level of porosity was 

obtained for the concrete ‘C35R30A6’, with the total porosity of 7.07% and 6.77%, 

respectively, at 28 and 56 days. In contrast, the highest level of porosity was attained for the 

concrete ‘C50R0A2’, which provided a total porosity of 13.71% and 13.38% at 28 and 56 

days, respectively. The overall test results of total porosity suggest that the quality of the 

concretes was good. The total porosity of high-quality concrete is about 7% whereas that of 

average-quality concrete is 15% (Hearn et al. 1994). The lowest level of total porosity was 

obtained for all concretes at the age of 56 days for the same reasons as discussed before. In 

addition, the pore structure of the concretes was improved due to the use of HRWR. The 

HRWR induces high consistency in concrete, and thus improves the packing in the range of 

the fines. Also, the HRWR enhances the hydration process by dispersing the cement grains 

(Collepardi and Massidda 1976). Thus, both total porosity and pore diameter are reduced in 

concretes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9.19: Total porosity of various concretes (W/B = 0.30) 
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Figure 9.20: Total porosity of various concretes (W/B = 0.35) 
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Figure 9.21: Total porosity of various concretes (W/B = 0.40 and 0.50) 
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9.5.4.1 Effect of water-binder ratio 

The total porosity of the concretes was increased with higher W/B ratio, as can be seen from 

Figures 9.22 and 9.23. A similar effect of W/B ratio on porosity was observed by other 

researchers in case of normal and high performance concretes (Roy 1994, Maeda et al. 2001). 

The reasons are discussed in Sections 9.5.1.1 and 9.5.2.1. Furthermore, the total porosity of 

the concretes was relatively high at the W/B ratio of 0.50. This is possibly due to the reason 

that the W/B ratio was higher than the minimum W/B ratio needed to eliminate the capillary 

pores. For a W/B ratio greater than 0.38, the bulk volume of CSH gel is not sufficient to fill 

all water-filled pores and therefore some capillary pores still remain in binder paste even 

after complete hydration (Hearn et al. 1994, Neville 1996). Thus, the total porosity appears to 

be higher at the W/B ratio of 0.50. 
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Figure 9.22: Effect of W/B ratio on the total porosity of concretes 
 

 

9.5.4.2 Effect of rice husk ash 

The total porosity of the concretes was decreased with greater RHA content, as evident from 

Figures 9.19 to 9.21, and Figure 9.23. A similar effect of RHA on porosity was observed in 
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previous research for normal and high performance concretes (Maeda et al. 2001, Sugita et 

al. 1997). In the present study, the total porosity of concrete was decreased by 5% to 35% for 

various RHA contents. Thus, it was understood that the physical and chemical effects of 

RHA modified the open channels at the cement paste matrix and transition zone of concrete 

leading to a discontinuous pore structure with reduced total porosity. Indeed, the presence of 

RHA contributes to produce a dense pore structure in concrete by decreasing the amount and 

average size of the pores (Sugita et al. 1997, Zhang et al. 1996). 
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Figure 9.23: Effect of W/B ratio and RHA content on the 28 days total porosity of various 
concretes 

 

 

9.5.4.3 Effect of air content 

The air-entrained concrete ‘C50R0A6’ provided lower total porosity than the non-air-

entrained concrete ‘C50R0A2’, as can be seen from Figure 9.21. This is due to the combined 

effect of reduced water content and non-connectivity of the air-voids (Dhir et al. 1987). Also, 

the total volume of capillary pores becomes lower in air-entrained concrete since a part of the 

gross volume of hardened cement paste is entrained air (Neville 1996). 
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9.5.5 Electrical resistivity 

The average test results for the true electrical resistivity of various concretes are presented in 

Figures 9.24 to 9.26. The true electrical resistivity of the concretes varied in the range of 4.1 

to 121.2 kΩ-cm for different types of concrete. The true resistivity of concretes must be 

greater than 5 kΩ-cm, since the corrosion rate can be high below this limit (Hearn 1996). The 

concrete exhibits moderate to low corrosion rate when its true resistivity is between 5 and 10 

kΩ-cm, whereas good corrosion resistance is obtained when the true resistivity is above 10 

kΩ-cm (Hearn 1996, Neville 1996). All RHA concretes provided an electrical resistivity 

higher than 10 kΩ-cm. In contrast, the non-RHA concretes exhibited the electrical resistivity 

in the range of 4.1 to 8.9 kΩ-cm. Moreover, the true electrical resistivity of all concretes was 

higher at the age of 56 days. The true resistivity at 56 days was about 9.8% to 92.7% higher 

than that at 28 days for various concretes. A similar effect of curing age was noticed in an 

earlier research (Hossain 2005). This is due to the reduced porosity at the later age. Also, the 

ionic concentration in pore solution decreases at later age due to enhanced pozzolanic 

reaction, and consequently the resistivity is increased (Selvaraj et al. 2003). 
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Figure 9.24: True electrical resistivity of various concretes (W/B = 0.30) 
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Figure 9.25: True electrical resistivity of various concretes (W/B = 0.35) 
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Figure 9.26: True electrical resistivity of various concretes (W/B = 0.40 and 0.50) 
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9.5.5.1 Effect of water-binder ratio 

The true electrical resistivity of concrete was increased with lower W/B ratio, as can be seen 

from Figures 9.27 and 9.28. In the absence of RHA, the highest level of resistivity was 

observed at the W/B ratio of 0.30. This is due to the densification of the paste microstructure 

with reduced porosity. Conversely, the lowest level of resistivity was obtained for the non-

RHA concretes with the W/B ratio of 0.50. This is because the higher W/B ratio increases the 

porosity and thus enhances the ionic movement resulting in reduced electrical resistivity. A 

similar effect of W/B ratio on electrical resistivity of concrete was reported by Roper (1994). 
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Figure 9.27: Effect of W/B ratio on the true electrical resistivity of concretes 
 

 

9.5.5.2 Effect of rice husk ash 

The presence of RHA increased the true electrical resistivity of concretes, as can be seen 

from Figures 9.24 to 9.26, and Figure 9.28. It is due to the reduced porosity and pore 

refinement produced by RHA. The resistivity usually increases with lower porosity and 

smaller pore size (Hossain 2005, Tumidajski 2005), as the flow of ions through the pore 
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spaces is hindered. In addition, the use of RHA reduces the amount of hydroxyl and alkali 

ions, which are the main ions that carry charge (Claisse 2005). Therefore, the electrical 

resistivity was greatly increased in the presence of RHA. Also, the RHA resulted in 

substantially high resistivity at 56 days. In particular, the increase was relatively high as 

compared to other properties such as compressive strength. This is probably due to the 

combined effect of porosity reduction and pozzolanic reaction. A pozzolanic material 

generally exhibits high resistivity despite its contribution to the compressive strength of 

concrete (Ampadu and Torii 2002, Roper 1994). 
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Figure 9.28: Effect of W/B ratio and RHA content on the 28 days true electrical resistivity of 
concretes 

 

 

9.5.5.3 Effect of air content 

The electrical resistivity of concrete was increased in the presence of entrained air-voids. It 

can be seen from Figure 9.26 that the concrete ‘C50R0A6’ with 5.2% total air content 

provided slightly greater resistivity than the concrete ‘C50R0A2’ containing 1.8% entrapped 

air content. This is related to the total porosity of these two concretes. The concrete 

‘C50R0A6’ provided lower total porosity than the concrete ‘C50R0A2’. Moreover, the 
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capillary porosity is decreased in the presence of entrained air-voids as discussed before. 

Consequently, the ionic movement was reduced and the resistivity became higher. 

 

9.6 Concrete Durability 

The durability of the concretes was not tested directly in the present study. However, the 

hardened properties determined indicated a good durability for the majority of concretes. The 

ultrasonic pulse velocity and compressive strength results exhibited the excellent physical 

condition or quality of concretes with a reduced porosity, and thus pointed to good durability. 

In addition, the low range of water absorption and total porosity, and the high level of 

electrical resistivity obtained for most concretes suggested that they would show good 

durability. This is because the reduction in porosity enhances the freeze-thaw durability 

(Litvan 1973, Claisse 2005), decreases the water and gas permeability (Coppola et al. 2004), 

and increases the resistance to acid attack, carbonation and chloride penetration (Sugita et al. 

1997). A lower range of water absorption indicates the reduced penetration of chlorides and 

other deleterious agents into concretes (McCarter et al. 1992). Also, the concretes with a true 

electrical resistivity higher than 10 kΩ-cm exhibit low chloride ion permeability (Chini et al. 

2003, Kessler et al. 2005) and reduced corrosion rate (ACI 222R-01, 2004). 

 

9.7 Correlations among Various Hardened Properties 

The correlations for the compressive strength and ultrasonic pulse velocity, compressive 

strength and total porosity, ultrasonic pulse velocity and total porosity, and true electrical 

resistivity and total porosity were determined. They are presented and discussed below. 

 

9.7.1 Compressive strength and ultrasonic pulse velocity 

An exponential relationship was observed between the compressive strength and ultrasonic 

pulse velocity of all concretes, as can be seen from Figure 9.29. This relationship was found 

for the compressive strength ranging from 42.7 to 98.4 MPa and for the ultrasonic pulse 

velocity varying from 4.730 to 5.097 km/s. The coefficient of determination (R2) for the best-

fit curve was 0.929, and the correlation coefficient (R) was 0.964, which indicates an 

excellent relationship. This correlation was obtained for both later ages (28 and 56 days) of 

concretes. Thus, it was understood that the relationship between compressive strength and 
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ultrasonic pulse velocity is independent of the concrete age. A similar correlation was 

observed by Demirboğa et al. (2004) for the concretes including fly ash and slag. This is due 

to the reason that both compressive strength and ultrasonic pulse velocity are increased with 

the curing age of concretes (Naik and Malhotra 1991, Kaplan 1958). However, the variation 

in ultrasonic pulse velocity was insignificant as compared to the compressive strength of 

concrete. 
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Figure 9.29: Correlation between compressive strength and ultrasonic pulse velocity 
 

9.7.2 Compressive strength and total porosity 

The compressive strength was well-correlated with the total porosity of concretes, as can be 

seen from Figure 9.30. The best-fit line exhibited a linear relationship between the 

compressive strength ranging from 42.7 to 98.4 MPa and the total porosity varying from 6.77 

to 13.71%. The coefficient of determination for the best-fit line was 0.970, and the 

correlation coefficient was 0.985, which indicates an excellent relationship. A similar 

relationship between the compressive strength and total porosity of paste and concrete was 

noticed by other researchers (Al-Amoudi et al. 1996, Neville 1996). A single good 

correlation between compressive strength and total porosity was obtained for both ages of 
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concretes. Therefore, the relationship between compressive strength and total porosity was 

also independent of the curing age of concrete. 

 

R2 = 0.970

20

40

60

80

100

5 7.5 10 12.5 15

Total porosity (%)

C
om

pr
es

si
ve

 s
tre

ng
th

 (M
P

a)

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9.30: Correlation between compressive strength and total porosity 
 

 

9.7.3 Ultrasonic pulse velocity and total porosity 

The ultrasonic pulse velocity was well-correlated with the total porosity of concretes, as can 

be seen from Figure 9.31. The best-fit line exhibited a second-order polynomial relationship 

between the ultrasonic pulse velocity varying from 4.730 to 5.097 km/s and the total porosity 

ranging from 6.77 to 13.71%. The best-fit curve had a coefficient of determination of 0.901, 

and a correlation coefficient of 0.949, which indicates an excellent relationship. Also, the 

relationship was independent of the curing age of concrete since one single good correlation 

was valid for both ages. 

 

9.7.4 Electrical resistivity and total porosity 

The true electrical resistivity and total porosity of concretes were well-correlated, as evident 

from Figure 9.32. This relationship was obtained for the electrical resistivity ranging from 
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4.1 to 121.2 kΩ-cm and for the total porosity varying from 6.77 to 13.71%. The best-fit curve 

showed a power relationship with a coefficient of determination of 0.794 and a correlation 

coefficient of 0.891, which indicates a good relationship. However, the RHA concretes with 

relatively high W/B ratio such as C40R15A6 and C40R20A6 tended to deviate from this 

relationship. This is because the electrical resistivity of these two concretes significantly 

increased at higher RHA content where as the total porosity was relatively high due to 

increased capillary pores at the W/B ratio greater than 0.38. 
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Figure 9.31: Correlation between ultrasonic pulse velocity and total porosity 
 

 

The nature of the best-fit curve indicates that the true electrical resistivity appears to 

be very low when the total porosity of concrete is beyond 12.5%. Conversely, the true 

electrical resistivity becomes very high when the total porosity is below 7.5%. Furthermore, a 

single good correlation was valid for both 28 and 56 days curing ages. Thus, it was 

understood that the relationship between true electrical resistivity and total porosity is also 

independent of concrete age. 
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Figure 9.32: Correlation between true electrical resistivity and total porosity 
 

 

9.8 Model for Compressive Strength 

An empirical model for the compressive strength of SCHPC can be developed by combining 

a function for the strength development with time, and a second function correlating the 

specific strength with W/B ratio and RHA content, as presented in the equation below. 

 

⎟
⎠
⎞

⎜
⎝
⎛×= RHA

B
Wfttftf cssc ,),()(                                                                            (Equation 9.3) 

 

where: 

fc(t) is the compressive strength at any time t (days), f(t, ts) is a strength-time function with 

f(ts, ts)  = 1 at 28 days, and fcs is the specified compressive strength of concrete. The 28 days 

strength ‘fc28’ is most commonly used in practice to specify the compressive strength of 

concrete. Also, the strength increase at 56 days was only about 3 to 6% in the present study. 

Thus, replacing fcs by ‘fc28’, Equation 9.3 can be reformed as follows: 
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⎟
⎠
⎞
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Wftftf cc ,)28,()( 28                                                                         (Equation 9.4) 

 

The strength-time function, f (t, 28) for a concrete can be expressed as follows (ACI 

209R-92, 2004): 
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)28,(                                                                                    (Equation 9.5) 

 

where: 

α and β are constants that depend on the type of cement, concrete and curing method; fc(t), 

fc28, and t have been explained before. 

 

The constants α and β were determined using the results of compressive strength 

development with curing age and by plotting 1/f(t, 28) over 1/t as shown in Figure 9.33. In 

determining α and β, the total strength-time data for all concretes with and without RHA 

were considered for simplification of the model. The influence of this simplification on the 

validity of the model is discussed in Section 9.8.1. The calculated value of α was 1.86 and 

that of β was 0.94. The values of α and β  usually range from 0.05 to 9.25 and from 0.67 to 

0.98, respectively (ACI 209R-92, 2004). Nevertheless, substituting α and β with the obtained 

values, Equation 9.5 can be reformed as follows: 

 

t
ttf

94.086.1
)28,(

+
=                                                                                          (Equation 9.6) 

 

The compressive strength of the concretes for different ages varied exponentially with 

the W/B ratios, as can be seen from Figure 9.7. In the absence of RHA, the following 

relationship was obtained using the trendline (see Figure 9.7) for the W/B ratio and 28 days 

compressive strength (fc028) of concretes: 
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Figure 9.33: Relationship between 1/f(t,28) and 1/t 
 

 

The 28 days compressive strength was increased in the presence of RHA. The 

increase in strength varied linearly with the increase in RHA content, as can be seen from 

Figure 9.34. The linear relationship between RHA content and its contribution towards 28 

days compressive strength is shown in Equation 9.8. 

 

( rhacccr PKf =28 )                                                                                                    (Equation 9.8) 

 

where: 

Kc is the strength contribution factor of RHA, Prha is the percent amount of RHA in total 

binder or cementing materials (by weight), and fccr28 is the strength contribution of RHA 

towards 28 days compressive strength of concrete. 
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Figure 9.34: Contribution of RHA towards 28 days compressive strength of concretes 
 

 

The strength contribution factor of RHA (Kc) varied linearly with the W/B ratio of the 

concretes, as can be seen from Figure 9.35. The linear relationship is expressed in the 

following equation: 

 

14.342.6 +−=
B
WKc                                                                                             (Equation 9.9) 

 

Combining Equations 9.7 to 9.9, the second function of Equation 9.4 can be 

expressed as follows: 
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Figure 9.35: Relationship between strength contribution factor and W/B ratio 
 

Finally, substituting Equation 9.6 and Equation 9.10 in Equation 9.4, the following 

expression for the compressive strength of concretes can be obtained: 
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where: 

fc(t) = Compressive strength of concrete at any age (MPa) 

t = Age of concrete (days) 

Prha = Percent RHA content of concrete (%B)  

W/B = Water-binder ratio (by weight) 

 

9.8.1 Validity of the model 

The model (Equation 9.11) was used to compute the compressive strength of the concretes at 

different curing ages. The computed compressive strength was compared with the measured 
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strength values, as shown in Figures 9.36 to 9.38. The computed and measured compressive 

strengths varied in the range of +11.60% to -13.81% with the maximum error occurring in 

case of 3 days strength. The errors between computed and measured compressive strengths at 

28 and 56 days were in the range of +3.79% to -6.66%. The maximum error in case of 3 days 

compressive strength was due to the fact that the strength gain function over time was 

calibrated for all concretes independent of W/B ratio and RHA content. The coefficient of 

determination (R2) and correlation coefficient (R) for the computed and measured 

compressive strengths was 0.955 and 0.977, respectively. The high coefficient of 

determination indicates that at least 95% of the measured values can be accounted for by 

using the strength model. 

The strength model is valid for the air-entrained SCHPC mixtures whose W/B ratio 

ranges from 0.30 to 0.50, and which include RHA as a partial replacement of cement in the 

range of 0% to 30%. Big differences between predicted and measured compressive strengths 

can be found for W/B ratios over 0.50. Also, this model is applicable for a given type and 

size of aggregates, which were used with an optimum S/A ratio to minimize the void content 

in the aggregate skeleton of concretes. In addition, this model is valid for the water-cured 

concretes produced with normal portland (ASTM Type I or CSA Type GU) cement, and for a 

RHA whose pozzolanic activity index and silica content are about 120% and 95%, 

respectively. 

 

9.8.2 Application of the model 

The compressive strength of ordinary concretes can be estimated with good accuracy based 

on the strength charts. However, the strength development in SCHPC becomes complicated 

in the presence of SCMs, since it now depends upon the combined effects of cement 

hydration, dilution, microfilling, and pozzolanic reaction. The derived model can be used to 

estimate the compressive strength of the SCHPC mixtures where RHA is used as a partial 

replacement of cement. Thus, the model will be useful in the design process of concretes 

incorporating RHA to estimate the average compressive strength. In addition, the model can 

be used to determine the level of cement replacement by RHA for a given compressive 

strength with higher W/B ratio. 
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Figure 9.36: Predicted and measured compressive strengths of concretes (W/B = 0.30) 
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Figure 9.37: Predicted and measured compressive strengths of concretes (W/B = 0.40) 
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Figure 9.38: Comparison between predicted and measured compressive strength of concretes 
 

 

9.9 Optimum Content of Rice Husk Ash 

The hardened properties of the concretes were improved gradually with the increased RHA 

content. All concretes including RHA fulfilled the performance criteria for the tested 

hardened properties. However, excellent hardened properties were achieved for the concretes 

with 15 and 20% RHA. At the ages of 28 and 56 days, the improvement in the concrete 

properties, except for true electrical resistivity was less than 6% for each 5% increase beyond 

20% RHA content. The true electrical resistivity was increased by 14% to 28% for 5% 

increase in RHA content. In contrast, the increase in electrical resistivity became almost 

double (25% to 52%) when the RHA content was increased from 15% to 20%. Hence, 15 to 

20% RHA can be considered as the optimum content. However, a RHA content greater than 

15% caused mixing and handling difficulties due to excessive cohesiveness or stickiness, 

particularly at lower W/B ratios. Therefore, 15% RHA content can be recommended as the 

optimum RHA content for SCHPC. 
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9.10 Conclusions 

a. The hardened properties of the SCHPCs were improved at later ages such as 28 and 56 

days due to greater hydration of cement and enhanced pozzolanic activity of RHA. 

b. The hardened properties of the SCHPCs were improved with lower W/B ratio due to 

improved paste densification resulting from greater hydration products in the presence of 

higher binder content. 

c. The hardened properties of the SCHPCs were improved with higher RHA content due to 

the microfilling and pozzolanic effects of rice husk ash. 

d. The total porosity of the SCHPCs was decreased with lower W/B ratio and higher RHA 

content, and thus it increased the compressive strength, ultrasonic pulse velocity and 

electrical resistivity, and decreased the water absorption of concrete. 

e. The hardened properties of the SCHPCs were progressively improved with the increase 

in RHA content. However, the performance criteria for all targeted hardened properties 

were fulfilled at 15%, which was also suitable for the fresh properties of SCHPC except 

for static segregation resistance. 

f. The increased air content decreased the compressive strength of SCHPC since the air-

voids increased the void content of concrete. Also, the increase in air content decreased 

the ultrasonic pulse velocity of SCHPC, as the increased amount of air-voids delayed the 

propagation of ultrasonic pulse. 

g. The higher air content decreased the total porosity of SCHPC to some extent probably 

due to the reduced capillary porosity in the presence of entrained air-voids, and thus 

provided lower water absorption and higher electrical resistivity in concrete. 

h. The test results for the compressive strength, total porosity, ultrasonic pulse velocity, 

water absorption and true electrical resistivity of the SCHPCs including RHA indicated 

good durability. 

i. Good correlations were observed among the hardened properties of SCHPC and these 

correlations were independent of the curing age of concrete. 

j. The compressive strength computed based on the derived model varied in the range of 

+11.6% to -13.81% as compared to the measured strength of the SCHPCs. At least 95% 

of the measured compressive strengths were accounted for with the derived model. 
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Chapter 10 

Segregation Resistance of Self-consolidating High Performance 

Concrete 

 

10.1 General 

The preparation of fresh concretes and hardened test specimens, the development of a 

simplified segregation column apparatus, and the test procedures are presented in this 

chapter. The test results for the segregation resistance of various self-consolidating high 

performance concretes (SCHPCs) are also presented and discussed. The performances of 

sieve and column segregation apparatus are compared. In addition, this chapter discusses the 

effects of water-binder (W/B) ratio, rice husk ash (RHA) and viscosity-enhancing admixture 

(VEA), and suggests the suitable RHA content to produce segregation-resistant SCHPC. 

 

10.2 Research Significance 

SCHPC must possess adequately high segregation resistance during and after placement. 

Such phenomenon should be properly assessed by a simple and reliable test method. A 

proper assessment of segregation resistance is helpful for the mixture proportioning and 

quality control of SCHPC. The present study reports the development of a simplified 

segregation column apparatus with test procedure and performance criteria, and demonstrates 

its usage for several SCHPCs. The segregation column apparatus developed is simple to use 

in laboratory or field with a single operator. This study also compares the performances of 

sieve and column apparatus, discusses the effects of W/B ratio, RHA and VEA, and shows 

how the segregation resistance of SCHPC can be improved. The research findings will be 

useful for the construction industry to control segregation in SCHPC. 

 

10.3 Preparation of Fresh Concretes 

The fresh concretes were prepared for use in the development of column apparatus and for 

evaluating static and dynamic segregation resistances. Similar batching and mixing steps as 
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described in Chapter 8 were followed except for the addition of VEA. The VEA was added 

with the initial mixing water for a limited number of concrete mixtures. The mixture 

proportions of the concretes are given in Chapter 7. 

 

10.4 Development of Segregation Column Apparatus 

The segregation column apparatus for measuring the static segregation resistance of concrete 

was developed through trial and error by testing several batches of the non-air-entrained 

SCHPC (C50R0A2) prepared with a W/B ratio of 0.50. The experimental investigation was 

carried out to establish the column size, test procedure and performance criteria. 

 

10.4.1 Different types of segregation column 

The column size (height and diameter) and the number of column sections were varied, as 

shown in Table 10.1. The circular shape was selected for all columns to minimize the corner 

effects. The maximum column height of 600 mm was chosen to minimize the susceptibility 

of dynamic segregation, since the separation of coarse aggregates may occur when the 

concrete is discharged from a height greater than 600 mm (ACI 304R-00, 2004). The 

diameter of the columns was also varied because the lateral dimension may be related to 

concrete blocking and aggregate settlement. The material for all columns was poly-vinyl 

chloride (PVC). Different types of segregation column are shown in Figure 10.1. 

 

Table 10.1: Different types of segregation column and methods of filling 
Column 
designation 

Column size Number of 
sections 

Method of filling Comments 

C13 100D∗×450H♣ 3 Scooping H/D: 4.5 
C23 150D×450H 3 Scooping H/D: 3.0 
C33 100D×600H 3 Scooping H/D: 6.0 
C44 100D×600H 4 Scooping H/D: 6.0 
C53 150D×600H 3 Scooping H/D: 4.0 
C64 150D×600H 4 Scooping H/D: 4.0 
C64/ISC 150D×600H 4 Scooping  

through inverted 
slump cone (ISC) 

C64/O 150D×600H 4 Scooping through 
orimet (O) 

Column dimensions 
and number of sections 
are known after testing 
the segregation 
columns C13 to C64. 

∗Column diameter (mm); ♣Column height (mm) 
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Inverted slump cone used for filling Orimet used for filling 

 

 
Figure 10.1: Various types of PVC column and filling technique used in the development of 

segregation column apparatus 
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10.4.2 Filling Techniques 

The segregation columns C13 to C64 as mentioned in Table 10.1 were filled by scooping. 

Then the filling technique was changed for the selected column type (C64). Two other filling 

techniques (scooping through inverted slump cone and scooping through orimet) as 

mentioned in Table 10.1 were used. The purpose was to evaluate the effect of filling 

technique on the performance of segregation column apparatus. 

 

10.4.3 Test procedures 

The performance of all segregation columns and the effect of filling techniques were 

investigated using the concrete ‘C50R0A2’. The sieve segregation test was also conducted 

for each concrete batch to examine the static segregation resistance of the concrete. The 

performance of different segregation columns should be compared for identical segregation 

resistance of concrete. The sieve segregation test helped to ensure that the segregation 

resistance remained consistent in all concrete batches. 

 

Test procedure for column segregation: 

Different column sizes were used to examine the static segregation resistance of concrete. 

The top, middle and bottom sections of each segregation column were attached accordingly 

and sealed using duct tape. An end cap made of PVC was used to close the bottom opening 

of the column. Then it was placed inside a wooden base support and tightened. Immediately 

after mixing, the concrete was poured in the column in one layer. For the segregation 

columns C13 to C64, the filling was completed by scooping. No means of consolidation was 

used during concrete filling. A rest period of 30 minutes was allowed for the columns filled 

with concrete to maximize the settlement of coarse aggregates. Then, the duct tape was 

removed without any disturbance and the column sections including the concrete were 

separated one at a time. A horizontal force was applied at the middle of the section to slide it 

over a steel separator pan. The concrete from each section was collected and washed on No. 

4 (4.75 mm) CSA standard sieve to separate the coarse aggregates. The washing operation 

was finished in 2 minutes. The coarse aggregates obtained were then surface-dried and 

weighed separately. Finally, the segregation factor was calculated using two computation 
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methods based on Equation 10.1 (Method A) and Equation 10.2 (Method B). Duplicate 

testing was carried out to investigate the performance of each segregation column. 
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where: 

CT = Surface-dry mass of the coarse aggregates in top section (kg) 

CB = Surface-dry mass of the coarse aggregates in bottom section (kg) B

n = Number of the column sections 

Ci = Surface-dry mass of the aggregates in ‘i’th section (kg) 

SF = Segregation factor (%) 

 

The variation in segregation factors obtained from different column sizes was 

evaluated to determine the proper dimensions and number of sections for the segregation 

column apparatus. After selecting the desired segregation column apparatus, the technique of 

concrete filling was changed. In addition to filling by scooping, two other techniques, 

scooping through inverted slump cone and scooping through orimet, as shown in Figure 10.1 

were used and the segregation factor was determined. In filling by scooping through the 

inverted slump cone, the concrete was taken from the pan by a scoop and placed into the 

selected column apparatus via the inverted slump cone. A similar placement technique was 

used in the case of filling by scooping through the orimet. All other experimental steps and 

the computation procedure for segregation resistance were the same as used for the filling 

technique by scooping. Both method A and method B were used to calculate the segregation 

factor of concrete. However, a single concrete batch was used in these two cases. Several 

operational stages involved in the development of segregation column apparatus are shown in 

Figure 10.2. 
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 Segregation testing in 100D×600H and 
150D×600H columns 
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Separator pan and segregation testing in 
150D×450H column 

Coarse aggregates retained after washing 
the concrete on No. 4 sieve 

 

 

Figure 10.2: Several operational stages involved in the development of segregation column 
apparatus 

 
 
Test procedure for sieve segregation: 

A simple approach similar to the test procedure given by Nagataki and Fujiwara (1995) was 

used to determine the sieve segregation of concrete. The test setup is shown in Figure 10.3. A 

No. 4 CSA standard sieve (4.75 mm opening) along with a pan was used in this test. The 

inside diameter of the pan was 305 mm. The diameter of the opening area of the sieve was 

290 mm. A 140D×130H mm plexiglass cylindrical container of 2 liter capacity was used for 

placing the concrete on the sieve. 
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 Mortar passed through sieve Coarse aggregates retained on sieve 

 

Figure 10.3: Apparatus and several operational stages of the sieve segregation test 
 

The sieve and pan were weighed. Then the sieve was placed over the pan. The 

concrete was poured into the cylindrical container in one layer and without any 

consolidation. Immediately, the concrete was gently emptied onto the sieve without any 

disturbance and left for 5 minutes rest. A fraction of the mortar passed through the sieve 

during this time. After the rest period, the sieve and pan assembly including the concrete was 

weighed. The mass of the concrete sample was determined by subtracting the masses of the 

sieve and pan. Then the sieve was removed with the leftover concrete. The pan along with 

the mortar fraction passed was weighed, and the mass of the mortar was determined by 

subtracting the mass of the pan. Later, the leftover concrete on No. 4 sieve was washed to 
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obtain the coarse aggregates. The coarse aggregates were surface-dried by absorbent cloths 

and weighed. The mass of the mortar contained in the concrete sample was determined by 

subtracting the aggregate mass from the concrete mass. Several operational stages of the 

sieve segregation test are shown in Figure 10.3. The segregation index was calculated based 

on Equation 10.3. 
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where: 

SI = Segregation index (%) 

Mp = Mass of the mortar that passed the sieve (kg) 

Mc = Mass of the mortar contained in concrete sample (kg) 

 

10.4.4 Performance of segregation columns 

The results of the segregation resistance (segregation factors) obtained from various column 

sizes are shown in Table 10.2. The results of sieve segregation (segregation indices) for all 

concrete batches are also shown in Table 10.2. The values of segregation index reveal that 

the segregation characteristic of the concrete batches was consistent during testing the 

performance of different columns. 

The segregation factors obtained was not reproducible for the columns C13, C33 and 

C44, as can be seen from Table 10.2. These columns were susceptible to the restricted 

movement of aggregates due to dynamic segregation. The likelihood of dynamic segregation 

becomes higher with the increased narrowness of column (Daczko 2002). The aggregates can 

collide with each other due to the limited lateral space leading to a reduced vertical 

movement. Also, the blocking of concrete movement can occur when a greater number of 

aggregates interlock within a limited space. 

The column C23 produced a lower segregation factor than the columns C53 and C64, as 

can be seen from Table 10.2. This is related to the resting height of aggregates (Saak et al. 

2001) and the casting height of columns (Daczko 2002, Khayat and Guizani 1997). For a 

given concrete, the settlement height of the aggregates of certain size should be identical for 

 236



all columns with equal shape and diameter if no segregation during placement and no post-

placement blocking occur to restrict aggregate movement. When the available vertical space 

is limited, the downward movement of aggregates can be prohibited before reaching the 

settlement height. Therefore, the resting height (from the bottom of column) will be greater 

and more coarse aggregates will be present in the upper section of column.  In addition, the 

casting height for columns C53 and C64 was higher than that for column C23. An increased 

casting height increases both bleeding and surface settlement and thus results in a greater 

degree of column segregation (Khayat and Guizani 1997). 

 

Table 10.2: Sieve and column segregation test results for different columns 
Column type Segregation factor, SF (%) 
Designation Dimensions 

(mm) 

Test 
serial Method A Method B 

Segregation 
index, SI (%) 

C13 100D×450H 1 2.9 2.9 10.6 
  2 12.0 11.8 10.3 
C23 150D×450H 1 9.0 9.2 10.6 
  2 10.1 10.3 10.9 
C33 100D×600H 1 9.7 9.6 10.1 
  2 0.9 0.9 11.0 
C44 100D×600H 1 11.7 11.6 10.3 
  2 -1.5 -1.5 11.0 
C53 150D×600H 1 14.4 14.5 10.1 
  2 13.8 13.8 9.9 
C64 150D×600H 1 15.1 14.9 10.7 
  2 14.9 14.7 10.3 
C64/ISC 150D×600H 1 15.9 16.3 10.0 
C64/O 150D×600H 1 16.5 16.2 10.7 

 

The columns C53 and C64 (same size but different number of sections) did not produce 

any significant difference in segregation factors. Hence, the column C64 was selected to 

simplify the testing operation. Each section of column C64 involves a less quantity of 

concrete. Thus, the sections can be separated easily by a single operator. Also, the concrete 

quantity was suitable for washing on No. 4 CSA standard sieve having a diameter of 300 

mm. The washing operation also took less time. 

The columns C64/ISC and C64/O produced slightly higher segregation factor than that of 

C64 as evident from Table 10.2 due to the higher casting height in the presence of orimet and 
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inverted slump cone. The casting height for the column C64 was 600 mm. In the presence of 

inverted slump cone, the casting height for the column C64/ISC was 900 mm. For the column 

C64/O, the casting height was 1260 mm due to the presence of orimet. The concrete is more 

prone to segregation when the casting height is greater than 600 mm (ACI 304R-00, 2004). 

However, no significant variation in segregation factor indicates that the effect of higher 

casting height was minimized. This is due to the constricted end of the inverted slump cone 

and orimet as it interrupted the free falling of concrete. Nevertheless, the filling technique of 

scooping can be chosen for simplicity and ease of testing. 

The segregation factors computed by Method A and Method B were similar for all 

columns as can be seen from Table 10.2. It indicates that the column segregation can be 

determined by Method A as accurately as Method B. Therefore, Method A can be chosen to 

calculate the segregation resistance of concrete. It only deals with the top and bottom 

sections of the column, and thus simplifies the test procedure. 

 

10.4.5 Selection of segregation columns 

The column C64 filled by scooping was found suitable for measuring the segregation 

resistance of concretes by Method A after separating the top and bottom sections only with 

subsequent washing and weighing operations for coarse aggregates. Based on this finding, 

the segregation column apparatus as shown in Figure 10.4 was constructed. Both the 

diameter and height of the top and bottom sections are 150 mm. The middle section is 150 

mm in diameter and 300 mm in height. The material used for the segregation column was 

steel. During testing, the middle section can be fastened with the top and bottom sections 

using the threaded bolts and V-nuts. The entire column can be attached to a base plate. The 

joints between different sections and between bottom section and base plate are sufficiently 

sealed to prevent any leakage of fresh concrete. 

 

10.4.6 Determination of performance criteria for column segregation 

Three series of tests as shown in Table 10.3 were conducted to determine the performance 

criteria for column segregation. Both fresh and hardened concretes with different segregation 

resistances (various segregation indices and segregation factors) were tested. 
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Figure 10.4: Details of the segregation column apparatus 
 

 

Table 10.3: Test program to determine the performance criteria for the segregation column 
apparatus 

Test series Concretes tested Sample/Specimens  Tests conducted 
1 C50R0H50, 

C50R0H75, 
C50R0H100, 
C50R0H125 

Fresh sample Slump and slump flow, visual 
inspection of the concretes in 
mixer pan and slump flow 
spread, sieve segregation, and 
column segregation 

2 C50R0H50, 
C50R0H75, 
C50R0H100, 
C50R0H125 

Hardened 100D×150H 
molded cylinders 

3 C50R0H100, 
C50R0H125 

Hardened 150D×150H  
cut cylinders 

 
Compression, ultrasonic pulse 
velocity, and electrical 
resistivity 

 

 

Test procedures: 

In test series 1, the column and sieve segregation tests were conducted on the non-air-

entrained concretes C50R0H50, C50R0H75, C50R0H100, and C50R0H125. The primary 

mixture proportions of these concretes were the same as that of C50R0A2 but the filling 
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ability (slump and slump flow) was varied using various HRWR dosages (50, 75, 100 and 

125% of the saturation dosage). The slump and slump flow were determined to observe the 

filling ability of concrete. The segregation index was determined by sieve segregation test. In 

addition, the column apparatus shown in Figure 10.4 was used to determine the segregation 

factor. The procedures for the sieve and column segregation tests were the same as described 

in Section 10.4.3. 

In case of test series 2, the concretes C50R0H50, C50R0H75, C50R0H100, and 

C50R0H125 were cast in the column apparatus shown in Figure 10.4 in one layer and 

without any consolidation. After a rest period of 30 minutes, the portions of concrete were 

separately collected from the top and bottom sections of the column apparatus and re-mixed 

by hand using a scoop. Duplicate 100D×150H mm cylinders were cast from each portion of 

concrete. Hence, four 100D×150H mm cylinders as shown in Figure 10.5 were obtained for 

each concrete: two from top section and the other two from bottom section. The cylinders 

molded by using the concrete collected from the top and bottom sections were designated as 

MT100D×150H and MB100D×150H, respectively. For these specimens, the concrete was 

poured in two layers and each layer was rodded and tapped in specified manner. The rodding 

and taping were used since the self-consolidation capacity of concrete was significantly 

reduced during the rest period of 30 minutes. Immediately after casting, the top faces of the 

cylinders were covered by the lids and left undisturbed at room temperature. The specimens 

were de-molded at the age of 24±2 hours and transferred to the fog room for curing. The 

curing was conducted according to the ASTM standard practice (ASTM C 192/C 192M, 

2004) until the day of testing for true electrical resistivity, ultrasonic pulse velocity and 

compressive strength at the age of 28 days. The tests were conducted in similar manners as 

discussed in Chapter 9 except for the probe spacing used in resistivity measurement. A probe 

spacing of 30 mm was used to determine the true electrical resistivity, since the length of 

concrete cylinders was 150 mm instead of 200 mm. 

In test series 3, the concretes C50R0H100 and C50R0H125 were cast in the column 

apparatus shown in Figure 10.4 in one layer and without any consolidation. Immediately 

after casting, the top of the column apparatus was covered by a plastic lid and left 

undisturbed at room temperature. The column specimens were taken out of the apparatus at 

the age of 24±2 hours and transferred to the fog room for curing in accordance with ASTM C 
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192/ C 192M (2004). After the completion of curing period, the top and bottom portions of 

the column specimens were cut and the end faces were ground to get the 150D×150H mm 

cylinder specimens. Thus, two 150D×150H mm cylinder specimens as shown in Figure 10.5 

were obtained from each 150D×600H mm column: one from top and the other from bottom 

portion of the column, which were designated as CT150D×150H and CB150D×150H, 

respectively. Duplicate top and bottom specimens were used for each concrete. The hardened 

cylinders were tested at 28 days for true electrical resistivity, ultrasonic pulse velocity, and 

compressive strength. The tests were conducted in similar manners as discussed in case of 

test series 2. 

 

 

 

 

 

 

 

 

 
100D×150H mm de-moulded cylinders 150D×150H mm cut cylinders 

 

Figure 10.5: Different types of test specimen used to determine the performance criteria for 
column segregation of concrete 

 

Performance criteria: 

The performance criteria for column segregation were determined based on the results of 

various tests conducted under series 1 to 3. The results of slump and slump flow, segregation 

index and segregation factor obtained from test series 1 are given in Table 10.4. The 

segregation factor and segregation index found for various HRWR dosages were well-

correlated, as can be seen in Figure 10.6. This relationship is found based on the segregation 

characteristics of the concrete with 0.50 W/B ratio and without any RHA (C50R0A2). A 

similar relationship between segregation index and segregation factor can be observed for 

any other individual concrete with different slump flows at varying HRWR dosages. 
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Table 10.4: Segregation test results for performance criteria (series 1) 
Concrete  HRWR 

(%SD) 
Slump 
(mm) 

Slump 
flow (mm)

SI SF Visual observation 

C50R0H50 50 175 315 0.1 0 No bleeding 
C50R0H75 75 235 450 0.3 0 No bleeding 
C50R0H100 100 260 605 10.5 15 Noticeable bleeding 

in mixer pan 
C50R0H125 125 --- 690 19.3 24.8 Severe bleeding in 

mixer pan; aggregate 
pile and severe 
bleeding in slump 
flow spread 

 

 

SF  = 1.317 SI  + 0.006
R2 = 0.996
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Figure 10.6: Variation of segregation factor with segregation index of concrete 
 

 

The results of the tests conducted under series 2 and 3 are given in Table 10.5. These 

are the average results obtained from two duplicate specimens. The degrees of variation in 

compressive strength, ultrasonic pulse velocity and true electrical resistivity of the cylinder 

specimens representing the concretes taken from the top and bottom sections of the column 

apparatus were calculated using Equation 10.4. This equation is based on a similar concept as 
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used to calculate the segregation factor of concrete (Section 10.4.3). Also, the statistical 

coefficients of variation for the aforementioned concrete properties were calculated using 

Equation 10.5. This equation is derived based on the relationship between standard deviation 

and coefficient of variation. 
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where: 

Vdp = Degree of variation in concrete property (strength, pulse velocity, resistivity, etc.) 

Vcp = Statistical coefficient of variation in concrete property 

bP  = Average concrete property obtained from two bottom specimens 

tP  = Average concrete property obtained from two top specimens 

( )tb PPP +=
2
1  

 

The degree of variation and the statistical coefficient of variation for the compressive 

strength, ultrasonic pulse velocity and true electrical resistivity between top and bottom 

specimens of the concretes having different segregation indices and segregation factors are 

shown in Table 10.5. These variations are due to the changes in the internal composition of 

concrete caused by segregation. 

The variation in compressive strength between top and bottom specimens for each 

concrete was insignificant under series 2, as can be seen from Table 10.5. This is because the 

distribution of coarse aggregates in concrete specimens was uniform due to re-mixing of the 

fresh concrete, thus reducing the heterogeneity in the concrete and contributing to produce 

good interfacial bond between aggregate and mortar. In contrast, the distribution of coarse 

aggregates was non-uniform in the specimens under series 3, thus increasing the 
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heterogeneity in the concrete. An increased heterogeneity can considerably decrease the 

compressive strength of concrete (Mindess et al. 2003). As such, some variations occurred 

between the compressive strengths of top and bottom specimens of the concretes tested under 

series 3. Also, the variation in compressive strength increased with greater segregation index 

and segregation factor. This indicates that the heterogeneity increased with greater 

segregation. 

 

Table 10.5: Segregation test results for performance criteria (series 2 and series 3) 
Concrete HRWR 

(%SD)  
Test specimens Compressive 

strength 
(MPa) 

Ultrasonic 
pulse 

velocity 
(km/s) 

True 
electrical 
resistivity 
(kΩ-cm) 

Series 2 
MT100D×150H 52.1 4.918 5.706 
MB100D×150H 52.3 4.911 5.882 

C50R0H50 
SI: 0.1% 
SF: 0%  

50 

 *Vds: 0.4% 
♣Vcs: 0.3% 

*Vdv: -0.1% 
♣Vcv: 0.1% 

*Vdr: 3.0% 
♣Vcr: 2.1% 

MT100D×150H 52.7 4.910 5.529 
MB100D×150H 53.2 4.984 5.824 

C50R0H75 
SI: 0.3% 
SF: 0% 

75 

 Vds: 0.9% 
Vcs: 0.6% 

Vdv: 1.5% 
Vcv: 1.1% 

Vdr: 5.2% 
Vcr: 3.7% 

MT100D×150H 53.5 4.934 5.103 
MB100D×150H 52.9 5.009 5.952 

C50R0H100 
SI: 10.5% 
SF: 15% 

100 

 Vds: -1.1% 
Vcs: 0.8% 

Vdv: 1.5% 
Vcv: 1.1% 

Vdr: 15.4% 
Vcr: 10.9% 

MT100D×150H 54.1 4.943 4.412 
MB100D×150H 53.2 5.025 6.000 

C50R0H125 
SI: 19.3% 
SF: 24.8% 

125 

 Vds: -1.7% 
Vcs: 1.2% 

Vdv: 1.6% 
Vcv: 1.1% 

Vdr: 30.5% 
Vcr: 21.6% 

Series 3 
CT150D×150H 36.9 4.951 5.357 
CB150D×150H 39.5 5.034 6.170 

C50R0H100 
SI: 10.5% 
SF: 15% 

100 

 Vds: 6.8% 
Vcs: 4.8% 

Vdv: 1.7% 
Vcv: 1.2% 

Vdr: 14.1% 
Vcr: 10.0% 

CT150D×150H 28.4 4.967 4.607 
CB150D×150H 31.2 5.119 6.179 

C50R0H125 
SI: 19.3% 
SF: 24.8% 

125 

 Vds: 9.4% 
Vcs: 6.7% 

Vdv: 3.0% 
Vcv: 2.1% 

Vdr: 29.2% 
Vcr: 20.6% 

*Degree of variation; ♣Statistical coefficient of variation 
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The variation in ultrasonic pulse velocity was not significant in both series 2 and 3, as 

can be seen from Table 10.5. The bottom specimens had more aggregates than the top 

specimens. The ultrasonic pulse velocity is increased with greater aggregate content since the 

aggregates generally have a higher elastic modulus than mortar and concrete (Lin et al. 

2003). However, the mass density of concrete increased in the bottom specimens due to a 

greater amount of coarse aggregate and reduced mortar content. This is because the mass 

density of coarse aggregate is greater than the mass densities of mortar and concrete. An 

increased mass density decreases the ultrasonic pulse velocity of concrete, since they are 

inversely related (Neville 1996). For this reason, the effect of higher aggregate content was 

minimized leading to no significant variation in ultrasonic pulse velocity. In contrast, a 

considerable variation in true electrical resistivity was observed in series 2 and 3, indicating 

its good potential for segregation measurement. The top specimens provided significantly 

lower electrical resistivity than the bottom specimens. This is because more paste or mortar 

(less coarse aggregate) was present in the top specimens due to segregation, thus producing a 

greater concentration of pore solution and ions. In particular, the water content was higher 

since significant bleeding occurred as the coarse aggregates settled down. 

The overall statistical coefficient of variation for the in-place compressive strength of 

concrete in the case of laboratory trial batches is normally not more than 6.7% (Bartlett and 

MacGregor 1999; ACI 214.4R-03, 2004). This variation consists of within-test and within-

member variations. The within-test variation arises due to the improper handling, storing, 

curing and testing procedures, whereas the within-member variation in compressive strength 

can occur due to the variations in W/B ratio, air content, and proportions of ingredients such 

as aggregate, cement, water and admixtures, as caused by segregation. The within-test 

coefficient of variation is generally 3% (Bartlett and MacGregor 1996). However, the 

acceptable within-test coefficient of variation (percent one-sigma limit) for 150D×300H mm 

molded cylinders and 100D×200H mm cored cylinders is ≤ 2.37% (ASTM C39 2004), and ≤ 

3.2% (ASTM C 42/C 42M 2004), respectively. In the present study, the maximum within-

test coefficient of variation was 2.43% for the cylinder specimens tested under series 2 and 3. 

Nonetheless, using 3% as the maximum within-test variability, the acceptable limit for the 

statistical coefficient of variation for the in-place compressive strength due to segregation 

was determined based on the following equation: 
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22
cstcsocss VVV −=                                                                                                (Equation 10.6) 

 

where: 

Vcso = Typical overall coefficient of variation for in-place compressive strength (6.7%) 

Vcss = Acceptable limit for the coefficient of variation for in-place compressive strength 

Vcst = Maximum within-test coefficient of variation for compressive strength (3%) 

 

The degree of variation (Vds) and the statistical coefficient of variation (Vcs) in the 

compressive strength were strongly correlated, as can be seen from Figure 10.7. This 

relationship was used to determine the acceptable degree of variation in compressive strength 

based on the statistical coefficient of variation for the in-place compressive strength due to 

segregation as obtained from Equation 10.6. The acceptable coefficient of variation for the 

in-place compressive strength due to segregation was found as %6)3()7.6( 22 =− . This 

provided an acceptable degree of variation in compressive strength of 8.4% from Figure 10.7. 

It was used to set the criteria for column segregation. The observed degree of variation in 

compressive strength was plotted versus the segregation factor, as shown in Figure 10.8. The 

segregation factor corresponding to 8.4% degree of variation in compressive strength was 

found to be 21% from Figure 10.8. 

The degrees of variations in the compressive strength and true electrical resistivity of 

the concretes tested under series 2 and 3 were also well-correlated, as can be seen from 

Figure 10.9. Using this relationship, the acceptable variation in true electrical resistivity was 

determined based on the acceptable variation in compressive strength of 8.4%. The 

acceptable variation in true electrical resistivity was found as 23.2% from Figure 10.9. It can 

also be used to fix the criteria for column segregation. The degree of variation in true 

electrical resistivity was plotted versus the segregation factor of concrete in Figure 10.10. 

The segregation factor corresponding to 23.2% variation in true electrical resistivity was 

found as 20.2% from Figure 10.10. Thus the following criteria are proposed to qualify the 

segregation resistance of SCHPC mixture: 

a. SCHPC mixture has a good static segregation resistance if the segregation factor ≤ 20%. 

b. SCHPC mixture has a poor static segregation resistance if the segregation factor > 20%. 
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Figure 10.7: Correlation between degree of variation and statistical coefficient of variation in 
compressive strength 
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Figure 10.8: Variation of compressive strength with segregation factor of concrete 
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Figure 10.9: Correlation between variations of compressive strength and true electrical 
resistivity 
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Figure 10.10: Variation of true electrical resistivity with segregation factor of concrete 
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The criteria for segregation factor obtained above were verified based on the 

maximum acceptable limit of segregation index. Using Figure 10.6, the segregation index 

corresponding to the maximum acceptable segregation factor (20%) was found as 15.2%. A 

segregation index ≤ 10% generally indicates a very good static segregation resistance of 

SCHPC (Lachemi et al. 2004). However, Perez et al. (2002) reported that the maximum 

acceptable sieve segregation can be 18%. Thus, the criteria set for the acceptable column 

segregation are reliable. It is expected that a column segregation ≤ 20% will not have a 

significant negative impact on the mechanical and transport properties of SCHPC. 

 

10.4.7 Advantages of segregation column apparatus 

The segregation column apparatus developed is simple and comfortable to use due to its user-

friendly size. It is cost-effective and can be built easily using the available 150D×300H mm 

cylindrical metal moulds. Also, the quantity of concrete required is less. Due to reduced 

column size and less concrete quantity, the handling and testing procedures are easier, and 

thus the entire test can be conducted by a single operator. In addition, the test is faster since 

the segregation is determined by testing the concretes of top and bottom sections only. The 

segregation factor is calculated based on the masses of surface-dry coarse aggregates without 

knowing its saturated or oven-dry masses. The segregation result can be determined within 1 

hour from the mixing of concrete. Because of simplicity and faster implementation, the 

segregation column apparatus developed will be suitable for frequent quality control of 

SCHPC mixtures at the batching plant, precast concrete factories and job site. 

 

10.5 Testing of Fresh Concretes for Segregation Resistance 

The concretes previously tested for fresh and hardened properties (Chapters 8 and 9) were 

visually inspected for both static and dynamic segregation resistances of concrete. A couple 

of these concretes were also visually inspected in the presence of VEA. The aggregate 

settlement in the mixer pan was observed to evaluate the static segregation resistance. The 

slump flow and orimet and inverted slump cone flow spreads were used to evaluate the 

static/dynamic segregation resistance. In addition, the concrete flows through orimet and 

inverted slump cone were assessed to evaluate the dynamic segregation resistance. The 

details of these tests are given in Chapter 8. 
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After developing the segregation column apparatus including the test procedure and 

performance criteria, it was applied to determine the static segregation resistance of SCHPC. 

A number of concretes were tested to quantitatively determine the static segregation 

resistance using column apparatus and No. 4 sieve according to the test procedures 

mentioned in Section 10.4.3. The details of the test program are shown in Table 10.6. 

 

Table 10.6: Test program for segregation resistance of different SCHPCs 
Concrete designation Type of test and observation Segregation 

characteristic 
Visual inspection of the 
concrete resting in mixer pan 

Static 

Visual inspection of the 
slump flow and orimet and 
inverted slump cone flow 
spreads 

Static/dynamic 

C30R0A6, C30R15A6, C30R20A6, 
C35R0A6, C35R5A6, C35R10A6, 
C35R15A6, C35R20A6, C35R25A6, 
C35R30A6, C40R0A6, C40R15A6, 
C40R20A6, C50R0A6, C50R0A2 

Visual inspection during the 
concrete flow through orimet 
and inverted slump cone 

Dynamic 

Visual inspection of the 
concrete resting in mixer pan 

Static C35R10A6V, C35R15A6V 

Visual inspection of the 
slump flow spread 

Static/dynamic 

Sieve segregation Static C30R0A6, C35R0A6, C35R5A6, 
C35R10A6, C35R15A6, C35R10A6V, 
C35R15A6V, C40R0A6, C40R15A6, 
C50R0A2 

Column segregation Static 

 

 

10.6 Test Results for Segregation Resistance of Concretes 

The results of visual inspection for different concretes are given in Table 10.7. In addition, 

the results of sieve and column segregation tests are presented in Figure 10.11 and 10.12, 

respectively. 

 

10.6.1 Static segregation resistance 

The static segregation resistance of the concretes was evaluated based on the results of visual 

inspection, and sieve and column segregation tests. 
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Table 10.7: Results of visual inspection for various SCHPCs 
Segregation resistance Concrete 

mixture 
Observation on concrete quality in mixer pan 
and during various flowing ability tests Static Dynamic 

C30R0A6, 
C35R0A6, 
C50R0A6 

Slight bleeding in mixer pan; no bleeding, 
mortar halo or aggregate pile in slump flow and 
orimet flow and inverted slump cone flow 
spreads; no blockage during orimet and inverted 
slump cone flows; no thick layer of paste on the 
top of resting concrete in mixer pan 

Good 
 

Good 

C35R5A6 No bleeding in mixer pan; no bleeding, mortar 
halo and aggregate pile in slump flow and 
orimet and inverted slump cone flow spreads; 
no blockage during inverted slump cone and 
orimet flows; no thick layer of paste on the top 
of resting concrete in mixer pan 

Good 
 

Good 

C35R10A6, 
C40R15A6, 
C40R20A6 

No bleeding in mixer pan; no bleeding and 
aggregate pile but minor mortar halo in slump 
flow and orimet and inverted slump cone flow 
spreads; no blockage during inverted slump 
cone and orimet flows; no thick layer of paste 
on the top of resting concrete in mixer pan 

Fair Fair 

C30R15A6, 
C35R15A6, 
C35R20A6 
 

Sticky mixture; no bleeding in mixer pan; no 
bleeding and aggregate pile but significant 
mortar halo in slump flow and orimet and 
inverted slump cone flow spreads ; no blockage 
during orimet and inverted slump cone flows; a 
thick layer of paste on the top of resting 
concrete in mixer pan 

Low Good 

C30R20A6, 
C35R25A6, 
C35R30A6 

Highly sticky mixture; no bleeding in mixer 
pan; no bleeding and aggregate pile but severe 
mortar halo in slump flow and orimet and 
inverted slump cone flow spreads; no blockage 
during orimet and inverted slump cone flows; a 
very thick layer of paste on the top of resting 
concrete in mixer pan 

Poor Good 

C40R0A6, 
C50R0A2 

Slight bleeding in mixer pan; no bleeding, 
mortar halo or aggregate pile in slump flow and 
orimet and inverted slump cone flow spreads; 
tendency of blockage during orimet flow; no 
thick layer of paste on the top of resting 
concrete in mixer pan 

Good Low 

C35R10A6V, 
C35R15A6V 

No bleeding in mixer pan; no bleeding, mortar 
halo or aggregate pile in slump flow spread; no 
thick layer of paste on the top of resting 
concrete in mixer pan 

Good Good 
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Static segregation resistance based on visual observation: 

The results from the visual inspection of the quality of concrete in mixer pan, slump flow, 

and orimet and inverted slump cone flow spreads given in Table 10.7 provided some 

indication for static segregation resistance. Slight external bleeding was observed in the 

mixer pan in case of C30R0A6, C35R0A6, C40R0A6, C50R0A2 and C50R0A6 immediately 

after the completion of mixing. A small amount of bleeding is normal in fresh concrete 

(FHWA 2006) but a significant amount of bleeding indicates reduced segregation resistance. 

However, the external bleeding was absent for all RHA concretes with or without any VEA. 

A thick layer of binder paste was observed on the top of the resting concrete in mixer 

pan for C30R15A6, C30R20A6, C35R15A6, C35R20A6, C35R25A6 and C35R30A6 

prepared with higher RHA content. It suggests that these concretes were vulnerable to static 

segregation due to coarse aggregate settlement. In particular, a very thick layer of paste 

appeared in case of C30R20A6, C35R25A6 and C35R30A6 indicating their susceptibility to 

severe static segregation. No thick layer of paste emerged in case of C35R15A6V and thus 

indicated its improved static segregation resistance due to the use of VEA. 

No bleeding, mortar halo and aggregate pile appeared in the slump flow and orimet 

and inverted slump cone flow spreads of C30R0A6, C35R0A6, C35R5A6, C40R0A6, 

C50R0A2 and C50R0A6, as mentioned in Table 10.7. A minor mortar halo appeared in the 

flow spreads of C35R10A6, C40R15A6, and C40R20A6 and thus indicated their adequate 

static segregation resistance. No mortar halo appeared in the slump flow spread in case of 

C35R10A6V and C35R15A6V. In contrast, significant to severe mortar halo emerged in the 

flow spreads of C30R15A6, C30R20A6, C35R15A6, C35R20A6, C35R25A6 and 

C35R30A6, and thus indicated their low to poor static segregation resistance. The slump 

flows of these concretes, given in Table 10.8, were relatively high and thus indicated their 

low level of yield stress. In contrast, the plastic viscosity was comparatively high as indicated 

from the orimet and inverted slump cone flow times given in Table 10.8. However, a 

concrete with very low yield stress but high viscosity may exhibit static segregation (Cyr and 

Mouret 2003). This implies that the viscosity is less critical than the yield stress to cause 

static segregation in concrete, as indicated by severe mortar halo in the flow spread of highly 

viscous concretes such as C30R20A6 and C35R30A6. The appearances of the flow spreads 

of several concretes are shown in Figures 10.13a to 10.13c. 
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Table 10.8: Different mixture parameters, critical mortar yield stress, slump flow, flow time, 
and air content of various SCHPCs 

Flow time Concrete 
type∗

Dh Vm Dm  Vca CA/TS τcmy Sf  Ac  
To Ti

C30R0A6 0.88 0.687 2165 0.313 0.395 67.7 710 5.7 6.6 3.8 
C30R15A6 1.75 0.693 2125 0.307 0.388 72.7 735 5.3 9.2 5.1 
C30R20A6 2.10 0.697 2110 0.303 0.385 74.5 770 5.7 11.5 5.7 
C35R0A6 0.70 0.674 2140 0.326 0.409 70.8 690 5.3 5.7 2.9 
C35R5A6 0.88 0.677 2130 0.323 0.407 72.1 700 5.5 6.4 3.2 
C35R10A6 1.05 0.678 2120 0.322 0.405 73.3 710 5.1 7.2 3.6 
C35R10A6V 1.05 0.654 2195 0.328 0.405 64.0 665 3.5 --- --- 
C35R15A6 1.40 0.680 2110 0.320 0.403 74.5 720 5.1 7.6 3.9 
C35R15A6V 1.40 0.659 2175 0.324 0.403 66.5 670 3.8 --- --- 
C35R20A6 1.75 0.682 2100 0.318 0.401 75.8 710 5.0 8.8 5.1 
C35R25A6 2.10 0.686 2080 0.314 0.398 78.3 740 5.6 9.6 5.4 
C35R30A6 2.45 0.687 2075 0.313 0.396 78.9 750 5.2 10.4 5.8 
C40R0A6 0.60 0.669 2115 0.331 0.420 73.9 665 6.1 4.8 2.3 
C40R15A6 1.00 0.671 2090 0.329 0.414 77.0 680 5.2 6.8 2.6 
C40R20A6 1.20 0.673 2080 0.327 0.412 78.3 675 5.3 7.1 2.8 
C50R0A2 0.50 0.652 2210 0.346 0.439 62.1 600 1.8 2.1 1.2 
C50R0A6 0.50 0.654 2095 0.348 0.434 76.4 605 5.2 1.8 1.1 
Notation: 
Ac: air content (%); CA/TS: coarse aggregate/total solid volume ratio; Dh: dosage of high-
range water reducer (% B); Dm: mortar density (kg/m3); Sf: slump flow (mm); Ti: inverted 
slump cone flow time (s); To: orimet flow time (s); τcmy: critical mortar yield stress needed 
to avoid segregation; Vca: coarse aggregate volume (m3/m3); Vm: mortar volume (m3/m3) 
∗The numbers after ‘C’ and ‘R’ represent W/B ratio and RHA content, respectively 
 

The evaluation of the static segregation resistance of SCHPC by conducting a visual 

inspection of bleeding, mortar halo and aggregate pile in flow spreads may not be always 

reliable because these phenomena indicate the lateral stability only (Bonen and Shah 2005). 

The segregation may occur even none of these phenomena appears in flow spread (EFNARC 

2002). For example, the concrete C50R0A2 exhibited no bleeding, mortar halo and aggregate 

pile in flow spreads but it had relatively high segregation index and factor as obvious from 

Figures 10.11 and 10.12. However, a concrete segregating in flow spread will definitely 

segregate after placement. For instance, the concrete C35R15A6 showed significant mortar 

halo in slump flow, and orimet and inverted slump cone flow spreads. The segregation index 

and factor of this concrete were also significantly high as evident from Figures 10.11 and 

10.12. A similar result was reported by other researchers (Bonen and Shah 2005). 
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 No signs of segregation in slump flow spread (C50R0A2) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
No signs of segregation in orimet flow spread (C50R0A2) 

 

 

Figure 10.13a: Appearances of the slump flow and orimet flow spreads for C50R0A2 
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 No signs of segregation in inverted slump cone flow spread 
(C50R0A6)  

 

 

 

 

 

 

 

 

 

 

 

 

 Significant mortar halo in orimet flow spread (C35R15A6) 

 

Figure 10.13b: Appearances of the inverted slump cone flow spread for C50R0A6 and orimet 
flow spread for C35R15A6 
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 Significant mortar halo in inverted slump cone flow spread 
(C35R15A6)  

 

 

 

 

 

 

 

 

 

 

 

 

 Severe mortar halo in slump flow spread (C35R25A6) 

 

Figure 10.13c: Appearances of the inverted slump cone flow spread for C35R15A6 and 
slump flow spread for C35R25A6 
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The evaluation of the static segregation resistance based on the visual inspection of 

the concrete resting in a mixer pan can also be misleading. This is because the absence of 

significant bleeding or thick layer of paste on the top of resting concrete does not always 

imply that the SCHPC possesses a good static segregation resistance. For example, no 

significant bleeding and thick layer of paste were observed for C50R0A2. Yet it provided 

significant segregation index and factor showing relatively a low static segregation 

resistance. Also, there was no external bleeding for C35R15A6 but it provided significantly 

high segregation index and factor indicating very low static segregation resistance. However, 

a concrete showing significant bleeding and/or a thick layer of paste in mixer pan will 

definitely segregate after placement. 

 

Segregation index: 

The segregation index obtained from the sieve segregation test provided a quantitative 

measurement for the static segregation resistance of concrete. The segregation indices of 

various concretes are presented in Figure 10.11. The segregation index varied from 10.5% to 

21.4% for different concretes. The concrete with 0.50 W/B ratio and 0% RHA (C50R0A2) 

produced the lowest segregation index (10.5%). In contrast, the concrete with 0.35 W/B ratio 

and 15% RHA (C35R15A6) provided the highest segregation index of 21.4%. If a 

segregation index of 18% is considered as the maximum acceptable limit for adequate 

segregation resistance, then the concrete C35R15A6 cannot be considered as resistant to 

segregation. 

The segregation index was largely influenced by the horizontal spread or slump flow 

of concrete as can be seen from Figure 10.14. Similar results were reported in previous 

research (Rols et al. 1997, Lachemi et al. 2003). The increased slump flow implied that the 

spread of concrete on the sieve was greater due to lower yield stress. In general, a lower yield 

stress decreases the segregation resistance of concrete. The higher HRWR dosage and greater 

mortar volume given in Table 10.7 also indicate that the yield stress was reduced to provide a 

higher slump flow of concrete. Therefore, more mortar passed the sieve leading to increased 

segregation index. The segregation indices obtained also imply that the sieve test is inclined 

to provide the segregation resistance of concrete in horizontal direction. It may not represent 
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the actual segregation phenomenon of concrete placed in deep sections such as walls and 

columns. The column segregation test will be a reliable approach in such cases. 
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Figure 10.14: Effect of slump flow on the segregation index of SCHPC 
 

 

Segregation factor: 

The column segregation test provided the segregation factor as a quantitative measurement of 

the static segregation resistance of concrete. The segregation factors obtained from column 

segregation test did not follow the similar trend of variation as compared to segregation 

index. It varied in the range of 3% to 33.1%. The lowest segregation factor (3%) was 

obtained for the concrete with 0.30 W/B ratio and 0% RHA (C30R0A6) where as the highest 

segregation factor (33.1%) was achieved for the concrete with 0.35 W/B ratio and 15% RHA 

(C35R15A6). If the maximum acceptable segregation factor is 20%, then the concrete 

C35R15A6 cannot be considered as resistant to segregation. The overall test results of 

segregation factor indicate that the coarse aggregate settlement, which is mainly a function of 

the yield stress, plastic viscosity and density of mortar matrix (Beris et al. 1985, Petrou et al. 

2000), varied differently for the concretes tested. 
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The yield stress and plastic viscosity of the concretes were not determined directly in 

the present study. However, the slump flow and flow time are strongly correlated with the 

yield stress and plastic viscosity of concrete, respectively (Níelsson and Wallevik 2003). In 

addition, the paste or mortar volume affects the yield stress (Wallevik 2006) and viscosity of 

concrete (Bonen et al. 2007). The slump flow, orimet and inverted slump cone flow times, 

mortar volume and density, HRWR dosage and RHA content of the concretes tested for 

column segregation are shown in Table 10.8. The increase in slump flow indicated that the 

yield stress decreased, and the increase in flow time implied that the plastic viscosity 

increased although it was not too high to stop the concrete flow. In addition, the increase in 

matrix (mortar) density suggests that the settlement of coarse aggregate was reduced because 

it increases the buoyant force acting on aggregates. Indeed, the combined effect of yield 

stress, plastic viscosity and mortar density determined the extent of segregation factor. The 

settlement of coarse aggregate occurs when the mortar yield stress is less than the critical 

value. The critical yield stress of mortar depends on its density. A decrease in matrix density 

increases the critical yield stress required to avoid segregation (Saak et al. 2001). On the 

other hand, the plastic viscosity controls the degree of segregation in concrete. A decrease in 

plastic viscosity increases the settlement rate of coarse aggregate, and thus lessens the 

segregation resistance of concrete (Bonen and Shah 2005). 

 

10.6.2 Dynamic segregation resistance 

The results of visual inspection of the quality of concrete during slump flow, and inverted 

slump cone flow and orimet flow spreads qualitatively showed the dynamic segregation 

resistance of concrete. The orimet and inverted slump cone flows also indicated the dynamic 

segregation resistance of concrete. 

 

Dynamic segregation resistance based on flow spreads: 

There was no formation of aggregate pile during slump flow, orimet flow and inverted slump 

cone flow spreads of the concretes as mentioned in Table 10.7. This is mostly due to low 

coarse aggregate content and increased mortar volume of concrete as can be seen from Table 

10.8. The volume of coarse aggregate was in the range of 30.3% to 34.8%, which is less than 

the maximum recommended content (35%) for SCHPC (Uomoto and Ozawa 1999). 

 260



Consequently, the mortar volume of concrete became higher (> 65%) for this low range of 

coarse aggregate content. The inter-particle contact between coarse aggregates was decreased 

at lower aggregate content and increased mortar volume. Therefore, more kinetic energy was 

available to disperse the coarse aggregates. However, the absence of any signs of dynamic 

segregation in flow spreads does not mean that the concrete is dynamically stable. This is 

because the flow spreads can indicate the dynamic segregation of concrete in the lateral 

direction only. 

The flow spread was faster for the concretes with higher W/B ratio and without any 

RHA. In contrast, the flow spread became slower for the concretes with lower W/B ratio and 

higher RHA content. In particular, the concrete became sticky in the presence of RHA. The 

stickiness was increased with increasing RHA content, and the deformation of concrete in 

flow spread became gradually slower. This observation suggests that the viscosity of 

concrete was increased with lower W/B ratio and higher RHA content. Indeed, the viscosity 

played the key role for the dynamic segregation resistance of concrete during horizontal flow 

by resisting the separation of coarse aggregates. 

 

Dynamic segregation resistance based on vertical concrete flow and flow times: 

The vertical flow of concrete was uniform during orimet and inverted slump cone flow tests 

for the majority of concretes. No tendency of blockage was observed during the orimet and 

inverted slump cone flows except for C40R0A6 and C50R0A2. This suggests that most of 

the concretes possessed sufficient dynamic segregation resistance. It is primarily due to the 

decreased aggregate content and increased plastic viscosity of concrete. The interaction 

between coarse aggregates leading to blocking of concrete flow is reduced at a lower coarse 

aggregate content. In addition, a high plastic viscosity results in a high drag force, which 

decreases the terminal velocity of coarse aggregates, and thus reduces the dynamic 

segregation in concrete (Saak et al. 2001). The terminal velocity and therefore the dynamic 

segregation resistance is also a function of matrix density (Saak et al. 2001). However, the 

concrete flow observed suggests that the effect of plastic viscosity is more predominant than 

that of matrix density for dynamic segregation resistance. 

The orimet and inverted slump cone flow time results for the concretes tested are 

given in Table 10.8. The concrete flow time became higher with lower W/B ratio and greater 
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RHA content. The flow time is directly related to the viscosity of concrete (Níelsson and 

Wallevik 2003). This suggests that that the viscosity was increased for the concretes with 

lower W/B ratio and higher RHA. Therefore, the unblocked flow time results can provide an 

indication of dynamic segregation resistance of concrete. Safawi et al. (2003) reported that 

the degree of segregation is inversely related to the flow time of concrete. The degree of 

segregation becomes higher when the flow time is lower. 

The tendency of blocking was observed for C40R0A6 and C50R0A2 in the first batch 

but no blocking occurred in repeated batches of both types. The unblocked orimet and 

inverted slump cone flow times of these two concretes indicate that their viscosity was 

relatively low. Also, the volume aggregate contents of these two concretes were 33.1% and 

34.6% as can be seen from Table 10.8. Thus, the aggregate contents were comparatively 

high, although below the maximum recommended amount. Due to low viscosity and 

increased aggregate content, C40R0A6 and C50R0A2 were susceptible to dynamic 

segregation. Therefore, any variation in coarse aggregate content during placement may 

trigger the dynamic segregation to occur. 

The SCHPC mixture must possess a sufficiently high plastic viscosity to avoid 

segregation under dynamic condition (Saak et al. 2001). The plastic viscosity helps to keep 

the coarse aggregates in suspension and thus reduces the dynamic segregation of concrete. 

However, the plastic viscosity is not a critical factor for the static segregation resistance. The 

critical matrix (mortar) yield stress and the matrix density play the key roles in static 

segregation of concrete. Therefore, a dynamically segregation-resistant SCHPC mixture may 

experience static segregation. 

 

10.6.3 Effect of water-binder ratio 

The visual inspection was not effective to exhibit the effect of W/B ratio on the static or 

dynamic segregation resistance of concretes. This is because the concretes C30R0A6 (W/B: 

0.30), C35R0A6 (W/B: 0.35) and C50R0A6 (W/B: 0.50) were equally good on the basis of 

visual observation, and no signs of segregation were noticed. However, the orimet and 

inverted slump cone flow time results showed that an increase in W/B ratio decreased the 

flow time. This suggests that a higher W/B ratio decreases the plastic viscosity, and thus 

increases the susceptibility of concrete to dynamic segregation. Therefore, the concretes 
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C40R0A6 (W/B: 0.40) and C50R0A2 (W/B: 0.50) showed a tendency of blockage in orimet 

and inverted slump cone flow tests, as discussed in Section 10.6.2. 

The segregation index was increased with lower W/B ratio as can be seen from Figure 

10.15. A similar effect was observed by Bouzoubaâ and Lachemi (2001). This is mainly 

credited to the increased mortar volume at higher content of cementing material. The slump 

flow values given in Table 10.8 suggest that the yield stress was reduced due to greater 

mortar volume and higher HRWR dosage. Therefore, the concrete spread was greater and 

more mortar passed the sieve resulting in higher segregation index. Although the plastic 

viscosity of concrete was increased at lower W/B ratio as evident from the higher orimet and 

inverted slump cone flow time results given in Table 10.8, it did not reduce the segregation 

index. This is because the viscosity was not sufficiently high enough to significantly reduce 

the spread of concrete over the sieve. Also, the density of mortar matrix was increased with 

lower W/B ratio as can be seen from Table 10.8. However, it seems that the effect of 

increased matrix density on aggregate settlement was absent in sieve segregation test due to 

the limited sample height and restricted vertical movement of coarse aggregates in concrete. 

Thus, it was understood that the segregation index was dominated by the flow spread of 

concrete at reduced yield stress. 

The segregation factor was decreased with lower W/B ratio as can be seen from 

Figure 10.16, which is in contrast with the result of segregation index. A similar effect was 

noticed by Assaad et al. (2004). This is mainly due to the increased density of mortar matrix 

at lower W/B ratio. The buoyant force acting on the aggregates was increased when the 

density of mortar became higher. Also, the lower W/B ratio resulted in higher plastic 

viscosity, which increased the frictional force acting against the gravity. Consequently, the 

net downward force was decreased and the settlement of aggregates was reduced. In addition, 

the coarse aggregate/total solid (CA/TS) volume ratio was decreased at lower W/B ratio as 

shown in Table 10.8. The segregation resistance of concrete is considerably increased at 

lower CA/TS volume ratio (Ye et al. 2005). 

 

10.6.4 Effect of rice husk ash 

The RHA influenced both static and dynamic segregation resistances of SCHPC. The visual 

inspection of the flow spreads and resting concrete revealed that the presence of RHA 
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eliminated external bleeding. However, the increased RHA content caused mortar halo in 

flow spreads and a thick layer of paste on the top of resting concrete in the mixer pan, and 

thus indicated less static segregation resistance. The appearance of mortar halo is due to 

greater differential movement of mortar than coarse aggregates at reduced yield stress. The 

increased mortar volume and slump flow given in Table 10.8 indicate that the yield stress 

was reduced with higher RHA content for the HRWR dosages used. But the critical yield 

stress needed to avoid static segregation (τcmy) was increased due to the reduced density of 

mortar matrix as evident from Table 10.8. Therefore, the RHA concretes were more prone to 

static segregation. 
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Figure 10.15: Effect of W/B ratio on the segregation index of SCHPC 
 

 

The visual inspection during orimet and inverted slump cone flows revealed that no 

dynamic segregation occurred in RHA concretes. The RHA concretes provided slower 

concrete flow with higher flow time but no tendency of blockage was noticed. This is due to 

the increased plastic viscosity of concrete. The RHA adsorbed a greater amount of water due 

to high surface area and thereby reduced the free water content leading to increased plastic 
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viscosity, as evident from the orimet and inverted slump cone flow time results. The 

increased plastic viscosity increases the vertical drag force, which decreases the terminal 

velocity of falling aggregates and thus improves the dynamic segregation resistance of 

concrete. Although the density of the mortar matrix was reduced, it was not more 

predominant than the increased vertical drag force to cause dynamic segregation. Thus, it 

was understood that the increased viscosity played the key role to prevent the separation of 

coarse aggregates. In addition, the mortar volume was increased and the coarse aggregate 

content was slightly decreased in the presence of RHA. The increased mortar volume and 

decreased aggregate content reduced the inter-particle contact between aggregates and 

thereby eliminated the tendency of dynamic segregation. 
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Figure 10.16: Effect of W/B ratio on the segregation factor of SCHPC 
 

 

The results of sieve and column segregation tests revealed that the concretes with 

higher RHA content provided lower static segregation resistance. The segregation index was 

increased with higher RHA content as evident from Figure 10.11. This is because the 

increase in RHA content increased the mortar volume as can be seen from Table 10.8. The 
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higher slump flow also indicates that the yield stress was decreased for the HRWR dosages 

used. Therefore, the concrete spread was higher and that produced greater segregation index 

for SCHPC. 

The RHA significantly affected the segregation factor of concrete, as can be seen 

from Figure 10.12. It is mostly due to the decreased yield stress and matrix density of 

concrete. The slump flow was increased with higher RHA content for the HRWR dosages 

used, suggesting that a low level of yield stress was attained for the RHA concretes. In 

addition, the volume of mortar matrix increased in the presence of RHA as can be seen from 

Table 10.8. The increased mortar volume decreases the yield stress of concrete due to 

enhanced lubrication and greater inter-particle distance between aggregates (Wallevik 2006). 

Moreover, the increased mortar volume at higher RHA content decreased the density of 

mortar matrix as evident from Table 10.8. Both yield stress and matrix density affect the 

static segregation resistance of concrete, as discussed in Section 2.12.1 (Chapter 2). The net 

downward force acting on the aggregates increases when the matrix density is decreased and 

the upward restoring or frictional force decreases when the yield stress is decreased. As a 

result, the settlement of aggregates occurred with a greater equilibrium velocity. Although 

the increased plastic viscosity induced by the RHA slowed down the settlement rate of falling 

aggregates, it was not sufficient to significantly reduce the degree of aggregate settlement. 

This is because the effect of reduced matrix density on the settlement of coarse aggregates 

can be as high as or even greater than that of plastic viscosity (Bonen and Shah 2005, Saak et 

al. 2001). A decrease in the matrix density from 2330 to 2190 kg/m3 (6%) can cause more 

than a five fold increase in the content of segregated coarse aggregates at the bottom of the 

column apparatus. In addition, the effect of plastic viscosity becomes less effective when the 

matrix density is decreased (Bonen and Shah 2005). Indeed, the reduced matrix density and 

the decreased yield stress together played the key role to cause significant static segregation 

in SCHPC mixtures containing higher RHA content. 

 

10.6.5 Effect of viscosity-enhancing admixture 

The visual observation revealed that the use of VEA improved the segregation resistance of 

concrete since no signs of segregation appeared in the mixer pan and slump flow spread. 
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However, this process was unable to quantify the extent of improvement in segregation 

resistance of the concretes with VEA. 

The static segregation resistance of concrete was significantly improved in the 

presence of VEA. The segregation index of C35R10A6 and C35R15A6 was 17.8% and 

21.4%, respectively. When the VEA was used, these two concretes (re-designated as 

C35R10A6V and C35R15A6V) provided the segregation index of 11.1% and 12.5%, 

respectively, as can be seen from Figure 10.11. Thus, a significant reduction in segregation 

index (37 to 42%) was made by the VEA. This is because the spread of the concretes was 

reduced in the presence of VEA, as evident from the lower slump flow results given in Table 

10.8. The viscosity and yield stress of concrete are significantly increased due to the high 

degree of association and entanglement of VEA polymer chains (Assaad et al. 2004). As a 

result, the ease of flow was reduced leading to a decrease in concrete spread. 

The improvement of segregation resistance by the VEA was more significant from the 

results of column segregation test. The segregation factor of C35R10A6 and C35R15A6 was 

16.4% and 33.1%, respectively. In the presence of VEA, the segregation factor of these two 

concretes (re-designated as C35R10A6V and C35R15A6V) was reduced to 1.5% and 9.0%, 

respectively, as can be seen from Figure 10.12. A similar effect of VEA on the segregation 

resistance of concrete was reported by Khayat and Guizani (1997). In the present study, the 

reduction in segregation factor was about 73 to 91%. The percent reduction in segregation 

factor was about twice the percent reduction in segregation index for the concretes tested. 

The significant reduction in segregation factor is due to the reason that the VEA greatly 

increases the viscosity and yield stress of mortar matrix (Nagataki and Fujiwara 1995, 

Khayat 1999). In addition, the use of VEA decreased the air content of concrete for given 

AEA dosage. In the presence of VEA, the concretes C35R10A6V and C35R15A6V had 

3.5% and 3.8% air content, respectively, although the design air content was 6%. The yield 

stress and plastic viscosity of concrete can be increased with the reduction in air content 

(Chidiac et al. 2003, Khayat 2000). Also, the volume of mortar matrix was reduced due to the 

reduced air content and thus its density increased, as can be seen from Table 10.8. These 

effects were conducive to increase the static segregation resistance of concrete. 

The use of VEA improved the segregation resistance of concrete but it caused some 

reductions in slump flow and air content as mentioned before. The maximum reduction in 
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slump flow was about 7%. The slump flow of the VEA concretes (C35R10A6V and 

C35R15A6V) as shown in Table 10.8 still represents a good filling ability of concrete. In 

addition, the reduction in air content was about 1.3 to 1.6% as compared to the air content 

obtained in the absence of VEA. The design total air content of 6±1.5% can be achieved by 

using a slightly increased AEA dosage. This will not have a significant negative effect on 

achieving adequate static segregation resistance, since the increases in the viscosity and yield 

stress caused by VEA normally dominate to improve the segregation resistance of concrete. 

 

10.7 Comparison of Sieve and Column Segregation Tests   

The factors affecting the static segregation in concrete do not produce similar effects during 

sieve and column tests. The segregation index given by the sieve test is mainly affected by 

the yield stress of concrete. But the segregation factor obtained from the column test is 

affected by the yield stress, plastic viscosity and matrix density of concrete. Therefore, the 

results of sieve and column tests can be significantly different for a given concrete. A 

concrete passing the sieve test may or may not pass the column test. This is because the result 

of the column test also considerably depends on the plastic viscosity and matrix density of 

concrete. For this reason, the segregation result obtained from the sieve test sometimes can 

be misleading for the application of SCHPC in vertical members. In such cases, the column 

test should be carried out to determine the static segregation resistance of concrete. The result 

obtained from the column apparatus will be more representative for the concrete used in 

vertical members. In contrast, the sieve test is more appropriate to measure the static 

segregation resistance of SCHPC to be used in horizontal flat members such as slabs and 

pavements. 

 

10.8 Suitable Content of Rice Husk Ash 

The RHA did not adversely affect the dynamic segregation resistance of concrete due to 

increased plastic viscosity. In contrast, the RHA decreased the static segregation resistance of 

concrete as it reduced the density of mortar matrix. The maximum RHA content for the 

adequate segregation resistance (SI ≤ 18%, SF ≤ 20%) depended on the W/B ratio of 

concrete. For example, the concrete C40R15A6 (W/B: 0.40) with 15% RHA provided 

adequate static segregation resistance whereas the concrete C35R15A6 (W/B: 0.35) with 
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15% RHA provided significantly low static segregation resistance. In addition, the adequate 

static segregation resistance was obtained for the concretes C35R5A6 and C35R10A6, which 

were prepared with 5% and 10% RHA, respectively. Based on the results of the present 

study, 10% RHA content can be considered as the maximum suitable content for segregation-

resistant SCHPC without VEA. This amount can be increased if the RHA is used in SCHPC 

mixture in the presence of a VEA. 

 

10.9 Conclusions 

a. The segregation column with 150D×600H mm dimensions and 4 sections was more 

efficient than any other column to measure the static segregation resistance of concrete. 

The greater lateral dimension minimized the blocking of aggregate movement and the 

greater vertical dimension captured the effects of casting and aggregate settlement 

heights. Also, the column size was user-friendly, and required less quantity of concrete to 

conduct the test by a single operator. 

b. The segregation factor calculated from the top and bottom sections was identical to that 

calculated from all four sections of the column apparatus. Thus, the consideration of just 

top and bottom sections simplified the test procedure for column segregation without 

compromising the accuracy of segregation measurement. 

c. The segregation factor was well-correlated with the segregation index and variations in 

compressive strength and true electrical resistivity of the concrete used for the 

development of column apparatus. 

d. The dynamic segregation was good for most of the concretes due to reduced coarse 

aggregate content. In addition, the lower W/B ratio and the higher RHA content were 

conducive to improve the dynamic segregation resistance because the plastic viscosity of 

concrete was increased. 

e. The concretes with 0.40 and 0.50 W/B ratios and without any RHA exhibited less 

dynamic segregation resistance due to relatively high aggregate content and low 

viscosity. In contrast, the RHA concretes produced less static segregation resistance due 

to the decreases in yield stress and matrix density. 

f. A concrete showing signs of segregation in flow spreads will definitely segregate after 

placement but the lack of segregation in flow spreads does not necessarily mean that the 
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concrete will not segregate after placement. Similarly, the absence of bleeding and/or a 

thick layer of paste on the top of concrete resting in mixer pan do not imply that the post-

placement segregation will not occur. Hence, the visual inspection is often misleading 

and not reliable. 

g. The segregation index obtained from the sieve test increased with lower W/B ratio and 

higher RHA content due to greater concrete spread at higher mortar volume and HRWR 

dosage. The increase in segregation index was consistent with the increased slump flow 

of concrete. 

h. The sieve segregation test did not effectively capture the effects of plastic viscosity and 

matrix density on the segregation resistance of concrete due to limited sample height and 

restricted coarse aggregate settlement. The column segregation test overcame these 

deficiencies and thus proved its potential for use as a reliable method to measure the 

static segregation resistance of SCHPC. 

i. The segregation column test should be conducted to measure the static segregation 

resistance of SCHPC to be cast in vertical members, because the column apparatus can 

effectively deal with the major factors affecting the segregation in such cases. 

j. The concrete with higher flow time and greater matrix density provided lower 

segregation factor in the absence of RHA despite having an increased slump flow. This 

indicated that the effect of reduced yield stress was minimized due to higher plastic 

viscosity and increased matrix density. 

k. The segregation factor decreased with lower W/B ratio due to the increases in the 

viscosity and matrix density of concrete. A W/B ratio in the range of 0.30 to 0.35 was 

suitable to improve the segregation resistance of SCHPC. 

l. The static segregation resistance was reduced in the presence of RHA because it 

decreased the matrix density of concrete. However, a RHA content in the range of 0% to 

10% can be used without any VEA to produce SCHPC with adequate segregation 

resistance. The RHA content can be increased if used with a VEA. 

m. The VEA was very effective to produce segregation-resistant SCHPC incorporating RHA 

because it increases the yield stress and viscosity of concrete. Thus, the proper 

combination of HRWR and VEA can be an efficient way of achieving the segregation-

free SCHPC. 
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Chapter 11 

Mixture Design of Self-consolidating High Performance Concrete 

 

11.1 General 

This chapter describes a mixture design procedure for self-consolidating high performance 

concrete (SCHPC) and discusses its limitations. The performance requirements, principles of 

mixture design, materials selection, and requirements for mixture composition are 

highlighted. In addition, this chapter gives an example of mixture design for a SCHPC. 

 

11.2 Research Significance 

The optimization of SCHPC often requires carrying out many trial batches to achieve the 

desired fresh and hardened properties and durability of concrete. The mixture design method 

presented herein can be beneficial to obtain an optimum mixture composition of SCHPC 

with a minimum number of trial batches. The mixture design given is mainly for air-

entrained SCHPC including rice husk ash (RHA) as a supplementary cementing material 

(SCM) at low water-binder (W/B) ratio. However, it is also valid for the SCHPC without any 

RHA, and can be applied for the non-air-entrained SCHPC. The optimum sand-aggregate 

(S/A) ratio is used in the design and therefore it requires relatively low binder paste, that is, 

low binder (cement plus RHA) content. This approach could help the concrete industry to 

produce SCHPC cost-effectively while satisfying the performance requirements. 

 

11.3 Performance Requirements 

The key properties such as filling ability, passing ability, segregation resistance, compressive 

strength, and durability must be achieved to produce SCHPC. The rheological properties 

such as yield stress and plastic viscosity should be suitable to obtain the filling ability, 

passing ability and segregation resistance in desired levels. The porosity and transport 

properties should be decreased, whereas the electrical resistivity should be increased to 

improve the durability of SCHPC. In addition, the appropriate air content must be present in 

SCHPC to obtain good freeze-thaw durability. 
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11.3.1 Filling ability 

The SCHPC must possess good filling ability to achieve self-consolidation capacity. The 

filling ability is mainly governed by the W/B ratio, amount of cementing materials, and 

dosage of high-range water reducer (HRWR). The increased amount of cementing material, 

low W/B ratio and adequate HRWR dosage should be used to obtain an optimum filling 

ability. While adjusting the W/B ratio and amount of cementing materials, the coarse 

aggregate content should also be kept below the recommended maximum level (≤ 35% of 

concrete volume) to maintain a good filling ability. 

The slump is not a suitable criterion for SCHPC because of its high flowing ability. 

Hence, the slump flow is widely used as a performance criterion of filling ability. The range 

of slump flow is selected based on the type of intended application. Three levels of filling 

ability can be selected for SCHPC on the basis of slump flow (SCCEPG 2005): 

Level 1 filling ability – a slump flow of 550 to 650 mm: It is appropriate for 

unreinforced or slightly reinforced concrete structures, and for sections with low element 

shape intricacy, low element length, and high wall thickness. 

Level 2 filling ability – a slump flow of 660 to 750 mm: It is most appropriate for 

moderately reinforced concrete structures; for sections with medium shape intricacy, length 

and wall thickness, and where concrete flows a medium horizontal distance. 

Level 3 filling ability – a slump flow of 760 to 850 mm: It is suitable for elements 

with highly congested reinforcement, narrow width and complex shape, and typically used 

for vertical applications with a small maximum size of coarse aggregates and for lateral 

applications where concrete must flow long horizontal distances. 

 

11.3.2 Passing ability 

The SCHPC must possess adequately high passing ability to allow the concrete flow between 

reinforcing bars. This is mainly governed by the coarse aggregate size and content of 

concrete. The coarse aggregate content should be below the maximum recommended amount 

(≤ 35% of concrete volume) to obtain the desired passing ability. The low maximum size of 

coarse aggregate should also be used to improve the passing ability of SCHPC. 

The mortar volume should be sufficiently large to increase the inter-particle spacing 

between coarse aggregates. The viscosity of the mortar component should also be high to 
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resist the separation of coarse aggregates. However, it should not be excessively high so that 

the coarse aggregate cannot pass through the gap between reinforcing bars. 

The difference between slump flow and slump cone – J-ring flow can be used as a 

performance criterion for the passing ability of SCHPC. Two levels of passing ability can be 

used for SCHPC depending on the type of intended application (ASTM C 1621/C 1621M, 

2007; SCCEPG 2005): 

Level 1 passing ability - a difference between slump flow and slump cone – J-ring 

flow of 25 to 50 mm with a minimal noticeable blocking: It is suitable for normal 

applications with unreinforced or slightly reinforced sections. 

Level 2 passing ability – a difference between slump flow and slump cone – J-ring 

flow of 0 to 25 mm without any visible blocking: It is appropriate for concrete sections with 

highly congested reinforcement, narrow width, and complex shape. 

 

11.3.3 Segregation resistance 

The risk of segregation is usually very high in SCHPC due to high fluidity. The segregation 

resistance of SCHPC can be improved by decreasing the W/B ratio with increased cementing 

material or by adding a viscosity-enhancing admixture (VEA). The role of coarse aggregate 

is also vital to improve the segregation resistance of SCHPC. The segregation resistance is 

improved when a reduced content and a lower maximum size of coarse aggregate are used. 

Both dynamic and static segregations can occur in SCHPC. The requirements for 

adequate dynamic segregation resistance are more stringent for sections with congested 

reinforcement or for applications where the concrete is dropped from a greater vertical height 

and flows a longer horizontal distance (Koehler and Fowler 2006). To achieve a good 

dynamic segregation resistance, the SCHPC must possess an adequately high plastic 

viscosity, whereas it must possess a yield stress above the critical value to attain good static 

segregation resistance. In both cases of segregation, the difference between the densities of 

coarse aggregate and matrix (paste or mortar) should be as low as possible. The susceptibility 

to static segregation can be severe if the matrix density of SCHPC is decreased. 

The segregation factor obtained from the column apparatus can be used as a criterion 

for the static segregation resistance of concrete. Two levels of segregation resistance can be 

proposed for SCHPC as follows: 
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Level 1 segregation resistance – a segregation factor ranging from 10 to 20%: It is 

applicable for both horizontal and vertical applications with lower flow distance and lightly 

reinforced or unreinforced section. 

Level 2 segregation resistance – a segregation factor less than 10%: It is preferred for 

vertical applications with greater flow distance and highly congested reinforcement. 

 

11.3.4 Rheological properties 

The rheological properties such as yield stress and plastic viscosity play the vital roles to 

influence the flowing ability (filling ability and passing ability) and segregation resistance of 

concrete. 

 

Yield stress: 

The yield stress must be low to increase the flowing ability of concrete. In general, the yield 

stress of SCHPC varies in the range of 0 to 60 Pa (Bonen and Shah 2005). The yield stress 

requirement depends on the plastic viscosity of concrete. When the plastic viscosity is below 

40 Pa.s, the SCHPC should have a yield stress greater than zero. Conversely, the yield stress 

can be about zero when the plastic viscosity is higher than 70 Pa.s (Wallevik 2003). 

However, a zero yield stress is detrimental for static segregation resistance. Therefore, an 

SCHPC mixture should have a yield stress greater than zero. Generally, a yield stress above 

10 Pa is considered significant but negligible if it drops below 10 Pa (Wallevik 2003). 

The yield stress can be assessed by the slump flow since they are strongly correlated. 

The slump flow of SCHPC must be higher than 550 mm to achieve a yield stress value below 

60 Pa (Níelsson and Wallevik 2003). The flow spread of the mortar component of SCHPC 

can also be used to represent the slump flow and thus the yield stress of concrete. It was 

found in the present study that the flow spread of mortar must be higher than 250 mm to 

obtain a slump flow of concrete greater than 550 mm, which suggests a concrete yield stress 

below 60 Pa. 

 

Plastic viscosity: 

The plastic viscosity of SCHPC should be moderate to maintain good flowing ability and 

adequately high segregation resistance. A low viscosity is detrimental for both static and 
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dynamic segregation resistances. Also, a high viscosity reduces the flowing ability of 

concrete. Generally, the plastic viscosity of SCHPC mixture should be in the range of 20 to 

100 Pa.s (Wallevik 2003). 

The plastic viscosity can be assessed based on the flow time of concrete because they 

are generally well-correlated. The orimet and inverted slump cone flow times can provide an 

indication of the plastic viscosity of concrete. The orimet flow time should be in the range of 

2.5 to 9 sec (Grünewald et al. 2004). The corresponding inverted slump cone flow time 

ranges from 1 to 5 sec, as observed in the present study. The inverted slump cone flow time > 

5 sec and the orimet flow time > 9 sec indicate relatively a high viscosity, which should be 

avoided. Based on the orimet and inverted slump cone flow times of concrete, two levels of 

viscosity can be defined as follows: 

Level 1 viscosity – an inverted slump cone flow time ≤ 2.5 s or an orimet flow time ≤ 

5 s: It is expected to provide good flowing ability and self-consolidation capacity with a 

plastic viscosity ≤ 60 Pa.s (Níelsson and Wallevik 2003). However, the concrete may be 

susceptible to bleeding and segregation. 

Level 2 viscosity – an inverted slump cone flow time > 2.5 s or an orimet flow time > 

5 s: It is expected to provide good flowing ability and self-consolidation capacity with a 

plastic viscosity > 60 Pa.s (Níelsson and Wallevik 2003). This level of viscosity improves the 

segregation resistance of concrete. However, the inverted slump cone and orimet flow times 

should not be greater than 5 and 9 s, respectively, to avoid excessively high viscosity. 

The flow time of binder paste obtained from the grout flow cone test can also be used 

to represent the viscosity of corresponding concrete. The flow time of paste is well-correlated 

with the orimet and inverted slump cone flow times of concrete as observed in the present 

study. Therefore, the viscosity criteria for the orimet and inverted slump cone flow times can 

be used to determine the viscosity criterion for the paste flow time. It was obtained in the 

present study that the flow time of paste should be ≤ 7 sec for level 1 viscosity and > 7 sec 

for level 2 viscosity. However, it should be ≤ 13 sec to avoid excessively high viscosity. 

 

11.3.5 Compressive strength 

The compressive strength of high performance concrete at 28 days must be greater than 40 

MPa (Kosmatka et al. 2002), which is also valid for SCHPC. It can be achieved by using low 
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maximum size of coarse aggregate and reduced W/B ratio, and by incorporating a suitable 

SCM. Most of the SCMs produce higher strength at later age. For this reason, the 28 days 

criterion for compressive strength has been modified to 56 days or 91 days in many 

specifications (ACI 211.4R-93, 2004). However, the 28 days criterion can be used for the 

RHA concrete. This is because the additional strength gain due to RHA was ≤ 5% at 56 days 

as compared to the compressive strength at 28 days. The RHA is a highly reactive SCM 

because of its extremely high specific surface area. Hence, it readily reacts with the Ca(OH)2 

liberated from cement hydration to produce additional CSH gel (secondary hydration 

product), and thus increases the strength from the early age of concrete (Mehta 1992). 

The average compressive strength must exceed the specified strength by a sufficient 

amount so that the probability of getting low strength is small. The average compressive 

strength of SCHPC can be determined from the specified strength using Equation 11.1 when 

the proportions are selected based on the laboratory trial batches (ACI 211.4R-93, 2004). 
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f                                                                                                     (Equation 11.1) 

 

where: 

f /cr = Average compressive strength of concrete (MPa) 

f /c = Specified design compressive strength of concrete (MPa) 

 

11.3.6 Durability 

The SCHPC must possess high durability for long service life. The durability is correlated 

with the porosity, transport properties and electrical resistivity of concrete. A good durability 

can be achieved by decreasing the porosity and transport properties such as water absorption 

and water permeability of concrete. In addition, the durability of SCHPC can be enhanced by 

increasing its electrical resistivity. The total porosity and water absorption should be less than 

15% (Hearn et al. 1994, Nokken and Hooton 2002) and 6% (Vanwalleghem et al. 2003), 

respectively, and the true electrical resistivity must be greater than 5 kΩ-cm (Hearn 1996) to 

improve the durability of concrete. The ultrasonic pulse velocity and compressive strength 

can also be used as a predictor of durability because both of these properties are directly 
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related to concrete quality. An ultrasonic pulse velocity higher than 4575 m/s (Shetty 2001) 

and a compressive strength greater than 40 MPa (Kosmatka 2002) suggest a low porosity, 

which contributes to improve the durability of concrete. A low W/B ratio, an optimum S/A 

ratio, and the presence of a pozzolanic SCM are the key factors to reduce the total porosity 

and transport properties, and to increase the electrical resistivity, ultrasonic pulse velocity 

and compressive strength of concrete, thus contributing to enhance concrete durability. 

 

11.3.7 Air content 

The air content of SCHPC requiring high freeze-thaw resistance should normally be at least 

4.5% (Uomoto and Ozawa 1999). The CSA recommends an air content in the range of 4 to 

9% for the aggregate sizes most commonly used in SCHPC (CSA A23.1, 2004). However, an 

air content of 6% generally corresponds to a spacing factor lower than 230 μm, which is 

required for good freeze-thaw durability (Lessard et al. 1995). Therefore, an air content of 

6±1.5% can be chosen for air-entrained SCHPC. 

 

11.4 Principles of Mixture Design 

The optimum S/A ratio improves the physical packing in aggregate skeleton of concrete, and 

thus reduces the void content. Consequently, less paste is required to obtain a good flowing 

ability in concrete. 

The paste volume must be greater than the void content of aggregate blend to coat and 

lubricate the aggregates by a layer of excess paste. The excess paste reduces the friction 

between aggregates and thus enhances the flowing ability of concrete. 

The low coarse aggregate content increases the mortar volume as well as the inter-

particle distance between aggregates. It reduces the interlocking and bridging of aggregates 

during concrete flow and thus increases the flowing ability and segregation resistance of 

concrete. 

The increased cementing material at low W/B ratio and adequate HRWR dosage can 

provide optimum flowing ability and segregation resistance, and thus helps to maintain self-

consolidation capacity of concrete. 

The optimum flowing ability and segregation resistance can be achieved by adjusting 

the fluidity and viscosity of concrete through a proper combination of cement and SCM, 
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limiting the W/B ratio and adding a suitable dosage of HRWR, and optionally adding an 

adequate dosage of VEA. 

The high compressive strength and ultrasonic pulse velocity, low porosity and 

transport properties, and high electrical resistivity suggesting a good durability are achieved 

by the compacted aggregates with maximum density and minimum void content at optimum 

S/A ratio, and by binding them with a paste of low W/B ratio. 

 

11.5 Materials Selection 

The constituent materials should satisfy the quality requirements to attain the desired fresh 

and hardened properties and durability of SCHPC. They should not contain any harmful 

ingredients in significant quantities that may be detrimental to the properties and durability of 

concrete. 

 

Coarse aggregate: 

The coarse aggregates conforming to ASTM C 33 (2004) can be used to produce SCHPC. 

The type, shape and size, surface texture, porosity, absorption, gradation, fines content, and 

reactivity of coarse aggregates should be taken into account to maintain the quality of 

concrete. Usually, the normal-weight coarse aggregates are used in SCHPC. Round or 

crushed coarse aggregates or a blend of both can be used. Whatever the type of coarse 

aggregate chosen, it should be well-graded (1 ≤ gradation coefficient ≤ 3) to enhance the 

flowing ability, segregation resistance and particle packing of concrete. In addition, the low 

maximum size (≤ 25 mm) should be selected to improve flowing ability, segregation 

resistance, and strength. The production of SCHPC with good flowing ability and adequately 

high segregation resistance becomes difficult for the coarse aggregates larger than 25 mm 

(ASTM C 1611/C 1611M, 2007). The larger size also reduces the strength of concrete. The 

recommended maximum aggregate size for SCHPC is 9.5-19 mm (EFNARC 2002; ACI 

Committee 211H, 2006). 

 

Fine aggregate: 

The fine aggregates conforming to ASTM C 33 (2004) can be selected for use in SCHPC. 

The particle shape, surface texture, surface area, void content, absorption, gradation, and 
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soundness should be considered while selecting the fine aggregate. The crushed and rounded 

fine aggregates or their blend can be used in SCHPC. The rounded fine aggregate is 

conducive to the flowing ability whereas the crushed fine aggregate is beneficial to increase 

the strength of concrete. Nevertheless, the fine aggregate selected for SCHPC should be well-

graded to improve the flowing ability and strength of concrete. Fine aggregate with a 

fineness modulus in the range of 2.5 to 3.2 is preferable to obtain high strength (ACI 211.4R-

93, 2004). Well-graded fine aggregate also reduces the void content in aggregate blend and 

thus improves the physical packing of concrete (Tasi et al. 2006). 

 

Cement: 

The cements conforming to ASTM C150 (2004) or ASTM C 1157 (2004) can be used for the 

production of SCHPC. The proper choice of cement type is dictated by the specific 

requirements of the desired application. 

 

Rice husk ash: 

The non-crystalline amorphous RHA can be used in SCHPC as a pozzolanic SCM. It 

enhances the grain size distribution and particle packing to improve the cohesiveness of 

concrete. The RHA increases the viscosity, which is conducive to improve the segregation 

resistance of concrete. However, it reduces the matrix density, which can decrease the 

segregation resistance of concrete, particularly at static condition. Also, the RHA increases 

the paste volume, which enhances the flowing ability of concrete. 

In hardened concrete, the RHA can increase the compressive strength by up to 40% or 

more as observed from the present study. Hence, the use of RHA allows to increase the 

strength of concrete without further reduction in W/B ratio, or to adopt a higher W/B ratio for 

the same strength. In addition, the RHA provides significant improvement in concrete 

properties that govern durability. 

The physical and chemical properties of RHA should be suitable to produce SCHPC. 

The median particle size of RHA must be significantly lower than that of cement for good 

microfilling ability. The pozzolanic activity index of RHA must be > 85% for good strength 

gain through pozzolanic reaction. In addition, the specific surface area (surface fineness) 

must be > 15 m2/g to achieve a good pozzolanic activity. A higher surface fineness also 
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decreases bleeding, and increases the cohesiveness of concrete. The silica content of RHA 

must be ≥ 85% to possess a good pozzolanic activity. Moreover, the igneous loss of RHA 

should be ≤ 6% to ensure that excessive carbonation did not occur due to the exposure to the 

atmosphere during prolonged storage. 

 

Mixing water: 

The water conforming to ASTM C 94/C 94 M (2004) or CSA A23.1 (2004) can be used to 

produce SCHPC. In general, the normal tap water is suitable to prepare any concrete. In case 

of the recycled water recovered from the processes of concrete industry, it must be examined 

for the acceptance criteria before use in SCHPC to avoid any adverse effect on the quality of 

concrete. 

 

High-range water reducer: 

The use of HRWR is essential for SCHPC to achieve the required flowing ability. The 

HRWR conforming to ASTM C494/C 494M (2004) or ASTM C 1017/C 1017M (2004) can 

be used. There are many commercially available HRWRs that can be selected. However, the 

polycarboxylate-based HRWR is mostly used to produce SCHPC due to its better ability to 

retain the fluidity of concrete mixture. 

 

Air-entraining admixture: 

The AEA conforming to ASTM C 494/C 494M (2004) or ASTM C 260 (2004) can be used 

to produce the air-entrained SCHPC. The addition of AEA can be accomplished in the same 

way as in non-self-consolidating concretes. 

 

Viscosity-enhancing admixture: 

The use of VEA in SCHPC is not always necessary. However, it can be used to improve the 

homogeneity and stability of concrete with increased segregation resistance, and to reduce 

the sensitivity of the mixture due to variations in the proportions and conditions of other 

constituent materials. In particular, the VEA can be advantageous for the SCHPC containing 

gap-graded, angular, flat and elongated coarse aggregates and a lower content of cementing 

material (ACI Committee 211H, 2006). 
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11.6 Requirements for Mixture Composition 

The fine and coarse aggregate contents, S/A ratio, binder content, W/B ratio, water content, 

paste or mortar volume, and the dosages of chemical admixtures such as HRWR, AEA and 

VEA play the key roles to form a proper mixture composition of SCHPC. 

 

Coarse aggregate content: 

The coarse aggregate content influences the flowing ability, segregation resistance and 

strength of SCHPC (Nagataki and Fujiwara 1995, Okamura and Ozawa 1995). The coarse 

aggregate content of SCHPC should be in the range of 28 to 35% of concrete volume 

(EFNARC 2002, Uomoto and Ozawa 1999). Also, it is suggested that the coarse aggregate 

content should be about 50% of the dry packed unit weight of aggregate blend (Su et al. 

2001). The content of coarse aggregate depends on its maximum size and particle shape as 

well as on the type of application (ACI Committee 211H, 2006). A higher content can be 

used if a rounded coarse aggregate of lower maximum size (< 25 mm) is chosen, and when 

the passing ability is not a concern. 

 

Fine aggregate content: 

The fine aggregate content influences the flowing ability of SCHPC (Okamura and Ozawa 

1995). Also, the fine aggregate content affects cohesion, and thus the segregation resistance 

of concrete (Shilstone, Sr. and Shilstone, Jr. 1993). The fine aggregate content should be in 

the range of 48 to 55% of total aggregates by weight (SCCEPG 2005) or 40 to 50% of mortar 

volume (EFNARC 2002, Okamura and Ozawa 1995) to produce good flowing ability in 

SCHPC. 

 

Optimum S/A ratio: 

The optimum S/A ratio should be used to decrease the porosity and transport properties, and 

thus to improve the strength and durability of concrete. However, it should also be conducive 

to the flowing ability and segregation resistance of SCHPC. The optimum S/A ratio (by 

weight) usually varies in the range of 0.40 to 0.55 depending on the type and size of fine and 

coarse aggregates (Domone and Soutsos 1994, Koehler and Fowler 2006, Schrader 1976). 
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W/B ratio: 

The W/B ratio of air-entrained high performance concrete generally ranges from 0.25 to 0.40 

(Lessard et al. 1995), which can also be used to produce SCHPC. The weight basis W/B ratio 

for SCHPC typically ranges from 0.25 to 0.37 (Uomoto and Ozawa 1999, EFNARC 2002). A 

higher W/B ratio within the above range can be used when a lower maximum size of coarse 

aggregate and a reactive SCM such as silica fume and RHA are chosen. 

 

Binder content: 

The cement alone or with SCM constitutes the binder content of concrete. The recommended 

minimum binder content to produce durable concrete is 290 kg/m3 (Su et al. 2001). In high 

strength and high performance concretes, the binder content more often ranges from 390 to 

560 kg/m3 (ACI 363R-92, 2005; Gutiérrez and Cánovas 1996). The binder content for 

SCHPC generally varies in the range of 350 to 600 kg/m3 (EFNARC 2002, SCCEPG 2005, 

Uomoto and Ozawa 1999). 

 

RHA content: 

Rice husk ash has been used in high strength and high performance concretes as a SCM with 

a content ranging from 5 to 30% of cement by weight (Ismail and Waliuddin 1996, Mahmud 

et al. 2004, Zhang and Malhotra 1996). However, the high RHA content may reduce the 

flowing ability of SCHPC due to increased water demand. To maintain adequate flowing 

ability, a high RHA content requires relatively a high HRWR dosage, which may delay the 

setting of cement, and thus the early strength gain in concrete can be impeded. In addition, a 

high RHA content may reduce the segregation resistance by lowering the density of the 

matrix. A high RHA content can also cause mixing and handling difficulties due to excessive 

cohesiveness or stickiness. Based on the present study, a RHA content ≤ 15% should be used 

in SCHPC. 

 

Water content: 

The water content of SCHPC generally varies in the range of 150 to 210 kg/m3 (SCCEPG 

2005, Uomoto and Ozawa 1999). However, a water content < 150 kg/m3 can be used 

depending on the binder content and effectiveness of HRWR. It was reported that the 
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minimum water content of high performance concrete can be as low as 120 kg/m3 (Aïtcin 

1995), which is also applicable to SCHPC. 

 

Paste volume: 

The paste volume of SCHPC typically ranges from 28 to 40% of total concrete (ACI 

Committee 211H, 2006; Koehler and Fowler 2006, SCCEPG 2005). A higher paste volume 

within the above range should be used when a lower maximum size of coarse aggregate is 

chosen. 

The paste volume should be higher than the void content of the aggregate blend plus 

an excess paste of at least 8% of the concrete volume (Koehler and Fowler 2006). The void 

content of the optimum aggregate blend can be calculated as follows (ACI 211.4R-93, 2004; 

Koehler and Fowler 2006): 
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where: 

Vcaad = Voids in air-dry basis compacted aggregate blend (%) 

BDmad = Maximum bulk density of air-dry aggregate blend (kg/m3) 

Vca = Absolute volume of coarse aggregate (m3) 

Vfa = Absolute volume of fine aggregate (m3) 

Vta = Absolute volume of total aggregates (m3)  

ρw = Density of water (kg/m3) 

ρrfaad = Air-dry basis relative density of fine aggregate 

ρrcaad = Air-dry basis relative density of coarse aggregate 

 

After calculating the void content of the optimum aggregate blend and considering 

8% excess paste (Vep in m3/m3), the minimum paste volume (Vmp in m3/m3) requirement for 

SCHPC can be determined as follows: 
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The paste volume of SCHPC must be ≥ Vmp to maintain good flowing ability and 

adequate segregation resistance. 

 

Mortar volume: 

The mortar content of SCHPC is relatively high due to reduced coarse aggregate content. The 

mortar volume of SCHPC should be in the range of 65 to 72% of concrete volume since the 

recommended coarse aggregate volume content varies from 28 to 35% (ACI Committee 

211H, 2006; Uomoto and Ozawa 1999). 

 

HRWR dosage: 

The HRWR dosage greatly depends upon the surface characteristics of cement and SCM 

such as particle size and specific surface area. The dosage is also affected by the type of 

HRWR and its compatibility with cement. A very high dosage of HRWR might cause 

segregation and bleeding in concrete. Therefore, the HRWR dosage should be kept as low as 

possible. The maximum HRWR dosage for SCHPC can be in the range of 3 to 5% of binder 

by weight depending on the type of admixture (Kwan 2000). 

 

AEA dosage: 

A higher dosage of AEA is generally required for SCHPC to maintain a specified total air 

content due to the presence of SCM, HRWR and VEA (Khayat 2000, Siebel 1989). 

However, very high dosage of AEA is not beneficial for the strength and freeze-thaw 

durability of concrete. In general, the AEA dosage should not exceed 1 to 2% of binder by 

weight (Nawy 1996). 

 

VEA dosage: 

The VEA is recommended to be used in SCHPC when the fresh mixture is too fluid and 

exhibits an instability (segregation) problem. The dosage of VEA may vary in the range of 

0.15 to 0.95% of binder by weight (MBT, 2002). 
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11.7 Mixture Design Procedure 

The mixture design described herein determines the proportions of the constituent materials 

for a trial mixture of SCHPC. Before finalizing the mixture proportions, the key properties of 

concrete should be evaluated and the proportions should be adjusted appropriately to satisfy 

the performance requirements. Various steps of the mixture design are shown in Figure 11.1, 

and discussed below. 

 

Selection and testing of materials: 

Select the constituent materials and examine their suitability to produce SCHPC. Determine 

the relative density, absorption and moisture content of fine and coarse aggregates; determine 

the relative density of cement and RHA; and determine the relative density and solid content 

of HRWR. Select the maximum size of coarse aggregate based on the requirement for the 

intended use of concrete. 

 

Determining optimum S/A ratio: 

Mix the air-dry fine and coarse aggregates using different weight-basis S/A ratios, and 

determine the bulk density of each compacted aggregate blend according to ASTM C 29/C 

29M (2004). Plot the bulk density versus S/A ratio curve. Using this curve, determine the 

optimum S/A ratio leading to the maximum bulk density (minimum void content) in 

aggregate blend. The optimum S/A ratio will vary depending on the type, size and gradation 

of aggregates. 

After obtaining the maximum bulk density at optimum S/A ratio, calculate the void 

content (Vcaad) of compacted aggregate blend using Equation 11.2 and determine the 

minimum paste volume required for SCHPC based on Equation 11.3. 

 

Selection of slump flow and estimation of paste volume: 

Set the required level of slump flow based on the requirement for the intended use of 

concrete, as guided in Section 11.3.1. For the chosen slump flow, determine the paste volume 

using the chart given in Figure 11.2. This chart has been developed based on Equation 8.8 

(Chapter 8). 
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Figure 11.1: Flowchart for mixture design procedure 
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The chart shown in Figure 11.2 is valid for both air-entrained and non-air-entrained 

concretes. Since the unit weight (density) of SCHPC mixture may vary in the range of 2200 

to 2600 kg/m3, the values of 2.2 to 2.6 were used for relative density (ρr) to produce the chart. 

Check whether the paste volume obtained satisfies the minimum paste volume 

requirement of SCHPC. When the paste volume obtained is less than the minimum paste 

volume, choose the minimum paste to prepare the trial mixture. 
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Figure 11.2: Chart for determining paste volume based on slump flow  
 

 

Selection of strength and RHA content, and estimation of W/B ratio: 

Set the specified compressive strength based on the requirement for the intended use of 

concrete and select the RHA content. Calculate the average compressive strength of concrete 

using Equation 11.1 before estimating the W/B ratio. It is important to note that the 

relationship between W/B ratio and compressive strength for conventional concrete may not 

be valid for SCHPC due to the use of HRWR and optimum S/A ratio. Determine the W/B 

ratio for the average compressive strength using the chart given in Figure 11.3. This chart has 

been developed based on Equation 9.10 (Chapter 9). 
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Figure 11.3: Chart for determining W/B ratio based on average compressive strength 
 

The chart shown in Figure 11.3 is valid for the air-entrained SCHPC including 

6±1.5% air content. However, it can also be used for non-air-entrained SCHPC by 

considering the effect of air content on the compressive strength of concrete. It was observed 

in the present study that 1% increase in air content decreases the compressive strength of 

concrete by about 4%. Hence, the average compressive strengths of the air-entrained and 

non-air-entrained SCHPC mixtures can be interrelated using the following equation: 
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where: 

f /acr = Equivalent average compressive strength of air-entrained SCHPC (MPa) 

f /nacr = Average compressive strength of non-air-entrained SCHPC (MPa) 

Ap = Entrapped air content (%) 

At = Total design air content (%) 
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The average compressive strength for the non-air-entrained SCHPC can be 

determined using Equation 11.1. Then the equivalent average compressive strength of air-

entrained concrete can be calculated based on Equation 11.4 when At and Ap are known. For 

this strength, the W/B ratio required can be obtained from Figure 11.3 and used for non-air-

entrained SCHPC. 

After obtaining the W/B ratio, check whether it fulfills the requirement for SCHPC. 

The W/B ratio of SCHPC should be ≤ 0.40. 

 

Selection of total air content: 

Select a design total air content of 6% for the air-entrained SCHPC. It is suitable for most 

exposure classes of concrete depicted in CSA A23.1 (2004). Consider 2% design air content 

(entrapped air content) for the non-air-entrained concrete. 

 

Determining cement, RHA, and water contents: 

Based on the known paste volume (Vp), W/B ratio, percent RHA content, and design air 

content of concrete, the cement, RHA and water contents can be determined using the 

following equation: 
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where: 

Ac = Design air content (%) 

Prha = RHA content (%B by weight) 

ρw = Density of water (kg/m3) 

ρrc = Relative density of cement 

ρrrha = Relative density of RHA 

Vp = Paste volume (m3/m3) 

W/B = Water-binder ratio (by weight) 

Wb = Binder (cement plus RHA) weight (kg/m3) 
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The binder content is first obtained from Equation 11.5 by solving for Wb. Then the 

cement, RHA and water contents can be determined based on Equations 11.6 to 11.8, 

respectively, given below: 

 

( ) brhac WPW −= 1                                                                                                  (Equation 11.6) 

 

brharha WPW =                                                                                                       (Equation 11.7) 

 

bw W
B
WW ⎟

⎠
⎞

⎜
⎝
⎛=                                                                                                      (Equation 11.8) 

 

where: 

Wc = Weight of cement (kg/m3) 

Wrha = Weight of RHA (kg/m3) 

Ww = Weight of water (kg/m3) 

Prha = RHA content (%B by weight) 

W/B = Water-binder ratio (by weight) 

Wb = Binder (cement plus RHA) weight (kg/m3) 

 

After obtaining the cement, RHA and water contents, check whether the binder and 

mixing water quantities fulfill the requirements of SCHPC. The water content should be < 

210 kg/m3 and the binder content must be > 290 kg/m3. 

 

Calculation of aggregate contents: 

When the cement, RHA and water contents, the optimum S/A ratio, and the air content are 

known, the fine and coarse aggregate contents can be determined based on the following 

equations: 
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where: 

Wca = Amount of saturated surface-dry coarse aggregate (kg/m3) 

Wfa = Amount of saturated surface-dry fine aggregate or sand (kg/m3) 

Wta = Amount of total aggregate in air-dry condition (kg/m3) 

Aca = Absorption of coarse aggregate (%) 

Afa = Absorption of fine aggregate (%) 

Mca = Moisture content of coarse aggregate (%) 

Mfa = Moisture content of fine aggregate (%) 

(S/A)opt = Air-dry weight-basis optimum S/A ratio 

ρrca = Saturated surface-dry basis relative density of coarse aggregate 

ρrfa = Saturated surface-dry basis relative density of fine aggregate 

The other parameters have been explained before. 

 

At first, the amount of total aggregates is determined by substituting Equations 11.9 

and 11.10 in Equation 11.11, and by solving for Wta. Then the coarse and fine aggregate 

contents are obtained from Equations 11.9 and 11.10, respectively. After obtaining the 

aggregate contents, check whether the coarse aggregate content and the mortar volume fulfill 

the requirements for SCHPC. The coarse aggregate content should be ≤ 35% of concrete 

volume. Consequently, the mortar volume should be ≥ 65% of concrete volume.     

 

Obtaining primary mixture proportions: 

The primary mixture proportions are known after obtaining the weight contents of cement, 

RHA, water, and fine and coarse aggregates. Using these proportions, estimate the unit 

weight of concrete. Based on the estimated unit weight of concrete, the primary mixture 

proportions can be further refined by an iteration process. 
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Determining the dosage of HRWR: 

A proper dosage of HRWR for SCHPC can be determined based on its saturation dosage 

obtained by testing the filling ability of the paste component of concrete using a standard 

grout flow cone as specified in ASTM C 939 (2004). The saturation dosage is defined as a 

HRWR dosage beyond which the flow time no longer decreases. The HRWR dosage selected 

thereby should be below its saturation dosage. This is because the fluidity of concrete does 

not improve but the risk of segregation or set retardation can increase when the HRWR 

dosage exceeds the saturation point (Lessard et al. 1995). 

The HRWR dosage required greatly depends on its water reduction capacity and the 

water demand of RHA used. Therefore, consider the water reduction of HRWR and the water 

demand of RHA while selecting the HRWR dosage. Using the aforementioned flow cone, 

both of these properties can be determined by testing the filling ability of the paste 

component of SCHPC with increasing water content but without any HRWR while obtaining 

similar filing ability given by the selected dosage of HRWR (detailed procedure is described 

in Chapter 5). In addition, the viscosity of paste should be taken into account while selecting 

the HRWR dosage. The paste viscosity should not be too low or too high to maintain 

optimum flowing ability and segregation resistance in concrete. For this, the paste flow time 

obtained from the flow cone test should be in the range of 5 to 13 sec. 

The selected HRWR dosage can be verified by testing the filling ability of the mortar 

component of SCHPC with a standard flow mould as specified in ASTM C 230/C 230M 

(2004). There should not be any signs of segregation (bleeding and/or aggregate piling) in the 

flow spread of mortar to ensure adequate segregation resistance in concrete. In addition, the 

mortar flow spread should be higher than 250 mm to obtain a good flowing ability in 

concrete with a slump flow greater than 550 mm. 

 

Determining the dosage of AEA: 

A suitable AEA dosage for SCHPC can be estimated by testing the air content of its mortar 

component using a Chace indicator as specified in AASHTO T 199 (2004). At first, calculate 

the equivalent mortar air content for the specified concrete air content using Equation 6.1 

(Chapter 6). This is approximately 1.5 times the concrete air content. Determine the air 

content of mortar for various AEA dosages. Plot the air content versus AEA dosage curve. 
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Using this curve, determine the AEA dosage for the equivalent air content of mortar. Now 

estimate the AEA dosage for the concrete using Equation 6.2 (Chapter 6). The AEA dosage 

obtained thereby is applicable for the concrete without any VEA. It needs to be adjusted 

when a VEA is used in concrete. 

 

Determining the dosage of VEA: 

Use a VEA when the stability (segregation resistance) of concrete mixture needs to be 

improved without changing the primary proportions of concrete. Determine the VEA dosage 

based on the manufacture’s recommended dosage. 

 

Adjusting primary mixture proportions: 

The primary proportions of fine and coarse aggregates are obtained in saturated surface-dry 

condition. If the air-dry fine and coarse aggregates are selected, the aggregate proportions 

should be corrected considering their absorption and moisture content. Adjust the primary 

proportions of fine and coarse aggregate using the following equations: 
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where: 

Wcaad = Adjusted air-dry weight of coarse aggregate (kg/m3) 

Wfaad = Adjusted air-dry weight of fine aggregate (kg/m3) 

Aca = Absorption of coarse aggregate (%) 

Afa = Absorption of fine aggregate (%) 

Mca = Moisture content of coarse aggregate (%) 

Mfa = Moisture content of fine aggregate (%) 

Wca = Amount of saturated surface-dry coarse aggregate (kg/m3) 

Wfa = Amount of saturated surface-dry fine aggregate or sand (kg/m3) 
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The proportion of water should also be adjusted based on the absorption of fine and 

coarse aggregates and the water contribution of HRWR. The adjusted proportion of mixing 

water can be determined using the following equation: 
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where: 

Wwad = Adjusted weight of mixing water (kg/m3) 

Dh = Dosage of HRWR (%B by weight) 

Sh = Solid content of HRWR (% by weight) 

Wb = Binder (cement plus RHA) weight (kg/m3) 

Wca = Amount of saturated surface-dry coarse aggregate (kg/m3) 

Wcaad = Adjusted air-dry weight of coarse aggregate (kg/m3) 

Wfa = Amount of saturated surface-dry fine aggregate or sand (kg/m3) 

Wfaad = Adjusted air-dry weight of fine aggregate (kg/m3) 

Ww = Weight of water (kg/m3) 

 

Trial mixture and adjustments: 

Prepare a trial mixture and determine the key fresh properties such as filling ability, passing 

ability, segregation resistance and air content. Examine the filling ability, passing ability, and 

air content based on the test procedures discussed in Chapter 8. Check the segregation 

resistance using the sieve and column apparatus based on the test procedures discussed in 

Chapter 10. Increase the HRWR dosage when the filling ability and passing ability are low. 

Conversely, decrease the HRWR dosage when these two properties are high. When the 

flowing ability cannot be controlled by adjusting the HRWR dosage (extreme case), adjust 

the paste volume and RHA content, adjust the aggregate grading, change the maximum size 

of coarse aggregate or change the type of HRWR. A higher paste volume and a lower RHA 

content are conducive to obtain the target flowing ability with relatively a low HRWR 

dosage. Moreover, a greater finer fraction of aggregates and a lower maximum size of coarse 

aggregate are helpful to achieve a higher flowing ability. 
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Decrease the HRWR dosage and/or use a VEA when the segregation resistance is not 

adequate. When the segregation resistance cannot be controlled by the HRWR and VEA 

(extreme case), decrease the W/B ratio and RHA content, reduce the coarseness of aggregate 

grading, decrease the maximum size of coarse aggregate or change the type of VEA. Adjust 

the AEA dosage to obtain the required air content. When the target air content cannot be 

achieved (extreme case), change the type of AEA. 

Cast 100D×200H mm cylinder specimens when the filling ability, passing ability, 

segregation resistance and air content of concrete are satisfactory. Cure the specimens in 

accordance with ASTM C 192/C 192M (2004). Determine the compressive strength at 3 and 

7 days according to the test procedure mentioned in Chapter 9, and judge the acceptability of 

hardened concrete. It can be assumed that the other hardened properties will be in the desired 

levels if the targeted early-age compressive strength is achieved. However, determine the 

total porosity, electrical resistivity and key transport properties such as water absorption at 28 

days based on the test procedures depicted in Chapter 9 to examine whether the expected 

levels of hardened properties are achieved with an indication of good durability. Increase the 

RHA content and decrease the W/B ratio if the strength and durability-related properties are 

not satisfactory. If the expected properties are not achieved with an indication of good 

durability (extreme case), decrease the maximum size of coarse aggregate. 

 

11.8 Example of Mixture Design 

An air-entrained SCHPC is required for the columns in the tenth floor of a high-rise office 

building. The specified compressive strength is 55 MPa at 28 days. Due to moderately 

congested reinforcement, a slump flow in the range of 660 to 750 mm, a maximum flow 

spread reduction of 50 mm in the slump cone – J-ring flow, and a column segregation in the 

range of 10 to 20% can be considered. In addition, the total porosity and water absorption 

should be less than 15% and 6%, respectively, and the true electrical resistivity must be 

greater than 5 kΩ-cm at 28 days to achieve a good service life. 

 

Step 1 – select constituent materials: 

An air-dry blend of crushed granite stone and gravel with a maximum size of 19 mm is 

selected for use as coarse aggregate. The material properties of coarse aggregate are as 
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follows: saturated surface-dry basis relative density = 2.71, absorption = 1.5%, and moisture 

content = 0.1%. The coarse aggregate complied with ASTM C 33 (2004) grading 

requirements. An air-dry natural pit sand meeting ASTM C 33 (2004) requirements is 

selected to be used as fine aggregate. The material properties of sand are as follows: saturated 

surface-dry basis relative density = 2.62, absorption = 1%, and moisture content = 0.1%. 

ASTM Type I (CSA Type GU) cement and non-crystalline amorphous RHA are selected to 

be used as binders. The cement meets the requirements of ASTM C 150 (2004). The relative 

densities of cement and RHA are 3.16 and 2.07, respectively. A polycarboxylate-based 

HRWR is selected to produce the required flowing ability. The relative density and solid 

content of HRWR are 1.069 and 41%, respectively. A synthetic AEA is selected to produce 

the required air content. A modified polysaccharide-based VEA is also selected to improve 

the segregation resistance if needed. 

 

Step 2 – determine optimum S/A ratio and minimum paste volume: 

Determine the optimum S/A ratio for the selected air-dry fine and coarse aggregates based on 

the procedure described in Section 11.7. The optimum S/A ratio found is 0.50. Calculate the 

void content of optimum aggregate blend using Equation 11.2. The void content found is 

20.4%. Now determine the minimum paste volume required using Equation 11.3. The 

minimum paste volume found is 0.27 m3/m3. A brief calculation is shown below: 

 

From Equation 11.2: 
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Step 3 – set slump flow and estimate required paste volume: 

Set a slump flow of 700. Assuming ρr = 2.3, determine the paste volume (Vp) using the chart 

given in Figure 11.2. The paste volume found is 0.35 m3/m3. This is greater than the 
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minimum paste volume of 0.27 m3/m3. Thus, the requirement of minimum paste volume is 

satisfied. 

 

Step 4 – set compressive strength, select RHA content, and estimate W/B ratio: 

Determine the average compressive strength based on the specified compressive strength (55 

MPa) using Equation 11.1. The average compressive strength found is 72 MPa. Select a 5% 

RHA content. Now using the chart given in Figure 11.3, determine the W/B ratio. The W/B 

ratio found is 0.33. It is < 0.40. Thus, it satisfies the W/B ratio requirement of SCHPC.     

 

Step 5 – select total air content: 

Select a total air content of 6%. It satisfies the CSA air content requirement of concrete for 

most exposure conditions. 

 

Step 6 – determine cement, RHA, and water contents: 

Calculate the weight of total binder based on the W/B ratio, percent RHA content in binder, 

and paste volume using Equation 11.5. The amount of binder found is 441.7 kg/m3. Thus, the 

cement content obtained is greater than the recommended minimum cement content of 290 

kg/m3 to improve the durability of concrete. Now calculate the cement, RHA and water 

contents using Equations 11.6, 11.7, and 11.8, respectively. The amounts of cement, RHA 

and water found are 419.6, 22.1 and 145.8 kg/m3, respectively. The water content found is 

less than the recommended maximum water content of 210 kg/m3 for SCHPC. A brief 

calculation is shown below: 

 

From Equation 11.5: 
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From Equation 11.6: 

( ) 3/6.4197.44105.01 mkgWc =×−=  

From Equation 11.7: 
3/1.227.44105.0 mkgWrha =×=  
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From Equation 11.9: 

( ) 3/8.1457.44133.0 mkgWw =×=  

 

Step 7 – determine fine and coarse aggregate contents: 

Calculate the weights of fine and coarse aggregate per unit volume of concrete using 

Equations 11.9 to 11.11. The fine and coarse aggregate contents found are 861.4 and 865.6 

kg/m3, respectively. The coarse aggregate content is 32% of concrete volume, which is less 

than 35%. In addition, the fine aggregate content constitutes a mortar volume of 68%, which 

is greater than 65%. Thus, the requirements of coarse aggregate and mortar volumes for 

SCHPC are satisfied. A brief calculation is shown below: 

 

From Equation 11.9: 
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Step 8 – decide the dosage of HRWR: 

Decide the HRWR dosage based on the procedure described in Section 11.7. At first, 

determine the saturation dosage of HRWR. Assume it is 1.4% of binder by weight. Then set 

a HRWR dosage less than the saturation dosage. Start with 70% of saturation dosage, that is, 

about 1% of binder. Adjust the HRWR dosage if needed. 

 

Step 9 – decide the dosage of AEA: 

Decide the AEA dosage based on the procedure depicted in Section 11.7. Start with the 

estimated AEA dosage. Adjust the AEA dosage if needed. 
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Step 10 – decide the dosage of VEA: 

Decide the VEA dosage based on the manufacturer’s recommended dosage if necessary after 

testing the filling ability, passing ability and segregation resistance of concrete. 

 

Step 11 – adjust primary mixture proportions: 

Adjust the proportions of fine and coarse aggregates using Equations 11.12 and 11.13. The 

adjusted fine aggregate content found is 853.7 kg/m3. The adjusted coarse aggregate content 

found is also 853.7 kg/m3. Now adjust the proportion of mixing water using Equation 11.14. 

The adjusted water content found is 162.8 kg/m3. 

 

From Equation 11.12: 
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Step 12 – prepare trial mixture and decide optimum mixture proportions: 

Prepare the trial mixture based on the adjusted primary mixtures, and conduct the tests on the 

key fresh and hardened concretes as discussed in Section 11.7 to judge the acceptability of 

the mixture. Decide the final mixture proportions after obtaining the properties and durability 

in expected levels. 

 

11.9 Limitation of the Design Method 

The mixture design given is applicable for normal-weight, air-entrained and non-air-

entrained SCHPC with and without RHA. It cannot be applied to the SCHPC incorporating 

other SCMs, because the design chart for the strength-W/B ratio relationship will be 

different. However, a similar design procedure can be developed for the SCHPC mixture 

including other SCMs such as silica fume, fly ash and ground granulated blast-furnace slag. 
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The proportions given by the design procedure should provide an SCHPC with the 

desired properties and durability. However, the concrete mixture may not provide the 

expected performance if the cement and RHA are not suitable, if the gradation of fine 

aggregate is not good, if the coarse aggregate possesses a poor shape and gradation, if the 

HRWR is not efficient and compatible with cement, and if the AEA is not efficient and 

compatible with cement/HRWR. 

 

11.10 Concluding Remarks 

a. According to the design method, SCHPC with a slump flow varying from 550 to 850 mm 

can be produced using a paste volume in the range of 0.24 to 0.42 m3/m3. 

b. The design method suggests that a paste volume greater than the minimum amount of 

paste must be used in SCHPC to enhance the flowing ability of concrete. 

c. The W/B ratio used in this design method ranges from 0.24 to 0.42 to achieve a 

compressive strength in the range of 50 to 110 MPa. 

d. SCHPC can be produced using this design method with a binder content in the range of 

295 to 495 kg/m3. 

e. The RHA content is suggested to use in the range of 0 to 15% in this mixture design to 

achieve the SCHPC mixtures with the desired level of properties and durability. 

f. The optimum S/A ratio used in this design method determines the relative proportions of 

fine and coarse aggregate contents with minimum void content, and thus maximizes the 

density of concrete. 

g. A coarse aggregate content less than 35% of concrete volume is suggested to use in this 

design method to enhance the flowing ability and segregation resistance of concrete. 

h. In this design method, the HRWR, VEA and AEA, respectively, plays the key role to 

control the flowing ability, segregation resistance and air content of concrete. 

i. SCHPC designed by this method requires relatively low binder content due to less paste 

requirement at optimum S/A ratio, and thus the design is cost-effective. 

j. The mixture design is primarily applicable for air-entrained SCHPC with and without 

RHA. However, it can be applied for non-air-entrained SCHPC considering the effect of 

air content on the compressive strength of concrete. 

 300



Chapter 12 

Summary, Contributions and Recommendations 

 

12.1 General 

This chapter provides a summary of the research findings, lists the contributions of the 

present study, and gives several recommendations for future research. 

 

12.2 Summary 

Various self-consolidating high performance concrete (SCHPC) incorporating rice husk ash 

(RHA) as a supplementary cementing material were produced in the present study. For this, 

the constituent materials, and the paste and mortar components of the concretes were 

primarily investigated for key properties. Later, the key fresh properties including 

segregation resistance and air-void stability, and the major hardened properties of the 

concretes were determined. The effects of re-mixing, water-binder (W/B) ratio, RHA content, 

air content, high-range water reducer (HRWR), air-entraining admixture (AEA), and 

viscosity-enhancing admixture (VEA) were examined. In addition, simple apparatus were 

developed to measure the filling ability, passing ability and segregation resistance of 

concrete. Empirical models for the filling ability (slump flow) and compressive strength of 

SCHPC were also developed. Finally, a design procedure was proposed for the mixture 

proportion of SCHPC. The main research findings are given below. 

 

Properties of Materials and Aggregate Blends: 

a. The properties of constituent materials were suitable to produce SCHPC except for the 

alkali contents of cement and RHA, which are acceptable for non-reactive aggregates. 

b. The maximum bulk density with minimum void content was obtained for the aggregate 

blend at the weight-basis sand-aggregate (S/A) ratio of 0.50, which is defined as the 

optimum S/A ratio. 

c. The optimum S/A ratio was used in the mixture proportioning of various SCHPCs to 

improve the hardened properties and durability of concrete through reduced porosity. 
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Filling Ability of Pastes, Mortars and Concretes: 

a. The flow time of SCHPC mixture and its paste component increased with lower W/B 

ratio and higher RHA content indicating an increased plastic viscosity due to greater 

volume fraction and surface area of the binder. 

b. The higher HRWR dosages decreased the flow time of the pastes and increased the flow 

spread of the mortars, and thus improved their filling abilities. This is due to the efficient 

liquefying and dispersing actions of the HRWR resulting in greater fluidity. 

c. The mortar filling ability with respect to flow spread increased with lower W/B ratio due 

to higher paste volume and reduced sand content resulting in lower inter-particle friction. 

In contrast, the mortar filling ability decreased with higher RHA content due to greater 

volume fraction and surface area of the binder that increase the viscosity of mortar. 

d. The filling ability of mortar with regard to flow spread was influenced by the mixture 

composition; particularly, the sand content affected the flow spread by affecting the yield 

stress and plastic viscosity. 

e. The filling ability results of the pastes and mortars suggest that a HRWR dosage greater 

than its saturation dosage can be unsuitable to achieve the required filling ability in 

concrete due to bleeding and segregation. Thus, the optimum HRWR dosage for 

concrete can be determined based on the filling ability of paste and mortar so as to 

facilitate the mixture proportioning of SCHPC. 

f. The filling abilities of SCHPC and its paste component were strongly correlated. The 

orimet and inverted slump cone flow time exhibited very good relationships with the 

paste flow time with a correlation coefficient of 0.939 and 0.979, respectively. This is 

because the changes in plastic viscosity due to various W/B ratios and RHA contents 

followed similar trends in cases of pastes and concretes. 

g. The filling abilities of SCHPC and its mortar component were well-correlated with a 

correlation coefficient of 0.953 in the absence of RHA, since both mortar flow spread 

and concrete slump flow increased similarly without RHA at lower W/B ratio. In 

contrast, a poor correlation was observed between the filling abilities of SCHPC and its 

mortar component in the presence of RHA. This is because the mortar flow spread 

decreased where as the concrete slump flow increased with higher RHA content. 
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Air Content of Mortars: 

a. The air content of mortar for a given AEA dosage decreased by about 1.5 to 2.5% with 

the increases in sand and cement contents due to increased yield stress and plastic 

viscosity, which cause a loss of air-voids. 

b. The air content of mortar decreased with lower W/B ratio and higher RHA content due 

to the increases in binder content, binder surface area and HRWR dosage. The air 

content of mortar helped to estimate the AEA dosage for the desired air content of 

concrete, and thus facilitated the mixture proportioning process of SCHPC. 

 

Filling Ability and Passing Ability of Concretes: 

a. The filling ability and passing ability criteria were fulfilled for all SCHPCs except for 

few concretes with a lower W/B ratio and a higher RHA content due to the high 

viscosity caused by excessive surface area of rice husk ash. 

b. The filling ability and passing ability of SCHPC with regard to slump flow, and inverted 

slump cone and orimet flow spreads with and without J-ring, respectively, increased with 

lower W/B ratio and higher RHA content due to the increased paste volume of concrete 

resulting in lower inter-particle friction. 

c. The filling ability properties of SCHPC were well correlated with its passing ability 

properties with a correlation coefficient varying from 0.944 to 1. This is because both 

filling ability and passing ability properties were influenced similarly by the W/B ratio 

and RHA content of concrete. 

d. The inverted slump cone flow time and spread were well-correlated with the orimet flow 

time and spread with a correlation coefficient of 0.958 and 0.987, respectively. In 

addition, the inverted slump cone and orimet flow spreads were strongly correlated in the 

presence of the J-ring with a correlation coefficient of 0.944. The strong correlations 

were observed for these properties of SCHPC because they varied similarly with the 

W/B ratio and RHA content of concrete. 

e. The inverted slump cone apparatus with and without a J-ring can be used easily in 

laboratory and field by a single operator to assess the passing ability and filling ability of 

concrete based on the performance criteria derived. 
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Segregation Resistance of Concretes: 

a. The visual inspection revealed that the dynamic segregation resistance was good for 

most of the SCHPC mixtures due to lower W/B ratio, higher RHA content and reduced 

coarse aggregate content. 

b. The static and dynamic segregation resistances of SCHPC mixtures were influenced 

differently in the presence of RHA. The RHA increased the dynamic segregation 

resistance of SCHPC by reducing the bleeding and increasing the viscosity of concrete. 

However, it decreased the static segregation resistance of SCHPC by decreasing the 

matrix density of concrete. 

c. The sieve segregation test provided the static segregation resistance of SCHPC with 

respect to segregation index, which increased with lower W/B ratio and higher RHA 

content due to greater concrete spread. However, this test was not effective to capture the 

effects of viscosity and matrix density on the static segregation resistance of SCHPC. 

d. The column segregation test overcame the deficiencies of the sieve segregation test in 

capturing the effects of plastic viscosity and matrix density, and thus showed its potential 

for use as a reliable method to measure the static segregation resistance of SCHPC. 

e. The segregation factor obtained from the column apparatus was well-correlated with the 

variation in true electrical resistivity of SCHPC. This is because both varied similarly 

with the heterogeneity or the variation in internal composition of concrete between top 

and bottom sections of column apparatus due to coarse aggregate segregation. 

f. The column segregation test should be conducted to determine the static segregation 

resistance of SCHPC to be cast in vertical members, since it can effectively deal with the 

major factors affecting the segregation in such cases. 

g. The segregation factor given by the column apparatus decreased with lower W/B ratio, 

which increased the viscosity and matrix density of SCHPC. In contrast, the segregation 

factor increased with higher RHA content, which decreased the matrix density of 

SCHPC due to increased binder volume. 

h. The segregation resistance of SCHPC increased greatly in the presence of VEA, which 

increases the yield stress and plastic viscosity of concrete. Therefore, the segregation 

factor of the RHA concretes including VEA was reduced significantly. 
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Air Content, Air-void Stability and Unit Weight of Concretes: 

a. The measured air content of SCHPC was within ±1.0% of the design air content. The 

demand for the AEA dosage for a given air content increased with lower W/B ratio and 

higher RHA content due to the increased plastic viscosity of concrete. 

b. The estimated and actual AEA dosages for various SCHPCs were well-correlated with a 

correlation coefficient of 0.983. Hence, the AEA dosage required to achieve a target 

concrete air content can be determined based on the AEA dosage used for the equivalent 

mortar air content. 

c. The air-void stability in various fresh SCHPC mixtures was excellent. The presence of 

RHA did not affect the air-void stability at different test stages after re-mixing and the 

maximum loss of air content over the period of 60 to 90 minutes was less than 1%. 

d. The unit weight of SCHPC mixture increased with lower W/B ratio due to greater binder 

content, but decreased with higher RHA content due to increased paste volume. In 

addition, a reduction in air content increased the aggregate contents and decreased the 

total void content, and thus increased the unit weight of SCHPC. 

 

Hardened Properties of Concretes: 

a. The hardened properties of SCHPC were improved with lower W/B ratio due to higher 

binder content, which produced greater hydration products and thus resulted in enhanced 

paste densification. 

b. The higher air content decreased the compressive strength and ultrasonic pulse velocity 

by due to the increased void content of concrete. The reduction in compressive strength 

was about 3.8 MPa per 1% increase in air content. In addition, the increased air content 

decreased the total porosity due to reduced capillary porosity, and thus provided higher 

electrical resistivity and lower water absorption. 

c. The hardened properties of SCHPC were improved in the presence of RHA due to its 

microfilling and pozzolanic effects. 

d. Strong correlations were observed for the hardened properties of SCHPC. The test 

results for the hardened properties of various SCHPCs also indicated that the concrete 

durability was improved with lower W/B ratio and higher RHA content. 
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Optimum RHA content: 

a. The filling ability results of the pastes and mortars suggest that a RHA content greater 

than 15% can be unsuitable for SCHPC due to excessive water demand. In addition, 

mixing and handling difficulties were experienced for a RHA content higher than 15%. 

b. The SCHPC mixtures fulfilled the performance criteria for all fresh properties at a RHA 

content ≤ 15%, except the static segregation resistance, which was not acceptable for 

15% RHA in the absence of VEA. However, all RHA concretes provided the desired 

hardened properties. The tested properties of the fresh and hardened concretes suggest 

15% RHA as the optimum content for SCHPC. 

 

Modeling of Concrete: 

a. The filling ability model produced the slump flows close to the measured slump flow 

values for both air-entrained and non-air-entrained SCHPC mixtures. The computed and 

measured slump flows were within ±7.6% error. 

b. The strength model of SCHPC provided the compressive strengths close to the measured 

strength values. At least 95% of the measured strength values were accounted for with 

the derived model of compressive strength. 

 

Mixture Design of Concrete: 

a. The proposed mixture design can be used to produce both air-entrained and non-air-

entrained SCHPCs with and without RHA providing a slump flow ranging from 550 to 

850 mm, and a compressive strength in the range of 50 to 110 MPa. 

b. The competency of the proposed mixture design method depends on the HRWR, VEA 

and AEA, which play key roles to control the flowing ability, segregation resistance and 

air content of concrete, respectively. 

 

12.3 Contributions 

The present study has contributed to the present state of knowledge on SCHPC. The main 

contributions are: 

a. Development of SCHPC utilizing RHA as a supplementary cementing material that is 

obtained by burning rice husks generated in rice milling industry. 
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b. Optimization of aggregate blends to obtain maximum bulk density with minimum void 

content, and thus to reduce the cement content for producing cost-effective SCHPC, 

while achieving the properties and durability of concrete in desired levels. 

c. Evaluation of the filling ability of binder pastes with respect to flow time using a grout 

flow cone, thus determining the saturation or optimum dosage and water reduction 

capacity of HRWR, and the water demand of RHA. These steps are useful to select the 

HRWR dosage and RHA content, and thereby to facilitate the mixture proportioning 

process of SCHPC. 

d. Evaluation of the filling ability of mortars with respect to flow spread using a flow 

mould, thus verifying the saturation dosage of HRWR obtained from the flow cone test 

of binder pastes, examining the effectiveness or suitability of the selected HRWR dosage 

and RHA content, and indicating the segregation resistance of concrete. These steps are 

helpful for the mixture proportioning process of SCHPC. 

e. Assessment of the air content for the mortar component of SCHPC mixture at various 

AEA dosages using a Chace indicator, and thus estimating the AEA dosage required to 

achieve the desired air content of concrete. This step is also helpful for the mixture 

proportioning process of SCHPC. 

f. Demonstration of the air-void stability in fresh SCHPC mixture with respect to re-

mixing at different plastic stages of concrete. 

g. Development of a single-operator inverted slump cone apparatus for measuring the 

filling ability and passing ability, and for indicating the static/dynamic segregation 

resistance of SCHPC. 

h. Development of a simplified and single-operator segregation column apparatus for 

measuring the static segregation resistance of SCHPC. 

i. Assessment of the degree of segregation in hardened SCHPC using electrical resistivity. 

j. Non-destructive assessment for the water absorption, total porosity, electrical resistivity 

and ultrasonic pulse velocity of SCHPC. 

k. Modification of the test procedure for measuring the water absorption and total porosity 

of SCHPC by vacuum saturation technique. 

l. Setting the performance criteria for the inverted slump cone and segregation column 

apparatus. 
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m. Development of empirical models for the filling ability and compressive strength of 

concrete to facilitate the mixture proportioning process of SCHPC with and without 

RHA. 

n. Proposing a mixture design procedure for the air-entrained and non-air-entrained 

SCHPC with and without RHA. 

 

12.4 Recommendations 

There are several aspects that were not investigated in the present study. The following 

recommendations are given for future research: 

a. The effects of RHA on the fresh and hardened properties of SCHPC should be 

investigated for different types and sizes of coarse aggregate. 

b. An experimental investigation should be carried out to examine the efficiency of RHA in 

refining the microstructure of SCHPC due to microfilling and pozzolanic effects. 

c. The effects of various curing conditions on the hardened properties of SCHPC, including 

drying and autogenous shrinkages, should be examined. 

d. The durability performance of SCHPC such as resistances to corrosion, alkali-aggregate 

reaction, sulfate attack, and freezing and thawing, and the effects of RHA should be 

investigated. 

e. The effects of HRWR on the hardened properties including the electrical resistivity of 

SCHPC should be investigated with and without various RHA contents. 

f. The effects of VEA on the properties and durability of SCHPC with and without various 

RHA contents should be examined and compared. 

g. The performance of inverted slump cone apparatus should be compared with other test 

devices, particularly V-funnel, which is also widely used to assess the filling ability of 

SCHPC. 

h. The combined effects of RHA and other supplementary cementing materials on the fresh 

and hardened properties and durability of SCHPC should be investigated. 

i. The SCHPC mixtures including RHA should be tested for the rheological parameters 

such as yield stress and plastic viscosity in addition to the empirical tests for filling 

ability with respect to flow time and flow spread. 
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j. The air-void stability in hardened SCHPC with and without RHA should be investigated 

to ensure the freeze-thaw durability of concrete. 

k. The effects of RHA collected from various sources should be investigated with respect to 

different fresh and hardened properties and durability of SCHPC. 

l. A testing device and a test method should be developed to quantitatively measure the 

dynamic segregation resistance of SCHPC. 

m. The effectiveness of the four-point Wenner array probe resistivity meter in identifying 

the segregation in hardened concrete should be investigated for different SCHPCs 

including RHA or other supplementary cementing materials. 

n. The mixture design procedure developed should be employed to determine the mixture 

proportions of SCHPC with and without RHA, thus validating its applicability. 
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