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The reduction in the useful service-life of reinforced concrete construction in the 

coastal areas of the Arabian Gulf is well appreciated by the construction industry. Now, it is 

well recognized that concrete construction for the local environmental and geomorphical 

conditions needs to be designed for durability rather than strength alone. Several 

methodologies have been suggested for this purpose, among which are: (i) modifications in 

the concrete mixture design, (ii) incorporation of supplementary cementing materials, and 

(iii) protection of concrete and steel by applying coatings. 

The earliest research work on the use of supplementary cementing materials has 

been concerned with the use of fly ash, silica fume and natural pozzolans.  However, it 

should be pointed that both fly ash and silica fume are not available locally.  As such, use of 

silica fume, a material that is more efficient in terms of its cost to performance ratio, has 

gained favor with the local construction industry.  However, several problems have been 
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noted with the use of silica fume, namely cracking of concrete due to plastic and drying 

shrinkage, particularly when concrete has not been adequately cured.  Due to these 

problems, there is a worldwide trend towards using ternary and quaternary cements in 

concrete.  Hence, there was a need to conduct a study on quaternary cement concrete for 

utilization in the Arabian Gulf Environment. 

The objective of this research was to develop quaternary cement concrete utilizing 

local natural pozzolanic materials and industrial by-products.  The mechanical properties 

and durability of the developed quaternary cement concrete were evaluated.  The 

mechanical properties and durability characteristics of the QCCS prepared utilizing the 

local pozzolans and industrial by-products were comparable to OPC and binary cement 

concretes. The use of developed QCC reduces cost of concrete and decreases the 

greenhouse gas emission. 
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)عربي( ةالرسال  ملخص 

 اإلسم :  محمد خواجہ معين الدين   

  عنوان البحث :  للخرسانة االسمنتية الرباعيةالخصائص الميكانيكية والديمومة  

       التخصص : هندسة مدنية

( م۲۱۰۲ مايو  تاريخ التخرج :  ۲٢  جمادى اآلخرة ۰٣١١ هـ  ( ۰١ 

 

 لهان انخفاض عمر الخدمة المفيد لمنشات الخرسانة المسلحة في المناطق الساحلية للخليج العربي اصبح 

من المسلم به ان المنشات الخرسانية في الظروف البيئية المحلية وحاالت     االن،. في صناعة البناء اكبير اتقدير

 وقد تم اقتراح منهجيات متعددة لهذا الغرض،. بحاجة ان يتم تصميمها للديمومة وليس للقوة فقط  الجيومورفولوجية

حماية الخرسانة وحديد  (3و)ادخال مواد اسمنتية اضافية  (2تعديالت في تصميم خليط الخرساتة ) (1) : من بينها

 .التسليح بعمل الطالء

غبار السيليكا  ية وذلك باستخدام الرماد المتطاير،ففي ابحاث سابقة فقد اقتصر االمر على استخدام مواد اسمنتية اضا

غبار  كما ان استخدام .ان كال من الرماد المتطاير وغبار السيليكا التتوفر محليا والبوزوالن الطبيعي. على الرغم،

قد اكسبتها حسنة في صناعة االنشاءات المحلية. وبرغم ان  وهي مادة فعالة جدا وفقا لنسبة كلفتها الى اداءها، السيليكا،

 مثل تشققات الخرسانة بسبب االنكماش اللدن والجاف، هناك مشاكل متعددة ثم مالحظتها عند استخدام غبار السيليكا،

فان هناك اتجاه في جميع انحاء العالم نحو استخدام  جيد. وبسبب هذه المشاكل،وخصوصا عندما اليتم معالجتها بشكل 

االسمنت الثالثي و الرباعي في الخرسانة. لذا فقد تم تنفيذ الدراسة على خرسانة االسمنت الرباعي وذلك الستخدامها 

 في بيئة الخليج العربي.

االسمنت باالستفادة من مواد البوزوالن الطبيعي المحلي والنواتج  ةوكان هدف هذه الدراسة هو تطوير خرسانة رباعي

الخواص  ةكما تم مقارن الصناعية. وقد تم تقييم الخواص الميكانيكية والديمومة للخرسانة االسمنتية الرباعيه المطورة.

QCC ل   ةوخصائص الديموم ةالميكانيكي
S

 ةو النواتج الصناعي ةالمحلي ةالمعده باالستفاده من المواد البوزوالني

كما يقلل من  و ةالخرسان ةيقلل من كلف ةالمطورQCC . ان استخدام الةثنائيال ةاالسمنتي ةوالخرسان ةالعادي ةبالخرسان

 انبعاث البيت االخضر. 

 

 درجة الماجستير في العلوم الهندسية

 جامعة الملك فهد للبترول والمعادن

 الظهران – ١۰۲١۰

 المملكة العربية السعودية
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CHAPTER 1 
 
 
 

INTRODUCTION 
 
 
 
1.1 Concrete Durability in the Arabian Gulf 

Reinforced concrete is unique among the three most common construction 

materials, namely wood, steel and reinforced concrete and it has proved to be an efficient 

and durable construction material for construction of all kinds of structures.  The low-cost, 

ecologically favorable profile, excellent strength and stiffness properties coupled with the 

ease of manufacture at site are some of the factors that have established it as the most widely 

used construction material in the world. It was estimated in  late 1990S, that the 

consumption of concrete was order of 5.5 billion tons every year [1, 2] and currently  it is    

around 10-12 billion tons next to that of water.  

In spite of its good attributes, there have been many cases of failure. The poor 

durability of reinforced concrete structures is a major problem facing the construction 
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industry throughout the world. It has been estimated that annual cost is more than $ 50 

billion for the repair and rehabilitation of deteriorated concrete structures in the USA, as    

$ 200 billion  were estimated in the decade of 1980S [3, 4]. Similarly, it has been estimated 

that more than £ 20 billion are needed to repair deteriorated structures in the UK, as        

£ 2 billion were estimated in the decade of 1980S [5, 6]. The cost of repair and 

rehabilitation of the deteriorated reinforced concrete structures in the countries along the 

Arabian Gulf is not very well documented. However, considerable resources have to be 

diverted towards the repair of deteriorated concrete structures in this region. 

Generally speaking all concrete structures in an environment would suffer from 

deterioration or distress caused by loading, exposure conditions and poor design and 

construction. The deterioration of concrete structures in the temperate climatic conditions, 

such as Europe and North America, is mainly attributed to reinforcement corrosion that is 

caused by the ingress of deicer salts or carbonation. Insufficient concrete cover over the 

reinforcing steel and/or poor quality concrete accelerates the deterioration process. The 

environmental and geomorphical conditions in the coastal areas of the Arabian Gulf lead to 

a reduction in the useful service life of concrete structures in this region. The environment, 

soil, and ground water, that are heavily admixed with chloride and sulfate salts, are 

conducive to the initiation of the deterioration processes. The daily and seasonal variations 
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in the temperature and the humidity accelerate the rate of concrete deterioration. The 

ambient temperature in the Arabian Gulf is relatively high (40 to 50 0C) compared to USA 

or Europe (15 to 25 0C). The direct solar radiation effect raises the temperature to as high 

as 70 to 80 0C on the concrete surface. This thermal effect influences the over-all 

mechanisms of the deterioration processes, namely reinforcement corrosion, sulfate attack, 

salt weathering, shrinkage and thermal cracking. Further, the rate of reinforcement 

corrosion increases rapidly when the ambient temperature is in the range of 20 to 40 0C.  

Many researchers studied the durability problems in the Arabian Gulf in the last 

three decades. Condition surveys carried out at KFUPM on 42 framed reinforced concrete 

structures 15 to 20 years old located in the Eastern Province of Saudi Arabia indicated that 

the main factors for concrete deterioration are: reinforcement corrosion, sulfate attack, salt 

weathering and cracking due to environmental factors [7]. 

The accelerated deterioration of reinforced concrete structures in the Arabian Gulf, 

compared to those in the other parts of the world, is attributed to several factors.  However, 

the harsh climatic conditions and the marginal quality of the local aggregates are the two 

main reasons for the reported deterioration [8-10]. Presently, it is very well recognized that 

concrete construction for the local environmental and geomorphical conditions needs to be 
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designed for durability rather than strength alone. Also, several methodologies have been 

suggested to improve the durability of concrete construction,  among which are: (i) 

modifications in the concrete mixture design, (ii) incorporation of supplementary 

cementing materials, (iii) protection of steel by the application of coatings, such as fusion 

bonded epoxy coating, and  (iv) protection of concrete itself by the application of coatings.  

In certain situations, more than one of the mentioned options needs to be adopted. 

Whatever be the protection methodology adopted, the primary requirement is to 

produce quality concrete. In this direction, supplementary cementing materials, such as fly 

ash, silica fume, natural pozzolan and blast furnace slag, have been incorporated in concrete 

to improve its durability. The earliest research work on the use of supplementary 

cementing materials (SCMs) has been concerned with the use of fly ash and natural 

pozzolans.  Research conducted at KFUPM [11-13] has shown that incorporation of fly 

ash in concrete improved its durability, particularly the corrosion- and sulfate-resistance in 

spite of the low early strength of concrete.  Research in the 1990s was concerned with the 

use of silica fume in concrete. Due to its high pozzolanicity, silica fume is believed to 

improve the properties of concrete, both in terms of its strength and durability. As a result, 

silica fume is very widely used in Arabian Gulf. Silica fume, a by-product in the 

manufacture of ferrosilicon and also of silicon metal, is a very efficient pozzolanic material. 
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Silica fume concrete is an effective admixture concrete used for high strength and 

durability. The high reactivity of silica fume with Portland cement is primarily due to its 

high silica and its extreme fineness. In order to maintain the same water- (cement plus silica 

fume) ratio, a super plasticizer or a high range water reducer is used. Silica fume concrete is 

used by many major companies in the Eastern Province, like Saudi ARAMCO, SCECO, 

and Royal Commission for Jubail and Yanbu. 

However, it should be pointed that both fly ash and silica fume are not available 

locally and they are imported from other countries.  The cost of these materials is more 

than that of Portland cement. Though silica fume blended cement has been specified to 

combat the deterioration of reinforced concrete structures in the aggressive environment of 

the Arabian Gulf, several problems have been noted with its use in concrete, namely 

cracking of concrete due to plastic and drying shrinkage, particularly when concrete has not 

been adequately cured [8, 14-16]. 

Due to the problems noted with the use of silica fume, particularly under hot 

weather conditions, there is a shift towards using ternary and quaternary cement concrete.  

These types of concrete have two or more SCMs. An earlier study was carried at KFUPM 

to evaluate the properties of ternary cement concretes.  
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1.2 Need for Research 

Manufacturing of cement is a source of greenhouse gas emissions. The annual 

production of cement in the world is about 3,300 million tons. Cement manufacture 

contributes greenhouse gases both directly through the production of carbon dioxide when 

calcium carbonate is burnt in the kilns, producing lime and carbon dioxide (CO2) and also 

indirectly through the use of energy in the kiln, particularly if the energy is sourced from 

fossil fuels [17]. The "greenhouse effect" is a process by which the earth is becoming warmer 

with time.  The earth is bathed in sunlight, some of it is reflected back into space and some 

is absorbed. If the absorption is not matched by radiation back into space, the earth will get 

warmer until the intensity of that radiation matches the incoming sunlight. Some 

atmospheric gases absorb outward infrared radiation, warming the atmosphere. Carbon 

dioxide is one of these gases; so are methane, nitrous oxide, and the chlorofluorocarbons 

(CFCs). The concentrations of these gases are increasing, with the result that the earth is 

absorbing more sunlight and getting warmer [18]. The cement industry produces 5% of 

global man made CO2 emissions, of which 50% is from the chemical process is 40% from 

burning of fuel [19]. The volume of CO2 emitted by the cement industry is nearly 900 kg 

for every 1,000 kg of cement produced [20]. 
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Furthermore, the cement production process is energy intensive as well as raw 

materials demanding. Technical improvements to lower the environmental impact of the 

cement production achieved by the cement industry are reaching limitations. Remaining 

potential to reduce environmental impacts is provided by the reduction of the clinker in 

cement (blended cements). Other main constituents for cement, such as granulated 

blastfurnace slag (GGBS), fly ash from power plants, natural and industrial pozzolanas or 

limestone can be used. The production of blended cements results in lower emission and 

lower energy consumption since less clinker from the energy intensive process is needed to 

produce them [21, 22]. Hence, there is a need to meet the demand for cement without a 

corresponding increase in the greenhouse gases. As discussed earlier, most of these materials 

are not available locally and they have to be imported from other countries thereby leading 

to an increase in the cost of concrete. Therefore, the consumption of waste materials that 

are generated in abundance during manufacture of building and other materials in the 

Kingdom of Saudi Arabia is a moral task that will certainly lead to a reduction in the 

greenhouse gas emissions. Blended cements developed utilizing locally available waste 

materials, such as bag house dust (BHD) produced during the production of steel, cement 

kiln dust (CKD) produced during the production of cement, clay, limestone powder (LSP) 

produced during the crushing of large size boulders to produce small size aggregates, 
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pulverized steel slag (PSS) produced during the production of steel, and natural pozzolan  

(NP), etc., can be utilized as part of cement. Though cement is the main source of strength 

in concrete, there is a need to reduce its use by the local construction industry in order to 

decrease the greenhouse gases and to conserve energy and mineral resources. 

 The above-mentioned industrial waste materials are abundantly available in the 

Kingdom of Saudi Arabia and they are rarely used in the construction industry. They are 

normally deposited in landfills.  This causes environmental problems as well as contributing 

to large dust in the air. In addition, there is a strong desire to reduce the consumption of 

cement through the effective utilization of industrial waste materials,  such as BHD, CKD, 

clay, LSP, PSS, NP, etc., in concrete in order to decrease the greenhouse effect, 

environmental problems and to produce a cheaper building material. A combination of 

these materials can be utilized to provide durable concrete. 

The ternary cement consists of Portland cement, and two supplementary cementing 

materials, such as fly ash and silica fume while the quaternary cement consists of Portland 

cement, and three supplementary cementing materials, such as fly ash, blast furnace slag and 

silica fume.  The use of other pozzolanic materials, such as natural pozzolon or metakaolin 

is not uncommon [23, 24]. A study was conducted at KFUPM on evaluating the ternary 
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cement for improving concrete durability in the Arabian Gulf [25-28].  However, limited 

literature is available on the performance of concrete prepared with quaternary cement.  

Also, research work on this aspect is yet to be conducted in the Arabian Gulf. 

1.3 Objective 

The broad objective of this research was to develop mix design for quaternary 

cement concretes and assess their mechanical properties and durability characteristics. The 

data developed in this study will be beneficial to the local construction industry and in 

updating the local codes of practice. The specific objectives were the following: 

1. Develop mix design for quaternary cement concretes utilizing the local 

materials, 

2.  Assess the mechanical properties and durability characteristics of the 

developed quaternary cement concretes, and 

3.  Ascertain the economic viability of utilizing the local materials to produce 

quaternary cement concretes.  
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CHAPTER 2 
 
 
 

LITERATURE REVIEW 
 
 
 
2.1 Multi-Component Cement 

Extensive research has now established, beyond a shadow of doubt, that technically 

sound, economically attractive and the most direct solution to the problems of reinforced 

concrete durability lies in the incorporation of finely divided siliceous materials in concrete. 

The fact that these cement replacement materials, or supplementary cementing materials 

(SCMs), as they are often known and described, such as fly ash  (FA), ground granulated 

blast-furnace slag  (GGBFS), silica fume  (SF), rice husk ash  (RHA), natural pozzolans  

(NP) and volcanic ash, are all either pozzolanic or cementitious and pozzolanic materials 

make them ideal companions to Portland cement  (PC). Indeed, Portland cement is the 

best chemical activator of these siliceous admixtures so that PC and FA, GGBFS and/or SF 

can form a life-long partnership of homogeneous interaction that can never end in divorce 

or unhealthy association and after-effects [23, 24]. But more importantly, the PC + 
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FA/slag/SF partnership will result in high quality concrete with intrinsic ability for high 

durability with immense social benefits in terms of resources, energy and environment - 

the only way forward for a sustainable development. 

The incorporation of industrial byproducts, such as FA, slag and silica fume, in 

concrete can significantly enhance its basic properties in both the fresh and hardened state 

[23, 24]. Apart from enhancing the rheological properties and controlling the bleeding of 

fresh concrete, these materials greatly improve the durability of concrete through control of 

high thermal gradients, pore refinement, depletion of cement alkalis, resistance to chloride 

and sulfate penetration and continued microstructural development through long-term 

hydration and pozzolanic reactions [29-32]. Concrete can provide, through chemical 

binding, a safe haven for many of the toxic elements present in industrial wastes; and there 

are strong indications that these mineral admixtures can also reduce the severity of concrete 

durability problems arising from delayed ettringite and thaumasite formation. 

The SCMs are either from natural sources (pozzolan, limestone, metakaolin) or 

industrial byproducts (fly ash, slag, silica fume, rice husk ash, etc.) [29, 32]. Binary cements, 

such as Portland slag cement, pozzolanic cements and limestone-Portland cements are 

standardized (e.g. ASTM C 595, EN197 and BS146). Further, the benefits due to the 
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addition of active supplementary cementing materials and fillers to Portland cement are 

well documented [30, 31, 33]. 

However, incorporating a single SCM to improve a concrete’s specific durability 

property has some limitations with its use (depending on the SCM), such as low early age 

strength, extended curing period, increased admixture use, increased plastic shrinkage 

cracking, and freeze/thaw scaling in the presence of deicer salts [29, 32]. Using a single 

SCM to address one durability concern may result in failure in another. For example, the 

replacement level of a single SCM needed to prevent alkali silica reaction (ASR) expansion 

may create other problems or concerns. The incorporation of 50% slag or greater than 20% 

fly ash needed to ensure adequate protection against ASR may lead to poor resistance to 

deicer salt scaling [34-37] or low early stage strength. 

Another example of materials incompatibility is the incorporation of silica fume at 

levels greater than 10% by mass of cement. Such replacement levels are necessary to prevent 

ASR expansion [38, 39], but typically lead to problems with the workability of fresh 

concrete as well as difficulties in adequately dispersing the silica fume [40]. 

Further, the binary cements are often associated with other shortcomings, such as 

the need for extended moist-curing, increased use of chemical admixtures, low early age 
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strength, increased cracking tendency due to drying shrinkage, and de-icing salt scaling 

problems. Thus, there is a need for research to investigate whether multi-component 

(ternary and quaternary) cements could be optimized with synergistic effects allowing 

component ingredients to compensate for any mutual shortcomings. 

A viable solution is to use a high performance multi blended cement concrete that 

uses moderate levels (15 to 35%) of fly ash/natural pozzolan in combination with silica 

fume at lower than typical levels (<7% by mass) and any industrial waste materials (15 to 

20%)  such as BHD, CKD, Clay, LSP, PSS, etc.. The quaternary blends allow the use of 

one SCM to compensate for the inherent shortcomings of another. Such concretes are 

known to exhibit excellent fresh and mechanical properties. The suitability of blends 

depends on the specific performance requirements, curing conditions, exposure 

environment, availability of materials, and, of course, economical manufacture. 

2.2 Early Work on Multi-Component Cements 

Producing cements incorporating high-volume replacement of ordinary Portland 

cement (OPC) with recycled industrial by-products is perceived as the most promising 

venture for the cement and concrete industry to meet its environmental obligations as well 

as it represents significant energy and cost savings. 
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The use of SCMs dates back to the ancient Greeks who incorporated volcanic ash 

with hydraulic lime to create a cementitious mortar. The Greeks passed this knowledge on 

to the Romans who would go on to construct such engineering marvels as the Roman 

aqueducts and Coliseum, which still stand today. Early SCMs consisted of natural, readily 

available materials, such as volcanic ash or diatomaceous earth. 

Considerable research has been conducted on the use of SCMs as partial 

replacement of Portland cement in concrete since 1950. Najimi et al. [41] investigated the 

effect of natural pozzolan (NP) on Portland cement. Concrete mixtures with 25% 

replacement of cement with NP were studied. The blended and control mixtures were 

tested for mechanical and durability properties. Compressive strength of specimens after 

180 days slightly decreased (i.e., less than 5%). The specimens with pozzolan had slightly 

enhanced modulus of elasticity and decreased chloride ion permeability, but did not 

perform well in freeze and thaw and sulphate expansion tests when compared to control 

specimens. Due to the lower content of amorphous silica in NP, it was also found that the 

hydration rate was slow. Therefore, the best properties were obtained after 90 and 180 days 

of curing. 
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de Souza et al. [42] investigated the effect of Bag House Dust (BHD) on the 

mechanical and chemical performance of Portland cement concrete. They found that the 

compressive strength of concrete specimen increased with the addition of BHD in the 

range of 10 to 20 wt. (%). Also, the tensile strength and setting time of specimens increased 

with the addition of BHD and the chloride penetration decreased. The acetic acid leaching 

and water solubility test results showed low movement of potentially toxic elements from 

BHD-based concrete. 

Maslehuddin et al. [43] investigated the performance of Cement Kiln Dust (CKD) 

blended cement concrete specimens with 0%, 5%, 10%, and 15% CKD, replacing ASTM 

C 150 Type I and Type V cements. The mechanical properties and durability 

characteristics were assessed. Results indicated that compressive strength of concrete 

specimens decreased with the use of CKD and there was no significant difference in the 

compressive strength and drying shrinkage of 0 and 5% CKD cement concretes. The 

chloride permeability increased and the electrical resistivity decreased due to the 

incorporation of CKD. The performance of concrete with 5% CKD was almost similar to 

that of concrete without CKD. Therefore, it was suggested to limit the amount of CKD in 

concrete to 5% since the chloride permeability and electrical resistivity data indicated that 

the chances of reinforcement corrosion would increase with 10% and 15% CKD. 
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Dhir et al. [44] investigated the performance of concrete produced by blending 

Portland cement and limestone (LSP). They used 15, 25, 35 and 45% replacement of 

cement with LSP with a range of cement s from 235 to 410 kg/m3, and free water of 185 

l/m3. They found that there were minor differences in the performance between Portland 

cement and 15% LSP blended cement concretes of the same cement and water-to-cement 

ratio. But, there was a decrease in the strength as the LSP increased. However, the flexural 

strength and modulus of elasticity decreased with an increase in the LSP. Permeation and 

durability properties at equal w/c ratio enhanced up to 25% LSP and poorer performance 

thereafter. For the latter, minor effects were generally noted up to 15-45% LSP, but there 

was a gradual depletion in the performance with an increase in the LSP. 

The use of ternary cement prepared with Portland cement and SCMs has increased 

since 1990. Ternary cements have more advantages than binary cements. Ternary blended 

cements consisting of fly ash–silica fume or blast furnace slag-silica fume are common in 

practice and several studies have been published on this subject [33, 45, 46]. Studies 

conducted in France resulted in the commercial production of ternary cements, and in 

some parts of Australia, ternary cements and even quaternary cements have been available 

since 1966 [47]. 
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Concrete prepared with ternary-blended cements has been used in many 

applications, such as dam sections, highway pavements and structural elements in high-rise 

buildings. Several studies indicated that ternary-blends made of Portland cement, silica 

fume, and fly ash offer significant advantages over binary blends and even greater 

enhancements over Portland cement alone [33, 45, 46]. In terms of durability, such blends 

are vastly superior to Portland cement concrete [45, 46, 48]. 

Popovic’s [49] research on Portland cement-fly ash-silica fume systems in concrete 

indicated that the silica fume in the  of 5% of the weight of the cement produces relatively 

greater strength increase in the presence of fly ash than without fly ash. 

Dhir et al. [33] reported that the resistance to chloride ion penetration of concrete 

prepared with ternary cement was higher than that of concrete prepared with either 

Portland cement alone or a blend of Portland cement and fly ash. This was attributed 

mainly to the refinement of the pore structure of the concrete prepared with ternary 

cement. 

In a study conducted by Bleszynski [50] on the performance and durability of 

concrete with ternary blends of silica fume and blast-furnace slag, it was reported that the 
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ternary blends were more effective than the binary blends in controlling deleterious 

expansion due to ASR. 

Comparative studies between OPC, binary and ternary cementitious systems 

conducted by Khatri et al. [51] in Australia concluded that the most significant 

improvements of ternary cement concretes associated with durability aspects are related to 

marine environments. Furthermore, ternary mixes containing OPC, silica fume and either 

blast-furnace slag or fly ash yielded an optimum balance between mechanical and durability 

properties. 

Thomas et al. [46], reported results from laboratory studies on the durability of 

concrete that contains ternary blends of Portland cement, silica fume, and a wide range of 

fly ashes. Combinations of relatively small levels of silica fume (e.g., 3 to 6%) and moderate 

levels of high Class C fly ash, as per ASTM C 618, (20 to 30%) were found very effective 

in reducing expansion due to ASR and also produced a high level of sulfate resistance. 

Concretes made with these proportions generally exhibited excellent fresh and hardened 

properties since the combination of silica fume and fly ash is somewhat synergistic. For 

instance, fly ash appears to compensate for some of the workability problems often 

associated with the use of higher levels of silica fume, whereas the silica fume appears to 
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compensate for the relatively low early strength of fly ash cement concrete. Diffusion 

testing indicated that concrete produced with ternary cementitious blends has a very high 

resistance to the penetration of chloride ions. Furthermore, it was indicated that the 

diffusivity of the concrete that contains ternary blends continued to decrease with age. The 

reductions were very significant and had a considerable effect on the predicted service life 

of reinforced concrete elements exposed to chloride environments. 

Shah and Wang [52] investigated utilization of CKD and Class F fly ash (FA)  in 

concrete in the process of developing green concrete. The effects of mechanical, chemical 

and thermal activation on strength and other properties of CKD-FA binders were 

investigated. Results indicated that, when the blend proportion and activation are properly 

applied, the binder made with CKD and fly ash will have satisfactory strength and 

performance, which provides potential applications for the new cementitious product. 

Maslehuddin et al. [53] studied the mechanical properties and durability 

characteristics of  ordinary Portland cement and blended cement (with silica fume and fly 

ash) concrete specimens with electric arc furnace dust (BHD). Concrete specimens were 

prepared with and without BHD. In the silica fume cement concrete, silica fume 

constituted 8% of the total cementitious material while fly ash cement concrete contained 
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30% fly ash. BHD was added as 2% replacement of cement in the OPC concrete and 2% 

replacement of the total cementitious in the blended cement concretes. Specimens were 

tested for compressive strength, drying shrinkage, initial and final setting time, slump 

retention, water absorption, chloride permeability, and reinforcement corrosion.  

Results of that study [53] indicated that the setting time and slump retention tended 

to increase with the addition of BHD. However, there was a gain in strength with the 

addition of BHD. Further, the water absorption and chloride permeability were found to 

decrease and there was an increase in the corrosion resistance of concrete with BHD 

compared to OPC and blended cement concretes. 

2.3 Effect of Multi-Component Cement on Compressive Strength  

The properties of fly ash, silica fume and cement, as well as the proportions of each 

in concrete influence the strength and rate of strength gain of concrete. After the rate of 

strength gain attributable to the Portland cement slows down, the pozzolanic activity of the 

fly ash and silica fume continues and contributes to increased strength gain at later ages if 

the concrete is kept moist [54].  

A number of investigators have explored the possibility of using silica fume in 

combination with fly ash [54-64]. The purpose of the combined use of silica fume and fly 
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ash has generally been to utilize the highly reactive silica fume to compensate for the low 

early age strength and slow strength development in concrete by using fly ash, and to use fly 

ash to improve the workability of the mixes containing silica fume. Some promising results 

have been obtained. 

In a study conducted by Ozyildirim [59], the possibility of producing concrete with 

adequate early and 28 day strength, and low 28 day chloride permeability for normal 

construction activities was reported by the combined use of silica fume and fly ash. The test 

results showed that adding small amounts of silica fume to fly ash concrete with w/c ratios 

of 0.4 to 0.5 results in concrete with satisfactory strength and very low permeability at 28 

days. He also emphasized the importance of good curing procedures for concretes 

containing a combination of silica fume and fly ash. Increasing the early curing temperature 

and the duration of moist curing reduced the chloride permeability. 

Studies conducted by Ghrici et al. [65] on the engineering properties of concrete 

containing natural pozzolan and silica fume, confirmed that the use of ternary cement 

contributes to the improvement of strength at an early stage. Better resistance to sulfate and 

acid attacks and less chloride ion penetration enhanced the durability of concrete. 
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Study by Bagel [66] on strength and pore structure of ternary blended cement 

mortars containing blast furnace slag and silica fume, indicated that ternary cement mortars 

with fixed workability and incorporating blast furnace slag and silica fume reached relatively 

satisfactory level of compressive strength and contributed to densifying the pore structure. 

Lane et al. [67] investigated ternary blends, wherein small amounts of silica fume 

were used to augment the characteristics of concretes with lower amounts of fly ash or slag, 

and reported that they are generally effective in improving early strengths over high 

percentage binary blends.  

2.4 Effect of Multi-Component Cements on Durability 

Several workers have demonstrated the suitability of combining silica fume and 

blast-furnace slag with Portland cement to increase resistance to water penetration and 

ingress of harmful ions, while attaining acceptable compressive strength [55, 58, 60, 64, 66-

68]. Work by Thomas et al. [46] showed that mixtures of silica fume with either fly ash or 

slag improved the handling properties of the mixtures, and reduced the water requirement. 

In China, limited work has also been conducted on Portland cement blended with 

both blast-furnace slag and fly ash [69]. The impetus for this work was to reduce the cost of 

concrete by using less Portland cement, and minimize air pollution caused by clinker 

processing. It was reported that a 30% slag and 20% fly ash mixture exhibited higher 
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compressive strength, and better control of ASR expansion than single component 

Portland cement mixture. However, the ternary mixtures yielded a lower resistance to 

drying shrinkage and carbonation. 

Butler [48] reviewed the data available on the durability of multiple blends. He 

stated the following: “Where the necessary materials are readily available, more economical 

solutions, associated with improved general properties, can often be achieved with ternary 

and quaternary blends. Such blends typically contain less of individual components than 

would apply in a binary blend, the multiple blends being effectively blends of durable 

binary blends. Normally, any modification to a concrete mixture, which reduces the 

amount of water required, surplus to that required for cement hydration, or improves the 

pore structure (both of which reduce permeability), will enhance durability. However, 

ASR tends to be more destructive in high strength concretes having fewer voids available 

to accommodate gel expansion internally and having high modulus of elasticity, conferring 

low strain to failure.” 

Khatri et al. [51] conducted a study on the use of ternary and quaternary binder 

systems used in high performance concrete in coastal and offshore structures. Mixture 

designs and results are summarized in Table 2.1. They stated the following: “The most 
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significant improvement found in concretes with SCMs was in properties which were 

indicative of their durability in marine environment. The triple blends of Portland cement, 

silica fume, and slag or fly ash gave a balance of properties as a result of the effect of each 

type and dosage of the SCM used. The OPC/SF/FA triple blend showed improved 

strengths, elastic modulus, volume stability and durability performance.  

Laldji and Tagnit [70, 71] carried out an investigation to study the performance of 

ternary and quaternary cementitious systems incorporating glass frit. Canadian Class F fly 

ash, slag, as well as silica fume commonly used in Eastern Canada were also used as 

cementitious materials. Mixture designs and results are summarized in Table 2.2. The 

results described in this paper show that the presence of glass frit enhances their rheological 

behavior, and subsequently improves their hardened properties as well as some durability 

aspects such as compressive strengths, permeability, resistance to freezing-and-thawing and 

drying shrinkage. Despite the lower early strength of concrete made from ternary and 

quaternary blends, strengths developed after 91 days of hydration varied from 1.05 to 1.25 

times those of the control. Permeability was also reduced and varied from 35 to 17.7% of 

the control. 
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Table 2-1 : Ternary and Quaternary Blends Used in Offshore Structures [51]. 

Ternary and Quaternary Blend-Mixture and Proportions. 

Cement % 60 50 80 60 83 81 

Silica fume % 5 5 5 5 7 9 

Slag % 25 35 0 35 0 10 

Fly ash % 10 10 15 0 10 10 
              

Binder (kg) 500 500 500 500 500 500 

Water (kg) 180 180 180 180 180 180 

WRA (kg) 3 3 3 3 3 3 

HRWR (kg) 2.15 1.5 1.5 1.5 2.19 2..56 
              

Compressive Strength, MPa 

1-day 10 6 14 10 17 15 

3-days 31 25 37 30 42 41 

7-days 45 38 50 45 54 54 

28-days 67 65 68 70 75 75 

Drying Shrinkage, micro strain 

3-weeks 610 610 520 560 510 …… 

8-weeks 750 770 670 700 650 …… 

Chloride Diffusion, *10-12 m2/s 

28-days 10 4.5 8 6.5 8.5 4 

56-days 2 0.45 2 0.5 1.5 6.5 

90-days 1.4 0.45 2.5 1 2 ……. 
              

Rapid Chloride Penetration, Coulombs 

28-days 970 1030 1270 1330 1110 1430 

56-days 610 640 1030 870 820 ……… 
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Table 2-2 : Ternary and Quaternary Blends [70]. 

Concrete mixture proportions 

Materials 
kg/m3 

Ter QFA QS Control 
Portland cement 265.5 175 140 350 

Silica fume 17.5 17.5 17.5 0 
Slag 0 0 105 0 

Fly ash 0 70 0 0 
Glass frit 70 87.5 87.5 0 

Water (w/cm = 0.45) 158.3 158.2 158.4 158.2 
Sand 730 710 728 755.5 

Aggregate (14 mm) 484 484 484 484 
Aggregate (20 mm) 585 585 585 585 

Air entraining admixture, mL/m3 385 525 385 315 
Water reducer, mL/m3 770 752.5 805 735 

 Note: Ter = Ternary cement made with 20% glass frit + 5% silica fume + 75% PC.                                           

QFA = Quaternary cement with fly ash made of 25% glass frit +5% silica fume + 20% fly ash + 40%PC.               

 QS = Quaternary cement with slag made of 25% glass frit + 5% silica fume + 30% slag + 50% PC. 

Compressive Strength, MPa 
3-days 19.6 10.2 8 24 
7-days 29.4 19.3 21 31 

28-days 44.7 37.2 38.3 36 
91-days 50 42 45 40 

Drying Shrinkage, Microstrain 
3-weeks 220 300 200 380 
30-weeks 310 320 290 550 

Initial and final setting time  
Initial setting 8h 10min 11h 30min 11h  7h 30min 
Final setting 9h 40min 13h 20min 12h 40min 8h 30min 

Rapid Chloride Penetration, Coulombs 
91-days 900 500 480 2500 

Resistance to freezing and thawing ASTM C 666-A 
Durability factor [300 cycles] 99 97 100 104 
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CHAPTER 3 
 
 
 

RESEARCH METHODOLOGY 
 
 
 
3.1 Experimental Program 

This chapter addresses the materials characterization and experimental methods 

utilized in this study. This research evaluates the mechanical properties and durability of 

quaternary cement concrete produced using locally available waste materials, such as, BHD, 

CKD, Clay, LSP, NP and PSS with some mineral admixtures, such as, FA and SF. To 

achieve these objectives, the following phases were followed. First phase was to procure the 

concrete ingredients and waste products. In the second phase, preparation of concrete 

specimens was carried out and in the third phase, following tests were conducted: 

accelerated pozzolanic activity index, compressive strength, drying shrinkage rapid chloride 

permeability, reinforcement corrosion, setting time, sulfate resistance, and water 

absorption. In this chapter, all these three phases are discussed thoroughly. Figure 3.1 shows 

the flow chart of the experimental program. 
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Figure 3-1:  Flow Chart of the Experimental Program for QCCS only.  
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3.2 Materials 

3.2.1 Cement 

Ordinary Portland cement conforming to ASTM C 150 Type I with a specific 

gravity of 3.15 was used in all the concrete mixtures. Sufficient amount of cement was 

procured and stock piled safely to prevent its hardening. The chemical composition of the 

cement is shown in Table 3.1. 

Table 3-1: Chemical Composition of Cement. 

Constituent Weight % 

CaO 64.35 

SiO2 22 

Al2O3 5.64 

Fe2O3 3.8 

K2O 0.36 

MgO 2.11 

Na2O 0.19 

Equivalent alkalis (Na2O + 0.658K2O) 0.33 

SO3 2.1 

Loss on ignition 0.7 

C3S 55 

C2S 19 

C3A 10 

C4AF 7 
 



 

30 

 

3.2.2 Coarse Aggregates 

Four aggregate sizes of  12.5 mm (½ inch), 9.5 mm (3/8 inch), 4.75 mm (3/16 

inch), and 2.36 mm (3/32 inch) crushed limestone from Riyadh Road were used in all the 

concrete mixtures. Absorption and specific gravity of the coarse aggregates were 1.1% and 

2.6%, respectively. The grading of the coarse aggregates was selected conforming to ASTM 

C 33 size # 67 and is shown in Table 3.2.  

Table 3-2: Grading of coarse aggregates. 

Sieve opening 
(mm) 

% Retained Cumulative     
(% Retained) 

% Passing ASTM C 33    
(# 67 Grading) 

19 0 0 100 100 
12.5 30 30 70 90-100 
9.5 30 60 40 40-70 

4.75 35 95 5 0-15 
2.36 5 100 0 0-5 

 

3.2.3 Fine Aggregates 

Dune sand with water absorption of 0.6% and specific gravity of 2.56 was used as 

the fine aggregate. 

3.2.4 Superplasticizer 

Varying dosage of a superplasticizer (SP 430) was used to obtain a slump of 100 ± 25 

mm for all the mixtures. 

3.2.5 Water 

Potable water was used for casting and curing of all the concrete specimens. 
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3.3 Waste Products 

3.3.1 Bag House Dust (BHD) 

BHD was procured from the Saudi Iron and Steel Company (HADEED). Its 

chemical composition is shown in Table 3.3. 

Table 3-3: Chemical Composition of BHD. 

Constituent Weight % 

Aluminium 0.7 

Calcium 9.39 

Cadmium 0.0004 

Copper 0.06 

Iron 33.6 

Potassium 1.7 

Magnesium 2.3 

Manganese 1.8 

Sodium 2.6 

Nickel 0.01 

Lead 1.31 

Phosphorous 0.13 

Silicon 2.38 

Tin 0.03 

Sulphur 0.57 

Titanium 0.09 

Zinc 10 
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3.3.2 Cement Kiln Dust (CKD) 

CKD was obtained from the Saudi Arabian Cement Company, Jeddah, Western 

Saudi Arabia. Its chemical composition is shown in Table 3.4. 

Table 3-4: Chemical Composition of CKD. 

Constituent Weight % 

SiO2 17.1 

CaO 49.3 

Al2O3 4.24 

Fe2O3 2.89 

K2O 2.18 

MgO 1.14 

Na2O 3.84 

P2O5 0.12 

Equivalent alkalis (Na2O + 0.658K2O) 5.27 

SO3 3.56 

Chloride 6.9 

Loss on ignition 15.8 

BaO (µg/g) 78.2 

Cr2O3 0.011 

CuO 0.029 

NiO 0.012 

TiO2 0.34 

V2O5 0.013 

ZnO (µg/g) 65.8 

ZrO2 0.011 



 

33 

 

3.3.3 Clay 

Clay was procured from Hofuf region, Eastern Province, Saudi Arabia. The 

chemical composition of the clay in the study is shown in Table 3.5. 

Table 3-5: Chemical Composition of Clay. 

Constituent Weight % 
SiO2 43.84 

Al2O3 9.19 
Fe2O3 3.84 
MgO 2.02 
K2O 0.91 

Na2O 1.26 
 

3.3.4 Limestone Powder (LSP) 

LSP was obtained from a quarry in Abu Hadriyah, Eastern Province, Saudi Arabia. 

Its chemical composition is shown in Table 3.6. 

Table 3-6: Chemical Composition of LSP. 

Constituent Weight % 
SiO2 11.79 
CaO 45.7 
Al2O3 2.17 
Fe2O3 0.68 
MgO 1.8 
K2O 0.84 

Na2O 1.72 
Na2O+(0.658K2O) 2.27 

Loss on Ignition 35.1 
Moisture 0.2 

3.3.5 Natural Pozzolan (NP) 
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NP was obtained from volcanic rocks in Western Province of Saudi Arabia. Its 

chemical composition is shown in Table 3.7. 

Table 3-7: Chemical Composition of NP. 

Constituent Weight  % 
SiO2 42.13 

Al2O3 15.33 
Fe2O3 12.21 
MgO 8.5 
K2O 0.84 

Na2O 2.99 
 

3.3.6 Pulverized Steel Slag (PSS) 

PSS was procured from the Saudi Iron and Steel Company (HADEED). Its 

chemical composition is shown in Table 3.8. 

Table 3-8: Chemical Composition of PSS. 

Constituent Weight % 
SiO2 16.47 
Al2O3 6.67 
Fe2O3 26.58 
MgO 6.14 
K2O 0.099 

Na2O 0.26 
Na2O+(0.658K2O) 0.26 

Loss on Ignition 3.8 
Moisture 0.2 
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3.4 Supplementary Cementitious Materials (SCMs) or Mineral 
Admixtures 

Mineral admixtures are finely divided siliceous materials which are added to 

concrete in relatively large amounts, generally in the range 20 to 70 percent by mass of the 

total cementitious material. 

 
3.4.1 Fly Ash (FA) 

FA is a byproduct of burning pulverized coal in electric power generation plants. 

The chemical composition of FA used is shown in Table 3.9. 

Table 3-9: Chemical Composition of FA. 

Constituent  Weight % 

SiO2 45.3 

Al2O3 34.4 

Fe2O3 2.37 

CaO 8.38 

MgO 1.86 

SO3 0.46 

K2O 0.57 

Na2O 0.4 

L.O.I 3.5 
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3.4.2 Silica Fume (SF) 

SF is by-product of the induction arc furnaces in the silicon metal and ferrosilicon 

alloy industries. The chemical composition of SF used is shown in Table 3.10. 

Table 3-10: Chemical Composition of SF. 

Constituent Weight % 

SiO2 92.5 

Al2O3 0.72 

Fe2O3 0.96 

CaO 0.48 

MgO 1.78 

SO3 - 

K2O 0.84 

Na2O 0.5 

L.O.I 1.55 
 
3.5 Concrete Mixture Design 

Concrete mixtures were designed according to absolute volume method, and the 

proportioning of materials was carried out on weight basis. All the concrete mixtures were 

prepared with cementitious materials of 370 kg/m3, effective water to cementitious 

materials ratio of 0.4, and coarse to total aggregate ratio of 0.6. All the afore-mentioned 

parameters were kept constant in all the concrete mixtures. A superplasticizer was added to 

the concrete mixtures to obtain a slump of 100±25 mm. Table 3.11 shows the details of the 
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quaternary cements investigated while Table 3.12 shows the weights of the materials and 

Table 3.13 shows the weights of the aggregates used in all the 16 concrete mixtures 

prepared in this study. 

Table 3-11:  Details of control and quaternary cement Concrete mixtures. 

Mix  OPC, 
% 

SF, 
% 

FA, 
% 

NP, 
% 

BHD, 
% 

CKD, 
% 

Clay, 
% 

LSP, 
% 

PSS, 
% 

M 1 100 0 0             

M 2 95 5 0             

M 3 75 0 25             

M 4 70 0 30             

M 5 75 0 0 25           

M 6 70 0 0 30           

M 7 50 5 30   15         

M 8 50 5 30     15       

M 9 50 5 25       20     

M 10 50 5 25         20   

M 11 50 5 25           20 

M 12 50 5 0 30 15         

M 13 50 5 0 30   15       

M 14 50 5 0 25     20     

M 15 70 5 0 25       20   

M 16 75 5 0 25         20 
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Table 3-12: Weights of materials in the mixtures investigated. 

Mix    W/CM Cement 
kg/m3  

S F 
kg/m3 

F A 
kg/m3 

N P 
kg/m3 

BHD 
kg/m3 

CKD 
kg/m3 

Clay 
kg/m3 

LSP 
kg/m3 

PSS 
kg/m3 

M 1 0.4 370 -- -- -- -- -- -- -- -- 

M 2 0.4 351.5 18.5 -- -- -- -- -- -- -- 

M 3 0.4 277.5 -- 92.5 -- -- -- -- -- -- 

M 4 0.4 259 -- 111 -- -- -- -- -- -- 

M 5 0.4 277.5 -- -- 92.5 -- -- -- -- -- 

M 6 0.4 259 -- -- 111 -- -- -- -- -- 

M 7 0.4 185 18.5 111 -- 55.5 -- -- -- -- 

M 8 0.4 185 18.5 111 -- -- 55.5 -- -- -- 

M 9 0.4 185 18.5 92.5 -- -- -- 74 -- -- 

M 10 0.4 185 18.5 92.5 -- -- -- -- 74 -- 

M 11 0.4 185 18.5 92.5 -- -- -- -- -- 74 

M 12 0.4 185 18.5 -- 111 55.5 -- -- -- -- 

M 13 0.4 185 18.5 -- 111 -- 55.5 -- -- -- 

M 14 0.4 185 18.5 -- 92.5 -- -- 74 -- -- 

M 15 0.4 185 18.5 -- 92.5 -- -- -- 74 -- 

M 16 0.4 185 18.5 -- 92.5 -- -- -- -- 74 
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Table 3-13: Weights of aggregates in each mix used in this investigation. 

Mix 
Coarse Aggregate (Kg/m3

) Fine 
Aggregate 

(kg/m3)  1/2 "  3/8 "  # 4  # 8  Total  

M 1 341.63 341.63 398.57 56.94 1138.77 759.18 

M 2 340.54 340.54 397.29 56.76 1135.13 756.75 

M 3 336.17 336.17 392.19 56.03 1120.56 747.04 

M 4 335.07 335.07 390.92 55.85 1116.91 744.61 

M 5 340.95 340.95 397.77 56.82 1136.49 757.66 

M 6 340.81 340.81 397.61 56.8 1136.03 757.36 

M 7 329.77 329.77 384.73 54.96 1099.23 732.81 

M 8 332.92 332.92 388.41 55.49 1109.74 739.83 

M 9 328.79 328.79 383.59 54.8 1095.97 732.65 

M 10 324.49 324.49 378.57 54.08 1081.63 721.09 

M 11 336.82 336.82 392.96 56.14 1122.74 748.49 

M 12 335.5 335.5 391.42 55.92 1118.34 745.56 

M 13 338.66 338.66 395.1 56.44 1128.86 752.58 

M 14 333.57 333.57 389.17 55.6 1111.91 741.27 

M 15 329.27 329.27 384.15 54.88 1097.57 731.71 

M 16 341.6 341.6 398.54 56.93 1138.67 759.12 
 
3.6 Preparation and Curing of Concrete Specimens 

Concrete specimens were prepared and cured to carry out various tests planned in 

this investigation. Batching of each mix was proportioned by weight. Aggregates were 
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initially sieved to obtain the required sizes. The concrete constituents were thoroughly 

mixed in a concrete mixer of 1.7 m3 capacity till a uniform consistency was obtained. After 

mixing, the slump was measured then concrete was poured in the moulds. The moulds 

were then vibrated till complete consolidation was achieved, as indicated a thin film of 

mortar appeared on the concrete surface. After casting, the specimens were covered with 

plastic sheet for 24 hours in the laboratory environment (22 ± 3 0C) to minimize loss of mix 

water. After 24 hours, the specimens were demoulded and placed in a curing tank till the 

time of test. Table 3.14 shows the type and number of specimens prepared and tested. 

Figure 3.2 shows a set of concrete specimens prepared from each mixture.  

 
Figure 3-2: Set of concrete specimens from each concrete mixture. 
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Table 3-14:  Details of concrete specimens and tests. 

Property Specimen size 
& shape 

Test period, 
days 

Test method Specimens 
Tested 

Compressive 
Strength 

100 mm cubes 3, 7, 28, & 90    ASTM C 39 240 

Chloride 
Permeability 

100 x 200 mm 
cylinders 

28 ASTM C 1202 16 

Drying 
Shrinkage 

40 x 40 x 160 
mm prisms 

3, 7, 28, 90 & 
180  ASTM C 157 48 

Reinforcement 
Corrosion 

75 x 150 mm 
cylinders 

Every 30 days 
after 28 days of 

curing 

ASTM C 876 
& linear 

polarization 
resistance 
method 

48 

Setting Time Paste specimens Fresh paste ASTM C 191  10 

Water 
Absorption 

75 x 150 mm 
cylinders 

28 ASTM C 642 48 

 

 

 



 

42 

 

3.7 Testing of Concrete Specimens 

3.7.1 Compressive Strength 

The compressive strength of a material is that value of the uniaxial compressive 

stress at which the material fails completely. Strength test results of cubes can be used for 

quality control purposes. The compressive strength was calculated from the failure load 

divided by the cross-sectional area resisting the load and reported in mega pascals (MPa). 

Compressive strength was determined on 100 mm cube specimens according to ASTM C 

39 [72] using a digital compression testing machine (MATEST) after 3, 7, 14, 28 and 90 

days of water curing. Three specimens were tested at each age and the average values are 

reported.  Figure 3.3 shows the compression testing machine used for compression testing. 

 

Figure 3-3: Compression Testing Machine. 
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3.7.2 Drying Shrinkage 

Shrinkage is the reduction in the volume of concrete caused by the loss of water 

mainly due to evaporation from a freshly hardened concrete exposed to air. Shrinkage may 

result in the cracking of restrained concrete members. Concrete specimens, 40 x 40 x 160 

mm were used for determining the drying shrinkage according to ASTM C 157 [73]. 

Three specimens were tested and the average values are reported. A set of shrinkage 

specimens with demec gauge and the measuring device are shown in Figure 3.4. 

 
Figure 3-4: Drying Shrinkage Specimens and dial gauge. 
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3.7.3 Rapid Chloride Permeability 

The rate of reinforcement corrosion is influenced by the electrical resistivity of 

concrete. The rapid chloride penetration test (RCPT) has been developed as a quick test to 

measure the electrical resistance of concrete. Chloride permeability was determined on a 50 

mm thick disk which was sliced from the center of the 100 x 200 mm cylindrical specimen 

according to ASTM C1202. The curved surface of the disk was coated with an epoxy 

coating to avoid evaporation of moisture during testing. The disk specimens were saturated 

with water under vacuum and kept saturated for about 24 hours. The saturated disk 

specimen was clamped between two cells and a potential difference of 60 V DC was 

maintained across them. The upstream cell was filled with 3% sodium chloride (NaCl) 

solution and the downstream cell was filled with 0.3 M sodium hydroxide (NaOH) 

solution. The current flowing in the electric circuit was monitored through a resistor at 

every 30 min for a period of six hours. The value of current for each cell was calculated and 

the total charge passed through the specimen was determined. The whole test was 

performed at room temperature of 20 to 25 0C. Three specimens were tested and the 

average values are reported. The quality of material is quantitatively assessed based on the 

total charge passed during the test, which is considered to be a measure of the chloride 

permeability of concrete. Typical chloride permeability specimens, cells and setup are 
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shown in Figures 3.5 and 3.6, respectively. Table 3.15 shows the concrete classification 

based on the chloride permeability values according to ASTM C1202. 

 
Figure 3-5: Specimens and cells utilized for determining the Rapid Chloride Permeability. 

 
Figure 3-6: Rapid Chloride Permeability Test Setup. 
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Table 3-15: Chloride Permeability and its Classification. 

Charge passed, Coulombs Concrete Classification 
<1000 Very Low 

1000-2000 Low 
2000-4000 Moderate 

>4000 High 
>4000 High 

 

3.7.4 Reinforcement Corrosion 

Reinforcement corrosion was evaluated by measuring corrosion potentials and 

corrosion current density. The concrete specimens were partially (4 cm from the bottom) 

exposed to 5% NaCl and potentials were measured after every two weeks while the 

corrosion current density was measured every month.  

Corrosion Potentials  

Corrosion potentials were measured to evaluate the probability of reinforcement 

corrosion. The corrosion status is related to the measured corrosion potential value. For this 

purpose, reinforcement corrosion was monitored by exposing reinforced concrete 

specimens, 75 mm in diameter and 150 mm high with a centrally placed 12 mm diameter 

steel bar, as shown in Figure 3.7, to 5% sodium chloride solution after 28 days of curing and 

corrosion potentials were measured according to ASTM C 876 [74]. Saturated calomel 

electrode (SCE) was used as the reference electrode. If the potential reaches a threshold 

value -270 mV, then there is a 90% probability for initiation of reinforcement corrosion. 
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Three specimens were tested and the average values are reported.  The potential 

measurement setup is depicted in Figure 3.8 while Figure 3.9 shows a set of reinforced 

concrete specimens. Table 3.16 indicates the possibility of reinforcement corrosion as 

reported in ASTM C 876 [74].  

Table 3-16: Probability of Occurrence of Reinforcement Corrosion. 

Open circuit potential (OCP) values 
Corrosion condition 

(mV vs. SCE) (mV vs. CSE) 
< -426 < -500 Severe corrosion 
< -276 < -350  High (<90% risk of corrosion) 

> -125 but < -276 > -200 but < -350  Intermediate corrosion risk 
> -125 < -200  Low(10% risk of corrosion) 

 

 
Figure 3-7: Reinforcement Corrosion Specimen. 
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Figure 3-8: Corrosion Potential Measurement Setup. 

 
Figure 3-9: Specimens utilized for corrosion potentials and corrosion rate measurements. 

Corrosion Current Density  

The corrosion current density measurements provide an indication of the rate at 

which the reinforcement corrosion is progressing. This information is of great importance 

in knowing the extent of corrosion damage and in predicting the remaining service life, 

which is useful in taking decisions regarding the repair and rehabilitation works. The 
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corrosion current density was measured according to the linear polarization resistance 

method (LPRM) [75]. 

In the LPRM experiments, a stainless steel plate was used as a counter electrode. 

The steel bar and stainless steel plate was connected to a Potentiostat/Galvanostat. The 

polarization resistance (Rp) was determined by conducting a linear polarization scan in the 

range of ±10 mV of the corrosion potential. A scan rate of 0.1 mV/s was used. The 

corrosion current density (Icorr) was determined using the Stern and Geary formula shown 

below [75]. A schematic representation of the experimental set-up utilized to measure Icorr 

on steel in the concrete specimens is shown in Figure 3.10 and the experimental set-up is in 

Figure 3.11 and 3.12. Three specimens were tested and the average Icorr values are reported. 

         ⁄  

Where Icorr = Corrosion current density, µA/cm2, 

Rp= Polarization resistance   cm2, 

  
       

          
 

  and    are the anodic and cathodic Tafel constants, mV/decade respectively. 
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Figure 3-10: Schematic Representation of the Corrosion Current Density Measurements. 

The Tafel constants are normally obtained by polarizing the steel to 250 mV of the 

corrosion potential (Tafel plot). However, in the absence of sufficient data on βa and βc, a 

value of B equal to 26 mV for steel in active condition and 52 mV for steel in passive 

condition is often used. Lambert et al. [17] and Al-Amoudi et al. [18] reported a good 

correlation between corrosion rates determined using these values and the gravimetric 

weight loss method. 
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Figure 3-11: Corrosion Current Density Measurement Setup. 

 
Figure 3-12: A close-up view of the concrete specimen with counter and reference electrodes. 
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3.7.5 Setting Time 

The term setting is used to describe the stiffening of the cement paste. The initial set 

indicates that the paste is beginning to stiffen considerably and can no longer be moulded. 

Final set indicates that the cement has hardened to the point at which it can sustain 

marginal load. The setting time was determined using the Vicat apparatus according to 

ASTM C 191[76]. The initial setting time is the time from the instant at which water is 

added to the cement to the instant at which the Vicat needle penetrates 25 mm into the 

cement paste. The final setting time corresponds to the time at which the needle does not 

sink visibly into the cement paste. The setup used to determine the initial and final setting 

time is shown in Figure 3.13. 

 
Figure 3-13: Vicat Apparatus. 
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3.7.6 Water Absorption 

Some voids will be left behind after the hydration of cement. These voids affect the 

strength and durability of concrete. With the presence of air voids in concrete, it is 

vulnerable to penetration and attack by aggressive ions, such as sulfates, chlorides, CO2 etc. 

A good quality concrete is characterized by having minimal voids left by excess water and, 

therefore, water absorption test is adopted for assessing the quality of concrete in terms of 

density, durability and imperviousness.  

The water absorption was determined using 75 mm diameter and 150 mm high 

cylindrical concrete specimens according to ASTM C 642 [77] after 28 days of water 

curing. First, the specimens were dried in oven for 24 hours at a temperature of 110 oC and 

then their weights were recorded. They were then soaked in water for 48 hours and their 

saturated surface dry weights were taken. Water absorption was calculated utilizing the 

following formula.  

                   
     

 
       

A = Weight of saturated surface dried specimen, and 

B = Weight of oven dried specimen. 

Three specimens were tested and the average values are reported.  Equipment used for 

determining the water absorption is shown in Figure 3.14. 
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(a) Cylindrical Specimens           (b) Specimens dried in oven     (c) Specimens immersed in water 

Figure 3-14: Equipment Used to Determine Water Absorption. . 
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CHAPTER 4 
 

 

 

RESULTS AND DISCUSSION 

The experimental program was discussed in Chapter 3. In this chapter, the results of 

the experimental work conducted in this study to produce Quaternary Cement Concrete 

(QCC) by replacing 50% cement by 30-35% supplementary cementing materials (FA or 

NP with SF) and 15-20% of the selected local materials (BHD, CKD, Clay, LSP or PSS) 

are presented. 

4.1  Compressive Strength 

The average compressive strength of concrete specimens, tested after 3, 7, 14, 28, 

and 90 days of water curing is presented in Tables 4.1 through 4.3. The results have been 

grouped into two categories: (i) QCC specimens produced by replacing 50% cement  with 

5% silica fume, 25-30% fly ash and 15-20% by a local material (BHD, CKD, Clay, LSP or 

PSS), i.e. Mix 7, 8, 9, 10 and 11; (ii) QCC specimens produced by replacing 50% cement  

with 5% silica fume, 25-30% natural pozzolan and 15-20% by a locally available material 

(BHD, CKD, Clay, LSP or PSS), i.e. Mix 12, 13, 14, 15 and 16. 
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Table 4-1: Average Compressive Strength of Plain and five Control mixes. 

Age, 
 days 

100% 
OPC 

95%C + 
5%SF  

75%C + 
25%FA  

70%C + 
30%FA 

75%C + 
25%NP 

70%C + 
30%NP 

3 38.16 40.85 30.49 28.95 28.91 28.68 
7 43.75 46.53 35.77 36.36 36.08 31.67 

14 47.84 50.26 38.30 40.00 39.88 35.77 
28 53.22 56.20 46.32 48.65 42.03 40.06 
90 61.64 64.52 55.59 56.62 50.80 48.91 

 

Table 4-2: Average Compressive Strength of Group-I QCC mixes. 

Age, 
 Days 

50%C + 
5%SF + 

30%FA + 
15%BHD   

50%C + 
5%SF + 

30%FA + 
15%CKD 

50%C + 
5%SF + 

25%FA + 
20%Clay 

50%C + 
5%SF + 

25%FA + 
20%LSP 

50%C + 
5%SF + 

25%FA + 
20%PSS 

3 16.60 22.22 20.90 20.11 22.91 
7 19.36 26.27 26.74 29.79 27.98 
14 25.46 33.82 32.76 36.54 34.57 
28 33.34 44.77 42.00 42.55 38.03 
90 37.47 53.35 51.37 52.51 47.38 

 

Table 4-3: Average Compressive Strength of Group-II QCC mixes. 

Age,  
Days 

50%C + 
5%SF + 

30%NP + 
15%BHD 

50%C + 
5%SF + 

30%NP + 
15%CKD 

50%C + 
5%SF + 

25%NP + 
20%Clay 

50%C + 
5%SF + 

25%NP + 
20%LSP 

50%C + 
5%SF + 

25%NP + 
20%PSS 

3 21.95 27.69 22.54 19.94 17.55 

7 28.25 31.56 28.57 22.76 21.54 

14 32.99 38.14 34.63 30.07 26.88 

28 36.62 40.89 38.78 36.69 36.69 

90 42.87 48.66 44.86 43.30 43.30 
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The compressive strength development in quaternary cement concrete specimens 

replacing 50% cement with 5% silica fume (SF), 30% fly ash (FA) and 15% bag house dust 

(BHD) and the three control mixes is plotted in Figure 4.1. The compressive strength 

increased with age in all the mixes. Incorporation of silica fume (SF) in plain cement 

concrete increased the compressive strength while in the other mixes, the compressive 

strength decreased with the cement replacement. The compressive strength of the QCC 

specimens was the least though it doubled after 90 days from its 3 day strength.  After 90 

days of curing, the compressive strength of plain, 95% OPC with 5% SF, 70% OPC with 

30% FA and 50% OPC with 5% SF + 30% FA + 15% BHD was 61.64, 64.52, 56.62 and 

37.47 MPa, respectively.  

 

Figure 4-1: Compressive Strength Development of QCC Specimens Prepared with 15% BHD. 
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The compressive strength development in quaternary cement concrete specimens 

replacing 50% cement with 5% silica fume (SF), 30% fly ash (FA) and 15% cement kiln dust 

(CKD) and the three control mixes is plotted in Figure 4.2. The compressive strength 

increased with age in all the mixes. Incorporation of silica fume (SF) in plain cement 

concrete increased the compressive strength while in the other mixes, the compressive 

strength decreased with the cement replacement; though the strength differential was not 

that significant. The compressive strength of the QCC specimens was the least though it 

doubled after 90 days from its 3 day strength.  After 90 days of curing, the compressive 

strength of plain, 95% OPC with 5% SF, 70% OPC with 30% FA and 50% OPC with 

5%SF + 30%FA + 15% CKD was 61.64, 64.52, 56.62 and 53.35 MPa, respectively.  

 

Figure 4-2: Compressive Strength Development of QCC Specimens Prepared with 15% CKD. 
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The compressive strength development in quaternary cement concrete specimens 

replacing 50% cement with 5% silica fume (SF), 25% fly ash (FA) and 20% clay (Clay) and 

the three control mixes is plotted in Figure 4.3. The compressive strength increased with 

age in all the mixes. Incorporation of silica fume (SF) in plain cement concrete increased 

the compressive strength while in the other mixes, the compressive strength decreased with 

the cement replacement; though the strength differential was not that significant. The 

compressive strength of the QCC specimens was the least though it doubled after 90 days 

from its 3 day strength.  After 90 days of curing, the compressive strength of plain, 95% 

OPC with 5% SF, 75% OPC with 25% FA and 50% OPC with 5% SF + 25%FA + 20% 

Clay was 61.64, 64.52, 55.59 and 51.37 MPa, respectively.  

 

Figure 4-3: Compressive Strength Development of QCC Specimens Prepared with 20% Clay. 
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The compressive strength development in quaternary cement concrete specimens 

replacing 50% cement with 5% silica fume (SF), 25% fly ash (FA) and 20% lime stone 

powder (LSP) and the three control mixes is plotted in Figure 4.4. The compressive 

strength increased with age in all the mixes. Incorporation of silica fume (SF) in plain 

cement concrete increased the compressive strength while in the other mixes, the 

compressive strength decreased with the cement replacement; though the strength 

differential was not that significant. The compressive strength of the QCC specimens was 

the least though it doubled after 90 days from its 3 day strength.  After 90 days of curing, 

the compressive strength of plain, 95% OPC with 5% SF, 75% OPC with 25% FA and 50% 

OPC with 5% SF + 25% FA + 20% LSP was 61.64, 64.52, 55.59 and 52.51 MPa, 

respectively. 

 

Figure 4-4: Compressive Strength Development of QCC Specimens Prepared with 20% LSP. 
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The compressive strength development in quaternary cement concrete specimens 

replacing 50% cement with 5% silica fume (SF), 25% fly ash (FA) and 20% pulverized steel 

slag (PSS) and the three control mixes is plotted in Figure 4.5. The compressive strength 

increased with age in all the mixes. Incorporation of silica fume (SF) in plain cement 

concrete increased the compressive strength while in the other mixes, the compressive 

strength decreased with the cement replacement. The compressive strength of the QCC 

specimens was the least though it doubled after 90 days from its 3 day strength.  After 90 

days of curing, the compressive strength of plain, 95% OPC with 5% SF, 75% OPC with 

25% FA and 50% OPC with 5% SF + 25% FA + 20% PSS was 61.64, 64.52, 55.59 and 

52.51 MPa, respectively. 

 

Figure 4-5: Compressive Strength Development of QCC Specimens Prepared with 20% PSS. 
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The compressive strength development in quaternary cement concrete specimens 

replacing 50% cement with 5% silica fume (SF), 30% natural pozzolan (NP) and 15% bag 

house dust (BHD) and the three control mixes is plotted in Figure 4.6. The compressive 

strength increased with age in all the mixes. Incorporation of silica fume (SF) in plain 

cement concrete increased the compressive strength while in the other mixes, the 

compressive strength decreased with the cement replacement. The compressive strength of 

the QCC specimens was the least though it doubled after 90 days from its 3 day strength.  

After 90 days of curing, the compressive strength of plain, 95% OPC with 5% SF, 70% 

OPC with 30% NP and 50% OPC with 5% SF + 30% NP + 15% BHD was 61.64, 64.52, 

48.91 and 42.87 MPa, respectively.  

 

Figure 4-6: Compressive Strength Development of QCC Specimens Prepared with 15% BHD. 
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The compressive strength development in quaternary cement concrete specimens 

replacing 50% cement with 5% silica fume (SF), 30% natural pozzolan (NP) and 15% 

cement kiln dust (CKD) and the three control mixes is plotted in Figure 4.7. The 

compressive strength increased with age in all the mixes. Incorporation of silica fume (SF) 

in plain cement concrete increased the compressive strength while in the other mixes, the 

compressive strength decreased with the cement replacement; though the strength 

differential was not that significant. The compressive strength of the QCC specimens was 

the least though it doubled after 90 days from its 3 day strength.  After 90 days of curing, 

the compressive strength of plain, 95% OPC with 5% SF, 70% OPC with 30% NP and 

50% OPC with 5%SF + 30%NP + 15% CKD was 61.64, 64.52, 48.91 and 48.66 MPa, 

respectively.  

 

Figure 4-7: Compressive Strength Development of QCC Specimens Prepared with 15% CKD. 
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The compressive strength development in quaternary cement concrete specimens 

replacing 50% cement by 5% silica fume (SF), 25% natural pozzolan (NP) and 20% clay 

(Clay) and the three control mixes is plotted in Figure 4.8. The compressive strength 

increased with age in all the mixes. Incorporation of silica fume (SF) in plain cement 

concrete increased the compressive strength while in the other mixes, the compressive 

strength decreased with the cement replacement; though the strength differential was not 

that significant. The compressive strength of the QCC specimens was the least though it 

doubled after 90 days from its 3 day strength.  After 90 days of curing, the compressive 

strength of plain, 95% OPC with 5% SF, 75% OPC with 25% NP and 50% OPC with 

5%SF + 25% NP + 20% Clay was 61.64, 64.52, 50.80 and 44.86 MPa, respectively.  

 

Figure 4-8: Compressive Strength Development of QCC Specimens Prepared with 20% Clay. 
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The compressive strength development in quaternary cement concrete specimens 

replacing 50% cement with 5% silica fume (SF), 25% natural pozzolan (NP) and 20% lime 

stone powder (LSP) and the three control mixes is plotted in Figure 4.9. The compressive 

strength increased with age in all the mixes. Incorporation of silica fume (SF) in plain 

cement concrete increased the compressive strength while in the other mixes, the 

compressive strength decreased with the cement replacement; though the strength 

differential was not that significant. The compressive strength of the QCC specimens was 

the least though it doubled after 90 days from its 3 day strength.  After 90 days of curing, 

the compressive strength of plain, 95% OPC with 5% SF, 75% OPC with 25% NP and 

50% OPC with 5% SF + 25% NP + 20% C was 61.64, 64.52, 50.80 and 43.30 MPa, 

respectively. 

 

Figure 4-9: Compressive Strength Development of QCC Specimens Prepared with 20% LSP. 
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The compressive strength development in quaternary cement concrete specimens 

replacing 50% cement with 5% silica fume (SF), 25% natural pozzolan (NP) and 20% 

pulverized steel slag (PSS) and the three control mixes is plotted in Figure 4.10. The 

compressive strength increased with age in all the mixes. Incorporation of silica fume (SF) 

in plain cement concrete increased the compressive strength while in the other mixes, the 

compressive strength decreased with the cement replacement. The compressive strength of 

QCC specimens was the least though it doubled after 90 days from its 3 day strength.  After 

90 days of curing, the compressive strength of plain, 95% OPC with 5% SF, 75% OPC 

with 25% NP and 50% OPC with 5% SF + 25% NP + 20% C was 61.64, 64.52, 50.80 and 

43.30 MPa, respectively. 

 

Figure 4-10: Compressive Strength Development of QCC Specimens Prepared with 20% PSS. 
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4.2 Chloride Permeability 

The average chloride permeability of concrete specimens, tested after 28 days of 

water curing is presented in Tables 4.4 through 4.6. The results have been grouped into 

two categories: (i) QCC specimens produced by replacing 50% cement  with 5% silica 

fume,   25-30% fly ash and 15-20% by a local material (BHD, CKD, Clay, LSP or PSS), 

i.e. Mix 7, 8, 9, 10 and 11; (ii) QCC specimens produced by replacing 50% cement  with 

5% silica fume, 25-30% natural pozzolan and 15-20% by a locally available material   

(BHD, CKD, Clay, LSP or PSS), i.e. Mix 12, 13, 14, 15 and 16.  

Table 4-4: Average Chloride Permeability of Plain and five Control mixes. 

 

Table 4-5: Average Chloride Permeability of Group-I QCC mixes. 

 

Table 4-6: Average Chloride Permeability of Group-II QCC mixes. 

 

100% OPC 95%C + 5%SF 75%C + 
25%FA 

70%C + 
30%FA

75%C + 
25%NP

70%C + 
30%NP

28 2540 1613 1486 1366 1504 1681

Chloride Permeability, CoulombsPeriod of 
Curing, 

Days

50%C + 5%SF 
+ 30%FA + 
15%BHD  

50%C + 5%SF 
+ 30%FA + 
15%CKD

50%C + 5%SF 
+ 25%FA + 
20%Clay

50%C + 5%SF 
+ 25%FA + 

20%LSP

50%C + 5%SF 
+ 25%FA + 

20%PSS
28 1181 1240 805 2211 1532

Period of 
Curing, 

Days

Chloride Permeability, Coulombs

50%C + 5%SF 
+ 30%NP + 
15%BHD

50%C + 5%SF 
+ 30%NP + 
15%CKD

50%C + 5%SF 
+ 25%NP + 
20%Clay

50%C + 5%SF 
+ 25%NP + 

20%LSP

50%C + 5%SF 
+ 25%NP + 

20%PSS

28 3178 2373 2048 3074 2553

Period of 
Curing, 

Days

Chloride Permeability, Coulombs
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The chloride permeability in quaternary cement concrete specimens replacing 50% 

cement with 5% silica fume (SF), 30% fly ash (FA) and 15% bag house dust (BHD) and the 

three control mixes is plotted in Figure 4.11. The chloride permeability of all these 

concrete specimens decreased with the level of cement replacement. The chloride 

permeability of plain cement concrete specimens was the highest whereas incorporation of 

fly ash (FA) or silica fume (SF) in plain cement concrete decreased the chloride 

permeability significantly. The chloride permeability of the QCC specimens was the least.  

After 28 days of curing, the chloride permeability of plain, 95% OPC with 5% SF, 70% 

OPC with 30% FA and 50% OPC with 5% SF + 30% FA + 15% BHD was 2540, 1613, 

1366 and 1181 Coulombs, respectively.  

 

Figure 4-11: Chloride permeability of QCC specimens with 15% BHD after 28 days of curing. 
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The chloride permeability in quaternary cement concrete specimens replacing the 

50% cement with 5% silica fume (SF), 30% fly ash (FA) and 15% cement kiln dust (CKD) 

and the three control mixes is plotted in Figure 4.12. The chloride permeability of all these 

concrete specimens decreased with the level of cement replacement. The chloride 

permeability of plain cement concrete specimens was the highest whereas incorporation of 

fly ash (FA) or silica fume (SF) in plain cement concrete decreased the chloride 

permeability significantly. The chloride permeability of the QCC specimens was the least.  

After 28 days of curing, the chloride permeability of plain, 95% OPC with 5% SF, 70% 

OPC with 30% FA and 50% OPC with 5% SF + 30% FA + 15% CKD was 2540, 1613, 

1366 and 1240 Coulombs, respectively.  

 

Figure 4-12: Chloride permeability of QCC specimens with 15% CKD after 28 days of curing. 
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The chloride permeability in quaternary cement concrete specimens replacing 50% 

cement with 5% silica fume (SF), 25% fly ash (FA) and 20% clay (Clay) and the three 

control mixes is plotted in Figure 4.13. The chloride permeability of all these concrete 

specimens decreased with the level of cement replacement. The chloride permeability of 

plain cement concrete specimens was the highest whereas incorporation of fly ash (FA) or 

silica fume (SF) in plain cement concrete decreased the chloride permeability significantly. 

The chloride permeability of the QCC specimens was the least.  After 28 days of curing, 

the chloride permeability of plain, 95% OPC with 5% SF, 75% OPC with 25% FA and 

50% OPC with 5% SF + 25% FA + 20% Clay was 2540, 1613, 1486 and 805 Coulombs, 

respectively.  

 

Figure 4-13: Chloride permeability of QCC specimens with 20% Clay after 28 days of curing. 
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The chloride permeability in quaternary cement concrete specimens replacing 50% 

cement with 5% silica fume (SF), 25% fly ash (FA) and 20% lime stone powder (LSP) is 

plotted against three control mixes in Figure 4.14. The chloride permeability of all these 

concrete specimens decreased with the level of cement replacement. The chloride 

permeability of plain cement concrete specimens was the highest whereas incorporation of 

fly ash (FA) or silica fume (SF) in plain cement concrete decreased the chloride 

permeability significantly. The chloride permeability of the QCC specimens was the least.  

After 28 days of curing, the chloride permeability of plain, 95% OPC with 5% SF, 75% 

OPC with 25% FA and 50% OPC with 5% SF + 25% FA + 15% LSP was 2540, 1613, 1486 

and 2211 Coulombs, respectively.  

 

Figure 4-14: Chloride permeability of QCC specimens with 20% LSP after 28 days of curing. 
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The chloride permeability in quaternary cement concrete specimens replacing 50% 

cement with 5% silica fume (SF), 25% fly ash (FA) and 20% pulverized steel slag (PSS) is 

plotted against three control mixes in Figure 4.15. The chloride permeability of all these 

concrete specimens decreased with the level of cement replacement. The chloride 

permeability of plain cement concrete specimens was the highest whereas incorporation of 

fly ash (FA) or silica fume (SF) in plain cement concrete decreased the chloride 

permeability significantly. The chloride permeability of the QCC specimens was the least.  

After 28 days of curing, the chloride permeability of plain, 95% OPC with 5% SF, 75% 

OPC with 25% FA and 50% OPC with 5% SF + 25% FA + 15% PSS was 2540, 1613, 1486 

and 1532 Coulombs, respectively.  

 

Figure 4-15: Chloride permeability of QCC specimens with 20% PSS after 28 days of curing. 
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The chloride permeability in quaternary cement concrete specimens replacing 50% 

cement with 5% silica fume (SF), 30% natural pozzolan (NP) and 15% bag house dust 

(BHD) and three control mixes is plotted against in Figure 4.16. The chloride permeability 

of all the concrete specimens decreased with the level of cement replacement. The chloride 

permeability of plain cement concrete specimens was the highest whereas incorporation of 

natural pozzolan (NP) or silica fume (SF) in plain cement concrete decreased the chloride 

permeability significantly. The chloride permeability of the QCC specimens was the least.  

After 28 days of curing, the chloride permeability of plain, 95% OPC with 5% SF, 70% 

OPC with 30% NP and 50% OPC with 5% SF + 30% NP + 15% BHD was 2540, 1613, 

1681 and 3178 Coulombs, respectively.  

 

Figure 4-16: Chloride permeability of QCC specimens with 15% BHD after 28 days of curing. 
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The chloride permeability in quaternary cement concrete specimens replacing 50% 

cement with 5% silica fume (SF), 30% natural pozzolan (NP) and 15% cement kiln dust 

(CKD) and the three control mixes is plotted in Figure 4.17. The chloride permeability of 

all these concrete specimens decreased with the level of cement replacement. The chloride 

permeability of plain cement concrete specimens was the highest whereas incorporation of 

natural pozzolan (NP) or silica fume (SF) in plain cement concrete decreased the chloride 

permeability significantly. The chloride permeability of the QCC specimens was the least.  

After 28 days of curing, the chloride permeability of plain, 95% OPC with 5% SF, 70% 

OPC with 30% NP and 50% OPC with 5% SF + 30% NP + 15% CKD was 2540, 1613, 

1681 and 2373 Coulombs, respectively.  

 

 

Figure 4-17: Chloride permeability of QCC specimens with 15% CKD after 28 days of curing. 
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The chloride permeability in quaternary cement concrete specimens replacing 50% 

cement with 5% silica fume (SF), 25% natural pozzolan (NP) and 20% clay (Clay) and the 

three control mixes is plotted in Figure 4.18. The chloride permeability of all these 

concrete specimens decreased with the level of cement replacement. The chloride 

permeability of plain cement concrete specimens was the highest whereas incorporation of 

natural pozzolan (NP) or silica fume (SF) in plain cement concrete decreased the chloride 

permeability significantly. The chloride permeability of the QCC specimens was the least.  

After 28 days of curing, the chloride permeability of plain, 95% OPC with 5% SF, 75% 

OPC with 25% NP and 50% OPC with 5% SF + 25% NP + 20% Clay was 2540, 1613, 

1504 and 2048 Coulombs, respectively.  

 

Figure 4-18: Chloride permeability of QCC specimens with 20% Clay after 28 days of curing. 
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The chloride permeability in quaternary cement concrete specimens replacing 50% 

cement with 5% silica fume (SF), 25% natural pozzolan (NP) and 20% lime stone powder 

(LSP) and the three control mixes is plotted in Figure 4.19. The chloride permeability of all 

these concrete specimens decreased with the level of cement replacement. The chloride 

permeability of plain cement concrete specimens was the highest whereas incorporation of 

natural pozzolan (NP) or silica fume (SF) in plain cement concrete decreased the chloride 

permeability significantly. The chloride permeability of the QCC specimens was the least.  

After 28 days of curing, the chloride permeability of plain, 95% OPC with 5% SF, 75% 

OPC with 25% NP and 50% OPC with 5% SF + 25% NP + 15% LSP was 2540, 1613, 

1504 and 3074 Coulombs, respectively.  

 

Figure 4-19: Chloride permeability of QCC specimens with 20% LSP after 28 days of curing. 
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The chloride permeability in quaternary cement concrete specimens replacing 50% 

cement with 5% silica fume (SF), 25% natural pozzolan (NP) and 20% pulverized steel slag 

(PSS) and the three control mixes is plotted in Figure 4.20. The chloride permeability of all 

the concrete specimens decreased with the level of cement replacement. The chloride 

permeability of plain cement concrete specimens was the highest whereas incorporation of 

natural pozzolan (NP) or silica fume (SF) in plain cement concrete decreased the chloride 

permeability significantly. The chloride permeability of the QCC specimens was the least.  

After 28 days of curing, the chloride permeability of plain, 95% OPC with 5% SF, 75% 

OPC with 25% NP and 50% OPC with 5% SF + 25% NP + 15% PSS was 2540, 1613, 

1504 and 2553 Coulombs, respectively.  

 

Figure 4-20: Chloride permeability of QCC specimens with 20% PSS after 28 days of curing. 
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4.3 Corrosion Potentials 

The corrosion potentials of concrete specimens were recorded twice a month. The 

results have been grouped into two categories: (i) QCC specimens produced by replacing 

50% cement with 5% silica fume, 25-30% fly ash and 15-20% by a selected local material 

(BHD, CKD, Clay, LSP or PSS), i.e. Mix 7, 8, 9, 10 and 11; (ii) QCC specimens 

produced by replacing 50% cement  with 5% silica fume, 25-30% natural pozzolan and   

15-20% by a locally available material (BHD, CKD, Clay, LSP or PSS), i.e. Mix 12, 13, 

14, 15 and 16.  

The corrosion potentials on steel in quaternary cement concrete specimens 

replacing 50% cement with 5% silica fume (SF), 25-30% fly ash (FA) natural pozzolan 

(NP) and 15-20% locally available material and three control mixes are plotted and 

discussed in their respective figures. The potentials decreased (became more negative) with 

time of exposure to the chloride solution in all the reinforced concrete specimens. The 

corrosion potentials of QCC specimens were less negative than those in the plain cement 

concrete during 300 days of exposure. A similar trend was observed in fly ash, natural 

pozzolan and silica fume cement concrete specimens.    
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The corrosion potentials on steel in quaternary cement concrete specimens 

replacing 50% cement with 5% silica fume (SF), 30% fly ash (FA) and 15% bag house dust 

(BHD) and three control mixes are plotted in Figure 4.21. The potentials decreased 

(became more negative) with time of exposure to the chloride solution in all the reinforced 

concrete specimens. The corrosion potentials of QCC specimens were less negative than 

those in the plain cement concrete during 300 days of exposure. A similar trend was 

observed in fly ash and silica fume cement concrete specimens.  The time to initiation of 

corrosion (i.e., to cross the -270 mV line) of plain, 95% OPC with 5% SF, 70% OPC with 

30% FA and 50% OPC with 5% SF + 30% FA + 15% BHD was about 202, 186, 251 days, 

respectively. However, corrosion initiation was not noted in the QCC specimens.  

 
Figure 4-21: Corrosion Potentials on Steel in the QCC Specimens Prepared with 15% BHD. 
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The corrosion potentials on steel in quaternary cement concrete specimens 

replacing 50% cement with 5% silica fume (SF), 30% fly ash (FA) and 15% cement kiln dust 

(CKD) and three control mixes are plotted in Figure 4.22. The corrosion potentials of 

QCC specimens were more negative than the ASTM C 876 threshold value of -270 mV 

SCE since the time of immersion in the chloride solution. The corrosion potentials on steel 

in the concrete specimens with fly ash or silica fume were less negative than that of plain 

cement concrete.  The time to initiation of corrosion (i.e., to cross the -270 mV line) of 

plain, 95% OPC with 5% SF and 70% OPC with 30% FA was about 202, 186 and 251 

days, respectively. 

 
Figure 4-22: Corrosion Potentials on Steel in the QCC Specimens Prepared with 15% CKD. 
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The corrosion potentials on steel in quaternary cement concrete specimens 

replacing 50% cement with 5% silica fume (SF), 25% fly ash (FA) and 20% Clay and three 

control mixes are plotted in Figure 4.23. The corrosion potentials of the QCC specimens 

were less negative than those in the plain cement concrete specimens. A similar trend was 

observed in the fly ash and silica fume cement concrete specimens. The time to initiation of 

corrosion (i.e., to cross the -270 mV potential) of plain, 95% OPC with 5% SF, 50% OPC 

with 5% SF + 25% FA + 20% Clay was about 202, 186 days, respectively. However, 

corrosion initiation was noted in the QCC and fly ash cement concrete specimens. 

 
Figure 4-23: Corrosion Potentials on Steel in the QCC Specimens Prepared with 20% Clay. 
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The corrosion potentials on steel in quaternary cement concrete specimens 

replacing 50% cement with 5% silica fume (SF), 25% fly ash (FA) and 20% lime stone 

powder (LSP) and three control mixes are plotted in Figure 4.24. The corrosion potentials 

of the QCC specimens were more than those in the plain cement concrete specimens 

during 300 days of exposure. The corrosion potentials on steel in the concrete specimens 

with fly ash or silica fume were less than that of plain cement concrete.  The time to 

initiation of corrosion (i.e., to cross the -270 mV potential) of plain, 95% OPC with 5% 

SF, 50% OPC with 5% SF + 25% FA + 20% LSP was about 202, 186 and 175 days, 

respectively. 

 
Figure 4-24: Corrosion Potentials on Steel in the QCC Specimens Prepared with 20% LSP. 
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The corrosion potentials on steel in quaternary cement concrete specimens 

replacing 50% cement with 5% silica fume (SF), 25% fly ash (FA) and 20% pulverized steel 

slag (PSS) and three control mixes are plotted in Figure 4.25. The corrosion potentials on 

the QCC specimens were almost similar to those in the plain cement concrete specimens. 

The corrosion potentials on steel in the concrete specimens with fly ash or silica fume were 

less than that of plain cement concrete.  The time to initiation of corrosion (i.e., to cross 

the -270 mV potential) of plain, 95% OPC with 5% SF, 50% OPC with 5% SF + 25% FA + 

20% PSS was about 202, 186 and 145 days, respectively. 

 
Figure 4-25: Corrosion Potentials on Steel in the QCC Specimens Prepared with 20% PSS. 
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The corrosion potentials on steel in quaternary cement concrete specimens replacing 50% 

cement with 5% silica fume (SF), 30% natural pozzolan (NP) and 15% bag house dust 

(BHD) and the three control mixes are plotted in Figure 4.26. The potentials decreased 

(became more negative) with time of exposure to the chloride solution. The corrosion 

potentials on steel in the concrete specimens with natural pozzolan or silica fume were less 

than that of plain cement concrete.  The time to initiation of corrosion (i.e., to cross the -

270 mV potential line) of plain, 95% OPC with 5% SF, 70% OPC with 30% NP and 50% 

OPC with 5% SF + 30% NP + 15% BHD was about 202, 186, 150 and 192 days, 

respectively. 

 
Figure 4-26: Corrosion Potentials on Steel in the QCC Specimens Prepared with 15% BHD. 
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The corrosion potentials on steel in quaternary cement concrete specimens 

replacing 50% cement with 5% silica fume (SF), 30% natural pozzolan (NP) and 15% 

cement kiln dust (CKD) and the three control mixes are plotted in Figure 4.27. The 

corrosion potentials of the QCC specimens were more negative than the ASTM C 876 

threshold value of -270 mV CSE after 20 days to the chloride solution. The corrosion 

potentials on steel in the other concrete specimens were almost similar. The time to 

initiation of corrosion (i.e., to cross the -270 mV potential) of plain, 95% OPC with 5% 

SF, 70% OPC with 30% NP and 50% OPC with 5% SF + 30% NP + 15% CKD was about 

202, 186, 150 and 18 days, respectively. 

 
Figure 4-27: Corrosion Potentials on Steel in the QCC Specimens Prepared with 15% CKD. 
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The corrosion potentials on steel in quaternary cement concrete specimens 

replacing 50% cement with 5% silica fume (SF), 25% natural pozzolan (NP) and 20% Clay 

and the three control mixes are plotted in Figure 4.28. The potentials decreased (became 

more negative) with time of exposure to the chloride solution in all the reinforced concrete 

specimens. The corrosion potentials on steel in the concrete specimens with natural 

pozzolan or silica fume were less than that of plain cement concrete. The time to initiation 

of corrosion (i.e., to cross the -270 mV potential) of plain, 95% OPC with 5% SF, 75% 

OPC with 25% NP and 50% OPC with 5% SF + 25% NP + 20% Clay was about 202, 186, 

262, and 238 days, respectively. 

 
Figure 4-28: Corrosion Potentials on Steel in the QCC Specimens Prepared with 20% Clay. 
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The corrosion potentials on steel in quaternary cement concrete specimens 

replacing 50% cement with 5% silica fume (SF), 25% natural pozzolan (NP) and 20% 

limestone powder (LSP) and the three control mixes are plotted in Figure 4.29. The 

potentials decreased (became more negative) with time of exposure to the chloride solution 

in all the reinforced concrete specimens. The corrosion potentials on steel in the concrete 

specimens with natural pozzolan or silica fume were less than that of plain cement 

concrete.The time to initiation of corrosion (i.e., to cross the -270 mV potential) of plain, 

95% OPC with 5% SF, 75% OPC with 25% NP and 50% OPC with 5% SF + 25% NP + 

20% LSP was about 202, 186, 262 and 170 days, respectively. 

 
Figure 4-29: Corrosion Potentials on Steel in the QCC Specimens Prepared with 20% LSP. 
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The corrosion potentials on steel in quaternary cement concrete specimens 

replacing 50% cement with 5% silica fume (SF), 25% natural pozzolan (NP) and 20% 

pulverized steel slag (PSS) and three control mixes are plotted in Figure 4.30. The 

potentials decreased (became more negative) with time of exposure to the chloride 

solution. The corrosion potentials of the QCC specimens were more negative than those 

on the plain cement concrete. A similar trend was noted in the natural pozzolan and silica 

fume concrete specimens. The time to initiation of corrosion (i.e., to cross the -270 mV 

potential) of plain, 95% OPC with 5% SF, 75% OPC with 25% NP and 50% OPC with 

5% SF + 25% NP + 20% PSS was about 202, 186, 262, and 128 days, respectively. 

 
Figure 4-30: Corrosion Potentials on Steel in the QCC Specimens Prepared with 20% PSS. 
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4.4 Corrosion Current Density  

The average corrosion current density (Icorr) on steel in the concrete specimens, 

recorded every month, is presented in Tables 4.7 through 4.9. The results have been 

grouped into two categories: (i) QCC specimens produced by replacing 50% cement  with 

5% silica fume,   25-30% fly ash and 15-20% by a locally available material (BHD, CKD, 

Clay, LSP or PSS), i.e. Mix 7, 8, 9, 10 and 11; (ii) QCC specimens produced by replacing 

50% cement  with 5% silica fume, 25-30% natural pozzolan and 15-20% by a selected local 

material (BHD, CKD, Clay, LSP or PSS), i.e. Mix 12, 13, 14, 15 and 16.  

Table 4-7: Average Corrosion Current Density (Icorr) of Plain and five Control mixes. 

Exposure 
Period, 

Days 

Corrosion Current Density (Icorr), µA/cm2 
100% 
OPC 

95%C + 
5%SF  

75%C + 
25%FA  

70%C + 
30%FA 

75%C + 
25%NP 

70%C + 
30%NP 

40 0.190 0.108 0.018 0.031 0.012 0.010 
70 0.203 0.123 0.026 0.043 0.014 0.044 

101 0.216 0.137 0.027 0.049 0.024 0.145 
131 0.240 0.150 0.042 0.052 0.049 0.182 
176 0.260 0.157 0.050 0.065 0.107 0.190 
202 0.280 0.180 0.067 0.068 0.120 0.210 
242 0.310 0.185 0.078 0.081 0.140 0.225 
282 0.330 0.192 0.095 0.099 0.190 0.230 
313 0.353 0.205 0.110 0.120 0.207 0.249 
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Table 4-8: Average Corrosion Current Density (Icorr) of Group-I QCC mixes. 

Exposure 
Period, 

Days 

Corrosion Current Density (Icorr) , 
µA/cm2  

50%C + 
5%SF + 

30%FA + 
15%BHD   

50%C + 
5%SF + 

30%FA + 
15%CKD 

50%C + 
5%SF + 

25%FA + 
20%Clay 

50%C + 
5%SF + 

25%FA + 
20%PSS 

40 0.018 0.040 0.058   
70 0.027 0.060    0.049 

101 0.031 0.080   0.086 
131 0.040 0.160     
176 0.049 0.190 0.067 0.124 
202 0.061 0.240 0.069 0.139 
242 0.068 0.260 0.071 0.147 
282 0.155 0.280 0.085 0.160 
313 0.172 0.298 0.096 0.189 

 

Table 4-9: Average Corrosion Current Density (Icorr) of Group-II QCC mixes. 

Exposure 
Period, 

Days 

Corrosion Current Density (Icorr) , µA/cm2  

50%C + 
5%SF + 

30%NP + 
15%BHD 

50%C + 
5%SF + 

30%NP + 
15%CKD 

50%C + 
5%SF + 

25%NP + 
20%Clay 

50%C + 
5%SF + 

25%NP + 
20%LSP 

50%C + 
5%SF + 

25%NP + 
20%PSS 

50%C + 
5%SF + 

25%FA + 
20%LSP 

45 0.052 0.040 0.032 0.041 0.051 0.012 
127 0.063 0.100 0.034 0.049 0.086 0.029 
153 0.077 0.180 0.038 0.119 0.220 0.078 
193 0.128 0.200 0.100 0.240 0.280 0.096 
233 0.211 0.260 0.160 0.304 0.290 0.230 
264 0.229 0.277 0.196 0.322 0.313 0.243 
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The corrosion current density (Icorr) on steel in quaternary cement concrete 

specimens replacing 50% cement with 5% silica fume (SF), 30% fly ash (FA) and 15% bag 

house dust (BHD) is plotted against three control mixes in Figure 4.31. The Icorr increased 

with the period of exposure to the chloride solution in all the specimens. Incorporation of 

Fly Ash (FA) in plain cement concrete reduced the Icorr significantly while QCC specimens 

also performed better than plain and SF cement concrete specimens. After 10 months of 

exposure, the Icorr values on the steel in plain, 95% OPC with 5% SF, 70% OPC with 30% 

FA and 50% OPC with 5% SF + 30% FA + 15% BHD were 0.353, 0.205, 0.12 and 0.172 

µA/cm2, respectively. 

 

Figure 4-31: Corrosion Current Density on Steel in QCC specimens prepared with 15% BHD.  
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The corrosion current density (Icorr) on steel in quaternary cement concrete specimens 

replacing 50% cement  with 5% silica fume (SF), 30% fly ash (FA) and 15% cement kiln 

dust (CKD) and the three control mixes is plotted in Figure 4.32. The Icorr increased with 

the period of exposure to the chloride solution in all the concrete specimens. Incorporation 

of Fly Ash (FA) in plain cement concrete reduced the Icorr significantly while the QCC 

specimens also performed better than plain control mix. After 10 months of exposure, the 

Icorr values on steel in the plain, 95% OPC with 5% SF, 70% OPC with 30% FA and 50% 

OPC with 5% SF + 30% FA + 15% CKD were 0.353, 0.205, 0.12 and 0.298 µA/cm2, 

respectively. 

 

Figure 4-32: Corrosion Current Density on Steel in QCC specimens prepared with 15% CKD.  
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The corrosion current density (Icorr) on steel in the quaternary cement concrete 

specimens replacing 50% cement with 5% silica fume (SF), 25% fly ash (FA) and 20% clay 

and the three control mixes is plotted in Figure 4.33. The Icorr increased with the period of 

exposure to the chloride solution in all the concrete specimens. Incorporation of Fly Ash 

(FA) in plain cement concrete reduced the Icorr significantly while the QCC specimens also 

performed better than control and SF mixes. After 10 months of exposure, the Icorr on the 

steel in plain, 95% OPC with 5% SF, 75% OPC with 25% FA and 50% OPC with 5% SF + 

75% FA + 20% Clay are 0.353, 0.205, 0.11 and 0.096 µA/cm2, respectively. 

 

Figure 4-33: Corrosion Current Density on Steel in QCC specimens prepared with 20% Clay. 
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The corrosion current density (Icorr) on steel in quaternary cement concrete 

specimens replacing 50% cement with 5% silica fume (SF), 25% fly ash (FA) and 20% lime 

stone powder (LSP) and the three control mixes is plotted in Figure 4.34. The Icorr 

increased with the period of exposure to the chloride solution in all the concrete 

specimens. Incorporation of Fly Ash (FA) in plain cement concrete reduced the Icorr 

significantly while QCC specimens also performed better than plain control mix. After 10 

months of exposure, the Icorr on the steel in plain, 95% OPC with 5% SF, 75% OPC with 

25% FA and 50% OPC with 5% SF + 75% FA + 20% LSP was 0.353, 0.205, 0.11 and 0.243 

µA/cm2, respectively. 

 

Figure 4-34: Corrosion Current Density on Steel in QCC specimens prepared with 20% LSP. 
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The corrosion current density (Icorr) on steel in quaternary cement concrete 

specimens replacing 50% cement with 5% silica fume (SF), 25% fly ash (FA) and 20% 

pulverized steel slag (PSS) and three control mixes is plotted in Figure 4.35. The Icorr 

increased with the period of exposure to the chloride solution in all the concrete 

specimens. Incorporation of Fly Ash (FA) in plain cement concrete reduced the Icorr 

significantly while QCC specimens also performed better than two control mixes. After 10 

months of exposure, the Icorr on the steel in plain, 95% OPC with 5% SF, 75% OPC with 

25% FA and 50% OPC with 5% SF + 25% FA + 20% PSS was 0.353, 0.205, 0.11 and 0.189 

µA/cm2, respectively. 

 

Figure 4-35: Corrosion Current Density on Steel in QCC specimens prepared with 20% PSS. 
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The corrosion current density (Icorr) on steel in quaternary cement concrete 

specimens replacing 50% cement with 5% silica fume (SF), 30% natural pozzolan (NP)and 

15% bag house dust (BHD) and the three control mixes is plotted in Figure 4.36. The Icorr 

increased with the period of exposure to the chloride solution in all the concrete 

specimens. Incorporation of natural pozzolan (NP) in plain cement concrete reduced the 

Icorr significantly while the QCC specimens also performed better than OPC. After 10 

months of exposure, the Icorr values on the steel of plain, 95% OPC with 5% SF, 70% OPC 

with 30% NP and 50% OPC with 5% SF + 30% NP + 15% BHD are 0.353, 0.205, 0.249 

and 0.229 µA/cm2, respectively. 

 

Figure 4-36: Corrosion Current Density on Steel in QCC specimens prepared with 15% BHD. 
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The corrosion current density (Icorr) on steel in quaternary cement concrete 

specimens replacing 50% cement with 5% silica fume (SF), 30% natural pozzolan (NP) and 

15% cement kiln dust (CKD) and the three control mixes is plotted in Figure 4.37. The 

Icorr increased with the period of exposure to the chloride solution in all the specimens. 

Incorporation of natural pozzolan (NP) in plain cement concrete reduced the Icorr 

significantly. The QCC specimens also performed better than plain cement concrete mix. 

After 10 months of exposure, the Icorr values on the steel in plain, 95% OPC with 5% SF, 

70% OPC with 30% NP and 50% OPC with 5% SF + 30% NP + 15% CKD were 0.353, 

0.205, 0.249 and 0.277 µA/cm2, respectively. 

 

Figure 4-37: Corrosion Current Density on Steel in QCC specimens prepared with 15% CKD. 

0.000

0.050

0.100

0.150

0.200

0.250

0.300

0.350

0.400

0 50 100 150 200 250 300 350

Co
rr

os
io

n 
cu

rr
en

t d
en

sit
y,

  µ
A/

cm
2

Period of Exposure,  Days                

100% OPC
95%C + 5%SF 
70%C + 30%NP
50%C + 5%SF + 30%NP + 15%CKD



 

98 

 

The corrosion current density (Icorr) on steel in quaternary cement concrete 

specimens replacing 50% cement with 5% silica fume (SF), 25% natural pozzolan (NP) and 

20% clay (Clay) and the three control mixes is plotted in Figure 4.38. The Icorr increased 

with the period of exposure to the chloride solution in all the concrete specimens. The 

incorporation of natural pozzolan (NP) in plain cement concrete reduced the Icorr 

significantly while QCC specimens also performed better than all control mixes. After 10 

months of exposure, the Icorr values on the steel of plain, 95% OPC with 5% SF, 75% OPC 

with 30% NP and 50% OPC with 5% SF + 25% NP + 20% Clay were 0.353, 0.205, 0.207 

and 0.196 µA/cm2, respectively. 

 

Figure 4-38: Corrosion Current Density on Steel in QCC specimens prepared with 20% Clay. 
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The corrosion current density (Icorr) on steel in quaternary cement concrete 

specimens replacing 50% cement with 5% silica fume (SF), 25% natural pozzolan (NP) and 

20% lime stone powder (LSP) and the three control mixes is plotted in Figure 4.39. The 

Icorr increased with the period of exposure to the chloride solution in all the specimens. 

Incorporation of natural pozzolan (NP) in plain cement concrete reduced the Icorr 

significantly and QCC specimens also performed better than plain concrete specimens. 

After 10 months of exposure, the Icorr values on the steel of plain, 95% OPC with 5% SF, 

75% OPC with 25% NP and 50% OPC with 5% SF + 25% NP + 20% LSP are 0.353, 

0.205, 0.207 and 0.322 µA/cm2, respectively. 

 

Figure 4-39: Corrosion Current Density on Steel in QCC specimens prepared with 20% LSP. 
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The corrosion current density (Icorr) on steel in quaternary cement concrete 

specimens replacing 50% cement with 5% silica fume (SF), 25% natural pozzolan (NP) and 

20% pulverized steel slag (PSS) and the three control mixes is plotted in Figure 4.40. The 

Icorr increased with the period of exposure to the chloride solution in all the specimens. 

Incorporation of Natural Pozzolan (NP) in plain cement concrete reduced the Icorr 

significantly and the QCC specimens also performed better than plain control mixes. After 

10 months of exposure, the Icorr values on the steel in the plain, 95% OPC with 5% SF, 

75% OPC with 25% NP and 50% OPC with 5% SF + 25% NP + 20% PSS are 0.353, 

0.205, 0.207 and 0.313 µA/cm2, respectively. 

 

Figure 4-40: Corrosion Current Density on Steel in QCC specimens prepared with 20% PSS. 
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4.5 Drying Shrinkage  

The average drying shrinkage of concrete specimens, recorded twice a month is 

presented in Tables 4.10 through 4.12. The results have been grouped into two categories: 

(i) QCC specimens produced by replacing 50% cement with 5% silica fume, 25-30% fly 

ash and 15-20% by a local waste material (BHD, CKD, Clay, LSP or PSS), i.e. Mix 7, 8, 9, 

10 and 11; (ii) QCC specimens produced by replacing 50% cement  with 5% silica fume, 

25-30% natural pozzolan and 15-20% by a local waste material (BHD, CKD, Clay, LSP or 

PSS), i.e. Mix 12, 13, 14, 15 and 16.  

Table 4-10: Average Drying Shrinkage of Plain and Five Control mixes. 

 

100% OPC 95%C + 5%SF 
75%C + 
25%FA 

70%C + 
30%FA

75%C + 
25%NP

70%C + 
30%NP

2 90 99 56 69 56 47
4 137 163 103 142 112 107
8 176 210 155 198 163 163

12 228 253 206 236 202 210
18 296 305 262 288 245 253
28 343 365 326 356 283 296
36 391 416 387 408 309 339
46 442 468 438 464 339 382
56 477 511 494 511 365 421
67 507 558 550 558 395 442
87 545 601 606 605 429 460

103 575 631 636 627 451 477
124 588 653 640 640 451 485
152 588 653 648 644 455 485
181 597 665 653 657 460 490

Drying Shrinkage, MicronsExposure 
Period, 

Days
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Table 4-11: Average Drying Shrinkage of Group-I QCC mixes. 

 

 

 

 

 

 

  

50%C + 5%SF 
+ 30%FA + 
15%BHD  

50%C + 5%SF 
+ 30%FA + 
15%CKD

50%C + 5%SF 
+ 25%FA + 
20%Clay

50%C + 5%SF 
+ 25%FA + 

20%LSP

50%C + 5%SF 
+ 25%FA + 

20%PSS

2 107 142 129 129 133

4 172 262 163 197 197

8 236 352 202 249 270

12 335 429 258 300 348

18 386 459 309 373 442

28 451 537 361 450 494

36 511 575 416 506 532

46 562 627 464 566 571

56 631 687 511 609 623

67 687 734 550 652 670

87 725 777 605 686 696

103 747 799 635 712 713

124 764 812 648 729 717

152 764 812 653 729 717

181 768 816 661 734 721

Drying Shrinkage, Microns
Exposure 

Period, 
Days
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Table 4-12: Average Drying Shrinkage of Group-II QCC mixes. 

 

 

 

  

50%C + 5%SF 
+ 30%NP + 
15%BHD

50%C + 5%SF 
+ 30%NP + 
15%CKD

50%C + 5%SF 
+ 25%NP + 
20%Clay

50%C + 5%SF 
+ 25%NP + 

20%LSP

50%C + 5%SF 
+ 25%NP + 

20%PSS

2 90 94 56 77 90

4 146 159 99 133 167

8 228 202 142 185 257

11 309 266 189 258 326

18 361 318 236 305 399

28 416 408 296 339 463

35 464 459 352 369 498

50 507 493 386 399 541

56 541 515 416 429 562

71 562 536 442 455 584

87 597 562 472 489 609

99 622 575 494 515 627

128 631 579 502 520 635

156 631 579 502 520 635

181 635 584 506 524 639

Drying Shrinkage, Microns
Exposure 

Period, 
Days
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The drying shrinkage strain in quaternary cement concrete specimens replacing 

50% cement with 5% silica fume (SF), 30% fly ash (FA) and 15% bag house dust (BHD) 

and the three control mixes is plotted in Figure 4.41. The drying shrinkage increased with 

age in all the mixes. The increase was more rapid initially, stabilizing with time and 

remaining almost unchanged thereafter. The drying shrinkage of plain cement concrete 

specimens was the least. Incorporation of silica fume (SF) or fly ash (FA) in plain cement 

concrete increased the drying shrinkage. The drying shrinkage of the QCC specimens was 

the highest; however, it didn’t cross the threshold limit of 500 microns within first seven 

days.  After 180 days of curing, the drying shrinkage of plain, 95% OPC with 5% SF, 70% 

OPC with 30% FA and 50% OPC with 5% SF + 30% FA + 15% BHD was and 597, 665, 

657 and 768 microns, respectively.  

 

Figure 4-41: Drying Shrinkage Strain in QCC Specimens Prepared with 15% BHD. 
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The drying shrinkage strain in quaternary cement concrete specimens replacing 

50% cement with 5% silica fume (SF), 30% fly ash (FA) and 15% cement kiln dust (CKD) 

and the three control mixes is plotted in Figure 4.42. The drying shrinkage increased with 

age in all the mixes. The increase was more rapid initially, stabilizing with time and 

remaining almost unchanged thereafter. The drying shrinkage of plain cement concrete 

specimens was the least. Incorporation of silica fume (SF) or fly ash (FA) in plain cement 

concrete increased the drying shrinkage. The drying shrinkage of the QCC specimens was 

the highest however it didn’t cross the threshold limit of 500 microns within first seven 

days.  After 180 days of curing, the drying shrinkage of plain, 95% OPC with 5% SF, 70% 

OPC with 30% FA and 50% OPC with 5% SF + 30% FA + 15% CKD was and 597, 665, 

657 and 816 microns, respectively. 

 

Figure 4-42: Drying Shrinkage Strain in QCC Specimens Prepared with 15% CKD. 
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The drying shrinkage strain in quaternary cement concrete specimens replacing 

50% cement with 5% silica fume (SF), 30% fly ash (FA) and 20% clay (Clay) and the three 

control mixes is plotted in Figure 4.43. The drying shrinkage increased with age in all the 

mixes. The increase was more rapid initially, stabilizing with time and remaining almost 

unchanged thereafter. The drying shrinkage of plain cement concrete specimens was the 

least. Incorporation of silica fume (SF) or fly ash (FA) in plain cement concrete increased 

the drying shrinkage while with the natural pozzolan the drying shrinkage kept low. The 

drying shrinkage of QCC specimens was the highest however it didn’t cross the threshold 

limit of 500 microns within first seven days.  After 180 days of curing, the drying shrinkage 

of plain, 95% OPC with 5% SF, 75% OPC with 25% FA and 50% OPC with 5% SF + 25% 

FA + 15% Clay was and 597, 665, 653 and 661 microns, respectively. 

 

Figure 4-43: Drying Shrinkage Strain in QCC Specimens Prepared with 20% Clay. 
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The drying shrinkage strain in quaternary cement concrete specimens replacing 

50% cement with 5% silica fume (SF), 30% fly ash (FA) and 20% lime stone powder (LSP) 

is plotted against three control mixes in Figure 4.44. The drying shrinkage increased with 

age in all the mixes. The increase was more rapid initially, stabilizing with time and 

remaining almost unchanged thereafter. The drying shrinkage of plain cement concrete 

specimens was the least. Incorporation of silica fume (SF) or fly ash (FA) in plain cement 

concrete increased the drying. The drying shrinkage of QCC specimens was the highest 

however it didn’t cross the threshold limit of 500 microns within first seven days.  After 180 

days of curing, the drying shrinkage of plain, 95% OPC with 5% SF, 75% OPC with 25% 

FA and 50% OPC with 5% SF + 25% FA + 15% LSP was and 597, 665, 653 and 734 

microns, respectively. 

 

Figure 4-44: Drying Shrinkage Strain in QCC Specimens Prepared with 20% LSP. 
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The drying shrinkage strain in quaternary cement concrete specimens replacing 

50% cement with 5% silica fume (SF), 30% fly ash (FA) and 20% pulverized steel slag (PSS) 

and the three control mixes is plotted in Figure 4.45. The drying shrinkage increased with 

age in all the mixes. The increase was more rapid initially, stabilizing with time and 

remaining almost unchanged thereafter. The drying shrinkage of plain cement concrete 

specimens was the least. Incorporation of silica fume (SF) or fly ash (FA) in plain cement 

concrete increased the drying shrinkage. The drying shrinkage of QCC specimens was the 

highest however it didn’t cross the threshold limit of 500 microns within first seven days.  

After 180 days of curing, the drying shrinkage of plain, 95% OPC with 5% SF, 75% OPC 

with 25% FA and 50% OPC with 5% SF + 25% FA + 15% PSS was and 597, 665, 653 and 

721 microns, respectively. 

 

Figure 4-45: Drying Shrinkage Strain in QCC Specimens Prepared with 20% PSS. 
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The drying shrinkage strain in quaternary cement concrete specimens replacing 

50% cement with 5% silica fume (SF), 30% natural pozzolan (NP) and 15% bag house dust 

(BHD) and the three control mixes is plotted in Figure 4.46. The drying shrinkage 

increased with age in all the mixes. The increase was more rapid initially, stabilizing with 

time and remaining almost unchanged thereafter. The drying shrinkage of plain cement 

concrete specimens was the least. Incorporation of silica fume (SF) or fly ash (FA) in plain 

cement concrete increased the drying shrinkage while with the natural pozzolan the drying 

shrinkage kept low. The drying shrinkage of QCC specimens was comparable however it 

didn’t cross the threshold limit of 500 microns within first seven days.  After 180 days of 

curing, the drying shrinkage of plain, 95% OPC with 5% SF, 70% OPC with 30% NP and 

50% OPC with 5% SF + 30% NP + 15% BHD was and 597, 665, 490 and 635 microns. 

 

Figure 4-46: Drying Shrinkage Strain in QCC Specimens Prepared with 15% BHD. 
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The drying shrinkage strain in quaternary cement concrete specimens replacing 

50% cement with 5% silica fume (SF), 30% natural pozzolan (NP) and 15% cement kiln 

dust (CKD) and the three control mixes is plotted in Figure 4.47. The drying shrinkage 

increased with age in all the mixes. The increase was more rapid initially, stabilizing with 

time and remaining almost unchanged thereafter. The drying shrinkage of plain cement 

concrete specimens was the least. Incorporation of silica fume (SF) or fly ash (FA) in plain 

cement concrete increased the drying shrinkage while with the natural pozzolan the drying 

shrinkage kept low. The drying shrinkage of QCC specimens was very comparable and it 

didn’t cross the threshold limit of 500 microns within first seven days.  After 180 days of 

curing, the drying shrinkage of plain, 95% OPC with 5% SF, 70% OPC with 30% NP and 

50% OPC with 5% SF + 30% NP + 15% CKD was and 597, 665, 490 and 584 microns. 

 

Figure 4-47: Drying Shrinkage Strain in QCC Specimens Prepared with 15% CKD. 
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The drying shrinkage strain in quaternary cement concrete specimens replacing 

50% cement with 5% silica fume (SF), 30% natural pozzolan (NP) and 20% clay (Clay) and 

the three control mixes is plotted in Figure 4.48. The drying shrinkage increased with age 

in all the mixes. The increase was more rapid initially, stabilizing with time and remaining 

almost unchanged thereafter. The drying shrinkage of plain cement concrete specimens was 

the least. Incorporation of silica fume (SF) or fly ash (FA) in plain cement concrete 

increased the drying shrinkage while with the natural pozzolan the drying shrinkage kept 

low. The drying shrinkage of the QCC specimens was lower than OPC and it didn’t cross 

the threshold limit of 500 microns within first seven days.  After 180 days of curing, the 

drying shrinkage of plain, 95% OPC with 5% SF, 75% OPC with 25% NP and 50% OPC 

with 5% SF + 25% NP + 15% Clay was and 597, 665, 460 and 506 microns, respectively. 

 

Figure 4-48: Drying Shrinkage Strain in QCC Specimens Prepared with 20% Clay. 
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The drying shrinkage strain in quaternary cement concrete specimens replacing 

50% cement with 5% silica fume (SF), 30% natural pozzolan (NP) and 20% lime stone 

powder (LSP) and the three control mixes is plotted in Figure 4.49. The drying shrinkage 

increased with age in all the mixes. The increase was more rapid initially, stabilizing with 

time and remaining almost unchanged thereafter. The drying shrinkage of plain cement 

concrete specimens was the least. Incorporation of silica fume (SF) or fly ash (FA) in plain 

cement concrete increased the drying shrinkage while with the natural pozzolan the drying 

shrinkage kept low. The drying shrinkage of QCC specimens was lower than OPC and it 

didn’t cross the threshold limit of 500 microns within first seven days.  After 180 days of 

curing, the drying shrinkage of plain, 95% OPC with 5% SF, 75% OPC with 25% NP and 

50% OPC with 5% SF + 25% NP + 15% LSP was and 597, 665, 460 and 524 microns. 

 

Figure 4-49: Drying Shrinkage Strain in QCC Specimens Prepared with 20% LSP. 
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The drying shrinkage strain in quaternary cement concrete specimens replacing 

50% cement with 5% silica fume (SF), 30% natural pozzolan (NP) and 20% pulverized steel 

slag (PSS) and the three control mixes is plotted in Figure 4.50. The drying shrinkage 

increased with age in all the mixes. The increase was more rapid initially, stabilizing with 

time and remaining almost unchanged thereafter. The drying shrinkage of plain cement 

concrete specimens was the least. Incorporation of silica fume (SF) or fly ash (FA) in plain 

cement concrete increased the drying shrinkage while with the natural pozzolan the drying 

shrinkage kept low. The drying shrinkage of QCC specimens was comparable however it 

didn’t cross the threshold limit of 500 microns within first seven days.  After 180 days of 

curing, the drying shrinkage of plain, 95% OPC with 5% SF, 75% OPC with 25% NP and 

50% OPC with 5% SF + 25% NP + 15% PSS was and 597, 665, 460 and 639 microns. 

 

Figure 4-50: Drying Shrinkage Strain in QCC Specimens Prepared with 20% PSS. 
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4.6 Water Absorption 

The average water absorption of concrete specimens, tested after 28 days of water 

curing is presented in Tables 4.13 through 4.15. The results have been grouped into two 

categories: (i) QCC specimens produced by replacing 50% cement  with 5% silica fume, 

25-30% fly ash and 15-20% by a selected local material (BHD, CKD, Clay, LSP or PSS), 

i.e. Mix 7, 8, 9, 10 and 11; (ii) QCC specimens produced by replacing 50% cement  with 

5% silica fume, 25-30% natural pozzolan and 15-20% by a locally available material   

(BHD, CKD, Clay, LSP or PSS), i.e. Mix 12, 13, 14, 15 and 16.  

Table 4-13: Average Water Absorption of Plain and Five Control mixes. 

 
 

Table 4-14: Average Water Absorption of Group-I QCC mixes. 

 
 

Table 4-15: Average Water Absorption of Group-II QCC mixes. 

 

100% OPC 95%C + 5%SF 75%C + 
25%FA 

70%C + 
30%FA

75%C + 
25%NP

70%C + 
30%NP

28 4.61 4.33 4.52 4.48 4.54 4.57

Period of 
Curing, 

Days

Water  Absorption

50%C + 5%SF 
+ 30%FA + 
15%BHD  

50%C + 5%SF 
+ 30%FA + 
15%CKD

50%C + 5%SF 
+ 25%FA + 
20%Clay

50%C + 5%SF 
+ 25%FA + 

20%LSP

50%C + 5%SF 
+ 25%FA + 

20%PSS
28 5.10 4.49 4.32 4.53 4.68

Period of 
Curing, 

Days

Water  Absorption

50%C + 5%SF 
+ 30%NP + 
15%BHD

50%C + 5%SF 
+ 30%NP + 
15%CKD

50%C + 5%SF 
+ 25%NP + 
20%Clay

50%C + 5%SF 
+ 25%NP + 

20%LSP

50%C + 5%SF 
+ 25%NP + 

20%PSS
28 4.94 4.69 4.68 4.70 4.79

Period of 
Curing, 

Days

Water  Absorption
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The water absorption in quaternary cement concrete specimens replacing 50% 

cement with 5% silica fume (SF), 30% fly ash (FA) and 15% bag house dust (BHD) and the 

three control mixes is plotted in Figure 4.51. Incorporation of silica fume (SF) in plain 

cement concrete decreased the water absorption while in the other mixes, the water 

absorption increased with cement replacement level. The water absorption of the QCC 

specimens was the highest.  After 28 days of curing, the water absorption of plain, 95% 

OPC with 5% SF, 70% OPC with 30% FA and 50% OPC with 5% SF + 30% FA + 15% 

BHD was 4.61, 4.33, 4.48 and 5.10 % respectively.  

 

Figure 4-51: Water Absorption of QCC specimens with 15% BHD after 28 days of curing. 

The water absorption in quaternary cement concrete specimens replacing 50% 

cement with 5% silica fume (SF), 30% fly ash (FA) and 15% cement kiln dust (CKD) and 

the three control mixes is plotted in Figure 4.52. Incorporation of silica fume (SF) in plain 

cement concrete decreased the water absorption while in the other mixes, the water 
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absorption increased with cement replacement level, though the absorption differential was 

not that significant. The water absorption of the QCC specimens was the highest.  After 28 

days of curing, the water absorption of plain, 95% OPC with 5% SF, 70% OPC with 30% 

FA and 50% OPC with 5% SF + 30% FA + 15% CKD was 4.61, 4.33, 4.48 and 4.49 % 

respectively.  

 

Figure 4-52: Water Absorption of QCC specimens with 15% CKD after 28 days of curing. 

The water absorption in quaternary cement concrete specimens replacing 50% 

cement with 5% silica fume (SF), 25% fly ash (FA) and 20% clay (Clay) and the three 

control mixes is plotted in Figure 4.53. Incorporation of silica fume (SF) in plain cement 

concrete decreased the water absorption while in the other mixes, the water absorption 

increased with the cement replacement level, though the absorption differential was not 

that significant. After 28 days of curing, the water absorption of plain, 95% OPC with 5% 
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SF, 75% OPC with 25% FA and 50% OPC with 5% SF + 25% FA + 20% Clay was 4.61, 

4.33, 4.52 and 4.32 % respectively.  

 

Figure 4-53: Water Absorption of QCC specimens with 20% Clay after 28 days of curing. 

The water absorption in quaternary cement concrete specimens replacing 50% 

cement with 5% silica fume (SF), 25% fly ash (FA) and 20% lime stone powder (LSP) and 

the three control mixes is plotted in Figure 4.54. The water absorption of SF, FA and QCC 

specimens was less than that of plain cement concrete. After 28 days of curing, the water 

absorption of plain, 95% OPC with 5% SF, 75% OPC with 25% FA and 50% OPC with 

5% SF + 25% FA + 20% LSP was 4.61, 4.33, 4.52 and 4.53 % respectively. 

 

Figure 4-54: Water Absorption of QCC specimens with 20% LSP after 28 days of curing. 
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The water absorption in quaternary cement concrete specimens replacing 50% 

cement with 5% silica fume (SF), 25% fly ash (FA) and 20% pulverized steel slag (PSS) and 

the three control mixes is plotted in Figure 4.55. Minimum water absorption was noted in 

the SF cement concrete specimens. However, there was not much difference in the 

absorption.  After 28 days of curing, the water absorption of plain, 95% OPC with 5% SF, 

75% OPC with 25% FA and 50% OPC with 5% SF + 25% FA + 20% PSS was 4.61, 4.33, 

4.52 and 4.68 % respectively. 

 

Figure 4-55: Water Absorption of QCC specimens with 20% PSS after 28 days of curing. 

The water absorption in quaternary cement concrete specimens replacing 50% 

cement with 5% silica fume (SF), 30% natural pozzolan (NP) and 15% bag house dust 

(BHD) and the three control mixes is plotted in Figure 4.56. Incorporation of silica fume 

(SF) in plain cement concrete decreased the water absorption while in the other mixes, the 

water absorption increased with the cement replacement level. The water absorption of the 

QCC specimens was the highest.  After 28 days of curing, the water absorption of plain, 
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95% OPC with 5% SF, 70% OPC with 30% NP and 50% OPC with 5% SF + 30% NP + 

15% BHD was 4.61, 4.33, 4.57 and 4.94 % respectively.  

 

Figure 4-56: Water Absorption of QCC specimens with 15% BHD after 28 days of curing. 

The water absorption in quaternary cement concrete specimens replacing 50% 

cement with 5% silica fume (SF), 30% natural pozzolan (NP) and 15% cement kiln dust 

(CKD) and the three control mixes is plotted in Figure 4.57. Incorporation of silica fume 

(SF) in plain cement concrete decreased the water absorption while in the other mixes, the 

water absorption increased with the cement replacement level. The water absorption of the 

QCC specimens was the highest. After 28 days of curing, the water absorption of plain, 

95% OPC with 5% SF, 70% OPC with 30% NP and 50% OPC with 5% SF + 30% NP + 

15% CKD was 4.61, 4.33, 4.57 and 4.69 % respectively.  
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Figure 4-57: Water Absorption of QCC specimens with 15% CKD after 28 days of curing. 

The water absorption in quaternary cement concrete specimens replacing 50% 

cement with 5% silica fume (SF), 25% natural pozzolan (NP) and 20% clay (Clay) and the 

three control mixes is plotted in Figure 4.58. Incorporation of silica fume (SF) in plain 

cement concrete decreased the water absorption while in the other mixes, the water 

absorption increased with the cement replacement level. The water absorption of the QCC 

specimens was the highest.  After 28 days of curing, the water absorption of plain, 95% 

OPC with 5% SF, 75% OPC with 25% NP and 50% OPC with 5% SF + 25% NP + 20% 

Clay was 4.61, 4.33, 4.54 and 4.68%, respectively.  

 

Figure 4-58: Water Absorption of QCC specimens with 20% Clay after 28 days of curing. 
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The water absorption in quaternary cement concrete specimens replacing 50% 

cement with 5% silica fume (SF), 25% natural pozzolan (NP) and 20% lime stone powder 

(LSP) and the three control mixes is plotted in Figure 4.59. Incorporation of silica fume 

(SF) in plain cement concrete decreased the water absorption while in the other mixes, the 

water absorption increased with the cement replacement level. The water absorption of the 

QCC specimens was the highest.  After 28 days of curing, the water absorption of plain, 

95% OPC with 5% SF, 75% OPC with 25% NP and 50% OPC with 5% SF + 25% NP + 

20% C was 4.61, 4.33, 4.54 and 4.70%, respectively. 

 

Figure 4-59: Water Absorption of QCC specimens with 20% LSP after 28 days of curing. 

The water absorption in quaternary cement concrete specimens replacing 50% 

cement with 5% silica fume (SF), 25% natural pozzolan (NP) and 20% pulverized steel slag 

(PSS) and the three control mixes is plotted in Figure 4.60. Incorporation of silica fume 

(SF) in plain cement concrete decreased the water absorption while in the other mixes, the 
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water absorption increased with the cement replacement level. The water absorption of the 

QCC specimen was the highest. After 28 days of curing, the water absorption of plain, 95% 

OPC with 5% SF, 75% OPC with 25% NP and 50% OPC with 5% SF + 25% NP + 20% C 

was 4.61, 4.33, 4.54 and 4.79%, respectively. 

 

Figure 4-60: Water Absorption of QCC specimens with 20% PSS after 28 days of curing. 
 

4.7 Setting Time 

The initial and final setting time of quaternary cement concrete specimens is 

presented in Tables 4.16 through 4.17. The results have been grouped into two categories: 

(i) QCC specimens produced by replacing 50% cement  with 5% silica fume, 25-30% fly 

ash and 15-20% by a locally available material (BHD, CKD, Clay, LSP or PSS) i.e. Mix 7, 

8, 9, 10 and 11; (ii) QCC specimens produced by replacing 50% cement  with 5% silica 

fume, 25-30% natural pozzolan and 15-20% by a local material (BHD, CKD, Clay, LSP or 

PSS), i.e. Mix 12, 13, 14, 15 and 16. 
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Table 4-16: Setting Time of Group-I QCC mixes. 

Mix 
50%C + 5%SF 

+ 30%FA + 
15%BHD   

50%C + 5%SF 
+ 30%FA + 
15%CKD 

50%C + 5%SF 
+ 25%FA + 
20%Clay 

50%C + 5%SF 
+ 25%FA + 

20%LSP 

50%C + 5%SF 
+ 25%FA + 

20%PSS 
Initial setting  3 hrs 32 mins 2 hrs 57 mins 3 hrs 16 mins 2 hrs 43 mins 3 hrs 4 mins 
Final setting  5 hr 17 mins 4 hrs 21 mins 4 hrs 49 mins 4 hrs 1 min 4 hrs 36 mins 

 

Table 4-17: Setting Time of Group-II QCC mixes. 

MIX 
50%C + 5%SF 

+ 30%NP + 
15%BHD 

50%C + 5%SF 
+ 30%NP + 
15%CKD 

50%C + 5%SF 
+ 25%NP + 

20%Clay 

50%C + 5%SF 
+ 25%NP + 

20%LSP 

50%C + 5%SF 
+ 25%NP + 

20%PSS 
Initial setting  3 hrs 51 mins 3 hrs 10 mins 3 hrs 28 mins 3 hrs 5 mins 3 hrs 17 mins 
Final setting  5 hr 55mins 4 hrs 42 mins 5 hrs 19 mins 4 hrs 25 min 4 hrs 58 mins 

 

 

 

 

Figure 4-61: Setting Time of Group-I QCC specimens. 
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Figure 4-62: Setting Time of Group-I QCC specimens. 

The initial and final setting times of all the QCCs were within the ASTM C150 

limits. 
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CHAPTER 5 
 
 
 

CONCLUSIONS AND RECOMMENDATIONS 

5.1  Conclusions 

This research was conducted to assess the mechanical properties and durability of 

Quaternary Cement Concrete (QCC) produced by replacing 50% cement with 30-35% 

supplementary cementing materials (FA, NP or SF) and 15-20% of the selected local 

material (BHD, CKD, Clay, LSP or PSS). The following conclusions can be drawn based 

on the data developed in this study: 

 The compressive strength of QCC was generally less than that of OPC and binary 

cement concretes.  However, the strength values were around 40 MPa.   

 The water absorption in the QCC was comparable with the OPC and binary 

cement concretes.  
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 The drying shrinkage of some of the QCC specimen was more than that of OPC 

and binary cement concretes.  However, the shrinkage in all the QCC specimens at 

seven days was less than 500 µm. 

 Drying shrinkage of QCC with NP and Clay/CKD/LSP was less than that of SF 

concrete and OPC. 

 The setting time of QCC met the ASTM C 150 criteria. 

 The chloride permeability of QCC specimens was generally less than that of OPC. 

 The time to corrosion initiation in the QCC was generally the same or more than 

that of OPC and binary cement concretes.  

 The corrosion current density on steel in most of the QCC specimens was less than 

that on steel in the OPC specimens. 
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5.2 Recommendations  

The avenues for usage of QCC are summarized in the following tables.  
 

 
 
 

 
 
 
 
 

QCC  fc' (MPa) Icorr (µA/cm
2
) Applications 

50%C + 5%SF + 
30%FA + 15%BHD  

33.34 0.17 Medium strength structural concrete with high

durability requirements. 

50%C + 5%SF + 
30%FA + 15%CKD 

44.77 0.30 High strength structural concrete with moderate

durability requirements. 

50%C + 5%SF + 
25%FA + 20%Clay

42.00 0.10 High strength structural concrete with high

durability requirements. 

50%C + 5%SF + 
25%FA + 20%LSP

42.55 0.24 High strength structural concrete with high

durability requirements. 

50%C + 5%SF + 
25%FA + 20%PSS

38.03 0.19 Medium strength structural concrete with high

durability requirements. 

50%C + 5%SF + 
30%NP + 15%BHD  

36.62 0.229 Medium strength structural concrete with

moderate durability requirements. 

50%C + 5%SF + 
30%NP + 15%CKD 

40.89 0.277 Medium strength structural concrete with

moderate durability requirements. 

50%C + 5%SF + 
25%NP + 20%Clay

38.78 0.196 Medium strength structural concrete with high

durability requirements. 

50%C + 5%SF + 
25%NP + 20%LSP

36.69 0.322 Medium strength structural concrete with

moderate durability requirements. 

50%C + 5%SF + 
25%NP + 20%PSS

36.69 0.313 Medium strength structural concrete with

moderate durability requirements. 
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