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In previous research, cements with high alkali content (EqA 1.0-1.2 percent) extended the 

corrosion initiation time of reinforcing steel in concrete. During this study, laboratory 

tests were performed to determine the suitability of high alkalinity cements to improve 

concrete durability without modifying physical properties and to control the risk of 

alkali-aggregate reaction (AAR). 

A mix design for the FOOT-Class V concrete served as base material for this study. On a 

cubic meter basis the cementitious material in this concrete included 363 kg of Type l/ll 

Portland cement and 83 kg of Class F fly ash. The water-to-cementitious material ratio of 

the concrete was 0.40. The fine aggregate used in the experimental concretes was quartz 

sand from a Florida source with no history of alkali-silica reactivity (ASR) susceptibility. 
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A number of cement alkali contents were prepared by different additions of sodium 

hydroxide to the concrete mix (3.42 - 4.57 kglm\ in some cases, and by using different 

cements in others. Thus, effects on concrete susceptibility to ASR, electrical resistivity, 

and strength were studied. Pore water alkalinity was measured by ex-situ leaching and 

pore water extraction methods. It was concluded that leaching procedures were not 

appropriate to determine concrete pore water alkalinity in the presence of fly ash. 

Results suggested that it is feasible to use high alkali cement without the risk of ASR or 

the loss of strength for two of the seven coarse aggregates studied, given that 

supplementary cementitious materials and lithium nitrate admixtures are utilized. Criteria 

for qualification of a concrete as being ASR resistant was based on dimensional stability 

(less than 0.01% average specimen length change) and the absence of cracking over the 

one and two year exposure periods according to ASTM Cl293. 

Based on the fundamentals of the electric double layer theory, the incidence of bivalent 

cations adjacent to the surface of cement hydrates and reactive silica particles was 

proposed to provide an explanation for the effects of alkali addition on the electrical 

resistivity of concrete and the source of the expansive nature of the ASR gel. 
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1 Introduction and objective 

1.1 Introduction 

Both engineering and economic considerations contribute to the fact that steel-reinforced 

concrete is the most suitable material of construction for many infrastructure applications 

around the world. One of the most important concrete construction issues is durability, 

that is, the appropriate specification of concrete in order to achieve satisfactory 

performance during the life of the structure at the lowest cost in both financial and 

environmental terms. 

Corrosion of reinforcing steel in concrete is the most frequent cause of its deterioration. 

Control of this process depends on the formation and preservation of a passive film on 

the steel surface that forms in conjunction with the alkaline nature of concrete. The 

stability of this film can be altered by [Cr], [OH"], [02], temperature, and relative 

humidity through processes such as chloride intrusion, loss of pore water alkalinity, or 

both. The former is the main cause of reinforcement corrosion in marine environments. 

Previous research demonstrated that high alkalinity cements yield enhanced chloride

induced corrosion resistance [ 1, 2]. However, possible detrimental effects of high 

alkalinity cements in concrete have been inadequately studied. In particular, their use has 

been limited as a consequence of concerns related to deleterious processes known as 

alkali-aggregate reaction, the most important of these being alkali-silica reaction (ASR). 



Though ASR can certainly be anticipated at locations where reactive aggregates are used, 

if controlled, the use of high alkalinity cements emerges as promising, not only due to the 

enhanced corrosion resistance but also due to a reduction of energy consumption in the 

manufacturing process of cement. 

1.2 Research scope and objectives 

This study investigated the effects of high alkalinity cement on the risk to ASR. For this 

purpose, aggregates that have previously been determined to represent a range of 

susceptibility, three cement alkalinity levels, and different additions of ASR-preventing 

admixture were incorporated in concrete specimens. 

The objectives of this research were to : 

Evaluate the ASR reactivity of several aggregates and the effectiveness of 

treatment with a lithium nitrate-based admixture. 

Evaluate the effects of high alkalinity cement on ASR susceptibility and on 

concrete compressive and flexural strength, and electrical resistivity. 

Identify the appropriateness of sodium hydroxide as a means to mcrease the 

alkalinity of cement pastes. 

This dissertation is composed of five chapters including: Chapter 1 Introduction and 

objectives; Chapter 2 Background and literature review; Chapter 3 Experimental 

procedure; Chapter 4 Results and discussion; and Chapter 5 Conclusions. 
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2 Background and literature review 

2.1 Concrete and its components 

Concrete is a composite material consisting of aggregate particles embedded in a matrix 

of hardened cement paste. As such, it offers several advantages over other construction 

materials. It can be cast in any desired shape, made with local materials, and resists high 

temperatures. From an economic perspective, it requires less energy to be produced than 

many alternative materials and, therefore, is relatively inexpensive. 

In contrast, some of the disadvantages of concrete are its brittleness and low strength in 

tension, the latter being limited to only 10-15% of that in compression. As a result, 

concrete is reinforced with other materials, normally steel, to support tensile loads. 

Selection of the relative quantities of cement, aggregates, and admixtures, a process 

known as mix design, determines in great measure the fundamental properties of 

concrete. These are strength, durability, and workability. 

2.1.1 Cement paste 

Cement paste consists of cement, water, air voids, any supplemental cementitious 

materials, and admixtures. In fresh concrete the cement paste works as a lubricant for the 

mix; and then, as the paste hardens, it serves as the glue that binds the aggregates 

together. The properties of the cement paste are determined by the chemical reaction 

between the cementitious materials (em), admixtures, and water. In general, excessive 

water produces a more porous structure, while too little water results in insufficient 

reactant, poor placeability, and excessive voids in the concrete. Consequently, the water-
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to-cementitious materials ratio, w/cm, is a principal parameter governing the properties of 

concrete. 

Air entraining admixtures provide a uniform distribution of fine artificially-produced air 

voids that increase resistance to freeze-thaw damage, improve workability and decrease 

density [3]. 

2.1.1.1 Cement 

Cement is a generic term to designate adhesive substances with lime compounds as their 

principal constituent. Through a chemical reaction called hydration, these compounds 

harden and gain strength to form a stone-like material. Such definition includes a large 

number of substances; however, the most common is Portland cement (PC). 

Portland cement is produced by heating and pulverizing a mix of limestone and clay, to 

which some form of calcium sulfate (gypsum) is added. Upon heating the materials in a 

kiln, a number of oxides, shown in Table 2.1, are formed. In tum, combination of the 

oxides form the compounds listed in Table 2.2. When water is added, these compounds 

undergo a series of chemical reactions that eventually lead to concrete hardening. 

Initially, ettringite crystals (C6AS3H32) are formed according to Equation 1 [ 4]. 

C3A + 3CSHz + 26H -7 C6AS3H32 (1) 

Then, small fibrous calcium-silicate-hydrates (C-S-H) and relatively large crystals of 

calcium hydroxide (known as free lime), produced as a by-product during the process, 

start filling the space left by the reacted water and cement particles. 
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Table 2.1. Unhydrated cement composition (oxide anlysis) [4] . 

Chemical Typical Weight 
Notation Name 

Formula Percent (w/o) 

CaO c 63 Lime 

Si02 s 22 Silica 

Ah03 A 6 Alumina 

Fe20 3 F 2.5 Ferric oxide 

MgO M 2.6 Magnesia 

so3 s 2.0 Sulfite 

H20 H Water 

K20 K 
0.4-1.0 Alkali 

Na20 N 

Table 2.2. Composition of unhydrated cement upon combination of element oxides [ 4] . 

Notation 
Typical 

Name 
w/o 

c 3s 50 Tricalcium Silicate 

c 2s 25 Dicalcium Silicate 

C3A 12 Tricalcium Aluminate 

C4AF 8 Tetracalcium Aluminoferrite 

CSH2 3.5 Gypsum 
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Equations 2 and 3 constitute the half-step processes associated with the formation of 

calcium hydroxide. 

2C3S +6H -7 C3S2H3 + 3CH 

2C2S +6H -7 C3S2H3 + CH 

(2) 

(3) 

The process continues indefinitely, albeit at a progressively decreasing rate, always 

giving as a result harder compounds and, since all the reactions are exothermal, liberating 

heat. Table 2.3 presents the characteristics of the principal hydration products within the 

hardened cement paste. 

Table 2.3. Hydrated products in cement paste [4]. 

Hydration Volume Formation 
Strength 

Product percent Rate 

C6AS3H32 15-20 Fast Low 

C-S-H 50-60 Slow High 

Ca(OH)2 20-25 Slow 

2.1.1.2 Supplementary cementitious materials 

Supplementary cementitious materials (SCM) are used in concrete to reduce the content 

of cement and improve properties of the final product. Solid industrial by-products such 

as fly ash (FA), silica fume (SF), and blast furnace slag (BFS), as well as several natural 

pozzolanic materials like volcanic tuffs, are catalogued as supplementary cementitious 

materials as they exhibit cementitious and/or pozzolanic properties. ASTM C 219 
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"Standard terminology relating to hydraulic cement" defines a pozzolan as a siliceous or 

siliceous and aluminous material which requires Ca(OH)2 in order to form strength 

developing products (C-S-H). In contrast, a cementitious material itself contains CaO and 

partially exhibits self-cementitious properties; however, it still needs Ca(OH)z to react 

with all its pozzolanic compounds. 

2.1.1.3 Fly ash 

Fly ash is the combustion residue of coal burning electric plants which is removed from 

the gas stream by electrostatic precipitators or bag filters. The chemical and mineral 

composition ofF A is complex and comprised of combinations of glassy and crystalline 

phases. Fly ashes are classified in two classes according to ASTM C618 "Standard 

specification for coal fly ash and raw or calcined natural pozzolan for use in concrete": a) 

Class F fly ash, which contains mostly siliceous or siliceous and aluminous material and 

possesses little or no cementitious value, and b) Class C fly ash, which includes 

significant amount of Ca(OH)z, and in addition to pozzolanic properties, has also 

cementitious properties. 

Effects of FA on fresh and hardened concrete have been previously studied and can be 

summarized as: 

a) The volume of cementitious paste increases compared to the mixture with no 

cement replacement, therefore concrete slump increases, improving the 

workability of fresh concrete [3]. 
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b) At early stages in the hardening process, the use of FA results in a lower 

compressive strength. However, at later ages the continued pozzolanic reaction 

contributes to strength gain [5]. 

c) The alkalinity of the pore solution is influenced by the alkali, calcium, and silica 

contents of the FA. When the alkali content of the ash increases, the amount of 

alkali released from the ash to the pore solution is higher, yielding pore solution 

of higher alkalinity. Correspondingly, CaO and SiO affect the amount of silica 

and calcium in the system. In the one hand, higher calcium increases the CIS ratio 

of the hydrates, reducing the amount of alkali removed from the solution and 

resulting in a high-alkali pore solution. On the other hand, the higher the silica, 

the lower the CIS ratio of the hydrates and/or the larger the amount of the 

hydrates, which results in a higher amount of alkalis removed from the solution 

and a lower pore solution alkalinity [6]. 

d) Though no consistent trend between the C-S-H composition and FA chemistry 

has been found, the addition of FA always results in a lower CIS ratio of the 

former. Such decrease is accompanied by an increase in the alkali content of the 

same and, therefore, a lower pore solution alkalinity. Hence, FA is used as an 

ASR-preventing admixture [6, 7]. 

e) As a result of a decrease in the density of capillary porosity of the cement paste, 

concretes with this admixture, once cured, exhibit relatively low cr diffusion 

coefficients, thereby providing improved corrosion protection for embedded steel 

[7]. 
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2.1.2 Aggregates 

Aggregates are granular materials derived from natural rocks, crushed stone, gravels, and 

sands, though they can also be synthetic materials such as glass particles. They occupy 

around 70-80% of the concrete volume and affect unit weight, elastic modulus, and 

dimensional stability. Properties of aggregates most relevant to concrete and mix design 

include: a) shape and texture, b) size gradation, and c) moisture content. 

The total amount of cement paste in a concrete mix is determined by the amount of void 

space around the aggregates that must be filled and the total surface area of the 

aggregates to be coated which is determined by size gradation (particle-size distribution), 

shape, and texture. In order to minimize the non-aggregate volume, a range of aggregate 

sizes, where smaller particles (fine aggregate) are packed between larger ones (coarse 

aggregate), is employed as illustrated in Figure 2.1. Rounded, smooth rocks are preferred 

in order to reduce the cement content. 

Figure 2.1. Representation of aggregate size distribution in concrete. 

Aggregate absorption is the amount of water that can be retained in the aggregate 

particles. Knowing this is necessary since, given the affinity of aggregates to absorb 

water, the amount of water that will be taken upon mixing, and hence unable to react with 

the cement, can be accounted for and the design w/cm corrected accordingly. In contrast, 

9 



if excess water is present at the aggregate surface, the effective w/c may be higher than 

intended. 

Though it is generally assumed that aggregates are chemically inert and their interaction 

with the cement paste is mostly physical, some authors have reported chemical 

interactions at the interfacial zone between the two components [8]. 

2.1.3 Cement paste-aggregate bond 

The strength of concrete depends on the strength of the cement paste, the coarse 

aggregate, and the interfacial transition zone (ITZ) between the two. In general, bond 

failures occur before fracture of either the paste or the aggregate and depend on a number 

of factors such as w/cm and cement and aggregate compositions. At the ITZ, the 

microstructure of the cement paste is more porous as a consequence of segregation, non

uniform bleeding, and volume change of the cement paste with respect to the aggregate 

during hydration. When curing takes place, the aggregate particles tend to restrain 

shrinkage, which generates shear and tensile stresses at the interface, and possibly, as a 

result, microcracking. 

2.2 Durability of concrete 

When designing a concrete mix for durability, two issues needs consideration: first, the 

expected service life and, second, the anticipated deterioration mechanisms to which the 

specified concrete will be subjected [9, 1 0]. Causes of deterioration can be internal or 

external depending on the nature of the process. Although deterioration is rarely due to a 

single isolated cause, most processes include a cracking step. Cracking in concrete is the 

result of the presence of excessive tensile stress, which can be caused by external load or 
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by internal differential volume change of various components. Early contraction, large 

thermal gradients during curing, corrosion of concrete reinforcement, freezing and 

thawing, and internal and external sulfate attack are examples of deterioration 

mechanisms. 

2.2.1 Internal causes of deterioration 

2.2.1 .1 Drying shrinkage 

Drying shrinkage of concrete is the contraction caused by evaporation of internal water in 

hardening concrete. ASTM C-596 "Standard test method for drying shrinkage of mortar 

containing hydraulic cement" [11] defines drying shrinkage as "the decrease in length of 

a (mortar) test specimen, where the decrease is caused by any factor other than externally 

applied forces under stated conditions of temperature, relative humidity, and evaporation 

rate in the environment". In service conditions, where concrete is often physically 

constrained, when the cement paste loses moisture, tensile stresses develop and cracking 

may result. In addition, in mass concrete elements restraint can result from differential 

shrinkage between the surface and interior concrete. Thus, size and surface area are 

important determinants of the extent of drying shrinkage. 

Aggregates provide internal restrain that reduces the magnitude of shrinkage; therefore, 

the greater the amount and stiffness of the aggregate, the lesser the shrinkage. Other 

parameters that affect drying shrinkage of concrete are relative humidity, alkali content, 

and cement fineness [9]. Cracking due to drying shrinkage is sometimes confused with 

plastic cracks; that is, cracks due to a combination of high rate of water evaporation and 

restrained shrinkage during the first hours of curing. However, these can be distinguished 
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if the time of cracking is known. According to Richardson [12], drying shrinkage may be 

33% complete after six months and 90% after twenty months. In order to prevent drying 

shrinkage cracking, expansion joints should be included at the design stage. 

2.2.1.2 Delayed ettringite formation 

Delayed ettringite formation (DEF) refers to the harmful formation of ettringite after the 

concrete has hardened. Due to the late formation of ettringite, non-uniform expansive 

forces that ultimately produce internal cracking can develop. The basic requirements for 

the late ettringite formation are a) curing temperatures above 70°C and b) availability of 

sulfate and water in the cement paste. Though most researchers believe that curing at 

high temperatures is necessary for internal DEF [13, 14], other temperature-independent 

mechanisms based on late sulfate release at micro-cracks exposed to saturated air or 

water have recently been proposed [ 15, 16]. According to the first approach, at elevated 

temperatures primary ettringite ( ettringite formed at early ages) is dissolved or not 

formed as stated in Equation 1. However, subsequent exposure of hardened concrete to 

moisture provides the conditions for its formation in the long term. The source of sulfate 

can be external or internal. Only the latter is considered here, as a result of either cement 

with high sulfate content or gypsum-contaminated aggregate. 

As in the case of drying shrinkage, the size of the concrete member can be a primary 

factor in the development of DEF. Large concrete members are at risk if their geometry is 

such that the heat loss during hydration is less than the rate of temperature rise. Also, 

since cement content influences the heat of hydration at a rate of approximately 13 oc per 
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1 00kg/m3
, high-cement content concretes may elevate concrete temperature above the 

critical limit for DEF [12]. 

An empirical relationship, including parameters related to cement chemistry, that 

indicates the potential for DEF-induced expansion was developed by Hobbs [17], as 

shown in Equation 4. 

DEF expansion(%) = 0.00085(.fMgO) + 0.3S03 + 0.56Na20 -1.4 (4) 

where, 

fis cement fineness, 

MgO is magnesium oxide percent by mass of cement, 

S03 is total sulfate percent by mass of cement, and 

Na20 is sodium oxide percent by mass of cement (directly related to cement alkalinity). 

Note that according to this equation, DEF expansion increases as alkalinity of cement 

mcreases. 

2.2.1.3 Alkali-silica reaction 

Alkali-silica reaction is one of a wider series of internal causes of concrete deterioration 

denominated alkali-aggregate reactions. It is a two-step process. First, the hydroxyl ion, 

(OK), associated with the alkali from the cement (Na20 and K20) reacts with certain 

siliceous compounds present in the aggregate and forms a gel at the cement

paste/aggregate interface. Subsequently, the gel absorbs water and expands generating 

tensile stresses within the concrete. There are three elements whose presence is required 

for the occurrence of ASR: a) reactive silica in the aggregate, b) sufficient alkali in the 

concrete, and c) water. 
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The primary reaction between the aggregate and the alkali is still not well understood; 

however, Equation 5 offers a simplified form of the actual reaction and the compounds 

involved [12]. 

(5) 

The driving force for ASR is the concentration of alkali hydroxides, which is proportional 

to the equivalent alkali content of cement (EqA) determined by Equation 6. 

(6) 

where 

Na20 and K20 are the weight percents of these compounds in cement. 

It has been shown that sodium and hydroxyl ions penetrate reactive silica more easily 

than calcium ions [ 18]. Thus, cements with EqA limit of 0.60% (low-alkali cement) are 

recommended according with ASTM C150, "Standard specification for Portland 

cement", to minimize deterioration and accommodate the possibility that aggregates 

might be reactive. However, consideration of the potential for alkali migration, as well as 

the use of supplementary cementitious materials that produce more ASR-resistant 

concretes can be taken into account to determine different limits. 

Some researchers suggest including the alkali content of supplementary cementitious 

materials, aggregates, and admixtures in the calculation of the EqA [ 1 0]. However, there 

is controversy regarding this approach since other guidelines recommend that the 

contribution of materials such as FA be ignored due to its action as alkali reducer [ 6, 7]. 

Silica, besides being present as crystalline oxide such as quartz, is also found in 

compounds where silicon and oxygen are combined with other elements such as calcium, 

potassium, and sodium. Reactive silica refers to poorly crystallized compounds of silica 
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and oxygen that are capable of reacting with OK. The more disordered their crystalline 

structure, the greater the surface area available for reaction and, hence, the greater the 

vulnerability to ASR. 

Most aggregates used m concrete production are not pure but contain other mineral 

components including reactive silica. To determine if an aggregate is reactive, a 

petrographic examination should be performed according to ASTM C295 "Standard 

guide for petrographic examination of aggregates for concrete". This procedure identifies 

any potential reactive constituents and estimates their amount. Table 2.4 presents a list of 

alkali-silica reactive aggregate constituents [9]. Notice that it is the proportion of reactive 

silica that determines the degree of reactivity. Hence, it is the aggregate combination 

(fine and coarse) that must ultimately be evaluated. 

Table 2.4 Reactive components of aggregates susceptible to ASR [9]. 

Reactive component 

Opal 

Chalcedony 

Cristobalite 

Tridymite 

Quartz 

Siliceous rhyolitic, dacitic or 

andesitic 

Amorphous 

Microcrystalline 

Crystalline 

Crystalline 

Physical character 

a) Microcrystalline 

b) Crystalline but intensely fractured, strained, or 

inclusion filled 

Glass or cryptocrystalline 
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Another characteristic of the silica component in ASR is the concentration at which it 

presents a maximum risk for reaction. At low and high reactive silica concentrations, 

expansion is usually low, whereas at intermediate concentrations expansion increases and 

reaches its maximum. This is known as pessimum effect. A possible explanation for this 

is that at low concentrations the volume of gel produced is too low to promote significant 

expansion, whereas at high concentrations the reaction occurs too fast and is finished 

before the concrete hardens completely. 

Moisture plays a dual function in ASR. First, it serves as the medium for transport of 

reactive ions and, second, it reacts with the gel produced by the ASR reaction and 

generates expansion of the latter and stresses in the concrete. 

Additional factors to be taken into account regarding ASR are: 

a) Effects of additional elements on the formation of the expansive gel, 

b) Role of temperature in gel formation, and 

c) Presence of admixtures to control ASR. 

2.2.1.4 Control of ASR by lithium admixtures 

The use of lithium compounds to control ASR expansiOn was reported based on a 

comprehensive investigation involving different chemical admixtures [ 19] . Among these, 

LiN03 is preferred since a number of studies demonstrated that insufficient dosages of 

LiOH, LiC03 and LiF may actually increase ASR expansion rather than reduce it, as well 

as concerns about their toxicity [19, 20]. 

Although not completely confirmed, there are several proposed mechanisms regarding 

the suppressive effect of lithium compounds. The most accepted states that, since lithium 
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has a smaller ionic radius and higher surface charge density, its ions are more readily 

incorporated in the ASR gel than those of sodium and potassium, with the difference that 

the product thus formed is non expansive [20, 21]. 

Most studies performed to-date indicated that the effectiveness of lithium compounds 

against ASR is mainly affected by the concrete alkali content. Studies suggest that a 

Li/(Na+K) molar ratio between 0.6 and 1.0 is sufficient to eliminate expansion for most 

aggregates [19, 21]. Thus, dosages of ASR-preventing admixtures are based on this 

proportion. 

2.2.1.5 ASR model 

Several authors have proposed models of the deterioration of concrete structures by ASR 

involving the kinetics of the chemical reactions and the gel expansion process [22, 23]. 

Generally, ASR is divided into two processes. In the first, ASR gel is formed from the 

reaction of amorphous silica and hydroxyl ions in the pore solution. The second process 

involves absorption of water by the gel and its subsequent expansion. While the reaction 

rate of the former is determined by humidity and temperature, the latter is considered to 

be instantaneous as a consequence of the density change of the products with respect to 

the reactants [22]. 

At early stages of deterioration, the expanding gel fills the interconnected pores of the 

aggregate and the ITZ. Thus, reaction occurs but no change is observed in the concrete. 

Once the pores are filled and the reaction continues with the consequent increase in the 

amount of gel and its volume, internal stresses are generated and concrete expands. 

17 



Steffens [22] presented a model m which ASR expansion can be expressed by an 

equation of the general form: 

c = a (I - ex p( -b( t - r 1 ))) (7) 

where 

£ is concrete strain, 

a is the maximum level of expansion depending on the availability of reactants, 

b is a coefficient related to the reaction kinetics, 

t is time, and 

rr is the characteristic time related to the period at which pores are filled . 

Equation 8 represents the expression for concrete expansion with time m terms of 

concrete parameters [22] : 

c = aM_
1 exp[-~(1+/))1.[1-exp[- ~-r1 )(1+/))l] (8) 

p 1 + /) T r J T , J 

where, 

a is a chemical dilatation coefficient of the gel 

M is a water-gel combination coefficient 

p is the change in gel density 

r r is the reaction characteristic time between hydroxyl ions and silica compounds, and 

/) is the ratio between the reaction characteristic time and the aging characteristic time. 

Concrete expansion calculated according to the model, as well as the results obtained 

experimentally during the same research are presented in Figure 2.2. 
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Figure 2.2. Theoretical and experimental expansion results due to ASR. 

2.2.2 External causes of deterioration 

400 

Although concrete performs satisfactorily in most waters and soils containing aggressive 

chemicals, there are some environments under which service life is severely reduced 

unless precautions are taken . To produce significant attack on concrete, chemicals have to 

be in solution and above certain concentrations. 

Salts and acids attack hardened concrete. In the case of salts, the most common 

mechanism is sulfate attack, which leads to the formation of ettringite and gypsum and 

then to loss strength. Other salts, such as sodium carbonate, have a different mechanism 

of attack. Once dissolved, ions migrate into the concrete, concentrate, and finally 

precipitate at an exposed surface. Physical damage includes surface scaling, which 

progressively harms the exposed concrete leading to total disintegration of poor quality 
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concrete. Acid attack, on the other hand, is the result of a reaction between an acid and 

the calcium hydroxide in the hydrated cement or any other calcium compound in 

aggregates such as limestone. As a consequence, water-soluble calcium substances are 

formed and then leached. 

Protection against most forms of chemical attack is generally achieved by choosing an 

appropriate mix design that reduces the ingress and migration of water. This includes the 

selection of appropriate cement content, low w/cm, and air entrainment, as well as proper 

placement and curing. 

2.2.2.1 Corrosion of reinforcing steel in concrete 

Reinforcing steel corrosion is an electrochemical process that requires an oxidizing agent, 

moisture, and electron flow within the metal. If all these components are present, a series 

of reactions takes place on the metal surface that must be controlled in order to protect 

the metal from corrosion. Controlling these reactions in a concrete environment requires 

either limiting conditions at which corrosion of the steel occurs at a very low rate 

(passivity region) or that the reinforcing steel have no access to oxygen. Given the 

continuous presence of oxygen under most atmospheric exposure circumstances, 

corrosion prevention focuses on the first requirement. 

Conditions of passivity of steel in concrete are preserved by the high pH of the cement 

paste that is developed during the hydration process whereby a protective film is formed 

and maintained on the steel surface. In addition, a concrete cover of sufficient depth and 

low permeability over the reinforcement are necessary to prevent the ingress of chloride 

ions or other reactive elements which destroy the protective film and activate the 
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corrosion process. For the pH-potential range of steel in concrete pore water (pH 12.5 -

13.5 and potential+ 100 to -200 m VSCE respectively), the Pourbaix diagram of the iron-

water system, illustrated in Figure 2.3, predicts the formation of stable Fe(OH)x. 

Another way to control the corrosion process of steel in concrete in the absence of the 

above conditions is the use of cathodic protection (CP); that is, by making its potential 

more negative and in the (s) region of the diagram. 

v 

c 
;.. 

u; 

2.0 

1.6 

1.2 ... -- ..... --0 .8 

OA 

0 

--- ............. 

---- 0.4 

... __ 
- 0.8 ........ 

- 1.2 

- 1.6 

Fcoi - (aq) 

....___ --

... _ 
........ ........ ...... 

................ -- ... Fc(O HI) (sl -.........._ 

-..... --...... 
---..... Fe (') - ...... 

pH 

Figure 2.3. Pourbaix diagram for the iron-water system. Shaded areas 

indicate regions of non-passive corrosion [24]. 
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Corrosion mechanism 

When reinforcement steel in concrete corrodes, the anodic reaction by which 1ron ts 

oxidized is, 

(9) 

Released electrons are transported through the metal to the cathode where they are 

consumed by the oxygen reduction reaction, 

(10) 

Hydroxyl ions generated by this reaction at the cathodic site increase the local alkalinity 

and improve the stability of the passive film. In contrast, at anodic sites, acidification 

takes place when Fe +2 reacts with water as indicated in the following reaction. 

+2 + Fe + 2H 20 ~ Fe(OH) 2 + 2H (11) 

Adding reactions 8 and 10, the net reaction taking place at the anodic sites is, 

( 12) 

This process continues as, 

(13) 

and finally upon drying, iron oxide is formed according to the reaction, 

(14) 

Damage of this type is of concern in marine environments and in particular for bridge 

substructures in Florida. Availability of chlorides in the splash zone and oxygen in 

adjacent more elevated locations, makes this zone especially susceptible to corrosion 

damage. 
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Once active corrosion initiates, the reaction products, having a density lower than that of 

the original metallic iron, generate tensile stresses in the surrounding concrete as the 

volume of the material increases and eventually crack and spall the concrete as shown 

schematically in Figure 2.4. In addition, reinforcement loses part of its cross-sectional 

area available for load carrying. 

Passive reinforcement Growth of corrosion product 

Further corrosion - initial cracking Further corrosion - spalling 

Figure 2.4. Stages of concrete damage due to steel reinforcement corrosion. 

2.2.2.2 Carbonation 

Carbonation of reinforced concrete consists of the reaction of calcium hydroxide with 

carbon dioxide as shown in Equation 15. 

(15) 
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The main consequence of such reaction is the drop of pH of the pore solution of concrete 

from the normal values in the range 12.5-13.5 to around 8.5 in the fully carbonated zones, 

and so the passive layer that otherwise protects the reinforcing steel against corrosion 

becomes unstable. 

The source of C02 can be either the atmosphere or water containing dissolved C02. In the 

first case, C02 diffuses from the atmosphere into the capillary pores of concrete. Highest 

rates of carbonation occur when the relative humidity is between 25 and 75%. Below this 

limit the degree of carbonation is considered insignificant, whereas above the limit, 

moisture in the pores restricts C02 penetration [9, 25]. 

2.3 Permeability of concrete 

The transport rate of ions or molecules in the form of either liquids or gases constitutes a 

key factor affecting concrete durability. In many cases, the service life is determined 

accordingly. Fluid movement through concrete occurs by: a) capillary attraction, which 

depends on the physical properties of the fluid and concrete pore structure, b) flow under 

a pressure gradient, known as the material sorptivity, or c) flow under a concentration 

gradient, also known as diffusivity. Thus, permeability of concrete to a certain substance 

depends on the pore structure, the degree of pore interconnectivity and the water content 

and its chemistry. Generally, ions and molecules present in the pore water are smaller 

than the concrete pores and so all concretes are permeable to a certain degree. The 

permeability of concrete is principally determined by the cement paste, especially that 

situated at the concrete surface and the ITZ. 
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Two types of pores comprise the paste structure [26]; gel or intrinsic pores, which are 

associated with calcium silicate hydrates formed during the hydration process and have a 

radius between 10·9 and 10-8m, and capillary pores with radius in the range of 10-8 to 10· 

4m, which are the spaces originally occupied by the mix water_ Hydration of cementitious 

grains can continue in the water filled capillary pores resulting in a continuous reduction 

of the total porosity. In addition to gel and capillary pores, hardened cement paste 

contains voids originated by entrained and entrapped air, with sizes in the range of 10-4 m 

and larger_ 

The transport mechanisms most studied for concrete applications are gaseous diffusion, 

ionic diffusion, and liquid flow under pressure, especially the first two since they explain 

the mechanisms of carbonation and chloride ingress, the principal causes of corrosion of 

concrete reinforcement. 

2.3.1 Chloride permeability and chloride binding 

As previously mentioned, chloride ions are in many instances responsible for destruction 

of the passive layer of steel reinforcing concrete. Understanding the sources and 

distribution of chloride in concrete are then relevant for the study of concrete durability. 

Chlorides in concrete exist in two forms: a) dissolved in the pore water as free ions and b) 

chemically bound to cement hydrates. Binding capacity is the capability of a material to 

bind ions. Mechanisms of chloride binding include the formation of Friedel's salt (3Ca0 

Ah03 CaCh lOH20) and calcium chloroferrite (3Ca0 Fe203 CaCb lOH20) [9, 26]. It is 

agreed that only free chlorides are involved in the corrosion process; however, some 

authors have conceded some corrosion risk from bound chlorides [27, 28]. 
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In a strict sense, chloride intrusion involves absorption and ionic diffusion; however, in 

circumstances where the depth to which the former occurs is relatively superficial 

compared to the reinforcement cover, only the latter is considered as the mechanism of 

ingress. Ionic diffusion requires a concentration difference and is described by Fick's 

second law as presented for the one-dimensional case in Equation 16: 

aC(x,t) a2 DC(x,t) 

at ax 2 
(16) 

where 

C(.x, t) is the chloride ion concentration, 

x is the depth below the exposed surface, 

t is the exposure time, and 

D is the concrete diffusion coefficient. 

In order to solve this equation, the anticipated boundary conditions are that initial 

chloride ion concentration is known and that to which the member is exposed is constant. 

Also, though not exact, D is assumed to remain constant over time. Based on this, 

Equation 17 presents the solution for C(x, t) [29]: 

C(x,t) = C, ( 1- erf 
2
J-Dt) (17) 

where 

Cs is the chloride ion concentration at the surface of the member studied, and 

erfis the Gaussian error function. 
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2.4 Electrical resistivity of concrete 

Electrical resistivity, p, is a bulk property that describes the opposition of a given 

material to electrical current flow. It is defined as the ratio between an applied voltage 

across the length of a cube of unit cross-section (V/m) and the resulting current flowing 

(A/m2) . In response to an applied electric field, current is initially carried by the free 

migration of ions through the cement pore system. Ions of a particular sign accumulate on 

one side of a pore and ions of the opposite sign accumulate on the other side to create an 

opposing electric field, which contributes to the decrease in current. The magnitude of the 

electric field and the mobility of ions in the pore water solution control the process [30]. 

The electrical resistivity of concrete depends on the microstructure of the cement paste, 

the concentration of ions, and their mobility in the pore solution, as affected in part by 

water content. Cement chemistry, cement content, w/cm, and presence of admixtures and 

supplementary cementitious materials are factors that influence the microstructure of the 

cement paste as well as the chemistry of the pore solution and, therefore, the electrical 

resistivity [31]. 

Although there are no specific studies on the effect of aggregate type, it is agreed that 

electrical resistivity of cement paste is generally much smaller than that of aggregate, 

with values on the order of 1.5kO.cm and lOOkn.cm, respectively. Thus, in terms of 

electrical properties, concrete can be regarded as being made of large numbers of 

insulating particles embedded in a conducting cement paste matrix [32]. Resistivity is, 

therefore, a function of the distribution of the particles throughout the volume. 

In general, researchers have found an inverse power law relationship between concrete 

resistivity and chloride ion penetrability determined according to ASTM 1202-97 

27 



"Standard test method for electrical indication of concrete's ability to resist chloride ion 

penetration". However, the models have not been able to predict the full range of test 

results found in field tests [33]. 

Resistivity and corrosion rate of reinforcement after depassivation are related. Potential 

monitoring of steel reinforcement can indicate anodic regions of active metal dissolution 

and cathodic regions of hydroxyl ion evolution. A low resistance path between anodic 

and cathodic sites is normally associated with a higher rate of corrosion; thus, the 

measurement of electrical resistivity may be used to evaluate the risk of corrosion 

damage [34]. 

In principle, resistivity can be determined by placing an electrode on each end of a 

concrete member and measuring the potential drop P between the electrodes when a 

current I is applied. However, given the size, shape, and non-uniformity of concrete 

members in the field , as well as of different laboratory specimens, the method described 

above becomes inappropriate for the task. 

In contrast, a four-probe arrange designed to measure soil resistivity, known as a Wenner 

probe, is generally used. The device consists of four terminals set up in a linear array 

with a distance a between terminals, as shown in Figure 2.5. A current I is applied 

between the two outer points, whereas potential is measured between the two center 

points. The probe is made to touch the external concrete surface while an electronic unit 

circulates the test current and measures the potential. 
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Figure 2.5 Four-probe Wenner array for resistivity measurements in concrete. 

A relationship between applied current, resulting potential, and bulk resistivity is derived 

from the constitutive relation used in electromagnetics in which the electric field strength 

E is related to the current density ] (AJm\ and the space resistivity as expressed in 

Equation 18 [35]. 

(18) 

In turn, the potential Eat a point at a distance r for a current source is defined as the work 

done to move a positive charge from infinity to that point as presented in Equation 19. 

E =fEar (19) 

On the other hand, the current density through a half sphere of radius r is defined in terms 

of I as shown in Equation 20. 
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- I J=--2nr2 
(20) 

Thus replacing E and ] in Equation 19 and solving the integral, the potential E at any 

point can be calculated according to Equation 21 as: 

E= pi 
2nr 

(21) 

Finally, superposing the effect of the two Wenner current electrodes, the potential 

difference between the two points at which potential is measured, p can be calculated as 

[36-38]: 

p 
p = 2n:a

I 
(22) 

Issues with this method include difficulties with the interpretation of the results as a 

consequence of the use of a direct current that polarizes the concrete, the high contact 

resistance at the probe/concrete interface, and considering concrete a homogeneous 

material. The first two issues are solved by applying an alternate current and using 

moistened porous wooden tips in the probes, respectively. The last one, on the other 

hand, is resolved by averaging a number of measurements, as discussed in FDOT method 

FMS-578, "Florida method of test for concrete resistivity as an electrical indicator of its 

permeability" [39]. Furthermore, if rebar is present parallel to the probe, this can short-

circuit the concrete cement paste; therefore, caution must be taken by detecting any rebar 

and aligning the probe such as the measurements are taken perpendicular to the steel. 
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2.5 High alkalinity concrete 

Effects of high alkalinity in terms of hydration and microstructure of cement pastes has 

been studied by some authors [ 40-42]; however, consequences of alkali addition on the 

engineering properties of concrete are not yet well documented. 

Enhanced alkali levels by adding sodium hydroxide to the mix water, or storing of 

specimens in alkaline bearing solutions have been the preferred methods to accelerate 

ASR [ 43]. Though some studies indicated that such treatments do not result in the 

expected increase of hydroxyl ions in the pore water, the former method is still 

considered more effective than comparing cements with different alkali content and 

composition, and thus continues being the most widely used [ 44]. 

Smaoui et a!. [ 42] concluded that addition of alkali in the form of sodium hydroxide 

causes a reduction of compressive, splitting, tensile, and flexure strengths of concrete as a 

consequence of a more porous cement paste, though the nature of the hydrates formed 

remains the same. It has been also shown that low-alkali concretes undergo less 

shrinkage than high-alkali ones, although both types of concrete lose the same amount of 

water [ 40]. Another investigation found that addition of alkali generates an increase in the 

hydration rate during the first hours, after which hydration rate decelerates [ 45]. 

In previous research at Florida Atlantic University [1], concrete testing including cyclic 

ponding of reinforced concrete specimens was performed in order to determine the effect 

of mix design variables, specifically the cement alkalinity, on the chloride concentration 

for corrosion initiation of concrete reinforcing steel, also know as the chloride threshold 

concentration, Cth· 
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3 Experimental procedure 

3 .1 Research purpose 

Supported by the results of a previous research, it has been concluded that for concrete 

exposed to chloride-contaminated environments, the greater the alkali content of 

concrete, the longer the time of corrosion initiation of the reinforcing steel. Nonetheless, 

the use of high alkalinity cement is prevented due to the fear of undesirable effects such 

as concrete expansion due to ASR, reduction of permeability, or strength decrease (or a 

combination of both) [ 1]. The purpose of this investigation was then to evaluate the risk 

of using high alkalinity cement as a way to improve concrete durability in such 

environments. 

The investigation included two phases which studied mortar and concrete specimens, 

respectively. In the first phase, mortars were used to determine the dosage of soluble 

alkali hydroxides to cement in order to reach a desired pore water pH that provided 

additional corrosion resistance to embedded steel. The second phase intended to 

investigate the effects of high alkalinity in concrete. In the latter, specimens were 

subjected to standard tests to assess their expansion due to ASR, compressive strength, 

and resistivity changes. The following sections present the methods and the materials 

used in this research program. 
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3.1.1 Concrete and mortar mixtures 

In order to isolate the effects of alkalinity on concrete properties, series of mixtures with 

the same Type II Portland cement (EqA 0.54), w/c, and volume content of aggregates, but 

different additions of sodium hydroxide and lithium nitrate admixture were prepared. 

Based on its history of use and its low cost compared to other lithium and potassium

based compounds, sodium hydroxide was selected as the compound to enhance the 

alkalinity of concrete pore water. Additionally, a series of specimens made with cement 

of 1.0 EqA were used to compare the results with an as-received high alkalinity cement. 

The chemical composition of cements and FA used for the mixes is given in Table 3.1. 

As aggregates, silica sand from a local source with fineness modulus of 2.22; and seven 

coarse aggregates with a maximum nominal size of 1 Omm covering a broad range of 

ASR susceptibility were used. Table 3.2 lists the aggregates and their physical properties. 

Finally, FA was selected as the supplementary cementitious material with a cement 

replacement level of 20%. Table 3.3 lists the different mix designs. 

Table 3.4 presents the general mix design chosen for the project. For each mix, materials 

contents were adjusted depending on the aggregate and admixtures used. The actual mix 

design of each batch of mortar and concrete and its fresh properties are presented in 

Appendix A. Air content, slump, and unit weight were determined according to ASTM 

C231, "Standard test method for density (unit weight), yield, and air content 

(gravimetric) of concrete". 

Mortar batches were mixed in a nineteen-liter mixer from 3/04/04 to 3/15/04. Concrete 

mixtures were hatched in a fifty-seven-liter mixer from 4/8/04 to 8/12/04. The mixing 

procedure was as follows: 
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1. Fine and coarse aggregates were introduced in the mixer with some of the water 

containing the air-entraining admixture (Air Extra. The Euclid Chemical Company). 

2. The mixer was turned on for approximately one minute, after which cement and FA 

were added. Water containing the rest of the admixtures was progressively 

introduced. 

3. The mixing procedure continued for three minutes followed by a three-minute pause 

and other three minutes of mixing. 

4. Fresh concrete tests of slump, unit weight, and air content were performed. For 

concrete slump and air content, the ranges 0.075 to 0.15m and 3 to 4%, respectively, 

were considered as accepted for the study. 

For each mortar mix design, three cylinders (lOOmm diameter x 200mm high) were cast. 

For concretes mixtures, four prisms (76mm x 76mm x 300mm) and eight cylinders (100 

mm diameter x 200mm) were cast into molds in two and three layers, respectively, and 

consolidated by rodding according to ASTM Cl92. Cylinders were sealed during the 

initial 24h and prisms covered with plastic wrap. Concrete specimens were demolded 

after that time and cured in sealed buckets at 100% relative humidity and 38°C. Mortar 

specimens were kept in similar buckets but stored at 20°C. 
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w 
Vl 

Designation 

F1 

HA 

NA 

FA 

Table 3.1. Chemical composition of cements and FA used. Weight percent (w/o). 

Si02 Ab03 Fe203 CaO so3 Na20 KzO EqA 

19.09 5.59 4.17 63.87 3.55 0.148 0.60 0.544 

20.08 4.95 3.05 61.98 4.20 0.278 1.15 1.037 

21.66 4.82 3.80 63.53 2.97 0.08 0.47 0.386 

52.82 21.90 6.06 4.92 0.27 0.284 1.49 1.267 



Table 3.2. Aggregates designation and physical properties. 

Aggregate I Designation I 
Specific Absorption 

I ASR Reactive 
gravity [%] 

Silica sand Sand 2.65 1.00 n/a 

Florida porous limestone - Olitic limerock Fl 2.46 3.26 n/a 

Florida porous limestone - Brooksville limerock F2 2.43 3.50 n/a 

(.H 

0\ 

Florida porous limestone - East coast limerock F3 2.24 9.00 n/a 

Nova Scotia granite NG 2.65 0.76 n/a 

Georgia granite GG 2.65 0.76 n/a 

Sudbury gravel H2 2.72 0.46 Moderate 

Spratt limestone I HI I 2.70 I 0.46 I High 



\.;.) 
-....) 

Cement type and 

alkalinity 

Fl 

Fl-EqAl 

Fl-EqA1.20 

Fl-EqAl.O-Li 1 

Fl-EqAl.O-Li2 

Fl-EqAl.20-Lil 

Fl-EqA1.20-Li2 

HA 

Fl-NFA 

EqA: Equivalent Alkalinity. 

Li: LiN03 addition dosage 

Fl F2 

X X 

X X 

X X 

X X 

X 

X X 

X 

X X 

X 

Table 3.3. List of mixes. 

Coarse Aggregate 

F3 GG NG Hl H2 

X X X X X 

X X X X X 

X X X X X 

X X X X X 

X X X 

X X X X X 

X X X 

X X X X X 

X X 



Table 3.4. Concrete mix design 

Content [kg/m3
] Specific gravity Volume[%] 

Portland cement 363 3.15 11.5 

Fly Ash 83 2.22 3.8 

Water 178 1.00 17.9 

Fine aggregate 607 2.65 22.9 

Coarse aggregate 1100 2.45- 2.70 40.9 

Air 0.01 3 

em content [kg/m3
] 446 

w/cm 0.41 

3.2 Experiments 

Experiments were classified according to the materials on which they were performed. 

Alkalinity and resistivity were measured on mortar specimens, and length change, 

compressive strength, and resistivity on concrete specimens. In addition, petrographic 

analyses were performed on concrete specimens at the end of a one-year period. 

3 .2.1 Mortar specimens 

3.2.1.1 Concrete alkalinity 

Seven mortar mixes and two cementitious pastes were designed to determine the 

effectiveness of sodium hydroxide in increasing concrete alkalinity. Mix designs for the 

mortars and cement pastes were based on the general concrete mix to which the 

aggregates were removed, so the proportion of the cement paste constituents and, 

38 



therefore, its properties were maintained. Three cylinders of each mix design listed in 

Table 3.5 were cast for this task. 

Table 3.5 List of mortar mixes for alkalinity determination. 

Mix EqA 
Cement type -

Cement EqA 

ML/Na/0.4 0.4 NA-0.4 

M2/Fl/0.6 0.6 F 1-0.5 

M3/Flll.O 1.0 F L-0.5 

M4/HA/ l.O 1.0 HA- 1.0 

M5/Fl/1.2 1.2 F1-0.5 

M6/FLIL.5 1.5 F1-0.5 

M7/FL/1.5 1.5 F 1-0.5 

Plain cement paste (C+W) 0.5 FL-0.5 

FA cement paste (C+FA) 0.5 F 1-0.5 

Concrete alkalinity can be quantified in two ways. Related to the mtx design, it is 

expressed as the weight percent of sodium equivalent of unhydrated cement, or simply 

EqA. On the other hand, from an experimental approach, concrete alkalinity is expressed 

as the measured concentration of hydroxyl ions in the pore solution, [OH"]pore· 

Concerning the former, some researchers argue that all the materials present in concrete 

39 



must be taken into account. However, since there is still no agreement, particularly in the 

case where SCM are used, cement equivalent alkalinity continues being used as the 

indicator of concrete alkalinity [10]. Though a number of assumptions are involved in the 

experimental procedure, the latter is more appropriate to study the effects on permeability 

and ASR reactivity, since it reflects the effective amount of ions available in concrete that 

can react with other compounds. 

Assuming all cement alkali is transferred to the pore water, the approximated hydroxyl 

concentration in pore water can be approximately determined from the cement EqA 

according to Equation 23 [ 1]: 

roH-1 = c.EqA.h 
pore 50Mp 

(23) 

where, 

C is the cement content of the mix in kg/m3
, 

h is the degree of cement hydration, 

Mthe molecular weight ofNa20, and 

pis the capillary porosity. 

The hydroxyl concentration in the pore water is typically measured by titration with 

hydrochloric acid of pore water samples obtained by one of the following methods: a) 

pore water expression (PWE), b) in situ leaching (ISL), and c) ex-situ Leaching (ESL). 

The ex-situ leaching method, procedure developed by Li et al. [ 46], was initially used in 

this research. Powder samples were analyzed by this technique at 7, 28 and 500 days. For 

this task, 30g of mortar powder were mixed with a similar amount of deionized water and 

allowed to leach during 3 days. At the end of this period, samples were filtered to remove 
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particulates and the resultant solution titrated for hydroxyl and calcium ions. Assuming 

that during the leaching process equilibrium between alkali ions in pore water and those 

dissolved into the leaching water was established and that the major cations in the 

leaching solution were Ca2+, Na+, and K+, whereas OR is the only major anion, [OR] in 

the leaching solution can be defined according to Equation 24. 

[OH-] = 2[Ca2+] + [Na+] + [K+] (24) 
leached leached leached leached 

A similar equation can represent the ionic species in concrete pore water; however, since 

its pH is usually above 13 [46], solubility of calcium hydroxide is very low, and [Ca2+]pore 

is much less than that of [Na +]pore and [K+]pore· Therefore, for concrete pore water, 

Equation 16 can be simplified to: 

[OH-] = [Na+] + [K+] 
pore pore pore 

(25) 

Based on the above equations and mass conservation, the hydroxide concentration in 

concrete pore water can be calculated according to Equation 26: 

[oH-] - ([oH-] - 2[Ca2+] ) V,each 
pore leach leach V 

pore 

(26) 

where 

V1each is the total volume of leaching water plus the volume of preexisting pore water, and 

Vpore is the total capillary pore volume of the concrete sample calculated by Equation 27: 

Wp 
vpore =d (27) 

where 

W is the weight, and 

dis the density of concrete. 
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Additionally, at 550 days, samples of expressed pore water were taken . The method for 

pore water expression, developed by Barneyback et at. [47], consists of placing 200g of 

crushed concrete in a steel arrangement and applying a pressure in the range of 200 to 

500MPa, at which water is collected through a syringe, as illustrated in Figure 3.1. The 

water thus expressed was titrated for hydroxyl ions in the same way as the water obtained 

by leaching, with the difference that no adjustments for calcium need to be made since 

the concentration of calcium in the actual pore water is minimal. 

a1 :.; ... 
' 

/ 
Figure 3. 1. Setup for concrete pore water expression by high pressure. 

3.2.1 .2 Resistivity 

Resistivity measurements were taken usmg a four-point Wenner probe illustrated in 

Figure 3.2 according to the directions of the FOOT FM 5-578 [39]. Measurements were 

taken at 14, 180, 360, and 500 days. The distance between tips was adjusted to 38mm. 

Resistivity results of each mix presented in the next chapter correspond to the average of 
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three specimens, from each of which eight readings were taken. FM 5-578 classifies 

concretes in three categories depending on the resistivity level, as indicated in Table 3.6. 

Figure 3.2. Setup for resistivity measurements on concrete cylinders. 

Table 3.6. Concrete permeability based on surface resistivity [39]. 

Concrete Ion Permeability 

High 

Moderate 

Low 

Very low 

Negligible 
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Surface resistivity [kQ.cm] 

< 12 

12 - 21 

21 - 37 

37-254 

> 254 



3.2.2 Concrete specimens 

3.2.2.1 Length change 

The purpose of this test was to evaluate the susceptibility of each aggregate to ASR in 

agreement with the guidelines of ASTM C1293, "Standard test method for determination 

of length change of concrete due to alkali-silica reaction". According to this, an 

expansion of 0.04% is designated as the threshold below which an aggregate is thought to 

be long-term serviceable. A more detailed classification, provided by the Canadian 

standard CSA A23.2-27A sets three levels of reactivity as presented in Table 3.7. 

Table 3.7. Expansion criteria for aggregate ASR-reactivity according to CSA A23.2-14. 

Expansion limits [%] Aggregate classification 

< 0.04 Non-reactive 

0.04- 0.12 Moderate reactive 

> 0.12 Highly reactive 

The length of the concrete prisms was measured at 0, 7, 14, 28, 56, and 90 days and every 

month thereafter. Specimens were stored in groups of three in twenty-one-liter plastic 

buckets and kept at 38°C and 95% relative humidity, as shown in Figure 3.3. A room 

containing two space heaters and a fan was conditioned to store the plastic buckets as 

presented in Figure 3.4. At the specified times, specimens were taken out of the room and 

allowed to cool at ambient temperature over a period of 16-24 hours. Subsequently, the 

prisms were removed from the bucket and their length measured using a pair of calipers 
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with a resolution of 0.02rnm and a length comparator with a resolution of 0.002mm as 

shown in Figures 3.5 and 3.6, respectively. 

Figure 3.3. Storage container and concrete specimens. 

Figure 3.4. Storage room for concrete specimens. 
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Figure 3.5. Length measurement with calipers. 

Figure 3.6. Length measurement with digital comparator. 
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3.2.2.2 Compressive strength 

Compressive strength was measured on three cylinders of each concrete mix design at 28 

and 365 days. Tests were performed according to ASTM C39 "Standard test method for 

compressive strength of cylindrical concrete specimens". For the 365 days measurements, 

one of the cylinders was unloaded after the maximum load was reached (before the 

specimen was crushed completely) for the purpose of analyzing the type of fracture and 

studying the possibility of detrimental effects related to ASR in each mix design. 

3.2.2.3 Flexural strength 

Four-point bending tests were performed on two concrete prisms of a number of mixes. 

Table 3.8 presents the list of specimens used for this task. Tests were performed 

according to ASTM C78 "Standard test method for flexural strength of concrete" at 

approximately two years. The purpose was to determine the effects of ASR on 

mechanical properties of concrete other than compressive strength since it was 

anticipated that due to the nature of compressive stress, only severely ASR-affected 

specimens would present a significant reduction of their compressive strength due to 

cracking. Figure 3. 7 shows a photograph of the setup for the tests. 

Table 3.8. List of mixes used on flexural strength measurement. 

Mix 

10/F 1/F l/1.0/ 1 

27 IF l!F21 1.2/ l 

28/F l/F2/ l.0/ 1 

33/F 1/H 1/1.0/ 1 

54/F 1/H 111.0/0/NF A 
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ASR-affected 

No 

Yes 

No 

No 

Yes 



Figure 3. 7. Setup for flexural strength tests. 

3.2.2.4 Petrographic Analysis 

The ASTM C 1293 standard requires that a petrographic examination be performed on 

prism specimens after 365 days in order to confirm the presence of reactive materials and 

identify the ASR products. 

Examinations of the present specimens were conducted on bulk samples of fine and 

coarse aggregates to determine the presence of any ASR susceptible components and on 

prism specimens to evaluate the effects of exposure at the conditions defined in the 

ASTM C 1293 on their mineralogy and microstructure after one year. 

Examination of aggregates included their classification according to their lithologic 

phases based on the physical characteristics of color, texture, and porosity. Examination 
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of the concrete specimens included the observation of their surface through a 

stereomicroscope at magnifications of lOX to 75X to assess the presence of features 

indicative of ASR, such as cracking, gel residues, and rings around aggregate particles. 

In addition, detailed examinations including qualitative and quantitative information on 

the chemical and mineralogic contents of each phase for the aggregates, as well as the 

chemical composition and microstructural features of concretes were performed by 

means of x-ray dispersive spectroscopy (EDX) and x-ray diffraction (XRD). Petrographic 

analyses took place at Lankard Materials Laboratory, Ohio. 
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4 Experimental results and discussion 

This section presents the results from the experimental research plan and their discussion. 

Results are divided according to the tasks performed into: a) alkali addition, b) concrete 

resistivity, c) concrete length change, and d) concrete compressive strength. 

Mix designs were designated according to the materials and admixtures used according to 

the convention: 

##/XX/YY /ZZ/WW 

where, 

## indicates the identification number of the mix design, 

XX the cement type according to Table 3.1, 

YY the aggregate type according to Table 3.2, 

ZZ the intended EqA of the mix, and 

WW the dosage of lithium-based ASR preventing admixture. 

For mortars, specification of aggregate type and lithium admixture dosage was omitted, 

and the prefix M was used as part of the identification number. 
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4.1 Effectiveness of sodium hydroxide on enhancement of concrete alkalinity 

Seven mortars and two cement pastes were designed in order to determine the dosage of 

sodium hydroxide to effectively increase the hydroxyl concentration in the concrete pore 

water, [OH-]pore, to values that were desired. The latter was initially estimated using 

Equation 26 and the values presented in Table 4.1 and Figure 4.1, which correspond to 

the measured density and assumed porosity found in the literature for similar mixes [4, 

48], respectively. 

Table 4. 1. Density of cement pastes and mortars. 

Material Density [g/cm3
] 

Cement paste 1.92 

C+FA paste 1.84 

Mortar 2.20 

- Mortar 0 5 w /c [4) -- concrete 20% FA 0 5 w/c [48) Concre te 0 5 w /c )48) 

25 

20 

"I 
Cll 
E 
::I 
0 15 > 

~ 
"iii 
0 ... 
0 
D. 

10 

5 

0 50 100 150 200 

Time [days] 

250 300 

Figure 4.1. Porosity of mortar and concrete. [ 4, 48] . 
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Values for [OR]pore of pore water obtained by ESL at 7, 60, and 500 days, and PWE at 

550 days are presented in Table 4.2. Figure 4.2 presents these results plotted against EqA 

along with the theoretical values calculated according to Equation 23 and data from the 

literature. Although all the results exhibit a similar trend; that is, [OR]pore increased with 

EqA, the experimental values determined by ESL were higher than the theoretical and 

experimental values, especially in those cases where EqA was lower than 1.0%. 

As suggested by Duchesne [ 49], this could be attributed to the particular method used for 

obtaining the pore water. During any leaching process, significant amounts of alkali 

already entrapped in the cement hydrates may be released, increasing the amount of ions 

in the solution and, therefore, giving rise to an overestimated value. In addition, 

according to research on ASR [ 49-52], while at least 90% of the total cement alkali is 

released into the pore solution, alkali from FA and other SCM will be mostly entrapped 

in secondary hydrates, resulting in no contribution to pore water alkalinity. 

Another possible explanation is that the ESL procedure, originally intended for concrete, 

when used for mortars could lead to an overestimation of [OR]pore given that the cement 

paste content of mortars is greater than that of concrete and during the same leaching 

period more particles were subjected to leaching in the former. 
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Table 4.2. [OR]porc (M) of cement pastes measured by ESL and PWE. 

Mortar I 
[OR] pore [OH-]porc [OR] pore [OR] pore 

7 days 60 days 500 days 550 days PWE 

C+W 0.62 0.65 0.55 0.33 

C+FA 0.61 0.94 0.98 0.26 

M1/NA/0.4 0.55 0.62 0.71 

M2/Fl/0.6 0.72 - 0.87 0.32 
Vl 
w 

M3/Flll.O 1.05 - 1.27 

M4/Fl/1.2 1.06 - 1.42 0.39 

M5/Fl/1.5 1.44 1.72 1.77 0.41 

M6/F2/l.O 1.28 - - 0.27 

M7/HA/l.O 1.31 1.33 1.29 



• ESL- 500d 

• Theoretical [OH] 

2.5 

2 

:::E: 1.5 
,...., 
l: 
0 ...... 1 

0.5 

--0 

0 0.2 0.4 

• ESL- 60d 

• PWE- 550d 

0.6 0 .8 1 

Equivalent alkalinity [%] 

• Literature [ 46] 

Literature [ 49] 

1.2 1.4 1.6 

Figure 4.2. Plot of hydroxyl concentration in pore solution versus cement EqA. 

Since ESL overestimates the alkali content of FA-bearing pastes, mortars with EqA 

below the total alkali content of FA (0. 7%) should yield greater [OR] pore than their 

theoretical values, whereas mortars with EqA higher than that of FA are projected to 

show some effective reduction of [OR]porc with respect to the theoretical results. 

In addition, no change in alkalinity between 7 and 500 days was observed on ESL 

measurements. That would be expected since as cement continues hydrating, pore water 

is consumed and its content reduced with a consequent increase in the concentration of 

remaining ions. Finally, results from PWE indicated a less significant increase in pore 

water alkalinity due to the addition of sodium hydroxide in the presence of FA, more 

according to the results of previous research on this type of mixes [52]. 
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In order to confirm the previous reasoning, pore water was expressed and analyzed from 

mortar and cement paste specimens. Figure 4.3 presents [OH-] of cementitious paste pore 

water obtained by the methods PWE, ESL, and ISL, taken during this and previous 

research. The results show that in both leaching procedures, [OK] pore of pastes containing 

FA was higher than that of plain cement pastes. In contrast, results determined by PWE 

were lower. It is concluded that the ex-situ leaching procedure is not an appropriate 

method to determine concrete alkalinity in the presence of supplementary cementitious 

materials. 

• C+W - ESL 

• C+FA - ESL 

1 ' 

0.8 ' 

,...., 0 .6 
l: 
0 ...... 

0.4 

• C+W- PWE 

• C+FA- PWE 

• 
• 

• 
• 0 

0.2 "' 

0 "' 

0 
0.2 0.4 

t:. C+W- ISL- Literat. o C+W - PWE - Literat. 

t:. C+FA- ISL- Literat. o C+FA - PWE - Literat. 

0 
0 

0 

0 0 

0 

0.6 0.8 1 1.2 

Equivalent alkalinity [%] 

Figure 4.3. Hydroxyl concentration of plain cement and FA pastes [49, 50, 53]. 
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4.2 Electrical resistivity and concrete permeability 

Electrical resistivity measurements were taken at 14, 180, 360, and 500 days on cylinder 

specimens using the four-point Wenner array probe illustrated in the previous section. 

Figures 4.~. 1 0 present electrical resistivity plotted against time for each set of 

specimens containing the same aggregate. The horizontal marks represent the maximum 

and minimum readings of the set of specimens of each mix. 

Most of the concrete mixes studied exhibited a resistivity greater than 21kQ.cm and, 

therefore, they were classified as low permeability concrete in accordance to Table 3.6. 

With a few exceptions, specimens exhibited an upward trend of resistivity with time, as 

anticipated due to reduced pore water in the cement paste as a consequence of the 

continuous cement hydration. 

Although electrical resistivity and its inverse, electrical conductivity, depend on the 

properties of the cementitious paste, results indicated an influential effect of the 

aggregate. This is illustrated by the data in Figure 4.11, where resistivity of all the 

specimens at 365 days is presented in the same plot. In order to gain understanding of the 

role of the different concrete constituents, measurements were also taken on cementitious 

paste and mortar mixes. 

Qualitatively, concrete permeability depends on two characteristics. First, the concrete 

pore structure, which is related to the tortuosity and the length of the path followed by the 

diffusing ions within the material and, second, the pore water chemistry, which is related 

to the kinetics of the diffusion process itself. In accordance with this, most aggregates 

serve as obstacles to diffusivity of ions by increasing the path tortuosity, although some, 
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for instance those classified as ASR-reactive, could effect the chemistry of the pore 

solution. In contrast, chemical admixtures modify the pore solution chemistry without 

significantly altering the path tortuosity [ 40]. Fly ash modifies both characteristics, and 

therefore, exhibits relatively large effects on concrete permeability as discussed below. 

Figure 4.12 presents resistivity of cement pastes, mortars, and concrete mixes at 365 

days, from which the following observations were drawn: 

• By comparing the resistivity of mixes C+W (2.2kQ.cm) to C+W+F A 

(14.0kQ.cm) and 53 (8.9kQ.cm) to 00 (35.7kQ.cm), it was observed that as a 

result of the synergistic effects of the pore structure and pore water chemistry, the 

addition of fly ash as 20% of cement replacement raised concrete resistivity about 

500%. 

• Aggregates account for an increase in resistivity of 400% with respect to plain 

OPC paste, as observed by comparing the results of C+W and 53. 

• Presence of fine aggregate (silica sand) increased concrete resistivity in 100%. 

The effect of coarse aggregates is more difficult to quantify given the wide 

variation of the results, which involved a resistivity increase between 0 and 100% 

for F 1 and GG, and the fact that mixes included an effect from FA. 

In order to determine the effects of sodium hydroxide and lithium nitrate on concrete 

permeability, the change in resistivity of those mixes containing these admixtures with 

respect to plain concretes was calculated at 90 and 365 days. Figure 4.13 presents the 

results. From this, the following conclusions were drawn: 

57 



Vo 
00 

100 ~-------------------------------------------------------------------------------

80 

T T rh T Ill II i 
I 

ril - l Ill I I T Ill I rh II I II T 
I 

....... 
E 
~ 60 I 
.c T II rl Pi T II~ IT Ulrllii~Pi I II Ill I II Ill : 
0 

.liC -f 
40 

L rn ~ ~ ~ ·~ I I I I I I Ill ~ I I I I ~ ~ Ill I I I I I I ~~ I I ~ w I I I 1 ~ 1 1 1 i i 1 i I 

20 

0 

~HHHHHHHHHHHHHHHHHHHHHHHHHHH1 

I 

Mix - time [days] 

Figure 4.4. Concrete resistivity of mixes containing Florida porous limestone (F 1 ). 



Vl 
'-0 

e 
(.) 

E 
.c 
0 

..:..:: ...... 
~ 
:0::: 
1/) 
·;;; 
Q) 

~ 

120 

100 

80 

~ 
60 

1-1 111 n T 11 1
1

1 11 T 11 11 1 1 111 11 11 11 

40 I · · · , 1 ~ 11 -11 f -1 ru ·· · .. · · · ,.. · · ·· · -· · · · · -

- I -1 1--1 1--1 1--1 1--1 1--1 1--1 I - 1 1--1 I -1 1- 1. I~ I~ 1--1 1--1 ~ 1--l ~ 1--1 1--l h 

0 
I 84 225 364 449 

29-F1 /F2/1.2/1 

84 204 i 364 I 449 I 139 i 273 I 362 I 504 I 89 I 209 I 362 I 454 

28-F1 /F2/1.0/1 06-F1 /F2/0.5/0 i 27-F1 /F2/1.2/0 

91 I 211 I 364 I 456 I 148 I 273 362 504 

26-F1 /F2/1.0/0 07-HAIF2/1.0/0 

Mix- Time [days] 

Figure 4.5. Concrete resistivity of mixes containing Florida porous limestone (F2). 



50 

40 J 

...... 
E 
~ 30 
E 

.r::. 
0 
~ ...... 
~ 

I , 0\ ~ 
0 ·;;; 20 -

Q) T 0:: ~ 

10 _ P-f " 1 J 1 ll Jll -1 111 11 m n J 1 lll11 11 J 1 11 n 11 11 11 fl . -

Q ~~~~~~~~~~-L~~_L~~~~~LL~_L~~~~~~~~_L~~~~~~~~~~-L~~ 

48-F1/F3/1 .2/1 47-F1/F3/1.0/1 44-F1/F3/0.5/0 49-HAIF3/1 .0/0 46-F1/F3/1 .2/0 45-F1/F3/1.0/0 

Mix- time [days] 

Figure 4.6. Concrete resistivity of mixes containing Florida porous limestone (F3). 



250 ,-----------------------------------------------------------------------------------

200 ---+---=-----------1 

I 
..... 
E 
u • 150 
E 
.r:. 
0 ~ i . ~n~ 

so I 

0 ~~~~~L,~~~~LL~~~LL~~~~,L~~~,L~~~~L,LL~~~LL~~~LL~~~~~~ 

Mix- time [days] 

Figure 4.7. Concrete resistivity of mixes containing Georgia granite (GG). 



0\ 
N 

250 ~----------------------------------------------------l 

200 

'E 
~ 150 
E 

.=. 
0 
~ ...... 

f -1/) 
·u; 100 
4) 

0::: 

50 

m 
~ ii p 

~ ~ 

~ - .- . m 

- -· . • · -- · · -- - · 1- -·. · · I I I " I · I 1 - I 1~-1 I-__. 1- • 1---- - -1 

Mix- time [days] 

Figure 4.8. Concrete resistivity of mixes containing Nova Scotia granite (NG). 



0\ 
\.;.) 

E' 
(.) e 

..r::. 
0 
~ ...... 

f -

250 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

200 
I 

a 
150 -l II m · · . ·- . ·- -· . . ~----- ._ _ .. -· ·-·-- -··- •· 

Ill ·u; 100 m 
~ ~ ~ iQ 

1-
-ili --~ n ru 

-· ~-ill-4 Lll-1 L1-· -- ~ 
~ 

50 
~ 
I-I I-I I-I I-I I-I I-I I-I I-I I-

~ 
I ll' J 
1-UH HI-

I 

HHHHHHHH11141111111~HHHH~ 

I 

Q ~~LLrw~~~~~~,L~~~~~~~~LLrw~~~~~LL,L~~~~~~~~LLrw~~~~~LL,LY 

36-F1/H 111 .212 

Mix- time [days] 

Figure 4.9. Concrete resistivity of mixes containing Spratt limestone (Hl). 



250 

200 

T 1 
I 

I I I Ill Ill ! 15o +--- -- - - -------- - --1- ~-rh- - II ~.1~1 h 
.c 
~ ..... 
f I I 

~ ~ 100 T fh ~ ~ ~ ~ ~ ~ ' ' 

50 WI H ~ . I -1 1-1 l I I I I j ~-~ ~--~ ~ ~ I I I .~ J! I J I II J I 1 I 1 l~f f~f 1- . . . ·- -

0 ~~,L~~L,~~-L~~,L~J-L,~~-L~-L,L~J-L,~~~~-L_L~J-L,~~~~-L,L~-LL,~Y 

40-F1/H2/1 .2/0 43-HAIH2/1 .0/0 41-F1/H2/1.0/1 42-F1/H2/1.2/1 

Mix- time [days] 

Figure 4.1 0. Concrete resistivity of mixes containing Sudbury gravel (H2). 



0 
. . 

48-F 1/F3/1 .2/1 

44-F1 /F3/0.5/0 

., 47-F1 /F3/1.0/1 
·- . 

"' 45-F 1/F3/1 . 010 

46-F1/F3/1.2/0 

49-HAIF3/1 .0/0 

- OO-F1/F1/0 5/0 
----··--·-···-~-

10-F1 /F1/1 .0/1 
-------- -

11-F1/F1 /1.2/1 

'Tj 

~-

'"' 

09-F1 /F1/1 .2/0 
3! 

08-F1/F1/1 .0/0 

13-F 1/F1/1 .2/2 
(1> 

.j:;>. 12-F1 /F1/1.0/2 

- 03-HA/F 1/1 .0/0 - - --
06-F1/F2/0.5/0 

n 
0 

28-F1 /F2/1.0/1 

i::l 
(") 

'"' (1> 

., 29-F1/F2/1.2/1 

"' 27-F1/F2/1.2/0 
....... 
(1> 26-F1 /F2/1.0/0 

'"' (1> 07-HAIF2/1 0/0-
r:n 
(I;' 14-F1 /GG/1.0/0 
....... :;::· 15-F1 /GG/1.2/0 

~- 05-F1 /GG/0.5/0 

0 Gl 16-F1 /GG/1.0/1 
>-+, 

3: (") Gl 04-HA/GG/1.0/0 

)(" 0 
i::l 18-F1 /GG/1.2/1 
(") 

'"' 
19-F1/GG/1.2/2 

~ 
(1> 

17-F1 /GG/1.0/2 

a ;;;; · 
01-F1 /NG/0.5/0 

21-F1/NG/1.2/0 
(1> 
r:n 20-F1/NG/1.0/0 

~ ....... z 02-HA/NG/0.5/0 

w Gl 22-F1/NG/1 .0/1 
0\ 
Vl 24-F1 /NG/1.2/1 

0.. 
~ 

23-F1/NG/1.0/2 

'-< 
:-" 

25-F1/NG/1.2/2 

31-F1/H1/1.0/0 

30-F1/H1 /0.5/0 

32-F1/H1/1.2/0 

:!i 
37-HAIH1/1.0/0 

34-F1 /H1 /1.0/2 

35-F1/H1/1 .2/1 

33-F1/H1/1.0/1 

36-F1 /H1 /1.2/2 

38-F1 /H2/0.5/0 

39-F1/H2/1.0/0 

I 40-F1/H2/1.2/0 

"' .43~ HAIH2/1 .0f0 
41-F1 /H2/1.0/1 

42-F1/H2/1 .2/1 

__ajJjj_ 

.A 

U1 
0 

~9 

Resistivity [kohm.cm] 

0 
0 

! 

! 

I 

I 

I 

' 

I 

' 

U1 
0 

N 
0 
0 



0 
0 

I 

I 

-,------

0 
co 

I 

0 
<D 

I 

I 

I 

I 

I 

I 

I 

I 

66 

0 
C\J 

I 

I 

I 

I 

Ol9·on Hn:J-o£ 

ui 
v 
><! 

019Wl-:!l ~:! -90 ·a 
v ...... 
ifJ 
ro 

£~ 
0.. 
ifJ 
;:l 

. ~ 
:<:::: 

9~ 
...... 
t:: v s 
v 

-~ 
(.) 

v~ '"0 ~ t:: ro 
.... ro 

0/9.Gn:!n:!-OO t:: 
0 s 

4-; 

;::~ 
0 

c 
: ~ ...... 

V:!+M+'J 
ifJ 

·u; 
v 
~ 

V:!N/0/0. ~ / <::Hn:!/99 
N 

-.:i 
v .... 

0/9.01£:11 ~:1-vv 
;:::s 

. ~ ...... 

V:!N/Oio· ~nHn:!/179 

c V:!NIOJo· ~ ~ ~:!n:!l£9 

[ M+'J 

- · 

0 



0\ 
--..1 

160% 

140% 

120% 

~ 100% ·:;: 
:p 
Ill 
'iii 
Q,J 

80% 
L. 

c 
Q,J 60% 

NaOH - EqA 1.0% 
LiN03 - normal dosage 

-

-

- NaOH- EqA 1.2% 
- LiN03- l.SX normal dosage -

--
-+ -

-
~--------~=-----+-----------------r---------------~----~----~---------~-.---~· ------~--------4-----~----------~-----i 

en 

40% 1 
-c -ftJ ~or-

~ - ~ 

u .... 1 

-
-... 

- -1-~ _.....j ----- -~ -·----
---!- -+- --- -

20% 

0% 

-20% 
90 500 

F1 

--
90 500 

F2 

-- -
90 500 

F3 

-
90 500 

GG 
90 500 

NG 

Aggregate- time [days] 

-
90 500 
HASR1 

90 500 
HASR2 

Figure 4.13. Effect of sodium hydroxide and lithium-based ASR-preventing admixtures in concrete resistivity. 



• Addition of sodium hydroxide increased the material resistivity. However, its 

impact depended on the concrete constituents. In mortars, only a slight increase 

was detected. In concretes, the change in resistivity increased from 0 to 60% 

when HASRl and NG were used as coarse aggregate, respectively. However, 

ASR in mixes containing aggregates such as HASRl and GG, can influence the 

resistivity. 

• Similarly, the lithium nitrate-based admixture increased concrete resistivity, the 

extent of the effect being dependant of the coarse aggregate used. Concretes 

containing F2 and F3 exhibited a minimal change in resistivity with respect to 

mixes with no LiN03. In contrast, mixes containing GG, NG, HASRl , and 

HASR2 exhibited an increase between 70 and 160%. Finally, mixes containing F 1 

coarse aggregate exhibited an increase of about 60% with respect to plain cement 

mixes. However, if compared to those containing sodium hydroxide, no change 

was observed. 

The observed features can be explained if the characteristics of the electrical double layer 

formed at the interface between cement paste and concrete pore water in the capillary 

pores are considered [54]. At this interface, negatively charged particles of hydrated 

cement cause a non-homogeneous distribution of the ions in the surrounding pore 

solution. Positive ions group within a distance of approximately 20A from the charged 

particles in two layers: the Stem layer, which is adhered to the negative charges on the 

surface, and the more loosely bound Gouy Chapman layer. Negative ions remain in the 

bulk electrolyte solution. As a consequence of this distribution, when a salt such as 
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sodium chloride diffuses through a hardened cement paste, the amons (chloride) are 

thought to move through the bulk solution, whereas the cations (sodium) move through 

the double layer. 

In practice, diffusivity of salt anions has been reported to be one order of magnitude 

greater than that of the cations [54]. Consequently, in order to conform to the principle of 

electroneutrality, it is inferred that other elements are involved in the process [56, 57]. 

Calcium ions, which exist in cement paste in the form of calcium hydroxide and at very 

low concentrations at the pore water (0.003M), are thought to take part in the process [56, 

57]. According to the Gouy theory, despite their low net concentration, calcium and other 

divalent ions are preferentially located in the double layer, where they reaching a 

concentration of up to 0.1 M and therefore become accountable for the diffusion of 

cations [59]. 

When class F fly ash is added to concrete, calcium hydroxide is consumed and its cations 

are replaced by sodium and potassium ions in the double layer. As a consequence, alkali 

concentration in the double layer increases, while it decreases in the bulk pore water, as 

observed in the pore water alkalinity results from pore water expression (Figure 4.3). 

Given that to transport the same amount of charge, each calcium ion needs to be replaced 

by two alkali , the mobility of positive charges decreases in an alkali-rich environment, as 

was observed by the increase in resistivity. 

If in addition to FA, sodium hydroxide IS incorporated into the mix, the alkali 

concentration in both parts of the pore water, the bulk and the double layer, increases. 

According to the Nernst equation for strong electrolytes, as the concentration of an ion 

increases, the conductivity of the solution decreases [55]. Since resistivity and 
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conductivity are inversely proportional, an increase in resistivity IS then expected. 

However, the extent of the increase is difficult to determine with the experimental data 

given that mixes containing ASR-reactive aggregates exhibited changes in pore water 

chemistry due to occurrence of ASR. 

Finally, as suggested by Berube et al. [60], when lithium nitrate is added to a mix, it is 

incorporated more rapid and strongly than sodium and potassium in cement hydrates. 

Assuming that there is competition among these ions for binding sites, it is believed that 

lithium is also incorporated into the double layer. Thus, lithium addition should have a 

similar effect as sodium; that is, a slight increase in concrete resistivity should result from 

its presence. However, due to the differences in the behavior of each aggregate, this 

effect is difficult to quantify. 

Mixes including H 1 and GG, which as discussed in the subsequent section were classified 

as ASR reactive aggregates, exhibited a relatively large increase in resistivity. This is 

attributed to the increase in concentration of cations in the double layer compared to 

those for which ASR was observed (plain OPC and sodium-bearing mixes). Mixes 

containing H2 and NG, exhibited an increase comparable to that due to the sodium 

addition. Finally, mixes including Fl, F2, and F3 aggregates exhibited a moderate or no 

increase in resistivity 
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4.3 Concrete length change 

Length change of concrete prisms was measured with a length comparator as shown in 

Figure 3.6. The results were organized such that mixes containing the same aggregate are 

presented in one plot so that differences in length change can be best compared. Figures 

4.14 - 4.20 present the length change with time results and a set of data for an ASR-

affected concrete from previous research (Fournier et al.), as a reference. 

Following the procedure of ASTM C1293, data from at least three specimens were 

available at every age. In the plots each point corresponds to the average of four 

specimens during the first 365 days and three specimens thereafter. In addition, for 

expansions of less than 0.02% the range of the measurements was verified as not 

exceeding 0.008% and for expansions above 0.02% the range of the measurements did 

not exceed 40% of the average. 
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Figure 4.14. Length change of specimens containing Fl. 
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Figure 4.16. Length change of specimens containing F3. 
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Figure 4.17. Length change of specimens containing HI. 
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Figure 4.18. Length change of specimens containing H2. 
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Figure 4.20. Length change of specimens containing NG. 
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Figures 4.21 and 4.22 show the variability of length change measurements on mixes 

containing HI with average under and over 0.20%, respectively. The blue bars indicate 

the average length change and the black markers the maximum and minimum readings on 

each set of specimens at the specified times. 

As the number of specimens was reduced at 365 days, variability of the measurements at 

greater ages was reduced in most of the cases, as best exemplified by mix 37 in Figure 

4.21. In addition, expansion trends exhibited discontinuities at this age, as observed in 

Figures 4.18 and 4.19. Nevertheless, the momentary discontinuity in length change 

results did not affect the qualitative analysis, given that the long-term expansions as well 

as their trends did not change. 

0 .075 .----------- ------------- --------, 

Ql 
01 c: 

0 .05 

~ 0 .025 
u 
s:. ... 
01 
c: 
Cll .... 

30-Fl/Hl/0.5/0 31 -Fl/Hl/1.0/0 37-HN Hl /1.0/0 

Mix- Time [days] 

Figure 4.21. Variability of length change on mixes with expansion of less than 0.020%. 
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Considering the variety of aggregates, alkali contents, and lithium nitrate additions, a 

wide range of expansions was anticipated. The largest expansion was exhibited by 

specimens with higher alkali content containing no lithium admixture, followed by mixes 

incorporating the latter, and finally, the plain mixes with 0.5% EqA cement which m 

some cases exhibited contractions. 

Although an expansion difference between reactive and non-reactive aggregates was 

evident, the maximum expansion was an order of magnitude less than the results found in 

the literature for specimens similarly exposed [23]. This difference in length change was 

due to the use ofF A as cement replacement in the present specimens. This was confirmed 

by casting a series of mixes with no cement replacement by FA. The results for these 

mixes are presented in Figure 4.23. 
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Three criteria must be met for ASR to occur; these are: a) presence of reactive silica, b) 

availability of alkali ions, and c) sufficient moisture. Only a minority of concrete 

aggregates contains no silica and, therefore, is not susceptible to ASR activity to some 

degree. However, most natural sands, nearly all gravels, and many limestones have a 

silica component that includes reactive phases such as chert or normal crystalline quartz 

that has been strained. Thus, given the widespread nature of potentially reactive forms of 

silica in natural aggregate sources, there is a potential for ASR activity in almost every 

concrete. 

In many cases, however, even though there are potentially reactive aggregates present, no 

ASR is observed because the alkali content of the concrete is sufficiently low. In other 

cases, ASR should occur in service; but because of the use of ASR-preventing admixtures 

and/or SCM, its destructiveness is suppressed. Although many tests for evaluating the 

potential for deleterious expansion have been proposed and some adopted as standards, 
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there is still no general agreement on the relation between the results from these tests and 

the amount of expansion to be expected or tolerated in service, as stated in specification 

ASTM C33 . To illustrate the difficulties of determining such a correlation, Figure 4.24 

shows the different trends followed by several mixes with length changes in the range of 

0.007- 0.012 % at 270 days. Mix 27 expanded continuously and was considered as ASR 

affected, whereas mixes 03, 14, and 35 appeared to stabilize after 500 days and no ASR 

deleterious activity was established. Also, expansion of prisms of mix 45 reached its peak 

at 270 days followed by a period of contraction, indicating that no further ASR reaction 

was present. Thus, the interpretation of length change results was complemented by 

assessment of the shape of the expansion curves and, as discussed subsequently, the 

observation of specimens in the microscope and analysis of other possible ASR-related 

symptoms. 
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Figure 4.24. Behavior of mixes with different aggregates and admixtures. 

From the expansion results it was determined that aggregates ranked from most-to-least 

reactive as : HI , H2, F2, GG, NG, F1, and F3. While only the first two exhibited 
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expansions to be considered reactive according to ASTM C1293, F2 and GG mtxes 

exhibited possibly harmful microcracks, as that illustrated in Figure 4.25. 

Figure 4.25. ASR related crack in specimen 27c. 

Figures 4.26-4.33 show concrete pnsms on which ASR-related cracks have been 

highlighted with a 0.5mm wide marker. Figures 4.26-4.29 present the length change of 

specimens containing HI, (highly ASR reactive) for which different extents of ASR 

damage were exhibited due to the additions of FA (inhibitor) and sodium hydroxide 

(promoter). Figures 4.26 and 4.27 show specimens from mixes 54 and 32, which show 

signs of ASR as cracks and exudate gel (white streaks) on the prisms surface. Conversely, 

Figures 4.28 and 4.29 show photographs of prisms of mixes 37 and 30, respectively, 

which exhibit only minor cracking and no symptoms of ASR. 
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Figure 4.26. Prism 54d at 365 days. It contains Hl and sodium hydroxide addition. 

ASR cracking and gel exudate are apparent. 

Figure 4.27. Prism 32c at 450 days. Specimen contains HI and 20% cement replacement 

by FA. Cracks and exudate of ASR are present to a lesser degree than in Figure 4.26 
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Figure 4.28. Prism 37c at 450 days. Specimen contains HA cement and no additions of 

sodium hydroxide. Indications of ASR as cracking and exudate are minimum. 

Figure 4.29. Prism 30c at 450 days. Specimen contains Fl cement with EgA= 0.5% and 

20% FA replacement but no additions of sodium hydroxide and lithium nitrate. No 

indications of ASR gel exudate were visible. However a number of cracks was exhibited. 
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Figures 4.30 and 4.31 show photographs of specimens from mixes containing H2 

(moderately ASR reactive). The prisms correspond to similar mixes, with the difference 

that the specimen shown in Fig 4.31 contained FA. Although the number of cracks is 

reduced compared to specimens containing Hl, cracking is still widespread, and as 

suggested by expansion results, these are considered unacceptable for service conditions. 

Concretes containing aggregates other than Hl and H2 did not exhibit extensive cracking. 

However, a number of cracks were apparent in specimens containing aggregates F2 and 

GG when additions of sodium hydroxide were used without the ASR-preventing 

admixture. Figures 4.32 and 4.33 illustrate these cases. Regarding the use of ASR

preventing admixtures, results proved the effectiveness of the lithium nitrate admixture in 

reducing concrete expansion. Figure 4.34 presents the length change of concrete mixes 

containing lithium nitrate admixture compared to a specimen exhibiting ASR. 

A recent theory on the mechanism of ASR development suggested that one of the factors 

determining the composition of ASR products is the electrical double layer formed at the 

interface between concrete pore water and particles of cement paste and aggregates [ 61]. 

According to this theory, during the deleterious process of ASR, aggregates containing 

non-crystalline silica react with the pore solution and form an expanding lime-silica

alkali-water complex. The theory also suggests that the expansive nature of the gel is due 

to the calcium present in it. 
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Figure 4.30. Prism 38a at 450 days. Specimen contains H2 aggregate, Fl cement with FA 

replacement, and no additions of sodium hydroxide. No signs of ASR were found. 

Figure 4.31 . Prism 55d at 365days. Specimen contains H2 and sodium hydroxide 

addition, but no cement replacement by FA. Microcracking and exudate are apparent. 
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Figure 4.32. Specimen 27b at 450 days. Specimen contains F2 and sodium hydroxide 

addition. Microcracking and exudate are present. 

Figure 4.33 . Specimen 15d at 450 days. The specimen contains GG (moderately reactive) 

and sodium hydroxide addition. Cracks are evidence of ASR occurrence. 
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Figure 4.34. Effectiveness of lithium nitrate ASR-preventing admixture in the reduction 

of concrete expansion. 

Recent analyses of ASR products taken directly from the reactive sites indicated that their 

alkali oxide content could be up to 20%, the calcium oxide content up to 20%, and the 

rest predominantly silica [62]. When such compounds are leached out of the concrete, 

further reactions take place and the result is a gel composed of alkali-silica hydrates and 

calcium carbonate. This was confirmed by analyses performed on gel exudate samples 

from specimen 54c by energy dispersive spectroscopy (EDS), with the spectrum for one 

of these being presented in Figure 4.35. In agreement with the literature, the major cation 

in the gel is calcium, followed by potassium and sodium [63, 64]. 

As mentioned in the previous section, the calcium content of expressed pore water is 

almost negligible. Therefore, the amount of calcium in the ASR reaction product would 

be impossible to explain, unless the effects of the electrical double layer are considered. 
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ASR starts with the ionization of cement paste and aggregate surfaces in contact with the 

alkaline pore solution. Due to the pH of the pore water, aggregate particles acquire a 

number of negative charges at their surface creating an electrical potential and attracting 

positive ions in an electrical double layer according to Equation 28. 

= Si- OH + A+ + OH- ~= Si- o- ...... + A+ .... + H 20 (28) 

Within the diffused part of the double layer, divalent ions are preferred over univalent 

ones. Depending on the content of each ion, and the ionic strength of the pore water, the 

calcium/alkali ratio can range from 2 to 100 in the Gouy layer [53] . At the same time, 

hydroxyl ions remaining in the pore solution penetrate and break inner aggregate bonds, 

liberating silica, according to the process represented in Equation 29. Water, calcium, and 

alkali ions, on the other hand, ingress in the reactive grains and form compounds that 

generate an expansive pressure. 

= Si- 0- Si = +20H- ~ 2 = Si- o- + H 20 (29) 

Diffusion towards the concrete surface of liberated silica, which is hindered mostly by 

calcium ion, reduces the expansive pressure. Thus, the net expansive pressure is the sum 

of the two processes. 

When FA is added, this consumes calcium hydroxide available in concrete and 

consequently it limits the amount of expanding ASR gel that can be formed. In fact, if the 

appropriate dosage is used, ASR could be effectively eliminated. 

Although the effects of lithium nitrate are yet not completely understood, previous 

research [19, 20] established that the influence of lithium on the chemistry of ASR can be 

explained as the sum of two actions. First, it limits the formation of ASR gel by 

interfering with the elements involved in the reaction, and second, once integrated in the 
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product, it modifies the nature of the gel by making it non-expansive. The increase in the 

concentration of alkali in the bulk pore water upon the addition of lithium nitrate is 

evidence of the first action. Lithium ions are preferentially bound to cement hydrates; and 

as a result, alkali ions remain available in the pore water and the electrical double layer. 

Consequently their mobility decreases as explained in the previous section. The fact that 

ASR expansion is minimized by the use of the lithium admixture supports the second 

action. Finally, a lower and a higher thresholds for lithium addition at which ASR 

expansion reaches a maximum and a minimum, respectively, have been suggested. 

In order to quantify the long-term damage due to ASR, the expansion of affected mixes 

was estimated by utilizing the expansion model presented in chapter two. Length change 

measurements were fitted to Equation 7 and then, with the parameters found, the 

expected expansion at 1000 days calculated. Figure 4.36 presents the results of fitting the 

length change data for mix 54/Fl /Hl/1.0/0/NFA. Table 4.1 presents the parameters 

obtained from fitting the data ad the estimated expansions of concrete specimens at 

1 OOdays for different mixes. Results indicated that even though these mixes exhibited a 

long-term length change below the limit set by standards, the concrete prisms still 

exhibited indications of ASR; and therefore, other manifestations of the degradation 

processes should be considered, such as loss of flexural strength or cracking extent. 
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Figure 4.36. Results of curve fitting oflength change data from mix 54/F 1/Hl/1.0/0/NFA 

Table 4.3 Results of ASR effective model for affected mixes. 

Mix a b Expansion at 1000 
days[%] 

54/F1 H1 /1.0/0/NFA 28 0.36895 0.01047 0.369 

15/Fl/GG1.2/0 82 0.01787 0.00717 0.017 

27 IF l!F21 1.2/0 182 0.01182 0.0074 0.011 

32/F 1/Hl/1.2/0 29 0.06512 0.01047 0.065 

40/F 1/H2/ 1. 2/0 184 0.02365 0.0094 0.023 

89 



4.4 Compressive strength 

Compressive strength results corresponding to the average of three cylinders tested at 28 

and 365 days are presented in Figures 4.37 and 4.38, respectively; and the individual 

measurements are presented in Appendix B. 

Although all concrete mixes were based on the same FDOT Class V concrete design, 

compressive strength varied within the range of 20-55MPa, depending principally on the 

aggregate type. Mixes containing aggregate F 1 exhibited the highest strength followed by 

F2, H1 , H2, NG, GG, and F3. Such a ranking can be explained in that crushed 

aggregates, with rougher surfaces and irregular shapes result in a stronger mechanical 

bond with the cement paste and, therefore, higher compressive strength. Thus, crushed 

aggregates such F 1, F2 and H 1 exhibited a greater compressive strength compared to 

gravels and natural rocks such as H2 and GG. An exception to this rule was aggregate F3. 

However, during the mixing process, the poor quality of this aggregate was noticed, as it 

had an unusual amount of water, wood, and other impurities. 

It is accepted that, as a consequence of its pozzolanic action, FA-bearing concrete is less 

porous than plain cement concrete and, consequently, exhibits higher compressive 

strength in the long term. Figure 4.39, which presents the compressive strength data at 

365 days of specimens containing and non-containing FA and sodium hydroxide 

additions, confirms this. In addition, further explanation of the results of mixes 

containing reactive (H1 and H2) compared to non-reactive (F1) aggregates is necessary, 

given that in the absence of FA, the former exhibit a lower strength due to ASR 

occurrence. 
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Figure 4.39. Effects ofF A and sodium hydroxide on concrete compressive strength. 

Concerning the effect of alkali and ASR-preventing admixtures, plain mixes exhibited the 

highest strength followed by those including both sodium hydroxide and lithium nitrate 

and then mixes containing only sodium hydroxide. The results shown in Figure 4.40 

confirm previous research, i.e. the addition of alkali causes a reduction in the 

compressive strength, which is attributed to a more porous cement paste [ 42] . In this 

figure, the plain mix containing NG as a coarse aggregate is an exception. However, that 

specific mix exhibited also a greater slump, probably as a consequence of either the 

smoother surface of the coarse aggregates or the water content of the sand at casting time. 

On the other hand, the lithium nitrate admixture had a favorable effect on the 

compressive strength, although its extent was not as large and regular as that of the 
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sodium hydroxide addition. In order to identify the effects of the admixtures on the 

strength gain, the ratio of the strength at 365 days to strength at 28 days was calculated. 

Figure 4.41 presents the results. Taken into account that concrete prisms containing 

sodium hydroxide and lithium nitrate additions exhibited lower net compressive strengths 

but larger strength gains than specimens made of plain cement, it is suggested that the 

effects of sodium hydroxide and lithium nitrate additions on concrete strength were more 

pronounced during early concrete hydration stages than in the long term . 
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Figure 4.40. Effects of sodium hydroxide and lithium nitrate on the compressive strength 

of concrete at 365 days. 

Excluding the specimens from mix 54/Fl/Hl/1.0/0/NF, none of the ASR-affected 

concretes showed any reduction in their compressive strength as a result of ASR-related 

cracks. However, compressive strength might not be the best measure to quantify any 
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negative effects of cracking, given that small cracks tend to close when the element 

undergoes compressive stresses; and, therefore, strength is not necessarily reduced. 
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Figure 4.41 Effect of sodium hydroxide and lithium nitrate on the compressive 

strength gain at 365 days. 

4.5 Flexural strength 

In order to determine if there were any detrimental effects of cracking on concrete 

mechanical properties, flexural strength tests were performed on selected specimens 

representing a variety of ASR conditions. Table 4.4 lists the modulus of rupture that was 

determined according to ASTM C78. 
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Table 4.4. Modulus of rupture of selected concrete specimens representing different 

ASR-related cracking conditions. 

Mix Modulus of rupture [MPa] 

I 0/Fl/Fl/1.011 7.2 

27/Fl /F2//1.2/0 3.1 

28/F 1/F2/ l.O/l 4.8 

33/F1 /Hlll.O/ l 7.8 

54/Fl/Hl/1.0/0/NF 2.7 

Figure 4.42 shows a photograph of specimen 54b while still mounted in the test machine 

after the flexural test. Figure 4.43 presents a magnified view of the specimen surface 

where the fracture originated. Concrete specimens affected by ASR exhibited a reduction 

in their modulus of rupture of up to 60% compared to ones without ASR. That is the case 

of mixes 27 and 54 compared to mixes 28 and 10, respectively. The results also 

confirmed the effectiveness of lithium nitrate admixture in preventing ASR, although the 

extent of the reduction varied with the aggregate type, as inferred by the difference 

between results from mix 28 and 33. 
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Figure 4.42. Specimen 54b after flexural strength test. 

Figure 4.43. Marked ASR-related cracks contiguous to the brake line on 

the bottom surface of specimen 54 b. 
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5 Conclusions 

The primary objective of this study was to evaluate the viability of expanding the time of 

corrosion initiation of steel reinforcement in concrete by using cements with high alkali 

content (EqA= l .O - 1.2%). Previous research showed that at higher cement alkali levels, 

the time of corrosion initiation of steel reinforcement increased. Thus, durability of 

concrete could be enhanced by the selection of high alkali cements or the addition of an 

alkali hydroxide to the concrete mix. Although this approach is sound from a corrosion 

perspective, the use of high alkalinity cements has been limited due to concern about 

related problems, especially the incidence of alkali-silica reaction. 

The following are conclusions from this research: 

• The use of high alkalinity cement (EqA 1.0-1.2 percent) as a mean of increasing 

concrete durability is feasible, given that chemical admixtures and supplementary 

cementitious materials tending to prevent the occurrence of ASR are included. The 

mix design used as the base for this study included, on a cubic meter basis, 363kg of 

Type 1/II Portland cement, 83kg of Class F fly ash, and a water-to-cementitious 

material ratio (w/cm) of 0.40. The fine aggregate used was quartz sand (Florida 

source) with no history of ASR susceptibility. 

• In order to guarantee no ASR occurrence, the use of fly ash and a lithium nitrate 

based concrete admixture was necessary. Neither cement replacement by FA, nor the 
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lithium nitrate admixture alone were able to completely stop the ASR gtven the 

presence of a reactive aggregate in the concrete. 

• The criteria for qualifying a concrete as resistant to ASR included a prism expansion 

no greater than 0.010 percent after one year and two years exposure, and the absence 

of cracking distress following the same periods (as assessed through the use of a 

microscopic examination of the surfaces of the prisms). 

• Addition of sodium hydroxide to the concrete mtxmg water was found to be an 

effective method to increase concrete alkalinity. 

• A mechanism for chloride diffusivity in concrete based on the electrical double layer 

theory was proposed. According to this, chloride diffusion in concrete pores is 

controlled by the diffusion of cations in the electrical double layer formed at the 

interface between cement paste particles and concrete pore water. 

• A mechanism of formation of the expanding ASR gel based on the electrical double 

layer theory was consistent with the results of this research. According to this, the 

source of calcium necessary for the expanding properties of the gel is the calcium 

ions surrounding the surface negative charged particles of the cement paste and 

reactive aggregates. 

• No significant effects of the additions of sodium hydroxide and lithium nitrate on the 

concrete compressive strength were found. 

• The ex-situ leaching procedure was found to be an inappropriate method to determine 

the alkalinity of pore water in mixes containing fly ash. The method overestimated 

the amount of alkali present in the pore water as a result of their release from cement 

hydrates during the leaching process. 
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Appendix A 

Concrete mix designs 

Mix 00/Fl/Fl/0.5/0 

Material kg/m3 

Cement 363 Date 3/25/04 
Fly Ash 83 EqA [%] 0.5 
Water 178 Specific gravity 2.26 
Fine aggregate SSD 607 Air content [%] 3.2 
Coarse aggregate SSD 1005 Slump [mm] 162 
Air Admixture [ ml] 110 
LiN03 Admixture [1] 0 
NaOH addition 0 

Mix 01/Fl/NG/0.5/0 

Material kg/m3 

Ceme~ 363 Date 4/8/04 
Fly Ash 83 EqA [%] 0.5 
Water 178 Specific gravity 2.34 
Fine aggregate SSD 607 Air content [%] 3.5 
Coarse aggregate SSD 1085 Slump [mm] 158 
Air Admixture [ m1] 218 
LiN03 Admixture [1] 0 
NaOH addition 0 
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Mix 02/HA/NG/1.0/0 

Material kg/m3 

Cement 363 Date 4/8/04 
Fly Ash 83 EqA [%] 1.0 
Water 178 Specific gravity 2.34 
Fine aggregate SSD 607 Air content [%] 3.4 
Coarse aggregate SSD 1085 Slump [mm] 146 
Air Admixture [ml] 436 
LiN03 Admixture [1] 0 
NaOH addition 0 

Mix 03/HA/Fl/1.0/0 

Material kg/m3 

Cement 363 Date 4/12/04 
Fly Ash 83 EqA [%] 1.0 
Water 178 Specific gravity 2.26 
Fine aggregate SSD 607 Air content [%] 3.5 
Coarse aggregate SSD 1005 Slump [mm] 140 
Air Admixture [ml] 436 
LiN03 Admixture [1] 0 
NaOH addition 0 

Mix 04/HA/GG/1.0/0 

Material kg/m3 

Cement 363 Date 4/15/04 
Fly Ash 83 EqA [%] 1.0 
Water 178 Specific gravity 2.37 
Fine aggregate SSD 607 Air content [%] 3.6 
Coarse aggregate SSD 1085 Slump [mm] 184 
Air Admixture [ml] 436 
LiN03 Admixture [1] 0 
N aOH addition 0 
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Mix 05/Fl/GG/.5/0 

Material kg/m3 

Cement 363 Date 4/15/04 
Fly Ash 83 EqA [%] 0.5 
Water 178 Specific gravity 2.37 
Fine aggregate SSD 607 Air content [%] 3.2 
Coarse aggregate SSD 1085 Slump [mm] 190 
Air Admixture [ml] 436 
LiN03 Admixture [1] 0 
NaOH addition 0 

Mix 06/Fl/F2/0.5/0 

Material kg/m3 

Cement 363 Date 4/22/04 
Fly Ash 83 EqA [%] 0.5 
Water 178 Specific gravity 2.27 
Fine aggregate SSD 607 Air content [%] 3.6 
Coarse aggregate SSD 994 Slump [mm] 120 
Air Admixture [ ml] 218 
LiN03 Admixture [1] 0 
NaOH addition 0 

Mix 07/HA/F2/l.O/O 

Material kg/m3 

Cement 363 Date 4/22/04 
Fly Ash 83 EqA [%] 1.0 
Water 178 Specific gravity 2.27 
Fine aggregate SSD 607 Air content [%] 3.6 
Coarse aggregate SSD 994 Slump [mm] 146 
Air Admixture [ ml] 218 
LiN03 Admixture [1] 0 
NaOH addition 0 
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Mix 08/Fl/Fl/1.0/0 

Material kg/m3 

Cement 363 Date 5/5/04 
Fly Ash 83 EqA [%] 1.0 
Water 178 Specific gravity 2.27 
Fine aggregate SSD 607 Air content [%] 3.6 
Coarse aggregate SSD 1005 Slump [mm] 165 
Air Admixture [ ml] 218 
LiN03 Admixture [1] 0 
NaOH addition 3.42 

Mix 09/Fl/Fl/1.2/0 

Material kg/m3 

Cement 363 Date 5/5/04 
Fly Ash 83 EqA [%] 1.2 
Water 178 Specific gravity 2.26 
Fine aggregate SSD 607 Air content [%] 3.9 
Coarse aggregate SSD 1005 Slump [mm] 165 
Air Admixture [ml] 218 
LiN03 Admixture [1] 0 
NaOH addition 4.57 

Mix 1 0/Fl/Fl/1.0/1 

Material kg/m3 

Cement 363 Date 5/13/04 
Fly Ash 83 EqA [%] 1.0 
Water 178 Specific gravity 2.23 
Fine aggregate SSD 607 Air content [%] 3.9 
Coarse aggregate SSD 1005 Slump [mm] 171 
Air Admixture [ ml] 218 
LiN03 Admixture [1] 20.48 
NaOH addition 3.42 
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Mix 11/Fl/Fl/1.2/1 

Material kg/m3 

Cement 363 Date 5/13/04 
Fly Ash 83 EqA [%] 1.2 
Water 178 Specific gravity 2.26 
Fine aggregate SSD 607 Air content [%] 3.8 
Coarse aggregate SSD 1005 Slump [mm] 133 
Air Admixture [ ml] 218 
LiN 0 3 Admixture [1] 24.59 
NaOH addition 3.42 

Mix 12/Fl/Fl/1.0/2 

Material kg/m3 

Cement 363 Date 6/02/04 
Fly Ash 83 EqA [%] 1.0 
Water 178 Specific gravity 2.26 
Fine aggregate SSD 607 Air content [%] 3.5 
Coarse aggregate SSD 1005 Slump [mm] 158 
Air Admixture [ml] 218 
LiN03 Admixture [1] 25.61 
NaOH addition 3.42 

Mix 13/Fl/Fl/1.2/2 

Material kg/m3 

Cement 363 Date 6/02/04 
Fly Ash 83 EqA [%] 1.2 
Water 178 Specific gravity 2.26 
Fine aggregate SSD 607 Air content [%] 3.7 
Coarse aggregate SSD 1005 Slump [mm] 140 
Air Admixture [ ml] 218 
LiN03 Admixture [1] 30.73 
NaOH addition 4.57 
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Mix 14/Fl/GG/1.0/0 

Material kg/m3 

Cement 363 Date 6/04/04 
Fly Ash 83 EqA [%] 1.0 
Water 178 Specific gravity 2.36 
Fine aggregate SSD 607 Air content [%] 4.0 
Coarse aggregate SSD 1085 Slump [mm] 178 
Air Admixture [ml] 436 
LiN03 Admixture [1] 0 
NaOH addition 3.42 

Mix 15/Fl/GG/1.2/0 

Material kg/m3 

Cement 363 Date 6/04/04 
Fly Ash 83 EqA [%] 1.2 
Water 178 Specific gravity 2.38 
Fine aggregate SSD 607 Air content [%] 3.7 
Coarse aggregate SSD 1085 Slump [mm] 146 
Air Admixture [ml] 436 
LiN03 Admixture [1] 0 
NaOH addition 4.57 

Mix 16/Fl/GG/1.0/1 

Material kg/m3 

Ceme~ 363 Date 6/08/04 
Fly Ash 83 EqA [%] 1.0 
Water 178 Specific gravity 2.37 
Fine aggregate SSD 607 Air content [%] 4.0 
Coarse aggregate SSD 1085 Slump [mm] 165 
Air Admixture [ml] 436 
LiN03 Admixture [1] 20.49 
NaOH addition 3.42 
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Mix 17 /Fl/GG/1.0/2 

Material kg/m3 

Cement 363 Date 6/08/04 
Fly Ash 83 EqA [%] 1.0 
Water 178 Specific gravity 2.42 
Fine aggregate SSD 607 Air content [%] 3.0 
Coarse aggregate SSD 1085 Slump [mm] 140 
Air Admixture [ ml] 436 
LiN03 Admixture [1] 25 .61 
NaOH addition 3.42 

Mix 18/Fl/GG/1.2/1 

Material kg/m3 

Cement 363 Date 611 0/04 
Fly Ash 83 EqA [%] 1.2 
Water 178 Specific gravity 2.42 
Fine aggregate SSD 607 Air content [%] 3.0 
Coarse aggregate SSD 1085 Slump [mm] 114 
Air Admixture [ml] 436 
LiN03 Admixture [1] 24.59 
NaOH addition 4.57 

Mix 19/Fl/GG/1.2/2 

Material kg/m3 

Cement 363 Date 6/10/04 
Fly Ash 83 EqA [%] 1.2 
Water 178 Specific gravity 2.40 
Fine aggregate SSD 607 Air content[%] 3.3 
Coarse aggregate SSD 1085 Slump [mm] 146 
Air Admixture [ ml] 436 
LiN03 Admixture [1] 30.73 
NaOH addition 4.57 
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Mix 20/Fl/NG/1.0/0 

Material kg/m3 

Cement 363 Date 6/15/04 
Fly Ash 83 EqA [%] 1.0 
Water 178 Specific gravity 2.34 
Fine aggregate SSD 607 Air content [%] 3.4 
Coarse aggregate SSD 1085 Slump [mm] 146 
Air Admixture [ ml] 436 
LiN03 Admixture [1] 0 
NaOH addition 3.42 

Mix 21/Fl/NG/1.2/0 

Material kg/m3 

Cement 363 Date 6/15/04 
Fly Ash 83 EqA [%] 1.2 
Water 178 Specific gravity 2.36 
Fine aggregate SSD 607 Air content [%] 3.0 
Coarse aggregate SSD 1085 Slump [mm] 120 
Air Admixture [ml] 436 
LiN03 Admixture [1] 0 
NaOH addition 4.57 

Mix 22/Fl/NG/1.0/1 

Material kg/m3 

Cement 363 Date 6/17/04 
Fly Ash 83 EqA [%] 1.0 
Water 178 Specific gravity 2.34 
Fine aggregate SSD 607 Air content [%] 3.7 
Coarse aggregate SSD 1085 Slump [mm] 152 
Air Admixture [ml] 436 
LiN03 Admixture (I] 20.49 
NaOH addition 3.42 
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Mix 23/Fl/NG/1.0/2 

Material kg/m3 

Cement 363 Date 6/15/04 
Fly Ash 83 EqA [%] 1.0 
Water 178 Specific gravity 2.34 
Fine aggregate SSD 607 Air content [%] 3.5 
Coarse aggregate SSD 1085 Slump [mm] 171 
Air Admixture [ml] 436 
LiN03 Admixture [1] 25.61 
NaOH addition 3.42 

Mix 24/Fl/NG/1.2/1 

Material kg/m3 

Cement 363 Date 6/21 /04 
Fly Ash 83 EqA [%] 1.2 
Water 178 Specific gravity 2.34 
Fine aggregate SSD 607 Air content [%] 3.6 
Coarse aggregate SSD 1085 Slump [mm] 171 
Air Admixture [ ml] 436 
LiN03 Admixture [1] 24.59 
NaOH addition 4.57 

Mix 25/Fl/NG/1.2/2 

Material kg/m3 

Cement 363 Date 6/22/04 
Fly Ash 83 EqA [%] 1.2 
Water 178 Specific gravity 2.36 
Fine aggregate SSD 607 Air content [%] 3.0 
Coarse aggregate SSD 1085 Slump [mm] 120 
Air Admixture [ml] 436 
LiN03 Admixture [1] 30.73 
NaOH addition 4.57 
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Mix 26/Fl/F2/1.0/0 

Material kg/m3 

Cement 363 Date 6/22/04 
Fly Ash 83 EqA [%] 1.0 
Water 178 Specific gravity 2.27 
Fine aggregate SSD 607 Air content [%] 3.4 
Coarse aggregate SSD 978 Slump [mm] 120 
Air Admixture [ rnl] 218 
LiN03 Admixture [1] 0 
NaOH addition 3.42 

Mix 27 /Fl/F2/1.2/0 

Material kg/m3 

Cement 363 Date 6/24/04 
Fly Ash 83 EqA [%] 1.2 
Water 178 Specific gravity 2.26 
Fine aggregate SSD 607 Air content [%] 3.7 
Coarse aggregate SSD 978 Slump [mm] 133 
Air Admixture [ml] 218 
LiN03 Admixture [1] 0 
NaOH addition 4.57 

Mix 28/Fl/F2/l.O/l 

Material kg/m3 

Cement 363 Date 6/29/04 
Fly Ash 83 EqA [%] 1.0 
Water 178 Specific gravity 2.27 
Fine aggregate SSD 607 Air content [%] 3.9 
Coarse aggregate SSD 978 Slump [mm] 165 
Air Admixture [ml] 218 
LiN03 Admixture [1] 20.49 
NaOH addition 3.42 
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Mix 29/Fl/F2/1.2/1 

Material kg/m3 

Cement 363 Date 6/29/04 
Fly Ash 83 EqA [%] 1.2 
Water 178 Specific gravity 2.27 
Fine aggregate SSD 607 Air content [%] 3.5 
Coarse aggregate SSD 978 Slump [mm] 146 
Air Admixture [ ml] 218 
LiN03 Admixture [1] 24.59 
NaOH addition 4.57 

Mix 30/Fl/Hl/0.5/0 

Material kg/m3 

Cement 363 Date 7/01 /04 
Fly Ash 83 EqA [%] 0.5 
Water 178 Specific gravity 2.35 
Fine aggregate SSD 607 Air content [%] 3.5 
Coarse aggregate SSD 1105 Slump [mm] 133 
Air Admixture [ ml] 218 
LiN03 Admixture [1] 0 
NaOH addition 0 

Mix 31/Fl/Hl/1.0/0 

Material kg/m3 

Cement 363 Date 7/01/04 
Fly Ash 83 EqA [%] 1.0 
Water 178 Specific gravity 2.34 
Fine aggregate SSD 607 Air content [%] 4.0 
Coarse aggregate SSD 1105 Slump [mm] 152 
Air Admixture [ ml] 218 
LiN03 Admixture [1] 0 
NaOH addition 3.42 
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Mix 32/Fl/Hl/1.2/0 

Material kg/m3 

Cement 363 Date 7/13/04 
Fly Ash 83 EqA [%] 1.2 
Water 178 Specific gravity 2.38 
Fine aggregate SSD 607 Air content [%] 3.4 
Coarse aggregate SSD 1105 Slump [mrn] 146 
Air Admixture [ml] 218 
LiN 03 Admixture [1] 0 
NaOH addition 4.57 

Mix 33/Fl/Hl/1.0/1 

Material kg/m3 

Cement 363 Date 7/06/04 
Fly Ash 83 EqA [%] 1.0 
Water 178 Specific gravity 2.35 
Fine aggregate SSD 607 Air content [%] 3.2 
Coarse aggregate SSD 1105 Slump [mrn] 146 
Air Admixture [ml] 218 
LiN03 Admixture [1] 20.49 
NaOH addition 3.42 

Mix 34/Fl/Hl/1.0/2 

Material kg/m3 

Cement 363 Date 7/08/04 
Fly Ash 83 EqA [%] 1.0 
Water 178 Specific gravity 2.38 
Fine aggregate SSD 607 Air content [%] 3.0 
Coarse aggregate SSD 1105 Slump [mrn] 158 
Air Admixture [ml] 218 
LiN03 Admixture [1] 25.61 
NaOH addition 3.42 
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Mix 35/Fl/Hl/1.2/1 

Material kg/m3 

Cement 363 Date 7/08/04 
Fly Ash 83 EqA [%] 1.2 
Water 178 Specific gravity 2.38 
Fine aggregate SSD 607 Air content [%] 3.2 
Coarse aggregate SSD 1105 Slump [ rnrn] 158 
Air Admixture [ ml] 218 
LiN03 Admixture [1] 24.59 
NaOH addition 4.57 

Mix 36/Fl/Hl/1.2/2 

Material kg/m3 

Cement 363 Date 7/13/04 
Fly Ash 83 EqA [%] 1.2 
Water 178 Specific gravity 2.37 
Fine aggregate SSD 607 Air content [%] 3.4 
Coarse aggregate SSD 1105 Slump [ rnrn] 127 
Air Admixture [ ml] 218 
LiN03 Admixture [1] 30.73 
NaOH addition 4.57 

Mix 37 /HA/Hl/1.0/0 

Material kg/m3 

Ceme~ 363 Date 7/13/04 
Fly Ash 83 EqA [%] 1.0 
Water 178 Specific gravity 2.37 
Fine aggregate SSD 607 Air content [%] 3.0 
Coarse aggregate SSD 1105 Slump [ rnrn] 133 
Air Admixture [ ml] 218 
LiN03 Admixture [1] 0 
NaOH addition 0 
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Mix 38/Fl/H2/0.5/0 

Material kg/m3 

Cement 363 Date 7115/04 
Fly Ash 83 EqA [%] 0.5 
Water 178 Specific gravity 2.37 
Fine aggregate SSD 607 Air content [%] 3.0 
Coarse aggregate SSD 1113 Slump [mm] 96 
Air Admixture [ ml] 218 
LiN03 Admixture [1] 0 
NaOH addition 0 

Mix 39/Fl/H2/1.0/0 

Material kg/m3 

Cement 363 Date 7115/04 
Fly Ash 83 EqA [%] 1.0 
Water 178 Specific gravity 2.37 
Fine aggregate SSD 607 Air content [%] 3.7 
Coarse aggregate SSD 1113 Slump [mm] 127 
Air Admixture [ ml] 327 
LiN03 Admixture [1] 0 
NaOH addition 3.42 

Mix 40/Fl/H2/1.2/0 

Material kg/m3 

Cement 363 Date 7/27/04 
Fly Ash 83 EqA [%] 1.2 
Water 178 Specific gravity 2.37 
Fine aggregate SSD 607 Air content [%] 3.7 
Coarse aggregate SSD 1113 Slump [mm] 146 
Air Admixture [ ml] 327 
LiN03 Admixture [1] 0 
NaOH addition 4.57 
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Mix 41/Fl/H2/1.0/1 

Material kg/m3 

Cement 363 Date 7/27/04 

Fly Ash 83 EqA [%] 1.0 
Water 178 Specific gravity 2.36 
Fine aggregate SSD 607 Air content [%] 3.6 
Coarse aggregate SSD 1113 Slump [rnrn] 133 
Air Admixture [ ml] 327 
LiN03 Admixture [1] 20.49 
N aOH addition 3.42 

Mix 42/Fl/H2/1.2/1 

Material kg/m3 

Cement 363 Date 7/29/04 
Fly Ash 83 EqA [%] 1.2 
Water 178 Specific gravity 2.37 
Fine aggregate SSD 607 Air content [%] 3.4 
Coarse aggregate SSD 1113 Slump [ rnrn] 152 
Air Admixture [ml] 327 
LiN03 Admixture [1] 24.59 
NaOH addition 4.57 

Mix 43/HA/H2/l.O/O 

Material kg/m3 

Cement 363 Date 7/29/04 
Fly Ash 83 EqA [%] 1.0 
Water 178 Specific gravity 2.36 
Fine aggregate SSD 607 Air content [%] 3.3 
Coarse aggregate SSD 1113 Slump [ rnrn] 133 
Air Admixture [ ml] 327 
LiN03 Admixture [1] 0 
NaOH addition 0 
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Mix 44/Fl/F3/0.5/0 

Material kg/m3 

Cement 363 Date 8/10/04 
Fly Ash 83 EqA [%] 0.5 
Water 178 Specific gravity 2.21 
Fine aggregate SSD 607 Air content [%] 3.5 
Coarse aggregate SSD 917 Slump [mm] 64 
Air Admixture [ml] 0 
LiN03 Admixture [1] 0 
NaOH addition 0 

Mix 45/Fl/F3/l.O/O 

Material kg/m3 

Cement 363 Date 8/10/04 
Fly Ash 83 EqA [%] 1.0 
Water 178 Specific gravity 2.22 
Fine aggregate SSD 607 Air content [%] 3.1 
Coarse aggregate SSD 917 Slump [mm] 83 
Air Admixture [ ml] 0 
LiN03 Admixture [1] 0 
NaOH addition 3.42 

Mix 46/Fl/F3/1.2/0 

Material kg/m3 

Ceme~ 363 Date 8/10/04 
Fly Ash 83 EqA [%] 1.2 
Water 178 Specific gravity 2.22 
Fine aggregate SSD 607 Air content [%] 3.2 
Coarse aggregate SSD 917 Slump [mm] 70 
Air Admixture [ ml] 0 
LiN03 Admixture [1] 0 
NaOH addition 4.57 
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Mix 47/Fl/F3/l.0/1 

Material kg/m3 

Cement 363 Date 8/5/04 
Fly Ash 83 EqA [%] 1.0 
Water 178 Specific gravity 2.22 
Fine aggregate SSD 607 Air content [%] 3.4 
Coarse aggregate SSD 917 Slump [mm] 108 
Air Admixture [ml] 218 
LiN03 Admixture [1] 20.49 
NaOH addition 3.42 

Mix 48/Fl/F3/1.2/1 

Material kg/m3 

Cement 363 Date 8/12/04 
Fly Ash 83 EqA [%] 1.2 
Water 178 Specific gravity 2.21 
Fine aggregate SSD 607 Air content [%] 3.5 
Coarse aggregate SSD 917 Slump [mm] 102 
Air Admixture [ml] 0 
LiN03 Admixture [1] 24.59 
NaOH addition 4.57 

Mix 49/HA/F3/1.0/0 

Material kg/m3 

Cement 363 Date 8/12/04 
Fly Ash 83 EqA [%] 1.0 
Water 178 Specific gravity 2.18 
Fine aggregate SSD 607 Air content [%] 3.5 
Coarse aggregate SSD 917 Slump [mm] 108 
Air Admixture [ ml] 0 
LiN03 Admixture [1] 0 
NaOH addition 0 
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Mix 53/Fl/Fl/1.0/0/NFA 

Material kg/m3 

Cement 440 Date 3/01/05 
Fly Ash 0 EqA [%] 1.0 
Water 176 Specific gravity 2.67 
Fine aggregate SSD 607 Air content [%] 4.8 
Coarse aggregate SSD 1042 Slump [mm] 152 
Air Admixture [ ml] 218 
LiN03 Admixture [1] 0 
NaOH addition 3.1 

Mix 54/Fl/Hl/1.0/0/NF A 

Material kg/m3 

Cement 440 Date 3/01 /05 
Fly Ash 0 EqA [%] 1.0 
Water 176 Specific gravity 2.80 
Fine aggregate SSD 607 Air content [%] 4.5 
Coarse aggregate SSD 1146 Slump [mm] 177 
Air Admixture [ml] 218 
LiN03 Admixture [1] 0 
NaOH addition 3.1 

Mix 55/Fl/H2/1.0/0/NF A 

Material kg/m3 

Cement 440 Date 3/01 /05 
Fly Ash 0 EqA [%] 1.0 
Water 176 Specific gravity 2.80 
Fine aggregate SSD 607 Air content [%] 5.5 
Coarse aggregate SSD 1155 Slump [mm] 177 
Air Admixture [ml] 218 
LiN03 Admixture [1] 0 
NaOH addition 3.1 
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Material 

Cement 
Fly Ash 
Water 
Fine aggregate SSD 
Air Admixture [ ml] 
NaOH addition 

Material 

Cement 
Fly Ash 
Water 
Fine aggregate SSD 
Air Admixture [ml] 
NaOH addition 

Material 

Cement 
Fly Ash 
Water 
Fine aggregate SSD 
Air Admixture [ml] 
NaOH addition 

Mortar mixes 

Mortar Ml/NA/0.4 

kg/m3 

646 
129 
307 
1079 
390 

0 

I Date 
EqA [%] 

Mortar M2/Fl/0.6 

646 
129 
307 
1078 
390 
0.86 

I Date 

Mortar M3/Fl/1.2 

kg/m3 

646 
129 
307 
1078 
390 
4.30 
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I Date 
EqA [%] 

3/09/04 
0.4 

3/08/04 
0.6 

3/08/04 
1.0 



Material 

Cement 
Fly Ash 
Water 
Fine aggregate SSD 
Air Admixture [ml] 
N aOH addition 

Material 

Cement 
Fly Ash 
Water 
Fine aggregate SSD 
Air Admixture [ ml] 
NaOH addition 

Material 

Cement 
Fly Ash 
Water 
Fine aggregate SSD 
Air Admixture [ ml] 
NaOH addition 

Mortar M4/Fl/0.6 

kg/m3 

646 
129 
307 
1078 
390 
6.02 

I Date 

Mortar MS/Fl/1.5 

646 
129 
307 
1078 
390 
8.60 

I Date 
EgA[%] 

Mortar M6/F2/l.O 

kg/m3 

646 
129 
307 
1078 
390 
3.95 

127 

I Date 

3/08/04 
1.2 

3/08/04 
1.5 

3/04/04 
1.0 



Material 

Cement 
Fly Ash 
Water 
Fine aggregate SSD 
Air Admixture [ ml] 
NaOH addition 

Material 

Cement 
Fly Ash 
Water 

Material 

Cement 
Water 

Mortar M7/HA/l.O 

646 
129 
307 
1078 
390 

0 

I Date 

Cementitious Pates 

Cement Paste (C+W) 

kg/m3 

1022 
205 
583 

I Date 

Cement Paste NF (C+FA) 

kg/m3 

1262 
600 
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I Date 
EqA [%] 

3/09/04 
1.0 

3/09/04 
0.5 

3/09/04 
0.4 



Appendix B 

Compressive strength measurements 

Strength [MPa] 
Mix Specimen 

28 days 365 days 

a 53 .78 53.78 
OO-F1 /F1 /0.5/0 b 53.50 54.81 

c 48 .26 55.64 
a 37.30 41.16 

01-F1 /NG/0.5/0 b 35.09 39.51 
c 37.30 37.85 
a 34.13 45.51 

02-HA/NG/1 .0/0 b 38.13 43.85 
c 36.75 45.78 
a 47.99 56.47 

03-HA/F1 /1 .0/0 b 50.75 56.47 
c 51.71 57.57 
a 36.75 47.71 

04-HA/GG/1 .0/0 b 37.30 46.06 
c 37.16 47.16 
a 43 .30 51.57 

05-F l/GG/0.5/0 b 45 .64 51 .02 
c 46.33 53 .23 
a 47.85 50.47 

06-F1 /F2/0.5/0 b 46.61 52.12 
c 45.23 52.40 
a 43.85 51.02 

07-HA/F2/l .O/O b 43.85 50.75 
c 43.30 52.12 
a 45.51 50.19 

08-F l/F1 /1 .0/0 b 43.44 52.40 
c 43 .57 48.68 
a 43 .71 50.06 

09-Fl/F1 /1.2/0 b 42.75 51 .02 
c 43.44 51.43 
a . 46.33 50.75 

I O-F1 /F1 /1.0/1 b 45.64 51.85 
c 44.40 51.57 
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a 47.71 53.23 
11-Fl/Fl/1.2/1 b 47.16 53.50 

c 47.44 51.57 
a 46.19 52.12 

12-Fl/Fl/1.0/2 b 47.16 53.78 
c 46.33 53.50 
a 43.85 53 .23 

13-F1 /F1 /1.2/2 b 46.19 53.37 
c 44.95 53.09 
a 34.27 42.82 

14-F1 /GG/1. 010 b 35.09 44.95 
c 35.09 43.09 
a 38.13 50.75 

15-F1/GG/1.2/0 b 38.96 48.81 
c 37.71 51.02 
a 34.27 49.09 

16-F1 /GG/1.0/1 b 34.82 47.99 
c 35.92 46.61 
a 43.85 51.85 

17-Fl/GG/1.0/2 b 43.30 51.85 
c 42.26 51.85 
a 41.16 49.37 

18-F1/GG/1.2/1 b 39.78 49.64 
c 40.89 48.81 
a 40.06 49.92 

19-F1 /GG/1.2/2 b 40.61 50.19 
c 41.44 53.78 
a 36.75 43.57 

20-F1/NG/l.O/O b 35.65 43.44 
c 35.09 43.30 
a 36.75 45 .37 

21-F1/NG/1.2/0 b 36.47 45.51 
c 37.02 45 .51 
a 37.30 46.06 

22-F1/NG/1.0/1 b 38.40 44.40 
c 37.71 47.30 
a 36.75 43.30 

23-F1/NG/1.0/2 b 37.30 45.37 
c 37.85 42.47 
a 33.99 39.23 

24-F1/NG/1.2/1 b 34.27 42.82 
c 35.09 41.71 
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a 37.85 46.61 
25-F1/NG/1.2/2 b 39.23 458.09 

c 39.51 45 .37 
a 43 .30 44.95 

26-F1 /F2/1.0/0 b 43.02 46.47 
c 42.82 46.61 
a 38.40 42.95 

27-F1 /F2/1.2/0 b 38.96 45.78 
c 39.23 44.68 
a 41.16 47.16 

28-F1 /F2/1.011 b 41.44 45.78 
c 41.71 47.44 
a 38.40 43.16 

29-F1 /F2/1.211 b 38.68 44.13 
c 38.54 43.30 
a 43.85 51.16 

30-Fl/Hl/0.5/0 b 45.51 52.12 
c 44.68 51.02 
a 38.40 44.95 

31-F1 /Hl/1.0/0 b 38.54 45.64 
c 37.58 43.44 
a 39.51 45.78 

32-F1 /H1 /1.2/0 b 38.96 46.06 
c 40.33 47.16 
a 38.96 48.13 

33-F1/H1 /1.0/1 b 39.09 46.06 
c 39.51 48.54 
a 40.61 49.92 

34-F1 /H111.0/2 b 41.16 51.30 
c 42.26 49.92 
a 40.33 47.85 

35-F1/H111.211 b 40.06 47.71 
c 40.20 48.26 
a 39.51 48.26 

36-Fl/H111 .2/2 b 40.06 47.85 
c 39.23 48.54 
a 40.06 50.88 

37-HA/H111.0/0 b 39.51 49.92 
c 40.61 49.09 
a 45.51 46.88 

38-F1 /H2/0.5/0 b 45.78 47.99 
c 44.95 49.37 
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a 37.30 43.30 
39-Fl/H2/1.0/0 b 36.75 43.85 

c 37.02 43.30 
a 36.75 40.82 

40-Fl /H2/1.2/0 b 35.65 41.71 
c 36.20 40.47 
a 35.65 41.30 

41-Fl /H2/ l.Oil b 36.20 40.47 
c 36.75 40.61 
a 38.40 43 .30 

42-F1 /H2/1.2/1 b 37.30 44.54 
c 37.85 43.85 
a 38.68 44.40 

43-HA/H2/1.0/0 b 37.02 43.30 
c 37.30 43.85 
a 30.20 33.16 

44-Fl/F3/0.5/0 b 29.10 31.65 
c 29.65 31.51 
a 30.75 32.75 

45-Fl/F3/1.0/0 b 31.23 33.44 
c 30.20 31.65 
a 30.75 25.79 

46-F1 /F3/1.2/0 b 29.65 30.06 
c 30.20 30.75 
a 27.99 30.82 

47-Fl /F3/ l.Oil b 26.89 30.06 
c 27.44 29.23 
a 27.44 29.10 

48-F1 /F3/1.211 b 25.79 27.17 
c 26.34 27.99 
a 27.99 31.78 

49-HA/F311.0/0 b 26.89 33.30 
c 27.44 32.89 
a 37.02 44.95 

53-Fl/Fl/1 .0/0/NFA b 38.40 42.82 
c 37.85 43.99 
a 38.96 27.58 

54-F1 /H111.0/0/NFA b 37.30 23.03 
c 36.75 23 .58 
a 32.89 37.44 

55-Fl /H2/1.0/0/NFA b 31.78 33.44 
c 31.78 36.89 
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