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infiuence of Cracks on Chioride Ingress into Concrete 

Olga Garces Rodriguez, Master of Applied Science, 200 1 

Department of Civil Engineering, University of Toronto 

Exposure of concrete to chloride ions is considered to be the main cause of premature 

corrosion of steel reinforcement. Cracking is an inevitable characteristic of reinforced concrete 

structures. Although, it is generally recognized that cracks promote the ingress of chlorides in 

concrete, a lack ofsufficient knowledge on this subject does not yet allow reliable quantification 

of their effects. In the current study, the influence of artificially created, parallel-waii cracks 

with widths ranging frorn 0.06 to 0.74 mm on chloride ingress was examined. The effect of 

crack wall surface roughness was also evaluated. Based on the results of the chloride bulk 

diffusion test and SEMEDX analysis, it was concluded that chloride diffusion in concrete was 

independent of either crack width or the crack wall roughness for the ranges studied. The 

transecting, parallel-wall cracks were found to behave like a free concrete surface, resulting in 

a case of twodimensional diffision and greatly promoting chloride ingress. A 2D simulation 

approach was proposed for predicting the chloride concentration profile in this case. It was also 

found that coarse aggregate contributes to chloride transport, likeiy due to percolating interfacial 

transition zones. A relationship between the depth of chloride penetration and time for both 

cracked and uncracked concrete was studied, as well. 
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Introduction 1 

Reinforced concrete is probably the most widely used construction material in the world 

due io its considerable strength and variability in properties. Properly designed, built, and 

maintained, reinforced concrete structures remain in service for many decades. There are many 

factors that influence performance and durability of concrete structures durhg their senice life. 

Different physicochemical processes take place in reinforced concrete stnictures that may result 

in their deterioration and distress. 

Corrosion of reinforcing steel is one of the major deterioration rnechanisms ofreinforced 

concrete, and it may seriously compromise safety and serviceability of the structure. Costs 

related to repair of structures damaged by reinforcement corrosion have been estimated in the 

billions of dollars in the United States aIone (Lorentz and French, 1995). 

Contamination of concrete with chlonde ions is considered to be the main cause of 

premature corrosion of steel reinforcement. Chiorides disrupt the natural high-alkali 

environment which protects steel within the concrete. Chloride induced corrosion is a comrnon 

problem for reinforced concrete structures exposed to seawater or deicing salts. 

The development of reliable methods for predicting chloride ingress into concrete is 

important to prevent deterioration of new structures and io assess the condition of existing ones. 

Extensive research has been conducted over the p s t  decades to study transport properties of 

concrete and numerous service life prediction models have been introduced. While these models 

correlate with laboratory investigations, they usudiy faii to accurately predict service life of real 
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Introduction 2 

structures. Their common disadvantage is that al1 predictions are carried out considering a 

'perfect' and uncracked concrete (De Schutter, 2000). The fact that most reinforced concrete 

structures have cracks is often ignored (Pettersson and Sandberg, 1997). 

Cracking is usually a result of various physical and chemical interactions between 

concrete and environment, and it may develop at different stages throughout the life of the 

structure. Once initiated, cracks create perfect pathways for gas and liquid transportation, thus, 

facilitating the ingress of deleterious species, such as chlorides, into concrete. 

A detailed review of the lirerature has revealed at les t  two main reasons as to why the 

influence of cracking is often omitted from service life predictions of concrete structures. One 

of them is lack of sufficient knowledge on the effect of cracks. Although a general consensus 

exists about the fact that cracks can significantly modifi the transfer properties of concrete, the 

Iimited research in this area has not yet allowed any accurate quantification of such effect (De 

Schutter, 1999; Gerard and Marchand, 2000). 

The second reason is that the introduction of cracks into the models greatly complicates 

the analysis. There are a number of factors that have to be taken into account when modeling 

transport properties of cracked conctete. Some of them are the geometry of the cracks, their 

distribution, which is usually non-uniform, connectivity of cracks, scatter in crack sizes, and 

crack healing (Breysse and Gerard, 1997). The complexity of modeling transport in cracked 

concrete, as well as the pressing need for reliabte methods of evaluation and prediction of 

concrete durability, poses a new challenge in the field of concrete research. 

The main objective of this thesis is to examine the influence of cracks on chloride ingress 

into concrete and to produce some laboratory results that would facilitate quantification of this 
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effect. For this purpose two types of concrete with a range of different crack widtiis were 

exposed to steady and non-steady state chloride diffision tests, which are commonly used to 

assess the chloride resistance of concrete. To uncover the effect of surface roughness of the 

cracks on chloride ingress, two types of cracks were produced, 'smooth' artificial surface and 

'rough' Fracture surface cracks, in addition, the lateral mavernent of chlofides from the side of 

the crack into the concrete was studied. Chloride diffision laterally from the crack at different 

depths within the sample was evaluated using scanning eiecbon microscopy (SEM) combined 

with energy dispersive X-ray analysis (EDX). Finally, the relationship between the depth of 

chloride penetration and time was compareci for uncrackedconcrete and concrete containing one 

and two cracks. 

Influence of &ch on Chloride Ingress into Concrete 



Literature Review 4 

2.1 Chloride Induced Corrosion 

Chloride induced corrosion is considered to be the predominant type of premature 

corrosion of sted reinforcement (AC1 222R-96). The problem of chloride attack usually arises 

when cbloride ions ingress from outside. Sometimes, chloride ions are present in the original 

concrete constituents, however, it is extemal chloride ions introduced during the service 

exposure of the structure that cause an increase in their concentration up to and above the 

threshold ievel - a critical concentration of chlorides that marks the onset of corrosion. Marine 

structures, bridge decks, road slabs, and parking structures are the types of concrete structures 

that are mostly susceptible to corrosion induced by chlorides. 

2.1.1 Depassivation of Steel by Chloride Ions 

Some metals, including steel, can react with oxygen to f o n  very thin iayers of insoluble 

metal oxide on their swface. If this film remains stable in contact with the aqueous solution, the 

metal can be considerd electrochernicaliy passive. As long as a passivating film stays effective, 

the corrosion rates are so negligible that the metal can be cousidered as non-comding (Bentu. 

et al., 1997). 

Concrete naturally provides very favorabie conditions for steel. Its high alkaline 

envuonment ensures the stability of the passivating film, and, thus, protects the reinforcement 

h m  corrosion. Chloride ions can react with insoluble metal oxide fonning a soluble complex 
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Literature Review 5 

which dissolves in the surrounding solution and does not protect steel anymore. 

2.1.2 Mechanism of Steel Corrosion 

Once the protective layer on the steel surface is destroyed, a difference in electrical 

potential develops along the reinforcement in concrete. An electrochemical ce11 is formed with 

anodic and cathodic regions, connected by the electrolyte in the form of pore water in the 

hardened cement paste. The corrosion process involves a progressive removal of atoms of iron 

from the anodic steel surface. The removed iron atoms dissolve in the surrounding water 

solution and appear as positively charged ferrous ions ~ e ~ ' .  This process takes place at the anode 

and causes steel to lose mass, i.e. its cross-section becomes smaller. 

At the same time, hydroxyl ions OH' are formed at the cathode with the consumption of 

water and oxygen. Hydroxyl ions, in tum, react with ferrous ions to form ferrous hydroxide, 

which is converted to rust by oxidation (Neville, 1995). 

The corrosion products swell or expand causing concrete to crack and spall over the 

reinforcing steel. If left untreated, continued corrosion of embedded reinforcement may result 

in further spalling, cracking, delamination, and more extensive deterioration of the structure. 

From the brief description ofthe corrosion mechanism presented above, it is evident that 

oxygen and water are needed for corrosion to occur. This implies that high rates of corrosion 

takes place neither in dry concrete nor in concrete hlly imrnersed in water. The optimum 

reiative humidity for corrosion lies between 70 and 80 % (Neville, 1995). 

Influence of Cracks on Chloride Lngress into Concrete 
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2.13 Corrosion in Cracked Concrete 

Formation of cracks in concrete promotes the ingress of chloride ions and reduces the 

corrosion initiation time, provided other conditions required for corrosion are fulfilled. In 

cracked concrete, corrosion first starts either in the crack zone or in the areas imrnediately 

adjacent to the crack. 

There are two different corrosion mechanisms that are theoretically possible in the region 

of cracks (Figure 2.1): 

@ in mechanism 1 both the anodic and cathodic processes take place in the zone of the 

crack. Anodic and cathodic areas are very small and located closely to each other (microcell 

corrosion). The oxygen required for the cathodic reaction is suppiied through the crack. 

In mechanism 2 the reinforcement in the crack zone acts as an anode, and the passive 

steel surface between the cracks foms the cathode. In this instance, oxygen penetrates mainly 

through the uncracked area of the concrete (macrocell corrosion). The steel surface involved in 

this corrosion process is Iarger than in the first mechanism, hence, higher corrosion rates can be 

expected (Schiessl and Raupach, 1997). 

The extent of corrosion in the presence of cracks depends on the following factors: 

Concrete properties, such as pemeability and conductivity. 

Environment conditions: moisture and oxygen availability, depassivation, etc. 

Geometry hctors: thickness of the concrete cover, crack frequency, crack width and 

orientation. 

Since depassivathg agents, water, and oxygen control the corrosion, and since their 

access to steel is facilitated in cracked concrete, environment plays a more important role for 
- -- 
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cathodically actlig steel surface 
anodically acting steel d a c e  

1 0, Ci- 

Figure 2.1 Schematic Representation of Two Types of Corrosion Process in the Region 

of Cracks (Schiessl and Raupach, 1997). 

corrosion in cracked than in uncracked concrete (Jacobsen et al., 1998). 

It is agreed to by many authors that corrosion in cmcked concrete may develop as a direct 

result of cracking and that corrosion initiation tirne in such concrete is reduced as cornpared to 

uncracked concrete subjected to similar conditions (Suzuki et al., 1989; Suniki et al., 1990; 

Borgard et a1.,1991; Bentur et al., 1997; Thuresson et al., 1997). Corrosion rates are also 

expected to be higher in cracked concrete (Otsuki et al., 2000). 

What sets the grounds for the ongoing debate is the influence of crack width on 

corrosion. While there is some indication that increasing crack widtb decreases the t h e  to 

corrosion ( S W  et al., 1990; Bentur et al., 1997), the reiationship between crack width and 
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corrosion rates is not clear. It appears that orientation of the cracks, as well as the exposure 

conditions, greatly affects tbis relationship (Campbell-Allen and Roper, 1992; Pettemon, 1 W6), 

but rnainly during the early stages of corrosion (Beeby, 1978; Suzuki et al., 1989; Schiesssl and 

Raupach, ! 997). 
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2.2 Chloride Ingress into Concrete 

Chloride ions can be transported from different sources depending on the service 

environment of the structure: action of de-icing salts, sea water, airborne droplets of sea water, 

and so on. Chloride intrusion into concrete is a complex time-dependent process which is mainly 

controlled by the properties of the concrete cover, such as water to cement ratio, concrete 

chemistry, and the presence of faults, as well as by exposure conditions - weather cycles, 

changes in chloride concentration at the concrete surface, and so on (Suryavanshi et al., 1998). 

Different transport mechanisms can conmbute to the penetration of chlorides, and, frequently, 

more than one rnechanism governs chloride ingress into concrete structures. The predominant 

mechanism depends upon the moisture condition of concrete or degree of saturation. 

2.2.1 Mechanisms of Chloride Ingress 

In the literature, it is quite common to distinguish the various mass transport mechanisms 

by the driving force acting on the transporied matter (Marchand and Gerard, 1995). Diffision 

is one ofthe most common transport mechanisms and it can be defined as the transfer of matter 

due to a concentration gradient. It involves the motion of the individual molecules or ions h m  

highly concentrated regions towards less concentrated ones. in concrete, diffision &.es place 

when it is completely saturated and at least one of its surfaces is exposed to chloride solution 

(Hooton and McGrath, 1995). Diffusion acts as a predominant mecbanism for concrete 

structures fully submergeci in sea water or salt-contaminated soil. in combination with other 

mechanisms, diffision contributes to chioride traosport in concrete under most exposute 
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conditions. 

Despite the fact that diffusion is not the only process that govems intrusion of chloride 

ions, theories relating to diffision are generally used when calculating chloride ingress into 

concrete (Konin et al., 19%). The important role of diffision in relation to concrete durability 

made it the focus of this project. 

Another very common mechanism of m a s  transport is permeation. The driving force for 

permeation is a pressure gradient. When the concrete structure is subjected to bydraulic pressure 

(e.g.: fluid retaining structures), the peneiration of chlorides is detennined by the convection of 

fluid through the concrete. Pemeation plays an important role for tunnel liners, pavements, 

bridge decks, off-shore structures, basements, and swimrning pools. 

In the cases where concrete stnictures are not completely saturated, action of capillary 

forces due to surface tension can draw the chloride solution into the concrete surface. This 

defines the mechanism of absorption. The goveming parameters for absorption are degree of 

material saturation, viscosity of the penetrating fluid, and surface tension (Gerard et al., 1997). 

Absorption leads to a deeper chloride penetration than diffision over a given period of time 

(Thaulow and Grek, 1993). However, it only affects the initial few centimeters of the concrete 

cover, and its rate drops as the concrete becomes more and more saturated with depth (Hong, 

1998). 

As chlorides diffuse throughout the concrete matrix, not al1 ions are drifting at the same 

speed - some move faster and others move sIower than the average diffision rate. This effect is 

cailed dispersion and can be attributed to inhornogeneities in concrete (Hooton and McGrath, 

1995). Dispersion can rnicroscopically be observed as non-uniform distributions of chlorides in 
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concrete (Volkwein, 1995). 

Chlorides can also penetrate concrete by wicking. Wick action is the transport of water 

through a concrete structure from a face in contact with water to a ârying face, which results in 

a build-up of chlorides inside the concrete. Examples of wick action can be found in basements, 

parking structures, and tunnel liners (Buenfeld et al., 1995). 

Penetration of chloride ions into concrete is accompanied by its interaction with the 

cernent paste, namely by binding ofchlorides to cement paste hydrates. It is important to discem 

between bound and unbound or free chlorides, as only the latter are available to attack the 

reinforcement causing subsequent corrosion. 

2.2.2 Transport Properties due to Cracked Concrete 

The presence of cracks can significantly modifj transport properties of concrete. Since 

the kinetics of di fferent transport processes varies, changes resulting fiom crac king greatly 

depend on which mechanism is predominant. For instance, an increase in permeability as adirect 

result of cracking can be of several orders of magnitude, while diffusivity is much less affected 

by cracks (Breysse et al., 1994; Breysse and Gerard, 1995 and 1997; Gerard et ai., 1997). 

Regardless of the transport mechanism, properties of cracks become more important in 

cracked concrete han  the properties of concrete itself. Parameters, such as crack width and 

shape, crack density and degree of connectivity, as weil as crack origin, govem mass transport 

in cracked concrete. A review of the literature on chloride ingress in cracked concrete is 

presented m e r  in this chapter. 

-- 
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2.3 Background on Cracking 

Given the importance of crack properties as related to the ingress of chloride ions or any 

other species in cracked concrete, some fundamental concepts on cracking need to be reviewed. 

In the RILEM drafl recommendation for damage classification of concrete structures (1994) 

cracks are defined as "spaces in an original monolithic mass of concrete or masonry resulting 

fiom a complete or incomplete separation of the mass into two (single crack) or more parts 

(multiple cracks)". In other words, cracks are discontinuities or open flaws in concrete (Gerard 

et al., 1998). 

Cracks are the most common signs ofdeterioration of the concretestruchire. They do not 

only incïease penetrability of concrete, but also reduce concrete strength, impair the appearance 

of the structure, and, in extreme cases, indicate major structural problems. The extent to which 

cracks affect the concrete structure largely depends on the nature of cracking. 

23.1 Classüication of Cracks According to Their Causes 

Table 2.1 presents the most common causes of cracking with the approximate time of 

crack appearance, ranges of expected crack widths, and an indication as to whether cracks tend 

to be active or donnant. This table is a brief summary of the types of cracking mechanisms in 

concrete drawn fiom several literatuce sources (Campbell-Allen and Roper, 1992; Mailvaganam, 

1992; Mays, 1992; Arya, 1 995). 

The use of steel in concrete allows achievement of ductility in reinforced concrete 

structures, since concrete on its own has a low tende strength. At the same tirne, in order to 
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Table 2.1 Causes and Pmperties of Cracks. 

Appearance Dormant 

Tensile Structural time of loading 4 . 4 m - i f  active; dormant 
Loads designed to for temporal 

crack overloading 

Eariy Plastic first few hours up to > lmm dormant 
Shrinkage d e r  casting 

Plastic Settlement first few hours up to 2-4mm dormant 
after casting 

Early Thermal first few days up to 0.4mm dormant 
Stresses 

Long-Term Drying several weeks or up to > I mm active 
Shrinkage months 

Alkali-Aggregate 1 more than a few 1 > h m  1 active 
Reaction years 

Reinforcement more than two initially<Q.2mm; active 
Corrosion Y e m  increase wiih 

time 

Cycles of Freezing after one or increase with active 
and Thawing more cycles number of 

cycles up to 

ensure that reinforcement works efficiently, the maximum tensile strain concrete can tolerate 

without cracking must usually be exceeded. This implies that tensile load-induced cracking is 

an inevitable characteristic of reinforced concrete structures. However, it is possible to predict 

and control the properties of such cracks with proper design (Bentur et al., 1997). 
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Cracking associated with weathering and aikali-aggegate reaction is much harder to 

control. This normally requires appropriate choices of materials and mix designs. Early plastic 

and thenal stresses can also be minimized with proper mix design and good concrete practices 

on site. 

To characterize the size ofcracks, crack width at the concrete surface is usually referred 

to. Hence, cracks can be categorized according to their widths. Micro cracks have a width of less 

than 0.0 1 mm and are considered to be natural to concrete. They are generally associated with 

self-desiccation and hydration processes. Cracks in the range between 0.0 1 and 0.1 mm are 

regarded as fine cracks. Large cracks have a width of greater than 0.1 mm and can be divided 

into more subcategories, however, this classification varies from author to author (Mailvaganarn, 

1992; Frederiksen et al., i997). The effect of micro cracks on concrete properties should be 

accounted for when concrete is designed. It is the effect of fine and large cracks that needs to 

be quantified. 

The mechanism of cracking can be of either short or long-term nature, producing 

dormant or active cracks. The crack will be considered donnant, if its width does not increase 

with time, in other words, if the cause of cracking is not expected to occut again and no other 

processes act on it, Dormant cracks are less detrimental to concrete, as they have a greater 

tendency to self-heal. 

23.2 Orientation of Cracks 

Orientation of cracks wîîh respect to reinforcement is an important factor influencing 

crack-induced cornsion. According to their orientation, cracks can be divided into coincident 
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Figure 2.2 Cracking and Corrosion for (a) Coincident Cracks and (b) Intersecting Cracks 

(Arya, 1995). 

and intersecting. 

Cracks along the line of the reinforcement are calledcohcidentor longitudinal. They can 

be induced by various mechanisms including plastic settlement, plastic shrinkage, early bond 

contraction, and bond failure. With regards to corrosion, this type of cracking is extremely 

dangernus, since chlorides, moisture, and oxygen can easily penetrate to the embedded steel and 

engage quite large areas of steel in the corrosion process (Figure 2.2-a). 
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Cracks across the reinforcement are temed intersecting or transverse, In this case, the 

cathodic areas of reinforcement mostly occur in the crack-Eree regions (Figure 2.2-b), therefore, 

moisture and oxygen that enter trough the cracks do not significantly affect the rate ofcorrosion 

(Arya, 1995). 

Longitudinal cracking has been found to be more likely to cause corrosion with 

consequent higher corrosion rates than intersecting cracks (Beeby, 1978; Wilkins and Stiliwell, 

1986; Arya, 1995; Arya and Ofori-Darko, 1996; Bentur et al., 1997). 

233 Crack Healing 

Under favorable conditions, cracks in cuncrete can exhibit the effect of self-healing. As 

stated by Jacobsen et al. (19981, "the term healing ... c m  be defined as recovery of certain 

properties of reinforced concrete structures (strength, porosity, permeability, ... etc.) after 

reduction or increase due to exposure of various kinds." 

Three main categories of self-healing in concrete can be deduced (Jacobsen et al., 1998): 

Physico-chernical healing involves reaction of magnesium ions from sea water with 

concrete constituents, forming dense products (Eriksen et al., 1996; Pettersson, 1996), 

and continued hydration of cernent or cernent hydrates. 

4 Mechanical healing is characterized by bIocking of cracks with corrosion products, loose 

particles h m  the crack walis and exterior particles, as well as by precipitation of calcite 

from water flowing trough the cracks (Edvardsen, 1996 and 1999; Eriksen et al., 1996; 

Bentur et al., 1997; Gerard et al., 1997). 

Use of "srnart" materials, such as sealant bearing fibres, that can release self-repairing 
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agents. 

The critical parameters for crack healing are exposure conditions, access to moisture, 

crack size, and whether crack is dormant or active. The composition of concrete seems to be a 

secondary factor (Edvardsen, 1999). The self-healing of cracks can reduce the penetrability of 

cracked concrete, and, thus, slow down the ingress of deleterious species. 

23.4 Permissible Crack Width 

As corrosion protection mesures, rnost existing specifications set recommended values 

for parameters, such as maximum chloride content in the concrete mix, thickness and 

composition of the concrete cover, as well as the maximum tolerable crack width. It has been 

recognized that exposure conditions of the concrete structure greatly determine the corrosion 

risk. Therefore, permissible crack widths are oflen limited depending on the severity of the 

environment. Table 2.2 is a general guide for tolerable crack widths at the tende face of 

reinforced concrete structures as specified by the AC1 Manual ofconcrete Practice (AC1 224R- 

90). 

These guidelines should not be regarded as a unique source for design that ensures 

adequate protection against corrosion. Properties of the concrete cover are equally important. 

Another essential consideration is the type of structure. For example, the permissible crack width 

for prestressed concrete could be lower than for normal concrete (Mailvaganam, 1992). The 

projected service life of the structure is also a key component for the design, since there is realIy 

no permissible crack width that can ensure permanent corrosion protection, It is just a question 

of the duration and intensity of the chloride exposure before the pennissible crack width 
- - 
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Table 2.2. Tolerable Crack Widths for Different Exposure Conditions (AC1 224R-90). 

Exposure Conditions 1 Tolerable Crack Width 

Dry air, protective membrane 0.016 0.4 1 

Humidity, moist air, soi1 0.012 0.3 

De-king chemicals 0.007 O. 18 

wetting and drying 

Water-retaining structures 1 O ,004 1 O. 1 

becomes zero (Hart1 and Lukas, 1987). 

The autogenous healing of cracks shouId also be taken into account when specifjing 

tolerable crack widths. Based on experimental results, Edvardsen (1999) proposed permissible 

crack widths which can be expected to reacb ahost  total self-healing after a short water pressure 

exposure. They range h m  O. 1 to 0.25 mm bepending on the hydraulic gradient acting on the 

concrete structure. 

It appears that there is no single answer to the question on permissible crack widths. 

Complex interrelations among properties of the concrete cover, exposure conditions, and 

designed service life of the structure determine tbe crack widths that can be tolerated without 

significant corrosion. 

- - - - - - 
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2.4 Effect of Cracks on Chloride Ingress into Concrete 

The background on chloride ingress and cracking in concrete was covered in previous 

sections. A review of the existing literature on the influence of cracks on chloride ingress into 

concrete shall follow next. 

When studying cracked concrete, the first question that has to be addressed is how cracks 

are to be produced. Several experimental set-ups are possible depending on the method used to 

induce cracking in concrete. 

2.4.1 Flexural Loading 

To produce natural cracks that are a perfect simulation of cracking in real concrete 

structures, various loading mechanisms are ofien used. Flexure induced cracking is covered 

extensively in the literature due to the inherent nature of this type of cracking in reinforced 

concrete structures. 

Mangat and Gurusamy (1987) studied the influence of flexural cracks on chloride 

diffision into steel fibre reinforced concrete. Cracks of widths ranging between 0.07 and 1 .O8 

mm were produced on prism specimens prior to 1450 cycles of splash and tidal zone marine 

exposure. It was found that chloride concentration in the vicinity of cracks rises as the width of 

the cracks increases. The effect was more pronounced for crack widths larger than 0.5 mm. 

Smaller cracks with widths less than 0.2 mm appeared to have an insignificant influence on 

chloride intrusion. 

The celationship between concrete deterioration and steel corrosion was examined by 

Influence of Cracks on Chloride Ingress into Concrete 



Literature Review 20 

Raharinaivo et al. (1986). As part of this research, the effect of crack width on chloride 

diffisivity was studied on concrete samples immersed in salt solution. Comparison of diffusion 

coefficients for cracked and uncracked concrete shows an increase in the difision coefficient 

for cracked concrete by one or two orders of magnitude, with wider cracks resulting in higher 

values. Contrary to Mangat's and Gunisamy's observations, the effect of even small cracks 

(about O. 1 mm) was regarded as important. Tbis is somewhat surprising, since the tidal zone 

marine cycles offer a more aggressive environment than the complete salt water submersion 

used in the experiments by Raharinaivo et al. These contradictory conclusions on the effect of 

smaller cracks can, perhaps, be attributed to differences in concrete type. 

An apparent drawback of the tests discussed above is that samples were unloaded prior 

to salt exposure, which does not correspond to actual service conditions. Francois and Maso 

(1988) initiated a long-term study on reinforced concrete bearns loaded in three-point flexure 

and, in this condition, stored in a confined salt fog. Two different stress levels were maintained 

throughout the exposure penod. The generated crack widths were between 0.05 and 0.5 mm. The 

airn of the study was to detemine the effect of both cracking and microcracking on the service 

life of the structure. The authors have concluded that an increase in penetration of chlondes in 

the tensile zone is îriggered by damage at the paste-aggregate interface. It was also noted that 

chlorides penetrate rapidly through cracks, diffuse into the concrete mass fiom crack walls, and 

quickly progress along reinforcement. No comments were made conceming the relationship 

between crack width and chloride ingress. 

Following up on the same study, Francois and Arliguie (1999) reported sorne additional 

findings twelve years into the experimental program. They pointed out that the load applied to 
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a reinforced concrete beam greatly affects the penetration of chlorides. Furthemore, the 

apparent chloride diffusion coefficient was reiated to the load level through the tensile stress in 

the reinforcing bar. They also suggested that this relationship could be used as a guideline for 

evaluation of chloride ingress into concrete subjected to a tensile stress. 

Konin et al. (1998) performed more research on penetration of chloride ions in relation 

to microcracking resulting from flexural load. Normal, high, and very high strength concretes 

were subjected to cycles of wetting and drying in a saline humid aûnosphere. The state of 

concrete microcracking was characterized using scanning electron microscopy and replica 

technique. The results indicated that chloride penetration rate increases with increasing density 

of microcracks. Moreover, a iinear retationship between the chloride apparent diffision 

coeficient and the applied tensile load was established, which is in agreement with research by 

Francois and Arliguie (1999). It was noted that chlonde diffusion coefficients and concrete 

strengths are also linearly related. 

Sakai and Sasaki ( 1994) conducted a ten year expusure test on precracked concrete slabs 

in a coastal marine environment. Initially, slabs were cracked up to 0.2 mm wide and fuced at 

both ends with bolts. Strong wind f?om the sea transported the chlorides. Although, it was clear 

that chloride contents in the cracked portion of the slabs were much greater than in sound 

concrete, the effect of crack width seemed to be counter intuitive. It was actually found that 

smaller cracks (up to 0.1 mm) resulted in higher chloride concentrations than larger cracks (with 

crack widths bigger than 0.3 mm). The explanation presented by the authors was associated with 

the washing out action of tain that mote easily affects larger cracks. While rain wash-out rnay 

be a part of the problern, reinforcernent conosion activity could have contributed to it, as well. 
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Since the initial cracking was induced only to the maximum target width of 0.2 mm, the increase 

in crack widths was caused by steel corrosion. It is then reasonable to assume that corrosion 

products have blocked the wide cracks, preventing more chlorides fiom entering the crack. 

Chloride diffisivity of concrete cracked in flexure was also studied by Gowripalan et al. 

(2000). Concrete prisms were cracked in three-point loading and tightened by bolts to keep the 

cracks open up to 0.3 mm. Prisms were ponded in salt solution for 300 days. The experiment 

showed that the apparent chloride diffision coefficient is larger in the tensile than in the 

compressive zone. The damage in the tensile zone was associated with the aggregate-paste 

interface. These conclusions are consistent with previous research (Francois and Maso, 1988). 

In addition, it was recomrnended in this work that the crack width to cover ratio should be used 

as a performance parameter for cracked concrete. This seems to be more appropriate than 

reliance on the crack width alone, since crack width at the concrete surface is not representative 

of the crack width at steel (Beeby, 1978). The bigger the concrete cover, the larger the difference 

between these two crack widths. 

Edvardsen (1995) investigated the influence ofcrack width on water permeability. Since 

chloride ions are transported with water, concrete subjected to a hydrostatic pressure will suffer 

chloride intrusion by permeation. A special device was designed to produce realistic tensile 

cracks and subject specimens to water pressure. It was concluded that water flow through cracks 

is mainly propotional to the crack width cubed. Furthemore, healing of cracks can significmtly 

reduce water flow, thus, decreasing chloride transport in cracked concrete. 

-- -- 
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Loading concrete samples in compression to a preselected hction of the uItirnate 

strength results in the creation of a microcracking network. Therefore, compressive loading is 

otlen used to examine the effect of microcracks on concrete properties. 

Locoge et al. (1992) studied diffision of three different species through concrete 

including chloride ions. Discs cut fiom concrete cylinders damaged in triaxial compression were 

analyzed using a surface replica technique that allowed calculation ofthe specific rnicrocracking 

surface. Difision cells were used to m e a m  the flow of chlorides tbrough the concrete. The 

results indicated that there is a correlation between the chloride flow rate and the specific 

microcracking surface which is related to the appiied load. Another observation that has been 

made is that the interactions between chlonde ions and the cement paste is lower for damaged 

than for sound concrete. This was attributed to the reduction in the specific area caused by the 

appearance of microcracks. 

Samaha and Hover (1992) performed rapid chloride permeability tests (RCPT) on 

concrete samples damaged in compression. The resulting rnicrocracking was characterized by 

neutron radiography. No influence of the microcracks on the electrical charge passed through 

the sample (an output of the test indicating resistance of the concrete to the migration of 

chlorides) was detected at load levels below 0.75 of the ultimate. Beyond this point, a slight 

increase (15-20 %) in the total charge was noticed. Although, the microcracking steadily 

increased with the applied load, no rehtionship between the degree of microcracking and the 

average charge passed could be found. 

Saito and Ishimori (1 995) have confkmed that static compressive loading up to 90 % of 
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the maximum capacity of concrete has little effect on chloride permeability (as characterized by 

RCPT). Repeated compressive loading at the maximum stress levels of 60 to 80 % appeared to 

trigger a significant increase in chloride permeability of concrete. However, no assessrnent of 

the microcracking was conducted. 

Continuing the same line of research, Lim et al. (2000) suggested that the chloride 

permeability of concrete is infiuenced by the occurrence of a certain stress level, named the 

cntical stress. Until this critical stress is exceeded, there is no significant increase in chloride 

penneability. In this study, the critical stress was found to range between 0.8 and 0.95 of the 

uitimate stress. Thus, there is a fairly good agreement on the influence of static compressive 

loading on chloride conductivity of concrete measured by RCPT. 

2.4.3 Feedback-Controlled Spütting Test 

Feedback-controlled splitting test is used on cylindrical concrete samples to produce a 

single crack ofa chosen width. Crack opening is monitored using linear variable displacement 

transducers throughout the loading. The advantages of this splitting test as a method to induce 

cracks are full control of the crack width and good crack width reproducibility. The drawback 

is that only a single crack can be generated. 

Aldea et al. (1999-2) carried out an investigation on the influence of cracks from 50 to 

400 pm on chloride permeability of nomal and high strength concretes by RCPT. Chloride 

conductivity was sensitive to cracking only for high strength concrete with low water to cernent 

ratio of 6.25 as follows: cracks less than 200 pm had no effect, while cracks between 200 and 

400 pm resulted in higher chloride conduction. 
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As discussed earlier, water permeability is an important property of concrete in relation 

to its durability and, particularly, to chloride intrusion. Aldea et al. (1999-1) found that the 

relationships between water permeability and material type differ for cracked and sound 

material. In fact, for uncracked material permeability decreases with increasing material 

"quality" - from paste, mortar, normal to high strength concrete, whereas for cracked material 

normal strength concrete exhibited the highest water permeability. Besides, a strong influence 

of crack width on permeability was observeci, especially, for crack widths larger than 100 Pm. 

Wang et al. (1998) also reported a great dependency of water permeability on crack 

width. Cracks ranging between 50 and 200 pm caused the most rapid increase in permeability. 

2.4.4 Numerical Simulations 

Numerical simulations are powerfUL tools in studying transport properties of concrete. 

Bringing existing theoretical knowledge and experimental evidence together, numerical modek 

offer a great flexibility and precision. They allow examination of the relationships among 

different parameters and, thereby, prediction of general trends in the material properties. The 

predictive ability and the accuracy of these models depend on the choice of the theoretical 

approach, relevant material parameters, assumptions made, and scale of modeling. 

When modeling transport properties of cracked concrete, consideration bas to be given 

to the type of transfer mechanism, properties of cracks, such as size of cracks (micro- or 

macrocracks) and form of cracks (single, pattern, or map cracking), as well as to the theories that 

can relate these phenornena. 

Breysse and Gerard (1995) presented a review on the most important problems 
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associated with the prediction of transfer properties of cementitious materials, namely 

permeability. Both uncracked and cracked matenals were considered. They pointed out bat 

concrete response to permeation cannot be deduced fiom that of cement paste or mortar due to 

a greater degree of concrete inhomogeneity. It has also been shown that the main parameters 

for describing flow in damaged and sound matenal are different - in uncracked concrete 

permeability is related to its porosity, while in cracked concrete it is related to crack properties. 

Therefore, no predictions on the behavior of cracked concrete can be made based on the data for 

uncracked concrete. From different models and test results reviewed, the increase in 

pemeability of cracked concrete was estimated to be of several orders of magnitude. In addition, 

the importance of the relevant choice of scale for the experimental data introduction was 

illustrated. 

A theoretical study was conducted by Frederiksen et al. (1 997) on the effect of transverse 

cracks on chloride penetration into the concrete cover. A 2D simulation software was used to 

modei chloride diffusion. Calculations were performed for various depths and crack densities, 

assuming unlimited chlonde supply. The results were evaluated in terms of an "equivalent cover 

thickness" when the cover contained cracks. The results indicated that a singIe crack does not 

considerably reduce the equivalent cover thickness until the depth of the crack reaches over 50 

% of the actual cover. However, the higher the crack density, the smaller the equivaient cover 

thickness. The drawbacks of these simulations lie in the oversimplification of the exposure 

conditions and in excluding the crack's self-healing effect. 

Gerard and Marchand (2000) canied out a theoretical investigation on the influence of 

transverse continuous cracking on steady-state diffusion (no interaction between difïwing 
-- - 
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species and concrete constituents) in concrete. The following simplifying assurnptions were 

made: al1 cracks had the same size and were evenly distributeci on a one- or two- dimensional 

grid. The parameters chosen to characterize cracking were the mean aperture of the cracks and 

the mean crack spacing. Diffusion coefficients drawn from the theoretical simulations were 

compared with the expenmental results obtained on concrete sampies damaged by cycles of 

fkezing and thawing. A reasonable correlation between the analytical mode1 and laboratory 

resuits was achieved. Diffusivity of cracked concrete was found to increasc by a factor of 2 to 

10. This corresponds to the range of increase in diffusion coefficient obtained by Thaulow and 

Grek (1 993) h m  in-situ tesang of marine structures. 

Analytical simulations performed by Gerard and Marchand (2000) have also indicated 

that the effect of cracking could be more pronounced for denser material. For concrete 

structures, this would basically imply that high perfomiance concretes are influenced by 

cracking to a higherdegree. Some other experimental evidence supports this observation (Aldea 

et al., 1999-2). 

2.4.5 Other Methods 

Other methods of inducing cracks for experimental purposes may include imitation of 

various cracking mechanisms, different fiom loading, that concrete structures encounter under 

actual senice conditions, as well as the creation of artificial cracks. 

Hart1 and Lukas (1987) examined the relationslip between the chforide penetration into 

coocrete and cycles of Çeezing and thawing. Concrete slabs, while exposed on one face to a salt 

solution, were subjected to various numbets of fkezelthaw cycles, and then chloride contents 
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at different depths in the concrete were analyzed. The depth of chloride penetration was found 

to increase with the number of fieezelthaw cycles. Moreover, it appeared to be linked to the 

duration of testing by a square mot of tirne relationship, Le. depth of chloride penetration was 

linearly proportional to the square root of time. 

Effects of freezelthaw induced cracking and subsequent healing on chloride transfer were 

studied by Jacobsen et al. (1996). Well cured OPC concrete was darnaged to different degrees 

by rapid freezelthaw exposure, and the density of produced cracks was measured on polished 

sections. Chloride penetration was estimated using chloride migration cells, which are an 

electrically accelerated version of a simple diffusion cell. With increasing numberof eeezelthaw 

cycles, both the crack density and the chloride migration rate were increasing. in fact, the 

migration rate increased by 2.5, 4.3, and 7.9 times respectively after 31, 61, and 95 cycles 

compared to the uncracked concrete. Self-healing of cracked concrete specimens for three 

months in water resulted in the 28-35 % decrease in chloride migration rate. 

From these studies, it is evident that chloride transfer is proportional to the number of 

freezing and thawing cycles, however, the key role of the concrete mix design shall always be 

kept in mind (Saito et al., 1994). 

Sandberg and Tang (1994) perfonned an analysis of core samples drilled h m  a four 

year old, high quality concrete marine bridge column for chIoride content. Lack of proper heat 

evolution control in the fresh concrete resutted in microcracking in some parts of the concrete 

column. Despite of the estabiished self-healing effect of microcriicks, diffusivity of cracked 

concrete was three to five tirnes higher. These results correlate well with previously discussed 

research (Raharinaivo et al., 1986; Thaulow and Grelk, 1993; Gerard and Marchand, 2000). 
-- 
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Saito et al. (1994) explored the effect of artificial cracks piercing concrete specimens on 

the total charge passed during RCPT. Two types of piercing cracks were prepared: an actual 

crack, resulted fiom the splitting load applied to a concrete disk, and a model crack, obtained 

by inserting 0.1-0.5 niï thick steel pIates into fresh concrete. The cracks were characterized by 

their open area. The advantage of using the steel plates of known size is that the cross-sectional 

area of the plates could be considered as îhe open area of the model crack, while the open area 

of the actual crack had to be carefully quantified under the optical microscope. The results of 

the testing revealed that the increment in chloride penneability was iinearly related to the open 

area of the piercing crack. The additional significance of these findings is that both actual and 

model cracks gave fair agreement. This indicates that model or artificial cracks could be 

successfùlly used in studying cracked concrete, as they are much easier to characterize and 

control than actual cracks. However, any models derived fiom experimenting with artificial 

cracks should always be calibrated on real concrete structures to assure their reliability. 

De Schutter (1 999) developed a tentative formula that quantifies the influence of cracks 

on chloride penetration based on an extensive experimental program on mortarprisms. Artificial 

cracks with widths up to 0.5 mm and depths up to 10 mm were created by placing thin copper 

sheets on the moulds prior to casting and removing these sheets afterwards. A set of different 

aggressive environments was considered. The main parameters for quantification were width 

and depth of the cracks. Some ceasonabte agreement between the model and experimental data 

was attained. The creation of cracks by positioning the shims into the mould prior to casting has 

a drawback in that the crack surface contains more cernent than the natural crack would. Other 

possible developments to the model codd be to include the effect of crack self-healing and crack 
- - 
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roughness, as well as to conduct the same tests on concrete rather than on mortar. 

The main points from the literature review on the influence of cracks on chloride ingress 

into the concrete structures can be summarized as follows: 

Regardless of their cause, size and distribution, cracks do tend to increase the penetration 

of chloride ions into concrete, with higher chlonde content concentrated in the vicinity 

of cracks. In general, the more severe the damage to the concrete structure, the higher 

the expected chloide penetration rates. 

Permeation is affected by cracking to a higher degree than diffision. The increase in 

permeability can be of several orders of magnitude, while diffisivity in cracked concrete 

is only raised by a factor of one to ten. 

Tt appears that chloride penetration usuaily increases with increasing crack width, 

nevertheless, there is a divergence in the quantification of this effect in the literature 

depending on the exposure conditions, matenals, and methods used. The critical crack 

width, the value below which the influence of the cracks is not as pronounced, was 

mostly found to be in the range of 0.1-0.2 mm. This corresponds to the range of 

permissible crack widths cornrnonly recommended. 

Load-induced cracking results in a higher concentration of chlondes in the tende zone. 

Chloride penetration into the loaded concrete seems to be related to the applied stress. 

Repeated loading makes the concrete structure more prone to chloride aggression than 

static loading of the same magnitude. Relatively high compressive stresses (up to 70- 

90% of the uitimate stress) can be tolerated by reinforced concrete structures without 
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significant increases in chlorides intrusion rates (this conclusion is mostly drawn from 

RCPT results). 

Vanous approaches can be taken to quanti@ the influence of cracking in concrete 

structures: crack width to concrete cover ratio, crack width and length, specific cracking 

surface, and so on. There is still a great deal of research required to investigate what 

approach is the most suitable for which case, however, it is essential to account for such 

characteristic crack properties as crack roughness and crack healing. 

Influence of Cracks on Chloride Ingress into Concrete 



Literature Review 32 

2.5 Test Methods Used to Evaluate the Chioride Resistance of Concrete 

The magnitude of the problem associated with corrosion of reinforced concrete structures 

has led to the development of various test methods that estimate the resistance of concrete to 

aggression by chloride ions. Most ofthese methods are focused on measuring chloride difhsion 

in concrete. The theoretical background and practical considerations of the tests used in the 

course of this project are discussed below. 

2.5.1 Chloride Bulk Diîïusion Test 

The detemination of the diffision coefficient is a convenient and widely adopted 

approach for characterizing chloride penetration into concrete. The chloride bulk diffision or 

chloride ponding test is an experimental method that allows calculation of an apparent difhsion 

coefficient by non-iinear regression analysis based on Fick's second law for unsteady-state 

diffision: 

The solution to this partial differential equation for boundary conditions Cc,,. ,, = Co, initial 

condition C(,. ,, = O, and infinite point condition C,,, ,, = 0, was found by Crank: 
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Where: 

Cho = concentration of chlorides at distance x and time t, (% mass of concrete); 
- 

Co - concentration of chlorides at x = O, t > O, Le. the chloride surface 

concentration, (% mass of concrete); 

erf = enor function; 

Da = the apparent diffusion coefficient (m2/s), (McGrath, 1996). 

Values for the surface concentration and apparent difision coefficient are obtained 

through the best fit between the Crank's solution, and the actual chloride concentration profile 

detennined in the concrete sample. Since the underlying assurnption with this test is that 

diffision solely govems chloride transport, certain steps are usually taken in an attempt to 

approximate exposure conditions to the model. 

When analyzing field drilled cores, the first few millimeters of the core have to be 

discarded. The chloride concentration in tbis portion of the concrete structure tends to be too 

high due to wetting and drymg cycles and chioride binding, so it ofien does not fit the model. 

For laboratory testing, concrete samples are first sealed leaving just one face open to 

ensure a one-dimensional diffision. Samples also need to be saturated in order to isolate 

diffision as the predominant transport mechanism during the test. Then, they are exposed to a 

salt solution of a known chioride concentration for a predetermined period of time. A chioride 

concentration profile is obtained by collecting powder samples at different depths of the 

specimen with their subsequent acid digestion, filtering, and potentiometric titration. The 

influence of the background chioride concentration (chlorides present in the original concrete 

constituents) is eliminated by subtracting it h m  the measured profile. 

The most important advantage of the chloride bulk difision test is its applicability to 
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in-situ concrete structures. In addition, diffision coefficients can aid in the cornparison among 

different types of concrete and exposure histories. 

As with any other model, the chloride ponding test has a number of limitations due to 

simplifiing assumptions that were made to fmd a solution to Fick's second law. These include: 

linear binding capacity; 

concrete porosity is constant with time; 

. diffision coefficient is independent of the salt concentration (Francois et al., 1998). 

The output of the test is also sensitive to the type of cation used in the ponding solution, 

for example, sodium chloride versus calcium chloride (Bentur et ai., 1997). A detailed review 

of the test limitations and test variables, as well as their effect on the diffusion coefficient, can 

be found elsewhere (McGrath, 1996). 

2.5.2 Chloride Diffusion Cell 

An alternative method that allows calculation of the chloride diffision coefficient is a 

conventional dimision ceIl (Figure 2.3). It involves placing a thin concrete sample between two 

ce11 compartments, one of which is filled with a salt solution, and the other with a neutral 

solution (solution free of chloride ions). The two compartments are called upstream and 

downsiream respectively. Saturated calcium hydroxide or alkali hydroxide solutions are 

nomally used as a downstream solution to avoid lime leaching from the concrete (Buenfeidand 

Newman, 1987). 

The gradient between upstream and downstream chloride concentrations becomes the 

dnving force for diffision. The chloride diffision coefficient can be derived fiom Fick's first 
-- - -- 
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b m & e a m  / Cast nibber gaskets 1. 
Upstream 

Concrete sample 

Figure 2.3 Chloride Diffision Cell. 

law for steady-state diffusion (Nilsson, 1993): 

Hence, 

Where: 

J = flow of chloride ions, (mole/s*m2); 

D, = chloride effective diffusion coefficient, (m'ls); 

x = thickness of the specimen, (m); 

Cu, Cd = respective upstream and downstream chloride concentration, (mole/m3). 

In order to apply Fick's fmt law, the concentration gradient is supposed to remain 

- 
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constant throughout the experiment. This is hard to accomplish in reality, therefore, the use of 

relatively large compartments, where changes in chionde concentrations are negligibly small 

compared to their volume, is a practical solution to this problem (Marchand et al., 1989). The 

flow of chlondes through the sampIe is monitored by measuring the concentration of the 

downstream solution at various diffusion times. As chlorides start propagating towards the 

downstream compartment, it takes some time for the difision to reach a steady state, which is 

characterized by a linear increase in the chloride concentration of the downstream solution with 

time. At this point, not only the entire thickness ofthe sample has been involved in the diffision, 

but al1 the chloride binding capacity ofthe sample has been satisfied, as well (Page et al., 198 1). 

The chloride diffision coefficient obtained kom this test is termed effective and differs 

in relation to the apparent difision coefficient decived fiom unsteady-state tests as it does not 

take into account the influence of ion binding on diffision. 

The advantages of using a difision ce11 to quanti& the ingress of chlondes into the 

concrete are its simplicity and good reproducibility of the results. The biggest drawbacks of the 

test are that, firstly, it is extremely time-consuming (it takes a long time for chlorides to break 

through a concrete sample) and, secondly, it is not applicable to testing concrete in-situ. 

2.5.3 Seanning Electron Microscopy Combhed with Energy Dispersive X-Ray Analysis 

The scanning eiectron microscope (SEM) is an instrument that cm provide both 

topographie and compositional analysis of a material. Its characteristic features are the enhanced 

resolution, high magnification, and three-dimemional appearance of the texture surfaces. In 

scanning electron microscopy an electron beam is used to excite the surface of the sample under 
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investigation, causing complex interactions ktween the beam and the atoms of the sample's 

surface. As a result of these interactions, varbus types of radiation are produced by the atoms 

of the material. Each type of the emitted radiation is analyzed with corresponding electron 

detectors (e-g.: secondary and back-scattered eiectron detectors). 

Most conventional SEM'S are equipped with energy-dispersive spectroscopes, that detect 

x-rays emitted by the sample during the electron-beam excitation. X-rays ernitted by each 

element possess their own characteristic energy, which is measured by the energy-dispersive 

spectroscope and applied for the element identification. Al1 elements of the periodic table 

starting fiom sodium and heavier c m  be detected using energydispersive x-ray analysis (EDX). 

The output appears as a sspectrum that displays energy peaks of al1 the eiements detected 

in the material. The obtained x-ray energies are matched with the known characteristic energies 

of chernical elements. The quantitative analysis is performed based on the fact that the intensity 

of the emitted radiation is proportional to the concentration of the element. A detailed treatment 

of this subject can be found in speciaiized [iterature sources (Goldstein et al., 198 1; Gabriel, 

1985). 

Scanning electron microscopy bas many applications in concrete materials science. In 

particular, SEM/EDX has been used for studying chloride penetration into concrete by several 

authors (Denes and Buck, 1987; Thaulow and Grelk, 1993). SEM/EDX analysis provides a great 

benefit over other mehods in that it allows to study the distribution of chlorides on a 

microscopie level. Chlorine x-ray mapping aids in visualizing chloride penetration around cracks 

and in the interfacial-mition zone between aggregates and cernent paste, as well as any other 

macroscopical dispersion of chlorides that is not possible to detect witb other tests. The 
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quantitative analysis complements the picture by accurate values of chlorine concentration. 

One of the limitations of the SEMEDX analysis is its inability to identiQ the ionic state 

of the element. It only measures the total chlorine content in the sample. Another disadvantage 

is associated with the low sensitivity to small concentrations. The specimen emits non- 

characteristic x-rays that appear as a background. Srnall concentrations of the element, 

especially light elements, such as chlorine, can be lost in this background. 

The preparation of the samples for SEM investigation is a laborious procedure that can 

induce potential mors in determination of the chlorine concentration. Chloride movement may 

occur while the sample is subjected to drying, which leads to distortion of the original chloride 

distribution. Chlorides can also be partially washed out by the iubricant used during sample 

cutting. In addition, chlorine in the cutting lubricant or epoxy applied to the concrete to stabilize 

its structure may contaminate the sample and result in higher chlorine concentrations. 

Despite of discussed limitations, SEMfEDX anaIysis is a powerful tool that can be used 

in studying chloride ingress into concrete, provided proper care is taken to minimize the impact 

of sample preparation. 
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CHAPTER 3 EXPERIMENTAL 

3.1 Overview 

Four different studies were conducted to investigaie the effect of cracks on chlofide 

ingress into concrete. Two types of cracks, with saw cut 'smooth' surfaces and fractured 'rough' 

surfaces, having widths ranging from0.06 to 0.74 mm were artificially created. A chlonde bulk 

diffusion test was performed to reveal the influence of crack width and crack surface roughness 

on the chloride diffusion coefficient in concrete. SEMEDX analysis focused on comparing 

chloride concentration profiles measured laterally fiom different points of the crack wall towards 

the bulk of the sample, A chloride difision celt was used to back calculate the surface area of 

the crack and relate it to the crack width obtained with the aid of an optical microscope. The 

final work was carried out to examine the relationship between chloride penetration depth and 

exposure time for both cracked and uncracked concretes. 

3.2 Sample Preparation 

3.2.1 Materials, Mix Design and Casting 

Ordinary Portland cernent and ground pelletized blast fumace slag were used as 

cementitious rnaterials in this project. Physical and chemical properties of these materials are 

given in Table 3.1. Stone of two nominai sizes,IO and 20 mm, and concrete sand were used as 

coarse and fine aggregate respectively. Table 3.2 suminarizes the details of al1 raw materials, 

including absorption values for the aggregates. 
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Table 3.1 Physical and Chemical Properties of Cementitious Materials. 

- 

I Total 1 99.97 1 p 101.33 

* Present as sulfides, but expressed as SO,. 

1 Podmd Cernent Tl0 1 Slag 
L 

Physical Properties 
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Density, (kg/m3) 

Blaine Fineness, 

(m'/kg) 

Chemical Analysis, (% by mas) 

3 140 

39 1 

2866 

- 



Table 3.2 Raw Materials. 

Matenal 1 Source 1 Comments I 

Coarse Aggregate, lia- 
Portland Cernent 

S lag 

Coarse Aggregate, 1 20 mm 

I Fine Aggregate 

Lafarge, Woodstock 

Lafarge, Stoney Creek 

Superplasticizer 

Type 10 - CSA A5 

Type G - CSA A23.5 
- - 

Dufferin Aggregates, 
Milton Quany 

- 

Dufferin Aggregates, 
Mosport Pit 

Tap Water 

-- -- - 
1 

CSA A23.1, Absorption - 1.70% 

Dufferin Aggregates, 
Milton Quarry 

Master Builders, SPN 

- -- 

CSA A23.1, Absorption - 1.80% 

CSA A23.1, Absorption - 0.53% 

Lignosulphonate based 

Sodium naphthalene 
fonnaldehyde condensate 

Two different concrete mix designs chosen for this project are described in Table 3.3, 

Both mixes have a water to cementitious materials ratio of 0.40. The first mix contains only 

ordinary Portland cernent as the cementitious material, the second mix has a 25% replacement 

of cernent by blast furnace slag. 

A few days prier to casting, coarse aggregate was washed with water to remove fine dust 

partictes adhering to its surface that could impair the bondhg between aggregate and cernent 

paste. The aggregate was allowed to partially au  dry on the metal pans that were slightly 

inclined causing the excess water to drain down. Then, it was batched in seaIed buckets until 

casting. The moisture content of both fine and coarse aggregates was measured just before 
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Table 3.3 Mix Designs. 

Material 1 0.4, OPC 1 0.4,25SL 

Portland Cement, (kg/m3) 

- 

Coarse Aggregate, 20mm, (kg/m3) 

Coarse Aggregate, 1 O m ,  (kg/m3) 

Fine Aggregate, (kg/m3) 

Water, (kg/m3) 

Superplasticizer, (g/ 1 O0 kg) 1 9 5 .O0 1 7 1 .JO 

3 75.00 

- 

Water Reducer, (g/ 100 kg) 

batching, and the arnount of mix water was adjusted accordingly. 

One batch of 38 liters was cast per mix. The water reducing admixture was pre-blended 

with the rnix water. The materials were added into the flat pan concrete mixer in the following 

sequence: Stone, cement, slag (for slag containing mix), sand, and water. Three minutes of 

mixing were followed by a hvo minute pause, three minutes of mixing, two minute pause and, 

again, one minute of mixing. One half of the superplasticizer was added afler 1.5 minutes of 

mixing, while the other half was added during the second part of the rnixing cycle. At the end 

of mixing, a slump test was perfomed to check the intended siump of between 150 and 200 mm. 

Since the measured slurnp appeared to be satisfactory, the fiesh concrete mixture was deemed 

ready for casting. The portion of the mix used for the slurnp test was replaced in the pan for one 

more minute of mixing. 

281.3 

- 

739.39 

369.70 

739.39 

150.00 
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- - 

736.92 

368.46 

736.92 

150.00 
-- 

77.60 39.60 
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Twenty 100 by 200 mm concrete cylinders were cast per mix and placed under water 

soaked burlap for initial curing. Plastic film was used to cover the burIap. After 24 hours, the 

concrete cylinders were demolded, labeled, and placed for subsequent curing in containers fi1led 

with lime water at 2 3 ' ~ .  Keeping the samples in saturated lime water prevents lime fiom 

leaching out of the concrete. Saturated Iirne water can be obtained by dissolving 1.5g or more 

of Ca[OH), in one Mer of tap water, 

To prevent carbonation, concrete samples were stored in lime water until testing, for a 

total of £ive manths. 

3.2.2 Creation of Artificial Cracks 

Single artificial cracks were the focus of this project for the most part, since studying a 

unique crack allows to better concentrate on specific characteristics of the crack and investigate 

the penetration of chlorides through it. As more knowledge is acquired on the influence of a 

single crack on chloride transport, the probtem cm be extended to the case of multiple cracks 

or several sets of cracks. Samples containing two cracks were produced for the 1 s t  study, where 

the relationship between chloride penetration depth and exposure time was examined. 

To uncover the effect of surface roughness on chloride ingress, h o  types of cracks, 

smwth and rough surface cracks, were made using different procedures. 

3 22.1  Smooth Crack SampIes 

Single and double smoorh crack samples were produced by saw cumng the concrete 

cyIinders Iongitudinally into two (or three for double crack samples) equal width parts. The inner 
-- - 
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cut surfaces of the cylinders were ground on a Van Norman milling machine to achieve an even 

surface and allow better control of the crack width. The cracks were created by clamping the cut 

cylinder parts back together and using bras shims of various thicknesses at the edges to keep 

the gap open. The target crack widths were about 0.1,0.3, and 0.5 mm, which correspond to the 

range of tolerabie crack widths presented in the AC1 manual of concrete practice (AC1 224R- 

90). The crack width ofsmples containing two cracks were lirnited to one size only, namely O. 1 

mm. Metal automotive feeler gauges were used to measure the width ofthe gap, and adjustrnents 

were made by either reducing or increasing the clamp pressure. 

When the desired width of the opening was achieved, a layer of grey paste epoxy 

(Cappar Caprock EX Grey) was applied on the surface al1 around the cylinder to seal the gap. 

Care was taken not to push the epoxy inside the gap. AAer allowing 24 hours for the grey epoxy 

to cure, a 5 mm thick layer of clear epoxy was cast around the circurnference of the cylinder 

using metal molds. Once completeiy cured (in about 24 hours), the clear epoxy sealed the 

annulus securely stabilizing the cut parts of the concrete cylinder and the gap between them. 

Application of the grey epoxy serves two important purposes. Firstly, it gives an initial stability 

to the cracked cylinder firrn enough to allow release of the clamp and transfer of the cylinder 

into the clear epoxy mold without disturbing it. Secondiy, the layer of grey epoxy prevents fresh 

clear epoxy that has a very low viscosity from sealing up the crack. 

After demolding, the ends of the cylinder, with shims inside, were cut off and discarded. 

The remainder of the concrete cylinder was then cut into 40 mm thick discs. Figure 3.1 

schematically represents the obtained single and double smooth crack samples. 
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Figure 3.1 Concrete Sarnpies Containing One and Two Smooth Cracks. 

3.2.2.2 Rough Crack Samples 

For fabricating single rough crack samples (no double rough crack samples werc 

produced), a few millirneters from each edge of the concrete cylinder were cut off, because of 

their higher cernent paste content. The rest of the cylinder was saw cut into smaller 100 mm in 

diameter by 60 mm thick cylinders. Then, each 'mini'-cylinder was placed between the loading 

platens of the hydraulic Carver iaboratory press and compressed until it split open across the 

vertical diametral plane (Figure 3.2). A knife edge on the upper platen of the machine was used 

to concentrate the load along the axis of the cylinder. As a result, the concrete cylinders 

underwent ciean splits without any bulk loss. The spIit surface of the cyiinder was a reasonable 

simulation of real crack walls, that are never srnooth or tortuosity fiee. 

Frorn this point, the procedure for making rough crack samples was very sirnilar to that 

for smooth crack samples with some exceptions. Brass shims had to be replaced by aluminum 

foil, as the latter had the required flexibility to take the shape of the rough crack surface. 

Different nurnbers of aluminum foi1 layers were used to create various crack widths. After 



Figure 3.2 Arrangement for the Concrete Cylinder Splitting. 

discarding the edges of the cylinder containing the aIuminum foil, only one 100 by 40 mm 

sample could be obtained per 'mini' cyIinder. 

3.2.3 Measurement of Crack Width 

An Olympus BH-2 optical microscope was used to measure the attained crack widths at 

4 times magnification. Five readings were taken along the crack and averaged on each side of 

the concrete disc. The mean of the averages from two sides was considered to be a measured 

crack width. Standard deviation was also caIculated for each sample side and averaged per 

sample. The microscope was equipped with an Olympus C-35AP-4 camera that enabled picture 

taking of smooth and rough cracks, as well as cracks of different widths. 

3.2.4 Sample Identification 

Foreasy identification, al1 samples were fabeled according to theircharacteristic features 
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and intended testing. The first letter of the label indicates the mix design, i.e. 'P' for 100% 

Portland cement mix, and 'S' for 25% sIag replacement mix. The second letter of the labeI 

shows whether the sarnple contains smooth (S) surface, rough (R) surface, or no (N) cracks. 

When there is no number in between the tirst two Ietters of the label, it means that this sample 

either has one or no crack. Samples containing two cracks have a digit 2 right after the mix 

design letter. Cracked samples have an indication of the projected crack width following the type 

ofcrack description letter. Since three crack widths, 0.1,0.3, and 0.5 mm, were produced for this 

project, the corresponding digits on the labels are 1,3, and 5. The next letter defines the test to 

which the sample has been exposed P - ponding or bulk diffusion test, D - diffusion cell. The 

last digit is a sequential number among companion sarnples. 

For exarnple, P2S 1 P2 is a 100% Portland cement mix sample with two smooth cracks 

ofO. 1 mm projected width, which has been exposed to chloride ponding. SND1 is a sample from 

25% slag replacement mixture with no crack, which was subjected to the chloride difision cell. 

3.2.5 Outline of Experimental Program 

TabIe 3.4 gives an ou the  of the entire experimental program. The number of samples 

per test is listed taking into account just one mix design. It should be noted that SEMEDX 

analysis was performed on two specimens taken h m  one of the rough crack sarnples of only 

the slag containing concrete. The rest of the expenrnental program was identical for both 

concretes. 
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Table 3.4 Experimental Program 

Test 

Number of Samples 
Containing: 

40-Day Cl' 
Bulk Diffusion 

Test 

Cl- 
Di ffision 

Cell 

CI- Ponding for 
3 Different 

Times (Depth of 
Cl- Penetration 

vs Time) 

No Crack 

Srnooh IGz Crack with 

Single 10.1 rnn - 
2lslag mix Roi* Crack with 

T'NO, 0.1 mm, 
Smoath Cracks 

TotaVTest/Each Mix 

Total for the Project 
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3.3 Chioride Bulk Diffusion Test 

Single smooth and rough crack concrete samples with three different crack widths were 

subjected to the chloride bulk d i h i o n  test. Two companion samples were tested for each crack 

type and size. Four uncracked samples per mix were also tested for cornparison purposes. 

33.1 Sarnple Preparation and Exposure 

Concrete sarnples were sealed on al1 sides except one (clear epoxy around the 

circumference and grey epoxy on one îàce) to ensure that the diffusion takes place only in one 

direction. In addition, to investigate the lateral diffision of chlorides from the walls of the crack 

into the concrete, one half of the exposed face of the samples was sealed with grey epoxy as 

well. The experimental details for two companion cracked sarnples and one uncracked sample 

are presented in Figure 3.3. 

Prior to the experiment, al1 samples were vacuum saturated with lime water (ASTM 

C 1202-97 conditioning procedure), The procedure of vacuum saturation began with three hours 

of vacuuming the concrete samples and de-airing the lime water in separate desiccators. Then, 

lime water was allowed into the desiccator containing the sarnples under vacuum until they were 

completely immersed. Vacuum saturation Iasted for one and a half hours, after which the 

vacuum was released, and concrete sarnples were left in water for eighteen more hours. 

The chloride ponding solution had a concentration of 2.82 m o n  and was obtained by 

dissolving 165 g of dry NaCl in one liter of solution. This is the chloride concentration used in 

the NORDTEST NTEUILD 443 bulk diffision test. Vacuum saturated, surface dry concrete 
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1 - grinding with depth + - direction of profile grinding 
2 - grinding laterally fiom the crack A - profile with depth 
3 - SEMEDX anaIysis B - lateral profile 

4 - spraying with AgNO, A+B - combined profile 

Figure 3.3 Chloride Bulk Diffision Test - Experimental Details. 

samples were placed into plastic containers completely hlled with the chloride solution and 

tightly covered with lids. The ratio of the exposed area of the samples in cm2 to the volume of 

exposure liquid in dm3 was 30. The duration of the test was 40 days at 23 OC and it was kept 

constant for al1 the sampIes. During this time, the coniainers were shaken approximately once 

a week. 

3.3.2 Experimental Detaiis 

Upon completion of saIt exposure, the con crete s amples were removed from the 

containers, wiped with paper towels and sealed into plastic bags. Since it would have been 

practically impossible to perform al1 the planned testing right after the end of the chloride 

exposure, it was of primary importance to prevent any movement of the chlorides within the 

Influence of Cracks on Cbloride Iogress into Concrete 



Enperimental 51 

samples until further testing. This was achieved by Freezing the sarnples. 

Two out of four uncracked samples were used for detennining the depth of chloride 

penetration, and the remaining two were used for measuring the apparent chtoride difision 

coefficient of uncracked concrete. The chloride penetration depth was measured by spraying the 

FreshIy split concrete sample surface with a O.iN solution of silver nitrate (AgNO,) and 

observing a white-purple precipitation of silver chloride on the area penetrated by chloride ions. 

The rneasured depth was used as a guideline Cor determining the depth of profile grinding. 

Two cornpanion cracked samples were tested in four different ways (Figure 3.3). Clear 

and grey epoxies that held the sample together were broken along the crack of each sample 

resulting in four pieces available for testing. Two of them were subjected io chloride diffision 

only from the crack wall, and two others - to combined difision fiom both the face of the 

sample and the crack wall. in Figure 3.3 arrows show the direction of the profile grinding that 

was conducted to determine the diffision coefficient. Letters indicate which type of diffision 

was measured through the profile grinding. 

The chloride diffision with depth or vertical diffusion was characterized h m  pnding 

the uncracked sample (A). The diffision h m  the wal1 of the crack or lateral diffusion was 

measured by grinding the cracked sarnple (B). To uncover whether the IateraI chloride di ffision 

was uniform along the Iength of the crack, two srnall pieces at two different depths of the slag 

concrete sarnple containing the 0.3 mm rough crack were cut for SEIWEDX examination. 

The combined or two dimensionaI diffision was quantified by verticai profile grinding 

(A+B). The last available half of the concrete sample was sprayed with silver nitrate to 

determine the depth and shape of chloride penetration for 2D diffision. 
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33.3 Obtaining the Chloride Concentration Profile 

For profile grinding the epoxy cover was removed from the concrete using a chisel. ï h e  

sample was, then, mounted on the Van Norman milling machine and leveled. Powder samples 

were produced by grinding off 0.75 mm layers with the aid of a 47.7 mm diarneter diamond 

core bit. Sornetirnes, the thickness of the layers were varied depending on the surface area 

available to collect the required amount of powder. Sorne of the layers were discarded, as only 

6 to 8 points are sufficient to produce a diffusion curve. Throughout the whole process care was 

taken to prevent contamination of the powder samples either from the previously ground layers 

or from any other sources. 

The powder samples were collected in 60 ml g l a s  bottles and dried in the oven at 1 10°C 

for at least 24 hours. Hot powder samples were, first, allowed to cool d o m  in the desiccator, and 

then, sieved through a 3 15 pm sieve to retain any larger pieces of concrete (chips fiom sides of 

the cylinders). Approximately 2 g of powder was weighed in a 200 ml beaker and digested with 

nitric acid. The nitric acid digestion involved combining 35 ml of distilled water and 7 ml of 1 : 1 

water diluted nitric acid with the powder sarnple. For the mixture containing slag a few drops 

of hydrogen peroxide were also added to oxidize the sulfides, which interfere with chloride 

analysis. The solution was stirred for ten seconds to promote the reaction, allowed to stand for 

four minutes, and then, briefly brought to a boil. 

The digested sarnples were set aside m i l  they cooled down and were ready for fiItering. 

The filtering set up consisted of 250 ml glass filter flasks, 90 mm plastic Buchner filter funnels, 

and medium grade filter paper. initially, the vacuum was m e d  on and distilled water was 

sprinkled onto the filter paper, so as to tightly attach it to the b e l .  Then, the digested sample 

Influence of Cracks on Chloride Ingress into Concrete 



Experimental 53 

solution was slowly poured ont0 the funnel and allowed to be sucked into the flask. The residue 

of the sample solution was rinsed out of the beaker ont0 the funnel with distilled water. The 

fiItered solution from the flask was poured back into the beaker, and the remains, again, were 

rinsed into the beaker with distilled water. 

It should be pointed out that during the whole procedure of chloride analysis, extra care 

was taken to minimize the impact of the procedure on the original concentration of chlorides in 

the powder sample. This included keeping al1 the glassware clean and preventing any loss of the 

analyzed sample due to handling. 

The obtained solution was analyied for the total chloride content by means of 

potentiometric titration. A Metrohrn DMS 760 automatic titrator and 0.0 1 moüi silver nitrate as 

the titrating liquid were used. Sub-samples of the filtered solution were weighed in 100 ml 

beakers. The size of the sub-samples was varied according to the magnitude of the expected 

chloride concentration. The general rule for the sample size selection was to keep the amount 

of titrant dispensed during the titration in a range between 2 and 6 ml. When the amount of the 

titrating liquid used was less than 2 ml, the obtained chloride concentration was disregarded as 

statistically inaccwate. On the other hand, the use of large amounts of titrant leads to its 

unnecessary waste, as well as to a longer time required for the process. 

Knowing the mass of the original powder sample, large beaker, filtered solution, and sub- 

sample, the mass of the concrete powder present in the sub-sample was calculated. The chloride 

concentration in parts per million @pm) was measured by the titrator. The chloride 

concentration profile was obtained by plotting the total chloride content expressed by mass of 

concrete versus depth. The lowest chloride concentration in each profile (except for the results 
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obtained with less than 2 ml of titrant] \vas considered to be tbe background. The background 

concentration was subtracted fiom al1 the data points pior to plotting the profile. 

33.4 Calculation of Che Difiusion Coefficient 

The apparent chloride diffision coefficient was calculated from Equation 2-2 using two 

different software packages. Jandell-Table Curve allows to obtain values of both the diffusion 

coefficient and the surface concentration through the best fit of Crank's solution to the 

experimental data points. The highest value of a correlation coefficient, i, gives an indication 

of the best fit. 

The second software package is called Confiux, a finite-difference analysis program 

developed by Profs. E. Bentz and M.D.A. Thomas at the University ofToronto. It requires input 

of the value of the surface concentration before the calculation of the diffusion coefficient cm 

be performed. Since the chloride surface concentration can be assumed to be constant for the 

same concrete and exposure conditions, it can be theoretically calcutated based on the porosity 

of concrete and the amount of bound chlorides. The best fit cuve generaied by the program 

intersects this theoretical value of the surface concentration, and the diffision coefficient is 

calculated. 

The chloride surface concentration was calculated as a sum of both the concentration of 

free chlorides in the concrete pore solution and that of bound chiorides. The concentration of 

free chiorides was caIculated b a s 4  on the assurnption that the concrete pores were filled with 

the exposure sait solution of known concentration. The porosity of concrete was estirnateci using 

the following expression: 
-- - 

Influence of Cracks on Chloride Ingress into Concrete 



Where : 

P = water porosity of concrete, (%); 

m d  = mass of water saturated surface dry concrete, (g); 

md = mass of concrete dried at 100°C, (g); 

% = mass of concrete suspended in water, (g). 

The concentration of bound chlorides was estimated From experimental studies 

conducted on concretes of similar composition by H. Zibara at The University of Toronto 

(Zibara, 2001). The amount of bound chlorides for the 100 % Portland cement concrete was 

approximated at 15.5 mg per gram of cementitious materials, and for the slag containing 

concrete - 18 mg per gram of cementitious materials. 

- p- 
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3.4 SEM/EDX Chloride Profiling 

In order to investigate whether the lateral diffision of chlorides from the crack wall into 

the bulk of the concrete sarnple was uniform along the length of the crack, SEMEDX chloride 

concentration pmfiling was perfonned on two sections taken from the same chloride bulk 

diffusion sample at two different depths. 

Two 10 mm slices were cut from the slag concrete sample (SR3P2) containing the 0.32 

mm wide, rough crack 5 and 20 mm away from the disc surface (Fig. 3.3). They were Iabeled 

SR3 1 and SR32 respectively. No lubricant was used during the cutting, so as to avoid the wash- 

out of chlorides from the concrete surface to be examined. The sarnple preparation procedure 

included vacuum impregnation with epoxy, polishing, and sputter coating with platinum. Pnor 

to testing, samples were stored in the desiccator containing silica gel. For the microscopical 

examination the polished sample was fixed on the specimen stub with a two side adhesive 

conductive tape. A silver paint was applied to the sample and the stub to assure good 

conductivity. To remove dust or any other adhenng particles from the sampIe surface, 

compressed air was applied. 

A Hitachi mode1 S-4500 field emission SEM was used for the chIoride X-ray mapping. 

It was conducted on an area of approxirnately 1.5 by 2.8 mm at the fiee (chloride exposed) edge 

of sarnple SR3 1 at 40 times magnification. The operating conditions inchded the following 

charactenstics: accelerating voltage of 20 kV, probe current of 20 FA, and 13 mm working 

distance. The duration of the mapping was limited to 15 1 ûames, which took about half an hour 

to cornplete. This number of m e s  was considered to be sufiicient to obtain a good signal to 
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noise ratio within a reasonable period of time. A rnicrograph of the same area was also taken. 

Quantitative analysis was perfonned on a Hitachi model S-2460N SEM equipped with 

an Oxford-Link mode1 S-5 104 energy dispersive X-ray (EDX) unit. Backscatter electron (BSE) 

imaging was used for viewing. Chloride concentration profiling was carried out at 20 kV 

accelerating voltage and 22 mm working distance. Rie ZAF corrections were incorporated in 

the Oxford ISIS software package. Saturation of the filament with subsequent calibration on a 

cobalt standard was done every hour. The counting rate was kept to about 4000 counts per 

seconds on cobalt, which corresponded to approximately 30 to 35 % dead tirne. The acquisition 

set-up consisted of preset livetime of 50 seconds, fast counting, process time of 4, and 30 kV 

upper energy. Every half an hour the probe current was checked on an alite standard, so that in 

quantified u~onnalized results both the element percent and the cornpound percent add up to 

100. 

EDX spectra were collected at 2000 times magnification, which resulted in an area of 

about 58 by 43 Fm being analyzed. The chloride concentration was measured at seven depths 

for sample SR3 1 and at four for sample SR32. It was not possible to finish the profiling for the 

second sample due to ongoing maintenance of the microscope. The term 'depth' is used in 

analogy with the depth of grinding for the chloride bulk diffusion test. Ten measurements were 

taken at each depth, and the average value of the chloride concentration was calculated. The 

sample was rotated and aligned in a way that permitted precise determination of the depth at 

which the chloride concentration was rneasured. Care was taken to analyze only the cernent 

paste area of the sample, and to ensure that the tested areas had similar porosity and phase 

composition. This was achieved by avoiding the areas containhg aggregates and by keeping the 
-- 
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calcium to silica ratio and the total amount of the compound percent in unnormalized results as 

consistent as possible. 

The Oxford ISIS software allows calculation of atomic percentages for each element 

present in the cernent paste, using stoichiometry to calculate the atomic percentage for oxygen. 

Knowing the atomic rnass of the chemical elements, it is possible to calculate the element 

percentages by mass of the analyzed area. Expression 3-2 illustrates how this percentage is 

calculated for chlorine. Since al1 the measurements were taken in the cement paste areas only, 

the obtained percentages could be regarded as percentages by mass of cernent paste. 

Where: 

Cc, = chlorine concentration by mass of the tested area, (%); 

, = atornic percentage of chlorine, (%); 
- 

mc, - atornic rnass of chlorine; 

ni = atornic percentage of i-element, (%); 
- 

mi - atomic rnass of i-element. 

As mentioned in Section 2.5.3, the SEM/EDX analysis only rneasures the total chlorine 

content in the sample. However, since chlorine is present in concrete samples, that were 

subjected to chIoride diffusion, mainly in the f o m  of chloride, the chlorine concentration 

obtained from SEMlEDX analysis will be fùrther referred to as the chloride concentration. 

- - -  -- 
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3.5 Chloride Diffusion Ce11 

The purpose of the chloride diffusion ce11 test was to measure the flux of chlorides 

difhsing through the crack and reiate it to the measured crack width. Since the width of the 

smooth crack couid be characterized with a higher degree of precision than the width of the 

rough crack, only concrete sarnples containing single smooth cracks of different widths were 

exposed to the test. Concrete samples with two smooth cracks were not included in this testing 

in order to keep the set-up as simple as possible. 

The sample preparation involved the vacuum saturation of concrete with water as 

described in Section 3.3.1. The experimental apparatus of the chloride diffusion ceIl is s h o w  

in Figure 2.3. Approximate volumes of the upstream and downstream compartments were 1.5 

and 0.6 liters respectively. The exact volume of the downstream solution consisting of 0.3 moüi 

sodium hydroxide (NaOH) solution was measured and used in the calculations. The upstream 

solution was a mixture of 0.5 moVl sodium chloride (NaCl) and 0.3 mou1 sodium hydroxide 

solutions. The sodium chloride was dried in the oven at LOO0C before being weighed. 

The concrete sample was placed in between the two ce11 compartments, so that the crack 

would run borizontaily. To avoid any splashing of chlorides through the crack while the cell was 

filled with the solutions, each compartment was, fmt, filled just up to the level of the crack, and 

then, both solutions were poured simuitaneously into the two compamnents. 

At given tirne intervals, ten milliliter samples of solution were extracted fiom the 

downstream compartment into sealed plastic vials. The duration of the experiment was about 

six months. During the first day of exposue, measurements were taken every few hours. 
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AAerward, the fiequency of the measurements was reduced fiorn every other day to once a 

week. To replenish the volume of the sample solution, 10 in1 of the 0.3 moVl sodium hydroxide 

solution was poured back into the downstrearn cornpartment after each measurement. The 

resulting decrease in the chloride downstrearn concentration was accounted for in calculations. 

The samples were titrated promptly to avoid possible evaporation, The downstrearn 

chloride concentration was detennined using the potentiometric titration outlined in Section 

3.3.3. At the beginning of the test, when the chloride concentration was very low, a blank 

chloride solution or chloride solution of a known concentration was added to the sample. This 

technique ensured that the concentration of chlorides in the analyzed sample was high enough, 

so as to provide a sbtisticaiiy accurate result. The concentration ofthe blank solution was later 

subtracted From the obtained reading. When the downstrearn chloride concentration had 

increased, smaller samples were used for titration. In order to achieve acidity levels favorable 

for titration, one drop of methyl orange indicator and concenhted nitric acid were added to the 

sample until it turned from yellow to pink. 

The mass of chlorides passed through the crack was plotted against time. Then, the 

surface area of the crack was caiculated using Fick's first law. 
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3.6 Depth of Chloride Penetration vs Time 

To compare the relationship between depth of chloride penetration and exposure tirne 

for uncracked and cracked concrete, samples containing no crack, one smooth 0.1 mm wide 

crack, and two smooth 0.1 mm cracks were subjected to chloride ponding tests of various 

durations. Instcad of deterrnining the d i f i i o n  coefficient, in this case, the depth of chloride 

penetration was measured. 

The sarnple preparation procedure, as well as the experimental set-up were, for the most 

part, identical to the chloride bulk diffusion test and described in details in Section 3.3.1. 

Samples were sealed fiom three sides, leaving one face of the concrete discs cornpietely open. 

Then, they were vacuum saturated with water and exposed to the salt solution for three different 

periods of time. However, the sets of exposure times were not the same for al1 the sarnples. 

Concrete sarnples containing no crack or a single crack were tested for 4, 16, and 36 

days. Samples with two cracks were exposed for much shorter periods of tirne - 1,4, and 7 days. 

The test duration had to be reduced for these samples, as two intersecting cracks subdivided 

them into smaller sections of concrete, requiring less time for complete chloride penetration, in 

which case, the penetration depth would not be possible to measure. Two companion sarnptes 

were tested per set of experimental variables. 

Following chloride exposure, concrete samples were wiped with paper towels and set 

aside for a short period of time to allow the solution filling the cracks to drip off or evaporate. 

This step was necessary to ensure ihat the exposure soiution hidden in the cracks would not run 

ont0 the fieshly split concrete surface, distorting the shape of the chloride front. 
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Samples were split across the cracks, and the fractured surface was sprayed with a 0.1N 

solution of silver nitrate. The white-purple band of formed silver chloride represented the Front 

of chloride penetration. The border of the chloride front was highlighted with a black marker, 

and scan pictures of the sprayed surfaces were taken. Two sets of measurernents were taken on 

the depth of chloride penetration. First, the actual depth of penetration was measured. Then, ail 

the aggregates failing inside the chloride penetrated area of the sarnple were highlighted, and the 

magnitude of the chloride front was measured (excluding the areas where aggregates had 

interfered with it). 

For the uncracked samples, only the vertical depth ofchloride penetration was measured. 

In the case of cracked samples, both vertical and lateral (frorn the crack wall towards the side 

of the sample) depths were recorded. Measurements were taken with a conventional d e r  at 

approximately every 2 to 3 mm along the exposed sarnple surface and the crack walts. Both 

halves of the split sample were analyzed. The average depth was calculated for each half, then, 

the mean of depths fiom the two halves was taken to be the depth of penetration for this 

particular sample. The final value of chloride penetration depth was obtained by averaging the 

results from the two companion sarnples. 
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4.1 Measurement of Crack Width 

The crack widths (Cw) obtained with the use of the optical microscope as described in 

Section 3.2.3 are surnrnarized in Appendix A, along with average standard deviations. Measured 

crack widths range from 0.06 to 0.74 mm and deviate from the target crack widths on average 

by 15.9 %, with the largest cracks exhibiting the biggest deviation. Nonetheless, the produced 

crack widths were considered to satisfactorily represent the range designed for this project. 

Photographs taken during crack width measurement on the optical microscope are 

presented in Figure 4.1 as picîures (a) and (b). Picture (a) shows the 100 % Portland cement 

concrete sample containing a O. 12 mm smocnh crack. At first glance, the edges of the crack seem 

to be rather rough. This roughness was caused by some damage to the walls of the crack at the 

exposed surface which resulted from saw cutting the sarnple. However, while looking deeper 

into the crack, beyond this surface effect, one c m  see right through it noticing the light corning 

fiom the opposite side. This indicates that the inside part of the crack is fairly smooth and has 

a constant gap. The width of the crack was obtained by measuring this interna1 gap, not the space 

between the outer broken edges of the crack. 

The second picture (b) was taken on the skag concrete sarnple with a 0.32 mm rough 

crack. In this case, the tortuous inside walls of the crack block the view through it. It can also 

be observed that the crack width is less consistent along the sample. For the rough crack 

sarnples, the places with the rnost consistency in crack width were chosen for the measurernent. 
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Figure 4.1. Measurement of Crack Width Under the Optical Microscope (4x): (a) - 
Sample PSlDl, Sawcut Smooth Crack, Cw = 0.12 mm; (b) - Sample 

SR3P2, Fracture Rough Crack, Cw = 0.32 mm. 
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4.2 Chloride Bulk Diffusion Test 

The depth of chlonde penetration, as well as the apparent diffusion coefficient, was 

obtained dunng the chloide bulk diffision test. In addition, two-dimensional analysis was 

performed to characterize the combined diffusion of chlorides from the surface of the sample 

and the crack wall. 

4.2.1 The Chloride Penelration Depth 

The depth of chloride penetration was determined by spraying the fieshly split concrete 

surface with the silver nitrate solution. The results are summarized in Table 4.1. Both vertical 

and lateral depths of chloride penetration were measured and denoted as 'V' and 'L' 

respectively. Figure 4.2 shows a scan of the 100 % OPC concrete samples containing single 

smooth cracks of various widths and one control sample containing no crack. The left hand parts 

of the cracked sampfes are the ones that were exposed to Iateral difision (from the crack wall) 

only. 

The shapes of the chloride Fronts observed in this picture are typical for al1 other sample 

sets. The only ciifference between the two types of concrete is that the average depth of chloride 

penetration is smalIer for the 25 % slag concrete mixture, which is to be expected for the 

concrete containing supplcmentary cementing materiab. 

It is evident fiom the picture that the shape of the chloride penetration fiont is strongly 

influenced by the presence of coarse aggregate in the penetrated area. This must be considered, 

when comparing the depths of chionde penetration arnong the different samples or within the 
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Table 4.1 Chloride Bulk Diffusion Test, Depth of Chloride Penetration. 

* Average depth for two companion samples. 

same sample. In other words, a scatter in the obîained results should be partially attributed to the 

disiribution of aggregate within the concrete samples. 

AAer taking this effect into account, it can still be noticed £iom the results presented in 

Table 4.1 that some of the concrete samples exhibited much larger lateral chloride penetration 
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Crack 
Width9 (mm) 

- 
- 

0.09 

0.38 

0.69 

0.10 

0.29 

0.47 
- 
- 

O. 10 

0.32 

0.62 

0.10 

0.32 

0.47 

Mix 

100% 
OPC 

L 

25 % 
Slag 

: 

Depth of Cl- 

Vertical, v 
11.63* 

- 
17.70 

12.70 

13.70 

15.00 

11.11 

22.75 

7.05* 
- 

7.70 

4.50 

6.50 

15.80 

9.00 

7.22 

Penetration, (mm) 

Lateral, L 
- 

18.78* 

16.30 

17.90 

15.05 

17.36 

26.92 

17.20 
* 

6.05* 

20.40 

14.35 

9.05 

20.74 

18.60 

16.90 

Crack 
Type 

- 

Smooth 

Rough 
Surface 

- 

Smooth 

Rough 
Surface 

Sample 
ID 

PNP2,lO 

PNPLAT2,4 

PS 1 P2 

PS3P2 

PS5P2 

PRlP2 

pR3p2 

PR5P2 

SNP2,l O 
r 

SNPLAT2,4 

SS 1 P2 

SS3P2 

SS5P2 

SR 1 P2 

SMPZ 

SR5P2 
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PNP2, No Crack 

V = 10.5 mm. 

mm; 

5 mm. 

mm; 

mm. 

mm; 

mm. 

Figure 4.2 Chloride Buik Diffusion Test, Depth of Chloride Penetration; 100 % OPC 

Concrete, Single Smooth Cracks. 
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than vertical. In order to verie whether the chloride difision is dependent on the direction of 

cast, four additional samples per mix were exposed to the chloride buik diffision test. This time, 

40 by 100 mm concrete discs were cut across the diameter and sealed leaving only the newly cut 

face exposed to the chlorides. This exposure was similar to the case of lateral diffusion fiom the 

crack wall, except that the exposed surface was, in fact, a fiee surface parailel to the casting 

direction. The samples were labeled PNPLAT 1 ... 4 and SNPLAT 1 ... 4 for OPC and slag mixtures 

respectively. Two out of four cornpanion samples were used for measuring the depth of chloride 

penetration (resuhs were included in Table 4.1), while two others were used to determine the 

diffision coefficient. 

Based on the results obtained from spraying the concrete surface with silver nitrate 

solution, the following conclusions on the influence of cracks on the depth of chloride 

penetration can be drawn: 

Transecting cracks in the width range studied in this project behave like a free concrete 

surface exposed to chloride diffision. 

The depth of chloride penetration is independent of either the crack widths considered 

or the crack surface roughness. 

* Chloride diffusion in the concrete containing the transecting crack becomes a case of 

two-dimensional diffision. 

4.2.2 The Chloride Diffusion Coefficient 

Two different software packages were used to calculate the values of the apparent 

diffision coefficient tiorn experimental data points. 
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Typical curves for a case of one- and two-dimensional diffision as produced by Table 

C w t  are s h o w  in Figure 4.3. The complete set of raw data and results obtained with the aid 

of Table Curve are given in Appendix B. The details of the exposed samples, direction of 

grinding, and the values of the diffision coefficient, surface concentration, and correlation 

coefficient are summarized in Tables 4.2 and 4.3 for Portland cement and slag containing 

mixtures respectively. 

it can be noticed that in the case of one-dimensional diffusion, most of the data points 

fit Fick's second law reasonably well. Points that fell far outside the best-fit curve were not 

considered in the calculation of the diffision coefficient. These points were attributed to 

handling mistakes during the procedure for obtaining the chloride concentration profile. In 

addition, as it was mentioned in the experimental part, points obtained with the use of less than 

2 ml of titrant (usually points below the background concentration) were also disregarded from 

the analysis. 

With respect to the case of two-dimensional diffusion (profiles marked as 'DEP'), a 

much worse fit to Fick's second diffision law can be observed. This, of corne, is to be 

expected, since the law describes only the case of one-dimensional diffision. The discrepancy 

is evident in the portion of the curve where concentration is supposed to approach zero, which 

never happens if chlorides penetrate the sarnple From two sides. 

Values of the diffision coefficient obtained for each concrete fiom al1 the sarnples tested 

are plotted against crack widths in Figure 4.4. Four different types ofconcentration profiles were 

studied, and the attained values of the diffision coefficient were denoted in accordance with the 

m e  of profile. Al1 lateral, as well as vertical, profiles for uncracked samples were produced by 
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- - 
Considered 

Not Considered - \ - - El 
- 

O 4 8 12 16 20 24 28 32 36 
Depth, ( mm ) 

(a) Da= 6.05E-12 m2/s, Co=0.89 %, C c  0.070 %, ?=0.9948 

(b) Da= 3.548-12 m2/s, C0=0.96 %, Cb= 0.062 %, &.9666 

Figure 4.3 Typical Chloride Bulk Diffision Test Curves, Table Curve: (a) - ID 
Diffision; (b) - 2D Diffirsion. 
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Table 4.2 40 Day Chloride Bulk Diffision Test Results for 100 % OPC Concrete, Table 

Curve. 

Sarnple iD 

PSlPlLAT 

PS3P 1 LAT 

PSSP 1 LAT 

PSlPIDEP 

PS3P 1 DEP 

PSSP1 DEP 

PR1 P 1 DEP 

Crack Exposed Diffision Grinding $ Surface Diffision Dif. Coel 
Width, Surface Direction Direction Concentra- Coef- Labels 

(mm) Type tion, (% ficient Used 
Concrete) (rn2/s) in Figure! 

- Smooth Vertical Vertical 0.998 0.68 8.09e-12 Dsm.vert 

- Srnooth Vertical Vertical 0.995 0.89 6.05e-12 

- Srnooth Lateral Lateral 0.988 0.60 1.20e-11 Dsm.lat. 
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Table 4.3 40 Day Chioride Bulk Diffusion Test Results for 25 % Slag Concrete, Table 

- - -- - 

Sample iD Crack 
Width, 
(mm) 

-- 

Exposed 
Surface 

Type 

8 Surface Difiùsion Dif. Coef 
Concentra- Coef- Labels 

tion, (% ficient Used 
Concrete) (rn2/s) in Figure: 

0.998 0.86 4.02e- 12 Dsm.vert Smooth Veriical J Vertical 

Smooth 1 Vertical 1 Vertical 
I I 

Srnooth Lateral 1 Lateral 

Smooth 1 Lateral 1 Lateral 

Smooth 

SSSP 1 LAT - Srnooth 
- 

Smooth 

Smooth 

Smooth 

Rough Lateral Lateral 

Rough Lateral Lateral 

Rough Lateral Lateral 

Roughl Lat+Vert Vertical 
Smooth 

Roughî Lat+Vert Vertical 
S mooth 

SR5P 1 LA? - 

Roughl Lat+Vert Vertical 
Smooth 1 1 
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(4 

40 Day Bulk Diffusion Test 
100 % OPC, Single Crack ,Table Curve 

O 0.1 0.2 0.3 0.4 0.5 0.6 0.7 
Crack Widîh, ( mm ) 

40 Day Bulk Diffusion Test 
25 % Slag, Single Crack ,Table Curve 

O 0.1 0.2 0.3 0.4 0.5 0.6 0.7 
Crack Width, ( mm ) 

Figure 4.4 Chloride Bulk Diffusion Test Results, Table Curve: (a) - 100 % OPC 

Concrete; (b) - 25 % Slag Concrete. 
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one-dimensional diffision, while the vertical profiles for cracked samples were the result of two- 

dimensional difision. Since two companion samples were tested for uncracked concrete in each 

case, the average values of the diffision coefftcient were plotted in the charts. The format of 

these charts was kept constant to facilitate evaluation of the results. 

While comparing the two mixes, it c m  be noticed that the domain ofdiffusion coefficient 

values for the 100 % OPC mixture lies higher than for the 25 % siag mixture, which points to 

the fact that concretes containing supplementary cementing materials, such as slag, often possess 

a better ability to resist aggression by chloride ions. The same trend was observed for the depth 

of chlonde penetration. 

The results obtained within the same concrete type do not appear to indicate any 

particular trend. This is especially tnie for the slag mixture, for which al1 the values of the 

di ffision coefficient are clustered very closely together (Figure 4.4-b), demonstrating a natural 

variation of results, that could be expected arnong companion samples, rather than any 

relationship between test variables. The spread of the results is slightly bigger for the OPC 

mixture, however, no specific factors goveming this scatter could be revealed. Perhaps, the 

decrease in the quality of concrete as compared with the slag mixture leads to a higher variation 

in the properties of 100 % OPC concrete. 

From the evaluation of calculated values of the diffision coefficient the followhg 

observations can be made: 

There was no detectable S u e n c e  of either the crack width or the crack surface 

roughness on the chioride diffision coefficient among the crack widths examined. 

a The walls of the transecting crack behave like a free surface przducing diffision 
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coefficients similar to those of uncracked concrete. 

[n the case of two-dimensional diffusion, Ficks's second law can be used to obtain 

values of the diffusion coefficient with a reasonable degree of reliability. Kowever, it is 

not accurate for predicting the depth and shape of chloride penetration. 

These observations are in agreement with preliminary conclusions drawn for the depth 

of chloride penetration in Section 4.2.1. 

The second software package used to calculate values of the diffision coefficient was 

ConFlux. The chloride surface concentration was theoretically calculated for both concretes 

before the program could be applied. The measured water porosity of 100 % OPC and 25 % slag 

concretes was 14.83 and 14.44 % respectiveiy. The corresponding amounts of free chlorides 

constitute 0.54 and 0.52 % by mass of concrete. By combining these with the amount of bound 

chlorides, the surface concentration was estimated to be about 0.75 % for OPC mixture and 0.77 

% for slag. 

The average values of chloride surface concentration calculated by Table Curve based 

on experimental results are 0.73 and 0.84 %, which would indicate a fairly reasonable theoretical 

estimation. 

Figure 4.5 shows best fit curves obtained with ConFlux for the same samples used as an 

illustration of a typical fit for Table Curve in Figure 4.3. Appendix C provides the complete set 

of results acquired through ConFlux. It can be seen from the graphs that the fixed value of 

surface concentration leads to a much poorer fit of the data points to the curves calculated by the 

program. The closer the theoretically calculated surface concentration to the experirnental data 

points, the better the fit of the curve, and the closer the values of the diffusion coefficient 
-- - 
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- - 
Considered 

- 

Not Considered - -- \ - El 
- 

O 4 8 12 16 20 24 28 32 36 
Depth. ( mm ) 

(a) Da= 8.66E-12 m2/s, C,=0.75 %, C,= 0.070 % 

SS3P1 OEPiConFlux 
A 

9 
O 1 -  

Considered 

Y 

Not Considered S 0.6 -- 
E e 8 0.4 -- 

O 0.2 -- 
al 
O r m = O .  
6 O 4 1; 1; 20 24 28 32 36 

Depai, ( mm 1 

(b) Da= 5.46E-12 m'ls, C,=0.77 %, Ch= 0.062 % 

Figure 4.5 Typical Chloride Buk Difision Test Curves, ConFlux: (a) - ID Diffusion; 

(b) - 2D Di fision. 
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la) 

40 Day Bulk Diffusion Test 
100 O/O OPC, Single Crack , ConFiux 

O 0.1 0.2 0.3 0.4 0.5 0.6 0.7 
Crack Widîh, ( mm ) 

40 Day Bulk Diffusion Test 
25 % Slag, Single Crack , ConFlux 

O 0.1 0.2 0.3 0.4 0.5 0.6 0.7 
Crack Width, ( mm ) 

Figure 4.6 Chloride Buik Diffision Test Resuk, ConFlux: (a) - LOO % OPC Concrete; 

(b) - 25 % Slag Concrete. 
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obtained h m  the two prograrns. 

Figure 4.6 summarizes the values of diffision coefficient produced by ConFlux as a 

Function of crack width (shilar to Figure 4.4 for Table Curve). Even though ConFIux calculated 

diffusion coefficients are different f?om those of Table Cuwe, the overall picture of results 

neither changes significantly nor indicates any new findings. 

As a concluding remark on these two software packages, it should be pointed it out that, 

unless a high degree of accuracy can be achieved in estimating the value of the surface 

concentration to be input into ConFlux, TabIe Curve pcoduces curves giving a bener fit with 

experimenta1 points and, therefore, more reiiable results. 

4.23 2D Simulations 

As demonstrated in the previous section, Fick's second law cm not be used to accurately 

predict distribution of chlorides in the case of two-dimensional diffusion. A different approach 

is needed that would account for the effect of ion diffision fiom two directions. 

When obtaining the chloride concentration profile for the case of one-dimensional 

diffision, Iocal variations in concentration are neglected as the average concentration of the 

Iayer is measured. In other words, it is assumed that the concentration is constant at given depth. 

Following this assumption, Lines of equal concentration can be drawn for one-dimensional 

diffision (Figure 4.7-a). These are, in fact, straight lines parallei to the exposed surface. 

In the case of twodimensional diffision iines of q u a i  concentration have a hyperbolic 

shape (Figure 4.7-b) with its extrema approaching straight Iines in the areas not affected by 

combined diffision. Let us choose a coordinate system @,Y), so that axis X runs along the 
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1D Diffision 2D Diffiision 

Figure 4.7 Lines of Equal Concentration for One- and Two-Dimensional Diffusion. 

crack wall, while axis Y runs along the sarnple surface (Figure 4.8). Then, the simplest form of 

the equation describing lines of equal concentration for the 2D difision can be written as 

follows: 

( x - A ) * ( y -  A ) =  A (4- 1 ) 

Where: 

A = a constant, expressing the distance €rom the axis to the line of equal 

concentration away fiom the coordinate system origin. 

The average chloride concentration at any given depth x,, analogous to the concentration 

obtained from grinding the sample, can be denved through calculating and averaging 

concentrations at al1 points along h e  x = x, for y ranging fiom O to d, where d is the diameter 

of the core bit equal to 47.7 mm. The step for y variation was arbitrarity chosen to be 0.1 mm. 
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XI Crack Wall X 
> Direction of Grinding 

Figure 4.8 Mode1 for Calculating the Average Chloride Concentration at Any Given 

Depth for the Case of 2D Difision. 

It is possible that the outcome of the simulations may be sensitive to the y variation step, 

however, such a sensitivity study would lie beyond the scope of this project. 

The chloride concentration at any point (x,, y,) is calculated by replacing distance x in 

Crank's solution (Equation 2-2) with the value df constant A that corresponds with the line of 

equal concentration passing through this point. Since the analytical solution to the integral ofthe 

error function was not found, the problem was solved numerically using a conventional 

spreadsheet. The diffusion coefficient value measured on the uncracked concrete and 

theoretically calculated value of surface concentration (Section 4.2.3 were used in these 

simulations. 

Figure 4.9 shows a 2D concentration profile caIculated for 100 % OPC concrete, 
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- SS3P1 DEPIZD Simulation 

fl Considered P Not Considered 

- Table Curve - 20 Simulation 

2D Simulation: D, ,, = 2.93E-12 m%, Co = 0.77 % 

Figure 4.9 Chloride Bulk Diffusion Test, Table Curve vs 2D Simulation. 

experimental data obtained for one of the samples, and the corresponding best fit curve 

generated by Table Curve. Similar cornparison charts are presented in Appendix D for al1 the 

samples exposed to 2D diffision. 

It cm be seen from these charts that, even though the scatter in experimentally measured 

surface concentrations greatly affects the fit of the 2D simulated curve, overall, it does fit the 

data points much better than the conesponding 1D curve produced by the Table Curve software 

package. 

The proposed 2D simulation approach can be used for predicting the chloride 

concentration profiles for the case of two-dimensional diffision, provided that the concrete 
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diffision coefficient is known and the value of surface concentration can be estirnated. 

4.2.4 Chloride Concentration Profile for Rough Surface Samples 

When obtaining the lateral chloride concentration profile for the rough crack samples, 

the concrete surface subjected to grinding is the rough surface of the crack wall. The irregularity 

of such surfaces for the rough cracked sarnples reached up to 5 mm. The question aises as to 

whether this irregularity couid mod@ the shape of equal-concentration iines (see Section 4.2,3}, 

and, thus, introduce an error in the detennined chloride concentration profile. 

An approach for obtaining this profile while accounting for the effect of surface 

roughness was considered and details are discussed in Appendix E. It was discovered that the 

approach was not suitable for describing chloride diffision into concrete with inegular surface 

shape. Therefore, it was abandoned and the conventional method was used to obtain the lateral 

chloride concentration profiles for rough crack samples. 
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4.3 SENUEDX Chloride Profding 

The chloride X-ray rnap of the fiee edge of sample SR3 1 (section taken from the slag 

concrete sarnple containing a rough crack, see Section 3.4) is presented in Figure 4.10. The 

corresponding micrograph of the same area is shown in Figure 4.1 1. X-ray rnap results consist 

of three windows - a micrograph of the analyzed area, chloride X-ray map, and background. In 

the X-ray rnap chlorine manifests itself as bright dots on the dark background of the window. 

The chlaride X-ray rnap stiould be evaIuated in conjunction with the background map. 

The number on the top left corner of each window is a brightness index. It always equals 255 

for the micrograph, which is its maximum value. When the brightness index on the X-ray rnap 

equaIs the one on the background map, it indicates that the concentration of the element under 

analysis is very low or negligible. 

From the X-ray rnap presented in Figure 4.10 it c m  be noticed that chlorides are 

concentrated in the areas of the cernent paste. The concentration of chlorides in the aggregates 

appears to be close to the background, which suggests that the chloride ions difised in concrete 

through the cernent paste avoiding the aggregates. Unfortunately, the decrease in the chloride 

concentration with depth cannot be observed from this map. 

The results of quantitative analysis and a sample of raw data and calculations are 

attached in Appendix F. Chloride concentration profiles measured with SEMIEDX are presented 

in Figure 4.12. The profile obtained fiom grinding with subsequent titration (chemical method) 

is also included in this chart for cornparison purposes. Since the original concentration 

determined through the chemical method was expressed in percentage by total mass of concrete, 
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Figure 4.10 X-Ray Map of the Free Edge, Sample SR3 1 (40x). 

Figure 4.1 1 Micrograph of the X-Ray Map Area , Sample SR3 1 (40x). 
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SEMIEDX vs Chemical Method 

Chernical 

EDXlSR31 

EDXISR32 

Figure 4.12 Chloride Profiling: SEMEDX vs Chemical Method. 

it had to be converted to percentage by m a s  of cernent paste. This was done by subtracting the 

mass of aggregates from the mass of concrete based on the values given in the mix design. 

It can be seen from the chart that the two SEM/EDX chloride concentration profiles are 

quite dose to each other and to the profile obtained through the chernical method, as weli. This 

observation, supported by the measurement of the chtoride penetration depth and the shape of 

the chloride front, leads to the conclusion that the lateral diffusion of chIorides h m  the crack 

wall into the bulk of the concrete sample was, in fact, uniform along the crack length. It should 

also be pointed out that this statement confims the previously made conclusion that the watls 

of the transecting crack behave like a fke surface. 
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4.4 Chlotide Diffusion Ce11 

The chloride diffusion ceil testing was originally initiated on the full range of sampfes 

containing single srnooth cracks. Howwer, it had to be aborted for samples with crack widths 

Etom 0.3 to 0.7 mm, as a fault in the experimental set-up was discovered. The concentration of 

the downstream solution was changing in an unexpected and erratic manner. Instead of 

increasing steadily, it was jumping up and d o m  with every measurement taken. It was obvious 

that something was disrupting the diffusion process that was supposed to take place through the 

crack. 

As monitoring of the downstream concentration was the only interference with the 

experiment, the problem was believed to be induced by this procedure. it tumed out that the two 

compartments of the diffusion ceil with the cracked sarnple in between them became a case of 

wo connected vessels, in which fluid levels rapidly respondzd to any volume changes. Every 

tirne, a 10 ml sample solution was exûacted from the downstream compartrnent, it caused a 

decrease in its volume accompanied by a quick volume recovery from the upstream 

cornpartment until the solution levels in both compartrnents were the same. The reverse process 

tookplace when 10 ml of sodium hydroxide was poured back into the downstream compartrnent. 

Balancing of the solution Ievels in the two ce11 compartments led to irregular changes in the 

chIoride concentration. 

The impact of concentration measurement on dif i ion was, at first, not so obvious for 

samples containing smaller cracks. The fiequency of rneasurements was reduced according to 

the slow changes in concentration of the downstream solution. A cornparison of crack widths 
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measured with the optical microscope and determined through diffusion cells for these samples 

is presented in Table 4.4, The complete set of raw data and an example of the calculations are 

given in Appendk G. Figure 4.13 shows plots of chloride diffusion versus tirne. 

It can be seen from the results that there is a great discrepancy between the two values 

of crack width for the same sample. Al1 crack widths calculated from Fick's first law are much 

bigger than the ones measured with the microscope. Moreover, the ranking of crack widths by 

these two procedures appears to be inconsisient. This allows one to conclude that the 

concentration measurernent in the downstream cornpartment also interfered with difision of 

chlorides through smaller cracks, resulting in greater chloride flux than could be expected fiom 

difhsion alone. A more suitable approach to monitoring concentration of the downstream 

cornpartment should be identified before cracked samples c m  be tested in diffusion cells. 
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Table 4.4 Chloride Diffusion Cell, Cornparison of Crack Widths. 

~ample  1 Crack Width, (mm) 
- - 

ID 1 Measured v& Optical 1 Determined From 

Chloride Diffusion Cell 
Mass of Chlorides Diffused vs Time 

PSIDI 

PS 1 D2 

+ 
PSl D l  
+ 
PSI 02 
+ 
SSf D l  

+ 
SS1 D2 

O 20 40 60 80 100 120 140 
Time, ( Days ) 

Microscope 

0.1 15 

0.064 

Figure 4.13 Chloride Diffusion Cell, Mass of Chlorides Diffised vs Time. 

Chloride Flux 

0.33 1 

0.548 
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4.5 Depth of Chloride Penetration vs Time 

Figure 4.14 presents scans of a chloride buk dimision sarnple taken before (a) and after 

(b) coarse aggregate particles falling inside the chloride penetrated area were highligbted. The 

vertical and lateral depths for both cases are indicated, as well. Results on the chloride 

penetration depth for various exposure times are summarized in Tables 4.5 and 4.6 for 100 % 

OPC and 25 % slag concretes respectiveiy. The complete set of scans €or al1 cornpanion samples 

and values of verticai and lateral depths before (V, L) and afier (Ve, Le) exclusion of the 

aggregate from the measurement are shown in Appendices H and 1 in the order given. 

Some of the samples containing pairs of smooth cracks were spoilt and rejected (they 

were not properly saturated which was discovered after the salt exposure has began). As a result, 

25 % sIag concrete samples with two cracks were only tested for two exposure times (4 and 7 

days). Also, part of a cylinder containing a brass shim was used as one of the 100 % OPC 

concrete samples (P2S 1 P8) for 7 day exposure testing. For this sample, the approach taken was 

to measure the depth of chloride penetration in areas away €rom the shim. 

It can be seen from the scans of the sample surfaces that the shape of the chloride front 

is strongly affected by the distribution of the coarse aggregate. This observation suggested that 

it would be appropriate to evaluate the depth of chloride penetration through both scenarios, i.e. 

including and excluding the influence of the aggregate. Depths of chioride penetration recorded 

with the aggregate excluded are, for the most part, smaller than depths obtained when the 

aggregate was included in the measurement. It appears that the coarse aggregate somehow 

facilitates the ingress of chloride ions into concrete. 
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Figure 4.14 Measurernent of the Chloride Penetration Depth, Sarnpte PSlP8, 100 % 

OPC, 16 Day Exposure: (a) - lnciuding Aggregate, (b) - Excluding 

Aggregate. 

The results of chloride X-ray mapping, discussed in Section 4.3, indicated that chIorides 

diffise in concrete mainiy through the cernent paste fraction, as chIoride content in the aggregate 

approached the background. In order to substantiate this finding, additional quantitative 

SEMEDX spot anaiysis was performed. It was established that the concentration of chlorides 

in the aggregate particles, located inside the chloride diffised areas, is of the same magnitude 

as the concentration in particles not exposed to chlorides. These concentrations are verÿ maIl 
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Table 4.5 Depth of Chloride Penetration vs Time, 100 % OPC Concrete. 

Type of 

Crack 

No Crack 

Single 

Smooth 

Double 

Smooth 

Exposure 

Time, 

( D ~ Y  s) 

---- 

Deuth of Chioride Penetration. (mm) 

Vertical I Lateral 

including 1 ~ x c l i d i n ~  1 Including 1 Excluding 

and fa11 below the EDX detection lirnits (0.2 % by mass of analyzed area). 

Since it was found fiom the abovementioned tests that the coarse aggregate particles do 

not significantly contribute to chloride ingress by acting as a diffision media, it is likely that the 

aggregate-cernent paste transition zone serves as the accelerating chloride diffision pathway. 

To c o n f i  this, it would be useful to rneasure the chioride content in this zone and compare it 

with the chloride content in the adjacent cernent paste. Such analysis could be performed using 

SEMEDX. Unfortunately, the SEMEDX system was out of service and these tests could not 

be completed. 
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Table 4.6 Depth of Chloride Penetration vs Time, 25 % Slag Concrete. 

Type of 

Crack 

No Crack 

Single 

Smooth 

Double 

Smooth 

When comparing chloride penetration depths summarized in Tables 4.5 and 4.6, a fairly 

good agreement c m  be noticed mong  the depths of penetration for the sarne concrete type, 

exposure t h e ,  and diffusion direction. With regard to concrete type, the vertical chloride 

penetration depths for 25 % slag concrete are smaller than for 100 % OPC concrete, which is 

consistent with chloride bulk diffision test results. However, the same trend c m  not be observed 

for lateral penetration. It must also be notedthat lateral depths of chlonde penetration (measured 

fiom the crack walls towards the b d k  of the sample) are generally bigger than correspondhg 

vertical depths. This couId be atûibuted either to the anisotropic nature of concrete or to 
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particular properties of the cracks, and will be discussed M e r .  

From Crank's solution (Equation 2-2) to Fick's second law of diffision, a relationship 

between chloride penetration depth and time can be derived for a certain chloride concentration 

(about 0.15 % of soluble chlorides by mass of cement, Otsuki, et al., 1992), at which a change 

in color of the silver nitrate sprayed concrete surface takes place. That is, the depth of chloride 

penetration is Iinearly proportional to the square root of time. 

Typical plots of chloride penetration depth, both including and excluding the aggregate, 

versus the square root of time are presented in Figures 4.15 and 4.16 for vertical and lateral 

depths respectively. The best fit lines to the chloride penetration depths excluding the aggregate 

were obtained fiom regression analysis and are also shown in the graphs. A complete set of such 

charts for al1 samples is given in Appendix J. 

It c m  be noticed from the charts that the relationship between vertical depth of chloride 

penetration excluding the influence of aggregate and square root of time closely follows the 

theoretically predicted linear proportionality for al1 sarnples. That includes the zero penetration 

depth corresponding to zero exposure time. The plots for vertical depths including the aggregate 

slightly deviate fiom the straight line, and do not exactly coincide with the (0,O) coordinates. 

This limited data would suggest that the presence of coarse aggregate in concrete modifies the 

diffision theoretically described by Fick's second law. The use of this law for concrete, then, 

implies that the influence of aggregate on chloride diffusion is being disregarded. 

The plots of lateral depths (both including and excluding aggregate) versus square root 

of time produced a poorer fit to the theory for al1 cracked sarnples, with the exception of the 25 

% slag concrete samples containhg two cracks, which were not tested for 1 &y chloride 
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100 % OPC, Single Smooth Crack 
Vertical Penetration 

O 1 2 3 4 5 6 
Square Root of Time. ( DaysAli2 ) 

Figure 4.15 Typical Plot of Vertical Chloride Penetration Depth vs Square Root of Time. 

100 % OPC, Single Smooth Crack 
- Lateral Penetration 

Figure 4.16 Typical Plot of Lateral Chloride Penetration Depth vs Square Root of Tirne. 
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exposure. It is reasonable to assume that ifthese samples were tested for the third exposure time, 

the plot would Iikely show the same trend as for other samples. Since such testing was not 

perforrned, it would be unsystematic to compare the 25 % slag double cracked samples set with 

other sets, and it should be lefi out of the discussion. 

It can also be observed that the best fit straight lines to the lateral penetration depth 

values excluding the aggregate cross the vertical a i s  well above zero. This can be attributed to 

the fact that the obtained lateral depths of chloride penetration are larger than corresponding 

vertical depths. In order to venfy whether the anisotropic nature of concrete could be causing 

the cracked samples to exhibit variation in chloride penetration depth in different directions 

(namely in the directions parallel and petpendicular to the casting direction), a fùrther 

investigation was conducted. 

An additional set of samples from each concrete was exposed to the salt solution. 

Samples were obtained by cutting LOO mm in diameter by 40 mm thick concrete discs across the 

diameter into two halves. Then, they were sealed with grey epoxy, in one case, leaving a newly 

cut surface exposed (corresponds to the IateraI diffision), and, in another case, leaving one of 

the halfdisk faces open (corresponds to the vertical diffision). After 8.5 and 24 hour exposures, 

ch101ide penetration depths incIuding and excluding aggregate were measured. No significant 

variation between Lateral and vertical depths was detected, which points out that the depth of 

chionde peneûation is independent of exposure direction in the uncracked concrete. 

Another expianation as to why the Iateral chloride penetration depths are bigger than the 

corresponding vertical ones codd be that during the vacuum saturation procedure before the test 

the crack wall surfaces did not get properly saturated. This could result in some absorption 
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taking place at the crack walls in the fmt few hours (or days) of chloride exposure until samptes 

became completely saturated and pure diffision replaced the absorption. 

If this assumption is correct, then, the obtained values of lateral depths are the result of 

two transport mechanisms (absorption and diffision), whereas, the vertical penetration was only 

govemed by diffusion. To obtain an estimate of the chloride penetration depth caused by this 

possible absorption, the value of 4 day vertical depth excluding the aggregate was subtracted 

From the corresponding value of lateral depth for samples containing a single crack. For 100 % 

OPC concrete samples with two cracks, values of 1 day chloride penetration were used. By 

subtracting the obtained value of penetration depth caused by absorption, the peneaation depth 

resulting from pure diffision could be found. Figure 4.17 shows an example of the lateral 

chloride penetration depth calculated in this fashion plotted against the square root of tirne. The 

corresponding graphs for these three sets of samples are attached in Appendix J. 

It appears that the elimination of the 'absorption component' fiom the lateral depth of 

chloride penetration produces a much better fit of results to the theoretical prediction. In an 

attempt to confirm the hypothetical assumption that the initial absorption in the crack walls 

contributed to the lateral chloride ingress during the test, a short saturation study was carried out. 

Two samples containing single smooth cracks and two uncracked samples per mix were 

vacuum saturated and placed in salt solution, just like for the test. The masses of the samplcs 

were recorded prior to the saturation procedure, and then, they were monitored during five days. 

The results are given in Appendix J. The average percentage mass gain of two companion 

samples was calculated and plotted against tirne (Figure 4.18). 

It is evident that a complete saturation of samptes does not occur after the initial 24 hour 
- -- 
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Figure 4.17 Lateral Depth of ChIoride Penetration Excluding Absorption Effect vs 

Square Root of Tirne. 

saturation (ASTM C1202-97 conditioning procedure). In other words, both cracked and 

uncracked samples are not fülly saturated in the beginning of the salt exposure. However, it 

seems that cracked samples gain tess mass in the following 24 hours, which does not indicate 

that they were saturated to any smaller degree than the uncracked sarnples prior to testing. This 

observation does not support the assumption that incomplete saturation could be the cause ofthe 

high lateral chloride penetration depths. A more in-depth study is needed to uncover the nature 

of this phenornena. 

The results and discussion on the chloride penetration depth for different exposure tirnes 

- 
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Figure 4.18 Saturation of Samples Containing Single Smooth Crack and No Crack. 

can be summarized as follows: 

The shape and depth of the chloride penetration front in concrete are strongly influenced 

by the distribution of the coarse aggregate. It is likely that the aggregate-cernent paste 

transition zone facilitates a more rapid chloride ingress. Further research on this subject 

is required. 

e For both cracked and uncracked concretes, the relationship between the vertical depth 

of chloride penetration and the square root of time approaches a Iinear proportionality 

with some deviations due to the presence of aggregate. 

The lateral deptbs of chloride penetration for cracked concrete are bigger than the 

correspondhg vertical ones. The lateral penetration depths are not linearly proportional 

to the square root of time. It is possible that 24 hour water saturation procedure does not 
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provide full saturation of the crack walls in the cracked samples prior to salt exposure. 

If that is so, incomplete saturation could lead to initiai chloride ingress by absorption 

during the chloride bulk diffusion test and result in higher depths of lateral penetration. 

Further study on this phenornena is needed. 
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CHAPTER 5 CONCLUSIONS AND RJZCOMMENDATIONS 

5.1 Conclusions 

In this study, specirnens from two types of concrete were either saw cut or fractured to 

produce transecting, parailel-wall cracks with smooth or rough surfaces respectively. The 

cracked samples were sealed on al1 faces except one, creating cracks with depth of 40 mm and 

widths ranging from 0.06 to 0.74 mm. The results obtained are not necessarily applicable to finer 

crack widths or near the tips of tapered cracks. Within the above scope, the following 

conclusions can be made: 

Based on the results of chloride bulk diffusion testing it can be concluded that chloride 

diffusion in concrete containing transecting, paraIlel-wall cracks of the considered 

widths is independent of either crack width or the crack walI roughness. 

Transecting, paraIIel-wall cracks in the rangeofwidths studied in this project behave like 

free concrete surfaces, greatly contributing to lateral chloride difhsion. 

Lateral difhsion of cidorides from the crack walls into the bulk of the concrete sarnple 

is fairly uniform along the crack length, as shown by SEMEDX chloride profiling and 

chloride penetration depth measurement. 

Chloride diffision in the concrete containing the transecting crack becomes a case of 

two-dimensional diffusion. 

In the case of two-dimensional diffision, Fick's second law can be used to obtain an 

estimate of the values of the diffusion coefficient with a reasonable degree of reliability. 
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However, it is not accurate for predicting chlonde concentration profiles. 

A 2D simulation approach was proposed for predicting the chloride concentration profile 

for the case of two-dirnensional diffusion. 

In the case of one-dirnensional diffusion, the Jandell-Table Curve software package is 

more accurate for determining the values of the diffusion coefficient from experimental 

data points than the ConFlwr package. 

Concrete containing 25 % replacement of cement by blast furnace slag possesses a better 

ability to resist the ingress of chloride ions than LOO % OPC concrete. Both concretes 

had a 0.40 water to cernentitious materials ratio. 

The penetration of chloride ions into concrete is greatly affected by the presence of 

coarse aggregate. It is likely that the aggregate-cernent paste transition zone promotes 

the ingress of chlorides. 

For both cracked and uncracked concretes, it was dernonstrated that the vertical chloride 

penetration depth is linearly proportional to the square root of tirne, as can be predicted 

from Fick's second law. 

For the chloride bulk diffusion test, the lateral depths of chloride penetration in cracked 

saniples (fiorn the crack wall into the bulk of the sarnple) were found to be bigger than 

the conesponding vertical ones. It is possible that the 24 hour water saturation procedure 

used for this test does not provide complete saturation of the crack surfaces, and, thus, 

fails to isolate difision as the predorninant transport mechanism during the test. 

However, this hypothesis was not confirmed. 
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5.2 Recommendations 

In this work the influence of the artificialIy created, transecting, roughly constant width 

cracks on the chloride ingress into concrete was studied. The influence of other types of 

cracks, e.g. V-shape, should be investigated. 

The smallest crack width considered in this project was in the range of O. 1 mm. Since 

these cracks were found to greatly contribute to the chloride ingress, a smaller range of 

transecting cracks needs to be examined. 

The experimental data obtained during the chloride bulk diffusion test point to the 

existence of some dispersion in values of surface concentration within the same set of 

experimental variables. The surface concentration values can deviate by up to 0.3 % by 

mass of concrete, which complicates the analysis when the surface concentration needs 

to be accurately estimated (ConFlux). [t would be heIpful to uncover the reasons ofsuch 

variation. 

For diffusion ceIl testing of cracked concrete, a concentration monitoring technique that 

would not interfere with the diffision process needs to be identified. 

The influence of coarse aggregate on chIoride ingress should be more extensively 

studied. It would be useful to measure the chloride content in the aggregate-cement paste 

transition zone and compare it with the content in the adjacent cernent paste. SEiWEDX 

could facilitate such analysis. 

In order to more accurately illustrate that the depth ofchloride penetration resulting from 

difision is linearly proportionai to the square root of time, cernent paste or mortar 
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samples should be used. 

7. Further in-depth research is required to study the causes of high lateral chloride 

penetration depths during chloride diffusion exposure of cracked sarnples. 
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Crack Widtb Measurement A- I 
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Crack Width Measurement A- 2 

Crack Widths for Single Srnooth Crack Samples 

1 0.4, OPC 

2 AV;:;~. 
Width, Deviation, 

PSlPl 0.102 0.036 

- - - 

SSlD2 0.078 0.027 

SS3D 1 0.334 0.027 

SS3D2 0.350 0.042 

SSSD 1 0.642 0.036 

SSSD2 0.6 19 0.024 
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Crack Width Memisurement A- 3 

Crack Widths for Single Rough Crack Samples 

0.4, OPC 

SRlPl 0.099 0.0 17 

Sarnple 
ID 

PRlPI 

PR 1 P2 

PR3P 1 

PR3P2 

PRSP 1 

PMP2 

Infiaeace of Cracks on Chloride Ingres into Concrete 

Crack 
Width, 
(mm) 

0.097 

O. 104 

0.297 

0.286 

0.466 

0.47 1 

Avg. Stand. 
Deviation, 

(mm) 

0.019 

0.019 

0.02 1 

0.013 

0.035 

0.039 



Crack Width Measurement A- 4 

Crack Widths for Double Smooth Crack Sarnples 

0.094 0.0 1 1 0.094 0.0 16 

P2SLP7 0.106 0.01 1 S2S 1 ~7 0.165 0.027 

0.123 0.008 0.118 0.0 13 

P2S1P8 0.106 0.0 12 S2S 1 P8 0.124 0.01 1 

0. LOO 0.01 1 O. 130 0.012 

Influence of crack-on Chbride 1iiFss h t o  Conerete 



Chloride Bulk Diffusion Test/Table Curve B-1 

CHLOR~DE BULK DIFFUSION TEST 

TABLE CURVE 

Influence of Cracks on Chloride Ingress into Concrete 



Samplc: PNPl ' k t :  Bulk Diffusion 
IOOYo OPC, No Crack 

Diffusion Coe fficienl: 8.09E- 12 ni2/s 
Surfacc Concciitralion: 0.68 % by Mass of Concrctc 
Background: 0.069 % by Müss of Coiicrcte 
?: 0.9977 

Data 

Duration: 40 Days 

PNPl 

Considered 
- - 

Not Consldered 



Samplc: PNP9 Test: Bulk Diffusion 
100% OPC, No Crack 

Diffusion Coefficicni: 6.05E- 12 m2/s 
Surface Concentration: 0.89 % by Mass o f  Concretc 
Background: 0.070% by Mass o f  Concreic 
4: 0.9948 

Data 

Duration: 40 Days 

Depih, 
(mm) 
0.76 
1.27 
2.29 
3.30 
4.32 
5.33 
6.35 

Chloridc Conceniration, 
(% by Mass of  Concreie) 

0.85 
0.74 
0.63 
0.5 1 
0.44 
0.35 
0.3 1 

O 4 8 12 16 20 24 28 32 36 
Depth, ( mm ) 

- 

- 

- 

- 

- 

Considered 

Nol Considered 
- 

- 

1 \ - r-ri 



Sample: SNPl Test: Bulk Diffusion 
25Y0 SL, No Crack 

Diffusion Coefficient: 4.02E- 12 m'/s 
Surface Concentraiion: 0.86 % by Mass of  Coiicrclc 
Background: 0.076 % by Mass of  Concrelc 
7: 0.9977 

Data 

Duration: 40 Days 

Depth, 
(mm) 

D 

Considered 

a 

Not Considered 

Chloride Concciitralion, 
(% by Mass o f  Concrcte) 

O 4 8 12 16 20 24 28 32 36 
Depth, ( mm ) 



Saniple: SNP9 Test: Bulk Diffusion 
25% SL, No Crack 

Diffusion Coefficient: 1.83E- 12 ni% 
Surface Conccntraiion: 1 ,O4 % by Mass of  Concretc 
Background: 0.067 % by Müss of  Concrctc 
8: 0.9890 

Data 

Chloride Concentration, 

Duration: 40 Driys 

(n&) 
0.76 

Considered 

Not Consldered n 
(./O by Mass of Concretc) 

0.9 1 

O 4 8 12 16 20 24 28 32 36 
Depth, ( mm ) 



Sample: PNPLAT 1 Test: Bulk DitTusion 
100% OPC, No Crack 

Diffusion Cocfficicnt: 1.20E- 1 1 m2/s 
Surface Concentration: 0.60 % by Mass of  Concrete 
Background: 0.057 % by Mass of  Coiicrete 
8: 0.9884 

Data 

Duration: 40 Days 

9 

Considered I 
0 

Not Considered 1 

O 4 8 12 16 20 24 28 32 36 
Depth, ( mm ) 



Sample: PNPLAT3 Test: Bulk Diffusion 
100% OPC, N o  Crack 

Diffusion Coefficient: 8.26E- 12 m2/s 
Surfacc Concentration: 0.91 a/u by Mass of Concretc 
Background: 0.063 % by Mass o f  Concrcic 

7 
r-: 

Data 

Duralion: 40 Days 

Depth, Cliloride Conccniraiioii, 
(mm) 1 (% by Mass of Concrete) 

œ 

Considered I 
O 

Not Considered I 

0.89 
1.65 
3.18 
4.70 
6.22 
7.75 
9.27 
10.80 
13.08 
15.37 
17.65 
19.94 

0.88 
0.69 
0.56 
0.50 
0.37 
0.30 
0.24 
0.12 
0.06 
0.02 
0.00 
0.00 

0 .- 
O 
c O 1 
O 
s 
4 . 8  - 
i 
O .- c. ~ 0 . 6  - 
+L 
C 

$0.4 - 
3 
20.2 
O 

5 O -  

- -  
œ 
- 

- 

- 

- -  m 

\ I 
7 

O 4 8 12 16 20 24 28 32 36 
Depih, ( mm ) 



Sample: SNPLAT l 
25% SL, No Crack 

Diffusion Cocfficicnl: 
Surface Concentration: 
Background: 
12: 

Test: Bulk Diffusion 

3.248- 12 ni2/s 
0.75 % by Mass of Concrcie 
0.072 % by Mass o f  Concrcte 
0.9757 

Duration: 40 Days 

Depth, 
(mm) 
0.89 
1.65 
3.18 
4.70 
6.22 
7.75 

- - 

Considered 
. - 

Nol Considered 

Chloride Concentration, 
(% by Mass of Concrele) 

0.68 
0.53 
0.3 1 - 
0.22 
O. 16 
o. 10 

O 4 8 12 16 20 24 28 32 36 
Depth, ( mm ) 



Sample: SNPLAT3 
25% SL, No Crack 

Test: Bulk Diffusion 

Diffusion Coefficient: 3 -4 1 E- 1 2 ni'ls 
Surface Concentration: 0.97 % by Mass of  Concrctc 
Background: 0.057 % by Mass of  Concrctc 

Data 

Dcpth, Chloride Conccntraiion, 21 

Duration: 40 Days 

al - 
f!! 
O 
C 
O 1 - -  

Considered 

Nol Considered n 
- 
7 , 

O 4 8 12 16 20 24 28 32 36 
Depth, ( mm ) 



Sample: PS 1 P 1 LAT Test: Bulk Diffusion 
100% OPC, 0.102 nini Sniooth Crack 

Diffusion Cocfficicnl: 1 ,14E- 1 1 ni2/s 
Surface Concentration: 0.65 % by Mass of Concrctc 
Background: 0.074 % by Mass of Concrcic 

Data 

1 Dcdh. 1 Chloridc Concentralion, 

Duration: 40 Days 

PSI P l  LAT 

O 4 8 12 16 20 24 28 32 36 
Depth, ( mm ) 



Sample: PS3P 1 LAT Test: Bulk Diffusion 
100% OPC, 0.370 mm Smootli Crack 

Diffusion Coe fficiciit : 6.39E- 12 m2/s 
Surface Concentration: 0.69 % by Mass of  Concrcic 
Background: - 0.066 % by Mass of Concrctc 

Data 

Depth, 1 Cliloridc Conccntration, 1 

Duraiion: 40 Days 

- * 

Consldered 
- - 

Not Considsred 

- - -  3 
7 1 

O 4 8 12 16 20 24 28 32 36 
Depth. ( mm ) 



Sample: PSSP 1 LAT Test: Bulk Diffusion 
100% OPC, 0.677 nim Smooth Crack 

Diffusion Cocfficicnt: 1 . 1  SE-I 1 ni2/s 
Surface Concentration; 0.70 % by Mass of  Concretc 
Background: 0.063 % by Mass of  Concrcle 

Data 

1 Dei>th, 1 Chloridc Concontraiion, 1 

Duration: 40 Days 

* - 

(mm) 
0.89 

PSSPI LAT 
(% by Mass of  Concrcle) 

0.53 

Consldered 

Not Considered n 
- 

O 4 8 12 16 20 24 28 32 36 
Deplh, ( mm ) 



Sample: SS 1 P I LAT Test: Bulk Diffusion 
25% SL, 0.079 mm Srnooth Crack 

Diffusion Coefficient: 5.52E- 12 iii'ls 
Surface Concentration: 0.53 % by Mass of  Concrete 
Background: 0.065 % by Mass of  Concrcte 
8: 0.9909 

Data 

1 Depth* 1 Chloride Concentration, 

Duralion: 40 Days 

SSI P l  LAT 

O 4 8 12 16 20 24 28 32 36 
Depth, ( mm ) 



Samplc: SS3P 1 LAT Test: Bulk Diffusion 
25% SL, 0.34 1 mm Smooth Crack 

Diffusion Cocfficieni: 5.13E- 1 2 ni2/s 
Surface Concentration: 0.59 % by Mass of Coiicrcie 
Background: 0.062 % by Mass of Concrctc 
r' : 0.9923 

Data 

Duration: 40 Days 

SS3P1 LAT 

I 

Considered 

a 

Nol Considered 

O 4 8 12 16 20 24 28 32 36 
Depth, ( mm ) 



Samplc: SSSP I LAT Test: Bulk Diffusion 
25% SL, 0.6 16 nim Smooth Crack 

Diffusion Coefficient: 2.60E- 1 2 ni2/s 
Surface Concentration: 0.78 % by Mass of Concrclc 
Background: 0.057 % by Mass of  Concrctc 
8: 0.9942 

Data 

Chloride Conccniration, 

Duralion: 40 Days 

I 

Considered I 
P 

Nol Considered I 

O 4 8 12 16 20 24 28 32 36 
Depth, ( mm ) 



Samplc: PS 1 P 1 DEP Tcst: Bulk Diffusion 
100% OPC, 0.102 nim Sniooth Crack 

Diffusion Coefficient: 2.15E-11 ni2/s 
Surface Concentration: 0.66 % by Msss of Concrcte 
Background: 0.074 % by Mass of Concrele 

Data 

Duration: 40 Days 

PSl P l  DEP Depth, 
(mni) 

0.89 
1.65 

- - 
Considered 

Nol Considered O 
-l.l..l-=-- 

4 

Depth, 
(mm) 

19.94 
2 1.46 

Chloride 
Concentration, 
(% by Mass of 

Concrete) 
0.66 
0.64 

O 4 8 12 16 20 24 28 32 36 
Depth, ( mm ) 

Chloride 
Conccnlralion, 
(% by Mass of 

Concrete) 
0.08 
0.08 



Sample: PS3P I DEP Test: Bulk Diffusion 
100% OPC, 0.370 mm Sniooth Crack 

Diffusion Coefficient: 1.06E- 1 1 m2/s 
Surface Concentration: 0.87 % by Mass of Coiicrcte 
Bac kground: 0.066 % by Mass of Concrcîc 
8: 0.9444 

Data 

Duration: 40 Days 

9 

Consldered 

O 

Nol Considered 

O 4 8 12 16 20 24 28 32 36 
Deplh, ( mm ) 



Saniplc: PSSP 1 DEP Test: Bulk Diffusion 
I OOYO OPC, 0.677 mni Smooth Crack 

Diffusion Coefficient: 2.9 1 E- 1 l ni2/s 
Surface Concentration: 0.65 % by Mass of Concrele 
Background: 0.063 % by Mass of Concrete 
8: 0.9474 

Data 

Duration: 40 Days 

Depth, 
(mm) 
0.89 
1.65 
3.18 
4.70 
6.22 
7.75 
9.27 
10.80 

Considered 

Nol Considered 

Chloridc Concentration, 
(% by Mass of Concrcte) 

0.59 
0.62 
0.55 
0.46 
0.30 
0.37 
0.32 
0.26 

O 4 8 12 16 20 24 28 32 36 
Depth, ( mm ) 



Sample: SS I PI DEP Test: Bulk Diffusion 
25% SL, 0.079 mm Smooth Crack 

Diffusion Coefficient: 6.19E- 12 m2/s 
Surface Concentration: 0.78 % by Mass of Concretc 
Background: 0.065 96 by Mass of Concrcie 
r': 0.9564 

Data 

Duration: 40 Days 

Dcpth, 
(mm) 
0.89 
1.65 
3.18 
4.70 

O 4 8 12 16 20 24 28 32 36 
Depth, ( mm ) 

Chloride Conceni ration, 
(% by Mass of Concretc) 

0.74 
0.63 
0.47 
0.30 



Samplc: SS3P 1 DEP Tcst: Bulk Diffusion 
25% SL, 0.341 nirn Smooth Crack 

Diffusion Coefficient: 3.548- 12 ni2/s 
Surface Concentratioii: 0.96 % by Mass of  Concrctc 
Background: 0.062 % by Mass of  Concretc 

Data 

1 Denth. 1 Chloride Concentration, 

Duration: 40 Days 

SS3P1 DEP 

œ 

Considered 

e 

Nol Considered 



Samplc: SSSPI DEP Test: Bulk Diffusion 
25% SL, 0.6 16 mm Smooth Crack 

Diffusion Coefficient: 3.488- 12 m2/s 
Surfacc Concentration: 0.89 O/u by Mass of Concrck 
Background: 0.057 U/o by Mass of Concrcic 
3: 0.96 12 

Data 

Duration: 40 Days 

SS5P1 DEP 
h 

m 

Consideted 

O 

Nol Consldered I 

O 4 8 12 16 20 24 28 32 36 
Depth, ( mm ) 



Sample: PR I PI LAT Test: Bulk Diffusion 
100% OPC, 0.097 nim Rougti Crack 

Diffusion Coefficicnl: 1 S9E-1 I m2/s 
Surficc Conccntralioii: 0.73 a/u by Mass of  Concrctc 
Background: 0.052 % by Mass of Concrcte 

8: 0.95 1 1 

Data 

Chloridc Dcpih, Chloride 
Conccnlration, (mm) Conccnlralion, 
(% by Mass of  (% by Mass o f  

Concrete) Concrcle) 

Duralion: 40 Days 

PR1 P l  LAT 

O 4 8 12 16 20 24 28 32 36 
Depth, ( mm ) 



Sample: PR3P I L A T  Test: Bulk Diffusion 
100% OPC, 0.297 mm Kough Crack 

Diffusion Coefficient: 1.23E- I I iii2/s 
Surface Concentration: 0.87 % by Mass of Concrctc 
Bac kground: 0.057 % by Mass of Concrctc - 

r2: 0,9987 

Data 

Duration: 40 Düys 

Depth, 
(mm) 

0.5 1 
1.52 

PR3P1 LAT - 

O 4 8 12 16 20 24 28 32 36 
Deplh, ( mm ) 

Chloride 
Concentration, 
(% by Mass of 

Concrcte) 
1 .O9 
0.77 

Depth, 
(mm) 

12.70 
13.72 

Chloridc 
concentration, 
(% by Mass of 

Concretc) 
0.15 
0.1 1 



Samplc: PRSP I LAT Test: Rulk Diffusion 
100% OPC, 0.466 nim Rougli Crack 
Diffusion Coefficient: 1.36E- 1 1 m2/s 
Surface Concentration: 0.59 % by Mass of Concrcie 
Background: 0.075 % by Mass of Concrcic - 

Dcptli, 
(nini) 

0.9939 

Chloride Depth, 

(% by Mass of 
Concrctc) 

Cliloridc 
Conccn trat ion, 
('30 by Müss of 

Concrctc) 
0.20 

Duralion: 40 Days 

PRSPI LAT 

Consldered 

Not Considered 

O 4 8 32 16 20 24 28 32 36 
Depth, ( mm ) 



Sampie: SR 1 P 1 LAT Test: Bulk Diffusion 
25% SL, 0.099 mm Rough Crack 

Diffusion Cocfficienl: 3.7 1 E- 1 2 ni'ls 
Surfacc Concentration: 0.78 % by Mass of Concrcte 
Background: 0.064 % by Mass of Concretc 
$: 0.997 1 

Data 

Duration: 40 Days 

SRI P l  LAT 

Considered 

Nol Considered 

O 4 8 12 16 20 24 28 32 36 
Depth, ( mm ) 



Sample: SR3P 1 LAT Test: Bulk Diffusion 
25% SL, 0.284 mm Rougli Crack 

Diffusion Coefficient: 5.01 E- 12 m2/s 
Surface Concentration: 0.83 % by Mass of  Concrete 
Background: 0.054 % by Mass of  Concrete 
3: 0.9890 

Data 

Depth, 1 Chloride Concentration. 

Duration: 40 Days 

(mm) 
0.76 
2.29 
3.8 1 
5.33 
6.86 
8.38 
9.9 1 

- - 

Considered 

. . Nol Consldered 

- 

I 

- .; - - - - - -  , 
- - 

" 
O 4 8 12 16 20 24 28 32 36 

Depth, ( mm ) 

(% by Mass of  Concrete) 
0.77 
0.58 
0.39 
0.25 
0.22 - 
0.15 
0.1 1 



Sample: SRSP 1 LAT Tcst: Bulk Diffusion 
25% SL, 0.472 mm Rough Crack 

Diffusion Coefficient: 5.035 1 2 m2/s 
Surface Concenirrition: 0.63 % by Mass of Concrctc 
Background: 0,080 % by Mass of Concrcie 

0.9960 

Data 

Duration: 40 Days 

Dcpîh, 
(mm) 
0.5 1 
1.52 
2.54 
3.56 
4.57 

Cliloride Conccniration, 
(% by Mass of Concrctc) 

0.59 
0.50 
0.44 
0.32 
0.27 



Sample: PR 1 P 1 DEP Test: Bulk Diffusion 
100% OPC, 0.097 nini Rough Crack 

Diffusion Coefficient: 1.63E- 1 1 ni2/s 
Surface Conccntration: 0.82 % by Mass of Concrele 
Background: 0.052 % by Mass of Concreic 
8: 0.9460 

Data 

Depth, Chloride Concentration, 1 (51 1 (% M a ~ ~ c o n c r e t c ~  1 

Duration: 40 Days 

PRIPIDEP 

O 4 8 12 16 20 24 28 32 36 
Deplh, ( mm ) 



Sample: PR3P1 DEP Test: Bulk Diffusion 
LOO% OPC, 0.297 mni Rough Crack 

Diffusion Coefficient: I.17E- 1 1 ni2/s 
Surface Conceniration: 0.78 % by Mass of Concrcte 
Background: 0.057 % by Mass of Concrcic 
?: 0.9466 

Data 

Denth, 1 Cliloridc Conccnirniion, 

Duration: 40 Days 

I 

Considered 

O 

Not Consldered 

O 4 8 12 16 20 24 28 32 36 
Depth, ( mm ) 



Samplc: PRSP 1 DEP Test: Bulk Diîfusiori 
100% OPC, 0.466 nim Rough Crack 

Diffusion Cocfficieni: I .O5 E- 1 I m'ls 
Surfacc Concentration: 0.65 % by Mass of Concrctc 
Bac kground: 0.075 O/u by Mass of Concretc 
$1 0.952 1 

Data 

Dcpih, Chloridc Concentration, 1 (g 1 (% bJ Masssconcrclc~ 1 

Duration: 40 Days 

PRSPI DEP - 

Consldered 

Not Considered 

O 4 8 12 16 20 24 28 32 36 
Deplh, ( mm ) 



Samplc: SR I P 1 DEP Test: Bulk Diffusion 
25% SL, 0.099 nini Rough Crack 

Diffusion Cocfficicnl: 3.3 1 E- 12 m2/s 
Surface Concentration: 0.95 % by Mass of Concrcte 
Background: 0.064 YO by Mass of  Concreic 
*: 0.9765 

Data 

E D c p t h l  1 Chloride Concentration, 1 

Duration: 40 Days 

1 (km) 
0.89 

Considered 

Nol Considered 

(% by Mass of  Concrete) 
0.88 

O 4 8 12 16 20 24 28 32 36 
Deplh, ( mm ) 



I 
Sample: SR3P 1 DEP Test: Bulk Diffusion 

I 
25% SL, 0.284 mm Rough Crack 

Diffusion Cocfficieni: 1.80E- 12 ni'ls 
1 

1 
Siirface Concentraiion: 1.24 % by Mass of  Concrctc 
Background: 0.054 % by Mass of Concrcte 

Data 

Depih, Chloride Conccniration, 
(mm) (% by Mass of Concrctc) 

SR3Pl DEP - 
L 

Considered 

O 

Nol Consldered 

Duration: 40 Days 



Sample: SRSP I DEP 'Icst: Bulk Diffusion 
25% SL, 0.472 mni Rough Crack 

Diffusion Coefficient: 4.19E- 12 ni'ls 
Surface Conccntnilion: 0.89 ?4 by Müss of  Concrctc 
Background: 0.080 % by Mass of Concrctc 
i: 0,961 1 

Data 

Depih, Chloride Conccniraiion, 
(mm) 1 (% by Mass oTConcreic) 1 

Duration: 40 Days 

SRSPI DEP 

Considered 

Not Considered 

, -  O O ,  O , (. 
9 

O 4 8 12 16 20 24 28 32 36 
Depth. ( mm ) 



Chloride Bulk Diffusion TestKonFlux C- 1 

- 
Influence of Cracks on Chloride Ingress into Concrete 



Samplc: PNPl 
1 00% OPC, No Crack 

Diffusion Coefficient: 
Surface Concentration: 
Background: 

Data 

Test: Bulk Diffusion 

6.40E- 12 ni2/s 
0.75 % by Mass of Concrctc 
0.069 % by Mass of Concrctc 

Chloridc Conccntration, 

Duration: 40 Days 

(&) 
0.76 

Consldered 

Not Considered 

. - 

(% by Mass c f  Concrcre) 
0.64 



Sample: PNP9 
100% OPC, No Crack 

Test: Bulk Diffusion 

Diffusion Coefficient: 8.668- 12 ni2/s 
Surface Concentration: 0.75 % by Mass of Concrele 
Bac kground: 0.070% by Mass of Concrete 

Data 

Duration: 40 Days 

O 4 8 12 16 20 24 28 32 36 
Deplh, ( mm ) 



Sample: SNPl Test: Bulk Diffusion 
25% SL, No Crack 

Diffusion Coefficient: 5.16E-12 m2/s 
Surface Concentration: 0.77 % by Mass of Concrctc 
Background: 0,076 % by Mass of Concrcre 

Data 

Duration: 40 Days 

SNPl 

Considered 

Nol Considered 7 
O 4 8 12 16 20 24 28 32 36 

Depth, ( mm ) 



Samplc: SNP9 
25% SL, No Crack 

Diffusion Coefficient: 
Surface Concentration: 
Background: 

Data 

Test: Bulk Diffusion 

3.25E- 12 m2/s 
0.77 O/u by Mass of  Concrctc 
0.067 % by Müss of Concrctc 

Depth, 1 Chloride Conccntration, 1 
("kt) (% by Mass of Concrctc) 
0.76 0.9 1 

Duration: 40 Days 

œ 

Considered 

O 

Not Considered 

O 4 8 12 16 20 24 28 32 36 
Deplh, ( mm ) 



Samplc: PNPLATl Test: Bulk Diffusion 
100% OPC, No Crack 

Diffusion Coeffïcicnt: 7.4 1 E- 12 m2/s 
Surface Concentration: 0.75 O/u by Mass of Coticrcte 
Background: 0.057 % by Mass of Concrcte 

Data 

1 De& 1 Chloride Concentration, 1 

Duration: 40 Days 

PNPLATl 

E0.2 - -  
O 

E 0 ,  
O 4 8 12 16 20 24 28 32 36 

Depth, ( mm ) 



Sample: PNPLAT3 
100Y0 OPC, No Crick 

Diffusion Coefficicni: 
Surface Conccnlralion: 
Background: 

Data 

Test: Bulk Diffusion 

1.14E- 1 1 ni2/s 
0.75 % by Mass of Concrcie 
0.063 % by Mass of  Concrctc 

Duralion: 40 Days 

O 4 8 12 16 20 24 28 32 36 
Deplh, ( mm ) 



Sample: SNPLAT I 
25% SL, No Crack 

Diffusion Coefficient: 
Surface Concentration: 
Background: 

Test: Bulk Diffusion 

3 .O3E- 1 2 m2/s 
0.77 % by Mass of Concrete 
0.072 % by Mass of Concrete 

Duration: 40 Days 

Data 

SNPLATI 

- - 

Considered 

Not Considered 

g0.2 - -  
O 

5 O *  - - 
O 4 8 12 16 20 24 28 32 36 

Depth, ( mm ) 



Sample: SNPLAT3 
25% SL, No Crack 

Diffusion Coefficient: 
Surface Concentration: 
Background: 

Data 

Test: Bulk Diffusion 

5.10E-12 m2/s 
0.77 % by Mass of  Concrctc 
0.057 % by Mass o f  Concrctc 

Duration: 40 Days 

O 4 8 12 16 20 24 28 32 36 
Depth, ( mm ) 



Samplc: 1% I 1'1 LAT ':'est: Bulk Diffusion 
100% OIT, 0.102 mm Snioo~h Crack 

Diffusion Cocfficicnt: 8.39E- 12 ni2/s 
Surface Conccniration: 0.75 % by Mnss of Concrcic 
Background: 0.074 % by Mass of Concrcte 

Data 

Dcpth, Chloridc Concentration, 1 (;l 1 b~ M a ~ f c o n c r c t c ~  1 

Duration: 40 Days 

PSlPl LAT 

Consldered 

Nol Consldered n 



Samplc: PS3P I LAT Test: Bulk Diffusion 
100% OW, 0.370 mni Smooih Crack 

Diffusion Coefficient: S.48E- 12 n12/s 
Surface Concentration: 0.75 % by Mass of Concrcte 
Background: 0.066 % by Mass of Concrcle 

Data 

1 Depih, 1 Chloride Concentration, 1 

Duration: 40 Days 

PS3P1 LAT 
al - 
6 
E l - -  
O 
S Considered 
4 . 8  - - 

Nol Considered 

- - -. 
O 4 8 12 16 20 24 28 32 36 

Depth. ( mm ) 



Samplc: PSSP 1 LAT Test: Bulk Diffusion 
100% OPC, 0.677 nirn Snlooth Crack 

Diffusion Coefficient: I .O I E- I l  m2/s 
Surfacc Concentration: 0.75 % by Mass of  Concreie 
Background: 0.063 % by Mass of  Concrcic 

Data 

Duration: 40 Days 

PSSPI LAT - 
9 
O 
O 1 . -  
C) 

s 
4 . 8  - 

Considered 
- 

Nol Considered 

O - . - , l  , - 
O 4 8 72 16 20 24 28 32 36 

Depth, ( mm ) 



Sample: SS 1 P 1 LAT Tesl: Bulk Diffusion 
25% SL, 0.079 mni Smooth Crack 

Diffusion Cocfficicnt: 2.23E- 12 ni% 
Surfacc Concentration: 0,77 % by Mass of Concrctc 
Background: 0.065 % by Mass of  Concrctc 

Data 

Duralion: 40 Days 

SSl P l  LAT 

O 4 8 12 16 20 24 28 32 36 
Deplh. ( mm ) 



Sample: SS3Pl LAT Test: Bulk Diffusion 
25% SL, 0.34 1 mm Smooth Crack 

Diffusion Coefficient: 2.778- 12 mZ/s 
Surface Concentration; 0.77 % by Mass of Concrcic 
Background: 0.062 % by Mass of Concrele 

Data 

1 Depth, 1 Chloride Concentralion, 

Duration: 40 Days 

SS3Pl LAT 

- - 

Not Considered 

- 
O 4 8 12 16 20 24 28 32 36 

Depth, ( mm ) 



Samplc: SSSPI LAT Tcst: Bulk Diffusion 
25% SL, 0.616 mm Smooih Crack 

Diffusion Coefficient: 2.66E- 1 2 ni2/s 
Surface Conccntralion: 0.77 % by Mass of Concrctc 
Background: 0.057 % by Mass of Concrcle 

Data 

Chloride Concentration, 
(% by Mass of Concrcte) 1 

Duration: 40 Days 

SSSPILAT - 
0 

ô l - -  
O 
s Considered 
-0.8 - - 

Not Considered 

O 4 8 12 16 20 24 28 32 36 
Depth, ( mm ) 



Sample: PS I PI DEP Test: Bulk Diffusion 
100% OPC, O. 102 nim Smooth Crack 

Diffusion Coefficient: 1.60E- I I m21s 
Surface concentration: 0.75 % by Mass of Concreîc 
Background: 0,074 % by Mass of Concrcte 

Data 

Duralion: 40 Days 

Deplh, 
(min) 

Considered 1 

Nol Consldered 1 

Chloride 
Concçntration, 
(% by Mass of 

Concrete) 

O 4 8 12 16 20 24 28 32 36 
Deplh, ( mm ) 

Depih, 
(nirn) 

Chloride 
Concentration, 
(% by Mass of 

Concrete) 



Samplc: PS3P 1 DEP Test: Bulk Diffusion 
100% OPC, 0.370 mni Smooth Crack 

Diffusion Coefficient: 1.41 E-1 1 ni2/s 
Surfacc Concentration: 0.75 % by Mass of Concrete 
Background: 0.066 % by Mass o f  Concrele 

Data 

Duration: 40 Days 

Dcpth, 
(mm) 
0.89 
1.65 
3.18 Considered 

Nol Considered 

Chloride Conccntralion, 
(% by Mass of Concrete) 

0.85 
0.76 
0.59 

PS3PlDEP - 
O! 
g 5 1 . -  



Sampte: PS5PI DEP Test: Bulk Diffusion 
100% OPC, 0.677 nim Smooth Crack 

Diffusion Coefficient: 2.03 E- I I m2/s 
Surface Concentration: 0.75 % by Mass o f  Concrete 
Background: 0.063 % by Mass of Concretc 

Data 

Depth, Chloride Concentration, 
(mm) (% by Mass of Concretc) 

Duration: 40 Days 

PSSPi DEP 

- 

- 

- 

- 

- 

Considered 
- 

I 
Not Consldered 

12 
9 

I 

- 
' i 

9 

\u 9 - - - l 

O 4 8 12 16 20 24 28 32 36 
Deplh, ( mm ) 



Samplc: SS 1 PI DEP Test: Bulk Diffusion 
25% SL, 0.079 nim Smooth Crack 

Diffusion Cocfficienl: 6.238- 12 m2/s 
Surface concentration: 0.77 % by Mass of Concrctc 
Background: 0.065 % by Mass ofconcrcte 

Data 

Duration: 40 Days 

Depth, 
(mm) 
0.89 
1.65 
3.18 

SS1 P l  DEP Chloride Concentration, 
(% by Mass of Concrete) 

0.74 
0.63 
0.47 

O 4 8 12 16 20 24 28 32 36 
Depth, ( mm ) 



Sample: SS3P 1 DEP Test: Bulk Diffusion 
25% SL, 0.341 mm Smooih Crack 

Diffusion Cocficient: 5 .ME- 1 2 m2f s 
Surface Concentration: 0.77 % by M a s  of Concrete 
Bac kground: 0,062 % by Mass of Concrcie 

Data 

1 Depth, 1 Chloride Conccniration, 1 

Duration: 40 Days 

(mm) 
0.89 

m 

Considered 

a 

Not Considered 

(% by Mass of Concrcte) 
0.87 



Sample: SSSP I DEP Tcst: Bulk Diffusion 
25% SL, 0.616 mm Smooth Crack 

Diffusion Coefficient: 4.598- 1 2 m2/s 
Surface Conccniration: 0.77 % by Mass of Concreic 
Background: 0.057 % by Mass oCConcrctc 

Data 

Duration: 40 Days 

- 

Dcpih, 
(mm) 
0.89 
1.65 
3.18 

SSSPI DEP - 
Ch toride Concentration, 
(% by Mass of Concretc) 

0.78 
0.65 
0.48 Considered 

Nol Considered 

O 4 8 12 16 20 24 28 32 36 
Depth, ( mm ) 



Sample: PR l PI LAT Test: Bulk Diffusion 
100% OPC, 0.097 mm Rough Crack 

Diffusion Coefficient 1.53E- 1 1 m2/s 
Surface Conceniration: 0.75 O/O by Mass of Concrclc 
Background: 0.052 % by Mass of Concrcte 

Data 

Depth, 
(mm) 

0.5 1 
1.52 

Duration: 40 Days 

I 
Chloridc 

Concentration, 
(% by Mass of 

Concrete) 
0.62 
0.6 1 

Depih, 
(mm) 

12.70 
13.72 

PR1 P l  LAT Chloridc 
Concentration, 
(% by Mass of 

Conc rcte) 

O.  15 
O. 12 

Considered 

Not Considered 

O 4 8 12 16 20 24 28 32 36 
Oepth, ( mm ) 



q Sample: PR3P I LAT Test: Bulk Diffusion 
a 100% OPC, 0.297 mm Rough Crack 

Diffusion Coefficicnî: 1 .SE- I I m2/s 
a 
J 

Surface Concentration: 0.75 % by Mass of Concreie 
Background: 0.057 % by Mass of Concrete 

Data 

- 

Dcpih, Chloridc 
(mm) Concentration, 

(% by Mass of 
Concrcte) 

Duration: 40 Days 

Dept h, 
(mm) 

12.70 
13.72 
14.73 
15.75 
16.76 
17.78 
18.80 
19.81 
20.83 
21.84 
22.86 
23.88 

PR3P1 LAT - 
Chloridc 

Concent rat ion, 
(% by Mass of 

Concrete) 
O. 15 
0.1 1 
0.10 
0.07 
0.05 
0.05 
0.04 
0.0 1 
0.0 1 
0.02 
0.0 1 
0.00 

1 

- - 
Considered 

- - 
9 

No1 Considered 

O 4 8 12 16 20 24 28 32 36 
Depth, ( mm ) 



Samplc: PRSP 1 LAT Test: Bulk Diffusion 
100% OPC, 0.466 mm Rough Crack 
Diffusion Coefficient: 8.84E-12 m'ls 
Surfacc Concentration: 0.75 % by Mass of Concretc 
Background: 0,075 % by Mass of  Concrcic 

Data 

Dcpth, 
(mm) 

Duration: 40 Days 

Chloride 
Concentration, 
(% by Mass o f  

Concrctc) 

Depth, 
(mm) 

PRSPI LAT - 

Cliloride 
Conccntratiori, 
(% by Mass of 

Concrete) 

O 4 8 12 16 20 24 28 32 36 
Depth, ( mm ) 



Sample: SR I PI LAT ïest: Bulk Di ffusioti 
25% SL., 0.099 mm Rough Crack 

Di f'fusion Coefficicnl: 3.8 1 E- 12 ni2/s 
Surfacc Conceiitratioii: 0.77 % by Mass of'Concrelc 
Background: 0.064 % by Mass of  Concrclc 

Data 

- 

Depth, 
(mm) 

1 

0.25 
0.76 
1.27 
1.78 
2.29 
2.79 

Chloride 
Concentration, 
(% by Mass of 

Concrete) 

- 

Chloride 
Conccnlration, 
(5% by Mass of 

Concrete) 

Duralion: 40 Days 

- - 

Dcpth, 
(mm) SR1 P l  LAT 

0.73 7.87 
0.69 8.38 
0.64 8.89 

Consldsred 

Nol Conçidered 

1 

O 4 8 12 16 20 24 28 32 36 
Depth, ( mm ) 



Samplc: SR3P 1 LAT Test: Bulk Diffusion 
25% SL, 0,284 mm Rougli Crack 

Diffusion Coefficient: 5.788- 12 m2/s 
Surface Concentration: 0.77 % by Mass of  Concretc 
Background: 0.054 % by Mass of Concrete 

Data 

Depih, Chloridc Concentration, 1 (mm$ 1 T o n c r e t e )  1 

Duration: 40 Days 

SR3P1 LAT 
h 

Considered 

Not Considered 7 
O 4 8 12 16 20 24 28 32 36 

Depth, ( mm ) 



Sample: SR5P 1 LAT Test: Bulk Diffusion 
25% SL, 0.472 mm Rough Crack 

Diffusion Coefficient: 3.48E- 12 ni2/s 
Surface Concentration: 0.77 % by Mass of Concrcte 
Background: 0.080 % by Mass of Concrctc 

Data 

1 Dcpth, 1 Chloridc Concentration, ( 

Duration: 40 Days 

(mm) 
0.5 1 

O 4 8 12 16 20 24 28 32 36 
Depih, ( mm ) 

(% by Mass of Concrete) 
0.59 



Sample: PR I P I DEP Test: Bulk Diffusion 
100% OPC, 0.097 inm Rough Crack 

Diffusion Cocfficicnt: 1.98E- 1 l in'ls 
Surface Concentration: 0.75 % by Mass of  Coricrcte 
Background: 0.052 % by Mass of  Concretc 

1 Dcpth, 1 Chloridc Conceniration, 

Duration: 40 Days 

Considered 

Not Considered 

O 4 8 12 16 20 24 28 32 36 
Deplh, ( mm ) 



Samplc: PR3P I DEP Test: Bulk Diffusion 
100% OPC, 0.297 mni Rough Crack 

Diffusion Coefficicnl: 1.28E- 1 1 ni2/s 
Surfacc Concentration: 0.75 % by Mass of Concrctc 
Background: 0.057 % by Müss of Concrcte 

Data 

Chioridc Concentration, 
(% by Mass of  Concrctc) 1 

Duration: 40 Days 

PR3Pl DEP 

O 4 8 12 16 20 24 28 32 36 
Deplh, ( mm ) 



Sample: PRSPIDEP Test: Bulk Diffusion 
100% OPC, 0.466 mni Rough Crack 

DiKusion Cocfficicnt: 7.99E- 1 2 m2/s 
Surface Concentration: 0.75 % by Mass of Concrcic 
Background: 0.075 a/o by Mass of Concrctc 

Data 

Duration: 40 Days 

PRSPI DEP 



Sample: SRI PI DEP Test: Bulk Diffusion 
25% SL, 0.099 nini Rough Crack 

Diffusion Coefficient: 5.01E-12 ni2/s 
Surface Concentration: 0.77 % by Mass of Concrete 
Background: 0.064 % by Mass of Concrctc 

Data 

Duration: 40 Days 

SRIPIDEP 

O 4 8 12 16 20 24 28 32 36 
Deplh, ( mm ) 



Sample: SR3PI DEP Test: Bulk Diffusion 
25% SL, 0.284 mm Rough Crack 

Diffusion Coefficient: 4.4 1 E- 12 m2/s 
Surface Concentration: 0.77 % by Mass of Concretc 
Background: 0.054 % by Mass of Concrete 

Data 

Duration: 40 Days 

SR3P1 DEP I - 
Depth, 
(mm) 
0.89 
1.65 
3.18 

9 

Not Considered 

Chloridc Concentration, 
(% by Mass of Concrctc) 

1 .O3 
0.77 
0.39 

O 4 8 12 16 20 24 28 32 36 
Deplh, ( mm ) 



Sample: SRSPI DEP Test: Bulk Diffusion 
25% SL, 0.472 mm Rough Crack 

Diffusion Coefficient: 5.738- 12 ni2/s 
Surface Concentration: 0.77 % by Mass of Concrete 
Background: 0.080 % by Mass of Concrete 

Data 

Chloride Concentratiori. 
(% by Mass of Concrete) 

Duration: 40 Days 

SRSP1 DEP 

0 
Consldered 

- - 

Not Consldered 

- . , F - .  
O 4 8 12 16 20 24 28 32 36 

Depth, ( mm ) 



Chloride Bulk Diffusion TestISD Simulations D- 1 

~p - 

Influence of Cracks on Cbloride Ingress into Concrete 



Sample: PS I P 1 DEP Test: Bulk Diffusion 
100% OPC, 0.102 mni Sinooth Crack 

Diffusion Coefficient of 
Uncracked Concrcte: 7.07E- 1 2 m2/s 
Siirface Concentration: 0.75 % by Mass of Concrete 

Data 

Duration: 40 Days 

- 

Deptli, 
(mm) 

h 

PSI P l  DEP 

Depth, ( mm ) 
1 1 

Chloride 
Conccntralion, 
(% by Mass of 

Concrctc) 

1 = Considered o Not Considered 1 
- Table Curve - 20 Simulation 

Depih, 
(mm) 

Chloride 
Concentration, 
(% by Mass of 

Concrete) 



Sample: PS3P 1 DEP Test: Bulk Diffusion 
100% OPC, 0.370 mm Srnooth Crack 

Diftùsion Coefficient of  
Uncracked Concrcte: 7.078-12 m2/s 
Surface Concentration: 0.75 % by Mass of  Concrete 

Data 

Duration: 40 Days 

PS3Pl DEP 

if O 4 8 12 16 20 24 28 32 36 

Not Considered 

- Table Curve - 2 0  Simulation 



Sample: PSSP 1 DEP Test: Bulk Diffusion 
100% OPC, 0.677 nim Smooth Crack 

Diffusion Coefficient of 
Uncrackcd Concrete: 7.07E- 12 m2/s 
Surface Concentration: 0.75 % by Mass of Concreie 

Data 

Chloridc Concentration, 
(% by Mass of Concreie) 

Duration: 40 Days 

- PSSPI DEP 

O 4 8 12 16 20 24 28 32 36 
Deplh, ( mm ) - Considered - Nol Considered 

1 - Table Curve - 2D Simulation I 



Sample: SS 1 PI DEP Test: Bulk Diffusion 
25% SL, 0.079 mm Sniooth Crack 

Diffusion Coefficient of  
Uncrackcd Concrete: 2.938- 12 m2/s 
Surface Concentration: 0.77 % by Mass of  Concretc 

Data 

Denth, 1 Chloride Concentralion. 

Duration: 40 Days 

SS1 P l  DEP 

I i Considered 0 Not Considered 

- Table Curve - 20  Simulation I 



Sample: SS3P 1 DEP Test: Bulk Diffusion 
25% SL, 0.34 1 mm Smooth Crack 

Diffusion Coefficient of 
Uncrac ked Concrctc: 2.938-12 m2/s 
Surface Concentration: 0.77 % by Mass of Concrete 

Data 

Deph, Chloridc Concciitmtion, 

Duration: 40 Days 

- SS3PP DEP 

I Considered 0 Nol Considered 

- Table Curve - 2D Sirnulalion 



Samplc: SSSP I DEP Test: Bulk Diffusion 
25% SL, 0.616 nim Smooth Crack 

Diffusion Coefficient of 
Uncrackcd Concrcte: 2.93E- 12 m2/s 
Surface Concentration: 0.77 % by Mass of Concretc 

Data 

1 Dcpth, ( Chloridc Conccniraiion, 1 

Durntion: 40 Days 

(mm) 
0.89 

- SSSPt DEP 
(% by Mass of Concretc) 

0.78 

O 4 8 12 16 20 24 28 32 36 
Deplh, ( mm ) 

Nol Considered 

- Table Curve - 2D Slrnulation 



Samplc: PR 1 P 1 DEP 'ï'cst: Bulk Diffusion 
100% OPC, 0.097 mm Rough Crack 

Diffusion Coefficient o f  
Uncracked Concrele: 7.07E- 12 m'ls 
Surface Concentration: 0.75 % by Mass of Concrelc 

Data 

Duration; 40 Days 

Deph, Chloride Concentraiion, 1 ("l;) 1 (% * y ; c o n c ~ t e )  1 - PR1 PIOEP 

c 
0 O 4 8 12 16 20 24 28 32 36 

Depth, ( mm ) 

= Consldered O Not Considered 

- Table Cuwe - 2D Simulation 



Sample: PR3P 1 DEP Test: Bulk Diffusion 
100% OPC, 0.297 mm Rough Crack 

Diffusion Coefficient of 
Uncracked Concrete: 7.078-1 2 m2/s 
Surface Concentration: 0.75 % by Mass of Concreie 

Data 

Depth, Chloride concentration, 1 j w by MasssConcrete~ 1 

Duration: 40 Days 

- PR3P1 DEP 

u 
O 4 8 12 16 20 24 28 32 36 

Depth, ( mm ) 

r Considered a NoI Considered 

- Table Curve - 2 0  Simulation 



Samplc: PR5P 1 DEP Test: Bulk Diffusion 
100% OPC, 0.466 mm Rough Crack 

Diffusion Coefficient of 
Uncracked Concrcte: 7.07E- 12 m2/s 
Surface Concentration: 0.75 % by Mass of Concrelc 

Data 

Deplh, Chloride Concentrotion, 1 1 (% by Ma;.;~Concrclc) 1 

Duration: 40 Days 

PRSPI DEP 

O 4 8 12 16 20 24 28 32 36 
Depth, ( mm ) 

0 Considered a Not Considered 

- Table Curve - 2D Simulation 



Samplc: SR 1 P 1 DEP Test: Bulk Diffusion 
25% SL, 0.099 mm Rough Crack 

Diffusion Coefficient of 
Uncracked Concrete: 2.93 E- 12 m'ls 
Surface Concentration: 0.77 % by Mass of  Concrete 

Data 

Chloride Concentration, 
(% by Mass of Concrele) 

Duration: 40 Days 

* O 4 8 12 16 20 24 28 32 36 
Depth, ( mm 

i Considered a Not Considered 

- TaMe Curve - 20 Simulation 



Sample: SR3P 1 DEP Test: Bulk Diffusion 
25% SL, 0.284 mm Rough Crack 

Diffusion Coefficient of 
Uncracked Concrete: 2.93E- 12 m2/s 
Surface Concentration: 0.77 % by Mass of Concrete 

Data 

Duration: 40 Days 

SR3P1 DEP 

- , m ,  i y L 

O 4 8 12 16 20 24 28 32 36 

Considered 

- Table Curve - 2 0  Simulation 



Sample: SRSP I DEP Test: Bulk Diffusion 
25% SL, 0.472 mm Rough Crack 

Diffusion Coefficient of 
Uncracked Concreie: 2.938- 12 m2/s 
Surface Concentration: 0.77 % by Mass of Concrete 

Data 

Duration: 40 Days 

1 Depth, 1 Chloride Concentration, ( - SRSPI DEP 
(&) 
0.89 

O 4 8 12 16 20 24 28 32 36 
Deplh, ( mm ) 

Nol Considered 

- Table Curve - 2 0  Simulation 

(% by Mass of Concrete) 
0.86 



Cbloride Diffusion in Rough Surface Samples E-1 

influence of Cracks on Chloride Ingress into Concrete 



Chloride Difiusion in Rough Surface Samples E-2 

Since for the smooth surface samples it is assumed that the lines of equal concentration 

run parallel to the exposed surface (Figure E. L-a), it would be logical to make an analogous 

assumption for the rough surface samples, that is, the lines of equal concentration take the shape 

of the exposed surface (Figure E. 1 -b). The set-up of the milling machine only allows grinding 

of concrete layers perpendicular to the core bit axis. Hence, for the case of the rough surface 

sarnple, the grinding planes do not coincide with the lines (or planes) of equal concentration 

(Figure E.2). In other words, the resulting chloride concentration of each layer, except for the 

first one, combines concentrations Ciom different equal-concentration layers. If this assumption 

is correct, then, the obtained concentration profile will not characterize the case of one 

dimensional diffusion, uniess the aciual concentrations of the equal-chloride content layers can 

be calculated. 

Let us consider the grinding of the rough surface sample layer by layer (Figure E.2). The 

first layer has a mass m, and a corresponding chloride concentration C, that coincides with the 

concentration of the first equal-chloride content layer. The second layer has a mass m, and 

concentration C1. Then, the concentration of the second equal-chloride content layer (Cc j can 

be derived from the following expression: 

m*Cz= m1"~2t M ' ~ * C I  (E4) 

Where: 

m', = mass ofthe second ground Iayerportion that corresponds to the first layer 

of equal concentration, m, - m,- 

Influence of Cracks on Chloride Ingress into Concrete 



Chloride Diff'usion in Rough Surface Samples E-3 

Smooth Surface Sample Rough Surface Sample 

Lines of Equal Concentration Lines of Equal Concentration 

Figure E. 1 Lines of Equal Concentration for Smooth and Rough Surface Samples. 

- m i  
a-nu Grinding Plane 

Lines of Equal Concentration 

Figure E.2 Grinding the Rough Surface Sample. 

[aflnence of Cracks on Chloride Ingress into Concrete 



Chloride Difiusion in Rough Surface Samples E-4 

Each following j-ground layer has a j-nurnber of mass components corresponding to a 

j-number of different equal-concentration layers until the entire irregularity is ground (the layer 

mass and the number of mass components become constant). Each new mass component (mlj) 

initialIy assumes the concentration of the first layer of equal chloride content (C,), and then, 

subsequent concentration values of al1 the equal-chloride content layers (C,, j ranges from 2 to 

n, where n is the number of ground layers). 

The described approach was applied for obtaining the lateral chloride concentration 

profiles for rough crack samples. Care was taken to collect al1 the ground powder for each layer 

and weigh it prior to sieving. In order to study the sensitivity of the proposed rnodel to the Iayer 

thickness, three thicknesses were tested (0.5, 1, and 1.5 mm) for different profiles. 

The measured values of layer mass and concentration were used to back calculate the 

concentration of the layers ofequal chloride content. However, the obtained results did not show 

the anticipated trend in the chloride concentrations. The calculated concentration values for the 

equal-chloride content layers were fluctuating in a bizarre manner, falling down to nonsensical 

negative values and jumping back to high concentrations. From analyzing the first few layers 

of the rough surface sample, it was obvious that this mode1 was not adequate for describing 

chlonde difision into concrete with irregular surface shape. Figure E.3 demonstrates an 

example of the measured and calculated concentration profiles for one of the samples. 

One disadvantage of this approach could be that it is too sirnplistic and underestimates 

the complicated geometry of the rough surface. For instance, the diffision that takes place at the 

convex and concave parts of the concrete surface is three-dimensional, while at the flat surface 

portions it is one-dimensional. 

Influence of Cracks on Cùioride Ingress into Concrete 



Chloride Diffusion in Rough Surface Samples E-5 

PR3Pl LAT 

Figure E.3 Example of Measured and Calculated Concentration Profiles: Cj - ChIoride 

Concentration of the Ground Layers, C, - Chloride Concentration of the 

Equal-Chloride Content Layers. 

Therefore, this approach was abandoned and the lateral chloride concentration profiles 

for rough crack samples were simply obtained using the conventional approach by setting a zero 

grinding depth at the top of the first layer and ploning the measured chloride concentrations of 

the ground layers against the corresponding depths. Five out of a total six (with the exception 

of sample PRlP 1LAT) lateral chloride profiles exhibited a very good fit to the curve generated 

by the Table Curve software package (Appendix B). The values of the diffision coefficient 

determined fiom these rough concrete surface profiles lie within the domain of the diffusion 

coefficient values obtained for the corresponding concrete type. 

Influence of Cracks on Chloride Ingress into Concrete 



SEM/EDX Chloride Profiling F- 1 

Influence of Cracks on Chloride Ingress into Concrete 



SEMIEDX Chloride Profiling Results 

Chloride Concentration, 
(% by Mass of Cern. Pasie) 

SR3 1 1 SR32 



SEMIEDX Chloride Praflling, Sarnple of Raw Data and Calculations, Specimen SR32, Oepth = 4.5 mm 
Elmt App. Conc. SI. Sigma Fil Index Int, C m .  Std, Corrn. Elml % S l g m  % Elmt Atom. % Atom.rnass AtWA.m. Conc. by m..% Cornpd % Nos of lon C M  
Na 0.248 0.062 0.167 0.757 1.000 0.327 0,081 Na 0.561 22.990 12.887 0,439 Na20 0.441 0.305 
Ml 0,041 0.037 0.000 0.490 1.000 1.715 0.076 Mg 2.779 24.310 67.558 2.301 Mg0 2.844 1.51 1 
A( 0.895 0.037 0.175 0.594 1.000 1.508 0.063Ai 2.201 26.980 59.380 2,022 Al203 2.848 1.196 
SI 5.111 0.060 0.561 0.734 1.000 6.968 0.081 Si 9.773 28.090 274.520 9.349 Sb02 14.906 5.312 
S 1.135 0.083 0.804 1.129 1.000 1.005 0 .073s 1.235 32.060 39.584 1.348 S03 2.509 0.671 
CI 1.185 0.058 0,979 0.988 1.000 1.199 0.059 Cl 1.332 35.450 47.221 1.608 0 . m  0.724 2.111 
K 0.046 0.046 1.000 0.973 1.000 0.047 0.048K 0.047 39.100 1.850 0.063 K20 0.057 0.026 
Ca 20.035 0.140 0.914 0.954 1.000 20.995 0.147 Ca 20.635 40.080 827.043 28.164 Ca0 29.376 11.217 
Tl 0,110 0.094 0.266 0.742 1.000 0.149 0.327 71 0.122 47.880 5.852 0.199 Ti0 0.198 0.066 
Fe 0.494 0.079 0.481 0.849 1.000 0.581 0.093 Fe 0.410 55.850 22.902 0.780 Fe0 0.748 0.223 
Pt 11.173 0.206 1.000 0.670 1.000 16.681 0.308 Pt 3.368 195.100 657.121 22.378 Pt02 19.416 1.U31 
O 23.369 0.240 O 57.537 16.000 920.599 31.350 3 1 .276 
Cation sum 0.00 Sum 74.5$2 Callon sum 0.00 2938.516 100.000 73.344 
' = <2 Slgma ' = ~2 Sigma 
Elmt App. Conc. SI. Sigma Fit Index Int. C m .  Sld. C o n .  Elmt % Sigma % Elmt Alom. % Atom.mass A196'A.m. Conc. by m.,% Compd % Nos of ion CalSi 
Na 0.331 0.063 0.139 0.759 1.000 0.436 0.083 Na 0.705 22.990 16.210 Na20 0.587 0.383 
Mg 0.889 0.038 0.000 0.491 1.000 1.812 0.077 Mg 2.774 24.310 67.433 Mg0 3.004 1.507 
Ai 0.979 0.038 0.500 0.594 1.000 1.649 0.064 Al 2.275 26.980 81.371 Al203 3.116 1.236 
SI 5,510 0.061 0.829 0.732 1.000 7.524 0.083 SI 9.971 28.090 280.091 Si02 16.096 5.419 
S 1.171 0.083 0.152 1.130 1.000 1.036 0.073 S 1.202 32.060 30.551 S03 2.586 0.653 
CI 1.265 0.080 0.146 0.989 1.000 1.280 0.060 CI 1.344 35.450 47.632 1.633 0.000 0.730 2.- 
K 0.056 0.046 0.815 0.974 1.000 0.058 0.048 K 0.055 39.100 2.158 K20 0.070 0.030 
Ca 20.948 0.143 2.672 0.954 1.000 21.950 0.150Ca 20.384 40.080 816.992 Ca0 30.712 11.078 
Ti 0.124 0,096 0.656 0.742 1.000 0.167 0.129Ti 0.130 47.880 6.222 Ti0 0.223 0.071 
Fe 0.419 0.078 0.383 0.848 1.000 0.493 0.092 Fe 0.329 55.850 18.366 Fe0 0.635 0.179 
Pt 11.509 0.207 0.423 0.667 1.000 17.248 0.310 Pl 3.291 195.100 642.036 Pi02 20.078 1.788 
O 24.733 0.243 O 57.540 16.000 920.644 31.270 
Cation sum 0.00 Sum 78.386 Cation sum 0.00 5917.705 77.108 
' = <2 Sigma = <2 Slgma 
Elmt App. Cwc. SI. Sigma Fit Index Int. Corn. Std. C o n .  Elml % Sigma % Elml Alom. % Atornmass AtY2A.m. Conc. by m..% Cornpd % Nos of ion CaiSl 
Na 0.306 0.062 0.306 0.747 1.000 0.410 0.083 Na 0.675 22.990 15.516 Na20 0.553 0.369 
ml 0.544 0.035 0,079 0.485 1.000 1.123 0.073Mg t.748 24.310 42.495 Mg0 1.862 0.955 
Al 0.768 0.036 1.025 0.596 1.000 1.290 0.061 Ai 1.809 26.880 48.809 Ai203 2.437 0.988 
SI 5.359 0.060 2.000 0.738 1.OOû 7.257 0.082 Si 9.780 28.090 274.713 5102 15.526 5.341 
S 1.092 0.083 0.391 1.149 1.000 0.950 0.072 S 1.121 32.060 35.940 503 2.371 0.612 
CI 1.374 0.061 0.125 1.003 1.000 1.369 0.061 CI 1.462 35.450 51.814 1.765 0.000 0.798 2.2B1 
K 0.059 0.046 1.019 0.986 1.000 0.060 0.047 K 0.058 39.100 2.273 K20 0.072 0.032 
Ca 22.829 0.149 1.776 0.962 1.000 23.729 0,155Ca 22.407 40.080 898.063 Ca0 33.201 12.237 
Ti 0.156 0.094 0.234 0,739 1.000 0.211 0 . 1 2 8 1  0.166 47.880 7.966 Ti0 0.281 0.091 
Fe 0.598 0.082 0.074 0.846 1.000 0.707 0.096 Fe 0.479 55.850 26.747 Fe0 0.909 0.262 
Pt 10.986 0.205 1,016 0.674 1.000 16.310 0.304 Pl 3.164 195.100 617.333 FI02 18.986 1.728 
O 24.151 0.241 O 57.131 18.000 914.099 3 1.202 
Cation sum 0.00 Sum 77.566 Cation sum 0.00 2935.768 76.197 
' = <2 Sigma ' = <2 Sigma 



Elmt App. Conc. St. Sigma Fit Index Inl. C o n .  Sld. C m .  Elmt % Slgma % Elmt Atom. % Atommass At%*A.m. Conc. by m..% Corn@% Nos of ion CalSb 
Na 0.231 0.061 0.306 0.747 1.000 0.309 0.082 Na 0.520 22.990 11.947 Na20 0.416 0.283 
Mg 0.693 0.038 0.289 0.486 1.000 1.427 0.073 Mg 2.270 24.310 55.194 Mg0 2.366 1.237 
Al 0.931 0.037 0.575 0.593 1.000 1.570 0.062 Al 2.252 26.980 60.751 Al203 2.967 1,226 
si 4.837 0.059 0.488 0,732 1.OM1 6.609 0.080Si 9.104 28.090 255.722 Si02 14.139 4.958 
S 1,281 0.083 0.239 1.150 1.000 1.113 0.072 S 1.343 32.060 43.07t 503 2.780 0.732 
CI 1,575 0.062 0.271 1.002 1.000 1.572 0.062 CI 1.716 35.450 60.826 2.072 0.000 0.935 2.373 
K 0.076 0.046 0.611 0.983 1.000 0.078 0.047 K 0.077 39.1ûO 2.898 K20 0.093 0.042 
Ca 21,493 0.144 1.259 0.960 1.000 22.377 0.150 Ca 21.599 40.080 865.693 Ca0 31.310 11.764 
Tl 0.253 0.094 0,547 0.741 1.000 0.341 0.127 Ti 0.275 47.880 13.180 Ti0 0.455 0.150 
Fe 0.782 0.085 0.259 0.847 1.ûOû 0.923 0.100 Fe 0.640 55.850 35.725 Fe0 1.168 0.348 
Pt 10.775 0.202 0.455 0.674 1.00015.079 0.299PI 3.169 195.100 618.216 Pl02 16.600 1.726 
O 23.587 0.238 O 57.036 16.000 912.569 31.065 
Cation sum 0.00 Sum 75.117 Cation sum 0.00 2935.W4 74.314 
' = i 2  Sigma = <2 Slgma 
Eimt App. Conc. St. Sigma Fit Index Int. Corn. Std. Corn. Elmt % Slgma % Elmt Alom. % Alommass AI%'A.m. Conc. by m..% Compd % Nos of ion CalSl 
Na 0.302 0.061 0.222 0.746 1.000 0.405 0.081 Na 0.692 22.990 15.908 Na20 0.546 0.378 
Mg 0.772 0.036 0.053 0.484 1.000 1.595 0.075 Mg 2.578 24.310 62.634 -0 2.645 1.408 
Al 0.970 0.037 0,175 0.589 1.000 1.645 0.063 Al 2.395 26.980 64.614 AI203 3.109 1.309 
si 4.553 0.057 0.463 0.727 1.000 6.260 0.079 Si 8.753 28.090 245.879 Si02 13.392 4.784 
S 1.273 0.082 0.239 1.146 1.000 1.110 0 .072s  1.380 32.060 43.603 503 2.773 0.743 
CI 1.436 0.060 0,313 0.999 1.000 1.437 0.060CI 1.592 35.450 58.434 1.818 0.000 0.870 2.434 
K 0.004 0.046 1 . W  0.982 1.000 0.086 0.047K 0.086 39.100 3.358 K20 0.103 0.047 
Ca 20.889 0.142 2.052 0.960 1.000 21.741 0.148Ca 21.303 40.080 853.817 Ce0 30.420 11.643 
TI 0.175 0.084 0.391 0.743 1.000 0.236 0.126Ti 0.194 47.880 9.267 Ti0 0.315 0.106 
Fe 1.043 0.088 0.556 0.849 1.000 1.220 0 . 1 M F e  0.864 55.850 48.271 Fe0 1.581 0.472 
Pt 10.805 0.201 0.390 0.674 1.000 16.029 0.288 Pt 3.227 195.100 629.514 Pl02 18.658 1.763 
O 23.204 0.238 O 56.958 16.000 911.333 31.130 
Cation sum 0.W Sum 74.871) Cation surn 0.00 2û44.632 73.541 

= i 2  Sigma ' = c2 Sigma 
Elml App. Conc. St. Sigma Flt Index Int. C m .  Std. Corn. Elml % Sigma % Elmt Alom. % Atommass A1a'A.m. Conc. by m.,% Compd % Nos of Ion CalSi 
Na 0.587 0.065 0.222 0.758 1.000 0.777 0.085 Na 1.348 22.990 30.997 Na20 1.047 0.738 
MO 0.749 
Al 0.887 
Si 4.631 
S 1.173 
CI 1.556 
K 0.134 
Ca 20.271 
Tl 0.165 
Fe 0.575 
Pl 10.821 
O 
Catlon sum 0.00 
' = <2 Slgma 

1 .O00 
1 .MM 
1 .O00 
1 .O00 
1.000 
1 .O00 
1.000 
1 .000 
1 .000 
1.000 

Surn 

0.076 Mg 2.535 
0.062 Al 2.170 
0.078 Si 9.003 
0.073 S 1.279 
0.082 CI 1.757 
0.048 K 0.140 
0.147 Ca 21.101 
0.127 Ti 0.186 
0.096 Fe 0.485 
0.300 Pt 3.283 
0.238 O 56.714 

Cation surn 0.00 
' = c2 Slgma 



Elml Am. Conc, SI. Sigma Fit Index Int. C m .  Std. Corn. Elmt % Sigma % Elmt Atom. % Atom.mass AI%*A.m. Conc. by m..% Compd % Nos of Ion CalSi 
0.571 
1,772 
1.414 
5,074 
0.726 
0.864 2,108 

. . 
Na 0.464 0.063 0.528 
Mg 0.980 0.038 0.711 
Al 1.045 0.038 1.325 
Si 4.801 0.058 1.463 
S 1.224 0.082 0.239 
CI 1.406 0.059 0.042 
K 0.104 0.045 0.796 
Ca 18,972 0.138 1.276 
Ti 0.141 0.093 0.453 
Fe 0.619 0.080 0.519 
Pt 10.754 0.202 0.797 
O 
Catlon surn 0.00 
' = <2 sigma 
Elmt App. Conc. St. Slgma Fit Index 
Na 0.208 0.060 0.139 
Mg 0.714 0.036 0.053 
Al 0.803 0.037 0.075 
SI 4,795 0.058 0.585 
S 0.976 0.081 0.130 
CI 1.360 0.060 0.188 
K 0.071 0.046 1.130 
Ca 21.913 0.146 1.466 
Ti 0.234 0.094 0.266 
Fe 0.731 0.082 0.284 
Pt 10.408 0.200 0.398 
O 
Cation sum 0.00 
' = <2 Sigma 

Sum 

Int. Corn. Std. Corn. 
0.745 1.000 
0.485 1.000 
0.591 1.000 
0.732 1.000 
1.153 1.000 
1.006 1.000 
0.989 1.000 
0.964 1.000 
0.740 1.000 
0.846 1.000 
0.674 1.000 

Sum 

0.61 1 
2.003 
1.773 
6.624 
1 .O82 
1.423 
0.107 

1 9 . m  
0.189 
0.729 

16.121 
23.157 
73.722 

Elmt % 
0.276 
1.473 
1.359 
6.550 
0.846 
1.351 
0.072 

22.735 
0.316 
0.864 

15.445 
22.979 
74.267 

- 
0.082 Na 1.049 22.990 24.125 
0.078 Mg 3.255 24.310 79.130 
0 . M  Al 2.597 26.980 70.054 
0.080 SI 9.320 28.090 261,786 
0.073 S 1.333 32.060 42.736 
0.060 CI 1.586 35.450 56.236 
0.047 K 0.108 39.100 4.233 
0.143 Ca 19.623 40,080 786.501 
0.126 Ti 0.156 47.880 7.454 
0.095 Fe 0.516 55.850 28.809 
0.303 Pt 3.265 195.100 637.039 
0.238 O 57.192 16.000 915.071 

Cation sum 0.00 2913.174 
= ~2 Sigma 

Sigma % Elmt Atom. % Atom.mass At%'A.m. 
0.081 Na 0.476 22.990 10.939 
0.074 Mg 2.397 24.310 58.266 
0.062 Al 1.993 26.980 53.762 
0.079 Si 9.227 28.090 259.197 
0.070 S 1.044 32.060 33.480 
0.060 CI 1.508 35.450 53.469 
0.047 K 0.073 39.100 2.838 
0.152 Ca 22.445 40.080 899.602 
0.127 Ti 0.261 47.880 12.505 
0.097 Fe 0.612 55.850 34.182 
0.297 Pt 3.133 195.100 611.175 
0.237 O 56.831 16.000 909.299 

Cation sum 0.00 2938.714 
' = <2 Sigma 

Conc. by m.,% Compd % Nos of Ion CalSI 
Na20 0.373 0.261 
Mg0 2.442 1.315 
Al203 2.567 1.093 
Si02 14.012 5.061 
S03 2.113 0.573 

1.619 0.000 0,827 2.432 
K20 0.086 0.040 
Ca0 31.811 12.311 
Ti0 0.422 0.143 
Fe0 1.111 0.336 
Pl02 17.979 1.718 

31.173 
72.915 

Elmi AG. Conc. St. Sigma Fit Index Int. C m .  SM. Corn. Elmt % Sigma % Elmt Atom. % Atom.mass A1WA.m. Conc. by m..% Cornpd % Nos of Ion CalSi 
Na 0.234 0.060 0.250 0.745 1.000 0.313 0.080 Na 0.541 22.990 12.448 Na20 0.422 0.296 
Mg 0.548 
Al 0.742 
SI 5.054 
S 1.091 
CI 1.288 
K 0.074 
Ca 22.019 
Tl 0.134 
Fa 0.516 
Pt 10.076 
O 
Cation sum 0.00 

= <2 Slgma 

1 .O00 
1 .O00 
1 .O00 
1 .O00 
1 .000 
1 . m  
1.000 
1 .O00 
1.000 
1 ,000 

Sum 

0.072 Mg 1.848 
0.060 Ai 1.835 
0.080 SI 9.699 
0.071 S 1.170 
0.059 CI 1.434 
0.047 K 0.076 
0.151 Ca 22.633 
0.125 TI 0.150 
0.094 Fe 0.435 
0.295 Pt 3.048 
0.235 O 57.13f 

Cation sum 0.00 
' = <2 Sigma 



Elmt App. Conc. St. Sigma FH Index In!. Corn. Sid. Corm. Elmt % Sigma % Elmt Atom. % Atommass A1Sh'A.m. Conc. by m..% ComM % Nos of ion CdSi 
Na 0.382 0.061 0.222 0.748 1.000 0.511 0 .081Na 0.898 22.990 20.647 Na20 
MQ 0.727 
Al 0.820 
Si 4.708 
S 1.004 
CI 1.334 
K 0.041 
Ca 20.551 
Ti 0.305 
Fe 0.762 
Pt 10.304 
O 
CaUon sum 0.00 

= q2 Sigma 

0.074 Mg 2.496 
0.062 Al 2.082 
0.079 Si 9.278 
0.071 S 1.104 
0.059 CI 1.519 
0.046 K 0.043 
0.148 Ca 21.549 
0.127 Ti 0.346 
0.099 Fe 0.651 
0.297 Pt 3.176 
0.236 O 56.857 

Cation sum 0.00 
' = c2 Sigma 

80.683 
56,162 

260.632 
35.397 
53.836 

1.609 
863.683 

16.581 
36.337 

619.730 
909.71 7 

2935.094 

Average 



Chloride Diffusion CeU G- 1 

Influence of Cracks on Chioride Ingress into Concrete 



Chloride Diffusion CeU G2 

Calculation Example - Crack Widtb, Sample PSlD1 

Constant: 

Fixed Variable: 

Test Variables: 

Calculations: 

Dc,- = 2.03E-09 m2/s - chloride diffision coefficient in water, 

(CRC Handbook, 1977) 

Cu = 500 mole/m3 - concentration of the upstream solution 

D = 0.101 m - sample diameter 

x = 0.038 m - sampie thickness 

S = 8.81E-10 molels - slope of steady state from cegression 

J = S 1 A,, - steady state flux, molels*m2 

substituting J in Fick's first law (Equation 2-3) - 
A, = S*x 1 D,,-*Cu - surface area of the crack, m' 

A, = 3.33E-05 m' 

Cw=A,/D - crack width, m 

Cw = 3.3 1E-04 rn = 0.33 1 mm 

Influence of Cracks on Chloride Ingress into Concrete 



Chloride Diffusion Ceii G3 

Sample: PS 1 D 1 Test: Diffusion Ce11 
100 % OPC, 0.1 15 mm Smooth Crack 

Cell Volume: 0.590 L 
Diarneter: 0.101 m 
Thickness: 0.038 rn 
Calculated Crack Width: 0.33 1 mm 

Data: 

lay 
donth 
fear 
18-Feb-00 
18-Feb-00 
18-Feb-O0 
1 9-Feb-00 
21 -Feb-OO 
22-FebOO 
24-Feb-O0 
26-Feb-00 
28-Feb-00 
01-Mar-00 
03-Mar-00 
06-Mar-00 
08-Mar40 
10-Mar-00 
13-Mar-O0 
17-Mar-00 
22-Mar-00 
27-Mar-00 
03-Apr-00 
10-Apr-00 
17-Apr-00 
25-Apr-O0 
Dl-May40 
08-May-00 
17-May40 
23-May40 
29-May40 
12-Jun40 
26-Jun-OC 
1 O-J~l-00 - 

iour 

02:05 PM 
04:20 PM 
06:05 PM 
0545 PM 
0538 PM 
12:42 PM 
01:47 PM 
f l:29 PM 
11:13 PM 
01:21 PM 
01:17 PM 
12:04 PM 
02:07 PM 
01 :55 PM 
12:22 PM 
02:32 PM 
12:20 PM 
01:30 PM 
02:36 PM 
04:40 PM 
08:21 PM 
1253 PM 
12:23 PM 
01 :20 PM 
lO:l5 AM 
01:lO PM 
01:30 PM 
12:15 PM 
11:20 AM 
0425 PM - 

-- 
Elapsed 
Tirne, 
Days) - 

0.00 
0.09 
0.17 
1.15 
3.15 
3.94 
5.99 
8.39 

10.38 
1 1.97 
13.97 
16.92 
19.00 
20.99 
23.93 
28.02 
32.93 
37.98 
45.02 
52.1 1 
59.26 
66.95 
72.93 
79.97 
88.84 
94.96 

100.98 
1 14.92 
128.89 
143.10 - 

- 
lownst. 
:onc., 
wVL) 

0.00 
21.40 
47.00 
35.60 
41.20 
35.10 
58.60 
66.50 
66.90 
52.10 
72.50 
65.70 
93.90 
96.30 

105.10 
93.40 

128.80 
148.70 
160.10 
185.90 
215.10 
242.50 
255.80 
285.90 
328.60 
352.00 
372.90 
444.50 
505.5C 
568.6C - 

Influence of Cracks on Chloride ingress into Concrete 



PSl D l  

O 20 40 60 80 100 120 140 
Time, ( Oays ) 

Influence of Cracks on Chioride Ingres inta Concrete 



Chloride Diffusion Cell G5 

Sample: PS ID2 Test: Diffision Ce11 
100 % OPC, 0.064 mm Smooth Crack 

Cell Volume: 0.590 L 
Diameter: 0.101 m 
Thic kness: 0.039 m 
Calculated Crack Width: 0.548 mm 

Data: 

)ay 
inonth 
fear 
18-Feb-00 
18-Feb-00 
18-Feb-00 
19-Feb-00 
21-Feb-00 
22-Feb-00 
24-Feb-O0 
26-Feb-00 
28-Feb-00 
01-Mar-00 
03-Mar-00 
06Mar-00 
08-Mar-00 
10-Mar-00 
13-Mar-00 
17-Mar40 
22-Mar-00 
27-Mar-00 
03-Apr-00 
1 O-Apr-00 
1 7-Apr-O0 
25-Apr-O0 
31 -May-00 
30-May00 
17-May-00 
23-May40 
29-May00 
1 2-Jun-OC 
2Wun-OC 
1 O-Jul-OC 

iour 
- 
Elapsed 
Erne, 
Days) - 

0.00 
0.09 
0.16 
1.15 
3.14 
3.94 
5.98 
8.39 
9.96 

11.97 
13.96 
16.91 
19.00 
20.99 
23.92 
28.01 
32.92 
37.95 
45.02 
52.10 
59.26 
66.95 
72.93 
79.96 
88.84 
94.96 

100.97 
114.92 
128.88 
143.09 - 



Chloride Diffusion Ceh G- 6 

Influence of Cracks an Chloride Ingress into Concrete 



Chloride Diffusion Cell G- 7 

Sample: SS 1 D 1 Test: Diffision Cell 
25 % Slag, 0.102 mm Smooth Crack 

Cell Volume: 0.593 L 
Diameter: 0.102 m 
Thickness: 0.040 m 
Calculated Crack Width: 1 .O23 mm 

Data: 

lay 
Aonth 
fear 
18-Feb-00 
18-Feb4O 
18-Feb-00 
194 eb-00 
21-Feb00 
22-Fe b-00 
24-F eb-00 
26-Feb-00 
28-Feb-00 
03-Mar-00 
06-Mar-00 
08-Mar-00 
10-Mar-00 
13-Mar-00 
17-Mar40 
22-Mar-00 
27-Mar-00 
03-Apr-00 
1 0-Apr-00 
17-Apr-00 
25-Apr-00 

01-May40 
08-May40 
17-May40 
23-May40 
29-May40 
12-Jun-OC 
26-Jun4C 
1 O-Jul4C - 

- 
Plapsed 
rime, 
'Days) - 

0.00 
0.05 
0.1 3 
1.11 
3.1 1 
3.90 
5.95 
8.35 
9.92 

13.93 
16.88 
18.96 
20,95 
23.89 
27.98 
32.89 
37.91 
44.98 
52.07 
59.22 
66.91 
72.89 
79.93 
88.80 
94.92 

lOO.9? 
1 14.8e 
128.84 
1 43.O€ - 

- 
lownst. 
zonc., 
mglL) - 

0.00 
0.00 

29.40 
31.10 
73.80 
84.10 

134.80 
165.20 
228.20 
235.60 
299.00 
327.60 
356.00 
365.90 
423.50 
471.80 
568.70 
626.30 
745.80 
900.00 

1017.70 
1066.90 
1096.40 
1 154.20 
1208.20 
1263.50 
1435.50 
1640.20 
1754.80 - 

Influence of Cracks on Chloride Ingress into Concrete 



Chloride Diffusion Cell G8 

SSl D l  

O 20 40 60 80 100 120 140 
Time, ( Days ) 

Influence of Cracks on Chloride Iagress into Concrete 



Chloride Diffusion Cell G- 9 

Sample: SS t D2 Test: Diffusion Cell 
25 %skig, 0.078 mm Smooth Crack 

Celi Volume: 0.620 L 
Diameter: 0.101 m 
Thickness: 0.039 m 
Calculated Crack Width: 1 .O79 mm 

Data: 

- 
3apsed 
Ïme, 

Days) - 
0.00 
0.04 
0.1 1 
1-10 
3.10 
3.89 
5.93 
8.34 
9.91 

f1.92 
13.91 
16.86 
t8.95 
20.94 
23.80 
27.97 
32.87 
37.w 
44.97 
52.05 
59.21 
66.W 
72.81 
79.91 
88.7E 
94.91 

100.9i 
1 l4.8i 
128.8: 
143.04 

- 
Aass 
'assed, 
mg) 

O .O0 
10.60 
19.33 
20.75 
49.66 
55.47 
91 S6 

11 3.08 
139.15 
148.49 
176.80 
223.08 
246.06 
277.1 1 
308.97 
350.27 
401.65 
437.66 
483.94 
577.8(3 
61 9.62 
71 2.56 
757.27 
805.31 
8'11.38 
914.64 
954.55 

1 061 -81 
1 lî8AC 
1 196.47 - 

~ n x e n c e  of Cracks on Chloride Ingress into Conrrete 



Cbloride Düïusion Ceii G-10 

SSl D2 

I 

O 20 40 60 80 700 120 140 
Tirne, ( Days ) 

Influence of Cracks on Chloride Ingress into Concrete 



Influence of Cracks on Chloride Ingress into Concrete 



Depth of Chloride Penetration vs Timenncluding Aggregate B-2 

PNPS; 

V = 6.28 mm. 

PNPS; 

V = 6.33 mm. 

PNP6; 

V = 7.84 mm. 

PNP6; 

V = 7.76 mm. 

100 % OPC, No Crack, 4 Days of Chloride Exposue 

- - 

Influence of Cracks on Chloride Ingress into Concrete 



Depth of C bloride Penetration vs Time/ïncluding Aggregate H-3 

PNP7; 

V = 11.20 mm. 

PNP7; 

V =  II.53 mm. 

PNP8; 

v = 10.00 mm. 

PNP8; 

V = 9.53 mm. 

100 % OPC, No Crack, 16 Days of Chioride Exposure 

Influence of Cracks on Chloride Ingress into Concrete 



Depth of Chloride Penetration vs Time/Including Aggregate H-4 

PNP3; 

V = 15.53 mm. 

PNP3; 

V = 18.17 mm. 

PNP4; 

V =  11.55 mm. 

100 % OPC, No Crack, 36 Days of Chloride Exposure 

Influence of Cracks on Chloride Ingress into Coocrete 



Deprh oCChloride Penetreîioa vs Time/ïncludig Aggregate H-5 

25 % Slag, No Crack, 4 Days of Chloride Exposure 

mm. 

mm. 

mm. 

mm. 

Influence of Cracks on Chloride Iagress into Concrete 



Depth of Cbloride Penetration vs TimeiIncludinp: Aggregate H-6 

25 % Slag, No Crack, 16 Days of Chloride Exposure 

Influence of Cracks on Chloride Ingress into Concrete 



Depth of Chloride Penetration vs Timeflncluding Aggregate H-7 

SNP3; 

V = 6.03 mm. 

SNP3; 

V = 5.87 mm. 

SNP4; 

V = 9.84 mm. 

SNP4; 

V = 10.03 mm. 

25 % Slag, No Crack, 36 Dzjs of Chlonde Exposure 

Influence of cracks on Chloride Ingras into Concrete 



Depth of Chloride Penetration vs Timeflncludhg Aggregate H-8 

PS 1 P6, 

Cw=O.l15rnm; 

V=6.45, L=l3.ll mm. 

PS 1 P6, 

Cw = 0.1 14 mm; 

V=5.72, L=13.04 mm. 

PS 1~7, 

Cw = 0.120 mm; 

V=4.80, L=9.68 mm. 

PS 1 P7, 

Cw = O. 120 mm; 

V4.36, L=8.60 mm. 

100 % OPC, Single Smooth Crack, 4 Days of Chlefide Exposure 

Influence of Cracks on Chloride Ingress into Concrete 



Deptb of Chloride Penetration vs TimefIncluding Aggregate H-9 

100 % OPC, Single Smooth Crack, 16 Days of Chloride Exposure 

Influence of Cracks on Chloride Ingress into Concrete 



Depth of Chloride Penetration vs Timefincluding Aggregate H-10 

PS 1 ~ 3 ,  

Cw= 0.113mrn; 

V = 13.23, L = 9.72 mm. 

PS 1 ~ 3 ,  

Cw =O.Il3 mm; 

V = 1 1.78, L = 7.07 mm. 

PS 1~5, 

Cw = 0.113 mm; 

V =  11.48, L =  11.52rnm. 

PS I ~ 5 ,  

Cw = 0.1 13 mm; 

V = 15.04, L = 16.09mm. 

100 % OPC, SingIe Smooth Crack, 36 Days of Chloride Exposure 

Influence of Cracks on Chloride Ingress into Concrete 



Depth of Chloride Penetration vs Timenncluding Aggregate H-Il 

SS 1P5, 

Cw = 0.106 mm; 

V=3.11, L4.00 mm. 

SS 1 P5, 

Cw = 0.106 mm; 

V 4 . 8 4 ,  L=6.96 mm. 

SS I P7, 

Cw=O.l18 mm; 

V=2.09, L=9.72 mm. 

SS 1 P7, 

Cw=O.ll8 mm; 

V=2.02, L=9.58 mm. 

25 % Slag, Single Smooth Crack, 4 Days of Chloride Exposure 

Innuence of Cracks on Chloride Ingress into Concrete 



Depth of Chloride Penetration vs Time/ïnciuding Aggregate 8-12 

SSlPS, 

Cw = 0.098 mm; 

Vd.O6,L= l6.12rnm. 

SS lP8, 

Cw = 0.098 mm; 

V=6.12,L= l8S!Imm. 

SS 1 P6, 

Cw = 0.106 mm; 

V=11.73,L=ll.l8mrn. 

SS 1 PO, 

Cw = 0.106 mm; 

V=8.84, L=12.44mm. 

25 % Slag, Single Smooth Crack, 16 Days of Chloride Exposure 

-- 

Influence of Cracks on Chloride Ingres~ into Concrete 



Depth of Cbloride Penetratioo vs Time/ïncluding Aggregate H-13 

SS 1 ~ 3 ,  

Cw = O. 133 mm; 

V4.96, L=15.76 mm. 

SS 1~3, 

Cw = O. 133 mm; 

V=9.68, L=16.80mm. 

SS 1 P4, 

Cw =0.121 mm; 

V=6.54, L= 15.85 mm. 

SS 1~4, 

Cw=0.121 mm; 

V=5.12, L=13.48 mm. 

25 % Slag, Single Srnooth Crack, 36 Days of Chloride Exposure 

Influence of Cracks on Chloride Ingres into Concrete 



Depth of Cbloride Penetration vs Timedincludhg Aggregate H-14 

P2S 1~3, 

C w  = 0.123,O.lOl mm; 

V = 2-17, L = 7-19 mm. 

P2S 1~3, 

Cw = O.lî3,O.lOl mm; 

V = 2.80, L = 8.56 mm. 

P2S 1 P4, 

C w  = 0.1 lO,O.ll3 mm; 

V = 3.18, L = 9.05 mm. 

P2S 1 P4, 

Cw=0.110,0.113 mm; 

V = 2.88, L = 7.36 mm. 

100 % OPC, Double Smooth C ~ c k s ,  1 Day of Chloride Exposure 

Influence of Cracks on Chloride Ingress into Concrete 



Depth of Chloride Penetration vs Time/ïncluding Aggregate H-15 

P2S 1 P5, 

Cw = O. lO6,O.O92 mm; 

V=3.44, L =  11.31 mm. 

P2S 1 P5, 

Cw = 0.106,0.092 mm; 

V = 3.15, L = 9.98 mm. 

P2S 1 P7, 

Cw = O.lO6,O. 123 mm; 

V = 6.32, L = 8.37 mm. 

P2S 1 ~ 7 ,  

Cw = O.lO6,O. 123 mm; 

V = 5.65, L = 7.42 mm. 

100 % OPC, Double Smooth Cracks, 4 Days of Chloride Exposure 

Influence of Cracks on Chlonde Ingress into Concrete 



Depth o f  Chloride Penetration vs TimeAncluding Agaregate H-16 

P2S 1 P6, 

Cw = 0.089,0.094 mm; 

V=8 . l2 ,  L =  I4.8Ornm. 

P2S l P6, 

Cw = 0.089,0.094 mm; 

V = 7.63, L = 12.00 mm. 

P2S 1 PS, 

Cw = 0.106,O. LOO mm; 

V=8.90, L =  10.18 mm. 

P2S lP8, 

Cw = O.lO6,O.lOO mm; 

V = 10.00, L = 9.85 mm. 

100 % OPC, Double Smooth Cracks, 7 Days of Chloride Exposure 

Influence of Cracks on Chloride lngress inta Concrete 



Depth of Chloride Penetration vs Timehcluding Aggregate H-17 

S2S lP8, 

Cw = 0.124,0.130 mm; 

V = 5.95, L = 6.55 mm. 

S2S 1 P8, 

Cw = O.IX,O. 130 mm; 

V = 8.15, L = 5.68 mm. 

S2S 1 P6, 

Cw = O. lX,O.O94 mm; 

V = 2.45, L = 7.64 mm. 

S2S 1 P6, 

Cw = O. lX,O.O94 mm; 

V = 2.18, L = 6.00 mm. 

25 % Slag, Double Smooth Cracks, 4 Days of Chloride Exposure 

Idluence of Cracks on Chloride Ingress into Concrete 



Depth of Chloride Penetration vs Timenncluding Aggregate H-18 

S2S 1P5, 

Cw = 0.089,0.132 mm; 

V = 7.26, L = 10.30 mm. 

S2S 1 P5, 

Cw = 0.089,O. 132 mm; 

V = 4.75, L = 9.93 mm. 

S2S 1 P4, 

Cw =O.l33,O.l13 mm; 

V = 8.32, L = 8.05 mm. 

S2S 1 P4, 

Cw=0.133,0.113 mm; 

V = 7.56, L = 10.02 mm. 

25 % Slag, Double Smooth Cracks, 7 Days of Chloride Expome 

Influence of Cracks on Chlonde Ingress into Concrete 



Depth of ChIoride Penetration vs Time/Excluding Aggregate 1- 1 

Influence of Cracks on Chloride Ingress into Concrete 



Depth of Chloride Penetration vs Time/Excluding Aggregate 1- 2 

PNPS; 

Ve = 4.6 1 mm. 

PNPS; 

Ve = 4.36 mm. 

PNP6; 

Ve = 4.17 mm. 

PNP6; 

Ve = 4.3 1 mm. 

100 % OPC, No Crack, 4 Days of Chloride Exposure 

Influence of Cracks on Chloride Ingres into Concrete 



Depth of Chloride Penetration vs Time/Excludinp; Agaregate 1- 3 

PNP7; 

Ve = 9.69 mm. 

PNP7; 

Ve = 8.77 mm. 

PNP8; 

Ve = 8.62 mm. 

PNPS; 

Ve = 7.00 mm. 

100 % OPC, No Crack, 16 Days of Chloride Exposure 

Influence of Cracks on Chloride Ingress into Concrete 



Depth of Chloride Penetration vs Time/Excluding Aggregate 1- 4 

100 % OPC, No Crack, 36 Days of Chloride Exposure 

Influence of Cracks on Chloride Ingress into Concrete 



Depth of Chloride Penetration vs Time/Excluding Aggregate 1- 5 

25 % Slag, No Crack, 4 Days of Chloride Exposure 

Influence of Cracks on Chloride Ingress into Concrete 



Depth of Chloride Penetration vs Time/Excluding Aggregate 1- 6 

SW7; 

Ve = 3.74 mm. 

SNP7; 

Ve = 2.94 mm. 

SNP8; 

Ve = 5.27 mm. 

SNP8; 

Ve = 5.00 m. 

25 % Slag, No Crack, 16 Days of Chloride Exposure 

Influence of Cracks on Chloride Ingress into Concrete 



Depth of Chloride Penetration vs Time/Ercluding Aggregatc 1- 7 

25 % Slag, No Crack, 36 Days of Chioride Exposure 

mm. 

mm. 

mm. 

Influence of Cracks on Chloride Ingress into Concrete 



Depth of Chloride Penetration vs TimelExcluding Aggregate 1- 8 

PS 1 P6, 

Cw = O. 1 14 mm; 

Ve=4.94,Le=8.00 mm. 

PS 1 P6, 

Cw =O.Il3 mm; 

Ve=3.00,Le=9.00 mm. 

PS 1~7, 

Cw = 0.120 mm; 

Ve=4.4O,Le=8.18 mm. 

PS 1 ~ 7 ,  

Cw = 0.120 mm; 

Ve4.06+ie=7.92 mm. 

100 % OPC, Single Smooth Crack, 4 Days of Chloride Exposure 

Influence of Cracks on Chloride Ingress into Concrete 



Depth of Chloride Penetration vs TimeJExcluding Aggregate 1- 9 

100 % OPC, Single Smooth Crack, 16 Days of Chloride Exposure 

Influence of Cracks on Chloride Ingess into Concrete 



Depth of Chloride Penetration vs Time/Excluding Aggregste 1-10 

PS 1 ~ 3 ,  

Cw = 0.113 mm; 

Ve = 1 t.00. Le = 8.50 mm. 

PS 1 ~ 3 ,  

Cw = 0.1 I3 mm; 

Ve = 10.50, Le = 6.11 mm. 

es 1 P5, 

Cw =0.113 mm; 

Ve = 10.27, Le = 13.50 mm. 

PSlPS, 

Cw=0.113 mm; 

Ve = 12.89, Le = 16.00 mm. 

100 % OPC, Single Smooth Crack, 36 Days of Chioride Exposure 

Influence of Cracks on Chloride Ingress into Concrete 



Depth of Chloride Penetration vs Time/Excluding Aggregate 1-1 1 

SS 1 PS, 

Cw = O. 106 mm; 

Ve = 2.03, Le = 6.93 mm. 

SS I PS, 

Cw = 0.1 O6 mm; 

Ve = 2.43, Le = 6.00 m. 

SS 1 P7, 

Cw = 0.1 18 mm; 

Ve = 1.47, Le = 7.50 mm. 

SS 1 ~ 7 ,  

Cw=O.ll8 mm; 

V e =  1-37, Le=7.10mm. 

25 % Slag, Single Smooth Crack, 4 Days of Chloride Exposure 

-- 

Infiuence of Cracks on Chloride Ingress into Concrete 



Depth of Chloride Peuetration vs TimdExcluding Aggregate 1-12 

SS 1 P8, 

Cw = 0.098 mm; 

Ve=2.93, Le=1 O.86rnm. 

SS 1 PB, 

Cw = 0.098 mm; 

Ve4.17, Le=16.75mm. 

SS 1 P6, 

Cw = O. 106 mm; 

Ve=3.00, Le= 1 1.00mrn. 

SS 1 Pd, 

Cw = 0.106 mm; 

Ve=3.71, Le=l1.83mm. 

25 % SIag, Single Smooth Crack, 16 Days of Chioride Exposure 

Influence of Cracks on Chloride Ingress into Concrete 



Depth of Chloride Penetration vs Time/Excluding Aggregate 1-13 

SSlP3, 

Cw = 0.133 mm; 

Ve = 4-10 mm, 

Le = 14.22 mm. 

SS 1 ~ 3 ,  

Cw = 0.133 mm; 

Ve = 6.33 mm, 

Le = 12.70 m. 

SS 1 P4, 

Cw = O. 121 mm; 

Ve = 4.80 mm, 

Le = 15.17 mm. 

SS 1~4, 

Cw=0.121 mm; 

Ve = 4.79 mm, 

Le = 10.55 mm. 

25 % Slag, Single Smooth Crack, 36 Days of Chloride Exposure 

Influence of Cracks on Chloride Ingess into Conerete 



Depth of Chloride Penetration vs Time/Excludinp: Apl~regate 1-14 

P2S 1 ~ 3 ,  

Cw = 0.123,O.lOl mm; 

Ve = 1.77, Le = 6.25 mm. 

P2S 1 P3, 

Cw = 0.123,0.101 mm; 

Ve = 3.33, Le = 7.46 mm. 

P2S 1 P4, 

Cw=0.110,0.113 mm; 

Ve = 1.62, Le = 9.03 mm. 

P2S 1 P4, 

Cw=O.110,0.113 mm; 

Ve= 1.21, Le=6.41 mm. 

t O0 % OPC, Double Smooth Cracks, 1 Day of Chloride Exposure 

Influence of Cracks on Chloride Ingress into Concrete 



Depth of Chloride Penetration vs Time/Excluding Aggregate 1-1 5 

P2SIP5, 

Cw = O. 106,0.092 mm; 

Ve = 3.45, Le = 8.27 mm. 

P2S 1 P5, 

Cw = 0.106,0.092 mm; 

V e =  3.00, Le = 8-17 mm. 

P2S 1 P7, 

Cw = 0.106,0.123 mm; 

Ve = 4.50, Le = 6.00 mm. 

P2S 1~7, 

Cw = 0.106,0.123 mm; 

Ve = 2.36, Le = 5.76 mm. 

100 % OPC, Double Smooth Cracks, 4 Days of Chloride Exposure 

Influence of Cracks on Chloride Ingress into Concrete 



Depth of Chloride Penetration vs Tme/Ercluding Amregate 1-16 

P2S I P6, 

Cw = 0.089,0.094 mm; 

Ve = 5.86, Le = 11-07 mm. 

P2S I PO, 

Cw = 0,089,0.094 mm; 

Ve = 5.80, Le = 9.52 mm. 

P2S 1 P8, 

CW = O.1O6,O.lOO mm; 

Ve = 6.81, Le = 8.60 mm. 

P2S 1 P8, 

Cw = 0.106,0.100 mm; 

Ve = 6.60, Le = 9.29 mm. 

100 % OPC, Double Smooth Cracks, 7 Days of Chloride Exposure 

Influence of Cracks on Chloride Ingress into Concrete 



Depth of Chloride Penetration vs Time/Excluding Aggregate 1-1 7 

S2S 1 P8, 

Cw =O.l24,O.l3O mm; 

Ve = 3.50, Le = 5.65 mm. 

S2S 1 P8, 

Cw=0.124,0.130mm; 

Ve = 4.25, Le = 5.45 mm. 

S2S 1 P6, 

Cw = O. 125,0.094 mm; 

Ve = 2.55, Le = 7.14 mm. 

S2S 1 P6, 

Cw = 0.125,0.094 mm; 

Ve = 2.48, Le = 5.39 mm. 

25 % Slag, Double Smooth Cracks, 4 Days of Chloide Exposure 

Influence of Cracks on Chloride Ingress into Coacrete 



Depth of Chloride Penetration vs Time/Exrluding Aggregate 1-1 8 

S2S 1 P5, 

Cw = 0.089,O-132 mm; 

Ve = 5.20, Le = 7.95 mm. 

S2S 1 PS, 

Cw = 0.089,0.132 mm; 

Ve = 4.00, Le = 8.83 mm. 

S2S 1 P4, 

Cw = O.133,O.I 13 mm; 

Ve = 4.44, Le = 6.90 mm. 

S2S 1 P4, 

Cw = O.l33,O.ll3 mm; 

Ve = 5.33, Le = 8.92 mm. 

25 % Slag, Double Smooth Cracks, 7 Days of Chloride Exposure 

Influence of Cracks on Chloride Ingress into Concrete 



Depth of Chloride Penetration vs TimeiResults J- 1 

Influence of Cracks on Chloride lngress into Concrete 



Depth of Chloride Penetration vs Time/Resulb J- 2 

Depth of Chloride Penetradon vs Square Root of Time. 

100 % OPC, No Crack 
A 

Vertical Penetration 

O 1 2 3 4 5 6 
Square Root of 'lime. ( DaysAl12 ) 

V - vertical depth of chloride penetration inciuding aggregate; 

Ve - vertical depth of chloride penetration excluding aggregate. 

Influence of Cracks on Chloride Ingress into Concrete 



Depth of Chloride Penetration vs Time/Results 5- 3 

Depth of Chloride Penetration vs Square Root of Time. 

25 % Slag, No Crack 
- Vertical Penetration 

O 1 2 3 4 5 6 
Square Root cf Tirne, ( DaysA112 ) 

V - vertical depth of chloride penetration including aggregate; 

Ve - vertical depth of chloride penetration excluding aggregate. 

Influence of Cracks on Chloride Ingress into Concrete 



DepCh of Cbbride Penetration vs Time/Results J- 1 

Depth of Chloride Penetration vs Square Root of Time. 

100 % OPC, Single Smooth Crack 
A Vertical Penetration 

Square Root of Time, ( OaysalQ 1 

100 % OPC, Single Smooth Crack 
CI 

Lateral Penetration 

V and Ve - vertical depth of chloride penetration inciuding and excluding aggregate; 

- 
$16 -- - e 
!! 
C g 12 -- 
a 

O 
E 
0 4 - -  
6 
5 

L and Le - laterai depth of chioride penetration including and excluding aggregate. 

Influence of Cracks on Chloride Ingress into Concrete 

20- 
O 1 2 3 4 5 6 

Square Rmt of Tme, ( DaysA112 ) 

- - 

0-- - 
- 

Le 



Depth of Chloride Penetration vs Time/Results J- 5 

Depth of Chloride f enetration vs Square Root of Time. 

25 % Slag, Single Smooth Crack 
- Vertical Penetration 

O 1 2 3 4 5 6 
Square Root of Tirne, ( DaysVR ) 

25 % Slag, Single Smooth Crack 
A Lateral Penetration 
E 20 - 

16 -- - - œ 
E 

O 

C 
O *  

0 1 2 3 4 5 6 
Square Raat of Time, ( OaysAIL? ) 

V and Ve - vertical depth of chloride penetration including and excluding aggregate; 

L and Le - lateral depth of chIoride penetration inciuding and excluding aggregate. 

Influence of ~ r i c k s i  Chloride Ingress into Cancrete 



Depth of Chloride Penetration vs Time/Results 5- 6 

Depth of Chloride Penetration vs Square Root nf Time. 

100 % OPC, Double Smooth Cracks 
Vertical Penetration 

U 
O 0.5 1 1.5 2 2.5 3 

Square Root of Tm. ( DaysAIR ) 

100 % OPC, Double Smooth Cracks 
A 

Lateral Penetration 

E 20 .~ 
-C 

O 0.5 1 1.5 2 2.5 3 
Square Root of Tirne, ( DaysAl R ) 

V and Ve - vertical depth of chloride peneîration including and excluding aggregate; 

L and Le - lateral depth of chloride penetration including and excluding aggregate. 

Influence of Cracks on Chloride Ingress into Concrete 



Depth of Chloride Penetration vs Time/Results 5- 7 

Depth of Chloride Penetration vs Square Root of Time. 

25 % Slag, Double Smooth Cracks - Vertical Penetration 
20 - 

C 
O 16 -- 

,- - 
E - 
Q 

g 12 
-- 

a 
Q E 8 - -  
O - 0 

a O 0.5 1 1.5 2 2.5 3 
Square Root of Tirne, ( DaysAl12 ) 

25 % Slag, Double Smooth Cracks 
A Lateral Penetration 

O 0.5 1 1 .S 2 2.5 3 
Square Root of Tirne. ( DaysAl/2 ) 

V and Ve - vertical depth of chloride penetration including and excluding aggregate; 

L and Le - Iateral depth of chloride penetration including and excluding aggregate. 

Influence of Cracks on Chloride Ingres into Concrete 



Depth of Chloride Penetration vs Time/Results 5- 8 

Lateral Depth of Chlotide Penetration Excluding Absorption Effect vs Square Root of 

Time; Depth Due to Absorption (A) = Le, - Ve, = 4.18 mm. 

100 % OPC, Single Smooth Crack 
Lateral Penetration - Absorption 

- 

- - 
I 

-- - 
- - - - - 

O 1 2 3 4 5 6 
Square Root of Time, ( DaysAl12 ) 

Ve, and Le, - 4 day vertical and lateral depths of chloride penetration excluding 

aggregate. 

Influence of Cracks on Cbloride Ingress into Concrete 



Depth of Chloride Penetration vs Time/Results 5- 9 

Lateral Depth of Chloride Penetration Excluding Absorption Effect vs Square Root of 

Tirne; Depth Due to Absorption (A) = Le, - Ve, = 5.06 mm. 

25 % Slag, Single Smooth Crack 
- Lateral Penetration - Absorption 

O 1 2 3 4 5 6 
Square Rmt of Tirne, ( DaysAl/2 ) 

Ve, and Le, - 4 day vertical and laterai depths of chloride penetration excluding 

aggregate. 

Influence of Cracks on Chloride Ingress into Concrete 



Depth of Chloride Penetration vs TimdResults J-10 

Lateral Depth of Chloride Penetration Excluding Absorption Effect vs Square Root of 

Time; Depth Due to Absorption (A) = Le, - Ve, = 5.3 1 mm. 

100 % OPC, Double Smooth Cracks 
Lateral Penetration - Absorption 

O 0.5 1 1.5 2 2.5 3 
Square Root of Time. ( Dayçd112 ) 

Ve, and Le, - 1 day vertical and laterai depths of chloride penetration excluding 

aggregate. 

Influence of Cracks on Chloride Ingress iato Concrete 



Depth of Chloride Penetration vs Time/Results J-1 1 

Saturation Monitoring: 

Uncracked Samples 

D ~ Y  
Month 
Year 

Hour 

Cracked Samples 

Month 

12-Feb-O1 
13-FebO 1 
14-Feb-O1 

Hour Mass. (al 

PSIPQ l PSlPlO I SSlP9 I SSlPlO 

Influence of Cracks on Chloride Ingress into Concrete 




