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Abstract i

Influence of Cracks on Chloride Ingress into Concrete
Olga Garces Rodriguez, Master of Applied Science, 2001

Department of Civil Engineering, University of Toronto

ABSTRACT

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 of sufficient knowledge on this subject does not yet allow reliable quantification
of their effects. In the current study, the influence of artificially created, parallel-wail cracks
with widths ranging from 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 SEM/EDX 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, paralle!-wall cracks were found to behave like a free concrete surface, resulting in
a case of two-dimensional diffusion 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, likely 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

CHAPTER 1 INTRODUCTION

Reinforced concrete is probably the most widely used construction material in the world
due 10 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 during their service life.
Different physicochemical processes take place in reinforced concrete structures that may result
in their deterioration and distress.

Corrosion of reinforcing steel is one of the major deterioration mechanisms of reinforced
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 alone {(Lorentz and French, 1995).

Contamination of concrete with chloride ions is considered to be the main cause of
premature corrosion of steel reinforcement. Chlorides disrupt the natural high-alkali
environment which protects steel within the concrete. Chloride induced corrosion is a common
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 to assess the condition of existing ones.
Extensive research has been conducted over the past decades to study transport properties of
concrete and numerous service life prediction models have been introduced. While these models

correlate with laboratory investigations, they usually fail to accurately predict service life of real
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structures. Their common disadvantage is that all 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 literature has revealed at least 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 modify the transfer properties of concrete, the
limited 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 concrete. 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 reliable 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 widths were
exposed to steady and non-steady state chloride diffusion 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 movement of chlorides from the side of
the crack into the concrete was studied. Chloride diffusion laterally from the crack at different
depths within the sample was evaluated using scanning electron microscopy (SEM) combined
with energy dispersive X-ray analysis (EDX). Finally, the relationship between the depth of
chloride penetration and time was compared for uncracked concrete and concrete containing one

and two cracks.
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CHAPTER 2 LITERATURE REVIEW

2.1 Chloride Induced Corrosion

Chloride induced corrosion is considered to be the predominant type of premature
corrosion of steel reinforcement (ACI 222R-96). The problem of chloride attack usually arises
when chloride ions ingress from outside. Sometimes, chloride ions are present in the original
concrete constituents, however, it is external chioride ions introduced during the service
exposure of the structure that cause an increase in their concentration up to and above the
threshold level - 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 form very thin layers of insoluble
metal oxide on their surface. If this film remains stable in contact with the aqueous solution, the
metal can be considered electrochemically passive. As long as a passivating film stays effective,
the corrosion rates are so negligible that the metal can be considered as non-corroding (Bentur
et al., 1997).

Concrete naturally provides very favorable conditions for steel. Its high alkaline
environment ensures the stability of the passivating film, and, thus, protects the reinforcement

from corrosion. Chloride ions can react with insoluble metal oxide forming a soluble complex
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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 cell 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 Fe?". 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 turn, 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 of the 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 fully immersed in water. The optimum

relative humidity for corrosion lies between 70 and 80 % (Neville, 1995).
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2.1.3 Corrosion in Cracked Concrete

Formation of cracks in concrete promotes the ingress of chioride 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 immediately
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 supplied through the crack.
. In mechanism 2 the reinforcement in the crack zone acts as an anode, and the passive
steel surface between the cracks forms 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 larger 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 permeability and conductivity.

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

. Geometry factors: thickness of the concrete cover, crack frequency, crack width and
orientation.

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

of Cracks (Schiess! and Raupach, 1997).

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

Itis agreed to by many authors that corrosion in cracked concrete may develop as adirect
result of cracking and that corrosion initiation time in such concrete is reduced as compared to
uncracked concrete subjected to similar conditions (Suzuki et al., 1989; Suzuki et al., 1990;
Borgard et al.,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 width decreases the time to

corrosion (Suzuki 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 this relationship (Campbell-Allen and Roper, 1992; Pettersson, 1996),
but mainly during the early stages of corrosion (Beeby, 1978; Suzuki et al., 1989; Schiesss! and

Raupach, 1997).
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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 contribute to the penetration of chlorides, and, frequently,
more than one mechanism 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 transported matter (Marchand and Gerard, 1995). Diffusion
is one of the 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 from
highly concentrated regions towards less concentrated ones. In concrete, diffusion takes 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 mechanism for concrete
structures fully submerged in sea water or salt-contaminated soil. In combination with other

mechanisms, diffusion contributes to chloride transport in concrete under most exposure
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conditions.

Despite the fact that diffusion is not the only process that governs intrusion of chloride
ions, theories relating to diffusion are generally used when calculating chloride ingress into
concrete (Konin et al., 1998). The important role of diffusion in relation to concrete durability
made it the focus of this project.

Another very common mechanism of mass transport is permeation, The driving force for
permeation is a pressure gradient. When the concrete structure is subjected to hydraulic pressure
(e.g.: fluid retaining structures), the penetration of chlorides is determined by the convection of
fluid through the concrete. Permeation plays an important role for tunnel liners, pavements,
bridge decks, off-shore structures, basements, and swimming pools.

In the cases where concrete structures 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 governing 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 diffusion over a given period of time
(Thaulow and Grelk, 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 all ions are drifting at the same
speed - some move faster and others move slower than the average diffusion rate. This effect is
called dispersion and can be attributed to inhomogeneities in concrete (Hooton and McGrath,

1995). Dispersion can microscopically be observed as non-uniform distributions of chiorides 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 drying 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
cement paste, namely by binding of chlorides to cement paste hydrates. It is important to discern
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 modify transport properties of concrete. Since
the kinetics of different transport processes varies, changes resulting from cracking 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 aftected
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 than the properties of concrete itself. Parameters, such as crack width and
shape, crack density and degree of connectivity, as well as crack origin, govern mass transport
in cracked concrete. A review of the literature on chloride ingress in cracked concrete is

presented further 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 draft recommendation for damage classification of concrete structures {1994)
cracks are defined as “spaces in an original monolithic mass of concrete or masonry resulting
from 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
etal., 1998).

Cracks are the most common signs of deterioration of the concrete structure. They do not
only increase 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.

2.3.1 Classification 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 dormant. This table is a brief summary of the types of cracking mechanisms in
concrete drawn from several literature sources (Campbell-Allen and Roper, 1992; Mailvaganam,
1992; Mays, 1992; Arya, 1995).

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

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

Causes of Cracks Time of Size Active or
Appearance Dormant
g Tensile Structural | time of loading <0.4mm-if active; dormant
= Loads designed to for temporal
5 crack overloading
s Early Plastic first few hours up to >1mm dormant
5 Shrinkage after casting
s
S | Plastic Settlement | first few hours up to 2-4mm dormant
g after casting
a
2 Early Thermal first few days up to 0.4mm dormant
g Stresses
E Long-Term Drying | several weeksor | upto>Imm active
Shrinkage months
Alkali-Aggregate | more than a few >lmm active
Reaction years
%4 Reinforcement more than two | initially<0.2mm,; active
2 Corrosion years increase with
f time
3
S
€ | Cycles of Freezing after one or increase with active
2 and Thawing more cycles number of
2 cycles up to
= >{mm

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., [997).
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Cracking associated with weathering and alkali-aggregate reaction is much harder to
control. This normally requires appropriate choices of materials and mix designs. Early plastic
and thermal stresses can also be minimized with proper mix design and good concrete practices
on site.

To characterize the size of cracks, 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 0.01 mm and are considered to be natural to concrete. They are generally associated with
self-desiccation and hydration processes. Cracks in the range between 0.0l 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 (Mailvaganam,
1992; Frederiksen et al., 1997). 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 dormant, if its width does not increase
with time, in other words, if the cause of cracking is not expected to occur again and no other
processes act on it. Dormant cracks are less detrimental to concrete, as they have a greater

tendency to self-heal.

2.3.2 Orientation of Cracks
Orientation of cracks with respect to reinforcement is an important factor influencing

crack-induced corrosion. 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 called coincident or 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

dangerous, since chlorides, moisture, and oxygen can easily penetrate to the embedded steei and

engage quite large areas of steel in the corrosion process (Figure 2.2-a).
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Cracks across the reinforcement are termed intersecting or transverse. In this case, the
cathodic areas of reinforcement mostly occur in the crack-free regions (Figure 2.2-b), therefore,
moisture and oxygen that enter trough the cracks do not significantly affect the rate of corrosion
(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).

2.3.3 Crack Healing
Under favorable conditions, cracks in concrete can exhibit the effect of self-healing. As
stated by Jacobsen et al. (1998), “the term healing ... can 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-chemical healing involves reaction of magnesium ions from sea water with
congrete constituents, forming dense products (Eriksen et al., 1996; Pettersson, 1996),
and continued hydration of cement or cement hydrates.
. Mechanical healing is characterized by blocking of cracks with corrosion products, loose
particles from the crack walls 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 “smart” materials, such as sealant bearing fibres, that can release seif-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.

2.3.4 Permissible Crack Width

As corrosion protection measures, most 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 often limited depending on the severity of the
environment. Table 2.2 is a general guide for tolerable crack widths at the tensile face of
reinforced concrete structures as specified by the ACI Manual of Concrete Practice (ACI 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 really
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 permissible crack width
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Table 2.2. Tolerabie Crack Widths for Different Exposure Conditions (ACI 224R-90).

Exposure Conditions Tolerable Crack Width
(in.) (mm)
Dry air, protective membrane 0.016 0.41
Humidity, moist air, soil 0.012 0.3
De-icing chemicals 0.007 0.18
Seawater and seawater spray, 0.006 0.15
wetting and drying
Water-retaining structures 0.004 0.1

becomes zero (Hartl and Lukas, 1987).

The autogenous healing of cracks should also be taken into account when specifying

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

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

exposure. They range from 0.1 to 0.25 mm depending 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 the 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 often 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
diffusion into steel fibre reinforced concrete. Cracks of widths ranging between 0.07 and 1.08
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 relationship between concrete deterioration and steel corrosion was examined by
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Raharinaivo et al. (1986). As part of this research, the effect of crack width on chloride
diffusivity was studied on concrete samples immersed in salt solution. Comparison of diffusion
coefficients for cracked and uncracked concrete shows an increase in the diffusion coefficient
for cracked concrete by one or two orders of magnitude, with wider cracks resulting in higher
values. Contrary to Mangat’s and Gurusamy’s observations, the effect of even small cracks
(about 0.1 mm) was regarded as important. This 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 beams loaded in three-point flexure
and, in this condition, stored in a confined salt fog. Two different stress levels were maintained
throughout the exposure period. The generated crack widths were between 0.05 and 0.5 mm. The
aim of the study was to determine the effect of both cracking and microcracking on the service
life of the structure. The authors have conciuded that an increase in penetration of chiorides in
the tensile zone is triggered by damage at the paste-aggregate interface. It was also noted that
chlorides penetrate rapidly through cracks, diffuse into the concrete mass from crack walls, and
quickly progress along reinforcement. No comments were made concerning the relationship
between crack width and chloride ingress.

Following up on the same study, Francois and Arliguie (1999) reported some 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. Furthermore, the
apparent chloride diffusion coefficient was related 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 atmosphere. 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 linear relationship between the chloride apparent diffusion
coefficient and the applied tensile load was established, which is in agreement witi research by
Francois and Arliguie (1999). It was noted that chloride diffusion coefficients and concrete
strengths are also linearly related.

Sakai and Sasaki (1994) conducted a ten year exposure test on precracked concrete slabs
in a coastal marine environment. Initially, slabs were cracked up to 0.2 mm wide and fixed at
both ends with bolts. Strong wind from 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) resuited in higher chioride 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 rain that more easily affects larger cracks. While rain wash-out may

be a part of the problem, reinforcement corrosion 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 from entering the crack.

Chlorde diffusivity of concrete cracked in flexure was also studied by Gowripalan etal.
(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 diffusion 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 recommended 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 of crack 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 proportional to the crack width cubed. Furthermore, healing of cracks can significantly

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

Loading concrete samples in compression to a preselected fraction of the ultimate
strength results in the creation of a microcracking network. Therefore, compressive loading is
often used to examine the effect of microcracks on concrete properties.

Locoge et al. (1992) studied diffusion of three different species through concrete
including chloride ions. Discs cut from concrete cylinders damaged in triaxial compression were
analyzed using a surface replica technique that allowed calculation of the specific microcracking
surface. Diffusion cells were used to measure the flow of chlorides through 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 applied load. Another observation that has been
made is that the interactions between chloride 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 microcracking 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 relationship between the degree of microcracking and the
average charge passed could be found.

Saito and Ishimori (1995) have confirmed 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 assessment of
the microcracking was conducted.

Continuing the same line of research, Lim et al. (2000) suggested that the chloride
permeability of concrete is influenced by the occurrence of a certain stress level, named the
critical stress. Until this critical stress is exceeded, there is no significant increase in chloride
permeability. [n this study, the critical stress was found to range between 0.8 and 0.95 of the
ultimate 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 Splitting Test

Feedback-controlled splitting test is used on cylindrical concrete sampies to produce a
single crack of a 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 normal and high strength concretes by RCPT. Chloride
conductivity was sensitive to cracking only for high strength concrete with low water to cement
ratio of 0.25 as follows: cracks less than 200 um 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 observed, especially, for crack widths larger than 100 um.

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

width. Cracks ranging between 50 and 200 um 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 models
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 has 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 phenomena.

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 materials were considered. They pointed out that
concrete response to permeation cannot be deduced from 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 material 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
permeability of cracked concrete was estimated to be of several orders of magnitude. [n addition,
the importance of the relevant choice of scale for the experimental data introduction was
illustrated.

A theoretical study was conducted by Frederiksen etal. (1997) 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 chioride supply. The results were evaluated in terms of an “equivalent cover
thickness” when the cover contained cracks. The results indicated that a single 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 equivalent 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) carried out a theoretical investigation on the influence of

transverse continuous cracking on steady-state diffusion (no interaction between diffusing
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species and concrete constituents) in concrete. The following simplifying assumptions were
made: all cracks had the same size and were evenly distributed on 2 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 experimental results obtained on concrete samples damaged by cycles of
freezing and thawing. A reasonable correlation between the analytical model and laboratory
resuits was achieved. Diffusivity of cracked concrete was found to increase by a factor of 2 to
10. This corresponds to the range of increase in diffusion coefficient obtained by Thaulow and
Grelk (1993) from in-situ testing 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 performance concretes are influenced by
cracking to a higher degree. 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 from loading, that concrete structures encounter under
actual service conditions, as well as the creation of artificial cracks.

Hartl and Lukas (1987) examined the relationship between the chloride penetration into
concrete and cycles of freezing and thawing. Concrete slabs, while exposed on one face to a salt

solution, were subjected to various numbers of freeze/thaw 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 freeze/thaw cycles. Moreover, it appeared to be linked to the
duration of testing by a square root of time relationship, i.e. depth of chloride penetration was
linearly proportional to the square root of time.

Effects of freeze/thaw induced cracking and subsequent healing on chloride transfer were
studied by Jacobsen et al. (1996). Well cured OPC concrete was damaged to different degrees
by rapid freeze/thaw 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 number of freeze/thaw
cycles, both the crack density and the chioride 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) performed an analysis of core samples drilled from a four
year old, high quality concrete marine bridge column for chloride content. Lack of proper heat
evolution control in the fresh concrete resulted in microcracking in some parts of the concrete
column. Despite of the established self-healing effect of microcracks, diffusivity of cracked
concrete was three to five times 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 from the splitting load applied to a concrete disk, and a model crack, obtained
by inserting 0.1-0.5 mim thick steel plates 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 the 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 permeability was linearly 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
successfully used in studying cracked concrete, as they are much easier to characterize and
control than actual cracks. However, any models derived from experimenting with artificial
cracks should always be calibrated on real concrete structures to assure their reliability.

De Schutter (1999) developed a tentative formula that quantifies the influence of cracks
on chloride penetration based on an extensive experimental program on mortar prisms. 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 reasonable 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 cement than the natural crack would. Other

possible developments to the model could 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 congcrete 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 chloride content concentrated in the vicinity
of cracks. In general, the more severe the damage to the concrete structure, the higher
the expected chloride penetration rates.

. Permeation is affected by cracking to a higher degree than diffusion. The increase in
permeability can be of several orders of magnitude, while diffusivity in cracked concrete
is only raised by a factor of one to ten.

. It appears that chloride penetration usually increases with increasing crack width,
nevertheless, there is a divergence in the quantification of this effect in the literature
depending on the exposure conditions, materials, 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 commonly recommended.

. Load-induced cracking results in a higher concentration of chlorides in the tensile 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 ultimate 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).

- Various approaches can be taken to quantify 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.
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2.5 Test Methods Used to Evaluate the Chloride 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 of these methods are focused on measuring chloride diffusion
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 Diffusion Test

The determination of the diffusion coefficient is a convenient and widely adopted
approach for characterizing chloride penetration into concrete. The chloride bulk diffusion or
chloride ponding test is an experimental method that allows calculation of an apparent diffusion
coefficient by non-linear regression analysis based on Fick’s second law for unsteady-state

diffusion:

2
T Da%{cz- 2-1)

The solution to this partial differential equation for boundary conditions C,.; .5 = Cp, initial

condition Cy.9, o) = 0, and infinite point condition Cy,.., .. =0, was found by Crank:
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Where:

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

C, = concentration of chlorides at x = 0, t > 0, i.e. the chloride surface
concentration, (% mass of concrete);

ef = error function;

D, = the apparent diffusion coefficient (m%s), (McGrath, 1996).

Values for the surface concentration and apparent diffusion coefficient are obtained
through the best fit between the Crank’s solution, and the actual chloride concentration profile
determined in the concrete sample. Since the underlying assumption with this test is that
diffusion solely governs 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 this portion of the concrete structure tends to be too
high due to wetting and drying cycles and chloride binding, so it often does not fit the model.

For laboratory testing, concrete samples are first sealed leaving just one face open to
ensure a one-dimensional diffusion. Samples also need to be saturated in order to isolate
diffusion as the predominant transport mechanism during the test. Then, they are exposed to a
salt solution of a known chloride concentration for a predetermined period of time. A chloride
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 chloride concentration (chlorides present in the original concrete
constituents) is eliminated by subtracting it from the measured profile.

The most important advantage of the chloride bulk diffusion test is its applicability to
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in-situ concrete structures. In addition, diffusion coefficients can aid in the comparison among
different types of concrete and exposure histories.
As with any other model, the chloride ponding test has a number of limitations due to

simplifying assumptions that were made to find a solution to Fick’s second law. These include:

. linear binding capacity;
. concrete porosity is constant with time;
J diffusion 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 caicium chloride (Bentur et al., 1997). A detailed review
of the test [imitations and test variables, as well as their effect on the diffusion coefficient, can

be found elsewhere (McGrath, 1996).

2.5.2 Chioride Diffusion Cell

An alternative method that allows calculation of the chloride diffusion coefficient is a
conventional diffusion cell (Figure 2.3). It involves placing a thin concrete sample between two
cell 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
downstream respectively. Saturated calcium hydroxide or alkali hydroxide solutions are
normally used as a downstream solution to avoid lime leaching from the concrete (Buenfeid and
Newman, 1987).

The gradient between upstream and downstream chloride concentrations becomes the

driving force for diffusion. The chloride diffusion coefficient can be derived from Fick’s first
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Downstream /’/ Cast rubber gaskets \

Concrete sample

Figure 2.3 Chloride Diffusion Cell.

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

aC

J=-Deax

2-3)

Hence, De = C—':'_.XE (2-4)

Where:

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

D, = chloride effective diffusion coefficient, (m%s);
X = thickness of the specimen, (m);
C,.Ci= respective upstream and downstream chloride concentration, (mole/m’).

u

In order to apply Fick’s first 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 chloride concentrations are negligibly small
compared to their volume, is a practical solution to this problem (Marchand et al., 1989). The
flow of chlorides through the sample 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 diffusion 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 of the sample has been involved in the diffusion,
but all the chloride binding capacity of the sample has been satisfied, as well (Page etal., 1981).

The chloride diffusion coefficient obtained from this test is termed effective and differs
in relation to the apparent diffusion coefficient derived from unsteady-state tests as it does not
take into account the influence of ion binding on diffusion.

The advantages of using a diffusion cell to quantify the ingress of chlorides 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 Scanning Electron Microscopy Combined with Energy Dispersive X-Ray Analysis
The scanning electron microscope (SEM) is an instrument that can provide both

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

resolution, high magnification, and three-dimensional 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 between the beam and the atoms of the sample’s
surface. As a result of these interactions, various 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 electron 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 emitted by each
element possess their own characteristic energy, which is measured by the energy-dispersive
spectroscope and applied for the element identification. All elements of the periodic table
starting from sodium and heavier can be detected using energy-dispersive x-ray analysis (EDX).

The output appears as a spectrum that displays energy peaks of all the elements detected
in the material. The obtained x-ray energies are matched with the known characteristic energies
of chemical 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 specialized literature sources (Goldstein et al., 1981; Gabriel,
1985).

Scanning electron microscopy has many applicattons 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 methods in that it allows to study the distribution of chlorides on a
microscopic level. Chlorine x-ray mapping aids in visualizing chioride penetration around cracks
and in the interfacial-transition zone between aggregates and cement paste, as well as any other

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

One of the limitations of the SEM/EDX analysis is its inability to identify 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. Small 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 errors 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 lubricant used during sample
cutting. [n 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, SEM/EDX analysis 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 investigate the effect of cracks on chloride
ingress into concrete. Two types of cracks, with saw cut ‘smooth’ surfaces and fractured ‘rough’
surfaces, having widths ranging from 0.06 to 0.74 mm were artificially created. A chloride bulk
diffusion test was performed to reveal the influence of crack width and crack surface roughness
on the chloride diffusion coefficient in concrete. SEM/EDX analysis focused on comparing
chloride concentration profiles measured laterally from different points of the crack wall towards
the bulk of the sample. A chloride diffusion cell 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 cement and ground pelletized blast furnace slag were used as
cementitious materials in this project. Physical and chemical properties of these materials are
given in Table 3.1. Stone of two nominal sizes,10 and 20 mm, and concrete sand were used as
coarse and fine aggregate respectively. Table 3.2 summarizes the details of all raw materials,

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

Portland Cement T10 Slaj
Physical Properties
Density, (kg/m") 3140 2866
Blaine Fineness, 391 -
(m’/kg)
Chemical Analysis, (% by mass)
Si0, 20.90 37.78
AlO, 4.92 9.41
TiO, 0.26 0.41
P,0; 0.04 0.00
Fe, 0, 231 1.30
Ca0 62.80 36.35
SrO 0.05 N/A
MgO 232 10.29
Mn,0, 0.02 N/A
Na,O 0.22 0.28
K,0 0.46 0.32
SO, 2.79 3.35*
LOI 2.88 N/A
Other - 1.84
Total 99.97 101.33

* Present as sulfides, but expressed as SO,.
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Table 3.2 Raw Materials.
Material Source Comments
Portland Cement | Lafarge, Woodstock Type 10 - CSA AS
Slag Lafarge, Stoney Creek | Type G - CSA A23.5
Coarse Aggregate, | Dufferin Aggregates, CSA A23.1, Absorption - 1.70%
10 mm Milton Quarry
Coarse Aggregate, | Dufferin Aggregates, | CSA A23.1, Absorption - 1.80%
20 mm Milton Quarry
Fine Aggregate Dufferin Aggregates, | CSA A23.1, Absorption - 0.53%
Mosport Pit
Water Tap Water
Water Reducer Master Builders,25 XL | Lignosulphonate based
Superplasticizer Master Builders, SPN | Sodium naphthalene
formaldehyde 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 cement as the cementitious material, the second mix has a 25% replacement
ary P

of cement by blast furnace slag.

A few days prior to casting, coarse aggregate was washed with water to remove fine dust
particles adhering to its surface that could impair the bonding between aggregate and cement
paste. The aggregate was allowed to partially air dry on the metal pans that were slightly
inclined causing the excess water to drain down. Then, it was batched in sealed 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 0.4, OPC 0.4, 25SL
Portland Cement, (kg/m’) 375.00 281.3
Slag, (kg/m’) 0.00 93.80
Coarse Aggregate, 20mm, (kg/m’) 739.39 736.92
Coarse Aggregate, 10mm, (kg/m’) 369.70 368.46
Fine Aggregate, (kg/m’) 739.39 736.92
Water, (kg/m’) 150.00 150.00
Water Reducer, (g/100 kg) 77.60 39.60
Superplasticizer,ﬁ(g/ 100 kE) 95.00 71.40

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

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

with the mix 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 two minute pause, three minutes of mixing, two minute pause and,

again, one minute of mixing. One haif of the superplasticizer was added after 1.5 minutes of

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

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

Since the measured slump appeared to be satisfactory, the fresh concrete mixture was deemed

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

more minute of mixing.
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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 burlap. After 24 hours, the
concrete cylinders were demolded, labeled, and placed for subsequent curing in containers filled
with lime water at 23°C. Keeping the samples in saturated lime water prevents lime from
leaching out of the concrete. Saturated lime water can be obtained by dissolving 1.5g or more
of Ca(OH), in one liter of tap water.

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

total of five months.

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 problem can be extended to the case of multiple cracks
or several sets of cracks. Samples containing two cracks were produced for the last study, where
the relationship between chloride penetration depth and exposure time was examined.

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

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

3.2.2.1 Smooth Crack Samples
Single and double smooth crack samples were produced by saw cutting the concrete

cylinders longitudinally into two (or three for double crack samples) equal width parts. The inner

Influence of Cracks on Chloride Ingress into Concrete



Experimental 44

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 brass 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 tolerable crack widths presented in the ACI manual of concrete practice (ACI 224R-
90). The crack width of samples containing two cracks were limited to one size only, namely 0.1
mm. Metal automotive feeler gauges were used to measure the width of the gap, and adjustments
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 all around the cylinder to seal the gap.
Care was taken not to push the epoxy inside the gap. After allowing 24 hours for the grey epoxy
to cure, a S mm thick layer of clear epoxy was cast around the circumference of the cylinder
using metal molds. Once completely 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 firm enough to allow release of the clamp and transfer of the cylinder
into the clear epoxy mold without disturbing it. Secondly, the [ayer 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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100mm

Figure 3.1 Concrete Samples Containing One and Two Smooth Cracks.

3.2.2.2 Rough Crack Samples

For fabricating single rough crack samples (no double rough crack samples were
produced), a few millimeters from each edge of the concrete cylinder were cut off, because of
their higher cement 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 piaced between the loading
platens of the hydraulic Carver laboratory 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 clean splits without any bulk loss. The split surface of the cylinder was a reasonable
simulation of real crack walls, that are never smooth or tortuosity free.

From this point, the procedure for making rough crack samples was very similar 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 numbers of aluminum foil layers were used to create various crack widths. After

Influence of Cracks on Chloride Ingress into Concrete



Experimental 46

Figure 3.2 Arrangement for the Concrete Cylinder Splitting.

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

sample could be obtained per ‘mini’ cylinder.

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 calculated 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

For easy identification, all samples were labeled according to their characteristic 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% slag replacement mix. The second letter of the label
shows whether the sample contains smooth (S) surface, rough (R) surface, or no (N) cracks.
When there is no number in between the first two letters 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
of crack 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 samples.

For example, P2S1P2 is a 100% Portland cement mix sample with two smooth cracks
of 0.1 mm projected width, which has been exposed to chloride ponding. SNDI is a sample from

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

3.2.5 Outline of Experimental Program

Table 3.4 gives an outline of the entire experimental program. The number of samples
per test is listed taking into account just one mix design. [t should be noted that SEM/EDX
analysis was performed on two specimens taken from one of the rough crack samples of only
the slag containing concrete. The rest of the experimental program was identical for both

concretes.
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Table 3.4 Experimental Program

Test
Number of Samples 40-Day CI’ SEM/EDX Cr CI' Ponding for
Containing: Bulk Diffusion | CI Profiling | Diffusion 3 Different
Test Cell Times (Depth of
Cl" Penetration
vs Time)
No Crack 4 - - 6
Single 0.1 mm 2 - 2 6
Smooth
Crack with 0.3 mm 2 - 2 -
Widthat g 5 mm 2 - 2 -
Single [0.! mm 2 - - -
Rough .
Crack with 0.3 mm 2 2/slag mix - -
Width at only
0.5 mm 2 - - -
Two, 0.1 mm, - - - 6
Smooth Cracks
Total/Test/Each Mix 16 2 6 18
Total for the Project 82
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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 chioride bulk diffusion test. Two companion samples were tested for each crack

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

3.3.1 Sample Preparation and Exposure

Concrete samples were sealed on all sides except one (clear epoxy around the
circumference and grey epoxy on one tace) to ensure that the diffusion takes place only in one
direction. In addition, to investigate the lateral diffusion 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 samples and one uncracked sample
are presented in Figure 3.3.

Prior to the experiment, all samples were vacuum saturated with lime water (ASTM
C1202-97 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 samples under vacuum until they were
completely immersed. Vacuum saturation [asted for one and a half hours, after which the
vacuum was released, and concrete samples were left in water for eighteen more hours.

The chloride ponding solution had a concentration of 2.82 mol/l and was obtained by
dissolving 165 g of dry NaCl in one liter of solution. This is the chloride concentration used in

the NORDTEST NTBUILD 443 bulk diffusion test. Vacuum saturated, surface dry concrete
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é v 9
A
| - grinding with depth < - direction of profile grinding
2 - grinding laterally from the crack A - profile with depth
3 - SEM/EDX analysis B - lateral profile
4 - spraying with AgNO, A+B - combined profile

Figure 3.3 Chloride Bulk Diffusion Test - Experimental Details.

samples were placed into plastic containers completely filled with the chloride solution and
tightly covered with lids. The ratio of the exposed area of the sampies in cm’ to the volume of
exposure liquid in dm® was 30. The duration of the test was 40 days at 23 °C and it was kept
constant for all the samples. During this time, the containers were shaken approximately once

a week.

3.3.2 Experimental Details

Upon completion of salt exposure, the concrete samples were removed from the
containers, wiped with paper towels and sealed into plastic bags. Since it would have been
practically impossible to perform all 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
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samples until further testing. This was achieved by freezing the samples.

Two out of four uncracked samples were used for determining the depth of chloride
penetration, and the remaining two were used for measuring the apparent chloride diffusion
coefficient of uncracked concrete. The chloride penetration depth was measured by spraying the
freshly split concrete sample surface with a 0.IN solution of silver nitrate (AgNO,) and
observing a white-purple precipitation of silver chloride on the area penetrated by chloride ions.
The measured depth was used as a guideline for determining the depth of profile grinding.

Two companion 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 to chloride diffusion
only from the ¢rack wall, and two others - to combined diffusion from both the face of the
sample and the crack wall. [n Figure 3.3 arrows show the direction of the profile grinding that
was conducted to determine the diffusion coefficient. Letters indicate which type of diffusion
was measured through the profile grinding.

The chloride diffusion with depth or vertical diffusion was characterized from grinding
the uncracked sample (A). The diffusion from the wall of the crack or lateral diffusion was
measured by grinding the cracked sample (B). To uncover whether the lateral chloride diffusion
was uniform along the length of the crack, two small pieces at two different depths of the slag
concrete sample containing the 0.3 mm rough crack were cut for SEM/EDX examination.

The combined or two dimensional diffusion 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 diffusion.
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3.3.3 Obtaining the Chloride Concentration Profile

For profile grinding the epoxy cover was removed from the concrete using a chisel. The
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 diameter diamond
core bit. Sometimes, the thickness of the layers were varied depending on the surface area
available to collect the required amount of powder. Some 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 glass bottles and dried in the oven at 1 10°C
forat least 24 hours. Hot powder samples were, first, allowed to cool down in the desiccator, and
then, sieved through a 315 um sieve to retain any larger pieces of concrete (chips from 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 mi of distilled water and 7 ml of 1:1
water diluted nitric acid with the powder sample. 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 samples were set aside until they cooled down and were ready for filtering.
The filtering set up consisted of 250 mi glass filter flasks, 90 mm plastic Buchner filter funnels,
and medium grade filter paper. Initially, the vacuum was turned on and distilled water was

sprinkled onto the filter paper, so as to tightly attach it to the funnel. Then, the digested sample
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solution was slowly poured onto the funnel and allowed to be sucked into the flask. The residue
of the sample solution was rinsed out of the beaker onto the funnel with distilled water. The
filtered 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 all the glassware clean and preventing any loss of the
analyzed sample due to handling.

The obtained solution was analyzed for the total chloride content by means of
potentiometric titration. A Metrohm DMS 760 automatic titrator and 0.01 mol/l 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
chioride 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 inaccurate. 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 chlonde
concentration in parts per million (ppm) 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) was considered to be the background. The background

concentration was subtracted from all the data points prior to plotting the profile.

3.3.4 Calculation of the Diffusion Coefficient

The apparent chloride diffusion coefficient was calculated from Equation 2-2 using two
different software packages. Jandeli-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, %, gives an indication
of the best fit.

The second software package is called Conflux, a finite-difference analysis program
developed by Profs. E. Bentzand M.D.A. Thomas at the University of Toronto. It requires input
of the value of the surface concentration before the calculation of the diffusion coefficient can
be performed. Since the chloride surface concentration can be assumed to be constant for the
same concrete and exposure conditions, it can be theoretically calculated based on the porosity
of concrete and the amount of bound chlorides. The best fit curve generated by the program
intersects this theoretical value of the surface concentration, and the diffusion 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 chlorides. The concentration ot
free chlorides was calculated based on the assumption that the concrete pores were filled with
the exposure salt solution of known concentration. The porosity of concrete was estimated using

the following expression:
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P=—2" T %100% (3-1)
Mssd ~ Msusp
Where:
P = water porosity of concrete, (%);
mgy = mass of water saturated surface dry concrete, (g);
mg = mass of concrete dried at 100°C, (g);
My, = 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.
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3.4 SEM/EDX Chloride Profiling

In order to investigate whether the lateral diffusion of chlorides from the crack wall into
the bulk of the concrete sample was uniform along the length of the crack, SEM/EDX chloride
concentration profiling was performed 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 labeled
SR31 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 sample preparation procedure
included vacuum impregnation with epoxy, polishing, and sputter coating with platinum. Prior
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 adhering particles from the sample surface,
compressed air was applied.

A Hitachi model $-4500 field emission SEM was used for the chloride X-ray mapping.
It was conducted on an area of approximately 1.5 by 2.8 mm at the free (chloride exposed) edge
of sample SR31 at 40 times magnification. The operating conditions included the following
characteristics: accelerating voitage of 20 kV, probe current of 20 pA, and 13 mm working
distance. The duration of the mapping was limited to 151 frames, which took about halfan hour

to complete. This number of frames was considered to be sufficient to obtain a good signal to

Influence of Cracks on Chloride Ingress into Concrete



Experimental 57

noise ratio within a reasonable period of time. A micrograph of the same area was also taken.

Quantitative analysis was performed on a Hitachi model S-2460N SEM equipped with
an Oxford-Link model S-5104 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. The 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 time. 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 unnormalized results both the element percent and the compound percent add up to
100.

EDX spectra were collected at 2000 times magnification, which resulted in an area of
about 58 by 43 um being analyzed. The chloride concentration was measured at seven depths
for sample SR31 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 measured. Care was taken to analyze only the cement
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 containing 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 cement paste, using stoichiometry to calculate the atomic percentage for oxygen.
Knowing the atomic mass 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 all the measurements were taken in the cement paste areas only,

the obtained percentages could be regarded as percentages by mass of cement paste.

*
Cq = o " Mg , 100% (3-2)

Z n, *m,
i

Where:
Ca = chlorine concentration by mass of the tested area, (%);
ngG = atomic percentage of chlorine, (%);
mg = atomic mass of chlorine;
n; = atomic percentage of i-element, (%);
m = atomic mass of i-element.

As mentioned in Section 2.5.3, the SEM/EDX analysis only measures the total chlorine
content in the sample. However, since chlorine is present in concrete samples, that were
subjected to chloride diffusion, mainly in the form of chloride, the chlorine concentration

obtained from SEM/EDX analysis will be further referred to as the chloride concentration.
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3.5 Chloride Diffusion Cell

The purpose of the chloride diffusion cell test was to measure the flux of chlorides
diffusing through the crack and relate it to the measured crack width. Since the width of the
smooth crack could be characterized with a higher degree of precision than the width of the
rough crack, only concrete samples 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 cell is shown
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 mol/l
sodium hydroxide (NaOH) solution was measured and used in the calculations. The upstream
solution was a mixture of 0.5 mol/l sodium chloride (NaCl) and 0.3 mol/l sodium hydroxide
solutions. The sodium chioride was dried in the oven at 100°C before being weighed.

The concrete sample was placed in between the two cell compartments, so that the crack
would run horizontally. To avoid any splashing of chlorides through the crack while the cell was
filled with the solutions, each compartment was, first, filled just up to the level of the crack, and
then, both solutions were poured simultaneously into the two compartments.

At given time intervals, ten milliliter samples of solution were extracted from the
downstream compartment into sealed plastic vials. The duration of the experiment was about

six months. During the first day of exposure, measurements were taken every few hours.
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Afterward, the frequency of the measurements was reduced from every other day to once a
week. To replenish the volume of the sample solution, 10 ml of the 0.3 mol/l sodium hydroxide
solution was poured back into the downstream compartment after each measurement. The
resulting decrease in the chloride downstream concentration was accounted for in calculations.

The samples were titrated promptly to avoid possible evaporation. The downstream
chloride concentration was determined 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 statistically accurate result. The concentration of the blank solution was later
subtracted from the obtained reading. When the downstream 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 concentrated nitric acid were added to the
sample until it tumed from yellow to pink.

The mass of chlorides passed through the crack was plotted against time. Then, the

surface area of the crack was calculated 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 time
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. Instead of determining the diffusion coefficient, in this case, the depth of chloride
penetration was measured.

The sample 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 from three sides, leaving one face of the concrete discs compietely 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 all the samples.

Concrete samples 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 time - 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 samples
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 that the exposure solution hidden in the cracks would not run

onto the freshly 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 witha 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 measurements 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 sample 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 of chloride penetration was measured.
In the case of cracked samples, both vertical and lateral (from the crack wall towards the side
of the sample) depths were recorded. Measurements were taken with a conventional ruler at
approximately every 2 to 3 mm along the exposed sample surface and the crack walls. Both
halves of the split sample were analyzed. The average depth was calculated for each halif, then,
the mean of depths from 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 samples.
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CHAPTER 4 RESULTS AND DISCUSSION

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 summarized 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 pictures (a) and (b). Picture (a) shows the 100 % Portland cement
concrete sample containing a 0.12 mm smooth 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 sample. However, while looking deeper
into the crack, beyond this surface effect, one can see right through it noticing the light coming
from 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 internal gap, not the space
between the outer broken edges of the crack.

The second picture (b) was taken on the slag concrete sample 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

samples, the places with the most consistency in crack width were chosen for the measurement.
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Figure 4.1. Measurement of Crack Width Under the Optical Microscope (4x): (a) -

Sample PS1D1, 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 chloride penetration, as well as the apparent diffusion coefficient, was
obtained during the chloride bulk diffusion 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 Penetration Depth

The depth of chloride penetration was determined by spraying the freshly 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 samples are the ones that were exposed to lateral diffusion (from the crack wall)
only.

The shapes of the chloride fronts observed in this picture are typical for all other sample
sets. The only difference between the two types of concrete is that the average depth of chloride
penetration is smaller for the 25 % slag concrete mixture, which is to be expected for the
concrete containing supplementary cementing materials.

It is evident from the picture that the shape of the chloride penetration front is strongly
influenced by the presence of coarse aggregate in the penetrated area. This must be considered,

when comparing the depths of chloride penetration among the different samples or within the
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Table 4.1 Chloride Bulk Diffusion Test, Depth of Chloride Penetration.

Mix Crack Sample Crack Depth of CI" Penetration, (mm)
Type ID Width, (mm) Vertical, V Lateral, L
100% | - PNP2,10 i 11.63* i
opC PNPLAT2,4 . ] 18.78*
Smooth |  PSIP2 0.09 17.70 16.30
Surface | pg3py 0.38 12.70 17.90
PS5P2 0.69 13.70 15.05
Rough | PRIP2 0.10 15.00 17.36
Surface | pr3py 0.29 1111 26.92
PRSP2 0.47 22.75 17.20
25% | - SNP2, 10 : 7.05* .
Slag SNPLAT2,4 . . 6.05*
Smooth |  SSIP2 0.10 7.70 20.40
Surface | gq3p2 0.32 4.50 14.35
SSSP2 0.62 6.50 9.05
Rough | SRIP2 0.10 15.80 20.74
Surface | gp3py 0.32 9.00 18.60
SR5P2 047 722 16.90

* Average depth for two companion samples.

same sample. In other words, a scatter in the obtained results should be partially attributed to the
distribution of aggregate within the concrete samples.
After taking this effect into account, it can still be noticed from the results presented in

Table 4.1 that some of the concrete samples exhibited much larger lateral chloride penetration
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PS5P2, Cw = 0.69 mm;
V=13.7,L=15.05 mm.

PS3P2, Cw=0.38 mm;
V=12.7,L=17.9 mm.

PS1P2, Cw =0.09 mm;
V=177,L=16.3 mm.

PNP2, No Crack
V=105 mm.

Figure 4.2 Chioride Bulk Diffusion Test, Depth of Chloride Penetration; 100 % OPC

Concrete, Single Smooth Cracks.
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than vertical. In order to verify whether the chloride diffusion is dependent on the direction of
cast, four additional samples per mix were exposed to the chloride bulk diffusion 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 from the
crack wall, except that the exposed surface was, in fact, a free surface parallel to the casting
direction. The samples were labeled PNPLAT]1...4 and SNPLAT1...4 for OPC and slag mixtures
respectively. Two out of four companion samples were used for measuring the depth of chloride
penetration (resuits were included in Table 4.1), while two others were used to determine the
diffusion 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 chioride diffusion.

. 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 diffusion.

4.2.2 The Chloride Diffusion Coefficient
Two different software packages were used to calculate the values of the apparent

diffusion coefficient from experimental data points.
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Typical curves for a case of one- and two-dimensional diffusion as produced by Table
Curve are shown 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 diffusion coefficient, surface concentration, and correlation
coefficient are summarized in Tables 4.2 and 4.3 for Portland cement and slag containing
mixtures respectively.

[t 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 diffusion 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 diffusion law can be observed. This, of course, is to be
expected, since the law describes only the case of one-dimensional diffusion. The discrepancy
is evident in the portion of the curve where concentration is supposed to approach zero, which
never happens if chlorides penetrate the sample from two sides.

Values of the diffusion coefficient obtained for each concrete from all the samples tested
are plotted against crack widths in Figure 4.4. Four different types of concentration profiles were
studied, and the attained values of the diffusion coefficient were denoted in accordance with the

type of profile. All lateral, as well as vertical, profiles for uncracked samples were produced by
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Table 4.2 40 Day Chloride Bulk Diffusion Test Results for 100 % OPC Concrete, Table

Curve.

Sample ID | Crack | Exposed |Diffusion|Grinding| r* Surface |Diffusion| Dif. Coef|

Width, | Surface |Direction|Direction Concentra-| Coef- Labels
(mm) | Type tion, (% | ficient Used
Concrete) | (m%/s) |in Figures
PNPI - Smooth | Vertical | Vertical | 0.998 0.68 8.09e-12| Dsm.vert.
PNP9 - Smooth | Vertical | Vertical { 0.995 0.89 6.05e-12
PNPLATI - Smooth | Lateral | Lateral | 0.988 0.60 1.20e-11| Dsm.lat.
PNPLAT3 - Smooth | Lateral | Lateral |0.988 0.91 8.26e-12

PSIPILAT| 0.102 | Smooth | Lateral | Lateral {0.998] 0.65 1.14e-11| Dsm.lat.
PS3PILAT | 0.370 | Smooth | Lateral { Lateral {0.998 | 0.69 6.39%-12
PSSPILAT ] 0.677 | Smooth | Lateral | Lateral {0.996f 0.70 |1.15e-11
PSIPIDEP | 0.102 | Smooth |Lat+Vert| Vertical |0.927| 0.66 |2.15e-11|Dsm.vert.
PS3PIDEP | 0.370 | Smooth [Lat+Vert| Vertical {0944 087 |1.06e-11
PSSPIDEP | 0.677 | Smooth |Lat+Vert| Vertical |0.947] 0.65 |2.91e-11
PRIPILAT| 0.097 | Rough | Lateral | Lateral |0.951| 0.73 [1.59e-11| Drh.lat.
PR3PILAT| 0.297 | Rough | Lateral | Lateral [0.999| 0.87 |1.23e-11
PRSPILAT | 0.466 Roug,h Lateral | Lateral [0.994] 0.59 [1.36e-11
PRIPIDEP| 0.097 | Rough/ |Lat+Vert| Vertical {0.946| 0.82 1.63e-11] Drh.vert.

Smooth

PR3P1DEP| 0.297 | Rough/ {Lat+Vert| Vertical | 0.947 0.78 1.17e-11
Smooth

PRSPIDEP| 0.466 | Rough/ |Lat+Vert| Vertical | 0.952 0.65 1.05e-11
Smooth
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Table 4.3 40 Day Chloride Bulk Diffusion Test Results for 25 % Slag Concrete, Table

Curve.
Sample [D | Crack |Exposed |Diffusion|Grinding| r Surface [Diffusion| Dif. Coef.
Width, | Surface |DirectionjDirection Concentra-{ Coef- Labels
(mm)} | Type tion, (% | ficient Used
Concrete) | (m¥s) |in Figures
SNPI - Smooth | Vertical | Vertical | 0.998 0.86 4.02e-121 Dsm.vert.
SNP9 - Smooth | Vertical | Vertical | 0.989 1.04 1.83e-12
SNPLATI - Smooth | Lateral | Lateral | 0.976 0.75 3.2de-12| Dsm.lat,
SNPLAT3] - Smooth | Lateral | Lateral | 0,998 0.97 34le-12
SSIPILAT| 0.079 | Smooth | Lateral | Lateral | 0.991 0.53 5.52e-12| Dsm.lat.
SS3PILAT/| 0.341 | Smooth | Lateral | Lateral | 0.992 0.59 5.13e-12
SS5PILAT | 0.616 | Smooth | Lateral | Lateral | 0.994 0.78 2.60e-12
SSIPIDEP | 0.079 { Smooth [Lat+Vert| Vertical { 0.956 0.78 6.19e-12| Dsm.vert.
SSIPIDEP| 0.341 | Smooth |Lat+Vert| Vertical | 0.967 0.96 3.54e-12
SSSPIDEP | 0.616 | Smooth |Lat+Vert| Vertical | 0.961 0.89 3.48e-12
SRIPILAT]| 0.099 | Rough | Lateral | Lateral |0.997 0.78 3.71e-12| Drh.lat.
SR3PILAT| 0.284 | Rough | Lateral | Lateral (0989 0.83 [5.01e-12
SR5PILAT{ 0.472 Rough Lateral | Lateral | 0.996 0.63 5.03e-12
SRIPIDEP| 0.099 | Rough/ |Lat+Vert| Vertical [0.977| 0.95 3.31e-12| Drh.vert.
Smooth
SR3PIDEP| 0.284 | Rough/ {Lat+Vert] Vertical { 0.970 1.24 1.80e-12
Smooth
SRSP1DEP| 0.472 | Rough/ |Lat+Vert| Vertical | 0.961 0.89 4.19e-12
Smooth
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Figure 4.4 Chloride Bulk Diffusion Test Results, Table Curve: (a) - 100 % OPC

Concrete; (b) - 25 % Slag Concrete.

Influence of Cracks on Chloride Ingress into Concrete



Results and Discussion 74

one-dimensional diffusion, while the vertical profiles for cracked samples were the result of two-
dimensional diffusion. Since two companion samples were tested for uncracked concrete in each
case, the average values of the diffusion coefficient were plotted in the charts. The format of
these charts was kept constant to facilitate evaluation of the resuits.

While comparing the two mixes, it can be noticed that the domain of diffusion coefficient
values for the 100 % OPC mixture lies higher than for the 25 % slag 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 chloride penetration.

The results obtained within the same concrete type do not appear to indicate any
particular trend. This is especially true for the slag mixture, for which all the values of the
diffusion coefficient are clustered very closely together (Figure 4.4-b), demonstrating a natural
variation of results, that could be expected among 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 governing 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 diffusion coefficient the following
observations can be made:

. There was no detectable influence of either the crack width or the crack surface
roughness on the chioride diffusion coefficient among the crack widths examined.

. The walls of the transecting crack behave like a free surface prcducing diffusion
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coefficients similar to those of uncracked concrete.

. In 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. However, 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 diffusion 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 % respectively. 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 caiculated surface concentration to the experimental data

points, the better the fit of the curve, and the closer the values of the diffusion coefficient
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Figure 4.6 Chloride Bulk Diffusion Test Results, ConFlux: (a) - 100 % OPC Concrete;

(b) - 25 % Slag Concrete.
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obtained from the two programs.

Figure 4.6 summarizes the values of diffusion coefficient produced by ConFlux as a
function of crack width (similar to Figure 4.4 for Table Curve). Even though ConFlux calculated
diffusion coefficients are different from those of Table Curve, 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, Table Curve produces curves giving a better fit with

experimental points and, therefore, more refiable results.

4.2.3 2D Simulations

As demonstrated in the previous section, Fick's second law can 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 diffusion from two directions.

When obtaining the chloride concentration profile for the case of one-dimensional
diffusion, local variations in concentration are neglected as the average concentration of the
layer 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
diffusion (Figure 4.7-a). These are, in fact, straight lines parallel to the exposed surface.

In the case of two-dimensional diffusion lines of equal concentration have a hyperbolic
shape (Figure 4.7-b) with its extremes approaching straight lines in the areas not affected by

combined diffusion. Let us choose a coordinate system (X,Y), so that axis X runs along the
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Figure 4.7 Lines of Equal Concentration for One- and Two-Dimensional Diffusion.

crack wall, while axis Y runs along the sample surface (Figure 4.8). Then, the simplest form of
the equation describing lines of equal concentration for the 2D diffusion can be written as

follows:

(x=4)*(y-4)=24 (4-1)

Where:

(>
I

a constant, expressing the distance from the axis to the line of equal
concentration away from the coordinate system origin.

The average chloride concentration at any given depth x,, analogous to the concentration
obtained from grinding the sample, can be derived through calculating and averaging
concentrations at all points along line x = x, for y ranging from 0 to d, where d is the diameter

of the core bit equal to 47.7 mm. The step for y variation was arbitrarily chosen to be 0.1 mm.
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Figure 4.8 Model for Calculating the Average Chloride Concentration at Any Given

Depth for the Case of 2D Diffusion.

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 of constant A that corresponds with the line of
equal concentration passing through this point. Since the analytical solution to the integral of the
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 4.2.2) were used in these
simulations.

Figure 4.9 shows a 2D concentration profile calculated for 100 % OPC concrete,
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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 comparison charts are presented in Appendix D for all the
samples exposed to 2D diffusion.

It can 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 corresponding 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 diffusion, provided that the concrete
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diffusion coefficient is known and the value of surface concentration can be estimated.

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 samples reached up to 5 mm. The question arises as to
whether this irregularity could modify the shape of equal-concentration lines (see Section 4.2.3),
and, thus, introduce an error in the determined 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 diffusion into concrete with irreguiar 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 SEM/EDX Chloride Profiling

The chloride X-ray map of the free edge of sample SR31 (section taken from the slag
concrete sample 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 map results consist
of three windows - a micrograph of the analyzed area, chloride X-ray map, and background. In
the X-ray map chlorine manifests itself as bright dots on the dark background of the window.

The chloride X-ray map should be evaluated 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 map
equals 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 map presented in Figure 4.10 it can be noticed that chlorides are
concentrated in the areas of the cement paste. The concentration of chlorides in the aggregates
appears to be close to the background, which suggests that the chioride ions diffused in concrete
through the cement 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 SEM/EDX are presented
in Figure 4.12. The profile obtained from grinding with subsequent titration (chemical method)
is also included in this chart for comparison purposes. Since the original concentration

determined through the chemical method was expressed in percentage by total mass of concrete,
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Figure 4.11 Micrograph of the X-Ray Map Area , Sample SR31 (40x).
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Figure 4.12 Chloride Profiling: SEM/EDX vs Chemical Method.

it had to be converted to percentage by mass of cement 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 close to each other and to the profile obtained through the chemical method, as weil. This
observation, supported by the measurement of the chloride penetration depth and the shape of
the chloride front, leads to the conclusion that the lateral diffusion of chlorides from 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 confirms the previously made conclusion that the walls

of the transecting crack behave like a free surface.

Influence of Cracks on Chloride Ingress into Concrete



Results and Discussion 86

4.4 Chloride Diffusion Cell

The chloride diffusion cell testing was originally initiated on the full range of samples
containing single smooth cracks. However, it had to be aborted for samples with crack widths
from 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 down 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. [t turned out that the two
compartments of the diffusion ceil with the cracked sample in between them became a case of
two connected vessels, in which fluid levels rapidly responded to any volume changes. Every
time, a |0 ml sample solution was extracted from the downstream compartment, it caused a
decrease in its volume accompanied by a quick volume recovery from the upstream
compartment until the solution levels in both compartments were the same. The reverse process
took place when 10 ml of sodium hydroxide was poured back into the downstream compartment.
Balancing of the solution levels in the two cell compartments led to irregular changes in the
chloride concentration.

The impact of concentration measurement on diffusion was, at first, not so obvious for
samples containing smaller cracks. The frequency of measurements was reduced according to

the slow changes in concentration of the downstream solution. A comparison 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 Appendix G. Figure 4.13 shows plots of chloride diffusion versus time.

It can be seen from the results that there is a great discrepancy between the two values
of crack width for the same sample. All 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 inconsistent. This allows one to conclude that the
concentration measurement in the downstream compartment also interfered with diffusion of
chlorides through smaller cracks, resulting in greater chloride flux than could be expected from
diffusion alone. A more suitable approach to monitoring concentration of the downstream

compartment should be identified before cracked samples can be tested in diffusion cells.
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Table 4.4 Chloride Diffusion Cell, Comparison of Crack Widths.

Sample Crack Width, (mm)
D Measured with Optical Determined From
Microscope Chloride Flux
PSIDi 0.115 0.331
PS1D2 0.064 0.548
SSID1 0.102 1.023
SS1D2 0.078 1.079

Chioride Diffusion Cell
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Figure 4.13 Chloride Diffusion Cell, Mass of Chlorides Diffused vs Time.
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4.5 Depth of Chloride Penetration vs Time

Figure 4.14 presents scans of a chloride bulk diffusion sample taken before (a) and after
(b) coarse aggregate particles falling inside the chloride penetrated area were highlighted. 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 respectively. The complete set of scans for all companion samples
and values of verticai and lateral depths before (V, L) and after (Ve, Le) exclusion of the
aggregate from the measurement are shown in Appendices H and [ 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 % slag 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 (P2S1P8) for 7 day exposure testing. For this sample, the approach taken was
to measure the depth of chloride penetration in areas away from the shim.

It can be seen from the scans of the sample surfaces that the shape of the chioride 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 chloride 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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(b)

Figure 4.14 Measurement of the Chloride Penetration Depth, Sample PS1P8, 100 %
OPC, 16 Day Exposure: (a) - Including Aggregate, (b) - Excluding

Aggregate.

The results of chloride X-ray mapping, discussed in Section 4.3, indicated that chiorides
diffuse in concrete mainly through the cement paste fraction, as chloride content in the aggregate
approached the background. In order to substantiate this finding, additional quantitative
SEM/EDX spot analysis was performed. [t was established that the concentration of chlorides
in the aggregate particles, located inside the chloride diffused areas, is of the same magnitude

as the concentration in particles not exposed to chlorides. These concentrations are very small
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Table 4.5 Depth of Chloride Penetration vs Time, 100 % OPC Concrete.

Type of Exposure Depth of Chloride Penetration, (mm)
Crack Time, Vertical Lateral
(Days) Including | Excluding | Including | Excluding
Aggregate, | Aggregate, | Aggregate, | Aggregate,
(V) (Ve) (L) (Le)
No Crack 4 7.05 4.36 - -
16 10.56 8.52 - -
36 14.15 13.21 - -
Single 4 533 4.10 11.11 8.28
Smooth 16 10.50 7.38 13.11 10.58
36 [2.88 11.16 it.10 11.03
Double 1 2.76 1.98 8.04 7.29
Smooth 4 4.64 3.33 9.27 7.05
7 8.66 6.27 11.71 9.62

and fall below the EDX detection limits (0.2 % by mass of analyzed area).

Since it was found from the abovementioned tests that the coarse aggregate particles do
not significantly contribute to chloride ingress by acting as a diffusion media, it is likely that the
aggregate-cement paste transition zone serves as the accelerating chloride diffusion pathway.
To confirm this, it would be useful to measure the chioride content in this zone and compare it
with the chloride content in the adjacent cement paste. Such analysis could be performed using
SEM/EDX. Unfortunately, the SEM/EDX 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 Exposure Depth of Chloride Penetration, (mm)
Crack Time, Vertical Lateral
(Days) Including | Excluding | Including | Excluding
Aggregate, | Aggregate, | Aggregate, | Aggregate,
V) (Ve) (L) (Le)
No Crack 4 4.44 1.63 - -
16 6.31 424 - -
36 7.94 5.49 - .
Single 4 3.01 1.82 8.82 6.88
Smooth 16 7.69 345 14.57 12.62
36 6.82 5.01 15.47 13.16
Double 1 - - - -
Smooth 4 4.69 3.19 6.47 591
7 6.97 4.74 9.58 8.15

When comparing chloride penetration depths summarized in Tables 4.5 and 4.6, a fairly
good agreement can be noticed among the depths of penetration for the same concrete type,
exposure time, 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 diffusion test results. However, the same trend can not be observed
for lateral penetration. It must also be noted that lateral depths of chloride penetration (measured
from the crack walls towards the bulk of the sample) are generally bigger than corresponding

vertical depths. This could be attributed either to the anisotropic nature of concrete or to
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particular properties of the cracks, and will be discussed further.

From Crank’s solution (Equation 2-2) to Fick’s second law of diffusion, a relationship
between chiloride 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 linearly 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 from regression analysis and are also shown in the graphs. A complete set of such
charts for all samples is given in Appendix J.

It can 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 all samples. That includes the zero penetration
depth corresponding to zero exposure time. The plots for vertical depths including the aggregate
slightly deviate from the straight line, and do not exactly coincide with the (0,0) coordinates.
This limited data would suggest that the presence of coarse aggregate in concrete modifies the
diffusion 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 all cracked samples, with the exception of the 25

% slag concrete samples containing two cracks, which were not tested for 1 day chloride
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Figure 4.15 Typical Plot of Vertical Chloride Penetration Depth vs Square Root of Time.
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exposure. It is reasonable to assume that if these 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
performed, it would be unsystematic to compare the 25 % slag double cracked samples set with
other sets, and it should be left out of the discussion.

ft can also be observed that the best fit straight lines to the lateral penetration depth
values excluding the aggregate cross the vertical axis 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 verify 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 perpendicular to the casting direction), a further
investigation was conducted.

An additional set of samples from each concrete was exposed to the salt solution.
Samples were obtained by cutting [00 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 lateral diffusion), and, in another case, leaving one of
the half disk faces open (corresponds to the vertical diffusion). After 8.5 and 24 hour exposures,
chloride penetration depths including and excluding aggregate were measured. No significant
variation between lateral and vertical depths was detected, which points out that the depth of
chioride penetration is independent of exposure direction in the uncracked concrete.

Another expianation as to why the [ateral chloride penetration depths are bigger than the
corresponding vertical ones could 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 first few hours (or days) of chloride exposure until samples
became completely saturated and pure diffusion replaced the absorption.

If this assumption is correct, then, the obtained values of lateral depths are the result of
two transport mechanisms (absorption and diffusion), whereas, the vertical penetration was only
governed 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 penetration depth
resulting from pure diffusion 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 time. The
corresponding graphs for these three sets of samples are attached in Appendix J.

It appears that the elimination of the ‘absorption component’ from 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 samples
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 time (Figure 4.18).

It is evident that a complete saturation of samples does not occur after the initiai 24 hour
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saturation (ASTM C1202-97 conditioning procedure). In other words, both cracked and
uncracked samples are not fully saturated in the beginning of the salt exposure. However, it
seems that cracked samples gain less mass in the following 24 hours, which does not indicate
that they were saturated to any smaller degree than the uncracked samples prior to testing. This
observation does not support the assumption that incomplete saturation could be the cause of the
high lateral chloride penetration depths. A more in-depth study is needed to uncover the nature
of this phenomena.

The results and discussion on the chloride penetration depth for different exposure times
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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. [t is likely that the aggregate-cement paste
transition zone facilitates a more rapid chloride ingress. Further research on this subject
is required.

. For both cracked and uncracked concretes, the relationship between the vertical depth
of chloride penetration and the square root of time approaches a linear proportionality
with some deviations due to the presence of aggregate.

. The lateral depths of chloride penetration for cracked concrete are bigger than the
corresponding vertical ones. The lateral penetration depths are not linearly proportional

to the square root of time. [t 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 initial chloride ingress by absorption
during the chloride bulk diffusion test and result in higher depths of lateral penetration.

Further study on this phenomena is needed.
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CHAPTER 5 CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

In this study, specimens 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 all 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:

L.

!\)

Based on the results of chloride bulk diffusion testing it can be concluded that chloride
diffusion in concrete containing transecting, parallel-wall cracks of the considered
widths is independent of either crack width or the crack wall roughness.

Transecting, parallel-wall cracks in the range of widths studied in this project behave like
free concrete surfaces, greatly contributing to lateral chioride diffusion.

Lateral diffusion of cilorides from the crack walls into the bulk of the concrete sample
is fairly uniform along the crack length, as shown by SEM/EDX chloride profiling and
chloride penetration depth measurement.

Chloride diffusion in the concrete containing the transecting crack becomes a case of
two-dimensional diffusion.

In the case of two-dimensional diffusion, Fick’s second {aw can be used to obtain an

estimate of the values of the diffusion coefficient with a reasonable degree of reliability.
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10.

11.

However, it is not accurate for predicting chloride concentration profiles.

A 2D simulation approach was proposed for predicting the chloride concentration profile
for the case of two-dimensional diffusion.

In the case of one-dimensional diffusion, the Jandell-Table Curve software package is
more accurate for determining the values of the diffusion coefficient from experimental
data points than the ConFlux package.

Concrete containing 25 % replacement of cement by blast furnace slag possesses a better
ability to resist the ingress of chloride ions than 100 % OPC concrete. Both concretes
had a 0.40 water to cementitious materials ratio.

The penetration of chloride ions into concrete is greatly affected by the presence of
coarse aggregate. [t is likely that the aggregate-cement paste transition zone promotes
the ingress of chlorides.

For both cracked and uncracked concretes, it was demonstrated that the vertical chloride
penetration depth is linearly proportional to the square root of time, as can be predicted
from Fick’s second law.

For the chloride bulk diffusion test, the lateral depths of chloride penetration in cracked
samples (from the crack wall into the bulk of the sample) were found to be bigger than
the corresponding 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 diffusion as the predominant transport mechanism during the test.

However, this hypothesis was not confirmed.
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5.2 Recommendations

l. In this work the influence of the artificially 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.

2. The smallest crack width considered in this project was in the range of 0.1 mm. Since
these cracks were found to greatly contribute to the chloride ingress, a smaller range of
transecting cracks needs to be examined.

3. 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 helpful to uncover the reasons of such
variation.

4. For diffusion cell testing of cracked concrete, a concentration monitoring technique that
would not interfere with the diffusion process needs to be identified.

5. The influence of coarse aggregate on chloride 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 cement paste. SEM/EDX
could facilitate such analysis.

6. [n order to more accurately illustrate that the depth of chloride penetration resulting from

diffusion is linearly proportional to the square root of time, cement 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 samples.
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CRACK WIDTH MEASUREMENT
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Crack Width Measurement

Crack Widths for Single Smooth Crack Samples

0.4, OPC 0.4, 25SL
Sample Crack | Avg. Stand. | Sample Crack | Avg. Stand.
ID Width, Deviation, | ID Width, Deviation,

(mm) (mm) (mm) (mm)
PS1P1 0.102 0.036 SS1PI 0.079 0.044
PS1P2 0.091 0.020 SS1p2 0.099 0.039
PS1P3 0.113 0.010 SSip3 0.133 0.018
PSLP4 0.135 0.020 SSiP4 0.121 0.021
PS1P5 0.113 0.010 SS1PS 0.106 0.017
PSiP6 0.114 0.013 SS1P6 0.106 0.017
PS1P7 0.120 0.021 SS1P7 0.118 0.011
PS1P8 0.113 0.018 SS1Pg 0.098 0.012
PS3P1 0.370 0.025 SS3P1 0.341 0.038
PS3P2 0.383 0.048 S33p2 0.319 0.040
PS5PI 0.677 0.038 SS5P1 0.616 0.026
PS5P2 0.685 0.045 SS5P2 0.616 0.022
PS1DI 0.115 0.031 SS1D1 0.102 0.022
PS1D2 0.064 0.032 SS1D2 0.078 0.027
PS3D1 0.361 0.033 SS3D1 0.334 0.027
PS3D2 0.354 0.030 SS3D2 0.350 0.042
PS5D1 0.737 0.057 SS5D1 0.642 0.036
PS5D2 0.675 0.047 SS5D2 0.619 0.024
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Crack Width Measurement

Crack Widths for Single Rough Crack Samples

0.4, OPC 0.4, 25SL
Sample Crack | Avg. Stand. | Sample Crack | Avg. Stand.
ID Width, Deviation, |ID Width, Deviation,

(mm) (mm) (mm) (mm)
PRIP! 0.097 0.019 SRIPI 0.099 0.017
PRIP2 0.104 0.019 SR1P2 0.100 0.026
PR3P 0.297 0.021 SR3P1 0.284 0.037
PR3P2 0.286 0.013 SR3P2 0.323 0.026
PRSP 0.466 0.035 SR5P1 0.472 0.028
PRSP2 0.471 0.039 SR5P2 0.467 0.054
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Crack Width Measurement

Crack Widths for Double Smooth Crack Samples

0.4, 0PC 0.4, 25SL
Sample Crack | Avg. Stand. { Sample Crack Avg. Stand.
ID Width, Deviation, }ID Width, Dewviation,
(mm) (mm) (mm) (mm)
P2S1P3 0.123 0.013 S2S1P3 0.148 0.015
0.101 0.015 0.112 0.016
P2S1P4 0.110 0.015 S281P4 0.133 0.010
0.113 0.013 0.113 0.015
P2SI{P5 0.106 0.011 S281P5 0.089 0.016
0.092 0.008 0.132 0.013
P2S1P6 0.089 0.012 S2S1P6 0.125 0.010
0.094 0.011 0.094 0.016
P2S1P7 0.106 0.011 S2S1P7 0.165 0.027
0.123 0.008 0.118 0.013
P2S1P8 0.106 0.012 S2S1P8 0.124 0.011
0.100 0.011 0.130 0.012
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Chloride Bulk Diffusion Test/Table Curve

APPENDIX B

CHLORIDE BULK DIFFUSION TEST

TABLE CURVE
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Sample: PNPI Test: Bulk Diffusion Duration: 40 Days
100% OPC, No Crack
Diffusion Coefficient: 8.09E-12 m¥/s
Surface Concentration: 0.68 % by Mass of Concrete
Background: 0.069 % by Mass of Concrete
r: 0.9977
Data
Depth, | Chloride Concentration,
(mm) (% by Mass of Concrele) PNP1
0.76 0.64 =~
1.27 0.59 [ | .
2.29 0.51 § Considered
3.30 0.43 s2 0.8 o
4.32 0.37 e Not Cansidered
g 06
5.33 0.32 E
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Sample: PNP9
100% OPC, No Crack

Diffusion Coefficient;

Surface Concentration:

Background:
2

Test: Bulk Diffusion

6.05E-12 m%/s

0.89 % by Mass of Concrete
0.070% by Mass of Concrete

0.9948
Data

Depth, Chloride Concentration,
(mm) (% by Mass of Concrete)

0.76 0.85

1.27 0.74

2.29 0.63

3.30 0.51

4.32 0.44

5.33 0.35

6.35 0.31

8.38 0.18

1041 0.12

12.95 0.05

15.49 0.01

18.03 0.00

20.57 -0.02

o
o

o ©
N »
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Chioride Concentration, ( % Concrete )

Duration: 40 Days
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Sample: SNP| Test: Bulk Diffusion Duration: 40 Days
25% SL, No Crack
Diffusion Coefficient: 4,02E-12 m'/s
Surface Concentration: 0.86 % by Mass of Concrete
Background: 0.076 % by Mass of Concrete
r: 0.9977
Data

Depth, Chloride Concentration,

9AIN)) AGEL/SA]. UOISNIIq NINY SPMOIY)

(mm) (% by Mass of Concrete) SNP1

0.76 0.77 @

1.27 0.7 g .. .

1.78 0.65 :\3 Considered
2.29 0.55 —0.8 - o

3.30 0.43 -.g 0.6 - Not Considered
432 0.35 E

5.84 0.24 204

6.35 0.21 S

838 0.11 £02

10.41 0.05 5o — ———————
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15.49 0.00 Depth, (mm )
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Sample: SNP9 Test: Bulk Diffusion Duration: 40 Days
25% SL, No Crack
Diffusion Cocfficient: 1.83E-12 m'/s
Surface Concentration: 1.04 % by Mass of Concrete
Background: 0.067 % by Mass of Concrete
: 0.9890
Data
Depth, Chloride Concentration,
(mm) (% by Mass of Concrete) SNP9
0.76 0.91 )
1.27 0.74 2, a
2.29 0.49 :\'3 Considered
3.30 0.33 —0.8 - o
4.32 0.25 s Not Considered
©0.6 -
533 0.16 €
6.35 0.12 £0.4
8.38 0.06 30 )
10.41 0.03 B
12.95 0.01 & o ——F o § ——t : +
15.49 0.01 0 4 8 12 16 20 24 28 32 36
18.03 0.01 Oepth, ( mm }
20.57 0.00
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Sample: PNPLAT!
100% OPC, No Crack

Diffusion Coefficicnt:

Surface Concentration:

Test: Bulk Diffusion Duration: 40 Days

1.20E-11 m?/s
0.60 % by Mass of Concrete

Background: 0.057 % by Mass of Concrete
r: 0.9884
Data
Depth, Chloride Concentration,
(mm) (% by Mass of Concrelte) _ PNPLAT1
0.89 0.60 :§
1.65 0.48 § - .
3.18 0.41 ; Considered
4.70 0.34 ;:0.8 - a
6.22 0.29 % 0.6 Not Considered
7.75 0.23 € '
927 0.20 §0.4 R
10.80 0.15 ©
80.2
13,08 0.10 =
15.37 0.06 5 o0 e T+
17.65 0.03 0 4 8 12 16 20 24 28 32 36
19.94 0.02 Depth, (mm )
22.23 0.00

aAIN) SIqELASOL, UOISIIIQ AIng IPHO[HD



3)215u07) 0ju] $s313U] IpLISY)) VO SYIBIY) JO dUINu]

Sample: PNPLAT3
100% OPC, No Crack

Diffusion Coefficient:

Surface Concentration:

Test: Bulk Diffusion Duration: 40 Days

8.26E-12 m’/s
0.91 % by Mass of Concrete

Background: 0.063 % by Mass of Concrete
r: 0.9884
Data
Depth, Chloride Concentration,
(m[:n) (% by Mass of Concrete) . PNPLAT3
0.89 0.88 %;_,-’
1.65 0.69 g 14 o
3.18 0.56 s Cansidered
4,70 0.50 ‘;:0-8‘ o
6.22 0.37 %0.6 | Not Considered
7.75 0.30 f§‘
927 0.24 S04 -
10.80 0.12 202
13.08 0.06 5
15.37 0.02 S 0 l—si — ————— ]
0 4 12 16 20 24 28 32 36
o5 0w Dept. ()
22.32 0.00
24.51 0.01

3AIN) JqE1/153], UOSIINIQ HIng IPHOY)
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Sample: SNPLAT!I Test: Bulk Diffusion Duration: 40 Days
25% SL, No Crack
Diffusion Coefficicnt: 3.24E-12 m%/s
Surface Concentration: 0.75 % by Mass of Concrete
Background: 0.072 % by Mass of Concrete
: 0.9757
Data
Depth, Chloride Concentration,
(mm) (% by Mass of Concrete) SNPLAT1
0.89 0.68 2
1.65 0.53 g .
3.18 0.31 :;: Considered
4.70 0.22 ~08 o
6.22 0.16 ..‘_,E’ Not Considered
©0.6
7.75 0.10 =
927 0.08 204
10.80 0.06 %
13.08 0.04 g%
15.37 0.01 50 ——t — - -t —
17.65 0.00 0 4 B8 12 16 20 24 28 32 36
19.94 0.01 Depih, (mm )
22.23 0.00
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Sample: SNPLAT3

25% SL, No Crack

Diffusion Coefficicnt:
Surface Concentration;

3.41E-12 m%/s

Test: Bulk Diffusion

0.97 % by Mass of Concrete

0.057 % by Mass of Concrete

Background:
: 0.9977
Data
Depth, Chiloride Concentration,
(mm) (% by Mass of Concrete)
0.89 0.85
1.65 0.68
3.18 0.51
4,70 0.33
6.22 0.20
7.75 0.11
9,27 0.06
10.80 0.01
13.08 0.00
15.37 0.01
17.65 0.01
19.94 0.00
22.23 -0.02

Chioride Concentration,

é% Concrete )

o ©

o

SNPLAT3

Duration: 40 Days

Depth, { mm }

1- -
Considered
B8 - a
6 - Not Considered
4 -}
2 .
0 -: - el L) L T L)
16 20 24 28 32 36

AIN) S|qEL/ASA L UOISNIIQ AINg IPHO[Y)
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Sample: PSIPILAT Test: Bulk Diffusion Duration: 40 Days
100% OPC, 0.102 mm Smooth Crack
Diffusion Cocfficient: 1.14E-11 m¥/s
Surface Concentration: 0.65 % by Mass of Concrete
Background: 0.074 % by Mass of Concrete
r’; 0.9975
Data
Depth, Chloride Concentration,
(mr:n) (% by Mass of Concrete) _ PS1P1LAT
0.89 0.60 2
1.65 0.53 2 . N
3.18 0.48 :é Considered
4.70 0.38 0.8 |- a
6.22 0.32 %0_6 - Not Considered
7.75 0.23 =
9,27 0.18 804
10.80 0.16 %0.2
13.08 0.09 5
14.61 0.06 G0 : . t , ' -— t |
17.65 0.02 0 4 8 12 16 20 24 28 32 36
19.94 0.01 Deptn. {mm )
22.23 0.01
24,51 0.01
26.80 0.00
29.08 0.00
31.37 0.01

01-4
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Sample: PS3PILAT Test: Bulk Diffusion Duration: 40 Days
100% OPC, 0.370 mm Smooth Crack
Diffusion Cocfficient: 6.39E-12 m’/s
Surface Concentration: 0.69 % by Mass of Concrete
Background: 0.066 % by Mass of Concrete
r: 0.9981
Data
Depth, Chloride Concentration,
(ml:n) (% by Mass of Concrete) N PSIPILAT
0.89 0.61 2
1.65 0.57 £ 5. o
3.18 0.45 ; Considered
4,70 0.32 —08- o
6.22 0.23 § 0.6 - Not Considered
7.75 0.17 &
9.27 0.11 £04
10.80 0.08 202
13.08 0.04 8
15.37 0.02 6 0 +——+—F e ———
17.65 0.01 0 4 a 12 1[?ept::(: m"?‘; 28 32 36
19.94 0.00
22.23 0.00
24.51 0.01

aAIn) 3[qELNSAL VOISR YIng IpHOL)

11-4
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Sample: PS5PILAT Test: Bulk Diffusion Duration: 40 Days
100% OPC, 0.677 mm Smooth Crack
Diffusion Cocfficient: 1.1SE-11 m/s
Surface Concentration: 0.70 % by Mass of Concrete
Background: 0.063 % by Mass of Concrete
r 0.9964
Data
Depth, Chloride Concentration,
(mi:n) (% by Mass of Concretc) N PSSP1LAT
0.89 0.53 &
1.65 0.60 g .l .
3,18 0.50 ;'; Considered
4.70 0.39 —08 o
7.75 0.28 % 06 Not Considered
9.27 0.21 = “
10.80 0.18 8o
13.08 0.09 202
15.37 0.05 g
17.65 0.02 50 b
19.94 0.03 0 4 8 12 16 20 24 28 32 36
2223 0.02 Bepin. {mm)
24.51 0.01
26.80 0.00
29,08 0.02
31.37 0.00

3AIN) J|QELASIL UOISHIIQ HINg PHO[YD
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Sample: SSIPILAT

Test: Bulk Diffusion Duration: 40 Days

25% SL, 0.079 mm Smooth Crack

Diffusion Coefficient:
Surface Concentration:

5.52E-12 m%/s
0.53 % by Mass of Concrete

Background: 0.065 % by Mass of Concrete
r: 0.9909
Data

Depth, Chloride Concentration,
(ml:n) (% by Mass of Concrete) = SS1P1LAT
0.89 048 g
1.65 0.44 g 7- .
318 0.29 :;3 Considered
4.70 0.22 0.8 - o
6.22 0.15 %0.6 . Not Considered
7.75 0.13 f§‘
9.27 0.09 £0.4 -
10.80 0.06 202
13.08 0.03 s
15.37 0.02 G o — b
17.65 0.01 0 4 8 12 16 20 24 28 32 36
19.94 0.0i Depih. (mm)
22.23 0.00
24.51 0.01
26.80 0.01
29.08 0.00

2AIN)) AIqEL/159] UOISNEIQ NIng 2PHOIYD
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Sample: SS3PILAT Test: Bulk Diffusion Duration: 40 Days
25% SL, 0.341 mm Smooth Crack
Diffusion Cocfficient: 5.13E-12 m*/s
Surface Concentration: 0.59 % by Mass of Concrete
Background: 0.062 % by Mass of Concrete
r; 0.9923
Data
Depth, Chloride Concentration,
(mm) (% by Mass of Concrete) . SS3P1LAT
0.89 0.55 2
1.65 0.43 g, .
3.18 0.34 :\3 Considered
4.70 0.24 ":10-8 T a
6.22 0.17 £ Not Considered
©0.6 -
7.75 0.14 €
9.27 0.15 So4 -
10.80 0.12 <
$0.2
13.08 0.03 5 o
15.37 0.03 G0 —t : >t : +—
17.65 0.01 0 4 8 12 16 20 24 28 32 36
19.94 0.00 Deptn. (mm )
22,23 0.00
24,51 0.01
26.80 0.00
29.08 0.00
31.37 0.00

ri-d
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Sample: SSSPILAT

Test: Bulk Diffusion

25% SL, 0.616 mm Smooth Crack

Diffusion Coefficient:
Surface Concentration:

2.60E-12 m*/s
0.78 % by Mass of Concrcte

Background: 0.057 % by Mass of Concrete
r 0.9942
Data

Depth, Chloride Concentration,

{(mm) (% by Mass of Concrete) .
0.89 0.68 2
1.65 0.52 g,
3.18 0.33 ‘;‘;
4,70 0.22 ~0.8 -
6.22 0.11 g s
7.75 0.07 £
9.27 0.03 20.4
10.80 0.03 %o )
13.08 0.01 5
15.37 0.01 50
17.65 0.01
19.94 0.01
22.23 0.01
2451 0.00
26.80 0.01
29.08 0.01
31.37 0.02

Duration: 40 Days

SSS5PILAT

12

Considered

Not Considered

16 20 24 28 32 36
Depth, { mm )

3AIND) J|qEL/153] UOISNIJIQ YIng 2PHOJYD

si-4



31215u07) 0)u] §5313u] APLIOIY,) U0 SYIBI) JO dUINYU]

Sample: PSI1PIDEP

Test: Bulk Diffusion

100% OPC, 0.102 mm Smooth Crack

Diffusion Coefficient:
Surface Concentration:

2.15E-11 m'/s
0.66 % by Mass of Concrete

Background: 0.074 % by Mass of Concrete
r: 0.9267
Data
Decpth, Chloride Depth, Chloride
(mm) | Concentration, { (mm) { Concentration,
(% by Mass of (% by Mass of
Concrete) Concrete)
0.89 0.66 19.94 0.08
1.65 0.64 21.46 0.08
3.18 0.51 22.99 0.10
4,70 0.45 24.5) 0.07
6.22 0.35 26.04 0.07
7.75 0.30 27.56 0.07
9.27 0.26 29.08 0.07
10,80 0.23 30.61 0.06
13.08 0.18 32.13 0.06
13.84 0.16 33.66 0.09
15,37 0.12 35.18 0.09
16.89 0.10 36.70 0.10
18.42 0.07 38.23 0.08

Duration: 40 Days

PS1P1DEP
©
2
=
8 1- -
8 Considered
~0.8 -
C. [~}
o
©0.6 | Not Considered
5
204
[=]
[ &)
go.2
=4
K<) - aw g
S o +———t + 4 ! $ 4 t
4] 8 12 16 20 24 28 32 36

Depth, ( mm )

2AIN)) J|qELASIL UOSMITIQ ImY 2pHOY)
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Sample: PS3P1DEP Test: Bulk Diffusion Duration: 40 Days
100% OPC, 0.370 mm Smooth Crack
Diffusion Coefficient: 1.06E-11 m%/s
Surface Concentration: 0.87 % by Mass of Concrete
Background: 0.066 % by Mass of Concretc
r: 0.9444
Data
Depth, | Chloride Concentration,
(ml:n) (% by Mass of Concrete) = PS3P1DEP
0.89 0.85 2
1.65 0.76 g .l -
3.18 0.59 g Considered
4,70 0.44 “-::0-3 o
6.22 0.39 :g 06 Not Considered
7.75 0.25 E
9,27 0.22 £0.4
10.80 0.19 < R
©0.2
12.32 0.20 5 .
13.84 0.13 50 s
16.89 0.07 0 4 8 12 16 20 24 28 32 36
19.94 0.1 Deptn, (mm)
22.99 0.12
26.04 0.08
29.08 0.06
32.13 0.30
35.18 0.26

3AIN) 9]qEL/1SOL UOISNIIQ NIng 2PHO[UD
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Sample: PS5PIDEP

Test: Bulk Diffusion

100% OPC, 0.677 mm Smooth Crack

Diffusion Coefficient:
Surface Concentration:

2.91E-11 m'/s
0.65 % by Mass of Concrele

Duration: 40 Days

PSS5P1DEP

-
Considered

Not Considered

Background: 0.063 % by Mass of Concrete
r: 0.9474
Data

Depth, | Chloride Concentration,

(mm) | (% by Mass of Concretc) .
0.89 0.59 2
1.65 0.62 g .1
3.18 0.55 -
4.70 0.46 ‘;:103 :
6.22 0.30 S0
7.75 0.37 e
9,27 0.32 £04 -
10.80 0.26 202
12.32 0.20 5
16.89 0.14 G o
19.94 0.12 0
22.99 0.07
26.04 0.09
29.08 0.04
32.13 0.11
35.18 0.09
38.23 0.07

16 20 24 28 32 36
Depth, ( mm )

AN [QELASIL, UOISTIIIQ NING FPHOD

81-8
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Sample: SSIPIDEP Test: Bulk Diffusion Duration: 40 Days
25% SL, 0.079 mm Smooth Crack
Diffusion Coefficient: 6.19E-12 m¥/s
Surface Concentration: 0.78 % by Mass of Concrete
Background: 0.065 % by Mass of Concrete
r: 0.9564
Data
Depth, Chloride Concentration,
(ml:n) (% by Mass of Concrele) _ SS1P1DEP
0.89 0.74 g
1.65 0.63 2 N
3.18 047 :\3 Considered
4.70 0.30 ::0-8 - a
6.22 0.22 %0.6 ] Not Considered
7.75 0.16 €
977 0.15 S04
10.80 0.12 2024
12.32 0.10 5
13.84 0.10 5 04— ——F==p—3 = " (= F .=
16.89 0.05 0 4 8 12 16 20 24 28 232 36
19.94 0.04 Depth, (mm)
22,99 0.04
26.04 0.06
29.08 0.04
32.13 0.05
35.15 0.03

61-4
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Sample: SS3PIDEP Test: Bulk Diffusion Duration: 40 Days
25% SL, 0.341 mm Smooth Crack
Diffusion Coefficient: 3.54E-12 m’/s
Surface Concentration: 0.96 % by Mass of Concrete
Background: 0.062 % by Mass of Concrete
: 0.9666
Data
Depth, Chloride Concentration,
(m‘:n) (% by Mass of Concrete) . SS3P1DEP
0.89 0.87 2
1.65 0.70 g .l ,
3.18 0.45 :2: Considered
4.70 0.26 20'8 : o
6,22 0.22 -% 0.6 - Not Considered
7.75 0.14 =
927 0.11 £oa
10.80 0.08 P
12,32 0.06 5
13.84 0.05 & o e
16.89 0.04 0 4 8 12 16 20 24 28 232 36
19.94 0.03 Beptn. (mm )
22.99 0.03
26.04 0.05
29.08 0.06
32.13 0.06

aAIN) AGEL/ASI] UOISHIRI(Y HINg 2PHO[U)
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Sample: SSS5P1DEP Test: Bulk Diffusion Duration: 40 Days
25% SL, 0.616 mm Smooth Crack
Diffusion Coefficient: 3.48E-12 m%/s
Surface Concentration: 0.89 % by Mass of Concrete
Background: 0.057 % by Mass of Concrete
r: 0.9612
Data
Depth, Chloride Concentration,
(m':n) (% by Mass of Concrete) _ SS5P1DEP
0.89 0.78 2
1.65 0.65 g .1 .
3.18 0.48 :\3 Considered
4.70 0.25 0.8 o
6.22 0.14 ~§. Not Considered
©0.6 -
7.75 0.12 g
9.27 0.10 £04
10.80 0.08 ‘30 ”.
12.32 0.04 5
13.84 0.05 5 o M= NN EELVRLSL
16.89 0.04 0 4 8 12 16 20 24 28 32 36
19.94 0.04 Depth, (mm )
22,99 0.07
26.04 0.07
29.08 0.06
32.13 0.05
35.18 0.04

aAIN)) JIQELASI], OIS NINgG PHOIYD
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Sample: PRIPILAT Test: Bulk Diffusion Duration: 40 Days
100% OPC, 0.097 mm Rough Crack
Diffusion Coefficicnt: 1.59E-11 m%/s
Surface Concentration: 0.73 % by Mass of Concrete
Background: 0.052 % by Mass of Concrete
r 0.9511
Data
Depth, Chloride Depth, Chloride
(m[:n) Concentration, | ( m[:n) Concentration, _ PR1PILAT
(% by Mass of (% by Mass of o
Concrele) Concrete) §
0.51 0.62 12.70 0.15 S'T o ored
1.52 0.61 13.72 0.12 Fos oneeer
2.54 0.58 14.73 0.08 S Not Considered
3.56 0.56 15.75 0.04 £o6-
4,57 0.57 16.76 0.02 80.4
5.59 0.52 17.78 0.00 3
6.60 0.48 18.80 -0.01 go2
7.62 0.41 19.81 0.01 5 o0 - — e ' . , .
8.64 0.33 20.83 0.00 0 4 8 12 16 20 24 28 32 36
9,65 0.28 21.84 -0.01 Depth, (mm )
10.67 0.22 22.86 -0.01
11.68 0.18 23.88 -0.03

el
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Sample: PR3PILAT
100% OPC, 0.297 mm Rough Crack

Diffusion Coefficient:
Surface Concentration:

Test: Bulk Diffusion Duration: 40 Days

1.23E-11 m%s
0.87 % by Mass of Concrete

Background: 0.057 % by Mass of Concrete
r 0.9987
Data
Depth, Chloride Depth, Chloride
(ml:n) Concentration, (mr:n) Concentration, . PR3PILAT
(% by Mass of (% by Mass of &
Concrete) Concrete) g 1'" .
0.51 1.09 12.70 0.15 :\3 Considered
1.52 0.77 13.72 0.11 ~0.8 - o
2.54 0.67 14.73 0.10 §06 4 Not Considered
3.56 0.60 15.75 0.07 £
4.57 0.53 16.76 0.05 S04 -
5.59 0.47 17.78 0.05 %o R
6.60 0.41 18.80 0.04 g
7.62 0.36 19.81 0.01 5o ; — >-——————
8.64 0.32 20.83 0.01 0 4 8 12 16 20 24 28 32 36
9.65 0.26 21.84 0.02 Depth, (mm )
10.67 0.23 22.86 0.01
11.68 0.17 23.88 0.00

9AIND) AQBLSI ] UOISNIFIQ NINg PO

td
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Sample: PRSPILAT
100% OPC, 0.466 mm Rough Crack
Diffusion Coefficient:

Surface Concentration:

Test: Bulk Diffusion

1.36E-11 m*/s
0.59 % by Mass of Concrete

Background: 0.075 % by Mass of Concrete
: 0.9939
Data
Depth, Chloride Depth, Chloride
(mm) | Concentration, | (mm) | Concentration,
(% by Mass of (% by Mass of
Concretc) Concretc)
0.25 0.60 9.91 0.20
0.76 0.57 10.41 0.15
1.27 0.54 10.92 0.14
1.78 0.48 11.43 0.15
229 0.46 11.94 0.14
2,79 0.44 12.45 0.12
3.30 041 12,95 0.11
3.81 0.46 13.46 0.11
432 0.40 13.97 0.10
483 041 14.48 0.08
5.84 0.35 14.99 0.07
6.35 0.33 16.51 0.04
6.86 0.28 18.03 0.03
7.37 0.26 19.56 0.00
7.87 0.25 21.08 0.01
8.38 0.23 22.61 0.00
8.89 0.22 24.13 0.00
9.40 0.22 25.65 0.00

é% Concrete )

S

Chloride Concentration,

o
o

©
rS

©
N

-l
)

(-]

Duration: 40 Days

PRSPILAT

=
Considered

Not Cansidered

o

- >
16 20 24
Depth, { mm }

28 32 36

3AIND) AQELASI] UoISNJI ing IpLIOTY)
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Sample: SRIPILAT Test: Bulk Diffusion Duration: 40 Days
25% SL, 0.099 mm Rough Crack
Diffusion Coefficient: 3.71E-12 m’/s
Surface Concentration: 0.78 % by Mass of Concrete
Background: 0.064 % by Mass of Concretc
r: 0.9971
Data
Depth, Chloride Decpth, Chloride
(mI:n) Concentration, (mI:n) Concentration, _ SR1P1LAT
(% by Mass of (% by Mass of [
Concrete) Concrete) g
0.25 0.73 7.87 0.09 81 . ered
0.76 0.69 8.38 0.07 08 - .
1.27 0.64 8.89 0.05 ,§_0 . Not Considered
1.78 0.57 9.40 0.04 £777
2.29 0.51 9.91 0.05 80.4
2.79 0.46 10.41 0.04 S
3.30 0.41 10.92 0.03 0%
3.81 0.38 11.43 0.02 5 o ; . . , ; : '
432 0.33 11.94 0.02 0 4 8 12 16 20 24 28 32 36
4.83 0.26 12.45 0.00 Depth, ( mm )
533 0.22 12.95 0.02
5.84 0.20 13.46 0.02
6.35 0.14 13.97 0.00
6.86 0.12 14.48 0.01
7.37 0.1) 14.99 0.01

-4
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Sample: SR3PILAT Test: Bulk Diffusion Duration: 40 Days
25% SL, 0.284 mm Rough Crack
Diffusion Coefficient; 5.01E-12 m’/s
Surface Concentration: 0.83 % by Mass of Concrete
Background: 0.054 % by Mass of Concrete
r 0.9890
Data
Depth, Chloride Concentration,
(mm) (% by Mass of Concrete) . SR3IPILAT
0.76 0.77 g
2,29 0.58 g 41 .
3.81 0.39 ; Considered
5.33 0.25 "-::0-8 o
6.86 0.22 -% 06 Not Considered
8.38 0.15 g
9,91 0.11 €04
11.43 0.07 ‘;; 02
12.95 0.06 g
14.48 0.03 50 R e
16.00 0.01 0 4 8 12 16 20 24 28 32 36
17.53 0.00 Depth. (mm)
19.05 -0.01
20.57 0.01
22.10 0.01
23.62 0.01
25.15 0.01

AN J|qEL NSO, uoIsyIQ NIng 3pHO[Y)
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Sample: SRSPILAT

Test: Bulk Diffusion

25% SL, 0.472 mm Rough Crack

Diffusion Coefficicnt:
Surface Concentration:

5.03E-12 m/s
0.63 % by Mass of Concrete

Background: 0.080 % by Mass of Concrete
r’: 0.9960
Data

Depth, Chloride Concentration,

(mm) (% by Mass of Concrete) .
0.51 0.59 2
1.52 0.50 2
2.54 0.44 g
3.56 0.32 =0
4.57 0.27 s
5.59 0.21 £00
6.60 0.18 8o
7.62 0.12 <

«0.2
8.64 0.11 5
9.65 0.06 50

10.67 0.01
11,68 0.03
12,70 0.01
13.72 0.01
14.73 0.00
15.75 0.00
16.76 0.01

-

o

SRS5PILAT

Duration: 40 Days

[ )
Considered

o
Not Caonsidered

(=}

4

8

-

12 16 20 24

Depth, ( mm )

28 32 36

3AIN)) J|qELASA ] uoIsIyIQ Ying 9pLIOIYD
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Sample: PRIPIDEP Test: Bulk Diffusion Duration: 40 Days
100% OPC, 0.097 mm Rough Crack
Diffusion Coefficient: 1.63E-11 m%/s
Surface Concentration: 0.82 % by Mass of Concrete
Background: 0.052 % by Mass of Concrete
: 0.9460
Data
Depth, Chloride Concentration,
(mm) (% by Mass of Concrete) PR1P1DEP
0.89 0.79 )
1.65 0.76 g i -
3.18 0.63 3 Considered
4.70 048 ~08 - “
6.22 0.43 é 06 Not Considered
7.75 0.35 =
927 0.31 20.4 -
10.80 0.25 o
12.32 0.21 g%2 - ..
13.84 0.13 50 —
16.89 0.09 0 4 8 12 16 20 24 28 32 36
19.94 0.14 Depth, ( mm )
22.99 0.06
26.04 0.08
29.08 0.12
32.13 0.09
35.18 0.09

3AIND 3[qEL/ASIL UOISAINIQ NING SPHOIY)
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Sample: PR3PIDEP Test: Bulk Diffusion Duration: 40 Days
100% OPC, 0.297 mm Rough Crack
Diffusion Coefficient: 1.17E-11 m%s
Surface Concentration: 0.78 % by Mass of Concrete
Background: 0.057 % by Mass of Concretc
P 0.9466
Data
Depth, Chloride Concentration,
(mm) (% by Mass of Concrcte) PR3P1DEP
0.89 0.80 )
1.65 0.69 5 1
Q “1 -
3.18 0.49 i-:; Considered
4.70 0.43 —0.8 o
6.22 0.34 "'S“o 6 Not Considered
7.75 0.28 E™
9.27 0.25 EO"‘ _
10.80 0.19 o
12.32 0.16 227
13.84 0.12 3 0 . e -
16.89 0.09 60 4 8 12 16 20 24 28 32 36
19.94 0.05 Depth, { mm )
22,99 0.08
26.04 0.06
29.08 0.08
32,13 0.06
35.18 0.07

3Aan)) J[qEL/153 ], UOISTINA HINd 2PHOTYD)
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Sample: PR5P1DEP

100% OPC, 0.466 mm Rough Crack

Diffusion Coefficient:
Surface Concentration:

1.05E-11 m*/s

Test: Bulk Diffusion

0.65 % by Mass of Concrete

0.075 % by Mass of Concrete

Background;
: 0.9521
Data
Decpth, Chloride Concentration,
{(mm) (% by Mass of Concrete)
0.89 0.66
1.65 0.65
3.18 042
4,70 0.34
6.22 0.30
7.75 0.20
927 0.17
10.80 0.15
12,32 0.12
13.84 0.11
16.89 0.06
19.94 0.04
22,99 0.04
26.04 0.04
29,08 0.05
32.13 0.03
35.18 0.05

Duration: 40 Days

PRSP1DEP

é% Concrete )
= o ¢
& =2} (= -] -

] 1 1

e
o

-
Considered

Not Considered

Chioride Concentration,
o

8

12

16 20 24 28 32 36
Depth, (mm )

2AIN)) Qe LASI], UOISNEIQ HIng 9pHOIY)
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Sample: SRIPIDEP Test: Bulk Diffusion Duration: 40 Days
25% SL, 0.099 mm Rough Crack
Diffusion Coefficient: 3.31E-12 m%/s
Surface Concentration: 0.95 % by Mass of Concrete
Background: 0.064 % by Mass of Concrele
r: 0.9765
Data
Depth, Chloride Concentration,
(m‘:n) (% by Mass of Concrete) . SR1P1DEP
0.89 0.88 2
1.65 0.66 g .. .
3.18 04! :\2 Considered
4.70 0.30 :.0-5 1 °
6.22 0.21 ;g 0.6 - Not Considered
7.75 0.14 =
9.27 0.06 Lo
10.80 0.06 ©
$0.2
12.32 0.05 5
13.84 0.04 50 . . D R R
16.89 0.05 0 4 8 12 16 20 24 28 32 36
19.94 0.02 Depth. (mm )
22.99 0.02
26.04 0.03
29.08 0.02
32,13 0.01
35.18 0.01

AIND) IGEL/IS3] UOISNEIQ N(NY IPHO[()
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Sample: SR3PIDEP Test: Bulk Diffusion Duration: 40 Days
25% SL, 0.284 mm Rough Crack
Diffusion Coefficient: 1.80E-12 m%/s
Surface Concentration: 1.24 % by Mass of Concrete
Background: 0.054 % by Mass of Concrete
r: 0.9696
Data
Depth, Chloride ¢ oncentration,
(m[l)n) (% by Mass of Concretce) _ SR3P1DEP
0.89 1.03 e
1.65 0.77 g, -
3.18 0.39 :..'; Considered
4,70 0.23 ~0.8 - o
6.22 0.14 % 0.6 Not Considered
7.75 0,07 g '
9.27 0.06 L8’0.4 .
10.80 0.07 © 02
12.32 0.07 - .
13.84 0.07 5o N Sulboliulit, S S UL B P
16.89 0.05 0 4 8 12 16 20 24 28 32 36
19.94 0.05 Depth, (mm )
22.99 0.04
26.04 0.05
29.08 0.04
32.13 0.04
35.18 0.04

aAIND) JIqELASIT UOISNIIIQ Ing 3plIojy)
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Sample: SR5PIDEP Test: Bulk Diffusion Duration: 40 Days
25% SL, 0.472 mm Rough Crack
Diffusion Coefficient: 4.19E-12 mv’/s
Surface Concentration: 0.89 % by Mass of Concrete
Background: 0.080 % by Mass of Concrete
r 0.9611
Data
Depih, Chloride Concentration,
(mI:n) (% by Mass of Concrete) . SRSP1DEP
0.89 0.86 3
1.65 0.64 e 4l -
3.18 0.45 :\.2 Considered
4.70 0.29 —-08 a
6.22 0.19 -.g 0.6 Not Considered
7.75 0.19 ‘§
9.27 0.13 §°~4
10.80 0.08 802
12,32 0.07 8 .
13.84 0.06 50 Pt % & = T ®
16.89 0.03 0 4 8 12 16 20 24 28 32 36
i Depth, ( mm))
19.94 0.03
22.99 0.03
26.04 0.02
29,08 0.04
32,13 0.03
35.18 0.05

3AAND) JqELASIT UOISNIJIQ Ing IPHOIYD
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Chloride Bulk Diffusion Test/ConFlux
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APPENDIX C

CHLORIDE BULK DIFFUSION TEST

CONFLUX

Influence of Cracks on Chloride Ingress into Concrete
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Sample: PNP1
100% OPC, No Crack

Diffusion Coefficient;

Surface Concentration:

Test: Bulk Diffusion

6.40E-12 m'/s
0.75 % by Mass of Concrete

0.069 % by Mass of Concrete

Background:
Data
Depth, | Chloride Concentration,
{(mm) (% by Mass of Concrete)
0.76 0.64
1.27 0.59
2.29 0.51
3.30 0.43
432 0.37
5.33 0.32
6.35 0.27
8.38 0.20
10.41 0.11
12.95 0.05
15.49 0.02
18.03 0.01
20.57 0.00

Chloride Concentration,

é% Concrete )

S ©

=]

Duration: 40 Days

PNP1

Depth, { mm }

1 -
Considered
8 -
[-]
6 - Not Considered
4 .
2 -
0 g Y Lo T — L t
(1} 12 16 20 24 28 32 36

X0|gu0)/3s3] VOTSRIJIQ NIng 2PHOMYD)
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Sample: PNP9

Test: Bulk Diffusion

100% OPC, No Crack

Diffusion Cocfficient:
Surface Concentration:

8.66E-12 m%/s

0.75 % by Mass of Concrelte

0.070% by Mass of Concrcle

Background:
Data
Depth, Chloride Concentration,
(mm) (% by Mass of Concrete)
0.76 0.85
1.27 0.74
2.29 0.63
3.30 0.51
432 0.44
5.33 0.35
6.35 0.31
8.38 0.18
10.41 0.12
12,95 0.05
15.49 0.01
18.03 0.00
20.57 -0.02

Duration: 40 Days

PNP9

&% Concrete )
S o
& [+;] [+ -] -

o
N

Considered

Not Considered

Chloride Concentration,

=]
[ =]

12

16 20 24 28 32 36
Depth, { mm )

Xnjuo)/Asa ], uoisnyjiq ying 3pHo[y)
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Sample: SNPI Test: Bulk Diffusion Duration: 40 Days
25% SL, No Crack
Diffusion Cocfficient: 5.16E-12 m’fs
Surfacc Concentration: 0.77 % by Mass of Concrete
Background; 0.076 % by Mass of Concrete
Data
Depth, Chloride Concentration,
(mm) | (% by Mass of Concrete) SNP1
0.76 0.77 )
1.27 0.71 g ]l
1.78 0.65 :\3 Considered
2.29 0.55 ~0.8 - o
3.30 0.43 ._E_‘ Not Considered
gO.G -1
4.32 0.35 =
5.84 0.24 €4 -
6.35 0.21 ©
8.38 0.11 2927
10.41 0.05 S0+ TP+
12.95 0.01 0 4 8 12 16 20 24 28 32 36
15.49 0.00 Depth, ( mm )

XnjJU0)/1S31 uoIsnIjId Ning PO

-0
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Sample: SNP9 Test: Bulk Diffusion Duration: 40 Days
25% SL, No Crack
Diffusion Cocfficient: 3.25E-12 m’/s
Surface Concentration: 0.77 % by Mass of Concrete
Background: 0.067 % by Mass of Concrete
Data
Depth, | Chloride Concentration,
(mm) {% by Mass of Concrete) SNP9
0.76 0.91 8
1.27 0.74 - | .
2.29 0.49 ; = Considered
3.30 0.33 ~0.8 o
=4
4.32 0.25 g 0.6 Not Considered
533 0.16 g
6.35 0.12 204
8.38 0.06 ‘30 5
10.41 0.03 -
12.95 0.01 & o0 e + + —t
15.49 0.01 0 4 8 12 16 20 24 28 32 36
18.03 0.01 Depth. {mm )
20.57 0.00

XT|3uo)/saL, uolsnyjig Ning 9pHo)
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Sample: PNPLATI

Test: Bulk Diffusion

Duration: 40 Days

PNPLAT1

-a
Considered

Not Considered

100% OPC, No Crack
Diffusion Coefficient: 7.41E-12 m’/s
Surface Concentration: 0.75 % by Mass of Concrete
Background: 0.057 % by Mass of Concrete
Data
Depth, Chloride Concentration,
(mm) | (% by Mass of Concrete) N
0.89 0.60 2
1.65 0.48 g
Qo 1
3.18 0.41 g
4.70 0.34 08 |
0.22 0.29 .g 06
7.75 0.23 =
927 0.20 L0
10.80 0.15 o
502
13.08 0.10 5
15.37 0.06 G o
17.65 0.03 0
19.94 0.02
22.23 0.00

12 16 20 24 28 32 36
Depth, ( mm )

Xnjquo)sa] uoisnIng Aing 2pHoTYD
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Sample: PNPLAT3 Test: Bulk Diffusion Duration: 40 Days
100% OPC, No Crack
Diffusion Coefficient: 1.14E-11 m%/s
Surface Concentration: 0.75 % by Mass of Concrete
Background: 0.063 % by Mass of Concrele
Data
Depth, | Chloride Concentration,
(mm) (% by Mass of Concrete) PNPLAT3
0.89 0.88 )
1.65 0.69 g ]
=] 1 -
3.18 0.56 ; - Considered
4.70 0.50 —0.8 | a
6.22 0.37 é 0.6 - Not Considered
7.75 0.30 £"
9.27 0.24 9830_4 ]
10.80 0.12 S
13.08 0.06 g2
15.37 0.02 50 ———a _—
17.65 0.00 0 4 8 12 16 20 24 28 32 36
19.94 0.00 Depth, { mm )
22.32 0.00
24.51 0.01

XR|quo)Asa], uorsnyi( Jing pLojy)
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Sample: SNPLATI
25% SL, No Crack

Diffusion Coefficient:
Surface Concentration;

Test: Bulk Diffusion Duration: 40 Days

3.03E-12 m'/s
0.77 % by Mass of Concrete

Background: 0.072 % by Mass of Concrete
Data

Depth, Chloride Concenlration,

(mm) | (% by Mass of Concrete) _ SNPLAT1

0.89 0.68 g

1.65 0.53 g 1- o

3.18 031 :..'g) _J Considered
4.70 0.22 :::03 - o

6.22 0.16 2 0.6 Not Considered
775 0.10 %

9,27 0.08 50.4 -

o

10.80 0.06 202 -

13.08 0.04 &

15.37 0.01 5o ———— A . -}
17.65 0.00 0 4 8 12 16 20 24 28 32 36
19.04 0,01 Depth, { mm)

2223 0.00

XD quo)/sa ], uoisniyiq g apuoiy)
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Sample: SNPLAT3 Test: Bulk Diffusion Duration: 40 Days
25% SL, No Crack
Diffusion Coefficient: 5.10E-12 m¥s
Surface Concentration: 0.77 % by Mass of Concrete
Background: 0.057 % by Mass of Concrete
Data
Depth, Chloride Concentration,
(mm) (% by Mass of Concrete) SNPLAT3
0.89 0.85 2
1.65 0.68 g -
3.18 0.51 s | Considered
4.70 0.33 —0.8 |- o
c
6.22 0.20 g Not Considered
©0.6
7.75 0.11 =
927 0.06 8o
10.80 0.01 ‘;’,0 .
13.08 0.00 5
|5.37 0.0] 5 0 T T My d t 3 T T
17.65 0.01 0 4 8 12 16 20 24 28 32 36
19.94 0.00 Depth. (mm)
2223 -0.02

Xn{Ju0)Asd], uolsninq ying 3plojy)
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Sample: PSIPILAT Test: Bulk Diffusion Duration: 40 Days
100% OPC, 0.102 mm Smooth Crack
Diffusion Coefficicnt: 8.39E-12 m’/s
Surface Concentration: 0.75 % by Mass of Concrele
Background: 0.074 % by Mass of Concrete
Data
Depth, Chloride Concentration,
(mll)n) (% by Mass of Concrete) . PS1PILAT
0.89 0.60 2
1.65 0.53 2 N
3.18 0.48 :\: Conslidered
4.70 0.38 ;-::0-8 - a
6.22 0.32 § 06 - Not Considered
7.75 0.23 =
9.27 0.18 £o4 -
10.80 0.16 s
0.2
13.08 0.09 B
14.61 0.06 S50 + t + : f— i }
17.65 0.02 0 4 8 12 16 20 24 28 32 36
19.94 0.01 Depth. (mm )
22.23 0.01
24.51 0.01
26.80 0.00
29.08 0.00
31.37 0.01

¥NJU0DAsI], WO HINg P01

01-0
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Sample: PS3PILAT Test: Bulk Diffusion
100% OPC, 0.370 mm Smooth Crack

Diffusion Cocfficient: 5.48E-12 m%/s
Surface Concentration: 0.75 % by Mass of Concrete
Background: 0.066 % by Mass of Concrete
Data
Depth, Chloride Concentration,
(mm) | (% by Mass of Concrete)
0.89 0.61 =
1.65 0.57 g .
3.18 0.45 o
4.70 0.32 Zo
6.22 0.23 §0 .
7.75 0.17 £
9.27 0.11 L4
10.80 0.08 30 )
13.08 0.04 g
15.37 0.02 50
17.65 0.01
19.94 0.00
22.23 0.00
24.51 0.01

%)

Duration: 40 Days

PS3P1LAT
1 -
Considered
\ [« ]
Not Considered
0 12 16 20 24 28 32 36

Depth, { mm )

XN[JU0)ASIL HOIsNINQ NIng 3pHOYD
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Sample: PS5PILAT Test: Bulk Diffusion Duration: 40 Days
100% OPC, 0.677 mm Smooth Crack
Diffusion Coefficient: 1.O1E-11 m%/s
Surface Concentration: 0.75 % by Mass of Concrete
Background: 0.063 % by Mass of Concrete
Data
Depth, | Chloride Concentration, PILA
(mm) (% by Mass of Concrete) . PSS T
0.89 0.53 3
1.65 0.60 5 1. -
3.18 0.50 2 Considered
4.70 0.39 =08 o
7.75 0.28 E 0.6 - Not Considered
9,27 0.21 &
c0.4
10.80 0.18 S
15.37 0.05 ‘_5:
17.65 002 °° o 4 8 1; 1? 20 24 28 32 36
19.94 0.03 Depth, { mm )
22,23 0.02
24.51 0.01
26.80 0.00
29.08 0.02
31.37 0.00

Xnjquo)/sa] uoIsnIN Ing 9pofy)

(4800}
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Sample: SSIPILAT Test: Bulk Diffusion Duration: 40 Days
25% SL, 0.079 mm Smooth Crack
Diffusion Coefficient: 2.23E-12 m¥/s
Surface Concentration: 0.77 % by Mass of Concrete
Background: 0.065 % by Mass of Concrcte
Data
Depth, Chloride Concentration,
(ml:n) (% by Mass of Concrete) - SS1PILAT
0.89 0.48 3
1.65 0.44 € 4. .
3.18 0.29 s Considered
4.70 0.22 <081 o
6.22 0.15 -.% 0.6 Not Considered
7.75 0.13 e
9.27 0.09 £04 -
10.80 0.06 202
13.08 0.03 é .
1537 0.02 °° o 4 8 12-_:6 ) 2-;) 2; -2:3 2 36
1554 o01 Depn, ()
22.23 0.00
24.51 0.01
26.80 0.01
29.08 0.00

Xn[Juo?)/sa ] uoisnyjiq ying 3pUojyH

£1-0
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Sample: SS3PILAT Test: Bulk Diffusion Duration: 40 Days
25% SL, 0.341 mm Smooth Crack
Diffusion Coefficient: 2.77E-12 m/s
Surface Concentration; 0.77 % by Mass of Concrete
Background: 0.062 % by Mass of Concrete
Data
Depth, Chloride Concentration,
(mm) | (% by Mass of Concrete) _ SS3P1LAT
0.89 0.55 .3
1.65 043 g . o
3.18 0.34 ; Caonsidered
4.70 0.24 —0.8 + o
6.22 0.17 £ Not Considered
gO.G
7.75 0.14 =
5.37 0.15 204
10.80 0.12 9
50.2
13.08 0.03 5 g
15.37 0.03 S o —t e ‘ ;
17.65 0.01 0 4 8 12 18 20 24 28 32 36
19.94 0.00 Depth, (mm )
22,23 0.00
24.51 0.01
26.80 0.00
29.08 0.00
31.37 0.00

XN[{U0)/359 UOSIJIIQ Ming SPHO[U)
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Sample: SS5PILAT

25% SL, 0.616 mm Smooth Crack

Diffusion Coefficient: 2.66E-12 m%/s

Surface Concentration:

Test: Bulk Diffusion

Duration: 40 Days

0.77 % by Mass of Concrete

0.057 % by Mass of Concrete

Background;
Data
Depth, | Chloride Concentration,
{mm) | (% by Mass of Concretc)
0.89 0.68
1.65 0.52
3.18 0.33
4.70 0.22
6.22 0.11
7.75 0.07
9.27 0.03
10.80 0.03
13.08 0.01
15.37 0.01
17.65 0.01
19.94 0.01
22.23 0.01
2451 0.00
26.80 0.01
29.08 0.01
31.37 0.02

SSS5P1LAT

&% Concrete )
o o ¢

k3 =] ™ -

1 ; )

o©
(X}
.

Chioride Concentration,

=]

0 4 8 12

-
Considered

Not Considered

16 20 24 28 32 36
Depth, ( mm )

XNjJU0DASI T, UOISNIJIY Hing Loy

s1-0



Duration: 40 Days

PS1P1DEP

)
(

31913u0) 0yul ssAABu] ApLI0[Y ) UC $HIEI)) JO IdUINPU]

é% Concrete }
o«

o
o

o
>

i
v

o
N

-
Considered

Not Considered

Chioride Concentration,

o

Sample: PSI1PIDEP Test: Bulk Diffusion
100% OPC, 0.102 mm Smooth Crack
Diffusion Coefficient: 1.60E-11 m?/s
Surface Concentration: 0.75 % by Mass of Concrete
Background: 0.074 % by Mass of Concrele
Data
Depth, Chiloride Depth, Chloride
(mm) | Concentration, | (mm) | Concentration,
(% by Mass of (% by Mass of
Concrete) Concrete)
0.89 0.66 19.94 0.08
1.65 0.64 21.46 0.08
3.18 0.51 22.99 0.10
4.70 0.45 24.51 0.07
6.22 0.35 26.04 0.07
7.75 0.30 27.56 0.07
9.27 0.26 29.08 0.07
10.80 0.23 30.61 0.06
13.08 0.18 32,13 0.06
13.84 0.16 33.66 0.09
15.37 0.12 35.18 0.09
16.89 0.10 36.70 0.10
18.42 0.07 38.23 0.08

16 20 24 28 32 36
Depth, { mm )

Xn|u0)/S3 L UGS Ning pHO[D
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Sample: PS3PIDEP Test: Bulk Diffusion Duration: 40 Days
100% OPC, 0.370 mm Smooth Crack

Diffusion Coefficient: 1.41BE-11 m%/s
Surface Concentration: 0.75 % by Mass of Concrete
Background: 0.066 % by Mass of Concrete
Data
Depth, Chloride Concentration,
(mm) (% by Mass of Concrete) PS3P1DEP
0.89 0.85 =
1.65 0.76 g ; -
3.18 0.59 § Considered
4,70 0.44 Zos " o
6.22 0.39 é Not Considered
7.75 0.5 £087
927 0.22 204
10.80 0.19 ‘302 ] o
12.32 0.20 B
13.84 0.13 5 o ; ———
16.89 0.07 0 4 8 12 16 20 24 28 32 36
19.94 0.11 Depth, { mm }
22.99 0.12
26.04 0.08
29.08 0.06
32.13 0.30
35.18 0.26

njquo)/sa ] uoisnjjiq Ming apliofy)
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Sample: PS5PI1DEP Test: Bulk Diffusion Duration: 40 Days
100% OPC, 0.677 mm Smooth Crack
Diffusion Coefficient: 2.03E-11 m’/s
Surfacc Concentration: 0.75 % by Mass of Concrete
Background: 0.063 % by Mass of Concrete
Data
Depth, | Chloride Concentration,
(mm) | (% by Mass of Concrete) PS5P1DEP
0.89 0.59 ®
1.65 0.62 2 .1 .
3.18 0.55 :\: Considered
4.70 0.46 ~0.8 “
6.22 0.30 %O 6 1., Not Considered
7.75 0.37 g '
0.27 0.32 £0.4
10.80 0.26 o
12.32 0.20 ;g:o.z + .
16.89 0.14 50 —
19.94 0.12 0 4 8 12 16 20 24 28 32 36
33.99 0.07 Depth, { mm )
26.04 0.09
29.08 0.04
32.13 0.11
35.18 0.09
38.23 0.07

Xnquo)sa ] uoisnyiq ying 3pl1oiy)
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Sample: SS1PIDEP Test: Bulk Diffusion Duration: 40 Days
25% SL, 0.079 mm Smooth Crack
Diffusion Coefficient: 6.23E-12 m®/s
Surface Concentration: 0.77 % by Mass of Concrete
Background: 0.065 % by Mass of Concrete
Data
Depth, Chloride Concentration,
(mm) (% by Mass of Concrete) I SS1P1DEP
0.89 0.74 g
1.65 0.63 E 4. -
3.18 0.47 :\-): Considered
4.70 0.30 Pl ¥ -
6.22 0.22 -.% 06 - Not Considered
7.75 0.16 =
9.27 0.15 ;5’0-4
10.80 0.12 202
12.32 0.10 é .
13.84 0.10 G0 I e
0 4 B8 12 16 20 24 28 32 36
:ggz ggi Depth, ( mm )
22.99 0.04
26.04 0.06
29,08 0.04
32.13 0.05
35.15 0.03

XnjJuo)/saL uoisnyiq Ning 2pPHOIYD
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Sample: SS3PIDEP

25% SL, 0.341 mm Smooth Crack

Diffusion Coefficient:
Surface Concentration:

5.46E-12 m%/s

Test: Bulk Diffusion

0.77 % by Mass of Concrete

0.062 % by Mass of Concrete

Background:
Data
Depth, Chloride Concentration,
(mm) {% by Mass of Concrete)
0.89 0.87
1.65 0.70
3,18 0.45
4.70 0.26
6.22 0.22
7.75 0.14
9.27 0.11
10.80 0.08
12.32 0.06
13.84 0.05
16.89 0.04
19.94 0.03
22.99 0.03
26.04 0.05
29.08 0.06
32.13 0.06

é% Concrete }

[=]

o

Chioride Concentration,

o°

Duration: 40 Days

SS3P1DEP
1 ™
Considered
B -
[-]
6 Not Considered
4
2
0 4 } " s =, ", ¢ f
0 8 12 16 20 24 28 32 36
Depth, { mm )

XN[JUO)/531 UOISNIIQ NIng 3PHOJYD
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Sample: SSSPIDEP Test: Bulk Diffusion Duration: 40 Days
25% SL, 0.616 mm Smooth Crack
Diffusion Coefficient: 4.59E-12 m*/s
Surface Concentration: 0.77 % by Mass of Concrete
Background: 0.057 % by Mass of Concrete
Data
Depth, Chloride Concentration,
(mI:n) (% by Mass of Concrete) _ SSSP1DEP
0.89 0.78 f:?
1.65 0.65 e 41 .
3.18 0.48 :\3 Considered
4.70 0.25 ;:0-3 - o
6.22 0.14 -.g 0.6 Not Considered
7.75 0.12 £
9.27 0.10 £0.4
10.80 0.08 202 -
12.32 0.04 S . .
13.84 0.05 50 — A
16.89 0.04 0 4 8 12 16 20 24 28 32 236
19.94 0.04 Depth. {mm)
22.99 0.07
26.04 0.07
29,08 0.06
32,13 0.05
35.18 0.04

XN JU0)/S2 L UOISNINIA NINg 2PHOIYD
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Sample: PRIPILAT Test: Bulk Diffusion Duration: 40 Days
100% OPC, 0.097 mm Rough Crack
Diffusion Coefficient: 1.53E-11 m%s
Surface Concentration: 0.75 % by Mass of Concrete
Background: 0.052 % by Mass of Concrete
Data
Depth, Chloride Depth, Chloride
(m[:n) Concentration, (ml:n) Concentration, . PRIPILAT
(% by Mass of (% by Mass of 2
Concrete) Concrete) ]
0.51 0.62 12.70 0.15 ST . ered
1.52 0.61 13.72 0.12 Z08 | i
2.54 0.58 14.73 0.08 8 Not Considered
3.56 0.56 15.75 0.04 goe
4.57 0.57 16.76 0.02 0.4
5.59 0.52 17.78 0.00 S
6.60 0.48 18.80 20,01 202
7.62 0.4] |98| 0.01 5 0 $ + —— -+l -4 ¥ v <+ +
8.64 0.33 20.83 0.00 0 4 8 12 16 20 24 28 32 36
9.65 0.28 21.84 -0.01 Oepth, (mm )
10.67 0.22 22.86 -0.01
11.68 0.18 23.88 -0.03

(440



3J315u0;) oyur $SIITU] IPLIO[Y) U0 $IEL)) JO duUInyu]

Sample: PR3PILAT

Test: Bulk Diffusion

100% OPC, 0.297 mm Rough Crack

Diffusion Coefficient:
Surface Concentration;

1.55E-11 m¥s
0.75 % by Mass of Concrete

Background: 0.057 % by Mass of Concrete
Data
Depth, Chloride Depth, Chloride
(mm) | Concentration, | (mm) | Concentration,
(% by Mass of (% by Mass of
Concrete) Concrete)
0.51 1.09 12.70 0.15
1.52 0.77 13.72 0.11
2,54 0.67 14.73 0.10
3.56 0.60 15.75 0.07
4.57 0.53 16.76 0.05
5.59 0.47 17.78 0.05
6.60 0.41 18.80 0.04
7.62 0.36 19.81 0.01
8.64 0.32 20.83 0.01
9.65 0.26 21.84 0.02
10.67 0.23 22.86 0.01
11.68 0.17 23.88 0.00

Duration: 40 Days

PR3P1LAT

é% Concrete )
© 9O
H (=] (=] -

o
N
L

Chloride Concentration,

=]
[= R

8 12

i6 20 24
Depth, { mm )

-
Considered

Not Considered

28 32

36

XN JUODASIL UOISNYFIQ HIng IPLOTY)
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Sample: PRSPILAT
100% OPC, 0.466 mm Rough Crack
Diffusion Coefficient:

Surface Concentration:

Test: Bulk Diffusion Duration: 40 Days

8.84E-12 m%/s
0.75 % by Mass of Concrete

Background: 0.075 % by Mass of Concrete
Data

Depth, Chloride Depth, Chloride

(mm) | Concentration, | (mm) | Concentration,

(% by Mass of (% by Mass of
Concrete) Concrete)

0.25 0.60 9.91 0.20 PRSP1LAT

0.76 0.57 10.41 0.15 =

1.27 0.54 10.92 0.14 g, ;

1.78 0.48 11.43 0.15 o Considered
2.29 0.46 11.94 0.14 Zos - .

2.79 0.44 12.45 0.12 g .. Not Considered
3.30 041 12.95 0.11 £*

381 0.46 13.46 0.11 S04

4.32 0.40 13.97 0.10 o

4.83 0.41 14.48 0.08 g0

5.84 0.35 14.99 0.07 5o — ————
6.35 0.33 16.51 0.04 0 4 8 12 16 20 24 28 32 236
6.86 0.28 18.03 0.03 Depth, ( mm )

7.37 0.26 19.56 0.00

7.87 0.25 21.08 0.0l

838 0.23 22,61 0.00

8.89 0.22 24.13 0.00

9.40 0.22 25.65 0.00

XN Juo)/sa] uoisnyjiq ying apuoiy)
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Sample: SRIPILAT ‘Test: Bulk Diffusion Duration: 40 Days
25% SL., 0.099 mm Rough Crack
Diffusion Coefficient: 3.81E-12 m’/s
Surface Concentration: 0.77 % by Mass of Concrele
Background: 0.064 % by Mass of Concrete
Data
Depth, Chloride Depth, Chloride
(mm) | Concentration, | (mm) | Concentration, SR1P1LAT
(% by Mass of (% by Mass of ™
Concrete) Concrete) g
0.25 0.73 7.87 0.09 g1 -
0.76 0.6 8.38 0.07 f0s.- Considered
1.27 0.64 8.89 0.05 é Nnol Considered
1.78 0.57 9.40 0.04 £o6-
2.29 0.51 9.91] 0.05 804
2,79 0.46 10.41 0.04 8
3.30 0.41 10,92 0.03 go2
3.81 0.38 11.43 0.02 5o —
4.32 0.33 11.94 0.02 0 4 8 12 16 20 24 28 32 36
483 0.26 12.45 0.00 Depth, { mm )
5.33 0.22 12.95 0.02
5.84 0.20 13.46 0.02
6.35 0.14 13.97 0.00
6.86 0.12 14.48 0.01
7.37 0.11 14.99 0.01

XNLJU0D/S2 L. UOISAIFIQ Ying 2PLIOTD
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Sample: SR3PILAT Test: Bulk Diffusion Duration: 40 Days
25% SL, 0.284 mm Rough Crack
Diffusion Cocfficient: 5.78E-12 m’/s
Surface Concentration: 0.77 % by Mass of Concrete
Background: 0.054 % by Mass of Concrete
Data
Depth, Chloride Concentration,
(m!:n) (% by Mass of Concrete) _ SR3PILAT
0.76 0.77 2
2.29 0.58 2 .. n
3.81 0.39 :\3 Considered
5.33 0.25 :-::0-8 - o
6.86 0.22 LE? 0.6 - Not Considered
8.38 0.15 =
9.91 0.11 S04
11.43 0.07 20,2 -
12.95 0.06 -
14.48 0.03 50 : ——— ‘
16.00 0.01 0 4 8 12 16 20 24 28 32 36
17.53 0.00 Depth. {mm )
19.05 -0.01
20.57 0.01
22.10 0.01
23.62 0.01
25,15 0.01

97-D
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Sample: SR5PILAT Test: Bulk Diffusion Duration: 40 Days
25% SL, 0.472 mm Rough Crack
Diffusion Coefficient: 3.48E-12 m¥s
Surface Concentration: 0.77 % by Mass of Concrete
Background: 0.080 % by Mass of Concrete
Data
Depth, | Chloride Concentration,
(mm) | (% by Mass of Concrete) SR5P1LAT
0.51 0.59 @
1.52 0.50 5
2.54 0.44 8'7T -
" Considered
3.56 0.32 Tos 4 e
4.57 0.27 -‘c.%: 06 Not Considered
5.59 0.21 g :
6.60 0.18 804 |
7.62 0.12 S
8.64 0.11 202
9.65 0.06 §od— e L
10.67 0.01 0 4 8 12 16 20 24 28 32 36
11.68 0.03 Depth, ( mm )
12,70 0.01
13.72 0.01
14.73 0.00
15.75 0.00
16,76 0.01

XN|U0D/IS3 ] uoISNIQ Ning PO
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Sample: PRIPIDEP

100% OPC, 0.097 mm Rough Crack

Diffusion Coefficient: 1.98E-11 m’/s

Surface Concentration:

Test: Bulk Diffusion

0.75 % by Mass of Concrete
0.052 % by Mass of Concrete

PR1P1DEP

Duration: 40 Days

-k
s

é,% Concrete )

-

o©
o

1

©
>

o
(X

Chloride Concentration,

Considered

Not Considered

(=]

Background:
Data
Decpth, Chloride Concentration,
(mm) | (% by Mass of Concrete)
0.89 0.79
1.65 0.76
3.18 0.63
4.70 0.48
6.22 0.43
7.75 0.35
9.27 0.31
10.80 0.25
12.32 0.21
13.84 0.13
16.89 0.09
19.94 0.14
22,99 0.06
26.04 0.08
29.08 0.12
32.13 0.09
35.18 0.09

12 16 20 24 28 32 36

Deplh, { mm )

Xn|Juo)Asa], uoisngiq qing 2pH0IYD
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Sample: PR3IPIDEP Test: Bulk Diffusion Duration: 40 Days
100% OPC, 0.297 mm Rough Crack
Diffusion Coefficient: 1.28E-11 m%/s
Surface Concentration: 0.75 % by Mass of Concrete
Background: 0.057 % by Mass of Concrete
Data
Depth, Chloride Concentration,
(m[:n) {% by Mass of Concrete) _ PR3P1DEP
0.89 0.80 {g
1.65 0.69 g 4 -
3.18 0.49 :\: Considered
470 043 20-8 1= °
6.22 0.34 §0.6 i Not Considered
7.75 0.28 S
9.27 0.25 204
10.80 0.19 <
0.2
12,32 0.16 5 .
13.84 0.12 5o —— et T
16.89 0.09 0 4 8 12 16 20 24 28 32 36
19.94 0.05 Depth. {mm )
22.99 0.08
26.04 0.06
29.08 0.08
32,13 0.06
35.18 0.07

XD|JU0)/152 ] LOISUEIA NINH PHO)
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Sample: PRSPIDEP

100% OPC, 0.466 mm Rough Crack

Diffusion CoefTicient:

7.99E-12 m?/s

Test: Bulk Diffusion

Surface Concentration:
Background:
Data
Depth, Chiloride Concentration,
(mm) | (% by Mass of Concrete)
0.89 0.66
1.65 0.65
3.18 0.42
470 0.34
6.22 0.30
7.75 0.20
9,27 0.17
10.80 0.15
12.32 0.12
13.84 0.11
16.89 0.06
19.94 0.04
22,99 0,04
26.04 0.04
29.08 0.05
32,13 0.03
35.18 0.05

Chloride Concentration,

&% Concrete )
S o
3 [+] >

ot
[X]

0.75 % by Mass of Concrete
0.075 % by Mass of Concrcte

-
Il

(=]

Duration: 40 Days

PRS5P1DEP

Considered

Not Considered

0 4 8

12 16 20 24 28 32 36
Depth, { mm )

XR|qUOD/IS3 ], UOISATFIC NIng 2p1o[q)
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Sample: SRIPIDEP Test: Bulk Diffusion Duration: 40 Days
25% SL, 0.099 mm Rough Crack
Diffusion Coefficient: 5.01E-12 m'/s
Surface Concentration: 0.77 % by Mass of Concrete
Background: 0.064 % by Mass of Concrete
Data
Depth, Chloride Concentration,
(ml:n) (% by Mass of Concrele) = SR1P1DEP
0.89 0.88 {3
1.65 0.66 § 1t B
3.18 041 :;é - Considered
4.70 0.30 ~0.8 1 o
6.22 0.21 % 06 Not Considered
7.75 0.14 =
9.27 0.06 2o.4
10.80 0.06 I
0.2 -
12.32 0.05 &
13.84 0.04 50 —te” p mi = = a e
16.89 0.05 0 4 8 12 16 20 24 28 32 36
9.9 0.02 Depth. (mm)
22,99 0.02
26.04 0.03
29,08 0.02
32.13 0.01
35.18 0.01

XD Juo)ISa] uoIsnyiqg Hing P10y
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Sample: SR3P
25% SL, 0.284

Diffusion Coefficient:
Surface Concentration;

IDEP Test: Bulk Diffusion
mm Rough Crack

4.41E-12 m%/s
0.77 % by Mass of Concrete

Duration: 40 Days

Background: 0.054 % by Mass of Concrete
Data
Depth, Chloride Concentration,
(ml:n) (% by Mass of Concretce) . SR3P1DEP
0.89 1.03 £
1.65 0.77 2, 1. -
3.18 0.39 ;)g Considered
4.70 0.23 ;:0-8 . o
6.22 0.14 2 0.6 4 Not Cansidered
7.75 0.07 £
5.27 0.06 804 -
10.80 0.07 P
v0.2 -
12,32 0.07 5
13.84 0.07 50 P2 = 4 P =
16.89 0.05 0 12 16 20 24 28 32 36
15.94 0.05 Depth, (mm )
22,99 0.04
26.04 0.05
29.08 0.04
32,13 0.04
35.18 0.04

Xn|Ju0)/53] uoisnIIq Ning aplIo[q)
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Sample: SRSPIDEP Test: Bulk Diffusion Duration: 40 Days
25% SL, 0.472 mm Rough Crack
Diffusion Coefficient: 5.73E-12 m'/s
Surface Concentration: 0.77 % by Mass of Concrete
Background: 0.080 % by Mass of Concrete
Data
Depth, Chloride Concentration,
(mm) | (% by Mass of Concrete) SR5P1DEP
0.89 0.86 "
1.65 0.64 5
3.18 0.45 S ' -
2.70 0.39 ie-o sl Considered
6.22 0.19 -.S.z Nol Considered
7.75 0.19 £0S
9.27 0.13 804
10.80 0.08 &}
12.32 0.07 go2
13.84 0.06 LE) 0 ; ; 7 b= = = - ";
16.89 0.03 0 4 8 12 16 20 24 28 32 36
19.94 0.03 Depth, { mm )
22.99 0.03
26.04 0.02
29.08 0.04
32.13 0.03
35.18 0.05

XnJu0)/A53], uoIsngza Aing IpHO[YD

£€-0



Chloride Bulk Diffusion Test/2D Simulations D-1

APPENDIX D

CHLORIDE BULK DIFFUSION TEST

2D SIMULATIONS

Influence of Cracks on Chloride Ingress into Concrete
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Sample: PSIPIDEP
100% OPC, 0.102 mm Smooth Crack

Diffusion Coefficient of
Uncracked Concrete;
Surface Concentration:

Test: Bulk Diffusion

7.07E-12 m%/s
0.75 % by Mass of Concrete

Data
Depth, Chloride Depth, Chloride
(mm) | Concentration, | (mm) | Concentration,
(% by Mass of (% by Mass of
Concrete) Concrete)
0.89 0.66 19.94 0.08
1.65 0.64 21.46 0.08
3.18 0.51 22,99 0.10
4.70 0.45 24.51 0.07
6,22 0.35 26.04 0.07
7.75 0.30 27.56 0.07
9.27 0.26 29.08 0.07
10.80 0.23 30.61 0.06
13.08 0.18 32.13 0.06
13.84 0.16 33.66 0.09
15.37 0.12 35.18 0.09
16.89 0.10 36.70 0.10
18.42 0.07 38.23 0.08

e
=3

o
o

e
(¥

Chipride Concentration, { % Concrete )
(=]

Duration: 40 Days

PS1P1DEP

-
]

e
P

—

" e i
L T 1 1 ¥

8 12 16 20 24 28 32

Depth, { mm )
= Considered o Not Considered

—— Table Curve — 2D Simulation

SuODE[NWIS (731 UOISNIIQ YIng oprIo[y)
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Sample: PS3P1DEP

100% OPC, 0.370 mm Smooth Crack

Diffusion Coefficient of
Uncracked Concrete: 7.07E-12 m%/s

Surface Concentration:

Test: Bulk Diffusion

Data
Depth, Chloride Concentration,
(mm) (% by Mass of Concrete)
0.89 0.85
1.65 0.76
3.18 0.59
4.70 0.44
6.22 0.39
7.75 0.25
9.27 0.22
10.80 0.19
12.32 0.20
13.84 0.13
16.89 0.07
19.94 0.11
2299 0.12
26.04 0.08
29.08 0.06
32,13 0.30
35.18 0.26

0.75 % by Mass of Concrete

Duration: 40 Days

PS3P1DEP

-t
L

bt
]

e
o

e
>

o
(%)

Chloride Concentration, { % Concrete )

8 12 16 20 24 28 32 36
Depth, { mm )

= Considered a Not Considered

— Table Curve == 2D Simulation

suonENmIS (37/3S3 ], UOISNYJIQ Aing 2pHOIYD
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Sample: PS5PIDEP Test: Bulk Diffusion Duration: 40 Days
100% OPC, 0.677 mm Smooth Crack

Diffusion Coefficient of

suopemwIS (J7/1591. UOISNEJIQ NIng oPHOIT)

Uncracked Concrete: 7.07E-12 m¥s
Surface Concentration; 0.75 % by Mass of Concrete
Data
Depth, | Chloride Concentration,
(m‘:n) (% by Mass of Concrete) © PSSP1DEP
0.89 0.59 5 .|
1.65 0.62 S8
3.18 0.55 o8+
4.70 0.46 _5’06
6.22 0.30 B
7.75 0.37 §o,4
9,27 0.32 S
0.2

10.80 0.26 a
12.32 0.20 P s T S
16.89 0.14 © o0 4 8 12 16 20 24 28 32 36
19.94 0.12 Depth, ( mm )
22.99 0.07 = Considered o Not Considered
ggg; ggz —— Table Curve  —— 2D Simulation
32,13 0.11
35.18 0.09
38.23 0.07

-d
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Sample: SS1P1DEP

25% SL, 0.079 mm Smooth Crack

Diffusion Coefficient of
Uncracked Concrete: 2.93E-12 m%/s

Surface Concentration:

Test: Bulk Diffusion

Data
Depth, Chloride Concentration,
(mm) (% by Mass of Concrele)
0.89 0.74
1.65 0.63
3.18 0.47
4,70 0.30
6.22 0.22
7.75 0.16
9,27 0.15
10.80 0.12
12.32 0.10
13.84 0.10
16.89 0.05
19.94 0.04
22.99 0.04
26.04 0.06
29.08 0.04
32.13 0.05
35.15 0.03

0.77 % by Mass of Concrete

g
o

o
(M)

Chioride Concentration, ( % Concrete )

e
©
.

°©
>

Duration: 40 Days

SS1P1DEP

1 ml
0 4 8 12 46 20 24 28 32 36
Depth, (mm )
w» Considered o Not Considered

— Table Curve — 20 Simulation

SUORENIIS (1271591 U0ISNYIQ ing apHOD
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Sample: SS3P1DEP Test: Bulk Diffusion Duration: 40 Days
25% SL., 0.341 mm Smooth Crack

Diffusion Coefficient of

Suone[nwis (17531 UoIsnind Mg 2pLojy)

Uncracked Concrete: 2.93E-12 m%/s
Surface Concentration: 0.77 % by Mass of Concrete
Data
Depth, | Chloride Concentration, SS3P1DEP
(mm) | (% by Mass of Concrete) @
0.89 0.87 s .
1.65 0.70 S8
3.18 0.45 Fos
4.70 0.26 -§0. 6
6.22 0.22 e
7.75 0.14 804
9.27 0.11 S
0.2
10.80 0.08 § )
12.32 0.06 S 9 e & T T
13.84 0.05 O 0o 4 8 12 16 20 24 28 32 36
16.89 0.04 Depth, { mm )
19.94 0.03 m Considered o Nol Considered
;ggz ggg —— Table Curve - 2D Simulation
29,08 0.06
32.13 0.06

9-d
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Sample: SSSPIDEP

25% SL, 0.616 mm Smooth Crack

Diffusion Coefficient of
Uncracked Concrete: 2.93E-12 m*/s

Surface Concentration:;

Test; Bulk Diffusion

Data

Depth, | Chloride Concentration,
(mm) (% by Mass of Concrete)

0.89 0.78

1.65 0.65

3.18 0.48

4.70 0.25

6,22 0.14

7.75 0.12

9,27 0.10

10.80 0.08

12.32 0.04

13.84 0.05

16.89 0.04

19.94 0.04

22.99 0.07

26.04 0.07

29.08 0.06

32.13 0.05

35.18 0.04

0.77 % by Mass of Concrete

b
o

o
'Y

Chloride Concentration, ( % Concrete )

Duration: 40 Days

SS5P1DEP

—

A3

8 12 16 20 24 28 32 36

Depth, { mm )
=« Considered o Not Considered
— Table Curve — 2D Simulation

SUOPE[MUILS (1Z/1S9 UOISNII NIng 2PHO[YD
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Sample: PRIPIDEP

100% OPC, 0.097 mm Rough Crack

Diffusion Coefficient of
Uncracked Concrete: 7.07E-12 m’/s

Surface Concentration;

Test: Bulk Diffusion

Data
Depth, | Chloride Concentration,

{mm) (% by Mass of Concrete)
0.89 0.79

1.65 0.76

3.18 0.63

4.70 0.48

6.22 0.43

7.75 0.35

9.27 0.31

10.80 0.25

12.32 0.21

13.84 0.13

16.89 0.09

19.94 0.14
22.99 0.06
26.04 0.08
29.08 0.12

32.13 0.09

35.18 0.09

0.75 % by Mass of Concrete

e
[+

o
o

o
()

Chloride Concentration, ( % Concrete )
(=]

Duration: 40 Days

PR1P1DEP

—h
|

o
’
.

8 12 16 20 24 28 32 36

Depth, ( mm )
= Considered o Not Considered
—— Table Curve —— 2D Simulation

SUONEMWIS (G152 VOISnINIq Nitg OpHo|)
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Sample: PR3PIDEP

100% OPC, 0.297 mm Rough Crack

Diffusion Coefficient of
Uncracked Concrete: 7.07E-12 m%/s

Surface Concentration:

Test: Bulk Diffusion

Data
Depth, Chloride Concentration,
(mm) | (% by Mass of Concrete)
0.89 0.80
1.65 0.69
3.18 0.49
4.70 0.43
6.22 0.34
7.75 0.28
9.27 0.25
10.80 0.19
12.32 0.16
13.84 0.12
16.89 0.09
19.94 0.05
22.99 0.08
26.04 0.06
29,08 0.08
32.13 0.06
35.18 0.07

0.75 % by Mass of Concrete

Duration: 40 Days

PR3P1DEP

-
1

o
-]

[
[+2]
1

o
E
\

o
(¥

Chloride Concentration, ( % Concrete )
o

I : +
T T T T

8 12 16 20 24 28 32 36

Depth, ( mm )
= Considered a Not Considered
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Sample: PRSPIDEP

100% OPC, 0.466 mm Rough Crack

Diffusion Coefficient of

Uncracked Concrete:
Surface Concentration:

7.07E-12 m%/s

Test: Bulk Diffusion

Data
Depth, Chloride Concentration,
(mm) | (% by Mass of Concretc)
0.89 0.66
1.65 0.65
3.18 0.42
4.70 0.34
6.22 0.30
7.75 0.20
9.27 0.17
10.80 0.15
12.32 0.12
13.84 0.11
16.89 0.06
19.94 0.04
22.99 0.04
26.04 0.04
29,08 0.05
32,13 0.03
35.18 0.05

0.75 % by Mass of Concrete

e
X

Chloride Concentration, { % Concrete )
=]

-
'

e
[

o
o

©
'Y
1}

Duration: 40 Days

PR5P1DEP

0 4 8 12 16 20 24 28 32 36

Depth, ( mm )

3
v

=« Considered

—— Table Curve
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= 2D Simulation

SuopE[NImS (ZA%OL UoisnIi Nng 2pHO[Y)

01-d



3)213u0)) 0Ju} $$313U] APLIOYD) UO SYIBLD) JO duINYu]

Sample: SRIPIDEP

25% SL, 0.099 mm Rough Crack

Diffusion Coefficient of
Uncracked Concrete: 2.93E-12 m’/s

Surface Concentration:

Test: Bulk Diffusion

0.77 % by Mass of Concrete

Duration: 40 Days

SR1P1DEP

—
|

o
)

=]

o
o

o
P

.
]

e
(M)
.

: * ] i [ ] a F -

o

.
T

Chioride Concentration, { % Concrete )

o

8 12 16 20 24 28 32 36
Depth, { mm }

» Considered a Not Considered

—— Table Curve — 2D Simuiation

Data
Depth, Chloride Concentration,
(mm) (% by Mass of Concrete)
0.89 0.88
1.65 0.66
318 0.41
4.70 0.30
6.22 0.21
1.75 0.14
9.27 0.06
10.80 0.06
12.32 0.05
13.84 0.04
16.89 0.05
19.94 0.02
22,99 0.02
26.04 0.03
29.08 0.02
32,13 0.01
35.18 0.01
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Sample: SR3PIDEP

25% SL, 0.284 mm Rough Crack

Diffusion Coefficient of
Uncracked Concrete: 2.93E-12 m%/s

Surface Concentration:

Test: Bulk Diffusion

Data
Dcpth, Chloride Concentration,
(mm) (% by Mass of Concrete)
0.89 1.03
1.65 0.77
3.18 0.39
4.70 0.23
6.22 0.14
7.75 0.07
927 0.06
10.80 0.07
12.32 0.07
13.84 0.07
16.89 0.05
19.94 0.05
22,99 0.04
26.04 0.05
29.08 0.04
32,13 0.04
35.18 0.04

0.77 % by Mass of Concrete

Chloride Concentration, ( % Concrete )
(=]
»

e
]
.

o
o

Duration: 40 Days

SR3IP1DEP

— —
. v e v w ¥ ‘:

0 4 8 12 16 20 24 28 32 36
Depth, ( mm )

a Considered o Not Considered

—— Table Curve = 20 Simulation
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Sample: SR5PIDEP Test: Bulk Diffusion Duration: 40 Days
25% SL, 0.472 mm Rough Crack

Diffusion Coefficient of

SUOLENIIS (ZASI1 UOISNIJIQ YIng opHIo[D

Uncracked Concrete: 2.93E-12 m%/s
Surface Concentration: 0.77 % by Mass of Concrete
Data

Depth, Chloride Concentration, . SR5P1DEP
(mm) | (% by Mass of Concrete) @
0.89 0.86 5
1.65 0.64 8
3.18 0.45 ®
4.70 0.29 _S
6.22 0.19 B
7.75 0.19 3
9,27 0.13 8
10.80 0.08 4‘3’
12.32 0.07 g 9 ————e @ = e T E
13.84 0.06 © o 4 8 12 16 20 24 28 32 36
16.89 0.03 Depth, (mm )
19.94 0.03 = Considered a Not Considered
22.99 0.03 ~—— Table Curve ~ —— 2D Simulation
26.04 0.02
29.08 0.04
32.13 0.03
35.18 0.05

£1-a



Chloride Diffusion in Rough Surface Samples E-1

APPENDIX E

CHLORIDE DIFFUSION IN

ROUGH SURFACE SAMPLES

Influence of Cracks on Chloride Ingress into Concrete



Chloride Diffusion 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.[-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
sample, 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 from different equal-concentration layers. [f this assumption
is correct, then, the obtained concentration profile will not characterize the case of one
dimensional diffusion, uniess the actual 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 C,. Then, the concentration of the second equal-chloride content layer (C,) can

be derived from the following expression:
m*C:=m*Ce2+ m2*C (E-1)
Where:

m', = mass of the second ground layer portion that corresponds to the first layer

of equal concentration, m, - m,

Influence of Cracks on Chioride Ingress into Concrete



Chloride Diffusion in Rough Surface Samples

E-3

(a)

Smooth Surface Sample

Lines of Equal Concentration

(b)

Rough Surface Sample

Lines of Equal Concentration

Figure E.1 Lines of Equai Concentration for Smooth and Rough Surface Samples.

Lines of Equal Concentration

Figure E.2 Grinding the Rough Surface Sample.

Influence of Cracks on Chloride Ingress into Concrete



Chloride Diffusion in Rough Surface Samples E-4

Each following j-ground layer has a j-number 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 (m'";)
initially assumes the concentration of the first layer of equal chloride content (C,), and then,
subsequent concentration values of all 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 all the ground powder for each layer
and weigh it prior to sieving. [n order to study the sensitivity of the proposed model to the layer
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 of equal 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 model was not adequate for describing
chloride diffusion 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 simplistic and underestimates
the complicated geometry of the rough surface. For instance, the diffusion that takes piace 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 Chloride Ingress into Concrete



Chloride Diffusion in Rough Surface Samples E-5

PR3P1LAT
4 +
Cj
2 ——
Cej
0

4 : $ ; + -+ 4 + : :
0 4 8 12 16 20 24 28 32 36
Depth, (mm )

Chloride Concentration, { % Concrete )

Figure E.3 Example of Measured and Calculated Concentration Profiles: C, - 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 plotting the measured chloride concentrations of
the ground layers against the corresponding depths. Five out of a total six (with the exception
of sample PR1P1LAT) lateral chloride profiles exhibited a very good fit to the curve generated
by the Table Curve software package (Appendix B). The values of the diffusion coefficient
determined from 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

APPENDIX F

SEM/EDX CHLORIDE PROFILING

Influence of Cracks on Chloride Ingress into Concrete
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SEM/EDX Chiloride Profiling Results

Depth, Chloride Concentration,
(mm) (% by Mass of Cem., Paste)
SR31 SR32
0.5 3.78 3.61
25 2.82 2.81
4.5 231 1.84
5.5 1.69 1.55
7.5 1.22 -
10.5 0.75 -
13.5 0.51 -

Buimjoag ApLiom) XAA/WAS
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SEM/EDX Chloride Profiling, Sample of Raw Data and Calculations, Specimen SR32, Depth = 4.5 mm
Elmt App. Conc. St. Sigma Fit Index Int, Cormn. Std, Corm

Na 0.248 0062 0167 0.757 1.000
Mg 0.841 0.037 0.000 0.490 1.000
Al 0.895 0.037 0.175 0.594 1.000
Si 5111 0.060 0.561 0,734 1.000
S 1.135 0,083 0.804 1.129 1.000
Cl 1.185 0.058 0979 0.988 1.000
K 0,046 0.046 1.000 0.973 1.000
Ca 20.035 0.140 0.914 0.954 1.000
Ti 0.110 0.094 0.266 0,742 1.000
Fe 0.494 0.079 0.481 0.849 1.000
Pt 11.173 0.206 1.000 0.670 1.000
(o]

Cation sum 0.00 Sum

* = <2 Sigma

Eimt App. Conc. St. Sigma Fit Index Int. Corm. Std. Corm,
Na 0.331 0063 0139 0.759 1.000
Mg 0.889 0.038 0.000 0.491 1.000
Al 0.979 0.038 0.500 0.594 1.000
Si 5510 0.061 0.829 0732 1.000
S 1.171 0083 0.152 1.130 1.000
Ci 1.265 0.060 0.146 0.989 1.000
K 0.056 0046 0.815 0.974 1.000
Ca 20,948 0.143 2,672 0.954 1.000
Ti 0.124 0.096 0.656 0.742 1.000
Fe 0.419 0.078 0.383 0.848 1.000
Pt 11.509 0.207 0.423 0.667 1.000
(o}

Cation sum 0.00 Sum

* = <2 Sigma

Eimt App. Conc. St. Sigma Fit Index Int. Corm. Std. Corm.
Na 0.308 0.062 0.306 0.747 1.000
Mg 0.544 0.038 0,079 0.485 1.000
Al 0.768 0.036 1.025 0.596 1.000
Si 5.359 0060 2,000 0.738 1.000
s 1.092 0.083 0.391 1.149 1.000
Ci 1.374 0.061 0.125 1.003 1.000
K 0.059 0.046 1.019 0.986 1.000
Ca 22.829 0.149 1.776 0.962 1.000
Ti 0.156 0.094 0.234 0.739 1.000
Fe 0.598 0.082 0.074 0.846 1.000
Pt 10,986 0.205 1.016 0.674 1.000
o

Cation sum 0,00 Sum

* = <2 Sigma

. Elmi % Sigma % Eimi Atom. % Atom.mass At%°A.m. Conc. by m..%

0.327
1.715
1.508
6.968
1.005
1.199
0.047
20.995
0.149
0.581
16.681
23.369
74.542

Elm! %
0.436
1.812
1.649
7.524
1.036
1.280
0.058

21.950
0.167
0.493

17.248

24,733

78.386

Eimt %
0410
1.123
1.290
7.257
0.950
1.369
0.060

23.729
0.211
0.707

16.310

24.151

77.566

0.081
0.076
0.063
0.081
0.073
0.059
0.048
0.147
0.127
0.023
0.308
0.240

Sigma %
0.083
0.077
0.064
0.083
0.073
0.060
0.048
0.150
0.129
0.092
0.310
0.243

Sigma %
0.083
0.073
0.061
0.082
0.072
0.061
0.047
0.155
0.128
0.096
0.304
0.241

Na 0.56% 22.990 12.887
Mg 2779 24.310 67.558
Al 2.201 26.980 59.380
Si 9.773 28.090 274.520
S 1.235 32060 39.584
Ci 1.332 35450 47.221
K 0.047 39.100 1.850
Ca 20.635 40,080 827.043
T 0122 47.880 5.652
Fe 0.410 55.850 22.902
Pt 3.368 195.100 657,121
(o] 57.537 16.000 920.599
Cation sum 0.00 2936.516
* =<2 Sigma

Elmt Atlom. % Alom.mass At%"A.m.
Na 0.705 22.990 16.210
Mg 2774 24310 67433
Al 2.275 26980 61.371
Si 9.971 28.090 280.091
S 1.202 32.060 38.551
Ci 1.344 35450 47632
K 0.055 39.100 2.158
Ca 20.384 40.080 816.992
Ti 0.130 47.880 6.222
Fe 0.329 55.850 18.366
Pt 3.291 195.100 642.036
0 57.540 16.000 920.644
Cation sum 0.00 2917.705
* =<2 Sigma

Elmt Atom. % Atom.mass At%*A.m.
Na 0.675 22.990 15.516
Mg t.748 24.310 42495
Al 1.809 26980 48.809
St 9.780 28.090 274.713
S 1121 32060 35940
Cl 1.462 35450 51.814
K 0.058 39.100 2273
Ca 22.407 40.080 898.063
Ti 0.166 47.880 7.966
Fe 0,479 55.850 26.747
Pt 3.164 185100 617.333
(o] §7.131 16.000 914.099
Cation sum 0.00 2935.768

* = <2 Sigma

0.439
2.301
2,022
9.349
1.348
1.608
0.063
28.164
0.199
0.780
22,378
31.350
160.000

Canc. by m., %

1.633

Conc. by m.,%

1.765

Compd % Nos of lon Ca/S)

Na20 0.4414 0.305
MgO 2.844 1.511
AI203 2.848 1.186
Si02 14.908 5312
503 2.509 0.671
0.000 0.724 2111
K20 0.057 0.026
Ca0o 20376 11.217
Tio 0.198 0.066
FeO 0.748 0.223
Pto2 19.416 1.031
31.276
73.344
Compd % Nos of ion Ca/Si
Na20 0.587 0.383
MgO 3.004 1.507
Al203 3.116 1.236
Sio2 16.096 5419
S03 2.586 0.653
0.000 0.730 2.044
K20 0.070 0.030
CaO 30.712 11.078
Tio 0.223 0.071
FeQ 0.635 0.179
P102 20.078 1.788
31.270
77.108
Compd % Nos of ion Ca’Sl|
Na20 0.553 0.369
MgO 1.862 0.955
A203 2437 0.988
Si02 15.526 5,341
s03 2371 0.612
0.000 0.798 2.291
K20 0.072 0.032
Ca0 33.201 12.237
Tio 0.281 0.091
FeO 0.909 0.262
P102 18.986 1.728
31.202
76.197

BuNodd apuol) XAA/NIS
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Eimt App. Conc. St. Sigma Fit Index Int. Corm. Std. Corrn,
Na 0.2314 0.061 0.306 0.747 1.000
Mg 0,693 0038 0.289 0.486 1.000
Al 0,931 0.037 0575 0.593 1.000
Sj 4.837 0.059 0.488 0,732 1.000
s 1.281 0.083 0.239 1.150 1.000
Cl 1.575 0082 0.271 1.002 1.000
K 0.076 0046 0611 0.983 1.000
Ca 21493 0.144 1.259 0.960 1.000
Ti 0.253 0.084 0547 0.741 1.000
Fe 0.782 0.085 0.259 0.847 1.000
Pt 10.775 0.202 0455 0.674 1.000
0

Cation sum 0.00 Sum

* = <2 Sigma

Eimt App. Conc. St. Sigma Fit Index Int. Corn. Std. Corm.
Na 0.302 0.061 0,222 0.746 1.000
Mg 0.772 0.036 0.053 0.484 1.000
Al 0.870 0.037 0175 0.589 1.000
Si 4.553 0.057 0463 0,727 1.000
S 1.273 0.082 0239 1.148 1.000
C) 1.438 0080 0313 0.999 1.000
K 0.084 0.046 1.000 0.982 1.000
Ca 20,869 0.142 2,052 0.960 1.000
Ti 0.175 0,084 0391 0.743 1.000
Fe 1.043 0.088 0.556 0.849 1.000
Pt 10.805 0.201 0.390 0.674 1.000
0

Cation sum 0.00 Sum

® = <2 Sigma

Elmt App. Conc. St. Sigma Fit Index int. Corm. Std. Cormn.
Na 0.587 0.065 07222 0.756 1.000
Mg 0.749 0.037 0.026 0.485 1.000
Al 0.867 0.037 0.150 0.591 1.000
Si 4.631 0.057 0610 0.731 1.000
S 1.173 0.084 0,130 1.142 1.000
Ci 1.556 0.062 0.083 0.997 1.000
K 0.134 0.047 0574 0.978 1.000
Ca 20.27 0.141 1.638 0.956 1.000
T 0.165 0.084 0422 0.742 1.000
Fe 0.575 0.082  0.457 0.848 1.000
Pt 10.821 0203 0.301 0.674 1.000
(o)

Cation sum (.00 Sum

* = <2 Sigma

Eimt %
0.309
1.427
1.570
6.609
1113
1.572
0.078

22.377
0.341
0.923

15.979

23.587

75.087

Eimt %
0,405
1.595
1.645
6,260
1.110
1.437
0.086

21.741
0.236
1.229

16,029

23.204

74978

Eimt %
0777
1.544
1.467
6.336
1.027
1.561
0.137

21.192
0.223
0.678

16.051

22,737

73,731

Sigma %
0.082
0.073
0.062
0.080
0.072
0.062
0.047
0.150
0.127
D.100
0.299
0.238

Sigma %
0.081
0.075
0,063
0.079
0,072
0.060
0.047
0.148
0.126
0104
0,298
0.238

Sigma %
0.085
0.076
0.062
0.078
0.073
0.062
0.048
0.147
0127
0.096
0.300
0.238

Eimt Atomn. % Atom.mass At%°*A.m. Conc. by m..%

Na 0.520 22990 11.947
Mg 2.270 24310 55.194
Al 2.252 26980 60.751
Si 9.104 28.090 255.722
S 1.343 32060 43071
Cl 1.716 35450 60.826
K 0.077 39.100 2.998
Ca 21,599 40.080 865693
Ti 0.275 47.880 13.190
Fe 0.640 55850 35725
Pt 3,169 195.100 618.216
(o} 57.036 16.000 912569
Cation sum 0.00 2935.904
* = <2 Sigma

Elmt Atom. % Alom.mass Al%*A.m.
Na 0.692 22990 15,908
Mg 2.576 24310 62,634
Al 2.395 26980 64614
Si 8.753 28.090 245.879
S 1.360 32060 43.603
Cl 1.592 35450 56.434
K 0.086 39.100 3.358
Ca 21.203 40.080 B53.817
Ti 0.194 47.880 9,267
Fe 0.864 55850 48271
Pt 3.227 195100 629514
[0} 56.958 16,000 911,333
Cation sum 0,00 2944.632
* = <2 Sigma

Elmt Atom. % Atom.mass At%"A.m.
Na 1.348 22990 30.997
Mg 2.535 24310 61.616
Al 2170 26980 56.546
Si 9.003 28.090 252,838
S 1.279 32.060 40.997
Cl 1.757 35450 62.289
K 0.140 30.100 5472
Ca 21,101 40.080 845726
Ti 0,186 47.860 8.889
fe 0.485 §5.850 27.073
Pt 3.283 195.100 640.604
(o] 56.714 16.000 907 420
Cation sum 0.00 294258

® = <2 Sigma

2072

Conc. by m.,.%

1.918

Conc. by m.,%

2117

Na20
Mg0o
Al2Q3
S5i02
503

K20
CaQ
TiO
FeD
P102

Na20
Mgo
AI203
8i02
503

K20
CaO
TiO
FeO
P02

Naz20
MgO
AIZO3
5i02
503

K20
Ca0o
TIO
FeD
P02

Compd % Nos of ion Ca/Si

0416
2.366
2.967
14,139
2780
0.000
0.093
31.310
0.455
1.1868
18.600

74314

0.283
1.237
1,226
4,958
0.732
0.835 2.373
0.042
11.764
0.150
0.348
1.726
31.065

Campd % WNos of ion CarSi

0.546
2.645
3109
13.392
27173
0.000
0.103
30.420
0.315
1.581
18.658

73.541

0.378
1.408
1.309
4,784
0,743
0.870
0.047
11.643
0.106
0.472
1.763
31.130

2434

Compd % Mos of ion Ca/Si

1.047
2,560
2772
13.554
2.565
0.000
0.165
29.652
0.297
0.8723
18.684

T2.170

0.738
1.387
1.188
4.927
0.700
0.962
0.077
11.648
0,102
0.265
1,797
31.038

2.344

BuIoag 2pLo[y) XAA/INAS
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Eimt App. Conc. St. Sigma Fit index int. Cormn. Std. Corm,

Na 0.464 0063 0.528 0.761 1.000
Mg 0.980 0038 071 0.489 1.000
Al 1.045 0.038 1.325 0.589 1.000
Si 4.801 0.058 1.463 0.725 1.000
s 1.224 0.082 0.239 1.131 1.000
Cl 1.408 0.059 0.042 0.968 1.000
K 0.104 0045 0.796 0.972 1.000
Ca 18,972 0.136 1.276 0.953 1.000
Ti 0.141 0093 0.453 0.745 1.000
Fe 0619 0.080 0.519 0.849 1.000
Pt 10.754 0.202 0.797 0.667 1.000
(o]

Cation sum 0.00 Sum

* = <2 Sigma

EImt App. Conc. St. Sigma Fit Index Int. Cormn, Std. Corm.
Na 0,206 0.060 0.139 0.745 1.000
Mg 0.714 0.036 0.053 0.485 1.000
Al 0.803 0.037 0.075 0.591 1.000
Si 4,795 0,058 0.585 0.732 1.000
S 0.976 0.081 0.130 1.153 1.000
Cl 1.360 0.060 0.188 1.006 1.000
K 0.071 0.046 1.130 0.989 1.000
Ca 21,913 0.146 1.466 0.964 1.000
Ti 0.234 0.094 0.266 0.740 1.000
Fe 0,731 0.082 0.284 0.846 1.000
Pt 10.408 0.200 0.398 0.674 1.000
(o)

Cation sum 0.00 Sum

* = <2 Sigma

Eimt App. Conc. St. Sigma Fit Index int. Corm. Std. Commn.
Na 0.234 0.060 0.250 0.745 1.000
Mg 0,548 0.035 0.026 0.485 1.000
Al 0.742 0036 0.150 0.595 1.000
Si 5,054 0,059 0.439 0.737 1.000
S 1.091 0.082 0.152 1.156 1.000
Cl 1.288 0.060 0.500 1.007 1.000
K 0.074 0.046 0.981 0.990 1.000
Ca 22,019 0.146 1.397 0.964 1.000
T 0.134 0.093 0453 0.738 1.000
Fe 0.516 0.080 0.346 0.844 1.000
Pt 10,076 0.199 0610 0.673 1.000
o

Cation sum 0.00 Sum

® = <2 Sigma

Eimt % Sigma % Elmt Atom. % Atom.mass A1%'A.m. Conc. by m..%

0.611
2.003
1.773
6.624
1.082
1.423
0.107
19.904
0.189
0.729
16.121
23.157
73.722

Eimt %
0.276
1473
1.359
6.550
0.846
1.351
0.072

22,735
0.316
0.864

15.445

22.979

74.267

Elmt %
0.313
113
1.247
6.859
0.944
1.280
0.075

22.839
0.181
0.611

14973

23.014

73.467

0.082 Na 1.049 22990 24125
0.078 Mg 3.255 24310 79.130
0.064 Al 2597 26880 70.054
0.080 Si 9.320 28.090 261.786
0073 S 1.333 32060 42736
0.060 Ci 1.586 35450 56.236
0.047 K 0.108 39.100 4.233
0.143 Ca 19.623 40.080 786.501
0.128 Ti 0.156 47.880 7.454
0.095 Fe 0.516 55850 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 % Eimt Atom. % Atom.mass At%"A.m.
0.081 Na 0.476 22990 10.939
0.074 Mg 2.397 24310 58.266
0.062 A 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 35450 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 47.860 12.505
0.097 Fe 0.612 55.850 34.182
0.297 Pt 3.133 195100 611.175
0.237 O 56.831 16.000 909.299
Cation sum 0.00 2938.714

* =<2 Sigma
Sigma % EImt Atom. % Atom.mass At%"A.m.
0,080 Na 0.541 22990 12448
0,072 Mg 1.848 24310 44919
0.060 Al 1.835 26.980 49.521
0.080 Si 9.699 28.090 272.445
0.071 S 1.170 32.060 37.498
0.059 Ci 1434 35450 50.820
0.047 K 0.076 39.100 2.967
0.151 Ca 22.633 40.080 907.111
0125 Ti 0.150 47.880 7.200
0.094 Fe 0.435 565.850 24.286
0.205 Pt 3.048 195.100 594.739
0.235 O 57,131 16.000 914.097
Cation sum 0.00 2918.052

* = <2 Sigma

1.930

Conc. by m.,.%

1.819

Conc. by m..%

1.742

Naz20
Mgo

AI2O3

Sioz2
503

K20
Ca0
Tio
FeO
P02

Naz20
MgO
AIl203
S8i02
S03

K20
CaO
TiO
FeO
PtO2

Na20
MgOo
Al203
Si02
S03

K20
CaO
Ti0
FeO
P02

Compd % Nos of ion Ca/Si

0.823
3.3
3.350
14171
2.701
0.000
0.128
27.850
0.252
0.938
18.765

72,299

Compd % Nos of ian CalSi

0.373
2442
2,567
14.012
2,113
0.000
0.086
31.811
0.422
1111
17.979

72915

0.573
0.827
0.040
12311
0.143
0.336
1.718
31173

2.432

Compd % Nos of ion Ca/Si

0.422
1.875
2,356

0.296
1.010
1.003
5.300
0.639
0.783

2,333

Suryoad spuoiy) XAT/WIS

. |
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Eimt App. Conc. St. Sigma Flt Index int. Corrn,. Std, Cormn. Eimt % Sigma %

Na 0.382 0.061 0,222 0.748 1.000
Mg 0.727 0,036 0.000 0.484 1.000
Al 0.820 0.036 0.125 0.590 1.000
Si 4,708 0.058 0.268 0.730 1.000
S 1.004 0.081 0.283 1.147 1.000
Ci 1.334 0.0598 0.271 1.001% 1.000
K 0.041 0.045 0.500 0.584 1.000
Ca 20.551 0.142 0.724 0.962 1.000
Ti 0.305 0.094 0.766 0.742 1.000
Fe 0.762 0.084 0.753 0.847 1.000
Pt 10.304 0.200 0.301 0.672 1.000
(s}

Cation sum 0.00 Sum

® = <2 Sigma

0.511
1.502
1.390
6.448
0.876
1.332
0.042
21,371
0.410
0.899
15.334
22.509
72,623

0.081
0.074
0.062
0.079
0.071
0.059
0.046
0.148
0.127
0.099
0.297
0.236

Eimt Atom. % Atom.mass At%"A.m. Conc. by m.,%

Na 0.898 22.990
Mg 2.496 24.310
Al 2.082 26.980

Si 9.278 28.090
S 1.104 J32.060
C 1.519 35.450
K 0.043 39.100
Ca 21.549 40.080
Ti 0.346 47.8680
Fe 0.651 55.850
Pt 3.176 195.100

(o] 56.857 16.000
Cation sum 0.00
* = <2 Sigma

20.647
60.683
56,162
260.632
36,397
§53.836
1.689
863.683
16.581
36.337
619.730
809.717
2935.094

Avarage

1.834

1.844

Compd % Nos of ion Ca/Si
Na20 0.689 0.492
MgOo 2,490 1.368
AI203 2,626 1.141
Sio2 13.794 5.086
S03 2,187 0.605
0.000 0.832 2322
K20 0.050 0.024
CaOo 29,902 11.813

TiO 0.548 0.190
FeO 1.157 0.357
P02 17.849 1.741
31.168

71.291

2279
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Chleride Diffusion Cell

APPENDIX G

CHLORIDE DIFFUSION CELL

Influence of Cracks on Chioride Ingress into Concrete



Chloride Diffusion Cell G-2

Calculation Example - Crack Width, Sample PS1D1

Constant: D¢~ = 2.03E-09 m/s - chloride diffusion coefficient in water,

(CRC Handbook, 1977)

Fixed Variable: C, = 500 mole/m’ - concentration of the upstream solution
Test Variables: D=0.10l m - sample diameter

x=0.038 m - sample thickness

S =8.81E-10 mole/s - slope of steady state from regression
Calculations: J=S/A, - steady state flux, mole/s*m’

substituting J in Fick’s first law (Equation 2-3) -

A, =S*x/Dy*C, - surface area of the crack, m*
A, =333E-05 m*

Cw=A_/D - crack width, m

Cw=331E-04 m=0.331 mm

Influence of Cracks on Chloride Ingress into Concrete



Chloride Diffusion Cell

G-3

Sample: PS1DI Test: Diffusion Cell
100 % OPC, 0.115 mm Smooth Crack
Cell Volume: 0.590L
Diameter: 0.101 m
Thickness: 0.038m
Calculated Crack Width: 0.331 mm
Data:
Day Hour Elapsed |Downst. ]| Mass
Month Time, Conc., Passed,
Year (Days) |(mg/L) ("E)
18-Feb-00] 02:05 PM 0.00 0.00 0.00
18-Feb-00| 04:20 PM 0.09 21.40 12.63
18-Feb-00{ 06:05 PM 017 47.00 27.94
19-Feb-00| 05:45 PM 1.15 35.60 21.69
21-Feb-00] 05:38 PM 3.15 41.20 25.35
22-Feb-00] 12:42 PM 3.94 35.10 22.16
24-Feb-00| 01:47 PM 5.99 58.60 36.38
26-Feb-00] 11:29 PM 8.39 66.50 41.62
28-Feb-00] 11:13 PM 10.38 66.90 42.53
01-Mar-00{ 01:21 PM 11.97 52.10 34.46
03-Mar-00} 01:17 PM 13.97 72.50 47.02
06-Mar-00{ 12:04 PM 16.92 65.70 43.73
08-Mar-00} 02:07 PM 19.00 93.90 61.03
10-Mar-00] 01:55 PM 20.99 96.30 63.38
13-Mar-00] 12:22 PM 23.93 105.10 69.54
17-Mar-00] 02:32 PM 28.02 93.40 63.69
22-Mar-00] 12:20 PM 32.93 128.80 85.51
27-Mar-00] 01:30 PM 37.98 148.70 100.02
03-Apr-00| 02:36 PM 45.02] 160.10 106.75
10-Apr-00] 04:40 PM 52.11 185.90 123.57
17-Apr-00] 08:21 PM 59.26] 215.10 142.66
25-Apr-001 12:53 PM 66.95] 242.50 160.97
01-May-00| 12:23 PM 7293] 25580 171.25
08-May-00] 01:20 PM 79.97] 285.90 191.56
17-May-00] 10:15 AM 88.84] 328.60] 219.62
23-May-00| 01:10 PM 9496 352001 236.71
29-May-00| 01:30 PM 100.98] 372.90} 252.56
12-Jun-00] 12:15PM 11492] 44450} 29853
26-Jun-00{ 11:20 AM 128.89] 505.50] 338.97
10-Jul-00] 04:25 PM 143.10] 568.60 381.25

Influence of Cracks on Chloride Ingress into Concrete



Chloride Diffusion Cell

PS1D1

1200
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v
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300 -

Mass of Chlorides Diffused, ( mg )

o
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Time, { Days )
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Chloride Diffusion Cell

G-5

Sample: PS1D2 Test: Diffusion Cell
100 % OPC, 0.064 mm Smooth Crack
Cell Volume: 0.590L
Diameter: 0.10l m
Thickness: 0.039m
Calculated Crack Width: 0.548 mm
Data:
Day Hour Elapsed |Downst. |Mass
Month Time, Conc., Passed,
Year (Days) J(mglL) |(mg)
18-Feb-00) 02:12 PM 0.00 0.00 0.00
18-Feb-00] 04:20 PM 0.09 0.00 0.00
18-Feb-00| 06:05 PM 0.16 37.30 22.01
19-Feb-00]| 05:45PM 1.15 30.80 18.85
21-Feb-00} 05:40 PM 3.14 32.20 19.68
22-Feb-00| 12:44 PM 3.94 40.20 24.72
24-Feb-00] 01:48 PM 5.98 56.20 34.56
26-Feb-00| 11:30 PM 8.39 76.30 46.98
28-Feb-00| 01:14 PM 9.96 76.40 47.81
01-Mar-00] 01:22 PM 11.97 70.80 4527
03-Mar-Q0| 01:18 PM 13.96 116.60 73.00
06-Mar-00] 12:05 PM 16.91 151.00 94 .46
08-Mar-00| 02:08 PM 19.00 166.40 105.05
10-Mar-00| 01:56 PM 20.99 208.80 131.73
13-Mar-00{ 12:23 PM 23.921 232.90 148.04
17-Mar-00| 02:33 PM 28.01 239.90 154.50
22-Mar-00| 12:21 PM 3292 279.80 180.44
27-Mar-00§ 12:53 PM 37.95] 40940 259.70
03-Apr-00| 02:37 PM 45,02 411.20 264.86
10-Apr-001 04:41 PM 52.10] 43440] 28266
17-Apr-00| 08:22 PM 59.26| 481.80| 314.97
25-Apr-00| 12:54 PM 66.95 589.50 383.33
01-May-00 | 12:24 PM 7293 632201 41442
08-May-00] 01:20 PM 79.96 650.00 431.24
17-May-00] 10:15 AM 88.841 685.10] 45845
23-May-00] 01:10 PM 94.96 717.10 484.18
29-May-00] 01:30 PM 100.97 751.50 511.65
12-Jun-00| 12:15PM 114.92 820.40 559.81
26-Jun-00} 11:20 AM 128.88] 863.20] 593.27
10-Jul-00§ 04:25 PM 143.09 915.10 632.52

Influence of Cracks on Chloride Ingress into Concrete



Chloride Diffusion Cell

PS1D2
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Chloride Diffusion Cell

Sample: SSID1 Test: Diffusion Cell
25 % Slag, 0.102 mm Smooth Crack
Cell Volume: 0.593L
Diameter: 0.102m
Thickness: 0.040 m
Calculated Crack Width: 1.023 mm
Data:
Day Hour Elapsed |Downst. |Mass
Month Time, Conc., |Passed,
Year (Days) f(mglL) |(mg)
18-Feb-00] 03:05 PM 0.00 0.00 0.00
18-Feb-00{ 04:20 PM 0.05 0.00 0.00
18-Feb-00] 06:05 PM 0.13 29.40 17.43
19-Feb-00] 05:45 PM 1.1 31.10 18.74
21-Feb-00] 05:42 PM 3.1 73.80 44,37
22-Feb-00] 12:46 PM 3.90 84.10 51.21
24-Feb-00] 01:50 PM 595§ 134.80 82.12
26-Feb-00] 11:32 PM 8.35] 165.20 101.50
28-Feb-00} 01:16 PM 9.92| 228.20 140.51
03-Mar-00] 01:19PM 13.931 23560 149.46
06-Mar-00} 12:06 PM 16.88| 299.00 187.13
08-Mar-00] 02:09 PM 18.96] 327.60 207.08
10-Mar-00| 01:57 PM 20.95) 356.00 221.20
13-Mar-00] 12:24 PM 23.89] 365.90 236.63
17-Mar-00] 02:34 PM 27.98] 423.50 274.44
22-Mar-00] 12:22 PM 32.801 471.80 307.32
27-Mar-00] 12:54 PM 37.91 568.70 369.50
03-Apr-00] 02:38 PM 44981 626.30 409.34
10-Apr-00} 04:42 PM 52.07|] 74580 486.47
17-Apr-00| 08:23 PM 59.22] 900.00 585.37
25-Apr-Q0] 12:55 PM 66.91} 1017.70 664.16
01-May-00] 12:25 PM 72.89] 1066.90 703.52
08-May-00] 01:20 PM 79.93] 1096.40 73168
17-May-00| 10:15 AM 88.80] 1154.20 776.92
23-May-00] 01:10PM 9492} 1208.20 820.48
29-May-00f 01:30 PM| 100.93] 1263.50 865.36
12-Jun-00] 12:15PM] 114.88] 1435.50 979.99
26-Jun-00] 11:20 AM| 128.84] 1640.20 1115.73
10-Jul-00] 04:25PM| 143.06] 1754.80 1200.09

Influence of Cracks on Chloride Ingress into Concrete



Chloride Diffusion Cell

G-8
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Chioride Diffusion Cell

G-9

Sample: SSID2

Test: Diffusion Cell
25 % Slag, 0.078 mm Smooth Crack

Celi Volume: 0.620L
Diameter: 0.10l m
Thickness: 0.039m
Calculated Crack Width: 1.079 mm
Data:
Day Hour Elapsed |Oownst. |Mass
Month Time, Conc., Passed,
Year (Days) J(mgi) }(mg)
18-Feb-00) 03:25 PM 0.00 0.00 0.00
18-Feb-00] 04:20 PM 0.04 17.10 10.60
18-Feb-001 06:05 PM 0.11 30.90 19.33
19-Feb-00| 05:47 PM 1.10 32.70 20.75
21-Feb-00] 05:44 PM 310 78.80 49.66
22-Feb-00] 12:48 PM 3.89 86.90 55.47
24-Feb-00| 01:51 PM 5.93 143.70 91.56
26-Feb-00]| 11:33PM 8.34| 176.10| 113.08
28-Feb-00] 01:17PM 9.91 215.30 139.15
01-Mar-00| 01:25 PM 11.92 226.90 148.49
03-Mar-00] 01:20 PM 13.91] 268.90] 176.80
06-Mar-00]| 12:07 PM 16.86 339.20] 223.08
08-Mar-00| 02:10 PM 18.95] 37080| 246.06
10-Mar-00] 01:58 PM 2094| 41400 27711
13-Mar-00] 12:25 PM 23.88) 45960 30897
17-Mar-00| 02:35 PM 2797 51880] 350.27
22-Mar-00| 12:23PM 32.87| 593.30] 40165
27-Mar-00| 12:55 PM 37.90| 641.80] 43766
03-Apr-00] 02:39 PM 4497| 706.10) 48394
10-Apr-00| 04:43 PM 52.05| 846.10| 577.80
17-Apr-00| 08:24 PM 59.21| 899.90| 619.62
25-Apr-00| 12:56 PM 66.90] 1035.30 712.56
01-May-00] 12:26 PM 72.88| 1090.70| 757.27
08-May-00| 01:20 PM 79.91] 115060| 805.31
17-May-00| 10:15 AM 88.78| 123860| 871.38
23-May-00{ 01:10PM 94.91| 128840| 91464
29-May-00| 01:30PM | 100921 1332.00| 954.55
12-Jun-00} 12:15 PM 114.87| 1483.50| 1061.80
26-Jun-00f 11:20AM| 128.83] 1567.10| 112847
10-Jul-00] 04:25 PM 143.04] 1651.50] 1196.47

Influence of Cracks on Chloride Ingress into Concrete



Chloride DifTusion Cell
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Depth of Chloride Penetration vs Time/Including Aggregate

APPENDIX H
DEPTH OF CHLORIDE PENETRATION
VS TIME

INCLUDING AGGREGATE

Influence of Cracks on Chloride Ingress into Concrete



Depth of Chloride Penetration vs Time/Including Aggregate

H-2

PNPS5;

V=628 mm.

PNPS5;

V=6.33 mm.

PNP6;

V =784 mm.

PNP6;

V =7.76 mm.

100 % OPC, No Crack, 4 Days of Chloride Exposure

Influence of Cracks on Chloride Ingress into Concrete



Depth of Chloride Penetration vs Time/Including Aggregate H-3

PNP7;

V=11.20 mm.

PNP7;

V=1{1.53 mm.
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PNPS;

V= 10.00 mm.

PNPS;

V=933 mm.

100 % OPC, No Crack, 16 Days of Chloride 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=18.17mm.

PNP4;

V=115 mm.

PNP4;

V=11.34 mm.

100 % OPC, No Crack, 36 Days of Chloride Exposure

Influence of Cracks on Chloride Ingress into Concrete



Depth of Chloride Penetration vs Time/Including Aggregate

H-3

SNP5;

V=327 mm.

SNP3;

V=427 mm.

SNP6;

V=487 mm.

SNP6;

V=535 mm.

25 % Slag, No Crack, 4 Days of Chloride Exposure

Influence of Cracks on Chloride Ingress into Concrete



Depth of Chloride Penetration vs Time/Including Aggregate

SNP7;

SNP7,

SNPS;

SNPS8;

25 % Slag, No Crack, 16 Days of Chloride Exposure

V=536 mm.

V=571 mm.

V=723 mm.

V=695 mm.

Influence of Cracks on Chloride Ingress into Concrete



Depth of Chloride Penetration vs Time/Including 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 Days of Chloride Exposure

Influence of Cracks on Chloride Ingress into Concrete



Depth of Chioride Penetration vs Time/Including Aggregate

H-8

PS1P6,
Cw=0.114 mm;

V=645, L=13.11 mm.

PS1P6,
Cw=0.114 mm;

V=572, L=13.04 mm.

PSIP7,
Cw=0.120 mm;

V=4.80, L=9.68 mm.

PS1P7,
Cw=0.120 mm,

V=436, L=8.60 mm.

100 % OPC, Single Smooth Crack, 4 Days of Chleride Exposure

Influence of Cracks on Chloride Ingress into Concrete



Depth of Chloride Penetration vs Time/Including Aggregate

H-9

PSIPS§,
Cw=0.113mm;

V=11.69,L=15.00mm

PSIP8,
Cw=0.113mm;

V=11.46,L=14.50mm

PS1P4,
Cw=0.135mm;

V=9.43, L=11.35mm.

PS1P4,
Cw=0.135mm;

v=9.50, L=11.58mm.

100 % OPC, Single Smooth Crack, 16 Days of Chloride Exposure

Influence of Cracks on Caloride Ingress into Concrete



Depth of Chloride Penetration vs Time/Including Aggregate

H-10

PS1P3,
Cw= 0.113 mm;

V=1323,L=972 mm.

PSI1P3,
Cw=0.113 mm;

V=11.78,L=7.07 mm.

PS1P5,
Cw=0.113 mm;

V=1148,L=11.52mm.

PSIPS,
Cw=0.113 mm;

V=15.04,L = 16.09mm.

100 % OPC, Single Smooth Crack, 36 Days of Chloride Exposure

Influence of Cracks on Chloride Ingress into Concrete



Depth of Chloride Penetration vs Time/Including Aggregate

H-11

SS1PS,
Cw=0.106 mm;

V=3.11, L=9.00 mm.

SS1PS,
Cw=10.106 mm;

V=4.84, L=6.96 mm.

SS1P7,
Cw=0.118 mm;

v=2.09, L=9.72 mm.

SSIP7,
Cw=0.118 mm;

v=2.02, L=9.58 mm.

25 % Slag, Single Smooth Crack, 4 Days of Chloride Exposure

Influence of Cracks on Chloride Ingress into Concrete



Depth of Chloride Penetration vs Time/Including Aggregate

H-12

SS1P8,
Cw =0.098 mm;

V=4.06,L=16.12mm.

SSIPS,
Cw =0.098 mm,

V=6.12,L=18.59mm.

SS1P6,
Cw =0.106 mm;

v=11.73,L=11.18mm.

SS1Pe,
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 Ingress into Concrete



Depth of Chloride Penetration vs Time/Including Aggregate

H-13

SS1P3,
Cw=0.133 mm;

V=5.96, L=15.76 mm.

SS1P3,
Cw=0.133 mm;

=9.68, L=16.80mm.

SS1P4,
Cw=0.121 mm;

=6.54, L=15.85 mm.

SS1P4,
Cw=0.121 mm;

=5.12, L=13.48 mm.

25 % Slag, Single Smooth Crack, 36 Days of Chloride Exposure

Influence of Cracks on Chloride Ingress into Concrete



Depth of Chloride Penetration vs Time/Including Aggregate H-14

P2S1P3,
Cw=0.123, 0.10]1 mm;

V=217,L=7.19 mm.

P2S1P3,
Cw=0.123, 0.101 mm;

vV =2.80,L =8.56 mm.

P2S1P4,
Cw=0.110,0.113 mm;

V=3.18,L =9.05 mm.

P2S1P4,
Cw=0.110,0.113 mm;

V=288,L=736mm.

100 % OPC, Double Smooth Cracks, 1 Day of Chloride Exposure

Influence of Cracks on Chloride Ingress into Concrete



Depth of Chloride Penetration vs Time/Including Aggregate H-15

P2S1P3,
Cw =0.106, 0.092 mm;

V=344 L=1131 mm.

P2S1P3,
Cw =0.106, 0.092 mm;

V=3.15L=998 mm.

P2SiP7,
Cw=0.106,0.123 mm;

V=6.32,L=837mm.

P2S1P7,
Cw=0.106, 0.123 mm;

V=5.65L=742 mm.

100 % OPC, Double Smooth Cracks, 4 Days of Chloride Exposure

Influence of Cracks on Chloride Ingress into Concrete



Depth of Chloride Penetration vs Time/Including Aggregate H-16

P2S1Pe6,
Cw =0.089, 0.094 mm;

V=8.12, L = {4.80 mm.

P2S1P6,
Cw =0.089, 0.094 mm;

V=7.63,L=12.00 mm.

P2S1P8,
Cw =0.106, 0.100 mm,;

V=890,L=10.18 mm.

P2S1P8,
Cw =0.106, 0.100 mm;

V=10.00,L =9.85 mm.

100 % OPC, Double Smooth Cracks, 7 Days of Chloride Exposure

Influence of Cracks on Chloride Ingress inte Concrete



Depth of Chloride Penetration vs Time/Including Aggregate

H-17

S2S1P8,
Cw=0.124,0.130 mm;

V=595 L=6.55 mm.

S2S1PS8,
Cw=0.124,0.130 mm;

V=8.15L=568 mm.

S2S1P6,
Cw =0.125, 0.094 mm;

V=245,L=7.64 mm.

S2S1P6,
Cw =0.125, 0.094 mm;

vV =2.18,L=6.00 mm.

25 % Slag, Double Smooth Cracks, 4 Days of Chloride Exposure

Influence of Cracks on Chloride Ingress into Concrete



Depth of Chloride Penetration vs Time/Including Aggregate

H-18

S2S1P5,
Cw =0.089, 0.132 mm;

V =7.26,L=10.30 mm.

S2S1PS,
Cw =0.089, 0.132 mm;

V=475 L =993 mm.

S2S1P4,
Cw=0.133,0.113 mm;

V =8232,L =8.05 mm.

S2S1P4,
Cw=0.133,0.113 mm;

VvV =1756,L=10.02 mm.

25 % Slag, Double Smooth Cracks, 7 Days of Chloride Exposure

Influence of Cracks on Chloride Ingress into Concrete



Depth of Chloride Penetration vs Time/Excluding Aggrepate

I-1

APPENDIX I

DEPTH OF CHLORIDE PENETRATION

VS TIME

EXCLUDING AGGREGATE

Influence of Cracks on Chloride Ingress into Concrete



Depth of Chloride Penetration vs Time/Excluding Aggregate

PNP5;

PNPS;

Ve =4.36 mm.

PNP6;

Ve =4.17 mm.

PNPé;

Ve=431 mm.

100 % OPC, No Crack, 4 Days of Chloride Exposure

Ve=4.6]1 mm.

Influence of Cracks on Chleride Ingress into Concrete



Depth of Chloride Penetration vs Time/Excluding Aggregate I-3

PNP7;

Ve =9.69 mm.

PNP7,

Ve=8.77 mm.

PNPS,;

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

PNP3;
Ve =14.20 mm.
PNP3;
Ve = 15.40 mm.
PNP4;
= Ve=11.73 mm.
-
3
A
PNP4;
Ve =11.50 mm.

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
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25 % Siag, No Crack, 4 Days of Chloride Exposure

SNP5;

Ve = 1.80 mm.

SNPS;

Ve=1.55 mm.

SNPe6,

Ve=1.63 mm.

SNP6;

Ve = 1.53 mm.

Influence of Cracks on Chloride Ingress into Concrete



Depth of Chloride Penetration vs Time/Excluding Aggregate 1-6

SNP7;

Ve=3.74 mm.

SNP7;

Ve =294 mm.

SNPS;

Ve=135.27 mm.

SNP3,;

Ve = 5.00 mm.

25 % Slag, No Crack, 16 Days of Chloride Exposure

Influence of Cracks on Chloride Ingress into Concrete



Depth of Chloride Penetration vs Time/Excluding Aggregate

SNP3;

SNP3;

SNP4;

SNP4,

25 % Slag, No Crack, 36 Days of Chloride Exposure

Ve=15.18 mm.

Ve=4.71 mm,

Ve =6.63 mm.

Ve =5.43 mm.

Influence of Cracks on Chloride Ingress into Concrete



Depth of Chloride Penetration vs Time/Excluding Aggregate

PS1P6,
Cw=0.114 mm;

Ve=4.94,Le=8.00 mm.

PS1P6,
Cw=0.114 mm;

Ve=3.00,Le=9.00 mm.

PS1P7,
Cw=0.120 mm;

Ve=4.40,Le=8.18 mm.

PS1P7,
Cw=0.120 mm;

Ve=4.06,Le=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 Time/Excluding Aggregate I-9

PSIPS,
Cw=0.[13 mm;
Ve =6.60 mm,

Le=11.44 mm.

PSI1PS,
Cw=0.113 mm;
Ve =8.80 mm,

Le =10.88 mm.

PSiP4,
Cw=0.135 mm;
Ve=7.11 mm,

Le =9.00 mm.

T e

PS1P4,
Cw=0.135mm;
Ve =7.00 mm,

Le=11.00 mm.

100 % OPC, Single Smooth Crack, 16 Days of Chloride Exposure

Influence of Cracks on Chloride Ingress into Concrete



Depth of Chloride Penetration vs Time/Excluding Aggregate

1-10

PSIP3,
Cw= 0.113 mm;

Ve =11.00, Le =8.50 mm.

PS1P3,
Cw=0.113 mm;

Ve=10.50, Le=6.11 mm.

PS1PS,
Cw=0.113 mm;

Ve=10.27, Le=13.50 mm.

PS1PS5,
Cw=0.113 mm;

Ve=12.89, Le = 16.00 mm.

100 % OPC, Single Smooth Crack, 36 Days of Chloride Exposure

Influence of Cracks on Chloride Ingress into Concrete



Depth of Chloride Penetration vs Time/Excluding Aggregate I-11

SS1PS,
Cw=0.106 mm;

Ve=203,Le=6.93 mm.

SS1PS,
Cw=10.106 mm;

Ve =2.43, Le =6.00 mm.

SO — - SS1P7
Al Aadt 4 Py Fats et /A /g 'w!’qu—v". o [l
A

‘ ’ Cw=0.118 mm;

Ve=147,Le=7.50mm.

SS1P7,
Cw=0.118 mm,;

Ve=137,Le=7.10mm.

25 % Slag, Single Smooth Crack, 4 Days of Chloride Exposure

Influence of Cracks on Chloride Ingress into Concrete



Depth of Chloride Penetration vs Time/Excluding Aggregate

1-12

SS1P8,
Cw =0.098 mm:

Ve=2.93, Le=10.86mm.

SS1Pg,
Cw =0.098 mm;

Ve=4.17, Le=16.75mm.

SS1P6,
Cw=0.106 mm;

Ve=3.00, Le=11.00mm.

SS1P6,
Cw =1{.106 mm;

Ve=31.71, Le=11.83mm.

25 % Slag, Single Smooth Crack, 16 Days of Chloride Exposure

Influence of Cracks on Chloride Ingress into Concrete



Depth of Chloride Penetration vs Time/Excluding Aggregate

I-13

SS1P3,
Cw=0.133 mm;
Ve=4.10 mm,

Le=14.22 mm.

SS1P3,
Cw =0.133 mm;
Ve =6.33 mm,

Le =12.70 mm.

SS1P4,
Cw=0.121 mm;
Ve =4.80 mm,

Le=15.17 mm.

SS1P4,
Cw=0.121 mm;
Ve =479 mm,

Le=10.55 mm.

25 % Slag, Single Smooth Crack, 36 Days of Chloride Exposure

Influence of Cracks on Chloride Ingress into Concrete



Depth of Chloride Penetration vs Time/Excluding Aggregate

1-14

P2S1P3,
Cw =0.123, 0.101 mm;

Ve=1.77,Le=6.26 mm.

P2S1P3,
Cw=0.123,0.101 mm;

Ve=333,Le=746 mm.

P2S1P4,
Cw=0.110,0.113 mm;

Ve=1.62, Le =9.03 mm.

P2S1P4,
Cw=0.110,0.113 mm;

Ve=1.21,Le=6.41 mm.

100 % OPC, Double Smooth Cracks, 1 Day of Chioride Exposure

Influence of Cracks on Chloride Ingress into Concrete



Depth of Chioride Penetration vs Time/Excluding Aggregate I-15

P2S1PS,
Cw =0.106, 0.092 mm;

Ve=345, Le=8.27 mm.

P2S1P5,
Cw =0.106, 0.092 mm;

Ve =3.00,Le=8.17 mm.

P2S1P7,
Cw=0.106, 0.123 mm;

Ve =4.50, Le = 6.00 mm.

P2S1P7,
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 Time/Excluding Aggregate I-16

P2StP6,
Cw =0.089, 0.094 mm;

Ve =5.86, Le = 11.07 mm.

P2S1iP6,
Cw = 0,089, 0.094 mm;

Ve =580, Le=9.52 mm.

P2S1P8,
Cw =0.106, 0.100 mm;

Ve =6.83 Le =8.60 mm.

P2S1P8,
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

I1-17

S2S1Pg,
Cw =0.124,0.130 mm;

Ve =3.50, Le =5.65 mm.

S2S1P8,
Cw=0.124,0.130 mm,

Ve=4.25Le=545mm.

S2S1Pe,
Cw =0.125, 0.094 mm;

Ve =255, Le=7.14 mm.

S2S1P6,
Cw =0.125§, 0.094 mm;

Ve=248, Le=5.39 mm.

25 % Slag, Double Smooth Cracks, 4 Days of Chloride Exposure

Influence of Cracks on Chioride Ingress into Concrete



Depth of Chlaride Penetration vs Time/Excluding Aggregate 1-18

S2S1Ps,
Cw =0.089, 0.132 mm;

Ve=15.20, Le = 7.95 mm.

S2S1PS,
Cw =0.089, 0.132 mm;

Ve =4.00, Le = 8.83 mm.

S251P4,
Cw=0.133,0.113 mm;

Ve =4.44, Le = 6.90 mm.

S2S1P4,
Cw=0.133,0.113 mm;

Ve=15.33,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 Time/Results J-1

APPENDIX J

DEPTH OF CHLORIDE PENETRATION

vS TIME

RESULTS

Influence of Cracks on Chloride Ingress into Concrete



Depth of Chloride Penetration vs Time/Results

Depth of Chloride Penetration vs Square Root of Time.

100 % OPC, No Crack

Vertical Penetration

n
o

Depth of Chlaride Penetration, { mm )

0 1 2 3 4 5 6
Square Root of Time, { Days*1/2)

V - vertical depth of chloride penetration including aggregate;

Ve - vertical depth of chloride penetration excluding aggregate.

Influence of Cracks on Chloride Ingress into Concrete



Depth of Chloride Penetration vs Time/Results J-3

Depth of Chloride Penetration vs Square Root of Time.

25 % Slag, No Crack

Vertical Penetration
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8 9 1 2 3 4 5 6

Square Root of Time, { Days*1/2 )

V - vertical depth of chloride penetration including aggregate;

Ve - vertical depth of chloride penetration excluding aggregate.

Influence of Cracks on Chloride Ingress into Concrete



Depth of Chloride Penetration vs Time/Resuits J-4

Depth of Chloride Penetration vs Square Root of Time.

100 % OPC, Single Smooth Crack
Vertical Penetration

Ex
i
s ®
§12 + . \Y;
% Q
]
884
5 Ve
=
Q 4.
s
£
20 ; ; . .
B 9 1 2 3 4 5 6
Square Root of Time, ( Days*1/2 )

100 % OPC, Single Smooth Crack
- Lateral Penetration
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¢
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3 . L
c12
d.: * i a
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8
£
S a4l
2
X L— : : ; ; ;
Q 2 3 4 5 6

o
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Square Root of Time, ( Days*1/2 )

V and Ve - vertical depth of chloride penetration 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 J-§

Depth of Chloride Penetration vs Square Root of Time.

25 % Slag, Single Smooth Crack

Vertical Penetration

Y]
J—
1

o <o

L
<
@

Depth of Chicride Penetration, ( mm )

0 1 2 3 4 5 6
Square Root of Time, { Days*1/2 )

25 % Slag, Single Smooth Crack

Lateral Penetration

n
o

o
ol R |

[ + e 4 o

Depth of Chioride Penetration, ( mm )

0 1 2 3 4 S 6
Square Root of Time, ( Days*1/2 )

V and Ve - vertical depth of chloride penetration 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

Depth of Chloride Penetration vs Square Root of Time.

100 % OPC, Double Smooth Cracks

Vertical Penetration
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$Square Roat of Time, ( Days*1/2 )

V and Ve - vertical depth of chloride penetration including and excluding aggregate;

L and Le - lateral depth of chloride penetration including and excluding aggregate.
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Depth of Chloride Penetration vs Time/Results J-7

Depth of Chloride Penetration vs Square Root of Time.

25 % Slag, Double Smooth Cracks

Vertical Penetration

- i o

¢ 0.5 1 1.5 2 25 3
Square Root of Time, ( Days*1/2 )

Depth of Chlaride Penetration, ( mm )

25 % Slag, Double Smooth Cracks
Lateral Penetration
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Square Root of Time, { Days*1/2 )

V and Ve - vertical depth of chloride penetration 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 J-8

Lateral Depth of Chloride 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

[ ]
o

Depth of Chioride Penetration, { mm )
@
}
1 y \.
- t

S
i
Ll
E 508

Le-A

0 1 2 3 4 5 6
Square Root of Time, ( Days”1/2 )

Ve, and Le, - 4 day vertical and lateral depths of chloride penetration excluding

aggregate.
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Depth of Chiloride Penetration vs Time/Results J-9

Lateral Depth of Chloride Penetration Excluding Absorption Effect vs Square Root of

Time; Depth Due to Absorption (A) = Le, - Ve, = 5.06 mm.

25 % Slag, Single Smooth Crack

Lateral Penetration - Absorption

20

=

8 »
Jud

% L
c

& (=]
2 Le
S

S @
S Le-A
§-0 ; : "

a

0 1 2 3 4 5 §
Square Root of Time, { Days™1/2 )

Ve, and Le, - 4 day vertical and lateral depths of chloride penetration excluding

aggregate.
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Depth of Chloride Penetration vs Time/Resuilts J-10

Lateral Depth of Chloride Penetration Excluding Absorption Effect vs Square Root of

Time; Depth Due to Absorption (A) =Le, - Ve, =5.31 mm.

100 % OPC, Double Smooth Cracks

Lateral Penetration - Absorption
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Square Root of Time, { Days*1/2 )

Ve, and Le, - 1 day vertical and lateral depths of chloride penetration excluding

aggregate,
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Depth of Chioride Penetration vs Time/Results

J-11

Saturation Monitoring:

Uncracked Samples

Day Hour Elapsed Mass, (9)

Month Time,

Year {Days) [PNP11 |PNP12 |SNP11 |SNP12
18-Feb-01 09:30 AM 0.00| 820.12] 81549] 808.31| 824.90
19-Feb-01 09:30 AM 1.001 824501 820.09] 812.24| 828.14
20-Feb-01 10:30 AM 2.04| 82621 821.16] 813.01] 828.93
21-Feb-01 10:45 AM 3.05| 82720 821.92| 813.56] 829.53
22-Feb-01 11:30 AM 408| 827.79] 822.39| 813.87| 829.62
23-Feb-01 11:40 AM 509] 82825{ 822.76] 814.37| 829.98

Cracked Samples

Day Hour Elapsed Mass, () _

Month Time,

Year (Days) |PS1Pg8 |[PS1P10 |SS1P9 |SS1P10
12-Feb-01 11:40 AM 0.00] 1000.76] 1017.42] 976.33| 1004.74
13-Feb-01 11:40 AM 1.00] 1008.32) 1026.28] 982.86}) 1012.52
14-Feb-01 11:40 AM 2.00| 1009.18] 1026.98] 983.15] 1013.09
15-Feb-01 11:40 AM 3.00] 1009.84| 1027.28] 983.52| 1013.66
16-Feb-01 11:00 AM 3971 1010.37] 1027571 983.76] 1014.04
18-Feb-01 09:30 AM 591] 1010.79] 1027.92] 984.03] 1014.49

Influence of Cracks on Chloride Ingress into Concrete





