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Abstract

Salt ponding test was conducted on mature concrete specimens dry-stored in
laboratory condition and on concretes immediately exposed to chloride after 28 days
of moist curing. Analysis on the various properties of concretes with fly ash addition
and their implication to chloride ingress were done. Experimental result indicates that
fly ash addition increases the maximum surface chloride value of concrete while
reducing the chloride diffusivity with time. These concrete properties proved to have
an important effect to the prediction of chloride ingress using error function solution
to Fick’s second law. The prolonged dry-storage does not seem to have a significant
impact on the change in chloride diffusion properties of the concrete specimens.
General agreement between experimental data with Life-365 & 4SIGHT predicted
values of concrete properties indicate the applicability of both concrete performance
prediction software in considering the influence of fly ash addition and the reduction
of diffusion coefficient with time.

Keywords: Chloride; Diffusion; Life-365; 4SIGHT; Ponding; Fly ash; Prediction
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CHAPTER ONE INTRODUCTION
1.1 Background

Corrosion of steel reinforcement is one of the biggest problems to the durability of
reinforced concrete. From the 2007 NACE International estimate for the United States,
the annual direct cost from corrosion for maintenance and capital cost for concrete
bridge deck reaches $2 billion with an additional $2 billion for their concrete
substructures [1]. These damages are due to the “depassivation” of the oxide film due
to the presence of sufficient amount of chloride ions at the reinforcing bar surface. In
addition to a tolerable level of chloride found as trace elements in aggregates or
admixtures, unacceptably high level of chloride may diffuse through the concrete and
build up on the reinforcement surface during the service life of the concrete structure
[2]. The time required for surface chloride to diffuse and build up to the corrosion
threshold concentration level (0.40% of binder content or 0.05% of concrete content)
is taken as the initiation period of corrosion. This period is dependent on various
factors such as surface chloride concentration, diffusion coefficient and crack width [3,
4]. Studies have shown that fly ash addition has successfully increased the predicted
service life and durability of concrete. Although the utilization of fly ash only have
little impact on the reduction of chloride diffusion coefficient in the early ages of
concrete, after years of exposure the reduction in chloride diffusion coefficient
reaches an order of magnitude. This indicates the time dependent nature of the

chloride diffusion coefficient in concretes containing fly ash [5, 6].

Despite having a simplified assumption, the error function solution based of Fick’s

second law, are still commonly used by engineers due to their practical expression [7].



Previous researches have concluded that the empirically determined reduction of
chloride diffusion coefficient must be included if reliable predictions using error
function solution of Fick’s second law are to be made [5]. One of the most widely
used service life calculation software “Life-365”, developed as the first step towards
creating a consensus corrosion service life model by a consortium formed within
American Concrete Institute’s (ACI) Strategic Development Council (SDC),

incorporated this empirical constant in their Fick’s law based calculation [4].

Due to the increasing utilization of fly ash to improve the durability of concrete, a
research program was established by the National Central University to evaluate the
impact of fly ash addition and replacement on concrete to chloride ion diffusion. The
time dependent diffusion coefficient determined from the research program is
expected to improve the reliability of service life calculation of reinforced concretes

which utilizes fly ash addition.

1.2 Objectives

This research project was intended to examine the influence of fly ash and time
dependent diffusion coefficient on the service life of concrete. The research objective

focuses on the following aspects:

1. Produce chloride ingress profile and determine diffusion coefficient of
concrete with varying fly ash and water-to-cementitious material ratio

(w/cm) content from salt ponding test result.

2. Compare between salt ponding test result with chloride profile

prediction obtained from Life-365 and 4SIGHT computer program.



3. Determine the reduction coefficient (m) using concrete maturity (Miotar),
average age during the exposure period (Mayg), and effective time (Meg)

as the time basis for calculation.

4. Produce an experimental relationship equation between w/cm and
diffusivity (Dog or diffusion at 28 days), in addition to relationship
between fly ash replacement and w/cm to the reduction coefficient of

fly ash concrete (Miotal, Mavg, Mefr)-

5. Analyze the service life implication of fly ash and w/cm content and
time basis assumption of reduction coefficient using available service
lifetime prediction software based on Fick’s second law solution

(Life-365).

Thus it is expected that after the course of the research, an empirical relationship to
determine Cax, Miotal, Mavg, Mess @and their respective Dyg and chloride build up time
value for use in the service life calculation of concrete with varying fly ash and w/cm

ratio can be established.

1.3 Thesis Organization

In order to effectively present the content of the research, the thesis is divided into
five parts. CHAPTER ONE presents the background information, objective and thesis
organization on this research. CHAPTER TWO contains theories and previous
researches from literature review that have become the underlying basics of this study.
This chapter discusses chloride diffusion into concrete, influences of fly ash and

water-to-cementitious (w/cm) ratio on the property of concrete, methods in



determining chloride diffusion coefficient and reduction coefficient (m), and review
of existing service lifetime prediction model. CHAPTER THREE discusses the
various materials and methodology used during this research. Sample production and
chloride diffusion test procedure used in this research are explained. Method to
determine total chloride through titration test is also discussed. CHAPTER FOUR
presents the results of the chloride diffusion test. Chloride profile and diffusion
coefficient calculation are given. Influence of fly ash and w/cm ratio are analyzed.
Determination of concrete diffusion properties is presented. Determination and
validation of the empirical relationship equations for m, D,g, chloride build up time,
and Cax are also shown. CHAPTER FIVE lists the conclusion of this research and

suggestions for further study.



CHAPTER TWO LITERATURE REVIEW
2.1 Reinforced Concrete Degradation

Reinforced concretes are used as a structural material due to its combination of the
good compressive strength and economical price of concrete with the ability of its
steel reinforcement to resist both compressive and tensile stresses. Since the 1920°’s
reinforced concrete has been used to produce both economical and enduring structures.
Nevertheless, many reinforced concrete structures have lasted below its designed
lifetime. The corrosion of its embedded steel is usually the cause of this untimely

deterioration [8].

Embedded reinforcing steel are normally protected from the environment and
corrosion by their concrete matrix. The high alkalinity (pH > 13) which exists in the
pore solution of concrete allows for the covering of the embedded steel by a passive,
protective oxide films, preventing the initiation of corrosion. This protective film can
be depassivated, hence corrosion initiated, through the penetration of chloride ions
from the environment (sea water, ground water, deicing salt, etc) into the concrete
cover [9]. Corrosion of embedded steel accounts for expensive multi-million dollar

repairs and maintenance.

Not all ions penetrating the concrete cover are detrimental to corrosion. Some
chlorides will be chemically bounded by reacting with the hydration compounds of
cement, particularly tri-calcium aluminates (CsA), to form Friedel’s salt or calcium
monochloroaluminate [10]. In addition, some chloride ions will be physically

bounded or attracted to the pore surfaces by weak Van der Waal’s forces in a



chemisorbed state. Damage to the passive protective films are due to the unbound
chloride ions that remain dissolved in the liquid phase of concrete, which at this state
could react and possibly destroy the protective film in the steel surface. The
penetration of free chlorides lowers the pH or alkalinity of the pore solution of
concrete, hence reducing the ability of the dissociated hydroxyl ions to create a
passive film of iron oxide to protect the steel reinforcement. Corrosion is initiated
when the ratio of free chloride ions to hydroxyl ions exceed a threshold value,
depending on the type of cement, supplementary cementing materials, and other

factors [11].

2.2 Chloride Penetration Mechanism

Chloride penetration is influenced by the ingress or movement of chloride ions which
are dissolved in water into the concrete. There are basically six different mechanisms
which governs the ingress of chloride into the concrete [12]. These different transport
mechanisms may occur simultaneously within the concrete and complement one

another to influence the ingress of chloride ions.

2.2.1 Sorptivity or Surface Absorption

Near the concrete’s surface sorptivity is the predominant transport process. It is highly
dependent on the moisture condition of the concrete. In an unsaturated concrete,
capillary action may even be the dominant transport mechanism of chloride ions.
Capillary tension can cause chloride ions to penetrate from 5 to 15 mm deep within
the concrete in hours or days of exposure until the surface layer becomes saturated. In
addition, initial sorption will significantly affect the long term diffusion coefficient

calculated, if it is not accounted for [13].



Due to capillary action, structures exposed to daily or seasonal wetting and drying
cycles such as bridges, marine structures, etc., are found to have a greater ingress of
chloride ions than is caused by ionic diffusion alone. It was also observed that the
sorptivity of high performance concretes with w/cm ratio of 0.30 containing silica
fume to be high. Chloride ions are transported to a depth of influence, where a relative
constant chloride concentration is maintained for that depth, by continuous capillary
suction. Absorption values, described by its rate of absorption or sorptivity, are also

known to be related to the permeability and moisture content of the concrete [12].

2.2.2 Diffusion

In the case of saturated concretes which are exposed to a chloride solution at normal
pressure, pure ion diffusion will be the predominant driving mechanism. Diffusion is
the simplest transport mechanism to be modeled by using Fick’s second law and has
been studied by numerous researchers. In a saturated concrete with at least one
surface exposed to chloride solution, diffusion will occur to maintain equilibrium of
the solutions. Therefore chloride ions will move from high concentration to low
concentration within the concrete. Differences in concentration of chloride ions create
a chloride concentration gradient between the surfaces and pore solutions which
becomes the driving force of the diffusion process. In addition, the diffusion process

is affected by the bonding of chloride ions [14].

2.2.3 Chloride Binding

Chlorides exist in three states, freely in the pore solution, chemically bound to
hydration products, and physically held to the surface of hydration products. This
means that some chloride ions will react and bind with the hydrated phases of cement

paste during its ingress into the concrete, regardless of the transport mechanism.



Chloride binding reduces the chloride ingress on concrete by immobilizing chlorides
so that they do not diffuse or actively cause corrosion. Chloride binding was also
found to be influenced by the C3A content. Chloride binding were found to increase
with increasing curing temperature. The alkalinity of the pore solution was also found
to influence chloride binding. It was discovered that the lower the alkalinity of the
pore solutions, the higher the degree of chloride binding. The cation, associated with
the penetrating chloride ions, plays a role in affecting the alkalinity of the pore
solution hence also the degree of chloride binding. This can be seen by the higher
chloride binding level when a solution of calcium chloride or magnesium chloride,
which lowers the alkalinity of pore solution, was used in place of sodium chloride,
which increases the alkalinity of pore solution. The methods of chloride binding are
formation of calcium chloro- aluminate (Friedel’s salt: Ca,Al (OH) 6(Cl, OH) - 2
H,0), formation of calcium chloro-ferrite (3CaOe¢Fe,O3°CaCl,*10H,0) and by
physical binding of the C- S- H sheets. It is thought that most of the bound chlorides
are physically bound to ion exchange sites of the calcium silicate hydrate C-S-H gel,
which implies a significant degree of reversibility. Therefore reduction of chloride

concentration in the pore solution will cause bound chlorides to become free [11, 12].

2.2.4 Wicking Action

When a concrete surface away from the chloride source is exposed to air with a
relative humidity of less than 100%, wicking can occur. Chloride in the pore water
from the wet surface in contact with the chloride solution will be drawn inward to the
drier surface by moisture gradient and evaporation. Evaporation of the water will
empty the pores, pre-crystallize the chlorides and increase the chloride concentration
in the concrete. Wicking action increases the ingress of chloride ion in addition to

other mechanism such as diffusion [15, 16].
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2.2.5 Dispersion

Dispersion of the chloride front occurs as it moves through the concrete cover. It is
commonly observed in the flow of contaminant in groundwater through soil. It is
related to the differences in the velocity of chloride ion ingress at the diffusion front.
This will either cause the ions to move faster or slower than the average diffusion rate.
Dispersion in not considered as a mechanism of ingress than it is as an issue which

affects the ingress of chlorides.

2.2.6 Permeation

Permeation describes the flux of water (or chloride solution) due to a hydraulic
pressure gradient across the concrete. Darcy’s Law describes the driving force of
permeation, where there is a pressure gradient across the concrete. Permeation is
usually observed in underground structures of deep offshore structures. Hydrostatic
pressure forces chloride ions in the water surrounding these structures to penetrate
inside. Permeation can complement diffusion and other mechanism to increase the

rate of chloride ingress [12, 14].

2.3 Chloride Diffusion

In underground concrete structures, although the initial penetration of chloride ions
can occur due to hydraulic pressure gradients or capillary suction of ground water
[17], but the process occurs primarily due to non-steady state diffusion. Diffusion is
also the prevalent mechanism of chloride ingress when deicing salts are used in
bridges and roads. Therefore, the time for corrosion initiation is highly dependent on
the rate of diffusion of chloride through the concrete covers to the embedded

reinforcing steel. This diffusion value is highly dependent on the concrete itself.



Alternative solutions to prevent corrosion have been done through the use of
impermeable coatings for the concrete to prevent chloride ingress and the use of
epoxy coating for steel to prevent rust. Yet, the most economical solution is to modify
the properties of concrete to make the concrete itself more resistant to chloride ion
penetration. Many approaches are taken to improve the resistance of concrete to
chloride ions. These are done, among others through the use of low
water-to-cementitious materials (w/cm), low total water content, supplementary
cementitious materials, and thicker concrete cover [4]. Curing regimes, compaction
and construction details are also considered. As previously described, diffusion is a
complex process which are influenced by other transport mechanism and factors.
Among these are the binding reactions between the diffusing chloride ions with the
hydrated compounds of cement which reduce the rate of chloride penetration. The use
of supplementary cementitious materials may also serves to reduce the diffusion rates
by refining the pore structure of the concrete. Meanwhile, cracks which may be
caused by shrinkage, freezing and thawing, alkali aggregate reactions or structural
defects can shorten the distance chloride ions must travel to reach the reinforcing steel

and reduces the time needed for corrosion initiation [12-14].

Diffusion in saturated concrete is due to the attempt to attain equilibrium throughout
its pore solution and is theoretically explained through Fick’s law of diffusion. Fick’s
first law states that the chloride ion flux is proportional to the concentration gradient

[18].
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where:

J  =flux (mol/m?s)
Desr = diffusion coefficient (m?%s)
C = concentration (mol/m°)

X = depth from the surface of the concrete (m)

In applying Fick’s first law, the following three assumptions are made:
1. The system is at steady state
2. The concentration is the only driving force

3. There is no interaction between the diffusing ions and the solution.

To calculate the rate of change of the species concentration, Fick’s second law of

diffusion is developed by considering mass conservation in a unit control volume.

2
OC st = Dett O Cfs a v, (2.2)
where:
Desr = diffusion coefficient (m?%s)
C = concentration (mol/m®)
X =depth from the surface of the concrete (m)

t =time(s)

The solution to the differential equation of Fick’s second law is obtained by using

Cranks solution with the following three boundary conditions [18]:
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1. Cu=0,t>0)= Co : the surface concentration is constant at Co
2. Cuso,t=00=0 : the initial concentration in the concrete is 0
3. Cux=x,t>00=0 :far enough away from the surface, the concentration will always

be 0

where:
Co = surface chloride concentration (mol/m?®)
C o= chloride concentration at distance x and time t (mol/m®)

erf = error function (a numerical function available in mathematical tables)

Chloride profiles and diffusion coefficient derived using Fick’s laws of diffusion and
Crank’s solution are considered helpful for estimating the time to corrosion of
reinforced concrete structures. Yet, the assumptions used in the solution are
considered overly simplistic [19, 20, 21]. This is especially true since the assumption
of steady state is not present in normal concrete structures. Concrete as a hydraulic
material, will continually hydrate if there is moisture available. Continued hydration
will cause the refining of pore structure and subsequently will lower the diffusion
coefficient with time. The steady state assumption is also annulled due to the effect of
chloride binding on diffusion. Another significant factor that affects the diffusion
coefficient is the fact that most concrete structures do not experience a consistently
saturated moisture condition. As previously discussed, true diffusion occurs when
concrete is saturated. Yet, reinforced concrete structures are subjected to a variety of
moisture states where water and vapor flow in and out of the concrete by capillary
suction through continuous pores. The relationship between bound and free chlorides

is assumed to be linear by Crank’s solution, an assumption that has been found to be
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untrue in the field. The proportional and non-linear relationship between total and free
(water-soluble) chloride can be seen in Figure 2.1 below. Counter diffusion of
hydroxyl ions out of the samples is also a problem that negates the linear nature of
binding assumed by Crank’s solution [22]. Finally the diffusion coefficient calculated
would not be an instantaneous diffusion value. Instead it would be a diffusion value
averaged over the entire exposure time of the concrete. This is problematic especially
in fly ash and other modified concretes where the diffusion value has been shown to

dramatically decrease over time [5].

5000
4500 4
4000 1
3500
3000 1
2500
2000 +
1500 1

= Free chloride, model

0 = = Total chloride, model

\ 0 Total chloride, exp

= Water-soluble chloride, exp

¢: mol/m® of solution

Figure 2.1 Proportional and non-linear relationship between total and free chloride
[19].

2.3.1 Diffusion Reduction Coefficient

Along with an increase in its utilization, a considerable reduction in diffusivity with
time is observed for concretes containing fly ash or slag [6]. This raises question on
the usefulness of using the simple numerical solution of Fick’s law to determine the
service life of new concrete structures. A consideration must be made on the ability of
the cementitious system of concretes with fly ash or slag to refine its pore structures
as it matures. A coefficient that accounts for the decay in transport rate must be

included for reliable lifetime predictions to be made [23, 24].
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This reduction coefficient, designated as m, is determined empirically by using the

following equation:

feef \
D(Z) - Drcf (ITI)

where
Dy = diffusion coefficient at time t
Dt = diffusion coefficient at some reference time ty

m = reduction coefficient (depending on mix proportions).

Effective time Average time Total time
- A\

—

T \
— \ \
< —¥ R Ae +

Chloride Exposure Period

Curing Period

0 10 20 30 40 50 60
Time (Days)

Figure 2.2 Different time basis used in the determination of m value [24].

The diffusion reduction coefficient, m, is determined by linear regression of diffusion
values calculated using Cranks solution to Fick’s laws with time on a log-log scale.
Various assumptions are used in determining the time basis to calculate m and
therefore different m values are obtained as seen in Figure 2.2 above. The first method,
Miotal, USES the concrete maturity, as the time basis, versus the calculated apparent
diffusion coefficient. Meanwhile, the second method, mayg, considers the average age
of the concrete during the exposure period versus the calculated apparent diffusion
coefficient. The third method, known as mes, takes into account both maturity and
exposure time. As an example, for a sample which has been cured for 28 days and

exposed to chloride for 28 days, the time used to calculate my Would be 56 days or
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the total age the concrete has matured. For mayg, the time used for calculation would

be 42 days, or the age of the concrete at the average exposure period (between 28

days and 56 days or [1/2(t; + t5)]). Meanwhile, me is determined from the following

iterative procedures [23]:

1.

2.

Assume a value of m.
For each bulk diffusion test, using the following equation to calculate the

effective age using the assumed value of m and the test parameters.

(1=m)(t2—11) L/m
[7’ T T } m # 0,1

lefr = f—t

a m=1

Determine the logarithms of the average diffusion coefficients (Dayg) and the
effective ages from Step 2 for each test.

Determine the value of m from the negative slope of the line of best fit using
the logs of the average diffusion coefficients as the y-values and the logs of the
effective ages as the x-values.

Repeat Steps 2 through 4 with the new value of m. When the m-value
determined from Step 4 is equal to the m-value used in Step 2, the value of m
is established for the concrete.

The intercept of the line of best fit will be the log of the 1-day diffusion
coefficient (if age is given in days). Correct to the reference age using Eq. 2.4

and the value of m just determined.

The concept of effective time is of great interest since by the method above we could

determine the time (t.r) when the apparent diffusion coefficient observed from the

experimental chloride profile equals to the instantaneous diffusion coefficient.

15



When the three methods for the determination of m are compared, the total time
method would yield the lowest m value, while the effective time approach yields the
highest [24]. The influence of m to the calculated apparent diffusion coefficient is
seen in Figure 2.3. The reduction coefficient determined by one method can be
transformed to those from another method if the age at initial exposure and the

exposure period of each specimen is known.

1E-11

App. Diffusion (m?/s)

T’I WRXIRN. |

10 100 1000 10000
Time (days)

Figure 2.3 Influence of different m value to the calculated diffusion coefficient [24].

2.4 Factors Influencing Chloride Diffusion

2.4.1 w/cm Ratio

Water-to-cementitious material ratio influences the capillary pores and interfacial
zones of concrete. Increasing w/cm ratio will also increase the volume of capillary
pores content and creates a weaker interfacial zone between the coarse aggregate and
the paste. This creates a path for the chloride ions and increases its penetration rate.
Permeability is experimentally found to be directly related to the w/cm ratio.
Concretes with w/cm ratio of less than 0.30 were described as virtually impermeable
to water and chloride ions, especially when supplementary cementitious materials
such as silica fume were added [12, 25]. The influence of w/cm on chloride diffusion

is seen in Figure 2.4 below.
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Figure 2.4 Effect of water-to-cementitious material ratio on diffusion coefficient [4].

2.4.2 Cement Type

There is a relatively minor effect of the cement type on chloride resistance. It was
believed that these differences between cement types are due to the C3A content
which will increase the degree of chloride binding [26]. Yet it should be noted that the
effect of C3A content on chloride binding is not significant when the chlorides are

derived from external sources.

2.4.3 Type of Coarse Aggregate

It has been discovered that the maximum aggregate size will affect chloride
permeability. When two dense grade aggregates were used, it was found that concrete
with a 12.5 mm (1/2 in) maximum size aggregate has a lower chloride permeability
than the one with 19.0 mm (3/4 in) maximum size aggregate due to its higher surface
area to volume ratio. Gap-graded aggregates were also found to give a higher
permeability while a well-graded aggregate gives the lowest permeability. In addition
it has been concluded that a high quality and dense mortar is more essential than the

aggregate porosity in producing a watertight concrete [27].
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2.4.4 Chemical Admixtures

Although the effects of different kinds of chemical admixture on chloride resistance
have not been studied extensively, it has been found that the permeability of concrete
increases as the entrained air content increases. Chloride resistance could be improved
as well through the use of water reducing agents which makes low w/cm ratio
concrete mixes possible [28, 29]. Superplasticizer also reduces chloride penetration by

allowing the use of lower w/cm ratio concretes.

2.4.5 Supplementary Cementing Materials (SCM)

Supplementary cementing materials are added to concrete to improve the durability of
concrete by enhancing its various properties, such as strength, porosity, and chloride
resistance. Physically, this is achieved by filling the very fine pores of concretes with
supplementary cementing materials (SCM). Meanwhile, chemically, SCM will react
with the calcium hydroxide by product of cement hydration to produce a denser
cement matrix with a better interfacial zone. Concrete mixes with SCM will produce a
lower permeability if it is properly designed and cured. In the long term, the use of
SCM will improve the durability of concrete by continuously reacting to further
refining the pore structure of the concrete. It has been shown that the chloride
resistance of concrete mixes with fly ash and slag increases continuously and
significantly from 6 months onwards. Meanwhile ordinary Portland cement, OPC,
would only exhibit a modest increase in chloride resistance within the same time
period [30-32]. The effect of SCM on the reduction of the diffusion coefficient is seen

in Figure 2.5 below.

18



1012

Silica Fume

Silica Fume
+ Fly Ash

Diffusion Coefficient (m?/s)

1013

10°14-

10 100 1000 10000
Age (days)

Figure 2.5 Effect of SCM on chloride diffusivity [30].

2.4.6 Curing Regimes

Longer moist curing period will result in higher chloride resistance of concrete. It is
believed that the continued hydration during moist curing will cause a decrease in
porosity and pore size. Air dried cover concrete, meanwhile, would be extremely
heterogeneous with small shrinkage cracks, interconnected voids, and open capillaries.
This would allow chloride ion to penetrate faster into the concrete below [33, 34].
High curing temperatures in precast plants have also shown to reduce the resistance of

plain Portland cement concrete to chloride ingress.

2.4.7 Age and Moisture Condition of Concrete

The continuing hydration process of concrete improves its chloride resistance. This is
especially true for concretes which are moist cured continuously. Meanwhile
hydration of air dried concrete may stop near the surface soon after moisture is
removed. The dry surface will assist in drawing chloride ions into the concrete

through capillary action [33].
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2.4.8 Others
Temperature
Diffusion rate and ion exchange increases with increasing temperature. This will
allow the chloride ion to penetrate to a greater depth. It has been shown that the
effective diffusion coefficient is temperature dependent. An increase of 10 °C in
temperature would double the effective diffusion coefficient value and reduces

concrete resistance to chloride ingress [35].

Type of Chloride Solution
Due to the different binding capacity of different cations, it was discovered that the
chloride diffusion is also affected by the type of chloride solution that the concrete

structure is exposed to [36, 37].

Construction Defects

Construction defect in the form of cracks will shorten the distance needed for chloride
ion to reach the embedded steel. Therefore the quality of construction is paramount in
producing a chloride resistant concrete since no matter the quality of the mix, a

defective construction would not protect the reinforcement from corrosion [38].

2.5 Influence of Fly Ash

Fly ash is a supplementary cementitious material (SCM) for concrete which is
obtained from industrial by-products. Fly ash is obtained from the flue gas of
coal-fired thermal generating plants by using mechanical and electrostatic precipitator.
It is considered as an inexpensive replacement for cement and produces a more

economical concrete. The particles of fly ash are generally 1 to 150 micrometer in
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diameter and are fine, glassy and spherical. These particles are made up of
alumino-silicate glasses which contain various proportions of calcium, iron,
magnesium and alkali metals. ASTM C 618 classifies fly ash into two different

categories.

Class C

® ASTM requirement; SiO; + Al,O3 + Fe;03 > 50%

® usually produced from lignite or sub-bituminous coals
® high calcium contents, typically 8 to 30% CaO

® may possess some hydraulic properties in addition to pozzolanic properties

Class F

® ASTM requirement; SiO; + Al,O3 + Fe,O3 > 70%
® usually produced from bituminous or lignite coal
® |ow calcium content, typically less than 8% CaO

® possesses pozzolanic properties (needs source of lime or other activator to react)

Fly ash is known to improve workability, pumpability, ultimate strength and
impermeability of concrete. Since diffusion occurs through the pore solution, strength
and durability can be improved through reducing the porosity of the concrete by using
fly ash. In addition, long term strength and durability, and likelihood of thermal
cracking are reduced due to the slower hydrating reaction of fly ash compared with
cement. In the precast industry where elevated curing temperatures were used, partial
replacement of OPC in concrete with fly ash has shown to improve the strength and

durability of the concrete [5, 6, 30-32].
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With regards to chloride binding it has been discovered that the use of fly ash causes
an increase in the chloride binding capacity due to the higher surface area and
adsorptivity of fly ash cement. This would increase the formation of Friedel’s salt
after pozzolanic reactions have occurred [9, 39]. Although the use of fly ash would
reduce the threshold levels for corrosion initiation, it was also discovered that this
detrimental effect is outweighed by the ability of fly ash replacement to provide better

protection to steel by its ability to lower the rate of diffusion [6].

The diffusivity of fly ash concrete is more sensitive to aging than plain Portland
concrete. It has been shown that although at early ages, the diffusivity of concrete
containing 25% to 30% fly ash may have a similar chloride ion diffusivity as an
equivalent grade of Portland cement concrete, after approximately 2 years the
diffusivity of fly ash concrete may be one order of magnitude lower than the Portland
cement and would further decrease to two orders of magnitude after 100 years (see
Fig. 2.6). This would significantly influence the long-term performance of concrete in

chloride environment.
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Figure 2.6 Influence of fly ash replacement on the depth of penetration of critical

chloride threshold [5].

22



Since the property of fly ash vary greatly between suppliers and may vary over time, a

careful monitoring related to its fineness, loss on ignition, and CaO must be done. The

effects of these factors of fly ash are summarized on the October 2001 NFESC

Technical Paper where [40]:

New concretes are recommended to include a cement replacement of 25% to
40% Class F fly ash (or Class N pozzolan)

Class F fly ash should have a maximum of 1.5% available alkali, a maximum
of 6% loss on ignition (although 3% would be better), and a maximum of 8%
CaO (up to 10% CaO if a minimum replacement of 30% is used)

If the minimum replacement is not met, this would result in a lower quality
and more expensive concrete

In addition to mitigating ASR problem, the use recommended Class F fly ash
replacement are expected to: (1) reduce concrete costs, (2) significantly
enhance the durability of concrete, (3) increase fly ash recycling, (4) support
the 1997 Kyoto protocol y significantly reducing CO, production. A 25% fly
ash replacement of cement would give a total saving of the United States
economy by more than $1 billion a year.

It has also been determined that: (1) even if Class F fly ash were used, the
current practice of only using 15% fly ash cement replacement may worsen
the ASR expansion, (2) Class C fly ash is not recommended for ASR
mitigation, (3) lithium nitrate may be needed in addition to Class F fly ash
for very reactive aggregates, (4) ASR mitigation by lithium nitrate, silica
fume, or calcined concrete will increase the cost of concrete whereas using

Class F fly ash would reduce the cost of concrete by 4%. .
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2.6 Chloride Penetration Resistance Test

Two popular tests are created to determine the chloride penetration characteristic of
concrete. These tests are the rapid chloride penetration test (RCPT) and the bulk
diffusion test. Rapid chloride penetration test uses current that passes through two
reservoirs, one simulating de-icer salts and the other pore chemistry, to determine the
chloride penetration potential of concrete. In theory, since concrete is a highly
resistive materials, most of the electrical charge should pass through the pore fluid.
Therefore the connectivity of the pores, which are needed for chloride penetration, is
related to the total charge passed, measured in coulombs. Yet, it is the bulk diffusion
test that is considered more fundamental since it measures the actual ingress of
chloride ion with time [18]. Apparent diffusion coefficient, or sometimes referred to
as average diffusion coefficient, & surface chloride concentration (C;) can also be
derived from curve fitting data of bulk diffusion tests to the error function solution of

Fick’s second law (see Fig. 2.7).

Surface chloride fitted for model

A A Duration: 400 days
. Concentration of CI": 4M NaCl

(%]

Chloride content (%, cement)

Depth (mm)

Figure 2.7 Typical curve fitting to obtain diffusion coefficient & surface chloride

concentration from bulk diffusion data [29].
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Two commonly used methods for bulk diffusion is the NordTest NTBuild 443 Bulk
Diffusion Test and the AASHTO T259 Salt Ponding Test. In both of these tests
concrete or mortar samples are normally saturated to ensure that diffusion is the main
transport mechanism of chloride ions. The sides and bottom of the samples are also
covered with an impermeable material to ensure a unidirectional diffusion and prevent
edge effects. The specimens are then exposed to chloride by immersion in a chloride
solution for a set period of time. At the end of the exposure period, the samples are
analyzed to obtain its profile content. Fick’s second law is used to determine the
diffusion coefficient of the concrete material [35, 41]. An example of diffusion
coefficient at 28 days and m values obtained from bulk diffusion test is seen in Table

2.1 below.

Table 2.1 Examples of m values and Dg values obtained from bulk diffusion test [30]

Cement type D,g (m?/s) m

Control 43 x 10712 0.23
25% fly ash 44x107" 0.62
Type 10SF? (8% silica fume) 6.6 X 1071 0.25
Type 10SF + 25% fly ash 3.7 X 1078 0.40

2.6.1 NordTest NTBuild 443 Bulk Diffusion Test

To overcome some deficiencies of previous tests, NordTest modified various
parameters of the commonly used salt ponding test. The D,g value used in the default
of Life-365 were obtained through this testing method. To prevent initial sorption
effect when chloride solution is introduced, limewater is used to saturate the sample
for 28 days instead of being air dried. In addition only the face of the sample is left
uncovered and exposed to a 2.8M NaCl solution (see Fig. 2.8). The sample was then

left in the solution for a minimum of 35 days before evaluation. If high quality
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concrete is tested, the sample is immersed in the solution for 90 days or longer.
Evaluation is done by using a mill or lathe to grind the concrete to dust at depth
increments on the order of 0.5 mm. The chloride content is determined by AASHTO
T260. The error function of Fick’s Second Law is then used to fit the curve and
determine the diffusion value and surface chloride concentration of the specimen [4,

18, 41].

2.8 M NaCl Solution

Sealed on All
Faces Except —>
One

Concrete Sample

Figure 2.8 NordTest bulk diffusion test set up [18].

2.6.2 AASHTO T259 Standard Method of Test for Resistance of Concrete to
Chloride lon Penetration (Salt Ponding Test)

The AASHTO T259 test uses three slabs or cores of at least 75 mm thick with a
surface area of 300 mm square to measure the penetration of chloride ions into the
concrete. Before exposure, the slabs are moist cure for 14 days and then stored in a
drying room with 50% relative humidity for 28 days. After this conditioning period,
the sample is then ponded in a 3% NaCl solution. Only the top face is exposed to the
sodium chloride solution while the sides of the slabs are sealed. Meanwhile, the
bottom face of the sample is left exposed to the drying environment (see Fig. 2.9). At
the end of the exposure period, the samples are sliced at 0.5 inch interval, grounded

and tested for chloride concentration [18, 41].

26



3 % NaCl Solution

=

13 mm

—l ke

Sealed on —
Sides Concrete Sample

v
-
o

mm

50 % r.h.
atmosphere

Figure 2.9 AASHTO T259 Salt Ponding Test set up [18].

A problem that arises during AASHTO Salt Ponding Testing is that due to the thick
interval used, little information is gathered about the chloride profile. Chloride
content value would be the average chloride concentration in each 0.5 inch slices, not
the actual variation of chloride concentration over that 0.5 inch. In this case, two
different concretes may have the same average chloride concentration, although one
may have an approximately uniform chloride concentration while the other has a
higher concentration near the surface and lower further in. Even though the first case
would result in a faster chloride initiation period, AASHTO Salt Ponding Test could
not detect this critical difference. In addition, since air drying is done for 28 days prior
to exposure, initial sorptivity will occur when the concrete surface are in contact with
the ponding solution. This would result in salt solution being drawn quickly from the
salt solution to the pores of the concrete. Since the bottom face of the concrete is left
exposed to a 50% relative humidity environment, transport mechanism in the form of
wicking action occurs. Chloride ions in the water are transported from the wet front of
the concrete to the drier atmosphere at the external face, which causes more chloride

ions to penetrate [18, 41-43].

The transport mechanism that occurs during AASHTO Salt Ponding Test may be

present in concrete structures, making this bulk diffusion test more realistic to the
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condition experienced by concrete during its service life, but the relative importance
of each transport mechanism is not reflected by the test’s result. Since the relative
amount of chloride which enters the chloride by capillary absorption to diffusion is
greater when the test is done for 90 days and less than during the entire service life of
concrete and also since the relative humidity gradient of a true concrete structure is
less than that which occurs during the test, the importance of sorption and wicking
will be overemphasized. Since insufficient chloride may penetrate the concrete in the
90 days for a meaningful chloride profile to develop, an extension of the test period is
needed to assess the property of high quality concrete. Yet, despite the fact that the
dominant transport mechanism is not pure diffusion, Fick’s second law is still
commonly used to determine the apparent diffusion coefficient [44, 45]. It should be
remembered that the apparent diffusion coefficient obtained from Fick’s second law
does not correspond to the diffusion characteristic of the specimen at that time but is

dependent on the entire exposure history of the concrete [18].

2.7 Service Life Models

Numerical service life modeling has been used to predict the long term performance
of a concrete mix design. Many ionic transport models have been developed in North
America, Europe and Japan. The present state-of-the-art models include Life-365 and

4SIGHT.

2.7.1 Life-365
Life-365 was created in the year 2000 by a consortium comprising of Grace
Construction Product, Master Builders Technologies, and the Silica Fume Association.

This model predicts the initiation period assuming diffusion to be the dominant
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mechanism as governed by Fick’s second law. The m factor is also considered to
account for time-dependent changes in diffusion. The time required for the computer
to perform this simulation is only a few seconds. A Windows interface is used in
running the program. Meanwhile, a database is included in the model for the user to
select some input parameters such as the chloride diffusion coefficient of the concrete

mix [4]. This program is downloadable for free from the internet [46].

Life-365 is also able to estimate life-cycle costs based on the selected protection
strategies and estimated construction, mitigation, and repair cost. In its analysis of
life-cycle costs, the model calculates the estimated time for corrosion initiation of the
concrete’s steel reinforcement. In turn, it would then calculate estimates for the cost
of initial construction, corrosion protection, and repairs during concrete’s design

service life.

In order to calculate life-cycle cost and predict the service life of concrete using

Fickian diffusion modeling, Life-365 requires the user to input:

® Type and dimensions of concrete structural members

® Geographic location and exposure of the structure

® Depth of clear concrete cover to the reinforcing steel

® Details of concrete design method used (water-to-cementitious materials ratio,
supplementary cementitious materials, corrosion inhibitors, barriers applied to
the surface and type of reinforcing steel)

® Costs of the concrete constituent materials (mixture ingredients, reinforcement,
corrosion protection strategies)

® Details and costs of the concrete repair strategy (frequency of repairs, average

percent repaired, cost per unit area of repair, and inflation and discount rates).
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With respect to the prediction of chloride ingress, only the exposure condition,
reinforcement depth, and concrete design method is necessary for input. Default
values from Life-365 can be used for input but it is strongly suggested that user

update these values accordingly.

Despite being commonly used and considered the state-of-the-art computer modeling

of concrete ingress, Life-365 has the following limitation:

(1) Only the transport of a single ionic species is considered, which is the chloride ion

(2) The numerical simulation can only be carried out when concrete is in a saturated
condition, this means that advection is not considered as a transport mechanism

for chloride ions.

In calculating the diffusion of chloride in concretes with fly ash addition, Life-365

considers the following assumptions [4]:

(1) Fly ash are assumed to not affect the value of Do, this is since results showing the
effect of fly ash on the early age diffusion coefficient of concrete are inconclusive.
Therefore the D,g of concretes with fly ash addition are calculated as that of OPC
using the following empirical relationship which is based on its w/cm content:

Dyg = 1001206+ 240Wlem) e, (2.6)

(2) Fly ash along with slag addition would significantly influence the time-dependent
nature of the diffusion coefficient as reflected by the coefficient m. The value of m
is determined through the following empirical relationship:

m = 0.2 + 0.4 (%FA/50 + %SG/70)................ (2.7)
where
%FA = percentage of fly ash replacement in the concrete mix

%SG = percentage of slag replacement in the concrete mix
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(3) For concrete structures in submerged condition, Cpax Or maximum surface

chloride concentration is calculated using the following relationship:

Crmax = (chloride mass as fraction of solution) x (density of solution) x (concrete
porosity as fraction of volume) / (density of concrete) x 100 %.............. (2.8)
2.7.2 4SIGHT

4SIGHT is a free computer model from the National Institute of Standards and
Technology in Gaithersburg, Maryland, which is available online through an html
interface [47]. In contrast with Life-365, the computer model allows for the prediction
of numerous ionic species simultaneously. However, the program considered that no
electrical coupling occurs between the ionic species. 4SIGHT are also able to account
for both diffusion and wetting and drying that represent the intertidal zone (advection).
The influence of dissolution and precipitation of hydrated phases on the ionic

transport properties are also considered when calculating the service life of concrete.

4SIGHT program was originally written to assess the performance of Low Level
Waste (LLW) disposal facility by predicting the service life and hydraulic
conductivity of the vault. The program incorporates multiple degradation mechanism
by using a single transport equation for ions. Individual degradation mechanisms are
generally controlled by a single ion species, such as chloride. However, as various ion
species diffuse into the concrete, the transport properties change, which changes the
rate of ion diffusion. The transport equation is converted into a finite difference
equation for use in 4SIGHT. Therefore time would progress in discrete interval,
whereby after every time interval, each computational element is put in chemical
equilibrium using solubility products and a charge balance. Chemical equilibrium is

achieved by satisfying the following conditions:

31



1. If a salt exists as solid, the constituent ion concentration product equals the
solubility product.
2. The sum of the free charges from all available ions equals zero, insuring local

charge neutrality.

As the pore solution pH changes, the available salts in the pore would either
precipitate or go into solution. Any change in the quantity of solid salts in the pore
space will change the porosity of the concrete which in turn would change the
transport properties within the concrete. The synergism of the different degradation
mechanism (chloride and sulfate attack) will be affected by the act of maintaining
chemical equilibrium of these ionic species within the pore. By maintaining the
system in chemical equilibrium, 4SIGHT allows for the interaction of degradation

mechanisms within the concrete.

Despite the model’s more comprehensive approach to chloride transport than Life-365,
4SIGHT is still limited in its ability to accurately assess the durability of concrete
over time. One of its problems is the approach the model used for the chemical
degradation of concrete during a sulfate attack. The degradation depth related to the
penetration of sulfate ions and decalcification of the material is based on the
Atkinson-Hearne model. This model is weak because the kinetics of degradation is
not related to the real pores solution ionic concentration. This would lead to a
numerical solution without any physical sense. Since 4SIGHT was initially develop to
predict the long-term behavior of concrete containers used to store radioactive waste
materials buried in soil, temperature and humidity conditions are considered constant.
Therefore, the model does not allow for any variation of the boundary conditions

through time, a feature that is readily available in Life-365 [34, 38].
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4SIGHT allows for approximation and calculation for physical properties used as
inputs in the program if no experimental data is available. These relationships are [34,

28]:

(1) Cement porosity (@) can be approximated based on its degree of hydration () and

w/cm ratio :
_ _ 1+1.16a
p=1 TR gl s (2.9)
where
(%—0.39)
a=0.65+0.1 m .............................. (210)
(2) Permeability can be approximated for w/c in the range of 0.35 to 0.80 by:
k=10%%C x 1072 m2........ooo (2.12)

(3) Formation factor is defined as the ratio of pore solution diffusivity (Dporesoin) and

the diffusivity of the bulk specimen (Dspecimen):

Foo=Dporesoln (2.12)
Dspecimen
where
-'{)spucimcn - ~ w A w2
]()gm( Dmmm) ( 5 082>+ _L.SS(C)
- 8.374CSF + 15.36(CSF)?
| 23.15(5)&;1: L 5.79 21.1(3)1
C C
43.15(CSF) 1.705&'%).
... (2.13)
where

CSF = fly ash addition rate multiplied by both its SiO, fractional content and an
efficiency factor of 0.5.

Vagg = Volume fraction of aggregate
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CHAPTER THREE EXPERIMENTAL METHODOLOGY

3.1 Overview

An experiment program was set up to study the influence of fly ash content and time
dependent diffusion coefficient on the service life of concrete. The flow diagram of
the program can be seen in Figure 3.1. The program began with the obtaining of
casted concrete specimens with varying w/cm and fly ash content. Series 1 utilizes
already casted specimens, which has been stored in room condition for 285 and 650
days. Series 2 specimens were set for exposure immediately after 28 days in moist
curing environment. Series 1 will be used to determine D,g and m parameters of
concrete, while Series 2 will be used to determine Cnax during exposure and to
validate relationship models obtained from Series 1 result. These specimens were then
exposed to chloride through ponding in 3% NaCl solution in accordance to a modified
AASHTO T259 method to simulate one-dimensional chloride diffusion into concrete.
After a determined exposure period of 30, 60, 90 days for Series 1 and 90, 180, 365
days for Series 2, the chloride exposure were terminated and specimen taken out for
cutting and grinding. All specimens with 90 days or below exposure were cut at an
interval of 2, 4, 6, 8, 10, 20, 30 mm, meanwhile those exposed to 180 days or above
were cut at an interval of 5, 10, 20, 30 mm. This was done assuming that at chloride
ingress were lower and shallower at early exposure periods, therefore smaller slices
were needed. At later exposure period, it was assumed that the chloride ingress was
deeper and its quantities more significant, therefore larger slices were sufficient in
obtaining a meaningful chloride profile. The cut samples were then grounded to
powder, passing the No. 50 mesh in accordance to the requirement of AASHTO
T260/ASTM C114/ASTM C1152 [41, 48-49]. Automatic titration machine was used

to determine acid soluble (total) chloride content according to the above AASHTO
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and ASTM standards. Chloride profiles were then plotted and the diffusion
coefficients are determined through curve-fitting method. These experimentally
obtained profiles were then compared to profiles obtained from calculation using
Life-365 and 4SIGHT. For Series 1, the reduction coefficient (m) were then
determined using concrete maturity (M), average age during the exposure period
(mavg), and effective time (Mesr) as the time basis in addition to determination of their
respective Dyg values. The values of Cn.x were taken from Series 2 data. A
relationship equation or models were then developed for the various fly ash content,
w/cm ratio and exposure time. These relationships were then compared with similar
relations obtained as default Life-365 relations and calculation from calculated
profiles obtained by 4SIGHT lifetime prediction software. The predicted chloride
profiles obtained from the relationship equations determined in this experiment were
also compared with Life-365 and 4SIGHT for evaluation and validation. To verify the
result of this experiment program, the obtained experimental relationship were used as
input for Life-365 and the resulting predicted chloride profile will be compared with

Series 1 and selected Series 2 experimental chloride profile.
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Figure 3.1 Experiment Program Work Flow Diagram
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3.2 Materials

In order to obtain concrete specimens for the determination of chloride diffusion
coefficient through ponding test and titration test, test specimens were casted by
varying fly ash content of 0%, 10% replacement, 20% replacement, 5% addition, and
10% addition from the cement content. The materials used in the casting of the test

specimens, ponding, and titrations were as follow:

1. The Portland cement used for the test specimens is Portland cement Type Il
which was produced by the Taiwan Cement Corporation. The Portland
cement were purchased in bulk in sealed bag and placed in a dry storage
room to avoid moisture affecting the properties and chemical composition of

the cement. The chemical composition of the cement is shown in Table 3.1

2. Fly ash is a pozzolanic material which is obtained as a byproduct of
coal-fired power plants. The fly ash used in the test specimens are Class F fly
ash with main oxide components (SiO, + Al,O3 + Fe;03) of 91.07%, in
accordance with the CNS 3036 minimum requirement of 70%. The source of
the fly ash was the Taiwan Power Company’s Taichung thermal power plant.
The fly ash was sealed and stored to maintain the chemical composition of

the material which is shown in Table 3.1.
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Table 3.1 The chemical composition of experimental materials

Main Test Materials

Chemical Composition (%)

Portland cement type II Fly ash
SiO; 24.42 54.09
Al,O3 4.45 28.94
Fe,03 3.82 8.04
CaO 62.07 3.28
MgO 3.38 1.46
SO3 2.05 0.17
Na,O 0.15 0.57
K20 0.60 1.54
CsS 46.00 -
C.S 27.00 -
CsA 5.30 -
C,AF 11.60 -
Loss on ignition - 5
Fineness (m%/kg) - 380

3. The coarse and fine aggregates used in this experiment were purchased from
the domestic ready-mixed concrete companies with its plant in Chungli. The
source of the coarse and fine aggregates is debris and natural stones from the
Min River in Mainland China. The physical properties of the coarse and fine
aggregates are seen in Table 3.2. The distribution of fine aggregates is seen in

Table 3.3 while its particle size distribution curve is seen in Figure 3.2.
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Table 3.2 Coarse and fine aggregates physical properties

Test Materials
Coarse-grained  Fine aggregates

Material Properties Test Specification

materials
BSGssp 2.6 2.54 CNS 488
Water Absorption (%) 1.0 0.57 CNS 488
Unit weight (kg/m?) 1636 - CNS 1163
Maximum size (mm) 12.5 - CNS 486
Fineness modulus - 2.60 CNS 486

Table 3.3 Grain size distribution of fine aggregate

Amount Retained Cumulative Amount Cumulative Amount

Sieve Size No. (Wt. %) Retained (%) Passing (%)
44 2 2 98
48 9 11 89
#16 16 21 73
#30 25 52 48
#50 37 89 1
#100 10 99 L
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Figure 3.2 Particle size distribution curves of fine aggregate

4. Chemical agents used during the experiment include sodium chloride (NaCl),

methyl orange (Ci4H14N3NaOs3S), ethyl alcohol (C,HsOH), nitric acid

(HNOs), and silver nitrate (AgNOg3). The uses and origin of these agents are

shown in Table 3.4.

Table 3.4 Uses and sources of chemicals used

Chemical Uses Pharmacy Source
Formula
NaCl Ponding Test Japan Kojima, Inc. (reagent grade)

C14H14N3NaO3sS  Chloride Determination

C,Hs50OH Chloride Determination
HNO; Chloride Determination
AgNO3 Chloride Determination

Koch-Light Lab. (reagent grade)
Japan Kojima, Inc. (reagent grade)
63 Pure Chemicals (reagent grade)

PANREAC (reagent grade)

5. The superplasticizer used in this experiment was the water reducing F-type

superplasticizer produced by the Taiwan Sika Corporation with a

water-reducing efficiency of 13%.
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3.3 Specimen Mix Design

The ratio of water, admixture, and cementitious materials were proportioned to meet
the nuclear safety requirements for concrete structures outlined in ACI 349-97 for a
minimum compressive strength of 4000 psi and produced in accordance to ASTM
C305-94. Concrete specimens were designated with ‘C’ in the specimen id. The suffix
F10 indicates 10% fly ash replacement by weight of cement, F20 indicates 20% fly
ash replacement, 5% indicates 5% fly ash addition, 10% indicates 10% fly ash
addition, while OPC indicates only Portland cement without fly ash additions were
used. The specimens were casted to a 5 x 5 cm cylindrical specimens, the form were

removed after 28 days of moist curing in 200% humidity.

Table 3.5 Proportion of Concrete (kg/m°)

_ Cementitious material Aggregates Wate_r-

Mix 1D Type Il . o e Water reducing
cement y agent

COPC 403.51 - 974.89 680.97 230 4.035
CF10 363.16 40.35 974.89 680.97 230 4.035
CF20 322.81 80.70 974.89 680.97 230 4.035
C5% 403.51 20.18 974.89 680.97 230 4.035
C10% 403.51 40.35 974.89 680.97 230 4.035

w / b: 0.57 for COPC, CF10 & CF20; 0.54 for C5%; 0.52 for C10%

3.4 Salt Ponding

Chloride exposure was achieved through ponding test based on a modified AASHTO
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T259-02 (2002), “Standard Method of Test for Resistance of Concrete to Chloride lon
Penetration”.  Prior to ponding, the specimens were saturated by being immersed in
distilled water for 24 hours to ensure that diffusion would be the primary transport
mechanism of chloride ingress. Ponding was done in a 3% (by weight) NaCl solution.
Cut off 5 cm diameter PVC pipes were fitted on top of the cylinder test specimen and
used to hold the NaCl solution used for exposure. This was done to achieve a
unidirectional diffusion since only the top face was exposed to chloride solution.
Silicone paste sealant was used on the edges between the PVC pipe and surface of the
test specimen to prevent leaking of the solution and to hold the PVVC pipe in place.
This set up is seen in Figure 3.3. Plastic wraps were then used to cover the PVC pipes
to prevent evaporation from the salt solution. The storage condition of the specimen
during salt ponding test is seen below in Figure 3.4. The exposure periods were 30, 60,
90 days for Series 1 and 90, 180, and 365 days for Series 2. During exposure, the
specimens were left in a laboratory environment. The NaCl solution was replaced
once a decrease in the level of chloride solution was visually observed. After the
exposure periods were reached, one specimen from each mix design of each series
was removed, its surface dried and cleaned, and prepared for the next step in the

experimental program.

A E = W

LSS ™6 1 %

Figure 3.3 Specimen salt ponding test set up
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Figure 3.4 Specimen storage condition during salt ponding test

3.5 Specimen Cutting

After exposure, the cylindrical specimens were sampled by cutting. To facilitate
precision sampling by the use of a circular diamond tip saw, the specimens were first
cut half through its y-axis (top to bottom) using a carbide saw. Carbide saw cutting
utilizes water as the coolant and lubrication while the specimens were held in place
(jig) by hand. Specimens were dried after cutting to prevent contamination since
transport mechanism of chlorides are facilitated by water. The halved specimens were
then cut using a circular diamond tip saw (see Fig. 3.4). The specimens were held in
place with a clamp and cutting depth was adjusted using a micrometer. Non-toxic
chemical coolant and lubricant were used during the cutting. The specimens were then
precision sampled at various depths. Specimens exposed to chloride for 90 days or
less were cut at depth of 2, 4, 6, 8, 10, 20, and 30 mm to provide a more detailed
chloride profile near the exposed surface while specimens exposed to chloride for at
least 180 days were cut at 5, 10, 20, and 30 mm depths to reduce fluctuation of
chloride content in addition to providing for more powdered samples for

determination of chloride content.
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Figure 3.5 Struers Minitom used for specimen cutting.

After cutting, each cut sample was cleaned and dried to prevent contamination, placed
in a Ziploc bag and a permanent marker was used to indicate the depth, exposure
period, and mix design of the sample. The remaining halved cylindrical specimens
were also sealed in a Ziploc bag, marked, and stored. Sliced specimens during the

experiment can be seen in Figure 3.5 below.

Figure 3.6 Sliced specimen for the profiling of chloride concentration at various

depths
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Samples from each depth interval were crushed to fine powder until all materials
passes a 0.300 mm (No. 50) sieve by using a steel mortar and pestle. A steel hammer
was first used to break the samples into smaller pieces. Grinding action was used to
crush the samples. The steel mortar and pestle and the hammer were then cleaned by
water and dried to prevent cross contamination. Each resulting grounded specimen
powder was placed in a Ziploc bag and marked. Figure 3.6 shows the storage of

powdered samples in Ziploc bags to prevent contamination.

Figure 3.7 Storage of powdered samples in Ziploc bags.

3.6 Determination of Chloride Content

Powdered samples taken from various slices with different depth, mix design, and
exposure periods are tested according to AASHTO T260 with a minimum sample
requirement of 3 grams. Titration for total chloride determination were done using
Titrino automatic titration machine (see Fig. 3.5). The testing method is described

below.
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Figure 3.8 Titrino 877 automatic titration machine for chloride content determination.

3.6.1. Bound (Total) Chloride Determination

AASHTO T-260 describes the procedure of determining chloride content obtained
through acid digestion. The result of this test is the total chloride content in an
obtained aqueous solution of the sample expressed as a percentage of weight of the
dry sample. Total chlorides was attained since it was assumed that all chloride
complexes (mainly chloroaluminates) present in the concrete sample will decompose
by nitric acid and will enter the solution as chloride ions. The procedure of AASHTO

T-260 followed in this experiment is described below.

1. Three grams of grounded samples were weighed to the nearest milligram.

2. The sample was then placed in a 250 ml beaker and 10 ml of distilled H,0
were added, swirling to bring the powder into suspension.

3. Three milliliters of concentrated HNO3 were added with continued swirling
until the material is completely decomposed.

4.  Forty milliliters of hot H,O were added while swirling to ensure complete
sample digestion.

5. Since no sulfide bearing material were found in the sample, 3 ml of
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10.

11.

12.

13.

14.

hydrogen peroxide was added to decompose the chloride complexes in the
sample. Five drops of orange methyl indicator (2 grams of methyl orange
dissolved in 1 liter of ethanol) were added to the solution to confirm that the
solution is sufficiently acidic, as indicated by the solution turning a
persistent red color.

The beaker was then covered by aluminum foil and placed on top of a hot
plate until boiling.

The beaker was removed from the hot plate and allows cooling until it was
safe to handle.

The solution was filtered to a 250 ml Buchner flask through a coned,
number 1, coarse-textured, filter paper (which was washed with distilled
water before use) on a plastic filtration funnel. A vacuum pump was
attached to the flask to assist filtration.

Sixty milliliters of hot distilled H,O were incrementally used to empty the
slurry residue from the beaker into the filtration cone.

The filtrate was then returned from the flask into the empty beaker.

Forty milliliters of hot distilled H,O were used to wash the flask and the
underside of the aluminum foil which was used to cover the beaker during
boiling.

The washing were then collected and emptied into the original beaker along
with the filtrate solution.

The approximately 150 ml final solution was divided into three equal
portions for titration.

The solution was then titrated with 0.01M AgNO; solution with the
endpoint of the titration being reached when the change in mV per volume

of titrant added was at the maximum.
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15. Percentage of chloride ion in the sample were calculated from the average

determined from the three 50 ml titration portion using the formula:

Cl, % =3.5453 X VX Nuveooveooeeeooeeeeeeeee, (3.1)

where:
V  =volume of AgNO; used for the sample titration
N = normality of AgNO; solution

3.7 Chloride Penetration Profile

In order to plot the chloride concentration profile, average chloride concentration per
slice against the midpoint of each depth interval was used. This would produce a plot
of chloride values for depth of 1, 3, 5, 7, 9, 15, 25 mm for specimens exposed to salt
solution for 90 days or less and 2.5, 7.5, 15, 25 mm for specimens exposed to salt

solution for at least 180 days.

3.8 Diffusion Properties Analysis and Comparison with Existing

Models

3.8.1 Surface Chloride Concentration & Apparent Diffusion Determination

Chloride diffusion coefficient for each sample was then determined by fitting the data
obtained in the chloride profile analysis to Fick’s Diffusion Second law solution
equation in Eqg. 2.3. This was done through non-linear regression analysis in
accordance with the method of least square fit. A trial version of a curve fitting
computer program, DataFit Version 9.0, obtained freely through the internet [50] was

used to assist this calculation.
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Fick’s second law error function solution was set as the curve for fitting with the time
t set as the time of exposure in second. Chloride depth in meter was set as the x-value
and measured chloride concentration in percent of concrete from the titration test is
set as the y-value. The Cs and Dgyp value were then obtained from the curve fitting
result calculated by the software. The goodness of fit of the curve was evaluated by
the R? (coefficient of multiple determination) value, which was also calculated by the
software. A R? value of 1 indicates a perfect fit whereby the best fit curve passes
through all the data points while a value of 0 indicates a poor fit whereby the curve

fits the data no better that a straight line going through the mean of all the y-values.

3.8.2 Diffusion Reduction Coefficient Calculation

Diffusion reduction coefficients were calculated using the apparent diffusion
coefficient determined using DataFit. The value of M, Mavg, and megr, were
determined by each different time basis for the calculation of m in accordance to the
methods outlined in Section 2.3.1. Due to their simple determination of time basis,
Miotal @Nd Mayg Can be obtained using direct calculation of the diffusion reduction
equation. Meanwhile mes, since iterative steps are taken for determination, are

obtained by using Microsoft Excel.

3.8.3 Empirical Relationship Equation Determination

In order to find an empirical relationship function between concrete properties, Mtal,
Mavg, Mefr, and Dog (diffusion coefficient at 28 days) with concrete design parameters
of w/cm ratio and fly ash content, a free trial version of LAB Fit software [51] was
used. Since these relationship functions are purely experimental, then no theoretical
function was used to fit the data. Instead, LAB Fit was used to select the most

appropriate functions in its function library for the data obtained. To do so, the “Find”
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button was used. The numbers of parameters of the relationship functions are selected
in the “Conditions” dialog box and “OK” is clicked. The computer program will then
initiate the selection process to obtain the best fitting result including its R?
(coefficient of multiple determination) value. The menu of LAB Fit is seen in Figure

3.5 below.

:

b
o

|
|

GURNEFTHING

EERHE

IREATMENT " OF DATA

LB Rl L

TOOLS

LN

-

i) B
200 [0 3 @ | & ow lemmwe | H)20o - Mimwton |05 “Bomyem trom
a

Figure 3.9 The menu of LAB Fit curve fitting software.

3.8.4 Comparison with Existing Lifetime Prediction Models

In order to compare the result of the relationship function obtained from the
experimental data with existing lifetime prediction models, two comparison methods
were selected. Only Series 1 experimentally obtained profile were used in the
comparison. The first comparison method would compare the Megta, Mavg, Mesr @loNg
with their respective Dyg value and the C buildup rate obtained from the experimental
data with that of Life-365 and 4SIGHT. Comparison with Life-365 was done simply
by comparing the mentioned values with the default value used in Life-365 for similar
fly ash replacement and water to cementitious material ratio. Meanwhile comparison
with 4SIGHT was done by using predicted chloride profile from 4SIGHT and using
them similarly to that of the experimental data to calculate the mentioned values. The
second comparison method would compare the chloride profile or penetration curve

predicted by Life-365 and 4SIGHT with that of real experimental data.

50



In determining the input parameter necessary for Life-365 and 4SIGHT calculation,
the approximation in Section 2.7.1 and 2.7.2 were used. In addition to the
approximation in Chapter 2, for 4SIGHT, values of the internal chloride concentration
were approximated by using an online pore solution calculator which was also
provided by NIST [52], meanwhile concrete density value are calculated from NIST
Virtual RCPT website [53]. While for Crax calculation in Life-365, density of solution

water was obtained from Mettler Toledo’s online data table [54].

3.8.5 Validation of Empirical Relationship Equation

To validate the relationship model for concrete with fly ash addition obtained from
Series 1 data of this research, the empirical relationship equations for D,g and m
values were used to replace the default Life-365 relations. The Cs build up time
obtained from Series 1 will also be used to modify the exposure condition of Life-365.
Meanwhile the Cnax Value from Series 2 will be used as the Cnax value for Life-365
input. Due to the similarities between the transport mechanism and assumption
concerning diffusion taken by Life-365 computer software with that of this research,
Life-365 can be used as a platform to run and evaluate this research’s empirical
relationship result since Life-365 allows the user to change the D,g, m, Cs build up

time, and Cpax from its default value to a user determined value.

Evaluation was done by comparing the chloride profile prediction obtained from the
modification of Life-365 parameters using this research’s empirical relations (with
effective, average, and total time as basis of calculation) with that of selected Series 2

chloride profile obtained from Salt Ponding Test for 90, 180 and 365 days.
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CHAPTER FOUR RESULTS AND DISCUSSION
4.1 Experimental Data

After specimens were exposed to chloride through a modified AASHTO T259 Salt
Ponding Test, it was then cut, profiled, ground and its chloride content determined by
titration through the methods outlined in Chapter 3. After subtracting the relatively
small background chloride value (ranging from 0.006% to 0.008%, depending on
chloride mix), the chloride contents (in percent of concrete weight) were set as the

y-values and plotted against the average depth per profile section as the x-value.

The influence of fly ash towards the diffusivity of concrete was apparent from Series
1 experimental result. Series 1 specimens were mature concretes which have been
stored for 285 or 650 days prior to exposure for 30, 60, and 90 days. Meanwhile,
Series 2 indicated the maximum surface chloride (Cnax) reached during exposure to
chloride through salt ponding. Series 2 were concrete specimens which were
immediately exposed to chloride after 28 days of moist curing for a period of 90, 180,

and 365 days.

4.1.1 Series 1 Experimental Data

Figure 4.1 shows the chloride penetration profile obtained from samples with various
exposure times for the five concrete mixes in this study. As can be seen from Figure
4.1 below, for all concrete mixes, chloride continues to diffuse into concrete with time.
This was clearly seen by the increase in chloride concentration inside the concrete
(measured by percent of concrete’s weight), which continues to increase with time.
Meanwhile, the steepness of the curve indicates the rate of diffusion. A flat curve

would be an indicator that chloride diffuses very quickly that the concentration of
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chloride inside the concrete equals to the concentration on the concrete’s surface. A
steep curve on the other hand would indicate that the diffusion is slower; although the
concentration on the surface is high, the concentration inside the concrete is low due
to slow ingress of chloride from the surface to the concrete’s interior. As indicated
also from Figure 4.1, it was observed that the rate of diffusion or diffusivity of
chloride into concrete reduces with time. This was seen from the apparent increase in

the steepness of the curve with time.
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Fig. 4.1 to be continued
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Figure 4.1 Chloride profiles at different exposure times
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As indicated in Figure 4.2, the experimental result of Series 1 also shows that at early
ages, the influence of fly ash on diffusivity was not starkly apparent. At later age, 90
days, it can be clearly observed that higher fly ash addition would reduce diffusivity.
The steepness of the CF20 curve compared to the relative flat curve of COPC was an
indicator of the influence of fly ash on reducing the rate of chloride ingress. The fact
that C10%, which has the lowest w/cm ratio, continues to have the smallest value was

an indicator of the importance of low w/cm ratio in reducing chloride diffusivity.

55



0.5%

0.4%
= ——COPC
[¢5]
£ 03% =#=CF10
© —4—CF20
©
S 0.2% —8—C5%
5 =3¥=C10%
0.1%
0.0%
0 10 20 30
Depth (mm)
(a) 30 days
0.5%
0.4%
= =—COPC
[<5)
S 0.3% =#=CF10
o ~e—CF20
£ 02% —o—C5%
5 =34=C10%
0.1%
0.0%
0 10 20 30
Depth (mm)
(b) 60 days
0.5%
o A
o 04% ——COPC
[«5)
S 0.3% w=CF10
o ~—CF20
'-g 0.2% =0 C5%
5 =3¥=C10%
0.1%
0.0%
0 10 20 30
Depth (mm)
(c) 90 days

Figure 4.2 The influence of fly ash addition to chloride ingress in concrete
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4.1.2 Series 2 Experimental Data

In Series 2 specimens, experiment was done to determine the maximum surface
concentration (Cnax) that would be reached during exposure to chloride through
ponding. Cmax is attained when there is a chemical equilibrium between the solution
and the concrete surface, hence once the Cs reaches the Cpax value; it would continue
to remain relatively unchanged despite increased exposure time. This was done by
observing the surface chloride value (C;) at different exposure time. The maximum
concentration reached would be designated as the Cnax Value of the concrete mix. The
value of Cpax can be seen in Table 4.1. Series 2 results indicate that by 180 or 365
days exposure, Cnax has been reached and its value stabilized when chemical
equilibrium between the concrete and the ponding solution was achieved [29]. It was
also worth noting that the general result of Cnax Obtained in Series 2 (with the
exception of COPC) confirms finding from previous research that there is a reduction
of Cmax value with increasing w/cm ratio. This was since higher w/cm is more likely
to have a thicker cement paste layer on the concrete surface which would enhance the
dielectric activity between hydroxyl ions in the concrete surface and chloride ions in
solution, and thus the increased repulsive force removes chloride ions from the
surface of the concrete. For concrete containing fly ash with similar w/cm ratio, it was
also confirmed that higher level of fly ash addition would increase the Cnax Value.
This was due to the influence of fly ash in increasing chloride binding capacity, which
would increase the total chloride content near the surface of the concrete but decrease

chloride concentration deeper in the concrete [29].
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Table 4.1 C.x Values

Concrete Mix

Properties COPC CF10 CF20 C5% C10%

Crmax (% wt. concrete)  0.561 0.525 0.698 0.767 0.796

Observed Exposure
. 180 365 180 180
Period (days)

In Figure 4.3, comparison between the profile and curve fitting of COPC, CF10, and
C5% specimens from Series 2 exposed to 90 days ponding with that of Series 1 with
similar exposure time is shown. It is clear that despite the extended storage time of
Series 1 specimens prior to exposure; no significant difference in their profile result
and diffusion properties can be concluded. Profiles seem to indicate that the diffusion
value of stored specimen were either similar or slightly lower than those immediately
exposed to chloride after moist curing. It can thus be deducted that the process of
hydration, which improves the chloride resistance of the material, seems to be

hampered due to storage at dry condition.
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The majority of Series 2 result, especially for 180 days and 365 exposures, shows
erratic trend, therefore producing curve fits with low R® value. The reason for this
erratic behavior may be the possible contamination of the sample during long storage.
Leak in the silicone paste sealant was also probable since in some cases, the interior
of the concrete has much larger chloride ion concentration than the surface. The high
concentration in the internal of the concrete may also be explained by the fact that the
side of Series 2 specimens was not covered in wax like that of Series 1. This would
allow evaporation to occur in the middle of the specimen from the exposed side,
evaporation would then cause salt crystallization hence producing high chloride
concentration. Since such result does not conform to the existing diffusion theories,
the determination of diffusion parameters such as D,g and m were not done using

Series 2 data. A complete result of Series 2 data can be seen in the Appendix.

4.2 Determination of Concrete Properties

4.2.1 Dgpp, Cs, and Cmax Determination

To determine the properties of concrete, data from the two series were used. Series 1
data were used to determine the surface chloride concentration, Cs, and apparent
diffusion coefficient, D4y, Using DataFit curve fitting software as outlined in Section
3.8. The same method was used for Series 2 data to determine the maximum surface
chloride, Cmax, reached during exposure through salt ponding test. DataFit software
also allows for the determination of R? (coefficient of multiple determination), which
would be an indicator as to how error function solution to Fick’s second law could

explain the chloride penetration result from the ponding test.
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The curve fitting of the error function solution of Fick’s second law for Series 1 can
be seen in Figure 4.4 to 4.8. Meanwhile, the value of Cs, Dayp, and the fitting curve’s
R? can be seen in Table 4.2. As discussed in Section 4.1.2, for the determination of
Cmax,» Cs value from the curve fitting of Series 2 was used. Cmax Was taken as the
highest Cs value for each concrete mix determined during the test. The value of Cpax,

and the exposure period in which it was obtained can be seen in Table 4.1.
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Table 4.2 The values of Cs and Dy, Obtained from Curve Fitting

Concrete Mix

Exposure Properties COPC CF10 CF20 C5% C10%
Cs (% wt. concrete)  0.193 0.218 0.225 0.235 0.200

30 days Dapp (X 107 m%/s) 351 1.65 1.58 1.46 1.08
R? 0.967  0.989 0.979 0.976 0.967

Cs(% wt. concrete)  0.258  0.273 0.264 0.240 0.216

60 days Dapp (X 107 m%/s) 3.31 1.42 1.33 1.32 0.95
R’ 0.960  0.867 0.967 0.916 0.910

Cs (% wt. concrete)  0.296 0.330 0.435 0.274 0.243

90 days Dapp (X 107 m%/s) 3.2 1.35 1.2 1.22 0.88
R? 0.876  0.914 0.941 0.852 0.758

From the R? value of Series 1, it was noticed that relatively high R? value were
obtained for all concrete mix during 30 day exposure (above 0.90). This value
generally decreases with longer exposure period. Since R? value indicates how good
the curve of error function solution of Fick’s second law explains the data points, it
can thus be concluded that diffusion governed by Fick’s second law was the dominant
chloride ingress mechanism in the early exposure period. The immersion of the
relatively small specimen in distilled water for 24 hours has allowed sufficient
saturation to prevent significant wicking and sorption during early age exposure.
Although still relatively high, the reduction in R® value with longer time exposure
shows that in addition to diffusion, other mechanism or factors influences the

transport of chloride ions at longer exposure periods. This factor may be due to
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wicking which occurs because of the drying of the exposed bottom side of the
specimen with time [41], in addition to the crystallization of salt on the pores of

concrete (which influences its transport properties) [4].

Series 1 data show that surface chloride concentration was observed to have increased
with time. This indicates the time dependent nature of Cs as observed in previous
researches [29].The diffusion coefficient obtained from Series 1 indicates the
influence of fly ash content and w/cm ratio on the diffusivity of concrete. It was
generally observed that diffusivity values for all exposure period decreases with
decreasing w/cm ratio. This was in agreement with generally accepted notion that a
lower w/cm ratio would produce a denser concrete with smaller capillary pores, hence
reducing chloride diffusivity. The influence of fly ash was also apparent for concretes
with similar w/cm ratio. Higher fly ash content was shown to reduce the diffusivity.
As previously discussed in Chapter 2, this reduction in diffusivity was achieved
mainly by the densification of the matrix by refining the pore structure of the concrete

and to a limited effect through the reduction of thickness of the interfacial zone.

4.2.2 Determination of m and Dyg Values

The value of Mg, Metr, and myyy of Series 1 were determined using methods outlined
in Section 2.3.1. Storage period were not considered in the calculation of the time
basis for m value determination. The time taken into account was the initial 28 days
curing of the specimen during production with the exposure period during salt
ponding test. The different time basis (average, effective, total) used in the calculation
of m would also have an implication on the value of Dys. The value of Dyg was
calculated by using the regression equation of diffusivity versus time on log-log basis

for the different time basis. Table 4.3 summarized the D,g and m values calculated
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using the three different time basis. Figure 4.9 to Figure 4.11 shows the reduction of

diffusion coefficient with time on a log-log basis (as indicated by the m value) for the

different time basis.

Table 4.3 Experimental D,g and m Values

Concrete Mix

Properties COPC CF10 CF20 C5% C10%

Dos, torar (X 107 m?/s) 3.88 1.91 2.2 1.71 1.16
Dag, avg (X 107 m?/s) 3.88 1.93 1.97 1.59 1.4
Das, et (X 10™ m?/s) 3.79 1.96 2.01 1.71 1.29

Miotal 0.131 0.289 0.388 0.255 0.284

Mavg 0.177 0.387 0.522 0.343 0.382

Mett 0.200 0.454 0.626 0.399 0.447
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It is apparent from the Figure 4.9 to Figure 4.11 that m value, or the reduction in
diffusivity with time, increases with increasing fly ash content. The trend in the
Figures was similar to that of Figure 2.5. As discussed in Chapter 2, fly ash
continuously reacts to further refine the pore structure of concrete with time. This
improvement in pore structure with time would be more apparent in concretes with
higher fly ash content. The close m value of CF10 and C10%, which has a stark w/cm
ratio difference (0.57 and 0.54 respectively) while having similar fly ash content (10%
and 9.09% respectively), indicates the insensitivity of m to w/cm ratio. This was in

line with existing theory that only fly ash addition would influence the value of m [4].

4.3 Comparison between Experimental & Predicted Result

A comparison of the chloride profile result from Series 1 of the experiment was made
with chloride profiles from Life-365 and 4SIGHT calculation in order to evaluate the
prediction based on Fick’s law (Life-365), and that considers ion transport and
chemical reactions within the concrete (4SIGHT). Since these softwares require
various input values for their calculation, many of them requiring extended test which
were beyond the scope of this research for determination, a sound approximation of

the input value was necessary.

4.3.1 4SIGHT Approximation and Input Values

As seen from the screenshot of 4SIGHT in Figure 4.12, various inputs are necessary
for the calculation. To simplify, the Monte Carlo option were unchanged (default).
Meanwhile in the Geometry option; crack spacing, crack width, and crack depth were
set to zero. This was since the original 4SIGHT program was made for concrete slabs
sufficiently large to experience bending on its own weight and produce cracks. Since

small cylindrical concrete specimens were used, it was assumed that the force of
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bending and shrinkage would not be sufficiently high to produce significant cracks.
The thickness of the specimen was set at 5 cm and the reinforcement depth was set at
3 cm. Three centimeter depth was selected since this would also be the maximum

depth of the slice used for the determination of chloride profile in Series 1.
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Figure 4.12 Screenshot of 4SIGHT input options

For the Concrete Properties option, approximation and calculation as outlined in
Chapter 2.7.2 were done. The water to cement ratio used for the calculation were
taken as the effective water to cement ratio. Effective water to cement ratio considers
that some fly ash component are assigned as equivalent to cement and influences the
w/cm ratio. Those fly ash content not considered to influence the effective w/c ratio
by being equivalent to cement were considered to be equivalent to silica fume and

contributed to the Formation Factor by influencing the CSF.
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For the determination of the Formation Factor, density of concrete needed to calculate
Vagg , the degree of hydration at 28 days («a ), and the effective w/c were directly
obtained from NIST’s Virtual RCPT website [53]. The total rate of fly ash addition
was then subtracted by fly ash contributing in the effective wi/c in order to determine
CSF. Data on the concrete mix, aggregate properties, and chemical composition of
cement and fly ash used as input in the website were taken from Table 3.1, Table 3.2,

and Table 3.5 respectively.

Porosity value was approximated using the relations of Eg. 2.9. The porosity of
concrete was assumed to be its maximum possible value, or equal to the porosity of
cement paste. The wi/c ratio used was the effective w/c obtained from NIST’s Virtual
RCPT website [53]. This was done since the relationship on Eq. 2.9 was based on the
degree of hydration which in turn is dependent on effective w/c. The same

consideration was also done in determining permeability from Eq. 2.11.

The External Surface chloride ion values in the Boundary Conditions option were
calculated by assuming that the 3% NaCl (by weight) would dissolve completely in
water. NaCl molar weight of 58.443 and Chloride’s atomic weight of 35.452 were
used to calculate the CI" concentration in mol/L. This calculation yields an external
surface chloride ion value of 0.513 mol/L. Internal Surface ion values would be
dependent on the concrete mix used. To calculate the concentration of ion inside the
concrete, NIST’s Pore Solution Calculator website [52] was used. Concrete mix,
aggregate properties, and chemical composition of cement and fly ash used as input in
the website were taken from Table 3.1, Table 3.2, and Table 3.5 respectively. The
Hydraulic Pressure in the Boundary Conditions option were set to zero since the

pressure depth from the ponding solution on the specimen is negligible. The summary
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of all the input value used in 4SIGHT calculation are seen in Table 4.4.

Table 4.4 Input Parameters for 4SIGHT Calculation

Concrete Mix

COPC CF10 CF20 C5% C10%
Input Parameters

Formation Factor 85.637 120.519 177.79 170.736 307.209
porosity 0.256 0.268 0.282 0.252 0.249
permeability (x 10™ m?) 7.00 8.41 10.20 5.56 4,52
effective wic 0.569 0.585 0.602 0.549 0.531
Na,0% 0.150 0.192 0.234 0.170 0.188
K,0% 0.600 0.694 0.788 0.645 0.685
Internal K+ (mol/L) 0.230 0.270 0.310 0.260 0.290
Internal Na+ (mol/L) 0.090 0.110 0.140 0.110 0.120
Internal OH- (mol/L) 0.320 0.380 0.450 0.370 0.420
External Cl- (mol/L) 0.513 0.513 0.513 0.513 0.513

Pressure Head (m) 0 0 0 0 0

4.3.2 Life-365 Approximation and Input Values

Input values for Life-365 are relatively straight forward. Concrete properties, such as

D,s and m, were determined directly from inputting the fly ash replacement and water

to cement ratio of the concrete mix into the computer system. Life-365 would

determine the concrete properties by using its default relationship equation. The only

input values that require approximation and calculation were that for chloride build up

time and Cnax. The theoretical value of Cax calculated using Eg. 2.8 was used as the

input in accordance to the Life-365 User Manual [4]. Porosity value necessary for the

calculation were taken using Eq. 2.9 just as in the 4SIGHT calculation. Salt solution
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was taken as the same density of the pore solution water with value from Mettler
Toledo’s website [54]. Concrete density was also taken from NIST’s Virtual RCPT
website [53]. The time for build up to Cnax Was taken as 6 month (a) and 1 year (b);
this was done since Series 2 experiment indicated that by these exposure periods, the
surface chloride concentration, Cs, has reached its maximum value, Cpna, and
stabilized. Temperature during exposure was set to a constant of 25 °C, indicating the
average temperature in the laboratory. The summary of the input values used in

Life-365 calculation are summarized in Table 4.5.

Table 4.5 Input Parameters for Life-365 Calculation

Concrete Mix

COPC CF10 CF20 CH5% C10%
Input Parameters
Crmax (% wt. concrete) 0.21 0.22 0.23 0.20 0.20
Time to Cpax (year) (a) 0.5 0.5 0.5 0.5 0.5
Time to Cpax (year) (b) 1 1 1 1 1
T (°C) 25 25 25 25 25
w/cm 0.57 0.57 0.57 0.54 0.52
Fly ash% 0.00 10.00 20.00 4,76 9.09

4.3.3 Chloride Profile Comparison

In comparing the chloride profiles predicted by Life-365, 4SIGHT and actual
experimental result from Series 1, it was noticed that for all concrete mix and all
exposure time, the value of curve from Life-365 were noticeable very low when

compared to 4SIGHT and experiment data. Meanwhile, although the predicted curve
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of 4SIGHT and actual experiment result seems to coincide in the 30 day exposure
result, they become further apart at later exposure time. The values of Series 1 curve
continue to rise while 4SIGHT data curve only tend to flatten while maintaining its
surface chloride concentration. It was also noticed that with age, the Life-365 curve
continues to rise and approaches the value of the 4SIGHT curve. The curve
comparison for each concrete mix can be seen in Figure 4.13 until Figure 4.17. The
effect of fly ash and w/cm ratio could not be easily identified from simply observing
the shape of the curve produces both through prediction and through actual

experimental result.
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The comparison between predicted and experimental profile indicates the importance
of the Cnax and build up time in the prediction of chloride profile. Doubling the
chloride build up rate also doubles the chloride concentration within the concrete as
seen by the difference in chloride build up time of 6 months and 1 year in Life-365.
Yet, looking from low value of Life-365 prediction, it was definite that the chloride
build up rate and maximum chloride surface concentration were higher than initially
assumed. The high curve value of the experiment result with that of Life-365 and
4SIGHT prediction indicates the problem in assuming that Cpax can be determined
only by theoretical calculation of the salt solution inside the pores of the concrete. The
higher than calculated surface concentration was an indicator of the occurrence of salt
crystallization in the concrete pores of the concrete [4]. The occurrence of these salt
crystals on the surface of the concrete specimen is seen in Figure 4.18 below. The
relatively stagnant condition of the solution during ponding may facilitate this
crystallization process. An empirical relation that considers this salt crystallization

during exposure is necessary for accurate profile prediction.

Figure 4.18 Salt crystal formations on concrete surface.
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The need to accurately estimate chloride build up time is also shown by the very low
curve predicted by Life-365. As seen in the 30 day exposure profile result, during
ponding, the theoretical Cn,ax Was achieved nearly instantaneous just within 30 days of
exposure. This high build up rate needs to be quantified for accurate profile

predictions, especially for prediction models based on Fick’s law.

The 30 day curve result indicates the validity of a mechanistic based prediction such
as that of 4SIGHT. Since younger aged specimens were not available for comparison,
this stark similarity between 4SIGHT and real data for 30 days may be an early
indicator of the reasonable assumptions made by 4SIGHT concerning ion transport
and chemical reaction as the underlying mechanism of chloride diffusion. To confirm
the accuracy of 4SIGHT, future experiments may need to be done on earlier exposure
age (below 30 days) to see if the predicted and actual chloride profile is also similar.
In addition chloride exposure by flowing the liquid solution may be needed for later
ages (above 30 days) to eliminate the effect of salt crystallization which occurs after
30 days in this experiment program. 4SIGHT does not put into consideration salt
crystallization which occurs after 30 days of ponding, which dramatically increases
the surface chloride concentration at later ages. This explains why the predicted

surface chloride concentration of 4SIGHT remains relatively unchanged.

4.3.4 Comparison of Experimental m and D,g Values with 4SIGHT and Life-365

The value of m and D,g calculated using the default relations of Life-365 were
compared to the experimental values to evaluate the validity of Life-365 when used to
calculate concretes with only fly ash addition. This was necessary since the original
relations by Life-365 took into account slag and silica fume additions in addition to

fly ash. This may reduce the accuracy of the relationship especially when calculating
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for concretes with only fly ash addition. In addition, comparison with 4SIGHT result
was necessary to evaluate physical meaning of the empirical coefficient m. Value of
Life-365’s D,g and m are determined using the empirical relationship in Eq. 2.6 and
Eqg. 2.7 which takes into consideration w/cm and fly ash content as input.
Meanwhile the D,g and m values of 4SIGHT calculated similarly to the experiments

result by using the predicted chloride profile from the program as input.

Table 4.6 m and D,g Values Comparison

Concrete Mix

Properties COPC CF10 CF20 C5% C10%
= Dys, o (X 10 m?/s)  3.88 1.91 2.2 1.71 1.16
é Das, avg(x 10 m?/s)  3.88 1.93 1.97 1.59 1.4
T | Dy e (x 20 mfs)  3.79 1.96 2.01 1.71 1.29
é g Meotal 0.131 0.289 0.388 0.255 0.284
28 Mavg 0.177 0.387 0.522 0.343 0.382
& Meft 0.200 0.454 0.626 0.399 0.447
§
& | Do ow (10" m/s) 361 3.09 2.42 2.08 1.58
§ Das, avg (X 10" m?/s)  3.67 3.02 2.30 1.83 1.28
% Das, eft (X 10 m?%s)  3.67 2.96 2.32 2.02 1.51
E Motal 0.199 0.245 0.218 0.110 0.192
5 Mavg 0.269 0.328 0.295 0.149 0.256
< Meft 0.301 0.381 0.340 0.168 0.291
Q =
;’-’_, 2 | Das o (X 10 m¥s)  2.03 2.03 2.03 1.72 1.54
S Meotal 0.200 0.280 0.360 0.238 0.273

Table 4.6 indicates the similarity between the general influence of fly ash towards Dog
and m obtained through experiment with that calculated by both 4SIGHT and

Life-365. All three methods highlight that chloride diffusivity would decrease by
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decreasing w/cm ratio and through increasing the fly ash content of the concrete. In
general, all three methods agree that the diffusion coefficient value of concrete
reduces with time. As discussed in Chapter 2, the value of me+ was the largest,

followed by Mayg, With Myt being the smallest.

The Dygvalues calculated using experimental data were generally only slightly lower
than values obtained by default Life-365 relationship despite the fact that the
concretes were stored for 285 or 650 days prior to exposure. This may be caused by
the relatively dry storage condition. The lack of available water during storage
hampers the hydration process of the concrete to further refine its pores. The
re-exposure of the specimen to water during ponding allows for the hydration process

to continue.

The similarity between experimental data with that of Life-365 default value can be
explained by saturation of Series 1 specimen by immersion in water prior to exposure.
As explained in Chapter 2, this was similar to the NordTest (used for the
determination of Dyg value in Life-365) set up when immersion in lime water was
done. The similarity between the modified AASHTO T259 used in this experiment
with that of NordTest NTBuild 443 may be the underlying reason behind the

similarity of the obtained D,g and m when total time were considered.

The similarity of 4SIGHT’s trend regarding the influence of fly ash toward fly ash
influence in diffusivity and reduction of diffusion coefficient with time with that of
the experiment and Life-365 data raises an interesting point. As has been discussed,
the mechanism for chloride transport in Life-365 is based on diffusion; the same

consideration was also taken for the experiment. On the other hand 4SIGHT chloride
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ingress mechanism was based on ion transport and chemical reaction of ions in the
pores. The similarity in the general trend that diffusion coefficient value reduces with
time, as indicated by m for all three methods, showed the correct assumption taken by
4SIGHT with regards to the chloride ingress mechanism in concrete. Thus, it can be
concluded that, in accordance to 4SIGHT’s assumption, fly ash within the concrete
would not influence much on the initial porosity of concrete. Fly ash would only
influence the formation factor which influences the conductibility of the pore solution.
This conductivity in turn would influence the diffusion of ion in the concrete pore
solution. The m value thus describes the reduction in chloride ion diffusivity through
ion interaction, precipitation/dissolution which would influence (reduce) the

diffusivity of chloride ions in concrete pores.
4.4 Determination of Empirical Relationships

4.4.1 Empirical Relationship Equation

When various concrete properties are unknown, empirical relationships become very
important to approximate the input values needed for calculation of predicted chloride
profiles. Due to the ability of Life-365 to be modified, this program was selected as
the calculation platform which would utilize relationship equations obtained
empirically from the experiment. Relationship to approximate the value of mayg, Miotal,
Mefr, Dogavg, Dogtotal, Dogefrectives Cmax, @nd chloride build up time (average, total,
effective) based on w/cm ratio and fly ash content were determined using LAB Fit
curve fitting software. The R? value obtained indicates the relative soundness of the
relationship equation in determining the values. Table 4.7 summarizes the empirical

relations best suited to describe the experiment data including their R* value.
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Table 4.7 Empirical Relation Equations

Properties Equation Unit R?

Dos total D,s = 0.241E-09 x w/cm* m?/s 0.322
Das.avg Das = 0.230E-09 x w/cm* m?/s 0.358

Dog eff D, = 0.230E-09 x w/cm* m?/s 0.409

Miotal m = FA%/ (-0.506E+02 + 0.295E+03 x w/cm?) - 0.914

Mavg m = FA%/ (-0.377E+02 + 0.220E+03 x w/cm?) 0.915

Mes m = FA%/ (-0.299E+02 + 0.179E+03 x w/cm?) - 0.922

Cs total bUild up rate C, rate = 0.326E-04 x FA% + 0.845E-02 x w/cm? Cl%/day 0.927
Cs avg build up rate C, rate = 0.508E-04 x FA% + 0.131E-01 x w/cm? Cl%/day  0.931
Csefr build up rate C, rate= 0.609E-04 x FA% + 0.140E-01 x w/cm® Cl%/day  0.938
Comax C, = (w/cm) / (0.840 - 0.575E-04 x FA%?) Cl%  0.499

Due to the similarity of Dygand m values between experiment data with that of initial

Life-365 calculations, the importance of an accurate approximation of Cpax and build

up time was recognized. Evaluation of R* values have shown that m value relationship

equation and chloride build up time relationship equation (as a function of w/cm and

fly ash content) yielded a high R? value. This was an indicator for the soundness of

the equations. Meanwhile a relatively low R?> was obtained for D,s and Ciax

relationship equations. This indicates that precaution must be taken when using the
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equation. When compared to the R? value of the Dy relationship equation used by
Life-365 in Figure 2.4, which was derived from published data from six different
authors, it shows that more data may be necessary for a more sound relationship to be
made. As a note, D,g relationship was based only on w/cm ratio, an effort to use both
w/cm and fly ash content to determine D,g yielded a relationship with a R? value of
zero. This confirms the theory that diffusivity at early age is only dependant on w/cm

ratio.

4.4.2 Relationship Equation Validation

To confirm the soundness of the equation and evaluate its usefulness in predicting
chloride profiles for concrete with fly ash addition, comparison with Series 1 profile
were done by re-calculating input data for Life-365 using the experiments empirical
relationship equation found in Table 4.7. The modified input value for Life-365 is

summarized in Table 4.8.
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Table 4.8 Input Values for Modified Life-365 Calculations

Input COPC
total age avg age eff age
Dys (x 107 m¥s) 2.54 2.43 2.43
m 0.00 0.00 0.00
Crmax (%owt. concrete) 0.6786 0.6786 0.6786
time to Cpay (year) 0.6772 0.4368 0.4087
CF10
total age avg age eff age
Dyg (x 10 m¥s) 2.54 2.43 2.43
m 0.22 0.30 0.35
Crmax (%owWt. concrete) 0.6832 0.6832 0.6832
time to Cax (year) 0.6095 0.3929 0.3629
CF20
total age avg age eff age
Dyg (X 10™ m%s) 2.54 2.43 2.43
m 0.44 0.59 0.71
Crmax (%owWt. concrete) 0.6977 0.6977 0.6977
time to Cx (year) 0.5626 0.3626 0.3315
C5%
total age avg age eff age
Dy (x 10 m?/s) 2.05 1.96 1.96
m 0.13 0.18 0.21
Crmax (%owWt. concrete) 0.6439 0.6439 0.6439
time to Cyuax (year) 0.6735 0.4343 0.4034
C10%
total age avg age eff age
Dys (x 10™ m?/s) 1.76 1.68 1.68
m 0.31 0.42 0.49
Crmax (%owWt. concrete) 0.6226 0.6226 0.6226
time to Cpax(year) 0.6608 0.4260 0.3931

86



In Figure 4.19 to Figure 4.23, the improvement in profile prediction using this
research’s empirical relationship was evident. Although no specific time basis were
the closest to the real experimental curve, but it was discovered that the actual
chloride profile were generally within the band generated from the chloride profile
prediction from total, average and effective time basis prediction. The figure also
indicates that at later ages once Cnax IS reached, this band will narrows, hence
providing a more accurate prediction of the chloride profile. This indicates the relative
usefulness of the obtained empirical result in predicting the chloride profile of
concrete with fly ash addition. Meanwhile the fact that when no fly ash addition was
used the empirical equation resulted in a zero value for m indicates the relative
weakness for the equation relation in predicting the m value for COPC. This was since
previous experimental results dictates that although no fly ash addition were used,
cement also continues to hydrate with time and reduces the diffusivity of cement
concrete, hence a zero m value which means that no reduction of diffusivity with time

occurs is unfounded.
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Figure 4.19 COPC with modified Life-365 calculation
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For validation, COPC 90 days, CF20 180 days, C5% 90 days and C10 365 chloride
profile curve obtained from Series 2 were compared with predictions using the
empirical relationship obtained. The result is seen in Figure 4.24. The validation
indicates the relationship equation of this experiment to be useful in predicting
concrete chlorides for concretes with fly ash addition which experiences constant
exposure similar to that experienced during ponding. Such exposure may be faced by
concrete structures used as low level radioactive waste disposal underground vaults or

marine structures submerged in water/seawater.
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Fig. 4.24 to be continued
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CHAPTER FIVE CONCLUSIONS & SUGGESTIONS FOR
FURTHER RESEARCH

5.1 Conclusions

In the course of this research, salt ponding test on fly ash concrete specimens stored
for 285 or 650 days prior to exposure, and on concrete immediately exposed to
chloride after 28 days of moist curing were done. After exposure, concrete specimens
were profiled, powdered, and titrated to determine their chloride content. Chloride
diffusion coefficient (Dapp) and coefficient of diffusion reduction (m) were calculated
from the profile obtained and compared with predicted values from Life-365 and
4SIGHT service life prediction models. Over the course of this research, the following
conclusions are derived:

1. Low w/cm ratio and higher fly ash content would result in concrete with low
chloride diffusivity, the reduction in chloride diffusion coefficient were also
higher for chloride with higher fly ash addition as indicated by their m values.

2. Salt crystallization occurred during ponding, causing an increase in the
maximum surface chloride concentration, Cnax, beyond its theoretical value
after 30 days of exposure. The Cnax vValue decreases with increasing w/cm ratio
and increases with increasing fly ash content.

3. Similar D,g values derived from concrete specimens stored for over 285 days
and those calculated using Life-365 and 4SIGHT indicate that hydration were
hampered during storage and continued after the exposure of the specimen to
salt ponding. This was further confirmed by the fact that the diffusivity from
90 days exposure of concrete specimens stored for over 285 days was similar
or only slightly lower with those immediately exposed to chloride after 28

days of moist curing.

95



4. Similar D,g and m values obtained from experimental concrete mixes and
Life-365 shows that the modified AASHTO T259 (immersion in water prior to
exposure) used in this experiment produces similar result as the NordTest
method used for the determination of the default values of Life-365. It also
shows the importance of a sound approximation in determining chloride build
up time and Cax to produce accurate chloride profile prediction.

5. Similar trend on the influence of fly ash content on diffusivity and the
reduction of diffusivity with time between experimental data and 4SIGHT
were an indicator that the influence of fly ash toward ion transport mechanism
assumed by 4SIGHT proved to be authentic.

6. Empirical relation equations to approximate Dsg and Cpax Yielded a low R?
value which means that precaution are necessary when using them, on the
other hand the high R? value of chloride build up time and m empirical relation
equations indicates the soundness of the relationship for use in chloride profile
prediction

7. Modification of the default relationship equation in Life-365 with those
obtained experimentally manage to accurately place actual chloride profile
between the band created by average, total, and effective time chloride profile
prediction. This shows the usefulness of the experimental relationship in
predicting chloride profiles for concrete with fly ash addition which was
exposed to constant exposure condition (e.g. ponding, submerged,

underground).
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5.2 Suggestions

1. More data is necessary to improve the empirical relationship equation for Dog
and Cpax.

2. Chloride profile for exposure below 30 days in addition to chloride profile
above 30 days for non-stagnant exposure (to prevent crystallization) is needed
to evaluate the accuracy of 4SIGHT assumptions.

3. More validation using chloride profiles for concrete with fly ash addition from
other experiments are necessary to confirm the usefulness of the empirical
relationship obtained during this research.

4. Direct measurement of D,g by using NordTest should be done in order to build

a better Dog empirical relationship equation.
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APPENDIX

1. Series 1 Data

1.1 30 Days Exposure

COPC 30 Days Regression Variable Results
1 019542 Variable Value  Standard Error
3 0.143528 Cs 0.19291 1.03E-02 % concrets
5 0120867 Dapp 351E-11 7.34E-12 m2é
7 0.115601
9 010466
15 0.060361
23 0
BG 0.006941
Coefficient of Multiple Determination (B"2) =0,9669954618
CFLO 30 Days Regression Variable Regults
1 020325 Wariable Value  Standard Error
3015437 Cs 021791 8.25E-03 % concrets
5 0,127 Dapp 165E-11 2.05E-12 #2045
7009897
9 008399
15 001159
22 0
BG 0.007436
Coefficient of Multiple Determination (B*2) = 00880428006
CF20 30 Days Rerression Variable Results
1 021643 Wariable Value  Standard Error
30,1465 Cs 022481 1.19E02 % concrete
3012836 Dapp 1.58E-11 2.71E-12 3%
7010824
9 007245
15 0.01361
25 0
BG 0.007006
Coefficient of Multiple Determination (B2 =0,078716035%
C5% 30 Days Regression Variable Results
1 022321 Varlable Value  Standard Error
3 0.15663 Cs 0.23539 1.31E02 & concrete
5 013875 Danb 146E-11 2.59E-12 mi2%
7 0.105161 .
9 003679
15 0.0365
23 0
BG 0.006995
Coefficient of Multiple Determination (B2) = 0,0750247071
Clo% 30 Days Eegression Variable Results
1 01917 Variable Value  Standard Error
3012637 Cs 020039 1.239E-02 % concrets
5008383 Dapp 1.08E-11 2.23E-12 mi2%
7008200 . '
9 004883
15 001975
23 0
BG 0.007548 -

Coefficient of Multiple Determination (B*2) =0,966515567
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1.2 60 Days Exposure

COPC 60 Days

Eegression Variable Eesults

0.254963

0, 166585

R

fa—

25 006758
BG 0006541

0.239062
0.195532

0.158702
5 0.098752

Variable Value Standard Error
Cs 0.25841 11I0EQ2 % concrete
Dapp 3.31E-11 6.237E-12 m2&

Coefficient of Multiple Deter mination (E*23 = 09500600597

CFLO &0 Days

Regression Variable Eesults

1 0278328
3 0.223687
5 0168865
7
g

0. 106854

5 0.080564
25 0.062667

BG 0007436

—

0.120562

Variable Value Standard Error
Cs 027271 273E02 % concrete
Dapp 1.42E-11 5.33E-12 m2%&

Coefficient of Multiple Deter mination (B2 = 0.8672835317

CF20 &0 Days

Regression Variable Eesults

0.259234
0. 197249

0.144117

L R

—

25 0.038456
BG 0,007 006

01767592

0.113992
5 0.049192

Variable Value Standard Error
Cs 0.26296 1 A40E02 % concrete
Dapp 1.33E-11 2.59E-12 m2%&

Coefficient of Multiple Determination (B*2) = 09668132101

C5% 60 Days

Regression Variable Besults

0.248975
0177564
0,150564
0118973
0098571
5 0.062186

23 0.042251
BG 0006955

s

—

Variable Value Standard Error
Cs 0.23991 1.99E02 % concrete
Dapp 1.32E-11 4.01E-12 m2%&

Coefficient of Multiple Determination (B2 =0,9158413887

Clo% 60 Days

Regression Variable Eesults

0.221127
0.157568
0, 107267
0095634
0076555
0.059215
0.016879
BG 0007548

Mo e 10w —

Variable Value Standard Error
Cs 0.21554 209E02 % concrete

o QSIR-17 A 13R17 mk

Coefficient of Multiple Determination (B2 =0,9007 120226
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1.3 90 Days Exposure

COPC 90 Days Eegression Variable Results
1 0307738 Variable Walue  Standard Error
3 0281533 Cs 0.29594 1 93E02 % concrets
5 0226025 Dapp 3.20E-11 1.05E-11 mas
7 0.202225 -
9 0197321
15 0119974
25 011758
BG 0.00624 1
Coefficient of Multiple Determination (B2 = 0.876067 1242
CFLD 90 Days Eegression Variable Results
1 0352114 Variable Value Standard Error
3 0271358 Cs 0.33039 247E02 % concrele
5 0212647 Dapp 1.35E-11 4.09E-12 m2é
7 0.185925 '
9 0165687
15 0.111309
23 00687337
BG 0.007436
Coefficient of Multiple Deter mination (B2) =0.0141399558
CF20 90 Days Eegression Variable Results
1 0444473 Wariable Walue Standard Error
3 0309634 Cs 043522 3.20E02 % concrete
5 028758 Dapp 1.20E-11 2.16E-12 m2&
7 0201481 '
9 0170747
15 0.11291
25 0.047073
BG 0.007006
Coefficient of Multiple Deter mination (B2) =0.0411834053
C5% 90 Days Eegression Variable Eesults
1 02000913 Variable “alue Standard Error
3 0218243 Cs 027441 2775E02 % concrete
5 0185476 Dapp 1.22E-11 4.84E-12 mé
70146672
9 0110288
15 0.095962
25 006627
BG 0.006995
Coefficient of Multiple Deter mination (B2 = 0.8523703857
ClO% 90 Days Eegression Variable Eesults
1 0271221 Variable Walue  Standard Error
3 0171204 Cs 0.24291 339E02 % concrets
5 0134955 Dianmn BE4E-12 4 R3E-12 m2k
7 0.116746 :
9 0105224
15 0.065497
25 0067251
BG 0007542

Coefficient of Multiple Determination (B2 = 0,758009880905
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2. Series 2 Data

2.1 90 Days Exposure

COFC 90 Davs Eegression Variable Results
1 020099 Variable Value  Standard Error
3 0234 Cs 0.28599 4.06E02 % concrete
3 028466 Dapp 234E-11 1.52E-11 mds
7026396 '
9 02092
15 0.0882
23 001811
BG 0006941
Coefficient of Multiple Determination (BA2) =0, 7212322008
CFLO 90 Days Regression Variable Results
1 0.38918 WVariable Value  Standard Error
3 040971 Cs 0.38866 2.14E02 % concrete
5 033125 Dapp 1.11E-10 5.02E-11 me24
7 0.29138 '
9 030422
13 031365
25 0.21
BG 0.007436
Coefficient of Multiple Determination (B2 = 0.7734960468
CF20 90 Days Regression Variable Eesults
1 0324331 Variable Value Standard Error
30361222 Cz 0.33807 2.90E02 % concrete
5 0.360523 Dapp 1A4E09 3.71E09 misb
7 0.344903 '
Q 0.288504
13 0.23151
25 0.338706
BG 0.007006
Coefficient of Multiple Determination (B2 = 0.0080860851
C5% 90 Days Regression Variable Results
1 0214358 WVariable Walue  Standard Error
3 0.215766 Cs 0.22486 7.80ED3 % concrete
5 0183193 Dapp 2.79E-11 469E-12 m2%
7 0,153099 =
9 0139616
15 0.105952
23 0.060909
BG 0.006995
Coefficient of Multiple Determination (B2 = 0,0678703273
C10% 90 Days Eegression Variable Eesults
1 0.222595 Variable Value Standard Error
3 0.247666 Cs 0.22553 1.B1ED2 % concrete
5 0237286 Dapp 479E-10 5.78E-10 m2i
7 0.132415 T ‘
Q 0170581
15 0.198060
25 0,185555
BG 0.007548
Coefficient of Multiple Determination (B2 =0,324307704
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2.2 180 Days Exposure

COPC 180 Davs

Regression Variable Results

Variable Value

2.5 045882
750 05078 Cs
15 071792 Dapp
25 0.50609

BG 0006941

Standard Error
0.56051 L.I1EQL % concrete
389E23 2.2TVE-14 mis

Coefficient of Multiple Determination (B*2) =0.0

CF10 180 Davs Eegression Variable Results
23 0.52568 Wariable Value  Standard Error
T3 0.50347 Cs 052539 0.02301 % concrete
15 044053 Dapp 4. 30E-10 3.38E-10 m24
25 045164 '
BEG 0,0074 36

Coefficient of Multiple Determination (B2 = 0. 7360861524

CF20 180 Days Eegression Variable Eesults
2.5 0,358633 Wariable Value  Standard Error
7.5 0435985 Cs 044735 729802 % concrete
15 0.309441 Dapp 4.14E-11 364E-11 m2%
25 0,189522
BG 0,007 008

Coefficient of Multiple Determination (B2 = 06811557337

C5% 180 Days Eegression Variable Eesults
2.5 0674997 Variable Value Standard Error
750797438 Cs 076725 010159 % concrete
15 0.512873 Capp 8.08E-11 7T98E-11 m2%
25 0488268 '

BG 0006995

Coefficient of Multiple Determination (R*2) = 0.6175751784

Cl0% 180 Daws

Eegression Variable Eesults

Variable Value

2.5 0769289

7.5 DETTE0Z Cs

15 0740429 Dapp

25 0518831 I
BG 0007548

Standard Error
0.79597 6 92E-02 % concrete
1.3‘8]5‘_-10‘ 1.18E-10 24

Coefficient of Multiple Determination (BA2) = 06918273119
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2.3 365 Days Exposure

COFC 365 Days Eegression Variable Eesults
2.5 0069855 YVariable Value Standard Error
7.5 0031272 Csg 961EL02 6.32E03 & concrete
15 0 Dapp 8.50E-13 1.52E-13 m2%
23 0001964
BG 0,00694 1
Coefficient of Multiple Determination (B2) = 0,0020238556
CF10 365 Davs Eegression Variable Results
2.5 052996 Variable Value standard Error
7.3 047864 Cs % concrete
15 069115 Dapp 2%
25 052222 FICE'S FAILED
BG 0,0074.36
CF20 365 Davs Eegression Variable Results
2.5 0662485 Variable Value  Standard Error
7.5 0.730667 Cs 069773 3B0ELDZ & concrete
15 0636886 Dapp 2.53E-26 6.63E-1T m2s
23 0773071
BG 0L Q07006
Coefficient of Multiple Determination (E*2) =00
C5% 365 Davs Eegression Variable Results
2.5 0671427 YVariable Value standard Error
7.5 0.720089 Csg 0.70388 8/ MEDZ % concrets
15 0496125 Dapp 1.03E-10 1.56E-10 m24&
25 0.573827 '
BG 0,006905
Coefficient of Multiple Determination (B*2) = 04152684093
Clo% 365 Days Eegression Variable Results
2.5 0513208 YVariable Value standard Error
7.5 0,39030% Cs 0.52504 3.58E02 % concrete
15 0367914 Tarn 1 74F-11 SO4R1D m2f
25 0230238 I
BG 0007543

Coefficient of Multiple Determination (FE*2) =0,9313404 180
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