Chloride diffusion in concrete/prediction of the onset
of corrosion in reinforced concrete structures

Navaz Cheriya Malikakkal
Civil Engineering
December, 1994

Abstract

Deterioration of concrete structures deu to the corrosion of reinforcement is the major problem of
durability in the Gulf countries. It is ncessary to study the diffusion of chloride ions in concrete, to
determine the time for the onset of corrosion in concrete structures. This research was aimed at
determining the diffusion coefficients for chloride ions in Type V Sulphate Resisting Cement concrete
made from local materials, using tow approaches: (a) Sustained chloride exposure test, assuming the
applicability of Fick's laws of diffusion for the transport of chloride ions, and (b) Gas diffusion tests
which have never been applied to concrete before.

The results indicate that the effective diffusion coefficients (De) for chloride ions in concrete is
dependent on the water-cement ratio, cement content and exposure conditions, but are independent of the
exposure chloride concentrations. From a non-linear regression analysis of the test results, De is
expressed in terms of w/c ratio and cement content. The gas diffusion test appears to be a promising rapid
technique for evaluating De for chloride ion in concrete. It is also observed that under idealized
conditions, the solution to Fick's second law for the appropriate boundary conditions can be used to
reasonably predict the time to initiation of corrosion.
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ABSTRACT

Deterioration of concrete structures due to the corrosion of reinforcement is the major
problem of durability in the Gulf countries. It is necessary to study the diffusion of
chloride ions in concrete, to determine the time for the onset of corrosion in concrete
structures. This research was aimed at determining the diffusion coefficients for chloride
ions in Type V Sulphate Resisting Cement concrete made from local materials, using two
approaches: (a) Sustained chloride exposure tes;t, assuming the applicability of Fick’s laws
of diffusion for the transport of chloride ions, and (b) Gas diffusion tests which have neer

been applied to concrete before.

The results indicate that the effective diffusion coefficients (D.) for chloride ions in
concrete is dependent on the water-cement ratio, cement content and exposure conditions.
but are independent of the exposure chloride concentrations. From a non-linear regression
analysis of the test results, D, is expressed in terms of w/c ratio and cement content. The
gas diffusion test appears to be a promising rapid technique for evaluating D, for chloride
ion in concrete. It is also observed that under idealized conditions, the solution to Fick’s
second law for the appropriate boundary conditions can be used to reasonably predict the

time to initiation of corrosion.
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Chapter 1
INTRODUCTION

1.1  General

Concrete structures in the Arabian Gulf countries show severe deterio-
ration after a very short span of 10 or 15 years after construction.
This is mainly due to the hot, humid and aggressive environment in
which they exist. Due to the corrosion of reinforcement, jt has been
observed that even buildings designed and constructed according to
well established codes and practices develop signs of deterioration quite

early in this prevailing harsh environment.

The process by which a metal returns to its native state is referred to
as corrosion. Steel is manufactured by the reduction of ores. This pro-
cess of reduction requires a large amount of energy. Because of this
large amount of intrinsic energy, the metal tends to revert to a lower

energy state and this reversal is accomplished through corrosion.

The highly alkaline environment in concrete normally provides an excel-
lent degree of protection to the reinforcing steel. The tight gamma fer-

ric oxide film formed aroun” the bar because of the high pH of the




Ld=f

2
pore solution passivates the steel against corrosion. But a reduction in
the pH of the pore solution by carbonation or by the ingress of aggres-
sive ions like chloride ijons, disrupts the protective film and renders
the bar vulnerable to corrode. But carbonation is a slow process and
carbonation induced corrosion is not quite as common as chloride

induced corrosion in the gulf region.

Chloride ions are quite often unintentionally induced through the con-
stituent materials like salt contaminated aggregates or water and some-
times intentionally in the form of chemicals to accelerate the setting of
concrete. Moreover chloride ions penetrate hardened concrete if exposed
to aggressive environment. Typical cases are concrete expésed to a
marine environment or bridge decks or parking garages exposed to de-
icing salts in winter or structures situated in salt-laden environments.

In the case of structurally damaged concrete, the diffusion of chlorides

is made even more easy.

According to the ACI Committee Report [1] on the corrosion of metals
in concrete, there are three modern theories to explain the effect of
chloride ions on corrosion of concrete reinforcement: i) Oxide Film

Theory; ii) Adsorption Theory; and iii) Transitory Complex Theory

While the entry of chlorides through constituent materials can be con-
trolled by strict adherence to better construction practices, the ingress
of chloride ions from external sources can only be controlled by having

a good quality concrete which is impermeable and/or coating with some

impermeable membranes.
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According to Figg [2], in addition to having the ability to migrate with-
in the concrete to produce differential concentration cells, the harmful

effects caused by chlorides are

1. Increase in the electrical conductivity of the concrete, thereby
accelerating the corrosion

2, Even at high pH levels, if chloride ions are present in sufficient
quantities, they can overcome the passivating effect

3. Chloride ions have an adverse effect on the hydration of the
calcium silicates and thus on the long term strength improvement

and impermeability

In order to evaluate the performance of concrete structures with
respect to durability, a greater understanding of the rate of migration -
of the chloride ion is necessary. The main factor of interest when it
comes to such a study is the chloride diffusion coefficient in concrete.
Though ther: is no universally accepted criteria for the process of
attack of chloride ions, the process of transportation of chloride ions in
concrete by the mechanism of Fick's laws of diffusion is agreed upon

universally.

An assumption underlying the application of Fick's Laws to the diffusion
of chloride ions in concrete is that of no reaction between the diffusing

aggressive ion and tricalcium aluminate (C3A) in concrete. So far, the

application of Fick's Law to the diffusion of chlnride ions even in Type




4

I ordinary portland cement (OPC) concrete with a high ("3..4 has been

under this assumption. But it is quite reasonable to say that compara-

tively, the assumption is more valid in the case of Type V sulphate

resisting portland cement (SRPC) as the C'3.4 content is much lower in

this cement, which will lead to a lesser degree of binding of the chlo-

ride ions.

Estimating fhe diffusion coefficient will help to predict the depth of
chloride penetration in concrete over a period of time. So, knowing a
certain threshold level of chloride, for a particular concrete, the time
required for the chloride concentration to exceed the threshold value at

the rebar level can be estimated.

In order to plan for the likely consequences of corrosion damage, it is
of vital interest to engineers to know the expected time or age of the
structure at which corrosion will be initiated. This knowledge about the
initiation time to corrosion is essential from the view point of service-
al’)ility of a structure and also to allocate the resources, planning ahead

for a repair or a demolition.

Several studies have been conducted to evaluate the chloride diffusion
in cement paste and/or concrete. However, the diffusion of these ions
under arid and semi-arid conditions, as in the Arabian Gulf, has not
been evaluated. The thermal incompatibility between the aggregate frac-

tion and the hardened cement paste provides considerable micro-cracks
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at the aggregate-paste interface, which significantly influences the
chloride diffusion in such concretes [3,4]. Moreover, the poor quality
of the aggregates in this part of the world further is expected to
enhance the diffusion of chloride ions. Clearly, there is a need to eval-
uate the chloride diffusion coefficients in concretes made with local

aggregates and exposed to such hot-humid environment.

1.2 Scope of this Research

The primary aim of this research is to investigate the diffusion of chlo-
ride jons in Type V Sulphate Resisting Cement concrete in laboratory

and outdoor conditions.

The broad objectives are

1. To determine the diffusion coefficient for chloride ions in con-
crete using the conventional procedure of applying a constant
concentration of chloride exposure for concretes of different mix
design. The effect of the following parameters on the diffusion
of chloride ions are considered:
water-cement ratio, cement content, chloride concentration and

exposure conditions

2. To use a new experimental set-up based on gas diffusion

through concrete dises to determine the porosity and tortuosity
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of concrete, which is then to be related to the diffusion of chlo-

ride ions in the concrete.

3. To predict the onset of corrosion in reinforced concrete struc-

tures, on the basis of the laboratory generated test data.

The scope of the work is limited to the use of only one type of portland

cement, namely Type V, and to the widely used Riyadh aggregates.
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Chapter 11
LITERATURE REVIEW

The corrosion of steel reinforcement in concrete and its damaging impact

. have generated significant research interest in the area of chloride pen-

- etration or diffusion in concrete. Voluminous work has been devoted to

the various aspects of chloride ingress and the factors influencing it,
the bulk of these studies addressing the problem as diffusion through
porous solids. Literature is well stocked with experimental work as well
as mathematical modelling for the diffusior: of chloride ions through

cementitious materials.

It is not intended to review all of the past work which is extensive, as
some of these works are not critically important to this research. It is
sgfficient to provide an in-depth highlight of the important observa-
tions, findings and conclusions covering a broad cross-section of the
work carried out upto date. For clarity of presentation, the literature

review is divided into the following subsections.
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2.1 General

Garrels et al. [5] from their study on diffusion through water saturated
rocks reported, that using a potassium chloride solution renders the
progress rate of chloride ion concentration front compatible with Fick's
diffusion law. Later, Collepardi et al. [6] first calculated meaningfully
the diffusion coefficient from laboratory tests for various cement paste
mixes using Fick's second law of diffusion for the appropriate boundary
conditions and concluded that chloride penetration proceeds by ionic
diffusion. Gjorv and Vennesland [7] studied the diffusion of chloride
ions into concrete from seawater. The test variables were w/c ratio,
type'of cement, cement content, polarization potential and aggregate
type. Results showed that porosity and permeabhility, which increase
with w/ec ratio, affect the diffusion only in the exterior layers while in
the interior, the diffusion is affected by chloride binding and ion
exchange. The lower diffusion in blended cements was attributed to the
lower amount of calcium hydroxide present, which means a lower capaci-

ty for ion exchange and therefore lower penetration of chlorides. The

tricalcium aluminate (C3A) content was seen to have no significant

effect on chloride diffusion provided its percentage was less than 8.6%.

The study of diffusion through hardened cement pastes of various com-
positions has received considerable attention [8-11]. Increase in diffu-
sion rate with increased w/c is noted by Page et al [8]. Page et al,

[10] concluded that sulphate resisting cement performs poorly against
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corrosion and diffusion of chlorides. Diffusion cells were used in the
experimental determination of chloride diffusivity by Goto and Roy [9],
Page et al [10], Diab et al [11] and Dhir et al [12]. Dhir et al. [12]

observed that for OPC concrete, on increasing the exposure tempera-

ture from 20 to 400C , the diffusivity value shot up by almost 2.8 times.
The effect of silica fume and fly ash on diffusion characteristics was
explored by Byfors [13]. Midgley and Ililston [14] investigated the
effect of chloride concentration by considering two solutions of NaCl
with different concentrations. Test results showed that the depth of
penetration at a given time increases with the w/c ratio and the concen-
tration of chloride ions. The study also concluded that the presence of
chloride jons alters the pore-size distribution of the hardened cement
paste with smaller pores are associated with higher chloride ions. Ost
and Monfore [15] looked into the chloride migration rate into aggregates
of concrete by comparing the rate of migration in concrete and cement
paste. Experimental data indicated that chloride migrated into concrete

more readily than into the cement paste.

To study the effect of cation type associated with chloride ions on the
corrosion of rebar, Hansson et al. [16] made OPC mortar prisms with
mild steel rod and used calcium chloride, sodium chloride and potassium
chloride as exposures. Results indicate that, of the three salts calcium
chloride had the most deleterious effect. It creates a more open struc-
ture, which aids diffusion , higher electrical conductivity and reduces

the pH level of the pore waiesr. Sodium and potassium ijons alse increase
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the porosity, but to a lesser extent; however they increase the pH lev-
el. It was also inferred that the total chloride ion content of the pore
solution does not alone account for the corrosion rate, but the rate of

corrosion is also controlled by other factors that include porosity, pH

level and the availability of oxygen.

Concerns have been raised with regard to the applicability of diffusion
as an appropriate modelling of chloride ingress, as there are several
mechanisms by which chloride ions can be transported within the con-
crete [17-19]. Several processes may be combined, making it difficult
to identify a single mechanism. One of the mechanisms for surface pene-
tration is intrusion of chloride-hearing water into 'capillary pores of
unsaturatec¢ (dry) concrete by capillary action. Alternate vietting and
drying can lead to buildup of chloride ions thfough absorption. If a
structure is not dried to a high degree for a prolonged period of time,
chloride penetration into concrete by absorption and capillary suction is
basically restricted to a small depth below the surface. If there is a
differential head of chloride-bearing water, permeability will also influ-

ence the ingress of chlorides for which higher permeability coefficient

will permit higher rate of flow.

The other dominant mechanism of the chloride ion transport is the dif-
fusion which takes place under a concentration gradient. If the outside
concentration is higher than the inside of concrete, the migration of

chloride ions through pore water in concrete will take place by diffu-

sion.
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The relative importance of the two major mechanisms of chloride trans-
port, namely diffusion and absorption, depend on the moisture content
of concrete. Absorption may be dominant if a dry concrete with signifi-
cant loss of pore water is wetted with chloride-bearing water, whereas
for a reasonably moist concrete (sufficient level of pore water exists)
diffusion process will prevail. However, researchers tend to agree that
in most cases diffusion can be assumed to be the basic transport mecha-

nism of chloride ions for reasonably moist structures [20,21].

Another argument against the validity of pore diffusion of chloride
ingress [22] is that some part of the chloride is chemically bound in
concrete due to reaction with cement and remains immobilized [23]. The
chloride concentration profile therefore deperds to some extent upon the

type of cement used in concrete.

As part of the chloride in concrete is chemically bound due to reaction
of chloride ions with constituents of cement, the free chloride concen-
tration is of importance for corrosion initiation [21]. Raharinaivo and
Jean-Marie [24] arrived at a formulation to find the apparent diffusivity
considering the reaction of the chloride ions with the constituents of
cement. The study concluded, among others, that the chloride penetra-
tion can be modelled by Fick' s diffusion Jaw without the reaction com-
ponent when the concrete pores are wide enough, so that the solid bod-
ies around the pores (traps) may be neglected. Gau and Cornet [25]

have considered a reaction rate between chloride ions , cement paste
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and a chloride convection coefficient for the solution of Fick' s law.
However, as the convection effect over long term with large area is

small, it can be ignored to obtain a reasonable solution of Fick's law
[34]. According to researchers [25,34], the reaction between (/ and
cement can be accounted for by considering an effective diffusion as
D .=D/{(K+1)(K+p)}, where K represents slope of chloride adsorption

isotherm and p is the porosity of concrete.

From their study on chloride penetration and C/ /(?)H ratio in cement

pastes, Kayyali and Haque [26] concluded that the critical ratio of

Cl /OH  for depassivation exceeded the set limit of 0.6 by Hausmann.
[24,44]. The influence of w/c ratio, pozzolanic admixture and tempera-
ture on chloride ion diffusion was conducted by Weyers and Smith [27]
who used a 'non-linee;r regression analysis to determine diffusion coeffi-
cient. They concluded that Fick' s law was applicable in all cases -

except for silica fume mixture. The values of the diffusion coefficient

ranged from 1:(10"8 to 4x10 8/:/712/5('(7. Relationship bhetween w/c¢ and

diffusion coefficient was suggested for two exposure conditions.

The penetration of wind-blown chlorides into concrete was looked into
by Jaegerman [28] by considering the effect of w/c ratio and curing
regimes on such penetraticn for specimens exposed to Mediterranean Sea
conditions. This study showed that chloride penetration increases with
an increase in w/c ratio and is influenced by the curing regime. Diffu-

sion coefficients are calculated using Fick's law.
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Dhir et al. [29] from their tests on concrete cube specimens made out
of ordinary Portland cement and cured under different conditions,
found that the diffusivity calculated by applying Crank's relationship
[30] to Fick's second law approached a value found by a rapid test
devised by them. A method is suggested and nomograms were provided
to estimate the time required to reach a certain chloride concentration

for a constant diffusivity. The calculated values of diffusivity ranged

from 0.5x10 8 to 8.3x10"8 em?/sce.

Mustafa and Yusof [31], from their study on OPC concrete specimens
exposed to marine environment confirmed t}?e dependency of chloride
content on the time of exposure. It was also observed that the surface
concentrations and the apparent diffusion coefficient varied with time of

exposure. The variation of the reported diffusion coefficients was from

4.4x10 8 to 5.0x10 8(.‘/712/30(.'.

In their study of diffusion of chloride ions and hydroxyl ions into con-
cfete, Sergi et al. [32] concluded that total and free chloride profiles
could be interpolated to a good approximation by Fick's law. The study
also confirmed that the relationship between free and bound chioride

could be represented by Langmuir adsorption isotherm.

Teng and Lee [33] have proposed a different numerical technique to
find apparent diffusion coefficient of chloride in concrete which is

claimed to be more suitable for non-steady state of diffusion. The meth-
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od uses nonlinear chi-square and Newton's (NCSN) method to determine

the diffusion coefficient.

2.2 Solution of Fick’s Second Law of Diffusion

Literature review shows that, for the application of Fick's second law of
diffusion, several techniques have been used to find solution of the
partial differential equation for Fick's second law for the appropriate
boundary conditions. The commonly applicable form (Egqn.3.4, Chapter
3) involves concentration of chloride ions C. as ppm at .the exposed
surface (at x=0) and the concentration at a distance x from the sur-
face, C,. As C is conveniently measured as percentage by weight of
cement (or concrete), the direct application of Fick's law is therefore
not possible. Sergi et al. [32] have measured chloride content as pPpm
by extracting the pore water in concrete. Weyers and Smith [27] adopt-
ed a nonlinear regression analysis and a finite difference method was
ufed to determine the diffusion coefficient by Miki [34]. Numerical
integration is pursued by Midgley and Ilston [14] and an iterative pro-
gram has been used to determine the value of diffusion coefficient which

best fits the data of chloride concentration by Liam et al. [35]. The

diffusion coefficient ranged from 2.13x10 8 to 5.5110 8(-/712/:0('. Nagano
and Naito [36] provides a solution of Fick' s law with stepwise uniform

(periodic) functions for C, at the boundary. The values of the diffu-

sion coefficient reported here w-re in the range from 1.4x10 8 to
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2.2xiv 8 ('mzlsor.

2.3 Measurement of Diffusion CoefTicient

Generally, diffusion coefficients have been determined either by using
the conventional method of subjecting specimens to blown concentrations
of chloride solutions and then chemically measuring the chloride concen-
tration at different depths of the samples [7,8,29,32] or by using dif-
fusion. cells as shown in Fig. 1. Each of these concentration gradient
type tests requires a long duration, to get meaningful results prompting

researchers to look for rapid methods.

In order to expedite the diffusion process in a diffusion cell experi-

.ment, a small potential difference of 2 V (DC) has been applied as per-

turbance [9], on the assumption that such a small disturbance, which
expedites diffusion, does not critically affect the measured values.
Whiting's Coulomb test [37] for rapid measurement of chloride perme-
ability, developed for bridge deck testing, has been adopted by
AASHTO Standard ([38]. Unfortunately, This test does not provide
information on diffusion of chloride ion itself in concrete. Andrade and
Sanjuan [39] compared the method with the normal diffusion test and
found that the diffusion from migration experiments were different from
those calculated from nbrmal diffusion tests. Dhir et al. [40] have pro-
posed a simple rapid test using diffusion cell to determine diffusion

coefficient. In this method, a small potential difference is applied at a
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Jow current across a concrete specimen in a diffusion cell (Fig. 2).
Even then, about a week would be required to obtain an estimate of
diffusion coefficient from this experiment. Tang and Nilsson [41] pro-
posed a new rapid method by applying an electric field by which chlo-
ride penetration profile can be obtained in much shorter time (several
hours or a few days depending on the type of concrete). Several

advantages of this method have been highlighted [39].

2.4 Field Studies

The interest of researchers to gather field data on the chloride pene-
tration and to see how the penetration can be modelled has Jled to
nunerous studies of imsitu chloride profiles for old concrete structures
[19,34,35,36,42]. From the best fitting plots of the measured data, dif-
fusion coefficient of chloride was calculated. All have reaffirmed in
principle the general applicability of Fick's law and based on insitu
findings, advocated the use of diffusion law to predict corrosion initia-
tion time for a given threshold value of chloride concentration [34,35].
Nagano and Naito [36] have considered three different types of chloride
exposures at the boundary, including stepwise uniform concentration,
and have provided the solution to Fick's Jaw. Furthermore, they have
examined the effect of coating on concrete on the chloride ingress.
Masuda [42] has considered the effect of chloride exposure on struc-
tures which are indirectly exposed to the seawater by taking into

account the chloride concentration in atmosphere. Fick's law has been
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used again with new boundary condition. The predicted profile with an

8

assumed diffusivity of 2110 (.'mz/ sec. was found to have a good corre-

lation with that of the actual structures.

2.5 Threshold Chloride Concentration

Estimation of the threshold level of chloride ion concentration at the
rebar location has received widespread attention. However., unanimity on
an universal value is far from close, due to the complexity of corrosion
process which is dependent upon a number of interactive factors such
as pH of concrete, water-cement ratio and amount of water soluble chlo-
ride [43]. Representative samples of numerous works in this area

which have examined various influential parameters, including the ratio

of C/'/OH in pore solution and pH level are reported [44-56]. Conse-

quently, a wide range of chloride ion concentrations has been reported

for corrosion.

3
The reported values of the threshold range from 0.39 kg/m™ [47] to

1.65 kg/r713 of concrete [48]. European state-of-the-art report con-
cludes that there is no consensus on the permissible limits of chloride
concentration but a concentration level of 0.35-1 % by weight of cement

content may initiate corrosion process [45]. For the Middle East envi-

X

ronment, the reported range is 0.05-0.7 % [46]. Some of results are
reproduced in Table 1 [46]. Based on a survey of a large number of

buildings in Britain, Everett and Treadway [54], proposed a classifica-
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tion for assessing the risk of corrosion in terms of acid-soluble chloride
content by weight of cement: low (less than 0.4%), medium (0.4-1.0%)
and high (greater than 1 %). A review of suggested values indicates
that in general, corrosion may occur with chloride content exceeding

0.35% by weight of cement.

2.6 Summary

This literature review indicates that researchers generally have agreed,
in the absence of a better model, that Fick's second law of diffusion
can approximately be applied to the modelling of chioride diffusion into
concrete for most cases having a prolonged exposure period. Based on
an assum~d level of concentration of chloride ions at the rebar location
which will initiate corrosion, diffusion equations can be used to predict
corrosion initiation time. The onus then falls on the determination of
an appropriate value of diffusion coefficient for chloride ingress, and a
mathematical representation of the chloride exposure. It is imperative
therefore that for the development of a reliable time prediction model
for corrosion- free service life of reinforced concrete structures in this
local region, extensive experimental work must be carried out to deter-
mine diffusion coefficients of chloride for different concrete mixes and

to model the existing environment.

Evidently several studies have been conducted to evaluate the chloride

diffusion in cement paste and/or concrete. However, the diffusion of
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these ions under arid and semi-arid conditions, as in the Arabian Gulf,
has not been evaluated. The thermal incompatibility between the aggre-
gate fraction and the hardened cement paste provides considerable
micro-cracks at the aggregate-paste interface, which significantly influ-
ences the chloride diffusion in such concretes [3,4]. Moreover, the
poor quality of the aggregates in this part of the world further enhanc-
es the diffusion of chloride ions. Therefore, there is a need to evaluate
the chloride diffusion coefficients in concretes made using such aggre-

gates and exposed to such hot-humid environment.

Moreover, no work has yet been carried out so far to see if the con-
cepts of molecular diffusion and Knudsen diffusion, as applied to porous
catalyst [57) , can be applied to ccncrete for chloride penetration.
From a laboratory éetup, the ratio of porosity to tortuosity, which is
assumed to be constant for a porous solid medium [57], can be calculat-
ed using gas diffusion experiment as proposed in this work and this

can then be used to determine chloride diffusion coefficient.

/




Table 1. Chloride Threshold Values for the Onset of Corrosion
(reproduced from Rasheeduzzafar et al [46])

20

Source Percentage by weight kg /m® (Iblyd®) of
of cement concrete for typical
concrete mixtures
ACI Committee 201 on 0.15 0.39 (0.65)
Durability of Concrete | (moist environment, but
in Service[47] - not exposed to
chlorides)
0.10
(moist environment, but
exposed to chlorides)
BSCP 110: 1972 0.36 1.47 (2.45)
(latest amendment
1979)
Weigler and 0.40 1.65 (2.75)
Segmuller [48]
Stratfull et al [49] 0.15 0.60 (1.00)
Clear (FHWA) [50] 0.20 0.81 (1.35)
Knofel [51] 0.20 0.81 (1.35)
Hausmann [52] 0.05 0.20 (0.34)
(for pH=12.5) (for pH=12.5)
0.70 2.83 (4.72)
(for pH=13.2) (for pH=13.2)
Lewis [53] 0.15 0.60 (1.0)

3=7
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Chapter 111
THEORETICAL BACKGROUND

In this chapter the theoretical background for the determination of the
diffusion of chloride ions into concrete are.provided for two distinctive-
ly different approaches: (a) Chloride Exposure Test and (b) Gas Diffu-
sion Test. %While the former is a conventional method which has been
widely used in the past, the second method is the first attempt of its

kind for concrete like materials.

3.1 Chloride Exposure Test

The assumption underlying the application of Fick's laws to concrete
and its validity has already been explained in Chapter 1. The following
sections briefly states the necessary mathematical formulae involved. No
attempt is made to derive the well known form of the Crank's solution

[30] to Fick's second Law.
3.1.1 Fick’s First Law

Ionic diffusion in a porous media is governed by Fick's first law [57],

which deals with the mass flux due to a concentration gradient,

- 22 -
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3.1)

where
J is the mass flux

D is the diffusion coefficient

C is the concentration
X is the distance

o
oC . . . . . .
—=— Is the concentration gradient in one dimension
cx

3.1.2 TFick’s Second Law

For unsteady state in one dimensional diffusion, Fick's second law [57]

is

oCc _ _ ol (3.2)
ot cx
Substituting for J from (3.1)
A 2
' ¢ _p 2 g (3.3)
ot Ax

Where D_ has been assumed to be constant

The applicable boundary conditions for the solution of this differential

equations for a semi-infinite domain are
C,=C at t =0 when 0<x<m

C.,=C,at x =0 when 0<7<w
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C.,=C at x =2 when 0<¢<w
By combination of variables, the solution for Eq. (3.3) is
C. ~-C
=1 — of. X (3.4)

o T

where

C, is the initial chloride concentration

C, is the chloride concentration at a depth x

x
C, is the surface chloride concentration
erf is the error function

r

D, is the effective diffusion coefficient

t is the time elapsed

Using the above solution, when the initial chloride concentration, the.
surface chloride concentration and the chloride concentration at a par-
ticular depth x at a time t are known the effective diffusion coefficient
D, can be determined. For a given time period t, the variation of con-

céntration of chloride ions across the depth as determined from Eq. 3.4

is shown in Fig. 3.

3.2 Gas Diffusion Test

Gas diffusion in a porous media could be molecular diffusion, Knudsen
diffusion or a combination of the two, depending on the size of the

pores [58]. In concrete there exists large pores as well as small sized
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pores. So here, the diffusion process is a combination of molecular and
Knudsen diffusion. An experiment can be set up in the laboratory

using a thin concrete disc as the separating medium between two gas

chambers as shown in Fig. 4. Using helium (He) and nitrogen ( /\’2) in

the two chambers, the diffusion of these gases through the porous con-
crete can be observed by measuring the concentration of the gases in
any one chamber. A steady state will be attained when the concentra-
tion of gases in each of the chambers becomes 50 %. Before arriving at
the mass balance equations for the static test the molecular diffusion
and the Knudsen diffusion will be defined first in the following para-

graphs.

3.2.1 Molecular Diffusion
If the pores of the medium are relatively large molecular diffusion may
occur. Here, the collision of molecules with each other is predominant

when compared to that with the pore walls.

Hirschfelder, Bird and Spotz [59], presented the following equation for

the molecular diffusion coefficient

1/2
0.001858 75/3[ 1, 1
M1 M2
Dyp = 3 (3.5)
Po,,"Q,
where
D12 is the molecular diffusivity of 1 in 2 in ('/rzz/sec
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is the absolute temperature in Kelvin

are the molecular weights of 1 and 2

is the absolute pressure

is the "collision diameter”, a Lennard-Jones parameter in
Angstroms.

For the binary system 1/2, Ty is defined as

c71+0'2

g= 2

where
oy and G, are the collision diameters for the components 1

and ? respectively.
is the "collision integral" for molecular diffusion,
a dimensionless parameter. The value of ( is tabulated

against kT/clz, k being the Boltzmann Constant and 19 is

the energy of molecular interaction for the binary system

12, which is defined as

61 and £y are both tabulated
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3.2.2 Knudsen Diffusion

If the pores are quite small, the molecules will collide with the pore
walls much more frequently than with each other then Knudsen diffusijon
will dominate. Knudsen diffusivity is not applicable to liquids. It is giv-

en by the following expression

D, = 9700 r, \/@ (3.6)

where

D,  is the Knudsen diffusion coefficient in (.'mz/sec

r is the mean pore radius in cms.
T is the temperature in Kelvin
M is the molecular weight.

3.2.3 Mass Balance Equations

Referring to Fig. 4, a mass balance equation can be deduced for the
known concentration of gases recorded from the experiment. In deriv-

ing the necessary equations, the following assumptions are made:

(1). Both chambers have the same volume:
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A gas expansion test was conducted on the diffusion cells to determine
the volume of the two chambers. The two chambers were found to have
almost the same volume and an average value of 84.88 cc. was adopt-

ed. The calculations are reported in Appendix A.
(2). The film resistance is negligible:

The gas diffusing through concrete specimens encounters two resistanc-
es. The resistance of a thin layer of film of gas formed on the surface
of the disc because of the diffusion of the gas from the other chamber
and the resistince offered by the body of the concrete. It was
observed that on injecting the pulse, no peak response was detected.
From this it can be concluded that the resistance offered by the body
of the concrete to the gas diffusion is so large that the film resistance

can be considered to be negligible.
(3). The diffusion is in a quasi-steady state

The diffusion through concrete is so slow that the diffusion through the
bulk of the body can he considered instead of diffusion through elemen-

tal thicknesses, validating the assumption of the quasi-steady state dif-

fusion.
(4). The pressure is constant

The system is closed and so the pressure can be assumed to be con-

stant.
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Overall mass balance in chamber A for species 1 (1 is He, 2 is /\’2)

Accumulation = Input - Output

dt

C1 = C.\'l
Therefore
d.\‘l
F'C —= = — 4N
dt 1
or
Lji!. = -4y
dt e 1

(3.7)

(3.8)

(3.9)

(3.10)

(3.11)

To find the flux, we must use Stefan-Maxwell relations [60]. At con-

stant pressure, these relations are:

- Oy = ]':21 +- 'Dt
| “12" "1
and
- Cvx, = — 2! N, + [
2 Dyge 1 i

(3.12)

(3.13)
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CD, .5 D
12 12
- X, = |x, + N, — x, N
. 1 [ 2 Dh} 17 Y1
CD,at D
12 L L Pia oy,
- - Xy = .szl + [.\1 4 sz]Az

Due to .quasi-steady state assumptions and equal volumes,

assume that the gradients are linear, equal and opposite

sz =-v.\'1

Adding (3.14) and (3.15)

D D
12 1y o et U N
[xz + -IT—]/\'I xll\z le\’l + [.\*1 4 5 J/\2 0

ix 2K
or
Moo N
) le DZK
Dy
Ny = — KN
2 le 1

Substitute into (3.14)

CD, e

-
1

i D
Xy

12 |, Doy,
—l/\l + Xy Dl;\'/\]‘

and for chamber A,

X4 + Y = 1

(3.14)

(3.15)

we may

(3.16)

(3.17)

(3.18)

(3.19)

(3.20)
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therefore
.\'2 = 1~.\'1
- CDlzCV\’ = 11— x, + D12 +x Dax N
T "1 "1 le’ ~1 le, 1
or
CD, .t
- 12 ( xp
N. = 1
L=
Dys [, Dy
1+ Xy 1
le le

For assumptions specified

2(0.5 — xl) 1-2x

A4 By T L

CD, ¢

12

B - 7 (1—2.\‘1)
1 D

12 Doy ]
1+ —-X,|1-
D 1x 1[ D 1r

/

Substitute into (3.10)

ar et ,[1 _ DZK]
Dy, 1_ Dy
D
12 2
= |14 - 1- dx .
jl[ Dy, 1[ 1x ” Lo APt

(3.

(3.

(3

(3.

(3.

(3.

(3.
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21)

22)

.23)

24)

25)

26)

an
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A [)lzr {

(3.28)
"1 Xq 1 2.\'1 1 3.29)
t; = T == + = - .
Bu IJ]: =2, dx; In gy 1 \’1"' (
1 Diol [X- 297 af, Do [17 29
=1+ In + —]1 - In
2 | D].K_ 1 - 2.’(10- 4 le i 1- 2'\.1-”.,
1[, _ Day] AD et
— — 1 — R : - T c—— 3.30
2 Dy, L ™ 1] = T (3-30)
Define () = M and x;, = 0 (3.31)
I'tL -
Therefore
D Do~
1 12 1 2K -
0= - =1+ Inf[1 - 2x + =]1 - Inf1 - 2x
-3 e e 2 22 e
1 Dy,
+ =11 - R'S 3.32)

where

C 1 is the concentration of helium in chamber A at any instant of
time in moles/cc.

Xy is the mole fraction of helium in chamber A at any instant of time

X1, is the mole fraciiun of helium in chamber A initially (t=0)
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is the molar flux of helium into chamber A at any instant of time

in nmlas/.wr..mz2
is the concentration gradient for helium in the concrete
is the concentration of nitrogen in chamber B at any instant of

time in moles/cc.
is the mole fraction of nitrogen in chamber B at any instant of
time

is the molar flux of nitrogen in chamber B at any instant of time

. 2
in moles/sec.cm

is the concentratinn gradient for nitrogen in the concrete

is the Knudsen diffusion coefficient for helium in rmz/sp('.

is the Knudsen diffusion coefficient for nitrogen in ('/772/s0(.-.

is the molecular diffusion coefficient for the helium/nitrogen in

2
cm” [sec. system

is the volume of the chambers in rms

is the concentration of helium/nitrogen mixture at any instant
in moles/cc.

is the thickness of the concrete disc specimen used in cmis.

. . . . 2
is the cross sectional area of the disc in ci77

is the porosity of the concrete sample expressed as a fraction
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T is the tortuosity factor to account for the sinuosity of the pores

along the path of diffusion

On conducting the static test, the output obtained is a chart which
records the concentration difference as mV versus distance in cms as
shown in Fig. (5). Knowing the speed at which the chart advances,

the distance can can be converted to time. Initially (t=0), the diffusion

chamber contains only nitrogen, for which Xy = 0 and the corresponding

concentration difference (mV) is known. Similarly, at the time when

the system attains steady state, Xy = 0.5. and the corresponding con-

centration difference (mV) is also known. A graph is plotted for mV

versus X, for the twc points defined. From the straight line plot,

shown in Fig. (6), the values of Xy are recorded for the different mV

readings corresponding to the time instants. From Eqns. 3.5 and 3.6
the molecular diffusion coefficient and the Knudsen diffusion coefficients
for helium and nitrogen for that concrete are evaluated. Using

Eqn.3.32, the value of () can be calculated for any instant of time. A

computer program is developed to generate () versus Ny Substituting

the value of 0 in Eqn. 3.31, the corresponding value of the ratio s
T

evaluated. Finally the average value of L is determined, which repre-
1

sent a constant parameter for the particular concrete.
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3.2.4 Effective Diffusion Coefficient

The diffusion through the pores takes place only through the tortuous
pores of concrete. As the pores are not straight, the diffusion effec-
tively takes place over longer distance than it would be in homogenious
medium. Also, the solids being impermeable, diffusion occurs over a
smaller cross sectional area than that available in a homogenious materi-

al.

The effects of the longer diffusion path and smaller areas can be
lumped together in the definition of the effective diffusion coefficient
[61].

9 (3.33)

I
ale
o

where

o is the total porosity of the material

T/ is the tortuosity factor, which accounts for the sinuosity of the

pores along the path of diffusion

D is the diffusion coefficient of NaCl in water 1.26x10 ° (vnz/.ccv.

at the specific temperature of 19°C.

From equation (3.32), once the value of L is established for different
T

concretes, effective diffusion coefficient for ¢/ ion in concrete can be

computed using Eqn. (3.33).



Oy,

cn
.

Cyp e

Figure 3: A Typical Chloride Concentration Profile

23-7

36



ka4

HEX. HD, BOLT

/ U’ RING [RU52:R)

- I

Support
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§:  Chart Obtined from the Gas Diffusion Test
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Figure 6:  Concentration Ratio Versus mV Plot
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Chapter 1V
EXPERIMENTAL PROGRAM

4.1 General

An exnerimental program was planned to derive test data on the follow-

ing items of interest

1. Diffusion Coefficients for Chloride Jons in Concrete

2. Initiation of Chloride Induced Corrosion of Steel Reinforcement

For item (1), two different experimental techniques were pursued,
namely:(a)Chloride Exposure Test and (b)Gas Diffusion Test. So, in
order to achieve the research objectives, the program was subdivided

into three major experimental programs:
Part 1. Chloride Exposure Test
Part 2. Corrosion Initiation Test

Part 3. Gas Diffusion Test
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Figs. 7-9 indicates the details of the different parameters considered in

each part.

4.2 Materials
4.2.1 Cement

ASTM C 150 Type V Sulphate Resisting Portland Cement which is exten-

sively used in the Kingdom was used for this study

4.2.2 Aggregates

The coarse aggregates used in this study was the crushed limestone
procured from the quarries in Riyadh. The specific gravity and absorp-
tion of coarse aggregates were determined in accordance with ASTM
C-127 and are shown in Table 2.' The grading of coarse aggregates

was selected confirming to ASTM C-33 and is shown in Table 3.

Medium coarse sand was used as fine aggregate. The specific gravity

and absorption of the fine aggregates are given in Table 4.

For mixing the constituents, potable water was used for all specimens.

4.3 Mix Design

The absolute volume method was used for the mix design of the speci-

mens used in this research. The different parameters considered were

Cement Couitent = 300, 350 and 400 k;z//ns
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Coarse / Fine Aggregate ratio = 1.6

Effective Water / Cement ratio = 0.4, 0.55 and 0.7

4.4 Specimens

The type, size and the number of specimens used to determine the dif-
ferent parameters are shown collectively in Table 5. Slabs, blocks,
discs, cubes and cylinder concrete specimens were used in all experi-
ments for the measurement of different items. The slabs were used to
determine the diffusion coefficients of chloride ions for different con-
cretes mixes and exposure conditions. The gas djffusion test is con-
ducted on concrete disc specimens 1 cm thick. Figs. 10 and 11 indi-
cates the specimens tested for gas diffusion. For the corrosion
initiation tests, block specimens of varying cover to reinforcements were
used under indoor exposure conditions only. A typical specimen tested
for rebar corrosion is shown in Fig. 12. To prevent inconvenience that
w/ould be caused during coring, the slabs were cast without any rein-
forcement. The block specimens were cast with a central bar at a con-
stant cover of 2" from the bottom. Leading wires were soldered to the
bar as shown in Fig. 13. 5 gms of representative concrete samples
were used for the pore radius measurements by mercury intrusion.
Some of the samples used for pore radius measurements and the eylin-
ders tested for compressive strength are shown in Figs. 14 and 15

respectively.
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4.5 Specimen Preparation

4.5.1 Mixing and Casting

The constituents were mixed in a revolving drum type mixer. The mix-
ing was done for approximately 3 to 5 minutes till the concrete was uni-
form. For the mixes with w/c ratio of 0.4, a super-plasticizer CP 430

was added at a dose of 9 ml per kg of cement for the cement contents

of 300 and 350 kg/1713 to enhance the workability. The moulds were

filled in 3 layers and vibrated for compaction.
4.5.2 Curing

The specim.ns were demoulded 24 hrs. after casting and covered with

wet burlap/towel to cure at lab temperature of 18 - 200¢. Fig. 16.
The towels were wetted from time to time. Curing was done for a period
of 2 weeks. Following the curing period, the dykes made to allow pond-
ing and as per plan one set of specimens were kept at controlled condi-
tions inside the laboratory and the other set was exposed outdoors as

indicated in Figs. 17 and 18 respectively.
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4.6 Experimental Technique

4.6.1 Part 1: Chloride Exposure Test

In this series, a set of slab specimens (details in Table 5 )were ponded
with chloride solutions. The different variables considered were the
water/cement ratio, exposure chloride concentration and exposure condi-
tions. The details of the different parameters are indicated in Fig. 7.
Unidifectional diffusion of chloride is ensured by ponding the chloride
solution on the top of the slabs in dykes made of cement mortar. The
joint and the sides of the dyke was properly sealed to prevent any
leakage. To maintain constant chloride concentration, the ponded solu-

tion was changed daily for the specimens.

Periodically, cores were taken from each slab for chloride analysis along

the depth of the slabs. The chioride contents at different depths of

the extracted cores were measured using a spectrophotometric method.
After coring, the holes so formed were filled cement mortar upto a
dépth of 5.5" and the remaining 0.5" was filled with an epoxy sealant

to ensure that no leakage would take place through the holes [Fig. 17].
4.6.1.1 Analysis for Total Chlorides

To determine the chloride profile, at an interval of 35 days, 1" diameter
cores were extracted from all slabs [Fig. 20]. The coring was done
using sweet water as the lubricant. Then the cores were sliced dry at

different int~vvals [Fig. 21] using a carbide saw.
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After slicing, the specimens were ground to a fine power passing #100
sieve. 3gms of the powdered sample was taken and washed into a beak-
er with distilled water, to which 3ml of concentrated nitric acid was
added and then shaken for thorough mixing. The volume was made upto
approximately 50ml by adding distilled water and was left to boil for 1
minute. This completes the digestion. Now, the solution was filtered for
the extract and the filtrate was made upto 100ml with distilled water.

Spectrophotometric method [62] was used to find the chloride content of

the extract.
4.6.1.2  Spectrophotometry

In this method, 0.5ml of the chloride extract was diluted to 10ml using
distilled water, to which was added 2ml of mercuric thincyanate saturat-
ed in ethanol (A) and a mixture of 9M nitric acid + 0.25M of ferric

ammonium sulfate (B) [144ml of HN03 + 106ml of distilled water +

30.14gm of ferric ammonium sulfate]. A reference solution (blank) is
also prepared by mixing 10ml of de-ionized water with A and B. The
absorbance of the chloride solution and the blank was measured at a
wave length of 460nm. The difference between the two readings gives
the net absorbance for the chloride. Now, from the calibration curve
for chloride concentration against absorbance, the concentration of the
extract was determined as % by weight of concrete. The apparatus and

the set up is presented in Fig. 22.
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The chloride profile so obtained was used to evaluate the diffusion coef-
ficient directly by using the solution to the Fick's second law, subject

to appropriate boundary conditions.
4.6.2 Part 2: Gas Diffusion Test

Conventionally, the chloride diffusion coefficient is determined using a 2
chamber diffusion cell as shown in Fig. 1, Chapter 1. One chamber
filled with sodium chloride solution and the other with calcium chloride.
The test requires a longer duration to complete the diffusion measure-
ments and so the practical application is limited. Hence an attempi has
been made to seek an alternative method to determine the diffusion
coefficient using a gas diffusion test which is much faster and may be

more general in application.

From the gaé diffusion test, using helium and nitrogen, the ratio of
porosity to tortuosity ©/t, which is a constant for a porous medium can
be determined. From this constant the effective diffusivity of any fluid
in/ concrete can be evaluated. The different parameters considered for

the test are presented in Fig. 8.
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4.6.2.1 Dynamic Experiment on a Single Pellet

The first attempt in gas diffusion test was a dynamic experiment using
a single pellet apparatus. This experiment basically involves injecting a
pulse into a system where a carrier gas flows across the concrete pel-
let, and the peak response detected at the other side of the pellet is
analyzed [63]. The dynamic experiment is a very fast technique for

evaluating the diffusion coefficient.
Apparatus

The apparatus consists of a singie pellet cell, carrier and sample flow

lines, a detector and a recorder [Figs'. 23-24].

Procedure

The carrier gas (/fc¢) flows through the upper and lower chambers.

The tracer (Nz) is introduced into the upper gas stream by means of a

gas sampling valve. The detector is a thermal conductivity cell, which
o
measure the thermal conductivity of the carrier and the tracer, giving

pronounced peaks, which are recorded by a strip chart recorder.

Now by solving the appropriate mass balance equation for the above
system in the Laplace domain using the moment theory and numerically

integrating the resulting chromatographic curves, the diffusion coeffi-

cient can be determined.
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In spite of making several attempts, on injecting the pulse into the sys-
tem, no peak response could be detected by the recorder. This was
attributed to the low porosity of the concrete specimens, which offered
considerable amount of resistance to the pulse, thereby making the pro-
cess of diffusion quite slow. So, when compared to the resistance
offered by the bulk of the concrete specimen to the diffusing gas, the
film resistance can be considered negligible. So, an alternative
approach involving a static test was devised based on the 'conclusion of

negligible film resistance.

4.6.2.2 Static Experiment on a Single Pellct

The static diffusion test though comparatively slower than the dynamic

test is still much faster than the conventional diffusion test [64].

Apparatus

/

The apparatus consists of a single pellet cell [Fig. 25], gas flow lines,

a detector and a recorder.

Procedure

One chamber is filled with helium and the other with nitrogen. The

test set up is shown in Fig. 26. The gases diffuse countercurrently
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through the concrete specimen. The concentration of nitrogen in cham-
ber 2 is recorded continuously. The reference is another chamber
filled with pure helium as shown in Fig. 27. As the gaseous diffusion
progresses, the concentration change in the diffusion cells leads to a
change in the electrical resistance. The thermisters attached to the
diffusion cell detects such change in resistance with respect to the ref-
erence cell. The change of concentrations are automatically recorded in

terms of millivolts on a strip chart. These diffusion curves are later

. converted to another plot of concentration difference against time.

Now, from the plot of the concentration difference against time, the dif-

fusivity can be determined as discussed in Chapter 3.

46.3 Part 3: Reinforcement Corrosion

To monitor the initiation of corrosion, concrete block specimens are
u,sed. The detailed dimensions for these specimens are given in Table
5. The parameters considered were water/cement ratio, cover to rein-
forcement and exposure chloride concentration. The block specimens
were cast with a central 12mm bar at a constant cover of 2" from the
bottom. The bars were soldered to a wire and were later coated with
epoxy to prevent galvanic corrosion. The specimens were ponded with
chloride solutions of 4% and 8% concentrations and exposed under con-

trolled laboratory conditions. At regular intervals, half cell potentials
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and corrosion current density measurements were monitored using the
linear polarization technique. From these measurements, the initiation
time of corrosion in these specimens were detected. At the end of the
monitoring period, all the blocks are split open for visual observation.

The chloride contents at the rebar level are also determined.
4.6.3.1 Linear Polarization Resistance Technique

Linear polarization resistance technique is used to measure the rate of

corrosion of steel reinforcement [65,66].

The test procedure is based on the Stern-Geary Characterization of the
typical polarization curve for the corroding metal. Here, a linear rela-
tionship is described mathematically for -a region on the polarization
curve in which slight changes in the current applied to the corroding
metal in a ionic solution causes corresponding changes in the potential
of the metal. In other words, if a large current is required to change
the potential by a given amount, the corrosion rate is high and on the

ofher hand, if only a small current is required, the corrosion rate is

slow [67].

In this test, three electrodes are used to measure the resistance to
polarization using a potentiostat/galvanostat. The steel rod is connected
to the working electrode terminal while a steel plate and a reference

electrode are connected to the respective terminals of the potentiostat.

The steel is polarized by applying a potential of + --10m1" of the open
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circuit potential and the resulting current between the counter and
working electrodes are measured [68]. The set up used is shown in
Fig. 28. The potentials are changed at a rate of 6 mV/min. and the
resulting current is measured. The slope of the potential-current curve

is the resistance to the polarization, R,,. The corrosion current density

is then calculated using the following relationship [69]

B
I{‘OYY = =
RI‘
where
/.. is the corrosion current density, u/f/('m2
. . o . AL 2
Rp is the linear polarization resistance, Xi—,nhmmn
2.3(8,+B)
where
B, is the anodic tafel constant
B, is the cathodic tafel constant

The Tafel constants can be determined by polarizing steel to <250 mV
of the rest potential or corrosion potential. In the absence of sufficient
data on tafel constants, a value of 100 mV are to be used for steel in a
highly resistant medium [70]. A good correlation between the weight
loss determined by gravimetric methods and linear polarization technique

was observed by Gonzalez et al [71] by using a B=26-mV for steel in
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the active state and B=52 mV for steel in the passive state. In our
investigation, f, = _= 120 mV was used throughout, which corre-

sponds to a B=26 mV.

4.7 Auxiliary Tests
4.7.1 Mercury Intrusion Porosimetry

In order to determine the mean radius of the pores and the total poros-
ity of the concrete specimens, Mercury Intrusion Porosimetry (MIP) was

conducted. The test is conducted according to ASTM D-4284.

In MIP, mercury, a non wetting liquid is forced into the pores of the
material at high pressure. Pore size and volume quantificatirn are
accomplished by submerging the sample under a confined quantity of
mercury and then increasing the pressure of mercury hydraulically. As
the applied pressure is increased, the radius of the pores which can be
filled with mercury decreases and consequently, the total amount of
m;rcury intruded decreases. The data obtained gives the pore volume
distribution directly, from which the porosity and the mean pore radius

can be determined [72].

In this study, the porosity tests were carried out by Imperial Chemical
Industries, U.K., wusing a Micrometrics 9220 Mercury Porosimeter.

Intrusion was carried upto 6000 psia. For the test, a value of surface

tension Y equal to 485 dynes and contact angle () equal to 1400 was
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used. In addition to the applied pressure and the total pore volume
recorded, the approximate pore diameter ranges and the pore volumes
are also obtained. The soft ware in the porosimeter calculates a sur-

face area from the intrusion curve.
4.71.2  Concrete Permeability

The test for water impermeability was done in accordance with DIN 1048
PART 1 [73]. The 6" cube specimens were tested at an age of 28
days. The apparatus and test set up is shown in Fig. 29. Water pres-
sure is applied on one face only such that the pressure is acting in a

direction perpendicular to the direction of casting of the cube.

As per the specification, first a pressure of 1 bar was applied for 48
hours, then 3 bars for 24 hours and lastly 7 bars for 24 hours, one
after the other. Immediately after the test, the test specimen was split
in the middle by applying compression on 2 steel rods lying on opposite
sides above and below the specimen [Fig. 30]. The specification
réquires that when splitting, the face of the specimen subjected to

water pressure should face downwards.

The greatest water penetration depth, measured on the test concrete

was taken as the average value of the greatest penetration depth on 3

test specimens.
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4.7.3 Compressive Strength

The details of the specimens are shown in Table 5. The cylinders were
tested at an age of 28 days. Then after providing sulphur capping,
according to ASTM C-39, using a hydraulic compression testing machine

of +0.1kN accuracy, the cylinders were tested for strength.
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Table 2: Absorption and Specific Gravity of Coarse Aggregates

54

Size Absorption (%) Bulk Sp. Gravity
3/16” 1.621 2.607
3/8” 1.477 2.605
1/2” 1.034 2.643
Overall Grading 1.497 2.610
Table 3: Grading of Coarse Aggregates
Size Wt. Retained | Cum. Weight. % Passing ASTM C-33
Retained No.7
3/4” 0 0 100 . 100
1/2” 10 10 90 90-100
3/8” 45 55 45 40-70
3/16” 45 100 0 0-15
3/32 0 100 0 0-5

Table 4: Absorption and Specific Gravity of Fine Aggregates

Absorption (%)

Bulk Specific Gravity

1.562

2.55




L2 A 4

Table S: Specimen Description

Parameter Specimen
Type Size Number
Diffusion Slab 30"x18"x6" 16
Disc 1”7 ¢, =0.394”
Corrosion Block 1 12"x6"x6" 4
Block 2 12"x6"x5" 4
Block 3 12"x6"x3.5" 4
Permeability Cube 6"x6"x6" 30
Strength Cylinder d=3", h=6" 30
Porosity Concrete small pieces upto 5 gms

55



56

| Wed Joj sisjeweled [ejuawnadxy ;2 ainbi 1

S |

T.ousﬂ @.Wus@ T.oue;u Tm.oue& @.ou&;u T..ono\;q Tm.oue@ T.oue;u Tm.ou&@ Fo uoﬂ
t - L _f Tt

¢ i

S¥00AdLN0 SHOOGANI _

m.o X.81%,0€) mm<._w

1s3l
JUNSOdX3 3AINOTHD

2-€3



57

E GAS DIFFUSION TEST :]

l DISCS 1" Dia. l
l INDOORS |
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Figure 8: Experimental Parameters for Part 2
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[REINFORCEMENT CORROSIOU
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Figure 9: Experimental Parameters for Part 3
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Photograph Showing the Dises Used for Gas Diffusion Tests
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Figure 11:

Photograph Showing the Close-up of The Disc
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Figure 12: Photograph Showing the Blocks Used for the Corrosion
Study :
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Figure 13:  Photograph Showing the Bar Used in the Corrosion Speci-
mens
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Photograph Showing the Samples used for MIP

Figure 14
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Figure 15: Photograph Showing Some of the Cylinders Tested for
Comp. Str.




Figure 16

Photograph Showing the Curing of Specimens
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Photograph Showing the Specimens Exposed Indoors

Figure 17




Figure 18:

Photograph Showing the Specimens Exposed

Outdoors
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Figure 19:

Photograph Showing the Holes Filled after Coring
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Figure 20:

Photograph Showing Sorhe of the Cores Extracted



Figure 21:

Photograph Showing the Interval of Slicing
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Photograph Showing the Set up Used for Chloride Analysis

Figure 22
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Figure 23:  Photograph Showing the Close-up of Cell Used for Dy. Test
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Figure 24: Photograph Showing the Set-up of The Dynamic Test
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Figure 25: Photograph of the Cell used for the Static Diffusion Test



Figure 26:
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Photograph Showing the Set-up for the Static Diffusion Test




Figure 27:
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Photograph Showing the Diffusion Cell and the Reference
Cell



Figure 28:

My

Photograph Showing the Set-up for LPT

7
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Figure 29:

Photograph Showing the Set-up for Water Impermeability

Test




Figure 30:

Photograph Showing a Cube Being Split Open

79
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Chapter V
RESULTS & DISCUSSION

The results of the auxilliary test are presented in sections 5.1 to 5.3
first, as they will be needed for the results and discussion of the dif-
fusion coefficient evaluation and the effect of the different parameters

presented in sections 5.4 to 5.7.

5.1 Mercury Intrusion Porosimetry

The total porosity (¢) and the effective pore radius ( 7, ) measurements
of the concrete samples tested are shown in Table 6. As expected, it
can be observed that generally, both & and r, increased with an
increase in w/c ratio and decreased with an increase in the cement con-
tént. The effect of w/c ratio on r and r. is more predominant relative

to that of cement content.

5.2 Concrete Permeability

Some typical cubes after being tested for permeability are shown in Fig.
30. Water permeability measured as the depth of water penetration from

the DIN 1048 Water Impermeability test is shown in Table 7 and Fig. 32.

- 80 -
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The depth of water penetration was found to increase with higher w/c
ratio and decrease with lower cement content. In the case of w/e¢ =0.7,
the test had to be stopped after 2 days only as water penetrated the

full depth of the specimen, showing the poor quality of the concrete

5.3 Compressive Strength

The 28 day compressive strength of cylinders tesed are shown in Fig.
33. It can be observed that the compressive strength increased margi-
nally with an increase in cement content, but the strength decreased

rapidly with higher w/c ratio.

5.4 Chioride Exposure Test

The solution to Fick's second law [Eqn.(3.4)] can be used to detérmine
the effective chloride diffusion coefficient (D)) from the chloride profiles |
experimentally determined. As previously stated in Chapter 3, Eqn.
3.4, contains the following parameters, the chloride concentration ()
at any particular depth (x), the initial or the primary chloride concen-
tration (C)), the chloride concentration at the surface of the concrete
(C) and the time period (t) at whi(;'h the chloride concentration was
measured. If all the above parameters are known, Eqn. 3.4 could be
used directly to find the value of D) corresponding to each measured

concentration along the depth of the core, and then averaged for a
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constant value. But in our case the surface chloride concentration )
is not available. Even though the concrete specimens were ponded with
4% and 8% NaCl solutions, this cannot be considered as the surface con-
centration for two reasons. First, because of the incompatibility of units
i.e. the ponded solutions are expressed as % by weight of (/ in water,
whereas the chloride concentration in concrete is expressed as % by
weight of concrete. Second, experimentally determining the chloride
concentration at x=0 is practically impossible. The solution to Fick's

law contains 2 unknowns now, the surface concentration ( () and the
effective diffusion coefficient ( D). This necessitates the use of an

iterative procedure to solve Eqn 3.4. So, an interactive optimization

computer program was used to arrive at the best fit for the experimen-

“tally determined chloride profiles.

In order to use the optimization program to arrive at the values of C .

and D, a reasonable range has to be specified for the two unknowns.
For a specified range of the two unknowns, given the value of all other
parameters, the program back calculates the value of C, for each combi-
nation of C, and D_. The iteration is continued within the range of the

values specified for the two unknowns. The best fit for the experimen-
tally determined chloride concentration profile is determined based on

the minimum sum of square of errors between the calculated and the
actual values of C_. The efficiency of the program very much depends

on the accuracy in prescribing the appropriate range of the unknowns.
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In order to arrive at a suitable range for C and D, the following pro-

cedure was adopted. Manually, the experimentally obtained chloride

profiles were extrapolated to x=0. This gives an idea about the approxi-

mate value of C. Observing the trend in the experimentally obtained

data, a suitable margin is decided for the extrapolated C ‘ Now, the

range for the De value has to be decided. The optimization program
used for the analysis of the data, on completing the run, gives a plot
showing the optimized curve and the actual experimental values. First,
a few blind tries are done with random ranges of /). Based on the

observation for the converging trend, a reasonable range ) is also

selected.

The optimization criteria is based on the minimum sum of squares of

error for a reasonable value of (. The program gives the best fit for
the experimental values along with the optimum values of C and D .
The values of C, and D, and the sum of squares of error (SSE) for

each concrete arrived at after the optimization run are shown in Table

8. A typical output obtained from the optimization run is given in

Appendix B.

As expected, with time, the chloride concentration was seen to build up
gradually within the concrete. The diffusion coefficient was found to
be influenced by the w/c ratio, the cement content and the exposure

conditions, among which, the most influential factors were the w/c ratio
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and the exposure condition. Results also indicated that the diffusion

coefficients were independent of the exposure chloride concentration.

The chloride profiles obtained from the optimization run are shown in
Figs. 34 to 48 for different periods. In case of w/c =0.7, for the out-
door exposed specimens, when the cores were analysed after 105 days
of exposure, it was seen that chloride had already passed through the
full depth of the slab. The assumed boundary conditions for the solu-
tion to the Fick's law are no longer valid since the depth of the member
can no longer be considered infinite. As ekpected, the chloride con-
centration increases with time and so the progressive movement of the

chloride front can be observed in all the cases.

The difference in chloride concentrations bpetween the surface and the

concrete body sets up a concentration gradient which will result in the

diffusion of the chlorides into the body of the concrete. This process of

diffusion will continue till both concentrations are equal i.e.the gradient
bgcomes zero. The effect of each of the experimental parameters on

diffusion are discussed in detail in the following sections.
54.1 Effect of Water Cement Ratio

The chloride diffusion and hence the diffusion coefficient was found to
be strongly influenced by the w/c ratio and exposure conditions. The
effect of w/c ratio on chloride diffusion are shown in Figs. 49 to 54.

For the same cement content, for a change in w/c ratio from 0.40 to
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0.55 and 0.70 the corresponding change in diffusivity was from

8.52x10 8 to 28.1.’(10'8 and 66.3x10 8(.‘/112/sec respectivelv. The varia-
tion of D, with w/c ratio for a particular cement content is shown in

Fig. 55. The range of 3-8 times increase in diffusivity may be attrib-
uted to the increased porosity and permeability of the concrete with

higher w/c ratio.

For a cement content of 350 kg/ms, the porosity values corresponding
to a w/c ratio of 0.40, 0.55 and 0.70 are 7.39%, 10.64% and 13.52%
respectively. As mentioned previously, the concrete permeability test
results also indicated a higher permeability for mixes with w/c = 0.55
and 0.70. Moreover, in the case of w/c = 0.70, the test had (o be
stopped after 2 days since water passed through the full depth of the
specimen. This substantiates the very high values of diffusion coeffi-

cient obtained for w/e = 0.70.

The increase in diffusion with w/c ratio is in agreement with previously
r;ported data [7,8,27,28,74] From their study on OPC mortar, Gjorv
and Vennesland [7] reported the effect of higher w/c ratio to be con-
fined only to top surfaces (i.e. upto a depth less than 10 mm) and the
diffusion in the interior portions to be affected by other factors like
chloride binding. However, for SRPC concrete, it is seen that the
effect of w/c on diffusion is not only limited to the surface layers only
but also occurs in the interior layers. It can be observed from Figs.

46 to 51 that an .icrease in the w/c from 0.4 to 0.7, after 175 days of
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exposure, the chloride penetration depth increased from 4 cms to 10

ecms, respectively.
54.2 Effect of Cement Content

The effect of cement content on chloride diffusion is shown in Figs. 56
& 57. As the cement content is increased from 300 to 400 /cg/m3, diffu-

sivity was marginally reduced from (10.32x10 8 to 7.63x10 8(‘/7)2/.«.’6.)

for w/c = 0.4. However for w/e = 0.55, the diffusivity decreased by

51% (33.70x10 8 to 16.46x10 8(‘/712/.«'('.). The decrease in chloride diffu-
sion with an increa:se in cement content is attributed to the development
of a denser concrete. An increase in cement content results in an
increase in the volume of the cement paste, which helps in two ways.
First, the increased amount of paste helps to achieve better compaction
and secondly it leads to a much refined pore structure. From Table 6,

it can be observed that for a w/e of 0.4, when the cement content was
increased from 300 to 400 kg/m3, the effective pore radius decreased
from 224 Angstroms to 177 Angstroms.

543 Effect of Exposure Condition

The effect of the two exposure conditions, viz. indoors and outdoors on

chloride diffusion are shown in Figs. 58 to 62. The indoor exposure of

control laboratory conditions was at an average temperature of 19%¢.

The outdoor exposure period ranged from August to March, during
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which time the ambient temperature ranged from 8 to 500¢". Only the

specimens made with a cement content of 350 /\',sz/m3 were subjected to
both exposure conditions. For all concrete mixes, there was a marked
difference in the values of the diffusion coefficients between the two
exposures. The diffusion coefficient for specimens exposed to outdoor

conditions was 3 times that of the value for indoor specimens made with

w/c ratio of 0.40 ( 8.03.\'10'8 to 24.45x10 8('/712/.<('('). However the dif-
ference between the outdoor and the indoor‘ is reduced for higher w/c
ratios. The sharp difference in the values of diffusion coefficient
between the two exposure conditions may be attributed mainly to the

effect of temperature on the kinetics of diffusion and the associated

factors.

An increase in temperature will lead to a decrease in the viscosity of
the pore water in concrete, through which the diffusion takes place and

consequently an increase in ionic diffusion. Moreover at higher temper-

atures, for example 55°C and above, C3,4 does not react with chloride

jons to form stable chloro-aluminates [75]. So, the assumption of no
reaction taking place can be valid in this case. The formation of micro-
cracks at the aggfegate paste interface due to the high temperature
fluctuations in the exposure condition is another factor. Such micro-
cracks develop due to the thermal incompatibility between the aggre-
gates and the cement paste [3,4]. So at elevated temperatures, the

minimal binding effects together with the development of micro-eracks
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would lead to a higher chloride diffusion in concrete exposed to harsh

outdoor environment as observed in this research.
544 Effect of Surface Chloride Concentration

The effect of surface chloride concentration on the diffusivity is shown
in Figs. 63 to 67. The values of surface concentrations obtained from
the optimization run are shown in Table 8. As expected, in all the
casés, the ingress of chloride ions increased considerably for higher
exposure chl;)ride concentration. However, the diffusion coefficient were
almost unchanged for the same w/c ratio, irrespective of the ponded
solution concentration. For example, in the case of w/c = 0.40, the

diffusivity values in concrete ponded with 4 and 8% chloride solutions

are 8.03..\'10"8(?/712/sec. and 8.52x10 8(‘/712/.voc, respectively

Even though the diffusivity values were independent of the exposure
chloride concentration, the effect of high exposure concentrations is'
detrimental from the durability peint of view, as the diffusion of larger
al;lount of chioride ions into concrete exceeding the threshold level at

an early stage and will consequently lead to an early initiation of corro-

sion.
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5.5 Gas Diffusion Test

From the expression of molecular diffusion, the value of D12 was cal-

culated to be 0.485 ('mz/se(.'. The Knudsen diffusivity values for each

concrete for He and N2 are shown in Table 9. For the mass balance
equation developed for the He/N2 system, a computer program was used

to generate the values of () for increment value of x,. = 0.005 as shown

1
in Table 18. From Egn. (3.31), the ratio /1 can be directly calculated

once the value of () is knowi.. The average value of #/1 and the stan-

dard deviation (SD) for each.mix are shown in Table 18.

Once i{ne value of ¢/t wnich is a constant for each mix is established,
the effective diffusion coefficient D, of chloride in concrete can be

determined using Eqn. (3.33), ans is listed in Table 10. A typical cal-

culation for obtaining the effective diffusion coefficient of chloride ion

in concrete for W/C = 0.55 and CC = 350 /c,q/m3 is given in Appendix
C. The results of the static test for all the mixes are also tabulated in

Appendix C.

To check the fit of the average ¢/t values relative to the experimental

values, a plot of In(l—le) I’s time is developed as shown in Figs. 68

to 70. In all the cases a good correlation was observed. From Table

10, it can be observed that the diffusion coefficient is influenced by
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the w/c ratio and cement content, however the effect of w/c ratio is

found to be more dominant.

5.6 Result Comparison of the Exposure and the Gas Diffusion
Test

The values of the different parameters caleculated from the exposure
tests and the gas diffusion tests are shown in Table 11. On the whole,
exposure and the gas test results exhibit an excellent correlation.
However, in the case of w/c = 0.7, it can be observed that the diffu-
sion coefficient obtained by the gas diffusion test is approximately just
half of that obtained by the exposure test. Such deviations between

the two test results can only be attributed to the err-or in the pore

radius measurements.

It was mentioned earlier that concrete samples were used for the mercu-
ry intrusion studies instead of mortar or paste. The main problem
erllcountered here was the selection of approximately 5 gms. of a repre-
sentative sample of concrete. Due to financial constraints, not many
samples could be sent for testing. However from the limited data avail-

able, the results compare excellently close.

This is the first time ever that the £ ratio has been evaluated for con-
T

crete. The static diffusion test is a very fast method to determine the

diffusion coefficients, it can be completed in 3 to 4 hours in comparison
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to the conventional diffusion test, which requires several weeks for its

completion.

5.7 Reinforcement Corrosion

The corrosion specimens were cast with a view to arrive at a correlation
between the diffusivity values and the time to initiation of corrosion.
The corrosion potentials and the corrosion current density values for
the blocks specimens are shown in Figs. 71 - to 94. The time to initia-
tion of corrosion for the various concretes as inferred from the half cell
and the corrosion density measurements are collectively shown in Table
12. To examine the actual state of the rebars after 300 days of expo-
sure to chlorides, all the block specimens were split open. Table 13

shows the chloride contents at rebar level measured after 300 days of

exposure.

It was observed that in the case of w/c = 0.4, the 4% chloride solution
p9nded specimens did not show any signs of corrosion for the 4", 3"
and 1.5" cover after 300 days of exposure. A typical specimen showing
no signs of corrosion is shown in Fig. 95. The 8% solution ponded
specimens were also passive for the 4" and 3" cover, but for 1.5" cov-
er, specimen, the signs of corrosion initiation was noted after approxi-
mately 280 days as shown in Fig. 96. For w/c = 0.55, the 4" cover
specimens exposed to both, 4% and 8% chloride solution showed no signs

of corrosion initiation after 300 days of exposure. However signs of
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corrosion initiation were noticed after 285 days for the 3" cover speci-
men subjected to 8% chloride solution. Specimens with 1.5" cover exhib-
ited active corrosion as shown in Fig. 97. From the corrosion potential
readings as well as the corrosion current density figures, it can be
seen that the initiation was after 200 and 120 days for the 4% and 8%

solutions respectively.




Figure 31:

923

Photograph Showing Some Typical Cubes Tested for Perme-

ability
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Table 6: Mercury Intrusion Test Results (Porosity % / Pore Radius A)

Cement Content

wW/C

300 350 400
0.4 7.57/224 7.39/127 839/177
0.55 8.3/122 10.64 /135 8.52/175
0.7 13.52/151
Table 7: Concrete Permeability
CC-> 300 350 400
W/C Water Penetration (cms.)
0.4 9.84 10.65 9.93
0.55 12.8 11.9 11.17
0.7 -— 14.2 -—--

94
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Figure 33: 28 day Cylinder Compressive Strength
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Table 8 : Results of the Chloride Exposure Test

CC =350 kg/m’

w/IC | Cl Indoors Outdoors
D, C,’ | SSE D, C, | SSE
0.40 4 % 8.03 0.32 0.0015 24 .45 0._362 0.0031
8 % 8.52 0.56 0.0019 27.54 0.748 0.0262
0.55 4 % - -— ———- 78.00 0.950 0.0263
8 % 28.10 0.760 0.0165 73.50 1.250 0.0703
0.70 4 % 68.45 0.580" | 0.0055 165.0 0.832 0.0411
8 % 66.30 0.815 0.0178 170.3 1.950 0.1204

Indoors Indoors

w/iC | Cl CC =300 kg/m’. CC = 400 kg/m"’.

0.40 4 % 10.32 0.49 0.0022 7.63 0.38 0.0036
0.55 4 % 33.70 0.54 0.0100 16.46 0.49 0.0010

* x10° cm%sec.
% by weight of concrete

917
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Table 9 : Values of Knudsen Diffusion Coefficient

98

CC-» 300 350 400 300 350 400
D D,
Ww/C Helium Nitrogen
0.40 0.185 0.104 0.146 0.070 0.040 0.055
0.55 0.101 0.112 0.144 0.038 0.042 0.055
0.70 0.125 ‘ 0.047
* cm’/sec.
Table 10 : Results of the Gas Diffusion Test
CcC w/C Celt D, * S.D
300 0.40 0.0090 11.34 0.0021
0.55 0.0263 33.14 0.0042
0.40 0.0077 9.70 0.0011
350 0.55 0.0192 24.19 0.0046
0.70 0.0296 37.33 0.0052
400 0.40 0.0070 8.82 0.0023
0.55 0.0110 13.86 0.0023

*  10® cm?/sec.
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Table 11: Comparison of the Exposure and the Gas Diffusion Test

Chloride Exposure Gas Diffusion
CC W/C D. * D.
300 0.40 10.32 11.34
0.55 33.70 33.14
0.40 8.28 9.70
350 0.55 28.10 24.19
0.70 67.38 37.33
400 0.40 7.63 8.82
0.55 . 16.46 13.86

* 10% cm?/ sec.

99
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Table 12: Results of the Corrosion Study

100

Cover to Reinforcement

4« 3« 1.5 ¢

w/C Chloride Initiation of Corrosion
0.40 4 % Nil Nil Nil
8 % Nil Nil 280
0.55 4 % Nil Nil 200
8 % Nil 285 120
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Table 13: Chloride Contents Measured at Rebar Level

4 % Solution 8 % Solution
W/C Cover Chloride Content *
44 0.003 0.003
0.40 3” 0.003 0.003
1.5” 0.0031 0.051
47 0.0048 0.012
0.55 3« 0.610 0.048
1.5« 0.125 0.244

XS Bad

* % by weight of concrete
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Figure 34:  Chloride Profiles: (CC=350 kg/cum., W/C=0.4, 4% Chloride,

Indoors)
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Figure 37:  Chloride Profiles: (CC=350 kg/cum., W/C=0.4, 8% Chloride,
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Figure 40:  Chloride Profiles: (CC=350 kg/cum., W/C=0.55, 8% Chloride,
Outdoors)
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Figure 41:  Chloride Profiles: (CC=350 kg/cum., W/C=0.7, 4% Chloride,
Indoors)
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Figure 42: Chloride Profiles: (CC=350 kg/cum., W/C=0.7, 4% Chloride,
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Figure 44:  Chloride Profiles: (CC=350 kg/cum., W/C=0.7, 8% Chloride,
Outdoors)
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Figure 45:  Chloride Profiles: (CC=300 kg/cum., W/C=0.4, 4% Chloride,
Indoors)
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Figure 46:  Chloride Profiles: (CC=400 kg/cum., W/C=0.4, 4% Chloride,
Indoors)
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Figure 47:  Chloride Profiles: (CC=300 kg/cum., W/C=0.55, 4% Chloride,
Indoors)
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Figure 48:  Chloride Profiles: (CC=400 kg/cum., W/C=0.55, 4% Chloride,
Indoors)
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Figure 49: Effect of W/C Ratio on Chloride Diffusion: (CC=300 Kg/
cum., 140 Days, 4% Chloride, Indoors)
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Figure 53: Effect of W/C Ratio on Chloride Diffusion: (CC=350 Kg/
cum., 175 Days, 8% Chloride, Indoors)
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Figure 60:  Effect of Exposure Conditions on Chloride Diffusion:
(CC=350 kg/cum., W/C=0.55, 8% Chloride, 175 Days)
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Figure 62: Effect of Exposure Conditions on Chloride Diffusion:
(CC=350 kg/cum., W/C=0.7, 8% Chloride, 70 Days)
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Figure 63:  Effect of Exposure Solution Concentration on Chloride Diffu-
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Figure 77:  Corrosion Potentials: (W/C=0.4, 8% Chloride, Cover=4")
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Figure 78:  Corrosion Potentials: (W/C=0.4, 8% Chloride, Cover=3")
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Figure 85:  Corrosion Current Densities: (W/C=0.4, 4% Chloride, Cov-
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Figure 96: Block Showing Initiation: (W/C=0.4, 8% Chloride, Cov-
er=1.5")
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Figure 97: Blocks Showing Active Corrosion: (W/C=0.55, Cover=1.5")
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Chapter VI
PREDICTION OF THE TIME TO INITIATION
OF CORROSION

6.1 General

In this chapter, an attempt is made to use the experimentally generated
test data to arrive at a model for predicting the time to initiation of
corrosion in reinforced concrete structures. From stat:stical analysis of
the experimental results, an empirical relationship is developed -for dif

fusion coefficient as a function of w/c ratio and cement content. Then
using the solution to Fick's second law (Eqn. 6.1) for the appropriate’
boundary conditions, the initiation time for corrosion can be predicted

aéSuming a certain threshold value of chloride concentration.

6.2 Basic Prediction Equation

The basic equation used for prediction is

C. —C.
th =1 - erf- X (6.1)

.-G 2/Dt.

where

C, is the chloride concentration which was present at the time of

- 166 -
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casting, also called the primary chlorides
C, Is the threshold chloride concentration needed to initiate corrosion
for the given concrete
C, is the surface chloride concentration
erf is the error function and can be determined from standard tables
D, is the effective diffusion coefficient

t is the time required to initiate corrosion

6.3 Surface Chloride Concentration

A prior knowledge of surface chloride concentration‘ C, is needed for
prediotion purposes. The success of the prediction depends to a great
deal on the accuracy of the C, value assumed. This has to come from
engineering judgement and experience. Taking a few samples very close
to the surface would also help in making a reasonably good guess.’
However it should be borne in mind that the seasonal variation of C,
cénnot be taken while using the prediction equations. But for all prac-
tical purposes, assuming a constant C, will give reasonably good esti-
mates of the corrosion initiation time. For this prediction the values of

C, obtained from the optimization run are used.
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6.4 Threshold Chloride Concentration

Threshold chloride concentration can be defined as the concentration of
chlorides at the rebar level, which will lead to the de-passivation and
eventually the corrosion of the rebar. From a literature survey (Chap.
2) it was seen that a threshold of 0.35 % of chlorides by weight of
cement (app. 0.05% by weight of concrete) can safely be used as the
threshold chloride concentration. Moreover, from the chloride analysis
of concrete samples taken at the rebar level, it was observed that the
chloride concentration was very close to 0.35% by weight of cement for

the specimens showing signs of initiation.

6.5 Fxpression for Effective Diffusion Coefficient

For the various concrete mixes, effective diffusion coefficients obtained

from the exposure test was used to develop a regression model for D, -

as a function of w/c ratio and cement content. Using a SAS program,
non linear regression analysis was performed trying various models for
this purpose. The final model which gave a good correlation with the

limited data available is

Dﬂ*lO8 = 82.74 — 425.9 (IV/]C) + 568.42(”"/(")2 + 4.26 () 6 (6.2)
where

W/C is the water-cement ratio

C 18 the normalized cement content obtained by dividing the
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cement content in qu/m3 by 350

D, is the effective diffusion coefficient in ('/nz/sm'.

The deviation between the calculated and the experimental value is
shown in Fig. 98. Because of time constraints, the effect of cement
content was studied only for the indoors exposure. Hence the relation-

ship for D, shown above is valid only for indoor exposure conditions.

However, from experiments like those pursued in this research, similar
relationships can also be developed for any type of exposure conditions.

Appendix D presents the details of the SAS analysis for the indoor
exposure samples. Using the expression of Eqn. 6.2, D, values are

calculated for the different -concretes used as listed in Table 14,

together with the previously evaluated C. values.

6.6 Results and Discussion

/
Based on the diffusivity values calculated from Eqn. (6.2), the C val-

ues obtained from the optimization run and for an assumed chloride
threshold level of 0.35% by weight of cement (app. 0.052% by weight of
concrete) the time to initiation of corrosion can be predicted using Eqn.
6.1. The predicted time to corrosion initiafion for the different con-
crete mixes and rebar covers are given in Table 15. A comparison of

the predicted and the actual time to corrosion initiation is also shown in
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Table 15. The results show quite a reasonable correlation. The varia-
tion between the predicted and the actual initiation times does not indi-
cate any definite trend. Depending on whether the predicted ), was
greater than or smaller than the actual value, the time to initiation also
varied. However, if experiments are conducted considering a more wid-
er range for the two variables considered, viz. w/c ratio and cement

content, a model which would be of more general application could be

developed using the same approach.

6.7 MIX DESIGN CONSIDERATIONS

One of the means of transportation of chloride ions in concrete is by

diffusion. Therefore, for chloride contaminated environments, concrete
mix proportioning has to be based on an acceptable value of ). In

situations where Fick's laws of diffusion will be applicable with suffi- .
cient accuracy, one can predict the time to initiation of corrosion based

on an idealized condition and assumed parameters. For a desired time
/

of corrosion free life of a structure, once the cover to rebar is decid-

ed, the required value of D can be determined from Egqn. 6.1. Once
this value of D, is obtained, the concrete mix can be proportioned to
yield the desired value of D,. From a broad based study, it would be
possible to establish a function of ), in terms of important parameters

as indicated in Eqn. 6.2. If such an equation is obtained, the mix

design parameters can easily be determined for a target value of Dr_




c3=7

~
o

171

- NN S O
> B 8 & 8 8

Experimental Value (De*10+*8)cmx**2/sec.

o

Q

Figure 98:

T T T T T T
10 20 30 40 20 60
Calculated Value (De*10%+8) cmx*2/sec.

Experimental and Caleculated Values of De

/70



Table 14: Cs and D, Values Used for Predicting the Initiation of Corrosion
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cC w/C Chloride ) N c
300 0.40 4 % 14.09 0.49
0.55 4 % 31.20 0.54
0.40 4 % 7.59 0.32

8 % 7.59 0.56 i
350 0.55 8 % 24.70 0.76
0.70 4 % 67.40 0.58
8 % 67.40 0.815
400 0.40 4 % 5.24 0.38
0.55 4 % 22.35 0.49

* 10% cm? /sec.

# % by weight of concrete




£3-7

Table 15: Predicted Time to Initiation of Corrosion
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Cover to Reinforcement

4 3« 1.5 «

W/C' Chloride Time to Initiation in Days (Years)
0.4 4 % 3887 (10.6) 2186 (6.0) 547 (1.50)
8 '% 2700 (7.3) 1519 (4.20) 380 (1.04)
280 (0.787)*
0.55 4 % 1015 (2.8) 571 (1.6) 143 (0.39)
200 (0.548)*
8 % 709 (1.9) 399 (1.10) 100 (0.27)

285 (0.781)*

120 (0.329)*

* experimental time to initiation of corrosion
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Chapter VII
CONCLUSIONS AND RECOMMENDATIONS

7.1  Conclusions

Chloride ion diffusion coefficients are determined for concrete made from
the local materialAs using the conventional ponding technique and a gas
diffusion technique, which for the first time tried on concrete. The gas
diffusion technique appears to be quite a rapid and promising method
for evaluating the diffusion coefficients for any ion in concrete. Based
on the test results generated, an attempt was also made to predict the
time to corrosion initiation of the steel reinforcement in .concrete.. The

following conclusions are drawn from this study:

1. The chloride diffusion coefficients for Sulphate Resisting Port-
land Cement concrete made with local materials appears to be

greater than values reported so far in literature.

2. Diffusion coefficient D, is found to be strongly influenced by the
water-cement ratio. The value of D_ increases with increasing
w/c ratio.

3. The values of D  for concretes exposed to outdoor environment

are evoected to be much higher than the values for identical

- 174 -
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concretes in indoors.
The chloride diffusion coefficient decreases with an increase in
the cement content. This effect is more pronounced for higher
w/c ratios.
The chloride diffusion coefficient is independent of the exposure
chloride concentration. However, as the amount of chlorides
within the concrete is directly proportional to the surface con-
centration, higher surface concentration is detrimental from the
view éoint of durability as it will lead to an earlier initiation of
corrosion.
Threshold chloride level of 0.35% by weight of cement (0.05% by
weight of concrete) for the initiation of chloride induced corro-
sion appears to hold good for the local concrete.

It appears that in an idealized condition, Fick's second law of

diffusion can be used to predict the corrosion initiation time, if -

the chloride exposure condition can be modelled with sufficient
accuracy.
This study has shown that for the first time that the chloride

diffusion coefficient in concrete can be determined from the
measurement of the ratio of porosity to tortuosity L which is a
T

characteristic material property of a porous media. The gas dif-
fusion test therefore appears to be a rapid and reliable method

for evaluating D_.
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7.2 Recommendations

The following recommendations are made as a continuing and complimen-

tary study of this problem.

1.

In this study, the surface chloride concentration C, was main-
tained constant throughout the period of exposure. In actual
exposure conditions, this is not the case.Therefore an effort has
to be made to idealize the C, value for the various exposure
conditions relevant to the area, so that the prediction model
would be lteasonably valid.

The expression obtained for )  of chloride ion in concrete was
based -on the limited variables considered in this study. Tests
have to be conducted considering a much wider range of the dif-
ferent parameters, which would help in arriving at a more gen-
eral expression which could be of great practical use.

The gas diffusion test, which for the first time was conducted

on concrete, appears to be quite a promising rapid technique for

evaluating the DD, of any ion in concrete. Attempts should there-

fore be made to standardize this test.
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Appendix A
VOLUMETRIC CALIBRATION OF THE
DIFFUSION CELL

A gas expansion test was conducted on the diffusion cells to determine
the volume of the two chambers of the diffusion cell. Figure 99 shows

the flow diagram used for the test.

A.1 Top Half Cell with the Sensor

Table 16 shows the pressures recorded on conducting the test on the

top half of the chamber.

P, = 162.75 mm of Hg
V, =125 cc.

Temp = 23°C = 296°K

My = "['R;"i%
= %g-szi:———%g- = 5.1652 mmoles
Calculation of I”, .
- 188 -
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Tahle /16: Test on the Top Chamber
Pa Pb Pc Pd
(mm of Hg) (mbar) (mbar) (mbar)
atm 518 518 518
775.17 775.7 775.7 775.7
atm atm - 518 518
786 + 786, 786 786
atm atm -atm 518
959.3  959.3 959.3 959.3

189

Ny, + pen = Mopep

5.1652 + 518 ey _ 6. 1R(125+ 1 )

83.14%*296 83.14%296

127112 + 518 V,, = 775.7 (125+ I

R('I))

245.38 + I/, = 187.19 + 1.497 I

RCDH
Vncn = 117 cc
V” + VC + Vn = 117

V, + Vg, = 117

Calculation of 1/,

(A.1)

(A.2)

(A.3)

(A.4)



ny+ gt ne, =1,

5.1652 +

762.75% 1, 518*1°,,  786%(125+ I, 1

)

ch

62.361*296 83.14*296

Ve— 113V, = — 123.5

From (A.4)

Vep = 117 = F,

Substituting in (A.7)
Vo= 4.09cc

Calculation of V. and v,

n,+tng+n.+n,=un,,.,

762.75¢F,  762.75*),
5.1652 +

83.14%296

518* 1

) 959.3%(135+ V4V + 1))
83.14%296

On solving the equations we get

7,=4.09 cc.
VC=85.05 ce.

V,=27.86 cc.

r3=7

-'..
62.361%296 * 62.361*296

83.14*%296

190

(A.5)

(A.6)

(A.7)

(A.8)

(A.9)

(A.10)



A.2 Bottom Half Cell

Pa Pb
(mm of Hg) (mbar)
atm 500

763.3 763.3
atm atm
769 769
atm atm
950 950

P, = 164.45 mm of Hg

V/1 = 125 cc.

Temp = 23°C = 296" K

PV,
Ny = RT

764.4*125

Tahle I7: Test on the Bottom Chamber

Pe Pd
(mbar) (mbar)
500 500
763.3 763.3

518 518
769 769
atm 497.5
950 950

= D22 240 _ 5.1764 mmoles

62.361*296

Calculation of 1/

BCD

Ny + Rpep = Mypep,

[ At 4

191

(A.11)
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500*1", .
5.1764 + feh

_ 763.3%(125+ 1

nen)

83.14%296 83.14%296

127388 + 500 I,

254.78 + V., = 190.83 + 1.53 I

Voep = 120.66 cc
Vo + Vo + ¥, = 120.66

1y + Ve = 120.66

Calculation of I/ 2

n, + n, + Nepy = Mypep

= 763.3 (1254 |7

Ii(‘l‘)

BCh

764.4* 1 496.7*V 768.8%(125+ 17, + 1)
5.1652 + B . B___cl
. 62.361%296  83.14*296 83.147296
/ 0.92¢), — IV, = — 123.5
From (A.4)

Vep = 120.66 — 1,

Substituting in (A.7)
Va = 3.15 cc

Calculation of /. and I,

192

(A.12)

(A.13)

(A.14)

(A.15)

(A.16)

(A.17)

(A.18)
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193

Netng = n.+n,=n,... (A.19)

764.4% 1, 164441, 518%1,
62.3617296  62.3617296  83.14%296

5.1764 +

950% (125 + I, + /4 1)

83.14*296 (4.20)

On solving the equations we get

Vn=3.15 cc.
VC=84.7 cc.

V,=32.81 cc.

It can be that the volume of the two chambers are nearly the same.

Therefore adopting an average value, we get

84.7 + 85.05

Ve = — = 84.88 cc.
where
" is the volume of the calibrated tube ( 125 cc.)
V. is the volume of section B in cc.
V. is the volume of section C in cec.
I, is the volume of section D in cec.
Vep is the volume of sections C and D combined in cc
Veep  is the volume of sections B,C and D combined in cc.

anep 18 the volume of sections A,B,C and D combined in cc.




L At 4

n
n,

n

n,

nep

Mpen

M yncn

194

is the number of mmoles of the gas in section A

is the number of mmoles of the gas in section B

is the number of mmoles of the gas in section C

is the number of mmoles of the gas in section D

is the number of mmoles of the gas in C and D combined

is the number of mmoles of the gas in B,C and D combined
is the number of mmoies of the; gas in A,B,C and D combined

is the pressure in mbars
is the universal gas constant =0.83/4 (har i1s.) | (gmole K )

or 62.361 (mm of Hg Its.) | (gmole K)



Figure 99:

A
A'_.

D
\J
B —X
X X

Flow Diagram for the Gas Expansion Test
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OPTIMIZATION OUTPUT

) FILE: CONCRETE OUTPUT1 Al KING FAHD UNIVERSITY OF PETROLEUM AND MINERALS

kkhkrhkhkhkhkhhkhdhkhkhhkdhhdhhdkhhhkhkkdrhhdshoi

* OPTIMIZATION RESULTS *
Fkkdkhkhkok Rk Rk kR kk Rk Rk kR ok hhhk kA kR

W/C RATIO : 0.4
EXPOSURE :  INDOORS
CHLORIDE : 8%
PEFERENCE : NAVAZ .C.M.
FILE NAME :  4IOPTA

TIME OF PROGRAM RUN 11:42:11
DATE OF PROGRAM RUN 3/ 7/19%94

. CHLORIDE CONCENTRATION = 8¢
EXPOSURE DAYS = 70

s MIN. SUM OF SQUARES ERROR = 0.71675843E-C3 AY ITERATICN NC.

MIM. SUM OF SQUARES ERROR = 0.716758432-03

MO FUNCTION IMPROVEMENT POSSIBLE
MIM. SUM OF SQUARES ERROR = 0.71675843E-03

SOLUTION OF THE EQUATION :

CS = 0.5600 % CHLORIDE
D = 8.520E-8 CM**2/SEC
DIFFUSIVITY =

8f520E-8 CM**2 /SEC

X EXPT CONCENTRATION CAL. CONCENTRATION

CcMs. % CHLORIDE % CHLORIDE

3-7

O X2 X 222222222222 2R 2 EX R R

* OPTIMIZATION RESULTS

*

FrbkhkkhkhkkkhkArkdhkhkhdkkbkhkhkokhkkrkrdhkidx

0.63500 0.27400 0.30053

2.54000 0.01000 0.01284
. 5.08000 '0.00500 _~ 0.00600
( 7.62000 0.00400 0.00600

W/C RATIO 0.4
EXFOSURE INDOORS
CHLORIDE 8%
REFEZRENCE MAVAZ .C.M.
FILE NAME 4I0PTA

TIME OF PROGRAM RUN

11:42:38

DATF. OF PROGRAM RUN 3/ 7/1994



CHLORIDE CON

CENTRATION

EXPOSURE DAYS = 105

MIN. SUM OF
MIN. SUM OF

NO FUNCTION
MIN. SUM OF

Cs = 0.5600

D 8.520E-8 CM**2/SEC
DIFFUSIVITY = 8.520E-8 CM**2/SEC
X  EXPT CONCENTRATION CAL. CONCENTRATION
CMs. * CHLORIDE % CHLORIDE
0.63500 0.33900 0.34369
2.54000 0.02500 0.02875
5.08000 0.02000 0.00602
7.62000 0.00500 / 0.00600
) dhkkkkkkkdhkxkdkxhkhhkkhhkkkhkrkdhdohdhdk ks
* OPTIMIZATION RESULTS *

SOLUTION OF

SQUARES ERROR = 0.23233815£-03
SQUARES ERROR = 0.23233815E-03

IMPROVEMENT POSSIBLE
SQUARES ERROR = 0.23233815E-03

THE EQUATION :

% CHLORIDE

Frkkkkr XAk xhhkkhhhhkhkhkhxkhkrkrdrhkhdhr

W/C RATIO
EXPOSURE
CHLORIDE
REFERENCE
FILE NAME

.. TIME OF PROGRAM RUN
. DATE OF PROGRAM RUN

CHLORIDE CONCENTRATION

EXPOSURE DAY
- MINM. SUM OF
MIN. SUM OF

NO FUNCTION
MIN. SUM OF

SOLUTION
Cs = 0.5600
D =

3-7

s e e 00 - = - - - " v - -

0.4

INDOORS

8%

NAVAZ .C.M.

4I0PTA
11:42:38
3/ 7/1994
= 8%

S = 175

[}

SQUARES ERROR 0.90607023E-03

SQUARES ERROR

)

0.90607023E-03

IMPROVEMENT POSSIBLE
SQUARES ERROR = 0,90607023E-03

OF THE EQUATION :

% CHLORIDE

8.520E-8 CM*#*2/SEC

AT ITERATION NO.

AT ITERATION NO. ¢©

AT ITERATION NO. 1

N

. AT ITERATION NO. C

AT ITERATION No. 12

AT ITERATION NO. 2

-1



DIFFUSIVITY

= 8.520E-8 CM**2/SEC

X . EXPT CONCENTRATION CAL. CONCENTRATION
% CHLORIDE

CMS.

0.63500
2.54000
5.08000
7.62000

% CHLORIDE

0.41000
0.08000
0.02600
0.00600

TOTAL SUM OF SQUARES ALL DATA SETS

QMW n
Q G2 O

0.18551666E-02
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Appendix C
SAMPLE CALCULATION FOR THE STATIC
TEST

A sample calculation is shown for the concrete with the following details

CC = 350 ig/m°
W/C = 0.55

Effective por2 radius = 135 Angstroms

C.1 Molecular Diffusion CoefTicient

The expression used to determine the bulk diffusion coefficent for the

helium/nitrogen system is

1/2
0.001858 7o/ L, 1
ﬂfl ﬂ12

Dig =

' (A.12)
o1 2

Different parameters required for calculating I)] g Were obtained from

ref [76].

To find P

- 199 -



At

Helium

8A

— = 33.3

k

Therefore o6y = 2.968
Nitrogen

£y

~~ = 91.5 -

k

Therefore Gy = 3.681

5. - 2.968+3.681
12 p)

To find Qn,lz

r \/
—,12" - {.r_l*_rl
¢ k k

= \/33.3%91.5 = 55.2

T =18C = 18+273 = 291°K

€
12 _ 55.2 _
ﬁ 201 0.1897
k—T- = 5.272
12
Qb,lz = 0.919
i‘lhalium = 4'006

Alnfnn},'rn = 28'02

= 3.325

200
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1,1 2
2.006 28.02
1*3.3252+0.919

0.001858 2913/ 2[

Dyg =

C.2 Knudsen Diffusion Coefficients

The expression for Knudsen diffusion coefficient is

D, =900 1, ¥ ( T.)—“

.M

For Helium

—

8.,/ 291 ~ 2
)y = * * = 0. . sec.
Dy, 97(?0 135*10 °v [4.006_ 0.112¢m” [ sec
For Nitrogen
291 -

Dy, = 9700*135*10 8+ l 3507

C.3  Evaluation of epsilon / tau

The mass balance equation for the system is

1
0= - =11+
2[ 1k

1 ) D2k’
+ = _
3 [l Dy, ](xl)

I

x|

where

ADlzr,r
It

J = 0, 042:'/7/2/ ser,

) D
12 . ] i _ 2« _ .
5 ]ln (1 2\1) 4 i [1 = ]ln (1 - 2a 1)

2m

= 0.485('/)12/.w':'.

(A.13)

(A.14)

(A.15)
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Substituting the values for [)12, Dy, and Dg,, for 0.005 step increments
in the value of Yy the corresponding values of () are generated using a

computer program (Table 18).

For example, for Xy = 0.825, from Table 18, () = 1.026.

For Eqn. (A.15),

I” = 84.88 cc

A = 20.24 ('/712
L=1em

t=0.1hr

Therefore

£ 1.026*84.88*1

T 20.24%0.485%0_1%60%g0 ~ ©-029

Likewise L can be determined for each Ny Table 19 collective-
1
ly shows the % values for all the concretes tested. For this

concrete, the average L= 0.0179.
T

We know,

+ £

D, = DI\'n(.’I/HzO "

37
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D, = 1.26*10 5 * 0.0179 — 22.55%10 812/
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Diffusion Curve Obtained From the Static Test

Figure 100
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Figure 101:  Plot of Concentration Ratio Vs Time



had* Bax §

Tahle 1S:

.02677803
.05381208
.08110732
.10866922
.13650346
.16461569
.19301170
.22169822
.25068104
.27996665
.30956227
.33947450
.36971051
. 40027827
.43118525
.46243954
.49404937
.5260233¢
.55837077
.59110039
.62422210
.65774590
.69168204
. 72604150
.76083511
. 79607505
.83177316
.86794204
.90459496
.94174564
.97940844
.01759720
.05632877
.09562111
.13548756
.17595005
.21702385
.25872993
.30108833
.34412098
.38785172
.43230343
.47750092
.52346897
.57023907
.61783886
.66629791

C/C = 350 KG/CUM.

HHMHHEFRRERHRERERHEFRPRPEPFEFFRRFOOOCOO0O00000000000000000000000C0OO0

W/C = 0.55

R e v > m e = e e e e e o S = e e . =

Computer Generated Theta Values
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— i — —— ———— ——— ———— —— —— —— T ————— ——— a— —_— a———_ S— o, o ———

< LY

.24000
.24500
.25000
.25500
.26000
.26500
.27000
.27500
.28000
.28500
.29000

.29500 -

.30000
.30500
.31000
.31500
.32000
.32500
.33000
.33500
.34000

.34500

.35000
.35500
.36000
.36500
.37000
.37500
.38000
.38500
.39000
.39500
.40000
.40500
.41000
.41500
.42000
.42500
.43000

.43500 .

.44000
. 44500
.45000
.45500
.46000
.46500
.47000
.47500
.48000
.48500
.49000
.49500
.50000

PR OUOOONNOOOUUONUUUTD DR RPPRPRWWWWWWWWWWNNDNNNNNDNNNDNDNDNNDNNNR PR

W=

.71565056
.76593208
.81717682
.86942673
.92272186
.97710609
.03262520
.08933067
.14727688
.20651817
.26711655
.32913780
.39265251
.45773602
.52446842
.59294033
.66324425
.73548317
.80977345
.88623428
.96500206
.04621887
.13004780
.21666622
.30626965
.39907646
.49532700
.59528923
.69927120
.80761242
.92070198
.03898048
.16295052
.29320526
.43041706
.57538605
. 72904968
.89253235
.06719398
.25468540
.45707035
.67693520
.91762066
.18352222
.48059082
.81717014
.20548153
.66446590

22586823

.94918537
.96799088
.70848846
.93734741
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Table 19: Epsilon / Tau Values

CC=350 kg/m’, W/C=0.40

mV t (cms.) | t (hrs.) X 0 R=g/t | ReeRI0 | In(1-2x,)
0.820 2 04 0.220 1.62 0.010 529 -0.58
0.735 4 0.8 0.324 2.91 0.009 169 -1.04
0.684 6 1.2 0.384 4.05 0.008 9 -1.46
0.650 8 1.6 0.428 5.21 0.008 o -1.94
0.630 10 2.0 0.456 6.65 0.008 9 -2.43

" 0.618 12 2.4 0468~ | "7.50 0.008 9 -2.75
0.608 14 2.8 0.480 8.77 0.007 49 -3.22
0.600 16 32 0.492 11.22 0.008 9 -4.13
0.820 2 04 0.220 1.62 0.018 529 -0.58
0.730 4 0.8 0.332 3.02 0.009 169 -1.09
0.680 6 1.2 0.392 422 0.008 9 -1.53
0.650 8 1.6 0.430 5.40 0.008 9 -1.97
0.630 10 2.0 0.456 6.65 0.008 9 -2.43
0.618 12 24 0468 | 7.50 0.008 9 -2.75
0.610 14 2.8 0.480 8.77 0.008 9 -3.22
0.605 16 32 0.488 10.14 0.008 9 -3.22

~ 0.830 2 04 0.228 1.70 0.01C 529 -0.61
0.745 4 0.8 0.336 3.09 0.009 169 -1.11
0.700 6 1.2 0.396 433 0.009 169 -1.57
0.670 8 1.6 0.436 5.64 0.008 9 -2.06
0.650 10 2.0 0.460 6.90 0.008 9 -2.53
0.635 12 2.4 0.476 8.28 0.008 9 -3.04
0.630 14 2.8 0.488 10.14 0.009 169 -3.73

"~ 0.620 16 32 0.496 13.08 0.009 169 -4.83
0.855 2 04 0.200 1.43 0.009 169 -0.51
0.775 4 0.8 0.315 2.76 0.008 9 -0.999
0.730 6 1.2 0.375 3.83 0.008 9 -1.39
0.700 8 1.6 0.420° 5.04 0.008 9 -1.83

0.680 10 2.0 0450 |- 6.30 0.008 9 -2.30
0.670 12 2.4 0.465 7.26 0.007 49 -2.66
0.660 14 2.8 0.475 8.17 0.007 49 -3.00
0.650 16 3.2 0.490 10.63 0.008 9 -3.91
0.860 2 04 0.205 1.48 0.009 169 -0.53
0.790 4 0.8 0.305 2.62 0.008 o -0.94
0.745 6 1.2 0.375 3.83 0.008 9 -1.39
0.720 8 1.6 0.415 487 0.007 49 -1.77
0.700 10 2.0 0.440 5.81 0.00/ 49 -2.12
0.690 12 2.4 0.455 6.30 0.006 289 -2.41
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0.680 14 2.8 0.470 7.68 0.007 49 -2.81
0.675 16 3.2 0.480 8.77 0.007 49 -3.22
0.670 18 3.6 0.490 10.63 0.007 49 -3.91
0.870 2 0.4 0.175 1.21 0.007 49 -0.43
0.800 4 0.8 0.270 2.16 0.006 289 -0.78
0.750 6 1.2 0.340 3.16 0.006 289 -1.14
0.715 8 1.6 0.395 4,17 0.006 289 -1.56
0.690 10 2.0 0.420 5.04 0.006 289 -1.83
0.675 12 2.4 0.440 5.81 0.006 289 2.12
0.665 14 2.8 0.455 6.59 0.006 289 -2.41
0.655 16 3.2 0.470 7.68 0.006 289 -2.81
0.645 20 4.0 0.485=.] 9.54 0.006 289 -3.51
0.640 24 4.8 0.490 10.63 0.005 729 -3.91
0.880 2 0.4 0.185 1.29 0.008 9 -0.46
- 0.815 4 0.8 0.295 2.48 0.007 49 -0.89
0.770 6 1.2 0.350 3.33 0.007 49 -1.20
0.740 8 1.6 0.400 4.43 0.007 49 -1.61
0.720 10 2.0 0.440 5.81 0.007 49 -2.12
0.705 12 2.4 0.460 6.90 0.007 49 -2.53
0.690 14 2.8 0.475 8.17 0.007 49 -3.00
.0.685 16 3.2 0.485 9.54 0.007 49 -3.51
0.680 20 4.0 0.490 ‘| 10.63 0.006 289 -3.91
Average €/1=0.0077
Std. Deviation=0.0011
CC=350 kg/m>, W/C=0.55
mV ' t(cms.) | t (hrs.) X1 ) R=g/t | RerR10° T 1n(1.2x,)
0.850 0.5 0.1 0.175 1.14 0.027 6084 -0.43
0.760 1 0.2 0.310 2.52 0.030 11664 -0.97
0.680 2 0.4 0.375 3.60 0.022 784 -1.39
0.630 3 0.6 0.440 5.46 0.022 784 -2.12
0.610 4 0.8 0.450 .| 5.92 0.018 114 -2.30
" 0.590 6 1.2 0.482 8.49 0.017 484 -3.32
0.580 8 1.6 0.495 | 11.71 0.018 144 -4.61
0.860 0.5 0.1 0.185. 1.22 0.029 9604 -0.46
0.780 1 0.2 0.285 221 0.027 6084 -0.84
0.70 2 0.4 0.385 | 3.81 0.023 1444 -1.47
0.660 3 0.6 0.435 5.25 0.021 324 -2.04
0.640 4 0.8 0.460 6.48 0.019 4 -2.53
0.620 6 1.2 0.485 922 0.018 144 -3.51
0.850 0.5 0.1 0.160 1.02 0.025 3364° -0.39
0.760 1 0.2 0.255 1.87 0.022 784 -0.71
0.700 1.5 0.3 0.320 2.66 0.021 324 -1.02
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2 0.360 3.31 0.020 64 -1.27 210
0.610 3 0.6 0.405 4.29 0.017 434 -1.66
0.580 4 0.8 0.444 5.46 0.016 1024 -2.12
0.550 6 1.2 0.480 8.23 0.016 1024 -3.12
0.850 0.5 0.1 0.135 0.83 0.020 64 -0.31
0.760 1 0.2 0.225 1.57 0.019 4 -0.60
0.690 1.5 0.3 0.285 2.21 0.018 144 -0.84
0640 2 0.4 0.335 2.89 0.017 484 -1.11
0.580 3 0.6 0.390 3.92 0.016 1024 -1.51
_ 0.540 4 0.8 0.425 4.89 0.015 1764 -1.90
0.510 5 1.0 0.450 592 0.014 2704 -2.30
0.490 6 1.2 0470 -| 721 0.014 2704 -2.81
0.470 10 2.0 0.490 9.97 0.012 5184 -3.91
0.870 0.5 0.1 0.15 0.94 0.023 1444 -3.60
0.790 1 0.2 0.235 1.67 0.020 64 -0.63
0.740 1.5 0.3 0.300 2.39 0.019 4 -0.92
0.700 2 0.4 0.340 2.96 0.018 144 -1.14
0.640 3 0.6 0.410 4.43 0.018 144 -1.71
0.610 4 0.8 0435 |- 525 0.016 1024 -2.04
0.590 5 1.0 0.465 6.82 0.016 1024 -2.66
0.580 A 1.2 0.475 766 | 0.015 1764 -3.00
0.870 0.5 0.1 0.140 0.87 0.021 324 -0.33
0.790 1 0.2 0.230 1.62 0.019 4 -0.62
0.740 1.5 0.3 0.280 2.15 0.017 484 -0.82
0.700 2 0.4 0.325 2.74 0.016 1024 -1.05
0.640 3 0.6 0.390 3.92 0.016 1024 -1.51
0.600 4 0.8 0.435 5.25 0.016 1024 -2.04
. 0.580 5 1.0 0.455 6.18 0.015 1764 -2.41
0.570 6 1.2 0.470 7.21 0.014 2704 -2.81
0.550 8 1.6 0.490 9.97 0.015 1764 -3.91
0.540 10 2.0 0.495 11.71 0.014 2704 -4.61
Average £/1=0.01 %
Std. Deviation=0.0046
CC=350 kg/m’, W/C=0.70
mV | t(cms.) | t(hrs.) X ) R=g/t | ®RewR™10° | |n(1.2x,)
0.760 0.5 0.1 0.245 1.61 0.039 88.4 -0.67
0.650 ] 0.2 0.355 2.94 0.035 29.2 -1.24
0.600 1.5 0.3 0.405 3.92 0.031 1.96 -1.66
0.570 2 0.4 0.440 4.98 0.030 0.16 -2.12
0.550 2.5 0.5 0.460 5.91 0.028 2.56 -2.53
0.535 3 0.6 0.475 6.99 0.028 2.56 -3.00
0.520 4 0.8 0.490 9.09 0.027 6.76 -3.91
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0.750 0.5 0.1 0.250 1.66 0.031 10.82 -0.69
0.650 1 0.2 0.350 2.86 0.040 19.36 -1.20
0.590 1.5 0.3 0.410 4.04 0.034 5.76 -1.71
0.560 2 0.4 0.440 4.98 0.032 0.16 -2.12
0.540 2.5 0.5 0.458 5.80 0.030 2.56 -2.48
0.525 3 0.6 0.475 6.99 0.028 2.56 -3.00
0.510 4 0.8 0.490 9.09 0.027 6.76 -3.91
0.780 0.5 0.1 0.240 1.57 0.038 70.56 -0.65
0.680 1 0.2 0.345 2.78 0.033 11.56 -1.17
0.630 1.5 03 0.400 2.80 0.022 57.76 -1.61
0.600 2 0.4 0435~ | 4.80 0.029 0..36 -2.04
0.580 2.5 0.5 0.450..] 5.40 0.026 12.96 -2.30
0.570 3 0.6 0.465 6.22 0.025 21.16 -2.66
0.555 4 0.8 0.480 7.50 0.023 43.56 -3.22
~ 0.545 6 1.2 0.493 9.90 0.020 92.16 -4.27
0.750 0.5 0.1 0.260 1.76 0.042 153.8 -073
0.650 1 0.2 0.360 3.02 0.036 0.16 -1.27
0.605 1.5 0.3 0.410 4.04 0.032 5.76 -1.71
0.580 2 0.4 0.440 4.98 0.030 0.16 -2.12
0.560 2.5 0.5 0.455 5.64 0.027 6.76 -2.41
0.545 3 1.6 0.470 6.57 0.026 12.96 -2.81
0.535 4 0.8 0.480 - 7.50 0.023 43.56 -3.22
0780 0.5 0.1 0.250 1.66 0.040 108.1 -0.69
0.690 1 0.2 0.350 2.86 0.030 19.36 -1.20
0.640 1.5 0.3 0.410 4.04 0.032 5.76 -1.71
0.610 2 0.4 0.440 4.98 0.030 0.16 -2.12
0.595 2.5 0.5. 0.458 5.80 0.028 2.56 -2.48
0.580 3 0.6 0.475 6.99 0.028 2.56 -3.00
0.570 4 0.8 0.485 8.16 0.024 31.36 -3.51
0.780 0.5 0.1 0.200 1.23 0.029 0.36 -0.51
0.660 1 0.2 0.310 2.31 0.028 2.56 -0.97
0.600 1.5 0.3 0.363 3.07 0.025 21.16 -1.29
0.555 2 0.4 0.405 3.92 0.024 31.40 -1.66
0.530 2.5 0.5 0.425 |- 4.47 0.021 73.96 -1.89
0.510 3 0.6 0.435 4.80 0.019 112.4 -2.04
0.485 4 0.8 0.465 6.22 0.019 112.4 -2.66
0.470 5 1.0 0.485 8.16 0.020 92.16 -3.51
0.460 6 1.2 0.490 9.09 0.018 134.6 -3.91
0.770 0.5 0.1 0.250 1.66 0.040 10.82 -0.69
0.670 1 0.2 0.360 3.02 0.036 40.96 -1.27
0.620 1.5 0.3 0.415 4.18 0.033 11.56 -1.77 |
0.590 2 0.4 0.445 5.18 0.031 1.96 -2.21
0.575 2.5 0.5 0.465 6.22 0.030 0.16 -2.66




'3-7

0.565 3 0.6 0.475 6.99 0.028 2.56 -3.00
0.550 4 0.8 0.490 9.09 0.027 6.76 -3.91
0.545 6 1.2 0.495 10.67 0.027 73.96 -4.61
0.760 0.5 0.1 0.245 1.61 0.039 88.4 -0.67
0.640 1 0.2 0.370 3.19 0.038 70.6 -1.35
0.590 1.5 0.3 0.420 432 0.035 29.2 -1.83
0.560 2 0.4 0.450 5.40 0.032 57.6 -2.30
0.545 2.5 0.5 0.465 6.22 0.030 0.16 -2.66
. 0.535 3 0.6 0.475 6.99 0.028 2.56 -2.99
0.520 4 0.8 0.490 9.09 0.027 6.76 -3.92
- Average £/1=0.0296
= Std. Deviation=0.0052
CC=300 kg/m’, W/C=0.40
mV t(cms.) | t(hrs.) X ] =g/t | ReRI"I0°
0.695 2 0.4 0.345 2.05 0.012 9
0.625 4 0.8 0.420 3.16 0.009 0
0.590 6 1.2 0.460 4.32 0.009 0
0.575 8 1.6 0.475 5.11 0.008 1
0.560 12 2.4 0.490 6.63 0.007 4
0.710 2 o.4 0.355 2.16 0.013 16
0.660 4 0.8 0415 3.06 0.009 0
0.625 6 1.2 0.460 4.32 0.009 0
0.615 8 1.6 0.475 5.11 0.008 1
0.600 12 24 0.485 5.95 0.006 9
Average €/1=0.009
: Std. Deviation=0.0021
CC=300 kg/m’, W/C=0.55
mV t(cms.) | t(hrs.) Xi 0 R=g/t | ReRI0°
0.850 1 0.2 0.180 1.28 0.015 127.7
0.670 2 0.4 0.400 4.54 0.027 0.49
0.630 3 0.6 0.445 6.41 0.026 0.09
0.610 4 0.8 0470 7.87 0.024 5.29
0.590 6 1.2 0.495 12.79 0.026 0.09
0.760 1 0.2 0.310 2.75 0.033 44 .89
0.680 2 0.4 0410 4.83 0.029 7.29
0.645 3 0.6 0.455 6.75 0.027 0.49
0.630 4 0.8 0.475 8.37 0.025 1.69
0.615 6 1.2 0.490 10.89 0.022 18.49
0.750 1 0.2 0.280 2.34 0.028 2.89
0.660 2 0.4 0.385 4.15 0.025 1.69
0.615 3 0.6 0.435 5.74 0.023 10.89
0.590 4 0.8 0.465 7.44 0.022 18.49
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0.570 6 1.2 0.490 10.89 0.022 18.49
0.565 8 1.6 0.495 12.79 0.019 53.29
0.760 1 0.2 0.300 2.61 0.031 22.1
0.680 2 0.4 0.400 4.83 0.029 7.29
0.645 3 0.6 0.445 6.20 0.025 1.69
0.625 4 0.8 0.470 7.87 0.024 5.29
0.610 6 1.2 0.490 10.89 0.022 18.49
0.750 1 0.2 0.285 2.4] 0.029 7.29
0.660 2 0.4 0.390 428 0.026 0.09
0.615 3 0.6 0.445 6.20 0.025 1.69
0.590 4 0.8 70.470 7.87 0.024 5.29
0.570 6 1.2 -0.495 12.79 0.026 0.09
0.740 1 0.2 0.325 2.98 0.036 94.1
. 0.660 2 04 0.425 5.34 0.032 32.5
0.610 4 0.8 0.485 9,78 0.029 9.29
0.780 1 0.2 0.300 2.61 0.031 22.1
0.700 2 04 0.400 4.54 0.027 0.49
0.650 4 0.8 0.470 7.87 0.024 5.29
0.638 6 1.2 0.490 10.89 0.022 18.49
Average £/1=0.0263
Std. Deviation=0.0042
CC=400 kg/m’, W/C=0.40
mV t(cms.) | t(hrs.) X ) R=g/t | ®eR10
0.730 2 0.4 0.325 2.21 0.013 36
0.680 4 0.8 0.390 3.16 0.009 4
0.650 6 1.2 0425 3.94 0.008 1
0.635 8 1.6 0.445 4,56 0.007 0
0.610 12 2.4 0.475 6.15 0.006 1
0.600 16 3.2 0.485 7.18 0.005 4
0.870 2 04 0.150 0.76 0.005 4
. 0.685 4 0.8 0.375 2.90 0.008 1
0.650 6 1.2 0.415 3.68 0.007 0
0.630 8 1.6 0.435 423 0.006 1
0.605 12 2.4 0.470 5.79 0.006 1
0.590 16 3.2 0.485 7.18 0.005 4
0.585 20 4.0 0.490 8.00 0.005 4
Average £/1=0.007

Std. Deviation=0.0023
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CC=400 kg/m’, W/C=0.55

mV t(cms.) | t(hrs.) X1 4] R=g/t | ®ReR™IO°
0.880 0.5 0.1 0.125 0.62 0.015 16
0.810 1 0.2 0.195 1.06 0.013 4
0.760 1.5 0.3 0.245 1.44 0.012 1
0.720 2 04 0.285 1.80 0.011 0
0.675 3 0.6 0.330 2.29 0.009 4
0.635 4 0.8 0.370 2.85 0.009 4
0.580 6 1.2 0.425 3.98 0.008 9
0.550 8 1.6 "0.455 5.03 0.008 9
0.525 12 24 -.485 7.27 0.007 16
0.880 0.5 0.1 0.125 0.62 0.015 16
0.810 1 02 0.195 1.06 0.013 4
0.755 1.5 0.3 0.250 1.48 0.012 1
0.720 2 0.4 0.285 1.80 0.011 0
0.650 3 0.6 0.355 2.62 0.010 1
0.610 4 0.8 0.395 3.29 0.010 1

- 0.550 6 1.2 0.455 5.03 0.010 1
0.520 8 1.6 0.490 8.09 0.012 1

Average £/1=0.011
Std. Deviation=0.0023
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Appendix D

SAS PROGRAM AND THE OUTPUT OF THE

D.1  SAS Progi

D

TTERRNRE R R Ak kA kb hn s ¢ A F ok
' CMS FI IN DISX DIF  DATA Al; T

REGRESSION ANALYSIS

**+ WIDTH 50 DIPTH 60 %=,
***ii******wi*l!i*****i**i********iii***v*i***~ % %

—— *x FhekkRkkhwhi
+ . DOTS SHOULD NOT BZ USZD IN opmion *hEy
wﬁ********i***«-ii******i**i*i**i*i*ii*i,***;Tf NS

- oo - EE WX %

*GOPTIONS NOTZATE2 BORDER VSIZI=7 HSIzg=g.
*++++++++++++°§?++++++++++++++++++++++++++;++4' PR
; -y - et + .
* ©C VIEW THE OUTPUT OM THE SCprcy FhRedrddig.,
*++++++++++++-¢++++++++++++++++e+++++++ o
*GOPTIONS DEVICE=IBM3179;

i
++++*+¢~L*a+++++—*+++++&f

.

*GOPTIONS DEVICE=GDDME?7 DEVADDR=(.,

x
* HARDCOPY ON SAS »
*GOPTIONS D= ¢x

"ICZ=1BlM3237 DEVALDDR=
FpusuusaLLL dsupuLilLLasug L

AR AR RS T - 11

HARD COPY OM CALCOMP ™

*RnrE ARG ISR RN R AN e S S s uua nUnEHE

*GOPTIONS DEVICE=CALCPSAS VSIZE=15 KSIizresq i

B R R S i s

. HARDCOPY ON PAGE PRINTER TR REiEG;

TR RS R AR R s s i
;

BRUNLuLa .
GOPTIONS DEVICE=GDDMEAM4 GDDMN=13M3315 EBBQ;;:“hO,O.
*GOPTIONS MOTEXT82 BOPDER; dieas
dhkhhdehdkkdekderhhhhhkhkkddhdke ks o2 v kg

ke,
H

DATA ONE;
INFILE IN;

*INPUT X S ;
INPUT X Y S;
DATA TWO;
SET ONE;
*SL=LOG(S) , ;
PROC NLIN METHOD=DUD;
* .

PARMS C1=0.1 C2=0.1 €3=0.1 Ci=0.1 ,
*PARMS C1=0.1 C2=0.1 C3=0.1 ;
*PARMS C1=2.0
* .

1

a

*DATA MEW2 SET NEW];

*C1=0.1;

*C2=0.2;

*PROC GLM DATA=NEW1l; . .

*MODEL S = Cl1 + C2%(X*Y)*%C3 + Casxysscg ,

* C5*(WC*CC)**CT ; ‘
*MODEL D = Cl + C2¥CC**C3 + C4*(wi/cc)escs |
*MODEL S=C14C2*X+C3*X¥¥%24Cq*x«+3 tCS*COS (%) + CE*ENP (-3
*MODEL S=C14C2*X+C3*X**2+4Ca*X*+3 SCSYEXP(-3%) (-%)
*MODEL S=C14C2+X+C3*X**24C4% (Yr4-2), o

MODEL S=C1:C2¥X+C3*X**24C4* (Y¥-g),

MCDEL S=C1+C2*X+C3*X#%24C4% (Y4+-2),
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*MODEL
*MODEL
*MODEL
*MODEL
*MODEL
*MODEL
*MODEL
*MODEL
*MODEL
*MODEL
*MODEL
*MODEL
*MODEL
*MODEL
*MODEL S
*MODEL
*MODEL

*MODEL S=

*MODEL S=C1*(EXP(X));

*,

*OUTPUT OUT=A PARMS=C1l

P=TT ;
OUTPUT OUT=A PARMS=C]l C2 C3 C4
P=TT ;

DATA TYREE;

SET OuiE;

SET TWO;

SET A;
CALS=TT ;

*;

EV =(CALS-S)*100.0/5S;

KEEP x Y S CALS DEV 3
*KEEP WC CC D CALS DEV ;
PROC FRINT;

% .
DATA FOUR;

SET THREE;

DEV=ABS(DEV);

KEEP DEV;

* .

: ------------- CALCULATES AVERAGE ABSOLUTE DEVIATION
DATA FIVE;

216

S=-33.5 -372.39%X +515.44%X**2 +180.89% (Y**-1) -71.88%(v~~

SC1*X+C2*X*%2+C3% (Y**-1);

5=(C1+C2*¥X+CI*X**2)*CT7+ (C4+C5+*Y+CH+Y**2)*C8;

S=C1*COS (C2*X) ;

S=C1* (TAN(X))**-1 .
S=C1+C2*EXP (X**2) :
S=C1+C2* (EXP(-X)) .
S=C1+C2*X+C3*X*#2 ;

S=C1+C2% (Y**=-0.095)+C3* ((X/¥)**0.25);
S=C1+C2* (Y**-.095)+C3% ( (X*Y)**0.25);
S=C1+ C2*(Y**C3 )+C4a*((X*Y)**C5);
S=C1+C2*X ;

S=C1#X** (C2);

$=C1*LOG(X) ;

S=C1+ C2*X**(.5)+C3*X*%0, 33+ CA*X** 25 + C5*¥**0.15

S=C1+ C2*X**(C3)+Ca*X** (C5)+ CE*X**(C7);
S=C1*X**(C2);
C1*X**(0.70);

PROC MEANS DATA=FOUR;

OUTPUT OUT=B

;

PROC GLM DATA=THREE;
PROC PRINT ;

DATA SI

X

SET ONE;
SET TWO;
SET THREE;
PROC GPLOT;

’



3.7

*PLOT S*X CALS*X /OVERLAY;
*PLOT S*X CALS*X /OVERLAY CAXIS=BLACK:
PLOT S*Y CALS*Y /OVERLAY;
SYMBOL1 C=RED I=NONE V=CIRCLE;
SYMBOL2 C=BLUE I=NONE V=STAR;
*SYMBOL2 C=BLUE I=SPLINE V=CIRCLE;
*TITLE1 C=BLUE 'DIFFUSION COEEFICIENT';
TITLE2 C=BLUE 'DIFFUSION COEFFICIENT':
TITLE6 H=1.0 C=BLUE 'O-EXP. VALUES *-CALC. VALUES':
*TITLE6 J=C H=1.0 C=B '*-EXP. VALUES #-CALC. VALUES';
*TITLE3 C=BLUE 'INDOORS CC=350 KG/CUM.';
LABEL S='DIFF COEFF'.
X='WATER CEMENT RATIO'
Y=!NORMALIZED CEMENT CONTENT';
*FOOTNOTE1 J=C H=0.2 C=BLACK
*F=TITALIC 'DIAMOND FOR EXPERIMENTAL VALUES';
FOOTNOTE1 J=C H=2.0 C=BLACK
F=TITALIC 'MODEL IS D=-82.4 -425.9(VWC) +588.42(WC)**2 +£,28(C)"*~
FOOTNOTE2 J=C HB=2.0 C=BLACK
F=TITALIC 'FIGURE ( ):PREDICTED AND ACTUA" VALUES OF DIFFUSION C
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D.2 SAS Output for the Regression Analysis

Fr_Tr Mop2 LISTING A1  KING TAHD UNIVIRSITY OF PETRCLEUM AND MINERALS, DHAHRAN PAGE 0000°
3 The SAS Syster 09:55 Wednesaay, N
Non-Linear Least Squares DUD lInitializaticr Dependent Variable S
DUD “c1 | c2 c: C4 Sum of Squares
-5 €. 100000 0.100000 0.10C000 0.100000 11427.754781
-4 C.110000 0.100000 0.100020 0.100000 11422.858727
-3 C.100000 0.110000 0.1000C0 0.100000 11424.75935¢
-2 €.100000 0.100000 0.110C00 0.100000 11425.865560
-1 €.100000 0.100000 0, 100000 0.110000 11421.804550
Non-Linear Le2ast Squares lterative Phase Depencent Variable S Method: DUZ
lter c1 _ c2 c: Ch Sum of Squares
0 £.100000 - 0.100000 0.10002¢ €.110000 11421.80uU550
1 £2.736189 -425.895524 568.4248 5.262618 75.890524
2 £82.736189 ~425.895524 568.L2LE L.,262618 75.890524

%Z7Z: Convergence criterion met.

Non-Linear Least Squares Summary Statisticc Depenoen: Veriable S
Source DF Sum of Squarec Mean Sauare
Regression 3 11510.07167€ 3836.690559
Residual 6 75.890524 12.6488217
Uncorrected Total 9 11585.962200C
{Corrected Total) 8 4776.411800
KCTE: The Jucobian s singular,
Parémeter Estimate Asymptotic Asymptotic 95 %
Std. Error Confidence Interveal
Lower Upper

C1 82.7361891 3.538486955  74.07781715  91.39456098
C2 ~-425.8955237 18.600491653 ~471.40931997 -380.38172735
C3  568.4246109  0.000000000 568.L2u61088 568.42467088
cy 4.2626182 1.630204583 C.27364837 £.25158796

Asymptotic Correlation Matrix

Corr c1 c2 c3 ch
c1 1 ~0.6533416 . ~0.549275114
c2 -0.6533416 1 . -0.078347335
c3 . . . .
cy =-0.549275114 -0.078347335 . ]
The SAS System 09:55 wednesday,
o8s X Y S CALS ney
1 0.40 1,143 7.63 5.2375 ~31.3561
2 0.40 1.000 8.03 T.588Y =L, 4977
3 0.40 1.000 £.52 7.5885 -10.9327
5 0.40 0.857 10.32 15,0854 36,4865
5 0.55 1.143 16.46 22.3537 35.80¢02
6 - 0.55 1.000 28.10 24,7047 =~12.0829
7 ~0.55 0.857 33.70 31.2016 -7.4137
8 0.70 1.000 68.50 67.4000 ~1.6058
S 0.70 1.000 66.30 67.4000 1.6567
) The SAS System 09:55 Wednesday
Analysis Variable : DEV
n .Mean sStd Dev Minimum May: i mum
o 15.8711933 14,5152533 1.6058394 36.u486460°%
The SAS System 09:55 wednesday
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Name
Family Name
Date of Birth

Permanent Address

Schools Attended

Colleges Attended

Navaz Cheriya Malikakkal
Cheriya Malikakkal
10 October, 1967

Subaighar,
Chirakkal. P.O.
Cannanore-670 011
Kerala

India.

St. Michael’s Anglo-Indian Boys High School
Cannanore, Kerala.

Sree Narayana College
Thotada, Cannanore,
Kerala.

Tangal Kunju Musaliar College of Engg.
Quilon, Kerala.

King Fahd University of Petroleum & Minerals
Dhahran, Saudi Arabia.
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