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ABSTRACT

This Thesis presents the results of theoretical and
experimental studies of the corrosive effects of

hydrochloric acid, nitric acid and sulphuric acid on

concrete.
Concrete of three distinct grades - 30, 40 and 50 -
were cast and cured in moist environment for 28 days. They

were thereafter immersed in three distinct acid media (HC1,
HNO; and H,S04) of varied concentrations (0%, 5%, 10%, 15%
and 20%). The ages of curing in the aggressive media were
28, 56 and 84 days.

A reduction in the compressive strength of the concrete

was observed for all cases, except for zero percent
concentrations of the acids. The percentage reduction in
compressive strength varies from 23.33% for 5%

concentration of HCl1 at 23 days of immersion to 76.95% for
20% concentration of H,S0, at 84 days of immersion for
grade 30 concrete; from 28.67% for 5% concentration cf HC1
at 28 days of immersion to 76.70% for 20% concentration of
H, SO, at 84 days of immersion for grade 40 concrete; and
from 8.77 for 5% concentration of HNO; ' 2% days of
immersion to 75.79% for 20% concentration of H,SO, at 84

days of immersion for grade 50 concrete.

Vii



The degree of reduction of the conpressive strength of
concrete was observed to be a function of the type of acid,
the concentration and the duration of the immersion period.

On the whole 369 concrete cubes were tested.
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1.1

CHAPTER ONE

INTRODUCTION

GENERAL

Concrete, for many years, has been one of the
major materials used in the construction of buildings
and other civil engineering structures. Concrete is a
civil engineering material resulting from the mixture
of cement, coarse and fine aggregates and water. The
materials when properly batched and thoroughly mixed
sets through the process of hydration and hardens into
a concrete mass which 1s capable of resisting
compressive stresses, The extent to which a given
concrete can resist the compressive stresses acting on
it depends on 1its compressive strength. The
compressive strength in turn depends on the quality of
the concrete.

Many factors exist that affect the quality of
concrete, They include the type of cement, the type
and nature of aggregates and the quality of water;
the batching, mixing, compaction and curing procedures
adopted. Others 1include the presence of deliterious
materials such as the presence of organic matters in
the aggregates, and the presence of aggressive
chemicals in areas where the concrete is serving.
Since this Thesis is aimed at the evaluation of the

compressive strength of concrete in areas of chemical



aggression, more attention will be paid to effects of

chemical aggression,

Chemical aggression has been known to produce
devastating effects on concrete. Subjection of
concrete to sulphuric acid, nitric acid, hydrochloric
acid and cabonic acid among other chemicals will
definitely impair the satisfactory performance of the
concrete. Two major sources of chemical aggression can
readily be identified.

(1) The natural sources such as seawater and soils
rich in sulphates, nitrates, chloirides and
carbonates.

(2) The artificial sources such as chemical
manufacturing industries, sales and usage of
industrial chemicals and catchment areas for
enfluents from animal rearing units.

Sulphates, nitrates and chlorides (and many other
salts) when present in the environment of the concrete
could be individually and severally responsible for the
reduction 1in the compressive strength of the concrete
as a result of their adverse effects on the quality of
concrete.

Ammonium chloride, for instance, causes strength
reduction in concrete by leaching calcium hydroxide
from the set concrete. Hydrochloric acid is
particulary destructive, especially in hot weather.

Ammonium nitrate solution is particularly known to



cause severe strength reduction in concrete by leaching
calcium hydroxide from the set cement matrix of
concrete’.

Most sulphate solutions are known to have a
vigorous attack on concrete. The intensity of the
attack increases with the concentration of the
solutions. The concrete suffers severe attack from the
sulphate in solution by its diffusion through the
concrete pores. The concrete softens and swells as a
result of the chemical reaction between the sulphates
and the constituents of hydrated portland cement, and

1

distruption by expansion as they crystalize' .

3ACK GROUND

The importance of durable, stable and functional
buildings and other civil engineering structures 1in
the development drive of any nation cannot be over
emphasised. Through the years civil engineers have
taken a 1ot of giant strides towards enhancing the
satisfactory performance of concrete structures. These
include the development of recommendations and
mathematical formalae through researches, for the
satisfactory design and construction of concrete
structures for safety and durability. Extensive
researches into concrete structures by various
organisations all over the world have also led to the
development of codes and standards that are aimed at

enhancing the satisfactory performance of concrete



structures.

For instance, intensive research have led to the
emergence of the Limit State Design that brought about
a formidable compromise between the purely current
reliability theory and the load factor theory. The
limit state design concerns itself with the designs
such that specified 1imit states are not reached. The
limit state is simply a state when a structure becomes
unfit for the purpose for which it was designed.
CP110 prescribes two l1imit states, viz:

- the ultimate 1imit state.

- the serviceability 1imit state.

When the ultimate 1imit state is reached, the structure
becomes unsafe., For example, an ultimate 1imit state
is reached when a structure or part of it loses
equilibrium when considered as a rigid body; when it
ruptures at a secticon or degenerates into a mechanism.

The serviceability limit state may be reached when
a structure becomes unfit for its design purposes.
Excessive deflection, cracking, fire, extensive
corrosion and excessive viberation may impair
serviceability,

The important thing to be noted here is that
though the 1imit state design have given recognition to
corrosion of buildings and civil engineering structures
but certain facts about corrosion such as the extent of

corrosion, the causative agents and the degree of



concentration vis-a-vis the damage done by the
causative agent have not be clearly defined.

In a bid to ensure successful functionability of
concrete structures under "severe"” condition of
exposure, which include subjection to acid fumes,
CP110 prescribes a nominal cover to reinforcemant of
50mm, 40mm, 30mm and 25mm for concrete grades of
25N/mm2, 30N/mm2, 40N/mm2 and 50N/mm2 or over
respectively, Under "very severe” condition of
exposure such as exposure to sea water or moorland
water and with abrasion CP110 prescribes a nominal cover
to reinforcement of 80mm and 50mm to concrete grades of

2

40N/mm2 and 50N/mm“ or over respectively.

Some other codes have also presented their

contributions towards this subject of corrosion.2

NECESSITY OF THE RESEARCH

Most structures are made of concrete
constructions. In cases where some structures are
either of metal or wood constructions, the floors are
usually of concrete material. In fact, it can
comfortably be stated that every structure, no matter
the predominating material used in its construction,
has an element of concrete material at some part or
section of it. This popularity of concrete material in
construction makes it very necessary to carry out
studies aimed at enhancing the performance of contrete

as a construction material.,



From the cited instances in section 1.2 it seems
that concrete corrosion has been given, more or less,
too global a treatment to actually effect adequate
protection of concrete structure against chemical
aggression. CP110 Part 1 has specified requirements of
the type of cement, minimum cement content (kgm™ %)
with respect to maximum size of aggregate(mm), and
maximum water-cement ratio to be used for concrete
exposed to different concentration of sulphate
expressed as S04 percent in soil and parts per million
in ground water, what should be noted here 1is that
these requirements have taken cognisance of the
sulphates alone, leaving out other agents of chemical
aggression such as nitrates, carbonates and chlorides.
More over, the percentage concentration of sulphates in
the soil does not clearly indicate how much damage is
axpected. Since the actual damage to concrete
structures is caused by the sulphuric acid formed as a
result of the reaction of the sulphates with water, the
amount of water available for reaction is also an
important factor to be seriously considered. It
should also be noted that the amount of ground water is
not constant and this will definitely affect the amount
of sulphuric acid formed at any given time. The amount
of sulphates can also be affected by leaching actions.
A high sulphate concentration in a relatively dry soil

will produce little or no damage.



Therefore, there exist the need to narrow down the
seemingly global treatment of corrosion by acids on
concrete to a local 1level whereby the effects of each
of the acids at different concentrations on concrete
structures can be properly evaluated. Devastating
offect of the different acids at deifferent
concentrations can then be correlated. This will
enable a more adequate protective measures of concrete
structures against acid corrosion to be adopted.

Many companies and individuals engage in the
manufacturing and sales of industrial chemicals
including acids without an adequate knowledge of their
corrosion or in cases where the knowledge is available,
proper attention is not being paid to it. It is
essential that these companies and individuals be
educated on the dangers of this chemicals to concrete
structures. For this recommended education to be
effective, the knowledge of how each of the acids at
any given concentration affects the concrete structure
is highly necessary. This knowledge will also become
very useful in the case of accidental spillage.

Added to the artificial sources of chemical
aggression are the natural sources of chemical
aggression on concrete structures. These include sea
water, sulphates and nitrates rich soils and catchment
areas for enfluents from animal rearing units.

Adequate protection of concrete structures can be



effected through the knowledge from this research.

1.4 AIMS AND V') F T RE R

1.4.1 Aims: This research is specifically aimed at
evaluating the deteriorative effects on the compressive
strength of concrete subjected to chemically aggressive
environments. It will also assess the degree of
effects on the compressive strength of concrete at

different concentration of the chemicals.

1.4.2 Objectives: The research is designed to produce

experimental results which can be used to establish a
correlation between the concentration of the chemicals and
their resultant effects on the compressive strength of
concrete. The correlation so established will be useful in
designing, construction and maintainance of concrete
structures subjected to chemically aggressive environments

for satisfactory performance.

1.5 LIMITATION OF THE RESEARCH

Compressive strength has been known to be the
major property that describes the general quality of
concrete, A1l other properties of concrete are
directly related to its compressive strength. The
research is, therefore, limited to the effects of
aggressive environments on the compressive strength of
concrete,

Simulation of the aggressive environment is



1Timited to the use of three types of acids-HC1, HNO,,
and H,80, - with concentrations of 0%, 5%, 10%, 15%

and 20% for each of the acids.

GNIFIC OF T EARCH

Though the main aggressive agent on concrete 1is
the acid formed from the reaction of the salts with
water, many researchers have concentrated their
attentions more on the investigation of the chemical
effects on concrete using the salts of nitrates,
chlorides and sulphates. The percentage of the salt
used does not really give a clear percentage of the
attacking agent, the acid formed; since the formation
of the acid from the salt depends on many other
environmental factors. This research has not only
endeavour to simulate the chemical effects on concrete
by direct use of the acids, but has also brought into
play the use of sufficient varying concentrations and a
more realistic subjection periods. The research 1is to
a very large extent a pathfinder towards a better and
more realistic approach to solving the problem of

chemical aggression on concrete.



CHAPTER TWwO

LITERATURE REVIEW

2.1.0 GENERAL
The safety, durability and functionability of any

structure is of primary importance to designers,
contractors and owners alike. It is not surprising,
therefore, that any process that is likely to initiate
or propagate the failure of a structure is always of
immense concern to designers, contractors and owners.
Of the many known processes that can cause failure of
structures include the subjecticon of the structure to
chemical aggression with the resultant corrosive
effects. Corrosion may be defined as the spontaneous
or gradual detrioration of materials and structures or
parts of structures due to chemical or electrochemical
reaction in a given environment,

The durability of buildings is an important
desired quality both for safety and economic reasons.
Therefore, special attentions should be paid to the
study and the development of building materijals,
especially cement mortar and concrete, The building
materials mortar and concrete may be subjected under
severe service conditions to dessolving and expanding
attacks by waters, soils and gases which may impair the
properties, as for instance, bearing capacity and

volume stability.

10



Spillage of chemicals acidic in nature, high
humidity and condensation of vapours and gases, and
intensive vaporisation and crystalization effects-
particularly in reinforced cement concrete prilling
towers-appear to be the main cause of deterioration of
concrete.

As far back as the 17th century, there has been
growing concern with the deterioration of concrete
structures due to chemical aggression. Discussing two
of the papers on corrosion resistance of reinforced
concrete presented at the proceedings of Institution of
civil Engineers, Part I, 1990, Sharp3 cited a
research carried out by Pullar-Streaker which goes back
to the patent for use of calcium chloride in caoncrete
in 1885 to butress his points. Numerous researches,
published and unpublished, have been carried out on the
subject of the corrosion of concrete structures.
Through his research, Vicant“ has since 1818 tied the
chemical attack of cement by sea water to the presence
of magnesium sulphate.

According to Moskvin et a15 the large variety of
types of corrosion can be divided into three main
groups: Corrosion of the I, II and III types.

The first group (corrosion type I) covers all
kinds of corrosion processes, which arise in concrete
under the action of water of small temporary

(carbonated) hardness, when components of the cement

11



stone are dessolved and carried away by running water.
These processes progress with higher intensity when
aggressive water filtrates through the concrete, when
the contact area between water and cement stone is
rather large, the quantity of components of the cement
stone dessolved and carried away by the water 1is large
and the destructive processes take place not only at
outer surface, but also penetrate into the inner layers
of concrete.

when aggressive water contains salts which do not
react readily with the components of the cement stone
the ionic strength of the solution and the solubility
of the cement stone becomes higher and the progress of
corrosion process is more intensive and accelerated.

The second group (type II) covers all corrosion
processes arising in concrete under the action of
aqueous solution of salts and acids (to a lower degree
of alkaline)entering into exchange reactions with the
components of the cement stone, with substitution of
the calcium cation. The product formed during this
reaction are either d;sso1ved and carried away by the
water or remain deposited in the form of an amorphous
mass with no binding qualities. Corrosion processes
occuring in concrete under the action of acids,
solution of magnesium salts and a number of other salts
are representative examples of this type of corrosion.

The third group (corrosion type III) covers those

12



corrosion processes, in which internal stresses arise
in concrete under the action of the ambient medium,
causing tensile stresses in the pores and other voids,
as 1in the capillaries of the concrete. A
representative example of this type of corrosion is the
effect of salt soluticons, the reaction of which
concrete causes the formation of low soluble salts
(for example, of sulphates); accumulation and
crystallization of those salts (gypsum,
hydrosulphoaluminate, calcium and others) cause in some
portions of the concrete considerable ultimate stresses
in the concrete. This type of corrosion and the
resulting failure of concrete may develop and progress
not only due to chemical reactions, but also when salts
are accumulated in certain portions of the concrete
during the capillary 1ift, evaporation (e.g. under the
action of mineralised ground-water 1in hot and dry
climatic conditions) and freezing. Corrosion of this
third type may occur when as a result of physical and
chemical processes 1in concrete, osmotic cells are
formed and considerable osmotic pressure is developed
in them.

Concrete is probably exposed to a greater variety
of potentially harmful exposure conditions than any
other construction material. Since 1916 the Portland
Cement Association (PCA) laboratories have studied the

ability of concrete to withstand the regours of such

13



exposures b

During corrosion all the constituents of concrete
can be attacked. A dense concrete with a high cement
content has been described to offer a good resistance
to chemical and physical attack.2"19 However the
cement, the sand, the aggregates and the steel
reinforcement can be degraded.

The problem of concrete corrosion is extremely
complex for it brings into play a certain number of
parameters which are not always easy to isolate and
which react in varying degrees according to the
composition and the condition of conservation of the
materials. To chemical decomposition of cement and
aggregate can be added physical alteration due to
shock, expansion, erosion, creep and shrinkage.

The deterioration of mortar and concrete is tied
to the crystallization of gypsum, ettringite and
thaumasite into fibres locallized at the edges of the
cracks in heavily carbonated paste. Comparison of the
x-ray diffraction diagrams of the cores taken at
different levels from a dike, a wall 11.0m high
constructed between 1840 - 1850, revealed that the most
degraded sample has the highest thaumasite content. It
seems that the thaumasite comes from the transformation
of the ettringite triggered by the the carbon dioxide
and the silica. The heavily carbonated cement paste

proves the presence of an important amount of carbon

14



dioxide. The carbonation 1liberates silieca in the

Lsuggasted that the passage of

form of gel. Lukas'’
ettringite to thaumasite took place through the
intermediary woodfordite,

CagAly 5(80,.8105.C05(O0H) g 5-15H,0
To the expansive crystallization of gypsum fibres are
added the cracking and the decompoisition of certain
micaceous aggregates.

Mohan and Rai’/ concluded in their research that
sulphates, chlorides and nitrates of ammonia are highly
aggressive to concrete. Intense reactions and loss of
calcium hydroxide result in the formation of large
amounts of sulphates, chlorides, nitrates and
corresponding sulphoaluminate, chlorocaluminate and
nitroaluminate hydrates. It is quite likely that the
volatilization of ammonia causing a decrease in pH to
about 9.5 to 10.0 helps in the deterioration process.
The crystallization effects particularly with ammonia
sulphate cause cracking, whereas ammonium chloride and
ammonium nitrate cause very serious deterioration
without significant amount of visual cracks. These
salts may get leached out to some extent, depending
upon the ingress of excess water into the concrete
pores.

Under the action of inorganic acids the CaO
content of the cement stone is transformed into soluble

compound. Corresponding to the acid root, CaSO,, CaCl,
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or, with nitric acid, Ca(NO;), are formed. These
compounds are dissolved or scoured at a rate depending
on their solubility. The decomposition of cement
minerals can be described by the following general
equation,

nCa0.m8i0, + pH,80, + aqu#nCasSO, + mSi(OH), +
aqu.$8

The awareness of the concrete susceptibility to
chemical aggression has informed the necessity to
specify some reasonable amount of cover of concrete to
reinforcemant. However, the specified minimum covers
vary from one code to another. It is also apparent
that professional copinion among engineers frequently
differ sharply from the current provisions of the
codes and standards regarding the amount of concrete
cover needed for the protection of steel reinforcement
in chemica]Tygsgressive areas.

Hoad (19%0), 3 for instance, suggested the
adoption of 100mm cover as compromise in the more
critical Jlocations. Experience from the Tliteratures
reviewed has shown that 100mm cover is the highest
amount of concrete cover recommended so far. But can
100mm concrete withstand the rigours of very severe
chemical aggression?

It was observed during intensive and extensive
literature review that most researchers have ignored

one of the most dominant factors in the corrosion
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process, They have concentrated their attentions
mainly on the concentration of the salts without
adequate attention to the amount of water available for
their reaction.

It is obvious that the availability of water is a
critical factor to be considered in the analysis of any
corrosion process. In fact water 1is the initiator of
corrosion. A completely dry salt will have no
corrosive effects. The degree of corrosivity does not
only depend on the salts’ concentrations but also on
the amount of water available for their reactions. It
is, therefore, imperative that water should be given
as much recognition as is given to the salts.

Barr (1990)3 supported the importance of water in
the corrosion process when he viewed that the key to
durability of reinforced concrete structures is to
understand the passage of water in, around through
concrete because all corrosion problems which arise
seem to have water as a root cause,

Mohan and Rai’? are of the opinion that the
overall resistance of concrete against
crystallization pressure and crack formation also would
depend upon the availability of water and environmental
factors.

In support of the necessity of water for chemical
aggression, Biczak 8 opined that the deteriorating

action does not ensue, unless the destructive agent
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has access to concrete in the form of a wet gas, a
fluid in dissolved form, but first of all in an ionised
condition. Substances in a solid phase are harmless.

The aggressivity of the environment to which a
concrete structure is subjected, is a function of both
its macro-environment and micro-environment. Any
evaporite salt can occur locally, depending on the
bedrock geology. An important point is that evaporite
salts can concentrate in a situation where moisture is
lost by evaporation and, therefore, the actual amount
of salt present as 1indicated by the ground soil and
soil water analyses may be much higher in reality when
concrete or contaminating aggregates are being
attacked.3

The extent of concrete corrosion depends primarily
on the properties of the external medium, i.e. the
attacking substance, thus for instance on the chemical
composition of water (ground water), the quality of
rocks (soils) in contact with water, the depth of the
ground water table, chemical conditions,
microbiological environment, etc.8

The attack of the surface which destroys the
external micro-structure of concrete or mortar is
understood to be due to detrimental effects of
solutions and gases of the environment or to erosion
caused by freezing-thawing cycles.g

Another factor in the development of corrcsion is
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concrete itself, The significant features in this
respect include the mineralogical composition, the
method of concreting, its structure and age.

It has been pointed out that the attack from the
interior can be caused by certain components of
aggregates which undergo sever expansion reaction with
the cement. Such reactions are cuased by, for example,
sulphate containing aggregates, porous dolomite 1ime
stone, or aggregates containing reactive silica or
silicates.9

The internal attack also can take place if the
cement is of inferior quality and contain an excess of
calcium oxide (Ca0Q) or magnesium oxide (Mg0), or
impurities taken up at a later stage or aggregates
containing these materials. In most cases, however, a
good dense mortar or concrete is favourable against
external attack, but remains ineffective against
internal expansion.

The under listed factors have been found to be
individually and severally responsible for the
destructive effect of aggressive water on concrete
either by decreasing or increasing the corrosive
effects. They are: 2 - 19

(1) the type of cement used, its chemical and
physical properties;
(ii) the quality of concrete aggregates, the physical

properties and gradation;
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(iii) the method used for preparing concrete, the
water-cement ratio, the proportion of cement,
the placement of concrete, i.e. its compaction
and the age of concrete;

(iv) the condition (smoothness, carbonation) of the
surface exposed to aggressive water;

(v) the compesition and concentration of the
aggressive water, as well as the manner in which
thaaggressive fluids act on the concrete
structure.

The extent of corrosion is influenced further by a
few physical factors which may intensify, yet moderate,
deterioration. Such factors are, for instance:

(vi) the movement, respectively stagnation of ground
water;

(vii) temperature;

(viii) capillary rise;

(ix) oxidaticn;

(x) the dimension of the concrete structure;

(xi) the evapouration surface;

(xii) the unbalanced water pressure;

(xiii) solubility.

2.2.0 SULPHATES' CORROSION

The action of sulphate-containing solutions and
soils is a case of typical sulphate attack on mortars
and concretes, Sulphates can be introduced into the

s0il by various methods:
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(i) in the form of minerals containing sulphur
compounds or as compounds resulting from the
chemical changes of these minerals;

(ii) 1in the form of solution products of soluble
organic substances. Oxidation may be caused or
completed by biological factors as well, namely
by consuming the atmospheric oxygen, unless
these factors are destroyed by the ensuing
sulphuric acid3

The great majority of destructive processes due to
the formation of salts can be traced to aggressive
sulphates. For this reason sulphate attack will first
be considered more closely and in more detail than the
other salts.

In all corrosion studies sulphate attack has
received greatest attention, so that chemical attack
and sulphate attack have frequently been used
synonymously in the literature. For this reason the
deterioration of concrete by sulphates should be
examined most extensively.

The degradation of maritime structures 1in mortar
or concrete are of a chemical and/or physical nature.
If fully immersed the attack of the material by
seawater 1is essentially chemical. It has been tied
to the expansive formation of calcium
trisulphoaluminate, Ca3A1206.SCaSO4.31H20, which

lead to swelling, cracking and spalling of concrete. In
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alternate immersion, the attack is of both chemical and
physical nature. The mechanical action of waves, the
rotation of the tide, the swelling and shrinkage
caused by alternate saturation and drying, atmospheric
conditions (freezing, wind, exposure to sun), and the
electrochemical corrosion of steel reinforcement are
all of added destruction of a chemical nature. Results
have shown that the stability of concrete and martar
in sea water 1is prportional to their denseness, their
cement content and the chemical resistance of the
cement.. %

The sulphate ions 5042“ combine with the liberated
calcium ions ca?* given birth to a secondary gypsum
CasSO4.2H,0. The later reacts with the alumina of the
cement aluminates, precipitating a secondary expansive
ettringite C,A.3CaS0,.31H,0 which leads to swelling of
the cement paste when it is already present in certain
cohesion. The dissolution of the compounds rich in
lime and the formation of a secondary expansive
ettringite are the two principal factors in the
degredation of cement in seawater.4

Lafuma® observed that the topochemical formation
of expanding ettringite occurs at high 1lime
concentrations in ligquid phase greater than 1.08g
cao/Litre, and high pH value. A calculation has been
derived from Lafuma’s observation which gives the

modulus of aggéssion defined as follows:
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The expression can, however, be modified to take into
account the influence of MgO (in the numerator) and

F9203 (in the denominator).

U < 0.81

2.2,1 Effects of Sulphate Solutions gn The
Components of Cement

Sulphates as ions causing corrosion are, in small or
greater quantities, present practically in every free
water, ground water, and particularly seawater, in
aqueous solution of sulphuric acid or its salts.
Sulphate is wunderstood as SOh ion., The occurence is
further common in mineral soil layers, The sulphate
ion content of ground water is especially high in clay
soils. Ground water with an appreciable sulphate
content is not found in sandy soils,except in the case
of inflow or an external pollution. 1In early practice
the aggressivity of soil or water was specified in
terms of the 503 content. 503 data can be converted
into terms of SOu by considerinrg that the molecular

weight of 503 is 80, while that of SOM is 96.

Consequently,
96
SOh = '55 = 1,20, 803
80 8
30, = === = 0,683. SO
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2.2.1(a) Calcium Silicates

In 1925, shelton8 reported that the extent of
attack on tricalcium silicate is appreciably higher
than that on dicalcium silicate. At a high tricalcium
aluminate content, Bogue found C3S to be of beneficial
effect, since relatively high C35 content provokes
early mortar strength, s¢ that the solutions cannot
penetrate the test specimen at a very high rate. It is
believed that early strength is advantageous in
resisting better the expansive efforts. It was also
found that mortar specimens of pure C,8 and (€35 to be
deteriorated by Na,80, solutions - Thorvaldson et al.8

Thus, it will be appreciated that sulphate action
is of highly complex nature. it has been pointed out
that the corrosion of cencrete should not be evaluated
by the resistance of €S and Cs8, but rather by the
behaviour of Ca(OH), liberated therefrom in the course
of hydration.8

| Cne of the main reasons for the detrimental
sulphate action is gypusm, which is formed as & result
of the reaction between the sulphate ions of water and
the Ca(0OH), of cement in the pores of the concrete, and
which crystallizes under the absorption of two
molecules of c¢rystal water. This chemical and
crystallization process is accompanied by an increase

in volume and induces the pores of the concrete,
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particularly in the surface layer, to expand and
burst. This leads ultimately to the deterioration of
concrete. Bogue has shown that the crystallization of
gypsum is accompanied by a 17.7% increase in volume.
If magnesium ions are present, the development of
magnesium hydroxide results in a volume increase of

around 19.6%.8

2,2,1(b) Tricalcium Aluminate

Laboratory experiments and field observations have
brought sufficient evidence to indicate that the
significance of the combination of calcium hydroxide
with SO, ions is of secondary significance for the
resistance of cements to sulphates. Sulphate corrosion
is primarily due to the tricalcium aluminate content of
cement. CaA reacts with gypsum produced from the
sulphate ions and Ca(OH)z, or with the originally
incorporated gypsum solution, whereby a complex calcium
sulphoaluminate hydrate is formed which does not
readily dissolve in water. This compound crystallizes
by combining 31 molelcules of crystal water and, owing
to the considerable increase in volume, develops a high
internal pressure. This complex salt is refered to as
the Michaelis-Candlot-Deval Salt, which occurs in
nature as well, and is known under the name of
ettringite.a

The chemical process 1involved can be described,
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according to E. Cand'lot;s as follows:
3CasS0,+Ca0.A1,0,3+31H,0+3Ca0.A1,04.3Ca804.31H,0
or in the presence of gypsum, according to Lerch and
Bogue.®
3Cas0,+3Ca0.A1,05+12H,0-3Ca0.A1,0,.3CaS0,.12H,0
The complex salt, according to Candlot, crystallizes
from a saturated solution in the form of needle-shaped
crystals and, during this process the salt components
CaS0,4 and C;A expand with 31 molecules of hydrate
water according to calculations of Bogue and Lerch as
well as Taylor - to about 22% (i.e. on the average 2.5
times) of the original volume (Henkel, Rost 1353,

1945). 8

2.2.1(c) Tetracalcyium Alumino Ferrite

In the experiments of Bogue, Lerch (1934) and
Thorvaldson (1938), hardened mortars of pure C4AF were
exposed to 2% ageous solution of Nazsou and MgSDh.These
mortars, although showing an essentially higher
resistance than those made with pure C,;A were
considerably inferior to calcium silicate. According
to Bogue, mortar prisms made from cements containing up
to 15% C4AF, and stored for 10 years in different Ma550)
solutions, revealed no signs of expansion. It 1s
interesting to note that at higher C4AF contents (up to
25 to 27%) the test specimens were destroyed after two
years. C4AF is thus capable of causing expansion,

although an essentially weaker one than C4A.8
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2.2.2 pevelcpment of corrosion Caused by Different Sulphate
Solutions.

It has been observed that there exist different

stages of sulphate corrosion depending on the type of
sulphate involved. For example, corrosion of Portland
Cement by sodium sulphate 1increases as the
concentration of sodium sulphate, Na2504, of the
solution 1s increased; but the violence of corrosion is
not directly proportionate to the 1inccrease 1in
concentrations but follows a milder trend. At the same
time, however, the type of corrosicon also undergoes a
change. The first stage of the corrosion is purely of
sulphate type which is replaced by a sulphate gypsum
corrosion; and later only a pure gypsum corresion can
be observed. Sulphate corrosion takes place at
concentrations below 1000 mg/litre,. With increasing
concentrations, simultanecus gypsum corrcsion 1is
initiated. Pure gypsum corrosion assumes predominance
only when the concentration attains very high values.8
Magnesium sulphate is generally considered
especially dangerous, because of the combined action aof
sulphuric acid and magnesium attack. The corrosion
process taking place in concrete 1is greatly influenced
by the concentration of the attacking MgSO, solution.
Kind has distinguished three different process of Mgs0,

corrosion based on concentration. The first case is
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the sulphate corrosion which occurs at MgS0, content of
4000mg/litre. The second case 1is a corrosion of
sulphoaluminate gypsum character taking place at MgsSO,
content of 4000 to 7500 mg/litre. The third case 1is
the magnesium corrosion which ensues at concentrations
exceeding 7500mg/litre; Lerch et al
(1929); Guttman and Gille (1930) wunanimously
corroborated the findings of Kind that no ettringite
is formed, however high the concentration of the
magnesium sulphate solution may be because, according
to them the hydroxyl ions, OH , concentration is
reduced by the resulting gelatinous magnesium
hydroxides to below the value necessary for the
formation of Candlot's salt.8

water containing calcium sulphate (gypsum) and
referred to also as selinitic is of a highly corrosive
effect on Portland cement. The quantity of Caso, salt
in the ground water may attain a value as high as
1.2g/1itre or in a saturated solution of sodium- or
calcium chlorides it may be even 10g/lilre (Duriez 1953).
Chloride~selenitic waters are more aggressive than
those containing selenite only. The effect of
selenite water 1is sufficiently aggressive to
deteriorate good quality concrete and to transform it
into a pulpy mass. The destructive effect may be of a
physical or a chemo-physical character caused by

crystallization owing to the intrusion of gypsum
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crystals and to the reaction between CaSO, and calcium
aluminate hydrates, waters containing gypsum induce
high internal stresses, which 1locosen within a short
period the texture of the concrete by the expansion of

gypsum. 8

2.2.3 Comparison of sulphates corrosion

Ammonium-, calcium-, magnesium-, and sodium
sulphates are most detrimental to Portland cement.
Potassium=-, copper- and aluminium sulphates are
relatively milder. Barium salphate and lead sulphate
are insoluble in water and thus harmless to concrete.
The effect of strotium sulphate is similar to that of
calcium sulphate.8

Kind (1955)8 drew the conclusion among others
from the result of tests performed with sulphate
solutions of different kinds and concentrations that,
“solutions of gypsum (CaSO,) are commonly regarded as
more aggressive than those of the other two sulphate
salts, namely Na,SO, and MgSO,, occuring in natural
waters. It could however be demonstrated by
experiments and microscopic investigations that in
relatively small amounts the effect of all three salts
on Portland cement 1is identical for all practical
purposes .... effect is due almost exclusively to the
presence of sulphate ions and it is hardly effected by

the character of the metal”.
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2.2.4

The Critical Sulphate Content

It has been established that the most aggressive
salts in natural waters are the sulphate salts.
Critical sulphate content has been defined as the lower
limit of sulphate concentration above which protective
measures should be specified.e

Definite 1imit values have been quoted by several
investigators, below which they considered the suphate
content is harmless. However, fundamental
discrepancies exist between these values. This is
validated on the realization that the values are based
on experiments carried out under different
circumstances with difeferent materials. Grun {(1973)
put the harmless S0, content at a limit value of 500
to 600 mg/litre. Tre upper 1limit of harmless sulphate
content 1in aggressive water has been set at
3000mg/litre by the National Institute for Testing
Materials. Vendl (1952) gave a critical sulphate
content of 190-250mg/litre; while Klut and Haegermann
gave 3000mg/litre. Data of the Research Institute in
Berlin-Dahlem, shows the lower limit of aggressivity to
lie between 70 and 130mg/litre; while that of "Marsh-
committee" says it is 116mg/litre, The value gquoted by
Tillmann is, on the other hand, 1000mgAitre.B

The differing opinions of the various authors
about critical sulphate content is not surprising 1if

one considers the fact that c¢critical sulphate content
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is no a function of the sulphate alone but a function
of all the factors involved in corrosion. For
instance, under adverse conditions ground water
containing lower amount of sulphates may be more
detrimental than one containing a higher amount of

sulphate per litre under less severe conditions.

2.2.5 Sulphuric Acid(H,S0,)

The action of sulphuric acid has been described to
be of two fold effect. Together with Ca(OH)2 of
cement it forms the poorly soluble gypsum. Gypsum thus
produced tends initially to seal the pores and to offer
a certain degree of protection. In the case of
continuous exposure to sulphuric acid, concrete is
destroyed by the expansion of gypsum, The wastes of
factories producing sulphuric acid destroys concrete
sewers during a very short period, unless neutralised
before being discharged into the sewer. Conventional
concretes and cement mortars are equally attacked by
sulphuric acid in both weakly and highly concentrated
soluticns, and are destroyed sconer or Tatar.a

The formation of sulphuric acid from the chemical
elements, radicals, and compounds in the seoil is an
important step that has not been given a proper
attention in almost all the literatures reviewed.
Under favourable conditions sulphuric acid could be
formed in the so0il by simple or complex chemical

reactions of the substances mentioned above.
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For example, many acid hydroxides can be obtained
by addition of water to the respective non-metallic
oxide. 19

2.2.6 Mechamisms of Sulphates’ Corrosion

From experimental results, Ludwingg formulated the
following reaction mechanism for sulphate attack. "A
reaction front of topochemically formed ettringite just
below the surface causes the formation of the first
cracks. This front penetrates the mortar or concrete.
Changes in the equilibrum of the liquid phase caused by
the reaction itself brings the ettringite formation on
the rear of the reaction front to an end and decompose
the firstly crystallized ettringite. The cracks due to
the ettringite formation are filled gradually with
gypsum, The gypsum formation within the cracks is a
secondary reaction which could be an explanation of the
often observed rehealing process, On the other hand,
the crystallization of gypsum may possibly contribute
to the total expansion, However, the ettringite
formation is the intial reaction of every sulphate
attack. The intensity of the attack depends more or
Tess on the type of cation in the sulphate solution”.

There seems to be a general consesus on the
theoretical processes of sulphate corrosion.

The general theoretical opinion on sulphates
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corrosion mechanisms is that sulphates react with the
calcium hydroxide, Ca(OH),, in the cement to produce
first, a secondary gypsum, CaSO4.2H20. The gypsum
reacts with tricalcium aluminate, CzA, of the cement to
form calcium sulphoaluminate hydrate (ettringite),
C3A.3CaS0,.31H,0, which 1leads to swelling, expansion
and disintengration of the concrete.

The action of sulphuric acid on cement can be
adequately represented by the following stages of
equations to conform with the general theoretical idea
- formation of gypsum; the gypsum reacting with C3A and
combines 31 molecules of water to form the ettringite.
(i) H,S0, + Ca(OH), - CaSOy.2H,0
(ii) 3CasQ,.2H,0+3Ca0.A1,03+25H,0

- 3Ca0.A1,0,.3CaS0,.31H,0

Calcium sulphcaluminate hydrate (ettringite).
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2.3.0 CHLORIDE CORROSION

The problem of chloride related corrosion has been
identified long ago. Numerous researches have been
carried out in order to access the process of chloride
related corrosion and the possibility of eliminating
or, at 1least, reducing its adverse effects on
reinforced concrete structures.

Middle east, for example, where there 1is
prevalence of salts, high temperatures and cycling
humidities, have witnessed a good number of these
researches on chloride related corrosion. 'l »12

It should however, be noted that most of these
researchers have been more concerned with the adverse
effects on steel reinforcements rather than concrete.

Chlorides-caused corrosion in reinforced concrete
structures has been recognised for at least 75 years.
But this was mainly seen as affecting the steel
reinforcement and its effect on concrete was either not
known or ignored. As early as 1917 a survey published
in the Engineering MNews Record on marine structures in
North America showed that a number of structures less
than 10 years old had evidence of deterioration
resulting from the corrosion of steel above water
line. M 12

Lack of adeaquate knowledge on the adverse effects

of chlorides on concrete, probably, encouraged the

34



deliberate wuse of chlorides as admixtures in concrete
constructions. In the 1960s and early 1970s it was
common practice to add up to 2% (by weight of cement)
of flaked calcium chloride to reinforced concrete to
act as an accelerator and hardener. This 2% level is
aquivalent to 1.5% of the anhydrous salt or 1%
chloride ion by weight of cement. this was the level
permitted in the original (13972) version of CP110 and
was still being recommended as late as 1976 by
International Union for Testing and Research
Laboiratories for Materials and Structures, RILEM,' »12

During the 1960s chlorides of sodium and calcium
~were being used as de-icing agent in the construction
of North American bridge decks; and in the early 1970s
premature deterioration of bridge decks were recorded
and this was considered to be due to reinforcement
corros*’on.11 12

As the years rolled by the subject of chloride
related corrosion, though s3til1l more related to
reinforcement, was being better understood, and there
was a growing campaign against the use of chlecrides as
additives in refinfcrced concretes. Fookes and Collinsg
(1976)11*12 appear to have been the first people to mate a
general recommendation that strict limits on chloride
levels in fresh concrete be set, particularly to Middle

East construction works. They specified a total level

of acid soluble chloride (as Nacl) of 0.5% by weight of
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cement (equivalent to 0.3% chloride ion by weight of
cement) as well as limits on individual constituents of
the concrete. This was far lower than anything that
had been specified at that stage by any US or UK code
of practice, even though interest in the subject had
being growing in the research world for socme years.

In 1977 there was a major change in design
practice. Ammendment was issued to CP110 in which the
use of calcium chloride as accelerator was prohibited
and maximum chloride levels in cement of 0.3% and 0.08
by weight were specified for Ordinary Portland cement
and Sulphate Resisting Cement, respectively; in the
same year American Concrete Institute (ACI) issued a
guide to durable concrete. In this a maximum chloride
level in cement of 0.1% by weight was specified for
reinforced concrete in moist environment and exposad to
chloride, a level which was presumably based on the
American bridge deck experiende. ' » 12

The reason for the lower limits on chloride within
the fresh concrete arcse from experimental research on
the mechanisms of chloride corrosion and practical
experience of structures with different chloride
levels., Experimental research has established that
there exist a critical chloride level near
reinforcement in concrete at which corrosion is
initiated. Estimates of this level have varied widely

(as shown in table 1) but the most frequently quoted
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value is 0.4% chloride ion by weight of cement.

Table 1 Thresholds of chloride content in concrete

for the onset of corrosion of embedded

stae?.12

Source Chloride concrete
content for typical
in Cement concrete

mixtures

twt% kg/m3

Weigler and Segmullar 1973 0.4 1.65

CP110: (1872, 1979) 0,36 1.47

ACI Committe 201 on Durability
of Concrete in service (1977):
- Moist environment but not

exposed to chloride 0.15 0.80
-Moist environment exposed to

chloride 0.10 0,39
Stratfull et al (1975) 2.5 0,60
Clear (FHWA) (1978) 0.20 0.81
Knofel (1975) 0.20 0.81
Hausmann (1967)

for pH = 12.5 0.05 0.20
for pH = 13.2 C.7 2.8

Lewis (1962) 0.15 0.60

OCne of the reasons for some of the practical
limits being less than 0.4% may be the effect of
carbonation in releasing bound chlorides in cement
paste in the concrete pore solution. Carbonation 1is
the process whereby carbondioxide, diffusing into the

partially saturated pores in the surface of the
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concrete, reacts with the calcium hydroxide in the
cement paste and converts it to calcium carbonate.

Ca(OH),+C0p ===-- > CaCO,5+H,0
 The carbonation process, in releasing bound chlorides
into the pore solution at the surface of the concrete,
sets up diffusion process in which chloride ions
migrate from the area of high concentration at the
surface to areas of Jlower concentration further into
the concrete. The chloride level at the reinforcement
might initially be acceptable, but this diffusion
process can increase it to an unacceptable value and
before the carbonation front reaches the reinforcement.
The initiation of corrosion can occur very rapidly, as
a single carbonated crack or carvity can lead to an
attack. This process helps to explain the lower
overall chloride 1imts that have been found necssary in
Middle East concretes where chemical process such as
carbonation proceed much rapidly. Early examples of
critical chloride level noted in Middle East countries
include 0.12-0.16 wt¥%¥ of concrete for buildings in
Bahrain and 0.2 wt¥% of cement for buildings in
Kuwait, '2

Ssafier (1989)3 joined in the campaign against
inclusion of chlorides in concrete when he submitted
that so far as corrosion is concerned all engineers
should observe 0O’level chemistry and that no body

should bring chloride in contact with steel and expect
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the steel not to corrode. He contended, "I have never
permitted the use of chloride in concrete nor

experienced any trouble there from."

2.3.1 Concrete Corrosion Due to Chlorides

Though much attention of chloride corrosion has
been paid to steel reinforcements for ages, but
concrete has not been left out entirely. From the
1930s there was a growing interest in the corrosion of
concrete by chlorides. Numerous researches have been

carried out in this regard.

2.3.1(a) Aggressive Effect of Chlorine Ions

The nature of the ions and their concentrations
can govern the types of delitrious chemical reactions
occuring in structural concretes exposed to the salt
solutions. Strong solutions of sodium, potassium,
calcium and magnesium chlorides, to mention but few
chlorides, react with the Ca(OH), present in the
Portland Cement paste and even gradually destroy
calcium silicate hydrate. These reaction initially
produce surface softening followed by strength loss due
to reaction proceeding inwards into the concrete. The
detection of the onset of deterioration would be
delayed considerably in large concretes as would the
dimensional changes that are caused by the deliterous
chemical reaction.!3

There is 1in general a relatively little chlorine
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in soil, nor can much (30 to 100mg/1) be detected in
ground water. It should be noted here that waters
leaching manure and faeces may have a chlorine content
as high as 700 to 1000 mg/litre. Industrial wastes may

also contain much chlorine, especially where domestic

salt is used.8

2.3.1(b) Aluminium Chloride

Aluminium Chloride, Al1Cl5, has been reported to be
detreimental to concrete. It is aggressive to all
concretes and cement mortars, regardless of quality.

Structures exposed to it must be protected.;8

2.3.1(c) Ammonium Chloride

Ammonium chloride, NH,C1, is said to be
particulalrly aggressive to concrete. The free lime of
concrete decomposes ammonium chloride with the resultant
release of ammonia and formation of calcium chloride.
Calcium chloride is readily dissolved and lesached,
thereby resulting in the softening of the concrete.8

Grun8 reported that concrete is destroyed by
softening upon exposure to hot ammonium chloridas
solution of up to 5%, while it remains unaffacted by
hot ammonium sulphate solutions. Mohr8 in his
experiment found that all types of cements are
susceptible. Even weak solutions have been noticed to
be detrimental. Noc signs of expansion can be observed,

but concrete is softened.
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2.3.1(d) Mecury Chloride

Mecury chloride, AgCl,, is highly detrimental to
concrete. Kleinlogel (1950)8 observed that it is
necessary to protect concrete against concentration as
low as 0.7%.

The detrimental effect of mecury chloride
solution is proportionate to their concentrations.
Mecury chloride combines with free 1ime of concrete to
form calcium chloride, which is readily soluble in
water, while the other product of the reaction is
mecury oxide. In experiments with a 7% sublimate
solution, K]ein]ogela observed a rapid deterioration

of concrete and reinforcement.

2.3.1(e) Iron Chloride and Manganese Chloride

Iron chloride, FeC12 and mangnese chloride, Mnc12,
nhave been reported to be acidic and therefore

detrimental to concrete.B

2,3.1(f) Lime Chloride

Chloride of 1lime 1in high concentration occurs,
besides the producing plants, in paper industries and
bleaching plants. Chloride of 1ime is considered to be
slightly acidic and moderately detrimental to

concrete,. 8

2.3.1(g) Zinc Chloride

Zinc chloride, ZnCl,, is encountered in chemical
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plants and in connection with the impregnation of wood.
With the calcium hydroxide of concrete it combines to
form calcium chloride. It is regarded as a boundary
case as far as corrosion is concerned. Zinc chloride
is said to have a slow distengration effect on

concrete.8

2.3.2 Hydrochloric Acid, HCI1

"Hydrochloric acid (HC1) decomposes the calcium
hydroxide, Ca(OH),, of cement into CaCl,, which being
readily soluble in water, is either washed from
concrete or crystallizes. Therefore, weak solutions
are already detrimental. Hydrochloric acid is
extremely corrosive to clinker minerals as well, so
that effective protection must be provided for
concrete, "8

Hydrochloric acid has been reported by some
res2archers as the acid causing the greatest damage to
building structures. 10% hydrochloric acid is also
adopted, for most materials, as the standard by which
"acid resistance” 1is measured. Materials that 1is
capable of resisting exposure to 10% hydrochloric acid
is classified as "acid resistant”. Even 0.5% solution
of hydrochloric acid has been reported to attack
conventional concrete and destroy it completely within
few weeks.§

The formation of hydrochloric acid from the

chlorides in the soil has not been reflected in almost
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all the literatures reviewed, However, from relevant
texts of chemistry, there exists a wide range of
possibilities of chlorides and water reacting at room

temperature to form HC1.‘°'1"

2.3.3 Machanisms of Chlorides Corrosion

It has been reported that chloride ions, C1 ,
present in sea water form with the alumina, a mono-
chlorocaluminate, C;A.CaCl,.10H,0 which crystallizes
into the hexagonal platelets unstable in the presence
of su]phates.‘

There is also a general agreement in literatures
that the chloride react with the 1ime in cement to form
calcium chloride hydrate. The calcium chloride hydrate
react with the tricalcium aluminate with the
combination of 10 molecules of water to produce calcium
chlorcaluminate hydrate which is responsible for the
softening of the concrete and weakening its bonds.

The following reactions represents this process.

(i) 2HC] + Ca(OH), =--> CaCl,.2H,0
Calcium chloride hydrate.
(11) 3Ca0.A1,0,+CaCl,.2H,0+8H,0 -->
3Ca0.A1,05.CaCl, 10H,0

(Calcium Chloroaluminate
hydrate)
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the initial period and does not reduce subseqguent

strength below 28-day figures.15

2.4.2 Ammonium Nitrate

Of all the ammonium compounds, ammonium nitrate has
been described as the most dangerous. "The most
dangerous ammonium compound is ammonium nitrate (NHuNO3)
which is aggressive to all concrete and mortars
regardless of the cement used. Ammonium nitrate 1is
highly corrosive in contrast, for example, to
potassium-, sodium- and calcium nitrate, which are
indifferent."®

The process of concrete corrosion by the action of
ammonium nitrate (NHMNO3) results in the development
of a highly soluble calcium nitrate salt (Ca(NO312J
and low soluble calciumnitroaluminate

(3Ca0.Al .Ca(N03)2.10H20. "Lea" established that

2%
concrete cubes kept in 5 percent ammonium nitrate
solution over a period of 4 years showed no external
signs of deterioration inspite of a significant drop in
strength,

Table 2 Tensile Strength of Cements Stored in Water

and in nitrate.

Stored for 7 years in Portland Cement(kg/cm?)
Water 42
Sodium nitrate 43
Ammonium nitrate 8
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Calcium nitrate 35

Magnesium nitrate 37
Aluminum nitrate 27
Lead nitrate 35

As can be seen from table 2 8Seriously destructive
is ammonium nitrate (artificial manure) alone, while
aluminum nitrate is of a much moderate effect. The
reason for this is that the free lime of the concrete
combines with the acid radical and forms calcium
nitrate, while the ammoniac escapes in gas form.8

However, inspite of the notion that nitrates, with
the exception of ammonium nitrate, are harmless; and
that they can be detrimental only when their content is
high, it has been recommended that concrete should be
protected against dry salts and highly diluted

solutions.8

2.4.3 Nitric Acid

Nitric acid (HNQS} occurs in chemical plants
producing exploves, artificial manure and similar
products. Although nitric acid is not as strong an
acid as sulphuric acid, its effect on concrete at
brief exposure is more destructive, since it
transforms the Ca(OH)2 of concrete into the highly
soluble calcium nitrate. The extreme destructive power
of nitric acid is demonstrated by the fact that even
highly diluted solutions may result in extensive

deterioration.8
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Like sulphates and chlorides almost all the
literatures reviewed did not pay adequate attention to
the natural formation of nitric acid. However, texts
on chemistry have shown that under suitable conditions
water can react with some relevant compounds to form

nitric acid.10'1&.‘

2.4.4 Mechanisms of Nitrates® Corrosion
The process of concrete corrosion by the action of
nitrates involves the development of a highly soluble
calcium nitrate salt, Ca(NOBk? and a low soluble calcium-
nitroaluminate hydrate,
3Ca0.A1703.Ca(N03 )y . 10Hy O
The process can be represented by the following
chemical equations.
2HNOq+Ca(OH)y ~----- > Ca(NOg ) .2H50
Ca(NOy ), . 2H,0+3Ca0. A12“03.3H20
——————— > 30a0.A1203.Ca(N03)9.10H20
(Calcium nitroaluminate hydrate).
In addition to sulphates, chlorides and nitrates
discussed above, carbonation and alkali-silica

reaction also constitute common sources of corrosion

in concreta?‘1?
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CHAPTER THREE

EXPERIMENTAL PROCEDURE

3.1.0 Materials
3.1.1 Concrete Materials

3.1.1(a) Cement

The cement used in the process of this research is
the Ordinary Portland Cement. The Ordinary Portland
Cement is the Ashaka brand manufactured by the Ashaka
Cement Company, PLC, Bauchi, Nigeria. The cement was
obtained from local cement dealers in Zaria. Care was
taken to ensure that the cement was of recent supplies

and free of adultration.

3.1.1(b) Fine Aggregates

The fine aggregate was naturally occuring clean
sand obtained from the supplies to the Department of
Civil Engineering, A.B.U., Zaria for experimental
purposes. Seive analyses was carried out on the fine
aggregate and graded to determine its zone for mixed
design purposes, Two different samples A and B were
obtained from two different sections of the fine
aggregate heap. From the analyses the fine aggregate
was found to be in zone 2. Results of the analyses
are shown in Appendices 1A,18, and 1C.
3.1.1(c) Coarse Aggregates

The coarse aggregate was made of crushed granite

obtained from the supplies to the Department of Civil
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Engineering, A.B.U., Zaria, for experimental purposes.
By seiving through 19.05mm and 12.7mm seives, the size
of coarse aggregate used lies between 12.07 and
19.05mm. This was done to ensure the removal of dust
and smaller sizes of aggregate and to realise the
maximum aggregate size of 20mm that was used in the

mixed design.

3.1.1(d) Wwater
Pure and clean tap water fit for drinking was

used.

3.1.2 Chemicals

3.1.2(a) Sulphuric Acid, H,S0,

This acid was obtained from dealers on industrial
chemicals in Lagos and Kaduna. It has a concentration

3 at a

of 96% and a specific gravity of 1.84 gcm-
temperature of 20°¢., Four different concentrations of
5%, 10%, 15% and 20% in clean tap water were used in
the course of this research. The concentrations were

volumetrically determined.

3.1.2(b) Nitric Acid, HNOg4

This was obtained from industrial chemicals’
dealers in Lagos and Kaduna. It has a concentraticn of
70% and specific gravity of 1.42 gem 3 at 20°c. 5%,
10%, 15% and 20% concentrations in clean tap water

were the four different concentrations used. The
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concentrations were determined volumetrically.

3.1.2(c) Hydrochloric Aci Cl
It was obtained from industrial chemicals dealers
in Kaduna and Zaria. It has a concentration of 33% and

3 at 20°C. The use of

specific gravity of 1.18 gcm
5%, 10%, 15% and 20% four different concentrations
determined volumetrically was employed in this
research,

The chemicals are shown in plate 1.

3.1.3 Plastic Bowls

Chemical resistant plastic bowls were obtained
from Kano, Zaria and Kaduna. They have a capacity of
35 litres per bowl and were used as containers during
the immersion period. Plate 2 shows samples of the

plastic bowls.

3.2.0 Concrete Mix Design

Three grades of concrete were used in this
research. They are grades 30, 40 and 50. Mix design

was carried out for each of the grades of concrete.

General Requirements

(1) Characteristic Strength = 30Nmm'2, 40Nmm'2, 50Nmm™ 2
at 28 days to CP110
i.e. 6% defective, therefore, k = 1,64

(2) Cement type = OPC
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Plate 1. Samples of polycans of Sulphuric Acid,
Nitric Acid and Hyz2rochloric Acid.

Plate II. Samples of Plastic Bowls of 35litres Capacity

Fach Used As Curinz Media,
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10-30mm (assumed)

1l

(3) Slump

u

(4) Maximum size of Aggregate 20mm

(5) Max. free water/cement ratio 0.55 (assumed)

"

(6) Minimum cement content 300 kgm™ 3 (assumed)
(7) Fine aggregate - Naturally occuring clean sand
Raelative density (SSD) = 2.6 (assumed)x
(8) Coarse aggregate - Crushed granite
:. Relative density (SSD) = 2.7(assumed)*
(3) Standard deviation,S= Si:Nmrrl'2 (No previous control
data)xx
x If no information is available regarding the
relative density of the aggregate an approximation can
be made by assuming value of 2.6 for uncrushed
aggregate and 2.7 for crushed aggregatefm
¥k If previous control data are not available or
where only few data are available a standard deviation
of 8Nmm~2 should be used for concrete with a

2

characteristic strength of 20Nmm “ or more's.

3.2.1 Concrete Grade 30

Step 1.0
30Nmm~ 2 at 28 days.

1.1 Characteristic strength

1.2 Standard deviation = 8Nmm~2 (Appendix 1D, Fig. 2,
e = k.s = 1.64 x 8
= 13 Nem™ 2
1.4 Target mean strength = 30 + 13
= 43 Nmm~2
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1.5 Type of cement = 0.P.C,
1.6 Type of aggregates: coarse = crushed granite

Naturally occuring

1]

fine
clean sand.

0.53 (Appendices 1E,

1.7 Free water/cement ratio
Table 3 and 1D, Fig 3)
1.8 Spelcified maximum free
water/cement ratio = 0.55
The lower value from results of 1.7 and 1.8 should be used.

Therefore the free water/cement ratio for the mix design is

0.53.
Step 2.0
2.1 Specified slump = 10 - 30mm
2.2 specified max. agg. size = 20mm
2.3 Free water content = 190 kgm-3 (Appendix 1E
Table 4)
Step 3.0
3.1 Cement content = 190
0.53

3.2 Maximum cement content - not specified
3.3 Minimum cement content = 300 kgm—3

3.4 Modified free water/cement ratio = Nil, 358.5 > 300

53



Step 4.0
4.1 Relative density of aggregate (SSD)

"B

2435 kgm

4.2 Concrete density (Appendix 1F Fig 4)

4.3 Total aggregate content 2435 - 358.5-190

1886.5 kgm S

Step 5.0
5.1 Grading of fine aggregate (3.1.1(b) = zone 2 (BS 882)
5.2 Proportion of fine aggregate = 30.5 to 38%
(Appendix 1G
Fig 5)
say 35%
5.3 Fine aggregate content = 0.35 x 1886.5
= 660.27 kgm >
say 660 kgm 3
5.4 Coarse aggregate content = 1886.5 - 660
= 1226.5 kgm 3

Quantities carried to summary

Cement = 358.5 kgmu3
Water = 190 kgm'3
Fine aggregate = 660 kgm 3
Coarse aggregate = 1228.,8 I-(g}m-3

3.2.2 Concrete Grade 40

Step 1.0

40 Nmm~ 2 at 28 days

1.1 Characsteristic strength
1.2 Standard deviation = 8 Nmm'z (Appendix 1D,

Fig 2)

1]

1.3 Margin k.s = 1.64 X 8
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= 13 Nmm™ 2

1.4 Target mean strength = 40 + 13
= 53 Nmm~2
1.5 Type of cement = 0.P.C

crushed granite

"

1.6 Type of aggregate: coarse

fine Naturally occuring

clean sand
1.7 Free water-cement ratio = 0.45 (Appendices 1E,
Table 3 and 1D, Fig 3).
1.8 Specified minimum free
water/cement = 0.55

0.45 is lower than 0.55 and should be used in the

design
Step 2.0
2.1 Specified slum = 10 - 30mm
2.2 ¢Specified max. agg. = 20mm
2.3 Free water content = 190 kgm-3
Appendix 1E,
Table 4)
Step 3.0
351 Cement content - 190
0.45

422.22 kgm™ 3

n

3.2 Specified max. cement content = Nil
3.3. Specified min. cement content = 300 kgm‘3
3.4 Modified free water/cement ratioc = Nil, 422.22 > 300

59



tep 4.0
4.1 Relative density of aggregate (SSD)=
4.2 Concrete density (Appendix 1F, Fig i

4.3 Total aggregate content

3 Step 5.0
5.1 Grading of fine aggregate

5.2 Proportion of fine aggregate

5.3 Fine aggregate content (3.1.1(b})

5.4 Coarse aggregate content
Quantities carried to summary
Cement
Water
Fine aggregate
Coarse aggregate
3.2.3 Concrete Grade 50
Step 1.0
1.1 Characteristic strength

1.2 Standard deviation

1.3 Margin

56

2.7

2435 kgm 3

2435 - 422,22-190

1822.78 kgm

zone 2 (BS 882)

30.5 to 38%

(Appendix 1G)

F

s

n

ig 5)
ay 35%

035 X

3

1822.78

637.973 kgm~

422.22 kgm

190 kgm

3

3

637.973 kgm

3

3

1184.807 kgm~

50 Nmm

2

8 Nmm~

2

(Appendix

1D, fig

k.s = 1.64 x 8

13 Nmm~

2

2)

1184.807 kgm

3
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1.4 Target mean strength = 50 + 13

= 63 Nmm 2
1.5 Type of cement = OPC
1.6 Type of aggregate: Coarse = c¢crushed granite
fine = naturally occuring

clean sand

o Free water - cement ratio = 0.38 (Appendices

1E, Table 2 and
1D, fig. 3).
1.8 Specified minimum free

water/cement ratio = 0.55

0.38 is lower than 0.55 and should, therefore be used

in the design.

Step 2.0

2.1 Specified slump = 10 - 30mm
2.2 Specified max. agg. =  20mm

2.3 Free water content = 190 kgm‘3

(Appendix 1E,

Table 4)
Step 3.0
3.1 Cement content = 190

0.38

= 500 kgm™3

3.2 Specified max. cement content = Nil
3.3 Specified min. cement content = 300 kgm>
3.4 Modified water/cement ratio = Nil; 500 > 300
Step 4.0
4.1 Relative density of agg. (SSD) = 2.0
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4.2 Concrete density

4.3 Total aggregate content

tep 5.,
5.1 Grading of fine aggregate

5.2 Proportion of fine agg.

5.3 Fine aggregate content

5.4 Coarse aggregate content

Quantities carried to summary
Cement
Water
Fine aggregate

Coarse aggregate

u

2435 kgm >

(Appendix 1F,
Fig 4)

2435 - 500 - 190

1745 kgm =

zone 2 (BS 882)

30.5 to 38%
(Appéndix IG, Fig 5)
say 35%
0.35 x 1745
610.75 hgm 3

1745 - 610.75

1134.25 kgm °

500 kgm 3
190 kgm™ 2
610.75 kgm 3

1124.25 kgm™ 3

3.3.0 Batching, Mixing, Compaction and Curing

3.3.1 Batching, Mixing and Compaction

The concrete materials were batched by weight in

accordance with the results of mix design for grades

30, 40 and 50 conctretes

in section 3.2.1, 3.2.2. and

3.2.3 reaespectively. The batches were thoroughly mixed

in the laboratory batch mixer.

The thoroughly mixed

concrete was cast into (150x150x150)mmcube moulds and



compacted mechanically to the design density of

2435 kgm™3,

A total of 369 numbers of cubes were cast. The
total number is broken down as follows:

(a) 6 numbers of cubes were crushed for each of the
three grades of concrete to determine the 28-day
strength,

Here is a total of 6 x 3 = 18 No. cubes

(b) 9 numbers of cubes were immersed in each of the
four different concentrations of the three
different types of acids for the three different
grades of concrete.

Here is a total of 9 x 4 x 3 x 3 = 324 No. cubes

(c) 9 numbers of cubes were used, throughout the three
different crushing times of 28 days, 56 days and
84 days, for each of the three grades of concrete
as centrols for the immersed specimens.

Here we have a total 9 x 3 = 27 No. cubes

Grand total 18 + 324 + 27

= 269 No. cubes
3.3.2 Curing
Concrete cubes were placed in a curing room and
covered with sacks which were kept constantly moisted
for 21 days. This method of curing, instead of
complete immersion in water, was adopted to simulate
one of the best site-curing conditions.

The concrete cubes were then air-dired in the
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Taboratory for 7 days before immersion. Air drying was
considered necessary to avoid the concentrations of the
acids being affected by the water in the pores ¢f the

concrate cubes.

3.4.0 Determination of concretre grades

Six numbers of cubes were crushed at the end of
the 28 days of casting and curing to determine their
strengths at the age of 28 days. The average of the
six different values of test results was taken as the
concrete cube strength at 28 days - the grade of

concrete. Results are shown in Appendix Il

3.5.0 Calculation of the Volumes of Acids Reguired

In Water for the Different Concentrations

3.5.1 Slulphuric Acid, H2804
Specific gravity = 1.84 gcm"3
Concentration = 96%
Weight in 1000 cm® of water = 1.84 x 1000g
= 1840g
Therefore 38% contains 1840g
and 1% contains 1840 x 1
o8
= 19.1668g
But, 1840g = 1000 c¢m3
e o 1g ' = 1000 cm3
| TBLO g
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19.1 6669 = 1000 x 19.1666

1840

10.41666 cm>

1

= 10.42 cm3

3 of sulphuric

The calculations shows that 10.42 cm
acid is required in 1000 c:m"3 of water to achieve a 1%
concentration. This can be modified to arrive at any

concentration given the volume of water.

Specific gravity = 1,42 gcm_3
Concentration = 70%l
Weight in 1000 cm> = 1.42 x 1000g
= 14209
70% contains 14209
1% contains 1420
i = 20.2857 g
70
1420g = 1000 cm®
; = 1000 cm?
o 18 -~
1420 g
Therefore 20.2857 = 1000 x 20,2857
1420
= 14,2857 cm®
14.3 cm®
3

It follows, therefore, that 14.3 cm® of nitric
acid is required in 1000cm3 of water to make 1%
concentration. This can be modified for any desired

concentration.
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3.5.3 Hydrochloric Acid, HCL

Specific gravity = 1.18 gcm_a
Concentration = 33%
Weight in 1000 cm3 = 1.18 x 1000
= 1180g
Therefore 33% contains 1180g
And 1% contains 1180
- = J35.7576 g
33
But 1180g - 1000 cm>
1 g - 1000 cm3
1130 g
And 25.7576 = 1000 x 35.7E576
1180
= 30,3031 cm’
30.3 cm’

3 of water requires 30.3 cm3 of

Therefore, 1C0C0 cm
hydrochloric acid for 1% ccncentration. This can also
be modified to arrive at any required concentration

with any volume of water.

3.6.2 Subjection to Aggressive Environment

At the end of 28 days of casting and curing, the
various concentrations for the three different acids
were prepared into the plastic bowls to receive the
concrete cubes. In addition to the date of casting and
grade of concrete impressed on the cubes, some other

identificaticn marks that clearly differantiate one cube
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Plate TII. Mixing Acid with water.

Plate 1V, Concrete Cubes Immersed in Hydrochloric Acid.
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from another were also impressed on the cubes to ensure
a true comparison of the densities of any given
concrete cube before and after immersion. Such
identification marks consist of two numerals closely
following each other and an alphabet at the end. The
first numeral indicates the concentration of the acid,
the second numeral shows the aumber of the cube in that
set of cubes in that concentraticn of acid, while the
alphabet is the code for the acid.

For instance, a concrete cube with the following
identification marks:

28/2/92

G 30

874Jc
shows that; 23/2/92 is the date of casting,

G20 is the grade of concrete,

5 is the percentage concentration of acid,

1 is the number of the cube in the set of cubes

immersed in that concentration of the acid,

C is the code for hydrochloric acid.
Similarly, a conctrete cubes with the following
identification marks:

06/03/392

G 40

10/4/N
shows that:

26/03/92 is the date of casting,
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G40 is the grade of concrete,

10 is the percentage concentration of acid,

4 is a the number of the cube in the set of cube

immersed in that concentration of the acid,

N is the code for nitric acid.

In the same manner{ G50 represent concrete grade
50 and the letter S is the code for sulphuric acid.

If the first numeral in the identification mark is
zero, then a control specimen of 0% concentration is
indicated,

Mixing the acid with water produces an exothermic
reaction and the mixtures were allowed to cool down to
the room temperature before immersing the concrete
cubes. Effects of the chemicals on the concrete cubes
ware determined after 28 days, 56 days and 84 days of

immersion.

3.7.0 Test Procedure

3.7.1 28 days after Casting and Curing

At the end of 23 days after casting and curing in
moist environment, the concrete cubes were weighed to
determine their densities before immersion. six

concrete cubes for each of the three different grades

of concrete were crushed. The average crushing load
was taken as the 28 - day compressive strength of
concrete. In other words, it is the grade of the

concrete. Results are shown in Appendix II.
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3.7.2 28 days Immersion

At the end of 28 days immersion period, three
concrete cubes for each of the three grades of concrete
were removed from each of the four different
concentrations of the three different acids. These
concrete cubes were rinsed thoroughly in clean tap-
water and air-dried in the laboratory for 48 hours.
They were weighed to determine their new densities and,
then crushed. The average crushing load was taken as
the compressive strength of the concrete after 28 days
of immersion. Three concrete cubes for each of the
three grades of concrete and zero percent acid
concentration, the contrcl specimens, were also weighed
and crushed and the average crushing load represents
the compressive strength at 28 days immersion period in
zero percentage concentration,

The densities and compressive strengths of the
test specimens and the control specimens were compared
to their densities and compressive strengths before
immersion, Results are presented in Appendices IIIA,
ITIID and IIIG for grades 30, 40 and 50 concretes

respectively.

3.7.3 56 Days of Immersion

At the end of 568 days of subjection to the
chemically aggressive environment, the same procedure
as for the 28 day of immersion was followed. The only

difference is that concrete cubes were air-dried in the
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laboraltory for 72 hours. Results are shown in
Appendices IIIB, IIIE and IIIH for grades 30, 40 and 50

concretes respectively.

3.7.4 84 Days of Immersion

The same procedure as for the 586 days of immersion
was followed at the and of 84 days of immersion,.
Results are presented in Appendices IIIC, IIIF and IIII

for grades 30, 40 and 50 concretes respectively.
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Plate V. Cconcrete Cubes Immersed in Sulphuric Acid

(whittish) and Nitric acid (Brownish).

plate VI. Cross Section of Concrete Cubes Immersed in Acid,

68



J
Plate VII, A View of a zreater number of Concrete Cubes

in the Curings Media.

s a T, RS

Plate VITI. Concrete fGrade 30 at the “nd of 28 days of

Immersion Period, From left to right: Cubes

Immersed in 1.5
HC1, HNCB, Hz.Oh and HEO
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plate IX. Concrete Grade 1,0 at the “nd of 28 days of
Immersion Period., From left to right: Cubes
Immersed in H20, HC1, H?CB and stou

Plate X, Concrete Grade 30 at the end of 56 days of
Immersion Period, From left to richt cubes Immersed

in H,0, HC1l, HNO, and H,SO)
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Plate XI. Concrete Grade U0 at the end of 56 days of
Immersion Period. From left to rizht: Cubes
Immersed in HC1, HNOB, stoh and H20

|

Plate XII. Concrete Grade 30 at the end of 8 days of
Immersion period. From left to right: Cubes

Immersed in H,0, HC1, HNOB, and stou

71



t

—

Plate XIII. Concrete frade 1|0 2t the end of 84 days of
Tmmersion Period. From left to right: Cubes

Immersed in H20, stou, HN03 and HC1l.

'
Plate XIV. Concrete Grade 50 at the end of 8l days of

Immersion Period. From left to right: “ubes
Immersed in HZO’ H?SOM, HNO3 and HCl.
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Plate XV. Compressive Strength Testing Machine



Plate XVI. (elatinous whittish Precipitate from the
Action of sulphuric acid on the Concrete

Cubes.



CHAPTER FOUR

4.0 RESULTS: PRESENTION, ANALYSIS AND DISCUSSION
The results of the experimentation detailed in
chapter 3 are presented, analysed and discussed in this

chapter.

4.1.0 ‘OBSERVATIONS

Exothermic reaction was observed on mixing the
acid with water,. The heat production in the case of
H,80, was noticed to be higher than that of HC1 or
HNO, .

Immediately the concrete cubes were introduced
into the mixture a vigorous reaction in HC1 and HNO4
involving effervescence and boiling effect was
produced. This vigorous reacticn was not noticed in
the case of H,S0, at the introduction of concrete cube
specimens. What could, however, be noticed immedately
was the instant extrusion of cement paste-like
particles considered to be hydration products.

The vigorous reactions in HC1 and HNO 4 died down
gradually. The mixture and the concrete cubes were
turned green and brown in the cases of HC1 and HNOj
respectively. The intensity of the colours increases
with age. In the case of H,80, the extrusion of the
hydration products continued. The mixture remained
colourless, while the concrete cubes were turned white.

Plates 4,5,6 and 7,
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In the cases of HC1 and HNO,5, the concrete cubes
remained intact on the surfaces but felt very soft to
the touch and the mortar surround could easily be
removed with the slightest rubbing force. This was
different in the case of H,580, where the mortar
surround was completely removed and deposited at the
bottom of plastic bowlis, as white gelatinous
precipitate, leaving the free sides of the concrete
cubes exposed of coarse aggregates,. Some of the
extruded particles through the top of the cubes also
sattled there in the form of white gelatinous
substance.

The rate at which the volume of the mixture
involving sulphuric acid decreased was faster than that
of HNO3 or HCl. It follows therefore that the rate at
which the mixture involving sulphuric acid permeates
into the concrete is faster than that of HC1 or HNO,.

The mixture involving hydrochloric acid was
observed to be covered with greenish foam and a
greenish grease-like deposit on top of the cubes. That
of nitric acid was observed to be covered with a
brewnish foam and a brownish grease-l1ike substance
deposited on top of the cubes. The mixture in case of

sulphuric acid was clear of foam,

4.2.0 PRESEMNTATION OF RESULTS
Appendix II deals with determination of the 28 -

day mean strength for the various grades of concrete,
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namely grade 30, 40 and 50. Appendix III shows the
results as recorded during testing.

Appendices IVA - Z, 1is devoted to detail
computation of the results. Appendices VA-I 1is
designed to make out an easy comparison of effects of a
given acid on a given grade éf concrete at the end of
the various immersion periods; while in a similar
manner Appendices VIA - I presents the results in such
a way that the effects of the various acids on a given
grade of concrete at a given immersion period can
easily be accertained.

Figures 6 to 14 show the reslationship between the
compressive strength of each of the concrete grades and
the concentrations of each of the acids at the various
immersion periods.

Figures 15 to 23 indicate the relationship between
the compressive strength of each of the concrete grades
and the concentrations of the three acids at a given
immersion period.

Figures 24 to 238 show the relationship between
the compressive strength of a given concrete grade
and a given concentration of the three acids at the

various immersion periods.

4.3,0 ANALYSIS AND DISCUSSION OF RESULTS

4.3.1 Concrete Grade 30

As can be seen from the results, the 28-day mean
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compressive strength of the concrete of grade 30 is
35.36 Nmm~ 2. This was obtained from the average
crushing load for 6 cubes of concrete designed for
this grade of concrete, (appendix II).

It is evident from the results that the cubes in
zero percentage concentration, control cubes ,kept in
water, increased in strength with time, At 28 days of
immersion the compressive strength increased from

35.36 Nmm 2 to 37.04 Nmm 2

representing a percentage
increase of 4.75%. At 56 days of immersion period the
compressive strength increased from 35,36 Nmm~ 2 to

2 representing a percentage increase of

40.30 Nmm~
13.97%. While in the case of 84 days of immersion
period the compressive strength recorded an increase of
41.33 Nmm™ 2 from 35.36 Nmm 2. This is an increase of
16.88%, (Appendices IVA - I, VA - C and VIA - C).

For all the three acids the magnitude of
reduction in compressive strength 1is directly related
to the concentration of the acid. For instance at 28
days of immersion periocd, the percentage reduction in
compressive strength of the concrete at 5%, 10%, 15%
and 20% concentrations of hydrochloric acid were
23.33%, 30.46%, 38.83% and 55,680% respectively; for 5%,
10%, 15% and 20% concentrations of nitric acid the
reduction in compressive strength were 29.61%, 35.89%,
42.59% and 58.94% respectively; while in the case of

5%, 10%, 15% and 20% concentrations of sulphuric acid
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the percentage reduction in compressivce strength were
48.05%, 63.12%, 64.82% and 67.31% respectively.
Similar analysis can be presented for the 56 days and
84 days immersion periods, (Appendices IVA-IVI, and VA-C).

Figures 6, 7 and 8 show the relationship between
the compressive strength and concentration of the acids
for concrete of grade 30 at the end of 28 days, 6586
days and 84 days of immersion periods respectively,

The degree of loss in compressive strength was
also seen to depend on the duration of immersion. The
longer the period of subjection to aggressive medium
the higher the strength loss. For example, the
compressive strength loss due to 5% hydrochloric acid
at 28 days, 56 days and 84 days of immersion periods
were respectively 23.33%, 35.49% and 43.01%; compressive
strength reduction due to 10% nitric acid at 28 days,
56 days and 84 days immersion periocods were 35.89%,
38.83% and 41.35% respectively; while 20% concentration
of sulphuric acid at 28 days, 56 days and 84 days
immersion periods produced losses in compressive
strength of 67.31%, 71.52% and 76.95% respectively.
These are, however, few selected examples and similar
discussion can be presented for all the acids at
different concentration during the immersion periods;
(Appendices IVA - I and VIA - C).

Figures 15, 16 and 17 show how immersion periods

influence the relationship between the concentrations
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of the acids and the compressive strength of concrete
of grade 30. For all concentrations and throughout the
immersion periods it is clear from the results that
sulphuric acid is the most aggressive of the three
acids. However, such a clear distinction can not be
drawn between the aggressivity of nitric and
hydrochloric acids. At the end of 28 days of
immersion, the nitric acid appeared to be more
aggressive than hydrochloric acid. At the end of 58
days of immersion period hydrochloric acid was more
aggressive at 5% and 10% concentrations while nitric
acid showed more aggressivity at 15% and 20%
concentrations. At 84 days of immersion period,
hydrochloric acid was again more aggressive at 5%, 10%
and 15% concentrations, while at 20%¥ concentrations
nitric acid showed greater aggressivity. However, it
is clear that there is no appreciable difference in
tha degree of their aggressivities.

Figures 24 to 28 show the relationship between the
compressive strength of grade 30 concrete and the
immersion periods at the different concentrations of
the acids. For zero percent concentrations (Fig 24)
the compressive strength increased with the duration of
the immersion period, For 5%, 10%, 15% and 20%
concentrations of the acids, (figures 25, 26, 27 and 28
respectively) thare is a clear decrease in compressive

strength as the 1immersion periods increases.
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Initially, the decrease in compressive strength is
rapid. The decrease in the compressive strength
hecomes progressively slower with increasing immersion

period.

"4.3.2 CONCRETE GRADE 40

The 28-day mean compressive stréngth for this
grade of concrete obtained from the average crushing
10ad for 6 cubes of concrete designed for this grade of
concrete is 42.58 Nmm-2 which indicates that the mix
design and the casting procedures werse okey . (Appendix
I1). |

The results for this grade of concrete also show
an improvement on the 28-day mean strength of concrete
cubes of zero percent concentration, cancrete cubes
immersed in water, with time. |

The improvement on the original comprassive
strength for zero parcent concentration ware 44,15 Nmm“z
represanting an increase of 3.09% after 28 days of
immersion; 46.87 Nem~ 2 indicating an increase of 9.61%
at 56 days of immersion; while that of 84 days of

2 and shows an increase of

immersion is 51.70 Nmm~
21.42%; appendices IVJ — R, VO - F and VID - F.

The magnitude of the compressive strength
reduction ralate directly to the concentration of the
acids. For 5%, 10% 15% and 20% concentrations of

hydrochloric acid at 28 days of immersion, the

percentages of reduction in compressive strength were
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28.67%, 37.36%, 43.64% and 49.91% respectively. For
nitric acid, at 28 days of immersion, 5%, 10%, 15% and
20% concentration produced percentage compressive
strength reductions of 27.97%, 37.36%, 47.46% and
56.86% respectively. 5%, 10%, 15% and 20% sulphuric
acid concentrations, for the same period, resulted in a
decrease in compressive strength of 49.55%, 56.86%,
62.78% and 65.22% respectively. The results of 56 days
and 84 days of immersion 1in the different
concentrations of the acids are similar to that of 28
days of immersion; (Appendices IVJ - R and VD - F).

Fiqures 9, 10 and 11 show the relationship between
the concentrations of the acids and the compressive
strength of concrete grade 40 at 28 days, 56 days and
B4 days immersion periods respectively.

The magnitude of the reduced compressive strength
of this grade of concrete was also obsarvaed to be
influenced by the duration of the period cf immersion.
The reduced compressive strength in the cases of 56
days and 84 days of immersion were progressively higher
than those at the 28 days of immersion period. For
instance, the percentage reduction in compressive
strength at 28 days, 56 days and 84 days immersion
periods due to 5% concentration of hydrochloric acid
were 28.67%, 35.30% and 39.46% respectively. For 5%
concentration of nitric acid, the percentage reduction

in compressive strength were 27.37%, 35.27% and 41.19%
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for 28 days, 56 days and 84 days immersion periods
respectively. In the case of 5% concentration of
sulphuric acid at 28 days, 56 days and 84 days
immersion periods the percentage loss in compressive
strength were 49.55%, 55.45% and 57.89% respectively. A
similar analysis can be presented for all other
concentration of the acids for the different immersion
periods; (Appendices IVJ - R and VID - F).

Figures 18, 19 and 20 show how the periods of
immersion influence the relationship between the
concentrations of the acids and the compressive
strength of concrete grade 40.

Sulphuric acid was again, observed to be more
aggressive than either the nitric acid or hydrochloric
acid for all concentrations at all immersion periods.
But in the cases of the nitric and hydrochloric acids,
it is not clear which of them depicts greater
aggressivity. For example, at 28 days of immersion
period hydrochloric acid have a marginal lead in
aggressivity at 5% concentrations; nitric acid 1is
leading at 15% and 20% concentrations; while their
aggressivity is the same at 10% concentration. At 56
days of immersion, there is very little difference in
the aggressivity of the two acids at 5% concentration;
hydrochloric acid is having a marginal lead at 10%
concentration; while nitric acid is having a clear lead

at 15% and 20% concentrations. 84 days of immersion
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shows that hydrochloric acid is more aggressive at 15%
concentration while nitric acid is more aggressive at
5%, 10% and 20% concentrations. Generally, there is no
appreciable difference in their degree of
aggressivities.

The velationship between the compressive strength
of grade 40 concrete and the immersion periods at a
given concentration ¢of the three acids are shown in
figures 29 to 33. At zero percent concentrations of
the acids (fig 29) the compressive strength increases
with increase in immersion period, At 5%, 10%, 15%
and 20% ccancentraticn of the acids, {(figures 30, 31, 32
and 33 respectively) there is reduction in compressive
strength which increases with increase in immersion
pariod. However, the initial rapidity in compressive
strength reduction becomes progressively reduced as the

immersion pericd increases,

4.3.3 Concrete Grade 50

The mix design and casting procedures for this
grade of concrete were also shown to be okay as the
average compressive strength from 6 concrets cubss
yielded a compressive strength of 50.18 Nmm_z, {Appendix
1), |

For concrete cubes immersed in zero percent
concentration of acid, i.e. immersed in water, the

compressive strength was increased to 53.85 Nmm"2
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reprasenting a percentage increase of 7.31% at 28 days
of immersion. The compressive strength increased at 58
days and 84 days of immersion periods to 59.25
(18.07%) and 62.81 (25.17%) respectively, {Appendices
I¥s ~ Z,, VG - I and VIG - I). .
"Like the other grades of concrete (30 and 40) the
magnitude of strength reduction is proportioral to the
concentration of the acid. Strength reductions of
9.97%, 17.34%, 24.43% and 32.10% were observed for 5%,
10%, 15% and 20% concentrations of hydrochloric acid at
28 days of immersion period. During the same period,
nitric acid of 5%, 10%, 15% and 20% concentration
produced percantage reductions in compressive strength
of 8.77%, 17.34%, 23.24% and 29.73% regpectively; while
5%, 10%, 15% and 20% of sulphuric acid produced
percentage reductions of 37.43%, 42.13%, 46.19% and
51.87% respectively. Similar deductions can be made
for other concentrations of the acids for the immersioen
period under consideration, (Appendices IVS - Z, and VG

- I)'
Figures 12, 13 and 14 show the relationship

betwean the concentrations of the acids and compressive
strength of concrete grade 50 at the end of 28 days, 586
days, and 84 days of immersion periods respectively.

For this grade of concrete the magnitude of the
compressive strength reduction was also observed te be
directly related to the duration of the period of

immarsion. The compressive strength reduction increases
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as the duration of immersion periocd increases. This is
evident in the results shown in appendices IVS - Z, and
VIG - I. The percentage decline in compressive
strength due to 5% concentration of hydrochloric at 28
days, 56 days and 84 days of immersion were,
respectively, 9.97%, 22.66% and 26.21%, in the case of
5% concentration of nitric acid the percentage decline
in compressive strength were 8.77%, 14.99% and 22.94%
at 28 days, 56 days and B4 days immersion periods
respectively; while the percentage decrease in
compressive strength due to 5% concentrations of
sulphuric acid at 28 days, 56 days and 84 days
immersion periods were, respectively, 37.43%, 43.60%
and 51.00%. Similar discussion holds for other
concentrations of the acids during the immersion
periods.

Figures 21, 22 and 23 show the influencz of
immersion periods on the relationship betwsen the
concantrations of the various acids and the compressive
strength of grade 50 concrete.

Here, once again, sulphuric acid showed a glaring
higher degree of aggressivity.

Here, too, there is no clearity as to which is
more aggressive between nitric acid and hydrochloric
acid, At 28 days of immersion period hydrochloric acid
have a slightly higher degree of aggressivity at 5%,

15% and 20% concentrations; while both acids have the
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same degree of aggressivity at 10% concentration. At
56 days and 84 days of immersion periods hydrochloric
acid showed greater aggressivity than nitric acid.
However, the differences 1in their degree of
aggressivities are not appreciable.

Figures 34 to 38 indicate the relationship
between the compressive strength of grade 50 concrete
and the duration of immersion period at the various
concentrations of the acids. In the case of zero
percent concentrations of the acids, (fig 34) the
compressive strength increases with increase in the
duration of immersion pericd. In the cases of 5%, 10%,
15% and 20% concentrations of the acids, (fig 35, 36,
37 and 38 respectively) the compressive strength
decreases with increase in the duration of immersion
period. The reducticn in compressive strength is more
rapid at the initial stage and becomes slower as the

duration cof immersion period increases,

4.4.0 Degree of Corrosion

It might be difficult to make a clear definition
of the degree at which the grades of concrete degrade
under chemical aggression of the acids. this is
because, the degree of corrosion did not follow a
uniform pattern. The degree of corrosicon became
progressively lower with time. This is very envident

in the computed results in appendix II,
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For 1instance, 5% concentration of hydrochloric

acid produced a compressive strength reduction of 8.25

Nmm™2 in concrete of grade 30 at 28 days of immersion

period; the compressive strength reduction at 56 days

2 2

of immersion was 12.55 Nmm < which shows only 4.30 Nmm_
further decrease between 28 days and 56 days of
immersion periocds; while the compressive strength

reduction at the end of 84 days immersion periocd was

15.21 Nmm™2 and shows only 2.66 Nmm~° further reduction

between 56 days and B8l days immersion periods. Put

2 between 28 days

together the reduction is 6.96 Nmm™
and 84 days of immersion. This is less than  the
strength reduction within the first 28 days of
immersion,

With 10% concentration of nitric acid and grade 30

concrete, the strength reductions are as follows:-

28 days after immersion 12.69 Nmm™ 2
56 days after immersion 13.73 Nmm~2
84 days after immersion 14,62 Nmm™ 2

The results showed only 1.04 Nmm 2 further
strength reduction between 28 days and 56 days
immersion periods; and 0.89 Nmm~ 2 reduction in
compressive strength between 56 and 84 days of
immersion. The total reduction in compressive
strength of 1.93 Nmm™2 is far less than that obtained
within the first 28 days of immersion.

With 15% hydrochloric acid and concrete of grade
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40, the compressive strength reductions were as

follows:
At 28 days of immersion 18.58 Nmm 2
At 56 days of immersion 20.80 Nmm 2
At 84 days of immersion 23.17 Nmm 2

2 additiona)

The results indicate only 2.22 Nmm~
strength reduction between 28 days and 56 days of
immersion; while the reduction in compressive strength
between 58 days and 84 days of immersion is 2.37 Nmm~ 2.
The total reduction in compressive strength which is

2 is, again, far 1less than that within the

4.59 Nmm~
first 28 days of immersion.

With 20% concentration of sulphuric acid and
concrete of grade 50, the reduction in compressive
strength are as follows:-

At 28 days of immersion 26.03 Nmm- 2

At 56 days of immersion 30.33 Nmm 2

At 84 days of immersion 38.13 Nmm 2
It can be seen from the results that 4.30 Nmm™ 2
reduction in compressive strength was recorded between
28 days and 56 days immersion periods. The strength
decline between 56 days and 84 days of immersion is 7.70
Nmm~ 2. A slight departure can be noticed here as the
compressive strength reduction between 56 days and 84
days immersion periods is higher than that between 28

days and 56 days of immersion. This particular example

is specially cited to show this slight departure from
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the normal. It is perculiar to only 8ulphuric acid
and happens in only few isolated cases, However, the
total reduction in compressive strength of 12 Nmm™ 2
between 28 days and 84 days immersion periods is still
far lower than the compressive strength reduction
within the first 28 days of immersion.

The reasons responsible for the sharp decrease in
aggressivity of the acids may be explained thus: Since
the aggressive medium is stagnant and with a constant
concentration, there is the tendency of strength of the
acids getting progressively lower as a result of its
reaction with the calcium hydroxide and other
components of the cement 1in the coancrete. These
reactions produce neutralisation effects on the acids.
The strength of the acids, therefore, is bound to
decrease with time. Another possible adverse effect on
the strength of the acid is air oxidation. The
dissociated elements or radicals of the acids and
water mixture may react, under favourable conditions,
with oxygen of the atmospheric air to form less harmfu)
substances, pesulting in a subsequent reduction in the
strength of the acid and the resultant reduction in
aggressivity.

It is also believed that the cracks due the
ettringite formation are filled gradually with gypsum
formation within the cracks. This is a secondary reac-

tion which could be an explanation of the often observed
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rehealing process. This rehealing process in the

concrete may assist in reducing the acid aggression on

the concrete.
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CHAPTER FIVE

CONCLUSIONS AND RECOMMENDATIONS
CONCLUSTIONS

Based on the results of this research, the

following conclusions can be drawn.

(1)

The concrete cubes immersed in water increased
steadily in cempressive strangth from 25.36 Nmm <
to 41.33 Nmm-2 at the end of 84 days of immersion
for grade 30; from L2.58 Nmm™° to 51.70 Nom~2  at
the end of Bl days of immersion for grade 403 and
from 50.18 Nmm™° to 62.81 Nmm~2 at the end of 8L
days of immersion for grade 50,

On the cther hand concrete cubes immersed in
the acids decreased steadily in compressive-
strength. For grade 30 concrete the strength

2 to 11.70N2m 2 from

decreased from 35.35 Nmm™
35.356 Nmm™2 <0 11.11 Nmm™% and from 35.35 Nmm 2 to
3.15Nmm 2 at the end of 84 days of immersion in
hydrochloric acid, nitric acid and sulgphuric acid
respectively. For grade 40 concrete the strength
decreased from 42.58 Nmm 2 ta 15.85 Nmm™2 from
42.58Nmm~2 to 14.08 Nmm~2 and from 42.58 Nmm~2 to

9.22 Nmm 2 at the end of 84 days of immersion 1in

hydrochloric acid, nitric acid and sulphuric
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2.,

(4)

(5)

acid respectively. In the case of grade 50
concrete the strength decreased from 50.18 Nmm 2
to 25.93 Nmm 2, from 50.18 Nmm 2 to 28.14 Nmm 2
and from 50.18 Nmm™2 to 12.15 Nmm 2 at the end of
84 days of immersion in hydrochloric acid, nitric
acid sulphuric acid respectively.
The decrease in compressive strength increases
with increase in cengentration - of the acids and
the duration of immersion periods.
With a stagnant and constant-concentration medium,
the compressive strength reduction is high in the
early days of immersion period and becomes
progressively lower thereafter. It might even be
possible for the acid attack to stop altogether
with time when the acid shall have been
completely neutralised.
Sulghuric acid is more aggressive than either the
nitric acid or hydrochloric acid, given the same
concentration and immersion period. It dessolves
the cement-motar content of the concrete, leaving
the cencrete exposed of coarse aggregate.
It is not very clear which is more aggessive
between the nitric azid and the hydrochloric acid.
However, they both attack the concrete by diffusion

process, softening it and weakening its bonds.
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(6)

(7)

(8}

There 1is na outright washing away of tha cement-
mortar content of the concrete.

5% and above concentrations of sulphric acid
reduced the compresive strength of concrete grades
30, 40 and 50 to an unsafe value within 28 days of
immersion, For the three concrete grades and an
equivalent immersion period, it takes 10% or more
concentrations by volume of either nitric acid or
hydrochloric acid to reduce the compresssive
strength to an unsafe value. Howaver, within 58
days of immersion 5% concentraticon of either nitric
acid and hydrochltoric acid is enough to cause a
significant damage to the three grades of concrete.
It is possible to recognise sulphric acid attack
by a whitish colouration on the surface of the
concrete and complete exposure of the coarse
aggregate as a result of the removal of cement-
mortar content of the concrete. Nitric acid attack
can be visually observed by a soft concrete surface
and a characteristic brownish colouration; while
attack due to hydrochloric acid can be recognised
by a soft concrete surface and a characteristic
greenish colouration.

The grade of concrete did not seem to have had any
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(9)

(10)

appreciable influence on the resistance of the
concrete to chemical aggression. This appear to
have agreed with the conclusions of some previous
researchers that the influence of cement content in
the chemical resistance of concrete becomes
significant only in the cases of weak mixes.

The depth of penetration of the acids at the end of
84 days of immersion suggests that even 100mm
concrete cover, the highest recommend so far,
cannot effectively protect the steel against the
attack of these acids for an environment with the
dimulated % of acid concentration used.
Deterioration becomes first apparent and more
intensive at the top surface and the corners and
edges of the test cubes which were at the top
surface when the cubes were being manufactured.
This phenomenon can lead to the logical conclusion
that while filling the concrete into the cubes'
moulds, the upper part becomes more porous by the
rising air bubbles and thus less resistant than the

lower layer in the vicinity of the bottom.
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5.2 RECOMMENDATIONS

The following recommendation have been made based
purely on the findings of this investigation.

(1) Unprotected concrete structures should not be
allowed to be subjected to a concentration of 5%
or more of any of these three acids.

(2) In formulating conditions for the design and
construction of concrete structures to resist
sulphric acid, nitric acid or hydrochloric acids
the grade of the concrete should be de-emphasized,
upon provided that poor concrete mixes and workman-
ship are not being anticipated.

(3) Industrial chemical manufacturers and dealers
should be educated on the dangers inherent in
storing industrial chemicals, such as acids, on
unprotected concrete floors. The softening and
weakening of bonds of the concrete may pass
unnoticed which may lead to premature and sudden
failure.

(4) To ensure durability and stability as well as the
safety of 1ife and properties, sulphric acid,
nitric acid and hydrochloric acid should not be
manufactured or stored in unprotected concrete

structures.
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(5) Concrete structures that are likely to come into
contact with aggressive chemicals should be better
protected by plastic materials or polymer materials

that do not dessolve in acids.

5.3 SUGGESTIONS FOR FURTHER RESEARCH

(6) Investigations using percentages of concentrations
of the acids lower than 5% might be necessary to
help in determining the critical acid content.*

(7) It may also be beneficial to investigate if
bituminous materials, or gloss paint, or rubber
latex can be successfully employed to protect

concrete structures against chemical attack.

* Critical acid content is defined as the lower limit
of acid concentration above which protective measures

should be specified.
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Appendix 1E

" Tadle 3 Approximate compressive strengths (N/mm?®) of concrete

mixes made with a free-water/cement ratio of 0-5 .

: . Type of - Compressive strengths ((N/mm®)
i'ype of Coarse Age (days) .
cement aggregate 3 7 28 21
.(:;rdinar)'

Yrortland .

(OPC} Uncrushed 18 27 40 48
or

sulphate- Crushed 2 - 33 .47 s
rasisting . , .

Portland i

(RPC) J

Hapid- Uncryshed 25 34 46 53
l:ardening : -
irortland Crushed 30 40 53 60 -
(:tHPQ) '

1 N/mm?® = ] MN/m?® = 1 MPa (see footluote on page 5).

Tubled Approximate free-water contents (kg/m®} required to

give various levels of workability

60-180

Slump {mm) 0-10 10-30 3060
V-B(s) >12 612 36 03
Taximum Type of

size of aggregate

apgregate (mm)

0. Uncrushed 150 180 205 225

o Crushed  * 180 205 - 230 250

20 Uncrushed © 135 160 180 195 '

e * Crushed 170 190 - 210 225

o Uncrushed  1)5 - 140 160 175
Crushed 155 175 130 - 205

1
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Appendix II

Compressive Strength at 28 days Before Immersion
Grade 30

No. Density (kg/m’h Crushing load Comp. Stfgngth
KN N/mm
1 8.10 740 32.89
2 8.25 750 33.33
a 8.20 800 35.58
4 8.15 780 34.67
5 8.35 790 35.11
6 8.20 915 40.67
Average compressive strength = ;;T;;
Grade 40
1 8.25 960 42,67
2 8.25 950 42.23
3 8.25 960 42.67
4 8.25 970 43. 11
5 8.20 260 42.67
6 8.20 970 43. 1
Avaerage compressive strength B ;;:;;
Grade 50
1 8.30 1150 5.1
2 8.30 1120 49.77
3 8.40 1110 49,33
4 8.20 1125 50.00
5 8.40 1130 50,22
6 8.30 1140 50.67
Average compressive strength = ;5?;;

iy



Appendix 111A: Concrete Grade 30 After 28 days of Immersion

Cube’s Density B/F Density A/F Crushing
10 Mark Immgssion Immersi Load
kgm kam™ KN
5/1/C T.75 7.40 620
5/2/C 8.15 7.90 600
5/3/C 8.00 7.50 610
10/1/¢C 8.35 7.80 560
10/2/C 8.10 7.60 530
10/3/C 8.25 7.65 570
15/1/¢C 8.15 7.60 490
15/2/C 8.10 7.60 500
15/3/C 8.15 7.65 470
20/1/¢C 8.50 7.80 370
20/2/C 8.00 7.40 340
20/3/C 8.30 7.60 350
5/1/N 7.90 7.70 560
5/2/N 8.20 8.00 540
5/3/N 8.00 7.80 530
10/1/N 8.10 7.60 510
10/2/N 8.05 7.60 500
10/3/N 8.15 7.80 520
15/1/N 8.40 7.80 470
15/2/N 8.15 7.60 440
15/3/N 8.20 7.60 460
20/1/N 7.90 7.30 320
20/2/N 8.00 7.30 330
20/3/N 8.20 7.40 330
5/1/8 8.10 7.20 430
5/2/S8 8.10 7.10 390
5/3/S 8.10 7.10 420
10/1/8 8.40 6.90 310
10/2/S 8.00 6.40 290
10/3/S 8.20 6.60 280
15/1/8 8.10 6.60 280
15/2/S 8.50 7.00 260
15/3/8 8.30 6.70 300
20/1/8 8.10 6.65 290
20/2/8 8.10 6.60 230
20/3/8 8.10 6.50 260
0/1/0 8.30 8.40 920
0/2/0 8.20 8.30 810
0/3/0 8.20 8.35 770
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Appendix 111B: Aft mm i
Cube’s Density B/F Density A/F Crushing
ID Mark Immgssion ~Immersion Load
_____ i kgm”
5/4/C 8.05 8.10 520
5/5/C 8.05 7.80 500
5/6/C 8.10 8.00 520
10/4/¢C 8.05 7.70 480
10/5/¢C 8.25 7.80 480
10/6/C 8.20 7.70 460
15/4/C 8.10 7.50 440
15/5/¢C 8.10 7.50 410
15/6/C 8.20 7.50 420
20/4/¢C 8.00 7.50 370
20/5/¢C 8.13 7.50 340
20/6/¢C 8.15 7.60 360
5/4/N 8.10 7.85 520
5/5/N 8.00 7.80 530
5/6/N 8.20 7.85 510
10/4/N 8.10 7.80 430
10/5/N 8.00 7.70 480
10/6/N 8.30 8.00 490
15/4/N 8.10 7.65 420
15/5/N 8.20 7.70 400
15/6/N 8.20 7.60 380
20/4/N 8.15 7.70 290
20/5/N 7.95 7.60 280
20/6/N 8.20 7.80 300
5/4/S 8.10 7.70 420
5/5/S 8.10 7.30 400
5/6/S 8.10 7.40 380
10/4/8 8.10 6.80 250
10/5/s 8.25 7.00 280
10/6/S 8.20 7.00 260
15/4/S 8.10 6.20 240
15/5/8 8.20 6.30 260
15/6/S 8.20 6.30 220
20/4/s 8.10 6.20 250
20/5/8 8.20 6.30 220
20/6/S 8.20 6.30 210
0/4/0 8.40 8.40 900
0/5/0 8.10 8.20 890
0/6/0 8.20 8.25 930
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Appendix 111C: Concrete Grade 30 After 84 days Immersion

Cube’s Density B/F Density A/F Crushing
ID Mark Immggsion Immersion Load
i kemT KN _____
5/1/C 8.40 8.10 430
5/8/C 8.00 7.80 480
5/9/C 8.20 7.90 450
10/7/¢C 8.05 7.60 350
10/8/C 8.25 7.80 360
10/9/¢C 8.10 7.60 380
15/7/¢C 8.10 7.50 340
15/8/C 8.00 7.40 350
15/9/¢C 8.20 7.70 330
20/1/¢C 7.95 7.00 280
20/8/¢C 8.00 7.30 260
20/9/¢C 8.10 7.35 250
5/1/N 8.10 7.85 500
5/8/N 8.00 7.75 520
5/9/N 8.15 7.87 500
10/7/N 8.10 7.70 470
10/8/N 8.10 7.65 480
10/9/N 8.10 7.70 450
15/7/N 8.00 7.50 380
15/8/N 8.20 7.60 360
15/9/N 8.15 7.60 380
20/7/N 7.90 7.30 230
20/8/N 8.20 7.50 250
20/9/N 7.85 7.15 270
5/1/s 8.10 6,20 390
5/8/8 8.10 6.25 380
5/9/S 8.30 6.40 380
10/7/S 8.10 5.50 270
10/8/8 8.25 5.45 250
10/9/8 8.20 5.40 240
15/1/8 8.45 5.80 230
15/8/8 8.20 5.30 210
15/9/8 8.10 5.20 220
20/1/8 8.10 5.50 290
20/8/5s 7.80 5.20 190
20/9/8 8.25 5.60 170
0/1/0 8.40 8.50 900
0/8/0 8.00 8.00 950
0/9/0 8.05 8.10 940
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Appendix 111D: Concrete Grade 40 After 28 days of Immersion

Cube’s Density B/F Density A/F Crushing
ID Mark Immggs1on Immersion Load
kgm kqm'3 : KN
5/1/C 8.10 7.85 650
5/2/C 8.20 7.90 690
5/3/C 8.20 7.80 710
10/1/C 8.40 7.85 580
10/2/C 8.10 7.65 600
10/3/C 8.30 7.70 620
15/1/¢C 8.20 7.65 540
168/2/C g8.10 7.50 550
15/3/C 8.20 7.60 530
20/1/C 8.00 7.40 500
20/2/C 8.20 T.50 480
20/3/¢C 8.10 7.40 460
5/1/N 8.40 7.90 690
5/2/N 8.40 T.55 700
5/3/N 8.40 7.70 680
10/1/N 8.30 7.80 590
10/2/N 8.00 7.60 600
10/3/N 8.20 7.70 610
15/1/N 8.30 7.75 500
15/2/N 8.10 7T+50 6520
15/3/N 8.10 180 490
20/1/N 8.10 7.40 380
20/2/N 8.10 7.50 440
20/3/N 8.10 7.35 420
5/1/8 8.20 7.40 460
5/2/5 8.30 7.60 430
5/3/S 8.20 7.40 500
10/1/S 8.20 6.80 420
10/2/8 8.20 6.80 400
10/3/8 8.20 6,85 420
15/1/8 8.30 6.85 370
15/2/8 8.25 6.65 340
15/3/S 8.20 6.60 360
20/1/s 8.30 7.00 350
20/2/8 B.10 6.40 320
20/3/8 8.10 6.40 330
0/1/0 8.20 8.20 990
0/2/0 8.30 8.40 1000
0/3/0 8.30 8.35 990
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Appendix 111E: Concrete Grade 40 After 56 days of Immersion

Cube’s Density B/F Density A/F Crushing
ID Mark Imgsshn Immersion Load
kgm kn—} ' KN
5/4/C 8.15 7.80 640
5/5/C 8.15 1/75 620
5/6/C 8.10 7.70 600
10/4/C 8.10 7.65 530
10/5/C 8.20 7.80 550
10/6/C 8.20 7.70 520
15/4/C 8.20 7.65 500
15/5/C 8,10 7.60 490
15/6/C 8.20 7.60 480
20/4/C 8.20 7.60 420
20/5/¢C 8.10 7.50 440
20/6/C 8.10 7.50 410
5/4/N 8.30 7.90 620
5/5/N 8.50 8.15 610
5/6/N 8.30 7.80 630
10/4/N 8.20 7.50 560
10/5/N 8.30 7.60 530
10/6/N 8.30 7.55 540
15/4/N 8.60 7.75 460
15/5/N 8.30 7.40 440
15/6/N 8.40 7.45 440
20/4/N 8.40 7.45 400
20/5/N 8.20 7.20 390
20/6/N 8.20 7.20 380
5/4/S 8.15 7.40 400
5/5/S 8.15 7.65 450
5/6/S 8.15 7.50 430
10/4/S 8.10 6.00 370
10/5/S 8.10 6.30 370
10/6/S 8.10 6.00 320
15/4/8 8.10 6.10 250
16/5/S 8.20 6.30 270
15/6/8 8.20 6.00 290
20/4/8 8.10 6.00 240
20/5/8 8.15 6.15 230
20/6/S 8.10 6.00 230
0/4/0 8.20 8.25 1060
0/5/0 8.00 8.00 1040
0/6/0 8.20 8.20 1050
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Appendix 111F: Concrete Grade 40 After 84 days of Immersion

Cube’s Density B/F Density A/F Crushing
I.D Mark Immgssion Immersion Load
kgm kegm=3 KN
5/7/C 8.45 7.70 590
5/8/C 8.20 7.50 580
5/9/C 8.20 7.40 570
10/7/C 8.10 7.50 500
10/8/C 8.20 7.60 500
10/9/C 8.10 7.60 520
16/7/C 8.20 7.40 450
15/8/C 8.10 T30 450
15/9/C 8.20 7.35 410
20/1/C 8.20 7.40 370
20/8/C 8.10 T7.40 360
20/9/C 8.15 7.40 340
5/T/N 8.20 Talld 590
5/8/N 8.00 7.60 570
5/9/N 8.10 7.60 530
10/7/N 8.20 7.60 480
10/8/N 8.10 T.50 500
10/9/N 8.10 7.50 460
15/7/N 8.10 T .50 400
15/8/N 7.90 7.40 400
15/9/N 8.20 7.45 370
20/7/N 8.20 7.60 310
20/8/N 8.10 7.40 310
20/9/N 8.10 7.40 330
5/7/8 8.35 7.60 420
5/8/S 8.20 7.50 400
5/9/S 8.20 7.50 390
10/7/8 8.10 6.20 340
10/8/S 8.10 6.00 320
10/9/S 8.10 6.20 330
15/7/8 8.20 5.30 240
15/8/S 8.20 5.70 280
15/9/S 8.20 5.50 250
20/7/8 8.25 5.60 210
20/8/8 8.10 5.40 230
20/9/8 8.20 8.55 230
0/7/0 8.20 8.30 1160
0/8/0 8.35 8.45 1160
0/9/0 8.30 8.35 1170

150



Appendix 111G Concrete Grade 50 After 28 days of Immersion

Cube's Density B/F Density A/F Crushing
ID Mark Immggs1on 'Immeﬁfion Load
kgm kegm™ KN
5/1/C 8.30 7.90 1020
5/2/C 8.23 T7.90 1030
5/3/C 8.26 7.90 1000
10/1/C 8.15 7.80 940
10/2/¢C 8.35 T.70 900
10/3/C 8.20 7.70 960
15/1/C 8.30 7.60 880
15/2/C 8.30 T.45 820
15/3/C 8.30 7.50 880
20/1/¢C 8.25 7.60 790
20/2/¢C 8.10 7.55 750
20/3/¢C 8.20 7.45 760
5/1/N 8.20 8.00 1020
5/2/N 8.30 8.00 1040
5/3/N 8.20 7.80 1030
10/1/N 8.20 7.70 960
10/2/N 8.45 8.00 930
10/3/N 8.30 7.90 910
15/1/N 8.25 7.70 880
16/2/N 8.20 7.60 850
15/3/N 8.30 T.78 870
20/1/N 8.20 T.T0 770
20/2/N 8.30 7.78 790
20/3/N 8.30 7.75 820
5/1/8 8.20 7.70 700
5/2/8 8.20 7.70 730
5/3/8 8.20 7.70 690
10/1/8 8.35 6.80 670
10/2/8 8.30 6,35 650
10/3/S 8.25 6.35 640
15/1/8 8.10 6.60 580
15/2/S 8.15 6.62 610
15/3/S B.25 6.65 630
20/1/8 8.00 6.50 490
20/2/8 8.25 6.60 540
20/3/8 8,25 6.60 510
0/1/0 8.20 8.30 1215
0/2/0 8.10 8.30 1200
0/3/0 8.20 8.30 1220
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Appendix 111H: Concrete Grade 50 After 56 days of Immersion

Cube’s Density B/F Density A/F Crushing
ID Mark Immggsion Inmersion Load
kom kgm=3 KN
5/4/C 8.30 g.00 900
5/5/C 8,23 7.90 860
65/6/C 8.30 8.00 860
10/4/C 8.10 7.90 780
10/5/C 8.30 7.70 800
10/6/C 8.20 7.70 730
15/4/C 8.25 7.70 750
18/5/C 8.20 T.70 770
15/6/C 8.20 7.70 720
20/4/C 8.35 7.80 700
20/5/C 8.10 7.60 730
20/6/C 8.25 7.60 690
5/4/N 8.20 T.78 970
5/5/N 8.30 8.00 950
5/6/N 8.20 7.70 960
10/4/N 8.20 7.80 Q00
19/5/N 8.15 T.80 220
10/6/N 8.25 7.80 920
15/4/N 8.30 T:.7Th 860
15/5/N 8.20 7.70 840
15/6/N 8.20 7.70 830
20/4/N 8.40 7.50 800
20/5/N 8.30 7.30 750
20/6/N 8.35 7.30 730
5/4/S 8.15 7.50 640
5/5/S B.20 7.40 650
5/6/S 8.30 7.40 620
10/4/S 8.10 6.00 €10
10/5/S 8.30 7.50 590
10/6/S 8.25 7.00 §70
15/4/8 8.30 6.80 530
15/5/S 8.40 6.90 550
15/6/S 8.20 €.60 510
20/4/8 8.25 6.65 440
20/5/S 8.35 6.80 430
29/5/8 8.30 6.70 470
0/4/0 8.31 8.35 1325
0/5/0 8.10 £.10 1345
0/6/0 8.25 8.25 1330
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Appendix 111I: Concrete Grade 50 After 84 days of Immersion

Cube's Density B/F Density A/F Crushing
1D Mark Immgssion Immersijon Load
kgm . kem~ KN
5/1/C 8.30 8.10 820
5/8/C 8.30 8.10 850
5/9/C 8.30 8.10 830
10/7/C 8.30 7.85 760
10/8/C 8.00 8.00 740
10/9/C 8.25 7.80 700
15/7/C 8.15 7.70 650
15/8/C 8.30 7.80 680
15/9/C 8.10 7.60 620
20/1/C 8.15 7.60 610
20/8/C 8.15 7.60 580
20/9/C §8.20 7.70 560
5/7/N 8.25 8.00 900
5/8/N 8.30 8.10 840
5/9/N 8.30 8.00 870
10/7/N 8.25 7.70 800
10/8/N 7.95 7.60 770
10/9/N 8.20 7.70 730
15/7/N 8.25 7.80 710
15/8/N 8.30 7.80 650
15/9/N 8.25 T:10 630
20/7/N 8.10 7.20 640
20/8/N 8.35 7.50 6540
20/9/N 8.30 7.50 620
5/1/8 8.25 7.50 560
5/8/S 8.2 7.2 540
5/9/S 8.20 7.20 560
10/7/8 8.30 6.00 450
10/8/8 8.30 6.00 470
10/9/S 8.30 6.10 420
15/7/8 8.40 6.10 330
15/8/S 8.30 6.10 330
15/9/8 8.30 6.10 340
20/7/S 8.10 6.00 250
20/8/S 8.10 6.10 280
20/9/% 8.15 6.10 290

153



09°55- 99°61L-
€8'8E~ SL EL-
9y "0E- LL70L-
€E"EZ- §2°8-
SL'pe 8071+

yiBuauig yibueuig

Ui ebuey) X Ul eBueyp

oL'sl

€8°12

85°v2

LLoLe

YO LE

ebeleny

§5°st
LL'SL
rr gl

68702
Zz 2z
BL"1Z

EE"ST
9s'€z
68°r2

oLz
18°82
95" L2

68°0F
00°9E
2ZrE

Aunl\z,
Ul SJeWaT
4/¥ Jyibueuig
*dwo?)

OL'B-
se°se L2'9-
se°se ore-
§e'se v y-
ge'se £8° 1+

Awum«macp-cw
4/8 y3bus.a
“dwog ur

VAI XION3ddV

w. A3isusg

L9°0-

1§70~

€5°0-

LETO-

SkTi+

ﬂme\mx_
A3isuag

nsi

09°L

9L

13-

5E'8

09"l
or-L
(+]:

S8°L
9L
08°L

59°L
08°L
0B°L

08°L
06°L
or-L

SE'E
0g"®
or's

Amlxmxu
uoLsJawuT
ebeieny eBuru) x Ui eBueyd eBeueay  4/y A3jsusg eBw.eay

i2's

gL'8

'

l6°L

X0z

x5l

X0 oM

uojjedjuen
-uga/piLoy

#38.40U02 4O epe.D

0E"8 a/e/02
00°'8 a/2/02
0s'8s a/4/02
si'g o/€/81L
oL's 2/2/84
sL°8 a/L/si
$2'8 9/£/01L
oL°8 a/z/ol
SE'B 2/1/01
00’8 o/e/s
sL'g 2/2/s
SL°L o/1/s
0zZ's 0/e/0
0Z's o/z/0
0€°8 0/1/0
nm!.mﬁ
ULLSJSWMT HJEWN QI
4/8 A3wsuag s,egn)
sressssscsss UDLBJPWWT JO POLJed
siwp g2
(13



8L S5~ LG 6L~
08°9¥- S§°SL-
€5 0¥~ Ee vi-
6r°SE- 8621~
LG EL+ YE'¥+
y3ibusuig u3zbuadig

ui ebuwyy x ul ebuey)

58°§}

13- -1

g0°i2

13: N d

0E"OF

ebwisay

0L'9L
ZL'SL
Fr-al

88781
2278l
SS°61

¥¥°02
EE"LZ
EE" LT

LLTEZ
gzred
LLTEZ

EE"LY
9576
oo or

USIS M)
4/¥ y3buesuig
*dwoq

9E°GE 26 Q-
9E°SE §L°L-
9E"SE 6E'S0=-
9E°SE 9E° -
QE°SE L1970+
(Zww/n)

TN b

*dwo)

95 "0~

€370~

ry°o-

LL0-

50°0+

mml\mxu
Ajisuag

sbessay eBuwyg x uL @Buwyn

SAT XTQON3IddY

08" SL°8B a/9/02
ES°L 05°L 60°8 ElL’B a/8/02
0§°L 0's a2/v/02 X0Z
0s"L gZ°'s 2/8/814
§°L as°L EL"8 oL'e 2/8/5L
0g°L 0L'8 a’/v/si x5
oL"L gz's 2/8/01
EL"L 08" L LL'B gZ°'8 9/8/0L
oL-L S0°8B a/v/oL X0
008 oL'8 2/8/%
96°L 08"L L0°8 S0°8 a/s/s
oL°8 50°8 a/v/s x5
S2'g pZe 0/8/0
B8 rAa" | EZ'® oL'8 0/s/0
ar's or'g ao/r/0 X0 0H
ﬁns\mxv nns\wxu
uo }SiowlT UCLSJeWNT NJeN JI UOL3eJ3ued

eBw.ieny d/¥ Ajisueg eBeueAy 4/g A3isueg s,8gn)  -uoo/pLoy

sressrrsssst UOLSJBWMT JO POLJdEd
sl gg

senssssnteas e AR INNGD 40 BpRJD
oE



L6798~

yZ'LS-

¥iL0s-

L0'Er-

BE"8L+

yibue.lsg

99°eez-

¥z oz-

€L L1~

b2 5L~

L6 5+

y3BueJig

Uik ebBueyg x Ul ebuwyn

0L L

ZL°sl

E9°LL

§L°0C

EE"LY

LETLL
857 L1
ozl

La9°rl
85751
2L"G1

1243l ¥4
00°91
85761

00°0Z
EE"IT
LL 6L

BL Ly
zZay
co"Or

mﬂrn..t_q?u

wUD T AW T

ebvaeny

4/¥ y3zbusuiis
*dwo?)

951

SE°L oL'8 2/8/02
9E°SE §L°6- 8L 0~ £2°L oe'L 0078 00°8 a/8/02
00°¢L §8°L a/L/02
oLL 0z's 2/6/51
9E"SE vo'L- L5'0- €5°L orL oL'g 00°8 0/8/s1
0s°L 0i°8 o/L/S)
09°L oL'8 0/6/04
9€'se 89°6- $¥°0- £6°L 08'L EL'8 §2°8 o/8/01
09°L 50°'8 a/L/0L
06°L 0Z°8 9/6/§
9E°SE 62°E- L2'0~ £6°L 08'L 0z g 00°8 o/8/%
oL'g or's a/L/s
aL'e s0°8 0/8/0
9e°5¢ 1970+ $0°0+ 0z°8 00°8 TRE 00°8 0/8/0
05°8 or's 0/L/0
ﬁHEE‘QV
W T A o |
tlg WS &uéa An_.\m.: Am.:.ms hn_..ax_
*dwo ul A3ysueg UoLsSJownT UOLSJSWWT NJWH QI

sfeusay @Bueyn x u} sBueys eBeasay  4/y A3isueq eBeasay 3/g A3isusg s,eqn)

x5

x5

X0 LOH

uoi3wizuen
-uos/pioy

fesTsMIRSSYt YOLSJGUMT 4O pOLaBd

sAep rg

Trrserssrssies @QOUOD 4O GPRJD

OAT XION3ddY 13



LS

L3yl : A 2 0Z's N/E/0Z
¥6'85- 802~ Zs'yL rarl gg'se 2L'e- oL o~ EE"L 8L E0°8 008 N/Z/02Z
ZZ'ri E°L 06°L N/L/02Z x02
ry 02 8L oz's N/E/SL
852y~ 90 §L- 0g0Z 8561 9E"SE £0° L~ 85°0- Ls°L 8L 52°8 si'g N/Z/S)L
68°02 B L or's N/L/SL x5l
LLE2 8 L gL g N/E/0L
68 °SE~- 69°ZL- L9°22 gZ2e §E°SE lE°S- E¥’0~ L8972 8L (0 -} S0'8 N/Z/0L
19°22 9 L oL's N/L/0L %01
B8L"82 08°L 00°8 N/E/S
L9782~ Ly 0L- 68°¥2 00°¥2 g9e'seg 6¥°2- 0zZ°0- E8°L 00°8 E0'8 0z's N/2/S§
6B ¥Z oL L 06°L N/L/S %S
68 0F 5€°8 oz's 0/e/0
L P+ 89 i+ ¥0'LE 00°9E 9E°SE 9y i+ ZL 0+ ] 0E'8 £E2°8 0z's o/z/0
2z v or's 0e's 0/1/0 x0 Eonm
s SRWW jg m..ncoa (/6% (/B ( u/8%)
Y3bus.ig Yy3Busuag 4/¥ uyibueJag in.dtm.nlou uI A3isueqg UoisJauuT UOLSJBWW] HJeW I uoLjwJdjued
up eBueys x ul ebuwyy ebwaeay *dwon aBedeay ebuey) X Ul aBueys ebBeseay 4/y A31susg eBeueay J/g A3Lsueqg 8, 8qn) -Uo3/pLoy
TUTTTTTTTTTY O UOLBJRWM]I 4O potded
sdep g2

sereresessiets 919UOUOD 4O GDRJD
QAT XION3IddV os



§5 €0~

sL By~

EB°BE-

<9're-

L6 ELs

Yy3ibueuig
UL ebBueyn

Lr*ge~

85 L4~

ELTEL-

¥z i~

r6r+

y3zbusuig
X uy abueyd

B8°Z1

8L L)

Eg"Le

ZL°EZ

oE"or¥

abe.eay

EE"EL
¥r°Zh
6821

68791
8L°L)L
88781

8L iz
EE"IT
8L 1z

88°zz
S5°ET
LLTEZ

EE"LY
8S°6E
aoar

(g#wiN)

4/¥ uzbuauig
‘dwon

SE"GE

9€°SE

8E°SE

9E'SE

BE'SE

(zWWwiN)
oS mpuw| Usisspe gy
WP TN

L
8E°§-
69°E-
£e'e-
180+

bysvag

u1

eBeuiory ebueyl

JAT XTAN3IddY

RSl

or° 0~

25°0~

0E"0-

2°0-

SO0+

€ _w/6%)

Jisuad
X U} abuey)

oL°L

§9°L

E8°L

EBTL

BZ'B

eEviery 4/v A3Lsueq sEe.eay

08°L
08°L
oL°L

09°L
oL"L
§9°L

00w
L L
BL

§8°L
oB"L
s8°L

sZ'g
<'e
oy 8

mml\mxw

UOLSJewn]

oL's

ii°8

EL°8

oi'g

€T°%

oz'e
S6°L
§h°8

0<'e
0Z°8
oL'8

oe’s
00°e
oL'se

Q'8
oo°e
oL'e

0z'g
or'e
or'a

m-\mxv
uUoiSJawul
4/8 A3isueg

R

sAep 9§

N/S/02Z
N/S/02
N/¥/0Z %02

N/8/51
N/S/SL
N/¥/5L XS4

N/8/0L
N/S/01
N/¥/0L x0L

N/8/§
N/G/§
N/¥/S %5

o/8/0
0/8/0

o/v/0 %0 TONW

NJ4BN QI UOi3jeijusd
§,8gng =-uo3/pLoy

UOLSJSWW] JO POjJag

sressesesesies 91gU5U0D 4O SPRJD

0E



00°21 Si°L §8°4L N/6/02
85 '86- sZ'y2- bETRL BLTLL PE"SE LZn- 98°0~ ZE'L 0sS°L 86°L ozZ'g N/B/0Z
2201 0E‘L 08°L N/L/02 %02
68791 09°L sL°ge N/B/SLE
80°es- LL L~ 6591 00°9t 9E°SE LL°8- §5°0~ 18°L 08°L ZL'8 oz'e N/B/SL
68791 0§°L 00°B N/L/SL x5
00°02 oLt oL's N/8/01L
SE'riL- Zatri- ¥l 02 ge°12 8€°GE BL G- Zr°0- BS°L S9°L olL'g 0o1°8 N/8/0)
B8 02 oL L oL"8 N/L/O} %01
2z2'ZT 8L si'8 N/&/S
L 9E- 8z~ rA 4 LL°E2 8E°SE F A 82 0~ 28°L SL°L 808 00°8 N/B/S
ez s8°L 0lL8 N/L/S %5
8L Ly QL8 §0°9 o/s/0
88 9L+ LE S+ EE“ LY P rd | 9g-sE 19°0+ S0°0+ oz-'8 00°8 SL°8 00°8 0/8/0
00" 0OF 0s°8 os'®e o/L/0 X0 moz:
Wl /M)
(g ugry) b
UD!S 42 | wisnuwy Hig Nu.-ﬂ-ﬂa ﬁl\mﬁ_ nml\mxv mml\mxu
y3bueuls y3zbusu3g 4/¥ qibusuig ‘h.xm.aloo ufx Ajisueg UOLEJouT LOLSJOWWT NJeW (I UOl3j®ajuad
Ut ebueyn x Ul sBueys ebeieay *dwon eBessay ebBuey) X ul sbueyy sBeusAy J/v A3isusq ebBeuaay d/g A3isuag 8,8gn) -uoo/pLov
Srrsesscsses UolSJBWWT 4O POLJed
siep yg@

Tresssesescsss @3@40UO0D JO BPRJD
dAI XTONIddY 11



LET LD~

2875~

2L Eg-

S0 8r-

Gl

Yy3busuis
uy eabBueyn x ul efuwyy ebwvueay

08 ES-

26722~

geez-

6691~

8071+

yiBueuag

85711

r'zi

ro'El

LE'BL

r0'LE

95711
gztot
6B CI

EE'EL
85711
2L

e 2L
68724
8L7EL

89781
EETLL
LL°BL

68°0r
00°8€E
TZ°¥E

@ﬁz

uo LQ-::hH

4/v yibusiig
*dwo]

091

98°sE LL'BL= s\~ 859
I Er 8- £6°L- LL°9
BE°SE SL°BL- L& - £9°8
T L6 kL= 160~ gLt
g9e°sE TS FAS SE'®
aﬂn:\zv

ucLsJaww]

u:..w hw..%éd HMI\mxu

u_n“-—.m-g ul A3Lsueg

aSeusry obueyn X UL eBueyn abvuaery

DAI XTION3dd¥

059
089
59°g

0L'9
00°L
ca°g

09°8
or°9
06°9

0L
10
0z°4

se's
0E’8
ar’'sg

(_w/Bx)

€

UCL.SJowwT
4/¥ Ajisueg abe.eay

oL'8

0E"®g

oc'e

aiL'sg

0L'8 s/E/02
oL'8 s/z/02
oL'8 s/L/02 X02Z
DE'B s/e/st
058 e/2/sL
oi'e 8/1L/5) x5
oL'8 S/E/04
008 s/zZ/oL
oy's s/L/01 %01
OL°8 S/E/S
gL'8 8/z/s
oL'® s/L/s x5
0z's o/e/0
0z'se o/z/0
0889 0/14/0 x0 Tos%n
nn-\mxu
UcLsSJ8uwY 3<4eW QI uoplediued
4/8 Aaisueg 8,8gn) -uoa/pLay
TUrTrererertt UOLBUSWW] 4O POLJRd
siep g2

frErEsREEassTet @3€40U02 4O epEJD

ot



95°L 0e-'s sZ2's 8/6/02
S6°9L- | YA A Si°8 *r°e §E"GE 58S °"ZE- Zn°Z- Er’Ss o2°s s0°e 08°L s/8/02
rr°g 0S°S oL"8g s/L/02 x0Z
BL°6 0z°s oL'8 s/6/81
YE“ZL- Bs sz~ aL'6 €E'S 9£°S¢E 8L re- z8'z- 3 QE'S SZ°8 0z'8 §/8/51
2Z°0l 087§ Sv's S/L/Sh £ 513
L9701 or s ozZ'e 8/6/04
gL°89- CA S A 9z L BETEL gese LEEE- EL 2~ SY'S SF°s BL°8 &Z'g 8/8/01
00°21 088 oL's 8/L/04 %0}
6B8°9l or'g9 QE"® 6/6/§
LB LS- 2€£°8Bi- rO°LL 6E°SL SE°RE EL'EZ- 68 i~ BZ9 828 LL'8 oL"8 8/8/s
EE"LL 0z'9 oL'g 8/L/s 1
gL oL'e s0°8 0/6/0
88 9L L6'G+ EE"LY zeey 9E°SE - SO0+ oz'e 00'8 S8 00°8 o/e/0
000 0s°e or'8 o/L/o %0 womd:
r«__.._.\_:
(W% o} Susuu]
UOISieWT  4/@ WIBueuls A3isusg  (gu/BN) _.m__.\mi —.ﬂ_.\mﬁ
yzBuaiig yjBusuyg 4/9¥ ysbuaui3sg *dwo) ug A3isuUBg uUoLSJBWWT UOLBJOWNT MNJBW 0I UOL3R4djueDd
uy sbueys x Ul sbBueysy ebrueay *dwo) efeiasy ebBueyn x UL ebuwvyn ebBwseay J/y A3isueQ ebwaeAy J/g L3isuag s,8gny  -uod/pLoy

srrresserees UOLGJBUMT JO POLJBd
siep g
Terssrrisieeses PIUDUDD JO SDRJD
IAI XION3Idd¥ 0



L& 6w~

Yo Er-

ge"Le~

L9792~

6O°E+

y3jBusuig
up ebueys x

§2° 12~

8s8i-

L6 St~

T a4 S

LS+

yiBueuig
Ul ebBuwys

EE"L2

L9°92

LE 0¢

SLry

eEviany

rr'oz
€E"12
zz ez

SS"EZ
LA
oore

§6°lL2
L9°82
8L'se

98" IE
88 °0€
68782

00 ¥y
Fror
[l 44

(gwwiN)

uosJeuwT
4/¥ yiBueJig
._uso

85’2y

852y

gs"ay

-} 4

BS"2r

n.ﬂl{ﬁ

uo|Siewa]
4/89 J3lBusauig
*dwan

Le'n=-

ez~

ES"9~

Z6°E~-

09°0+

A3isueg

ux

FAI XIOM3ddY

LGl

L6870~

8570~

rs$°o-

Ze°0-

§0°0+

( nt\?:

K3L13u8g
abe.say ebuey)y X Ul abuwys

Ev L

BS°L

EL°L

s8°L

or'e
05°L
ar-L

08°L
0s°L
$9°L

oLL
s9°L
88°L

08°L
08°L
S8°L

se'e
or°8
oz's

hﬂ-\mxu

UD |\ Siewu]
sbwieAy 4/y¥ A3isuseg sBeieay

oL'8

LL'B

91’8

i2'e

oL'8 a/e/02

0z°g a/z/oz

0039 a/1/02 %02
gz°'g 3/e/5h

oL'8 2/zZ/81

oz's a/L/54 x5
og's a/e/01

oL'8 a/z/01L

or'g o/v/0v 201
oz'e 9/e/s

0z°8 o/els

oL'8 o/ /S x5
oe's 0/g/0

og'g 0/z/0

0z's o/L/0 X0 LOH

(g*/B%)

UoiLsJouwwT HJiey QI wOoLjeRJjued
4/8 A3isuag s,8gny -uod/pLoy
TefTTeTiestt UDLBJSWW] JO POLJed

siwp gz

festesecsussss SAPIDUOD JO SPRJD

or



€2 6l
8561
8878t

ZeRse- LL €T~ 4R 1*

EE"I2
8Lr1e
gzree

LU o8 0z~ aL'L2

bLUEZ
rrore
§5°ET

rETYY- g8gL- oL'ez

88782
§§°42
rrge

0L cE-~ E0°GL- §§°42

L9785y
ZToy
LLCLY

196+ 60" r+ 18"y

(g N
UOLSJOWW]T
4/¥ yzbusuilg
-E

43iBueJig y3zBusuisg

up sBueyd x ul ebBueyp ebriaay

0s°L oL'e a/s/02

852y ge L~ 09°0- Es°L os¢ £L°8 oL'8 2/8/02
09°L 0Z'8 9/v/02 %02
09°L 0z'se S/9/%1L

BS'Z¥ EL"9- §6°0~ 8L 09°L L' oL'8 a9/s/%4
§9°L oz'8 2/v/sL %54
oLt 0z 2/9/04

85°2¥ 15°6= 3 AV LL 0B*L L8 oz°8 a/¢/01
S9°¢L oL°8 2/v/01L %01
oLt 0L'8 o/8/s

85°2¥ L r- 8E"0~ SL'L SLL gL's SL°8 2/e/8
08°L SL°8 o/v/s XS
0z'e oz's 0/8/0

A ] 621+ 200+ sL'g 0o°s £L°8 008 0/8/0
§2°8 o8 o/v/0 X0 LOH

ﬁﬂnl\zu

UOLSJdWNT
4/8 u3bueuis A3isueg (/B (gu/Bn) anw\mxu
*dwo) ug A3isuaqg U SioWwT UOLSJBWMT NJeW Q] uoijeszued
sEwueAy ebuey) X Ul sbueyy ebBwieny S/v A3isueq eBewueay /g A3Iisueq B,8QnD -uUOD/PLoV

srerrrtaeres UOLSJOWN] JO POLJdd
sAep g§¢

sressssssseist @I9UOUOT JO PRJD

WAI XION3ddv o..



L7 29~

Zr rs-

Rrd O

9r “Ge-

r4 T4

yibBusJisg

EL"gZ-

LV EZ-

800z~

08°9)~

L6+

u3Buaiisg
up ebueyny x ur abuwys ebrueny

S8°51

b Bl

4+

8L's2

OL" LS

LETSE
do'siL
¥y sl

ZT°8L
0002
0002

LLET
e2'qT
Izrez

EE€°ST
8L°se
gz-9z

00°Zs
§6°18
§57186

L)

uo|SJeww]
4/¥ 4YjBuadiisg
*dwon

S9lL

gs°cr gZ'6- SL°0-
14 0 0L~ 80~
Bs Iy 0" L= L5°0-
8ser 8076~ S§L°0-
852y 607 L+ 6070~

eﬂil\zu

UD S owe]

4/8 y3bueJt3s A3jisueq nn-\mxu

‘dwo)

AT XION3ddY

ur A3isueg

or'i

SETL

984

ES'L

LE'B

ar-L
or-L
or°L

SEL
0E°"L
or-L

8L
09°L
0s°L

or°L
0s°L
oLt

SE'E
Sr's
0E'Ss

( Lu/B%)
r“w Si9wwy

§1°8

LV°B

EL°8

gZ°8

8IS

§L°8
oL'8
0z's

gz'e
oL's
gz's

oL's
0z’'s
oL'g

gz's
0z's
Sv°8

oe’'®

gE'S
0Z°'8

amwxmx_

a/8/02
a/8/02
a/L/02 %02

2/6/8L
a/8/sl
a/L/si 190

2/6/01
a/8/0l
2/L/0} X0l

a/8/s
0/8/8
o/L/% X5

0/6/0
o/8/0
o/L/0 X0 LOH

UOLSJeww] NJeN QI UOoL3EJIuUed
eEedeny ebueys x ulL sbuey)y ebBeuaeay 4/y A3isueq ebeJeay 4/8 L3Lsusg

5,800  -uod/p}dy

trrrssscsses UOLBJOUMT JO PO} JBd

sAep vg

R R N

or

8318J2UCT 4O epwJD



8081
85761
6B°31

88796~ L2 v~ LE'BL

8L"12
LL g2
gTq

By iy~ b0z~ LE7ET

Loz
18792
ger9z

RE"LE- LB"5L~ L9°92

€2°0¢
LETLE
L9°0e

L6 L2~ BL7LL- L9°0€

o0 ry
¥rory
00" ¥F¥

(i)

uoisJawa]
4/% uy3zBusuig
*dwog

68°E+ 45°1+ Sy

yibueJuasg y3bue.iig

up ebuwy)y X Ul sBueyy eBeueay

99L

SE°L oL's N/e/oz
852y or'g- 890~ Zy'L os°L oL'8 oL'® N/z/o2
or-¢ oL'8 N/L/oZ 02
0L oL'B N/E/SL
BS"Iv 4 A BS"0~ 8S°L 0s°L Li°B oL'8 N/Z/SL
sL°L og8 N/L/SL t 1%
oL°L 0Z"s N/E/0L
85°2r ye'5- gy "0- oLt 08°L gi'e 00’8 N/2/0L
0g8°L 0£°8 N/L/0L %0}
oL*L or'® N/E/S
-4 oL 8- 890~ ZL" L S8°L or'e or's N/ZT/S
06°L or's N/L/S xc
ge'8 og'e 0/e/o
BS'2Zy 08°0+ SO0+ ZE'S8 or's LZ'e QE’B 0/z/0
0Z°'s oZ'e o/v/0 %0 mwz:
ﬁﬂstxzw
UOLSJaWWT
4/8 43Bueuaig 4A31sueg mnsxmxu «wl\mxv AAW\va
*dwo?) ur A3i1sueqg UO L SIOWlT UOLISJBWWT XM4eW gI UOLIWJIued
eErieny eEuwyy X Ul eBuwys aBeueay  4/y A31susQ eBe.eay 4/8 A3isusd §,8QnY  -uO3/PiaY

freresrserts UDLSJOWNT 4O POLJRg
siep gz

Trrassssaarees gag suOD 4O BPELD

HAI XION3ddY c*



OE "85~

BE'ES~-

82 Er-

L2 SE~

L8 e+

yjbueJuig
up eBueyp x ur ebuey) ebedeay

§Z°52-

gL g2~

Ergl-

20°Si-

60" r+

y3zbuauig

ge Ll

§8°61L

-] B

95°L2

Loy

88791
EE"LL
8L L)

85’61
95761
ry-oz

ooy
896 'EZ
68 v

0082
oLz
85°LZ

LS°9r

ZTor
bECLY

(xwwiN)

UoL S ewuT
4/¥ yiBus.iig
*dwog

LSL

8sZr LB~ 660~
8s°Ir 8901~ 0680~
1 WLoe- gL 0~
8s'2r 20°§- 2y 0~
8s°zZr SZ'0+ <0 o+

n«znxz.

UOLSJouuT

4/8 yabueuzg £L3isuag nw1\mx-

*dwon

ur £3i1suag

eBesony eBuwyd X Ut eBueys

NAI XION3ddv

8L

€S°L

§5°¢L

8674

)

0z L
02°¢ Lz
1 '

S¥°L
oy L £v'9
Si°L

S8°L
09°L L2°8
0§'L

08°¢L
si's LE’B
06°L

0z's
co'e EL°8
si's

HmW\mxu

UoLSJewuT

oz'e
oz'e
or's

oy's
og's
0e's

oe'e
oe"8
0Z°s

QE"E
0s°8
QE"@

0z's

008
0Z°8

(g8

N/8/0Z
N/§/02Z
N/v/QZ X0z

N/9/%L
N/G/SL
N/¥/SL %51

N/8/0}
N/S/01
N/v/0L %01

N/8/§
N/S/§
N/v/S x5

0/8/0
0/s/0
o/v/io %0 Vonw

UgLSJBWWT HJep QI JoijmJjued
ebeieny J4/y K3isueg ebwdeay J/g A3isusq

§,.8qn32 -uoo/p oy

sessrsssiees UoiGIWN] 4O POLJBY

siep gg

srs st s s nenms

or

83840000 JO epwuD



QE"BS&-

-0

1SS o

Zr'iz+

y3ibusiig

LS°82-

§2°e2-

§C°1e-

rSULL-

2L 6+

y3bueusg

up ebuey) X Ul ebuey)

BOri

EE"LL

EE"LZ

r0°se

0L is

aBeueny

L9ri
8L EL
BL°E}

Frosi
BL LI
BL LI

¥r'oT
22°%2
EE"IT

1 ¥4
€g°se
g2°62

00°2%
§S'ls
§5°18
(0| 1)

L5 ioww]

4/¥ u3busiis

- dwag

g5’y

"4

Ba Iy

B&Iv

am“”\zu
3/8 yjbueulg
* dwe)
ebeiany

§ZL'8-

re8L-

L6E L~

or i~

60" 1+

A3isuaq

ur

891

9870~

280~

09°0-

Ly 0~

6070+

ﬂma\mxv
A3isueg

eBuwyd % up eBuwyd

OAI XTQHIddY

r'L

Syl

ES°L

€9°L

lE"E

or-éL
or-L
09'L

vl
or’L
0s°L

0s°L
05°L
08°L

08°L
09°L
oL L
SE'B
sr's

oE’g

(g

UC.SJeuwuT
eSeasry  3/y Ajisusg eBwusay 3/8 A3isuag

w/6%)

€L°8

LO°8

EL°8

oL@

82°8

oL°'8
oi'e
0Z's

oz'e
06°L
oL"8

0L'B
oL'8
oc'8

ov°8
ocoe
0g's

0E'®
SE'F
oe's

ﬁm-\mxu

N/6/02
N/8/02
N/L/0Z

N/B/S)
N/§/SL
N/L/S

N/6/0}
N/8/01
N/L/OV

N/8/S
N/B/S
N/L/S

0/6/0
0/8/0
o/L/0

uoLsJewwl NJ®N QI

§.9QNn0

x02

x5

%0 Mmz:

uot3EiguUeD
-uoo/p oy

Frrrrsssress yopBJOWU] JO POLJed

siep »g

Thrssssssssess gISIOUOD JO SPWJD

or



ZZ 60~

8L°29~

88795~

SS°6y-

6B Er

u3Bueuis

Litie-

EL"g2-

b2rz-

oLz~

LS L+

YibuaJig

up eBueys X Ul sbueyp

3-08 48

§8°64

LE"BL

Br-iz

Sk'yy

abeuieny

Lg'ri
ez ri
§§°St

00" 91
bLUSL
ol

{8784
8L L)
L9781

g2 iz
" P ¥
| 4 Jl

alehs 4
PRy
00 rr

{wa]N)
uoisJewwT
/¥ y3busuig
——

691

or'g oL's s/e/02

852y 2261~ LS L= 08°9 or‘s Li'8 oL's s/z/02
00°L gE'8 s/L/02 xX0Z
089 oz's s/€/51

8s°zr BL8L- §6°1- DL'® 59°9 52°9 sz°8 §/2/51
58°9 [ s/L/51 xXGL
08°9 oz'e s/e/ol

gs°zr oLL- or°i- 08°9 089 0Z°8 oz'8s 8/2/01
08°89 o0z'e s/L/01 %01
orL oz's s8/e/§

BS°2y £2°6~ gL°'0- ir°L 08°L gz'g 0E'E s/2/5
or-L pz'8 g8/L/s x5
SE'B oe'8 o0/e/0

85 2y 090+ $0"0+ e or‘e L2°9 oe'e 0/z/0
oz'e o0z's o/L/o no#omm..

wa /M)
(2
UG | SJowaT
4/8 yjbueuis A3isueq *..rn..\m,.; n.m-\m,: M.M.\m.:
*dwo?) Ul £3i8ueq UO\SJeuuT (SJIBWNT  HJ4¥W QI uOLIRJIZUED

eBeuaasy ebBueys x ui sbBueys eBeueay 4/y A3isusg ebedeay 4/8 A3isuaq 8, ,8qn9 -Uuoa/p Loy

TRATeesstert UOLSJRWNT 4O POLJed
sAwp §Z

Tressssesaesis Qu@JOUOD JO EPRJD

dAI XIQN3ddY o__,



§8°6L-

4 MY

EL7ES~

S¥ 56~

L1976+

u3Busailsg

bZ2°2E-

85°0€-

889z~

L9EZ-

B0 ¥+

YiBueuls

ut sBuwyd x ur eBurud

LE"OL

00°Z1L

OL'5i

l6'8L

L9879y

eBeiany

2201
2T'0l
L9704

68°Z1
oo°ZL
UL

ZZri
LA 1%
rr'ei

LB
000z
8Ll

L399y

Zz'or

Ly

(gIN)
UO LS JBuuY
i/w uy3bBusulg
*dwo)

0LL

00°9 oL°e s/9/02

8s'2r LA Lo"e- S0°9 SL°9 2L'8 §i'g s/s/02
oL'e oL'8 s/v/02 %02
009 oZ'e 8/9/s4

852y LE*vZ- »o‘*2Z- EL°S (210 - LL'8 oz°s 8/8/81
0% 0L°8 s/v/s)L x5
00'e oiL°8 §/8/01

8s°Zr 69 v~ 202~ 0L°8 oE"9 oL'8 oL°g 8/5/04
00°9 oL'se 8/v/01L x0L
0s°L §L°8 8/8/s

"1 4 gL~ 1E9°0~ £28°L S9°L §L'8 g8 8/%/s
or-L si'e s/v/s £ 14
0Z's oZ's a/e/0

1A L2 01°0+ L5178 0o's §2°'89 00°8® 0/58/0
sT'8 oZ°e o/v/0 %0 .ﬁonﬂ..

(ww/n)

3/8 uy3aBusuis f3isusq ﬁmn\m;u Amw\mxu mﬂﬂxmxu
*dwod ur A3isueq uosSJawuT UC|SJaulT NJ4eH QI YOoijwdjusd

eBesery sBuwy) x ui afuwvy) aBeuesy 4/y A3isusq eBwueay 4/8 A3lsueg s,8qn) -ucd/pLoy

TTrTertrertt UOLEBJOWN] 4O POLJRd
sfep §¢

srersssssseses RAQUOUDT JO BPEJD

DAI XIQN3IddY ow



oL 9L~

QZ°EL-

85768~

687 LS~

4 B 44

yiBueuis

99°2¢-

i1 ig-

e L2~

S8 ri-

2L+

y3Buauig

Uy eBueyd x uIl abuey)

<66

LPTLL

La'ri

E6°LL

oL"is

abe.any

22°01
ZZT°01L
EE’E

[
LA A4
L9704

Lo'ri
eeTri
LETEL

EE"LL
BL°L)
48781

0o°2zs
§5°1S
$5°16

?EE:&
uoisJauwT
4/¥ uzbBuausg
*dwo)

LLL

55°S 0z's s/8/02
Bs Zr 2s-ze- 992~ 25°s oy°s gL' oL'8 s/8/02
09°S §2's s/L/0z
0§°§ 0z'8 8/6/51
BSZr g6'ze- LE~ 05°'S oL'S 0z'e 0z's 8/8/81
QE°s (T-A8'] s/Lise
0z°9 oL's 8/6/01
BG"2¥ Zerz- 161~ £L'9 00°8 0L'8 (1] 8/8/04
oz'8 oL°8 s8/L/01
os°L oL'8 8/6/§
85°2y EL 8- ZL 0~ £5°L 0s8°L s 0z's s/8/¢
0a°L SE°8 8/L/S
se's 0E'8 0/6/0
BS " Z¥ 60" I+ 60°0+ LE'8 1 BZ'8 SE'8 o/8/0
oE'8 0z'g o/L/o
Fuwlxz_
UCLSJaWwT
4/8 y3zbueilg 4A3isuseQ ( w/Bx) Amu\mxv ~m1\mx,
*dwo) ux A3isueqg UO L SISWwT ucLBJBWMT HJeW 01

abesaay ebBuey) X UL abuwy)y ebBeueay 4/y A3LSuaq aBeueay /g A3isueg S,.9QND

%02

%64

xS

%0 You

uoL3edIued
-uoa/piay

Terssssasces UoLBJREWT JO POLJed

BAep rg

sessssareseses QIEJOUCD JO BDRJID

4AI XION3dd¥ oy



oLr2e-

Er-ri-

rET LMV~

i6°6~

LET L

yzbuaiig

bLT8L-

9z 21~

oL7 8~

00°s-

L9 E+

yibuauisg

up aBuey) x Ul eBueyn

LOTPE

Z6°LE

8Ly

gL G¥

SB°ES

aEvlany

BL'EE
EEEE
LLTSE

LL°6E
Y SE
22°BE

L9732y
oo ov
8L LY

LA
LL*sy
EE'SH

<TTrS
EE'ES
00°rs

()
UOLSJBWWT
4/vw yibuaiig
-EU

cli

SreL ozZ's a/e/oz
8108 86" L~ 59°0- ES L §5°L EL'B oL'8 asz/oz
08¢ sZ'® 2/1/02 x02
0s°L 0E'8 2/8/8)
8L 0% or 8- BL"0- 2L SvoL oe'® 0e's 2/2/61
09°L oe's 2/L/51 743
oLt 0z's8 a/e/04
8108 809~ §°0- EL°L oLt £Z°8 SE'S /2704
08 L sL’s a/1/01 %04
Q6" L T o/e/S
8L 0§ 8c"y- 90~ 08"L 06°L sc'e gz's a/z/s
06°L 0E'8 o/v/s %5
0E"8® oz'®8 0/e/0
8L°0§ 851+ €10+ 0E'8 0E'® Li'e oi's o/z/0
0E'8 0z'e o/L/0 %0 LOH
(., uw/N)
UoLSJaueT
d4/8 uibuedig A3isusq  (_w/BA) ( Lu76%) Amw\mxv
* dwo) ug »m.rucaa .._mmfin UOLSJaWWT MJen g1 uoLjeJajued

efeuany abuey) X UL abuey) ebeueay /v A3isuag sBedeAy 4/§ AJLsSusQ s.egQnD) ~UOD/PLOY

FRrEREETERYY O UOLSJOUMT JO pOLJded
siep 8z
Crrisssseieiss 930U5U03 O 8PEJD
SAT XIQN3ddv 0s



b liE-

g87EE-

L8 LE-

99722~

Lo0°8l

ujbueuig

LLBlL~

0011~

96°SiL~

LE L=

LO 6+

y3busuig

ut ebueys x ur eBueys

ir'ig

BL'EE

Zi're

L8'8E

SZ°8s

aBvaany

L9708
¥y ZE
LLTLE

00°2¢
2TrE
EE"EE

 §
98 °SE
Le'rE

2T 8E
CZ BE
Qo oy

LL'EG
LL"85
888

(guuiN)

uoiSJeWET
4/v UyzbBueuss
*dwo?

€Ll

09°L g<'s 2/9/02
BL0§ 0e"9- 8570~ L9°L Q8L £z°8 0L'8 a/s/oz
oe°L SE'S a/v/02 %02
oL L 0zZ°® 2/9/81
8L 0% EE9- 25°0~- oLt oL"L 2Z°8 0Z's® 2/8/81
oL L gz'e a/v/51 x5l
oL-L [sr A" ] o/9/01
817 0§ ZL'6= Zv 0= 8Ll oL"L Qz°'8 QZ°8 2/6/04
08°L D18 o/v/00 X0
008 0E'® 2/9/%
21"08 vLiE- LE"0- LB6°L 06°L gz°8 €8 2/675
oo'e QE'S8 /ris x5
oe'e sZ°g o/9/0
8108 90 £0°0+ sZ°'8 oL°8 gz8 oL°8 0/5/0
S€°8 LE"8 o/v/0 %0 LOH
( Qwari)
S—MLEH
4/8 yabueuig K3isueq nnwxmxv _WW\m:v nmwxmxu
*dwon ul £318ueq uoLsJaww] UOLSJaWWT MJeW QI uJoilesjusd
eBeiaay abueyg x uL eBuwyp ebwaeny 4/y A3isueq eBeueay 4/8 A3isueg s,egqngy  -uod/pLoy
terteessescs UDLGJBWMT 4O POLYad

siep 9§

rerTarsse VLYY SannIOn L.D S‘Lu

IAT XION3ddY 0%



gE 8y~

er'er-

S0°SE-

29z~

L1762+

yibuauss

Ut ebBueys ¥ uz abuewy)y ebeaeay

STy~

62 i1z-

68'LL-

SLTEL-

ERTTIr

y3Buauis

LT

88782

B5°ZE

E0°LE

L8290

68 ¥
8L°82
bLULE

98°L2Z
<itoe
68°82

LLTLE
68°2E
BLEE

BB OE
BL'LE
¥¥°9E

§8°29
22°29
EE'ED

(i)
UOLSJoWW]
4/v y3Buauig
..g

Ly

oL L oZ'e a/s/02
81°0% 1978~ rs 0~ ES°L 08°L LL'8 si'g o/8/02
08°L S1°8 a/L/oz x02
08°L oL'8 2/6/51
808 986~ 8¥ "0~ oL°L 08°L 8L°8 QE’8 2/8/%51)
oL'L si'g a/L/st %51
oL §2°8 2/6/01
8i°0s *SE- 620~ 68°L 00°8 glL°g 00°8 a/8/01L
§8°L QE‘8 a/L/01 X0t
oL's QE"8 2/6/8
8i°0S lr'2- 0Z°0- oL's oL'8 oe"s QE'8 a/s/s
oL's QE'8 o/L/S 14
02 oz e o/&8/0
8108 190+ SO0+ EZ'8 '8 gL'e ] 0/8/0
0E'B QZ'8 o/L/0 x0 LOH
ﬁ.N.!_.\zv
UOLSJawu]T
4/8 y3buedais A3isueqg ( w/6%) ( _wu/Bx) .n_s\mi
*dwo?) ux Ajisuag CM_P.!.IH UOLSJSUWWT HJBN QI UOoLIeJdjued
sBeaeay eBuwys x up ebuwyy ebwdeay /vy L3isueg eBwuaeay J/8 A3isueg s,egn) -uoo/pLoy
Ceessssieses yoisieWM] 4O POLIB
siep g
seesasesiaiiss g8 5U0D 4O BPEJY

NAI XION3ddV 0s



g£L°62~

ez~

YE'LL-

iL'9-

VE' LY

y3buaJig
up aBueys x UT sBuey)

Z6'yi-

98 L1~

oL°g-

or v~

LO7E+

y3buaulg

82°SE

2§°8E

Br iy

BL Sy

S8'ES

aEvieny

rrooc
Li*SE
2T e

L9°8E
BL L€
LLTEBE

L
EE" LY
992y

BL'SY
c2°sr
EE"Sy

ZT°vs

EETES
00°rs

(uwiN)

UC | SJewwT
4/9 y3zbueuig
.QIDQ

(

8L°0&
8L °08
8108
81708

gL°0s

W /N
Bvuur

34/8 4yibueuig

*dwo)

£5'9~

€E0° L~

Le 5~

L8°E-

657 L+

£3isuag
uI

AAT XTON3dd¥

S0~

85°0-

0S¥~

ZETO-

EL'0O+

nnT\mJu

A3isuaqQ
ebeueny eobueyny x  uL abueyn

EL"L

Ls°d

i8°L

§6°L

CE'®

SL°L
SLTL
oL-L

oL L
09°L
oL"L

06°L
co's
oLy

§8°L
008
00°g

oE'8
oE*8
OE"8

_wwxmxv

UO\SJeuwu]

lz'e

s2°8

ZE'8

Lz's

L9

og's
ce's
0z e

0E'8
6z's
§Z°8

og'e
Sr'B
oz'e

oz's
te's
(o]

0z°8
018
0z°'%9

ﬁw!mt

UOLSJBwwT

eBwuieny 4/v A3isus( ebBeueay 4/8 A3i1sueg

PrAsmssann

sAep gz

N/E/0Z
n/z/02
N/V/oZ X0z

N/E/SL
N/Z/S)
N/L/SL X651

N/E/0L
N/2/04
N/L/0L %04

N/E/S
N/Z/S
N/L/S xs

o/g/0
0/2/0
o/v/o0 %0 Sonn

Nl QI UOLINJIZUSD
§.80n0 -uo2/p Loy

UOLSJPWR] JO poLdad

srrsstessssssss e OUOD 4O BPRJD

0s



¥y 2E
80 °ZE- or- gL~ BLEE EE"EE 8105
§5°G€E
68°8E
LB EZ £0°ZL~ GL'BE EE"LE 81 °0§
2Z°'8¢E
B8 0¥
EL"BL- 086~ g5'0¥ g8 0y 8l 0%
000y
98" 2y
66"V~ 5L~ 8952y 222y 810§
LLUEY
LL"8%
L0 8 LO"6+ SZ°85 LL"ES 8108
68°8§
pﬂ-l\zb
ﬁmtenrtv UO L SJSWWT
uoisJewul  4/g y3zbueuls
yibuaulg yjbusiisg 4/v yibuau3g “dwo)
us ebueys x ul ebueyn ebrueay *dwon efedany

PLOLL- 860~
0z 8- 1570~
g8 r- ov 0~
86°r- 1%

9E°0 E0 "0+

£3isuaq ﬂnl\mxv
uyr A3Lsuag

eBueysy x ut eBuey)

MAI XION3ddY

9LL

lEL

eL L

0B"L

<8°L

§Z°8

QE"L
0g"L
0s°L

oL L
QL"L
§L°L

08°L
08°L
08"L

oL L
go°e
SL°L

OE"8
oL'e
SE'8

(gu/8n)
UO L SJeWNT
ebvaany 4/y A3isuaQ abeaeay 4/8 A3isueqg

SE'R

E2'B

0Z°g8

E2’'8

i'®

SE'E
oe"8
or-g

oz'e
0Z's
0’8

§52°8
sik'g
0Z's

oz's
CE"8
oz'e

§Z°8
oL's
lE'e

nh.\mxw

N/8/02
N/S/02
N/v/02

N/8/GL
N/S/S)
N/®/S)

N/S/0L
N/G/0L
N/v/0)

N/B/S
N/S/S
N/v/S

0/8/0
0/s/0
o/v/o

UOLSJeWmT MJeW QI

s.8qn)

xEL

x0L

xs

xo o

uoj3eJajued
-uoo/p oy

sresrscesees UoLSJeWM] 4O POL4ed

sAep 9g

Teessssresesss @AGISUOY 4O BPEJD

0s



g6 "Er-

8L°6E-

0L°Ze-

r6°22-

LIV ST+

y3bue.iig
Uy eBuwyo x

¥oce-

9664~

L 9=

L L=

EG T+

UzbueJis
ul ebuwyn

FiLEZ

2Z°0¢€

L0 PE

L9°BE

18°2s

eEwieny

§8° L2
rr'ez
rr°ez

ZZ°0¢
6982
§S°IE

*y'ZE
ZZ°yeE
$6°st

L8 8BE
£E°LE
00 Or

88°29
rr A4 |
€E"ED

(N

UoLsSJewwT
4/% yibueussg
‘dwon

gL 708

gi"0s

BL°0s

81708

870§

nﬂwl\zu

UoiSJowwY
4/8 yibueuig
‘dwon

L i

gi°9-

§9°6-

20°E~

LS 0+

A318ueq

ul

XAI XIQN3ddY

LLL

580~

is°0-

9 "0~

§2°0~-

SO0+

nn..\m,:
A3isueg
sbeieay ebueys X UL eBuwy)

or-é

dL°L

i9°L

£0°8

ET'E

0s°L
05°L
0z'L

oL°L
08¢
08"L

oLL
0g°L
GL°L

008
oi's
0o'e

oz's
oz's
oe"s

...m._\mﬁ

UOLSJawN]

§2°8

gz°®

gL°g

gz'e

Bi°B

og’'s N/6/02

ce's N/8/02

0L'8 N/L/OZ X02
'8 N/EB/SL

oe'g N/B/SL

BZ'8 N/L/SL £ 39
oz's N/8/01L

g6°L N/8/0¢

sz's N/L/OL x0L

og°e N/6/§

oe's N/B/S

ST°'8 N/L/S x5
0z'g o/s/o0

S8 0/8/0

0Z2'8 o/L/0 X0 ﬂo:.._

Amwxmxv

UoLSJauuT MJen OI uoLjedjuas

ebBeieay 4/v A3i1sue] abwueay /9 A3isueq &, 8qng -Uo/pLoy

TTTRTITtUiUt UOLSJWMI O POLJed
skep vg

eeseennserens QUEJONOD JO 8PBID
0s



gLl

L9°92 098 sZ'8 s/e/oz

L85~ E0°9Z- Siy2 00°'r2 Bl 0S B5'6L- 09°i- L5°8 09°'9 Li'g s2°'8 s/z/oz
gL 12 0s's 008 8/1/02 X02
0082 §9'9 §2°8 s/e/sh

6L 9y~ gL g2~ 00°L2 b2 8L 0S LE 8L~ §5° 4~ 299 29°9 ELYE Si'g 8/2/54
8L°S82Z 0885 oL's g/L/s1 X614
¥y 62 SE'S §Z°8 8/€/01

b2y~ vitiz- v0'62 €8 °8BZ 81°08 6222~ $8° - S¥°9 SE'S 0E'® oe'e g/2/01L
BL 62 598 SE'B s/L/01 04
89" 0€ oL'L 0z's B/E/S

Er-Le- SL 8L~ or'it ¥y ZE BgL'0s 0L°9- 0§ °0- oL'L oL-L 0z's 0z's s8/2/%
LLULE oLt 0z's 8/1/8 1
2Z°PS 0E"8 0z's o/e/0

LE" L+ L3 E+ S8°ES EL'¥S 8108 BS"Le €170+ UE'B 0E'8 Li'8 oL'8 o/z/0 AN

00°»S oe's 0z°'8 o/v/0 Séom -

wa/N)
..«EE._S ...om.munl.u

UOLGJBWWT 4/8 yibueuig A3jisuag ﬂ_ﬂs.\mi an:mxu ﬁn{mﬁ
y3bueJis y3Bus.3s 4/v¥ yzbBueuss dwo) uI A3tsuag uGLSJauu] UOLSJBWWI MJEW QI uwol3EJ3usd
ui ebBueys X url eBuey)y ebeueay *dwoen aBeueny abueyp x Ul SBueyy ebelesy J/v A3isusq eBwdeAy J4/g A3isueg S,egqng ~uoa/p Loy

retrrrreecess UOLRJBWWT 4O POLJISY
sAep g2z

tetrsssscsaast @ugIOUOD JO BPWJD

AAT XIQN3ddY om

3t



68°02
Li'6E
55761

09~ Egog- SETGL

gez2
¥y yZ
SS°E2

L0°ES- €876z~ £5E2

EE"SZ
XA T
4 Ok

SL°Lp= 9672~ Zz 9

8s "Lz
68°8Z
ry 8z

09 gy~ g8 iz~ oE"ee

LLTBS
LL°6S
B8'8S

(wudn)
Uo L\ SJewa]
4/v y3buaiis
* dwo?)

L0°84 L0°6* SZ°6S

y3iBusuis y3jBusulg

up eBueyny x uy efueyny ebwleay

oL’y oE'® s/8/02
8L°0§ Y0 6L~ BS'L- L9 089 0E'8 sE'8s s/s8/02
§9°'89 SZ°8 s/v/02 x02
089 0z°8 s/a/st
810§ Er-gi~ €5 L= LL'9 06°9 0E'8 or's 8/8/81
08°9 0E'® s/r/s) xs1
Q0°L s2°% s/9/01
8l "0s L6794~ BE" L~ £8°9 0s°L bt -} oc'e s/s8/01
00°g 0L°8 s/¥/0L %04
or°L QE"8 6/9/8%
810§ 20"k~ 260~ L or-L Sg's 0z'8 8/5/§
os°L 55°8 6/v/s XS
cE'®g 52°% o/p/0
81708 9E"0+ €00+ §Z°8 oL'e z'e 0L'8 o/s/0
SE'S® LE"R o/v/0 %0 qumnx
Am-!\zu
UoLSJeuw]
4/8 Wibuesis A3isueq  (gw/B¥) hnW\mxv nnw\wxv
*dwo) ul A3isuag UCLSJBwuI UCISJRWWT WJEN JI uoijeajues
afeJeay eBuwy) x u; eBuwy)y ebBesaay J/y A3isueQ eEwueaY 4/B A3i1Bued S§.egqnd -uoa/ploy
TeTeTrtrestt UOLSUBWMT 4O POLded
sAwp 9§
sirarsereietes GABUTUOD JO SPEID
-Npu XIQN3ddy 0s



6B°Z})
rr°ci
FLTLE

BL°GL~ £0°8E~ sigi

LLTSL
Ls’'ri
LsvL

Lr°oL- 9E"SE- zeri

L9781}
Lg 0z
00°02

"wog- £E"OE- sg'st

BE"¥Z
oo'r2Z
g8 re

00" 1§~ 8382~ BS°¥C

88729
Zies
EE"E9

LL°GT+ £€0°Z1+ 1829

( «EE_E

UCLSJoWlT
4/w uy3jBueuisg
*dwog

y3buediis
up ebueyy x

y3bueuis

uy eBuvys eBrusay

Oogl

oL'8 Si'B 8/6/02
8108 2'652- s0°Z- L0°9 0i'9 zZi's oL'8 s/8/02
00°8 0L°8 s/L/0z X02
oL'g oe's 8/8/54
gL70§ LL92Z- €22~ oL'9 oL'8 £g's 0E'8 §/8/51
o9 or's 8/L/S}) X51
o0L'9 oe's 8/6/01
810§ SE°L2Z- L2z~ £0'9 o9 0E’8 0E'8 €/8/0}
008 oe's s/L/01 %04
o0Z°L ozZ‘s 8/6/%
8L'08 6L kL= 260~ 0£°L 0z°L zZz's 08 6/8/6
0s"L sZ'e s/L/s x5
0z'e oz°e 0/8/0
BL°0S 1870+ S0'0+ £2'8 0zZ'B gL'8 s1'e o/8/0
0E’8 0zZ°'B o/L/o E.ﬁcm«:
ﬁn-:\z_
UOLSJoWuT
4/9 ysbuau3g L3isueq  (_w/By) (gu/B%) ﬁmwxmxu
*dwod ur »Mvnc!a_ UoOLSJauwY UCLSJoWW] WJ4ep QI uoL3IRJIIUGD
aBeaeay eBuwyg x UL eBuwyy eBeseay 4/v A3isueq eEeJdeAy 4/8 A3}sSusq S,8QN)  ~uCD/pPidY
sresersestes UOLSJRENT 4O POLJBY
siep pg
Critrereiiiees @I0UDUOD 4O SPWJD
dw:a XION3ddY 0s



Appendix VA: Grade 30 Concrete in HC1

18/
i+
Period of Acid/ Original Strength New Strength Increase (%) Decrease (%)
Immersion Concentration (H/:uz) (ijn’)
"""""""""""""""""""" sas
b 28 days HCL 0x 37.04 4.75
5% 27.1 23.33
10% 24.59 30. 46
15% 21.83 38.83
20% 15.70 55.60
58 days 0% 40.30 13.97
5% 22.81 35.49
10% 21.03 40.53
15% 18.81 46.80
20% 15.85 55.18
' B4 days 0% 41,33 16.88
5% 20.15 43.01
10% 17.63 50.14
15% 15.12 57.24

20% 11.70 86. 91



Appendix VB: Grade 30 Concrete in HNOQO

3
Period of Acid/ Original Strength Hew Strength Increase (%) Decreasa (%)
Immersion Cencentration (N/mm®) (Njmm® )
- - T was S
28 days HHDs ox 37.04 4.75
5% 24.89 29.81
10% 22.87 35.89
15% 20.30 42.59
20% 14.52 58.94
58 days 0% 40.30 13.97
5% 23.12 34.62
10% 21.63 38,83
15% 17.78 49.72
20% 12.89 63.55
84 days 0% 41.33 16.88
5% 22.52 36.31
10% 20.74 41.35
15% 16.58 53.08
20x 1%.9% 85.58

182



Feriod of
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28 days

58 days

84 days
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Appendix VC: Grade 30 Concrete in HZSO4

Original Strength
{N/mm ")

183

Hew Strength
(NJmm®)

37.04
18.37
13.04
12.44
11,56
40.30
17.78

11.70

Increase (%)

13.9%7

16.88

Decrease

48.05

63.12

64.82

67.31

49.72

B86.91

§9.82

71.52

51.81

63.186

72.34

76.95

(%)



28 days

56 days

34 days

Concentration

HCY

Acid/

0%

5%

10%

5%

10%

15%

20%
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Appendix V0. Grade 40 Concrate in HCY

0r191na125trcngth
(N/mm ")

New Strength

18

44.15

30.37

26.67

24.00

21.33

46.67

27.58

23.70

21.78

18.81

51.70

25.78

22,52

19. 41

15.85

Increase

9.61

21.42

(%)

Decrease (X)

28.67

37.38

43.64

49.191

35.30

44_.34

48.84

55.82

39.48

47.11

54.42

62.78



Appendix VE: Grade 40 Concrete in HNG3

Period of Acid/ Original Strength tew Strength Increase (X) Decreasa (X)
Immersion Concentration (M/mm>) (N!mmz}
"""""""""""""""""""" s T
28 days WGy 0% 44.15 3.69
ix 30.87 27.97
10% 26.687 37.38
15% 23.37 47.46
20% 18.37 56.886
56 days 0% 46.67 9.81
5% 27.5¢8 35.27
10% 24.15 43.28
15% 19.85 53.38
20x 17.33 59.30
B84 daya 0% 51.70 21.42
5% 25.04 41.19
10% 21.33 43.9
15% 17.33 59.30
20% 14.08 66.93
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Appendix Vf: Grade 40 Concrete in Hisoi

Period of Acid/ Original Strength New Strength Increase (X) Decrease (x)
Immersion Concentration (N/ma®) [mem
T T e I
28 days stcu ox 44.15 3.89
5% 21.48 49,55
10% 18.37 56.86
15% 15.85 52.78
20% 14,81 65.22
56 days 0x 46.67 9.81
5% 18.97 55.45
10% 15.70 63.13
15% 12.00 71.82
20% 0. 37 75.65
84 days ox 51.70 21.42
5x 17.93 57.a9
10% 14.67 65.55
15% 11.41 73.20
20x g,82" 76.70
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Appendix VG: Grade 50 Concrete in HC1

Period of Acia/ Original Strength Hew Strength Increase (%) Decrease (X)
Immersion Concentration (N/mzj _ (Mfmml)
S s I
28 cays HC1 ox 53.85 7.31
5% 45.18 3.97
10% 41.48 17.34
15% 37.92 24,43
20% 34.07 32.10
56 days ox 59,25 18.07
5% 38. 81 22.68
10% 34.22 31.81
15% 33.18 33.388
20% 31.41 37.41
84 days 0% 62.81 23.17
5% 37.03 26,21
10% 32.59 35.05
15% 28.89 35.05
20% 25.93 48.33
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Appendix VH: Grade 50 Cancrete in HHNO

3
Period of Acid/ Original Strength Hew Strength Increase (x) Decrease (%)
Immarsion Concentration (N/mm®) ) (Nlmmz)
D e s I
28 days HHq! ox 53.85 7.31
5% 45.78 8.77
10x 41.48 17.34
15% 38.52 23.24
20x 35.28 29.93
56 days ox 88.25 18.07
5% 42,66 14.99
10% 40.58 19.13
15% 38.15 23.97
20% 33.78 32.68
84 days 0x 62.81 25.17
5% 38.687 22.94
10% 34,07 32.10
15% 30.22 39.78
20% 28,14 43.92
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Appendix VI: Grade 50 Concrete in Hzao4

Originl1zstrongth
(N/mm™)

189

New Strength

(Nmm?)

53.85
31.40
29.04
27.00
24.15
59.25
28.30
28.22
23.55
19,85
§2.81
24.59
19.85
14.82

12.15

Increase (%)

7.3%

18.07

25.17

Decrease (X)

37.43

42.13

46.19

51.87

43.60

47.75

53.07

60. 44

51.00

80. 44

70.47

75.79



Period of
Immarsion

28 days

0%

10%:

15%

20%

hcid/
Concentration

{A11 acids)

HCY
HNO3
H,80,
HC1
HND3

H,S0

HCl

Original Strength
(H/mm™)
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New Strength

(Nifmnr?)

37.04
27.11
24.89
18,93
24.59
22.67
13.04
21.63
20.30
12. 44
15.70
14.52

11.56

Increase (X)

Appendix VIA: Grade 30 Concrete at 28 days of Immersion

Decrease (X)

23.33

29.61

48.05

30.48

3s5.89

63.12

38.83

42.59

64.82

55.80

58.94

67.31



Appendix VIB: Grade 30 Concrete at 56 days of Immersion

Pariod of Acid/ Qriginal Strength New Strength Increasa (%) Decrease (%)
Inmersion Concentration (N/mm®) © = (NImm
35.38
56 days Ox (A1l acids) 40.30 13.97
5% @ HCY 22.81 35.49
im(:lz 23.12 34,82
H,%0, 17.78 43,72
10%: HC1 21.03 40.53
HNO, - 21.63 38.83
stc.‘ 11.70 66,91
15% HC1 18.81 46.80
HHO, 17.78 49.72
H2‘304 10.87 69.82
20% HCY 15.85 55.81
Huo3 12.89 63,55
st()‘ 10.07 71.52
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Appendix VIC: Grade 30 Concretas at 84 days of Immersion

Period of Acid/ Original Strength New Strength Increase (%) Decrease (%)
Immersion Concentration (N/mad) [N!mn’)
35.36
84 days 0x (A1]1 acids) 41.33 18.88
5% : HC1 20.15 43.01
HNC)3 22.52 36.31
sto‘ 17.04 51.81
10x: HC1 17.63 50.14
l'lm.'k:‘l 20.74 41.35
stC." 11.26 68.18
15% HC1 15.12 57.24
MHO3 16.59 53.08
stﬂ‘ 9.78 72.34
20% HC1 11.70 66.31
NNO3 11:.13 68.58
stfJ‘ 8.15 78,95
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Appendix VID: Grade 40 Concrete at 28 days of Immersion

Period of Acid/ Original Strength MNew Strength Increasa (%) Decrease (%)
Immersion Concentration (N/—z] (N]mm’)
42.58
84 days Ox (A1 acids) 44,15 3.69
X : HCY 30.37 28.67
!‘INO3 30.67 27.97
HZSO‘ 21.48 49,55
10%: HC1 26.67 37.386
HNOS 26.67 37.386
HESO‘ 18.37 56.88
15% HC1 24.00 43.684
i'l?l(J3 23.37 47.46
I-I23C'.l4l 15.85 82.78
20%  HC1 21.33 49.91
Hnos 18.37 56.86
H2504 14.81 85,22
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Appendix VIE: Grade 40 Concrete at 56 days of Immersion

Pariod aof Acid/ Qriginal Strength llaw Strangth Increase (X) Decrease (X)
Immersion Concentration (N/mm®) (N ]mm’)
42.58
58 days 0% (A11 acids) 48.67 9.81
5% : HC1 27.58 35.30
:1"1]3 27.58 3s.27
nzao‘ 18.97 55.45
10%: HGC1 23.70 44.34
l'ihh‘;)3 24,15 43.28
sto‘ 15.70 63.13
15% HCY 21.78 48,34
mi(:!3 19.85 53.38
sto‘ 12.00 71.82
20%  HC1 18.81 55.82
HNO, 17.33 59.30
sz‘ 10.37 75.85
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Appendix VIF: Grade 40 Concrete at 84 days of Immersion

Period of Acid/ Original Strength
Immersion Concentration (N/mm ")

84 days 0xX (A1l acids)
5% : HCY
HNO

3

sto‘
10%:  HC1
HHNO
H,S0
15% HCY
HHO
H,80
20% HC1

HNO

H,S0

195

lNew Strength

(N

51.70
25.78
25.04
17.93
22.52
21.33
14.87
19. 44
17.33
11.41
15.85
14.08

9.92

Increase (%)

21.42

Decrease (X)

39.48

41.19

57.89

47. 11

43.91

54,42

59.30

73.20

62.78

66.986

76.70



Appendix VIG: Grade 50 Concreta at 28 days of Immersion

Period of Acid/ Original Strength llew Strength Increase (X) Decraase (%)
Immersion Concentration (N/ma®) (Njmm*)
50.18
28 days 0% (A11 acids) 53.85 7.31
5% : HCY 45.18 9,97
HN(J3 45.78 a.77
stﬂ‘ 31.40 37.43
10%: HC1Y 41.48 17.34
Nll(:l3 41.48 17.34
H,30, 29.04 42.13
15% HC1 37.92 24.43
Huoa 38.52 23.24
sto‘ 27.00 48,19
20% HCY 34.07 32.10
m:oa 35.28 39.73
sto‘ 24.15 58.87
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Appendix VIH: Grade 50 Concrete at 56 days of Immersion

Period of Acid/ Original strength |New Strength Increasa (%) Decreasa (%)
Immersion concentration (N/mm®) ’ (AMnn')
50.18
568 days C% (A1l acids) 58.25 18,07
5% : HC1 38.81 22.66
HNO3 42.686 14.99
H,80, 28.30 43.60
10%: HC1 34.22 31.81
HNO 40.58 19.13
H,80, 26.22 47.75
158  HC1 33.18 33.88
HNO 38.15 23.97
sto4 23.55 53.07
20%  HC1 3. 41 37.41
HHO3 33.78 32.68
H,30, 19.85 60. 44
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Appendix VII: Grade 50 Concrete at 84 days of Immersion

Pariod of Acid/ original Strength
Immersion Concentration (N/mm~)

e - - - - _——

50.18

84 days 0% (A1l acids)
5% : HC1
HNO,

H25°4
10%: HC1
HNO
.30
15%  HC1
HNO
H_ S0
20%  HC1

HNO

H,S0

198

New Strength

_(Nmm?)

Increase (X)

62.81

37.03

38.67

24.59

32.59

34.07

19.85

28.89

30.22

14.82

25.93

28.14

12.15

25.17

Decrease (X)

20.21
22.94
51.00. )
35.05
32.10
B0.44
42.43
39,78
70.47
48.33
43.92

75.79



