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ABSTRACT

A study of the effects of aggressive solutions
on mortar cubes made from Kenyan cements and sands
has been conducted. The study is important because
failure of concrete structures exposed to rain water,
domestic and industrial effluents is increasing.

Ordinary portland cement; sulphate resisting
portland cement; and pozzolanic cement were used to
make 70.7 mm cubes with British Standard sand and
suitable sand samples from Kajiado and Machakos
districts. The cubes were immersed in: deionised
water; waste water from a factory; two concentra-
tion solutions of fluoride, chloride and sulphate
prepared from the respective acids. The effect of
the solutions on the cubes for a period of six
months was monitored by measuring volume changes
and compressive strengths of the cubes; pH, anionic
and cationic concentrations of the solutions. The
results for the cubes made with the standard sand
were used to assess the performance of the cements.
The performance of the sands was assessed by holding
the different cements constant in the tests.

Kajiado sand has been found to be more ccarse

and to contain more silt than the Machakos one.
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Machakos sand, on the other hand, has been found to
be richer in mineral content . Quartz has been
found to form the bulk of the two sands. Machakos
sand has been found tc form unworkable mixes with
cements when using a W/C ratio of 0.4, and to bulk
when using a W/C of 0.5. The waste water from the
factory has been found to contain the following
levels of anions: sulphates 361.8-2566.5 ppm;
chloride 298.2-1498.8 ppm; fluoride 5.5-38.9 opm;
and phosphate 0.306-1.224 ppm.

The solutions have been found to affect the
cubes differently. In environments rich in sulphate
ions but combined with other ions, like industrial
effluents, sulphate resisting portland cement should
be used only after a careful study. The reactions
of the cubes with the fluoride solutions have been
found to be less deleterious than with the other ions

investigated and in some cases fluoride ions were
beneficial. The cement-sand combinatieons that were

found to have nerformed well in the different

environments are:
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Environment Cement Sand

Deionised water Ordinary Machakos
Portland

Industrial Pozzolanic Kajiado or

waste water Machakos

(investigated)

Fluoride Ordinary Kajiado or
Portland Machakos

Chloride Pozzolanic Kajiado

Sulphate Sulphate Kajiado
resisting

These cement-sand combinations are recommended to be

used in similar environments.
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EXPLANATORY NOTES

Cement chemical nomenclature and symbols.

C= Cal; S= 5i0,3; A= Al,0,3 F=Fe,03; M= Mg0; N=Na,0;
K=K,03 5= SO43 H= H,0;3

CyS = Tricalcium silicate (3CaO.Si02)

CQS = Dicalcium silicate (2CaO.Si02)

C3A = Tricalcium aluminate (3CaO.A1203)

C,AF = Tetracalcium aluminate ferrite (uCaO.A1203.Fe203)

Abbreviations used in this work.

OPC = Ordinary portland cement

SRPC = Sulphate resisting portland cement

PZC = Pozzolanic cement

BS = British Standard

ASTM = American standard for testing materials

STD sand = British standard sand

KID sand = Sand from Kajiado district

MKS sand = Sand from Machakos district

W/C ratio = Water to cement ratio

I.R., = Acid insoluble residue

D's = The 2 litre deionised water series

W's = The waste water series

Fa's = The lower concentration fluoride solution
series

Fb's = The higher concentration fluoride solution
series

Ca's = The lower concentration chloride solution

series



Sb's

(ix)

The higher concentration chloride solution
series

The lower concentration sulphate solution
series

The higher concentration sulphate solution

series
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CHAPTER 1

INTRODUCTION

It i1s my belief that research iIn the
developing world should be directed towards
solving the numerous problems prevalent iIn that
world, with the aim of coming up with appropriate
and tangible solutions. Thiseis the only way we
of that world can come into terms with our
environments.

The problem at hand is the deterioration
of concrete structures due to various deleterious
chemical agencies emanating from effluents of
industrial, domestic and other origins. Corrosion
of concrete due to chemical effects has been
observed In concrete sewer pipes, culverts,et
cetera. Leaking of concrete roofs is widely
experienced iIn the country despite the use of
protective coverings like asphalt. The University
of Nairobi Chemistry Building provides a vivid
example.

Concrete 1is one of the most widely used
substances i1n constructions and therefore, its
failure and repair substantially affects the

economy. Research that would minimize 1its



deterioration is therefore important to any

country. Work on the deterioration and protection
of concrete systems has been done in many

countries. Investigations have mainly centred on
the effects of sulphates in soils, sea water, and
industrial effluents, on concrete systems. Some

of this work has been carried out in surveys such

as 'long term study of cement performance in
concrete' which was begun in 1941 sponsored by the
Portland Cement Association of America. Jackson F.H.
(1) in 1959 reported one of the studies whose test
structures included pavements, roads, piles, parapet
walls, specially designed boxes and beam specimens.
Exposure conditions varied from mild to severe,with
and without the use of de-icing saltsj; marine
environments including tidal zones; and sulphated
soils.

Another important survey specific to marine
conditions was that organised by the 'Sea Action
Committee of the Institution of Civil Engineers'
(Britain) between 1929 and 1960. The cements
tested were; ordinary, rapid hardening, blast-
furnace, portland; high alumina, trass and
artificial pozzolanic. High alumina cement gave
the best performance in temperate climates and the

importance of adequate cement content, low water/



cement (w/c) ratio, and proper cover to reinforce-
ment clearly emerged (2)., Work done in Belgium (3)
brought out the importance of compaction, good
supervision of work in addition to cement content.

Nearer home, El-Sayed et al (1981) (4)
investigated the factors responsible for the
premature failure of concrete and reinforcement in
the pumping station at Manzala lake in Egypt.
Concrete analysis showed that the water used
contained a high concentration of salts. They also
found out that the combined action of repeated
stress due to the building vibrations during pumps
operation and the corrosive environment resulted
in cracking of the structure.

In Kenya very little has been done excent the
work by Karuu (5). Karuu used neat cement cubes
to investigate the most suitable cement for:
sulphate, chloride, fluoride, and phosphate
environments. By comparing mass and volume changes,
compressive strengths, ionic uptake and penetration,
he found out that sulphate resisting Portland
Cement (SRPC) was the best in sulphate environments,
moderate type (IT) the best in chloride and fluoride
environments, while type (II) and pozzolanic cement

(PZC) would be suitable in environments of low



any

sulphate concentration. He also found out that
phosphates did not have deleterious effect on
of the cements that he used.

The use of neat cement cubes 1iIs considered
inadequate because “the cement mortar has been
shown to be the point of attack by most destructive
agencies and the one which forms the channel by
which waters can permeate into the concrete’ (6).
Several workers (7,8,9,10) have further ascribed
deterioration of concrete to a reaction involving
the cement and reactive aggregates Tor eXdITIDIG the
falkali-aggregate reaction®. A realistic Investi-
gation of the systems iInvolved iIn the deterioration
of concrete should therefore incorporate the
aggregates.

This work uses mortar cubes instead of neat
cement cubes. The coarse aggregate 1In a concrete
iIs ‘mostly 1inert, hard and impermeable®* (6) and
therefore the chemical state of the mortar cubes
iIs a good representation of concrete structures.
Many workers have moreover used mortar snecimens

to i1nvestigate concrete systems (11,12,13,19,15).



Scope of the investigation

Sand samples were collected from various
locations in Kajiado and Machakos districts and
their physical and mineralogical properties
determined. The sands and the British Standard
Sand were used to make mortar cubes with;
ordinary portland cement (OPC); Sulphate Resisting
Portland Cement (SRPC) and Pozzolanic Cement
(PZO) .

A total of 378 cube samples were prepared
and stored iIn tap water for at least five months
before exposure to aggressive solutions.

The test media consisted of deionised water,
industrial waste water; sulphate, chloride and
fluoride solutions of varying concentrations,
made from their respective acids. A total of 72
test solutions, each with three cubes, were
investigated for a period of six months. The
performance of the sands and cements during the
period was assessed by taking the fTollowing
measurements: volumes and compressive strengths
of the cubes; pH, anionic and cationic concentra-
tions of the solutions.

It 1s hoped that the work will help establish

a methodology for iInvestigating chemical and other



aspects of concrete research in Kenyva, and also
help contractors improve the durability of
concrete by choosing the right constituents for

specific environments.



CHAPTER IT

LITERATURE SURVEY

2.1 Sand

Sands and gravels are derived from the
weathering of rocks and are composed of the more
resistant minerals which have withstood the
destructive effects of weather and transport for
a long period. Sand passes through a 3/16 inch
mesh and larger particles are classified as gravel
(16).

The most important mineral in sand is quartz
(17). Other minerals which may be present in small
quantities are as given in ASTM C294-69 and include
feldspars; micaceous, carbonate, sulphate, iron
sulphide, ferromagnesium and clay, zeolites and iron

oxides.

Most sands used in mortars and concrete are
obtained from river and glacial deposits. Other
sources are crushed friable sandstones and sea sands.
The latter need to be well washed on account of
the presence of soluble salts.

Quartz is an unreactive crystalline form of
silica having an orderly arrangement of the silicon
oxygen tetrahedra (a—SiOQ). It has minor oxides

of titanium, magnesium, iron, manganese, sodium



and potassium. The proportion of the minor
components varies from sample to sample depending
on the origin of the sand. Other reactive forms
of silica such as opal are different and are
characterised by a random network of tetrahedra
with irregular spaces between the groups of
molecules (18).

A certain amount of clay ranging from
almost zero to 10 per cent, or even more, is a
common constituent of sands. The effect of clay
in the concrete depends on the manner of distri-
bution., It is much more injurious to the concrete
if present as a film enveloping the sand grains
than if distributed as fine particles throughout
the mass (16).

Particle size distribution of sand affects
workability and strength of a fully compacted
mortar with a given w/c ratio. The distribution
leads to grading which is a foremost important
factor in obtaining a dense concrete. Sand and
coarse aggregates are therefore graded to ensure
that the voids left unfilled between the particles
shall be as low as possible. This requires a
progressively lower sand content in the concrete

mix as the sand becomes finer (6).



BS 882 and BS 1201 of 1965 give four
permissible grading zones for sand varying from
coarse (zone 1) to fine (zone u4). The specifi-
cation allows a sand to contain 5-50 per cent
of material passing a number 52 sieve, whereas
ASTM C33-67 places the maximum at 30 per cent.

The main bulk of the sand which lies between a
number 52 sieve and a 3/16 inch mesh should
contain particles of varying sizes and not consist

predominantly of any one size,

2.2 Cement

Cements are defined as "adhesive substances
capable of uniting fragments or masses of solid
matter to a compact whole" (19). There are
basically two types of cements, hydraulic and
non-hydraulic. Hydraulic cements, the most common,
will set and harden on addition of water and
examples include Portland Cements. Non-hydraulic
cements will neither set nor harden in water,
but will do so on exposure to other substances;
an example is 'fat lime' which hardens on exposure
to carbon dioxide.

Further classification of cements shows
a gradual evolution whereby some cements which

were very important at certain times have fallen



partly or entirely into disuse as more sophisti-
cated varieties were made. Presently, research
is still being directed towards production of
better varieties which can withstand specific or
general corrosive environments. The various
classes of cements are:- limes, natural cements,
portland cements, high alumina cements, cements
containing granulated blastfurnace slag, pozzola-
nas and pozzolanic cements,oil-well cements,
masonry cements, sorel cements and gypsum plasters
(2Q). Each class may have a number of varieties
under it. Portland cement, for example has
ordinary, sulphate resisting, rapid hardening and
many others.

The discussion on the chemistry of the

cements investigated in this work follows:

2.2.1 Pozzolanic Cement

The name pozzolana comes from Pozzuoli
which is a name of a village near Naples in Ttaly.
In the village, local volcanic ash has been used
as a building material since the Roman times.
According to ASTM D219, pozzolanas are silicaceous
or silica and alumina containing materials which

in themselves possess little or no cementitious



value but will in finely divided form and in
presence of moisture, chemically react with lime
at ordinary temperatures to form compounds
possessing cementitious properties.

There are natural and artificial pozzolanas.
Natural ones are materials of volcanic origin
consisting of glassy incoherent materials or
compacted volcanic turfs arising from the deposi-
tion of volcanic dust and ash., Artificial
pozzolana is mainly a product obtained by means
of physical or chemical treatment of natural
materials such as clays, shales, certain silica-
ceous rocks and pulverised fuel ash.

Pozzolanic cement is a mixture of ordinary
portland cement clinker and pozzolanas, containing
sufficient pozzolana to combine with calcium

hydroxide formed during cement hydration (21,22).

2.2.1.1 Pozzolanic activity

The phenomenon by which a mixture of
pozzolana,.lime and water 1is transformed into a
compact hard material at ordinary temperatures is
called pozzolanic activity. Natural pozzolanas
are active because of the presence of reactive

silica and alumina which react with calcium

hydroxide (23),



Hydration reaction of the pozzolanic cement

components.
(a) Hydration in the pozzolana-calcium hydroxide
system.

The crystalline hydrates formed in the
reaction between lime and pozzolana in the presence
of water have been identified to be hexagonal
calcium aluminium hydrate (uCaO.A1203.XH20),
calcium aluminate monosulphate hvdrate
(3CaO.A1203.CaSOu.12H20), and calcium silico-
aluminate hydrate (2Ca0.3i02.A1203.8H20).

The mechanism of the hydration reaction of
the paste in pozzolana-calcium hydroxide system 1is
considered to be as follows:-

On mixing pozzolana and calcium hydroxide
with water, the liquid becomes saturated with
calcium hydroxide within a very short time, and
the solution becomes basicj; water attacks pozzolana
grains protonically thereby dissociating the
Si(OH)Ll groups on the grain surface to silicate
(SiOuu-) and hydroxonium (H30+) ions, leaving the
grains negatively charged; electrostatic adsorption
of calcium ions on the grain surface then takes

place; sodium and potassium ions in the pozzolana

then dissolve in the liquid phase. The dissolving



out of the two cations (K' and Na') accounts

for the observed release of alkalis by pozzolanas
and leaves a thin amorphous silica/alumina rich
layer on the surface of the pozzolana grain.
Silicate and aluminate ions in the layer gradually
begin to diffuse to the surface,

At the surface, they react with calcium ions
forming the respective silicate, and aluminate
hydrates thereby increasing the thickness of the
layer. Calcium silicate hydrate precipitates out
more easily than calcium aluminate hydrate due to
the higher electrostatic charge on silicates than
on aluminates.

(b) Hydration in the pozzolana - Cement system.

Addition of pozzolana accelerates the hydra-
tion of tricalcium silicate (C3S),'dicalcium
silicate (028), tricalcium aluminate (C3A), and
therefore the cement as a whole. The acceleration
of C3S is due to its increased dissolution caused
by adsorption of calcium ions to pozzolana in the
liquid phase, and the increase of the surface area.

The effect on the C,S is thought to be due to

2
similar reasons. The acceleration of tricalcium
aluminate is brought about by again the adsorption

of calcium ions in the liquid phase to pozzolana



surface, and the acceleration of its dissolution
due to the precipitation of ettringite on the
pozzolana surface.

Calcium silicate and aluminate hydrates
are generally formed by the reaction between
calcium hydroxide and pozzolana after one day, and
the physical properties develop in stages. Alumina
hydrates are formed later and the period of
formation depends on the characteristics of
pozzolana as far as alumina content and their

solubility are concerned (24),

2.2.1,2 Effect of pozzolana on matufed concrete,

During the initial stages, pozzolana serves
as an inert material and the situation is equivalent
to a system in which there is a reduction in the
content of cementitious material. The ultimate
strength developed in the pozzolanic cement concrete
however may be equal to or greater than, that of
plain cement concrete, as reported by Berry and
Malhotra (25). This is because the active pozzolana
constituents contribute to the formation of more
cementitious compounds at later stages, thereby
increasing the proportion of hydrated materials

responsible for the strength development.



Pozzolana in pozzolanic cement raises the
resistance of concrete to chemical attack
significantly (21,25). This is as a result of
among others, lowering of the permeability of the
concrete by the hydrates formed. The heat of the
hydration is also lowered significantly giving an

added quality to the cement.

2.2.2 Portland Cement.

2.2.2.1 Raw materials and manufacture

Portland cement is a hydraulic cement
produced by clinkering a mixture of raw materials
containing lime, silica, alumina, and iron oxide
(26). Table 2.1 gives the analysis of typical raw
materials and a typical raw mix of portland

cements (27).
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Table 2.1: Composition of typical raw materials of

Portland Cements (Figures in

9

> by mass).

Chalk Clay Lime- Shale Marl Typical

stone raw

mix

SiO2 1.14 60.u8 2.16 55.67 16.86 1u.30

A1203(+P2093102—
& Mr 0.) 0.28 17.79 1.09 21.50 3.38 3.03
273

Fe203 O.14 6.77 O.5u 9.00 1.11 1.11
Ca0 SL.68 1.61 52.72 0.89 42,58 4y, 38
MgO O.u8 3.10 0.68 2.81 0.62 0.59

S 0.01 n.d 0.03 0.30 nil nil
SO3 0.07 0.21 0.02 nil 0.08 0.07
Loss on ignition 43.04 6.65 42.39 4.65 34,66 35.86
KQO 0.0u4 2,61 0.61 4.56 0.66 0.52
NazO 0.09 O.74 0.11 0.82 0.12 0.13
Total 99.97 99.96 100.00 100.20 100.07 99.99
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The general manufacturing process of Portland cement

can be summarised by the following flow chart:

1. QUARRIES

2. RAW MILL

Raw materials

a)Calcium
Carbonates
(chalk,lime-
stone etc.

b)Aluminium
Silicates
(clays,shales
etc.)

Grinding and
mixing in either

4, CLINKER COOLERS

Raw S (a) Dry or Fine
mix (b) Wet process raw mix
3. KILNS

Clinker 1is
cooled

é?inker

GYPSUM

Heating until
fusion occurs

1300-1500°C

Calcium
sulphate

5. BALL MILL

>

PACKAGING PLANT

Grinding of
Clinker plus a
small quantity
of gypsum to
control setting

SILOS

Parking ready
for market

=

Cement
Storage

éement o £
ontrolled

fineness




2.2.2.2 Chemical and Mineralogical Composition

of Portland Cement.

The approximate limits of chemical and
mineralogical composition of portland cement are
given in table 2-2 (28). The values vary as a
result of the developments of the cements over the
years so as to meet different challenges. The
different raw materials used in different areas
also contribute to the divergent compositions.

The constituents given in the table are
classified as minor and major components of the
cement. The major constituents are:- tricalcium
silicate 3CaO.Si02(C3S); dicalcium silicate |
2CaO.Si02(C2S); tricalcium aluminate - 3CaO.A1203-
(C3A); and tetracalcium alumino ferrite -

0

4Ca0.Al Fe203(CuAF). The constituents do not

273"
exist in their pure form but contain small amounts

of other oxides in solid solution. Alite (C3S) for
example contains traces of A1203, Fe203, Mg0, NaQO

and K2O.

The proﬁerties of the cements are deter-
mined by the properties of the individual consti-
tuents as well as their percentages. The percentage
of C3A in a cement, for example, determines the

sulphate resisting ability of the cement (29).
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Table 2.2: Approximate Oxide and Mineralogical

Composition limits of Portland

Cements.

Oxide Per Cent Constituent Per Cent

cao 60-67 C3S (alite) 35-55

SiO2 17-25 BCZS (belite) 15-35

A1203 3-8 C3A 7-15

F‘e203 0.5-6.0 CHAF (celite) 5-10

MgO 0.1-5.5 CaSOu.2H2O 3-12.5
(gypsum)

Na20+K20 0.5-1.3 Ca0(free lime) 0.66-1.02

SO3 1-3 MgO, KQO, =3
NazO etc.,

2.2,2.3 Setting and hardening of portland cement.

The reaction of the cement with water leads

to setting and hardening.

This occurs in a hydration

process that involves many chemical reactions that

take place simultaneously.

In the hydration of alite and belite

aqueous C3S and C2

changing within a few hours to hydrates.

S are formed in the early stages,

Impurities

affect the composition and properties of the products



but they are assumed to be a CSH gel of average

composition C,S,H, and Ca(OH)z. The calcium

372773
silicate hydrate (C,S,H,) is the main binder of

39273
hardened cement and the orincipal contributor to
early strength development. Some of the sulphate
ions from gypsum (ground with clinker) can also
enter the C-S-H phase because of some degree of
solid solution arising between the sulphate and
silicate ions from C,S or C28. The action can
aid early compressive strength development. The
set cement consists mainly of the alite and
belite hydration products and its properties are
determined accordingly. Calcium hydroxide
(Ca(OH)2) for example, makes cement paste to be
highly alkaline (pH 12.5) and this makes concretes
to be sensitive to acid attack. The high alkalinity
offers protection to embedded steel in reinforced
concrete against corrosion (30,31).

C4A reacts with water too vigorously on its
own and because of this, gypsum 1is ground with
clinker to prevent quick set and control the
setting reaction (29). The intermediate reactions
between CiA, gypsum and water results in needlelike

crystals of a sulphoaluminate, known as ettringite

(C3A.3CS.H ), which continue to form as far as

31
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sufficient sulphate icns are present iIn the
solution. The ettringite crystals form a layer
on GC,A grain surface and this retards further
hyiration of the CMA. At this time (1-2 hours)
seating is mainly dependent on the hydration of
0?5 and CES, and so the cement remains plastic
ar.i workable. With time, diffusion causes more
ettringite to form directly on the enscribed
surface of CG-,A. Crystallisation of the ettringite
brings pressure and expansion causing the layer
to crack, and this marks the end of the initial
set. The cracking opens up C for Tfurther
hydration and the process continues until Tfinal
setting takes place iIn about 6 hours.

The volume of the hydration products 1is
mere than twice that of the anhydrous cement and
consequently, as the hydration proceeds, the
products gradually fill iIn the spaces. Points of
contact are formed causing stiffening and within
10 hours, the concentration of the hydration
products and the points of contact restrict the
mobility of the cement grains tc such an extent
that the mass becom.es rigid. This is the final

set and the porosity of the mass is greatly lowered.



The sulphate ions are depleted in 24 hours
and further hydration of C3A results in the
conversion of ettringite into a monosulphate

(C4A.CS.H ), or into hexagonal plate solid

12

solution of CMASH12 and C, AH When the limiting

13°
composition of the solid solution is reached, the
remaining C3A hydrates to form CuAng which
depending on temperature may convert to the C3AH6
or by taking up silica become a hydrogarnet.
Alumina and iron oxide containing phases such as
CHAO.SFeO.SHIS also begin to form at this stage.
The calcium silicates continue to hydrate giving
CSH particles having the shape of short fibres.
The hydration products continue to fill pores
reducing porosity even further.

The ferrite phase reacts in a similar manner

to C,A and the iron(III) substituted hydration

3
products are structurally very similar. They
readily enter into solid solution with their pure
(C3A) analogues (29,30).

The rate of hydration is affected by: age;
cement fineness; cement composition; w/c ratio;
temperature; and admixtures (32,33). The cement
paste strength is determined by the hydration

process and therefore the factors cited above also

affect the strength (34).



2.3 Concrete.

Concrete is composed of a coarse aggregate
forming the bulk of the mix, a fine aggregate
filling the voids between, and cement and water
to bond the whole together (6), To obtain a
dense concrete, the aggregates are graded so as
to leave the least unfilled spaces between the
particles. The most compatible mixes are worked
out proportionately as 1 cement: x fine aggregate:
y coarse aggregate by volume or by mass. The
aggregate proportions and sizes may be varied
depending on the products to be manufactured (35).

The quality and quantity of mortar which
binds the coarse aggregate together gives the
properties of the concrete (6).

AN

2.3.1 Factors affecting concrete strength.

The quality and quantity of concrete
constituents in the mix affect concrete strength.
The working on the materials and supervision of
the work has been found to be an important factor.
If the work is carried out properly the strength
is governed by the strength of the cement paste,
the paste-aggregate bond, and some properties of

the aggregates (36).



2.3.1.1 Aggregate Properties.

At least 2 of the volume of concrete is
occupied by the aggregate. Many properties of
the aggregate depend entirely on the quality of
the parent rock but the particle shape, size,
surface texture and adsorption have a considerable
influence on the quality of concrete. A rougher
surface like that of crushed particles, porous
and mineralogically heterogeneous particles result
in the formation of a better bond.

Aggregate porosity, permeability and
absorption not only influence the bond but also
the resistance of concrete to: freezing; thawing
and abrasion. The factors also influence the
chemical stability of concrete (37). The
aggregates' coefficient of thermal expansion,
specific heat and thermal conductivity have also
been found to affect concrete strength. The
factors are significant especially in the hydration
process.

A 'fine-grading' sand requires additional
water for the workability to be preserved as
compared to one of coarser grading. This results

in a higher w/c ratio and hence less strength.



The suitability of zone 4 sand (finest grading)

in reinforced concrete has to be tested although
it usually ferms good concrete especially by
vibration. Presence of moisture in sand causes
'bulking' and extremely fine sand has been known
to bulk as much as 40% at the moisture content of
10%. Such a sand has been found to be unsuitable
for manufacture of good quality concrete. At the
other extreme, a coarse sand of zone 1 produces a
harsh mix, and a high sand content may be necessary
for higher workability. The sand is suitable for
rich mixes or for use in concrete of low workabi-
lity (38,39).

Some contaminants of the aggregates are
destructive to concrete. These can be classified
as: impurities which interfere with the processes
of cement hydration; coatings on the aggregate
which prevent the development of a good paste-
aggregate bond; and certain individual particles
which are weak or unsound in themselves, All or
part of an aggregate may be harmful due to chemical
reactions between it and the cement paste.

Silt and fine dust in excessive quantities

increase the amount of water necessary to wet all
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the particles iIn the mix because of their mopping
up action. Salt contamination affect the

quality because salt absorbs moisture from the

air causing efflorescence. Unsound particles like
clay lumps 3 wood, et cetera, lead to pitting and
scaling of concrete. Free mica In the aggregate
has been found to adversely affect the water
requirement and strength of concrete (40).

Gypsum and other sulphates are dangerous
because of the sulphate attack. [Iron pyrites,
mercasite and pyrrhotite react with water and
oxygen to form sulphates. Glasses are expansively
reactive with alkalis from cement while hard
burnt lime and dolomite adventitiously incorporated
in the aggregate will react with water in the
fresh concrete, and carbon dioxide from the air
to form hydroxides and carbonates. The products

swell causing disfiguring pop-outs on the concrete

(41).

2.3.1.2 Paste-aggregate bond

The bond depends on the properties of the
cement paste and the aggregate. The w/c ratio
iIs one of the important determinants and applies

to concrete as It does to the paste. The roughness



of the aggregate is associated with greater
strength which may be due to increased surface
area and improved mechanical interlocking. In
some cases, the properties of the layer at the
paste aggregate interface are different from
those of the individual aggregate and the paste,
implying that a chemical reaction takes place

at the interface. While working with extrusive
(lava flow) rocks, Alexander et al (42) found
that the bond strength increased with increase in
silica content within the range of u45-70%
(silica). They attributed the phenomenon to
chemical reactions between silica and lime of the
cement similar to those occuring in the pozzolanic
cement-water systems. With silica containing
aggregates, the reactions are limited to the paste
aggregate interface and these determine the bond
characteristics and strength. Farran (43) found
that calcareous aggregates produced stronger
concrete and attributed it to slight dissolution
of the calcite, and the epitaxial growth of a
layer of solid solution CaCO3—Ca(OH)2 at the

aggregate surface.
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The exact nature of the paste-aggregate
bond i1s not fully understood but the bond is

characterised by the presence of a thin layer
which bridges the aggregates and the paste.
Soroka (44) contends that the layer 1i1s formed as
a result of a chemical reaction between the
cement and the aggregate, or epitaxial growth,
or a combination of both. Some paste-aggregate
reactions are however deleterious to concrete

systems.

2.3.1.3 Deleterious concrete reactions
associated with aggregates.

Most of the deleterious reactions are
expansive in nature, causing failure by cracking
and the associated after effects. The reactive
aggregates differ and so do their respective
reactive conditions.

The principal factors governing the
extent of expansive reactivity of aggregates are

©O) nature, amount and particle size
of the reactive material; and
(i1) amount of the alkali and water

available.



The reactions that have been found to be
detrimental to concrete are: alkali-aggregate
reaction, cement-aggregate reaction, and alkali-

reactive carbonate aggregate reaction (45,46).

2.3.2 Admixtures and surface treatment of concrete.

Admixtures are materials that are added to
mortar or concrete when mixing in order to modify
the properties of the product, either in its fresh
or hardened state. Such materials are used to make
expanding or non-shrinking cements; lightweight
products like aerated concretej; and concretes
resistant to, alkali-aggregate reaction, chemical
attack, fungi, germs, and even insects.

There are a large variety of materials
which are applied to the surface of concrete either
to water-proof or render it resistant to attack by
chemical agencies. Examples of the materials
include aqueous solutions such as silicofluorides,
surface covering by paints, linings and sheets;

and gas treatments such as silicofluorination (47).

2.4 Chemical attack on cement and concrete.

Deterioration or corrosion of concrete due

to chemical agencies is a well known phenomenon.



The agencies may either be natural like sea

water, rain water, and some soils; or man made

in the form of effluents from industries, sewerage
systems et cetera.

Research has been done over the years to
identify the agencies, and to come up with
appropriate remedies. In some cases, change of
cement type, use of admixtures and surface treat-
ments has been found necessary, while in others,
complete change of materials, for example, plastic

for the concrete systems has been recommended.

2.4,1 Soft and pure water.

Cement paste consists of about 65% lime,
part of which is present as free calcium hydroxide.
The solubility of calcium hydroxide in water is
about 1.7 g/l and can therefore be leached out by
water., The hydrates of calcium silicates,
aluminates and ferrites, are stable in aqueous
solutions of a certain value of lime. Water
dilutes the solution causing hydrolyses of the
hydration products allowing further lime to go

into solution in order to maintain equilibrium,



The effect is limited to pure and soft
water because the dissolution of calcium
hydroxide in hard water is rather limited. The
attack is severe where continous flow occurs and
this makes rain water to be among the most
corrosive agents. Concrete roofing is therefore
usually covered or admixed with protective

substances (u48),

2.4.2 Sea water

Concrete is widely used in the construction
of harbours, docks, breakwaters and other
structures exposed to the action of sea water.
Concrete in sea water may suffer attack due to,
the chemical action of the dissolved salts,
crystallisation of salts within the concrete
under conditions of alternative wetting and
drying, and corrosion of reinforcement embedded
in it. Attack in any one of these ways renders
the materials more prone to the action of the
remaining agents of destruction.

The pH of sea-water varies from 7.4 to
8.4. Generally chlorides make up 90% of the

salts while sulphates make up the remaining 10%.



32

Sodium chloride does not react with the calcium
hydroxide or other hydroxide products, but
magnesium chloride slowly reacts with calcium
hydroxide to produce magnesium hydroxide precipi-
tate, and calcium chloride solution. Calcium
chloride easily leaches out leaving a damaged
structure. In dense products, the deposition of
the hydroxide precipitate tends to slow down the
process unlike 1iIn porous and mOTG PGHANGADLIG
products where Hleaching goes on unabated.

The sulphate concentration iIn sea-water is
equivalent to a sulphur trioxide (S0™) concentra-
tion of over 2000 ppm. Given that only as low
as 500 ppm (SO™ equivalent) 1s required to cause
appreciable damage, extensive damage would be
expected from sea water due to sulphates. Experie-
nce has however shown that less deterioration
occurs. The exact reason for the reduced aggressi-
veness of the sulphate iIn sea water is not clear
and has been attributed to various reasons. The
greater solubility of gypsum and calcium sulpho-
aluminate in chloride solutions is thought to
reduce the effect of the volume increase associated

with sulphate attack (49). Another theory 1is that
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the presence of sodium chloride slows down the
formation of ettringite which iIs completely
inhibited iIn the presence of magnesium chloride
(50). Locher (5l1) however argues that the
presence of chlorides hardly affects the
formation of ettringite, attributing the reduced
rate of iIts formation to the presence of carbon

dioxide.

2.4.3 Acids and acidic solutions.

Highly acidic conditions may exist 1In
agricultural and industrial wastes particularly
from the food and animal processing industries.
For example lactic and butyric acids arise from
the souring of milk and butter, acetic acid from
vinegar processing, and oleic, stearic and
palmitic acids are encountered as constituents
of various oils and fats. Some domestic,
agricultural and commercial sewage systems have
been reported to be capable of producing sulphuric
acid microbiologically (562).

Most acids attack the cement by converting
Its constituents iInto readily soluble salts.

Attack by hydrochloric acid, for example, leads



to the formation of chlorides of calcium, aluminium
and iron all of which are soluble in water. A
similar effect is produced by most strong acids
such as sulphuric acid and nitric acids. Exceptional
in this respect are oxalic, tartaric and hydro-
fluoric acids which produce almost insoluble salts.
Of some special interest are salts of fluorosilicic
acid which are sometimes used to protect concrete
against mild attack (48).

Moskvin et al (53) in a study of corrosion
of cement stone and concrete in acid media using
0.001-0.1M aqueous solutions of HC1, H280u,

H4PO, , HF, HBr, HNOj, H,SO,, H,SiF;, and (COOH),

3° 27732 2
, showed that the acid corrosion media may

be divided into three groups: those which form a
permeable gelling layer of the corrosion products
(HC1, HBr, HN03) with the highest rate of corrosion;
those which depending on the concentration and
cement stone composition, form a gel or crystalline
layer of the products (H3P0u, HQSOl+ and H,

having medium rate of corrosion; and those which

803)

form a mixed gel-crystalline layer of the
corrosion products (HF, H,SiFg and (COOH)2) as

the least corrosive.
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2.4.4 Sulphate solutions.

Most sulphates attack hardened concrete
very severely. The attack causes expansion which
then results in disruption and cracking. An
exception 1is barium sulphate (barytes) which 1is
almost insoluble in water and is therefore not
aggressive. As low as the equivalent SO®
concentration of 500 ppm can cause considerable
damage.

Calcium hydroxide and tricalcium aluminate
hydrate react with sulphate iIn solution to form
solid products which have a larger volume. The
equations below represent the reactions 1In the

attack.

2 —
COD ;@ Pa@a) 2H2em  Casv 2H2°(S)

+ 20H 2.1

@q)
theoretical expansion, 2.2 times.

The calcium aluminate hydrates react with

sulphates i1n solution to form one of the two

possible calcium sulphoaluminates,



3Ca0.A1,0,.6H

203-6H,0 oy + 3Cas0, ¢ y + 26H

Loy —

3Ca0.A1,0,.3CaS80,,.32H,0 y —========-~- 2.2

Expansion 4.8 times

. . —ﬁ_———ﬁ
3Cal A1203 GHQO(S) + CaSOu(aq) + 6H20(1)

.CaS0,.12H,0, y =—=—====- 2.3

3Ca0.A1,0 (s)

23 2

Expansion 2.1 times

Magnesium sulphate is more efficient because
of the possibility of additional corrosive reactions
due to the presence of magnesium ions which
decompose both calcium silicate hydrate (C-S-H) and

the calcium sulphoaluminates.

3Ca0.28102.3H20(S) + 3MgSOu(aq) —_—

+ 28i0,.XH,0

3Cas0,,.2H (s) 2+ XH0 oy

0¢cgy * 3Me(OH),

3Ca0.A1,0

9 3.CaSOu.IZH 0

20¢sy * MBSO, (qqy —

4CaS0,, . 2H,0 + 3Mg(OH), ) + Al,0,.3H,0 y==-=== 2.5

27°(s) 2 2

The insoluble and expansive brucite (Mg(OH)Q(S))
is thus also produced (54). The silica gel formed

in equation 2.4 may react with magnesium hydroxide



to form a crystalline magnesium silicate which
has no cementing properties (u49).

Sulphate attack occurs on the C3 A
hydration products and so susceptibility of
portland cement to the attack will decrease with
a decrease 1in C3 A content (55). This is the
basis of production of sulphate resisting portland
cement (SRPC). The ferrite phase also reacts with
sulphates in a similar manner but the effect is
less than that on the C; A (56).

2.4.5 Chloride solutions.

Chloride solutions are deleterious
because they form soluble salts that leach out of
the concrete. The chloride ions also penetrafe
the concrete systems endangering any reactive
reinforcement especially steel.

In an investigation of the effect of
chlorides on concrete in hot and arid regions,
Ben Yair (57) studied the effect of chlorides on
the physicochemical properties of cement and
concrete exposed to chloride solutions for 8 years.
He found that the penetration and absorption of

the ilons into portland cements was much higher
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than that of sulphate ions, and that climatic
factors had a decisive iInfluence on the character
and magnitude of corrosion.
Gjdrv and Vennesland (14) in a study of
the diffusion of chloride ions from sea water iInto
concrete found out that ’the diffusion of chloride
Ions into concrete is not just dependent on
permeability and the capacity of chloride binding
but also on the i1on-exchange capacity of the
system. For blended cements like pozzolanic, the
pore solution has a lower concentration of hydroxyl
ions hence the capacity for exchanging anions with
the permeating solution is also lowerl.
Calcium chloride 1is used as a deicing
agent on the roads and i1ts aggressiveness against
Portland cement has been attributed by Chatterji
(58) to:-
©O) Crystallisation of complex salts
containing calcium chloride hydroxide
and/or carbonate;
(i1) Leaching of calcium hydroxide from
the cement paste thereby making the
paste porous and susceptible to

subsequent action of frost.



Other work by Ono et al (13) has shown that the
chloride ions in the early stages quickly
penetrate deeply into a specimen as compared to
sulphate ions, react with calcium hydroxide, and
convert calcium ions into extractable species in
the aqueous phase thereby, making the specimens
very porous, although some chloride is retained

as Friedel's salt, 3CaO.A1203(C12,SOH).12H20.

2.4,6 Fluoride solutions.

Fluorides have been associated with
increasing desirable properties to concrete
systems.

In a study of the corrosion of unreinforced
and reinforced concretes, Shypynova et al (59)
found that hydrofluoric acid decomposed calcium
hydroxide and calcium hydrosilicates to form
calcium fluoride (CaF2), Calcium silicofluoride
(CaSiFG) and sodium silicofluoride (NaSiFS).
Silicofluorides have been reported to form
protective systems (48). Birilenko et al (60)
have also reported that an aqueous 50-70%

Na,SiF

2 5 suspension was used as a hardening



initiator to increase mechanical strength and
homogeneity of concrete in making acid resistant
concrete.

Silicofluorination as a surface treatment,
in a process called Ocrate, has been used to
protect sewer pipes and concrete exposed to

aggressive conditions in industries in Holland,

Germany, Australia arnd U.S.A. among others (u47).

2.5 Resistance to chemical attack by some

cements.

After mechanically making a high quality
concrete the cement and/or the aggregate used may
not be suitable for the physico-chemical environ-
ment, to which the product would be exposed. The
choice of the constituents for different environ-
ments 1is therefore very important. This would
mean using, for example, acid resistant cement
and aggregates for an acidic environment.

The resistance of sulphate resisting cement
(SRPC) and pozzolanic cement (PZC) vis a vis that
of ordinary portland cement (OPC) to chemical

attack is discussed below.



2.5.1 Sulphate resisting portland cement (SRPC)

SRPC has a lower content of C3A than O?E.
In most standards the C3A content in SRPC isJ
limited to 5% or less while some standards, for
example ASTM C150, also limits the C,AF content.
The reduction in C3A reduces the heat of hydration
and the rate of the strength development.

The C3A hydrates are the most susceptible
compounds to sulphate attack in OPC and reduction
of C3A greatly reduces the vulnerability of cement
to the attack. OPC with 15% C3A would be expected
to be at least three times more reactive than SRPC,
In an investigation of the corrosion of SRPC vis
a vis OPCy, Fukuchi et al (61) found that SRPC had
a better resistance to sodium sulphate solutions
among others,

In chloride solutions, an experiment
revealed little difference between mortars made
of the cement and OPC. The SRPC was however found
to have a higher chloride content throughout the
period of study (1l4). This shows that SRPC takes
up more chloride ions than OPC and would be

expected to be more susceptible to chloride attack

(62).



2.5.2 Pozzolanic cement (PZC).

Pozzolanic activity removes or reduces
the calcium hydroxide necessary for gypsum,
ettringite, and brucite formation (equations 2.1-
2.5). Even if ettringite would be formed, it
would be unstable in solutions which are deficient
in lime, and therefore PZC is highly sulphate
resistant. Free lime of PZC has been found to
decrease rapidly after the seventh day while that
of OPC increases upto the 180th day (21).

The activity brings about more calcium
silicate hydrates which have a lower CaO/.SiO2
ratio than those of OPC. The hydrates therefore
become more resistant to the action of soft water
and consequently suffer low leaching. The presence
of abundant calcium silicate hydrate phases
further present an effective barrier, protecting
other phases that are more sensitive to aggressive
solutions.

v Concrete permeability is directly related
to the amount of hydrated cementitious materials
present in the concrete. Inclusion of pozzolana
as a partial replacement for OPC reduces
permeability to water, due to an increased propor-

tion of the hydrated cementitious materials (25).



Collepardi et al (63) while investigating
penetration of chloride ions into cement pastes
and concretes found out that PZC offered a higher
resistance to the flow of chloride ions than the
OPC pastes and concrete samples. G)érv and
Vennesland (14) came up with similar findings and
found that chloride penetration in OPC may be as
much as two to five times that in cements like
PZC. For such cements the pore solution has a
lower concentration of hydroxyl ions, hence the
capacity for exchanging anions with the permeating

solution 1is also lower.
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CHAPTER 111

EXPERIMENTAL

3.1 Analytical techniques

Several analytical techniques were used
depending upon the nature of the analysis required.
Some of the techniques, considered to be less

commonly used are discussed below.

3.1.1 Potentiometrie analysis

Potentiometric technique 1iIs an easily
adaptable method to different circumstances. It
can be used to determine a wide range of concentra-
tions, with only a minimum of procedural variations
The technique uses i1on selective electrodes and
within the last few years a wide variety has
become available,

Species now commonly determined by such
electrodes are: sodium iIn pure water; Tfluoride
and nitrate iIn potable waters; sulphide and
cyanide iIn industrial effluents; potassium, calcium
and carbon dioxide in biological fluids; and
chloride and ammonia in a variety of media (64).

The technique depends on the relationship

between concentration of the determinand and the



emf of an electrochemical cell in which the
determinand is one of the components of the
equilibrium system (65). The ideal system is
the one which utilizes the Nernst equation

expressed as:

Where E is the measured potential, E® the
standard reduction potential for the particular
species; C the concentration of the determinand
and K a constant.

_ RT
(K = =& log 10)

Digital meters can read to 0.1 millivolts
or 0.0001 pH units over a range of 999.9 mv or
O-14% pH units. Most of these meters display
the polarity sign automatically on the millivolt
scale. The technique has been developed over the
years so as to display the determinand concentra-
tions directly.

Specific ion membrane electrodes are used
and complexing substances affect the accuracy of
the ion in question. Such effects are removed
from the solution by buffering, and addition of

chemicals which free the ions in question. When



compared to other available methods, potentiometric
analysis of chlorides and fluorides has been found

to be far much superior (66).

3.1.2 Turbidimetry.

Small amounts of some insoluble compounds
may be prepared in a state of aggregation such that
moderately stable suspensions are obtained. The
optical properties of each suspension will vary
with the concentration of the dispersed phase.

When light is passed through the suspension, part
of the incident light is passed through the
suspension, part of the incident radiant energy 1is
dissipated by absorption, reflection and refraction
while the remainder is transmitted. Measurement

of the intensity of the transmitted light as a
function of the concentration of dispersed phase

is the basis of the turbidimetric analysis.

For the cloudiness or 'turbidity'to be
reproducible, utmost care must be taken in its
preparation. The precipitate must be very fine
so as not to settle rapidly. The following
conditions should be carefully controlled in order
to produce suspensions of reasonably uniform

character.



(a) The concentrations of the two ions
which combine to produce the precipi-
tate.

(b) The manner, the order, and the rate
of mixing.

(c¢) The amounts of other salts and
substances present, especially
protective colloids.

(d) The temperature.

The barium sulphate technique for sulphate

determination is the most common (67).

3.1.3 X-ray diffractometry.

The phenomenon of X-ray diffraction by
crystals results from a scattering process of
X-rays by the electrons of the atoms without
change in wavelength. A diffracted beam is
produced by such scattering only when certain
geometric conditions are satisfied which may be
expressed in either of two forms; the Bragg law,
or the Laue equations. "The resulting diffraction
pattern of a crystal, comprising both the positions
and intensities of the diffraction effects, is a
fundamental physical property of the substance

serving not only for its speedy identification



but also for the complete elucidation of its
structure' (68).

Bragg gave a very simple geometrical
interpretation of diffraction by a crystal
grating. Using an analogy to specular reflection
he showed that the conditions for a diffracted

beam of X-rays are given by the relation:

nA = 2d sin 6 —~c—mmmmm——e————o 3.2

where n is an integer, the order of diffractionj;i
the wavelength of X-rays; d the interplanar
spacing between successive atomic planes in the
crystal; and 8 the angle between the atomic plane
and both the incident and diffracted beams. This
fundamental relation is the Bragg law.

If a crystal is mounted with a face on an
axis of a rotating or oscillating table, and a
narrow beam of monochromatic X-rays strikes the
face, the conditions of the Bragg's law will be
met at certain definite values of the angle 6,
and the beam will produce a spectrum of several
orders on a photographic plate (69).

In the Laue method a polychromatic beam
is required and it is not strictly parallel but

more or less divergent (70). The analysis of the



positions of the diffraction effect leads
immediately to a knowledge of the size, shape
and orientation of the unit cell. To locate
the positions of the individual atoms in the
cell, the intensities must be measured and
analysed.

In powder diffraction technique, a beam
of monochromatic X-rays impinges upon a crysta-
lline powder composed of fine randomnly oriented
particles. Under these conditions, all the
diffracted rays from sets of planes of spacing,
say dl, generate a cone of angle 261; planes of
spacing d2 generate one of 26, and so on. A
pattern of concentric rings is thus produced and
they intersect a film placed perpendicular to
the undeviated beam at a certain point (71).

Interplanar spacings are then derived from
the observed angles, with the aid of the Bragg
equation (3.2). The process consists of:-

(a) a linear measurement on the film,

(b) conversion of the measurement to

the equivalent Bragg angle 8, and

(e¢) calculation of d values from the

Bragg equation.



Diffractometer stripchart records are
particularly easy to interpret, since the chart
paper is printed in such a way that 26 values
can be read directly. By using the data for the
construction of d-scales for measuring photo-
graphic patterns, it is very easy to construct
cardboard scales for the direct measurement of
d spacings from the strip-chart records.

The mineral is identified by matching the
d-values obtained to existing mineralogical d
values data available from 'International Centre

for Diffraction Data' (72,73).

3.2 Experimental

3.2.1 Materials.

Deionised water and analar grade reagents

were used in all the preparations.

3.2.1.1 Cements.
Table 3.1 gives the cements and the
chemical compositions which were generously provided

by Bamburi Portland Cement Company limited

(Mombasa).



Table 3.1;

Subs tance

Sion
I.R
Al12°3

Fe2°3
Ca0o

MgO

SO03
Na20

K20

3.2.1.2
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Chemical composition (main components)

of cement samples (%).
OPC SRPC PZC
19. #A 19.15 18. %6
0.7 0.26 4.01
5.4 5.00 5. 98
4.21 6.78 3.20
62.23 63.28 59.45
0.75 0.79 0.90
2.95 2.26 2.63
0.33 0.22 0.39
0.54 “0.43 0.68

Sands.

Sands were sampled from the primary sources

of the suppliers to the concrete and the general

construction industry.

The sources from Machakos district were:-
@ Thwake river
(b) Syuuni river

© Kasinga river

and from Kajiado were:-



(a) Sajiloni area
(b) Ngoire area
(c) Olkejuado river

(d) Mbilo/Sajiloni

The samples were put in labelled pre-washed bags.

3.2.1.3 Waste waters.

These were sampled from a factory in
'Athi-river' town. The factory locations from
where the water was collected were:-

(a) filter samp

(b) waste-water drain gutters

(¢) waste water storage reservoirs

The samples were put in labelled plastic bottles
which had been thoroughly cleaned with 0.1M HNO3

acid followed by plenty of deionised water.

3.2.2 Analysis of the sand.

3.2.2.1 Samgling.

The sands were dried overnight in an

oven at 100°C. The dried sand was then sampled
by use of a sample divider (rifle box) as stipula-

ted in B.S 812: Part 1l: 1975 Clause 5.



3.2.2.2 Silt analysis.

The 'Field settling technique' as
explained in B.S 812: Part 1, 1975 Clause 7.2.5,
was used to obtain the amounts of silt as per

cents in the sands.

3.2.2.3 Sieve analysis.

About 200g of the sample was put in
preweighed sieves arranged in the order; 3/16",
Numbers, 7, 14, 25, 52, 100, 200 and the collecting
pan. The top sieve 3/16" was covered with the top
pan and the series fixed to a 'Test Sieve Shaker
Model E.F.L. 1' which was run for about 10 minutes.
Each sieve (plus the collecting pan) with its
confents were weighed and the masses recorded. The
sieves were emptied and any stuck sand particles
brushed off. The procedure was carried out three
times for all the samples.

The masses of the samples retained in
each sieve was obtained by substraction and the
average of the three values recorded. The percen-
tage passing each sieve was calculated by:-

(a) taking the cumulative sum of the

masses of the samples retained

in the sieves,
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(b) Subtracting the above figures
from the total masses of the samples
taken, and
(¢ dividing the result by the total
mass of sample and multiplying by
100% -
The percentages obtained were plotted In British

Standard Zones 1 to 4.

3.2.2.4 Mineralogical analysis.

Different grains iIn the sand samples
were 1identified and separated using a binocular
microscope. Similar grains were ground using an
agate mortar with acetone. The sample powder was
mounted iIn a cell and run in the Phillips X-ray
diffractometer, Model 1710.

The data obtained (d-values) from the
resulting film or strip-chart was matched to the
existing data and the minerals 1identified.
McClunes et alTs Search Manual and Data Book were

used for the identification (72,73).

3,2,3 Analysis of the waste waters.
The concentration of sulphate, chloride,

fluoride and phosphate, iIn the effluent was
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determined using the appropriate methods described

below.

3.2.3.1 Sulphate analysis.
Apparatus: Turbidimeter, HACH Model with
iIts standards.

Reagents;

(@ Conditioning reagent; 50 ml glycerol was mixed
with a solution containing 30 ml concentrated
hydrochloric acid, 300 ml distilled water
100 mI 95% 1isopropyl alcohol and 75g sodium
chloride.

(b) Barium chloride crystals 20-30 mesh.

(c) Standard sulphate solution.

147.9 mg anhydrous sodium sulphate was
dissolved in distilled water and diluted to 1000ml.
This was 100 ppm solution and from this solution,

5-25 ppm standard solutions were made.

Procedure:

50ml of the sample, or a suitable aliquot
made up to 50 ml was measured iInto a 250 ml conical
flask. Exactly 2.5ml conditioning reagent was

added and stirred. The turbidity of the mixture



was determined and recorded as turbidity without
barium chloride.

The sample was put back into the flask and
while stirring, a spatula of barium chloride
(which was in excess of the sulphate equivalent)
was added, the mixture stirred for exactly 1 minute,
and the turbidity determined immediately.

A calibration curve was drawn by plotting
turbidity versus concentration of 0-25 ppm standard
solutions and the slope determined. The concentra-

tion of the sulphate in the sample was obtained

as:-
Concentra- . . Turbidity Turbidity
tion = di;ﬁ;;gn X with - without
(ppm) - BaCl, BaCl,
slope
3.2.3.2 Fluoride analysis.,
Apparatus:

(a) Orion ionalyser model 801

(b) Eil ionalyser model 7035

(c) Orion fluoride electrodes 94-09

(d) Orion double junction reference
electrodes with the filling solutions.

(e) 100ml plastic beakers.
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Reagents

(a) Standard fluoride solution A (100 ppm).
0.2210 g of anhydrous sodium fluoride
(Analar) was dissolved in water and diluted to
one litre in a volumetric flask. The solution
was immediately transferred into a one litre

plastic bottle.

(b) Standard fluoride solution B (10 ppm).
100 ml of solution A was pipetted into a
litre flask, made up to the mark, and stored in
a labelled plastic bottle.
(c) TISAB (total ionic strength adjustment buffer).
58g of sodium chloride, 57 ml of glacial
acetic acid, and 4.5g of 1l,2-diaminocyclohexanete-
traacetic acid (CDTA) were added to 500ml of
deionised water in a one litre beaker. 120 ml of
5M sodium hydroxide solution was slowly added with
constant stirring to the mixture until all the solids
dissolved. The beaker was cooled to room tempera-
ture (23 + 2°C) by placing it in a cold water bath.
Both the pH and the reference electrode were placed
into the solution. More of the hydroxide solution
was added slowly while stirring until a pH of
5.0-5.5 was obtained. The solution was then trans-

ferred to a one litre volumetric flask where the



volume was made up to the mark with the washings

from the beaker.

Procedure

25 ml of solution A (concentration Sl) was
pipetted into a 100ml plastic beaker. 25ml of
TISAB was added into the beaker and stirred. The
fluoride and reference electrodes were rinsed with
deionised water, dried with tissue paper and immersed
into the solution being stirred. After stabilisa-
tion, a readout in millivolts was recorded as Eq.

The procedure was repeated with solution B
(82) and the potential recorded as Ez. A calibration
slope (K) was calculated using the formula

‘- R N T 3
log Sl - log 82 :

The value of K was -57 + 2 mv. The procedure was
repeated with a sample solution whose potential
(Ex) was read out. The difference between E, and
E. (AE) was calculated and the concentration (C)

1
of the fluoride ions calculated using the formula

(87)

C = Sl anti log (AE/K) ====----- 3.u



The determination was repeated using EiL
model 7035 ionalyser. In this case the concentra-

tion was read directly on the instrument.

3.2.3.3 Chloride analysis.

Apparatus.

(a) Orion ionalyser model 801,

(b) Orion chloride electrode 94-17B.

(c¢) Double junction reference electrode
with accompanying filling solutions.

(d) 100ml plastic beakers.

Reagents.
(a) Stock chloride solution (1000 ppm).
Analar sodium chloride was dried in an oven
at 150°C for four hours. 1.649g of the salt was
dissolved in a litre flask using deionised water.
This gave a chloride solution of 1000 ppm.
(b) Chloride buffer solution.
77.8g of analar ammonium acetate was dissolved
in 250ml of.water. 57ml of analar acetic acid (sp.

gr. 1.05) was added and the mixture diluted to one

litre.
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Procedure

From the stock solution, an aliquot of
100 ppm was prepared and labelled Sl' 50 ml of
Sl was put into a 100 ml beaker. The chloride
electrode which had been immersed in a 0.1M
hydrochloric acid for 12 hours was removed from
that solution, rinsed with deionised water and
dried with tissue paper. The electrodes were
dipped into the S, solution. 5ml buffer was
added and stirred. After stabilisation, the
readout (mv) was recorded as El' The procedure
was repeated with 500 ppm (82) solution and the
potential recorded as E2.

The calibration slope K, (-57 + 2 mv)
and the concentration of the chloride were

calculated using equations 3.3 and 3.4,

3.2.3.4 Phosphate analysis.

(1) Persulphate digestion method

Reagents
(a) Phenolphthalein indicator solution.
(b) Sulphuric acid solution.

300 ml of concentrated sulphuric acid was
added to deionised water and the volume made up

to a litre in a volumetric flask.



(c) Potassium persulphate solution.

5g of K,S5,0, was dissolved in 100ml of

water.

(d) IM sodium hydroxide solution.

Procedure

100ml or a suitable aliquot of thoroughly
mixed sample was taken and to it was added a drop
of phenolphthalein indicator solution. If any red
colour developed, sulphuric acid solution was
added to just discharge the colour. 1 ml sulphuric
acid solution and 15 ml potassium persulphate
solution were then added.

The mixture was then boiled gently for at
least 90 minutes adding distilled water to keep the
volume between 25 and 50 ml. The mixture was then
cooled, a drop of the indicator added, and neutra-
lised to a faint pink colour with sodium hydroxide

solution. The volume was then restored to 100 ml

with dJdeionised water.

(ii) Phosphate determination.

Apparatus
7eiss spektralphotometer model PM 2DL.
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Reagents.
@ Combined reagent.

A 100 ml reagent was prepared by mixing;

5 ml 2.5V sulphuric acid, 5 ml antimony potassium
tartrate, 15 ml ammonium molybdate, and 30 ml
ascorbic acid.

(b) 0.1M ascorbic acid.

1.76g ascorbic acid was dissolved in 100 nil
distilled water.
© Isopropyl alcohol.

@ 2.5M sulphuric acid solution.

70 ml concentrated acid (sp.gr.1.84) was
diluted with deionised water and made up to 500 ml.
e Antimony potassium tartrate.

4.3888g of K(Sb0) CMHMNOg.MHMO was dissolved
and made up to 200 ml using deionised water.

) Stock phosphate solution (B0 ppm).

219.5 mg of potassium dihydrogen orthophos-
phate (K Hz2P04) was dissolved and made up to 1000 ml
with distilled water.

Procedure
From the stock solution, 1 ml, 2 ml, 3 ml,

4 ml and 5 ml were pipetted into 50 ml volumetric

flanks To each of the flasks was added 2.5 ml of



propan-2~ol, 2.5ml of the working combined reagent

and the volume made up to the mark with distilled

water. The standards were labelled 0.02, 0.04,

0.06, 0.08 and 0.10 ppm respectively.
The wavelength was adjusted to 710 nm on

the spectrophotometer. The standards were run and

appropriate adjustments made on the spectrophoto-

meter so that the concentrations would be read out

as accurately as possible.

To a 20ml sample, 2ml of propan-2-o0l and

2ml of the combined reagent was added and the

mixture thoroughly mixed. The mixture was allowed

to stand for ten minutes before reading the concent-

ration on the spectrophotometer (74).

3.2.4 Preparation of mortar cubes.

sand samples from each of the districts,

with a silt content below 10 per cent, were nixed
using mechanical concrete mixers and put in labelled

bags. British standard sand was also obtained.

Mortar cubes of the three categories of sands

with OPC, SRPC and PZC were made using Kenya

standard KS 02-21: 1976 specifications.
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Procedure

The joints of 70.7 mm cube moulds were
greased, and the surfaces oiled. One such mould
was fixed to a compacting vibrating machine.

For Kajiado and the standard sands the
following proportions were taken, Cement 185¢g;
sand 554g; and water 74 ml,

The sand and the cement were thoroughly
mixed in a tray. The water was added and the

materials were thoroughly mixed for 1 minute. The

mixture was then put in the mould and the compacting

machine run for two minutes.

The impregnated mould wag carefully removed
from the machine, and the top open side covered with
a polythene paper to prevent any water loss. The
procedure was repeated twice using the same ingred-
The three cubes were put in g formally

ients.
wetted leakfree polythene bag and tied tightiy at

the edge. The bag was labelled to show the ingredients

and the date, and left for 24 hours at a temperature
of 27 + 2°C.

After the 24 hour period, the cubes were
demoulded, labelled on their surfaces as per the

label on the bag, and immersed in fresh tap water



- 65 -

for maximum hydration. The water was changed
every seven days, and the cubes stayed in it for
at least five months. The procedure was repeated
so that for each cement/sand combination, 126
cubes were made.

The Machakos sand/cement mixture was
orkable with the 74 ml of water and so 92.5 ml

unw

of water was used. 'Bulking' took place as well
and therefore at the end of each compaction, the

top of the mortar was cut off to the level of the

mould.
All the cubes were made within 18 days.

Preparation of aggressive solutions.

3.2.5
Two litres of each aggressive solution,

prepared as described below, were put in dessicators

1abelled 1x, & or b to 9%, a or b, where x was the

first letter of the solution's name and 'a' or 'b'

the lower or the higher concentration respectively.

The fluorides were put in special fibre-glass

cuboids. The waste (effluent) and deionised water

wepe similarly sampled with the former being put

ss cuboids. The dessicators and

in fibre-gla
d with greased glass tops.

cuboids were well covere
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(a) Sulphates.
2,500 ppm sulphate solution was prepared

by pipetting 2.9 ml of concentrated acid

(sp.gr. 1.84) into 1900 ml deironised water iIn a

2 litre volumetric flask, mixing thoroughly and

making up the volume to the mark. 400 ppm was

prepared by pipetting 0.46 ml of the acid and

repeating the above procedure.

b) Chlorides.
1200 ppm chloride solution was made by
pipetting 5.81 ml concentrated hydrochloric acid

(sp-gr. 1.18) into about 1900 ml deionised water

in a 2 litre
pipetting 2.42 ml of the acid.
of dilution was used as for the sulphate solutions.

flask. 500 ppm was prepared by

The same procedure

© Fluorides.

Plastic wares were used for the fluoride

preparation. 30 and 10 ppm solutions of fluoride

were made by pipetting 0.35 and 0.12 ml of

hydrofluoric acid (sp.gr. 1.13) into five litres

of deronised water respectively and mixing

thoroughly.
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3.2.6 Compressive strength, length measurements

and immersion of the cubes iIn the aggre-

ssive media.

A cube from each pack of the three was

randomnly sellected and i1ts compressive strength
determined using a Denison compression machine after

the five months duration iIn water. The average

compressive strengths were calculated so as to

compare the cements and the sands used. Three

cubes made of the same iIngredients (cement and

sand) were randomnly selected and labelled a, b,

and c. Lengths of the sides were determined at

the middle using a vernier callipers. The average

length was cubed to obtain the volume of each cube
which was recorded as the TfTirst day volume.

The pH of the fresh aggressive solutions

was determined and recorded (1st day pH). The

cubes whose measurements were taken were 1Immersed

In the dessicators in such away that:- dessicators

1,2,3 had OPC, 4,5,6 had SRPC ; 7,8,9 had PZC cubes
while 1,4,7 had standard sand 2,5,8 had Kajiado

sand; and 3,6,9 had Machakos sand.
Investigations were carried out on the

samples In the dessicators for six months iIn order
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to compare the performances of the different

cements and sands.

3.2.7 Monitoring the effect of the aggressive

solutions on the cubes.

(a) pH measurements.

These were taken twice a week and the

changes recorded.

(b) Volume changes.

Length measurements were taken once a week
and the volume computed. After the six months,
profile graphs and averages were used to assess
the performance of the cements and sands based on
the percent volume changes from the initial values.

Ions uptake by the cubes.

(c)
Samples were taken out of the dessicators

at different intervals and the respective sulphate,

chloride and fluoride concentrations determined.

In the waste and deionised water samples,

fresh 2 litre samples were put back after each

sampling. After a sample of 100 or 50 ml was

n from the fluorides,

eadjusted by adding the respective

¢ ake chlorides and sulphates,

the solution was r
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acid until the pH was equal to the initial value
The volume was then made Up to 2 litres by the

addition of the appropriate volume of deionised

water,

The concentration of the anions taken up
by the cubes was divided by the days taken and
recorded as average anion uptake per day. Analysis
for each set was carried out maintaining condi-
tions which were as identical as possible, After
the six months, profile graphs of the anionic
uptake per day against time in days were drawn for
the anions and from these and the overall mean
uptake, the performance of the sands ang cements
were assessed.

The volume change and anionjc uptake data
was analysed and the curves drawn using Instat

soft-ware package (75) and the BBC microcomputer,

Leaching out of the cations,

(d)
The following cations were investigated: -

(i) calcium, (ii) magnesium, (iii) jiron,
(iv) silicon and (v) aluminium,
The analysis was carried out using atomic

absorption spectroscopic technique. Perkin Elmer



Model 2380 and Pye Unicam SP30A series instruments

were used.

A computer programme for analysing the data

was written. The programme eliminated the tedious

calibration curve drawing and the ensuing matching

procedures. For each cation, the known absorbance

(x) was entered followed by the corresponding
standard concentration value (y) for the number of
standards used. The unknown sample concentrations

were then obtained by entering the absorbance data.

The program used 1s given as appendix I,

(e) Compressive strengths.

At the end of the six months, the compre-
ssive strengths of the cubes:from each dessicator

was determined and the mean computed.

The values obtained were compared to the

initial compressive strength values (before

exposure) and the results recorded as percentage
changes. These values together with the other

data were used tO assess the performance of the

cements and the sands.
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CHAPTER FOUR

RESULTS AND DISCUSSION

The results obtained from the experiments
described in chapter three are presented. These
are the results of: the physical and mineralogical
analyses of the sands; chemical analysis of the
factory waste waters; the pH changes of the aggressive

solutions in which mortar cubes were i1Immersed;
volume changes of the cubes i1mmersed in the solutions;

anionic meahxaqx the cubes from the solutions;

leaching out of cations from the cubes to the solu-
tions; and the compressive strength changes that

occured during the six months investigation period.

Erom these results and their discussion the performance

of the cemen%é aHU the sands have been assessed,

4.1 Properties: ot Fhe-Kaiiado (KID) and_Machakos

4.1.1 SUt™nient”

iven in tables 4.1 to 4.3 show that
Results dS girven

, » ,css silt than the Kajiado one,
Machakos sand ha<

of sands used for the investiga-
The different type

i1 It content was less than
} those whose si—
tion were

10%.
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TablG 4.1: Si It content of Machakos sand.

Kas inga Kas inga Thwake Thwake Syuuni

Sample A B A B
Height of silt (cm) 1.0 0.5 0.6 0.6 0.7
Height of sand (cm) 10.6 9.6 10.9 10.0 12.0

9.4 5.2 5.5 7.0 5.8

Silt percentage

Table 4 2* Silt content of the first batch of Kajiado sand

Olkejuado Sajiloni Sajiloni Ngoire Ngoire

Sample Valley A A B A B
Height of silt (am) 0.6 2.5 2.0 20 1.8
Height of sand (cm) 9.8 10.3 9.9 10.9 9-5

6.1 24._3 20.2 18.3 18.9

Silt percentage

n .1+ rnntent of the second batch of Kajiado sand

Table 4.3: = ——————
Ngoire C  Olkejuado Mbilo/Sajiloni
Sample " Valley B
_ _ 1.8 1-1 0.5
Height of silt (cm)
10.8 H.4 H.7
Height of sand (cm)
16.7 9*6 4-3

Silt percentage



4,1.2 Particle size distribution of the sands.

The results of the particle size distribution
are shown in tables u.h and 4.5, All the sands

fitted in the British standard zones and so all were

suitable for concrete work. Machakos sand was the

finest (ZONE %) and was found to bulk when the mortar

cubes were being made. A water/cement (w/c) ratio

that gave workable mixes for the other sands gave an

unworkable mix for the Machakos sand such that a

higher ratio had to be used.

tBulking', defined as the increase in volume

of a given weight of sand caused by films of water

pushing the sand particles apart has been known to

occur upto 40% in extremely fine sand at a moisture

content of 10%. such a sand would be unsuitable for

the preparation of good quality concrete (76). The

results therefore indicated an inferiority of the

Machakos sand.

Kajiado sand particle distribution zones.

Table 4.Y4:
-
Sample Zone fitting
-
Olkejuado valley A 2
Olkejuado valley B 3
2

Mbilo sajiloni




Table 4.5: Machakos sand particle distribution

Zones.

Zone fitting

Sample

Kasinga A y
Kasinga B b
Thwake A u
Thwake B 4
Syuuni 3

4.,1.3 Mineralogical contents.

gimilar minerals were found in all the sand

samples. This was expected because the two districts

are in a similar geological area. Machakos sand was.

however found to be richer in mineral content.
The minerals identified in Kajiado sand were:

quartz (a-SiOQ); mica (muscovite) clinoamphibole

ﬂde) and goe‘thi‘te (
s the highest, followed by mica

(hornble iron oxide hydroxide).

Quartz content wa
to a small degree€ while the other two were in traces.
Those identified in Machakos sand were: quartz,

feldspar, magnetite, amphibole and mica. Quartz

he highest while the rest were in traces.

content was t




Quartz which formed the bulk of both sands i
s

known to be inert (18). The mica and feldspar

families have been associated with deleterious

reactions while the other minerals are normal t
race

components of sands (77,78).

y,? Anionic analysis of waste waters

The results of analysis of the waste waters
for sulphate, chloride, fluoride and phosphate
content were used to decide the anions and the
concen-

tration levels to be used in the six month in t
vesti-

gation.

y.2.1 Sulphate content
Results as given in table 4.6 show that th
e

sulphate levels were VEIrY high. The average results
of samples 1 and 4 were used to make sulphate
solutions of lower concentration while those of 2
and 3 determined the higher concentration levels for

+he laboratory jnvestigation.
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Table 4.6: Sulphate concentration of the waste

waters.
Sample number Concentration (Ppm )
a b mean
I 361.70 377,04 369,41

2566.16 2566.50 25GS.33
2414 .95 241486 2414 .91

378.98 362.05 369.52

A wWwN

2.2 Chloride content
The levels as given iIn table 4.7 are very
high The average results of samples 2 and 4 were
used” to maKe solutions of lower concentration while
those of 1 aﬁa g weype used for the higher concentra-

tion solutions.

Table 9.7 Cblorioe-2ncentrations in the waste

waters.



4,2.3 Fluoride content.

Tables 4.8 and 4.9 give the results obtained

using Orion Ionalyser model 801 and EIL analyser

model 7035 respectively. The latter analyser and a

different set of electrodes were used to counter-

check the suitability of the Orion model which was

to be used for the investigation.

The two instruments gave very similar results

and so any of them could be used for further analysis.

The fluoride levels were lower than those of the

chlorides and sulphates but quite significant.

Samples 2 and 3 had the highest concentration levels

and the average values were used in the preparation

of the corresponding fluoride solutions. Average
values of samples 1 and 4 were used to prepare the

fluoride solutions of lower concentration.

Table 4.8: Fluoride concentrations (determined by
* . —

on Ionalyser Model 801).

Ori
_______._——-""""—_——T"-
Concentration (ppm)
ber
Sample numbe
a b c mean

__ﬁ_____‘______"_______._f

1 8.272 g.2u41 8.303 8,272

2 38,443 38.874% 38.730 38.683

3 15.225 14,944 15,112 15.094

6.oul 6,477 6.520 6.512
y
.
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Table 4.9: Fluoride concentrations (determined by

EIL Tonalyser Model 7035).

Sample number Concentration (ppm)
a b mean
1 6.7 6.5 6.6
2 38.0 38.0 38.0
3 13.0 13.8 13.4
y 5.5 5.5 5.5

4,2.4 Phosphate content.

The phosphate levels as given in table 4.10
were so low that they were taken to be insignificant.

while investigating the effect of upto 20 ppm

phosphate solutions on neat cement cubes for six

months, Karuu (79) found very little deleterious

effect. No further investigations on phosphates were

carried out.

Phosphate concentrations.

Table 4.10:
—
Sample number Concentration (ppm)
p I
a b mean
1 ] 0.306 0.459 0.383
2 1.224 1.224 1.224
3 0.306 0.306 0.306
u Oo.u459 0.u459 0.459
 —
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4.3 Monitoring the effect of the aggressive
solutions on the cubes.
4.3.1 pH changes.
Table 4.11 shows the pH of the solutions
at the beginning of the investigation and the pH
before the i1ons were replenished at various stages
upto the end of the investigation. The Tfigures
represent the average pH of the same aggressive
solutions contained In 9 dessicators.
resuits for deilonised water showed that
the pH (always) rose from about 6 to approximately
12 after fresh water had been added. The observation
Ne ated that the hydroxide 1i1ons leached out from

the cubes iIn an attempt to establish an equilibrium

the concentration iIn the cube and the water.
hetween

Cement paste 1S 3 ﬂ
must have Sedgyg?y corroded the cubes. The water

H of 12.5 and so the reaction

.. ™"nd therefore accelerated the
acted as an acid

effect.
The waste waters recorded pH rises of above

nitial stage but subsequently only

10 only at tne

between 9 2AH 9 we

e -1 ,wchin out of the hydroxyl ions
that initially led ' 9 yaroxy

i - ,—Kition took place later on. The
was high but inhibit
e, .ionic content and some of these

waters had a hig
formed precipitates, coatings or
could have 1

recorded. The results showed
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complexes on the cube surface reducing the pores
through which leaching would have occured.

In the fluoride solutions, a gradual
decline iIn the hydroxyl ions was observed especially
in the higher concentrations. The results indicated
that the fluoride ions reacted with the cubes

forming substances that reduced the loss of the

hydroxyl 1ons.
The chloride solutions, like the deilonised

water, showed pH rises of above 11 after each

replenishing throughout, the period. The chloride
reaction with the cubes could have been forming

sotuble sauts that were leaching out leaving

exposed’ Si*ceb from which hydroxide ions leached out

freely.
The Lower sulphate concentration solutions

showed® pH Viéing to approximately 11 after each

replenishing* -results indicated that leaching

= nmress taking place. The pores on
was the mam proces

the surface woufg Bg left open by any reaction

d thus facilitate the hydroxyl 1ions
taking Place an

tde higher concentration solutions

to leach out. n

m -CP declined with age and remained
however, the pH rise

, level In some cases. The

below the neutra

J _.ther inhibited hydroxyl 1ions
products formed eit
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leaching, or the acid reacted with all the freely

available hydroxyl 1ions, or both processes took

place, leaving structures that had very little free

hydroxyl ions to neutralise the acids. The acid
reaction was a very remote possibility because the

cubes were intact after the six months.

Table 4.11: pH of the solutions.

pH values at different jntervals

a/1/86 17/1/86 11/2/86 8/3/86 3/4/86 7/5/86

Solutions

Se tonised
water

A/aste water

Lower TfTluoride
concentration

higher
fluoride
concentration

Lower chloride
concentration

higher
chloride
concentration

Lower

Sulphate
concentration

higher
Suilphate
concentration

11.

11.

11.

11.

11.

11.

11.

11.

11.

10.

11.

11.

11.

11.

10.

10.

11.6

11.6

10.6

11.6

11.3

10.1

11.5

11.3

7/7/86

11.8

11.0



4.3.2.1 Volume changes comparing the cements.

The overall mean percent changes of the
volume of the cubes comparing cements, while holding
the various sands constant are given in table 4.12.
From the table it was observed that cubes made with
Machakos or Kajiado sand when immersed in fluoride,
chloride and sulphate solutions did not perform as
consistently as expected in relation to the lower
and higher concentrations; while the cubes made with

the standard sand showed a high degree of consistency

with respect to the concentrations.

The observation showed that the cubes
reacted differently with similar aggressive solutions.

The behaviour would occur due to disparities in the

consfitution of the sands themselves. The various

minerals and the particle distribution of the sands
may have caused the disparities. Silt in form of

clay, for example has been found to cause such
depending on its distribution (16). The

problems
observed pulking of the Machakos sand could have been
non uniform within the cubes thereby causing

performance even when the sand

disparities in the
Kajiado and Machakos sands

was held constant.
unsuitable as cement testing

would therefore be

the volumé measurements have shown.
S

materials 4



The high degree of reproducibility and

uniformity displayed by standard sand cubes,

confirmed the superiority of the sand as a testing

material for cements. The sand is the one currently

being used to test cements in concrete laboratories

and cement factories in the countrv. The performance

of cements in this work was therefore assessed by

using the cubés made with the standard sand.

The performance (per cent volume change) of

the cements in the aggressive solutions, holding

standard sand constant, for the six months 1s shown

gures 4,1 to %.8. In all cases deviation from

en as a measure of deterioration.

in f1i

zero change was tak

Where the residual values could not diseriminate

erformance of the cements, a time series analysis

as explained by Boyle (80) was

the D

using the median,
on the data and the profile graphs drawn.

performed
ailed, then the overall averages

If the two graphs 3
(table y,12) were used to assess the performances.



Table 4,12:

Mean per cent volume changes of cubes made with

different cements holding sands constant.

Sand held
onstant

Standard Sand

Kajiado Sand

Machakos Sand
Cement
Solution OPC SRPC  PZC OPC SRPC PZC OPC SREC PZC
Delonised -0.0857 -0.373 -0.0612 | -0.272 -0.182 0.0948{-0.244 -0.0550 -0.407
water
Waste water ~0.140 -~0.415 0.120 0.0675 0.0u01 -0,10% |-0.135 =-0.116 =-0.0920
Lower fluoride ~0.184 -0.0031 -0.266 0.0245 0.0184 -0.0121{-0.217 -0.266 -0.113
concentration
Higher fluoride} _, ,¢7 _9,119 0.178 |-0.006 -0.0214% -0.0948| 0.218 =-0.0152 -0.0948
concentration
Lower chloride -0.580 -0.315 -0.104% |-0.290 -0.165 =-0.238 |-0.202 =-0.232 -0.306
concentration
Higher chloride} _, o197 _5 353 -0.266 |-0.156 -0.205 -0.199 |-0.553 =-0.350 =-0.354
concentration
Lower sulphate ~0.416 -0.0214% -0.144% |-0.303 =0.251 =0.0336|-0.177 -0.260 =0.21u4
concentration ¢ ° * ° ‘ * *
Higher sulphate m
A Sl 0.679 0.581 0.362 0.571 0.390 0.470 | 0.378 0.362 0.409

- h8
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4.3.2.1.1 Performance of the cements in the
aggressive solutions.
(1) Deionised water.

Figure 4.1 shows the results of volume
changes with time in deionised water. The data
was smoothened by a span of three using the median
of every three successive points. All the cements
showed an initial resistance to volume change
followed by a decrease and finally a stabilisation

in the volume.
OPC showed an initial resistance to change,

a slight volume increase, then a return to the

initial volume iIn the first two months. In the third

_ N I I
month, there wad a 88Ht|nuous decrease iIn volume and

it finally stabilised at approximately -0.2. The

slight inftﬁap ;ngggge in volume would have been
the cubes continuing with the hydration
ie

N “min? voluminous products whose
process thereby TormmO

HL overwhelm the leaching out process
effect would ovei

Kk
caused by u

o dH changes. The relative stability
indicated by th P
caused by a relative equilibrium

thereafter would
Thp decrease iIn the third

between the processes.
AV 75-120) could be due to the

and fourth month i i
c dorminating due to more open

leaching out proces
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4.1: Volume changes of cubes, made with
5TD sand and the different cements,

immersed in deionised water.
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sites. The stability in the final months would be

due to the equilibrium between the two processes
being reattained due to diminishing of the leaching

out process as the reactive substances became less

freely available.
SRPC cubes showed a sudden fall iIn volume in

the first month, followed by relative stability,

in the third month and finally an almost

Calcium hydroxide,

then a fall
stable volume upto the final day.
is largely responsible for the leaching out
is produced 1iIn

which

process and hence volume decrease,

the hydration of the silicates (CS and CNS) and

not aluminates (CMA). SRPC has very low levels of

the aluminates and so the hydroxide would be more

exposed iIn it than in the other cements. This must

have caused the early volume decrease and the lower

volumes maintained throughout. The results therefore

showed that C3A and CMAF are iImportant components

of cements. After the iInitial
trend” was sitil&r to that of OPC and so similar

conclusions EBHig be drawn. Calcium silicate hvdrate
1 as the main binder of cement

volume decrease, the

has been identi{i
(81) and so the gﬂgyiour indicated that the hydrates
d the mafb? rglg after the initial period,

assume
H showed a similar behaviour to the

pzc cubes
N greater resistance* to volume

OPC cu
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PZC has been found to react with calcium

change.
in the hydration of the silicates

hydroxide produced
from OPC component iIn the pozzolanic activity

(21,22). 1t has further been found that PZC

continues with the hydration process for a longer

period than the other cements. The two factors

made PZC to be less susceptible to the leaching out
process characterised by calcium hydroxide and

volume decreases.

The results are significant because rain

water and deionised water are very similar. From

the profile graph and the table, PZC Was found to

be the best cement followed by OPC and SRPC respect-

ively .
(i1) Waste waters

The results as shown
Table 4.12 show that PZC had the least volume change
Since the effluent ...

in figure 4.2 and

followed by OPC and SRPC.

various aggressive ions, the results showed the

superiority of PZC over the other cements from the

combined effects of those i1ons. This 1Is in agreement

with what has been reported earlier (14,25,63).
The concentration of sulphates was quite high

but SRPC performed poorly. OPC and SRPC showed a

volume decrease and therefore the sulphate attack
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@~ 4 2%~ Volume changes of cubes, made with STD

~end and the different cements, i1mmersed

in waste waters.

VOLUME CHANGE
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which would result iIn volume iIncrease, at least on
the OPC cubes, was not the dorminant reaction. The
chloride 1ons, whose concentration was also very
high, may have dorminated the reaction leading to
leaching out of the soluble salts. The view 1iIs
supported by the facts that SRPC has been found to
be more susceptible to chloride attack than the
other cements (62) while PZC resists such attack
). The results suggest that SRPC should only be
used after careful study and not just because of
sulphate presence In an environment.

(ii1) Fluoride solutions.

In both lower and higher fluoride concentration

solutions, SRPC showed the least volume change

although the results were more erratic in the latter,

as shown in table 4.12 and figures 4.3 (lower

concentration results) and 4.4 (higher concentration

results)_ ?ﬁ@ ggratic behaviour observed iIn the

higher concentration solutions made It necessary to

smoothery {ng data with a span of three. OPC and

P7C exchange@ BBQfFﬂﬂpS in the lower and higher

concentration SO_|nt|ons with PZC performing better

in the higher concentration.

The lower levelS of CgA hydration products
lo,, er extent those of C AF make

iIn SRPC and to a lesse



Fig. 4.3:
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Volume changes of cubes, made with STD

sand and the different cements, immersed

in the lower fluoride concentration

solutions.,

UOLUME CHAHGES IN THE LOKER FLUDRIDE CONCENTRATIONS
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the silicate hydrates dorminate in the cement mortar

cubes. Fluorides are known to be reactive to silicates
b

and the reaction would therefore be expected to be

more intense on the SRPC cubes than the others.

From the results however, SRPC did very well., In the

lower concentration solutions, for example, it had an

overall - 0.0031% volume change (table 4.12) which

was the least volume change observed. The results

therefore indicated that the reaction between SRPC

and the fluorides was not deleterious.
The PZC cubes showed expansion in the higher

concentration solutions (fig. 4.4) and volume reduction
in the lower concentration solutions (fig. 4.3).
Pozzolana has reactive silicate materials which
could react with the fluorides. In the lower concentr-
ation solutions, the reactions would largely be

confined to the surface resulting in volume reductions

he more concentrated ions could have penetrated

whereas t
lana grains and reacted internally

the cubes via pozzo

um hydrosilicates and other materials

with the calci
ucts. OPC cubes showed volume

expansive prod

h solutions

forming
and so the fluorides must

decreases in Dot
d only the cube
This would have been expected

surface givin
have attacke & g products

that had lesS yolume.
jlicates, calcium hydroxide and sand

because the hydros
n the surface and selective

; o)
grains were avallable
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Volume changes of cubes , made with STD
ganqg anH the different cements, IMHOSOO

in the hirher fluoride concentration

solutions.



reaction pathways into the cubes like in the case

of PZC would be less.

In a study of urreinforced and reinforced

concrete, Shypyanova et al (59) found that,
hydrofluoric acid decomposed calcium hydroxide ang

calcium hydrosilicates with the formation of

calcium fluoride, calcium silicofluoride and sodium

silicofluoride. They associated calcium fluoride
with volume decrease while the other products were
dassociated with expansion. The results above agree
with the findings because OPC and SRPC which had
plenty of calcium hydroxide, for calcium fluoride

formation, showed volume decreases while PZC which

had less showed slight expansion. The Presence of

relatively more hydrosilicates in SRPC cubes than

in OPC would account for the small net volume
decrease observed on the SRPC cubes as opposed to
of the

those of OPC which formed less amounts

silicofluorides.
I nclusion therefore, SRPC and oOpC cubes
n co
. fluorides forming to a large
reacted with the I

: hich showed volume decrease
. fluorlde W
extent calcium
fluorides. PZC reacted

ilico
and to a less extent sil
e extent, the silicofluorides

forming, to a larg the volume increases
-ble for e - *
ponsi

which were res



(iv) Chloride solutions.

The results as shown in table 4.12, figures

4.5 and 4.6 showed similar trends in volume changes,

The results were however more pronounced in the
higher concentration solutions as would be expected,

PZC had the least volume change followed by Srpe

and OPC respectively. All the cubes showed a net

reduction in volume. Only PZC cubes in the lower

concentration solutions actually showed alternate

volume increases and decreases in the first two and

a half months (figure 4.5). The pH test indicated

that leaching out of hydroxides was high during the

investigation period. The observations in thig

test indicated that such leaching resulted in volume
decreases because most of the chloridesg formed

dissolved and leached out, thereby causing Shrinkage.
PZC performance was in agreement with what

has been reported in the literature (14,25,63),

The PZ(C resistance to the chloride attack can be
e N

to the resistance of PZC to sea waterp

compared
In the lower concentration solutions, the
n

attack.
e of OPC is more than five times

volume decreds
. to agree with Gjorv and
this seems
that of PZC and

gs (14) that 'chloride penetra-

Vennesland's find1in | h
five times that in
as much as
tion in OPC maybe



- 9 -

Fig. 4.5: Volume changes of cubes, made with STD

sand and the different cements, immersed

in the lower chloride concentration

solutions.
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Volume changes of cubes, made with STD

Fig., u4.,6:

sand and the different cements, immersed

in the higher chloride concentration

solutions.

% VOLUME CHANGE
(= — ]

VOLUME CHAHGES IN THE HTGHER CHLORIDE CONCENTRATIONS
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C i 7
ements like PZC'. The higher penetration caused

more leaching out of chlorides such as calcium

and magnesium chloride and thereby caused shrink
age.

SRPC would have been expected to perform

more poorly than OPC (1l4), but the contrary was
+ of the solution could have

observed. The acid par

effected the OPC more severely than SRPC Such

. a
behaviour would be expected because SRPC has rela
tively more exposed calcium hydroxide to neutralise

d than OPC whose hydration products would

the aci

include those of C3A and CuAF.

(v) Sulphate solutions.

The results are shown in table 4.12 and figure
s

In the lower concentration solutions
9

y.7 and 4.8.
volume change followed by PZC and

SRPC had the least
overall reduction in volume in

opc., There was an
In the hi
the least change followed by

all the cubés- gher concentration
pzC had

respectively:

solutions,
Expansion was observed

SRPC and oPC

in this casé.
1ts indicate that for the lower

The resu
either leaching occured

ion solutions:
The sulphates were in the

concentrat
ed to the surface

or the reactions

ring out.

leading t©o wea
id/base reactions

Phuric aci and s0 4c

form of sul



- 99 -

Volume changes of cubes, made with STD

Fig. 4.7:
sand and the different cements, immersed
in the lower sulphate concentration
solutions.
UOLUME CYAHGES TN THE LOWER SULPHRTE COMCENTRATIONS
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Volume changes of cubes, made with STD
sand and the different cements, i1Immersed

in the higherlsulphate concentration

solutions.
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— ns othere roust have occured ~» the surface

-using wearing off tnat resulted
calcium sulphate

In voWw

reduction. The main product,

Which 1s sparingly soluble fell .. . -
4 as a Precipitate

and caused the observed shrinkage.
In the higher concentration solutions,

expansive products were forced which overwhelmed
the lower concentration reaction trait The

ettringite reaction (equations 2.1-2.3) would

account for the behaviour. The reaction i1s d
calcium hydro-

ent on two major cement reactants;
The

xide and tricalcium aluminate hydrate.
hydroxide reacts with the sulphates to form

calcium sulphate which reacts with the hydrate

Both gypsum and ettri-

(C3AHg) to form ettringite.
lead to cracking an(j

cause expansion which
SRPc

n g ite

deterioration of concrete or mortar cubes.

to a large extent, does not react iIn this wav

tricalcium aluminate content is too low or

because
In PZC, pozzolana reacts with

absent altogether.
any calcium hydroxide formed during hydration,

blocking cgJLlciun sulphate and hence retards ettrl-

3te formation. The pozzolamc activity has
found to form protective silicate

further been
.v.. the vulnerable aluminate compounds

hydrate fTil™s
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(82). Any ettringite formed in PZC cubes would

furthermore be unstable in solutions of low

calcium hydroxide content (21).

The results showed that PZC and SRPC performed

well in the sulphate media in conformity with the

theory discussed.

y,3,2.1.,2 Summary of the performance of the

cements unde
d less yvolume change than!' and therefore

r the volume tests.

t<! means 'ha
"performed better than'".

would also read
(i) Deionised water: p7C<OPC<SRPC
Waste waters: p7C<OPC<SRPC

(ii)

(iii) Lower fluoride concentration: SRPC<OPC<PZC
(iv) Higher fluoride concentration: SRPC<PZC<OPC
(v) Lower chloride concentration: PZC<SRPC<OPC

(vi) Higher chloride concentration: PZC<SRPC<OPC
(vii) LoweT sulphate concentration: SRPC<PZC<OPC

(viii) Higher sulphate concentratlon: PZC<SRPC<OPC

ny one sand were

the threé€
for @

were Vafled' cements, showing that
theée di
r with the sands.

different fO

c
the cements red
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Table 4,13:

Mean per cent volume changes of cubes made with different sands

holding cements constant.

\\\\g\sffent held OPC SRPC o7C
constant
ands
. STD KID MKS STD KJD MKS STD KJD MKS
Media
Deionised water -0.0857 -0.272 -0.2u4| -0.373 -0.0182 -0.0550{-0.0612 0.09u8 =-0.u07
Waste water -0.140 0.0675 =-0.135| -0.415 0.0401 -0.116 | 0.120 -0.10u 0.0920
Lower fluoride -0.184  0.0245 -0.217| -0.0031 0.0184 -0.266 |-0.266 =-0.0121 =-0.113
concentration . . . . . . . . .
Higher fluoride _ _ _ ~ _
concentration 0.254  -0.006 0.218| -0.119 -0.0214 -0.0152| 0.178 0.0948 -0.0948
Lower chloride -0.580 -0.290 ~-0.212| -0.315 -0.185 =0.232 |-0.104 -0.238  -0.306
concentration : : . . . . . . .
Higher chloride _
concentration 0.617 -0.156 -0.553| -0.353 -0.205 =-0.350 |-0.266 =0.199  -0.35.
Lower sulphate ~0.416  -0.303 -0.177| -0.0214 -0.251 -0.260 |-0.1u1 33
concentration . . . . =0, -0. -0.1 -0.0336 -0.21u
Higher sulphate
concentration 0.679 0.571  0.378| 0.581 0.390 0.362 | 0.362 0.470 0.409
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(i)  OPC cubes.

In the deionised water, cubes made with

Machakos sand showed less volume change than those

made with Kajiado sand. The "bulking' of the

Cubes made with Machakos sand must have left more

pPorous structures whicﬁ allowed the dissolution and
leaching of the hydration products caused by the
water, to occur within the matrix of the cubes
leaving the overall volume relatively unaffected,

Cubes made with Kajiado sand must have formed
relatively more compact structures such that the
effects of the deionised water were more Concentrated

on the surface. This must have been mainly respon-
sible for the higher volume reduction of the cubes

made with Kajiado sand than those made wijith Machakosg

sand.
In the waste waters and fluoride solutions,

b made with Kajiado sand showed less volypme
cubes

h than those made with Machakos sand. 71p these
change

lutions. fluoride reactions played a key role,
Solutio )

. ions with the silicate
: the fluoride ion s
The reaction of
. act surface of the
. n the more CoOmp
and sand grains 0

. o« s Sa
cubes made with Kajiado
leium fluoride and other fluorosilj-

nd resulted in surface

deposition of ca
rected the cubes from further attack,
cates which pro
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The reaction in the more POrous structures of the

Ccubes made with Machakos sand, could not Produce g

uniform layer and so higher volume changes were

Observed.
In the lower chloride concentration solutions,

Cubes made with Machakos sand showed lesg volume

Change than those made with Kajiado Sand. Reactiong

leading to leaching were mainly responsible for the

volume changes and so the explanation fop the

deionised water series equally applied ip this case,

In the higher chloride concentration Solutions, the

Cubes made with Kajiado sand, however, Showed legg

volume change than those made with Machakos sand,
The more concentrated ions must have penetrateq into

the cubes more, thereby causing greater 1eaChing out

of products from the porous cubes. This mugt have

caused the cubes made with Machakos sand to contract

i bigger voids left,
or 'erumble' to fill up the g8 eft

Attack on the cubes made with Kajiado sand must have
a

. . the surface such that less volume
been maintained on

change occured.
both the sulphate solution series, cubeg
In bo

m [0}=] Sand S howed leS S VO
ade With Machak e ()h g

h Kajiado sand. In the loyepr

1t
than those made Wl
olume decreases were observed
%

concentrations,
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in the higher concentrations

“hile SXpdnsion occ”ed
falling off of the calcium sulphate precipitate

among other products was responsible for the volume

decrease iIn the lower concentrations. Most of the

precipitate must have fallen from the more compact
surface of the cubes made with the Kajiado sand

causing relatively higher volume decree%: Qome
o f

the precipitate would be deposited on the pores of

made with Machakos sand, such that furth

in those cubes. Thiq Rust have
change relatively less

Kajiado sand. .

the cubes

reduced

attack w as

caused the overall ... ...

than that of the ....;

higher concentration solution reactions produced
The materials

m ade w ith

expansive materials such as ettringite.

pores in the cubes

the

must have largely filled .,
made with the Machakos sand, while they caused more

expansion in the more compact cubes made with Kajiado

sand.

Cii) SRPC cubes.
The cubes made with Kajiado sand and SRPC

less volume change than those made with
Machakos sand iIn most of the solutions. It was only

in the higher concentration of fluoride and sulphate
less

showed

ions that cubes made with Machakos sand showed

volume change.
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The 'bulking effect' of the cubes made with

Machakos sand was mainly responsible for the

on the more porous cubes made with Machakos sand

The cubes were better in the higher sulphate concent
ent-

ration solutions because expansive products mer 1
ely
filled up the pores as explained above. Similar

deposition of reaction products on the pores must

ted in the less volume change observed fo
r

have resul
the cubes immersed in the higher fluoride concent
ra-

tion solutions.

(iii) PZC cubes.
The cubes made with Kajiado sand showed less

n thosé made with Machakos sand i
n

volume change tha

Jutions. It was only in the waste

most of the SO

d the higherl
e with Machako

sulphate concentration solutio
ns

waters an
s sand showed less

that the cubes mad
As discussé
e with Machakos sand was

volume change:- d above the 'bulking'
he cube€s mad
for the observ

ucts in the cubes made

effect of T
esponsible ations. The filling
ansive PPOd

ersed 1in waste wa

mainly *

up action by exp

ters, which

with Machako

sulphat
utions mad

e ions content, and higher sulphate

had a high
e the cubes to show less

Concentration sol
e other solutions.

volume changé than in th
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On the overall, cubes made with the local

sands showed less volume changes than those made

with the British gtandard Sand especially in

combination with OPC and SRPC. This indicates

that the local sands formed better bonds with the

s than those formed with standard sand. The

uspended as silt and the roughness

cement

presence of clay s

of these sand surfaces must have been responsible

ir better perform
n the comparison of the two local

ance. In this work however,

for the

the emphasis is o
The 1pulking’ cffect was beneficial in the

sands.
entration solutions as the

higher sulphate conc
volume test showed. The performance of the Machakos

tter than +hat of Kajiado sand in all

sand was Dbe
in the golutions.

the cubes immersed
y showing th
in the different media is given

A mmar e better sand under the
su

cement held constant

below.
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The better sand under the

Medium
cement held constant

OPC SRPC PZC

Deioni
nised water Machakos Kajiado  Kajiad
iado

Waste s 3

water Kajiado Kajiado Kajiad

Lower fluoride )

concentration Kajiado Kajiado Machak
os

Higher fluori

ide
Kajiado Machakos -

concentration

Lower chloride

coneentration Machakos Kajiado Kajiado
Higher chloride

concentration Kajiado Kajiado Kajiado
Lower

sulphate Machakos  Kajiado Kajiado

concentration
Higher sul
phate
concentration Machakos Machakos Machakos
L/

-

4.3.3 Anionic U take.
c uptake is defined as the total
a

s work ioni

rion of ion
Jtings and precipitates on the

In thi
s due to:penetration into

concentration reduc

the cubes; form
aterials which precipi-

cube surfacess
dessicators.

om of the

tated at the bott
+ings forme

£ the coda

d would have been

ptake of

Most ©O
g and soO @ high u

+ the cube
y indicat
o in the fluoride 1ion

to protec
e a more damaging

expected
ions would not necessarll

effect, This wWas esp
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uptake ... results . n .
P net esu;Es m  formation of protect,
sy; " <>QK— of t,,. s,, ds
C* ents 7 “ox assessed , itll

m;SPeCt tO the rSaCtiOnS that «ere deduced to have

taken place .

43«3«1 lons uptake comparing cements.
rne anionic uptake by cubes made with

standard sand iIn ppm per day were plotted against

the sampling day to compare the performance Q?

the
cements, 1In each of the aggressive solution )
on series
~N.3.3.1.1 Fluoride ., ..
Ci Waste water solutions.
rne results as snows in 1igure 4.9 show th t
the ., 2« was «ne highest .. ... TFirst two N
w months
fotiowed by a ShAFP seciine in «ne tTthird month and
N ety dow uptake st the end of tne six mMmonths
riuoriaes have been associated with the
formation of protective coatings TFOM «neir Feactions
vwion Silicates. The .ign wpave ¢ ne beginning
would o icspons o ne 11uoriaes Feacting with

fresh silicate surfaces of the cubes. The slow

decline 1In uptake especially shown by the PZC curve,

ilicatestiuoriae Freaction sites
ShOWS v o ¢ the

o w | v replaced w ith an unreactive Coating.
Were b e ing s
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Fluoride ions uptake from the waste
waters by the cubes, made with STD

sand and the different cements.
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The sharp uptake decline observed iIn the third
month (DAY 52 to 92) indicated that an effective
barrier had been formed on the silicate sites

which stopped further fluoride uptake. The

a .akp continued as the surface barrier
decrease in uptax

thickene|&| %8 Eng extent that finally, very little

-, Cc were taken up by the cubes,
amounts of fluorides were b by

The reaction between the fluorides and the

cubes 1Is advantageous because the products could

B L, t1ous compounds from further attack.
shield cementitiou

, lieofluorides of calcium,

Calcium Ffluoric sl11C01
. dnd sodium formed w —action have
magnesium and so t (48

. to pive protection LO concrete ,
kppn reported to g
findings explain the observations
m 00 &) 1PCbe
7 - T the period that the fluoride

madle g%: the end or cases. The SRPC

st zero iIna
ier with the least

uptake was aim effective BgFFle

formed the mo foliOwed bv PZC and OPC,
f fluoride 1ons ..
uptake of recommended for such an
,, 1t would De
and hence
environment. nride concentrations.
D) Loweredd— . concentration are
111s ®r t
The resui N observed that there
shown &N figure 4 7 ) u’r\)%a"ﬁb rpte follow
*nCrease m
was an 1hniU*1 1 N second and third month
by a Steady uptake e upto the end.
. then dec

(40 to g® day) an
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Fluoride 1ions uptake from the lower
fluoride concentration solutions by
the cubes, made with STD sand and

the different cements.
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T ] .
he fluorides were introduced in form of

hyd i 1
ydrofluoric acid and so, the initial increa
se

h . e s
ydroxide and hydrosilicate sites thereby incr
3 easing

th

e uptake. The steady uptake could correspond t

- g O

the formation of the protective coatings, mad £
) e O

silicofluorosilicates and calcium fluoride, until
s ntl

me that they offere
ptake begun to decline,

such 1 :
4 ti d effective protection

to the sites when the u
increased the effectiveness of th
e

Further uptake

s thereby minimisin
e SRPC took Uup the highest amount

g the uptake even further

coating

In this cas

ons followed b
rds the end of the six months

of fluopide i y PZC and OPC. The

n uptake towa

decline 1
11 the cements.

The cement that

was the same for &
of fluorides was therefor
e

took up the least amount
The presence of more

han the others:

in the OPC W
d account for the observation

better t
hich are not so reactive

hydroaluminatés

orides coul

with the flu
ive sites would

because
7C would have been expected

take up lesS £l
e lower levels

to show 1ittle uptak

of calcium hydroxide puts, PT
in the pozzolana ¢

e because of th
esence of more reactive

ould have

than OPC. SRPC took

p more fluorides
1d be expected because of

made it take U
that wou

up the max imum &7
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Fluoride ions uptake from the higher
fluoride concentration solutions by
the cubes made with STD sand and the

different cements.
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the presence of relatively higher concentration of

calcium hydroxide and hydrosilicates.,

An almost similar trend to the one above g
S

Oobserved in the higher concentration Solutions ag

Shown in figure 4.11. 1In this case, PZC took up

Slightly more than SRPC while OPC again took up th
e

least. OPC was therefore the best,

Chloride uptake.

Waste water solutions

.3.3,1.2

(i)
The results are shown in figure 4,12

OPC cubes showed a high uptake rate upto the 4O th

day when the rate slowed down upto the thirg month

A sharp decrease occured subsequently tending

towards zero. PZC showed a similar trend although

far much lower values were recorded. From the 4O+h

to 67th day, the uptake was constant and thep it
decreased to such an extent that the chloride ions
started leaching out of the cubes (marked by negative

SRPC cubes showed an initial constant

values).
Yptake lovel in the firgt month followed by a sharp

y a fall in the uptake,

rise and SUbsequeﬂfl
The initial increase in the uptake by the 4pp

n due to formation of saltsg such

cubes must have bee
203 Cl

as Friedel's [(CaO.Al 2’Sou)'12HQO] and calciunm
The latter salt subsequently leached oyt

chloride.



117

riR. u.12: Chmride 1ions uptake from the waste waters

bv the cuhgs. made with STD sand and the

different cements?

IONS UPTAKE (PPM/DAY)

CHLORIDE
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therefore wds responsible for the decrease iIn
“the uptake of the chloride ions. Saturation of
chlorides iIn the cubes must have iIncreased the
leaching out process such that the stability

attained at the end was due to the uptake and

leaching out processes balancing out. The results

seemed to agree with the observation of Mikiya

et al (85) that, “initially when mortar specimens

(} *n Sea-water, most of the chloride 1is
are i1mmerse S

- #QP Friedel™s salt although extractable
retained as m
like calcium chloride leach out.

species line
orved leaching out of chlorides from
The obBserves
Pzf Is quite interesting. PZC
the cubes made wxth PZC 1is q
r-elcium hydroxide formed during

reacts with any . n n
& calcium ions are not

_ ess and
the hydration pro ) .y i
for calcium chloride Tormation

as easily avail33:
_ ) h oments. t[ jedel’s salt would
as in the other d to dorminate. The hydration

long time and the

therefore be )
tg continue

of PZC 1i1s know o pores iIn the cubes.

filling up a vy

products com N shed” out any unreacted

+e must have PuS

The products :
N those iIn

chloride 1ons mentitions materials and
pak up ce

Chlorides *r d therefore 1its
,fJng salts,
leach out the resu ~~ A~ cubes. Formation of

Friedel’s salt.

uptake i1s deletern3 - thoUght to cause
iIs for eXd“K
chloroalumina
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disintegration of concrete, while the iIncreased
S “lUbility °f CalGium hydroxide in calcium chloride

solutions has also been suggested as a contribu-

The less chloride i1ons taken up

tory fTactor (36).
the better the cubes and hence cement

PZC was found to be the best followed
OPC would have been expect d

therefore,

involved.
by SRPC and lastly OPC.

better resistance to the chloride attack

to offer
than SRPC due to its higher C3A and C"MAF content
but In a similar experiment (14) it was found that

"as much as s .e% CQA was not adequate fnr ¥ N
o) aucing

the chloride penetration compared with zero
u c°ntent

of CsA".
(i1) Lower and higher chloride concentratinn

solutions.
A similar trend was observed In the two

chloride concentrations, as shown iIn figures 4.1s
and 4.14. There was an increasing uptake trend 1in

the TfTirst forty days followed by a decreasing trend
the end of the investigation. iInC clearly
the chloride ions.

intertwined such

Upto
took up the ....
and OPC curves were somehow

it was not clear which of the two took up
The overall mean uptake

am oun't o f

SRPC

that

Nss 1ons than the other.
in table 4.13 (under standard

however, as shown
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Phi oride 1ons uptake from the Hlower

chloride concentration solutions by
ttg rubes " made with STD sand and

the different cementsi.

OF NAIROBI
UBRKRV
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4.14: Chloride ions uptake from the higher

Fig.

chloride concentration solutions by

the cubes, made with STD sand and

the different cements.

CHLGRTIE UPTAKE FAON THE AIGHER CHLORTDE CONCEATRATLONS
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sand columns), show that OPC took up less amount
of the chloride ions than SRPC in both cases and
therefore was better than SRPC.

The reactions iIn this case were similar to
those postulated for the waste water solutions.
The results showed that CsA is an important cement ing
material, apy agi’a@g with Soroka’s finding (62)

that SRPC is more SUSRR¥MiMplE to chloride attack

than OPG. The pogi{iBH of PZC as the most resistant

cement to chioride 3F/&CK Was maintained,

4.3.3.1.3 Sulfhate_ji2takei

(i)
The results
enrrease In the sulphate uptake

g;yen in figure 4.15 show

that there was an
fnr OPC and PZC, and upto the

upto the 67th gay for ur
ODPr followed by a decrease in the

92nd day fTor SRPo,
sliv a leaching out process of

uptake rate and iIn
thP end of the iInvestigation,

small amounts up ° )
degree of leaching out from

The PZC showed a hig
. n pventually subsided like that of

the 92nd day which

the other cements. o )
indicated that reactions

The wvolume TeS
, g dominated the SRPC and OPC

leading to leac .
9 action which would have
cubes. The sulphate re
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Fig. u.15: Sulphate ions uptake from the waste
waters by the cubes ? made with STD

sand and the different cements.

IONS UPTAKE (PPM/DAY)

SULPHATE
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caused expansion 8Q9meY H@f to have taken place,

In this test, PZC took up the least amount or ions

followed closely K BRr Wﬂ!le PRPC took up the most,

. n—a In agreement with the deduction
The observations ai - %

ast because, had the ettringite
on the volume %es% 9

reaction dominated, OPC would have been expected
to take up the maximum sulphate ions. The trend 1is

probably due to leaching out of soluble salts which

Cc orr-uctures through which sulphate 1ions
left porous structu 9 P

diffused Since «.« n CI’1°r =<

ions. FHEIF -t«-=k u.s “ §*-C " 2

so most sulphates diffysed into the SRPC structures
,h. reactive component,,. Diffusion

and reacted with
OPC cubes must have resulted

of sulphates iInto t e
. -te formation which filled up the pores

in ettring ~ resisted chloride
o - henc - T t f -
ion pehetrati made OF pzc
its resulted. me
_ Al

chloride sa the least sulphat@ i%ﬂg- ?ﬁ%
therefore too ulphate 1ons observed towards
leaching out _ -Hon must have occured due

T the iInvestiga
the end o higher concentration of the
to the cubes ha 7 waters introduced

, .NnS than the
unreacted 1

later ctages=

at those
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IONS UPTAKE (PPM/DAY

SULPHATE

.16:
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Sulphate ions uptake from the lower sulphafp
concentration solutions by the cubes, made

with STD sand and the different cements.
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The results showed PZC to be the best followed

by OPC and SRPC. The results and those of volume

changes agree and show that SRPC should be used With

Care 1in sulphate containing solutions.

(1) Lower and higher sulphate concentrat4
solutions.

In the lower concentration solutinnc ;F?
s figure

Ne16 shows that a low uptake level was maintained

upto three months (two months in the case of OPC)

after which all the cements showed a rapid incre

and a final fall.

The pH and volume test results indicated that

the reactions took place at the surface causing

volume decrease. The observation in the first thr

months was therefore due to availability of free

calcium hydroxide which reacted with the sulphates
calcium sulphate precipitate
the leachin?

h e rs

forming, among ..
The action accelerated

which Tell off.

.. oF the calcium hydroxide from the cubes result*
ions. Deposi-

in the higher uptake of the sulphate

tion .. ... precipitate on the cube surface and
pores must have hindered the leaching out of 1ions

such that the sulphate uptake decreased as observed

towards the end o-f the investigation.
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In the higher concentration solutions

£

igure 4.17 shows that there was an increase i
n

- .

rhe ionic uptake followed Dby @& stable period and

n
T-
~hen a decrease at the end of the period. The

volume test showed that there was an overall

all the cements. The formation of

expansion for
ive products was therefore dorminant The

expans
d were responsible f

products SO forme or the decre
ase

e of the sulphat

g of the sulphate sensitive

: .
n the uptak e ions due to expansion
¢ b

depletion or shieldin
olved must have been

components. The reactions inv

ing to gypsy
ions 2.1 to 2.3.
g (4,16 and 4,17), the

those lead m and ettringite formation

expressed by equat
e two figure

From th
ments could not

nce of the c¢€

e mean uptak

nd columns of sul

be clearly

performa
e levels shown in

seen but from th
standard sa
d the least U
e maximum amount of sulphate

phate

table 4.l4 (
ptake followed by

solutions)s
cook up th

SRPC while OFC
re consisten

results W€
nd the 1leve
mity of the le

mation which involved

+ for both

ions. The
1s for the cements were

rations @

The proxi
psum for
t ettringite form

concent
vels must have

very closé:
d by the 8Y

such tha

been causé€
ation

all the cements?
cements. PZC

failed to clear
eactions leading to

ost because poth ¥

performed b
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Sulphate ions uptake from the higher
sulphate concentration solutions by
the cubes, made with STD sand and

the different cements.
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gypsum and ettringite formation are not favourable to it

PZC would be the best suited for similar
environments Ff8llewed By SRPC while OPC would be

the least suitable.

3.3a.4 Tho nummary of the performance of the

with respect to the anionic

uptake.

() Fluoride uptake;
Waste waters: SRPC < PZC<OPC
Lower fluoride concentration: OPC<PZC<SRPC

- f,uaride concentration: OPC<SRPC<FzC
Higher riluorJ-

(i) Chloride uptake,

ters; PZC<SRPC<OPC
Waste waters.

hloride concentration: PZC<OPC<SRPC
Lower chlon

) ,lnride concentration: PZC<OPC<SRPC
Higher chlor

(ii1) Sulphate uptake,
Ttprs. pzc<opc<srpc
Waste mmté}
, hate concentration: PZC<SRPC<OPC

tower sulpft i
concentration: PZC<SRPC<OPC

Higher sulphate co
K ,t00k up less than®™ which
(Whel’e ™ » reaQb

dns "was better than =

me that the results were
rv shows thau

Thp summary ) .
11 ™ 7Pr and higher concentrat 10NS

e tent for lowe
highly consis - xcept f°r fluoride uPtake

vnected.
as would be e 1 n h SRpc the other
d Posi'll'lonS Wl
where PZC exéndﬁge

ions showed uniformity”



Table 4,14:

Mean anionic uptake (ppm/day) holding cements constant.

Cement held [ -
Ion Constant OPC SRPC PzC
taken
up Solutich STD KJD MKS STD KJD MKS STD KJD MKS
W's 0,094 0.078 0.105} 0.063 0.050 0.109%{ 0.083 0,072 0,085
Fluoride Fa's 3.928 b.,0u7 3.69u) 4,112 4.,u5%1 uw.,6u47] 4,006 3.951 3.776
Tb's 5.330 5.6u5 5.7864{ 5.842 6.344 5,897 5.943 5.524 5,455
W's 2.6ub 1.810 2.773 %1 1.544 1,460 2.747 | 1.u22 1.21u 2.153
Chloride Ca's 1,029 9,736 11.6801{12.016 11.080 12.155{10.817 10.984 12,772
Cb's 2.784 22.315 25.937123.210 23,408 26.797 {22.628 22.766 25.193
W's 7.188 7.668 7.866117.916 10.u410 8.155 1.640 -1.414 0.363
Sulphate Sa's 6.802 25.780 2u4.702 {24.490 24,513 25,855 (24.087 24,178 24,587
Sb's 81.303 77,762

79.1u46 {81,224

82.033 81.733179.076

81.327 81.527

- 0¢etT -
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4.3.3.2 Ions uptake comparing the sands.

To a great extent, the reaction of the sand
S

with the aggressive solutions was expected to be

sent altogether. Fluoride ions were

minimal if not ab

however expected to react with the silica component

The major reactions bringing about

e were expected to be between the

of the sands.

anionic uptak
ponent of the cubes

t+ of that reaction would be

cement com and the aggressive
The exten

solutions.
e cement/sand bond, and that is where

dependent on th

y of the sand ca
ke into the cubes implied

me in. The inference

the qualit

that less ionic upta

er bonds was expected to hold true

presence of bett
at were theref
aken to be better. Table 4,14

The sands th ore associated with lower

anionic uptake wWere t

s obtained while holding the diffe-

shows the presult

rent cements constant.

4,3.3.2.1 Fluoride ugtake.
ubes that were made

For opC cubess the C

o sand +took UPp less ions than

d in waste wa
while the reverse was observed

those made

with Kajiad
ter and higher

with Machakos san
jutions,

jon solutions. For these

concentration sO
concentrat
jado sand wa

r and higher concentration

in the lower
Kaj s better than

cubes therefore:

Machakos sand in
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solutions while the reverse was deduced for th
e

For SRPC cubes,

lower concentration solutions.

Kajiado sand was better in the waste waters and

lower concentration solutions while the reverse

was deduced for the higher concentrat
s sand was better than

ion solutions,

For PZC cubes, Machako
Kajiado sand in the lower and higher concentratio
n

hile the reverse Ww
The results as can be seen

solutions W as deduced for the

e water solutions.

wast
nt and do not give any pattern. The

are not consiste

r such anomalous pehaviour are not

reasons fo
t and would need a more detailed
e

nt at the momen

e the causes.

appare
Unfortunately the

study to determin

d for MSc wor
o further work on the area is

period allowe x does not allow such an

undertaking now and S

recommended.

take.

4,.,3.3.2.2 Chloride up
:3ado sand took up

with Machakos sand in all

n thosé made

less ions tha
s attack

nvestigated' Chloride ion

the cases 1

pes by pen
solUble sa
chakos sand we

etrations formation of salts and

mortar cu
The results show

1ts.

leaching out of
re attacked

e With Ma

chloride penetration. This

that cubes mad

more due to @ nighe?r
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must have been mainly caused by the 'bulking' effect
ec

which caused the structures to be more porous

4.3.3.2.3 Sulphate uptake.

In the waste waters, cubes made with

Kajiado cand took up less ions than those made with
Machakos sand. Here again the 'bulking' effect of
4 is considered to be responsible

the Machakos san
In the lower concen

akos sand took up less sulphate

tration solutions,

cubes made with Mach

se made with Kajiado sand although the

ions than tho

levels were very close. The reactions were mainly
s shown by the pH and volume change

on the surface &
h Machakos sand, which

tests. The cubes made wit
e to the tpulking' effect, must

were more porous du
+he calcium sul

her uptake in contrast to

have deposited phate precipitate on

reducing furt

the pores
n Kajiado san

d whose precipitate

the cubes made wit

readilys du
s for further attack.

e to more compact surfaces
?

fell off more€
posed site

e higher €©
bes made with Kajiado sand

leaving €X
ncentration solutions
?

In th
yed that cY

it was obser
te ions tha

58S SUlpha

n those made with

took up le
effect of the Machakos

1pulking’

ponsible for a

Machakos sand. The
sand must have peen res higher uptake
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Of th i ]
e SUlphate 10Ns Wthh pene tr‘ated 'the C b
u eSo

in e ingi
ttringite and gypsum formation as evidenced

b
y the volume change measurements.

SRPC and PZC cube
e together for cubes made with Kajiad
1Aado

s had uptake figures that

were very clos
and Machakos sand. The trends were not consist
ent

and the reasons for +he observations are not v
ery

gh formation of gypsum in preference

clear; althou
plain the observed close val
ues

to ettringite could ex

of the uptake.

ary of the performance of the

'4.3.3.2.'4 W

s with res ect to the anionic uptak
ake

e better sand.

showing th

QPC cubes SRPC cubes PZC cub
es

sand

(1) Fluoride
uptake

Waste water .
solutions Kajlado
(W's):

Lower
Machakos

Kajiado Kajiado

Kajiado Machakos

Kajiado Machakos Machakos
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opc cubes SRPC cubes PZC cubes

(i1) Chloride uptake

Waste water s = Kaj 1ado Kaj 1ado
solutions (W’s): Kaj 1ado J J

Lower chloride - - Kai iado Kaj iado
concentration Kaj iado J .
(Ca’s):
Higher chloride = s Kaj 1ado Kaj 1ado
concentration Kaj 1ado J J
(Cb’s):
Sulphate uptake
Waste water Kaj iado Machakos Kaj 1ado
solutions (W s) :
Lower sulphate Machakos Kaj 1ado Kaj 1ado
concentration
(Sa"s):
Higher sulphate Kajiado  Machakos Kaj iado
concentration
(Sb*"s):
U-3*4 . .ocninys s "~ ndividual cations leached
n+- obtained for
The resul an the cations
the combined mea
out as well as tn cements. The
used bo compare
leached out were ~ccPd bv comparing only
sands was assesse
Performance of tne i leached out of the
f all the cations
the combined mean o The cement or sand which
cement.
Qubes made of the s rations was considered to

nut of ear

Bag the Iowest' lteachlng “u

be the most suftab
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cements.

Table 4.15 shows the results of the

cati
tions leached out of the cubes made of diff
ferent

cements.

(1) Deionised water series.
d the least calcium ion

OPC cubes showe

wed by PZC and SRPC respectively

leaching follo
Magnesium ions 1eached out least from SRPC foll
. owed
by PZC and oPC respectively. Iron ions showed th
e

as that of calcium.
m OPC followed by SRPC and PZC

ca ..
me trend Aluminium ions

leached out jeast fro
gilicon jons showed a similar trend
n

in that order.
le the overall combined

magnesium whi

to that of
11 the cations) showed a simil
ar

leaching (mean of a
of calcium.

trend to that
r attacked the cubes by

onised wate
r attackin
ntitious materials. From

Deil
g the surface, dissolvin
g

penetrating them O

and breaking Y
ium hydroxide

was deduced to

calc

the pH changes»
and so the

be a major product in the processes
n would have nore weight in

ing colum

of the 288
rall mean column as the

calcium leach
ressive reactions.

showing the extent

This was S
SRPC cubes

two columns sho
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experienced more 1 ] a
eaching out bec 1 h
use its hydr 1
ation

r‘OdUC
p S we e O exposed due to a low cO t f
't r more ntent o

nd

ffected more than those of OPC because th
e

provided channels for the wate
r to

were 4a

pozzolana grains

e hydration products. SRPC and PZC
are

ake more time tO hydrate fully

reach mor

moreover known to Tt
uld be more pro

he unhydrated components

a
nd so they WO ne to the leaching out
u

s than oPC as t

reaction
annels for permeation.

would provide ch

On the overalls QPC was found to be the b
est

y PZC and SRPC. The result is

cement followed b
ce most of t
are made using OPC. The

reassuring sin he concrete surfaces
o railn water

1s observed
e to attack by deionised

exposed t
show that all the

leaching out leve
cements were SUSCGPtibl

water and hence rai

(ii) Waste waters.
jons wWere taken up from the

£ the cat

Most ©
ut of the cubes.

f 1eaching ©

nstead o
ok up the least calcium

h grRPC tO

followed b
ached out of the cubes

waters 1

y OPC and PZC. A

and magnesi
antity of
whilé€
of OPC.

jron 1€

small qu
ose of pzC took up less

with SRPC

n thosé€

th

made
Leaching out was

amounts tha
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in

both cases, SRPC cubes leached out the least

followed by PZC and OPC. The overall mean value
S

showed a similar trend to that of calcium and

In all the cases SRPC cubes were found

magnesium.
to be best while PZ2C was found to be better than

OPC from the iron,aluminium and silicon results
The waste waters had Vv
sults indicated that they were

ery high levels of

sulphates and the re

¥ involved in the reactions resulting i
n

dorminantl
good performance. This was shown

the SRPC cubes'
e uptake of calcium and magnesium

especially by th

ates are well known sulphate attack

whose sulph
s 2.1 to 2.5).

reactants (equation

e overall results, SRPC was found to

From th

be the best followed pzc and OPC.

(iii) Fluoride golutionse.

lower concen
trends were different for

In the tration solutions, the

cation leaching out

ations. FE¥O
+ leached out cations followed

m the overall mean,

almost all the ©
ad the 1eas
Tn the highe

by pzc and SRPC:
presults for calcium, magnesium,

all mean showe

OPC cubes h
r concentration

solutions,
d the same

d the over

1ower concentratlon, For iron,

aluminium an

trend as for the
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PZC cubes lost the least followed by OPC ang SRPC

while silicon leaching out was least for SRpC

followed by PZC and OPC.
It was observed that the higher concentration

Solutions did not show increased cation leaching as

would have been expected. On the contrary, in Some

Cases (marked by asterisks in table 4.15), the

leaching out levels were lower for the higher

concentration solutions than the lower onegs, The

Observation was a further indication that the
fluorides reacted with the cubes forming Drotective

From the observation, it seemed that

substances.
the higher the fluoride concentrations, the bettep

the protective substances were.
From the overall results, OPC was foung o

be the best followed by PZC and SRPC,

Chloride solutions.
In the lower concentration solutions, the

(iv)

leaching out trends of the cements were differpent
chin
Only calcium and

for most of the cations.
imilar trend where OPC cybeg

aluminium showed & S
had the least leaching out followed by PZC and
a e le

he overall mean result
these and t s,
SRPC cubes. Ffrom
pe the best followed by PZC ang

OPC was found to

SRPC,
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In the higher concentration solutions,
calcium, magnesiuf, &unipiyp and the overall mean

leaching out levels SHUMEY that PZC cubes lost

the lease Caf|i-|8r|1§, followed by SRPC and OPC.  PZzC

3 to be the best for iron leaching
was also lound t

followed by OPC and SRBE.

. thp best followed by OPC and PZC
showed SRPC to be the

- the reverse of the other observations.
which was the r

. _+,, of cases and the overall mean
From the majori
P7r was found to be the best followed by
results, PZC was

Silicon leaching however

SRPC and OPC.
bK n the results for both lower
On the overall, the

tration solutions show that PZC
and higher concen N SRPC. SRPC was
~ = Tollowed uy
WaS thS n t0 have performed poorly
tlken on the overall

rakKen
npc,s performance m
because up results agreed with
uite good. ine
solutions was (q literature (14).

lower concentration

LShat «. *_» 1"
Ol Yyfionsy i
(v) SulPlliuC —-C." con?:entra{i'grﬁ' solutions, the

Tn the Lo Jifferent for «n the
prends were

leaching oU leached out the least
OPC cubes 1e

cations studio - ~central 1ons of calcium,
by the conce.

cations as shown . Qverali mean. The overall

iron, aluminium and levels for SRPC and

mean results
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PZC
were very close together compared to tho
se of

t
he OPC. PZC cubes however showed a slightly 1
ower

leaching out 1evel than that of SRPC The resul
. sults

indicated that OPC was +he best followed by PZC
and

SRPC.
In the higher concentration solutions the

leaching out of magnesium, aluminium and silica
SRPC cubes 1O have 10

The overall mean and the

st the least cations

showed

followed by PZC and OPC.

r calcium showed th
4 pzc. PZIC had the least iron

value fo at SRPC had the least

followed by OPC an
followed DY SR
ag the best followed by PZC

indicated that SRPC @
and OPC.

The lower conCentration results indicated
eristic sulpha
rwise the SRPC would have

te attack reactions

that the charact
olved, othe

were not inv
therefore reinforced

The results

med petter.

perfor
the reactions in this case

the cubes. The

were con
the precipitation of

ction was
hate. The highe” co
d that the ChaFaCteFistic sulphate

predominant red
ncentration results

calcium sulp

jndicate
e SRPC and PZC

however

attack reactioﬂ

performed pettel th
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Ll». 3.'4 | 2 The su
L] [} mmar Of
y Hle cements' perﬁor‘mances

under cation leachi
n
g test. ('<' reads,

better than').

Deionised water: 0PC<PZC<SRPC

Waste waters: SRPC<PZC<OPC

uoride concentration solutions: OPC<PZC<SRP
C

Lower fl
ntration solutions: OPC<PZC<SRPC

Higher fluoride conce
e concentration solutions: OPC<PZC<SRP
: C

Lower chlorid
pration solutions: PZC<SRPC<OPC

Higher chloride concent
oncentration solutions:

on solutions: SRPC<PZC<0OPC

OPC<PZC<SRPC

Lower sulphate €

Higher sulphate concentrati

ns comparing the sands

out of catio

4,3.4.2 Leachin
re shown in table 4.16.

The results @
sed Wa-ter’ OP
d out less cations than th

e

In deioni ¢ and SRPC cubes made

with Machakos sand jeache

with Kajiad
ose of Kajiado sand. Machako
s

o sand. The results indicated

ones made
akos sand were more

that the cubes ma
ded than th
had less si

sand was fi
red in 3 higher cement paste/sand

strongly bon
1t content and this

must have resul
r bonds. The PZC

surface contact and he
cubes made with Kajiado sand leached out less cations
with Machakos gand. The relatively

than thoge made
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Table 4.16: Overall combined mean of the cations leached out of the cubes
(ppms), holding cements constant.
fement Held
Constant OPC SRPC PZC
Solutions -Sands
STD KJD MKS | STD KJD MKS STD KJD MKS

Deionised water 61.3 34.7 32.8 132 43.3 36.6 116 44.7 46.7
Waste water -27.3 -19.3 -35.4 -21.5 -27.1 -29.8 -18.6 -33.0
Lower fluoride
concentration 36.6 51.8 38.6 57.7 82.2
Higher fluoride
concentration 46.9 66.3 42 .51 83,2 99.6
Lower chioride 492 697 530 579 765 516 528 564
concentration 529
Higher chloride
concentration 1585 1438 1339 1452 1442 1327 1445 1451 1340
Lower sulphate
concentration 467 521 532 09 477 473 506 513 518
Higher sulphate
concentreti on 697 65?7 647 670 677 670 805 767 859
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: o 1
nore Sllt COllte“t alld leSS Cement/sand SII["FaCe
- area

contact associated with Kajiado sand must have left

relatively more space for the pozzolanic activity

products. This resulted in better cubes which

allowed less cation leaching.

In the waste water solutions, the cubes took
up cations from the waters instead of leaching out
ke up less amounts of cations

A better cube would ta
and so cubes made with Kajiado sand we

s sand for both OPC and PZC

those made with Machako
e was observed for SRPC cubes.

while the revers

fluoride solu

In the
und to have lost less cations

s sand were fo
ith Kajiado s
e higher concentration

Machako
and except when used

than those made W

qnmersed 1n th

with PZC i
sults showed T

hat cubes made with

solutions.
r than those made with

were pette
uorides reacte

cium fluoride (solubi-

Machakos sand
d with the cubes

Kajiado sand- The £l
such as cal

forming
which protected the

The tbulking' effect

cubes fro
t relatively more pores on

of the Machakos d lef
protective

nd deposition of the

the surface a
rotected the cubes

pOFeS mus
On Of the

+ have P

smoother

products on
products on the

more. pDeposit?

re better than

tions, the cubes made with
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surfaces of the
cubes made with Kaji
ajiado sand
gave

less protecti
ction because a i 1
gitation on the
surface

during 1
ength measurement
s, for example
ple, must have

rem ]
oved the protective products to a larger ext
Xxtent
Th i .
e pozzolana 1in the PZC created a higher porosi
porosity

in the PZC cubes, and similar deposition of th
e

s would account for the observed bette
r

product
ado sand in the higher concent

performance of Kaji

ration solutions.

In chloride solutions, cubes made with

Machakos sand 1ost less cations than those mad
e

ado sand in all t
akos sand had formed better bond
S

with Kaji he solutions. The result
S
indicated that Mach

pastes than t
£ the Kajiado sand must have

with the cement he Kajiado sand. The

i1t content ©

higher s
oviding relatively

aided the chloride attack by PT

s for the P

+ of the ions.

concentration solutions
M

mopre channel netration into the cubes

and the leachin? ou
In the lower sulphateé
ith Kajiado sand chowed less cationic

cubes made W
s with OPC and PZC
2

leachin
The

while the reve
mainly on the

n this cas

ade With Ma
effect, and hence showed

e toOK place

reactions 1
chakos sand had weaker

Cubes m

surface.
1

bonds due to the rpulking
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relatively mor ioni
e cationic leachin
g than the Kaji
Jjiado

sand counterparts.

In the higher concentration sulphate soluti
I ions,

th i
e cubes made with Machakos sand lost less cati
ions

t . K
han those made with Kajiado sand for OPC and SRPC
v : ’
~while the reverse Was observed for PZC. The bett

. e er

o Machakos sand showed that the
re

performance of th
jvely less channels for sulphate ions

were relat
ic leaching. Ettringite was

penetration and cation
ncipal products in
the pores left by the

one of the pri this reaction and

due to its expansions
ust have been filled up leaving

'bulking' effect T
structures.
h Kajiado sand,

Formation of ettringite

more compact
and the

in the cubes made wit

. silt content, conversely, created

relatively highe
15 for the €
Machakos san

and SRPC therefore,
The better performance of Kajiado

ationic 1eaching. For OPC

more channe
d was better than

the Kajiado sand.
o the pozzolanic

ave been due t

pzZC could h
p any of the pores and

s filliﬂg u
relatively higher silt content

sand with

activity pl”OduC)c

channels caused by the
- acti s did not fill up the

The pozzolanl
s made with Machakos sand

n the cube

offect and s© the cubes showed

pores existent 1

due to the 'bUlking'
of cations.

a higher Jeaching °Y
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A summary of the performance of the sands

with respect to the cati

the best sand is given below.

Solution 0PC SRPC
Deionised waters; Machakos Machakos
Waste water; Kajiado Machakos
Lower fluoride Machakos  Machakos
concentrations;
Higher fluoride Machakos  Machakos
concentrations
Lower chloride Machakos  Machakos
concentration;
Higher chlqride Machakos Machakos
concentrations; |
Lower sulphate Kajiado Machakos
concentrations

Machakos Machakos

Higher sulphateé
Concentratlon,

onic leaching, showing

BZC
Kajiado

Machakos

Machakos

Kajiado

Machakos

Machakos

Kajiado

Kajiado

Machakos

specific

n
The differen® .
the
. pe fore
values determin€ .. and after the exposure
jutions:»
ve SO

the aggress?t

es
period was expr

hange and
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recorded. From these values the performances of

the cements and sands were assessed.

4.3.5.1
thp cements.
The reSlH'ES_ g 8iven in table 4.17.
() Dertonise™water”eri”
Eﬂg highest strength loss followed

pzc sfiowéa({il

) SRpC showed a slight increase,
by OPC while SK,o
attacked the cubes and leached out

Deionised watei
,mong other substances, formed

calcium hydroxide, amo ¢
during the hydration proC'OCq-

. » UM hydroxide to form cementi-

r*acts with the calci i _
The Hg&lﬁg_on of the calcium

tious comp%unq%.e leaching out process m EHS 3%8

Pozzolana m PZC

hydrOXId€ 7 uced the pozzolanic activity

* have reduce ) ]
cubes musi n . N tquhe increase
in weaker cubes.

thereby resulti indicated that the

) . 'the case o
in strength 1 SRPC had a low

was beneficia -
deronised water lowed down its
+ « A and this
concentration o 3 The cement had
pgs considerably.

hydration pt°ce ,licates and so It gave

p calciam 5111
relatively m°r xcium hydroxide and other

out relatively more ca cts_ The calcium

i _ - Ip hvdrati®n v i
calcium silicate -~ the necessary environ-

t have proves
hydroxide mUS
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Table 4.17: Percent compressive strength changes of

cubes made with standard sand comparing

the cements.

nnn--nCement OPC SRPC PZC
Solution mediuir™"——
. - 1.18 -7.55
Deionised water 3.76
1.38 11.8 =54 3 3
Waste water
Lower fluoride 6.05 4.85 3.53
concentration
Higher fluoride 9.62 5.23 7.91
concentration
Lower chloride 2.88 -1.00 3.13
concentration
Higher chloride 6.85 -1.59 ~7-29
concentration
Lower sulphate 7.11 7.58 5.66
concentration
- -3.79 -5 .38
Higher sulphate 4.17
concentration
x 100
'c ;> (a)
the mean compressive strendth
N\
where '*-gg(A/ ~  the aggressive solutions
2n , fnre exposure
(NVmm ) be compressive strength
,R) 1Is the mean
and C-S- -,, month exposure period.

(N/mm ) aftpr the[%%r
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ment for the continuation of the hydration process,
which resulted In strength increase. The deionised

water was changed periodically and so, the process

just described mﬂgg H ve outdone the leaching out

_ n _
effect that caused SErEoH loss In the other cubes,

S,?c wss therefore found to he the h.,t followed bp
OPC and PZC in the deionised water exposure test.

(i) Wast™ater_solutionsi
ound to be the best followed by OPC
SRPC was ¥53n8 W 4

,ters had very high levels of

and PZC. The w ) - -
fluorides and various cations.

sulphates, chlori ~ N N

The performance o

P t-nns dormmated.

attack reac than OPC due to the high
Derform betre

expected N preSence of the fTluoride 1ions

PZC would have been

sulphate levels. more beneficial to OPC

hpen found to
which have order, of PZC being

must have 3|{§red exn

better than OP

. lution §j
(ii1)  Fluoride IN———— followed by PZC
,» *= Tound to be the
OP° was __ e consistent for both
ults wer°e

and SRPC. The r |Hgs showed substantial

All the Vg

concentrations- the reactions
eS indicating
strength increas finding is in
the cubes.
were reinforcin® that the 1ons caused

Karuu
contrast E8 thaﬁ'@f
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reduction of the compressive strength of neat

cement cubes. His finding that SRPC performed

worse than OPC and p7ZC is however in agreement

with these results. The reinforcing action must

have therefore been caused mainly by the reacti
3 ion

between the fluoride ions and the sand grains
= as

discussed in section u,u,

(iv) Chloride solutions.

The lower chloride concentration solutio
ns

showed PZC to be best followed by OPC and SRPC

The performance agreed well with work reported i
in

the literature (14,62). 1In the higher concentr
: a -

tion solutions, oPC was the best followed bv SRPC

while PZC performed poorly. The solutions wer
e

acidic and neutralisation reactions took pla
ce,
some of the calcium hydroxide that reacts with
pozzolana could have reacted with the more
concentra-
ted acid thereby reducing the pozzolanic activit
1ty
presulting in an overall strength loss. The

strength jncreases for the other cements indicat
ated

e leaching out re

h that the inner core continued

that th actions were confined t
o

the surfaces SUc
gaining strength due to continued hydration. Th

. e
e compaction method used

low w/C ratios and th
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must have produced too strong specimens for deep

oenetration by the ions.

) Sulphate solutions.
The results were consistent for both the

lower and higher concentration solutions. SRPC was

the best followed by OPC and PZC. In the lower

concentration solutions there was an overall iIncrease

in strength. The observation indicated that the

reaction was confined to the surface of the cubes.
The reaction was the type Mehta (838) described as,

"a surface softening-spalling type of acidic sulphate

attack which is associated with the conversion of

calcium hydroxide to gypsum®.

small quantity of ettrmgite served as a reinforcing
The overall

The formation of a

rather than a deleterious agent (89).
in the strengths for the solutions of

IS most probably due to the

decline
higher concentration
combined effects of the acid neutralisation and

sulphate attack. The performance of SRPC is in

conformity’wfnw its superiority over the other

cements m Yégngyﬁl& the sulphate attack,
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4.3.5.1.2 Summary of the cements' performance

under compressive strength tests.

The symbol 's1 means 'had higher compressive

d therefore, 'was better than'.

strength than' an

Deionised water: SRPC>0PC>PZC

Waste water: SRPC>OPC>PZC

Lower fluoride  opc>PZC>SRPC
concentration:

Higher fluoride (pc>PZC>SRPC
concentration:

Lower chloride pzC>0PC>SRPC
concentratlon:

Higher chloride gpc>SRPC>PZC

concentration:
Lower sulphate SRPC>0PC>PZC
concentration:
Higher sulphate SRPC>OPC>PZC

concentration:
shows that the results were

The summary

or solutions of the same jon except

consistent f
Jutions. Although the combpressive

for the chloride SO
e ultimate Vva

eight as the other tests because

strength is th riable of importance, it

was given the same W
owed that the reactions were mainly

the results sb
with less strong cubes or

confined toO the gurface.
. pePiOds the test could have been

a longer exposur

taken to be
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""3¢5,2-1 £2jlDressive strength changes ing
the sands.

The results are shown in table 4.13
N Delonised water.
Machakos sand performed better with OPC and
PZC than Kajiado sand which was however found to

be better with SRPC. The results showed Hm'l: cubes

made with Kajiado sand were more adversely ..:.... d
by the deionised water than .vo.:c wase wicn m
Ln machakos
sand. Kajiado sand had a higher silt content than

the Machakos sand and because dissolution and
leaching was dorminant, the silt must have introdu ~
channels through which the water permeated and
facilitated further leeching.
CEI) waste water sotutions -
cuves mace WIEN «ajiaso sane were Found to
be better than those .... with Machakos sand for
all the cubes tested. ::. ..:..: n.s Many #ons that
could ... :ii2acxe¢ e cubes. Resistance to the
«ciace would depend on the sand/cement bond and so
the results showed that Kajiado sand formed stronger
bonds than Machakos sand. The bulking* e itect
.+ cubes made with Machakos sand must have resulted

in relatively weaker bonds and this could have been

the main reason for the observations made. The



Table 4.18:

Pement held constant

Solution medium

Percent compressive strength changes of the cubes holding

cements constant to compare the sands.

Sand

Deionised water

Waste water

Lower Tfluoride concentration!

Higher fluoride
concentration

Lower chloride concentration’

Higher chloride
concentration

Lower sulphate concentration

Higher sulphate
concentration

OPC
KJD MKS

m2.22 1.88

7.54 5.63
6.65 4.39
13.5 12.6
9.86 6.67
-0.218 -3.74

-0.475 3.41

-1.03 2.78

SRPC
KJD MKS
-4_.53 -11.3
0.885 -1.16
13.2 0.305
3.10 5.42
-5.29 3.63
1.20 -6.26
4.88 4.73
-5.06 1.59

PZC
KJD

-16.5
6.90
13.60

12.5
-0.0823
-4.64

7.11

-6.27

MKS

-8. 81
-3.76
12.8

11.9

5.71

-7 .35

4_.96

-2.14

oSt
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cubes made with Machakos sand were found to have

gained strength only with OPC. The fluoride =
ions

esust have been responsible for the observed

increase 1iIn strength as has been discussed earlier.

Oni) Fluoride solutions.

It was observed that the cubes made with
This was because

both the sands gained strength.
products of the Tluoride

up the pores and hence allow d

increased the stren1 o

in Machako

the reaction ions with

the silicates sealed

continued hydration which

The presence of non silicate materials
content,

This could explan

reduced

sand, due to the richer mineral

the formation of the products.
sand had lower

why the cubes made with Machakos
strength iIncreases than those made with Kajiado

sand.
Chloride solutions.

Some cubes were found to have gained strength

(v)
lower chloride concentration solutions. The

ions and the cubes must have

in the

reactions between the
the surface such that the hydration

interior of the cubes

This

taken place on

process continued in the

resulting in higher compressive strengths.
behaviour was observed for all the cubes made with
Machakos sand while for Kajiado sand it was only

observed with oPcC



- 158 -

In the higher concentration solutions
, a

decrease 1
in the compressive
strengths w
as observed

in all cases. The deleterious reactions had

therefore penetrated the cubes thereby weakenil
ng

them. Kajiado sand was better than the Machak
oS

in all the cements. The bulking effect of th
e

st have been responsible for the

one

Machakos sand mu

lower compressive strengths.

(v) sulphate solutions.

lower sulphate conce

crease was observed except

In the ntration solutions
rall strength in
2de with Kajiado S

t the deleterious reactions

an ove
and and OPC. The

for the cubes m
n indicated tha

observatio
e surface of the cube leaving

e confined t© th
ntact where t
The surface softening-

wer
he hydration process

the interior 1
d unaffected.

continue
£ peaction dis

cussed earlier was

spalling tyP® ©

responsible-

In solutions

of higher sulphate concentration
b

cubes made with Kajiado gand showed strength losses
cubes made with Machakos sand

he Cements.

for all t
108S only wi

+th PZC but showed

d streﬂgth
On the

showe
eases wit

h OPC and SRPC.

strength incr
fore better than

overall, M

Kajiado sand .
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made with Machakos sand made the cubes to be

relatively more porous such that the formation

of expansive products, like ettringite, made

the structures more compact. This would explain

the strength increases observed.

e best sand under

4,3.5.2.2 Summary showing th

e strength test.

com ressiv

Test solution medium The best sand for the different
cements

oPC SRPC PZC
Deionised water Machakos  Kajiado Machakos
Wwaste water Kajiado Kajiado Kajiado
Lower fluo?ide Kajiado Kajiado Kajiado
concentratlon \
Higher fluoride Kajiado Machakos Kajiado
concentration
Lower chloride Kajiado Machakos Ka3iado
concentratlon
Higher chloride Kajiado Kajiado Kajiado
concentration
Lower sulphate Machakos Kajiado Kajiado
concentration
Higher sulphat Machakos  Machakos Machakos
Concentration
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u.,u4 The summary of the effects of the test

solutions on the cubes.

On the basis of the results the following

reactions were proposed to have taken place

From these results, the performance of the

different cements, different sands and their

combination were assessed.

4. 4,1 The effect of deionised water on the cubes

The reactions petween deionised water and

the cubes resulted in dissolution, surface wear

g as evidence
ne of the most leached out

and leachin d by pH, ion exchange and

volume changes: 0

This was basically as a result

cation was calcium.
e formed during the hydration

of dissolution of lim

processe

2+
* H0aa) 2" (ap) * %M(ag)

lubilit =
solubility (ca(OH),) = 1.7g/1

solution exposed more hydration products

down DbY hydrol
me fresh water samples were put

The dis
ysis to maintain the

which proke
um each ti

sity of the cubes, but also

equilibri
The process must have not

in the dessicat
ed the poro

only increas
nce yolume decreases.

surface wear and he



The combinations that performed the best

under the various tests were:
Combination iIn order of

Test

Derformance
V.olure changes: PZC/KJD; OPC/MKS
Cation leaching: OPC/MKS; PZC/KJD
Compressive SRPC/KJD; OPC/MKS

strength:

On the overall, OPC and Machakos sand were

therefore found to be the best cement and sand
respectively. OPC with Machakos sand would

therefore be recommended for making concrete

structures exposed to rain water.

u#2 Waste waters”

From the PH changes, 1t was concluded that

base dissolution from the cubes.

ere was littie

) = ,, were taken up by the cubes,
tions and anions were

only Pzc cubes showed

m Ehe volume test,
t From the _ ) ’ .
reactions were involved and
Many
panS 7 Irium compounds, which formed

ipnuf ioR§ Trom ca-L
e the cement component of the cubes,

e bulk of tne

acfé& as follows:

ot + SO,Z_ @) Caso 4 (ppt)
€L))
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2+ -
“ @)t Flaq) —> Caf,

2+
C +
T )’ Cliag) > Call, e

The calcium sulphate produced must have

proceeded with some or all of the following

processes:

(1) falling as a precipitate at the bottom of

the dessicators and leaving more exposed

sites for further reactions;

(ii) closing the pores on the surface of the

cubes thus offering protection;

(iii) reacting further with calcium aluminate

hydrate to form ettringite.

The calcium chloride leached out 1eaving

a more porous system, with exposed sites for

further attack. Penetration of the chloride ions

into the matrix of the cubes would result jp the

formation of complex salts such as Friedel'sg

Oo].
[(3Ca0.A1,0,C1,.50,).12H, ]
The calcium fluoride formed would seal the

on the cube surfaces and thus protect the
pores

cubes from further cor
ucts with the silicates such as

rosion. Other fluoride

reaction prod .
. uld also seal the pores and
licates WO

fluorosi
yers on the cubes.

form protective la
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The volume test indicated that precipitation
and leaching dorminated the OPC and SRPC cubes,
resulting in volume decreases. Ettringite formation
which could take place on the OPC cubes was either

minimal or the expansive effect was reduced by the

processes just cited. The OPC cubes were however

found to have taken up more fluoride ions than the
others and so the calcium fluoride and fluoro-
silicates must have protected the cubes considerably
from severe sulphate attack. The relatively higher
volumes of the OPC cubes than that of the SRpPC
however, indicated that ettringite formation took
place albeit in a small way.

The slight expansion exhibited by the pzeC
cubes was due to the pozzolana reacting with the
various aﬂions that had diffused into the cube

matrix. The pozzolana grains initially of fereq

channels through which the ions passed.

The best combinations for the different

tests were:
Best cement/sand combination

Test
Volume PZC/KJD
anionic (1. Fluor@de: OPC/MKS
uptake (2. Chloride: PZC/K.ID
(3., Sulphate: PZC/MKS
cationic leaching: SRPC/MKS
SRPC/KJD

compressive strength:
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On the overall, PZC with Kajiado or Machakos

sand would be recommended for such or similar

environments.

4.4,3 Fluoride solutions.

It has been observed in this work that the
cubes that were immersed in fluoride solutions were
better off at the end of the investigation than
those immersed in the other solutions. This was
amply shown by compressive strength tests, especially
when comparing the sands (table 4.18), The results
indicated that fluorides in form of hydrofluoric
acid can be used to protect or strengthen concrete,
Further research should be carried out to determine

the nature of the phenomena and the variousg ways

in which the acid can be applied.

The reaction between hydrofluoric acid ang

silica has been shown to proceed as follows (90,971);

: L F
5i0,(g) * *Haq) > Sty 2HQO(aq)

If the silicon tetrafluoride gas is not allowed to

freely, the following reactions take place.

escape
—> H,SiF

Sify g T P e 27" 6(aq)

c acid could then react with any

The fluorosilici
compOUnds in the cubes forming among
r

base or othe
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other salts fluorosilicates (fluates) which are
reportedly (83,84,92) used in the building

industry as waterproofing compounds and for

protecting concrete against corrosive attack. An
example of such a reaction would be:

Ca (OH) + H,Si —> ;
2¢s) T H25tF6(aq) CaSiFg gy *+ 2H0(,

The silicon tetrafluoride gas could react

directly with the cubes like it does in the

' ! £13 ; ;
Ocrate'! or silicofluorination process forming a

coating of hydrated silica and alumina, along with
calcium fluoride which resists many aggressive

agents. The process ('Ocrate') is actually used

to treat sewer pipes and concrete exposed to

aggressive ;ndustrial conditions in Holland, Germ

’ any,
Australia and the
he silicofluorination process has been

U.S.A. (47,83).

T

shown to double acid resistance and to increase

concrete resistance to other chemical attack upto

d for shale-sand conc

an agueous 50-70% sodium

ten-fol rete (93). Of the

fluorosilicates,

cate suspension has been used as a

fluorosili

ing ijnitiator to increase the mechanical

harden
mogeneity of concreté in the produ-

strength and ho

id resistant concrete (60).

ction of ac
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The combinations that gave the best results

were:

Test Lower fluoride Higher fluoride
concentration concentration

volume SRPC/KJD SRPC/MKS

anionic uptake OPC/MKS OPC/XJD

cationic leaching OPC/MKS OPC/MKS

compressive OPC/KJID OPC/KID

strength
on the overall therefore, OPC with either of

the sands would be recommended for such fluoride

environments.

TR Chloride solutions.

l,eaching out reactions were predorminant

as shown by pH, volume and cation leaching tests

one of the major reactions that resulted in the

leaching of calcium ions is:

—> CaCl
Ca(OH)Q(S) + ZHCl(aq) a 2(aCl) + 2H2O(aq)

Other reactions such as the formation of Friedel's

The combinations that gave the most

ce to the attack under the different tests

resistan

were:
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Test Lower chloride Higher chloride
concentration concentration
volume PZC/KJD PZC/XJD
anionic uptake PZC/KJD PZC/KJD
cationic leaching OPC/KJD PZC/MKS
gggg;‘;iﬁi% PZC/MKS OPC/KJD

On the overall therefore, PZC with Kajiado sand

would be recommended for chloride environments

4.4,5 Sulphate solutions.

The pH changes showed that base dissolution

and leaching took place. In the lower sulphate

concentration solutions, the cubes showed g reduction
in volume while they expanded in the higher concentra-

tion solutions. The main reactions that must have

taken place are:

2

(1) Ca(OH)z(S) + Hgsou(aq) > CaSOu(s) HZO(l)

(1i) 3€a0.A1,05.8H,0 gy + 3CaSOy( 0y + 26H,0 — o

3CaO.A1203.3CaSOq.32H20(S)

Calcium sulphate precipitates more due to the
and its deposition on the surface

presence of 11mes
e cubes in the lower

of the cube protected th
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concentration solutions as indicated by the

compressive strength increases. Accumulation of

the precipitate and perturbation during volume
measurements however, resulted in falling of the
precipitate in the solution leaving exposed surfaces,
The process therefore continued as the sulphates were
replenished and hence caused volume reductions,

In the higher sulphate concentration solutions,
the ettringite forming reaction must have dorminated
as indicated by the high degree of expansion.

Lower compressive strengths were recorded and so,
the ettringite must have disrupted the innerp matrix

of the cube.
The combinations that gave the best results

under the different tests were found to be:

Test Lower sulphate Highep sulphate
concentration concentration

volume SRPC/KJD PZC/MKs

anionic uptake PZC/KJD PZC/KJD

cationic leach- OPC/KJD SRPC/MKS

ing

compressive SRPC/KJD SRPC/MKS

strength

On the overall, SRPC with Kajiado sand would
n
phate environments,

1 h sul
be recommended 1N suc
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CHAPTER FIVE

CONCLUSIONS AND RECOMMENDATIONS

From the results of this work, the following
conclusions and recommendations were made:

5.1 Conclusions.

1, Sand from Machakos district had less silt and
was more fine than that from Kajiado district,
2. The sand from Machakos district was richer in
mineral content than that from Kajiado district.
The sand from Machakos formed unworkabile mixes
with cements when a w/c ratio of 0.4 yas used,
and showed a "bulking" effect when a w/c ratio
of 0.5 was used.
Both the Machakos and Kajiado district sands,

under test, are not suitable materials for

testing cement(s).
SRPC may not be the best cement to use in

factory waste waters containing a combinatiop

of ions, such as sulphates, chlorides, fluorides

etc.
fluoride solutions were not deleterious to

6. . The

the cubes made with the cements investigated,



10.

11.

12.

13.

14 .

170

The action of deilonised water on the cubes

resulted in dissolution, leaching and surface

near .

The action of chloride solutions on the cubes

produced mainly soluble salts which leached

out of the cubes.

In the lower sulphate concentration solutions,
reactions took place mostly on the surface of
the cubes forming mainly precipitates

In the higher sulphate concentration solutions

expansive products were formed.
The "bulking'” effect of the Maehakos sand ,,aa

found to be beneficial iIn sulphate environments

whose reaction with the cubes formed expandi--e

products.
PZC 1s superior to OPC and SRPC In resisting

attack from chlorides, and solutions with a

combination of many ions such as the factory

waste waters.
In sulphate solutions, SRPC and to a lesser
degree PZC are superior to OPC iIn resisting
sulphate attack.

On the overall, most of the reactions between

the cubes and the solutions took place on the

surface of the cubes.
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15, The low w/c ratios and the compaction method
used produced strong specimens which resisted
extensive deleterious reactions within them
in the six month period of investigation
The cement-sand combinations which were fo

und

most suitable for the di
ifferent media
are summarised

in table 5.1.

Table 5.1: The best cement-sand combinations f
- s _for

the media investigated.

Medium Cement Sand
Deionised water OPC MKS
Waste waters PZC KJD or MKS
Fluoride solutions OPC KID or MKS
Chloride solutions PZC KJD

SRPC KJD

Sulphate solutions

5.2 Recommendations.

nd samples from other parts of the country

1. Sa

should be i
uitability for testing cements,

nvestigated in order to determin
e

their S

re making €O
n sulphates, chlorides, fluorides
3

ncrete structures for environ
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etc. such as those found in some factory

waste waters, a careful study should be carried
out to determine the most suitable cement.
rurther research should be carried out to
determine the effect of the fluoride ions and
hydrofluoric acid on cements, sands and concrete
products, and if the reactions can be used to
protect the products against chemical attack.
Further research on the effect of ions on

mortar or similar cubes should be done with
weaker more porous cubes. This can be achieved
by using a higher w/c ratio. A longer investi-

gation period would also be recommended in

order to get results of a longer duration,

The cement-sand combinations given in table

5.1 would be recommended for use in environments

similar to those investigated.
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APPENDIX 1

5 CLEAR

Computer programme for A.A.S,

10 DIM X0(100),YO0(100)

20 PRINT
"When it
the value of

30 PRINT

40 PRINT

50 PRINT

"This program will
iIs ready for you to enter a number

your
"on the right,

"Where your values are x,y pairs,

item and then depress the button,"

labelled RETURN."

require you to enter your data i1tem by

data analysisCbv A.R. T ind imubona,

item "»"»

it will type a *?7"""fol low this by

enter the x-value followed by a co

mma'" *""then the y-value followed a depression of the RETURN key

60 PRINT
70 PRINT
80
90
100
120
130
140
150
160
170
180
190
200
210
220
230
240

PRINT
PRINT
PRINT
INPUT
REM -

PRINT
INPUT

REM -
J=J+X
K=K+Y

TIME = O
IF TIME > 500
GOTO 90

"LINEAR

"NUMBER
N
LOOP TO

FOR 1=1 TO N

"X,Y OF
X,Y

X0(1)=X
YO (1))=Y

ACCUMULATE

GOTO 120
REGRESSION"

OF KNOWN POINTS™

POINT";I;

INTERMEDIATE SUMS

ENTER COORDINATES OF POINTS
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(CON1D)

250 L-L+X"2

260 M=M+Y~ 2

270 R2=R2+X*Y

280 NEXT

290 REM - COMPUTE CURVE COEFFICIENT
295 B=R2/L

296 A=0

300 REM B=(N*R2-K*J)/(N*L-J3"2)

310 REM A=(K-B*J)/N

320 PRINT

330 PRINT ™"For The equation®- y = a + bx"
340 PRINT

350 PRINT "a = ";A;

360 PRINT "b = ";B;

370 REM - COMPUTE REGRESSION ANALYSIS
380 J=B*(R2-J*K/N)

390 M=M-K*“2/N

400 K=M-J

410 PRINT

420 R2=3/M

430 PRINT "COEFFICIENT OF '%

440 PRINT "DETERMINATION";

450 PRINT "(R~2)= ";R2

460 PRINT

470 PRINT '"COEFFICIENT OF '7;

480 PRINT "CORRELATIONA~";SQR(R2)

490 PRINT

500 PRINT "STANDARD ERROR OF ESTIMATEN";
510REM PRINT SQR(K/(N-2))

520 PRINT

530 PRINT

"DO YOU REQUIRE A GRAPHICAL PLOT OF YOUR

DATA AND

FITTED LINE?"

g8l
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(CONT'D)

LIST540 540,820

540
550
560
580
590
600
610
620
630
640
650
660
670
680
690
700
710
720
730
740
750
760
770
780
800
810
820

PRINT "TYPE Y FOR YES AND N FOR NO";
ANS$=INKEY$ (10000 )

IF ANS$ - "Y" GOSUB 810
REM

- ESTIMATE Y-COORDINATES OF POINTS WITH ENTERED X-COORDINATES
PRINT "INTERPOLATION: ";

PRINT "(ENTER X=0 TO ENﬁ)"

PRINT "X =";

INPUT X

REM - RESTART OR END PROGRAM? USER INPUT REQUIRED
IF X=0 THEN 680

PRINT Y =" ;A+B*X

PRINT

GOTO 610

PRINT *DO YOU WISH TO ENTER ANOTHER SET OF DATA (Y or N)?"
ANS$=INKEY$(10000)

IF ANS$="Y" GOTO 5
PRINT

"DO YOU WISH TO USE A DIFFERENT STATS PROGRAM
ANSW$ = INKEY$(10000)

Y or N)?"
IF ANSW$="Y"" CHAIN

"S.PROGS"
MODE 1
PRINT
PRINT "Now exiting to BASIC"
PRINT 1T you have finished, please” " remove the stats disk and”
PRINT ™"switch off the computer.'
GOTO 1100
MODE 2

XMAX = 0

981



AImPIX 1 (CDMT.m

830 YMAX r o

ggg FOR I = ! TO N
IF XO(1) > XMAX

860 JE yo(i) > YMAX JHEN XMAX  xo(1)

870 NEXT X then YMAX = vo (1)

880 _
890 yEacy - 1000/(XMAX)
900 ~ 800/ (YMAX)
910 éMﬁig — XMAX*XFACT
920 = YMAX*YFACT

GCOL 0,1
930 MOVE 0,0
940 DRAW o, yMAXO
950 MOVE 070
ggg DRAW % MAXO ,0
MOVE -
980 (oL 81@ YFACT
990
1000 FoRWI= |ATOXNACT’AtYFACT+B- S HVAX*YFAC
1010 GcoL 0,4

1020
1030 NEXT j ® ~ ~*XFACT,YO(I)*YFACT

1040
PRINT TAB( 20) *y -
1045 PRINT (20) % AL+

1050 i,
1000 PRINT "Type c

1070

1080 fDE 4° (> "c" “ TO 1050
1090 RETURN

1100 END

1110 FOR I ~ } 10 N
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AP :
APPENDIX 2: PERCENT VOLUME CHANGES DATA (FOR FIGURES 4.1-4.8)

DAY OPC SRPC PZC
1 0
T U
0 -0.
186 7.05E-2 —o.ggi g:iii
24 7E-2 _0.281 0.141
32 7.05E-2 -0.281 0
38 0 ~0.352 0
48 0 ~0.352 0
55 0 -0.352 0
63 7.05E-2 -0.281 0
75 _7.05E-2 ~0.281 0
82 ~7.05E-2 ~0.352 0
89 -7.0BE-2 ~0.422 0
FRE ST ¢ .
-0. _0.492 - -
113 ~0.141 0.492 -Z.ggg-g
119 ~0.211 20.49  -7.05E-2
132 ~0.211 ~0.492 0.282
139 -0.211 -0.492 -0.282
146 ~0.211 0,492 ~0.211
161 _0.211 ~0.422 -0.211
167 -0.211 -0.492 ~0.211
174 ~0.211 ~0.492 ~0.211
184 -0.246 -0.492 ~0.211
Volume changes in deionised water.
DAY OPC SRPC PIC
A 0 0 0.141
a -0.225 -0.351 0.353
16 ~0.225 -0.492 0.141
54 ~1.42E-2 -0.492 0.141
32 -1.42E-2 -0.281 0.141
38 5. 62E-2 -0.211 0.212
48 _1.42E-2 ~0.281 0.212
55 _8.46E-2 ~0.281 0.283
63 _8.46E-2 -0.281 0.141
75 _1.42E-2 -0.281 7.07E-2
82 _1.42E-—2 ' —0.281 0
89 -0.155 -0.281 0
) ~0.422 7.07E-2
99 0.155
106 -0.296 -0.492 7.07E-2
113 -0.296 -0.492 e
119 -0.296 -0.632 7. 07TE-2
132 -0.296 ~0.562 0
139 -0.296 ’0‘522 7 07E—g
146 -0.225 0.5 T Es
161 -0.225 -0.632
167 —0:225 -0.632 -7 07E—g
174 ~0.296 _0.492 0782
184 _0.261 0.492 %
waters.

Volume changes 1n waste
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Volume changes (%) of the cubes in:

(i) Lower fluoride concentration solutions.

DAY OPC SRPC PZC
1 0 0 0

4 0 0 0

9 -7.05E-2 ~7.05E-2 -7.04E-2
18 -0.211 -7.05E-2 ~0.141
24 -0.211 -7.05E-2 ~0.352
32 -0.141 -7.05E-2 -0.422
38 -0.141 -7.05E-2 ~0.422
48 -0.141 -7.05E-2 -0.422
55 -0.141 0.141 ~0.422
83 ~0.211 0.211 -0.281
75 ~0.211 0.141 -0.281
82 -0.211 7.04E-2 ~0.211
89 -0.282 0 -0.211
99 -0.211 7.04E-2 -0.211
106 -0.211 0 -0.211
113 -0.211 0 ~0.211
119 -0.211 0 ~0.211
132 -0.211 0 -0.281
139 -0.211 0 -0.281
146 -0.211 -7.05E-2 ~0.281
161 -0.211 ~0.141 -0.281
167 ~0.141 -0.141 -0.352
174 -0.282 -7.05E-2 -0.352
184 ~0.212 -3.53E-2 -0.282

Higher fluoride concentration solutions,

(ii)
DAY OPC SRPC PZC
; . 5 0.212
-0.141 0 .21
3 0. 141 7.05E-2 0.212
16 -0.141 ~0.14 8
24 -0.141 ~0.14
32 -0.282 ~0.14 7.04E-2
38 0. 211 -0.211 0.141
48 -0.211 _0.211 7.05E-2
55 0. 211 -0.211 0.141
63 ~0.141 0,211 0.141
75 0. 211 7.05E-2 g'éié
o ~0.352 0 0.212
i —o.ggg _7.02E-2 0.212
i?g :8:352 _7.02E-2 8'§é§
119 o 141  -7.02E-2 0.282
132 —0'141 -7.02E-2 0582
12 0. 141 02 0.282
161 28'§é§ -0.211 8.222
o -0.422 :8'33% 0.212
174 ~0.422 -9 261 0 142

184 -0.422
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Volume changes (%) of the cubes in:

(i)

DAY

16
24
32
38
48
55
63
75
82
89
99
106
113
119
132
139
146
161
167
174
184

(ii)

106
113
119
132
139
146
161
167
174
184

Lower chloride concentration solutions.

OPC
0

-0.281
-0.422
-0.702
-0.702
-0.492
-0.492
-0.492
-0.422
-0.422
-0.562
-0.562

.832
.632
.632
.562
.562
.702
.702
.702
.832
.632
.702
.702

OPC

.3562
.422
.562
.562
.562
.562
.492
422
.422
.562
.703
.703
.703
. 703
.562
.562
773
773
.773
773
773
773
.788

SRPC

0

0
-0.281
-0.281
~-0.281
-0.422
-0.281
-0.281
-0.281
-0.352
-0.352
-0.3562
-7.04E-2
-0.352
-0.352
-0.422
-0.422
-0.422
-0.281
-0.281
-0.422
-0.422
-0.422
-0.422

SRPC

-9.4E-2
-0.16433
-0.21133
-0.23467
-0.21133

-0.28167"

-0.21133
-0.28167
-0.281867
-0.37533
-0.37533
-0.39867
-0.37533
-0.39867
-0.37533
-0.305
-0.32833
-0.35167
~0.44533
~0.44533
-0.46867
,0,46867
-0.49233
-0.4925

PzZC

0

0.141
0.141
0.141
-7.05E-2
-7.05E-2
-7.05E-2
0.141
0.141
0.141
-0.141
-0.141
-0.141
-0.282
-0.282
-0.282
-0.282
-0.141
-7.05E-2
-0.141
-0.282
-0.282
-0.282
-0.317

Higher chloride concentration solutions,

PZC

-0.211
-0.141
-0.352
-0.211
-0.211
-0.141
-0.141
-0.281
-0.281
-0.352
-0.352
-0.352
-0.281
-0.281
-0.281
-0.352
-0.281
-0.352
-0.352
-0.352
-0.352
-0.387
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Volume changes % of the cubes in:

(i) Lower sulphate concentration solutions.

DAY OPC SRPC PZC
1 0 0 0

4 -0.282 0 0

9 -0.282 -7.05E-2 -0.211
16 -0.282 0 7.04E-2
24 -0.282 0.141 -7.04E-2
32 -0.352 0.141 7.04E-2
38 -0.422 7.04E-2 ~7.04E-2
48 -0.422 7.04E-2 ~7.04E-2
55 -0.352 0.141 ~7.04E-2
63 -0.352 0.141 ~7.04E-2
75 -0.352 7.04E-2 -0.211
82 -0.352 7.04E-2 ~0.211
89 -0.352 0 ~0.211
99 -0.352 -7.05E-2 -0.211
106 -0.422 -7.05E-2 -0.141
113 ~0.492 -7.05E-2 -0.211
119 ~0.422 -0.211 -0.141
132 -0.492 -0.211 -0.211
139 -0.422 -0.141 -0.281
146 -0.563 -0.141 -0.281
161 -0.422 0 ~0.281
167 ~0.422 0 ~0.281
174 ~0.422 ~0.141 -0.281
184 ~0.528 ~0.247 -0.352

(ii) Higher sulphate concentration solutiens.

DAY OPC SRPC PZC
0 0 0

i 0 -7.04E-2 -0.211

9 -0.211 -7.04E-2 -0.281
16 0.211 -7.04E-2 -0.281
24 0.282 0.353 0.282
32 0.494 0.353 0.282
38 0.423 0.353 0.282
48 0.494 0.424 0.352
55 0.494 0.636 0.492
63 0.706 0.636 0.353
75 0.706 0.636 O.493
82 0.706 0.707 0.635
89 0.919 0.849 0.705
99 0.919 0.849 8'705
106 0.919 0.8489 0.705
113 0.989 0.778 0.705
119 0:939 0.849 0-705
132 0.989 0.778 0-705
139 0.848 0.707 0.776
148 0.777 0.707 P
161 0.848 0.778 0.776
167 0.919 0.778 0-705
174 0'919 0.778 6.67

184 0.949 0.743
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APPENDIX 3
lonic uptake (pnm/day) data (for Figures U.9-4.17J

Fluoride ions uptake (ppm/day) in:
(1) waste waters.

DAY OPC SRPC PzC
17 0.179 0.146 0.173
40 0.152 9_.6E-2 0.152
67 0.174 0.107 0.137
R 4_8E-2 2_5E-2 3.3E-2

126 8E-3 -2E-3 0

184 4E-3 5E-3 4E-3

(ii) lower fluoride concentration solutions

DAY OPC SRPC PZC
17 0.391 0.472 0.482
40 4.161 5.979 5.469
67 4.161 5.979 5.49
92 4.332 5.724 5.469

126 4.332 4.221 4.303

184 3.29 3.24 3.397

higher fluoride concentration solutions

aiin)

DAY OPC SRPC PZC
66.176 69.824 68
jg 110.44 103.15 108.44
67 110.44 103.15 108.44
Q2 80.647 95.647 108.44
126 76 78.64 39.864
63.194 74.489

184 62.315
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Chloride ions uptake (ppm/day) iIn:

(1) waste waters.

DAY OPC SRPC PZC
17 1.835 2.118 2. 118
40 4 2.13 3.261
6/ 4.222 3. 778 3. 148
92 4.4 1 0.48

126 1 0.147 -0.324

184 0.41 OE-2 -0.151

(ii) lower chloride concentration solutions.

DAY OPC SRPC PZC
17 3.871 10.153 7.765
40 20.074 18.617 18.226
67 14.548 14.463 13.993
92 11.02 12.848 11.632

126 10.506 10.397 8. 132

184 6.153 5.619 5. 153

(iii) higher chloride concentration solutions

DAY OPC SRPC p2C
22.276 21.294

T '3 eose 3697

gg 27.785 27.419 26.27

ot 20.492 21.732 19.252

22.479 20.921 18472

126 10.884 13.505

184 12.431



19 4

Sulphate 1ons uptake (ppm/day) iIn:

(i) waste waters.

DAY OPC SRPC PzC
17 -1.824 1.824 -1.824
40 8.957 6.783 10.478
67 29.074 26.444 13.222
92 8.88 73.68 -10.8

126 -1.235 -1.235 -1.235

184 -0.724 0 0

D) lower sulphate concentration solutions.

DAY OPC SRPC PZC
17 7 9.765 15.824
40 16.909 26 9.565
67 9.307 14.493 11.456
92 44 .88 20.612 19.452

126 61.559 62.059 75.353

184 21.155 14.01 12.872

Gii higher Chloride concentration solutions
il

DAY OPC SRPC PZC
68
66.176 69.824
ig 110.56 109.35 109.17
67 110.44 103.15 108.44
92 76 78.64 22%822
95.647 ]
Toa o oat 30.741 31.328

184 43.983



