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-1i1
SYNOPSIS

The object of the study was to determine the
necessary constituents and proportions of materials
required to produce concrete of the desired consis-
tence and compressive strength under tropical
climatic conditions. TIrom the results of the
investigation, a simple method of concrete mix
design, which is suitable for use in the tropical
countries, has been evolved. The method is based
on the "standard type curves" principles where the
aggregate grading is by the specific surface area
me thod.

Concrete mixes were made with various mix
proportions using "Elephant' brand of Ordinary Port-
land Cement, river sand and crushed rock aggregates.
The aggregates were combined in three gradings
covering the range likely to be required in practice.
The main independent variables in the tests are:-

(i) the aggregate gradings - in terms of the

gpecific surface of the aggregates;

(i1i) the water/cement ratios - between 0.3 and

0.9 by weight.
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(iii) the aggregate/cement ratios - between 3.0 and
9.0 by weight; and

(iv) the ages at test - at 3, 7 and 28 days
mainly, but in a few instances at 12 weeks.

The workability, measured by the compacting factor
method, and the compressive strength of the mixes were
determined and the resulte have been analysed to give
Tables and Curves from which a suitable combination
of water/cement ratio, aggregate/cement ratio and
aggregate gradings may be easily estimated to give
a mix with the required compressive strength and
degree of workability.

The experimental results show that the workability
of concrete made in the tropiecs is lower but the
compressive strength is higher than those made wider
temperate climates. The rate of gain in strencth is
increascd &n average by about 15 pereent. This indicates
that the concrete desipned strictly using the Road
Note No.l4 data will most likely under-estimate the
strength of the concrete made in the iropics and will
lead to uneconomical use of materials.

The proposed desipgn method was compared with
others, and suggestions were made for further research

on points outside the scope of this investigation,
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1. INTRODUCTION

1«1« TROPICAL CLIMATE:

The hot regions of the world lie roughly between

he Tropice of Cancer andCapricorn, Latitudes 233°
North and South respectively. These are the extreme
positions at which the sun appears to be directly
overhead at noon. The climatic ceonditions of these
hot regions may be divided into two distinctive
types, namely: warm-hRumid and hot-dry regions; but
there are other variants of these, such as eguatorial
coastal islands, savannah, moonson, gemi-desert and
maritime-desert ..

The warm-humid climates are generally associated
with regions near the eguator (0° to 15°North or Sauth),
such as the Amazon Basin areas of Brazil, Southern part
of Nigeria, Ce¥lon, Singapore and Indonesia. The
characteristics of' these climates are heavy rainfall,
high relative humidity, high wind speed ‘especially
in open areas accompanied with squalls and thunderstorms,
and mean temperatures of about 70°F to 80°F (21°C to
27°C) throughout the year which may, however, reach

almost 100°F (3800) in the hot season .



The regions of hot-dry climates are found mainly
between Latitudes 15° to 300 North or South of the
Equator, 8uch as the desert areas of Africa =
(Epypt, Algeria, Sudan, Saudi Arabia and Northern
part of Nigeria), Mauritania, Argentina, and acme othar
parts of South America. The characteristic features
of these climates are high temperature (of up to 120°F
(h9001)with high daily range and seasonal variations
of temperature, very hot with intense sunlight days and
cool nights, dust storms, 1little or no rain, very.low
relative humidity, and high air velocity which may lead
to whirlwinds or tornadoes.

Tropical climates consist of two marked sessons:
the dry season and the wet season. The dry season,
which lasts Ffor approximately six months (October to
April , in the Northern Hemispher@ is notable for high
temperature combined with low relative humidity toge-
ther with low rainfall and high air velocity; whilst
in the wet season, (May to October), an equatoriml type
of climate with high rainfall and moderate air velocity
persists,

| Typical average climatic conditions of Kaduna in
northern part of Nigeria where this investigatioh wes

carried out are shown in Table 1.
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NIGERIA AT THE TIME OF INVESTIGATION

1969/70). *

MONTHE® | TEMPERATURE [RAIN IRELATIVE_¥HIND FORCE! SUN ;EVA- }
OF THE } — ' PALL HUMIDITY ' (m.p.h.) |SHINE |PORA-!
YEAR MAX, | MIN, ! (Mean ! MAX.j MIN. | TION

i | Daily) ! ! i

1969/70| °F | °F | 1ins.| % | : hrs, | ml.

| - - - -‘i- —— : »]

¢ JAN, 88 | 59 0,00 30 21! 10 | 8.9 [19.5
¥EB., 96 | 63 0,00 22 21 10 | 9.4 (20.3
MARCH 99 | 72 0,00 35 28 5 | 8.5 {14.4
APRIL 9y 13 L4.40 I 50 u2 10 6.9 8.5
MAY 99 71 3.72 78 L2 5 | 8.1 5.5
JUNE 86 | 69 5.72 80 i 35| 10 | 6,8 | 3.8
JULY 83 | 68 [11.23 85 | 28| 5 | 6.2 | 2.6 ;
AUG . 82 | 68 HL.40 89 35 5 | 4.9 | 2.0
SEPT. a | 67 H2.21 86 35 10 | 6.8 | 2.4
ocT, 87 | 67 5.02 82 28 ‘ 5 | 84 ! 3,0
NOV. 86 | 59 |o.u5 | 56 21! 5 | 9.0 | 8,8
DEC. 92 | 55 0,00 %8 15 5 !10.3 12,1

n— I B K| f i

*# Data supplied by the Metereological Office, Kaduna.



Kaduna lies roughly at Latitude 10,5° North
and Longitude 7.&0 Bast, which is in the hot-dry
zone of the tropics. As can be seen from Table 1,
an average temperature of as high as 99°F (3700)
and a relative humidity as low as 22%, with little
or no rain for meost months of the year were recorded.
The temperature drop 4vring the months of November
to February was due to the cooling effects of the
harmattan. The lowest temperature was 55°F (13°C),

and this often occurred at night.



1.2 HOT CLIMATIC EFFECTS OIN CONCRETE:

Some special concreting problems that are unconmon

in tenperate repions are expericncd in the hot regions
of the world 28 2 peguli of the hot climatie
conditions. The combined effects of the tropical

climatic conditions cause the hardening rate of fresh
conerete to be accelerated, a factor which reduces
the length of time that concrete remains workable,
and increases the tendencies to crack and shrinkage
development. The erffects of the hot weather conditions
on the operative during the mixing and placing of
concrete may also indirectly affect the quality of
the resulting concrete. It is known that heat

causes 11ls, such as sun or heat stroke and intense
fatigue on the pperatives. The hot-dry air is more
pleasant to work in than the warm-humid one.

It is now clearly established that some of the
propertics of concrete, such as workability, compressive
strength and durability are affected by tropical
(1) '

climates.

# The numbers in brackets relate to the list

of references on page 133.



It is also realised that the conecreting problems are
mainly caused by the high ambient tempecrature,
accompanied by low relative humidity and high air
velocity which result in higher concrete temperature
and increased rate of drying out than is the case
under temperate climatic conditions. The rapid
temperature change bectween day and night or sudden
storm or diurnal renges of ambient temperature causes
abrupt change in thc concrete temperature; this subjects
the concrete to expansion or contraction which tends
to lead to cracking and deformation, Also, the heavy
rainfall, high winds of hurricame force and tornadoes,
dust and sand storms, and intense solar radiation
during the day and dew at night, which are all occur-
ring in varying degrecs, will undoubtedly have adverse
effects on the durability of concrete unless special
measures are taken to protect the concrete.

Hot weather conditions manke it extremely difficult
to prevent concrete from losing its workability before
it is placed., The decrease in workability is due to
the high concrete temperature and the rapid drying

out of the concrete.



In practice, to compensate for the decrease in
workability or the increased loss in slump of concrete
placed under hot wecather conditions, one of the
following methods is adopted by the concrete
designers (1’2}:

(i) by increasing the water content of the mix,

i.e. increasing the water/cement ratio.
(i1) by increasing the richness of the nix,

i.e. reducing the aggregate/cement ratio.

(1ii) by using additives in thec concrete.

The use of increased water to maintain consis-
toncy lecads to an adverse cffect on strength, as it has
been long known from Abram's water/cement ratio law
that the sirength of concrete greatly depends on the
water/cement ratio of the mix. An incrcase in water/
cemen’ ratio causes a reduction in the strength of
the concrete.

By increasing thc richness of a concrete mix,
that is, by increasing ihe ccment content of the mix,
the tendency for shrinkage and crack development is
aggravated. The higher the cement content in a mix
the more rapid and higher the shrinkage of the concrete
when the mixing water evaporates. Stiffer mixes are

generally recommended for hot weather concreting (1).



The use of a suitable conhecrete additive is
increasingly adopted Tor hot weather concreting to
combat some of itu defects, The additives commonly
used serve two main purposes:

(a) to reduce the mixing water requirements, and

{v) to retard the hardening rate of concrete,
Many research workers (3) have confirmed the
advantageous effecte of watcr-reducing retarders on
concrete made under hot weather conditions, and it is
likely that its use will continue to increcase especially

now that some local materials and products such as

starch from cassava or corn and sugar have been found

", to possess water-reducing nand set-~retarding properties

1)

when used in concrete
The importance of the detailed knowledge of these
ef'fecis of climatic conditions on concrete by the
concrete mix designers, cannot be over emphasised,
Thege elimatic conditionz exert grecat influence on
concrete properties and need to he taken into
consideration by the concrete designer while
determining the most economic combinations of
naterials to produce a concrete of the dezired

properties.



1.3 PREVIOUS EXPERIMENTAL WORK ON CONCRETE IN

THE TROPICS.

Many research workers have confirmed that
workability of concrete decreases as the temperature
of concrete increases and that the rate of gain in
strength of concrete mixed and cured under tropical
conditions is different from that in temperate
climates (5’6’7). Virtually all cxperimental results
on concrete made and tested in the tropics indicate
a rapid gain in strength during the first few days.
But different opinions exist as to the effect of hot
climatic conditions on the compressive strength at
older agcs and the ultimate strength of concrete,
Some observers record an adverse effect whilst some
others noticed the exaet opposite. The following
are the conclusions of the results of some of the
rescarch workers:

The Bullding Research Station at Ghana(S) reported
that the strength of concrete in West Africa is, at
all ages, higher than that of a similar concrete cast
and cured in a temperate climate; and that, the ratio
of 7-day strength to 28-day strength is about 0.75
for medium strength concrete; as compared with a value

of 0,67 for a temperate climate,



10

They found that for a typical mix, the strength at
2 days was about egual to the expected strength at
7 days in a temperate climate.

Ghana's results were.in agreemcnt with those
obtained in Nigeria by Ackroyd and Rhodes (6) who
also reported increased slrength at all ages up to
12 months even though the rate of lncrease after
1 menth was very slow for concrete made under
tropical conditions,
| However, a contradictory result was recported by
Ridley (7). He found that the effect of tropical
climatic conditlion gives a reduction in sirength of
up to 15% at 28 days when compared with those of the
temperate c¢limate, In his vicw, the Road Note
No. u's(g) crushing strengths cannot he achieved under
hot climatic conditions. His eiberimenta were conducted
under hot~humid tropical climates at Lagos in Nigeria
at an average atmospheric temperature of 86° (3000)
and relative humidity of 80%; but the specimens were
actually cured under water at a temperature of about
70°r (21°C) in accordance with the British Method ag

specified in B.S5. 41881 (9).
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Also, Shalon and Ravina (10) who made a stuly of
strengths of concrcte under Isracl's desert con-
ditions - (similar to hot-dry regions of the tropics),
found up to 15% lower strengths at 86°F to 104°F
(30°C to 40°C) initial temperatures, as against the
specimens made and cured at standard conditions of
68°F (20°C) and 70% relative humidity.

The results of tests on the effect of elevated
concrcte temperature on strength at a given age depend
on the circumstances of the test and the testing method.
If the concrcte is made under high temperature condi-
tions and allowed to remain there until it is tested
the strength is likely to be higher than would have
beecn obtained at a lower uniform temperature; but
if warm concrcte is allowed to cool and remain at a
more normal tempersture for most of thc time before
testing, the strength would rrobably be lower than
would have been obtained if the temperature had been
a2t the lower level for the whole of the time., This
statement was confirmed by the results obtained
in earlier experiments by the writer(h); abridged

data from the results are shown belsw:=-
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Conditions of Test iCompPessivé
Mix ' Cubes ,  Cubgs Cured 'Strength

| Ref.' made at: Initially at.Finally in.
 Ne. E Temp. ! Temp. R.H, 'water at at 7 days 1
: oo  Temp., |
11 30 30 | L5 30 100 |
2 1 30 30 [ 45 | 20 90 |
i3 | 20 20 90 20 . 93 ;
byoo20 20 1 90 | 30 | 99 |

The results are basced on an average of three
tests. It can be seen from the Table that the
eoncrete made and maintained at elevated temperature
until test (iix No,.1) had about 7% higher steength
than the concrete made and kept at lower temperature
(Mix No.3)., When the concrete made at clevated
temperature (Mix No. 2) was cured under normal
tempoiature until test, the strength was about 3%
lower than that of concrete mix made and kept at
lower temperature throughout (Mix Ne.3). There was
about 10% reduction in strength of concrete made at
elevated tomperaturc but cured at lower temperature
(Mix No, 2) compared with the concrete made at
elevated temperaturs and kept there Tor the whole of

the time until tested (Mix No.1),
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Miz No. L shows about 6% higher strength than Mix
No. 3 which indicates that higher temperature is
beneficial to compressive strength of concrete,

Bince no standard testing method has yet been
established for hot weather concreting, it is hard
to arrive at a general consclusion as to the effect
of hot weather conditions on the strength of concrete.

Low strength may be the result if the watery
cement ratio is varied to maintain constant workability,
and 1f the loss of workability due to rapld drying out
is not allowed for correctly in the design. Under hot
climatic conditions, the severe drying out of the con-
cretelmay interfere with the hydration process of cement.
The excessive loss of mixing water may make the free
water in the concrete insufficient for the hydration
process to proceed and cause the strength to stabilise
too quickly; consequently, strength development and
further strength growth are arrested. But on the other
hand, if sufficient free water is avallable during
hydration proceses, the high temperature of concrete will
speed up the action of hydration, and tiis nay lead to
an incregse in strength. The rapid evaporatcicn of the
mixing water may also result in higher strength because

1f the wator that seeps out of the mix due to blegding
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phenomenon is evaporated at early stage, it will 1ead to
a reduction of the erfective water/cement ratioc, a
factor which caontributes to an ilncrease in strength

of the concrete,

A generalisation mey be made on the avallable
oxperimental data on tie effect of temperature on
conerete that there 13 universal agreement as to the
beneficial effect on strength of higher than normal
temperature at very early apes provided the curing
temperature is not lower thian the casting temperature.
The available evidence so far does not justify a
catezorical statement for aies above 26 days.

The practical significance of the apove conclusion
for concrete designers in tropical countries is two-
fold: In hot-humid climates, where the temperature
variation is small the Ligh temperatures are not likely
to have an adverse effect on concrete strength. In
hot-dry areas where there 1is considerable diurnal
temperature range, the nct thermal effect may cause
a loss in strength, particularly for concrete cast in
the evening at fairly high temperature followed by

a cold night.
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1.4 THE SCOPE OF PRESENT INVESTIGATION:

Although the main aim of the present work is to
determine the necegsary proporticns of materials for
producing concrete of the desired worksbility and com=
pressive strength, nevertheless, it bas served to
throw further light on the controversial issues of
the effect of hot weathor conditions on strength of
congrete,

Some of the previous experimental work on hot
weather concreting were based on specimens made
under temperate conditions butl cured under elevated
temperature conditions., It appears that such tests
may not give an accurate indication of the effect of
. tropical climatic conditions on concrete properties as
mﬁch as it would be if the tests were carried out under
the actual hotlweather conditions. The present work has
been conducted in the laboratory under the actual
tropical conditions, The specimens were made and cured
at the room temperature. |

Up till now, there has been no universally
recognised standard method of testing conerete in the
tropical countries. Moet people are currently working

to the Standards laid down for use in the temperate
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countries. Such results will not give a direct bearing
on what is actually obtained in practice in the tropical
countries., 7The precent work has been so designed in order
that the procedure {ollowed could be standardiscd and
possibly recommended for adeoption as a standard for
concrete tests in the tropicsa,

In the pact, the design of a concrete mix is based
on design data evolved for use in the temperate countries
and very little work has been done by indigenous
research workers in the tropical countries to verify the
accuracy of such data and to modify them if necessary
to suit their own climatic conditions., The present
investigation has therefore been conductéd in order to
produce some design data somewhat similar to the ones
currently used, (e.z. Road lote No.4 data), but simpler
and easier to use and, it is believed more appropriate
for use in concrete mix design in tropical countries,

The experimental work was conducted on materials
rnormally available locally and the tests cover the range
likely to be required in practice, The main factors
considered in the tests are the specific surface of the
aggregates, the water/cement ratio and the aggregate/
cement ratio. Various proportions of materials were

combined to produce concrete of which the workability
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and comprcgssive strength were tested. The main

independeni variables in the tests were:-~

tions

(a) The Aggregate Grading :-

(c)

(a

b
4

Three argregate gradings were established. The
totel specific surface of the combined
aggregates tfor the three gradings wape 635, 827
and 1111 respectively. The aggregste propor-
tions for these gradings by weight werg:-
pand: " asgregate: #M aggregate,

22%%: 22%%: 55%, for grading No. 1,

30% : 25% 3 45%, ,, ’s s 25

B3R : 225 1 35%, 5o 55 s 3.

The Water/Cement ratio: :-

Ranges between 0.3 and 0.9, by weight.

The Apprecate/Cement ratio = -

Varies between 3.0 and 9.0, by weight.
Apce gt Test ‘2=
The cubes were tested at 3, 7 and 28 days

mainly, but in a rew instances at 12 weecks,

The variables werc investigated in limited combina-

in order that their effecta could be more

accurately determined. For example, the water/cement

ratio was kept constant and the aggregate/cement ratio

varied accordingly for a particular aggregate grading.
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The tests were designed o that each secries of the
- test was completcd using the samec consignment of
materials as far as practicable; but this was not
always possible in the case of the cement supply
because this was received in bags.

The details of the mixes and the outline descrip-
tion of the tesis are shown in Pable 2.

Because of the intractable prcgramme that will be
involved, the experimental work had to be restricted,
hence the following aspects were outside the scope
of the present work.

(a) The use of other brands of cements available

locally, e.g. Sckoto Cement.

(b) The use of other types of coarse aggregabes

locally available, e.r. Land gravel,

(c) Tests at older ages.,

{d) Tests conducted under actual site conditions.

Test using Sokoto cement has recently been studiec@

(1)

by another investigator The other three aspects
will be subjects for recommendation for further

regearch work.
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DETAILS OF MIXES AND OUTLINE DESCRIPTION
OF TESTS:

MIX PROPORTICNS:

-

Mix Series T-Sand: A 3"Agg.t Total Surface
! %)t Area.
| Preliminary Mixesi 20 : 30 3 Lo | h832
' Grading No. 1 i 22%: 22%: 55 635
’y ys 2 | 30 : 25 ¢ U5 i 827
s 1y D I 43 : 22 &+ 3% | 1111

Mix
! Serial; Description of Tests.
10 __ _

T.M. Trial Mixes

Series;

!

———— -+ ———

Materials were combined in various proportionai
Sieve analys@s of each combination were made
and compared with gradings of Road Note No.l.
Concrete was mixed by hand and mixX observed
for cohesiveness, homogeneity, and case of
handling. 15 mixes were made and two 4"
cubes cast for test at an age of 7 -dayse.

The results are shown in Table 6.

- -
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. . - - -

]

J: Mix H
| Serial Description of Tests.

: o,

I, - e o e -

; F Preliminsry Mixes:

Secries :
The slump test and compacting Tactor test were |
conducted on 19 mixes, having water/coement |
ratio ranging from 0.4 to 0.8 and aggregate/ }
cement ratic bectween 3.0 and 8.0. Nine 4" cubes
were cast from esch mix, three being tested at ‘
ages of 3, 7, and 28 days respectively.

The results are shown in Table 7.
MATN I'BSTS
lst _Testee
A Mixes were made with aggregate gradlng No.l,
Series

having water/cement ratio range of 0.3 to 0.9, |
i

and aggregate/cement ratio bhetween 3.0 and 9.0.I

The compacting factor test only was conducted.
25 mixes were made, and nine 4" cubes cast from
21 of them and tested at ages of 3, 7, and

28 days; three 6" cubes were cast from the
remaining 4 mixes, and tested at an age of

28 days.

The results are shown in Table 8(4) and 8(X).
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Mix
Serial Description of Tests
No.
B Mixes were made and tested as in A-Series but
Series
aggregate combinations werc in grading No.Z2.
4 | .The results are given in Table 8(B) and 8(X). !
C Mixes were made and tested as in A-Series but
Series
aggregatc combinations were in grading No.3,
31 mixes were made, and nine 4" cubes cast
from 27 mixes and three 6" cubes cast from the
remaining 4 mixes.
The results are given in Table 8(C) and 8(X).
2nd Tests: ;
Check A check on the 28-days strength results obtained
Hixes

in Series A to C above.

For Grading No,., 1 - 15 mixes were made, and
three 4" cubes cast for test at 28 days; and a
fourth cube was cast out of threc of the mixes
and tested at the age of 12 weeks.

For Grading No, 2 - 13 mixes were made and
tested as in grading No. 1.

For Grading No. 3 - Mixes and tests as in

Brading No.1.

The results are given in Table 9.
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Mix
Serial
NO . '

Description of Tests

Checek
Mixes

SR - -

Jrd Tests:
A check on the 3 and 7 days results obtained

in C-Series of the 1st. tests. 17 mixes were
made, and six 4" cubes cast, three cubes being
tested at ages of 3 and 7 days respectively.
One test was conducted for mixes in grading
Ho. 1 and 2 using the same consigrment of
cement as used in grading Ne. 3.

The results are shown in Table 10.

Checlc
Mixcs

Checek
Mixes

e R e

L4th Tests:

Check on 28 days strength to confirm the effect
of aggre alc grading. 10 mixes were produced
from each of the three aggregate gradings and
three 4" cubes cast for test at an age of

28 days.

The results are shown in Table 11.

- - o

bth Tests:

Spot check on the workability and strength
results for cach aggrecgate pgrading. Mixes

were made having low and high degrees of

workability.

- - -



1.5.  REVIEW OF CONGRETE MIX DESIGN METHODS

The purposc of designing a conerete mix is to
produce the desired properties and gqualities in con-
crete by the most economlical and practical cembination
of the available materials. The process of proportion-
ing the available materials may be entirely eapiri-
cal and depend. on experience or obsservation alone,
or it may be based on technical tests and calculations,
There are several diffcerent methods of mix design
proposed by different research workers especially in
the toemperate countries, and some of these will

be briefly reviewed here.

(i) TIThe Arbitrary Proportions Method:

The simplest method is the "Arbitrary Proportions
Methods', which is bused on the proporticning of the
materials in the form of parts oX raticg of ceuent,

Tine aggregate, and coarse aggregates with cement taken
as unity. The mix is normelly cxpressed on the bagsis
of 1: n: 2n, such as 1: 2: 4 mix; and to be Aefinite,
the basis of the proportions are often stated, for
example, by welght or by voliume,

In this method, fixed guantities of fine and coasrse
aggregates are mixed without regard to the size end

grading of the individual materials.
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The mothod also assumes that the strength of the
concrete is determined solely by the water/cement
ratio, and that the workability for a particular
water/cement rotio is dependent mainly on the aggre-
gete/cement ratio. These two assumptions are not
always entirely true. Other factiors such as the
apgreg te size, shape, surface texture and grading
havefremarkable effcet on workability, and also the
aggregate/cement ratio exert?considerable influence
on the strength of concrete,

This method is simple to use but of'ten provides
poor control of the workability of the concrete mix;
however, its use hat been found to be satisfactory

for ordinary grade concrete.

(i1) Mhe British Design lethods.
The best known and most widely used method. of

mix design in Britain is the one described in Road
Note No.l4 (8), whose data are now brought to date by
recent research workers (12), The method is based on
approximations to type grading curves designed to
give good results of workability and strength with

normal aoggregates.,
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The grcding curve of the combined available aggregotes
is madec to approximate some predetermined standard
grading curves for which the relationship between the
aggregate/cement ratio and workability is known for
a particular water/cement ratio.

The design procedure briefly consists of the
Tollowing steps:

1. Decide the minimum compressive strength
for the job,

2. Ectimate the average strength required to
give this minimum strength based on the
degree of control anticipated, (The necessary
ratio may be derived from a given Table;
or may be calculated by using either the
'standard deviation' or ' coefficient of
variation' formulae,)

3. Read off the water/cement ratio to give the
necessary average compresgssive strength from
a given Figure.

L. Decide on the degree of workability required
for the conditions of placing; using a given

Table as a guide,
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Decide the grading curve to follow having
considered the type and maximum size of the
available aggregates.

Determine the aggregate/cement ratio required
to give the selected degree of workability
and grading at the predetermined water/cement
ratio from a given Table.

Proportion the different sizes of aggregates
to approximate given standard grading curves.
Make trial mixes and adjust the mix propor-

tions if desirable.

This process of mix design is modified by

Erntroy and Shacklock (13) for use in designing high-

strength concrete. IR thie method, the aggregate/cement

ratio and the workability are chosen first before the

water/cement ratio for a required strength ic deter-

mined.

The method also assumes that 2 weryv high com-

pactive effort with a very @ry mix will be used rather

than

attempt to maintain high workability by using

a very rich mix.

There are two main objections to the use of the

type-grading curve method:
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(a) it is not always possible or economical to grade
the available materinls to conform with any of
the standard curves.

(b) the best approximation with the type curves does
not always give the best results under all
conditions. For ¢xample, aggregates of the same
overall gradings may produce concrete of different

workability.

(111) The American Method of Mix Design:

The methed described here is based on the American
Concrete Institute's recommended practice for selecting
proportions for concrete (1h). The features of the

methods are:

(a) that over a considerable range of practical
proportions, fresh concrete of a given slump
and containing reasonable well-graded
aggregates of given maximum size will have
practically constant total water content
regardless of variations in water/cement
ratio and cement content,

(b) that the optimum ratio of the bulk volume of

coarse aggregnte to the total volume of
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concrete depcnds mainly on the meximum size
of the coarse aggregate and the finenesns
medulus of the fine aggrcgate, Thig relation

is indicated in a given Table.

The design procedure is briefly as follows:

1

3.

L‘-o

Select the consistency in terms of slump that is
éppfopriate to the conditions of placing, from

a given Table,

Determine the maximum size of aggregate reécom-
mended for the type of congtruction from s given
Table.

Read of'f the total water in gallons Per cubic yard
of concrete from a given Tnble, employing the
selected slump and maximum size of aggregate values
determined in 1 and 2 above,

Choose the water/cement ratio (in gallons per

sack of cement) that will satisfy both the strength .-

and durability requlirenents, from given Tableg.
Calculate the cement content by dividing the total
water condent by the water/cement ratio. |
Determine the bulk volume of coarse aggregéte per
unit volume of concrete for the particular maximum
glze of aggregnte and the fineness modu;us of sand,

from a given Table,
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Compute the solid volume of conrse aggregate per
cubic yard of concrecte from the specific gravity
and weight of the aggregate,

Te Calculate the solid volume of sand by subtracting
from the total volume of concrete the solid volumes
of cement, coarse aggregate, water and air.

8. Calculate the quantities of materials per batch
on the basis of dry aggregates.

9. Make trial mixes and adjust if nccessary to meet

the requirements of consistency in the field.

The method is claimed to have the advantage of
simplicity in that it spplies equally well and with
jdentical result to rounded OTr angular coarse aggregate,
to regular or light weight aggregates and to air

entrained or non-air entrained concrctes,

(iv) The Swedish Method of Mix Design

The method of mix decign discussed here iao based
on the Swedish Cement and Concrcte Institute's
recommended practice as contained in Alexanderson's
paper (15). The method takes into account the water/
cenent ratio, aggregate grading by fineness modulus

method, and volumetric method of mix proportioning.
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It is based on the assumption that if consistence

and grading of the aggregates are maintained there is

direct relationchip between the volumetric proportions

of the aggregate and the water/cement ratio.
The outline of the design procedure is briefly as
follows:

1. Decide water/cement ratio and if applicable the
air content also. Select type of cement.

25 Determine the required consistence and grading.

3. Calculate the fineness modulus for the grading
decided.

L. Using the cealculated fincness modulus value and
the required consistcnce, a value is either read
directly from the design chart or calculated from
a given formula., This value is an agymptote of
the curve representing the quasi-hyperbolic rela-~
tionship derived in the cxperimental study.

5. Fit the hyperbolic “lix Design Curve" (printed on
a transparent plastic sheet provided with the
design charts and data) over the mix design dia-
gram and correctly pogition it according to the
asymptotic value as dctermined in 4, and the
value of th¢ air content, consistence and water/

cement ratio as previously established.
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Read off directly the composition of the mix,
that is, thc ccment content in kg/mB, water
content in 1/m3, and the volumetric proportions
of the aggregate plus air.

To exclude the air content from the agoregate
content an adjoining supplementary nomcgroph is
used or the aggregate content may be calculated
by substituting the prc-detcrmined volue of air
content.

Calculate the quantity of aggregate in kg/m*by
multiplying the volume by the density of the
aggregate.

Determine the baich proportions and carry out

trial mix.

The method is caid to be applicable to both

ordinary strength concrete and cement mortar; and the

method permits the propertics of the cement and the air

content of the mix to be taken into account.
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2. MATERIALS AND APPARATUS

2.1s MATERIALS USED.

All the materials used for the concrete mixes are
available locally and are commonly used in general
construction work in this part of the country. They
Include the following:-

(1) CEMENT:

The cement was "ELEPHANTY brand of Ordinary
Portland Cement made to the requirements of B,S,12 (16),
and 48 produced by the "West Rfrican Portland Cement
Company Ltd." at their Bwekoro Works in Abeokuta,
Wegtern Nigeria.

The chemical composition and physical properties

of the cement are listed in Table. 3.

(11) AGGREGATES: -

The fine aggrezate ugsed 19 a river sand obtained
from River Koduna, The sand falls in Zonc 2 grading
of B,S. 882 (17). The sand was frece of silt, clay and
other impurities. It was dried and sieved to remove

materials greater than 3/16%.
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The coarsc aggregate was a two singlc-sized
(3" = 8" and §" - 3/16") crushed rock obtained from
Kabala quarry at Kaduna. The stones werc washed
free of dust, dried and sieved to the required sizco
before use.

All the aggregates used in this investigation were
from the same source, Immediately they were rcceived,
they were kept in bunkers at room temperature before
samples were taken, washed and dricd, and stored in
covered steel storage bins inside the laboratory. The
aggrcgates were used in air-dry condition.

The properties of the aggregates as determined are
listed in Table 4. The propertics meet the requirements
of' B.8. 882. Thc grading curves of the aggregates

are shown in Figure 1.

(i11) WATER:

Clean mixing water used was obtained direcetly
from the drinking tap. It is therefore, suitable for
making concretc ac deseribed in B.S. 3148 (18).
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2_====2 - PROPERTIES OF CEMENT.
!EATENT NAME OF CEMENT - "Elephant" brand of Ordinary
| Portland Cenment.
SUPPLIERS = The West African Portland Cement Co. Ltd.,
Lagos,
EMI cO SITION: COMPOUND COMPOSITION:
Constituents! % by Weight. ComBoundi % by Weight
ca O 65.10 C38 |  57.77
51 02 1023 Cp 8 10,69
Alp 03 6.70
i T R : 0,20
L.0.I. |  1.49
Undenermined? 0,03
Total | 100,00

PHYSICAL PROPERTIES.

FINENESS OFGRINDING =~ Residue on Sieve No,170: 12%.
Specific Surface: 3050 sq.cm/gm.

SETTING TIME-=INITIAL - 2 hours 45 minutes.
FINAL 4 hours 50 minutes.

SOUNDNESS - Expancion: 2 mm,

COMPRESSIVE STRENGTH - Tgaﬁg l} % [Z-daga
u“ Concrete Cubes

2.78" Mortar CUbCu 4250 | 5800
BULK DENSITY (Loose) = 90 1lbs,./cu.ft.
SPECIFIC GRAVITY - 3.0

i e S ~Se. & —. 5
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B

DESCRIPTION OF AGGREGATES

FIUE__AGGREGLTE - River Sand, Zone 2 Grading.

single siges: (3" - 3") and

(" - 3/16")

PHYSICAL PROPERTIES

COABSE_AGGREGATE - Crushed Rock Granitee in two

e - -

Properties l Fhgg. | 3"Aee.

Sand

Bulk Density - (Loosec)

(1db./Cu.ft.) 90.6 85.5
Voids Ratio (%) | 45.0 48,0
Angularity Number (o.) | 7.6 12.5
Specific Gravity

(oven-dried Basis) (No.) 2,64 | 2.62
Moisture Content (%) 0.0 0.0
viater Absorption (%) 0.2 . 0.3
Flakiness Index (%) 2.5 19.0
Elongation Index (£) | 12.6 i 313
Impact Value (%) 14.5 } 18.4

crushing Value (%) | 17.3 | 19.8

e —

9.3
41.0

2.61
0.0
0.5

-
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Limuts of Zonq 2

(B 5.882, Grading

AGGREGATE GRADIN

Road Note Nl‘ Curve Ng

Fl(“URE 1 — AGGREGATE GRADING CURVES
- LB 4 3 e
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B.S. SIEVE SIZES
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2.,2. APPARATUS _AND _EQUIPMENT USED
The apparatus and equipment used are the oommonly

used ones for making concrete tests as described in

B.S. 1881, They comprise the following:-

(i) WEIGHING AND MEASURING APPARATUS:
The dry materials nused were weighed on a 10kg.

capacity scale and the mixing water was mcasured in

graduated measuring cylinders.

(ii) AGGREGATE GRADING APPARATUS:

Sieves comprising of B.S. sieve sizes of 3", 3",
and 3/16%, Nos, 7, 14, 25, 52 and 100, were uscd for
determining the gradings of coarse and finc aggregates
respectively.

The sicves were ncoted in order and clamped down on a
sieving machine which has a time cwitch incorporated on
it.

(iii) CONCRETE MIXING EQUIPMENT:

A 2 cub,ft. capacity horizontal pan-type mixer was
used throughout the testc. The hand tools used for
mixing and handling the concrete ingluded trowels,

scoops and stecel floats.
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(iv) WORKABILITY [1;37 APPARATUS:

(a) Slump Test Apparatus

In the preliminary test, the slump test was
oonducted using a slump test apparatus consicting of
a grustrum of conc-shancd mould, having an upper
diameter of L-in, a lower diameter of 8-in. and a
height of 12-in. The apparatuc was placed on a flat
non-abgorning surfacc during the test, The rod ucsed
for tamping the concrecte is of §-in. in diameter,

2ft- long and rounded at one end.

(b) Compacting Factor Tcst Apparatus:

The compacting factor apparatus is the small type
commonly used for laboratory tests and when the maximum
aggregate olze does not excced F-in. The detailed
olictch of the apparatus ic shown in Figure 2.

(v) CUBES-CASTING EQUIPMINT:

L" sieel moulds were used for most of the tests
but in some cascs 6" onus were used, The moulds were
thinly coatcd with mould oil before use.

A 6ft, by 3ft. electrically operated vibrating

table was used for compacting the cubes.
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(vi) CURING FACILITIES

Initial Curing - Polythene sheet was used to
cover the top of the cubes (to prevent loss and gain
of moisture) and damp hescian used to cover the moulds.
Final Curing - A 24 cub.ft. capacity curing tank
was used to otore thc cubes until test., A pump is
attached to the side of the tank &0 facilitate emptying

of the tank for cleaning, and it has a removable 1lid,

(vii) COMPRISSION TiSTING MACHINE:

e . W

For the preliminary tests, a 100-tons capacity
'Avery' hydraulic hand opcrated crushing machine was
used for the compressive strength tests. The machine
has no means of controlling the r:te of loading of the
specimens and its accuracy was also doubted, hence it
was necessary to transfer the tests, to 2 'Denison'
tecsting machinc.

The Denison's 200-tons hydraulic compression
test machine which is elcetrically operated and
incorporated with a pacc-sctiting device to facilitate
the control of thc¢ rote of loading, was used for all
of the main tests. The sketch of the machine is shown

in Pigure 3.
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A-TOP CONNICAL HOPPER, E~ RELEASE CATCH FOR FLAP.
B=LOWER CONNICAL HOPPER. F-TRAP DOOCR FLAP.

C = CYLINDRICAL MOULD, G=HINGE FOR FLAP
D=~MOUNTING FRAME. H=CLAMPING SCREWS,

FIGURE 2 - COMPACTING FACTOR APPARATUS.
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EIGURE 3 - COMPRESSION TESTING MACHINE.
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3. EXPERIMENTAL PROCEDURE:

3.1. PREPARATORY WORK:

Preliminary expcrimental work was carried out to
decide upon the standard of the tests and to csota-
blich the programme of the mixes. The following

procedurcg were followed in the tects:

(1) Aggregate Grading

Several aggrepgoate combinations were tried before
the standard gradingc were e¢stablicshed., The sieve
analysis tects of the individual aggregates were
earricd out. Scveral aggregate proportions were
combined and sieved so as to compare the resulting
grading with the desired gradings approximating to those
of Road Note lio. 4. TFigure 1 shows the final aggregate
grading curves adopted in this investigation., The
figure gives the percentage of the aggregate particles
passing different sievec sizes ac determined by the sieve
analysis tests. The British Standard Specification's
gradings for sand, and Road ligte lo.4's gradings for

combincd aggregatcs have been included for comparison.
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Both the graphical and arithmetical mcthods
as desceribed in Advisory Notc No. 9 (19) were
used for estimating the required proportions
of the aggregates. The arithmetical method is
based on the principles of gpecific surface
of the aggregates as decscribed in Scetion 6
of this report. Arbitrary surface area indices
were used in calculating thc surface area
of each pize of aggrematoe and various aggregate
provortions were tried until the gum of the surface
areas was approximate to the total of the surface
areas of the decired gradings of Road Note No.l,
Dctailed calculations of the total surface area
values for the combincd aggrcgates are shown
in Table 5. The total speccific surface area
values for gradings uccd in Road Note lio.h
are included in the Table for the purpose of

comparigon,
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F'OR_COMBINED AGGREGATES.

45

B. 8. | Surface | Grading No.1 | Grading No.2 | Graaing Wo.3|
Siecve Area % IS- A, % S. A.I % S. A
 Sizes | Index Retained| Valu tained anueERetaincq_Vhlue
' - 0 b= 0 ' - ! 0 -
1 '
3 1 55 | 55| U5 45 | 35 35
3/16% | o 2% L u6 25 | 50 | 22 ul
No.7 L 1 L 1 Loy 2 8
14 8 3 24 5 Lo 6 L8
25 16 8 128 11 176 17 272
521 32 8 256 10 ' 320 14 LL8
100 N 2 128 3 192 L 256 |
Total 100 |64t | 100 | 827 [ 100 {1111
Total S.A.
Values for
Road Note 633 825 1109
No.4's
Gradings: :
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(i1) ZTests on_the Properties of Materials Uscd:

——

The propertics of all the materials used in
the investigation were teoted by the methods and
manners specified in the relevant Britich Standard

8pecifications and are basically as follows: =

(a) gEuMENTS:

The properties of the cement used in the mixes
were tested in accordance with the regquirements of
ﬁ.8.12(2).

The following tests were carried out:

Fropertico Methodsn o

Iinenecs of Grinding - By cieve analysis tests,

(sieving through RB.S.Sicve

No.170).
Setting Tinme - DBy Vieat apparatus test.
Soundness = By le-Chatelier apparatus test.

(determining expansion after
1 hour boiling).
Specifie Gravity - Using Bpecific gravity bottle.

Bulk Density (Loose)

By determining the weight of
cement to fill a 1/10 cu.ft.

ne:asure.



L9

3.2, PRELIMINARY MIXES:

(i) Trisl Mixes Series:

Trial mixes werc made from o number of grodingo
to establioh the range likely to be required in
practice. The mixes were baged on the sicve ahalysic
teocts made on various agpregate combinations. The
conerete mixes produced were carefully obcerved for
cohesiveneas, worknbility nnd the tendency towards
segregation., Ag 2 recsult of the observation made the
three gradings sclected were established, The limits
of the gradings chosen were bosed on the characteric-

tics and the appearance of the concrete,

(11) pPreliminary Test Scrics:

Preliminary mixes were condueted on a full scale

trial on one of the gradings propoccd. The object of
the preliminary mixes is to cotablish the standard to
be followed during the main tects and alco to give an
indication of thc trends that the results may takc;
from which it was poasible to decide on the standard

concrcte mix design to adopt.
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The workability of the preliminary mixes was
dctermined by both the slump test and thc compacting
factor methods., The two tests were performed on the
gsame mix, the slump test being conductcd first. The
slump test was started immediately the mixing of' the
concrcte was finished and completed at about 5 minutes
after mixing., The concrete was returned to the mixer
and remixcd with the rcst which was covercd with a
polythene sheet to prevent cvaporation of the mixing
water. Care was taken to avoid losc of water and of
materials., The compacting factor wns conducted without
delay and it wns completed by 20 minutes after mixing,
On complcticn of the tcot, the concrete was re-mixed
by hand with the remainder of the batoh in the mixing
pan and concrete cubes were cast not later than
4O minutes after mixing. Nine 4-in. cubes were made
Tfrom each mix, thrce of which were tected at ages

of 3, 7 and 28 days reopectively.
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3.3, MAIN TEST PROCEDURE:

The preliminary test procedure was slightly
modificd in tiic main test series. The workability of
the mixeo wes measured by the compacting factor
nmethod only, having found the tect more reliable and
nccur+d than the slump test. Purther diccussion on
the merit of ench method is contnined in cection 6
of thic report.

Concretc mixes with aggregnte/cement rontios of
3,0, L.5, 6.0, 7.5 and 9.0 by weight and water/ccment
ratios of :30; «35, 40, U45; +50, .55, 60, .70, .80,
and .90 were made r'or cach of the three sclected
agegregate gradings,

Every care wac taken to treat each batch of the

w0
Wt

mixestihe same,in order to rcduCuT;arinbility of resudts
to 2 minimun, Standard mixing and cube-cacting procedures
were maintained throughout the mixes. For example,

from the start of the mixing, water was added to the

mix after 2 minutes; the mixer wacs stopped after

5 minutes; thce compacting factor test was commenced
imredintely after remixing the conercte by hand in the

mixer pan, The weight of the partially compacted
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concrete was taken by the 8th minutec, nnd the
fully compactcd weight rccorded by thc 15th minutes.
Imuedintely the compacting factor test was complcted,
the concrete w:g re-mixed and cubes casted; in moct
cnses, the cubc-making was completed within 30 minutes
from the start of the mix.

The following procedurc wns followed in the
making and testing of cube specinmens:
(1) Batching of Materialgs:

All thc conercting materials were batched by
weight to an accurney of % gn cxcept the mixing watcr

which wao measurced by volume o an accurncy of' 1 c.cC.

(ii) Mixing of Conercte:

The concretec was mixed by machine in a pan type
mixer, The mixcer woas {irst charged with the dry
materizls in the cerder of sand, cement, 3-in,
aggregates, and a-in. nepregates and mixed dry for
two minutes before the woter was added. During this
period the mixture was of a uniform colour and the
aggregaten were unifornly distributed throughout the
mix. A further mixing for three minutes was carried
out after thc watcr hnd becn added, so that the total
mixing time was 5 minutcs. This length of time permits

homogeneous mixes to be attainable,
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(11i) Workabhility Tost:

The workability tent was carried out immediately
after mixing by the compacting factor method. The
procedure followed 1o strictly in accordance with the
methods gpecified in B.S. 1881,

After carcfully £illing the upper hopper of the
apparatus with concretc, the door at the bottom of the
hoppor was relensed so as to allow the conerete to fall
into the middle hopper. The door at the bottom of this
second hopper was nlgso released to permit the concrete
to fall into the eylinder below it. The exceus concrete
was then cut off from the cylinder nnd the Y"partially
compacted welpht' of the concrete in the cylinder wog
detormined to the nearcst & gm. The correcponding
tweight of fully compocted" conercte was alsoo determined
by filling the eylinder in six equal layers and
compacting each laycr on & vibrating table. The
compacting factor wac then calculated for each mix
from the formula:

Ao T s Partiolly Compacted Weight
Compactlng Factor = - Pully Compacted Welght




(iv) Casting of Cubecg:
The concretc mix used for the workability test

was remixed with the remaining batch and was used to
make the test cubes. Due care was taken to avoid
loss in the mixing materials during the test.

The L-in. cube moulds were filled with concrete
and compacted in two egual laycrs on thc vibrating
table. Eaech layer was compocted until no air bubble
appeared on the top of the concrectc. After the top
layer had been compacted the surface of the concrete
was trowelled level with the top of the mould., Nine
L-in, cubes were made in the series requircd to be
tested at 3, 7 and 28 days, and six in scries requiring
3 and 7 days tests ard three in the case of 28 days

tests only.

(v) Curing of Cubcs:

The cubes were covered with polythene shects to
prevent gnin of moisture from the damp sack uscd to
cover the moulds, The cubeo werce marked on the top
with thekr appropriate identification numbers and

carefully demoulded after 24 # % hours from nixing.
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The cubes were immediatcly submerged in - clean

water in the curing tank where they redained until
just prior to the test. The curing tank was kept

in thc laboratory and covered; the temperaturc of

the water in the tank wns virtunlly the same as the
ambient air temperaoture. The curing water was changed

regularly.

(vi) Iesting of Cubes:

In all thce casco threce cubes were tested at the
desired ages. The nges were calculated from the time
of addition of water to the mix % 1 hour, At the end
of cach age, the cubco werce removed from the curing
tank, the surface wiped dry of water and grit, and
weighed. Thc cubcs were placed in the testing
machines in such a way that the load could be applicd
centrally to the opposite sides of the cubes ag cast.
The machine has a pace-nctting device by which its
ratc of loading ic controlled., The loading rate
maintained was about 2,000 1b./sq. in./min,

The maximum load at which the cubes failed was then
rccorded to the ncarest 40 lts. The appearance and

type of failure of thc cpecimens were noted.



4.  TEST _RESULTS

The results of all the tests are tabulated in
Tableg6 to 13.

The results of the Trial iixes tests are shown
in Table 6. The Table gives the cbservations made
together with the cubes test results for various
agpregate proportions tried before the aggregate
grading adopted in this investigatlon could be
established.

Table 7 gives the results of the Preliminary
Test carried out to standardise the test procedures.
The results of the workabilities (by both the slump
teats and the compacting factor tests), the densities
and compressive strengths at ages of 3, 7 and 28 days
are shown in the Tablc.

The main test results are shown in Table 8 to 13
The results of the first series of tests are shown in
Table 8(A) for grading No.1, in Table 8(B) for grading
lio.2, and in Table 8(C) for grading No.3. Each Table
gives the workabilities (by compacting factor test),
the densities and compressive strengths at ages of
3,7 and 28 days for various water/cement ratios and

aggregate/cement rotion combinations.
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The results of the compacting factor tests, the
densities and compressive strengths at 28 days for
cach of the threc aggregote gradings conducted on
the 6-in. cube specimene are shown in Table 8(X).

Table 9 shows thc results of the second series
of tests undertaken to check . the 28-day strength
results obtained in the firct series. The results of
the densities and compressive strengths ot the mge of
28 days for various witer/cemcnt ratios and aggregate/
cecment ratios are shown for the three aggregate
gradings. The results obtained for the densities and
compressive otrengihs at the age of 12 weeks, are shown
in brackets under the approprinte mixes.

Table 10 shows the repults of the third series
of tests taken to check the compressive atrength
at early cges for the aggregate grading No.3 series.
The Table gives the densities and compressive strengths
ot ages of 3 and 7 days for the various water/cement
ratio and aggrcrate/cement ratio combinations. The
results obtained ucing the same consignment of ccment
as used in the grading No,3 scries, for the grading
No.1 and 2 are indicated in the Table,

Table 11 chows the results of the fourth series

of tests conducted to confirm the effect of the
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aggregate gradings on the strength using ccment from
the samc coneignment. The densities and compressive
strengths at the age of 28 days for various water/
cement ratio and azpregatef/cement ratio combinations
for pgrading Nos,., 1, 2 and 3 arc given in the Table.
Table 12 pives Lhe results of the fifth series of
tests taken to check the workability and the strength
results of cach aggreganic groding obtained in the
first series of tcsts. The compacting fuctor results,
the densities and compressive strenpths at the ages of
7 and 28 days; and the two ranges of workability
('LO%"' and 'HIGH') observed arc shown in the Table.
Table 13 shows the results of the sixth series
of tusts conductced also to verify the cffect of aggre-
gate grading on the workoability and strength using
cement from the same consignment. The compacting
factor, the densitics and conmpressive strengthsat an
age of 28 days for varicus water/ecment ratio and
aggregate/cement ratio combinations, for ezch of the

grading Nos, 1 %0 3 are given in the Table.
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TABLE 8(A) - RESULTS OF i.IN TESTS -(418T TESTS)
A-SERIES TESIS - FOR GRADING NO.1.

L

P ——

MIX PARTICULARS -~ Agprcga

- —

te Proportions (By Ueight):-
S

s =22%%: 223%: 55%1

Sand: aYAge.: FVApg.
Total Surface area of Aggregatcs = 641

MIX DETAILS | COMP- DENSITY COMPRESSIVE

I - —.. ACT= STRENGTH
RER) W/C i A/C oee i (L?./Cu.ft.) (Lb./Sq.inf)

' [ | FACIOR | 3 | 7 .28 31 7 28
No.|{RatiosRatio daysi{days ldays ; days !days days
Ae110.30 [ 3,0 0.786 157r 157! 157 99201_11880 14600

21 .35 | 3.0 .898 | 154{ 1551 155 | 7810 | 10210 {11400
3 Ue5 <795 1571 158| 158 | 8040 | 10670[12370
4, 40 3.0 « 962 153, 153! 154 1 5330 | 7740} 9940
5 ie5 . 885 1551 155, 155 | 5900} { .60{10810
67 U5 | L5 . 899 154 1541 155 | 4350 | 6310§ 8840
Y 6.0 .827 157} 157| 157 | 5600 | 6730 8960
8! .50 | 4.5 . 926 1531 153¢{ 154 ;h060 5560| 7330
9 6.0 . 884 155| 155| 155 | 4480 | 5810f 7790
101 <55 | 4.5 7 152| 152 153 | 2670 | 3750} 5520
11 6.0 . 900 154 | 154 154 | 3230 | 45401 6270
12 75 . 856 165| 1551 155 | 3940 | L4790 6040
13| .60 | 6.0 « 926 153| 153! 153 | 3230 | 45401 6290
14 7.5 .870 1521 152! 153 4190 | 4960 5830
151 .70 | 6.0 <946 151 | 152 | 152 | 2540 | 3190{ 4380
16 7.5 .909 152 153] 153 | 2940 | h170| 5060
17 9.0 .871 149! 149 149 | 2250 | 2880} L4020
18! .80 | 7.5 .928 151 151] 151 | 2150 | 2810 3580
19 9.0 <914 151] 152 152 | 2480 | 2790} L4170
20| .90 | 7.5 .98 150| 150| 150 | 2020 | 2500| 3210
21| 9.0 .927 151{ 151| 151 | 2000 | 2460 | 3440
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- RESULTS OF M.IN TESTS -(1ST TESTS)

B-SERIES TESTS - FOR GRADING NO,2,

-

—

R R R

MIX PARTICULARS - Aggregate Proportions (By Weight)s~ |

Sy

-

!

f Sand: §"igg.: F"Agg.: = 30%:25%:45%
i Total Surface Area of Aggregates
, = =
R ve—— = - —
MIX DETAILS COMP~- DENSITY COMPRESSIVE '
| 1 o (Ib. /6u.£t.) | ?%5??%3?1n.) _j
o il FACTCR | 3 | 7 28“4_'3‘“;”’?'”{'—55“ ;
{No. {Ratio|Ratio days {days idays | daya:daya days j
B.1]0.30 | 3.0 0.785 156 | 156 156}_80602}0u30~126302
2] .35 | 3.0 . 897 155] 155| 155 6910 ! 9350{11230
3 4e5 . 803 1571 157, 158 | 7100 ' 9L440{11330
4] .40 | 3.0 .98 | 153] 153| 153 | 5380 7210110310
5 i beb .856 | 186! 156| 156 , 6060 | 817010830
61 45 | L.5 .918 15l 1 154, 155 | 4830} 6080, 8740
7 6.0 848 | 157| 1571 157 | 5000 | 6290! 8600
8 .50 | k.5 | 943 | 153| 153} 154 3910 5480 7610}
9 6.0 . 866 155 155| 155 | 4500 § 55801 75401
10| .55 | L.5 +956 151 | 152{ 152 | 2960 | 4LO80! 5540
11 6.0 . 902 154 ] 1541 155 | 2690 | 4790 6520
12 7«5 .850 | 15h4 | 15&. 154 | 3800 | 5210} 6030 |
13| .60 | 6.0 | .921 | 153 153} 154 | 3210 ! 3990 5650 !
1 | 7.5 863 | 153| 153! 154 | 3380 | L150| 5750
15| .70 | 6.0 | .48 | 152] 152 153 | 2600 | 3150 | 4500
16 7.5 .910 | 1521 152 | 153 | 2690 | 3310 | 4570 |
17 | 9.0 . 854 l 151 151 | 152 | 2860 | 3410, u790%
18| .80 | 7.5 .92, | 1491 150 150 | 2290 { 2650 3170 |
19 | 9.0 .898 1 151|151 151 12270 | 3000 | 3670 |
20| .90 | 7.5 L9L0 | 148 1481 149 {1790 | 2120 2880 |
21 9.0 | 912 | 151 151 151 11960 | 2160 3040 |
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TABLE 8(C) - RESULTS OF MAIN TESTS - 1ST TESTS
C-SERIES EESTS - FOR GRADING NO.3.

MIX PARTICULARS - Aggregate Proportions (By Weight),
Sand: 2"Agg: I"Agg: = L3%: 22%: 35%.
Total Surface Area of Aggregates
= 1111
WIX DETAILS |coMP- | DENSITY ! COMPRESSIVE
L ey —-= | ACT~ STRENGTH
rerl w/e | A/c ING (Lb./Cu.fte) (Ib./Sq.in.)
FACTOR| 3 7 128 ., 3| 7 ] 28
No. |Ratiof Ratio days | days | days | “3ys | dnyo ldﬂ.ys |
c.1]0.30 | 3.0 |0.788 { 155 | 155| 155 | 8500 | 10370 " 43060
2] «35 3.0 8.8 153 154 154 | 7920 9610 11000
3 L.5 | .809 | 153 | 153! 153 | 6560 | 8600 ; 40420
Ll .u0} 3.0 | 944 | 152 | 1521 152 6L60 | 8750 | 10700
5 L.5 | <84 | 152 | 153 | 154 | 7000 | 9130 | 10350
5l .u5 ! 3.0 1 .982 | 149 | L9 | 150 | 5540 | 7560 | 9360
7 h.5 | .877 | 152 | 152 | 152 | 5460 ; 7380 | 9130
8 | 6.0 | .8% | 1511 151 | 151 5580 | 7L8C | 9020
9| .50 l 3.0 | .991 | 148 | 148 | 148 | 4130 | 5810 | 7900
10 | 4.5 .930 { 150} 150 | 150 | L330 6000 | 7660
11 - 6.0 | .862 | 1511 151 ] 151 uL60 | 5980 | 7180
12] .55 | 4.5 | .967 | 151 | 152 | 152 | 2540 | 3750 | 5540
13 b 60| .Bse | 152 | 152 | ¢5& ' 3710 | L4410 } 6250
10 | 205 | 2850 | 1h9| b9 | 149 | 3830 | 5310 | 6000
15| 60 | L.b | .973 | 148 | 148 | 1L9 | 3460 | L5LO | 6250
16 i 6.0 | 901 148 | 149 | 149 | 3270 | 4O4O | 5370
17 | 7.5 | .860 | 148 | 148 | 18 | 3080 | 3760 | 5130
481 .70+ 6.0 | .938 | 149 | 149 | 149 | 2830 | 3540 L,830
19 2.5 | .885 | 1B5 | 145 | 145 | 2720 | 3170 } LO6O
20 9.0 | .855 | 148 | 148 | 149 [2710 | 3290 | L250
21| .80 | 6.0 | .968 | 148 | 148 148 | 2380 | 3000 | LO6O
22 | 7.5 | 909 | 147 | L7 | 147 | 2190 | 2790 | 3430
23 | 9.0 | JB67 i 46| 47| 147 1900 1 2590 | 3130
oib | .90 | 7.5 | 938 | 148 | 148 | 148 | 1750 | 2380 | 3170
25 1 9.0 .gg5 auly |4kl | 14h (1600 | 2290 | 2730
26 1,00 | 7.5 | .967 | 47| 1L7 ! 147 {1620 } 2130 2690
27 I 9.0 | .920 | 146 | 146 | 146 | 1460 | 1980 | 2500
|
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r MIX D8TAILS

REF.| w/C A/C
No. . Ratio : Ratio

A Jo .
1 1040 } 3.0
i

2 L.5

31 .50 | 4.5

L 6.0

51 55 | 4.5

6 6.0

7 6.0

6.0

8 | 7.5

9! .60 | 6.0

10 75

11 . .70 | 6.0

12 7.5

13 | 9.0

1 | .80 | 7.5

15 | 9.0

16 | 90 | 7.5

L 17 J 9.0

1r -—

— e

. . ———

NCTE
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DENSITY COMPRESSIVE STRENGTH
| (Lb./Cu. £t4) i (Lb./Sq.in.)
at 28 days t 2t 28 days
fO.I‘“CLI:fll;dinf_‘: Nos.‘.iIL ffa-z_'ﬂﬁid_ing Nne;.:
i 213 1 i 2 ' 3
M P, il :
154 | 153 | 152 9020 | 10210 | 99O
(15)|(153)(152) | (10000) | (10620) | (12500)
156 | 156 : 154 10170 | 10380 | 10190
(156))(156)154) | (11500) | (11750) | (12500)
1530 - 1 - 6250 | - i |
1571 = - 6880 - -
154 | 154 | 151 5830 5910 6670
156 155 | 153 6130 | 7140 | 6770
_ 1564 15L% 152% 6130 6250%) 6050
L= J(158)(152) - (7060) (7130)i
156 | 156 | 152 6500 | 7730 7020
155 ] = | = 56540 |, = -
154 f = | - ugzo | - -
154 | 153 150 3920 i 3880 | L4020
psi 1153 1451 | we10 | w20 | k2o
155 | 155 1150 | 4380 ! L4500 | L66O
153 , 153 |150 | 2960 | 3380 | 3380
154 | 153 | 151 l 3540 | 3750 | 3210
- }153 1152 - | 2690 | 2730
- {152 {151 | - i 2600 2710
B —

e

Consignment of Cement.

12 Viceks' Results are shown in BrackctSe.
‘%! Indicates Results from the same

———
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TABLE_10 - RESULTS OF CHECK :IXS - (31D TESIS)
MIX DETAILS | DENSITY COMPRESSIVE STRENGTH
— : ! (Ib./Cusft.) (Lb./8q.in,)
R,L‘.Pl W/C ASC [———-—--«—-- e e ——— -
No. { Ratio Ratiojlﬁ—daysi 7-d2ys 3-days _?—dnys ;
1 10,35 3.0 E 154 I 154 7460 9380 |
2 40 3.0 150 . 450 5750 | 7630 ;
3 4.5 152 1 4982 64,20 8290
L | .50 Le5 | 151 151 1,030 5130 *
5 6.0 151 152 LE70 5830
6 «55 4.5 152 152 ' 3460 LU60
7 6.0 152 152 3830 | L940'c!
8 6.0 154 L 154 4170 | 5080'b!'
9 6.0 | 155 | 155 | 3750 , L710'a!
10 7.5 | 151 | 152 L Oy0 | 5220
11 | .60 6.0 i 151 | 151 2890 3960
12 7.5 | 150 151 3500 L2330
13| .75 | 6.0 i 150 150 2540 3120
14 1+5 151 151 2670 3210 .
15 9.0 148 149 2600 3130
16 | .90 7.5 f 151 151 2000 2440
17 9.0 | 147 5| 147 1790 1960
[NOTE: ™ Rcsults Obtalncd Using the same Gonsignmont of |
Cement arc indicated by 'a' for Grading No,.i:
' ,, ) sy 23
| I, o 2' 99 Mr: . 23 e
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TABLE 11 - RESULTS OF CHECK MIXES - (LTH TESTS)
AIX DETAILS | _ DENSITY | COMPRESSIVE STRENGTH
§ T B
1

REF. W/C A/C for Grading Noo| for Grading Nos.:

No. | Ratio| Ratio N 2 | 3 1 i 2 3
14| 0.40 | 3.0 | 154 | 152 ) 152 | 8960l 9540 | 9500
2 5.5 | 156 | 156 ' 15 i 9610 | 10110 | 10200
3] «55 4.5 154 | 153 1152 | 5710 6040 | 6460
U 6.0 | 154 | 154 ' 153 | 6400 | 6250 | 6580
5 7.5 | 156 | 154 {152 | 7000 | 7000 | 6420
6 | . 70 6.0 154 | 153 | 1563 4150 | LJOO | 4350
7 i 7.5 155 | 154 | 151 L4370 | 4500 | LOOO
8 i 9.0 149 154 | 154 3790 | 4520 | 4790
9 E .90 7:5 152 | 152 | 150 2960 ! 3080 | 2580
10 | 9.0 154 | 153 | 147 3290 | 3190 | 1620
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- RESULTS OF CHECK MIXES - (5TH TESTS)

FM0X  DBTALLO Guep) cotm

DENSITY COMPRESSIVE
s =411 | PACT~ | STRENGTH
Repl W/ | we | | ING (Lb./Cu.tt.) (Lb./Sq.in.)
| |No. ;| FAC- at age of: at age of:
| _'Ratio|Ratio] 4;;31‘__fjggggg@gggrdqx;"z;EQEETgb;aagu'
b.35 | 5.6 | 1 l0.835 | 156 | 156 | 9250 | 12350
‘ 3.5 12 | .89 155 i 155 8670 | 11350
Ex 3003 | 0919 152 ' 153 | 8670 | 10540
1 & -t
Sl .5 5.7 (1 | 867 | 156 ! 157 | 5960 | 8230
5 5.9 | 2 . 856 15% 155 6130 8250
= 1_5.8 3 .839 151 152 5500 7600
|55 1 7.6 11 % .Bu7 § o ash | 5k | L380 | 5980
3 | 7.5 ) 2 | .85 153 | 153 4330 | 5810
i_?.u 3 | . 856 150 . 150 4010 5210
0.40 | 3.4 | 1 |0.961 154 154 6L60 9080
. 3.4 1 2 978 | 153 153 | 5710 | 9540
& 2.9 { 3 . 983 1_ 151 152 6790 9830
Htuss fuas [ 1| Lou3 | 185 | 155 | 3750 | 5250
. w6 2 | .95 | 155 | 155 | L1450 | 5690
= L7 | 3 .958 153 153 3920 5690
| +70 6.0 | 1 « 931 153 153 2880 ! 6500
3 6.0 | 2 .948 154 154 3120 4170
& 6.1 | 3 i.%1i 151 | 151 3060 | 3750
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5. ANALYSIS OF TEST RESULTS

The results obtaincd were analysced so as to
compilc data shat could be used for concretc mix design.
The tabulated results hove been represcnted graphically
to cnablec thue effecets of the variables on the concrete

properties to be clearly scen,

- -

5.1. THE COMPRESSIVE STRENGTH

(i) The Relationship between Compressive Strength
and Water/Cement ratio for different

Workabilitico:

Figures 4(A) to 4(C) have been plotted from the
results tabulated in Tables 8(A) to 8(C), to show how the
cube strengths at agec of 3, 7 and 28 days vary with
the water/cement ratios for mixcs of three different
degrees of workability Pigures 4(A), 4(B) and 4(C)
will be used for mixcs corresponding to aggregate
grading Nos. 1, 2, and 3 recpcctively.

Both the water/cement ratio and aggregate/cement
rotio guoted are ratios by weight. The experimental
values werce adjustcd clightly so that smooth families
of curves could be obtained, The three depgrees of
workability chosen represent compacting factor

values used in Road Notc No.h.
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(11) The Relationship between Compressive Strength
and Watcr/Cement ratio for various Aggregate/
Cement ratios:

Figures 5(A) to 5(C) were plotted also from the
results given in Tables 8(A) to 8(C). The figures show
the variation of cube strength at ages of 3, 7 and
28 days with water/cement ratio for mixec of various
ngeregate/cement ratios. Figures5(A), 5(B) and 5(C)

will b¢ used for grading Nog,1,2 and 3 respectively.

5.2, THE WORKABILITY

(1) The Relationghip between Workability and
Water/Cement ratio for various Aggregate/

Cement ratiog.

Table 14 is obtained by collecting together the
workability rcsults from Tableg 8(A) to 8(C). The
Table gives the compacting factor values obtained with
diffcrent combinations of water/cement ratio and
aggregnte/cement rotio using aggregates correcponding
to gradings Nos. 1,2 and 3.

Figures 6(A) to 6(C) have been drawn from data taken
from Table 14. The rigures show the aggregate/cement
ratios requircd to give diffcrent compacting factor
values at given water/cement ratios for grading Nos.1

to 3 respectively.
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(ii) The Relationship between Aggregate/Cement
Ratio and Water/Cement ratic for different
Workabilitics,

Figurceg 7(4) to 7{C) show thc three degrees of
workability  obtanincd for different aggregnte/cement
ratio and watcr/cemcnt ratio combinetions using
agaregate grading Nos, 1 to 3, The Figures were plotted
from the results tabulated in Table 14. The results,
plotted in Figures 7(&) to 7(C) arc collected together
and expresscd in tobular form in Table 15. The Toable
gives the aggregate/cement ratio required to produce
three degrecs of workabiliil¥ for variocus water/cement
ratios at differcnt aggregote pgradings.

This is 2 mix design Table corresponding to those
given in Trble 3 of Rozd Note No.lh.

(iii) The Bffect of aggregate Gradings on

Workability:
The variation of workability for different
aggregate gradings ie represented in Figure 8. The
Figure shows how the workability varics with variocus
water/cement ratio and aggrogete/cement ratic combina-
tions Tor the threc aggregatc gradings observed in this
investigation, The Figure was also plotted from the

information given in Table 14.
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12000
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11000

10000 — —

8000

7000
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WATER/CEMENT RATIO
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6. DISCUSSIONS AND COMMENTS ON TRESTS RESULTS

6.4. GENERAL DISCUSSIONS

6e1.1. ~ THE AGGREGATE GRADINGS

The term '“grading’ is commonly used to deacribe
the distribution of the particles cf each size in the
agegregate, It is usually represented by mesns of a
curve showing the percentage of the total material
passing any given sieve plotted against the sleve size
(21). The grading of aggrcgates may also be specified
by means of the specific surface of the combined
aggregates (22).

The two methods of pgrading have been used in this
inveotigation., The aggregates arc combined into three
separate gradings. The grading curves of the combined
aggregoetes are shown in figure 1, and the total surface
arca values are given in Table 5. The threc gradings
chosen have approximately the same total specific
surface area as thoce grodings given in Road Note No 4
even though their grading curves are somewhat different.

Figurc 1 shows that the fine agpregate used 1is

within a zone 2 grading as clasasified in B.S., 882;
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but the sand appears to have a slightly higher percentage
in the finer fractions. The gradinge of this available
f'ine ncgrc&VM3d“£of a type that makes it impossible to
combine them with the available two sizcd coarse
agrregates to obtain an overall grading curve similer

to those in Road Note No. 4. The closest combination is
achieved by maetching curve FHo. 2, Grading No.1 of this
investigation is similar to curve No.1 of Road Note No 4
but the percentage of pnrticles passing sicve No 3/16-in.
is much lowcr in this investigation than in the case of
Road Note MNo.«4's curve No.1. Grading MNo 3, which is the
highly sanded mix in this investigantion, falls in between
curve Nos. 3 and L4 in the coarse particles of the sand,

but the finer motericle passing a No.25 sieve, fall in

between curve Ros, 2 and 3 of Rond Note No.lh.

Total Specific Suriace JArea of Combined Aggregates:
It is generally believed that, all other things

being equal, aggregates of the same total specific

surface area will produce concrete mixes of identical
workability irrespcctive of the gradings of the aggregates;
and that workability is a function of the specific surface
of thc¢ combined aggregates (22). Hence, for a given

water/cement rotio and aggregate/cement ratio the



90

workability of the mixes will be similar provided the
total specific surface of the aggregates 1® the same.

An increase in gpecific surface causes a reduction in
workability for a given water content of the mix., This
is attributed to the fact that there will be more
surfaces of particles to coat by the available free water
in the mix, The cffect of specific surface of combined
agaregates o eonpreneitve strength 18§ not si&nificnnt,

an inereagse in the surface area only causes slight
reduction in the strength, .

The specific surface 1s defined as the ratio of the
total surface area of the particles to the gross apparent
volume of the materials, For a given size of matcrial,
deviation of the particle shape from an ideal sphere
increases as the specific surface increases. The surface
texture of materials are commonly compared by referring
to their specifiec surfaces.

Begause of the difficulty involved in measuring the
actual values of the specific surface of aggregatcs, an
arbitrary "surface area index" is commonly adopted,
and this is sufficiently accurate for practical purposes
(19). The index assumes that there is no change in

surface texture of the particles with change in sige
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and that the surface area index doubles as the material
size halves. Thc¢ surface area value for a paréicular
particle size is obtained by multiplying the percentage
of particles retained on that sieve by the appropriate
surface area index, Table 5 shows the calculations

of the total surface area of the combincvd aggregates
used in this investigation. The total surface area
values of the gradings used are very close to the
values of the gradings of Road Note Neo.l.

If' the previous concepts on the relationship of
the specific surface of aggregates and the workability
of concrete are corrcct, then a mix prepared with an
aggregate having the scame total surface area as one
of the gradings suggected in this investigation, would
be expected to have the same workability as those
obtained in this report. lience, the mix deoign method

proposed here is based on this concept.



641.2. = THE WORKABILITY OF CONCRETE

The term "workability" is defined as the property
of the concrete which determines the amount of useful
internal work ncceasary to produce full compaction (19).
The term is used to denote that property of fresh
concrcte which determines the ease of compaction and
the ability of the mix to flow inte the mould and
around rc¢inforcement; the resistance of the mix to
segregation and bleeding during mixing and placing;
and the sase with which a smooth surface finish can
be obtained on the conercte, Thes¢ compactability,
mobility, stability and finishability characteristics
of fresh concrete are essentinl for the achievement
of a satisfactorily compacted and homogeneous concrete

(23)

(i) Factors Affecting Workability.

Many factors affect the workability of concrete
but the most important ones are:-
(a) the grading, shape of particles, surface
texture, maximum sizc and nature of the
aggregates,

(b) the water content,
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(¢) the cement content,

and(d) the mix proportions.

The effect of aggregate grading is not
constant but depends to 2 certain extent on the
cement content and workability of the mix. There
is a tendency for swooth rounded aggregates to give
greater workability than the coarse angular~shaped
oncs. Also concrete mixes made with maximum sized
aggregate give betier workability than the smaller
sized ones, Within certain limits, the higher the
water/cement ratio, the greater the degrce of

workability.

(i1) Measuremcnt of Workability.

Workability is a most difficult property to
assess quantitatively and so far no perfect test
has yet been devised for its measurement., Most
of the available tcsts will measure only one
characteristic of workability.

The most well known mcthods of asscessing worka-
bility of concrete are the slump test and the compacting
factor test. Thc standardiscd testing procedure of

these tests are Tully described in B.S,1881.



The limitations of these tecsts will be briefly
discussed below. Other workobility tests 1include:
the Flow {ulLi: tesi, the Kelly Bull test, and the

Consistoncier tests.

(a) 2Ihe Slump flcot.

The slump iest ic o simple practical method for
maintaining reasonablec uniformily in the consistence
concrcte produced in the works. 7The test is an
approximate measure for consiatence and shear resis-
tance of concrete to flow under its own weight. It

measures thercfore the mebility and siability

characteristices of conerceie. The use of the test is

of

limited to concreic of medium and high workahility and

will not be suttable fcr either very dry or very wet

mixcs. Other reccons why the test is not gquite suitable

are:=-
(1) the results of the test arc liable toawide

range of random variations,

(i1) conerctec of widely different workability may

hove the same slump value. The test is only

A
reliable in certain limited range of concrete,
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The experiemce gnined in the preliminary tests
undertaken in thic inveetigation confirmed the above
limitatione of this method of workability measurcement.

A more reliable test which overcomes most of the dis-
advantages of thce slump test is the compacting factor
test, and this was the itest resorted to in this
investigation.

(b) The Compacting Factor ltest.

The compacting factor test 1s o method of test which
is claimed (21) to be bnsed directly upon the definition
of workcbility, in that it nssesces the degrece of compact-
ion obtained by doing a standard amount of work on the
concrete, The tect measurcs compactability charateris-
tico of concrete mixes. It io more sensitive to changes
in the water/cement ratio of rich mixes than lean mixes,
but it is lesn accurate for dry, harsh mixes with low
degree of workability.

Bxperience with the compacting factor test has shown
that relicble results are obtoined, which enable useful
comparison to bc made between the various mixes which
in turn agreec closely with visual observations medse.

The test i3 widely used for laboratory tests and is

mainly applicable to hand-placed concrete,



(ii1) Ihe Degrees of Workability

The degree of workebility of concrete is
normally asscssed by piving regard to the class of work
and the usage of the concrete, the moximum size of
arggregate used, nnd the conditions and method of
placing of the conercte., The three degrees of worka-
bility chosen in this investipgoation have been adopted

from published work (6312)’

and they give regard
to thege factors, For example. :

a "LOW" degree of workability corresponds with a
compacting factor of 0.85, and slump of $-in. te1-in.;
and is appropriate for use for simply reinforced
sections compacted by vibration, and vibrated mass
concrcte slabs and roads.

a "UBDIUHY decgree of workability corresponds with
a compacting factor of 0.92 and slump of 1-in.{e 2~in,;
and is suitable for uce for vibrated, heavily-rein-
forccd sections, nnd manunlly compacted simply-rein-~
forced sections, slabs =ond roads.

a "HIGH" degrece of workability corresponds with a
compacting factor of 0,95 and slump of 2-in. ¢ 5-in.;
and is appropriate for congested reinforced concrete
sectiocns compacted by hand. It is not normally

suitable for vibration.
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6o1.3. THE STRENGTH OF CONCRETE

The strength of concrete is probably the most
valuable prope-ty which governs its quality and it seems
to be a good index for asscssing its other propertics.
Othcr important characteristics of hardened concrete
such ns durability and impermenbility have been found to
have dircet connection with the strength of concrctc(zs).

The strength property of concrete moy be described
as its ability to resist force, and it is usually taken
as the unit forcc or stress reguired to produce rupture.
This rupturc may be couscd by the npplied compressive
strcss, that is, the failurc duc to the crushing forece;
or the tensile stress, that is, the failure due to split-
ting or in cohesion; or by shearing stress, that is, the
sliding foilure., As concrcte is a brittlc material, its
rcsistance in both tension and in shear ic negligidble
comparcd with its compressive strength.’ Hence for purpose
of structurcl desigr the compressive strength is generally
taken as the ceriterion for the quality of concrete. Also
in practice, it is morcv convenient to measure the
crushing strength than the other types of strengths

of concretc.



98

However, there are instances where tensile strength
is of interest to enginecrs such a2g in concrete for
highwey pavementis, airfield works and in dam construction.
Tensile strength ic also of importance with regards to
cracking and drying shrinkage propertics of concrete.

Since the crushing sirength is the main kind of
strength that intercets a concrete mix designer, the

present investigation has thercfore been limited to this

properiy.
(1) Foctors Affecting Concrete Strength.
The following are the main factors influencing

(el

compressive strength of concrete
(2) the type 2nd quality of cement,
(b) the type, size and properties of the aggregates,
(e¢) the wnter content,
(d) the mix proportions and the dggree of compncﬁion,
(e) the elimatic ond curing conditions,
(f) the age or moturity,
(g) the testing methods and conditions.
ost of the 2bove factors are largely governed by
gconomic considerations, and the site engineer often has

very little jurisdicticn over their variation.
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The main factor which iz often the responcibility of
the engincer is the controlling of the relative propor-
tions of the materials which conatitute the concrete;
that is, the cement watcer, air and the aggregate
conotituemnta,

It is a long estavlished fact that the compressive
strength of concrete for 2 given type of materiazl and
conditionn of tent depends mninly upon the strength of
the ccment-paste metrix; that is the cement, water and
air constituents, and that the otrongth of the matrix
incrences nao the ratio of the cement to the water and

(23,24) 14 pu11 compaction is

the air decrcases
obtained so that practically nll the air voids are
eliminated, it mny be ascumed that the strength dependso
mainly on the ratio ol the ccment to the water; and
this isc the basiz of the well known Abran's wnter/
cemcnt ratio law which was previocusly stated. The
precent investigntion appliec the same concept in

celeeting the mix proportions to acquire the

decired comprescive strength.
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(11) The VWntcr/Cement Rotio.

The term "water/ceient ratio" is geﬂurnlly
defined as the ratio of thc weight of water to the
weight of cemcent in any given mix. There are three
main sources from which watcr may be prenent
in a batch of concrctc, namely:

(a) Water ndded during mixing,

(b) Water held on the surface of the aggregate,

(e¢) Water absorbed into the aggregate.

The amount of witer ndded when mixing plus the
amount of woter held on the surface of the aggregate,

i.e. water from sources (a) and (b), are termed the
'"FPREE WATER'., The frec water plus the amount of water
actunlly abscrbed by the aggregnte is referred to
as the '"TOTAL WATER'.

When specifying the water/cement ratio of a mix,
it is neccessary to clarify the water content used as
this may either bc bnscd on the free water or on the
total water. The values of the water/cement ratio used
throughout this investigrtion are the "total water/
cement ratio". Thesc are bascd on the totol weight

of" water nctunlly added to the air-dry materials in
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the nixer. Hence allowance has not been made for the
nbsorption of the mixing wrter by the agpregantes to
bring them to a saturated surface-dry condition.

This adjustment is conasidered unnecessary in this
investigation becnuse the aggregntes used possess tvery
low watcr absorpticon property and were iﬂtdry condition.
The adjustment for absorption of added water by the
dry aggregates will normally reduce the amount of water
available as "effective water" for hydration and may
result in inadequate frec woater.

In tropical countrics, especinlly in the hot-dry
repgions as in Northern Nigeria where the aggregates are
completely dry most of' the year, 1t peems advisable
to use the woter/cement ratios based on the total weight
of woter addcd to the nix rather than the effective
water/cement rotio commonly uced in the United Kingdom
and other temperatc countries where the aggregates
are often used in surface-dry state.

However, during the wet seasons in the tropies, it
will be advisable to adjust for the surface moicture of
the aggregntes; and also il porous aggregates are used,
allowance must be mnde for the moisture absorption of

the aggregnte.
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6.1.4. THE DENSITY OF CONCRETE

The term “dcnolty" is sometimes referred to ns the
unit weight of the maturial., It is the ratio of the
weight of the speccimen to its volume.

The density of concrcte varies with the mix pro-
portions, the character and maximum size of aggregates,
and the degree of compaction obtained. The extent of
compaction achieved depends mainly on the method used
to consolidaote the concercte, and this may eithcr be
by hand (commonly used on the site on small jobs) or
by mechanical vibrntioq&psing vibrating table,
immersion vibraters, surface vibrators and form-
vibratorsa.

The specimens used in this study were compacted by
vibraticn on a ¥ibrating table and care wns taken to
ensure that the cubes were fully compacted. This was
determined by observing the cubes and making sure there
were no air bubbles coming out on the top of the cubes
The process of compacting concrete on the vibrating
table causes the particles of the concrete to be momen-
tarily loosened to allow them to be drawn into o compact

mass. This compaction is done by overcoming the internal
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friction betwecn the individual particles of the mix
and also the surface friction of the boundary surfaccs
such as the sides oi thc moulds.

The results obtained in this investigation confirm
that aggregate grading affects the conceretc density.
Grading lio.1, which is the coarsest of the¢ threc
gradings produces concrete with the maximum density. The
leact density values were obtained with grading No. 3.

The density results in pounds per cubic foot vary from
149 to 158 for grading No.1, 148 to 157 for grading
No.2, and 144 to 155 for grading No.3.

The variables observed in this study exort the sane
effect on the density as they do on comprecsive strength.
Hence to o certain cxtent the compressive strength and
the density of conercte arc inter-related in as much as
the water/cement ratio and aggregregatefecement ratic are
concerned. For example, for fully compacted concrete,
the de.sity of concrete reduces as the water/cement
ratio increascs, and at a given water/cement ratic the
density increases as the aggregate/cement ratio

increascs.
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6.2. DISCUSSIONS ON THE TEST RESULTS

6.2.1. THE RLIATIONSHIP BETWEEN COMPRESSIVE STRENGTH
WATER/CEHENT RATIO. AND AGGREGATIH/CEMENT RATIO:

The variztion of cube strength at ages of 3, 7 and
28 days with water/cement ratio for mixes of different
workabilitics using aggregatcs corresponding to grading
Nos. 1, 2 and %, has been shown in Figures 4(a), L(B)
and 4(C) rcspectively.

It can be sven from the figures thoat for a given
workability, an inercasc in water/cement ratio causes
a reduction in compressive strength. This is in '
agroement with the long ¢stabilished fact of the water/
cement ratio and strength relotionship, |

For 2 glven water/ccecment ratio, an incercase in
workability will also coausc a reduction in compressive
strength. dhig reduction in strength with an increase
in workability may be attributed to the fact that
additional cement will be regquirced to produce tha
increase in the workabhility. Thoe increasce in cecment
contunt will producce an inereasge in water gain which
congists ol the displaccment of wntcr from the mortar

matrix. Some of the displaced water will be tropped
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undcr the aggregates and thus reducce the compressive
strength of the conerctce,

The water/coement ratio ncecssary to produce the
specificd compressive strength for any desired
worknbility can be easily detecrmincd from Figure
Nos. 4(A) to L(C)s Figures 4(4), L4(B) and L4{(C) will bec
used for mixes made from aggrcgates corresponding
to grading Nos. 1, 2 and 3 respectively.

Figures 5(A) to 5(C) show how the cube strengths
vary with the watcr/cecment ratio for mixcs with various
aggregate/cement ratios using aggregntes corpesponding
to grading Nos. 1, 2 and 3, It can be seen from the
figurcs that for a given water/cement ratio an inerease
in aggregate/cecment ratio causes an increase in
compressive strength, but for very lean mixes, (at an
apgregate/ecment ratio of about 9.0) and highly sanded
mixes, a reverse cffect tends to occur. These figurcs
represent alternative ways of presenting the data given
in Figures L(A) to L(C). Figurcs 5(A) to 5(C) may be
uscd to determine . the watcr/cement ratio required to
produce a specifiod comprescive strength for any given

aggregote/cement ratio.
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6.2.2. THE RELATIONSHIP BETVWEEN WORKABILITY, WATER/
CENENT RATIO AND AGGRUG/ATE/CEMENT RATIO:

Figures 6(A) to 6(C) indicatc the rclationship of
aggregatc/cement ratio with water/cement ratio and soup~
acting factor for the threc aggrecgate gradings and
gpe plotted from Toblc 14. The variations of workabi-
lity with various combinations of watcr/ecment ratio and
aggregate/ecement ratio ror grading Nos. 1,2 and 3 are
shown in Pigurcs 7(A) 7(B) and 7(C) ruspcctively,

As ean bc seen from Figures 7(A) to 7(C) or Table
14, at a given water/cement ratio, there is a noticeable
rcduction in the workability of conerctc mixes as the
aggregate/cement ratio inercasces. This rcduction is more
pronounced with thce mixes made using aggregate grading
No.3,which is thc¢ highust sandced mix. This may be due
to thce fact that as the sand content of a mix inereascs
there is an incrcasc in the specific surfacce of the
aggregnte particles and hceneu a greater surface to wet
by the miging water and conscqguently a reduction in the
available free water for workability. Also thuere will
be a tendency for slipghtly grcater absorption of  the
mixing water as thce sand contunt of the mix incrcases.
The compacting factor is rclatively morc sensitive to
variation in thoe aggregate/coement”$ntio of richer mixes

than in lcan mixes,
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The variation in compacting factor values is not
significant with changc in aggregate grading. The
compacting factor valucs for mixes made with grading
No.4 and those of No.2 arv very close, but there is a
noticeablc reduction in compacting factor valucs when
grading Nos. 1 and 5 arc¢ comparcd. Grading No.3 which has
thce highest total surface arca value gives the lowest
compacting factor valucs., The variation in compacting
factor valucs is more pronouncced in i¢on mixes,

Grading Nc.1, which is thc coarsest of thc thrce
gradings, shows thc grcatest proncncess to segregation.
This is due to its very low sand contecnt. The grading
will not be suitablce for lcan mixes with high woater
content, It will only be advisable for use in rich
mixes where high strength is desirable.

Toable 15, which is a tabular expression of the
results plotted in Figurcs 7(A) to 7(¢) is a useful con-
crcte mix dusign data. From cithcr the Tablc or the
Pigurcs, the aggropate/cement ratio against a particular
water/ccment ratic may be cstimated for any desired
workability at a particular aggregate grading. The
procedure to follow in using the data for concrcte mix

design is desceribed in Section 7 of this report.
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6.3. COMIENTS ON _THE EFFECTS OF THE VARIABLES
ON _ CONCREYE _PROPERTILS.

Most of the results obtained in this investigation
confirm thc previous concepts on the effccts of
ageregate grading, woater/cement ratio, aggregate/cement
ratio, and agcs at tcest, on thce propertics of concrete,
The propertics of concretc mainly concerncd with in
this investigation becing the workability and the
compressive strengtn.

The following rcmarks can be made on the results

obtained: -

6.3.1. THL EFFECT OF AGGREGATE GRADING.
(1)  WORKABILITY:

Table 14 shows that the highest workability is
obtained with a mix corrcsponding to grading No.1 which
is thc grading with the lowest sand content and posscsses
the lowest total spoeeifiec surfacc area,

The results are therefore, in agrecment with
previous concepts that a reduction in total specific
surface area causcs an inercasc in workability for a
given watcr/ccment ratio, A rcduction in fine agpre-
gate content of a mix guncrally incrcascs the workability

of the mix,
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That explains why highcr compacting factor valucs are
obtaincd with groding No.1 than with grading No.2

or 3., For a given wator/cement ratio and aggregate/
cement ratio, a change in grading from No.1 to 3. causes
a dcercase in workability but this cffeet is lcess
pronounccd with lcan mixcse.

(ii) COMPRESSIVE STRENGTH:

An incrcase in ine aggregatc content generally
decreases thc strength of conerctc mix,hence mixes made
with grading No.3 posscsss the lowest compressive
strength. s

Figures 4(A) to 4(C) show that for a given degrec
of workability and watcr/cement ratio the mimes made
with grading No.3 havc the lowest compressive strength,
This is due to ite very high sand content. A mix with
the highest sand content will normally require additional
mixing watur to producc a given workability and hence
a reduction in strength will be expeeted., This effect

is more pronounccd with rich mixess
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6.3.2. THE EFFECT OF WATER/CLMENT RATIO:

(i) WORKABILITY :

As can be scen from Table 14 and Figures 6(A) to
6(6), thc compneting factor valucs incrcasc as the
water/cement rotios increasc at a given aggrcegate/ecment
ratio., Thc cffeet of change in watcer/cement ratio is

more prohounced in rich mixces thon in lean mixcs.

(i1) COMPRILSSIVE STRENGTH:

B e A Y

Figures 5(A) toe 5(C) show that at a given aggregate/
ccment ratio an increasc in water/cement rotio esause® a
deercase in compressive strength, The rate of deereasc
in strength is roeduccd os the aggregate/cement rotio
incrcases,

In desipgning high strangth concrcte, thce commonly
andopted tuchnique ¥8 to use as low n water/cement ratio
ns possible, that will just be sufficient to ¢nable full
compaction to be obtnincd. As prceviously remarked, a
rcduction in watcer/cement ratio causvs a decreesce in
workability and an incrcasce in stroength of concrctce.
Howcever, at a point, furthcer rcduction in watcer/ccment
ratio will fail tc causc an incrcasc in strength

beenusce full compaction may be prevented.
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6.%.3. THE LFPECT OF AGGREGATE/CUMENT RATIO.

The term 'aggrogate/comont ratio’ may be defincd
as the ratio of the total aggregate to the cement
content in a mix.

. . s e ss . Weight of Agpropatc
i.c. Aggregate/Bement Rotio = Hoight of Comont

The ratio uscd is by weight of the two materials,

(1) WORKABILITY:

The offect of aggregnte/cement ratio on workability
is shown in Pigurve 6(A) to 6(C) and Nos. 7(A) to 7(C).
Ag can be scen from the two figures, at a given
water/cement ratio an incrcase in aggregote/cement

ratio causes a decrecasc in workability,

(1i) COMPRESSIVE STRENGTH

Figurcs 5(A) to 5(C) show the cffoct of aggregate/
cement rotio on compressive strength. An inercasc in
aggregetc /cement ratio leoads to an inerease in
comprussive strength at a given water/cement ratio.

The increase 1s less prohounced with lcean mixes.

Therce is a tendency for a reverse effect to ocecur at
very high aggregate/cement ratios, This may be because
the cement content would have hoeen s¢o low that there

ig inadequate binding matrix in tho mix,
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At a constant workability a reduction in aggregate/
ccment ratio is accompanicd by a decrease in water/cemcnt
ratio and consequently an increase in the compressive
gtrength is achieved. This is an important factor in

the design of high strength concrete.

6.3.4. THE EFFECT OF AGE AT TEST:

The rate of strength development of concrete made
in the tropiecs is higher than that Jf the temperate
climates, espccially at early ages. Thec ratios of the
inerease in strength obtained in this investigation
are as follows:-

U3/U7 ratio ranges from .74 to ,80; average io .76
Us/U28 L, ,, ., 5810 .625 ,, ., .60
U2/Usg »s o9 3s oT6 TO 4805 4, ys «78

where UB’ U7 and U28 are the strengths at ages of
3, 7, ond 28 days respectively. Similar ratios for
concrese made in the temperate climates are .67, .50
and .67 respcectively.

Thie indiecates that conerete mix design data in

use in the temperate countrics will most likely under-

estimante the strength of concrcte made in the tropics.
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6.4. COMMENTS ON_LIKELY SQURCES OF
VARIATIONS IN THE TEST RESULTS

Whilst cvery cffort was taken to limit variations

in the test results, therc were still some differences
in the results obtaincd from speecimens in the same group.
These variations in the test results on conercte,
however, arc commonly acccpted to be inevitable owing
to the naturce and charncteristics of concrete (23).
The variations in the results obtained in this investi-
gation may be dug to the following reasons:

(i) voriations in thc propertics of materials used; and

(11) discrepancies in the testing procedurec,

(i) Variotions in thc Propertics of Materials:

Variation in thc propertics of the materials
tested is considercd to bc the main source of error and
the material mostly affected is the ccment. Duping
the period of test, scveral different consignments of
cement were uscd, There wnsfbonsidurablu variation in
the quality of cement from bateh to batch., Some were
morc finely ground than the othersand the ratce of
hard¢ning of the individunl consipgnment was noticeable.
This variation in fincness will no doubt affect the

workability and cohesiveness of the mix, and the
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fluctuations in thce rote of hardening will have cffect
on the compressive strength, cspecially at early ages.
The variation was of such an cxtent that the cube
astrength for cach scrics of aggrcgatce grading in the
main tcests cannot be compaped with the other serics,
Howuver, further mixcs wuerc made in the check mixes
scrics using a singlc consignment of cement for cach
aggrcegate grading. The results of this check mixes
werce then uscd to adjust slightly the design curves so
that thcre is better corrclation among the results,
There was very little vaplation, if at all any,
in the qualitics of the opgregatus used, bececause they
were obtained from the some source in very limited
consignincnts. To provide butter control of the mix
proportions, thc coarse ageregatc was sicved and used in
two singlec sizeus. The gradings of the fine aggregate
was also checked in cach consignment and in no cose was
the differcnce morc than about -+ 2% in any of the

particlcs cizes.

(11) Disecrepancics in the Testing Procecdures.

The following factors may have caused discrepancies
in the testing mcthods:
(a) elimntic varintions; and

(b) non-uniformity in making and testing of specimcns.,



115

(a) Climatic Variations.

There were noticeable vabviantions in the temperature
and the relative humidity in the laboratory during the
time of experimenting. The ambient air temperature
during thc tests ranged from 76°F to 86°F (2100 to
30°C) and the relative humidity from 50% to 80%. The
cubes were cured in watcr at the room temperature and
they were thercfcore subjucted to the effcet of the
large changus in temperature at day and night, which
often acourred in the tropics. These fluctuations in
the climatic conditions could contribute to the

variation in the test results,

(p) Non-Uniformity in HMnking and Testing of Specimens.

At no occasgion was there any doubt about the
accuracy of the wcighing or batching of thc materials
nor during any of thc measurcments, Due carc was
taken to limit the loss of materials during the mixing
of th¢ conercte to the minimum. Discrepancies in these
Pespects Will causc variction in the test results.

The cubes werc compactcd on a vibrating table
until no air bubblus appeared on the surface of the

specimen. This is a viswal observation only and
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7. THE PROPOSED MET:OD OF MIX DESIGN

A partly ncw nix design method has been evolved on
the basis of the results obtained in this investigation.
The method considers the basie features of concrete mix
design and follows the samne pattern as the existing
desipn procedure of Road Note No.4 which is the most
conmonly uscd method in this countyry. For example:

(1) the method realises the concept of the importance
of the water/cement ratio on concrete properties,
and considers the agrregate/cement ratio and
agegregate gradings to exert noticeable influence
on concrete strencth.

(11) the apgrepgate grading was determincd by the
specific surface area method, as it reduces the
difficulties of grading the available aggregates

to approximate the pgiven standard grading curves.,

A concrete mix made with Ordinary Portland Cement,
natural sand and crushed ranite aggrepate of 2-in.
maximum size, and cured under normal tropical climatic
conditions, may be designed using the information and
data presented in this investigation, simply by follow=-
ing either ane of the the following alternative

procczdures:
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PROCEDURE OF PROPOSLED MiTHOD.

FE— . A -k

Decide on the average compressive strength for the
particular job., (If the specification gives the
minimum strenpgth then the averapge strength may be
estimated by any of' the methods given in existing
mix decsipn methods (8)).

Decide on the depree of workability required for
the work by giving consideration to the class of
work, the usapge, conditions and method of placing
the concrete. The degrees of workability adopted
are as piven in existing mix desipgn data (8).
Establish the overall grading of the comnbined
agpregate by determining the best comhination of
the available agrregates to have approximately the
same total surface area as onc of the pradings used
in this investigation. (The method of determining
the total surface arca of combined aggregoate given
in Table 5 may be followed ns a ruide).

Determine the watcr/cement ratio required to pro-
duce the given strenpgth at the specified age using
thc appropriatc curves shown in Figures 4(A) to 4(C);

giving consideration to the depree of workability

anticipated and the grading of the aggrepgates,
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Alternative Design Procedures

-

Data that permit alternative steps to be followed in
the mix desipn are given in Pigures 5(A) to 5(C) and
Figures 7(a) to 7(C).

This alternative desipgn method differs from the
above procedure only with respect to steps Nos. 4 and 5.

The water/cement ratio required to produce a given
atrength may be read off from the appropriate curves of
Figures 5(A) to 5(C) if the aggregate/cement ratio to
be used in the mix has been ascertained or established.
This prodedure will be advisable if the strength and
the aggregate/cement rantio have been decided and all
that is required is the estimation of the water/cement
ratic to give this strength. Figures 5(a),5(B) or 5(C)
will be used for grading Nos. 1,2,0or 3 respectively.

The alternative desipgn curves to be used in place
of Pigures 6(A) to 6(C) as described in step number 5
ebove are those given in Figures 7{(A) to 7(C). The
requi.ed aggregate/cement ratio to give the selescted
workability and greding at a given water/cement ratio
may be determined from the appropriastc curves of
Figures 7{(A) to 7(C). TFigures 7(4),7(B) or 7(C) will

ba used for aggregate grading Noas., 1,2 or 3 respectively.
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Assuming that concrete with an average crushing
atrength of LOOO 1b./sq.in. at 7 days is required for
a moderately reinforced concrcte structure of average
sections, and compacted by vibration and exposed to
normal tropical climate.

Design the most eccnomical mix using the following

loecally available materials:

Cement ~ Ordinary Portland Cement;
Aggregate - A natural (river) sand of Zone 2
grading and 3-in, maximum size crushed
granite, having the following gradings:-
Sieve Sizes: 3/4" 3/8" 3/16" 7 14 25 52 100

Sand 100 100 100 90 80 LO 10 2

Aggregate : 100 40O 5 0

Solution:
Step 1 -~ Average Strength: L000lb/sq.in. at 7 days;
2 - Degree of Workability: Medium.
(Decided by giving consideration to usage,
condition and method of placing. Table 2 of
Road Note No.l4 was used as a guide).
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Step 3 - Aggregate Grading: Grading No. 2.

.
5.

(since the piven sand is of Zone 2 grading it
will be advisable to attcmpt to combine the
apggrepates to mateh grading No.2.)

Hence, desired combined grading from Fipure 1 is:
Sieve Sizes : 3/4" 3/8" 3/16" 7 414 25 52 100
% Passing : 100 55 32 29 24 12 3 143
and the total surface area value from

Table 5 is 827.

Water/Cenent ratio = 0,60; Fron Wigure 4(B)

Aggrepate/Cement ratio = 6,03 From Figure 6(B)
= 6,1; From Pigure 7(B)
= 5.,9; From Figure 15.

Aggregate Proportioning:
Proportioning thc agpgrcegates by Surface Area

method, the calculations are as shown:-

steve | 8. A. | % _Retained | 8. 4, Value
S8izes | Index | Agg. @ Sand Agg. Sand
Ty [ o | - ‘ T
3" 1 60 60
3/16" 2 35 70
No.7 L b7 10 20 110
m 8 10 80
25 16 L0 640
52 1| 32 30 960
100 64 10 64,0
Total i 100 100 150 | 2360
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let % Sand = X, then % Agg. = (100 - X)

Total S.A, of grading No,2

827,

S.A. of Apre + S.A. of Sand = S8.A, of Grading 2.

1.5 (100 = X) + 23.6 X = 827
2.4 X = 677
X = 30% (approx.,)

:.c % A[’:g. = (100 = 30)= 70%’

Hence, Mix Proportions (by weight) =

Cement : Sand : Agprepgate x Water/Cement ratio
1 :(30% of 6.0): (70% of 6.0) x 0.60
1 : 1.8 : L.2 x 0,60

T D e P ——

Step 7- Trial mixes will be prepared in the laboratory
using the above proportions and if correction

is8: necessary, this will be made.

8 - Full-scale site trial mixes to be made,
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7.3. THE PROPOSED METHOD COMPARED WITH OTHER MIX
DESLGN_METHODS .
Several mix design methods are in general use and
a few of these have been briefly reviewed in Section 1
of this report. As previously noted, the proposed mix
design method has some similarity to the British method,
in particular, the Road Note No. 4's method. It is
irjtended here therefore to make an empirical comparison
with the data and procedures of this method,
The proposed method and the Road Note No.L's method
follow the same principle of mix desipgn, in that they
are based on the type grading curve method and consider
the water/cement ratio as the main criterion of
strength., What distinguishecs them basically are:
(a) the method of determining the aggregate grading -
In the proposed method, the aggregate grading is

assessed by both the surface area method and the
typical grading curve method, so that if difficulty
arigea in approximating to a particular grading curve
then the other method may be resorted to; whereae in
Road Note No,l4, the actunl grading is only compared

with a number of typical curves,
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(b) the method of proportioning -

In the writer's method, the aggregate grading
and the degree of workability must be known first
before the water/cement ratic for a particular
strength could be estimated; whereas in Road Note
No,lj, the water/cement ratio is determined direct
without giving consideration to the aggregate grad-= _
ing and the degree of workability anticipated.

Alternative design curves (Fipures 5(4) to 5(C))
were alsco given by the writer from which the water/
cement ratio may be read off if the apgregate/cement
ratioc had been previously decided.

The writer and Road Note No.,4 both present
similar Tables from which the aggregate/cement ratio
for the mix can be determined, but the writer gives
scveral other altcernative methods, Tor example,
either Pigures 6{A)} to 6{C) or Figures 7(a) to 7(¢)
may be used to estinmate the apgregate content of a
mix,

The mix proportions to attain the desired degree
of workability may also be determined from either

Figures 6(A) to 6(C) or Figures 7(A) to 7(C).
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Compariso  Results.

It is difficult to make direct comparison of the
results obtaincd in this investigation with those of
Road Note No.4, because the properties of the materials
used and the detailed test results were not known.
Comparison is therefore eonfined to empirical terms and
{0 based on the results obtained when the given example
of mix design using the proposed method was also
designed using Road Note No.4's data, The following
results are obtained:

water/cement ratio: 0,46, and aggregate/cement ratio:
3,8; as compared with 0,60 and 6,0 respectively
obtained by the proposcd method., This shows that:
(1) the water/cement ratio value by the writer's method
is about 23% higher than that of Road Note No.lL.
(ii) The aggregate content is generally appreciably
higher than those of Road Note No.4. The agerage

value is about 36%.

The general conclusion that can be derived from the
above is that a mix designed in the tropics strictly
using the Road Note No.lL will under-estimate the
strength and will not lead to economical use of

materials.
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8, CONCLUSION

8.1, SUMMARY _OF _INVESTIGATIONS

The purpose of the investigation is to examine the
effect of aggregate grading, water/cement ratio and
aggregate/cement ratio on the compressive strength and
workability of concrete made under tropical clima-
tic conditions., Thc conclusions of the study are
intended to be applied to mix design in the tropics.

The following observations and remarks may be
made on the results cbtained in this investigation:

(1) ‘The Effect of Aggregate Grading.

(a) The strenpgth of fully compacted concrete is not
significantly affectcd by aggregate grading but
grading is of importance,as fap as it affects
worknbility.

(b) An increcase in fine aggregate content or an
increase in the total specific surface area
value of the combinced apggrepates causes a
slight reduction in the compressive strength,
hence mixes made in grading No.3 series
possess lower strength than these in grading

No.2 or 1.



(c)

(a)

(e)

(r)
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For a given water/cement patio and aggregate/
cement ratio, a reduction in total Speecific
surface area, that is,changing from grading
No. 3 to 2 op 1, eauses an increase in
workabiljity,

dixes made with apggregate coresponding to
Brading No,1, would possess the highest
strength and the hiphest compacting factor

or for use with a high cement content nmix ig
grading No.1, which is the coarsest grading;
but to obtain a4 high degree of workability
with a lean mix, the finest Erading, that is,
grading No, 3, becomes the most suitable
grading, Grading No,1 is prone to segregation
when used in lean mixes,

The effect of aggregate grading is mope pPro-
nounced with pich mixes than in lean mixes

and it increasesg with a demang for low

degree of Workability,
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(i1) The Effect_of Water/Gcment Ratio,

(a) At o given agpgregate/cement ratio, an increase

(v)

(c)

in water/ccnent ratio decrcases the compres-
sive strength but leads to an increase in
workability. The r.te of decrcase in strength
is reduced as the aggregate/cement ratio
increases.

For o given water/cement ratio, a deecrease in
the degree of workability will result in an
increase in comprea@sive strength provided that
full compaction is still obtained.

The effect of water/cement ratio is more

distinect in rich mixes than in lean mixes.

(111i) The Effect of Agpregote/Cement Ratio.

(a)

(b)

At a given water/cement ratio, an increase in
aggregate/cement ratic lcads to an increase in
compressive strength and it causes a decreage in
workability; but for a lean mix with an aggre-
gate/cement ratio of about 9.0, a reverse effect
tends to result espeecinlly at early ages.

At a constant workability, a reduction in aggre-

gatefocment ratio is accompanied by a decrease
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in water/cement ratio and consequently an
increase in the conmpressive strength.

(¢) Compacting factor values are morc sensitive to
variation in aggregate/cemcnt ratio of rich
mixes and its effcct is greater with grading
No.3 which is the highest sanded grading,

(d) The effcct of aggregate/cement ratio is less

pronounced in lean mixes.

(iv) The Effcct of Tropical Climatc.

(a) The rate of otrength gain of concrete made in
the tropics is higher than that of a similar
comcrete made in a temperate climate, It is
increaned con averusrsc by about 15 percont.

(b) The ratio of 3-day to 7-day strength is
0.76; 3-day to 28-day strength is 0,60 and
7-day: to 28-day strength is 0,.78; for medium
strength concerete made in the tropics; as
compared with 6.67, 0.50, and 0.67 respectively
for similar concrete cast and cured in a
temperate climate. The ratio is slightly higher
for rich mixes and slightly lower for lean mixes.

(c) The results confirmed the adverse effect of

tropical climatic conditions on the workability.

of concrete,
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8,2, SUGGHSTIONS FOR FURTHER RESELRCH.

As noted earlier, the scope of the present study
is limited in that tho design data presented are only
applicnble to one brand of cement, onc typc of coarse
and fine aggregate, and one size of maximunm size aggre-~
gate, out of the many types that are in common use
locally. The tests on the concrete strength are also
limlted to the crushing strength and at early ages only.
It is therefore suggested that a similar study dbe -
carricd out to improve on these limitations.

The present data are based on the total water/
cement ratio and not on the offective water., The effect
of evaporution of the mixing water has also not becen
considered. I'or this reason, when these data are
applied to aggrogates of high water absorption property
and when used for fleld mixes on windy days, the water
content may be inadequate for the degired workability
and poor strength development may also result, Hence
it is recommended that further study be mode in these
respects,

The main source of varistion in the test results
obtained in this investigation has been atiridbuted to

incongistency in the quality of the cement used.
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Thorough research is advisable on the quality control
of the cements at the Cement Works before they are
despatched to consumcrs.

It is suggested that the following two aspects of
concrete mix design for the tropics are important and

should be investigated:

(i) As the rate of gain of conerete strength is
higher in hot climates, there is?tendency to use
less ccment when thc mix design is based on
28-day strength, This results in lower ultima-
te factor of safety at oldep ages because the
higher temperatures may not yield higher
ultimate strength.

(ii) In very rich mixes used for high strength
conerete, there is?possibility of reduction in
strength of concrete at long ages as hinted

by Ridley (7)
It should be emphasized that the Tables and

Figures presented in this study are strictly applicable
to the materials uscd in their derivation; but may be
taken to be sufficiently general for the design of trial
mixes, Hence the need for further trial tests under

the prevailing sitc atmospheric conditions cannct be

over=-siressed.
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