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ABSTRACT

High Alumina Cement (also known as Alumineus Cement) is produced by heating
a mixture of limestone and bauxite to fasing, quickly attains a very high
strength and is, in its original form salphate resistance. At hydration
metastable aluminates are found, ctysta_ising ia hexagonal system, ;hich
transform into a stable cub’c compound. This tesults in a reductioan in
volume of gel and increased porosity cajled "Conversion™ with a reduction

in strength. This effect can be minimized if the water/cement ratio is low.

In 1974 two beams of a roof collapsed in England, although this design was
in accordapce with the code. Apparently either the manufacture of the beams
was unsatisfactory or the cement was at fault. Prior to this Prof. A. M.
Neville listed several failures in bvilding containing HAC. Consequently the
safety of many structures need to be investigated. This led to the issue of
a joint Department of Environment / Department of Education and Science
Circular: terminating the use of HAC in building until further notice;
calling on existing buildings incorporating HAC concrete to be regarded as
suspect, that a further programme of action be effected starting with those

buildings with the greatest risk.

As purported in the DOE/DES Circular the faciors which are believed to have
conttibuted to the loss of strength; are corplex because the extent of
research that went into this area vas not impressive. The problem was further
complicated by the various manufacturing processes which implied varied
composition thus obscuring research data obtained in the past to the effect
that solid aggreement was no: attainable. With this realization, the authov
conducted intensive investigation of the British brand Commercial HAC.

The research study covered more or less the overall behaviour of the cement
concrete, giving more attention to prescressed concrete units, under various
curing conditions. The investigations geared to long term and short term
storages were directed to standard tests of HAC concrete samples, chemical tescs,
creep, shrinkage, pretensioning bond transfer, flexure and shear strengths

of precensioned beams and test developsent and instrumentations for the topics
under study. The presentation of this paper discusses cthe First-Phase Study |
conducted at the University of Bradford, Yogkshire. Eugland.

A short and long term studies of standstd tests comprising of cylinders,
cubes and flexural prisimatic beams, were made. Unlike Prof. A. M. Neville;
based on his own research data on neat cement and that of Talaber's long Cerm
study, advocating the dangers pertinent to the use of HAC in structural

buildings, we are of the opinion that provided proper safeguards are strictly
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observed .nilially there vill be no cﬁuse for alarm. .The research vas

based on 1 : 1.6 : 3 concrete mix with free-wvater/ceaent ratio of 0.35.
Twenty four hours after placement of fresh concrete, specimens were stored
either in dry voom (16°C and 45% R.B.), normal curing (21.5°C) and 95 - 1002
R.H.) or hot-water tank (45°C and 100% R.B.). According to Talaber cusing
Hungarian cement (quoted by Neville) about 50Z of the maximum ultimete
strength will be lost for those specizens stored in open air iu Budapest.
Neville, from the study made on neat cement, concluded that it was insuf-
ficient for the use in prestressed coucrete. In our case the losses based

on 24 hr. strength (680 kglcnz) for normal and dry storages were zero and

S50 per cent respectively after two-year storages. For the dry comdition

there appeared to have no sign of strength re_overy and the loss could be
higher than anticipated. For hot-water storage the maximm loss in stremgth
wvas 25 per cent after seven day storage due to full conversion. It appears
that specimens stored in dry room suffered most, evidently not due to conversioz
as verified by d.t.a. tests but due to deployment of hagsh mix followed by
subsequent storage in dry room. This could possibly affect the water of crys-

tallization which is vital to the strength development of the concrete.

It must be noted here that unlike previous code practice a minisuz cement .
content of 400 kgln3 of concrete wvas employed. It has also been found. that the
rate of flexural strength development will be higher if the temperature in

wvet room is kept about 22°C instead of the standard of 18°C. For tropical
countries it would be appropriste if séegn curing is applied to achieve full

conversion.

Kez!grds:

Acidity, Alkalinity, Aluuinous cement, Alkaline hydraulysis, Conversion,
Cubic crystallization, D.T.A. Free Uat;rICelznt Tatio, Full coaversion,
Hexagonal Crysta.lization, Refraotory Concrete, Total Water/Cement Ratio,
Ultrasonic Test.




HAC is produced froa bauxite and limestone and has quite different
properties from Portland Cement, made from caloareous and argillace-
rous materials. It hardens papidly and quickly; and obtains a very
high strength (e.g. a oube wtrength of 68 N/am>, or 680 kgfom? in 24
houra). In its original oomposition, it resists chemical attacks of
sulphides and dilute acids. It is unique a8 compared with Portland
cement inasauch a8 in connection with refractory aggregates it resists
temperatures uptc 1500°C, It is, however, subject to ohemical influe-
nce due to alkalis, resulting in alkaline hydrolysis. Consequently,
it is essential to avoid the use of aggregsates, particularly flint sand
containing alkalis,

On hydration of HAC aluminates are formed which crystallise in ths
hexagonal system and are metastable, In contaot with water and at
teapsrature above 25°C, they fairly rapidiy transform imto a stable
cubic crystallized componnd’.‘ This results in a reduction in volume
and bence in increased porosity of the concrete with the consequence
that also the strength may ba considerably reduced. This rrccess,
which is known under %.ic term "converlion"‘? was originally not fully
recognised and failure of YAC concrete occured mainly due to the
fact that the water/oement ratio wes too high and/or the compaction
was inadequate. The raillway tunnel in Iraqsis a living example
where water/cement ratio of 0.75 - 0.9 was employed as recommended .
by the mamfacturers, Good compadtion is essential to obtaia a

dense material.

The idea of HAC was introduced in the year 1908 in h'anoo‘}whm s
patent was proposed for the manufacture of an alusinous cement by .
fusing a mixture of li.neltoné and bauxite, The manufacture was
commenced with by the Lafarge factory in France in 1916, Between the
commencement of manufacture and the second world war it was employed
in France apparently without Specific care regarding quantity and
quality of water. Thus, sea water was used and the water/oem:nt
ratio was not lhitod, With the consequence that a great mmber of
cases of failure occured and replacement by Portland cement had to be
sads,

In 194s+tho use of HAC wa: forbidden for permanent use in state
tuildings in Pramce, Att..r ti. Second World War failures occured
also in Mungary and Gerwany, .i..rcij:n the use of HAC was osnned in
1963, 1Ip Great Britain it wss originally left to the manufacturers
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of BAC to give advice for its use., Neverthless some unsatisfactory
results were obtained, but the use of HAC was not forbidden, By
the introduction of prestressing in the longline proceu; soon
after the second World War, soms British prestressed concrete manu-
facturers considered HAC as more suitgble because it allowed an
early transfer to prcstress, ummoulding and reuse of the moulds,
Early resesarch by the Building Research Sta.tiof' Showsd that a low
wzter/cement: ratio was essential to avoid great reduction in
strength dus to conversion. However this was not low emough. CP114
published in 1948, permitted its use for reinforced concrete and
recommended a 1:2:4 mix with total #/C ratio of 0.58. Until fairly
recently (1973 at the height >f the Camden School collapse in
England) most of the researchers focussed their attention to
standard mix, namely 1:2:4 and W/C ratio of C.6. No research had
been advanced to See tha strergth development on lower than 0.5
water /cement ratios so as to Strike on the most suitable mix whick
would minimize ths adverse effection  strength. If there were,
they were either acattered on:ts based on neat cement or HAC corcrete
with varied aggregate texture$ or varied curing teamperature and
compaction time., TLers is an evidence to Show that even the water/
cement ratios cited above appear to have been based on free water/
cement ratios rather than on the total as claimed, Masterman
referred to research by the Bullding Research Station included in
the hook bty F.lea and  N.Davey who, a8 early as 1933, recognized
the importance of low water/cement ratio, and also the influence

of heat and humidity on conversion. However Kidan & \mhf think

it was not low enough considering the overall situation.

In 1960 a drafting committee for a Code of Practice on precast
concrete was set up. This resulted in the Code of Practice, CP116,
published in 1965 and in mstric version in 1969, It was considered
advisable to include a specification for HAC to avoid failures
partioularly since the advice by the HAC manufacturers which was
requested in previous codes was often based on staztesments by nop=
technical salsemen. An nxtemsive survey on HAC appsared in 1963 by
ch'i.].].c’3 whish dealt with many test results and showed many failures
where HAC had been used. To clarify <he matter an adhooc committee
of the Institution of Structural Engimorlawu set up which prepared
s report in 1564 upon which the specifications of the Drafting
Comaittee CP115 were basad, his edhoo committee consisted of ten
meabers, one of whom was Professor Neville who was at that time the
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Dean of Engineering at the Unive: sity of Ca.lgery'. Alberts, Canada.
In the summary of the report it was stated a low water/cement ratio
not exceeding 0.5 for R/C and O... for prestressed. It stated
further where adequute precantions are not met to minimize rapid
conversion, strength should be based on full conversion. The short-
coming of this code was that the one—day strength was specified as
67!!/-:2 instead of 83N/lu2. (Pig.' ) apparently in order to make
sasier for the concrete producserr., This lower strength correspond
t0 a water/cement ratio of 0.53 higher than that specified. On
the question of shrinkage and creep the code failed to give proper
guidance; instead it refers to Manufacturer's advice., As regards
to rsment ocontent the code specified the maximum smmount of HAC to
bes 265 to 400 kg/n3 of concrete. How such low cement content with
total water/ceaent of 0.4 is compatable as regards to workability,
even if vibrator is emploc, .4, is beyond our understanding.

In 1672 the British Code CP loqappearod in which the curves
Pig.1 were modified to those shown in Fig.2. This code covers
both -recast and in-place concrete, The use of the last part is
contrary to that epecified in CP 15, It casts more doubt
whether .t would be possible to consolidate fully cast in place
concrete of such low water/cement ratio with limited csment snount.
CP110 does not contain any reference to the Report, which refers to
the dangers of using aggregates containing alkalis, After the
oollapse of the two beams of the roof over the swimming pool, the
part of CP110 relating to HAC was deleted in 1974 and this was
approved by parliament in January 1975.
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WHAT JEMNT JRONG «I'fH HAC?

A8 stated in th® introduction, HAC has been widely used as a
substitute for portland cement in the manufwture of precast
concrete products, dus to it8 rapid gain in strength following the
initial hardening of the conérot.. This is particnlarly ;dvmtageous
in the manufacture of prestressed concrete Since it allows the pres-
tressing force to be transferred to the concrete at an earlier date
and thus permits a hipgher output of units,

The conversion of HAC was first recognized by Lea % Davey over
30 years ago. It oocur® becaise some of the initial products of the
hydration of this cement, at wormal, are chemically metastable at
ordinary temperatures, that is, they undergo a spontaneocus change
with time. This chemical charge is accompanied by a change in the
physical structure of the cement paste and an increase in the porosity
of the concrete. The effect of these changes is to reduce the strength
of the concre:e but the magnitude »f this reduction may vary widely, .
High water/cement ratios acceierate the rate of conversion of the
concrete (see Fig. 3 {,cas may exposure to high temperature and
humidity. It is algo thought th.: rapid conversion of the concrete
results in a fully converted aoncrete having much lower strengtn than
#ould gradual conversion. Inspite of its great resistance tc sulphates,
it i8 possible, therefore, that with extended porosity due to coaversion
this resistance ir completely. annulledl.c However the loss of strength
of HAC concretes due to conve.8ion is a complex phenomena which is not
fully umderstood. The problem ia £*il) compounded by the different
manufacturing process in different countries which unplies different
compoaition of the constituerts and generalization of test results,
as already zighted, could be "misleudingb:

ARAT IS CONVERSION?

The manufacturing procu# of HAC is not standarized as that of
Portland cement and hence contradioting views are liable to emerge in
view of composition variatiors in cements,

Lea’ stated that the main hydrate phase in set HAC was CAH1O. This
hat also been confirmed %y Wells and Carlson and Schneider’: The
hydration, without temperaturs -~ise, of the monocalcium aluminate can
be written as,

Cal. 41203 + 10HZ0 = C0. A1203 o 1000 . (1)
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The resulting compound is calle. the moncalciumalumirate decalydrate
(CAR4g) which has hexagonal crystals, If the increase 1in temperature
of the surroundings is allowed to rise and this effect is transmitted
to the concrete by either of the two processes, according tcrl(:':lgely’:
(1) If the increase in temperature in humid conditions is either
subastantial or occurs frequently, the conversion occurs directly
3(Ca.41203 « 100 —*3C_0 . 41203 . 6H0

+ 2(‘12)3 . 3320)
+ 18,H,0 cvees (2)

(2) If the temperature rise :is small, conve. sion occurs in twe
steps : .
2(C0 « A1203 . 10H03  ——= 20,0 , 41503 3H0

+ ‘L203 . 31{20 + 9520 uo---(}&)
3(2€,0 . A1,03 8Li0)—=:(3C,0 « A1303 . AH30)
+A150q o 3H0 + G0 .....(3b)

For large casts, the hydration of CA can provoke a blook of RiC
concrete (see Fig. /7 a8 cbtained by Davey) Several cubic meters in
volupe., Under these conditions hydration follows the reaction; that
isg

3(Cg0 . A1203) + 12H0~—+3C,0 . A0y . 680

+2(A. 0y . 3H20) © eveees (2)

TEEORIES 4CCOUNTINC LOSS CF STRINGTH

The adverse effects of conuitions uch a= Ligh #W/C ratio Pig. )

. -
=

which was not realised earlier, high curing or service temperature, the
presence of friable alkalis and the possibility of chemical attack

/
are the interacting phenomens with which HAC S_uffers! There are af

least five rival theories to account for this loss of strength i

(a) Mechanical breaking of the cement bond by chemical reac:ion
of CARyo form CjAFg and - AHj ,

(b) The formation of Cj AHg , in the presence of free—iron compounds,
weakons the bonding power of the paste,

(o) The bending strength of C ABg + -Afy is less thar Ciflyg ,
(d) Dekydration and ageing of the alumina gel, or

(o) The increase in porosity due to ohange in density of the

materials involved.

—
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Ilchenko and Lafum;etuggested that the reduction is attributed to
some changes in the hydration products of the calcium aluminates (as
in 'a'), Davey‘,?' from the characteristics chocolate-brown colour,
suggested that the lowering of strength i8 associated with oxidations
of ferrous iron compounds in HAC; Rengadé? however, indicated that
the change in colour was just inoidental and concluded that similar col
ogr could be Observed at normal temperatures. Referring to (d) Wells
and Carlson inferred that the loss of strength was due to the ageing
of alurmina gel; that is the crystalli-ation of AH3 from alunina gel,

Despite the various theorie3s that exist, (e) suggested by
Midgely.ﬁppears to attract more attention and has received wide
acceptaan. Tre hexagonal aluminates tend to transform gradually
Wwith water, at ordinary temperatures, into cubic crystallized
compourd which i8 accelerated wilh increased temperature. This
conversion results in a reductica in volume of gel and hepce in incre-
ased porosity admitting loss ir Strength. The higher the temperature
the f.ster conversion takes place, This entails that the loss of

€

6trength is a function of the rs:e of conversion. The authcrs

" found that a cement which .8 allowed to convert slowly at at

ordinary temperature or lower will lose, if at all, at a very
slow rate whereas a cement which converts rapidly will lose strength

at Ligher rate. This will be demonsBirated later,

AR discussed previously, another factor affecting reduction in
strength is the initial water/cement ratic (Fig. 3 ). Midgely”
suggested that with low watsr/bement ratio no'dimlnution of strength

is expected at elevated temperaturs; this was confirmed by French

et al. The authoréi however, think there still exists luss in steengthy

though the reduction is minimal depending on condition of exposure.

Another factor which is worth mention is the alkaline attack,
resulting in alkaline hydraulyeié. Although HAC concrete, in its
original form, has the advantige to resist rulphate attack with
conversion, particularly if the water content of the mix is high,
the strength is greatly reduced. Moreover, HAC concrete is liable

to alkaline attacks,

AUTT'ORS INVZSTIGATIONS

The 7esearch irvestigationa which started in 1575 were made at
the height when the collapse of two buams at the roof of the swiuming
pool of 3 school in lLondon oscocured. 1t was time “hen reuagons failed
to rrevall ul tree Lt ity R S TR P A B B A LITo3 soatlerned

% T oo ,; A " . TR A
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when jowrnalists and half-exper*s introduced s~tion committees and
sriting articles in which the authicritiss were accuswed, For instance
one journalist compared converted concrete with rotten concrete

and anotbher called HAC ™rogue” cement. This highl izhted in the
termination of HAC for use in structural members at lcast temfaorarily.
The Book by Nevillse, describing various failures and condemning the
vse of HAZ, appeared in ‘!9’5:0

In the interest of the public and the building matérial RAC,
despite 1ts sensitiveness, wWhich was mostly misunderstood nhy its
users gf snother oexnent, the authors thought that fresh research be
taken covering the overall behaviour of the material under various
curing conditions. Despite "Neville's study of deterioration of
structural Concrete made with HAC! the manufacturers still oressed
the 63le of HAT without drawing paper attention to tie risks atle-
ndant on its use, Subsequent British Code on HAC appeared rather loose
and inconclusive signifying the extent of research work, that went

- into itl

To this end, to sirulate actual exposure conditions, thrze storage
regimes were prepared, namely, normsl condition (2100 and 95-130 of
R.H, dry condition (18°C and 45 4 R.H.), and hot expoxure condition
(45°C and 100 % R.H.). The temperatures and relative humidities were
controlled to an acceptable descrepanciea 238 shown in slides 1, 2 and
] by means of controller. The mix design was made in accordance with
the work carried out by Newman or the design of concrete mix. The
sand gontained natural sand from river bed mingled with c.ushed sand
to produse what is known as lintex concrete sand.(Table 1). The 10 anc 20mm
8ize gravel taken from river bed, were mostly rounded and some crushed. -
The Linetax concrete sand conformsd to zone 2 of BS 882 grading zone.
Chemical analysia of Lint®x sand and chemical analysis of thes commercial
HAC employed through the experimental period were also performed (Table 2)
Since past structural failures wive for the most part blamed on the
use of high water/content, minimiun free water—cement ratio which allzwed
preper compaction of the fresh concrete without affecting workavility
was established. Owing to inherzr. differences in the consistence of
cemont paBtes, high-alusina cement for the Ssame mix proportions, give
more workable mix than portland cement. Thus allowing the use of
high-frequency vibratores for proyer compaction with specifind concrets
1ift, a free water/cement ratio ot 0.35 was required for aggregate
cement ratio of 4.6:1 (1:1.653). Such mix entails that the amount of
cemont pecessitated per cubic metsr of oconcrete jis a minimum of 400 kg.
This is contrary to the British Code according to which the oaxismum




Tabls 1. Typloal chemical analysis of Lintax sand

Chem mai lleme

Chemical Peroantage
Desoription Composition

3ilioa
. Auminium Oxide
~ Ferrio Gxide
Calocium Oxide
Hagnesive Oxlida
Titenium O.ide
Chloride

Sulphate

Lois oa heating at 10500

Loss on ignition at 100°C of

s10, 95,02
Al 203 4.49
F.?OJ 009’
Ca0 0.008+0,001
Heo 0,02
TiO0, v Oeut

c1 0.,0002

S0 0.

3 025
6.5

above dried sanc 1,1}

e



Table 2,

—

Analyeis of sample of oement Fond
Chemioal Neme Chemical Peroantags
Description Composition
Mumintin nxide M?03 40,20
Caloium oxide Ca0 37.00
Silica 8102 3.80
Ferric uxide .0203 11.60 |
Ferrous oxide FeO 4470
"Pitunium -oxide’ w10, 2,19
Magneaium oxide Mg0 ‘‘race
Sodium oxide Hazo 1,08
Potassium oxide K20 0.32
Sulphurio oride SO3 0,12

Loss of ignitions 0.14 <4

Surfaoce area: 305 mz/ke




saount shouid be not more tham 265-400 kg/n3. It appears to us,
from practical point of view, it would be impossible to obtain a
well compacted dense concrete with low cement quantity advocated by
the codes. For the type of ceament used, initial setting time was

) bours 25 mimutes and final was 3 hours 50 ainutes.

Concreting was done in heavy workshop where the temperature
varied from 8° to 27°c. The standard moulds consisted of six
150 am diameter by 300 mm long cylinders, six 100 mm cubes and
100X100X500 sm standard beams. All standard cubes and beams were
vibrated on a table vibrator while cylinders were vibrated with
25 ma diwseter pockers. In all cases proper placement of concrete
Was stricly observed and henca vibration was restricted once the paste
started ) appear. To ensure proper hydration of thc cument and to
prevent premature evaporation of the water from surface o. concrete,
spscimens were covered With wet Sascks amxl impervious polyttene
sheet 8 to 10 hours after cas<ing. Twenty four hours after casting,
demoulding operations were efftected and specimens were stored either
in dry, normal or hot-water tanks. These standard Srecimens cover
both for short term and long “erm tests. Other Speociaens which
were not included in ths disc—ssion for this seminar were also
stored in the appropriate storage regimes, Diadtructive and non-
distructive tests were perforwmed periodically for different storage
conditions. To determine the degree of conversion, d.t.a. tests
Wwere perforwsd on most speciz.ns. The research data pertaining
compressive strength, modulus of rupture, indirsct tensile strength,
stress-8train relationship, Modulus of elasticity, compressive
strerzlh based on ultrascnic tests. poisson's ratio and degree of
conversion were analysed and nterprated.
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TEST RESULTS AND CONCLUSIONS

The problem must be looked at generally in two dimensions: the
environmental conditions to which structures are to be exposed in
tkeir life~time and the degree and pericd of serviceability. Hence
the designer is confronted with whether to base his analysis on the
minimum strength attained during full conversion or the unconverted
24 hour strength; if and when tm. necessary informations on behaviour
studies are at his disrosal. A-ything from chemical attacks due to
alkali hydrolysis or due to por«usB nature of the concrete vulnerable
to acid attacks down to the degree of envirunmental aggressiveness
during the reasonable life time of the structure amust be accounted
for in the desiyn requirements which ware partially covered, in a
loo8e nanner, in the previous codes, The best criteria, although we
don't claim we have cuvered it ull, is to base the design on tiie lowest
strength that could be achieved in the lifetime of the structure. But
according to Talabcrfc, using Hurgarian cement,. about 5J percent of
the maximun ultimate strength Hill be lost for those specimens stored in open
air in Budapest (Pig.4). Nevillea., from the Study male on neat cement
with lowest strength of 13,8 N/mz, ~oncluded that it was insufficient
for the use in prestressed conclete. In our cawe, with the water—ceme.t
ratio of 0.35 and mix proportion of 1:1.6:3, the lossas based on 24 hour
strength for normal ani dry storasges are respuctively zero and 50 percent
respectively after two-year sto.,ape. For the holt <ater Storage the
maximm 1038 was about 25 percent Which occurred between 6 and 8 days
after cast. PFigure 5 is typival representation of 24 hour strength
ani the variation in strength had been reasorably small. It appears
that specimens ctored in .iry storage reccives the worst of it. From the
knowladge of degree of conversinn for up to 15 monihs, thece iB no
reason to believe conversion has cauted 8uch a colossal reduction.

Because of tlhie n.rsh mix imposeu on the concrete, it is mosSt probable
that most of the unhydrated cement was not nronerly hydrated before

it w2s placed in dry condition. 1In storages such as normal and hot
water conditions it need not czuse undue alarm if HAC concrete is used
in the pruduction of prestressed concrete. Precautions must be observed,
a8 regards to proper gzuging, p..acing, curirg and prorer selacticn of
a.’gregates and prior knowleige «f the structure functional requirements
and the degree of exposure before attempt is made on the design of
structural units. The higher the rute of coftversion the lower the ltrongth)
but for a long term test the lc' s is minimal as shown in Pigure & for
the cube compressive-strensth ciu-vu; dry room is exceptional for reatons

axnlalned elsewhere. This does not mean more conversion does not take
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place at extended storage time but sirce gradual conversion reastion
entails gradual opening and subsequent clo8ing of pores due to
further hydration 2s expected in curing-(wet) room storage the
.process is slow to cauSe adrunt reduction as exprunded in hot water
storaze {  Figure 6 ). 'So if we consider the minimum strergti
Obtained from hot water storage (45°C + 1) as the basis for our
design, it is still more than adequate to use the material for
prestressed structural members., At elevated bemperature (other
than that encountered in our yrogect) further resesrch is imparative;
not only on compressive strem;ths but also on all other factors that
affect the siructurial prestresfsinc members built of HAC concrete.

As discussed previously the research thus far prodswed on IAC
has been inconclusive . They are all scattered or quoted or the
W/C ratio, the type of aggregate, the mix proportion and the type
of cement are different, and 7n most cases concludive results were
only obtained fro:: neat cemenf pastv. Such being the case it is
not surprising to laave us with conflicting resulte which highlighted
in the roof collapses at Camden, Leicester, and Stepney, london,
marking the end of its structural use. e trust that our intensive
research on the subject in the itreatize of each separate topic will
help to inspire a fresh look vn the subject aml to recommend or
suspend its uses based on olear knowledge of its behaviour emi not
otherwise, 1% would be imposnible to produce 1:2:4 with free water/
cement ratio of 0.35 without impairing the workability. It is, )
therefore, sugrested a richer mix sucih a8 our own with cement content of
410 kg/m3 of -~ncrete be used. Neville also noted the loss of strength
was less for richer mixes. This agrees with the recent introduction
of cement content requirement of 400 kg:/m3 or more by Cement Fondue Lefarge.
Alternatively, this may have adverse effcct on the cost snd puts the
cement at a disadvantave to compete with Portland cements. This may be
80 at first glance but there -re cases wnhere the need dictates rather
than price quotations. For instance the tw. significant advantages of
HAC concreta, despite its anomaly, are its development of esrly strength
anounting to almost 80 percemi of its full strength within 24 hours
and its superior resistance to acid attacks. 1In sume cases, therefore,
there seems to be a clear advantage to use the material in marine works,
in undervround works (such az piles) etc, provided strict supervision
on indistrial level is taken. Uader no circumstances should HAC be

cast on site,

AB shown in Pigure 6 o wmatiiematical relations betieen various

regines cen be a.certained. 7he 8irength behaviour is dictatea oy




-21-

he amdbien: ceadilinns Co which specinens ara exposec.

As in Pigure 5 , tpe 24 hcour strength i3 nearly the same for all
storage regimes, After three days s%orage in their respective storages,
a significant change start to emerge while normal and 2~ storages
show significant increaSe in Strength and more or less of the same
order up to 400 days. Specimans stored in hot water tanks shows slizht
increass up to 3 to 4 days and a rapid fall in strength afte - 6 to 7
days. On the overall, Speciasns atored inset room 3nows higihmr values
except in certain instances whers conversion &xtion Seems to occur
to a lesser degree. Such slcw conv:--8ion and rehydration persist for
a longer period until the concrete is fully converted (see Table 3 ).
Thus we expect under such condition a cyclic behaviour where the strength
time curve sags and hogs until the hexagonal aluminates transform
into the more stable cubic alurinates, Such sluggish chemical activity
does not induce aprreciable lower Sirength, evidently not lower than
24 hour strength in the lifetime of the structure under wet condition,

As regards to dry air storage conversion has less to play as
opposed to the two storage conditions (See Table 4 ). It has been
over and over Stated that conversion takes place in the presence of
water. The free water, considering the conditions imposed on the
specimen, could not have been responsidble for conversion reaction
to take rlace. Table 3 also demonstrates that the maximum degree
of conversion obtained in DPA t:sts was 40 percent which could have
been genera.téd during sample taking or during JPia. Such explanation, )
however, does not clearly entail! the cause for the colossal drop in
strength at the age of 21 to 24 montha, The causes, are due to
deployment of harsh mix and provision of insufficient curing time
followed hv subsequent Storage in dry room., That is since the free
water—cement ratio used is 0.15, there will be a lot of unhydrated
cement that need to be hydrated, g¢omplete hydration will only take
place in the presence of water 3uch as normal storage, and is also
dependent on length of storage. Conversely, 1f specimens are placed
in dry .ondition without sufficient curing period, the free water
will partly evaporate and partly be used to take up further hydration.
During the early stage, therefore, the strength increases with time
(Pigure T ) until no further free water remained. A3 time goes by
there i& some evidence to suggest that the water of crye¢tallization could
be affecte. as more evaporation takes place (see Pigure 8 ). As
more suction pressure continues the bond between the paste matrix and
aggregate starts to break, Frcm visual examination, the inner core
of either cubes or cylinders was found to be extremely weak that
disintesration of paste and ag:regites was markedly vivid. This saems
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Table )

Tsgree of conversion of Speoimens atorod in dry ronm

Serial
Ho

10

10

12
12
4
16

storage
time in
monthse

Ce

See—s + sve=nre

Compressive Strength Degree of
conversion

Cylinders Cutes pevcent
Nfom? _ _ 1/en’

15 a7 a5

70 95 30

60 93 30

59 90 90

63 93 a4

64 88 38

62 81 40

60 &7 30

6 81 30

#ethod of
taking
sampleg

iiot Arill

Hand
arwdhed

Hot drill
Cool drill

Hand
orushed

"
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Table 4 Megree of conversion for speocimens in normal our ing
Serial Stornge Strength in N/wn° Degrea  Hethod emp)
No t ime of for
in (:géi:dg;; 10gu:°l;00 conversion taking sam;
months
mm x 100 mm
1 ] T30 94.5 83 Hot drill
2 k) T2.6 95.0 40 Ground by h
) 9 58,6 94.6 55 Cold drill
4 9 65.6 95.4 65 Ground by h
5 .12 62,3 85,3 65 . .
) (oY)
hy '@ 68.5 ' 94.9 .9 wot arill
7 12 719.2 94,1 50 Oround by h
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Dagree of Conversion for LUpacimens in Hot-Water Tonk

Table S

Conocrets - " Tast Storage Storage 24 hr Periodioal Strengths  pegree Het hod Cube
casting daba period condition strength 6% x 12% 4% x 4" x of for strength

date cubos conversion tracing N/ 2

4" x A" x oylindors 4" samples mm
) _ 4" oub=s

9/9/11 13/¢/17 . 4 days AT 11500 (82) 9956 11908 62 % Cold Drill 82,1
1/8/11 18/211 7 days LRy 12040 (83) 6599 - 914 95+% " 82,8
19/8/11 2/9/11 15 days HAT 12469 (86) 7510 9718 % % . 67.14
26/8/11 23/9/17 28 days HAT 12908 (89) 6908 9806 95 % " 67.6
26/, /11 26/9/17 2 months  INT 11970 (82,5) 6078 ‘ 9880 92 % Crushed 68,1
13/1/17 8/10/11 80 day® HAY - - - 91 4 » -
a1/ 21/10/17 } months  HNT - 7431 9948 91 % " 68.7
30/9/11 28/10/17 28 days T - 6714 8540 92 % " 58.9
24/9/71 24/ /17 2 months  HNT 11774 (81,2) B2 10124 as ¥ " A9.7

_
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to afford an e2xplanation that strength reduction 19 it WS
assnetated wich ~anversiscn Tt 13 true that rarid scnversion

encoura. es increaSe in porosity; out it must Ye reallze That

the cause 2f pcrosity are many a & not necessarily Sornrersiin,

For instance if we glance at Pigure 2.3, we find very interestirs
characteristins which support sugeestion put forward. It first
loses depsity at a very slow rate up to 100 to 150 days ther falls
rapidly, Schnieder also stated that hydration at rcom temperature
produced only one hydrate. CAE,O;

up to 14 years, at 35 jercent relative humidily and 25°¢C, did nat

and prolonged ageing for periods

convert this hyurate to the cubic form. It is, therefore, sug-ested
very strongly thai curing should prevail at all %imes so that
maturity of crys=-als will not be hampered tefore structural units
are permitted *o serve their structiiural requirements in dry air
condit ion,

The effect of prolonged storage in hot water (4508) upen dansity
‘53 gomewhere betwe:n the two discussed above., . The very moment specimertE
are stored in hot water at elevated temperature, conversion commences
immediately and density increasea at 8low rate up o a4 tc 5 days
(Pigure 7 ). Since conversion and hydration, more or less, taixes
place s3imuitaneously, the increase i8 interrupted for few hours until
full conversion is completed (see Table 5 ). Here, it may be thouzht
that conversion reaction is more ﬁerSistent than the corresponding
hydration. Then from 6 up to 15 days, probably due to increase of
CiH,,, some increase in density is shown. A secondary conversion of
some of the remaining CAH10 is expected between 15 to 40 Zays. From
40 up to 200 days the density increases with corresponcirg increase
in 3trength. It apnears here that hydration is a cyclic phenomenon
and as there is less to convert during the subsequent bydra. .n it can
reasonably be assumec this phenomenon wWill cease after prolonged storage.
The fact that the density increases and strength, therefore, rises
after passing the minimum point sﬁggest that the pore filling capacity
of the conversion reaction products can be augumented by extra hydra- .
tion products, Hence the minimw. strength is attained and then
gradually rises until eventually 1t approaches or axcesds the nne day
strength; but it will never be less than the minimum fownd earlier.
A8 demonstratad in Figure 6 , the effect of storing sjpec taens
in hot water comlitinn will produce rapid cornversion. Comparing the
densities (Pigurs 8 ) or strengths discusscd previously w=e see t! it
the tremis of the curvas in normal curing and hot water slorage ure
more or less the sams exxept one goes at slow mate while the other

goes at righer rate., It can b concluded, therefore, that the pr-ater
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the rate of corve=sion the higher the matrix porosity ard the lower

the Strength.

FPigure 9 shows typical stress strain disgram for different
storage regimes tested at 7 days. while the stress strain diasrams
for ncrmal curing and dry Jtorage remain more or lecs the Same” and Show

more linlarity, the hot water storase produces less linearity similar

. to normal Portland cement concrete behaviour having creater 8strain

movement for equal load increment than the rest, This could be exyrlained
in tarms of ene-gy; that is the §ironger concrete dissipates less
energv ihan the weai one for the i;ame incremenrital lcads, The potential
energy being the same for the three storage recimes, the svecimens in.
hot water Storace will fail first due to rapid dissipation of energy
which comes under maximum Strain energy theory credited to Betrami,
Thus it can be concluded that the zreater the energy of distoration the
lesser the load capacity. Hovaver at sertain stage where, perhaps, its
Fhysical make up ce=seS to be diérupted anymore, (That is wnere CAH.IO/
C)‘Aﬂé + x-AH3 progressively decreases.) and stability is reasonably

maintained, the theory stated abuve loses its sicnificance,

Refe:"ring to Tigures 6§ , 1, and 11 for cl-rity tha* cace the
lowWwest poin: is attained, there will be proyrecsive strength development
and lower energy of distortion fe given load up to two monihs, Alter
that the curveture falls under t.o months 8iorage meaning that the
strain energy for iiven load is the same for 3 months, 8 months, 1%
months etc but their potential strength is different. This is more
pronounced on tihe 8 and 13} month Storage and there is strong point
to suggest there is a gradual growth of CZASHS at prolonged storge‘i.

A8 demonstrated in Figure 6 . the strength after recovery has exceeded '
that of 24 hour strength. We contout, therefore, the notion that the -
fully converted strength will always be lower than that of unconverted
one . The suggestion that the rate of reduction :8 hicher than the
rate of recovery is ambiguous in that while it is true that an abrupt
reduction can take place at any time depending on the temperature and
the rate of recovery is slow it would be wrong to assume that mos+
of the strength loast wiil be recovered. As Hidgley has suggested, it
could well be that the diversity of thought 2xisted because of the
difference in the cewmentitous conatituents from country to country.

It must be realized that the silica content of cement F‘ondu‘Lafarge

is on the higher side, between 2 and 4 percent. This is more of
academic incerest than the rractical side; as engineers we are wore
interescted in the minimum s*ength the structural unit 1iable to

experience and strength recovery 18 of secondary ma::er Whish does
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not enter into the design calernlsting. Oix:e the lowest strength
i3 ackieved, as in the case of hot water Storage, however we hive
_ b0 reason to believe that on comversion of second cycle that the
strength will be lowered. Ye caunot contest about th: Hungariam
cement, but we certaiily do know that such thing will rot occur in

the British HAC.

.. Referring to Pigure 12(13.; the periodical no-i_ulus of rupture
_ has similar trend a3 that in compression. The significant change (Pig.13)
appt-m in normal storace uhere the rate of strength developmert is
auck hizher than the rest. Such developnent was mever reported hy
anyons in the past. It may well be that curing Snecimens at 18°C and
bdelow and 22 to 23°c produces fiifforcnt results. From results we
o&ainod',. it can safely bs concluded that normal curing for HiC amuat
“be at 21 to22%C.
It a.ppiars storage in dry cindition proved to be the most critical
" (Pigure 12(a). The flexural strength after 2 years wai lower thar the
"lowost strength obtained in hot water storeze. The Specimens stored

in hot water tanks normally 'pro-.llmes low sirength at early axe and on longer

storace a slow but wsll defined recovery is observed (Pigure 6-)‘.

Pigure 14 also shows the indirect tensile strength under
various storage regises. The indireot tensile atrength is generally
insensitive to envirommental conditions &8 corpared to eitber cConpressS—
ive or flexural strength. Whetpe: this is true or whether the
Brazilian test does not offer vhe trus nature of the behaviour is
not clear, although storage in dry room proved superior up fo 400 days
'with no change one Way or ancther ani then falls by comparatively
Nah'nr‘urgin. As shown in Pigure 14 , specimens stored under
noraal cin-i.ng prove weaker while on full conversion specimens in ho$
watar becams weaker by smaller ordar than the first and gradually
takes over,. ' ' ’ : <

Comparing the modulus of.rupture with the indirect tensile strength,
{t appears that there is direct anmparison between the two. Espgoially
for those Specimens under normal storage there seeas to be a '
contradiotion between indirect asnd flexural strength; while the latter
increases very rapidly the first reduces gradually and vice versa.

. The sodulus of elassicity, Pigure 15, for the tiree storage
regines has very little variation and can be assumed constant for

all practical purpwes., The lowest should be takea for desigm to
avoid risie. MNormclly the CP11. formula overestisates groesly the
ecdulus uapsaity aml care should be observed ‘to avotd such misconcep—
tton.‘,‘ Cenarally the ACX fomln'.xiw a better result and this requires

-
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as a prerequisite the unit weight which helps to improve results.
The inclusion of unit weight is more important in HAC concrete

in view of its porosity due to conversion or to other factors.

The unit weight as well as sirength cculd also vary depending on
mix proportions, water-cement ratio, type of aggregates and methcd

of compaction.

The poissons ratic for different storage regimes do not
appreciably. Thus for all practical purposes can be taken as
0.15.
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ECOMMENDATION -33-

(a)

(Y-

(c)

@y

Jased on existing research discussed previouslv:

Avoid mixing and placing operations when the atmospheric temperature
is likely ‘to remain above 29°%¢ fﬁr‘any length of time. HAC i3 not

gupéosed ta be used unless proper precautions are taken.

Restrict the maximum thickaess of concrete to be placed in one opera-
tion to 400 mm. (Fig. 17 shows pronounced falling off if strength,

due ta adiabatic condition compared to normal curing. -

The concrete- should be kept cool and moist during the first 24 hours
to ensute curing and to assist ;hg dissipation of heat due to hydration

vhich is detrimental at early age.

Use moulds, if possible, which will assist in dissipation of heat on

placing acd strip the formwork as géon_as the zoncrete hardens.

(e

®

(8)

®

(i)

)

(%)

The mix design zust be made according to Newman's treatize of HAC.

The water/cement ratic must be kept as low as possible depending on ~
the cement content, the free water cement ratio should not exceed

Q.35 for pres:teg;ed concrete mechers and 0.4 for reinforced concrete.

The cegent cortent sbould tct be less than 400 kg/n3 of concrete to
produce dense concrete free of porosity im order to resist chemical

attacks of any kind.

In climates where normal and/or lower temperature is ascertained at
all cimes, the minimum characteristic strength can be taken as 24

hour strengglr.

In the case of tropical clima:Q; ar.i in places vhere the temperature is

varied or the functional requiremect of the HAC concrete members dictatce

that the scructural units will experience high tumidity and heat transfer
then steaa ciring should be applied to achieve fully converted charac-
teriscic streagth. The effact of curing temperature on conversion can

be estimaced frou Fig. 16,

Strict qualicy control must be obsesved at all times.

The msnufacture’s agent must Se cocpetent enoygh to give the necessary

sdvice on the use of HAC.
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The use of MAC witi aew-rocates wiich mi-th libereile soluable alk

or lime muct be av-.ided.

HAC should net be used f.r cact—-in—-cit concrete, especially whvre

the workmanshipr and e me kncuwledse of the wement beraviour Lo i

+

met.

As verified in our experiment, the ratec f floxural strern.-ii
1levelopment will be hi.her if the temperzture in normal curing ic

A R
kept about 22°C inste
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c
)
—
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