An Experimental Study on the Engineering Properties
of Lightweight Aggregate Concrete
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I. Introduction

Lightweight aggregate concrete, incorpo-
rating fly ash(FA) as partial replacement of
cement and utilizing coarse aggregate made
from FA, occupy a unique position in the as-
pect of the large quantities of fly ash avail-
able in many parts of the world. Anocther
uniqueness of FA lightwelight aggregate con-
crete is the excellent aggregate matrix bond
that develops between the fly ash aggregate
and portland cement or portland cement fly
ash matrix®). Tests show that there is a close
chemical affinity among the constituents of
this type of concrete and also there is evi-
dence that this contributes to the enhanced
strength and durability of the concrete. Ex-
tensive test data on mix design and physical
properties of FA aggregte concrete are now
available¥. Tests on reinforced concrete
beams made with such aggregates show that
structural members have adequate ductility
and factors of safety at failure, and strains
of 2,500 to 5,000 microstrains can be devel-
oped prior to failure®.

Equations are also developed to predict the
shear strength of beams made with FA ag-
gregates®). Short fibres can also be incorpo-
rated in lightweight aggregate concretes to
enhance their toughness and ductility, and
these properties can be utilized to further im-
prove the structural behaviour of beams and
slabs®.

Because of the economical, practical and
technical benefits of lightweight aggregate
concrete, a high performance concrete will
have special attractions for applications in

offshore and marine structures, high build-

Ings and long span bridges. A decreasing
density without reducing strength or increas-
ing strength without increasing density com-
bined with high durability can lead to cost ef-
fective engineering solutions. Supplementary
cementing materials such as fly ash, slag, sili-
ca fume, etc. are known to be able to contrib-
ute to the improvements of strength and du-
rability. For example, silica fume has been
extensively used in the development of high
strength lightweight aggregate concrete!9,
The overall objective of this project is to
develop a high performance concrete using
fly ash and slag, together with a highly reac-

tive pozzolan like silica fume.

II. Experimental Program

Four concrete mixtures as shown in Table-
1 were used in the study. All the mixes were
equal in the aspects of total cementing con-
tent and free water/binder(W/B) ratio. The
mixes were so designed to have the same a-
mounts of fine and coarse aggregates. And a
superplasticizer(SP) was added, the amount
of which was adjusted to give workable
consistencing with a slump of 100 to 150mm.
The main variable in the mixes was the com-

position of the cementing content . as shown

Table-1. Mix design of lightweight aggre-
gate concrete

Mixes |Cement| SF | Slag | FA | Sand | Lytag | Free

No. |(kg/m®)|(ke/m®){(kg/m®)|(ke/m*)}(kg/m®)|(ke/m3)| (W/B)

350 - - - 635 | 716 | 04
300 | 20 - 30 | 635 | 715 | 04
300 | 20 30 - 635 | 715 | 04

SF| 250 | 10 45 45 | 635 | 715 | 04
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in Table-1 silica fume was used in all the
mixes, and fly ash ground granulated blast
furnace slag(GG/BFS) or both were used as
additional supplementary cementing materi-
als. This study was carried out was to identi-
fy the composition of a cement matrix that
will guarantee high durability and strength

for lightweight concrete.
1. Materials

All the cementing materials used In the
mixes are conformed with their respective
BS Codes. The portland cement, ASTM Type
1, had a specific surface of 365m2/kg and a
total equivalent sodium oxide alkali content
of 0.83%. The slag had a fineness of 417m?2/
kg whilst the fineness of the fly ash express-
ed as the mass proportion of the ash retained
on a 45um mesh was 7.6%. The silica fume
was used In liquid form with 50% solid con-
tents.

Natural sand, with a fineness modulus of
2.04, was used as fine aggregate. The coarse
aggregate was the lightweight aggregate
(LW) made from sintered pulverized fuel ash
(trade name “Lytag”) with a maximum size
of 14mm. Two parameters associated with
lightweight aggregates generally influence on
mix design such as moisture content and
water absorption. The Lytag aggregates
were initially dried to a constant moisture
content of 0.6%. The water absorption of the
Lytag aggregates after 30 seconds, 30 min-
utes and 24 hours were 9.0%, 9.7% and 13.5

% respectively and an average value of 12%

was adopted for mix design purposes?®.

— 77—

2. Manufacture and Curing of Speci-
mens

A special mixing procedure was adopted to
reduce bleeding as well as the early loss of
slump. The fine and coarse aggregates were
initially mixed for 2 minutes with half of the
total amount of water containing the liquid
SF; cement and other cement replacement
materials were then added together with the
rest of the water and mixed for another 2
minutes. Half of the total amount of SP was
then added, and mixed for 1 minute, and
then the remaining SP was added and mixed
for 1 minute. A cohesive composite concrete
mix with good flowability properties was
thus obtained. v
in steel

After

demoulding in 24 hours, two different curing

All the specimens were cast

moulds and Internally vibrated.
regimes were used . continuous water curing
and 7 days water curing followed by expo-

sure to ambient air conditions.
3. Methodology

Various engineering properties of the con-
were obtained . flexural
on 100x100x

modified

crete mixtures
strength was measured
500mm

strength was obtained from the

prisms ; compressive
broken
halves of the prisms ; dynamic modulus of
elasticity and ultrasonic pulse velocity were
also obtained. Two microstructural properties
were investigated ; pore structure of the
mortar In ’the concretes through mercury
porosimetry. The pore structure tests were
carried out at 180 days. The spcimens were

cut into Smm thick slices using a diamond
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saw, and small pieces of mortar were se-
lected by removing all aggregates from the
slices. The samples were oven dried at 105C
for 24 hours and then cooled in a desiccator.
In the tests, the contact angle between mer-
cury and the surface of the sample was fixed
at 130° and the surface energy was assumed
as 485dyn/cm.

M. Results and Discussion
1. Strength

The compressive strength of the concretes
tested are shown in Table-2. These data re-
veal that the hydration process of FA and
slag with portland cement is a two stage
process. Barly strength of concretes with sup-
plementary cementing materials are depen-
dent on the amount and type of portland ce-
ment. But the long term strength are depen-
dent on the type and amount of mineral
admixture”).

The addition of a highly reactive pozzolan
like silica fume can compensate for the loss
of early age strength as shown in Table-2.
The degree of compensation is dependent on
the type of pozzolan and the mix design tech-
nique. According to the data shown in Table-
2, mixes F and S showed lower compressive
strengths at 1 day, however, at more than 3
days both of these mixes had similar com-
pressive strength for the control mix N. At
28 days and 180 days all mixes showed simi-
lar compressive strengths. These results dem-
onstrate that FA and slag had almost similar
effects on the strength of lightweight aggre-
gate concrete.

Mix SF with a relatively lower portland ce-

ment content (replacement materials 28.6%
of total binder compared to 14.3% in mixes F
and S) showed a lower strength at 1 day,
about 60% of that of the control mix N, but
showed nearly the same strength with those
of the mixes N, F and S at both 28 days and
180 days. These results demonstrate the ef-
of of

admixtures such as FA and slag, and the im-

fects pozzolanic  action mineral
portance of mix design techniques of tapping
and mobilizing their ability to contribute to
the strength.

The flexural strengths in Table-3 show
that at low replacement levels(14.3% of total
binder), the flexural strength is little affected
at more than 3 days. Mix SF with 28.6% of
total binder replacement ' showed lower
strength than that of the other mixes, but
even then, by 28 days and thereafter, even

this mix had flexural strength(5.43 MPa)

Table-2. Compressive strength depending on
curing age(MPa)

Mixes Curing age(days)

No. 1 3 7 128%*| 28* [180** 180*
N 131.3|36.6|48.0|53.8|59.0|61.1|61.7
F |27.3|34.3142.8|48.0(53.8|59.9|62.1
S 25.0139.141.7 | 50.4 | 55.6 | 63.2 | 65.6
SF |17.4|31.3|36.5|46.1|49.2|59.4 |56.6

** wet curing *7days wet/alr curing

Table-3. Flexural
curing age(MPa)

strength depending on

Mixes Curing age(days)

No. 1 3 7 |28**| 28* [180** 180*
N 14.355.01|5.52|5.73|2.97 | 5.48 | 5.55
F 3.78 | 4.96 | 5.33 | 5.75 | 2.60 | 5.77 | 5.80
S [4.44|5.11(5.27|5.95]2.91{4.93|5.25
SF |3.49|4.62|4.85|5.43|3.39|5.13 |5.36

** wet curing *7days wet/air curing
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comparable to mixes N, F and S(5.7 to 6.0
MPa).

The fly ash mix F showed the highest flex-
ural strength at 180 days among the all other
mixes. This might be attributed to the better
bond between the fly ash LW aggregate and
fly ash cement matrix, as has been reported

earlier?).
2. Dynamic Modulus of Elasticity

The development of the dynamic modulus
of elasticity for all of the four different mixes
1s shown in Fig. 1. All concretes containing
supplementary cementing materials have
higher dynamic modulus than the portland
cement concrete by about 10 to 15%. FA
and slag concrete mixes have almost the
same dynamic modulus at all ages, whereas
mix SF with a lower portland cement content
shows shightly lower value than those of

mixes F' and S.
3. Effects of Air Curing

Concrete structures are not continuously
exposed to a humid environment. Very often,
they are exposed to a dry environment, some-
times from an early age. Air drying, particu-

larly at early ages, can cause bad effects on
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Fig. 1. Variation of dynamic modulus with
age(wet curing only)

concrete properties. These effects have been
investigated by adopting a curing regime of 7
days water curing followed by exposure to
ambient conditions. The results are shown in
Table-2 and Table-3, and Fig. 2 and Fig. 3.

Table-2 also shows the effect of curing on
compressive strength. Concretes cured con-
tinuously in water has a slightly lower
strength at 28 days than those exposed to air
drying after 7 days. But at 180 days both
curing regimes show similar compressive
strength. There 1s no substantial and consis-
tent difference owing to the curing methods,
unlike the well known tendency of apparent
strength increasing when exposed to dry en-
vironment before loading. The prolonged air
curing has shown no adverse effect at 180
days. Probably this may be due to the mois-
ture released by the porous aggregates. Mois-
ture is effective on further hydration of the
binder materials. The effect of air curing is
most apparent In the flexural strength as
shown in Table-3 at 28 days of age. The
specimens cured in air are still in the process
of drying, and the surface microcracking due
to the moisture causes a major reduction in
strength. All of the concretes together with
portland cement concrete exhibit this phe-
nomenon. But it is interesting that supple-
mentary cementing materials show no signifi-
cant disadvantage compared with portland
cement concrete in this respect. However,
once moisture equilibrium is secured, the loss
of strength is fully recovered. All of the con-
cretes with mineral admixtures compare well
with the portland cement concrete, as far as
flexural strength is concerned.

From of Table-2 and Table-3, it is found
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that flexural strength is much more sensitive
than compressive strength in the aspects of
moisture loss and air drying. This property
can be critical when moisture loss happens
before moisture equilibrium is secured.
Table-3 shows that this period may extend
up to about five months. Thus this may be a
critical factor if structural elements are sub-
jected to external loading during this period.
The strength recovery is partly due to the
healing of cracks as moisture equilibrium is
secured. But such healing does not take place
so easily in the presence of external loads.
Structures exposed to aggressive environ-
ments may thus suffer a lose long term dura-
bility.

The effects of drying on dynamic modulus
of elasticity for the four concrete mixes are
shown In Fig. 2. Once drying starts, dynamic
modulus does not Increase any move:
Actually there is a progressive reduction in
the elastic modulus and, at six months, all
the mixes had about the same value of dy-
namic modulus of about 24 to 25 GPa, which
could be compared to the values of 29 to 31
GPa at the same age for the concretes with
mineral admixtures cured in water.

Two important implications are stood out
here. The contribution to both long term
strength and stiffness of mineral admixtures
depends very much on the continuous
hydration process. But in a dry environment,
this phenomenon is no longer found.

This loss in stiffness with the lapse of time
is consistent with the pulse velocity shown in
Fig. 3 for all concrete mixes exposed to air
drying after the initial 7 days of water cur-

ing. The pulse velocity reflects the internal
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Fig. 2. Effect of dynamic modulus with age
(initial 7Tdays wet curing and air curing)
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Fig. 3. Variation of pulse velocity with age
(initial 7Tdays wet curing and air curing)

structure of the concrete. Fig. 3 shows that
even though exposed to a dry environment,
concretes with mineral admixtures can have
more sound and dense internal structure.
Table-2 and Table-3, and Fig. 1 to Fig. 3
show the benefits to be derived from the con-
crete with mineral admixtures incorporated
when new structures are to be exposed to
drying conditions soon after demoulding, the
use of a membrane can help concretes with
mineral admixtures attain their full strength

and stiffness.
4. Porosity

The mercury intrusion porosimetry tests
were carried out at 180 days for the speci-
méns of two different curing conditions. The
results are shown in Table-4. As shown in

Table-4, the mortar containing slag and SF
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Table-4. Variation of pore volume, porosity
and density

Specimen I?;:EI?: Porosity Density
No. (%) (g/m?l)
(mé /g) |
N-10** 0.0550 11.79 2.1434
F-10** 0.0495 10.38 2.0976
S-10** 0.0395 8.35 2.1134
SE-10** 0.0507 10.70 2.1089
N-7* 0.0569 12.19 2.1427
F-7* 0.0593 12.23 2.0624
S-7* 0.0439 9.24 2.1073
SF-7* 0.0557 11.14 1.9985

**wet curing *7days wet/air curing

has exhibited the least total intrusion volume
under both curing conditions. All samples
with mineral admixtures except the FA have
shown better pore structure than that of the
portland cement mortar. FA mortar showed
slightly higher pore volume and porosity than
that of the portland cement mortar under the
wet/air dry conditions.

Tabel-4 also shows the effects of continued
air drying on the porosity of concrete sam-
ples. All the samples have shown higher pore
volume and porosity than those under contin-
ued water curing. But, all specimens with
mineral admixtures show better performance
than the controlled portland cement mix. The
fly ash mix, however, showed worse perform-

ance than the one controlled.
5. Pore Size Distribution

Fig. 4 and Fig. 5 show the effect of cement
replaced materials on the pore size distribu-
tion in mortar under wet curing and 7days
wet/air curing condition, respectively. Of all

the mixes tested, the slag mortar mix showed

the best performance in the aspect of pore re-
finement. The mix SF exhibited a better pore
refinement than the fly ash mix. This 1s prob-
ably due to the higher volume of pozzolanic
materials. It is also indicated that the fly ash
mix 1s more sensitive to air drying. However,
even with a marginally high total pore vol-
ume, the fly ash mix does show better pore
refinement than that of the control mix(Fig.
4 and Fig. 5). Fig. 4 and Fig. 5 thus show
that supplemental cementing materials de-
crease the volume of coarse pore and in-

crease the volume of fine pore in mortar.
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Fig. 4. Pore size distribution(wet curing only)
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IV. Conclusion

The major results of this study are summa-
rized as follows;
Using fly ash lighweight aggregates and a

total cementitious content of 350kg/m? incor-
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porating fly ash and/or slag together with a
small amount of a highly reactive pozzolan
such as silica fume, compressive strengths of
about 50 MPa at 28 days and 60 MPa at 180
days have been developed. These concretes
had flexural strengths in excess of 5 MPa
and elastic modulus of 25~30GPa. Exposure
of these concretes to a dry environment, how-
ever, decreased flexural strength until mois-
ture equihbrium was restored, and elastic
modulus, as in normal concrete, and this
should be cosidered in design, However, even
then pulse velocity showed that concretes
with mineral admixtures can have more
sound and dense internal structure.

Concrete with mineral admixtures showed
a much better pore structure and pore refine-
ment than concrete without them, and this
quality was maintained even when the sam-
ples were exposed to air drying. Overall, mix-
tures with slag showed the best properties in
terms of pore structure. Surprisingly, con-
crete with 250kg/m3 portland cement and
100kg/m3 of mineral admixtures was nearly
as good as concrete with 300kg/m3 cement

and 50kg/m? of mineral admixtures.
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