PFA 8230| £2 232|E9| ZEWH0| B AT
Research on Strength Development of High PFA Concrete

o|xIE*
Lee, Chin Yong

TR E O] QPR ey rak AlAle] Yk avelnd, b b o] Sl b & g shed HwkAel
"]‘ﬂl_Fi«QJr FraejE H5A4E o 4 duh Al el o 5'}"1 K (OPC/PFA) FHAe] gz <y
(OPC) TN wEe e to] e (Fael i vhal § 28l d b)),

trre ol 419 PFAS] oFol Srbebas L‘i AH kR el € &b Al ¢ H e
6. 30% :'!:L'J A 45%). Triuk M1 S0 n g o] ol 4 i’tvS_- strte Yol ARg-goln (A g 45%)
) AP AR S o 51 (RHPC /PFA 45) #:12]}
Sei-owed Elvd 289)el A Brd bRl o] e il elof A1z off 4]

o}oj IR R LS I ) S S e A

i~
o

o ::9, HL
My

o ,

\\Q C.,\— o.r
i
_9
i
-
o
2
O

7V B EElel e v el )

v

-;:’LE] Yiuy A %v) vl (pozzolanic) 9 ol
Lof Folrh M4 el e ) e vnp ek e

b b ns i vbeb QU Treful s A Al uEe
& -f%»}f. F A= B g RV e gk g vk ieh

ABSTRACT

The strength development of PFA concretes were investigated in this study. The work
undertaken was divided into two parts which considered both the influence of PFA replacement
level up to 45% and the effect of cement type at the high PFA level(45%). The additional
cement considered included a rapid-hardening portland cement, The full range of concrete struc
tural grades were studied and eight curing conditions covering those used in practice were
examined. The early strength reduced with increasing PFA content. However, post 28 days, the
reverse was observed. It was possible through the use of rapid hardening portland cement at the
high PFA level to achieve simular early strength to OPC concrete, with the same benefits noted
above also being obtained post 28 days. The compressive strength of high PFA content
concretes at high temperature was found to be higher than the control at all ages both in water
and air, The same trends were observed at low temperature in air. However, the reverse oc
curred at the low temperature in water.

Keywords : PFA(Pulverised Fuel Ash), strength. binder, workability, replacement level, grade,
pozzolanic reaction, curing, ages, temperature
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1. Introduction

Cementitious materials have been used for a
range of applications from ancient times to
modern construction. However, since the in-
vention of Portland cement in 1824, concrete
has become the most widely used construction
material in the world. In recent vyears there
has been an increase in the use of pozzolanic
materials as partial replacements for a portion
of the Portland cement content of concrete'”,
In particular, these include materials produced
as by-products from manufacturing ar indus-
trial processes eg. pulverised-fuel ash(PFA),
ground-granulated blastfurnace slag(GGBS)
and micro-silica(MS),

The use of PFA as a cement replacement
material in concrete was first considered in
1914 and later by Davis et al(1937)"" who
reported the first major study of PFA for use
in concrete, A great deal of effort world-wide
has been devoted to exploring the properties
of PFA and how they influence the properties
of the resulting concrete. It was found that
PFA offers significant technical and economic
benefits, and these range from improvement in
concrete workability and fresh properties
though to ultimate strength development and
long term durability performance'. Since 1970
the electric power stations generated by coal
has been increased due to the increasing price
of oil. Sc the by-products of PFA was also
increased in the world. However, the use of
PFA as a construction material in Korea
recorded about 10% of total products which is
relatively lower than the industrial countries
(27% in USA and 47% in Japan)'"

The strength of concrete provides a good in-
dication of overall quality and is generally con-
sidered to be its most important property. The
strength development of PFA concrete is
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governed by its mix proportions, the chemical
and physical characteristics of PFA, reac-
tivity, curing condition and age'**'. Since PFA
1s normally incorporated with ordinary portland
cement, PFA concrete has offered significant
benefits for the long term strength due to the
pozzolanic reaction'”’. However, this reaction
leads to the retard effect at early hydration of
concrete, consequently the PFA concrete may
have a reduced early rate of strength develop-
ment'",

To overcome the lower early strength, PFA
has been blended with
Portland cement(RHPC) and this approach

rapid-hardening

has been used, for example, in fast-track con-
crete pavements'” and precast concrete man-
hole units'™, Although the RHPC /PFA con-
crete has been used in practice, the strength
development of the concrete incorporating
with high PFA contents has not been
investigated on a mass quantative basis as an
alternative to OPC concrete.

The objective of this study is to overcome
the lower early strength of PFA concretes by
means of using RHPC and having a excess
amount of PFA based on the equivalent
strength at 28 day. This will also increase the
economic benefits of using high PFA content
In concrete as a structural material, In line
with this PFA could be used efficiently and it
may encourage the increasing use of PFA in
concrete construction in Korea. The study
examined the strength development of
concretes made with blends of OPC (up to 45%
replaced by PFA) and concretes comprising
RHPC(at a replacement level of 45%) were
tested with different curing conditions and full
range of concrete grades,
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2. Experimental details

The work is carried out with various con-
crete  grades(250, 350, 500, 600 and
700kg /cm®) and with two different curing
conditions(under water and air). In addition, 6
other curing environments were considered on
selected 350kg /cm’® concrete mixes in order to
examine the effect of curing temperature on
strength development(Table 1). All test were
performed on 100mm concrete cubes, tested at
ages of 3, 7, 14, 21 and 28 days, 3 and 9
months, and 1, 2 and 3 years, with 2 specimens
in each case.

2.1 Materials

The binders used were two Portland
cements to BS(British Standard) 12", an or-
dinary and a rapid-hardening. This was
combined with a low-lime pulverised-fuel ash
to BS 3892 : Part 1'Y. The main chemical and
physical properties of these materials are
given in Table 2.

The aggregates consisted of single size
crushed rock(20mm and 5mm), crushed rock
sand and a fine sand.

2.2 Mix proportions

The initial control mix proportions for the
OPC concrete were designed according to the
method which has been developed by
Teychenne™. Mixes containing PFA contents
of 15%, 30% and 45% were also designed ac-
cording to this method. Trial mixes were car-
ried out until the design strength at 28 days
and required slump(75mm nominal) were
obtained. The final mix proportions used are
given in Table 3.

For the RHPC/PFA concrete the same
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Table 1 Curing conditions

a) Water curing

E1 Water 5C

E2 Water 23

E3 3days water 23T, thereafter air
23, 55% RH

E4 Water 50C

b) Air curing

E5 24hours air 5C, 95% RH : 27days

air 10°C, 55% RH thereafter air
23¢, 55% RH

E6 Air 10, 55%
E7 Air 23, 55%
E8 Air 50, 55%

Table 2 Properties of binders

Property Binders
OPC RHPC | PFA
Chemical composition, %
Si0, 21.2 21.0 47.8
AlO, 4.2 5.0 30.7
Fe, 0, 2.7 3.1 3.8
Ca0 64.4 64.7 7.1
MgO 1.5 2.5 1.8
P,0, 0.1 - -
TiO, 0.2 - ~
SO, 2.4 3.0 0.7
K.O 0.2 0.8 0.8
Na,0 1.3 1.3 0.4
MnO 0.1 - -
Lol L9 | 1 13
Bogue compound composition, %
C.S 62.1 57.5 -
CS 14.0 16.7 -
CA 6.5 8.1 -
C,AF 8.2 9.3 —
~_Mineral composition(%) o
Glass - 4—(*&7{47
Mullite — - 11.0
Quartz - — ’ 2.2
Magnetite - - 1.3
Hematite - [ - 0.7
Physical properties
SSA(m? /kg) 322 90 | -

proportions as OPC /PFA 45 were initially
used and modified until achieving the required
strength and workability. A number of trial
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Table 3 Mix proportions of OPC and PFA concretes mixes

Concrete mix Mix proportions, kg /m? B W /e
Des(liz ;);::;gth Cement PFA Total Water Conree Agg;iggite Eiler Total Ratio

OPC contoc § et _
250 255 - 255 190 975 770 200 2390 0.75
350 305 - 305 190 975 725 200 2395 0.62
500 385 - 385 190 1000 680 150 2405 .49
600 440 - 440 190 1035 650 100 2415 0.43
700 510 - 510 190 1115 565 50 2430 0.37

OPC /PFAI15
250 215 40 255 175 1005 765 200 2400 0.69
350 265 45 310 175 1000 725 200 2410 0.56
500 330 60 390 175 1030 670 150 2415 0.45
500 380 65 445 175 1065 640 100 2425 0.39
700" 430 75 505 175 1135 565 50 2430 0.35

OPC /PFA30
250 190 80 270 170 1025 730 200 2400 0.63
350 240 105 345 170 1025 660 200 2400 0.49
500 295 125 420 170 1050 670 100 2410 0.40
600" 345 145 490 170 1100 605 50 2415 0.35
700* 375 165 520 170 1185 520 - 2415 0.31

OPC /PFA45
250 170 140 310 165 1140 785 - 2400 (.53
350 200 165 365 165 1140 730 - 2400 0.45
500* 270 220 490 165 1180 575 - 2410 .34
600* 315 255 571 165 1230 455 2420 (.29
700° 350 285 635 165 1320 225 - 235 0.26

RHPC /PFA 45
250 160 135 295 170 1100 835 - . 2400 0.58
350 195 160 355 170 1100 775 - i 2400 0.48
500* 245 200 445 170 1100 695 - 2410 0.32
600* 290 240 530 170 | 1125 590 - 2415 0.32
700* 335 L 275 610 170 1200 440 - 2420 0.28
* Superplasticising admixture used.
mixes were necessary before the final the OPC and OPC /PFA concrete series(15%,

proportions were fixed, The superplasticizer
was used for the high concrete grades in order
to keep the water content fixed. The mix
proportions are also given in Table 3.

3. Results and Discussion

3.1 Effect of PFA content

Figure 1 shows the strength development of

X 7H 1% 1935.2.

30%, 45% of replacement level) under water
curing. The results show that at early ages
(pre 28-day), the
reduced slightly the strength by replacement

increasing PFA content

level up 30%, but the differences were minor
in a range of between () and 30kg /cm®, A more
reductiQ?s were observed between OPC /PFA
30 and OPC /PFA 45 concrete over the nange
of between 5 and 50kg /cm’, and at higher

grade with earlier ages(3 and 7 days), the
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Fig. 1 Strength results of OPC/ PFA concretes,
Curing : E2

differences were greater than those at lower
grade with later gaes(14 and 21 days). The
maximum differences in strength between
OPC /PFA concretes prior to 28 days were
generally exhibited at 7 days and thereafter
decreased as the test age increased. It has
been noted by many researchers''? that the in-
clusion of PFA generally leads to a slower rate
of strength development compared with OPC
at early ages ; accordingly, PFA was regarded
as having a “strength reducing effect™""

All mixes achieved the required 28 day de-
sign strengths, indicating that high PFA con
tents can be used in practice to achieve the
full range of concrete strength grades. How-
ever, the potential difficulties with high PFA

content concrete may be found In situations
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where early strength is critical. eg, early strip-
ping of formwork or early load applications to
the structure. Therefore, this represents a
possible limitation over the use of this material
in construction,

The OPC /PFA concretes have a significant
benefit for the long term strength. Beyond 28
days the stren:c;th is increased with increasing
PFA content and the maximum rate of
strength development was noted between 90
days and 180 days. The PFA concretes
exhibited higher strengths across range of
grades and replacement levels of 40 to
195kg /cm® by 3 years. These results support
previous studies which indicate that the maxi-
mum period of pozzolanic reaction takes place
between 3 and 6 months'"'. It was suggested
that later strength gains are associated with
the filling of voids and water capillaries with
reaction products leading to increasing hom-
ogeneity and nucleation of PFA concretes due

(7

to the contribution of pozzolanic activity
3.2 Effect of cement

As noted above, the effect of increasing the
PFA content of concrete, is to reduce early
strength. This occurs even when the concrete
is well cured and therefore represents a poten-
tial practical difficulty with binder. In order to
boarden the study and provide a possible route
to overcome this difficulty, it was decided to
include additional cement /high PFA
combinations. In the present study, rapid
harding portland cement(RHPC) was used in
an attempt to achieve parity of strength at

early ages in 45%, PF A concrete,
3.2.1 Water-cured

The strength development of high PFA

concretes, pre-28 days, 1s shown in Table 4.
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Table 4 OPC/ PFA 45 and RHPC/ PFA 45 concrete
strangth results, Curing : water 23

_ Concrete mix Strength, kg /cm?

Design Age at Test
(’"(d}f;fgfn‘l’f‘h s |7 ‘ 14d \ 21d i 28d
RHPC /PFA 45 o !
250 110 160 200 230 250
350 ‘ 165 ( 230 285 , 325 350
500 260 | 345 i 415 3 450 500
600 325 415 1 505 | 555 | 600
700 390 | 515 | 610 | 685 | 700
OPC /PFA 45 | o ‘
250 95 | 140 | 185 | 225 | 250
350 135 200 | 265 ] 315 | 350
500 Lo215 L300 ; 390 | 460 | 500
600 280 | 380 475 i 555 600
T 335 | 450 | 555 | 650 700
The high PFA concretes containing rapid
hardening portland cement had higher

strength than those of OPC /PFA 45 concrete
and the differneces in strength generally
increased with increasing desing strength, but
at 21 days the results obtained from the two
concretes were very similar, It indicates that
the retardation effect due to the PFA in early
strength development may be compensated by
using rapid hardening portland cement
(RHPC).

A comparison between OPC and high PFA
concretes 1s given in Figure 2. As indicated,
the inclusion of the more active early strength
cements in combination with PFA lead to
there being very little difference between
these and OPC concrete at early ages pre-28
day. Between 28 days and 3 vears, the
strength of high PFA concrete was always su-
perior to the OPC control.

The strength development of high PFA con-
crete incorporating rapid hardening portland
cement was closer to those of OPC concrete
and was higher than those of the OPC /PFA
It has

45 concrete at early ages, heen

H 7R 15 1995.2.
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Fig. 2 Strength results of high PFA concretes shown as
differences from the corresponding OPC concrete,
Curing : E2

suggested that the use of PFA has a retar-
dation effect which delays the early hydration.
However, the use of RHPC cement, which is
composed of finer particles than OPC cement,
promote faster early rate of hydration and also
increase concrete temperature, These effects

(18) and

tend to stimulate pozzolanic activity
may compensate for the lag of early strength
development of high PFA concretes. There-
fore, the use of rapid-harding portland cement
in concrete provide a route to overcoming
problems associated with early strength devel-
opment 1n high PFA content concrete.

As shown in this study, PFA swhen used in
combination with OPC, shows a lower strength
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than OPC concrete at early ages, although it
has very high strength in the long term. The
use of RHPC indicate that the strength is
similar to OPC concrete pre-28 days., There-
fore, this work suggests that the RHPC /PFA
45 concretes may be used in mainstream struc-
tural engineering applications as a alternative
material to OPC concrete and can be reliable
in terms of strength. However, the OPC /PFA
45 may be utilised in concrete structures
where early strength development is less criti-
cal such as mass foundations, large columns

and dams, and slabs,

3.2.2 Air-cured

In practice, concrete structures are unlikely
to receive standard curing, air-curing(E7)
therefore was used to examine performance
under condition closer to site curing. The
strength results cured in air were lower than
those cured 1n water at all ages and
differences between these ranged from 55% to
65% at final test ages. It was suggested that
In air curing the early stopping hydration due
to the early moisture loss produce higher po-
rosity of concrete and it also induces the dry-
ing shrinkage which may cause the
microcraking, These effects cause the re-
duction of stength''"’,

The results for OPC and high PFA
concretes are given in Figure 3. This indicates
that the OPC /PFA 45 concrete exhibited the
lowest strength at low grades(250, 350 and
500kg /cm®) and at high grades the OPC con-
crete had inferior strength., But the
RHPC /PFA 45 concrete had higher strength
than other concretes at all ages and the
differences increased with increasing concrete
grades. This may be beacuse the concretes
containing higher early strength cement

reduced the evaporation of moisture from the
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Fig. 3 Strength results of OPC/ PFA concretes,
Curing : E7

surface due to the higher rate of hydration of
the RHPC cement. This mare efficient use of
available water at the early stages and the
higher heat of hydration, may accelerate the

pozzolanic reation'™,

3.3 Effect of Temperature

In practice, the environmental conditions in
which concrete construction is carried out will
be variable, and will depend on local climate
and working conditions. In order to enable a
full evaluation of the strength development of
high PFA content concrete, a wide range of

curing conditions were considered.
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3.3.1 Water-cured
between the high PFA
concretes and the OPC control(Figure 4)

Comparison

indicates that the former achieved higher
strength, except at low temperature curing,
El, where they were lower than OPC at 28
days. This difference remained at 3 months,
but reduced by 6 months,

It has been suggested that pozzolanic
reactions of PFA are slightly more delayed at
lower teraperature, while they increase rapidly
at  high temperature™’ and this early
pozzolanic activity due to the high tempera
ture improves the strength of PFA concrete.
[t was also thought that the higher binder con-
tent of high PFA concrete may produce a

strong and dense concrete due to the
1160

pozzolanic reaction at later ages

3.3.2 Air-cured

In general the differences of strength be-
tween curing temperatures or ages were lower
than those cured in water, it was also noted
that the strength results obtained under air
curing were inferior to those cured in water ir
respective of curing temperature typically of
the order of 50%.

A comparison between the PFA concretes
and the OPC control(Figure 4), indicated that
the strength of these concretes as similar
under all curing conditions with the exception
of ER curing where the PFA concretes had a
higher strength. As found for water curing,
PFA concrete had a lower strength at low
temperature and had the highest strength at
the elevated curing temperature. All concretes
showed little chage in strength during the 3 to

6 month period.

H 73 1Z 1995.2.

200y
2nday
100
()—,———ﬂ
- 10
FPEL B2 B3 B
hOANE i ] i
5 | MRHPC /PEA 45
- Giday L OPC/PRA S
ol i R
() 100
a.
(@]
o
[
e &
:_) .
o 003 .
=) I El E2 E3  Et o Bs ETOEY
Dl
I8iiday
J
[t
[
ot
! I B2 R B ES ES KT OER

CURING CONDITIONS

Fig. 4 Influence of cring temperature, relative to
OPC concrete

4. Conclusions

Water-cured

1. Over the range of concrete strength
grades. the strength of OPC /PFA concrete
mixes were reduced with the increasing PFA
replacement pre 23-day. However, the reverse
was found beyond this age.

2. High PFA concretes containing rapid
hardening portland cement under water-curing
conditions exhibited simular or shghtly reduced
strength to OPC at early ages. but the
strength of OPC /PFA 45 concrete was sub-
stantially lower than the corresponding OFC
control. Beyond 28 davs their srength was

always superior.
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Air-cured

3. The RHPC /PFA 45 concrete had similar
strength to OPC concrete at early ages and
marginally better in the longer term.
OPC /PFA 45 concrete was inferior to OPC
concrete at all ages with exception of the high
grades of concrete post 28-day.

4. The RHPC /PFA 45 concrete was always
of higher strength when compared to the
OPC /PFA 45 concretes, both at early and
later ages.

Temperature

5. The results for different water curing
indicated that the high PFA
concretes generally had higher strength than

conditions

OPC. However, at low temperature the high
PFA concretes lagged OPC concrete.

6. At low temperature air curing high PFA
concretes were similar to OPC at all ages. At
high temperature the high PFA concretes had
higher strength to OPC concrete at all ages.

Acknowledements

Auther thanks Dundee University(in U.K.)

for providing the testing facilities that made
this research possible

References

1. Berry, E. E. Fly ash in concrete. Canmet,
1985, pp.143.

2. Anon. An investigation of the pozzolanic of
coal ashes. Engineering news Vol. 71, No. 24,
1914, pp.1334-1335.

3. Davis, R. E., Carlson, W., kelley, J. W. and
Harher, E. D. Properties of cements and con-
crete containing fly ash. Proceeding of the
American institute. Vol. 33, May-June, 1937,
pp.575-611.

4. Kim, J. K., Park, Y. D and Sung, K. Y. The

134

o

10.

1L

12.

13.

14.

16.

long-term strength and the workability of
high-strength fly ash concrete. Journal of
concrete institute. Vol. 3, No. 4, 1991, pp.
107-115.

. Montgomery, D. G., Hughes, D. C Hughes

and Williams R. I. T. Fly ash in concrete a
microstructure study. Cement and concrete
research, Vol, 11, 1981 pp.591-603.

. Joshi, R. C., Day, R. L. and Langan, B. W,

Strength and durability of concrete with high
propotions of fly ash and other mineral admix-
ture. Durability of building materials, 4(1987)
pp. 253-270.

. Cannon, R. W. Proportioning fly ash concrete

mixes for strength and economy. ACI journal,
november, 1968, pp.969-979.

. BS 8110 : Part 1, 1985. Structural use of con-

crete, part 1. Code of practice for design and
construction.

. Franklin, R. E., Mercer, J. and Walker, B. ]J.

Fast track concrete pavings : Study visit to
Iowa, USA. TRRL Research Report 275,
1990, pp.20.

Dhir, R. K. and Jones, M. R. Development of
pfa in precast concrete manhole unit. Cement
and concrete research Vol. 22, 1992(a), pp.
35-46.,

British Standard Institution. BS 12 : 1991,
Specification for ordinary and rapid-hardening
portland cement.

British Standard Institution. BS 3892 : 1982,
Specification for pulverized fuel ash for use
as a cementitions component in structural
concrete,

Teychnne, D. C., Franklin, R. E. and Erntroy,
H. C. Design of normal concrete, Department
of Environment, HMSO, 1985, pp.30.

ACI committee 226 : Use of fly ash in con-
crete, CANMET, 1985, pp.143.

Ravina, D and Mehta, P. K. Compressive
strength of low cement /high fly ash con-
crete. Cement and concrete research. Vol. 18,
1988, pp.571-583.

Dhir, R. K., Hubbard, F. H., Munday, J. G.
L., Jones, M. R and Duerden, S. L. Contri-
bution of pfa to concrete workability and



17.

18.

19.

streng:h development. Cement and concrete
research. Vol 18, 1988(a), pp.277-289.
Langley, W. S_, Carette, G. GG. and Malhotra,
V. M. Strength development and tempera-
ture rise in large concrete blocks containing
high volumes of low-calcium fly ash. ACI ma-
terial journal, 1992, pp.362-368.

Bijen, J. and Van Selst, R. Cement equival-
ence factors for fly ash. Cement and concrete
research Vol. 23, 1993, pp.1029-1039.

Neville, A. M. Properties
Longman scientific and Technical, 1981, pp.
779.

of concrete.

M 7H & 1995.2.

20,

21.

Dhir, R. K., Byars, E. A and Amir-Latifi, S.
A. A, PFA concrete : strength development
of RHPC /PFA blends. The structural engin-
eering, Vol. 71, No. 71, 1993(a), pp.139-145.

Dhir, R. K. and Munday, J. G. L.
Investigations of the engineering properties
of OPC /pulverized fuel ash
strength

concrete :
development and maturity.
Proceedings nstitution civil Engineers, Part
2. 1984(b), 77, June, pp.239-254.

(MUK} 1994, 12, 2)

135



