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ABSTRACT. High-performance concrete (HPC) is usually produced using high quality
materials. These high quality constituents drastically increase the initial cost of HPC, hence
hindering its more widespread use. Therefore, the main goal of this research project was to
produce a low cost enhanced performance concrete or even a low cost HPC, using low
quality fly ash and locally available crushed aggregates. In this way, a significant reduction in
the use of Portland cement, as well as that of scarce natural resources, would be obtained.
The effect of high percentages of fly ash and crushed aggregates on concrete performance
was studied by comparing the mechanical and durability performances of such concretes with
nominally similar types of concrete with no fly ash incorporated. The results obtained
indicate that it is possible to produce concrete in the low range of HPC with up to 65 MPa at
56 days by replacing up to 40% of cement with as received fly ash using crushed granite
aggregates. Furthermore, it was observed that workability and durability both increased
significantly when fly ash partially replaced Portland cement.
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In order 1o achieve the aims of this research, an experimental program was performed which,
included the evaluation of the mechanical properties, workability and durability of the
proposed concretes. The research work studied performance of concretes with 0, 20%, 40%

and 60% Portland cement replacement by fly ash, while the totul binders employed were 400
ke/m’, 500 kg/m’ and 600 kg/m’.

The effect of a high volume of fly ash was studied by cvaluating the mechanical and
durability performances of the designed concretes. The durability of the concretes produced
was evaluated through a c¢a
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Cement and fly ash

Ihe cement used was an ordinary Portland cement type CEM 1 42,5 R, The fly ash came
from the Pego Power Plant in Portugal, with a loss on ignition (LOI) which varied between
6% and 9%. The LOI exceeded the maximum values established by European standards [1].
However, studies have shown that, at least for this fly ash, a high LOI does not have 2
deleterious effect on the cement pastes and mortars [2]. Table 1 shows the oxide content of
the cement and the fly ash used. Table 2 presents the estimated compound composition of

the cement using Bogue's expressions [3]. Table 3 shows some physical characteristics of
the cement and the fly ash.

Table 1 Oxide composition of the cement and fly ash

CHEMICAL

COMPOSITION CEMENT (%) FLY ASH (%)
510, 19.71 42.16 - 58.46
AL O3 5.41 21.04 - 32.65
Fe,05 3.34 3.51-9.13
CaO 61.49 1.67 -9.18
MgO 2.58 0.65 - 2.59
SO; 3.22 0.22 - 1.04
5 0.01 0.00 - 0.06
Free Lime 0.81 0-0.12
Loss on ignition 2.52 5.60-9.28
Insoluble residue 1.94 =
Table 2 Estimated compound composition of the cement
COMPOUND "
COMPOSITION ()
C;S 61.61
C,S 4.55
C3A 8.69
CsAF 10.15
CSH 547

lable 3 Physical characteristics of the cement and the fly ash

PHYSICAL . . y ‘
CHARACTERISTICS CEMENT  FLY ASH
Specific Weight (kg/m"*) 3150 2360

Blaine Specific
Surface (m’/kg) 358.4 387.9
gt |
Fineness - pum (%) (+90) (>45)

1.7 14.1 -31.6
Water demand (%) 28.0 297
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Table 4 Concrete mix proportions and workability
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SE g '
¢ FA SANDI SAND2 mcglga[f:.'ffw SLuMp = OW
MIX  W/B N (ke/m (kg/m))  (kg/m) WE (em)  TABLE
J00FA0 040 400 0  613.56 23355 857.45 105 450
::_:33:220 0.40 320 80 3591.96 262.38 878.58 21.0 483
B400FA40 040 240 160 55299 284.75 875.65 18.0 55.0
B40OFA60 040 160 240  503.44  300.96 855.01 20.5 53.5
B500FAD 030 500 0 502.92  308.43 865.61 2.5 3LS
BSOOFA20 030 400 100 461.85 334.01 869.82 10.5 39.5
BSOOFA40 030 300 200 40691 349.01 847.11 20.5 474
B500FA60 030 200 300 364.24 373.70 848.70 23.0 55.0
B60OFAD 025 600 0 37730 36785 850.73 3.5 35.0
B600FA20 025 480 120 32657 399.51 856.01 12.5 36.5
B600FA40 025 360 240 27128 407.93 832.76 20.0 51.0
B600FA60 025 240 360 22326 421.23 824.23 23.0 53.0

The sggcimen moulded from the concrete mixes was stored in a chamber with a temperature
"Tf 21°C and a constant relative humidity of 80%. At 24 hours. the specimens were removed
from the moulds and stored in water (21°C), until the date of testine.

EXPERIMENT RESULT AND DISCUSSION
Compressive Strength
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I'he results obtained indicate that during the initial curing period the strength gain is slower
as the amount of fly ash increases. For BS00 and B600, a 20% replacement of cement by fly
ash positively influences the compressive strength for curing times of 150 to 200 days. For
B60O concrete, even a substitution of up to 40% enhances the compressive strength. This can
be explained by the large amounts of calcium hydroxide produced. due to the large amount of
cement \\-‘Lhich fly ash could react with. Results from the B400 mix indicate a reduction in
compressive strength, even for 20% replacement, for up to 200 days curing. This result was
not expected. as it is widely accepted that the compressive strength for 20% replacement is
usually equal to that of concrete with no fly ash. The low quality of the fly ash used is
probably responsible for the results obtained. Figure 2 clearly indicates two levels of
strength: B500 with no fly ash and 20% fly ash exhibit similar compressive strengths, while
40% and 60% replacements present a clearly lower level of strength. This distinction is not
apparent in the case of B400 concrete. For B600 concrete, two distinct levels of strength, one
for 60% replacement and one for the rest of the mixes, can be seen. It is interesting to note

that the percentage of cement replacement, while strength is maintained, increases as binder
content is increased.
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g RT-L xg=—a-yxg

(1)
z-F-U !
with:
- R-j',L_er!-~l[|_E'L}f_] )
2+ Fd] Co
where:

D: diffusion coefficient, m?/s;
z: absolute value for ion valence, for chlorides, z = 1:
F: Faraday constant, F = 9.648 x 10" JAV.mol);

U: absolute value of potential difference, V:

R: gas constant, R = 8.314 JAK.mol):

T solution temperature, K:

L: specimen thickness, m:

X4: penetration depth, m;

I' test duratjon, seconds, = fopy x 3600:
erf”: inverse of error function:
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Figure 4 Evolution of the diffusion coefficient with fly ash and binder contents

Based on the classification presented by Gjerv [9] in which the diffusion coefficient values
are divided into five categories (i.e.: from low to extremely high) based on the concrete’s
resistance against chloride diffusion (see Table 5), the substitution of up to 20% of cement by
fly ash in the case of the B400 concrete results in the qualitative improvement of the
concrete’s chlorides diffusion resistance. moving it from a classification of low to very high.
For the other concretes, B5S00 and B600, the qualitative improvement is less pronounced and
moves them from the very good classification to extremely good.

Table 5 Relationship between accelerated chloride diffusivity based on non-steady state
migration testing and resistance against chloride diffusion [9]

& HLORID}L: I)IFFHSIVITY RESISTANCE
(m“/s x 107°)
> 15 Low
10-15 Moderate
540 High
25-5 Very high

<25 Extremely high
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Figure 5 Variation of the electrical resistivity with f1v ash and binder contents

Itis interesting to note that this test can not distinguish between plain concretes with different
cement content, while the CTH Rapid test clearly distinguished B400 from the other
concretes. For the concretes with fly ash, however, the electrical resistivity test seemed more
sensitive and clearly distinguished the different concretes. It remains to be determined what
part of this effect is due to the presence of fly ash and what portion is due to a more compact
structure, resulting from the finer hydration products from fly ash lime reaction.

Capillary Absorption

The capillary water absorption test was performed to obtain more data regarding th
durability behaviour of the mixes studied. The test followed the LNEC specification E393
[10], which is based on the RILEM CPC11.2 draft recommendation [11]. The coefficient of
capillarity absorption, S, is the slope of the curves representing water absorbed per unit ar¢
versus square root of time during the initial four hours of testing for all the mixes studied-

huch' couh_‘iclenll of capillary absorption is the average of four tests performed on four
nominally identical specimens.
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i'11w rc;;uh:-: presented in 1-’;gurr.: 6 indicate that the addition of Ny ash decreases the coefficient
b ‘-'“PQ‘L“]T;’ T i]lhmm"m‘ (5). The increasing of the quantity of binder, associated with a
lower W/B ratio, also decreases this coefficient (S). This effect | ;
; . g D). 15 effect is e
to S00 kg/m* binder conte : : (3) fect is, however, only pronounced
up 1o . & wder content. Higher binder contents do not seem to affect S significantly.

CONCLUSIONS

In order to evaluate the possibility ol producing high performance-low cost concrete,
laboratory tests were performed on specimen of concrete with increasing binder contents and
cement replacements by fly ash. The compressive strength tests indicate that conerete with
65 MPa strength at 56 days can be produced using B500 with up to 20% cement replacement
and B600 with up to 40% cement replacement.  This strength was obtained with the
specimens cured in water until 56 days. If these curing conditions were not maintained
during this time, surely the strength would decrease. The other mixes studied did not achieve
this level of strength at this age. It is noted that the efficiency of the binder, i.e. the amount
needed for each 1 MPa increase in strength compared to B400, increases with increasing
curing time. Furthermore, it was noted that the optimum amount of cement replacement
increases with curing time and binder content,

= 0.25—

= = BoiN)
B - B50GO
= == 3400
=

=, 0.20F

E

#

(.05

1 i

U 0 40 )
% FLY ASH

CAPILLARY ABSORPTION

Figure 6 Variation of the capillary absorption with fly ash and binder contents

The addition of FA =60% allows the obtaining of concrete with considerably lower
mechanical characteristics, in comparison of the others. However, concerning the low
quantities of cement existing in the mix, those may be considered as concrete with a good

economic performance.

The durability of the mixes was evaluated using three di.ﬁ."crent tests. The;r were selected
between those commonly considered to characterise durah:l?ly. All the tests md_lcate a better
performance for concretes with fly ash. I'IGWEVt‘:T. _th_c optimum percentage of replacemczlt
varies between the performed tests. While the resistivity test indicates higher values for 40%
substitution, the other two tests showed a tendency towards amelioration of durability without
indicating a specific optimum point. LFurll‘u:r rcsclurch 18 ne_cdt:d to diflennlne the effect of fly
ash on the resistivity of concrete by itself and after changing the microstructure of concrete

when reacted with lime.
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I'he CTH Rapid test is sensitive to the quality of concrete with “”l ﬂ:‘:ha?:_“:jmcm» but jg on
marginally sensitive to the level of cement replacement or even 1o the binder content yp
fly ash has been added. On the contrary, the electrical rc.‘_ﬂslll\’lt}f test 1s not sensitive when {
ash is not used, but is clearly sensitive to the amount of binder content and leve] Urccl'nem

replacement, when {ly ash is used.

I'he resistivity tests performed indicate that the optimum fly "’”}_' :};nn'lm:lt, fog Htu‘J"’d_ Mixes,
40 %. This may be due to the fact that for higher amounts of substitution enough lime jq hot

formed for complete pozolanic reaction.

The capillary water absorption test is capable of tli.‘:llr?i-'.U'-"'hL"g eoncretes Wﬂ_h differen
binder contents and is somchow sensitive to the amount of fly ash present in the mix.
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