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A new approach to determination of compressive strength of fly ash concrete
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Tayfun Uygunoglu and Osman Unal

Afyon Kocatepe University, Technical Education Faculty, Turkey
Received 27 September 2005; accepted 05 July 2006

In this study, determination of effect of fly ash (FA) content on the compressive strength of concrete depending on
water/cement ratio and concrete age was investigated by use of fuzzy logic (FL) approach. In the approach of modelling
with FL, compressive strength values of various sample of concrete that produced by replacement of cement by F class of
FA by ratio of 0 (control), 10%, 20% and 30% were used. Water/binder ratio of these concrete samples was varied between
0.27-0.60 in six different values. Experimental compressive strength values of the concrete specimens at 3, 7, 28, 90, 180
and 365 days compared with FL values obtained using the fuzzy sets. Optimum FA content and water/binder ratio for the
best compressive strength for early age and hardened concrete can be obtained with FL.
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Introduction

Mineral admixtures, mostly pozzolanic materials,
in cement and concrete include economic benefits and
environmentally safe recycling of industrial and other
waste by-products. Unlike chemical admixtures, they
are used in relatively large amounts as replacement of
cement with fine aggregate in concrete'. Fly ash (FA)
is a pozzolanic material widely used as a cement
replacement to produce high-performance concrete
and high-volume FA concrete. Benefits, in terms of
the durability of high-strength concrete, are well
established and the use of FA is now considered
commonplace™™.

FA is generally finer than Portland cement and
ASTM specification C 618 defines two broad types of
FA (Class F and Class C) related to the type of burned
coal. Class F fly ash (CaO < 6%), designated as low
calcium ashes, is not self-hardening but generally
exhibits pozzolanic properties'. At early ages, the
strength of concrete containing high volumes of FA as
a partial cement replacement is lower than that of
control concrete; mainly due to slow pozzolanic
reaction of FA’. One of the important properties
needed for successful application of these materials in
structures is compressive strength (CS)®. Actual CS of
concrete is unknown during the early life of
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structure’. Current empirical equations for estimating
CS are based on tests of concrete without
supplementary cementitious materials. The more one
knows about the concrete composition versus strength
relationship, the better one can understand the nature
of concrete and how to optimize the concrete
mixture®’.

The main contribution of FA to concrete, amongst
others, is to the workability and the reduction of
temperature rise in fresh concrete as well as to the
durability and long term strength development of
hardened concrete'’. On the use of optimum FA in the
concrete for the best CS, Oner et al'' investigated the
strength development of concrete containing FA and
the optimum percent of FA in concrete. Han er al'
predicted CS of FA concrete by apparent activation
energy function. Papadakis & Tsimas" an empirical
formulation for the estimation of CS of FA concrete
depending on concrete age and FA content has been
developed'®. Sebastid et al" developed a neural
network based method to predict the unconfined CS
of FA-cement mixtures.

This study presents new approach to determine CS
of FA concrete using fuzzy logic (FL).

Experimental Study

A fuzzy logic system (FLS), which implements a
nonlinear mapping between its inputs and outputs
(Fig. 1), was used. Experimental variables were water-
binder ratio (R), concrete age (Y) and FA Replacement
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Fig. 1 — Schematic representation of a fuzzy logic system

Table 1 — Physical properties of Type II cement

Specific Specific Compressive strength
gravity Surface MPa
cm’/g
3 days 7 days 28 days
3.15 3700 24.5 314 42.1

Table 2 — Experimental compressive strength results of FA
concretes (MPa)

Age of concrete, days
wib  FA, %

7 28 90 180 365
0 565 612 71.8 738 82 83.4
10 499 566 67.7 754 852 874

0.27
20 44 505 65 728 813 85.2
30 345 40 519 604 708  78.6
0 459 522 621 633 712 714
10 434 519 617 653 754 716
032 20 39.6 46.6 586 66.1 78.1 78.9
30 28.8 365 442 577 675 72.8
0 45 491 563 597 666  68.8
10 395 502 557 643 724 748
03 20 341 449 56 613 714 753
30 27 391 518 595 689 739
0 34  43.6 497 546 604 619
10 323 421 503 575 628 66.5
04 20 293 38 48 561 614 654
30 242 337 427 535 576 613
0 187 26.6 36.1 402 463 46.5
10 16 254 383 458 49.6 518
0> 20 146 226 33.8 435 50 52.1
30 127 183 309 393 47 48.2
0 154 236 329 386 416 425
0.6 10 13.1 21.8 33.8 403 454 476

20 102 18 28 372 41.6 448
30 72 135 25 36 40.1 43.2
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Fig. 2 — Membership functions for water/binder ratio
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Fig. 3 — Membership functions for fly ash content

Y2 v3 Y4 " ovs ‘ ' vk

054

0E . . . . .
50 100 150 200 250 300 350

Fig. 4 — Membership functions for age of concrete

ratio. A MATLAB program was used for modelling
the CS of FA concrete using FL. Type II cement was
used. Physical properties of cement are given in Table
1'%, Specimens were wet cured at 21 + 2°C. Test ages
of specimens were 3, 7, 28, 90, 180, and 365 days.
Experimental CS value (C) of concrete depending on
R, Y and FA content (F) were calculated (Table 2)".

In the input part of FL, three different factors were
used as Y (3, 7, 28, 90, 180 and 365 days), R (0.27,
0.32, 0.35, 0.4, 0.55 and 0.6) and F (0, 10%, 20% and
30%). In the output part, one factor was used as C of
FA concrete corresponding to different R. For
different variables, membership functions were as
follows: R (Fig. 2), 6 (R1, R2,..., R6); F (Fig. 3), 4
(F1, F2, F3,F4); Y (Fig. 4), 6 (Y1, Y2,..., Y6); and C
(Fig. 5), 21 (C1, C2,..., C21).



896 J SCIIND RES VOL 65 NOVEMBER 2006

cf c2cacacs c19¢20CH
) 1

i ! 1 ! i L '

10 20 30 40 50 60 70 80

Fig. 5 — Membership functions for compressive strength of
concrete

Table 3 — FL compressive strength results of FA concretes
(MPa)

Age of concrete, days
w/b  FA, %

7 28 90 180 365
0 55 63 71 75 83 83
10 51 55 67 75 859 859

0.27
20 43 51 63 71 83 859
30 35 39 51 59 71 79
0 47 51 63 63 71 71
10 43 51 63 67 75 79
0.32
20 39 47 59 67 79 79
30 27 35 43 59 67 71
0 43 51 55 59 67 67
10 39 51 55 63 71 75
0.35
20 35 43 55 63 71 75
30 27 39 51 59 67 75
0 35 43 51 55 59 63
o4 10 32 43 51 59 63 67
' 20 31 39 47 55 63 67
30 23 35 43 55 59 63
0 19 27 35 39 47 47
10 15 27 39 47 51 51
0.55
20 15 23 35 43 51 51
30 11 19 31 39 47 47
0 15 23 31 39 43 43
10 15 23 35 39 47 47
0.6

20 11 19 27 39 43 43
30 8.07 15 23 35 39 43

A rule base was formed by using Eq. (1) required
for FLL and inference was made after establishing
input and output membership functions as
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Fig. 6 — Comparison of experimental and fuzzy logic
compressive strength results

IF R=i, F=j and Y=k, THEN C=p (i=1, 2...., 6),
(=1,2,...,4), (k=1,2,...,6), (p=1,2,...,21)  ...(])

Then, the fuzzified output values from part of
inference were defuzzified. For all F and Y, C values
from the FL. were defined separately and compared
with experimental results. Also, error (E) was
estimated by using Eq. (2)'°.

Rl_Rz
E=| ——— [x100 (2)
R

1

where, R, and R, are results of C from FL approach
and from experimental study, respectively.

Results and Discussion

Early-age C values of FA concrete are smaller
than that of the ordinary concrete but the long-term C
values of FA concrete are larger than ordinary
concrete. The 90 days C values of concrete with 10%
FA replacement ratio are higher than that of concrete
without FA (Tables 2 & 3). Therefore, it can be said
that the FA replacement increases the long term C
values of concrete'"'?. Also, the crossover effect of
compressive strength of fly ash concrete becomes
greater than that of ordinary concrete with aging is
delayed as the fly ash replacement ratio increases.

A good linear relationship between experimental
and FL results of C values of FA concrete was
observed with correlation coefficient of 0.99 (Fig. 6).
FL was successful in learning the relationship
between the different input parameters such as F, R, Y
and output parameters as C value.

Prediction model gives very close estimates of CSs
of concrete containing FA (Fig. 7). The difference
between predicted and experimental CSs of concretes

17,18



UYGUNOGLU & UNAL: FUZZY LOGIC MODEL FOR COMPRESSIVE STRENGTH OF FLY ASH CONCRETE 897

w/b:0.27 wib: 0.32
90 , - 90
- 80 -
5 ~
361 é‘ 70
§ _:bé; 60
£ E 0
p % 40
5 2
g g 30 A
g £ 201
=] (-3
&} &) 10 4
0 T T T T ¥ 1 0
3 7 28 90 180 365 3 7 28 90 180 365
Age of concrete (days) Age of concrete (days)
wi: 0.35 wib: 0.4
90 90
= 80 -
S 70
f604 — —
[T
g 50 4— —— — —
2 40 4
&
g 01X
20| 2
g 4
o 104
O T T T T T T
3 7 28 90 180 365 3 7 28 90 180 365
Age of concrete (days)
w/b: 0.60
N0
= 80 1+ —%—OFL | __
g S 70
=3 =
= ED 60
: £ 50
& % a0
o i
> % 30 4
£
£ ET T
3 S 10 -
0 . . . . . 0 T T T T T
3 7 28 90 180 365 3 7 28 90 180 365
Age of concrete (days) Age of concrete (days)

Fig. 7 — Comparison of experimental and fuzzy logic compressive strength values related with fly ash content and concrete
age for every water/binder ratio
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Table 4 — Error estimation of experimental and FL results

Age of concrete, days

w/b  FA, %
3 7 28 90 180 365
0 -2.73 286 -1.13 1.60 120 -0.48
10 216 -291 -1.04 -053 081 -1.75
0.27
20 -233 098 -3.17 -254 205 081
30 143  -256 -1.76 -237 028 0.51
0 234 235 143 -048 -0.28 -0.56
10 -093 -1.76 206 254 -053 1.77
0.32
20 -1.54 085 0.68 134 1.14 0.13
30 -6.67 429 -279 220 -0.75 -2.54
0 -465 373 236 -1.19 060 -2.69
10 -1.28 1.57 -1.27 -2.06 -1.97 0.27
0.35
20 257 442 -182 270 -0.56 -0.40
30 0.00 -026 -1.57 -0.85 -2.84 147
0 28 -140 255 001 -237 1.75
10 -0.01 209 137 254 032 0.5
0.4
20 5.16 256 -2.13 -0.02 254 239
30 -522 371 047 273 237 270
0 1.58 148 -3.14 -3.08 149 1.06
10 -6.67 593 1.79 255 275 -1.57
0.55
20 2.67 1.74 343 -1.16 196 -2.16
30 -1545 3.68 032 -0.77 0.00 -2.55
0 -2.67 261 -6.13 1.03 326 1.16
10 12.67 522 343 -333 340 -1.28
0.6
20 727 526 -370 462 326 -4.19
30 10.78 10.00 -8.70 -2.86 -2.82 -047

increases with increasing of FA replacement content
and water-binder ratio. CS gain for concrete with
water-binder ratio less than 0.32 varies considerably
at early ages (< 7 days) and later ages (> 180 days).
On comparing C values versus Y for all Rs, it was
observed that there was very close relationship
between results obtained from experimental and FL
approach (Fig. 7). Highest error (-15.45) was obtained
in 30% FA content and 0.55 R at 3 days (Table 4).
Furthermore, average error was obtained as 2.46%.

However, the difference is not large between
experimental results and the prediction model results.

Conclusions

Fuzzy logic based model has been developed for
estimating the compressive strength of fly-ash based
concrete. A good linear relationship between
experimental and FL results of C values of FA
concrete was observed. The prediction model properly
estimates the compressive strength of fly ash
containing concrete in maximum error of -15.45%.
The difference between predicted and experimental
compressive strengths of concretes increases with
increasing of fly ash replacement content and water-
binder ratio. In general, concrete is a highly complex
material and prediction of the best compressive
strength of fly-ash concrete is quite difficult task to
model. The proposed fuzzy logic model will save
time, reduce wastage of material and reduce the
design cost.
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