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Abstract

This study aimed to propose a prediction model for estimation of strength of concretes with
various cements and mixture proportions. The strength of the samples produced with three
different types of cement at different rates of water-to-cement ratios and cement richness were
investigated experimentally and evaluated statistically. Three type of cement possessing 28-
day strengths of 32.5, 42.5, and 52.5 MPa was used in the production of concretes. The
concretes were produced at cement richness values of 300, 400, and 500 kg/m3 and wi/c rates
at changing levelswithin theinterval of between 0.3 and 0.6. By thisway, combined influences
of cement strength, amount of cement and w/c ratio was experimentally investigated. Totally
36 mixes were cast then the compressive strength values were examined after specified moist
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curing periods (7 and 28 day). A statistical study were conducted on the experimental results
and the significances of the cement strength, w/c values and amount of cement on the
compressive strength of the concretes were assessed. Another crucia focusof the current paper
is to generate an explicit expression to predict the compressive strength of the concretes
tackled with the current study. To derive an explicit formulafor estimation, a soft computing
method called gene expression programming (GEP) was benefited. The GEP model was also
compared with a less complicated estimation model developed by multi linear regression
method. The results revesled that compressive strength of the samples were significantly
influenced by cement type and aggregate-to-cement ratio. It was observed that thereis a high
correlation between experimenta and predicted values obtained from the proposed GEP

model.

1. Introduction

The strength of the cement directly influences the
concrete and mortar characteristics especialy the
compressive strength characteristic [1,2]. During the
recent years, different cement strength classes are
utilized in diverse construction works. In addition to
cement strength class, w/c and cement content are
other important factors which affect the performance
of concrete. There are many studies evaluating the
effects of water and cement content on the strength
development of concrete. However, the combined
effect of water-to-cement ratio, cement content and
strength class of cement on compressive strength of
concrete is still insufficient. Mermerdas et al. [3]
modeled compressive strength of metakaolin and

calcined kaolins modified concrete by means of Gene
Expression Programming (GEP). They indicated that

GEP is a beneficia tool for prediction of the strength
of concrete. Sayed [4] investigated the predictability of
strength of concrete containing different matrix
mixtures by using statistical modeling methods. Eight
different parameters of time, water, cement,
metakaolin, silica fume, superplasticizer, and fine and
coarse aggregates were utilized in the experimental
program. According to findings in this research,
statisticadl modeling is capable for prediction the
compressive strength of concrete. Deshpande et al. [5]
used three different data processing methods called
artificia neural networks (ANN), model tree (MT),
and non-linear regression (NLR) for prediction of the
28-day strength of recycled aggregate concrete. They
reported that with minimum number of inputs, ANN
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has a better prediction capability in strength of
concretes including reclamed aggregates than
obtained from MT and NLR techniques. However, MT
and NLR techniques have advantageous aspects such
as MT technique could provide a set of models of
discrete complication and precision, and NLR
technique could give a single equation which can be
easily utilized. Chandwani et a. [6] conducted a study
to model strengths of three different types of specia
concretes which are self-consolidating concrete, high
performance concrete, and recycled aggregate
concrete. They used ANN for modeling purpose. They
used non-destructive test data in the evauation of the
model. According to this study, the ANN is an
effective technique that can be used as a predicting tool
based on historical data, to estimate the compressive
strength of different types of concretes based on mix
proportions. More examples can be found in the
technica literature regarding the utilization of soft
computing based modelling techniques to evaluate
mechanical properties of construction materiads and
structural elements [6].

In the available literature, there has been no study
regarding the compressive sfrength modelling of
concretes taking into account the cement classes. A
handy tool providing quick interpretation of the
compressive strength performance of concretes with
different mix compositions and cement types can be
obtained through a comprehensive mathematica
model. Soft computing techniques are appropriate
means for this purpose. GEP can be considered as one
of the simplest way among the others. It can yield a
simple explicit mathematical expression of physica
phenomena. Once this model is transferred via a user
friendly software or an interface, the preliminary
workload of the researchers can be mitigated.

In this study, the influence of w/c vaues, anount of
cement, and strength class of cement on mechanical
property of concrete was experimentally investigated.
For this reason, three main concrete mixture groups
were determined with respect to cement type of CEM
[132.5, CEM | 42.5and CEM | 52.5. The cement types
were selected regarding to 28-day strength. In each
mixture, four different water-to-cement ratios of 0.3,
0.4, 0.5, and 0.6 and three different cement contents of
300, 400, and 500 kgm*® were considered as
experimental parameters. Totally 36 different concrete
mixtures were designed and their strengths were tested
at the age of 7 and 28 days. After the experimenta
investigation of the mixtures, the results were used in
the modeling of the compressive strength of concrete

regarding to input paameters of the cement
compressive  strength,  water-to-cement  ratio,

aggregate-to-cement ratio, and age by using GEP and
multiple linear regression analysis (MLR). The results

indicated that compressive strength of the concrete is
directly influenced by water-to-cement ratio, age, and
especialy the cement compressive strength. Two
different models were obtained from GEP and MLR
and their results were compared graphicaly and
statistically.

2. Experimental Study
2.1. Materials

CEM 1l 325, CEM | 425, and CEM | 52.5 types
cements having specific gravities of 3.05, 3.14, and
3.15, which are confirming Turkish Standard
requirements, were used in the production of concrete
mixtures. Chemical compositions and some critical
physica characteristics of the cements are given in
Table 1.

Table 1 Chemicd compositions and some physical properties of
CEM I1-52.5, CEM [-42.5, and CEM 11-32.5

CEM I

CEM I 52.5 475R CEM 11 325
Item
SiOz (%) 18.22 18.99 20.31
Al203 (%) 63.85 3.95 4.96
Fer03 (%) 345 465 29
Ca0 (%) 3.85 62.76 60.48
MgO (%) 1.55 232 1.65
80z (%) 272 275 2.51
NapO (%) - - 0.26
K20 (%) 0.2 - 0.6
Cl (%) 0.005 0.0083 0.01
Insoluble residue 0.26 0.34 3.2
Losson ignition 143 0.87 6.3
Freslime (%) 0.78 1.68 -
Specific gravity 3.15 3.14 3.05
Lechatelier (mm) 1 1 1
Blaine surface 4,680
area (omPlg) 3,520 3,750

The medium and coarse aggregate was river materia
withamaximum size of 16 mm for theformer and 22.5
mm for the |atter. The fine aggregate which is natural
sand of maximum particle size of lessthan 4 mm. The
specific gravity va ues were 2.65 for natural sand, 2.71
for medium, and 2.77 for coarse aggregates. The
paticle size distributions of the aggregates were
monitored through the sieve analysis and illustrated in
Figure 1.
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Figure 1. Particle size distribution of the aggregates

2.2. Mixture design

The concrete mixtures were grouped in three according
to the cement type utilized in the production of
concrete. In each group, the concrete mixtures were
manufactured considering various cement contents and
water-to-cement ratios. 28-day strengths of cements
are 32.5, 42.5, and 52.5 MPa confirming Turkish
Standard. The wi/c ratios were taken as 0.3, 0.4, 0.5,
and 0.6 and cement content as 300, 400, and 500 kg/m?®.
Asresults, in each group, twelve mixes were designed
and totally, thirty six different concrete groups were
cast in the current study. The mix proportions of the
concrete mixtures are presented in Table 2.

Table 2. Mix proportions for 1 m® concrete (in kg/m?)

m Waa'l-:i-gmm Proportions of Aggregates
(k gm;,] (wic) (Coarse/Medium/Naturd )
300
400 ot 0.2003/05
500 ‘
08

2.3. Concrete casting

In order to provide a consistent and desirable
homogeneity aswell asuniformity for all mixtures, the
same procedure was followed. For preparing the
mixes, alaboratory pan mixer was used. At the end of
the production process, fresh mixtures were poured
into the moulds. After filling the mould, the specimens
were covered with plastic sheet to ensure moisture
proofing and preventing plastic shrinkage. They leftin
the temperature controlled laboratory environment for
24 h and 20£1 °C environment. The specimens were
taken out of the molds and transferred to lime saturated
curing tanks. The curing periods of 7-day and 28-day
was applied. Afterwards, they were tested based on the
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testing procedure proposed ASTM C39 [27] to specify
the 7-day and 28-day strengths of the concretes.

3. Resultsand Discussion
3.1. Experimental results

The compressi ve strength results of the concretes at the
end of 7 and 28 days regarding to cement content and
water-to-cement ratio with three different cement types
are given in Table 3 and the data provided presented
this table were graphically shown in Figure 2.

While the compressive strength values ranged between
19.8 and 80.8 MPa for 7" day compressive strength,
the values were determined to be between 25.5 and
946 MPa at 28" day. The results indicated that
strength of specimens is directly influenced by the
cement type and the mix proportions as expected. The
highest strength value was obtained for the concrete
mixtures produced with CEM | 52.5 cement type
regardless the other parameters. Utilization of higher
strength cement in concreteimproved the quality of the
cement paste which in turn is the reason of achieving
higher compressive strength.
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Figure 2. Compressive strength of the concretes a) 7-day
and b) 28-day
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Table 3. Compressive strength of the concretes

m e . "t fc (MPa) . " fc (MPa) Cement fc (MPa)
(kg/m?) type 7-day 28-day type 7-day 28-day type 7-day 28-day
03 591 666 433 535 402 493
200 04 428 497 39.2 432 373 448
05 314 40.0 335 425 321 399
06 260 309 220 280 108 255
03 709 765 50.2 66.8 435 4386
400 04 CEMI 4938 58.2 CEM | 455 428 CEM I 36.7 446
05 525 380 475 425 332 36.7 325 288 355
06 237 336 278 323 258 293
03 80.8 94.6 746 883 489 56.4
500 04 857 76.3 586 696 354 429
05 478 51.7 36.8 436 293 348
06 285 414 255 368 270 138

The amount of water relative to cement content had
significant influences on the strength, as wi/c ratio is
raised from 0.3 to 0.6 a systematic reduction in the
strength values at both testing ages were observed. The
minimum strength val ues were noted for the mixtures
with water-to-cement ratio of 0.6, dmost all of the
values were less than 40 MPa. The results aso
illustrated that there is insignificant change in strength
of the concrete mixtures produced including CEM 11
325 type of cement when the cement content is
increased from 300 to 500 kg/m?. At both testing ages,
the cement content increasing in the mixtures
manufactured with CEM 11 325 type of cement
increased just the strength of the mixture withw/cratio
of 0.6 while in the others no remarkable effect was
observed. Contrarily, the effectiveness of cement
content on the strength was clearly observed in the
mixes with CEM | 52.5 type of cement. Increasing the
amount of cement resulted the enhancement of strength
especidly at low w/c values.

Reducing the water-to-cement ratio from highest ratio
to lowest one improved the strength performance. For
example, in the concrete series produced with CEM |
52.5 type of cement, the 7" day compressive strength
vaues of concretes produced at 300, 400, and 500
kg/m?® of cement content augmented about 127.3%,
199.0%, and 183.2%, respectively, when wic is
decreased from 0.6 to 0.3. The increment rates in the
28" day compressive strength are 115.4%, 127.6%,
and 128.7% for the same concretes. When the w/c
values of the concretes were decreased from 0.6t0 0.3,
in the concrete series obtained by utilization of cement
strengths of 42.5 and 32.5 MPa, the increment rates of
the 7" day strengths of the mixtures cast with 300, 400,
and 500 kg/m® richness of cement content were,
respectively, 96.8%, 80.6%, and 192.6% and 103.0%,
68.4%, and 81.1% whereas they were, respectively,
90.8%, 106.8%, and 140.0% and 93.3%, 66.1%, and
67.9% for the 28" day strength.

Also, the strengths obtained at 7™ and 28™ day versus
aggregate-to-cement ratio are illustrated in Figures 3a
and 3b, respectively. It can apparently be understood
from the figures that the strength of the concretes is
improved by augmenting of aggregate-to-cement ratio.

4. Statistical evaluation and Multiple Linear
Regression (MLR)

Analysis of variance (ANOVA) was used in the
evaluation of if the dependent variables are influenced
by independent variable. General linear model anaysis
of variance (GLM-ANOVA), a significant statistica
toal, is based on reducing the control variance that
hel ping to assess the effectiveness of parameters. The
identification of the datistically significant
experimental factor on the strength was determined by
analysis at 0.05 level of significance. GLM-ANOVA
was applied through a commercia software called
“Minitab” to examine the data given in Table 4. The
dependent variable was compressive strength while
independent variables were the w/c ratio, cement
content, and cement compressive strength namely
cement type. The genera linear model analysis was
benefited to determine the effectiveness of the test
parameters. Table 4 illustrates the statistical analysis
results. The significance of the test parameter on the
compressive strength is determined by the p-values.
The parameter is acceptable as significant factor on the
depended variable if p-vaue of less than 0.05.
Statistical andysis showed that the parameters taken
into account have remarkabl e influences on strength of
concrete in both curing ages since the p-values of al
parameters are less than 0.05. The contributions of the
factors on the measured test results are also presented
in Table 4. Analyzing the contribution levels of the
independent variables indicated that the most
important parameter in strength of the concretesis wic
ratio at both testing ages. The statistica analysis
revealed that the contribution of cement compressive
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strength, namely cement type, and cement content can
be underestimated when compared to contribution of
water-to-cement ratio.

Table 4. Statistical evauation of the compressive strength of the concretes

; Ind ent uentia Sum of Computed P Significanc  Contribution
Dependent Varizble varie;)a?;d gzﬂar&; F i Vaue e ? (%)
fe 1064.38 11.90 0000 Yes 13.05
wic 5088.69 37.93 0000 Yes 62.41
7-day compressive strength ¢ 748.08 8.36 0.001  Yes 9.18
Error 1252.31 - - 15.36
Tota 815343 - - -
fe 1383.8 12.95 0000 Yes 13.96
28-day compressive wic 5927.3 36.97 0000 Yes 59.80
srength c 1104.4 10.33 0000 Yes 11.14
Error 1496.3 - - 156.10
Total 9911.8 - -
fec: compressive strength of cement; w/c: water-to-cement ratio; ¢: cement content
Moreover by using Minitab, a linear equation of
observed data was obtained by using multiple linear T o T Er
regression that modeling the relationship befween a 100 "
response variable and two or more descriptor variables. 5 N "
2n S :
F.=77.03+0.7074x f,~118.81x w-3202x a+0.3657x § = —— ;
1) % . S 4
o
g B e ‘e
where F. isthecompressive strength of the concrete, £, 3® I
w, @, and t are the compressive strength of the cement, 5

water-to-cement ratio, aggregate-to-cement ratio, and
testing age, respectively.

In addition, the results at 7 and 28 days are plotted with
respect to compressive strength and aggregate-to-
cement ratio on Figure 3a and 3b, respectively. Then,
compressive strength results at each testing age were
grouped into three according to cement content utilized
in the production. Power function fitting was applied
on each group. R-square values and power function
equations for each group are dso illustrated in Figure
3a and 3b. According to the results, the higher R-
square values of 0.825 and 0.843 was achieved in the
concretes produced with 300 kg/m? cement content at
both ages.

*G1-500-7d m G1-400-7d & G1-300-7d # C2-500-7d # C2-400-Td
®C2-300-7d » C3-500-7d = C3-400-7d = C3-300-7d

8

Compressivedrength (MPa)
B8 5838388

o &

aggregate-to-cement ratio

(@)

0 1 2 3 4 5 -] T 8
aggregate-to-cement ratio

(b)
Figure 3. Compressive strength values versus aggregate-to-
cement ratio with power function fitting at: a) 7-day and b)
28-day

5. Development of Estimation Model

Gene expression programming (GEP), invented by
Candida Ferreira [28], uses softwares by statments of
the acquired models or presented knowledge [29].
Genetic programming, introduced by Koza [30], is a
application of GAs [31]. Solving defined problem by
employing a computer program is a commonly used
solution. The definition of the problem is the first step
inthelogic of GP and GAs, and then the program runs
to work out the problem in a problem-independent
mode [31]. GEP is derived as an enhanced form of
aforementioned genetic operators. These three
algorithms use almost same genetic operators in the
solutions with unimportant differences. Ferreira [28]
states that the differences between the three a gortihms
denoted as “in GAs the individuals are linear strings of
fixed length (chromosomes); in GP the individuals are
nonlinear entities of different sizes and shapes (parse
trees); andin GEPtheindividualsare encoded aslinear
strings of fixed length (the genome or chromosomes)
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which are afterwards expressed as nonlinear entities of
different sizes and shapes (i.e., expression trees (ETs)
or simple diagram representations)”.

The compressive strength of the cements, water-to-
cement ratios, aggregate-to-cement ratios, and testing
ages of concretes with experimental results were
regulated to achieve a data set. Table 3 presents the
data set which was randomly divided into two groups.
“Train set” is one of the sub-data set whereas “Test set”
is the other. The mathematical model was derived by
using a software named GeneXproTools 4.0. The
following expression is the prediction model that was
achieved from GEP. The sub-expression trees of the
prediction model is also depicted in Figure 4.

F=F+F+F+F,+F+F (2)
F, =arccos(sind, ) —tan([d; ) - d, xInd, - 2xd, (2a)
F,=3d,—(¢7)" xtan(tand?) (2b)

where ¢;7 =-1.6339

:quJaxlogde(arcoosoq +C)

A (2c)

d,

Sub-ET 1

£l = 0.321567 110682069
€5 = 5.39277626880703

- €2 = 6.2143408491 1556
= e6= - A108357E1954113

where ¢; = 0.3216, ¢s = 5.3928

3 (2d)
where c3 = -6.5469, ¢; = 1.6151, ¢=5.384
F,=c—d,—adan(tand,xInd,x (G, +d,))  (2¢)
where ¢;= 6.2143, cs= - 4.1084
F,=sin((tend] +cose™ )xd,x(c,~d,)) (2

where c;=-9.6818

where F. isthe compressive strength of concrete, do, d,
d2, and d are the compressive strength of the cement,
water-to-cement ratio, aggregate-to-cement ratio, and

testing age, respectively.

7= . 1.63188344076218

,—o—-:{

ﬁf))& E\ G

@@oog

€3 = - 6.54687T88 7638886
7= 1618 Ilﬂl £04263

€9 = £,3840!

~

)
S
_,Qi__k —”Q‘Hﬂ_
&) G @ )
g T L
o) & @ ®
.@‘j @ ‘i‘];) ©f = - 9,681 8036341 1664

Figure 4. Expression trees for GEP model
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6. Correlation between estimated and

experimental compressive strength

One of the most popular studies among the researchers
is correlation of the experimental data. By this way, it
is amed to assess the results reported. To assess the
compressive strength of the mixtures, correlating the
estimated compressive strength with the laboratory
data was performed. The correlation between
laboratory data and the estimation values obtained by
Multiple Linear Regression (MLR) and predicted by
mathematical model generated by GEP are presented
in Figure 5a and 5b, respectively. The coefficient of
determination, R? for experimental and predicted
compressive strength are also shown on these figures.
The higher R? vaues reflects the higher relation
between the parameters. Based on R? values, it may be
determined that there is a strong relation between the
estimated and experimental compressive strength for
the models achieved by MLR and GEP. But the
correlation coefficient of GEP model was higher than
that of ML R model. The R? value of the proposed GEP
model was about 0.955 while it was 0.836 for model
obtained by MLR.
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Experimental compressive strength (MPa)

(b)
Figure 5. Predicted versus experimental compressive
strength values for a) MLR and b) GEP models

In addition to correlation between the experimental and
predicted results, the experimenta compressive
strength values and predicted values are presented in
Figure 6. By this plotting, it was aimed to see that the
results achieved by GEP model are closer to the
experimental results than obtained by MLR model.

100

| —Experimenta  -o- GEP -a-MLR f
'

20

..r‘
= e

40

20

Compressivestrength (MPa)

0 15 El 45 80 5
Sampleno

Figure 6. Compressive strengths predicted by MLR and
GEP models and experimental compressive strength values
versus number of sample

For the purpose of comparison of the predicted and
experimental compressive strengths, the strength data
obtained from both ML R and GEP model were divided
by the corresponding experimenta strength vaues to
obtain normalized values. The normalized data versus
aggregate-to-cement ratio, cement strength, water-to-
cement ratio, and testing age are, respectively, shown
in Figure 7a, 7b, 7c, and 7d. When the figures are
eva uated, it can be obviously found out that amost al
GEP model data are scattered in =20% limits of the
normalized lines whereas some data of MLP model are
out of this limit. According to this well distribution of
the normalized vaues, it may be inferred that the
prediction formula generated by GEP had an
acceptable estimation capability performance.
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7. Conclusions

According to the aforementioned discussions, the
conclusions below may be reached.

Reducing the water-to-cement values from 0.6 to
0.3 enhanced the strength performance in al
mixture groups.

Utilization higher strength cement provided
higher strength values.

Cement content has a slight effect on the strength
development of the concrete.

Increasing aggregate-to-cement ratio resulted
higher compressive strength of the concrete.
Statistical analysis revealed that water-to-cement
ratio was determined to be the most influential
factor on the strength while the cement type and
content affected the strength with alower impact.
An explicit formula by GEP was proposed using
al of the input predictors. It was found out that
there is a good correlation between the
experimental strength values and those predicted
by proposed GEP model. However, the model
derived by GEP indicated better estimation
performance than MLR model. The high
correlation aso shows that a reliable andytical
model for estimation of strength of concretes
produced with different cement types and various
mix parameters could be generated by using GEP
if thereisaplenty of input data.
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