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ABSTRACT

his article presents a comprehensive study aimed at developing suitable mathematical

models for the prediction of compressive strength of lightweight geopolymer mortar Correspondence to: Kasim Mermerdas

Harran University, Department of Civil
Engineering
E-Mail:kasim.mermerdas@harran.edu.tr

(LWGM) with different types and amounts binders with different curing regimes. Light-
weight pumice aggregate, alkali activated powder materials are the main components of geo-
polymer binder. From the experimental study 306 data samples were obtained and these were
used to derive explicit formulas for estimation of the compressive strength of LWGMs. Two
methods are used to produce the models. The first is the simplified linear step-wise regres-
sion, while the second method is the genetic expression programming. Step-wise regression
is a statistical tool that uses the impact of each factor to evaluate its effect on the equation.
This impact is calculated based on the probability effect based on the F-distribution and the
null-hypothesis. The default value of probability that refers to the significance of each factor
is 0.05. Thus, the software calculates the probability of each of the independent variables and
includes only those with probability values less than 0.05. Based on the included independent
variables, simplified linear regression equation is introduced. The genetic programming on
the other hand, is much more sophisticated method that uses the principles of gene evolution.
The modeling is separated for each type of binder. Thus, two sets of formulas are obtained
from each modeling, one for the granulated blast furnace slag -based LWGM, while the
second is for the fly ash-based LWGM. These models revealed that genetic algorithm based
modeling has a reliable potential for estimating the strength of LWGMs.
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INTRODUCTION

he great need for concrete results in depletion of  plenty of them are obtained from industrial by products.

huge quantities of cement. This causes a manu-  Hence, the utilization of these substances as binding

facture of equal amount of cement with an excessive
amount of carbon dioxide emissions. CO, emissions
from cement production are an important factor ca-
using air pollution. The risk of ecological imbalan-
ce should also be taken into account because of the
continuous consumption of natural resources. Gre-
enhouse gas emissions from cement production are
estimated to be 6-7% of the total [1,2].

Geopolymer, an innovative eco-friendly inorganic
binder material obtained using industrial waste pow-
ders, can be taken into account as an alternative binder
to the cement based system. There are lots of alumino-
silicate based materials available in nature. Moreover,

agents has gained more significance for the constructi-
on sector. Therefore, intensive works have been perfor-
med to examine the features of composite materials in-
corporating geopolymer binder [3-6]. Besides, the deve-
lopment of hybrid geopolymer-based materials has been
of a critical importance, as well, recently [7-9]. The most
commonly used aluminosilicate substance in casting
of geopolymer based concrete is FA, GGBES and calci-
ned kaolin [10-13]. Amongst those, FA and GGBES are
waste materials which can be used as substitutional ce-
mentitious materials for the concrete. Due to high CaO
content more than 30%, GGBEFS provides the formation
of calcium silicate hydrate (C-S-H) gel-like structure in
geopolymer composites as a result of chemical effect
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of alkali activators [14-19]. However, with the activation of
fly ash by alkalis in order to form the amorphous inorganic
polymers, F type FA is commonly desired for the geopoly-
mer production due to provision of a reasonable setting be-
havior and strength development. The dosage and type of
alkali activator is one of governing factors on properties of
the gel and its formation [20]. Sodium silicate and NaOH are
the most used activating solutions in geopolymer [21 - 24].

Some recent studies have demonstrated that various al-
kali activators based on sodium silicate and NaOH are use-
ful in improving the mechanical properties of geopolymers
containing industrial by-products [25-28]. The glassy natu-
re of the GGBES phase allows the alkaline to be activated
more easily than FA. The presence of a larger crystal phase
in FA requires higher temperatures for the accelerated reac-
tion [29]. GGBFS addition to the system has been shown to
result in a significant increase in the strength of FA-based
geopolymer binders (30, 31].

Going back to the end of 1980’s and the beginning of
1990’s, the Genetic Algorithms (GAs) and later the Genetic
Programming were developed as new evolutionary techni-
ques. The genetic programming is simply the evolution and
optimum solving of computer programs (research prob-
lems) of domain-independent-subjects from the Darwinian
principles, namely, gene survival, reproduction, and evolu-
tion. Both genetic alghorithms and genetic programming
techniques use only single type of individuals or entity to
formulate both the genome and phenome types of the prob-
lem. In biology, the genome refers to the chromosome that
carries all features of the entity, while the phenome is the
visualized shape of that entity (the body). In genetic prog-
ramming, the chromosomes are the individuals, which are
fixed-length strings of linear form, while the individuals of
GP are parse-trees of nonlinear different shapes and diffe-
rent lengths. The gene expression programming (GEP) on
the other hand, uses the two forms, where fixed-length
linear-strings are used to encode the individuals during the
processing phase. These codes are then translated to non-
linear entities of different shapes and sizes in the post pro-
cessing phase, which are simplified expression trees. Thus,
GEP translates the language of chromosomes into a simple
language of expression trees [32].

In GEP, different numbers of different-length and shape
and multi-gene chromosomes are used to code the variables
of the problem need to be solved. In addition to the main va-
riables of the problems, the program defines constants and
mathematical expressions as parts of these chromosomes.
The mathematical expressions include all types of possible
mathematical operations such as addition, subtraction, mul-
tiplication, division, square or higher order roots, squaring
or higher powers, logarithms, exponentials, trigonometric

functions, and others. In the start of the evolution process,
a fitness function is chosen to evaluate the accuracy of the
solution and the errors. This fitness is evaluated at the first
step for a random generation. In the subsequent steps, the
individuals with best fitness are selected (survived individu-
als) for reproduction and development of the next genera-
tion. The development of each next generation carried out
by carrying some or all of several randomly selected opera-
tions on the survived (selected based on best fitness) chro-
mosomes and genes from the previous generation. These
reproduction operations include replication of survived ge-
nes, mutation, partial or gene transportation, and partial or
gene recombination. This process continues one generation
by another for several hundreds, thousands, or millions of
generations until the best fitness of the solution is obtained.
The flowchart of the GEP process is illustrated in Fig.1.
Estimation of a dependent variable can be made with
the help of mathematical equation obtained by multiple
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Figure 1. Flowchart of GEP

linear regression analysis. Stepwise regression is a statisti-
cal technique of adjusting regression models in which the
choice of predictive variables is carried out by an automatic
procedure. In each step, a variable is considered for addition
to or subtraction from the set of explanatory variables based
on some prespecified criterion. In this study, stepwise reg-
ression model was preferred among other regression models
to compare with the performance of the GEP model derived.
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EXPERIMENTAL PROGRAM

The primary focus of the experimental research on
compressive strength of LWGM produced by LWFA and
by product materials was to investigate the effectiveness
of different quantities of binder, curing temperature and
time. However, derivation of prediction models to skip
time and effort consuming experimental stage. This pro-
vides a basis for the motivation of the current study.

In the preliminary study it was determined that utilizati-
on of lightweight fine aggregate (LWFA) by itself, had no
problem of workability and consistency of the mix. Furt-
hermore, the other challenges, for instance, separation of
the large particles, demolding of the samples and com-
paratively lower compressive strength values obtained
directed the authors to make a decision on beneficiation
of crushed lime stone sand together with LWFA in the
LWGM mixtures.

Materials

Since LWFA is decided to be used for production of
LWGM, the fraction of the total aggregate volume for
LWFA was taken as 70%, while 30% was considered for li-
mestone aggregate. The grading of LWFA is coarser than
crushed limestone aggregate. The details on physical and
grading properties of the aggregates can be foun in [32].

The LWFA were immersed in water to obtain 100% sa-
turation before mixing with the other ingredients. The ex-
cessive moisture on the surface of the aggregates was dried
to get saturated surface dry condition. The result of the ex-
perimental study on the water absorption capacity of LWFA
was shown in Table 1. It was observed that maximum satu-
ration level is 26.6%.

For the production of geopolymer binders, two pozzo-
lanic materials, namely FA and GGBFS, were activated by
alkalis. ASTM C618 F class FA was obtained from Ceyhan

Table 1. Water absorption for lightweight aggregate

Soaked

in water 0.5 1 2 6 24 48 72
(hour)

Water
absorption  20.689  21.275 22.463 24.113 26.628 26.719 26.81

%

Sugozu thermal power plant. In addition, GGBEFS meeting
the eligibility criteria specified in ASTM C 989 was used. As
the alkaline activator mixture of Na,SiO, and a 12 M NaOH
solution in proportions of 1: 2.5 was used. The ratio of the
alkali solution to the binder is equal to 0.50. The composi-
tion of the sodium silicate solution was selected to provide
the optimal activation. The optimal activation is stated to
be the highest geopolymerization level [32]. Accordingly, so-
dium silicate solution contains 29.4% SiO,, 14.7% Na,O and
55.99% water. The polycarboxylic ether based plasticizer

was used to provide a consistent workability to the LWGM
mortar and was taken as 5% of the binder.

Mix design

In the experimental program, mix proportion with the
different amounts of ingredients, the effect of six levels
curing time and four ranges curing temperature on the
compressive strength of LWGM mortar were conside-
red. The amounts of alkaline activator solution and the
ratio of sodium silicate to sodium hydroxide solution was
constant.The mixture proportions of mortars are presen-
ted in the previous study conducted by the authors [32].
All the mixtures of LWGMs were designed with alkaline
solution only as the liquid component in the mixture. No
additional water, Therefore to improve the workability
and to make LWGM mix as a homogeneous mix an su-
per plasticizer with specific gravity of 1.07 is added to the
mix.

Mixing, Casting, and Curing regime

After preparing the alkaline liquids, a predetermined mi-
xing procedure was applied as described in the previous
study [32]. The fresh LWGM was poured in two layers in
the moulds (50 x 50 x 50 mm). To provide the fresh with a
proper compaction, a laboratory type vibrating table was
used. The specimens were wrapped with heat resistant
thin plastic film as shown in Fig. 2 to avoid evaporation
of water.

Next, all the mixtures of FA and GGBFS based LWGM
were placed in an oven under curing temperatures of 60, 80,
100 and 120 °C for accelerated curing periods of 2, 6, 8, 24,
48 and 72 h. Fig. 2 shows the specimens curing in the
oven. Then specimens were demolded after the curing pro-
cess and the specimens were tested.

Figure 2. Mortar curing.

EXPERIMENTAL TEST RESULTS

In this section, the data from the experimental work
conducted in the previous work [32] are used to intro-
duce modeling formulas for the compressive strength of
geopolymer mortar (Table 2). Two methods are used to
generate these formulas. The first is the simplified linear
step-wise regression, while the second method is the ge-
netic expression programming.

The compressive strength value was used as dependent
variable, while curing time, temperature, and binder con-
tent are used as predictors.
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Table 2. Compressive strength values of LWGMs with different binder amounts, curing time and curing temperature.

) Accelerated curing ) Compressive strength for different binder content (MPa)
Mix ID. Time( h)
temperature(C°) 650 750 850 950 1050 1150 1250
2 6.89 8.56 9.12 10.68 8.45 10.8 12.55
6 18.45 21.33 24.5 22.75 24.3 27.53 28.45
8 19.8 23.39 26.14 28.05 29.6 28.92 29.44
e 24 26.02 28.13 29.12 31.08 31.83 32.91 34.1
48 27.5 30.76 32.07 33.98 32.6 35.98 38.01
72 29.4 314 31.67 3271 33.82 354  36.49
2 11.16 12 12.63 11.08 16.73 11.35 16.37
6 20.28 23.7 21.27 24.34 27.93 26.93 30.16
8 23.28 24.74 27 27.33 29.4 28.25 31.12
g 24 27.81 28.41 30.16 29.52 31.83 32.91 32.71
48 29.8 29.3 31 30.88 32.27 34.1 35.54
GGBFS 72 31.47 30.88 30.32 30.2 33.42 35.26 36.06
based
LWGM 2 14.74 20.92 22 22.51 25.62 26.39 23.89
6 21.51 26.29 27 29.96 27.97 29.4 27.86
8 23.39 27.21 29 30.04 29.32 29.72 29.96
e 24 24 29.36 30 3072 3035 3127 306
48 26.1 29.79 30.6 31 30.9 31.95 32.51
72 26.69 30.08 30.1 31.04 31.4 32.83 29.64
2 18.37 21.39 23.19 22.47 27.16 27.37 28.25
6 20.22 23.71 25.42 25.34 27.73 27.77 27.85
8 21 24 26.73 24.82 26.93 27.49 28.61
e 24 22.5 24.47 27 25 27.33 28 28.8
48 22.71 24.62 27.49 26.57 28 285 31.2
72 21.2 23.98 26.97 24.94 30.32 29.46 28.65
2 o o o o o o o
6 4.7 4.42 4.74 5.62 5.26 578 6.81
8 4.86 5.38 5.86 6.14 5.9 8.25 9.2
e 24 9.44 10.32 12.71 13.78 14.38 18.45 18.13
48 13.47 14.5 15.66 18.69 18.88 21.12 22.35
72 14.1 15.3 17.97 19.68 21.71 23.51 25.78
2 4.62 4.06 4.02 4.5 4.14 4.74 4.82
6 5.97 6.61 9.12 10.44 13.03 13.85 14.6
8 6.5 8.37 9.48 12.15 14.14 14.4 15.6
% 24 11.28 14.7 15.34 17.21 19.28 19.5 21.64
48 17.68 18 18.5 20.32 21 22.1 23
FA based 72 18.08 19 21.56 22.76 22.8 24.3 24.72
Lwem 2 4.58 5.5 5.14 5.46 5.98 7.85 10.92
6 8.05 9.4 13.07 13.75 14.86 17.37 17.5
8 9.32 10.2 14.5 14.65 15.18 18.53 18.9
o 24 11.6 14.1 16.02 18 18.97 19.84 21.43
48 13.75 15.58 18.84 23.43 22.11 24.22 24.54
72 17.29  18.65 22.47 23.94 2315 2534 2546
2 4.69 5.46 6.49 7-41 8.41 11 13.86
6 9.82 11.12 12.43 13.82 14.06 16.77 18.05
8 11.45 12 14.02 14.86 17.53 17.93 20.32
e 24 15 17.8 18.76 20 22.43 23.9 23.71
48 15.15 18.29 20.72 19.08 20.52 23.55 24.94
72 16.5 18.9 21.12 19.84 21.31 21.91 23.9

160



=
"
S

7‘| F=u=-1719+no11m«3m1'| . || Feu = 10,04 +0.0120B+0.034T ‘ 4
= Ri=088 = R:=0.721 %
g1 — €16 | -
3 + . 3 el :
E . . E -
%20 Rk -
: . : : :
H g o H .
E1s - ! : § s
] 3
= — =
3 e 3
BT P -
= . GGBES = ¥ GGBF
 [E: |Cw'uu Time = 2 hours |cwm| Tisme = 6 hours
3 T T T T 0 T T T T
5 ] 15 20 25 30 4 g 12 16 0
Experimental Compressive Strength (MPa) Experimental Compressive Strength (MPa)
R 36
7""[“_ S5+001178 | Foy=25.09+ 0.01B-0.0695T F
2 RI=0670 2 =078
B | e le
;a i LRLRL ) -é 3
E E
528 . - £
g ET — :
B - Ct £ o s
S S <
] . . End L]
224 2
£ s I i GGBFS £ GGEFS
|Curuu Time = § hours Curing Time = 24 liours
2 T T T T 20 T T T T
16 20 24 28 32 0 24 28 32 36
Exsperimental Compressive Strength (MPa) Experimental Compressive Strength (MPa)
40 40
| [Fep =284+ 0011480 03687 | | | [Feu=3106+ 0 0087801087 | |
z R =0.88) | z R =0.796
S . S36
3 A = a8 4
E . E
43 4 43
§ & .
533 E ot Eas | Tn
= =
3 B 3
§24 . g4 =
& GGE & n GGRFS
|Curm Time = 45 hours Curing Time = 72 hours
20 T T T T 20 T T T T
20 24 28 32 36 40 20 24 28 32 36 40
Experimental Comprassive Strength (MPa} Experimental Compressive Strength (MPa)

Figure 3. Step-wise formula of compressive strength versus GGBFS binder content and curing temperature for different curing times
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STEP-WISE REGRESSION BASED
COMPRESSIVE STRENGTH MODELING
OF LWGM

Step-Wise Regression Relationships of
Compressive Strength vs. Binder and
Temperature for Various Curing Periods

In this section, the strength is correlated with both of the
amount of binder and the curing temperature for diffe-
rent curing periods. Fig. 3 shows the conducted linear
step-wise regressions for curing periods of 2, 6, 8, 24, 48,
and 72 hours for both GGBEFS and fly ash binders.

Fig. 3 shows the correlations of the strength values ob-
tained from GGBES based LWGM with the curing tempera-
ture and the binder content for different curing periods. In
the formulas shown in Fig. 3, the binder contents vary from
650 kg/m? to 1250 kg/m?, with steps of 100 kg/m?. On the ot-
her hand, the included curing temperatures were 60, 80, 100,
and 120 °C. As shown in the figure, although the regression
is linear, the determination coefficients (R2) were good for
all curing periods. The determination coefficients (R?) for
curing periods of 2, 6, 8, 24, 48, and 72 hours were approxi-
mately 0.88, 0.72, 0.68, 0.79, 0.88, and 0.8, respectively.

The correlations between compressive strength of fly
ash-based geopolymer and both of binder (fly ash) content
and the curing temperature are shown in Fig. 4 for curing
periods of 2, 6, 8, 24, 48, and 72 hours. It is clear that these
relations have better determination coefficients than those
of GGBFS-based geopolymer. The determination coeffici-
ents for curing periods of 2, 6, 8, 24, 48, and 72 hours range
from approximately 0.78 to approximately 0.94, while those
of GGBEFS were in the range of 0.68 to 0.88.

Step-Wise Regression Relationships of
Compressive Strength Vs. Binder and Curing
Time for Various Curing Temperatures

In this section, for each temperature, the strength of
LWGM is correlated to binder content and curing period
for different curing temperatures. The curing tempera-
tures are 60, 80, 100, and 120 °C. Similar to the previous
section, all formulas were found based on the binder con-
tent. The regression equations for GGBFS-based geopoly-
mer are shown in Fig. 5, while Fig. 6 shows the regression
equations of fly ash-based geopolymer.

It is clearly obvious that the degree of confidence of
this set of equations is much lower than of that for diffe-
rent curing periods. In the equations predicted for different
curing temperatures the coefficients of determination are
mostly lower than 0.6, while for those of different curing pe-
riods, the lowest R2 is 0.66. The values of R* for compressive
strength of GGBFS-based geopolymer for curing tempera-
tures of 60, 80, 100, and 120 °C are approximately 0.56, 0.54,
0.53 and 0.79, respectively, as shown in Fig. 5.

As it is clear in Fig. 6, the determination coefficients of
the compressive strength of fly ash-based geopolymer for
different curing temperatures are better than their corres-
ponding values with GGBES binder. The coefficients of de-
termination of compressive strength versus binder content
and curing time for curing temperatures of 60, 80, 100, and
120 °C are approximately 0.83, 0.81, 0.8, and 0.69, respecti-
vely.

Step-Wise Regression Relationships of
Compressive Strength vs. Binder, Curing
Temperature, and Curing Time

In the previous sections, regression equations for comp-
ressive strength of geopolymer concrete based on only
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Experimental Compressive Strength (MPa) Curing time = 6 hrs. Fw: 3.5 6+D.0123 B+o.14T o. 847
Figure 8. Step-wise regression formula for compressive strength versus o
GGBFS binder content, curing temperature, and curing time Curing time = 8 hrs. Fo= -24.2+0.0135B+0.148T  0.899
. . . . . Curing time = 24 hrs. F =-6. .0156B+0.0958T 0.
two independent variables were obtained using linear vring time = 24 o 7 0:37%0.0150870.095 944
step-wise regression. In this section, the compressive o Curing time = 48 hrs. Fum236+0.0145B+0.039T  0.845
strength is correlated with the three independent vari-  pgsed Curing time =72 hrs. F=8.05+0.0137B 0.775
ables at once. Thus, compressive strength is correlated to ~ tWGMs  Curing temperature=60°C F =-5.98+0.01B+0.25 t, 0.831
binder content, curing temperature, and curing time. Fig. Curing temperature=80°C  F,=-2.4+0.011B+0.214t,  0.813
7 shows the experimental versus predicted compressive Curing temperature=100°C  F, = -3.29+0.015B+0.177 t, 0.80
strength values for all experimental data of the FA based Curing temperature=120°C  F,=-0.27+0.0137B+0.137t,  0.69
LWGMs. The coefficient of determination of this equati- Al data F,=-11.550.0126B10196
on is approximately 0.78, which is quite good. Contrarily, t.+0.0952T
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GENE EXPRESSION PROGRAMMING
BASED COMPRESSIVE STRENGTH
MODELING OF LWGM

In this section, the Gene Expression Programming (GEP)
is used to evaluate the effects of the studied three para-
meters (binder content, curing temperature, and curing
time) on compressive strength of LWGM. As in the pre-
vious section, the evaluation is in the form of a regression
formula based on the type of binder. Thus, two formulas
are to be conducted in this section, one for the FA based
geopolymer, while the other is for GGBFS-based LWGM.

Although two third of the data were used as training
and the rest were taken as testing data sets, for analysis of
the results, all of them were considered to be a single cluster.

Gene expression programming (GEP), invented by
Candida Ferreira [33], uses softwares by statments of the
acquired models or presented knowledge [34]. Genetic
programming, introduced by Koza [35], is a application of
GAs [36]. Solving defined problem by employing a compu-
ter program is a commonly used solution. The definition
of the problem is the first step in the logic of GP and GAs,
and then the program runs to work out the problem in a
problem-independent mode [36]. GEP is derived as an en-
hanced form of aforementioned genetic operators. These
three algorithms use almost same genetic operators in the
solutions with unimportant differences. Ferreira [33] states
that the differences between the three algortihms 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); and in GEP the
individuals are encoded as linear strings of fixed length (the
genome or chromosomes) which are afterwards expressed
as nonlinear entities of different sizes and shapes (i.e., exp-
ression trees (ETs) or simple diagram representations)”.

In this section, the GEP is used for formulation-based
modeling of the compressive strength of the LWGM based
on the experimental results of this study. This formulation
is carried out based on the binder type, while binder content,
curing temperature, and curing period are kept variables.
Thus, two formulas are obtained using GEP. The first is for
the compressive strength of fly ash-based LWGM, while the
second is for the GGBFS-based LWGM. In both of which,
the compressive strength is nonlinearly evaluated based on
the binder content, the curing temperature, and the curing
period as expressed in Equation 1. The total number of
compressive strength results used in GEP for each binder
was 168. The fitness function used in the GEP in this study
is the coefficient of determination (R?), which was also used
in the step-wise regression in this study. The software na-
med GeneXproTools.5.0 was benefited for derivation of the
model, while Minitab 17 was used as statistical software for

stepwise regression modelling.
F =f(B Tt) @

In the GEP carried out in this study, thirty chromoso-
mes each of 3 genes and head length of 7 were used, while
the addition was used as the linking function to link the re-
sulted expression trees. Thus, each resulted equation will be
composed of three expression trees linked by addition. To
simplify the resulted functions, only a limited set of mat-
hematical operations were selected. These are square root,
cubic root, squaring, cubing, natural logarithm, exponential,
sin, and cosine as well as basic mathematical operations.

Fig. 9 shows the resulted expression trees of the
strength of FA based samples, while Fig. 10 shows the exp-
ression trees of that of GGBES samples. In these figures and
the following equations, the parameters do, d], d2 refer to the
variables of the equation, which are the binder content (B),
the curing temperature (T), and the curing time (t ), respec-
tively, while C, and C, are constants of each sub-equation.
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Figure 9. Resulted expression trees of compressive strength of fly ash-
based geopolymer samples.

Equation 2 is the GEP prediction formula for the fly
ash-based mortar, while Equation 3 is the prediction for-
mula of compressive strength of the GGBES based mortar.
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Figure 10. Resulted expression trees of compressive strength of GGBFS-
based geopolymer samples.
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Equations 2 and 3 are obtained from the expression trees
illustrated in Figs. 9 and 10.

The obtained prediction values versus experimental
ones are graphically demonstrated in Fig. 11 and Fig. 12 for
FA based and GGBES based LWGMs, respectively.

F,=F+F+E @

F =cn[(sind,)’ +d, | (2a)

Where C = 4.00769 and C, = 4.87732

F, =cosd, In ilnd2 (2b)
Cl
Where ¢ = -5.881989 and c, = 6.77649
F, =cosd, {cl +dz/c”} 29
Cl

Where c = -4.005798 and c, = 4.376678

Where F, F,, and F, are the sub-function resulted from
each sub-expression trees shown in Fig. 9, respectively,
and connected by the addition linking function.
Equation 2 yielded a coefficient of determination of
(R»0.95. as shown in Fig. 11, which is much better than
that of stepwise regression, which was 0.775. This reve-
als the power of GEP compared to regression formulas.
However, Equation 3 had a coefficient of determination
of 0.866. Although it is slightly less than the former, it
is even so better than that of the prediction model exp-
ressed by linear step-wise regression (0.433). This assures
that GEP is much powerful than traditional statistical
regression tools.

F,=F+F+F ®)
Where F, F, and F, are given by Equations (7), (8), and (9),

respectively.

F :a’o/[(cu+cl—dz3)—(dl —c,)} (3a)
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Figure 11. GEP prediction vs experimental compressive strength of FA-
based-LWGM (168 specimens)
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Figure 12. GEP predicted vs experimental compressive strength of
GGBFS-based-LWGM compressive strength of 168 specimens.

Where ¢ = 7.316192 and c, = 7.221954

F, =], [cu +C"j +d, (3b)
d,
Where ¢ = 9.992737 and ¢, = -5.524353
Fy=[d,/(sind,-C,)]sinC,d, (3¢)

Where c = 7.880677 and c, = -9.897583

CONCLUSION

The GEP prediction formulas for the fly ash and GGBES-
based lightweight LWGM were compared to those obta-
ined from stepwise regression. The GEP equation for FA
based LWGM has a coefficient of determination of R* =
0.95 which is much better than that of stepwise regres-
sion, which was 0.775. This reveals the power of GEP to
predict regression formulas. The analyses have also in-
dicated that GEP prediction compressive strength values
for GGBFS-based LWGM were quite closer to the expe-
rimental ones than traditional statistical regression tools.

For future studies other powerful soft computing tech-
niques may be utilized for derivation of estimation models
for such construction materials. These tools are artificial
neural networks, artificial neuro fuzzy inference systems,
fuzzy logic etc. However, the GEP model exploits the input
data as they are i.e. without needing preprocessing before
they are introduced to the software. Therefore, this method
may be considered as a more user friendly technique than
the other modeling methods. However, when the accuracy
of the prediction values are taken into account, then the
utilization of the sophisticated techniques become more
prominent. In such cases, the possible solution offered may
be the computerization of the complicated models through
special softwares. In such a way, the disadvantage due to the
complexity of the estimation models can be eliminated.
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