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Abstract: The paper presents the optimization of concrete mixtures made with recycled aggregate. The
optimization is defined regarding the concrete properties that could be modeled as second-order functions using
response surface method and corresponding experiment designs. Three-level full factorial and fractional
factorial designs were compared, as well as central composite designs and Box-Behnken design, regarding the
needed number of experiments, i.e. the economic and time constraints.
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1 Introduction

The wuse of recycled aggregates (RA) from
construction and demolition waste (CDW) in
concrete contribute to environmental protection as it
reduces the exploitation of natural resources that are
limited and can result in considerable savings since
it saves the costs of transporting waste to the
landfill, and eliminates the cost of disposal. Since
aggregates in concrete comprise about 60 to 75 % of
the total volume of concrete, any reduction in
natural aggregates consumption will have
significant impacts in the environment [1]. One of
the major components in CDW is concrete rubble
that includes concrete materials but can also be
mixed with crushed clay bricks. It is technically
impossible and not cost effective to separate them
[2]. The other type of recycled material that can be
used as an aggregate in concrete is waste from the
production of ceramic materials such as brick and
tiles. Most of this waste type is already incorporated
as raw material for new ceramic materials, but part
of these wastes and those produced by the
construction industry are placed in landfills. The
studies in this field showed that some problems arise
when using bricks from CDW because of its
contamination with mortar, timber and concrete [3].
Debieb and Kenai [4] used coarse and fine crushed
bricks and reported a decrease in strength ranging
from 20 % to 30 % depending of the degree of
substitution. Cachim [1] shows that crushed bricks
can be used as natural aggregates substitutes in
percentages up to 15 % without strength reduction.
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For 30 % of natural aggregate substitution, there is a
reduction of concrete properties (up to 20 %,
depending on the type of brick).

In general, physical and mechanical properties of
recycled aggregate depend on waste origin,
separation procedures and material treatment.
Limiting factors for the practical application of
recycled aggregate obtained from demolition of
concrete structures are higher water absorption,
higher porosity and weaker interfacial zone between
recycled aggregate and new cement mortar. Pores
and cracks in old cement mortar can significantly
affect the mechanical and durability properties of
new concrete composites. There are many unsolved
problems encountered in controlling the quality of
RAC, which include low compressive strength, wide
variability of quality, high drying shrinkage, large
creep and low elastic modulus [3]. Consequently,
most studies recommend a limit of 30 % of RA as
substitution of natural aggregate. Many researchers
have successfully applied RA on pavement and
roadwork or simple structures, underground
structures, foundations, piles and mass concrete.
However, use of recycled aggregates in higher grade
concrete is not common [3]. These weaknesses of
RA, including high porosity, high amount of cracks,
high level of sulphate and chloride contents, high
level of impurity and high cement mortar remains,
will affect the mechanical performance of recycled
aggregate concrete. To achieve desired properties of
recycled aggregate concrete, it is necessary to
improve recycling process regarding aggregate
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grading and to research the most suitable
combination of natural and recycled aggregate in
concrete for certain application.

In order to optimize the concrete mixture it is
necessary to obtain basic properties of concrete
mixtures produced for varied amounts of concrete
components that are supposed to be significant for
the concrete mixture optimization.

Each property will be optimized using the
response surface method to obtain second-order

model:
y=B, +ZBi'xi +ZZBij‘xixj +ZBii‘xi2 (1
i i<j i

where response y is the particular concrete property,
factor values x are the concrete components and
parameters [3 should be calculated fitting the

experimental data. Afterwards, the concrete mixture
will be optimized employing the multi-criteria
decision-making by overlaying the contour plots
based on second-order models of particular
properties.

In order to obtain the second-order model it is
necessary to use three-level experiment designs at
least. Namely, two-level experiments allow the
fitting of only first-order models with or without
interaction terms and cannot detect curvature [5].
Therefore three-level full factorial and fractional
factorial designs will be considered, as well as
central composite designs and Box-Behnken design
[6]. The designs will be compared regarding the
feasibility of experiment regarding the economic
and time constraints.

2 Comparison of Experiment Designs
Experimental designs are used so that the
experiments are defined in an organized manner and
allow statistical analysis to be carried out on the
resulting data, as it is shown in various areas of
engineering [7-9]. The purpose of the analysis
would be the evaluation of the second-order model
of particular concrete property.

2.1 Full Factorial Design
A full factorial design (Full FD) is the most
complete design for a particular factor level.
However, it also demands a high number of
experiments:
number of experiments = k " (2)

where n is the number of factors, and &k is the
number of factor levels.

In a case that a full number of experiments
cannot be carried out because of economic, time, or
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other constraints, a fractional factorial design could
be used.

2.2 Fractional Factorial Design

Fractional factorial design (Fractional FD)
comprises an assumption that some effects are
confounded with one another [5]. Thereby the effect
is defined as a change in the average response
between two factor—level combinations or between
two experimental conditions, and confounding when
one or more effects that cannot unambiguously be
attributed to a single factor or interaction, i.e. two or
more experimental effects are confounded (aliased)
if their calculated values can only be attributed to
their combined influence on the response and not to
their unique individual influences.

In Fractional FD effects of primary interest
should be unconfounded with other effects or
confounded with effects that have negligible impact
on experiment results. Researcher, prior to the
realization of experiment, should know which
effects are confounded.

Fractional factorial experiments are specified by
first stating the defining contrast /. The defining
contrast / is the generator of this particular fraction
[6].

For instance, to implement three-level fractional
factorial experiment with three factors 4, B and C, it
is necessary to designate the levels xj, x, and x; of
each factor 4, B and C, respectively, as 0, 1, or 2,
and to determine defining contrast /. For instance,
one could choose the defining contrast

I=ABC (3)
Then experimenter can randomly select the fraction
from following options:

x1+ 2x, + x3=0 mod (3), (4a)
X1+ 2x;+x3=1mod (3) or (4b)
x1+2x; + x3=2 mod (3). (4c)

and carry out the experiments which satisfy the
chosen Eqn(4) regarding the levels x;, x, and x3; of
parameters 4, B and C, respectively. Applying the
defining contrast, Eqn(3), the number of
experiments decreases in comparison to full FD,
Eqn(2):

number of experiments = &/ (5)
Each additional defining contrast decreases the
number of experiments at the same way:

number of experiments = £

(6)

where m is the number of defining contrasts.
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2.3 Designs for Fitting Response Surfaces 15
Full FD and fractional FD could be used for fitting

response surfaces. However, these designs are note 1}
rotatable. Rotatable designs estimate the response

with equal precision at all points in the factor space 05}

that are equidistant from the centre of the design [5],

i.e. a design is rotatable if the prediction variance ole . .
depends only on the distance of the design point

from the centre of the design [10]. st

Rotatability is a desirable property for response-
surface models because prior to the collection of Al
data and the fitting of the response surface, the
orientation of the design with respect to the surface 15
is unknown. h

Two designs that make more efficient use of the
experimental units or test runs than the three-level
factorial experiments are the central composite
design (CCD) and the Box—Behnken (BB) design.
Both of these designs require enough observations
only to estimate the second-order effects of the
response surface, using three or five levels for each
factor, but not using all combinations of levels. Both
of these designs are rotatable at least approximately.

Central composite designs consists (CCD) of a
factorial design (the corners of a cube) together with
center and star points [10], Fig. 1, that allow for
estimation of second-order effects. For a full
quadratic model with n factors, CCDs specify 2" +
2n + 1 design points. The type of CCD used (the
position of the factorial and star points) 1is 5 4 05 0 05 i 15
determined by the number of factors and by the b) CCI
desired properties of the design.

Basic central composite designs are: 15
- Circumscribed (CCC) with factor levels (-a., -1, 0,

1, a), Fig. 1a 1
- Inscribed (CCI) with factor levels (-1, - 1/a., O,

/o, 1), Fig. 1b 05
- Faced (CCF) with factor levels (-1, 0, 1), Fig. lc

where o is determined by [6]: 0 * * *

a="2" ()

Box-Behnken design is rotatable and, by
avoiding the corners of the design space, it allows
experimenters to work around extreme factor ‘ . . . .
combinations. The Box-Behnken design does not s 4 s 008 1 1.5
contain an embedded factorial or fractional FD. A c) CCF
Box-Behnken  design requires  2k(k—1)+1

experiments and the factors are examined at three Figure 1 Example of central composite designs
levels (-1, 0, +1), Fig. 2. (n=2)

Table 1 summarizes some important properties
of designs for fitting response surfaces.

a) CCC

05+

05F

0.5
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Table 1: Important properties of experiment designs

Design Factor levels Number of experiments | Rotatable Properties
CCC “a,-1,0,1, o Yes Good over entire design
space
Good over central subset of
CCI -1,-1/a,0,1/a, 1 24+ 1 No design space
Fair ove entire design
CCF -1,0,1 No space, poor for pure
quadratic coefficients
Like an inscribed CCD,
BB -1,0,1 N=2f(f-1)+1 Yes however, extremes are then
poorly esimated.

Figure 2 Example of Box-Behnken design (n=3)

3 Usage of Experiment Design

Table 2 shows basic properties for recycled
aggregate concrete, number of mixture samples
needed for the testing (row "Number") and the costs
of testing based on average price in testing
laboratories in Croatia (row "costs").

Costs of material and production of mixture
samples as well as the cost of working hours needed
for production can be estimated from number of
needed samples, Table 2, to the total amount of
about 210€ which results with total costs of testing
of one concrete mixture of about:

210€ + 5915€ = 6125€.

Factors supposed to be significant for the
concrete mixture optimization and, thus, used in
experiment designs are: cement, water/cement ratio,
air entraining admixture, water reducing admixture
percentage of natural aggregate and percentage of
recycled aggregate made from crushed brick
(recycled aggregate type I) for fraction 0-4 mm and
fraction 4-16 mm. Range of variation of each factor
is shown in Table 3. Thereby the lower and upper
limits correspond to factor levels -a and o for
Circumscribed CCD only. For all other designs
lower and upper limits correspond to factor levels -1
and 1, respectively. All other used factor levels can
be easily calculated using defined upper and lower
factor levels.

Table 2: Testing the properties of concrete

] ; - compressive flexural water dryin
Property | density | porosity | workability stlgngth strength | absorption shrizkagge
Number 0' 3 3 0 (3)° 3
Costs 10 € 20 € 10 € 60 € 60 € 225 € 900 €
Py | o elastic abrasion thermal fire ftlile:vzvlil;gg/
modulus resistance | conductivity | resistance . Total
resistance
Number 3 6 1 series 2 30 3
Costs 1200 € 600 € 130 € 750 € 1200 € 750 € 5915 €

1 . .
Tests are carried out on fresh concrete mixtures.

? Tests are carried out on samples that are used for further tests as well.
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Table 3: Factor limits

Factor Concrete components Lower limit Upper limit
Factor 1 Cement (kg) 300 400
Factor 2 W/C 0,15 0,60
Factor 3 Natural aggregate for fraction 0-4 mm (%) 0 100
Factor 4 Recycled aggregate type I for fraction 0-4 mm (%) 0 100
Factor 5 Natural aggregate, for fraction 4-16 mm (%) 0 100
Factor 6 Recycled aggregate type I, for fraction 4-16 mm (%) 0 100
Factor 7 Air entraining admixture (%) 0,01 0,05
Factor 8 Water reducing admixture (%) 0,5 0,8

Recycled aggregate made from crushed tile
(recycled aggregate type 1) is also used in mixtures,
but its percentage RAII% depends on percentages of
used natural aggregate NA% and recycled aggregate
type I, RAI%:

RAII% = 100%-NA%-RA1% ()
and therefore recycled aggregate type Il is not a
factor. Furthermore, the percentage of natural
aggregate and recycled aggregate type I must be
limited as follows:

NA% + RAI% < 100% 9)

Full FD and fractional FD obviously have
significantly higher number of experiments in a
comparison to central composite designs and Box-
Behnken design, with or without taking the Eqn(9)
into account, Table 4.

As above-mentioned, one mixture requires
approximately 6125€ costs. A simple calculus
reveals that the most of presented experimental
designs are not feasible for eight factors in general.
Therefore, in  future only Box-Behnken
experimental design will be considered for research
of optimal mixture of concrete made with recycled
aggregate.

Table 5 shows some of experiments defined by
Box-Behnken design. Thereby, marked rows are not
feasible according to (9) and they decrease the
number of experiments, Table 4.

Costs of experiment carried out regarding the
Box-Behnken design would be approximately
6125€*88 = 539000€ and they could be decreased
by omitting some of tests listed in Table 2. For
instance, density, porosity, workability, compressive
strength and flexural strength could be carried out

Table 4: Number of experiments

Full FD Fractional FD | CCC | CCI CCF BB
Number of experiments 6561 2187 273 273 273 113
Number of experiments with (9) (3°)*6=4374 (3°)*6=1458 271 271 207 88
Table 5: Some of experiments defined by Box-Behnken design
Number of experiment | Factor 1 | Factor 2 | Factor 3 | Factor 4 | Factor 5 | Factor 6 | Factor 7| Factor 8
1 300 0,15 50 50 50 50 0,03 0,65
2 300 0,6 50 50 50 50 0,03 0,65
3 400 0,15 50 50 50 50 0,03 0,65
4 400 0,6 50 50 50 50 0,03 0,65
5 300 0,375 0 50 50 50 0,03 0,65
6 300 0,375 100 50 50 50 0,03 0,65
7 400 0,375 0 50 50 50 0,03 0,65
108 350 0,375 50 50 50 100 0,03 0,8
109 350 0,375 50 50 50 50 0,01 0,5
110 350 0,375 50 50 50 50 0,01 0,8
111 350 0,375 50 50 50 50 0,05 0,5
112 350 0,375 50 50 50 50 0,05 0,8
113 350 0,375 50 50 50 50 0,03 0,65

ISBN: 978-1-61804-026-8

114




Recent Advances in Fluid Mechanics and Heat & Mass Transfer

for each of 88 mixtures (cost of tests per one
mixture would be 160€). Afterwards, remaining
tests could be carried out on mixtures that are
optimal regarding these five properties (cost of tests
per one mixture would be 5755€). In this case, costs
of material and production, including the cost of
working hours equal about 11 € per one mixture.
Conclusively, in a comparison to the costs of
539000€ total costs would be decreased
significantly:
160 €*88 + 5755€*5 + 11€*(88+5) = 43878€.

4 Conclusion

The use of recycled aggregates from construction
and demolition waste in concrete contributes to
environmental protection. However, concrete
mixtures must be optimized regarding their
properties. The economic and time constraints limit
the number of experiments which are used to
optimize the mixture. To define which experiments
should be carried out, it is recommended to apply
experiment design which enables a statistical
analysis of resulting models. In order to obtain
second-order model it is necessary to use three-level
experiment designs at least. Thus, three-level full
and fractional factorial designs were considered as
well as central composite designs and Box-Behnken
design. Comparison of needed number of
experiments results with the recommendation that
the Box-Behnken design should be used. Thereby,
the design should be used to obtain models of basic
concrete properties only, e.g. density, porosity, etc.
Remaining properties, e.g. drying shrinkage, creep,
etc., should be obtained -carrying out the
experiments on mixtures that are optimal regarding
the basic properties. At this way the number of
experiments could be decreased additionally if
needed.
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