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CONCRETE STRENGTH PREDICTION USING LINGUISTIC VARIABLES
OF THE FUZZY LOGIC APPARATUS

Fuzzy logic-based calculation procedure is proposed to determine the influence of physical-mechanical
parameters of concrete components, the technological parameters of its processing, mixing water quality on
the strength of concrete. Hierarchic system of logic equations used as a knowledge base for mathematical
model elaboration makes it possible to estimate the value of the predicted concrete strength index as a
function of the above-mentioned factors.
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Introduction

At present, high-rise building construction requires high-strength concrete application to reduce
the specific consumption of concrete, which leads to corresponding reduction of the construction
pressure on the foundation. It is evident that selection of the concrete composition with pre-defined
properties, particularly with the ultimate compression strength, is especially important today.
Mathematical modeling is one of the efficient methods for obtaining concrete with pre-defined
properties, particularly with predefined compression strength. A number of authors proposed
procedures for designing concretes with pre-defined properties [1 — 6]. Each of the procedures has
its own advantages but none of them takes fully into account the concrete strength influence factors
that are characterized not only by quantitative, but also by qualitative indices. Fuzzy logic-based
modeling is one of the effective tools of taking into account qualitative and quantitative influence
factors of the concrete mix components and of the technological processing type on the ultimate
strength of concrete [7, 8, 9].

The research goal is creation of an expert modeling system for multifactor analysis of the
influence of the main concrete mix composition indices on the predicted strength of concrete. Those
are physical-mechanical parameters of the fillers and technological parameters of the concrete mix
treatment. For solving this problem, mathematical apparatus, based on the fuzzy logic theory, is
proposed. The method of nonlinear object identification using fuzzy knowledge bases [7] as an
interrelated set of mathematical models makes it possible to use expert linguistic information to
determine the optimal composition of concrete fillers and the type of treatment proceeding from the
results of virtual experiment.

Research materials and results

In order to reveal hierarchic connections and factors that affect the strength of concrete, a “black
box” model was proposed (fig. 1). Factors that affect the strength of concrete are given as input
signals, as an output signal the concrete compression strength is indicated. Al the factors of
influence are divided into two groups: technological factors of the concrete mixture treatment and
physical-mechanical characteristics of the concrete mixture components. To determine hierarchal
connections of the factors that affect making decision on the choice of parameters for the formation
of concrete with a predictable strength, their corresponding classification was conducted according
to quantitative and qualitative indices: physical-mechanical and technological ones.

Technological indices include: the influence of pressure, the influence of solidification
temperature, the influence of humidity, the influence of the method for concrete mixture
compaction. Physical-mechanical factors are: water / cement ratio, additives (plasticizers), the
quality of water, the concrete brand, the type of concrete (portland cement, portland cement with
additives and portland slag cement, pozzolan cement, composite cement) as well as the type and
quality of the surface and the form of the cement coarse filler, gradation factor of sand [6].

All the influence factors that affect the optimal composition of concrete with a given strength are
considered to be linguistic variables that are defined on the corresponding universal sets and are
evaluated by fuzzy terms. A qualitative fuzzy term is a linguistic variable the meaning of which is
expressed by the word [7].
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Fig. 1. Model of the influence of factors that determine the strength of concrete

As fuzzy terms for linguistic variables evaluation the following quantitative expressions are
adopted: “low” (L), “below average” (bA), “average” (A), “above average” (aA) and “high” (H).
Application of fuzzy terms enables building of fuzzy knowledge bases that reflect relationships
between input and output variables [7]. Formalization and hierarchic classification of the factors
affecting the concrete ultimate strength were performed. This makes it possible to build
membership functions of fuzzy estimates for the influence of qualitative and quantitative
parameters. These functions will be used for modeling concrete strength with a given value.

Considering feasibility of the technological and physical-mechanical factors of influence
(TPMFI) on the strength of concrete at the system level, linguistic variable (Y), that characterizes
the concrete strength, can be presented in the form of the relationship

Y={(Y1,Y>, Y3, X4), (1)

where Y; is a linguistic variable (LV), that describes technological parameters; Y, — linguistic
variable (LV), that describes physical-mechanical parameters of the fillers; Y3 — linguistic variable
(LV), that describes intermediate parameters of the concrete strength; X4 — linguistic variable (LV)
that describes pH of mixing water.

Linguistic variable that describes technological parameters can be presented by the expression

Y i =fi(Xi1, Xa1, X1, X41), (2)

where X11 — (LV) “the influence of pressure”; X1 — (LV) “the influence of temperature”; X3 — (LV)
“the influence of humidity”; X41 — (LV) “the influence of sealing”.

In a general form mathematical model of the concrete strength is a hierarchic fuzzy system
where intermediate values of the knowledge bases of variables fj, f,, f3 are the input values for the
upper knowledge base Y, for the description of intermediate variables fuzzy terms being used with
the expressions “low”(L), “below average” (bA), “average” (A), “above average” (aA) and “high”
(H). All the input data concerning the parameters that affect the final variable Y are processed in the
“MATLAB 7” software environment.

An example of the fuzzy knowledge matrix taking into account the introduced qualitative terms
for modeling the relationship (2) is given in table 1. Hierarchic fuzzy system of the concrete
strength prediction is represented as a tree in fig. 2.
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Fig 2. Hierarchical fuzzy system for concrete strength prediction

Analogous knowledge matrices (bases) are built on the basis of expert estimates for the rest of

influence factors of the mathematical model for concrete strength evaluation, i.e. Y, Y.

Table 1
Technological parameters
If Then If Then
X1 X1 Xs1 X4 Y, X1 X Xs1 | Xa1 Y,
L L L L A bA A A
L L L A A bA A H
L L L H A bA H L
L L A L A bA H A
L L A A A bA H H
L L A H A A | L L Avelgage
L L H L A A L A (A)
L L H A A A L H
L L H H A A A L
L bA L L Low A A A A
L bA L A L) A A A H
L bA L H A A H L
L bA A L A A H A
L bA A A A A H H
L bA H L A aA A A
L bA H A A aA A H
L A L L A aA H A
L A L A A aA H H
L A A L A H L H
L A A A A H A L
L A H L A H A A
L A H A A H A H
L aA L L A H H | L Above
L aA L A A H H | A aV(Zf:Sge
L aA L H A H H H
L aA A L H bA L A
L aA A A Below average H bA L H
L | aA A H (bA) H bA | A | L
L aA H L H bA A A
L aA H A H bA A H
L H L L H bA H L
L H L A H bA H A
L H L H H bA H H
L H A L H A A A
L H A A H A L H
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L H A H H A A H
L H H L H A H L
L H H A H A H A
A L L L H A H H
A L L A H aA L A
A L L H H aA L H
A L A L H aA A L
A L A A H aA A A High (H)
A L A H H aA A H
A L H L H aA H A
A L H A H aA H H
L aA H H H H L L
:L H H H Average (A) H H L A
L aA H H H H L H
A bA L H

To linguistic variables presented in table 1 the system of fuzzy logic expressions corresponds.
They characterize the surface of membership of the variables to the relevant term.

Wa(X1)= pa(X1) A pa(X21) A pg(X31) A pp(X41) V (X)) A pa(X21) A pg(X31) A pe(X41)
Vg(X11) A Ua(X21) A pue(X31) A up(X41) V (X)) A pa(X21) A pe(X31) A pg(X41)
VH(X11) A pa(X21) A pe(X31) A pe(X41) V (X)) A pa(X21) A pe(X31) A pa(X41)
VHg(X11) A ue(X21) A pp(X31) A pp(X41) V pug(X1) M pa(X21) A pe(X31) A pe(X41)

VIa(X11) A ug(X21) A pp(X31) A pp(X41) v pa(Xi1) A pae(X21) A pg(X31) A pyg(X41)
V(X1 A pace(X21) A (X3 1) A pe(X41) Vi (X11) A pae(X21) A p(X31) A pp(X41) - (3)
V(X 11) A pac(X21) A po(X31) A pu(X41) V 1(X11) A pac(X21) A po(X31) A pe(X41)
V (X112 pae(X21) A py(X31) A pa(X41) V 1a(Xi1) A pae(X21) A pa(X31) A pe(X41)
VE(X11) A Re(X21) A pa(X31) A p(X41) V 1(X11) A pe(X21) A pa(X31) A pe(X41)
V(X 11) A pe(X21) A pe(X31) A pg(X41) W (X)) A pe(X21) A pe(X31) A pe(X41)
VH(X11) A pe(X21) A pa(X31) A pug(X41) W (X)) M pe(X21) A pa(X31) A pe(X41);

Mae(X1)= a(X11) A Pac(X21) A pa(X31) A pa(X41) V pa(Xi1) A pac(X21) A p(X31) A pe(X41)
YV a(X11) A pse(X21) A pp(X31) A pup(X41) V (X 1) A pesc(X21) A pue(X31) A py(X41)
W e(X11) A pec(X21) A pe(X31) A pe(X41) V pug(Xi1) A pee(X21) M pe(X31) A pp(X41)
V (Xi11) A pac(X21) A pa(X31) A pa(X41) V a(Xi1) A pac(X21) A pa(X31) 4 pe(X41)
V (X11) A pa(X21) A p(X31) A pa(X41) V ra(Xi1) A a(X21) A py(X31) A pe(X41)
V(X 1) A pa(X21) A pg(X31) A pp(X41) W pa(Xir) A pe(X21) A p(X31) A pug(X41)  (4)
WV a(X11) A pa(X21) A pe(X31) A pue(X41) W (X)) A pa(X21) A pe(X31) A up(X41)
V(X)) A ps(X21) A pe(X31) A pg(X41) v pug(Xi1) A pe(X21) A pp(X31) A pe(X41)
V H(Xi1) A (X21) A (X3 1) A pa(XA1) V pe(Xan) A pu(X21) A (X3 1) A pe(X41)
W e(X11) A a(X21) A p(X31) A pp(X41) v pe(X1) A pa(X21) A ue(X31) 7 py(X41)
V(X)) A pa(X21) A pe(X31) A pe(X41) V pe(Xin) A pa(X21) A pe(X31) A pa(X41)
V He(Xin) A pa(X21) A pg(X31) A pa(X41) V pe(Xin) A pa(X21) A pp(X31) A pe(X41);

Me(X D)= pu(X11) A pac(X21) A pa(X31) A pa(XA1) V pa(X11) A pa(X21) A pa(X31) A pa(X41)

W a(Xi11) M Hee(X21) A pp(X31) A pe(X41) W pe(Xip) A pac(X21) A pg(X31) A pp(X41)

W e(X11) A tae(X21) A pe(X31) A pe(X41) WV pe(Xi1) M tac(X21) A pe(X31) A pg(X41)

WV H(X11) A pe(X21) A pp(X31) A p(X41) W pe(Xq1) A tac(X21) A pp(X31) A pe(X41)
WV (X11) M pac(X21) A pa(X31) A pa(X41) V pe(Xi1) A pc(X21) A pe(X31) A pu(X41)  (5)
V He(X11) A pe(X21) A py(X31) A pe(X41) V pe(Xin) A pe(X21) A pn(X31) A pa(X41)
W He(X11) A pPe(X21) A pe(X31) A pug(X41) v pe(Xpp) A pe(X21) A pe(X31) A p(X41)
Ve(X11) A pe(X21) A pe(X31) A pa(X41) V pe(Xi1) A pe(X21) A pa(X31) A p(X41);

Hec(X1)= pe(Xir) A pe(X21) A pg(X31) A pe(X41) V pe(Xin) A pe(X21) A pg(X31) A pa(X41)
V He(Xi11) A pac(X21) A pe(X31) A pe(X41) V pe(Xin) A pec(X21) A pe(X31) 4 ps(X41)
V He(X11) A ppc(X21) A pg(X31) A pe(X41) V pe(Xin) A pac(X21) A pa(X31) A pg(X41)
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V Re(Xi1) A pa(X21) A pa(X31) A pa(X41) V pe(Xin) A pa(X21) A pe(X31) A pa(X41)

V He(Xi1) A pa(X21) A pe(X31) A pe(X41) V pe(Xin) A pa(X21) A pe(X31) A pa(X41)

V e(X11) A te(X21) A pe(X31) A pa(X4A1) V (K1) A p(X21) A p(X31) A pe(X41) — (6)
V(X1 A ps(X21) A pa(X31) A pp(X41) V p(Xi11) A pac(X21) A (X3 1) A pe(X41)
YV s(X11) A te(X21) A p(X31) A ia(X41) V a(Xi1) A ac(X21) A pe(X31) A p(X41)
v s(X11) A ac(X21) A pe(X31) A pe(X41) V (X1 A te(X21) A p(X31) A py(X41)
WV Us(X11) A Pae(X21) A pp(X31) A pp(X41) W pp(Xi1) A ac(X21) A pp(X31) A pe(X41)
V Ha(Xi1) A pae(X21) A p(X31) A pa(X41) V pe(Xir) A pe(X21) A pe(X31) A pe(X41)

WV pa(Xi1) A pe(X21) A py(X31) A pp(X41);

Ma(X D)= 1a(X11) A pe(X21) A pe(X31) A pa(X41) V ra(Xi1) A pe(X21) A pa(X31) A piy(X41)
VHs(X11) A Pe(X21) A pp(X31) A pe(X41) WV pg(Xi1) A pe(X21) A pa(X31) A pg(X41)
VI(X11) M Uec(X21) A ug(X31) A pe(X41) W pa(Xi1) A tec(X21) A ug(X31) A pp(X41)
VHe(X11) A Pee(X21) A pe(X3T1) A py(X41) W pg(Xp) A pec(X21) A pe(X31) A pe(X41)
VHs(X11) A Pec(X21) A pe(X31) A pp(X41) V pus(Xi1) A pec(X21) A pe(X31) A pe(X41)  (7)
VIE(X11) A ec(X21) A pp(X31) A pup(X41) WV (X 1) A pe(X21) A pg(X31) A py(X41)
VHe(X11) A 1e(X21) A pg(X31) A pe(X41) v pp(Xi1) A ua(X21) A pup(X31) A pup(X41).

The obtained system of fuzzy logic equations (3 — 7) is the representation of one of the four
knowledge bases that are included into the mathematical model of concrete strength prediction on
the basis of fuzzy logic. Further processing of the model parameters in “MATLAB 7 environment
[9] will make it possible to teach the model to perform its fine adjustment for adequate
representation of the “black box* output signal, i.e. of the strength of concrete as a function of input
parameters of the box: concrete components, the type of technological processing, the quality of
water.

Conclusions

1. In accordance with the performed classification of the quantitative and qualitative parameters
that affect the concrete quality, fuzzy logic equations are obtained on the technological level that
relate membership functions of input and output variables, which is determined by the usage of min
and max operations during their construction..

2. By means of the mathematical model application, hierarchic system of logic equations (3 — 7)
enables fuzzy logic-based evaluation of the predicted concrete strength index depending on the
technological parameters of influence as well as solving the problem of these factors optimization.
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