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Abstract. The filled epoxy compositions modified with furfural and zeolite are optimised so that the material 
would retain bending strength under action of water and oil. Resources saving and compromise solutions are 
obtained. To find optimal compositions iterative random scanning of the fields of material properties in five 
coordinates of mix proportions is carried out. The fields are described by experimental-statistical models built on 
results of designed experiment. The models are used to realize the computational experiments with the help of 
Monte-Carlo method. 
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1. Introduction 
 

When developing protective epoxy compositions 
(Ukrainian patent 5408) on plasticised resin “Macro” the 
possibility was established to increase their resistance in 
water and petroleum with furfural and zeolite [1, 2].  This 
gave grounds for further research to estimate the 
influence of these modifiers on service properties and 
resistance of the epoxy composites at various degree of 
filling. 

Such compositions could be used, in particular, to 
protect those units of road structures involved in 
maintenance of transport that are exposed to mixtures of 
water with oil, surface active agents, and so on. 

Since fulfilment of prolonged trials of materials in 
such non-homogenous media is practically impossible, it 
has been suggested that the properties of compositions be 
determined after exposure in water and petroleum of two 
kinds separately. These data could form the basis of 
search for compromise compositions, resistant to real 
media. 

The search can be fulfilled with the help of 
computational experiments on the fields of material 
properties in coordinates of composition [3].  To simulate 
such fields multi-factor experimental-statistical (ES) 
models are used.  
 
2. Conditions of experiment and modelling  

 
Five factors Xi of polymer mortar composition have 

been varied in natural experiment as Xi.0 ± ∆Xi: 

● degree of filling − content of mineral skeleton (filler + 
sand), Х1 = 280 ± 100 m.p. (for  100 mass parts of 
epoxy  resin «Macro»), 

● mass portion of filler (diabase and zeolite) in the 
skeleton, Х2 = 0.6 ± 0.3, 

● portion of zeolite (fine and coarse) in the filler, Х3 = 
0.15 ± 0.1,  

● portion of coarse grains in zeolite,  Х4 = 0.25 ± 0.25, 
● dosage of furfural, Х5= 7±5 m.p. (for 100 of  the resin). 

Determined for 27 compositions defined by 
experiment design have been commercial properties of 
polymer mortars (in particular, compressive strength from 
67 up to 114 MPa) and specific characteristics, important 
for repair mortars and protective coverings. 

Among other quality criteria (dynamic elasticity 
modulus, water and petroleum absorbability, resistance 
indices, etc.) bending strength (MPa) has been determined 
after keeping the specimens at normal condition (R) and 
in three media for 6 month: in water (RW), “light” 
petroleum (RPL), and “heavy” petroleum (RPH).  Scatter 
diagrams in Fig. 1 represent experimental results on three 
criteria. 

Values of RPL and RPH show significant correlation 
with RW (risk less than 1%, correlation coefficient r 
equals  0.5 and 0.7 respectively). The linear statistical 
relation between the indices of strength for light and 
heavy petroleum (admitted with risk more than 1%) is 
weaker (Fig. 1). Moreover, the hypothesis of correlation 
with  R  can be accepted only for  RPH. 

This indicates that compositions providing the better 
levels for some of strength criteria might not satisfy the 
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requirements for the other. So a search for compromise 
could be necessary. 

 
To find acceptable, optimal, or compromise 

compositions for specified conditions certain models are 
required that would relate quality criteria with 
controllable mix proportions. The experimental data 
obtained for 27 compositions have allowed ES-models of 
the 2nd order to be built, describing the fields Y(x) of 
mortar quality criteria (Y) in five composition coordinates 
(vector x) conventionally normalised as xi = (Xi – 
Xi.0)/∆Xi, ⏐xi⏐≤ 1.  

 
The models (1-2), in particular (with significant 

coefficients at risk 5% and 10% respectively), present the 

full fields (in region of all factors varied in experiment)  
of bending strength after exposure to water and to light 
petroleum. 
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The estimates of maximal and minimal levels of 

these fields: 
RW.max = 33.1 MPa (at x1=x2=x3= +1, x4= –1, x5= –0.3), 
RW.min = 17.3 (at x1= –0.1, x2=x3=x5= –1, x4= +1), 
RPL.max = 25.3 (at x1= –1, x2=x4= +1, x3= –0.7, x5= 0.9),  
RPL.min = 14.7 (at x1 = x2 = x3 = x4 = x5 = –1). 

 
It should be noted that the best and the worst values 

of strength under action of water and light petroleum 
correspond to quite different degrees of filling and 
quantities of modifiers. 
 
3. The influence of mix proportions on bending 
strength in relation to exposure media  

 
 
To analyse the effects of mix proportions on the 

material properties their local fields can be considered, with 
ES-models, (1-2) specifically, making it possible to 
characterise the unlimited variety of local fields, in any 
region of any subsystem of the factor system, at any fixed 
levels of the other factors. 

Shown in Fig. 2, in particular, are one-factor fields 
RPL(xi) and RHL(xi) with other factors fixed at the levels 
corresponding the maximal and minimal values of respective 
criterion. 

The following important effects have been evaluated, in 
particular, from analysis of the full and local fields of 
bending strength after keeping the specimens in three media. 

The role of furfural differs for different media (as can 
be seen in Fig. 2 and the models above). With its maximal 
content being useful for performance in petroleum, such 
great dosages can decrease the strength in water. 

The amount of filler affects the strength with different 
intensity in water, light petroleum, and heavy petroleum. 

The introduction of zeolite has positive influence in 
general, but gives ambiguous effects in compositions of 
increased strength, thus further indicating the need to search 
for compromise. 

The addition of coarse zeolite (sand size grains) could 
be also justified (5 MPa increase in RPL at zone of its 
maximum, Fig. 2) for some cases of service conditions. 
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Fig 1. Scatter diagrams for bending strength after 
keeping specimens in water and petroleum of 2 kinds  
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4. Search for optimal compositions 

 
The ES-models obtained have allowed various 

optimisation problems to be solved, that is, the 
compositions best suited to various technological 
situations to be found. 

Iterative procedure of the search for the optima in 
the region Ωx of the fields Y(x), of material quality and 
save-resources criteria in composition coordinates, is 
arranged on random scanning of these fields, described by 
ES-models, with the help of Monte Carlo method. 

One of the advantages of the procedure is the 
technologist-computer dialog mode available at any 
iteration. The results obtained at current iteration can be 
reviewed, in particular, from economic and technological 
positions. The current rates ∂Y/∂xi of maximising or 
minimising any criterion Y with any factors can be 
promptly varied. Consecutive strategy of computational 
experiments is realised. 

Here presented are the results of three series of 
computational experiments that have been fulfilled to 
solve three optimisation problems. For all of them within 
certain design task, with regard to typical characteristics  

 

 
of polymer mortars used in repair systems [4], the 
following requirements have been specified: flexural 
strength R(x) ≥ Rnorm = 25 MPa, the strength after 
exposure to water and to light and heavy petroleum RW 
(x),  RPL (x), RPH (x) ≥ 20 MPa.  

To provide for applying the mortar to substrate the 
effective viscosity (at shear rate of 1 s-1) within 150 ≤ η 
(x) ≤ 500 Pa⋅s  has been required. 

In the first problem compromisingly maximised 
should be RPL and RPH so that the obtained compositions 
would be equally resistant in various media. In the second 
one minimised should be the expenditure of epoxy resin 
(most expensive component, g/kg) − defined by degree of 
filling and dosage of furfural E(x1, x5). The third problem 
combines the first two to find compromise between 
strength in the petroleum (RPL, RPH) and content of the 
resin (E). 
 
4.1. Search for compromise between RPL and  RPH 

 
For this particular problem general search procedure 

is presented and some particular values of its parameters 
are indicated, with results shown in Fig. 3 and  Fig. 4.  
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Fig 3.  Changes in ranges of optimality criteria 
             at stages of the search for compromise 
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Fig 4.  Variation of factor limits along the search 
              for compromise 
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At initial stage,  “1-0”,  of the first iteration        N = 
10000  uniformly distributed random vectors х  (of  k = 5 
normalised coordinates of mix proportions  in  the 
intervals from –1 to +1) are generated.  Added to these 
points inside search region  Ω1-0 = Ωx  are    2k

 = 25
 = 32 

hypercube vertices (±1, … , ±1) – determinate points (that 
could not be generated).  At each of  N = 10032 points the 
levels of the fields of all criteria, R, RW,  RPL,  RPH, and η 
are estimated by respective model, with  quantity of resin  
E  also registered. 

At the next stage “1-1” after assorting (by criteria 
values) the points  (variants of compositions) those of 
them are eliminated at which mortars would have 
unacceptable levels of the criteria, R<25, RW,  RPL,  RPH  < 
20 MPa (Fig. 3), and η outside the specified interval . The 
remained points fall within the region of acceptable 
solutions Ω1-1 (Fig. 4). 

At final stage “1-2” of the iteration the lowest levels 
of optimality criteria (RPL,  RPH)  should be increased 
(Fig. 3), the variants not satisfying new requirements 
eliminated (Fig. 4), thus narrowing the admissible region 
(to  Ω1-2 < Ω1-1,). 

The second and the following (j) iterations are 
arranged by the same principles, but with some special 
expedients at the stages.  

At initial stages “j-0”: 
• The boundaries of search region are extended in 

relation to Ω  achieved at previous iteration, by about 0.1-
0.2  in both sides  for  each  normalised variable  xi (i =1, 
…, 5). This can produce the values of criteria (η, R, RW, 
RPL, RPH) beyond limiting levels (Fig. 3). Thus in 
particular, widening the intervals for parameters of 
composition    at “2-0” (as it is shown in Fig. 4)  reduces 
the lower level of RPH to less than 18 MPa (below 
required 20). 

• Added to generated points are all the admissible 
variants from preceding iteration. In particular, N2-0 
=10000 + N1-2 = 10003. 

At intermediate stages “j-1” the borders of 
admissible region Ωj-1 are defined not by initial 
requirements (Ynorm) to optimality criteria but by the 
worst levels of the criteria improved at previous iteration. 
Specifically, the low level of bending strength RPL at 
stage  “3-1” (Fig. 3) is 21.5 MPa, not 20 (initial, at “1-1”). 

At final stages of the iterations: 
• Step-by-step approach to the individual maxima is 

executed by moving the lower limits of optimality criteria 
upward and excluding the compositions, which do not 
satisfy the new limits. Thus at stage “2-2” both RPL and 
RPH have been raised to 22 MPa (Fig. 3). 

• The final stage of the last iteration (3rdh in this 
specific problem) leaves, as a rule, rather many 
competing solutions (N3-2 = 16) with the criteria varying 
in narrow ranges (22.1 ≤ RPL, RPH ≤ 22.2, Fig. 3). To 
determine the terminal normalised values of factors it is 
reasonable to average the coordinates of only the points 
providing the best levels of the criteria. 

Thus the resulting compromise optimal values of the 
normalised factors have been obtained: 

х1 = −0.99, х2 = 0.88,  х3 = 1.00; х4 = −0.93,  х5 = 0.51. 
On reverting to named values and rounding them to 

the levels feasible for technical realization the following 
results have been obtained: 
● degree of filling − content of mineral skeleton 
   (filler + sand) 180 m.p. (х1 = −1), 
• mass portion of filler (diabase and zeolite) 
   in the skeleton 0.85 (х2 = 0.8), 
• portion of zeolite in the filler 0.25 (х3 = +1), 
• without coarse grains  (х4 = −1), 
● 10 m.p. of furfural  for 100 m.p. of epoxy resin 
   (х5 = 0.6). 

 
This composition (with viscosity about 220 Pa⋅s) 

would provide the following levels of strength: 
R = 33.0, RW  = 30.6, RPL = 22.0,  RPH  = 22.5 MPa, 
at  rather great expenditure of  the resin, E = 324.7 g for 
kg of the mortar. 
 
4.2. Minimisation of epoxy resin content 
 

It has been appropriate to use (as initial 
approximation) the region of admissible compositions 
already obtained at stage “1-1” when searching for 
compromise maxima of RPL and RPH.  The subsequent 
procedure of minimising the resource criterion     E(x1, x5) 
does not differ in principle from presented above. 

 
At each new iteration the former region of search is 

extended along each factor by 0.1- 0.2 of unit semi-
interval to each side and new “10000” random points are 
generated (stages “j-0”). The variants not complying with 
the requirements and having the level of Е higher than 
that at preceding iteration are eliminated (stages “j-1”). 
The highest value of Е is decreased so that several 
competing compositions are left in its reasonably small 
range (stages “j-2”).  

The results of the search are shown in Fig. 5 and Fig. 
6. Clearly the decrease in quantity of epoxy resin to about 
270 g/kg is achieved mainly due increase of mineral part 
content (х1), with optimal combinations of all factors 
providing the fulfillment of specified requirements of 
viscosity and strength. 

Presented below is averaged solution obtained at the 
last stage (“3-2”):  
х1 = −0.39, х2 = 0.46,  х3 = 1.00; х4 = −1.00,  х5 = 0.96. 

 
Rounded with account for possibilities to fix the 

factors it gives: 
♦ content of mineral skeleton 240 m.p. (х1 = −0.4), 
♦ the portion of filler in the skeleton 0.75 (х2 = 0.5), 
♦ with maximal portion of zeolite, 0.25 (х3 = +1), 
♦ without coarse grains  (х4 = −1), 
♦ at maximal dosage of furfural, 12 m.p. (х5 = +1). 

The amount of epoxy resin for 1 kg of this 
composition equals 270.3 g, the levels of strength being 
as follows: 

R = 32.2, RW  = 24.4, RPL = 20.8,  RPH  = 20.1 MPa. 
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Fig 5.  Changes in ranges of strength criteria and 
             content of epoxy resin along the search 
             for optimal  expenditure of  the resin   
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Fig 6.  Changes in ranges of mix proportions when 
              minimizing the content of epoxy resin  
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4.3. Compromise between maximal strength and 
“minimal resources” 
 

In the third problem the compositions should be 
found, which would provide, at minimal possible content 
of epoxy resin (E), the maximal possible values for two 
strength criteria, RPL and RPH. Such epoxy mortars, with 
reasonably reduced resources, could retain bending 
strength under action of various water-oil mixtures.  

So the compromise optimisation by three optimality 
criteria, under above-indicated requirements for strength 
in various media and viscosity, have been carried out. The 
optimal solution obtained with the help of means 
presented above is shown in Table 1. 
 

Thus the epoxy motar with mineral part-polymer 
ratio “2:1”, at rather low content of sand (0.2) and one 
part zeolite for three parts diabase in the filler, with 
substantial quantity of furfural added (upper level in the 
study), complies with specifications for quality criteria of 
the material that could be used to protect road structure 
units operating in contact with water, oil, and their 
mixtures.  

Obtained compositions are tested at some railway 
line in Lithuania. The ferroconcrete harness for water 
offtake were made of those compositions and used on the 

railway lines of Kaunas infrastructure. 
 
5. Conclusion 
 

It is advantageous to use experimental-statistical 
models in research and development of special-purpose 
materials. ES-models enable new information to be 
extracted from experimental data with methods of 
computational materials science. 

Using Monte Carlo and ES-models for scanning the 
fields of several properties in five composition 
coordinates found have been: 1) the compositions that 
maximise the level of the polymer mortar quality, 2) 
minimal resources to provide the required quality level, 3) 
reasonable compromise between resources and level of 
quality. This general-purpose method allows the 
compromise solutions to be found in combined 
optimisation problems, with set of optimality criteria 
including both the properties and the resources defining 
them. 
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Table 1. Optimal compromise between RPL, RPH, and E 
 

Optimal levels  
of normalised 
factors found 

Rounded mix proportions Levels of 
quality criteria

x1 -0.83 Skeleton − X1 (m.p.) 200 R 33.2 
x2 0.62 Filler − X2 (of X1) 0.8 RW 27.1 
x3 0.99 Zeolite − X3 (of X2) 0.25 RPL 21.4 
x4 -0.92 Coarse − X4 (of X3) 0 RPH 21.7 
x5 0.89 Furfural − X5 (m.p.) 12 E 303 

 




