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Abstract—Use of binders with low water demand opens
prospects for obtaining high-performance concretes. A
polyfunctional modifier based on resol-type resorcinol-furfural
oligomers allows one to obtain binders with low water demand
and high specific surface area, compressive strength, and water-
reducing ability. This research demonstrates that a more
intensive strength development for 1-2 days of curing is observed
in concretes based on low water demand binders compared to the
reference sample. During this process, a denser microcrystalline
structure with no large-grained formations or visible defects is
formed. It was proved that introduction of the optimum quantity
of the modifier into a binder completely suppresses mold growth.
Isolates of Aspergillus niger and Penicillium chrisogenum Thom
fungi were used as the biological deterioration factor for
specimen. Assessment of antifungal properties of resorcinol-
furfural oligomers on a six-point scale (sample/environment) is
presented. Strength properties of the concrete with the modifier
in question are significantly increased due to the decrease of the
water-cement ratio, the reduction of microfractures within the
concrete, higher density of its structure, and absence of bio-
corrosion. The resorcinol-furfural polyfunctional modifier can be
used to produce innovative high-strength materials for use in
additive manufacturing and further use of the produced articles
in biologically active environments.

Keywords— high-performance concrete; low water demand

binder; water-reducing ability; antifungal properties; bio-
corrosion.

l. INTRODUCTION

High-performance concretes are materials of the XXI
century, highly demanded by both builders and designers,

including specialists in innovative materials and articles
produced by 3D printing.

Architectural objects and construction sites are operated
under the active influence of temperature, humidity,
chemicals, and microorganisms of the environment. The
combination of favorable acidity and high humidity leads to
colonization of the surface of construction materials by
microorganisms and their further microzonal penetration
inside the material, which leads to its premature deterioration
[1, 2].

One of the ways to increase the quality of concrete
products is the use of efficient organic polymer additives,
modifiers of surfaces of concrete mix phase interfaces. New
prospects for obtaining high-performance concretes are seen in
the use of low water demand binders (LWRB), obtained by
intergrinding Portland cement clinker with mineral additives
and modifiers [3]. Today's visions of the outcomes of using
LWRBs to obtain concretes are sketchy and not always
conclusive [4-6]. On the one hand, use of modifiers and
LWRBs leads to obtaining a highly homogeneous structure of
cement rock with high density due to the low water-cement
(W/C) ratio [7-8], which makes products durable and long-
lasting. On the other hand, some specialists believe that the
low W/C ratio negatively affects the longevity of concrete and
its strength [9]. Existence of different opinions requires further
study of use of LWRBs in high-performance concrete
production.

Another way of increasing the quality and further
advancing the technology of producing building products and
materials from concrete is conditioned by the need for reliable
bio-corrosion resistant materials. Damage from bio-corrosion
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reaches billions of dollars per year and keeps rising with the
increase in stocks of materials and products. Possessing a
unique fermentation mechanism, fungi are able to deteriorate
virtually all materials that their spores deposit on by turning
them into simple mineral compounds. Only the presence of
enzyme poisons in the substance can interrupt the damaging
effect of the fungi. Microorganisms in the inactive state are
always present on the samples' surfaces.

One of the most widespread methods of protecting
materials from biodeterioration is the use of chemical
compounds with biocidal effect, the so-called antifungal
additives. Fungicides are applied to the surface of the material
or included in its composition on the stage of its production [1,
2].

However, use of antifungal additives is substantially
restricted. Many of the currently used fungicides that are
added into a material's composition impair its physical and
mechanical properties. This gives increased importance to the
search of efficient polyfunctional additives that would
intensify the process of curing and significantly increase the
strength properties of building materials during use in harsh
ecological conditions.

This paper studies the specifics of use of resol-type
resorcinol-furfural oligomers as a modifier in obtaining
LWRBs and provides assessment of bio-corrosion resistance
properties of LWRB-based fine-aggregate concretes with the
purpose of their use in additive technologies.

II.  METHOD

The object of research are samples of fine-aggregate
concrete based on a low water requirement binder.

Production of the LRWB included clinker by the Belgorod
cement plant (Belgorodskiy Cement, affiliate of Eurocement
Group), granulated blast-furnace slag by Novolipetsk Steel,
gypsum containing at least 92.5% of calcium sulfate dihydrate
and 46.3% of SO; which meets the GOST 4013-90
requirements, and a synthesized modifier based on resorcinol-
furfural resols.

Resorcinol-furfural oligomers were synthesized in alkaline
environment at a temperature of 70°C in a three-necked flask
equipped with a stirrer, thermometer, and a reflux condenser.
The obtained 20% solution was subjected to vacuum drying.

The following materials were used during the preparation
of the cement-sand samples: PTs-500-D0 cement by Belgorod
cement plant with the specific surface area (SSA) of 354
m2/kg and the low water requirement binder VNV-50 with the
SSA of 475 m2/kg, sand from the Belgorod quarry with the
fineness modulus of 1.2, 2.3% moisture, and the density of
2600 kg/m3.

Isolates of Aspergillus niger and Penicillium chrisogenum
Thom fungi were used as the biological deterioration factor.
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Fungal resistance was determined according to GOST
9.048-89, method B, which identifies the availability of
antifungal properties in a material. The minimum duration of
tests to determine antifungal properties is 14 days (28 days in
the case of this research). The results were processed to
identify the samples' antifungal properties according to the
degree of mold growth on a six-point scale: a material passed
the test if the fungi on its surface had the development
intensity of no more than three points.

The antifungal properties of the modifier under study were
assessed by inoculating the isolates on the surface of solid and
liqguid growth media (Czapek-Dox medium), into which
different concentrations of fungicide were introduced. The
reference were media without fungicide. The modifier's
antifungal effect was determined visually according to fungus
growth on the surface, grading it on a six-point scale as
prescribed in GOST 9.048-89.

0 points — no spores or conidia detected microscopically;

1 point — germinated spores and insignificantly developed
mycelium is seen microscopically;

2 points — developed mycelium is seen microscopically,
possible sporulation;

3 points — mycelium and sporulation are barely visible
with the unaided eye, but are clearly seen microscopically;

4 points — the development of fungi covering less than
25% of the studied surface are clearly visible with the unaided
eye;

5 points — the development of fungi covering more than
25% of the studied surface are clearly visible with the unaided
eye;

Morphological and cultural properties of Aspergillus niger
and Penicillium chrisogenum test organisms were studied in
agar and liquid growth medium, into which different
concentrations of fungicide were introduced. As the isolates
grew, differences in colony morphology, mycelium color, and
sporulation start time were visually observed. A medium with
isolates without fungicide served as a reference.

The effect of the modifier on the properties of mortar
mixes and fine-grained concretes was studied using
comprehensive research methods regulated by their respective
standards.

Microstructures of the samples were studied using images
produced by MIRA3 TESCAN electron microscope.

Il.  MAINPART

A. Preparation of resorcinol-furfural modifier

The pattern of obtaining the resorcinol-furfural modifier
can be represented as follows:
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According to the standard GOST 24211-2008 [10], the
synthesized additive based on resorcinol-furfural resols can be
classified as a superplasticizer. Its plasticizing effect is on par
with its popularly known counterparts from around the world
[11, 12].

B. Preparation of low water requirement binder and study of
its properties

The LWRB was obtained through intergrinding the
clinker, mineral additives and the modifier in a two-
compartment laboratory mill with the maximum load of eight
kg. The clinker was previously comminuted using a laboratory
jaw crusher. The properties of the resulting LWRB-50 binder
(the number reflects clinker content) are shown in Table 1.

The research showed that increasing the concentration of
the additive can result in obtaining a LWRB with a higher
specific surface area and compressive strength.

TABLE I. PROPERTIES OF THE LWRB-50 LOW WATER REQUIREMENT
BINDER
Modifier Normal Compressive
concentration, SSA, m?/kg consisten | strength, MPa
% cy, % (28 days)
0.4 468 242 79.2
0.45 475 22.0 86.5
0.5 492 213 69.3

The LWRB-50 obtained after introducing the optimal
content of the resorcinol-furfural modifier (0,45%) was used
to obtain fine-aggregate concretes, whose properties are
presented in Table Il. The results are given in comparison with
concrete based on the common Portland cement both without
the modifier, was well as with it, introduced together with

gauging water.

TABLE II. PROPERTIES OF CONCRETE MIXES AND CONCRETES
Con
- e Compressive
Cement type ModlfleorA)content, WI/C | slum | strength limit,
P, MPa (28 days)
cm
PTs-500-D0 0.45 3 41.0
LWRB-50 0.45 0.33 3 60.2

Advances in Engineering Research, volume 133

0.45 0.45 20 45.1

0.40 0.33 3 51.0
PTs-500-D0

0.40 0.45 20 30.1

A 25-30% decrease of water requirement is possible in the
modified concrete mixes compared with the non-modified
composition. Increasing the content of the modifier,
introduced both during grinding and with gauging water, can
lead to a bigger reduction in water requirement. However, the
criterion for selecting the optimal conditions for obtaining the
LWRB was the minimum water requirement value within the
range of 0.33...0.35 during concrete mix preparation, because
further increase of the water-cement ratio can decrease the
concretes' longevity [9].

When using LWRB-based mortar to produce articles
without formwork using additive technologies, it is important
to study the influence of the modifier on the plastic strength of
the cement paste and the setting time. Fig. 1 shows the
dependencies of the plastic strength of mortar mixes on time at
the constant water-cement ratio with the introduction of the
resorcinol-furfural modifier.

=
35 1
3 4
25 1
24
1.5 1

P.. MPa

Fig. 1. Influence of the modifier on the plastic strength of cement paste when
WI/C =const: 1 — no additive; 2 — PTs-500-D0; 3 — LWRB-50

During the first 6-7 hours, the modified mixes show a
certain increase of the strength development start time both
when using PTs-500-D0 and LWRB-50. This is related to the
increase of the hydrophilicity of the binder's modified surface
due to adsorption of oligomer molecules and increase of the
contact surface caused by peptization of aggregates. Then, the
curing of modified cements intensifies compared with the
reference sample.

The kinetics of strength development in mixes with equal
workability based on LWRB-50 and without additives is
shown in Table I1I.

As can be seen in the presented data, initial retardation of
curing is not characteristic for the LWRBs with reduced
gauging water content. At the same time, LWRB-based
concretes display a more intensive strength development
during 1-2 days of curing compared to the reference sample.
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TABLE III. DEPENDENCE OF STRENGTH OF LWRB-50 BASED CONCRETES

ON CURING TIME.

Maximum strength, MPa
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The increased early strength development of such
concretes can be used to design innovative mixes for 3D
printing.

Studies of the microstructure of the LWRB rock showed

(Fig. 2) a denser microcrystalline structure without large-
grained formations or visible defects.
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Fig. 2. Microstructure of a cement rock (a) and a modified LWRB rock (b)
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This can be explained by the peptizing effect of the
modifier and the more microcrystalline structure of the
concrete. Besides, this concrete has a higher strength than the
reference samples. This way, strength development of more
than 20 MPa is observed in LWRB-based concretes compared
with the unmodified reference sample.

C. ldentification of fungal resistance and fungicidity of
samples

The goal of further work was to identify the antifungal
properties of the resorcinol-furfural modifier and the bio-
corrosion resistance of LWRB-based fine-aggregate concretes.

When the environment contains the necessary nutrients,
mold fungi can actively colonize the samples that can not
suppress or curb the growth of the microbiocenosis.

Research has shown that the resistance to the effect of
fungi is sufficiently high in the analyzed modified samples.
Being typical heterotrophs, Aspergillus niger and Penicillium
do not use concretes with resorcinol-furfural oligomers as a
source of nutrition for their development and activity. All
tested LWRB-based samples displayed fungal resistance and
were bio-corrosion resistant.

Visual observations of the fungal resistance experiment
have shown that the samples on the basis of LWRBs with a
resorcinol-furfural modifier do not become overgrown with
fungal mycelium. Because of the adsorption of the modifier's
oligomer molecules on mineral particles, the process of
interaction with acids, which are the by-products of fungal
activity, is impeded. The 6-point scale assessment
(sample/medium) for the reference sample and the test sample
is shown in Table IV.

TABLE IV. IDENTIFICATION OF FUNGAL RESISTANCE AND FUNGICIDITY
OF THE SAMPLES
. 6-point scale
A(ot|d|t;\)/e Q;)y’ wi/C assessment
yp (sample/medium), points
Reference 0 0.45 2/3
Resorcinol-
furfural modifier 0.45 0.33 0/ 0-1(unconnected hyphae)

An important indicator of the concretes' bio-resistance is
the change in the pH of the aqueous extract from the concretes
with the course of time, because most of the fungi cause
reduction in pH when reproducing. During their life, they
discharge bio-corrosive products that also lead to decrease in
pH value. Measurements of the pH values in the agqueous
extract from concretes infected by fungi have shown that the
introduction of the modifier leads to an insignificant increase
in pH compared with the reference sample (Fig. 3).
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Fig. 3. Dependence of change in the pH of the aqueous extract from
concretes with the course of time.

Change in strength of the cement samples infected with
spores of mold fungi over time is shown in Fig. 4.
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Fig. 4. Change in strength of cement samples over time (samples were
infected with mold fungi spores) at constant W/C value

Samples with the additive demonstrate stable strength
development over time. A comparative analysis of the strength
of reference and modified samples against similar samples
obtained from equally workable mixes and infected by fungi is
shown in Table V.

TABLE V. INFLUENCE OF INFECTION ON LWRB-BASED SAMPLE
STRENGTH
Uninfected Infected
- ) sample sample
A((:d't(;\)/e Q[;)y, wiIC strength strength
yP Rcomp., Rcomp.,
MPa MPa
Reference 0 0.45 59.3 59.0
Resorcinol- 045 | 033 745 793
furfural modifier ’ ’ ' ’

The data obtained from this experiment allowed one to
make a conclusion that the synthesized additive based on
resorcinol-furfural rezols possess antifungal properties and
allow one to obtain concretes with increased strength
properties.
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This way, the use of the resorcinol-furfural modifier in
producing LWRBs allows one to eliminate the effect of mold
fungi on concretes. The obtained biocidal modifier can be
used to improve technological properties and protection of
building materials. It meets the requirements to toxicology
monitoring and hygiene, its performance is on par with the
existing concrete additives and exceeds many of them.

IVV.  CONCLUSION

The modifier based on resorcinol-furfural resols possesses
a number of useful properties: plasticizing and water-reducing
effects, antifungal properties; it increases strength properties
and, consequently, can be classified as a polyfunctional
modifier for concrete.

The results of this research show that the polyfunctional
resorcinol-furfural modifier can be used to produce innovative
high-strength materials for use in additive manufacturing [12-
18] and further use of the produced articles in biologically
active environments.

V. FINDINGS

Studies have shown that use of the modifier based on
resol-type resorcinol-furfural oligomers allows one to obtain
LWRBs with high specific surface area and compressive
strength. A 25-30% decrease of water requirement is possible
in LWRB-based mixes compared with the non-modified
composition.

LWRB-based concretes display a more intensive strength
development during 1-2 days of curing compared to the
reference sample. During this process, a denser
microcrystalline structure with no large-grained formations or
visible defects is formed. Rated strength development of more
than 20 MPa is observed in LWRB-based concretes compared
with the unmodified reference sample.

The increased early strength development of the concretes
of this composition can be used to design innovative mixes for
3D printing.

As was demonstrated by the performed studies, the
introduction of the optimal quantity of the polyfunctional
modifier in the composition of a binder completely suppresses
the growth of mold fungi, that are identified on the surfaces of
similar but unprotected concrete samples.

Strength properties of the concrete with the modifier in
question are significantly increased due to the decrease of the
WI/C ratio, the reduction of microfractures within the concrete,
higher density of its structure, and absence of bio-corrosion.
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