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Abstract. The 3D-technology is becoming widespread in construction. Thus, the development of mixtures with
the indifferent set of properties to the influence of the environment is actual. The intensive setting and
hardening of cement composites in aggressive conditions require finding solutions to ensure the internal curing
of concrete. One of the ways to ensure the internal curing of cement composites can be the using of special
superabsorbent polymers (SAP). The formation in the structure of the mixture of thin films of polyacrylate SAP
with a delayed polymerization of acrylic acids will provide the reserve of water in the system for hydration.
Wherein the mobility of the mixture and strength of composite does not get lost in contrast to the granular
SAP. The determination of the influence of the SAP components “Renovir-hydrogel” on the physical and
mechanical properties of the cement stone is the main aim of this study. Standard test methods in accordance
with Russian state standards for average density and total pore volume, EN 196-1 for kinetics of hardening
are used in the work. It has been shown that the super absorbent polymer solutions with a controlled
polymerization process can be used in cement composites to control water balance. The investigated SAP
solutions allow increasing the average density and compressive strength of cement stone. The admixture of
the SAP solutions in the studied range of variable factors leads to an increase in the strength of cement stone
by 29.5%. An experimental statistical model describing the dependence of the compressive strength on the
amount of catalyst and the ratio of water to polymer part was obtained. This allows for achieving the required
characteristics of the composite.

1. Introduction

The development of mixtures with a set of properties that are indifferent to the influence of the
environment during the setting and hardening of the binder is relevant due to wide adoption of 3D-printers in
construction [1-3]. Intensive water loss from cement compositions proceeds during the layer-by-layer printing
process. This leads to an imbalance of fluid in the volume, lack of water for hydration, high shrinkage, decrease
of density and strength. Therefore, the saving of water in the building "inks" is important throughout the full
period of hardening in natural conditions.

One of the ways to ensure the internal curing of cement composites, by analogy with porous aggregate
saturated with water in lightweight concrete, can be the use of special highly absorbent granular polymers.
Superabsorbent polymers (SAP) are obtained from acrylic acid, its salts and derivatives, polymerized in
solution or suspension. Polyacrylates have a high absorption capacity and therefore the field of application is
very wide in various industries including construction [4]. Most SAPs are produced in the form of granules or
fibers of micrometric size.

Today, experience in the use of SAP in cement systems has been gained in world practice due to the
positive effect on reducing of shrinkage. The effectiveness of superabsorbent polymers as a component for
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the internal curing of concrete is shown in [5]. The decreasing of autogenous shrinkage of concrete from 500
to 120 um/m with the admixture of SAP was shown. The similar positive effect — reducing shrinkage on drying
(by 12.6%) and autogenous shrinkage (by 15.5 %) of self-leveling mortars is described in [4]. Such a shrink-
inhibiting effect is most significant at the age of 28 days.

The authors [6, 7] investigated the effect of differently dispersed SAPs on the reduction of plastic
shrinkage of cement systems (fractions 0...200 um and 200...500 ym) in different heat and humidity conditions.
Longitudinal deformations for compositions with a dispersion of SAP less than 200 ym and 200...500 ym have
decreased by 20 and 17 %, respectively.

In accordance with [6], an increasing in the content of superabsorbent polymers in cement mortar lead
to the decreasing of the tensile and compression strength by 20.5 and 25.8 %, respectively. This is explained
by the changing of porosity [11] which is additionally formed after the desorption of SAP (Figure 1).

Figure 1. Structure of cement mortar [6] (c) and a, b, d [11].

In [10], it was shown that the introduction of SAP in cement composites does not lead to a significant
changes in flexural strength at the age of 28 days. However, cement stone samples containing SAPs show an
insignificant increasing in flexural strength by 9.05 and 2.91 %, for a particle size of <200 ym and fraction
200...500 microns, respectively, just in the early stages of hardening (3 days) [9]. A negative trend is observed
in the later periods (28 days). Flexural strength decreases by 25.4 and 37.2 % and compressive strength by
13.6 and 21.8 % for SAP granules with a size of less than 200 microns and fraction 200...500 microns,
respectively. In this case, the particle size of the SAP is essential. Large SAP granules have the greater
reduction in the strength of the cement stone.

Studies of the SAP with different average particles size (from 324 to 1065 um), density of anionic groups
and crosslinking density from acrylic acid and acrylamide [9, 13] show a significant decreasing of compressive
strength of mixtures with very high density of anionic functional groups. In this case, the desorption of water
from the SAP occurs prematurely. This leads to an excess of water and forms additional porosity. A small
decreasing or saving of strength is observed in cement mixtures with SAP with a lower concentration of anions.

The authors [14] based on the analysis of the effect of SAP on the mechanical properties of concrete at
the age of 28 days conclude about an unambiguous negative influence. Compressive strength by 8...35 %
under high humidity hardening and 28 % in conditions of low humidity is reduced. The tests of the samples
that have been hardened under sealed conditions show inconsistent results For example, the flexural strength
is decreased by 33 % [15] or increased by 7 % for different compositions, but the compressive strength is
decreased by 10...13 % [16].

Thus, the use of superabsorbent polymers in cement composites is characterized by both positive and
negative effects. On the one side, the use of SAP is justified by the positive effect of reducing shrinkage. On
the other side the granular polymer requires pre-saturation (up to 30 minutes) to ensure sufficient mobility of
the cement mixture and is in the composite structure as a source of additional pores, reducing mechanical
properties. The desorption kinetics of SAP provides the most important for increasing efficiency. Water
migration should be carried out in sufficient quantities from polyacrylates to the cement system in sufficient
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guantities, and not the other way around. The properties of polymer cross-linking, the shape and size of the
granules, and the properties of the sorbate are important factors for controlling the desorption process [9].

Based on the above analysis, the following hypothesis can be formulated: the forming of thin films of
polyacrylates in the structure of the cement materials by delayed polymerization of acrylic acids in water
solution provide the water reserve for internal curing without the loss of mobility of the mixture and strength
properties of the composite. This is especially actual to develop recipes of building «inks» for 3D-printers [17—
20].

2. Materials and Methods

In this paper the effect of the “Renovir-hydrogel” superabsorbent polymer on the properties of cement
stone was investigated. The SAP solution is obtained by mixing water (W) with the three components of the
polymer part (XA = A1 + A2 + A3) and catalyst (B). The component “A1” is acrylic acid (propenoic acid
CH2=CH-COOH) or salt (sodium polyacrylate [-CHz-CH(COONa)-]»). The component “A” is a crosslinking
agent in which poly-saturated compounds are widely used. The component “A3” is an initiator from peroxides,
hydroperoxides, hydrogen peroxide, persulfates, azo compounds or redox systems. Varying the
concentrations of each component allows to control the polymerization process and form a different degree of

crosslinking and polymerization speed. Main characteristics of the “Renovir-hydrogel” superabsorbent polymer
are presented in [21].

The determination of the influence of the SAP components “Renovir-hydrogel” (Table 1) on the physical
and mechanical properties of the cement stone is the main aim of this study. The study was carried out in the
framework of a full two-factor experiment. The amount of catalyst B/A1 (X1) and the ratio of water to polymer

part W/2A (X2) were chosen as factors. The average density and compressive strength were used as
controlled indicators.

Table 1. Compositions of superabsorbent polymer solutions “Renovir-hydrogel”.

. Amount, % Factors
No Composition A B W X4 X
1 C-0.003/5.0 16.67 0.042 83.29 0.003 5.0
2 C-0.009/5.0 16.44 1.390 82.71 0.009 5.0
3 C-0.003/8.5 10.44 0.880 88.68 0.009 8.5
4 C-0.009/8.5 10.53 0.027 89.44 0.003 8.5

The Portland cement CEM | 42.5 produced by “Stone Flower” was used to prepare a series of cement
test samples with W/C-ration 0.3. The SAP solutions were used as water in the cement mixtures. The control
composition (C-0/0) was prepared without a solution of SAP. Hardening of the samples was carried out in
normal conditions. The average density and total pore volume were determined by methods in according with
regulatory and technical documents Russian State Standards GOST 12730.1-78 and GOST 12730.4-78. The
average density was determined by the ratio of the mass and volume of the samples, and the true density by
the pycnometric method. Six cubic-samples 50 mm in each series were tested to compressive strength
according to EN 196-1 at the age of 7; 14; 21 and 28 days. The tests were carried using static loading by the
servo-hydraulic press «Advantest 9».

The study was performed by equipment from the Head Regional Shared Research Facilities of the
Moscow State University of Civil Engineering. Technical specifications of the equipment are available on [22].

3. Results and Discussion

Cement pastes with SAP visually were not characterized by differences in workability unlike the control
composition. Presumably, the process of SAP polymerization in the selected range of components is began
after the formation of samples. This provided a delay in the water sorption by SAP and in the deterioration of
workability pastes. Previously [23], the studies of the polymer solutions "Renovir-hydrogel" were carried out
by NMR-relaxometry method. The start and end times of polymerization of this SAP were established for
studied concentrations. According to this study, the period of viability of the polymer solutions "Renovir-
hydrogel" is from 14.2 to 105.2 minutes. That is, the limiting time of preservation of viscosity sufficient for
technological operations exceeds 10 minutes before each of the mixtures was formed.

Analysis of the kinetics of setting and hardening of Portland cement with the addition of acrylate allows
to estimate its impact on the process of structure formation of cement stone in time. The kinetics of the
compressive strength of the cement stone with the hydrogel solutions of different composition were obtained
in this study (Figure 2).
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Figure 2. Kinetics of hardening cement stone with SAP.

The obtained results show that the cement stone modified by solution of the acrylate superabsorbent
polymer is characterized by greater strength at the age of 28 days by 10.2 ... 29.5 % than the composition with
water (Table 2). However, the different effect of the ratio W/ZA and B/A1 on the strength in the early periods
of hardening is shown in Figure 2. It can be noted that the compositions with the amount of polymer W/24 =
8.5 (regardless of the amount of catalyst) are characterized by faster hardening kinetics than the control
composition. At the same time the cement stone where the ratio of water to polymer part is equal to 5.0 has
less strength than the control composition at the age of up to 14 days. This indicates an excess of polymer in
the composition, which has a negative impact on the structure formation of cement stone.

Table 2. Rheological properties of cement pastes and physical-mechanical properties of cement
stone with SAP at the age of 28 days.

No Composition p, kg/m? Sy, % P, % Sk, % Rcom, MPa SR, %
0 C-0/0 2065 0.93 8.0 2.33 58.0 4.24
1 C-0.003/5.0 2100 0.30 3.5 3.13 63.9 3.22
2 C-0.009/5.0 2070 0.60 3.8 3.27 64.2 4.26
3 C-0.003/8.5 2135 0.79 3.3 2.61 75.1 4.13
4 C-0.009/8.5 2095 0.57 3.5 3.55 73.7 3.72

Notes: p is average density; P is total pore volume; Rcom is compressive strength; Sp, Sp, Sr are standard deviations
for average density, total pore volume and compressive strength respectively.

The studies have allowed to establish an experimental equation for estimation of the dependence of the
compressive strength on selected prescription factors:

Y =69.23-0.275X; +5.175X,,.

The analysis of the structural parameters of the cement stone in the Table 2 show that an increase in
the amount of catalyst to 0.009 leads to a slight decrease in the average density and an increase in the porosity
of the cement stone due to the faster polymerization process of acrylate. In the initial period of preparation of
the mixture due to absorption, the polymer reduces the amount of free water in the system and impairs mobility
and workability. Delayed polymerization is achieved with a smaller amount of catalyst. In this case the polymer
does not interfere the distribution of water in the volume and performs an absorbing function after molding the
product. This has a positive effect on the compaction of the mixture and on the hydration of Portland cement,
which provides a lower porosity of cement stone (more than 2 times) (Table 3). The introduction of the SAP
solutions in the studied range of variable factors leads to an increase in the strength of cement stone by
10.2...29.5 %.

Thus, it was shown that the using of water solutions of acrylic acids with controlled polymerization does
not lead to the loss of the strength of the cement stone. The studied SAP solutions allow to delay the absorption
of water from the cement mixture in contrast to the granulated SAP. Obviously, additional studies are required
to determine the action mechanism of SAP solution on the process of structure formation of cement stone and
to establish the dependences of influence of prescription and technological factors on the deformation
properties.
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Table 3. Changes of properties of cement pastes and cement stone compared with the control
composition (C-0/0).

No Composition D, % P, % Rcom, %
1 C-0.003/5.0 +1.7 -56.3 +10.2
2 C-0.009/5.0 +0.3 -52.5 +10.7
3 C-0.003/8.5 +3.4 -58.8 +29.5
4 C-0.009/8.5 +1.5 -56.3 +27.1

Note. «+» or «—» show an increase or decrease in the indicator.

The results show that the introduction of polymer solutions with controlled polymerization in cement
compositions provides an increase in compressive strength from 58.0 to 63.9...75.1 MPa in contrast to the
using of granulated SAP when compressive strength is decreased by 8...35 % [4, 6, 12].

Positive world experience in the use of granulated SAP for reducing shrinkage and the results of this
study suggest the effectiveness of using SAP solutions with controlled polymerization in cement systems
hardening in bad conditions. Such a solution may have further development and practical application in 3D-
printing technology, where extruded concrete structures are subject to intensive moisture loss.

4. Conclusions
Based on this research the following conclusions were made:

1. The formulated hypothesis is confirmed in this paper. It has been shown that the super absorbent
polymer solutions with a controlled polymerization process can be used in cement composites to control water
balance for improving physical and mechanical properties.

2. An experimental equation for estimation of the dependence of the compressive strength on the
amount of catalyst and the ratio of water to polymer part was obtained.

3. The investigated SAP solutions allow to increase the average density and compressive strength of
cement stone. The introduction of the SAP solutions (for studied range of variable factors) leads to decrease
the porosity from 8 to 3.3...3.5 % and increase the compressive strength of cement stone from 58.0 to
63.9...75.1 MPa or by 10.2 ... 29.5 % in comparison with the composition without SAP.
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KnioueBble cnoBa: cynepabcopOupylownii NonMMep, MexaHW4eckme CBOMCTBA, MPOYHOCTb MPU CXKaTuu,
BHYTPEHHWI yxo[, TBepAeHWe, ycaaka

AHHoTaumA. B cBsA3n ¢ pacnpoctpaHeHnem 3D-MpUHTEPOB akTyalnbHbIM ABMSIETCS pa3paboTka peuentyp,
obnagarowmx MHAMGPMEPEHTHBLIM K BITMSIHUIO OKPY>KatoLLEen cpeabl HAbOPOM CBOWCTB B MEPUOL, CXBATbIBAHUS
N TBepAeHus1 BsSXyLlero. M'mapartaumsi UEMEHTHbBIX KOMMO3UTOB B arpeCcCuBHBbIX YCIOBUSIX TpebyeT moucka
peluieHun, obecrnevmBarOnX BHYTPEHHUN yxon 3a 6etoHoM. OpHMM M3 Takmx CnocoboB MOXeT ObiTb
ncnonb3oBaHWe creyunarnbHbIX BbliCOKONormnowawwmx mnm cynepabcopbupytowmx nonumepos (CAIM). B
OTnuyne oT TPaAULMOHHOIO BBEAEHUS rpaHynupoBaHHbix CAll, dopmupoBaHue B CTPYKTYpe LLEMEHTHOrO
KOMMO3MTa TOHKMX MINEHOK MONMakpunaToB C OTMOXEHHOW MonvMMepusaumen akpunoBbiX KUCMAOT B BOOHOM
pacTBope obecrneynBaeT CUCTEMY pPe3epBOM BOAbI A4S BHYTPEHHErO yXo4a 3a npoueccamu rugpataumm 6e3
notepy NOABWXHOCTM CMeECW, CMOCOOCTBYS CHWKEHMIO YCaAOYHbIX Aedopmauui Npu  COXpaHEHUU
NMPOYHOCTHBLIX CBOMCTB KOMMNoO3uTa. Llenbio nccnegoBaHns ABNsSeTCs YCTaHOBMEHUE BUSHUSA COOTHOLUEHWE
komnoHeHToB B cocTaBe CAIll «PeHoBup-rugporenb» Ha OU3UKO-MEXaHUYECKME CBOWCTBA LEMEHTHOro
kamHs. B paboTe ucnonb3oBaHbl CTaHO4apTU3MPOBaHHbIE MeToabl ucnbiTaHun B cooTtBeTcTBum ¢ TOCT ¢
NPUMEHEHNEM COBPEMEHHOI0 000pyAOBaHMS U  MHCTPYMEHTOB. YCTAHOBIEHO, 4YTO WCMNOMb30OBaHME
pactBopoB CAIl ¢ ynpaBngembiM MNpoOLECCOM MOMMMepU3aLmMm CnocobCTBYEeT YBENUYEHUIO CpeaHen
NAOTHOCTU U MPOYHOCTU LIEMEHTHOIO KaMHs1. B nccnegyemom gruanasoHe BapbupyeMbix hakTopoB BBEAEHME
pactBopa CAIl npuBOANT K MOBBLILEHUIO MPOYHOCTM LIEMEHTHOrO KamHA Ao 29.5 %. [MonydeHa
3KCnepuMeHTarnbHO-cTaTUCTUYecKass Moenb, ONUCbIBaLLas 3aBUMCMMOCTb Npeaerna NPoYHOCTM Npu CxxaTum
OT KONMYecTBa KaTanmsaTopa W OTHOLWIEHMS BoAbl K MOMMMEpPHON 4Yactu ans obecneveHus Tpebyembix
XapakTepucTuk KoMmnosuTa.
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