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of geopolymers from mineral wool waste
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Abstract. The waste generated during the mineral wool production makes up to 30 % of the finished product mass.
These wastes can be used for producing building materials, in particular as raw materials for the production of
geopolymers (alkali-activated binders). The research aim was to determine the influence of the chemical composition
of mineral wool production wastes (MWPW) on the phase composition, structure, and physico-mechanical properties
of geopolymers. Five types of MWPW with various chemical compositions and specific surfaces were hydrated in
the presence of NaOH (from 2 to 4 wt. %). The experimental results were obtained using the methods of X ray
differential (XRD), differential thermal (DTA) and thermogravimetric (DTG) analyses. Moreover, scanning electron
microscopy (SEM) and physical and mechanical tests were used. The main hydration product of MWPW in the
NaOH presence is determined to be calcium hydrosilicates of the C—A—S—H fiber texture type. The largest amount
of C-A-S—H was detected in geopolymer samples made of wastes with an acidity modulus between 1.4 and 1.6.
The compressive strength of the obtained materials reaches 80 MPa. They are also characterized by high water
resistance. The Al:Os content in the waste should be about 10 % in order to obtain geopolymers with stable
properties. The obtained results made it possible to define the correlation between the structure, composition, and
physic-mechanical properties of geopolymers made of MWPW. The practical effect of the research results lies in the
possibility of obtaining higher strength classes concrete.

1. Introduction

One of the most popular material types in modern construction are cement binders. Alkali-activated
binders (geopolymers) can become a good alternative to them. Materials based on them possess high strength
and chemical resistance. Implementing such materials also helps to solve environmental problems; it helps to
reduce CO2 emissions into the atmosphere, reduces pollution of surface waters and groundwater, atmosphere,
soil and plants [1-6]. The technology for producing geopolymers is as follows. Slags of metallurgical industries
are milled to the specific surface of Portland cement and tempered with alkaline solutions. The most of
construction products and structures based on alkali-activated binders are obtained using blast furnace slag of
iron industry. Slags of non-ferrous metallurgy, furnace clinkers (ashes), chemical and a number of others are
also widely used [7—13]. A special category of slag includes mineral wool production waste (MWPW). Up to 30 %
of such waste from the mass of finished products is generated during production process [14]. The possibility of
using MWPW in order to obtain geopolymers was described before [14].

Analyzing the mineral wool chemical composition of the most famous world manufacturers
(ROCKWOOL, Knauf, etc.) showed that the CaO content in most samples is between 20 and 30 %, and the
total amount of Al203 and MgO is more than 20 %. Understanding the correlation between the chemical
composition of MWPW and physico-mechanical properties of hardened composites is possible only through a
comprehensive study of the hydration processes in waste activated by alkaline solutions. Such studies are
almost absent in the literature. However, hydration processes of blast furnace slag with various chemical
compositions, tempered with silicate or alkali metal hydroxide solutions, have been studied quite extensively
[2, 15-19]. It is known that the main product of this interaction is a calcium hydrosilicate gel of the C—A-S-H
type. The structure of this gel is similar to tobermorite with a partial replacement of Ca by Al. According to
studies [15, 18], this structure is characterized by a higher polymerization degree, as well as a greater degree

Erofeev, V.T., Rodin, A.l., Yakunin, V.V., Tuvin, M.N. Structure, composition and properties of geopolymers from
mineral wool waste. Magazine of Civil Engineering. 2019. 90(6). Pp. 3-14. DOI: 10.18720/MCE.90.1

Epodees B.T., Pomun A.U., SAxynun B.B., Tysun M.H. CrpykTypa, cOCTaB 1 CBOWCTBa I'€ONOIMMEPOB M3 OTXOJIOB
MHHEpaJbHOIl BaThl // UHxkeHepHO—CcTpouTensHbIH xypHan. 2019. Ne 6(90). C. 3-14. DOI: 10.18720/MCE.90.1

This open access article is licensed under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/)



https://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

UnsxeHepHo cTponTelbHbIi xypHai, Ne 6(90), 2019

of crosslinking between tobermorite chains. Many researchers [2, 15, 18, 20—26] argue that secondary phases,
such as zeolites and the N-A-S—H gel, are formed in the composition of CaO and MgO when hydrated, in
addition to the C—A—S—H gel; hydrotalcite is formed in case of high CaO and MgO content; sterlinghillite is
formed in case of high Alz203 and CaO content; and etc.

The ratio of oxides in the slag is of particular importance for the formation of both the C—A-S—H phase
and secondary phases during hydration of alkali-activated binders: CaO/SiO2, MgO/Al203 and Al203/SiOx.
According to studies [2, 18, 19, 22, 25, 27], the increased CaO content in the composition of the alkali-activated
binder promotes its rapid setting, the formation of C-A—-S—H phase with a low Al content, and AFm type phases
in small quantities. Bernal, S.A. and Haha, M.B. et al. determined [16, 20] that a C—A-S-H gel with a large
substitution of Ca for Al is formed in the composition upon hydration of alkali-activated binders with a small
MgO amount. Increasing the Al content in the C—A—S—H gel above a certain value leads to a deterioration in
the physico-mechanical properties of composites with this structure. In another research [15] Haha, M.B. with
colleagues found that the high content of Alz03 in the slag composition increases the amount of AlzOs in the
hydrotalcite formed during the alkaline reaction, which subsequently leads to recrystallization and deterioration
of the physico-mechanical properties of the composites.

The goal of the paper is to determine the effect of the mineral wool production waste (MWPW) chemical
composition on the phase composition, structure, and physico-mechanical properties of geopolymers.

The following tasks were solved:

— the phase composition of the geopolymer samples made of MWPW was established using the of X-
ray diffraction and thermal analyzing methods;

— the surface microstructure of the samples was studied using scanning electron microscopy method;

— the influence of the microstructure and phase composition of the composites on the values of their
average density, compressive strength, water adsorption and water resistance has been established.

2. Methods
2.1. Materials

The main criterion for the chemical composition of mineral wool is the acidity modulus Ma, which is
calculated according to the following formula:

_Si0, +Al,0,
& Ca0+MgO ’

where the numerator and denominator are the total contents of these oxides, % by weight.

1)

Throughout the research, five types of MWPW with an acidity modulus from 1 to 2 were tested. The
chemical composition of the waste is given in Table 1.

Table 1. Chemical composition of MWPW.

Comp. Chemical composition, % by weight.
No CaO SiO2 Al0s MgO Na20 K20 TiO2 Fe203 MnO SO3  P20s
1 2 3 4 5 6 7 8 9 10 11 12
wl 40.995 36.336 10.306 8.201 1.058 0.883 0.815 0.547 0.295 0.248 0.033
w2 25.284 41.135 10.655 11.556 1.951 0.875 1.287 5.753 0.263 0.094 0.091
w3  26.228 41.800 13.257 11.412 1.171 0.383 0.297 2.392 0.227 0.277 0.013
w4 25451 40.548 15.421 9.358 2.163 0.456 0.741 4.615 0.183 0.130 0.012
w5  19.772 46.362 11.249 8565 1.967 1.082 1.131 7.739 0.156 0.091 0.139
The end of the Table 1
Chemical composition, % by weight. Ratio of oxides

Cl CuO Cr20s ZnO Co304 NiO  Loss onignition CaO/SiOz ALO/SIO2 MgO/A03 Ma

13 14 15 16 17 18 19 20 21 22 23
0.026 0.014 0.013 0 0 0 0.230 1.128 0.284 0.796 0.948

0 0.020 0.033 0.011 0.012 0.007 0.973 0.615 0.259 1.085 1.406
0.009 0.010 0.096 0 0.008 0.024 2.396 0.627 0.317 0.861 1.463
0.009 0.017 0.099 0.017 0.010 0.008 0.762 0.628 0.380 0.607 1.608
0.004 0.015 0.040 0.005 0.014 0.014 1.655 0.426 0.243 0.761 2.033

Granular NaOH dissolved in water was used as an alkaline activator. Mass fraction of the main
substance is not less than 99.5 %.

Epodees B.T., Poqun A.U., Sxynun B.B., Tysun M.H.



Magazine of Civil Engineering, 90(6), 2019
2.2. Compositions and sample manufacturing technology

Alkali-activated binders and composites based on them were manufactured according to the following
technology. Five types of MWPW (see Table 1 for chemical compositions) were dried to constant weight at a
temperature of 105 °C. Then the waste was milled to a specific surface area from 125.12 to 377.23 m?/kg using
the dry method and up to almost 1,500 m?/kg using the wet method. The water was poured into a working mixer
with an alkaline activator (NaOH) previously dissolved in it. Ground MWPW were gradually loaded and mixed for
5-7 minutes. The water/slag (W/S) ratio allowed achieving equal fluidity of the mortar mix. Cube-shaped samples
with a face of 20 mm were made from the resulting mixture by vibration molding. Samples in the molds were
kept at a temperature of 50 °C and a relative humidity of at least 85 % for 5 hours. Then, samples outside the
molds were steamed at atmospheric pressure according to the regime of 3+6+2 h at an isothermal heating
temperature of 8515 °C. The steamed products were dried to constant weight at a temperature of 30 °C and a
relative humidity of not more than 50 %, after which further tests were carried out.

The compositions tested in the study are presented in Table 2.

Table 2. The compositions tested in the study.

Binder composition, % Dimensional indicators of waste

Comp. W/S

NoO MWPW (see Table 1 for chemical composition) I Average particle  The specific surface ratio
wil w2 w3 w4 w5 diameter, um of the powders, m?/kg

C1 98 - - - -
Cc2 97 - - - -
C3 96 - - -

18.096 125.12 0.27

c4 - 98 - - -
c5 - 97 - - -
c6 - % - - -

6.605 342.79 0.287

c7 - - 98 - -
cs - - 97 - -
C9 - - 9% - -

6.482 349.3 0.267

C10 - - - 98 -
c11 - - - 97 -
C12 - - - 96 -

14.962 151.33 0.357

c13 - - - - 98
C14 - - - - 97
C15 - - - - 96

6.002 377.23 0.327

C16 98 - - - -
C17 97 - - - -
C18 96 - - - -

1.533 1,476.94 0.303

C19 - - - 98 -
C20 - - - 97 -
c21 - - - 96 -

W N WODNDD WDNPE ODNE ODNEEODNELODN

3.096 731.32 0.332

N

2.3. Analytical techniques

Geopolymer samples were tested using X ray diffraction (XRD), differential thermal (DTA) and
thermogravimetric (DTG) analyses, as well as scanning electron microscopy (SEM):

— XRD of samples was carried out using an ARL X'tra diffractometer (Switzerland). Samples of hydrated
alkali-activated binders were ground in an agate mortar with an agate pestle with acetone before passing
through a sieve with a 90 uym screen opening. The diffraction patterns were recorded on CuKaou+2 radiation in
the range of angles 26 = 4-70° with a speed of 1.2 °/min, in increments of 0.02 °, integration time 1 sec. Using
the Hanawalt method with the ICDD PDF-2 database, the qualitative phase composition of the samples was
determined.

— DTA and DTG of samples was carried out using a TGA/DSC1 device (Switzerland). MWPW samples
and hydrated alkali-activated binders were prepared as for the XRD. 0.025 g of the crushed sample was
weighed to the nearest 0.0001 g and poured into an alundum crucible with a volume of 150 pl. Next, the
sample was condensed by tapping the crucible on the table. The crucible was mounted on a holder and placed
in an oven. The sample was heated from 30 to 1000 °C at a rate of 10 °C/min.

— surface SEM of geopolymer samples was carried out using a Quanta 200 i 3D device (USA) in the
low vacuum mode (10-3 Pa) with 20 kV accelerating voltage and a working distance of 15 mm.

Erofeev, V.T., Rodin, A.l., Yakunin, V.V., Tuvin, M.N.
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The average density and compressive strength of geopolymer samples was determined by testing at
least 10 cube samples with a 20 mm face of each composition.

The water adsorption of the samples in percent by weight was determined by the ratio of water mass
absorbed by the sample at full saturation to the dry sample mass.

Water resistance (W) of samples activated by NaOH MWPW was determined by the following formula:
R
W=—"%, ()
Rd

where Rys is the compressive strength of the samples after aging in water for 90 days;

R4 is the compressive strength of dried samples according to the method described in section 2.2.

3. Results and Discussion
3.1. X ray diffraction

The results of X ray diffraction analysis of MWPW samples after alkaline activation are presented in
Figure 1.

Lin (Counts)

10.0 20.0 30.0 40.0 50.0 60.0 70.0
26 (degree)
Phases: o - C-A-S-H; o - C-S-H (I); A- hydrotalcite; v - vaterite; ¢ - quartz

Figure 1. XRD samples of hydrated slag alkaline binders:
C2, C5, C8, C11, C14, C17, C20 — see Table 2.

Epodees B.T., Poqun A.U., Sxynun B.B., Tysun M.H.
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Definitive peaks for tobermaorite-like calcium hydrosilicates with a partial replacement of Ca by Al C-A—
S—H (PDF 00-033-0306) and C—S—H (1) (PDF 00-034-0002) were registered on X ray diffraction patterns of
MWPW samples with an approximate CaO/SiO: ratio of 1.1, MgO/Al20s — 0.8 and Al20s/SiO2 — 0.3 (acid
modulus Ma is approximately 1) after alkaline activation with an aqueous NaOH solution (compositions C2
and C17). Also, a significant amount of the secondary phase hydrotalcite (MgesAl2(COs)(OH)16:4H20, PDF 01-
89-0460), was detected in the composition of these samples. An increase in the specific surface of the waste
from 125.12 to almost 1,500 m?/kg led to a change in the X ray diffraction pattern of peak intensity at 26 of
about 29.5°, which indicates the formation of larger amounts of calcium hydrosilicates. The peaks on X ray
diffraction patterns C2 and C17 related to hydrotalcite are almost identical, which indicates a slight effect of
changes in the specific surface of the waste (from 125.12 to almost 1,500 m?/kg) on the formation of this
phase.

The presence of peaks related to the C—A—-S—H phase (PDF 00-033- 0306) was registered on X ray
diffraction patterns C5 and C8 of hydrated alkali-activated binder samples made of MWPW with practically
equal Ma (1.4-1.46) and CaO/SiO: ratio (0.6). The absence of secondary phases of the crystalline structure
is determined. The main difference between these wastes lies in the MgO/Al2O3 ratio (about 0.26 for C5 and
0.32 for C8) and Al203/SiO2 (about 0.26 for C5 and 0.32 for C8). Similar data was obtained by analyzing X ray
diffraction patterns of activated NaOH waste with a Ma of about 1.6 and an equal CaO/SiO- and MgO/Al>Os
ratio of about 0.6 and Al203/SiO2 of about 0.4 (compositions C11 and C20). Reflections related to quartz were
additionally recorded on the X ray diffraction pattern C20 (PDF 00-046-1045), as well as an increase in peak
intensity at 20 of about 29.5°. An increase in the hydration degree of the C20 composition compared to C11.

X ray diffraction patterns of waste samples activated with NaOH with Ma of approximately 2 (composition
C14) are characterized by the presence of peaks related to the C—A-S—H phase (PDF 00-033-0306), the absence
of hydrotalcite peaks, and the occurance of reflexes common for vaterite (PDF 00-024-0030).

3.2. Thermoanalysis

Thermoanalysis of the MWPW samples is presented in Figure 2 and in Table 3.
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Figure 2. DTA (a) and DTG (b) MWPW curves: wl-w5 — see Table 1.

Table 3. Mass losses (in wt. %) of MWPW samples for various temperature ranges (°C).

Sample 30-250/°C 250-500/°C 500-600/°C 600-750/°C 750-1000/°C 30-1000/°C
wil —-0.099 -0.134 0.010 0.025 0.202 0.004
w2 —-0.386 —0.585 —0.055 0.078 0.060 —0.888
w3 —-0.083 —2.357 0.044 0.125 0.302 -1.969
w4 —-0.183 —-0.589 0.032 0.150 0.276 -0.314
w5 —0.486 -1.206 0.005 0.229 0.212 -1.246

According to the data obtained (Figure 2 and Table 3), the following main phase transformations
occurring in the MWPW during heating were exposed. The first exothermic effect and sample mass loss in the
temperature range from 250 to 500 °C corresponds to burning out of organic compounds used in bonding
mineral wool to mats. The greatest mass loss and intensity of this effect are in the compositions w3 and w5.
An insignificant endothermic effect with a peak at a temperature of about 570 °C without mass loss, observed
on the DTA curves of all tested wastes, corresponds to the transition of B-quartz to a-quartz. The endothermic
effect on the DTA curve (sample w3) at a temperature between 750 and 800 °C (the sample mass has not
changed) corresponds to a softening of the glass phase in the waste. The exothermic effect with a peak at a
temperature of about 850 °C, which was registered on the DTA curve w1, without mass loss by the sample
refers to wollastonite crystallization. This exothermic effect for w2—w5 compositions is shifted to the area of
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higher temperatures (peaks with maxima from 880 to 920 °C), which corresponds to the crystallization of
melilite minerals. The results obtained correlate with the data of many researchers [2, 15-18, 22, 25, 27].

Thermoanalysis of geopolymer samples made of MWPW is presented in Figure 3 and in Table 4.

Table 4. Mass losses (wt. %) of geopolymers samples in various temperature ranges (°C).

Sample 30-250/°C 250-500/°C 500-600/°C 600-750/°C 750-1000/°C 30-1000/°C
C2 —6.560 -2.120 -0.319 -0.270 -0.120 —9.389
C5 -13.375 —2.049 -0.241 -0.180 0.040 —15.805
C8 -12.861 -3.561 -0.217 -0.163 0.097 —16.705
C11 -6.770 —2.206 -0.292 -0.347 0.126 -9.489
Cl4 —13.640 —2.057 —-0.240 -0.136 0.171 -15.902
C17 —13.393 —2.677 -0.332 —0.256 —0.020 -16.678
Cc20 -17.760 —2.282 -0.347 -0.316 0.007 —20.698
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Figure 3. DTA (a) and DTG (b) curves of geopolymer samples:
C2, C5, C8, C11, C14, C17,C20 —see Table 2.

According to the data presented in Table 4 and Figure 3, the main phase transformations during heating,
occurring in hydrated alkaline-activated binder samples made of MWPW are as follows. The large endothermic
effect on the DTA curves and the significant weight loss by all samples in the temperature range from 30 to
250 °C are associated with the dissociation of crystalline unbound water and the dehydration of calcium
hydrosilicates. The presence of calcium hydrosilicates in all the samples is also indicated by the shift of
exothermic effects with peaks at temperatures from 850 to 950 °C (Figure 2, a) to lower temperatures (Figure 3,
a). The exothermic effect for compositions C2 and C17 with a peak at a temperature of about 810 °C is
associated with crystallization of wollastonite made of calcium hydrosilicates with a CaO/SiOz ratio of
approximately 1. The peak of this exothermic effect in the other compositions is shifted to the 860-870 °C
temperature range, which is explained by the content of C—A—-S—H phase in the sample composition. The
presence of the C—A—S—H phase in the composition of samples obtained by MWPW alkaline activation with Ma
between 1.4 and 2 can also be determined by the wide depression in the DTG curves and the mass loss of the
samples in the temperature range from 250 to 500 °C (Table 4 and Figure 3, b). In this temperature range, the
organic compounds used for bonding mineral wool mats burnt out also. The reaction is accompanied by an
exothermic effect in the DTA curves and mass loss of the samples.

A slight endothermic effect and almost equal weight loss of samples C2 and C17 in the temperature
range from 300 to 430 °C confirm the XRD data on the insignificant effect of changes in the specific surface
of the waste from 125.12 to 1,476.94 m2/kg on the formation of hydrotalcite.

A small endothermic depression in the TA curves of all compositions with a peak at about 570 °C
corresponds to the transition of B-quartz to a-quartz. The depressions in the DTG curves for sample C14,
accompanied by insignificant endothermic effects in the temperature range from 260 to 350 °C and from 420
to 490 °C, probably correspond to the dehydration of calcium hydroaluminates and hydrogranates.

The mass losses of the MWPW samples activated with NaOH with Ma from 1.6 to 2, as well as the
distinct depressions in the DTG curves at the temperature of about 650 °C, are associated with the dehydration
of sodium-calcium aluminosilicate hydrates. The reaction is accompanied by a slight endothermic effect. The
area of this depression for compositions with Ma = 1.6 decreases with an increase in the specific surface of
the waste. This is most likely caused by an increase in the amount of the C—A—S—H phase binding Al, which
is required for the formation of sodium-calcium aluminosilicate hydrates.
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In the DTA curve for composition C14, two endothermic effects are additionally observed with maxima
at temperatures around 430 and 700 °C. The appearance of these effects is associated with the formation of
vaterite. The presence of this phase confirms the mass loss and depression in the DTG curve in the
temperature range from 650 to 750 °C, as well as the results of XRD.

3.3. SEM

Comparative surface microstructure characteristics of the geopolymer samples made of MWPW with
Ma equal to 1 and 1.4 are presented in Figure 4.

Figure 4. SEM-micrographs of geopolymer sample surfaces (compositions C5 and C17).

According to SEM-micrographs, the needle-shaped waste particles are visible on the surface of a
geopolymer sample made of MWPW with Ma = 1.4 (C5). Almost the entire surface of the waste particles is
covered with fibrous neoplasms, which most likely relate to tobermorite calcium hydrosilicates of C-A-S—H

type. There are no clear boundaries between the particles. In the middle of Figure 4, the intergrowth of two
needle-shaped particles of the C5 waste is clearly visible.

The microstructure of the geopolymer sample surface made of MWPW with Ma= 1 (C17) is as follows.
The waste particles have a granular angular shape. Almost the entire surface of the particles is covered with
neoplasms, mostly with a scaly structure, which is most likely relevant for the C—S-H (1) phase. Needle-shaped

neoplasms representative for hydrotalcite crystals are also visible in the pores. In some places, neoplasms of
the fibrous structure (C—A-S—H) are visible.

3.4. Average density and compressive strength

The average density values and compressive strength of geopolymer samples made of MWPW are
presented in Figure 5.
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Figure 5. Average density (a) and compressive strength (b) of geopolymer samples.

While studying the hydration processes of MWPW activated with NaOH, it was found that only C1-C3
and C16—-C18 compositions set and gain strength at a temperature of about 20 °C and a relative air humidity
of at least 85 %. All compositions were obtained using MWPW with Ma = 1. The inability of the remaining
compounds to self-set is associated with a low CaO content. This feature is described in the researches of
Erofeev, V.T., Rodin, A.l., Yakunin, V.V., Tuvin, M.N.
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various authors [22, 25, 27]. It was previously determined [14], that geopolymer samples made of MWPW
must be isothermally heated in molds for 5 hours at a temperature of at least 50 °C and a relative humidity of
at least 85 %, in order to ensure the formwork strength. Based on these studies, a methodology for the
manufacture of samples was developed, which is described in section 2.2. of the article.

Analyzing the average density values of the samples (Figure 5, a) allowed defining that this indicator
decreases from 2,030 to about 1,800 kg/m? on average with an increase of the waste Ma value from 1 to 2.

Such an effect can be explained by a decrease in the true density of MWPW, as well as by the increase of the
W/S ratio value of the mortar mixture.

According to the data (Figure 5, b), and also based on the results of previous studies [14], the
compressive strength of geopolymer samples made of MWPW increases by 2.5-3 times with an increase in

the waste Ma from 1 to 1.4. A further increase in the acid modulus to 2 leads to a decrease in compressive

strength by almost 40%. In addition to Ma, the compressive strength of the samples depends on the specific
surface of the waste. With an increase in the wl specific waste surface from 125.12 to 1,476.94 m2/kg, the
compressive strength of the samples increased by more than 2 times. An increase in the NaOH amount in the
composition of the mortar mixture from 2 to 4 % slightly increases the compressive strength of the geopolymer
MWPW samples with Ma between 1 and 1.46. Waste geopolymers with an acidity modulus of 1.6 and 2 have
maximum compressive strength when activated with a 3 % NaOH.

The compressive strength of geopolymer samples is significantly affected by the Al20s content in the
composition of MWPW. The effect is observed with an increase in the specific surface of the waste. The
compressive strength values obtained for MWPW geopolymer samples with Al20z content of more than 15 %
(w4) (specific waste surface is 731.32 m2/kg) were not stable. The spread between the maximum and minimum
values of various samples was about 50 MPa, which is more than 40 % of the average value of this indicator.
Such an effect was not observed when testing MWPW geopolymer samples with an Al2Oz content of about 10 %.
Even with an increase in the specific surface of the waste to 1,500 m?/kg, the spread between the maximum and
minimum compressive strength values of samples did not exceed 10 % of the average value.

3.5. Water absorption and water resistance

According to studies [2, 6, 14, 28, 29], the water resistance of geopolymers depends on the chemical
composition of the initial slag. For example, glass-fiber composites with a CaO content of less than 6 % are
not waterproof (W < 0.8), and NaOH-activated blast furnace slags continue to gain strength in water. The
results of studies aimed at determinating the water adsorption and water resistance of NaOH-activated MWPW
samples with different acid modulus are presented in Figure 6.
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Figure 6. Water adsorption (a) and water resistance (b) of geopolymer samples.

According to the data obtained (Figure 6), the water adsorption of geopolymers depends on at least two
following MWPW characteristics: chemical composition and fineness of grinding. The chemical composition of
MWPW and the glue used in the preparation of mineral wool mats affect the amount of water required to obtain a
mortar mixture of the equal mobility (W/S ratio). With an increase in the amount of water in the mortar mixture, the
number of pores in the hardened composite increases. As a result, water adsorption increases. So, at almost equal
specific MWPW surface area of the compositions w3 and w5, the W/S ratio of the mortar mixture is 0.06 lower for
w3 waste (see Table 2), and the water adsorption of the hardened composite is almost 2 times less. Features of
water adsorption by thermal insulation materials made of mineral wool are described in detail [30].

With increasing the MWPW specific surface, the W/S ratio of the mortar mixture increases, but the water
adsorption of the hardened composite decreases. This feature can be explained by the filling of pores in the
geopolymer with hydration products. According to XRD and TA data, NaOH-activated waste with a higher
specific surface area has a greater degree of hydration. For example, when the specific surface area of wl
composition MWPW increases from 125.12 to 1,476.94 m2/kg, the W/S ratio of the mortar mixture increases
from 0.27 to 0.303. At the same time, water adsorption of the geopolymer decreases by almost 2 times (from
3.810 1.9 % on average).
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Resistance of MWPW geopolymers aged in water for 90 days depends on at least three following
factors: the chemical composition of the waste, its specific surface, and the amount of alkaline component.
With increasing Ma waste from 1 to 2, the water resistance of hardened composites decreases. For example,

C8 geopolymers (Ma = 1.46) are water resistant (W = 0.9), and C14 (Ma= 2) are not waterproof (W = 0.79).
It is possible to increase the water resistance of geopolymers by increasing the specific surface area of
MWPW. Significant effect is achieved when using waste with Ma > 1. With an increase in the specific surface
area of w4 waste composition from 377.23 (C11) to 731.32 m?/kg (C20), the samples of geopolymers became
waterproof (water resistance increases from 0.58 to 0.9). An increase in the amount of alkaline component in
the composition of the mortar mixture also increases the water resistance of the geopolymer. This effect
decreases with increasing of waste Ma. So, with an increase of NaOH from 2 to 4 % in the composition of
mortar mixture based on the waste wl (Ma = 1), the water resistance increases from 0.82 to 1.13. However,
it practically does not change if based on the w5 waste (Ma = 2) (W about 0.79).

4. Conclusion

1. The chemical composition impact of mineral wool production wastes (MWPW) on the phase
composition, structure, and physico-mechanical properties of geopolymer samples has been determined.

2. It was defined using the methods of X ray differential and thermal analyses, that following tobermorite-
like phases of calcium hydrosilicates are formed during hydration of NaOH-activated MWPW with Ma = 1:
C-S—H (I) and C-A-S—-H, as well as the secondary hydrotalcite phase. When waste M is activated from 1.4
to 2, neoplasms are represented mainly by the C-A-S—H phase. With an increase of M, to more than 1.46,
the presence of phases of sodium-calcium aluminosilicate hydrates, calcium hydroaluminates, and
hydrogranates can also be detected in the geopolymer samples.

3. According to the SEM data, the C—A—S—H phase in the samples of hydrated MWPW with Ma= 1.4
has a fibrous structure, which covers almost the entire surface of the needle-shaped waste particles.
Neoplasms in MWPW geopolymers with Ma = 1 are represented mostly by a scaly structure (probably the
C-S-H () phase). In certain spots, needle-shaped neoplasms (hydrotalcite crystals) and fibrous structure
(C—A-S—H phase) are observed.

4. It was established that the compressive strength of MWPW geopolymers samples strongly depends
on the amount of the formed C-A-S—H phase of the fibrous structure. The water resistance of geopolymers
is depends more on the amount of CaO in the initial waste composition. With its decrease, water resistance
decreases. However, this indicator can be boosted by increasing the specific surface of the waste and by
changing the amount of alkaline activator.

5. Water-resistant geopolymers (W is approximately 1) with a compressive strength of at least 80 MPa
can be obtained by MWPW activation with 3—4 % of NaOH (in terms of dry matter). The acidity modulus of the
waste should be in the range from 1.4 to 1.6, the Al203 content should be about 10 %, the specific surface
area of at least 700 m?/kg.

6. The established regularities of structure formation processes of MWPW composites allow us to
simulate their course in real conditions and select rational compositions of composites for use in specific areas
of construction.
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peHTreHocbaaoanZ aHanns, TepMW—IeCKMIZ aHanni, MUKPOCTPYKTypa

AHHoTauwms. [Npy Nnpon3sBoacTBE MUHeEpanbHOW BaThl 0bpasytotcs otxoapl B konunyectese Ao 30 % oT maccel
roToBOM npoAayKumn. [laHHble 0TXoAbl MOXHO UCMONb30BaTh NPU M3rOTOBIEHWUU CTPOUTENBHBLIX MaTepunarnos, B
YaCTHOCTM B KayeCcTBe Cbipbsl [AMS MOMyYEHUs1 TreononMMepoB  (LLMakoLLEenoYvHbIX Bsxkywmx). Llenb
NCCNedoBaHUs CoCTosiNa B YCTAHOBIIEHMM BIUSIHUSE XMMWYECKOTO COcTaBa OTXOAOB MPOM3BOACTBA
MuHepanbHo BaTtbl (OlNMB) Ha pa3oBbIi cocTaB, CTPYKTYpY M (OU3INKO-MEXaHUYeCKMe CBOWCTBA
reononumepoB. [Mate Bugoe OMNMB € pasnvyHbIM XMMWYECKUM COCTaBOM M YOENbHOW MOBEPXHOCThLIO
rugpatmpoBanu B npucytctBunm NaOH (ot 2 go 4 mac. %). QkcnepuMeHTanbHble pe3ynbTaTbl MOyYeHbl C
NpMMEHEHNEM  MeTodoB  peHTreHodasoBoro (PPA), aunddepeHumanbHo-Tepmuyeckoro (OTA) wu
anddepeHumnansHo-TepmorpasumeTpudeckoro (OTI) aHanmsa, CKaHMPYHLLEN 3MEKTPOHHOW MMUKPOCKOMUM
(COM), dun3nko-MexaHU4EeCKUX UCMbITAHUN. YCTAHOBIIEHO, YTO OCHOBHbLIM NpoAykToM rmapaTtaumm ONMB B
npucytcTBumn NaOH aBnatoTcsa rmgpocunukatsl kanbumst Tuna C—A—S—H BonokHUCTOM CTpykTypbl. HanbonbLuee
konuyectBo C—A—S—H 3adumkcrposaHo B obpasLax reononnmmepos 13 0TX040B C MOAYEM KUCNOTHOCTK oT 1,4
Ao 1,6. NMpoyHOCTb Npu CxaTumn nonyyYeHHsIx Mmatepuanos gocturaet 80 MlMa. OHM Takke xapakTepusyoTcs
BbICOKOW BOAOCTOMKOCTbIO. [INs nonyyYeHnsi reononmmepoB Co cTabunbHbIMM cBONCTBaMu coaepxaHune AlzOs B
oTxone AOomKHO 6biTb okorno 10 %. BbisiBneHHble pe3ynbTaTbl MO3BOMWMM YCTAHOBUTL B3aMMOCBSA3b MeXay
CTPYKTYpOMW, COCTaBOM W (PU3MKO-MeXaHMYeckMMu cBorcTBamu reononumepoB mn3 OlMB. [MpakTtuyeckas
3HAYMMOCTb Pe3ynbTaToB MCCNEAOBaHNS 3aKMioyYaeTCa B BO3MOXHOCTU MOSTy4eHns 6ETOHOB Ooree BbICOKMX
KNaccoB MO NPOYHOCTMU.
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Abstract. The article presents the results of experimental studies that made it possible to substantiate the
calculated dependences of the steam-cured concrete strength and the required values of the cement-water ratio
(C/W) to ensure the specified strength values. For this purpose, dependences are obtained that are valid when
using Portland cement and slag Portland cement, as well as a change in the wide range of regime parameters of
heat treatment: temperature and duration of curing. To calculate the required values of C/W, a formula is justified,
which allows determining the strength of cement under steaming when the temperature changes in the range of
60...95 C and the duration of isothermal heating during steaming from 4 to 18 hours. To calculate the strength of
cement during steaming, the coefficients are recommended, which allow taking into account the content of
aluminates and mineral additives in cement. Taking into account the calculated dependencies, an algorithm is
proposed for calculating the C/W of steam-cured concrete and an example of its implementation.

1. Introduction

Wide experimental data on the effect of various steaming regimes [1-10], as well as the compositions
of concrete mixtures, mineral and chemical additives [11-18] on the strength and other properties of concrete
have been obtained in the works by many researchers, including those performed in recent years. However,
the design method of proportioning of steam-cured concrete with a given strength, both instantly after steam
curing and for certain duration of their subsequent hardening, considering a set of basic technological factors,
has not been proposed in these studies. It leads in practice to the need for a sufficiently large amount of
additional experiments in the proportioning of concrete mixes with required properties. The main task of the
concrete mixes proportioning is determination the required cement-water ratio as the main parameter of the
composition of concrete mixtures.

A number of calculated equations efor the steam-curing concrete compositions design was proposed in
the works [2—-4].These equations, obtained in the form of regression equations, are valid, but have a local
character. Such equations are valid only in a certain interval of change of the factors taken into account.

S. Mironov and L. Malinina had showed [18] that at constant C/W concrete strength depends on the
temperature, duration of the total heat cycle and subsequent curing. However, the required calculated
dependencies had not been obtained by them, considering the activity of cements, steaming mode, and other
technological factors. Concrete strength forecast after 4 h upon steaming (RCSt) according to the normalized

st

mode (2+3+6+2 h at 80 °C) with a certain cement activity after steaming (RCem

R. Chekhova [19] using an empirical equation:

) was offered by L. Kaiser and

RS = 0.41(R%,, +9)C /W —0.83(C /W )* ~0.35R%, 7. (2)
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Dvorkin, L.1., Zhitkovsky, V.V. Method of proportioning the cement-water ratio of steam-cured concrete. Magazine
of Civil Engineering. 2019. 90(6). Pp. 15-27. DOI: 10.18720/MCE.90.2

Heopkun JL.U., XXutkoBckuit B.B. Merton pacuera IeMEHTHO-BOJHOTO OTHOIICHHWsS MporapuBaeMoro OeroHa //
UmxeHepHO-cTpouTeIbHbIH xkypHanl. 2019. Ne 6(90). C. 15-27. DOI: 10.18720/MCE.90.2

This open access article is licensed under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/)



https://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

WmxeHepHo-crpouTenbHbIiA xypHai, Ne 6(90), 2019

It is difficult to apply equation (1) for the design of concrete compositions. This equation does not take
into account the duration of hardening of concrete after steaming, the possible deviations of the steaming
mode from the nominal one.

The dependence of the strength of cement concrete (Rc) based on cements of different mineralogical
composition and the heat treatment time in hours at an isothermal aging temperature of 80° C was also
established [19]. The samples were subjected to heat treatment with 3 + N + 2 hours modes and a preliminary
exposure of 2 hours. They were tested 6 h after removal from the chamber. The established dependence is
expressed by the formula:

Re = Aen (lg7-1g75), )
where Acem is parameter characterizing the influence of cement and test conditions, MPa;

7is the heat treatment time in hours, including the isothermal exposure period N and part of the warm-
up and cooling periods, during which the temperature of the samples exceeds 60 °C, on average 7=N + 3;

 is induction hardening period i.e. the beginning of the formation of a solid structure.

The parameters of equation (2) for cements of different mineralogical composition are given in Table 1.

Table 1. Equation parameters (2) [19].

Cement . . _ A, Limit of function
Cement group number Mineralogical characteristic cement MPA , h linearity in h
) 1 CsA=2.3%; C3S=60% 125 0.6 20...25
| — low aluminate
2 C3A=2.3%; C3S=50% 9.5 0.45 20
, , 3 C3A=8%; C3S=60..65% 10.0 0.15 9..10
Il — medium aluminate
4 CsA=8%; C3S=50% 9.5 0.2 9..10
, , 5 CsA=11..12%; C3S=55% 8.5 0.15 9
11l = high aluminate
6 CsA=11..12%; C3S=40..50% 7.0 0.18 7..8

As it can be seen from the Table 1, at an equal amount of C3A, the strength characteristics of used
cements (A) increase with increasing C3S content in clinker. It grows with the decrease of the C3A content at

the equal amount of alite; the more C3A content is, the shorter is the induction period. Cements of the
| group have the minimal hardening rate of the steam cured concrete, the cement of the Ill group has the
maximum one.

The optimal duration of isothermal exposure of concrete at 80...90 °C for the cements of all groups,
above which the increase in strength becomes minimal, is 4...12 hours.

Recommended optimal modes of heat treatment of concrete (temperature rise — isothermal exposure,
cooling in hours) on cements of various mineralogical groups [19] are given below:

Group | -3+ 12 + 2;

Groupll -3 +6 + 2;

Group lll =3 +4 + 2;

Ordinary slag Portland cement — 3 + 14 + 2

Rapid hardening slag Portland cement — 3 + 8 + 2.

Most cements (except of the Ill group) provides intensive strength increase up to 28 days when steam
cured in optimal conditions.

The strength of the steam cured concrete, considering the subsequent hardening up to 1 day (RCSI),
can be determined from the equation proposed by V.l. Shein [20]:

RS =R + K I19(7, / 7) R, 3)
where | is the intensity of hardening of concrete after steam curing;
71 is duration of hardening of concrete after steam curing (0.5...24 h);
m=4h;

JBopkun JL.U., )KutkoBckuii B.B.
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RC28 is concrete compressive strength in 28 days;

Kt is temperature coefficient (at average temperature of curing concrete 20 °C — Kt = 1.0; 30...40 °C —
Ki=1.1..1.2;10 °C - Kt=0.8.

Effective technological method of the increasing yield strength in the initial periods of hardening after
steam curing is the introduction hardening accelerating additives into the fresh concrete [21].

Equations (2) and (3) should be used to predict the effect of the hardening duration of the steam-curing
concrete, taking into account the steaming mode and the chemical and mineralogical composition of the
cement. However, they do not allow to solve the main task of designing concrete mixes composition — finding
the required C/W with the complex effect of cement strength in the conditions of steaming, steaming mode
and the duration of following curing.

Obtaining the dependencies required to determine the compositions of the steam-curing concrete by
the calculated-experimental method was the goal of this work. The creation of such dependencies develops
as a theoretical understanding of the influence of the main technological factors on the properties of concrete.
The development of such equations contributes to the creation of a calculation base for an express and
practical available determination of concrete mixes composition that provide specified properties.

2. Materials and Methods
The studies were performed on cubic samples of concrete with dimensions 10x10x10 cm, which
hardened both under normal conditions and steam curing. For the manufacture of concrete concrete mixes
with slump 10...15 cm and stiffness Vp = 30...50 s have been used. Medium aluminate Portland cement CEM
I/A-S (C3A = 6...8 %, C3S = 58...61 %), as well as slag Portland Cement CEM III/A were used as a binders.

Both cements had a strength class of 42.5 N in accordance to European norms EN 197-1. The composition
of cements and their physical-mechanical properties are given in Table 2.

Table 2. Composition and properties of used cements.

Cement Cement composition, %  Setting time hour-min Normal Compressive strength, MPa
clinker slag initial final consistency, % 7 days 28 days
Portland Cement 80 20 1-20 3-45 24.6 28.5 48.2
Slag Portland Cement 55 45 1-40 4-20 26.2 24.3 45.4

Quartz sand with a modulus of fineness M = 2.1 and granite crushed stone fraction 5-20 mm were
aggregates of concrete. As a hardening accelerator sodium sulfate was added to concrete mixtures in an
amount of 1 % by weight of cement.

Steaming of concrete samples was carried out in laboratory steaming chamber, which allows to regulate
the temperature and duration of heat treatment within the required limits. The steaming temperature changed
from 60 to 95 °C, the duration of isothermal heating from 2 to 18 h. After steaming, the samples were cooled
for 2 hours.

3. Results and Discussion

Strength after thermal treatment (RZ') should be provided besides 28 days strength (RCZS) for steam-

cured concrete at proportioning, unlike normal hardening concrete. Given strength parameters can be
achieved either at equal or at different C/W (Table 3). In the second case it is necessary to select C/W
providing achievement of two given strength parameters. As shown in Table 3, C/W can vary, depending on

the values of RC28 and R

. , ratio between them, steaming period, duration of further hardening.

As it follows from Table 3, if the steaming period and duration of further curing is shorter, increase of
strength after thermal treatment and prerequisites are created to Rc5t become the dominating strength

parameter and vice versa. Applying high-early-strength cement, hardening accelerating admixtures and
optimization the thermal treatment mode lead to narrowing the required C/W interval [19].

It is convenient to use the general equation for compressive strength 28 days to obtain required C/W:
28 C
RC = pAI Rcem (W - OS] y (4)

where Rcem is cement compressive strength at 28 days of curing under normal conditions.

Dvorkin, L.1., Zhitkovsky, V.V.
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Table 3. Parameters, determining strength of steam-cured concrete.

Design strength parameters/required C/w

Post-steaming period

No. Stean:]iggrgemdv under normal Compressive strength after steam-curing and Design concrete
conditions, hours further curing, RcSt, MPa strength, Rc28, MPa

14 20
1 ! 4 1.8 1.4
2 16 4 11—“‘1 12—("1
21* 30
3 ! 4 2.3 1.8
4 16 4 12—2 13—%
*
5 16 4 11—5;’3 ios
6 16 4 22—3 3_91
35* 50
! ! 4 3.1 2.9
25 50
8 ! 4 2.9 2.9
9 7 24 3—% 25—%
*
10 16 4 22_53 %

Notes: 1. The data is obtained for Portland cement with tricalcium silicate C3A = 6...8 %, quartz sand of medium
fineness and crushed granite stone size 5...20 mm. Concrete was steam cured at 80° according to the following mode
1+2+3.5+0.5 (total duration — 7 h) and 2+3+9+2 hours (total duration is 16 hours).

2. Required C/W values are given under the line.
3. * — dominant strength parameter.

For steam-cured concrete PAi = AA1A....An is a multiplicative coefficient, describing the initial
materials features’ influence (A), thermal treatment (A1), hardening accelerating admixtures (A2), etc.

The influence of various factors on A coefficient was widely investigated [21-23]. According to results
of experimental data processing [17, 22, 23], coefficient A1 for steam-cured concrete with compressive

strength RC28 up to 30 MPa varies from 0.85 to 0.95, for RC28 > 30 MPaitis from 0.95 to 1.05. The lower values

of A1 are characteristic for shortened thermal treatment cycles and concrete mixtures with high water demand.
The value of coefficient Az can be assumed according to known recommendations [22, 23].

We obtained the equations given below as the result of statistical processing of experimental data [17]
for concrete with:

— 28-day compressive strength within the range of 20...30 MPa using Portland cement with strength of
40 MPa:
A= 0.242 In(7) +0.0115¢ +0.008; (5)

— 28-day compressive strength within the range of 30...40 MPa using Portland cement with strength
50...60 MPa:

A, =0.2179 In(z) +0.0134¢ +0.063; ©6)

— 28-day compressive strength in the range of 20...30 MPa using blast-furnace slag cement with
strength of 40 MPa:

A, =0.2395 In(z) +0.01117 - 0.06, @)

where 7is the hardening duration of hardening, days;
t is the average concrete temperature, °C (t = 5....40 °C).

The system of coefficients A;j can be specified by statistical processing of experimental data for a certain
industrial enterprise. Table 4 presents an example of coefficients, characterizing effects of raw materials

quality (A), hardening duration (A7), thermal treatment (Att) and hardening accelerating admixtures (Aac) on
compressive strength of concrete, as well as calculated (R¢) and real (Rr) concrete strength values at C/W =
1.4 for Portland cement with strength 40 MPa.
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Table 4. Values of coefficients Aj, calculated (R¢) and real (Ryr) concrete strength values
(Rcem =40 MPA, C/W = 14)

_ Coefficients
Type of concrete Age of hardening A A, At Ao oA R¢, MPa Ry, MPa
Normally hardened concrete 7 days 0.53 0.65 - - 0.34 12.4 145
28 days 0.53 — - — 0.53 19.1 15.3
90 days 0.53 1.20 - - 0.64 22.9 25.2
180 days 0.53 1.35 - — 0.72 25.8 21.9
Concrete steam-cured at 80 °C, 4h 0.53 - 0.63 - 0.33 12 13.9
steam-curing mode (2+3+6+2 h) 12 h 0.53 - 0.71 - 0.38 13.5 11.5
24 h 0.53 — 0.75 — 0.4 14.3 12.7
Same, with hardening 4 h 0.53 — 0.63 1.3 0.43 15.4 17.5
accelerating admixture of 12h 0.53 - 071 125 047 17 19
sodium sulfate 24 h 0.53 - 075 12 048 173 19.7

Deviations of calculated strength values from average experimental ones do not exceed 17 %, which is
acceptable for the calculations at the design stage of the mix’s compositions.

Strength of concrete after steaming (R(ft) varies in a wide range, thus the dominant factors, are

cement-water ratio (C/W) and cement strength at the given thermal treatment cycle (Rcs;m).

it is rational to express the steam-cured concrete strength RCSt as well as RC28 using Bolomey formula
for porportioning:
t t
RS = pK Rn (C/W —b), (8)

where K = K Kj Kz K3 ...K; is a multiplicative coefficient, considering the influence of various factors on

strength of steam-cured concrete (K is the basic coefficient, characterizing the impact of Rcsém;

K1 is coefficient, depending on concrete mixture workability;
K2 is coefficient, taking into account the impact of steam-cured concrete aggregates;

K3 is coefficient, considering strength growth due to hardening accelerators addition).

It is acceptable to use Equation (8) for approximating the data, calculated according to Equation (1),

(see Table 5). The values of basic coefficient K vary depending on Rg‘;m within the range 0.5-0.67. By

applying average values of the coefficient K = 0.66 for R =20-25 MPa and K = 0.53 for Rgém =30-

cem

40 MPa [19] the deviations in the values of Rcsé calculated according Equations (1), (8) were below 10 %.

m

Table 5. Calculated values of RCSt, MPa.

Rg’ém, MPa Equation C/w

1.55 1.80 2.00 2.30 2.60 2.80 3.00
(1) 10.7 14.3 17.1 21.2 25.1 27.6 30.1

20 (8)
K=066 b=074 10.6 13.9 16.6 20.5 24.5 27.1 29.8
(1) 12.1 16.2 19.4 24.1 28.7 31.6 345

25 (8)
K=066 bzo074 13.3 17.4 20.7 25.7 30.6 33.9 37.2
(1) 135 18.2 21.8 27.1 32.3 35.6 38.9

30 (8)
K=053 b=o074 12.9 16.9 20.1 25.0 29.8 33.0 36.2
(1) 16.4 22.0 26.5 33.0 39.4 43.6 47.7

40 (8)
17.2 22.6 26.9 33.3 39.7 44.0 48.3

K=053: b=0.74

Note: Coefficients K and b have been obtained by analyzing linear dependencies R(ft = f(Rggm, C/w)

following the data given in [19].
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Coefficient b in Equation (8) varies insignificantly for the entire range of Rgt values of the concrete

compositions (Table 5) and it is equal to 0.74. Coefficient K decreases as the steamed cement strength
increases (Table 5), it shows that the influence of the last one on concrete strength is nonlinear. This
conclusion follows also from Equation (1).

The values of coefficient K, given in Table 5, are valid for low-slump fresh concrete, based on crushed
stone and medium grained sand. Water content and correspondingly workability, which can be considered in
Equation (8) by coefficient K1 have significant impact on strength of steam-cured concrete at constant C/W.
For concrete with slump S| = 1-4 cm the value of K1 = 1, and with SI > 9 cm — K1 = 0.9, if Vebe time Vp = 30—
50 sec then K1 = 1.1 (Table 6).

Table 6. Experimental and calculated values of concrete strength after steaming.

No.  Concrete strength Rst, MPa C/wW
1.55 1.80 2.00 2.30 2.60 2.80 3.00
st _ . _
Reem = 20 MPa; Sl =10-15Cm
1 Experimental values 9.9 134 145 19.1 22.7 23.8 27.3
Calculated according
2 9.6 12.6 15.0 18.5 22.1 24.5 26.8

to Equation (8) at K1 = 0.9

st _ . —
Roem = 40 MPa; Sl =10-15Cm

3 Experimental values 16.7 20.6 24.4 31.9 36.7 41.8 45.9
Calculated according
to Equation (8) at K1 = 0.95

16.3 21.3 254 31.4 37.5 41.5 45.5

st _ . _
Rzem = 20 MPa; Vp = 30-50 sec.

5 Experimental values 10.5 14.8 17.7 23.5 27.6 28.5 311
Calculated according
to Equation (8) at K1 =1.1

11.8 154 18.3 22.7 27.0 29.9 32.8

st _ ] _
Riem = 40 MPa; V) = 30-50 sec.

7 Experimental values 17.4 23.8 29.8 35.7 42.8 48.8 52.1
Calculated according
to Equation (8) at K1 = 1.1

18.9 24.7 29.4 36.4 43.4 48.0 52.7

Notes: 1. Experimental data have been obtained using Portland cement (tricalcium aluminate content
C3A =6...8 %), medium grained quartz sand and crushed granite stone 5...20 mm. Concrete was steamed at 80 °C
according to cycle (2)+3+6+2 h.

2. The average deviation of calculated values K1 from the experimental ones does not exceed 5 %.

The steam-cured concrete aggregates features can make influence on water-content variation and
directly on the change of C/W to achieve required strength. In the last case coefficient Kz is added to Equation
(8). For ordinary aggregates Kz = 1. However, it can be assumed that K2 = 0.95 if crushed stone or gravel has
reduced strength as well as if the content of weak grains or clay, silt and dust content is rather high; K2 = 0.9
for sand with fineness modulus below 1.5.

The essential reserve for C/W reduction of steam-cured concrete can be provided by strength growth

due to hardening accelerators, considered by coefficient Kz in Equation (8), and further hardening after thermal
treatment.

Processing the experimental results obtained when the concrete samples were kept at 20 °C for
0.5-24 hours after steaming (zp.p) using the 2 + 3 + 7i;+ 2 mode (1 is the isothermal aging per hour) at
t =80 °C allowed us to calculate the nomogram for determination the change in the concrete strength after
the heat treatment (Figure 1) within the range 0.5-24 h after steaming at different duration from equation:

RS =R + AR.RZ. ©
At 7pp = 1 — 28 days the intensity of concrete strength growth is practically independent of steaming mode

parameters. Concrete strength at this hardening interval can be found according to the following formula:

28 _ pst

st _ pst (o C
RC2 = Rcl + Kt Ig—281|g Tp_p. (10)
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Figure 1. Nomogram for calculation of increase in relative concrete strength ARCSt
after steaming and post-steaming period up to 1 day.

Cement strength at steaming (Rcsém) can be expressed as:

Ror = Roem K. (11)

cem

where K is efficiency coefficient, characterizing the influence of different technological factors on strength of
standard cement — sand specimens at W/C = 0.4 after thermal treatment.

The Kevalue determined for steaming standard cement — sand mortar specimens varies depending on
the applied cement from 0.55 to 0.75.

Corresponding graphs (Figure 2) of basic efficiency coefficient KS depending on isothermal heating

duration 7is and temperature titfor Portland cement with strength of 50 MPa (Kgpc) and blast furnace slag

cement with strength of 40 MPa (Kgs o ), obtained by experimental data processing are given below [19].

Cements have been made of typical medium aluminate clinker (tricalcium aluminate C3A = 6.2—7.1 %,

tricalcium silicate C3S = 58.5 — 61.3 %) and additionally included: Portland cement — 5 % of gypsum, blast
furnace slag cement — 5 % of gypsum and 50 % of blast furnace slag. Cement strength at steam curing was

obtained 4 h after thermal treatment (steam-curing cycle 2 + 3 + 7+ 2). The steam curing temperature was

varied from 60 to 95°C, s from 2 to 18 h. The value of Kg was found from the condition that
Ko =R /Ry

Table 7 presents the experimental and calculated values of Kg, obtained according to Figure 2.

Analysis of the calculated and experimental values of Kg shows their high convergence.

The most influental factors, effecting Ke, are chemical-mineralogical composition, mineral admixtures
content and cement strength:

K, =K, K K, K (12)

where KS is the basic efficiency coefficient value that can be found using Figure 2;

Ka, Kb, Kreem are correcting coefficients, depending correspondingly on aluminate content in cement,
mineral admixtures content and cement strength.

Considering the data given in [18, 19], there are following values of Ka: for high aluminate cements at
Tis<3h Ka=0.9; 5s>6h; Ka=0.8 for low aluminate cements at 5s<3h Ka=0.8; 7is>6h Ka=0.95;
Tis>9h; Ka=1-1.1.

Dvorkin, L.1., Zhitkovsky, V.V.
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Figure 2. Graphs for determining coefficients I(g . a—Portland cement; b —blast furnace slag cement;

0 -ttt = 60°C; o -ttt = 80 °C; o — ttt = 95°C.

Table 7. Calculated and experimental values of Kg and relative strength values.

Kg and relative strength values

Steam curing temperature, Isothermic heating duration 7is, h.

°C, ttt 4 6 12 15 18
Portland cement with tricalcium aluminate content C3A = 6...8 % (authors data)
Calculated values 60 0.48 0.56 0.70 0.74 0.78
of K©° 80 0.63 0.69 0.78 0.81 0.83
e 95 0.75 0.78 0.84 0.86 0.87
60 0.51 0.59 0.67 0.72 0.75
Experimental values of R'S 80 0.63 0.69 0.76 0.78 0.81
95 0.71 0.74 0.81 0.86 0.89
Blast furnace slag cement (authors data)

Calculated values 60 0.40 0.51 0.70 0.76 0.81
of K° 80 0.55 0.65 0.82 0.87 0.92

e 95 0.67 0.75 0.91 0.95 -

60 0.39 0.52 0.71 0.76 0.8
Experimental values of Kg 80 0.55 0.66 0.81 0.87 0.91

95 0.69 0.78 0.94 0.97 -

Portland cement with tricalcium aluminate content C3A = 6...8 % [18]

Experimental values for relative 60 0.5 0.6 0.76 0.8 0.83
strength of concrete at 80 0.67 0.76 0.87 0.88 0.88

WIC =0.4 (RS / R?®) 100 0.70 0.72 - - -

Blast furnace slag cement [18]

60 0.4 0.49 0.67 0.74 0.8
Same 80 0.55 0.64 0.84 0.9 0.92

100 0.7 0.8 - - -

JBsopxun JI.W., XKutkosckuii B.B.
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The value of coefficient Kp depends on mineral admixtures’ type and content. If the mineral admixtures’
content is up to 10 % the cement strength at steam curing is usually constant. At a 20 % mineral admixtures’

content a certain reduction of Rcsém is observed at shortened steam-curing cycles. At 7is< 4 h adding 20 % of

blast furnace slag and fly ash to cement leads to average strength decrease at 10 % (Kp = 0.9), pozzolanic
admixtures — 15 % (Kp = 0.85) [24]. At 7is> 4 h - Kp =1.0.

For cement with 28-day strength of 50 MPa Krcem = 1, 40 MPa KRrcem = 1.05; 30 MPa Kreem = 1.15; 55
MPa KRcem =0.95.

The scheme of the algorithm for calculation C/W of steam-cured concrete is presented in Figure 3. The
described set of calculation dependencies enables to obtain the required cement-water ratio (C/W) at different
requirements to concrete under thermal treatment and different hardening duration, as well as estimate the
efficiency of technological solutions, related to varying the temperature, isothermal duration, hardening after
steaming, etc.

ers . 28
Initial data: 28-day concrete compressive strength (R ),

st
strength after steaming ( Rc ), workability parameter (Slump
or Vebe time), materials properties.

st
. (CW),=——=—+05
(C/W), following Eq. . ( 1 PA. R

1 cemig

YES
st
Is R known?

,‘ = Rm,ll Ke , Where K. is the efficiency coefficient following

R
(C/W), following Eq. (C/W), = pKTJrO.'M

1 cem

A

(C/W) = max ( (C/W),,(C/W), )

Consumptions of concrete mixture components following
the absolute volumes method

Figure 3. Algorithm for calculation of steam-cured concrete C/W.
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Example

To determine C/W and achieve compressive strength of concrete 28 MPa after steaming and further
hardening of 1 day, while ensuring design strength of 28 days 40 MPa.

Initial data: slump of fresh concrete — 10-15 cm, steaming mode — 2+3+6+2 at 80 °C.

Materials: Portland cement CEM II/A-S (C3A = 8 %, C3S = 6 0 %) strength class 42.5 N (design strength
50 MPa), crushed stone 5-20 mm, sand with fineness modulus 2.1.

Accept A = 0.55 in the Equation (4) and determine (C/W1), to achieve given concrete strength in
28 days:
R 40

C/W, = =
AAR 0.55-1-50

+0.5=1.95.

cem

The value of the basic coefficient of steaming efficiency is taken according to Figure 2.

£=0.7.
Values of correction coefficients:

Ky=Kp=Kg =1,

cem

Calculate the value Ke considering the influence of the mineralogical composition of cement, the content
of mineral additives and the activity of the cement according to the formula (12):

0
K. = KAKDKRcem Ke =1-1.1.0.7=0.7.
Cement strength after steaming, according to (11):

Ray = ReemKe =50-0.7 = 35 MPa.

cem
Value of AR according to Figure 1:
AR =0.1.

Strength of concrete in 4 h after steaming Equation (9):
Ry =28-0.1-40 = 24 MPa.
Find (C/W)2 according to the Equation (8) to achieve of necessary concrete strength after steam curing:

RY 24
(CIW),=—=—+074=—"—"———+0.74=2.03.
KRS 0.53-1-1-35

cem

Since (C/W)2> (C/W). we accept C/W = 2.03 for further calculations of the concrete composition.

4. Conclusions

1. The equations of concrete strength are experimentally substantiated, which allow taking into account
the steaming mode and the duration of the subsequent hardening up to 28 days.

2. Multiplicative coefficients, taking into account the complex of basic technological factors, proposed
guantitative dependencies and recommendations for calculating these coefficients are included in the equation
of strength of concrete immediately after steaming and after 28 days of hardening.

3. As aresult of processing the experimental data, a nomogram was drawn to calculate the strength of
concrete at the age of 0.5-24 h after steam curing. Equation for calculation of the increase in concrete strength
after steam curing at the age of 1-28 days was also suggested.

4. The equation for determination the activity of Portland cement and blast furnace slag cement
developed during steam curing has been substantiated, taking into account cement activity during normal
hardening and the coefficient reflecting the effect of temperature and the duration of isothermal holding of
concrete during steaming (coefficient of steaming efficiency). Graphical dependencies are recommended to
find this coefficient.

5. The combination of the obtained quantitative dependencies and recommendations allows to find the
values of the required cement-water ratio for steam-cured concrete in accordance with the suggested
algorithm, under given conditions.
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MeTon pacyeTa LEMEHTHO-BOAHOIMO OTHOLLUEHMUS
nponapmeBaemMoro 6eToHa

J1.U. eopkuH, B.B. XKumkoeckul
HauuoHanbHbIl yHUBepcumem 800HO20 xo3slicmea U rnpupodornosb308aHus, 2. PoeHo, YkpauHa
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KnioueBble crioBa: LieMEHTHO-BOAHOE OTHOLLEHMWE, MPOYHOCTb, TemnepaTypa, nponapusaHue, TBepaeHve,
PEXUMBbI

AHHOTauMA. B cTatbe npuBedeHbl pe3ynbTaTbl 3KCMEPUMEHTANbHbLIX WCCNEAOBaHWA, MO3BONMBLUNE
obocHoBaTb pacyeTHble 3aBUCMMOCTW MPOYHOCTU MpornapeHHoro 6eToHa M HeoOXOAMMBIX 3HAYeHWUN
LeMeHTHO-BogHOro oTtHoweHus (LI/B) gns obecneyeHnst 3afaHHbIX 3HAYEHUN NpPOYHOCTU. C 3TOWM LiENbHO
nony4YeHsbl 3aBUCMMOCTU, CNpaBEANMBbLIE NPY NPUMEHEHUN NOPTNAHALEMEHTA U LUNAKONopTAaHaUueMeHTa, a
Takke M3MEHEHUMN B LUMPOKOM AManas3oHe PeXMMHbIX NapaMeTpoB TEMNIoBoW ob6paboTku: TemnepaTtypbl U
ONUTENbHOCTU Mocneayowero TBegeHus. [Ons pacyeToB Heobxoaummbix 3HadveHui LI/B obocHoBaHa
dopmyna, No3BonsLLas onpeaennTb akTUBHOCTb LIEMEHTA B YCINOBMSIX NponapuBaHus Npyu U3MEHEHWU
TemnepaTypbl B AvanasoHe 60...95 °C n anutenbHOCTM N30TEPMUYECKOrO Nporpesa npu nponapueaHmum ot 4
0o 18 yvacoB. [ins pacyeTa akTUBHOCTU LIEMEHTA PEKOMEHAOBaHbl AMNS YCMOBWIA MponapvBaHus Takke
KO3 PULIMEHTLI, NO3BONSAOWMNE YYUTbIBATL antOMUHATHOCTb LEeMEeHTa, BUO W COoAepKaHWe B LeMeHTe
MUHepanbHbix fo6aBok. C y4eToOM MOMyYeHHbIX pacYeTHbIX 3aBUCUMOCTEN MpeasiokeH anroputMm ans
pac4yeTa LI/B nponapeHHbIX GETOHOB 1 NpUMEpP €ro peanvsauuu.

NuTrepatypa

1. LuiB., Xie Y., Li X. Influence of steam curing on the compressive strength of concrete containing supplementary cementing materials
/I Cement and Concrete Research. 2005. 35. Pp. 994-998. DOI: 10.1007/s13369-015-1952-y.

2. Asad Hanif, Yongjae Kim, Muhammad Usman, Cheolwoo Park. Optimization of Steam-Curing Regime for Recycled Aggregate
Concrete Incorporating High Early Strength Cement — A Parametric Study [SnekTpoHHbIn pecypc] // Materials. 2018. No. 11(12).
Pp. 2487-2501. URL: https://doi.org/10.3390/mal1122487

3. Nakajima N., Maruyana T., Koyama N., Date S. Effect of Steam Curing on Initial Strength Development of Mortar // International
Journal of Engineering and Technology. 2017. 9. Pp. 468—-473. DOI: 10.7763/IJET.2017.V9.1018.

4. Gambhir M.L. Concrete Technology. Theory and Practice [SnektpoHHbI pecypc]. Tata Mc. Graw-Hill Education. 1986. Pp. 318. URL:
https://www.abebooks.com/serviet/BookDetailsPL?bi = 4814294016

5. Neville A.M. Properties of Concrete [OnekTpoHHbIi pecypc]. 5th ed. Wiley, New York. 1995. URL: https://igitgeotec
h.files.wordpress.com/2014/10/properties-of-concrete-by-a-m-neville.pdf

6. Benammar B., Mezghiche B., Guettala S. Influence of atmospheric steam curing by solar energy on the compressive and flexural
strength of concretes // Construction and Building materials. 2013. 49. Pp. 511-518. DOI: 10.1016/j.conbuildmat.2013.08.085.

7. Ramezanianpour A., Khazali M., Vosoughi P. Effect of steam curing cycles on strength and durability of SCC: a case study in precast
concrete [OnekTpoHHbIi pecypc] // Construction and Building Materials. 2013. 49. Pp. 807-813. URL: https://www.re
searchgate.net/publication/273451175_Effect_of_steam_curing_cycles_on_strength_and_durability_of SCC_A_case_study_in_pre
cast_concrete

8. Ba M., Qian C., Guoc X. Effects of steam curing on strength and porous structure of concrete with low water/binder ratio [OneKTpoHHbIN
pecypc] // Construction and Building Materials. 2011. 25. Pp. 123-128. URL: https://doi.org/10.1016/j.conbuildmat.2010.06.049

9. Kim S., Moon Y., Eo S. Compressive strength development of concrete with different curing time and temperature [OnekTpoHHbIN
pecypc] // Cement Concrete Research. 1998. 28. Pp. 1761-1773. URL: https://doi.org/10.1016/S0008-8846(98)00164-1

10. Hwang S., Khatib R., Lee H., Lee S. Optimization of Steam-curing regime for high-strength self-consolidation concrete for precast,
prestressed concrete application // PCJ Journal. 2012. 57. Pp. 48—-62. DOI: 10.15554/pcij.06012012.48.62.

11. Bingol F., Tohumcu |. Effects of different curing regimes on the compressive strength properties of self-compacting concrete
incorporating fly ash and silica fume // Materials and Design. 2013. 51. Pp. 12-18. DOI: 10.1016/j.matdes.2013.03.106.

12. Toutanji H., Bayasi Z. Effect of curing procedures on properties of silica fume concrete // Cement Concrete Research. 1999. 29.
Pp. 497-501. DOI: 10.1016/S0008-8846(98)00197-5.

13. Baosu L., Yousun X., Shigiong Z., Sian L. Some factors affecting early compressive strength of steam-curing concrete with ultra-fine
fly ash [OnektpoHHbin pecypc] // Cement. Concrete Research. 2001. 31. Pp. 1455-1458. URL: https://doi.org/10.1016/S0008-
8846(01)00559-2.

14. Ramezanianpour A., Esmaeli K., Gahari S. Influence of initial steam curing and different types of mineral additives on mechanical
and durability properties of self-compacting concrete [OnekTpoHHbIn pecypc] // Construction and Building Materials. 2014. 73.
Pp. 187-194. URL: https://doi.org/10.1016/j.conbuildmat.2014.09.072

JBopkun JL.U., )KutkoBckuii B.B.
26


http://engstroy.spbstu.ru/

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

Magazine of Civil Engineering, 90(6), 2019

Popovics S. Strength and Related Properties of Concrete. A Quantitative Approach [OnekTpoHHbIn pecypc]. John Wiley and Sons.
Inc, New York. 1998. 122 p. URL: https://www.researchgate.net/publication/255222981_Strength_and_related_properties_of_conc
rete_A_quantitative_approach

CwmupHoBa O. COBMECTUMOCTb MOPTMaHALEMEHTa M CyrnepnnacTuukaTtopoB Ha MoNMKapOOKCUNaTHOW OCHOBE ANs NonydeHust
BbICOKONPOYHOro 6GeToHa COOpPHbIX KOHCTpyKuui // WHXeHepHo-cTpouTenbHbid XypHan. 2016. Ne 6(66). C. 12-22. DOI:
10.5862/MCE.66.2.

MupoHoB C. Teopusi n MeTogbl 3MMHero 6eToHMpoBaHusi [OnekTpoHHbI pecypc]. M.: Crtpounmspar, 1975. 700 c. URL:
https://dwg.ru/dnl/10628

MupoHoB C., ManunuHa J1. YckopeHnve TBepaeHuss GetoHa [OnekTpoHHbIn pecypc]. M.: Crtpommspgar, 1964. 346 c. URL:
http://elima.ru/books/index.php?id = 4625

Karcep J1., YexoBa P. LieMeHTbI 1 ux paumoHansHoe UCronb30BaHMe Npu Npomu3BoACTBE COOPHLIX Kene306eTOHHbIX 3NeMeHTOB. M.:
Crtponmagar, 1972. 80 c.

LenH B. ®13nKo-xMmmnyeckme 0CHOBbI ONTUMK3aLmum TexHonorum 6etoHa. M.: Ctponmspart, 1977. 271 c.

OeopkuH O. MNpoekTupoBaHe GETOHHBLIX koMno3uuuii. (OCHOBbLI TEOPUKN U MeToaonorMun) [AnekTpoHHbIN pecypc]. PosHo: HYBITI.
2003. 265 c. URL: https://www.twirpx.com/file/1071563/

OeopkuH J1., ABopkuH O. PacyeTHOE NpOorHo3vMpoBaHve CBOWCTB 1 MPOEKTUPOBaHME cocTaBoB 6eToHa. M.: MHdpa-UHxeHepusi, 2016.
386 c.

OeopkuH J1., OsopkuH O. OcHoBbl GeToHoBeaeHusi [OnekTpoHHbln pecypc]. CI6.: Ctpon BetoH, 2006. 682 c. URL:
https://elibrary.ru/item.asp?id = 19626303

Karicep J1. Kunetuka TBepaeHns noptnaHaLeMeHToB B ycrioBusx nponapusanus // Tpyapl. RILEM. M.: Ctponmsgar, 1968. C. 65—74.

KoHmakmHble 0aHHbIe:

JleoHud Nocugposuy [eopkuH, +38(068)353-33-38; an. nouma: dvorkin.leonid@gmail.com
Badum Bnadumuposuy XXumkoeckud, +38(096)564-00-27; an. nouma: zhitk@ukr.net

© [OsopkuH J1.., XKntkosckuin B.B., 2019

Dvorkin, L.1., Zhitkovsky, V.V.

27



Magazine of Civil Engineering. 2019. 90(6). Pp. 28-36
HH:keHepHO-CTPOHTENbHBIN KypHat. 2019. Ne 6(90). C. 28-36

;”:\ég.n

& \‘ c . . . .

FER Magazine of Civil Engineering ISSN

r gy 2071-0305
i

b Ny .

!f*"ﬂy_';{{“.‘»_ b journal homepage: http://engstroy.spbstu.ru/

DOI: 10.18720/MCE.90.3

Microstructure and strength of iron-filing Portland cement
paste and mortar

M.O. Yusuf”
University of Hafr Al Batin, Saudi Arabia
* E-mail: moruff@gmail.com

Keywords: iron-filing, strength, microstructure, Fourier transform, carbonation, workability

Abstract. This study investigated the role played by iron-filing in the strength and microstructural characteristic
of high ordinary Portland cement (OPC) based paste and mortar at substitution levels that ranged from 0 to
15 wt.%. It was found that, iron-filing mainly comprised Fez0s, reduced the workability, influence carbonation,
early strength development and impacted the nature of the product formed especially if prepared within the
w/c ratio of 0.25 and 0.35-0.4 for paste and mortar, respectively. Moreover, iron-filing also induced and
enhanced belite hydration, and influenced the crack-bridging effect within the microstructural matrix, while
substitution level less than 5 % affected not the early strength. Besides, iron-filing could also influence the
formation of calcium ferrosilicate hydrate as revealed in the microstructural analysis or elemental analysis from
energy-dispersive X-ray spectrometer. The 28-day strength of 114 MPa and 61 MPa were achievable in paste
and mortar, respectively for iron-filing replacement level within 5-10 %, even substitution up to 15 % could
perform better than the sample prepared with OPC only. The study promotes waste valorization and the use
of iron-filing in mass-concrete production.

1. Introduction

Iron filings (IF) are mostly byproduct obtained from metal cutting, grinding, filing, or milling of finished
iron products especially in workshops and foundry. Their history largely tracks the development of iron, and it
is another waste generated by steel production other than blast furnace slag. They are fine powder of small
pieces of iron, and often used in science demonstrations to show the direction of a magnetic field [1].
Consumption of IF through contamination by grinding or milling could be dangerous to human health due to
the tendency to cause chronic diseases like hemochromatosis, and siderosis [2]. There has been an attempt
to re-design food grinding machines to reduce contamination due to IF by [2] in order to emphasize its danger
on public health. However, among other benefits of iron-filing is their use in the removal of chloride
contamination of groundwater [3] even though this fact still remains controversial among other pro-
environmental researchers.

There have been several attempts towards utilizing IF and other ore related materials replacement for
fine aggregates (sand) or paste in concrete production such as silicomanganese fume [4], volcanic pumice[5],
coal gangue [6] and copper mine tailing [7]. For instance, Adeyanju and Manohar [8] had reported that using
enough quantity of IF and steel fibers could enhance thermal and mechanical properties of energy storage
plant due to increase in its capacity in comparison with the plain concrete. Alserai et al. [9] also asserted that
an increase in IF composition up to 1 % of the mixture could increase the compressive, tensile and flexural
strength of geopolymer concrete when used with recycled aggregates. Alzaed [1] also reported that the
contribution of iron-filings to concrete strengths could be up to 10 % of the mixture beyond which the
insignificant contribution could be observed. Their findings were also correlated with the results obtained by
other researchers [10].
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Moreover, Kumar et al. [11] replaced sand with iron-ore tailing and there was no significant change in
the strength of the resultant beam due to sand replacement. Similarly, Familusi et al. [12] reported that quarry-
dust can be used in binary with iron-filing to produce concrete of comparable strength with conventional
concrete strength such that the waste combinations were 37.5 and 50 % of the mixture. The increase in
strength has been reported to be from pore blockage such that 2 % of iron powder inclusion could reduce the
total porosity by 50 % [13]. Olutoge et al. [14] also reported that the optimum sand replacement for IF was
20 % with 13.5 % gain in the recordable compressive strength.

Further, Ghannam et al. [15] reported the optimum performance of iron-filing in terms of compressive
and flexural strengths for sand replacement to be 20 % whereas Noori and Ibrahim [16] asserted that 12 %
sand replacement by IF gave the optimum in terms of mechanical strengths characteristics. In the contrary,
Vasudevan [17] reported decreasing slump value with the addition of 5 % iron-filing in replacement for sand
while the maximum compressive strength was only 3.2 % greater than the control. The difference in the
percentage reported could be due to difference in the water/c ratio, sizes of the IF and contaminations such
as carbon content or other elements used in the alloy. However, just a few authors presented the oxide
composition of the IF used in their studies.

Meanwhile, none of these studies captures the microstructural interaction of IF within the binder matrix,
likewise, its performance in paste strength, and bond characteristics within the mixture. These points are very
important and serve as the aims of this present study with a view to establishing the actual roles being played
by IF in OPC paste and mortar production through sand partial replacements, respectively. It is expected that
this study will also provide more information towards understanding the IF interaction within the microstructure
and to provide an empirical fact towards the promotion of green environments, and its excessive utilization in
mass concrete structures such as walk ways and blinding to foundation of reinforced concrete structures
among other applications.

2. Materials and Methods

2.1. Materials
2.1.1. Ordinary Portland cement.

The cement used in the study satisfies the requirement of ASTMC 150 [18] and the oxide compositions
determined by x-ray florescence technique is as shown in Table 1 with particle size distribution as shown in
Figure 1.

Table 1. Oxides composition of Ordinary Portland and iron-filing Oxides.

Oxides OPC, % Iron filing (IF), %

SiO2 19.01 1.38
Al2O3 4.68 0.61
Fe203 3.20 96.5
CaO 66.89 0.02
MgO 0.81 -
Na20 0.09 -
TiO2 0.22 0.03
K20 1.17 0.13
P20s 0.08 0.05
SOs3 3.66 0.23
MnO 0.19 0.5
Cl - 0.05
Cr203 - 0.11
Zn0O - 0.07
SnO - 0.08
SrO2 - 0.02
CuO - 0.22
LOI 2.48 -
SiO2 + Al203 + Fez03 26.89 98.49

2.1.2. Iron-filing powder

It is collected at mechanical lathe machine workshop at Senaiya Hafr Al Batin in the Eastern Province
of Saudi Arabia with the fineness modulus of 2.89. The particle size distribution of the material is as shown in
Figure 2 while the oxide composition (Table 1) reflects the dominance of iron oxide.

Yusuf M.O.
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Figure 1. Particle size distribution
of the ordinary Portland cement.

Figure 2. Particle size distribution curve
of iron-filing powder.
2.1.3. Fine aggregate

It comprised dune sand with fineness modulus of 1.85, specific gravity in saturated dry condition was
2.62 while its absorption capacity was 0.65 %. The physical properties of OPC, iron-filing (IF) powder and fine
aggregates are as shown in Table 2.

Table 2. Physical properties of fine aggregates and iron filing.

Physical Properties Sand Iron Filing  cement
Bulk Density 1699 1932 3100
Specific gravity 2.67 6.85 341
Fineness modulus 3.3 2.89 -
250 6.69

Average diameter, Dso (M) -

2.2. Research methodology

The research methodology involved development of experimental design for paste and mortar at w/c ratios
of 0.25 and 0.35, respectively. The proportion of IF varied from 0-15 % in both cases while the compressive
strengths were determined at 7, 14 and 28 days. The microstructural analysis of the paste was determined to
understand the micrograph of the sample matrix while Fourier transform infra-red spectroscopy (FTIR) was used
to determine the impact of iron-filing (IF) on the bond characteristics of the binders.

2.2.1. Microstructural and Fourier infrared analysis

The JEOL scanning electron microscopy coupled with energy dispersive spectroscopy (SEM + EDS)
model 5800 LV, was used to test the morphology of the 28 days sample paste obtained from compressive
strength sample by first coating it in gold film [19, 20]. The pulverized paste was used for the Fourier transform
infra-red (FTIR) spectroscopy bond characterization within the sample matrix by using Perking Elmer 880
spectrometer that is based on the attenuated total reflection (ATR) technique.

2.2.2. Mix proportion

Mix design was conducted such that the percentage composition of the IF was used in partial
replacement for ordinary Portland cement (OPC) in paste (W/b = 0.25) and sand in mortar (W/b = 0.35) in
varied quantities as 0, 5, 10 and 15 % as shown in Table 3 and 4. The superplasticizers used (Glenum®) was
0.63 wt.% in paste and 1 wt.% in mortar, respectively to achieve the required consistency. The Sand/OPC
ratio was maintained at approximately 2.5.

Table 3. Paste constituent materials in kg/m3.

Sample ID OPC (kg/m?3) Iron filing (kg/m3) Water (kg/m?) SP (kg/m?) Unit weight (kg/m?)
Mo.3s5Fo 1872 0 477 12 2361
Mo.3sFs 1819 95 477 12 2403
Mo.35F10 1730 193 477 12 2412
Mo.35F15 1630 289 477 12 2409

Table 4. Mortar Material compaosition.

Sample ID OPC (kg/m3) Sand (kg/m®) Water (kg/m3) SP (kg/m3) Iron filing (kg/m3)  Unit weight (kg/m?3)
Mo.3s5Fo 625 1569 221 6.3 0 2421.0
Mo.35Fs 625 1519 221 6.3 80 2450.8
Mo.35F10 625 1449 221 6.3 162 2463.2
Mo.3s5F15 625 1410 221 6.3 245 2507.2

HOcyd M.O.
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2.2.3. Mixing of the specimen

OPC was first placed in Hobart planetary mixer after which the iron-filing (IF) powder was added, and
then mixed for 3 mins. Water (70 %) together with superplasticizer was added and then further mixed for
2 mins. Sand was then added and the whole mixture was mixed continuously for additional 3 mins before
adding the remaining water (30 %) to ensure homogeneous mixture. The paste and mortar were then cast into
50x50x50 mm mould in 3 layers on the table vibrator to vibrate for 15 secs. The samples were demoulded
after 12 hrs and then lowered into curing tank at the room temperature of 25 + 2 °C.

2.2.4. Workability

The workability of the specimen was determined by flow table in accordance with ASTM C 1437 [21].
The slump value was expressed as a percentage:

measured flow —100 y

Slump(%) = 100

100.

2.2.5. Compressive strength

Compressive strength of the specimen prepared in triplicate were tested using universal testing machine
at the loading rate of 2.4 kN/s. The compressive strength test was conducted upon removing the samples from
curing tank and drained for 6 hrs. The samples were tested after 7, 14 and 28 days.

3. Results and Discussions
3.1. The physical characteristics of iron filing

Iron-filing (IF) has a bulk density lower than ordinary Portland cement (OPC) and greater than sand
particles (Table 2). Its specific gravity is almost twice that of OPC. Therefore, its inclusion increases the density
of the resultant paste or mortar as applicable. Therefore, concrete produced with iron-filing based paste or
mortar can be used for providing adequate thrust for underground buried pipes. The average size Dso is around
250 um which could be categorized into fine aggregates by virtue of its being less than 4.75 mm (No. 4) in
accordance with ASTM C33 [22]. Figure 3 shows the increment of resultant mortar density as the quantity of
iron-filing increases. The initial density of OPC mortar for w/c ratio of 0.4 increases by 3.5 %, 7.4 % and
10.34 % for increment level of IF by 0, 5, 10 and 15 %, respectively. These values slightly reduced when the
wi/c ratio reduced to 0.35. The decrease observed could be due to self-desiccation phenomenon that led to
autogenous shrinkage in the sample of lower w/c ratio [23-25].
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Figure 3. Density of mortars at different iron-filing substitution levels.
3.2. Workability of the samples

From Figure 4, the consistency of the iron-filing (IF) mortar decreases with lower water-cement ratio.
There is improvement in the workability as the w/c ratio increases from 0.35 to 0.4 due to decrease in the
slope of the curve as shown in Figure 4. This suggests that inclusion of IF could increase the consistency of
the mixture especially when the mixture is workable. The workability of the control mortar (OPC only)
decreased by 63.6 % upon reducing the w/c ratio from 0.4 to 0.35. This further decreased to 68.6 %, 94.4 %
and 97.6 % upon replacing sand with IF in the percentages of 5 %, 10 %, and 15 %. Therefore, with adequate
consistency (fluidity) of the mixture, inclusion of IF could be used successfully to improve the workability of the
mortar.
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Figure 4. Slump values at different iron-filing substitution level.
3.3. Impacts of iron-filing on the compressive strength of paste and mortar

From Figure 5, addition of 5 % of iron-filing has the highest 7-day compressive strength in comparison
with other mixtures. The compressive strengths compared to the control (0 %) at 7, 14 and 28 days for 5 %
replacement were 1.7 %, 2.1 % and 2.94 %, respectively. As replacement increases to 10 %, the early (7-day)
strength decreases by 14 % due to an increase in the interfacial transition zones (ITZ) between the IF particles
and the paste matrix. The rate of strength development at 14 days noticed to be 37.5 % at 10 % replacement
became 4.2 and 6.1 % in 5 % and 15 % substitutions, respectively. As the hydration process continues, belite
(C2S) hydration was significantly aided by the presence of IF thereby leading to denser C-S-H in comparison
with IF-free sample. The possibility of the reaction shown in Equation (1) indicates that IF at optimum quantity
could influence hydration reaction to form calcium ferrosilicate hydrate (CAFSH) or a complex mineral of
modified CSH configuration. However, this requires further investigation to determine the extent of possibility
and stoichiometry of this reaction.

C,S+H+F— C(F)SH+CH. (1)

The maximum 14- and 28-day strengths at 10 % level substitution were 12.2 and 13.8 %, respectively of the
control while that of 15 % cement replacement performed less as the percentage reduced to 7.3 %. Contribution of
iron-filing to strength development could be due to micro-reinforcement, microstructural stability, pore-filling or
crack-bridging effects within the microstructure as shown in SEM (Figure 6). The micrograph shows a localized
crack-bridging effect in IF paste in comparison with the interconnected cracks of OPC (control) paste.
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Figure 5. Compressive strength of ironfiling-OPC pastes.
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8 mm

Figure 6. Micrographs of OPC paste (left) and OPC-Iron filing paste (right).

Be that as it may, the introduction of iron-filing (IF) into mortar increases the heterogeneity of the mixture
(mortar) compare to the paste sample. There was a formation of two ITZs which exist in-between the paste/iron-
filing and sand/paste. Besides, the frictional interaction between IF and sand particle could also improve the
compressive strength compared to IF-free sample. More ITZ paste/iron filing in 10 % sand replacement could be
responsible for the slowing down the hydration of tricalcium silicate (alite-CsA) and tricalcium silicate (CsS). For
instance, the lower 14-day strength and the subsequent higher strength gain between 14-28 day in 10 % sand
replacement compared to that of 5 % and 15 % substitution as shown in Figure 7. This could indicate that IF at its
optimum percentage hinders the rate of strength development at early hydration process. The resultant strength
improved due to frictional resistant between sand particle, paste, and IF. Therefore, IF/Paste ratios play a significant
role in determining the maximum achievable strength. The maximum strength of 61 MPa can be achieved with
OPC replacement of 5-10 % as also observed in the paste samples.
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Figure 7. Compressive strength of OPC-iron filling mortar.
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In addition, 15 % sand substitution level also performed better than OPC control mortar. There was
28.4 % higher strength gain between 14 and 28 days in mortar sample with 10 % IF (Mo.35sF10) when compared
to 7.9 % in the 5 % replacement (Mo.3sFs).

3.4. Effect of iron-filing on the carbonation of the product

From Figure 8, inclusion of iron-filing has no significant effects on the asymmetric stretching of Si-O-T as
the frequencies of vibrations remain 958 cm-1. However, the asymmetric stretching of C-O (COs2) shown by a
deeper trough at the wavenumber 1418 cm-! is more apparent in IF sample compared to the OPC only sample
[20, 26, 27]. Therefore, there is a possibility for the formation of Fe(COz)2 that could oxidize to form Fe(COz)s due
to the following two-stage reactions of the interaction of Fe with portlandite that formed during the primary
hydration reaction.

C;S+H,0 - CSH+Ca(OH),; )
Ca(OH), +Fe+H,0 — Fe(OH), + CaO + H,; 3)
Fe(OH), +CO, — Fe(CO,), . @)
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Figure 8. FTIR of the iron filing-OPC and OPC pastes.

Similarly, the vibration of water molecule is observed at 2987 cm-! which indicates the asymmetric
stretching or hydrogen bonding within H-O-H molecules [20, 28, 29]. This is possible because of the
proliferation of hydroxyl ion in the proximity to one another as shown in the Equations 2 and 3 thereby leading
to hydrogen bonding.

Figure 9 shows the presence of CSH (regions 3 and 4) and Fe-based compound (C-F-S-H) or FeCOs
as shown in the Equations 1 and 4. The IF-free sample predominantly contains Ca, Si and O that depict the
dominance of CSH in the two distinctive regions (3 and 4). The sample containing IF is heterogeneous in
nature when compared C-(A)-S-H region 1 to C-A/F-S-H region 2 within the micrograph as shown in the EDS
result (Figure 9).
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Figure 9. Micrographs of Iron-filing+OPC (top) and OPC paste only (bottom).
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4. Conclusions

Iron-filing (IF) powder was used in partial substitution for cement and sand in ordinary Portland cement
based paste and mortar with a view to understanding its roles in terms of workability, strength, bonds and
microstructural characteristics of the samples. The following are the conclusions:

o At lower water cement ratio up to 0.35, iron-filing decreases the workability of the mixture of mortar. It
could however enhance the consistency of the mixture at higher water-cement ratio due to IF low water
absorptive tendency.

e Iron-filing substitution level in moderate quantity in mortar could increase the compressive strength of
paste and mortar specimens considerably. However, excessive substitution could have a debilitating effect on
workability and strength performance.

¢ Substituting sand with iron-filing at very low quantity has no significant effect on the early hydration of
OPC.

e Iron-filing influenced the formation calcium ferrosilicate hydrate intertwined with the calcium silicate
hydrate within the microstructures.

¢ From the C-O bond vibration as noted in FTIR, iron-filing could influence the carbonation of the paste
and mortar due to the propensity of the formation of iron carbonate.
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Abstract. Novel type of light heat-resistant polymer concretes was developed on the basis of
oligooxyhydridesilmethylenesiloxysilan with hollow glass or ceramic microspheres. Adding hollow glass and
ceramic microspheres being waste products from thermal power plants operating on solid fuels allowed
developing reasonably priced materials and reducing potential environmental pollution. For optimization of
production technology, the curing and molding conditions of materials were studied. According to impact
strength changes, the optimal curing mode for the composites was at 480-515 K for 4.25-4.5 hours depending
on the filler type and binder content. It was stated that used organic-silicon binder provided thermal resistance
and high strength characteristics of the composite material. In comparison with traditional silicone resins, the
compressive strength value of the developed materials increased by almost two times and the modulus of
elasticity increased by almost an order of magnitude. Due to the interaction of aluminum hydroxide groups of
ceramic microspheres with organosilicon polymer, Young's modulus of the materials filled by ceramic
microspheres was higher by 20-30 % than that of the concretes with glass microspheres. Consequently,
enhanced physical and mechanical properties expand possibilities of using these materials under exposure of
significant external static loads.

1. Introduction

Many recent studies have focused on physical, mechanical and thermal properties of different types of
concrete [1-4]. Fiber reinforcement is commonly used in order to increase strength and tensile-deformation
properties of concretes [5]. Introduction of hydrosilicates additives [6] allows to increase the water and frost
resistance of materials. Lightweight concretes containing fillers or pores are characterized by improved heat-
insulating properties [7, 8].

The filling of mineral binders with hollow microspheres with particle ranging in size from units to several
hundred micrometers has been known for a relatively long time. Despite low density and acceptable thermal
conductivity, they are characterized by low impact strength. In addition, a major drawback of such materials is
their low chemical resistance to aggressive natural and technogenic factors, such as acid rain and carbon
dioxide, which limits their use in construction. The polymeric binders can be a promising alternative to the
mineral binders.

Light polymer concretes (LPC) comprised of hollow microspheres fastened by mineral or organic
bindings are promising materials for thermal insulation with enhanced physical-mechanical properties, in
particular, increased impact strength. Most polymeric materials are resistant to acid and alkaline reagents,
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characterized by high adhesive characteristics to the filler particles surface. However, they have several
disadvantages, such as low thermal stability and susceptibility to degradation by ultraviolet radiation. In this
regard, much attention is drawn to the polymer concretes based on siloxane binders.

The composites based on the hollow inorganic microspheres and silicone polymeric binders with a
siloxane main chain were described in the previous works [9-12]. The weaknesses of these thermal insulation
materials are their relatively low tensile strength and low thermal stability. The long-term operation temperature
of composites with the most common polymethylphenylsiloxane binder does not exceed 250°C, after which a
catastrophic loss of tensile strength is observed [13-15]. Fundamentally, new silicon-organic binders
containing siloxane and carbosilane units in the main chain are used to increase tensile strength and thermal
stability of ceramic microspheres (CM) [16—18]. Under heating, such polymer changes into the ladder structure
characterized by the increased tensile strength and thermal stability up to 400°C. Considering that the initial
polymer contains a heat-resistant filler, as a result of heat treatment a composite material with high strength
characteristics is formed.

This work was devoted to the novel light polymer concretes based on a novel class of silicon-organic
polymer oligooxyhydridesilmethylenesiloxysilan (OHSMS) with hollow glass and ceramic microspheres. Based
on the fact that ceramic microspheres are the products of smoke emissions of solid-fuel power plants, using
waste products as the fillers for the composites under investigation allowed to develop a reasonably priced
material and to reduce potential environmental pollution. The materials of this type can be used in the
construction of facilities operating at elevated temperatures under aggressive environment and exposure of
ionizing radiation, for example, in the construction of conventional and nuclear power plants, chemical
production facilities.

The main goal of this research was to study the mechanism of interaction of the binder and the polymer,
as well as to examine the physical-mechanical properties and behavior of the developed materials under
deformation. The results of this research can be used for developing a new group of polymer concretes with
high strength characteristics and resistance to shock loads, thermal effects, chemicals and all types of
radiation.

2. Materials and Methods

Hollow glass microspheres (HGM) and hollow ceramic microspheres (HCM), referred to cenospheres,
obtained by the flotation processing of fume emissions from the thermal power plants operating on solid fuels,
specifically on the Kuzbass coal, were used as fillers. The cenospheres had the following composition: 57 %
SiOz2, 28 % Al20s, the rest oxides CaO, MgO, Na20, Fez0s. In comparison with HGM filler, the fractional
composition of HCM is characterized by the larger fractions. Taking into account the low content of HCM float
fraction and the necessity of the further utilization of the separated small fractions, the additional fraction
separation of HCM is not economically and environmentally justifiable. For this research, HCM were used as
a filler without additional fractionation.

Varnish VKL-1 TU 6-05-64-101-85 was used as a binding agent. The main component of this agent is
oligooxyhydridesilmethylenesiloxysilan (OHSMS), which contains carbosilane and silane bonds in addition to
siloxane bonds. OHSMS was obtained by the esterification reaction of the high-boiling fraction of the direct
synthesis of methylchlorosilanes and was used as a solution in the organic solvents [19].

The technology of sample preparation included several stages. At the first stage, in order to achieve the
consistency of “wet sand” mixing the binding agent with HGM or HCM was conducted with a rotation speed of
45 rpm by an open low-speed laboratory mixer with a capacity of 0.1 m® and a frame mixer. In the cases of
mixing at elevated temperatures, the mixer with the composite content was placed in an oil bath. Temperature
control and adjustments were carried out by the PEX controller REX100. Mixing modes temperature and time
are given in Table 1. Then, the composite samples were molded under pressure from 0.05 to 0.5 MPa in the
metal molds with an internal sizes of 30x30x30 mm for compression tests and 80x10x4 for impact tests,
followed by heat treatment according to the modes indicated by the Box—Behnken design.

The complex of physical and mechanical properties of the obtained composite samples were
investigated according to the standard methods. Analysis of compression strength and modulus of elasticity
was carried out by a specialized machine Instron Model 4206 (Germany) in accordance with standard ISO
604:2002 at room temperature on cubic samples with a loading speed of 1 mm/min. l1zod impact strength of
the materials was determined by a pendulum machine GOTECH GT-7045-MDL (Taiwan) in accordance with
standard ISO 1268-4:2005.

3. Results and Discussion

The properties of polymer concretes are determined by a set of factors, including chemical composition
and structure of polymer matrix (binding agent) [20]. Oligooxyhydridesilmethylenesiloxysilan (OHSMS) used
as a binding agent has the following chemical formula:
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where n, M, k, I, p, g = 1+4; mq, kg, I, I2, p1 = 1+2; m2, p2 = 1+1.5; nz, g2 =1; N1, g1 = 0+1.

1)

To determine the optimal technological conditions of obtaining materials, the processes of curing and
molding were studied comprehensively. Curing of OHSMS apparently occurs due to the presence of both
reactive hydroxyl groups and hydride radicals. Considering the chemical structure of OHSMS, it can be
assumed that intensive processes of oligomer curing take place only under the conditions of increased
temperatures. The kinetics of the OHSMS curing was defined by the degree of the oligomer curing.

The degree of OHSMS crosslinking (Figure 1) was determined by a residual amount of the fraction
dissolved in organic solvent by means of a Soxhlet apparatus. It was stated that nearly 100 % of the oligomer
crosslinking was occurred at a temperature of 513 K and a curing time of 6 hours.

After primary investigation, the selection of optimal processing modes of curing was performed. The
scheme of obtaining LPC based on OHSMS as a binder was as follows: mixing of OHSMS and microspheres
to the consistency of “wet sand”, molding of products under pressure, at which the required packing density
of microspheres of approximately 60 % is achieved, and subsequent heat treatment. The developed
processing method allows to obtain LPC with a volume fraction of the binder not more than 25 vol.%. This is
associated with a sharp decrease in the number of open pores in the material and the subsequent hindered
penetration of organic solvent.

Table 1 gives the modes of obtaining products from LPC by molding materials under low pressure. The
relatively long time and increased temperature during the process of components mixing were determined by
a poor solubility of OHSMS in organic solvents (12.5 %) and by the necessity for their subsequent removal to
achieve “wet sand” consistency.

Table 1. Modes of obtaining LPC filled by HGM and HCM (curing temperature 423 K, time
2 hours).

Composition (wt.%) Blending mode

Filler —— Volume fraction of Exposure to Packed density
type Filler BINding agent yinging agent (%) Time (min) Temperature (K)  air (hours) (kg/m?)
(solid residue)

HGM 65 35 5 10 289 1 257
HGM 60 40 10 20 333 3 294
HGM 55 45 15 40 353 6 372
HGM 50 50 20 60 353 24 401
HGM 45 55 25 90 353 48 462
HCM 75 25 5 10 289 1 361
HCM 70 30 10 20 333 3 416
HCM 65 35 15 40 353 6 474
HCM 60 40 20 60 353 24 514
HCM 55 45 25 90 353 48 578

As the composition reached the consistency of «wet sand», it was placed in a mold and was subjected
to layer-by-layer molding under low pressure until the maximum packed density of microspheres was reached
(0.6 for HGM and 0.66 for HCM). The maximum packed density was controlled by the values of constant
packed density of the material regardless of the molding pressure (Figure 2).

The results of this study showed that a minimal pressure for achieving the required fullness volume
coefficient was 0.4 MPa for the composites with HCM and 0.25 MPa for the composites with HGM. Further
increase in pressure could cause destruction of the hollow shells of microspheres.

After molding and before heat treating composite materials were kept in an open mold block in
accordance with the modes given in Table 1. This operation allowed to foam concrete during heat treatment
due to an excessive unextracted solvent. The preliminary curing temperature of 423 K was not optimal, since
it was obviously insufficient for the complete crosslinking of OHSMS.
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Figure 1. Dependence of the bonding agent (OHSMS) Figure 2. Dependence of the packed
curing degree on the curing time and temperature: density of LPC on molding pressure:
1-433K,2-473K,3-513K, 4-553K. 1 —glass microspheres filler (HGM);

2 — ceramic microspheres filler (HCM).

Determination of the optimal temperature conditions of heat treatment is a considerable task, since
many factors have an effect on the final performance properties of LPC. However, the dominant factors are
temperature, curing time and binding agent content [21]. Therefore, in this study the full three-factor
experiment planning was conducted in order to select the optimal modes (Table 2).

The impact resistance was used as a response function, since with increasing temperature and time LPC
can completely lose plastic properties and resistance to impact, which is extremely undesirable for protective
materials. The impact strength value depends on the degree of macromolecules crosslinking and it can decrease
at a certain stage, when a certain crosslinking frequency is exceeded [22]. The purpose of Box—Behnken design
was to find the corresponding optimal technological parameters, in particular temperature and time. Figures 3 and
4 show lines of equal levels of impact strength values depending on time and temperature of heat treatment for
LPC filled by HGM and HCM with a binder content of 10 vol.% and 20 vol.%, correspondingly.

Table 2. Box—Behnken Design.

Input data of experiment

No. Trial No. Coded variable levels Natural variable levels
X1 X2 X3 X1 (Time, hours) X2 (Temperature, K) X3 (Binding agent, %)
1 6 + + 0 8 553 15
2 2 + — 0 8 473 15
3 5 — + 0 2 553 15
4 1 - - 0 2 473 15
5 10 + 0 + 8 513 20
6 12 + 0 - 8 513 10
7 11 - 0 + 2 513 20
8 9 - 0 - 2 513 10
9 8 0 + + 5 553 20
10 7 0 + - 5 553 10
11 4 0 - + 5 473 20
12 3 0 - - 5 473 10
13 13 0 0 0 5 513 15
14 14 0 0 0 5 513 15
15 15 0 0 0 5 513 15
16 16 0 0 0 5 513 15
17 17 0 0 0 5 513 15
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According to the obtained experimental data, as the binding content increased, the impact strength
value shifted towards higher temperatures. As expected, an optimum impact value zone was found in all the
cases. When HGM was used as a filler, the optimum impact strength was achieved at OHSMS content of
10 vol.% at a temperature of 480 K and curing time of 4.25 hours.

With an increase in the binder content up to 20 vol.%, no significant changes in the optimum character
were observed. For this composition, the impact strength of the building material increased by no more than
20 %, owing to the low reactivity of HGM surface with OHSMS at the given temperatures.

When HCM was used as a filler, another behavior was observed. For composites filled by HCM, the
optimal curing mode was 515 K at the curing time of 4.5 hours (20 vol.% of OHSMS). The impact strength
increased significantly to about 36 kJ/m at OHSMS content of 20 vol.%, which is a very significant value for
building materials with the similar density.

Automated implementation of the Box-Behnken Design allowed to obtain the following regressions that
describe the dependence of impact strength value on curing time, temperature and binding agent content.

For LPC filled by HGM:
oy =20.87+0.674X,; +2.123X, +1.585X ; —3.299X, — 7.844X ] — 2.434X —0.995X; X, +
(2)
+1.282X, X5 +1.942X, X 5.
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For LPC filled by HCM:
O =21.44+0.701X, +2.122X, +1.559 X5 —3.561X, — 7.158X ] —2.694X ] —0.994X X, +
+1.23X, X5 +1.942X, X,

®)

where X1 is curing time; X2 is curing temperature; X3 is binding agent content in LPC.

The results presented above indicate that there is an active interaction of the filler with the binding agent
due to the presence of active functional groups on the HCM surface. By virtue of the chemical composition,
there are aluminum hydroxide groups with an increased reactivity on the surface of HCM. The interaction of
aluminum hydroxide groups of HCM with functional groups of the organosilicon polymer located along the
main chain apparently occurs.

OHSMS used as a binder differs from commonly used organosilicon materials in not only chemical
nature (silane and carbosilane bonds in the main polymer chain appear in addition to siloxane bond), but also
in a high frequency of OHSMS macromolecules cross-linking limiting their mobility after curing [23]. Thus, the
developed composite materials based on OHSMS have lower plastic properties than commonly used LPC.
However, the analysis of physical and mechanical properties under compression showed compression
strength and modulus of elasticity increased in comparison to these values of commonly used LPC (Figure 5).
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Figure 5. Dependence of mechanical strength characteristics of LPC filled
by HGM (curve 1) and HCM (curve 2) on bonding agent content (OHSMS):
(a) compression strength, (b) modulus of elasticity.

Apart from the nature and the content of a binder, the chemical composition and the size distribution of
fillers have a significant impact on the physical and mechanical properties of LPC. In this study the use of
HCM filler led to a significant increase in compressive strength as compared to LPC with HGM filler. The
modulus of elasticity of LPC with HCM as a filler is 20-30 % higher than that of LPC with HGM. This could be
explained by a difference in the fractional composition and the chemical interaction between the binder and
the filler surface. Apparently, chemical reaction occurred between the surface functional groups of HCM and
the reactive groups of OHSMS [24]. Moreover, in comparison with traditional silicone resins (polyphenyl and
polymethylphenyl siloxane), the compressive strength value increased by almost two times and the modulus
of elasticity increased by almost an order of magnitude. The properties of the developed concrete expand
possibilities of using the material under exposure of significant external static loads.

4. Conclusions

Novel type of light heat-resistant polymer concrete was developed on the basis of
oligooxyhydridesilmethylenesiloxysilan with hollow glass and ceramic microspheres. Organic-silicon binder
provided thermal resistance and high strength characteristics of the composite material. Adding hollow glass
and ceramic microspheres being waste products from the thermal power plants operating on solid fuels
allowed to develop reasonably priced materials and to reduce potential environmental pollution.

The minimum molding pressure of light polymer concrete depends on the type of microspheres: 0.4 MPa
for compositions with hollow ceramic microspheres and 0.25 MPa for compositions with hollow glass
microspheres. The difference is explained by a more significant deviation of the shape of ceramic microspheres
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from a spherical one, which makes it difficult to achieve maximum packing density of the filler. A further increase
in pressure is impractical due to the possibility of destruction of the microspheres shells.

For lightweight polymer concrete with oligooxyhydridesiimethylenesiloxysilan content of 10 vol.% and
filled with hollow glass microspheres, the optimum curing mode monitored by the toughness function was
achieved at a temperature of 480 K and a cure time of 4.25 hours. When using ceramic microspheres with an
organosilicon polymer, the optimum temperature and the cure time were increased by about 5 %. This is
apparently due to the difference in the concentration of silanol groups on the surface of glass and ceramic
microspheres and the difference in heat-conducting characteristics. At the same time, with an increase in the
binder content to 20 vol.%, no significant changes in the behavior of the composites were observed.

The compressive strength and elastic modulus of the developed composites significantly exceeds the
strength of the materials with traditional organosilicon binders, in particular polymethylphenylsiloxane. This is
due to a number of factors, such as the spatial ladder structure of the polymer, the presence of a significant
number of reactive groups in the binder, and their interaction with hydroxyl groups on the surface of the filler
with the formation of physical and chemical bonds.

The use of hollow ceramic microspheres as a filler led to a significant increase in compressive strength
compared to materials with hollow glass microspheres. The elastic modulus of lightweight polymer concrete
with ceramic microspheres was 20-30 % higher than that of materials with glass microspheres, which is due
to both higher strength characteristics of the filler shells and the difference in the interaction between the binder
and the filler surface.

To sum up the obtained results, it could be concluded that using oligooxyhydridesilmethylenesiloxysilan
as a binding agent provides the possibility to obtain construction materials, which can be used in various
industries, particularly in ferrous and nonferrous-metals industries, conventional and nuclear power industries.
Increased physical- mechanical properties, high thermal resistance and resistant to aggressive technogenic
and natural factors expand possibilities of using these materials under exposure of significant external static
loads.
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AHHOTaums. HoBebin ™n nerkmx nonmmepbeToHOB Obin paspaboTaH Ha OCHOBe
ONUrooKCUrMapUaCUIMETUNEHCUITOKCUCHaHa c nonbiMun CTEKMNAHHBIMU nnu KepaMmnyeckumm
Mukpocdepamn. [JobaBneHne nosnbiX CTEKNSAHHLIX U KEepaMUYeckux Mukpocdep, SBNSALWMXCS oTXogamu
TENNOBbIX 3NEKTPOCTAHLMIA, MO3BOSIUITO YMEHbLLNTL CEHECTOMMOCTL MaTeprarnoB 1 CHU3UTb NOTEHUMArbHOE
3arps3HeHune okpyXatoLen cpebl. [Ing onTumMm3sauumn TEXHONOrMM NPON3BOACTBA U3Yy4eHbl TEXHOMOrMYeckue
YCIoBWsi OTBEPXAEHNSA U (DOPMOBaHUS MaTepmanoB. B cCOOTBETCTBMM C UBMEHEHUAMN YOAPHOW BA3KOCTY Bbin
YCTaHOBMEH ONTUManbHbIA PexXum oTBepxaeHusa ana komno3utoB npu 480-515 K B TeueHune 4,25-4,5 yaca
B 3aBMCUMOCTM OT TUMNa HaNOMHUTENS N COAEPXaHUs CBA3YOLLEro. bbino ycTaHOBNEHO, YTO MCNONb30BaHHOE
KpeMHUopraHuyeckoe cBasylolee obecnednBaeT TEPMUYECKYIO YCTOMUYMBOCTb U BbICOKME MPOYHOCTHbIE
XapakTepPUCTUKM KOMMO3ULMOHHOrO MaTepuana. 1o cpaBHEHUIO C TPaAMLMOHHBIMU KPEMHUNOPraHNYeCKUMN
cmonamu, npegen NpoYHOCTM NPU CxaTun pas3paboTaHHbIX MaTepuanoB yBENMYUIICS NOYTKM B ABa pasa, a
MoAYmb YNPYrocTn yBeNMYUIICs NOYTK Ha Nnopsiaok. bnarogaps B3anmMogencTBUI0 antoMOorMapoKCUAHBIX TPy
KepaMMyeckux MUKpocdep C KPEMHUAOPraHMYecKMM MOSIMMEPOM, MoAyfb YMpYyrocTu MaTepuarnoB C
kepamuyeckumn Mukpocgepamm Ha 20-30 % Bbiwe, 4eM MOAyMnb YNpyroctM nonmmepbeToHOB Cco
CTEKISAHHBbIMU  MUKpocdepamun. Bbicokme uM3MKO-MexaHMYeckne CBOWCTBA pPacLUMPSOT BO3MOXHOCTU
NCMNONb30BaHMsA 3TUX MaTeEpPUarnoB Npy BO3AENCTBUM 3HAYUTENbHBLIX BHELLIHMX CTAaTUYECKUX HArpy3oK.
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Abstract. Recent terrorist attacked has raised the importance of studying the structural response under blast
loads. Most of the past research has focused on the superstructure performance without considering the
foundation behavior under blast loads. In this research, a pile foundation system was analyzed using detailed
finite element analysis using ABAQUS under blast load to investigate the effectiveness of different mitigation
techniques. The foundation system includes nine concrete piles encased in steel pipes with external diameters
of 0.6 m. The piles have a length of 20 m in silty clay and stiff clay layers. The piles are connected using a
reinforced concrete raft with dimensions of 10 mx10 m and a thickness of 1 m. The blast load considered
resulted from a surface explosive charge of 457 kg of TNT at a standoff distance 2.5 m from raft and at a
height of 0.56 m above ground surface. The raft was loaded by 200 kN/m2 to represent the load transferred
from the structure. Barrier walls from different materials including aluminum, rubber, Thermoplastic
polyurethane (TPU) and Expanded Polystyrene (EPS) were considered to mitigate the blast load effect on the
pile foundation. Also, an open trench before the raft was considered and compared to the used wall barriers.
It was observed that the open trench and a wall barrier from Expanded Polystyrene showed the best mitigation
to the blast effect compared to the original case and other wall barriers from different materials. A parametric
study was conducted to optimize the selected EPS wall barrier in terms of thickness and depth.

1. Introduction

After the recent attacks on many iconic buildings, many researchers have focused in their research on
the structural response of buildings when subjected to blast loads and possible solutions to mitigate the risk
of this threat [1-6]. Due to the complexity of the problem and the severe damage occurring in the
superstructures, most of the research conducted in this area focused on the analysis and response of the
superstructure without taking in consideration the effect of the foundation. Dynamic waves resulting from
surface blast explosions can severely damage the foundation and underground structures through dynamic
loads exerted from reflected waves after hitting the ground [7-9].

Most of the research work addressing the soil and structural response of foundations and underground
structures under blast loads was conducted through finite element analysis using powerful packages such as
ABAQUS [10], LS-Dyna [11] and ANSYS [12] to consider the nonlinearity of materials, soil block modeling
with its boundary conditions and dynamic loads exerted on soil and underground structures and foundations
[13-18]. The finite element analysis provides well representation of the problem without the need for
experimental work, which is hard to perform and this explains the limited research work in this area [19-20].

Representing the blast loads in the finite element analysis needs careful consideration in order to obtain
accurate results and real simulation. Based on spherical explosive charges, most of empirical equations were
developed in order to calculate the pressure that is generated by air, surface, subsurface or under water
explosives on structures [7—-9, 21-26]. The calculated pressure exerted by blast loads through these empirical
equations is affected by different parameters such as the weight of explosive charge, its duration, time of wave
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arrival at the structure and particle displacement, velocity, and acceleration. The pressure generated on soils
depends on soil properties such as void ratio and water content, especially in cohesive soils compared to
granular soils with high relative density [21, 26].

The shape of the crater developed in soils due to blast explosions is significantly affected by the weight
of explosive charge. Explosives with higher weights lead to significant increase in energy dissipation. Pile
foundations subjected to surface blast loads may not be used to support superstructure after the blast because
of the high horizontal stresses developed in the top portions of piles close to the explosive charge [27].

Many researchers investigated ways to mitigate the risk of blast loads on underground structures using
barriers. The studied solutions included using barriers from different materials between the surface explosion
and the underground structure as well as using trenches filled with polystyrene foam. It was concluded that
these solutions had great influence on reducing the blast risk on underground structures especially using
compressible geofoam barrier made of polyurethane [28—31].

In this research, the effectiveness of using different techniques to mitigate the blast load effect on pile
foundation and surrounding soil was investigated using detailed finite element analysis using ABAQUS. The
pile foundation includes nine piles connected with a raft foundation. The mitigation techniques included the
using open trench or wall barrier from different materials such as aluminum, rubber, thermoplastic
polyurethane (TPU) and expanded polystyrene (EPS). The blast load effect was considered through an
explosive charge of 457 kg of TNT placed at a standoff distance of 2.5 m from the edge of the raft and at a
height of 0.56 m above ground surface. All barrier walls are assumed to have 0.25 m thickness and placed
at the edge of the raft foundation. The walls extended to 5.0 m below the ground surface. After comparing
the effectiveness of using these techniques, a parametric study was conducted to optimize the use of the
most effective mitigation technique in order to obtain the best protection of the pile foundation under blast
load.

2. Methods

First, in order to verify the representation of blast load on soil block and its effect on the formation of the
soil crater in terms of its radius and depth, a soil model was created using ABAQUS with its CONWEP
representation of blast load. The results were compared to that obtained from previous empirical equations
provided by Cooper [9] and Gould [32] and previous finite element model [33]. The developed finite element
model is shown in Figure (1.a). The soil block had the dimensions of 100 mx100 mx50 m and 10 m of
non-reflected boundaries in both X and Y directions and used a fixed boundary in Z direction. A 100-kg
spherical charge with a density of 1630 kg/m? was used. The scale distance R from the surface of the earth to
the center of the charge was 0.50 m to confirm that the CONWEP will work well with the target surface X-Y
surface.
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Displacment ,m

a) Finite Element Model
Figure 1. Finite element model of soil block used for verification.
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b) Time history of vertical displacement at center of crater

An elastic—plastic analysis using the Drucker-Prager Cap model was conducted. The apparent crater
radius and depth, which were measured relative to the original surface, were compared to the empirical
equations and previous finite element model (Table 1). Figure 1.b shows the time history of the vertical
displacement of the center of crater after the soil block was subjected to the blast load.

Table 1. Crater depth and width from numerical analysis, empirical equations.

Method Apparent Crater Radius (m) Apparent Crater Depth (m)
Cooper [9] 1.80 -
Gould [32] 2.85 1.19
Previous Finite Element Model [33] 1.37 1.20
Developed Finite Element Model 1.69 1.27

Wbparum 1., Habun M.

48



Magazine of Civil Engineering, 90(6), 2019

According to the results obtained, the developed finite element model provided results with acceptable
accuracy in terms of the radius and depth of the soil crater. Accordingly the finite element model was used in
this research.

The pile foundation considered in this study consisted of 9 reinforced concrete piles with a diameter of
600 mm each encased in 15 mm thick steel casing with a total length of 20 m. The piles are 4.2 m (center to
center) apart from each other. The piles are connected with a raft foundation with the dimensions of 10 mx10 m
with a total thickness of 1.0 m. A uniform load with an intensity of 200 kN/m2 was applied on the raft to represent
the load transferred from the structure. Blast charge of 457 kg of TNT was placed at a standoff distance 2.5
m from closest raft edge and at a height of 0.56 m above ground surface. The soil block considered had the
dimensions of 100 m x 100 m in plan with a depth of 50 m. Standard elements were used for soil block
surrounding the raft and pile foundations followed by infinite elements in order to provide quiet boundary
conditions to the finite element model. The soil profile consisted of upper layer of silty clay with a total thickness
of 10 m. This layer was followed by 40-m thick stiff clay. The soil properties are given in the following Table 2
[34]:

Table 2. Properties of soil layers [34].

Soil Property silty clay stiff clay
Young’s Modulus (MPa) 51.7 328
Poisson Ratio 0.45 0.17
Density kg/m3 1920 1920
Material Cohesion (MPa) 0.036 1.38
Material angle of friction (degrees) 24 36.9
Cap eccentricity parameter 0.3 0.33
Initial cap yield surface position 0.02 0.02
Transition surface radius parameter 0.05 0.01
Cap hardening behavior [Stress (MPa), plastic volumetric strain] [2.75, 0] [2.75, 0]
[4.83, 0.02] [4.14,0.02]
[5.15, 0.04] [5.51, 0.05]
[6.20, 0.08] [6.20, 0.09]

A wall barrier was used at closer edge of the raft with a length equals to the length of the raft (10.0 m).
The depth of wall barrier was 5.0 m with its top at the ground surface. The thickness of the wall was 0.25 m.
Figure 2 shows the arrangement of the piles, wall location and blast charge position.

Wall A P

e @ @
Explosive Charge * B .4 .i .6
25

— 0 & @

C

10m

10m
Figure 2. Pile foundation arrangement and wall location.

Different types of wall barriers were considered including:
¢ No barrier (original case)
e Open trench

o Barrier from different materials (Aluminum, Thermoplastic polyurethane TPU, Rubber and Expanded
Polystyrene EPS)

Table 3 shows the different physical properties of materials used.

Table 3. Different physical properties of materials used.

Material Modulus of Elasticity E (MPa) Poisson Ratio v Specific Weight y (kN/m?)
Aluminum 73.09 * 103 0.33 27.4
Thermoplastic polyurethane (TPU) 158 0.40 115
Rubber 76.53 0.45 1.1
Expanded Polystyrene (EPS) 7.5 0.00 1.0
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Soil block was modeled in ABAQUS using Lagrangian three-dimensional solid continuum elements.
ABAQUS CONWEP empirical model was used to model the blast load on soil and foundations through defining
the equivalent TNT explosive charge and its location. The objective of the analysis was to consider the soll
behavior including crater formation and pile foundation performance [33]. In order to represent the soil
behavior, Drucker-Prager Cap model in ABAQUS was used. This model considers soil hardening/softening
and stress path dependence [35]. CIN3D8 elements were used to model the infinite elements and the
boundary conditions of the considered soil block. These elements are 3D 8-nodes solid continuum finite
elements. C3D8R elements were used to model the concrete elements of raft and piles. These elements are
8-node solid elements with reduced integration. In order to model the inelastic behavior of concrete material
of raft and piles, concrete damage plasticity model was used. This model considers the concept of isotropic
damaged elasticity in combination with isotropic tensile and compressive plasticity. Based on the material
properties of Chopra and Chakrabarti [36], stress-strain curve was developed by Martin [37], which was used
in this study. Values of yielding and failure strains of concrete were 0.002 and 0.004, respectively. In order to
model the plasticity in ABAQUS, true stress and logarithmic plastic strain were used. Figure 3 shows the finite
element model of the soil and pile foundation.

Raft and reinforced
concrete piles

a) Raft and piles b) Whole finite element model
Figure 3. Finite element model of pile foundation and soil block.

Aluminum is modeled using Johnson-Cook constitutive model [38], which provides simple mathematical
relationship of stress-strain-temperature using material parameters; A, B, C and m as shown in Table 4.

Table 4. Johnson-Cook parameters for Aluminum [38]
A (MPa) B (MPa) C
349 426 0.0083 1

Ductile failure criterion in ABAQUS was used to model TPU. The parameters needed to model the
isotropic hardening are given in Table 5 [38]

Table 5. Isotropic hardening stress-strain values for TPU [39]

Yield stress (MPa) 11.05 25.92 45.36 119.02 265.26 295.43 390.17
Plastic strain 0 0.36 0.76 1.42 1.90 2.18 2.97

The strain rate of TPU, fracture strain for ductile damage and Stress triaxiality were assumed to be
0.001 S1, 2.9 and 0.33, respectively [39].

Hyperelastic and viscoelastic properties of rubber were modeled using ABAQUS. Neo-Hookean model
for hyperelastic behavior was used. The material constants C19, Co1 and D1 were 1 MPa, 0 and
5.085 * 102 Pa, respectively. Prony series was used to model the viscoelastic behavior of the rubber. The
material constants used were @i, Ki and 7 with values of 0.3, 0 and 0.1, respectively. These parameters can
be obtained from shear or relaxation test [40].

To model the hyperfoam material properties of EPS, ABAQUS default parameters were used to define
the strain energy function. The hyperfoam material is different from the regular hyperelastic material in terms
of its high compressibility (ABAQUS Manual). Viscoelastic behavior of the material was modeled through
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assigning values for the parameters used to define the prony series. The values used for this material were
0.5, 0.5 and 0.003 for @i, Ki and 7, respectively

Note that the dimensions of the barrier wall used were kept the same for all materials during this study,
even though it might not be practically accepted. This was decided in order to compare different responses of
these materials and to decide on the most effective one. Then the final selected material can be more
investigated to get the best enhancement can be obtained for the mitigation of blast load effect considering
the cost and availability.

3. Results and Discussions

The finite element analysis of the pile foundations, soil block and wall barrier was conducted under blast
load of 457 kg of TNT at a standoff distance 2.5 m from closest raft edge and at a height of 0.56 m above
ground surface. The effect of wall barrier used was considered through using different wall materials as well
as open trench and comparing the results with the original case, where the pile foundations are not protected.
Figures from 3 to 18 show the effect of different wall barrier from different materials and open trench on the
response of soil and pile foundation under the effect of blast load.

Figure 4 shows the soil crater developed after the blast in the original case. A typical crater shape was
obtained. The maximum vertical downward displacement in soil was 0.75 m at distance of 2.5 m from raft
edge. The soil profile was almost not affected at a distance of around 6.0 m from the raft edge in front of the
explosion. Figure 4 shows the lateral displacement of the soil for the original case. The maximum lateral
displacement was 0.17 m at 3.0 m from the raft edge in front of the explosion.
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Distance along raft, m

Figure 4. Crater shape (Distance measured from B).

In the first part of the analysis, the wall barrier had a thickness of 0.25 m and a total depth of 5.0 m with
its top at the same level with the top level of the raft foundation, which is at the ground surface. Figures 6 and
7 show the vertical and lateral displacement at the middle axis of the raft foundation (line BE) for different
cases considered. The maximum vertical displacement at the original case was 0.6 cm at point B. Using open
trench resulted in much reduction of the vertical displacement to around 0.1 cm, while the wall barrier resulted
in reduction of the value in most of the cases. Similarly, the lateral displacement of the middle axis of the raft
was around 0.9 cm at point B at the original case and it was reduced significantly upon using the open trench
to around 0.1 cm. EPS wall barrier resulted in considerable reduction of the lateral displacement to around
0.36 cm, and the EPS wall barrier was considered the best barrier used, in this regard.

0.2

; o
= e —
= th — h

placement, m
=]

18

-0.05

£

Lateral d
&

1
<
—
n

1
o
[

Distance from edge of raft, m

Figure 5. Lateral displacement in the soil (Distance measured from B).
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Figure 6. Vertical displacement at raft foundation (E at zero and B at 10 m) at t = 0.03 seconds.
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Figure 7. Lateral displacement at raft foundation (E at zero and B at 10 m) at t = 0.03 seconds.

Figure 8 shows the deformation of the set of piles due to the blast load in the original case. It is clear
that the most deformed pile was the pile close to the explosive charge (number 4) and the large deformations
occurred at the top part of the piles. Figure 9 to Figure 13 show the response of the edge pile (pile number 4);
while Figure 14 to Figure 19 show the response of the central pile (pile number 5). According to Figure 9, TPU
and rubber barriers had no considerable effect on the vertical displacement at the top of the edge pile while
the vertical displacement at its top was increased in the case of open trench, EPS and Aluminum barrier wall.
The pile foundations experienced the largest residual vertical displacement of the edge pile (0.25 cm) at its
top in the Aluminum barrier case. Figures 10 and 11 show the lateral and vertical displacements over the
length of the edge pile (number 4) in all cases, respectively.
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Figure 8. Deformed shape of pile foundation at t = 0.03 seconds in the original case (no wall barrier).
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Figure 9. Vertical displacement at central of edge pile (Pile No. 4) at t = 0.03 seconds.

The maximum lateral displacement of the pile occurred at depth of 3.0 m in all cases, except for the open
trench case, where the maximum lateral displacement was at depth of 5.0 m. Open trench and EPS barrier wall
resulted in significant reduction of the lateral displacement, especially in the open trench case, compared to the
original case. Rubber barrier wall has no effect on the lateral displacement, while more lateral displacement was
obtained when using TPU and Aluminum walls. Similar results were obtained regarding the vertical displacement
of the edge pile with the occurrence of maximum downward displacement at depth of 7.0 m for most of the cases
and maximum upward displacement at its top as shown in Figure 11.
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Figure 10. Lateral displacement at edge pile (Pile No. 4) at t = 0.03 seconds.
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Figure 11. Vertical displacement at edge pile at t = 0.03 seconds.

Figures 12 and 13 show the vertical and lateral stresses developed in the pile number 4. Values of
vertical stresses did not show big variances in most of the cases, however, the lateral stresses were much
reduced in the open trench case. Higher vertical stresses were received in the top part of the edge pile with
the maximum vertical stress at depth of 3.0 m from the pile top. The maximum lateral stresses were
experienced at the top of the pile with much less stresses in lower parts of the edge pile. The open trench had
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better effect on the vertical and lateral displacements and stresses on the edge pile when subjected to blast
loads.

Considering pile number 5, which is located under the center of the raft, the lateral and vertical
displacement at the top of the pile are shown in Figures 14 and 15. By the end of the blast load duration,
significant reduction in lateral displacements was obtained in both cases; open trench and EPS wall barrier.
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Figure 12. Vertical stress at edge pile (Pile No. 4) at t = 0.03 seconds.
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Figure 13. Lateral stress at edge pile (Pile No. 4) at t = 0.03 seconds.
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Figure 14. Lateral displacement at central pile (Pile No. 5).

Wbparum 1., Habun M.

54



Magazine of Civil Engineering, 90(6), 2019

0.003 I I

—EPS —TPU |

=—No barrier —=——Rubber
Aluminum =——0Open french

0.002 [-----

m
b
=}
S
_

=

-0.001

-0.002
-0.003

Vertical displacment,

-0.004
-0.005

-0.006 TIme, Sec

Figure 15. Vertical displacement at central pile (Pile No. 5).
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Figure 16. Lateral displacement at center pile (Pile No. 5) at t = 0.03 seconds.
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Figure 17. Vertical displacement at center pile (Pile No. 5) at t = 0.03 seconds.

After reaching a conclusion that the EPS wall barrier is the best wall barrier in terms of mitigating the blast
load risk on the pile foundation, a parametric study was conducted to optimize the effectiveness of this wall barrier
in this regard. Three cases were considered to study the effect of the wall thickness of EPS wall barrier including
using thickness of 50 cm and 100 cm besides the case considered earlier (25 cm) and comparing these cases
with the original case that has no wall barrier. The results of this parametric study are shown in Figures 20 to 27.
According to the results, considerable enhancement was obtained upon increasing the wall thickness in terms
of the lateral and vertical displacements over the pile length (Figures 20 and 21, respectively for edge pile), time
history of lateral and vertical displacement at the top of the central pile (Figures 22 and 23, respectively), lateral
displacement over the length of the central pile and finally the vertical displacement along the central X-axis of
the raft. The top half of the edge pile experienced large lateral displacements in all cases while no noticeable
lateral displacements were spotted in the lower part. The maximum vertical displacements were obtained at a
depth of 8 to 10 m in all cases. Increasing the wall barrier thickness from 50 cm to 100 cm has a negligible effect
on the enhancement of the pile foundations under blast loads. According to the importance of the building and
the possibility of being targeted in a terrorist attack, the designer and the owner may choose the thickness of the
wall barrier to mitigate the blast load risk on the foundation. According to the results obtained, the maximum

recommended wall barrier thickness is 50 cm.
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Figure 18. Lateral stress at center pile (Pile No. 5) at t = 0.03 seconds.
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Figure 19. Vertical stress at center pile (Pile No. 5) at t = 0.03 seconds.
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Figure 20. Lateral displacement of Pile No. 4 at t = 0.03 seconds.
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Figure 21. Vertical displacement of Pile No. 4 at t = 0.03 seconds.

Wbparum 1., Habun M.



Figure 24. Lateral displacement at central of Pile No. 5 at t = 0.03 seconds.

Figure 25. Vertical displacement along line BE at raft at t = 0.03 seconds.
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Figure 26. Lateral displacement along line BE at raft.
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Figure 27. Vertical stress along Pile No. 4.

On the other hand, it might be considered to increase the depth of the wall barrier to provide better
protection for the pile foundation system. The original case considered had wall barrier with a total depth of
5.0 m. Most of the large deformations obtained in piles were observed in top 5.0 m of the pile length.
Accordingly, another parametric study was conducted to investigate the effect of having different depths of
wall barrier including 10.0 and 15.0 m and the results were compared to the case considered earlier (depth of
5.0 m) and the original case that had no wall barrier. The results are shown in Figures 28 to 31. According to
the results obtained, increasing the wall depth had no significant enhancement on the pile and foundation
performance under blast load. There was no considerable protection obtained upon increasing the depth of
the wall barrier to 10.0 or 15.0 m against the surface blast load. A depth of 5.0 m of EPS wall barrier was
considered the optimal wall barrier in all cases considered.
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Figure 28. Lateral displacement of Pile No. 4 at t = 0.03 seconds.
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Figure 29. Vertical displacement of Pile No. 4 at t = 0.03 seconds.
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Figure 30. Lateral displacement of Pile No. 5 over its length at t = 0.03 seconds.
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Figure 31. Vertical displacement of Pile No. 5 over its length at t = 0.03 seconds.

4. Conclusions

A finite element analysis using ABAQUS was conducted to study the effect of surface blast load on pile
foundation considering different techniques in order to reduce the risk of the blast load. The pile foundation
system consisted of nine 20-m length concrete piles encased in steel pipes with external diameter of 0.6 m
and connected with a raft foundation of 10.0x10.0 m in plane dimensions and a thickness of 1.0 m. The soil
profile consisted of upper layer of silty clay with a total thickness of 10 m. This layer was followed by 40-m
thick stiff clay. The raft was loaded by 200 kN/m?2 to represent the load transferred from the structure. Explosive
charge of 457 kg of TNT was assumed at a standoff distance 2.5 m from raft and at a height of 0.56 m above
ground surface. Different techniques were considered in the study including using open trench before the pile
foundation and wall barrier from different materials with a dimension of 10.0 m length, 0.25 m thickness and a
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depth of 5.0 m with its top at the ground surface. According to the results, the following conclusions were
obtained:

1. The open trench provides significant protection to the pile foundations under blast load effect. The
enhancement in the response of the pile foundation upon using the open trench was better than all the wall
barriers used.

2. Wall barriers can provide good enhancement of response of soil and pile foundation against surface
blast load. However, the material of the wall barrier can play a vital role in this effect. Expanded Polystyrene
(EPS) was the best material used for the wall barrier due to its hyperelastic and viscoelastic properties.

3. The protection provided by the wall barrier to the pile foundation against surface blast load is
significantly affected by the thickness of the wall barrier. Larger thickness of wall barrier provides better
enhancement and protection to the pile foundation. However, this should be considered with the cost of the
wall barrier and the importance of the building and how susceptible to possible terrorist attack.

4. A depth of 5.0 m is sufficient for the wall barrier to provide significant protection to surface blast load
threat. Larger depths provide slight enhancement that is not worthy compared to the increase in cost and
construction challenges.

The study will be extended to investigate if similar results can be obtained when considering the effect
of surface blast load on underground structures considering different parameters as the depth of underground
structure, soil profile and various possible mitigation techniques.
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Abstract. Prediction of punching shear strength in RC two-way slabs with different fiber volume fractions,
and freely drop weight heights (Impact load) is fundamental to propose structural design procedures for
structures subjected to impact load. Moreover, the punching failure of two-way slabs subjected to impact
can consider as a complex behavior in design. Thus, the punching shear capacity of reinforced concrete
(RC) two-way slabs subjected to drop-weight impacts investigated in this paper by using Nonlinear Finite
Element Analysis (NLFEA). Firstly, the simulated models were validated against fifteen RC slabs with
Polypropylene Fiber (PF) volume (V¥) of 0, 0.3, 0.6, and 0.9 % and subjected to impact load at the height of
0, 1.2, and 2.4 m. Then, the simulated slabs were expanded to cover slabs not subjected to impact load
(impact height (H)) of 0 m) and slabs with Vt of 0 % to 1.2 % and subjected to impact load at the height of
1 mto 11m, resulting in a total of 182 RC slabs. The behavior of each slab evaluated in terms of the crack
patterns, ultimate punching shear capacity, and deflection profile. The results showed that adding the PF at
a dosage of 0.1 to 1.2 % by volume of concrete leads to significant enhancement in the overall structural
behavior of the slabs and their resistance to impact loading. Attractively, after impact height of 10 m

(KE = 686.00 J), the simulated RC slabs with PF volume fraction less than 0.7 % are failed. While all the

simulated RC slabs subjected to impact load at the height of 11 m (KE 754.26 J) failed. Finally, NLFEA was
also performed to provide a prediction for impact factor based on PF volume fraction and the impact load
height.

1. Introduction

The response of reinforced concrete (RC) elements subjected to impact load is a hot topic in the
previously published research work. Also, it still needs more elaboration to understand their complex behavior.
This hot topic is significant especially in the area of RC nuclear facilities or military fortification structures that
are used in high-hazard or high-threat applications as well as in the structures that are designed to resist the
accidental impact loading due to falling rock and ship or vehicle collisions with offshore facilities, bridges, and
buildings. Therefore, extensive work should be undertaken in an attempt to develop a design procedure for
post-impact resistant and to improve the behavior of RC elements subjected to impact loads. Up to now, the
establishing of empirical provisions for estimating the damage and structural capacity under specific impact
loading is the most focused topic of the majority of the impact loading related research [1-8]. Nowadays two-
way RC flat slabs can be considered as the excellent solution for residential, commercial, and office buildings
because of the practical and economic issues such as the easy installation of electrical and mechanical
infrastructures, the considerably simpler and reduced formwork, and faster site operations as well as the more
comfortable and versatility space partitioning. Moreover, the punching failure considered as a complex
behavior in the design of the RC two-way flat slab. Besides, the punching failure is typically brittle and
considered as the ultimate load capacity of two-way RC slabs and can cause a sudden collapse of the entire
structure [9-15].
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Recently, utilizing fiber reinforced concrete has emerged as a practical approach for enhancing the
performance of RC elements under impact loading. Numerous studies have shown that FRC elements
(conventional steel reinforcing bars) demonstrate superior resistances to global impact behavior than local
damage mechanism development and. As a result, acquire enhanced energy absorption capabilities under
impact loading concerning RC elements [16]. Also, FRC is used to increase the punching shear capacity and
the deformation capacity of RC flat slabs due to the capability of fibers in the bridging after the creation of the
cracks [17, 18]. Based on the previous literature review, the punching shear strength of the RC two-way flat
slabs after impact load omitted. Therefore, this paper presents the methodology and conclusions from a
nonlinear finite element analysis (NLFEA) program in terms of the effect of impact load on the punching shear
behavior of RC and polypropylene fiber reinforced (PFR) concrete two-way slabs. Highlighting was placed on
assessing the impact of fiber volume fractions, and freely dropped weight heights on the RC two-way flat slab
behavior in terms of ultimate load capacity, deflection profile, toughness or energy absorption as well as the
mode of failure.

2. Methods

2.1. Description of the experimental program

The experimental program reported by Al-Rousan [19] included testing fifteen two-way reinforced
concrete slabs as a simply supported system with an equally clear length and width of 1.0 m as well as slab
thicknesses of 7 cm. The investigated parameters include the slab thicknesses, ts (7 cm and 9 cm), fiber
volume fractions (0 %, 0.3 %, 0.6 %, 0.9 %, and 1.2 %), and freely drop weight (10 cm in diameter and weighs
7 kg) heights, hi (0, 1.2 m, and 2.4 m). The slabs reinforced with seven steel bars with a diameter of 5 mm in
each direction which is equivalent to steel reinforcement ratios of 0.0018 and 0.0025 for the 9 cm and 8 cm
slabs according to the ACI 318-14 Code. A dropped mass height of 1.2 m and 2.4 m represented impact
velocity of 4.85 m/s and 6.86 m/s, respectively, as well as the kinetic energy of 82.32 J and 164.64 J,
respectively.

The RC two-way slabs were tested firstly under impact load by using a special design setup consists of
steel members with I-section joined together to provide a horizontal platform to give simply supported condition
for the two-way slab. A steel ball of 7 kg mass with adjustable heights of 1.2 m to 2.4 m is allowed to fall freely
through 150 mm in diameter hollow tube member placed vertically to stick the top surface of the tested two-
way slabs at the center. After applying the impact load, all slabs tested as simply supported in both directions
placed and were monotonically loaded up to failure using a hydraulic jack centrally positioned at the top of the
slab. A square steel plate with a thickness of 50 mm and a side length of 200 mm was used to simulate the
column with 200 mm sides. The applied load measured by using the load cell. Three linear variable differential
transformers (LVDT) were placed at a specific location to measure the deflection profile of the tested slabs.
Figure 1 shows the stress-strain diagrams for the concrete batches with different fiber volume fractions as well
as the compressive strength, splitting tensile strength, and modulus of elasticity. Table 1 shows the results of
tested slabs
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Figure 1. Stress-strain diagrams and mechanical properties of concrete [19].
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2.2. Nonlinear Finite Element Analysis

Nonlinear finite element (NLFEA) is a very useful and efficient tool for the analysis of complex structures
in terms of the significant savings in the time, cost of fabrication and experimental testing, changing any
parameter, allowing for obtaining the stress and corresponding strain, as well as the load capacity and
corresponding displacement at any location. Accordingly, the NLFEA program package (ANSYS) was used to
simulate the actual behavior of the tested RC slabs (Table 1). Then NLFEA simulation models (Table 2) were
expanded to provide a parametric study of 182 RC slabs in terms of PF volume fraction (0.0-1.2 %) and impact
load height (0 (No Impact) to 11 m (Failure of all slabs)) or kinetic energy (68.69 J and 754.26 J), respectively.

Table 1. Specimens’ details and tested [19] versus NLFEA results.

Siab Percent of fibers by ~ Height of the falling  Experimental- Ultimate NLFEA-Ultimate
volume (V¥) mass (h|), m punching shear load, kN punching shear load, kN
Sf0.0t0.07h0 0 88.9 88.9
Sf0.3t0.07h0 0.30 % 93.4 93.4
Sf0.6t0.07h0 0.60 % None 96.1 96.1
Sf0.9t0.07h0 0.90 % 100.7 100.7
Sf1.2t0.07h0 1.2% 108.4 108.4
Sf0.0t0.07h1.2 0 61.8 62.0
Sf0.3t0.07h1.2 0.30 % 67.8 68.4
Sf0.6t0.07h1.2 0.60 % 1.2 74.9 73.7
Sf0.9t0.07h1.2 0.90 % 83.0 81.1
Sf1.2t0.07h1.2 1.2% 91.0 91.5
Sf0.0t0.07h2.4 0 58.1 58.1
Sf0.3t0.07h2.4 0.30 % 63.9 64.1
Sf0.6t0.07h2.4 0.60 % 2.4 70.4 69.2
Sf0.9t0.07h2.4 0.90 % 77.9 76.0
Sf1.2t0.07h2.4 1.2% 85.5 85.8

Table 2. NLFEA RC slabs details and ultimate load capacity.

Impact Load Vi, %

H,m KE,J 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 11 1.2

0.0 0.00 88.9 91.0 924 934 943 951 96.1 973 98.8 100.7 1029 1055 108.4
1.0 68.69 635 66.0 681 70.0 718 736 755 77.7 80.2 830 86.2 89.8 93.8
1.2 8233 620 645 665 684 70.1 718 737 759 783 811 84.2 87.7 915
2.0 13716 610 634 654 672 689 70.7 725 746 770 797 82.8 86.2 90.0
2.4 164.71 58.1 604 624 641 657 674 692 711 734 76.0 78.9 82.2 85.8
3.0 20590 568 59.0 609 626 642 658 675 694 717 742 77.1 80.3 83.8
40 27413 529 550 56.7 583 59.8 613 629 647 668 69.1 71.8 74.8 78.1
50 343.04 482 50.1 517 531 545 558 573 59.0 609 630 65.4 68.2 71.2
6.0 411.27 435 452 46.7 48.0 492 504 518 532 549 569 50.1 61.6 64.3
7.0 47993 384 399 412 423 434 445 457 470 485 50.2 52.2 54.3 56.7
8.0 54863 293 304 314 323 331 339 348 358 370 383 39.7 41.4 43.2
90 61725 132 13.7 141 145 149 153 157 16.1 166 17.2 17.9 18.6 194
10.0 686.00 F F F F F F F 0.9 2.4 4.2 6.5 9.1 11.9
11.0 754.26 F F F F F F F F F F F F F

Note: Hi: Vi Percent of fibers by volume Impact load height, KE: Kinetic Energy, and F: Failure.

The SOLID65 element is capable of predicting the non-homogeneity, brittleness, and nonlinear behavior
of concrete materials using a smeared crack approach with ultimate uniaxial tensile and compressive strengths
(Figure 1). The detailed concrete properties in tension, compression, and modulus of elasticity are included
earlier in Section 2.1. The Poisson's ratio is taken as 0.2. The shear transfer coefficient (f) taken as 0.8, which
is nearly more than typical values for plain concrete since the fibers allow for the transfer of stress across the
cracks. The efficiency of the PF in increasing the tensile and flexural strengths of the concrete based on the
number and the orientation of PF per unit cross-sectional concrete area evaluated. The amount and orientation
of PF per unit area were calculated based on the probability method proposed by Parviz and Lee [20]. LINK8
element was used to simulate the steel reinforcement bars with elastic-perfectly plastic behavior, Poisson's
ratio of 0.3, yield strength of 460 MPa, and elastic modulus of 200 GPa. The Steel ball, steel plates at the
loading and support locations were simulated using the SOLID45 element with linear elastic behavior; Poisson
ratio and elastic modulus of 0.3 and 200 GPa, respectively.

Figure 2 shows the typical NLFEA meshing of the RC slab before and after the impact load. In NLFEA, the
total applied load divided into a series of load steps or load increments. Newton-Raphson equilibrium iterations
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provide convergence at the end of each load increment within tolerance limits equal five times the default tolerance
limits of 0.5 % and 5 % for force and displacement checking to achieve the convergence of NLFEA solution.

AN : AN AN

Loading Area

Steel Ball (7kg)

(Impact Load) (Static Load) (Steel Mesh)

Figure 2. Typical finite element meshing of the RC slabs before and after impact.

3. Results and Discussion
3.1. Validation of NLFEA results

The tested RC slabs were simulated to validate the NLFEA, as shown in Table 2. The results from the
experimental and NLFEA compared in terms of the load-deflection curves (Figure 3) and the ultimate load at
failure (Table 2). Inspection of Figure 3 reveals that the NLFEA load-deflection curves had an excellent
agreement with the experimental results. Moreover, Table 2 indicates that the NLFEA simulated RC slabs are
very close to the tested ones in terms of the load-deflection behavior (Figure 3), ultimate load capacity
(Table 2), and mode of failure (Figure 4).

For further illustration, the NLFEA models were expanded to cover the effect of PF volume fraction
and impact load height or kinetic energy on the impact factor (b). Impact factor (b) calculated by dividing the
ultimate load capacity of the slab subjected to impact load by the control slab (no impact) as shown in Table 3.
Depending on the kinetic energy of the RC slabs having similar concrete compressive and tensile strength,
Table 3 can be utilized to predict the required impact factor of a specific PF volume fraction. After an impact
height of 10 m (KE = 686.00 J), the simulated RC slabs with PF volume fraction less than 0.7 % failed. While

all the simulated RC slabs subjected to impact load at the height of 11 m (KE 754.26 J) failed.

100 E After Ir_npact (2.4 m)
- Slab Thickness = 7cm Sf1.2t0.07h2.4
WF e :
L o e “==3570.9t0.07h2.4
=z L
= 80r ——\_ Sf0.6t0.07h2.4
S C Sf0.3t0.07h2.4
T $f0.0t0.07h2.4
20 H Tested
- - = NLFEA
0 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
0 10 20 30 40

Displacement, mm
Figure 3. Typical tested [19] and NLFEA Load versus mid-span displacementcurves.

A

Sf0.6t0.07h12.4 (fop-Crack patterns) — 7 cm Sf0.6t0;07h2. (Bottom-sir;':\in contourss)!— 7 cm
Figure 4. Typical tested [19] and NLFEA results of RC slabs.
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Table 3.

Impact factor (b) using NLFEA.

Magazine of Civil Engineering, 90(6), 2019

Impact Load

b

Hi,m KE,J

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

11

1.2

0.0 0.00

1.0 68.69
1.2 8233
2.0 137.16
24 164.71
3.0 205.90
4.0 274.13
5.0 343.04
6.0 411.27
7.0 479.93
8.0 548.63
9.0 617.25

10.0 686.00
11.0 754.26

1.000
0.714
0.697
0.686
0.654
0.638
0.595
0.542
0.489
0.432
0.329
0.148

F
F

1.000
0.726
0.709
0.697
0.664
0.649
0.604
0.551
0.497
0.439
0.334
0.151

F
F

1.000
0.738
0.720
0.708
0.675
0.659
0.614
0.560
0.505
0.446
0.340
0.153

F
F

1.000
0.749
0.732
0.720
0.686
0.670
0.624
0.569
0.513
0.453
0.345
0.155

F
F

1.000
0.762
0.743
0.731
0.697
0.680
0.634
0.578
0.522
0.460
0.351
0.158

F
F

1.000
0.774
0.755
0.743
0.708
0.691
0.644
0.587
0.530
0.468
0.357
0.160

F
F

1.000
0.786
0.768
0.755
0.720
0.703
0.655
0.597
0.539
0.475
0.362
0.163

F
F

1.000
0.799
0.780
0.767
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3.2. Mode of failure

Based on the NLFEA results, all simulated slabs failed in the punching shear mode, and flexural cracks
started from the loading steel plate and extended until the edges of the tested slab. Punching shear mode of failure
was a brittle that occurred near the loading steel plate (compression face or top surface) at the ultimate failure load.
Followed by the development of a punching shear failure cone at the tensile face (Bottom surface). Figure 5 shows
the typical punching shear failure on the compression face and tensile face. Inspection of Figure 5 shows that slabs
subjected to impact had more flexural cracks and large punching shear cone than slabs not subjected to impact.
Besides, Figure 5 shows the increase of fiber volume decreased the number of flexural cracks and the size of the
punching shear cone. Because the fibers resist the applied forces until the fibers were pulled out from the concrete.
Additionally, the occupation of fibers in stretching the failed bottom surface (tension face) of the slab away from the
loading steel plate thus increased their punching shear capacity.

120
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1119 13.3% 15.7% 18.7%
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100 | o4 39% 5.% 61% 7.0% B8.1%
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Impact Load Height, m

Figure 6. Effect of fiber volume percentage and impact load height on punching shear load.

3.3. Ultimate load capacity

Table 2 and Figure 6 show the summarized results and the effect of fiber volume percentage and impact
load on the punching shear load of the tested slabs. Inspection of Figure 6 reveals that the ultimate punching
shear capacity of control slab (slabs not subjected to impact) generally increases. Also, the degradation in slab
strength due to impact load decreases with the increasing fiber volume percentage. Adding Vfin 0.1 to 1.2 % by

volume fraction increased the ultimate punching capacity for slab without V by about 2.4 to 21.9 %, respectively.
Also, the impact load at the height of 1 m to 9 m created degradation in the ultimate punching shear capacity of
29 % to 85 %, respectively. As well as the efficiency of fiber in absorbing of impact load or decreasing the ultimate
load capacity degradation increased with the increasing of V percentage.

3.4. Load deflection behavior

Figure 7 shows the effect of the impact load and fiber volume on the load-displacement behavior, stiffness,
and toughness. The stiffness defined as the slope of the curve from the initiation of the first crack (reaching the tensile
strength of the concrete) to the displacement equal to 3 mm. The toughness defined as the area under the load-
displacement behavior. The load-displacement behavior can be divided into two stages based on the crack growth
and the shape of the load-displacement behavior, as shown in Figure 7. In the first stage (zero loadings to load at
which the displacement equal to 3 mm), the behavior is approximately elastic liner before the initiation of the first
crack (which is located at the center of the slab and close to the loading steel plate) and caused a reduction in the
stiffness of the curve. Then, in the second stage, the stiffness was reduced suddenly, followed by the development
of the punching shear cone. Inspection of Figure 7 reveals that the impact load height caused a higher reduction in
stiffness and in toughness to control slab (no impact load) than fiber volume percentage. Besides, Figure 7 shows
that the stiffness and toughness generally increase with the increasing fiber volume percentage. The adding of PFR
assists in delaying and resisting the formulation and expanding of cracks, thus slab stiffness and toughness are
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enhanced. Also, Figure 7 shows the proposed equation for predicting ultimate load capacity in terms of impact load
height (Figure 7(a)) and fiber volume percentage (Figure 7(b)).
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(b) Effect of fiber volume (V5
Figure 7. Typical load versus displacement curves.
3.5. Deflection profile

Assessment of the displacement profile of the simulated slabs provides further information (quantitative
measure) on the topic of the effect of tested parameters (Figure 8). The global structural behavior that is not
directly obvious from studying the load-displacement behavior and ultimate mid-point displacement. Figure 8
shows the effect of the impact load and fiber volume on the displacement profile. Inspection of Figure 8 reveals
that the impact load height had the highest displacement profile, specifically at the mid-point comparing with
the impact load at the lowest height. This mode of failure is observed the same in slabs subjected to impact
at a higher height had more flexural cracks and large punching shear cone than slabs subjected to impact at
the lowest height. While the displacement at the quarter-point is almost equal for both impact heights. It is
seen that the PFR was successful in justifying the growth of localized failures in terms of the number of flexural
cracks and the size of the punching shear cone. The PFR slabs exhibited displacement profile in which
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displacement was more consistently distributed and, as a result, we're able to achieve more extensive
displacement profile at failure.
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Figure 8. Typical displacement shapes,
3.6. Punching shear model for two-way RC slabs subjected to impact load

An empirical model was proposed to predict the punching shear strength of two-way RC slabs subjected
to impact load as a function of tested parameters. Most models founded in the literature and design codes base
their verifications on a critical section to find the punching shear strength of non-impacted RC slabs without shear
reinforcement [9—20]. Equation (1) shows the ACI 318-14 expression for circular or square columns of two-way
slab moderate relative to the concrete compressive strength and thickness of the slab.

Vg =0.330,d,/f,, (1)

where VR is the punching shear capacity of two-way slabs at critical section located at d/2 from the face of the
square or circular column;

d is the effective depth of the slab;
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f'c is the concrete compressive strength at 28 days;
bo is the perimeter of the critical section.

Based on the above equation, Equation (2) can be used to describe the punching shear capacity of RC
two-way slabs subjected to impact with some modifications as following:

Vg = afib,d/f,, (2)

where o and fis a factor accounting for fiber volume fraction and impact load effects, respectively. Based on
the regression analysis of the RC two-way slabs not subjected to impact load (f = 1) as shown in Figure 9
[19], Equation (3) presents the relationship between the fiber volume fraction and « factor.

a =0.321e" 21 €)

where Vt is the fiber volume fraction percentage. Based on the analysis of the RC two-way slabs subjected to

impact load Table 3 shows the /3 factor based on impact height and fiber volume fraction percentage. Thus
the punching shear strength of the RC two-way slabs subjected to impact can be defined by the following
equations

0.1523Vv
V, =(0.3218e 7 )b, d/ /. 4
0.45
[ | RC two-way slabs not subjected impact load (B = 1)‘
0.40 | a =0.321e" 7% .
i R? = 0.9602
Vq -
— 0.35
b,d+/ f; i
0.30 |
I ° Results
0.25jx1111111111111111111111111111111111111

0.0 02 04 06 08 1.0 1.2 14
Vi, %
Figure 9. Relationships between fiber volume fraction percentage (V)
and afactor for RC two way slabs not subjected impact load [19].

4. Conclusions

1. The increase in impact load and the fiber volume increased the number of flexural cracks and the
size of the punching shear cone.

2. Adding fiber volume in 0.1 to 1.2 % by volume fraction enhanced the ultimate punching capacity with
2.4 to 21.9 % while the impact load at the height of 1 m to 9 m created degradation in the ultimate punching
shear capacity of 29 % and 85 %.

3. After an impact height of 10 m, the simulated RC slabs with PF volume fraction less than 0.7 % failed.
While all the simulated RC slabs subjected to impact load at the height of 11 m failed.

4. Based on innovative NLFEA verified with the experimental results, the impact factor (/) proposed for
predicting the ultimate punching shear capacity of RC slabs at specific PF volume and kinetic energy.
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Abstract. Biological corrosion is a type of effect that influences almost all possible construction projects.
The primary measures for its prevention include sanitary and preventive work carried out using various
chemicals. The shortcoming of buildings chemical treatment is the degradation effect on building composites
with a significant reduction in the life of structures. The subject of the study was presented by the aggressive
effect degree of sanitation treatment on various compositions of cement stone assessment. During the
research Portland cement and aluminous cement, samples were exposed in two mediums — reagent solution
(experimental medium) and tap water (control medium). The degree of medium influence on the cement
stone samples was estimated according to the data on the main physic and chemical parameters of the
process and phase-structural transformations of the stone after aging in an aggressive environment. There
was an increase in the strength of samples after 6 months of exposure both for Portland cement stone and
aluminous cement stone compared to the samples aged in pure water and original samples without
exposure that showed the absence of the degradation effect of decontamination solution on the cement
stone. The increase in the strength of materials occurred due to the intensification of carbonization
processes in the sanitation agent medium resulting in the mud injection of pores and voids due to the
crystallization of insoluble calcium carbonates. It was confirmed by the compaction of the micro-structure of
cement stone expressed by the increase in the mass of samples and the total concentration of carbonate
compounds in the volume of the material after 6 months of exposure.

1. Introduction

A significant increase of industrial impact on ecosystem associated with urbanization makes it
necessary to monitor and control the process in terms of the harmful effects of production on the environment,
as well as the degradation of buildings and structures as a result of the influence of various factors [1-6].

The corrosion of building materials, in the surroundings of which a person spends up to 80 % of his life,
is one of the main problems in the context of the globalization of technological development. This is primarily
due to the increase in the number of industrial enterprises; frequent disregard of building regulations in the
process of waterproofing of certain parts of buildings and structures; the lack of proper ventilation. Biological
corrosion is a type of effect that influences almost all possible construction objects [7—15]. At the same time it
is obvious that in the case of agricultural enterprises, the problem of structural degradation as a result of the
life of living organisms is especially acute, since it is aggravated by the annual increase in the number of farms
and production facilities, as well as the number of various livestock farms.

Nowadays, the problem of biological deterioration of buildings and structures of the enterprises of agro-
industrial complex is being solved using sanitary and preventive measures. This process covers a whole range
of measures for the rehabilitation of buildings, in particular, disinfection, desinsection and disacification,
cleaning the area around an enterprise, as well as preventive treatment of equipment. The measures for the
disinfection of buildings are planned in advance by zoo engineers in accordance with the technological map
of livestock movement.
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Despite the existing variety of methods for the control of pathogenic micro-flora (physical, mechanical,
chemical, biological, as well as mixed), chemical methods are the most widely used. They include the use of
substances of various compositions that provide a detrimental effect on pathogenic microorganisms [16—20].
Itis necessary to note that the use of chemical control methods, despite obvious advantages (almost complete
destruction of pathogenic micro-flora), is associated with significant disadvantages, since frequent surface
treatment of structural elements of buildings and structures with caustic substances leads to their degradation
due to the destruction under the influence of aggressive acids, leaching of soluble substances. As a result it
leads to the formation of additional porosity of materials, micro-cracks and the development of various
microorganisms on a surface.

The compliance with high-quality sanitary and prophylactic measures is an important part of
technological process for the effective functioning of livestock, poultry, animal husbandry and crop production
enterprises. The experience of the operation of enterprises of this type, characterized by a variety of
technological features of production, showed that the existing set of measures to maintain the cleanliness of
buildings does not provide the necessary degree of sterility, which allows reliable (in an adequate measure)
prevention of «biological fatigue» of materials and structures.

It is necessary to note that in the development of building composites of increased durability, the tests
in most cases are limited to studying the effects of biological corrosion on the properties of a composite [21—
25], however, according experimental data on the influence of natural conditions on the properties and
structural characteristics of cement stone, the authors revealed that microorganisms do not have time to fully
form in bulk structures and on the surface of a material during the inter-recovery period, characterized by short
periods of time [26, 27]. This approach shows that building composites of agricultural objects are more affected
by the means used for processing of buildings than by the effects of bio-corrosion agents (bacteria and
filamentous fungi, algae in some cases). In this regard, the assessment of the impact and contribution of each
type of effect is an important task for the development of methods for prolonging the resistance and stability
of materials and building objects as a whole.

According to the above mentioned aspects, the purpose of this study was to assess the impact of
sanitation treatment (chemical corrosion) on the change in the physic and mechanical characteristics of
cement stone of various compositions and its phase-structural transformations when simulating actual
operating conditions.

2. Methods

Portland cement was used as the most spread and studied binder, as well as alumina cement with an
initial higher corrosion resistance in relation to certain types of exposure. The researchers used Portland
cement CEM | 42.5 N produced by Belgorodsky Cement Enterprise Belgorod, Belgorod Oblast, Russia) and
GZ-50 aluminous cement produced by the Pashiiski Metallurgical Cement Plant (Pashiia, Perm Region,
Russia). Mineralogical and chemical composition are given in tables 1-4.

Table 1. Chemical composition of Portland cement clinker.

The content of oxides, wt. %
CaO SiO2 Alz03 Fe204 CaOcs SOs3 MgO R20 loss on ignition
65.22 21.48 4.75 4.35 0.20 1.87 0.43 0.20 15

Table 2. Mineralogical composition of Portland cement clinker.

Minerals, %
CsS CoS CsA C4AF
65.2 15.1 6.0 13.7

Table 3. Chemical compaosition of aluminous cement.

The content of oxides, wt. %
CaO SiO2 Al203 Fe203 other
40.5 10.4 40.10 2.65 6.35

Table 4. Mineralogical composition of aluminous cement.

Minerals, %
CA C2AS C12A7 other
40 38 10 12

The compositions based on the investigated binders were prepared using a Matest E095 laboratory
mortar mixer. The weigh-in of the components of the binder was carried out on an electronic weighting unit
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with an accuracy of 0.01 g. All the samples were made in metal forms, pre-lubricated with a thin layer of
machine oil. The cube samples were formed with an edge size of 20 mm based on Portland cement and
alumina cement at a water-cement ratio of 0.3.

For the research of simulation media for each type of cement, 2 batches of sample cubes were formed
with 6 cubes for each series of tests: 5 simulation media and 6 months of sample exposure. The cement stone
samples that hardened for 28 days were obtained for control. Thus, 84 samples were molded for each type of
cement.

After laying in the molds, the samples based on Portland cement hardened for 1 day in a bath with a
hydraulic shutter in the molds, then they were redressed and continued to harden for 27 days under the same
conditions.

In the case of aluminous cement, after production the molds with the samples were stored for (6 + 0.5)
hours in air-wet conditions at a relative humidity of 90 %, then they were placed in a bath with water. After
(24 * 2) hours from the time of production, the molds were removed from the water, the samples were formed
and placed in a bath with water and stored in it for 90 days before the experiment. The period of 90 days was
chosen in order to wait for the completion of the process of recrystallization of metastable phases into stable
ones.

At the end of hardening process, the samples in the amount of 6 pieces from each type of binder were
tested using a PGM-100 hydraulic press, the remaining samples were exposed in simulation media and tested
for strength every month.

The researchers used as simulation media the following:

— Piped water. This series of samples was evaluated as control compositions for Portland cement and
aluminous samples, respectively (pH = 6.8);

— An aqueous solution of a disinfectant used for the treatment of buildings during the rehabilitation of
facilities of the Aldecol DEZ 25 (Germany) agricultural complex, which included: glutaric dialdehyde 12.5 %,
formaldehyde 9.5 %, alkyl-dimethyl-benzyl-ammonium chloride 5 %, methanol up to 2.5 %. This product had
the 3 class of hazard and was water soluble. For research, the authors used a solution with an active
substance concentration of 0.5 % (pH = 7.09), which corresponded to the recommendations of a producer.

The samples were placed in glass desiccators with a tight lid. They were arranged in such a way that
all the faces of the cube were in contact with the simulation medium (Figure 1). For this purpose, a polyethylene
net was placed between the samples. During the experiment, desiccators were kept closed and opened once
a month for sampling and updating the simulation medium. At the same time the composition of simulation
medium was updated every month, thus the medium had constant aggressive effect on the investigated
samples.

Lol

Figure 1. System for laboratory exposure of samples in model environments.

The testing in all model media was simultaneous and lasted for 6 months, with sampling in order to
control such parameters as: pH of the medium, appearance, mass variation, compressive strength, chemical
resistance of samples, micro-structural and phase transformations of cement stone.

The pH of aqueous solutions was determined using an OYSTER-16 pH meter. The determination of the
pH of the contents of each desiccator (simulation medium solution) was carried out by measuring the pH of
the solution before immersion of the samples and after each month of exposure.
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The degree of influence of the medium on cement stone was estimated according to the data on mass
variation (defined in percents as the difference between the initial and final mass, referred to the initial mass
of the sample), as well as the chemical resistance coefficient (the ratio of the strength of samples exposed in
a simulation medium to the strength samples aged in piped water).

The analysis of micro-structural changes was carried out monthly throughout the experiment using a
TESCAN MIRA 3 LMU high resolution scanning electronic microscope. The microstructure of all compositions
was studied by analyzing a representative sample of images, by scanning the entire surface of the sample at
magnifications of 200 to 50000 times, with a direct description during shooting. For the subsequent
demonstration of the research results, the authors surveyed the areas typical for morpho-structure at identical
magnifications for each sample: 350; 5000; 15000; 36000 times.

The phase composition of the initial and aggressive samples was evaluated using an ARL X'TRA X-ray
diffractometer. Shooting conditions were: Cuka radiation, interval of diffraction angles 26 = 4-64 °, scan step
0.02°, pulse acquisition time — 1.2 sec.

The method of full-profile quantitative X-ray diffraction analysis was used as the main analytical tool for
the diagnosis and quantitative determination of weight concentrations of crystalline mineral formations in
binders.

Full-profile quantitative X-ray diffraction analysis was performed using the DDMv.1.95e program in the
DDM-algorithm version (Derivative Difference Minimization). The advantages of using this algorithm in the
calculated full-profile procedures is that there is no need to clarify the parameters of the background line of
the X-ray patterns.

During quantitative full-profile X-ray diffraction analysis of Portland cement stone, the main minerals of
Portland cement clinker, as well as uniquely diagnosed minerals that reveals its hydration, were examined. For
this, the following structural models were used from the structural data base of inorganic substances ICSD: alite
(CasSiOs triclinic) — 4331-ICSD, belite (3-CazSiOs) — 81096-ICSD, brownmillerite (CsAF) (9197-ICSD),
portlandite (Ca(OH)2) — 202233-ICSD, calcite (CaCOs) — 16710-ICSD and ettringite — 90823-ICSD.

For a quantitative calculation of the mineral composition, the phases with known crystal lattice
parameters, characterized by a constant composition, were chosen. Therefore, C-S-H phases, which differed
in inconsistent composition, did not participate in the calculations, which did not indicate their absence in the
hydrated cement stone.

The following structural models from the structural data base of inorganic substances ICSD were used to
obtain proved ideas about the mineral composition of samples of aluminous cement stone: CA (260-ICSD),
CAzgrossite  (16191-ICSD), Ci2A7 mayenite (29212-ICSD), CAs gibonite 5H (34394-ICSD),
Ca:MgSi207— Ca2Al2SiO7  ackermanite-gelenite  (67689-ICSD), CaMg[COs]2 dolomite (31334-ICSD),
B-C2S (81096-ICSD), a-C2S (82997-ICSD), CaSiOs wollastonite 2M (201538-ICSD), CaTiOs perovskite
(62149-ICSD). As structural models of hydrated phases the authors used: CAHio (407150-ICSD),
C3AHs (66274-ICSD) and AHs gibbsite (6162-1CSD).

3. Results and Discussion

According to the results of a visual assessment of the appearance of cement stone samples aged in a
0.5 % Aldecol solution, it is possible to conclude that the medium has a slight effect on the change in color,
surface and other attributes of both Portland cement (Figure 2, a) and aluminous stone (Figure 2, b). The
solution of Aldecol was washed, as a result of which a thin white film was seen on the samples, which was
easily erased upon contact with the sample (soapy coat).
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Figure 2. Appearance of cement stone samples, aged in an Aldecol Based Medium:
a) Portland cement; b) aluminous cement.
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It is necessary to note that the dynamics of changes in the pH-medium with Portland cement stone almost
completely coincides with the same indicators for the control (aqueous) medium, not only in character, but also
in value (Figure 3, a). A jump was observed in the first month of aging, due to leaching, and then there was a
gradual decrease in the value to the initial level when the samples were immersed in medium.

The exposure of samples based on aluminous stone in a control aqgueous medium, as in the case of Portland
cement, led to a jump in the pH medium in the first month of exposure with further flattening and lowering to the
initial value, which was due to the natural processes of dissolution and crystallization in an aqueous medium (Figure
3, b). The change in the pH-medium of the solution of the sanitation agent practically coincided with pure water: at
the initial stage, the value increased from 7 to 10, then gradually decreased to the initial value.
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Figure 3. Correlation of changes in the pH-medium of cement stone samples aged
in piped water and in Aldecol solution, depending on the exposure time:
a) Portland cement stone; b) aluminous cement stone.

The analysis of the dynamics of the mass of cement stone samples depending on the medium and the
time period of exposure allowed noting the following. In the case of Portland cement, the nature of the change
in the mass of the samples during aging in a sanitation agent and clean water coincided (Figure 3, a): during the
first three months there was a uniform increase in weight, the intensity of which further decreased and the
mass practically did not change.
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Figure 4. Correlation of changes in mass variation of samples of cement stone aged
in piped water and in Aldecol solution, depending on the exposure time:
a) Portland cement; b) aluminous cement

From the point of hydration aluminous cement is a more complex system in comparison with classical
Portland cement, the kinetics of structure formation of which are significantly influenced by the parameters of
the hardening medium. The exposure of samples of aluminous cement stone in water led to the increase in
their mass (Figure 4, b). In this case, the mass increase in the second month of exposure compared to the
first month was only 2 %. By the end of the experiment (6 months of aging), the total weight increase of the
samples was 12 %. A similar character was demonstrated by mass variation of samples in the control medium
(Figure 4, b). In addition, the difference in weight increase compared to the control aqueous medium was
insignificant regardless of the exposure time of the samples.

Since cement is a binder of hydration hardening, it is obvious that placing samples in an aqueous
medium will provide the increase in the final strength of the samples, which is confirmed by the obtained data
(Figure 5, a). The increase in exposure time in sanitation agent of Portland cement stone provides the increase
in strength compared to the source material by 10 % in the first month and 1.9 times after 6 months of
exposure. At the same time, the strength of Portland cement samples is 10 % lower than that for a stone aged
in clean water. However, there is the excess of strength after the entire exposure time compared to the control
medium. This aspect is determined by a number of factors: for example, the main active ingredient of Aldecol
is glutaric aldehyde, which is distinguished by its ability to soften water and also reduce its overall acidity by
reducing the amount of carbon dioxide. Probably, in this case, Aldekol acts as an intensifier of carbonization
processes in terms of the increase of the amount of crystallized calcium carbonates, in particular, calcite,
which acts as an effective colmatant [28]. This is expressed by the increase in the mass of samples noted
earlier (Figure 4, a), as well as their strength in comparison with control materials.
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Figure 5. Change in compressive strength and resistance coefficient of cement stone samples aged
in piped water and Aldecol solution, depending on the exposure time:
a) Portland cement; b) aluminous cement.

The nature of the change in the strength of aluminous stone is distinguished by the absence of a strict
dependence on the exposure time (Figure 5, b): after one month of exposure, the increase in strength in water
medium (control solution) is 26 %. At the same time, already in the second month, a significant drop in strength
is noted: 1.8 times and by 18 % compared to similar indicators after 1 month of exposure and at the age of
28 days, respectively. It can be explained by the hardening of aluminous cement. The initial hardening of the
matrix of aluminous stone in the early stages is reasoned by the crystallization of hydro-aluminates of various
compositions as a result of hydration processes. A possible explanation for the decrease in the strength of a
stone based on aluminous cement after two months of hardening in water is recrystallization of meta-stable
highly basic calcium hydro-aluminates into stable forms of hydrated compounds. On the one hand, it is
accompanied by the increase in the density of new formations and, on the other hand, by a softening of the
system due to the formation of additional voids associated with the decrease in the volume occupied by the
crystalline substance.

A further increase in strength can be explained by the hardening of aluminous cement with the excess
of water. Under such conditions, at the initial stage, a gel of hydration products is formed in the form of small
lamellar X-ray amorphous crystals, which subsequently grow together and form a consolidated framework of
the material.

It is necessary to note that the system of hardening aluminous cement is the most unstable due to
constantly changing processes of primary crystallization and recrystallization of the formed substance. In this
regard, the fluctuations in the strength of aluminous stone, due to the specifics of structure formation in water
medium, do not contradict classical ideas about the theory of hydration and hardening of aluminous cement.

The nature of the change in the strength of samples of aluminous cement stone in the medium of the
sanitation agent is comparable with the data obtained for a clean control medium (Figure 5, b). Nevertheless,
it is possible to note some differences. Thus, as in the case of a clean medium, there is a drop in strength after
two months, which, obviously, is associated with the transition of meta-stable compounds into stable and
stable hydro-aluminate compounds. Further exposure for 3 months leads to the increase in strength by 1.7
and 2.6 times compared with samples exposed in a control medium of a similar age and two months in a
simulation medium, respectively. In the next two months, strength does not change significantly. However,
after 6 months, the increase in strength is 3 times in comparison with control materials at the age of 6 months
and by 48 % compared to the samples aged 5 months in a simulation medium.

Similar dependences are noted in resistance coefficient, since its value is directly proportional to the
strength indices of the samples during aging in simulation media (Figure 5). It is necessary to note that the
chemical resistance of aluminous cement in a solution of a sanitation agent is high - the resistance coefficient
of all samples, regardless of the exposure time, is more than 1. The following can present a possible
explanation for the significant increase in the strength of the matrix of aluminous cement. As it is noted above,
Aldecol is characterized by its ability to “accumulate” carbon dioxide in the system. Under such conditions, it
is possible to form calcium carboaluminates in aluminous stone, which subsequently decompose into stable
insoluble carbonate compounds, in particular, vaterite. This ensures the filling of free space in the stone matrix
formed as a result of recrystallization of meta-stable hydroaluminates. As a result, the system is compressed,
and the strength of the array increases.

The data on the carbonization of cement stone match the results of quantitative x-ray phase analysis.
When analyzing the phases, only the crystalline phase of clearly fixed minerals is taken into account, since
the composition of the X-ray amorphous substance, which is mainly represented by calcium hydrosilates of
various mineral compositions, can not be identified. The degree of carbonization is estimated by the amount
of portlandite as the most soluble phase, actively participating in chemical processes during corrosion, as well
as calcium carbonates (calcite, aragonite, vaterite) as an indicator of the degree of carbon dioxide exposure.
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The described properties are confirmed by the changes in the microstructure and mineral composition.
Thus Portland cement stone samples aged in Aldecol solution are characterized by the increase in the total
CaO concentration in the composition of portlandite, calcite, aragonite and vaterite after one month of
exposure (Table 1, Figure 6). Later, the content is reduced to some extent and further significant fluctuations
do not occur.

Table 1. Mineral composition of Portland cement stone exposed in Aldecol solution, mass %.

Period of hardening, months

Mineral
28 days 1 2 3 4 5 6
Alite 23.69 18.3 17.7 15.8 12.7 14.0 10.9
Belite 14.1 12.1 12.1 11.9 11.8 11.1 10.5
Brownmillerite 13.21 6 4.8 3.8 3.6 2.6 2
Portlandite 24.70 40.9 35.0 32.2 30.8 27.6 17.4
Calcite 4.29 19.8 26.5 29.0 35.3 43.2 57.8
Aragonite 18.36 - - - - - -
Vaterite 1.65 - - - - - -
Ettringite - 2.9 3.9 7.3 5.8 15 1.4
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Figure 6. Dependences of Content of Portlandite and Calcite on exposure time
of Portland cement samples aged in Aldecol solution.

At the same time, the increase in strength for all solutions is comparable, the maximum increase is
observed after 6 months (Figure 5, a), which is characterized by the maximum concentration of calcite (Figure
6), crystallizing in pores and voids, thus filling the free space and compacting the array. In samples aged for 1
month in an Aldecol solution, sufficiently large tabular portlandite crystals reaching 60 mcm are identified
(Figure 7 a). Hexagonal plates have clearly defined faces, which indicate growth structures. The crystals have
cleavage, which is also confirmed by the layering of the structure for new formations (Figure 7, b). Elongated
columnar crystals are typical of all samples exposed for no more than 4 months (Figure 7, ¢, d). They grow on
the walls of the pores and grow through the tabular crystals. In samples of the exposure of 2 months and more
tabular crystals continue to be found in cavities (Figure 7, b), the edges of which are covered with small new
formations of later generations. The samples aged in Aldecol are characterized by the absence of elongated
columnar crystals after 4 months of exposure (Figure 7, e, f).

To sum up the analysis of the microstructure of Portland cement stone samples exposed in a sanitation
medium, it is necessary to note that dissolution structures are not identified in the samples. This, firstly,
correlates to the kinetics of changes in strength and the change in the ratio of CaO content in portlandite and
calcite, and secondly, indicates that Aldecol is not an aggressive agent and does not have a chemical effect
on hydration products.

In the case of samples of aluminous cement stone, aged in a sanitation solution, the strength changes
randomly. This correlates well to the data on changes in the main mineral phases of the stone (Table 2).
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Figure 7. Microstructure of samples of Portland cement stone aged in Aldecol solution:
a-—one month; b —-two months; ¢ —tree months; d — four months; e — five months; f — six months.

Table 2. Mineral composition of aluminous cement stone exposed in Aldecol solution, mass %.

Mineral Period of hardening, months
28 days 1 2 3 4 5 6

CAH1o 28.53 35.9 13.2 34.7 33.9 33.7 24.1
C3AHe 0 1.6 4.5 0.0 6.4 4.0 7.3
AHz3 Hydrargillite 5.76 14.1 24.9 14.8 16.9 14.5 20.8
Akermanite — Helenite 23.01 16.1 13.9 17.0 15.2 15.8 14.8
a-C2S 4.42 3.0 2.3 3.1 3.1 2.8 3.2
CA 3.19 2.6 4.0 3.7 3.0 2.8 3.7
Vaterite 3.22 3.4 17.1 3.6 0.0 3.8 1.7
CsAF 12.6 9.6 9.6 8.7 8.9 8.9 7.4
Perovskite 8.02 6.8 55 8.3 6.7 8.0 10.8
Wollastonite 2M 11.25 6.9 5.0 6.1 5.9 5.8 6.3

Significant differences in the variation kinetics of aluminate phases, which are responsible for the
strength of aluminous cement composites, were not noted in comparison with the control medium: as in the
case of pure water, CAHao recrystallized into stable forms CsAHs and AHs (Figure 8).
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Figure 8. Dependences of phase changes CsAHg + AH3 (1) and CAH3o (2)
on exposure time for aluminous samples of cement stone aged in Aldecol solution.
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During exposure in a sanitation agent, the concentration of carbonate compounds (vaterite) increased,
which was due to the carbonization of the initially formed substance (Table 2). At the same time, its maximum
value was noted after 3 months of exposure in a solution of a sanitation agent. It complied with the strength
data: the strength after 3 months of exposure was two times higher than that for samples aged in water
(Figure 5, b). In contact with Aldecol medium the concentration of vaterite increased, which was associated
with the carbonization of calcium compounds of aldehydes (Table 2).

After 1 month of exposure in all types of solutions, the matrix of samples of aluminous cement stone was
dense and composed of cryptocrystalline substance (Figure 9, a). With the increase in exposure time to 2 months,
no significant changes in the microstructure were observed except decompaction and traces of dissolution (Figure 9,
b). In samples exposed in Aldecol for 3 months in the zones of the pore space, new formations with atypical morpho-
structures for this system appeared. These were druses from intergrowths of lamellar crystals resembling “gypsum
roses” (Figure 9, c). The size of individual druse reached 100 microns, the size of individual plates reached up to
30 microns. These aggregates were surrounded by fine crystalline columnar crystals not exceeding 3 microns in
length. Such areas of the accumulation of idiomorphic crystals were quite often found in samples aged in Aldecol
solution. After exposure for longer periods (4—6 months) in the Aldecol solution, both the structures of the formation
of later generations and the structures of its dissolution were observed (Figure 9, d—f).
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Figure 10. Microstructure of samples of aluminous cement stone aged in Aldecol solution:
a—one month; b —two months; c —three months; d — four months; e — five months; f —six months.

4. Conclusion

Thus, the research showed the influence of the model environment, which was an imitation of the impact
of the sanitation processing of the premises of agricultural enterprises. It was found that there was no obvious
degradation effect of the sanitation solution on the cement stone.

1. The dependences of the strength of cement stone as the main indicator of the quality and resistance
of the composite were established: after 6 months of exposure in sanitation solution the strength of the stone
samples increased regardless of its composition.

2. For Portland cement stone, the increase in strength was 10 % compared to the samples aged in pure
water, and 1.9 times compared to the original samples without exposure.

3. In the case of aluminous cement, there was a 2-times increase in strength compared to samples
aged in pure water, and 1.6 times compared to the original samples without exposure.

4. It was shown that the increase in the strength of materials occurs due to the intensification of
carbonization processes in the environment of sanitation product, which led to the colmatation of pores and
voids due to crystallization of insoluble calcium carbonates. This was confirmed by compaction of the
microstructure of cement stone, expressed by a 12 % increase in the mass of samples regardless of the type
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of cement stone, as well as the increase in the total concentration of carbonate compounds in the volume of
the material after 6 months of exposure.

Nevertheless, it is necessary to note that despite the obvious positive effect of the solutions of sanitation
agent on the properties of cement stone, the real impact of such products during processing is probably
characterized as a negative one. It is explained by the cyclical effect in terms of alternate wetting / drying of
the surface of material, which will lead to the release of soluble calcium hydroxide to the surface and washing
off during subsequent processing with the formation of additional porosity of products.
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AHHOTauusA. buonornyeckasa kKOppo3us siBfseTCs BUAOM BO3AENCTBMS, 3aTparMBaoLLMM NpakTU4eckn Bce
BO3MOXHble OOBEKTbI CTPOMTENBCTBA, YTO OCOBEHHO OCTPO KacaeTcs NpeanpuaTUii arponpoMbILLIEHHOrO
komnnekca. K OCHOBHbIM MeponpuATUSIM MO NMPeAoTBPaLLEHU0 KOPPO3MOHHOMO Mpouecca KOHCTPYKUUA
OTHOCATCSA CaHuTapHOo-npodunakTnyeckue paboTbl, NPOBOAMMBIE NPV MOMOLUU PA3MNYHBIX XUMUYECKUX
cpeacts (6uoumaos). KoHueHTpaumo paboumx pacTBOpPOB Ans CaHauuu OnpefensioT MCXoas U3 uenuv
Ae3VH@EKUNN 1N CTEeNeHN YCTOMYNBOCTY BO3OygmTeNnen, npm 3TOM He y4MTbIBaeTCs UX BNUsHUE Ha U3MKO-
MexaHU4ecKMe CBOWCTBA MOBEPXHOCTU Mmatepuana. Xvmuyeckas o6paboTka nomelleHui, HECMOTPS Ha
oyYeBMOHbIE NMOCbl, CBSA3aHHbIE C YHUYTOXEHMEM NaTOreHHon MWKpPOodnopbl, XapakTepusyetcs
HedoCTaTkaMu, rMaBHbIM U3 KOTOPbIX ABMASIETCS AerpagaloOHHOE BO3AENCTBME HA CTPOUTENbHBIN KOMNO3NT
W, KaKk CreacTBue, CyLEeCTBEHHOE COKpalleHVWEe J>KM3HEHHOro cpoka KOHCTpykuun. [Mpeametom
uccnegoBaHus SABNANacb OLEHKa CTeneHW arpeccMBHOrO BO3OEWCTBUS  CaHauMOHHOM 06paboTku
NoMeLleHUN Ha UeMEHTHblIA KaMeHb pasfnuMyHoro coctaBa. B kadecTBe 06BLEKTOB uccreaoBaHust
MCnonb3oBanuCb MNOPTNaHOUEeMEHT Kak Hauboree pacnpoCTpaHEHHOE W3YyYeHHOe BsiXyllee U
rMUHO3EMUCTLIN LEeMEHT Kak Bsbxyllee C HayanbHOW 0Oornee BbICOKOW KOPPO3UOHHOW CTOMKOCTbIO. B
KayecTBe 3KCrnepuMeHTanbHON cpeabl, MoaenvpyoLlen Bo3nencTBne caHaUuMoOHHOro cpeacTBa Ha KaMeHb
npy peanbHOW 3KCMMyaTauuyM Matepuana B HaTypHbIX YCMOBMSAX, UCMOMb30Baricsl pacTBOp peareHTa ans
caHaumun. KoHTponbHOWM cpefow BbicTynana BogonpoBogHas Bogaa. OueHKy cTeneHn Bo3AencTBuUs cpefbl
Ha UEeMEHTHbI KaMeHb Pas3nMYHOro cocTaBa OCYLLECTBASANN HA OCHOBaHMM AaHHbIX 06 OCHOBHbIX (hU3UKO-
XUMUYECKNX MoKa3aTensix npowuecca (M3MeHeHNe macchl, BOOOPOOHOrO nokasaTens cpefbl, NPOYHOCTM Ha
ckaTue u koaddurumeHTa XMMNUYECKON CTOMKOCTH), a Takke ha3oBO-CTPYKTYPHbIE TpaHCopMaL MM KaMHS
(MMHepanbHbIN COCTaB, MUKPOCTPYKTYPHbIE OCOBEHHOCTN MaTpuLbl LEMEHTHOIO KaMHS), BbIAEPXXaHHOroO B
arpeccvBHOW cpefe B 3aBMCMMOCTU OT OJIMTENbHOCTM 3KCMOHMPOBAaHWS. YCTaHOBNEHO OTCYTCTBME SBHOIO
AerpagaunoHHOro BO3L4EWCTBUS CaHALMOHHOINO pacTBOpa Ha LEMEHTHbIA KaMeHb: OTMevyaeTcs pocT
NPOYHOCTU 06pasLoB nocne 6 MecsaueB JKCNO3ULUKM (ANa nopThnaHAueMeHTHOro kamHs: Ha 10 % no
CpaBHeHMO0 ¢ obpasuamu, Bblaep)XaHHbIMKM B 4MCTOM Boae, U B 1,9 pasa No CpaBHEHUID C UCXOAHbIMU
obpasuamm 6e3 BblAEPXKKW; AF1S IMMHO3EMUCTOrO LIEMEHTHOMO KaMHS: B 2 pa3a no CpaBHEHWIO ¢ obpa3uamu,
BblAEp>XaHHbIMUK B YNCTON BoAe, 1 B 1,6 pasa No CpaBHEHUIO C UCXOAHBbIMU 0Opa3Lamu 6e3 BblgepKKU) Kak
OCHOBHOIO MokKa3aTensi KadecTBa W pPE3UCTMBHOCTM KOMMO3WTa W, Kak crnencteue, koadduumeHTa
XUMUYECKON CTOMKOCTU. POCT NpoOYyHOCTM MaTepuanoB MNpPOUCXOAMT BCNEACTBUE MHTEHCMdUKaLMM
KapOOHM3aUNOHHBIX MPOLIECCOB B CpeAe CaHaUWOHHOro cpeacTBa, YTO MPUBOAMT K KOnbMartauuu nop v
NycTOT 3a CYeT KpucTannusaumm HepacTBOpPUMbIX KapboHaToOB Kanbuus. 3TO NOATBepXAaeTcs
YNNOTHEHNEM MUKPOCTPYKTYPbl LEMEHTHOIO KaMmHS, BblpaXaemow poCTOM Macchbl obpasuoB Ha 12 %
He3aBUCMMO OT BUAa LEMEHTHOTO KaMHS, a Takke yBennyeHnem CyMMapHOW KOHLEHTpauun KapboHaTHbIX
coeauHeHUn B o6beme maTepuana nocne 6 MecsiLes BblAEPKKN.
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Abstract. Most of the urban housing stock in European cities consists of multi apartment buildings. Improvement
of energy efficiency of the existing building stock is the key priority across the world. As such, unclassified
buildings including fire stations present a significant potential for application of innovative energy efficient
measures. Despite the fact that fire stations account for a rather insignificant share on the scale of the total
building stock, it is vitally important to ensure optimal thermal comfort as well as reduce energy consumption in
those buildings. This in turn contributes in minimizing maintenance and running costs for municipalities. This
paper analyses typology of Latvian fire stations and their energy consumption. Standardized IFC model was
developed to evaluate effect of implementation of energy efficiency measures in a selected fire station. The study
results showed that the proposed theoretical thermal energy consumption of developed standardised model
correlates with the measured data. The measured average annual energy consumption including electricity for
fire stations was 317 kWh/m?2 and thermal energy for space heating — 135.4 kWh/mZ2. Based on theoretical model,
different retrofitting scenarios were evaluated using IDA-ICE dynamic energy simulation software. The results of
this study can be expanded and applied to other types of unclassified buildings (in countries with cold climate)
such as police departments and prisons.

1. Introduction

Energy efficiency of buildings as well as sustainable development of construction sector has been put
forward among major priorities in the European Union [1]. Moreover, countries such as USA, China and Russia
are consistently improving and tightening their legislation on buildings energy performance [2—4]. For example,
Russia has tightened its legislation with regards to heat resistance requirements for opaque elements of building
envelope by 200 % [5]. Despite the increased focus on implementation of energy efficient measures in buildings,
the world’s energy consumption is increasing at a rate of approximately 10 % per year [6]. It should be noted that
the main contributors to this dynamic are the developing countries. The main target group for implementation of
energy efficiency measures in building sector are multi apartment and public buildings, which are major
contributors to CO2 emissions [7]. Meanwhile the energy efficiency in so called unclassified buildings is not being
adequately addressed, as these buildings are not part of governmental subsidies. Unclassified buildings include
army barracks, warehouses, police departments, fire depots, prisons etc. These buildings constitute
approximately 1 % of the total building stock share. Nevertheless, when it comes to energy conservation, even
this small building share should not be neglected. Unclassified buildings are typically occupied 24/7 and consume
up to 5 times more energy than a regular apartment building per floor area. Retrofitting of such buildings would
ensure not only reduction of energy consumption but also allow for an improvement of thermal comfort and indoor
air quality. This is very important for occupants residing for an extended time in one building. For instance, when
staying inside the fire stations, firefighters are exposed to polycyclic aromatic hydrocarbons [8]. The main reasons
for that are insufficient (or in many cases non-existing) ventilation, poor quality of a building or improper
retrofitting. It should be noted that it is mainly fire stations constructed before 1990s that are not well maintained
and do not have energy efficient solutions [9]. While the residential sector in the EU countries has a high potential
for saving energy by lowering the heating demand through properly insulating building envelope [10], the
retrofitting packages for the fire stations should have a stronger focus on upgrading the mechanical systems and
incorporating renewable energy sources. Modern fire fighter trucks have electric equipment that use 12 V
batteries. These batteries are usually charged in between the emergency callouts through an electric grid. In

Borodinecs, A., Prozuments, A., Zajacs, A., Zemitis, J. Retrofitting of fire stations in cold climate regions. Magazine
of Civil Engineering. 2019. 90(6). Pp. 85-92. DOI: 10.18720/MCE.90.8

Bopomunen A., ITposement A., 3asic A., 3emuruc 0. PeHoBalus II0KapHEIX €0 B YCIOBUAX XOJIOIHOI0 KiuMmara //
WmxeHepHO-CTpOUTENbHBIH skypHAI. 2019. Ne 6(90). C. 85-92. DOI: 10.18720/MCE.90.8

This open access article is licensed under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/)

85


https://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

UnsxeHepHo cTponTelbHbIi xypHai, Ne 6(90), 2019

such cases installation of PV arrays could have a positive effect on overall energy performance profile of the fire
stations.

A recent study analysed five typical mid-scale fire stations, whose lighting bills came out to 9500$ annually
per station [11]. The same study estimated that the potential energy saving due to an increased thermal insulation
of external building envelope would be in the ballpark of 20 %. However, the application of thermal insulation
may not be enough to ensure sustainable retrofitting. Such issues as poor indoor air quality, unsatisfactory
thermal comfort and environmental impact should also be addressed when it comes to fire stations. Another
study [12] analysed the use of green-rating system (LEED) to assess overall sustainability of fire stations. The
results showed the importance of implementation of green-rating system which allows municipalities to take
adequate design measures on future maintenance and retrofitting strategies.

A typical fire station is a lowTrise building. There are several cost optimal solutions for the construction
and retrofitting of lowrise buildings [13] which can be easily applied to fire stations. However, retrofitting of
the fire stations is more complicated in comparison to residential and public buildings. This type of buildings
have specific requirements on ventilation due to firefighting truck exhaust pipes and hot water consumption
pattern, that has explicit peak loads on staff shifts change. This requires an installation of a more powerful hot
water boiler. Retrofitting packages should also include measures for moisture control [14].

The main objective of this study is to evaluate current energy efficiency of nonrenovated buildings and to
perform an indoor air quality analysis in order to evaluate working parameters of heating, ventilation and air
conditioning systems as well as airtightness of the building envelope. Based on acquired results standard energy
retrofitting measures will be offered and analyzed in terms of both energy reduction and operation cost reductions.
For this purpose, real fire stations under operation in Latvia were selected. Latvia is situated in Northern Europe
along the Baltic sea region and represents a country with mildly cold climate. Several studies on buildings’ energy
efficiency in Baltic sea region [15, 16] have shown that estimations of energy reduction in Latvia can be used and
adopted in this region. Other studies have shown that climatic conditions and building typology in Latvia are very
similar to major Russian cities such as St. Petersburg, Leningrad district and Moscow.

2. Methods

Research methodology lies on the development of theoretical building model which was validated based
on real on-site measurements. Validated model was used to evaluate different retrofitting scenarios. In
addition, real indoor air parameter measurements were conducted to identify critical points.

The method of the energy consumption evaluation for unclassified buildings is based on the analysis of
the real measured thermal energy consumption in fire stations. In total, the dataset on 40 fire stations was
analysed. All analysed buildings were connected to district heating systems. Data was provided by the
maintenance organizations of those buildings for the time period 2016—2019. In addition, on-site 1AQ
measurements and technical inspection was performed. EXTECH CO2/Humidity/Temperature dataloggers
were used. These loggers have the following technical parameters:

v/ CO2zrange 0 to 4000 ppm; resolution 1ppm;

v’ Temperature range 0 to 50 °C; resolution 0.5 °C;

v Humidity range 10 to 90 %; resolution 0.1 %;

Dataloggers were installed in different rooms to evaluate indoor air quality.

For theoretical evaluation of energy consumption and effect of different retrofitting packages, the
dynamic energy simulation tool Indoor Climate and Energy (IDA-ICE) 4.8 was chosen. This software allows to
estimate energy consumption with one-hour interval and includes a detailed evaluation of heat balance, indoor
air temperature, operative temperature etc. In addition, it takes into account human comfort level and metabolic
rate.

IDA-ICE dynamic energy simulation tool was validated in accordance with ISO 13791:2012 [5] and [6].
Climate data was derived from ASHRAE 2013 which differs from ASHRAE 2017 data only by 2.5 % [15]. The
accuracy of this software simulations was proved by studies [8, 9].

In general, calculations of the annual thermal energy demand for a prototype building can be determined
by the equation adopted from [17]:

(ZUIA + Zyl; + Zyk+(Vy, -c))-24- Dheat (T, — T, )
annual — 1000'Ab

E -n- (Qint +Qso| )’ 1)

where Ui is heat transfer coefficient of the building construction element (W/(m2K));
Ai is the area of the respective construction element of the building prototype model (m2);
i is heat transfer coefficient of the linear thermal bridge (W/(m-K));
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li is length of the linear thermal bridge (m);
kK is heat transfer coefficient of the point thermal bridge (W/-K);
Vair is ventilation air volumetric flowrate (m3/h);
C is air heat capacity per volume = 0.34 (Wh/(m3x°K));
Dheat is number of heating days;
Tin is average set-point temperature in the assessment (heating or cooling) period (°C);
Tout is average external temperature in the calculation period (°C);
Ab is total floor area of the building (m?2);

7 is gain use coefficient for heating in accordance with Paragraph 99 of this Regulation or Standard
LVS EN ISO 13790:2009 L;

Qint is interior gains of the whole building in the assessment period t (kWh/m2);

Qsol is solar heat gains (kWh/m2).

-E
Qsol _ zAsol sol ’ (2)
1000-A,

where Asol is area of collecting useful solar energy of the building (m?);

Esol is solar irradiation in the assessment period t per area Asol (Wh/m?2).

3. Results and Discussion
3.1. Typology of fire stations

During the period before the year 1940, 15 % of buildings currently serving as fire stations were built
(with the total area of 2553.7 m?). From 1945 to 1970, 45 % of all fire station buildings were built with the total
area of 11251.1 m2. From 1971 to 1900, 25 % of fire stations buildings were built with the total area of 8208.0
m2. After 1991, the remaining 15 % of all fire stations buildings were built with the total area of 4098.1 m2. A
typological overview of several Latvian fire stations is provided in Figure 1.

b) 1934

Aty - T

d) 1965 e) 1993 f) 1989

Figure 1. A review of typical Latvian fire stations.

As shown in Figure 1, all fire stations were built according to individual projects. However, a typology of
the analysed depots indicates to common construction principles. Namely, the first floor is used for parking
fire=fighting vehicles whereas the second floor is used for staff needs and administration. For the purpose of
this research a unified fire station building model was developed in Industry Foundation Classes (IFC) data
model format (Figure 2) in order to evaluate different retrofitting scenarios. However it should be noted that
theoretical estimations are not always achieved in practice, and therefore a certain degree of deviation may
occur between the theoretical model and the actual fire stations [18].
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Figure 2. Industry Foundation Classes (IFC) data model for a typical Latvian fire station.

Using the 3D model, it is possible to evaluate the efficiency of various energy performance improvement
measures and their conformity with the specific nature of fire stations. Similar layout and construction features
can be found in many post-soviet countries including Russian Federation, where brick walls are historically
widely used for such buildings.

3.2. Measurements of indoor air quality in a non-renovated fire station

The analysed building was constructed in 1910. There is not any mechanical ventilation and central hot
tap water system installed. An exhaust ventilation system is installed to extract the exhaust gas from the
firefighting truck exhaust pipes. Indoor air quality measurements were conducted in two different premises: a)
a break room of a firefighting depot staff and b) a repair shop in the same building. Measurement results
showed the diurnal changes of the indoor environmental parameters for the break room (Figure 3). In total
8000 measurements were recorded with 10-minute intervals.
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Figure 3. Indoor air quality measurements for the break room.

Analysis of the graphs in Figure 3 shows that the indoor air temperature ranges from 18 to 23 °C with
an average of 20.7 °C. It can be concluded that the indoor air temperature fits the recommended temperature
range for human thermal comfort set forth by Latvian Building Norms and commonly referred international
industry recommendations, such as ASHRAE [19]. Changes in temperature follow a diurnal pattern with peaks
in indoor air temperature during the second part of the day.

Relative humidity ranges from 25 to 45 % with an average of 33 %, which is below the recommended
values for human comfort. Similarly to indoor air temperature, relative humidity peaks are observed primarily
during the afternoon hours.

The average concentration values of carbon dioxide CO2 came out to 662 ppm which is below the limit
of 1000-1200 ppm set forth by industry standards. Concentrations of CO2 peaks at around 900-1000 ppm
during the second part of the day.

Results regarding the changes of indoor environmental parameters for the repair shop can be seen in
Figure 4.
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Figure 4. Indoor air temperature and relative humidity measurements for the repair shop.
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The average concentration of carbon dioxide CO2 came out to be 430 ppm which is below the limit set
forth by industry standards. Concentrations of CO2 ranges from 360—760 ppm during with peak during the
second part of the day.

Given that the analyzed building didn’t have any kind of controlled ventilation system, while CO2 was
kept within acceptable limits and the relative humidity was low, it can be concluded that the airtightness of the
external building envelope was not sufficient.

3.3. Analysis of thermal energy consumption and technical conditions

The measured average annual energy consumption including electricity for fire stations was
317 kwh/m2. The relationship curve showing the link between fire stations’ energy consumption and the year
they were constructed is shown in Figure. 5.
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Figure 5. Measured average total annual energy consumption.
As it can be seen in Figure 5, there is no strict correlation between energy consumption of the building
and its’ year of construction. A more detailed analysis of thermal energy consumption in fire stations located
in the City of Riga is shown in Figure 6.
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Figure 6. Annual heat energy consumption of fire station
(address information is deliberately hidden).

The investigated buildings have poor thermal performance, which is due to the fact that those buildings
were constructed before 1990 when the normative U-values stipulated by the national building code were not
nearly as strict as they are today. The study results showed that the average annual heat consumption for fire
departments is 135.4 kWh/m2 within the timeline of 2010 to 2017. Data on the total annual energy consumption
was not available for 2009 and 2018. Results are rather similar to typical Latvian multi apartment buildings,
which annually consume 190 kWh/m? for heating and hot water preparation. It is also important to note that in
contrast to residential buildings majority of the fire stations do not have central hot tap water systems. Instead,
the electric hot water boilers are used.

During the energy audit, it was found that the existing hot tap water system is in poor technical condition
and does not ensure sufficient supply of hot water.
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3.4. Energy consumption estimation in different Latvian cities

In this chapter a theoretical estimation of energy consumption was performed for Latvian climatic
conditions, which is similar in Baltic Region and in Western regions of Russian federation, in order validate
dynamic energy calculations and to evaluate different retrofitting scenarios. For this purpose a typical Latvian
fire station was selected (Figure 2). As a first step, a non—renovated building was analyzed. Table 1 presents
data on Energy consumption of non-renovated buildings with the activity level of 2.0 MET, 1.4 CLO in garage
and 1.2 MET, 0.85 CLO in office part. The energy consumption for hot tap water was not taken into
consideration.

Table 1. Energy consumption of non renovated buildings, kWh/m?2,

City of Riga City of Liepaja City of Gulbene City of Daugavpils
HVAC electricity 0 0 0 0
District heating 136.2 123.2 160.7 151.5

As it can be seen in the table the obtained results for the City of Riga are in a good agreement with the
measured data. The discrepancy is less than 10 %. It can be concluded that this model can be used for further
estimation of the impact of retrofitting scenarios on final energy consumption.

In the scope of this study three retrofitting scenarios were analysed. Scenario 1 «basic» includes thermal
insulation of building envelope in accordance to Latvian legislation [16] and installation of mechanical
ventilation system without exhaust air heat recovery. Scenario 2 is similar to scenario 1, however, it is
enhanced by the installation of the exhaust air heat recovery unit. Third scenario is a deep retrofitting approach
which is suitable for Latvian climatic conditions [20, 21]. It includes installation of more efficient exhaust air
heat recovery unit, better airtightness of building envelope and an extra thermal insulation that meets the
passive house standard requirements.

Table 2. Description of retrofitting scenarios.

Exhaust air Airtightness of
U-values, W/m2K Ventilations rate, n—t heat building envelops gso,
recovery, % m3/(m?h)
e Opaque elements — '
Scenario 1 “basic 0.2Windows — 1.3 Doors 1.8 Garage — 20ffice part — 0.9 0 3.5
Scenario 2 — “basic Opaque elements — _ ' 3
plus” 0.2Windows — 1.3 Doors 1.8 Garage — 20ffice part - 0.9 85 2
- . Opaque elements — '
Scenario 3 “advanced 0.10Windows — 0.7 Doors 1.2 Garage — 20ffice part — 0.9 92 1
Table 3. Energy consumption of renovated buildings, kWh/m?2,
Scenario 1 Scenario 2 Scenario 3

Riga Liepaja Gulbene Daugavpils Riga Liepaja Gulbene Daugavpils Riga Liepaja Gulbene Daugavpils

HVA(? 25.7 25.7 25.7 25.1 251 25.1 25.1 25 25 25 25
electricity
District
heating 229.0 2151 265.9 252.9 63.2 545 83.9 80.1 46.1 39.1 64.7 62.14

Figure 7 shows annual comparison of thermal energy consumption before and after retrofitting.

The results of this study indicate that an installation of mechanical ventilation system without exhaust
air heat recovery unit significantly increases energy consumption even for a well-insulated building. Installation
of an exhaust air heat recovery unit, on the other hand, ensures a reduction of thermal energy consumption
by 165.8 kWh/m?2 or by 72 %. However, there is a significant increase in electricity consumption to run an air
handling unit which on average adds 25 kWh/mZ2. The average district heating price in Riga is 62.8 Euro/MWh
while the electricity price is 160 Euro/MWh. The economic benefit in this case would not be justified, as the
financial benefit of energy saving measures of deep retrofit would not outweigh the cost of electricity
consumption to run the AHU. Energy savings for thermal energy is 10.4 Euro/m?2 and increase for electricity
use is 4 Euro/m2. This would make an overall energy cost reduction 6.4 Euro/m?Z.

Bopoaunen A., [IposemenT A., 3asic A., 3emuruc 0.
90



Magazine of Civil Engineering, 90(6), 2019
300

265.9
252.9
250
229
215.1
200
160.7
z 1515
=150 —— ——
=
136.2
E
1232
100 —— — -
80.1
63.2 62.14
46.1
City of Riga City of Liepaja City of Gulbene City of Daugavpils
City

B before retroffiting B Scenario 1 M Scenario 2 o Scenario 3

Figure 7. Comparison of energy consumption for heating before and after renovation.

4. Conclusions

In scope of this study a detailed analysis of indoor air quality and energy consumption for Latvian fire
stations was performed. Acquired results can be expanded and applied in other countries and regions located
in cold climate zone. Analysed buildings represent typical brickwork construction widely used before 1990ies
not only in Latvia but in majority of the post-soviet countries.

1. Despite the increased focus on implementation of energy efficient measures in buildings, the world’s
energy consumption is constantly increasing. The main target group for implementation of energy efficiency
measures in building sector are multi apartment and public buildings. Meanwhile the energy efficiency in so
called unclassified buildings is not adequately addressed, as these buildings are not part of governmental
subsidies. However, energy consumption of such buildings as fire stations should not be neglected. Firstly,
majority of these buildings were constructed before 1990ies without substantial thermal insulation. Secondly,
fire stations are operating 24/7 and should provide an adequate thermal comfort and indoor air quality for their
personnel. Currently, the thermal comfort conditions can be ensured only in renovated airtight buildings

2. In scope of this study the indoor air quality measurements were performed in non-renovated fire
station depot which is located in City of Riga, representing cold climate zone. Analysis had shown that the
average indoor air temperature was 20.7 °C, average relative humidity — 33 % and CO2 concentration
662 ppm. It can be concluded that non renovated external building envelope can be characterized by a high
uncontrolled air infiltration rate. Extra air infiltration is compensated by extra heating load.

3. The paper presents the results of calculated and measured data of the energy consumption for fire
stations that were built before 1990s. The measured data for these buildings show that average measured
total thermal energy consumption is 135.4 kWh/m?2 while the total energy consumption including electricity was
about 317 kwWh/mz2,

4. Dynamic energy simulation for typical fire station has shown a good correlation with measured data.
Based on the dynamic energy simulation the theoretical energy savings were evaluated for three different
scenarios. Typical deep retrofitting package allows for 66 % reduction of thermal energy for space heating.
Installation of mechanical ventilation system without heat recovery increases energy consumption by 72 % in
comparison to renovated building without any mechanical ventilation.
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Abstract. The way in which the maturity sensors are placed determines their number required for a particular
monolithic building skeleton. Previous studies scarcely address this aspect, providing only logical assumptions.
Therefore, this study proposes an alternative placement strategy for maturity sensors based on transitional
boundaries of concrete curing temperature distribution. The transitional boundaries may be determined using the
heat map representation of temperature distribution, where the unknown values are computed by the Inverse
Distance Weighting method. Based on the experimentally poured concrete slab and randomly embedded
maturity sensors revealed that the transitional boundaries form elliptical shapes. The temperature distributions
along the largest diameter of ellipses were plot on a single graph, which created regular and reverse parabolas.
As aresult, the distance between the closest opposite intersections of the parabolas is assumed as the maximum
acceptable step to set the maturity sensors. The proposed placement strategy may be applicable for the sensors
that measure various continuous phenomena, for example the relative humidity.

1. Introduction

There are many methods to control the concrete compressive strength. Some of them are clustered as
destructive, some as nondestructive [1]. The traditional destructive control of concrete strength is based on the tests
of standard concrete specimens by compression using the press machines. In the field conditions the standard
specimens are prepared from the freshly arrived concrete mixture in parallel with the pour of concrete structure.
Usually for each batch of the concrete mixture, at least 9 specimens are prepared. Itis supposed that the specimens
cure at the same ambient conditions as the concrete structure. At the curing ages of 3, 7 and 28 the specimens are
tested. Three specimens are tested at each testing day. The load of squeezing corresponding to the moment when
the specimen starts breaking, or the cracks appear on it, is fixed as the value of the strength. The average of
strengths of the three specimens is taken as a value of concrete compressive strength at a certain day of curing
[2]. This method of strength control is widely accepted worldwide as the more robust method. However, due to
several circumstances and human factor the testing procedure is not always precisely followed in the constructing
sites. These circumstances may include wrong sequence and timing of the preparation of specimens (e.g. the
structure is poured too late after the specimens are prepared), confusing the batch of concrete mixture, and the
difference of curing conditions (e.g. after preparation the specimens are hold at the laboratory). Moreover, it is worth
noting the difference of sizes between the specimens and a real structure. Massive structures cure slower than the
smaller ones. All of this makes the test results more unreliable. Nevertheless, the method is still extensively used,
since it is regulated by the actual construction standards of almost each country all over the world [1, 2]. The
traditional nondestructive concrete-control mostly refers to the shock-impulse method implemented in a special
equipment. The mechanism of shock-impulse method is based on the energy appearing at the hit of hammer of
the corresponding equipment. According to the preliminary calibrations, the obtained energy is converted into the
value of compressive strength. The shock-impulse method is also regulated by the construction standards in many
countries. Its main advantage is that it gives the result immediately. The equipment is mostly portable and easy to
handle [3]. Although it has certain advantages, the method has its own disadvantages. The method enables
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obtaining the compressive strength at a certain point where the hammer hits. Therefore, referring the obtained value
of compressive strength to the whole structure would be a wrong decision. Since in reality, every part of the structure
cures differently. This is why the several points of the structure must be tested. In general, both traditional methods
imply the human involvement, labor-intensive, cost-inefficient, and disable real time measurements [4].

The concrete curing refers to the exothermal process [5], where the cement hydration releases heat. This
is why at early ages of concrete curing the internal temperature of concrete intensively increases and slowly
decreases afterwards [6]. The continuous strength gain of the concrete throughout many years indicates that the
chemical reaction in it is long-lasting. Measuring the internal temperature over time opens great opportunities
during concrete works. It helps making proper decisions on unmolding the formwork and loading the structures,
and influences the pace of construction [7]. This feature of concrete is studied in many previous works [6, 8-11].
It is proven that the combined effect of time and temperature enables estimating the actual compressive strength
of the concrete. To refer to this effect, [12] introduced the terms «maturity index» or «temperature-time factor».
There are two maturity functions, enabling concrete strength estimation: Nurse-Saul and Arrhenius functions.
The Nurse-Saul function assumes that there is a linear relationship between the maturity and hydration
temperature history. The Arrhenius function assumes that there is an exponential relationship between the
compressive strength and hydration temperature [12]. The maturity method is effective by means of embedded
temperature sensors that can be either wired or wireless in terms of control [13, 14]. The sensors enable
continuous monitoring of internal parameters of concrete (not only the temperature) as long as they are powered
by electricity [15-17]. The manufacturers of such sensors are the Canadian company «Giatec» [18, 19],
American company «ConcreteSensors» [20] and some others are widely discussed in [5]. The advantages and
disadvantages of these sensors are thoroughly discussed by [21], who proposed the less expensive sensor
prototype with improved features (Figure 1).

Figure 1. Sensor prototype [21].

In [21] it is argued that the economic impact for construction sites may be reached due to the timely
knowledge about the concrete strength, which saves overhead expenses. However, using too many sensors
is quite costly [5]. Because the expenses to purchase many sensors may leave no savings at all. Therefore, it
is important to define a necessary number of sensors to be used for a certain monolithic building skeleton in
advance. The number of sensors needed depend on the location where the sensors must be installed.
Currently, the optimal location of the concrete maturity sensors has not been well studied, but there are studies
on optimal placement strategies of other types of sensors [22—24], mainly used for modal tests [25] proposed
the sensor placement strategy based on the finite element simulations, where the case of heat transfer
problem in the concrete slab was considered. Due to the specificity of the internal temperature behavior of
concrete curing, nhone of the considered above strategies seems appropriate for maturity sensor placement.
However, some techniques proposed by [25], such as representing the heat transfer in a colored heat map,
may be helpful [26] suggests to consider three aspects when selecting the installation locations of the concrete
maturity sensors, such as critical weather locations on the structural element, concrete mixture pour schedule,
and the structurally critical locations. The environmental phenomena, such as wind, rain, and shadow may
influence the internal temperature of concrete to some extent, which eventually affects its strength gain [21]
proposed a cross-correlation matrix that shows how the concrete parameters influence each other at
laboratory and field conditions. According to this matrix for the studied mixture, in the ambient conditions the
effect of internal temperature on the strength gain is only 14 %. The rest of 86 % goes to the ambient
temperature (33 %), internal relative humidity (25 %) and ambient relative humidity (29 %). The pour schedule
is also important. Since one huge structure may require several pours until it is filled completely, and the
interval between the pours may fluctuate up to several hours. In this case [26] proposes a mandatory
installation of the sensor in the location of the last pour. Due to the concrete at this location will most likely
gain the necessary strength later than the concrete at the previously poured locations. Probably the most
important locations to install the sensors are the critical locations, where the highest negative and positive
design moments are observed. Commonly, in the monolithic building skeleton the maximum positive moment
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is located at a mid-span, and a maximum negative moment is located at a slab-column boundary. These
locations are considered the most responsible when conducting the design of spatial skeleton of the building
[26]. Other aspects that need to be considered are the power of the network (if the sensor is wireless) and the
safety from accidental damage. The existing analogs of maturity sensors [18, 20] use Bluetooth data transfer
protocol. Because of the short operating distance of Bluetooth, it is important to install the sensors at easy-
accessible locations, to ease the future data retrieval. To eliminate this shortcoming, [21] proposed to change
the Bluetooth into the Narrow Band loT network. The safe locations to install the sensors would be those with
low workers traffic. The concrete pouring may also damage the sensors. Therefore, it is necessary to install
them in a distance from the pouring location [26].

Previous studies propose only logically assumed locations to install the sensors without providing
justifications. Considering the importance of the sensor positioning, current study proposes an alternative approach
for allocation of the embedded sensors. As per [27], the temperature is a continuous phenomenon. This means its
values change smoothly throughout the surface until the border (hereinafter — transitional boundary) where the
influence of other phenomena begins to prevail. If considering the internal temperature during the concrete curing
process, the same behavior may be observed. This study anticipates that such behavior of the internal temperature
of concrete gives understanding of at which step the maturity sensors must be set. Hypothesized that the transitional
boundaries most likely occur around the reference points, where the values of the temperature are known, and
creates elliptical shapes. Therefore, it is assumed that the maximum setting step of maturity sensors must be less
than the largest diameter of each elliptical shape of transitional boundary. The suitable approach to define and
measure the transitional boundaries could be the colored heat map representation of temperature distribution as
used in [25], which enables visualizing the change over the surface somewhat clearly. In the light of the
aforementioned assumptions, this study aims to develop and justify an alternative strategy of concrete maturity
sensor placement. Thus, the concrete curing temperature distribution is considered as the object of study and the
transitional boundaries of temperature values — as the subject of study. Further chapters enclose the proposed
hypothesis more in detail based on the experimental studies conducted.

2. Methods

To create the heat maps of temperature distribution and determine the transitional boundaries, at least
the values of temperature at the reference points must be predefined. The rest of temperature values
throughout the whole surface can be determined using the interpolation technique. Laying out all the
temperature values at the corresponding positions in the 2D plane and assigning scaled colors to them
generates a heat map. Moreover, the more reference points involved, the more precisely the interpolation
calculates the temperatures at each position in the plane. To avoid unrealism, the reference points must be
randomly distributed across the plane. The heat map may give a proper justification of the maximum setting
step of maturity sensors. To investigate the hypothesis, a reinforced concrete slab experimentally taken as the
2D plane. The slab had the rectangular shape with the dimensions of 12x6x0.2 m and poured outdoor.
Conducted the following sequence of operations:

1) Before the pour of the slab by the concrete, 5 maturity sensors developed by [21] were mounted on
the rebar of the slab in random locations in the plane, as shown in the Figure 2 below. The sensors were
located in the center of the slab thickness.

Length, m
0 1 2 3 4 5 6 7 8 9 10 11 12
o —/—/—m—mmm——r—r—r—r—r—r—r—Trrr T T T T T T T
| ©
2

Width, m
w

' ® ®

Figure 2. Locations of the maturity sensors.
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2) The slap was poured by the concrete B25 M350 in 6 approaches of a skip by around 14 m? of
concrete mixture from one batch. Total time spent for the pouring process was less than an hour. The ambient
temperature was between 10+12 °C. The slab had no thermal insulation. The particleboard was used as a
formwork of the slab. The thermos-physical properties of the formwork were not considered, since it was
expected that its effect would be insignificant due to the similarity of the ambient temperature and the initial
temperature of the concrete mixture.

3) Immediately after the pour, with the interval of one hour the sensors measured the internal
temperature of concrete for 28 days (i.e. each sensor had 672 readings).

4) The readings of each sensor were transferred to the computer and converted into Excel format.

5) In the Excel document, 672 sheets were created, each containing the readings of corresponding
hour of measurements.

6) In each sheet, 2D planes were created with the size of 1200x600 cells (i.e. the size of each cell was
equivalent to 10x10 cm in regard to the size of the concrete slab). The values of temperature at reference
points (existing readings) were laid in the corresponding cells of each of the planes (Figure 2).

7) The unknown values of temperature in the 2D planes were interpolated using the Inverse Distance
Weighting (IDW) method. IDW is a spatial interpolation method that enables estimating the unknown values
based on the weighted average of the known values [28, 29]. Thus, each cell on the 2D plane was assigned
by the equation, where the weights represented the distances from each cell to the locations of reference
points. The equation is as followed:

~—t

2
t=31', @
2

i=1

o

\ -

p

o

where t¢ is unknown value of temperature in the cell;
I is number of reference point;
ti is known value of temperature at the reference point i;
di is search distance from the cell to the reference point i;
p is power of IDW (p = 2) [29].

8) To generate the hourly heat maps, the cells on the 2D plane were color-scaled using the Excel
conditional formatting feature based on the values of temperature that the cells contained. The choice of
Excel to create heat maps is justified by its flexibility in the implementation of custom method for estimating
unknown values of temperature based on existing ones. Existing software to estimate temperature field are
adapted to solve specific tasks such as thermal design. They are based on certain methods, which cannot
be customized and do not cover the needs of this study. Thereby, they considered the influence of ambient
temperature on a particular object, which temperature is initially stable. In case of concrete mixture, its
temperature is instable and fluctuating over time. Moreover, there is no need to consider the ambient
temperature when the sensors measure the actual internal temperature of concrete.

9) Allthe hourly heat maps were combined into one average in order to define the averaged transitional
boundaries and the shaded elliptical shapes that they surround. Then there were drawn the cross-section lines
passing through the reference points and coinciding in the orientation of the largest diameters of elliptical
shadings.

10) Temperature distribution graphs were created in the cross-sections, and the distance between the
opposite intersections of the graphs enabled determining the acceptable setting step of sensors.

3. Results and Discussion

As planned, the measurement of temperature in the body of reinforced concrete slab was carried out
by the embedded sensors for 28 days with the interval of 1-hour. The sensors collected 672 readings each.
When displaying all the obtained readings onto the chart, observed the following behavior of the concrete
curing temperature presented in Figure 3 below.
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Figure 3. Temperature mode of concrete curing.

From the figure above it is seen that although the initial temperature of concrete mixture when pouring
was uniform (around 10 °C), at further concrete curing observed the difference between the values of
temperature at all reference points (i.e. sensor locations). This indicates that the concrete gained its strength
unevenly throughout the whole period. Some parts of the slab gained strength faster than other parts. There
could be many reasons of this consequence, such as poor quality of concrete mixture and its rheological
structure, influence of environmental phenomena or simply human error while taking care of the concrete.
However, it is impossible to achieve a perfectly even curing of concrete, especially when it comes to the
extended and flat structures. In general, it is shown that at the second and third days the internal
temperature reached its peak. This is due to the exothermal reaction during the cement hydration. Thus,
the highest temperature of 50 °C reached on the third day at the location of sensor Nomber 5. Little earlier,
on the second day the temperature at the location of sensor No. 3 reached its peak at 47 °C. The
temperature peak at other sensor locations fluctuated between 45—49 °C. The notable variation of the
temperature between 24-33 °C is observed on the 7" day, which is probably most like is caused by the
influence of external phenomena. Furthermore, the temperatures at the sensor locations smoothly
decreased up to the 28" day and reached the ambient temperature of around 14—15 °C. The small variation
of temperature at the 28" day may indicate that the strength of concrete at all the reference points became
more or less uniform.

To enable smooth transition of scaled colors in the heat maps, the 2D plane was split into the grid of
cells with the size of 10 cm. A smaller cell size, such as 1 cm, would make the transition even smoother. Thus,
672 heat maps were obtained for each hour within 28 days. The heat maps of the most important ages of 1,
2, 3,7, 14 and 28 days of the concrete curing are presented in Figure 4 a), b), ¢), d), e) and f) respectively.

The figures above demonstrate how the temperature changed during the 28 days of concrete curing.
The heat maps were generated based on the values of temperature at each cell of 2D planes. Here some
values were known (at reference points), some were unknown and interpolated using IDW method, as
planned. The heat maps used three scaled colors to demonstrate the change of the temperature values on
the plane: blue, white and red. The cells colored in blue and red represents the lower and the higher values of
temperature respectively. The white color is selected to indicate the transitional boundaries between the lower
and higher values of temperature and vice versa. It should be noted that the scale of the colors at each heat
map of a certain period is assigned between the lowest and the highest values of temperature within the
corresponding heat map. For note, if scaling the colors between the lowest and highest values of temperature
within the whole period of 28 days of concrete curing (e.g. between 10-50 °C), the change of the temperature
values in majority of heat maps would be indistinguishable. The obtained heat maps colorfully emphasize the
dynamics of changes in the internal temperature of concrete, which can eventually provoke a variation in the
strength gain in different parts of the concrete structure. In this regard, it helps better understanding the
hydration reaction in the concrete structure to make proper decisions on preventive measures.

To gain a general picture on the reasonable setting step of the sensors, the average heat map were
generated based on the values of temperature at all the cells of all 672 hourly heat maps. The resulting heat
map is shown in Figure 5 below.
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Figure 4. Heat maps of temperature distribution.
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Figure 5. Heat map of average temperature distribution.

The obtained heat map depicted distinct shadings with ellipsis shapes around three reference points.
Here the lowest temperature values in the cells colored in blue are observed around the sensor No. 4 and the
highest — around the sensors No. 2 and 3 in the cells colored in red. Other sensor locations fell on to the mean
values of the temperature distribution. Such a picture is a consequence of higher instability of the values of
internal temperature at the reference points No. 2, 3 and 4, than at the reference points No. 1 and 4, based
on the readings during 28 days of concrete curing. However, it is this picture that gives basis for further
reasoning and justification of the acceptable sensor setting step. Thereby, according to the last operation of
this study, the temperature distribution graphs were created at the cross-sections A-A, B-B and C-C that pass
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through the reference points. For the location of sensor No. 2, 3 and 4, the cross-sections were selected at
the angles of 45, 110 and O degrees to the horizontal axis respectively, and the graphs of temperature
distribution were draw, as presented in Figure 6 below.

3

AA

B-B

Temperature distribution, °C

------- B-B (forecast)

c-C

-5 -4 -3 -2 -1 0 1 2 3 4 5
Distance from the reference point, m

Figure 6. Distribution of temperature at cross-sections.

From the figure above it is seen that the values of temperature at cross-sections fell within the range of
28.2-31.2 °C. The graphs took a parabolic shape with the peaks on the vertical axis. The higher peaks are
observed at the reverse parabolic graphs A-A and B-B, where the highest values of temperature was identified
(Figure 5). Conversely, the lower peak is observed at the regular parabolic graph C-C. Since the lower part of
the cross-section B-B rests close on the border of the 2D plane, its temperature distribution graph was
prolonged through the forecast of its trend (marked with dotted line), in order to enable its intersection with the
graph C-C having the lower peak. If considering the graphs A-A and B-B, it may be noticed that their transitional
boundaries start in an average distance of 3.5 m from their reference points. In case of the graph C-C, from
one side (left) the transitional boundary starts in a distance of 4 m, while from the other side (right), it starts in
a distance of 3 m from the reference point. To retrieve the combined effect of all the temperature distribution
graphs, suggested to pay attention onto the intersection of the graphs on both sides. Such intersections may
create several new asymmetrical shapes, depending on the number of cross-sections taken. Proposed that
the distance between the closest opposite intersections of the temperature distribution graphs represented by
regular and reverse parabolas may be considered as the maximum acceptable setting step of maturity
sensors. In addition, to ease the selection of the intersections, proposed to consider the asymmetrical shape
with the smallest area that lays more inward compared to other asymmetrical shapes. This study revealed the
distance of 5.75 m between the two opposite intersections of the temperature distribution graphs, based on
three considered cross-sections. Thus, the setting step of maturity sensors suggested to be set less than this
distance.

Similar results may be obtained if using a thermal imaging camera instead of the maturity sensor.
However, it should be noted that the thermal imaging camera enable reading the temperature only on the
surface of concrete structure, and therefore this equipment is not appropriate to replicate this study. It is
important to have the readings of internal temperature of concrete structure. Current study involved the
wireless maturity sensors. However, to replicate the study one may use wired temperature sensors as well.

4. Conclusion

1. Previous studies proved the effectiveness of the embedded maturity sensors for monitoring the
reinforced concrete structures compared to the traditional destructive and nondestructive methods in terms of
labor-intensity, portability and comfortableness, as well as ability of real time measurements. However, the
cost-efficiency of the embedded sensors depends on their number used for a certain volume of concrete
structure or the whole building skeleton due to their relatively high purchase price. Therefore, it is worth paying
particular attention to the way the sensors are placed in the concrete structure when using them. Since the
more efficient the positioning of the sensors, the less they can be used.

2. ltisrevealed that the existing methods to establish locations of concrete maturity sensors are weakly
substantiated and based solely on logical assumptions, not considering the possible variation of curing
intensity at different parts of the concrete structure. Therefore, in this study proposed the alternative method
to position the maturity sensors underpinned by the dynamics of transitional boundaries of temperature
distribution during the whole concrete curing period.

3. Experimentally identified that the transitional boundaries surround the patterns with more or less
similar (or clustered) values of temperature. Moreover, these patterns most likely have the elliptical shapes.
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The temperature distribution throughout the whole dimension of concrete structure may be obtained using the
Inverse Distance Weighting interpolation method, using the known values from the sensor measurements and
their locations. Thereby, in current study defined the convenience of heat map representation to clearly
demonstrate the transitional boundaries and the pattern of temperature distribution. The heat map enables
expressing the patterns by the color-scaled shadings of each point at the concrete structure, where the
intensity of the colors are dependent of the values of temperature at the points. It was established that the
suitable color scheme of the heat maps may consist of three different colors, that correspond to the values of
low, medium and high temperatures on a certain heat map. In this study selected the color scheme that
consists of blue, white and red colors. In this study 672 hourly heat maps were created that give clear visual
interpretation of the dynamics of temperature distribution throughout the 28-day period. To enable defining
their combined effect, it is proposed to create the consolidated heat map, based on the sum of values of all
the heat maps at each respective points.

4. The study identified that the combined plotting of temperature distribution along the lines that
coincide with the direction of the largest diameter of formed in the consolidated heat map elliptical shadings
creates the asymmetrical shapes. These shapes are composed of the regular and reverse parabolas.
Depending on the number of shadings selected to the plot, there may occur several asymmetrical shapes. It
is suggested to consider the distance between the intersection of regular and reverse parabolas that create
the asymmetrical shape with the smallest area as the maximum acceptable setting step of the maturity
sensors. As a result of the experiments conducted, it is not recommended to exceed the setting step of the
maturity sensor above 5.75 m.
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AHHoTauua. OT cnocoba pasmeLleHnss 4aTYMKOB 3PENIOCTU 3aBUCUT MX KONMYECTBO, Heobxoaumoe ans
onpefeneHHOro kKapkaca MOHOMMTHOTO 3aaHust. MNpexHne uccrnefoBaHusi cnabo OCBsIWAT AaHHbIN aCMekT,
NpUBOAS NUWb JOTMYECcKUe npearnonoxeHus. [MoaToMy B AaHHOM WCClie4oBaHWM npeasiaraetcs
anbTepHaTUBHasa cTpaTerMss pasMelleHuss [aTYMKoB, OCHOBaHHas Ha nepexodHbiXx rpaHuuax
pacnpeferneHnss TemnepaTypbl TBepAeHust 6eToHa. [NepexodHble rpaHuubl MOryT GbiTb OnpeaerneHsbl ¢
MOMOLLbIO TMOCTPOEHWs1 TEMIOBOW KapTbl pacrnpenerieHns TemnepaTypbl, rde HEeW3BeCTHble 3HayeHus
paccunTbIBaTCA METOAOM 06paTHOro B3BELUNBAHUS PacCTOSHUA. Ha ocHOBe aKcnepuMeHTanbHO 3anuToi
GETOHHON MMUTbI C MPOWU3BONBHO BCTPOEHHLIMU AaTYMKaMKu 3PEniocTV YCTaHOBMEHO, YTO MepexodHble
rpaHuubl obpasytoT annuntuyeckne copMbl. PacnpeneneHve temnepaTyp No HavGosblieMy AuamMeTpy
3NNMNCoB BbINO HAHEeCeHO Ha rpaduk, YTO NMPMBENO K CO3[4aHMI0 MpaBUNbHbIX M 06paTHbIX napabon. B
pesynbTate, paccTosiHMe Mexay O6nvxanwyvMu NPOTUBOMONOXHBIMU TOYKaMU MNepecedyeHuss napadon
MPUHATO B Ka4YeCTBe MaKCMMaribHO JOMYCTUMOrO Wara Ans YCTaHOBKU AaTyuKoB 3penocTu. Mpeanaraemas
cTpaTerMss pasMelleHUss MoXeT GbiTb NpuMMeHMMa K [OaTyvMkaMm, KOTopble W3MepsitoT pasfuyHble
HenpepbIBHbIE ABMNEHNUS, Hanpumep, OTHOCUTESbHYIO BMaXXHOCTb.
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Abstract. The particular weaknesses of concrete buildings are brittle fracture and lack of material ductility, so
using steel reinforcements and discrete fibers are an attempt to overcome this weakness. Strain hardening
behavior under tensile force has made new material, High Performance Fiber Reinforced Cement Composite
“HPFRCC” as a high performance material with high energy absorption capability and high cracking ability
before failure. Therefore the structural application of this composite material in the structural members such
as continuous beams to control cracks width and formation of multiple cracks, improve ductility, moment
redistribution capacity have been investigated. In this paper, the effect of using HPFRCC containing 2 % steel
fibers on the flexural performance of four large two-span reinforced concrete beams with similar dimensions
and similar longitudinal reinforcement ratios has experimentally been investigated. Two beams were ordinary
concrete with two different arrangements of stirrups in the middle support (hogging) and mid span (sagging)
area and two other beams were companion but made with full HPFRCC composites. The specimens have
rectangular cross section of 250 mm (height)x200 mm (width) and are continuous over two spans of 1800 mm
each and two concentrated equal statically monotonic loads (from zero to the failure) are applied at the
mid-span of each beam. The experimental results showed that using HPFRCC layers in section beams and
reducing the spacing of the stirrups, increased the ultimate load, ductility ratio, plastic hinge characteristics
and moment redistribution capacity of these beams compare to reference beam. The greatest load carrying
capacity values 42 % were observed in FHPS compared to RCN beam. Maximum moment redistribution
values of around 23.31 % was observed in FHPS beam and maximum displacement ductility ratio 1.8 was
observed in FHPS beam compare to reference beam. In HPFRCC beam, the sufficient shear strength is
provided in beam without local shear cracks. This allows the formation of plastic hinge in beams and plastic
hinge zone.

1. Introduction

One of the high performance materials that has been prominent in recent years is the high performance
fiber reinforced cement composites (HPFRCC). Strength, stiffness, toughness (the area under the stress-
strain curve) and durability are the main characteristics of a High Performance Material. researchers
investigated Durability of an Ultra High Performance Fiber Reinforced Concrete (UHPFRC) [1]. HPFRCC were
classified in a way, which was separated from fiber reinforced Concrete (FRC), so HPFRCC were a special
type of FRC composites whose characteristic sign was the strain hardening behavior under tensile force after
the first cracking, which was accompanied by multiple cracks to reach high strains [2]. Researcher have
recently looked at the applications of high performance fiber- reinforced cement composites [3]. At present,
the most widely used micro and nanomodifires of cement composites and simultaneously components of the
cement stone are the finely dispersed active mineral additives such as silica foam and metakaolin [4-8]. It is
known that concrete is a heterogeneous material, it has the low tensile strength to compressive strength ratio,
and is prone to formation of microcracks in the process of shrinkage during hardening. These peculiarities
determine the necessity of the solution of specifical problems to identify the optimal combination of the
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concrete matrix with different types of reinforcing fibers which technical characteristics may be varied within
wide limits. The use of a fiber reinforcement allows to improve the tensile strength and tensile strength in
bending, impact and fatigue strength, reduce the shrinkage the deformations, prevent the cracking, increase
the flexibility, impact, and abrasive resistance, increase frost resistance, water resistance, etc. By applying the
disperse reinforcing fibers of different types and sizes, we can adjust characteristics of concrete thereby
ensuring required performance properties and durability [8—12].

Many structural applications of HPFRCC material are concentrated on simple beams, continuous
beams (moment redistribution as effective parameters in RC structures), and beam-column connections, so
the related researches are given following. Hemmati et al. (2015), performed experimental parametric studies
to evaluate the impact of compressive strength, loading type and tensile reinforcement ratio on the
characteristics of the final deformation of simplified support beams HPFRCC. It showed that, if concentrated
loading in the middle of the span were changed to uniform loading, the plastic hinge rotation capacity would
increase and examined the flexural behavior of high performance fiber reinforced concrete beams with the
effect of the thickness of the HPFRCC layer at the height of the beam's cross section under a two-point flexural
test also Researcher conducted research on increasing the bearing capacity in reinforced concrete frame
using HPFRCC materials by numerical methods. In these models, the panel zone material was replaced by
HPFRCC, which had different tensile and compressive strengths, and then complete concrete frames and
complete HPFRCC frame were compared. The results showed that the use of these materials increased the
bearing capacity and ductility of these frames [13-16].

Maghsoudi et al. (2010), investigated of reinforced high strength concrete continuous beams
strengthened with fiber reinforced polymer. Experimental program was focused on flexural behavior and
moment redistribution in continuous HSC beams. It was concluded that, as the number of CFRP sheet layers
increases, the ultimate strength becomes higher, but the ductility, moment redistribution and ultimate strain of
the CFRP sheet decrease. An analytical model for moment—curvature and load capacity were developed and
used for the tested specimens. Good agreement between experiment and prediction values was reported [17].

And also Carmo et al. (2008) studied analytically factors affecting moment redistribution in continues
RC structures which are ignored in design codes. The studied parameters are structural type, load type,
concrete strength, and beam slenderness. The main objective of the study was to understand better the
capacity of forces redistribution in reinforced concrete beams [18-21]. Moreover, Holschemacher et al. (2012)
investigated continuous two-layer reinforced concrete beam. 5 Models and full-scale statically determinate
two-layer beams (TLB), made of steel fiber high strength concrete (SFHSC) in the compression zone and
normal strength concrete (NSC) in the tensile zone, have been tested by the Researchers. As in the previous
research stages, interaction of the concrete layers in a CTLB was studied to demonstrate the efficiency of
such beams for real structures. No cracks between the SFHSC and NSC layers were observed up to the
ultimate limit state of the tested beam, which demonstrates proper interaction between the layers. The results
obtained in the present study enable a recommendation of CTLB for practical application as effective and
economical continuous bending elements [23-25].

Mostofinejad et al. (2007) conducted a parametric study on moment redistribution in continuous
RC beams with equal spans under uniform loading was performed. First, the governing equation for the
allowable percent of moment redistribution was extracted using ductility demand and ductility capacity
concepts. The effects of different parameters such as the concrete compressive strength, the amount and the
strength of reinforcing steel, the magnitude of elastic moment at the support and the ratio of the length to the
effective depth of the continuous beam on moment redistribution were then investigated. The results showed
that, whereas the permissible moment redistribution in continuous reinforced concrete beams based on the
relevant rules in the current codes is not in a safe margin in some cases, it is rather conservative in most cases
[26]. Visintin et al (2018) investigated the moment redistribution in ultra-high performance fiber reinforced
concrete beams. The results of the experimental investigation show that for beams where the hinge formed at
the support, the observed moment redistribution was greater than the code predictions. However for the beam
where the hinge formed under the load points, observed moment redistribution was significantly less than
codes predictions. Hence, the results of this study show current design guidelines do not always provide a
conservative prediction of moment redistribution in UHPFRC beams [27].

Bagge et al (2014) investigated the moment redistribution in RC beams, study of the influence of
longitudinal and transverse reinforcement ratios and concrete strength. Evaluation of the experimental study
indicated a highly nonlinear structural behavior of the tested beams with the distribution of moment differing from
linear elastic analysis, even for low load levels. The evolution of moment redistribution and the moment
redistribution at the ultimate limit state (ULS) were appreciably dependent on the arrangement of longitudinal
reinforcement, whilst the transverse reinforcement ratio had a marginal impact up to yielding of the longitudinal
reinforcing steel, with the concrete strength slightly reducing the degree of moment redistribution [28, 29].

Saghafi et al. (2018) investigated enhancement of seismic performance of beam-column joint
connections using high performance fiber reinforced cementitious composites. The test results revealed that
HPFRCC connections considerably enhanced shear and flexural capacity as well as deformation and damage
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tolerance behavior at post-cracking stage compared to those of normal concrete at ultimate stages. Moreover,
the failure mode of HPFRCC specimens changed from shear mode to flexural mode compared to the failure
mode of concretes without required seismic details [30, 31].

A survey of literature shows that more experimental work is needed to investigate the use of HPFRCC
material instead of normal concrete in continuous concrete beams and a research program must be
established for investigating the structural behavior of a RC beam with HPFRCC. A great amount of
researches in recent years, focused on the durability and steel corrosion of these composite beams and it is
necessary to evaluate the structural behavior of these hybrid members. Furthermore, very limited research
studied the effect of HPFRCC and confinement of concrete in compression on the rotational capacity, ductility
and the capacity of redistributing stresses and moments between positive and negative regions of reinforced
continuous concrete beams.

This paper examines the complete nonlinear response of a RC continuous beam and HPFRCC
continuous concrete beams tested under monotonically increasing loads. From a different perspective, an
important issue in designing HPFRCC continuous beams is the requirement of appropriate ductility and the
capacity of redistributing stresses and moments between positive and negative regions. Given the collapsing
flexural modes in these beams, the analysis of stress and moment redistribution calls for special investigation.

2. Methods

2.1. Materials properties of experimental program

In this research, the components of the materials and the mixing design used for constructing High
Performance Fiber Reinforced Cement Composite (HPFRCC) were result of testing the specimens with
different proportions of materials to achieve hardening behavior. So that the best mixing design based on
Weight ratio was presented in Table 1. The cement amount used in the construction of beams was Portland
cement with density of 3.05 g/cm?® and the sand used in HPFRCC concrete had a diameter of 0.1 mm to
2.4 mm. In the construction of Normal Strength Concrete (NSC). Aggregates with a maximum diameter of
10 mm were used and the sand was smaller than 4.75 mm (sieve number 4) .Sand and gravel had a specific
density of 2.65 g/cm3. Silica fume with density of 2.2 g/cm? and grain size 0.1 ym and super plasticizer based
poly-carboxylate with a density of about 1.07 g/cm? were used in the construction of concrete beams. Hook-
end steel fibers with 30 mm length, 0.6 mm diameter, aspect ratio (I/d) of 50, tensile strength 1100 MPa,
modulus of elasticity 200 GPa and density 7.85 gm/cm?® were employed in this study. The density of this steel
fiber is 7850 kg/m? and the weight of 0.01 m?3 of this fiber is 7850, so the volume fraction equal 2 % means
that from 100 percentage of total volume of each cubic meter of concrete, 2 % equal 0.02 m® and 157 kg filled
with steel fiber.

Table 1. Mixture proportions of HPFRCC and NSC.
Concrete Components

Name.of Cement Sand Gravel Water  Super plasticizer Silica fume  Steel fiber Fiber volume

material  (Kg/m?) (kg/m3)  (kg/m3*  (kg/m?3) (kg/m?3) (kg/m?3) (kg/m?3) fraction Vi (%)
HPFRCC" 850 1062 - 257 13.77 85 157 2
NSC” 450 597 1083 210 - - - -

* High performance fiber reinforced cement Composite, ** normal strength concrete

Six cube samples with dimensions of 150x150x150 mm were used to determine the compressive
strength of normal strength concrete (NSC) and HPFRCC. The mean values of the 28 day compressive
strengths of cubic samples for NSC and HPFRCC were 42.62 and 82.94 MPa, which were equal to 36.22 and
70.50 MPa in compressive strength cylindrical samples, respectively. The typical setup for the uniaxial tensile
test is shown in Figure 1. To avoid fractures outside the measurement area, both ends of the specimens were
made in the shape of a dog-bone. The elongation of the specimen was measured using two linear variable
displacement transducers placed on two opposite sides of the specimen with a gauge length of 100 mm. The
load was applied using displacement control hydraulic jack at a constant rate of 0.1 mm/min. Tensile Stress-
strain responses of specimens was shown in Figure 1. The measured stress—strain curves are presented in
Figure 1. The maximum tensile strain exceeded 0.71 % and the maximum tensile strength was approximately
6.7 MPa.
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Figure 1. Dog-bone specimen configuration for uniaxial tensile tests (Units: mm).

In Table 2. Some important characteristics associated with the reinforcing steel are shown for all
dimensions used for reinforcing the beams. The yield strength (fy), yielding strain (esy), ultimate strength (fu)
and ultimate strain (esu) are presented as mean values from standardized material tests.

Table 2. Reinforcing steel characteristics.

Diameter @ Yielding Yielding strain  Ultimate strength  Ultimate strain MOdl.“Hs of
Type of rebar strength fy esy (%) fu (MPa) £su (%) elasticity Es
(mm) (MPa) 2 u su (MPa)
Longitudinal rebar 14 520 0.25 640 16 210
Longitudinal rebar 10 530 0.24 663 16 210
Transverse rebar 8 510 0.20 780 14 210

2.2. Test setup and instrumentation

In order to study the flexural behavior of two-span continuous beams with conventional concrete and
HPFRCC composite, specimens had been selected that were as close to half-scale as possible to achieve
reliable results. The general test set-up was shown in Figures 2 and 3, the beams consisted of two equal
spans with two roller supports at both ends and one hinged support at the middle. A 1000 kN hydraulic
actuator was used to apply a monotonic concentrated load on the mid-point of a rigid steel spreader beam.
And also three load cells were used to measure the reaction at the supports. To measure the applied total
load by hydraulic jack, a Load cell with a capacity of 1000 kN was used. Moreover, deflection was measured,
using Linear Variable Differential Transformers (LVDTSs), at three different locations in each span: at the
midpoint, one-quarter, and three-quarters of the span length. Considering the distance of the experimental
rigid frames and considering this limitation, the beams were 4000 mm long with two equal spans (1800 mm
each span) to which two concentrated forces were applied at mid span. The beams were rectangular
250 mmx200 mm (height x width) and this cross section was constant in all tests, as was the slenderness,

L/h =7.2 (L is the span length and h is the beam height) as shown in Figure 4.

1800 mm 1800 mm

Figure 2. Test setup and instruments used in experiment of the beams.
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Figure 4. General Dimension of test specimens (unit: mm).

The reinforcement ratio (p1, p2) consumed in these beams was selected in such a way that the area

section of bars was not more than balance reinforcement ratio (on) so the flexural failure occurred, this
assumption was shown in Figure 5. As shown in Figure 6, two and three bars of 14 mm in diameter were used
as the bottom and top longitudinal reinforcement negative moment at middle support and two bars of 14 mm
in diameter as top and three bars of 14 mm and one bar of 10 mm were used at the maximum positive moment
in the middle of the span .At the middle support section, the reinforcement ratio (p1) was 0.01 and at mid- span

section (p2) was 0.012. This means that the longitudinal reinforcement ratio the mid — span section was
1.2 times that at the middle support section to allow plastic moment redistribution. In addition, the ratio of the
bars used was more than Minimum amount and brittle failure did not occur in specimens. The area of the
Stirrups used in these experimental samples was chosen in a way that was more than the minimum shear
reinforcement. Therefore, the shear failure in these beams did not occur and the flexural behavior was
dominant. After cracking of critical sections in a continuous steel-reinforced concrete beam, the difference
between actual and predicted linear- elastic moment distribution in such beams can be identified in two stages.
The first stage is caused by difference in concrete cracking in critical regions, and the second stage is caused
by plastic deformation of steel reinforcement. Also, for beams with constant cross-section, flexural stiffness
after cracking was found to be approximately proportional to tensile reinforcement ratio. Consequently, the
distribution of bending moment after cracking will change according to the provided reinforcement as
demonstrated in Figure 5. Electrical Strain Gauges (ESG) with a length of 30 mm and the electrical resistance
of 120+0.3 ohms were attached to the reinforcement and concrete surface at the three critical locations: middle
support and two mid-span sections, as shown in Figures 6-a and 6-b. The details of all specimens are given
in Table 3.

v pi v

— pP2> Py TAN —

Elastic bending moment
(uniform stiffness)

-
- e Ay -
P - reinforcement ratio ctual bending moment

f : moment redistribution ratio ( after cracking)

Figure 5. Elastic and actual bending moment in a continuous beam.
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Figure 6. Reinforcement details of the beams: a) Reinforcement arrangement, FHP.N
and RC.N Specimens. b) Reinforcement arrangement, FHP.S and RC.S Specimens.
¢) Typical Cross sections of beams in sagging (M*) and hogging (M) region.

Table 3. Reinforcement Details and Concrete Properties of Tested Beam.

Cross (NSC)and (NSC)and . . Transverse Transverse
Soec secion  (HPFRCC) (HPFRcC) Longitudinal  Longitudinal bars  stirups  reinforcment  Stirups in reinforcment
err)]:::g bxh (mm) Compressiv. tensile ~ bars at positive at negative at the ) the middle  ratio ()t
estrength  strength  moment (M) moment (M+) supports ratio () atthe of the SPan  mjddle of the
supports (%)
(MPa) (MPa) span (%)
RCN"  200x250 36.22 3.44 3014+1810  3014(462) mm? Z8@100 0.5 Z8@150 0.33
(540.35)
RCS™  200%x250 36.22 3.44 3014+1810  3014(462) mm?  Z8@50 1 Z8@100 0.5
(540.35) mm?
FHPN™  200x250 70.50 6.90 3014+1010 3014(462) mm? Z8@100 0.5 28@150 0.33
(540.35) mm?
FHPS™  200x250 70.50 6.90 3014+1010  3014(462) mm?  P8@50 1 @8@100 05

(540.35) mm?

* Reinforced Concrete and Normal spacing stirrups, ** Reinforced concrete and special spacing stirrups,
*** Reinforced HPFRCC and normal spacing stirrups, **** Reinforced HPFRCC and special spacing stirrups.

The stirrups and reinforcement ratios are accordance with the provision of American Concrete
Institute [32], therefore the amount of transverse reinforcement was variable in this experimental study. Two

beams, RC.S and FHP.S, were provided with transverse reinforcement ratio (p, = A, / bs) equal 2 higher

than beams RCN and FHPN at the supports and approximately 1.5 higher than beams RC.N and FHP.N at
middle of span. A bar of 8 mm was used, which its center-to-center distance was 100 mm. In addition, in the
middle of the span and at a distance of 50 mm in the shear area, a bar of 8 mm was used, which its center-
to-center distance was 150 mm. In non-closed space samples, in the middle of the span, bars of 8 mm were
used, which its center-to-center distance was 150 mm and in the shear area its distance was about 100mm in
order to set stirrups. Before loading the beams, all strain gauges were installed and the load cell performed
completely during loading.

3. Results and Discussion

Mode of failure, load-deflection, load-strain, moment and load capacity, moment redistribution and
ductility are the obtained results to be presented and discussed in following sections.
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3.1. Failure mode and general behavior

Generally, the experimental results showed that the initiation and propagation of cracks in beams were
depended on the tensile strength of the concrete mix, and the type of the reinforcement. Moreover the first
cracks were vertical flexural at the middle support section followed by similar vertical cracks at mid-span, good
agreement with the elastic bending moment distribution in continuous beams resulting in higher moment at
middle support compared with that at mid span. Therefore the cracking pattern of specimens RCN and RC.S
was similar that the first cracks in these two beams were in the negative moment region at the internal support.
By increasing load, the new vertical and diagonal flexural cracks were observed in the positive and negative
moment regions of both spans. The number of cracks at the middle support in beams with smaller stirrup
spacing was more than those beams with wider spacing, the stirrups act as crack initiator and affect the flexural
crack spacing and longitudinal reinforcement ratio at critical sections was effective factor to control the width
of flexural cracks [31].

3.2. Load-deflection response and failure mode

The ultimate loads measured by the load cells of specimens are given in Table 4 and the load- deflection
(in the middle of each span) curves of all the tested beams are shown in Figure 7. Ultimate load and
corresponding vertical deflection of beam RCN were respectively 163.70 kN and 50.71 mm and these amounts
for RCS with more transverse reinforcement were 186.94 kN and 79.00 mm. The ultimate loads of HPFRCC
beams FHPN and FHPS were 205.63 kN and 229.88 kN, and their corresponding deflections were 83.27 mm
and 98.66 mm, respectively.

Table. 4. Load and displacement of the tested beams.

At Cracking At yielding At ultimate P
Specimen N .
h Failure mode
notation  Per (KN) Agr (mm) Py (kN) Ay (mm) Pu Au Pu(RC.N)

RCN 31.25 1.76 147.48 11.28 161.85 50.71 1.0 Concrete crushing, Longitudinal steel bars rupture
RCS 35.93 1.63 160.21 14.27 186.94 78.99 1.15 Longitudinal steel bars rupture
FHPN 41.32 1.52 184.15 12.19  205.63 93.63 1.27 Longitudinal steel bars rupture
FHPS 46.27 1.41 198.73 12.84  229.88 104 1.42 Longitudinal steel bars rupture
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Figure 7. Load-deflection relationships for tested beams.

A comparison of the cracking load, yielding load, ultimate load, and corresponding deflection, and for
all samples was shown in Figure 8. Further increase in cracking load in FHPS and FHPN beams compared to
RCN and RCS beams was due to the hardening effects of HPFRCC composites. This could also be cited for
yielding load, and maximum loads in beams, which were made with HPFRCC composite. Moreover, the beams
constructed with closed space stirrups in comparison to beams with non-closed space stirrups showed an
increase in cracking load, yielding load and maximum loads due to reducing and limiting the width of the crack
and the non-extension of the shear and flexural cracking. Increased load was considerable in the beams made
with HPFRCC composite. In the case of observed cracks in HPFRCC composite beams, it could be concluded
that the fibers in the tensile section of these beams could control the width of the cracks and create more
cracks. On the other hand, the force drop in these beams was lower than that of conventional concrete beams,
so the HPFRCC composite beams exhibited a more ductile behavior. Considering the operability and ensuring
the satisfaction of service of the flexural member, the generated deformation in the beams under the working

I
load would be ranging from m to @ (3.75 mm to 10 mm for the mentioned beams) in accordance with

the allowable value according to the ACI 318M-08, depending on the type and function of the structure.
According to the results of the experiments, the deformations generated in the load operation were in the
satisfactory range of codes.
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BCracking ®Yieldng = Ultimate

P/P(RC.N)

RC.N RC.S FHP.N FHP.5
Beam
Figure 8. Comparison of loads ratio in cracking, yielding and ultimate modes.

The tested beams behavior before cracking was linear load-deflection. Upon cracking, stiffness was
reduced as the load increased. Control beam, RCN, The tensile steel yielded (Py = 147.48 kN ) prior to

concrete crushing at both the central support (Py = 161.85 kN) and mid-span section as shown in Figure 9a.
The new wider flexural cracks were occurred at the mid-span and center support and extended to the
compressive regions. The tensile steels at central support of beam RCS were yielded at a load of 160.21 kN
and the beam failed over the central support at the load 186.94 kN shown in Figure 9-b. The yielding loads of
beams FHPN and FHPS were 184.15 and 198.73 kN prior to concrete crushing at both the center support and
mid — span section as shown in Figures 9c and d. The beam failed by tensile rupture of the reinforcing bars
prior to concrete crushing at both the central support and mid-span section as shown in Figure 9c. All beams
exhibited three stage responses up to failure: representing the concrete pre cracking stage. Concrete post
cracking to tension steel pre yield stage, tension steel post yield stage to failure.

(d)

Figure 9. Failure shape and cracking pattern of tested beams: (a) RCN, (b) RCS, (C) FHPN, (d) FHPS.

Increasing the transvers reinforcement, as in beams RC.S compared with RC.N, resulted in improved
ultimate load capacity and less deflection at any particular applied load. The transverse reinforcement ratio
(pv) of beam RC.S was twice of that of beam RC.N at the supports, resulting in 15 % increase in the ultimate
load and 8 % reduction in mid-span deflection. Comparison of load-displacement curves of FHPN and FHPS
beams in Figure 7 shows that the ultimate load capacity of specimen with closer stirrup spacing was improved
and also its mid-span deflection was reduced. Therefore this issue had a positive effect on rotation capacity
and moment redistribution at critical sections.

By observing the load-displacement response curves, it was shown that the FHPS and FHPN beams were
ductile and the absorption capacity of energy had improved considerably and dramatically. The ultimate load in
the FHPS sample increased by 42 % and the ductility coefficient of displacement was 80 % higher than RCN
sample. By comparing the failure modes in Figure 9, the load-displacement response curve showed that FHPN
and FHPS and RCS samples exhibited more ductile behavior than RCN samples, the first cracks started in the
tested beams from the central support. When the load was applied to the beams, at the beginning of the loading,
the severity of the load was low, the structure behaved as a linear elastic and the structure response was linear
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and it was proportional to the load applied. At the critical zone (central support), when the load reached to Per,
the hardness decreased in the cross section, so elastic re-distribution occurred, i.e. the critical section (central
support) transferred some moment to the sections that had not yet been cracked (mid-span). In FHPFRCC
beams with closed space shear reinforcement, crack width was less than RCN. The reason was the reinforcing
effect of HPFRCC in preventing the expanding of cracks. In addition, by comparing the load — displacement
response of the samples in Figure 7 and the presented results in Table 4, it could be seen that in the beams
containing HPFRCC, the resistance against cracking and initial hardness of the samples had been increased.
The increase in cracking load in HPFRCC samples, compared to RCN, was attributed to the role of HPFRCC
composites in limiting the expansion of the cracks.

3.3. Ductility

The ductility of a beam can be defined as its ability to sustain inelastic deformation without loss of its load
carrying capacity prior to failure. Ductility is more important for statically indeterminate structures, such as
continuous beams, as it allows for moment redistribution through the rotation of plastic hinges. Ductility has
generally been measured by a ratio called the ductility index or factor (1. The ductility index is usually expressed
as a ratio of rotation (6), curvature (¢), deflection (4), and absorbed energy (E) at failure (peak load) divided by
the corresponding property when the steel starts yielding. The displacement ductility index is defined by Equation

A,

U, =——. Where 4, is the mid-span deflection at ultimate beam load and Ay is the mid-span deflection at

y
yielding load of the tensile steel reinforcement at the central support. The mid-span deflection at beam ultimate
load (4u) and yielding load (4y), and the deflection ductility index (1) are given in Table 5. As can be seen from
Table 5, increasing the transverse reinforcement and closer stirrup spacing, in beams RCS and FHPS compared
with RCN and FHPN resulted in improved displacement ductility. Comparing RCN with FHPN and RCS with
FHPS, it can be seen that using HPFRCC allowed for more displacement ductility in the ultimate failure load
beams. Figure 10 shows this positive effect on available rotation capacity and moment redistribution at critical
sections. Another way of defining ductility was based on the concept of energy. Therefore, the energy density
index ug, was the ratio of the absorbed energy of the beam of the ultimate load to the absorbed energy at the

E
yielding load. The quantity of energy was defined as ug = E—“, in which, the energy absorbed by the E; was

y
the beam in the ultimate load and E, was the energy absorbed in the yielding load. In the present study, ductility

was obtained based on displacement and absorbed energy methods. The energy density index uy are given in
Table 5. As can be seen from Table 5, increasing the transverse reinforcement and closer and smaller spacing
stirrup spacing, in beams RC.S and FHP.S compared with RC.N and FHP.N resulted in increased in energy

density index (t&). Comparing RCN with FHPN and RCS with FHPS in Figure 11, it can be seen that using
HPFRCC resulted in increasing in energy density index (L&).

Table 5. Energy and displacement ductility of the beams.

Specimen My = 4 B Ey Eu He = S e
4= =
Ay “(RC.N) (KN.mm) (KN.mm) Ey “e(RC.N)
RCN 4.5 1.0 737 7137 10 1
RCS 55 1.2 801 8921 11.1 1.2
FHPN 7.7 1.7 822 10706 13 1.3
FHPS 8.1 1.8 920 13454 14.6 1.5
10 Comparision of the ductility of the displacement
ductility of the displacement 2 1.8
6 8.09 171
8 .
1.6
Z6 553 z 1.23
= ‘ s 1.2
ﬁ 4.49 g 1
g 4 % 0.8
2 0.4
0 0
RC.N RC.S FHP.N FHP.S RC.N RC.5 FHP.N FHP.S
Specimen Specimen

Figure 10. Displacement ductility of specimens.
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Comparision of absorption energy capability ductility
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Figure 11. Energy ductility of specimens.
3.4. Load-strain response

The maximum measured strains of steel bars and concrete at the critical sections (mid-span and middle
support) against the applied load are shown in Figure 12, indicating that the compressive strains in concrete
at failure reached or exceeded the maximum compressive strain of 0.003. The section at middle support in all
tested beams were cracked prior to the mid-span section. The measured strains in the top reinforcement over
the middle support was about 1.2 times that in the bottom reinforcement at mid-span in all reinforced beams.
In the FHPS sample, due to the greater confinement effect of closed- space stirrups, as well as the strain
hardening effect on HPFRCC, and because the fibers had maintained integrity, they could tolerate larger
deformations and reinforcement had experienced larger strains. In the RCN beam under increasing loading,
the cracks expanded faster and pressure concrete was crushed. Therefore, due to damage of the compressive
concrete, the balance of the conventional reinforced concrete section collapsed and the applied force was
falling down. Thus, the ductility of the NSC beams was less than that of the HPFRCC beams.

[y

concrete reinforcement
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(a) At middle support section

256
concrete reinforcement

Laeac P {KN)

4000 2000 D W60 4000 G000 BOOD 10000 12000
Strain (micro-strain)
(b) At mid-span section
Figure 12. Load-strain curves.

3.4. Moments — curvature in critical section

Experimental moment — curvature response at sagging and hogging sections for tested beams are
shown in Figure 13. The forces applied to the mid-span of the beams and the supports were measured by the
load cell to calculate the moment at critical sections. The tensile strain values of the tensile reinforcements,
which were also used to calculate the curvature of the beam, measured by the strain gauge connected to the
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tensile reinforcement in the critical sections. The curvature at central support or mid — span is calculated by

&
dividing the concrete strain & by a distance to the neutral axis depth, ¢ and given as (p:—c. In Figure 13a, it
C

was clear that the ultimate moment value for the RCN beam was 45.78 kN.m. For example, ultimate moment
value for RC.S, FHP.N and FHPS were 51.57, 55.20 and 59.65 kN.m, respectively. The greatest increase in
flexural strength in the central support of the FHP.S sample was found to be about 1.30 times more than the
RC.N sample. According to Figure 13b, the ultimate moment capacity in the mid-span for the RC.N sample
was 50.84 kN.m, while for RCS, FHPN and FHPS samples, it was 58.33, 64.93 and 73.62 kN.m, respectively.
The greatest increase in flexural capacity was observed in the mid-span of the FHPS sample, which was about
1.44 times more than the RCN sample.
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Figure 13. Moment-Curvature: a) at the central support b) at the mid-span.

In the Table 6, a summary of flexural capacity in the mid-span and central support for the specimens
was recorded, as well as the increase of the flexural capacity in the critical sections for RC.S, FHP.N and
FHP.S beams were compared with the RC.N beam. In this table, M;; and M were respectively the positive

moments in the central support and the negative moment in central support of the beams. In addition, ¢u and
@y, respectively, were curvature in the ultimate state and curvature in the yielding state of the sections.

P | P

Py ) \ Py ).

Table 6. Flexural strength of samples in the central support and mid-span, and the ratio of
increasing flexural strength and curvature ductility factor of beams.

were the curvature ductility factor in the central support and mid-span.

- +
Beams Mc Mr; —MC —MM Pu Pu
(kN-m)  (kN-m) Mc(ren) M (rc.n) Py )., ? )
RC.N 45.78 50.84 1.00 1.00 4.75 4.72
RC.S 51.57 58.33 1.12 1.14 5.54 5.50
FHP.N 55.20 64.93 1.20 1.27 6.27 6.20
FHP.S 59.65 73.62 1.30 1.44 6.59 6.50
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3.5. Moment redistribution

Since beams were statically indeterminate, the calculation of actual internal forces were based on the
measured reactions. The variation of reactions versus the applied load for all tested beams are shown in Figure
14. The elastic end reaction with the value R1 = 0.312P and the elastic central support reaction with the value

R2 = 1.376P was also plotted to evaluated the amount of load redistribution. Where R1 and R2 are the end and
middle support reaction respectively. As shown in Figure 14, at the beginning of loading, the reaction force of the
central and lateral support was similar to that obtained by linear analysis. In loads greater than the yielding load
of tensile steel, at the same load level, the experimental reactions at the lateral supports were greater than the
calculated reaction of the elastic relations. The experimental bending moments at both the middle support and
mid-span were calculated sing the measured reactions, The amount of moment redistribution can be obtained
by comparing the actual and elastic bending moment. Diagrams of moment-load were also shown in the positive
area (mid-span) and the negative (central support) for the tested beams in Figure 15. The moment in the mid-
span and central support was calculated from the static equation and also based on the reaction of the center
and lateral supports. As shown in Figure 15, in loads greater than the yielding load of tensile load, at the same
load level, the moments in the central supports and the mid- span (under load) were less and more than the
moments calculated from the elastic relations, respectively. The diagrams for moment were shown in both
ultimate elastic and experimental modes for the tested beams in Figure 15. As shown in Figure 7, in the ultimate
load, the difference between the experimental and elastic moment was due to moment redistribution. The amount

redistribution ratio () given in Table 7 was calculated for the sagging and the hogging bending moment at mid-
M,-M
—2 2% 4100 %, which
M [
Mexp is the actual moment at an applied load; and M is elastic moment corresponding to the applied load. As
indicated in Table 9, beam RCN had a moment redistribution ratio of 16.42 % at central support and 9.9 % at
mid-span. The moment redistribution ratio of RCS, FHPN and FHPS beams was significantly increased due to
smaller spacing stirrup and HPFRCC in beams. Actual versus elastic bending moment curves at failure are
shown in Figure 16.

span and at the central support at failure load. The ratio was calculated by £ =
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Figure 14. Load versus end and central support reactions of the tested beams.
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Figure 15. Applied load versus bending moment of tested beams.

Table 7. The amount of the reaction force of the lateral support, central support, the moment,
and moment redistribution of the tested beams.

Ultimate  Reaction Reaction Central support Mid-span
Beam load Py force of force Elastic  Exprimental Elastc  Exprimental
(kN) lateral of central  moment moment  %MR /8 moment moment  %MR £
support (kN) support (KN)  (kN.m) (kN.m) (kN.m) (kN.m)
RC.N 161.85 55.49 212.72 54.78 45.78 16.42 45.44 49.94 -9.9
RC.S 186.94 64.82 244.24 63.27 51.57 18.49 52.49 58.33 -11.12
FHP.N 205.63 72.15 266.96 69.59 55.20 20.67 59.88 64.93 -12.47
FHP.S 229.88 81.80 296.16 77.79 59.65 23.31 64.54 73.62 -14.06
0.188 PL

54.78
4578

lP
P=161.85

RCN 1
R=0312P e
0.156 PL o 544 7
R=5549 -.,._.’f

63.27

51.57

Elastic moment distribution 49.94
e 77.79
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2 a
. i
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Figure 16. Actual versus elastic bending moment at failure.
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4. Conclusion

In this research, the effect of HPFRCC and closed-space stirrups on flexural behavior of two-span
reinforced concrete beams was studied and the following important results were concluded:

1. The experimental results showed that using HPFRCC and reducing the spacing of the stirrups and
concrete confinement, increased the ultimate load, ductility ratio, energy absorption, plastic hinge
characteristics and moment redistribution capacity of these beams compare to reference beam.

2. Comparison of curves of load — displacement of samples of RCN and FHPS showed that the
toughness of FHPS improved by 1.82 times more than the RCN. Toughness mechanisms such as bridging
the fibers increased tensile strength and reduced the brittle fracture after maximum load.

3. Comparison of the cracking pattern in the plastic zones of the beams showed that the cracking rate
in the beams with HPFRCC and closed-space stirrups was more than the RCN beam and As a result, Energy
dissipation became more.

4. Unlike beams with regular concrete, in which an initial crack is mostly dominant, HPFRCC beams
shows a pseudo-strain hardening behavior with finely distributed multiple cracks. This multiple cracking
process occurs in sequence as the applied tensile load increases, after tensile stress reaches the maximum
affordable tensile stress of the weakest section, the crack at the weakest section is localized.

5. The displacement ductility and the energy ductility index of FHPS beam was about 1.80 and
1.50 times more than RCN beam respectively.

References

1. Wang, W., Liu, J., Agostini, F., Davy, C.A., Skoczylas, F., Corvez, D. Durability of an Ultra High Performance Fiber Reinforced
Concrete (UHPFRC) under progressive aging. Cement and Concrete Research. 2014. 55. Pp. 1-13

2. Naaman, A.E. Setting the Stage, Toward Performance Based Classification of FRC Composites. High Perform Fiber Reinforce
Cement Compos (HPFRCC 4), Proc 4th Int RILEM Work 2003, 2003.

3. Khatana, S. A review on the use of fibers in reinforced cementitious concrete. Journal of Industrial Textiles. 2015. 45(2).
Pp. 239-264.

4. Nizina, T.A., Ponomarev, A.N., Balykov, A.S., Pankin, N.A. Fine-grained fibre concretes modified by complexed nanoadditives.
International Journal of Nanotechnology. 2017. 14(7/8). Pp. 665—-679.

5. Nizina, T.A., Balykov, A.S., Volodin, V.V., Korovkin, D.l. Fiber fine-grained concretes with polyfunctional modifying additives.
Magazine of Civil Engineering. 2017. 72(4). Pp. 73-83. doi: 10.18720/MCE.72.9.

6. Nizina, T.A., Balbalin, A.V. Vliyanie mineralnyh dobavok na reologicheskie i prochnostnye arakteristiki cementnyh kompozitov
[Influence of mineral additives on the rheological and strength characteristics of cement composites]. Vestnik TGASU [Bulletin of the
Tomsk State University of Architecture and Construction]. 2012. No. 2. Pp. 148-153. (rus)

7. Nizina, T.A., Balbalin, A.V. ‘Mekhanicheskaya aktivaciya cementnyh smesey spolifunkcionalnymi dobavkami [Mechanical activation
of cement mixtures with polyfunctional additives]'. Regionalnaya arhitektura i stroitelstvo [Regional Architecture and Construction].
2013. No. 2. Pp. 36-42. (rus)

8. Selyaev, V.P., Nizina, T.A., Balbalin, A.V. Mnogofunkcionalnye modifikatory cementnyh kompozitov na osnove mine-ralnyh dobavok
i polikarboksilatnyh plastifikatorov [Multifunctional modifiers of cement composites based on mineral admixtures and polycarboxylate
plasticizers], Vestnik Volgogradskogo gosudarstvennogo arhitekturnostroitelnogo uni-versiteta. Seriya: Stroitelstvo i arhitektura
[Bulletin of Volgograd State University of architecture and construction. Series: Construction and architecture]. 2013. No. 31, Part 2.
Pp. 156-163. (rus)

9. Rabinovich, F.N. Dispersno armirovannye betony [Disperse reinforced concretes], Stroyizdat, Moscow, 1989. 176 p. (rus)

10. Rabinovich, F.N. Kompozity na osnove dispersno armirovannyh betonov. Voprosy teorii i proektirovaniya tekhnologiya konstrukcii
[Composites based on disperse reinforced concretes. Questions of theory and design, technology, constructions]. Moscow: Publishing
house ASV, 2004. 560 p. (rus)

11. Zagorodnyuk, L.Kh., Shakarna, M., Shchekina, A.Y. Classification of Additives for the Reinforcement of Particulate Composites,
GISAP (Global International Scientific Analytical Project), 2013. [Online]. URL: http://gisap.eu/ru/node/23874, free, Title from the
screen, Language Russian, English.

12. Nizina, T.A., Balykov, A.S. Analiz kompleksnogo vliyaniya modificiruyushchih dobavok i dispersnogo armirovaniya na fiziko-
mekhanicheskie harakteristiki melkozernistyh betonov [Analysis of the combined effect of the modifier additives and particulate
reinforcement on the physico-mechanical characteristics of fine-grained concretes]. Regionalnaya arhitektura i stroitelstvo [Regional
Architecture and Construction]. 2015. No. 4. Pp. 25-33. (rus)

13. Hemmati, A., Kheyroddin, A., Sharbatdar, M.K. Increasing the flexural capacity of RC beams using partially HPFRCC layers. Comput
Concr. 2015. 16. Pp. 545-568. DOI: http://dx.doi.org/10.12989/cac.2015.16.4.000.

14. Hemmati, A., Kheyroddin, A., Sharbatdar, M., Park, Y., Abolmaali, A. Ductile behavior of high performance fiber reinforced
cementitious composite (HPFRCC) frames. Constr Build Mater. 2016. 115. Pp. 681-9. DOI: 10.1016/j.conbuildmat.2016.04.078.

15. Hemmati, A., Kheyroddin, A., Sharbatdar, M.K. Proposed equations for estimating the flexural characteristics of reinforced HPFRCC
beams. Iran J Sci Technol Trans Civ Eng. 2014. 38. Pp. 395.

16. Hemmati, A., Kheyroddin, A. and Sharbatdar, M.K. Plastic hinge rotation capacity of reinforced HPFRCC beams. J. Struct. Eng. 2014.
141(2). 04014111. DOI: 10.1061/(ASCE)ST.1943-541X.0000858.

17. Akbarzadeh, H., Maghsoudi, A.A. Experimental and analytical investigation of reinforced high strength concrete continuous beams
strengthened with fiber reinforced polymer. Materials and Design. 2010. 31. Pp. 1130-1147.

18. do Carmo, R., Lopes, S. Required plastic rotation of RC beams. Proceedings of the Institution of Civil Engineers 2006 structures and
Buildings. 2006. 159(SB3). Pp. 77-86.

19. do Carmo, R., Lopes, S. Ductility and linear analysis with moment redistribution in reinforced high strength concrete beams. Canadian
Journal of Civil Engineering. 2005a. 32(1). Pp. 194-203. DOI: 10.1139/104-080.

Oxcanu P., lllapbarnap M K., Xalipynous A.
117



20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Magazine of Civil Engineering, 90(6), 2019
do Carmo, R., Lopes, S. Influence of the shear force and transversal reinforcement ratio on plastic rotation capacity Structural
Concrete. 2005b. 6(3). Pp. 107-117. DOI: 10.1680/stco.2005.6.3.

do Carmo, R. Rotac,a"o pla’stica e redistribuic,a™o de esforc,os em vigas de beta™o de alta resiste"ncia “Plastic Rotation and Moment
Redistribution in High Strength Concrete Beams”). Ph.D thesis, Universidade de Coimbra, Coimbra, Portugal, 2004. [In Portu guese].
Lou, T., Lopes, S.M.R., Lopes, A.V. Evaluation of Moment Redistribution in Normal-Strength and High-Strength Reinforced Concrete
Beams. J Struct Eng. 2014. 140. 04014072. DOI: 10.1061/(ASCE)ST.1943-541X.0000994.

Iskhakov, I., Ribakov, Y. A design method for two-layer beams consisting of normal and fibered high strength concrete. Mater Des.
2007. 28. Pp. 1672-1677. DOI: 10.1016/j.matdes.2006.03.017.

Holschemacher, K., Mueller, T., Ribakov, Y. Effect of steel fibers on mechanical properties of high-strength concrete [Online]. Mater.
Des. 2010. 31(5). Pp. 2604—-2615. URL: http://dx.doi.org/10.1016/j.matdes.2009.11.025.

Holschemacher, K., Iskhakov, I., Ribakov, Y., Mueller, T. Laboratory Tests of Two-Layer Beams Consisting of Normal and Fibered
High Strength Concrete: Ductility and Technological Aspects. Mech Adv Mater Struct. 2012. 19. Pp. 513-22.
DOI: 10.1080/15376494.2011.556840.

Mostofinejad, D., Farahbod, F. Parametric study on moment redistribution in continuous RC beams using ductility demand and ductility
capacity concept. Iran J Sci Technol. 2007. 31. Pp. 459.

Visintin, P., Ali, M.A., Xie, T., Sturm, A.B. Experimental investigation of moment redistribution in ultra-high performance fibre reinforced
concrete beams. Construction and Building Materials. 2018. 166. Pp. 433-444.

Saghafi, M.h., Shariatmadar, H. Enhancement of seismic performance of beam-column joint connections using high performance
fiber reinforced cementitious composites. Construction and Building Materials. 2018. 180. Pp. 665-680.

Saghafi, M.h., Shariatmadar, H., Kheyroddin, A. Experimental evaluation of mechanical properties of high performance fiber
reinforced cementitious composites. Concr. Res. (JCRE). 2017. 9(2). Pp. 29-42.

Bagge, N., O’Connor, A., Elfgren, L., Pedersen, C. Moment redistribution in RC beams-A study of the influence of longitudinal and
transverse reinforcement ratios and concrete strength. Eng Struct. 2014. 80. Pp. 11-23. DOI: org/10.1016/j.engstruct.2014.08.
Bagge, N., O’'Connor, A., Pedersen, C. Rotation capacity and plastic redistribution of forces in reinforced concrete beams. Bridge
Concr Res Ireland 2012:517-23.

American Concrete Institute (ACI). ACI 318M-14: Building Code Requirements for Structural Concrete. 2014.

Contacts:
Ramin Ehsani, 00989121316379; raminehsani1l350@gmail.com

Mohammad Sharbatdar, 0098-23-33654070; msharbatdar@semnan.ac.ir
Ali Kheyroddin, 0098-23-33654070; kheyroddin@semnan.ac.ir

© Ehsani, R.., Sharbatdar, M.K.., Kheyroddin, A.., 2019

Ehsani, R.E., Sharbatdar, M.K.Sh., Kheyroddin, A.Kh.

118



Magazine of Civil Engineering. 2019. 90(6). Pp. 119-129
W HKeHepHO-CTPOHTENbHBIN sKypHat. 2019. Ne 6(90). C. 119-129

A . .. . :

FER Magazine of Civil Engineering ISSN
oy ‘Lh@l 2071-0305
; ;E %i .-‘,,"«‘:

_Ef\'ﬂ'_;’{;ﬁ “'3::3' journal homepage: http://engstroy.spbstu.ru/

DOI: 10.18720/MCE.90.11

Kerman collapsible clay amendment
by lime, bentonite, and nano silica

A. Firoozfar®, M. Dousti
University of Zanjan, Iran
* E-mail: firoozfar@znu.ac.ir

Keywords: collapsible sail, lime, nano silica, bentonite, treatment

Abstract. This paper presents an experimental study to understand the effects of selected additives on
Kerman collapsible soil behavior which is dominated with such clay and is semi-arid province in the south-east
of Iran. Collapsible soils, known as problematic soils, are materials with a relatively high porosity and
demonstrate a potential for sudden and large decrease in their volume under water content changes with or
without change in the applied stress level. In this study, soil samples are obtained from a project site in Kerman
city and the collapse potential tests were performed on the prepared samples in accordance with ASTM as
double oedometer consolidation test. Initially, the undisturbed level of collapsibility. Next, samples are treated
with three kinds of additives namely: lime and bentonite in the 3, 5 and 8 percent and nano silica in 0.4, 0.7
and 1 percent of dry soil weight. For each percentage of additive, one sample was created and the results
demonstrated that 5 % of Lime, 3 % of Bentonite and 1 % of nano silica are the optimum percentage of
additives for decreasing the collapsibility. The collapsibility of Kerman clay is reduced significantly after treating
with lime and nano silica in comparison to bentonite.

1. Introduction

There are various types of problematic soils such as dispersive soils, collapsible soils, expansive
soils, etc. Collapsible soils are unsaturated soils, which show volume decrease in confronting increased
moisture content under constant stress. Collapsible soils are scattered all around the world in a great
volumes and they can be found in the United States, Europe, China and South Africa. It has been estimated
that about 10 % of the surface area of the Earth is covered by these soils [1, 2]. Collapse phenomena have
been reported in an extensive rate in many arid areas around the world, and all of them are happened due
to wetting [3]. Several methods currently exist for improving the characteristics of collapsible soils such as
dynamic compaction, chemical stabilization, inundation, and piling [4, 5]. Chemical stabilization is one of
the most common methods for stabilization of the soil. This method is a process for enhancing the
characteristics of soil by using additives such as lime, bentonite, Portland cement, fly ash and recently Nano-
particles [6, 7, 8, 9]. Lime’s reaction with soil is categorized in two different processes of short and long term
reactions. Cation exchange and flocculation occur immediately within the soil, rapidly increase soil's pH
level. This is regarded as a result of the dissolution of Ca(OH)2. Pozzolanic and carbonation reactions are
categorized as the long-term reactions. The Pozzolanic reaction is actually a slow reaction which is mainly
controlled by time, temperature and moisture. This reaction produces calcium silicate and calcium
aluminate, which gradually enhances strength and durability in days or weeks after adding lime to the soil.
Carbonation reaction is a damaging reaction which decreases the number of free ions in the mixture for
cation exchange and pozzolanic reactions [6, 10]. The influence of lime on the collapsibility of tropical
residual soils was investigated and the results showed a significant reduction in comparison with untreated
soil samples [10]. A comprehensive study was conducted on the soil stabilizing effect of lime and made an
estimation of the initial lime consumption (ICL) showing that, 5 % lime is sufficient for ICL [6]. The impact of
lime on the strength of soil mixture was investigated in road construction and the result indicated that all
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tested samples reach a significant strength level when enough amount of lime is provided [11]. Another
material which is commonly used for soil stabilization is bentonite. One of the most important features of
bentonite is its usability in both granular and cohesive soils by determining the required amount of bentonite.
It has been found that in cohesive and well-graded soils, less than 6 % and in the uniformly sized sands, 10
to 15 % of bentonite is sufficient, where compressibility and shear strength of the soil was investigated [12,
13, 14]. Besides, bentonite can improve the hydraulic conductivity of soils to meet the technical requirements
of compacted clay liner (CCL). This was investigated using different percentages of bentonite and the result
showed a considerable reduction in permeability caused mostly by swelling characteristics of bentonite,
meeting most of the worldwide standards [9,15]. Over the last two decades, nanotechnology has been
significantly used in many fields of science and using materials with the sizes smaller than 100 nm is defined
as nanotechnology. In geotechnical engineering, nanotechnology is used in two different approaches: first,
to have a better understanding of soil structure by studying the soil in nanoscale and secondly, soil
stabilization using nano-size additives [16]. Despite previously conducted studies on the utilization of
nanotechnology in soil mechanics, there are still numerous untouched analytical and experimental subjects.
Experimental works were done to show the effect of nanomaterial on soil stabilization and soil permeability.
It was found that the addition of nanomaterials decreases the permeability of soils [17]. The addition of
nanomaterial to the sand affects the cyclic behavior of the soil. The inter-particle siloxane bonds due to
collisions between nanoparticles forms the silica solution gel. This gel contains the individual sand particles
together and maintains the soil structure under the dynamic loading [16,18, 19]. Kerman is a province
located in the south-east of Iran. It has a number of notable sites such as the Bam Citadel and the ruined
city of Arg-e-Bam made entirely of mud bricks, clay, straw and the trunks of palm trees (224—-637 AD) (Figure
1). This province covers an area of 175,069 square kilometers including 11 % of the total area of Iran. The
geographical diversity of this province causes a varying climate. Geologically, alluvial and aeolian sediments
form most of the top layer of the Kerman plain [20]. The land of the City of Kerman, geographically located
in the north west of the Kerman province, is mostly made up of the collapsible soils. This availability has
resulted in the prevalence of these soils utilization in various projects due to the economic reasons. As an
under-structure basement, these collapsible soil covers cause serious problems to the building structures
and urban infrastructures such as water and gas pipelines, and embankment dams. Therefore, soil
treatment can be a beneficial preconstruction operation in almost all projects in Kerman.
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Figure 1. Kerman Province and city of Kerman.

This study considers the Kerman collapsible soil and suggests different approaches to amend this
problematic soil which would address a major need in this province. This paper aims to explore the effect of
different types of additives on the collapsibility of Kerman clay.

2. Materials
In this section, we discuss and elaborate on the materials used in this study.

Soil: soil samples are taken from a 5-meter depth of a construction site. In order to determine the
physical and chemical properties of the soil, such as patrticle size, Atterberg limits, dry unit weight, and
optimum moisture content, different tests are conducted according to ASTM. More than 90 % of the soil
passed the sieve, which indicates no. 200 grain size distribution curve of the soil according to ASTM D422
Standard [21], see Figure 2. With reference to unified soil classification system (USCS), this soail is
categorized as CL. Physical and chemical properties of the disturbed soil are shown in Tables 1 and 2:
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Figure 2. Particle size distribution of the Kerman collapsible soil.

Table 1. Physical characteristics of the soil used in the tests.

Characteristics Value and Description
Density(gr/cm?3) 1.74
Liquid Limit (%) 33
Plastic Limit (%) 21
Clay content (%) 32
Passing no. 200 sieve (%) 90
Specific gravity (Gs) 2.77
Unified classification system CL

Table 2. Chemical compositions of the soil and bentonite used in the tests.

Characteristics Soil Bentonite

SiO2 45.01 55.35
CaO 13.62 1.09
Al203 11.95 14.07
Fe20s3 491 2.79
MgO 3.93 3.86

K20 2.49 0.21
Other 18.09 15.2

Additives: three additives namely lime, bentonite and Nano-silica are investigated in this study. These additives
are readily available and their interaction with clay is clearly known.

Lime: The hydrated lime used for this project is a product of the Lorestan Lime Company and is a high-quality lime
passes through an 80um sieve opening, with 56.7 % of Ca(OH)a.

Bentonite: Sodium bentonite from Arak Poodr Factory is the other additive in this study. The chemical property of
the bentonite and its physical analysis is shown in Tables 2 and 3.

Table 3. Physical characteristic of bentonite used in the tests.

Characteristics Value and Description
Water absorption (%) 100-110
Absorption of montmorillonite (%) >75
Liquid limit (%) 230
Plastic limit (%) 110
PH 9
Percent finer than No. 200 99.08

Nano-Silica: Silica nanopatrticle is a white color powder. We use the Nano-silica from Pasargad Novin Company.
A further discussion on the main properties of the Nano-silica is provided in the subsequent sections in this paper.

Permeants: For all tests, tap water was used.

3. Experimental Methods

Sample preparation: To achieve a homogeneous soil sample, dry soil and additives have to be mixed,
and then water should be added to the mixture. Accordingly, the soil is air dried at the normal laboratory
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temperature. All the specimens in this experiments are prepared with optimum moisture content and
compacted at the maximum dry density. Next, lime and bentonite are added to the soil in the proportions of 3,
5, and 8 percent, respectively, and hand mixed together to obtain a homogeneous soil-additive mixture. Next,
tap water is gradually spray-added to the mixture. Lime-soil reactions begin when the PH of the mixture
reaches 12.4. By adding additional 2 percent or more of lime to the soil, PH reaches to 12.4. This also facilitates
the long-term pozzolanic reactions [11, 22]. Nano-silica is added to the soil in 0.4, 0.7 and 1 % ratios with
respect to the soil dry weight. Specific surface area (SSA) is an important parameter in nanomaterial’s reaction
with soil. At nanoscale, a higher ratio of surface to volume causes intense interaction. Therefore, even small
amounts of nanoparticles yield considerable effects on mechanical properties of the soil [8, 23]. For each
percentage of additive, one sample is created.

Testing Procedure: As double odometer consolidation test (ASTM D 5333-03) is commonly performed
on samples to determine their collapse potential. The significance of one dimensional collapse that occurs
when unsaturated soils are flooded with water is covered by this test. Initially, undisturbed soil samples at
natural water content are tested. Double odometer test examines collapsibility of soil samples regarding the
void ratio variation resulted by the inundation of the sample. The collapse potential can be calculated as follows
[24]:

I, = e %100, 2)
1+e,

where |¢ stands for the collapse potential;
Ae is the change in void ratio upon flooding;

€0 represents the void ratio before flooding.

Figure 3 shows the result of a double odometer test on an undisturbed sample. According to [11] and
considering the results of the laboratory experiments, the base soil is classified as moderate collapsible clay
exhibiting a collapse potential value of 5.9. Table 4 categorizes lc from none to severe in degree of collapse
potential.

0.9

o— Undisturbed
% Remolded

0.8

2
P (kg/cm )

Figure 3. Result from double oedometer test on undisturbed and remolded specimen.

Table 4. Classification of Collapse potential [24].

Degree of collapse Collapse potential (%)
None 0
Slight 0.1t0 2.0
Moderate 2.1t06.0
Moderately severe 6.11010.0
Severe >10
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The double odometer test is re-applied on remolded samples under natural moisture without any
additives. This test also is conducted on soil samples combined with additives to understand the effects of the
additives on collapse potential. Double odometer tests are conducted on all the additive-amended samples
with the optimum moisture content and at 100 % of maximum standard proctor dry unit weight.

4. Result and Discussion

In order to determine the collapsibility of an undisturbed soil sample, the specimen is tested according to
ASTM regulation [25]. The result is shown in Figure 3. Considering Figure 3, the collapse potential of the
undisturbed soil, i.e., lc, is 5.9 which indicates a relatively high collapse potential. Up to a loading of 2 (Kg/cm?), the
sample shows a slight rate of settlement. At the vertical stress of 2 (Kg/cm?) and after 24 hours, a significant change
in strain observed, as a result of inundation. This severe change is due to the loss of the resistance factor binding
the soil particles. This can cause serious problems the projects that use this type of soil. To prevent these
phenomena, soil stabilization is one of the most effective and economic approaches. In the process of stabilization,
soil inevitably remolded. Therefore, additionally the collapse potential test is also carried out on a remolded
specimen to have a better understanding of the effect of different additives on soil behavior. The results from the
experiment on the remolded sample without any additives are presented in Figure 3. The remolded specimen
demonstrated a collapse potential equal to 4.17 and is categorized as moderate in the degree of collapse according
to Table 4. As it can be seen, an anticipated reduction occurs in the collapse potential. This reduction is attributed
to the impact of mechanical compaction of the soil under which the open structure of the collapsible soil breaks in
comparison with the undisturbed sample. A comparison between the undisturbed and the remolded specimens
reveals that the collapse potential decreases by 28 % under standard compaction. The Scanning Electron
Microscopic (SEM) observation of the remolded sample, as presented in Figures 5 and 6, shows pores which can
yield in a collapsible soil fabric. Thus, collapse under wetting should clearly occur by the densification of the areas
where grains are clean with large pores around them

SEMMAG: 10.00 ke Det SE
SEMHV:1500KY  WD:7.2259mm
Date(midh). 10625116 Vac: Hivac

SEMMAG: 5.00kx Dt SE VEGAN TESCAN
SEMHV. 1500k WD: 7.2200 mm 7
Date{midiy): 10/25116 Vac: HiVa RMRC"

SEMMAG: 2500 kx  Det SE VEGAI TESCAN
SEMHY:1500KY  WD:7.2248 mm Tum H
Date(midh): 102516 Vac: HVae RMRC R

(A1) (A2) (A3)

Figure 4. Microstructure observation of remolded collapsible soil sample at different magnification
(A1-A2-A3).
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Figure 5. Large inter-aggregate pores and unstable clay bonding between grains
in remolded collapsible soil.
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Figure 6. Comparison between results from double oedometer tests
on three different lime-soil mixtures and remolded soil specimen.

4.1. Effects of lime on soil collapsibility

Lime-soil mixtures is treated for 18 days at a constant temperature and then the collapse potential test
is conducted on the samples. In Figure 7 and Table 5, the results of the tests conducted on the lime-soil
mixtures are presented. In all three different samples prepared by different percentages of additives, collapse
potential decreases (from 4.17 to 0.12) drastically which shows lime can act as a proper additive for
stabilization of Kerman collapsible clay. In all three lime-soil samples the degree of collapse decreases and
mixtures with less than 5 % lime show a decreasing trend in the amount of strain and after that, the trend
shows a gently sloping increase: therefore, it can be concluded that the most significant decrease in collapse
potential occurs with 5 % of lime. Collapse potential decrease 97 percent in the 5 % lime treated samples

compared with remolded pure soil samples. This result is in line with those of the previous studies [10, 26].
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Figure 7. Microstructure observation of the effect of 5 % lime on collapsible soil (D1-D2-D3)
in comparison to remolded raw specimen (A1-A2-A3) at different magnification.
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Table 5. Comparison between results from double odometer tests on three different lime-soil
mixtures and remolded soil specimen.

Parameter Soil 3% Lime 5% Lime 8 % Lime
Ae at vertical stress 2 (Kg/cm?) 0.0788 0.004 0.002 0.008
Initial void ratio (€o) 0.89 0.768 0.781 0.793
Collapse potential (%) 4.17 0.23 0.12 0.45
Degree of collapse Moderate Slight Slight Slight

The reactions between lime and soil are highly dependent on the time of curing hence, curing time
significantly affects the results of the collapse potential test. The decrease in collapse potential in lime
amended soil samples is attributed to three different procedures:

- Addition of moisture during the mixing process
- Compaction of the mixture which breaks the open structure of the collapsible soll

- Pozzolanic reaction between soil and lime which causes inter-particle bonding and flocculation of the
soil particle leading to stabilize soil structure

The Scanning Electron Microscopy (SEM) images of 5 % lime-soil mixture as presented in different
magnifications in Figure 8, indicate that the porous collapsible structure of soil, shown in Figure 8-Al, are filled
in through the flocculation and, cation exchange reactions between lime and soil, which obviously decrease
the volume of the inter-aggregate pores. Furthermore, the pozzolanic reactions happen between soil and lime
strengthening the weak bonding between the particles in the soil. These reactions create a homogenous
microstructure in the soil which is quite evident in Figures 8 D1, D2 and D3.
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Figure 8. Comparison between results from double oedometer tests
on three different bentonite-soil mixtures and remolded soil specimen.

4.2. Effects of bentonite on soil collapsibility

Bentonite-soil mixtures are left to rest for two days, and then the collapse potential tests are conducted on
the samples. In Figure 9 and Table 6, the results of the tests on bentonite-soil mixtures are depicted. According
to Table 4, in all three different samples, the degree of collapsibility decreases from the moderate level in the
remolded soil sample to the slight level in treated samples. Although in all bentonite-soil mixture samples the
collapse potential decreases, the maximum decline is observed by adding 3 % bentonite and with further
addition, a minor increase is observed. Below 3 % bentonite addition, the amount of strain and consequently, the
settlement showed a decreasing trend and after that, the trend is reversed showing a slight increase. Previous
researches showed that the addition of bentonite up to 6 %, decreases the settlement of the mixture [27]. This
differs from the findings of the present study. This inconsistency may be due to three different reasons: type of
the used soil and bentonite, and the differences in the test procedure.
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Figure 9. Microstructure observation of the effect of 3% bentonite on collapsible soil (C1-C2-C3)
in comparison to remolded soil specimen (A1-A2-A3) at different magnification.

Table 6. Comparison between results from double oedometer tests on three different bentonite-
soil mixtures and remolded soil specimen.

Parameter Soil 3 % Bentonite 5 % Bentonite 8 % Bentonite
/e at vertical stress 2 (Kg/cm?) 0.0788 0.0047 0.0073 0.0092
Initial void ratio (€o) 0.89 0.853 0.827 0.789
Collapse potential (%) 417 0.27 0.39 0.51
Degree of collapse Moderate Slight Slight Slight

The Scanning electron microscopy (SEM) observation of 3 % bentonite-soil mixture as presented in
different magnifications in Figure 10 shows that, the inter-particle pores demonstrated (Figures 10 Al, A2 and
A3) are supplied with the additive through the swelling characteristic of bentonite. In addition, high water
absorption capability of bentonite forms a kind of gel which fills the pores (Figures 10 C1, C2 and C3).
Moreover, expanded particles of bentonite act as filling materials of the pores and reduce the collapse potential
of the soil. A comparison between lime and bentonite induced change shows that, although both of them
decrease the collapsibility, it seems that the, lime creates a more homogenous microstructure which is more
useful in collapsibility reduction of Kerman clay.

4.3. Effects of Nano-silica on soil collapsibility

Nano silica amended soil samples are packed and isolated for 48 hours and then the collapse potential
tests are conducted on the samples. In Figure 11 and Table 7, the results of the collapse potential tests on
Nano-silica soil mixtures are presented. In all the three different samples, collapse potential decreased reviling
that Nano-silica can be an effective additive for stabilization of the Kerman collapsible soil. Regarding the
obtained results, the collapsibility of the used clay is treated with adding 1 % Nano silica by dry weight of the
soil. Nano silica is known as a pozzolanic material and is frequently used to improve soil properties. It is
believed that the enhancement mechanism of colloidal silica is bonding between the gel and the clay particles.
Gel encapsulates the individual clay particles and it is widely held view that this bonding and encapsulation
improve soil structure [19].

The SEM images of the soil samples mixed with 1 % Nano-silica is depicted in different magnification
in Figure 12 and shows changes in the basic structure where the inter-particles pores (Figures 12 A1, A2 and
A3) are filled with CSH gel which is created by reaction between CaO and Al20z. Furthermore, this gel
strengthens the bonding between soil particles and results in a homogenous microstructure (Figures 12 B1,
B2 and B3) and consequently, decreases the collapse potential of the soil. These results match those
observed in previous studies [8, 28].
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Figure 10. Comparison between results from double oedometer tests
on three different Nano-silica-soil mixtures and remolded soil specimen.
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Figure 11. Microstructure observation of the effect of 1 % Nano-silica on collapsible soil
(B1-B2-B3) in comparison to remolded soil specimen (A1-A2-A3) at different magnification.

Table 7. Comparison between results from double oedometer tests on three different Nano-
silica-soil mixtures and remolded soil specimen.

Parameter Soil 0.4 % Nano-silica 0.7 % Nano-silica 1 % Nano-silica
/e at vertical stress 2 (Kg/cm?) 0.0788 0.007 0.007 0.002
Initial void ratio (o) 0.89 0.82 0.79 0.76
Collapse potential (%) 4.17 0.39 0.38 0.12
Degree of collapse Moderate Slight Slight Slight
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Figure 12. Effect of Nano-silica in filling the inter-aggregate pore
and strengthening the unstable bonding between grains.

The SEM images of the soil samples mixed with 1 % Nano-silica is depicted in different magnification
in Figure 12 and shows changes in the basic structure where the inter-particles pores (Figures 12 Al, A2 and
A3) are filled with CSH gel which is created by reaction between CaO and Al:0s. Furthermore, this gel
strengthens the bonding between soil particles and results in a homogenous microstructure (Figures 12 B1,
B2 and B3) and consequently, decreases the collapse potential of the soil. These results match those
observed in previous studies [8, 28].

Figures 10 C1 and 12 B1 prove the lesser impact of the bentonite swelling property on filling the
collapsibility of the specimens. At last, the differences in Figures 8 D1 and 12 B1, exhibit the sufficiency of
both additives in decreasing the collapsibility of the Kerman clay.

The results demonstrated that 5 % of Lime, 3 % of Bentonite and 1 % of Nano silica are the optimum
percentage of additives for decreasing the collapsibility.Both lime and Nano-silica demonstrate positive effects
on reducing the Kerman clay collapsibility as the collapse potential diminished considerably in both specimens
treated by these additives which is shown in Figures 7 and 11. In comparison of bentonite and Nano silica
treated soil specimens in Figures 9 and 11, the reduction of the inter-particles in Nano silica treated specimens
are evident. Also, the structure of the soil seems to be more homogenous.

5. Conclusions

The structure of a particular soil has a significant influence on it behavior in engineering particles. An
open structure and weak inter-particle bonding may result in a higher collapsibility which requires a careful
attention to factors affecting the collapse potential of the soils. A safe and applicable method to treat collapsible
soils is using additives. The mixture of the soil and the additives is very sensitive to the quantity and the quality
of it components. Thereby, finding the optimum additive ratio is important. In this research, three additives,
namely lime, bentonite, and Nano-silica are selected and their effects on the collapse potential of the Kerman
clay are investigated. Additive-soil mixture samples are tested and the results show that all of them decrease
the collapsibility potential. The optimum additive percentage for lime, bentonite, and Nano-silica are
determined as: 5 %, 3 and 1 % by the dry weight of soil, respectively. The collapsibility of Kerman clay is
reduced significantly after treating with Lime and Nano silica in comparison to Bentonite. Although, both lime
and Nano-silica had similar impacts on the collapse potential of the Kerman soil, Nano-silica is more
recommended due to the sorted curing time of the specimens which is attributed to the great specific surface
of the Nano-silica, leading to a lesser required material. Thus, it is recommended to consider Nano-particles
as soil stabilizers. They do not need a long time of curing and small volume of minute volume of Nano-particle
can effectively improve soil properties.
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