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The article considers the possibility of using wastepaper sludge ash (WSA) as a soil reinforcement
material for the construction of layers of road wear. Loamy sand, sandy loam, silty clay loam, silty clay
were chosen as soils for strengthening. The maximum density of the soil skeleton at optimum humidity
was established by the method of Proctor. Wastepaper sludge ash and Portland cement grade 400 were
used separately for soil strengthening. Six compositions of strengthened soil for each type of soil were
investigated according to the strength criterion of water-saturated samples at the age of seven,
fourteen and twenty-eight days. The research results indicate that wastepaper sludge ash can be used
to strengthen different types of soils with the achievement of following grades of stabilized soil: M10,
M20, M40.
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Introduction

Nowadays, in the world there is a massive problem of waste utilization especially of industry by-
products. It creates a significant number of dumps, which occupy large areas of land in Ukraine. One of
the utilization methods is their use in construction. Scientific papers (Sobol, 2020; Ahmad 2013, Frias,
2015; Segui, 2015; Ferreiro, 2013, Fava, 2011, Cusido, 2015) suggest the use of waste, called wastepaper
sludge ash (WSA) as an additional cementing material for mineral binders in building composites, and in
road construction in particular. It has been discovered (Hidei, 2020) that WSA can be used as a mineral
powder for traditional hot asphalt concrete. The results of previous research (Sobol, 2020) showed that
WSA produced by PJSC “Kyiv Cardboard and Paper Mill” have a binding properties and form a stable
hardening systems.

In world practice, mineral, organic and complex binders are used to strengthen soils (Solodky,
2017). The following materials are used as independent organic binders for soil strengthening: road
bitumens, bitumen emulsions, bitumens and liquid bitumen polymers. Mineral materials such as Portland
cement, lime, ground granulated blast furnace slag and fly ash can be successfully used to strengthen the
soil as stand-alone stabilizing agent or in specific combination, the ratio of which provides the necessary
properties of the reinforced material.

Several attempts were made to test the WSA's ability to stabilize soils. Authors (Khalid, 2012)
have discovered, that clay soil stabilized using 10 % WSA considered effective to enhance clay soil
strength for long periods and to enhance the CBR value. Other research results (Baloochi, 2020) have



86 Serhiy Solodkyy, Volodymyr Hidei, lurii Sidun, Oleksii Hunyak and Yuriy Turba

shown that use of wastepaper fly ash as a main binder is well suited for soil stabilization, although care
should be taken to avoid possible soil expansion.

The authors put forward the idea of replacing cement with WSA to strengthen different types of
soils. Additives of various functional purposes are also used to optimize the process of structure
formation and meet the requirements for the physical and mechanical properties of soils reinforced with
binders. In our case, tartaric acid acted as such an additive, which makes it possible to delay the WSA's
setting time.

Target of this article

Comparison of strength characteristics of different soil types reinforced with Portland cement and
WSA.

Technical use

The following types of soils were used in the research according to (DSTU B B.2.1-17: 2009):
loamy sand, sandy loam, silty clay loam, silty clay.

Portland cement CEM 11/ B-S 32,5 R (EN 197-1 2000) produced by PJSC “Mykolayivcement”
was introduced into the soil as reinforcing components, WSA was provided by PJSC “Kyiv
Cardboard and Paper Mill” and combined with tartaric acid for . The chemical composition of WSA
is given in table.1.

Table 1
Chemical composition of waste paper sludge, wt %
Oxides content, wt. %
SiO, Al,O; Fe, 05 CaOo MgO SO; LOI >
26.44 15.36 1.16 49.84 2.16 0.45 4.59 100.0

At the first stage of the study, the physical and mechanical properties of the type of soil used (Table 2)
and the maximum density of the soil skeleton at optimal humidity for different types of unfortified soils
(Table 3) were established. Determination was performed by the Proctor method (ASTM D 698-91), with
the inner diameter and height of the mold for sealing were 101.6 mm and 116.4 mm, respectively. The
number of layers in the compaction mold was 5, the number of strikes on each layer of soil — 25. The
weight of the compaction load — 4.5 kg, and the height of fall — 457.2 mm.

Table 2
Determining the type of soil
No. _ _ Soil type according to DSTU B B.2.1-2-96
olp Physico-mechanical parameters Lsoaann;y Sandy loam Sllltg/a;:r:ay S;r;;i/y
1 2 3 4 5 6
1 Humidity w, % 7.2 13.8 134 12.2
2 Disturbed structure soil density p, g/cm? 1.78 2.09 2.11 2.16
3 The density of soil particles ps, g/cm? 2.66 2.78 2.69 2.76
4 Density of dry soil pg, g/cm?® 1.66 1.84 1.86 1.93
5 Pores n, % 37.6 33.8 30.9 30.1
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Continuation of Table 2

1 2 3 4 5 6
6 Porosity coefficient, e 0.602 0.511 0.446 0.430
7 Humidity at the yield strength Wi, % - 18.2 334 41.3
8 Humidity on the verge of rolling Wp, % - 17.0 25.2 23.1
9 The number of plasticity Ip = W -Wp, % - 1.2 8.2 18.2
10 Fluidity index (consistency), B 2,67 (firm) 1.44 (firm) —9.60
IL=(W-Wp)/(W -Wp) (firm)
11 Specific adhesion, kPa 4.96 18.6 47.0 81.0
12 The angle of internal friction ¢, ° 31.9 29.4 26.0 21.0
13 Deformation modulus E, MPa 22.8 27.1 34.0 28.0
14 Water saturation coefficient, Sr 0.32 - - -

According to DSTU 8801: 2018 clays with a plasticity number greater than 22 are not suitable for
strengthening with binders. In our version (Table 2) such soils are not detected.

Table 3
The results of laboratory tests of different types of soils by the method of Proctor,
to determine the maximum density of dry soil at optimum humidity
Type of No. tests
yp. Soil characteristics
soil 1 2 3 4
Humidity 3.3 5.6 7.2 9.8
Soil density in the wet stat
Loamy onl denstty in the wet state 1,639 1.733 1.781 1.761
m/V = p, glcm®
sand Density of dry soil
yarany 1.586 1.642 1.661 1.604
p/(1 +¢) = pg, glcm®
Humidity 8.2 111 13.8 16.9
Soil density in the wet stat
Sandy Ofl density in the wet state 1.872 2,019 2.090 2.040
loam m/V = p, glcm®
Ders .
ensity of dry soil 1.730 1.817 1.836 1.746
p/(1 +c) = py, glcm®
Humidity 12.6 134 19.1 23.6
Soil density in the wet stat
. O1f censity in fne Wet state 2,033 2112 2,008 2,083
Silty loam m/V = p, glcm?®
Density of dry soil 1.805 1.862 1.762 1.685
p/(1 +w) = pq, glem?
Humidity 0.083 0.117 0.141 0.157
Soil density in the wet state 1,937 2043 2102 2054
Sandy clay m/V = p, glcm?®
Density of dry soil 1.788 1.829 1.843 1.775
p/(1 + w) = pg, g/cm?®

According to Table 2 and Figure 1,2 the maximum density is achieved at a humidity of loamy sand —
6.9 wt. %, sandy loam — 13 wt. %, silty loam — 13.2 wt. % And sandy clay — 12.3 wt. %.
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Fig. 1. Dependences of dry soil density on moisture:
a — the maximum density of dry soil at the optimum humidity of silty loam;
b — the maximum density of dry soil at the optimum humidity of sandy loam

Fig. 2. Dependences of dry soil density on moisture:
¢ — the maximum density of dry soil at the optimum humidity of loamy sand;
d — maximum density of dry soil at optimum humidity of light sandy clay

The next stage of the study was to study the ultimate compressive strength of fortified WSA soils.
Soil samples were formed according to (DSTU B B.2.1-309: 2016). The compositions of soils reinforced
with binder and the consumption of materials for the formation of samples are given in Table 4. For each
type of soil to be strengthened, 6 compositions were designed. The components of the stabilized soil were
calculated to be more than 100 % by mass of the corresponding soil type.
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Determination of the ultimate compressive strength of stabilized soils was carried out in accordance
with DSTU B B.2.7-309: 2016.

Consumption of materials

Table 4

Components of fortified soil over 100 % by mass of the corresponding soil type
No. of Portland *Water to the optimum soil moisture +
composition WSA, w.. % depending on the water consumption of Tartaric acid
cement, wi. % .
the binder, wt. %

1 —_ —_ —_ —

2 - 6 % +0.3 -

3 - 10 % +0.3 -

4 8% - +0.38

5 11 % - +0.38 1.0 wt. % of WSA
6 14 % - +0.38

* Water was added to the optimal soil moisture according to table. 1 and Fig. 1,2 and additionally
depending on the water consumption of the binder and its type

According to Table 5, the highest strength indicators were predicted by soils of all types with a

cement content of 10 % by mass. Depending on the amount of added WSA and the type of fortified soil,
it is possible to achieve soil strength that corresponds to the grades M10, M20, M40 in accordance with
DSTU 8801: 2018. The most suitable soil for strengthening according to the criterion of strength was light

dusty clay, as in the role of Portland cement and WSA.

Table 5

The results of tests of the ultimate compressive strength of soils of different types

Compressive strength, MPa at the age of days | Compressive strength of water-
. No. of
Type of soil composition 3 7 14 28 saturatet_j samples, MPa for grades
according to DSTU 8801: 2018
1 - 0.1 0.3 0.4 -
2 0.6 0.8 1.0 13 M10
Loamy sand 3 1.3 1.7 2.5 3.5 M20
4 0.2 0.3 0.4 0.5 -
5 0.3 0.5 0.7 1.0 M10
6 0.5 0.7 1.0 1.4 M10
1 0.05 0.1 0.3 0.4 -
2 0.7 1.2 1.9 25 M20
Sandy loam 3 1.3 1.8 25 3.7 M20
4 0.2 0.4 0.6 0.8 -
5 0.5 0.8 1.0 13 M10
6 0.7 1.1 1.8 2.3 M20
1 0.2 0.4 0.7 0.8 -
2 1.7 25 3.7 5.0 M40
Silty loam 3 2.8 41 5.0 6.9 M60
4 0.6 1.0 1.6 21 M20
5 0.9 14 2.2 2.9 M20
6 14 1.9 2.8 3.8 M20
1 0.6 0.7 1.1 1.3 M10
2 2.8 4.1 5.0 6.8 M60
Sandy clay 3 4.4 6.8 8.3 11.2 M60
4 2.4 35 41 55 M40
5 2.8 3.9 4.9 5.6 M40
6 3.4 4.7 5.2 6.9 M60
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In general, it is possible to use WSA as a material for strengthening different types of soils for the
construction of layers of pavement according to the criterion of compressive strength. But for the final
conclusion, regarding the use of WSA for soil strengthening, it is necessary to establish the coefficient of
frost resistance of the experimental samples, which will be the next stage of the study.

Conclusions

Wastepaper sludge ash was found to have binding properties when strengthening different types of
soil. According to the criterion of compressive strength of strengthened soil, wastepaper sludge ash in
combination with tartaric acid is less effective than Portland cement. However, with the appropriate
dosage and depending on the type of soil, the following grades of strengthened soil can be achieved: M10,
M20, M40 and M60.
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Harmionaneuuii yaiepcuteT “JIbBiBChbKa MOJiTEXHIKA”,

kadeapa aBTOMOOUIBHHX OPIT Ta MOCTIB

BUKOPUCTAHHS MAKYJATYPHOI'O CKOITY AK MATEPIAJY JJIA YKPIIIJIEHHS IPYHTIB
JJIA CIIOPYIKEHHSA IHAPIB IOPOXKHOT' O OAATY

O Conooxuii C. H., I'ideii B. B., Cioyn FO. B., I'ynax O. M., Typoa IO. B.., 2021

VY cBiTi Ta B YKpaiHi icHye npobiema yTuiizaiii BigxoiB i HoOIYHHUX MPOAYKTIB MPOMUCIOBOCTI,
BiIBANM SIKAX 3aiiMalOTh BENWKI IUIOmli 3eMenb. OTHUM i3 METONIB yTHIi3allii € BUKOPUCTAHHS iX y
OyniBHULTBI. Y CTaTTi pO3MIIIHYTO MOXJIMBICTh BUKOPHCTAHHS TaKOTO BIAXOMY, SIK MaKyJIaTypHUH CKOII, LI
YKPIIUICHHS IPYHTIB poO0OYOro MIapy 3eMIISTHOTO ITOJIOTHA Ta VISl CIIOPY/DKCHHS IapiB JOPOXKHBOTO OJIATY.
Jns yKpimuieHHs BUKOPHCTAHO YOTHPH THUIM TPYHTIB. IICOK IMIYBAaTHH, CYIICOK NWJIyBAaTHH, CYTITHHOK
JIETKUH MITyBaTHH Ta TJIMHA JIETKa ITMTyBaTa. THIl KO)KHOTO BUKOPHCTAHOTO IPYHTY BCTAHOBJIEHO Ha OCHOBI
(hi3MKO-MEXaHIYHUX BJACTHBOCTEH. BH3HAa4eHO TakoX MaKCHMalbHY IIUIBHICTD IPYHTY 3a ONTHMAalbHOI
BOJIOTOCTI HaBeJIEHHUX THUIIB IPYHTIB 3a MeToaoM [Ipokropa. [[ng yKpimjeHHS IPYHTIB pi3HHUX THIIIB BHKO-
PUCTaHO OKPEMO MaKyJaTypHUH cKoml y KoMOiHaIlii i3 BHHHOI KHCJIOTOIO, IO JIA€ 3MOTY CIIOBUTLHUTH
TEPMiHH TYXKaBiHHA TPYHTY Ta 30UTBIIUTH IIACTUYHICTH KOMITO3UILi. I MOPIBHANBHUX JOCHTIKEHb B
CTaTTi BUKOpHCTaHO mopTianauemMenT Mapku 400. B po6oTi A0CTIIKEHO IIiCTh CKIIA/IB YKPIIUIEHOTO IPYHTY
JUIL KOKHOTO 13 YOTHPHOX THIIIB IPYHTIB 32 KPHUTEPIEM T'PAHUII MIITHOCTI BOJOHACHYCHUX 3pa3KiB y BIIll
CeMH, YOTHUPHAJIIISATH Ta JBaLATh BOCEMH 110. Pe3ynpratn 1ocimikeHb BKa3ylOTh Ha T€, 0 MaKyJIaTypHUI
CKOIT MOX€ BUKOPHCTOBYBATHUCH JUIS YKPIIUICHHS Pi3HUX THIIB IPYHTIB i3 JOCSATHEHHSIM MapoK YKpIiIUICHOTO
rpyaTy: M10, M20, M40 ta M60. /I 0cTaTOYHOTO BHCHOBKY IIPO 3aCTOCYBaHHS MaKyJIaTypHOT'O CKOMY SIK
Marepiay Uil YKpIIUIEHHS I'PYHTIB poOOdYOro mapy 3eMJSTHOTO TOJIOTHA Ta JUIS CHOPYKEHHS IIapiB 1o-
POKHBOTO OJIATY TIOTPIOHO BCTAHOBHUTHU KOE(III€EHT MOPO30CTIHKOCTI 3pa3KiB 3aMpONIOHOBAHUX CKIIA/IIB.

Kir04oBi c10Ba: MakyJaTypHUil CKoOIl, HOPTJIAHALEMEHT, YKPINJIeHHs] IPYHTIB, MaKCUMaJIbHA
IVIBHICTH, ONITHMAJIBHA BOJIOTiCTH IPYHTY, TPAHMISA MiIHOCTI HAa CTHCK.



