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ABSTRACT

Introduction. A soil-cement composite, comprising a thoroughly blended mix of soil, cement, and water, has played a crucial
role in the construction of various civil infrastructures like bridge foundations, tunnels, highway embankments, foundations
for port and harbour structures, and many more. Though efficient, traditional high-cement formulations pose severe envi-
ronmental concerns, leading to the exploration of alternative materials that can bring sustainability to construction practices.
Materials and methods. This study focuses on utilizing “Ground-Granulated Blast-Furnace Slag” (GGBS) to explore its
impact on the engineering characteristics of soil-cement mixtures. In this investigation, clay soil is blended with 20 % of OPC
and varying proportions of GGBS (20, 25 and 30 % by weight of cement) as a replacement for OPC.

Results. The composite mixture is subjected to several Unconfined Compressive Strength (UCS) tests to assess the und-
rained shear strength of soil-cement-GGBS mixtures at distinct curing intervals (7, 14, and 28 days). Field emission scan-
ning electron microscopy (FE-SEM) is also employed to examine the microstructure of the soil-cement composite, revealing
the arrangement of particles, pore structures, and the distribution of cementitious materials.

Conclusions. The results show that the composition having clay soil and 20 % cement, replaced with 20 % GGBS, yields
maximum strength among all tested compositions with a significant increase of 24 % compared to the conventional soil-
cement mixture of clay soil and 20 % cement only.

KEYWORDS: soil — cement, ground-granulated blast-furnace slag (GGBS), ordinary portland cement (OPC), unconfined
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Mos10ThIi TPAaHYJIMPOBAHHbIN JOMEHHbIN HIJIAK — YCTOMYUBbIH
3aMEHHUTEJb IEMEHTA B IPYHTOLEMEHTHBIX KOJIOHHAX:
NMOBBIIIEHNE KAYeCTBA YKPEIJIEHUSI TPYHTA NMPOMbIILJIEHHBIMHA
0TX0AaAMH

Cypa6x Yoynxapu, Jlaiut Bopana

Hnoutickuit mexnonoeuueckuu uncmumym 6 Unoope, e. Hnoop, Cumpon, Unous

AHHOTALUMUA

BBeaeHune. PyHTOLEMEHTHBIN KOMNO3WUT — TLUATENBLHO NepeMellaHHas CMeChb rPyHTa, LieMeHTa U BOAbl — WUrpaeT Bax-
HeWLLYI0 Porlb B CTPOUTENBCTBE Pa3nnyHbIX OOLEKTOB rpaXaaHCKoW NHADPACTPYKTYPbI, TAKUX Kak (pyHAaMeHTbl MOCTOB, TOH-
Henew, HacbinM aBTOMOBWIbHBLIX A0OPOT, PyHAAMEHTbI COOPYXEHU MOPTOB U raBaHen u ap. Hecmotpsi Ha adpEeKTMBHOCTD,
TPagMLMOHHbIE LIEMEHTHbIE COCTaBbl C BbICOKMM COAEpPXaHWEM LieMEHTa Bbl3bIBalOT Cepbe3Hble AKorornyeckme npobnemel,
YTO 3acCTaBMnsET UCKaTb anbTepHaTUBHbIE MaTepuarnbl, CnocobHble 0becneynTb 3KONOrMYecKyo YCTONYMBOCTL CTPOUTENLCTBA.
Matepuanbl u metogbl. 3ydyeHo BNUsiHWE MOMNOTOrO rpaHynMpoOBaHHOMO JOMEHHOrO LUnaka Ha TeXHUYeckue xapaktepu-
CTUKWN TPYHTOBO-LIEMEHTHbIX CMecel. Vicnonb3oBanacb CKaHUpyHoLWas 3rNeKTPOHHas MUKPOCKOMWSA ANSA U3YYeHUS MUKPO-
CTPYKTYpbl FPYHTOBO-LIEMEHTHOrO KOMMO3MTa, BbISIBMIEHNSI PACMONOXEHNs 4acTuL, CTPYKTYpbl MOPp U pacnpepeneHus Le-
MEHTUPYIOLLMX MaTepuarnos.
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Pe3ynbraTbl. MMUHUCTBIA rPYHT cMelumBaeTcsi ¢ 20 % nopTnaHaueMeHTa u MOnoThbIM rpaHynMpoBaHHbIM JOMEHHbBIM LWna-
KOM B pa3Hbix nponopumsx (20, 25 n 30 % no Becy LiemMeHTa) B kKa4ecTBe 3aMeHbl NnopTnaHauemeHTa. KomnosutHas cmech
HEeCKONbKO pas NoABepraeTcs UCMbITaHNAM NMPOYHOCTU Ha OQHOOCHOE CXaTue HeApEeHMPOBAHHON CMECU FPyHTa, LeMeHTa
1 MOFIOTOrO rPaHyNMpPOBaHHOIO JOMEHHOrO LUfaka Ha pa3Hblx aTanax TBepaeHus (7, 14 n 28 gHen).

BbiBoAbl. PesynsraThl NoKasbiBatoT, YTO COCTaB, CoAepXaLLuii MUHUCTBIN FPYHT 1 20 % LemMeHTa, 3ameHeHHoro Ha 20 % mo-
NOTOro rpaHyNMpPOBaHHOIO AOMEHHOTO Lnaka, obnagaer MakCUMarbHON MPOYHOCTBIO MO CPaBHEHWIO CO BCEMU APYTMM
UCMbITAHHBIMKU COCTaBaMM CO 3HAYUTENBbHBIM yBenuYeHneM Ha 24 % Mo CpaBHEHWIO C 0ObIYHOM FPYHTOLIEMEHTHON CMECHIO
Ha OCHOBE MMMNHWCTOrO rPyHTa.

KNOYEBBIE CINOBA: rpyHT — LEMEHT, MOMOTbIV TPaHyNMPOBaHHbIN AOMEHHBIV LWNaK, 06blYHbIA NOpPTNaHALEMEHT, Npoy-
HOCTb Ha OJHOOCHOE CXaThe, CMECh FPYHT — LLEMEHT — MOMOTbIN FPaHYNMPOBaHHbIA JOMEHHBIN LUNaK, CKaHUPYyHoLLLas arek-
TPOHHasi MUKPOCKOMMSI

bnazodapHocmu. ABTOpbI BblpaxatT UCKPEHHIOW GrnarogapHoCTb kadbedpe rpaxaaHckoro ctpouTenbcTBa WHaumickoro
TEXHONOrM4eckoro MHCTUTyTa B IHaope 3a obecneyeHne HeobxoayMblX YCroBuii Ans NpoBeAeHNst 4aHHOTO NCCreaoBaHNs.
Moppepxka, JOCTYN K COBPEMEHHbIM rlabopaTopusM 1 pecypcebl, NpefocTaBneHHble VIHAUNCKUM TEXHOMOMMYECKUM UHCTU-
TyTOM B MIHOOpe, oKka3anu HeoLeHUMYHo MOMOLLb B YCMELLHOM 3aBepLUEHUM AaHHOTO UCCIefoBaHuS.

onAa UWUTUPOBAHUA: Yoydxapu C., bopara J1. MonoTbIn rpaHynMpOBaHHbIA AOMEHHBIN LLUNaK — YCTOWYMBLIN 3aMEHUTESNb
LieMEeHTa B rPyHTOLIEMEHTHbIX KOITOHHAX: MOBbILLIEHNE Ka4eCcTBa YKPenneHWsi rpyHTa NpoMblLLeHHbIMY oTxodamu // CTpouTenis-
CTBO: Hayka 1 obpasoBaHue. 2025. T. 15. Bein. 1. Ct. 21. URL: http:/nso-journal.ru. DOI: 10.22227/2305-5502.2025.1.21
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INTRODUCTION

Soil-cement mixtures have long been utilized in
geotechnical engineering for a variety of applications, in-
cluding soil stabilization, pavement subgrades, slope pro-
tection, and the construction of embankments and founda-
tions. These mixtures improve the engineering properties
of soils by enhancing compressive strength, reducing plas-
ticity, controlling swelling and shrinkage, and minimizing
permeability. The soil-cement mixture is considered a cost-
effective remedy for soil stabilization in construction proj-
ects due to the economic benefit of utilizing locally ac-
cessible materials and minimizing dependency on costly
imported materials mix (Solihu, 2020; Choudhary et al.,
2023) [1-13]. Cement is the key component in soil-cement
mixtures that serves as a fundamental binder, and it is
readily used as a chemical additive in soil stabilization due
to its several advantages like easy availability, low cost,
durable end products, resistance towards acid and chemi-
cal attacks and many more. However, the extensive use
of cement leads to negative environmental consequences,
primarily due to the high energy consumption during pro-
duction and significant carbon dioxide emissions (Gupta
and Chaudhary, 2020; Cruz Juarez and Finnegan, 2021).
To mitigate this negative environmental impact, very few
studies have been conducted to find appropriate substi-
tutes and cement alternatives that can provide appreciable
strength. Among the various conventional supplementary
cementitious materials (SCMs), Ground-Granulated Blast-
Furnace Slag (GGBS) is regarded as one of the most ef-
fective substitutes for cement. When incorporated in ap-
propriate proportions, GGBS improves the strength and
durability of cement hydration products. As a by-product
of the iron and steel manufacturing process, obtained from
blast furnaces, GGBS possesses inherent pozzolanic prop-
erties. Its addition enhances the physical and mechanical
properties of soil-cement mixtures by reacting with cal-
cium hydroxide (lime) produced during the early stages
of cement hydration, forming additional cementitious
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compounds such as Calcium Silicate Hydrate (C-S-H) gel,
Calcium Alumino-Ferrite (CAF), and Calcium Hydrox-
ide (CH), among others. These compounds reduce void
spaces in the soil-cement matrix. Additionally, GGBS
helps lower the heat generated during the cement hydra-
tion reaction. Recent studies have highlighted the potential
of using industrial waste-based SCMs to enhance the en-
gineering properties of clay soils (Ahnberg, 2006; Horpi-
bulsuk et al., 2012; Johnson Singh et al., 2022; Singh et al.,
2020; Singh et al., 2021). However, very few research-
ers have studied the utilization of SCMs to replace a part
of lime and cement in soil stabilization. Kinuthia and
Wild conducted several laboratory tests like UCS, CBR,
swelling index, and many more on GGBS mixed lime-
clay mixtures to analyze the changes in the engineering
characteristics of clay soil. The results obtained revealed
that the clay soil's compressive strength was consider-
ably increased by the addition of GGBS. Arulrajah et al.
explored the potential use of industrial waste by-products
like fly ash (F) and slags (S) in deep soil mixing methods
for soft soil treatment. A set of laboratory experiments,
including UCS, flexure beam, and SEM tests, were car-
ried out on test specimens prepared at three different water
contents of 0.75, 1.0, and 1.25. In terms of strength and
stiffness, the results illustrated significant improvement in
the soft clay soils for an optimum binder content of 20 %
and optimum F and S content as 5 and 15 %, respectively.
Du et al. conducted a comparative study on lightweight
cement-treated soil with lightweight geopolymer-treated
soils by performing several tests like UCS, mercury intru-
sion porosimetry (MIP), hydraulic conductivity, SEM im-
ages, and thermogravimetric analysis (TGA). They found
out that lightweight geopolymer-treated soils improved
the permeability and the strength properties and provided
better engineering performances than lightweight cement-
treated soils. While other SCMs like fly ash and silica
fume also offer beneficial properties, GGBS is particularly
advantageous due to its higher cementitious value and



Utilization of GGBS as a sustainable cement replacement in soil-cement columns:

slower rate of hydration, which contributes to lower heat
generation and greater long-term strength development.
GGBS also provides superior resistance to sulfate attack
and alkali-silica reactions, making it a more durable choice
for geotechnical applications where soils are exposed to
aggressive environmental conditions. Utilizing GGBS in
soil stabilization aligns well with several United Nations
Sustainable Development Goals (UN SDGs), particularly
SDG 9 (Industry, Innovation, and Infrastructure), SDG 11
(Sustainable Cities and Communities), and SDG 13 (Cli-
mate Action).

This study explores the strength gain characteristics
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Basic properties of clay soil
OCHOBHBIE CBOMCTBA ITIHHUCTON ITOYBEI
S.No. Property Value
1. Natural water content, % 15.38
2 Specific gravity 2.71
3. Liquid limit, % 81.05
4 Plastic limit, % 36.44
Optimum moisture
> content, % 29
Maximum dry unit
6. weight, KN/m? 1:425
7. Shrinkage limit, % 11.20
8. USCS soil classification CH

of soil-cement-GGBS mixture by blending clay soil with
20 % cement (by weight of dry soil) and varying propor-
tions of GGBS (20, 30 and 40 % by weight of cement)
by conducting UCS tests. SEM was employed to observe
the microstructure of the soil-cement composite, reveal-
ing the arrangement of particles, pore structures, and
the distribution of cementitious materials.

MATERIALS AND METHODS

The clay soil used in this study was obtained from
a test pit located on the IIT Indore campus, Madhya
Pradesh, India. The soil was sieved using a 2 mm IS
sieve, dried in a hot air oven for 24 hours, and stored in
an airtight container. Ordinary Portland Cement (OPC)
and Ground-Granulated Blast-Furnace Slag (GGBS) were
provided through collaboration with industrial partners.
Based on the Unified Soil Classification System (USCS),
following ASTM D-2487-98 and IS: 1498-1970 stan-
dards, the soil is classified as highly expansive clay, as
shown in Fig.1. The fundamental properties of the clay
soil are summarized in Table.

In this study, prepared raw clay soil was added with
20 % of OPC (specific gravity G, = 3.10) and appropriate
water content to obtain slurry-type consistency. The ma-
jor constituents, including clay soil, cement, GGBS, and
water, were thoroughly mixed with the help of a mechan-
ical mixer.

% Finer

20 -

I I I I
0.001 0.01 0.1 1 10 100

Particle Size (mm)

Fig. 1. Grain size distribution (GSD) curve of clay soil

Puc. 1. Kpm;aﬂ IPaHYJIOMETPUYCCKOI0 COCTaBa NIMHUCTOMN
ITOYBBI

Sixteen specimens of soil-cement-GGBS compo-
sitions were prepared with a 20 % cement content by
weight of dry soil, using high polymer density molds
(HPDM) with an internal diameter of 44 mm and a height
of 98 mm. The cement content was subsequently substi-
tuted with 0, 20, 30 and 40 % by the weight of dry ce-
ment. To preserve the consistency in the mixtures and
provide adequate hydration, the amount of water added
was 1.5 times the liquid limit of the soil. Each mixture
was then carefully poured into the molds and made
specimen air-free with the help of a mechanical stirrer.
The freshly molded mixtures were left for 24 hours at
room temperature to achieve appreciable strength. After
24 hours of specimen preparation, the specimens were
removed from the molds and placed in a curing tank,
where they underwent a continuous curing procedure
in submerged condition. Before conducting UCS tests,
the specimens were taken from curing tank and allowed
to rest at room temperature for five minutes to facilitate
evaporation of surface water. Afterward, a series of UCS
tests were conducted to evaluate the mixture's undrained
shear strength and unconfined compressive strength at
7-, 14- and 28-days of curing. Following the comple-
tion of UCS testing, SEM imaging was also utilized
on the tested specimens to provide insights into micro-
structural details.

RESULTS OF THE RESEARCH

Unconfined Compressive Strength

The Unconfined Compressive Strength (UCS) test,
conducted in accordance with ASTM D7012-23, was
used to determine the undrained shear strength and un-
confined compressive strength of the soil-cement-GGBS
mixtures. During the test, a compressive load was ap-
plied at a strain rate of 1.25 mm per minute. The UCS
test was performed on specimens with different mixture
combinations and curing durations. The results indicated
that the compressive strength of all mixtures increased
with extended curing times. Previous studies have often
identified an optimum content of 20 % Ordinary Portland
Cement (OPC), demonstrating considerable strength and
stability in soil-cement mixtures (Pham, Koseki, Dias,
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Fig. 2. UCS Tests results of Soil + 20 % Cement content with different GGBS concentration at different curing durations

Puc. 2. Pe3ynbraThl HCIIBITAaHUI HA OJHOOCHOE cxKaThe cMecu IpyHTa + 20 % LeMeHTa ¢ pa3ItuHON KOHLEHTpaell MOJI0TOro

Tpa”HyJIMPOBAHHOI'O JOMEHHOI'O IIJIaKa Ha pa3HbIX 3TallaX TBEPACHUSL
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Fig. 3. Variation of Axial Stress for different soil — cement — GGBS mixtures for different curing durations

Puc. 3. I3MeHeHue NpooJIbHOTrO HAIIPSXKEHUS AJIs Pa3HbIX CMecel IPYHT — LIEMEHT — MOJIOTbIHM I'paHyINpPOBAHHBIN TOMEHHbIH

IUIaK Ha pasHbIX dTalax TBEPACHUS

2021; Solihu, 2020). Shows that the strength gain varia-
tion of specimens with varying constituents increases for
varying curing times of 7-, 14- and 28-days respectively
(Fig. 2). Moreover, it has been experimentally deter-
mined that specimens subjected to a 28-day curing period
exhibit maximum compressive strength gain among all
the compositions.

A soil mixture with 20 % cement and 20 % GGBS
blend shows maximum values of 0.41925 N/mm? and
0.2096 N/mm? for undrained shear strength and uncon-
fined compressive strength, respectively. The strength
of the specified composition is 24 % higher in com-
parison to that of the traditional soil-cement mixture
with 20 % cement content. The obtained results great-
ly emphasize the importance of GGBS in improving
the strength qualities of combinations while encouraging
the use of sustainable materials.

Fig. 3 elucidates the impact of different Ground-
Granulated Blast-Furnace Slag (GGBS) contents
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on the axial stress of soil-cement-GGBS mixtures over
various curing durations (7, 14 and 28 days). The result
indicates that the addition of GGBS significantly enhances
the strength of the mixtures, with a consistent increase in
axial stress observed for all compositions as the curing
time extends. Notably, the mixture with 20 % Ordinary
Portland Cement (OPC) and 20 % GGBS exhibits a con-
siderable increase in axial stress compared to the mixture
containing only 20 % OPC, suggesting that incorporating
GGBS improves the mixture's mechanical performance.
As the GGBS content rises to 30 and 40 %, the axial stress
continues to increase, albeit at a slower rate, indicating di-
minishing returns beyond a certain replacement level.

Scanning Electron Microscopy

In this work, FE-SEM was conducted using FE-SEM
Supra 55 (Carl Zeiss, Germany) with a magnification
of 500X on specimens of virgin clay soil and GGBS
blended soil-cement mixture having 20 % cement and
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Fig. 4. SEM images of (a); raw clay soil and clay soil + 20 %
cement + 20 % GGBS at 28-days of curing (b)

Puc. 4. N300paxenHus, MoayyeHHBIC ¢ TIOMOIIBIO CKAaHUPY-
IOLIETO 3JEKTPOHHOTO MUKPOCKOMNA (@); ChIPOTO MNIMHUCTOTO
rpyHTa U miuHHCTOro rpyHTta + 20 % nementa + 20 % mo-
JIOTOTO TPaHyIUPOBAHHOTO JJOMEHHOTO LIJIaka Ha 28-i JeHb
TBepaeHus ()

20 % GGBS replacement cured for 28 days as illustrated
in Fig. 4, respectively. The SEM images of clay soil show
the texture of the clay particles and the pores available in

the matrix. Fig. 4, b confirms bond formation and devel-
opment of hydration products such as calcium aluminate
hydrates (CAH), calcium silicate hydrates gel (C-S-H gel),
and Ettringite. Hydration production is confirmed by
the creation and dispersion of these products, which
helped in the development of strength of composites.
The angular shape of the GGBS particles also helps in
better interlocking and strength development. The SEM
images provide crucial insights on the interfacial connec-
tion of GGBS and soil-cement particles.

CONCLUSION AND DISCUSSION

This study utilized GGBS as a SCM in the soil-
cement mixture to improve its strength and durability.
Several laboratory tests were conducted on different soil
and soil-cement-GGBS mixture specimens to determine
the basic properties as well as engineering properties.
The current study illustrated the strength properties
of soil-cement-GGBS mixture with varying composi-
tions for different curing time. The conclusions drawn
from the results of the current study are as follows:

* it exhibits a strong reaction with calcium hydrox-
ide (Ca(OH),), a by-product of cement hydration, leading
to the formation of additional cementitious compounds.,
reducing the cavities and improving the overall strength
and durability of the soil-cement mixture;

* the mixture of clay soil with 20 % cement and
20 % GGBS blend cured for 28 days shows a significant
increase in the values of undrained shear strength and
unconfined compressive strength of 0.41925 N/mm?
and 0.2096 N/mm? respectively, as compared to other
compositions. This composition exhibits a 24 % increase
in strength compared to the conventional soil-cement
mixture with 20 % cement content;

« this experimental study focuses on the strength de-
velopment of clay soil mixed with 20 % OPC, and the ce-
ment proportion is replaced with GGBS at varying ratios.
However, there are further areas in which more research
needs to be done to improve the current understanding and
investigation of various parameters, such as optimization
of mix ratios, effect of curing conditions, long-term per-
formance, time-dependent stress-strain behaviour, shear
strength behaviour, field scale validation and many more.
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