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Abstract
Landfill mined soil-like fraction (LMSF) is the material obtained from mining of old waste. Utilization of LMSF in infra-
structure applications is limited due to several challenges including possible presence of organic content, heavy metals, 
heterogeneous composition, etc., and require stabilization prior to usage. In light of this, LMSF was stabilized with alkali 
activated slag at different curing temperatures including freeze curing (− 21 ℃), ambient curing (25 ℃), thermal curing 
(60 ℃) and their combinations. Further, the performance of stabilized LMSF was evaluated on cyclic exposure to different 
climatic conditions, viz., − 21 ℃, 0 ℃, 10 ℃, 25 ℃ and 45 ℃ in both closed (without water exposure) and open system 
(water inundated) conditions. The performance of stabilized LMSF under these climatic conditions was evaluated through 
unconfined compressive strength (UCS), indirect tensile strength, cyclic loading tests, and microstructural aspects. Based on 
initial trials, ambient curing (25 ℃) and 2 days thermal curing at 60 ℃ yielded better performance of stabilized LMSF. The 
28 days stabilized LMSF has shown stable performance against cyclic exposure to different climatic conditions by satisfying 
the maximum allowable mass loss criteria after 12 cycles as per IRC-37, except for exposure to subfreezing temperature of 
– 21 ℃ in open system. Further, not much reduction in UCS and indirect tensile (except for − 21 ℃ in open system) strength 
was observed on cyclic exposure to different climatic conditions, inferring the stability of cementitious compounds and 
resistance against degradation. 2 days of thermal curing at 60 °C notably enhanced the performance of stabilized LMSF in 
different exposure conditions under both static and cyclic loading conditions, suggesting it as favourable curing condition 
for sustainable and low-cost stabilization of LMSF in different climatic conditions ranging from sub-freezing to arid regions.
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Introduction

Landfill mined soil-like fraction (LMSF) is the soil-like 
material obtained from mining of the old legacy waste. 
Unlike combustibles and construction debris, LMSF has 
very limited applications, such as filling up of low-lying 

areas, utilization as daily landfill cover material, or re-land-
filling [1]. The utilization of LMSF as a material or energy 
source is restricted due to its heterogeneity in material com-
position, presence of organic matter, variability in engineer-
ing properties, leachability of heavy metals, low calorific 
values, and high ash content [2]. Song et al. [3] found that 
increase in organic content led to decrease in shear strength 
upon utilizing solid waste from landfills in road construc-
tion. Further, the decomposition of organic matter may lead 
to higher settlement, formation of cavities and affects the 
overall performance of infrastructure facilities. The presence 
of heavy metals (when exceeds the permissible limits) in 
LMSF may cause subsurface and ground water contamina-
tion with the possible percolation of leachate under heavy 
rainfall or flooding events.

Suitable pre-treatment methods such as soil washing, 
soil vitrification, and bioremediation can be employed 
to overcome the challenges associated with presence of 
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organic matter or heavy metals in LMSF. In addition to 
pre-treatment methods, adopting suitable stabilization/
reinforcement techniques can be beneficial for improving 
the engineering performance of LMSF, and to satisfy the 
specifications for target infrastructure applications. Recent 
studies explored the utilization of fibre reinforcement to 
improve the engineering behaviour of LMSF for subgrade 
fill, embankment fill, and backfilling applications [4, 5]. 
Studies have shown that reinforcing LMSF fills with geo-
synthetic materials can enhance the bearing capacity up 
to 1.8 times in comparison to untreated LMSF [6]. Rawat 
and Mohanty [7] demonstrated the enhanced behaviour 
of LMSF reinforced with geosynthetics under static load-
ing conditions. Ram et al. [8] investigated the utiliza-
tion of LMSF, along with fly ash and locally available 
soils, as layered systems under foundations as a fill mate-
rial. However, the utilization of LMSF aiming towards 
pavement infrastructure (as subgrade, subbase, and base 
course) is still unexplored. Further, the stabilization of 
LMSF through alkali activation of sustainable binders like 
ground granulated blast furnace slag (GGBS) and fly ash, 
is also less explored, and the performance of stabilized 
LMSF under various climatic conditions remains to be 
understood.

Alkali activated binders are primarily composed of poz-
zolanic materials like GGBS, fly ash, silica fume, and alkali 
compounds such as NaOH, KOH, and  Na2SiO3. The alkaline 
compounds particularly support in the activation of inert 
aluminosilicate compounds present in pozzolanic materi-
als. Many researchers in the past evaluated the efficiency of 
alkali activated stabilization for different soils ranging from 
silty sands to soft clays [9, 10]. Assessing both mechanical 
properties and durability characteristics are crucial in evalu-
ating the effectiveness of alkali activated binders in stabiliz-
ing soils/geomaterials. Moreover, the performance of soils/
geomaterials stabilized through alkali activation depends on 
different factors such as curing time, curing temperature, 
binder content, activator content, exposure to different cli-
matic conditions, type of soil/geomaterial, etc. [11].

The exposure to different climatic conditions plays a vital 
role in overall performance of the soils/geomaterials stabi-
lized through alkali activation. In particular, the regions with 
subfreezing temperature requires more attention as the long-
term stability and durability characteristics of stabilized 
soils/geomaterials may get severely affected due to cyclic 
freezing and thawing action [12, 13]. The pore water pre-
sent in the soil/geomaterial voids gets frozen at subfreezing 
temperature and increases its volume by approximately 9% 
[14], resulting in the development of internal tensile stresses 
in the soil/geomaterial pore spaces. This phenomenon will 
ultimately lead to the development of micro- and macro- 
cracks at different levels, and these cracks propagate further 
and may lead to instability and collapse of the structure [15, 

16]. Thus, the stability of the cementitious compounds will 
greatly affect the overall performance of the stabilized soils/
geomaterials.

Many researchers in the past reported superior perfor-
mance of soils stabilized through alkali activation under 
different climatic conditions ranging from subfreezing con-
ditions to arid conditions [17, 18]. Aryal et al. [19] studied 
the long-term durability of stabilized kaolin soil; wherein, a 
cement content of 10% and 0.5% polypropylene fibres were 
optimised based on the wetting-drying and freezing-thaw-
ing studies. Fakhrabadi et al. [20] utilised copper slag and 
NaOH as alkaline activator to stabilize clayey sand soils, and 
reported an optimum copper slag content and NaOH concen-
tration of 15% and 8M, respectively. Jamalimoghadam and 
Bahmyari [21] studied the effect of alkaline activated binder 
in stabilizing marl clays against freezing and thawing cycles 
and concluded that the parameters including concentration 
of alkaline activator, binder content and number of freezing-
thawing cycles governs the overall efficiency of the stabi-
lized soils. Samantasinghar and Singh [22] evaluated the 
mechanical and durability characteristics of sandy soils sta-
bilized with sodium hydroxide (NaOH) activated fly ash and 
GGBS. An increased compressive strength was noticed in 
stabilized soils on exposure to wetting-drying and freezing-
thawing cycles due to the continuous geopolymerisation and 
hydration actions during these phases. Though, alkali acti-
vated stabilization was well studied for natural soils, there is 
a need to explore the performance of alkali activated stabili-
zation of LMSF, under different climatic conditions, ranging 
from sub-freezing to arid regions, for its potential utilization 
as an alternate material. In this context, the authors have 
investigated the effect of alkali activated stabilization of 
LMSF on its strength and durability properties under dif-
ferent climatic conditions. The durability characteristics 
were evaluated through cyclic exposure to various climatic 
conditions. The details of materials utilized, experimental 
methodology adopted, as well as results and discussion from 
the study are presented in the following sections.

Materials

Landfill Mined Soil‑Like Fraction (LMSF)

The landfill mined soil-like fraction (LMSF) utilized in the 
present study was obtained from a landfill site located in 
Ahmedabad, India. LMSF was obtained from the landfill 
site after screening of the landfill mined waste through a 
trommel screener that removes the construction debris, 
recyclables, and combustibles. The LMSF obtained from 
the landfill site was further pre-processed in laboratory (air 
drying followed by mechanical sieving through 4.75 mm 
sieve) to obtain the fraction that was free from any traces of 
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undesired matter (viz., fibres/floating material, wood resi-
due, small cloth pieces, oversize fraction greater than 4.75 
mm, etc.) and was utilized for further analysis.

Figure 1a represents the typical particle size distribu-
tion curve obtained for LMSF, and is classified as SP-SM 
(Poorly graded sand with silt) according to ASTM D2487 
[23]. The liquid limit of LMSF was observed in the range 
of 35.3–36.2%, and is non-plastic in nature as per ASTM 
D4318 [24]. The LMSF utilized in the current study 
contains an organic content in the range of 1.40–2.68% 
evaluated accordance to ASTM D2974 [25]. Specific 
gravity was obtained as per ASTM D854 [26] for LMSF 
as fibres/floating material was not observed in the study, 
and the values were in the range of 2.28–2.41. An aver-
age maximum dry density of 16.2 kN/m3 with an average 
optimum water content of 18.5% was obtained through 
standard Proctor test conducted as per ASTM D698 [27]. 
Unconfined compression strength (UCS) tests on LMSF 
specimens performed as per the recommendations of 
ASTM D2166 [28], yielded an average UCS value of 
about 80 kPa. Inductively Coupled Plasma (ICP) analy-
sis was conducted on leachate extracted from LMSF to 
assess the presence of heavy metals as per ASTM D3987 
[29]. The average concentration of heavy metals (average 

of three samples) present in the LMSF was assessed and 
were found to be within the permissible limits outlined 
by USEPA and Flemish regulatory standards [30, 31], as 
depicted in the Fig. 1b. Hence, no pre-treatment of LMSF 
was envisaged in the present study.

The XRD spectra of LMSF (Fig. 1c) reveals the pres-
ence of quartz and calcite peaks confirming the existence 
of silica and lime compounds. Additionally, the presence 
of microcline and albite indicates the existence of sodium-
based minerals. Similar inferences were drawn from FTIR 
spectra of LMSF sample (Fig. 1d), wherein, the peaks 
around a wavelength of 500  cm−1 indicate the presence 
of O–Si–O bonds (quartz), while peaks of C–H and C–O 
suggest traces of organic compounds in LMSF [32, 33], 
wherein the peaks of O-H denote the presence of residual 
moisture in LMSF [34]. The presence of calcite  (CaCO3) 
was further confirmed from Thermogravimetric analysis 
(TGA) as depicted in the Fig. 1e, with peaks around 650-
700 ℃ indicating the potential presence of calcium carbon-
ate/calcite mineral and the peak related to evaporation of 
residual water was noticed around 50–100 ℃ [35]. Further, 
Fig. 1f presents the SEM (scanning electron microscopy) 
image of LMSF, revealing agglomeration of fine particles 
observed alongside the coarser grains, and finer fractions 
of LMSF adhering to the surface of coarser grains.

(a) Particle size distribution curve (b) Heavy metal concentration (c) XRD spectra

(d) FTIR spectra (e) TGA and DTG curves (f) Morphological characteristics
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Fig. 1  Particle size distribution, heavy metal concentration and microstructural (XRD, FTIR, TGA and SEM) characteristics of LMSF
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Ground Granulated Blast Furnace Slag (GGBS) 
and Alkaline Activators

Ground granulated blast furnace slag (GGBS), is an indus-
trial by-product from iron and steel manufacturing indus-
tries, and was procured commercially to serve as a pozzo-
lanic material in the study. GGBS primarily comprises of 
amorphous silica and calcium, and readily gets activated 
by alkaline activators to produce free silicate and alumi-
nate ions [36]. The GGBS utilized in the study consists of 
37.42%  SiO2, 26.20% CaO, 15.50%  Fe2O3, 13.52%  Al2O3, 
and other minor compounds. Laser diffraction study reveals 
an average particle size of approximately 6.47 µm for GGBS. 
The specific gravity and specific surface area of GGBS were 
obtained as 2.97 and 277.04  m2/kg, respectively.

A composite alkaline activator consisting of sodium 
hydroxide (NaOH) and sodium silicate  (Na2SiO3) was 
employed in the present study to activate GGBS. An indus-
trial grade NaOH flakes were commercially procured, and 
an alkaline NaOH solution (3% of dry weight of LMSF that 
corresponds to 4.2 M concentration as detailed in meth-
odology section) was prepared by dissolving NaOH pel-
lets in distilled water. NaOH being highly alkaline, rapidly 
elevates the mixture’s pH, facilitating the dissolution of 
amorphous silica and aluminium compounds. On the other 
hand,  Na2SiO3  (Ms = 1.03; where,  Ms is silica modulus) was 
also commercially procured and composed of 28.30%  Na2O, 
29.24%  SiO2 and 42.46%  H2O.  Na2SiO3 primarily facilitates 
the development of nucleation sites, aiding the availability 
of silicate ions and contributes to the development of hydra-
tion products.

Methodology

The testing program in this study was divided into three 
main phases. In the first phase, the GGBS and activator 
content were optimised based on unconfined compressive 
strength test (UCS). The second phase focuses on selecting 
the appropriate curing condition, including curing tempera-
ture and curing age. Finally, in the third phase, the perfor-
mance of stabilized LMSF on cyclic exposure to different 
climatic conditions, was evaluated through mass loss, UCS 
and split tensile strength. Cylindrical specimens of size 38 
mm × 76 mm prepared at a dry density of 16.2 kN/m3 and 
optimum moisture content of 18.5% were utilized for the 
evaluation of UCS and split tensile strength as per the guide-
lines of ASTM D2166 [28] and ASTM C496 [37], respec-
tively. A displacement rate of 1.25 mm/min was adopted in 
the current study and four specimens were tested for each 
combination, and the average of four specimens, along with 
the range of variation, is presented in the study. Further, 
cyclic UCS tests were performed on selected combinations 

at peak loads of 0.8P and 0.7P (P is the UCS for the combi-
nation), to assess the behaviour of stabilized LMSF under 
cyclic loading conditions. The microstructural features were 
also studied for selected combinations through FTIR and 
optical imaging studies.

Optimisation of Binder, Activator and Curing 
Conditions

In first phase, a total binder (GGBS and NaOH +  Na2SiO3) 
replacement percentage ranging from 10 to 40% was inves-
tigated, along with varying percentages of activators (NaOH 
+  Na2SiO3) from 2 to 8%. Optimization was achieved by 
evaluating the UCS values of the trial combinations at a cur-
ing period of 7 days. In the second phase, the effective cur-
ing regime was identified by evaluating 7 days UCS strength 
of optimised combination under different curing tempera-
ture and time. Five different curing regimes were considered 
including (a) 7 days of curing at 25 ℃, (b) 2 days of curing 
at 60 ℃ followed by 5 days at 25 ℃, (c) 2 days of curing at 
60 ℃ followed by 5 days at − 21 ℃, (d) 2 days of curing at 
25 ℃ followed by 5 days at – 21 ℃, and (e) 7 days of curing 
at – 21 ℃. These curing regimes were evaluated to determine 
the most economic and suitable curing condition for LMSF 
stabilization through alkali activated slag, with focus on 
moderate as well as sub-freezing climatic conditions.

Performance Assessment under Different Climatic 
Conditions 

The performance of stabilized LMSF (in terms of strength and 
durability), was evaluated by exposing the specimens to dif-
ferent climatic conditions. The specimens were initially cured 
at an ambient temperature of 25 ± 2 ℃ for 28 days as shown 
in Fig. 2a, and were subsequently exposed to cycles of dif-
ferent climatic conditions prior to performance assessment. 
Five different climatic exposure conditions were considered 
in the present study, including – 21 ℃ and 0 ℃ (sub-freezing 
and freezing conditions), 10 ℃ (cold region), 25 ℃ (moderate 
climate), and 45 ℃ (arid region), representing a wide range of 
climatic conditions prevailing across the world. At the onset, 
the specimens of optimised combinations were subjected to 
their respective temperature regime (− 21 ℃, 0 ℃, 10 ℃, 
25 ℃, or 45 ℃) for 24 h. Following this period, they were 
extracted from respective temperature conditions and were 
allowed to undergo thawing, warming, or cooling at 25 ℃ for 
next 24 h, which completes one cycle of freezing-thawing/
cooling-warming/heating-cooling. Subsequently, the speci-
men surfaces were scraped with a wire brush to remove any 
disintegrated particles, following recommendations of ASTM 
D560 [38], and their mass was recorded after each cycle. The 
above procedure was repeated for 12 cycles and the residual 
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strength after 12 cycles of exposure was evaluated in terms of 
UCS and split tensile strength.

Two distinct conditions including closed system and open 
system as shown in Fig. 2b, c, respectively, were considered 
during exposure to different climatic conditions as suggested 
by Wong and Haug [39]. In closed system, no additional water 
supply was permitted apart from the water present in soil/geo-
material voids during exposure to different climatic conditions 
[40, 41]. This system typically reflects field conditions, where 
there is minimal or no change in the in-situ moisture content 
during different times of the year [42]. In contrast, an open 
system refers to the free movement of pore water in soil/geo-
material voids during exposure to different climatic conditions. 
In an open system, a non-uniform distribution of ice lenses is 
anticipated, reflecting seasonal variations in the in-situ mois-
ture content for soil/geomaterial [39]. Permeable soils, such as 
gravels and sands, are more susceptible to open system condi-
tions, while fine-grained soils tend to exhibit closed system 
behaviour due to their low permeability. In the present study, 
for open system, a bottom bed comprising of gravel (1 cm 
thick) overlain by sand (1 cm thick) was provided along with a 
water head of 2 cm above top surface of the specimen as repre-
sented in Fig. 2d. The summary of different climatic exposure 
conditions utilized in present study is presented in Table 1.

Results and Discussion

Optimisation of Binder and Activator Content

To optimize the GGBS and activator content (including 
NaOH:Na2SiO3 ratio), unconfined compression strength 
(UCS) tests were conducted on 7 days cured specimens, 
and the results are depicted in Fig. 3. The optimization was 
mainly carried out in three stages, wherein in initial stage 
the binder content was varied in the range of 10–40%, with 
GGBS content ranging from 4 to 34%, while maintain-
ing a constant activator content of 6% (3% NaOH + 3% 
 Na2SiO3). In second stage, activator content was varied 
in the range of 2–8% at the optimised binder content, and 
finally the ratio of NaOH:Na2SiO3 was varied from 1:1 to 
1:2.5, at the optimised binder and activator content. An 
UCS strength of 2000 kPa (as per AUSTROADS [43]) 
was selected as the target strength for 28 days of curing, 
and the combinations achieving 70% of the target strength 
within 7 days of curing were selected as optimised combi-
nation for further evaluation.

As illustrated in Fig. 3a, a non-linear increase in UCS 
strength is noticed with the increase of binder content from 

Fig. 2  Methodology adopted for 
exposure of specimens to differ-
ent climatic conditions

(a) Ambient curing at 25±2 C for 28 

days

(b) Closed system 

(without water exposure)
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(d) Sequencial images for keeping specimens in open system (water inundated)
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0 to 40%, and a binder content of about 40% has yielded a 
7 days UCS strength of 1765 kPa and was selected as opti-
mum binder content in the study. Further, at 40% binder 
replacement content, the activator percentage was varied 
from 2 to 8%, and a non-linear increase in 7 days UCS 
values is observed with increase of activator content as 
shown in Fig. 3b. However, owing to the target UCS cri-
terion and minimal activator usage (from sustainability 
and economical perspectives), an activator content of 6% 
has been considered suitable in the current study. Further, 
a linearly decreasing trend of UCS was observed with a 
reduction in NaOH:Na2SiO3 ratio (viz., increase in propor-
tion of  Na2SiO3) as shown in Fig. 3c, as the increase of 
silicate ions leads to an increase in setting time and alters 
the hydration reactions.

However, all the activator ratios satisfied the target UCS 
criterion, and among all the activator ratios 1:1 has yielded 
better efficiency with a UCS value of 1765 kPa at 7 days 
curing. Hence, the combination of 60% LMSF, 34% GGBS, 
3% NaOH, and 3%  Na2SiO3 was selected for further studies. 
Additionally, as increasing  Na2SiO3 in activator combination 
was considered more sustainable, the combination of 60% 
LMSF, 34% GGBS, 1.7% NaOH, and 4.3%  Na2SiO3 (with 

a NaOH to  Na2SiO3 ratio of 1:2.5) was also considered for 
durability assessment and compared with the standard com-
bination (with NaOH:Na2SiO3 as 1:1).

Optimisation of Curing Regime

Figure 4a, b illustrate the typical stress-strain response and 
UCS results of 7 days cured specimens under various cur-
ing regimes. It can be observed from Fig. 4 that the average 
UCS values of around 2368 kPa and 2900 kPa are obtained 
for specimens subjected to 2 days of thermal curing at 60 ℃ 
followed by 5 days of ambient curing (25 ℃) and 5 days 
of freeze curing (− 21 ℃), respectively, as compared to 
an average UCS value of 1765 kPa for 7 days of ambient 
curing (25 ℃). Further, not much effect on the UCS val-
ues was observed on curing at – 21 ℃ after an initial cur-
ing at 60 ℃ and 25 ℃ for 2 days, inferring the stability of 
developed cementitious compounds during initial curing 
phases. Figure 4c represents the FTIR spectra obtained for 
the combinations thermally cured for 2 days at 60 ℃, and 
2 days of thermal curing at 60 ℃ followed 5 days of freeze 
curing (− 21℃). The peaks identified around 1000  cm−1 
and 500  cm−1 represent the presence of Si–O and Si–O–Si 

Table 1  Various curing and exposure climatic conditions adopted in the current study

A, Ambient; C, Cooling; CS, Closed system (without water inundation); D, Days; F, Freezing; H, Heating; NaOH, sodium hydroxide; Na2SiO3, 
sodium silicate; OS, Open system (with water inundation); T, Thawing; W, Warming

Combination Curing conditions Post-curing exposure regime NaOH:Na2SiO3

Exposure temperature Exposure condition

C1(7D) 7 days at 25 ℃ (No exposure) 1:1
C2(7D) 2 days at 60 ℃ and 5 days at 25 ℃ (No exposure) 1:1
C3(7D) 2 days at 60 ℃ and 5 days at − 21 ℃ (No exposure) 1:1
C4(7D) 2 days at 25 ℃ and 5 days at − 21 ℃ (No exposure) 1:1
C5(7D) 7 days at − 21 ℃ (No exposure) 1:1
C6(28D)CS(− 21 ℃) 28 days at 25 ℃ − 21 ℃ (F) and 25 ℃ (T) Closed system 1:1
C7(28D)CS(0 ℃) 28 days at 25 ℃ 0 ℃ (F) and 25 ℃ (T) 1:1
C8(28D)CS(10 ℃) 28 days at 25 ℃ 10 ℃ (C) and 25 ℃ (W) 1:1
C9(28D)CS(25 ℃) 28 days at 25 ℃ 25 ℃ (A) and 25 ℃ (A) 1:1
C10(28D)CS(45 ℃) 28 days at 25 ℃ 45 ℃ (H) and 25 ℃ (C) 1:1
C6(28D)OS(− 21 ℃) 28 days at 25 ℃ − 21 ℃ (F) and 25 ℃ (T) Open system 1:1
C7(28D)OS(0 ℃) 28 days at 25 ℃ 0 ℃ (F) and 25 ℃ (T) 1:1
C8(28D)OS(10 ℃) 28 days at 25 ℃ 10 ℃ (C) and 25 ℃ (W) 1:1
C9(28D)OS(25 ℃) 28 days at 25 ℃ 25 ℃ (A) and 25 ℃ (A) 1:1
C10(28D)OS(45 ℃) 28 days at 25 ℃ 45 ℃ (H) and 25 ℃ (C) 1:1
C11(56D) 56 days at 25 ℃ (No exposure) 1:1
C12(56D) 56 days at 25 ℃ (No exposure) 1:2.5
C13(28D)CS(− 21 ℃) 28 days at 25 ℃ − 21 ℃ (F) and 25 ℃ (T) Closed system 1:2.5
C14(56D) 2 days at 60 ℃,

53 days at − 21 ℃ &
01 day rest at 25 ℃

(No exposure) 1:1

C15(28D)CS(− 21 ℃) 2 days at 60 ℃ and
26 days at − 21 ℃

− 21 ℃ (F) and 25 ℃ (T) Closed system 1:1
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bonds respectively, indicate the formation of cementitious 
compounds such as CSH/CASH/NASH [44]. The carbon-
ate peaks identified around 900  cm-1 and 1450  cm-1 rep-
resents the presence of  CaCO3 and/or  Na2CO3 [45]. The 
presence of pore water was confirmed from the peaks of 
H–O–H observed around 1650  cm−1 and 3500  cm−1 [34]. 
Thus, the cementitious compounds developed under initial 
2 days thermal curing at 60 ℃ can be considered to be stable 
on further curing at − 21 ℃.

Conventionally, during ambient curing, the free residual 
water present in the soil/geomaterial matrix dissolves in 
the activator solution and dilutes the activator, leading to 
decreased alkalinity in the soil/geomaterial matrix [46]. 
However, with initial thermal curing, the residual water 

evaporates, reducing the dilution of activator, which in turn 
increases alkalinity levels in the soil/geomaterial matrix and 
hence results in higher UCS values due to better reactivity 
at higher pH. The increase in pH levels promotes hydra-
tion reactions at a much faster rate and accounts for the 
subsequent development of cementitious compounds [47]. 
A much lower UCS values were observed for specimens 
subjected to 2 days ambient curing (25 ℃) followed by 5 
days of freeze curing (− 21 ℃), and for those subjected to 7 
days of freeze curing (− 21 ℃), possibly due to inhibition of 
poly-condensation reactions [48]. Based on these results, 7 
days ambient curing (25 ℃) was selected as standard curing 
condition in the present study owing to its potential utiliza-
tion during summer in cold regions, for curing in moderate 

(a) 7 days UCS values with varying binder content (at 

constant NaOH + Na2SiO3 = 6%)

(b) Variation of activator content (NaOH + 
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climatic conditions, and during winter in arid climatic condi-
tions. Further, the performance of ambient cured specimens 
was compared with 2 days of thermal curing (60 ℃) fol-
lowed by 5 days freeze curing (− 21 ℃) condition, keeping 
in view the need for cold regions during winter.

Mechanical Assessment of Stabilized LMSF Cured 
at Ambient Conditions (25 °C)

Figure 5 shows the typical mechanical assessment results 
obtained for stabilized LMSF cured at ambient conditions 
(25 ℃). Specimens cured for different durations exhib-
ited a relatively brittle failure with negligible post-peak 

strength after failure, as illustrated by the stress-strain 
characteristics in Fig. 5a. From Fig. 5b, it can be noted 
that almost 70% of the 28 days UCS strength was achieved 
within 3 days of curing, indicating a rapid rate of hydra-
tion reactions during early age. The rapid development of 
CSH / CASH gels during alkali activated stabilization in 
the initial curing period can be mainly attributed due to the 
development of high pH levels in soil/geomaterial system 
[49, 50]. However, as curing time progresses, the pH in 
the geomaterial (viz., soil/LMSF) matrix decreases, and 
the development of alkali aluminosilicate gels (geo-poly-
merisation) becomes dominant. Consequently, a decline 
in the rate of strength gain can be observed after 3 days of 
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curing. An average UCS strength of about 2240 kPa was 
achieved within 28 days of curing satisfying the desired 
criterion of 2000 kPa for subbase/base course applications 
as per AUSTROADS [43]. Further, an average split tensile 
strength of about 300 kPa was noted for stabilized LMSF 
with 28 days of curing as shown in Fig. 5c.

The typical response to 25 cycles of cyclic loading at 
0.6P, 0.7P, and 0.8P loading (where P is the average failure 
load from UCS tests) is presented in Fig. 5d. A reduction of 
about 15% and 30% in the peak stress in comparison to UCS 
value was observed at 0.7P and 0.8P loading conditions. The 
decrease in the peak stress can be mainly attributed due to 
the fatigue effects induced by cyclic loading. However, no 
reduction in peak stress was noticed at 0.6P loading con-
dition, suggesting the negligible fatigue effects under this 
loading condition. Further, Fig. 5e represents the optical 
image of stabilized LMSF, and a well distributed cemen-
titious matrix, binding the LMSF grains can be observed 
from the optical image. Fig. 5f shows the FTIR spectra 
for unstabilized LMSF and stabilized LMSF after 28 days 
curing. The presence of Si–O–Si peak around 450  cm−1 in 
LMSF refers to the presence of quartz minerals, while the 
Si–O–Si peak in stabilized LMSF refers to the existence of 
cementitious compounds such as CSH/NASH/CASH [44]. 
The presence of carbonate peaks in stabilized LMSF around 
wavelengths of 900  cm−1 and 1450  cm−1, suggest the pos-
sible precipitation of calcite or sodium carbonate through 

hydration reactions [45]. Peaks around 1620  cm−1 and 3420 
 cm−1 can be attributed to the presence of water [34].

Performance on Exposure to Various Climatic 
Conditions after Ambient Curing

The UCS specimens of stabilized LMSF combination (60% 
LMSF + 34% GGBS + 3% NaOH + 3%  Na2SiO3) were 
subjected to ambient curing at a temperature of 25 ℃ for 28 
days as discussed above and were subsequently exposed to 
12 cycles of different climatic conditions (2 days per cycle 
× 12 cycles = 24 days) followed by 4 days of rest period 
in ambient conditions, as presented in Table 1. Thus, the 
specimens were tested after 56 days (28 days ambient curing 
+ 24 days exposure to different climatic conditions + 4 days 
of rest period) after casting. The results obtained in terms of 
cumulative mass loss, stress-strain response, UCS, indirect 
tensile strength, and microstructural aspects (FTIR and opti-
cal imaging) are discussed in the subsequent sections.

Evaluation of the Cumulative Mass Loss

Figure 6a, b depict the cumulative percentage mass loss 
observed during cyclic exposure to various climatic con-
ditions under closed system and open system conditions, 
respectively. An average cumulative mass loss percentage 
of about 1.88%, 1.51%, 1.23%, 1.05%, and 1.11%, were 

(a) Stress-strain curves for varying curing periods (b) Variation of UCS with curing period (c) Indirect tensile strength

(d) Cyclic UCS test at various peak loads (e) Microscopic image (f) FTIR spectra 
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(a) Closed system (b) Open system
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noted after 12 cycles of exposure in closed system condi-
tions, for specimens exposed to 45 ℃, 25 ℃, 10 ℃, 0 ℃, 
and – 21 ℃, respectively and subsequent thawing/cooling/
warming at ambient temperature. Similarly, in open sys-
tem conditions, an average cumulative mass loss percent-
age of about 3.28%, 3.38%, 2.70%, 2.57%, and 18.49% 
were noted after 12 cycles of exposure to 45 ℃, 25 ℃, 
10 ℃, 0 ℃, and – 21 ℃, and subsequent thawing/cooling/
warming at ambient temperature. A maximum mass loss 
of about 18.49% (progressive degradation with typical 
images is shown Fig. 7) was observed after 12 cycles of 
freeze-thaw exposure at – 21 ℃ and 25 ℃ in open system 
condition. The higher degradation of LMSF mass in open 
system was mainly attributed to the prolonged immer-
sion of specimens in water. In open system, the speci-
mens experienced the combined effects of ambient wetting 
and freezing/cooling/heating due to which erosion from 
stabilized LMSF surface was observed, while no surface 
erosion was noticed in closed system. Further, with the 
possible movement of water in LMSF pore spaces in open 
system, a higher spalling of LMSF mass was noticed that 
may lead to the development of minor and macro cracks in 
stabilized LMSF matrix. A much similar phenomenon was 
observed by Altun et al. [14] on exposure to freeze and 
thaw of stabilized silty soils. In summary, the stabilized 
LMSF under both closed and open systems satisfied the 
permissible percentage mass loss criteria of 14% as speci-
fied by IRC-37 [51], except for the subfreezing tempera-
ture exposure condition of − 21℃ under open conditions. 
The variation of pH and EC for specimens exposed to open 
system was monitored to understand the reasons for deg-
radation in more details under different climatic exposure 
conditions, and are discussed in the following section. 

Variation of pH and EC in Open System

Figure 8a depicts the variation of pH with number of expo-
sure cycles for specimens exposed to open system condi-
tions. Initially, a pH in the range of 10–10.5 was observed, 
indicating the likely leaching of hydroxyl ions  (OH-) from 
the stabilized LMSF matrix to the surrounding water, dur-
ing the first exposure cycle. The high leaching rate during 
initial exposure cycles was associated with the dissolution of 
unreacted activator and GGBS compounds. However, with 
increase in the exposure cycles, pH values were noted to 
reduce linearly and a stable pH of around 9.5 was achieved 
after 8 cycles of exposure. This suggests that the dissolution 
of unreacted activators and GGBS reached a plateau and 
indicates the cessation or near cessation of leaching. Simi-
larly, Fig. 8b illustrates the variation of electrical conduc-
tivity (EC) with number of exposure cycles for specimens 
exposed in open system. An initial EC of around 7–12.8 mS/
cm was noted for different exposure conditions, and a linear 
reduction in EC values were observed with increase in the 
number of exposure cycles. Similar to pH, a constant EC of 
around 0.8 mS/cm was attained after 8 cycles of exposure. 
Similar findings were reported by Aldaood et al. [12] on 
lime-stabilized gypseous soils, wherein, reduced EC values 
were primarily attributed to gypsum dissolution.

Stress‑Strain Behaviour and Compressive Strength 
Characteristics

Figure  9a, b show the average stress-strain curves 
obtained from UCS tests after exposure to different cli-
matic conditions, in closed system and open system, 
respectively. Figure 9a represents a typical brittle nature 

(a) Variation of pH (b) Variation of EC

0 1 2 3 4 5 6 7 8 9 10 11 12
7.0

7.5

8.0

8.5

9.0

9.5

10.0

10.5

11.0

11.5

12.0

p
H

No. of cycles

-21 C

0 C

10 C

25 C

45 C

0 1 2 3 4 5 6 7 8 9 10 11 12
0

2

4

6

8

10

12

14

E
le
ct
ri
ca
l
co
n
d
u
ct
iv
it
y
,
E
C
(m

S
/c
m
)

No. of cycles

-21 C

0 C

10 C

25 C

45 C

Fig. 8  Variation of pH and electrical conductivity (EC) on exposure to different climatic conditions



 International Journal of Geosynthetics and Ground Engineering           (2024) 10:80    80  Page 12 of 21

(a) Stress-strain response (closed system) (b) Stress-strain response (open system)

(c)  UCS (closed system) (d)  UCS (open system)

(e) Typical failure images (closed system) (f)  Typical failure images (open system)
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with peak stress at around 1.2% strain, followed by a post 
peak reduction in stress with negligible residual strength 
in closed system condition. Similar behaviour is observed 
from Fig.  9b in open system conditions, wherein, a 
slightly lower peak strain of around 0.9 to 1% is noticed, 
except for – 21 ℃ exposure condition where significantly 
lower peak stress and higher corresponding strain are 
observed, probably due to rapid degradation (viz., disin-
tegration and mass loss) causing reduction in strength and 
higher deformation, under subfreezing conditions.

Figure 9c, d represent the average UCS values along 
with the range (represented by error bars) obtained for 
different specimens of a combination under closed and 
open system, respectively. An UCS of about 2400 kPa 
was noted and no degradation in UCS was observed upon 
cyclic exposure to various climatic conditions in closed 
system. Similarly, an UCS of around 2150–2290 kPa was 
noted in open system condition for exposure conditions 
of 10 ℃, 25 ℃ and 45 ℃. A reduction in the UCS of 
about 25% and 60% were noted for the exposure condi-
tions of 0 ℃ and – 21 ℃ (freezing/sub-freezing tempera-
tures), respectively. The reduction of UCS in freezing/
sub-freezing temperatures in open system was mainly 
attributed due to the combined effects of saturation of 
specimens due to wetting and freezing of pore water in 
the stabilized LMSF voids that caused volume expansion. 
The volume expansion is expected to result in the devel-
opment of internal tensile stresses in the pore space and 
initiate the development of micro cracks in LMSF pore 
structure [14, 15, 52]. With more exposure cycles, water 
retention in pores increases, possibly widening the micro 
cracks into macro cracks that contributed to reduce the 
UCS values at 0 °C and − 21 °C. In contrast, no reduc-
tion in UCS was observed in closed system, as saturation 
of the LMSF pores was restricted. Further, the majority 
of the water contained in the LMSF pores was expected 
to have already participated in the hydration reactions 
and converted into stable hydrates. These hydrates were 
stable under cyclic exposure to different climatic condi-
tions and low amount of residual free water was expected 
to remain in the LMSF pores. Hence, tensile stresses were 
not expected to develop on exposure to freezing condi-
tions, resulting in stable structure. These phenomena 
were further evident from the typical failure images of 
UCS specimens in closed and open systems (Fig. 9e, f). 
Specimens in the closed system exhibited shear failure, 
suggesting uniform stress distribution across the cross-
section. Conversely, specimens in the open system exhib-
ited peripheral failure, indicating variation in strength 
between the inner core and peripheral portion, suggest-
ing the deterioration of peripheral portion on exposure to 
different climatic conditions.

Tensile Stress–Strain Behaviour and Tensile Strength 
Characteristics

Figure 10a, b represent the tensile stress-strain behaviour of 
stabilized LMSF specimens on exposure to different climatic 
conditions. An average peak tensile stress of about 270–300 
kPa for different combinations, and a corresponding strain 
ranging from 3.5 to 4% was observed in closed system; 
while, average peak tensile stress varying between 325 and 
380 kPa for different combinations, with corresponding 
strain of around 4.5–5%, were noted in open system.

Further, Fig. 10c, d show the variation of indirect tensile 
strength in closed and open systems, respectively, on expo-
sure to different climatic conditions. An increase in indirect 
tensile strength of about 16–25% was noted in open system 
in comparison to closed system, except for – 21 ℃, wherein, 
a higher degradation of specimen was noted. The increase of 
tensile strength in open system could be possibly attributed 
to better cementation in the inner core of specimens with 
the availability of extra water and prolonged cementation 
leading to the increased stiffness of the specimen [53]. Fig-
ure 10e, f represent the typical failure images and confirms 
that all specimens failed by near-perfect split failure, indicat-
ing the participation of overall cross-section in the failure.

Microstructural Assessment

Figure 11a, b show the FTIR spectra obtained for stabilized 
LMSF specimens after exposure to different climatic condi-
tions in closed system and open system, respectively. A com-
mon peak around 490  cm-1 and 1000  cm-1 was noticed in all 
cases, indicating the presence of Si–O–Si and Si–O bonds, 
suggesting the presence of cementitious compounds such as 
NASH/CSH/CASH [49]. Additionally, peaks of  CO3

2− can 
be observed around 850  cm-1 and 1450  cm-1, indicating pos-
sible precipitation of calcite or sodium carbonate in stabi-
lized LMSF matrix [50]. A slightly higher intensity peaks of 
calcite were noticed in open system inferring the precipita-
tion of higher amount of calcite due to prolonged hydration 
reactions with availability of additional water during inunda-
tion. Presence of H-O-H bonds was also noted in both closed 
and open system conditions representing the presence of 
residual or adsorbed water [34]. Overall, the cementitious 
compounds appear to be stable on cyclic exposure to dif-
ferent climatic conditions in both closed and open systems.

Figure 12 depicts the optical microscopic images of 
specimens exposed to 25 °C, 0 °C and – 21 °C in closed 
and open systems. A dense cemented LMSF matrix was 
observed for ambient cured (25  °C) specimens in the 
closed system (Fig. 12a). However, a slight degradation 
was noticed in open system due to potential erosion of 
unreacted slag/LMSF particles, resulting in the devel-
opment of minor cavities (Fig. 12d). Minor cracks were 
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(a) Indirect tensile stress-strain response 

(closed system)

(b) Indirect tensile stress-strain response 

(open system)

(c) Indirect tensile strength (closed system) (d) Indirect tensile strength (open system)

(e) Typical failure images (closed system)

(f) Typical failure images (open system)

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5
0

50

100

150

200

250

300

350

400

450

500

In
d
ir

ec
t

te
n
si

le
st

re
ss

,
t
(k

P
a)

Tensile strain,
t

-21 C

0 C

10 C

25 C

45 C

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5
0

50

100

150

200

250

300

350

400

450

500

In
d
ir
ec
t
te
n
si
le
st
re
ss
,

t
(k
P
a)

Tensile strain,
t

-21 C

0 C

10 C

25 C

45 C

C6
(28D)

CS
(-21

o
C)

C7
(28D)

CS
(0
o
C)

C8
(28D)

CS
(10

o
C)
C9

(28D)
CS

(25
o
C)
C10

(28D)
CS

(45
o
C)

0

50

100

150

200

250

300

350

400

450

500

550

600

Note: Combination C9
(28D)

CS
(25oC)

is considered as reference case

In
d
ir
ec
t
te
n
si
le
st
re
n
g
th
,

t
(k
P
a)

Combinations

C6
(28D)

OS
(-21

o
C)
C7

(28D)
OS

(0
o
C)

C8
(28D)

OS
(10

o
C)
C9

(28D)
OS

(25
o
C)
C10

(28D)
OS

(45
o
C)

0

50

100

150

200

250

300

350

400

450

500

550

600

Note: Combination C9
(28D)

OS
(25oC)

is considered as reference case

In
d
ir
ec
t
te
n
si
le
st
re
n
g
th
,

t
(k
P
a)

Combinations

Fig. 10  Indirect tensile stress-strain response, indirect tensile strength and typical failure images on exposure to different climatic conditions
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observed in the specimens exposed to 0 °C and – 21 °C in 
closed system (Fig. 12b, c, respectively) due to freezing 
of free water into ice lenses (that causes volume expan-
sion). Additionally, localized crack coalescence was also 
noticed (Fig. 12c) for the specimens exposed at – 21 °C 
in closed system. On the other hand, specimens that were 
exposed to 0 °C and – 21 °C in the open system (Fig. 12e, 
f, respectively) exhibited the combined effects of erosion 

and micro cracks attributed to the saturation due to wet-
ting accompanied by expansion due to freezing. Visible 
LMSF grains indicate the extent of erosion due to wetting, 
while homogeneous cementation was also noticed, pos-
sibly due to leaching of activator solution into the LMSF 
pores, and prolonged hydration reactions with the avail-
ability of water.
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Effect of Thermal Curing (60 ℃) and Activator Ratio 
on Performance of Stabilized LMSF

A comparative assessment was carried out for specimens 
cured at ambient curing (25 ℃) for 28 days and specimens 
cured at thermal curing (60 ℃) for 2 days followed by curing 
at – 21 °C for the remaining 26 days. Further, the effect of 
NaOH:Na2SiO3 as 1:2.5 (low proportion of NaOH) was also 
compared with NaOH:Na2SiO3 as 1:1 (high proportion of 
NaOH). Lowering the amount of NaOH is more sustainable 
and economical and controls the shrinkage and efflorescence 
of overall system [54]. The specimens of above combina-
tions were exposed to 12 cycles of freezing (− 21°C) and 
thawing (25 °C) in closed system conditions, and their UCS 
and indirect tensile strength were evaluated and are dis-
cussed below.

An increase in the mass loss from 1.11 to 1.34% is noted 
with the increase of NaOH:Na2SiO3 ratio from 1:1 to 1:2.5 
as shown in Fig. 13a. Further, thermal cured specimens 
exhibited a mass loss of about 1.30% on 12 exposure cycles 
in comparison to 1.11% for ambient curing (Fig. 13a). All 
the combinations have satisfied the criteria of restricting the 
mass loss to 14% as per IRC-37 [51]. Figure 13b, c represent 
the variation of UCS and indirect tensile strength for ambi-
ent cured specimens (activator ratio of 1:1 and 1:2.5) with 
and without exposure to freeze-thaw cycles and tested at age 
of 56 days. The figures also depict the results for specimens 
cured for 2 days at 60 °C, followed by curing at − 21 °C for 
53 days, followed by one day of rest period (activator ratio 
of 1:1). A decrease in the UCS and indirect tensile strength 
of about 42.60% and 38.90%, respectively were observed 
with the increase of NaOH:Na2SiO3 ratio from 1:1 to 1:2.5. 
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The decrease in the strength was mainly attributed to lower 
alkalinity levels (due to low NaOH content) and the increase 
of silica content decreased the rate of strength gain [55]. 
No degradation in UCS and indirect tensile strength were 
observed on cyclic exposure to freezing and thawing for 
specimens with an activator ratio of 1:1. On the other hand, 
a reduction in UCS and indirect tensile strength of about 
21.25% and 37.53%, respectively were noticed for specimens 
with an activator ratio of 1:2.5 on cyclic exposure to freez-
ing and thawing. Further, an UCS value of about 2050 kPa 
was attained for thermal cured (60 ℃) specimens, while an 
UCS of 2400 kPa was observed for ambient cured (25 ℃) 
specimens. Moreover, an increase in UCS and indirect 
tensile strength of about 46.86% and 13.22%, respectively 

were observed in thermal cured specimens on exposure to 
freezing and thawing. The increase in the UCS and indirect 
tensile strength may be attributed to possible reinitiation of 
hydration reactions during the thawing phase with the avail-
ability of unreacted GGBS and activator in the presence of 
water.

Performance of Stabilized LMSF under Cyclic 
Loading Conditions

Cyclic UCS tests were conducted on combinations satisfy-
ing the minimum 28 days cured UCS requirements of sub-
base and base course applications (2000 kPa as per AUS-
TROADS [43]). The combinations with ambient curing 
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Fig. 14  Cyclic UCS test results for ambient and 2 days thermal cured specimens with and without exposure to freeze-thawing cycles
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(25 ℃ for 56 days) and thermal curing (2 days at 60 ℃ fol-
lowed by 53 days at – 21 ℃ and 1 day rest period at 25 ℃) 
with and without cyclic exposure (at – 21 ℃) in closed 
system were selected for cyclic UCS tests. Two different 
load intensities of 0.7P and 0.8P (where P is the respective 
peak UCS strength) were considered for cyclic loading, and 
the specimens were subjected to loading until failure, after 
25 cycles. Figure 14 presents the axial stress versus strain 
response obtained from cyclic loading tests. When speci-
men was loaded until failure after 25 cycles, a reduction in 
the peak stress of about 6.10–14.30%, as compared to UCS 
value, was observed in ambient cured conditions (without 
exposure); wherein, negligible reduction of peak stress was 
observed for thermal cured specimens (without exposure), 
at 0.8P and 0.7P loading conditions as shown in Fig. 14a, 
c respectively. Similar response was observed in specimens 
exposed to freezing and thawing cycles as well. A reduction 
in peak stress in the range of 2.04% to 10.20% was observed 
in ambient cured specimens, as compared to UCS value; and 
negligible degradation was noticed in thermal cured speci-
mens even after exposure to freezing and thawing cycles as 
shown in Fig. 14b, d. The present findings suggest that speci-
mens subjected to 2 days of initial thermal curing, exhibit 
superior performance under cyclic loading conditions, indi-
cating better strength and durability characteristics.

Challenges, Applications and Future 
Research Prospects on Utilization of LMSF

Several challenges such as possible presence of organic 
matter and heavy metals, wide variability in engineering 
behaviour, heterogeneity in composition, etc. could poten-
tially limit the utilization of LMSF as alternate material. 
Detailed characterization of LMSF is essential to understand 
its properties and its heterogeneity in composition. Further, 
pre-processing of the LMSF obtained from landfill site to 
remove any residual undesired fraction is recommended to 
improve the viability of LMSF for various applications. Fur-
thermore, by adopting suitable pre-treatment and stabiliza-
tion methods, the challenges associated with LMSF can be 
addressed, which could potentially enhance the utilization of 
LMSF for various infrastructure applications. Pre-treatment 
technologies such as soil washing, soil vitrification and/or 
bioremediation can be useful for remediation/reduction in 
the heavy metal concentration. By adopting suitable stabi-
lization method, the overall engineering behaviour of the 
LMSF can be enhanced to meet the target requirements. 
Treated LMSF can potentially serve as an alternate material 
for different infrastructure applications such as general back-
fill and structural fill material, stabilized subbase or base 
layer, and as fill material for embankments.

In the current study, alkali activated stabilization method 
was adopted to stabilize LMSF for its potential utilization 
in infrastructure applications under different climatic condi-
tions. The study findings revealed stable and efficient per-
formance of stabilized LMSF in different climatic condi-
tions ranging from sub-freezing to arid conditions, when 
prolonged exposure to water was not expected. However, 
sub-freezing temperatures (below 0 ℃), accompanied by 
high-water table and heavy rainfall (where percolation of 
water in LMSF pores was expected) conditions, may require 
further protective barriers or coatings to prevent erosion of 
unreacted particles from stabilized LMSF matrix. Initial 
thermal curing at 60 ℃ could benefit in improving the per-
formance of stabilized LMSF in such conditions, as noted in 
the present study. Overall, the stabilized LMSF has shown 
potential as an alternate material source under different cli-
matic conditions, with suitable curing/protection measures 
in sub-freezing temperatures. Further studies on evaluating 
the long-term performance of stabilized LMSF would be 
quite useful in advancing the understanding of its behaviour.

Conclusions

The study investigated the utilization of Landfill mined soil-
like fraction (LMSF) as an alternative material to natural 
soils, employing alkali activated slag stabilization. The per-
formance of stabilized LMSF was evaluated on exposure 
to different climatic conditions. The following conclusions 
were derived from the study:

• An optimum binder content of 40% with an activator 
content of 6% yielded better results in terms of uncon-
fined compressive strength. A reduction in the UCS was 
observed with the increase of NaOH:Na2SiO3 ratio from 
1:1 to 1:2.5 due to low alkalinity levels.

• Initial thermal curing at 60 °C for 2 days followed by 5 
days curing at − 21 °C yielded a maximum UCS of about 
2900 kPa within 7 days, attributed to reduced dilution 
of activator and higher pH levels, while ambient cured 
(25 °C) specimens yielded an UCS of 1750 kPa with 7 
days of curing.

• A maximum mass loss of 18.49% was observed, when 
stabilized LMSF specimens were exposed to 12 cycles of 
freezing (− 21 °C) and thawing (25 °C) in open system, 
attributed mainly due to wetting induced erosion and 
spalling of surface due to freezing of pore water. How-
ever, for all the other exposure conditions, the degrada-
tion of specimens was limited and satisfied the minimum 
requirements of 14% as per IRC-37.

• Reduction in UCS values of about 25% and 60% was 
observed for the specimens exposed to 12 cycles of freez-
ing/sub-freezing temperatures (0 ℃ and − 21 ℃), respec-
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tively, in open system; while, no noticeable reduction in 
UCS values was observed for other exposure conditions 
(10 ℃, 25 ℃ and 45 ℃) in open system (water inun-
dated) and for all exposure conditions in closed system 
(no exposure to water). An increase in indirect tensile 
strength of about 16-25% was observed for specimens 
exposed to different climatic conditions in open system 
as compared to closed system, wherein no significant 
change was noticed.

• The microstructural aspects (based on FTIR spectra and 
optical imaging) revealed the stability of cementitious 
compounds on exposure to different climatic conditions. 
Though some disintegration and micro cracking were 
observed in open system, especially under sub-freez-
ing conditions, a much homogeneous cementation was 
observed in the specimens due to the possible leaching 
of the activator solution into the LMSF pores.

• Thermal curing at 60 °C for 2 days followed by further 
curing at – 21 °C for 26 days yielded lower mass loss, and 
minimal reduction in UCS and tensile strength compared 
to ambient curing at 25 °C for 28 days. Additionally, 
cyclic loading at 80% and 70% of peak static failure load 
(UCS value) yielded negligible reduction in peak failure 
load after 25 cycles for 2 days thermal cured specimens, 
indicating higher resistance to fatigue effects. Hence, the 
study recommends initial thermal curing (at 60 ℃) to 
enhance the strength and durability of alkali activated 
slag stabilized LMSF for various infrastructure applica-
tions, especially for cold regions.

• Overall, the findings of the study support the potential 
of stabilized LMSF as an alternative material resource 
in different climatic conditions for various infrastruc-
ture applications, including general backfill, structural 
fill, pavement subbase and base courses, and fill material 
for embankments. Further, the study makes a small step 
forward towards achieving United Nations sustainability 
development goals in the areas of sustainable infrastruc-
ture development and waste management.
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