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ABSTRACT

This study investigates the use of nano kaolin (NK) and nano tuff (NT) as low-carbon natural
pozzolans for stabilizing weak kaolin subgrades, with the objective of partially or fully
replacing conventional binders, hydrated lime (L) and micro silica (MS). Various mix designs
were defined based on additive dosage (by dry soil mass) and evaluated over multiple curing
periods. A multi-scale assessment framework was adopted, integrating laboratory testing, finite
element modeling, and cradle-to-site life cycle assessment (LCA) to quantify mechanical
performance, deformation behavior, and environmental impact.

Experimental results show that nano-based mixtures enhance subgrade performance,
particularly in lime-activated systems. Lime-treated mixes exhibited significant reductions in
plasticity. The binary mixture of 7% MS and 3% L achieved the highest unconfined
compressive strength (2.7 MPa), representing a 6.3-fold increase over untreated soil, and a
soaked CBR of 42% after 28 days (14-fold improvement). Microstructural analysis confirmed
the formation of C-A-S-H and N-A-S-H gels due to the pozzolanic reactivity of MS, NK, and
NT. Finite element simulations indicated that this optimal mix reduced subgrade vertical strain
by over 90%, enabling a decrease in base layer thickness from 647 mm to 196 mm. However,
LCA results reveal an engineering—sustainability trade-off: while lime-based systems provided
superior mechanical performance, they resulted in higher environmental impacts, particularly
in global warming potential (GWP). In contrast, lime-free single-stabilizer systems (3% NK
and 3% NT) achieved up to 88% lower GWP, offering a more sustainable alternative. Overall,
NK and NT demonstrate strong potential as low-carbon stabilizers, balancing performance
improvement with reduced environmental impact.

Keywords: Life Cycle Assessment, Sustainable Ground Improvement, Finite Element
Modeling, Nano Tuff, Nano Kaolin, Micro Silica, Resource Management.
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1. Introduction

Poor mechanical properties of subgrade soils can weaken the engineering performance of
pavement systems, reduce road serviceability and lifespan, and lead to high annual renovation
costs [1,2]. Consequently, engineers continue seeking innovative methods to stabilize weak
subgrades and one commonly recognized stabilization method is chemical stabilization.

Several studies have shown that the weak mechanical properties of soils can be effectively
improved by using various geomaterials, such as hydrated lime and pozzolans [3,4]. Hydrated
lime is an alkaline geomaterial widely used in subgrade stabilization practices for many years.
Although it shows great capacity to enhance the soil strength, its CO> emissions and adverse
impacts on vegetation conflict with environmental and sustainability goals. To address these
limitations, researchers have explored partial or full replacement of lime with alternative
pozzolanic materials to enhance subgrade performance while reducing environmental impacts
[3,5]. This study aims to investigate the effects of some selected natural and industrial
pozzolans, with or without hydrated lime, on improving the weak engineering behavior of
kaolin subgrade soils.

Many researchers have shown that kaolin soil is soft and collapsible, making it unsuitable
for subgrade [6—8]. Industrial pozzolans (e.g., micro silica (MS)) or natural pozzolans (e.g.,
nano shale or sepiolite fibres) have been reported to effectively improve the mechanical
properties of kaolin soil, with or without hydrated lime [3,9,10]. For example, Zaini et al. [11]
reported that the unconfined compressive strength (UCS) of the kaolin soil mixed with 6 wt%
MS and 9 wt% quicklime was developed more than 4 times after 30 days of curing, compared
to untreated kaolin soil. They further noted that mixing 6 wt% MS alone with kaolin soil
improved UCS by about 86% after 30 days. Although MS, a by-product of ferrosilicon and
ferroalloy production, has proven effective in soil improvement practices, its limited
availability in some regions restricts its widespread application. Instead, natural pozzolans,
widely available and often more sustainable, can provide more practical solutions for subgrade
stabilization. Among these, nano kaolin (NK) and nano tuff (NT) are the focus of this study.

Kaolinite [Al>Si205(OH)4] is an aluminosilicate-rich mineral characterized by its laminar
layers and dispersed arrangement [8]. Several studies have investigated calcined kaolinite
(metakaolin) for stabilizing weak soils. For example, Jangde and Khan [12] found that the UCS
increased by 78% with the addition of 15 wt% metakaolin to the clay soil. Similarly, Dao et al.
[13] also reported that adding 6 wt% metakaolin to the lateritic soil increased the 28-day UCS
and unsoaked California bearing ratio (CBR) values by 45% and 139%, respectively. Although
calcined kaolinite demonstrates considerable potential for soil stabilization, its production
requires substantial energy, as kaolinite must be heated at 650-850 ‘C for several hours [14].
While metakaolin has been widely studied, its large carbon footprint and high processing cost
limit its sustainability. Alternatively, this study aims to investigate the feasibility of using NK
as an eco-friendly stabilizer in kaolin soil subgrade to mitigate the adverse impacts of calcined
materials. Furthermore, the effects of NK in combination with hydrated lime are scarcely
reported in the literature, highlighting an important knowledge gap addressed in this study.

Tuff is another aluminosilicate-rich material whose pozzolanic potential for subgrade
improvement, with or without hydrated lime, is assessed in this study. Salimi et al. [15] noted
that volcanic tuff contains abundant SiO,, Al>O3, and Fe>O3 contents (> 76 wt%), suggesting
good potential for pozzolanic reactions. They observed that adding 20 wt% tuff to clay doubled
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the UCS after 28 days of curing, primarily due to C-S-H gel formation. Further, Rabab’ah et
al. [16] showed that adding 4 wt% lime and 25 wt% zeolitic tuff to expansive soil increased
UCS and CBR by 22% and 70%, respectively. While such findings highlight the potential of
tuff, the effects of NT on kaolin soils, with or without hydrated lime, remain underexplored.
This study, therefore, investigates NT as a natural pozzolan for subgrade stabilization and
benchmarks its performance against traditional hydrated lime and industrial MS.

Accordingly, this study focuses on the experimental evaluation of NK, NT, and MS, in the
presence or absence of hydrated lime, for kaolin subgrade stabilization. A comprehensive series
of laboratory tests was performed, including Atterberg limits, compaction properties, UCS,
modulus of elasticity, and CBR. In addition, the physicochemical characteristics of untreated
soil, additives, and stabilized subgrade mixes were evaluated using pH tests, Brunauer-
Emmett-Teller (BET) analysis, X-ray diffraction (XRD), and X-ray fluorescence (XRF)
analyses. Microstructural observations were also carried out using field emission scanning
electron microscopy (FE-SEM) coupled with the energy dispersive X-ray (EDX)
microanalysis.

To assess the practical performance of the stabilized subgrade, a simple numerical analysis
using finite element Modeling (FEM) was performed in PLAXIS 2D, following the pavement
design guidelines recommended by Austroads [17]. Moreover, the environmental impacts of
applying these stabilizers in subgrade applications were evaluated using a cradle-to-site Life
Cycle Assessment (LCA) via SimaPro 9 software. Although LCA has been increasingly
applied in geotechnical and pavement studies [18], its integration with chemical stabilization
of kaolin subgrades remains limited in the literature. Unlike conventional strength-based
evaluations, LCA provides a broader perspective by quantifying the environmental burdens
associated with producing and applying stabilizers, such as greenhouse gas emissions, energy
consumption, and resource depletion. Given that hydrated lime, while mechanically effective,
is linked to high CO; emissions, it is crucial to benchmark its environmental impact against
alternative pozzolanic materials.

The outcomes of this study will contribute to a better understanding of the feasibility and
environmental implications of MS, NK and NT as alternative stabilizers in pavement
construction. By reusing waste industrial materials, conserving natural resources, and
exploring locally available geomaterials, this research aims to provide more sustainable
alternatives to replace conventional hydrated lime while maintaining or improving subgrade
performance.

2. Materials and Methods
2.1. Materials
2.1.1. Kaolin Soil and Nano Kaolin

Kaolin soil was taken from the Mershon quarry, located in Zanjan Province, Iran. It is a
residual soil, excavated from a depth of 1.5 to 2 meters below the ground level. The collected
samples were sealed in plastic bags. A total of 15 soil samples (~150 kg) were taken, keeping
the spatial distance of 10 meters. The soil samples were passed through a mesh No. 4 (4.76 mm
sieve) to remove the agglomerations. The particle size distribution of the Mershon kaolin soil
shows that the soil contains 6% fine sand, 8% silt, and 86% clay particles, determined according
to the ASTM C136 [19] for analyses of coarse grains and the ASTM D7928 [20] for
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hydrometric analyses. Figure 1 illustrates the major crystalline phases of Mershon kaolin soil.
The XRD pattern (Fig. 1) shows that the selected soil mainly consists of microcrystalline
minerals of quartz, kaolinite, and enstatite. Furthermore, the chemical compositions of the
Mershon kaolin soil were presented in Table 1. Chemically, the most dominant oxides present
in kaolin soil include SiO2 (69.06 wt%), Al>O3 (20.89 wt%), and Fe>O3 (0.54 wt%). The total
content of the three dominant oxides is 90.5 wt%, which indicates pozzolanic specification
[21]. Table 2 represents the engineering characteristics of kaolin soil. According to the unified
soil classification system [22], the Mershon kaolin soil is classified as clay with low plasticity
(CL).
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K: Kaolinite [AL,Si,O5(OH),]
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Fig. 1 XRD pattern for the pulverized Mershon kaolin soil
Table 1 XRF data for kaolin soil, tuff, micro silica and hydrated lime
Materials Major oxides (wt%)
Si02  AlLOs3 Fe0O; Ca0O NaO KO MgO TiO; MnO LOI Total
Kaolin soil 69.06 20.89 0.54 098 129 147 120 0.10 0.02 397 99.52
Tuff 7126 11.88 2.28 361 290 357 182 027 0.06 2.18 99.83
Micro silica 84.93 2.39 1.59 034 1.00 1.19 235 0.08 021 492 99.00
Hydratedlime  2.50 1.50 2.00 8330 050 NA 050 na na 9.40 99.70

Note: LOI = loss on ignition, na = not available

Table 2 Engineering properties of Mershon kaolin soil

Soil properties Values Standards

pH value 7.3 ASTM E70 [23]
Specific gravity (Gs) 2.74 ASTM D854 [24]
SSA (m?/g) 6.58 ISO 9277:2022 [25]
Soil classification scheme (USCS) CL ASTM D2487 [22]
Sensitivity (Sy) 1.8-2.4 -

Liquid limit (LL%) 25.00 ASTM D4318 [26]
Plastic limit (PL%) 16.38 ASTM D4318 [26]
Plasticity index (P1%) 8.62 ASTM D4318 [26]
Maximum dry density (g/cm?) 1.83 ASTM D698 [27]
Optimum moisture content (%) 15.89 ASTM D698 [27]
UCS (kPa) 440.69 ASTM D2166 [30]

Note: SSA = specific surface area
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Fig. 2 FE-SEM images of a) Mershon kaolin soil and b) Nano kaolin
2.1.2. Nano Tuff

The volcanic green tuff samples (each of 15 kg) were extracted from the Karaj area, Alborz
Mountain, Iran. The collected samples were mechanically ground in a rotary ball mill for about
5 hours at 33 rpm to obtain a fine, homogeneous powder. The powder was analyzed by dynamic
light scattering (DLS), which indicated that the particle size of the tuff powder ranged from 1
to 100 nm (Table 3). The XRD pattern (Fig. 3) of nano tuff shows that major crystalline phases
include quartz, kaolinite, enstatite, and wairakite (a zeolite mineral with an analcime structure
but containing Ca?*). According to Table 1, the XRF analysis indicates that the total content of
Si02, Al>O3, and Fe>Os3 in nano tuff was relatively high (85.42 wt%), and the LOI value was
low (2.18 wt%), both characteristics of class C natural pozzolans [21]. Figure 4 exhibited the
FE-SEM image for tuff powder after grinding. It is evident from Figure 4 that the textural
feature of the tuff changed from agglomeration to a dispersed state with nano-sized particle
diameters.

Table 3 Engineering properties of tuff, nano tuff, nano kaolin, micro silica, and hydrated lime

Materials Bulk density  Specific gravity = Specific surface area  Mean effective pH
(g/cm?) (Gy) (m?%g) diameter (nm)

Tuff 2.4 2.4 na na 9.5

Nano tuff 0.6 2.5 15.76 27.7 9.5

Nano kaolin 0.5 2.6 16.57 16.2 7.3

Micro silica 0.3 22 20.00 210.5 8.0

Hydrated lime 0.6 2.4 5.60 3650.3 12.4

Note: na = not available
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Fig. 3 XRD pattern for nano tuff
Fig. 4 FE-SEM image of nano tuff
2.1.3. Micro Silica

Micro silica (MS) was purchased from Iran Ferroalloy Industries Company, Azna, Iran.
Table 1 presents the major oxides of MS, indicating that the total content of SiO2, Al,Os, and
Fe>Os is high (88.91 wt%), suggesting a high pozzolanic potential [21]. Figure 5 illustrates the
XRD pattern of MS, which shows a wide 2-Theta position (15-35 degrees), indicating that an
amorphous phase is dominant. Table 3 shows the physical properties of MS, indicating a high
specific surface area (SSA = 20 m?/g) and a low bulk density (0.3 g/cm?). In addition, Figure
6 displays the FE-SEM image of MS powder. It can be seen that the MS consists primarily of
irregular spherical particles with varying diameters.
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Fig. 5 XRD pattern for micro silica

Fig. 6 FE-SEM image of micro silica

2.1.4. Hydrated Lime

The commercial hydrated lime [Ca(OH)2] was purchased from a local lime factory, Qom,
Iran. The chemical compositions and physical properties of selected hydrated lime were
presented in Tables 1 and 3, respectively. Accordingly, the total alkaline oxides in hydrated
lime, including CaO, MgO, and NaxO, are high (84.3 wt%), resulting in a high pH (12.4). The
high degree of alkalinity provides a suitable environment for potential pozzolanic reactions in
clay-treated mixtures. The hydrated lime was completely passed through a sieve No. 200 (75
um) to obtain a uniform and fine-grained powder.

2.2. Methods

Figure 7 presents a summary of the experimental, analytical, and computational methods
employed in this study, illustrated through a simple flowchart.
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Fig. 7 Simple flowchart showing three major phases of the present study

2.2.1. Physiochemical Analyses

The major oxides of selected materials were determined by XRF analysis in accordance
with ASTM E1621 [28]. The instrument used for XRF analysis was a Philips PW1410. In
addition, the mineralogical properties of kaolin soil, NT, NK, MS, hydrated lime, and the final
crystalline phases of the treated samples were detected by a Philips PW1730 diffractometer.
Cu-Ko radiation (A = 1.54 A) was used for an angle scan (20) from 10" to 80", with a step size
of 0.05" and a 1 s per step time, for XRD analysis. The input voltage and the current were 40
kV and 30 mA, respectively. Furthermore, a TESCAN MIRA III machine coupled with an
EDX analyzer was used to take FE-SEM images of the textures of primary materials and final
products, as well as to detect the major and minor elemental compositions on the textural
surfaces. The nanoscale to microscale images were taken of representative samples that were
air-dried and coated with a thin gold layer. The process was conducted at an accelerating
voltage of 20 kV and a working distance of 10 mm. At least four different points of each
selected sample were analyzed to obtain more reliable results. Then, the average percentage of
each heterogeneous sample was reported in the EDX analysis. The EDX results are reported as
semi-quantitative values with an estimated detection limit of ~0.5 wt% for major elements.
Moreover, the mean effective particle diameter of NT, NK, MS, and hydrated lime was
determined by DLS in accordance with ISO 22412 [29]. The instrument used was MALVERN
ZEN3600. Furthermore, a BET analyzer (BELSORP MINI II model) was employed to
determine the SSA of micro and nano particles, along with pore size distribution. This
analytical method is based on nitrogen gas adsorbed in the pores on the particle surface [25].
Moreover, the pH of kaolin soil, NT, NK, MS, hydrated lime, and treated samples was
measured using a HI-8014 pH meter (Hanna Instruments) in accordance with ASTM E70 [23].
Measurements were performed on a 1:2.5 soil-to-deionized water suspension (10 g soil +25 g
deionized water), shaken for 30 min, and allowed to equilibrate for 30 min before testing. The
instrument was calibrated daily with standard buffers (pH 4.01, 7.00, and 10.01). All tests were
conducted at 25 + 1 °C temperature with automatic temperature compensation, and each result
represents the average of triplicate measurements (mean + SD). Lime-treated samples were
sealed in airtight double plastic bags and tested within 24 h to minimize carbonation.

2.2.2. Sample Preparation and Testing Program
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The Mershon kaolin soil was dried in an oven at 105 ‘C for about 24 hours. Then, the dry
kaolin soil was passed through sieve No. 4 (4.76 mm) to remove any coarse aggregates. The
kaolin soil was placed in airtight double plastic bags and kept under fixed laboratory conditions
throughout the tests. Table 4 summarizes 15 mix designs and the corresponding number of tests
performed for each mix design in this study.

Table 4 Mix designs and the number of tests have been undertaken at different curing ages
Mix design Admixtures (wt%) Number of tests at different curing times
NK NT MS L CS CBR Atterberg Compaction
K - - - 3 2 3
MS3 - - 3
MS5 - - 5 -
7
1

H

U
3
3
3
MS7 - - 3
MS10 - - 3
NT1 - 1 3
NT3 - 3 - - 3
NT5 - 5 3
NK1 1 - 3
NK3 3 - - - 3
NKS5 5 3
L3 - 3
L3MS7 - - 7 3
L3NT3 - 3 3
3

P
3
3
3
3
3
3
3
3
3
3
3
3
3
3
L3NK3 3 - - 3

L L L LW W W W LW W W W W W W
[SS IS I SO RN (SN NS RN S I NI \S I AT \O 2 \S I \S I \O I S
L L L LW W W W W W W W W W W

W W W W !

The objective of designing mixes with the proposed proportions in Table 4 was primarily
to improve the mechanical properties of kaolin soil while minimizing the use of admixtures.
According to the literature, MS proportions of 3%, 5%, 7%, and 10% by dry weight of kaolin
soil were selected [31,32]. In addition, the amount of hydrated lime was selected based on the
initial consumption of lime (ICL) method introduced by Eades and Grim to increase soil
alkalinity [33]. The ICL test results (Fig. 8) indicate that 3 wt% hydrated lime is required to
initiate alkali reactions, per ASTM D6276 [33]. Due to the lack of comprehensive studies on
kaolin soil improvement using NT and NK, the proportions of NT and NK were determined
through trials to obtain an optimal value. Then, the effects of adding optimal amounts of MS,
NT, and NK to the lime-treated mixes were investigated. Although optimum contents were
primarily selected based on UCS performance, this choice is justified since UCS is widely
recognized as the most consistent indicator of long-term pozzolanic reactivity, whereas CBR
and stiffness values often exhibit greater scatter and dependency on compaction state.

13 1 1237 1243 1247 1251
{ ] [ ) [ ] o
12 -
.13
e °
E 9.93
S 10 A pe
E,
9 J
8 4
¢73
7 : . , , . |
0 1 ) 3 ) i .

Hydrated Lime Content (wt%)
Fig. 8 Effect of hydrated lime content on pH value of lime-treated kaolin soil

9



235
236
237
238
239

240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255

256
257
258
259
260
261
262
263
264
265
266
267
268

269
270
271
272
273
274
275
276
277
278

To ensure uniformity in the mixture, NT and NK powders, along with distilled water, were
sonicated at room temperature in a container for three sets of 15 minutes each before adding
them to the kaolin soil. Then, an automatic soil mixer was used to mix the kaolin soil with the
admixtures for about 10 minutes. The homogeneity of the mixtures was visually inspected until
the appropriate mix was achieved.

The Atterberg limits test was conducted according to the standard procedure described in
ASTM D4318 [26]. The liquid limit (LL), plastic limit (PL), and plasticity index (PI) were
determined for each mix design. The experiment was replicated, and the average values for
each mix design were reported to obtain more reliable results. The compaction properties of
each mix design, including the optimum moisture content (OMC) and maximum dry density
(MDD), were determined using the standard Proctor test method, as specified in ASTM D698
[27]. The compaction tests for each mix design were repeated three times, and the average
values were reported by considering the standard deviation. In addition, the UCS tests were
conducted on untreated and treated mixes in accordance with ASTM D2166 [30]. The failure
peaks for each sample were measured on a hydraulic testing machine at a loading rate of 0.95
mm/min (=1.25% axial strain/min). The load cell had a capacity of 1 ton, and the results were
reported with a resolution of 0.01. The acquisition data unit automatically recorded the applied
load and the axial deformation. The failure of each sample was defined by its peak axial stress.
In addition, the loading platens were lubricated to minimize end friction. The specimens should
comply with the following maximum errors: £0.5 mm for the diameter, £2 mm for the height,
+1% for the dry unit weight, and +0.5% for the moisture content.

The UCS samples were prepared at target OMC and MDD values, obtained from standard
Proctor tests. In this regard, water was gradually added to the mixtures until OMC values were
achieved. Furthermore, the compaction at the target dry density was obtained by compressing
the mixture in a steel cylindrical mold using a hydraulic jack, in accordance with BS 1924-2
[34]. Finally, the cylindrical samples were extruded using a steel plunger, trimmed to be
parallel and flat, and sealed in double-layered plastic bags (no capping was used for
specimens). The size of specimens measured 35 mm in diameter and 76 + 2 mm in length.
These samples were cured for 3, 7, and 28 days in a temperature-controlled room (25 + 2 °C,
85% humidity) before conducting the UCS testing. Three parallel samples were made for each
mix design group to improve the reliability of UCS test results. Then, the average value was
used in the report by considering the standard deviation. In total, 135 samples were fabricated
for the UCS experiment. Moisture content and dry density of representative specimens were
verified after curing, showing deviations within £1% of target values.

The soaked CBR tests were conducted for each mix design to evaluate the bearing capacity
of untreated and treated mixes, according to ASTM DI1883 [35]. CBR specimens, with
diameters of 152 mm and heights of 127 mm, were compacted to their OMC and MDD using
the same method as for the UCS samples. Then, the CBR specimens were cured under the same
conditions as the UCS samples (25 * 2 "C, 85% humidity) to ensure consistent results. Before
penetration testing for the soaked condition, the specimens were submerged in water for 96
hours. CBR tests were conducted on 15 mix designs at 4, 7, and 28 days of curing. Following
ASTM D1883 [35], CBR was determined at penetration depths of 0.1 in. (2.5 mm) and 0.2 in.
(5 mm), and the higher value was adopted as the final CBR, consistent with the standard
practice. To obtain convergent results, each CBR test was repeated three times, and the average
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values were reported by considering the standard deviation. The strain rate during the CBR test
was set at 1.27 mm/min.

2.2.3. Reliability of Measurements

Each experiment was repeated at least 2 or 3 times, depending on the test type, to ensure
the accuracy of the results. The number of replications (N) for each test is summarized in Table
5. The acceptable standard deviation (SD) for each test was determined based on relevant
standards and previous studies. The mean standard deviations and coefficients of variation
(CV) obtained from the present study indicate that the results fall within the acceptable limits
of repeatability reported in the literature.

Table 5 Reliability measurements of tests

Tests Properties/Curing days N Acceptable SD  Mean SD  Mean CV (%)
PL (%) 2 2 1.0 3.6
Atterberg limits  LL (%) 2 2 1.2 2.9
PI (%) 2 2 1.3 7.2
Compaction OMC (%) 3 03 0.15 1.25
MDD (g/cm?) 3 0.02 0.008 0.42
3d 3 0.1 0.05 5
UCS (kPa) 7d 3 01 0.08 6.7
28d 3 0.1 0.07 4.7
4d 3 1 0.6 6
CBR (%) 7d 3 1 0.9 6.9
28d 3 1 0.5 2.5
0d 3 0.05 0.03 0.3
pH 7d 3 0.05 0.03 0.3
28d 3 0.05 0.03 0.3

2.2.4. Finite Element Modeling (FEM)

A numerical assessment was conducted to evaluate the performance of sealed roads
stabilized with optimal amounts of MS, NT, and NK, with and without 3 wt% hydrated lime.
The vertical deformation and response of stabilized sealed roads were studied under static
traffic load. The finite element analysis was performed using PLAXIS 2D version 2024.3.
PLAXIS 2D is a finite element package used to analyze the deformation, stress-strain, and
stability of geotechnical infrastructures, including various pavements. Figure 9 shows the
cross-section geometry for the pavement analysis.
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The simple pavement with a 3:1 slope consists of three layers, including a bituminous
asphalt surface layer (100 mm), a gravel base layer (1000 mm), and a clay subgrade layer (6000
mm). The asphalt layer was modeled as a Linear Elastic material, whereas the base and
subgrade were modeled using the Mohr-Coulomb model. Furthermore, the interfaces between
layers are considered fully bonded (no gaps). After conducting a series of sensitivity analyses,
a plane-strain model was employed, using 15-node structural solid elements with fine
refinement. The Equivalent Standard Axles (ESA) was assumed to be 1x107, and the static 80
kN single-axle-dual-tyre (SADT) loading was uniformly applied to an equivalent circular area
(contact area radius = 0.11 m) of the top layer [40,41]. In addition, the allowable vertical strains
for a presumed ESA of 1x10 road pavement is restricted to 915 pe, based on the equation
stated in section 5.8 of Austroads guideline [40]. The equation for the limiting strain criterion
is presented as follows:

[9150]2 0

ue
where,

N: the allowable number of repetitions of a Standard Axle at this strain before an
unacceptable level of pavement surface deformation develops (units of ESAs),

pe: the vertical compressive strain (in terms of microstrain), developed under a Standard
Axle, at the top of the subgrade.

Further, soil boundaries were assumed to be located far from traffic loads to eliminate
boundary effects. The vertical and horizontal displacements at the surface were allowed, while
the bottom of the model was fully fixed and horizontally restrained at extremes. In addition,
the drainage system was assumed to be adequate so that the effects of water on pavement design
were omitted from the analysis.

2.2.5. Pavement Properties

In this study, a conventional urban road consisting of bounded granular pavements with a
thin bituminous surfacing was simulated in accordance with Austroads' empirical design
guidelines [40]. The assumed roadway consisted of two lanes with a lane width of 4.2 m and a
subgrade depth of 6 m. The typical CBR values for the subgrade with CL soil type and an
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excellent to good drainage system should be in the range of 5 to 6, according to Austroads
manual guidelines [40]. However, the CBR value obtained for kaolin soil in this study is 3,
indicating that this soil is not suitable for the subgrade layer and requires appropriate
stabilization.

The mechanical properties of the soil were derived from laboratory tests conducted in this
study. The cohesion (c) and internal friction angle (¢) were derived from the UCS test results.
Considering the nature of stabilized clay soils and performing a short-term analysis, the
assumption of undrained conditions was adopted for all stabilized mixtures, setting the
undrained friction angle to zero (¢pu = 0). Under this assumption, the undrained shear strength
(cohesion, ¢,) was calculated as half of the measured UCS (i.e., c=c,= UCS/2).

The elastic modulus (E) required for Mohr-Coulomb Modeling was approximated by Eso
obtained from UCS stress-strain curves (Table 5), a practice commonly adopted in numerical
studies of stabilized soils [41,42]. However, the mechanical properties of the base and asphalt
layers were selected based on empirical design charts [40]. In this regard, the vertical modulus
and the degree of anisotropy of the base layer were assumed to be 150 MPa and 2, respectively
[40]. Also, the CBR and density of the base layer were selected as 20 and 2.24 g/cm3,
respectively, based on values suggested in [42]. The elastic modulus of asphalt was assumed
to be 2000 MPa, while the Poisson's ratio of all the pavement materials was taken as 0.35.

2.2.6. Analysis Plan

In the first stage, the stabilized subgrades with different mix designs were designed
according to laboratory test results and empirical design charts. Then the responses of stabilized
subgrades, including stresses, strains, and deformations along the surface of each layer, were
evaluated. At the second stage, a parametric study was carried out to determine the minimum
base thickness (t) required over the stabilized subgrade to meet the strain criteria.

2.2.7. Life Cycle Assessment (LCA)

In this section, a life cycle assessment (LCA) was employed to evaluate the environmental
impacts of stabilized road pavement and compare them with those of non-stabilized road
pavement. According to ISO 14040 [45] and ISO 14044 [46], the LCA comprises four phases:
goal and scope definition; inventory analysis; life cycle impact assessment; and results
interpretation. The LCA analyses were performed by using SimaPro software [47].

2.2.8. Goal and Scope Definition

The aim of this cradle-to-site LCA is to evaluate and compare the environmental impacts
of various subgrade stabilization scenarios (MS7, NT3, NK3, L3, L3MS7, L3NT3, L3NK3)
against untreated kaolin soil (K). This approach aligns with methodologies used in similar
geotechnical LCA studies [47—49]. The cradle-to-site boundary was chosen because this study
focuses exclusively on the environmental burdens associated with the production and delivery
of stabilizing materials. This approach does not consider the entire life cycle of road
construction, operation, maintenance, and end-of-life stages, which is consistent with other
pavement-related LCA research [47,50]. The functional unit (FU) is defined as 1 m? of road
with a 1 m stabilized subgrade, corresponding to 1 m?® of treated soil. The system boundary is
schematically represented in Figure 10.
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Fig. 10 Schematic diagram of system boundary and scope

2.2.9. Life Cycle Inventory (LCI) Analysis

The LCI phase quantifies all material and energy flows within the defined system
boundaries (see Table 6). Inventory data were primarily sourced from the Ecoinvent 3.5
database (cut-off system model), with a focus on datasets relevant to the Iranian market. In
instances where specific Iranian datasets were unavailable, we used “Global” or “Rest-of-
World” equivalents. MS was treated as a cut-off by-product with zero production burden. As
shown in Table 6, NT, NK, and L were represented using the relevant datasets following
previous LCA studies [47,48].

Table 6 Life cycle inventory inputs for all stabilization scenarios

Mix Soil mass  Total mass of  Mixing Transport .
design (kg) additives (kg)  water (kg)  (t-km) Dataset (Ecoinvent 3.5)
K 1830 — 291 0.0 —
Silica fume, densified {GLO}| silica fume, densified,
MS7 1701.9 128.1 312 12.81 Recycled Content | cut-off, S
NT3 1775.1 54.9 297 5.49 Gravel, crushed, {IR}| production | cut-off, U
NK3 1775.1 54.9 296 5.49 Clay {RoW}] clay pit operation | cut-off, U
L3 1775.1 54.9 299 5.49 Lime hydrated, loose weight {IR}| cut-off, U
Lime hydrated, loose weight {IR}| cut-off, U + Silica
L3MS7 1647 183 327 18.30 fume, densified { GLO}| silica fume, densified,
Recycled Content | cut-off, S
Lime hydrated, loose weight {IR}| cut-off, U +
L3NT3 17202 109.8 316 1098 Gravel, crushed, {IR}| production | cut-off, U
L3NK3 17202 109.8 319 10.98 Lime hydrated, loose weight {IR}| cut-off, U + Clay

{RoW}| clay pit operation | cut-off, U
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Note: K = Kaolin soil; MS = Micro silica; NT = Nano tuff; NK = Nano kaolin; L = Hydrated lime

Electricity consumption for laboratory-scale ball milling of nano-materials was included
for the NT3, NK3, L3NT3, and L3NK3 scenarios, calculated as 0.12 kWh/kg based on the
measured 360 W power draw of the laboratory mill. The total electricity demand per FU was
therefore 6.59 kWh for mixes, and the Iranian electricity mix from Ecoinvent 3.5 was applied.
Transport of all materials from mine to production facilities and the construction site was fixed
at 100 km, modeled using the "transport, freight, lorry, 16-32 metric ton, EURO3" dataset. This
dataset represents typical supply chain distances in regional-scale projects and is applied
consistently across all scenarios to ensure comparability.

2.2.10. Life Cycle Impact Assessment

The life cycle impact assessment was performed in SimaPro 9.0.0.48 using the ReCiPe
2016 Midpoint (H) method, which is widely applied in pavement and geotechnical LCA studies
[47]. In this study, the following categories were selected based on their relevance to material
production and transport stages: global warming potential (GWP), terrestrial acidification
(TA), freshwater eutrophication (FE), marine eutrophication (ME), human non-carcinogenic
toxicity (HNT), mineral resource scarcity (MRS), and fossil resource scarcity (FRS). These
categories are commonly reported in similar LCA studies of soil stabilization and road material
production [47-49] and provide a balanced representation of climate change, resource
depletion, ecosystem health, and human health impacts.

3. Results and Discussions
3.1. Compaction Properties

Figure 11 shows the compaction variations of treated and untreated mixes. In general,
increasing the amounts of MS, NT, NK, and hydrated lime in treated mixes increased OMC
and decreased MDD compared to the untreated mix design. Figure 11a exhibits that adding 3,
5,7, and 10 wt% MS to the kaolin soil increased the OMC values by 2.7%, 5.2%, 7.3%, and
10.2%, respectively, compared to the control sample. The reason for this behavior is most likely
the high SSA of MS particles, which demands more water. A similar result was reported by
[36], who found that adding 6 wt% MS to the kaolin soil increased the OMC by 17%.
Furthermore, Figure 11a shows that adding 3, 5, 7, and 10 wt% MS to the kaolin soil decreased
MDD by 1.6%, 4.3%, 6%, and 8.2%, respectively, compared to the control sample. This is
mainly attributed to the lower Gs (2.20) of MS when replaced by kaolin soil with higher Gs
(2.74). A similar finding was reported by Ahmadi and Shafiee [36] who noted that varying
proportions of MS added to kaolin soil decreased MDD values.
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Fig. 11 Compaction properties of treated and untreated kaolin soil; a) MS, b) NT, c¢) NK, and d) hydrated
411 lime-based mixtures
412 Figures 11b and 11c show that adding various amounts of NT and NK to kaolin soil

413  increased OMC and decreased MDD. According to Figure 11b, adding 1, 3, and 5 wt% NT to
414  the kaolin soil increased the OMC values by 0.8%, 2.2%, and 4.7%, respectively, compared to
415  the control sample. Also, Figure 11c¢ shows that adding 1, 3, and 5 wt% NK to the kaolin soil
416  increased the OMC values by 0.8%, 2.1%, and 5%, respectively, when compared with the
417  control sample. The high SSA and water absorption capacity of both NT and NK can explain
418  this behavior. Their porous structure demands more water to achieve lubrication during
419  compaction, thereby increasing the OMC. Additionally, the presence of fine reactive silica and
420  alumina in NT and NK promotes physicochemical interactions with water molecules, further
421  increasing moisture demand.

422 On the other hand, the addition of 1, 3, and 5 wt% NT to the kaolin soil decreased the MDD
423  values by 0.5%, 1.6%, and 3.8%, respectively, in comparison with the control sample. Also,
424  adding 1, 3, and 5 wt% NK to the kaolin soil decreased the MDD values by 1.1%, 2.7%, and
425  4.3%,respectively, compared to the control sample. The reduction in MDD values upon adding
426  various proportions of NT and NK is partially due to their lower specific gravity (Gs) than that
427  of kaolin soil. When NT and NK particles replace heavier clay particles, the overall dry unit
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weight of the compacted mixtures is reduced. Moreover, the irregular morphology and porous
texture of NT and NK reduce the packing efficiency of soil grains, resulting in a looser structure
with lower MDD. In fact, due to the high surface activity of NT and NK, particles tend to
flocculate and agglomerate, resulting in a less dense packing arrangement and, consequently,
lower MDD values.

Based on the UCS test results (Section 3.3), the mix designs of MS7, NT3, and NK3, which
exhibited the highest UCS values, were selected for mixing with hydrated lime-treated samples
to evaluate their respective compaction properties. Figure 11d shows that adding 3 wt%
hydrated lime to the kaolin soil increased the OMC by 3%, while the MDD decreased by 7.1%
compared to the control sample. This increase in OMC is attributed to hydration and cation
exchange reactions triggered by the addition of hydrated lime. When hydrated lime is added to
the kaolin soil, calcium ions (Ca**) replace exchangeable cations on the clay surface (Mg** and
alkalis), leading to flocculation and particle agglomeration. These reactions increase the
demand for water to lubricate the flocculated structure and achieve maximum compaction,
hence raising the OMC.

The reduction in MDD can be explained by two factors: (i) the lower specific gravity of
hydrated lime (Gs = 2.40) compared to kaolin soil (Gs = 2.74), which reduces the overall dry
unit weight of the mixture when a portion of clay is replaced by hydrated lime; and (ii) the
formation of a more flocculated structure due to cation exchange and pozzolanic reactions,
which decreases the packing density of soil grains and results in a lower MDD. These results
are comparable with those obtained by Alrubaye et al. [37] for MDD and OMC trends.

A similar trend was observed in the OMC and MDD values for hydrated lime-based mixes.
Specifically, the OMC values for L3NK3, L3NT3, and L3MS7 increased, while their
respective MDD values decreased compared to the control sample. This can be attributed to
the synergistic effect of hydrated lime with NT, NK, and MS: the high surface reactivity of
these additives enhances lime-clay interactions, producing additional flocculation and
agglomeration. As a result, the mixes require more water for lubrication during compaction
due to higher OMC, while their dry unit weight decreases due to both the lower specific gravity
of the additives and the development of a more porous microstructure due to lower MDD.

3.2. Atterberg Limits

Figure 12 illustrates the variations of Atterberg limits, including PL, LL, and PI, with the
addition of different amounts of additives to the kaolin soil. Figure 12a shows that adding 3, 5,
7, and 10 wt% MS to the kaolin soil reduced the PI values by 41%, 53%, 63%, and 56%,
respectively, compared to the control sample. This reduction in PI values is primarily attributed
to the microfiller effect of MS and its high SSA, which reduces the proportion of active clay
minerals responsible for plasticity. The replacement of clay by non-plastic MS particles
decreases the adsorbed water layer and weakens the diffuse double layer around kaolinite
particles, thereby lowering both LL and PI values. In other words, the ultrafine particles of MS
can disperse kaolin soil grains due to their negative charge, thereby reducing PI and LL values.
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Fig. 12 Variations of Atterberg limits of treated and untreated kaolin soil; a) MS, b) NT, c¢) NK, and
d) hydrated lime-based mixtures

Figure 12b displays that adding 1, 3, and 5 wt% NT to the kaolin soil reduced the PI values
by 27, 57, and 52%, respectively, compared to the control sample. Also, Figure 12¢ shows that
adding 1, 3, and 5 wt% NK to the kaolin soil reduced PI values by 38%, 49%, and 62%,
respectively, compared to the control sample. The reduction in PI values by the addition of NT
and NK can be explained by their nano-scale particle size, high surface reactivity, and strong
affinity for water molecules. These characteristics promote particle flocculation and
aggregation, thereby reducing the thickness of the diffuse double layer and lowering the clay's
plastic deformation capacity. Moreover, replacing clay with low-plasticity NT and NK particles
reduces the proportion of fines that govern plasticity, thereby decreasing LL and PI. Compared
with other mix designs, NK5 shows better PI reduction performance. This can be attributed to
the relatively higher surface reactivity and finer effective particle size distribution of NK
compared to NT, as confirmed by the BET results in this study, and supported by Soltani et al.
[9]. Thus, NK is more effective at reducing clay's plastic behavior than NT.

In addition to the individual additives, hydrated lime also reduced the PI of kaolin soil,
resulting in about a 22% decrease compared to untreated soil. This reduction is mainly related
to the cation exchange and flocculation mechanisms induced by calcium ions, which compress
the diffuse double layer and limit the clay's plastic behavior [10]. Moreover, the lime-based
combinations exhibited the most pronounced reductions in PI. Compared to the untreated soil,
PI decreased by approximately 47%, 51%, and 64% for L3NT3, L3NK3, and L3MS7,
respectively. The synergistic interaction between hydrated lime and the reactive silica/alumina
of NT, NK, and MS enhances flocculation and pozzolanic reactions, thereby reducing the
active clay fraction and plasticity. Overall, the lime-based mixes, particularly L3MS7, proved
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the most effective at reducing plasticity, outperforming both the single-additive mixes and

3.3. Unconfined Compressive Strength (UCS)

Figure 13 shows the UCS development of kaolin soil mixes when treated with different

amounts of MS, NT, and NK after 3, 7, and 28 days of curing, in the presence and absence of
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Fig. 13 UCS test results for treated and untreated kaolin soil after 3, 7, and 28 days of curing; a) MS,
b) NT, ¢) NK, and d) hydrated lime-based mixtures

Figure 13a shows that adding 3, 5, 7, and 10 wt% MS to the kaolin soil increased the 28

day-UCS values by 3.27, 4.23, 4.43, and 3.81 times, respectively, compared to the control
sample. Several researchers also reported similar improvements in UCS when MS was added
to clay soils [11,37]. The enhancement in UCS is mainly due to pozzolanic reactions between
the amorphous silica in MS and the activated feldspar minerals present in the kaolin soil,
forming secondary cementitious products such as N-A-S-H gels. These products fill pores,
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bond clay particles, and densify the soil matrix, thereby improving UCS. The highest UCS
value was obtained for the MS7 mix design, while the UCS decreased at MS10. This reduction
is likely due to excessive replacement of clay with non-cohesive MS particles, which reduces
particle-particle bonding and results in weaker soil structure at higher replacement levels.

Figure 13b demonstrates that adding NT to the kaolin soil also increased UCS over longer
curing times. Adding 1, 3, and 5 wt% NT improved the 28-day UCS values by 2.06, 2.63, and
2.15 times, respectively, compared to the control sample. The UCS trend shows that NT3 was
the strongest mix design compared with NT1 and NTS. The UCS improvement in NT-treated
mixes can be explained by the high reactivity and large SSA of NT particles, which enhance
flocculation of clay minerals and accelerate pozzolanic reactions. NT contributes reactive silica
and alumina, which interact with the clay matrix to form cementitious compounds that bind
particles more effectively. The decrease at higher replacement (NT5) indicates that excessive
NT addition disturbs the soil structure and reduces effective bonding.

Figure 13c illustrates the UCS results for the NK-treated mixes. The addition of 1, 3, and 5
wt% NK to kaolin soil resulted in UCS increases of 2.41, 3.15, and 2.72 times, respectively,
compared to the control sample after 28 days. A similar trend has been reported by other
researchers using nano-kaolinite [38]. The improvement is mainly due to the NK particles,
which provide nucleation sites for hydration and pozzolanic reactions, enhancing the bonding
of soil particles. NK also improves soil structure by filling micropores and strengthening the
clay matrix. Optimum performance was observed for NK3, whereas NKS5 showed reduced UCS
values. This reduction is most likely caused by particle agglomeration at higher NK contents,
which reduces the effective reactive surface area and creates weak zones in the compacted soil.

Figure 13d shows the UCS development of mixes containing 3 wt% hydrated lime added
to the optimum designs (MS7, NT3, and NK3). The 28 day-UCS increased by 6.33, 6.12, and
4.67 times, respectively, compared to the control sample. Adding 3 wt% hydrated lime to kaolin
soil alone increased UCS by 3.74 times. The strength improvement in lime-treated mixes is
attributed to cation exchange, flocculation, and the formation of cementitious compounds (C-
A-S-H and N-A-S-H) through pozzolanic reactions between hydrated lime and clay minerals.
Furthermore, the combination of hydrated lime with silica/alumina-rich additives (MS, NT,
and NK) enhances these pozzolanic reactions, providing additional nucleation sites and
reactive surfaces for gel formation. This synergistic effect results in significantly higher UCS
values, particularly at longer curing times.

3.4. Failure Strain and Modulus of Elasticity

Table 7 presents the failure strains (€50) and corresponding modulus of elasticity (Eso) of
all mixes after 28 days. Eso was obtained as the secant modulus at 50% of peak axial stress
from the UCS stress-strain curve. Results show that Esp values generally increased with the
addition of additives and with curing time, due to the formation of cementitious products (C-
A-S-H and N-A-S-H gels) and the densification of the soil structure. Among single-additive
mixes, MS7 achieved the highest stiffness (about 2.9 times higher than the control sample),
mainly because of the high pozzolanic reactivity and micro-filler effect of MS (Fig. 14). The
effect was more pronounced for lime-treated mixes (Fig. 15), where adding 3 wt% hydrated
lime to kaolin soil increased Eso by 12.5 times, while the L3NK3 showed the most significant
improvement (about 14.5 times). This highlights the synergistic interaction between hydrated
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lime and the additives, which provides additional reactive surfaces for pozzolanic reactions and
significantly enhances stiffness over prolonged curing.

Table 7 Stress-strain results for mixes cured until 28 days

No. Mix design Failure strain (es0, %)  Secant stress at 50% of peak UCS (kPa) Eso (MPa)

1 K 1.77 220.34 12.44
2 MS3 2.21 721.17 32.63
3 MS5 2.86 932.27 32.59
4 MS7 2.71 976.50 36.03
5 MS10 2.53 591.18 23.36
6 NT1 2.01 457.03 22.73
7 NT3 1.82 581.82 31.96
8 NT5 2.26 483.03 21.37
9 NK1 2.90 604.70 20.85
10 NK3 2.39 699.33 29.26
11  NK5 1.56 530.86 34.03
12 L3 0.53 824.35 155.53
13 L3MS7 0.82 1394.50 170.06
14 L3NT3 1.12 1348.23 120.37
15 L3NK3 0.57 1030.00 180.70
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Fig. 14 Stress-Strain curve for MS-treated mixes with and without hydrated lime cured until 28 days

In terms of ductility, failure strains of MS- and NT-treated mixes increased with additive
content, indicating more ductile flocculated structures (see Figs. 14 and 15). Conversely, NK-
treated mixes showed reduced failure strain at higher contents (Fig. 16), most likely due to
particle agglomeration forming denser and less deformable structure. The incorporation of
hydrated lime, however, markedly decreased failure strains (about 70% for hydrated lime
alone, 53% for L3MS7, 37% for L3NT3, and 68% for L3NK3), reflecting a transition toward
brittle behavior. This fragility is consistent with the stronger cementitious bonding induced by
hydrated lime-additive interactions, as also reported in previous studies [10,37].
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Fig. 15 Stress-Strain curve for NT-treated mixes with and without hydrated lime, cured until 28 days
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Fig. 16 Stress-Strain curve for NK-treated mixes with and without hydrated lime, cured until 28 days

3.5. California Bearing Ratio (CBR)

Figure 17 illustrates the variations of soaked CBR values for different mix designs cured
for 4,7, and 28 days [35]. It can be observed that the CBR value of treated kaolin soil increased

with the addition of MS, NT, and NK, with or without hydrated lime, and further improved
with longer curing time.
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Fig. 17 Variations of CBR values for treated and untreated kaolin soil mixes cured until 4, 7 and 28 days;
57 a) MS, b) NT, c¢) NK, and d) hydrated lime-based mixes
573 Figure 17a shows that increasing the MS content to 7 wt% and curing for 28 days resulted

574  in the highest CBR values, whereas MS10 led to a reduction. The improvement is mainly
575 attributed to the filler effect and high silica content of MS, enhancing textural soil matrix by
576  densification. However, excessive MS addition reduces the proportion of clay fraction needed
577  for cohesion, leading to a decline in CBR.

578 Figure 17b depicts that NT addition also improved CBR, with NT3 giving the best
579  performance after 28 days. The increase is due to NT's high surface activity, which accelerates
580 pozzolanic reactions and improves interparticle bonding. At higher content (NTS), particle
581 agglomeration reduces the effective reactive surface, resulting in lower strength.

582 Similarly, Figure 17c shows that NK-treated mixes exhibited increasing CBR values up to
583 3 wt% addition, after which the values declined. The superior performance of NK compared to
584  NT is associated with its finer effective particle size and higher surface reactivity, which
585  provide more nucleation sites for pozzolanic products and better interlocking between soil
586  particles. However, at NKS, excessive agglomeration reduces efficiency, decreasing the CBR
587  values.

588 The most significant CBR improvements were observed in lime-treated mixes (Fig. 17d).
589  Adding 3 wt% hydrated lime to kaolin soil alone increased CBR substantially due to cation
590 exchange, flocculation, and the formation of C-A-S-H and N-A-S-H gels that improve strength
591 and stiffness. The highest CBR values after 28 days were obtained for L3MS7 (42%), L3NT3
592 (39%), and L3NK3 (34.5%). These increases demonstrate the synergistic effect of hydrated
593  lime with MS, NT, and NK, in which reactive silica and alumina from the additives enhance
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pozzolanic activity, resulting in much higher bearing capacity than either hydrated lime or the
additives alone.

Overall, the results indicate that while each additive alone improved CBR, the lime-based
mixes, particularly L3MS7, achieved the highest bearing capacity after 28 days, confirming the
effectiveness of combined stabilization.

3.6. pH Measurements

Figures 18 and 19 show the variations in pH levels of mixes containing different amounts
of L, MS, NT, and NK at curing ages of 0, 7, and 28 days. It was observed that pH values
increased with the addition of L, MS, NT, and NK to the approximately neutral kaolin soil (pH
=7.3). According to Figure 18, the highest pH evolution among the single-additive mixes (from
7.3 t09.4) was observed with NT3, which is mainly attributed to the inherently higher alkalinity
of NT compared with MS and NK (Table 3). However, the most significant pH developments
were observed in lime-treated mixes. Figure 19 shows that adding 3 wt% hydrated lime to
kaolin soil raised the pH from 7.3 to 12.3, while the combinations of L3MS7, L3NT3, and
L3NK3 reached pH levels of 12.1, 12.2, and 12.0, respectively. Such a highly alkaline
environment is essential for dissolving silica and alumina from clay particles and alumino-
silicate additives, thereby promoting the formation of cementitious products (C-A-S-H and N-
A-S-H gels).
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Fig. 18 Variations of pH for kaolin soil mixes treated with different amounts of NT, MS,
and NK after 1 hour, 7 days and 28 days of curing
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Fig. 19 Variations of pH for kaolin soil mixes treated with combinations of 3 wt% hydrated lime and
various amounts of additives after 1 hour, 7 days and 28 days of curing

Over time, pH values decreased for all mixes. For MS, NT, and NK (without hydrated
lime), the reduction is most likely caused by alkali exchange between the additive particles and
clay minerals, which gradually neutralizes the pore water environment. For lime-treated mixes,
the main cause of pH reduction is the consumption of free Ca(OH). during pozzolanic
reactions. As Ca** and OH- ions are progressively consumed to form cementitious compounds,
the concentration of hydroxyl ions in pore water decreases, leading to a reduction in pH.
Nevertheless, pozzolanic reactions continue as long as the pore solution maintains a pH above
10, which was the case in all lime-treated mixes throughout the curing period.

The most significant pH reduction (from 12.1 to 8.8) was observed in the L3MS7 mix
design after 28 days (Fig. 19), suggesting that MS particles exhibit slightly higher pozzolanic
activity than NT and NK by consuming a larger amount of Ca(OH),. This highlights the strong
reactivity of MS in alkaline environments, which contributes to the enhanced strength and
stiffness observed in previous sections (Sections 3.3 to 3.5).

3.7. Mineralogical and Morphological Characterization of Stabilized Clay Soil
3.7.1. X-Ray Diffraction (XRD)

The mineralogy of selected treated kaolin soil mixes cured for 28 days was analyzed by
XRD, and the results are shown in Figure 20.
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Fig. 20 XRD pattern for treated kaolin soil mixes after 28 days of curing; a) MS7, b) NT3, c) NK3, d) L3,
634 e) L3MS7, f) L3NT3, g) L3NK3
635 Figure 20a shows that adding 7 wt% MS to kaolin soil revealed crystalline phases and

636  amorphous features after 28 days. The major peak at 20 = 26.8" corresponds to quartz.
637  Furthermore, a broad hump between 20 = 21.5°-24.8" and 28°-35" was observed, characteristic
638  of the formation of an amorphous N-A-S-H (sodium aluminosilicate hydrate) gel. As reported
639 by Garcia-Lodeiro et al. [39], in low-calcium environments, ion exchange between clay
640  minerals and aluminosilicate sources promotes the formation of stable amorphous N-A-S-H
641  gel. This gel contributes significantly to the strength and stiffness improvements observed in
642  MS-treated mixes. In addition, nacrite, a polymorph of kaolinite, was also identified at 20 =
643 12.5°,25.1°,35.2°, and 55.3', indicating structural transformation of the kaolin soil into a more
644  stable crystalline phase.

645 Figures 20b and 20c present the XRD results of NT3 and NK3 mixes. Similar to MS7, the
646  main crystalline phases included quartz and nacrite, with a broad hump between 20 = 21.5"-
647  24.8" and 28°-35’, indicative of an amorphous N-A-S-H gel. The relatively low calcium oxide
648  contents of NT, NK, and kaolin, combined with the reduction in pH over time (Section 3.6),
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created favorable conditions for N-A-S-H gel formation. The appearance of nacrite again
suggests a mineralogical transition of kaolinite into a more stable crystalline form. These
mineralogical changes explain the mechanical improvements observed in the UCS and CBR
tests, as N-A-S-H gel enhances interparticle bonding, while nacrite formation reflects long-
term stabilization.

Figure 20d shows the XRD pattern of kaolin soil treated with 3 wt% hydrated lime after 28
days. The incorporation of hydrated lime altered the crystalline phases, with new peaks
corresponding to albite, nacrite, calcite, and dolomite, in addition to quartz. These phases are
associated with carbonation and solid solution reactions.

Figure 20e illustrates that adding 7 wt% MS to lime-treated kaolin soil resulted in the
formation of new crystalline phases, including nacrite, dolomite, albite, and possibly diaspore,
while quartz remained the dominant crystalline phase. Nacrite indicates structural
reorganization of kaolinite into a more stable mineral, while dolomite forms through
carbonation of Ca(OH), in the lime-rich environment (main peaks around 20 = 31" and 42.7).
A minor peak possibly related to diaspore (0-AlO(OH)) at 20 =22.2" and 35.3" suggests partial
transformation of alumina-rich components under alkaline conditions. Similarly, the XRD
pattern of L3NT3 (Fig. 20f) showed the emergence of nacrite, dolomite, albite, and magnetite,
with quartz as the major crystalline peak. The formation of nacrite again shows kaolinite
stabilization, while dolomite results from the carbonation of hydrated lime. Magnetite (Fe3Oa)
likely originated from iron-bearing minerals in NT that reacted under alkaline, reducing
conditions. This phase can densify the soil matrix and improve particle interlocking. Together,
these phases reflect strong pozzolanic and carbonation reactions that contribute to improved
long-term strength and stiffness.

The XRD results of L3NK3 (Fig. 20g) indicated the formation of both crystalline and
amorphous products after 28 days. Newly detected crystalline phases included talc and
magnetite, albite, and dolomite, with quartz as the dominant mineral. In addition, a broad hump
between 20 = 21.5°-24.8" and 28°-35" suggested the presence of amorphous C-A-S-H (calcium
silicate/aluminate hydrate) gel, confirming the synergistic role of hydrated lime and NK in
producing cementitious hydrates. This is consistent with the significant UCS and CBR
improvements observed for this mix design (Sections 3.3 and 3.5).

3.7.2. FE-SEM and EDX Interpretations

The FE-SEM images provide further insights into the microstructural modifications of
kaolin soil treated with MS, NT, and NK at their optimum contents, with and without 3 wt%
hydrated lime, after 28 days of curing.

For the MS-treated sample (Fig. 21a), the addition of 7 wt% MS resulted in significant
filling of voids and a slightly packed structure of kaolin soil. The fine MS particles served as
nucleation sites for N-A-S-H gel formation, which coated the surfaces of kaolinite sheets and
enhanced particle bonding. In the L3MS7 mix (Fig. 21b), hydrated lime addition intensified
the alkalinity of the medium, thereby accelerating pozzolanic reactions and promoting the co-
existence of N-A-S-H and C-A-S-H gels. This led to a more homogeneous coverage of cloudy
texture for clay particles and a denser cementitious matrix compared to MS7.
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Fig. 21 FE-SEM images of kaolin soil treated with a) 7 wt% MS and b) 3 wt% hydrated lime + 7 wt%

690 MS, cured until 28 days

691 For the NT-treated sample (Fig. 22a), the addition of 3 wt% NT transformed the loosely
692  packed structure of kaolin soil into a denser formation. The fine NT particles, with relatively
693  higher SSA, facilitated the formation of N-A-S-H gels and contributed to pore filling, which
694  enhanced the strength and stiffness of the soil. In the L3NT3 mix (Fig. 22b), the hydrated lime
695  addition further promoted secondary cementitious phases such as magnetite and dolomite,
696  which filled the remaining voids and created stronger particle interlinkages. This
697  microstructural densification explains the higher UCS and CBR values, as well as the slightly
698  more brittle behavior observed in mechanical tests (Section 3.4).

Fig. 22 FE-SEM images of kaolin soil treated mixes with a) 3 wt% NT and b) 3 wt% hydrated lime +
3 wt% NT, cured until 28 days
699
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For the NK-treated sample (Fig. 23a), the incorporation of 3 wt% NK modified the porous
texture of kaolin into a compacted structure by filling interparticle voids with newly formed N-
A-S-H gels. The kaolinite sheets appeared more cemented together, reducing porosity and
improving strength. In the L3NK3 mix (Fig. 23b), hydrated lime incorporation completely
altered the texture by producing additional cementitious compounds such as C-A-S-H and
magnetite, which eliminated larger voids and perfectly bonded the kaolinite sheets. The
formation of a continuous cementitious network is the main reason for the superior UCS and
CBR improvements observed in this mix.

In summary, the FE-SEM observations confirm that hydrated lime, when combined with
aluminosilicate additives (MS, NT, NK), significantly enhanced the microstructural
densification of treated kaolin soil. Among the studied mixes, L3MS7 and L3NK3 exhibited
the most compact microstructures, which correlate well with the mechanical and mineralogical
results.

Fig. 23 FE-SEM images of kaolin soil treated mixes with a) 3 wt% NK and b) 3 wt% hydrated lime + 3
wt% NK, cured until 28 days

The EDX results at 28 days (Table 8) provide chemical evidence supporting the phase
assemblages inferred from XRD and XRF. Raw kaolin soil (K) contained mainly Si and Al
with very low Ca (Ca/Si = 0.008), consistent with a quartz-kaolinite system, as also indicated
by the sharp quartz peak at 20 = 26.6  in XRD and the dominance of SiO» and Al,O3 in XRF.
Micro silica (MS7) was highly siliceous (Si/Al = 2.62, Ca/Si = 0.007), confirming its role as
an amorphous Si source, which explains the broad amorphous hump in XRD patterns. Nano
kaolin (NK3) and nano tuff (NT3) showed moderate Si/Al ratios of 2.14 and 1.90, respectively,
with still negligible Ca/Si ratios (<0.02), indicating that their contribution to hydration products
occurs mainly through reactive aluminosilicates. In contrast, hydrated lime (L.3) displayed a
significantly higher Ca/Si ratio (0.084), which is consistent with the presence of dolomite
reflections in XRD and high CaO content in XRF. When hydrated lime was mixed with MS,
NK, or NT (L3MS7, L3NK3, L3NT3), Ca/Si ratios markedly increased (0.098-0.192),
confirming the development of C-A-S-H gels. The Si/Al values (about 1.6-2.3) suggest
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727  coexistence of N-A-S-H and C-A-S-H phases. This interpretation agrees with FE-SEM
728  micrographs, which show that lime-based mixes exhibit denser, more compact gel networks,
729  while lime-free systems exhibit more porous, dispersed microstructures. Overall, the
730  combination of XRD (amorphous hump + quartz peaks), XRF (bulk oxide composition), and
731  EDX (atomic ratios) consistently supports the dual-gel formation mechanism: N-A-S-H
732 dominates in lime-free systems, while C-A-S-H becomes prevalent in lime-containing mixes.
733  Table 8 EDX analyses of raw materials and treated kaolin soil mixes after 28 days of curing
Mix designs O Si Al Ca K Na Mg  Si/Al Ca/Si
K 53.0 263 151 0.2 1.4 32 0.7 1.74  0.008
MS7 552 28.6 109 0.2 1.3 3.8 0.5 2.62 0.007
NT3 550 257 135 03 1.3 34 0.7 1.90 0.011
NK3 544 274 128 04 1.3 2.7 0.8 2.14 0.014
L3 53.0 273 126 23 2.0 2.2 0.4 2.16 0.084
L3MS7 500 285 139 28 3.1 0.9 0.7 2.05 0.098
L3NT3 559 224 140 35 1.4 2.0 0.7 1.60 0.156
L3NK3 562 234 103 45 2.9 2.1 0.5 227  0.192
734 Note: Values are expressed as weight percentages (wt%), excluding H and C. The Si/Al and Ca/Si ratios are
735 calculated on an atomic basis.
736 3.8. Effect of Stabilizers on Road Pavement Response
737 Table 9 summarizes the results of the analysis for the elastic stresses, strains, and
738  deformations along with surface pavement layers. It shows that the elastic responses of
739  subgrade layers stabilized with hydrated lime and additives were significantly improved
740  compared to those of untreated kaolin soil. For example, the vertical strain at the top of the
741  subgrade layer stabilized with MS7 decreased by 63% (from 3803 to 1384 peg). Also, the
742  vertical deformation decreased by 66% for the top layer of subgrade stabilized with the MS7
743  mix design.
744  Table 9 Critical elastic stress response due to traffic loading
Mix design Stress (kPa) Strain (pe) Deformation (mm)
Top of Top of  Top of Top of Top of Top of Top of Top of Top of
Surface Base Subgrade Surface Base Subgrade Surface Base Subgrade
K 79.759 69.792  55.174 640 1068 3803 32.606 32.556 30.165
MS7 79.801 74.092  57.874 112 714 1384 11.317 11.297 10.212
NT3 79.791 73.476  57.650 125 748 1555 12.990 12.985 11.710
NK3 79.795 72.989  57.685 135 774 1691 14.054 14.049 12.795
L3 79.792 78.694  61.406 39 497 335 2.981 2.977 2.374
L3MS7 79.795 78.890  61.520 36 490 305 2.716 2.713 2.024
L3NT3 79.797 78.171 60.620 45 517 430 3.695 3.692 3.044
L3NK3 79.795 78.991 61.632 35 487 287 2.594 2.594 1.936
745 Note: K = Kaolin soil; MS = Micro silica; NT = Nano tuff; NK = Nano kaolin; L = Hydrated lime
746 The elastic responses of the pavement layers further improved with the addition of hydrated
747  lime to the kaolin soil. Specifically, the vertical strain and deformation of the lime-stabilized
748  subgrade decreased by 91% and 92%, respectively, when compared to untreated kaolin soil.
749  According to Table 9, the best performance for subgrade improvements was observed with the
750  L3NK3 mix design, which resulted in a 93% reduction in vertical strain and a 94% decrease in
751  deformation (Fig. 24). Based on the limiting strain criterion for the subgrade introduced in
752 Austroads [40], the vertical strains for a presumed ESA of 1x107 should be limited to 915 pe.
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Therefore, the only acceptable subgrades are those stabilized with L3, L3MS7, L3NT3, and
L3NK3, as they all demonstrate lower strain values (as shown in Table 9). It represents that the
synergy of hydrated lime and secondary additives is necessary to improve the elastic properties
of weak subgrades.
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Fig. 24 Vertical strain distribution of pavement for L3NK3-stabilized subgrade

A parametric study was conducted on the stabilized and untreated pavements to evaluate
the t required according to Austroads guidelines [40]. The mechanistic-empirical chart
provided by Austroads indicates that the ¢ depends on subgrade bearing capacity (CBR) and
traffic loading. It was observed that a higher bearing capacity (CBR) results in a lower t when
ESA remains constant. In this study, traffic loading is expressed as the design ESA (DESA),
defined as the cumulative ESA carried by the design lane over the design life; accordingly, the
terms ESA and DESA are used interchangeably herein. The equation for t is given by
Austroads [40] as:

t =[219 — 211(log CBR) + 58(log CBR)?]log(DESA/120) (2)
where,

t: minimum base thickness,

DESA: design number of ESA of traffic loading.

Consequently, a reduced t in pavement design leads to a more cost-effective and
sustainable solution. In this study, as shown in Table 10, mixing additives with hydrated lime
in the kaolin soil significantly reduced the t due to the improved bearing capacity of the
stabilized subgrade. The reduced base thickness (At) values for each mix design are presented
in Table 10. For example, the t in the L3MS7-stabilized subgrade was reduced by 3.3 times
(from 647 to 196 mm) compared to the untreated kaolin soil subgrade, while maintaining
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vertical strains within the allowable limits (915 pe). This reduction is primarily attributed to
the higher CBR value of the L3MS7-stabilized subgrade, which was 7.5 times higher than that
of the untreated soil after 7 days. This decrease in t highlights the effectiveness of incorporating
hydrated lime and secondary additives into kaolin soil, resulting in lower material needed and
savings in both cost and energy for pavement projects. Similar results were reported by
previous studies using hydrated lime or pozzolans for clay soil stabilization, which reduced the
thickness of the base layer due to enhanced CBR values at 7 days of curing [43,44].

Table 10 Minimum base thickness (t) according to Austroads
empirical chart and PLAXIS analyses

Mix CBR% Vertical At
design  (7-day) t (mm) strain (pg)  (mm)
K 3 647 3904 0
MS7 14 263 851 384
NT3 13 275 875 372
NK3 12.5 282 905 365
L3 16 241 386 406
L3MS7 225 196 348 451
L3NT3 20 210 373 437
L3NK3 18 224 378 423

Note: K = Kaolin soil; MS = Micro silica; NT = Nano tuff;
NK = Nano kaolin; L = Hydrated lime

3.9. Life Cycle Assessment Results Interpretation

The LCA results (Table 11, Fig. 25) show that environmental impacts vary considerably
among the stabilization scenarios. For the Climate Change indicator (GWP), which is the most
critical focus of this study, lime-based scenarios demonstrate the highest impacts. This is
primarily due to the calcination process, which releases large amounts of CO», along with the
high thermal energy demand and fossil-fuel-intensive aggregate production. The lime-only
scenario (L3) records a high GWP with values approximately 7.5 times higher than those of
NK3 and NT3. In contrast, the nanomaterial-based scenarios without hydrated lime (NK3 and
NT?3) exhibit a GWP reduction of about 88% compared to the lime-based mixes (L3NK3 and
L3NT3), as they circumvent calcination emissions and require smaller quantities of materials.
MST7 presents the lowest GWP, mainly because MS is treated as a zero-burden by-product.

Table 11 LCA results for different mix designs and impact categories

Impact category ~ Unit L3 L3MS7 L3NK3 L3NT3 MS7 NK3 NT3
GWP kg COz eq 51.03 53.20 57.40 57.57 2.61 6.79 6.97
TA kg SOz eq 0.051 0.059 0.073 0.073 0.010 0.024 0.023
FE kg P eq 0.0015  0.0017  0.0020 0.0018  0.0004  0.0007  0.0005
ME kg N eq 0.00011 0.00013 0.00015 0.00014 0.00003 0.00005 0.00004
HNT kg 1,4-DCBeq 3.51 4.85 5.97 4.95 1.67 2.78 1.76
MRS kg Cueq 0.010 0.014 0.595 0.017 0.006 0.586 0.009
FRS kg oil eq 5.77 6.53 7.95 8.03 0.87 2.29 2.37

Note: GWP = Global warming potential; TA = Terrestrial acidification; FE = Freshwater eutrophication; ME = Marine
eutrophication; HNT = Human non-carcinogenic toxicity; MRS = Mineral resource scarcity; FRS = Fossil resource scarcity
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Fig. 25 Normalized LCA results to compare for different mix designs

A similar trend is observed in FRS, where L3NK3 and L3NT3 show the highest
consumption of resources at over 2.6 times higher than NK3 and NT3, respectively. The lower
FRS value in NK3 and NT3 mixes is linked to reduced material demand and the absence of
high-temperature calcination processing. However, the electricity consumption for ball milling
still contributes to their footprint, given the fossil-heavy Iranian grid mix. TA, FE, and ME
potentials follow comparable patterns, with lime-based mixes consistently exceeding other
mixes due to SO», NOy, and phosphate emissions from limestone quarrying, calcination, and
transport.

For HNT, differences between mixes are also pronounced. Lime-based mixes still show
higher impacts than NK3, NT3, and MS7 mixes. For instance, the HNT value for L3NT3 is
about 2.8 times higher than the NT3 mix design. This is partly due to quarrying emissions and
dust, whereas nanomaterials incur additional electricity-related toxicity from milling. In MRS,
lime-based mixes again dominate, with L3NT3 consuming over 1.88 times more mineral
resources than N'T3. It infers that the smaller mass of nanomaterial additives plays a key role
in reducing impacts.

Overall, the results indicate that replacing L with NK, NT, or MS can significantly reduce
environmental burdens in the production phase. This aligns with findings from similar
geotechnical LCA studies [47-50], which found that high-energy calcination processes were
the primary driver of impacts. However, these conclusions are subject to the study's limitations:
the cradle-to-site scope excludes the use and end-of-life stages, where hydrated lime
carbonation could partially offset its GWP; the fixed 100 km transport distance was applied
uniformly for comparability; and electricity impacts reflect the Iranian grid mix, meaning
results could change under a cleaner energy scenario.

4. Conclusions

This study evaluated the effectiveness of nano kaolin (NK) and nano tuff (NT), in
comparison with micro silica (MS) and hydrated lime (L), for stabilizing low-strength kaolin
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soil as a subgrade material. The experimental program, supported by microstructural analyses
and finite element modeling (FEM), highlighted that the incorporation of these additives
significantly enhanced the mechanical behavior of the soil. Moreover, the life cycle assessment
(LCA) emphasized the importance of balancing mechanical improvements with environmental
sustainability. The main findings can be summarized as follows:

The incorporation of NT, NK, and MS notably increased UCS, CBR, and Eso values,
particularly when combined with hydrated lime. After 28 days, L3MS7 exhibited the
highest UCS improvement (6.3 times higher than the untreated clay), L3NT3 achieved
its maximum CBR (39%), and L3NK3 showed the most significant stiffness increase,
with Eso values 14.5 times higher than those of untreated clay.

Lime-treated mixes exhibited higher stiffness but lower ductility, reflecting a transition
toward more brittle failure modes.

PLAXIS 2D analyses validated the laboratory results, showing that lime-based mixes
(L3MS7, L3NT3, L3NK3) reduced vertical strains by over 90%, allowing the base
course thickness to be reduced from 647 mm to 196 mm when the L3MS7 mix design
was applied.

While lime-based mixes provided the highest mechanical gains, they also carried
greater environmental burdens. In contrast, NK3 and NT3 offered up to 88% lower
global warming potential than L3NK3 and L3NT3, making them more sustainable
alternatives.

Overall, the results highlight the promising potential of nano kaolin and nano tuff as natural
supplementary additives for subgrade stabilization, offering both engineering advantages and
environmental benefits for sustainable pavement applications.
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