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To address serviceability issues of railway subgrades in Central China subjected to dynamic loading, this study
investigated the dynamic behavior and microstructural mechanisms of nanoclay-modified, cement-stabilized
silty clay. Specimens with var-ying nanoclay contents were prepared and tested using a dynamic triaxial
apparatus, and cumulative plastic strain and dynamic elastic modulus were measured. Micro-structural and
mineralogical characteristics were examined by scanning electron mi-croscopy and X-ray diffraction. The
results showed that cumulative plastic strain increased with dynamic stress amplitude, whereas dynamic
elastic modulus decreased. By contrast, increasing nanoclay content reduced cumulative plastic strain and
increased dynamic elastic modulus, with 0.5% identified as the optimum content; beyond 0.5%, the marginal
benefit diminished. Relative to cement-stabilized soil without nanoclay, cumulative plastic strain decreased
by approximately 35 — 50%, while dynamic elastic modulus increased by about 75 — 82%. Microstructurally,
nanoclay promoted the formation of C — (A) — S — H, reduced pore space, and densified the interfacial transition
zone. These findings elucidate the governing trends in the dynamic response of nanoclay-modified silty clay
and provide a basis for the design of nanoclay-modified railway subgrades in Central China.
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1. Introduction

In Central China, silty clay is widely distributed, and the
rapid regional development and large-scale transportation
projects have made silty-clay foundations an unavoida-ble
engineering concern. Such foundations are characterized
by low bearing capacity, high moisture sensitivity, poor
compactability, and a tendency toward liquefaction under
dynamic loading. Under long-term vehicular loads, silty-
clay subgrades are prone to cumulative deformation and
substantial lateral displacement. To mitigate these issues,
lime or cement has commonly been used to stabilize the soil.
Long-term field evaluations by Das et al. [1] and laboratory
tests by Shi et al. [2] demonstrated that lime significantly

improved the mechanical and shear properties of silty clay,
with performance dependent on dosage. Cement stabiliza-
tion also increased soil strength, with efficacy influenced
by curing time and temperature. However, the production
of these traditional binders consumes large amounts of
natural resources and emits sub-stantial pollutants, which
conflicts with China’s carbon-neutral strategy; moreover,
cement- and lime-stabilized soils often exhibit increased
brittleness and cracking [3, 4]. Consequently, there is an
urgent need for stabilization materials that are both low-
carbon and reliable in service.

Nanomaterials and nanotechnology have been hailed
as among the most promising developments of the twenty-
first century. With advances in nanotechnology, research
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on the application of nanomaterials to improve cement-
stabilized soils has deepened, wherein nano-silica (SiO;)
[5, 6], nano-alumina (Al,O3) [7, 8], nano-titania (TiO;)
[9], nano-zinc oxide (ZnO) [10], nano-calcium carbonate
(CaCO3) [11], and carbon nano-tubes (CNTs) [12] have
been incorporated as supplementary nano-admixtures to
par-tially replace cement.

Owing to its high specific surface area and layered
microstructure, nanoclay has been regarded as a partic-
ularly promising nano-modifier. Zoriyeh et al. reported
that an appropriate nanoclay dosage filled micropores, re-
duced cracking, and enhanced the strength and durability
of highly plastic fine-grained soils [13]. Using resonant
column tests, Ochoa-Cornejo et al. showed that adding
1% nanoclay to sand increased smallstrain shear stiffness
across confining pressures, with stiffness continuing to rise
with longer consolidation times [14]. Kananizadeh et al.
[15] further demonstrated that nanoclay markedly lowered
the hydraulic conductivity of clays and improved their
swelling resistance, while Abbasi et al. observed reductions
in dispersivity and erosion susceptibility, thereby improv-
ing engineering stability [16]. Although these studies have
highlighted the advantages of nanoclay in terms of static
properties, permeability, and small-strain behavior, com-
paratively little work has examined nanoclay-modified,
ce-ment-stabilized silty clay under dynamic loading. In
particular, systematic investigations into dynamic elastic
modulus, cumulative plastic strain, and the associated mi-
crostructural mechanisms remain limited.

To this end, a series of tests was conducted on nanoclay-
modified, ce-ment-stabilized silty clay to systematically
examine how nanoclay content and dy-namic stress ampli-
tude affected cumulative plastic strain and dynamic elastic
modulus. The modification mechanisms were elucidated
through scanning electron microscopy (SEM) and X-ray
diffraction (XRD) analyses. The results substantiate the
mechanistic role of nanoclay in improving soil behavior
and provide a theoretical basis for its ap-plication to rail-
way subgrades.

2. Materials and methods

2.1. Materials

The silty clay used in this study was sampled from Wuhan,
Hubei Province, China (Fig. 2(a)). Compaction tests de-
termined a maximum dry density of 1.63 g/cm? and an
optimum water content of 17%. The soil’s basic index prop-
erties are summarized in Table 1. The particle-size distri-
bution was obtained from combined sieve and hydrometer
analyses; the resulting gradation curve is shown in Fig. 1.
Nanoclay is a layered aluminosilicate nanomaterial
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Fig. 1. Gradation curve of silty clay.

dominated by montmorillo-nite and characterized by a
plate-like morphology. It was supplied as a white powder
(Fig. 2(b)). The product used in this study was manufac-
tured by Yicheng Jingrui New Materials Co., Ltd., Anhui
Province, China, and its principal chemical composition is
summarized in Table 2.

The cement used in this study was P.O 42.5 ordinary
Portland cement. It was supplied as a gray powder
(Fig. 2(c)). The cement was provided by a building mate-
rials company in Anhui Province, China, and its principal
chemical composition is listed in Table 3.

2.2. Specimen Preparation

The silty clay was air-dried, crushed, and passed through
a 2 mm sieve; the passing fraction was oven-dried at
105°C for 24 h [17]. A prescribed mass ratio of cement and
nanoclay was then blended uniformly into the dried soil.
Deionized water was added at the previously determined
optimum water content and thoroughly mixed; specimens
were molded within 60 min of mixing. Cylindrical spec-
imens were prepared by layered compaction in five lifts,
each compacted to the target height. After each lift, the
surface was lightly scarified to a depth of about 1 mm to
enhance interlayer bonding [18]. The finished specimens
measured 50 mm in diameter and 100 mm in height. After
molding, the specimens were kept in the molds for 24 h
, then demolded, wrapped in plastic film, and cured for
28 d in a temperature-humidity chamber at 23 +2°C and
relative humidity > 95%.



Journal of Applied Science and Engineering 32 (2026) 26032005 3

Table 1. Basic physical properties of silty clay.

Max dry density ~ Optimum water content  Liquid limit ~ Plastic limit  Plasticity index
pd/ (g . cm_3) Wopt /% WL/O/O WP/O/O IP /%
1.63 17.0 29 21 8
Table 2. BChemical composition of nanoclay ( w:.% ).
SiO;  AlOj MgO CaO NayO FeyO3 K>O Others
60.5 182 3.8 1.5 3.5 0.5 10
Table 3. Chemical composition content of cement ( w;. % ).
CaO SiOZ Fe203 A1203 MgO Kzo 503 Others

59.27 2315 323 6.13

224 087 391 1.2

(a) Silty cla.

(b) Nanoclay.

(c) Cement.

Fig. 2. Test materials.

2.3. Methods
2.3.1. Dynamic Triaxial Tests

The dynamic triaxial testing system (GDS Instruments, UK;
Fig. 3) comprised a pressure cell, confining pressure con-
trol, and back-pressure control modules. The maximum
confining pressure capacity was 2 MPa , and the loading
frequency ranged from 0.001 to 5 Hz . The system was
fully automated via GDSLAB software, enabling precise
application of axial load, confining pressure, and back pres-
sure; with a displacement-control resolution of 0.0001 mm
. Pore water pressure, volumetric strain, and axial strain
were recorded in real time. The apparatus provides both
static and dynamic loading modes; in this study, the dy-
namic module was used to apply dynamic axial loading
to the specimens. Specimens were first vacuum-saturated
and then saturated using the back-pressure method. The
degree of saturation was verified by measuring the pore-
water pressure coefficient (B); when B exceeded 0.95, the
specimen was considered fully saturated.

Previous studies indicated that the confining pressure
in the shallow subgrade bed layer was approximately
25 — 60kPa; for trains with axle loads of 19.6-22.5 t, the

Fig. 3. GDS dynamic triaxial testing system.

corresponding dynamic stress amplitude reached about
32 —185kPa [19]. In Central China, the predominant freight
car type is the C70E, with a maximum payload of 70 t and
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a tare weight of 24t [20]. To examine the bearing capacity
of improved silty-clay subgrades under high service loads,
dynamic stress amplitudes of 50, 100, 150, and 200 kPa
were adopted. A confining pressure of 40 kPa was applied
to represent shallow subgrade conditions. In accordance
with prior studies, a sinusoidal waveform is appropriate
for consolidated-undrained testing [21], as illustrated in
Fig. 4. During the dynamic stage, each specimen was sub-
jected to 10,000 cycles at a fixed frequency. Based on the
design speed of the C70E (v = 33 m/s ) and the length of
a single car (I = 13.98 m), according to Eq. (1), as proposed
by Yang et al. [22], the characteristic loading frequency was
calculated as f ~ 2 Hz; this value was adopted as the rep-
resentative dominant frequency for cyclic loading in the
present tests.

[

f=7 @
Prior studies indicated that, to mitigate particle agglom-
eration and maintain specimen workability, the nanoclay
content should be kept below 1% [23]. In addition, a ce-
ment content of 5% was sufficient to meet basic bearing-
capacity requirements while helping control material costs
[24]. Accordingly, this study adopted nanoclay contents
of 0,0.25,0.5,0.75, and 1.0% (by dry mass of soil), with
the cement content fixed at 5%, and a curing period of 28
days, which is commonly adopted to represent the shortto
medium-term strength development of cement-stabilized
soils. Three specimen groups were prepared: natural soil; a
cement-stabilized control ( 5% cement, 0% nanoclay); and
nanoclay-modified soils ( 5% cement with 0.25 — 1.0% nan-
oclay). The dynamic triaxial testing matrix is summarized
in Table 4.

Axial Loading o/kPa

Time(s)

Fig. 4. Schematic of a sine wave.

2.3.2. Scanning Electron Microscopy (SEM)

SEM observations were conducted using a SIGMA
high-resolution field-emission scanning electron micro-
scope (Carl Zeiss, Germany). The system comprised
electron-optics, signal acquisition and processing, imag-
ing/recording, vacuum, and power/control subsystems.
Secondary-electron images acquired at an accelerating volt-
age of 15 kV achieved nominal nanometer-scale resolution,
and all micrographs include scale bars. After completion
of the dynamic triaxial tests, subsamples were taken from
the axial mid-height of the specimens to examine the pore
structure of the cement-stabilized soil and features at parti-
cle interfaces.

2.3.3. X-ray Diffraction (XRD)

X-ray diffraction tests were performed using an Empyrean
diffractometer (PANalytical, Netherlands). Scans were con-
ducted over 26 = 10° — 80° with a step size 0.02° and a
scan rate of 10°/min. The diffraction patterns were pro-
cessed with Jade 6.5, and phase identification and semi-
quantitative assessment of the principal minerals were car-
ried out with reference to the ICDD PDF-4+ database.

3. Results and discussion

3.1. Evolution of Cumulative Plastic Strain

Cumulative plastic strain (ep) refers to the strain accu-
mulation in soils under dynamic loading arising from in-
terparticle slip and structural reorganization. It reflects
the plastic deformation process and is strongly influenced
by confining pressure, water content, dynamic stress am-
plitude, and relative compaction [25]. In this study, the
natural soil specimen subjected to oy = 200kPa exhib-
ited a rapid ¢, increase to about 10% after 1,000 cycles,
indicating pronounced failure. Accordingly, subsequent
analyses of ¢, and dynamic elastic modulus focus on the
cement-stabilized and nanoclay-modified soils; subsequent
comparisons involving the natural soil are confined to the
microstructural section. For brevity, only representative
datasets are presented herein.

3.1.1. Effect of Dynamic Stress Amplitude

Fig. 5 plots the evolution of cumulative plastic strain with
the number of cycles for different dynamic stress ampli-
tudes. The ¢p, increased with increasing amplitude. Taking
the cement-stabilized control (5% cement, 0% nanoclay) at
a confining pressure of 40 kPa and N = 10, 000 cycles as the
reference, the final ép at amplitudes of 100,150 , and 200 kPa
was higher by approximately 73%, 136%, and 225%, respec-
tively (relative to 50 kPa ). In addition, at lower amplitudes
¢p approached a stable value more rapidly, whereas higher
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Table 4. Dynamic triaxial test scheme.

Nanoclay content Cement content Dynamic stress amplitude  Confining pressure  Frequency
CNc/O/o Cc/o/o (Td/kPa 0'3/1(Pa f/HZ
0,0.25,0.5, 5 50,100,150, 40 2
0.75,1 200

amplitudes required more cycles to reach stabilization, con-
sistent with previous findings. Under the present test con-
ditions, the curves at all amplitudes became essentially
stable after about 4,000 cycles.

Mechanistically, a higher dynamic stress amplitude im-
poses greater dynamic shear, repeatedly weakening inter-
facial bonds. The ensuing stiffness degradation and pore-
structure reorganization reduce the soil’s load-bearing and
recovery capacity over subsequent cycles, thereby accel-
erating plastic strain accumulation. Hence, in-creasing
amplitude amplifies the plastic strain demand a key reason
that high-amplitude loading should be carefully controlled.

3.1.2. Effect of Nanoclay Content

Fig. 6 shows the relationship between nanoclay content
and ¢, at various dynamic stress amplitudes. The final
¢p increased monotonically with amplitude, while the
datasets at each amplitude were clearly stratified by nan-
oclay content: the 0% group remained the highest through-
out, whereas 0.5% produced the lowest ¢,. Relative to
the cement-stabilized control without nanoclay, the final
¢p was reduced by approximately 20 — 40% at 0.25% nan-
oclay, 35 — 50% at 0.5%, 10 — 25% at 0.75%, and 15 — 30%
at 1.0%. At lower amplitudes the intergroup differences
were modest, but the gaps widened with increasing am-
plitude; across all amplitudes, specimens with nanoclay
exhibited lower ¢, than the unamended control, with 0.5%
emerging as the optimal content. When the nanoclay con-
tent exceeded 0.75 — 1.0%, the incremental reduction in
€p became marginal, indicating diminishing returns likely
associated with particle agglomeration and less effective
dispersion.

The above results indicate that adding nanoclay effec-
tively suppresses cumulative plastic deformation. Mech-
anistically, owing to its small particle size and high spe-
cific surface area, nanoclay fills micropores within the
soil skeleton, regulates interfacial water films and pore-
water distribution, maintains a favorable local hydration
environment, and promotes the nucleation and growth of
C — (A) — S — H. These processes densify particle-binder
interfaces and enhance structural continuity. By contrast,
excessive nanoclay tends to agglomerate, increasing the
effective particle size, reducing available surface area, and
weakening interparticle interfaces. Overdosage also com-

petes for free water, impeding cement hydration and di-
minishing effective interparticle contact, which ultimately
increases cumulative plastic strain.

3.2. Analysis of Dynamic Elastic Modulus

The dynamic elastic modulus ( Eq ) is defined as the ratio of
dynamic stress to the recoverable component of dynamic
strain, describing the elastic response of soil under dy-
namic loading [26]. The corresponding definition is given
in Eq. (2). During the loading stage of each dynamic triaxial
test, a stress-strain hysteresis loop was generated in every
cycle. For a given cycle, the E4 was taken as the secant
slope of the line connecting the two peak points on the
loop, i.e.

Ed _ 0d,max — 7d,min (2)
€d,max — €d,min

In this formulation, 04 max , 0d, min aNd €4, max  €d, min
denote the maximum and minimum dynamic stresses and
strains within a given loading cycle. In this study, 4 and
£4, were extracted using a stratified sampling schedule: for
N < 10, one hysteresis loop was sampled every cycle; for
10 < N £ 100, one loop every 10 cycles; for 100 < N <
1000, one loop every 100 cycles; and for N = 1000, every

1000 cycles, where N is the cumulative number of cycles.

3.2.1. Effect of Dynamic Stress Amplitude

Fig. 7 presents the relationships between dynamic elastic
modulus and dynamic strain at different dynamic stress
amplitudes.As o4 increases, the dynamic elastic modulus
exhibits an overall downward trend. For a given number
of cycles, the E4 decreases progressively with increasing
04, and the reduction is more pronounced at higher am-
plitudes. Using 04 = 50kPa as the baseline, increasing
o4 to 100, 150, and 200 kPa reduced Ey by approximately
3.9 —12.8%,7.4 — 15.9%, and 10.9 — 25.6%, respectively.
This sustained loss of dynamic stiffness with amplitude
indicates stronger nonlinearity and cumulative damage at
higher stress levels.

With respect to the magnitude of dynamic strain, the
evolution of E4 can be divided into three regimes. At small
dynamic strains, the response is essentially elastic and Egq
remains nearly constant. As dynamic strain increases, Eq
declines rapidly toward a threshold dynamic strain, plastic
strain begins to accumulate, and the soil transitions from
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Fig. 5. Cumulative plastic strain versus number of loading cycles under different dynamic stress amplitudes.
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an elastic to an elasto-plastic state. With further increase in
dynamic strain, the rate of reduction in E4 diminishes and
the curve gradually flattens, indicating that the recoverable
component becomes minor and the response is dominated
by plastic deformation.

3.2.2. Effect of Nanoclay Content

Fig. 8 shows the relationship between nanoclay content

and dynamic elastic modulus. Incorporating nanoclay

markedly increased the modulus relative to the cement-
stabilized control without nanoclay: about 35 — 40% at
0.25%,75 — 82% at 0.5%, 10 — 24% at 0.75%, and 10 — 14%
at 1.0%. The content effect exhibits a rise-then-decline pat-
tern: although the peak modulus continues to increase with
added nanoclay, the incremental gain diminishes beyond
approximately 0.5 — 0.75%. Overall, 0.5% is identified as
the optimal content under the present test conditions.

Mechanistically, an appropriate amount of nanoclay fills
micropores, regulates interfacial water films, and promotes
the formation of C — (A) — S — H, thereby making the soil
skeleton more continuous and stiffer. By contrast, excessive
nanoclay tends to agglomerate and sequester water needed
for cement hydration, generating locally weakly cemented
regions and macrovoids, which in turn lowers the dynamic
elastic modulus.

3.3. SEM Analysis

To elucidate the microstructure of nanoclay-modified soils
at different contents, scan-ning electron microscopy was
performed, with natural soil and cement-stabilized soil
serving as controls. Fig. 9 presents SEM micrographs of
cement-stabilized silty clay at varying nanoclay contents.
Fig. 9(a) shows SEM images of the natural soil at 1000x
and 500x magnifica-tion. The fabric was dominated by
loosely packed, plate-like particles with predomi-nantly
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point contacts and a highly connected pore network. Lo-
cal lamellar exfoliation and weak interparticle interfaces
were evident. Overall, the skeleton exhibited a loose and
porous character, lacking a continuous cemented matrix,
and was therefore prone to structural reorganization and
pore collapse under dynamic loading.

Fig. 9(b) shows SEM micrographs of the cement-
stabilized soil at 500x and 2000x magnification. Com-

pared with the natural soil, hydration products (C —S —H
) partially enveloped soil grains and formed interparti-
cle bridges, the interfacial transition zone became rela-
tively dense, and pore connectivity decreased markedly.
At higher magnification, pore walls appeared more contin-
uous, with lamellae/floccules "stitched" by the gel phase,
indicating that hydration established load-transfer paths
across parti-cles. Nonetheless, the gel network remained lo-
cally discontinuous, and some pores were relatively large,
suggesting incomplete and nonuniform coverage of the
particle surfaces.

Fig. 9(c) presents SEM micrographs of the nanoclay-
modified cement-stabilized soil at 500 x and 2000 x magnifi-
cation. Following nanoclay incorporation, a denser cemen-
titious matrix was observed: C — S — H was more continu-
ously distributed on particle surfaces and within pores, the
interfacial transition zone became clearer with a more uni-
form thickness, and pore connectivity was further reduced.
At 2000 %, interparticle voids were effectively infilled by
cementitious products, agglomeration appeared controlled,
and few indications of microcracking were present.

SEM observations indicated that the natural soil was
characterized by loose flocculated packing and highly con-
nected pores. With cement addition, hydration products
(C-5-H) formed interparticle bridges, the interfacial transi-
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tion zone densified, and pore connectivity decreased. Incor-
porating 0.5% nanoclay further increased the coverage and
continuity of the gel phase, refined the pore structure, and
improved the uniformity of the interfacial transition zone.
Taken together, nanoclay-modified cement-stabilized soil
generated a greater amount of more continuous C — S — H,
enhancing the integrity of the microstructural framework
and the continuity of load-transfer paths. This microstruc-
tural evidence underpins the observed reduction in cu-
mulative plastic strain, the increase in dynamic elastic
modulus, and the improvement in dynamic stability at
the macroscale.

3.4. XRD Analysis

To elucidate the role of nanoclay in cement-stabilized soil,
X-ray diffraction was per-formed on the natural soil, the
cement-stabilized soil, and the nanoclay-modified soil for
qualitative phase identification and comparison of crystal-
structure evolution; the results are shown in Fig. 10.

In the natural soil, the dominant diffraction peaks cor-
responded to quartz, yield-ing a typical siliceous-soil pat-
tern. This indicates a mineral assemblage composed chiefly
of stable aluminosilicate minerals; no hydration products
or other cementitious phases were detected, implying a
microstructure governed by physical packing with little
chemical cementation.

In the cement-stabilized specimen, in addition to quartz,
several crystalline phases produced by cement hydration
were clearly observed. Pronounced reflections of port-
landite (Ca(OH);) confirmed active hydration. Peaks at-
tributable to ettringite were also present, indicating early
formation of AFt phases that contribute to initial strength
development. In addition, calcite was identified, likely
formed by carbonation of portlandite through reaction
with atmospheric CO,. Notably, a broad amorphous hump
appeared in the mid-2 6 range, characteristic of calcium-
silicate-hydrate (C — S — H ) gel. As the principal binding
phase of cement hydration, the amount and spatial distri-
bution of C-S-H exert a decisive influence on the strength
and stability of the soil matrix.

In the nanoclay-modified specimen, the crystalline
phases were broadly consistent with those in the cement-
stabilized soil. A more pronounced amorphous hump to-
gether with clearer C — (A) — S — H features indicates that
nanoclay facilitates gel nucleation and structural devel-
opment and improves the reaction efficiency at paste-soil
interfaces. Peak intensities of crystalline hydrates (e.g.,
ettringite and portlandite) increased in the early stage, con-
sistent with accelerated hydration via adsorption and in-
terfacial activation; with curing, partial consumption of

portlandite by pozzolanic reactions further strengthens the
amorphous background. No additional reflections were
detected, implying that nanoclay acts mainly as a reaction
promoter and structural regulator rather than introducing
new crystalline phases.

XRD results indicate that the natural soil lacks intrin-
sic cementation, whereas cement stabilization effectively
introduces hydration products that build a load-bearing
skeleton and binding network. With the incorporation of
nanoclay, the crystalline phase assemblage remains essen-
tially unchanged; however, the amount of C — (A) —S—H
gel increases and the amorphous structure becomes more
coherent, reflecting enhanced interfacial reaction efficiency
between cement paste and soil particles and a denser ma-
trix. Collectively, these changes improve the material’s
resistance to deformation and its mechanical performance.

3.5. Mechanistic Interpretation

Integrating the microstructural observations and mecha-
nistic considerations. As shown in Fig. 11, a mechanistic
model for nanoclay-modified, cement-stabilized silty clay
is proposed. The model posits three coupled pathways
by which nanoclay enhances per-formance: promotion of
cement hydration, participation in pozzolanic reactions,
and a filler effect that refines the pore structure and reduces
pore connectivity.

Promotion of cement hydration: When nanoclay is incor-
porated into cement-stabilized silty clay, its primary effect
is to accelerate cement hydration, evidenced by increased
formation of calcium-silicate-hydrate (C — S — H ), port-
landite ( Ca(OH); ), ettringite (AFt) and other hydration
products. Representative reactions are:

2Ca3Si05 + 6H,O — 3Ca(OH), + 3Ca0 - 25i0; - 3H,0
2Ca,Si04 + 4H,0 — Ca(OH); + 3Ca0 - 25i0; - 3H,0
CayAlFeyOq9 + 3CaS042H,0 + 26H,0 —
Cag (Al Fey), (SOy)5 (OH)1226 - HO
CazAl,O + 3CaSOy - 2H,0 + 26H,0 —
CagAl, (S04); (OH)1, - 26H,0

Pozzolanic reaction: Owing to its high contents of reac-
tive alumina (Al,O3), nanoclay exhibits strong pozzolanic
activity and reacts with portlandite ( Ca(OH); ) released
during cement hydration. These secondary reactions gen-
erate additional C — S — Hand C — A — S — H gels, reduce
the fraction of brittle crystalline phases, refine and densify
the gel network, and thereby improve the compactness of
the soil matrix. Representative reactions are:

Al,O3 + 2Ca(OH); + 6H,0 — 2Ca0 - Al,O3 - 8H,O
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Fig. 9. SEM micrographs of natural soil, cement-stabilized soil and nanoclay-modified soil.
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Fig. 10. X-ray diffraction patterns of natural soil,
cement-stabilized soil and nanoclay-modified soil.

Filler effect: Due to its nanometric particle size and high
specific surface area, nanoclay effectively fills macrovoids
within the silty-clay skeleton, reducing initial porosity and
pore connectivity. This pore-structure refinement facilitates
tighter packing of fines during compaction and curing,
leading to a denser and more contin-uous matrix.

4. Conclusions

This study employed dynamic triaxial and microstructural
tests to investigate the dy-namic behavior and mechanisms
of nanoclay-modified, cement-stabilized silty clay. The

Soil Particles

Cement and Nanoclay Addition,

Nanoclay

Soil Pores

Hydration and

Pore Water Pozzolanic Reactions

Complete Infilling of Pore Space

Fig. 11. Mechanistic model for nanoclay—-modified
cement-stabilized silty clay.

main conclusions are:

1. The improved subgrade soil is highly sensitive to
dynamic stress amplitude. As the amplitude in-
creases, cumulative plastic strain increases monoton-
ically, whereas dy-namic elastic modulus decreases,
evidencing the damage effect of high-amplitude load-
ing.

2. Over the investigated range, varying the nanoclay
content markedly affects both the cumulative plastic
strain and the dynamic elastic modulus of the soil. An
addition of 0.5% yields the best overall performance:
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relative to the cement-stabilized control without nan-
oclay, cumulative plastic strain decreases by about
35 — 50%, while dynamic elastic modulus increases by
about 75 — 82%. When the content exceeds 0.75%, the
improvement diminishes.

3. Microstructural observations show that, compared
with natural soil, cement stabilization forms C-S-H gel
that fills pores and densifies particle interfaces; the in-
corporation of nanoclay further refines the pore struc-
ture, increases gel coverage and continuity, markedly
reduces connected pores, promotes additional C-(A)-S-
H formation, and optimizes the cementation network.

4. The enhancement arises from three coupled
mechanisms-promotion of hydration, pozzolanic
reaction, and a filler effect-which jointly densify
the soil skeleton and the interfacial transition zone,
thereby suppressing deformation under dynamic
loading and increasing dynamic stiffness and stability.

5. Despite the findings presented herein, several limita-
tions should be acknowledged. The experiments were
conducted under a constant confining pressure and a
single curing condition, and the effects of complex ser-
vice environments, such as wet—dry cycling, were not
considered. The selected confining pressure mainly
represents shal-low subgrade conditions, and the be-
havior under higher confining pressures requires fur-
ther investigation. In addition, this study focused on
cumulative plastic strain and dynamic elastic modulus,
while damping characteristics related to energy dissi-
pation were not analyzed. Future work will address
these aspects under more diverse service conditions.
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