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Abstract: The quality of the railway subgrade is directly related to the fill soil structure, which, in turn, is determined by the
local physical and chemical environment. A karst environment, with its frequent rainfall, promotes the dissolution of soluble
rocks and underground transportation of solutes, altering the soil structure and performance. To investigate these alterations, we
analyzed the properties of underground soil from highly developed karst areas. Fine breccia soil from karst regions was tested to
assess its macroscopic mechanical properties and microstructural features, for differing initial water contents and compaction
levels. Samples were subjected to simulated rainfall conditions through dry—wet cycles, and then underwent triaxial shear and
electron microscopy tests. From these data, a micro-to-macro correlation model and a normalization model were developed. The
findings suggest that the resistance of fine angular breccia soil to degradation during dry—wet cycles can be enhanced through
high-pressure compaction and by maintaining a moisture content close to 15.6%. Increasing the degree of compaction improves
the particle size distribution and the density of the soil skeleton. This is advantageous for minimizing soil particle erosion,
thereby ensuring the strong performance of railway subgrades in karst areas with frequent rainfall.
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1 Introduction of soluble rocks, the transportation and deposition of

underground substances, and other processes that alter

Effective utilization of land resources and sus-
tainable construction are paramount in railway engi-
neering. In particular, railway subgrade construction
aims to use locally sourced materials for excavation
and filling. The quality of railway subgrade engineer-
ing is directly related to the fill soil, which is deter-
mined by the local physical and chemical environment,
and is therefore region-specific (Xiao et al., 2007; Xu
et al., 2019; Sun et al., 2021; Ibrahim et al., 2022; Raja
et al., 2022; Wang SJ et al., 2022). Karst areas are
unique ecological settings featuring wide distributions
of underground soluble rocks, and complex interac-
tions between surface and groundwater environments.
A karst water environment promotes the dissolution
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soil structure and performance (Smirnova and Genna-
diev, 2011; Wang, 2014; Deng et al., 2020; Li et al.,
2021). Notably, these factors are present even after
filling and operation. After the underground soil in karst
areas is used for railway subgrade fill, the project will
still be subjected to a rainfall-intensive karst environ-
ment. Given the long-term influence of repeated rain-
fall infiltration and underground karst water seepage-
induced erosion on the performance of railway subgrade
soil, the effect of dry—wet cycles on the mechanical
and deformation characteristics of soil in karst areas
is of high practical significance (Mu et al., 2016;
Celauro et al., 2017; Lu et al., 2020; Geng et al., 2022).
However, as macroscopic performance is closely re-
lated to microstructural characteristics, the interpreta-
tion of macroscopic changes from a microscopic per-
spective can help us better understand the characteris-
tics of railway subgrade soil structures and the mechan-
ical properties of railway subgrade in karst areas (Jiang,
2019; Luo et al., 2022).
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The durability- and strength-related characteris-
tics of railway subgrade fill materials must be evalu-
ated to assess their usability. The inherent characteris-
tics of soils formed under different conditions and
their long-term performance in complex environments
are important factors affecting railway subgrade quality
(Zhou, 2012; Song et al., 2015; Han et al., 2016; Xu
et al., 2019; Feng and Lei, 2022; Khalid et al., 2022).
Consequently, the characteristics and long-term per-
formance of karst soil should be investigated so as to
improve its performance as railway subgrade fill.

The performance of railway subgrade fill and the
durability of filled railway subgrade have been inves-
tigated extensively in different areas. Scholars have
analyzed the macro-mechanical properties and micro-
scopic structures of varying types of railway subgrade
fill, including performance soils, blended soils, soils
from unique regions, and recycled fine-particle waste
materials. They have studied how the mechanical pro-
perties of various soils are affected by their chemical
and physical compositions, and proposed correspond-
ing mechanical models (Chen et al., 2019; Drobinina
etal., 2020; Li Z et al., 2022; Que et al., 2022).

Numerous researchers have examined the evolu-
tion of the mechanical properties of soil under dry—wet
cycles. For instance, Chao et al. (2023) studied the
consolidated undrained triaxial shear characteristics of
soil under the combined action of dry—wet cycles and
vertical confining pressure; they found that the first
dry—wet cycle had the largest impact on soil matric
suction, while the vertical confining pressure could limit
the impact of dry—wet cycles on the hydraulic proper-
ties of the soil. Other researchers have studied the shear
strength, compressive properties, water—soil properties,
participating strength, and tensile properties of sandy
kaolin, coarse-grained soil, Guangxi clay, coal-bearing
soil, and red clay under different dry—wet cycling con-
ditions. Overall, these studies indicated that the initial
dry—wet cycle typically has the greatest impact on soil
properties (albeit with a certain lag), and showcased
how corresponding damage constitutive equations could
be established for different soils (Goh et al., 2014;
Huang and Zheng, 2021; Wen et al., 2021; Li SY et al.,
2022; Zeng et al., 2022). Fang et al. (2021) studied
the effects of dry—wet cycles on the mechanical pro-
perties of expansive soil and discovered reductions in
cohesion and the internal friction angle. Also, the suc-
tion friction angle after dry—wet cycles varied under
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suction conditions at or below 200 kPa and tended to
stabilize after three cycles. In another study, Li et al.
(2017) investigated the effect of dry—wet cycles on
silty clay in highway railway subgrade and proposed
a mechanism for the resulting damage. Also, Yu et al.
(2019) studied the influence of dry—wet cycles on the
shear strength and slope stability of granite residual soil
and derived a corresponding safety factor for slope
stability. They found that the shear strength stabilized
after three to five cycles. Lu et al. (2020) combined the
results of laboratory experiments and numerical simu-
lations to model the long-term deformation of a railway
subgrade exposed to traffic loads and dry—wet cycles;
they divided the deformation into three stages with
corresponding models. The results showed that the am-
plitude of the dry—wet cycles had a greater impact on
railway subgrade deformation than confining pressure
variation, suggesting that the range of variation in rail-
way subgrade moisture content must be carefully con-
trolled in practice.

Another focus of research has been explaining
macroscopic mechanical phenomena from a micro-
structural perspective (Kong et al., 2022). As such, re-
searchers have found correlations between microstruc-
tural parameters and macroscopic indicators. By using
techniques such as triaxial testing, penetration testing,
nuclear magnetic resonance, and scanning electron mi-
croscopy (SEM), several mechanisms have been eluci-
dated (Lin and Cerato, 2015; Hong et al., 2020; Li and
Liu, 2020; Hu et al., 2021; Yuan et al., 2021; Wang L
et al., 2022).

Although some studies have dealt with special
railway subgrade fill, soil property evolution in re-
sponse to dry—wet cycles, and micro—macro soil me-
chanics, in-depth research on the mechanical proper-
ties and railway subgrade fill performance of in situ
soil in karst areas is lacking. Additionally, research on
the damage mechanisms and microscopic characteris-
tics of soil subjected to dry—wet cycles in karst areas
is scarce. Consequently, further investigation is needed
to reveal the relevant mechanisms and provide guidance
for railway subgrade filling projects in karst areas.

To address this research gap, we investigated the
mechanical properties, microstructural characteristics,
correlations between micro and macro characteristics,
and damage characteristics of in situ railway subgrade
fill in karst areas experiencing long-term dry—wet
cycles. The subject of our analysis was underground
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soil from mature karst areas. We conducted triaxial
shear testing of soil samples with different moisture
contents that were subjected to zero, two, four, and
six dry—wet cycles, with each cycle involving 12 h of
drying and 12 h of vacuum saturation. Experiments
were conducted to obtain the failure strengths, elastic
moduli, shear parameters, particle size distributions,
and void particle ratios of soil samples under different
conditions. We also propose a novel damage model for
underground soil in karst areas subjected to dry—wet
cycles. The results of the unconsolidated and undrained
triaxial tests were used to analyze the macroscopic
mechanical characteristics of the soil. SEM imaging
and graphical feature extraction and quantification were
conducted to examine the microscopic characteristics
of karst soil under different conditions and provide
suggestions for engineering practice.

2 Methodology
2.1 Materials

The soil used in this study is a natural fine breccia
soil collected in Xinyu City of Jiangxi Province, China
(a karst area), used as a fill for nearby railway sub-
grade projects. The soil collection area receives a large
amount of rainfall and can be classified as a highly de-
veloped karst area, featuring soluble rocks and under-
ground rivers, and characterized by frequent soil cave

collapses. Soil was excavated from a depth of 1.5 m
in developed karst areas and transported to the labora-
tory. The particle size distribution was determined
using a screening method, and the soil was character-
ized in terms of its liquid and plastic limits, compac-
tion, and chemical composition. The soil sampling and
treatment processes are illustrated in Fig. 1, and the
particle size distribution is provided in Table 1. Just
0.39% of the soil passed through the 0.075 mm sieve,
and the proportion of particles with sizes of 2-5 mm
(i.e. gravel) exceeded 50%. The non-uniformity coef-
ficient exceeded 5, and the curvature coefficient ranged
from 1 to 3. Thus, the collected soil was identified as
a well-graded fine breccia soil with a particle compo-
sition of silty clay. The soil’s bulk density (1.69 g/cm’)
was measured by drying and weighing, with a specific
gravity and porosity of 2.52 and 32%, respectively.
After drying, crushing, and passing the soil through a
0.5 mm sieve, the fine-grained components were de-
termined using a combined liquid—plastic limit tester,
with the plastic and liquid limits being 15.1% and
29.3%, respectively.

We prepared five soil samples with moisture con-
tents of +2% and +4%, taking the measured plastic
limit of the soil as the median. Compaction tests were
performed on these samples to construct a compaction
curve (Fig. 2). The optimal moisture content and max-
imum dry density of the 1.5-m-layer soil were deter-
mined to be 15.6% and 1.85 g/cm’, respectively. The

Transport to laboratory Drying
O — ® ) ® — ()
@) < @ < @) < () D

Liquid—plastic limit test

T -

Grading Rolling

Fig. 1 Soil collection and basic property analysis



chemical composition was determined using the X-ray
fluorescence spectroscopy (Fig. 3).

Table 1 Soil particle size distribution (percentage of particles
smaller than a certain size)

Particle size (mm) Content (%)
10 99.78
73.90
2 30.98
1 15.79
0.5 7.60
0.25 3.84
0.1 0.82
0.075 0.39
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Fig. 2 Compaction curve of the soil
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Fig. 3 Main chemical components of the soil (LOI: loss on
ignition)

2.2 Test methods

Dry—wet cycles have a long-term impact on the
internal structure and mechanical properties of soil.
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Two basic variables, the confining pressure and the
number of dry—wet cycles, as well as two selective
variables, the initial moisture content and compaction
degree, were used to conduct undrained and unconsol-
idated triaxial shear tests (UU). A single-variable par-
allel comparison test was employed using on-site and
railway subgrade engineering characteristics. Repre-
sentative samples were selected for microstructural
analysis with SEM imaging. Confining pressures of
150, 250, and 350 kPa were applied, considering the
typical stress state of the railway subgrade and the
range of commonly used confining pressures. Prior re-
search suggests that the internal structure and defor-
mation characteristics of soil reach a stable state after
approximately five dry—wet cycles (Liu, 2015). Tests
were therefore conducted after zero, two, four, and six
dry—wet cycles. Moisture content measurement aimed
to determine the optimal moisture content within 2%
(£2%). The degree of compaction was based on the
standard requirement that the degree of compaction of
railway subgrade fill in China should be at least 90%.
Considering the requirements for increased compac-
tion in heavy-duty areas, compaction degrees of 93%,
95%, and 97% were selected. The experimental design
is illustrated in Fig. 4.

Triaxial testing was performed using an auto-
mated apparatus (TSZ-1). The soil was crushed, dried,
and passed through a 0.5 mm sieve. Water was added
according to the initial moisture content requirements,
and the samples were cured for 24 h. In accordance
with the test specifications, each soil sample was placed
and compacted in a cylindrical mold, producing a test
specimen with dimensions of ®39.1 mmx=80.0 mm.

For the dry—wet cycles, the soil sample was placed
in a three-petal mold saturator, placed in a vacuum,
saturated in a saturation pot, and left to stand for 24 h
to ensure sufficient saturation. The saturated sample
was then held at room temperature (approximately
25 °C) for 24 h for natural air drying. The sample was
placed in a closed box at night to simulate the higher
evaporation rate during daytime. The sample was taken
out of the box in the morning and air-dried at room
temperature to complete one dry—wet cycle. The above
process was repeated for the desired number of cycles.
The sample preparation and testing procedures are
illustrated in Fig. 5.

For SEM analysis, each sample was broken apart
and transferred to a small cube with a side length of
5 mm. The cubic test block was placed into an aluminum
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Fig. 5 Sample formation for triaxial shear tests after dry—wet cycles

box and oven-dried for 48 h to ensure the complete
evaporation of moisture from the pore space. The sample
surface was blow-dried and vacuum-sprayed with gold,
and then imaged using an E5200 SEM. The Image Pro
Plus 6.0 (IPP.V6) was used to adjust the color render-
ing of the target object based on imaging results. Color
separation selection tools were used to select the target
object, and data collectors and measurement tools were
used to extract quantitative information for the selected
area. The experimental and data extraction processes
are illustrated in Fig. 6.

3 Results and discussion

3.1 Effects of dry—wet cycles on soil mechanical
properties

3.1.1 Stress—strain relationship

Fig. 7 shows the deviatoric stress—strain curves
obtained for different samples. For a constant compac-
tion degree (Figs. 7a—7c) or initial moisture content
(Figs. 7f=7h), the soil samples exhibited stress harden-
ing, with the peak stress increasing with increasing
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Fig. 6 Illustration of the SEM work and related data extraction procedures

confining pressure. For example, at confining pressures
of 150, 250, and 350 kPa, the samples with an initial
moisture content of 15.6% (Figs. 7f~7h) and zero dry—
wet cycle exhibited peak stresses of 433.90, 544.04
(+25%), and 798.15 (+47%) kPa, respectively. At a con-
stant confining pressure (Figs. 7b, 7d, and 7e) or com-
paction degree (Figs. 7a—7c), the peak stress generally
decreased as the number of dry—wet cycles increased.

At a constant confining pressure of 250 kPa
(Figs. 7b, 7d, and 7e), the peak stress typically increased
with increasing compaction degree. For example, after
two dry—wet cycles, the peak stresses of the samples
with compaction degrees of 93%, 95%, and 97% were
439.9, 580.8, and 753.1 kPa, respectively. At 97% com-
paction (Fig. 7e), samples with different numbers of
dry—wet cycles exhibited similar trends, and the curves
became more similar. In other words, increasing the
compaction degree reduced the detrimental impact of
dry—wet cycles on soil performance.

At a given compaction degree, the peak stress
decreased as the initial moisture content increased
(Figs. 7g, 71, and 7j). For example, at zero dry—wet
cycle and confining pressure of 250 kPa, the peak
stresses were 769.80, 544.04 (-29%), and 326.32
(-40%) kPa for initial moisture contents of 13.6%,
15.6%, and 17.6%, respectively. In addition, the spacing
between the curves of samples with initial moisture
content of 13.6% after different numbers of dry—wet

cycles was smaller than that of samples with initial
moisture content of 15.6% or 17.6%; this suggests that
the sample with a slightly lower initial moisture content
than the optimal value was more resistant to cycling-
induced degradation under the same conditions.

3.1.2 Failure strength

The failure strength of engineering soil that ex-
hibits stress hardening is typically considered to be
equal to the deviatoric stress at a strain of 15%. As
shown in Fig. 8a, at 15.6% initial moisture, the failure
strength increased with increasing compaction degree,
although the difference between the 95% and 97%
samples was generally smaller than that between the
93% and 95% samples. At a constant confining pre-
ssure, the failure strength increased with the increas-
ing compaction degree (Fig. 8a) and decreased with
the increasing number of dry—wet cycles (Fig. 8b).
The decrease with the number of dry—wet cycles was
relatively small at 97% compaction degree compared
to that at 93% or 95% compaction degree, which indi-
cates that a higher compaction degree provides better
resistance to dry—wet cycle-induced degradation.

Figs. 8c and 8d show that increasing the initial
moisture content gradually decreased the failure strength
at a constant compaction degree. Within six dry—wet
cycles, the failure strength decreased and the decline
stabilized for medium and low confining pressures, but
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Fig. 7 Stress—strain curves during triaxial shear testing of different samples with different parameters: (a—c) confining
pressures of 150 (a), 250 (b), and 350 (c) kPa at a constant compaction degree (95%); (d, e) compaction degrees of 93%
(d) and 97% (e) at a constant confining pressure (250 kPa); (f—h) confining pressures of 150 (f), 250 (g), and 350 (h) kPa
at a constant initial moisture content (15.6%); (i, j) initial moisture contents of 13.6% (i) and 17.6% (j) at a constant
confining pressure (250 kPa). Each plot shows curves for samples after zero, two, four, and six dry—wet cycles

the decline continued to increase for a high confining
pressure. The failure strength at different initial mois-
ture contents decreased and finally stabilized with
the increasing number of dry—wet cycles. Samples
with initial moisture contents of 13.6%, 15.6%, and
17.6% and dry—wet cycle counts of zero (six) had
failure strengths of 769.80 (718.65), 544.03 (475.48),
and 326.32 (187.88) kPa, respectively. Thus, after six
dry—wet cycles, the failure strength decreased by 6.6%,

12.6%, and 42.4%, respectively; that is, the magnitude
of the decrease became larger with increasing moisture
content.

3.1.3 Shear strength parameters

The main indicators of soil shear strength, which
are the cohesion (C) and internal friction angle (¢),
were determined by analyzing the triaxial test data with
Mohr’s circle method. Fig. 9 shows that the cohesion
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Fig. 9 Effects of (a) compaction degree and number of dry—wet cycles and (b) moisture content and number of dry—wet

cycles on shear strength

and internal friction angle decreased with the increas-
ing number of dry—wet cycles, and stabilized at differ-
ent compaction degrees and initial moisture contents.
The overall decrease in ¢ was negatively correlated

with the compaction degree. The ¢ values of samples
compacted at low pressures initially increased but de-
creased over the long term, possibly because water
drove the movement of internal soil particles during



982 | J Zhejiang Univ-Sci A (Appl Phys & Eng) 2024 25(12):974-990

dry—wet cycles. The connections between particles
shifted from relatively-ordered to disordered, and then
rearranged along the water transport channels. This
caused a slight increase in ¢ followed by a decrease
over time. For example, at 93% compaction degree,
after decreased by 17.1%, the ¢ value increased by
2.9% after four dry—wet cycles, and then decreased
by 6.5% after six dry—wet cycles. This trend was less
likely to occur at a high compaction degree.

Fig. 9b shows how, at an unideal initial moisture
content, the cohesion occasionally increased with the
number of dry—wet cycles but overall showed a de-
creasing trend. When the initial moisture content was
close to or greater than the optimal value, the cohesion
decreased with increasing dry—wet cycles. This may
be due to how the soil evolves toward the liquid-limit
state at moisture contents greater than the optimal value,
and the fact that dry—wet cycle increases the pore space
occupied by free water, thus reducing the cohesion. At
different moisture contents, the overall ¢ value of the

(a) 150 kPa: —a— 0 dry—wet cycle
250 kPa: — @- - 0 dry-wet cycle

- & -6 dry—wet cycles
--0- 6 dry—wet cycles
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o
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soil decreased. At a constant number of dry—wet cycles,
@ decreased steadily with increasing moisture content.

3.1.4 Elastic modulus

The elastic modulus can be determined either by
fitting the tangent modulus to the elastic straight-line
segment of the deviatoric stress—strain curve, or by ex-
tracting the ratio of deviatoric stress to the strain incre-
ment at 1.5% strain. In this study, we used the latter
method. Figs. 10a and 10b show that, for a constant
confining pressure and initial moisture content, the
elastic modulus increased with increasing compaction
degree. The increase of the elastic modulus between
95% and 97% compaction degrees was generally greater
than that between 93% and 95% compaction degrees.
Moreover, the elastic modulus decreased slightly as
the number of dry—wet cycles increased.

Figs. 10c and 10d show that, for a constant compac-
tion degree and confining pressure, the elastic modulus
decreased as the initial moisture content increased. The
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Fig. 10 Effects of (a) compaction degree and confining pressure, (b) compaction degree and number of dry—wet cycles,
(c) initial moisture content and confining pressure, and (d) initial moisture content and number of dry—wet cycles on

elastic modulus



reduced proportion of the elastic modulus between
13.6% and 17.6% moisture contents at 350 kPa con-
fining pressure was lower than those under other con-
ditions. This might be because the magnitude of the
decrease in elastic modulus caused by a slight in-
crease in moisture content is reduced with increasing
confining pressure. At 150 kPa confining pressure
and zero dry—wet cycle, the elastic moduli at initial
moisture contents of 13.6%, 15.6%, and 17.6% were
31.21, 24.65 (-21%), and 15.33 (-38%) MPa, respec-
tively. At 150 kPa confining pressure, six dry—wet
cycles, and initial moisture contents of 13.6%, 15.6%,
and 17.6%, the elastic moduli were 30.57, 12.61, and
9.84 MPa, respectively. Compared to those observed
at the same moisture content and zero dry—wet cycle,
these values were 2.06%, 48.84%, and 35.83% lower,
respectively.

3.2 Effects of number of dry-wet cycles on soil
microstructure

Fig. 11 shows variable-magnification SEM images
of the soil samples. Figs. 11a—11d demonstrate that,

(2) AL 000~ 0 dry-wet cycle |
e . "l
‘ T A
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after zero to two dry—wet cycles at a constant initial
moisture content and compaction degree, many fine
particles have adhered to the sample surface in large-
particle-size clusters or are embedded in the pores. With
the increasing number of dry—wet cycles, the number
of fine particles decreased, while the pores and voids
became larger and deeper, exposing the rounded bound-
aries of the larger particles. Figs. 11e—11g suggest that,
at a constant compaction degree and zero dry—wet
cycle, the sample with 13.6% initial moisture content
had more plate-like and coarse angular particles than
the higher-moisture content samples. The boundary
angles were clear and uneven, and cracks with larger
angles were observed between the particles. This could
be the reason for the larger ¢ values. As the initial
moisture content was increased further, the angular
boundaries of the coarse particles softened, and some
boundaries changed from an angular to a honeycomb
shape, with smaller and more rounded cracks and pores,
resulting in a more uniform shape.

Figs. 11h—11j show that, for a constant initial
moisture content and zero dry—wet cycle, the pores

. s
1000x%, 6 dry—wet cycles

T3

y [Tk o
- -,?

x

3000%, 95%

{

% )

Fig. 11 SEM images of different soil samples: (a—d) effects of number of dry—wet cycles (zero, two, four, and six,
respectively; 1000x magnification); (e—f) effects of initial moisture content (13.6%, 15.6%, and 17.6%, respectively;
2000x magnification); (h—j) effects of compaction degree (93%, 95%, and 97%., respectively; 3000x magnification)
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and cracks observed in the samples with smaller com-
paction degrees were deeper; moreover, larger particle
size clusters and stepped skeleton connection structures
were observed. As the compaction degree increased,
the particle morphology changed from smooth to flat,
with more plate- and sheet-like particles, and fewer
(but clearer) cracks. When the compaction degree in-
creased to 97%, the number of small particles attached
to soil aggregates decreased, and these particles became
more embedded in the cracks; that is, the number of
pores and holes decreased. The undulation between
the large skeleton particles was gentle, with no stepped
structure observed.

Figs. 12 and 13 show the results of SEM image
processing using the IPP.V6. The proportion of internal
pores increased substantially after the first two cycles
and then stabilized. At zero dry—wet cycle, the propor-
tion of particles within each particle size range was
relatively balanced, with finer particles (and fewer
coarse particles) being observed. With an increasing
number of dry—wet cycles, the proportion of fine par-
ticles decreased, and the proportion of coarse particles
increased. The pore—particle ratio diagrams of samples
with different initial moisture contents indicate that
the lowest porosity and highest density were obtained

at 15.6% initial moisture content; this is due to the pro-
ximity of this initial moisture content to the optimal
value. However, samples with 13.6% and 17.6% initial
moisture contents had higher pore ratios. At a low initial
moisture content, the particle sizes were concentrated
at 5-10 um, while the proportion of other sizes was
much lower, with the size distribution being relatively
uneven. At medium and high initial moisture contents,
fine particles dominated, with larger particles being less
abundant than at a low initial moisture content. This
may be related to the increased free water content in-
side large particles at high initial moisture contents,
which promotes disintegration into smaller particles.
The pore—particle ratio decreased with increasing
compaction degree, which improved the overall stress
experienced by the samples with high compaction de-
grees. At low compaction degrees, the overall content
of large particles was relatively high, and the skeleton
was relatively loose. At 95% compaction degree, the
content of large particles decreased, the content of me-
dium (10-15 pum) particles decreased to zero, and the
content of small (5-10 pm) particles increased sub-
stantially. This may be due to the fragmentation of the
loose large particles during compaction, which would
increase the content of small particles. With a further
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Fig. 12 Effects of (a) number of dry—wet cycles, (b) initial moisture content, and (c) compaction degree on the pore—

particle ratio

(@) 07 (b) 07

C_Jo5um RN 10-15um [ Josum NN 10-15pm [ 0-5um Y 1015 ym
06} 7 5-10 im B 15-20 um 06} 5-10pum B 15-20 um 06} 5-10 ym 15-20 pm
[ 1>20pm [ 1>20pm
0.5¢ 051 0.5
s s s
£ 041 £ 04+ £ 04
g 2 g
© 0.3 ©03r 003
o o o
0.2} - 0.2} 02
01} I | 01} 0.1 8 i %
0.0 / 1.8 0.0 0.0 NS 2. B3 72N\l
0 2 4 6 93 95 97

Number of dry—wet cycles

Initial moisture content (%)

(c) o7

Compaction degree (%)

Fig. 13 Effects of (a) number of dry—wet cycles, (b) initial moisture content, and (c) compaction degree on the proportion

of particles in different size ranges



increase in compaction degree, the content of small
particles decreased; furthermore, medium particles re-
appeared, which resulted in a more uniform distribu-
tion of particle size.

3.3 Correlation between macroscopic and microscopic
properties of soil, and normalized expression of stress
characteristics under dry—wet cycles

3.3.1 Correlation between macroscopic and microscopic
properties of soil

Table 2 summarizes the results of the triaxial shear
tests and SEM imaging for different sample classes.
When the initial moisture content and the number of
dry—wet cycles remained unchanged, increasing the
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compaction degree increased the peak value of the
stress—strain curve; that is, the mechanical performance
was enhanced. With increasing compaction degree, the
degree of embedding, particle size distribution balance,
and large particle skeleton density improved to varying
degrees. Therefore, the stress performance and index
parameters became more conducive to subgrade sta-
bility, and more resistant to dry—wet cycle-induced
degradation. Thus, given an appropriate compaction
degree, we can expect an improvement in railway sub-
grade performance despite frequent rainfall conditions.
With increasing moisture content, the angular bound-
aries of the soil particles gradually blurred and became
more ellipsoidal/spherical. Moreover, the angle between
the particles was negatively correlated with the skeleton

Table 2 Summary of soil properties and structural characteristics under different working conditions

' i i i . Elasti

Variable Value Microscopic Stress peak Failure Cohesion ® astie
feature strength modulus

Compaction degree 93% Small Small Small Small Small
95% Medium Medium Medium Medium Medium

97% Large Large Large Large Large

Initial moisture content 13.6% Large Large Large Large Large
15.6% Medium Medium Medium Medium Medium

17.6% Small Small Small Small Small

Number of dry—wet cycles 0 Large Large Large Large Large
2 g Medium Medium Medium Medium Medium

el
4 Small Small Small Small Small
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embedding degree, and positively correlated with the
stacking degree of the contact skeleton. The proportion
of small and medium particles also increased, with some
large skeleton particles disintegrating into smaller par-
ticles, thereby causing mechanical property deterioration.

In summary, when selecting fine breccia soil for
foundation treatment, soil with a higher compaction
degree and slightly lower initial moisture content should
be selected for use as fill. Frequent rainfall in the area
is more conducive to durability and stability, and greater
cohesion and ¢ enable resistance to the loss of soil
particles to hidden caves and karst channels under the
action of seepage.

3.3.2 Normalization characteristics of soil under
dry—wet cycles

Different methods have been proposed for nor-
malizing the mechanical properties of soil. Among
them, Konder’s normalization method (Duncan and
Chang, 1970), which is based on hyperbolic equations
and normalization factors, fits the results of static
triaxial tests and yields reasonable normalization con-
ditions. The related expressions are as follows:

o,—0,=¢,/0,, (1)
e /(0,—0;)=ae,+b, 2)

where a is the reciprocal of the ultimate deviator stress
(0,~0,), for a given confining pressure, ¢, is the axial
strain, and b is the reciprocal of the initial tangent
modulus E,. Eq. (2) shows that the linear relationship
between the ratio of axial strain to the deviator stress
and the axial strain has a slope of @ and a longitu-
dinal intercept of b. At different confining pressures
(o,), the a and b normalization results for the same soil
sample differ. To obtain the stress—strain normalization

o Moisture content=15.6%, 0 time cycle

o Moisture content=15.6%, 2 time cycles
(a) 2 Moisture content=15.6%, 4 time cycles ( )

o Moisture content=15.6%, 0 time cycle
o Moisture content=15.6%, 2 time cycles
4 Moisture content=15.6%, 4 time cycles

relationship at different confining pressures, one can
multiply both sides of Eq. (2) by a normalization factor 4:

Ae,/(o,—0;)=Aae, + Ab. 3)
Further,
M=Aa, N=Ab, 4)

where M and N are constants, indicating that the nor-
malization condition is essentially a positive propor-
tional relationship between the normalization factor 4,
ultimate deviator stress (o,—0,),, and initial tangent
modulus . The commonly-used normalization factors
and their conditions are listed in Table 3.

Table 3 Statistical analysis parameters of the fitting results

Normalization factor Normalization condition

o, (0,-0,),, E<o,
o, (0,-0,), E<a,
(0,-03), (0,-03),%E,
()" (0,-0,),, E(0y)"

o, is the average principal stress

Table 3 suggests that few limiting conditions exist
when the ultimate deviator stress is used as a normal-
ization factor. Therefore, we decided to use the ultimate
deviator stress as a normalization factor; accordingly,
we fit the stress—strain curves of a 1.5-m-buried soil
sample with a compaction degree of 95% and initial
moisture content of 15.6%, at confining pressures of
150, 250, and 350 kPa. Eq. (2) was applied to fit the
stress—strain curves in Figs. 7a—7c. Data points near the
starting point of the curve were removed during the
loading process. The results are shown in Fig. 14, and
the fitting parameters are summarized in Table 4.

o Moisture content=15.6%, O time cycle

o Moisture content=15.6%, 2 time cycles
(C) 2 Moisture content=15.6%, 4 time cycles
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Fig. 14 Relationship between ¢ /(c,~0,) and ¢, with different numbers of dry—wet cycles at confining pressures of 150 kPa (a),

250 kPa (b), and 350 kPa (c)



Table 4 Relationship-fitting parameters of ¢ /(6,~0,) and ¢,

b (0-1_0-3)u

0;

(cbay CYeleNo. (XCIIOB) (<109 (kbay EMPD) R

150 0 225 0.88 44444 11397 0.9998
150 2 262 149 381.68 67.33 0.9998
150 4 301 177 33223 56.56 0.9996
150 6 344 267 29070 3746 0.9991
250 0 176 072 568.18 139.20 0.9991
250 2 158 1.89 63291  52.85 0.9849
250 4 189 099 529.10 100.56 0.9995
250 6 193 272 51813 3670 0.9934
350 0 122 0.64 819.67 15546 0.9993
350 2 131 091 76336 109.33 0.9999
350 4 1.55 076 64516 13171 0.9975

When (0,-0,), is zero, E, is also zero. Linear fit-
ting was performed on the data of (¢,-0,), and E; at
different confining pressures and dry—wet cycle num-
bers, with the initial value of the fitting curve being
(0, 0). The obtained fit is shown in Fig. 15, and the fit-
ting expression is given in Eq. (5). The coefficient of
determination (R’) for this curve is 0.88. Linear fitting
was performed for the relationship between the ulti-
mate deviator stress and the confining pressure at zero
dry—wet cycle. The results are shown in Fig. 16 and
Eq. (6) (R*=0.97).

(¢,-0,),=0.00552E,, 5)
(0,-04 )= 1.880, + 141.73, (©6)

where (0,~0,), represents the ultimate deviator stress
after the ith dry—wet cycle. The residual strength ratio
after the ith dry—wet cycle is defined as Q=(o,-0,),/
(0,~0,),, and reflects the ability of the soil to resist
degradation by dry—wet cycles. The larger the value of
0, the better the soil can resist the degradation effect
of dry—wet cycles and the better suited it is to use in
areas with high rainfall. When (¢,-a,),, is used as
the fitting normalization factor, the fitting expression
becomes

e (0,=0;),/(0,~0y)=(0,~0;)ae,+(c,—0;),b. (7)

Based on the residual strength ratio and Egs. (5)
and (6), the relationship between the stress character-
istics of fine breccia soil in karst areas under dry—wet
cycles can be expressed as follows:
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0,-05=0,¢,(1.880;+ 141.73)/(0.00552 +¢,). (8)
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Fig. 16 Relationship between (¢,-0,),, and o,

4 Conclusions

Triaxial shear tests and SEM were used to study
the mechanical properties and microscopic character-
istics of fine breccia soil from karst areas. These tests
facilitated analysis of the mechanical properties, mi-
crostructures, micro-to-macro correlations, and damage
models of in situ railway subgrade fill experiencing
prolonged dry—wet cycles in karst areas.

The deformation behavior of the fine breccia soil
in karst terrains exhibited a stress-hardening trend. The
peak stress in the soil was directly correlated to the de-
gree of compaction and confining pressure, and inversely
correlated to the moisture content and number of dry—wet
cycles. Soil that underwent high-pressure compaction
and maintained a slightly lower initial moisture content
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than the optimal value showed greater resistance to
degradation from dry—wet cycles.

For soil samples that underwent high-pressure com-
paction, the failure strength, shear strength, and elastic
modulus remained relatively unaffected by the dry—wet
cycles. However, the values of these properties de-
creased when the water content was high, and even
more so when confining pressures were high.

An increased degree of compaction improved the
particle size distribution and skeleton density of the soil,
enhancing the mechanical properties and performance
indicators. Thus, greater soil compaction should make
the railway subgrade more resistant to the erosive im-
pact of dry—wet cycles, ensuring better stability, espe-
cially under frequent rainfall. Conversely, a rise in
moisture content blurred the angular demarcations of
soil particles. Increased angularity between particles led
to a decline in the structural integrity of the embedded
skeleton, causing larger skeletal particles to disintegrate
into smaller ones, adversely impacting the soil’s me-
chanical properties and thus railway subgrade stability.

A normalized stress—strain model was formulated
from the results of the triaxial stress and SEM experi-
ments on fine breccia soils. This model incorporates the
effects of confining pressure and dry—wet cycles by
integrating the residual strength ratio associated with
dry—wet cycles. Overall, to mitigate the effects of dry—
wet cycles and achieve higher stability when using fine
breccia soil from karst areas as railway subgrade fill,
we recommend techniques that yield a higher compaction
degree and a moisture content close to the optimal value.
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