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Abstract. As a new type of high-speed railway subgrade filler, the deformation performance of foamed concrete under long-
term traffic loading requires further research. In addition, the potential adverse effects caused by water immersion in actual
environments cannot be overlooked. In this paper, a series of dynamic triaxial tests were performed to study the deformation
behavior of foamed concrete samples under dry and water immersion conditions, considering the effect of dynamic stress
amplitudes and confining pressures. Moreover, scanning electron microscopy was used to capture the microstructure
characteristics of the foamed concrete. The pore shape coefficient and fractal dimension were introduced to explain the
macroscopic deformation properties. For the dry sample subjected to dynamic loading, its resistance to deformation increases
with increasing buried depth. However, the previous water immersion treatment led to the pore structure of the foamed concrete
being more vulnerable to damage under subsequent dynamic loading. At this time, the accumulative deformation of the wet
samples was greater than that of the dry samples, especially at the top and bottom layers. Notably, as the dynamic stress
amplitude exceeded 20 kPa, a rapid growth of the accumulative deformation was observed for the samples. In addition, the pore
structure characteristics of the foamed concrete under the excitation of dynamic loading experience significant variation, with
the large pores splitting into small pores and the pore diameter decreasing. The pore walls of the large pores ruptured and
connected with others, accompanied by an increase in the number of narrow pores. The findings in this paper contribute to a
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better understanding of the design and maintenance of the foamed concrete subgrade.
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1. Introduction

Compared with ordinary concrete and traditional
subgrade filler, the use of lightweight foamed concrete
reduces the additional stress on the foundation (Huang et al.
2017, Mastali et al. 2018, Zhang et al. 2023). Moreover,
foamed concrete is characterized by low cost and
convenient construction (Amran et a/. 2015, Ramamurthy et
al. 2009). Therefore, its application in high-speed railway
subgrade fillers has enormous potential. However, rainfall
and groundwater seepage in the actual environment are
more prone to affect foamed concrete with high porosity.
Considering the rigorous requirements for smooth routes
and stringent control of differential settlement for high-
speed railways, the potential adverse effect of traffic
loading and water immersion on the deformation
performance of foamed concrete subgrades should be
explored.

Currently, existing studies mainly focus on the
mechanical properties of foamed concrete under monotonic
loading. The effect of porosity conditions on the mechanical
properties of foamed concrete under compressive loading
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was investigated through experiments and numerical
simulations (Nguyen et al. 2017, Ruan et al. 2024). It was
found that the deterioration of the mechanical
characteristics coincided with increasing porosity. The
uniaxial compression and tension tests were conducted on
the foamed concrete with different densities, which
indicated that the strength and modulus of the sample
increased with increasing density (Gokge et al. 2023, Zhang
et al. 2022). In practical engineering applications, such as
the tunnel support system and subgrade filler (Tan ef al.
2017, Wang et al. 2012), the foamed concrete is inevitably
subjected to multiaxial stress. Some scholars have
investigated the influence of confining pressure on the
stress-strain characteristics of the foamed concrete through
triaxial compression tests. The research results indicated
that the constraint action induced by confining pressure
significantly affected the deformation mechanism and crack
propagation of the samples (Su et al. 2019). Therefore, an
increase in the confining pressure led to an enhancement of
the peak strength and residual strength (Liu et a/l. 2022, Ma
et al. 2019, Zhang et al. 2021). An empirical model was
proposed to predict the compressive strength of the foamed
concrete under different confining pressures (Tan et al.
2018). The critical state theory was employed to evaluate
the failure state of the foamed concrete subjected to triaxial
shear loading (Liu et al. 2024). A series of cyclic loading
tests were performed to investigate the effect of density and
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silt content on the damage evolution of silt-based foamed
concrete, indicating that the dynamic strength of the sample
increases with density (Wu et al. 2022). Recent studies have
demonstrated that admixtures significantly enhance the
mechanical performance of concrete paving blocks (Abir
and Sarker 2024). For instance, incorporating limestone
powder improves compressive strength and stiffness by
reducing porosity and enhancing microstructural stability
(Mahi et al. 2025). Conversely, the addition of rubber
crumbs to lightweight concrete has been shown to reduce
compressive strength, with the magnitude of this reduction
proportional to rubber content (Abhi et al. 2025). The peak
strength of the foamed concrete decreased with increasing
loading frequency. Moreover, the transformation of the
failure mode under staged cyclic compression is related to
the density of the sample (Rao et al. 2021). The dynamic
triaxial tests were performed to investigate the deformation
of the foamed concrete subjected to freezing-thawing cycles
(Cui et al. 2024). Among these, few studies focused on the
mechanical properties of foamed concrete under dynamic
loading. Moreover, there is a research gap in the effect of
water immersion on the dynamic deformation behaviors of
concrete. Relevant research in this field is essential to
illustrate the performance of the foamed concrete subgrade
fillers.

Moreover, the microscopic tests are performed to
facilitate a comprehensive understanding of the relationship
between macroscopic properties and microstructure
characteristics (Kim et al. 2020, Lee et al. 2022, Youn et al.
2023). The microstructure of the foamed concrete plays an
important role in its mechanical behaviors because it
influences its strength and durability (Chica et al. 2022,
Nambiar and Ramamurthy 2007, Narayanan and
Ramamurthy 2000, Zhao et al. 2019). It is noted that
differences in the pore size distribution and porosity of
foamed concrete with various densities are significant (Guo
et al. 2021). The enhancement of sample density
contributed to the occurrence of a more dense and intact
pore structure, thereby improving the compressive strength
(Huang et al. 2023). Scholars have employed the fractal
dimension to quantify the complex microstructure of
foamed concrete and revealed its correlation with physical
properties (Stolz et al. 2021). The fractal theory was
employed to characterize the relationship between porosity
and compressive strength (Xiang et al. 2023). The lower
strength of the sample with lower density is the reflection of
more connected pores and thinner pore walls induced by the
increase in foam content (Wang et al. 2022). The SEM
images indicated that the smoother pore walls and denser
skeletons contributed to the enhancement in compressive
strength (Li et al. 2023). In contrast, the appearance of
irregular combined bubbles in foamed concrete led to
increased pore sizes and reduced strength (Wu et al. 2022,
Zhang et al. 2021). Overall, the mechanical performance of
the foamed concrete is determined by the microstructure
characteristics.  Systematic evaluation of the pore
morphology is essential for revealing the macroscopic
deformation mechanism of foamed concrete.

In practical engineering applications such as marine and
road engineering, concrete structures are inevitably exposed

to water during operation (Jin et al. 2023). The effect of
water immersion on the performance of concrete has
attracted attention in previous studies (He ef al. 2022, Li et
al. 2017, Qin et al. 2023, Wang et al. 2024). It was
concluded that water immersion led to looser pore structure
and weaker strength, and lots of connected pores in samples
with lower densities made it more prone to be affected by
water absorption (Zhang et al. 2024). It was observed that
dry-wet cycles lead to changes in the morphological
characteristics and the deterioration of the material
properties (Qin et al. 2024). Specifically, the strength of
foamed concrete decreases significantly with increasing
dry-wet cycles (Shi et al. 2020, Wu et al. 2021). Due to the
fact that the samples with lower density possess more
connected pores and higher porosity, the loss of
compressive strength becomes more significant with
increasing soaking days. Compared with saturated foamed
concrete, air-dried samples have a higher dynamic stress
threshold (Huang ef al. 2017). While existing research has
focused predominantly on the strength of foamed concrete
under monotonic loading, limited attention has been given
to its dynamic deformation behavior, which is a critical
property for high-speed railway subgrade fillers subjected
to sustained traffic loading. Furthermore, the practical
application of such subgrades necessitates considering the
water infiltration condition, which leads to potential hazards
to the long-term deformation performance of subgrades. An
in-depth study should be carried out to sufficiently
understand the accumulative deformation and microscopic
characteristics of foamed concrete under a combined action
of dynamic loading and water immersion conditions.

This paper aims to investigate the accumulative strain of
foamed concrete under dry-wet conditions, various
confining pressures, and dynamic loading amplitudes
through a series of dynamic triaxial tests. Moreover,
scanning electron microscopy was employed to characterize
the pore structure of tested samples. Quantitative analysis of
pore morphology was conducted using the pore shape
coefficient and fractal dimension. The macroscopic
deformation performance of foamed concrete was
elucidated by systematic evaluation of the variations of the
microstructure characteristics. Furthermore, the coupling
effect of water immersion and dynamic loading on the pore
structure evolution and the accumulative strain development
was comprehensively discussed.

2. Materials and methods
2.1 Foamed concrete sample preparation

Considering the application of foamed concrete in
subgrade filler, the target density of the sample prepared in
this paper is selected as 600 kg/m?® (Zhang et al. 2021,
Zhang et al. 2020). The water-cement ratio (W/C) of the
foamed concrete was taken as 0.6 in the test. According to
the technical specification for foamed mixture lightweight
soil filling engineering (JGJ-T341-2014), the mix
proportions of the samples were calculated, as summarized
in Table 1. Herein, the ordinary P.O. 42.5 Portland cement
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Table 1 Mix proportion and mechanical parameters of foam concrete
Water

Cement Foaming Compressive Compressive
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Fig. 1 Different position of foamed concrete in ballastless track subgrade
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(b) Apply dynamic loading

Fig. 2 Sample preparation and test procedure

was used as the raw material. The physical foaming method
was employed to prepare the sample by mixing water,
cement and prefabricated foam without adding minerals and
additives. The prefabricated foaming agent, with a foaming
ratio of 22, was diluted with water at a ratio of 1:60 by
volume. At this time, the foam half-life was measured as 22
h. Subsequently, the air was introduced through mechanical
agitation to produce lots of bubbles. Ultimately, the
prepared foam was added to the cement slurry, and the
sample was poured into a cylinder with a diameter of 50
mm and a height of 100 mm, satisfying the requirement of
dynamic triaxial tests. The cast sample was cured at room
temperature for 1d to achieve hardening, and then it was
placed in a standard curing box for 28 d. The compressive
strength of the foamed concrete is summarized in Table 1.

2.2 Dynamic triaxial test

The GDS dynamic triaxial apparatus, with a maximum
loading frequency of 5 Hz and a maximum axial force of 5
kN, is adopted in the experiments. It has a high-precision
data acquisition and a convenient test control system,
capable of dynamic monitoring of the whole test process.
According to the design specification for a high-speed
railway (TB10621-2014), the self-weight of the CRTSIII
plate ballastless track is 13.7 kN/m?>. The thickness of the
surface layer of the subgrade bed is 0.4 m, and the weight of
the fine-graded gravel used here is 19.5 kN/m?. The
thickness of the bottom layer of the subgrade bed is 2.3 m,
where the density of the foamed concrete filler p is 580
kg/m3. The different positions of the foamed concrete
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sample in the ballastless track subgrade are illustrated in
Fig. 1. Foamed concrete samples under various in-situ stress
states corresponding to different buried depths of 0.65 m,
1.15 m and 1.65 m were selected as the research objects.
The vertical and confining stresses were calculated by
o, =13.7+19.5x0.4+y.h and o, = K,0,, where the unit

weight of the foamed concrete y, = pg = 5.68 kN /m?,
and the coefficient of lateral pressure Ko=0.4 (Tiwari et al.
2017). Therefore, the vertical effective stresses o/

corresponding to the S1, S2 and S3 positions were 25.2 kPa,
28.1 kPa and 30.9 kPa, respectively. The corresponding
confining pressures o, were 10.1 kPa, 11.2 kPa and 12.4

kPa, respectively. In the dynamic triaxial test, the calculated
in-situ stress was first applied to the specimen, followed by
the application of dynamic loading. Considering the
measured dynamic stress at the ballastless track subgrade
and the amplification effect induced by the smoothness of
the high-speed rail track (Bian et al. 2014), the dynamic
loading amplitudes applied in the dynamic triaxial tests are
taken as 10 kPa, 20 kPa and 30 kPa. The natural drying and
wetting samples were prepared to investigate the effect of
water immersion conditions on the dynamic behavior of
foamed concrete. The wetting sample was immersed in
water for 24 hours before the excitation of dynamic loading
by the dynamic triaxial apparatus. The test procedure is
illustrated in Fig. 2. To simulate the traffic loading of a
high-speed train, the sinusoidal load was employed with a
frequency of 3.5 Hz (Huang et al. 2017, Zhang et al. 2023),
and the number of loading cycles N was 5000.

2.3 Scanning electron microscopy experiment

To further investigate the effect of water immersion
conditions, confining pressure and dynamic loading on the
pore structure of the foamed concrete, SEM tests were
carried out to capture pictures of the microscopic pore
structure of the foamed concrete samples. Following the
dynamic triaxial tests under varying loading and water
immersion conditions, ten cubic samples with a side length
of 1 cm were extracted from distinct parts of the foam
concrete sample. To comprehensively characterize the
global and local characteristics of the pore structures, five
images were taken for each sample under varying
magnifications (20, 40, 60, 100, and 200). These images
were further processed by Image Pro Plus software to count
the area and perimeter of the pores.

3. Experimental results and discussions
3.1 Analysis of accumulative strain

3.1.1 Effect of confining pressure

The accumulative strain of naturally dried foamed
concrete under different confining pressures is illustrated in
Fig. 3(a). The accumulative strain of the sample under a
confining pressure of 10.1 kPa after N=5000 is 1.06%,
while the total deformation of the sample under confining
pressures of 11.2 kPa and 12.4 kPa is 0.691% and 0.619%,
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Fig. 3 Variations of accumulative strain with number of
cycles under various confining pressures

respectively. It is evident that the accumulative strain
decreases with increasing confining pressure. At N=10, the
strains under confining pressures of 10.1 kPa, 11.2 kPa and
12.4 kPa reach 79.5%, 54.3% and 73.5% of the ultimate
deformation, respectively. At N=100, the strains of these
samples are 93.5%, 71.6% and 93.9% of the total
deformation, respectively. Due to the existence of a large
number of pores inside the foamed concrete, the pores are
compacted under the continuous action of dynamic loading,
accompanied by the rapid development of accumulative
strain. However, the strength and stiffness of the sample are
large, and the applied dynamic loading is relatively small.
The strain of the sample increases at the initial stage but
gradually tends to stabilize. Moreover, the development of
accumulative strain is inhibited by increasing confining
pressure (Liu et al. 2024, Su et al. 2019). A decreasing
confining pressure results in an increase in the growth rate
of accumulative strain and total deformation. Due to the
lower confining pressure in the shallow subgrade bed, the
foamed concrete subgrade filler at the top layer will
produce greater deformation under the dynamic loading.

3.1.2 Effect of dynamic loading
The accumulative strain of naturally dried foamed
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Fig. 4 Variations of accumulative strain with number of
cycles under various dynamic loading amplitudes

concrete under different dynamic loading amplitudes is
illustrated in Fig. 4(a). During the first 500 cycles of
loading, the accumulative strain experiences significant
development. Under the dynamic loading of 10 kPa, 20 kPa
and 30 kPa, the accumulative strain of the sample is 0.35%,
0.58% and 1.32%, respectively. After that, for the samples
with dynamic loading amplitudes of 10 kPa and 20 kPa, the
development of the strain still maintains a rapid growth rate.

For the sample subjected to 30 kPa, the strain undergoes
stable increase after N=500. Ultimately, the accumulative
strain of the sample is 0.41%, 0.49% and 1.34%. It is
observed from Fig. 4(a) that the development of the
accumulative strain of the sample under 30 kPa before
N=10 is more abrupt compared with that subjected to lower
dynamic loading amplitudes. The damage to the foam
concrete sample caused by dynamic loading is apparent at
the initial stage, resulting in obvious deformation of the
sample. As the loading cycles increase, the incremental
damage caused by dynamic loading becomes limited.
Consequently, the accumulative strain of the sample
gradually tends to stabilize in the end. It can be concluded
that increasing dynamic loading leads to a surge in
deformation and its growth rate (Cui et al. 2024, Wu et al.
2022).
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Fig. 5 Variations of accumulative strain with confining
pressures under different loading times

3.1.3 Effect of water immersion conditions

Fig. 3(b) illustrates the variations of the accumulative
strain of wet foamed concrete sample under different
confining pressures. Fig. 5 shows the relationship between
the confining pressure and strain under different loading
times. For the wet sample under a confining pressure of
10.1 kPa, the growth rate of deformation is slow at the
initial stage, and the accumulative strain is lower than that
of the dry sample. At N=100, the strain of the wet sample
reaches 1.5% and maintains a rapid growth rate. However,
the strain of the dry sample is only 0.987% and remains
stable. After N=5000, the accumulative strain of the wet
sample reaches 1.81%, which is 1.71 times greater than that
of the dry sample. In summary, water immersion
deteriorates the resistance of foamed concrete to dynamic
loading, resulting in a dramatic increase in deformation and
its accumulative rate.

For the sample with a confining pressure of 11.2 kPa,
the promoting effect of water immersion on the
accumulative strain is more significant at the initial stage
than that in the case of 10.1 kPa. At N=10, the accumulative
strain of the wet sample reaches 0.663%, while it reaches
0.375% for the dry sample. The results demonstrate that the
development tendencies of the deformation of the two
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samples are essentially similar. However, there exists an
inhibiting effect of the confining pressure on the
deformation behavior of foamed concrete subjected to
dynamic loading. It is evident that increasing the confining
pressure results in a decrease in the accumulative strain,
which is accompanied by an attenuated growth rate. After
N=5000, the strain of the wet sample reached 0.891%, 1.29
times that of the dry sample. Compared with the sample
under a confining pressure of 10.1 kPa, the difference
between the dry and wet samples under 11.2 kPa
significantly decreases.

For the wet sample with a confining pressure of 12.4
kPa, the growth rate of deformation is greater than that of
the dry sample at the beginning of dynamic loading. At
N=100, the accumulative strain of the wet sample reaches
0.886%, while it reaches 0.582% for the dry sample. With
the continuous action of cyclic loading, the discrepancy
between the two samples becomes more remarkable.
Ultimately, the accumulative strain of the wet sample is
1.87%, 3.02 times that of the dry sample, which is the most
significant among those of the samples subjected to
different confining pressures. The degradation of the
dynamic properties induced by water immersion and the
restriction of the confining pressure have a coupling effect

on the deformation behavior of the foamed concrete. With
increasing confining pressure, the internal pore structure of
the foamed concrete sample becomes more vulnerable due
to the prior immersion process. As a result, more significant
deformation is observed under the excitation of dynamic
loading.

Fig. 4(b) illustrates the variations of the accumulative
strain of the wet foamed concrete sample subjected to
different dynamic loading amplitudes. Fig. 6 indicates the
connection between the dynamic loading and strain under
different loading times. For the wet sample under 10 kPa at
N=10, the accumulative strain reaches 2.14 times that for
the dry sample. At N=5000, the strain of the wet foamed
concrete sample is 0.841%, which is 2.03 times that of the
dry sample. There is a significant difference in the
development tendency of the accumulative strain between
the wet and dry samples when the dynamic loading
amplitude is limited. With a dynamic loading amplitude of
30 kPa, the accumulative strain of the wet sample rapidly
builds up during the first ten loading cycles and reaches
2.82%, while it is 1.24% for the dry sample. Subsequently,
the growth rate of the deformation gradually decreases,
especially for the dry foamed concrete, for which the strain
reaches 1.34% in the end, while it is 3.34% for the wet
sample. To summarize, prior immersion in water leads to
deterioration of the mechanical properties of the foamed
concrete. Moreover, the pore structure of the sample
becomes fragile after immersion, resulting in more
significant deformation with increasing dynamic loading
amplitude. The accumulative strain of the dry sample under
a dynamic loading of 30 kPa increases by 93.9% compared
with that under 20 kPa, and increases by 223.7% compared
with that under 10 kPa. However, for the wet sample, the
proportions are 274.9% and 297.1%, respectively.
Therefore, the combined action of prior water immersion
and dynamic loading can cause more severe damage than
individual actions.

3.2 Analysis of pore structure

Fig. 7 illustrates that the pore structure of the
undisturbed foamed concrete samples is generally smooth
and intact. Regions D and F represent punctate and
flocculent cracks in the pores. Region E represents the areas
without pore structure. Figs. 8 and 9 show SEM images of
the foamed concrete samples under different conditions at
magnifications of 20 and 100, respectively. There is a
significant difference in the pore size within the sample.
Large pores are relatively independent, and small pores are
concentrated. The internal pores of the sample are divided
into independent pores, aggregated pores and connected
pores according to morphological characteristics.
Independent pores are characterized by a nearly circular
shape, with no significant holes in their inner surface.
Aggregated pores are usually large and irregular, formed by
two or more bubbles (Gokge et al. 2023). It is divided into
the spindle type, composite type, and gourd type. Spindle-
shaped pores are formed by bubbles of similar size, as
shown in A in Fig. 8. Composite pores are formed by
multiple bubbles, which are usually irregularly shaped and
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(i) 0. = 11.2 kPa, g, = 30 kPa, natural drying () o, = 11.2 kPa ad =30 kPa immersed for 24h
Fig. 8 Continued-

(c) 0. = 11.2kPa, g5 = 20 kPa natural drying (d) 0. = 11.2kPa, g; = 20 kPa, 1mmersed for 24h
Fig. 9 SEM image of foamed concrete sample with magnification of 100 times
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(i) o, = 11.2 kPa, 0, = 30 kPa, natural drying

have a larger area than other types of pores, as shown in B
in Fig. 8. Gourd-shaped pores are formed by large and small
bubbles, as shown in C. In addition, protrusions are
observed on the inner wall of the aggregated pores, as
shown by the black dashed line in Fig. 8. This is due to the
incomplete polymerization of bubbles before the hardening
of the slurry. The prominent feature of connected pores is
that there are holes in the inner wall. Furthermore, the
damage to the pore structure induced by the dynamic
loading is always accompanied by the rupture of bubbles
and the generation of connected pores. In Fig. 9, regions H,
G and I represent the intact pores, the area without pores,
and the cracks and holes in the pore structure, respectively.
After experiencing the dynamic loading, the completeness
and uniformity of the pore structure decrease significantly,
accompanied by the occurrence of numerous linear cracks.

x100

s 500um
() o, = 11.2 kPa,o; = 30 kPa, immersed for 24 h
Fig. 9 Continued-

It can be concluded that the dynamic loading results in
the development of cracks and the generation of connected
pores.

It is observed from the SEM images at different scales
that the change in the pore structure of the samples before
and after undergoing cyclic loading reflects the overall
shape of the pores, the development degree of cracks, and
the degree of particle breakage. Increasing the dynamic
loading amplitude leads to damage to the pore structure,
ultimately causing a significant increase in the accumulative
strain. For the wet sample, the water infiltrated its internal
pore structure. On the one hand, the pore structure becomes
loose due to the reduction in the cohesion among the
particles. On the other hand, the excitation of cyclic loading
results in the generation of excess pore water pressure.
Therefore, the deformation ability of the concrete skeleton
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Fig. 10 Coefficient of pore shape of foamed concrete
sample

is restricted, which is not conducive to the resistance of the
sample to dynamic loading. Compared with that of the dry
sample, the damage to the pore structure of the wet sample
induced by dynamic loading is severe, and the development
of deformation is apparent. In summary, the combined
effect of water immersion and dynamic loading deteriorates
the ability of foamed concrete to resist deformation. The
change in the internal pore structure is related to the
mechanical properties.

3.3 Analysis of pore shape coefficient

The SEM images of the foamed concrete sample were
processed using gray binarization, which made the pore
structure more intuitive than those in the original images.
Thus, essential parameters such as the area, diameter and
perimeter of the pores were conveniently measured to
realize the quantitative analysis of the microscopic
characteristics. Herein, the coefficient of the pore shape
shown in formula (1) is introduced to determine the
relationship between the pore shape and pore size (Zhang
and Cui 2017).
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Fig. 11 Proportion of different types of pores under
different dynamic loading amplitudes

where A is the area of the pores; and P is the perimeter of
the pores.

Figs. 10(a) and 10(b) show the average pore shape
coefficients of the foamed concrete samples subjected to the
different confining pressures and dynamic loading
amplitudes. For the majority of the pores in the undisturbed
sample, the diameters d are in the range of 40 um ~400 um,
and the shape coefficients A are distributed between 0.9
and 1.1 with an average value 4, = 0.9768. Small pores
(d < 400 um) occupy 72.6% of the total number of pores
but only 22.1% of the total area. There are only a few large
pores (d > 600 um), accounting for 14.5% of the total
number but occupying 69.4% of the total area. Although
small pores are superior in number, the mechanical
properties of foamed concrete samples are dominated by
large pores.

After experiencing cyclic loading, the shape coefficients
of the pores range from 0.95 to 1.05, and the diameter
ranges from 55 um to 400 um . Compared with the
undisturbed sample, there are more pores with 4 less than
0.9 in a similar range of pore diameters, especially for large
pores. To be specific, cyclic loading results in an increase in
the number of small pores and narrow pores in the samples.
The reason is that the pore size of medium-sized pores
decreases due to the compression of dynamic loading, while
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the pore walls of some adjacent large pores are damaged
and connected into narrow or more irregularly shaped
pores. In this paper, the pores are divided into four
categories based on the pore diameter and shape coefficient:
regular small pores (SR) with 0.9<4A<1l and d <
400 pum, irregular small pores (SIR) with 1<0.9 andd <
400 um, regular large pores (LR) with 0.9<A<1.1 and
d > 600 um, and irregular large pores (LIR) with 1<0.9
and d > 600 yum. The distributions of various types of
pores under different dynamic loading amplitudes and
confining pressures are shown in Figs. 11 and 12,
respectively.

It is found that the proportion of small pores increases
while the proportion of regular large pores decreases, and
the change in irregular large pores is negligible. The
generation of axial strain during dynamic triaxial
compression tests results in the compression of internal
pores and a reduction in pore size. The results indicate that
under the same experimental conditions, the proportion of
irregular small pores in the wet samples decreases,
accompanied by an increase in the percentage of large pores
and regular small pores. As illustrated in Sect. 3.1.3, the
accumulative deformation of the sample subjected to prior
water immersion is greater than that of the dry sample. This
phenomenon is mainly due to the densification of small
pores and the breakage of large pores. Water immersion has
a significant weakening effect on the structure of large
pores. Some large pores are more prone to be compressed
or separated into multiple pores under dynamic loading (Liu
et al. 2024), which reasonably explains the higher
proportion of regular small pores in wet samples. In
summary, the internal structure of foamed concrete becomes
fragile after water immersion. As a result, it is more prone
to be broken under dynamic loading.

Based on the distribution of pore types under different
confining pressures, it is found that the sample with the
lowest confining pressure has the highest proportion of
irregular small and large pores, while the sample with the
highest confining pressure has the highest proportion of
regular large pores. In general, a decrease in the proportion
of large pores is accompanied by the development of
deformation. For the dry sample with a confining pressure
of 11.2 kPa, although the proportion of large pores is lower
than that with a confining pressure of 10.1 kPa, the
accumulative strain is smaller than that with a lower
confining pressure. The development of the accumulative
strain of the foamed concrete sample under dynamic
loading is mainly manifested as the compression and
damage of large pores in perspective of the microscopic
level.

There is no significant difference in the proportion of
the four types of pores in the dry samples under dynamic
loading amplitudes in the range of 10 kPa~30 kPa.
However, the effect of the loading amplitude on the change
in the pore types of the wet samples is significant. The
research results mentioned in Sect. 3.1.2 indicate that the
accumulative strain of the sample increases significantly
with increasing dynamic loading amplitude. However, the
internal pores of the dry sample are relatively complete, and
the deformation mainly focuses on the end of the sample in
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Fig. 12 Proportion of different types of pores under
different confining pressures

contact with the dynamic triaxial apparatus. It is difficult to
adequately characterize the behavior of the axial strain of a
dry sample by the changes in its pore types. The stability of
the pores decreases and the overall pore structure becomes
fragile due to the action of water immersion (Zhang et al.
2024). This phenomenon is beneficial for the generation of
homogeneous deformation during cyclic loading. In
conclusion, the consistency of deformation and the
vulnerability of the pore structure in wet samples commonly
result in apparent changes in the pore types. This reasonably
explains the effect of water immersion on the mechanical
properties of foamed concrete, including the reduction in
the resistance to dynamic loading and the enhancement of
the ability to produce homogeneous deformation.

3.4 Analysis of fractal dimension

There exists a lot of developed internal pores with
irregular shapes in the foamed concrete samples. Herein, the
fractal dimension is introduced to quantitatively describe
the complexity of the pore structure, as calculated by
formula (2) (Meisel 1991). Similarly, the area and perimeter
of the pores are important parameters for obtaining the
fractal dimension.
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IgP=%Ig A+C (2)

where D is the fractal dimension; and C is the fitting
parameter.

Figs. 13(a) and 13(b) show the fractal dimensions of the
foamed concrete samples under the different confining
pressures and dynamic loading amplitudes, respectively. It
is observed that the fractal dimension of the dry sample
decreases with increasing dynamic loading (Cui et al.
2024). A similar phenomenon is found for the samples
subjected to various confining pressures. The compression
of the samples induced by dynamic loading and confining
pressure leads to the densification of the pores.
Consequently, the size of the pores becomes closer with
more regular features. For the wet samples, the fractal
dimension decreases first and then increases with increasing
dynamic loading and confining pressure. The larger the
fractal dimension, the more significant the complexity and
inhomogeneity of the pore structures in foamed concrete
samples (Huang et al. 2023). The weakening effect of water
immersion results in the pore structure being more prone to
compression. Therefore, the fractal dimension for the wet
sample is lower than that for the dry sample. However,
when the confining pressure reaches 12.4 kPa or the

dynamic loading reaches 30 kPa, the fractal dimension of
the wet sample exhibits a slump. This indicates that the
appearance of cracks, broken particles, and connected pores
leads to an increase in the irregularity of the pores. The
burgeoning deformation reflects the damage to the
microstructure, which agrees well with the results illustrated
in Figs. 5 and 6.

In conclusion, the generation of the accumulative strain
is mainly due to the densification of the pores and the
displacement of the particles under dynamic loading
amplitudes of 10 kPa and 20 kPa. The change in fractal
dimension is determined by the enhancement of the
similarity among the pores. The disturbance of the pore
structure under the dynamic loading of 30 kPa is significant,
affecting the stability and strength of the foamed concrete,
especially for the wet sample. A widening gap in the size
and shape of the pore structure gradually builds up.
Therefore, the irregularity of the pores plays a dominant
role in the behavior of the microstructure.

4. Conclusions

In this study, the effects of water immersion conditions,
confining pressures, and dynamic loading amplitudes on the
accumulative strain of foamed concrete were investigated
using a dynamic triaxial apparatus. Subsequently,
microscopy images of the samples were obtained by SEM
at different magnifications. The shape coefficient and fractal
dimension of the pores were employed to analyze the
characteristics of the microstructure. The research results
reveal the relationship between the deformation behavior
and the microscopic structure. The main conclusions are as
follows.

e As the dynamic stress amplitude exceeds 20 kPa, the

development of the accumulative strain of foamed concrete
becomes more rapid. For the dry sample, its resistance to
dynamic deformation increases with increasing buried
depth. However, compared with the dry sample, the
accumulative deformation of the wet samples is greater,
especially at the top and bottom subgrade layers.

e The change in pore type is due to the densification and

damage of the pore structure induced by dynamic loading.
The appearance of cracks, broken particles, and connected
pores in the sample is accompanied by the evolution of the
accumulative strain. The microscopic characteristics of
foamed concrete are related to its dynamic deformation
behaviors.

e The

microstructure of the foamed concrete being more
susceptible to the damage induced by subsequent dynamic
loading. The pore structure characteristics experience
pronounced change, with the large pores splitting into small
pores and the pore diameter decreasing. The pore walls of
the large pores rupture and connect with others,
accompanied by an increase in the number of narrow pores.

previous water immersion results in the

e The combined effect of water immersion and dynamic
loading results in more severe deterioration of the
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macroscopic deformation properties of the foamed concrete.
For the foamed concrete subgrade fillers, it is necessary to
reasonably set up the drainage facilities, focusing on the
deformation performance of the surface and bottom
subgrade.
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