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Abstract

This article presents an experimental study on the residual deformation characteristics of coral
sand under cyclic compressive loading in oedometer tests. The tests were carried out on
specimens with relative densities (Dr = 30%, 50%, and 70%) subjected to three loading-
unloading cycles with vertical stresses reaching up to 400 kPa. The results demonstrate that
residual deformation accounts for a large proportion of the total deformation, approximately
80%, and tends to accumulate with increasing loading cycles. The deformation behavior is
also strongly influenced by relative density; as the relative density increases, the total
deformation decreases, while the irreversible nature of the material remains significant.
Notably, the rate of residual deformation accumulation gradually decreases with increasing
loading cycles, reflecting the densification and rearrangement of the particle skeleton. These
findings contribute to a better understanding of the cyclic behavior of coral sand and provide a
scientific basis for further studies and constitutive modeling.
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1. Introduction

Coral sand is a biogenic granular material mainly formed from coral debris,
marine shell fragments, and calcareous materials. Compared with common silica sand,
coral sand possesses higher particle angularity, higher porosity, lower particle strength,
and is more susceptible to particle breakage under loading. Therefore, the mechanical
behavior of coral sand is much more complex, especially under repeated and long-term
loading conditions [1]-[4].

Many studies have shown that the mechanical properties of coral sand are strongly
influenced by particle composition, water content, relative density, and particle
breakage. Wang et al. reported that the shear strength of coral sand changes
significantly with water content, in which the internal friction angle and apparent
cohesion tend to decrease as water content increases [1]. Zhang et al. also found that the
shearing process of coral sand is usually accompanied by significant particle breakage,
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leading to changes in grain size distribution and strongly affecting the deformation
behavior of the material [2]. Similarly, the studies of Liu et al., together with the
breakage mechanics theory proposed by Einav, confirmed that particle breakage is an
important mechanism governing the irreversible deformation of calcareous granular
materials under high stress levels [3]-]5].

Under cyclic loading, coral sand tends to develop residual deformation that
accumulates with the number of loading cycles. Due to its porous, brittle, and crushable
particles, the degree of deformation accumulation in coral sand is usually much greater
than that in silica sand. Previous studies on cyclic loading of sands and granular
materials showed that residual deformation increases rapidly during the initial loading
cycles and then gradually slows down as the number of cycles increases [6]-[8]. This
trend is commonly described by logarithmic or power functions relating residual
deformation to the number of loading cycles. Benoot et al. showed that although the
hysteresis loop of each individual cycle in silica sand is almost closed, residual
deformation still continues to accumulate when the number of cycles becomes large [8].
Meanwhile, Gao et al. proposed a logarithmic relationship between residual settlement
and the number of loading cycles for granular materials, which can be used to predict
the long-term development of deformation [9].

For coral sand, many studies have focused on cyclic triaxial behavior,
liquefaction, and dynamic loading [2], [7], [10]. These studies showed that the initial
relative density, mean stress level, and cyclic loading amplitude significantly affect the
deformation accumulation and particle breakage of the material [7], [10]. However,
studies on the cyclic compression behavior of coral sand under one-dimensional
consolidation conditions are still limited, especially regarding the simultaneous
evaluation of the effects of relative density on total deformation, residual deformation,
recoverable elastic deformation, and the development trend of deformation with
increasing loading cycles.

In practice, coral sand is commonly used as filling material, road embankment
material, pavement subgrade, and foundation material in coastal and island areas. These
structures are often subjected to repeated loading caused by vehicles, waves, and wind.
Therefore, investigating the cyclic compression characteristics of coral sand is
important for evaluating the long-term performance of the ground, predicting residual
settlement, and selecting a suitable compaction state.

Based on this, the present study carried out loading-unloading oedometer tests
with three loading cycles on coral sand specimens at three relative densities, Dr = 30%,
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50%, and 70%. Parameters such as total deformation, residual deformation, recoverable
elastic deformation, recovery ratio, and residual deformation accumulation rate were
determined and analyzed. In addition, a logarithmic function was used to describe the
development trend of residual deformation with the number of loading cycles, providing
a basis for predicting the long-term behavior of coral sand.

2. Experimental study on compression characteristics of coral sand
under cyclic loading
2.1. Physical properties of coral sand

The coral sand used in this study was collected from an island in the East Sea
region of Vietnam. The physical properties of the coral sand are presented in Tab. 1.

Tab. 1. Physical properties of coral sand [11]

Physical properties Value
Particle unit weight, ys (KN/m?) 26.71
Maximum void ratio, emax 0.927
Minimum void ratio, emin 0.60

Based on the grain size distribution curve, the uniformity coefficient was
determined as Cy = 6.31 and the coefficient of curvature was C. = 1.11. According to
TCVN 5747:1993 [12], this coral sand is classified as SW (well-graded clean sand).
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Fig. 1. Grain size distribution curves of coral sand [13].
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2.2. Testing equipment and experimental procedure

The tests were conducted using an automatic consolidation testing machine, ACE
EmS (Wykeham Farrance). This oedometer system uses Electromechanical
Servoactuation (EmS) technology, which allows closed-loop load control with high
accuracy. The equipment can automatically apply loading stages, record deformation in
real time, and store digital data for post-processing.

The use of the automatic consolidation system helps reduce errors caused by
manual operation and ensures the accuracy, stability, and repeatability of the test results.

In this study, one-dimensional consolidation tests were carried out to determine the
compression characteristics of coral sand at three relative densities: Dr = 30%, 50%, and
70%. The specimens were loaded under vertical stress levels of 25, 50, 100, 200, and
400 kPa, followed by unloading stages of 200, 100, 50, and 25 kPa. The loading-unloading
process was repeated for three consecutive cycles in order to evaluate the residual
deformation characteristics and the accumulation of deformation under cyclic loading.

Before testing, the required dry mass of coral sand for each specimen was
determined based on the target relative density and the physical properties of the
material (Fig. 2). The specimens were prepared in a consolidation ring with a diameter
of D = 6.35 cm and a height of hn = 2 cm. The corresponding amount of dry sand was
placed into the ring and compacted until the required specimen height was achieved,
ensuring that the target density was reached (Fig. 3).

After specimen preparation, the sample was placed into the ACE EmS automatic
consolidation machine (Wykeham Farrance). Test parameters, including specimen
dimensions, loading stages, holding time at each stress level, and data recording
interval, were preset in the control software. For saturated specimens, water was
supplied from the bottom, and the specimen was soaked for about 30 minutes before
loading to ensure full saturation (Fig. 4).

N » 358
Fig. 2. Determination of specimen mass Fig. 3. Specimen compaction to achieve
based on relative density. the target relative density.
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Fig. 4. Specimen saturation. Fig. 5. Specimen after completion of loading stages.

The loading and unloading process was carried out automatically according to the
preset program. At each stress level, the settlement deformation of the specimen over
time was recorded until a relatively stable condition was reached before moving to the
next loading stage. After completing all loading-unloading cycles, the test data were
exported and processed to establish the relationship between vertical strain and
compressive stress p of the specimen.

3. Experimental results and discussion

The results of the loading-unloading oedometer tests with three cycles on coral
sand specimens at three relative densities (Dr = 30%, 50%, and 70%) were analyzed to
determine the deformation characteristics and the accumulation of residual deformation
during cyclic loading. The characteristic parameters were determined using the
following equations:

8=ﬁ—h-100%
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where ¢ is the total axial strain (%), Ah is the settlement of the specimen (mm), hn is the
initial specimen height (mm), ¢, is the residual strain after unloading, . is the elastic strain,

Rrec Is the recovery ratio, A &, is the increase in residual strain between loading cycle i and
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cyclei-1, ¢,; and ¢, are the residual strains at cycle i and cycle i-1 respectively, 7 is the
attenuation coefficient reflecting the rate of residual deformation accumulation, A¢,,, is

the increase in residual strain between cycles 2 and 3, and A¢,,, is the increase in residual

strain between cycles 1 and 2.

Tab. 2. Characteristic deformation parameters at o = 400 kPa in the final loading cycle

Dr (%) | (%) & (%) | & (%) Rrec | Acpiz (%) | Agpas (%) n
30 7.305 5.896 1.409 0.193 0.065 0.050 0.77
50 4.780 3.836 0.944 0.198 0.061 0.048 0.79
70 3.715 2.981 0.734 0.198 0.052 0.041 0.79

The results show that as the relative density increases, the total deformation
decreases significantly. Specifically, when D; increases from 30% to 70%, the
deformation decreases from about 7.3% to 3.7%, corresponding to a reduction of nearly
50%. This indicates that a denser material state leads to a more stable particle structure
and a greater resistance to compression.

A notable feature is that residual deformation accounts for a very large proportion
of the total deformation, approximately 80% for all three relative densities. This
confirms the strongly irreversible nature of coral sand. Compared with silica sand,
where residual deformation is usually very small under a low number of cycles or small
loading amplitudes, coral sand exhibits significant residual deformation even during the
first few cycles.

The accumulation of residual deformation with loading cycles is reflected by the
values of Agp and the attenuation coefficient #. All » values are smaller than 1,
indicating that the rate of residual deformation accumulation gradually decreases with
increasing loading cycles. However, residual deformation still continues to increase,
indicating that the material has not yet reached a fully elastic state.

The loading-unloading curves (Figs. 6-8) show clear hysteresis loops in each
cycle. This indicates that the irreversible deformation of coral sand is not only caused
by particle rearrangement but is also related to particle structure degradation and micro-
particle breakage. After three loading cycles, discontinuous segments appear between
loading stages in the hysteresis loops, indicating that the material has not reached a
completely stable condition. According to the study in [14], this behavior is related to
the porous, brittle, and crushable nature of coral particles, which makes them more
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likely to rearrange, break, and lose structural integrity when the applied stress exceeds
the previously stabilized level. Therefore, the accumulated residual deformation of coral
sand is usually much greater than that of silica sand. Previous research [8] reported that
even after 40,000 loading cycles, the maximum accumulated residual deformation of
silica sand was only about 0.054%.
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Fig. 6. Stress—strain relationship under cyclic loading (Dr = 30%).
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Fig. 7. Stress—strain relationship under cyclic loading (D, = 50%).
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Fig. 8. Stress—strain relationship under cyclic loading (Dr = 70%).

In Figs. 7 and 8, the axial strain values at cycle 3 under loading and unloading
conditions are nearly unchanged due to the stabilized soil structure at higher relative
densities (Dr = 50% and 70%). Therefore, the final loading branch for cycle 3 closely
overlaps with the unloading curve, and its specific independent data points were not
explicitly separated in the plots.

In this study, each loading stage was maintained for about 30 minutes to ensure
that the specimen reached a relatively stable deformation state before moving to the
next stage. For three loading-unloading cycles at one relative density, a total of 25
loading stages were required, corresponding to approximately 12.5 hours of continuous
testing for each specimen. Since the primary objective of this study was to identify the
pattern of residual deformation accumulation and its dependence on relative density,
three loading—unloading cycles were performed for each test condition. The long-term
evolution of residual deformation at higher cycle numbers was subsequently evaluated
using the residual settlement accumulation law for granular materials proposed in [9]:

S¢ = A + BIgN, (2
where Sq is the residual settlement of the ground under cyclic loading; A and B are

coefficients; N is the number of loading cycles.
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Based on the residual deformation values obtained from the three loading cycles
summarized in Tab. 2 and Eq. (2), the least-squares method was applied to determine
the correlation function between the increase in residual deformation of the specimen
and the number of cyclic loading cycles, as follows:

S 300
Eq 300 = ‘;]'30/" = A +B,-lg(N) =-0.0018+0.2383-Ig(N); R* = 0.9944

m

S 500
Eq 500 = "HS‘”“ = A, +B,-lg(N) =-0.0017 +0.2252-Ig(N); R* = 0.9944

m

Sa.700
Eq 700 = dﬁ"’”’ = A, +B,-Ig(N) =-0.0016+0.1925-Ig(N); R* = 0.9933

m

@)

The results in Fig. 9 show that residual deformation increases rapidly during the
initial loading cycles, while the rate of increase gradually decreases as the number of
cycles becomes larger. This reflects that particle rearrangement and the breakage of
weak contacts occur mainly in the early stage, after which the material gradually
becomes more stable. This observation is consistent with the study in [14], in which the
initial hysteresis loops showed discontinuous segments between loading stages,
indicating that coral sand had not yet reached a fully stable condition. When cyclic
loading continued under stable conditions, the hysteresis loops gradually became closed
and nearly overlapped, reflecting the gradual reduction of residual deformation. This
explains why the logarithmic correlation function has a large slope in the initial stage
but gradually decreases in the later cycles.
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Fig. 9. Relationship between the increase in residual deformation under cyclic loading
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4. Conclusions and recommendations
4.1. Conclusions

The oedometer tests with three loading-unloading cycles showed that coral sand
exhibits large residual deformation and low recovery capacity under cyclic loading.
Residual deformation accounts for approximately 80% of the total deformation for all
three relative densities, while the recovery ratio, Rrec, ranges only from 0.193 to 0.198.
Relative density has a significant effect on the compression characteristics of the
material. When Dy increases from 30% to 70%, the total deformation at a stress level of
400 kPa decreases from about 7.3% to 3.7%, and the residual deformation also
decreases considerably. Residual deformation continues to accumulate with increasing
loading cycles; however, the accumulation rate gradually decreases, as indicated by the
values of Aegp and #, which are both smaller than 1. The relationship between the
increase in residual deformation and the number of loading cycles is well described by a
logarithmic function with a high coefficient of determination (R? > 0.99). This indicates
that deformation develops rapidly during the initial cycles and then gradually slows
down as the material becomes more stable.

4.2. Recommendations
Further tests with a larger number of loading cycles should be conducted to better

evaluate the long-term development and stabilization of residual deformation, especially
for road embankments and island infrastructures subjected to repeated cyclic loading.
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PAC TRUNG BIEN DANG DU CUA CAT SAN HO DUOI TAI TRONG
NEN CHU KY TRONG THI NGHIEM NEN OEDOMETER

Pham Duc Tiépl, Vi Anh Tuénl, Trinh Hoang Anh?
YWién Ky thudt cong trinh dac biét, Truong Pai hoc Ky thudt Lé Quy Pén

Tém tit: Bai bo trinh bay mot nghién ctru thyc nghiém vé dic tinh bién dang du cua cat
san ho dudi tac dung clia tai nén tuan hoan trong thi nghiém nén c6 két mot truc (oedometer). Cac
thi nghiém duoc thyc hién trén cac mau c6 do chit tuong d6i khac nhau (Dr = 30%, 50% va 70%),
chiu ba chu ky gia tai - d& tai lap lai véi ing suét thang dimg 16n nhat dat ti 400 kPa. Két qua cho
thdy bién dang du chiém ti 1& 16n trong tong bién dang, khoang 80%, va c6 xu huéng tich liy khi
s6 chu ky tai tang 1én. Ung xir bién dang ciing bi anh huéng manh boi do chit tuong dbi; khi do
chit twong dbi ting thi tong bién dang giam, trong khi tinh chit khéng hdi phuc ctia vat liéu van
con dang ké. Pang chu y, téc do tich lity bién dang du giam dan theo sé chu ky tai, phan anh quéa
trinh lam chat va tai sip xép bd khung hat. Nhitng két qua niy gop phan nang cao hiéu biét vé ing
XU tuan hoan cta cat san hd va cung cip co sd khoa hoc cho cac nghién ciru tiép theo ciing nhu

cho viéc xay dyng mo hinh quan h¢ ng xur ctia vat li¢u.

Tir khoa: Cat san ho; nén chu ky, thi nghiém oedometer; bién dang du; do chat tuwong doi.
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