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Abstract: This paper introduces a rubber—calcareous sand mixture as a lightweight building material
in offshore engineering. The mechanical properties of mixtures of varying rubber contents were
investigated by performing a one-dimensional (1-D) compression test in a modified oedometer cell,
as well as a resonant column test. A discussion on the test results, along with detailed interpretations
regarding the role of rubber chips in the mixtures, are provided. It was found that the virgin
compression curves of the rubber—calcareous sand mixtures tended to converge at a certain stress
level, whilst the stress level depended on the rubber content. Moreover, the relative breakage was
examined by comparing the particle size distribution curves of the calcareous sand before and after
the compression test. It was shown that the grain crushing of calcareous sand was less remarkable
with the inclusion of rubber chips. Furthermore, the small strain shear modulus (Gg) of the mixtures
decreased with the rubber content, yet the modulus reduction and damping curves exhibited little
difference for the specimens of varying rubber contents.

Keywords: rubber—calcareous sand mixture; rubber content; compression; grain crushing; small strain
shear modulus

1. Introduction

Calcareous sediments characterized by unique grain morphology are widely distributed near
coral reefs [1]. They are commonly adopted as a building material in offshore engineering, ranging
from conventional geotechnical applications (e.g., foundations, embankments, and retaining walls)
to offshore hydrocarbon industries [2-5]. Understanding the engineering properties of calcareous
sand is therefore of great importance. Over recent decades, the mechanical properties of calcareous
sand have received global focus at both the academic and the practical levels. Across several studies,
grain crushing under heavy loads was recognized as the major problem for calcareous sands, which is
often associated with a loss of soil strength and the occurrence of ground deformation [6,7]. Wei et al. [8]
conducted ring shear tests on calcareous sands under different levels of loading stress, and the formation
of a shear band, along with the evolution of particle breakage, were examined. Donohue et al. [9]
performed a series of cyclic loading tests on samples of Dog’s Bay carbonate sand, and the development
of volumetric strain due to grain crushing was explained based on the micromechanics at the grain
contact level using numerical simulations. Moreover, a detailed summary of recent advances on
grain crushing was also given by Xiao et al. [10]. Despite increased research efforts, most attempts in
previous studies focus on quantitative descriptions of the crushability of grains, whereas measures to
mitigate the effects of grain crushing for calcareous sands are rather limited.
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As far as the weakness of the grain contacts of calcareous sands as compared to quartz sands is
concerned, much evidence has shown that an admixture of rubber chips in sands from recycled scrap
tires is useful for absorbing the energy at grain contacts, in particular, under dynamic loads [11,12].
As a matter of fact, the number of disposed tires in China exceeds 50 million per year [13], and thus
there is a very large stock of rubber particles from recycled tires. As a type of lightweight material,
an admixture of rubber with soils has been adopted in recent engineering applications, yielding
satisfactory performance. In particular, as a backfill material, rubber soil can effectively improve
the bearing capacity of foundations [14-16]. Moreover, as a hydrophobic material, rubber virtually
does not react with underground water, hence the adverse impact on the environment is small [11].
However, previous research in this regard mainly uses quartz sand as the base sand. A question arises
herein as to whether rubber chips can be adopted to effectively mitigate the adverse effects of grain
crushing in calcareous sands.

With the aim of addressing the above concerns, a systematic laboratory program was carried
out using rubber—calcareous sand mixtures with different rubber contents. Both a one-dimensional
oedometer and a resonant column apparatus were adopted in this study, thus affording an explicit
view on various engineering performances (i.e., grain crushing behavior and modulus reduction)
of rubber—calcareous sand mixtures. The outcomes of this study will not only provide convincing
evidence on the role of rubber chips in a mixture, but can also serve as a useful reference for
engineering applications of rubber—calcareous sand mixtures in offshore engineering and for relevant
theoretical developments.

2. Experimentation

2.1. Test Materials

In this study, to remove any possible influence of particle size and grading [17-20], sieved calcareous
sand (300425 um) was adopted as the base sand, and rubber chips with the same range of particle
sizes were used as the additive. To produce a sequence of rubber-sand mixtures, the quantity of rubber
chips was varied from 0% to 10% by mass. For consistency, in the following sections, the numbers in
the parentheses are used to denote the rubber content in the mixtures. As an example, the “sieved (5)”
means sieved calcareous sand mixed with 5% of rubber chips, and the “sieved (0)” stands for pure
calcareous sand. Calcareous sand originates from broken coral reefs, transported by the sea water.
A careful examination using energy dispersive spectroscopy (EDS) indicated that the calcareous sands
used in this study were composed primarily of calcium oxide. Micro-scale images of the test materials
using a scanning electron microscope (SEM) are presented in Figure 1. Several unique features of the
calcareous sand (Figure 1a) at the micro-scale level can be recognized, including the irregular particle
shape (i.e., high angularity and low sphericity) and the presence of intraparticle voids, which could
potentially result in a high void ratio for the calcareous sand [21-23]. On the other hand, the rubber
chips (Figure 1b) were mainly composed of natural rubber. As seen in this Figure, some particles were
prone to agglomerate and also to yield irregular particle shapes.

2.2. Sample Preparation and Test Methods

A series of one-dimensional (1-D) compression tests and resonant column tests were conducted
on the rubber—calcareous sand mixtures. In the sample preparation, a certain amount of the calcareous
sand and rubber chips were weighed in proportion. Then, the samples were thoroughly mixed.
Note that the different specific gravities (Gs calcareous = 2.76; G, rubber = 1.1) of the test materials were
properly taken into account to determine the void ratio, as specified in the following equations:
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where Gggg is the specific gravity of the binary mixtures; RC is the rubber content in percentage; M is
the total mass, which is the sum of the calcareous sand (Mg) and rubber (Mg); D and H are the diameter
and the height of specimen, respectively. To achieve a target void ratio, the specimens were created
by successive light compactions. All tests were carried out under dry conditions, and no particle
segregation was visible during the test.

X150 X600
(b)

Figure 1. Micro-scale image of the test materials: (a) Calcareous sand; (b) rubber chips.

The general procedure of the 1-D compression test followed the British Standard (BS 1377) [24].
In contrast, as there are no specified procedures for the resonant column test, we performed the test
in accordance with the way prescribed in the literature [25,26]. In the compression test, a modified
oedometric compaction cell was use, i.e., a 27.6 mm diameter cell that is 30 mm high, which can apply a
maximum vertical load of 16 MPa (Figure 2a). At each loading step, the settlement of the specimens was
monitored so that the final void ratio could be calculated. The Stokoe-type resonant column apparatus
used in this study was of bottom-fixed and top-free configuration (Figure 2b), which can accommodate
a soil specimen of 50 mm in diameter and 100 mm in height. Isotropic confining pressures were applied
to the specimens in a stepwise manner as 100, 200, 300, and 400 kPa. This was then followed by the
resonant column test. By sweeping a sinusoid signal with a desired amplitude, the soil specimen was
forced to vibrate, and the response of the specimen was recorded. Note that the strain level involved in
the resonant column test was in the order of 107 or below; accordingly, the small strain shear modulus
(Gp) of the specimen was determined. Those interested in more detailed information can refer to
Yang and Liu [26] and Liu et al. [27] for more features about the resonant column technique.
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Figure 2. Test equipment: (a) Modified oedometer cell; (b) resonant column apparatus (LVDT: linear
variable differential transformer).

3. Test Results and Discussion

3.1. Compression Properties

Figure 3 presents the results obtained for the rubber—sieved calcareous sand mixtures of different
rubber contents and initial void ratios. Note that all of the mixtures were prepared at quite large
initial void ratios, primarily since the admixture of rubber chips quickly rebounded after tamping and
maintained a loose packing state.
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Figure 3. Compression curves of mixtures: (a) Rubber content = 5%; (b) rubber content = 10%.

Despite different initial void ratios, the virgin compression curves were originally linear and
flat, indicating an elastic response. When the applied vertical load was beyond the yield stress of the
mixtures, it is interesting to see that the curves tended to converge in the stress range investigated,
with an implication that all specimens were compressed to a unique state not associated with the
initial conditions. For comparison purposes, the compression curve of Fujian sand (Chinese standard
sand) was also plotted in this Figure. It is clear that the compression curve of the Fujian sand is
less steep than that of the rubber—calcareous sand mixtures, whilst the rebound curves of the test
specimens are nearly parallel. The above observations strongly suggest that, under otherwise similar
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conditions, rubber-calcareous sand mixtures are more compressible than Fujian sand, and that most of
the deformation of the mixtures is unrecoverable during unloading. This implies that the particles
were subjected to strong reorientation during loading, while during unloading, the interlocking of
particles prevailed in the present cases of the mixtures with rubber chips.

Furthermore, in Figure 4, a comparison of the compression curves of specimens with different
rubber contents is provided. It is noteworthy that the state where the compression curve tended to
merge depended on the rubber content. More specifically, examination of the compression curves
shows that the specimens of a 10% rubber content merged at a vertical load of approximately 4 MPa,
whereas the specimens of a 5% rubber content merged at 8 MPa. Given the limit range of deformation
in the oedometer test, the final void ratio of all tests was approximately 0.8. The observations in
Figure 4 imply that the role of rubber chips of varying contents that contributed to the compressibility
of the mixture was different. More specifically, when the applied load was higher than the yield stress,
both the rubber particles and the calcareous sand were members of force chains. The mixture with
a higher rubber content tended to have softer particles in the force chain, and it was easy to buckle
under the external load. Accordingly, under the same stress level, the specimen with higher rubber
content—i.e., sieved (10)—yielded a larger deformation.
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Figure 4. Comparison of the compression curves for mixtures with different rubber contents.

3.2. Grain Breakage

Bearing in mind that the calcareous sand is susceptible to being crushed under compression
loads, it is interesting to consider whether the presence of rubber chips affects the crushability of
calcareous sand. To address this issue, the grain crushing needs evaluating by adopting a quantitative
approach, for example, using the grain crushing index. Among a list of indices, a parameter proposed
by Hardin [28], namely, the relative breakage (B;), appears to be more versatile and is often referred to
in other research [10,29]. The above index is derived based on changes in the cumulative distribution
of grains before and after the test and it can be simply expressed as in Equation (4):

B, = By/B, (4)

where By is the total breakage represented by the area between the initial grading curve of sand and
the final one, and By, is represented by the area between the vertical line of d = 74 um and the initial
grading curve.

The particle size distribution curves of the test materials are presented in a semi-logarithmic
format in Figure 5. It needs to be clarified that each test specimen was sieved by hand three times,
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and the average values were adopted to determine the particle size distribution curves. This was not
because of large discrepancies in each sieving test; rather, little difference was found in terms of the
grading curves for the same mixture, implying that the potential problem of particle breakage during
sieving was negligible. Hence, the shift of the distribution curves was due to the grain breakage in the
compression test. Moreover, it needs to be clarified that the overall particle size of the calcareous sands
after the compression test was in a range greater than 2 pm. Hence, no cohesive soils (i.e., a particle
size less than 2 um) were obtained.
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Figure 5. Particle size distribution curves of the test materials before and after the compression tests.

In Figure 6, the B, value of the mixtures with different rubber contents were compared, along with
the results of the Fujian sand. A clear difference between the Fujian sand and the calcareous sand
was observed. More interestingly, a marked trend was found in that the B, value tended to decrease
with the rubber content. For example, the B, value of the specimen with a 10% rubber content
reduced by approximately 77% as compared with the pure calcareous sand—i.e., sieved (0). Moreover,
little difference in the B, value was found between the Fujian sand and the mixture with a 10% rubber
content. Considering that the compressibility of the soils measured in the oedometer cell resulted from
the deformation and possible reorientation of the grains, the above observations in Figures 3-6 provide
solid evidence that a part of the external loads was shared by the soft plastic interparticle contacts
between the rubber and the calcareous sand in the mixtures. As a consequence, the deformation of
calcareous sands under external loads was well reduced.
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Figure 6. Breakage index of the rubber—calcareous sand mixtures and the Fujian sand.
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3.3. Small Strain Modulus and Modulus Reduction

In light of the high damping and energy absorbing characteristics of the rubber chips [30,31],
from an engineering perspective, understanding of the dynamic properties of rubber—calcareous sand
mixtures is also important. In Figure 7, the small strain shear modulus (Gg) of the mixtures determined
from the resonant column test are presented. To facilitate the comparison, the initial void ratios of the
specimens remained very close (eg = 1.37~1.39). It can be seen in this plot that, under otherwise similar
conditions, a reduction of the Gy values was obtained for the specimens with higher rubber contents.
Moreover, the trend between the effective confining pressure and the Gy value can be characterized
using a power relationship, such as Gy = A (¢”)". The reduction of Gy was mainly reflected by the
coefficient A in the way that it decreased with increasing rubber content. More specifically, the A
value decreased by approximately 55% with a 10% rubber content. Accordingly, the coefficient n was
stress-dependent and it increased with the rubber content. Although the Gy gradually decreased with
the add-in rubber chips, the reduction was less remarkable when the rubber content was beyond
5%. For instance, at 0 = 100 kPa, the difference in Gy value was approximately 20 kPa between the
specimens of sieved (0) and sieved (5), whereas further reduction of the Gy value was only 12 kPa for
the specimen with a 10% rubber content.
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Figure 7. Small strain shear modulus (Gy) of the rubber—calcareous sand mixtures.

Moreover, the modulus reduction curves and the associated damping curves of the specimens
at 0" = 200 kPa are presented in Figures 8 and 9, respectively, along with the literature values of the
Fujian sand [32]. As a matter of fact, the ground response analysis during earthquakes depends on an
accurate estimation of the soil modulus and damping properties at working strain (in the order of
1073 or greater) [33,34]. Nevertheless, it is impractical to conduct a field test with this high level of
ground shaking. Hence, the normalized modulus reduction curve and the damping curve are often
used in design. Providing a small strain shear stiffness of soil (Gy), the shear stiffness (G) at any given
shear strain level can be estimated. Unlike the observed discrepancies in Figure 7, little difference for
the specimens of varying rubber contents can be found in Figure 8. However, the modulus reduction
curves of the rubber—calcareous sand mixtures are steeper than that of the Fujian sand. Accordingly, in
Figure 9, the damping curves of the mixtures appear to locate above that of the Fujian sand. Again, no
significant difference was yielded by varying the rubber content.
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Figure 9. Damping curves of the rubber—calcareous sand mixtures.
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In the above context, although the inclusion of rubber chips lowered the shear stiffness of the

calcareous sand (e.g., at 400 kPa, the small strain shear stiffness of calcareous sand decreased by
approximately 63% with a 10% rubber content), it is clear that the most detrimental impact of grain
crushing on the calcareous sand was well minimized. In the current state of practice, on the other hand,
the soil stiffness can be reinforced and improved by using a geomembrane or geogrid [8]. Of course,
further studies along this line are worthwhile.

4. Conclusions

This paper presented how the addition of rubber particles alters the mechanical properties of

calcareous sand through well-controlled laboratory experiments. The main findings resulting from the
study are summarized as follows:

(a)

The virgin compression curves of the rubber—calcareous sand mixtures tended to converge in
the stress range investigated. This implies that all specimens were compressed to a unique state
not associated with the initial conditions. However, the results also show that the location of the
converging point depends on the rubber content.
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(b) The grain crushing of the mixtures was evaluated using a parameter of relative breakage (B;).
While the B, value of the pure calcareous sand was significantly greater than that of the Fujian
sand, it reduced pronouncedly with the inclusion of rubber chips. At a rubber content of 10%,
the B; value of the mixtures was very similar to that of the Fujian sand.

(c) The small strain shear modulus (Gy) decreased for the specimens with add-in rubber chips.
Moreover, the modulus reduction and damping curves exhibited little difference for the specimens
of varying rubber contents. Although the inclusion of rubber chips lowered the shear stiffness
of the calcareous sand, it is still considered a useful building material since it can mitigate the
adverse impact of grain crushing. The shear stiffness of the mixtures could be reinforced and
further improved by using a geomembrane or geogrid.
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