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Soil parameters governing mechanical properties of coral gravel soils

Paramétres de sol gouvernant des propriétés mécaniques des sols de gravier corallien

Yoichi Watabe
Hokkaido University, Japan, watabe@eng.hokudai.ac.jp

Takashi Kanek, Shinji Sassa
Port and Airport Research Institute, National Institute of Maritime, Port and Aviation Technology, Japan

ABSTRACT: Coral gravel soils are composite soils comprising of finger coral fragments and silt matrix, often found at coastal
regions of sub-tropical islands, particularly in Okinawa Islands, Japan. In this study, a series of triaxial CD tests was conducted for
undisturbed coral gravel soils collected at four different sites to investigate the mechanical properties of coral gravel soils. The test
results were compared to the authors’ previous test results obtained for the reconstituted coral gravel soils with different volumetric
percentage of coral fragments, and then soil parameter governing the mechanical properties such as the maximum principal stress
difference and shear resistance angle was discussed. It was found out that granular void ratio corresponding to 0.075 mm, in which
particles finer than a grain-size of 0.075 mm are regarded as void, is very useful as a governing parameter for shear strength of both
the reconstituted and undisturbed coral gravel soils.

RESUME : Les sols de gravier coraillien sont de sols composites comprenant des fragments de corail doigt et une matrice de silt, souvent
trouvée aux régions cotieres d’iles subtropicales, particulidrement dans les fles d’Okinawa au Japon. Dans cette étude, une série d’essai
de cisaillement CD triaxial a été conduite pour les sols intact de gravier coraillien collecté a quatre sites différents pour enquéter sur les
propriétés mécaniques des sols de gravier coraillien. Les résultats d’essai ont été comparés aux résultats d’essai précédents des auteurs
obtenus pour les sols de gravier coraillien reconstitués avec le différent pourcentage volumétrique de fragments de corail, et ensuite le
parametre de sol gouvernant les propriétés mécaniques a été discuté. Il a été découvert que I’indice des vides granuleux défini a 0,075
mm, auxquels les particules plus grand que 0,075 mm sont considérées comme le vide, est trés utile comme un parametre gouvernant
pour la résistance au cisaillement des sols de gravier coraillien.

KEYWORDS: coral gravel soil, shear strength, composite soil, intergranular void ratio.

using these advanced sampling methods.
1 INTRODUCTION
In the present study, high-quality samples were collected
from large-scale coastal construction sites in Okinawa Islands
and a series of triaxial tests were conducted in the laboratory to

Coral gravel soils are composite soils comprising of finger coral
fragments and silt matrix, often found at coastal regions of sub-

tropical islands, particularly in Okinawa Islands, Japan. In
practical design in geotechnical engineering, generally, the
shear strength of a low permeable soil is characterized by
cohesion, ¢, corresponding to the undrained shear strength, and
the shear strength for a high permeable soil is characterized by
shear resistance angle, ¢, corresponding to the drained shear
strength. The authors (Watabe et al. 2015) previously prepared
artificial reconstituted coral gravel soil mixtures with various
volumetric percentage of coral gravel fragments and conducted
a series of triaxial tests. From their study, the effect of
interlocking and particle crash was clarified.

It has been difficult to study the mechanical properties of
coral gravel soils because coral fragments hinder the collection
of undisturbed soil samples. Recently, however, sampling
technology has significantly advanced, and high-quality
undisturbed samples can now be collected for coral gravel soils.
In fact, in on-site investigations for large-scale projects in the
Okinawa Islands, coral gravel soils are sometimes collected by
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Figure 1. Map of sampling sites.

evaluate the mechanical properties of the high-quality samples
of coral gravel soils. The test data obtained for the high-quality
samples were compared to the previous test results obtained for
reconstituted mixtures having various volumetric percentages of
coral fragments.

2 SOIL SAMPLES AND TEST METHODS

The high-quality samples examined in the present study were
collected by one of the high-quality sampling methods at Naha
Airport, Naha Port, Hirara Port, and Naze Port. These sites are
indicated on the map in Figure 1. Note here that the high-
quality sampling methods were originally developed to collect
gravely material, particularly at crushed zones, using either a
gelled polymer to surround the core sample, muddy water flows
out radially from nozzles installed behind a coring cutter, or
muddy water containing fine air bubbles. It was confirmed that
all the samples treated in the present study were in a high-
quality state without movement of the coral fragments and
flushing out of the fine particles.

A list of the samples examined in the present study is shown
in Table 1. The reconstituted coral gravel soils are a series of
composite soils prepared by mixing coral fragments and silt
matrixes. Coral fragments with a grain size of 9.5 to 37.5 mm
were mixed, at a volumetric percentage of 0 to 44%, into the silt
matrix with a water content of 30%, a liquid limit, wi, of 22.9%,
and a non-plastic structure.

The high-quality samples were mainly collected from depths
in a range of approximately G.L. -5 to —15 m, corresponding to
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Table 1. List of samples examined in this study.

. . Reconstituted
Naha Airport Naha Port Hirara Port Naze Port (Watabe et al. 2015)

Number of tests 6 5 10 8 15
Volumetric percentage of coral gravels 22241 09242 0.0-33.6 0.1-134 044
> 9.5 mm (%)
Volumetric percentage of coral gravels _ _ 7 7 _
> 9.5 mm and <37.5 mm (%) * 22-12.6 09-213 0.0-12.0 0.1-134 0-44
Percentage finer by weight < 9.5 mm (%)* 77.51-96.22  63.39 -98.37 80.20 -100 80.20 - 99.91 42.91-100
Percentage finer by weight <2 mm (%)* 62.65 —84.10 34.84 —84.99 48.68 —98.66 70.56 —99.19 42.91-100
Percentage finer by weight <0.075 mm (%)* 17.89-57.25  6.74 —20.03 9.29 -26.59 11.94 -80.77 20.70 — 48.24
Void ratio ¢)* 0.57 — 0.96 0.72 - 1.08 0.70 - 1.00 0.65-1.24 0.40 - 0.99

the overburden effective stress, oo, in a range of approximately
40 to 120 kN/m? because the bulk unit weight of the coral
gravel soils was approximately 18 kN/m?. The consolidation
pressure in the triaxial test was set to the representative
overburden effective stress for the samples, i.e. 50 kN/m?2.
Because the triaxial CU-bar test overestimated the shear
strength for the samples showing significant negative pore
water pressure, which was unrealistic in the field, originating
from significant dilation under undrained conditions (Watabe et
al. 2015), the series of triaxial tests in the present study was
conducted under CD test conditions. The axial strain rate in the
shear test was set to 0.1%/min. Excess pore water pressure was
not observed during the shear tests.

3 TEST RESULTS

The relationships between principal stress difference, g (= o1 —
o3) and axial strain, &, obtained from the triaxial CD tests are
shown in Figure 2. Because of the limited space of this paper, a
graph for volumetric strain is not shown here, but the tendencies
observed in the tests are described here. For the samples
collected at Naha Airport, volume contraction was slightly
dominant (volumetric strain of about 1%). Those samples
showing contraction tended to exhibit an increase in shear
strength corresponding to densification with shear, i.e., strain
hardening. For most of the other samples, volume expansion
was dominant. Those samples showing expansion tended to
exhibit a decrease in shear strength corresponding to loosening
with shear, i.e. strain softening.

Remarkable site-by-site features are summarized below: 1)
For the samples collected at Naha Airport, most of the test
results showed strain hardening. The samples having large shear
strength showed jagged curves in the diagrams, caused by
particle crushing. The strain hardening was caused by volume
contraction, i.e., densification, with shear. ii) For the samples
collected at Naha Port, some samples showed strain hardening,
but some other samples, which exhibited volume contraction
followed by volume expansion, showed strain softening. iii) For
the samples collected at Hirara Port, all samples showed clear
peak strengths and then showed strain softening. After a slight
volume contraction at the beginning of shear, the soil behavior
turned to volume expansion and the volumetric strain reached
between —3% and —6% at an axial strain of 15%. iv) For the
samples collected at Naze Port, most of the samples showed
strain softening after the peak in association with volume
expansion, but the peak was weaker than that for the samples
collected from Hirara Port. For the other samples, strain
hardening was observed without a peak in association with the
volume contraction with shear.

After completing each triaxial test, the soil was sieved
through a 9.5 mm mesh to visualize the coral fragments in the
soil specimen. Photo 1 shows the coral fragments included in

* Calculated without particles larger than 37.5 mm
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Figure 2. Relationships between principal stress difference, g, and axial
strain & observed in the triaxial CD tests.
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Photo 1. The coral fragments larger than 9.5 mm sieved from high-
quality samples collected from Naha Airport.

(a) sample at G.L. —10.2 m and (b) sample at G.L. —10.9 m from
Naha Airport. In sample at G.L. —10.2 m, all the coral
fragments were smaller than 37.5 mm, whereas in sample at
G.L. -10.9 m, some coral fragments were larger than 37.5 mm.
The volumetric percentages of coral fragments are shown in
Table 1, as calculated for all the particles larger than 9.5 mm, as
well as for particles between 9.5 and 37.5 mm. It can be
assumed that, in the shearing behavior for the samples including
large bodies of coral fragments, shear deformation concentrates
at the smaller fragments and silt matrix. Therefore, in the
following discussion, the volumetric percentage calculated for
the particles smaller than 37.5 mm was used. The coral
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fragments larger than 37.5 mm are assumed not to contribute to
the shear behavior because of their high rigidity, similarly to the
cap and pedestal of the triaxial test apparatus.
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Figure 3. Relationships between volumetric percentage of coral
fragments (horizontal axis) and shear strength parameters (vertical axis).
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Figure 4. Relationships between void ratio, e, (horizontal axis) and shear
strength parameters (vertical axis).

4 DISUCSSION

Relationships between the volumetric percentage of coral
fragments (horizontal axis) and shear strength parameters
(vertical axis): (a) the maximum principal stress difference, gmax,
and (b) the maximum shear resistance angle, ¢ max, are plotted
in Figure 3. For the reconstituted samples, it was found that the
shear strength increased by interlocking between coral
fragments when the volumetric percentage of coral fragments
was larger than 20% (Watabe et al. 2015). This tendency was
seen only for the reconstituted coral gravel soils comprising of
the uniform silt matrix and the coral fragments between 9.5 and
37.5 mm. In general, there could be a tendency for shear
strength to increase with an increase in the volumetric
percentage of coral fragments; however, for the high-quality
samples, it was very difficult to see this tendency because of the
large variation. Note here that the region where the data for the
high-quality samples are plotted is very different from the
region where the data for the reconstituted samples are plotted.

Generally in geotechnical engineering, it is easy to assume
that shear strength tends to increase with increasing soil density.
Because soil density can be transformed into void ratio, the
shear strength could be expressed as a function of void ratio.
The relationships between the void ratio, e, (horizontal axis)
and shear strength parameters (vertical axis): (a) the maximum
principal stress difference, gmax, and (b) the maximum shear
resistance angle, ¢max, are plotted in Figure 4. For the
reconstituted samples, these shear strength parameters clearly
tended to decrease with increasing void ratio, represented by
downward-sloping concave curves. For the high-quality
samples, however, it is difficult to find any tendency in the data
plots because of the very large data variation.

In coral gravel soil, the void in the skeletal structure of the
coarse particles is filled by the matrix of fine particles. It seems
that this composite structure cannot be expressed by the
definition of the void ratio, e, normally used in geotechnical
engineering. In the present study, intergranular void ratio, e
(Kuerbis et al., 1988; Georgiannou et al. 1990; Thevanayagam,
1998), which regards the fine particles smaller than a
classification boundary as voids, is introduced to evaluate the
skeletal structure of the coral gravel soil. To correlate the
intergranular void ratio, e, to one of the normal soil parameters,
the classification boundary between sand and silt at a particle
size of 0.075 mm and the boundary between gravel and sand at
a particle size of 2 mm are used here, and expressed as €.0.075
and ep, respectively, to examine the possibility of being a
governing parameter for the shear characteristics (Figure 5).

Figure 3, in which the horizontal axis represents the void
ratio, e, was transformed into Figures 6 and 7, in which the
horizontal axes represent the intergranular void ratios, €g0.075
and ey, respectively. Note here that data for intergranular void
ratios, ee0.075 and e, larger than 5 and 25, respectively, are
outside of the plot area.

In Figure 6, for not only the reconstituted samples but also
the high-quality samples, all the strength parameters, namely,
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Figure 5. Definitions of void ratio and intergranular void ratio.

- 3073 -



Proceedings of the 19" International Conference on Soil Mechanics and Geotechnical Engineering, Seoul 2017

(a) the maximum principal stress difference gmax, and (b) the
maximum shear resistance angle, ¢max, clearly tended to
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Figure 6. Relationships between intergranular void ratio, ey.07s,
(horizontal axis) and shear strength parameters (vertical axis).
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Figure 7. Relationships between intergranular void ratio, e, (horizontal
axis) and shear strength parameters (vertical axis).

decrease with increasing intergranular void ratio, eg0.075, and
these relationships are respectively represented by downward-
sloping concave curves. In addition, both curves for the
reconstituted samples and the high-quality samples are drawn
close to each other, indicating that the intergranular void ratio
€0.075 can be used as the common governing soil parameter for
the two shear strength parameters.

In Figure 7, the strength parameters only for the
reconstituted samples clearly tended to decrease with increasing
intergranular void ratio, and these relationships are respectively
represented by downward-sloping concave curves. For the high-
quality samples, however, it is difficult to find any tendency in
the data plots because of the very large data variation.

As mentioned above, for the reconstituted samples
comprising of the silt matrix and the coral fragments with
controlled grain size distributions, the shear strength parameters
(gmax and ¢ max) can be respectively expressed as functions of all
four parameters (volumetric percentage of coral fragments, and
void ratios, e, e0.075 and ep). For the high-quality samples
collected from the field, however, those shear strength
parameters can be functions of the intergranular void ratio,
€0.075. This means that the skeletal structure of the coral gravel
soils comprises not only the coral fragments but also the
particles of gravel and sand larger than 0.075 mm, and the
matrix filling the void of the skeletal structure comprises the
clay and silt particles smaller than 0.075 mm. The classification
boundary at 0.075 mm in the grain size distribution is consistent
with the classification between coarse and fine particles in
geotechnical engineering.

5 CONCLUSIONS

In the relationships between shear strength parameters and void
ratio, the reconstituted samples had a high correlation; however,
the high-quality samples did not have a significant correlation.
Intergranular void ratio, e0.075, which assumes that the coarse
particles larger than 0.075 mm (sand, and gravel including coral
fragments) form a skeletal structure and that the fine particles
smaller than 0.075 mm (silt and clay) are regarded as voids,
could be a governing parameter for the shear strength
parameters, with a high-correlation.
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