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While the liquefaction evaluation methods of siliceous sand have undergone

extensive studies, few research efforts were conducted to establish standard for

the liquefaction susceptibility of coral sand. The current study develops an

innovative method to evaluate the liquefaction potential of coral sand.

Specifically, the method integrates the grain-size distribution of coral sand,

effective overburden stress and equivalent seismic acceleration. Scanning

electron microscopy image of coral sand was processed to reveal the

microstructural characteristics of coral sand. The correction equation for

standard penetration resistance of coral sand in Indonesian ports was given

based on geotechnical investigations, and the recommended values of

correction factors were proposed for the regions lacking relevant data in the

previous period. The process for liquefaction evaluation method of coral sand

was described and applied to evaluate the liquefaction potential of coral sand in

Indonesian port projects. This study demonstrates the feasibility of integrating

standard penetration test and grain-size distribution for liquefaction evaluation

of coral sand.
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1 Introduction

With the continuous expansion of scientific research and engineering projects, coral

sand and other special soils have brought a series of new difficulties and challenges to the

construction of coastal ports along the 21st-Century Maritime Silk Road. Unlike siliceous

sands formed by physical or chemical origin, coral sands are mostly calcareous sands

formed by various marine organisms such as corals and shells through long-term

geological effects (Wu et al., 2022) (Figure 1). Coral sand is a special geotechnical

material that is widely distributed in tropical oceans between N30° and S30°, and it has

been found in the Caribbean Sea, Hawaii, Polynesia, Indonesia, the north coast of

Australia, the Indian Ocean, the Persian Gulf, the Red Sea, the South China Sea (Lv et al.,

2019; Yang et al., 2022).

Changes in microstructure and microfracture will affect mechanical properties (Liu

et al., 2006; Shih et al., 2010; Liu et al., 2022). There is a correlation between concrete pore

size and UCS (Liu X. et al., 2020b). Microstructure can by employed to observe
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deformation and failure of materials (Wang et al., 2015; Zhao

et al., 2015; Liu N. et al., 2020a). Previous studies have shown that

coral sand has many characteristics that are different from

siliceous sand, such as irregular particle shapes (Wang et al.,

2019), high particle angularity (Hyodd et al., 1998; Brandes, 2010;

Morsy et al., 2019), large porosity (Wang et al., 2014), low

mechanical strength (Arumugam and Ramamurthy, 1996;

Coop et al., 2004; Wu et al., 2018), high compressibility

(Wang et al., 2011), and high carbonate content (Xiao et al.,

2018), owing to its special marine biological origin. Hassanlourad

et al. (2014) reported quartz sand was greatly affected by the

initial relative density, while coral sand was significantly

influenced by the inherent filler. When calcareous sand and

siliceous sand are tested under similar conditions, calcareous

sand is more malleable and contractile and has a larger peak

friction angle than siliceous sand with similar grain-size

distribution, while siliceous sand has higher shear modulus

(Carraro and Bortolotto, 2015; Giang et al., 2015) and

damping (Brandes, 2010; Catano and Pando, 2010). Coral

sand is less susceptible to liquefaction than siliceous sand with

the same relative density under similar conditions (LaVielle,

2008; Pando et al., 2012).

Terzaghi and Peck (1967) used the term soil liquefaction to

describe the sudden loss of strength of sandy soils that lead to flow

slides by a slight disturbance. Numerous strong earthquakes, such as

the Guam earthquake of 1993, the Hawaii earthquake of 2006, the

Haiti earthquake of 2010, and many others, exhibited the extensive

damage caused by intense shaking of calcareous sands, and the

liquefaction of calcareous sands was observed in these cases, leading

to severe damage to coastal port facilities (Brandes, 2010). Soil

liquefaction also caused severe damage to the port facilities in the

earthquake of Kobe in 1995 (Robertson andWride, 1998). Attempts

thus far have been carried out to explore the liquefaction

susceptibility of siliceous sand. The cyclic stress ratio is

commonly employed to evaluate the liquefaction potential of

siliceous sand. The dynamic properties of coral sand vary

significantly from those of siliceous sand. The strength of coral

sand is low, and the particle breakage is easy to occur under the

seismic action, leading to changes in compactness. The relative

density, depth reduction coefficient and confining pressure have a

great influence on the cyclic stress ratio. Therefore, the variability of

liquefaction evaluation results by using conventional cyclic stress

ratio is large according to the above-mentioned arguments. Besides,

the standard penetration test-based procedure (Seed and Idriss,

1971), cone penetration test-based procedure (Robertson and

Wride, 1998), and shear wave velocity-based procedure (Andrus

and Stokoe II, 2000) are also employed to assess the liquefaction

potential of sandy soils. At present, liquefaction resistance evaluation

results of coral sands are not accurate. There are obvious

shortcomings in using the liquefaction evaluation standards of

siliceous sand to assess the liquefaction potential of coral sand.

Hawaii seismic data in 2006 showed that the in-situmodified shear

wave velocity of the coral sand liquefaction layer was 314 m/s, which

was 43% higher than the upper limit of modified shear wave velocity

for siliceous sand to reach liquefaction. Applying the liquefaction

evaluation method of siliceous sand to coral sand will cause obvious

misjudgment, thus leading to unnecessary investment in projects

(Shahnazari et al., 2016). Tang et al. (2013) compared various

liquefaction evaluation methods, such as the standard penetration

test method, and shear wave velocity method. However, the

applicability of these methods to the assessment of liquefaction

potential of coral sands requires further study. Research efforts on

liquefaction evaluation methods of coral sand are not sufficient;

hence it is of great practical significance to investigate the

liquefaction evaluation method of coral sand.

This research aims to explore a method to study the

liquefaction susceptibility of coral sand based on the

liquefaction evaluation method of siliceous sand. The method

has been successfully applied in the design of relevant port

projects in Indonesia. This paper demonstrates the feasibility

of integrating the grain-size distribution and standard

penetration resistance for liquefaction potential analysis, and

confirms the broad application prospects of this method.

2 Test procedure and theoretical
study of liquefaction evaluation
method

2.1 Sample preparation and treatment

Coral sands were sampled within a nickel-cobalt ore port in

Indonesia. 23 coral sand samples were drilled for geotechnical

FIGURE 1
Image of coral sands at a nickel-cobalt ore port in Indonesia.
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tests within the depth range of 4.15–14.45 m in the pontoon

berthing area. Geotechnical tests were conducted as per GB

50021-2009 (Ministry of Housing and Urban-Rural

Development of the People’s Republic of China, 2009). The

average value of the experimental results was taken as the

characteristics of coral sand to reduce experimental deviations.

2.2 Image processing of coral sands

Since the microstructural characteristics of coral sand

particles and pores are closely related to the engineering

properties of coral sand, it is necessary to analyze the

microstructure of coral sand for exploring the liquefactions

susceptibility of coral sand. The microstructure of coral sand

can be obtained by scanning electron microscope images

(Seneviratne et al., 2020; Zhang et al., 2022a).

Although the large magnification image shows the shape and

size of particles and voids in detail, it is difficult to accurately

represent the real microstructure of coral sand due to the small

number of particles and voids. It can only characterize the local

microstructure of coral sand. The image with small magnification

presents a large number of particles and voids; however, too small

a magnification can make coral sand particles and voids

indistinguishable. In the microstructural characterization

analysis of coral sands, the microscopic image should cover as

many particles as possible while ensuring the clear representation

of particles and voids. The magnification of coral sand image of

coral sand used in this paper was 100 times after fully considering

the above arguments. Scanning electron microscope images of

coral sand were collected at a 15 kV voltage.

The image was processed by the spatial domain method to

remove or attenuate image noise and highlight the edge contours

of the objects for easy target recognition. Soil is a three-phase

system consisting of solid gas water (Bi et al., 2018; Bi et al., 2020).

Dry coral sand is considered as a two-phase system composed of

solids and gases. The threshold segmentation method was

employed to divide the processed image into two regions,

namely, coral sand particles and voids (Matsushima et al.,

2009; Zhao et al., 2015; Zhang et al., 2022b). The binary

image of coral sand was thus obtained, and microstructural

parameters of voids were then extracted.

The binary images of coral sands allow the quantification and

analysis of microstructural parameters such as surface porosity,

void equivalent diameter and void area. The void equivalent

diameter in two-dimensional space refers to the diameter of an

equal-area circle, as shown in Eq. 1.

D �
�����
4S/π√

(1)

where D is the equivalent diameter of void; and S is the area

of void.

2.3 Liquefaction potential of siliceous sand
by standard penetration test (SPT)

According to the Chinese Code for Seismic Design of

Buildings (Ministry of Housing and Urban-Rural

Development of the People’s Republic of China, 2016), the

liquefaction index for each borehole can be calculated by

IlE � ∑n

i�1 1 − Ni

Ncri
( )diWi (2)

where IlE is the liquefaction index; n is the total number of

standard penetration tests per borehole in the depth of the

investigation; Ni and Ncri are the measured and critical values

of the standard penetration resistance at position i, respectively,

and the critical value is taken if the measured value is greater than

the critical value; di is the thickness of the i-layer soils, which can

be half of the difference in depth between the upper and lower

standard penetration test positions adjacent to position i, but the

upper boundary is not higher than the groundwater table, and the

lower boundary is not lower than the liquefaction depth (m);Wi

is the weight function value of the layer influence of the unit

thickness of the i-layer soils (m−1).

As for the liquefaction index, when 0< IlE ≤6, the liquefaction
grade is slight; when 6< IlE ≤18, the liquefaction grade is

medium; when IlE >18, the liquefaction grade is severe. When

the midpoint depth of the layer is not greater than 5 m, Wi =10;

when the midpoint depth of the layer is 20 m, Wi =0; when the

midpoint depth of the layer is greater than 5 m and less than

20 m, Wi should be taken by linear interpolation.

2.4 Liquefaction susceptibility of coral
sand

The susceptibility and hazard degree of coral-sand

liquefaction should be investigated based on the properties of

the sand and seismic intensity at the site. The grain-size

distribution and standard penetration test (SPT) are firstly

conducted for liquefaction evaluation. If the results are near

the dividing line between occurrence and non-occurrence of

liquefaction, the cyclic triaxial test should be employed for

further determination.

2.4.1 Liquefaction susceptibility of coral sand by
grain-size distribution

As shown in Figure 2, if the grain-size distribution curve of

sand is outside the range of the possible liquefaction boundary,

the sand may liquefy. The influence of the uniformity coefficient

Uc (Uc � D60/D10) should be considered in selecting the

boundary curves, and its critical value is 3.5. Soil with

Uc <3.5 classifies as a low uniformity coefficient soil, while

soil with Uc >3.5 classifies as a high uniformity coefficient soil
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according to the Unified Soil Classification System (Osamu

2020). If the grain-size distribution curve of sand falls into the

possible liquefaction zone, further judgment is required to

determine whether liquefaction occurs in the sand. For soils

with a high fine-grained content, cyclic triaxial test is needed. For

soils with a high coarse-grained content, liquefaction

susceptibility depends on the permeability coefficient, and if

the permeability coefficient is greater than 3 cm/s, liquefaction

will not occur. However, if the underlying soil layer is a soil with

poor permeability such as clay or silt, the method corresponding

to the possible liquefaction zone should be strictly followed for

liquefaction evaluation.

2.4.2 Liquefaction susceptibility of coral sand by
equivalent SPT blow count and equivalent
acceleration

The equivalent SPT blow count (N)65 can be determined

according to the following formula:

N( )65 �
N − 0.019 σ ′v − 65( )
0.0041 σ ′v − 65( ) + 1.0

(3)

where (N)65 is the equivalent SPT blow count; σ ′v is the effective

overburden pressure at the bottom of the soil layer (kN/m2), and

the volumetric weight of the overlying soil is 18.5 kN/m3, thus the

effective volumetric weight is 8.5 kN/m3;N is the actual SPT blow

count at the bottom of the soil layer.

As for the N value of coral sand, many scholars have

suggested the relationship between the cone head resistance of

siliceous sand and calcareous sand by referring to the static

penetration test. Almeida et al. (1991) believed that the cone head

resistance of siliceous sand was about 1.8–2.2 times that of

calcareous sand, while Cudmani (2000) found that the ratio

was between 1.4 and 3.5, and the specific value was related to the

relative density. In the static penetration test, the end resistance

and side resistance of quartz sand were about 1.3–2.2 times that

of coral sand. Foray et al. (1999) compared the ultimate pressure

of siliceous sand and calcareous sand, and demonstrated that the

ultimate bearing capacity of siliceous sand was 2–3 times that of

calcareous sand, and the ultimate bearing capacity was related to

the initial confining pressure. According to the above-mentioned

literature study, siliceous sand is about twice the SPT blow count

of calcareous sand under the same confining pressure and

compactness. Therefore, in the liquefaction evaluation analysis

of coral sand, the measured SPT blow count can be scaled and

then combined with the traditional liquefaction evaluation

FIGURE 2
Grand-size distribution curves of possible liquefied soils: (A) Uc <3.5; (B) Uc >3.5.

FIGURE 3
Modified SPT fitting curves.
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method of siliceous sand. Eq. 3 can also be represented by

Figure 3.

Equivalent acceleration can be calculated by

αeq � 0.7
τ max

σ ′v
g (4)

where αeq is equivalent acceleration (Gal); τ max is maximum

shear stress (kN/m2); g is gravitational acceleration (Gal).

According to the equivalent SPT blow count and equivalent

acceleration, the liquefaction potential of coral sand can be

determined according to Figure 4.

Liquefaction potential in each zone is as follows:

If the equivalent acceleration and equivalent SPT blow count

of coral sand fall in zone I, then liquefaction will certainly occur.

If the equivalent acceleration and equivalent SPT blow count

of coral sand fall in zone II, then coral sand has a high probability

of liquefaction, and further evaluation should be conducted by

combining the results of cyclic triaxial test.

If the equivalent acceleration and equivalent penetration of

coral sand fall in zone III, then the liquefaction potential of coral

sand is small, and the cyclic triaxial test should be employed for

further determination.

If the equivalent acceleration and equivalent penetration of

coral sand fall in zone IV, then coral sand will certainly not

liquefy.

When the fine soil content is more than 5%, the SPT blow

count should be corrected. The fine soil content of the site is 3%;

hence there is no need to correct the SPT blow count.

2.4.3 Steps for liquefaction evaluation of coral
sand

The shear strength of coral sand density is 1.8–2.2 times that

of siliceous sand with the same relative density under similar

conditions. The SPT blow count should be multiplied by the

correction coefficient. The experimental results of Indonesian

coral sand with the effective overburden stress of 0 kPa–100 kPa

were regressed, and the formula of correction coefficient Fca of

SPT blow count was derived:

Fca � 0.72pDr + 1.62 (5)

where Dr is relative density.

For Indonesian coral sand, the SPT blow count was corrected

according to Eq. 5. Thereafter, the combination of grain-size

distribution and SPT can assess the liquefaction susceptibility of

coral sand. The specific steps are as follows:

(1) The SPT blow count of coral sands at different depths is

determined by field SPT;

(2) Acid drop test is performed using disturbed samples to

obtain the content of calcium ions to determine the type

of sand;

(3) The grain-size distribution and uniformity coefficient are

investigated by sampling and sieving test;

(4) The measured grain-size distribution curve of coral sands is

compared with the possible liquefaction zone corresponding

to the uniformity coefficient in accordance with Figure 2. If

the curve is outside the liquefiable area, the liquefaction will

not occur. Otherwise, the liquefaction evaluation needs to go

to the next step.

(5) The equivalent SPT blow count can be obtained according to

Eq. 3 or Figure 3;

(6) The theoretical range of relative density of coral sand is 0<
Dr ≤1, hence the correction coefficient of the SPT blow count

is 1.69< Fca ≤2.34 according to Eq. 5. Considering that coral
sand is one kind of biomass sand, the dynamic characteristics

of coral sand in different regions are relatively consistent,

hence the correction coefficient Fca can be taken as two to

correct the SPT blow count for other regions lacking relevant

data in the previous period.

(7) The equivalent acceleration is calculated according to Eq. 4;

(8) The liquefaction of coral sand can be identified by combining

the corrected SPT blow count and equivalent acceleration

according to Figure 4.

2.5 Engineering projects

2.5.1 A nickel-iron ore port project in Indonesia
The nickel-iron ore port, located in Sulawesi Island,

Indonesia, is mainly used for receiving and unloading sulfuric

acid, containers, and other regular cargoes. The port measures

FIGURE 4
Liquefaction susceptibility zoning of SPT.
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15 m by 120 m. The pontoon is moored in front of the port, and

they have their own loading and unloading equipment. The bulk

carrier, with a displacement of 57,000 tons, is anchored outside

the pontoon. Four exploration positions were taken in the

pontoon berthing area, labeled M1 to M4. The geological

conditions within the depth range of 39.0 m were investigated

and the basic acceleration of ground motion was calculated.

Subsequently, the liquefaction potential of the site was evaluated

by the SPT and the new evaluation method proposed in this

paper, respectively.

2.5.2 A nickel-cobalt ore port project in
Indonesia

The nickel-cobalt ore port, located in Sulawesi Island,

Indonesia, is mainly used for receiving and unloading laterite

nickel ore, and other heavy cargoes. The port measures 18 m by

150 m. Five exploration positions were taken in the port, labeled

M5 to M9. Five exploration sites were selected in the revetment,

labeled H1 to H5, and two exploration sites were selected in the

land, labeled BH1 and BH2. Similar to the last project, the

geological conditions within the depth range of 20.0 m were

investigated and the basic acceleration of ground motion was

calculated. Subsequently, the liquefaction potential of the site was

evaluated by the SPT and the new evaluationmethod proposed in

this paper, respectively.

3 Engineering application and
validation study

This paper aims to develop an innovative method to

evaluate the liquefaction potential of coral sand. Specifically,

standard penetration test and grain-size distribution are

considered in the liquefaction evaluation method of coral

sand. This method has been applied to assess liquefaction

susceptibility of a nickel-iron ore port site and a nickel-

cobalt ore port site in Indonesia.

3.1 Properties of coral sands

It is necessary to obtain the basic parameters of soil to deeply

understand the hydro and dynamic properties of soil (Liu et al.,

2023). The basic parameters of the coral sands are provided in

Table 1.

3.2 Microstructural characterization of
coral sands

The binary image of coral sand is shown in Figure 5.

Morphologies of the coral sand particles are diverse, and there

are four common shapes, namely, flaky particles, dendritic

particles, spindle-like particles and block-like particles.

Spindle-like particles and block-like particles account for most

of them. Dendritic particles, spindle-like particles and block-like

particles are rich in the native internal voids of organisms. Flaky

particles and spindle-like particles are prone to breakage when

they are subjected to stress.

As observed in Figure 6, the equivalent diameters of voids

range from 1.90 µm to 121.15 µm. The average equivalent

diameter of voids is 22.41 µm, and the median equivalent

diameter of voids is 14.61 µm. The equivalent diameter

distribution of voids is concentrated. The voids with

TABLE 1 Properties of the coral sands.

Property Value

Gravity density (kN/m3) 19.5

Maximum void ratio 3.0

Minimum void ratio 0.8

Uniformity coefficient 45.5

Coefficient of gradation 5.9

Internal friction angle (°) 40.0

Cohesion (kPa) 0

SPT blow count (N/30 cm) 8.8

Correction SPT blow count (N/30 cm) 7.6

Bearing capacity (kPa) 110

Modulus of compressibility (MPa) 6.3

FIGURE 5
Binary image of coral sand.
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equivalent diameters between 1.8 µm and 9.3 µm account for

about 1/3 of the total number of voids, and the number of large

voids is small. The variance of void equivalent diameter

distribution is very small, about 0.005. The areas of voids

range from 2.83 µm2 to 11527.67 µm2, with an average void

area of 762.92 µm2 and a median void area of 170.36 µm2.

The void area distribution is concentrated, and the number of

small void areas is huge, accounting for more than 2/3 of the total

number of voids, and the variance of the void area distribution is

minimal, only 2.204 e-06.

3.3 Liquefaction evaluation of a nickel-
iron ore port site in Indonesia

3.3.1 Geological conditions of the nickel-iron ore
port site

The strata within the depth of 39.0 m revealed by the

borehole are Quaternary talus accumulation. According to

their burial conditions, distribution, lithological characteristics,

and physical and mechanical properties, they can be divided into

the following four engineering geological layers, which are briefly

described as follows:

I Plain fill (Q4
ml): variegated, loose, slightly wet, mainly clay

and gravel, and locally block stone.

II Coral sand (Q4
dl): grayish-white, dense, saturated, and

cores with short columnar or blocky shapes.

III Fine sand (Q4
dl): grayish-yellow, slightly dense, saturated,

moderately rounded, poorly graded, impure sand, and mainly

feldspar and quartz.

Silty clay (Q4
dl): grayish-brown, plastic, smooth cut surface,

slightly shiny, medium dry strength, medium toughness, rust

spots, and no shaking and vibration reaction.

IV Strongly weathered peridotite (pTum): grey-green,

strongly weathered, mostly damaged tissue structure, broken

or relatively broken core with fragmented or short columnar

shape, crack development, and local water leakage.

According to the Indonesian Seismic Resistant Design

Standard for Building Structures (Wangsadinata, 2002) and

the Chinese Code for Seismic Design of Buildings (Ministry of

Housing and Urban-Rural Development of the People’s

Republic of China, 2016), the seismic precautionary intensity

of the site is 8 degree. The basic ground-motion acceleration of

a site with a design service life of 50 years and an exceedance

probability of 10% is 0.3 g as per the Indonesia Seismic Zoning

Map (2010 edition). The design seismic group of the site is

Group 2. The foundation soil type of the site is medium soft soil,

and the construction site category is class II, hence the site is an

unfavorable earthquake-resistant area. Since the design service

life of the port is 20 years, the corresponding seismic regression

period is 190.3 years under the premise of 10% exceedance

probability. In accordance with the earthquake regression

period, it can be concluded that the 50-year exceedance

probability is 23.16%. The intensity probability of the 50-

year design reference period conforms to the extreme value

type III distribution. Based on the known basic seismic

precautionary intensity (8 degree) and exceedance

probability, the corresponding seismic intensity can be

deduced to be 7.45 degree. Therefore, the basic acceleration

of ground motion is 0.203 g for a site with a 20-year design life

and a 10% exceedance probability.

3.3.2 Liquefaction susceptibility of the nickel-
iron ore port site by SPT

The liquefaction susceptibility of coral sand assessed using

the evaluation method for siliceous sand is listed in Table 2.

FIGURE 6
Microstructural parameters of voids: (A) equivalent diameter; (B) area.
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When the seismic acceleration of the site is 0.3 g, most of the

boreholes in the site may liquefy according to the liquefaction

evaluation method of siliceous sand. Therefore, the site is a

severely liquefied area and requires avoidance or foundation

treatment to eliminate liquefaction, which will greatly increase

the project cost. Vibroflotation rubble piles should be used

underneath the port to eliminate liquefaction. The treatment

area is from 15 m from the seaside of the port front to 40 m from

the land side of the port front, and the treatment depth is up to

the rock surface line. The vibroflot positions are arranged in a

triangular shape with a spacing of 2 m, the treatment area

measures 70 m by 200 m, and the average treatment depth is

15 m. An additional investment of about 20 million yuan is

needed as per the preliminary estimate.

3.3.3 Liquefaction susceptibility of the nickel-
iron ore port site by grain-size distribution
and SPT

The drilling results of the port show that the stratum within

20 m of the surface layer is coral sand. Since no grain-size

distribution data are available for boreholes M1 to M4, the

gradation curve is considered to have fallen into the range of

possible liquefaction according to the most unfavorable case, and

then the liquefaction susceptibility is evaluated as per steps 5, 6,

7 and 8 described in Section 2.4.3. The relevant results are shown

in Figure 7.

The SPT data of the boreholes M1 to M4 are mostly located

in zone IV, that is, liquefaction will not occur. Only the data of

individual depths of borehole M3 fall into zone III, which has a

low possibility of liquefaction. This liquefaction risk should be

considered in the design. No foundation treatment is required

for the port area, thus saving 20 million yuan in engineering

cost. It has been 3 years since the project was put into

operation in 2019. During this period, several earthquakes

have occurred, and no liquefaction has been observed at

the site.

3.4 Liquefaction evaluation of a nickel-
cobalt ore port site in Indonesia

3.4.1 Geological conditions of the nickel-cobalt
ore port site

The investigation reveals that the site strata are marine

sedimentary layers and bedrock within the depth reached by

TABLE 2 Liquefaction susceptibility of port by SPT.

Borehole Midpoint
depth of soil
layer (m)

Thickness of
soil layer (m)

Critical SPT
blow count

Measured SPT
blow count

Weight
function
value

Liquefaction
index

Liquefaction
grade

M1 4.20 1.20 20.64 7.00 10.00 41.93 Severe

7.30 1.00 26.19 8.00 8.47

M2 3.85 1.90 20.76 7.00 10.00 57.42 Severe

7.30 1.00 26.31 8.00 8.47

14.00 1.40 34.50 12.00 4.00

M3 4.20 1.20 19.78 7.00 10.00 50.95 Severe

7.30 1.00 25.33 8.00 8.47

12.75 1.90 31.60 9.00 4.83

M4 5.15 2.30 23.26 10.00 9.90 12.98 Medium

FIGURE 7
Liquefaction evaluation zoning of boreholesM1 toM4 by SPT.
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the drilling, except for the plain fill. According to the burial

conditions, lithologic characteristics, and physical and

mechanical properties of the strata, the foundation soil of the

site is divided into four engineering geological layers. The basic

properties of each layer are presented in Table 3. Similar to the

last engineering case, the design life of the port in this project is

20 years, and the basic acceleration of ground motion with an

exceedance probability of 10% is 0.203 g. The foundation soil

type of the site is medium soft soil, and the construction site

category is class II, hence the site is an unfavorable earthquake-

resistant area.

3.4.2 Liquefaction susceptibility of the nickel-
cobalt ore port site by SPT

The drilling results of the site show that the surface layer of

20 m is coral sand, the depth of liquefaction potential evaluation

is 15 m, and the buried depth of the site foundation is 3 m. The

liquefaction susceptibility assessment of the port area is carried

TABLE 3 Basic properties of the site strata.

Number Stratum Thickness of
layer (m)

Bottom
depth (m)

Description of stratum

I Plain fill 2.4–4.0 2.4–4.0 Variegated, slightly wet, loose, mainly clay and gravel, and local block stone

II Coral sand 2.3–12.6 6.3–15.0 Grayish-white, saturated, slightly dense, mainly coral debris and shell debris,
locally cementation with blocky or short columnar shape

III Fully weathered
peridotite

2.5 17.2 Grayish-green, fully weathered, original rock with fully destroyed structure,
earthy, the stratum can be dug by a shovel pick and drilled by dry drilling, partial

containing fragments of incomplete weathering

IV Strongly weathered
peridotite

— — Grayish-green, strongly weathered, the basic destruction of the original rock
structure, significant changes in mineral composition, weathering fracture

development, broken rock mass, the stratum can be dug by a shovel pick, dry
drilling is not easy to enter

TABLE 4 Liquefaction susceptibility of the nickel-cobalt ore port site by SPT.

Borehole Midpoint
dactepth of soil

layer (m)

Thickness of
soil layer (m)

Critical SPT
blow count

Measured SPT
blow count

Weight
function
value

Liquefaction
index

Liquefaction
grade

M5 3.42 1.25 15.99 14.00 10.00 34.60 Severe

6.68 2.25 19.89 9.00 8.32

12.75 1.90 27.69 12.00 2.25

M6 2.92 1.25 15.34 13.00 10.00 32.40 Severe

6.95 2.90 20.41 9.00 8.05

14.25 1.50 30.81 12.00 0.75

M7 3.42 1.25 15.99 12.00 10.00 31.0 Severe

7.72 1.35 21.84 8.00 7.28

12.93 1.25 28.34 13.00 2.08

M8 3.92 2.25 15.22 11.00 10.00 25.30 Severe

8.13 1.85 20.42 9.00 6.88

11.43 1.75 24.32 12.00 3.58

M9 1.52 3.05 14.69 11.00 10.00 36.40 Severe

7.15 1.70 21.19 9.00 7.85

14.49 1.20 30.29 12.00 0.60
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out based on the method described in Section 2.3, and the results

are demonstrated in Table 4.

Severe liquefaction will occur in all boreholes in the site in

accordance with the evaluation method for siliceous sand. The

site needs to be avoided or ground treated to eliminate

liquefaction, which will significantly increase the project cost.

Vibroflotation rubble piles are required underneath the port to

eliminate liquefaction. The treatment area is from 15 m from

seaside to 40 m form land side along the port front, and the depth

of treatment is up to the rock surface line. The vibroflot positions

are arranged in a triangle shape with a spacing of 2 m. The

treatment area measures 60 m by 180 m, and the average

treatment depth is 13 m. It is estimated that an additional

investment of about 22 million yuan is needed.

3.4.3 Liquefaction susceptibility of coral sand by
grain-size distribution and SPT

The liquefaction susceptibility assessment of drilling samples

M5 to M9 in the port area is carried out based on the method

described in Section 2.4, and the results are demonstrated in

Figures 8, 9.

Boreholes H1 to H5 are located in the revetment area, and

boreholes BH1 and BH2 are located in the land area. The

liquefaction potential evaluation is performed based on the

method described in Section 2.4, and the results are

demonstrated in Figures 10, 11.

For the revealed boreholes near the port, revetment and land

area, the SPT data are all in zone IV, thus the site will not liquefy.

The grain-size distribution curves are almost not in the high

liquefaction possibility range, or have a little overlap with it;

hence the possibility of liquefaction in these strata is low. In

general, liquefaction will not occur in port, revetment and land

area, and the effect of liquefaction on these areas does not need to

be considered. Therefore, there is no need to carry out foundation

treatment, which saves a large amount of the engineering cost. It

FIGURE 8
Liquefaction evaluation zoning of boreholes M5 to
M9 samples based on SPT.

FIGURE 9
Liquefaction evaluation zoning of boreholes M5 to
M9 samples based on grain-size distribution.

FIGURE 10
Liquefaction discrimination zoning of H1 to H5, BH1 and
BH2 drilling samples based on SPT.
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has been 3 years since the project was put into operation in 2019.

During this period, several earthquakes have occurred at the

project site, and no liquefaction has been observed at the site.

4 Discussion

The current regulations on the liquefaction evaluation are

commonly for the silica sand. Previous studies on the

liquefaction evaluation of coral sand are limited. Coral sand

has the following characteristics compared with siliceous sand

with the same relative density and tested under similar

conditions:

• The SPT blow count of coral sand is smaller than that of

siliceous sand;

• Coral sand has a higher compressibility than siliceous sand;

• The internal friction angle of coral sand is larger than that

of siliceous sand;

• Coral sand is less susceptible liquefaction than

siliceous sand.

In the liquefaction potential assessment of the sites in the

above-mentioned projects, coral sand have severe or moderate

liquefaction potential according to the evaluation methods of

siliceous sand, and these locations need to be avoided or ground

treated to eliminate liquefaction, however, this process is time-

consuming, energy-intensive, and financially costly, thus

enhancing the engineering cost significantly. The new method

proposed in this paper is employed to investigate the liquefaction

susceptibility of coral sand in these two projects. The results show

that the coral sands inmost of the boreholes in the nickel-iron ore

port will not liquefy. Only a borehole sample at a certain depth

has a low probability of liquefaction, hence the liquefaction risk

of this position should be considered in the design of port. There

is no possibility of liquefaction in the nickel-cobalt ore port,

revetment and land area, and there is no need to consider the

influence of liquefaction on these areas. The liquefaction

evaluation method of coral sand has been successfully applied

to these two projects in Indonesia, the acceptance and review of

them has been completed. The two projects do not need to carry

out foundation treatment, which saves a large amount of

engineering costs.

This research supports the construction of port projects

among countries along the Silk Road Economic Belt, and fills

the gaps in the current design standards and specifications for

port engineering. The study provides a reference for the design of

other port projects with similar conditions, and creates

significant economic and social benefits.

5 Conclusion

The microstructures of the coral sands were studied though a

series of image-processing and analysis procedures. The

geological conditions were investigated by boreholes. A new

method was proposed to evaluate the liquefaction

susceptibility of coral sands and was applied to two port

projects in Indonesia to verify its feasibility. The main

following conclusions can be drawn based upon the presented

results:

(1) The liquefaction evaluation methods of siliceous sands are

not applicable to coral sands.

(2) The correction formula for the SPT blow count of coral sand

is developed, and the recommended value of correction

coefficient is proposed for the first time for the regions

lacking relevant data in the previous period.

(3) An innovative liquefaction evaluation method for coral sand

is proposed by combining the standard penetration test and

grain-size distribution curve, i.e., the grain-size distribution,

effective overburden stress, equivalent standard penetration

test blow count and equivalent seismic acceleration are

comprehensively considered to evaluate the liquefaction

potential of coral sand.

(4) The liquefaction evaluation method of coral sand has been

successfully applied to a nickel-iron ore port project and a

nickel-cobalt ore port project in Indonesia. These two

projects save a lot of engineering investment compared

with the traditional liquefaction evaluation method.
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FIGURE 11
Liquefaction discrimination zoning of H1 to H5, BH1 and
BH2 drilling samples based on grading curve.
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