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Relationship between the State Parameter
and Cone Resistance of Busan Sand
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Abstract

A series of CIDC triaxial tests and cone penetration tests in calibration chamber were performed to investigate
the relationship between state parameter and normalized cone resistance for dredged Busan sand. From the results
of the triaxial tests, the critical state line of Busan sand was established, and the critical state parameters found
to be M=1.39 (¢s=34°), ['=1.07 and A=0.068. By analyzing the state parameters and corresponding cone
resistances for calibration chamber specimens, the relationship between normalized cone resistance and state parameter
for Busan sand was defined as (q. - p)/p’ = 27.6 exp(-10.9%). This relationship was also shown to be independent
of the stress history. From the comparison of the slope of the normalized cone resistance, m, and the normalized
cone resistance at ¥ =0, &, with those of various sandy soils from over the world, the relationship of m and &«
with Ag of Busan sand was concluded to show a good agreement with the result published previously, while Busan

sand had the largest x among the soils with similar A, values.
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1. Introduction of a number of harbors and airports in order to facilitate
transportation and preoccupy international logistics service

Korea, as well as other neighboring countries, has market. In Korea, Busan new port is under construction
invested both public and private funds for the construction with the aim of serving as a gateway hub for the Northeast
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Asia. A large amount of sand was dredged from the
offshore seabed for reclamation. Hence, investigating the
shear behavior of Busan sand deserves academic attention.

The behavior of sandy soil subjected to drained shear
can be contractive, intermediate, or dilative. For a dilative
specimen, the void ratio decreases to a minimum transient
value, known as the characteristic state (Luong, 1980),
prior to the peak strength and then increases again until
its void ratio reaches the critical state. For a contractive
specimen, the void ratio continuously decreases toward
the void ratio at the critical state. The critical state is
defined as the ultimate state at which the soil continues
to deform with a constant stress and void ratio. The
response of a specimen can be captured in 3-D space in
terms of the void ratio (e¢), mean principal stress (p' =
(01’ +205"), and deviator stress (g =(0i - 03)). For simplicity,
the projections of the critical state line in two planes (p’
-g and e-log p’ plane) are commonly used, where three
critical state parameters are able to be determined. The
slope of the critical state line in the p'-g plane is

expressed in terms of the critical state friction angle, ¢.,.
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The critical state line projected in the semi-logarithmic
e-logp’ plane is expressed in terms of the intercept, I,

and slope, A.
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The critical state line stands for a reference state
affected by various physical properties of a sandy soil,
such as the compressibility, internal friction angle, grain
size distribution and shape, mineralogy, and extreme void
ratios. Theoretically, the critical state line represents a
condition of zero volume change during shear (Poulos,
1981). The shear behavior of a sandy soil can be either
contractive or dilative depending on whether the initial
void ratio is greater or lesser than the void ratio of the
critical state. Actually, the further a material state is from

the critical state condition, the stronger will be the
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tendency for a volume change during shear. Quantification
of this tendency for a specimen to change its volume is
achievable using the concept of state parameter (¥).
The two most influential factors affecting the behavior
of a given soil are the void ratio and stress level. The
state parameter combines the influence of both of these
factors, and can be used to describe the shear behavior
of a sandy soil. The state parameter is defined as the
difference between the void ratio of a soil and the void
ratio on the ultimate (steady or critical) state line at the
same mean effective stress, as illustrated in Fig. 1.
Actually, despite of some controversy, the ultimate state
of a soil has been reported to be independent of the initial
stress state (Ishihara, 1993, Vaid and Thomas, 1995, Chu,
1995), initial fabric (DeGregorio, 1990, Ishihara, 1993),
loading condition (DeGregorio, 1990, Been et al., 1991),
and drainage condition (Been et al, 1991, Chu, 1995),
even though the shear response and quasi-steady state may
differ. In this study, therefore, the critical state line was
assumed to be identical to the steady state line.
Finding the relationship between the cone resistance
and state parameter is initiated based on the fact that the
small strain behavior, such as shear modulus or com-
pressibility, does not correlate well with the state parameter;
whereas, the correlation between the state parameter and
the large strain behavior, such as drained angle of shearing
resistance, is considered acceptable. Been et al. (1986)
provided a better relationship between the cone resistance
and state parameter for a sandy soil using data collected
from available chamber testing programs. Concluding that

the relationship relies on the characteristics of the soil,
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Fig. 1. Definition of state parameter ¥



Been et al. (1986) suggested the following correlation in

terms of the slope, m, and the intercept, «.

9.-p
= KeXpi—
> p(-my) 0)

In this paper, the critical state of Busan sand was
determined using a series of conventional CIDC tests, and
then the chamber cone tests data were correlated with the
state parameter. Also, the gradient and intercept of the
g.-Y¥ relationship of Busan sand were evaluated and

compared with other values published previously.

2. Experimental Program

2.1 Property of Busan Sand

Busan sand is natural soil dredged near Yokji Island
in the South Sea. Its properties are summarized in Table
1. The basic properties were evaluated using standardized
techniques, KSF2308 (specific weight), KSF2302 (sieve
analysis), and DIN18126 (extreme void ratios). The particle
size distribution and SEM images are shown in Fig. 2.
Distinguished characteristics of Busan sand are its high

content of crushed shell.

2.2 CIDC Test

The specimen for the triaxial test had a diameter of
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(a) Particle size distribution

70.6 mm and height of 156.0 mm. Porous stones with
a Norton mixture number of P260 were used with a sheet
of filter paper at the top and bottom plates. In this paper,
eighteen drained shear tests were performed with different
relative densities and confining pressures. The complete
CIDC triaxial test program is summarized in Table 2.

Dense and medium specimens were formed using the
air-pluviation method. For loose and very loose specimens,
both the air-pluviated and moist-tamped specimens were
tested to monitor the differences in the shear behavior.
Moist-tamping is considered adequate for preparation of
a loose specimen close to the maximum void ratio;
whereas, the air-pluviated loose specimen shows dilative
behavior, regardless of its void ratio (Been and Jefferies,
1985). For air-pluviation, a funnel and a diffuser are
required to prevent material segregation and to regulate
the soil deposition rate and energy, which determine the
resulting density. The drop heights of the air-pluviation
system are predetermined according to the densities. For
moist-tamping, soils are mixed to have moist content of
5%, and then placed in ten layers to the predetermined
height of a mold. This procedure has to be performed
with great caution to enhance the homogeneity. Before
the mold was disassembled, the specimen was held with
a vacuum pressure of 35 kPa (5 psi) constantly maintained
using a regulator. Saturation was achieved in three phases;

firstly, specimen was flushed with carbonate water, then

(b) SEM image

Fig. 2. Particle size distribution and a microphotograph

Table 1. Properties of Busan sand

Gs emax (ydmin) emiﬂ (ydmax) DSO (mm) DlO (mm)

C

u

C, Particle Shape Mineralogy (%)

2.62 | 1.0683(1.27)  0.658(1.58) 0.315 0.162

0.7

2.35 | Angular to sub—angular | Si04(84.69), CaCO;(7.25)

Relationship between the State Parameter and Cone Resistance of Busan Sand

125



Table 2. CIDC test program

Moist tamping Air—Pluviation

20% | 40% | 20% | 40% | 60% | 80%
100 kPa M21 | M41 | A1 A4l A61 A8t
200 kPa M22 | M42 | A22 | A42 | AB2 | AS2
400 kPa M24 | M44 | A24 | A44 | AB4 | A84

Confinement

saturated using de-aerated water. Because of the high
solubility of carbon dioxide in water, rapid and complete
saturation is insured; back-pressure was finally applied
until B value of at least 0.97 was achieved. The same
value of back-pressure (100 kPa) was applied for all
specimens. With increment of SO kPa per two minutes,
the isotropic consolidation pressure was applied to the
target effective confining pressure. After the completion
of the isotropic consolidation, the strain-controlled shear
tests were performed with a 0.5%/min strain rate until
an axial strain of 30% was reached. Time, axial strain,
volumetric strain, deviatoric stress, and total and effective
confining stresses were recorded every 1 second using an

automatic data acquisition system.

2.3 Chamber Cone Penetration Test

The Korea University Calibration Chamber System
(KUCCS) was devised to simulate in-situ tests under
various boundary conditions and stress states. The system
consists of a calibration chamber, control panel, and data
acquisition system. The calibration chamber, 1.2 and 1.0
meters in diameter and height, respectively, is capable of
performing K, consolidation, using a servo-controlled
double wall and piston underneath the base-plate (Fig. 3),
as well as consolidation following arbitrary stress path
under four boundary conditions. Chamber cone penetration
test is able to be conducted using cone-probe adapters
located on the top plate.

As the chamber-to-cone diameter ratio and boundary
condition are known to have a significant influence on
the results of the cone penetration test, a number of
correction methods have been suggested to account for
the effects of the chamber size and boundary condition.
In this paper, the chamber size standardization factors
suggested by Been et al. (1986) were used, which defines
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the correction factors according to the boundary condition
and chamber-to-cone diameter ratio based on the data of
Hokksund sand. Although this standardization technique
is based on limited test data, for the sake of consistency
with previously published papers, the calibration chamber
test results were corrected using this technique.

The chamber specimen was prepared using a large scale
pluviation method. This technique was preferred due to
its effectiveness, and repeatability in forming identical
samples with spatial homogeneity. The KUCCS raining
equipment, as shown in Fig. 4, consists of a storage

chamber, lower and upper molds, and a diffuser sieve,
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Fig. 3. Schematic of calibration chamber
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Fig. 4. Raining equipment



Table 3. Chamber cone penetration test program

Relative density
40% 60% 80%

Vertical confining pressure

100 kPa (OCR=1) CN41 CN61 CN81
200 kPa (OCR=1 CN42 CN62 CN82
400 kPa (OCR=1) CN44 CN64 CN84
200 kPa (OCR=2) Co42 C0o62 Cco82
100 kPa (OCR=4) CO44 Co64 Cco84
50 kPa (OCR=8) Co48 Cco68 C0o88

which is capable of maintaining a constant drop height
with the elevating diffuser sieve. The relative density of
the specimen is governed by the opening size of the
diffuser and the drop height, and these values were
predetermined from a series of preliminary raining tests.

After assembling the spilt mold and rubber membrane,
the specimen was pluviated using the raining system. The
upper plate was mounted onto the specimen and was
sealed with membrane and O-rings. Once the specimen
was held with a vacuum pressure, the split mold was
disassembled and the initial volume was measured. The
double wall chamber cell, upper lid, and reinforcing plate
were assembled and the inner and outer cells then
completely filled with de-aerated water. The confining
pressure was increased to a target value with increments
of 50 kPa per every hour. By unloading from a vertical
preconsolidation pressure of 400 kPa, the specimens with
OCR of 2, 4 and 8 were prepared. The volume change
in the specimen was measured by reading the water level
in two vessels connected to the piston and chamber cell.
Once the chamber specimen had stabilized at the desired
consolidation pressure, the hydraulic thruster was located
above the cone adapter on the reinforcing plate and cone
probe is penetrated into the specimen at a standard
penetration rate of 2 cm/sec. Eighteen cone penetration
tests were performed according to the test program

summarized in Table 3.

3. Experimental Results
3.1 Critical State Line of Busan Sand

Fig. 5 shows the results of the CIDC triaxial tests for

Busan sand with different initial void ratios and effective
confining pressures. Due to the dilating behavior of the
air-pluviated specimen, Figs. 5 and 6a were plotted based
on data acquired from the air-pluviated loose and medium
specimens, as well as the moist-tamped dense and very
dense specimens. From Fig. 5, as long as the confining
pressures are the same, the shear strength of the soil
converges to a certain residual value, regardless of the
mitial void ratio. The void ratios of the dense specimens,
however, did not converge to the same value. The
development of a shear band during shear may induce
strain localization, which would affect the global void
ratio. In addition to the strain localization effect, the end
platen effect triggered by friction between the plates and
the bordering soils plays a significant role in preventing
the specimen from dilating, as a result, lowering the global
void ratio. The transient void ratio, which is known to
appear as a minimum void ratio prior to the peak strength
in medium-dense or dense specimens, can be seen clearly
with a specimen under a large confining pressure. It can
be clearly observed in the specimen with 400 kPa confine-
ment, whereas it is indistinguishable in the specimen with
100 kPa confinement. Figure 6b shows the difference
between the shear responses of the moist-tamped samples
and the air-pluviated samples. The air-pluviated samples
turned out to be dilative even though the moist-tamped
specimens at the same void ratio showed contractive
behavior.

On the basis of the test data, including axial strain, void

ratio, deviatoric stress, and confining stress at the critical
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Fig. 5. Drained shear response
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Fig. 7. Critical state line for Busan sand

state, obtained from a series of CIDC tests, the critical
state line and three parameters were determined, as
illustrated in Fig. 7. It should be noted that, due to the
insufficient void ratio convergence of the dense specimens,
the shear responses of Dy =80% specimens were excluded
when determining the critical state line. The computed

critical state parameters of Busan sand are M=1.39, T
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Fig. 8. Peak friction angle of Busan sand as a function of ¥

=1.07, and A=0.068. The friction angle at the critical
state, ¢., was determined to be 34°, which is in good
agreement with the typical value of ¢ suggested by
Bolton (1986), which was 33° for quartz sands.

Fig. 8 shows the relationship between the peak friction
angle and state parameter for Busan sand. It was within
the range proposed by Been and Jefferies (1985). Although
the trends of decreasing ¢ paa With increasing ¥ were
quite similar, the gradient of the extreme limits was
steeper than that for Busan sand. This indicates that the
maximum dilation angle, ¥ max, of Busan sand is likely
to be smaller than that of other sands, as reflected in the
fact that the slope of the critical state line, which is
basically a measure of the compressibility of soil, was

relatively large for Busan sand.



3.2 Chamber Cone Penetration Test Result

The state parameters of the chamber specimens were
calculated based on the void ratio after the completion
of each Ko consolidations. The representative cone resistance
was determined as the value when the cone resistance
measured during cone penetration into calibration chamber
became constant. Also, the cone resistance was corrected
using the chamber size standardization factor, and the
normalized cone resistance wase obtained. From a series
of preliminary raining tests, a 20% relative density was
impossible to achieve and, as a result, data for Dz =20%
specimens was not obtained in the calibration chamber.

The points in Fig. 9 indicate the void ratio and stress
state of each chamber specimen, all of which were below
the critical state line. All the chamber specimens had
negative state parameters, indicating a dilative shear response.
The void ratio of the OC specimen was slightly smaller
than that of the NC specimen due to the unrecoverabie
deformation during unloading. Fig. 10 shows the relationship
between normalized cone resistance and the state parameter
established for Busan sand. It is shown that the cone
resistance increases as the density of the specimen increases,
i.e. as the state parameter decreases. It was also observed
that the linear regression lines of the NC and OC
specimens show no discrepancy. Therefore, it can be
concluded that the stress history does not affect the
relationship between the cone resistance and state para-
meter when the cone resistance is normalized with respect

to the mean effective normal stress. From the relationship,

1.0
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0.8} Dg =60% E'“AIA ;;;;;;;;;;;; 2 mnc

ST — A OC | |
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10 100 1000

Mean principal stress (kPa)

Fig. 9. State parameter for cone chamber specimen
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the values of m and for x Busan sand were found to be
10.9 and 27.6, respectively.

Fig. 11 shows the contour lines determined by assigning
specific numbers in place of the state parameter in
Equation (3). The numbers in the figure represent the state
parameter, ¢.g. 04 means ¥ =-0.04. It was observed that
the slope of the plot between ¢.-p and p’ was closely
related to the state parameter, and provided a good
estimation for the state parameter of each chamber
specimen.

Figs. 12a and 12b show the plots of the slope of the
normalized cone resistance, m, and the normalized cone -
resistance at ¥ =0, k, with respect to the slope of the
steady state line, A, for various sandy soils from over
the world. The data point for Busan sand is located at

almost the same position with that of Reid Beddford in
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Fig. 10. Relationship between the state parameter and normalized
cone resistance
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Figure 12a, while Busan sand shows the largest « among
the soils with similar A, in Figure 12b. The reason the
k did not correlate well with the previously published data
may be explained by the high strength of quartz sand.
Although the compressibility of Busan sand was the
second largest of the various sands, the mineralogy or
material strength of Busan sand is believed to be large
enough to resist grain rupture during cone probe penetration.
Therefore, comparatively high cone resistance and « are
likely to be obtained.

4. Conclusions

From a series of CIDC triaxial tests and the cone
penetration tests in a calibration chamber, the relationship
between the state parameter and normalized cone resistance
for Busan sand dredged from the South Sea was

investigated and the following conclusions were drawn.

(1) Using the results of the triaxial tests on specimens
showing contractive and dilative responses during shear,
the critical state line was established and the critical
state parameters of Busan sand were determined as
M=1.39 (¢=34°), I'=1.07, and A=0.068. It was
also observed that the peak friction angle of Busan
sand decreased with increasing state parameter with
relationship obtained being within the range suggested
by Been and Jefferies (1985).

(2) By evaluating the state parameters for the calibration
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chamber specimens and the corresponding cone resis-
tances normalized with respect to the mean effective
normal stress, the relationship between the normalized
cone resistance and state parameter for Busan sand
was established to be (g.- p)/p’ = 27.6 exp(-10.9%).
It was also shown that this relationship was indepen-
dent of the stress history when the cone resistance
was normalized with respect to the mean effective
normal stress.

(3) The slope of the normalized cone resistance, m, and
the normalized cone resistance at ¥ =0, x, for Busan
sand were compared with those of various sandy soils
by plotting the data in the relation of m and x with
respect to the slope of the steady state line Ag. The
relationship between the m and Ay of Busan sand
showed a good agreement with the result of Been et
al. (1987), while Busan sand was found to have the

largest x among the soils with similar A,.
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