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Abstract

The undrained shear strength of shallow strata is a critical parameter for safety design in deep-water operations.
In situ  piezocone penetration tests (CPTU) and laboratory experiments are performed at Site W18-19 in the
Shenhu area, northern South China Sea, where China’s first marine hydrate exploitation operation is due to be
located. The validation of the undrained shear strength prediction model based on CPTU parameters. Different
laboratory tests, including pocket penetrometer, torvane, miniature vane and unconsolidated undrained triaxial
tests, are employed to solve empirical cone coefficients by statistical and mathematical methods. Finally, an
optimized model is proposed to describe the longitudinal distribution of undrained shear strength in calcareous
clay strata in the Shenhu area. Research results reveal that average empirical cone coefficients based on total cone
resistance, effective resistance, and excess-pore pressure are 13.8, 4.2 and 14.4, respectively. The undrained shear
strength prediction model shows a good fit with the laboratory results only within specific intervals based on their
compaction degree and gas-bearing conditions. The optimized prediction model in piecewise function format
can be used to describe the longitudinal distribution of the undrained shear strength for calcareous clay within all
depth intervals from the mud-line to the upper boundary of hydrate-bearing sediments (HBS). The optimized
prediction result indicates that the effective cone resistance model is suitable for very soft to firm calcareous clays,
the excess-pore pressure model can depict the undrained shear strength for firm to very stiff but gas-free clays,
while the total cone resistance model is advantageous for evaluating the undrained shear strength for very stiff
and gassy clays. The optimized model in piecewise function format can considerably improve the adaptability of
empirical models for calcareous clay in the Shenhu area. These results are significant for safety evaluations of
proposed hydrate exploitation projects.
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1  Introduction
Natural gas hydrate (NGH) is a caged crystalline solid formed

from water and natural gas molecules. It is widely occurring in
permafrost and the seabed at continental margins. The amount
of the NGH hosted in continental margin sea beds is twice that
hosted in permafrost (Kvenvolden, 1998; Wu et al., 2011). In 2007
and 2015, offshore drilling projects operated by the China Geo-
logy Survey (CGS) suggested that a large amount of the NGH
(more than 1 500×108 m3 natural gas equivalent) exists in the
Shenhu area of the northern South China Sea (Wu et al., 2010;
Yang et al., 2015; Liu et al., 2017; Wang et al., 2017). Because the
NGH in this area is buried in clayey silt sediments, the geo-tech-

nical characteristics of overlying hydrate-bearing sediments
(HBS) plays a crucial role in safe and effective gas production
from the HBS strata (Han et al., 2015). Specifically, the un-
drained shear strength of shallow strata is vital for both deep-wa-
ter jetting and wellhead stability analysis during the entire pro-
cess of hydrate exploitation (Li et al., 2016a, b ).

Laboratory experiments and in situ tests are popular ways to
obtain undrained shearing strength (Su) (Chung et al., 2006).
However, because of limitations related to both sample quantity
and quality, results from laboratory experiments can rarely rep-
resent the longitudinal distribution of the undrained shear
strength in all depth intervals. In situ piezocone penetration tests  
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(CPTU) record cone resistance, sleeve friction, and pore pressure
continually throughout the probing process; thus, a series of con-
tinuous and undisturbed undrained shear strength values can be
predicted using theoretical methods or empirical/semi-empiric-
al equations (Konrad and Law, 2015; Ching and Phoon, 2012).
Because the CPTU probing process is too complicated to be
modeled accurately, all theoretical methods are based on some
assumptions and simplifications. These assumptions restrict the
applications of theoretical methods in simulations of soil aniso-
tropy, soil sensitivity, and soil geological ages under different
stress history conditions (Ma et al., 2014; Ji et al., 2016). Empiric-
al/semi-empirical equations provide a simple way to estimate the
undrained shear strength using CPTU results, but empirical cone
coefficients are always obtained by mathematical statistics of the
test results from a given region and are not applicable to other
areas. Research has shown a lack of studies related to CPTU ana-
lysis in the Shenhu area, northern South China Sea, where
China’s first marine NGH exploitation is to be implemented.

Fugro’s WISON® (EP) system is used for CPTU analysis in
NGH overlying strata in the Shenhu area. In this study, CPTU test
parameters related to the undrained shear strength calculation
are analyzed and empirical prediction models based on the
CPTU tests are summarized. Methods for validating the relation-
ships between CPTU data and different laboratory test results are
provided, which mainly include pocket penetrometer, torvane,
miniature vane and unconsolidated undrained triaxial tests. The
cone coefficients for the undrained shear strength evaluation
based on different empirical methods are fitted and the longitud-
inal distribution of the undrained shear strength in the overlying
HBS strata is analyzed. Finally, an optimized Su prediction model
in piecewise function format is proposed according to the fitting
degree between predicted and laboratory measured results.

2  Empirical methods to estimate the undrained shear strength
via CPTU results

As described above, theoretical modeling and empirical
equations are two general methods for estimating the undrained
shear strength via CPTU test results. Theoretical modeling
provides the basis for establishing the empirical equations (Liu et
al., 2013), which are the direct reflection of theoretical models
and easier for field engineers to adopt. Therefore, empirical
methods are the first choice for estimating the undrained shear

strength via CPTU test results.
Briefly, empirical methods involve a series of statistical equa-

tions that reflect some of the internal relationships between the
undrained shear strength and CPTU parameters. The three most
popular empirical equations are summarized in Eqs (1) to (3),
which are based on the total cone resistance, effective cone res-
istance, and excess-pore pressure, respectively (Lunne et al.,
1987; Senneset et al., 1982; Tong et al., 2011).

S u; 1 =
qt ¡ ¾v0

Nkt
; (1) 

S u; 2 =
qt ¡ u2

Nke
; (2) 

S u; 3 =
u2 ¡ u0

N¢u
; (3) 

where Su, 1, Su, 2 and Su, 3 represent Su values based on the total
cone resistance (kPa), effective cone resistance (kPa), and excess-
pore pressure (kPa), respectively; qt is the calibrated total cone
resistance (kPa); σvo is total overburden stress (kPa); u2 is pore
pressure obtained by the WISON® (EP) system (kPa); u0 is the hy-
drostatic pressure (kPa); and Nkt, Nke and NΔu represent dimen-
sionless empirical cone coefficients based on the total cone res-
istance, effective cone resistance, and excess-pore pressure, re-
spectively.

Some previous studies have predicted the empirical cone
coefficients based on mathematics and statistics. Typical re-
search results are listed in Table 1, indicating that the average
values of cone coefficients range from 8 to 24 for Nkt, 8.6 to 12 for
Nke, and 4 to 10 for NΔu. It should be noted that all empirical cone
coefficients listed in Table 1 are based on a specific test region
and soil type. Large differences exist among empirical cone coef-
ficients in different study areas, even for the same soil type. Fur-
thermore, these previous studies rarely focused on calcareous
clayey silt, which is common throughout the Shenhu area. Thus,
the results in Table 1 provide only general guidelines but cannot
be used to quantitatively calculate accurate longitudinal distribu-
tions of the undrained shear strength for calcareous clay in the

Table 1.   Typical empirical cone coefficients
Coefficients Value Test region Soil type References

Nkt 8–16 North Sea and on shore, Norway plastic clay Aas et al. (1986)

Nkt 13.9 New Orleans, USA high plasticity fat clay Wei et al. (2010)

Nkt 16.3/19.6 Suzhou metro site, China clay / silty clay Yang et al. (2016)

Nkt 15 Shanghai, China marine soft soil

Nke 8.62 Ningbo, China clayey soil Li et al. (2016c)

Nkt 16–18 South bank of Changjiang River, Jurong, China silty sand An et al. (2009)

Nke 9–12

NΔu 4–7

Nkt 16.5 Jiangsu Lixia River, China lagoonal clay Cai et al. (2016)

Nkt 0.285Ip+7.6 Indiana, USA clayey soils Shin and Kim (2011)

Nkt 10.4–13.2 Burswood, Australia marine clay soil Low and Randolph (2010)

Nkt 19–24 South Pars field, Iran marine clay Ebrahimian et al. (2012)

NΔu 4–10 North Sea clay Lunne et al. (1987)

NΔu 7–9 Canada clay La et al. (1990)

NΔu 4–9 Busan Port, Korea plastic clay Hong et al. (2010)

           Note: Ip represents plasticity index of soil.
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Shenhu area.

3  Geological operation and coefficient determination

3.1  Test results and basic soil characteristics
Both CPTU tests and the geological coring operation were

conducted at Site W18-19, where China’s first marine NGH ex-
ploitation test has been proposed. The sea water depth of the op-
eration site is approximately 1 270 m and the proposed opera-
tion depth is 140 meters below sea floor (mbsf), which is the up-
per boundary of the HBS strata. CPTU analysis was conducted
using Fugro’s WISON® EP System. The geometric sizes of the
probe were as follows: 10 cm2 base area, 60° cone, and a 150 cm2

cylindrical sleeve (Hu et al., 2017). The filter element for a pore
pressure measurement was located on the shoulder of the cone
tip. The penetration rate during CPTU analysis was maintained at
(20±5) mm/s.

According to Eqs (1)–(3), the calibrated total cone resistance
(qt) and pore pressure (u2) are two crucial PCTU parameters that
directly relate to the undrained shear strength estimation (Fig. 1).
Figure 1 illustrates that both qt and u2 exhibit relatively consist-
ent linear variation characteristics with an increase of depth be-
low the seafloor, which indicates the same soil type deposition in
the overlying HBS strata. The fluctuation of the CPTU curves is
caused by small interlayers or penetration disturbances. An in-
crease of the CPTU parameters indicates an increase in compac-
tion degree with depth below the seafloor (Młynarek et al., 2012).
This has been confirmed by a geological coring operation in an
adjacent well. In the overlying strata, very soft calcareous clay,
soft calcareous clay, firm calcareous clay, generally stiff cal-
careous clay, and very stiff calcareous clay were observed from
top to bottom. This finding indicates that, for the same un-
drained shear strength prediction model (as shown in Eqs (1), (2)
or (3), we can use unified cone factors to predict the vertical dis-
tribution of the undrained shear strength for the entire depth in-
terval of the Shenhu area in the northern South China Sea.

Along with qt and u2, the total overburden stress (σvo) and the

hydrostatic pressure (u0) are two crucial parameters for the un-
drained shear strength estimation using the CPTU results, as
shown in Eqs (1)–(3). Parameter σvo can be derived from the in-
tegral of soil wet specific gravity:

¾v0 =

Z H

0
°dh; (4) 

where H is the target calculation depth (mbsf); and γ represents
the wet specific gravity of soil obtained from the geological cor-
ing operation (kN/m3). Parameter u0 can be calculated using Eq. (5).

u2 = ½wgH ; (5) 

where ρw represents the density of pore water (g/cm3); and g rep-
resents the gravitational acceleration (g=9.8 m/s2). Finally, the
distribution of σvo and u0 in the tested depths of overlying strata is
shown in Fig. 2.

3.2  Determination of cone factors
The undrained shear strength of soil varies according to fail-

ure mode, stress anisotropy, strain rate, and stress history. The
undrained shear strength values obtained from different laborat-
ory methods or in situ tests always exhibit differences. Therefore,
the corresponding cone factors based on different laboratory ex-
perimental methods will also differ, and the detailed laboratory
experimental method should be declared when calculating cone
factors using mathematical and statistical methods.

The pocket penetrometer, torvane, miniature vane, and un-
consolidated undrained triaxial tests are considered major tools
for testing cohesive samples in the field, and are always used dur-
ing sample classification in the laboratory. In order to establish
the relationships between CPTU parameters and the undrained
shear strength values, these tests were performed for samples ac-
quired from a geological coring operation in an adjacent well.
The following sections describe the method for predicting the
empirical cone coefficients for empirical equations based on the
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Fig. 1.   qt and u2 distribution with depth below the seafloor.
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total cone resistance, the effective cone resistance, and the ex-
cess-pore pressure, respectively.

Because the distance between the CPTU test site and the cor-
ing well was small (within 10 m), if the depth value of the CPTU
parameters equals that of the coring sample, we can assume that
the CPTU parameters and the samples are in one-to-one corres-
pondence; thus, the undrained shear strength values of a sample
obtained by the laboratory experiments correspond to the CPTU
parameters obtained from the same depth in the sample.

Thus, according to Eq. (1), we plot laboratory obtained un-
drained shear strength values as the X-axis and CPTU test
“qt–σvo” values as the Y-axis and establish a rectangular coordin-
ate system. Then, scatter plots are obtained for each laboratory

experimental method and the slope of a simple linear approxim-
ation of these scattered points through the origin equals Nkt, as
shown in Eq. (1). Hence, the four types of laboratory experiments
were used to calculate the empirical coefficients, resulting in four
scatter plots and corresponding Nkt values, as shown in Fig. 3. Nkt, PP,
Nkt, LV, Nkt, TV and Nkt, UU represent Nkt for calcareous clay strata
based on the pocket penetrometer, torvane, miniature vane, and
unconsolidated undrained triaxial tests, respectively. The total
cone resistance coefficients obtained from Fig. 3 are: Nkt, PP=17.1,
Nkt, TV=15.2, Nkt, LV=11.6, and Nkt, UU=11.1.

The calculation method for the effective cone resistance coef-
ficient is similar to that for the total cone resistance coefficient.
Laboratory-derived undrained shear strength values and CPTU

0 700 1 400 2 100 0 500 1 000 1 500

0

20

40

60

80

100

120

140

0

20

40

60

80

100

120

140

D
ep

th
 (

m
b
sf

)

D
ep

th
 (

m
b
sf

)

σvo/kPa uo/kPa

 

Fig. 2.   σvo and u0distribution with depth below the seafloor.

0 50 100 150

0

1 000

2 000

3 000
a b

c d

test data

0 20 40 60 80 100 120

0

500

1 000

1 500

2 000

0

500

1 000

1 500

2 000

60 120 180

0

5 00

1 000

1 500

2 000

60 120 180

Su/kPa

Su/kPa Su/kPa

Su/kPa

fitting line

test data

fitting line

test data

fitting line

test data

fitting line
Nkt, TV=15.2

Nkt, PP=17.1

Nkt, UU=11.1

Nkt, LV=11.6

(q
t-
σ v

o
)/

k
P

a
(q

t-
σ v

o
)/

k
P

a

(q
t-
σ v

o
)/

k
P

a
(q

t-
σ v

o
)/

k
P

a

 

Fig. 3.   Variations of qt–σvo versus the undrained shear strength determined by pocket penetrometer (a), torvane (b), miniature vane
(c), and UU triaxial tests (d).
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test “qt–u2” values are plotted on the X-axis and Y-axis, respect-
ively, to establish coordinate systems, resulting in scatter plots for
each laboratory method. The slope of simple linear approxima-
tions to these scattered points through the origin equals Nke. In
Fig. 4, Nke, PP, Nke, LV, Nke, TV and Nke, UU represent Nke for cal-
careous clay strata based on pocket penetrometer, torvane, mini-
ature vane, and unconsolidated undrained triaxial tests, respect-
ively. Nke values obtained from Fig. 4 are Nke, PP=5.07, Nke, TV=4.64,
Nke, LV=4.0, and Nke, UU=3.11, respectively, which are much smal-
ler than the Nkt values.

Similarly, laboratory obtained undrained shear strength val-
ues and CPTU tested “u2–u0” values are used as the X-axis and Y-
axis values to calculate NΔu. In Fig. 5, NΔu, PP, NΔu, LV, NΔu, TV, and
NΔu, UU represent the NΔu values for HBS overlying calcareous

clay at Site W18-19 based on pocket penetrometer, torvane, mini-
ature vane, and unconsolidated undrained triaxial tests, respect-
ively. NΔu values obtained from Fig. 5 are NΔu, PP=17.3, NΔu, TV=
16.3, NΔu, LV=12.0, and NΔu, UU=11.8, respectively, which are much
larger than Nke values but similar to Nkt values.

3.3  Comparison of cone coefficients
Cone coefficients based on different laboratory experiments

and empirical models differ markedly. To determine further rela-
tionships among them, all obtained cone coefficients are listed in
Table 2. Comparing the above results with those in Table 1, it is
clear that cone coefficients for HBS overlying calcareous clayey
silt in the Shenhu area are different to those reported in the liter-
ature, and the following inequality can be easily derived:
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Fig. 4.   Variations of qt-u2 versus the undrained shear strength determined by pocket penetrometer (a), torvane (b), miniature vane
(c), and UU triaxial tests (d).
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Fig. 5.   Variations of u2-u0 versus the undrained shear strength determined by pocket penetrometer (a), torvane (b), miniature vane
(c), and UU triaxial tests (d).
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Nm;PP > Nm;T V > Nm; LV > Nm;UU; (6) 
where subscript m equals ke, kt and Δu, which represent the ex-
cess-pore pressure model, the total cone resistance model, and
the effective cone resistance model, respectively. By substituting
Eq. (5) into empirical models expressed in Eqs (1)–(3), relative re-
lationships among the undrained shear strength values calib-
rated using different laboratory experimental results can be writ-
ten as Eq. (7):

S um;P P S um;T V S um; LV S um;UU: (7) 

The above equations suggest that the undrained shear
strength values calibrated by the pocket penetrometer test are re-
latively conservative. On the contrary, the undrained shear
strength values calibrated by the unconsolidated undrained tri-
axial shear experiment are relatively extreme. For simple and
precise prediction (i.e., not too conservative or too extreme), the
average values of cone coefficients based on different laboratory
experiments are used as the final cone coefficients for each em-
pirical model, i.e.,

N¢u = averagefN¢u;P P;N¢u;T V ;N¢u; LV ;N¢u;UUg = 14:4

Nkt = averagefNkt;P P;Nkt;T V ;Nkt; LV ;Nkt;UUg = 13:8

Nke = averagefNke;P P;Nke;T V ;Nke; LV ;Nke;UUg = 4:2

9>=>; : (8) 

Moreover, Table 2 suggests that the relative relationship
between cone coefficients of the three empirical models can be
expressed as in Eq. (9):

N¢u¡n > Nkt;n > Nke;n; (9) 

where subscript n equals PP, TV, LV and UU, which represent the
pocket penetrometer, torvane, miniature vane, and unconsolid-
ated undrained triaxial tests, respectively.

4  Model optimization and the undrained shear strength pre-
diction for calcareous clay in the Shenhu area

4.1  Optimized undrained shear strength prediction
In case of no further detection, Eq. (8) is substituted into the

undrained shear strength prediction models shown in Eqs (1) to
(3). The vertical distribution of predicted undrained shear
strength is shown in Fig. 6. The predicted results in Fig. 8 reflect
the approximate distribution behaviors of the undrained shear
strength for calcareous clayey strata in the Shenhu area. The vari-
ation in the curve predicted by the effective cone resistance mod-
el (Eq. (2)) is larger than the others, which may be because the ef-
fective cone resistance model contains both total cone resistance
(qt) and pore pressure (u2), which were detected by the CPTU op-
eration, but both the total cone resistance model (Eq. (1)) and ex-
cess-pore pressure model (Eq. (3)) involve only one CPTU para-

Table  2.     Empirical  cone  coefficients  for  HBS  overlying  cal-
careous clay at Site W18-19 in the Shenhu area

Laboratory method
Excess-pore

pressure
model

Total cone
resistance

model

Effective cone
resistance

model
Pocket penetrometer 17.3 17.1 5.07

Torvane 16.3 15.2 4.64

Miniature vane 12.0 11.6 4.0  

UU triaxial shear 11.8 11.1 3.11
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Fig. 6.   Comparison between laboratory tests and model predicted results.
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meter. This indicates that the effective cone resistance model
(Eq. (2)) maybe more sensitive to CPTU results than the other
two models. Accumulated measuring error from different CPTU
parameters could cause vast fluctuations in the prediction results.

For more precise estimation of the undrained shear strength
for calcareous clay in the study area, further observation is re-
quired to select and optimize the undrained shear strength pre-
diction models for this area. The strata are divided into three in-
tervals according to the fitting degrees between model predic-
tion results and laboratory experimental results, as shown in Fig. 6.
The effective cone resistance model (Eq. (2)) shows good adapt-
ability for strata shallower than 38 mbsf, whereas prediction res-
ults from both the total cone resistance model (Eq. (1)) and ex-
cess-pore pressure model (Eq. (3)) are relatively conservative
within 0–38 mbsf depth intervals. In the interval between 30 mbsf
and 95 mbsf, prediction results based on Eq. (3) fit best with the
laboratory results, while those based on Eq. (1) and Eq. (2) are
smaller than average laboratory results. In intervals deeper than
95 mbsf, laboratory results tend to differ more from the predic-
tion results. For a better description of the undrained shear
strength within this depth interval, we choose the model whose
results are closest to the average laboratory results as the optimal
model; it is clear from Fig. 6 that the total cone resistance model
(Eq. (1)) is the optimal model.

Generally, the best prediction models should vary with vertic-

al depth, even for the same soil type (e.g., calcareous clay in this
study). Optimized undrained shear strength prediction for cal-
careous clay in the Shenhu area can be written as in Eq. (10), in
the format of a piecewise function.

S u =

8>>>>>><>>>>>>:

qt ¡ u2

Nke
(H 30 mbsf ;Nke = 4:2) ; 10a

u2 ¡ u0

N¢u
(30 mbsf < H 98 mbsf ;N¢u = 14:4) ; 10b

qt ¡ ¾v0

Nkt
(H > 98 mbsf ;Nkt = 13:8) : 10c

A comparison between laboratory results and model results
predicted using Eq. (10) is shown in Fig. 7. The predicted results
fit well with the laboratory results. This is very interesting be-
cause the adaptation boundaries of the optimized undrained
shear strength prediction model coincide exactly with the bound-
aries of the soil layers. That is, very soft to firm clays are present
from the mud-line to 30 mbsf, firm to very stiff but gasless clay
layers are observed from 30.0 mbsf to 98.0 mbsf, and very stiff
and gassy clays are dominant in intervals deeper than 98 mbsf.
The soil layer classification and stiffness evaluation method will
be discussed in future work and is not detailed here.

The first physical explanation of Eq. (10) involves the effects
of gas. In the interval from 98 mbsf to the upper boundary of
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Fig. 7.   Comparison between laboratory measurements and model results predicted using Eq. (10).
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HBS, very stiff but gassy clays are observed. Gas compressibility
may have a negative effect on pore pressure (u2), which is meas-
ured by the water diffusion response (Cai et al., 2017; Sultan et
al., 2010). Both Eq. (10a) and Eq. (10b) are related to the para-
meter u2. Fluctuation of the curve obtained by Eq. (10a) and Eq.
(10b) will increase with increased gas saturation. Therefore, Eq.
(10c), which is independent of u2, is most suitable for describing
the undrained shear strength in intervals deeper than 98 mbsf.
Secondly, differences between results predicted using Eq. (10a)
and Eq. (10b) may be caused by the water saturation or compac-
tion degree, but this mechanism should be comprehensively
analyzed in further work.

The above phenomena indicate the adaptability of empirical
models to calcareous clay soils in the Shenhu area. The effective
cone resistance model is suitable for very soft to firm calcareous
clays, the excess-pore pressure model can determine the un-
drained shear strength for firm to very stiff but gasless clays, and
the total cone resistance model is more suitable for evaluating
the undrained shear strength in very stiff and gassy clay soils.

4.2  Model adaptability verification
Normally, the statistical consistency of empirical model pre-

diction results can be evaluated by three statistical criteria: the
coefficient of determination (R2), the root mean squared error
(RMSE), and the mean absolute error (MAE).The higher the R2,
the greater the adaptability of the optimized model. However,
lower values of RMSE and MAE lead to a smaller dispersion of
predicted values and better accuracy of the optimized results.
Therefore, the statistical criteria for adaptability of the optimized
model can be defined as:

R 2 = 1¡

Xn

i=1
(S u; lab ¡ S u;pre)

2Xn

i=1

¡
S u; lab ¡ ¹S u; lab

¢2
; (11) 

R MSE =

sXn

i=1
(S u; lab ¡ S u;pre)

2

n
; (12) 

MA E =

Xn

i=1
jS u; lab ¡ S u;prej

n
; (13) 

S u;pre

where Su, lab and Su, pre are the laboratory measured undrained
shear strength and model predicted values by Eq. (10), respect-
ively;  is the average of the laboratory measured values; and

n represents the number of data points.
The relationship between models predicted undrained shear

strength values and laboratory measured values is shown in Fig. 8.
In this figure, the closer the scattered points to the 45° line, the
better the fitting degree. The area defined by 60% and 160% of the
45° line can be defined as the acceptable deviation area. We con-
clude from Fig. 8b that 8.5% (approximately 40 points) of
scattered points lie in the upper left region of the acceptable devi-
ation area, which indicates that results predicted by the effective
cone resistance model (Eq. (2)) tend to be slightly conservative.
This is especially true for very stiff and gassy strata, as shown in
Fig. 6. On the other hand, for the results predicted by the excess-
pore pressure model, approximately 8% of scattered points lie in
the area below the right region of the acceptable deviation area
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Fig. 8.   Relationship between laboratory measured undrained shear strength and model predicted values by the total cone resistance
model (a), the effective cone resistance model (b), the excess-pore pressure model (c), and the optimized model in pricewise function
format (d).
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(60% of the 45° line). For Figs 8a and d, deviation of data points
from the 45° line is limited (97% of points lie in the acceptable de-
viation area). For more comparison, the statistical criteria values
for different models are summarized in Table 3. It is clear that the
optimized model considerably improves the adaptability of em-
pirical models for calcareous clay in the Shenhu area of the
northern South China Sea.

5  Conclusions
(1) The HBS overlying strata at Site W18-19 in the Shenhu

area of the northern South China Sea mainly consists of cal-
careous clays. The undrained shear strength increases with
depth. Mathematical and statistical analysis reveals that the cone
coefficients based on different laboratory experiments and pre-
diction models show significant variation. The following two rela-
tionships are always valid: Nm, PP>Nm, TV>Nm, LV>Nm, UU and NΔu, n>
Nkt, n>Nke, n.

(2) The adaptation boundaries of the empirical prediction
models coincide exactly with the soil layer boundaries. The ef-
fective cone resistance model is suitable for very soft to firm cal-
careous clays, the excess-pore pressure model can depict un-
drained shear strength for firm to very stiff but gasless clays, and
the total cone resistance model is better at evaluating the un-
drained shear strength for very stiff and gassy clays.

(3) The optimized model in piecewise function format can
depict the longitudinal distribution of the undrained shear
strength in overlying the HBS strata in the study area, with statist-
ical criteria values of R2=0.80, the RMSE being 16.8 kPa, and the
MAE being 12.1 kPa.
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