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Abstract
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Fine-grained silt is widely distributed in the Huanghe River Delta (HRD) in China, and the sedimentary structure
is complex, meaning that the clay content in the silt is variable. The piezocone penetration test (CPTu) is the most
widely approved in situ test method. It can be used to invert soil properties and interpret soil behavior. To analyse
the strength properties of surface sediments in the HRD, this paper evaluated the friction angle and its inversion
formula through the CPTu penetration test and monotonic simple shear test and other soil unit experiments. The
evaluation showed that  the empirical  formula proposed by Kulhawy and Mayne had better  prediction and
inversion effect. The HRD silts with clay contents of 9.2%, 21.4% and 30.3% were selected as samples for the CPTu
variable rate penetration test. The results show as follows. (1) The effects of the clay content on the tip resistance
and the pore pressure of silt under different penetration rates were summarized. The tip resistance Qt is strongly
dependent on the clay content of the silt, the  value of the silt tends to 0 and is not significantly affected by the
change of the CPTu penetration rate. (2) Five soil behavior type classification charts and three soil behavior type
indexes based on CPTu data were evaluated. The results show that the soil behavior type classification chart based
on soil behavior type index , the Robertson 2010 behavior type classification chart are more suitable for the
silty soil in the HRD.
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1  Introduction
Silty seabeds are found throughout the world’s undersea con-

struction areas, such as Gingin and Burswood in Australia, Ope-
lika in North America, the Huanghe River Delta (HRD) and
Hangzhou Bay (Brandon et al., 2006; Geiser et al., 2006). The
HRD is located to the south of the Bohai Sea. More than 90% of its
surface sediments are silty soil (Feng et al., 2002). It is successful
economic zone and an ecological and environmental protection
zone of the “Yellow and Blue Strategy”, and also the main oil pro-
duction area of Shengli Oilfield, which is an area of potential geo-
logical activities that could cause geological disasters during off-
shore construction (Qi and Liu, 2017; Wang and Liu, 2016). The
seabed of the HRD is dotted with pipelines and cables for the
production of oil and natural gas (Song et al., 2020). In recent
years, engineering accidents with varying degrees of severity
have occurred in the region, and instability of the seabed has res-

ulted in significant economic and social costs. Sediment charac-
teristics are closely related to the physical and mechanical prop-
erties of the sediments and geological hazards (Yang et al., 2019).
Therefore, it is necessary to explore the in-situ mechanical prop-
erties and characteristics of the surface sediments in the region,
which is of great significance to the evaluation of geological dis-
asters and structural safety.

The piezocone penetration test (CPTu) has been proven to be
more reliable, cost effective and valuable in characterizing sub-
surface conditions and in assessing various soil properties
(Shahri et al., 2015). Previous studies have used the cone penet-
ration test (CPT) data to establish correlation formulas and de-
rive soil properties, and CPT is also suitable for soil behaviour
type classification and formation profile analysis, where extens-
ive parameter inversion can be performed directly from the
measured data (Robertson, 2009; Schneider et al., 2008). As an  
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important parameter in soil mechanical analysis, friction angle is
used to calculate erosion, bearing capacity, and shear strength of
seabed sediments in offshore analysis (Albatal et al., 2020). It is
therefore reasonable and necessary to use CPTu to study the soil
behaviour type classification method and inversion of friction
angle in the HRD.

The hydrodynamic conditions of the HRD are complex, and
the viscous sediment is widely distributed (Wen et al., 2018). The
clay content in the nearshore is low, where the sediment rapidly
accumulates, while the clay content is higher far from the shore
(Cheng and Xue, 1997). The clay content in silty soil varies and
affects the soil to some extent. For example, different clay mass
fractions in saturated silty soil have different effects on the ad-
sorption or flow of water, thus affecting the change in the pore
water pressure of the soil (Liu et al., 2012). Previous studies on
the effect of clayey content on the CPTu penetration test have
been inadequate, however. Moreover, several researchers study-
ing the rate effects in silt have highlighted the sensitivity of the
penetration rate to the engineering strength parameters (Tonni
and Gottardi, 2011; Holmsgaard et al., 2016; Zhang et al., 2022c).
Furthermore, the penetration rate in different soils has different
effects on the test results. To explore the different soils distrib-
uted in the HRD, therefore, the CPTu variable rate penetration
test was conducted for silty soils with different clay contents. To
explore the different soils distributed in the HRD and the penet-
ration rate most suitable for detecting the clay content of silt in
the HRD, therefore, the CPTu variable rate penetration test was
conducted for silty soils with different clay contents.

Soil behavior type classification is based on the common
qualities or characteristics of soils. To obtain the clay content in
the HRD area, which can be used to determine the properties of
the soil, and the use of CPT for soil classification is more rapid
and effective than other methods. There are several soil behavior
type classification methods to predict soil type and state using
CPT or CPTu data (Begemann, 1965; Douglas and Olsen, 1981;
Jones and Rust, 1982; Senneset and Janbu, 1985; Robertson et al.,
1986; Robertson, 1990, 2009; Eslami and Fellenius, 1997;
Brouwer, 2007), the proposed charts by Robertson et al. (1986)
and Robertson (1990) have been popular and widely used (Long,
2008; Cai et al., 2011). Based on the common soil behavior type
classification methods mentioned above, this paper analyses the
data collected by the CPTu for silt with different clay contents in
the HRD under the standard penetration rate finds out the soil
behavior type classification methods suitable for the HRD and
the influence of penetration rate, which provides useful guid-
ance for geotechnical engineers.

2  Strength properties of remodeling HRD silts
The silt samples used in the test were taken from shallow tid-

al flats in Dongying City, Shandong Province, and a particle ana-
lysis test was carried out on the samples. The particle distribu-
tion curve is shown in Fig. 1. The silt from the HRD contains clay
content of 9.2%.

The physical properties of the HRD silts are shown in Table 1,
which can be used as reference for subsequent soil sample pre-
paration.

cv σv

The soil samples of the one-dimensional compression test
were obtained by the slurry deposition method. Figure 2 shows
the vertical consolidation coefficient ( ) versus . The soil

cv

samples of the CPTu pressure chamber tests were also obtained
by the slurry deposition method. Thus, it was convenient to ob-
tain  of the soil under a known upper stress in the subsequent
analysis, which is of help to the inversion analysis in the pressure
chamber tests. Consolidation coefficients of HRD silts are sum-
marized in Table 2.

The Sheartra-II instrument used in monotonic simple shear
test is shown in Fig. 3 below. The samples with diameter of
70 mm and height of 20 mm were prepared. A cylindrical soil
specimen is laterally confined by low friction retaining rings, en-
suring a constant cross sectional area. The shear rate is set as
0.02 mm/min according to the ASTM D6528-17 Standard Test
Method for Consolidated Undrained Direct Simple Shear Testing
of Fine Grain Estuary (2017). The initial vertical stresses were set
as 30 kPa, 90 kPa and 100 kPa, respectively.

σ′
v

τ γ uw

Figure 4 shows the results of monotonic simple shear test for
the HRD silts consolidated under different initial vertical stress,
in which the effective stress paths, the stress-strain curves and
the excess pore pressure-strain responses are presented.  is
vertical stress,  is shear stress,  is shear strain and  is excess
pore pressure.

Under the condition of low stress, the dilatancy of soil is en-
hanced (Zhang et al., 2022a). When the initial vertical stress is
less than 100 kPa, the HRD silts follow a similar effective stress
path. (1) The sample volume is decreased at early stage of shear-
ing and then increases with increasing shear strain. To keep the
height of the sample unchanged, the vertical stress decreases ini-
tially corresponding to the increased pore pressure. With the de-
crease of initial vertical stress, the shear strain at the peak excess
pore pressure is decreased. The corresponding strains are 2%, 3%
and 3% for samples under 30 kPa, 90 kPa and 100 kPa, respect-
ively. (2) Then the stress path reaches the phase transition point,
as shown in Fig. 4a. The sample volume then expands, the vertic-
al stress increases to keep the volume unchanged. The sample
shows strain hardening without an apparent failure point, and
the stress path eventually moves along a straight line. (3) Under
the three initial vertical stress, the initial contractive tendency
and then dilatant tendency are captured by the increased and de-
creased excess pore pressure, respectively. The lower excess pore
pressure means that dilatant tendency of samples is more re-
markable and the effective stress is higher. Therefore, samples
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Fig. 1.   Grain distribution curves of Huanghe River Delta (HRD)
silts.

Table 1.   Soil properties of Huanghe River Delta silts
Soil type Specific gravity Water content/% emax emin ρ′/(g·cm−3) Liquid limit/% Plastic limit/% Plasticity index Ip/%

ML 2.70 25.4 1.45 0.45 1.25 29.6 21.6 9.8
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Fig. 2.   One-dimensional compression test results.

Table 2.   Consolidation coefficient (Cv) of Huanghe River Delta
silts

Vertical stress 30 kPa 50 kPa 100 kPa 150 kPa

cv/(cm2·s−1) 0.051 0.063 0.089 0.106  

Fig. 3.   The ShearTrac-II System.
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Fig. 4.   Monotonic shearing test results: the effective stress path (a), stress-strain relationship (b), equivalent excess pore pressure-
strain relationship (c).
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with the initial vertical stress of 30 kPa show a higher shear
strength eventually even exceeds the shear stress under initial
vertical stress of 90 kPa and 100 kPa.

3  Pressure chamber tests

3.1  Test equipment

3.1.1  Laboratory penetration test system
Figure 5 shows a photograph of the penetration test equip-

ment in the laboratory, including the calibration chamber and
the velocity control penetration system. The penetration rig is
controlled by a servo motor. The penetration rate of CPTu and
penetration depth in the calibration chamber are controlled by
setting the data in the control system.

3.1.2  Micro CPTu

qc fs
u

The micro CPTu device used in this experiment is shown in
Fig. 5. The device can accurately measure the numerical changes
of tip resistance ( ), sleeve friction resistance ( ) and pore water
pressure ( ). In the calibration chamber test, the CPTu diameter
(d) was 16 mm, the cone angle was 60°, the friction bucket area
was 30 cm2, and the area ratio was 0.53. The miniature cone used
in this study is a subtracted CPTu, in which both the cone and the
sleeve produce compression force on the weighing sensors in
series. As shown in Fig. 6, the tip resistance, sleeve friction resist-
ance and pore water pressure are measured directly by force
sensors and pore pressure sensors. The cable through the hollow
steel shaft is connected to the cone head and to the conical pen-
etrometer actuator. The maximum range of resistive pressure
measuring element on the cone top is 12 MPa, the maximum
range of the sleeve friction resistance is 0.75 MPa, and the max-
imum range of the pore pressure sensor is 350 kPa.

3.2  Equipment stability and accuracy
To ensure the accuracy of the test, a penetration test was con-

ducted of Malaysian kaolin before the formal test, and then the
test results were verified with the previous test results to determ-
ine whether the accuracy of the test device met the requirements.

The methods to calculate the corrected pore pressure para-

Bqmeter ratio  and penetration rate V are as follows:

V =
vd
cv

, (1)

Bq =
u − u

qt − σ′
v
, (2)

σ′
v

σ′
v

where, v is penetration rate; d is probe diameter; and cv is coeffi-
cient of consolidation; u2 is the penetration pore pressure; u0 is
the current in situ water pressure; and qt −  is the net cone tip
resistance, qt is correct cone resistance,  is the current in situ
total vertical stres.

The test results were essentially consistent, as shown in
Fig. 7, indicating that the CPTu penetration system used in this
study has sufficient test accuracy to meet the test requirements
and produce reliable test results. The experiment was therefore
designed as described in the following sections.

3.3  Test procedures

3.3.1  Soil preparation and consolidation
According to previous studies, the main component of low

plastic silt is non-plastic silt (0.005–0.075 mm). The clay content
of silty soil in the HRD is generally 5%–30%, and the sediment has
obvious zonation. The general trend is that the clay content is
lower near the shore, while the clay content increases further
from the shore.

The test soil samples were prepared by the slurry consolida-
tion method. The clay minerals in the silt of HRD are mainly illite,
kaolinite and montmorillonite (Wang et al., 2008). Based on that,
we added a certain proportion of kaolin, illite and montmorillon-
ite to the remolded HRD silt with clay content of 21.4% and
30.3%. According to the main types of clay of the HRD silts, a cer-
tain proportion of kaolin, illite and montmorillonite were added
to the remolded clayey silt with clay content of 21.4% and 30.3%.
The particle distribution curve is shown in Fig. 8. The dry
particles of the silt and types of clay minerals calculated and con-
figured were initially mixed with deionized water, then trans-
ferred into the mud-mixing preparation system. After fully mixed
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Fig. 5.   The laboratory penetration test system.
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and vacuum saturated, the saturated mud was collected. The

mixing process was carried out in a vacuum for about 4 h.
Before the saturated slurry was transferred into the consolida-

tion drum, the sand layer and filter paper were laid at the bottom,
and silicon grease was evenly daubed on the wall of the consolid-

ation drum, to reduce the friction between the saturated slurry
and the consolidation drum. The slurry was poured into the con-
solidation apparatus with care to avoid bubble retention. The
drainage pipe was closed throughout the process. After the drum
was filled to the maximum level, the filter paper and geotextile
were spread on the top of the slurry to provide the upper drain-
age layer. Then the load-board was fixed, and the hydraulic cylin-
der with reaction frame was installed. Next, the drainage pipe
was opened, and the slurry was consolidated under progress-
ively increased pressure. The displacement sensor was used to
collect data once a day until the next level of loading was carried
out after the settlement displacement of the soil sample was
stable. In the consolidation process, the water level was main-
tained above the load-board to ensure that the soil sample
reached full saturation after consolidation.

cv σv

σv σv

cv

The soil samples with different clay contents were taken out
by a sampler for the consolidation test. The consolidation effect
and consolidation coefficient were measured. Figure 9 shows the

 versus  of silt with different clay contents. With the increase
of , the multiple of the difference increases. When  is in the
range 30–200 kPa, the  of silty soil is 0.051–0.158 cm2/s, that of
20% clay content is 0.027–0.053 cm2/s, and that of 30% clay con-
tent is 0.002–0.005 cm2/s. The consolidation coefficient de-
creases with the increase of clay particles under the same stress
state. The soils exhibited increased compressibility and reduced
consolidation characteristics with increasing clay content.

3.3.2  Penetration procedures
The penetration procedure involved the following steps.
(1) Before the penetration, calibrate the force sensor with a

calibration device and saturate the porous filter of the pore pres-
sure sensor.

(2) Move the penetration device above the consolidation
device, connect the micro-CPTu and the penetration device, ad-
just the position so that the micro-CPTu is located at a certain
distance above the reserved penetration hole in the load-board,
and then set the penetration depth and speed according to the
distance from the reserved hole position.

(3) Remove the filter paper in the hole before infiltration to
prevent the paper being brought into the soil; open the data
measurement and acquisition program; start the penetration
device, and run the pre-set penetration program to complete the
penetration, until the target depth stop.

(4) Press the reset button; remove the mini-CPTu from the
soil; remove the soil on the micro-CPTu probe rod; move the
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Fig. 6.   Micro-CPTu.
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Fig.  7.     Comparisons of  penetration test  results  in Malaysian
kaolin.
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Fig. 8.   Grain distribution curves of Huanghe River Delta (HRD)
silts with different clay content.
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Fig. 9.   One-dimensional compression test results of Huanghe
River Delta (HRD) silts with different clay content.
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device to the next reserved hole; and repeat the steps above. The
penetration interval of each reserved hole is 24 h.

3.4  Test plans
In view of the impact of different penetration rates and clay

contents on the test results, three groups of penetration experi-
ments with different rates (0.2 mm/s, 1 mm/s, 10 mm/s and
20 mm/s) were carried out for three groups of silt with clay con-
tents of 9.2%, 21.4% and 30.3%. CPTu penetration data in the
early stage was unstable, so the stable stage was selected as the
“zone of interest” (Suzuki, 2015) and the data of this stage were
used for analysis.

4  Results and discussion

4.1  Friction angle
In the monotonic simple shear test, peak friction angle can be

obtained from the effective stress path. It can be expressed as

φ′ = arc sin

(
τ
σv

)
. (3)

The slope M of the critical state line of soil can be obtained by
the following formula:

M =
 sin φ′

− sin φ′
. (4)

Table 3 shows the peak friction angles under different initial
vertical stresses. Since the load of CPTu penetration test is 30 kPa,
the value obtained under initial vertical stress of 30 kPa is selec-
ted for comparison with CPTu inversion data.

qt

h

Although the friction angle can be obtained by laboratory test,
it is not as direct, fast and convenient as the in-situ test method.
Therefore, it is necessary to find the inversion formula of friction
angle suitable for the HRD. The relationship between  and pen-
etration depth ( ) under different CPTu penetration rates of soils
with different clay contents is shown in Fig. 10.

qt is calculated by the following formula:

qt = qc + u (− Aa/Ac) , (5)

qc Aa Ac

Aa Ac

where  is the measured tip resistance value.  and  are the
cross-sectional areas of the top column and the bottom of the
cone respectively. In this paper, the /  of the CPTu used in
the test is 0.53.

φ′

φ′

qc φ′

qc

φ′

According to previous studies, the internal friction angle ob-
tained by CPT data inversion is usually the peak friction angle, .
Several methods have been established to estimate the peak fric-
tion angle ( ) of soil using either empirical or semi-emperical
methods, bearing capacity theory, or cavity expansion theory. For
example, using the bearing capacity theory, Mitchell and Lunne
(1978) studied the relationship between  and of the CPT.
Lunne and Christophersen (1983), and Robertson and Campan-
ella (1983) compared the  obtained from the pressure chamber
test with the drainage triaxial test results  of the same sand, and
produced a relationship diagram of the bearing capacity coeffi-
cient.

Kulhawy and Mayne (1990) proposed an alternative expres-
sion of peak friction angle to explain the nonlinear normaliza-
tion of cone resistance with stress level. The test results are com-
pared with the triaxial test results (Finke et al., 2001). It is proved
that the method has good effect in silty soil.

φ′ = .◦ + . lg

((
qc

pa

)
·
(

pa

σ′
v

).
)
. (6)

paIn the Eq. (6),  is the atmospheric reference pressure.
φ′Mayne (2006) proposed a formula to calculate . It has been

adopted by many geotechnical engineers and can be expressed
as follows:

φ′ = arctan(.+ . lg(qc/σ
′
v)). (7)

This paper uses the two formulas above as inversion formu-
las. When the probe penetrates to a certain depth, it is no longer
affected by the interference of the boundary soil, and so the para-
meters used in the inversion formula were selected from the
stable section. Furthermore, to study the influence of the CPTu
penetration rate on the inversion of the friction angle, according
to the discriminant method and the characteristics of soil layer
data, the stable values of tip resistance under different penetra-
tion rates in HRD silts were selected for parameter inversion in
this experiment. The results are shown in Table. 4.

Table 3.   Friction angle obtained from monotonic shear test

σ′
v/kPa φ′/(°) M

30 32.34 1.30

90 30.17 1.21

100 27.96 1.11

φ′Table 4.   Friction angle ( ) derived from cone penetration test
Penetration rate 20 mm/s 10 mm/s 1 mm/s 0.2 mm/s

φ′ (Mayne) 34.34 32.43 28.41 27.65

φ′ (Kulhawy) 31.69 30.297 9 27.54 27.05

Table 5.   Fiction angle corresponding to surface sediment types
in the Huanghe River Delta

Soil types φ′/(°) Data source

Normally consolidated
silty soil

 
 

26.5–38.3
 
 
 

Meng et al., 2008; Liu, 2014;
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Chang, 2009; Cheng, 2007;
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Sandy silt 32.5–38.3
Chang, 2009; Jia et al., 2011
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Table 5 shows the friction angle of 10 m sediment in the HRD
according to previous research.

Figure 11 shows the effect of the CPTu penetration rate on the
friction angle obtained by data inversion.

The results show that the friction angle obtained by inversion
at different rates approximately matches the range of reference
values obtained by investigation. If the standard penetration rate
is used for the penetration test, the value is overestimated com-
pared with the low rate CPTu test. In this experiment, the inver-
sion formula provided by Mayne (2006) appears to overestimate
the friction angle of soil. Under the standard penetration rate, the
friction angle inversion formula proposed by Kulhawy and
Mayne (1990) is closer to the value obtained by the monotonic
simple shear test. To some extent, the inversion results of friction
angle depend on the CPTu penetration rate. It can be seen from
Fig. 11 that the peak internal friction angle obtained by inversion
increases with the increase of penetration rate, which is because
different penetration rates lead to different drainage conditions.
In this kind of HRD silts, the tip resistance increases as the penet-
ration rate increases from 0.02 mm/s to 20 mm/s. Yang et al.
(2022) conducted the CPT penetration tests in the HRD at a pen-
etration rate of 20 mm/s to study the inversion of friction angle of
HRD silts. To overcome the uncertainty involved in selecting
design strength values for engineering designs with higher re-
quirements, it is strongly recommended to conduct at least one
fast and slow CPTu test to evaluate drainage conditions and ad-
just design values accordingly.

4.2  Clay content effect

qt h Δu
h

qt

Δu

qt

v

qt

qt v
v

qt

v
v

qt

To simulate silt with different clay contents near and far from
the coast of the HRD, the CPTu penetration test data of different
clays are designed and carried out. The results of  vs.  ,  vs.

 are shown in Fig. 12. The CPTu penetration test of the remol-
ded soil samples showed that as the penetration rate increased
from 0.2 mm/s to 20 mm/s, the tip resistance  gradually in-
creased, and the pore pressure  gradually decreased. The
measured values were similar when the penetration rates were
1 mm/s and 0.2 mm/s. In particular, when the penetration rate
was 20 mm/s, the soil accumulates higher negative pore pres-
sure; Fig. 12b shows the penetration test results of the silt
samples containing 20% clay. In this case, as the penetration rate
increases from 1 mm/s to 20 mm/s, the  increases with the in-
crease of . The tip resistance is the largest at the slowest penetra-
tion rate of 0.2 mm/s. This is because the silt sample contains
20% clay, and the rate effect is not obvious. The soil sample is
partially drained at a low penetration rate. With the increase of
the tip resistance, the penetration resistance  decreases gradu-
ally. The penetration resistance  measured at  = 10 mm/s and

 = 1 mm/s are similar, which indicates that the soil is close to be-
ing completely undrained, and the tip resistance  is not af-
fected by the penetration rate . With the increase of penetration
rate, when  ≥ 10 mm/s, the soil is close to being completely
drained, and the positive and negative pore pressure dissipates to
zero, presenting the original water pressure. The silt samples
containing 30% clay particles show complete drainage at the pen-
etration rates of 20 mm/s, 10 mm/s and 1 mm/s, and the tip res-
istance  is almost equal. The pore pressure of the soil does not
dissipate to 0 due to the influence of dilatancy.

The tip resistance is below 10 MPa because of the higher wa-
ter pressure generated by the cone tip during the undrained pro-
cess. The sleeve friction resistance is mostly below 100 kPa, be-
cause the HRD region has sensitive fine soils such as silty clay
(Librić et al., 2017).

The tip resistance value and pore pressure value obtained in
the stable section are normalized. The normalized cone tip resist-
ance is shown in Eq. (8), and the normalized pore pressure is cal-
culated in Eq. (2).

Qt =
qt − σv

σ′
v

, (8)

σv σ′
vwhere  and  is the total overburden pressure and effective

overburden pressure, respectively.
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Fig. 11.   Influence of CPTu penetration rate on friction angle.
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Fig. 12.   Test results under different penetration rates in Huanghe River Delta (HRD) silts with different clay content: remolded HRD
silts (a); 20% C (clay) mixture (b); 30% C (clay) mixture (c).
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Bq
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Figure 13 shows that, under different CPTu penetration rates,
the tip resistance  is strongly dependent on the clay content of
the silt and varies with the penetration rate. The penetration rate
effect in the penetration process is obvious. This study suggests
that the standard penetration rate of 20 mm/s should be used
when the CPTu is used to detect the clay content of silt in the
HRD. The  value of the HRD silts is small, indicating that par-
tial drainage has little effect on the test results. The influence of
clay content on the pore pressure of silt in the HRD is mainly re-
flected in that as the clay content of the silt in the HRD increases,
the distribution range of  widens, that is, the influence of the
penetration rate on the test results increases with the increase of
clay content. Moreover, when the penetration rate is slow, 
converges to 0, corresponding to the complete drainage re-
sponse in which all the excess pore pressure dissipates.

4.3  CPT-based soil behaviour type classification
The application of the piezocone penetration test in soil be-

haviour type classification is generally based on the analysis of
the data obtained from the CPTu penetration experiment. As
mentioned above, the researchable stable section data in this ex-
periment is in the range of 200–450 mm penetration depth.
Therefore, this paper selects the data of the stable section for
analysis. Since most of the soil behaviour type classification
methods proposed by predecessors and the field CPTu penetra-
tion experiment were carried out at the standard penetration rate
of 20 mm/s, therefore, the experimental data of the standard
penetration rate of 20 mm/s in pressure chamber tests were ana-
lyzed first to find a soil behaviour type classification method suit-
able for silt with different clay contents near and far away from
the HRD. Meanwhile, the applicability of other penetration rates
was tested to find the recommended penetration rate for the soil
behaviour type classification of silt in the HRD.

qt

fs

According to the normal parameters of the commonly used
analysis diagram, curves of cone-tip resistance , and penetra-
tion depth, side friction resistance  and penetration depth of silt
with different clay content under the standard penetration rate
are shown in Fig. 14. According to the CPTu results, there is a cer-
tain regularity in homogeneous soil. It can be seen that the fric-
tion resistance of the sleeve changes within a certain depth
range, mostly below 100 kPa.

Before analysing the soil behavior type classification, as
shown in Fig. 15, the relationship between the penetration depth
and the CPTu parameters were established to show the charac-
teristics of the soil and find the soil behaviour types that usually
have the characteristics. In this test data, the friction ratio ranges

Bq

Bq

from 1% to 3.3%, with an average of 2%, indicating that the soil
behaviour type is mainly silty clay and silty soil. The value of nor-
malized pore pressure  can be used to distinguish soil beha-

viour types.  value is close to 0 in the HRD silts (Zhang et al.,

2022b).
RfThe methods to calculate friction ratio  is as follows:

Rf =
fs
qc

× % . (9)

4.3.1  Robertson 1986 soil behaviour type classification chart

qt Rf qt Bq

qt Rf

The Robertson 1986 soil behaviour type classification meth-
od includes two charts  vs.  and  vs. . The two charts can

be used separately, and the  vs.  diagram is generally used.

The soil was divided into 12 categories using the Robertson 1986
soil behaviour type classification method, as shown in Table 6.

Figure 16 shows the result of soil behaviour type classifica-
tion using the Robertson 1986 soil behaviour type classification
chart. At the standard penetration rate, the data points of the
HRD soil and 20% C (the remolded HRD soil containing 20% clay
content) are concentrated in Region 5 (clayey silt-silty clay). The
data points of 30% C (the remolded HRD soil containing 30% clay
content) are concentrated in Region 3 (clay), Region 4 (silty
clay–clay). It can be seen that the soil behaviour type classifica-
tion chart is suitable for the silt in the HRD and can identify the
change of soil viscosity well.
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Fig. 14.   Test results for Huanghe River Delta (HRD) silts with dif-
ferent clay contents:  vs.  (a);  vs.  (b).
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4.3.2  Robertson 1990 chart and Robertson 2010 chart
Figure 17 shows the results of soil behaviour type classifica-

tion presented by Robertson 1990 and Robertson 2010, respect-
ively. Table 7 shows the soil behaviour types corresponding to
different areas of the chart.

The formula for calculating the normalized friction ratio is as
follows:

Fr =
fs

qt − σ′
v

× %. (10)

According to the Robertson 1990 soil behaviour type classific-
ation chart, the data points of the HRD soil and 20% C are mainly
concentrated in Region 5 (silty sand–sandy silt), 30% C is mainly
concentrated in Region 3 (clay-silty clay) at the standard penetra-
tion rate. According to the Robertson 2010 soil behaviour type

classification chart, the data points of the HRD soil and 20% C are
mainly concentrated in Region 4 (clayey silt–silty clay). The data
points of 30% C are divided into Region 3 (clay-silty clay) at the
standard penetration rate. It can be seen that the accuracy of the
Robertson 2010 soil behaviour type classification chart for silt is
higher than that of the Robertson 1990 soil behaviour type classi-
fication chart. These two soil classification methods can identify
the condition with relatively high clay content.
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Bq (b)Fig. 15.   Results of penetration experiment: depth distribution of friction ratio (a) ; depth distribution of .

Table 6.   Soil behaviour type classification
Region Soil type Region Soil type

1 sensitive fine-grained soil 7 silty sand-sandy silt

2 organic soil 8 sand-silty sand

3 clay 9 sand

4 silty clay-clay 10 gravel sand-sand

5 clayey silt-silty clay 11 very stiff fine-grained soil*

6 sandy silt-clayey silt 12 sand-clayey sand*

      Note: * refers to overconsolidated soil or cemented soil.
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Fig.  16.     Result  of  soil  behaviour type classification using the
Robertson 1986 chart.
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Fig. 17.   Result of soil behaviour type classification using: the Robertson 1990 chart (a) and the Robertson 2010 chart (b).
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Jefferies and Davies (1991) integrated Robertson’s −  and
−  soil type classification chart into a modified soil behaviour

type classification chart represented by (1− )− . Sub-
sequently, Jefferies and Davies (1993) proposed that the curve
cluster of the soil behaviour type classification chart proposed
after considering ,  and  can be approximately estimated
by concentric circles, and the radius of the circles is defined as
the soil behaviour type index , denoted as . The expression
is shown in Eq. (11),

Ic(JD) =
√
((− lg (Qt(− Bq))


+ (.+ . lg Fr)


). (11)

Ic

Δu

Bq

The soil behaviour type index  was calculated based on the
experimental data in this study. The range of the soil behaviour
type index is determined from the data of the stable section after
the penetration depth of 200–450 mm. As shown in Fig. 18, the
soil behaviour type index is not applicable to the HRD soil re-
gardless of the penetration rate, at the same time, when the clay
content is higher in soil, the value of  is relatively high while
the measured tip resistance is relatively low, so it’s possible that
the value of (1− ) is less than 0, that is, the soil behaviour type
index of soil cannot be calculated. In this case, the above for-
mula is unsuitable.

Ic(RW)

Robertson and Wride (1998) focused on the normalization of
the tip resistance and proposed a new soil behaviour type index

 based on the Robertson 1990 soil behaviour type classifica-
tion chart, which is defined as follows:

Ic(RW) =

√
(.− lgQtn)


+ (.+ lg Fr)


). (12)

QtnRobertson (2009) updated the normalized tip resistance 
using a normalization with a variable stress exponent:

Qtn =

(
qt − σv

pa

)
× (pa/σ

′
v)

n. (13)

In the Eq. (13), n is the stress exponent, and defined by

n = .Ic(RW) + .(σ′v/pa)− ., (14)

where n≤1.0.
ISBTRobertson (2010) proposed the  formula for rapid calcula-

tion of soil types based on the Robertson 2010 soil behaviour type
classification chart. The formula is as follows:

ISBT =

√(
.− lg

(
qc

pa

))

+ (.+ lg Fr)

. (15)

qt qc

qc

When the CPTu is used for testing,  can be used instead of , to
eliminate the influence of pore pressure at the permeable stone
on the probe, and  can be used directly as it has little effect on
the results.

Ic(RW) ISBT

Ic(RW)

Qtn

Qt

Robertson proposed two parameters,  and , to
identify soil behaviour type based on soil behavior type index.
The method calculated  uses the iterative calculation of nor-
malized tip resistance  that considering the difference
between cohesive soil and non-cohesive soil and is more reason-
able than . This difference is more obvious in the non-cohes-
ive soil area.

Ic(RW) ISBT

Ic(RW)

ISBT

In this study, two soil behavior type indexes  and  of
the experimental soil are calculated. To facilitate visual judge-
ment, a soil behavior type index chart was established that uses
colour to distinguish different region. The results are shown in
Figs 19 and 20. The range of the soil behavior type index is de-
termined from the data of the stable section after the penetration
depth of 200–450 mm. According to the , the HRD soil and
20% C are in the region of silty sand-sandy silty, 30% C is in the
region of clay at the standard penetration rate. According to the

, the HRD soil and 20% C are in the region of silty soil–clayey
silt, 30% C is in the region of clay region at the standard penetra-
tion rate.

ISBT Ic(RW)

Ic(RW)

Ic(RW)

qt

ISBT

Ic(RW)

For HRD soil, the accuracy of soil behavior type classification
using the  is higher than that of the . This is because the
large dilatancy of shallow HRD silts has an impact on the acquisi-
tion of the penetration resistance value. However, for the soil be-
havior type index , the dilatancy influence is not taken into
account in the calculation, and so the  calculated under the
condition of large  is smaller than the actual situation. Al-
though the soil behavior type index  is more suitable for silt in
the HRD, there are some errors and uncertainties. At the same
time, when the clay content of the HRD soil is relatively low, the
effect of penetration rate on the calculation of the behavior type
indexes is not great. But for , it just corresponds to two dif-
ferent soil types.

4.3.3  Eslami classification chart
The CPTu data of this study were projected onto the Eslami

soil behaviour type classification chart and the obtained results
are shown in Fig. 21. Most of the data points entered Region 2
(soft clay-soft silt), when the penetration rate is slow, some data
points fall into Region 1 (collapsible soil-sensitive soil). The Es-
lami soil behaviour type classification chart can roughly identify
the general types of soil, but cannot distinguish the clay content.

4.3.4  Brouwer classification chart
The CPTu data of this study were projected onto the Brouwer

Table 7.   Soil behaviour type classification
Region Soil type Region Soil type

1
 

sensitive fine-grained
soil

6
 

sand-silty san
 

2 organic soil, peats 7 gravelly sand-sand
3
 

clay-silty clay
 

8
 

very stiff sand-clayey
sand*

4 clayey silt-silty clay 9 very stiff, fine grained*

5 silty sand-sandy silt

      Note: * refers to overconsolidated soil or cemented soil.
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Fig. 18.   Soil behaviour type classification for test points based on
.
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soil behaviour type classification diagram (Fig. 22). Some data
points are in the silty soil region, and a small number of data
points are in the silty sand regions. Similarly, penetration rate
does not affect the results too much in this chart. The accuracy of
the Brouwer soil behaviour type classification chart is lower than
that of the others.

5  Conclusions
This study explored the characteristics of silt in the shoal area

of the HRD through the laboratory monotonic shearing test and

the CPTu variable rate penetration test. The friction angle was
calculated through the monotonic simple shear test and was
compared with the inversion results of the CPTu penetration test.
The influence of penetration rate on the friction angle inversion
is obtained, and some engineering suggestions were given. The
effects of clay content on tip resistance and the pore pressure of
silt under different penetration rates were summarized. The re-
commended penetration rate of CPTu for determination of clay
content of the HRD silt is suggested. And the study analysed the
applicability of five CPT-based soil behaviour type classification
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Fig.  22.     Result  of  soil  behaviour type classification using the
Brouwer classification chart.
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charts and three soil behaviour type indexes to the soil with dif-
ferent clay contents of the HRD. The results provide a reference
for strength parameter inversion of silty soil in the HRD and in-
situ soil behaviour type classification. The specific conclusions
are as follows:

(1) The penetration rate of the CPTu has a significant influ-
ence on the inversion of friction angle. In the standard rate pen-
etration test, the friction angle calculated by the inversion for-
mula proposed by Kulhawy and Mayne (1990) will be closer to
the value obtained by the laboratory monotonic simple shear test
for the silty soil with constant consolidation in the HRD. The
peak internal friction angle obtained by inversion increases with
the increase of penetration rate.

Bq

(2) The penetration rate effect in the penetration process is
obvious. The tip resistance is strongly dependent on the clay con-
tent of the silt. It is suggested that the standard penetration rate
of 20 mm/s should be used when CPTu is used to detect the clay
content of silt in the HRD. The results show that the  value of
HRD silts tends to 0 and is not significantly affected by the
change of the CPTu penetration rate.

ISBT

(3) The results show that a CPT-based soil behaviour type
classification method can be used to analyse soil behaviour
types, but the accuracy and applicability of specific methods
need to be tested. In this study, the soil behaviour type classifica-
tion methods based on the soil behaviour type index , the
Robertson 2010 were found to be more suitable for the silty soil in
HRD. It is recommended to use the standard penetration rate
when using CPTu for the soil behaviour type classification in the
HRD.
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