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ABSTRACT

In recent times, interest in dynamically installed foundation systems for deep-sea construction

has increased; however, these foundation systems are still under development and need

quantification of various soil parameters with different perspectives. For the design of

dynamically installed foundations, it is essential to assess the strain-rate effect on very soft soils.

The T-bar has been widely used to characterize soft offshore sediments, such as silt and clay,

and there is extensive existing literature on the interpretation of test results. Strain-rate

dependence has not previously been fully examined for T-bar tests in very soft clay at very high

rates of penetration. This paper examines this aspect using a physical model test. A 65-cm-thick

kaolin clay bed was formed using vacuum consolidation. A T-bar was driven into the clay bed at

rates that varied from 0.1 cm/s to 60 cm/s. The tests revealed that the resistance factor increased

by 9 % for every 10-fold increase in the penetration rate for the material tested in this research.

Keywords

clay, characterization, physical modelling

Introduction

In recent times, there has been significant change in the design of foundation systems for deep-sea con-

struction. These changes are due to the type of offshore facilities required and the nature of the seabed

sediments (Randolph et al. 2011). Deep-sea sediments are normally consolidated, and their strength

under undrained conditions could be as low as 1 kPa (Low et al. 2010), increasing only 1 to 2 kPa/m

with depth. This increases the difficulty of recovering good quality soil samples for laboratory testing, and

consequently increases reliance on in situ field tests for soil parameters. Some of the widely used in situ

testing techniques used in offshore conditions include field vane shear testing, cone/ball penetration test-

ing (CPT), and full-flow penetrometer test (Randolph et al. 2000). Both the full-flow penetrometer and

the CPT are based on the principle of penetration into the soil mass to evaluate the soil properties.

However, the full-flow penetrometer is preferred over CPT in soft soils, as it provides more contact
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surface area with the soil and requires only a small overburden

correction. The CPT has tip-area contact with about 5–20 cm2 of

the soil, whereas the full-flow penetrometer bar has a projected

area of about 100 cm2. The application of the full-flow penetrom-

eter is limited in soft soil sediment because it is essential to es-

tablish full flow movement of soils around the penetrometer

during penetration. The T-bar and ball penetrometer are widely

used as full-flow penetrometers in offshore site investigations

(Stewart and Randolph 1991). Both penetrometers possess equal

projected areas. The T-bar penetrometer produces slightly smaller

penetration resistance (0–10 %) than that of the ball penetrometer

(Low et al. 2010). The comparison between the T-bar and the ball

penetrometer is not conclusive because both the penetrometers

are still evolving and limited test data on the ball penetrometer

are available (Lunne et al. 2011). However, use of the T-bar is

becoming more widespread because the T-bar penetration test

has been standardized by NORSOK G-001, Marine Soil

Investigations (2004).

The low soil strength profile of deep-sea sediments encour-

ages the use of dynamically embedded anchor systems as opposed

to expensive pile foundations. Dynamically installed anchor foun-

dations are designed to hit the seabed at a speed in the range of

10–30 m/s and thereafter to penetrate the soil until the device

comes to rest naturally (O’Loughlin et al. 2013). In order to pre-

dict the depth of penetration, it is essential to know the behavior

of soil under a high rate of shearing. The T-bar may then be em-

ployed to study the strain-rate effect on the soil. Based on the rate

of penetration of the T-bar, the strain-rate effect can be studied

under two phases (as shown in Fig. 1): partial drainage and un-

drained conditions (Ganesan and Bolton 2013; Lehane et al. 2009;

Chung et al. 2006; Randolph and Hope 2004). Fig. 1 shows the

variation of penetration resistance of different soils with penetra-

tion rates reported in Lunne et al. (2011). At very slow rates of

penetration, partial pore water dissipation occurs and subsequent

consolidation increases the soil strength as well as the penetration

resistance. When the T-bar penetration rate increases from a very

slow rate, a gradual decrease in penetration resistance can be seen

until fully undrained conditions are achieved. A further increase

in the rate of penetration from fully undrained conditions will

increase the penetration resistance largely due to strain-rate ef-

fects. In general, for the T-bar, fully undrained conditions will

prevail when the dimensionless speed parameter V is greater than

20 (Ganesan and Bolton 2013; Randolph and Hope 2004; House

et al. 2001). The speed parameter V may be defined as follows:

V =
vd
cv

(1)

where, v is the penetration rate, d is the penetrometer diameter,

which is 4 cm in the present investigation, and cv is the coefficient

of consolidation. The strain rate effects depend on various factors

including stress history and soil type, and the undrained shear

strength usually increases with an increasing strain rate. This in-

crease in shear strength is in the range of 5–20 % for every 10-fold

increase in strain rate (Kulhawy and Mayne 1990; Randolph and

Hope 2004; Einav and Randolph 2005; Zhou and Randolph

2009b). Various element tests carried out on fine soils under un-

drained conditions indicate an increase in soil resistance with the

strain rate (Casagrande and Wilson 1951; Richardson and

Whitman 1963; Lefebvre and LeBoeuf 1987; Vaid and

Campanella 1977; Sheahan et al. 1996; Penumadu et al. 1998;

Zhu and Yin 2000; Svoboda and McCartney 2014). Mun et al.

(2016) summarized several investigations on strain-rate effects

on fine soils, which were established through element testing

under undrained conditions and concluded an average 10 % in-

crease in undrained soil strength per log cycle of axial strain. For

normally consolidated soils, the strain rate affects the develop-

ment of excess pore water pressure and, in general, the magnitude

of excess pore water pressure reduces with an increase in strain

rate (Lefebvre and LeBoeuf 1987; Sheahan et al. 1996). In general,

the strain rate effects are presented in terms of shear strength

and strain rate in logarithmic scale. The relationship is linear

in form, but in cases of a very high strain rate—greater than

1,000 %/min—this linear relationship may not be valid (Olson

and Parola 1967).

Limited studies on the strain-rate effect using the T-bar have

been reported in literature (Ganesan and Bolton 2013; Lunne et al.

2011; Lehane et al. 2009; Yafrate and DeJong 2007; Chung et al.

2006; Chung 2005). Except for Lehane et al. (2009), where the

maximum rate of penetration was 10 cm/s, the majority of these

studies were confined to strain rates less than 5 cm/s.

Furthermore, these studies were generally aimed at determining

the penetration rate at which drainage conditions of the clay

around the T-bar penetration become fully undrained. This paper

examines the effects of strain rates on the undrained shear

strength of very soft clay using a T-bar that was driven into clay

at a range of penetration rates. The undrained conditions were

FIG. 1 Effect of T-bar penetration rate on penetration resistance
(Lunne et al. 2011).
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maintained by using a dimensionless speed parameter (V) greater

than 20. The T-bar used in this investigation was modified to

eliminate the need for correction for unequal pore water pressure.

In order to develop fully undrained conditions, the rates of pen-

etration used in this investigation were in the range of 0.1 cm/s to

60 cm/s.

Experimental Work

CLAY BED PREPARATION

In this investigation, a simple technique was adopted to prepare a

clay bed 65 cm deep with a shear strength profile that varied from

the top to the bottom. A consolidation chamber, 41.2 cm in diam-

eter and 80.0 cm high, was manufactured using a plastic tube

(Fig. 2a). The inner surface of the tube was smooth in order to

minimize the extent of any potential friction between the consoli-

dating clay and the side wall of the chamber. A 0.7-cm-thick ny-

lon porous disk was located at the bottom plate. Channels of

drainage grooves were made on the top of the base plate to facili-

tate water drainage from the sample. A container capable of hold-

ing 20 L of water was used to collect the outflow of water from the

consolidation chamber, and a miniature pump was used to gen-

erate a vacuum pressure of −35 kPa in the container. The base of

this container was connected to the bottom of the consolidation

chamber.

The material used in the T-bar investigation was kaolin, spe-

cifically Imerys-quality china clay. The liquid limit of the kaolin

was 60 % and the plastic limit was 31 %. The kaolin was mixed

with de-aired water and a slurry was prepared at 1.5 times the

liquid limit. The preparation of the clay bed in the consolidation

chamber required 50 kg of dry kaolin power mixed with about

48 kg of de-aired water. The kaolin was initially mixed using a

concrete mixer and the slurry was stored in containers. The con-

solidation chamber was filled with kaolin slurry to a depth of

80 cm. A vacuum was then applied in the air-water interface con-

tainer at −35 kPa. The vacuum was developed by a standard

WMC pump, operated at 3.5 dc voltage, which resulted in a

Air-water container

Valve-2

PumpValve-1

Pressure transducer

Clay slurry 

Tie rods

Filter

41.2 cm

80 cm

20 l capacity

Pore water 
probe

Consolidation
chamber

(a) Vacuum consolidation test setup

(b) Vacuum consolidation test (c) Velocity of flow across base of the clay bed

FIG. 2

Consolidation of clay under vacuum.
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vacuum of −35 kPa as measured using the pressure transducer.

As shown in Fig. 2a, the base of the air-water container was con-

nected to the base of the consolidation chamber. The valve-2 was

used to close the drainage line during the T-bar penetration test.

After completion of each test, the accumulated water in the air-

water container was drained out by releasing the vacuum. During

consolidation, the pore water pressure of 0 was maintained at the

top of the consolidation chamber by keeping a pool of water,

which was removed just before the T-bar test. This also prevented

the surface of the clay bed from drying and provided a water head

to maintain a steady state of seepage flow once the primary slurry

consolidation was complete. The pore water pressure difference

between the top and bottom of the clay bed essentially prompted

the consolidation of the slurry with time. Primarily, slurry con-

solidation is caused by the seepage force acting on the grain skel-

eton within the soil mass, whereas in conventional consolidation

tests, the soil mass experiences surface loading (Imai 1979). The

slurry consolidation process continues as long as unsteady seep-

age flow occurs through the soil mass. In other words, the slurry

consolidation is considered complete when seepage flow changes

from an unsteady state to a steady state (Fox and Baxten 1997;

Imai et al. 1984; Imai 1979). The steady state of seepage flow

has been achieved when the change in seepage velocity with time

is very small (Imai 1979).

The progress of consolidation was monitored by measuring

the volume of water draining out from the consolidation chamber

with time. The volume measurement was made by using weighing

scales, with an accuracy of 1 g. The process of consolidation was

considered finished when there was no significant change in the

volume of water collected from the consolidation chamber be-

tween two successive days. Fig. 2b shows the volume of water col-

lected during the process of consolidation in the air-water

container with time in log scale. The reason for no significant

evidence of complete consolidation is due to steady state seepage

from the top to the bottom of the sample. This is further eluci-

dated in Fig. 2c, which shows the velocity of flow across the base

of the clay bed with time. The velocity of water flow was reduced

with the time and attained a constant flow velocity or steady state

of seepage flow. Therefore, from Fig. 2c, it can be concluded that a

significant amount of primary consolidation had been completed

after 14 days because the seepage flow is close to the steady state.

The approximate cv of the kaolin used in this investigation is 30.0

m2/year, assuming an average clay bed height of 0.75 m (i.e., the

maximum flow length of 0.75 m), Tv = 0.86 and cv = Tvd2=t90,

and the duration for 90 % consolidation is about 5.8 days.

Therefore, the absence of significant evidence of complete con-

solidation of the clay bed in a “root time-volume” plot may have

been due to (a) the continuous addition of a small volume of

water due to the steady state seepage flow; (b) the consolidation

being terminated prematurely and the use of Terzaghi’s consoli-

dation theory possibly not being valid in slurry consolidation

(Imai et al. 1979); (c) residual water flow from the top of the sam-

ple to the bottom because a pool of water was maintained at the

surface to avoid drying out; or (d) an opposite process of course, a

small but continuous evaporation of water from the air-water in-

terface. Nevertheless, the T-bar tests were carried out after 14 days

of consolidation for consistency.

MEASUREMENTS OF UNDRAINED SHEAR STRENGTH

USING A VANE

A cylindrical vane with a diameter of 5 cm and a height of 6 cm

was manufactured to perform vane tests in the sample. The

height-to-diameter ratio of the standard vane is 2.0, but for

the present investigation, the vane is 1.2, which is still within

the recommended range suggested in ASTM D2573, Standard

Test Method for Field Vane Shear Test in Saturated Fine-

Grained Soils (2002). The reason for using a reduced height-

to-diameter ratio in this research is that the strength of the clay

bed increases with increasing soil depth. The shaft of the vane was

inserted through another stainless steel tube in order to avoid any

resistance between the shaft of the vane and the surrounding clay

(Fig. 3). The tube was held in position during strength measure-

ments. In order to prevent the infiltration of clay slurry into the

annulus between the tube and the rod, a thin “O” ring was placed

at the base of the tube as shown in Fig. 3. The vane was rotated

about 2.0°/s until the strength of the clay was fully mobilized.

Tube (0.6 cm inner diameter, 0.125 cm wall 
thickness)

6 cm

“O” ring

Read out unit

5 cm 
80 cm

FIG. 3

Modified vane.
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In order to maintain undrained conditions during vane shearing,

the rate of rotation used was about 10 times faster than the maxi-

mum rotation rate recommended in ASTM D2573 (2002). The

authors accept that the failure mechanism of the clay bed in vane

shear and that of the penetrating T-bar is different. However, the

majority of studies use vane shear test results to calibrate the T-

bar test results. The soil used in this investigation is very soft so it

was not practically possible to carry out undrained compression

tests on it.

T-BAR CONSTRUCTION

The T-bar was developed by Stewart and Randolph in 1991. A

schematic diagram of the T-bar is shown in Fig. 4. In order to

achieve a full flow condition during T-bar penetration into soft

clay, the area ratio (projected area of bar/cross sectional area of

connecting shaft) should be greater than 10.0 and the length-to-

diameter ratio should be in the range 4.0 to 6.0 (DeJong et al.

2010). The T-bar was made from an aluminum rod with a diam-

eter of 4 cm and a length of 25 cm. The surface of the bar was

connected to a stainless steel rod with a diameter of 2.5 cm and a

length of 1 m. The T-bar’s horizontal component was split into

two sections along the length as shown in Fig. 4. Cavities were

made on either side of the split components to locate a load cell

inside the T-bar. The load cell was screwed in to the lower half of

the T-bar. When put together and fastened, the rod formed the

original cylindrical surface except for a 0.2 cm clearance between

the flat surfaces of the split parts. One of demerits of the T-bar is

that it is usually susceptible to bending action at high penetration

resistance due to the extended bar width. The T-bar configuration

shown in Fig. 4 is only meant for very soft clay soil as it may re-

quire some structural changes to counter bending moment in

cases of high penetration resistance. Fig. 5 shows the difference

between a conventional T-bar and the modified T-bar used in

this investigation. The T-bar is designed only to measure the pen-

etration resistance of the bar. The load cell is connected between

the lower end of the driving rod and the bar (Fig. 5a) in order to

restrict the load cell to measure any skin resistance occurring

along the driving rod during penetration of the T-bar. During

T-bar penetration, soils have to resist applied forces Rb and Ru

(Chung and Randolph 2004; Low et al. 2010) where Rb is the load

applied to the soil by the lower half of the bar due to the down-

ward movement of the bar and Ru is the load due to the unequal

pore water pressure developed on the upper half of the bar. The

total soil resistance to T-bar penetration is the summation of Rb
and Ru. In the conventional T-bar, the load cell is connected be-

tween the shaft and bar, and consequently it is impossible to read

any load in the upper part of the bar during downward movement

of the T-bar. It is therefore necessary to correct the penetration

resistance by adding the load due to uneven pore water pressure

(Chung and Randolph 2004). In the modified T-bar, the bar is

split into two parts (Fig. 5b). The load cell (FUTEK Advanced

Sensor Technology, Inc, Irvine, CA), 1.3 kN capacity and

model No. LLB130, is connected between the lower and upper

halves of the bar, which enables the load cell to measure both

the load in the upper and the lower part of the bar (Ru and

Rb, respectively). Thus, the correction for unequal pore pressure

is no longer required for the modified T-bar used in the present

investigation.

4 cm

sealT-Bar

Electric cable

0.2 cm

Thread to connect 
driving motor

2.5 cm diameter road

Load cell

25 cm

80 cm

100 cm 

0.01 cm thick 
rubber membraneSeal details

0.2 cm

seal

Section
Side view of bar 

0.3 cm

FIG. 4

T-bar construction (not to scale).
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A small indent, 0.1 cm deep and 0.3 cm wide, was made on

both split components of the T-bar alongside the split (Fig. 4).

This allowed for the sealing of the clearance between the split

components using a 0.1-mm-thick rubber membrane, glued side-

ways so that it does not transfer any vertical load under compres-

sion. The wiring for the load cell was taken inside the T-bar

components. The long rod was then connected to another

threaded rod 1 m in length. A DT80G Series 2 Geologger

(Lontek, Glenbrook, NSW 2773 Australia) was used for data

acquisition.

The system developed for the T-bar to penetrate the clay at a

preselected speed is shown in Fig. 6. This system consisted of a

metal frame 76 cm high, which extended 95 cm, with a width of

50 cm, braced with two crossbars. Two bushes were located at the

middle of the crossbars to facilitate the linear movement of the T-

bar. The T-bar is driven by a Mitsubishi FR-E700 spindle drive

(Mitsubishi Electric, Tokyo, Japan). The displacement of the T-

bar was measured using a displacement transducer with a travel

length of 100 cm. Limit switches were located on the supporting

frame to halt the T-bar penetration 18 cm above the base of the

clay bed.

CORRECTION FOR PENETRATION RESISTANCE

The conventional T-bar penetration resistance observed from the

load cell needs correction for unequal pore water pressure and

overburden pressure effects. Chung and Randolph (2004) pro-

posed an expression for correction as follows:

qT−bar = qm − ½σv − uwð1 − αÞ� As

Ap
(2)

where, qT−bar is the penetration resistance, σv is the total vertical

overburden stress, uw is the pore water pressure acting at the

connection between the full flow probe and the push rod, qm
is the measured penetration resistance, α is the net area ratio

(Lunne et al. 1997) and usually varies in the range of 0.6 to unity

(Lunne et al. 2011), As is the cross-sectional area of the connecting

shaft, and Ap is the projected area of the penetrometer. Eq 2 was

largely derived from the equation used for correction of a piezo-

cone as discussed in Lunne et al. (1997). In actual practice, σv is

usually unknown and measuring uw in real time is difficult and

seldom done during tests. To avoid this problem, Eq 2 was further

simplified by replacing σv and uw with σvo and uwo, respectively.

Here, σvo is the in situ total overburden stress and uwo is the hy-

drostatic pore water pressure. As discussed previously, a correc-

tion for pore water pressure is not required with the modified

T-bar and only the overburden correction applies, so Eq 2 is

now modified to

qT−bar = qm − ðσvoÞ
As

Ap
(3)

Results and Discussion

The prime Intention of this investigation was to study the effect of

the rate of penetration of a T-bar into soft clay under undrained

FIG. 5 Difference between T-bars.

Ru Ru

Load cell
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Shaft

(a) Conventional T-Bar (b) Modified T-Bar

Rb
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FIG. 6 Fully assembled testing chamber.
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conditions. Four tests were carried out at the penetration rates of

0.1 cm/s, 1 cm/s, 10 cm/s, and 60 cm/s. The coefficient of con-

solidation cv was determined from consolidation tests on a soil

element with a 10-cm diameter at low confining pressures

(10–50 kPa) under triaxial isotropic conditions. The average value

of the coefficient of consolidation of kaolin was about 30 m2/year.

The corresponding dimensionless speed parameter (V) values for

the above penetration rates are 42, 420, 4,204, and 25,228, respec-

tively. However, the minimum dimensionless speed parameter

(V) required for ensuring true undrained conditions is 20; there-

fore, it can be assured that the T-bar penetrations tests were

carried out under undrained conditions at all four penetration

rates. The pore water pressure at the base of the clay bed was

maintained at −35 kPa using a vacuum throughout the consoli-

dation process and during T-bar penetration. However, in some

cases, the vacuum fluctuated by ±3 kPa, which has not influenced

the strength profile along the clay bed very much. Although the

negative pore water pressure applied at the bottom was main-

tained at about −35 kPa, the actual measured pore water pressure

at 5 cm above the base of the sample was approximately −20 kPa.
The reduced pore water pressure may be largely due to the com-

bined effect of head loss in the clay and across the filter disk.

Fig. 7a shows the location of the T-bar penetration and the

strength measurements using the vane and the water content

measurements. In order to avoid any scale effect, the size of

the T-bar used in this investigation is equal to that used in field

investigations. Zhou and Randolph (2009a) suggested that the

failure mechanism associated with T-bar penetration occurs

within 2 to 3 times the diameter of the bar. In the present inves-

tigation, the space available is more than 5 times the diameter of

bar; therefore, it can be expected that the effect of the boundary

may not be very significant. Fig. 7b shows the undrained shear

strength (su) profile over the depth, taken at two locations of a

trial clay bed. During each T-bar test, a vane shear test was con-

ducted after penetration of the T-bar and while the T-bar re-

mained inside the clay bed. The nonlinearity in undrained

shear strength (su) profile is expected as slurry consolidation

produces nonlinear distribution of pore water pressure and

change in void ratio along the depth of sample (Fox and

Baxten 1997; Imai et al. 1984; Imai 1979). The consistency of

the strength measurements is remarkable. The unit weight of

the clay was calculated using the water content and wet mass

of the extracted samples, which allowed determination of total

vertical stress. The negative pore water pressure was zero at
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the top and approximately −20 kPa at 5 cm above the base. This

allowed for the determination of the effective vertical pressure

profile in the clay bed. In the absence of a pore water pressure

profile, it was assumed that it linearly varied along the length

of the clay deposit in the consolidation chamber. Fig. 7c shows

the undrained shear strength plotted against the effective vertical

pressure. It appears that the strength did not increase linearly with

effective vertical pressure close to the top surface. The lower part

of this curve shows an approximately linear relationship between

the strength and the effective vertical pressure. The slope of the

line is approximately 0.22 and it is in close agreement with the

approximate prediction made on Skempton’s relationship based

on a plasticity index of 25 %. Possible reasons for the reduced

strength at the top may be due to (a) side friction between the

consolidating clay and the plastic cylinder, (b) the possibility

of incomplete consolidation, or (c) the possibility that

Skempton’s relationship for predicting strength using index prop-

erties may not be valid for soils close to slurry state.

In Test 1, the T-bar penetrated the clay at 0.1 cm/s. Fig. 8

shows the strength profile, the penetration resistance, qT-bar,

the relationship between the penetration resistance, and the un-

drained shear strength. The undrained shear strength varied from

0 to 3.4 kPa with increasing depth. The penetration resistance can

be expressed in terms of resistance factor (NT) and shear strength

(su) as follows:

qT−bar = NTsu (4)

In order to determine the resistance factor NT, the measured pen-

etration resistance qT-bar (reported in Fig. 8b) was fitted using a

polynomial equation. Fig. 9 shows one such fit with a polynomial

equation for the T-bar test at a penetration rate of 1 cm/s. This

equation was then used to estimate the penetration resistance at

locations where the undrained shear strength measurements were

made from a vane shear test. The relationship between the

strength and the penetration resistance is shown in Fig. 8c, to-

gether with the best fit regression line. For all the tests, the data

obtained between 10 cm below the clay surface and about 18 cm

above the base of the clay bed were used for the regression in

order to ensure full flow conditions and to eliminate boundary

effects from the base of the chamber. Based on the regression

analysis, the resistance factor is approximately 12.3. The penetra-

tion resistance increased with an increase in the rate of T-bar pen-

etration. In this investigation, the change in penetration resistance

is expressed in terms of the resistance factor (NT) by normalizing

penetration resistance with the undrained shear strength deter-

mined from the vane shear test. Fig. 10 represents the relationship

between penetration resistance and the shear strength observed in

all tests. The lines and equations shown in Fig. 10 are the linear fits

with the observed value. The slope of this relationship increases

with an increase in penetration rate. The resistance factors (NT) as

shown in Fig. 10 were calculated and the relevant values of NT are

12.35, 13.2, 14.6, and 15.5, respectively, for T-bar penetration

rates of 0.1 cm/s, 1 cm/s, 10 cm/s, and 60 cm/s.
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Low et al. (2010) reported that the average value of NT, based

on the vane test, is 11.85 for soft clay. They used reconstituted

Burswood clay samples for a miniature penetrometer test. The

resistance factor NT obtained from the present investigation is

close to 12 at a T-bar penetration rate of 0.1 cm/s. This is also

in agreement with the finite element study of Zhou and

Randolph (2009a) at low soil strength. This indicates that the

modified T-bar performs similarly to the conventional T-bar,

and also signifies that the correction for pore water (Eq 2) is al-

most negligible in the present test conditions. The difference be-

tween the modified and conventional T-bar would be evaluated

once significant corrections for pore water developed, which may

occur at higher depths of penetration.

Based on the investigation reported here, as shown in Fig. 11,

where the resistance factor is plotted against the penetration rate,

the rate of increase is approximately 9 % for every 10-fold increase

in strain rate, noting that this conclusion is only valid for kaolin,

and that the rate of increase may be different for other soils. The

data analysis presented through Figs. 8–11 can be analyzed in an-

other way by assuming NT remains constant in Eq 4 and any

change in penetration resistance is only due to the change in soil

shear strength. The result was similar to that of Fig. 11. The num-

ber of well-controlled element tests pertaining to the strain rate

effect on normally consolidated soils suggests a reduction in pore

water pressure with an increase in strain rate, which causes an

increase in effective stress and ultimately increases the soil resis-

tance (Richardson and Whitman 1963; Lefebvre and LeBoeuf

1987; Sheahan et al. 1996; Zhu and Yin 2000; Svoboda and

McCartney 2014). Stoll et al. (2007) also reported that during

penetration of a dynamic penetrometer, a decrease in pore pres-

sure and an increase in dilative behavior were observed with an

increase in penetration rate. The present investigation did not

measure pore water pressure during penetration, but noting

the above observations, the main contributor to an increase in

penetration resistance with the increase in the penetration rate

observed in the present investigation may have come from the

reduction of pore water pressure around the penetrometers.

Another reason for an increase in penetration resistance may

be due to the development of hydrodynamic drag as a result

of the viscous effect of clay at high rates of penetration.

Studies related to the penetration of dynamic anchors into the

seabed suggest that hydrodynamic drag contributes significantly

in developing resistance to anchor penetration (O’Loughlin et al.

2013; True 1975; Beard 1981). The hydrodynamic drag is propor-

tional to the rate of penetration, hence significant drag develops

only at high rates of penetration.

Recently, a number of dynamic penetrometers, which pen-

etrate into the soil mass at high rates, have been proposed for
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offshore soil exploration (Stoll et al. 2007; Aubeny and Shi 2006).

These dynamically embedded anchors and dynamic penetrome-

ters penetrate the seabed with deceleration. In other words, these

objects penetrate at a decreased rate of penetration with increas-

ing depth of penetration. For design and analysis of these objects,

it is essential to establish a relationship between the change in soil

resistance and the penetration rate. In general, logarithmic, sin-

hyperbolic, and power equations are used to express this kind of

relationship. For practical use, the test results need to be expressed

in terms of nondimensional parameters by fitting with any one of

these equations. There has not been any clear guideline to decide

which equation ought to be used, however, it largely depends on

the type of test and shape of penetrometers. For instance, free-fall

penetrometers fit well with logarithmic equations (Stoll et al.

2007), sine-hyperbolic equations with dynamic CPT (Dayal

and Allen 1975; Steiner et al. 2014), and power equations with

the T-bar (Lehane et al. 2009). For normalization of test results,

the penetration rate of 2 cm/s is used as a reference parameter.

This is the standard penetration rate for both static CPT and T-

bar tests. In the present investigation, the change in qT−bar with

penetration rates was analyzed by fitting it with sin-hyperbolic

and power equations. The qT−bar for 2 cm/s was determined from

Fig. 11 and Eq 4. The sin-hyperbolic equation and power equation

are expressed in Eqs 4 and 5, respectively.

qT−bar
qT−ref

= 1þ μ arcsinh

�
v
vref

�
(5)

qT−bar
qT−ref

=
�

v
vref

�
β

(6)

where qT−ref and vref are the reference penetration resistance and

rate of penetration, respectively; μ is the soil rate coefficient and β

is the rate exponent, which are dependent on soil type. The refer-

ence parameters were taken at a 2 cm/s penetration rate. Fig. 12

shows the fitting of Eqs 5 and 6 with the observed results. The

values of β and μ used are 0.034 and 0.032, respectively. The

sin-hyperbolic equation (Eq 5) fits well at higher strain rates,

whereas the power equation (Eq 6) shows excellent fitting at

all penetration rates. This observation coincides with that of

Lehane et al. (2009) wherein a power equation was used to de-

scribe undrained T-bar penetration.

Conclusions

The effects of undrained T-bar penetration rates in a very soft clay

bed were examined by using a modified T-bar. A modified vane

was also used to measure the strength profile along the clay bed.

The T-bar penetrated the clay bed at various rates: 0.1 cm/s, 1 cm/s,

10 cm/s, and 60 cm/s. The tests have shown that the resistance

factor NT was approximately 12.3 at a penetration rate of

0.1 cm/s. This is in excellent agreement with existing literature.

The results have also shown that the resistance factor increased

by 9 % for every 10-fold increase in the penetration rate for kaolin.

The increases in penetration resistance observed in this investiga-

tionmay have occurred due to the reduction in porewater pressure

as reported in several strain-rate effects studies on soil elements.

Viscous effect may contribute to the increase in penetration resis-

tance at very high rates of penetration. The power equation ap-

peared to be an excellent match with the observed test results

while normalizing with the result at 2 cm/s penetration rate.

The rate exponent for this clay with this test condition is 0.034.

The observations reported in this investigation are based on a par-

ticular kaolin and a rate of penetration up to 60 cm/s. Therefore

more studies on various soils and rates of penetration are needed to

establish the overall rate of penetration behavior of a T-bar under

undrained conditions.
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