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Abstract

Viscous (undrained) rate effects lead to an increase in the shear strength of fine-grained soils such as clays when sheared at
high strain rates. Correct rate effect parameters are key to accurate predictions of behaviour in a range of geotechnical
applications, from subsea cable ploughing and rapid load testing of piles through to numerical modelling of offshore
foundation systems. The factors influencing the magnitude of rate effects are, however, still poorly understood. Through a
series of 100-mm diameter high-speed undrained triaxial tests (strain rates ranging from 300 to 180,000%/hr and initial
effective stresses from 300 to 1350 kPa) on Kaolin clay, this paper investigates the influence of the soil state and stress
history on rate effects across a wide strain range. Viscous rate effects ranging from 10 to 16% per log cycle are observed,
and the liquidity index is observed to correlate to the magnitude of the rate effects. Viscous rate effects are also shown to
reduce with increasing strain level, and a model is proposed which allows the rate effect in Kaolin to be predicted
accounting for both of these factors. This model is potentially useful in analytical and numerical studies.
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v Axial velocity

Vv Normalised velocity

Material specific parameter for soil state effect

(using peak strength rate effect definition)

o Material specific parameter for soil state effect
(using strain-based rate effect definition)

O(pf:a.k

Alogeqy  Reduction in rate effect per log cycle of strain

é Axial strain rate

Eref Reference axial strain rate

&g Triaxial deviatoric strain

&g Triaxial deviatoric strain rate

£4.EL Elastic shear strain threshold

&g, /max Shear strain at which A, occurs

Eq.ref Reference triaxial deviatoric strain rate

&4 peak Shear strain at which the peak strength occurs

&qpeakref Shear strain at which the peak strength occurs
(at the reference strain rate)

K Gradient of the Unload/Reload Line

A Rate effect per log cycle

Aeq=1% Rate effect per log cycle of strain rate at 1%
shear strain

Jeq=10%  Rate effect per log cycle of strain rate at 10%
shear strain

Amax Maximum rate effect observed at any given
shear strain

ANCL Gradient of the normal consolidation line

ipeakpl Rate effect per log cycle at the plastic limit (PL)
(using peak strength rate effect definition)

Jpt Rate effect per log cycle at the plastic limit (PL)
(using strain-based rate effect definition)

r Intercept on the critical state line (CSL) at
1 kPa

Vet Reference state parameter

1 Introduction

Viscous rate effects cause the undrained shear strength of
fine-grained soils such as clays to increase with strain rate,
with the increase normally expressed as the percentage
increase in shear strength (compared to the shear strength
at a selected reference strain rate) for every log cycle
increase in strain rate (e.g. Kulhawy and Mayne [17]).
Viscous rate effects are distinct from drainage-related time
effects, although there can be interaction between these
effects [33]. An accurate understanding of viscous rate
effects is important for many geotechnical activities where
high strain rates are induced, such as rapid load pile testing
[6, 7], interpretation of offshore site investigation using
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techniques such as free-falling penetrometers [9, 10], off-
shore deep penetrating anchors (DPA) [22, 27], prediction
of subsea cable plough resistance [32] and offshore helical
pile installation [48]. Wahl et al. [42] also highlight that
viscous rate effects are important in the modelling of lat-
eral capacities of offshore monopiles as well as spudcan
penetration resistance. Viscous rate effects are also key to
the analysis of rapid geotechnical failures including land-
slides [21, 24, 28] and transmission tower uplift [30].
Regardless of whether the study of these problems is
physical or numerical, accurate rate effect parameters are
important for the correct analysis and prediction of the
behaviour.

Rate effects are typically assumed to be a consistent
value of 10% per log cycle increase in strain rate [17], but a
number of studies have shown the variability of viscous
rate effects with the reported values typically ranging from
5 to 20% per log cycle [26, 27, 43]. Even within the triaxial
compression dataset used by Kulhawy and Mayne [17],
further analysis [31] shows that individual clays exhibit
rate effects ranging from 6% per log cycle (Vicksburg clay)
up to 17% per log cycle (Lyndhurst clay). While such
variations may appear small, many of the high strain rate
activities described previously occur at strain rates several
orders of magnitude higher than the strain rate at which
conventional material characterisation is often carried out.
Taking deep penetrating anchors as an example, even a
difference of 5% per log cycle in the rate effect would lead
to an error of up to 25% in the predicted shear strength of
the soil [31].

Previous studies have indicated that several potential
factors may influence and control the magnitude of rate
effects, aside from the fact that rate effects clearly vary
between different soils. The state of the soil (whether
measured in terms of its moisture content, liquidity index
or otherwise) has been shown to affect the rate effect
[3, 4, 8], as well as the soil’s stress history in terms of the
overconsolidation ratio (OCR) [4]. However, these vari-
ables are closely interlinked, and further study is required
to investigate whether the OCR is independently influ-
encing the rate effect, or whether any change in the rate
effect is purely related to changes in the state (i.e. moisture
content) of the soil caused by swelling as the soil becomes
overconsolidated. Rate effects have also been shown to
vary with strain level [1], and different effects are seen
depending on whether the small or large strain level range
is considered [14, 23].

Numerous studies have shown that viscous rate effects
increase with moisture content [3, 7, 8, 11]. These studies
cover a wide range of soils and used methods ranging from
free-falling penetrometers to triaxial testing, giving some
confidence in the observation. However, there is a need for
further research to conclusively identify the form of the
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relationship between rate effects and moisture content/
liquidity index, as well as to confirm which of these is the
controlling parameter. The question of whether rate effects
occur at or below the plastic limit has been investigated by
both Brown and Hyde [7] (rapid load pile testing) and
Stone and Phan [41] (motorised laboratory cone tests), and
the former suggested no rate effects occur, while the latter
suggested rate effects of around 10% per log cycle at the
plastic limit. There is little other research published on this
specific consideration.

The influence of stress history (OCR) has also been the
subject of several studies, the majority of which suggest no
clear influence of OCR on rate effects [7, 14, 19, 37, 49].
Those studies which do suggest a small increase in rate
effect with OCR [4] have generally not accounted for the
fact that tests conducted at higher OCRs typically have
higher moisture contents than normally consolidated tests
with the same level of preconsolidation (due to swelling
during the overconsolidation process), which may explain
the finding. This has also been considered by Brown and
Hyde [7] based on rapid load pile testing (RLT), which
suggested that it may be soil state (in terms of moisture
content) rather than stress history (or OCR) that controls
viscous rate effects.

Considering, the strain dependence of rate effects, the
studies on this issue can be broadly split into those that
have investigated small strain behaviour [23, 39, 40] and
large strain behaviour [1, 2, 14]. In terms of studies
focussing on small strain behaviour, there is a general
consensus that no viscous rate effects are observed below
the elastic strain threshold, and that after this point, rate
effects increase with shear strain level [23]. Rate effects at
very low shear strain rates (typically < 0.01%/hr) may
however be influenced by creep of the specimen during
testing [18], where relaxation can lead to a reduction in the
measured deviator stresses. In addition, the creep coeffi-
cient, C,, is also often used to model rate dependent
behaviour of soft clays, such as in elastic-viscoplastic
constitutive models [46, 47]. The links between creep and
viscous rate effects are not explored in this study. Rate
effects at large strain levels have either been shown to
show little change with increasing strain level [1] or to
reduce with increasing strain level [2, 14]. Knowledge of
how viscous rate effects vary with strain level is key to the
analysis of many of the rate effect applications previously
mentioned where a strain-based approach is required for
interpretation. For example, using Statnamic pile testing,
Powell and Brown [29] highlighted the need for accurate
rate effect parameters across all strain levels, without
which interpretation is challenging.

This paper aims to investigate undrained viscous rate
effects using high-speed undrained triaxial testing, in order
to determine the independent influences of soil state and

stress history as well as rate effect variation with strain
level. Viscous rate effects have been investigated by other
methods such as shear vane testing [5, 44]; however,
challenges in the determination of shear strain and drainage
conditions in these approaches complicate their use when
considering a strain level-based rate effects model. Rate
effects related to time for drainage (i.e. rate effects in the
partially drained range) have been previously considered
by Robinson et al. [33] and will not be further investigated
here. The consideration of variation with strain level here
will focus particularly on the large strain range (g, > 1%),
which is the most appropriate range for the majority of
geotechnical applications where high strain rates occur.
The paper aims to develop correlations which allow the
(large strain) rate effect per log cycle to be quantified for
any soil state or strain level.

2 Methodology

The tests were carried out on reconstituted Speswhite
Kaolin, the properties of which are shown in Table 1.
Reconstituted samples were used as variability and
imperfections in field samples can impact on the measured
deviator stresses, influencing the measure viscous rate
effects. The reconstitution process allowed careful control
over sample quality, avoiding these issues. The samples
were first prepared as slurry with a moisture content of
125% using de-aired, de-ionised water before being one
dimensionally consolidated to a mean effective stress of
150 kPa for three days. These were then trimmed to
200 mm length and 104 mm diameter to create triaxial
samples. Uniformity of the one dimensionally consolidated
sample was assured by lubricating the consolidation tube
with PTFE spray, and samples were taken from the central
section to avoid the non-uniform ends. Once installed in
the triaxial apparatus, the sample was saturated to an
effective stress of 50 kPa at a back pressure of 250 kPa and
then re-consolidated to the required effective stress for the
test to induce isotropic initial conditions for 24-48 h as
required (at a back pressure of 300 kPa). In overconsoli-
dated tests, the sample was first consolidated to the maxi-
mum mean effective stress (p’o.max) before being allowed
to swell for 24 h at the effective stress to be used in that
test.

Sample drainage was facilitated by using vertically
orientated filter paper drains (for radial drainage) on the
surface of the sample, connected to both the top and bottom
drainage valves. These were required as the use of over-
sized lubricated end platens in the testing meant that con-
ventional vertical drainage was not possible, and the radial
drainage had the additional benefit of significantly reducing
consolidation times. Effectiveness of the filter paper drains
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Table 1 Summary of material properties for the Kaolin tested

Property Value Method

Plastic Limit, PL (%) 32.5 Thread rolling method

Liquid Limit, LL (%) 65.0 BS fall cone

Plasticity Index, PI (%) 32.5 Calculated

Clay Fraction, CF (%) 82 BS hydrometer

Activity, A (%) 39.6 Calculated

Proportion of Kaolinite (%) 80 X-ray diffraction and Rietveld analysis
Proportion of Illite (%) 18

Proportion of Quartz (%) 2

Specific Surface Area, SSA 36.7
(m?/g)

Permeability, k (m/s)* 0.76 x 107 to
1.17 x 107°
in this paper
Coefficient of 23.5-48.1
Consolidation, c, (m2/
year)*
NCL Gradient, Ancr, 0.168
Unload/Reload Line 0.021
Gradient, k
NCL Intercept, N 3.101
CSL Intercept, I' 2.988
Gradient of CSL in q-p’ 0.851
space, M
Reference State Parameter, 0.113

#
lIlref

Methylene blue absorption (Following Santamarina et al., [36])

Permeability tests (constant pressure difference) on 38 mm triaxial samples (without filter
drains) in a triaxial cell subject to the same consolidation conditions as the 100-mm samples

Calculated using k (see above) and m, (compressibility) from 38 mm triaxial tests subject to
the same consolidation conditions as the 100-mm samples in this paper

38 mm triaxial tests (¢ = 1%/hr, isotropic)

“Effective stress ranging from 300 to 1000 kPa, using a 100 kPa stress increment

#For normally consolidated conditions

at higher mean effective stresses (p’¢g = 1000 kPa and
above) was maintained by the use of a double layer of filter
paper. Head and Epps [15] recommended that for 100-mm
diameter samples, filter paper drains should cover no more
than 50% of the sample surface area to ensure the rein-
forcing effect on the deviator stress is no more than 3 kPa.
In this study, the filter paper drains covered 23% of the
surface area, ensuring that the reinforcing effect is less than
this value. Membrane corrections were also applied as
recommended by Head and Epps [15].

The tests were carried out in a GDS advanced elec-
tromechanical dynamic triaxial rig (MiniDYN) specially
modified to carry out high-speed monotonic tests. The
setup of the triaxial system is shown in Fig. 1. The rig was
capable of axial displacement rates of 100 mm/s, and
during high-speed testing it was controlled by a GDS
digital control system capable of controlling the axial
displacement within a time interval of 0.1 ms (10,000 Hz).
Both the back and cell pressures were provided by GDS
pressure controllers. Lubricated end platens of a similar
design to those proposed by Rowe and Barden [15, 34]
were used to minimise the inhomogeneity caused by end
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restraint conditions [15, 38]. This arrangement consists of
smooth, enlarged aluminium end platens (115 mm diame-
ter) with a thin layer of silicone grease, upon which a circle
of latex with radial slits is placed, minimising boundary
effects which could lead to sample inhomogeneity. This is
particularly important in high strain rate triaxial tests,
where sample inhomogeneity can lead to the applied shear
strain rate varying across the specimen. The system applied
load to the triaxial specimen via the bottom platen, with
global displacements measured by an encoder to a resolu-
tion of 1.3 pm. As part of the lower platen arrangement, a
balanced ram system also ensured that the cell volume
change during shearing was minimal even at the elevated
shearing rates implemented [13]. Robinson [31] showed
that with the balanced ram, even at the highest strain rate
(100,000%/hr) the cell pressure deviated by no more than
2 kPa from the intended value. The axial force applied to
the specimen was measured by a GDS Type 9 submersible
load cell with a range of 5 kN and a measurement reso-
lution of 0.5 N.

The system control and logging was provided by a GDS
Dynamic Control System (GDS DCS) where details of the
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Pressure controllers
(GDS STDDPC)
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T
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Fig. 1 a Photograph of the triaxial system setup and b schematic
drawing of the triaxial cell, sample and instrumentation

required displacements for each test are transferred to the
GDS DCS and the test is conducted using a PID control
loop, with a common control and logging frequency of
10,000 Hz per channel. To avoid inertial effects and ensure
accurate test control, at the beginning of the shearing stage,
the acceleration of the base platen to the required test
velocity was set at 1.90 m/s>. This was achieved by mod-
ifying the requested displacement waveform to have a lead-
in, which limited the effect of sample inertia on the devi-
ator stress in the fastest test (¢ = 100,000%/hr) to less than
0.7 kPa. At the end of the shearing stage (at approximately
20% shear strain), the system brought the base platen to a
full stop at the motor’s braking rate. Data were not logged
during the braking phase. Further details on the testing
apparatus and methodology can be found in Robinson [31].

The testing programme consisted of triaxial tests at axial
strain rates from 300 to 180,000%/hr in order to investigate

rate effects over as large a range as possible. These strain
rates ensure that all tests exist within the undrained range
as described by Robinson et al. [33], regardless of the
externally imposed drainage conditions. These were carried
out for normally consolidated samples at effective stresses
ranging from 300 to 1350 kPa. The final consolidated
sample dimensions (before the shearing stage) ranged from
1969 mm (H) x 102.1 mm (@) for p’y = 300 kPa to
180.3 mm (H) x 98.6 mm (@) for p’y = 1350 kPa. Two
overconsolidated samples were also prepared (OCR = 6,
p’o = 108 kPa) and tested at the extremes of the strain rates
only (see Table 2 for more detail on the testing pro-
gramme). These tests were conducted in the same manner
as the normally consolidated tests, with the exception of an
additional swelling stage where the effective stress was
reduced from p’ .« = 650 kPa to p’g = 108 kPa.

3 Results and discussion

The main impacts of varying strain rates can be seen in
Fig. 2a where each increase in strain rate is marked by an
increase in peak deviator stress, when compared to other
tests at the same initial mean effective stress. The peak
deviator stress was defined as the point at which the
maximum recorded deviator stress occurred in that test
[33]. A shift in the strain level at which peak deviator stress
occurs is also observable with this strain level appearing to
reduce with increasing strain rate, indicating that rate
effects may vary with strain level and are not constant
throughout the test [33]. Beyond 12% axial strain, the
specimens were observed to localise as a shear plane
formed, with the strain at which this occurred varying
significantly (at strains ranging from 12 to 20%). There was
no clear trend in the strain level at localisation in relation to
strain rate. Peak deviator stress was reached well before the
localisation occurred in all cases. The data from Fig. 2a are
also shown normalised by the initial mean effective stress,
P o, in Fig. 2b. Photographs of a typical normally consol-
idated Kaolin sample, before and after testing, are shown in
Fig. 3a and b, respectively. In the photograph after testing,
the membrane and filter drains have been removed to show
the localisation. Direct observation of the sample (at
¢ =1000 and 10,000%/hr, where the test duration was
sufficiently long to allow this) during testing indicated that
this localisation began at the same strain level at which the
effects of the localisation appeared in Fig. 2a (¢, > 12%).

Figure 4 shows the peak deviator stresses extracted from
the stress—strain behaviour in Fig. 2a for each strain rate.
Comparison of the data suggest that the rate dependent
increase in deviator stress was best modelled using a semi-
log relationship of the form in Eq. (1) and as proposed by
Sheahan et al. [37]. In the equations shown in Fig. 4, the
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Table 2 Programme of large strain CIU tests conducted on Kaolin specimens

Test designation Mean effective stress, p’o (kPa) Axial strain rate, & (%/hr) OCR Liquidity index, LI
KLN-TU-L1 300 1000 1 0.32
KLN-TU-L2 300 10,000 1 0.32
KLN-TU-L3 300 100,000 1 0.32
KLN-TU-L4 650 1000 1 0.18
KLN-TU-L5 650 10,000 1 0.18
KLN-TU-L6 650 100,000 1 0.18
KLN-TU-L7 1000 1000 1 0.10
KLN-TU-LS8 1000 10,000 1 0.10
KLN-TU-L9 1000 100,000 1 0.10
KLN-TU-L10 1350 1000 1 0.02
KLN-TU-L11 1350 10,000 1 0.02
KLN-TU-L12 1350 100,000 1 0.02
KLN-TU-L13 108 (P’ max = 650 kPa) 300 6 0.22
KLN-TU-L14 108 (P’ max = 650 kPa) 180,000 6 0.22

Due to the use of large 100-mm diameter samples, repeat tests were not conducted

0 0.05 0.1 0.15 0.2 0.25

o
o

o
'S

©
)

Normalised Deviator Stress, q/p'y

o

0 0.05 0.1 0.15 0.2 0.25
(b) Shear Strain, g,

p'o = 1350kPa (LI = 0.02) ¢ = 1000 %/hr
p'o = 1350kPa (LI = 0.02) € = 100000 %/hr p'o = 1000kPa (LI = 0.10) & = 1000 %/hr
~ = =p'o = 1000kPa (LI = 0.10) £ = 10000 %/hr -+ p'o = 1000kPa (LI = 0.10) & = 100000 %/hr
——— p'o = 650kPa (LI = 0.18) & = 1000 %/hr — = = p'o = 650kPa (L = 0.18) ¢ = 10000 %/hr

p'o = 1350kPa (LI = 0.02) ¢ = 10000 %/hr

--------- p'o = 650kPa (LI = 0.18) & = 100000 %/hr —p'o = 300kPa (LI = 0.32) & = 1000 %hr
— = =p'o=300kPa (LI = 0.32) £ = 10000 %hr ~ «eeoeeeee p'o = 300kPa (LI = 0.32) & = 100000 %hr

Fig. 2 a Variation of deviator stress with shear strain at different
initial mean effective stresses showing the influence of axial strain
rate (normally consolidated conditions) and b normalised by the
initial mean effective stress
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observed to begin
ate,>12%

Fig. 3 Photographs of a typical normally consolidated Kaolin triaxial
sample a before and b after high-speed triaxial testing

values for the coefficient represent the absolute increase in
deviator stress (in kPa) per log cycle increase in strain rate
and the constant represents the intercept at a shear strain
rate of 1%/hr (the base of a semi-log relationship). As
shown, the absolute increase in peak deviator stress per log
cycle is greater at higher effective stresses, ranging from
20.8 kPa/log cycle at p’, = 300 kPa to 50.9 kPa/log cycle
at p’g = 1350 kPa. However, when deriving 4 (Eq. 1), this
is based not on effective stress but on the ratio of the peak
deviator stresses (normalised) [33].
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Fig. 4 Variation of peak deviator stress with shear strain rate for CIU
specimens prepared at initial mean effective stresses ranging from
P’o = 300 to 1350 kPa

i:1+z1og(.i) (1)

qref Eref

where 4 is the increase in ¢/g.s per log cycle, g is the
deviator stress, and g..r is the peak deviator stress deter-
mined at the reference strain rate which marks the transi-
tion from partially drained behaviour to undrained drained
behaviour which was determined in a previous study for
Kaolin and described in detail in Robinson et al. [33].
Robinson et al. [33] suggested that this transition for
Kaolin occurred at axial strain rates of between 132 and
220%/hr (normalised velocity, V = 3.1 to 8.2 as defined in
Eq. 2) for 100-mm triaxial specimens, depending on the
effective stress used in the test.

_wd

¢,

Vv (2)
where v is the axial velocity, d is the characteristic length
related to drainage, and c, is the coefficient of consolida-
tion. For consistency, a reference axial strain rate of
1000%/hr has been adopted to ensure no local drainage can
occur within the specimens during testing. A more detailed
discussion of reference rate selection in rate effect studies
can be found in Robinson et al. [33] and Robinson [31].
The normalised rate effect per log cycle shown in Fig. 5
was determined by normalising the peak deviator stresses
by the peak deviator stress at a shear strain rate of 1000%/
hr, g,.; (for the same corresponding initial mean effective
stress). Vertical error bars are also shown in Fig. 5 for
information, indicating the calculated propagation errors
based on the uncertainties in the measurements that con-
tribute to the data shown. These include load cell calibra-
tion accuracy and resolution, as well as the impact of
pressure controller calibration accuracy and resolution on
the deviator stress. The horizontal axis has also been nor-
malised by the lowest shear strain rate of 1000%/hr, such

I
i
)

=

w

[}
1

peak/ Apeakref = 1 + NOG(Eq/Eq rer)

=
Lt S
N W
) 1 !

Rate Effect, qpea/Apeak ref
eoB
=oow»

1.05 1  p'o =300 kPa © p'o = 650 kPa
D ..
1¢" @ p'o = 1000 kPa p'o = 1350 kPa
0.95 T — . —————
10 100

Normalised Shear Strain Rate, £,/£, ¢

Fig. 5 Determination of normalised rate effects at peak strength for
normally consolidated Kaolin at mean effective stresses from 300 to
1350 kPa (£;er = 1000%/hr) with error bars showing the propagation
errors based on measurement uncertainties

that the lowest normalised strain rate will be 1; the inter-
cept of the semi-logarithmic relationship. Figure 5 shows
the values of A ranging from 0.160 (16% per log cycle) at
the lowest effective stress down to 0.099 (9.9% per log
cycle) at the highest effective stress of p’y = 1350 kPa
(close to the plastic limit, L/ = 0.02, Table 2), which is
within the typical range for 4 of 0.1 to 0.2 suggested by
Einav and Randolph [12] and Sheahan et al. [37]. This
reduction in A with increasing effective stress (or reducing
moisture content) is consistent with several previous
studies [3, 4, 8]. However, it should be noted that these
former studies have provided little insight into the form of
the relationship between moisture content and rate effects.

Figure 6 shows the variation of A determined from
Fig. 5 with liquidity index (See Eq. 3) rather than effective
stress. The rate effect per log cycle at peak deviator
strength has been denoted A,.,. Other previous studies
[3, 8, 41] indicate that there is little variation in the rate
effect below the plastic limit, making this a useful

peal

<0.16 |
0.15 |
0.14 |
0.13 |
0.12 1
0.1 |

Apeak = 0.1 (Kulhawy and Mayne, 1990)

©
S

Rate Effect per Log Cycle,

0.09 4

008 +—F/—r—7—7F—7—"7"7"—"——"7T—T——7———"—T 71
0 0.1 0.2 0.3 0.4

Liquidity Index, LI

Fig. 6 Variation of rate effect at peak strength with liquidity index for
normally consolidated and overconsolidated Kaolin
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reference point. This suggests that a correlation with lig-
uidity index (rather than moisture content or specific vol-
ume) may be appropriate for viscous rate effects, as the
plastic limit is suggested by these previous studies as a
transition point below which the viscous rate effect is rel-
atively insensitive to changes in moisture content. The data
from this study supports this assumption, with the change
in Jpeax reducing as the plastic limit is approached, reach-
ing a value of 9.9% at a liquidity index of 0.02. It was
found that the data could be modelled using an equation of
the form shown in Eq. (3) such that /e, varies with the
square of liquidity index in the range 0 < LI < 0.4.

)\.peak = )ypeak’pL =+ Ocpeakle (3)

where Apeak pr i the rate effect per log cycle based upon on
peak deviator stress determined at the plastic limit, otpeqx 1S
a coefficient and LI is the liquidity index. The coefficient,
Opeak» accounts for the dependence of viscous rate effects
(Zpea) 0N soil state (in terms of LI) for a particular soil. As
tpeak Will have a unique value for any given soil (i.e. is a
material constant), there is a need for further research to
identify which easily characterisable soil material proper-
ties can be correlated with o,c to allow estimation of
viscous rate effects for different soils. It is recommended
that future rate effect studies should determine oo for the
soil being investigated, and publish this so that a database
of these values can be compiled.

3.1 Comparison with previous studies
and the effect of overconsolidation ratio

For normally consolidated kaolin, Apeakpr and ek Were
found to be 0.10 and 0.61, respectively. Kulhawy and
Mayne [17] suggests a constant value of Apeac of 0.1.
Liquidity index data for the tests analysed is not presented,
however, and many of the field samples were overconsol-
idated and likely to be closer to the plastic limit, skewing
the data towards the lower range of rate effects and
explaining why rate effects are often quoted as being 10%
per log cycle. The suggested value of 0.1 compares well to
the rate effect determined near the plastic limit in this
study. Given that clays analysed by Kulhawy and Mayne
[17], such as Lyndhurst clay, exhibited rate effects of up to
17% per log cycle, the rate effect observed at the highest
liquidity index tested of 16% per log cycle shown in Fig. 6
appears consistent with previous studies.

Figure 7 shows the rate effects from Bea [3] and Chow
and Airey [8] against liquidity index. Bea [3] carried out
triaxial tests on Gulf of Mexico Clay (GMC) and Chow and
Airey [8] used Free Falling Penetrometer (FFP) tests in
Kaolin (with substantially different properties to that used
in this study). However, it is still useful to validate the form
of the proposed relationship to confirm if it is able to model
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the derived rate effects, despite the fact that the magnitude
of the rate effects may vary for different soils [31]. While
other studies have investigated viscous rate effects, in
many of these studies, insufficient data are presented in
terms of moisture content and Atterberg limits to allow
comparison with the data presented here, which considers
the influence of soil state. The value of Apcacp of 0.08
derived from the data from Bea [3] supports the idea that
near the plastic limit, rate effects are more likely to be
close to the value of A = 0.1 suggested by Kulhawy and
Mayne [17]. This is not the case for the Chow and Airey
[8] data but it is noted that testing was not undertaken at
low moisture contents in that study, which causes uncer-
tainty in the estimation of /e 1 for Chow and Airey [8].
The Free Falling Penetrometer tests in Chow and Airey [8]
also have the additional challenge of separating inertia and
drag effects from the viscous response.

While it was previously noted that the rate effect cor-
relation proposed for Kaolin (Eq. 3) is valid for the range
of 0 <LI< 0.4, Fig. 7 does give confidence that the
general LI* form of the relationship may potentially be
valid at greater liquidity indexes up to LI = 1. In each of
the studies shown, the LI* relationship is shown to fit the
data well with the variation in viscous rate effects
becoming relatively insensitive to changes in moisture
content as the plastic limit is approached.

Evidence of the influence of overconsolidation ratio on
rate effects is variable. Examples include Briaud and
Garland [4] who found that rate effects increased with
overconsolidation ratio (OCR), while Sheahan et al. [37],
Lehane et al. [20] and Graham et al. [14] found no impact
of OCR. To consider this issue further, additional tests on
Kaolin specimens at an OCR of 6 (p’nax = 650 kPa,
p’o = 108 kPa) were conducted (see Fig. 6). The rate effect
per log cycle, 4, was found to be 0.127 for an OCR of 6
[31] which is slightly greater than the rate effect observed
at the same preconsolidation pressure in normally
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consolidated Kaolin (4 =0.12 for p’g = 650 kPa). How-
ever, when compared at the same liquidity index (i.e.
similar specific volume or moisture content), it is clear that
the overconsolidated testing fits well with the previously
determined relationship between A and LI from normally
consolidated testing (See Fig. 6). With the limited testing
undertaken here it would suggest that the soil state has a
greater control on the viscous rate effects, and there is no
additional effect over and above this of stress history.
Further testing of overconsolidated samples would how-
ever be required to confirm this.

3.2 Strain level dependency

Up to this point, the viscous rate effects have been defined
in terms of peak deviator stress but this affects the con-
sistency of the calculated viscous rate effects when inves-
tigating strain level dependency, as the rate of testing was
also seen to reduce the strain level at which peak deviator
stress occurred (Fig. 8).

Figure 9 shows the strain at peak, normalised by the
corresponding strain at peak at the reference strain rate,
&g peakrers Of 1000%/hr. A clear trend can be seen in the
normalised strain at peak which reduces linearly by
approximately 12% per log cycle increase in strain rate.
The relationship between strain at peak and shear strain
rate for Kaolin was found to be as shown in Eq. (4).

fapek 1 _0.1210g (8—‘1> (4)
&g, peak ref Eq,ref

Sheahan et al. [37] considered the impact on strain level
at peak deviator stress using triaxial testing of Boston Blue
Clay (BBC). The strain levels at peak from that study are
also shown in Fig. 9, although it should be noted that the
data from Sheahan et al. [37] is from testing at substantially
lower axial strain rates (0.05-50%/hr) and on a different
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Fig. 8 Variation in shear strain at peak strength with effective stress
for varying axial strain rates in Kaolin

clay. Nevertheless, the data from Sheahan et al. [37]
highlights that there is a general reduction in &, pe,c With
increasing strain rate (although there is significant scatter in
that data).

The effect of rate of strain on the position of peak
deviator stress (strain level) highlights the strain level
dependent nature of rate effects i.e. depending on the strain
level the rate effect may vary as suggested by Robinson
et al. [33] and Graham et al. [14]. Figure 10 shows the
stress—strain response of the specimens tested at each of the
four initial mean effective stresses, annotated with the yield
points, (defined as the elastic shear strain threshold, ¢, ;)
and observed initial shear secant moduli based on the
global displacement measurements in a similar manner to
Shibuya et al. [39]. From this, it can be seen that the yield
point at the reference strain rate (at each of the effective
stresses) marks a clear transition point above which rate
effects begin to mobilise, as also found by Shibuya et al.
[39] and Lo Presti et al. [23]. Below this yield point,
negligible variation can be seen between the stress—strain
curves at the various strain rates. Several previous studies
have also reported the rate independence of deviator stress
below the yield point [25, 35]. It is only beyond this point
that strain rate dependent differences in the deviator
stresses start to be seen (in large strain measurements). The
slight crossover of the stress—strain curves in Fig. 10d at
low strain levels is due to a small imperfection in the
grease layer of one of the lubricated end platens specifi-
cally in test KLN-TU-L11 (p’o = 1350 kPa, &, = 10,000%/
hr), which resulted in a small increase in the initial stiff-
ness. The issue corrected itself by 0.5% shear strain during
that test as the grease redistributed during shearing. No
other tests were affected by this.

Figure 11 shows how the rate effects vary throughout
the strain range (using a strain level-based definition of rate
effects rather than rate effect at peak, as described in
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¢ 1000 kPa and d 1350 kPa

Robinson et al. [33]). This approach calculates the rate
effect at each increment of shear strain, rather than by
calculating a single value using the peak deviator stress.
This was achieved by extracting the deviator stress for each
shear strain level shown from the tests at the three shear
strain rates. At each specific strain level, a semi-log best fit
was applied to determine the increase in deviator stress per
log cycle increase in strain rate, which was then normalised
by the deviator stress at that shear strain level from the
reference strain rate test (¢, = 1000%/hr) to give the values
of A shown in Fig. 11. This process was repeated for each
of the effective stresses shown.

After rate effects begin to be mobilised following the
yield of the specimen at the reference strain rate, the rate
effects reach a maximum value, denoted A, before
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beginning to degrade. The shear strain at which A,,,,x occurs
has been denoted &, ;max. This degradation continues until a
strain of between 8 and 10% is reached, at which point the
rate effect deviates from the preceding trend due to sample
localisation and the beginning of visible shear plane for-
mation. Data after this strain level are not shown, as after
localisation the deformation of the sample occurs primarily
on the shear plane. This means that the calculated shear
strains and deviator stresses would no longer reflect the
overall triaxial sample. For any group of three tests, there
was no observable trend in the strain where localisation
occurs with strain rate. Figure 11 also highlights the
influence of soil state (influenced by p’() on rate effects
throughout the strain range, not just at peak strength, as



Acta Geotechnica

0.18 1 Impact of localisation
0.16 J beyond 8 % strain
< 4 ;
@ 0.14 4 5
g :
G 0.12 . ——
%g W
- 01 !
g i
2 0.08
o
]
E 0.06 j]
% 0.04 - l indicates point at which A,,, occurs
-3 4 - —_—p=
0.02 4 p'o =300 kPa p'o =650 kPa
B ——p'o = 1000 kPa p'o = 1350 kPa
0 L T B e e e o T e B e e e B
0 0.02 0.04 0.06 0.08 0.1

Shear Strain, g,

Fig. 11 Variation in rate effect with strain by defining A using strain
level rather than at peak strength (for £, = 1000-100,000%/hr)

tests at lower effective stresses (and hence higher moisture
contents) show larger rate effects across all strain levels.

Table 3 shows the shear strains at which the maximum
rate effects were observed. These varied from 0.33 to
1.78%. On average, the shear strain at which the maximum
rate effect occurred was 0.92%. There is some evidence
that this value for the shear strain at A,,,, of approximately
1% is relatively constant for different soils based on Lo
Presti et al. [23] and Akai et al. [1]. Lo Presti et al. [23]
found that the maximum strain rate coefficient, o, deter-
mined from resonant column testing was shown to occur
near ¢, = 1% for a wide range of clays with plasticity
indexes ranging from 10 to 40%.

In order for the variation of rate effects at large strains to
be modelled, it is necessary to capture how rate effects
degrade beyond the point of maximum rate effect, ..
Figure 12 shows a typical variation of A with ¢, plotted
semi-logarithmically, which shows that beyond &, ;max rate
effects appear to degrade linearly with log(e,). This beha-
viour has been previously observed in studies including
Graham et al. [14]. Considering all of the effective stresses
investigated, a linear degradation of A with log(e,) was
found to provide the best overall fit to the measured data.

The two key parameters in defining a semi-logarithmic
relationship are the value at the intercept with the y-axis (at
a value of 1 on the x-axis) and the change per log cycle. In
this case, these correspond to the value of the rate effect at
&, = 1%, which is the approximate location of the maxi-
mum rate effect, 4., and the change from this point to
&, = 10%, which is typically close to the final point before

Table 3 Strain at which maximum rate effect occurs for Kaolin
(based on external strain measurements)

p’o (kPa) 300 650 1000 1350 Average

Strain at mex €umax (%) 178 033 071 087 092
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Fig. 12 Form of rate effect degradation after maximum rate effect at
p’o in Kaolin (determined across ¢ = 1000-100,000%/hr) also show-
ing an example fitting of Eq. (5) to the data

localisation occurs. This means that it may be possible to
model the strain dependent degradation of rate effects in
the strain range from 1 to 10% using Eq. (5). The two rate
effect parameters which require to be determined have
been denoted A,,-;4 and A.,—;o%, respectively. This equa-
tion is intended for use only in the large strain range (from
g =1 to 10%).

A= igq:l%_(}mq:]%_ ieq:lo%)log (Sq) (5)

where ¢, is a percentage.

Figure 13 shows the variation of rate effect defined at
both &, = 1% and 10% with liquidity index in a similar
manner to that used to show the variation of 4,4 in Fig. 6.
Where localisations have affected the measured rate effects
before ¢, = 10%, the final point before the onset of local-
isation has been used instead of ¢, = 10%. The relationship
between A, and LI determined previously is also inclu-
ded for comparison. The rate effects at 1% and 10% shear
strain can be represented by Eqs. (6) and (7) in the range
0 < LI < 0.4. Substituting these into Eq. (5) shows that the
rate effect in Kaolin (at large strains beyond 1% shear

X g,=10%
1 - - - - Using peak deviator stress definition
0.08 — T

0 0.1 0.2 0.3 0.4
Liquidity Index, LI

Fig. 13 Variation of rate effects at 1% and 10% shear strain with
liquidity index in Kaolin
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strain) at any liquidity index and strain level can be rep-
resented by Eq. (8).

Jege19 = 0.120 + 0.43LI* (6)
Jeg=10% = 0.109 + 0.39LI* (7)
4 =0.120 4 0.43LI*—(0.011 + 0.04LI*) log(e,) (8)

where the constant (first term in the equation) represents
the value at the plastic limit, 4,;, which is the intercept with
the y-axis at LI = 0, the coefficient represents the material-
specific soil state effect parameter, o, and ¢, is in per cent.

Figure 14 presents a comparison of the values predicted
by the proposed rate effect model (Eq. 8) with the mea-
sured data previously presented. This shows that, for the
tests ranging from p’y = 300 to 1000 kPa, the model cap-
tures the measured rate effects well, with no rate effect
varying from the model by more than £ 0.008 (£ 0.8%).
As can be seen in Fig. 14, there is some variation between
the rate effects measured in the test at p’¢g = 1350 kPa and
that predicted by the model due to control issues in this
particular test, which has been omitted in the fitting shown
in Fig. 15.

The coefficients in the equations shown in Fig. 14 rep-
resent the reduction in rate effect per log cycle of strain,
Aljog(sqr By normalising these reductions by the corre-
sponding value of the maximum rate effect (4,,-;%), the
proportional change in the rate effect per log cycle of strain
can be found. Figure 15 shows that this normalised change
is near constant across all of the liquidity indices tested at -
10% of the maximum rate effect per log cycle strain (i.e.
apparently state independent). Using this, Eq. (8) can be
simplified to Eq. (9), which it is proposed is valid for
0<LI<04.

2= (0.120 + 0.43LF) x (1 — 0.10l0g(s,)) )

0.18

p'o =300 kPa
0.17 ——p'o =1000 kPa

~ 0.16

p'o = 650 kPa
p'o = 1350 kPa

A

(Dashed lines represent fit of model)

0.15
0.14
0.13
0.12
0.11

0.1

Rate Effect per Log Cycle,

0.09
0.08

L e e e e B o e e e e B B LA e s e |

1 2 3 4 5 6 7 8
Shear Strain, g, (%)

Fig. 14 Fit of proposed model to measured rate effects in Kaolin in
normally consolidated conditions (determined over
£, = 1000-100,000%/hr)
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where ¢, is in per cent.

Equation 9 (or Eq. 8) is particularly useful, as it allows
the rate effect per log cycle to be estimated for Kaolin at
any stage in a geotechnical activity, accounting for the
combined effects of soil state (in terms of liquidity index)
and strain level (for 1% < e, < 10%). This could, for
example, be used either in analytical solutions, or to
facilitate the real-time updating of rate effects/shear
strength in finite element (FE) analysis (e.g. as imple-
mented in LDFE (Large Deformation Finite Element)
analysis incorporating rate effects in a helical pile instal-
lation study by Zhou et al. [48]).

It is also useful to express the findings in terms of the
undrained shear strength, c¢,, which is commonly used in
many analytical methods and soil models, but which is
strain rate dependent. Using the equations presented earlier
in the paper, for Kaolin, ¢, can be expressed as a function
of strain rate, ¢, liquidity index (via the rate effect
parameter, A) and the reference undrained shear strength,
Curef> at the reference strain rate, éqf, as shown in Eq. (10).

£
B + Zlog (—)
Cu,ref Eref

where 1 can be estimated based on liquidity index from
Eq. (3) using Jpearpt = 0.10 and e = 0.61 for the Kaolin
used here. ¢, .f may be determined directly from soil tests
conducted at a known value of ., or alternatively it can
be estimated using the correlation with liquidity index
shown in Eq. (11) (Wroth and Wood, [45]; Knappett and
Craig, [16]) such that both ¢, f and 4 are dependent solely
on LI In this case, a value of &, = 1%/hr would be suit-
able. It should, however, be noted that as c, is typically
defined at peak strength (i.e. not strain dependent), this
method does not account for the strain dependence of rate
effects previously discussed.

(10)

Curet = 1.7 x 1021710 (in kPa) (11)
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The work described in this paper presents an opportunity
for improving the accuracy of the estimation of rate effect
impacts in a wide range of geotechnical activities. How-
ever, further research is required to expand the model in
Eq. (9) to incorporate any rate effect behaviour at small
strains (to provide a complete model that covers all strain
levels), as well as to develop methods for predicting the
coefficients and constants in Eq. (9) for different clays
using easily available soil characterisation, which will be
the focus of future papers and research. To expand the
applicability of this work, there is also need for further
research to determine whether sample anisotropy influ-
ences viscous rate effects, account for the differences in
measured rate effects between reconstituted and natural
samples, as well as to develop methods for correcting for
the differences in viscous rate effects found when using
different test methods. Further studies should also be
conducted to investigate the impact of overconsolidation
ratio and confirm whether this has any influence on viscous
rate effects.

4 Conclusions

High speed CIU triaxial testing on Kaolin at a range of
different initial mean effective stresses, using axial strain
rates ranging from 1000 to 100,000%/hr, has identified a
number of key aspects of viscous rate effects:

e Viscous undrained strain rate effects on peak strength in
Kaolin were found to range from 10 to 16% per log
cycle increase in strain rate (Apes = 0.10 to 0.16) at
p’o=1350 kPa and 300 kPa respectively which is
greater than the commonly adopted 10% per log cycle.

e Viscous rate effects have been shown to be dependent
on the soil state and this relationship can be described
by a correlation between the rate effect per log cycle at
peak strength, ipeak, and the liquidity index, LI, of the
soil tested (Eq. 3).

e The variation in viscous rate effects becomes relatively
insensitive to changes in moisture content as the plastic
limit is approached.

e Limited investigation of overconsolidation ratio showed
it was found to have no observable influence on the
magnitude of rate effects at peak strength, other than
small increases which appeared to be due to changes in
moisture content caused by swelling, and which are
already described by the correlation with liquidity
index.

e The strain at which peak deviator stress occurs is
dependent on the strain rate.

e To accurately model rate effects, it is important to
compare rate effects using a strain-based definition.

Rate effects have been found to be strain dependent
with the maximum rate effect, 4,,,, occurring at around
&, = 0.01 based on global strain measurements.

e The viscous rate effect at a strain, ¢, = 0.01, /lsqzl%, can
also be modelled using a correlation with liquidity
index (Eq. 6).

e Above ¢, = 0.01 rate effects were found to reduce with
log(e,), such that for every order of magnitude increase
in applied strain, the rate effect A reduced by 10% for
Kaolin.

e The results of triaxial element testing at elevated rates
are consistent with the findings of others and show
similar strain dependant rate effects to those derived
from rapid load testing.

e The viscous rate effect for Kaolin at shear strains
greater than 1% can be calculated using a correlation
with both liquidity index and shear strain (Eq. 9) which
accounts for the combined effects of soil state (liquidity
index) and strain level, allowing more accurate predic-
tion of the impacts of rate effects in geotechnical
activities.

In summary, this paper has investigated the influence of
soil state on viscous rate effects at peak strength and pro-
posed a correlation with liquidity index to model these in
Kaolin. In particular, the plastic limit was shown to be a
key point below which rate effects become insensitive to
changes in moisture content, and the impact of OCR on
rate effects was found to be negligible, although testing for
the latter was limited. A strain-based model was also
proposed to allow the viscous rate effects in Kaolin to be
estimated at any liquidity index (0 < LI < 0.4) and strain
level (1% < &, < 10%). Future work will investigate how
this model can be expanded to incorporate other types of
clays and to include small strain rate effect behaviour.
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