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Introduction

Site characterisation is an essential component of the geotechnical design required for
projects involving deep and shallow foundations, basements, slopes, tunnels, roads,
embankments, mine tailings, seismic hazard assessments, site remediation and ground
improvement. The Fifth International Conference on Geotechnical and Geophysical Site
Characterisation (ISC’5) was held from September 5™ to 9™ 2016, on the Gold Coast about
100 km south of Brisbane in Queensland, Australia. This fifth conference follows the
successful series of international conferences held in Atlanta (ISC’1, 1998), Porto (ISC’2,
2004), Taipei (ISC’3, 2008) and Porto de Galinhas, Brazil (ISC’4, 2012). The series is
promoted by the International Society of Soil Mechanics and Geotechnical Engineering
(ISSMGE) and managed by the ISSMGE Technical Committee, TC102 (Ground Property
Characterization from In-Situ Tests).

These two volume proceedings contain 237 papers, which were presented by
geotechnical researchers and practitioners from 50 countries. Eight keynote papers and 16
session report papers are presented by outstanding experts in the field. The Seventh James K.
Mitchell Lecture presented by Prof. An-Bin Huang is also included. The papers have been
sorted into 15 general themes, namely: 1. Developments in technology and standards; 2.
Penetration testing; 3. Interpretation of in-situ testing; 4. Laboratory testing and sampling; 5.
Liquefaction assessments; 6. Pavements and fills; 7. Pressuremeter and dilatometer; 8.
Geophysics; 9. General site characterisation; 10. Characterisation in rock and residual soil;
11. Characterisation of non-standard soils; 12. Design using in-situ tests; 13. Case histories;
14. Application of statistical techniques and 15. Environmental testing. The Seventh James K.
Mitchell lecture, keynote papers and session report papers are provided at the beginning of
Volume 1.

The editors would like to thank all of the members of TC102 for their ongoing
support as well as all experts involved in reviewing the selected papers. We are particularly
grateful to all keynote lecturers, session reporters and authors for their contribution to the
state-of-the-art, as presented in these proceedings. We are most grateful for the financial
support provided by the Australian Geomechanics Society.

Barry M. Lehane

University of Western Australia, Australia

Hugo E. Acosta-Martinez
AECOM, Australia

Richard Kelly
SMEC and the University of Newcastle, Australia
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The Seventh James K. Mitchell Lecture: Characterization of silt/sand
soils

A.B. Huang
National Chiao Tung University, Hsinchu, TAIWAN

ABSTRACT: The term silt/sand or M/S is proposed as an inclusive abbreviation of soils that can span from
sand with very little silt, silty sand to pure silt. It is generally believed that sands with fines (particles passing
#200 sieve) tend to be more compressible. Because of their low permeability, cone penetration tests (CPT) in
sands with fines can be partially drained. High compressibility makes the soil more contractive and thus show-
ing lower resistance in undrained shearing. Significant ground subsidence can also be associated with the high
compressibility of M/S/ soils. For CPT in granular soils with similar density and stress states, the high com-
pressibility and partial drainage can both contribute to lower cone tip resistance. Natural granular soils are likely
to contain fines than being clean (fines content < 5%). Studies on M/S soils are far less than those on clean
sands. Because of the unique geological setting, the author had the opportunity to work with a local M/S deposit
in Central Western Taiwan in the past 25 years. Procedures for laboratory soil element tests as well as CPT
calibration tests using reconstituted specimens have been developed and a series of tests performed. Practical
undisturbed sampling techniques in M/S soils were experimented and applied. Methods to correlate cyclic
strength, fines contents and cone tip resistance in M/S deposit were proposed. The concepts of equivalent gran-
ular void ratio and state parameter were experimented in compiling the test data. The paper describes the new
characterization techniques developed and lessons learned in the interpretation of test data for the studied M/S

soils.

1 INTRODUCTION

1.1 Origin of the studied soil deposit

Parts of the Western and Southern Taiwan are cov-
ered by a thick deposit of alluvial material. The allu-
vial material originated from the central mountain
range that lies on the east side of Taiwan in a north-
south direction as shown in Figure 1. The central
mountain range was created by the collision between
the Philippine Sea plate and Eurasian plate. The plate
movements were also responsible for frequent and
strong earthquakes in this region. Typhoon is another
form of natural hazards that brought in heavy rain-
falls. Earthquakes weakened the rock formations in
the central mountain range which were mostly sedi-
mentary and metamorphic in nature. Rainfalls created
landslides and debris flows, the eroded soil eventually
deposited and formed the land on the west side of Tai-
wan. The process of transportation by rapidly flowing
streams ground the fractured rock into sand and silt
particles before deposition on the west plain, to a
thickness of several hundred meters. The island of
Taiwan has one of the highest density of population
in the world. The continued industrial, agricultural

and infrastructure developments created constant
struggles for more land and water resources.
Because of the above reasons, the author had the
opportunities to conduct research and consulting ac-
tivities that relate to the characterization of the soil
deposits in this region. The activities included:

1. Calibration of cone penetration tests (CPT) for a
land reclamation project in Mai Liao (see Figure
1) in the mid-1990’s. The original goal was to
develop guidelines for the interpretation of CPT
in M/S soil for quality assurance of field densi-
fication.

2. Dynamic soil property characterization after the
Chi Chi earthquake in 1999. Cyclic triaxial tests
were performed on reconstituted and natural
M/S soils.

3. The design and construction of various infra-
structure projects that demanded undisturbed
M/S soil samples be taken with reasonable costs.

4. Evaluation of the mechanisms of ground subsid-
ence along the west coast of Taiwan.

5. Development of geotechnical design parameters
for the Fu Hai offshore wind farm.
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Figure 1. The central mountain range and west plain of Taiwan
(from Google)

The above activities provided the opportunities for
various aspects of laboratory and field tests to be un-
dertaken that eventually lead to a more comprehen-
sive study on the M/S soils in this region.

1.2 Physical properties of the silt/sand soils studied

Mai Liao Sand (MLS) represents a typical alluvial
soil deposit in Central Western Taiwan (see Figure 1).
The term Mai Liao Sand is used loosely as most of
the tests to be reported in the paper involve mixture
of sand and silt. A few metric tons of MLS was ac-
quired from a land reclamation site. Figure 2 shows
the typical grain size distribution curves of MLS sam-
ples taken from the land reclamation site. The natural
soil deposit in the field could have a much wider var-
iation of fines contents. The sand retrieved from the
reclamation site was washed and sieved through a
#200 sieve to separate the fines (particles passing the
#200 sieve) from the sand particles. The specific
gravity of clean MLS sand particles had an average
value of 2.69 and the fines had an average specific
gravity of 2.71. X-ray diffraction analysis of MLS
showed significant amounts of muscovite and chlo-
rite, in addition to quartz, as indicated in Table 1. The
sand particles retained on #200 sieve were angular
and platy as indicated in the scanning electron micro-
scope photograph shown in Figure 3. The grain char-
acteristics are apparently affected by the parental
rocks which included shale, slate and schist, in addi-
tion to sandstone. The fines passing #200 sieve had a
liquid limit of 32 and a plasticity index less than 8.
Figure 4 shows the variation of minimum (e, ) and
maximum (e,_ ) void ratios of MLS as the fines con-

max

tents changed from 0 to 80%. Details on the deter-
mination of e, and e, are described in Huang
et al. (2004).

n

Table 1 Mineral contents of MLS (Huang et al., 2004)

Mineral Coarse, % | Fines, %
Quartz 75.4 20.0
Clinochlore 10.9 29.4
Muscovite 8.6 48.1
Feldspar 5.1 2.5
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Figure 2. Grain size distribution of MLS (Huang and Chuang,
2011)
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Figure 3. Scanning electron microscope photograph of MLS par-
ticles retained on #200 sieve (Huang and Chuang, 2011)

Affected by its mineral contents, MLS was signifi-
cantly more compressible then typical clean quartz
sand reported in literature (Huang et al., 1999 and
2004). Studies on the effects of fines on engineering
properties of granular soils have included a wide
spectrum of gradations that span from clean sand,
silty sand, clayey sand, sandy silt to pure silt. The uni-
fied soil classification of these soils can vary from SP,
SW-SM, SM, SM-SC to ML, depending on the
amounts and characteristics of the fines. The term
silt/sand (M/S) is proposed to serve as an abbreviated



term to describe inclusively, granular soils with a pos-
sibility of some cohesion and wide range of grada-
tions.
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Figure 4. Minimum and maximum void ratios versus fines con-
tents (Huang and Chuang, 2011)

2 LABORATORY TESTS ON
RECONSTITUTED M/S SPECIMENS

2.1 M/S soil as a binary packing

There is still a lack of consensus as to what role the
fines content plays in relation to cyclic strength. Some
studies showed that the fines content has a stabilizing
effect, while others indicate no effect, and still others
claim a destabilizing effect. The available studies
have mostly been concentrated on laboratory tests us-
ing reconstituted specimens. The reconstituted M/S
specimens were often made of mixtures of clean
quartz (e.g., Ottawa) sand with crushed silica, kaolin
or other types of natural silt. These mixtures of sand
and fines, or gap graded artificial soils have been
compared to those of coarse and fine spherical grains
(Lade et al., 1998), or a binary packing. For M/S soils
under the same void ratio, and fines content below a
threshold value, cyclic strength decreases with fines
content. This trend is reversed when fines content ex-
ceeds the threshold. As the diameter ratio, Dratio of the
coarse grains over that of the fine grains exceeded ap-
proximately 7, one can expect a bilinear correlation
between the minimum void ratio (emin) and fines con-
tent. The emin reaches its lowest value as the fines con-
tent approaches 30%, as conceptually described in
Figure 5.

Figure 5 implies that as fines content approaches
30%, the binary packing becomes unstable unless the
grain mixture is in a denser state (hence lower void
ratio). Thus the threshold fines content should corre-
spond to that when the packing is at its least stable
state, provided the M/S soil gradation is close to bi-

nary. Some of the studies on artificial silty sand spec-
imens, mostly of silica in nature, have demonstrated
that the threshold fines content, generally ranged
from 25 to 45% (Koester, 1994; Polito, 1999; and Xe-
naki & Athanasopoulos, 2003). The concept of binary
packing provided a scientific basis to describe the po-
tential trend of M/S soil behaviors and their relation-
ship with fines contents.

The distinct element method (DEM) simulations
reported by Ng et al. (2016) showed that the trough of
the e-fines content relationship became less obvious
as the Dratio decreased to 5. For MLS, with its Dratio
slightly larger than 3, the existence of a threshold
fines content was even less obvious as shown in Fig-
ure 5.
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Figure 5. Effects of fines on void ratios (after Ng et al., 2016)

Based on the binary packing model, a series of void
ratio indices that relate the active grain contacts (i.e.,
the soil skeleton) to fines contents have been pro-
posed and evolved in the past (Thevanayagam et al.,
2002). The intergranular contact index void ratio, e*
(Thevanayagam, 2000) or simply the equivalent gran-
ular void ratio defined as:

. e+(1-b)FC
T 1-(1-b)FC (1)
where

e = void ratio
b = parameter reflects fraction of fines participating
in the force structure of the solid skeleton

FC = fines content in decimal

The value of b ranges from 0 to 1. A higher b cor-
responds to an increase of contribution of fines in the
force structure of the soil skeleton. The value of b is
believed to be mostly related to grain size ratio ()
between the lower 10% fractile of the coarse (Dio)
and medium size (dso) of fine particles (i.e., x =
D;0/ds0), and fines content of the M/S soil. The value



of b can be determined empirically or semi-empiri-
cally (Rahman et al., 2008).

Rahman et al. (2008) reported that for certain M/S
soils, a series of void ratio (¢) based critical state lines
that correspond to various fines contents can be col-
lapsed into one by replacing e with e*. This unified
e* based critical state line should be close to or the
same as that of zero fines content where e* = e.

2.2 Element tests on reconstituted MLS specimens

A series of isotropically consolidated undrained mon-
otonic and cyclic triaxial tests on reconstituted MLS
specimens have been conducted by the author. The
monotonic triaxial tests were performed on speci-
mens prepared by moist tamping (MT) method. The
MT method can be used to create specimens with a
wide range of initial densities. This series of isotrop-
ically consolidated, undrained monotonic axial com-
pression tests (CIU) provided data to establish the
critical state loci and hence the critical state lines.

Figure 6 depicts selected isotropic consolidation
curves from this series of CIU tests. The initial void
ratio (e,) marked in Figure 6 represents the void ratio
when the specimen was prepared, prior to saturation
and consolidation. The void ratios (e) included in Fig-
ure 6 are back calculated, based on the post-consoli-
dation void ratios determined from the water content
of the specimen, after the test was completed. Details
of obtaining post-consolidation void ratio for triaxial
specimens are given in Huang et al. (2004).

The e, and ep,,, are marked on the figure. In
general, the compressibility increased with fines con-
tent and p’, and decreased as the specimen became
denser. The void ratio after applying the initial con-
solidation stress 10 kPa could be significantly less
than e,. When the fines contents reached 50%, the
application of initial confining stress and the satura-
tion process caused enough compression that the con-
solidation curves were almost indistinguishable
among specimens with different e, values. It is thus
imperative that the post-consolidation void ratio be
used in presenting M/S data that involve density
states.

For the monotonic shearing tests performed, the
critical state friction angle (@,;,) ranged from 30.2°
to 30.9° regardless of the fines content, indicating that
the coarse and fine MLS particles had similar grain to
grain frictional behavior.
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Figure 6. Isotropic consolidation curves of MLS with various
fines contents (after Huang et al., 2004).

Figure 7 shows the void ratio, e based critical state
loci that correspond to fines contents of 0, 15 and
30%. The critical state loci for each of the three types
of fines contents were more or less parallel to each
other but moved downward as the fines content in-
creased. Similar phenomenon has also been reported
by Kikumoto et al. (2009). No meaningful critical
state line could be obtained from the monotonic triax-
ial tests for FC=>50%, therefore it is not reported in
Figure 7.
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Figure 7. The e based and e* based critical state loci under dif-
ferent fines contents (Huang & Chuang, 2011)

Soil element tests also included cyclic triaxial tests
where the specimen was consolidated under an iso-
tropic effective confining stress p’ and then sub-
jected to a cyclic deviator stress, o4 in axial direc-
tion. Three to five cyclic triaxial tests were performed
with various amplitude of a;/2p’. The cyclic re-
sistance ratio (CRR) is used to represent the cyclic



strength. CRR is defined as the ¢,;/2p’ that pro-
duced an axial strain of 5% in double amplitude in 20
cycles of uniform load application. For cyclic triaxial
tests, the specimens were made by water sedimenta-
tion (WS) and dry deposition (DD), in addition to MT
method. The additional specimen preparation meth-
ods were chosen to evaluate the effects of soil fabric.
Readers are referred to Huang et al. (2004) and Huang
& Chuang (2011) for details of the specimen prepara-
tion and triaxial test procedures for this series of la-
boratory tests. It should be noted that as fines contents
exceed 15%, the above described axial strain of 5%
in double amplitude does not necessarily correspond
to soil flow failure (i.e., the effective confining stress
becomes zero as the applied p’ is completely offset
by the cyclic stress induced pore pressure). In other
words, the soil specimen was softened under the cy-
clic loading conditions but the applied p’ was not
completely offset by the developed pore pressure.

The e-CRR and e*-CRR correlations for specimens
prepared by WS method are presented in Figures 8.
Due to high compressibility of the fines, post consol-
idation void ratio higher than 0.75 would be exces-
sively loose and very difficult to make for specimens
with FC larger than 15%. On the other hand, speci-
mens with FC less than 15% are significantly less
compressible, a void ratio less than 0.75 would be ra-
ther dense. Because of these reasons, only a narrow
window of common void ratios can be found in Fig-
ure 8 where comparison of the cyclic strength with
different fines contents can be made. The results in-
cluded in Figure 8 show that, for void ratios around
0.75, CRR decreases with FC. Similar trend was also
noticed for MLS specimens prepared by other meth-
ods (i.e., MT and DD methods) and when FC ex-
tended beyond 50%.
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Figure 8. Correlating CRR with e and e* (Huang & Chuang,
2011)

For specimens with the same FC, lower void ratio
corresponds to a denser state and hence higher CRR.
However, there are apparently separate e-CRR corre-

lations for different fines contents as indicated in Fig-
ure 8. An important value of the equivalent void ratio
would be to achieve a single and unified e*-CRR cor-
relation. For MLS, the ratio of Dio (= 0.08mm) over
dso (= 0.044mm) (x) was 1.82. Huang & Chuang
(2011) used a trial and error procedure to optimize the
b parameter of Equation (1). For a b parameter of ap-
proximately 0.6, a unified and consistent e*-CRR cor-
relation can be obtained for the three types of fines
contents as shown in Figure 8. Note that for FC = 0%,
e=e*. It is interesting to note that the e* based critical
state loci also tend to collapse into a single correlation
close to that of zero fines content where e* = e as
shown in Figure 7. For the set of data in Figure 7, the
e* was calculated using the same b parameter deter-
mined earlier.

Figure 9 shows a plot of CRR versus state parameter
(¥) for MLS with FC =0, 15 and 30% reported by
Huang & Chuang (2011). The state parameter is de-
fined as the difference between the current void ratio
(e) and that on the critical state line for a given effec-
tive mean normal stress (p'). It reflects the dilatancy
of a given soil that considers the effects of density and
confining stress. The results depicted in Figure 9 have
similar trend but with a much more scattered W —
CRR correlation when compared to those reported by
Jefferies and Been (2006) for clean quartz sands
where CRR increases as W becomes increasingly
negative.
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Figure 9. Correlation between cyclic strength and state parame-
ter ¥ for MLS test data (Huang & Chuang, 2011)

The state parameters of MLS extend into the posi-
tive side (#>0) much more so than those reported by
Jefferies and Been (2006). This is a reflection of the
compressive nature of MLS grains and more contrac-
tive behavior during shear. For specimens with the
same state parameter, the cyclic resistance ratio
(CRR) of MT specimens are the highest and those of
DD specimens are the lowest. This is consistent with
the earlier findings reported by Huang et al. (2004)
which indicated that for specimens with the same
void ratio, CRR from MT specimens are the highest



and those from DD specimens are the lowest. For data
of the same specimen preparation group, those with
high fines contents are clustered further towards the
positive side of the state parameter axis and lower
CRR values. This is again a reflection of the higher
compressibility associated with M/S mixtures with
higher fines contents.
To use the state parameter derived from void ratio,
e would require a separate critical state line for the
M/S mixtures with different fines contents. For the
tests on MLS reported herein, only three types of
fines contents are involved. For natural M/S soils,
there can be numerous possibilities of fines contents.
Thus, it is conceivable that an impractically large
number of laboratory tests are required to provide the
series of critical state lines that correspond to all given
fines contents unless a fines content based interpola-
tion scheme can be effectively used to determine
these critical state lines. This drawback may be re-
duced or minimized by invoking the equivalent gran-
ular void ratio e* in the determination of critical state
line. Figure 7 shows the void ratio, e based critical
state loci that correspond to each of the three types of
fines contents along with those computed based on
e*. The state parameter determined based on e* of the
soil specimen and the unified e*-p’ critical state line
is referred to as the equivalent granular state parame-
ter (‘P'*). A plot of W* versus CRR for specimens pre-
pared by the three methods are shown in Figure 10.
Similar trend between CRR and W* as those observed
in Figure 9 can be found in Figure 10. The CRR-¥V*
data show much improved R? values in fitting with
the corresponding exponential curves. Apparently,
the determination of W* based on e* and a single, uni-
fied e*-p’ critical state line is much less noisy than
deriving W using e and separate e-p’ critical state
lines for each type of fines content.
Many important lessons can be learned from the se-
ries of soil element tests on reconstituted MLS speci-
mens, these include:
® For M/S soils, the density state should be refer-
enced in terms of void ratio, rather than relative
density as the relative density can often exceed
100%.

® The post consolidation void ratio, or the void ra-
tio just prior to the shearing test should be used
to represent the density state of the specimen.

® The method of reconstituting the specimen does
affect the shear strength measurements. For a
given state parameter, the moist tamping (MT)
method seemed to yield the highest CRR while
dry deposition (DD) method provides the lowest
CRR. It is conceivable however, that this se-
quence may vary for soils with different origin.

® The use of e* and W* can help in streamlining
the critical state lines and correlations among e*,
W* and cyclic strength.
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Figure 10. Correlation between cyclic strength and equivalent
granular state parameter W* for MLS test data (Huang &
Chuang, 2011)

2.3 CPT calibration tests in MLS

An advantage of calibration chamber tests is that uni-
form, repeatable soil specimens can be created under
known density and stress states. Figure 11 shows a
schematic view of the calibration chamber used to
calibrate CPT in MLS. It was designed for 525 mm
diameter and 760 - 815 mm high specimens. The rel-
atively small chamber size was utilized for ease of
specimen saturation, back-pressuring and handling.
The chamber was designed to provide constant stress
lateral boundary conditions only. The piston at the
bottom of the specimen controlled vertical stress. The
main interest in performing CPT calibration tests in
M/S soils such as MLS is to evaluate the effects of
soil compressibility and partial drainage on test re-
sults.

A series of CPT was performed in MLS using the
calibration chamber system shown in Figure 11. The
chamber specimens were prepared by dry deposition
(DD) method. A comparison of cone tip resistance
with pore pressure effect correction (qr) from CPT
performed in dry and saturated specimens with fines
contents of 15, 30 and 50% are presented in Figure
12. Other than saturation, the test pairs had the same
density and stress conditions. When FC = 15%, the
qr indry and saturated specimens agreed within 6%,
after reaching a penetration depth of 300 mm. We can
conclude that CPT performed in MLS with fines con-
tents less than 15% may be considered a drained test.
When FC > 30%, gr in a dry specimen could be
more than twice the value as in a saturated specimen.
It is apparent that as fines content exceeded 30%, the
CPT could no longer be considered a drained test.
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Where the CPT in saturated specimens was inter-
rupted for excess pore pressure dissipation, the time
required to dissipate 50% of the excess pore pressure
measured at uz position, or ts, changed from a few
seconds to a few minutes as the fines contents in-
creased from 15 to 50%. As depicted in Figure 12,
immediately upon resumption of cone penetration,
there was a sudden increase of g in saturated spec-
imens with FC =30 and 50%. For CPT under partially
drained conditions, the penetration induced pore pres-
sure was significant enough to lower the gy values.
The pore pressure dissipation after interruption of the
cone penetration densified the surrounding soil.
Within a short period when the cone penetration re-
sumed, the induced pore pressure was not fully devel-
oped and that caused an increase of g above those
prior to the interruption. McNeilan & Bugno (1984)
reported similar experience of CPT in offshore Cali-
fornia silts. The increases in gr and sleeve friction,

fs were referred to as setups by McNeilan & Bugno
(1984). The setup generally diminished with further
penetration.

The effects of compressibility on drained CPT in
MLS can best be demonstrated when compared with
the general trend of cone tip resistance, qr —relative
density, D, correlations in normally consolidated
clean quartz sands with different compressibility as
shown in Figure 13. The MLS data points clustered
around the correlations for high compressibility clean
quartz sand. For CPT in overconsolidated MLS with
FC=15%, some of the data had relative densities ex-
ceeding 100%. As explained earlier, the high relative
density was due to high compressibility of MLS with
FC=15% and therefore significant void ratio reduc-
tion after application of the confining stress.
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Figure 14 shows a comparison of cone tip resistance
in MLS with FC ranged from 0 to 50% and those in
clean quartz sands (i.e., Ticino and Da Nang sands)
as well as a calcareous (Quiou) sand. The MLS spec-
imens were saturated when FC = 30 and 50%. There-
fore, Figure 14 enables the combined effects of soil
compressibility and partial drainage be evaluated by
comparing with the test results of those in clean
quartz sand and crushable sand. The comparison
shows that under similar void ratio, the cone tip re-
sistance in MLS with FC =30 and 50% can be signif-
icantly lower than those in Ticino and Da Nang sands.
Although with generally lower void ratio, the cone tip
resistances in MLS with FC = 0 and 15% (drained
CPT) are comparable with those in crushable Quiou
sand.

In general gr in MLS is significantly more stress
dependent than density dependent. Because of this
reason, the normalized cone tip resistance has a rather
poor correlation with the state parameter.
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2.4 Specimen preparation by mist pluviation

Kuerbis & Vaid (1988) stated that an ideal specimen
reconstitution technique for cohesionless soils must
be able to (1) produce all density ranges of the in situ
deposits, (2) have a uniform packing throughout, (3)
be saturated for undrained tests, (4) prevent particle
segregation, and (5) simulate the deposition process.
Studies (e.g., Hoeg et al., 2000) have suggested that
the water sedimentation (WS) method is the most
promising in reproducing the soil fabric of a natural
silty sand deposit but particle segregation must be
avoided. In the water sedimentation method, dry soil
particles are pluviated into deaired water. The WS
simulates the process of alluvial deposition, or that of
hydraulic fills. To minimize particle segregation, the
WS soil specimens are usually prepared in thin layers
and the process can be time consuming. To adopt any
of the three specimen reconstitution techniques (i.e.,
MT, DD and WS) described above for preparation of
calibration chamber specimens would be time con-
suming and prone to create non-uniformity.

Huang et al. (2015) developed a mist pluviation
method that can be used to reconstitute silty sand
specimens for soil element as well as calibration
chamber (or physical modeling) tests. The mist pluvi-
ation (MP) method retains parts of the WS processes,
but with an addition of a mist zone that mixes soil
particles with water droplets while falling through air.
The mist pluviation method is named after the process
of soil placement and the medium in which the soil
falls through. A schematic diagram of this approach
is shown in Figure 15.

To initiate specimen preparation, dry soil in the
storage compartment is continuously released by
gravity. The soil particles are dropped into a cloud of
water droplets (with rated diameter of 130 um, about
the same as the mean diameter of MLS sand grains)
or mist zone generated by a series of water spray noz-
zles. Soil particles with different sizes and water
droplets mixed into aggregates with similar diameters
in the mist zone, before falling to the thin water film
on the surface of the deposited soils. Adjustment can

be made to change the size of water droplets and dry
soil drop rates. Segregation is minimized because the
similar diameters of the soil/water aggregates. To cre-
ate a uniform deposition, a steady rate of dry soil dis-
charge is required. The soil specimen is extremely
loose immediately after pluviation. Consolidation is
required to reach a higher density.
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Figure 15. Laboratory setup for mist pluviation

Figure 16 shows the isotropically consolidated un-
drained compression (CIU) test results of MLS spec-
imens with two different FC’s prepared by MP and
MT methods under an effective consolidation
stress g, of 100 kPa. The results reveal that the MP
specimens clearly showed a more dilatant and strain-
hardening behavior in comparison with those of MT
specimens. The homogeneity of MP specimens with
regard to void ratio (or w) and FC was evaluated with
measurements of the layering slices and annular por-
tions for each layer. The results show that both verti-
cal and lateral variations of FC or w were small and
randomly distributed, indicating that the MP method
can produce homogeneous specimens, regardless of
the FC and particle gradations (Huang et al., 2015).

3 FIELD SAMPLING AND LAB TESTS

Taking undisturbed or high quality samples in low co-
hesion soils has always been a difficult task. The
available reports on the undisturbed sampling in clean
sand below ground water table have mostly been lim-
ited to the ground freezing method. By freezing the
ground water, the sand particles and their matrix were
fixed in the frozen ground. The sand samples were
taken by coring and remained frozen until laboratory
shearing test. Experience has indicated that the cyclic
strength of undisturbed specimens taken by ground
freezing method can be significantly higher than that
of reconstituted specimens with similar densities



(Ishihara, 1993). The process of ground freezing how-
ever, is time consuming and prohibitively expensive.
Hoeg et al. (2000) had limited success in their attempt
to obtain natural silt samples at 3m below ground sur-
face using a 50 mm inside diameter Swedish Ge-
otechnical Institute piston sampler under ambient
temperature, in the capillary zone right above the
ground water table. The vibration during transporta-
tion and specimen extrusion from the sampling tube
can cause disturbance to the silty soil samples as in-
dicated by Heeg et al. (2000). Konrad et al. (1995)
reported their success in obtaining undisturbed sand
samples using Laval sampler, from below the ground
water table without freezing. A 200mm diameter and
500mm high sample can be obtained with the Laval
sampler. In order to prevent soil structure damage
during transportation for low cohesion sand, Konrad
et al. (1995) developed a method to freeze the Laval
sample above ground.
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Figure 16. Comparison of monotonic undrained response be-
tween MP and MT methods (Huang et al., 2015)

Huang & Huang (2007) reported the use of Laval
sampler to take undisturbed samples in M/S soil at a
test site in Yuan Lin (see Figure 1) in Central Taiwan.
The Laval sampler as schematically described in Fig-
ure 17 was developed at Laval University (La Ro-
chelle et al., 1981), originally for taking high quality
samples in sensitive clay. The boreholes were ex-
tended by a 330 mm diameter fishtail device using a
mixture of bentonite and barite as the drill mud. To
take a sample, the drill rig pushes the sampling tube
into the bottom of the borehole while rotating the
overcoring tube. The steel teeth and cutters were lo-
cated at 20mm behind the bottom of the sampling
tube. During penetration, the head valve was kept
open to allow drill mud circulation and thus removal
of soil cuttings.
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Figure 17. Schematic view of the Laval sampler (after La Ro-
chelle et al., 1981)

Samples taken from soil layers expected to have me-
dium or high fines contents (FC close or exceeds
50%) were extruded on site, cut into 120 to 180mm
long segments and placed on a pre-waxed wooden
board. The sealed samples were kept in a moisturized
container during transportation and laboratory stor-
age. Samples taken from soil layers expected to have
low fines contents (FC < 50%) remained in the sam-
pling tube and kept vertical until it was completely
frozen above ground. A procedure referred to as the
unidirectional freezing reported by Konrad et al.
(1995) was followed to solidify the sample without
causing volume change. The soil along with the sam-
pling tube was placed in a Styrofoam lined wooden
box and gradually frozen from top of the sample by
dry ice at -80°C. A backpressure equal to the water
head within the sample was applied by means of a ny-
lon tubing connected to the bottom of the sample to
ensure that no water can drain under gravity. The bot-
tom drainage and backpressure assured pore water
drainage only due to water volume expansion during
freezing. The amount of expelled water and tempera-
ture at the bottom of the soil sample were monitored
as the freezing progressed. The freezing process took
15 to 24 hours, upon which the temperature at the bot-
tom reached below 0°C. Figure 18 depicts a record of
time versus expelled water volume and temperature
measured at the bottom of soil sample with FC = 18%.
The frozen samples were stored in a freezer during
shipping and laboratory storage until the time of
shearing test.

Four, 70 mm diameter specimens could be cored
from a 170mm long section of Laval sample therefore
assuring all four specimens came from the same depth
in ground; a rather desirable feature for cyclic triaxial
tests. The specimen was kept frozen during this prep-
aration stage. Thawing took place after the specimen



was seated in the triaxial cell following a slow thaw-
ing procedure reported by Hofmann (1997) under a
confining stress of 20 kPa and a cell water tempera-
ture of 5°C. The amount of water absorbed by the
specimen and the change of specimen height were
monitored during the thawing process.
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Figure 18. Water volume expelled and temperature variation
with time (Huang et al., 2009)

Figure 19 shows a comparison of shear wave velocity,
Vs taken from the cyclic triaxial test specimens and
those from different field measurements, normalized
with respect to o) or Vsi. Vsi is computed as de-

scribed by Andrus & Stokoe (2000) where

)0.25

Vi1 = Ve(0gtm/ 0y (2)

where o, is the reference atmospheric pressure of
100 kPa. The field shear wave velocity measurements
included P-S logging and seismic piezo-cone penetra-
tion tests (SCPTU). The depths of the Vg; from La-
val samples (LS) are in reference to those where the
samples were taken. For laboratory measurements us-
ing bender elements, V.=V, as the specimens were
under an effective confining stress (o) of 100 kPa,
which is also isotropic (0. =0 ). Although there were
some scattering among the field measurements, the
laboratory V;values are comparable to those of field
measurements. The discrepancies of Vy; values from
different sources may well be due to differences in
shearing modes and applied lateral stress for the case
of bender element tests.

The gel-push sampler developed in Japan (Tani &
Kaneko, 2006; Lee et al., 2006) as schematically
shown in Figure 20 is a modified version from a
75mm Osterberg piston sampler (also known as a Jap-
anese sampler). Sand sample was taken by pushing
the gel-push sampler as typically done for piston sam-
pling in clays. Because of the high frictional re-
sistance in granular soils, it is usually difficult to re-
trieve sand sample by pushing. The gel-push sampler

injects a water soluble polymeric lubricant (the gel)
from the sampler shoe to facilitate push sampling. A
shutter located at the tip of the sampler remained open
during pushing. A slight reverse motion by injecting
water into the gel chamber triggers the closure of the
shutter before the sample is retrieved. The closed
shutter prevents the sample from falling during with-
drawal. Upon withdrawal of the sampling tube above
ground, the ends of the tube were sealed with
Styrofoam plugs. No freezing was conducted for the
samples. The sampling tubes were stored in a well
cushioned container for transportation. An accel-
erometer was attached to the sampling tube where the
acceleration readings were continuously recorded
during shipping.
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Figure 19. Comparison of laboratory and field Vs; measurements
in YLS.
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Figure 20. Schematic views of the gel-push sampler (after Lee
et al., 20006).

The soil sample extruded out of the gel-push sampler
was trimmed to a diameter of 70mm to fit the triaxial
testing device and remove a shell of soil that was im-
pregnated by the gel during field sampling. The
trimmed soil specimen was inserted directly into a
rubber membrane lined sample holder. A layer of
sponge was placed between the rubber membrane and



the metal split mold. The sponge was compressed in-
itially by the application of vacuum to give room for
insertion of the soil specimen. Upon release of vac-
uum, the sponge expansion provides a confining
stress on the granular soil specimen until the speci-
men is seated in the triaxial cell and vacuum resumed
through the drainage lines. By maintaining the con-
fining stress the sample holder minimizes the chance
of disturbance during triaxial test set up.

Figure 21 shows the comparison between the Vs
measurements taken in the gel push specimens in a
triaxial cell using bender elements and those from the
field seismic cone penetration tests (SCPTU). The
specimens were then used for cyclic triaxial tests
(CTX) or K, consolidation undrained, axial compres-
sion (CKoU-AC) triaxial tests. All triaxial specimens
were consolidated to ¢’y comparable to the in situ
overburden stress prior to shearing. For the most part,
the laboratory Vs falls within or close to the range of
those from SCPTU at comparable depths.

vV, m/s
100 150 200 250 300
10 —
SCPTU
L o CTX
@ A CKoU-AC
o |
15F
g
e
g A
O
20 QO
O
25

Figure 21. Comparison of Vs between the bender element and
SCPTU measurements (Huang et al., 2008).

4 CORRELATING CRR WITH g, AND V,

Due to the cost and difficulties involved in undis-
turbed sampling in cohesionless soils, the cyclic re-
sistance ratio (CRR) required for liquefaction poten-
tial assessment has been inferred from empirical
correlations between CRR and field test results under
the framework of simplified procedure (Youd et al.,
2001). The simplified procedure using CPT has been
based on gr normalized to an effective vertical
stress, o, as follows:

qrin = (QT/Uatm) (O-atm/o-é)n (3)
where

Oatm = atmospheric pressure of 100 kPa

n = exponent that varies with soil type

The exponent n = 1.0 in the case of clayey soils (soil
behavior type index, Ic > 2.60), n = 0.5 for clean sands

(Ic = 1.64), and intermediate values of n apply for
mixtures of sand and silt. Some iteration may be re-
quired for the selection of n and computation of Ic. In
any case, n < 1. Readers are referred to Robertson
(2009) for details on the determination of Ic and n.

The CRR-qrqy correlations have generally been
established empirically according to field observa-
tions. Although different in magnitude and/or format,
most available CRR-qr,y correlations for sands that
contain fines suggest that a given CRR should corre-
spond to a lower gqr;y as fines content increases
(e.g., Stark & Olson, 1995; Robertson & Wride,
1998). Thus, an adjustment of gy is required
when CPT is used for liquefaction potential assess-
ment in silty sand under the simplified procedure. De-
spite of the significant impact of fines content adjust-
ment on the outcome of liquefaction potential
assessment, little explanation has been offered to jus-
tify such adjustment (Ishihara, 1993; Youd et al.,
2001).

By comparing the CRR and q7qy from CPT cali-
bration tests in reconstituted specimens with compa-
rable fines contents, density and stress states, it was
possible to verify the CRR-qrq correlation by direct
comparisons for MLS as shown in Figure 22. The
CRR values were determined based on cyclic strength
obtained from a series of cyclic triaxial tests. The in-
ference of CRR under anisotropic stress conditions
from isotropically consolidated cyclic triaxial tests
(CRRcrx) followed the procedure by Ishihara (1996)
as,

1+2K

CRR = CRRcrx— (4)

Where K = ratio of effective horizontal stress, o'y
over effective vertical stress, o',

All laboratory cyclic triaxial and CPT calibration
tests involving MLS used well mixed homogeneous
specimens. The results as shown in Figure 22 indicate
that the fines content adjustment becomes significant
only when the fines start affecting the drainage con-
ditions in CPT and thus result in a group of data points
with distinctly lower grqy. The laboratory study in
MLS seems to suggest that a more effective qrqin
adjustment scheme should be based on CPT drainage
conditions rather than fines content. Cyclic shearing
is always undrained regardless of fines contents.
CPT can be drained or partially drained depending on
the soil conditions. It is understandable that some ad-
justment is applied before entering the CRR-qr1n
correlation when CPT changes from drained to par-
tially drained. However, the adjustment should be re-
lated to drainage conditions in CPT and not directly
to fines contents.
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Considering the importance of drainage during cone
penetration in an M/S deposit, attempts were made in
the field tests to ascertain the drainage conditions as-
sociated with CPTU. A series of CPTU using a stand-
ard cone (cone cross sectional area=10cm?) penetrat-
ing at 20mm/sec (the standard CPTU), a large cone
(cone cross sectional area=15c¢m?) penetrating at
20mm/sec (the large CPTU), and a standard cone pen-
etrating at Imm/sec (the slow CPTU) were conducted
at the Yuan Lin test site. The pore pressure element
was located immediately behind the cone face, at the
u2 position. Profiles of fines contents according to
SPT specimens, CTPU results that include friction ra-
tio, Ry (=fs/qr x100%) from tests at Yuan Lin site are
shown in Figure 23. The results indicated no signifi-
cant differences in gy among three types of CPTU,
considering drastic differences in cone size and/or
penetration rate. Because of the time consuming na-
ture, slow CPTU was conducted only in depth levels
where Laval samples were taken. The uz values from
large CPTU were mostly identical to those from the
standard CPTU. The uz in slow CPTU matched well
with the hydrostatic pressure uo, indicating that
Imm/sec was slow enough to allow the penetration
induced pore pressure to fully dissipate and reach
equilibrium in most part with the surrounding hydro-
static pressure. The Ry values from slow CPTU were
consistently higher than those of standard and large
CPTU. No consistent correlation between the in-
crease in Rrand soil fines contents could be identified.
During CPTU, the soil element ahead of the cone tip
experiences an increase in mean normal stress as the
cone tip approaches. This increased stress is released
as the soil element passes the base of the cone face
and thus a reduction in lateral stress against the fric-
tion sleeve immediately behind the cone tip. In a slow
CPTU, more time is allowed for the soil element to
creep towards the friction sleeve and develop higher
lateral stress against the friction sleeve and thus
higher fs. This creeping is believed to be the main
cause of the increase in fs or Rrwhen cone penetration

rate was reduced from 20 to 1 mm/sec as the change
in penetration rate did not have significant effects on
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Figure 23. CPTU profiles from Yuan Lin site (after Huang,
2009).

Profiles of fines contents according to gel-push sam-
ples and results from standard and slow CPTU per-
formed at a Kao Hsiung test site (see Figure 1) are
shown in Figure 24. The slow CPTU was conducted
from 9.8 to 25m, the same depth range where gel-
push samples were taken at Kao Hsiung site. The re-
sults in terms of g, u2 and Ry and their relationship
with penetration rates are very similar to those from
Yuan Lin site. No significant differences in gr and
u2 were noticed from CPTU with a 20 times differ-
ence in penetration rate.

At Yuan Lin site, the standard CPTU was coupled
with pore pressure dissipation tests from 3.5 to 12.5m,
at 1m intervals. The same was included in the stand-
ard CPTU at Kao Hsiung site from 9.8 to 20.8m. In a
pore pressure dissipation test, the cone penetration
was suspended while u2 was continuously recorded
until it reached equilibrium with u.. Figures 25 and
26 compare parts of the qr, fs profiles obtained from
the field CPTU at two test sites and those from CPTU
in reconstituted MLS specimens in a calibration
chamber. The field data are the enlarged segments of
the corresponding profiles included in Figures 23 and
24. This enlargement allows the change in g and f
and its relationship with pore pressure dissipation
tests to be visualized. The MLS specimens with fines
contents at 30 and 50% were prepared by MT method
where the sand and fines were fully mixed. The MLS
specimen was saturated under a back pressure of 300
kPa during CPTU calibration test. A pore pressure
dissipation test was conducted in MLS at 0.3-0.4m
depth in the calibration chamber. For CPTU in MLS,
there were distinct setups as referred to by McNeilan
and Bugno (1984) or significant increase in gy and
fs immediately following the pore pressure dissipation
test or the start of the subsequent push. For the field
CPTU where the fines contents could exceed 50%,



the pore pressure dissipation tests were basically evi-
denced by a sharp decrease (due to suspension of the
cone penetration) and regain of qr and f; values as
penetration resumed, without significant setups.
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Fi-gure 24. CPTU profiles from Kao Hsiung site (after Huang,
2009).

i, M
_‘“ 1 2 3 4 40 2 4 6 o 1 2 i 4
e mme == Y o o 0T
—0} F )
. ,
L L F L )
4 ) 1o j oz )
.r . U s
- v
L — | (
E = [ I:t 2
S5 & - Y
I ' d
6= L 21 - -K 0.6 ',":.:] G4-0.65
. k-1
Penetration |: ' =100kPa
r j [ suspended r Fr=30%
7L {"- L “.H_---l-l;' S
Yuan Lin Soal Kao Haung Soil Mai Liao Sand

Figure 25. Setup in q; following pore pressure dissipation

(Huang et al., 2009)
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Figure 26. Setup in fs following pore pressure dissipation
(Huang et al., 2009)

Figure 27 compares the tso values among the field and
laboratory CPTU and their relationships with fines
contents. The tso was defined as the time required for
u2 to change from its initial value immediately upon
penetration suspension to gain 50% of its full range

of variation until a plateau in u2 was reached. For la-
boratory CPTU in MLS, tso increased significantly as
fines content changed from 0 to 50%. No clear trend
between tso and fines contents could be identified
from field tests, even where the fines contents reached
as high as 89%.
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Figure 27. tso versus fines contents (Huang et al., 2009)
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The laboratory CPTU in MLS presented above indi-
cated that at fines contents above 30%, CPTU be-
haved as a partially drained test. The effects of partial
drainage were demonstrated by the presence of sig-
nificant setups following a pore pressure dissipation
test and clear trend between fines contents and tso as
shown in Figure 27. The field CPTU at both test sites
were close to drained conditions even when the over-
all fines contents reached as high as 100%. The dras-
tic differences in the effects of fines contents on tso
between CPTU in laboratory prepared, well mixed
silty sand and natural silt/sand in the field are likely
due to the heterogeneity existed in natural soil. It is
believed that the presence of closely spaced free
draining sand layers made the field CPTU behave as
a drained test in a silty soil mass, thus resulted in low
tso even when the overall fines contents were high.
Cyclic triaxial tests using specimens from Laval
samples from Yuan Lin site (YLS) were conducted to
determine their CRR. Similarly, CRR values were
measured using the gel push samples from Kao
Hsiung site (KHS). The CRR from the natural soil
specimens were then compared with field CPTU data
to establish their CRR-q4,y correlations. A K value
of 0.5 was used to infer the field CRR values. At
much wider range of fines contents, the lateral spread
of CRR-qr¢y data points based on tests in YLS and
KHS shown in Figure 22 was less than those sug-
gested by the available CRR-qrqy correlations.
Using bender elements, the Vs can be measured on
the same soil specimen of cyclic shearing test. The
CRR-Vs1 correlation can thus be conveniently cali-
brated completely based on laboratory tests (Huang et
al., 2004 and Baxter et al., 2008). Figure 28 shows
CRR-Vs1 data points from reconstituted MLS speci-
mens and Laval samples of YLS. A K value of 0.5
was used to infer the field CRR values from cyclic



triaxial tests as previously described. Again, there
was no evidence of separate CRR-Vs1 correlations
due to differences in fines contents as suggested by
Andrus & Stokoe (2000). It should be noted that
drainage should have no effects on small strain shear
wave velocity measurement.
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Figure 28. The CRR-V,; correlations.

5 SUBSIDENCE DUE TO REPEATED
COMPRESSION

Ground subsidence from excessive groundwater
pumping has been a serious problem in many parts of
the world. In the alluvial fan of Central Western Tai-
wan, the ground subsidence has reached as much as 2
m in the past few decades. The ground subsidence
threatens the operation of the high speed rail, induces
prolonged flooding, and causes sea water intrusion in
the region. As described earlier, the compressible
M/S soils are the predominant deposit in this region.
Based on field monitoring, Hung et al. (2012) re-
ported that the major compression was observed in
the soil or aquifer layer at depths from 52 to 153 m,
where the accumulated compression of 63.4 cm oc-
curred from 1990 to 2010. This compression corre-
sponds to an average vertical strain of approximately
0.6%. Figure 29 shows the soil compression from
multi-point borehole extensometer readings and
ground water level fluctuations according to an open
end piezometer installed at a depth of 150m. The
ground water level albeit fluctuated on a short term
basis, had actually risen by approximately 10 m in
that period of 20 years shown in Figure 29. The fluc-
tuation was believed to be caused by tidal variations
and ground water pumping for irrigation and indus-
trial purposes which were temporal and repeated
mostly on a daily basis. The ground water pumping
was not excessive enough to permanently lower the
ground water table.
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Figure 29. History of soil compression and ground water level

variations (Chang et al., 2016)

1100 11703 17105

The M/S soil layer or aquifer within the depth range
shown in Figure 29 consisted mostly of fine to coarse
sand with occasional layers of gravel with practically
no clays. The change in effective stress associated
with the ground water level fluctuation was not suffi-
cient to cause the measured soil compression consid-
ering the typical compressibility of granular soils in
this region, if the compression was solely induced by
static soil consolidation. Thus, the conventional
thinking of ground subsidence associated with soft
soil consolidation induced by static stress increase
due to the lowering of ground water table is not able
to explain the phenomenon of excessive ground sub-
sidence in this region.

Chang et al. (2016) postulated that the ground sub-
sidence could be a result of repeated loading/unload-
ing induced by the continuous and long term fluctua-
tion of pore water pressure. The phenomenon would
be similar to deformation of a pavement subgrade due
to repeated traffic loading. A shakedown theory (e.g.,
Koiter, 1960) has been used to describe this elasto-
plastic soil behavior under repeated loading. For
ground subsidence, however, the loading was be-
lieved to be caused by pore pressure (i.e., effective
stress) fluctuation instead of surface loading.

A K, triaxial consolidation system was setup to
study the ground subsidence due to pore pressure
fluctuations. Figure 30 shows the stress strain rela-
tionship from a test on an M/S specimen made of
quartz sand mixed with 20 % mica (by weight). A si-
nusoidal pore pressure variation from an initial back
pressure of 150 kPa was applied while maintain a
constant total vertical stress of 350 kPa to the soil
specimen under K, conditions. The amplitude of
pore pressure and thus vertical effective stress fluctu-
ation ranged from 10 to a maximum of 95 kPa. Figure
30 shows that as predicted by the shakedown theory,
the accumulated axial strains from repeated load-
ing/unloading are much more significant than those
from a single loop of stress increase. The rate of strain
accumulation reduced significantly as the number of
repeated load cycle increased, again as predicted by
the shakedown theory. As depicted in Figure 31, with
20% of mica content (MC), the strain accumulation in
the M/S specimen is much more significant than that
in clean quartz sand (MC = 0%). Also, for the tested



soil specimen, a 0.6% axial strain can be easily
reached with an amplitude of approximately 20 kPa
pore pressure fluctuation as shown in Figure 31.
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Figure 30. Repeated loading induced axial strain accumulation
(Chang et al., 2016)
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Figure 31. Effects of fines content on strain accumulation
(Chang et al., 2016)

6 CONCLUDING REMARKS

Based on the series of studies described above, the

following conclusions can be drawn:

e  For M/S soils, good quality soil samples can be
taken with reasonable costs. As such, undis-
turbed soil samples should be taken on a more
regular basis when necessary.

e Inreporting the test data of laboratory soil ele-
ment or physical model tests, the post consoli-
dation void ratio e, should be used to repre-
sent the density state of the specimen. The use
of relative density for M/S soils can be miss-
leading and should be avoided.

e  The fines and grain characteristics of the coarse
particles can make the M/S soil much more
compressible than typical clean quartz sands.
For CPT in well mixed homogeneous M/S
soils, the effects of partial drainage can make
the cone tip resistance significantly less than
those in clean quartz sand under similar density
and stress states.

e For field CPTU, partial drainage should not be
assumed simply because of the overall soil fines

contents or soil behavior type index. Due to soil
heterogeneity and closely spaced free draining
soil layers, the CPTU can be drained in soils
with high overall fines contents. The drainage
conditions should be verified with simple proce-
dures such as the pore pressure dissipation tests.
In assessing the liquefaction potential using the
simplified procedure, the fines content adjust-
ment should not be used unless it is verified that
the cone penetration is indeed partially drained.
Or we should consider drainage adjustment, not
fines content adjustment.

e  The use of equivalent granular void ratio, e* and
equivalent granular state parameter, ¥* can be
very helpful in streamlining the effects of fines
on various engineering properties of M/S soils.
A single critical state line that is based on e* can
be applied for a wide range of fines contents.
The number of tests required to establish e¢*
based critical state line is much less than that
needed to determine a series of critical state lines
for the individual fines contents involved.

e  The correlation between CRR and ¥ or ¥* ap-
pears promising. To integrate CRR-¥Y correla-
tion into the simplified procedure for liquefac-
tion potential assessment would require a
reliable correlation between W (or W*) and an in
situ test method which is still lacking.

e  Mist pluviation demonstrated its potential as a
means to reconstitute specimens for soil element
as well as physical model tests. Homogeneous
M/S specimens with more dilatant behavior than
those of MT specimens can be made in a contin-
uous process and with efficiency.

e  The effects of high compressibility can also be
responsible for ground subsidence. Initial test re-
sults have indicated that repeated pore pressure
fluctuation can induce significant strain accumu-
lation.
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Evaluating effective stress parameters and undrained shear strengths of
soft-firm clays from CPTu and DMT

P.W. Mayne

Georgia Institute of Technology, Atlanta, Georgia, USA

ABSTRACT: Results from piezocone penetration (CPTu) and flat dilatometer tests (DMT) can be used to
evaluate the stratigraphy, soil types, and a suite of engineering parameters that are needed for geotechnical
analysis and design, especially for finite element methods (FEM). Of particular interest herein is the utilization
of in-situ test data for assessing the effective stress strength envelope (c' and ¢') in soft to firm clays, as well as
undrained shear strengths (su), since many FEM codes have built-in constitutive soil models that are based on
critical-state soil mechanics and require effective stress parameters as input. An existing undrained limit plas-
ticity solution for evaluating ¢' in clays from CPTu is reviewed and then extended to the DMT via a link estab-
lished thru spherical cavity expansion theory. Laboratory and field results on soft Bothkennar clay at the British
national test site and additional CPTu data in clays are used to illustrate the methodologies.

1 INTRODUCTION

1.1 Site investigation

Soft to firm clays are commonly found offshore and
onshore in marginal areas of construction, particu-
larly coastal regions, lakeshores, and near waterways
and rivers. As a result, construction issues arise con-
cerning suitable bearing capacity of shallow and deep
foundations, stability of embankments, earth-reten-
tion walls, and excavations, as well as concerns re-
lated to time rate of consolidation and long-term set-
tlements. While laboratory testing programs are
necessary, in-situ measurements from piezocone and
dilatometer soundings allow the fast collection of
data on these soft soils with immediate applications
for the evaluation of geoengineering parameters for
analysis and design.

1.2 Geoparameters from CPT

A fairly good number of soil engineering parameters
have been defined and identified in order to represent
the complexities of soil behavioral characteristics. A
set of common-used and necessary geoparameters ob-
tained from cone penetration testing (CPT) for anal-
yses is listed in Table 1, yet this is far from a complete
and comprehensive listing of all that have been im-
plemented in practice (Lunne et al. 1997; Mayne
2007).

Readings from the CPT can include: cone re-
sistance (qt), sleeve friction (fs), and penetration
porewater pressure (u2), as well as time to reach 50%

consolidation during dissipation (tso) and downhole
shear wave velocity (Vs), thus designated SCPTu.
The SCPTu is a particularly efficient and expedient
means for site-specific subsurface investigations, as
multiple measurements are collected from a single
sounding as depicted in Figure 1. At a standard rate
of push of 20 mm/s, the qt, fs, and u2 readings are
taken every 10 to 50 mm, while the tso and/or Vs can

be obtained every one meter.

Table 1. Common geoparameters for representing the behavior
of soft-firm clays from CPT data

Symbol  Parameter Readings

SBT  Soil behavior type Uses CPT index I¢
I CPT material index Ic = fctn (Qw and F)
Tt Unit weight from f; reading

Gvo Overburden stress Gvo =)V dz

Uo

Hydrostatic pressure

Au dissipations

Gvo' Effective stress Gvo' = GOyo - Ug

Gp' Preconsolidation stress o' =fctn (Qnet, L)
YSR  Yield stress ratio YSR = G,/0v

c' Effective cohesion intercept ~ NTH method

¢’ Effective friction angle NTH method

Su Undrained shear strength Ny factor

D' Constrained modulus D' = 5:Qnet

Go Small-strain modulus V, data

G Shear modulus Go and T/Tmax

Cvh Coefficient of consolidation  Au dissipation

Ko Lateral stress coefficient ¢'and YSR

k Hydraulic conductivity Au dissipations

Notes: NTH = Norwegian Institute of Technology; t/Tmax = mo-
bilized strength; t = shear stress; Tmax = shear strength.



The penetrometer readings provide the net cone re-
sistance (qnet = qt - Gvo) and excess porewater pressure
(Au = u2 - uo), as well as the effective cone tip re-
sistance (qe = qt - u2). Dimensionless CPT parameters
have been developed to give: (a) normalized cone tip
resistance: Q = (net/Ovo’, (b) normalized sleeve fric-
tion: F = 100-fs/gnet, and (c) normalized porewater
pressure parameter: Bq = Au/qnet. Later, an updated
version of Q is detailed and designated Qum that is
needed in determining the CPT material index (Ic)
which finds application in soil behavioral classifica-
tion (Robertson 2009), as well as the assessment of
the yield stress or preconsolidation stress (cp') and
other geoparameters (Mayne 2015).

sand

soft
clay

Figure 1. Multiple readings captured by a single sounding using
seismic piezocone (SCPTu) and seismic dilatometer (SDMTa).

1.3 Geoparameters from DMT

A similar suite of geoparameters is found from the re-
sults of flat plate dilatometer tests (DMT), as initially
identified by Marchetti (1980). In the DMT, two pres-
sure readings are taken at each 0.2-m depth interval:
(a) A-reading corrected to po (contact pressure); and
(b) B-reading corrected to p1 (expansion pressure).
These provide three DMT indices: (1) soil material
index: Ip = (pi1-po)/(po-uo); (2) dilatometer modulus:
Ep = 34.7-(p1-po); and (3) horizontal stress index: Kp
= (pO-U.O)/Gvo'.

Additional readings can be taken during the DMT,
including: (a) dissipation A-readings to get time for
degree of consolidation (e.g., tfex), (b) P-wave arrival
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to obtain V, = compression wave velocity; (¢) S-wave
arrival to obtain Vs = shear wave velocity (Marchetti
et al. 2008); (d) C-readings which are the membrane
position of A-reading but taken during deflation, and
(e) blade thrust readings. For the set of po, p1, tfiex, Vp,
and Vs measurements, the test can be designated
SDMTa (Figure 1).

Details concerning the interpretation of soil engi-
neering parameters from the DMT are provided in
Marchetti et al. (2001) and Marchetti (2015). Two ge-
oparameters which have not been evaluated in soft to
firm clays using the DMT include: (1) effective stress
friction angle (¢') and (2) effective cohesion intercept
(c"). A methodology for their assessment from DMT
readings in clay is proposed herein.

2 SOIL CLASSIFICATION BY CPT

2.1 Soil behavioral type

During CPT, soil types are usually identified indi-
rectly since samples are not normally taken. The soil
types can be assessed using one or more different ap-
proaches that rely on the direct measurements or post-
processed readings, as indicated in Table 2. An alter-
native means to classify soil types in-situ is via the
vision cone (VisCPT) whereby a video-cam records
the images of soil particles passing a sapphire win-
dow (Ghalib et al. 2000).

Table 2. Methods for Soil Type Identification by CPT

Method Procedure Reference
"Rules of 1. Clean sands: q; > 50 Mayne, et al.
Thumb" Gatm (2002)
uz = Uo
2. Clays: q:> 50 Gam
2.1 Intact: W = Uy
2.2 Fissured: u; <0
Soil behav- | Non-normalized: Fellenius &
ioral charts 1. qvsfs Eslami (2000)
2. (qi-up) vs. f
Soil behav- | Normalized charts: Lunne et al.
ioral charts 1. QvsF (1997)
2. Qvs Bg
Soil behav- | CPT material index. I, Robertson
ior type where 1. = fctn(Qum, F) (2009)
(SBT)
Probability | Statistical estimates of Tiimay, et al.
based rela- sand, silt, and clay con- (2011)
tionships tents

One of the most popular methods in use today utilizes
soil behavioral type (SBT) charts based on Q, F, and
Bq, termed SBTn since the three piezocone readings
are normalized. This system classifies soils into 9 dis-
tinct zones that are presented in either log Q vs. log F
charts or log Q vs Bq charts, or both (Lunne et al.
1997). The general layout for the Q-F chart is shown
in Figure 2.
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Figure 3. Definition of CPT material index I. for Q versus F
chart (after Robertson 2009)

2.2 CPT material index, 1.

The CPT material index Ic represents a family of the
radii of a sets of circles which separate soil behavioral
zones 2 through 7 in the log Q vs. log F chart, as
shown by Figure 3. The index is given by:
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I, =347 —-logQ)* +(1.22 +log F)’ (1)

using the initial values of Q and F described previ-
ously. Then, a revised value of normalized cone re-
sistance is defined:

( B O-V()) / O-a m
Q’" - & ' n[ (2)
(O-vo / O-atm)
where the exponent "n" is determined from (Robert-
son 2009):

n =0.381-Ic + 0.05:(cvo'/Catm) - 0.05 < 1.0 3)
and the index ¢ is recalculated. Iteration converges
quickly and generally only 3 cycles are needed to se-
cure the operational ¢ at each depth.

Algorithms are available to cull the CPTu data for
zone 1 (soft sensitive clays) and zones 8 and 9 (stiff
overconsolidated clays and sands). Once these three
zones are identified, the material index Ic is used to
separate zones 2 through 7, so all easily implemented
on a spreadsheet or programmable software code.

Sensitive clays of Zone 1 are identified when:

Qmn < 12-exp(-1.4-F) 4)
Overconsolidated soils of Zone 8 (1.5 < F < 4.5%)
and Zone 9 (F > 4.5%) are found when:

Qu > [0.006(F-0.9) -0.0004(F-0.9)* - 0.002]"  (5)
Then, the remaining soil types are identified by the
CPT material index: Zone 2 (organic soils: Ic > 3.60);
Zone 3 (clays: 2.95 <1 <3.60); Zone 4 (silt mixtures:
2.60 < Ic < 2.95); Zone 5 (sand mixtures: 2.05 <Ic <
2.60); Zone 6 (sands: 1.31 < Ic < 2.05); and Zone 7
(gravelly to dense sands: Ic < 1.31). The red dashed
line at I = 2.60 represents an approximate boundary
separating drained (Ic < 2.60) from undrained behav-
ior (Ic > 2.60).

A similar CPTu material index has been developed
for the 9 SBTn zones to represent the log Q vs. Bq
diagrams, designated lq-Bq by Torrez-Cruz (2015).

An alternate means to normalize the porewater
pressures readings is through the parameter Au/cvo'
that is used by Schneider et al. (2008) where the graph
of log Q vs Au/ovo' provides various soil behavioral
type zones. Schneider et al. (2012) derive correspond-
ing equations that delineate the SBTs for both the Q-
F and Q-Au/cvo' plots. They also provide data from a
variety of field sites to populate the graphs and show
the regions of drained, partially drained, and un-
drained behavior.
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2.3 Soil unit weight

The use of normalized piezocone parameters requires
the evaluation of total and effective overburden
stresses (Ovo' = Gvo - Uo), Where 6vo = | yt dz and uo =
hydrostatic porewater pressure. Therefore, an indirect
assessment of unit weight (yt) is needed.

A general assessment of soil unit weight from CPT
for a variety of soil types has been found related to
the sleeve friction, as shown by Figure 4 (Mayne
2014):
y/yw =122+ 0.15 - In (100 fs/Gatm+0.01) (6)

For soft-firm clays, the cone resistance exhibits a
linear trend with depth that can be represented by the
parameter mq = Aqv/Az, termed the resistance-depth
ratio. Two sets of regressions on gt data both with and
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without an intercept (b = 0) giving similar slope val-
ues mq are indicative of normally-consolidated (NC)
to lightly-overconsolidated (LOC) clays (Mayne &
Peuchen 2012). In contrast, different mq slope values
from the two regressions are characteristic of over-
consolidated soils and thus the method is not applica-
ble. It has been observed that the range of mq in soft-
firm clays generally occurs when the ratio mq < 80
kN/m? (Mayne 2014).

For soft to firm clays, the resistance-depth ratio mgq
gives an estimate of the average soil total unit weight
over the depth of the deposit:
Tyw = 1 + 0.125 mg/yw (7)

It is interesting to note that the resistance-depth ratio
has the same units as unit weight, thus can be em-
ployed as a normalizing parameter in the same man-
ner that atmospheric pressure (Gam) is used for stress.

To capture variations in the unit weight with depth,
a more elaborate trend is shown in Figure 5 in terms
of qt and mq (Mayne & Peuchen 2012). This can be
expressed in dimensionless form:

YWyw = 0.886°(qy/Carm) 7 [1+ 0.125'mg/yw] ~ (8)

2.4 Unit weights at Bothkennar

The estimating of soil unit weights from CPTu in soft
clay are illustrated with a case study. For the Both-
kennar site in Scotland, two sets of piezocone data
were utilized from field testing by Nash et al. (1992a)
and Powell & Lunne (2005), as presented in Figure 6.
The agreement between the early sounding and later
series is quite evident.

The evaluation of the mq parameter is shown in
Figure 7a, giving a value of the resistance-depth ratio:
mq = 54 kN/m®. This can be input into equation (7)
to give an estimated y: = 16.7 kN/m® which agrees
well as an overall value when compared with lab unit
weights obtained from Delft and piston type samples
taken at the site that are shown in Figure 7b (Hight et
al. 2003).

A slightly improved profile of estimated unit
weight with depth is obtained using both the cone re-
sistance qt together with the mq parameter, as seen by
Figure 7b, per equation (8). Here, the profile of unit
weight decreases slightly in the crust and then in-
creases slightly with depth in the soft clay.
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Figure 6. Results from two sets of piezocone sounding series at

Bothkennar clay test site, UK (data from Nash et al. 1992 and
Powell & Lunne 2005).
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3 EFFECTIVE STRESS FRICTION ANGLE OF
CLAY FROM PIEZOCONE

The prevailing shear strength of soils depends upon
the frictional characteristics of soils, stress path, ini-
tial anisotropic state of stress, degree of drainage, di-
rection of loading, and many other factors. Com-
monly, two extreme cases are sought for saturated
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geomaterials: (1) drained strength (Au = 0) with cor-
responding effective stress friction angle (¢') and ef-
fective cohesion intercept (c'); and (2) undrained

shear strength (su = cu) corresponding to constant vol-
ume (AV/Vo =0).

3.1 Effective stress friction angle

Since the piezocone takes measures of both total
stress changes (qt) and porewater pressures (u2) dur-
ing penetration into soil, the principle of effective
stress can be realized (Sandven 1990). In the case of
soft to firm clays, it can be taken that ¢' = 0 and the
effective friction angle (¢') can be evaluated using the
NTH (Norwegian Institute of Technology) solution
detailed by Senneset et al. (1989) and Sandven &
Watn (1995).

For the general case, undrained penetration is rep-
resented by:

(Qnet = (Nq - 1)'(GVO' + a') - Nu -Auz (9)
where the attraction a' = c"-cotd' and Nq = bearing ca-

pacity factor for end bearing or tip resistance is given
by:

Ng = tan?(45°+¢'/2)-exp[(n—2p)-tand'] (10)
and 3 = angle of plastification which dictates the size
of the failure zone. The term Nu is the bearing factor
for porewater pressure (Senneset & Janbu 1985):

Nu = 6-tan¢'-(1+tand") (11)

Additional details are given by Sandven (1990) re-
garding the terms of attraction (a') and angle of plas-

tification (). The cone resistance number (Nm) is de-
fined as:

_ qt _O_vo _ N(I _1
o, 'tc-cotg' 1+N, -B,

m

(12)

A discussion of evaluating the effective cohesion in-
tercept ¢' is provided in a later section of this paper.
For the case when ¢' = 0, the parameter Nm is iden-

tical to the normalized cone resistance (Q) and the re-
lationship becomes:

Q — Nq_l :qt_avo
1+ N, -B, o,

vo

(13)
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Therefore, for the simplified case when =0 and ¢' =
0, the undrained limit plasticity solution relates Q to
effective stress friction angle ¢' and parameter Bg:

tan’ (45°+¢'/2)-exp(x -tang') -1

0= 1+6-tan ¢(1+ tan g") - B,

(14)

as presented graphically in Figure 8.

An approximate inversion of the NTH solution has
been developed for individual values of Q and Bq for
the case when ¢' =0 and 3 = 0 (Mayne 2007):

¢' =29.5°B*1?1-[0.256 + 0.336:Bq + logQ]  (15)

This is applicable for the specific ranges of porewater
pressure parameter (0.1 <Bgq < 1) and effective stress
friction angles (20° < ¢' < 45°).

3.2 NTH application to Bothkennar CPTu data

The NTH method is applied to the piezocone data
from Bothkennar, Scotland (reported earlier in Figure
6). Figure 9 presents a plot of Auz vs. gnet and gives
regression best fit line slopes Bq = 0.62 and 0.65, re-
spectively, for the 1992 and 2005 data sets.
Similarly, plots of gnet VS. Gvo' are shown in Figure
10 and regression lines indicate Nm = Q = 5.22 and
5.17, respectively. The regressions were completed
using best fit line options with forced intercepts of
zero, as the assumption here is that ¢' = 0. Using the
paired values of Q and Bq input into Figure 8 give
NTH-evaluated ¢' = 32.9° and 33.3°, respectively.
Extensive laboratory programs and in-situ field
tests of Bothkennar clay have been accomplished
over the past three decades (Hight et al. 2003). These
include many series of laboratory triaxials tests on
both undisturbed and remolded samples taken by a

variety of high quality samplers and different labora-
tories.

Results from a particular set produced by Allman
& Atkinson (1992) are shown in Figure 11. These in-
clude several modes of shearing: triaxial compression
(CKoUC, CKoDC) and extension (CKoUE, CKoDE)
tests from both undrained and drained stress paths, all
confirming that the characteristic ¢' = 34° for Both-
kennar clay.

Using the approximate expression for ¢' = fctn (Q,
Bq), Figure 12 presents the derived profiles of ¢' with
depth at Bothkennar using the two sets of CPTu data.
These show good agreement with the summary ¢' =
34° from the laboratory triaxial data, with slightly
conservative evaluations by the CPTu approach.
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Figure 9. Plot of excess porewater pressure vs. net cone re-
sistance from Bothkennar CPTu data.
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4 UNDRAINED STRENGTH PARAMETERS
FROM PIEZOCONE

Undrained shear strength (su) is a total stress parame-
ter measured at constant volume. The mode of shear-
ing affects the magnitude of undrained shear strength
in soft to firm clays. For instance, the Bothkennar
clay has a family of su profiles that have been ob-
tained from a variety of different lab and field tests.
Figure 13 shows a relative sampling that indicate the
hierarchy of su from highest to lowest: field vane tests
(FVT), triaxial compression (TC), simple shear (SS),
and triaxial extension (TE).
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Figure 13. Family of s, profiles for Bothkennar soft clay (data
from Hight et al. 2003).

4.1 Undrained shear strength from piezocone

For CPT results, the undrained shear strength (su) is
most often interpreted in terms of the net cone tip re-
sistance. If the triaxial compression mode is taken as
the relevant type of undrained shear strength (suc),
then:

q}’l@l

th

(16)

Suc

where Nkt = bearing factor for net tip resistance.

For CPTu in soft to firm clays, Lunne et al. (2005)
recommend a value Nkt = 12 for suwe. A study of pie-
zocone data on 3 onshore and 11 offshore clays by
Low et al. (2010) found the range: 8.6 < Nkt < 15.3,
with a mean value of Nkt = 11.9 for triaxial compres-
sion mode. Similarly, a larger study of 51 soft to firm
intact clays found a mean value of Nkt = 11.8 for suc
corresponding to the CAUC triaxial mode (Mayne et
al. 2015).

For other shearing modes, other operational values
of Nkt must be used. For instance, Low et al. (2010)
found a mean Nkt = 13.6 for the lab average strength
(suave) from triaxial compression, simple shear, and
triaxial extension (range: 10.6 < Nkt < 17.4), which is
close to a simple shear mode (suss). For calibration
with the field vane (suw), they determined Nkt averages
13.3 with a range: 10.8 <Nkt < 19.9.



Similarly, the undrained shear strength can be ex-
pressed in terms of the excess porewater pressures
during penetration (Au = u2 - uo):

Au
N Au

(17)

SMC‘

where Nau = bearing factor for excess porewater pres-
sures. For the triaxial compression mode, Lunne
(2010) recommends a value of Nau = 6 for prelimi-
nary work or initial estimates until calibrated with la-
boratory tests on undisturbed samples. From their
study, Low et al. (2010) indicate a mean value of Nau
= 5.88, while the study by Mayne, Peuchen, &
Baltoukas (2015) found a representative Nau = 6.5.

4.2 Spherical cavity expansion

For undrained shear, the spherical cavity expansion
(SCE) solutions formulated by Vesic (1972, 1977) are
interesting because they relate su to both gnet and ex-
cess porewater pressures (Au):

Nie = 4/3 - [In(Ir) + 1] +n/2 + 1 (18)

Nau = 4/3 - In(Ir) (19)

where Ir = G/su = rigidity index and G = shear mod-
ulus. The rigidity index can also be considered as the
reciprocal of a reference shear strain (yrer), thus Ir =
1/yrer. Adopting a characteristic shear strain at peak
strength or failure of 1%, or yrer = 0.01, corresponds
to an assumed default value of Ir = 100.

In truth, the shoulder position of excess porewater
pressure measurements by piezocone (Auz) is com-
prised of two components: octahedral and shear-in-
duced. For young to aged normally-consolidated
clays with OCRs < 2, the shear induced portion is ra-
ther small compared to the octahedral portion (Baligh
1980; Burns & Mayne 2002). Therefore, as a first ap-
proximation to Au in clays, SCE provides the octahe-
dral component alone.

Since the undrained strength is given by:

Au
N,

qﬂ@f

N, (20)

uc
u

It is noted that the parameter Bq interrelates the two
bearing factors (Lunne 2010):
Nau = Bg - Nk (21)

Therefore, spherical cavity expansion allows for a di-
rect interrelationship between Auz and gnet expressed
simply as a function of rigidity index, as shown in
Figure 14. In support of this notion, piezocone data
from 34 soft-firm clay sites (Mayne & Peuchen 2012)

are shown to validate the SCE relationships and the
operational values of rigidity index are seen to fall
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within the range: 10 < Ir < 1000. The data are sepa-
rated into two groups comprised of 19 offshore clays
and 15 onshore clay deposits.

Soft to Firm Clays

s

Spherical Cavity
Expansion (SCE)

1000 -

100 -

Excess Porewater Pressure, Au, (KPa)

-+ |r = 1000
10 = .' ¥
¥ —Ir =100
-—-Ir=10
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Net Cone Resistance, (q9,-0,,) (kPa)

Figure 14. SCE relationship between Au, and qne With piezo-
cone data from 15 onshore clays (yellow dots) and 19 offshore
clays (blue dots).

Combining equations (18), (19), and (21), we find
that rigidity index is simply a function of the porewa-
ter pressure parameter Bq:

( 2.93-B, ]
exp| ——
1-B,
For the data ranges shown in Figure 14, the opera-
tional range of Bq = Au/gnet varies from 0.45 to 0.75
with a central value of Bq of around 0.60. Statistical

regression analyses on the onshore and offshore data
gave mean Bq values of 0.62 and 0.69, respectively.

(22)

Iy

4.3 SCE evaluated su from CPTu

Substituting the SCE backfigured Ir back into the ex-
pressions for bearing factor terms, we obtain the fol-
lowing:

3.90
N, = = 23
« =g (23)
Au = 390 (24)
(1/B,)-1



The SCE relationships between the bearing factors
Nkt and Nau with Bq are shown in Figure 15. Super-
imposed over these lines are the backfigured values
from the study reported by Mayne, et al. (2015), with
considerable scatter evident in the data.
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Figure 15. SCE relationships between cone bearing factors Ny
and Na, with porewater parameter By. Data from piezocone tests
and CAUC triaxial compression mode, Syc.

In this endeavor, constant values of the bearing
factors for any given clay are found using the average
Bgave from the Au vs. gnet plot. The SCE expressions
can then be stated:

Spe = 3qn_9€t0.(1_BqAVE) (25)
Au
Suc = ﬁ ’ [(I/BqAVE) - 1] (26)

The application of the mean Bqave = 0.65 from the
2005 CPTu series of data for Bothkennar clay is used
to provide assessments of suc profiles at the site based
from both gret and Au, as shown in Figure 16. These
are seen to be comparable, perhaps slightly high,
when compared to the laboratory series of CAUC tri-
axial data from the site.

An alternative to the above approach is to utilize
the specific Bq value at each elevation to drive the
SCE solutions for the Nkt and Nau factors, thus both
variables with depth. In this case, both the gnet and
Au readings give the same exact profile of suc. In fact,
the direct solution for sy is given simply as:

qt - u2 - O-vo'
_“vo_ 27
3.90 @7

SMC
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Using this approach, the derived profiles of suc for
both the 1992 and 2005 soundings are shown in Fig-
ure 17. The 1992 sounding was digitized in more de-
tail at approximate 0.1-m intervals, while the 2005
sounding was digitized at coarser 1-m intervals as a
check to verify the quality of the earlier CPTu data.
Thus, while this approach also gives relatively rea-
sonable agreement with both the lab triaxial compres-
sion results and field vane data, the resulting profiles
shows more variability and skittishness at any given
elevation, specifically the finer data from 1992 vin-
tage.
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Figure 16. Profiles of s, at Bothkennar using SCE solutions for
gnet and Au with the average value of By.
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Figure 17. Profiles of undrained shear strength at Bothkennar
using continuous By data.



4.4. Strength from effective cone resistance

Another option for assessing su in clays is via the ef-
fective cone resistance (Lunne et al. 1997):

—Uu
s — qz 2
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u N, (28)

where Nke is a bearing factor averaging about 8.0 in
soft-firm clays (Mayne et al. 2015). Yet in consider-
ation of SCE theory alone per equation (27), this re-
lationship cannot be expressed in this form.

In the case of a hybrid SCE model with critical state
soil mechanics (CSSM), however, it can be expressed
in terms of effective cone resistance where the bear-
ing term for CIUC triaxial is found as (Chen & Mayne
1993):

Nke =2/Mc + 3.90 (29)
where M. = g-p' frictional parameter for triaxial com-
pression as shown in Figure 11.

5 EFFECTIVE STRESS STRENGTH PARAME-
TERS OF CLAY FROM DMT

5.1 Equivalent porewater pressures from DMT

The contact pressures (po) from DMT readings in
clays appear to be dominated by the porewater pres-
sures induced during blade insertion (Mayne 2006).
For soft to firm intact clays, the assertion can be made
that:

Au = po-uo (30)
which allows for the net contact pressure to be ex-
pressed in terms of SCE:

po - uo - 4/3 - su - In(Ir) 31)

5.2 Cavity expansion link for DMT

Spherical cavity expansion also expresses the magni-
tude of change in horizontal stress for probes pushed
into clay:

Ach =4/3-su(Inlr + 1) (32)
As a first approximation, the net expansion pressure
from the flat dilatometer can be considered as a meas-
ure of this horizontal stress change:
AGh =p1-uo (33)
From (16) and (18), the net cone resistance is ex-
pressed directly from SCE as:

quet = 4/3-sw(Inlr + 1) + /2 + 1 (34)
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and by combining equations (31) through (34), an
equivalent net cone resistance can be found in terms

of the dilatometer pressures:

Qnet = 2.93-p1-1.93-po - uo (35)
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Figure 18. Measured CPTu Au, versus DMT-equivalent excess
porewater pressure: Au = po - Uo.

5.3 CPTu-DMT database in clays

An in-situ database of 12 clays that were subjected to
both piezocone and flat dilatometer tests was com-
piled to validate the CPTu-DMT interrelationships.
Figure 18 shows the measured excess porewater pres-
sures (Auz) from piezocone tests vs. the equivalent Au
calculated from flat plate dilatometer tests according
to equation (31). These are seen to be quite compa-
rable and the results are consistent with the earlier ob-
servations by Mayne & Bachus (1989) for a variety
of clays.

Similarly, Figure 19 shows the net cone resistance
(qnet = qt - Ovo) from CPTu soundings at the same el-
evations in the same clays are plotted vs. the equiva-
lent gnet obtained from DMT readings per equation
(35). Again, the results are comparable.



5.4 Equivalent NTH method for DMT

These findings allow for the application of the NTH
undrained limit plasticity solution to flat dilatometer
tests in clays in assessing the effective stress friction
angle (¢"). In particular, the tentative use would be re-
stricted to soft-firm NC-LOC clays where ¢'=0is a
common assumption. As noted previously for the
CPTu, two options are available for obtaining ¢' using
the NTH solution: (1) individual plots of gnetomr Vs.
Gvo' to obtain Nm and Aupwmr vs. gnetomT to obtain
Bgomt; and (2) approximate ¢' expression using
equivalent Qomt and Bqpmt which are given by:

_293-p,-1.93-p, —u,

Opur = , (36)
O-VO
B, = Bo — % (37)
293-p,-193-p, —u,
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Figure 19. Measured CPTu gt versus DMT-equivalent net cone
resistance: Qnet.

5.5 Application to Bothkennar DMT data

The results of a representative DMT sounding at the
Bothkennar soft clay site are reported by Hight et al.
(2003) and shown in Figure 20 with the associated
DMT material index (Ip) profile. The po and p: read-
ings are seen to increase approximately linearly with
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depth with the contact pressures ranging from 137 to
500 kPa and the expansion pressures varying from
175 to 600 kPa in the depth range from 2 m to 16 m.
Groundwater is approximately 1 m deep.
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Figure 20. Representative DMT sounding at Bothkennar clay
site (data from Hight et al. 2003).

The post-processing of equivalent Au vs qnet is pre-
sented in Figure 21, giving an equivalent Bqpmr =
0.54. Similarly, the plotting of equivalent gnetomt VS.
effective overburden stress in Figure 22 gives a slope
where Nm = Q = 5.64. Using either Figure 8 or equa-
tion (14) with these values gives an operational fric-
tion angle ¢' = 32.6°. Referring once more to Figure
11 that hosts the effective stress strength envelope for
undrained and drained triaxial compression and ex-
tension test results on Bothkennar clay (Allman & At-
kinson 1992), the characteristic ¢' = 34° from the la-
boratory series is seen to be in general agreement with
the in-situ evaluations.

Alternatively, the approximate NTH solution using
derived profiles of Qomr and Bqpomt per equations
(34) and (35) are presented in Figure 23a. These can
be processed at all elevations using equation (15) to
produce a profile of ¢' with depth, indicating a range
32° < ¢' <35° in the depth range of 4 to 16 m.
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Figure 21. Post-processing DMT data to obtain equivalent B
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Of additional note, the equivalent profiles of qnetomT
and Aupmt can be used with the classical Nkt = 12 and
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Nau = 6 approach given by equations (16) and (17) to
evaluate the undrained shear strengths, as presented
in Figure 23b. These are seen to be somewhat compa-
rable with lab TC tests on undisturbed samples for
depths < 12 m but do appear to overpredict suc at
greater depths.

6 EFFECTIVE STRESS COHESION INTERCEPT
6.1 NTH Solution for c'

The NTH solution can also provide an evaluation of
both Mohr-Coulomb parameters: c¢' and ¢'. In the
general case, the cone resistance number given by
equation (12) is expressed:

3 tan” (45° +1¢")-exp[(m-2p) -tang'] -1
" 1+6-tang"(1+tang')- B,
When plotting gnet Vs. Gvo' to obtain the slope Nm, a
negative intercept on the ovo' axis is the value of at-
traction a' = c'-cot¢'. An approximate inversion of (38)

to give ¢' directly from Nm, 3, and Bq can be formu-
lated as:

N

(3%)

¢' =30°-10%0035B.B,0121.[0.256+0.336:Bq+logNm] (39)

which is valid for the following parametric ranges:
20° < ¢' <40°, -30° < B <+20° and 0.1 <Bq< 1.0.
The evaluation of ¢' from CPTu data in clays is best
illustrated by an example, as provided subsequently.

6.2 Effective cohesion intercept of Bothkennar clay

The critical state line (CSL) for Bothkennar clay was
shown in Figure 11 as adequately represented by ¢' =
34° and c' = 0. These values correspond to triaxial
tests performed on reconstituted specimens of the
clay, as well as to triaxial compression tests on undis-
turbed clay when evaluated at qmax. For a failure en-
velope taken at larger strains, or for overconsolidated
states, it is possible to assign an apparent cohesion in-
tercept value.

Post-processing the two sets of CPTu results from
Bothkennar (1992 series and 2005 series) are shown
in Figure 24, in this case allowing a general linear ex-
pression with both slope (m) and intercept (b). This
is in contrast to the same data presented earlier in Fig-
ure 10 where the linear trend was forced through the
origin. The slope of gnet versus cvo' plotting averages
Nm = 4.68. The ratio of the slope (m) to the ordinate
axis intercept (b) gives the attraction (a') which is the
negative intercept on the abscissa axis: a' = m/b. For
Bothkennar, the average a' = 10.3 kPa. The corre-
sponding Bq parameter remains unchanged, as per
Figure 9, and averages Bq = 0.64. Adopting 3 = 0°,
the inverted NTH solution gives the following Mohr-



Coulomb effective stress strength parameters: ¢' =
31.7° and ¢' = 6.4 kPa.
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Figure 24. Evaluation of N, and attraction a' in Bothkennar clay
(alternate CPTu post-processing to that in Figure 10).
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Figure 25. Triaxial stress paths for undisturbed Bothkennar clay
(data from Hight et al. 1992) and superimposed ¢'-¢' derived pa-
rameters from NTH CPTu analyses.

These c'-¢' parameters are compared to CAUC tri-
axial tests on undisturbed specimens of Bothkennar
clay in Figure 25. The CAUC tests include three sep-
arate series from high-quality sampling at the national
test site using Laval, piston, and Sherbrooke type
samplers (Hight et al. 1992). The CSL frictional char-
acteristics represented by ¢' = 0 and ¢' = 34° are
shown for reference (Allman & Atkinson 1992). On
the t-s' plot, these correspond to a slope angle o =
29.2° and intercept a* = c¢"-cos¢' = 0. Superimposed
over the individual stress paths are the NTH CPTu-
derived parameters ((I)' 31.7° and ¢'= 6.4 kPa). Here,
the corresponding t-s' parameters are given as: angle
o =27.7° and intercept a* = c"cos¢' = 5.4 kPa. Over-
all, the agreement between the Mohr-Coulomb enve-
lope and laboratory triaxial data is reasonable.
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6.3 Alternative relationships for c'

Notably, c¢' = 0 is a common assumption for soft to
firm clays with OCRs < 2. Nevertheless, some stabil-
ity analyses involving natural slopes, excavations,
and soil nail walls require an assessment of ¢' for limit
equilibrium and/or finite element studies. Also, over-
consolidated soils may show an apparent cohesion in-
tercept and friction angle.

Guidance on the selection and magnitude of ¢' can
be found in a few other sources. Mayne & Stewart
(1988) review data from CIUC and CAUC triaxial
data on 16 different NC to OC clays and conclude that
the effective cohesion intercept relates to the effective
preconsolidation stress, expressed as the ratio c'/op":

0.03 < c'/op' < 0.06 (40)
Mesri & Abdel-Ghaffar (1993) review 60 slope fail-
ures in clays and backfigure strength parameters from
stability analyses finding that:

0.003 < c'/op' < 0.11 (41)
Sorensen & Okkel (2013) report that a common
guideline in Scandinavia is that:

=~ 0.1 su (42)
A simplified approach to undrained strength assess-
ment for embankment stability analyses on soft clays
is well documented (Jamiolkowski et al. 1985) and
more recently confirmed for offshore applications
(DeGroot et al. 2011):

DSS: su=0.23 &' (43a)

TC: su=0.29 o' (43b)
Thus combining (42) with (43b) indicates:

¢ = 0.03 6y (44)

which is consistent with the aforementioned triaxial
trends given by equation (40) and backfigured slope
stability strength parameters given by (41).

In fact, for uncemented clays and silts, especially
those that are NC-LOC, the effective cohesion inter-
cept (c') is a pseudo-parameter as it appears to be an
extrapolated value from the yield surface when force-
fitting a linear expression for strength (i.e., Mohr-
Coulomb envelope: Tmax = ¢' + c"tan¢'). A general-
ized yield surface is shown in Figure 26 in terms of
Cambridge g-p' space with the CSL. That portion of
the curved yield surface that extends above the CSL
in the OC region can be extended back to an intercept
on the ordinate axis, giving an apparent effective in-
tercept: qc' = 2c"cotd"-Me.



For the Bothkennar clay, Hight et al. (2003) present
the results of the interpreted yield surface from stress
path testing, as shown on Figure 27. Here, the axes
are normalized to the corresponding preconsolidation
stress (op') to account for the various sampling depths
and the fact that o' generally increases with depth.
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Figure 26. Generalized yield surface in g-p' space with projec-
tion giving an apparent effective cohesion intercept.
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Figure 27. Yield surface for Bothkennar clay in t-s' space.

Thus, one outstanding question relates to the applica-
ble value of o' for normalization of the derived c'
from the NTH solution on CPTu and/or DMT sound-
ings, since the analysis of data is performed over the
entire depth of the sounding. One possibility is to use
the value of Gy’ at an effective stress equal to one at-
mosphere: Gvo' = Gatm, While another might consider
use of the overconsolidation difference: OCD = (cp' -
Gvo')/cam. However, the OCD really pertains to soils
that are mechanically prestressed, such as removal of
overburden by erosion, glaciation, or excavation
(Locat et al. 2003). For some NC-LOC clays, there
has been erosion but perhaps most of the observed
preconsolidation has been due to other mechanisms
such as secondary compression and ageing, ground-
water fluctuations, diagenesis, and/or other factors.
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7 STRESS HISTORY

In-situ tests are often used to give an initial first look
at the stress history of clay deposits, as well as to sup-
plement the more definitive results of one-dimen-
sional consolidation tests on high-quality specimens.
The CPT and DMT are particularly advantageous in
this regard because they collect data at frequent depth
intervals of 20 and 200 mm, respectively, whereas
other tests (e.g., VST, PMT) provide readings on the
order of 1 to 1.5 m intervals.

The CPT and DMT data in clays can be interpreted
using empirical methods (e.g., Larsson & Ahnberg
2005), analytical approaches (e.g., Konrad & Law
1987; Mayne 2001, 2007), and/or numerical solutions
(Yu & Mitchell 1998; Finno 1993). Herein, the sim-
ple SCE solutions will be applied to soft to firm NC-
LOC clays.

7.1 SCE solution for OCR from CPTu

Critical state soil mechanics (CSSM) provides a link
between undrained shear strength and stress history
in terms of overconsolidation ratio: OCR = &p'/ovo),
where op' = preconsolidation stress or effective yield
stress. For the case of triaxial shearing of isotropi-
cally consolidated specimens (CIUC):

M, (OCRJA ,
SMC = GV()
2 2

where A =1 - Cs/C. = plastic volumetric strain ratio,
Cs = swelling index, and Cc = virgin compression in-
dex. For most clays and silts, the value of A is about
0.8 to 0.9 (Jamiolkowski et al. 1985; Larson &
Ahnberg 2005). Combining (16), (18) and (45) yields
an expression for OCR in terms of normalized cone
resistance: Q = gnet/c'vo (Mayne 1991):

1/A

} (46)

Similarly, an expression can be found in terms of nor-
malized excess porewater pressure:

:|1/A

As a first approximation, the power law formats can
be removed by assuming that A = 1. Then, the ex-
pression in (46) can be reduced to provide a direct

(45)

0
M- 35- (A Ind )+ 7+ 1o}

OCR:2-[

Auloc,)

T e (47)
%M, -Inl,

OCR:2-{



evaluation of the preconsolidation stress in terms of
net cone resistance:

\l qnel
o '~
M, -1+ ¥%Inl,)

(48)
Similarly, equation (47) is reduced to relate the yield
stress in terms of excess porewater pressure:

A
T — (49)
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Figure 28. SCE-CPTu estimated and laboratory measured pro-
files of o' at Bothkennar soft clay site.

7.2 Application of SCE-CPTu-OCR to Bothkennar

The SCE solutions for stress history evaluation can be
applied to the Bothkennar CPTu data. All parameters
are found from the post-processing of the sounding
results. The value of M = 1.37 is found from the CSL
¢' = 34° using the NTH effective penetration theory,
as detailed earlier in Section 3.2. An operational value
of rigidity index (Ir) is determined from the average
Bgq using equation (22). The overall Bq = 0.619 pro-
vides Ir = 116 for the CPTu reported by Nash et al.
(1992a).

Consequently, for the Bothkennar clay, the SCE
expressions become simply: 6p' = 0.28 gnet and op' =
0.46 Auz. In Figure 28, these two CPT profiles are
compared with three series of consolidation tests
available from an extensive laboratory testing pro-
gram conducted for the site (Nash et al. 1992b). One-
dimensional consolidation tests included: (a) incre-
mental-load type by Bristol University; (b) constant-
rate-of-strain (CRS) types by Bristol Polytechnic; and
(c) restricted flow (RF) tests at Oxford University. It

33

can be seen that the piezocone profiles derived from
gnet and Au readings give very good agreement with
the laboratory reference values.

7.3 SCE solution for OCR from DMT

Using the SCE link established in Section 5, a com-
panion set of analytical solutions can be established
for the flat dilatometer test in clays. For the net re-
sistance relationships given by (46) and (48), the
equivalent simplified expression for the DMT be-
comes:

o'~ 293p, -1.93p, —u,
’ M, -(1+ )%Inly)

(50)

For the second case where po = uz, then equations (47)
and (49) provide the relationship:
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Figure 29. SCE-DMT estimated and laboratory measured pro-
files of o' at Bothkennar soft clay site.

7.4 Application of SCE-DMT-OCR to Bothkennar

The SCE solutions for stress history from DMT read-
ings can be applied to the Bothkennar data set. Again,
the Mc = 1.37 is found from the CSL ¢' = 34° charac-
teristic value. The post-processing of the Aupmr vs.
gnetomt in Figure 21 gives an equivalent Bgpmr = 0.54.
From equation (22), the backfigured Ir = 31 which
seems a bit lower than the CPTu-estimated value of
116. Luckily, the results are not highly sensitive the
value of Ir.



A comparison of the two DMT profiles for op' are
presented with the three series of laboratory con-
solidometer tests in Figure 29. It is evident that the
DMT estimates are on the high side of the results, per-
haps because of the underestimation of the opera-
tional Ir value. Also shown for comparison is the con-
ventional interpretation of OCR from the Kb
parameter given by Marchetti (1980). This too
matches toward the high side when compared with
the lab benchmark values.

8 CALIBRATION OF NTH METHOD FOR CPTU

8.1 Effective friction angles of clays

A good number of natural clays have effective stress
friction angles that are around 30°, as measured by
triaxial compression tests. A review of effective fric-
tional envelopes and yield surfaces of 50 worldwide
deposits by Diaz-Rodriguez, et al. (1992) showed the
full range: 17.5° < ¢' <43° for natural clays. A recent
statistical review of measured ¢' from 453 different
clays (Mayne 2012, 2013) found that the mean and
standard deviations averages ¢' = 28.61° £ 5.05°
when determined using triaxial compression tests
(CAUC and CIUC).

For several natural Norwegian clays, Sandven
(1990) calibrated the NTH CPTu solution with effec-
tive friction angles measured by triaxial compression
tests on undisturbed samples, with values of ¢' in the
general ranges as noted above.

8.2. Clay chamber tests

A study of data from mini-piezocone penetrome-
ters in calibration chamber tests found that the NTH
gave good predictions for prepared deposits of clays,
mostly having used kaolin and/or kaolinite-sand mix-
tures in the testing programs (Ouyang et al. 2016).
Chamber test results from mini-CPTu series per-
formed at one research group (Swedish Geotechnical
Institute) and 8 universities were compiled for review
(Cornell, Cambridge, LSU, Purdue, Oxford, Shef-
field, Sangmyung, University of Western Australia).
An interesting aspect of kaolinitic clays is that the
clay mineral has a rather low friction angle (20° < ¢'
< 23°), whereas when mixed with sands and/or fine
silica, a higher frictional characteristic is observed:
30° < ¢' < 33°, similar to natural clays, as discussed
by Rossato et al. (1992).

A comparison of triaxial-measured versus CPTu-
calculated ¢' using the NTH solution is presented in
Figure 30. Kaolinite and kaolin-mixtures predomi-
nate here and are shown by circles. Results from
Bothkennar clay (Section 3.2), are also shown, albeit
its mineralogy is primarily illite with additional con-
stituents of quartz, feldspar, mica, chlorite, and kao-
linite. Overall, very good agreement is noted for this
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dataset. Note also that an improved estimate (close to
1:1 line) is made if the assumed 3 = - 5°.
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Figure 30. Calibration of NTH CPTu solution using data from
clay calibration chamber tests (data from Ouyang et al. 2016).

9 DRAINAGE CONSIDERATIONS
9.1 Drained versus undrained

The concepts of drained vs. undrained behavior have
been clarified through the framework of critical state
soil mechanics and indicate that an infinite number of
stress paths may lie in between these two extreme
condidtions (Schofield & Wroth, 1968; Wood 1990;
Mayne et al. 2009; Holtz et al. 2011). These notions
have recently been examined experimentally by the
introduction of in-situ twitch testing, whereby the rate
of the test is varied to assess drainage characteristics
and/or strain rate effects (Randolph 2004). Twitch
testing has been accomplished using CPT and CPTu,
T-bar, ball penetrometers, and vanes.

9.2 Centrifuge CPT twitch tests in kaolin

A series of CPTu twitch tests in centrifuge deposits
of normally-consolidated kaolin clay are reported by
Schneider et al. (2007). A mini-piezocone of diame-
ter d = 10 mm was used in tests at accelerations of
160 g. The CPT velocity (v) was varied from 3 mm/s



to 0.0004 mm/s and the recorded responses in meas-
ured q: and u2 were used to prepare Figures 31 and 32.
A normalized velocity is defined as:

V = v-d/ey (52)
where v = probe velocity, d = probe diameter, and cv
= coefficient of consolidation. For the NC kaolin, the
reported values: 0.060 < ¢y < 0.076 mm?/s.

DeJong et al. (2013) have reported that essentially
undrained behavior occurs when V > 30, while
drained behavior with low porewater pressure re-
sponse (Bq < 0.1) is observed when V < 0.3. These
thresholds generally appear valid for the kaolin CPTu
tests shown, albeit perhaps a slightly higher V limit
for the undrained domain. The intermediate values of
V correspond to partially drained or partly undrained
conditions.

The changes in cone tip resistance with penetration
rate can be represented in terms of normalized cone
resistance (Q) and an algorithm suggested by DeJong
et al. (2013):

~ 1+ [(erained 10,,)— 1]

Q9
Q. L+ (V/Vg)

(53)

where Q = gnet/0"vo, Qdrained 1S the normalized cone re-
sistance for fully drained penetration (i.e., when Bq =
0), Qrer = reference value of normalized cone re-
sistance, often taken at undrained conditions,
Qundrained Which normally occurs at maximum Baq.
The value of normalized velocity when excess
porewater pressures are half their maximum values is
designated as a reference value, Vso. Finally, the ex-
ponent c is a fitting parameter.

Following a similar representation for Auz, a mod-
ified version of the algorithm for normalized porewa-
ter pressures given by DeJong et al. (2013) can be ex-
pressed by:

B 1+(V V)"

q-ref

(54)

The fitting parameters for the centrifuge CPTs in ka-
olin shown as red dashed lines in Figures 31 and 32
arc: erained = 7, Qref: Qundrained = 32, Vso = 6, Cc= 1,
and Bq-ret= 0.55.
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velocity in kaolin (data from Schneider et al. 2007)

1.0 7

09 fully :__partially fully
- i drained : drained undrained
g 0.8 { «——>:« Pl H—>
© 07 3 :
. ]
. 06 1 %
o) ] =
:(: 0.5 3 ,,'&' -
-] 3 ‘I
3 04 E 7
" 0.3 § H,’

0.1 E ’,"

0.0 F—rrlIst= Trrr—r—rrrrm—r—rrrrre—r—rrrm

0.01 0.1 1 10 100 1000

Normalized Velocity, V = v-d/c,

Figure 32. Centrifuge CPT porewater pressure response versus
normalized velocity in kaolin (data from Schneider et al. 2007)

9.3 Soil behavioral charts in Q-By space

As indicated earlier in Sections 2.1 and 2.2, results
from piezocone tests can be plotted in Q-Bq space to
ascertain soil behavioral type (SBT). As noted by
Schneider (2009) and DeJong et al. (2013), these em-
pirical charts are based on CPT data taken at the
standard rate of 20 mm/s. Changes in CPT results due
to rate effects will not be recognized by these SBT
charts. Thus, the only valid points from the centrifuge
tests for soil identification are the paired Q and Bg
values from the undrained range, as shown in Figure
33. As the rate is decreased, the data appear to shift
up and to the left into the silt mixture zone.
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9.4 NTH solution presented in Q-B space

For the case where c¢' = 0, the NTH solution is simply
expressed in terms of normalized cone resistance and
porewater pressure parameter. Thus, an alternate
means of presenting the NTH solution of Figure 8 is
in the format of the soil behavioral chart of Q versus
Bq, as suggested by Ouyang et al. (2016) and illus-
trated in Figure 34.

The twitch test data from the CPT centrifuge ex-
periments in kaolin are also shown and interestingly
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they more or less follow the same trends as the indi-
vidual lines for specific ¢' values. Since effective
stress friction angle is a soil property, this should log-
ically be expected with the same ¢' realized in both
the undrained and drained regions, as well as for in-
termediate partially drained cases.

The specific kaolin used in the centrifuge CPTu
twitch testing program has an apparent effective
stress friction angle ¢' = 28°, as determined from the
1-0v' plots from undrained simple shear tests reported
by Schneider (2009). For the undrained Q and Bq val-
ues, this gives rather good agreement, as evident in
Figure 34. Then, as the CPTu penetration rates are de-
creased, the resulting increase in Q and corresponding
decrease in Bq show an apparent reduction in friction
angle towards a value ¢' = 23°. This value is more in
line with the well-known values for kaolinite and
mineral version of kaolin, as discussed by Rossato et
al. (1992) and Section 8.2.

The reasons behind this trend are not clearly under-
stood at this time, but perhaps relate to a change in
the angle of plasticification () as the relative size of
the failure region around the cone tip morphs from
undrained to partially drained to drained conditions.
Certainly additional research is needed to clarify this
issue.

10 DISCUSSION

Several alternate theoretical solutions to represent
cone penetration in clays have been documented
(Konrad & Law 1987; Yu & Mitchell 1998; Low
2009). The choice of the Vesi¢ (1977) cavity expan-
sion solution was selected herein because a cone bear-
ing factor Nkt = 12 £ 1 associates with characteristic
values of the porewater pressure parameter in soft
clays: Bq= 0.6 £ 0.1. Other solutions may prove more
compatible in matching with available data in future
studies (e.g., Lu et al. 2004; Low 2009; Schneider et
al. 2012). Certainly, more complex algorithms are
necessary to represent the porewater pressure re-
sponse of sensitive clays (Bq > 0.8) and overconsoli-
dated clays (Bq < 0.4), as well as fissured fine-grained
geomaterials (Bq < 0). For instance, one approach is a
hybrid SCE-CSSM approach (Burns & Mayne 2002).

With regard to undrained effective stress penetra-
tion, the NTH solution appears to be a unique analyt-
ical approach for CPTu in clays for assessing ¢'. An
empirical approach has been proposed by Keaveny &
Mitchell (1986), however received less attention.

Finally, it is perhaps necessary to utilize numerical
finite element or finite difference schemes (e.g., Abu-
Farsakh et al. 2003) in a means to advance CPTu in-
terpretations forward in an effective stress framework
in order to detail a universal approach for evaluating
¢' in overconsolidated clays, as well as the full range
of soil materials encountered in geotechnics. These



numerical solutions should be well calibrated with
extensive series of penetration tests at various rates
and include dissipatory porewater pressure versus
time measurements for a comprehensive set of data,
e.g. CPTu and piezoball data reported by
Mahmoodzadeh and Randolph (2014).

11 CONCLUSIONS

Results from in-situ piezocone (CPTu) and flat dila-
tometer tests (DMT) in clays have traditionally been
utilized for assessing total strength parameters,
namely the undrained shear strength (su), often em-
ployed in limit equilibrium analyses and closed-form
plasticity solutions for bearing capacity. Yet, modern
geotechnical capabilities include finite element and
finite difference modeling that require effective stress
parameters (c' and ¢'), thus giving the ability to pre-
dict field induced porewater pressure responses dur-
ing construction.

As a consequence, it is of interest to review an ex-
isting NTH undrained effective stress limit plasticity
solution for CPTu penetration in clays. This offers a
means for evaluating ¢' in soft clays (c' = 0), or alter-
natively a paired set of ¢' and ¢' strength parameters.
The NTH solution is extended to the DMT domain
via links established from spherical cavity expansion
(SCE) theory. Furthermore, interpretative procedures
for clay stress history from CPTu readings can also
be applied to DMT soundings. Laboratory and in-situ
test results from the Bothkennar soft clay test site in
the UK and data from other testing programs on clays
are employed to illustrate the methodologies.
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Characterizing mine tailings for geotechnical design

K. Been

Golder Associates, Canada

ABSTRACT: Mine tailings are ground up rock and generally consist of sand and silt size particles, without clay
minerals. Tailings “storage” (actually disposal) facilities are some of the largest constructed works, with seismic
design an integral component. High value mines are frequently in earthquake prone areas and tailings liquefac-
tion is an ever-present concern. A screening level liquefaction assessment based on the CPTu is a needed first
step, but cannot be accurate because the fines content of tailings can be high, and engineering behaviour is only
loosely related to fines content. An engineering mechanics based procedure is laid out in this paper which is
applicable regardless of the fines content. It is anchored to the eighty year old principles of critical state soil
mechanics originated by the Corp of Engineers. The state parameter provides the practical engineer an entry to
this framework, as well as insight into a simple stability principle that sets the strategy for a tailings character-
ization project aimed at the analyses that a tailings engineer needs. The approach requires systematic in situ and
laboratory testing to determine the soil mechanics properties of the tailings.

1 INTRODUCTION Characterization is influenced by “what has failed
and why”, as there are no industry-standard or inter-
Characterization of mine tailings is a difficult and un-  nationally-recognized codes of practice for tailings

derestimated problem in geotechnical engineering  impoundment engineering. Earthquake resistant de-
(even neglecting geochemical aspects, with acid  sign, largely driven by the significance of damage in
drainage a pervasive and real issue). Much of the dif-  the Niigata and Lower San Fernando events, became
ficulty arises because tailings are ground up rock  a focus of what were the appropriate procedures after
waste from the mineral extraction process and gener- ~ 1965. But static failure has actually been one of the
ally consist of sand and silt size particles, without clay =~ most damaging failure modes for tailings facilities:
minerals although cohesion may be present. They of-  Aberfan (1968, UK), 144 dead from static liquefac-

ten fall into a “transitional material” category, some-  tion caused by rising ground water pressure;
where between idealized sand-like or clay-like behav-  Aznalcollar (1998, Spain), brittle foundation failure
iour (idealizations controlled by void ratio or over-  causing dam breach and wide-spread contamination

consolidation respectively). The pressure to minimize ~ downstream; Kingston fly ash (2008, USA), un-
costs of investigation without a coherent approach to  drained static failure of fine-grained fly ash, causing
evaluate transitional materials means that empirical significant environmental contamination; Mt Polley
methods derived from research work on sands or (2014, Canada), rapid foundation failure resulting in
clays is often applied inappropriately (or at least with  dam breach and one of the biggest environmental dis-
a significant uncertainty). asters in modern Canadian history; and, Fundao

Tailings deposits need to be characterized for (2015, Brazil) static liquefaction with at least 17 dead
many reasons: centerline or upstream dyke raisesmay ~ and estimated damages of billions of dollars
be built on recent tailings, sometimes facility expan-  (www.fundaoinvestigation.com). A guide to what
sion occurs over historical tailings deposits and there  needs considering is the ICOLD bulletin on dam fail-
is a need to confirm the design assumptions for new ures. This paper focuses on the subset of geotechnical

facilities. This latter requirement is particularly im-  considerations including both static and earthquake-
portant for thickened tailings where the final geome-  induced liquefaction.

try includes a slope of weak silts extending above the A good practice approach, based on engineering
crest of containment structures. mechanics, is laid out in this paper. This means meas-

uring the engineering parameters needed for de-
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sign/assessment: soil strength (drained and un-
drained), soil stiffness, and cyclic softening. Assump-
tions that engineering behaviour can be satisfactorily
related to fines content are avoided as tailings may
consist of 100% fines. Underlying the

Loose, contractive
(liquefaction likely)

Critical State Locus
(csL)

y=e-e
(negative)

Void ratio, e

Current void ratio of

the soil, e
Dense, dilatant

(liquefaction unlikely)

Mean effective stress, p'

Figure 1. Definition of state parameter

approach in this paper is generalized critical state soil
mechanics (CSSM), implemented through the state
parameter y (defined on Figure 1). In many ways, this
is the thread of characterizing soil behaviour that
started in 1935 with the world’s first liquefaction-re-
sistant dam (Franklin Falls, NH) and with contribu-
tions by various workers over the past 80 years now
making it the dominant framework for understanding
all soil stress-strain behaviour (drained or undrained,
and all stress paths). It is not difficult to use, as will
be shown in this paper.

2 PARTICULAR ASPECTS OF SILTS

Tailings start as a slurry of sand and silt particles,
which are discharged into an impoundment to sedi-
ment and accumulate — almost a perfect example of
‘normally consolidated’ geology. If simply spigoted,
the tailings hydraulically segregate. In any particular
tailings storage facility (TSF), you should anticipate
at least two material types with the sand fraction drop-
ping out quickly to form beaches or similar features
with sandy silts and pure silts (slimes) moving further
down the impoundment and usually accumulating un-
derwater. These silt-dominated soils comprise a large
portion of the impoundment, so tailings characteriza-
tion becomes “how do we determine silt behavior”?
A recent trend in the mining industry has been to
increase the slurry density (and recover more water)
before discharge, referred to as thickening. Thickened
tailings do not segregate, so in this instance the mate-
rial being dealt with is commonly a silt containing
around 10-15% sand size particles and the character-
ization question remains the same. Tailings silts are
also not that different from rock-flour derived natural
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silts found in western Canada. The same testing is-
sues arise.

Silts, whether tailings or natural rock flour soils,
can be sampled successfully using a thin-wall un-

0.9
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swaged Shelby tube, much like clays are sampled. Of-

ten, it is also possible to recover sandy silts using
Figure 2. Effect of post sampling process on void ratio of undis-
turbed silt samples

similar samplers. But, in either case, subsequent pro-
cesses, 1.6 sample transportation, extrusion, trim-
ming, and setting up in the laboratory apparatus (e.g.
reconsolidation to the in situ stress level in a triaxial
cell prior to loading), cause substantial densification
between the as recovered void ratio in the sample tube
and the as tested void ratio. The effect of these post-
sampling processes is illustrated on Figure 2 for a nat-
ural silt (from Vancouver Island, Canada) that was
sampled and handled with extreme care (Mohajeri &
Ghafghazi, 2012). A densification of about Ae = 0.15
was found, which is about a third of the void ratio
range between the loosest possible soil and the dens-
est possible soil (analogous to emax and emin, although
of course the ASTM procedure does not apply to silt-
dominated soils).

This densification means what is tested is much
stronger than what is in situ. For perspective, testing
of a natural silt using careful reconstitution found that
the number of cycles to liquefaction doubles for Ae =
0.05 densification. This densification of silts from in
situ to laboratory is a serious engineering challenge,
making it dangerous to use a clay-like approach
where laboratory strengths are taken at face value.
What to do ?

There are two alternative, and complementary, ap-
proaches to characterizing silts: a) measure strengths
in the laboratory and correct the results for the known
densification; and/or b) treat silts as sand-like, meas-
uring  in situ and using that to compute in situ
strengths from appropriate test results.

In either approach, how silt behaviour changes
with void ratio must be quantified and, today, that re-
quires critical state soil mechanics.



3 CRITICAL STATE SOIL MECHANICS

The critical void ratio was identified from the practi-
cal concern of avoiding static liquefaction failures of
hydraulic fill dams in the late 19™ and early 20" cen-
turies. “Critical” really meant what it said — it was the
criterion of a safe density in constructed engineering
work, with the practical concern to avoid sudden tran-
sitioning of drained construction with no excess pore
pressure, into an undrained liquefaction failure. The
critical void ratio developed from engineering by the
Corps of Engineers for Franklin Falls dam, with
Casagrande’s famous experiments at Harvard. This
was rapidly followed by Taylor at MIT (in connection
with the Fort Peck dam failure) who showed that the
critical void ratio depended on confining stress, or
what is today called the critical state line (CSL).

Theoretical soil mechanics has always sought to
explain observed soil behaviour in terms of simple
physical principles and corresponding mathematics.
Since particulate materials can exist over a range of
void ratios at any confining stress, depending on the
packing of the particles, the key challenge has always
been to understand (and quantify) how void ratio af-
fects soil strength and stiffness. The stress-strain be-
haviour of all engineering materials is dominated by
the theory of plasticity, and for various theoretical
reasons the CSL was adopted as a central idealization
in the Original Cam Clay and Modified Cam Clay
models. Seemingly because of the title of the
Schofield & Wroth (1968) book setting out these
ideas, critical state soil mechanics (CSSM) became
(erroneously) synonymous with Cam Clay.

Cam Clay is both simple and mathematically ele-
gant, theoretically quantifying how void ratio affects
soil stiffness and strength. Some (i.e. the British)
view these models as “the greatest 20™ century con-
tribution to soil mechanics”. Others view Cam Clay
(either variant) as excessively idealized and utterly
useless for real soils in engineering practice (delight-
fully summed up in the critigue of CSSM on Wikipe-
dia). The problem has become the linkage of Cam
Clay with CSSM because of the book’s title, with the
inadequacies of Cam Clay being used to throw out the
real engineering value of the thread that started with
the Corps of Engineers in 1935.

A key contribution in returning to the value of
CSSM was Been & Jefferies (1985). This was driven,
much like the original work at Franklin Falls, with
concerns about static liquefaction of hydraulically
placed sand. It was found that a large number of
drained strength tests on various sands, with fines
contents ranging from 0 to 18%, showed a simple and
systematic trend:

p=de—45y (M

where the coefficient 45 in (1) appeared constant
from one soil to another. An updated version of this
trend is shown on Figure 3.
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The trends in sand behaviour reported by Been &
Jefferies resurrected CSSM. The basic theoretical in-
sight that followed from Figure 3 was that yield sur-
faces (the limits of elastic behaviour) in general do
not lie on the CSL but rather evolve to the CSL with
shear strain. This insight produced two strands of
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constitutive models: those strictly following the
Drucker at al. (1957) framework (e.g. Jefferies, 1993)
and developments of bounding surface plasticity (e.g.
Manzari & Dafalias, 1997). These models are “good”
in the sense that they closely predict the effect of void
ratio and confining stress on soil behaviour and only
use a few (generally familiar) soil properties. There
are now about a dozen good models, and they extend
past their origins in triaxial p,q space to general stress
states and all loading paths. These models all have
common features:

1 a CSL (not necessarily the familiar semi-log ideal-
ization);

2 acritical friction ratio (or angle);

3 dilation and strength controlled by ;

4 plastic hardening that partially scales with the
slope of the CSL; and,

5 isotropic elasticity with stress-level dependence.

The models differ in rather small details, and it is
largely a matter of taste as to which is used. They all
give comparable stress-strain behaviour and show
how void ratio affects that behaviour. Figure 4 illus-
trates the match between one of these good models
(NorSand) and test data. An excellent fit to a spec-
trum of drained and undrained soil behaviour is ap-
parent. The test data shown is a construction sand
used in a large hydraulic fill that suddenly failed near
full-height (Nerlerk).

A recurrent critique of CSSM has been that the
CSL is not unique and changes with stress path to
reach CSL. This critique was thoroughly addressed
for laboratory tests on sands in Been et al. (1991)
while Jefferies & Shuttle (2005) showed that
NorSand, which has an explicit unique CSL, captured
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Figure 4. Match between CSSM model for sand (NorSand) and triaxial test data from Nerlerk hydraulic fill. Results are
compared at a range of  for drained (dense) and undrained (loose) specimens.

the range of soil behaviour used to assert non-unique-
ness.

Using CSSM in engineering practice is simple and
involves just three steps which are always part of the
geotechnical engineering process:

e determine the state of the soil (tailings) in situ;
e measure the engineering parameters as a func-
tion of state, and;
e carry out the appropriate analyses.
These steps are discussed shortly, but first we need to
return to 1935 and the concerns about hydraulic fill
construction to identify the key problem.

4 A BASIC STABILITY PRINCIPLE

A feature of staged construction of earthworks is that
it is done slowly to allow consolidation during fill
placement. This aspect is often formalized in up-
stream construction of tailings dams with piezometric
measurement to confirm drained or consolidated con-
ditions. Yet, these dams can fail suddenly and not
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only during construction. This was the concern of the
Corps of Engineers in 1935, and it is a concern that
ought to have applied at Fundao eighty years later.
What is the soil behaviour causing the rapid instabil-
ity and transition from drained to undrained behav-
iour?

Figure 5 shows some soil stress-strain curves and
the associated stress paths under constant horizontal
plane-strain compression. The data annotated as A is
a purely undrained test of loose soil, with the familiar
associated static liquefaction once the undrained-
strength is reached. The curve annotated as B com-
prises soil with the same y;, but now first loaded to
point B1 drained. The soil is then subject to change to
undrained loading, but this change is not dramatic as
the stress at the change to undrained loading is less
that its undrained strength (B2). The data shown as
‘C’ is a further progression of drained loading of soil
at the same y but now with the drained loading ex-
ceeding the undrained strength at B2 before switching
to undrained conditions. As can be seen on the figure,
instant brittle liquefaction develops despite there be-



ing zero excess pore pressure at the instant of lique-
faction. The reason for the instantaneous transition is
that the potential rate of excess pore pressure genera-
tion is infinite under load-controlled situations if the
current undrained strength of the soil is exceeded
even though the loading path to that limit is perfectly
drained. This undrained strength is called the “insta-
bility limit” in effective stress terms.

The path from point B1 to point B2 on Figure 5
corresponds to a rapid loading event, which could be
a quickly placed berm raise, an earthquake, or even
simply an increase in phreatic level within the tail-
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Figure 5: Transition from drained to undrained behaviour lead-
ing to potential rapid liquefaction after undrained perturbation

ings unrelated to construction processes. Provided the
stresses are less than the instability limit, the soil has
sufficient strength reserve to withstand the perturba-
tion and the expected consolidation can develop. But,
if the perturbation stresses exceed the instability limit
then monitoring construction and/or onset of failure
with piezometers in conjunction with drained shear
strengths is an unsafe engineering approach. There
will be no warning of the liquefaction failure, appar-
ently the situation at Fundao and a century earlier at
other hydraulic fill dams. Let us now consider this in-
stability limit a little further.

Figure 3 showed a large data base of drained triax-
ial tests, and there is a comparable data base of un-
drained tests (that is how the various CSLs were
measured to determine the y plotted on Figure 3). So
that we compare like with like, the peak undrained
strength can be reduced to a mobilized effective stress
ratio 7L = q/p’ and the peak strength in drained com-
pression likewise to an effective mobilized stress ra-
tio. Figure 6 plots the 7. at peak undrained strength
versus i at that peak strength for the undrained tests.
A comparable trend to Figure 3 is observed, with an
interesting feature. The top trend line annotated on
Figure 6 is the average trend for the drained tests of
Figure 3 (but extrapolated to positive state parameters
from the dense states of Figure 3). This is sensibly an
upper bound to the undrained data. However, the
best-fit trend through the undrained data is parallel to
the drained trendline and the two are offset by Ay =
0.06 as indicated. This offset develops because the
conditions are different. In drained loading, the mean
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effective stress is constant (temporarily) at peak
strength. In undrained loading of loose soils, the mean
effective stress is changing at its greatest rate because
of pore pressure changes at peak strength. This effect
of rapidly changing mean effective stress on soil be-
haviour is intrinsic to the good soil models mentioned
earlier, with good models accurately capturing both
drained and undrained soil behaviour using the same
properties.

The idea of triggering undrained instability is
sometimes difficult to appreciate as it involves the
balance between drainage time and strain rates, with
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internal load transfers also affecting the mechanics. It
may be simpler to think in the same way as stageload-
ing on soft clays and always keep the embank-ment
stable using undrained strengths in analyses. Thus, ra-
ther than use Figure 6, the same data is shown on Fig-
ure 7 as a familiar undrained strength ratio. Both the
effective instability limit and the undrained shear
show the same thing in a different way but neither is
fundamental. The instability depends on the soil prop-
erties, such as the ratio of elastic and plastic modulus,
critical friction ratio, compressibility and loading
path. The scatter in Figures 6 & 7 reflect these unre-
ported factors, not testing errors.
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Figure 8: Example CPTu in a TSF showing segregation of coarse and fine layers. The tailings are TCS and TCB materials used

for illustration of the CSSM techniques in the paper

Practically, it may be simpler to appreciate that the
“critical” decision point that concerned the Corps of
Engineers 80 years ago is the offset < —0.06. This -
0.06 in void ratio or y is a generally conservative
number, as can be seen on Figure 6, where some soils
are systematically better since undrained behaviour
depends on soil compressibility as well as intrinsic
frictional properties.

What should a practical engineer take away from
these considerations? The basic instability principle
is this:

e if <-0.06 then undrained strengths will be
greater than drained;

e if i is looser, then stability depends on the
available undrained strength even though cur-
rent loading may be drained

There is a corollary to this principle if the second sit-
uation prevails, and that invariably arises with thick-
ened tailings, which is whether to use peak undrained
strength with a decent factor of safety (to allow for
brittle load transfer of overstressed soil) or to use re-
sidual undrained (minimum assured) strength with a
much lower factor of safety. There are various views
on this issue, with a preference for the second ap-
proach in the Author’s company.

So, with this principle established as a background
to engineering at a TSF site, let us turn our attention
to characterizing the in situ state of the tailings and
the associated strengths to use for engineering.
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5 MEASURING /N SITU STATE OF TAILINGS

Geotechnical engineers have several options for a pa-
rameter to characterize the in situ state of tailings.
Amongst them are void ratio, relative density, dila-
tancy index, gamma ray absorption from downhole
logging, etc. All of these methods are technically
challenging and really require an accurate calibration
to what actually occurs in situ.

What we should be measuring is the in situ state
parameter () with a CPTu, as rigorously as possible.
The degree of rigour will determine the cost of
the investigation. Firstly, we recognize that we cannot
easily obtain undisturbed samples of tailings materi-
als, but the CPTu gives us an accurate profile through
our deposit. Second, we know that the value of v is
the major control on behaviour of soils, and this ap-
plies to the CPTu resistance, friction angle and cyclic
stress (although each behaviour has other factors that
are also important). Third, if we could accurately
measure void ratio or density, we would still be left
with a problem of converting the void ratio back to y
and the engineering behaviour because of the range
of CSLs of the soil in situ.
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5.1 Examples of CPTu in tailings

Variations of material type in the TSF will show up
on the CPTu and it is important to recognize them.
However, the differences in y in situ affect the CPTu
measurements in approximately the same way for
most materials and we are able to deal with that if we
know the properties of each material.

This aspect is illustrated in Figure 8, a CPTu show-
ing there are two interbedded materials within the
tailings storage facility (TSF). One material is a
coarser silty sand tailings (which we will call TCS
sand) deposited near the spigots as it drops out first
from the slurry, while the second is a finer (sandy) silt
tailings (TCB silt) deposited when the spigot was fur-
ther away from the location. The TCB silt tailings
have a soil behaviour type index of [c ~ 2.7 while TCS
sand shows Ic ~ 2.0. Interpretation of the CPTu for
tailings will be addressed using these tailings for il-
lustration, but first we will examine another example
and useful screening tool.

Figure 9: Example CPTu in copper-zinc tailings. It is a massive silt

tion and more recent thickened tailings.

Figure 9 shows conditions in a different TSF with
massive sub- aqueous silt (slimes) deposits, some rel-
ict sandy beach features and more recent thickened
tailings deposited sub-aerially. There is clearly a very
wide range of CPTu signatures that occur in tailings
facilities. Some insight is gained by viewing the data

47

on a soil behaviour type chart rather than a plot with
depth, Figure 10. This chart was contoured
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Figure 9.



for the state parameter by Shuttle & Cunning (2008)
using their effective stress cavity expansion simula-
tions, discussion with Robertson (2008) and the
Plewes et al. (1992) equations, which give a guide to
soil state as well as the soil behaviour type. The ex-
ample sounding has the beached sands plotting only
slightly contractive (-0.05 < y < 0.0) and thus prone
to liquefaction. The sub-ageous silts (y > +0.05, and
very low CPTu resistance) are exceedingly loose and
raise interesting questions about their potential
strength loss following liquefaction. Thickened tail-
ings in this instance (0.0 < y <+0.05) would require
careful engineering to avoid liquefaction flow failures
on slopes.

For comparison, TCS sand (from 28.5 to 36m
depth) and TCB silt strata (36 to 49.5 m depth) are
also shown on Figure 10, and maybe not surprisingly
the three sub-aerially deposited tailings show up as
the same soil behaviour type and in situ state.

5.2 Interpreting in situ y for tailings

Interpretation of y from CPTu data has been in the
geotechnical literature for almost 30 years now, start-
ing with Been et al. (1986 & 1987). A more recent
publication specifically for tailings deposits is in
Been et al. (2012). However, there are numerous ref-
erences leading from 1986 to the present. An issue
was that the early work was based on large calibration
chamber tests of the CPTu in sand, and Sladen (1989)
identified a potentially significant stress-level bias.
Shuttle & Jefferies (1998) eventually modeled this
bias and showed how the elastic zone outside of the
plastic zone caused this effect. Evaluation of CPTu
data needs to include the in sifu Gmax. In the mean-
time, various engineers had been working on other
ways to progress the understanding and the methods
adopted are rather varied. Some of the main contribu-
tions and their features are:

e Beenetal. (1987) methods are appropriate if there
is indeed a calibration chamber test program, for
which there is good data. This is not common.

e Plewes et at. (1992) developed a screening level
method to provide the in situ state of tailings, in
which A (the slope of the CSL) is related to the
CPTu friction ratio F%. This method is still fairly
robust, as expounded by Reid (2015) showing
how Aio and F compare on Figure 11.

e Shuttle & Jefferies (1998) carried out detailed,
large strain, numerical analyses of the CPTu in
sand. They identified both the elastic and plastic
components of the resistance, and identified a
simplified method to determine y (of course, only
after knowing the CSL and the complete set of
soil properties including Gmax)

48

e Shuttle & Cunning (2007) next examined what
would happen with undrained behaviour in tail-
ings, bringing in the effective stress dimension-
less parameter grouping to tip resistance intro-
duced by Houlsby (1988). Besides their method
of analysis, they entered a discussion (Shuttle &
Cunning, 2008) with Robertson (2008) and iden-
tified the contractive/dilatant boundary for all
soils (= - 0.05, which is essentially equivalent
to offset between drained behaviour and the insta-
bility limit shown on Figure 6; see Figure 10).

e Robertson (2009, 2010, 2012) has continued to
publish more information, pulling together what
he sees as the state-of-the-practice.

5.2.1 Data reduction in sand
In the case of sands, which are fully drained sound-
ings, the relationship between y and the CPTu re-
sistance was originally determined from calibration
chamber tests. Such tests, which are in effect a giant
triaxial cell, involve pushing a CPTu into a sand of
known void ratio and under known stress. Repeating
the procedure with many samples provides a mapping
between tip resistance, soil state, and stress level.
Most in the in situ testing community regard chamber
calibration of the CPTu as the gold standard to be
used. The only catch in this is that each chamber test
involves careful placement of 2 tonnes of sand so is
not commercially viable for most projects. Chamber
tests tend to be research programs by universities.
The starting point for determining the state param-
eter from the CPTu was this worldwide set of cham-
ber tests, with samples of the sands then tested to de-
termine their CSL. This process showed that (Been et
al, 1986):

Op=kexp (-m y) or in its correct inverted form

w=-In(Qp/ k)/ m 2)

where Oy= (¢:- p)/p' and is the dimensionless CPTu
resistance (note use of mean, not vertical, stress). The
coefficients k, m are soil-specific, depending on the
soil properties. It was acknowledged that the CPTu
resistance depended on soil compressibility, which
Been et al. (1987) formalized by relating &, m to Ao
(the slope of the CSL). The method recovers i with
a precision £0.05 across the range of available cali-
bration chamber results at the time. They were mainly
clean sands, and nearly all quartz sands, which is a
big limitation for tailings.
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Strictly, the coefficients &, m depend on all the soil
properties and also on the in situ Gmax. This was ex-
plored using the familiar cavity-expansion analogue
for the CPT, scaled to the chamber calibration data,
using large-displacement finite element simulations
with NorSand (Shuttle & Jefferies, 1998). The exten-
sive parametric simulations were fitted using simple
functions relating k,m to the soil properties discussed
earlier. This is easy enough to use in practice and re-
covers  with a precision £0.02. The method explic-
itly considers aspects like the critical stress ratio Mix
(or constant volume friction angle) being quite differ-
ent in tailings compared to natural soils, for example.

Of course, many practical engineers still prefer a
physical calibration, and it is a little surprising that
one sees so few calibration chamber studies in the
context of billion dollar liabilities for many projects.
Lower cost physical calibrations have been achieved
by doing CPTu tests in a centrifuge (Bolton et al.,
1999), with the advantage of a smaller sample and the
fact that each test covers a range of effective stresses
at the same void ratio. Scaling of the soil to the CPTu
diameter is a complication and it is typical to check
the five or so centrifuge tests with a couple of full
scale calibration chamber tests.

Other researchers are investigating whether an
even smaller CPTu test in a triaxial specimen with
good control of boundary stresses might be an alter-
native, but this is a relatively recent development
(Damavandi-Monfared & Sadrekarimi, 2015).

5.2.2 Data reduction in silt

Although sands are encountered in tailings, nearly all
TSF will have some silts and, possibly, even be dom-
inated by silts. However there are no properly carried
out calibration chamber studies for the CPTu in silt.
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CPTu soundings in silts are undrained, often with ra-
ther large excess pore pressures (Figure 9). What
should be done?

In the case of clays, undrained CPTu are evaluated
on the basis of total, not effective, stress by compar-
ing the undrained strength su inferred from the CPTu
to some reference strength to establish the calibration
(commonly a triaxial strength using one of several
testing protocols or in situ vane shear). But silts offer
a challenge as their densification from an as sampled
void ratio to the tested void ratio precludes a sensible
reference laboratory procedure. It is not evident what
might form a reference in situ test.

On the other hand, good models using CSSM have
no trouble capturing the stress-strain behaviour of
silts, drained and undrained. Thus the state parameter
must be the basis for characterizing silt-dominated
soils. It then follows (Been et al, 1988) that the frame-
work for evaluating CPTu in undrained soundings
should be analogous to (2):

“In(Q'/ K/ m’ 3)

where Q' = O(1-Bq)+1 with &', m' being the soil-spe-
cific coefficients for undrained soundings. The Shut-
tle & Cunning (2007) work determined these coeffi-
cients k', m' using the same cavity expansion
approach of the Shuttle & Jefferies (1998) study by
simply switching the analysis to undrained condi-
tions. This is reasonable as the NorSand constitutive
model fits silts, drained or undrained, just as well as
it fits sands and the numerical procedures do not de-
pend on the boundary conditions. The soil properties
(e.g. M, A) remain identical although obviously the
numerical values change from one soil to another, but
Shuttle & Cunning did not report extensive paramet-
ric studies, and there are no convenient expressions
for engineering practice to compute the state parame-
ter in undrained soundings. What is available is their
public-domain finite element code, downloadable at
www.crepress.com/Soil-Liquefaction.

One further step in using (3) is that it is based on
the cavity expansion analogue for the CPT, which
then suggests that it should use the pore pressure at
the ui location, not the accepted standard procedure
of measuring at the shoulder uz location. Thus, a map-
ping needs to be introduced for ui/uz. At present the
Peuchen et al. (2010) relationship is used.

5.2.3 Improved precision: pore pressure and shear
modulus

Tailings may be under-consolidated because of the
placement rate. It is also common to find the TSF to
be under-drained with a consequent downward hy-
draulic gradient (at least in the longer term). These
two factors dictate that the piezometric regime must
be measured during any field investigation. A con-
venient way of doing this is to carry out dissipation
tests at a few rod-changes for each CPTu sounding, in
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essence measuring both horizontal coefficient of con-
solidation (cn) in situ and the current pore pressure
(uo) using the CPTu pore pressure sensor.

The elastic shear modulus Gmax was discussed ear-
lier in the context of k, m values in (2) but it is also a
sensitive indicator of fabric as it captures how the par-
ticle contacts can transmit elastic shear waves. We
should always include at least some seismic CPTu
soundings in any field program; about 1 test in 5
seems sufficient to greatly add to the understanding
of any site. A Gmax profile is, of course, the starting
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point for any earthquake ground response study as
well.

5.3 Application to TCS sand and TCB silt

Representative samples of both of the tailings materi-
als were tested to determine their properties for the
CPTu interpretation, essentially k, m or k', m'. The
general scope and procedures for laboratory testing
are left to the following section. Figure 12 shows that
TCS sand is indeed a silty sand with a Dso of 180um
and 22% fines, while TCB silt contains more than
50% silt (Dso = 70um and 51% fines). There is excel-
lent definition of the CSL in both cases (Figure 13),
with the usual semi-log idealization being adequate
for confining stresses less than about 2 MPa.

An interesting aspect of these tests is the properties
of these CSL, with A10=0.115 for TCS sand (22%
fines) and A10=0.086 for TCB silty sample (51%
fines). The CSL slope Aio is directly comparable to
the familiar compression index Cc used with clays. It
then follows that the higher-fines TCB silt is actually
less compressible than the TCS sand, in the case of
these two tailings gradations. This is an important ob-
servation that illustrates the significant limitations of
relying on fines content as a proxy for compressibility
in the interpretation of CPTu results. The additional
fines content fills up more of the pore space providing
less opportunity for particle movement during shear
(note that the CSL of the TCB silt is also at a lower
void ratio than the TCS sand with 22% fines).

Table 2 summarizes the parameters developed for
the full interpretation of the in situ state. The average
in situ state of both materials based on the CPTu turns
out to be about y = —-0.02. Now we have measured
the in situ y we only need the soil behaviour at that
state.

Figure 14 shows the corresponding stress-strain
behaviour of the drained and undrained specimens
closest to this state for each material. Their behaviour
is comparable, as it should be at the same y. There is
some strain softening, and large strains, but maybe
not the very brittle behaviour that may be expected in
sands without fines.

5.4 Soil samples and laboratory testing

Moving ahead to a full assessment of the behaviour
of the soil for both static and earthquake loading
needs samples in addition to those needed for soil in-
dex testing and CSL determination. These do not
have to be undisturbed as soil properties can be meas-
ured on reconstituted samples. Tests on undisturbed
would be misleading as to in situ behaviour because
they are practically impossible with silts (see Figure
2).

Most CPTu equipment is now available with a
form of piston sampler (MOSTAP or similar) that is
deployed using the CPTu system itself. The sampler
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Figure 14: Stress strain curves for drained and undrained triaxial tests on TCS sand and TCB silt tailings at the estimated

average in situ state y ~ -0.02

is pushed to the test depth and then opened to recover
the soil in the target zone. Sampling does not need to
be at every CPTu sounding, but once the characteris-
tic soils have been identified, sufficient samples need
to be recovered to characterize the variability of the
materials (grain size). Then you need to look at CPTu
in conjunction with the grain sizes. How many mate-
rials do you really have? Often you can boil it down
to just two or three characteristic gradations.

This provides the basis for laboratory testing on
disturbed, blended samples that provide a base of
measuring engineering properties that support the in
situ test interpretation of the CPTu, with distinction
between different material types.

So, what testing is needed to support the charac-
terization of tailings behaviour?

6 ENGINEERING PROPERTIES
6.1 Laboratory test program

Characterizing the soils in a TSF requires enough
testing on each representative material. Table 1 pro-
vides a basic minimum set of tests with the purpose
of measuring:

1 Static strengths, brittleness and so forth and with
sufficient data to calibrate any of the good soil
models;
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2 Data on the cyclic behaviour as it seems inevitable
that high-value mines will be in earthquake prone
area; and,

3 Index tests to document the soils tested.

This testing is really quite modest (and certainly in
the context of the recent tailings failures) but is suffi-
cient to allow us to define the material behaviour as a
function of the in situ state y.

Assuming a semi-log CSL is used (and this will
often be adequate) there are only five soil properties:
I', A which define the CSL; M, N, which define the
stress-dilatancy behaviour; and y which defines the
effect of y on strength. (y defines the slope of the
trend line in Figure 3, which varies slightly from one
soil to another. This was not considered in 1985).
These properties are simply obtained by plotting test
data in the appropriate form. The properties are all di-
mensionless (although I' has a convention of being
defined at 1 kPa) and do not imply any particular con-
stitutive model. They capture the fundamental behav-
iour of any particulate material. Table 1 indicates
which tests provide which properties.

The discussion so far has been directed to strength,
but generally we will need to know tailings consoli-
dation behaviour. First, consolidation affects the ca-
pacity of the TSF, a business consideration. Second,
because mine life is commonly about 25 years there



Table 1. Suggested laboratory testing program per representa-
tive sample of tailings

Test type No of Purpose
Tests
Particle size 20 Define heterogeneity of material,
distribution identify representative materials
Specific grav- 2 Basic property to calculate void
ity ratio
Max. & min. 2 Not part of CSL framework, but
density helpful to laboratory technicians
for sample preparation
Triaxial 5-8 Define CSL, undrained strength,
consolidated brittleness (I, A, M)
undrained
Triaxial 5—8  Define CSL, stress-dilatancy,,
consolidated state-dilatancy (M, N, ). Also
drained provide the basic stress-strain
data for calibrating constitutive
models.
Oedome- 3-5 Consolidation behaviour (Ce, cy)
ter/Rowe Cell
Bender element 2 sets Measure Gmax as function of
tests of 8 stress level at 2 initial void ratios.

Measure consolidation curves
Two sets of 4 tests. Each set at
same . Include post-liquefaction
settlement if possible.

Optional, but avoids reliance on
published curves for G and D,

Cyclic simple 8
shear tests

Resonant col- 2
umn testing

will be substantial strength gain in this time. Thus
some oedometer or Rowe Cell tests are needed.

The elastic soil stiffness is also important, both for
improved precision in determining y from CPTu and
for seismic response assessments. We have found it
is helpful to use bender elements within a set of triax-
ial consolidation tests. This defines the relationship
between Gmax, void ratio and stress level better than
the field measurement of Gmax, since we have a better
measurement of void ratio in the laboratory sample
than in the field. It also defines consolidation proper-
ties of the tailings.

In the case of static strength and stiffness there are
several good models that will closely predict the
soil’s behaviour from the tests discussed. This is, as
yet, not true for cyclic softening during earthquakes,
thus cyclic simple shear tests are needed for seismic
work on tailings, and these are discussed in more de-
tail in Section 6.4.

6.2 Accurate void ratio measurement

Geotechnical laboratories are familiar with accurate
measurement of stress and strain. However, the es-
sence of CSSM is quantifying the effect of void ratio
on that stress-strain behaviour, which requires accu-
rate measurement of void ratio during laboratory tri-
axial testing. And this causes a problem as the stand-
ard procedures of most laboratories are inadequate for
accurate void ratio measurement despite ISO 9000
accreditation. The problem is that samples densify
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during the saturation step and that densification is dif-
ficult to measure accurately. This issue of accurate
void ratio measurement has plagued CSSM since the
early work of Casagrande in 1935 until it was re-
solved in the mid 1980s during work in the Canadian
Arctic.

The required technique for accurate void ratio
measurement is to shut the drainage and pore pressure
measurement lines on the specimen immediately
shearing is terminated. The cell is then depressurized
before moving the entire specimen at its end-of-test
water content to a freezer. A few hours of freezing is
sufficient to allow the specimen to be demounted
from the test equipment which had to be frozen
(mainly the platens) without loss of any water. The
water content of the entire sample is then measured
by standard oven drying, and converted to void ratio
using the measured Gs (the void ratio is accurate,
since the test procedure was to saturate the sample
with back pressure at the start of the test).

The costs and effort of this freezing technique is
minimal. It is simply a question of taking care to make
sure it is done.

6.3 Soil properties from laboratory tests

The soil properties 7, A, M, N, y are independent of
any constitutive model but, on their own, will usually
not be quite sufficient to capture soil behaviour. The
missing property is some measure of plastic shear
stiffness analogous to Gmax for elasticity. The concept
of plastic shear hardening may be common, but there
is no agreed standard soil property for plastic modu-
lus and each constitutive model generally defines its
own property. The approach we use to determine
plastic modulus from the triaxial testing is [terative
Forward Modelling (IFM) in which the soil behav-
iour in a test is computed using the chosen constitu-
tive model and estimated properties, with the com-
puted behaviour being visually compared to that
measured. Then, the plastic hardening is revised to
improve the fit and the process repeats until a good fit
is obtained. This can all be done in Excel as any good
model is readily programmed using the VBA envi-
ronment that is included with Excel. The modelling
also has the advantage of rapidly showing up ques-
tionable laboratory results as well as confirming the
appropriate plastic hardening. The earlier Figure 4
was developed just this way.

In the case of the NorSand model, plastic harden-
ing is represented by the dimensionless modulus H.
This modulus is proportional to the plastic hardening
of Cam Clay with H ~ 1/(1—«). The IFM procedure
generates the best-value of H for the entire test, and it
is common to find an effect of wso that H =a + by
where a, b become the true soil properties. It is also
common to find that H scales with Gmax/p, which is
analogous to a constant A/k ratio often used in Cam
Clay.



Table 2. Results of laboratory testing for CPTu interpretation
and soil behaviour

TCS sand TCB silt

Dso (mm) 180 70
Fines (%) 22 51

I 0914 0.713
Ao 0.115 0.086
M 1.45 1.44
ch 35 35
N 0.2 0.2

H 50 140
Ginax 50 32

S 160 160
n 0.65 0.65
A% 0.25 0.25
H/I; (I, = G/p") 0.74 3.22

Note: Ko = 0.7 assumed for calculation of mean effective stress

it is common to find an effect of y so that H = a +
by where a, b become the true soil properties. It is
also common to find that H scales with Gmax/p, which
is analogous to a constant A/k ratio often used in Cam
Clay.

Table 2 shows a full set of properties measured on
TCS sand and TCB silt materials identified from the
CPTu sounding.

6.4 Cyclic Resistance Curves

A cyclic shear resistance curve is needed for a total
stress analysis of seismic loading (whereas a pore
pressure generation function is needed for an effec-
tive stress analysis, which is not covered here). For a
cyclic resistance curve, the engineer needs data over
the range of in situ states encountered for each iden-
tified material. This likely means at least two curves
of cyclic shear stress ratio (t/c'v) versus number of
cycles to liquefaction (NL). A liquefaction strength
(stress ratio) can be picked for a number of cycles of
loading from each curve to provide a “strength vs
state” relationship.

Cyclic simple shear tests are preferred, as they are
most representative of seismic loading. (If only cyclic
triaxial testing is available, a reduction of about 0.65
on the cyclic shear stress ratio may be needed to “cor-
rect” for simple shear conditions.) Figure 15 shows
cyclic resistance data for five tailings materials, in-
cluding TCS sand, TCB silt and a couple of pure silts.
The results cover a wide range of conditions, but in-
terestingly fall within a rather narrow band, which at
this stage is likely coincidental rather than a reliable
trend.

The key to cyclic simple shear testing is to have
tests at the in situ state, or at least to be able to adjust
the cyclic resistance to the in situ state. We have been
able to achieve something close to undisturbed simple
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shear specimens of tailings silts in Shelby tubes, in-
cluding TCS sand and TCB silt data shown

0.25
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0.20 - ¢ ATCB 51 %fines
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&
‘g 0.15 - ® KRM 98% fines
& % FTK 9% fines
a
q.-
= 010 4 R
@n
2 Range of conditions for tests:
= TCS&TCB are Shelby samples, but
O 0.05 + NPH, KRM &FTK are reconstituted
State parameter -0.3<{ <+0.12
Vertical stress 50- 600 kPa
0.00 -+ 1
1 10 100 1,000

Number of Cycles to Liquefaction (NL)

Figure 15: Cyclic resistance ratio in simple shear for tailings

on Figure 15. Once we get these samples into a labor-
atory, extruded and reconsolidated, we like to think
we have a sample at the in situ state with a semblance
of in situ fabric. However, the void ratio will likely be
rather different, and we cannot assume the laboratory
sample will be the same as in situ, because that would
tend to overestimate the cyclic strength. We therefore
have two options:

1 Do not try to obtain undisturbed samples, and pro-
duce strength curves from reconstituted samples at
the correct range of in situ states. This will likely
be a low estimate of the cyclic strength because
field fabric would be lost.

2 Test the undisturbed samples consolidated back to
the in situ stress level, but then make an adjustment
to account for the post-sampling void ratio change.

In order to make the correction to the strength of the
undisturbed sample, you need two pieces of infor-
mation. First information is an estimate of the reduc-
tion in void ratio during sample handling and consol-
idation. The second piece of information is how much
this void ratio reduction affects the value of y and
how this change in y affects the cyclic resistance. The
actual procedure used is not important, but it does
need to be done.

The approach used for TCS sand and TCS silt is
illustrated on Figure 16. We first used the available
data to show CSRio (t/c’v at which liquefaction oc-
curs in 10 cycles) variation with y. This needed cyclic
triaxial data from earlier work, adjusted to simple
shear conditions. Our simple shear tests on undis-
turbed samples were at y = -0.06 with CSRio of
0.145. The characteristic in situ state to use for lique-
faction is y = 0 (this is looser than the average in situ



w) so the adjusted CSRio0is 0.125, as illustrated on
Figure 16.
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Figure 16: Correction to cyclic stress ratio for difference be-
tween state in laboratory tests and estimated characteristic in situ
state.

7 ANALYSES

This paper is not about the analyses, except to make
the point that the groundwork has been laid for what-
ever analyses you want to do. You have done a thor-
ough investigation of the TSF, and based on the CPTu
and index testing have a sound knowledge of how
many different materials there are. Thereafter, you
carried out a series of laboratory tests (mainly testing
to determine the CSL and other properties) on each
material type so that you can determine the in situ y
of your key materials. You may also have measured
the in situ Gmax to enhance the CPTu analysis.

Once you have characterized the in situ y, your la-
boratory testing then focused on the engineering be-
haviour you need. This is generally the static strength
and the cyclic resistance ratio curve, in simple shear,
over the range of y (meaning density and stress level)
expected in situ. One warning, though, is that you
need to consider the effects of fabric and/or sample
disturbance on your results. Supplementary ap-
proaches may include pore pressure models, shear
modulus reduction and post-liquefaction settlements.

8 CLOSURE

The paper has briefly overviewed determining the in
situ state of the TSF with a CPTu, recognizing that
there is often more than one way to make the inter-
pretation. We also need to think carefully how many
material types there are for us to consider. Once we
have the mechanical parameters for the TSF, in this
case for two materials, we carry out the careful anal-
yses for the whole facility. That includes the overall
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cyclic behaviour and stability of the existing and fu-
ture geometries.

All of the above looks satisfactory. Yet, as an in-
dustry, we have seen three tailings dam failures in the
last decade each with huge environmental and human
consequences. The news media likes to portray these
dam failures as careless (verging on negligent) man-
agement or shareholder greed. But, each of the three
big failures had geotechnical engineers involved and
at least two of the three had engineering review. How
is a mine manager supposed to know who is compe-
tent? Each firm proposing on a TSF design or assess-
ment will claim to be “world class”. The problem is
not the mine manager or shareholders. The problem
is the standard of engineering.

An issue is the continued propagation of ideas
based on “fines content corrections”. It should be
self-evident that fines content is nonsense when deal-
ing with tailings, as pretty much every TSF will have
fines content higher than found in research sand, and
many of the tailings may comprise just fines. The
properties used for engineering could be entirely “the
correction” rather than “the data”. Further, it will be-
come quickly apparent when tailings are tested, as il-
lustrated with the example of this paper, that mechan-
ical properties do not correlate well with “fines”. No
such trouble exists at all if the tailings behaviour is
viewed within the framework of CSSM. The CSLs
are measurable, other properties are familiar, and the
details of the stress-strain behaviour can be modelled
in a spreadsheet. The required in sifu y can be reliably
computed from CPTu data. All the aspects for sound
engineering exist.

We have already drawn attention to the parallels of
Fundao with the concerns of the Corps of Engineers
eighty years earlier. It is the lack of teaching of criti-
cal state concepts to geotechnical engineers and ap-
plication of rigorous mechanical approaches that has
caused this problem. If you look at the Wikipedia cri-
tique of CSSM you will find the statement “Prof.
Alan Bishop at Imperial College used to routinely
demonstrate the inability of these theories to match
the stress-strain curves of real soils”. This is a true
statement, but what is not stated is that Bishop
brought Prof. Peter Wroth to Imperial College to en-
sure each M.Sc. course gained a thorough grounding
in the principles of CSSM. Bishop was well-aware
that CSSM was the only coherent framework for soil
behaviour (and indeed CSSM is based on work at Im-
perial College as much as Cambridge and elsewhere).
The objections summarized on Wikipedia reflect
1975 and they have since faded into the background,
as can be seen by the excellent match of critical state
theory to the spectrum of real soil shown on Figure 4.

What remains a concern is that the situation stated
in Wikipedia probably does reflect current geo-tech-
nical teaching attitudes in North America and else-
where. It is why instances such as Fundao will con-
tinue to occur. On the bright side, Hugh Golder, who



was one of the founders of Geotechnique, instilled
strong values of sharing within Golder Associates.
The Golder Foundation has been established to reach
outside the company as well. We make our data and
models freely available under the GNU Open Soft-
ware license. Do visit www.golderfoundation.org/
and then do get up to speed with CSSM. Of course
reading “Soil Liquefaction: a critical state approach”
may also help.
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New tools and directions in offshore site investigation

M.F. Randolph
Centre for Offshore Foundation Systems, The University of Western Australia

ABSTRACT: The offshore environment provides a number of challenges for geotechnical site investigation,
among which are the high costs associated with vessel day-rates and an associated need for equipment reliabil-
ity. New oil and gas developments are increasingly remote, in terms of distance from land and water depths,
and seabed conditions often comprise extremely soft sediments within the depth range relevant for infrastruc-
ture such as pipelines, subsea foundations and anchoring systems. These factors have combined to provide a
gradual shift away from ship-based drilling tools towards seabed-based robotic equipment for drilling, sampling
and in situ penetrometer testing. In parallel, a variety of free-fall samplers and penetrometers have been devel-
oped, particularly for preliminary investigations to characterise the seabed sediments. An important aspect of
the soil response is the extent to which it may be considered drained or undrained during particular operational
events. For example, design calculations for the stability and operational movements of pipelines are relatively
sensitive to the consolidation response of the soil. Even interpretation of penetrometer data requires an assump-
tion with respect to the degree of consolidation occurring during penetration. The paper provides an overview
of recent developments in offshore site investigation equipment, and then focuses on evaluation of consolidation
properties.

1 INTRODUCTION equipment, or methods of interpretation, in complex
layered seabed conditions in addition to more ideal-
Over the last couple of decades there have been major  ised single layer profiles. Maximum advantage can be
advances in robotic seabed-based geotechnical site  gained from small lightweight devices that can pro-
investigation tool, driven partly by the high day-rate  vide relatively undisturbed samples or data of reason-
costs of traditional site investigation vessels and also  able accuracy early in a project.
by the need for greater control and hence quality of Operational conditions offshore encompass signif-
seabed sampling or penetrometer data. In moderate  icant components of cyclic or periodic loading, gen-
water depths and beyond, seabed sediments may be  erally at time scales that lead to undrained response in
relatively low strength, for example lightly overcon-  the short term, with consequential softening and pore
solidated clays or fine grained carbonate silts, partic-  pressure generation, but with continuous consolida-
ularly in the depth zones of interest for the design of  tion occurring over a longer time scale. Accurate as-
pipelines, subsea foundations and even certain types  sessment of the consolidation characteristics of sea-
of anchor. In soft sediments, free-fall piston samplers  bed sediments is therefore important within the
and penetrometers offer an alternative low-cost ap-  design process. In the calcareous silts and sands that
proach, especially during the early stages of a project,  predominate off the coast of Australia (among many
allowing geophysical data to be ‘ground-truthed’ by  other sub-equatorial regions of the world), penetrom-

means of physical samples and quantitative pene-  eter testing may well occur under partially consoli-
trometer data. dated conditions. Interpretation of penetrometer data

The sophistication and required robustness of mod- ~ must then take account of the degree of partial conso-
ern offshore site investigation equipment demand sig-  lation, with appropriate adjustments made in order to
nificant investment in order to take conceptual ideas  assess equivalent undrained penetration resistance
through to implementation. The offshore environ-  and shear strengths. Measurement of the consolida-
ment is much harsher than in a laboratory or even typ-  tion coefficient from dissipation tests may also be af-

ical onshore site conditions and as much attention  fected by partial consolidation occurring during the
may need to be paid to launch and recovery systems  penetration phase.

as to the equipment itself. The scientific benefits of a The paper summarise some recent developments in
given tool must be balanced against development  offshore site investigation, and also methods to assess
costs relative to the expected pay-back period, andthe  consolidation properties from different in situ tests.
potential to persuade operators to adopt the technol-  New tools to explore very shallow seabed properties
ogy. It is necessary to consider the performance ofthe  for pipeline design are also introduced; these are in
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the process of development as part of a current joint
industry project.

2 SEABED-BASED DRILLUNG AND IN SITU
TESTING

Modern advances in robotic control have been ex-
ploited in full measure in a number of commercial
seabed-based robotic drilling, sampling and testing
systems. The pioneer amongst these was the portable
remotely operated drill (PROD), developed by Ben-
thic Geotech. Figure shows the second generation de-
vice. The landing legs close up to allow the equip-
ment to fit within a standard shipping container for
transport. A purpose-designed launch and recovery
system allows efficient and safe operation offshore. A
full-length electrical umbilical cable provides power,
with operational water depths of up to 3000 m. The
specification allows drilling and 75 mm diameter
sample recovery, or alternatively cone or ball pene-
tration testing, to a depth of 125 mm below the sea-
bed, gradually extending the drill or cone rods to
reach successive depths.

=

B

(a)

(b)

1'.*'.&.:'_—_. e — . Lo 0 = -
Figure 1. Portable remotely operated drill (PROD - Benthic Ge-
otech) (a)Schematic with landing legs extended (b) During
land-based trials
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(a)

(b)

Figure 2. Seabed-based robotic drilling and sampling equipment
from Fugro and Canyon-Geomarine (a) Fugro Seafloor Drill and
(b) Canyon-Geomarine ROVDrill

Two other seabed-based drills are shown in Figure 2,
both of which are designed to be powered through
standard work-class remotely operated vehicles
(ROVs). By contrast with PROD, the Fugro Seafloor
Drill uses wireline tools, allowing more efficient sam-
pling and penetrometer testing at increasing depths
below the seabed. Specifications include water depths
ofup to 4000 m, sampling (73 mm diameter) and pen-
etrometer testing to 150 m below the seabed or alter-
natively penetrometer testing directly from the seabed
down to 30 m depth. The smaller ROVDrill (Figure
2b) allows sampling and penetrometer testing to 40 m
below the seabed, or rock-coring to 20 m depth.



(a)

! Not Lo scale (b)

T-har hall cones
40 = 250 mm G0-80 mm 3o Sem?

Figure 3. Equipment for near seabed investigation (a) Fugro
Smartsurf seabed unit and (b) Varieties of penetrometers
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Figure 4b Strength profiles in deep water sediments at two dif-
ferent scales: near seabed strength profiles

Deep water sediments are generally fine grained and
lightly overconsolidated due to aging processes. The
low near-surface strengths require lightweight equip-
ment (to minimise selfweight penetration) and accu-
rate penetrometer tools. For very shallow depths,
units such as the Fugro Smartsurf (Figure 3a) offer
capabilities of taking samples of up to 2 m length, or
carrying out penetrometer testing to 3 m depth. Often,
penetrometers with greater cross-sectional area than a
standard 10 cm? cone are used, in particular full-flow
penetrometers such as T-bar or balls that have pro-
jected areas an order of magnitude greater than that of
the shaft (Figure 4b).

Over a depth scale of 20 to 30 m, the shear strength
profile may increase essentially proportionally with
depth, with strength gradients ranging from as low as
1 kPa/m in high liquidity index clays, to around 3
kPa/m in fine-grained carbonate material. As shown
in Figure 4, however, the strength profile very close
to the surface can exhibit a form of crust. The major-
ity of the data in Figure 4b are from offshore West
Africa (assembled by DeJong et al., 2013), but inter-
estingly a strength profile in calcareous ‘clay’ from
the Timor Sea off the north coast of Australia shows
a similar feature. From a design perspective for risers
or pipelines, the very high strength gradients of 20 to
40 kPa/m are an important consideration, as is the po-
tentially high sensitivity of the sediments forming the
crust. Detailed studies of the nature of these sedi-
ments have been undertaken by Kuo and Bolton
(2013), who identified the presence of a high propor-
tion of faecal pellets from invertebrate worms living
in the benthic zone. The sensitivity of such material
can be quantified in situ using cyclic penetration and
extraction of T-bar and ball penetrometers.



3 FREE-FALL SAMPLING AND PENETRA-
TION TESTING

Free-fall approaches for piston sampling or penetra-
tion testing inevitably offer less control than static
pushes from a fixed base. However, the significant
savings in set-up and execution times are a strong in-
centive, trading off a measure of quality (of samples
or interpreted strength data) for the much lower costs.
Favourable site conditions are necessary, since sand
layers will tend to give very high dynamic penetration
resistance. However, modern equipment has demon-
strated potential to retrieve large diameter (e.g.
~100 mm) piston cores of up to 30 m length in soft
clays.

The basic technology of a free-fall piston sampler
was established by Kullenberg in the 1940s, but re-
cent advances have led to highly efficient container-
ized equipment, with much improved control on trig-
gering of the piston (Figure 5). The piston-corer and
associated triggering system is lowered to close to the
seabed before releasing the entire unit. A key consid-
eration is accurate detection of the seabed, so that the
internal piston within the sampler is ‘locked’ in abso-
lute position at the right moment. Early or later trig-
gering would either reduced the length of the recov-
ered sample, or cause the sampler to plunge through
the upper 1 or 2 m of the seabed before soil starts to
enter.

Figure 5 Self-contained launch and recovery system with Kul-
lenberg-style free-fall piston sampler (courtesy Fugro)

Free-fall penetrometers have also had wide appli-
cation for assessing shallow seabed conditions, at
least semi-quantitatively. Early instruments merely
recorded the acceleration-time history, enabling a
simple assessment of soil resistance as a function of
penetration depth. However, advances in miniatur-
ised electronics, such as miniature MEMS accelerom-
eters and on-board signal conditioning and acquisi-
tion, now allow fully instrumented piezocones to
obtain much more reliable data.
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Field and model scale devices are shown in Figure
6. Interpretation of data is aimed at deducing equiva-
lent ‘static’ values of penetration resistance, ideally
including tip resistance, sleeve friction and (excess)
pore pressure. That requires correction of the dy-
namic data to eliminate the effects of the much higher
strain rates that occur during dynamic penetration
compared with static penetration. The importance of
measuring the tip resistance directly has been under-
lined by increasing evidence of the much greater
strain rate corrections required for the shaft friction
than for the tip resistance (Steiner et al., 2014; Chow
etal., 2014, 2016).

Uncorrected data from recent centrifuge model
tests of a free-fall piezocone penetrometer are shown
in Figure 7, comparing the tip resistance and sleeve
friction with equivalent data from static penetration
tests. The data are taken from a recently submitted pa-
per (Chow et al., 2016) and form part of the work be-
ing conducted for the RIGSS (Remote intelligent ge-
otechnical seabed surveys) JIP. While the dynamic tip
resistance is 20 to 50 % greater than the static tip re-
sistance, the dynamic sleeve friction is 2 or 3 times
the equivalent static values.

Figure 6. Free-fall cone penetrometers (a) Field scale (Steg-
mann et al., 2006), (b) Centrifuge model scale (Chow et al.,
2014)
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Figure 7 Comparison of uncorrected static and dynamic penetra-
tion resistance (Chow et al., 2016), (a) Tip resistance and (b)
Friction sleeve resistance

The form of rate correction may be expressed (us-
ing a power law) as

. B
Q dynamic e ref
Q corrected ];J;— = . Q dynamic
r Y
(V / D )ref g Q
- v / D dynamic

(1

where Q is a relevant measurement, such as tip re-
sistance, v is the shear strain rate and Rt the rate cor-
rection. In absolute terms, the operational shear strain
rates affecting the tip resistance have been shown to
be of the same order of magnitude as the ratio of pen-
etration velocity, v, to the device diameter, D, hence
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Figure 8a Comparison of uncorrected static and dynamic pene-
tration resistance (Chow et al., 2016): Static and rate-corrected
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Figure 8b Comparison of uncorrected static and dynamic pene-
tration resistance (Chow et al., 2016): Tip (upper) and shaft
(lower) rate correction

allowing the substitution in the final form of the equa-
tion. While the relevant shear strain rates around the
shaft are more than an order of magnitude greater than
v/D (Einav and Randolph, 2006), the strain rates rel-
ative to those at the reference (i.e. static) penetration
rate would be expected to be in the same ratio for tip



and shaft. However, it is clear from the data that a
much greater correction for rate effects is necessary
for the shaft friction than for the tip resistance. Figure
8 illustrates this, showing corrected profiles of tip re-
sistance (obtained using B = 0.85), and ranges of rate
correction factors required to match ‘static’ values for
tip and shaft. The range of B values is 0.035 to 0.085
for the tip resistance, but 0.18 to 0.24 for the sleeve
friction. Reasons for this difference are yet to be de-
termined and indeed are an area of active research,
with application not only to the interpretation of free-
fall penetrometer data, but also for accurate predic-
tion of embedment depths (and hence capacity) for
gravity-installed offshore anchors such as torpedo an-
chors or Delmar’s OmniMax anchor.

An exciting new development in free-fall technol-
ogy is the idea of combining dynamic penetration in
the upper seabed sediments, with a static cone pene-
tration to greater depth. The concept was pioneered
by TDI-Brooks with their CPT Stinger (see Figure
9a), with similar equipment now available in the form
of Fugro’s SeaDart. The operating sequence for these
devices comprises:

a) Lowering through the water until the penetrome-
ter tip is in the vicinity of the seabed, with the
cone in ‘retracted’ position, protruding 1 m or so
beyond the barrel of the instrument.

Triggering of the release mechanism using a Kul-
lenberg sensor weight, just as for a free-fall piston
sampler.

Dynamic penetration into the seabed, acquiring
relevant data (accelerometer, inclination, and all
usual CPT data) at high sampling rates.

Static penetration of the cone to the limit of the
hydraulic jacking system contained within the
barrel.

e) Retrieval back to deck.

b)

d)

Figure 9a CPT Stinger developed by TDI-Brooks (Young et al.,
2011): Concept and actual field device

The combination of both dynamic and static cone
penetration allows calibration of the dynamic rate ef-
fects. Using two different configurations, with short
and long barrels or alternatively by varying the instru-
ment weight to achieve different dynamic penetra-
tions, it is possible to achieve overlap of the dynamic
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and static zones, as illustrated in Figure 9b. In soft
clays, overall penetration depths of up to 50 m are
achievable.
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Figure 9b. CPT Stinger developed by TDI-Brooks (Young et al.,
2011): Example data showing overlaps for calibration

4 EVALUATING CONSOLIDATION
PROPETIES

The consolidation properties of seabed sediments
have an important influence in design calculations
and yet are extremely difficult to quantify accurately.
Typically field and laboratory data may span two or
three orders of magnitude, with laboratory oedometer
tests generally giving values that are significantly
higher than those from field dissipation testing. In
many stratigraphies, though, natural layering of sedi-
ments compounds the degree of scatter.

The coefficient of consolidation is not an intrinsic
soil property but proportional to the product of appro-
priate values of stiffness (associated with either re-
loading or normal compression) and permeability
(vertical, horizontal or a combination). Although it
has become customary to use nomenclature cv for
consolidation coefficients from laboratory oedometer
testing and cn for those from field dissipation tests, the
subscript ‘h’ for the latter should not be associated
with purely horizontal drainage. Recent numerical
studies have demonstrated that, even for isotropic
permeability, ch from a piezocone dissipation test is



some 3 to 5 times an equivalent c¢v from oedometric
normal compression.
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ity).

Recent numerical and experimental research on pi-
ezocone and piezoball have provided a framework to
link cv and ch, separating out the effects of differences
in (a) stiffness, and (b) operational permeability, be-
tween field dissipation tests and oedometric response
for normally or lightly over-consolidated clays
(Mahmoodzadeh and Randolph, 2014; Mahmoodza-
deh et al. 2014). Modern ball penetrometers accom-
modate two different locations for pore pressure
measurement, one (equator) at the largest horizontal
cross-section of the ball and the other (mid-face) mid-
way between the equator and the tip. At model scale,
full annular filters are used (Figure 10a, Colreavy et
al., 2016a), while at field scale button filters are used
(Colreavy et al., 2016b). Interestingly, as shown in
Figure 10b, both normalized and absolute dissipation
times for the mid-face piezoball position are shorter
than for the piezocone.

Figures 11 and 12 show results from finite element
modelling, using a Modified Cam Clay soil model
based on kaolin properties (Mahmoodzadeh et al.,
2014). The paths followed in void ratio-mean effec-
tive stress space during dissipation are much closer to
reloading (k) gradients than normally consolidated
(M) gradients. Artificially varying input values of
and A allowed synthesis of the dissipation curves (for
isotropic permeability) by using a stiffness based on
a weighted geometric mean of k*7°A%2%, This allows
the dissipation coefficient of consolidation to be ex-
pressed as:

Pk, (1+e)p’ 3(1—v)(ij°‘”
Cp = 7., K0'7510'25 —,B (1+V) P c, (2)

where B quantifies the operational permeability as a
ratio of the vertical permeability. For the piezocone,
the best synthesis of analyses with different kn/ky ra-
tios was for a 2:1 weighting between horizontal (kn)
and vertical (kv) permeabilities (Figure 12). For the
mid-face piezoball, the corresponding weighting is
1:1 (so B = (kn/ky + 1)/2).
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Figure 12a. Effect of permeability anisotropy on piezocone dis-
sipation: Experimental and LDFE raw data
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Figure 12b. Effect of permeability anisotropy on piezocone dis-
sipation: Normalised responses
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Figure 13. Generalised relationships for piezocone and piezoball
dissipation responses (Mahmoodzadeh et al., 2015), (a) LDFE
and fitted dissipation curves, (b) Relationships

Values of normalised times for a given degree of dis-
sipation from piezocone tests have been found to be
proportional to the square root of the rigidity index Ir
(Teh and Houlsby, 1991). For the piezoball, it recom-
mended to normalise dissipation times by the geomet-
ric mean of shaft (dshatt) and ball (Dvan) diameters,
with the dependency on the rigidity index reduced to
the power of 1/4. Figure 13 shows normalised dissi-
pation responses for piezocone and piezoball dissipa-
tion, together with the relevant relationships. For typ-
ical cone and ball diameters of 36 mm and 60 mm
respectively, and assuming a 20 mm diameter shaft in
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the vicinity of the ball attachment, absolute 50 % dis-
sipation times tso for the piezoball mid-face position

is approximately half that for the piezocone
(Mahmoodzadeh et al., 2015).

4.1 Effects of partial consolidation

In intermediate ‘silty’ sediments, for example the cal-
careous silts encountered offshore Australia, field
penetrometer tests may occur under partially consoli-
dated conditions, resulting increased penetration re-
sistance and reduced excess pore pressures compared
with fully undrained penetration. By contrast, opera-
tional response such as spudcan penetration or envi-
ronmental loading transmitted to an anchor will gen-
erally be fully undrained. Such differences need to be
taken into account in design calculations, as also do
potential differences due to rate effects (Erbrich,
2005).

A first priority is assessment of the coefficient of
consolidation, in order to evaluate whether a pene-
trometer test occurs under drained (vD/ch < 0.1), un-
drained (vD/ch > 10) or partially drained conditions.
Dissipation tests are an obvious solution, although
care is needed since partial drainage during penetra-
tion may alter the form of the dissipation response,
potentially increasing Tso times (DeJong and Ran-
dolph, 2012). To explore the effect of cone penetra-
tion under partially consolidated conditions, centri-
fuge model tests were carried out in kaolin at different
penetration rates, hence gradually reducing vD/ch val-
ues (Colreavy et al., 2016a). The dissipation re-
sponses are shown in Figure 14. The maximum ex-
cess pore pressures reduce with decreasing
penetration rate, with a gradually increasing delay in
the time at which the maximum pore pressure is
reached. When normalised by an extrapolated excess
pore pressure corresponding to zero time (using a root
time plot), the normalised decay curves shows a sim-
ilar pattern. For values of vD/ch greater than about 1
(which corresponds approximately to a penetration
rate mid-way between undrained and drained condi-
tions) there is no appreciable effect on the time scale
of pore pressure dissipation, e.g. in respect of T so
values. However, for slower penetration rates the T s
values increase significantly, eventually by a factor
between 2 and 3.

Once the likely degree of partial consolidation has
been established, it is useful to be able to adjust the
cone resistance to a corresponding ‘undrained’ value
from which to deduce an undrained shear strength for
design. In addition to the effects of partial consolida-
tion, the cone resistance will also be affected by pen-
etration rate due to viscous effects. Figure 15 shows
theoretical curves that combine the effects of partial
consolidation (first part of the relationship shown)
and strain rate effects (second part of the relationship



— also shown as the dashed curves). The strain rate
effect has been modelled using a Herschel-Bulkley
approach, with trer representing a reference time; al-
ternatively, a reference velocity vrer may be used, for
example representing the velocity for which penetra-
tion of one diameter occurs in time tref. The curves are
for qdrained/qu,ref =4,V'so=1,c=1.2, u= 0.5 and B =
0.12. The lowest two curves might represent those
relevant for a standard piezocone (or piezoball) test in
a soft clay with cn ~ 3 to 30 m*/yr. Interestingly, for
ch of 3000 m?yr or higher, the minimum penetration
resistance remains above the notional reference un-
drained value.
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Figure 14. Effect of permeability anisotropy on piezocone dissi-
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Figure 15. Modelling combined effects on penetration resistance
of partial consolidation and strain rate effects

5 NOVEL TOOLS FOR QUANTIFYING PIPE-
LINE-SOIL AXIAL FRICTION

A current joint industry project (RIGSS JIP), based at
the Centre for Offshore Foundation Systems at the
University of Western Australia, and led by Professor
David White, is developing novel tools for exploring
the near-surface properties of seabed sediments. A
primary focus has been to improve methods to quan-
tify the time-dependency of pipeline-soil interface
friction. Consolidation of the soil immediately be-
neath a pipeline can change the interface friction by a
factor of 3 or more, and that can have significant re-
percussions for design against lateral buckling and
pipeline walking (Carr et al., 2003). As noted by Ran-
dolph et al. (2012), monotonic axial displacement of
a pipe partially embedded in the seabed at different
rates leads to a similar S-shaped variation of re-
sistance from undrained (low friction) at high veloci-
ties to drained (high friction) at low velocities.
Equally, if the pipe is displaced sufficiently far, for
example in excess of 1 diameter, even relatively high
velocities will eventually give rise to high friction as
consolidation proceeds.

Cycles of forward and backward motion of the
pipe, especially with intervening periods for consoli-
dation such as would occur during normal operating
conditions, will show similar trends of gradually in-
creasing interface friction (Figure 16, after Smith and
White, 2014). Novel torsional penetrometers are be-
ing developed as part of the RIGSS JIP in order to
quantify time dependent pipe-soil axial friction. The
penetrometers (see Figure 17) allow assessment of the
shallow seabed strength during penetration, and then
monotonic and cyclic torsional tests conducted under
constant vertical load provide data on interface fric-
tion. Devices in the shape of a toroid or hemi-ball
have been fabricated, aimed at testing either in box-
cores, or directly on the seabed. Data from torsional
tests carried out in a simulated box-core are shown in
Figure 18, together with predictive models that are
under development as part of the JIP.
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Figure 16. Modelling combined effects on penetration resistance
of partial consolidation and strain rate effects



(a)

Figure 17. Box-core and seabed scales of toroidal and hemi-ball
penetrometers (a) Toroidal penetrometer (top 2), (b) Hemi-ball
penetrometer (bottom 2)

6 CONCLUSIONS

This paper has reviewed some of the recent develop-
ments in offshore site investigation equipment, with
particular emphasis on seabed-based robotic drilling
systems and free-fall samplers and penetrometers.
Accurate characterisation of the very shallow seabed
sediments is essential for design of pipelines and sub-
sea foundations and, in turn, that has led to modern
lightweight units that can explore the upper 1 or 2 m
of the seabed in a cost-effective manner. In an effort
to improve understanding of factors that affect values
of coefficient of consolidation, recent work has been
summarised that relates values of cn deduced from
field dissipation tests to cv values from laboratory oe-
dometer tests, separating out effects of stiffness and
of potentially anisotropic permeability. Simplified
dissipation responses are presented for piezocone and
piezoball penetrometers and the effects of partial con-
solidation during penetration are discussed. Novel
torsional penetrometers being developed under a cur-
rent joint industry project are introduced.
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Geotechnical site investigation in energetic nearshore zones:
opportunities & challenges

N. Stark
Charles E. Via, Jr. Department of Civil and Environmental Engineering, Virginia Tech, Blacksburg, USA

ABSTRACT: Coastal erosion and scour around structures in the nearshore zone represent major societal chal-
lenges with regard to coastline conservation, the protection of coastal communities and eco-systems, as well as
the development of coastal structures or renewable energy projects. Despite rapidly advancing sediment ero-
sion, scour and morphodynamics prediction tools, the models still struggle to correctly simulate the impact of
severe storm events and storm event clusters, particularly regarding long-term projections considering sea level
rise and climate change. Scour prediction models still struggle to accurately predict the depth and extent of the
scour around a structure, and often rely on significant overpredictions which impact the cost-efficiency of the
structural foundation design. A review of common erosion and scour prediction models reveals that particularly
sediment characteristics appear underrepresented. This results from challenges to derive these information in
the field. Areas of active sediment remobilization processes, such as the nearshore zone, are characterized by
energetic hydrodynamics (waves, tides and currents), and morphodynamics (migrating bars, etc.) representing
challenges and risks to people, vessels and instrumentation. Most geotechnical field instrumentation to-date are
not designed or suitable for measurements in such conditions, and new devices are needed to fill this gap. This
paper presents results (i) using a portable free fall penetrometer of projectile-like shape to investigate in-situ
characteristics and stratification of sediment surface sediments in the nearshore zone under hydrodynamic forc-
ing, and (ii) preliminary data using embedded pressure sensors to investigate the pore pressure response to
irregular wave forcing in the nearshore zone and its potential impact on sediment erosion. The devices proved
to be suitable for the deployment in energetic nearshore conditions. The data emphasize the potential regarding
deriving novel information about in-situ sediment characteristics, such as changes in sediment strength under
the active sediment dynamics, as well as an increase of erodibility through the development of excess pore
pressures on different time scales. However, the data also reveal challenges related to calibration of the instru-
mentation and data processing, particularly with limited additional information about the sediment.

1 INTRODUCTION increasing erosion rates to more than ten meters per
year (Dolan et al. 1979; Jones et al. 2008; Obu et al.
Coastal erosion, coastal land loss and scour around  2016).

structures in the nearshore zone represent major soci- Similar problems can be identified for scour pre-
etal challenges with regard to coastline conservation,  diction models which often struggle to accurately pre-
the protection of coastal communities and eco-sys-  dict the depth and extent of the scour around a struc-

tems, as well as the development of ocean renewable  ture (Falcone and Stark 2016). Currently, the most
energy projects (Zhang et al. 2004; NAS 2010; Hin-  commonly applied prediction models rely on signifi-

kel et al. 2014). Despite the rapid advancement in pre-  cant overpredictions of scour depth, resulting in safe,
dicting sediment erosion, scour and morphodynam-  but often expensive foundation designs. Particularly
ics, the models still struggle to correctly simulate the  in energetic areas, such as proposed bottom-mounted
impacts of severe storm events and storm event clus-  wave energy converter sites, this may even lead to a

ters, particularly regarding long-term projections con-  conflict between the costs of a safe design, and the
sidering sea level rise and climate change (e.g., Coco  available budget.

et al. 2014). This issue becomes especially dramatic An analysis of common erosion and scour predic-
for locations at which coastal erosion rates have  tion models reveals that particularly sediment charac-
reached values in the order of meters per year, or the  teristics appear underrepresented. Often only the me-
Arctic where the additional impact of permafrost is  dian grain size is considered, although the impacts of
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particle shapes, packing, bulk density, friction angles,
and pore pressure behavior have been acknowledged
(see section 2). A main reason for this is the lack of
field investigation methods to derive these infor-
mation in a safe, time- and cost-effective manner.

Areas of active sediment remobilization processes
in the nearshore zone are characterized by energetic
hydrodynamics (waves, tides and currents), and mor-
phodynamics (migrating bars, etc.) representing chal-
lenges and risks to people, vessels and instrumenta-
tion. Most geotechnical in-situ instrumentation to-
date are not designed or suitable for measurements in
such conditions, and new devices are needed to fill
this gap. The deployment under energetic conditions
is thereby of highest interest to actually monitor the
soil behavior with respect to active sediment dynam-
ics.

In the following chapters, representative sediment
remobilization models will be reviewed regarding the
implementation of sediment characteristics. This will
be followed by a discussion of potential impacts of
sediment properties on sediment transport, and vice
versa, variations in sediment properties with sediment
dynamics. Then, two survey methods will be pre-
sented, including data examples: (i) the use of porta-
ble free fall penetrometers for the geotechnical char-
acterization of seafloor surface sediments in areas of
energetic hydrodynamics, and (ii) opportunities of
long-term pore pressure monitoring using embedded
pressure transducers.

2 PREDICTING THE INITIATION OF
SEDIMENT TRANSPORT

2.1 Non-cohesive sediments

A most common method to determine the initiation of
sediment remobilization is the approach by Shields
(1936). Here, the critical Shields parameter, 6,,., is
calculated, representing a threshold value at which
sediment mobilizing forces overcome sediment stabi-
lizing forces:

0 = Tcr,o/[(ps - pw)gdSO] (1)

with 7., o representing the critical bed shear stress for
cohesionless particles, py being the sediment density,
pw being the water density, the gravitational acceler-
ation g, and application of the median grain size ds.
0., depends on the hydraulic conditions at the bed,
particle shape, and particle packing, and thus, also on
the friction angle (Kirchner et al. 1990; Van Rijn
2007). These properties are reflected in the respective
T.r,0- Hydraulic conditions can be estimated using the
Reynolds number, and viscous effects can be assessed
using a dimensionless particle size, D,, depending on
the ds, relative density, and the kinematic viscosity
coefficient. Van Rijn (2007) argues that the critical
shear stress can be represented best in relation to D,.
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In an approach to address the sediment transport
problem from general physics, Bagnold (1966) high-
lights the work that has to be conducted by a fluid to
transport sediment as bedload. He states that the bed-
load work is directly dependent on the friction coeffi-
cient tan ¢, representing the ratio of the shear stress
over the normal stress. However, only an approxi-
mate of ¢ =33° is provided for sands. Hsu et al.
(2006) presented a model for wave-induced sediment
transport and onshore sandbar migration including
the friction angle, but also these authors applied the
same approximated value as Bagnold (1966). This ap-
proximated value of the friction angle is challenged
by the fact that friction angles depend on density,
packing, particle shape and size distribution. Kirchner
et al. (1990) documented the strong variations of the
friction angle of water worked sediments, and meas-
ured friction angles more than twice as high for sandy
sediments. These authors suggested to estimate the
median friction angle from grain sizes of the abundant
sediments using

$so = a(D/Dso)F (2)

with D being the test grain size, Dso being the median
bed grain diameter, and a and S being empirical fac-
tors. This approach was successful when different
empirical factors were applied depending on grain
shape and packing. This is also supported by Stark et
al. (2014) who found surprisingly high friction angles
for sandy beach sediments with flat elliptic shape
which proved to have a significant impact on the local
beach dynamics.

It follows that sandy sediment transport prediction
models would benefit significantly from a method to
derive in situ friction angles.

2.2 Cohesive sediments

A number of physical, geochemical and biological
properties influence the erodibility of fine, cohesive
sediments, such as dso, particle size distribution, bulk
density, water content, temperature, mineralogy, sa-
linity, organic content, biogenic structures and more.
Grabowski et al. (2011) showed relationships to 7,
of many of these properties. Amos et al. (2004) sug-
gested the following relationship with regard to wet
bulk density py:

Ter = 5.44 X 1074(p,) — 0.28 3)

for lacustrine, estuarine, and marine muds. However,
this disregards many of the other impacting factors.
Many of those can be determined from sediment
cores, and laboratory tests. However, the risk of sam-
ple disturbance, the difficulty of retrieving undis-
turbed sediment surface sediments, and the effort as-
sociated to these laboratory experiments are often
hampering such detailed site investigations.



In potentially cohesive sediment mixtures of grain
sizes ranging from 62-200 pm, Van Rijn (2007) sug-
gested as a rough estimate

Ter = (1 + pcs)STcr,O (4)

using the proportion of the clay content in the sedi-
ment p.;. While this allows a quick estimate of the
critical shear stress, and thus, erodibility of mixed
sediments, variations in above mentioned impacting
factors may lead to significant variations of this rela-
tionship.

An assessment of critical shear stress from in situ
measured properties, such as shear strength, would be
attractive to simplify and speed up investigations of
erodibility, but also to allow validation of derived
sediment characteristics based on extracted sediment
samples using in situ data.

2.3 The impact of pore pressure with wave action

The impact of excess pore pressures, p, on marine
sediment stability has been acknowledged since the
1970s when Bjerrum (1973) associated the failure of
offshore oil platforms in the North Sea to liquefaction
of marine sands under storm wave action. Different
processes may lead to sediment liquefaction or fluid-
ization under ocean wave forcing:

(i) Pore pressure build-up. The hydrostatic pressure
fluctuations resulting from the passing of wave crests
and troughs lead to a cyclic deformation of the seabed
surface, and shear forces. Resulting sediment particle
rearrangement at the expense of pore space, can cre-
ate excess pore pressures that exceed the effective
stress (Nataraja and Gill 1983; Lin and Jeng 2000;
Sassa and Sekiguchi 2001; Sumer et al. 2006). Sumer
(2014) suggests to relate the excess pore pressure av-
eraged per wave period p to the initial mean normal
effective stress o' to assess the risk of liquefaction
due to pore pressure build-up under ocean wave forc-
ing, based on sand liquefaction experiments in a wave
flume (Sumer et al. 2006, 2012). This means that lig-
uefaction occurs when p > ¢'y, and the critical ex-
cess pore pressure averaged per wave period can be
estimated using

Per = OJO =y'z[(1+ 2ky)/3] (%)

using the submerged specific weight of the soil ', the
sediment depth z, and the coefficient of lateral earth
pressure k, which can be estimated using the friction
angle and the Jaky equation (Lambe and Whitman
1969).

In most recent field experiments, Stark and Hay
(2014) observed pore pressure build-up over multiple
wave periods in mixed sand gravel beach sediments,
and Stark and Quinn (2015) documented pore pres-
sure build-up over short wave groups in the intertidal
zone of a sandy beach. While in both cases, no full
residual liquefaction like described by Sumer (2014)
was observed, high excess pore pressures in the upper
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tens of centimeters of the beachface can likely in-
crease sediment erodibility through lift of the parti-
cles, or even by a resulting upward flow.

(i1)) Momentary sediment liquefaction may occur
in response to vertical directed pressure gradients
within one wave period. Turner and Nielsen (1997)
expressed the impact of vertical pore pressure gradi-
ents in vertical velocities of pore water flow. The ob-
servations showed that periods of rapid water infiltra-
tion/exfiltration were commensurate with rapid pore
pressure changes and upflow/downflow. Turner and
Nielsen (1997) estimated that velocities > 0.042 m/s
are sufficient for fluidization of a bed with particles
ranging from 0.1 mm to 2 mm in diameter. The sub-
ject was also investigated by Yeh and Mason (2014)
for the case of a tsunami. The authors stated that the
soil potentially liquefies when the vertical upward
gradient of the excess pore pressure exceeds the
buoyant specific weight, and proposed a modified
Shields parameter to account for this effect by intro-
ducing the critical pore pressure gradient:

—0p/oz >V (6)

(iii) Strong horizontal pressure gradients, p,, in-
duced by the passage of skewed or breaking waves
can destabilize the sediment bed (Sleath 1999; Foster
et al. 2006). Sleath (1999) defined the role of the hor-
izontal pressure gradient for momentary liquefaction
of some sediment layer of thickness 4, expressed as
the Sleath parameter, S, with a ratio between the de-
stabilizing force p, relative to the stabilizing force ap-
plied by gravity, similarly to the structure of the
Shields parameter.

Foster et al. (2006) provided the first field evidence
of the momentary liquefaction of 100s of grain thick-
nesses in response to large horizontal pressure gradi-
ents present in a shallow water wave environment.
They defined the instantaneous Sleath parameter as:

S(t) = —p(t)/(ps — Pw) g, (7

and proposed a generalized incipient motion formu-
lation for a thickness 4 of sediment due to both the
pressure gradient and shear stress.

The impact of pore pressure on sediment erodibil-
ity in the nearshore zone is unquestioned. However,
the interaction between the above described pro-
cesses, and the integration into sediment transport
models is still limited. There is an urgent need for
field data sets that test, validate, and advance the pro-
posed approaches.
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Figure 1. The impact of sediment properties such as median grain size dsg, bulk density ps, undrained shear strength s,, friction
angle ¢, and excess pore pressure p, on sediment transport and erosion has been acknowledged, but for most of these properties
rarely been quantified. Vice versa, sediment properties change with the formation of a mobile sediment layer and bedforms,
however to what extent is still rarely documented. Coastal sediments in potential inundation zones are characterized by different
sediment properties than the current nearshore zone, and have experienced a different exposure history to saturation and sediment
transport processes. This impacts the sediment erodibility in these areas. However, predictions still suffer from limitations in
understanding between the interaction of sediment properties, hydrodynamic forcing, and geomorphodynamics.

3 THE ROLE OF SEDIMENT PROPERTIES IN
AREAS OF ACTIVE SEDIMENT DYNAMICS

3.1 Subaqueous sediment dynamics

The initiation of sediment transport is an important
problem, and has been reviewed briefly in section 2.
It has been emphasized that sediment properties such
particle size distribution, packing, strength, and pore
pressures play an important role for the onset of sed-
iment erosion. In areas of active sediment dynamics,
this problem must even be considered in a larger spa-
tial and temporal context. After the entrainment of
particles, sediment will be transported as bedload
(rolling, saltating, and sliding close to the immobile
seabed), or as suspended load in the water column
(Fig. 1). The transport mode has a significant impact
on transport rates and volumes (Bagnold 1966). With
the ongoing sediment transport, bedforms (such as
ripples, bars, dunes) can be formed, destroyed, re-
shaped, or shifted, and a mobile sediment layer repre-
senting sediment impacted by sediment transport can
be defined (Fig. 1). Sediment properties of this mo-
bile layer as well as of the bedforms can be expected
to differ from the initial sediment properties of the
immobile bed. Particle size and shape distributions
may change through selective sediment transport.
Here, sediment size or shape fractions can vary in
transport mode and rate, or some large particles, or
sediment of large friction angles may not be entrained
under moderate forcing conditions. Such selective
sediment transport is reflected in sediment sorting
along bedforms, for example (Fig. 2).
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With the deposition of sediment, possible remobi-
lization, and re-deposition on different temporal
scales from single waves over tidal cycles to the re-
occurrence of extreme events, also significant varia-
tions in sediment settling, consolidation, and thus,
packing, density, friction angle, and shear strength
must also be expected (Fig. 1).

Figure 2. Sediment sorting along large ripples in Grand Pas-
sage, Bay of Fundy, Nova Scotia. Grand Passage is charac-
terized by maximum tidal current velocities in excess of 4
m/s, and is a proposed site for the harvesting of tidal energy.
Ongoing sediment transport is clearly documented in the ex-
istence of bedforms, as well as sediment sorting.



Figure 3. Thaw mud slump at the coastline of Herschel Is-
land, Yukon.

In some areas new and varying sediment inputs
must be considered. That applies to, e.g., river out-
flow areas impacted by river diversion, dredging or
dams, as well as large sediment input by thawing of
glaciers or permafrost coastlines. For example, Her-
schel Island, Yukon, in the Canadian Beaufort Sea
features some of the largest thaw mud slumps in the
world, delivering significant amounts of fine to mixed
sediments into the nearshore zone (Fig. 3).

With climate change, and the associated sea level
rise, retreat of permafrost and glaciers, and increase
of the storm intensities and frequencies, the erodibil-
ity of onshore areas under inundation and nearshore
forcing becomes important. From above discussed
processes, it follows that sediments exposed to hydro-
dynamic forcing in the nearshore zone will poten-
tially exhibit different sediment properties than sedi-
ments that are usually located onshore, and do not
experience hydrodynamic forcing. A more detailed
understanding of the differences in in situ sediment
characteristics, and the response to hydrodynamic
forcing and morphodynamics, is crucial to predict

long-term coastline evolution, erosion, and erodibil-
ity during extreme events, and thus, for coastal man-
agement and planning.

3.2 Beach dynamics

Beaches represent in many locations the natural bor-
der between the nearshore zone and the onshore
coastal zone which are both exposed to significantly
different processes and forcing conditions (see sec-
tion 3.1). Resulting from water level fluctuations on
temporal scales of waves, semidiurnal to lunar tidal
cycles, and events, beaches are impacted by addi-
tional effects of changing water levels, ground water
dynamics, water infiltration and exfiltration (Fig. 4).
This leads to the fact that beaches are highly dynamic
environments, while they represent at the same time
recreational hot spots, and a natural barrier against
ocean forcing.

Examples of significant beach dynamics can be
found worldwide. Figure 5 shows traces of erosion at
the high water edge at a sandy beach on the Outer
Banks, USA. Figure 6 depicts the change of grain size
distribution along a cross-shore profile at a steep,
mixed sand-gravel megatidal beach in Advocate,
Nova Scotia. Here, zones of offshore directed sedi-
ment fining, or coarsening, a fine sand zone, and a
coarse mixed sediment zone can be identified, and the
position of the fine sand zone is shifting in the cross-
shore direction, apparently in correspondence to the
lunar tidal cycle, while a storm event leads to an over-
all fining of the central and lower intertidal zone. Due
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Figure 4. Concept sketch of aspects of sediment properties, sediment transport, morphology and hydrodynamics influencing beach

dynamics.



Figure 5. Traces of significant erosion at a beach in Nags
Head, NC, in the direct vicinity of beach properties after a
moderate wind event in June 2016.

181

YD125 YD126 YD127 YD128 YD129 YD130

Figure 6. Conceptual representation of grain size distribu-
tions along a cross-shore transect (188 low tide water line;
181 close to the berm) at Advocate Beach, Nova Scotia, a
steep, mixed sand-gravel, megatidal beach, from yeardays
125-130 in 2012. Ungraded brown indicates mixed coarse
sediment, graded brown shading indicates fining towards the
lighter shading. The dashed lines indicate the fine sand zone.
A storm event hit the site starting in the night of yearday 129.
to the extreme tidal range at this location (~ 12 me-
ters), the beach undergoes full saturation and drainage
twice per day. The observations cannot currently be
fully simulated in beach sediment transport models.
Particularly, the wide distribution of fine sediment at
the beachface after the storm event seems puzzling,
considering an expected sediment armoring with
coarse sediments prevailing under storm conditions.
Hay et al. (2014) and Stark et al. (2014) found that the
surprising presence of fine sediments can be associ-
ated to the creation and destruction of sorted ripples
in the swash and surf zone, and large friction angles
of the sandy size fraction.
Such observations and studies highlight the need
for more field data sets, particularly in the framework
of multidisciplinary research programs. However, in
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situ measurements during hydrodynamic forcing are
difficult, and novel methods and tools are needed to
obtain the desired data sets.

4 USING PORTABLE FREE FALL
PENETROMETERS TO INVESTIGATE
SEDIMENT TRANSPORT PROCESSES

Free fall penetrometers have been introduced to oftf-
shore geotechnical site characterization in the 1970s
by researchers such as Dayal and Allen (1973) who
already recognized the potential, as well as associated
challenges, particularly in the data analysis. Later,
Stoll and Akal (1999) presented the expendable bot-
tom penetrometer, being a lightweight, fish-like
shaped device suitable for a rapid investigation of the
uppermost seafloor surface layers. Different data
analysis approaches were tested for this device, in-
cluding a correlation of the deceleration record di-
rectly to sediment types, or estimating undrained
shear strength (Aubeny and Shi 2006; Stoll et al.
2007; Stark and Wever 2009). Motivated by these re-
sults, the ease of deployment, and the wish to design
a non-expendable probe with similar capabilities, but
particularly for deployments in areas of active sedi-
ment dynamics, a torpedo-shaped probe was devel-
oped, Nimrod, targeting specifically surficial seabed
characterization with regard to geotechnical site char-
acterization of sediment remobilization processes
(Stark 2011).

Some representative results of in situ geotechnical
investigations of sediment remobilization processes
are shown in figure 7. The main findings can be
summed up as follows: The sediment type was cor-
rectly identified from the deceleration values, and an
equivalent of quasi-static bearing capacity can
roughly be estimated (Stark et al. 2012). The evolu-
tion of a loose sediment top layer can be associated to
a mobile sediment layer, and be quantified in vertical
thickness with a resolution in the order of ~1 cm
(Stark and Kopf 2011). Variations of this mobile top
layer can be correlated to the sediment deposition and
remobilization with tidal, and wave forcing (Stark et
al. 2010, 2011). Areas of sediment erosion and depo-
sition can be identified (Stark et al. 2010).

The results confirmed that portable free fall pene-
trometers deliver complementary information for the
investigation of sediment remobilization processes.
However, some questions remained unsolved, or
were even raised by the results. A loose sediment top
layer was clearly identified, and associated to sedi-
ment transport processes. However, the evolution of
such a layer can express reworking of native surface
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Figure 7. A) Estimates of quasi-static bearing capacity (gsbc) of a sandy soil under no-current-no-waves conditions (black line),
and with wave action (blue line) versus penetration depth, measured in the large wave channel in Hannover, Germany. The
evolution of a loose top sand layer is clearly indicated by low sediment strength in the upper 3 cm (mint shading). Figure modified
from Stark and Kopf (2011). B) Thickness of a loose sediment top layer measured over one tidal cycle along subaqueous dunes
in the Knudedyb tidal channel in the Danish Wadden Sea (black crosses; trend outlined in red). The mean flow velocity is indi-
cated in blue. Scatter in top layer thickness can be associated to different locations along the dunes. The figure is modified after
Stark et al. (2011). C1-2) Estimates of quasi-static bearing capacity (C1) and loose top layer thickness (C2) over an active sand
bar in front of Whaingaroa Harbour, Raglan, New Zealand. Areas of low gsbc and high top layer thickness were associated to
areas of fresh sediment deposition, while areas of high gsbc and low top layer thickness suggested ongoing erosion (modified
after Stark et al. 2010). This allowed the prediction of the offshore migration of the southern arm of the bar which was confirmed
later from aerial images. All measurements were obtained using the portable free fall penetrometer Nimrod.

sediments, as well as the deposition of sediment en-
trained at a different location and deposited here. The
governing process cannot be inferred from the pene-
trometer data alone, but usually, information about
the local hydrodynamic forcing and morphodynamics
allow to derive a conclusion in this matter. Neverthe-
less, it would be an important step forward if more
details about this mobile layer could be derived, such
as bulk density or concentration, sediment grain size
distribution, or if sediments behave cohesive. If such
properties would be derived in a vertical profile for
the mobile layer as well as its underlying substratum,
this would also enable to derive conclusions regard-
ing selective sediment transport. These information
would be directly applicable to sediment transport
models, and would improve the prediction of sedi-
ment erosion, transport, and deposition, and thus, po-
tential bathymetric change. This is of high importance
for addressing issues such as coastal erosion, sedi-
ment dredging and disposal projects, navigation in
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shallow nearshore, estuarine and riverine environ-
ments, as well as scour and seabed stability around
coastal structures.

Portable free fall penetrometers have the potential
to contribute further to address these issues. One con-
sideration is to add a sampling device that would al-
low to retrieve a sediment sample of the penetrated
layers. If such samples would be similar to mini sed-
iment cores, stratification would be represented, and
differences in sediment type, and size distribution
could be assessed. Dependent on the level of disturb-
ance, in situ density may be estimated. For very fine
sediments, subsamples could be extracted using a sy-
ringe. For coarse sediments, high resolution images
of the mini-core could be a potential method to assess
particle packing and density. From this information



B30+

' / Tetrapod Lock

-Connector

|- Plug Valve

(holding the tube)

~Sampler Body

Sampler Tube

—Core Catcher

Carver

Figure 8. Left) BlueDrop portable free fall penetrometer (63 cm in length; approx. 8 kg). Center) Design of one of three proto-
type add-on samplers. Right) Representative sand sample obtained during preliminary tests. The figure is modified after Bilici

and Stark (2017).

e S23ls tO
? smaller inlets
[

Lid

Chamber Rings building

the chamber walls
Rubber membrane

Ll [l ]|

T, (e g ey

. Bottom
\ FITIEIIREE, plate

Inlet for

hydraulic

& backpressure
pipes

Hydraulic
actuator

S e 1 - i
TSI IS ¥ 5

Figure 9. Concept sketch of large-scale CPT calibration

chamber and modified free fall tower.
and with enough sample material, a sample could
even be reconstructed for further testing in the labor-
atory. Bilici and Stark (2017) have developed three
different prototypes of sampler add-on units for the
portable free fall penetrometer BlueDrop, including
the design of a novel core catcher mechanism, and
have initiated preliminary laboratory experiments to
evaluate the performance of the samplers and sample
quality (Fig. 8). More tests are currently ongoing to
improve sample quality, and to investigate the impact
of penetration speed on the sample.

In addition to in situ sampling, calibration of the
penetrometer acceleration/deceleration records under
controlled conditions, and specifically targeting soft
and loose surface sediments will advance research in
this field. This is particularly important if the rapid
deployment process, allowing to deploy under ener-
getic conditions, and to cover a large number of loca-
tions in a short time, should be preserved. This has
been attempted by Dayal and Allen (1973) and Stoll
et al. (2007) using a large sediment sample in the la-
boratory, and most recently, authors such as Chow et
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al. (2014) and O’Loughlin et al. (2014) conducted
centrifuge tests with small-sized free fall penetrome-
ters. Another potential route to calibrate small-scale,
but prototype size portable free fall penetrometers is
a modified large-scale Cone Penetration Test calibra-
tion chamber (Fig. 9). A large-scale chamber with a
diameter and height of ~1.5 m, and a water backpres-
sure system would allow to simulate different seabed
conditions, and to calibrate a small-scale portable free
fall penetrometer with small impact of the confine-
ment. This would enable a calibration of the pene-
trometer’s deceleration records to different sediment
types, shear strength, and bulk density, as well as to
investigate the strain rate effect for high velocity im-
pact penetrometers of different shapes in more detail.

Another potential route of seabed surface charac-
terization using portable free fall penetrometers is the
measurement of pore pressure. Stegmann et al.
(2006), Seifert et al. (2008) and Chow et al. (2014)
have indicated the potential of using pore pressure
measurements of impact penetrometers to derive in-
formation about shear strength as well as hydraulic
conductivity. The BlueDrop penetrometer is
equipped with a 300 psi pressure gauge at the u2 po-
sition. Stark et al. (2015) found that the pore pressure
recordings during penetration reflected the sediment
stratification that was identified from the deceleration
and estimated strength profiles. However, the pore
pressure behavior deviates significantly from docu-
mented standard Cone Penetration Test records. This
can be explained with a different soil and pore pres-
sure behavior, as well as influences of the Bernoulli
effect at the often more than 200-times higher impact
velocities. More research is required to investigate the
specific mechanisms in more detail to potential derive
information of in situ hydraulic conductivity and rel-
ative density directly from the penetrometer pressure
recordings.



5 PORE PRESSURE MONITORING NEARSHORE
& AT THE BEACH

Section 2.3 discusses different concepts of the impact
of pore water pressure under wave forcing on sedi-
ment dynamics. Most of these concepts are based on
theoretical approaches, and laboratory experiments.
Few data sets from the field are available to-date.
Data loggers which are smaller in size, larger in
memory, and faster in sampling rate are enabling new
measurement approaches. Stark and Hay (2014) em-
bedded a wave gauge at a sediment depth of 50 cm at
a mixed sand gravel megatidal beach in Advocate,
Nova Scotia, and found that pore pressure build-up
occurred over multiple wave cycles despite the sedi-
ment coarseness. Stark and Quinn (2015) observed
excess pore pressure peaks under irregular wave forc-
ing at a sandy beach in Yakutat, Alaska. Stark (2017)
applied the approaches to assess the risk for residual
liquefaction by Sumer (2014), and for momentary liq-
uefaction by Yeh and Mason (2014) and Foster et al.
(2006) on the same data set, and derived that critical
values were frequently exceeded for the upper 20 cm
of the beachface (Fig. 10). During the field experi-
ment active sediment transport was observed. How-
ever, differently than these calculations may suggest,
no significant erosion was observed. Thus, processes
investigated in a controlled manner in the laboratory
may underestimate the actual complexness of field
conditions.

More field data is necessary to understand the in-
terplay of different processes, and to potentially inte-
grate them into a larger sediment erosion prediction
scheme. Novel field instrumentation can help to make
data more accessible, and field measurements more
feasible. Small-scale wave gauges such as RBR SoloD
have most recently been applied for pore pressure
monitoring in different beach and nearshore environ-
ments (Fig. 11). The ease of deployment, sampling
rates of 10 Hz and faster, and a continuous monitoring
duration in excess of 28 days allow new data acquisi-
tion strategies in vertical, cross-shore or long-shore
arrangements.

6 CONCLUSIONS

The reliable and accurate prediction of sediment ero-
sion, scour and deposition processes is of high im-
portance for issues related to coastal erosion and
coastline evolution, the maintenance of navigation
channels, and the stability of coastal and offshore
structures. The relocation and movement of signifi-
cant sediment volumes occur particularly in the ener-
getic nearshore zone where water depths are shallow,
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Figure 10. Upper panel) Wave-period average of excess
pore pressure over initial mean normal effective stress at a
sediment depth of 5 cm versus time measured at a sandy
beach in Yakutat, AK. The red line indicates when theoreti-
cally residual liquefaction may be achieved under wave
forcing. Lower panel) Upward directed vertical pressure
gradients between a sediment depth of 25 cm and 5 cm for
an excerpt of the above shown data set. The dashed green
line indicates when momentary liquefaction may occur. Fig-
ure modified after Stark (2017).

Figure 11. Deployment of RBR Solo pressure transducers dur-
ing an undergraduate research field experiment in a sandy
nearshore zone in the Punta Cana, Dominican Republic.

waves undergo shoaling and breaking, and tidal cy-
cles can play an important role. The same area is the
connection between offshore and onshore environ-
ments. The sediment behavior in these areas governs
coastline evolution, represents important habitats,
and is of increasing interest for wave energy conver-
sion, and coastal protection structures.

Geotechnical sediment properties such as shear
strength, friction angles and cohesion, as well as pore
pressure behavior have been recognized as potentially
important factors for improving the prediction of sed-
iment erosion. Portable free fall penetrometers have
successfully displayed variations between seabed sur-
face top layers associated to active and most recent
sediment transport processes. Preliminary pore pres-
sure monitoring revealed that the pore pressure be-



havior under active wave forcing should be consid-
ered when assessing sediment erodibility, particularly
under energetic wave forcing. It also indicated that
some processes and their interaction may not be fully
understood yet. The current gaps in understanding re-
garding the correlation between geotechnical soil
characteristics and behavior and subaqueous sedi-
ment transport processes, and the associated limited
integration into erosion or scour prediction schemes
likely contributes significantly to the still existing
model and prediction limitations.

To address this issue, more field investigations and
data are required, highlighting the need for novel in-
strumentation and measurement strategies suitable
for deployment in these energetic hydrodynamics or
active sediment transport processes, and with limited
impact on the native sediment processes.

Portable free fall penetrometer have proven to be
suitable for the deployment in energetic hydrodynam-
ics, for the classification of sediment type, estimating
sediment strength, and to quantify sediment stratifi-
cation. Most recently, pore pressure measurements
during penetration and at rest in the sediment promise
additional information about the sediment’s hydraulic
conductivity and density. However, more research is
needed to derive geotechnical parameters directly
comparable to other standard in-situ methods such as
Cone Penetration Testing, and deliver more infor-
mation about mobile seafloor surface layers. There is
particularly a need for calibration facilities and exper-
iments.

Pore pressure gauges embedded in beach and near-
shore sediments over periods of hours to weeks indi-
cated that the role of sediment pore pressures for sed-
iment erosion is more important than currently
considered, and that the processes are complex. The
presented and similar measurement concepts may
drive this field of research forward, and allow to ob-
tain statistically valid amounts of data sets.

In summary, the coastal and nearshore zone still
holds many open questions, challenges, and opportu-
nities for researchers in the field of geotechnical en-
gineering. At the same time, the collaboration with
colleagues from different disciplines such as coastal
sciences and engineering, oceanography, geology,
geophysics, and sedimentology is crucial to fully un-
derstand the processes, and implement them into tools
and prediction schemes important to coastal manag-
ers and communities.
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Evaluating liquefaction and lateral spreading in interbedded sand, silt,
and clay deposits using the cone penetrometer
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ABSTRACT: Current procedures for evaluating potential earthquake-induced liquefaction and lateral spread-
ing appear to have a tendency to over-predict liquefaction effects in interbedded sand, silt, and clay deposits.
Possible reasons for over-prediction of liquefaction effects are discussed, and investigations regarding some
factors pertinent to use of the cone penetrometer are described. An axisymmetric direct cone penetration
model is presented for use with the MIT-S1 constitutive model to explore cone penetration processes in a
range of soil types; current efforts are focused on validating this new direct cone penetration model, begin-
ning with simulations of cone penetration in soft clay. The relationship between cyclic strength and cone pen-
etration resistance in non-plastic and low-plasticity fine-grained soils is examined by relating cyclic strengths
from laboratory tests to cone penetration resistances from simulations. The performance of a site underlain by
interbedded soils along the Cark canal during the 1999 M=7.5 Kocaeli earthquake is analyzed using one-
dimensional lateral displacement index procedures and two-dimensional nonlinear deformation analyses with
spatially correlated stochastic models to illustrate how several factors can contribute to an over-prediction of
liquefaction effects. Future research needs and directions for improving the ability to evaluate liquefaction ef-
fects in interbedded sand, silt, and clay deposits are discussed.

1 INTRODUCTION cm of settlement in such deposits, which may lead to
potentially unnecessary and expensive ground im-
Case histories have shown that the engineering pro-  provement or structural strengthening efforts.
cedures currently used in the US and other countries The purpose of this paper is to discuss possible
to evaluate potential earthquake-induced liquefac-  reasons for over-prediction of earthquake-induced

tion and lateral spreading appear to have a tendency  liquefaction effects in interbedded sand, silt and clay
to over-predict liquefaction effects in interbedded  deposits and describe results from three research
sand, silt, and clay deposits. For example, this was  projects regarding factors pertinent to use of the

observed in the Gainsborough Reserve and Riccar-  cone penetrometer for liquefaction evaluations. Pos-
ton areas of Christchurch, New Zealand, where min-  sible factors contributing to an over-prediction of
imal damage occurred but various engineering anal-  liquefaction effects in different situations are re-

yses predict that at least one of the earthquakes in  viewed first. An axisymmetric direct cone penetra-
the 2010-2011 Canterbury Earthquake Sequence  tion model is presented for use with the MIT-S1
(CES) should have caused significant ground surface  constitutive model to explore cone penetration pro-
damage due to liquefaction (e.g., Beyzaei et al.  cesses in a range of soil types, including intermedi-
2015, Stringer et al. 2015, van Ballegooy et al. 2014,  ate soils (e.g., silty/clayey sands or sandy/clayey
2015). Other examples include a site along the Cark  silts) which are often present in interbedded soil de-
Canal in Turkey during the 1999 M=7.5 Kocaeli  posits. Current work toward validating this direct
earthquake (Youd et al. 2009) and sites in Taiwan  cone penetration model is illustrated by simulations
during the 1999 M=7.6 Chi-Chi earthquake (e.g.,  of penetration resistance in Boston Blue clay. The
Chu et al. 2007 and 2008). relationship between cyclic strength and cone pene-

The apparent tendency of current liquefaction  tration resistance in non-plastic and low-plasticity
evaluation procedures to over-predict liquefaction  fine-grained soils is then examined by relating cyclic
effects for interbedded sand, silt, and clay deposits,  strengths from laboratory tests to cone penetration
while conservative, can have large economic impli-  resistances from simulations. Lastly, the perfor-
cations. For example, it is common to compute a po-  mance of a site underlain by interbedded soils along
tential for tens of cm of lateral displacement or a few  the Cark canal during the 1999 M=7.5 Kocaeli
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Table 1. Factors affecting prediction of liquefaction effects in interbedded soil deposits

Factor

Role

Limitations in site characterization tools and procedures

Interface transitions
Thin layer effects

Graded bedding

Continuity of lenses

Saturation

Penetration resistance (e.g., q;) in sand is reduced near interfaces with clays or silts. I values in-
crease in the sandy soils and decrease in the clays/silts near the interface.

Penetration resistance (e.g., q;) reduced throughout sand layers less than about 1 m thick (with
clays/silts on either side of the layer).

In-situ tests measurements may not differentiate between material transitions that occur across
distinct interfaces (e.g., erosional contacts) and material transitions that are gradual (e.g., beds
with normal or reverse grading, or bed series in fining-upward or coarsening-upward patterns).
Transition and thin layer effects in interbedded soils with graded bedding are not well under-
stood.

Large horizontal spacing of explorations may not enable the lateral continuity of weak or liquefi-
able layers to be evaluated or quantified.

Presumption of 100% saturation below the groundwater table may underestimate cyclic strengths
for partially saturated zones.

Limitations in correlations for liguefaction triggering or consequences

Triggering correlations

Strain correlations

Triggering correlations are not well constrained for intermediate soils with certain FC and PI
combinations; CRR likely underestimated if treated as sand-like, and overestimated if treated as
clay-like. Effects of age, stress & strain history, K,, and cementation not explicitly accounted for.
Correlations for estimating shear and volumetric strains have been developed primarily from da-
ta for sands or clays; the applicability of these correlations for intermediate soils is uncertain.

Limitations from analysis approaches and neglected mechanisms

Spatial variability

Thick crust layers

The assumption that liquefiable layers are laterally continuous can contribute to over-estimation

of potential liquefaction effects. Composite strength from nonliquefied and liquefied zones may

limit deformations.

Thick crust layers can reduce surface manifestations of liquefaction at depth in areas without lat-

eral spreading.
Dynamic response
depth intervals.
Geometry & scale
variability.
Diffusion

Liquefaction of loose layers in one depth interval may reduce seismic demand on soils in other
The 2D or 3D scale of a deformation mechanism affects the dynamic response and role of spatial

Seepage driven by excess pore pressures may increase or decrease ground deformations depend-

ing on stratigraphy, permeability contrasts, geometry, seismic loading, and other factors.

earthquake is analyzed using one-dimensional (1-D)
lateral displacement index (LDI) procedures and
nonlinear deformation analyses (NDAs) with spa-
tially correlated stochastic profiles to illustrate how
several factors contributed to over-prediction of lig-
uefaction effects at the site. Future research needs
and directions for improving the ability to evaluate
liquefaction effects in interbedded sand, silt, and
clay deposits are discussed.

2 REVIEW OF CONTRIBUTING FACTORS

The potential for current liquefaction evaluation
procedures to over-predict liquefaction effects in in-
terbedded sand, silt and clay deposits stems from
several contributing factors, each of which can be
important in different situations and depend on the
type of analysis method employed. Possible factors
contributing to over-predictions in different situa-
tions are listed in Table 1 and grouped into those
factors associated with: (1) limitations in site charac-
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terization tools and procedures, (2) limitations in
liquefaction triggering or consequence correlations,
and (3) limitations from analysis approaches and ne-
glected mechanisms. The first three factors listed
under site characterization tools in Table 1 are de-
scribed in relation to the cone penetrometer, but
analogous issues exist with all in situ testing meth-
ods. The next three subsections focus on a subset of
factors that are related to use of the cone penetrome-
ter or important to the Cark canal case history. The
last subsection provides a more concise review of
the other contributing factors.

2.1 Spatial resolution of cone measurements

The spatial resolution of cone tip resistance (qt) and
sleeve friction (fs) measurements as indicators of
soil properties is limited by the physical volume of
soil around a cone tip that influences these meas-
urements. Measurements of qt are generally influ-
enced by soils within about 10 to 30 cone diameters
around the cone tip, which corresponds to influence



zones ranging from about 35 to 130 cm thick for
standard 10 cm? and 15 cm? cones. Measurements of
fs have similar zones of influence because they are
influenced by the normal stresses on the friction
sleeve (which are related to qt) and represent an in-
tegration of shear stress along the typically 13.4 to
16.4 cm long sleeve. Values of q: and fs therefore
depend on the sequence and properties of all soils
within the zone of influence, which can greatly
complicate (and often obscure) the ability to relate qt
and fs to soil properties at a specific point.

The zone of physical influence around a cone tip
is essentially a spatial low-pass variable filter on the
qt and fs measurements that would have been ob-
tained if they were true point measurements (i.e., a
negligible zone of influence). This spatial filtering
limits the resolution with which sharp transitions in
soil properties can be determined or distinguished
from gradual transitions in soil properties (e.g., Frost
et al. 2006). For example, the values of qt and fs
measured near a clay-sand interface will smoothly
transition from values representative of those for the
clay to those for the sand, as illustrated schematical-
ly by case 1 in Figure 1. This smooth transition in qt
and fs values, if interpreted literally on a point-by-
point basis, leads to erroneous soil classifications
and property estimates in the transition zone. For
thin sand seams embedded in clay or plastic silt de-
posits, the transition zones for the upper and lower
interfaces can overlap, which results in gt values at
the middle of the sand seam [(qt)min in Fig. 1] that
under-predict the sand’s true relative density [i.e., as
represented by q;" in Fig. 1]. The difference between
(q)min and q¢ increases as the sand layer thickness
decreases, as illustrated by cases 2 and 3 in Figure 1.

Limitations in the spatial resolution of property
estimates from cone penetrometer data in thin lenses
or at interfaces between soils of strongly different
properties is well recognized in the literature (e.g.,
Mayne 2007). Thin-layer correction procedures have
been developed to adjust gt values from the middle
of a thin layer to those that would be measured in a
thick layer of the same sand; i.e., qi = Ku (qt)thin,
where Ku is a thin-layer correction factor. The thin-
layer correction factors shown in Figure 2, for ex-
ample, include the relationship recommended for
liquefaction evaluations at a 1997/98 NCEER work-
shop (Youd et al. 2001). In addition, procedures to
account for transition effects at sand-clay interfaces
have been developed and implemented in commer-
cially available software for evaluating liquefaction
effects (e.g., GeoLogismiki 2016).

A consistent theoretical and empirical understand-
ing of cone penetration across interfaces or thin lay-
ers is lacking, however. For example, the thin-layer
correction relationship recommended by Youd et al.
(2001) based on limited field data falls below those
produced by elastic solutions (Vreugdenhil et al.
1994, Robertson & Fear 1995), as shown in Fig-
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Figure 1. Influence of clay-sand interfaces and sand layer
thickness on cone penetration resistance (modified from Rob-
ertson and Fear 1995; after Idriss and Boulanger 2008)
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Figure 2. Thin layer correction factors for determining equiva-
lent thick-layer cone tip resistance (modified from Youd et al.
2001; after Idriss and Boulanger 2008)

ure 2. Past experimental studies of cone penetration
in layered soils have included tests with sands of dif-
ferent types and relative densities (e.g., Mo et al.
2013, 2015; Silva & Bolton 2004; Canou 1989 and
Foray & Pautre 1988 as reported in Vreugdenhil et
al. 1994). The results show transitions in qt values
over intervals of about 4 to 5 cone diameters, de-
pending on the layer sequence and strength con-
trasts. Simulations of cone penetration in two layer
systems by Van den Berg et al. (1996) indicate that
when a cone passes from sand into soft clay, the qt
in the sand is influenced when the cone is within
about 3 cone diameters of the interface, and when a
cone passes from soft clay into sand, it takes about 4
cone diameters of penetration into the sand for the
full gt to develop. Simulations of cone penetration in
multi-layered clays by Walker & Yu (2010) show
that when a cone passes from a stronger layer to a
weaker layer, the q: is significantly influenced to a
distance of about 2 or 3 cone diameters on either
side of the interface, whereas when the cone passes
from a weaker layer to a stronger layer, the q: rises
more abruptly. The transition interval thicknesses



obtained in the above experiments and simulations
would suggest that thin-layer effects should be
smaller than indicated by the empirical thin-layer
correction factors recommended in Youd et al
(2001) (Fig. 2). It is likely that additional experi-
mental data, numerical simulations and field studies
will be required to develop a consistent understand-
ing of thin-layer effects for sand lenses interbedded
with softer fine-grained sediments.

The influence of graded bedding on interface
transition and thin-layer effects is another issue that
needs to be addressed (Table 1). Individual beds of
sand may exhibit normal grading (upward decrease
in grain size) or reverse grading (upward increase in
grain size), and series of beds can be arranged in fin-
ing-upward or coarsening-upward sequences (Nich-
ols 2009). Current procedures for evaluating inter-
face transition and thin-layer effects lack guidance
on how one should distinguish between interfaces
where soil properties transition gradually (e.g., a fin-
ing-upward sequence) versus sharply (e.g., an abrupt
transition from sand to clay at an erosional contact).
Measurements of q: and fs cannot be expected to dif-
ferentiate between a sharp transition and a gradual
transition that occurs over a length scale that is simi-
lar to, or smaller than, the zone of physical influence
around the cone tip. Characterizing graded bedding
at these smaller scales may instead require supple-
mental information, such as continuous core samples
from the same deposit. Regardless, the currently
available transition and thin-layer correction proce-
dures were developed for abrupt soil transitions and
the potential impacts of applying them to deposits
with gradual transitions have not been adequately
examined.

The problem in practice is that using cone pene-
trometer data in interbedded deposits without transi-
tion and thin-layer corrections has the potential to
significantly under-estimate the available resistance
to liquefaction triggering or deformation. These ef-
fects are illustrated in Figure 3 for an idealized anal-
ysis of a thin clean sand layer embedded in a clay
deposit at a depth where the initial vertical effective
stress (o'vo) 1s 100 kPa. The normalized tip re-
sistance (qn = qv/Pa where Pa = atmospheric pres-
sure) in the clay is 20. The sand layer is character-
ized by the "true" value of g that it would have had
if the layer were thick. The value of g "measured"
at the middle of the sand layer is the "true" g di-
vided by the thin-layer correction factor Ku based on
field data from Youd et al. (2001), as shown in Fig-
ure 2. The "measured" quv is assumed to transition
linearly from the clay value to the mid-sand-layer
value over a transition interval of either 15 cm (blue
lines) or 30 cm (red lines), or just half the sand layer
thickness if the sand layer is thinner than twice the
transition interval thickness. The "measured" sleeve
friction is assumed to produce normalized tip re-
sistance (Q) and sleeve friction ratio (F) values that
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Figure 3. Idealized example illustrating the underestimation of
CRR for a thin sand layer embedded between clay layers if
transition and thin-layer corrections are not applied

1.2

plot in the middle of the normally consolidated zone
on the soil behavior type chart by Robertson (1990).
The cyclic resistance ratio (CRR) for M=7.5 and c'vo
= 1 atm was computed using the liquefaction trig-
gering correlation by Boulanger & Idriss (2015); this
calculation based on the "measured" CPT data in-
cludes the apparent increase in fines content as the
sand layer thickness decreases (i.e., Q decreases and
the soil behavior type index I increases). Lastly, the
average CRR across the sand layer was computed
and plotted versus the sand layer thickness in Fig-
ure 3 for various "true" qun values. The results in
Figure 3 illustrate how the use of CPT data without
transition and thin-layer corrections can significantly
under-predict the CRR of dense sand lenses less
than about 1 m thick and cannot distinguish between
loose or dense conditions for sand lenses less than
about 0.3 m thick. Ideally, transition and thin-layer
corrections would remove this source of potential
bias, but the details of their application are subjec-
tive in practice (e.g., the issue of graded bedding)
and difficult to automate. For this reason, these cor-
rections are not uniformly applied or relied upon.

2.2 Intermediate soil types

Current liquefaction triggering correlations (e.g.,
Robertson & Wride 1998, Moss et al. 2006, Boulan-
ger & Idriss 2015) have some of their greatest dif-
ferences in silty sands, sandy silts and silts of low-
plasticity. These differences are not surprising be-
cause the triggering correlations are not well con-
strained by the limited number of case histories in-
volving intermediate soil types and thus their
differences also stem from differences in their func-
tional forms. Recent research has shown that gt in
low-plasticity fine-grained soils can vary strongly
with small changes in clay content [or plasticity in-
dex (PI)], and this has a strong effect on the correla-
tion to cyclic strength for soils with high percent-



ages of fines that are either non-plastic or of low
plasticity (say PI < ~ 5). Current liquefaction trig-
gering procedures do not have theoretical bases or
sufficient field data for confidently constraining
these correlations across the full range of possible
fines content (FC) and PI combinations.

Procedures for evaluating cyclic strengths have
tended to be either well suited for sand-like soils or
well suited for clay-like soils. For sand-like soils,
concerns with the effects of sampling disturbance
have led to an emphasis on case history based lique-
faction triggering correlations using CPT, SPT or
shear wave velocity (Vs) data. For clay-like soils, the
ability to sample and test with reasonable confidence
has led to procedures that are similar to those used
to evaluate monotonic undrained shear strengths. An
artifact of these two different approaches has been
sharp jumps in the estimated cyclic strength when
the soil classification toggles across a classification
of clay-like versus sand-like. These sharp jumps in
CRR values were illustrated by Robertson (2009) as
contours on a soil behavior type chart (Fig. 4).

Similarly, correlations for estimating earthquake-
induced shear strains or post-shaking reconsolida-
tion strains have been developed primarily from la-
boratory test data for either sands or clays. The ex-
tension of these correlations to intermediate soils has
not been systematically examined, and is another
source of potential bias in evaluating liquefaction
consequences (Table 1).

The fundamental basis for cone penetration re-
sistance to correlate with cyclic strengths also war-
rants discussion. Consider the schematic in Figure 5
showing critical state lines, initial conditions, and
stress paths for a point near the cone tip as it pene-
trates either medium-dense sand or normally consol-
idated clay. The monotonic loading imposed by cone
penetration produces an undrained stress path that
moves to the left in the normally consolidated clay
and a drained path that moves to the right in the me-
dium-dense sand. The path for the medium-dense
sand moves down and to the right because the sand
is much less compressible under monotonic loading
(as represented by a flatter critical state line at lower
stresses) and is initially dense of critical state, which
together lead to large mean stresses near the cone tip
during drained penetration. The path for the medi-
um-dense sand under seismic loading, however,
would potentially be to the left if saturated and
largely undrained during the seismic loading. The
path for seismic loading may move to the left be-
cause the sand can accumulate net plastic volumetric
contractive strains during reversed cyclic loading,
which causes a loss of effective stress for undrained
conditions. Thus, the stress path followed by sand
during cone penetration is not the same as that for
seismic loading. The greater compressibility of clay
relative to sand and the undrained conditions during
cone penetration in clay (versus drained in sand) re-
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Figure 5. Schematic of loading paths near a penetrating cone in
normally consolidated clay (an undrained path) or medium
dense sand (a drained path)

sult in much lower cone penetration resistances,
even if the clay is heavily over-consolidated and has
a large cyclic strength. For sand or clay, cyclic
strength correlates with cone penetration resistance
because variations in fundamental properties or soil
characteristics that tend to increase cone penetration
resistance also tend to increase cyclic strength, and
vice versa (e.g., state, compressibility, stress history,
age, and cementation). The effects of variations in
the fundamental properties or soil characteristics on
cyclic strength and cone penetration resistance are
nonetheless unlikely to be identical, which is one
source of dispersion in the resulting correlations for
either sand or clay. At the same time, the general



differences in fundamental properties for sand ver-
sus clay are sufficiently large that distinctly different
cyclic strength correlations have been developed for
these two soil types. The subsequent application of
these correlations therefore depends strongly on soil
characteristics that are currently only accounted for
by broad categorizations such as clay-like or sand-
like. The generalization of cyclic strength correla-
tions across intermediate soil types (i.e., from sand
to clay) would benefit from a more generalized theo-
retical framework and may also benefit from inde-
pendent measures or indices of other soil attributes,
such as shear wave velocity, compressibility, and
permeability.

2.3 Spatial variability

Simplifying and ultimately conservative assump-
tions regarding the lateral continuity and extent of
liquefiable lenses within interbedded deposits are
explicitly incorporated in some liquefaction evalua-
tion methods and often implicitly invoked in the ap-
plication of other liquefaction evaluation methods.
For example, liquefaction vulnerability indices
(LVIs) such as the lateral displacement index (LDI),
liquefaction potential index (LPI), liquefaction se-
verity number (LSN), or post-liquefaction reconsol-
idation settlement (Sv-1p) are all commonly comput-
ed using data from individual borings or CPT
soundings. These calculations are therefore based on
the assumption of horizontal layering with infinite
lateral extent, such that the results are referred to as
1-D LVIs. Other liquefaction evaluation methods in-
clude empirical regression models (e.g., the multiple
linear regression models by Youd et al. 2002) and
Newmark sliding block methods (e.g., Olson &
Johnson 2008). In applying these methods, it is
common in practice to conservatively assume lateral
continuity or connectivity of liquefiable layers
across borings and soundings that are often spaced
too far apart for the lateral continuity to be properly
evaluated.

Limited lateral continuity of liquefiable lenses in
interbedded sand, silt and clay deposits has been hy-
pothesized as a possible factor when ground defor-
mations are over-predicted by current liquefaction
evaluation procedures. In these cases, it is possible
that any potential failure or shear deformation
mechanisms must engage both liquefiable and
nonliquefiable soils, and that the shear strengths of
the nonliquefiable soils are sufficient to reduce
ground deformations. Youd et al. (2009) concluded
this was the case at Cark Canal during the 1999
M=7.5 Kocaeli earthquake, for example. NDAs us-
ing stochastic models of interbedded sands and clays
in mildly sloping ground demonstrated this is poten-
tially a major factor controlling lateral spreading
displacements (Munter et al. 2016). More generally,
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Cubrinovski & Robinson (2015) examined charac-
teristics of lateral spreads in the 2010-11 CES and
concluded that small-displacement lateral spreads
were associated with thin critical layers that were
discontinuous along and away from the river, and
that large-displacement lateral spreads of narrow ex-
tent were associated with critical layers confined
within narrow zones along riverbanks. Their find-
ings illustrate the importance of the scale of the crit-
ical layers relative to the scale of the deformation
mechanisms.

Methods for systematically evaluating spatial var-
iability in interbedded deposits and accounting for it
in liquefaction evaluation procedures are not well
developed. Improved guidance on how to systemati-
cally account for the influence of spatial variability
in estimating vertical settlements and/or lateral
spreading in naturally variable deposits is needed.

2.4 Other contributing factors

Several other factors, in addition to those discussed
above, are considered as likely contributing to why
current liquefaction evaluation procedures can
sometimes over-predict liquefaction effects in inter-
bedded sand, silt and clay deposits (Table 1). The
significance of each factor depends, in part, on the
analysis approach being used to evaluate liquefac-
tion effects: e.g., empirical regression models, 1-D
LVIs, Newmark sliding block models, or NDAs.

One factor is the role of thick crust layers in re-
ducing surface manifestations of liquefaction in are-
as without lateral spreading (e.g., Ishihara 1985). A
crust layer that is sufficiently thick relative to the ex-
tent and thickness of any liquefied zone can reduce
differential surface settlements, ground -cracking,
and emergence of soil ejecta. This effect can also
complicate case history interpretations, especially in
distinguishing cases of non-manifestation from cases
of non-liquefaction triggering.

Another possible factor is partial saturation of
soils within some depth interval below the ground
water table, with the partially saturated soils having
a greater cyclic resistance than otherwise expected.
Soils may be partially saturated because of past wa-
ter table fluctuations or chemical and biological ac-
tivity. The greater cyclic strength of a partially satu-
rated zone could result in a thicker crust of
nonliquefied materials that could help reduce sur-
face manifestations of liquefaction, as discussed
above.

Another possible factor is the influence of lique-
faction on the dynamic response of a site, such that
liquefaction of looser soils within one depth interval
may reduce the dynamic stresses and strains im-
posed on soils in other depth intervals. Simplified
1-D LVI procedures do not account for these effects
and thus will over-predict the potential for lateral



displacements in situations where they are signifi-
cant.

Another factor is that the inter-bedding of sand,
silt and clay impedes the diffusion of excess pore
water pressures that develop within the liquefiable
lenses. In some cases, this impeding of diffusion
may reduce deformations relative to those that can
develop in thick layers of liquefiable sands where a
steady upward flow of pore water may weaken soils
near the surface and contribute to deformations. In
other cases, this impeding of diffusion may increase
deformations if it leads to sufficiently extensive wa-
ter film formation or localized strength loss (e.g.,
Kokusho 2003, Boulanger et al. 2014). The potential
for impeded diffusion to increase or decrease defor-
mations depends on the stratigraphy, permeability
contrasts, geometry, seismic loading, and other fac-
tors. It is difficult to predict diffusion effects during
and after seismic loading even with advanced
NDAs, and the empirical data are still insufficient to
propose accounting for these effects in any simpli-
fied method.

In most cases, it is likely that several of the factors
listed in Table 1 will contribute to any observed bias
in liquefaction evaluations for interbedded sand, silt
and clay deposits. The degree to which each factor
contributes will depend on the specific situation and
the analysis method employed. For this reason, the
systematic evaluation of case histories with due con-
sideration to all contributing factors will be im-
portant for developing improved guidance for prac-
tice.

3 DIRECT CONE PENETRATION MODEL

Numerical simulations for cone penetration have
been performed for sand or clay using direct and in-
direct axisymmetric models. Direct models simulate
penetration with the full cone geometry, whereas in-
direct models simulate cylindrical or spherical cavi-
ty expansion. Indirect models require converting the
cavity expansion limit pressure to a cone tip re-
sistance using relationships or procedures that are
significantly different for sand versus clay. A direct
model is preferable for studying intermediate soils
(e.g., silty and clayey sands) because indirect con-
version procedures are not available for these soil
types.

A direct axisymmetric model for cone penetration
in intermediate soils requires a constitutive model
that can reasonably approximate a broad range of
soil behaviors. A review of the literature (Moug et
al. 2016) found that direct penetration models have
primarily used relatively simple elastic-plastic con-
stitutive models, such as Mohr-Coulomb (e.g.,
Huang et al. 2004, Chai et al. 2012), von-Mises
(e.g., Walker & Yu 2006, Liyanapathirana 2009,
Wang et al. 2015), Drucker-Prager (e.g., Yi et al.
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Figure 6. Boundary conditions and mesh for direct axisymmet-
ric penetration model (Moug et al. 2016)

2012) and modified Cam Clay models (e.g., Yu et al.
2000, Chai et al. 2012, Mahmoodzadeh et al. 2014).
These types of constitutive models are not general
enough to simulate the full range of intermediate soil
behaviors.

A direct axisymmetric model for steady state cone
penetration using the MIT-S1 constitutive model
was therefore developed by Moug et al. (2016). The
MIT-S1 constitutive model (Pestana & Whittle
1999), with its generalized, bounding surface formu-
lation, is able to approximate the stress-strain re-
sponses of a broad range of soil types. The MIT-S1
model was implemented in the finite difference plat-
form FLAC 7.0 (Itasca 2011) by Jaeger (2012). The
penetration model implemented by Moug et al.
(2016) uses an Arbitrary Lagrangian Eulerian (ALE)
algorithm that couples the large deformation La-
grangian formulation in FLAC with a user-written
rezoning algorithm and a user-written second-order
Eulerian advection remapping algorithm after
Colella (1990). Interface elements between the soil
and cone enable the specification of interface fric-
tion angles, as opposed to assuming purely rough or
purely smooth interfaces. An example mesh for the
axisymmetric model and its boundary conditions are
shown in Figure 6.

The first application of this direct penetration
model was an examination of cone penetration in
Boston Blue Clay (BBC) using the Mohr-Coulomb
(MC), Modified Cam Clay (MCC), and MIT-SI con-
stitutive models. Details are in Moug et al. (2016).

Laboratory test results on intact samples (Landon
2007) and re-sedimented specimens (Ladd & Varal-
lyay 1965) show that BBC has significant strength
anisotropy. The undrained shear strength ratio
(sw/c'vo) for CKoncUC loading is about 0.28 and
0.33 for intact and resedimented specimens, respec-
tively. The su/c’vo for CKoncUDSS and CKoncUE
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Figure 7. Single element simulations of BBC response in CKoncUC and CKoncUE loading using the MC, MCC and MIT-SI con-
stitutive models calibrated to the same CKoncUC strength (after Moug et al. 2016)

loading of resedimented specimens decreases to 0.20
and 0.14, respectively.

Only the MIT-S1 model is able to approximate
the BBC's strength anisotropy, as illustrated in Fig-
ure 7 showing single-element simulations for CKon-
cUC and CKoncUE loading with the three constitu-
tive models calibrated to the same CKoncUC
strength. The MC and MCC models produce the
same su in extension and compression, whereas the
MIT-S1 model is able to simulate a much lower su in
extension than in compression. The MIT-S1 calibra-
tion is presented in Jaeger (2012), which was updat-
ed from the calibration in Pestana et al. (2002).

The pore pressure and stress path responses for
the single-element simulations in Figure 7 illustrate
the significant differences in shear-induced pore
pressure for the three constitutive models. The MC
model, with a friction angle of zero and associative
flow, does not develop plastic volumetric strains
during deviatoric loading and thus only develops ex-
cess pore pressure in response to changes in mean
total stress. The MCC model generates greater pore
pressures than the MC model for either loading con-
dition because the MCC model does develop plastic
volumetric strains once the yield surface has been
reached. The MIT-S1 model generates even greater
pore pressure for either loading path because its
more flexible formulation enabled a calibration that
could approximate pore pressures associated with
the BBC strength anisotropy.

Cone penetration at a BBC site in Newbury, Mas-
sachusetts was then simulated for a depth of 9.6 m
where the vertical total stress was 175 kPa, vertical
effective stress was 100 kPa, and the over-
consolidation ratio (OCR) was about 2.2 (Landon
2007). The measured q: at this depth range from 530
to 730 kPa (Landon 2007). The simulated cone pen-
etration resistances (qt) were reached by about 5
cone diameters of penetration for all three soil mod-
els (Fig. 8). Cone tip resistances with the MC and
MCC soil models are both about 750 kPa, which is
consistent with both models producing essentially
the same su of 59 kPa for either CKoUC or CKoUE
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loading conditions. The cone bearing factor Nkt from
these simulations, with their essentially isotropic su
values, correspond to an Nktiso of about 9.7.

Cone tip resistance with the MIT-S1 model was
about 515 kPa, or 31% smaller than with the MC
and MCC models. The MIT-S1 model produces a
smaller q: value because its calibration produces
smaller su values for all but the CKoUC loading
condition; i.e., MIT-S1 with OCR of 2.2 and &'vc
100 kPa produces su of 54, 36 and 38 kPa for
CKoUC, CKoDSS and CKoUE loading conditions
respectively. This simulation result thus corresponds
to Nkic, Nit,pss and Nk.e values of 6.3, 9.4 and 8.9,
respectively. The cone tip resistance could alterna-
tively be related to the average su for these three test
types (i.e., 43 kPa for this example) which would
correspond to an Nktave of 8.0.

The simulated total vertical stress fields around
the penetrating cone at 25 cone diameters of pene-
tration are shown in Figure 9 for each soil model.
The steady state stress distributions show similar
stress values in the cone tip area for MC and MCC
models, while total vertical stress is less for the
MIT-S1 model. The differences in total vertical
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Figure 9. Total vertical stress at 25 cone diameters of penetra-
tion in Boston Blue Clay; oy, =175 kPa prior to penetration
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Figure 10. Pore water pressure at 25 cone diameters of pene-
tration in Boston Blue Clay; u, = 75 kPa prior to penetration
(after Moug et al. 2016)

stress are consistent with the differences in cone tip
resistance for the three models.

Steady state pore pressure fields are presented in
Figure 10 for the three constitutive models. There
are two components to the pore pressures generated
during undrained cone penetration: (1) pore pressure
due to a change in total mean stress, and (2) pore
pressure due to deviatoric loading. Pore pressures
induced by the cone penetration with the MCC mod-
el are slightly greater than with the MC model. The
total stress fields are similar for the two models be-
cause they have similar strengths and therefore pro-
duce similar cone tip resistances. The MCC model,
however, produces more pore pressure during devia-
toric loading as illustrated by the single element
simulations in Figure 7.

The steady state pore pressure for the MIT-S1
model shows smaller pore pressures near the cone
face, but greater pore pressures for some zones near
the cone shaft above the tip. The smaller pore pres-
sures near the cone face are attributed to the MIT-S1
model producing smaller mean total stresses and
smaller cone tip resistance because of its lower av-
erage strength. The pore pressures near the cone
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shaft above the tip are larger with MIT-S1 because it
produces more pore pressure during deviatoric
shearing (as shown by the single element simula-
tions in Fig. 7) and the mean total stresses for the
three models are not as different in this area.

The cone tip resistances for the Newbury site
were slightly over-estimated with the MCC and MC
models and slightly under-estimated with the MIT-
S1 model. The analyses with the MCC and MC
models over-predicted gt because they were calibrat-
ed to the stronger CKoncUC loading condition. The
under-prediction obtained with the MIT-S1 model
suggests that calibration to resedimented BBC data
may have underestimated in-situ su values for some
of the loading conditions that develop around the
cone. Overall, the reasonable agreement between
simulated and measured tip resistances provides a
measure of validation for the cone penetration mod-
el.

The development of a direct cone penetration
model with the MIT-S1 constitutive model was con-
sidered an important step for supporting studies of
some factors contributing to over-predictions of lig-
uefaction effects in interbedded sand, silt and clay
deposits (Table 1). One objective is developing a
mechanistic framework for relating CPT data to cy-
clic behaviors of intermediate soils. Another objec-
tive is examining the influence of interface transi-
tions, thin layers, and graded bedding on cone
penetrometer measurements. For these objectives,
the simulation of cone penetration with realistic con-
stitutive responses is expected to provide improved
insights and capabilities.

4 LIQUEFACTION TRIGGERING
CORRELATION FOR INTERMEDIATE SOILS

Advancement of CPT based methods for estimating
cyclic strengths of intermediate soils requires im-
provements in our understanding of the properties
influencing cone penetration and cyclic loading be-
haviors. For example, insights have been obtained
from studies examining cyclic strength and cone tip
resistance in intermediate soils through cyclic lab
tests, cone penetration tests in calibration chambers,
and numerical simulations of cone penetration (Sal-
gado et al. 1997, Carraro et al. 2003, Cubrinovski et
al. 2010, Jaeger 2012, Kokusho et al. 2012, Park &
Kim 2013, DeJong et al. 2013).

In this section, initial results are presented for a
study relating laboratory measured cyclic strengths
to simulated cone tip resistances in mixtures of non-
plastic silt and kaolin (Price et al. 2015). Non-plastic
silica silt and kaolin clay were blended to create soil
mixtures with PIs of 0, 6, and 20. The PI = 0 mixture
was 100% silica silt, the PI = 6 mixture was 80% sil-
ica silt and 20% kaolin clay by dry mass, and the PI
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Figure 11. Undrained cyclic direct simple shear test results for normally consolidated, slurry sedimented specimens of PI=0 silt

(left side) and PI=20 clayey silt (right side)

= 20 mixture was 30% silica silt and 70% kaolin
clay.

The monotonic and cyclic loading responses of
slurry deposited specimens at different over-
consolidation ratios were characterized by undrained
monotonic and cyclic direct simple shear (DSS) tests
and one-dimensional consolidation tests. The cyclic
loading response of normally consolidated speci-
mens of the PI = 0 and PI = 20 mixtures are shown
in Figure 11. The cyclic stress ratios required to
cause single-amplitude peak shear strains of 3% are
plotted versus number of loading cycles in Figure 12
for all three mixtures and OCRs of 1 and 4. Over-
consolidation increased the CRR values for all three
mixtures, although the increase was greater for the
PI = 6 and 20 mixtures than for the PI = 0 soil. The
CRR values ranged from 0.10 to 0.14 for the NC
specimens and from 0.21 to 0.29 for the OCR = 4
specimens. The observed variation in CRR with
mixture PI and OCR is conditional on the three mix-
tures having been placed by a similar depositional
process, while recognizing that they are unavoidably
different in all other key characteristics (e.g., initial
void ratio, critical state line, compressibility). Com-
parisons of laboratory strengths obtained on soil
mixtures with different characteristics (e.g., fines
contents, PIs, OCRs, fabrics) become more valuable
if they can instead be expressed conditional on inde-
pendent test measurements available in practice,
such as data from a cone penetrometer.

Indirect cone penetration analyses were performed
in this preliminary work because the direct penetra-
tion model described in the previous section was
still under development. Cylindrical cavity expan-
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sion simulations were performed in FLAC using the
MIT-S1 model. The calibrated response of the MIT-
S1 model for the three soil mixtures is illustrated in
Figure 13 for undrained monotonic DSS loading of
normally consolidated specimens. The limit pres-
sures from the cavity expansion analyses were con-
verted to cone tip resistances using the procedure by
Leblanc & Randolph (2008), although the appropri-
ateness of this or other conversion procedures for
nonplastic and low plasticity silts has not yet been
established.

The laboratory measured cyclic strengths are re-
lated to the simulated cone tip resistances in Figure
14 for the three mixtures and c've = 100 kPa. The
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shaded regions for each mixture indicate the range
of tip resistances for drained and undrained condi-
tions. Cone penetration in the field would be ex-
pected to range from partially drained for the PI = 0
and 6 soils to largely undrained for the PI = 20 soil
based on their measured coefficients of consolida-
tion and established relationships for drainage dur-
ing cone penetration (e.g., DeJong & Randolph
2012). The curves relating CRR to tip resistance for
the PI = 6 and 20 soils are located much further to
the left than the curves for the PI = 0 soil. This left-
ward shift with a small amount of plasticity is pri-
marily due to the order-of-magnitude smaller tip re-
sistances for the PI = 6 and 20 soils, whereas the
CRR values for all three mixtures at any given OCR
varied to a lesser extent (Fig. 12). The order-of-
magnitude smaller tip resistances for the PI = 6 and
20 soils relative to the PI = 0 soil are consistent with
their differences in compressibility and initial states
(Price et al. 2015), as schematically illustrated pre-
viously in Figure 5. The results in Figure 14 are con-
sistent with studies showing that the leftward shift in
SPT liquefaction triggering correlations with in-
creasing fines content is largely attributable to the
effects of the fines on the SPT penetration resistance
(e.g., Cubrinovski et al. 2010).

Empirical curves of CRR versus tip resistance are
also shown in Figure 14 for clays and nonplastic
silts at a o've of 100 kPa. The relationships between
CRR and undrained tip resistance for the PI = 6 and
20 soils are in reasonable agreement with the empir-
ical curve for ordinary sedimentary clays. The range
of CRR versus tip resistance curves for the PI = 0
soil is also in reasonable agreement with its corre-
sponding empirical correlation for nonplastic lique-
fiable soils (Boulanger & Idriss 2015). The general
agreement between the relationships developed for
these PI = 0, 6, and 20 soils and their applicable em-
pirical counterparts is promising in suggesting that
the present approach can be used to further examine
the use of CPT tests for estimating cyclic strengths
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Figure 14. Measured cyclic strength versus simulated cone tip
resistance for slurry sedimented PI = 0, 6, and 20 soils at OCR
of 1, 2, and 4 (Price et al. 2015)

of intermediate soils across a broader range of in-
situ conditions.

Results from this project are expected to support
the refinement of triggering correlations for inter-
mediate soils, which is one potential factor contrib-
uting to over-prediction of liquefaction effects in in-
terbedded sand, silt, and clay deposits (Table 1).
Future work will include examining additional in-
termediate soil mixtures, repeating the cone penetra-
tion simulations with the direct penetration model
described in the previous section, and validating se-
lect cases with centrifuge model tests. Interpretation
of these results will also examine how CPT based
relationships may be augmented by independent
measurements of the soil’s mechanical properties,
such as small-strain shear wave velocity or limiting
compression behavior.
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5 EVALUATION OF LIQUEFACTION EFFECTS
AT CARK CANAL

The performance of a site underlain by interbedded
soils along the Cark canal in the 1999 M=7.5 Kocae-
li earthquake is reexamined to evaluate how differ-
ent factors can contribute to an over-prediction of
liquefaction effects. Lateral spreading displacements
are estimated using 1-D LDI procedures and 2-D
NDAs with spatially correlated stochastic models.
The results of the LDI analyses illustrate the poten-
tial importance of transition and thin-layer correc-
tions in CPT based evaluations of liquefaction ef-
fects for interbedded sand, silt, and clay deposits.
The results of the NDA analyses illustrate the addi-
tional roles of spatial variability, geometry and non-
linear dynamic response.

The characterization of a section of Cark canal
and its performance during the 1999 M=7.5 Kocaeli
earthquake was presented by Youd et al. (2009). The
canal is a channelized segment of the meandering
Cark River. The critical stratum for evaluating
ground deformations is a fluvial deposit of predomi-
nantly clay-like fine-grained sediments with inter-
bedded silty sands, as shown on the cross-section in
Figure 15. Five CPT soundings and two borings
with SPTs were performed at the site and document-
ed in Youd et al. (2000). No lateral spreading dam-
age was observed at the site after the Kocaeli earth-
quake despite an estimated peak ground acceleration
of 0.4 g. Youd et al. (2009) showed that current lig-
uefaction susceptibility criteria in combination with
a multiple linear regression model greatly over-
predicted lateral spreading displacements for this
site. They concluded that the sand lenses were likely
not horizontally continuous and that the strength of
the clays between the liquefiable lenses must have
been sufficient to limit ground deformations.

Lateral displacement indices (LDIs) were com-
puted for the five CPT soundings using two different
procedures and a sequence of refinements to evalu-
ate their impacts on the results. One set of LDIs was
computed using the liquefaction triggering correla-
tion by Boulanger & Idriss (2015) with strains esti-
mated using the procedures in Idriss & Boulanger
(2008) based on Ishihara & Yoshimine (1992). The
second set of LDIs was computed using the liquefac-
tion triggering correlation by Robertson & Wride
(1998) with the procedure by Zhang et al. (2004) to
arrive at the lateral displacement (LD) values that
might be expected for a point located about 6 m
back from the canal edge. Both procedures were first
applied using the common practice of point-by-point
calculations without transition or thin-layer correc-
tions and using all applicable default parameters.
The default parameters include using Ic < 2.6 for
identification of sand-like (or liquefiable) soils and
using Crc = 0 for estimating FC in the Boulanger &
Idriss (2015) liquefaction triggering procedure. The
LDs ranged from 176 to 313 cm (median of 230 cm)
and the LDIs ranged from 56 to 123 cm (median of
76 cm) for the five CPT soundings. The LDs are
greater than the LDIs primarily because the Zhang et
al. (2004) procedure includes a multiplier of 2.4 on
displacements for the chosen point 6 m back from
the canal edge. Regardless, the application of either
procedure without transition or thin-layer correc-
tions greatly over-predicts the potential for liquefac-
tion effects at this site.

The LDI procedure using Boulanger & Idriss
(2015) was then used to compute LDI values with
the progressive addition of transition corrections,
thin-layer corrections, and a site specific calibration
to the FC data (i.e., the Crc parameter). The median
LDI for the five CPT soundings reduced to 67 cm
with transition corrections, to 53 cm with transition
and thin-layer corrections, and to 36 cm with both
corrections and the site-specific Crc calibration (Crc
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Figure 16. LDI results for CPT 1-23 without any adjustments (black lines) and with application of transition and thin-layer correc-

tions and a site-specific fines content calibration (red lines).

= 0.27). The cumulative effect of these refinements
are illustrated for CPT 1-23 in Figure 16, showing
the cone tip resistance, factor of safety against lique-
faction triggering, the maximum potential shear
strain, and the integrated LDI profile for the first
analysis case (no corrections; black lines) and last
analysis case (all refinements combined; red lines).
Each of the above refinements contributed to a pro-
gressive reduction in the estimated LDIs, but the last
analysis case with all refinements combined still
over-predicts the potential for liquefaction effects at
this site.

The sensitivity of these LDI results to the I cut-
off was also examined. If liquefiable soils are in-
stead identified using Ic < 2.4, the median LDI is
further reduced to 10 cm using both corrections and
the revised site-specific Crc value of 0.41. The site
characterization data do not indicate that a lower Ic
cutoff is justifiable for this site, but these sensitivity
results do illustrate the potential value in detailed
site-specific field sampling and laboratory testing to
refine the Lc cutoff used in these analyses.

NDAs of this site were performed using stochas-
tic realizations of the interbedded sand and clay stra-
tigraphy to assess the impact of spatial variability on
the potential deformations. The realizations were
produced using a transition probability geostatistical
approach (Carle 1999, Weissmann et al. 1999) with
parameters determined from analysis of the CPT da-
ta, supplemented by estimates based on the deposi-
tional environment. Realizations conditional on the
CPTs on either side of the canal were produced us-
ing different estimates for the horizontal mean
lengths and percent sand-like materials in the critical
stratum. The realization shown in Figure 17 is for a
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case with 40% sand with horizontal and vertical
mean lengths for the sand lenses of 10 m and 26 cm,
respectively.

Representative properties for the sand and clay
portions of the critical stratum were selected by bin-
ning the data for the sand-like and clay-like portions
of the stratum and examining the data for spatial pat-
terns separately. The sand-like materials were char-
acterized using geciNes = 115 which is approximately
the median value after applying transition and thin-
layer corrections and the site-specific Crc calibra-
tion. The clay-like materials were characterized us-
ing an undrained shear strength (su) of 50 kPa,
which is approximately the median value based on
an Nkt of 15. The fill layer and underlying dense
sands layers were also characterized using median
properties estimated from the CPT data.

The sand-like sediment in the critical stratum and
underlying dense sand layer were modeled using the
user-defined PM4Sand constitutive model (Boulan-
ger & Ziotopoulou 2015; Ziotopoulou & Boulanger
2016). The constitutive model parameters were cali-
brated to the cyclic resistance ratios estimated from
the CPT based liquefaction triggering correlation of
Boulanger & Idriss (2015).

The clay-like sediment in the critical stratum and
the overlying fill layer were modeled using the
Mohr Coulomb constitutive model in FLAC.

The input motion was the E-W component of the
recording from Sakarya scaled to a peak ground ac-
celeration of 0.4 g. The motion was specified as an
outcrop motion for the underlying dense sand. The
base of the model was a compliant boundary and the
opposing side boundaries were attached.
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Figure 18. Contours of peak shear strain and lateral displacements toward the canal after earthquake shaking for realization B10-3

Contours of peak shear strain and lateral dis-
placement after strong shaking are shown in Figure
18 for realization B10-3 (Fig. 17). Shear strains in
the sand lenses are greatest where the lenses are
thickest and closest to the canal face, and smallest
when the lenses are thinner and isolated. The banks
of the canal have maximum lateral displacements of
about 6 to 8 cm toward the canal for this realization.
The results from other realizations gave maximum
lateral displacements of about 2 to 10 cm depending
on the parameters used to generate the realizations.
Overall, the lateral displacements from the NDAs
are in the range of what might reasonably have de-
veloped at this site without causing damage or
cracking that would be visible during post-
earthquake inspections.

Sensitivity analyses included examining the ef-
fect of uncertainty in the input ground motion on the
LDI and NDA results. For example, reducing the
peak ground acceleration to 0.3 g reduces the esti-
mated ground displacements for both analysis meth-
ods, but the LDI results still significantly over-
predict the potential for liquefaction effects at this
site.

These comparisons illustrate that the discontinu-
ous nature of sand lenses in interbedded sand, silt,
and clay deposits can be an important factor influ-
encing the potential for lateral spreading displace-
ments. Simplified analysis procedures that assume
horizontal continuity of sand lenses can be expected
to over-predict liquefaction effects if the sand lenses
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are, in fact, not horizontally continuous over the
length scale of potential deformation mechanisms.
Improvements in our ability to account for these ef-
fects will require better guidance on geologic model-
ing, stochastic procedures, and site investigation
practices. The results of this case study illustrate
how several factors from Table 1 can contribute to
over-prediction of liquefaction effects at a specific
site. Analyses were able to predict the absence of
significant ground deformations at this site only af-
ter the CPT soundings were corrected for transition
and thin-layer effects, the spatial variability of the
interbedded deposits was accounted for, and the
analysis method was upgraded to a 2-D NDA. Sto-
chastic realizations for representing spatial variabil-
ity in NDAs offer the potential for significant in-
sights on field behaviors, although they are not
currently practicable for routine applications. Thus,
future work is needed for providing guidance on
how the effects of spatial variability can be incorpo-
rated into simplified analysis procedures.

6 CONCLUDING REMARKS

Case histories have shown that current liquefaction
evaluation procedures and practices can have a ten-
dency to over-predict liquefaction effects in inter-
bedded sand, silt, and clay deposits. This tendency is
attributed to several contributing factors as summa-
rized in Table 1, with the importance of each factor



depending on site-specific conditions and the analy-
sis method employed.

The correction of CPT data for transition and thin-
layer effects can be important for interbedded depos-
its. Incorporating these corrections reduced the de-
gree to which 1-D LDIs over-predicted lateral
spreading displacements at the Cark canal site and
were important for the calibration of the constitutive
model used in the NDAs. Additional work is needed
to develop improved tools and guidance for applying
these corrections in practice, including distinguish-
ing between distinct interfaces (e.g., erosional con-
tacts) and gradual transitions in soil characteristics
(e.g., graded bedding).

The further development of CPT-based proce-
dures for evaluating liquefaction or cyclic softening
effects in intermediate soils is expected to benefit
from mechanistic models for relating cone penetra-
tion and cyclic loading responses. The direct ax-
isymmetric cone penetration model developed for
use with the MIT-S1 constitutive model provides a
means for relating cone penetration resistances to
the constitutive properties of intermediate soils. The
initial results obtained using laboratory-measured
cyclic strengths with simulated cone penetration re-
sistances for silt and clay mixtures suggest this ap-
proach is promising.

Reexamination of the performance of a site un-
derlain by interbedded soils along the Cark canal in
the 1999 M=7.5 Kocaeli earthquake illustrated how
several factors can contribute to an over-prediction
of liquefaction effects. Analyses were able to predict
the absence of significant ground deformations at
this site only after the CPT soundings were correct-
ed for transition and thin-layer effects, the spatial
variability of the interbedded deposits was account-
ed for, and the analysis approach was upgraded to a
2-D nonlinear deformation analysis. Other factors
may have contributed to the good performance of
this site during the Kocaeli earthquake, but their po-
tential contributions are difficult to assess based on
the existing data.

The advancement of liquefaction evaluation pro-
cedures for interbedded sand, silt, and clay deposits
will require a systematic examination of the various
contributing factors listed in Table 1. The ability to
address these factors will require improvements in
experimental, theoretical and site characterization
methods. Reevaluation of case histories involving
interbedded deposits, with due consideration to all
contributing factors, will be important for develop-
ing improved procedures and advancing practice.
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The GP sampler: a new innovation in core sampling
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ABSTRACT: This paper introduces a new type of sampler called the GP sampler. It was designed to sample
gravelly soils, but has proven to be successful in sampling soils ranging from dense sand, to gravel, as well as
sedimentary rocks. The sampler is constructed of a single core barrel and uses a viscous polymer gel as its
drilling fluid. The polymer plays a key role in obtaining high-quality samples, helping to preserve the soil
structure. The polymer gel was also employed in more traditional style samplers, in an effort to improve the
quality of samples obtained from silt, silty sand, and sand. In the field, GP samplers have been successful
where other conventional methods have experienced difficulties or failed altogether. Although the GP sampler
is not a perfect sampler, it is beginning to make a qualitative difference in the sampling of granular soils for
engineering analyses.
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with very simple construction. It has proven success-
ful in obtaining high-quality samples of sands, grav-
els, and sedimentary rocks. The sampler’s flexibility
in accommodating a wide range of formations is one
of its attractive features.

While the GP-R sampler was designed for sam-
pling at the ground surface, or from an excavated
trench, the GP-D sampler was developed in order to
conduct equally high-quality sampling in boreholes.
It has the same basic construction as the GP-R, but
is fitted with a special “catcher” mechanism that en-
ables it to retain the core inside the sampler during
retraction from the ground and borehole.

The GP-Tr and GP-S samplers were designed
around a rotational triple tube sampler and the Os-
terberg sampler, respectively. They both use the
highly viscous polymer solution to reduce friction
between the cored sample and sampler tube wall,
minimizing one of the primary causes of sample dis-
turbance.

The basic design of the four GP samplers, their
operating procedures, and several case records of ac-
tual site investigations are described in this paper.
GP samplers have proven to be successful in obtain-
ing samples at formations where sampling had pre-
viously not been possible, or was otherwise difficult
to accomplish through conventional means. Fur-
thermore, this paper illustrates the impact and con-
tributions these innovative samplers have made in
site investigation.

2 THE GP-R SAMPLER

The GP-R sampler was originally designed for sam-
pling gravel formations at the ground surface. It was
the first GP sampler built and its successful use of
the GP technology made it the archetype of the line
of GP samplers that followed. Foundational to this
technology is the more than 30 years of experience
in sampling held by the engineers responsible for its
development. In this section, the design and opera-
tion of the GP-R sampler, the behavior characteris-
tics of the polymer solution, and two case records of
site investigations are included.

2.1 The design and operation of GP-R sampler

The GP-R sampler is a single core barrel sampler,
available in barrel diameters of 100 mm, 150 mm,
200 mm, and 300 mm. Figure 1 depicts a GP-R
sampler with the sample having entered about one-
third of the way into the core barrel. Prior to drilling,
the ground surface is prepared by the addition of a
thin layer of cement mortar, which is shown in Fig-
ure 1. This layer assures the smooth start of the drill-
ing and minimizes disturbance to the ground below.
The sampler barrel is filled with a thick polymer so-
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lution and placed at the ground surface. As the barrel
is turned and pushed downward, an impregnated di-
amond bit cuts into the ground. This specific bit is
smooth to the touch and grinds through granular
soils and other ground formations with minimum
disturbance. The sample core, with its mortar cap, is
forced into the barrel as the sample cuts it from the
surrounding soil, pushing the stored polymer solu-
tion up, and squeezing it over and around the core
into an annular space of about 1 mm between the
core and the barrel wall.

The polymer utilized in this process is a commer-
cially available product, and is commonly added to
traditional drilling fluid to increase its viscosity. Un-
like the prevailing drilling fluid, the polymer solu-
tion used in all the GP sampling is highly concen-
trated with a 2.5 to 4 % ratio of polymer to water.
This creates a fluid whose viscosity is more than ten
times thicker than the industry norm of 0.1 to 0.4 %
concentration and takes full advantage of the poly-
mer’s non-Newtonian fluid characteristics. The pol-
ymer solution is very thick and viscous when it is
still, but becomes more fluid-like when it is sheared.
This behavior is known as “shear-thinning”.

During the sampling process, the barrel rotates at
300 to 800 rpm depending on the size of the barrel.
Smaller barrels need to rotate faster to attain the de-
sired linear cutting speed. The polymer solution
flowing alongside the barrel wall in the annular
space is sheared by the high rotational speed and
loses viscosity. This zone of low viscosity polymer
solution acts like a protective membrane, isolating
the cored sample from the barrel’s rotational motion.

Head

Polymer gel

- Core harrel

= Cement mortar

— Cored sample

—x ;\ Impregnated
diamond bit

Figure 1. Cross-section of GP-R sampler with cored sample en-
tering into the sampler barrel.



Unlike conventional drilling fluid, which tends to
wash out fine particles, the polymer solution’s high
viscosity and slow flow rate leave the fines undis-
turbed. Since the fines act as a matrix material, hold-
ing the coarser particles or gravels in place, sample
disturbance during the polymer gel sampler coring is
kept to a minimum. The sheared solution essentially
seals the cored sample as it flows downward to exit
the barrel at and around the bit, cooling the bit and
carrying away the cuttings as it passes out of the bar-
rel into the borehole. Further details of the polymer
characteristics are discussed in sub-section, 2.2.
Figure 2 shows the operating sequence of GP-R
sampling from start to finish. When the coring is
completed the excess polymer gel is extracted, the
ground adjacent to the barrel is excavated, and a

Filling the bamel
with polymer

Q Sampling

wedge is then driven under the barrel to separate the
core sample from the ground. It is then a simple pro-
cedure to obtain the sample. Figure 3 shows the pho-
tos of a coring operation at a pit, driving a wedge,
and trimming the ends of the sample which is at the
laboratory for testing. The circular saw in the photo
has an impregnated diamond cutting edge and is lu-
bricated by the GP formulated polymer solution.

A beneficial feature of both the GP-R and GP-D
samplers is their use of an electrically powered mo-
tor for coring. The motor can be preprogrammed to
precisely control the sampler's rotational speed and
penetration rate. In stark contrast to the oscillation
caused by diesel motors, the electric motor produces
very little vibration and consequently, significantly
less disturbance to the sample and the subject soil.

ﬁl ' compeleted
a L1 Cosing and exa:e;s
polymer 1s
} o  extacted Lift the
from bamel core barrel
Cement 1 Secure the
mortar core holder
\ l"/u'«sing a belt
o i The core
- L holder
As the core sample 5 cut, Insert a wedge
it rises in the bamel and to separate the
pushes out (displaces) core from the
polymer into the borehole. ground

@ ® ®

(c) Trimming the ends.

Figure 3. GP-R sampling on the ground surface at a trench pit, and trimming the ends in the laboratory.



This results in a smoother core sample, leaving a
cleaner cut face and allowing for multiple samples to
be extracted in close proximity, increasing sampling
efficiency. Because of the relative ease and com-
pactness of the GP-R’s operation, sampling may be
conducted in trenches, excavation pits, inside tun-
nels, or at the bottom of deep wells. Additionally, as
many samples as are needed may be economically
obtained from the same location.

Figure 4 shows the first GP-R sample obtained
from the commercial use of a GP sampler. The site
was an artificially compacted fill for the construc-
tion of highway facilities. All the gradation curves
obtained at the site are shown in Figure 5, and reveal
a ground consisting mostly of gravel with the maxi-
mum size ranging from 50 to 100 mm. The seismic
stability of the fill was under investigation, and due
to the maximum size of the gravel at the site investi-
gated being around 50 mm, the 300 mm diameter

Figure 4. The first GP-R sample obtained.
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Figure 5. All the gradation curves obtained at the site (Abe et
al. 2002).
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GP-R sampler barrel was used. In line with the in-
dustry practice of a particle size to core diameter ra-
tio of five to one, the choice of the 300 mm barrel to
obtain samples was appropriate to ensure accurate
testing of the fill.

The GP-R sampler was initially developed for
sampling gravelly soils, but it can accommodate a
broad range of soils from sands to gravels, and even
soft rocks. Figure 6 shows examples of a variety of
cored samples obtained by GP samplers.
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Sample core of mudstone (GP R: 200 mm)

(=5
Ay

Smple core of gra_vels suspended in a matrix of dense sand
(GP-R: 300 mm).

—

Denselsand sample core (GP D: 200 mm).
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l'li'{l

LLLL] hll CLLLELL] lll H i

Sample core of coral limestone (GP-D: 100mm).

lI'll

Figure 6. Wide range of rocks and soils sampled by GP sam-
plers.

2.2 Polymer characteristics and its functions

Since the polymer solution plays a vital role in GP
sampling, a description of the general characteris-
tics of the polymer is given in this sub-section.
Some characteristics unique to the polymer solution
used in GP sampling are also addressed. The basic
polymer is a partially hydrolyzed polyacrylamide
and is commonly called PHP polymer. It is readily
available throughout the world, but the viscosity
characteristics vary depending on the manufacturer.



The polymer characteristics discussed here are
those of a product locally available in Japan and
may not apply to PHP polymers produced else-
where. The polymer is sold in liquid form dissolved
in mineral oil. The concentration of polymer solu-
tion referred to in this text is measured in the
weight percentage of commercially sold polymer to
the water it is mixed with.

Figure 7 shows the viscosity of the polymer solu-
tion having concentrations ranging from 0.1 to 5.0
%. Viscosity is measured by a viscometer, which ro-
tates at different speeds. It is clear from Figure 7 that
the higher the concentration and slower the rotation
of the viscometer, the higher the viscosity, and vice
versa.

GP sampler barrels typically rotate at a viscome-
ter rotation equivalent of 8000 rpm, or the zone in-
dicated by the letter A in Figure 7. Thus, from still
to the barrel’s full rotational speed, the polymer’s
viscosity drops to about one ten-thousandths of still
state. Since the viscosity of water is about 1.0
mPa * s, the polymer is still viscous enough to
maintain laminar flow, even when the barrel is ro-
tating at full speed, yet fluid enough to isolate the
barrel’s rotational motion, preventing it from being
transmitted to the cored sample. To achieve these
favorable conditions, there is a delicate balance that
must be maintained between the concentration of
the polymer solution and the speed at which the
barrel rotates.

Figure 8 illustrates the different behaviors of
drilling solutions. Presented are three buckets, each
containing one of these solutions, respectively, be-
ing mixed with an electric blender; 3.0 % polymer
concentration, 0.3 % polymer concentration, and
conventional drilling fluid. The polymer solution of
3.0 % climbs up along the mixing rod as if long
polymer chains are being curled up. The effect of
the polymer solution rising up, as shown in Figure 8
is called the Weissenberg effect. This effect is
known to generate inward normal stress, which can
act to hold the cored sample together inside the GP

)
. The concentration
E 1000000 + of polymer solution
£ e — " 01% * 02%
= W= | % 0.3% v 0.5%
# 100000 = = « 10% <« 20%
3 - — 4 S v » 25% e 50%
2 10000 A v h -
= & —— r e
o . e - .
3 - Y e
21000 - Vg ———y N
= S : Iy ]
'*a T Pl O-
100 e - s =
- T .
.2 i =
2 10 ——
B
=]
(@] 1
0.1 1 10 100 1000 10000

Revolution per minute of viscometer R, (rpm)

Figure 7. Viscosity of polymer solution at different concentra-
tions (Yanagisawa et al. 2003).
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(b) 0.3 % polymer

(a) 3.0 % polymer (c) drillingl fluid

Figure 8. Polymer behavior at different concentrations and
conventional drilling fluid.

barrel. The bucket filled with a 0.3 % solution shows
only a very faint rise, indicating a thin polymer solu-
tion will be much less effective at protecting the
cored sample. The bucket with the conventional
drilling fluid shows it behaving like an ordinary flu-
id, displaying none of the advantageous characteris-
tics of the GP polymer solution.

Figure 9 shows an apparatus built to simulate the
GP-R and GP-D coring samplers. A stationary metal
tube representing the cored sample, being 100 mm
in diameter, with load cells mounted on its sides to
measure shear and normal stresses, was placed at the
center of the apparatus. A slightly larger tube, repre-
senting the barrel, and having a diameter 2 mm wid-
er than the first, was placed over the stationary tube.
The annular space was then filled with a 2.5% con-
centration polymer solution and confining pressures
of 100 and 149 kPa were applied. The outer tube was
rotated from still to 400 rpm and then returned to
still. Figure 10 shows the normal and shear stresses

Confinmg

pressure

Clearance : 1.0mm
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Cruter tube 2
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B
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Figure 9. An apparatus simulating GP-R and GP-D coring
(Yanagisawa et al. 2004).



measured at different rotational speeds. As is evident
from Figure 10, normal stress builds up steadily until
the revolutions reach 100 rpm, and then the stress
becomes stable. Interestingly, a small normal stress
remains even after the barrel comes to a stop. This is
likely to be the normal stress generated by the Weis-
senberg effect. On the other hand, the shear stress
measurements showed no increase at all during the
entire test, indicating that a very narrow annular
space of 1mm, filled with the polymer solution, is
enough to isolate the cored sample from the rota-
tional motion of the barrel.

With the GP-Tr and GP-S samplers, the polymer
solution is used differently from the GP-R and GP-D
samplers. As will be discussed in Sections 4 and 5,
these samplers behave very much like conventional
samplers, with the sample coming into direct contact
with the sampler wall. However, the same thick pol-
ymer solution is employed to decrease the resulting
friction, which is a major cause of sample disturb-
ance in conventional methods.
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Figure 10. Normal and shear stresses measured on a tube simu-
lating cored sample (Yanagisawa et al. 2004).
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In order to estimate the effectiveness of the pol-
ymer as a lubricant, a series of tests were carried out.
River sand was compacted inside test tubes, forming
samples each 30 cm in length, with a density of 14
kN/m? and having a moisture content of 14 %. A hy-
draulic piston was used to push the compacted soil
out of the tubes. Figure 11 shows the thrust force
needed to extrude each sample.

Both thin wall stainless steel and PVC tubes were
used for this test; their inside diameters being 70
mm and 83 mm, respectively. It is clear that the
stainless steel tubes exhibited significantly more
friction as compared to the PVC tubes. The lower
friction of the PVC tubes may be attributable to the
material’s smooth surface and flexibility to expand,
both of which reduce stress build-up.

Figure 11 also shows the thrust force needed to
eject soil samples from the stainless steel tubes, each
of which had been either coated with polymer or
lined with Teflon. Both surface treatments were
equally effective in significantly reducing the fric-
tion between the sample and the sampler wall. This
property lends further support to the use of the pol-
ymer enhanced samplers, as it produces a very low
friction environment for the sample to enter into the
collection tube. It also significantly reduces the force
needed to extrude a cored sample out of the tube,
whether in situ or in the laboratory.

It should be noted that in the course of the design
of the GP Sampler, Professor Tani, of Yokohama
National University, along with his research group,
conducted extensive studies on the polymer behav-
ior. Their work made a significant contribution to
the development of the GP samplers and the unique
use of the high viscosity polymer to obtain a reliably
superior core sample (Tani et al. 2004, 2006, Yanag-
isawa et al. 2003, 2004, Kaneko et al. 2005, Shirai et
al. 2004, Ishizuka et al. 2010).
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2.3 A site investigation at Yui landslide site

Yui is located along the Pacific coast of Shizuoka
Prefecture, between Tokyo and Nagoya, and situated
south-southwest of Mount Fuji. The hillside of Yui
hangs over the narrow coastline making the area pic-
turesque. However, the hillside presents a serious
landslide hazard to three of Japan’s major transporta-
tion arteries: the Tomei Expressway; the Tokaido
Line of Japan Rail; and the National Route One.
They are all located just underneath the hill as shown
in Figures 12(a) and (b).

The hillside experienced a number of slides in the
past which negatively affected the traffic flow of the
three arteries. Specific slides were caused by either
heavy precipitation or by earthquake activity. The
site is located along the coast of the Suruga Bay
where the Sagami Trough runs north to south. The
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Figure 12. Photos of Yui site (Mt. Fuji Sabo Office Homep-
age).

trough, which is capable of generating an earthquake
with a magnitude in excess of 8, makes the area’s
seismic stability of principal concern.

Figure 13 shows four potential landslide zones at
the Yui site. These zones are referred to as Blocks.
They include the Yamanaka Block, the Hachigasawa
Block, the Ohkubo Block and the Ooshi Block. All
the data presented in this section was made possible
with the consent of Mt. Fuji Sabo Office, Chubu Re-
gional Bureau of the Ministry of Land, Infrastruc-
ture, Transport, and Tourism.

In 2005, a comprehensive investigation was con-
ducted at the site, followed by the necessary mitiga-
tion work. GP-R sampling was carried out as a part
of the geotechnical site investigation. Sampler bar-
rels 200 mm in diameter were used at the Yui site.
At the time of the GP-R sampling work, some of the
deep drainage wells for groundwater were still under
construction. Using these wells, GP-R sampling was
conducted at various depths, ranging from the
ground surface to a depth in excess of 50 m under-
ground.

Figure 14 shows a cross section of Ohkubo
Block. It indicates that several slip surfaces have
been identified from previous investigations. GP-R
sampling was carried out at one of the drainage
wells in the center of the slope, near the location
shown as site in Figure 14. At the actual drainage
well site, the slip surfaced appeared closer to the
ground surface than shown in Figure 14. Figure 15 is
a photo of GP-R sampling work being done inside
the well. Figure 16 shows the photos of the GP-R
samples obtained at Ohkubo Block at the ground
surface, as well as depths of 18.5 m, 27 m, and 29.5
m. Also seen in the figure, is a photo taken of the
grounds after the samples were removed. One of the
amazing features of the sampler is that it not only
obtains high-quality samples, but the precision of the
coring method leaves behind a beautifully excavated
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Figure 13. Four slide blocks at Yui site (Mt. Fuji Sabo Office
Homepage).



surface, which facilitates the visualization of the site
soil formation. Here, it can clearly be seen that be-
low the depth of 27 m, the formation changes to

more solid sedimentary rocks.
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Figure 14. Cross-section at Ohkubo Block, Yui (Site location is
marked on a cross-section made available in Mt. Fuji Sabo Of-

fice Homepage).

Figure 15. Photo of GP-R sampling inside the deep well at

Ohkubo Block (Supplied by Mt. Fuji Sabo Office).
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(c) At depth of 27 m.

(d) At depth of 29.5 m.

Figure 16. Photos of GP-R samples obtained at Ohkubo site at
four depths and the excavated surfaces (Supplied by Mt. Fuji
Sabo Office).



At Hachigasawa Block, the GP-R sampler cap-
tured a slip surface in a core sample taken at a depth
of 42 m, as shown in Figure 17. It is quite rare to be
accorded the opportunity to view a slip surface, cap-
tured in a core obtained at depth, at such close prox-
imity.

At the Yui site, the shear wave velocities meas-
ured in situ were compared with those of the GP-R
samples in the laboratory. Figure 18 shows the ratio
of the two shear wave velocities in the ordinate and
the laboratory measured shear wave velocities in
the abscissa for the samples obtained at depths of:
2.0m, 13.0 m, 31.0 m, 46.5 m, and 52.0 m at Ya-
manaka Block. Judging from the shear wave veloci-
ties, the overall quality of the samples appeared
very good, except for one data point having the
shear velocity ratio falling below 0.8, which was
considered too low for a high-quality sample. There

Figure 17. A photo of suspected slip surface at Hachigasawa
Block at a depth of 42 m (Supplied by Mt. Fuji Sabo Office).
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Figure 18. Shear wave velocity ratio of laboratory to in-situ vs.
shear wave velocity at laboratory (Supplied by Mt. Fuji Sabo
Office).
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Figure 19. Relationship between cyclic stress ratio and number
of cycles to cause DA=5% at Yamanaka Block (Supplied Mt.
Fuji Sabo Office).

seems to be a tendency for the quality of the sample
to improve with increasing depth, as well as with
increasing shear velocity.

Undrained cyclic triaxial tests were carried out on
GP-R samples obtained above the slip surface at
Yamanaka Block to determine the liquefaction po-
tential and deformation characteristics of the ground.
Figure 19 shows the results of the test using the cri-
teria of a double amplitude of 5 %, as the pore water
pressures never reached the confining pressures.

The GP-R sampler performed admirably at the
Yui site. High-quality samples were obtained and
provided to the laboratory for testing to determine
the seismic stability of the slope. Though not includ-
ed in this report, static triaxial tests were also per-
formed using GP-R samples. Furthermore, because
200 mm diameter samples were obtained, smaller
specimens 80 mm in diameter were carved out from
them, so that the general alignment of the formation
coincided with the shear plane of the triaxial tests, to
more accurately determine the strength of the for-
mation. Last but not least, the samples provided in-
credible visual images of the site, contributing to a
better understanding of its geology.

3 THE GP-D SAMPLER

The GP-D sampler is a single core barrel sampler
that has been specifically engineered to operate in
boreholes. The design of the sampler, operational
procedures, and two cases of site investigation, car-
ried out using the sampler, will be discussed in this
section.

3.1 Design and operation of the GP-D sampler

The GP-D sampler has essentially the same con-
struction as the GP-R sampler, as shown in Figure



20. Three features have been added to the GP-R so
that it can operate in a borehole. These features are
as follows: the introduction of a free piston, a core
lifter, and a polymer solution supply connection at
the sampler head.

The free piston serves as a plug at the bottom end
of the barrel, and prevents the polymer solution from
leaking out of the barrel while the sampler is being
lowered down the borehole. Once the sampler is po-
sitioned on the bottom of the borehole, the barrel be-
gins to rotate, cutting the sample. The free piston is
pushed upwards by the entering core, forcing the
polymer to flow into the annular space between the
core and the barrel. Finally, it exits the barrel in the
same way as in the GP-R sampling process, cooling
the bit and carrying away the cuttings.

Since a wedge cannot be driven in the borehole to
separate the core from the ground, a core lifter is fit-
ted just above the bit to squeeze the core sample,
holding it in the barrel as the sampler is raised from
the borehole. The lifter mechanism is a circular band
as shown in Figure 21(a). When the coring is com-
pleted, the sampler barrel is nominally lifted, still at-
tached to the formation site, the core sample resists
the pull, slumping down slightly, and dragging the
core lifter with it. This triggers the core lifter mech-
anism, causing it to tighten around the cored sample,
and enabling the sample to break free from the
ground. Finally, with the sample secured, the GP-D
barrel is raised to the surface for sample extraction.

Head
¢

Polymer gel

- Core barrel

— Free piston

— Cored sample

— Ciore lifter

= -:b\_\_]'l.'l'_]jlcg:llillﬂd
dhamond bit

Figure 20. Cross-section of GP-D sampler with cored sample
entering into the sampler barrel.
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(b) Photo of 200 mm GP-D sampler.

(c) Photo of GP-D sampling using an electric motor.

Figure 21. Photos of GP-D core lifer and sampling work.

The GP-D sampler barrel is available in diameters
of 100 mm, 150 mm and 200 mm. The larger, 300
mm diameter sampler was not chosen for GP-D pro-
duction as it would be excessively heavy to handle in
borehole applications. Since the diameter of the sam-



pler barrel is only 200 mm or less, the polymer
stored in the barrel at the beginning of the sampling
is not adequate to complete the drilling of a 1 meter
long sample. Instead, the design of the GP-D sampler
provides for the polymer solution to be continuously
supplied through drill strings connected to the top of
the sampler.

Figure 21(b) shows a 200 mm diameter GP-D
sampler being lowered down into a casing for sam-
pling. Figure 21(c) shows a foreman operating the
200 mm diameter barrel employing the same style
electric motor as used with GP-R samplers. Since the
GP-D sampler rotates at a very high speed, multiple
centralizers are placed on the drill strings to ensure
smooth, vibration free coring.

GP-D samplers are not bulky. As an example of
the versatility of the GP-D sampler design, a very
modest 100 mm diameter barrel sampler may be
used inside a building as shown in Figure 22, where
coring work is being carried out on the floor of a
convenience store.

3.2 A case of GP-D sampling at Site K

One of the quandaries of sampling, especially with
large diameter samples containing gravels or any
other granular material, is the difficulty in verifying
the quality of the samples obtained. It is extremely
rare to know all the relevant parameters such as: in-
situ density; the degree of cementation or aging; the
way the granular particles are packed; past stress

Figure 22. Photo of GP-D sampling at a shop floor.
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histories the ground has been subjected to; etc. It is
generally accepted that if shear modulus or shear
wave velocities in situ agree reasonably well with
those measured in the laboratory, then the samples
are considered to be of good quality. Another pa-
rameter that can be used to evaluate the sample qual-
ity is void ratio.

In the 1980s, the Central Research Institute of
Electric Power Industry conducted extensive studies
on Pleistocene gravel formations at four locations
identified as Sites A, K, T, and KJ. At all four sites,
very extensive geotechnical investigation and testing
programs were carried out. These included: SPT;
seismic survey; conventional sampling; freezing
sampling; static; and cyclic laboratory tests. Since
the gravels at the four sites contained very little
fines, the freezing method was well suited for ob-
taining high quality samples.

Kokusho et al. (1994), Tanaka et al. (1989), Kudo
et al. (1991), and others have reported the details of
these investigations. About a quarter century later,
an occasion arose to conduct GP-D sampling at Site
K. This presented a very rare opportunity to check
the quality of GP sampling against the results of the
freezing method.

Figure 23(a) shows the photo of freezing sam-
pling performed over twenty-five years ago at Site
K. The sampler used then was a specially designed,
300 mm diameter, triple tube sampler. Figure 23(b)
is a photo of the GP-D sampling carried out in 2006.
Figure 24(a) shows one of the frozen core samples
obtained during the Central Research Institute of
Electric Power Industry study in the 1980s. The drill
bit used for the freezing sampling was an impregnat-
ed diamond bit. Figure 24(b) shows a photo taken in
2006 of the GP-D sampler’s barrel, with its impreg-
nated diamond bit, with the cored sample inside. The
figure also shows the cored sample after it has been
extracted from the barrel.

Figures 25(1), (2) shows the soil profile at the
four original sites, including SPT N-values, and the
locations where the frozen samples were obtained.
Also shown in the figure, are the results of a large
penetration test or LPT, this is a heavyweight ver-
sion of SPT, which has been designed for gravel
formations. It uses a hammer weighing 980 N, in-
stead of the SPT’s 622.3 N, and has a drop height of
150 cm instead of the SPT’s 75 cm. Figure 26 shows
the gradation curves of the gravels at the four sites
resulting from these tests.

From the results of seismic surveys carried out at
all four locations, shear modulus at small-strain were
calculated and compared with the shear modulus de-
termined in the laboratory using the frozen samples,
as shown in Figure 27. It is clear from the figure that
the shear modulus determined in the laboratory
measured about 40 % less than those measured in
situ. The reason for the laboratory determined small-
strain shear modulus being consistently lower than



(b) Photos of GP-D sample.

Figure 24. Photos of frozen and GP-D samples obtained at Site
K.
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the in-situ measurements may be attributed to some T Er

or all of the following causes: 1) freezing method

can disturb the cored sample; 2) bedding error in la- Figure 25(1). Soil profiles at A-site and K-site of four gravelly
boratory testing; 3) small-strain shear modulus in the  sjtes (Kokusho et al. 1994).

laboratory is not the same as in-situ determined

modulus; and 4) anisotropy in the ground (Tanaka et

al. 1998). At that time, conventional sampling with-

out freezing was carried out at Site A, and the small-
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strain shear modulus determined from these samples
showed even smaller values. The disturbance caused
by sampling without the benefit of freezing was sus-
pected to have severely loosened the pack of the
cored samples.

In 2006, small-strain shear modulus of GP-D
samples obtained at Site K were determined in the
laboratory and compared with those of the frozen
samples as shown in Figure 28. It is clear that the
GP-D sample results align with those from the fro-
zen samples, an indication that the GP-D samples
are equal in quality to the frozen ones.

To further investigate the quality of GP-D sam-
ples, undrained cyclic triaxial tests were carried out
to compare with the frozen samples, see Figure 29.
Again, GP-D samples were in good agreement with
the frozen samples. The average dry densities of the
frozen and GP-D samples were 21.33 kN/m® and
21.51 kN/m?, respectively. In the graph, one of the
data points of the frozen sample plotted well below
the others, indicating that the sample was very weak.
The co-author of this paper was present on site for
both the freezing and GP-D samplings and noticed
the presence of underground water flow channels in
some of the samples. These channels had formed
where the fine particles, including sands, were car-
ried away leaving only skeletal structures made of
gravels. The weak sample contained such a zone.
When tested in the laboratory, this type of zone
breaks down easily under cyclic loading and falls
low on the graph, as was suspected in this case. The
average dry density of the frozen samples, excluding
the weak sample was 21.53 kN/m?, which is very
close to that of GP-D samples, indicating the two
sampling methods obtained samples with equivalent
density.

100

Grain size (mm)

Figure 26. Grain size distributions of gravels at Sites T, K, KJ, and A (Kokusho et al. 1994).
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From the results of shear modulus tests at small-
strain, and undrained cyclic triaxial tests, it is justifi-
able to state that for the gravels at Site K, the GP-D
sampling performed equally to that of the freezing
method. It may not be appropriate to generalize the
capability of the GP-D sampler with just one case
record, but it seems reasonable to state that the sam-
pler obtains high-quality samples of gravels.

3.3 A case of sampling limestone and coral mixed
gravel soils

A limestone formation called Ryukyu Limestone is
found in one of Japan’s southernmost chains of is-
lands, known internationally as the Ryukyu Arc.
Okinawa Island is the largest in this chain and serves
as its political and economic center. Ryukyu Lime-
stone was formed in the Pleistocene Epoch, from the
sedimentation of coral in the warm waters of the ar-
ea, and widely distributed throughout the region.
The formation is known for its wide variations in
strengths and solidness, ranging from the solidified
state by recrystallization, to cemented but unsolidi-
fied state. Cavities are also found in these limestone
formations.

A cross-section of the Ryukyu Limestone for-
mation, found in Okinawa is shown in Figure 30
(Arikawa & Sasaki 2008). The limestone formation
is designated by Ls-1, Ls-2, and Ls-3, and the red
zone in the center, with the SPT N-values showing
large scatters. Conventional sampling produced very
poor core recovery, as shown in Figure 31(a). Many
of the structures built over the formation have had to
be supported by piles, penetrating through the lime-
stone to rest on the sounder mudstone formations
found underneath.
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Figure 30. A cross-section of Ryukyu Limestone formation in
Okinawa (Arikawa et al. 2008).
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Figure 31. Photos of Ryukyu Limestone core samples obtained
by conventional sampling and GP-D sampler (Arikawa et al.
2008)

Since the thickness of Ryukyu Limestone often
reaches 40 to 50 m on the shore, driving piles
through the formation can become difficult and une-
conomical. An attempt was made to obtain high-
quality samples employing the GP-D sampler in or-
der to more accurately ascertain the engineering
properties of the limestone formation. Figure 31(b)
shows two GP-D core samples obtained at depths of
23.0 m and 25.0 m. Contrary to the images of frac-
tured cores and widely scattered N-values obtained
through conventional sampling methods, the for-
mation appeared to be more intact than previously
thought.

Consolidated-drained triaxial compression tests
were carried out on GP-D samples of the limestone
obtained at depths of 26.7 m, 29.7 m, and 35.45 m as
shown in Table 2 (Kokai et al. 2014). The SPT
N-values, measured 1 m below the sampling depths,
are also given. The samples at 26.7 m and 35.45 m
came from relatively soft zones, but the laboratory
tests showed reasonable soil strengths. The sampler
core obtained at 29.7 m exhibited the strength of soft
rock.

In the Ryukyu Islands, a more recent geological
deposit called coral mixed gravelly soils, is found
overlaying the Ryukyu Limestone. These soils are
also difficult to sample with conventional samplers.
Here, the GP-D sampler once again proved success-
ful in obtaining high-quality samples. Figure 32
shows a photo of one such sample, and the CT scan-
ning images taken of that sample. It is remarkable
that the core scans reveal signs of past biological ac-
tivity without disruption, indicating the superlative
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Table 2. Consolidated-drained traiaxial test results of Ryukyu
Limestone (Kokai et al. 2014).

GL-26.Tm
11

GP samples o

GL-20.Tm
78

GL-35.45m
18

Sampled depth
Avg, N-value, lm below

- N [EE |

Moist density 2 (a/em’) 1,895
Fines content Fe (%) 373
Angle of int. fric. #(%) 189 ]
Cohesion ¢ (kN/m’) i
Def. modulus Eo(WMN/m’) 37
Def. modulus Egg s (MN/m®) 101

Figure 32. A GP-D sample of coral gravel mixed soil, and CT
scanning images (Courtesy of the Port and Airport Research
Institute, Japan).

quality of the GP-D samples.

Consolidated-drained triaxial tests carried out on
the GP-D samples obtained from the coral mixed
gravel formation at Miyako-Jima, one of the Ryukyu
Islands, showed an angle of internal friction higher
than those estimated by empirical equations using
N-values (Ogawa et al. 2013). Similarly, the actual
undrained cyclic strengths of the samples were
stronger than the undrained cyclic strengths estimat-
ed using the SPT N-value based empirical equation.
This equation is taken from the Specification for
Highway Bridges, published by the Japan Road As-
sociation.

Upon reviewing the GP-D sampler data from the
Ryukyu Limestone and coral mixed gravelly soil, it
is evident that the GP-D sampler demonstrated its
ability to successfully sample very brittle soils that
conventional samplers had previously failed to do.
These quality samples enabled engineers to observe
and test cores that accurately represented the
strength and deformation characteristics of the Ryu-



kyu Limestone formations and coral mixed gravelly
soil.

The GP-D sampler was the first sampler to suc-
ceed at obtaining intact samples of Ryukyu Lime-
stone. This made thorough testing of the core samples
in the laboratory feasible and ushered in a break-
through in how limestone is analyzed

4 THE GP-TR SAMPLER

The GP-Tr sampler is designed for sampling medi-
um to dense sandy soils. It can sample sand contain-
ing some gravel, but not gravelly soil. As with all
GP samplers, the GP-Tr uses the polymer solution in
a unique way: relying on it as a lubricant to reduce
the friction between the sample and the sampler
tube. In this section, the design of the sampler, its
operating procedures, and three case records of site
investigations using the sampler, are discussed.

4.1 The design of GP-Tr sampler and its operations

As shown in Figure 33(a), the GP-Tr sampler’s con-
struction is based upon a conventional rotary triple
tube sampler, retaining the triple tube’s basic fea-
tures, including: self-adjusting shoe penetration; sta-
tionary liner and inner tubes; and an outer tube,
tipped with a bit, that is employed to rotate and drill
the soil above the shoe. Figure 33(b) shows a photo
of the sampler. Unlike the GP-R and GP-D sam-
plers, the GP-Tr utilizes ordinary drilling fluid to
remove the cuttings and cool the bit.

Differentiating the GP-Tr design from common
triple tube samplers, is its exclusive use of polymer
solution to lubricate the core sample as it enters the
liner tube. This is accomplished as a small volume
of polymer solution is dispensed just above the shoe
through a dispenser ring. The ring is attached to the
bottom end of the PVC liner tube, as shown in Fig-
ure 33(c). The polymer flows through 45 degree cuts
in the dispenser ring and comes into contact with the
entering core, after it passes through the shoe, coat-
ing the sample surface with polymer solution. This
significantly reduces the friction between the sample
and the liner tube, which is one of the most serious
causes of sample disturbance.

Another unique component of the GP-Tr is the
free piston. The piston is designed with a ridge
which catches on a lip inside of the shoe. This pre-
vents the piston from falling out, and allows it to act
as a stopper; storing the polymer solution inside the
liner tube of the sampler. Once the sampling starts,
the cored sample moves through the shoe, pushing
the free piston up along the liner tube. In turn, the
piston squeezes the polymer solution, forcing it to
flow out of the liner tube chamber into an annular
space between the liner and inner tubes. Once there,
some of the polymer flows downward and is deliv-
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Figure 33. Schematic illustration and photo of GP-Tr sampler.

ered to the dispenser ring to coat the sample.

A very small percentage of the polymer solution
which originally filled the liner tube is actually used
for this coating. The excess is vented out through a
check valve located at the top of the sampler. The
check valve has two functions: first, it blocks the or-
dinary drilling fluid used from entering into the liner
chamber, contaminating the polymer solution; sec-
ond, it protects the core sample by preventing the
polymer pressure from building up above a few kPa.
A higher pressure would result in the polymer pene-
trating into the cored sample, which is a very unde-
sirable condition. To help avert the possibility of this
event, it is imperative to carry out the coring slowly,
and avoid applying any abrupt thrust force to the
sampler.

Figure 34 is a schematic illustration of the GP-Tr



sampling process: first depicted is the positioning of
the sampler at the floor of the borehole; next is the
coring process nearing midpoint, with the sampler
half way into the ground; finally, a drawing of the
retraction of the sampler, with the sample core cap-
tured inside. Figure 35(a) shows a photo of the sam-
pler with the piston and polymer solution in place,
ready to be lowered into the borehole. As seen in
Figure 35(a), the shoe is retaining the free piston
prior to drilling.

Figure 34. Schematic illustration of GP-Tr sampling.

(c) Bit and shoe
removed

(a) Photo of free  (b) After sampling

piston

Figure 35. Photos of GP-Tr sampler before and after sampling.

Figure 36. Photos of GP-Tr sample extruded out of the liner
tube (above) and polymer solution wiped off (below).
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The sampler is designed to obtain a sample length
of up to 1 m. The shoe’s tapering angle is set at 14
degrees in order to form the lip that serves to retain
the free piston, preventing it from falling out. The
inside diameter of the shoe is set between 80 mm
and 83 mm to have an inside clearance ratio of 0.6
% to a maximum of 3.6 %. The area ratio ranges
from 12 % to 21%. It is customary for a drilling op-
erator to carry several sets of shoes for the best sam-
pling results. The operator typically sizes the shoe,
starting with the shoe having the least inside clear-
ance and sizes up if necessary.

Figure 35(b) shows the sampler with a sample in-
side, while (c) shows the sample with the bit and
shoe removed. Figure 36 shows the sample extruded
out of the liner tube, still coated in polymer (above);
and with the polymer removed (below). GP-Tr sam-
ples are usually kept upright in the liner tube over-
night in order to facilitate the drainage of water. This
ensures that the samples regain strength and stability
before being sealed for shipment to the laboratory.

4.2 A case of sampling at Zelazny Most, Poland,
copper tailings disposal depository

Jamiolkowski et al. (2015) report on comprehensive
geotechnical site investigations, carried out over a
period of two decades, at one of the world’s largest
copper tailings disposal reservoirs, located in
Zelazny Most, Poland. In view of the difficulties as-
sociated with obtaining undisturbed samples of silt
and silty sand at the tailings depository, the investi-
gation relied primarily on in-situ tests including: S-
CPTU; S-DMT; cross-hole tests; and block sam-
pling. In 2013, a GP-Tr sampler was brought in and
succeeded in obtaining quality samples.

Figure 37 shows the zone of gradation curves of
the tailings disposal at location 7E-8E, close to
where the GP-Tr samples were obtained. One of the
gradation curves of the GP-Tr samples, taken at the
site, is also shown. The specific GP-Tr sample used
appears to be sandier than the surrounding area. Fig-
ure 38 shows the shear wave velocities determined
by cross-hole tests at location 7E-8E, and the shear
wave velocities measured in the laboratory using
GP-Tr samples. The figure also shows the measure-
ments normalized at 98 kN/m? in order to remove
the effect of overburden pressures on the shear wave
velocities. A good overall agreement seems to exist
between the in-situ and laboratory measurements.

The normalized shear wave velocities were replot-
ted to show the ratio of the velocities in the laborato-
ry to in situ, against the normalized in-situ veloci-
ties, see Figure 39. This figure clearly demonstrates
the relative difference between the two normalized
velocities. All the data lie between normalized in-
situ velocities of 200 and 300 m/s. However, the ra-
tios of normalized shear velocities show a wide scat-
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ter, falling between 0.5 to 1.3, and indicating a pos-
sible divergence in the sample quality. In general,
samples having shear wave velocity ratios close to
unity are considered high-quality. It is however no-
ticeable that many of the data points lie between 0.8
and 1.0, indicating these samples retained high-
quality. It may be of value to compare the stress
paths of static and cyclic loading tests using the
samples having the ratios close to unity, with those
having very large or small values to examine the
possibility of sample disturbance. Since block sam-
pling has been conducted on the site, it may also be
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Figure 39. Ratio of normalized shear wave velocities of labora-
tory to in-situ vs. normalized in-situ shear wave velocity.

of interest to compare the strength and stress paths
of the GP-Tr and block samples, as block sampling
can preserve soil characteristics in situ (Mori et al.
1979).

4.3 A case of sampling at Padma Bridge Project in
Bangladesh

Padma Bridge is located about 30 km southwest of
Dhaka, crossing the Padma River in the district of
Mawa on the left bank; and in the district on Janjira
on the right bank. The bridge is under construction.
When completed, it will become one of the longest
bridges in Bangladesh, having a total span of 6.15
km.

The Padma River occasionally becomes turbu-
lent, and is known to scour the riverbed to a depth in
excess of 60 m. Thus, the piles supporting the bridge
have to be primarily supported by the soil below the
scour level. The soil formation at the site is predom-
inately sand, with some gravel layers appearing.
Layers of mica are also found. Seismicity of the area
is moderate. However, for the stability analysis of
the bridge structure, liquefaction susceptibility of the
shallow sand formation was investigated.

A very comprehensive geotechnical investigation
program was carried out as reported by De Silva et
al. (2010): SPT; CTP; seismic survey; Dilatometer;
pressuremeter tests; SB-IFT (self-boring in-situ
shearing apparatus); and GP-Tr sampling. SB-IFT
equipment and GP-Tr samplers were brought in
from Japan and used at three locations, reaching to
depths of about 100 m. To date, this is the deepest
the GP-Tr samplers have been used.

Figure 40 shows: SPT N-values; sample recovery
ratio; dry density; void ratio; the maximum and min-
imum void ratios at one of the boreholes. From the
SPT N-values and the void ratios, the soil at Padma
seems relatively dense. The gradation curves of the
samples indicate the soil to be uniformly graded



Recovery (%) €

Sampling ¢ 20 40 60 80 100 Coima Ca v Ao
Grain size (%o) [EPT Novaluee] 06 08 1.0 1.2 14 16
2040 60 80 10 203040 |05 07 09 L1 13 1S5 LT
o
Sl & Clay
San -]

20

30

50

G0

&0

0

100

Figure 40. Soil profile at Padma site, and samples obtained at
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clean sand, as shown in Figure 41. Since the seismic
survey data is not yet available, the comparison of
the laboratory determined shear wave velocities of
the GP-Tr samples to those measured in situ, to as-
sess sample quality, is not possible at this time.

However, with the results of undrained cyclic tri-
axial tests carried out on the samples, and using SPT
N-values, an attempt was made to compare the
Padma data with the data compiled by Matsuo
(2004), on Japanese sandy soils obtained by the
freezing method, as shown in Figure 42. The SPT N-
values were normalized at 98 kN/m?. The Padma da-
ta seems to agree overall with the general trend of
the Japanese sandy soils. When the results of seis-
mic and other in-situ tests, listed above, become
available the quality of the GP-Tr samples obtained
at Padma bridge project may be revisited.
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4.4 A case of sampling of Jurong Formation

The Jurong formation is a sedimentary rock formed
from the late Triassic to the early Jurassic eras, and
found in the western part of Singapore. It consists of
conglomerate, sandstone, shale, mudstone, lime-
stone, and dolomite. It has been severely folded, and
the weathered section has become a residual soil.

This formation is known for its slaking character-
istic. Slaking occurs when overburden pressures are
lifted and the soil comes into contact with a fluid,
including drilling fluid. In Singapore, the Mazier
sampler, which is very similar in construction to the
rotary triple tube sampler, is commonly used for
sampling the formation. A sample taken from the
formation utilizing this method exhibiting slaking is
shown in Figure 43(a).

In an attempt to obtain higher quality samples of
the Jurong formation, GP-Tr sampling was carried
out at the same location and depth where the Mazier
sample shown in Figure 43(a) was obtained (Yokoi
et al. 2015). Figure 43(b) shows the GP-Tr sample.
Both the Mazier and GP-Tr samples were obtained
at a depth of 50.5 m. It is clear that the GP-Tr sam-



ple shows no trace of slaking. A total of seven sam-
ples, including the core sample shown in Figure
43(c), were obtained by the GP-Tr sampler along the
depth of the borehole, none of which showed slak-
ing. The gradation curves of two of the GP-Tr sam-
ples are shown in Figure 44.

Figure 45 depicts the undrained shear strengths of
the GP-Tr and Mazier samples, which have been
plotted against SPT N-values. Due to the limited
amount of test data nothing conclusive can be stated,
but it appears that the GP-Tr samples give somewhat
higher strengths. When more data becomes availa-
ble, it may prove the GP-Tr sampler to be a benefi-
cial tool for assessing the engineering properties of
the Jurong formation.

The GP-Tr’s success in sampling the slaking-
prone Jurong formation is attributable to its use of a
thick polymer solution in the sampling process. The
PHP polymer chain is negatively charged (anion),
and attracted to the clay mineral’s positively charged
side (cation). Since clay mineral has a negatively
charged side as well, the polymer chain is repelled at
the same time. The combination of attraction and re-
pulsion between the clay mineral and polymer
strings forms a quasi-membrane, isolating the slak-
ing-prone clay mineral and preventing it from being
exposed to the drilling fluid. A polymer identical to
the one used in GP polymer solutions is being mar-
keted as an additive for drilling in slaking-prone
formations. It has been demonstrated that using the
polymer at high concentration makes it even more
effective at preventing slaking.

(b) GP-Tr sampled obtained at 50.5 m.

(c) GP-Tr sample obtained at 58.5 m.

Figure 43. Photos of Jurong formation samples obtained by
Mazier and GP-Tr samplers (Yokoi et al. 2015).
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5 THE GP-S SAMPLER

The GP-S sampler is designed to obtain high-quality
samples of silt, silty sand, and loose sand. Unlike the
other GP samplers, the GP-S does not use the rota-
tional motion of a drill bit to obtain a sample. In-
stead, the sampler tube penetrates the ground stati-
cally. The design of the sampler, operating
procedures, and actual case records, are discussed in
this section.

5.1 The design of GP-S sampler and its operations

The GP-S sampler was developed as a joint project
in 2006, between Kiso-Jiban Consultants and the
Chinese Research Institute of Taiwan, led by Profes-
sor Lee. It is built around the Osterberg sampler de-
sign, with a fixed piston, and using hydraulic pres-
sure to push the sampler tube into the ground.

The GP-S sampler has three pistons: the station-
ary piston, the sampling tube advancing piston, and
the core-catcher activating piston. The stationary
piston remains at the bottom of the borehole during
the sampling. The sampling tube advancing piston



pushes the shoe, the sampling tube, and the liner
tube into the ground simultaneously.

As a major modification to the conventional Os-
terberg model, the GP-S sampler has a core catcher
that is extended into position by a hydraulically acti-
vated piston. The core catcher acts to retain the
cored sample, preventing it from falling out of the
sample tube as it is retracted from the ground. The
core catcher also dispenses a coating of thick poly-
mer solution onto the surface of the cored sample, in
a way similar to that of the dispenser ring in the GP-
Tr sampler.

Figure 46 shows a cross-section of the sampler at
three stages of sampling operation. Figure 46(a)
shows the sampler at the bottom of the borehole.
Figure 46(b) shows the shoe and sampler being
pushed into the ground. Figure 46(c) shows the core
catcher being activated and holding the core at the
base of the shoe.

With the GP-R, GP-D and GP-Tr samplers, the
cored sample entering into the liner tube, squeezes
the polymer solution to flow up out of the barrel or
liner tube, but with the GP-S, the sampling tube ad-
vancing piston squeezes the polymer solution down

to flow out. Care must be exercised not to apply ex-
cessively high hydraulic pressure on the sampling
tube advancing piston, which may cause the polymer
pressure to rise too rapidly. A penetration rate of
Im/min is recommended. The polymer solution
flows through the annular space between the sam-
pling and liner tubes. Upon reaching the core catch-
er, the polymer solution seeps through the slight
gaps between the diagonal fins of the core catcher to
coat the sample, see Figure 47(a).

The sampling starts with the hydraulic pressure
pushing the sampling tube advancing piston and
forcing the entire sampling mechanism to move
downward, see Figure 46(b). At this stage the poly-
mer solution is being dispensed to coat the sample.
Additionally, the polymer solution is being released
to the outside of the sampler just above the shoe, to
coat the exterior wall of the sampling tube, lubricat-
ing it to reduce the penetration resistance. As in the
case of the GP-Tr sampler, the volume of polymer
solution needed to accomplish these two tasks is
limited and the bulk of the solution is vented out
through a check valve at the top.

When the sampling tube is pushed down fully to

= . Hydraulic flow

= Polymer flow

Polymer
solution
vent with
check valve

piston

Catcher
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piston
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tube
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| |~ Shoe

Stationary
piston

(a) Sampler at the
bottom of borehole

Figure 46. Schematic illustration of GP-S sampler in operation.
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(a) Shoe and core catcher
with piston removed.

(b) Activated core catcher
with sample inside.

Figure 47. Photos of GP-S sampler.

a length of 1 m, it locks itself and shifts the position
of the hydraulic flow control valve, shown in Figure
46(b). This diverts the hydraulic flow and triggers
the core catcher activating piston. The piston forces
the liner tube to move down, causing the core catch-
er to slide out of its resting position, extending its
fins, as shown in Figures 46(c) and 47(b).

The fins ride over the inside wall of the shoe and
extend out to constrict the cored sample at the shoe.
The inside diameter of the shoe is made to be any-
where between 71 mm and 74 mm, while the inside
clearance ratio is selected to be anywhere from 0.0
% to a maximum of 3.6 %. The shoe’s tapering an-
gle is set at 6.6 degrees, and the area ratio is set be-
tween 9 % to 18 %. Drilling operators usually carry
several sets of shoes, and try to obtain quality sam-
ples using the shoe with the least inside clearance ra-
t10.

Figure 48(a) shows a sand sample after having
been removed from the liner tube with some poly-
mer still visible. Figure 48(b) shows the sample with
the polymer removed and the surface soil trimmed
off to show the layering of the sample. As with the
GP-Tr samples, GP-S samples are usually kept
overnight upright in the liner tubes. This drains ex-
cess water from the sample, allowing the soil to re-
establish stability before being sealed for shipment
to the laboratory.

(-

(a) Sample extruded out of liner tube.

(b) Sample surface trimmed off for examination.

Figure 48. Photos of GP-S sample.
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5.2 A case of site investigation at Muya coastal
dyke, Japan

The port of Muya is located in Tokushima Prefec-
ture on the Island of Shikoku, as shown in Figure 49.
The coastal area in western Japan expects to be sub-
jected to an earthquake having a magnitude in ex-
cess of 8, with accompanying subsequent tsunami
waves. An investigation has been carried out to
study the seismic stability of soils at Muya port
coastal dike.

In the course of the geotechnical investigation
suspension type seismic survey, GP-S, thin walled
tube, and triple tube samplings were carried out. Per
the consent of the Komatsujima Port & Airport Con-
struction Office, Shikoku Regional Development
Bureau of the Ministry of Land, Infrastructure,
Transport and Tourism, the following data and in-
formation is made possible.

Figure 50 shows the cross-section of the dike at
Muya port. As the gradation curves shown in Figure
51 indicate, all the soil layers except the clay layer
Ac2, fall in the zone of very likely to liquefy. GP-S
samples were obtained at Layers B, Ascl, and Asc2.
The fill material used behind the dike consists of
coal cinders and some gravel, having SPT N-values
between 5 and 10. A thin walled tube sampler was
used for Layer Ascl, and a triple tube sampler for
Layers B and Asc2. Figure 52 shows the photo of a
GP-S sample obtained from Layer B containing coal
cinders. It is evident the material is loosely packed.

In order to evaluate the sample quality, shear
modulus determined in the laboratory using wave
propagation method were compared with those de-
termined from the in-situ seismic survey, as shown
in Figure 53. The ordinate shows the ratio of shear
modulus determined in the laboratory to the in-situ,
and the abscissa shows the in-situ shear modulus.
Most of the shear modulus ratios of the GP-S sam-
ples lie close to the axis of unity, indicating the
samples were likely to have retained their high-
quality.

The shear modulus ratios of the samples obtained

Kyato

Y

Muya s itc(/g

——
Shikoku

Kansai Airpo

Figure 49. Location of Muya site.
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Figure 51. Gradation curves of soils at Muya Port.

Figure 52. Photo of Layer B sample.

by the thin walled tube and the triple tube samplers
show a wide scatter, possibly indicating disturbance
due to the sampling. At the Muya site, soil composi-
tion varies even within the same layer, and the sam-
ples obtained by the GP-S and thin walled tube or
triple tube samplers for each layer may not neces-
sarily have the same or similar soils. Consequently,
the direct comparison of the GP-S samples with
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Figure 53. Ratio of shear modulus in the laboratory to in-situ
vs. in-situ shear modulus (revisions made to Sunakawa et al.
2010).

samples obtained by other samplers, for each of the
three layers, is not possible. However, the polymer
coating system of the GP-S sampler appears to be
effective in reducing friction between the cored
sample and the sampler wall, obtaining high-quality
samples regardless of the variation in soil composi-
tions.

5.3 Cases of New Zealand and Taiwan

Outside Japan, the GP-S sampler has been used in
New Zealand and Taiwan for sampling of silt and
silty sands. Stringer et al. (2015a, b), Taylor et al.
(2012), and others have reported the site investiga-
tion and liquefaction analyses carried out at Christ-
church, subsequent to the 2010-2011 Canterbury
Earthquake Sequence.

At Christchurch, extensive seismic surveys were
carried out. One such set of data collected at Gains-
borough Reserve site was used to compare with
shear wave velocities measured in the laboratory us-
ing GP-S samples obtained at the same location, as
shown in Figure 54. In-situ shear wave velocity was
measured by the cross-hole method. The in-situ and
laboratory shear wave velocities seem to agree very
well, except for one GP-S data plotted at a shallow
depth, where the sample was reported to have con-
tained some organic fibers, causing the quality of
sample to be suspect.

The shear wave velocity data was replotted, as
shown in Figure 55, to compare the ratio of shear
wave velocities of laboratory to in-situ, against the
in-situ velocity. Since most of the data plots around
the ratio of 1.0, the samples are considered high-
quality.
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Reserve.

In Taiwan, Lee et al. (2012), also carried out
sampling of silty sand containing a high percentage
of fines. They used the conventional tube, as well as
GP-S samplers. Table 3 shows the sample recovery
ratio and the fines content of the samples obtained.
The recovery ratios for the GP-S sampler are con-
sistently higher than those of the tube sampler. Alt-
hough the recovery ratio does not necessarily assure
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Table 3. Comparison of sampling results between conventional
tube sampler and Gel-Push sampler (Lee et al. 2012).

Depth (m) 4049|50-59|6069(7.0-79|8089 “}Eﬂ;‘;‘fﬂ':ﬂ"
5 | No T2 T3 T4 T3 Té
? Sample length | G480 | SOVE0 | 55/80 | 58/80 | 46/80 545
_}::: Sampling ratio | B0.0% | 62.5% | 68.5% | 72.5% | 57.5%
= | Fines contem 24.0% | 9.0% - 20.3% | 15.0%
B No. BTl | BT2 | BTY | BT4 | BTS
E *g- Sample lengih | 8300 | 81790 | 82790 | TGO | R4 818
T 7 | Sampling ratio | 92.2% | 90.0% [ 91.1% | 85.5% | 95.6%
- Fines content 27.5% | 24.3% | 9.5% | 14.5% | 90%

the quality of samples, it may be considered a posi-
tive indication of quality.

In Taiwan, the GP-S sampler performed satisfac-
torily. In New Zealand, sample quality evaluation
using shear wave velocities measured in situ and in
the laboratory proved favorable. In both Taiwan and
New Zealand, local drilling foremen operated the
samplers and obtained satisfactory results. However,
due to the differences in drilling machines and sam-
pling practices, it takes considerable time and care to
make a mechanically complex sampler such as the
GP-S operationally stable. The design of the sampler
is under continuous review to ensure that it becomes
simpler to operate.

6 CONCLUSIONS

GP samplers are relatively new entrants to geologi-
cal site investigation. They have been in use primari-
ly for sampling granular soils for the last fifteen
years, during which time, the four GP sampler types
have successfully obtained over 1000 core samples
in Japan alone.

The use of a thick polymer gel or solution as a
drilling fluid is a major departure from the concept
of conventional drilling. Polymer solutions have
been used as an additive to soil and rock coring,
slurry wall construction, etc., but not at the high
concentration levels used by the GP samplers. The
polymer’s non-Newtonian behavior, when used ap-
propriately, delivers remarkable results.

The GP-R and GP-D samplers have proven their
remarkable capabilities in obtaining high-quality
samples of dense sand, gravel, and even sedimentary
rock. These versatile samplers perform well beyond
what would be expected from such seemingly sim-
ple construction. They employ a combination of
thick polymer gel, an impregnated diamond bit, and
an electric motor to obtain granular soils without
freezing. With these samplers, the presence of fines
has a nominal effect on sampling.

The sample quality of the GP-R and GP-D sam-
ples may be examined visually as these samples re-
veal a remarkable surface appearance, but for more



qualitative evaluation, shear wave velocities or shear
modulus are better indicators. In this paper, some of
the in situ vs laboratory comparison cases are re-
ported, with data indicating the overall good quality
of the samples. An effort needs to be made to con-
tinue to collect these data to further confirm the
samples’ high-quality.

The GP-Tr and GP-S samplers are the latest addi-
tions to the GP family and have shown remarkable
capability in sampling hard to obtain silt, silty sand,
and sand. The polymer coating mechanism is inno-
vative, but makes the design of the samplers com-
plex and delicate to operate, which may need further
refinement. However, the GP-Tr’s success in sam-
pling clean sand at a depth close to 100 m shows its
high potential.

The GP-Tr and GP-S have been used outside Ja-
pan mostly with success, but some problems have
been reported. The use of different types of drilling
machines and sampling procedures seems to have
contributed to these difficulties. Input from the expe-
riences of overseas users will be most valuable for
the next round of improvements on these two sam-
plers.

The GP samplers have accomplished a great deal,
obtaining samples that had previously been impossi-
ble or very difficult to collect with conventional
methods. However, there is no end to the improve-
ment of sampling technology, and the entire profes-
sion will benefit from the emergence of more inno-
vative samplers.

7 ACKNOWLEDGMENTS

The authors gratefully acknowledge the consent giv-
en by the Mt. Fuji Sabo Office of Chubu Regional
Bureau, as well as the Komatsujima Port & Airport
Construction Office of Shikoku Regional Develop-
ment Bureau of the Ministry of Land, Infrastructure,
Transport and Tourism to publish the data presented
in this paper. Special gratitude is expressed to the
former Japan Highway Corporation, currently Cen-
tral Nippon Expressway Company Limited, for per-
mission to release the relevant data. The authors ex-
press their sincere gratitude to Professor Kenji
Ishihara for his helpful and constructive suggestions
in preparation of the text. The authors also
acknowledge the contributions made by Professor
Kazuo Tani and his graduate research group at
Yokohama National University for their studies of
polymer behavior. Special thanks are also due to Di-
rector Md. Shafiqul Islam; Supervising Engineer Mr.
Muhammad Kamaruzzaman of Padma Multipurpose
Bridge Project, Bangladesh Bridge and Road Au-
thority; and Professor Dr. A. M. M. Safiullah of Ah-
sanullah University of Science for permission to re-
lease the information presented in this paper. The
authors also wish to express their special apprecia-

123

tion to Mr. Susumu Kaneko and Mr. Hironori Yu-
kawa of Kiso-Jiban Consultants for their dedication
in the development and execution of the GP sam-
pling method. Last but not least, the authors wish to
express their sincere gratitude to Ms. Shizyo Yama-
da for her careful drafting work and Mrs. Mary
Meyer for her excellent editing of the text.

8 REFERENCES

Abe, H., Yokota, S., Kawasaki, H. & Kubo, M. 2002. Evalua-
tion of various in-situ density measurements carried out on
test fill made of gravel. 57th Japanese Society of Civil En-
gineering Annual Conference: 1621-1623. (in Japanese.)

Arikawa, T. & Sasaki, N. 2008. A study of design methodolo-
gy for port facility using Ryukyu limestone as its bearing
strata. Proceedings of 2008 National Technical Conference,
Ministry of Land, Infrastructure, Transport and Tourism.
(in Japanese.)

De Silva, S., Wightman, E.N.R. & Kamruzzaman, M. 2010.
Geotechnical ground investigation for the Padma Main
Bridge. IABSE-JSCE Joint Conference on Advances in
Bridge Engineering-11: 427-436. Dhaka, Bangladesh.

Ishizaki, T. & Tani, K. 2010. Experimental study on film form-
ing effect for polymer sampling considering roughness of
drilled-core. 45th Geotechnical Engineering Conference,
Matsuyama: Japanese Geotechnical Society: 39-40. (in Jap-
anese).

Jamiolkowski, M. & Masella, A. 2015. Geotechnical character-
ization of copper tailings at Zelazny Most Site. Proceedings
of DMT’15 The 3rd Int. Conf. on the Flat Dilatometer: 25-
42. Rome, Italy.

Kaneko, S. & Tani, K. 2005. Application of sampling method
using high-concentration water-soluble polymer to deep
ground. 40th Geotechnical Engineering Conference, Hako-
date: Japanese Geotechnical Society: 183-184. (in Japa-
nese.)

Kokai, H., Yonamine, K. & Ikeda, A. 2014. Geotechnical in-
vestigation at a Ryukyu Limestone site for the design and
construction. Kisoko. Vol. 12: 84-87. (in Japanese.)

Kokusho, T. & Tanaka, Y. 1994. Dynamic properties of gravel
layers investigated by in-situ freezing sampling, Ground
Failures under Seismic Conditions. ASCE National Con-
vention: 121-140. Atlanta, Georgia.

Kudo, K., Nishi, K. & Tanaka, Y. 1991. Static mechanical
properties of gravel ground (Part 2 Properties of diluvial
gravel procured by freezing sampling and its evaluation
method). Central Research Institute of Electric Power In-
dustries, Abiko Research Laboratory Rep. No. U90062. (in
Japanese.)

Lee, W. F., Ishihara, K., & Chen, C. 2012. Liquefaction of silty
sand-preliminary studies from recent Taiwan, New Zea-
land, and Japan earthquakes. Proceedings of the Interna-
tional Symposium on Engineering Lessons Learned from
the 2011 Great East Japan Earthquake, March 1-4, 2012.
Tokyo, Japan.

Matsuo, O. 2004. Simplified procedure for assessing liquefac-
tion potential of soils in the specifications for highway
bridges, Technical Journal of Japan Society of Civil Engi-
neers, No.757/111-66:1-20 (in Japanese).

Mori, K. & Ishihara, K. 1979. Undisturbed block sampling of
Niigata sand, Proc. of 6th Asian Regional Conference on
Soil Mechanics and Foundation Engineering, Vo. 1:39-42,
Singapore.

Mt. Fuji Sabo Office Homepage 2016. Mt. Fuji Sabo Office,
Chubu Regional Bureau of the Ministry of Land, Infrastruc-
ture, Transport and Tourism.



Mt. Fuji Sabo Office, supplied 2016. Supplied by Mr. Fuji
Sabo Office, Chubu Regional Bureau of the Ministry of
Land, Infrastructure, Transport and Tourism.

Ogawa, Y., Ogi, S., Takaishi, M. & Nose, H. 2013. High quali-
ty undisturbed soil sampling for Young Limestone. 7th In-
ternational Joint Symposium on Problematic Soils and Geo-
environment in Asia: 151-154. Japan.

Shirai, M., Tani, K. & Kaneko, S. 2004. Comparison between
sampling using high-concentration water-soluble polymer
and sampling using drilling mud; coefficient of viscosity.
33rd Symposium on Rock Mechanics: Japan Society of
Civil Engineering: 319-324. (in Japanese.)

Stringer, M., Beyzaei, C., Cubrinovski, M., Bray, J., Riemer,
M., Jacka, M. & Wentz, F. 2015a. Liquefaction characteris-
tics of Christchurch silty soils: Gainsborough Reserve, Pro-
ceedings of 6th International Conference on Earthquake
Geotechnical Engineering, Christchurch, New Zealand.

Stringer, M., Taylor, M.L. & Cubrinovski, M. 2015b. Ad-
vanced soil sampling of silty sands in Christchurch, Re-
search Report 2015-06, Civil & Natural Resources Engi-
neering, University of Canterbury.

Sunakawa, N., Shimada, T., Kai, H., Koizumi, K., Hamada, K.
& Mochizuki, A. 2010. A new sampling method of poten-
tial liquefaction skill agess and evaluation of liquefaction
strengths. 45th Geotechnical Engineering Conference, Ma-
tsuyama: the Japanese Geotechnical Society: 53-54. (in
Japanese.)

Tanaka, Y., Kokusho, T., Yoshida, Y. & Kudo, K. 1989. Dy-
namic strength evaluation of gravelly soils. 12th Interna-
tional Conference on SMFE, Proceedings of Discussion
Session on Influence of Local Condition on Seismic Re-
sponse: 113-120, Rio de Janeiro, Brazil.

Tanaka, Y., Kudo, K., Nishi, K. & Suzuki, H. 1998. Properties
and quality assessment of gravelly soil samples obtained by
the conventional tube sampling method and the in-situ
freezing method. Soils and Foundations. Vol 46. No. 5: 37-
39. (in Japanese.)

Tani, K., Shirai, M. & Kaneko, S. 2004. Consideration on
sampling method using high-concentration water-soluble
polymer. 39th Geotechnical Engineering Conference, Nii-
gata: Japanese Geotechnical Society: 145-146. (in Japa-
nese.)

Tani, K., & Kaneko, S. 2006. Undisturbed sampling method
using thick water-soluble polymer solution. Tsuchi-to-Kiso
(Soils and Foundations), Vol. 54-4: 19-21. (in Japanese.)

Taylor, M.L., Cubrinovski, M. & Haycock, 1. 2012. Applica-
tion of new “Gel-push” sampling procedure to obtain high
quality laboratory test data for advanced geotechnical anal-
yses, Proceedings 2012 New Zealand Society for Earth-
quake Engineering Conference: Paper number 123, Christ-
church, NZSEE.

Yanagisawa, N., Kaneko, S., Tani, K. & Sakai, K., 2003. Ex-
perimental study on a new method of undisturbed sampling
using high-concentration water-soluble polymer. 32nd
Symposium on Rock Mechanics: Japanese Society of Civil
Engineering: 311-316. (in Japanese.)

Yanagisawa, N., Tani, K., Kaneko, S., & Sakai, K. 2004.
Mechanism of undisturbed sampling using high-
concentration water-soluble polymer. 33th Symposium on
Rock Mechanics: Japanese Society of Civil Engineering:
49-56. (in Japanese.)

Yokoi, Y., Sakai, K., Yukawa, H. & Orihara, K. 2015. Appli-
cation of Gel-Push (GP) sampling method to slaking prone
residual soil and reclaimed sand in Singapore. Proceedings
of International Conference on Soft Ground Engineering,
Singapore.

124



Geotechnical and Geophysical Site Characterisation 5 — Lehane, Acosta-Martinez & Kelly (Eds)
© 2016 Australian Geomechanics Society, Sydney, Australia, ISBN 978-0-9946261-1-0

Simulation of the cone penetration test: discrete and continuum
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ABSTRACT: The paper presents the modelling of the cone penetration test using two procedures: a discrete
approach and a continuum approach. The discrete approach is based on the Discrete Element Method where a
granular material is represented by an assembly of separate particles. Cone penetration has been simulated for
both uncrushable and crushable sands. For the continuum approach, the Particle Finite Element Method has
been adapted in order to overcome the difficulties posed by the occurrence of large displacements as well as
by the geometrical, material and contact nonlinearities of the problem. Both single phase and two-phase (cou-
pled hydromechanical) formulations have been developed and applied. Although not exempt of problems,
both approaches yield realistic results leading to the possibility of a closer examination and an enhanced un-
derstanding of the mechanisms underlying cone penetration.

1 INTRODUCTION 2 DISCRETE MODELLING

p . : . . 2.1 General

enetration problems are widespread in geotechnical

engineering. Among them, cone penetration is one  The use of the Discrete Element Method (DEM) to
the prime means of soil investigation but its inter-  model the mechanical behaviour of granular materi-
pretation remains largely empirical especially for  als has certainly important limitations bus also a
sands (Mayne 2007, Schnaid 2009); theoretical ap-  considerable number of advantages (O’Sullivan,
proaches are more advanced for clays (e.g. Ran-  2011). Among the limitations are the generally over-
dolph 2004). A more rational interpretation may  simplified geometrical representation of the particles
benefit from appropriate modelling although it must  (often assumed to be spheres) and the need to scale
be recognized that significant challenges arise when  up their size, especially in boundary value problems

numerical analyses of penetration problems are un-  such as the cone penetration analyses. In spite of this
dertaken. Those types of problems involve large de-  scaling, the resulting calculations are computational-
formations as well as geometrical and contact non-  ly intensive if a sufficiently representative number
linearities. Also, complex constitutive laws are  of particles are considered.

generally required to represent adequately the me- The main advantage is that large strains, dis-
chanical behaviour of geotechnical materials. placements and rotations are readily accommodated

The paper presents a brief summary of some re-  in the analyses. Also, it is possible to bypass the
cent work carried out by our group concerning the  need for quite sophisticated constitutive models for
modelling of penetration problems and, more specif-  sands; instead only the contact law between pairs of
ically, the simulation of cone penetration tests. Two  individual particles are usually required. It should be
approaches have been pursued: discrete modelling  noted, however, that there is considerable uncertain-
and continuum modelling. Granular soils have been  ty over the precise form of those contact laws and
modelled by an assembly of distinct particles using  their parameters are generally calibrated comparing
the Discrete Element Modelling (DEM). This ap-  the macroscopic response of a DEM model and the
proach is not practicable in the case of fine-grained  results of analogous laboratory tests.
materials where a continuum analysis has been fa- First attempts to use DEM to simulate cone pene-
voured. The Particle Finite Element Method (PFEM)  tration tests (Huang & Ma 1994, Calvetti & Nova
has been employed as the preferred numerical tech- 2005, Jiang et al. 2006) used 2D elements (i.e.
nique for this approach. disks). Although undoubtedly useful, they fail how-

ever to provide a realistic representation of the kin-
ematics of granular deformation. More representa-
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tive results are obtained using 3D analyses although,
so far, they have been limited to spherical shapes
(Butlanska et al. 2010a, 2010b, Arroyo et al. 2011,
Mcdowell et al. 2012, Lin &Wu 2012, Butlanska et
al. 2013).

2.2 Cone penetration modelling in crushable sands

A strong motivation for this modelling work has
been to explore the possibility to develop virtual cal-
ibration chambers, VCC (Arroyo et al. 2011). Anal-
yses have been performed with the PFC3D code
(Itasca 2010); the rotation of spheres has been inhib-
ited in order to capture the limited rotation observed
when non-spherical particles are involved. The nec-
essary limitation of the number of particles em-
ployed in the analyses has required the adoption of
results’ filtering (to smooth the oscillation of cone
resistance) and to account for chamber size effects, a
requirement also necessary in the interpretation of
the results form physical calibration chambers. An-
other importance difference with the physical system
lies in the fact that the way of forming the specimens
is quite different in the virtual and in the physical
calibration chambers, leading to differences in initial
fabric.

In spite of those difficulties, it has been possible
to obtain good quantitative agreement between the
results of the DEM analyses and the extensive set of
data reported by Jamiolkowski et al. (2003). The
tests were performed on Ticino sand, a medium-size
silica sand with mostly sub-rounded grains. Because
of the strength of the basic particle material, it was
not necessary to account for grain crushing in the
analyses. Figure 1 (Arroyo et al. 2011) shows the
comparison for a number of tests covering relative
densities form 60% to 90% and confining pressures
from 40 to 400 kPa.
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Figure 1. Comparison between corrected cone resistance from
DEM and corrected cone resistance values from physical tests
on Ticino sand.
