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Di1STURBANCES DUE TO “IDEAL” TUBE SAMPLING

By Mohsen M. Baligh,' M. ASCE, Amr S. Azzouz,’ A. M. ASCE,
and Chung-Tien Chin,’ S.-M. ASCE

Asstaact: The “ideal sampling approach” (ISA) for elucidating, formulating,
and predicting minimum disturbance effects in deep tube samples of saturated
clays is proposed. The ISA relies on approximate solutions based on the strain
path method to incorporate tube penetration disturbances. Laboratory test re-
sults on normally consolidated Boston blue clay indicate that the ISA provides
more realistic predictions than the existing perfect sampling approach and that
tube penetration disturbances are significant in “undisturbed” tube samples of
soft clays obtained by means of existing thin-walled sampling techniques.

INTRODUCTION

Geotechnical engineers routinely conduct site exploration and testing
programs to determine the stratigraphy and the engineering properties
of the soils necessary for foundation analyses and design. A common
component of soil exploration consists of drilling borings from which
tube samples are recovered for purposes of soil identification and lab-
oratory engineering testing. Laboratory tests generally provide well-de-
fined, controllable boundary and drainage conditions in addition to uni-
form stresses (or strains) within soil specimens, thereby enabling easy
interpretation of test results. The major disadvantages of laboratory test-
ing are: (1) sampling disturbance effects that generally cause significant
differences in properties between soil specimens and the in situ foun-
dation soils; and (2) uncertainties associated with estimating the in situ
spatial variation of soil parameters from the very small volume of soil
normally tested.

In situ tests have therefore attracted considerably increased interest
among the geotechnical profession as a means of complementing labo-
ratory tests in soil exploration. In situ tests can provide a more detailed
description of the vertical variation of soil properties, but generally have
complicated boundary conditions and involve significant stress (and strain)
variations within the soil and uncontrollable drainage conditions. There-
fore, interpretation of in situ test results is difficult and requires varying
degrees of empiricism in estimating soil parameters for design purposes.
As a result, tube sampling and laboratory testing of soils still constitute
the backbone of current site-investigation studies for determining the
engineering properties of soils.

The influence of sampling disturbances on the ability of laboratory tests
conducted on recovered samples to duplicate the in situ behavior of
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foundation soils has long been recognized. In fact, these disturbances
had such an impact on practices and procedures adopted by the geo-
technical profession that, without their overwhelming effects, geotech-
nical engineering would be very different from what it is today. For
example, without disturbances, heavy reliance on empirical design
procedures would be probably eliminated and replaced by more exact
and reliable methods, which can then be easily adapted to new and dif-
ferent conditions.

Research on the effects of sampling on the behavior of clayey soils
was especially active in the 1940s, and culminated in the work of Hvor-
slev (10) whose concepts, recommendations, and methods on sampling
procedures are widely known and still constitute the basis of our current
practice. Since then, and in the last four decades, many investigators
have attempted to establish the extent and nature of disturbances as-
sociated with sampling and laboratory testing (9, 11, 13, 16-19, 21, 23—
25, and others). However, in view of the absence of analytical tech-
niques to predict the effects of sampling on soil deformations, most of
the research has been limited to comparative experimental investiga-
tions.

This paper proposes the “ideal sampling approach” (ISA) as a rational
and systematic framework for elucidating, formulating, and predicting
minimum disturbance effects in deep-tube push samples. The frame-
work is based on the strain path method (SPM) (2) and, for purposes of
simplicity and clarity, is limited herein to saturated clays with emphasis
on soft, slightly overconsolidated deposits.

SAMPLING DISTURBANCES

Minimum Sampling Disturbances.—Tube sampling offers many op-
portunities for soil disturbances. Following the history of the sample,
basic disturbances occur due to: (1) changes in soil conditions ahead of
the advancing borehole during drilling operations; (2) penetration of the
sampling tube and sample retrieval to ground surface; (3) water content
redistribution in the tube; (4) extrusion of the sample from the tube; (5)
drying and/or changes in water pressures; and (6) trimming and other
activities required to prepare specimens for laboratory testing. Addi-
tional disturbances can be significant in special applications. Examples
include the expansion of dissolved gases when (very deep offshore)
samples are brought to the surface; dynamic effects in hammered sam-
ples or during rough handling and transportation; temperature changes
in chemically or biologically active deposits, etc.

Basic sources of disturbance can be classified in many ways depending
on the objective at hand. For the purposes of this study aimed at estab-
lishing a rational framework for analyzing and predicting sampling dis-
turbances and their effects, it is important to distinguish between op-
erator-dependent disturbances and minimum sampling disturbances.
Operator-dependent disturbances refer to disturbances that are mainly
dependent on the performance of operator(s) in charge of field work,
transportation, extrusion, trimming, and laboratory testing and hence
can be reduced by close adherence to good practices of sampling and
testing operations. These types of disturbance are believed to include
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most of disturbances, 1, 5, and 6 just mentioned. On the other hand,
minimum sampling disturbances refer to disturbances that, for a given
set of sampling tools and equipment, cannot be reduced by improving
sampling operations. Minimum sampling disturbances are principally due
to disturbances 2—-4 previously mentioned. This means that, given the
best available sampling equipment and exercising the most careful sam-
pling methods, minimum (yet possibly significant) disturbances will oc-
cur, primarily due to the penetration sampling tube and its retrieval to
the surface, as well as the redistribution of water content in the tube
and the extrusion of the sample from the tube.

The following sections focus on minimum sampling disturbances, since
they lend themselves to analysis and formulation, whereas operator-de-
pendent disturbances can hardly be incorporated in a unifying rational
predictive framework.

Perfect Sampling Approach.—Existing rational methods for the anal-
ysis of minimum sampling disturbances and their effects revolve around
the “perfect sampling approach” (PSA) (13,24). Perfect sampling of sat-
urated clays denotes the idealized process of undrained shear stress re-
lief from the initial anisotropic in situ stress state to the final isotropic
stress condition of the sample before testing. Hence, when applied to
tube sampling, the PSA considers no operator-dependent disturbances
and neglects tube penetration disturbances, water content changes, and
the detailed straining history of the sample during retrieval and extru-
sion.

Fig. 1 shows the effects of perfect sampling on the stress-strain be-
havior [Fig. 1(a)] and the effective stress path [Fig. 1(b)] of resedimented
Kq-normally consolidated (NC) Boston blue clay (BBC) during undrained
shear in triaxial compression tests reported by Ladd and Varallyay (15).
Curve 1 in Fig. 1 shows the ““undisturbed” behavior of the NC soil when
shearing starts from point A located along the Kg-hne (K¢ = 0.52) and
corresponding to a vertical consolidation stress, o, . Curve 2 shows the
behavior after perfect sampling involving the undrained shear stress re-
lief from point A to the isotropic state of stress denoted by point B, and
a minor reduction (8%) in the mean effective stress to o, = 0.63 o, .
Comparing Curves 1 and 2 in Fig. 1, we note that perfect samphng dis-
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F1G. 1.—Undrained Behavior ot BBC In Triaxlal Compression Tests: (a) Stress-
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turbances have the following effects on the undrained behavior of re-
sedimented normally consolidated BBC:

1. A significant change in the stress-strain behavior of the soil at small
strain levels (axial strain, ¢, < 0.5%) due to differences in the initial state
of stress prior to shear. However, (at the risk of oversimplification), if
the undrained secant Young’s modulus at 50% of the shear stress re-
quired to reach the peak strength, Es, is used as a measure of soil stiff-
ness, perfect sampling slightly reduces Es by about 20% (from 340 o,
to 2700,,).

2. An increase in the axial strain required to mobilize the peak shear-
ing resistance, ¢,, by about 140%.

3. A decrease in the (peak) undrained shear strength, c,, by 15%.

On the other hand, perfect sampling disturbances in Fig. 1 show little
effect on behavior beyond ¢, as described by the effective stress path
and the brittleness (or strain-softening tendency) of the soil. More typ-
ically, however, perfect sampling tends to reduce the undrained brittle-
ness of soft clays without affecting the ultimate strength obtained at high
strain levels (8,24).

Ladd and Lambe (13) and others (20,21) used the PSA to establish a
measure for the degree of clay sample disturbance (due to reasons other
than initial shear stress relief) through the ratio ¢;/c,, where o is the
mean effective stress in the sample before testing. Experiments show
that small values of ;/0,, indicate more severe sampling disturbances.
They also proposed that the ratio o;/c,, can serve as a useful guide to
evaluate and correct shear strength measurements of uncemented clays
in unconsolidated undrained (UU) tests.

Sampling Disturbance Effects on Boston Blue Clay Behavior.—Bos-
ton blue clay (BBC) is a marine illitic clay of medium sensitivity (S, = 7
% 2) of the late Pleistocene ice age. BBC covers large areas of the Boston
Basin and, at locations where the deposit exceeds about 20 m in depth,
the lower clay is quite uniform and soft with an overconsolidation ratio,
OCR < 1.3. The lower BBC typically has a liquid limit of 42.5 = 4%, a
plastic limit of 22 * 1.5%, a plasticity index of 20 * 2.5%, and a natural
water content of 43.5 + 4%.

The shaded band 3 in Fig. 1 and the results in Table 1 show typical
undrained shear behavior exhibited by K,-normally consolidated sam-
ples of natural BBC in triaxial compression tests (CKoU). These results
were obtained by Ladd and Luscher (14) after consolidating thin-walled
tube samples of the lower BBC to a consolidation stress, o, , in excess
of twice the estimated in situ maximum past pressure, o, in order to
reduce sampling disturbance effects. The mean effective stress prior to
shear, o;, in these samples was therefore equal to the octahedral effec-
tive consolidation stress, o/ = (1 + 2Kg)o/./3. Similarities between band
3 and curve 1 representing the undrained behavior of the ““undisturbed”
NC resedimented clay are clear. Hence, band 3 (or curve 1) will be used
in this section as a reference in discussing and evaluating sampling dis-
turbance effects.

Table 1 and the shaded band 4 in Fig. 1 describe the range of un-
drained behavior exhibited by 15 thin-walled tube push samples of the
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TABLE 1.—Effects of Tube Sampling Disturbances on Undrained Behavior of Lower

Boston Blue Clay*

K,-Consaolidated
Undrained (CK,U) | Unconsolidated Undrained (UU)°
Dimensionless OCcR = 1 OCR <13
paramater Parameter | Mean | Parameter | Min | Mean | Max
(1) (2) (3) (4) (5) (6) (7
Initial mean effective o, /o 0.67 ol fol 0 0.06f{ 0.19
stress ratio S M
Undrained strength c./ok 0.32 C./0% 005 0.14| 0.24
ratio ‘ S ‘ M
Strain at peak strength % 0.28 €% 5 11 18
M S
Undrained modulus Ey/oi. | 365 Ew/o |3 15 68
ratio s M

In situ OCR = 1.3.
*15 samples from three sites.
Note: S = severe disturbance; M = mild disturbance.

lower BBC recovered from three sites and tested at the Massachusetts
Institute of Technology (MIT) in an unconsolidated undrained (UU) triaxial
compression mode of sheanng (7,14,22). The results in Fig. 1 were plot-
ted assurmng OCR = 1 in normalizing UU data, i.e., assuming o, =
Uom = Gy . Since o,y is actually larger than the verhcal effective stress,
G0 . this assumption leads to underestimation of disturbance effects in
UU tests on thin-walled tube samples.

An examination of UU data and an evaluation of results in Fig. 1 and
Table 1 indicate the following:

1. Disturbance effects in thin-walled tube samples can be quite vari-
able as indicated by the wide range of UU data. However, no clear cor-
relation could be established between the disturbance level and the di-
ameter of the sampling tubes (127 versus 76.2 mm), the location of the
sample within the middle half of the tube height, and the testing pro-
gram (site, data, field, and lab personnel). This implies that operator-
dependent disturbances can be significant and cannot always be reliably
and consistently predicted.

2. Sample quality can be consistently correlated to the mean effective
stress level in the soil before shearing, o; . Disturbance decreases with
o, as shown by curves 5 and 6 representing typical UU behavior of good-
and poor-quality tube samples, respectively.

3. Comparing results of UU and CK, U tests disturbance increases the
strain at peak strength, ¢,, and decreases the effective stress in the sam-
ple, o,, the undrained strength ¢., and the soil stiffness, Es. Quali-
tatively, these effects are in agreement with PSA predictions.

4. Comparing soil behavior after perfect sampling (curve 2 in Fig. 1)
with the typical behavior of good-quality tube samples (curve 5 in Fig.
1), it is clear that the PSA seriously underestimates the severity of dis-
turbances in tube samples.
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STRAIN PATH PREDICTIONS

The strain path method (2) provides an integrated and systematic
framework for approaching deep geotechnical problems in a consistent
and rational manner. Observations of soil deformations caused by the
undrained penetration of rigid objects in saturated clays led Baligh (1)
to hypothesize that, due to the severe kinematic constraints that exist in
““deep” penetration problems, soil deformations and strains are, by and
large, independent of the shearing characteristics of the soil. For appli-
cations to sampling disturbances, the strain path method (SPM) can pro-
vide approximate predictions of soil deformations, strains, stresses, and
pore pressures caused by deep-push sampler penetration. Due to space
limitations, results described in the following are limited to soil defor-
mations and strains during undrained penetration of an idealized sam-
pler (the simple sampler) in saturated incompressible clays, assuming
that the soil exhibits no shearing resistance.

The Simple Sampler.—Fig. 2 presents predictions of soil distortions
due to steady penetration of a “simple sampler’” (S-sampler) with an
outer diameter to wall thickness ratio, B/t = 40, in an incompressible
clay. The S-sampler solution was obtained (5,6) by superimposing the
effects of a ring source and a uniform flow within the framework of
potential theory and according to the method described by Baligh (2).
The walls of the S-sampler in Fig. 2 have curved tips and involve a slight
reduction in the inner sampler diameter from a uniform value B; (= B
—= 2t) to a minimum inner diameter B, (<B;) located a small distance
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(0.1B) behind the wall tips. Moreover, the S-sampler has an inside clear-
ance ratio (ICR) [= (B; — B,)/B. x 100] of 0.98% and hence has similar
(yet not identical) geometrical characteristics as thin-walled Shelby tubes
routinely used in “undisturbed” sampling of clays with B/t = 40-47 and
nominal values of the ICR = 1% (ASTM-D1587). In the United States,
thin-walled Shelby tubes typically have diameters B = 50.8-127 mm and
ICR’s between 0.5 and 1.5%. The main difference between S-samplers
and Shelby tubes is in the geometry of the walls within a distance, L,
above the cutting edge. Specifically, the inner diameter of S-samplers
involves a more gradual increase for B, to B; over a relatively large dis-
tance L = 2B compared to Shelby tubes having a minimum value of L
= 12.7 mm.

Visual examination of the distorted grid in Fig. 2 indicates that: (1)
Soil deformations develop near the tip of the sampler walls and rapidly
reach a steady condition inside the sampler; (2) at some distance behind
the tip, clear distortions can be seen only near the sampler walls; and
(3) virtually no distortions can be detected in the inner core of the sam-
ple, say, within a radius B/4 from the centerline. In practice, such sam-
ples would thus be classified as “excellent” based on x-ray techniques
or visual observations.

Soil Strains.—Fig. 3 presents contour lines of the strain components
€., €, €, and €, due to undrained penetration of an S-sampler with
B/t = 40 and ICR = 0.98%. Considering compression positive, €, , €,

¢
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FIG. 3.—Deviatoric Strain Contours during Undrained Simple Sampler Penetra-
tion in Saturated Clays (B/t = 40, ICR = 1%): (a) Radial Strain, ¢, ; (b} Tangential
Strain, ¢, ; (¢) Meridional Shear Strain, ¢, ; and (d) Vertical Straln, ¢,
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and e, represent the radial, tangential, and vertical normal strains, re-
spectively; and ¢, is the meridional shear strain. Results in Fig. 3 show
that soil disturbance, as expressed by the level of shear distortions, de-
creases towards the center of the samples. Specifically:

1. In the outer half of the sample, strains are large and involve sig-
nificant gradients, especially near the sampler walls.
2. In the inner half of the sample:
(a) Relatively minor variations in soil strains exist;
(b) the dominant straining component is €, ;
(c) the other strain components are approximately given by ¢, =
€4 and ¢, = 0; and
(d) hence, reasonable estimates of soil disturbances within the in-
ner half of the tube can be obtained from results at the sample
centerline.

Effect of Simple Sampler Geometry.—Fig. 4 shows the strain history
of an element located at the centerline of S-samplers having aspect ratios
B/t = 20, 40, and 50; and inside clearance ratios, ICR = 1.86%, 0.98%,
and 0.79%, respectively. Conditions of cylindrical symmetry and incom-
pressibility imply that this element, suffering the least disturbance in-
side the sampler, is subjected to triaxial shearing only with €, = €4 =
~(1/2)e,, and ¢, = 0. Results in Fig. 4 indicate that the soil is subjected
to three distinct phases of undrained triaxial shearing: (1) an initial
compression phase (ab) ahead of the sampler (z = —0.35B) where the
axial strain, e, ,-increases from zero to a maximum value, €. ; (2) an
extension phase (bc) in the vicinity of the cutting edge (|z} < 0.35B) where
€., decreases rapidly from em. to a minimum, €y,; and (3) a second
compression phase (cd) inside the sampler (z > 0.35B) during which ¢,
approaches zero.
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Chin (5) shows that, for thin-walled S-samplers (B/t >> 1), the ICR
depends on the aspect ratio, B/t, and results in Fig. 4 can be approxi-
mated by

Moreover, €., and €, occur at (z/B) = ¥1/(2V2) and are approxi-
mately equal to |em.| given by

2\ ¢ t
Jemadd = (;ﬁ) B = 0.385 E ....................................... (2)

For simple samplers with B/t = 20, 40, and 50, Eq. 2 predicts that the
maximum axial strain levels, |, reached by soil particles at the cen-
terline are approximately equal to 1.93%, 0.96%, and 0.77%, respec-
tively. These values are close to the ICRs of the S-samplers considered,
and are close to the peak strains in Fig. 4 and hence indicate that Eq. 2
provides very reasonable predictions even for the relatively thick-walled
sampler with an aspect ratio B/t = 20. In fact, the simplicity of Eqs. 1
and 2 and their accuracy represented important factors in the selection
of the S-sampler to show the basic aspects of tube penetration distur-
bances and to estimate disturbances of thin-walled Shelby tubes with B/
t = 40-47 and ICR = 0.5%-1.5% as used in United States practice. Pre-
dictions corresponding to more realistic tip geometries and/or new sam-
pler geometries designed to minimize disturbances can be obtained by
the SPM, but involve more complicated solutions of more than one ring
source (6).

Finally, it can be shown (3,5) that S-sampler predictions during the
initial compression phase (from a to b in Fig. 4) ahead of the tube are
exact and independent of the shearing behavior of the soil at locations
where strains are sufficiently small to enable soil behavior to be assumed
as linear and isotropic (and thus elastic). This increases the reliability of
approximate SPM solutions during the initial compression phase, and
in view of similarities between S-samplers and Shelby tubes commonly
used in practice, suggests that these predictions provide reasonable es-
timates of compressive straining levels of the soil during actual thin-
walled tube sampling.

IoeaL SAMPLING APPROACH

The “ideal sampling approach” {ISA) is proposed herein as an exten-
sion to the perfect sampling approach (PSA) required for the analysis
and prediction of minimum levels of tube-push sampling disturbances
in saturated clays. ISA denotes an idealized method of incorporating the
effects of tube penetration, sample retrieval to the surface, and sample
extrusion from the tube, but neglects all other types of distyrbances,
including operator-dependent disturbances and water content changes

747



in the soil. The proposed method for implementing the ISA consists of
two steps: -

1. Estimate tube penetration disturbances on the basis of undrained
S-sampler predictions at the centerline of the sample. These predictions
are given in Fig. 4 or Egs. 1 and 2.

2. Estimate the effects of sample retrieval and extrusion by assuming
an idealized process of undrained shear stress relief from the (generally)
anisotropic stress conditions in the tube to the final isotropic stress state
of the sample before testing.

Step 2 adopts the same simplification adopted by perfect sampling re-
garding sample retrieval and extrusion simulation. Therefore, the only
difference between the proposed ISA and the PSA is the incorporation
of tube penetration disturbances, i.e., step 1, and hence the ISA reduces
to the PSA in the case in which tube penetration disturbances are in-
significant. This condition can be achieved by block sampling, i.e., by
eliminating tube penetration effects, or by means of tube samplers with
very thin walls or very large diameters (see results in Fig. 4 and Egs. 1
and 2 when t/B — 0). ,

Finally, it is noted that by proposing the ISA as an alternative to the
PSA, it is inherently assumed that tube-penetration disturbance effects
are significant. This assumption is supported by ample experimental evi-
dence indicating that thin-walled samplers achieve major reductions in
clay disturbance compared with thick-walled samplers (10,23,25). The
following section presents laboratory test data on ideal sampling effects
showing that tube penetration disturbances are also significant in case
of thin-walled samplers currently used in practice.

IpeAL SampPLING DisTURBANCE EFFECTS IN BOSTON BLUE CLaY

Clay and Ideal Sampling Simulation.—A limited laboratory testing
program was performed on resedimented samples of Boston blue clay
(BBC) to evaluate the effects of the proposed ISA on the undrained stress-
strain strength characteristics of normally consolidated clays under K-
conditions, i.e., no lateral straining. Saturated blocks of BBC were care-
fully prepared by K,-consolidation from slurry, using a 305-mm diameter
oedometer, to a vertical effective stress of 98 kPa. The BBC blocks were
then swelled under Ky-conditions to an overconsolidation ratio (OCR) of
4. The water content after rebound varied in various batches between
39.5 £ 0.5%, and the liquid limit, plastic limit, and plasticity index varied
within the ranges 41.5 = 0.8%, 21.5 * 0.6%, and 20 * 1%, respectively.

Specimens for triaxial testing were cut from the block samples and
reconsolidated in the triaxial cell under K;-conditions to an initial vertical
consolidation stress, o, = 294 — 392 kPa, i.e., three to four times the
maximum past pressure of 98 kPa, in order to eliminate the effects of
preconsolidation of the block samples and achieve specimens of Kqs-nor-
mally consolidated (NC) BBC with a maximum past pressure, oy =
o, . Ideal sampling disturbances were then simulated by subjecting the
NC samples to: (1) The undrained strain path predicted by the SPM for
soil elements along the centerline of an S-sampler with an aspect ratio
B/t = 40 and ICR = 1% (Fig."4 and Eq. 1) to simulate tube penetration;
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TABLE 2.—Effects of ideal Sampling Disturbances on Undrained Behavior ot K,-
Normally Consolidated Resedimented Boston Blue Clay

UNDRAINED DISTURBANCE
SIMULATION
Sa::'\plo Eftective UNDRAI.NED SHEAR BEHAVIOR
trieval Strasses alter Effective Stresses
Tube and Disturbance Prior to Shear
Description/ef- | pene- extru- K, = K= Es/
Test foct tration sion aifone | als/as | oi/omm | Ohfown | cu/on | %) | ok
(1) @ ®) O] (5) (6) ™ (8) (9) (10) | (11)
1 | Undisturbed® | No No — - 0.654 0.481 | 0.319° | 016" | 350°
2 | Ideal Yes Yes 0.278 1.0 0.278 1.0 0263 | 442 88
umpling"
3 | Tube Yes No 0.267 0.426 0.267 0426 | 0253 | 4.35 17
penetration®
4 Recom- Yes Yes 0263 | 1.0 0.654° 0.481 0.351 1.07 | 265
pression
5 | SHANSEP-1.5 Yes Yes 0.23° 1.0 0.981° 0.481 0320 | 0.30 | 450
6 | SHANSEP-2 Yes Yes 0242 | 10 1.308? 0.481 0317 | 023 | 2%

*Average of six tests.
Toe ™ O om-
‘apc = 1.50 .

Al = 20 m.

and (2) the undrained stress relief to an isotropic stress state to model
sample retrieval and extrusion according to the proposed ISA. All un-
drained triaxial shearing was conducted at a fixed axial strain rate, ¢, =
0.5% /hr and hence, no attempt was made to realistically simulate the
rate of soil straining.

Laboratory Testing Program.—The laboratory testing program con-
sisted of six tests on K;-NC resedimented BBC (K; = 0.481 = 0.003) with
a maximum past pressure, o, , as defined in Table 2. In test 1, the sam-
ple was subjected to monotonic undrained shearing to determine the
reference “‘undisturbed” NC behavior of the soil before disturbance. In
test 2, the soil was subjected to the simulated disturbances of ideal sam-
pling described previously in order to determine their effects on un-
drained behavior. In test 3, the soil was subjected to the same distur-
bances as in test 2, but without the undrained stress relief simulating
sample retrieval and extrusion in order to isolate tube penetration dis-
turbances and determine their relative importance. Tests 4-6 investigate
existing techniques of reducing disturbance effects by reconsolidating
samples subjected to ideal sampling disturbances prior to undrained shear.
In test 4, the sample was Kj-reconsolidated to a vertical consolidation
stress prior to shear equal to the maximum past pressure, o.., i.e.,
gi = o,,), which corresponds to a mean (octahedral) effective consoli-
dation stress, ¢, equal to 0.6540,, . Tests 5 and 6 were conducted in
accordance with the SHANSEP procedure (12) where the samples were
K,-reconsolidated to o, = 1.50., and 20.,, respectively. The corre-
sponding values of o are 0.981 and 1.308¢,,, , respectively.

Ideal Sampling Disturbance Effects.—Fig. 5 and Table 2 present the
behavior of the six samples during first undrained shearing from Kq-NC
conditions. Sample 1 was subjected to monotonic compression, sample
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3 to tube-penetration disturbances, and the other four (2,4-6) to ideal
sampling disturbances. Examination of these data indicates the follow-

mg:

1. Results during the initial compression phase (path ab, Fig. 5) and
the extension phase (path bc, Fig. 5) are consistent and repeatable as
evidenced by the very narrow band containing all the data. However,
measurements during the second compression phase (path cd, Fig. 5)
and the undrained stress relief phase (path de, Fig. 5) involve more scat-’
ter and lead to values of the mean effective stress after ideal sampling,
o , ranging between 0.23 and 0.278¢,, .

2. The axial strain at peak strength, ¢,, is significantly exceeded dur-
ing the initial compression phase. This implies that even under the ideal
conditions of minimum disturbance (at the centerline) considered herein,
the soil fails before entering the sampler.

3. During initial monotonic shearing (path ab), the six specimens ex-
hibit a consistent behavior with c,/o, = 0.319 (x0.003), ¢, = 0.16%
(£0.07%), and Esy/a; = 347 (£190). Moreover, with the exception of a
less pronounced brittleness (strain-softening), the behavior of these re-
sedimented samples is not significantly different from results of CKoU
tests on natural samples of the lower BBC (band 3 in Fig. 1) or the re-
sedimented clay tested by Ladd and Varallyay (15; curve 1 in Fig. 1).

4. After ideal sampling simulation, the mean effective stress in four
samples (2,4-6) was reduced from an initial value of 0.6540,. to o} =
0.250,. . This represents a significant reduction (62%) compared to per-
fect sampling disturbances involving only an 8% reduction (15).

Fig. 6 and Table 2 present measurements obtained in test 2 repre-
senting the undrained behavior of the soil after ideal sampling distur-
bances as well as the “undisturbed” behavior obtained in test 1. For
comparison purposes, Fig. 6 also shows soil behavior after perfect sam-
pling disturbance (curve 2 in Fig. 1) and the typical behavior exhibited
by good-quality tube samples of the lower BBC in UU tests (curve 5 in
Fig. 1) after neglecting the slight overconsolidation (OCR < 1.3) of the
natural soil. An examination of these results shows that the ISA esti-
mates much more significant disturbance effects compared to the PSA
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drained Behavlor of Normally Consolidated Resedimented BBC

and seems to explain most of the disturbance effects observed in UU
tests on good-quality tube samples. This is evidenced by the following
aspects of undrained behavior:

1. The effective stresses in the soil prior to shear—Actual tube sam-
pling disturbances typically reduce the mean effective stresses from about
0.660.4 to o, = 0.190,.0r much less. Predictions of the ISA overestimate
this value of a; by 35 (x13)% (versus 230% in case of the PSA).

2. The undrained shear strength—Tube sampling reduces ¢, from
0.320 to 0.24 0,4 or less. The ISA overpredicts this value by 10% (versus
15% for the PSA).

3. The strain at peak strength— Actual disturbances typically increase
¢, from 0.16% to 5% or more. The ISA underestimates this value by only
12% (versus 625% for the PSA).

4. The soil stiffness— Actual disturbances typically reduce Es, from about
3500z to 68c, or less. The ISA overestimates this value by about 30%
(versus 300% for the PSA).

5. The post-peak behavior and undrained stress path—The ISA pre-
dicts an undrained stress path similar in shape to that of the UU test,
which is distinctly different from that predicted by the PSA. In partic-
ular, the ISA correctly predicts the virtual elimination of strain softening
exhibited by the “undisturbed” clay beyond the peak.

Tube Penetration Disturbance.—The relative importance of tube pen-
etration disturbances versus sample retrieval and extrusion distur-
bances, as incorporated in the proposed ISA, can be determined by com-
paring results of tests 2 and 3 presented in Fig. 7 and Table 2. Test 2
represents the undrained behavior after ideal sampling disturbances,
whereas test 3 represents the behavior after tube penetration distur-
bances only. Examination of these data indicates the following: (1) The
two tests give virtually identical stress paths and identical stress-strain
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FIG. 7.—Tube Penetration Effects in Ideal Sampling Disturbances

behavior at strain levels exceeding 0.5%; and (2) at small strain levels
(<0.5%), the rebounded sample (test 2) exhibits a higher stiffness, Es
= 880, , than the sample subjected only to tube penetration distur-
bances having E5 = 170, .

Therefore, it is concluded that, with the exception of soil stiffness at
small strain levels, tube-sampling disturbance effects estimated by the
proposed ISA are primarily due to tube-penetration disturbances.

Reduction of Sampling Disturbance Effects.—Sampling disturbance
effects on the undrained behavior of clays can be reduced by reconso-
lidating the soil prior to shearing. Two methods are commonly used: (1)
the Recompression method (4), in which the soil is reconsolidated under
Ko-condltlons to o, equal to the in situ vertical effective overpurden
pressure, o,y ; and (2) the SHANSEP method (12), in which the recon-
solidation stress o, should exceed 1.5 to 2 times the estimated maximum
past pressure, o, , and then the sample is rebounded to the estimated
in situ OCR before undrained shearing. For normally consolidated de-
posits of interest herein (a0 = o.), the difference between the two
methods is most pronounced. Fig. 8 and Table 2 compare the two meth-
ods with regards to the undrained behavior of K;-NC resedimented BBC
after ideal sampling disturbances. Results in Fig. 8 and Table 2 corre-
spond to test 4 (recompression, G, = Opm), test 5 (SHANSEP-1.5, o =
1.5q;,) and test 6 (SHANSEP-2; o;. = 20,,), as well as test 1 repre-
senting the ‘‘undisturbed”” behavior of the resedimented clay.

Examination of these data shows the following: (1) By reconsolidating
the soil prior to shear, both methods reduce disturbance effects signif-
icantly (see results of test 2 in Fig. 7); (2) the recompression method
overpredicts ¢, of the ““undisturbed” soil by 10% and ¢, by 570%; and
(3) reconsolidation according to the SHANSEP method leads to an un-
drained (normahzed) behavior that is closer to the ““undisturbed” soil.
SHANSEP-2 gives basically the same results as SHANSEP-1.5, with vir-
tually the same c,/o) as the “‘undisturbed” soil, and overpredicts €, by
only 45%.

In summary, test results indicate that most aspects of ideal sampling
disturbance effects on the undrained behavior of K-NC resedimented
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FIG. 8.—Reconsolidation Effects on Ideal Sampling Disturbances of Normally
Consolidated Resedimented BBC

BBC can be reduced by reconsolidating the soil and can, in effect, be
virtually eliminated by the SHANSEP method. This is due to the fact
that resedimented BBC after ideal sampling disturbances shows the same
undrained normalized behavior as exhibited before disturbance, and the
SHANSEP method was developed for such clays (12). It is believed that
this result remains valid in the case of smaller levels of clay disturbance
and is applicable to less sensitive clays subjected to the same levels of
disturbance. On the other hand, extrapolation of this result to higher
levels of disturbance or its generalization to more brittle clays requires
validation from tests on the clay(s) of interest where the pertinent dis-
turbance levels are simulated. Finally, for very high levels of distur-
bance, and in cases involving very brittle clays with a pronounced struc-
ture, e.g., quick and cemented clays, elimination of disturbance effects
by reconsolidation is unlikely to succeed, and block samples or im-
proved tube sampling methods are required (11,16-19,26).

SumMARY AND CONCLUSIONS

This paper presents the ideal sampling approach (ISA) as an extension
to the perfect sampling approach'(PSA) that is required for the rational
formulation and prediction of minimum disturbance effects due to tube-
push sampling of clays. The ISA incorporates the important effects of
tube penetration disturbances on the basis of approximate predictions
of the strain path method (SPM) (2), in addition to the effect of un-
drained shear stress relief considered by perfect sampling. In particular,
the approach adopts the undrained strain paths of soil elements located
at the centerline of a simple sampler considered representative of thin-
walled tube samplers currently used in practice.

Two basic reasons are believed to make predictions of the ISA more
relevant than the existing PSA: (1) In current sampling practice, tube
penetration induces significant straining of the soil and thus represents
a dominant source of disturbance, especially in slightly overconsolidated
sensitive clays; and (2) deep tube penetration is, by and large, a strain-
controlled process where the strain history (or path) of the soil is not
very sensitive to soil properties and can hence be more easily and reli-
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ably estimated according to the SPM than its stress path.

In support of the preceding, this paper presents the following results
and data regarding deep undrained thin-walled push sampling of sat-
urated (incompressible) clays:

1. Predictions of soil strains due to the undrained penetration of a
simple sampler (S-sampler) obtained according to the SPM, which ne-
glects the shearing resistance of the soil, show that:

a. Soil disturbance, as described by the level of shear distortions,
decreases towards the center of the sample (Fig. 3). Hence, soil
elements located at the sample centerline suffer the least dis-
turbance.

b. For an S-sampler with a diameter to wall thickness ratio, B/t =
40, .and an inside clearance ratio, ICR = 1%, soil disturbances
in the outer half of the sample involve significant nonuniform-
ities. Practically, this implies that the soil located in the outer
half of the tube sample should be avoided in the preparation of
representative specimens for laboratory testing. On the other
hand, tube penetration disturbances in the inner core are very
similar to disturbances at the sample centerline.

c. Soil elements at the tube centerline are subjected to three dis-
tinct phases of undrained triaxial shearing (Fig. 4): (i) An initial

*compression phase ahead of the sampler; (ii) an extension phase
near the elevation of the cutting edge; and (iii) a second
compression phase inside the sampler. For thin-walled tube
samples, the maximum axial strains experienced in compression
and extension are approximately equal and given by |em.| = 0.385
(t/B). This means that, for S-samples with an aspect ratio, B/t,
between 50 and 40 and an ICR between 0.8% and 1%, the max-
imum strains |em| are also between 0.8% and 1%. These pre-
dictions are believed to provide reasonable estimates of |em.| in
the case of 50.8- to 127-mm thin-walled Shelby tubes commonly
used in practice where B/t is between 40 and 47 and ICR is typ-
ically between 0.5% to 1.5%.

. 2. Triaxial tests conducted on resedimented Ky-normally consolidated
Boston blue clay (BBC) show that soil disturbances predicted by the pro-
posed ISA have significant effects on the undrained behavior of the clay.
Specifically, results of simulated ideal sampling disturbances for a thin-
walled S-sampler with an aspect ratio B/t = 40 and inside clearance ra-
tio, ICR = 1%, show that:

a. The measured axial strain at peak strength, €, = 0.16%, is much
lower than the maximum strain, lennd = 1%, predicted during
the initial compression phase ahead of the sampler. This implies
that, in actual thin-walled tube sampling of (soft lean sensitive)
clays having a low value of ¢,, failure of the soil in triaxial
compression is likely to take place even before the sample enters
into the tube.

b. The ISA predicts significant reductions in mean (octahedral) ef-
fective stresses due to sampling disturbances (from about
0.660; to o = 0.250,) compared to the PSA (o, = 0.630y).
On the other hand, the ISA underestimates the severity of ac-

754



tual disturbances in good quality tube samples of the slightly
overconsolidated lower BBC (OCR < 1.3), where measurements
show the effective stresses to be o) = 0.190; or less.

c. After simulated disturbances, measurements of undrained be-
havior in triaxial compression tests. also show that the ISA pre-
dicts more severe sampling disturbance effects than the PSA that
are in better agreement with, yet consistently underestimate, ac-
tual sampling disturbance effects exhibited by good quality tube
samples of the lower BBC in unconsolidated undrained (UU)
tests. These results imply that the ISA is superior to the PSA as
a method of estimating minimum disturbance effects.

d. Sampling disturbances predicted by the ISA are primarily due
to tube-penetration effects rather than to sample retrieval and
extrusion effects when the latter are simulated by an idealized
process of undrained shear stress relief.

e. Ideal sampling disturbances can be reduced by the recompres-
sion or the SHANSEP procedures consisting of reconsolidating
the samples under Kj-conditions to a vertical effective stress,
0., before undrained shearing. Samples of resedimented BBC
recompressed to o, equal to the maximum past pressure, oy,
exhibited a slightly higher peak strength than the “‘undis-
turbed”” normally consolidated soil, but a much higher strain at
peak. On the other hand, samples consolidated to o, =
1.50;, in accordance with the SHANSEP procedure exhibited
virtually the same behavior (after normalization by o) of the
“undisturbed” soil and samples consolidated to o, = 20y .

Based on these results and in spite of uncertainties associated with the
proposed ISA due to the approximate nature of tube penetration dis-
turbances predicted by the SPM, the following practical conclusions and
recommendations are advanced:

1. The PSA can provide reasonable estimates of minimum distur-
bances in good-quality block samples of clays.

2. Predictions of the ISA are more representative than the PSA with
regards to sampling disturbances associated with thin-walled tube sam-
plers commonly used in practice. This implies that effective stresses in
the sample, o}, estimated on the basis of the ISA, should be used (in-
stead of o,, estimated by the PSA) as a reference to establish a quanti-
tative measure of avoidable disturbances in tube samples retrieved ac-
cording to current sampling methods. Specifically, in applications to soft
slightly overconsolidated clays, the ratio o;/cj should be used instead
of o;/a,, to describe the disturbance level and possibly to correct the
normalized strength parameters obtained in unconsolidated undrained
tests performed on these samples.

3. Using the proposed ISA and its extensions, improvements in cur-
rent tube sampling and laboratory testing practices can be achieved by
systematic investigations of the important remaining factors on tube
sampling disturbances and their effects in various types of soils: (a) sam-
pler geometry (e.g., B/t, ICR, geometry of cutting shoe, etc.) and inside
wall friction; (b) water content and volume changes during and after
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sampling; (c) ratio of specimen to _sampler diameter; and (d) extrusion
and drilling disturbances. Improvements are especially needed for brittle
clays with a well-defined structure, e.g., quick and cemented clays, as
well as noncohesive deposits, e.g., sands and silts, where sufficient re-
duction in sampling disturbance effects cannot be achieved by recon-
solidation prior to shear.
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