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Synopsis

This paper presents an experimental investigation of the components of mobilized soil shear resistance independent (I) and
dependent (D) of effective stress when also considering strain (5) as a variable, To study the important effect of soil structure,
the writer developed a test (IDS) that separates these components at approximately constant structure. Many such IDS-tests
demonstrated the special and surprising behavior of the I-component in a variety of remolded and undisturbed soils. This led
to the concept of the Constant Structure Mohr Envelope (CSME), the formulation of its shape in equation (6), and the experi-
mental confirmation of equation (6). All this then led to a new method for measuring a soil’'s mobilized shear resistance from
only internal bonds, Zy. The new method seems to produce reasonable results, has a low sensitivity to stress-dilatency effects,
and permits determining I as a function of strain.

This paper demonstrates that when some remolded and undisturbed cohesive soils carry load under creep strain rates they
undergo soil structure modifications that transfer load to those groups of particles orignted to best resist particle dispersion.
This transfer can increase dramatically the soil’s mobilized shear resistance sensitivity to a change in effective stress. The
transfer also leads to a temporary, with continued strain, stiffening and strengthening of the soil. Overconsolidation also
produces this transfer, without significant, if any, increase in bonds. This seemingly common transfer phenomena may help to

explain the important non-bond contribution to such soil behavior as “aging” and “quasi-preconsolidation”™ effects.

A Table of Contents is found at the end of the paper.

1. Introduction

Dr. Bjerrum always maintained a lively interest in the
subject of fundamental soil shear resistance behavior,
His own doctoral research, reported in NGI Bulletin
No. 5, dealt with the Hvorslev effective shear strength
components. In his major state-of-the-art paper to the
8th International Conference he again reviewed funda-
mental! behavior and generously referred to the work of
Hvorslev and that of myself and co-workers. In both
1951 and 1973, and in the years throughout, he attempted
to draw practical implications from fundamental shear
strength research and theory.

My doctorate dissertation also dealt with the Hvorslev
components, and through 1971 I actively pursued research
in this area. This included a 196263 USA National
Science Foundation Fellowship under Dr. Bjerram at the
NGI. After 1963 I corresponded with Dr. Bjerrum con-
cerning my continuing research and he contributed in a
substantial way. In view of these events I look upon the
invitation to participate in this volume as a very suitable
opportunity to bring much of this research together in
one place, to update it since the last publication in 1965,
and to suggest explanations for the observed shear mobil-
ization behavior of soils tested at constant structure.

2. The constant structure Mohr envelope (CSME)

First, consider what the term “structure” means herein.
We all know that soils have an extremely complex fabric
involving a three dimensional arrangement of particles,
with the particles having a wide range of size, shape and
mineralogy. Furthermore, there exists a complex inter-
play of attractive and repulsive forces between particles
depending on particle spacings and orientation, the elec-
trical and chemical activity of the particles and of natural
cementing agents between particles, the age of the soil
deposit, its degree of saturation, the chemical content of
the pore water, etc. To permit identifying a particular
state of the fabric and internal forces composing such a
complex material, the writer will simply use the catch-all
term of “soil structure™ or just “structure”.

As explained in T. W, Lambe’s beautiful work (Lambe,
1933), particle dispersion represents one of the important
ways in which clay structure can change, Dispersion
means a more parallel, less flocculated, orieniation of the
platy or elongated particles typical of clay minerals. It
can result from chemical additives which reduce the
internal atiractive forces between particles, particularly
if at the edge-face contact zones. Or, dispersion can result
from the mechanical strains between particles during con-
solidation and shear. Strain changes structure. The
remolding of sensitive soils and the resulting strength
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Fig. 1. Schematic illustrating when a conventional Mohr
envelope also a CSME.

change can provide dramatic evidence of the mechanical
strength reduction consequences of soil structure change
by strain, in this case often at constant void ratio or
density. C. Crawford (1963) presented photographs illu-
strating a striking example of such a structure change by
the strains of remolding.

The reader should now imagine a soil in which changes
in the level of ambient effective stress will produce only
negligible changes in particle orientation, packing, etc. —
therefore, negligible change in structure. Begin with an
essentially identical set of isotropically consolidated soil
specimens, but with each specimen rebounded to a dif-
ferent level of initial effective stress. Then compress each
to failure in a similar manner in a conventional triaxial
test machine, say with failure occurring at 10 % strain in
all tests. Fig. I presents the conventional Mohr-Coulomb
effective stress failure envelope obtained from such a test
series. Each of the three specimens began with the same
soil structure and each reached the same percent at failure
along the same strain path. Therefore, the writer believes
they all would have the same structure at failure. For this
imagined case the conventional failure envelope also
represents a constant structure Mohr envelope (CSME).

Dr. E. E. de Beer (1965) expressed a similar idea and
he referred to the resulting failure envelope as the “real
intrinsic cuarve”, He produced experimental intrinsic
curves from tests on reassembled sands, with each test in
a series beginning at the same void ratio after consolid-
ation but before compression. Thus, he started compres-
sion with a very simple, duplicated structure, and one
not sensitive to change by ambient effective stress. His
“intrinsic curves” represent approximate CSMEs to the
extent, uvnreported by de Beer, that identical void ratio
and strain conditions existed at failure. Section 6.2.1
analyzes further this work by de Beer.

Consider the various envelopes also shown in the hypo-
thetical example of Fig. I, with each envelope represent-
ing the shear resistance mobilized by the soil at various,
constant levels of strain less than the failure 10 %. Each
of these envelopes also represents a constant-structure
condition and therefore represents another CSME for the
same soil.

In this paper the writer chose to work with a constant
structure envelope defined in terms of the conventional
shear and effective normal stress coordinates and Mohr

circles determined from major and minor principle
stresses, g,” and oy, only. This neglects the effect of the
intermediate principle stress, oy’. To the extent that o3’
has an important effect on structure, use of this set of
coordinates introduces inaccuracy. The concepts devel-
oped herein might, or might not, have significantly more
generality in terms of octahedral stresses.

The reader might ask why introduce a sometimes fictic-
ious, new type of Mohr envelope? The reason — to invest-

" igate strength fundamentals without the serious complic-

ating effects of varying soil structure. The slope of the
CSME at any point, such as x in Fig. I, represents the
shear resistance mobilization sensitivity of that particular
structure to a change in the level of effective stress.
Furthermore, if the structure remains constant along such
an envelope, then strength components such as real
cohesion, or the alternate term “bond shear strength”
used herein, remain constant. Then the intercept of the
CSME with the ¢’ = 0 line, denoted I, in Fig. I, repre-
sents the real mobilized bond shear resistance of that
structure. The intercept with the 1 = 0 axis represents the
mobilized effective tension resistance of that structure,
o, The slope at any point, At/Ac”; expresses the sens-
itivity of that structure’s shear mobilization to a change
in effective stress. An investigator can obtain these more
fundamental strength properties of a given soil structure
from a CSME. He cannot from conventional Mohr
envelopes, even in the form of constant strain contours,
because volumetric strain, and therefore structure, usually
varies very significantly at different levels of effective
stress along conventional envelopes.

At this point the reader has only the de Beer tesis on
sands as evidence of the possible real existence of such
CSME's. De Beer approximated the CSME condition at
failure and drew some important, more fundamental
conclusions — especially with respect to the curvature of
such an envelope. However, Professor P. Rowe, by use
of his famous stress-dilatency theory, also produces no-
structure, and therefore a special case of constant struc-
ture, envelopes mathematically via a structure-dilatency
correction. He thus eliminates the effects of different
structure along a Mohr envelope and produces a no-
dilatency CSME. Use of this no-dilatency CSME has
permitted measuring some of the more fundamental soil
shear strength properties. The writer attempted to con-
struct parts of CSMEs and then reason the behavior of
complete CSMEs. He also eventually produced complete
CSMEs by means of the experiments and their mathe-
matical interpretation as described subsequently.

3. The IDS-test
3.1 GENERALIZING THE HVORSLEV COMPONENTS

Starting in 1958, the writer began an experimental invest-
igation aimed at determining the Hvorslev effective shear
strength components as functions of strain. However, as
explained in detail by Schmertmann & Osterberg (1961b),
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and Schmertmann (1962a), these components, as origin-
ally defined by Hvorslev, prohibited any determination
as functions of strain, The Hvorslev components first
required a slight modification and a resultant generaliz-
ation, as explained by Schmertmann (1963a). This modi-
fication included a slight relaxation of the Hvorslev
requirement of exactly the same void ratio for soil speci-
mens to have equal cohesion, in favor of a definition that
permitted small, seemingly negligible, differences in void
ratio in favor of much better assurance of equal structure.

The problem required an experimental technique that
would test a soil structure, subject to modification by
strain, at two levels of effective stress. The change in
mobilized shear resistance with a change in effective
stress then would indicate that structure’s sensitivity to
such a change. and therefore presumably measure its
friction behavior. Extrapolating this change to ¢ =
would presumably produce the cohesion intercept. At
first the writer denoted the test designed to accomplish
the separation of Cohesion and Friction as functions of
Strain as the CSF-test. Later, as explained subsequently,
the writer realized that CSME curvature prevented these
components from being fundamental friction and co-
hesion and changed the test notation to the IDS-test.
“I" denotes that component seemingly independent of
effective stress change and “D” that cornponent seemingly
linearly dependent on effective stress change. The follow-
ing presents an outline of the history and details of the
performance of TDS-tests.
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Fig. 2. Use early part of effective stress unloading for best
constant-structure conditions.
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Fig. 3. Schematic of different shear mobilization with strain
at the A, B, C effective stress levels in Fig. 2.

32 TEST DEVELOPMENT TO THE USE OF
A SINGLE SPECIMEN

Consider a soil subjected to initial, or virgin, compression
followed by simple unloading. Fig. 2 illustrates that a
unit change in effective stress during initial compression
produces a much greater change in void ratio, and pre-
sumably structure, than similar change during unloading.
If one desires to change effective stress with a minimum
of change in structure, one should confine effective stress
changes to the rebound region designated by 3—4 in
Fig. 2.

Imagine three initially identical specimens consolidated
to point 3 in Fig. 2. Then allow one to rebound to ;"
at point “A”, another point “B” and third to point “C”.
Although each reaches a progressively reduced effective
stress, all other aspects of structure should remain almost
the same. Further imagine each of these almost identical
specimens then subjected to similar compression tests in
such a way that g,” never exceeds point 3 in Fig. 2. Fig. 3
illustrates results qualitatively typical of many experi-
ments. Because specimen A has a greater effective stress
at all strains than B, and B greater than C, the soil struc-
ture at A can mobilize greater shear resistance than B at
all strain, and B greater than C. At any strain (g,),, either
before, at, or after any definition of failure, the mobil-
ized resistances of specimens A, B and C can be repre-
sented by three Mohr circles all applicable to that soil at
(g1}, Fig. 4 illustrates such circles. The envelope defined
by these circles, represents a piece of the CSME that
applies to the soil shown in Fig. 2 after shear mobilization
to strain (g,), in Fig. 3.

The slope of this piece of the CSME expresses the shear
resistance sensitivity of that constant structure to a prob-
ing change in effective stress — a change sufficient to
cause a measurable change in shear resistance but not
sufficient to produce a significant change in soil structure.
Note the slope At/Ac,” = d,_, and D = §," d,.

As shown by Schmertmann & Osterberg (1961b) any
piece, such as x—y, of a CSME appeared linear in their
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Fig. 4. The piece-CSME construction to determine the 7 and
D components at any strain in Fig. 3.

pioneering IDS-test work. A linear extrapolation to the
¢’ = 0 axis produced an intercept denoted as the / -com-
ponent, considered that component of mobilized shear
resistance, at strain g, seemingly independent of effective
stress, The remaining component indicated in Fig. 4, D,
represented that component at ¢ seemingly linearly
dependent on effective stress. The two components I, and
D,, or just I and D for convenience, apply only to the
particular structure under consideration at strain s. Hence
the designation IDS-test. An investigator could make a
similar component determination to that shown in Fig. 4
at any strain in Fig. 3. Plotting the results of such com-
ponent determinations vs. strain then permits the further
determination of the variation of these components as
functions of strain, thus reaching the desired objective.
Fig. 5 illustrates such a determination typical of those
obtained from triaxial compression tests on remolded
clay.

The techniques used to perform an IDS-test started
with multiple-specimen tests such as illustrated in Fig. 3.
However, a succession of refinements proved it possible
to achieve very simiiar, and perhaps superior, results
using only a single specimen. Instead of developing the
three or more Mohr circles shown in Fig. 4 for the com-
ponent separation at a given structure, the apparent
linearity of small pieces of the CSME suggested only two
circles as sufficient. This reduced to only two the num-
ber of comparative stress strain curves in Fig. 3. Further-
more, instead of requiring two initially duplicate speci-
mens, such as A and C, experiments showed (Schmert-
mann, 1962b) that one could obtain very similar results
from a single specimen by hopping back and forth
between the A and C effective stress conditions during
the progress of strain in a strain controiled compression
test. This one specimen test has the great advantage of
not requiring initially, always questionable, duplicate test
specimens. This gave further assurance that the A, B, and
C curves in Fig. 3, or just A and C, had nearly identical
structure at any given strain. It also permitted testing
undisturbed soils or soils from which it might otherwise
prove difficult or impossible to obtain duplicate speci-
mens.

3.3 VARIETY OF IDS-TESTS

It also proved possible and sometimes useful to perform
IDS-tests of different types. At first the writer performed
only tests where each of the curves in Fig. 3 represented
stress-strain mobilization at a constant g,”. The purpose
of the constant-g;,” form of the test was to better assure
that major structural changes would not take place in
the soil during strain as a result of g," exceeding the pre-
consolidation g,” at point 3 in Fig. 2. But, maintaining
constant-g,” required continuous adjustment of pore pres-
sure during the strain, In principle any type of test that
develops the Fig. 3 curves between two or more different
levels of effective stress will provide the data for the
required Mohr circle separations at constant structure in
Fig. 4. Experience has shown that curves similar to A
and C would also result from IDS-tests at constant-o”ye,
constant-g’, or two levels of constant volume. For the
constant-volume IDS-tests the investigator controls
volume between two pre-selected levels and has to mea-
sure pore pressures to obtain the effective stress differ-
ences between curves A and C - see Schmertmann (1963a,
p. 265) for an example.

Furthermore, the investigator need not restrict the IDS-
test to the triaxial compression test at controlled strain
rate. In principle he or she can perform an IDS-test with
any shear testing equipment capable of generating stress-
strain curves with a controlled difference in effective
stress conditions. For example Schmertmann (1963b) per-
formed IDS-tests (the “X** points in Fig. 111) with strain
controlled, direct, simple shear equipment. Topshej (1970)
performed the IDS-tests using axial extension and pro-
duced results testing kaolinite similar to those from axial
compression tests. The IDS-test can also be performed
using stress-control methods and two specimens, as shown
by Schmertmann (1963a, pp. 267-268).

4. The constant I-component

Altogether, the writer has performed, or supervised the
petformarice of, about 500 IDS-tests at the University of
Florida. These tests produced much information about
the I and D components and their possible significance.
This paper can only summarize some of these results.
One of the most important discoveries concerned the
remarkable and unexpected behavior of the I-component,
As explained previously, the I-component represents a
cohesion-related concept. The D-component seems fric-
tion-related. The fundamental work of Hvorslev suggested
that any effective or “true” cohesion, and therefore pre-
sumably also the I-component, should vary with the
variables of void ratio, the degree of dispersion or floc-
culation of the soil structure, the nature of the soil pore
fluid, previous stress history effects such as overconsolid-
ation, clay mineralogy, etc. But, I, as measured by its
maximum value I (see Fig. 5), proved essentially in-
dependent of all of these variables. The following sum-

marizes much of the data leading to thi$ strange con-
clusion.
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4.1 THE CONSTANCY OF I,
4.1.1 Particle dispersion

Table I presents a comparison of I, from remolded kao-
linite and Boston blue clay, before and after the addition
of trace amounts of sodium phosphate dispersants, Fudg-
ing by the large change in PI, the reduction in shrinkage
limit (SL), and the large reduction in equilibrium void
ratio at the constant effective stress conditions for all
tests compared, the phosphates produced dramatic
changes in structure. Yet, J/, remains virtually constant.
Note that unless otherwise designated, the IDS-tests which
produced these and subsequent data were of the con-
stant-g,” type.

4,1.2 Veoid ratio and overconsolidation

In 1960 Dr, J. Hall (then a graduate student) and the
writer performed a most informative series of IDS-tests
using a large number of saturated, machine extruded
specimens with initial structure virtually identical. We
then subjected these specimens to various levels of normal
and overconsolidation, after which we subjected them to
a constant-g,” IDS-test. Fig. 6 presents the results ob-
tained, showing both void ratio changes during consolid-
ation and during the IDS-test itself, and I vs. G;’. The
writer performed the first series of tests, shown with
solid symbols, and Dr. Hall performed the second (open
symbols) over the summer of 1960 when the writer was
absent. These two separate sets of data matched very

Table 1. Iy, vs. structure at a;” = 2.95 kg/cm?2.

well, and show clearly that I is virtually independent of
final void ratio and instead depends linearly on the
average value of ¢;” actually used during the one-speci-
men test curve-hopping procedure described in 3.2, Fig. 4
also illustrates the meaning of the average g,” value, =
5y

We also performed a similar series of tests on a natural
but remolded clay (Enid) with very different grain size
distribution and mineralogy, and obtained very similar
results.

The tentative conclusion was both surprising and in-
escapable — I, did not vary with the great void ratio
changes, and presumably great structural changes, asso-
ciated with virgin consclidation followed by rebound,
provided one compared I using the same 5,”.

4.1.3 Simple overconsolidation

Consider two points at the same ¢,”, such as B and B’ in
Fig. 2, one normally consolidated (B’)} and one over-
consolidated (B). They both have the same effective stress
but certainly different structure as a result of the void
ratio reduction associated with overconsolidation, For
example, test numbers 108 and 112 in Fig. 6 have a B-B’
relationship. Fig. 7(a) presents the IDS-test stress-strain
curves obtained from tests 108 and 112, and also the
subsequent check test H-45. Fig. 7(b)} shows the resultant
I-components as a function of strain. Note that I, as well
as I, stays about the same, and perhaps even decreases
somewhat as a result of the overconsolidation. In great
contrast, Fig. 7(b) shows a dramatic increase in the
sirain-rate mobilization of the D-component, illustrated
here via d,. As a further example of this important dis-
covery, Fig. 8(a) and 8(b) show the same comparison for
a remolded natural clay (Enid) with different mineralogy.
To date we found this behavior in all soils tested. Clearly,
the structure changes associated with overconsolidation
had little if any effect on the I-component, but did
dramatically affect the D-component.

4.1.4 Primary and secondary consolidation time effects

As also indicated by the notes in Fig. 6, varying the
length of time allowed for the completion of primary
consolidation from 24 to 120 hours, or whether or not
an intermediate complete unloading occurred, had little

Shrinkage i : . In e
Clay Abbrev. fimit (ST) PI Void ratio (kgiem?) Structural condition

Kaolinite DWEPK 25.0 21 0.888 0.54 Extruded, no chemical dispersion
Kaolinite N-EPK 21.9 8 0.783 0.50 NasHPO47H0 dispersed
Kaolinite DWEPK 21 0.898 0.57 Extruded, no chemical dispersion
Kaolinite Q-EPK 192 4 0.674 0.56 NagP4013 dispersed
Boston Blue clay BBC 19 0.659 0.50 Extruded, no chemical dispersion
Boston Blue clay BBC 19 0.648 0.46 Extruded, no chemical dispersion
Boston Blue clay Q-BBC 11 0.532 0.49 NagP4O1s dispersed
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Fig. 6. Demonstration that Iy independent of void ratio and simple laboratory overconsolidation in extruded, distilled water
kaolinite (DWEPK),

or no effect on the constant-g,” IDS-test values of 7.
The writer investigated further the effect of different
primary times on the I, value in remolded kaolinite and
Enid clays by providing progressively more internal and
external drainage aids to speed consolidation, Tabie 2
presents the results and shows that changing the primary
time by a factor of 10 appeared to have no effect on /.

The writer also tried various combinations of sudden
loading and constant-rate loading to produce the con-

solidation, various times in secondary followed by un-
loading and reloading, etc. as explained briefly in Table 3.
In all cases consolidation ended with a normally con-
solidated clay at the same final effective stress and pro-
duced the same I . It seemed clear that the method of
primary consolidation had no effect on I

The effects of allowing progressively increasing times
for secondary compression (under constant effective
stress conditions) proved informative. Fig. 9 shows the
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Fig. 7. Comparisons of shear component mobilization in NC
and OC (R = 3) extruded kaolinite clay.

IDS-test components obtained from a comparative series,
again on remolded kaolinite, with all other test conditions
the same. Note again that 7/ remains about the same
(differences in strain-mobilization probably mostly ex-
perimental variations), Again in contrast, there occurs a
dramatic increase in the strain-rate of d, mobilization,
especially at low strains. Compare with Figs 7 and 8 and
it appears that secondary compression has much the same
effects, at least at low strain, as simple overconsolidation.
Similarly, the structural change effects of longer second-
ary compression times produced, as with overconsolid-
ation, structural changes which greatly affected d, but
did not affect I

Table 2. Iy vs. time for primary consolidation.
Primary time Iy
Clay (Min.) (kg/crm?)

Kaolinite 22 0.57
Kaolinite 34 0.57
Kaolinite 60 0.56
Kaolinite 100 0.53
Kaolinite 250 0.56
Enid 25 0.52
Enid 55 0.52
Enid 80 0.54

Consider the nature of the structural change that
increases d,. Fig. 9 also shows via a heavy solid line the
low-strain part of the d,-strain mobilization curve from a
constant-g,” IDS-test on deliberately dispersed kaolinite
(by Na,P,0,.), Q-EPK, prior to specimen extrusion. As
discussed in 4.1.1, and shown in Table I, the addition of
this dispersant did produce a dramatic dispersion of
structure (destroys edge-face particle contacts and forms
a more parallel particle arrangement).

Note the heavy line matches almost exactly the 4,
mobilization of the distilled water kaolinite after a 5-week
secondary. This suggests that the structure change during
secondary may be closely related to dispersion. Over-
consolidation increases particle orientation and therefore
disperses structure. The similar effect of secondary on d,
supports the dispersion hypothesis. The writer discusses
further this important hypothesis in Sections 10.5 and
10.9.

4.1.5 Anisotropic consolidation

In an extensive series of tests with remolded kaolinite and
Boston blue clays reported in detail by Schmertmann and
Hall (1961a), the authors showed (see examples in Figs
23(a) and 23(b} that the mobilization of the I-component
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Fig. 8, Comparisons of shear component mobilization in NC
and OC (R = 4) extruded Enid clay.
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Table 3. Iy vs. method for hydrostatic consolidation. (All tests at approximately o1’y = 3.30 and 011 2.60 kg/em?).

Clay Methods of consolidation I (kgfcm?)
Extruded Kaolinite 6 days in “secondary”, but without drainage, then immediate IDS-test 0.56
Extruded Kaolinite 6 days in secondary at a,” = 0.50 after consolidation to 3.50, then returned to 0.57

o, = 3.50for 1 day
Extruded Kaolinite 7 days at o' = 3.50; then held at 0.20 for 8§ days; then returned to 3.50 for ¥; day 0.57
Extruded Kaolinite Consolidated to 6.’ = 3.50 for 1 day and tested, both with bacl_c pressure of 3.00 0.55
Extruded Kaolinite Consolidated to o,” = 3.50 with constant rate of loading for 10 days; then held at 0.63
3.50 for one day
Extruded Enid Consolidated to o' = 3.50 with constant rate of loading for 10 days; then held at 0.59

3.50 for one day

during the IDS-test following anisotropic consolidation
to various K’ values, including K, did not change the
I-component with subsequent compressive strain. Once
again, the D- (or 4,) component changed dramatically by
increasing as K’ decreased. Note that in this reference
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Fig. 9. Effect of secondary isotropic consolidation times on
I and DD in extruded kaolinite clay.

¢,=1I, and tan @, =d, Once again, the soil structure
differences associated with different levels of K’ con-
solidation did not produce changesin I .

4.1.6 Clay mineralogy and grain size

Table 4 a presents a list of the I values obtained from
constant-g,” IDS-tests on remolded clays with a variety
of mineralogy and plasticity. Despite the PI varying from
4 to 105 % and clay minerals from kaolinite to mont-
morillonite, the average I values at the same ¢,” test
levels vary from only 0.47 to 0.62, with most around the
average 0.55 kgicm?2. Again the writer concluded that the
likely major differences in soil structure associated with
these major differences in clay mineralogy have only a
minor effect on I,

However, not all soils will produce the same I, at the
same effective stress levels. For example, consider the
non-plastic quartz soils listed in supplemental Table 4 b.
One might expect that non-plastic soils would not have a
cohesion-related I-component intercept. This proved un-
true as shown in Table 4 b. However, the writer observed
a definite trend of reducing I,, with increase in grain size
at the same effective stress, and will return to this
important point in subsequent Section 10.

4.1.7 Rate-of-strain effect

Schmertmann and Hall in their closure (1962) presented
data from a 7-test series of constant-g,” IDS-tesis on

Table 4 a. Data indicating I, approximately independent of clay mineralogy at constant effective stress. *

I fcm?
Remolded clay ‘;.1 <0'032 mm Activity Clay minerals m (kg )

° ’ Range l Av.

Dispersed kaolinite (Q-EPK) 4 60 0.07 Kaolinite — 99 % 0.55-0.57 0.56
. . Kaolinite — 15 %
Enid (residual) 9 20 045 Tite — 10 % 0.50-0.55 0.53
Jacksonville 14 13 1.08 Montmorillonite — 10 % 0.53-0.57 0.55
Illite — 43 %

Boston blue 19 53 0.36 Chlorite — 25 % 047
Kaolinite 21 60 035 Kaolinite — 99 % 0.53-0.57 0.55
Lake Wauberg 105 85 1.24 Il\{[h‘tzleltinscn(}:lomte -85 % 0.62

* All I, results from constant-a;’ IDS-tests using:
isotropic consolidation to 3.50 kgfcm?2
01 high = 3.30 kg/em?
0t'low = 2.60 kglem?

Table 4 b. Supplemental data from non-plastic soils.

I
Soil Pl Do | Mineral | (kglem?)
av.
Crushed quartz 0 0.007 | Quartz 0.40
Beach sand 0 0.14 Quartz 022
Ottawa sand 0 0.8 Quartz 0,08

kaolinite in which they varied the constant rate- of-strain
by a factor of over 5000. They showed, at least for this
clay, that rate-of-strain did not significantly affect the I,
value. However, reducing the rate-of-strain did signific-
antly increase the strain-rate of 4, mobilization. Once
again, any structural changes from this variable appeared
to affect the D-component and not the I-component.

4.1.8 Type of pore fluid

In 1962 the writer performed a test series involving only
5 constant-g,” IDS-tests with kaolinite saturated by water
and other fluids. The same kaolinite powder used prev-
iously in saturated, extruded kaolinite specimens was
here first compacted into a mold while still hot from
drying in the oven. A vacuum was then applied to the
top of the specimen and fluid allowed to come in from
the bottom until near-saturated. All specimens were then
consolidated isotropically to 3.50 kg/em? and IDS-tested
using curve hopping between the constant-g,” values of
3.30 and 2.60 kgicm? and using the sarne compressive
strain rate for each of the 5 tests. Table 5 presents supple-
mentary data on the pore fluids used, etc. Despite the
dramatic difference in dielectric and viscosity properties-
of these fluids, they all produced about the same I-com-
ponents, as shown in Fig. 0. However, once again the d,
component varied dramatically with the pore fluid and
most dramatically with its viscosity.

As also shown in Fig. 10, I increased from about 0.55
kg/emZ for the water-saturated extruded kaolinite, com-
pared to about 0.75 kgicm? for the specimens first com-
pacted dry and then saturated. Although the dry material
had a higher void ratio, presumably it also had a greater
number of solid-solid contact points which somehow

=0 tan gy =e'd,)

I inkg per sq ¢m

dg (D component

for ali tests:

. o250
# o, -2.30
oy=2.60
ds
B. e 1 L " 1 0.0
[+] 1 2 3 4 5

AXIAL COMPRESSIVE STRAIN, in per cent

Fig. 10. Effect of different pore fluids on I and D mobiliza-
tion in compacted dry, then saturated, kaolinite pow-
der (see Table 5).

increased I and I,.. This difference in I decreased with
increasing strain past I .

4.2 Iy NOT COHESION

All, or at least many, of the variables discussed in 4.1
should have had a dramatic effect on any true soil
cohesion, assuming such cohesion due to the interplay
of particle geometry and attractive and repulsive forces
between particles — particularly at or near the zones of
closest particle approach or contact. Yet, I, and I appear
independent of these variables. The conclusion seems
inescapable that the I-component cannot represent true
soil cohesion in the sense that soil engineers ordinarily
imagine it. However, the ¢,” =0 axis intercept must
include any true cohesion. Either true cohesion has a
much different origin and behavior than visualized or i,
and I, result primarily from other effects. Perhaps true
cohesion represents such a small part of | that significant
changes in such cohesion from changes in the 4.1 vari-
ables does not change I sufficiently to detect easily. The
writer believes this “minor-part-of-I” explanation.

Table 5. Test conditions for constant-g;” IDS-tests using kaolinite saturated with different pore fluids (match with Fig. 10).

. Bulk properties Computed void ratios Final 'girlinni::;
Test No. Pore fluid Viscosity { Dielectric | Specific | Ascom- { After After d?ﬁi:igxfl consol,
(cp) constant | gravity | pacted |consolid. | IDS-test | 52 (min.)
255 Dry nitrogen 0.02 1 0.001 1.417 1.341 1.239 0.7 inst.
256 Benzene 0.65 2 0.899 1416 1.292 1.202 95.9 7
257 Methyl alcohol 0.59 31 0.810 1.392 1.261 1.057 976 40
258 Distilled water 1.00 81 0.998 1.341 1.060 0.981 97.3 150
25 % glycerine
259 75 % distilled water 2.10 75 1.065 1.447 1.10 0972 97.8 230
Av. of three | Distilled water * 1.028 0.895 0.898 99.9 70

* Specimens machine extruded in saturated condition.

- 73 -



AL M ke LT e e e

1 ) 1 1 1718, . I i
2 Kaolinite without dispersant [OWEPK | Enid residual clay |
: - G) 1 : g’ :
3 15 5 _g"%na 18

05 ; a =5FO 177 L~
[ % 15 [ / ]
r 3 3 5 21.5 |
6,3 4 15 4t o

Nakd O B P —F

10 T ™ T 1| /

- b

By Lo ] I
Kaolinite with mild dispersant (N-EPK} /

| 17"

———— ———
€) yaglinite with strong dispersant (Q-EPK}

T ]

- —(“3/ 24

3 'u et ) L n
— 05 .
g I 15 _* 118 ]
-4 [ 3 * ‘ 1 19} Jacksonville sandy clay 1
- 1 B
St i “
=% - 3
= 15 —r T T

. 7
C m’/

:05; = |

05 =

—
b compacted ground quartz silt

[} PRI RV S RO EPIPI EEFEE U T

‘]_0 T T

———
) Bosion blue clay, natural water {B|BC) /
I Undisturbed

LAYN

MAXIMUM VALUE OF EFFECTIVE STRESS INDEPENDENT COMPONENT OF SHEAR,

105
\,‘. E 1.8 /ﬁEY
/ 18
05 - _
L 15 1 F_~" 18
_’?‘/‘/D/A _n(-/---I............
- e ——————————
oL o ot e e it Compacted beach sand 1
{17 P RS LI SR I B g ]
e poston blue clay with strong dispersant (0-BBC) 1
/ :US_ /4/
10— et | / .
= L 1ok o 0 L —
05 2 D= —
B 1 | Ottawa sand
' - -
,°/ 15
[]""""""""""""B—M.......»....‘
0 1 2 k| 1 5 6 0 1 2 3 4 5

E;:AVERAEE EFFECTIVE STRESS ON CONSTANT STRUCTURE ENVELOPE {in kg per sq.cm)
Fig. 11. Examples of the linearity of I, vs. ;' in remolded soils.

5. I-component linear with effective stress
5.1 CONSIDERING Iy

The reader probably noted in Fig. 6 that I varies linearly
with the average of the two constant g,” levels of curve

hopping in these constant-g,” IDS-tests. This behavior
produced a paradox! The I-component represents that
portion of the mobilized shear resistance of a soil that
appears, after linear extrapolation, to be independent of
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Table 6. Legend for various symbols in Fig. 11.

Large symbols, such as o » denote compression 1DS-tests
using sirain-controlled triaxial equipment and single specimen,
2-curve, rigid load cell technique.

Small symbols, ® , denote less reliable tests using an earlier
technique.

A denotes special two-specimen [DS-tests (Schmertmann,
1962z).

Open symbols. such as O , denote saturated specimens,
except that [+] denotes dry specimens.

Crossed symbols, such as . denote partially saturated
specimens.

Shaded symbols, such as ® 3, denote deliberately overcon-
solidated specimens, with adjacent number denoting the
hydrostatic overconsolidation ratio prior to the 1DS-test.

@ denotes that 2 special consolidation procedure. other
than l-increment, hydrostatic, was employed prior to the IDS-
test.

X  denotes direct shear tests performed on dry sand at the
Norwegian Geotechnical Institute in 1963.

the level of effective stress (see Fig. 4). Yet, this sup-
posedly effective-stress-independent component itself
varies linearly with the level of effective stress!

The writer then tested a variety of cohesive and co-
hesionless soils to e~amine the possible generality of this
linear behavior. Fig. 11, parts (a) through (j), present the
results obtained. Note that to better relate to the con-

stant structure Mohr envelope, Fig. I shows I versus
the average effective stress, §,’, of the pieces of the CSME
defined by the two Mohr circles obtained at each strain
in an IDS-test (see Fig. 4). Table 6 presents the legend
for the various symbols used in Fig, 11,

Fig. 11 presents overwhelming evidence that all the
soils tested possess a fundamental shear resistance be-
havior that, when probed by the TDS-test over the stress
ranges investigated, produces /, that varies linearly with
CSME effective stress. Fig. 12 presents a summary of the
various linear relationships detailed in Fig. 1], Note the
remarkable similarity in the slopes of most of the linear
relationships summarized in Fig. 12,

5.2 CONSIDERING I AT ANY STRAIN

Section 3.1 treated only the maximum value of the I
component, I . Almost all IDS-tests have shown that I
usually occurs at very low strain. Each of the individual
tests reported in each of the various parts of Fig, II
probably had its I, occur at about the same low strain
for all tests in that part. However, I was taken at what-
ever strain it occurred and Fig. 1] includes no specific
attempt to treat strain as an independent variable.

K.-H. Ho (1971) showed that a linear relationship
between I and T, existed at all strains investigated in
each of the three artificial soils he tested. Table 7 sum-
marizes the resulis from his tests on duplicate specimens
of remolded normally and overconsolidated kaolinite,

in kg per sg.cm.

T ] T
Uk
M i
/

ly=MAXIMUM VALUE OF EFFECTIVE STRESS INDEPENDENT COMPONENT
OF SHEAR

1 1 | 1 1 L 1 1 ] 1 H [

3 4 §

&7 '= AVERAGE EFFECTIVE STRESS ON CONSTANT-STRUCTURE ENVELODPE
{in kg per sg.cem.)

Fig. 12. Summary of linear I, behavior for all soils investigated,
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Table 7. K.-H. Ho’s test to check linearity of I vs. ot at any strain.

. No. tests Awv. linear g1 values
Soil Type IDS-test in series correl. coeff. * checked (%)

NC kaolinite const — oy’ 13 0.97 1,2,3,4,5

— (51’ +og'¥2 6 0.96 1,2,3,4,5

- vol. 3 0.98 1,2,3,4,5
OC kaolinite const — o1 3 0.98 1,2,3

— (61" + o3')2 3 0.99 1,2,3,4,5

- vol. 3 099 1,2,3,4,5
Cemented glass beads const — o3’ 9 0.94 05,1,1.5,2

* Range for all tests at all strains = 0.92-1.00.

and also on duplicate specimens of glass beads cemented
with “hydrocal”, He used small-sample statistical theory
and computed the correlation coefficients for the least-
squares linear relationship between I and §,". He found
for both soils, and with each of the four different types
of IDS-tests he used, and at all strains investigated
(including well past the strain of I} that the correlation
coefficients varied between 0.92 and 1.00. Table 7 lists
the average values of correlation coefficient for the 3 to 5
levels of constant strain considered in each test series.
He concluded that in all of his tests 7, vs. 5,” was linear
at every strain investigated.

Although Ho did not prove the generality of this linear
relationship at every strain for all soils, he did prove the
principle that this linearity exists for at least some soils.
The writer has little doubt it exists for most soils.

6. The shape of the CSME
6.1 THE SHAPE EQUATION
Equation (1) describes the piece of the CSME illustrated
in Fig, 4: :
=l tde/ «........ill 4]
Equation (2) expresses the slope of this piece of enve-
lope:

The data on Fig. 12, which summarizes the various
parts of Fig. 11, show clearly that the I-component
behaves in accord with equation (3)

L=, PO, veeeaninnnnnns. 3)

Putting equations (2 and 3) into (1), and dropping the
understood g subscript, produces:

’ 2, d‘r
v=I+po, -+, W. Ceraarreea e, @
from which:
dx 1—po,/ 1,
= e )
oy Oy

Solving Equation (5) produces the equation (6), which
expresses the shape of a constant structure Mohr envelope
over the stress range in which Eguation (3) holds:

aw=htoo/ -Bo/Ing’ ....oiiit ©)

Equation (6) seems like an unlikely expression for a
shear resistance envelope. Its slope becomes infinite at
the ¢,” = 0 axis and becomes zero and negative at high
values of ¢,. Fig. 13(a) illustrates the CSME shape using
I,, o and B values more or less typical of those obtained
from IDS-tests on remolded clays. Fig. 73(b) blows up
the low-g,” range of this CSME.

Fig. 13(a) indicates the approximate maximum g¢,” =
5.0 kglemZ used on clays for which this shape CSME
applies. It appears that this CSME would not be reason-
able for ¢,” over 7 kg/fcm?, This does not necessarily mean
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Fig. 13. Iustration of the high and low effective stress CSME
shape typical of remolded clays.

a) Full stress range eqn. 6 applicable. b) The very
low stress range.

an error exists in Eq. (6). It may mean that the particular
structure described by this CSME cannot exist, or at least
cannot mobilize additional shear resistance, at g, greater
than 7 kg/cm?® — due, for example, to excessive crushing
at the grain contacts. Also consider equation (7) in the
next Section 6.2,1. The slope of this CSME remains
reasonable to extremely high o,/ - much beyond the
stress levels which will produce extensive breaking of the
grains.

Fig. 13(b) shows that the CSME appears reasonable at
least to the minimum ¢,” level that effective stress com-
pression, constant-g,” IDS-tests can probe — as shown by
the smallest possible Mohr's circles and the piece of the
CSME so determined. Note that several clays were tested
down to near-minimum possible 5,” levels (Fig. 11(a), (b),
(f) and equation (3) appeared to remain valid. The very
steep siopes near the ¢ = 0 axis predicted by Eq. (6)
only occur very near the axis and have no significant
effect on any test interpretations made herein.

The dimensionless o and § terms in equation (6)
quantify very different aspects of soil structure. As
described further in Section 10.2, § seems to be a grain-
contact crushing constant. Its value does not change with
the pressure units used for I, and ¢,”. But, g seems to
depend on the soil friction, dilatency and dispersion
aspects of structure. As shown in Fig. 13(h) one can also
think of ¢ as a reference (At/Ag,”) expressed by the secant
d, over the g,” = 0 to 1 interval. Its magnitude depends
on the units used for ¢,”.

6.2 INDEPENDENT EXPERIMENTAL CHECKS
OF CSME SHAPE

6.2.1 de Beer tests

As noted in Section 2., E. E. de Beer (1965) has already
presented data which at least approximately defined
CSMEs, but which he called “intrinsic curves”. This
writer reconstructed intrinsic curves from de Beer’s Fig. 1
and 6 for the two reassembled sands he investigated.
These intrinsic curve envelopes apply only to the failure
condition from drained, triaxial compression tests.
Furthermore, de Beer defined his effective stress coordi-
nate as the mean, or octrahedral, effective stress, o,
After carefully plotting the intrinsic curves from his data,
the writer constructed tangents graphically to these curves
and obtained the I-component intercepts with the o, =
axis. Because the envelope represents a drained failure
condition, denote the I-component as I;;,. For all cases
checked I, started at 0 when ¢,” = 0 and then increased
approximated linearly with o,,” at a slope whose tangent
(= B in equation (6)) varied between 0.04 and 0.06. Equa-
tion (6) fits the de Beer intrinsic curves rather well, For
example, Equation (6) in the form:

1=0870, 0050, Ina,” .......... N

fits the data for Molsand at » = 38.9 % as measured by
the comparative secant angels presented in Table §. The
comparative agreement demonstrates how very well equa-

Table 8. Comparison of de Beer’s intrinsic curve shape and
that predicted from Equation (7).

o' Curve secant ¢’ (degrees)
(kg/cm?) de Beer Eqn. (7)

0.1 45,0 46.1

2.0 40.3 40.7

50 34.0 338

tions (6) and (7) match the shape of this real, but perhaps
only approximate, CSME. The writer obtained equally
good agreement using ¢ =097 and $ =006 at n =
36.5 %, and ¢ = 0.69 and = 0.035 at n = 44.0 % in this
sand. Note that ¢’ probably does not differ greatly
from ¢ in conventional triaxial testing with ¢;,” = oy’

J. Brinch Hansen (1967} also found de Beer’s data
interesting and developed an empirical equation especially
to fit his intrinsic curves. However, equation (6) using the
o and {5 values listed above, fits the de Beer data equally
well.

6.2.2 IDS§-tests using different Ao;” curve-hopping levels

The CSME has a continually changing slope, as indicated
by equation (5). Then, as illustrated in Fig. 14 using an
expanded ¢ scale for clarity, the larger the curve hopping
Ag/’, the smaller the /-component. The relative magnitude
of the I-component obtained using different levels of Ag,’,
compared to some reference level, can be predicted by
appropriate use of equation (6). Such a mathematical
prediction can then be checked experimentally to verify
or refute the reasonableness of equation (6). Table 9
presents a comparison of mathematical and experimental
I-component ratios referenced to a standard Ag,” of 20 %
(often used in constant-g,” IDS-tests). The very good
agreement between such use of equation (6) and experi-
ments further supports the validity of the CSME shape
equation (6).

The use of Equation (6) also permits computing the
error in the I-component that occurs when extrapolating
to the g, = 0 axis on the basis of a secant approximation
of the curved piece of the CSME determined in an IDS-

T
0.6
— —.’—*_‘-
L= 1080 el e L= =T | 10%
0.4 —+ =]
] 20%
< I,,=0821,
~ Aa'=40%
: CSME
%] .2 / 1,=0
5 a =0.40
- p=0.20 Oy pign= 3.00
—1 I g,
0 0.5 1.0 1.5 2.0 2.5

Fig. 14. Example of how the magnitude of the effective stress
curve-hop in an IDS-test affects the I-component
according to equation (6).
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test (secant through points 1 and 2 in Fig. I4), vs. extra-
polating using the correct tangent to the curve at the G’
stress mid-between points 1 and 2. Such a computation
when Ag,” = 20 % shows the use of the secant approxim-
ation produces an I-component about 1.5 % too low, con-
sidered negligible in this study.

6.2.3 Direct, single-specimen determination of the CSME

As demonstrated by Stremann (1971) it appears possible
in at least some soils to generate, from a single specimen,
a complete constant structure Mohr envelope. This test,
called the CSE-test by Stremann, consists of the following
steps:

1. Perform a conventional drained triaxial test to some
desired strain condition. Use a very rigid load cell.

2. Permit the test specimen to reach some specified
almost-equilibrium state with the load by allowing
additional strain, as required, at constant load.

3, Increase pore water pressure to some maintained-
constant value, while also keeping cell pressure con-
stant.

4. The resulting reduction in g;” will cause a reduction
in the deviator stress the specimen can sustain. The
force exerted by the load cell will eventually decrease
until reaching a new equilibrium. This new equi-
librium defines the maximum shear resistance that the
given structure can mobilize at its new effective stress
condition.

5. Repeat steps 3 and 4, each time producing a new
equilibrinm condition at a reduced o,’, and therefore
also a reduced shear resistance capability for that soil
structure. Repeat these steps until placing an effective
stress Mohr circle as close to g’ =  as practical.

Each of the above steps produces an almost-equilibrium
condition which one can then represent by an effective
stress Mohr circle. Stremann used the initial equilibrium
condition, plus four steps in the direction of reduced
effective stress, to define five Mohr circles. She then
graphically fitted a tentative CSME over these circles to
obtain points of tangency with each. These poiuts then
formed the basis for a least-squares fit of equation (6)
through the five points thus obtained.

Table 9. Comparison of measured effect of magnitude of
effective stress curve-hop in constant-g;’ IDS-tesis
with effect predicted from Eqn. (6).

Inl(Im when Aoy’ = 20 %)
Aoy’
- Remolded Undisturbed
% Eqn. (6) | Kaolinite | Enid clay sandy
(Ip = 0.08) | (Iy = 0.07) kaolinite
10 1.09 115 112
20 1.00 1.00 1.00 1.00
0 0.92 0.91 0.86
40 0.81 0.75
60 0.60 0.58

The curves from the graphical fit and those obtained
from equation (6) matched so well that a graphical com-
parison would make any separation difficult to see.
Instead, consider the comparative information presented
in Table 10: First note the very high curve-fit correlation
coefficients, which confirms the excellent fit provided by
Equation (6} for the envelopes obtained directly from the
CSE-tests. Because Ho (1971) tested these same soils,
Table 10 also includes a comparison between I, o and §
obtained by Ho using the IDS-test method (Section 7.3)
compared with I, « and § obtained from the best-fit
Equation (6) to the CSE-tests, The agreement scems rea-
sonable and further confirms the validity of the CSME
equation (6).

The CSE-test as described above allows a small amount
of additional axial strain to take place as the load against
the load cell diminishes with decreasing effective stress
and the load cell, fixed only at one end, compresses the
sample specimen slightly with this release. Table 10
includes the axial compressive strain at the initial equi-
librium (after step 1) and the final strain at the 5th, o’
almost 0, equilibrium condition. The difference between
these sirains varied from 0.09 to 0.16 %, The CSE-test as
presented assumes this additional strain, as well as any
unmeasured changes in radial strain, produces a negligible
change in the soil structure during this method of probing
that structure’s ability to mobilize shear resistance at
varying levels of effective stress. The CSE-test may not
prove suitable for soils that swell appreciably during the
large effective stress reduction in this type test, and thus
perhaps significantly change structure during this reduc-
tion.

Stremann’s experience with the CSE-test also indicates
that the investigator must allow considerable time to
reach her specified almost-equilibrivm state after each
step reduction of effective stress (change in deviator
stress per hour less than 1 % of total change during each
step reduction). She required a total of 4 days for the
5-step tests on glass beads and 7 days for kaolinite.

6.3 CONCLUSION REGARDING SHAPE

From the success of the independent checks described in
6.2.1 and 6.2.2, and 6.2.3 it seems well established that
Equation (6} adequately describes the shape of the CSME
for the range of soils and stress levels investigated, How-
ever, the experiments described herein provide only
limited data on soils with PI exceeding 45 %, Such clays,
especially if they present swelling complications, may, or
may not, behave differently from equation (6).

7. Determining the bond shear resistance from the
CSME

7.1 DEFINITIONS
As introduced in Section 2., the CSME illustrated in F ig. 1

has an intercept with the o, = 0 axis. This intercept,
denoted I;, must represent the shear mobilization cap-

- 18 ~

Table 10. Comparison of CSME-data obtained from CSE-tests and from IDS-tests,

From, Stremann’s CSE-tests From Ho’s TDS-tests
Soil £ P Least sq. fit of eqn. (7)
Iy
No. Iy Correl. Type o o B
Start | Bnd | oints |(kgiem2)|  © B | coeff. (kgfemnt)
g1 =1to4 %

NC glass beads 0.46 | 0.61 5 —-013 | 060 | 0.07 9992 (et -.08 ? -.01
' const — gg" NC to 0.60 to
65'injtis] = 1.0 kgfcm? 095 | 105 5 -015 | 0.63 | 0.04 | .9999 +.02 + .06

Kaolinite OCR =2 083 | 0.92 5 010 | 026 | 0.08 9997 o1’ + oy 0.01 0.20
, const — (_)OC to to 0.17
63 initia] = 1.0 kglem? 213 | 229 5 011 ¢ 0.32 | 0.13 | 1.0000 2 003 | 037

ability, when ¢, = 0, of the soil structure whose CSME
produces that I intercept. The writer assumes that any
shear resistance at this condition must result from internal
particle--particle bonds within the soil. ‘This research
does not distinguish between the many possible causes of
such internal bonds, but simply sums their effects and
designates the total mobilized bond resistance as I,. For a
given soil, following a given stress path, I, attains some
maximum value, f,,. .., denoted I, for simplicity. I,
represents the mobilized bond shear resistance and I, the
bond shear strength. As with any other shear resistance
component, [, and I, may be path dependent.

The writer recognizes that a more fundamental explan-
ation for friction behavior relates friction to the stress-
dependent making and breaking of the numerous atomic
bonds that form between materials forced into contact.
Mitchell (1976) shows that such fundamental thinking
can help explain soil strength behavior in engineering
problems. However, in this paper the writer chose the
term “bonds™ as used in the engineering sense to refer
to the origin of that part of a soil’s shear strength still
available when the engineering effective stress = 0,

7.2 THE CSE-TEST METHOD

As described in Section 6.2.3, some soils permit a direct
determination of the CSME to almost the ¢,” = 0 inter-
cept. One can then find the intercept by fitting Equation
(6) through the part of the CSME obtained from the
CSE-test and using the resulting formula to obtain the
value of I, Table 10 includes I, values obtained by this
method and they agree approximately with those obtained
by Ho (1971) using the IDS-test methods described in
the next section.

7.3 THE IDS-TEST METHOD

The IDS-test produces only a small piece of the CSME,
but does this for a spectrum of CSMEs as these develop
with continuing strain. In Section 5 the writer presented
experimental results that seem to prove that the I-com-
ponent varies linearly with effective stress over the full
range of effective stress investigated, including as close
to the ¢,” = 0 axis as feasible in our experiments, Further-

more, as strongly suggested by the evidence in Section 4,
the J-component at a given ¢,” appears independent of all
structure-change variables investigated. The CSME of
course changes with changing structure, but not the
I-component at a constant g,” in strain controlled testing.

We wish to obtain the CSME intercept I,. Because /
varies linearly with ¢,” and independently of soil structure,
it follows that one can obtain I from the same soil at a
variety of structures at any ¢,”. A linear extrapolation to
o, = 0 then produces I,

Thus, all the intercepts with the 7,” = 0 axes in Figs 11
and 12 represent bond shear resistance values — in these
cases bond strength, at least approximately, because of
the use of I . Table 11 lists the various values of approxi-
mate bond strength obtained from these tests on remolded
soils. Considering ineviiable experimental error, these
results seem very reasonable, at least for the non-plastic
soils. The ;) values in the remolded clays vary from 0.05
to 0.20 kgicm?. F, does not seem to relate to clay PI. The
kaolinite tests show a definite trend of increasing I, with
dispersion (see Table I), but dispersing Boston blue clay
had an inconclusive effect.

Note that the IDS-test method of obtaining I and I
involves a 2-level elimination of the effects of effective
stress — the first to obtain each I-component and the
second when extrapolating for I, from the I-g, linear
relationship. Each IDS-test obtains information about I
over the full range of strain in such a test, An investigator
ordinarily would need at least 2 IDS-tests to perform the

Table 11. Ioy bond strength in some remolded soils.

Soil* PI (%) B rogth
DWEPK 21 0.08
N-EPK 7 0.13
Q-EPK 4 020
BBC - 19 0.14
Q-BBC 11 0.13
Enid 9 0.07
ISC 14 0.05
Qtz. silt NP 0.03
Beach sand NP 0.01
Ottawa sand NP 0.00

* These soils are described in more detail in Tables 4a and 4b.
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extrapolation for I, On the other hand, the CSE-test
requites only a I-level elimination of the effects of
effective stress to extrapolate for I but at only one
strain. However, the CSE-test can be repeated on the
same specimen brought to a new, greater strain after
each test,

7.4 USING THE IDS-TEST METHOD ON
UNDISTURBED SOILS

This section presents a number of examples of the use of
the IDS-method to determine /. The first example reports
on tests with artificially prepared quartz silt. The remain-
der involve undisturbed samples using, in part, data from
other investigators who perhaps inadvertently performed
IDS-tests, Only the test series on the Manglerud clay had
the specific intent of determining bond strength.

7.4.1 Partially saturated quartz silt

The I, -0, results reported in Fig. 11, part (h), came from
either dry or completely saturated specimens of a re-
assembled quartz silt. We also tested this silt in a partially
saturated state. One group of 5 constant-g;” IDS-tests on
this silt had dry densities and degrees of saturation within
the relatively narrow range of 74.1 to 79.4 pef and 174
to 19.6 % respectively. Fig. 15 shows the I vs. g, results

from these tests, together with the f-slope determined
from Fig. 11{h).

Of course, the capillary attraction forces resulting from
partial saturation produced an apparent bond in the
partially saturated specimens. Assuming the p-slope
through the partially saturated tests equals that through
the dry and saturated tests, and extrapolating to the
g,/ =0 axis, produces an [, intercept=: [, =027
kglom2. As also shown in Fig. I3, this results from a
capillary effective stress of 1.5 kgicm?® This example
shows how an engineer might by this method evaluate
the apparent bond contribution of partial saturation or
the equivalent effective stress due to partial saturation.

7.4.2 A natural cemented sand

The writer cut specimens for constant-g,” IDS-tests from
an undisturbed block of air-dry, medjum to coarse sand,
cemented with 5 % kaolinite, which he obtained from the
vicinity of Tupelo, Mississippi, U.S.A. For a further
description of this soil, as well as example IDS-test data,
see Schmertmann (1962b, pp. 173, 179). Although no two
specimens from this natural block of soil could be con-
sidered identical due to obvious variability in cementing,
6 of the specimens appeared similar with initial void
ratios varving between only 0.72 and 0.82 and degrees
of saturation between 2.7 and 9.8 %. Fig. 16 presents the
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I vs. g  results from these tests. As shown, using a
B-slope equal to- that previously obtained from beach
sand (Fig. 1I, part (i}) produces an I ,==I, =050
kglfcm2. Another, seemingly similar, specimen had an
unconfined compressive strength of 3.2 kgicm?2. This
example demonstrates the method can also evaluate bond
strength in a brittle, cemented soil.

743 Undisturbed Norwegian quick clay

As noted in the introduction to section 7.4, this series of
tests had the specific purpose of evaluating bond strength.
The soil tested was Manglerud quick clay, which the
NGI used previously, and subsequently, as a test clay
for research purposes. This series consisted of 6 constant-
volume IDS-tests, 5 in conventional triaxial compression
and 1 in simple, direct shear. NGI personnel obtained
these samples and handled them with great care. The
pore pressure measurement system employed a back
pressure of 6,0 kg/cm?®. The strain rate was held at 14 %
per day axial compression, and the difference between
the two constant-volume states of the soil was about
1sopth specimen total volume. The interested reader can
find all the details from these tests in an NGI Internal
Report by Schmetrtmann (19634d).

Fig. 17 presents the results in I vs. G, plot using
expanded scales. Each different shaped symbol represents
a different test. The smaller, lighter form of the symbol
denotes data obtained at strains less than undrained shear
failure. A dashed line connects these points until reaching
the largest, emphasized point, which denotes the I-com-
ponent at undrained failure. Based on these results, the
writer concluded that bond shear resistance at undrained
failure, I, in this quick clay equalled essentially 0.00
kglem2, and probably equalled no more than 0.01 kgicm?
prior to this failure, Note that the undrained shear
strengths in these tests were low, varying from 0.12 to
0.33 kgicm?, with failure strain between 1.1 and 2.6 %.

This series of tests presented a demonstration that even
very weak and very sensitive clays could have their bond
shear resistance investigated by IDS-tests of a suitable
type and performed with suitable care. Note that the
p-slope in Fig. 17, equal to about 0.17, fits well within the
range of 0.15 to .22 observed in Fig. 12 for remolded
cohesive soils,

7.4.4. Two normally consolidated clays tested by
“perfect sampling” IDS-tests

The perfect sampling procedure as described, for example,
by Noorany and Seed (1965) involves the testing of two
specimens of clay before and after a simulated, perfect
sampling procedure in the triaxial chamber. The pro-
cedure produces two specimens at almost the same struc-
ture but with different initial effective stress conditions.
Comparing stress-strain behavior between the two speci-
mens during subsequent undrained compression tests thus
represents, in effect, a two-specimen version of a constant-

-volume IDS-test. Schmertmann (1965b) discusses this

equivalency in more detail.

Noorany and Seed (1965) investigated undisturbed
samples of the San Francisco Bay mud in this manner
and presented their results in sufficient detail for the
writer to extract those data needed for an [, extrapolation
at undrained failure in this clay. Using these authors’
data (their Figures 22, 23 and Table 4) the writer obtained
the points plotted in Fig. I8 herein. Note that these points
fall very close to a straight line, as expected. This line
has a fB-slope = (.20, also within the expected range.
Extrapolating these data points to the G,” = O intercept
produces a bond resistance at undrained failure, I, =
0.07 kglem?.

Ladd and Lambe (1963) presented the data from a
similar set of perfect-sampling tests using normally con-
solidated clay from Kawasaki, Japan. These authors also
provided sufficient information to use their test data to
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arrive at an estimate of bond shear resistance at un-
drained failure — presented herein as Table 12. Plotting
the results in Fig. I9 again produced the expected linear
relationship, with an extrapolation to the very similar I,
value of 0.06 kglcm?. The f-slope equals a somewhat high
0.24, but part of the reason for this is that the Ay o "ian
ratio was only about 11 % instead of the 20 % uvsed for
most tests in Fig. 2. As shown in Section 6.2.2 this will
increase I-values, and therefore p, about 10%. A 10 %
reduction from 0.24 = 0.22, which reaches the upper
limit of 0.15 to 0.22 from the reference tests on remolded
cohesive soils.

The reader can obtain much more detailed data con-
cerning the properties of these clays from the original
references cited. However, it’s of interest here to note
that their PI’s ranged from 30 to 45 9%, and thus seem to
extend the validity of the IDS-test concepts to higher P/
clays than otherwise reported herein.

As shown in subsequent Section 8, the bond shear
resistance values of 0.06 and 0.07 kgfcem? appear quite
reasonable in light of other evidence.

7.5 AN APPROXIMATE, ONE SPECIMEN METHOD

The IDS-test method for extrapolating for I, described
in 7.3 and 7.4 requires a series of at least 2 comparative
tests on the same soil. Errors can result from the inevit-
able differences between supposedly duplicate specimens.
Random errors are less serious provided one tests enough
specimens. However, systematic errors might also occur,
such as a progressive destruction of cementation bonds
when consolidating to higher effective stresses prior to
IDS-testing, or progressive swell-destruction of bonds
resulting from progressive reduction of effective stresses
prior to IDS-testing. For such reasons, as well as
economy, consider the following 1-test method for estim-
ating I,

Study of Fig. 12 shows that the fp-slope values for
remolded soils appear to vary over a rather limited
range. For instance, § varies from 0.15 to 022 for
cohesive soils. The undisturbed clay tests reporied in
7.4.3 and 7.4.4 also fit this range. Fig. 20 illustrates this
slope variation, with the average value of 0.185 indicated.
Also plotted on this figure are the t-test I values from
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Fig. 18. I,y determination from undisturbed San Francisco Bay mud at undrained failure (approx. constant-volume IDS-tests,

Noorany and Seed 1965).
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Table 12. Data from Ladd and Lambe (1963) on Kawasaki
Clay for Fig. 19 (all stresses in kg/cm2).

From author’s
Fig. 2, Computed
Clay | Type at failure
layer test . .
aj—os |o1’+ o3 , -,
2 Iz | o | e | I
CA-UU | 107 184 | 147
I 164 | 0458
CAU 1.21 224 1.82
CAUU | 192 | 344 | 277
I 292 | 0.764
CAU 203 3.79 3.08

CA-UU | 2.88 516 | 4.16
bail 448 | 1.156
CAU 314 | 590 | 481

two constant-g,” IDS-tests on undisturbed clays. In the
absence of better information on the p-slope applicable
for each clay (such as in Fig. 11(d) for the BBC), an
investigator can assume the average value, Then the
vertical distance between the 1-point test and this average
slope, or a more applicable slope if available, represents
the estimated I, value for each of these clays.

8. Comparing I, with other methods

Now consider the very important test of how the bond
resistance values discussed in Section 7 compare with
results using other methods of predicting or estimating
the fundamental cohesive strength component. The writer
will now consider three such methods in order of increas-
ing sophistication, ending with Rowe’s beautiful stress-
dilatency method.

8.1 JAKOBSON'S ORIGIN COHESION

Jakobson (1953 )proposed a field vane method that may
produce a result closely related to the [, bond shear
resistance. He first performed a series of vane tests with
depth at several sites in Sweden where he found uniform,

I in kg persqem

o in kg per sq cm

Fig. 19. I, determination from undisturbed Kawasaki clay at
undrained failure (approx. constant-volume IDS-tests.
Ladd and Lambe 1963).
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Fig. 20. Possible bond strength test using only one specimen,

soft, normally consolidated clays with an underwater
surface. He found the now well known linear variation
of undrained shear strength with depth. A short extra-
polation to the surface then gave him the undrained vane
shear strength at a point of zero, pre-vane, effective
stress. He termed this strength the “origin cohesion”.
In all three examples he reported origin cohesion between
0.05 and 0.08 kg/cm2. Subsequent similar data by others
show such values as typical for post-Pleistocene clays.
Note that Jakobson reported magnitudes of origin cohe-
sion similar to those noted in Table 11, More important,
note that the I, values of 0.07 and 0.06 kgjem? reported
in 7.4.4 for the undisturbed San Francisco and Kawasaki
clays fall exactly within the range of Jakobson's origin
cohesion.

In this method let us assume that everything (meaning
initial effective stress, the effective stress changes due to
vane insertion and rotation, the difference in soil structure
as a result of varying effective stress, etc.} varies linearly
with depth. Then extrapolating to the surface should
produce the undrained strength at zero effective stress,
and therefore the bond shear resistance at undrained
vane fajlure.

The writer had the opportunity to try Jakobson’s origin
cohesion method in San Francisco Bay mud, but in clay
somewhat different than that tested by Noorany and
Seed (1963). Fig. 21 presents the resuits from 5 vane shear
depth profiles below a thin drying crust at a tidal flat site
in San Francisco Bay. These very consistent results,
obtained with the high-quality Jonell and Nilsson vane
shear equipment, produce an origin cohesion of 0.09 to
0.11 kgfem?. Considering the possible difference in the
clays (average water content 76 vs. 90 %, liquid limit 81
vs. 88 9%, plastic limit 30 vs. 33 %, and average field vane
sensitivity 5 vs. 9, when comparing the Fig. 27 site with
the N & 3 site), and the rate effects between field vane
tests and N & S’s laboratory tests, the writer believes
0.09 to 0.11 represents excellent agreement compared to
0.07 kg/em? determined from Fig. 18.

8.2 TENSION TESTS

The writer (1972) performed a series of 16 hydraulic
fracturing tests at three sites in Leda clay in Ottawa,
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Fig. 21. Results from vane shear tests in San Francisco Bay
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Canada. He assumed the difference between the hydrautic
pressure required to begin radial cracks, and the total
subsequent soil pressure required to close those cracks,
as the tensile strength of this cemented clay. In these 16
tests this difference varied between 0.06 and 0.36, with
an average of 0.19 kg/lem?. Although the Leda clay with
the Fig. 20 I, of 0.39 comes from a different site in the
vicinity of Ottawa, a tensile strength of 0.19 seems rea-
sonably compatible with I, = 0.39 kgfem?,

Topshej (1970) performed a series of axial extension,
constant-g,’, IDS-tests on remolded kaolinite and com-
pared the extrapolated I, values with the shear resistance
measured at ¢’ = 0 from effective stress tension tests as
described by Bishop and Garga (1969). Table 13 presents
the results after a small-sample statistical analysis of her
experiments.

Table 13 demonstrates clearly that the two independent
experimental techniques arrived at about the same va_lue
of I, Note also that I g determined by axial ext.ensmn
IDS-tests gave essentially the same bond shear resistance
as axial compression IDS-tests of the constant-g,” type
(0.08 kgicm? in Table 1I). The agreement improved
further after correcting the Bishop tests, approximately,
for the effects of progressive volume change during
testing in accord with Rowe’s stress-dilatency theory.

8.3 ROWE’S STRESS-DILATENCY METHOD

P. Rowe (1962) has proposed, and he and his colleagues
have expanded upon, a comprehensive theory to correct
laboratory shear strength test results for the internal and
external energy demands associated with the volume
change (dilatency) effects of soil structure. His work
represents one of the few examples in soil mechanics of
2 major theoretical discovery later confirmed by experi-
ments. In contrast, the writer’s work presents experi-
mental discoveries with attempts to fit a theory around
them. Rowe’s dilatency method compares a soil at dif-
ferent effective stress conditions after eliminating the
effects of different soil structure by means of a mathe-
matical technique, The writer’s IDS-method attempts to
eliminate soil structure effects by experimental techniques.
Both approaches have their relative advantages and dis-
advantages. Both aim at evaluating the more funda-
mental shear strength behavior of particulate systems
such as soil.

It is of course of great interest to compare results using
these two very different approaches toward the same
objective. K.-H, Ho (1971) compared the methods using
duplicate specimens of three artificial soils. He very care-
fully performed IDS-tests of various types and at the
same time made the very accurate velume change mea-
surements required to make the Rowe stress-dilatency
soil structure corrections. Table 14 presents the com-
parisons that Ho obtained between 7, and the Rowe inter-
particle ¢cohesion parameter ¢; (Rowe et al. 1964). Table
14 further describes the same tests already reported in
Table 7, but the I and ¢; values represent average values
from all the strains considered in each case. Table I4
demonstrates clearly that both methods produce about
the same results in measuring the more fundamental
cohesion parameters ¢, and 1, at least on the average.

Table 13. Topshei’s Iy comparison between extension IDS-
tests and effective stress tension tests using re-
molded kaolinite clay.

T t No. Ino 95- 7o
ype test tests (kgicm2) D?Efgg:f ¢
Const-g1” axial extension 16 0.084 +0.025
G-B tension 11 0.112 +0.041
G-B tension with approx.
stress-dilat. correction n 0.084 10032
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Table 14. Ho’s comparison between average values of Ij and
stress-dilatancy cr for all strains investigated,

Av.
. Av. Iy | Av.ct
Sotl TIPSt kglem?) (kgiem) je=1+2"
NC kaolinite | const — a¢’ 0.047 | 0.059
_ortes’ |03 | 008
2 - 0311 130
const — vol. 0.088 0.128
all 0.080 0.079
OC kaolinite | const - o} 0.056 | 0.048
ortes | s | 0033
-2 o : 1.20
const — vol. 0.143 0.165
all 0.061 | 0.082
Glass beads | const — a3’ -033 | -018 1.75
Cemented .
glass beads const — o3 0.228 0.140 1.50

Thus, two completely independent approaches to the
same problem have yielded very similar results.

The reader familiar with stress-dilatency might well
wonder why the IDS-tests produce seemingly accurate
results for I, without applying stress-dilatency corrections
to the IDS-test data. The small, approximately negligibie,
difference in soil structure between the two comparative
effective stress situations in the IDS-test accounts, in part,
for this success. The soil at both effective stress conditions
has approximately the same dilatency rate at all strains.
For example, Fig. 22 illustrates this using one of Ho’s
tests on glass beads cemented with hydrocal. Ho and the
writer have found similar parallel behavior in dilatency
rates in all comparative tests. Thus, the Rowe dilatency
correction factor (1 + Ae /Ag, ), appropriately denoted g
herein, has at least approximately the same value for
both the higher and lower effective stress conditions at
any strain in an IDS-test.

A mathematical study of the problem produced the
following equation:

Toprrectoa=T (@2 <o vovvennnnn. ®

Neglecting to correct the I-component for dilatency pro-
duces an error in I of 10 % or less over the range 0.92
<0 £ 1.23 and 20 % or less over the range 0.70 < o
< 1.56. A g >> 1 means an increase in volume with strain
and an eguation (8) correction ratio of less than 1.00.

However, when it comes to the linear extrapolation for
the I, value as in the many examples in Sections 7.3 and
7.4, the situation becomes mwore favorable because the
stress-dilatency correction also changes ¢,” in the same
direction as the I-component. Table 15 presents the
approximate error in I, one may expect due to neglecting
the stress dilatency correction as made by Rowe. The
actual error depends on the magnitude of I, the §-slope
and the stress-dependent component d,. Table 15 suggests
a relatively minor error in J, with soil structures having
dilatency rates within the ordinary range.
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Fig. 22. Example illustrating the similar g-dilatency correction
at both effective stress levels in an IDS-test (from
Ho 1971).

The last column in Table 14 includes the approximate,
average dilatency rate, g = 1 + dg /dg,, for some of Ho’s
tests. In all cases these average rates are positive and
therefore, from Table 15, I would be too-high as a result
of neglecting the dilatency correction. But, Table 14
indicates that in only three of the six cases does the
average I, exceed ¢;. This comparison suggests that other
factors have greater importance than the relatively minor
effect of neglecting the stress-dilatency correction to Iy
Finally, K.-H. Ho (1971) did attempt dilatency correc-
tions to I but found no further improvement in the f;-¢,
comparison.

8.4 CONCLUSIONS ON COMPARISONS WITH
OTHER METHODS

It seems clear from the general agreement success of
these different alternate methods of estitpating the bond
shear resistance within cohesive soils that the IDS-test

Table 15. Approximate error in Iy due to neglecting stress-
dilatancy correction.,

Asg .
=1+ AEI Errorin Iy
4+2.0 15 % too high
+1.5 9 % too high
+1.0 No error
+0.75 7 % too low
+0.50 18 % too low
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also provides an independent method for determining
bond resistance. One can argue about the relative accu-
racy of one method vs. another, but they all deal with
fundamental shear behavior. The IDS-test CSME method
and the stress-dilatency method probably provide the
most opportunity for learning about soil shear behavior
and producing a practical spinoff.

9. Time-transfer of 1DS-components

Dr. Bjerrum developed a special interest in how time
effects relate to a soil’s shear behavior. In Bjerrum (1973)
he placed great emphasis on the observations by Schmert-
mann and Hall (1961a) concerning the time-transfer from
the I-component to the D-component during anisotropic
consolidation. P. Rowe (1957), also observed that the
small, empirical effective stress cohesion intercept ap-
peared to diminish with time, It is of course well known
that clays increase undrained strength substantially with
an increase in rate-of-strain. But, what do we know about
rate-of-strain effects in the direction of low rates, especi-
ally with respect to the fundamental shear components?

91 RATE-OF-STRAIN EFFECTS

As discussed in 4.1.7, changing the time rate-of-strain in
one set of comparative IDS-tests on remolded kaolinite
produced only minor changes in the I-component but a
dramatic increase in the strain-rate of mobilization of the
D-component. The writer also observed similar com-
parisons during more causal observations of results from
tests on other clays.

However, as shown by Schmertmann (1963a, p. 268 and
Fig. 28), decreasing the average rate of strain in an IDS-
test, by changing from a strain-controlled test completed
in 1 day to a 10-increment stress-controlled test with
3 days per increment, produced a large transfer from I
to D. This transfer increased with strain and time, Note
that some of the strain-controlled tests discussed in 4.1.7
also took 30 days or longer. It appears that forcing the
strain, even very slowly, tends to maintain the I-corn-
ponent, while allowing strain adjustment under constant
stress conditions tends to transfer I to D.

9.2 PRIMARY AND SECONDARY CONSOLIDATION
TIME EFFECTS

Section 4.1.4 has already presented a discussion of the
non-importance of such time effects to the /-component.
Tables 4 and 5 indicated the time required for primary
consolidation and the manner of performing this con-
solidation appeared to have no significant effect. Fig. 10
shows that lengthening secondary time by a factor of
about 600 had almost no effect on I . Once again, we
observed a dramatic increase in the low-strain rate of
mobilization of the D-component.

An important corollary result from progressively longer
times in secondary compression is that such compression

can produce a substantially stiffer soil structure. For
example, Schmertmann (1965a) showed the initial tangent
modulus from the testing of specimens similar to those
reported in Fig. 10 increased by a factor of about 10 as
a result of longer secondary times. Bjerram and Lo (1963)
also observed such stiffening, but to a lesser degree,
during aging of undisturbed samples of a Norwegian
clay. The quasi-preconsolidation effect reported by
Leonards and Ramiah (1960) provides further evidence
of the low-strain structure-stiffening effect of increasing
time in secondary compression. It appears that these
important stiffening effects may have an association with
the I- to D-component transfer occurring during second-
ary compression.

9.3 EFFECTS DURING ANISOTROPIC
CONSOLIDATION

Schmertmann and Hall (1961a) reported on a compre-
hensive series of constant-g;” IDS-tests on remolded
specimens of kaolinite and Boston blue clay after one-
day anisotropic consolidation to various K’ levels. L.
Bjerrum (1973) took special note of these experiments.
He had a special interest in the clearly demonstrated
time transfer from the I-component to the D-component
during the secondary compression phase of the K” con-
solidation. For example, consider Figs 23(a) and 23(b)
taken from the 1961 reference. In 1961 we still used the
old test and component notation, These figures show, as
explained in the reference, that after some secondary time
following different levels of K’ consolidation the deviator
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Fig. 24, Effect of undrained creep on shear component mobil-
ization in remolded kaolinite (from Bea 1960).

stress transferred almost entirely to the D-component.
Then, during the subsequent increase in strain and strain
rate imposed by the IDS-tests, the /-component quickly
regencrated itself in all K’ <1 tests to the same magni-
tude as if K’ = 1. In contrast, the D-component progres-
sively increased its low-strain mobilization as K’ de-
creased, and D remained greater at all IDS-test strains
than if tested at K = 1.

It appears that the very low rates of strain during
secondary compression permitted the soil to change struc-
ture so as to increase its shear sensitivity to effective
stress change. This increased sensitivity gradually dimin-
ished with increasing IDS-test strain.

9.4 COMPONENT TRANSFER DURING CREEP TESTS,
NEGATIVE I

R. G. Bea (1960, 1963) performed a particularly interest-
ing series of creep experiments on remolded, duplicate
specimens of kaolinite and Boston blue clay. He subjected
specimens to various levels of compressive loading and
allowed them to creep under these constant loads, After
various [oad and time intervals, and therefore accumul-
ated strain, he subjected these specimens to constant-a;”
IDS-tests. By comparing the I- and D-component distri-
butions after creep with those distributions obtained
from specimens compressed to the same sirain, but with-
out creep loading, he could evaluate the effect of creep
on the component mobilization and distribution. Fig. 24,
taken from Bea’s thesis, presents the results he obtained
from one series of tests on kaolinite. He obtained similar
results from Boston blue clay, see Bea (1963).

Fig. 24 shows the component distributions found after
three creep tests, compared with the component distri-
butions from two duplicate tests on kaolinite specimens
IDS-tested without prior creep. The IDS-tests started at
the strains indicated by the light, dashed vertical lines.

Also shown are the first / and D component points deter-
mined after a small additional strain during the sub-
sequent IDS-test, as well as the subsequent variation of
these components with continuing strain in that IDS-test,
Clearly, as emphasized by the shading, the previous creep
produced an abrupt increase in the D-componeni com-
pared to that which otherwise would have been mobilized
at that strain without creep. After creep, this kaolinite,
and also the Boston blue clay, had greatly increased
initial tangent moduli and a structure able to resist con-
siderably greater compressive load than if the prior creep
had not occurred. However, these increases in ability to
mobilize shear resistance dissipated after about 1 to 2 %
increase in axial strain during the IDS-test, Note that the
above behavior seems quite consistent with that observed
to result from the K’ consolidation effects discussed in
9.3, and the secondary compression effects discussed in
9.2. All these behaviors seem to result from the same, or
at least similar, soil structure phenomena.

R. G. Bea (1960) also showed that prior creep could
produce an increase in the D-component to a level greater
than the soil could mobilize without an interval of creep.
Fig. 25, also taken from Bea’s thesis, illustrates this
phenomena. This Boston blue clay actually mobilized
apparent effective stress friction angles, tan-1d,, of 30
degrees while it can only mobilize about 24 degrees in
an IDS-test strained much more rapidly to the same
strain. Extrapolating to the O-strain condition at the
beginning of the IDS-test produces apparent friction
angles as great as 33 to 34 degrees.

The question of the component distribution at the end
of creep, corresponding to the 0 % strain during the
subsequent IDS-test, of course has great interest. One can
obtain estimates of such components by extrapolating the
data obtained during subsequent strain by the IDS-test
to the condition of O strain. A great deal of experience
has shown that the D-component usually varies very
gradually at low IDS-test strain while the I-component
often increases very abruptly. Typically, the /-component
has a very high modulus compared to the D-component.
As also explained and illustrated by Schmertmann and
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Fig. 25. Example of excess D-component mobilization after
undrained creep in remolded Boston blue clay (from
Bea 1960).
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Hall (1961a), it therefore seemed logical to these authors
to extrapolate the D-component to O strain and then
compute the /-component that existed to provide the
proper total of I- and D-components. After doing this,
Schmertmann and Hall found a dramatic reduction in
the I-component mobilized at the 0 IDS-test strain con-
dition. The I-component dropped to near 0 in some cases
and to —0.08 kg/cm? in one case.

The above negative value of I seemed impossible at
the time and was attributed to experimental error. How-
ever, Bea obtained negative values that cannot be ignored
when using similar, seemingly very logical, extrapolation
procedures for the components at 0 strain. He reported
negative values of O-strain i-component in over half of
his tests. For the remolded kaolinite he reported negative
values ranging from -0.12 to —0.20 kgikm? and for
remolded Boston blue clay from -0.07 to -0.52 kg/cm?.
These O-strain I-components did not correlate with the
creep strain-rate just prior to the IDS-test. However, they
did become increasingly negative with the incidental over-
consolidation that occurred during creep in relation to
the highest o, used in the subsequent IDS-test (OCR =
1.6 @ above —.52).

9.5 COMMENTS ON TIME-TRANSFER EFFECTS

All of the above time effects indicate that during a period
of constant loading, or very slowly increased loading,
both involving very small time rate-of-strain, the structure
of a soil readjusts in such way as to: 1) increase its
reserve strength for subsequent small increases in strain,
2) this increase in strain is accompanied by an increase
in shear modulus, and 3) these increases in shear resist-
ance result almost entirely, and perhaps entirely, from
an increase in the D-component. '

Fig, 26 presents a quantitative illustration of this CSME
behavior with pieces of CSMEs obtained from some of
Bea’s tests on remolded Boston blue clay, both with (1,2)
and without (3,4) prior creep. Note the negative I extra-
polation at the end of creep (the entire CSME still passes
through I, = 0.14). Also, from comparison with the TDS-
test results without creep one can see that this clay
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Fig. 26. Changes in the CSME with strain with and without
prior creep in remolded Boston blue clay.

Table 16. The effect of creep on the I and D components in
undisturbed BBC (stresses in kg/cmZ).

Creep At end of creep Without creep

(c1—03)| Days |e1 (%) |tan-lde] [ tan-lde| I

Test

B-13 2.02 11 2.50 | 15.0° | 0.31 11.0: 0.51
B-14 2.00 3 2.00 | 151° | 027 9.5 0.54

increased its shear mobilization capability, and sensitivity
d,atg =2 %, compared to had the creepto g, = 1.6 %
not occurred. It appears that the soil structure yields to
those elements within the structure that have increased
rigidity and also an increased sensitivity to a subsequent
change in effective stress.

During strain-rest the passage of time allows the I-
component to reduce dramatically and may even become
negative. The previously established *“fact” that only a
part of the I-component can consist of true bond shear
resistance (or true cohesion) clearly demonstrates that
the vielding of the I-component cannot be explained
simply by a time-reduction in some type of true cohesion
behavior. Although Bjerrum’s recent work (1973), as well
as his work with T. C. Kenney (1968), showed a develop-
ing understanding of time-transfer from the less rigid
to the more rigid shear resistance framework within a
soil, Bjerrum attributed this to a relaxation of the true
cohesion within the soil. The work presented herein seems
to show clearly that any such true cohesion transfer can
only account directly for a small portion of the I- to
D-component transfer. If such small cohesion transfer
does exist, it may, or it may not, indirectly trigger the
particle behavior producing the major portion of this
transfer.

The component time-transfer effects discussed thus far
occurred in kaolinite and Boston blue clay first remolded
by machine extrusion. Do they also occur in undisturbed
clays? The work by Bjerrum and Wu (1960) and Bjerrum
and Lo (1963) suggests that they do in at least some
undisturbed Norwegian clays. As another example, Bea
also tested undisturbed specimens from the same block
sample of BBC that supplied the source for the extruded
specimens.

Table 16 presents the results of Bea’s constant-g,” TDS-
tests on undisturbed BBC after undrained creep. It
includes a comparison between the shear components at
the end of creep and at the same strain in a similar IDS-
test, but without prior creep.

Table 16 shows that I dropped about 45 % and 4,
increased about 33 % during creep.

It seems clear that the component time-transfer phen-
omena also occurs in at least some undisturbed cohesive
soils. But Bea’s experiments showed less transfer in
undisturbed BBC, with its I, = 0.27 kglom?, than in
remolded BBC with | = 0.14 kglem? (see “Undisturbed”
in Fig. 11d). With all else equal perhaps stronger internal
bonding between particles reduces the number andfor
degree of soil structure adjustments that occur during
creep to produce the 7 to D component transfer.

10. One explanation for the observed shear hehavior

Over the span of this research the writer has devoted
much thought to finding one or more hypotheses that
might explain all the observed behavior in a logical,
hopefully simple, manner consistent with the observations
and with the particulate nature of soil. To date he can
offer only the following for others to consider and
improve upon,

10.1 THE CONSTANT [-COMPONENT DUE
TO CONSTANT §

This remarkable constant-i behavior, as detailed in Sec-
tion 4.1, may perhaps now be explainable — at least in 2
mathematical sense. Section 4.1 demonstrated that for a
given soil, and a given effective stress, the J-component
remained essentially the same no matter what was done
to change the soil structure. Fig. 27 illustrates two CSMEs
for the same soil but at different structural conditions.
In both cases I represents only a minor fraction of the
total I-component. In both cases, the IDS-piece-of-CSME,
when extrapolated, produces the same [-component.
Why? Start with the following equation (9) for I:

Substituting v from Equation (6) into (9) produces the
following equation (10):

I=I+(e—d)a/~Bo,/Ing, «en.... (10)

After recognizing that (I -I)s,” = f, Equation (10)
rearranges to the following:

(a—d)=BA+ng’) «evveennnn. (11)

As was shown in Figs /7 and 72 herein, as well as some
of the Section 7.4 example cases from undisturbed clays,
the value of § at 7 seems remarkably independent of
structure. Therefore, any two structural conditions 1 and 2
of the same soil in Fig. 27 should have at least approxi-

3 | v

a,-dg,=0.254 .@j/

a,-d, =0.254 @,
2

I:OAOI 1
0

Fig. 27. Example illustrating I constant because (a—d) con-
stant.

mately the same value of §. A constant §§ despite a chang-
ing o produces a constant curvature and hence a constant
difference between the o and d, slopes at any given g,
In Fig. 27 the writer used equation (6) to plot pieces of
CSMEs around ¢,” = 2.0 using the same vaiues of I, and
B. but different g values to express the different soil
structure. As must be true at any g,’, the two values of
(a—-d)at g, = 2.0are the same.

Equation (10) shows a constant {} and (¢ — d,) difference
must result in the same I-component at a given o, as
also shown in Fig. 27. This holds provided 1, does not
change significantly with a change in structure or if 1, is
so small any significant change in I, has a negligible affect
on the apparent constancy of the total -component.

102 THE CONSTANT 3 AND GRAIN SIZE

This research has shown that § represents an approximate
constant which expresses the curvature of the CSME.
At or after the strain of [, 3 does not vary with structure
for a given soil during the forced rate-of-strain in an
IDS-test, nor even very much in a particular class of soils.
However, as noted in Section 5.1, f does appear to vary
with grain size. After looking into this more carefully
and plotting in Fig. 28 the variation of I for various
remolded soils as a function of the log of the Dy, grain
size, a remarkable fact emerges. Not only does I vary
linearly with the level of effective stress, as explained
previously in Section 5 in great detail, but I also varies
inversely with log D,,. However, note the one exception
to the general trend — the glass spheres have a much lower

© I, than their size would indicate. In fact, I for glass

spheres has proven consistently slightly negative (see
Tables 10, 14). '
From Fig. 28 it appears clear that the value of § some-
how depends on grain size. But, the zero or negative value
of B for near-spherical glass particles shows that size
alone is probably not the real criteria. The writer sug-
gests that instead the curvature of the particles at contact
controls f§. It seems reasonable to postulate that the
smaller the particles in contact, and therefore the more
irregular and plate-shaped their peomnetries, then the
smaller the average radii of curvature at the contact
points. Because of the higher void ratios associated with
finer particles, and their progressively less spherical geo-
metries, a given effective stress produces progressively
greater particle contact pressures as size decreases. This
produces greater opportunity for local crushing, particle
breaking, and any other nonlinear behavior, and thus pro-
gressively reduces effective stress sensitivity (slope) of the
CSME with increasing g,”. Such a theory would show
why the glass spheres do not fit with the other soils in
Fig. 28. They have an almost spherical shape and there-
fore very high radii of contact relative to their size when
compared to the rough, pitted and peaked surface of
natural grains. Such a theory would also explain the
constancy of f§ — the same or similar soil has the same or
similar particles in contact, with statistically similar
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Fig. 28. The effect of grain size on I, at constant effective stress.

average contact radii, regardless of their structural
arrangement.

10.3 THE CONSISTENCY OF THE INCREASE IN

D-COMPONENT WITH STRUCTURAL CHANGES

As detailed throughout this paper, and in marked contrast

with the I-component, changes in soil structure have a

dramatic effect on the strain-rate of mobilization of the

D-component. Furthermore, the following treatments of

a soil all seem to have the very similar effect of increasing

the subsequent d, (= Av/Ag,"):

1. A simple increase of strain at the same time rate-of-
strain.

2. A decrease in the time rate of forced strain.

3. Allowing the soil to reach a creep-equilibrium (a very
Iow rate-of-strain) under a constant deviator stress.

4. Aillowing the soil to creep internally using increasing

times for secondary compression with no deviator
stress.

5. Subjecting the soil to overconsolidation,

6. Reducing the soil fluid viscosity while keeping rate-of-
strain constant.

Clearly something very common in the behavior of soils
must occur in these diverse treatments. In all we have the
common element of either subjecting the soil structure to
greater strain or allowing the structure to readjust during
significant time periods of constant stress, or both. It
seems that time and strain, or combinations, produce a
structure readjustment that transfers load to the stronger,
stiffer, but also more effective stress sensitive, groups of
particles within the soil mass.

104 THE MYSTERIOUS I- TO D-COMPONENT
TIME TRANSFER

Section 9.5 already summarized the possible significance
of this component-transfer behavior. Once again: The
bond shear resistance, I, usually, at least in these experi-
ments on remolded soils, at ordinary effective stress levels
represents a minor part of the total I-component. Also,
in some circumstances after long periods of creep, the
I-component can actually become negative, These observ-
ations seem to indicate clearly that the I-component
represents only the extrapolated reflection of something
else more fundamental happening within the soil struc-
ture.

- 90 ~

The above 10.3 describes this more fundamental
behavior, which involves a structure readjustment during
the periods of relative strain-rest, which in turn produces
a greater At/Ag,” sensitivity at the same g,’ level. Con-
sequently, the extrapolation for the I-component produces
a progressively reduction in I, even into negative values
for soil structures still capable of developing enough
additional AtfAg,” sensitivity. Fig. 26 illustrates this con-
cept.

10.5 PARTICLE INTERFERENCE EFFECTS PRODUCE
INCREASES IN At/Agy’ = d_SENSITIVITY

Many of the clays tested in this research were first
extruded mechanically into duplicate specimens by a
“Vac-Aire” machine (described in Matlock et al., 1951).
In this process an auger places successive smears of near-
perpendicular-to-the-cylinder-axis, helical layers of clay
as it simultaneously forces out an extruded cylinder of
clay through a funnel mold. The samples used for the
tests reported in Table 17 had only a 7.9 to 7.6 cm mold
diameter reduction and probably produced a fabric with
a very strong preference for horizontal positions for the
flaky particles. The triaxial specimens had a final mold
reduction from 7.9 to 3.6 cm, probably producing some
vertical fabric as a smear on the perimeter. Slow-dry
shrinkage tests on triaxial specimens of DWEPK still
showed a distinct preference for vertical volume change
(65 % vs. 33 % if isotropic), and therefore presumably
still a strong horizontal fabric preference. All extruded
specimens would alse have some degree of helical fabric
superposed.

Despite the above extrusion remolding, these clays still
had considerable strength sensitivity in subsequent labora-
tory vane shear tests. This sensitivity continued, and even
increased, after the additional particle orientation by
further chemical-induced dispersion, as discussed in 4.1.1.
Table 17 presents relevant data obtained after any post-
extrusion thioxotropic changes had stopped, as monitored
by changes in 5.

Note as perhaps expected, that s _ and §, both decrease
when comparing the different dispersed kaolinites at the
same water content. But, when just above the PL, s,
remains about the same while 5, may actually increase!

Table 17. Vane shear sensitivity despite dispersion and extru-

sion of clays.
Soil Extruded
(see water PL Suv Vane
content (%) (kg/cm2) St
Table 1) (%)

DWEPK 425 31 022 22
33 31 11 35
N-EPK. 34 29 0.17 2.5
31 29 0.7 38
Q-EPK 27 26 1.5 42
BBC 26.5 20 0.6 2.0

Table 18. Examples of pre-dispersion of soil structure increas-
ing strain-rate of d, mobilization.

Av, tan-! de (degrees)

Extruded soil at TDS-test axial compressive

g1 =1.0% ¢ = 30%
Kaolinite (DW-EPK) 3.5 9
N*-EPK 5 11
Q*EPK 1¢ 19
Boston blue clay (BBC) 4 10
Q*-BBC 8 16

* Denotes addition of sodium phosphate dispersant prior to
extrusion.

The explanation for the above perhaps surprising be-
havior may lie with the relation between particle and vane
orientations. The lab vane, with height/diameter = 1.0,
tests primarily (about 77 % in isotropic clay) the vertical
plane. The ten complete revolutions prior to the remolded
vane test probably forces particles to a more parallel
orientation with the cylindrical failure surface, i.e. ver-
tical. Because extrusion at lower water content, with or
without the aid of dispersants, produces a progressively
more horizontally dispersed particle orientation, the
greater the interference of these particles with the forced
reorientation by the vane. The greater this intereference,
the greater the vane strength, s, and also its percent
reduction after the forced particle reorientation. There-
fore we also had greater S, despite greater dispersion.

Table I showed that the above dispersion, aided with
chemicals, had little or no effect on the IDS-test I, value.
But, Table 18 presents data that shows that such disper-
sion did increase dramatically the strain-rate of D-com-
ponent mobilization. Why? As with the vane, the 4560
degree (with the horizontal) most critical failure surface
in compression tests forces considerable particle reorienta-
tion to align the near-horizontal particles with most-
critical planes. The greater the degree of dispersion to
horizontal particle positions, the greater the subsequent
particle interference with this re-alignment process.
Particle interference effects imply dilatent behavior,
which is strongly effective stress dependent. Thus, the
unfavorable particle orientations of dispersion, combined
with the increased particle density after drained disper-
sion, produces the subsequent dramatic increase in the
strain-rate of D-component mobilization.

Figs 7 and 8 illustrated the consistent observation that
simple, isotropic overconsolidation would increase the
sirain-rate of a soil’s D-component mobilization but not
affect the I-component. Fig. 23 illustrated that this in-
crease in D was even more pronounced after anisotropic
consolidation. Of course, isotropic overconsolidation
forces a denser soil structure and anisotropic consolid-
ation with K’ << 1 adds some particle reorientation favor-
ing the horizontal. Thus such prior consolidation would
also add horizontal dispersion and increase particle inter-
ference effects and produce a subsequent strain-rate
increase in D and At/Ag,” sensitivity.
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The writer has also observed on numerous occasions
that the formation of a distinct failure plane in a speci-
men during an IDS-test would produce a relatively abrupt
drop in I and a corresponding increase in d,. The last
data point in Fig. 5 shows such a drop in the f-com-
ponent resulting from a failure plane developing just
before the poini. A failure plane represents a localized
zone of very high shear strain. Very large strain disperses
particles to a parallel orientation with the failure plan -
as dramatized by slickensides. The sudden strain associ-
ated with the failure plane suddenly (with overall strain)
increases the particle interference effects which resist the
dispersion needed to form the plane. The effective stress
dependency of such interference produces a sudden
increase in d,, with a resultant drop in the f-component.

Considering the similarity of d, sensitivity effects pro-
duced by the structure effects of creep under external
hydrostatic andfor deviator stresses, using pore fluids with
reduced viscosity, or allowing much slower rates-of-strain,
the writer believes that all of these treatments have the
effect of changing particle orientations such that particle
interference effects develop more rapidly with subsequent
strain. But, one must also consider the matter of degree.
For example the writer imagines that significant over-
consolidation of a soil mass would produce a general
reorientation throughout the mass and thus increase the
D-component over a large interval of subsequent strain.
But, particle reorientations involving less movements and
strain, such as secondary compression and creep, would
be more limited and the subsequent D-component in-
creases would last for only limited subsequent strain.
Also, using pore fluids with reduced viscosity would
permit the particle interference effects to develop faster
with strain because of less resistance to moving the pore
fluid out of the way. The less the viscosity, the greater
the d_ mobilization, as in Fig. 10.

10.6 DIFFERENCE IN STRAIN-MOBILIZATION
OF THE I- AND D-COMPONENTS

The many IDS-test experiments on remolded and un-
disturbed soils have all shown that the extrapolated
I-component mobilizes at very low strain. For example,
special low-strain IDS-tests on kaolinite, Enid and Boston
blue clays show I at about ¢; = 0.2 %. This probably
represents mostly elastic strain involving only minor
particle reorientations. In contrast, these clays require
about 10-15 % strain for full d, mobilization — although
progressively less with prior overconsolidation, secondary
compression or creep. Initially (before 1963) the writer
described this behavior as a rapid mobilization of the
“cohesion” component vs, a slow mobilization of the
“friction” component. Such description presents an over-
simplified picture. The writer recommends instead the
following more accurate description, although unfortun-
ately also more complicated.

After a time interval of relative very slow rate-of-strain,
as after creep, the soil structure will have just completed
a period of drained dispersion. Particles in a favorable

position o do so will have reoriented to more disper.?ed
(lower potential energy) positions. Because_thc applied
shear stress remains constant during this time, any loss
of shear-carrying capacity due to reorientation by some
particles must be taken up by those particles least likely
to reorient. These are also the particles with the greatest
interference effects. The immediate subsequent shear
resistance obtainable under a newly forced increase in
rate-of-strain now resides primarily in those particle
groups with greater interference effects and therefore
greater d,. Because the sum of the I- and D-components
remains the same, a greater d, must cause a drop in the
extrapolated I-component (see CSME 1 in Fig. 26).

The subsequent forced increase in rate-of-strain then
produces an almost immediate, perhaps essentially elastic,
mohilization of these relatively rigid maximum-particle-
interference zones of shear resistance. As soon as inter-
particle movements again begin and f again controls
CSME curvature, I increases to its curvature-controlled
i1, (as at CSME 2 in Fig. 26). As the soil continues to
strain it again mobilizes its ordinary particle-interference
structure and not just the above rigid zones it was tem-
porarily “leaning on”. With this rigid-destruction to
ordinary- mobilization transfer the value of 4, and there-
fore the D-component, rapidly diminishes during the very
low increment of overall strain it takes to accomplish the
transfer. d, then gradually increases again provided the
soil structure has the capability of increasing its net part-
icle interference effects with continued strain.

The above explanation would predict that a soil carry-
ing a deviator stress under creep rate-of-strain conditions
would have a high d_ mobilization, and therefore a low
extrapolated I-component. With the IDS-test forced
increase in rate-of-strain, the f-component would rapidly
rise and d, (and therefore the D-component) rapidly
decrease with strain. Bea found exacily this behavior, as
illustrated in Figs 24, 25 and 26. This behavior would
not ordinarily be observed in an IDS-test beginning after
isotropic consolidation bécause the mobilized D-com-
ponent would begin at zero.

10.7 Iy DRAINED VS. Iy UNDRAINED

If I, represents the shear resistance of a soil due to its
internal bonds between particles, then its mobilization
must also be strain and possibly strain path dependent.
As detailed in Section 5.2, K.-H. Ho did indeed prove
that /;, as well as P, Rowe’s ¢;, mobilized as functions of
strain in at least some soils (each of 3 Ho investigated).
Iy might well also be anisotropic and stress andfor strain
path dependent.

The data from Ho in Table 14 seems to show that bath
I, and ¢; values obtained from constant-volume (un-
drained) IDS-tests have a greater magnitude than when
obtained from constant-g,” IDS-tests. It would seem that
forcing a structure to strain at constant volume forces
that structure to mobilize more of its internal bond shear
resistance. Perbaps more interparticle movements per
unit shear strain must occur at constant volume com-
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pared to when the soil structure can increase or decrease
volume if free to do so.

Note also in Table 14 that for the constant-volume
tests ¢; exceeds [ substantially. However, if ¢, and I, were
theoretically equivalent after a proper stress-dilatency
correction to I, and remembering that the constant-
volume g-correction = 1.0, then these two parameters
should be identical. That they are not perhaps indicates
that the Rowe dilatency correction does not completely
account for all soil-structure effects,

10.8 IMPLICATIONS FROM THE SUCCESS OF
CURVE-HOPPING

The success of the one-specimen IDS-test curve-hopping
technique demonstrated by Schmertmann (1962b} pre-
sents 2 puzzle which R. Kondner (1964) and Schmert-
mann (1964b) discussed. One might explain the success
of curve-hopping by assuming the soil elastic over the
effective stress range of the curve-hopping (usually
approximately 20 % of initial effective stress). However,
we know that soils do not behave elastically and especially
not at strains beyond the initial high-modulus, low-strain
portion of any type of soil shear test. Kondner rejected
such an elastic explanation and the writer agrees.

What then can explain the success of curve-hopping?
The only explanation the writer can imagine involves
thinking of a soil mass as composed of a great many
zones, or “cells” within the mass wherein most of its
shear resistance resides. Such resistance-cells form, are
destroyed and then perhaps subsequently reform with the
continuing strain. All such cells depend primarily on an
effective stress prestress for their shear resistance cap-
ability. The sudden decrease of ambient effective stress
during a curve-hop from the higher to the lower effective
stress level reduces this effective stress prestress level in
many of these resistance cells to the point that they can-
not sustain the same level of shear resistance and they
fail. The many such failures within the IDS-test specimen
results in the sudden drop in that soil’s ability to mobilize
shear resistance at the strain of the effective stress hop.
Fig. 29, points 1-2 illustrate this drop. Then the IDS-test

At original ambient =
effective stress .-~
level Y

3.

At lower ambient
effective stress level

MOBILIZED SHEAR RESISTANCE

CONTINUING CONSTANT RATE-OF-STRAIN
Fig. 29. A typical curve-hop in an IDS-test.

strain continues along 2-3 and new cells form and the
soil resistance-cell system recovers from the failure effects
of the previous abrupt effective stress reduction. With
reapplication of the original ambient effective stress level
the soil can again mobilize its initial magnitude of shear
resistance along path 3—4.

The Fig. 29 path 1-2-3-4 ends at a point 4 seemingly
no different , or not much different, than had the path
been directly from 1 to 4 without the effective stress hop.
The writer thinks the probable explanation for this super-
ficially elastic behavior is that the number of cells pro-
gressively forming, collapsing and reforming with the
continuing strain between points 1 and 4 is so large that
the temporary, abrupt collapse of the cells during step
1-2 does not significantly change the overall resistance-
cell system at the strain of 4. It appears to the writer that
the overall mobilized shear resistance behavior of a soil
structure represents the statistical summation of a very
large number of formation-collapse events taking place
within the structure, Any dislocation in the smooth flow
of these events by a sudden effective stress change is
only strain-temporary and is subsequently healed by the
continuing many many events that take place with the
continuing strain.

10.9 POSSIBLE NON-BONDING EXPLANATION
OF “AGING” AND “QUASI-PRECONSOLIDATION"

When a soil can readjust its structure under drained con-
ditions, such as during long periods of time at constant
load, the more easily dispersed groups or zones of part-
icles yield to those groups or zones of particles not easily
dispersed. Such readjustment produces secondary com-
pression in one-dimensional or isotropic consolidation, or
creep if the soil can develop shear strain. With time the
soil become stronger and stiffer as a result of this yield-
transfer of mobilized shear. But, it also becomes relatively
more effective stress sensitive (d, increases).

Any subsequent full mobilization of the shear cap-
ability of the new structure produces a yielding of the
stiffer particle zones. After some interval of new strain
to produce and exceed this yielding, with its accompany-
ing many many resistance-cell events, the soil’s mobilized
shear resistance behavior returns to that which would
have occurred had the drained dispersion interval not
happened (as in Fig. 9at g, = 3 %).

Such. behavior would explain why soil “aging” and
“guasi-preconsolidation™ effects occur and possibly help
evaluate when they would and would not occur. Clays
are ordinarily the soils with the most complicated struc-
iure and the most subject to particle dispersion and
reorientation effects. Such behavior is therefore potenti-
ally most important in clays. However, in principle it can
also occur in sands and silts, From the work herein it
would seem that it cannot occur when a structure has
already been dispersed so that all particles have a mini-
mum potential energy orientation. There would exist in
such a structure (as on shear planes at the residual state}
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no greater particle interference zones to temporarily
“Jean on”.

The above has not introduced the possibility of addit-
jonal interparticle bonds forming with time. Such would
of course contribute to the “aging” and “quasi-precon-
solidation” behavior. Table 1] suggests that dispersion
may increase such bonds. Cementing will also. However,
the writer does not consider them essential to the pheno-
mena.

10.10 COMMENT ON THE USE OF REMOLDED
KAOLINITE VS, UNDISTURBED CLAYS

Because of the research need to compare tests while
changing as few variables as possible, the writer made
extensive use of tests from duplicate specimens remolded
by machine extrusion — especially kaolinite. The reader
might well wonder if the results obtained and the inter-
pretations offered would apply to other clays — especially
undisturbed clays? '

As described and documented herein and in the refer-
ences cited, several other extruded natural clays behaved
the same as kaolinite with respect to IDS-tests, CSME
curvature, component time transfer, etc. After satistying
himself on this point the writer then chose to use kaolinite
more extensively, but not exclusively. It offered the
advantages of availability in large quantities, ease of
preparation and handling, a2 low secondary compression
index, aud the convenience of its relatively high perme-
ability reducing the time required for pore pressure dis-
sipation nr equilibrivm and making it easier to prepare
saturated specimens. The interested reader can read
Schmertmann (1963d) for more information about this
kaolinite.

As also documented herein and elsewhere, the curve-
hopping method and the IDS-test separation of compo-
nents has proved possible in many undisturbed soils.
Section 7.4 showed that the I vs. ¢, method of extra-
polation for I seems to work as well in undisturbed as
in remolded soils. Section 9.5 ended with data and discus-
sion to support the idea that the component time-transfer
behavior also occurs in undisturbed clays. All the avail-
able evidence the writer knows of supports the position
that the various shear behavior phenomena investigated
and described herein will occur in-situ in undisturbed
clays. Of course one should expect great variations in
degree.

11. Conclusions
A. Relating to the constant structure Mohr Envelope
(CSME)

1. To achieve a more fundamental understanding of
soil shear resistance behavior, one can investigate
this behavior when keeping soil structure constant.

2. The concept and experimental use of the CSME
provides a useful vehicle to explain constant-struc-
ture shear behavior,

3. This research has produced sufficient data to derive
the following,

v=Iyt+ae ~po/lney ... PR (3]

expressing the shape of the CSME applicable to the
soils and stress ranges investigated.

4. The B factor in the CSME equation seems to depend
primarily on grain size and shape and probably
reflects the nonlinear behavior occurring at particle
contact points, The g factor seems to depend on soil
structure.

B. Relating to cohesion and the I-component
5. The unexpected constancy of the I-component (“co-
hesion” intercept) with changes in structure results
from the constancy of f and does not describe an
invariable, fundamental shear component.

6. The I-component varies linearly with effective stress
along the CSME because of the nature of CSME
curvature.

7. One can determine a fundamental cobesion, or bond
shear resistance, I, of any soil as a function of strain
by new experimental methods described herein. The
available alternate methods seem to check these I,

8. Typical remolded cohesive soils and natural, young,
uncemented clays have maximum I; of about 0.05 to
0.15 kgffem2. Cementing or partial saturation can
greatly increase ;. Drained structure dispersion prob-
ably increases the non-cementation part of I

9. Because of CSME curvature, I, often represents only
a minor part of the total I-component. Even sands
with I, = 0 indicate a positive value for their I-com-
ponents.

10. The strain-rate of J-compenent mobilization usually
oceurs much more rapidly than that of the D-com-
ponent. But, the writer believes it premature to con-
clude from this alone that “cohesion” mobilizes
quickly, while “friction” only gradually, with strain.
The shape of the CSME can explain this behavior.

11. I, appears to mobilize at very low strain in cohesive
soils compared to the strain required for overail
soil failure. I, may, or may not, diminish greatly at
overall failure.

12. Strain under undrained conditions appears to force
a so0il to mobilize more of its bond shear resistance
than under drained conditions.

C. Relating to the D-component and dispersion

13. Deliberate chemical dispersion of structure, or over-
consolidation, or increasing strain in a shear test, or
increasing time in secondary compression, or increas-
ing creep time under deviatoer loading, or decreasing
a forced rate-of-strain, or using less viscous pore
fluids all have the common effect of increasing a
cohesive soil’s subsequent shear resistance sensitivity
to a change in effective stress.
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14, The above 13. common effects suggest a common
cause. The writer suggests that all the above manij-
pulations produce an increased dispersion of soil
structure, which leads to a transfer of a soil’s shear
resistance to those particles with greater resistance
io dispersion.

15, After a period of time at constant leading, a soil
becomes stronger and stiffer as a result of the con-
tinuing dispersion. The dispersion particle movements
force the soil to “lean on” those groups of particles
with greater resistance to dispersive reorientation.
These groups have greater strength, greater stiffness,
and — being brought nearer to failure — a greater
sensitivity to changes in effective stress.

D. Relating to “aging” behavior

16. The above dispersion explanation for the increase in
a soil’s strength and stiffness with time may help
explain soil “aging” and “quasi-preconsolidation™
behavior.

17. One need not include the formation of new inter-
particle bonds to explain aging and quasi-precon-
solidation behavior. Possibly, for the same reasons,
one need not resort to the making and breaking of
bonds to explain the undrained shear sensitivity of
some soils.

18. Because of the more complicated soil structure pos-
sibilities in clays, they have a greater susceptibility
to grain crushing/breaking and to dispersion and
particle reorientation-interference effects. It seerns
reasonable to expect that the various shear resistance
phenomena described herein would occur most dra-
matically in cohesive soils. However, in principle,
one should also find such behavior as “aging” and
“quasi-preconsofidation” in silts and sands.

E. Some general thoughts from this work

19. The overall behavior of a soil mass subject to strain
at constant or increasing load represents the inte-
gration of effects from a huge number of resistance
cell-formation and resistance cell-failure events that
occur with changes in effective stress, strain and
time.

20. The writer believes that d, (= tan ¢,") represents a
measure of a soil’s mobilization of particle interfer-
ence effects to resit applied shear. It appears that
under constant-stress conditions a soil has more free-
dom to readjust its structure to more selectively, or
at least more efficiently, mobilize its particle-inter-
ference strength against the next increment of applied
shear than when subjected to a forced continuing
strain, as in strain-controlled tests.

21. The maximum value of d, probably cannot be deter-
mined from a strain-controlled test. The value of 4,
will vary with the strain-time path used. Faster rates
of forced strain will cause d, to decrease. Longer
creep times will cause 4, to increase.

22. The experiments described herein employed mostly
remolded soils. However, all the present data indicate
that the previous conclusions will also apply to soils
in-situ.

List of notations
c = carly notation for I

£
oM = P. Rowe’s interparticle cohesion parameter,
determined after using a stress-dilatancy cor-
rection. £; = an average value.

CSE-test = experimental procedure for determining a
constant structure envelope from a single
specimen at one strain.

CFS-test = early notation for the IDS-test.

CSME = abbreviation for Constant Structure Mohr
Envelope.

d, = alternate expression for the D-component,
= At/Aw,” (see Fig. 4).

D = compoenent of mobilized shear resistance

seemingly linearly dependent on effective
stress, ¢,’, at constant structure (see Fig. 4).

D, = notation for D to emphasize that component
a function of strain.

D, = that grain size in a soil with 50 % finer sized,
by weight.

e = void ratio.

I = component of mobilized shear resistance

seemingly independent of effective stress,
o, at constant structure. Note I + D = 1.
See Fig. 4.

I = notation for I to emphasize that component
a function of strain.

I = the maximum value of I, determined from a
graph of I, vs. strain, the bond strength.

Iy = the value of I at a drained failure condition.

IDS-test = experimental procedure for determining the
I and D components of ¢ as functions of
strain.

I = the maximum value of I determined from a
graph of I vs. strain.

I, = the mobilized shear resistance when ¢,” = 0,

the bond shear resistance (see Fig. 13). Ij =
an average value.

I, = the value of [, determined from an extra-
polation of I toG,” = 0.

I, = the value of I, determined from an extra-
polation of I values at an undrained failure
condition to §,” = 0.

K’ = the ratio of goy'/o,” at a point.

—~95 -



NP
ocC
OCR
FPI
PL
SL

uv

01'

Ug’
G 3’

rs
1 high

rs
G1 low

P.

the value of K’ under conditions of no
lateral strain.

porosity.

= abbreviation for normally consolidated.

non plastic.

abbreviation for overconsolidated.

= overconsolidation ratio.

= Atterberg plasticity index,

= Atterberg plastic limit.

= ghrinkage limit, by slow drying of extruded

specimens.

undrained shear strength determined by vane
shear test.

sensitivity ratio of undisturbed to remolded
undrained strength.

dimensionless soil structure parameter in
equation (6).

dimensionless soil structure parameter in
equation {6), = AI/AG,".

= value of p when using 7.

= denotes “an increment of .

strain.

= major principal strain.

g, = volume strain.

stress-dilatency correction factor, =1+
Ag/Ag;.

= effective stress.

= major principal effective stress, ,” denotes

average value (see Fig. 4).

= intermediate principal effective stress.

minor principal effective stress.

= g,’, = higher effective stress level in an IDS-

test.

= g,/ = lower effective stress level in an IDS-

test.

= effective stress tension resistance,

= hydrostatic effective stress from laboratory

consclidation.

= mean normal effective stress, = ¢g,.,".

= octahedral normal stress, = {g," +a, 1,13

normal effective stress on plane of CSME
tangency, §,” = an average value of g,” (see
Fig. 4).

= mobilized shear stress.
= effective stress soil friction angle.

= early notation for D-component, = tan-! d_.
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