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Dynamic Response of Coarse Granular Material to Wave Load

Lars Bo Ibsen
Department of Civil Engineering, Aalborg University
DK-9000 Aalborg, Denmark

ABSTRACT: The soil beneath vertical breakwaters is subjected to a combination of forces induced by the
waves. The forces acting on the soil can be characterized as (1) static load due to submerged weight of the
structure, (2) quasi-static forces induced by cyclic wave loading, and (3) wave impact from breaking waves.
The stress conditions in the soil below a foundation exposed to these types of loading are very complex. The
key to explain and quantify the soil response beneath a vertical breakwater is to understand the role of the
volume changes and to be able to model these correctly. It is shown that the volume changes in soil subjected
to static and dynamic loading are controlled by the characteristic line. Experiments have been performed to
study the factors that influence the location of the characteristic line in drained and undrained tests for various
types of sand and various types of loading. These factors include the relative density, the minor principal
stress, the intermediate principal stress, the stress path, and the effects of nonhomogeneous and localized
strains. The relation of the characteristic line to other features of static, cyclic and dynamic (rate dependent)
soil behavior are explained and illustrated with experimental data.

KEYWORDS: characteristic line, confining pressure, cubical triaxial test, cyclic triaxial test, dilatancy,
drained behavior, dynamic behavior, phase transformation line, sand, shear test, stress path testing, triaxial

test, undrained behavior

1 INTRODUCTION

The soil beneath vertical breakwaters is subjected to
a combination of forces induced by the waves. These
forces can be characterized as (1) static load due to
the submerged weight of the structure, (2) quasi-
static forces induced by cyclic wave loading, and (3)
wave impact from breaking waves on the vertical
wall. A detailed explanation of the wave induced
forces are given De Groot et al. (1996). The stress
conditions in the soil below a foundation exposed to
these types of loads are very complex, as illustrated
in Figure 1.

The behavior of granular materials can normally be
accurately characterized by results from drained
tests, since the materials can be considered fully
drained in many practical problems. However, if the
rate of loading is very high, such as that resulting
from impact forces from breaking waves on vertical
breakwaters, then essentially undrained conditions
can exist. In addition, if the dimensions of the
breakwater is large and the permeability of the
cohesionless soil is relatively low, significant pore-
pressure changes may develop as a result of the
quasi-static forces induced by cyclic wave loading.
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To model and predict this complex soil-structure
interaction, a reliable soil model is required, which
describe the basic phenomena related to soil behav-
ior during static, cyclic, and dynamic loading.
Laboratory testing makes it possible to study soil
behavior in detail under controlled and well known
conditions. By studying the basic phenomena in
triaxial tests under uniform conditions, it has been
discovered that identical phenomena characterize the
sand behavior when subjected to static and dynamic
loading. The key to explain and quantify the soil
response beneath a vertical breakwater is to under-
stand the role of the volume changes and to be able
to model these correctly.

Volume changes are important for the behavior of
soils whether under drained or undrained conditions
and whether exposed to static, cyclic, or dynamic
loading. Volume changes can be contractive or
expansive in nature. Expansive or dilative volume
changes are most pronounced for dense sands at low
confining pressures and high stress levels approach-
ing failure. The transition from compressive behav-
ior observed at lower stress levels to dilative
behavior at high stress levels occurs along a straight
line through the origin of the stress space. For
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Figure 1. Example of stress conditions for specific elements in the soil below a vertical monolithic structure
exposed to static and stochastic non-stationary loads. ‘

drained tests, this line is referred to as the character-
istic line.

In elasto-plasticity models the characteristic line,
evaluated from p' = const tests, corresponds to the
point on the plastic potential surface where the
plastic strain increment vector is perpendicular to the
p'- axis or the hydrostatic axis (Ibsen and Lade
1998). This state is therefore comparable to the
similar point on the yield surface at which the
normal is perpendicular to the hydrostatic axis. This
indicates the point at which sand may become unsta-
ble, as explained in detail elsewhere (Lade 1995).
Thus, the characteristic line plays a similarly impor-
tant role for the plastic potential surface as the insta-
bility line plays for the yield surface. Both lines are
shown on the diagram in Figure 2. The behavior of
soils is greatly influenced by and may be explained
in view of the relative locations of these two lines.
For sands the two lines are distinctly separate, while
for normally consolidated, insensitive clays the two
lines coincide, and they also coincide with the criti-
cal state or ultimate state line.

Experiments have been performed to study the
factors that influence the location of the characteris-
tic line in drained and undrained tests for various
types of sand and various types of loading. These
factors include the relative density, the minor

principal stress, the intermediate principal stress, the
stress path, and the effects of nonhomogeneous and
localized strains. The relation of the characteristic
line to other features of soil behavior during static,
cyclic, and dynamic loading are explained and illus-
trated with experimental data.

\g = (01—03)

B

Characteristic Line

Instability Line

Plastic Potential
Surface

Yield
Surface

! _ o1+2013

B
! -
Figure 2. Comparison of characteristic and instabil-
ity lines.
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2. TEST PROGRAM

The tests performed in connection which this project
were conventional static CD-tests, CU,,-tests, and
cyclic and dynamic CU-tests. The cyclic and
dynamic CU-tests were performed as undrained tests
with pore pressure measurements. The CU,o-tests
were carried out by measuring the volume change
and controlling the cell pressure in such a way that
de, = 0 throughout the test. In this way the undrained
condition is ensured and the effective stress path is
followed throughout the test.

In conventional triaxial tests the loads,
deformations, volume changes or pore pressure are
measured outside the specimen, and homogeneous
conditions must exist inside the specimen to
calculate the correct values of stresses, strains and
void ratios throughout the test. Although it has been
advocated since 1965 that triaxial tests should be
performed on specimens with lubricated cap and
base (Rowe and Barden 1964), and height equal to
diameter (Bishop and Green 1965 Jacobsen 1967,
Lade 1982), it is often considered that sufficiently
uniform conditions are achieved by using tall
specimens with heights greater than or equal to two
diameters.

Ibsen (1994) found that specimens with double
height developed nonuniformities in strains resulting
in measurements of incorrect stress-strain relations
of the material. During undrained conditions the
nonuniform development in volumetric strains
results in inner draining and consequent generation
of erroneous pore pressures. Basic phenomena in
soils under drained or undrained conditions, must be
studied in test performed on specimens with height
equal to diameter and with smooth end plates. This
is the best way to ensure that the real stress-strain
behavior is determined, while properties of soils
obtained from tall specimens may reflect test errors.

To ensure homogeneous stress and strain
conditions, the tests presented here were performed
on cylindrical specimens with a height and diameter
equal to 70 mm, and bounded by lubricated caps and
bases. The tests were performed in a newly
developed version of the Danish Triaxial Apparatus
in which control of stress path, measurement, and
data analysis is automated (Ibsen 1994).

The static triaxial specimen was loaded by a
mechanically controlled piston, while the dynamic
test is loaded by a hydraulic piston. The static tests
were performed with constant deformation rate of 4
% per hour, and the dynamic tests were conducted
with constant deformation rate varying from 40 to
100,000 % per hour. The measuring systems in the
two apparatuses were identical and consisted of
electronic load, pressure, and deformation
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transducers. The working principles of triaxial cell is
similar to those described by Jacobsen (1970).

The study described in this paper is based on
tests performed on two uniform sands: Aalborg
University sand No. 1 and Lund sand No 0. The
index properties for these sands are shown in the
Table 1.

Table 1. Index Properties.

Property Aalborg University Lund sand
sand No 1 No 0
dso mm 0.14 0.4
Cy 1.78 1.7
d, 2.65 2.65
< - 0.86 0.82
Emin 0.55 0.55

The test specimens were prepared by a pluvial
deposition and carefully saturated in total vacuum
(approx. -98 kPa). This causes all specimens to be
pre-consolidated to approximated 100 kPa during
the preparation process. This technique ensures
homogeneous and totally saturated specimens. The
triaxial test series was performed on isotropically
consolidated specimens with relative densities as
shown in Table 2. The test results are reported by
Ibsen (1990), Ibsen and Bedker (1994), Jacobsen
and Simonsen (1994), and Ibsen and Jacobsen
(1996).

Table 2. Relative densities for sand specimens in
static triaxial tests.

Relative densities

Aalborg University 0.10, 0.51, 0.80, 1.00
sand No. 1
Lund 0.48, 0.78, 0.93, 1.00
sand No. 0

The parameters that describe the state of the soil
under axisymmetrical stress conditions, are
calculated from the measurements taken during the
tests. These parameters are:

the cell pressure 03

the mean normal stress p’ = 3(a, +20%)
the deviator stress ¢’ = 0 — 03

the volumetric strain &v

the deviator strain &, = 2(e1 —&3)

where o) is the vertical and o' the horizontal
principal stresses. The stresses are effective and 1
and €3 are the principal strains.
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Figure 3. Variation of drained shear strength
envelope for sand with constant confin-
ing pressure (Lade and Ibsen 1997).

3 DRAINED SHEAR STRENGTH OF SAND

The typical variation of drained shear strength of
sand with mean effective stress is illustrated
schematically in Figure 3. For a sand with a given
initial density, the peak friction angle, @peau, consists
of two components. One from the basic friction
between sand particles modified for contributions
from rearrangement of particles at constant volume.
The resulting friction angle is referred to as the criti-
cal friction angle, ¢c-. The second component derives

from the dilation of the sand during shear, Vpeak.
This relation can be expressed as:
4’;:«:* = Qo+ W peak (1)

The dilation is suppressed at higher pressufes due to
crushing, and the resulting strength component
-therefore reduces to zero at very high pressures.

a)
q' A kPa

3000 + Common stress path

2000 A

1000 +
Confining

pressure = 0%
ST
600 800 1000 kPa

0 200 400

Figure 5.

ha=i-an
QPerit = Const.
Dense
Medium Dense
Medium Loose

Loose 1 _ o1+20Y

P="71"

—
—

Figure 4. Variation of drained shear strength
envelope for sand with relative density.
(Lade and Ibsen 1997).

Thus, a curved failure surface is observed. Experi-
ments on sands have shown that both the contribu-
tion from dilation and the range of confining
pressures in which dilation occurs reduce with
decreasing relative density, as shown schematically
in Figure 4.

4. THE CHARACTERISTIC STATE

Figure 5 shows the results of four CD-tests. The
tests are performed with different cell pressures, o3,
which are held constant throughout each test. Failure
is seen to be well defined as the state in which the
deviator stress ¢’ is a maximum, as shown in Figure
5b. In this dlagram the stress-strain curves are
normalized on 3. This causes the curve with the
smallest confining pressure to be located at the top.
Laboratory tests on several sands have shown that a
characteristic threshold exists in granular materials

b) which is defined as the stress state where the volume

q' A kPa
3000 T

2000

1000

€q

—t —i-
0O 1t 2 3 4 5 6 7 %

Diagram illustrating the development of stress-strain behavior in CD-tests on dense sand performed

with different confining pressures on specimens with equal height and diameter.
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Figure 6. Cyclic loading under constant confinement condition o'y = 200 kPa performed on Fountainbleau

sand I, = 0.64 (Luong 1982).

change goes from contraction to dilation. On the
&1 —é&v curve, Figure 5c, the characteristic threshold
is marked by open circles at the point where the
specimen has minimum volume. The stress state
characterized by (Pe, 1) where de,/de; = 0 is defined
and described as the Characteristic State, (Luong
1982). Characteristic states occur at the transition
from contraction to dilation, and these states are
located on a line, the Characteristic Line cl, through
the stress origin. The slope of the characteristic line
may be described by an angle, ¢. The characteristic
state and the critical state are very similar, as
discussed by (Luong 1982). For loose sand and sand
at high confining pressure, d¢,/de; =0 is reached at
the critical state. The critical state is therefore the
same as the characteristic state, and it occurs at
failure for sand that compresses during shear. For
dense sand or sand at low confining pressure, the
characteristic state is reached at small strain
magnitudes, as indicated by open circles in Figure
5b, while the critical state is reached at large strains.

The characteristic line divides the stress space into
two subspaces in which the stress combinations lead
to different deformation mechanisms.

Below the characteristic line the stress combina-
tions lead to contraction, i.e. de, > 0.

Above the line the stress combinations lead to
dilation, i.e. de, <0,

Below the characteristic line the resistance to defor-
mation is governed by sliding friction due to micro-
scopic interlocking depending wupon surface
roughness of the particles or interlocking friction
between particles. According to (Luong 1982), the
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resistance is due to pure friction and the characteris-
tic state describes an intrinsic parameter which
defines a characteristic angel ¢« for a given sand. In
the subspace situated between the failure envelope
and the characteristic line the resistance to deforma-
tion is governed by disrupture of the interlocking
and volumetric dilation.

In Figure 6 cycling sequences are carried out at
different deviator stress levels under drained condi-
tions and at constant confinement, o, =200 kPa.
Each cycling sequence consists of 20 cycles with a
amplitude of 100 kPa. The diagram shows very
clearly that the contracting behavior of the soil is
obtained when the mean deviator stress level is
lower than the characteristic level. The dilation
behavior of the soil during load cycling is evident
when the mean deviator stress level becomes higher
than the characteristic threshold, g ..

Loung (1982) has observed -that the contraction
decreases when the characteristic threshold is appro-
ached and dilation increases when deviator stresses
increase further. The contraction effect is more
pronounced for extension loading having g < 0.

4.1 Effects of Relative Density and Minor Principal
Stress

The characteristic angles for drained triaxial
compression tests on Aalborg University sand No.l
and Lund sand No.0 at four relative densities, Ip, are
shown in Figures 7 and 8. The experiments in these
two tests series, in which the relative density varied
from 0.01 to 1.0, show that the characteristic angle

9 is constant and independent of (1) relative density
for a given sand, and (2) confining pressure or minor
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Figure 7. Characteristic angles obtained from triaxial
compression tests on Aalborg University
Sand No. 1.

principal stress. These observations were also made
by Loung (1982).

As discussed in connection with Figure 17, the
determination of the stress state at which dev = 0 is
not necessarily very accurate, because the volume
change curve is relatively flat near the characteristic
state, while the stress state varies considerably.
Therefore, the determination of the characteristic
stress points shows some scatter. The characteristic
angle for Aalborg University sand No. 1 is found to
be ¢ =30.3° and for Lund sand No.0 it is g« = 29.5°
These angles are determined according the definition
used by Luong (1982).

9 [°]

LY P,
550 T Santa Monica Beach A A Ip=030
Sand L 2 $  Ip=04s
500 + B [0 wn-ow
@ O 1p=0s1
L J
450 + [ ]
@
[ ]
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M N ~
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oo b M
M)
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25.0 1 { t ¥ } } } + t {
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Figure. 9 Characteristic states obtained from triaxial
compression tests on Santa Monica Beach Sand.

e ["]
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[ s
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Figure 8. Characteristic angles obtained from triaxial
compression tests on Lund No. 0.

4.2 Effects of Specimen H/D-Ratio

The characteristic stress states corresponding to
de, =0 for triaxial compression tests on Santa
Monica Beach sand at four relative densities (Lade
and Prabucki 1995) are shown in Figure 9. These
experiments were performed on specimens with
height-to-diameter ratio H/D=2.65 and with lubri-
cated ends. They also show that the characteristic
angle, ¢a, is independent of relative density for a
given sand, but due to the development of nonuni-
formities in strains, the angle is found to vary
slightly with the minor principal stress.

@, ["]
¢ 9
e i Sacramento River A A 1p=038
Sand ® O 1o
& O w-om
® O 1w
350 +
Q Characteristic Line
300 + O
26.0 At A

T T T T T 1

0 1 2 3 4 5 6 7 8 9 10 11t 12 13

Figure. 10 Characteristic states obtained from triax-
ial compression tests on Sacramento River Sand.
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Figure 11. Volumetric curves obtained by stress path
tests on Aalborg University sand No. 1,
Ip = 1.00. Isotropic consolidated to
03 =20 kPa before shearing.

The characteristic angles for drained triaxial
compression tests on Sacramento River sand (Lee
1965, Lee and Seed 1967) were also determined for
four different relative densities, and they are shown
in Figure 10. These tests were performed on speci-
mens with D=3.56 cm and H/D =2.43, and without
lubricated ends. The data for Sacramento River sand
shows more scatter than the other test series. Still,
the tests indicate that the characteristic angle is
independent of relative density. Due to the more
pronounced nonuniformities in stress and strains
caused by rough end plates, the characteristic angles
vary more with confining pressure than the data for
Santa Monica Beach sand. It is therefore important
to realize that the nonuniform deformations, which
develop at very small strains, influence the measured
characteristic -angles and therefore the conclusions
regarding the effect of the minor principal stress.

4.3 Effects of stress path testing

The characteristic stress state discussed above is that
observed in conventional triaxial compression tests
in which the stress path corresponds to constant
confining pressure and d¢'/dp' = 1/3, The volumetric
strain curves from three triaxial test on Aalborg
University sand No. 1 conducted with different
stress path are shown in Figure 11. The tests were all
performed on specimens with /p = 1.00 and consoli-
dated to a mean normal stress of a3 = 200 kPa before
shearing. The corresponding stress paths dp' = const,
dq'/0p' = 1/3 and d¢'/dp' = 1/2 are shown in Figure 12.

Contraction and dilation can be caused by applica-
tion of shear stresses as well as by changes in the
mean normal stress. In the constant p'-test the

-03.-

q' [kPa]
2400
2200 +
2000 T
1800 +
1600 +
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0 f + t t t t —
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Figure 12. Stress path tests obtained from triaxial
compression tests on Aalborg University
sand No. 1, I, = 1.00.

increment dp' is zero and the elastic volumetric
strain increment is therefore also zero. In this test the
volumetric strains are caused entirely by shear
stresses. The test shows shear-induced contraction in
the beginning, and it is possible to define a charac-
teristic state, as shown in Figure 11. As expected,
the contraction becomes more pronounced as the
stress ratio 6¢'/dp' increases, and there are distinct
differences between the characteristic states obtained
from different stress paths, as shown in Figure 11.

9 [°]
340 +
: Characteristic line
320 T A g
R o e SR S
30.0 4
A A A
i a
28.0 + A q/p=13
— @ @® p=Const
) ® ¢ qp=12
240 + ®m A u - max
 mom B o-mn
220 + m
{ 0-'3{ Pa
20.0 } t } } 4 t t t t {

0 1 2 3 4 5 6 7 8 9 10

Figure 13. Angles of the characteristic, phase trans-
formation and u,,, stress states evaluated
from drained and undrained triaxial tests
on Aalborg University sand No. 1.
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Figure 14. Characteristic angles obtained from
cubical triaxial tests on Monterey No. 0
sand.

The characteristic stress states from the three
volumetric strain curves are plotted in Figure 12.
The characteristic line determined from the results in
Figure 7 and two experiments for each of the condi-
tions, p' = const and dq'/dp’ = 1/2, are also plotted in
this diagram. The characteristic stress states from the
p' = const tests are located below and the stress states
form the ¢'/dp' = 1/2 are located above the character-
istic line. The characteristic angle ¢« from these four
tests are also plotted in Figure 13. It is seen that @«
from the p' = const tests is 26° and it is 33° in the
tests with the stress path d¢'/dp’ = 1/2, The character-
istic angles are outside the general scatter of the
dq'/3p' = 1/3 tests, and it appears from these experi-
ments that the characteristic stress state and there-
fore the characteristic angle is a function of the
stress path.

4.4 Effects of intermediate principal stress

The characteristic angles have also been obtained
from drained cubical triaxial compression tests on
dense and loose Monterey No.0 sand (Lade and
Duncan 1973) and shown in Figure 14. The charac-
teristic angles are affected by the intermediate
principal stress in a similar fashion as the measured
friction angles. Each b-value represents a different
stress path in the stress space, and there does not
seem to be any pronounced effect of relative density
on the characteristic angles. It is observed that for a
given stress path, the characteristic stress states are
independent of relative density.

5 COMPARISON OF PHASE TRANSFORMATION
AND CHARACTERISTIC STRESS STATES

The phase transformation stress state plays a similar
role for undrained tests as the characteristic stress
state plays for drained tests. Figure 15 shows a
schematic illustration of the stress state at which
phase transformation occurs along an effective stress
path from an undrained test. It is the point at which
“the stress path turns its direction in p’- q’ space”

-(Ishihara et al. 1975), i.e. the point where the effec-

tive stress path has a “knee” and the effective mean
normal stress reaches a minimum value p’,.
Ishihara et al. (1975) observed that for cyclic
undrained triaxial tests “it is necessary for a sample
to go at least once through this critical value in order
to be taken to a completely liquefied state.” In this
sense, “the critical stress ratio may be considered as
a threshold at which the behavior of sand as a solid
is lost and transformed into that of a liquefied state.”

Whereas the “knee” described above does not
clearly define the location of the phase transforma-
tion point, the most consistent definition is one that
is independent of the stress path. The phase transfor-
mation state is therefore best defined as the point at
which the effective stress path has a vertical tangent.
This also corresponds to the transition from
compressive to dilative behavior. At this point of the
undrained test, the increment dp’ becomes zero, and
the elastic volumetric strain increment, d¢, is there-
fore also zero. Consequently, the plastic volumetric
strain increment, é¢%, is also zero. This definition
theoretically makes the characteristic and phase
transformation states identical.

Inspection of the data in Figure 13 shows that the
characteristic angles obtained from p' = const tests
are slightly higher than the angles defining the phase
transformation states. It was expected that the
characteristic angle from p'=const tests and the

N

Ng=(01-03) /Esp

Ppi

!

Pmin

Umax -

TSP

1 p' _ Cf'l+20"3

B

Figure 15 Schematic diagram of phase transforma-
tion state in undrained triaxial compres-
sion test on sand.
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Figure 16. The measured points used to define the
characteristic stress state in a p’ =
constant triaxial test run on Aalborg
University sand No. 1 with I, = 1.00.

angle of the phase transformation states would be the
same, because both stress states are characterized by
having d¢} = 0. However, the conditions defining the
two stress states are not exactly identical. In the
undrained test, the total volumetric strain is zero and
the elastic and plastic volumetric strains therefore
have to compensate for each other, i.e. & =-&,
while & =0 and & # 0 in the drained test.

In Figures 16 and 17 the points used to define the
characteristic and phase transformation stress states
are shown for tests performed on Aalborg University
sand No. 1 with I, = 1.00. Figure 16 shows that the
transition zone in which d&, =0 starts at ¢ = 22.5°
and ends at ¢ = 26.7°. Previously, and according to
Luong (1982), the characteristic stress state has been
defined as the mean value in this transition zone
producing @« = 24.6°. In comparison, the transition
zone for the phase transformation state in the corre-
sponding undrained test is much narrower.

Redefining the characteristic and phase transfor-
mation states as the states where de, and dp’ becomes
zero for the first time, produces identical states, if
simultaneously, the characteristic state is obtained
from a p' = const test, as shown in Figures 16 and
17.

This new definition is used in evaluating the
angles shown in Figure 18. The test data are identi-
cal with those shown in Figures 7 and 13 for I, =
1.00. It is seen that the by using this definition, all

-95.

g, [%]
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178 +

182 +

186 +

190 1
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Figure 17. The measured points used to define the
phase transformation stress state in a CU
triaxial test performed on Aalborg
University sand No. 1 with I, = 1.00.

the characteristic angles, evaluated from CD-tests
performed with p’ = const, become identical with the
angles of the phase transformation states. The
characteristic angle still shows the same stress path
dependency as before, while that evaluated from

e [°]
340 +
320 + ¢
| L 2
CL - line
300 + ol =113
o W\ 2
- A
28.0 1M,
260 + A e
' = Const.
—) Two Tests ® ¢
\/ ® qr-12
[ ]
220 + A u-max
H p-min G, Pa
200 +———————————————————
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Figure 18. Angles of characteristic and phase trans-
formation states defined as the stress state
where d¢, respectively dp' becomes zero. The
tests are run on Aalborg University Sand No 1.
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Figure 19. Results of four CU,4 - tests performed on Lund sand No. 0 with I, = 0.78. The tests were
performed on specimens with equal height and diameter.

conventional triaxial tests is reduced from ¢« = 30.3°
to g =28.8°,

6 THE CHARACTERISTIC STATE FOR UN-
DRAINED CONDITIONS

Along the effective stress path in a undrained test the
elastic and plastic volumetric strains have to
compensate for each other, i.e. &5 =—¢. It has been
shown that changes in the effective mean normal
stress P' affects both the elastic volumetric strain and
the stress state where the soil goes from compression
to dilation. In a conventional undrained triaxial
compression test, in which the total stress path corre-
sponds to d¢'/0p" = 1/3, the phase transformation state
does not correspond to the transition from contrac-
tive to dilative behavior, i.e. the point where the
maximum pore water pressure ¥mx OCcurs.

The characteristic stress state, as defined by Luong
(1982), together with the total stress path, controls
the point where the maximum pore water pressure
“ma OCCUrs in an undrained test. During undrained
shear, the pore pressure increases at first in order to
prevent the sand from contraction, i.e. du >0, When
the deviator stress approaches the characteristic state
ou — 0. The results of four undrained triaxial tests,
shown in Figure 19, indicate that the stress states
where du =0 are located on the characteristic line. If
g increases further, the effective stress path is
located in the subspace which is characterized by
dilation. In order to prevent dilation, the pore
pressure generation becomes negative, i.e. du <0, as
shown in Figure 19a. If the effective stress path in
Figure 19a is plotted in a p' - ¢ diagram, the stress
state corresponding to maximum pore water pressure
umx Will occur slightly later than the phase transfor-
mation stress state, as indicated in Figure 15.

Stress states corresponding to “mx from five
undrained tests performed on Aalborg University
sand No. 1 with I = 1.00, 0.80 and 0.51 are shown

in Figure 18. It is seen that #max corresponds to the
characteristic stress states for the tests conducted
with the stress ratio d¢'/dp’ = 1/3. It is also recognized
that the stress state where #max occurs is quite differ-
ent from the phase transformation stress state corre-
sponding to pp.

7 UNDRAINED SHEAR STRENGTH OF SAND

Figure 19a shows that the effective stress path
approaches a common stress path asymptotically,
defined by the stress state marked with open squares.
This common stress path is identical with the stress
path defined by the stress states where the total
volumetric strain Zde, =0, marked by open squares
in Figure 5.

This common stress path is normally consid-
ered to be the undrained failure envelope. In Figure
19b it is shown that the common stress path does not
represent any failure state in the sand, and tests
covering a o3 interval from 5 kPa to 2000 kPa do not
reveal any maximum on the stress-strain curves.
This conclusion is not in agreement with the state of
the art. The state of the art is build on undrained
tests performed on specimens with double height
and it therefore reflects the test errors and not the
real properties of the soil, as explained above and
also by Ibsen (1994).

7.1 Failure restricted by undrained conditions

Failure under undrained conditions develops when
the pore water fails to prevent dilation. From this
state de, is no longer equal to zero and the soil starts
to dilate. In this way the failure is controlled by the
same mechanism as failure under drained conditions.
The stress path followed can be explained in view of
the relative locations of the characteristic stress state
and the drained failure surface.
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Figure 20. Results of a high deformation rate CU-triaxial test performed on Aalborg University sand No 1.
The tests was performed with a constant deformation rate of 1000 % per hour. The specimen was

prepared with I, = 0.80.

The variation of the pore pressure during a high
deformation rate CU-test is outlined in Figure 20.
The figure shows that the pore pressure initially
increases to prevent the sand from contraction and
du>0, When the deviator stress approaches the
characteristic stress state, point A, du - 0. Between
point A and B the pore water manages to prevent the
sand from dilating and the pore pressure generation
is negative, ou <0, Up to point B the stress-strain
curve, Figure 20d, shows the same strain hardening
response as outlined in Fig. 19b, and the stress path
follows the common stress path defined by the
drained stress states where Zde, =0. When the pore
pressure becomes negative the response changes
character. The pore water can no longer prevent
interlocking disrupture and the material starts to
dilate slightly. The dilation causes a strengthening of
the material and the response starts to deviate from
the common stress path. At point C the pore water
provides the maximum resistance and cavitation
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occurs at approximately -90 kPa. From this state the
effective confining pressure remains constant, and
further strengthening of the material depends
entirely on the dilation. At point D failure occurs,
while the negative pore pressure remains constant
and does not vanish between C and D, as shown in
Figure 20.

A static test is shown in Figure 21. At first, the test
is performed as a constant volume test, CU. test.
After the stress path has followed the common stress
path for a while, the undrained restriction is changed
to a drained conditions. It is seen that the shift from
undrained to drained conditions results in dilation
and the observed response is identical to that
outlined in Figure 20. It is clearly shown, that the
stress path during the drained part of the test in
Figure 21 is identical with stress path C - D in
Figure 20, It clear that drained failure conditions
control failure in both tests, even though the overall
conditions are undrained in the CU-test in Figure 20.
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Figure 21. Static CU,/CD triaxial compression test
on Aalborg University sand No. 1. The
test was performed with constant defor-
mation rate of 4 % per hour and Iy =
0.80.

If the soil element is located at a water depth
where the hydrostatic pressure is high enough to
prevent dilation, failure occurs at the intersection
point between the characteristic line and the drained
failure surface, as shown in Figure 3 and 4. Thus
again, the drained failure surface is seen to control
failure even though the overall conditions are
undrained.

7.2 Deformation rate effects

The effect of deformation rate on the sand behavior
has been studied by performing triaxial tests with
constant deformation rates varying from 40 to
100,000 % per hour. The result of this study is
outlined in Figures 22 and 23. The ratio between the
dynamic and the static strengths is 1.1 for the tests
shown in Figure 22. It has been speculated before
(Nash and Dixon 1961, Yamamuro and Lade 1993)
that the lower undrained strengths observed in the
static tests are caused by higher pore pressures
generated at low strain rates where more time is
available for particle crushing and rearranging. This
would result in more volumetric compression, but
since the tests were undrained, higher pore pressures
were induced. At higher strain rates, less time was
allowed for particle crushing and rearranging to
occur, and this caused the specimen to be less
compressive. Consequently, lower pore pressures
were produced and higher deviator stresses were
obtained.

The stress-strain curves shown in Figure 23
indicate considerable rate effects. These effects are
important in analyzing the interaction between the

q_dyn/q_static
A

1.20 ¢
115 &
1.10 i
1.05
1.00 |
0.95¢
0.90

£y

1 10 100 1000 10000 %
Deformation speed

Figure 22. Relative strengths of CU triaxial tests on
Aalborg University sand No. 1, I, = 0.80.
The tests were performed with constant
deformation rates varying from 40 to
100,000 % per hour.

structure and the soil when calculating the dynamic
amplification factors.

7.3 Effects of height-to-diameter ratio

As discussed above, a tall specimen may not be
capable of producing uniform deformation condi-
tions throughout a triaxial test. This has considerable
influence on the results of undrained tests. Test
results of drained and undrained triaxial tests
performed on specimens with homogeneous stress
and strain distributions are shown in Figure 24a. The
same sand was also tested in an undrained triaxial
test with the height of the specimen equal to twice
the diameter, as shown in Figure 24b. Initially the

q' [kPa]
A

1800 ¢

1500 1 4

12001

900 1
test 4% ph
test 407% ph
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300 1
EI
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Figure 23. Stress-strain curves from triaxial tests on
Aalborg University sand No. 1 performed
with different deformation rates. Strength
comparisons shown in Figure 22.
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a)

b)
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Figure 24. The consequence of an undrained test performed on a specimen with double height. (a) Drained and
undrained test with homogeneous strain conditions. (b) Development of the locally weakened zone
in which the shear plane subsequently is formed. (¢) The drained zone dominates the stress-strain
curve. (d) Two practically solid bodies sliding past each other (H = height and D = diameter of the

specimen).

two stress-strain curves from the undrained tests
coincide. As the deviator stress g increases, the sand
will try to expand. Under homogeneous conditions
this expansion is impossible since the drains are
closed. The resulting pore water suction will
increase and hold the grain structure together. But in
the tall specimen the deformation is not homogene-
ous, and some local zones will dilate and others will
contract, resulting in zero overall volumetric strain.
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Inside the specimens water will flow from the zones
that contract to the zones that dilate, as shown on the
insert in Figure 24b. As a consequence, the test is
not truly undrained, even though the overall volume
of the whole specimen is kept constant. The stress-
strain curve corresponding to these opposing volume
change tendencies begin to deviate from the curve
obtained from the uniform strain test as the zones
with nonuniform strains develop into more distinct

b)

Figure 25. Results of CU-tests performed on specimen with double height submitted to a) static loading,

b) cyclic loading. (Tbsen 1995).
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localized zones, as illustrated on the insert in Figure
24c. Consequently, the inner drainage of some
portions of the tall specimen causes the externally
measured stress-strain curve to resemble the curves
from the fully drained tests shown in Figure 5b.
Critical state conditions develop inside the localized
shear zone as the test continues. A shear band devel-
ops, and two practically solid bodies slide past each
other, as indicated on the insert in Figure 24d. This
limits the full development of negative pore
pressure, and the shear strengths from such tests are
consequently too low.

Figure 25 shows the results of CU-tests conducted
on specimens with double height submitted to a)
static loading and b) cyclic loading. Similar to the
results in Figure 19a, the pore pressure in Figure 25a
increases in the beginning, but as soon as the devia-
tor stress approaches the characteristic line cl, the
localized zone starts to develop. The inner drainage
in the nonhomogeneous specimen causes reduced
suction. As a consequence the effective stress path
cannot be located correctly in the dilation subspace.
In Figure 25a the test results show that the effective
stress path therefore follows the characteristic line cl
when the characteristic threshold is reached. This
has led to- the opinion that the undrained failure
envelope describes a straight line through the stress
origin.

In the case of undrained cyclic loading the stress
variation can only be located in the subspace which
is characterized by contraction and the stress varia-
tion will therefore always lead to pore pressure
buildup. If the cyclic loading involves negative
deviator stresses and the number of cycles is large
enough, the effective stress variation will approach
the characteristic line cl. Similar to static loading,
the localization zone starts to develop and the stress
variation is seen in Figure 25b to follow the charac-
teristic line in both compression and extension. This
phenomenon is described by many authors and
called Cyclic Liquefaction (initiated by Seed and Lee
1966). If the cyclic loading involves negative devia-
tor stresses, Cyclic Mobility can occur as described
by Casagrande (1971). In both phenomena the shear
plane is developed progressively as the cyclic stress
variation continues to follow the characteristic line
in each cycle. Large residual deformations are
observed and the phenomenon is normally consid-
ered an expression of failure due to cyclic loading.
As the effective stress variation follows the same
effective stress path, both under cyclic and static
loading, the “Undrained failure envelope” - which is
seen to be identical to the characteristic line - is
widely accepted to control the development of
failure due to cyclic loading, see for instance
Guzmann et al. (1988).

8 CONCLUSIONS

By studying the basic sand behavior in triaxial tests
under uniform conditions, identical responses of the
sand due to static and dynamic loading have been
discovered. The static and dynamic responses of
sand can be explained with help of the characteristic
state, and the strength of sand under undrained
conditions is found to be controlled by the drained
failure condition for both static and dynamic
loading.

The negative pore pressure remains during failure
Thus, the negative pore pressure can be counted on
as a reliable stabilizing factor in calculations for
design of foundations subjected to variable or
dynamic loads.

The ratio between the dynamic and static strengths
is approximately 1.1 in the interval from 40 to
100,000 % per hour. The tests also showed that the
stress-strain curves indicated great rate effects.
These effects are important in analyzing the interac-
tion between the structure and the soil when calcu-
lating the dynamic amplification factors.

In this paper, the characteristic state is redefined as
the stress state where dey becomes zero for the first
time in a test with p' = const, Further, the phase trans-
formation state is defined as the state where dp'
becomes zero for the first time. As a consequence,
the characteristic and phase transformation lines
become identical. These definitions are mutually
consistent, and they may therefore be useful in
controlling the plastic potential function for descrip-
tion of plastic volume changes of soils.

In comparison, the characteristic angle defined by
Luong (1982) is not an intrinsic parameter,
independent of stress path, and it not useful for
development of elasto-plasticity models.

The characteristic line has been studied in view of
experimental results from drained and undrained
triaxial compression tests and cubical triaxial tests
on different sands. Experiments have shown, that the
relative density and the minor principal stress do not
influence the location of the redefined characteristic
line and the characteristic angle is therefore unique
for a given sand.

It is also shown that nonuniform deformations,
which develop at very small strains in tall
specimens, may influence the measured characteris-
tic angles and the conclusions regarding the effect of
the minor principal stress. It is therefore recom-
mended to determine the characteristic and the phase
transformation states from experiments with uniform
stress and strain states. These are best produced in
tests on specimens with height equal to diameter
and lubricated ends.
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