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An experimental data base for the development, calibration
and verification of constitutive models for sand with focus to
cyclic loading.

Part I: tests with monotonic loading and stress cycles

T. Wichtmann? Th. Triantafyllidis®

Abstract: For numerical studies of geotechnical structures under earthquake loading, aiming to examine a possible failure
due to liquefaction, using a sophisticated constitutive model for the soil is indispensable. Such model must adequately
describe the material response to a cyclic loading unser constant volume (undrained) conditions, amongst others the
relaxation of effective stress (pore pressure accumulation) or the effective stress loops repeatedly passed through after a
sufficiently large number of cycles (cyclic mobility, stress attractors). The soil behaviour under undrained cyclic loading
is manifold, depending on the initial conditions (e.g. density, fabric, effective mean pressure, stress ratio) and the load
characteristics (e.g. amplitude of the cycles, application of stress or strain cycles). In order to develop, calibrate and verify a
constitutive model with focus to undrained cyclic loading, the data from high-quality laboratory tests comprising a variety
of initial conditions and load characteristics are necessary. It is the purpose of these two companion papers to provide such
data base collected for a fine sand. The data base consists of numerous undrained cyclic triaxial tests with stress or strain
cycles applied to samples consolidated isotropically or anisotropically. Monotonic triaxial tests with drained or undrained
conditions have been also performed. Furthermore, drained triaxial, oedometric or isotropic compression tests with several
un- and reloading cycles are presented. Part I concentrates on the triaxial tests with monotonic loading or stress cycles.
All test data presented herein will be available from the homepage of the first author. As an example of the examination of
an existing constitutive model, the experimental data are compared to element test simulations using hypoplasticity with

intergranular strain.
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1 Introduction
Numerical calculations of geotechnical structures (e.g. foun-
dations, damns, slopes) on saturated non-cohesive soils sub-
jected to earthquake loading demand a sophisticated con-
stitutive model for the soil. Amongst others the model
should reproduce the relaxation of effective stress (pore
pressure accumulation) and describe all revelant stress at-
tractors, i.e. the lens- or butterfly-shaped effective stress
loops repeatedly passed through after a sufficiently large
number of cycles. Several advanced constitutive models
for non-cohesive soils have been developed during the last
two decades, e.g. the hypoplastic model with intergranular
strain [35,51], the Sanisand elasto-plastic model [12, 13],
or most recently the ISA model [16]. Crucial for the de-
velopment of suitable constitutive equations and their cal-
ibration and verification is the availability of high-quality
laboratory tests. These tests should have been performed
with varying boundary conditions and control, so that the
model can be checked for as many different cases as pos-
sible. Such close examination of the constitutive equations
based on element tests creates confidence for an application
of the model to different real problems.

However, most experimental studies with cyclic undrain-
ed tests in the literature are restricted to a certain type of
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test, mostly triaxial tests with isotropic consolidation and
stress cycles. For some frequently tested materials (e.g. Toy-
oura sand) there may be a suitable number of tests with dif-
ferent initial conditions and varying kind of control in the
literature. However, collecting these results from a larger
number of published studies may be laborious and uncom-
fortable - let alone the possible deviations of the results due
to different sample preparation techniques, test devices and
batches of the sand used by the different researchers. There-
fore, there is a need for a comprehensive database with re-
sults from undrained cyclic laboratory tests with varying
boundary conditions and load characteristics performed on
a single sand. Such database has been collected for a fine
sand at the IBF during the last few years.

Parts of the data have been already used to calibrate
certain components of the high-cycle accumulation (HCA)
model of Niemunis et al. [36]. The respective analysis is pre-
sented in [53,55]. In the present companion papers, the ex-
perimental data is discussed in the context of conventional
constitutive models (not high-cycle models), i.e. constitu-
tive relations formulated in terms of stress and strain rates.
The ISA model of Fuentes [16] has been developed based
on parts of the data presented herein. This paper aims to
make public the IBF experimental database also for other
developers of constitutive models.

The data base can be used to improve existing models
or establish new ones, delivering an appropriate prediction
for various types of cyclic loading. The data base presented
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Fig. 1: Tested grain size distribution curve

in these two companion papers comprises the results from
oedometric, isotropic compression and triaxial tests, with
drained or undrained conditions and monotonic or cyclic
loading. In the cyclic tests the samples were either con-
solidated isotropically or anisotropically and subjected to
stress or strain cycles. The initial relative density was var-
ied as well as the consolidation stress (mean pressure pg
and stress ratio 19 = ¢o/po) and the stress or strain ampli-
tude. Unless otherwise noted the tests have been performed
on samples prepared by pluviating air-dried sand through
a funnel. The relative density was varied by choosing dif-
ferent outlet diameters of the funnel.

All test data will be available from the homepage of the
first author [52]. In case of the cyclic tests, the data pro-
vided at [52] contain both the measured data versus time
and selected quantities versus the number of cycles.

The first part of the companion papers concentrates on
the tests with monotonic loading and those performed with
stress cycles. The second part reports on the cyclic tests
with strain cycles and those conducted with a combined
monotonic and cyclic loading.

In order to give an example for the examination of an
existing constitutive model, some of the laboratory exper-
iments have been recalculated using the element test pro-
gram Incremental Driver of Niemunis [34] and hypoplas-
ticity with intergranular strain [35,51] as the constitutive
model (see equations in Appendix A). The model predic-
tion is compared to the experimental results.

2 Test material

The test material ”Karlsruhe fine sand” has almost no fines
content, a mean grain size dsg = 0.14 mm and a uniformity
coefficient C,, = dgo/d1p = 1.5. The grain size distribution
curve is given in Figure 1. The minimum and maximum
void ratios enin, = 0.677 and e, = 1.054 were determined
from standard tests (at mean pressure p = 0) according to
DIN 18126 [1]. Most of the grains have a subangular shape
(see Figure 2).

Fig. 2: Picture of grains of the tested sand taken with an optical
microscope

3 Tests with monotonic loading

3.1 Oedometric tests

12 oedometric compression tests on dry samples with dif-
ferent initial relative densities 0.04 < Ipy < 0.88 with
Ipo = (emax — €0)/(émax — €min) have been performed.
The testing program is given in Table 1. The tests on loose
and dense samples were used to calibrate the hypoplastic
parameters hg, n and [ (see Table 2). A relatively large
sample size (diameter d = 150 mm, height & = 30 mm) has
been used, because test series in the past, performed at IBF
on samples with different geometries, had shown a consid-
erable underestimation of oedometric stiffness for smaller
samples (d = 100 mm, A = 18 mm), due to the larger in-
fluence of a thin zone at the top of the sample which is
loosened during the sample preparation process. Due to
the larger sample diameter and limitations of the loading
device, the maximum applicable axial stress was restricted
to o1 = 400 kPa in the present test series. In the tests the
axial stress was increased to o1 = 400 kPa, followed by an
unloading to o7 = 0 and a reloading to o; = 400 kPa. The
curves of void ratio e versus axial stress o; measured in the
four tests with the lowest or highest initial relative densi-
ties, respectively, are provided in Figure 3a,b. Furthermore,
the curves e(o1) from tests with other densities are given
in Figure 6 of the companion paper [56]. Figure 3c presents
the axial strain €; at the maximum stress o; = 400 kPa
after first loading as a function of initial relative density
Ipg. The diagram confirms the well-known increase of the
compressibility with decreasing initial density.

The compression curves e(o1) during first loading ob-
tained from simulations with hypoplasticity using the set
of parameters given in Table 2 have been added as black
solid curves in Figure 3. The intergranular strain has been
assumed as initially fully mobilized in the vertical direc-
tion (h11 = —R) which can be justified by the vertical sed-
imentation direction. The simulations were started at o
= 1 kPa. Since the four oedometric tests shown in Figure
3 have been used to calibrate the hypoplastic parameters
given in Table 2, the simulations show a good agreement
with the experimental data. Simulations of oedometric tests
with un- and reloading cycles are further discussed in [56].

3.2 Drained triaxial tests

Unless otherwise noted all samples in the monotonic or
cyclic triaxial tests presented in these two companion pa-
pers had a diameter of d ~ 100 mm and a height of h ~
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Fig. 3: a,b) Void ratio reduction e(c1) in oedometric tests on
loose or dense samples; ¢) Axial strain €1 at maximum load o1
= 400 kPa after first loading as a function of initial relative
density.

Test €0 ID()
No. | [] | []

OE1 | 1.039 | 0.04
OE2 | 1.029 | 0.07
OE3 | 0.990 | 0.17
OE4 | 0.971 | 0.22
OE5 | 0.946 | 0.28
OE6 | 0.908 | 0.39
OET7 | 0.846 | 0.55
OE8 | 0.833 | 0.59
OE9 | 0.808 | 0.65
OE10 | 0.777 | 0.73
OE11 | 0.740 | 0.83
OE12 | 0.721 | 0.88

Table 1: Program of oedometric compression tests. Void ratios
eo and relative densities Ipo measured at axial stress o3 = 0

100 mm. Smeared end plates were used to minimize end
frictional effects.

In the 25 drained monotonic triaxial compression tests,
samples prepared to different relative densities in the range
0.15 < Ipp < 0.95 have been tested (see the testing pro-
gram in Table 3). The samples were consolidated isotropi-
cally. For each of the five groups of densities, five different
effective confining pressures of = po = 50, 100, 200, 300 or
400 kPa have been chosen. The initial void ratios ey and
relative densities Ipg specified in Table 3 were measured
at the initial pressure pg of a test. The shearing was ap-
plied with a displacement rate of 0.1 mm/min in the axial
direction.

Figure 4 presents the measured curves of deviatoric
stress ¢ and volumetric strain €, versus axial strain 1 for
loose, medium dense and dense samples. The well-known
increase of peak deviatoric stress and dilatancy with in-
creasing density is obvious in Figure 4. Furthermore, the
dilatancy is stronger for the lower confining pressures. The
peak friction angles ¢p derived from all drained monotonic
triaxial tests have been collected in Figure 5. The exponen-
tial increase of wp with increasing initial relative density
can be described by:

op = 33.1°-exp(0.293 - Ipo""®) (1)

(see the solid curve in Figure 5). The critical friction angle
ve = @p(Ipp = 0) = 33.1° has been determined from a
loosely pluviated cone of sand, following the procedure ex-
plained e.g. in [22]. A slight decrease of pp with increasing
pressure pg can be concluded from Figure 5.

The values ¢, of friction angles at large strain (g1 =
25 % or the largest value applied in the test, respectively)
are also provided in Figure 5. They are considerably lower
than ¢p, but also show a slight density-dependence. This
is probably due to the fact that the curves g(e1) provided
in Figure 4 are still declining at large strains, i.e. a residual
value is not fully reached.

The peak deviatoric stresses shown in Figure 4 were the
basis for the calibration of the hypoplastic parameter «
given in Table 2. The hypoplastic simulations of these tests
(and for all other triaxial tests with isotropic consolidation
in this paper and in [56]) have been started from a state
with isotropically fully mobilized intergranular strain, i.e.
hii = fR/\/g. This may be justified due to the preceding
isotropic consolidation path. Simulations without a con-
sideration of intergranular strain lead, however, to similar
predicted curves. A satisfying reproduction of the stress-
strain curves was achieved in the hypoplastic simulations
(see dashed curves in the first row of diagrams in Figure 4)
while the dilatancy at larger strains is underestimated for
higher initial densities (second row of diagrams in Figure
4). The predicted dilatancy behaviour could be improved
by a higher value of o, but only on the cost of a significant
overestimation of peak deviator stress. Note that such ele-
ment test simulations do not consider localization of shear
strain within the sample. The dilatancy in these shear zones
is even larger than the globally measured one shown in Fig-
ure 4b,d,f.

Some additional drained monotonic triaxial tests were
performed in order to study the influence of the displace-
ment rate and the sample geometry. Dense samples were
sheared with displacement rates of 0.05, 0.1, 0.5 and 1.0
mm/min in the axial direction. Beside the samples with d
= h = 100 mm, also higher (d = 100 mm, h = 200 mm) and
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Table 2: Material parameters of hypoplasticity with intergranular strain for Karlsruhe fine sand

lpp=0.15-0.25 ©) 1600 [pp=057-068]— © 1600 —{lpg=0.85-0.95

'S’ 1400 'S’ 1400 T 1400F LT T legend: see f) -

e legend: see b) e legend: see d) e AR == % )

o 1200 = 1200 P P e S = 1200 /’, S8 Sy

/ =7 / TNeo

@ 1000 . — 2 1000| @ 1000/ /i e

2 e == o Y e L L <] // -~ R

= 800 £ 800/, == 5 800 Tz

2] J et 7} Y, 17 / I R

§ 600 17 g 600 //’/, e § 600 T —

B 400 [hpesl==] e T 4001/ T 400 e

(% 200 % P S ———— A S| qs_) 200 I////r e % 200 / I D

o Z o o

% 5 10 15 20 25 % 5 10 15 20 25 % 5 10 15 20 25
Axial strain g1 [%] Axial strain g4 [%)] Axial strain g4 [%]

b) 4 d 4 f) 4 Test / o' [kPa] / Ipg =
=2 i < o = 2 TMD21/50/0.85
2 —eS==—cc==————==s==—c= & 2 —— TMD22/100/0.85
0 — & 0F=S RS - —— TMD23 /200 / 0.92
o c o —— TMD24 /300 / 0.95
£.2 s 2 i s 2 7 TMD25 / 400 / 0.89
= 4 Test/ o5' [kPa] / Ipg = 2 4 ~ TTEEA = 4 Ssoo~1
o T TMD1/50/0.15 o | Test/ oy [kPal /Ipg = 1 - S
S 6} —— TMD2/100/0.21 5 6l TMD11/50/0.57 [ —-= = -6 SSIigsi
QE) —— TMD3/200/0.21 “E’ —— TMD12/100/0.63 °E’ =~
5 8[| —— TMD4/300/0.22 S 8F|—— TMD13/200/0.63 5 -8 N
10} | ——TMD5/400/0.25 D_1o||——TMD14/300/0.64 S 10 ~

—— TMD15 /400 / 0.68 =
-12 i i i -12 I I I -12
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25

Axial strain g1 [%]

Axial strain g1 [%]

Axial strain g1 [%]

Fig. 4: Deviatoric stress ¢ and volumetric strain €, versus axial strain £; in drained monotonic triaxial tests on a,b) loose, ¢,d) medium
dense or e,f) dense samples. Solid curves = test results, dashed curves = simulations using hypoplasticity with intergranular strain
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(measured at 1 = 25 % or the last value applied in the test,
respectively) derived from the drained monotonic triaxial tests
as a function of initial relative density Ipo

smaller (d = h = 50 mm) samples were tested. In case of the
samples with a height-to-diameter ratio equal to one, the
number of lubrication layers applied at the top and bottom
end plates has been varied. Beside the standard configura-
tion with one layer of silicon grease and one rubber disk at
each end, also stacks of two or four such layers have been
tested. In the pioneer work of Bishop & Green [7] a decrease
of the peak friction angle of about 2° had been observed
in case of short samples (h/d = 1) when the number of lu-
brication layers was increased from one to two or more. In
Figure 6a the peak friction angle ¢p derived from all addi-
tional tests has been plotted versus initial relative density.
As a measure of the stiffness during the initial phase of a
test, the data of Young’s modulus FEsq is given in Figure 6b.
The system compliance has been determined in tests on a
steel dummy and considered in the evaluation of E5q. Nei-
ther the pp nor the Fs5y data in Figure 6 shows a significant
influence of the displacement rate, the sample geometry or
the number of lubrication layers. All further tests have thus
been performed on samples with d = h = 100 mm using
a single lubrication layer at each end. Based on Figure 6,
different displacement rates chosen in the various test se-
ries reported in the following, mainly due to differences in
the applied test devices and their control and data acquisi-
tion systems, should be of minor importance regarding the
observed material response.
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Fig. 6: a) Peak friction angle ¢ p and b) Young’s modulus Eso as a function of initial relative density derived from drained monotonic
triaxial tests with different cylindrical sample geometries (diameter d, height h), numbers of lubrication layers used at the end plates

and displacement rates v

Test €g Ipg Po

No. [-] [-] [kPal
TMD1 | 0.996 | 0.15 50
TMD2 | 0.975 | 0.21 | 100
TMD3 | 0.975 | 0.21 | 200
TMD4 | 0.970 | 0.22 | 300
TMD5 | 0.960 | 0.25 | 400

TMD6 | 0.880 | 0.46 50
TMD7 | 0.862 | 0.51 | 100
TMDS8 | 0.859 | 0.52 | 200
TMD9 | 0.848 | 0.55 | 300
TMD10 | 0.847 | 0.55 | 400

TMD11 | 0.840 | 0.57 50
TMD12 | 0.819 | 0.63 | 100
TMD13 | 0.824 | 0.63 | 200
TMD14 | 0.822 | 0.64 | 300
TMD15 | 0.814 | 0.68 | 400

TMD16 | 0.743 | 0.82 50
TMD17 | 0.758 | 0.79 | 100
TMD18 | 0.748 | 0.81 | 200
TMD19 | 0.734 | 0.85 | 300
TMD20 | 0.753 | 0.80 | 400

TMD21 | 0.734 | 0.85 50
TMD22 | 0.735 | 0.85 | 100
TMD23 | 0.706 | 0.92 | 200
TMD24 | 0.697 | 0.95 | 300
TMD25 | 0.718 | 0.89 | 400

Table 3: Program of drained monotonic triaxial compression
tests. Void ratios eg and relative densities Ipg measured at ini-
tial mean pressure po prior to shearing

3.3 Undrained triaxial tests
3.3.1 Test series 1

The undrained monotonic triaxial tests of the first series
were performed with different initial pressures (100 < pg <
400 kPa) and densities (0.24 < Ipg < 0.94). Both, triax-
ial compression and extension tests have been conducted.
The shearing was applied with a displacement rate of 0.02
mm/min. The testing program is summarized in Table 4.
The measured stress-strain curves ¢(e1) and the effective
stress paths in the p-q plane are given in Figure 7. Figure
7a,b presents the data for different initial pressures and
Figure 7c,d that for different densities. In accordance with
the dilatancy behaviour observed in the drained tests, the
samples with lower densities showed a larger relaxation of
mean effective stress p during the initial phase of the tests
(Figure 7c). Furthermore, the stress-strain relationships get
steeper with increasing density (Figure 7d). The inclina-
tions of the failure lines (FL) in the p-¢ plane in triaxial
compression (M, pr) and extension (M, rr) slightly in-
crease with increasing initial density, while the correspond-
ing values M. prr, and M. pry, of the phase transformation
lines (PTL) decrease with Ipg (Figure 8). These dependen-
cies can be described by the following equations [55]:

M. pr, = 1.41+40.21(Ipg)*? (2)
M. pr, = —0.95—0.041(Ipg)*? (3)
M, pr;, = 1.03+0.65(1— Ipg)** (4)
M, prr, = —0.79—0.27(1 — Ipo)*? (5)

(see the solid or dashed curves in Figure 8, respectively).
The simulated stress-strain curves ¢(e1) (dashed curves
in Figure 7b,d) show a quite satisfying congruence with
the experimental data, while there are larger discrepancies
in the p-q effective stress paths (Figure 7a,c). The strong
density-dependence of the dilatancy behaviour observed in
the tests is not fully reflected by the applied constitutive
model, i.e. the influence of density on the predicted effec-
tive stress paths is too weak. The overestimation of the
relaxation of p during the initial phase of shearing (Figure
Ta,c) is a well-known problem of the applied hypoplastic
model [33] and is supported by the low value of mp = 1.1
(Table 2) which has been chosen as mp = mpg/2 with mp
calibrated from the cyclic test data (see Section 4.1).
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Test eg Ipo Po Compression /
-] [-] [kPa] Extension
TMU1 | 0.828 | 0.60 | 100 Comp
TMU2 | 0.814 | 0.64 | 200 Comp
TMU3 | 0.822 | 0.62 | 300 Comp
T™MU4 | 0.819 | 0.62 | 400 Comp
TMU5 | 0.946 | 0.29 | 200 Comp
TMU6 | 0.728 | 0.87 | 200 Comp
TMU7 | 0.828 | 0.60 | 100 Ext
TMUS8 | 0.853 | 0.53 | 200 Ext
TMU9 | 0.828 | 0.60 | 300 Ext
TMU10 | 0.827 | 0.60 | 400 Ext
TMUI11L | 0.964 | 0.24 | 200 Ext
TMU12 | 0.698 | 0.94 | 200 Ext

Table 4: Program of undrained monotonic triaxial tests of series
1. Void ratios eg and relative densities Ipg measured at initial
mean pressure po prior to shearing

3.3.2 Test series 2: Critical state from tests on
samples prepared by moist tamping

Most of the tests on medium dense and dense specimens
presented in Section 3.3.1 had to be stopped at rather low
strains €1 < 10% due to a decrease of pore water pressure
below u = 0 caused by dilatancy. A relatively low back
pressure of u = 200 kPa had been used in those tests. Since
the pressure-dependent critical void ratio e.(p) reached at
large strains is an important component of most constitu-
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Fig. 8: Inclination M. or M. of the failure lines (FL) and the
phase transformation lines (PTL) in triaxial compression or ex-
tension, respectively, as a function of relative density Ipo

tive models, a second test series on relatively loose samples
has been performed. Using the air pluviation technique it
is hard to achieve initial relative densities in the triaxial
tests below Ipg ~ 0.2. In order to reach even lower initial
densities, most of the samples of this second test series have
been prepared by moist tamping.

As discussed later in this section, the material response
at low to intermediate strains is largely affected by the in-
herent fabric generated during the sample preparation pro-
cess. It can be assumed, however, that the critical state
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Test €o Ipo Po Preparation
-] [-] | [kPa] method

TMU-MT1 | 1.030 | 0.07 | 100
TMU-MT2 | 0.941 | 0.30 | 100
TMU-MT3 | 0.903 | 0.40 | 100
TMU-MT4 | 1.026 | 0.07 | 300
TMU-MT5 | 0.951 | 0.27 | 300
TMU-MT6 | 0.905 | 0.39 | 300
TMU-MT7 | 1.038 | 0.04 | 500
TMU-MTS8 | 0.942 | 0.30 | 500
TMU-MT9 | 0.904 | 0.40 | 500
TMU-AP1 | 0.928 | 0.33 | 100
TMU-AP2 | 0.941 | 0.30 | 300
TMU-AP3 | 0.932 | 0.32 | 500

Moist tamping
Moist tamping
Moist tamping
Moist tamping
Moist tamping
Moist tamping
Moist tamping
Moist tamping
Moist tamping

Air pluviation
Air pluviation
Air pluviation

Table 5: Program of undrained monotonic triaxial tests of se-
ries 2 on loose samples prepared by either moist tamping or air
pluviation. Void ratios eo and relative densities Ipo measured
at initial mean pressure pg prior to shearing

does not depend on the initial fabric, because this fabric
is presumably erased at large shear strains. Therefore, the
critical void ratio e.(p) derived from the tests on loose sam-
ples prepared by moist tamping is assumed applicable also
for air-pluviated samples. In most tests of this second series
strains of €1 > 25 % could be applied because the densities
were relatively low and a relatively high back pressure (500
or 800 kPa) was chosen. A large number of tests (about
150) has been performed within this second series. Because
a different sample preparation technique has been used,
however, only some of these tests (Table 5) have been in-
cluded in the data base discussed in this paper.

Figure 9 presents the stress-strain relationships and ef-
fective stress paths measured in the nine tests performed
on samples prepared by moist tamping. The samples were
consolidated at py = 100, 300 or 500 kPa and sheared with
a displacement rate of 0.1 mm/min. In Figure 9 samples of
similar initial density are grouped into one diagram. The
very loose samples (0.04 < Ipg < 0.07, Figure 9a,b) show a
purely contractive behaviour leading to a full liquefaction
(p = g = 0) or to a very low effective stress, respectively.
In contrast, in case of the samples with higher initial den-
sity (0.27 < Ipg < 0.40, Figure 9c¢-f) the slight contractive
tendency observed during the initial stage of the tests was
followed by dilatancy at larger strains. Obviously, irrespec-
tively of the initial effective stress, the final effective stress
states at large strains (1 > 25%) are similar for a given
density. The data shown in Figure 9 look very similar to
those of Verdugo & Ishihara [50] which are frequently used
for the calibration of constitutive models in the literature.
However, most of the initial pressures used in the present
test series are lower than those applied in [50] (py = 100,
1000, 2000 and 3000 kPa have been used in [50]). The po-
range examined in the present test series is thought to be
of higher practical relevance for most in situ problems.

The void ratio e = eg has been plotted versus the ef-
fective mean pressure p reached at large strain in Figure
10. Usually the data at e; = 25% has been used for that
diagram. Some tests were stopped slightly before having
reached e; = 25%, see e.g. Figure 9e. In that case the p
values at the largest tested axial strain have been selected.
In Figure 10, the initial states of the tests are marked by

the empty symbols while the states at €1 = 25% are shown
by the filled ones. Most samples showed an almost con-
stant value of ¢ or only a moderate increase of the devia-
toric stress with continued shearing at that large strain (see
the first row of diagrams in Figure 9). Therefore, the data
at g1 ~ 25% can be approximately assigned to a critical
state. Figure 10 does not only contain the data from the
tests listed in Table 5 but also the results from numerous
similar tests with varying initial densities. Data from tests
on air-pluviated samples (amongst others from the three
tests TMU-AP1 - TMU-AP3 listed in Table 5) are also
provided in Figure 10. An almost unique critical state line
e.(p) for samples prepared by either moist tamping or air
pluviation can be concluded from Figure 10, at least in the
range of void ratios tested with both samples preparation
techniques. The relationship e.(p) can be described by the
equation of Bauer [5] (see dashed curve in Figure 10):

ec = €0 exp[—(3p/hs)"] (6)
with e.g = 1.067, hs = 860 MPa and n = 0.32.

Usually the hypoplastic parameters hy and n are not
calibrated from the critical state derived from a laborious
triaxial test series as that presented in Figure 10, but es-
timated from the oedometric compression curve measured
on loose samples (see Figure 3a). The parameters given in
Table 2 have been also obtained from oedometric test data
for loose sand. The prediction of Eq. (17) with the param-
eters e, = emax = 1.054, hy = 4000 MPa and n = 0.27
(Table 2) derived from the index or oedometric tests has
been added as dot-dashed curve in Figure 10. It can be
concluded that this estimated critical state line e.(p) is not
far away from the critical state derived from the undrained
monotonic triaxial tests.

Figure 11 compares the states (e,p) measured at 1 =
25% (or at the largest strain applied in the test, respec-
tively) in the undrained and drained monotonic triax-
ial tests. The data from the drained tests on the loos-
est samples (Ipg = 0.15 - 0.25) agree well with those
from the undrained tests. With increasing density, how-
ever, the points (e, p) obtained from the drained tests are
shifted towards lower void ratios, i.e. the deviation from
the undrained test data increases. This is probably due to
a larger localization of strain in the drained tests. Due to
a more pronounced development of shear bands, a lower
fraction of the sample volume is involved in shearing and
thus in dilatancy, leading to lower values of average void ra-
tio derived from the global volume change measurements.
Furthermore, it should be kept in mind that most of the
curves of volumetric strain £,(¢;) from the drained tests
provided in Figure 4 have not reached an asymptotic value
at 1 = 25% or at the largest strain applied in the test, re-
spectively, yet. Further shearing would probably have lead
to a continued dilatancy of the sand, resulting in larger void
ratios in Figure 11.

The comparison of the effective stress paths and stress-
strain relationships of samples with similar density, pre-
pared either by air pluviation or moist tamping, in Figure
9c,d reveals the large effect of initial fabric on the mate-
rial response to undrained monotonic shearing. For initial
densities in the range 0.27 < I'pg < 0.33, the pluviated sam-
ples (tests TMU-AP1 - TMU-AP3 in Table 5) show a much
larger relaxation of effective mean pressure p in the initial
phase of a test than those constituted by moist tamping. In
contrast to the tamped samples, the pluviated ones pass a
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Fig. 9: Stress-strain relationships and effective stress paths in undrained monotonic triaxial tests performed on relatively loose samples
prepared by either moist tamping or air pluviation. The state at large strains (approximately critical state) is marked by a symbol
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Fig. 10: State (e,p) at e1 = 25% (approximately critical state
ec(p)) of samples prepared with different initial densities by ei-
ther air pluviation or moist tamping and consolidated at differ-
ent initial pressures (po = 100, 300 or 500 kPa)

quasi-steady state (QSS), i.e. a local minimum of the devia-
toric stress at phase transformation. The samples prepared
by both methods, however, reach a similar effective stress
(critical state) at large strains (Figure 9d), which confirms
the conclusion of a unique relationship e.(p) from Figure
10.

In order to obtain a consistent set of data, all cyclic
tests presented in the following (and also in the companion
paper [56]) have been performed using the same sample
preparation technique, namely air pluviation. The influence
of fabric on the material response of Karlsruhe fine sand will
be discussed in more detail in another paper.
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Fig. 11: Comparison of state (e,p) at e1 = 25% in undrained
and drained monotonic tests

4 Undrained tests with stress cycles
4.1 Tests with isotropic consolidation

The cycles have been applied using a constant displacement
rate of 0.05 mm/min. In order to test a certain stress am-
plitude ¢®™P!, the loading direction was changed once the
specified minimum or maximum values of deviatoric stress
were reached (pseudo stress-control). Several tests with dif-
ferent initial densities (0.24 < Ipg < 0.87), initial pressures
(100 < po < 300 kPa) and amplitude-pressure ratios (0.15
< ¢*P!/py < 0.50) have been performed. The testing pro-
gram is summarized in Table 6.

Some of the tests with isotropic consolidation stresses
included in this data base have been primarily performed
in order to calibrate the bulk modulus K of the ”elastic”
stiffness used in the HCA model [53]. For such a calibra-
tion, the application of a first drained cycle prior to the
undrained cyclic loading is advantageous [53]. The drained
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Test eod | Ipoa €o Ipo Po T 1. Nini
/po | drained
-] -] [-] [-] | [kPa] | [kPa] | [ cycle? | [-]
Loose
TCUI1 0.952 | 0.27 | 200 30 0.15 no 72

TCUI2 | 0.962 | 0.24 | 0.961 | 0.25 | 100 15 0.15 yes 87
TCUI3 | 0.950 | 0.28 | 0.949 | 0.28 | 100 20 0.20 yes 15
TCUI4 | 0.963 | 0.24 | 0.961 | 0.25 | 100 25 0.25 yes 5

TCUI5 | 0.956 | 0.26 | 0.956 | 0.26 | 200 30 0.15 yes 86
TCUI6 | 0.964 | 0.24 | 0.964 | 0.24 | 300 45 0.15 yes 144
Medium dense
TCUI7 - - 0.800 | 0.67 | 200 60 0.30 no 11
TCUI8 | 0.822 | 0.62 | 0.821 | 0.62 | 100 20 0.20 yes 249
TCUI9 | 0.799 | 0.68 | 0.798 | 0.68 | 100 25 0.25 yes 100
TCUI10 | 0.826 | 0.60 | 0.825 | 0.61 | 100 30 0.30 yes 15
TCUI11 | 0.843 | 0.56 | 0.842 | 0.56 | 200 40 0.20 yes 146
TCUIL12 | 0.814 | 0.64 | 0.813 | 0.64 | 200 50 0.25 yes 77
TCUI13 | 0.834 | 0.58 | 0.832 | 0.59 | 200 60 0.30 yes 15
TCUI14 | 0.847 | 0.55 | 0.846 | 0.55 | 300 60 0.20 yes 257
TCUI15 | 0.809 | 0.65 | 0.808 | 0.65 | 300 75 0.25 yes 110
TCUI16 | 0.817 | 0.63 | 0.816 | 0.63 | 300 90 0.30 yes 24
Dense
TCUI17 - - 0.726 | 0.87 | 200 60 0.30 no 185
TCUI18 | 0.760 | 0.78 | 0.759 | 0.78 | 100 30 0.30 yes 54
TCUI19 | 0.762 | 0.77 | 0.761 | 0.78 | 100 40 0.40 yes 15
TCUI20 | 0.757 | 0.79 | 0.755 | 0.79 | 100 50 0.50 yes 6

TCUI21 | 0.755 | 0.79 | 0.754 | 0.80 | 200 60 0.30 yes 61
TCUI22 | 0.745 | 0.82 | 0.744 | 0.82 | 300 90 0.30 yes 269

Table 6: Program of undrained cyclic triaxial tests with isotropic consolidation (70 = go/po = 0) and stress cycles. Void ratios eq and
relative densities Ipo are measured at initial mean pressure po prior to undrained cyclic shearing. epq and Ipoq are the values at po
prior to the first drained cycle (if applied). N;y; is the number of cycles to initial liquefaction.
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Fig. 14: Ratio of accumulated pore water pressure «*°° and initial mean effective stress po as a function of the number of cycles

measured in undrained cyclic triaxial tests with different initial densities Ipo, initial pressures po and stress amplitudes ¢

cycle is applied with the same stress amplitude as the sub-
sequent undrained cycles. In Table 6 it is indicated whether
the tests have been performed with or without a drained
first cycle. The initial void ratios and relative densities prior
to the first drained cycle (if applied) are given as egq and
Ippq in Table 6. A comparison of the egq (before first cy-
cle) and eq (after first cycle) values in Table 6 reveals that
the compaction caused by this first drained cycle is rela-
tively small. Furthermore, the first drained cycle has only
a moderate effect on the observed material response dur-
ing the subsequent undrained cyclic loading. It represents a
preloading and thus slightly decreases the rate of stress re-
laxation during the initial stage of the undrained cyclic test
phase. The drained first cycle should be considered when
recalculating these tests in order to check a constitutive
model.

A typical result from a test on a loose sample (Ipy =
0.27, test TCUIL, without first drained cycle) is shown in
Figure 12a,b. The diagrams present the effective stress path
in the p-q plane and the deviatoric stress versus axial strain.
Large axial extension strains, fulfilling the failure criterion
le1] = 10 % chosen for loose sand, developed when the ef-
fective stress path reached the failure line in the triaxial
extension regime. A liquefaction, i.e. a relaxation of mean

ampl

effective stress to p = 0 was reached only at the end of the
test, after the axial strain had been reduced to €; = 0. Sim-
ilar effective stress paths were measured in all tests on loose
samples (TCUI2 - TCUI6), for different amplitude-pressure
ratios (0.15 < ¢*™P!/py < 0.25) and initial pressures (100
< po < 300 kPa), see the first column of diagrams in Figure
13.

A typical result of a test performed on a medium dense
sample (Ipg = 0.67, test TCUIT) is provided in Figure
12c,d. When the effective stress path comes close to the
failure line in the triaxial extension regime, it starts to
follow a butterfly-shaped loop and the axial strain ampli-
tude increases with each subsequent cycle. Such behaviour
is known as ”cyclic mobility”. After the initial liquefaction
(i.e. p = 0 is reached for the first time) large axial strains
can be applied without mobilizing any relevant shear resis-
tance (i.e. ¢ = 0, Figure 12d). The stress-strain hystereses
in Figure 12d show that the range of axial strain with al-
most zero mobilized shear resistance grows with increasing
number of cycles. In case of the medium dense samples
failure was also associated with an axial strain of |e1] =
10 %. The effective stress paths measured in other tests on
medium dense samples (TCUI10 - TCUI13 and TCUI15),
with different values of pg and ¢®™P!/py, are given in the

11



Wichtmann & Triantafyllidis

Acta Geotechnica, 2016, Vol. 11, No. 4

with 1. drained cycle:

025 —Orrr —| 000 py=100kPa
& o . | 542 pg=200kPa
= 8 S |00 p=300kPa
%D_ 0.20 NP without 1. drained cycle:
o Qe R e e o p,=100kPa
® %, % OQ\ ‘
5 0&@ e L Q%g Qéb 0/'\%@{ &
1 : i)\ : ST O O
2 o1 06\ S Qg’vog’%' %Q’. QRP
g Q- A Q° \\O
S \'Ki ® o
& % &
o 0.10 LASGS
©
2
g |

0.05 L i
< 1 10 100 1000

Number of cycles N;, to initial liquefaction

Fig. 15: Amplitude-pressure ratio versus number of cycles to
initial liquefaction in dependence of initial relative density Ipo
and consolidation pressure po

middle column of diagrams in Figure 13. These stress paths
look similar to that provided in Figure 12c.

In principle, the results for dense samples do not signif-
icantly differ from those obtained for medium dense sand
(see a typical result from test TCUI17 with Ipg = 0.87 in
Figure 12e,f). Butterfly-shaped effective stress loops in the
final stage of the test and a temporary liquefaction (p = 0)
during these cycles are observed also for the dense sample.
However, the increase of the axial strain amplitude with the
number of cycles after initial liquefaction takes place at a
significantly lower rate than for the medium dense sample,
i.e. much more cycles can be applied in the cyclic mobility
phase until a certain failure criterion (here: |e1] = 4.5 %)
has been reached. More effective stress paths from tests on
dense samples (TCUI18 - TCUI22) with varying consolida-
tion stresses and stress amplitudes, looking similar to that
in Figure 12e, are provided in the third column of diagrams
in Figure 13.

The data in Figures 12 and 13 agrees well with numerous
experimental studies on the liquefaction resistance of non-
cohesive soils published in the literature. Similar effective
stress paths from triaxial, torsional shear or simple shear
tests have been presented e.g. in [14,17-21,24,25,28,29,31,
37,38,40,44,46-49,54,57,59-63,66,67].

Figure 14 presents the ratio u?¢/pg of accumulated pore
water pressure and initial mean effective stress as a function
of the number of cycles. The data is given up to the end
of the last full cycle prior to failure (therefore the curves
for loose samples end before u2¢/py = 1). For a given rel-
ative density and a certain initial pressure, the increase of
the pore pressure accumulation rate with increasing stress
amplitude is obvious in Figure 14. The number of cycles to
initial liquefaction is provided in the last column of Table 6.
Figure 15 shows the amplitude-pressure ratio ¢®™P!/(2pg)
versus this number of cycles. The diagram contains the data
of all undrained cyclic triaxial tests performed on isotropi-
cally consolidated samples. The well-known increase of the
liquefaction resistance with increasing density of the sam-
ples is obvious in Figure 15. In case of medium dense and
dense samples, for ¢*™P'/(2py) = constant, an increase of
the number of cycles to initial liquefaction with increas-
ing consolidation pressure pg can be concluded. The pres-
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sure dependence is less pronounced for the loose samples.
Furthermore, Figure 15 confirms that the liquefaction re-
sistance is only moderately affected by the first drained
cycle applied in some of the tests. For a given density, the
data points from the tests with (empty symbols) or without
(filled symbols) such cycle lie almost on the same curve.

The amplitude-pressure ratio CRR = ¢*™P!/(2p,) caus-
ing initial liquefaction in a certain number of cycles (N;,;
= 20, 50 or 100) has been evaluated based on Figure 15
and plotted versus relative density Ipg or state parameter
1 =eg — ec(po) [6] in Figure 16. The state parameter 1 is
increasingly employed in an analysis of the liquefaction re-
sistance (e.g. [3,4,8-10,15,23,42,43]). It has been evaluated
with critical void ratio e.(po) calculated from Eq. (17). For
the higher initial pressures pg = 200 and 300 kPa only data
for medium dense samples is included in Figure 16. In con-
trast to the medium dense sand, in case of the loose and
dense samples only a single amplitude-pressure ratio has
been tested at pg = 200 and 300 kPa and thus the corre-
sponding curves CRR(N;y,;) extrapolated from this single
data point may not be reliable. An almost linear increase of
the liquefaction resistance with increasing relative density
and with decreasing state parameter v can be concluded
from Figure 16. In the range of tested pg values, no clear
advantage of the analysis in terms of 1 over that with Ipg
can be observed in Figure 16, since the scatter of data is
even slightly larger in the CRR-v diagram. However, an
analysis with ¥ may be advantageous if a larger range of
pressures, involving also significantly higher pressures, is
considered.

The relatively low displacement rate in the cyclic tests
(0.05 mm/min) has been chosen in order to accurately con-
trol the maximum and minimum deviatoric stresses. In or-
der to check the influence of the loading rate, four addi-
tional cyclic tests with larger displacement rates v = 0.1 or
0.2 mm/min have been performed on medium dense sam-
ples, using an isotropic initial stress with pg = 200 kPa.
Two different stress amplitudes were tested for each dis-
placement rate. In agreement with the data from drained
monotonic tests in Figure 6, the material response under
undrained cyclic loading was found rather insensitive to the
displacement rate. The ¢®™P!/(2pg)-N;p; diagram in Figure
17 reveals that the number of cycles to initial liquefaction
is approximately independent of the loading rate. This is



Wichtmann & Triantafyllidis

Acta Geotechnica, 2016, Vol. 11, No. 4

0.20

o
Y
[6)]

<}
=
o

A

Amplitude-pressure ratio qamp'/(2p0)

v [mm/min] = o7 &
o 0.05
0.05 O 041 all tests: n
A 02 P, = 200 kPa
O 1 1
1 10 100 1000

Number of cycles N, to initial liquefaction

Fig. 17: Amplitude-pressure ratio versus number of cycles to
initial liquefaction for different displacement rates applied in
the undrained cyclic tests

in good agreement with several other studies documented
in the literature (e.g. [30,45,58,64,65]), which have shown
that the liquefaction resistance of sand does not depend on
loading frequency.

The effective stress paths and stress-strain curves ob-
tained from simulations of the three tests shown in Figure
12 using hypoplasticity with intergranular strain are pre-
sented in Figure 18. The parameters R, mg, mr, Br and x
of intergranular strain given in Table 2 have been calibrated
based on the data of test TCUI7 performed on medium
dense sand (Figure 12c,d). The parameters have been var-
ied until the best possible agreement between the exper-
imental and numerical curves of axial strain amplitude
£2™PY(N') and accumulated pore water pressure u(N) was
achieved, see curves for test TCUI7 in Figure 19. The solid
curves in Figure 19 stem from the experiments, while the
dashed or dot-dashed ones come out of the simulation with
the optimum parameters. Note that a relatively low value
of mr = 2.2 (compared to the recommendation mp = 5
in [35]) had to be chosen in order to reach a satisfying re-
production of the experimental curves. This is partly due
to the relatively high hg-value (hs = 4000 MPa) given in
Table 2. With the exception of the first cycle, the parameter
mp chosen as mp/2 is rather irrelevant for the simulations
of the cyclic triaxial tests since the strain path is always
rotated by 180° at the reversals.

It is obvious from Figure 18 that the butterfly-shaped
effective stress paths observed during the cyclic mobility
phase in the tests on the medium dense and dense samples
are not reproduced in the simulations. In contrast to the
experiments, the predicted effective stress does not reach p
= 0. After a certain number of cycles the stress paths from
the simulations repeatedly pass through an eight-shaped
(loose sand) or lens-shaped (medium dense and dense sand)
loop. Furthermore, in the simulations the accumulation of
axial strain takes place only towards the triaxial extension
side (see lower row of diagrams in Figure 18), while the tests
show a simultaneous increase of axial strain on both the
compression and the extension side within a single cycle.

Figure 19 reveals that the prediction of pore pressure
accumulation u®*“(N) and strain amplitude development

e2™PY(N) for the two tests TCUIL and TCUI17, performed
on loose or dense sand, is less satisfying than in the case
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of the test TCUI7 which was the basis for the calibration
of the intergranular strain parameters. This demonstrates
a known problem: A certain set of intergranular strain pa-
rameters can reproduce sufficiently well the elastic strains
and the effective stress relaxation in a single test, but usu-
ally does not fit well for other test conditions.

4.2 Tests with anisotropic consolidation

Several tests with stress cycles commenced at anisotropic
consolidation stresses have been conducted. The testing
program is summarized in Table 7. A displacement rate
of 0.05 mm/min was used for all tests of this series. Typi-
cal results from tests with ¢™" = gy — ¢®P! > 0 performed
on samples with three different densities are shown in Fig-
ure 20 (tests TCUAL - TCUA3). A liquefaction (p = 0)
is not reached in such tests with ¢™® > 0. After a cer-
tain number of cycles the accumulated pore water pressure
reaches a stable value and thus the effective stress path re-
peatedly passes through a certain lens-shaped loop, which
is located near the failure line known from the undrained
monotonic tests. This final stress loop is highlighted by the
black colour in the upper row of diagrams in Figure 20
while the rest of the stress path is formatted gray. For a
more detailed discussion of the position of the final stress
loops with respect to the FL and the PTL the interested
reader is referred to [55]. With increasing density of the
samples, the overall inclination of the final stress loop in-
creases while its encompassed area in the p-g plane is re-
duced. The rate of permanent axial strain accumulation
decreases with increasing number of cycles. However, the
strain accumulation continues even when the stress relax-
ation has stopped. The amplitude of axial strain remains
almost constant throughout the test [55].

The effective stress paths measured in several tests with
anisotropic initial stresses are collected in Figure 21. The
tests were performed with different initial densities, con-
solidation stresses (po, M0 = qo/po) and stress amplitudes.
In contrast to the tests shown in Figure 20, a drained first
cycle has been applied prior to the undrained cyclic loading
in all tests summarized in Figure 21. In [55] the tests shown
in Figure 21 have been analyzed regarding the question if
the average effective stresses reached after the stabilization
of the accumulated pore water pressure are adequately re-
produced by the HCA model.

Figure 21 demonstrates that for stress paths completely
lying in either the triaxial compression (gmin > 0) or ex-
tension regime (¢max < 0) of the p-¢ plane, the final stress
loop is lens-shaped. Its inclination in triaxial extension is
opposite to that in triaxial compression. The area enclosed
by these lenses increases with decreasing values of density
and initial stress ratio and with increasing stress ampli-
tude. In case of high densities or large stress amplitudes,
the point of maximum deviatoric stress on the final stress
loop surpassed the failure line (FL) known from undrained
monotonic tests. In contrast, for loose sand or smaller stress
amplitudes it has been found lying on or below the FL. If
unsymmetrical stress cycles were applied around the p-axis,
i.e. with go # 0 and ¢*™P! > ||, the effective stress path
during the last cycles showed a butterfly-like shape (see
tests TCUA16 and TCUA17 in Figure 21), i.e. p = 0 was
temporarily reached.

The stress-strain curves in all tests with gmin > 0 look
similar to those shown in the second row of diagrams in
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Fig. 18: Simulations of undrained cyclic triaxial tests with isotropic initial stresses and stress cycles using hypoplasticity and inter-
granular strain: a,b) test TCUIL (Ipo = 0.27, ¢®™P! = 30 kPa), ¢,d) test TCUI7 (Ipo = 0.67, ¢*™P! = 60 kPa), e,f) test TCUIL7 (Ipo
= 0.87, ¢*™P! = 60 kPa)

Test eod | Ipoa ) Ipo Do no | ¢@™P' | ¢*™Pl/py | 1. drained
[ [ [ [] | [kPa] | [] | [kPa] [ cycle?
TCUA1 - - 0.945 | 0.29 300 0.5 120 0.4 no
TCUA2 - - 0.812 | 0.64 300 0.5 120 0.4 no
TCUA3 - - 0.727 | 0.87 300 0.5 120 0.4 no
TCUA4 | 0.817 | 0.63 | 0.816 | 0.63 | 300 0.5 60 0.2 yes
TCUA5 | 0.820 | 0.62 | 0.818 | 0.63 | 300 0.5 90 0.3 yes
TCUA6 | 0.825 | 0.61 | 0.823 | 0.61 300 0.5 120 0.4 yes
TCUAT | 0.916 | 0.37 | 0.910 | 0.38 | 300 0.5 120 0.4 yes
TCUAS8 | 0.732 | 0.85 | 0.731 | 0.86 | 300 0.5 120 0.4 yes
TCUA9 | 0.841 | 0.56 | 0.840 | 0.57 100 0.75 25 0.25 yes
TCUA10 | 0.806 | 0.66 | 0.805 | 0.66 | 200 0.75 50 0.25 yes
TCUAIL | 0.819 | 0.62 | 0.817 | 0.63 | 300 0.75 75 0.25 yes
TCUA12 | 0.827 | 0.60 | 0.826 | 0.60 | 200 1.0 60 0.3 yes
TCUA13 | 0.814 | 0.64 | 0.814 | 0.64 | 200 0.75 60 0.3 yes
TCUA14 | 0.840 | 0.57 | 0.838 | 0.57 | 200 0.5 60 0.3 yes
TCUA15 | 0.808 | 0.65 | 0.807 | 0.66 | 200 0.3 60 0.3 yes
TCUA16 | 0.844 | 0.56 | 0.843 | 0.56 | 200 0.25 60 0.3 yes
TCUA17 | 0.810 | 0.65 | 0.809 | 0.65 200 | -0.25 60 0.3 yes
TCUAIR | 0.824 | 0.61 | 0.823 | 0.61 200 -0.25 40 0.2 yes
TCUA19 | 0.808 | 0.65 | 0.804 | 0.66 200 -0.5 40 0.2 yes

Table 7: Program of undrained cyclic triaxial tests with anisotropic consolidation and stress cycles. Void ratios e and relative densities
Ipo measured at initial stress po, o prior to undrained cyclic shearing. egq and Ipoq are the values at po prior to the first drained
cycle (if applied).
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strain amplitude s?mpl(N) in tests TCUIL, TCUI7 and TCUI17

Figure 20. In case of the unsymmetrical stress cycles ap-
plied around the p-axis (tests TCUA16 and TCUA17), the
strain accumulation on the triaxial extension or compres-
sion side prevails, depending on whether the main portion
of the stress path lies below or above the p-axis (see Fig-
ure 22a,b). The stress-strain relationships in these tests are
comparable to those observed for isotropic consolidation
stresses (Figure 12d). In case of stress cycles completely
applied in the triaxial extension regime of the p-q plane
(gmax < 0), an accumulation of negative axial strain (ex-
tension) takes place (Figure 22c¢).

The tests results presented in Figures 20 to 22 agree well
with the data from several other studies with anisotropic
consolidation stresses documented in the literature (e.g. [2,
11,17,19,26,27,38-41,44,47,57,62,63)). For a more detailed
comparison of the present test series with the literature,
reference is made to [55].

Curves of pore pressure ratio u®/py and accumulated
strain ¢ versus the number of cycles are provided in Fig-
ure 23. They confirm that the accumulation of residual ax-
ial strain continues after the rate of pore pressure accumu-
lation has vanished. The asymptotically reached u®°¢/pg
value increases with increasing stress amplitude ¢®™P!, de-
creasing initial density and decreasing amount of stress ra-
tio |no| (Figure 23a,c,e). The rate of residual strain accu-
mulation is larger for higher stress amplitudes, lower rel-
ative densities and larger amounts of stress ratio (Figure
23b,d,f).

Simulations with hypoplasticity and intergranular strain
of some of the tests with anisotropic initial stresses and
stress cycles are presented in Figure 24. The accumula-
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tion of compressional axial strain (Figure 24b) and the
lens-shaped final stress loop (Figure 24a) in the simulation
of test TCUA2 are close to the experimental observations
(compare Figure 20c,d). However, when stress relaxation
is accomplished, an almost constant rate of strain accu-
mulation £€3°° is obtained in the simulation while the test
TCUAZ2 shows a progressive decay of that rate.

The simulations of tests TCUA16 and TCUA18 include
the first drained cycle prior to the undrained cyclic load-
ing. Figure 24 shows the prediction for the undrained phase
only. In case of test TCUA16 (Figure 24c,d) with stress cy-
cles slightly exceeding the p-axis towards the triaxial exten-
sion regime, the simulation ends up in a lens-shaped stress
path, not reaching p = 0 (similar to the simulations of the
tests with isotropic initial stresses in Figure 18). This is
in contrast to the test results where the final part of the
stress path takes a butterfly-like shape, temporarily passing
a state of zero effective stress (Figure 21). The simulation
delivers an accumulation of strain towards the compression
side only, while the experiment shows a simultaneous in-
crease of strain on both the compression and the extension
side (compare Figures 22a and 24d).

In agreement with the corresponding test results (Figure
22c), the simulation of test TCUA18 with cycles completely
lying in the triaxial extension regime of the p-¢-plane deliv-
ered an accumulation of extensional strain, an inclination of
the stress path opposite to the triaxial compression side and
a lens-shaped final stress loop (Figure 24e,f). In contrast to
the experiments, however, the predicted rate of strain accu-
mulation does not show any decay with increasing number
of cycles. Therefore, some aspects of the material response
are reproduced by the constitutive model while some others
are not.

5 Summary and conclusions

The results of oedometric compression tests, drained and
undrained monotonic triaxial tests and cyclic undrained tri-
axial tests on a fine sand have been presented. In the cyclic
tests samples of varying density were consolidated isotropi-
cally or anisotropically at different values of initial confining
pressure po and stress ratio 19 = qo/po. The stress cycles
were applied with different amplitudes ¢®™P!. Together with
the results from undrained tests with strain cycles and tests
with a combined monotonic and cyclic loading documented
in the companion paper [56], this experimental database
may serve for the development, calibration and verification
of constitutive models with focus to cyclic loading. All test
data presented in this paper will be available from [52].

The undrained cyclic triaxial tests with isotropic consol-
idation and stress cycles showed a butterfly-shaped effec-
tive stress path in the final stage (cyclic mobility phase) for
medium dense and dense samples. After initial liquefaction
(p = 0 is reached for the first time), the axial strain ampli-
tude progressively increased with each subsequent cycle un-
til a certain failure criterion (e.g. |e1]| = 10%) was reached.
Loose samples failed due to large extensional strains within
a single cycle after the effective stress path came near to
the failure line in triaxial extension.

When the stress cycles were started at an anisotropic
stress (¢ # 0) the shape of the final effective stress path
and the stress-strain relationship depended on the position
of the cycles with respect to the isotropic axis. Similar to
the tests with isotropic consolidation, tests with an initial
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deviatoric stress |go| > 0 and a deviatoric stress ampli-
tude ¢*™P! > |qo| ended up in a butterfly-shaped effective
stress path, temporarily passing p = 0. The accumulation
of axial strain on the triaxial extension or compression side
prevailed, depending on whether the main portion of the
stress path lay below or above the p-axis.

If the stress cycles did not cross the p-axis, a zero effec-
tive stress (p = 0) was not reached. After a certain number
of cycles the accumulation of pore water pressure vanished
and the effective stress at the end of each subsequent cycle
stayed the same. In that phase the effective stress path re-
peatedly passed through the same lens-shaped loop in the
p-q plane. The area enclosed by this lens was larger for
lower densities, lower initial stress ratios and larger stress
amplitudes. The tests showed that the maximum deviatoric
stress on the final stress loop can significantly exceed the
failure line derived from the undrained monotonic tests,
if the stress amplitude is large and the density is high.
In contrast, for smaller stress amplitudes or lower densi-
ties, this point was observed to lie on or even below the
FL. The effective stress paths during cycles fully applied in
the triaxial extension regime (gmax < 0) showed an oppo-
site inclination to those observed for triaxial compression
(¢min > 0). An accumulation of compressional axial strain
took place in tests with quin > 0, while extensional strains
cumulated in tests with ¢uax < 0. The strain accumulation
continued even when the accumulated pore water pressure
had become stable, i.e. when stress relaxation was termi-
nated. The rate of this strain accumulation decayed with
increasing number of cycles.

As an example for the examination of an existing consti-
tutive model based on the presented experimental data,
selected tests have been recalculated using hypoplastic-
ity with intergranular strain. The simulations demonstrate
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that some parts of the material response can be repro-
duced well (e.g. stress strain curves in monotonic tests,
lens-shaped final stress loops in cyclic tests with anisotropic
consolidation) while some other experimental observations
are not captured satisfactory (e.g. no stress relaxation to p
= 0 and no butterfly-shaped effective stress loops for tests
with isotropic consolidation, accumulation of strain to the
extension side only in tests with gy = 0, pore pressure ac-
cumulation curves u?°¢(N) fit for one test but show large
deviations from the experimental data for tests with other
boundary conditions). The simulations demonstrate the dif-
ficulty of reproducing all different kinds of test conditions
by a single constitutive model with a limited number of pa-
rameters. They highlight the need for further improvements
of the existing models or for novel models that deliver a bet-
ter description of the experimental results. Each reader is
encouraged to check his own constitutive model against the
data base published herein.
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Fig. 23: Ratio of accumulated pore water pressure u?°°
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and initial mean effective stress po as a function of the number of cycles

measured in undrained cyclic triaxial tests with anisotropic consolidation stresses and different a,b) stress amplitudes qampl, c,d)

initial densities Ipo and e,f) initial stress ratios no

A Equations of the constitutive model used for
the element test simulations

A.1 Notation

Scalar variables are denoted by characters with normal let-
ters (e.g. e), second-order tensors are formatted fat (e.g. o,
h), while fourth-order tensors are given in sans-serif font
(e.g. L,1). A dyadic product is denoted by a®b (i.e. a;; by
in index notation), a single contraction by a-b = a;; b;
and a double contraction by a : b = a; by;. The Euclidean
norm is defined as ||a]] = y/a: a, the trace of a tensor as
tr (a) = agr and the deviator as a* = a — tr(a)/3 1 with
the second-order identity tensor 1 = ¢;;. The Kronecker
symbol ¢;; is equal to 1 for ¢ = 5 and 0 for ¢ # j. A normal-
ization is denoted by an arrow above the respective symbol
@& = a/l|al| and a division by the trace of the tensor is
identified by a roof & = a/tr (a).
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A.2 Basic hypoplastic model after von Wollffers-
dorff [51]
The basic equation of the hypoplastic model proposed by
von Wolffersdorff [51] reads:
) e (1)
M

with Jaumann stress rate o, strain rate € and the linear
and nonlinear stiffness tensors L and N:

&
€]l

o =

L:e + N ¢ = <L+N

L = fbfe&?& (F?1 + a®> 6 ®6) (8)
N = fifofup s (6467) Q

Therein ;5 = 0.5(0;10;; + 04191 ) is a fourth-order identity
tensor. The parameters a and F in Equations (8) and (9)
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Fig. 24: Simulations with hypoplasticity and intergranular strain of undrained cyclic tests with anisotropic initial stresses and stress
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ampl __

= 0.25, q

describe the failure criterion of Matusoka & Nakai [32]:

V3 (3 —singp,)

B 2 /2 sin (10)

_ l 9 2 — tan2 ¢ _ tan

Fo= \/8 tan w+2+\/§tanwcos(30) 22

(11)

tany = V36" (12)

cos(30) = —V6 tr(e”-&” 57*) (13)
[6": 672

@ is the critical friction angle (material constant). The
barotropy and pyknotropy factors read:

o ()

o= (%) (15)
. B_S e; [ 3p 1-n

o lam) e () )

(e}
2 _ €i0—€do
34a2—a+3 (eco_edo)
with material constants «, 3, hs and n. The pressure-
dependence of the void ratios ey, e. and e;, corresponding
to the densest, the critical and the loosest possible state is
described by (Bauer [5]):

e e e

€i0 €co

= 60 kPa), e,f) test TCUA18 (Ipo = 0.61, po = 200 kPa, no = -0.25, ¢*™P! =
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120 kPa), c¢,d) test TCUA16 (Ipo = 0.56, po = 200 kPa, no
40 kPa)

with the void ratios e;0, €. and eqo (material constants) at
pressure p = 0. The material parameters e;gp, €co, €do, Pc,
hs, n, a and 8 used for the simulations are summarized in
the first eight columns of Table 2.

A.3 Extension of hypoplastic model by intergran-
ular strain according to Niemunis & Herle
[35]
In order to eliminate an excessive accumulation of strain
(ratcheting) of the original hypoplastic model proposed by
von Wolffersdorff [51] in the case of a cyclic loading, Niemu-
nis & Herle [35] introduced the additional state variable
”intergranular strain” h, which memorizes the last part of
the previous strain path. A measure of the mobilization of
the intergranular strain is p = ||h||/R with a material con-
stant R describing the range of an elastic locus. Depending
on the actual strain rate € in relation to the direction of
the intergranular strain h, the stiffness M in Equation (7)
is increased according to:

M

[pX mr + (1 —pX) mg| L

u

n pX(1 —mgp)L: ho —|—pXN®hf0rh e>0
pX(mpr —mp)L: heh for T : <0
(18)

with material constants mr, mgr and x. The evolution of
the rate h of intergranular strain obeys:

ho— {“—

€
with another material constant (.. If a sufficiently large
monotonic strain is applied after a change of the strain

T:e>0
ﬂ):éSO

Br .
® hg ):& for (19)

for
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path direction, the comparatively low stiffness of the origi-
nal hypoplastic model according to Eq. (7) is regained. The
material parameters R, mp, mpg, x and f3, used for the sim-
ulations are summarized in the last five columns of Table

2.
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