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Inspection of a high-cycle accumulation model
for large numbers of cycles (N = 2 million)

T. Wichtmann? Th. Triantafyllidis®

Abstract: The high-cycle accumulation (HCA) model for sand proposed by Niemunis et al. [16] has been developed based
on numerous drained cyclic triaxial tests with 100,000 cycles. In the present paper the validity of the HCA model, in
particular its function fy and flow rule m, for larger numbers of cycles is inspected. For that purpose, drained long-term
cyclic triaxial tests with 2 million cycles have been performed on 13 clean quartz sands with different grain size distribution
curves. For all tested sands, the function fy, describing the shape of the strain accumulation curves £*°°(N), has been
found suitable up to 2 million cycles. The same applies to the cyclic flow rule m, determining the ratio of the volumetric
and deviatoric strain accumulation rates. Based on the data from the long-term tests, correlations between the HCA
material parameters entering fn and characteristics of the grain size distribution curve (dso, C,) have been improved for
the application to 2 million cycles. These correlations are suitable for a simplified calibration of the HCA model and were
validated up to 100,000 cycles only so far.

CE Database subject headings: long-term cyclic triaxial tests, 2 million cycles, high-cycle accumulation (HCA) model,

quartz sand

1 Introduction

The residual deformations of foundations under high-cyclic
loading, involving many cycles (N > 10%) with rela-
tively small strain amplitudes (¢*™P! < 1072), can be pre-
dicted using empirical settlement formulas [8,9, 12, 19],
engineer-oriented models [2,13,24] or high-cycle accumu-
lation (HCA) models [1,3,6,11,15-17,20-22]. Furthermore,
several empirical formulas have been also developed in the
field of pavement engineering, dedicated to the prediction
of permanent deformations in pavements caused by traf-
fic loading (e.g. [5, 10,14, 18,25, 26]). Owing to the long
duration, most laboratory experiments or model tests uti-
lized for a development or calibration of these mathematical
models have been performed with numbers of cycles lying
in the range 1,000 < N < 100, 000. However, many practi-
cal problems with high-cyclic loading involve a much larger
number of load cycles (N > 10°). For example, the founda-
tions of offshore wind power plants are subjected to a very
huge number of load cycles due to wind and wave action.
Applications in pavement engineering also usually involve
a number of load repetitions exceeding N = 10° by far.
Unfortunately, only a very limited number of experimental
studies has been performed with one million load cycles or
more (e.g. [1,4,6,7,23]). Consequently, it is unclear so far if
the various models proposed in the literature are suitable
for such large numbers of cycles.

Different functions are used within the models in order
to describe the increase of settlement s, pile head deflection
y or residual strain £%°° with increasing number of cycles

DResearch Assistant, Institute of Soil Mechanics and Rock Me-
chanics (IBF), Karlsruhe Institute of Technology (KIT), Germany
(corresponding author). Email: torsten.wichtmann@kit.edu

1) Professor and Director of the IBF, KIT, Germany

N. A logarithmic relationship

e? ~ In(l4+a N) (1)
and a power law

cacc N 2)

with parameters a and b are the two most wide-spread ap-
proaches. The HCA model proposed by Niemunis et al. [16]
uses a combination of a logarithmic and a linear function:

5aCC ~ fN = CNI [1H(1+CN2N)+CN3N] (3)

with parameters Cn1, Cny2 and Cys.

Based on drained cyclic triaxial tests with 10° cycles it
has been demonstrated in [28,31] that Eq. (3) - in contrast
to Egs. (1) and (2) - is able to fit the experimentally ob-
served accumulation curves £2°°(N) for clean quartz sand
or gravel with various grain grain size distribution curves.
As an example, Figure 1 presents £2°°(N) data measured
for a poorly graded medium coarse sand (Figure la), a
poorly graded fine gravel (Figure 1b) and a well-graded
sand (Figure 1c). The logarithmic function (1), given as
dashed curves in Figure 1, can be fitted well to the experi-
mental data of the poorly graded fine gravel (Figure 1b). In
the range N < 10% it is also suitable for the poorly graded
medium coarse sand (Figure 1a). However, Eq. (1) is inap-
propriate for the well-graded sand since the experimental
curve £*°°(N) shows a pronounced bending if plotted in a
diagram with semi-logarithmic scale (Figure 1c). Further-
more, Eq. (1) is also unable to reproduce the £€2°°(N) data
for the uniform medium coarse sand at higher numbers of
cycles N > 10* (Figure 1a). The power-law function (2)
approximates well the data for the well-graded material
(see the dot-dashed curve in Figure 1c), but its fitting to
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Fig. 1: Accumulation curves €“°(N) measured for granular materials with different grain size distribution curves in drained cyclic

triaxial tests with 10° cycles of constant stress amplitude. Eqgs. (1), (2) and (3) were fitted to the experimental data.

the data of the poorly graded materials (Figure la,b) is a) Silt Sand Gravel
non-satisfying. In contrast, Eq. (3) shown as solid curves 100 | .S0arse | _fine meydiyrp coarse | fine | medium
in Figure 1, is flexible enough to describe sufficiently well . 3
the measured £2°°(NN) curves for the various grain size dis- < 80 L
tribution curves. Therefore, using Eq. (3) in a HCA model e §
enables an application to a wide range of granular materi- S 60 ©
als. g /

However, nearly all drained cyclic triaxial tests per- 2 40
formed in the context of the HCA model of Niemunis et 5
al. [16] so far [28,30,31] were restricted to 10° cycles. There- £ 20 all materials:
fore, the function fx according to Eq. (3) is confirmed up & Cy=15
to N = 10° only. The same applies to the cyclic flow rule %o 006 i é: Ll 2
m, which determines the partition of the rate of strain ac- ' ' Grain si
cumulation £2°° into a volumetric (£2°°) and a deviatoric rain size [mm]
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mulations for fy and m are appropriate also for larger 100 12 (C‘ _13)1 Ve / AT
numbers of cycles. The data from drained long-term cyclic _ L11(Cy = 2.5) / 18 (Gy=4)
triaxial tests with 2 million cycles performed on 13 clean 2 80 I'L10 (lb‘u =2) Wi &/}/ L14 (C,=5)
quartz sands with different grain size distribution curves = La(c,=15) — / L15(C,=6)
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2 Tested materials and testing procedure 5 3" "la(t)eg'?r']sr;
A single cyclic triaxial test has been performed on each of = 20 0T
the 13 specially mixed grain size distribution curves shown ,ﬁ@
. . . 0 Lo ° 4
in Figure 2. These mixtures were already used for the ex- 0.02 _ 0.06 0o 0.6 > 6 20

perimental work documented in [30,31]. The raw material
is a fluvially deposited natural quartz sand obtained from
a sand pit near Dorsten, Germany. It has a grain density
of 0s = 2.65 g/cm3. The sands L2 to L7 (Figure 2a) have
the same uniformity coefficient C', = 1.5 but different mean
grain sizes in the range 0.2 mm < d5g < 3.5 mm. The ma-
terials L4 and L10 to L16 (Figure 2b) have the same mean
grain size dsg = 0.6 mm but different uniformity coeffi-
cients 1.5 < (', < 8. The index properties of the 13 sands
are summarized in Table 1.

The raw material used for the mixtures has a suban-
gular grain shape. For five different grain sizes, photos of
the grains taken with an optical microscope are provided
in Figure 3. The grain shape has been further analyzed on
the basis of images of the grains taken with a flat bed scan-
ner (resolution 9600 dpi). These images were converted to
a black-and-white format before being analyzed using the

Grain size [mm]

Fig. 2: Tested grain size distribution curves

software ImageJ with the Plugin Particles 8. All particles
on the figure having a size in accordance with the grain
fraction under consideration (no dust particles or similar
should be analyzed) and lying separately (i.e. without any
contact to neighboured grains, in order to prevent the anal-
ysis of conglomerates of several grains) were identified. The
cross-sectional area, perimeter, geometric centre of grav-
ity, etc. of the individual grains measured in pixels were
determined. Based on this information, several geometric
parameters describing the shape of the particles could be
calculated. For example, Aspect Ratio is defined as the ra-
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0.063 <+ 0.08 mm

0.125 <+ 0.16 mm

0.20 + 0.25 mm

0.50 + 0.63 mm

Fig. 3: Photos of the grains of different fractions of the raw material used for the mixtures taken by means of an optical microscope

(circular opening corresponds to a length of 25 mm)

Sand dso Cly C. €min €max Pe
[om] | [] | (]| [ [ (]
L2 0.2 1.5 1 09 | 0.596 | 0.994 | 32.9
L3 0.35 | 1.5 [ 0.9 | 0.591 | 0.931 | 33.1
L4 0.6 1.5 1 09 | 0.571 | 0.891 | 32.8
L5 1.1 1.5 1 09 | 0.580 | 0.879 | 33.6
L6 2.0 1.5 109 | 0.591 | 0.877 | 35.0
L7 3.5 1.5 109 | 0.626 | 0.817 | 36.4

L10 0.6 2 1090541 | 0.864 | 33.1
L11 0.6 2.5 0.8 ] 0.495 | 0.856 | 33.2

L12 0.6 3 |08 ]0.474 | 0.829 | 33.6
L13 0.6 4 108 0.414 | 0.791 | 33.6
L14 0.6 5 1070394 | 0.749 | 33.1
L15 0.6 6 | 0.7 ] 0.387 | 0.719 | 33.0
L16 0.6 8 | 0.7 ] 0.356 | 0.673 | 33.2

Table 1: Index properties (mean grain size dso, uniformity coef-
ficient Cy = dgo/d10, curvature index C. = dgo/(dlodgo), min-
imum and maximum void ratios emin, €max) for the 13 tested
sands. . is the critical friction angle determined as the angle
of repose from a pluviated cone of sand.

tio of the length F' of the longest axis divided by the length
B of the largest dimension in the orthogonal direction (see
schemes in Figure 4). Circularity is obtained as the ratio of
the cross-sectional area of the grain Agrain divided by the
area Acircle Of a circle having the same perimeter as the
original grain (Figure 4). Circularity is thus a measure of
how much the shape of a grain resembles a circle. It should
be kept in mind, however, that this analysis is restricted to
two-dimensional images of the grains, not evaluating their
third dimension.

For each fraction of the raw material, several hundreds of
grains have been analyzed in this way. Mean values of the
shape parameters of all grains within a fraction are con-
sidered further. In Figure 4 the reciprocal mean value of
Aspect Ratio and the mean value of Circularity are plotted
as a function of grain size. While Circularity is rather inde-
pendent of grain size, a slight decrease of the Aspect Ratio
in the range of grain sizes between 0.063 mm and about
0.3 mm can be concluded from Figure 4. At larger grain
sizes, also Aspect Ratio is not significantly changing with
increasing grain size. Therefore, the shape of the grains can
be regarded as approximately similar for all granular mix-
tures tested in this study.

Owing to the long duration, the tests of the present study
were run in four similar test devices simultaneously. The de-
vices and their measurement technique are described e.g.
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Fig. 4: Grain shape parameters as a function of grain size: As-
pect Ratio is defined as F'/ B and Circularity as Acrain [Acircie-
AgGrain denotes the cross-sectional area of the grain, Pgrain its
perimeter and Acircie and Pcircle are the respective values of a
circle having the same perimeter as the grain.

in [31]. The cyclic axial loading was applied with a pneu-
matic loading device. The samples with a diameter of 10
cm and a height of 20 cm were prepared by air pluviation.
All samples tested in the present study were medium dense
(0.59 < Ipp = (émax—€0)/(€max — €min) < 0.73). They were
tested under water-saturated conditions using a back pres-
sure of 200 kPa. The effective lateral stress o3 = 150 kPa
was kept constant during all tests. The average effective
axial stress was chosen as 03" = 300 kPa for all samples,
resulting in an average mean pressure of p* = 200 kPa,
an average deviatoric stress of ¢*V = 150 kPa and an av-
erage stress ratio of n® = ¢®v/p*® = 0.75. The deviatoric
stress amplitude was chosen as ¢*™P! = 80 kPa in the tests
on materials L4 to L7, as ¢®™P! = 60 kPa for L2, L3, L10
and L11 and as ¢®P! = 40 kPa for L12 to L16. The lower
stress amplitudes for the finer and more well-graded sands
accommodate the larger strain accumulation rates usually
observed for those materials [28,31]. Due to its larger de-
formation, the first irregular cycle was applied with a low
frequency of 0.01 Hz in all tests. Afterwards, the samples
were subjected to 2 million reqular cycles with a frequency
of 1 Hz.

Since the HCA model predicts the accumulation due to
the regular cycles only, the first irregular cycle is not further
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discussed in this paper. All data presented refers to the
regular cycles, that means N = 1 refers to the end of the
first regular cycle.

The long duration of the tests (approx. 23 days) impli-
cated some technical problems. The diffusion of air into the
pore water was prevented by using de-aired cell water and
a layer of silicon oil on both the water in the cell and the
water in the burette which was used for the volume change
measurements [31]. Diffusion from cell water into the sam-
ple was delayed by applying a layer of silicon grease to the
latex membrane (membrane thickness 0.4 mm, more imper-
meable butyl membranes were not available at the time of
the testing). However, most of the tests showed some leak-
age of cell water into the sample after several days, which
became visible as a more or less sharp bend in the £3°“-7
strain paths (see the exemplary plot for sand L5 in Fig-
ure 5), where £2° and €2°° are the accumulated volumetric
and deviatoric strain. Only the tests on materials L2, 111
and L16 did not show any leakage during the 2 million cy-
cles. While the residual volumetric strain data after leakage
cannot be used for the analysis of the tests, the axial strain
data is not affected by leakage. The degree of saturation of
the samples is also not altered by leakage since both the
pore and the cell water are de-aired.

3 Test results
3.1 Direction of accumulation - high-cyclic flow
rule m

The -7 strain paths measured in the long-term tests
are presented in Figure 5. For a given test, the data markers
shown in the diagrams of Figure 5 correspond to different
numbers of cycles (N =1, 2, 5, 10, 20, 50, ..., 2-10°%). The
data after the start of leakage are not included in Figure 5.
The only exception is the diagram for sand L5, where the
strain path after the start of leakage is exemplarily shown.

For comparison, the strain paths measured in an ear-
lier study [30] are included in Figure 5. In those tests with
same average and cyclic stresses and similar initial den-
sities, samples of the same sands had been subjected to
10° cycles only. Up to N = 10° the new and the old 2°¢-
£5° strain paths are in good accordance (Figure 5). The
data from the new long-term tests in Figure 5, in particu-
lar those for sands L2, 111 and L16 where leakage did not
occur during 2 million cycles, demonstrate that no signif-
icant change of the direction of the e{°*-£5° strain paths
occurs after 100,000 cycles. This means that the direction
of accumulation, i.e. the ratio £5°°/£5° of the volumetric
and deviatoric strain accumulation rates, measured in the
range 10> < N < 2-10° agrees well with that obtained for
N < 10°.

This is also evident in Figure 6 which compares the
£2°¢(5°°) data at N = 10° (open symbols, obtained from
both the old and new test series) with the data gathered
at higher numbers of cycles 10° < N < 2105 (filled sym-
bols, corresponding to the last reliable data point in the
long-term cyclic tests before leakage). In Figure 6 it is not
distinguished between the various tested sands. Obviously,
the open and the filled symbols in Figure 6 lie on a unique
curve, confirming that the strain rate ratio £2°¢/ £g°c Is sim-

ilar for N < 10% and 10° < N < 2-10°. Furthermore,
Figure 6 reveals that the direction of accumulation for the
13 tested granular materials is almost identical, at least at
the tested stress ratio n*V = 0.75.

Based on Figures 5 and 6 it can be concluded that the
high-cyclic flow rule m of the HCA model is confirmed up
to 2 million cycles. The equations for m found suitable for
N < 10° (e.g. the flow rule of the Modified Cam-clay model
or a more general flow rule proposed in [32], see a detailed
discussion in [30]) are applicable also for larger numbers of
cycles.
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Fig. 6: Accumulated deviatoric strain €5° versus accumulated
volumetric strain £3°°: Comparison of data at N = 10° (from
old and new test series) and 10° < N < 2-10° (last reliable
data point in the long-term tests before leakage). The diagram
contains the data from all 13 tested granular materials.

3.2 Intensity of accumulation - function fy

The measured curves of permanent axial strain §°° versus
the number of cycles are given in Figure 7. Up to N = 10°,
the new data agree well with those from the older test se-
ries [31] where only 105 cycles had been applied. For the
poorly graded sands L2 to L5, the disproportional increase
of £5¢¢ with In(V) continues even up to N = 2-10° cycles.
Furthermore, also for the coarse sands and fine gravels L6
and L7, which obey €2 ~ In(N) in the range N < 105,
a disproportional increase of £§°¢ with In(N) was observed
at larger numbers of cycles 10> < N < 2-105. Therefore,
while a logarithmic function £§°¢ ~ In(N) may be suitable
for coarse sand and fine gravel up to 10° cycles, it is in-
appropriate for larger numbers of cycles. For most of the
more well-graded materials L10 to L16, the curves 5°°(N)
showed a pronounced bending in the semi-logarithmic dia-
grams up to 100,000 cycles, but were almost linear in the
range 10° < N < 2-10°. For some materials (e.g. L13, L14)
a decrease of the rate of accumulation at N > 106 lead to
S-shaped accumulation curves.

The new long-term cyclic triaxial tests have been recal-
culated using an element test program that simulates the
development of permanent strain €§°° with increasing num-
ber of cycles using the HCA model. The parameters Campl,
C., Cp, Cy, Cn1, Cn2 and Cn3 published in [31] have been
applied in these simulations. These parameters are also pro-
vided in columns 2 to 8 of Table 2. They have been cali-
brated from several cyclic tests with 10° cycles performed
with different stress amplitudes, initial soil densities and
average stresses [31]. The average stress (p®¥ = 200 kPa,
7™ = 0.75), the initial void ratio and the strain amplitudes
e3Pl N) measured in the long-term tests were used as in-
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Fig. 5: £2°°-¢3 strain paths measured in the tests with N = 2 - 10° cycles. For comparison, data from an earlier test series [30] with
10° load cycles are also provided.
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put for the recalculations (a detailed explanation on how
2Pl and £2°¢ are derived from the raw test data can be
found in [29]). The predicted accumulation curves £5°°(N)
have been added as dashed curves in Figure 7. Curves ob-
tained from a recalculation of the older tests with 10° cy-
cles using the same sets of parameters are also provided in
Figure 7 (dot-dashed curves). Obviously, for most tested
materials the experimental data and the curves from the
simulations agree sufficiently well up to N = 10° cycles.
Somewhat larger differences were observed for materials L5,
L7 and L15 which may be attributed to the usual scatter of
data from cyclic tests. However, for most tested materials
(L2 to L5 and L10 to L16), the permanent strains at larger
numbers of cycles N > 10° are significantly overestimated
by the parameters in columns 2 to 8 of Table 2 determined
from the tests with N < 10°. This can be primarily at-
tributed to too large Cns-values used in the function fy
according to Eq. (3). Cy3 is of crucial importance for the
accumulation rates at large number of cycles. Obviously, it
can be inadequately determined from tests with 10® cycles.

Consequently, a new set of parameters Cn1, Cn2 and
Cn3 for Eq. (3) has been calibrated based on the data from
the tests with 2 million cycles. The parameters Campl, Ce,
Cp, Cy were adopted from the earlier test series (columns
2 to 5 of Table 2). The Cy; parameters have been deter-
mined by means of an element test program described in
detail in [31]. The program uses an automated optimiza-
tion algorithm to find those parameters for which the sum
of squared deviations between the measured and the pre-
dicted £3°°(N) curves takes its minimum. The respective
parameters are summarized in columns 9 to 11 of Table 2.

The HCA model prediction for the tests with 2 mil-
lion cycles using these parameters has been added as solid
curves in Figure 7. For most tested materials a relatively
good agreement between the predicted and the experimen-
tal data is observed at N > 10°. The only exception are the
two materials L13 and L14, where the decrease of the accu-
mulation rate at N > 100 is not reflected by the function fx
in combination with the functions f. (decrease of £€2°° due to
compaction) and famp (decrease of £2°¢ due to decreasing
strain amplitude P! see Section 3.3) of the HCA model.
In some cases the new set of parameters implies some loss
of prediction accuracy in the range N < 10°, becoming ev-
ident as a larger deviation of the predicted curve from the
measured € data in certain ranges of N. For example,
in case of L2, the predicted curve lies slightly below the
measured data up to N = 10 and slightly above in the
range 10%> < N < 10°. In that case, a better approximation
of the data for N < 105 could be achieved with a set of
parameters fitted exclusively to the data in that range. De-
spite these somewhat larger deviations in the range of low
N-values it can be concluded that the function fy of the
HCA model according to Eq. (3) is approximately adequate
up to 2 million cycles, for all grain size distribution curves
tested in the present study. The data for sands L13 and L14
at N > 108 give hints, however, that this conclusion may
not be applicable to even larger numbers of cycles. Tests
with IV > 2 - 10% would be necessary to clarify that issue.

The dependence of the intensity of strain accumulation
on the grain size distribution curve is inspected based on
the data from the new long-term cyclic tests. The diagram
in Figure 8a collects the axial strain accumulation curves
measured for all uniform materials (L2 - L7) with C,, = 1.5

and various dsg values between 0.2 and 3.5 mm, while the
€3°°(N) data for all sands with dsp = 0.6 mm and differ-
ent uniformity coefficients in the range 1.5 < C,, < 8 (L4,
L10 - L16) are summarized in Figure 8b. The diagrams in
Figure 8c,d present the residual strain £7°¢ after 100,000
and 2 million cycles as a function of mean grain size dsg
(Figure 8c, data of L2 - L7) or uniformity coefficient C,,
(Figure 8d, data of L4, L10 - L.16), respectively. The jumps
in the data provided in Figure 8c,d are due to the different
stress amplitudes chosen in the tests on the different ma-
terials. Although three different amplitudes ¢*™P! = 40, 60
and 80 kPa have been applied for the 13 tested materials,
a decrease of the intensity of strain accumulation with in-
creasing mean grain size and an increase of £2°¢ with C, is
obvious in the various representations in Figure 8. These
findings from the new long-term tests agree well with the
results from the earlier study documented in [31]. For a dis-
cussion of possible reasons of the dsg- and C\,-influence it
is referred to [31].

Figure 9 analyzes the development of relative density Ip
during the tests. Initially, all samples were medium dense.
Since the leakage addressed above affects the volumetric
strain measurement, the void ratio and relative density val-
ues after the occurrence of leakage were evaluated under the
assumption (justified by the analysis in Section 3.1) that
the strain rate ratios €3¢ /¢3¢ before and after leakage are
identical. In congruence with the €3¢ data presented in
Figure 8, the diagrams in Figure 9b,d reveal that the re-
duction of relative density becomes more pronounced with
increasing uniformity coefficient of the tested material. Rel-
ative densities slightly below or even above 1.0 have been
reached in case of the well-graded materials L15 and L16
(Cy, = 6 or 8, respectively) at N = 2-10°. According to
the HCA model equations, reflecting the experience from
tests with different initial relative densities [27,28,31], the
strain accumulation vanishes (¢2°¢ = 0) when the void ratio
reaches e = C¢, due to f. = 0. Usually, C, is slightly lower
than the minimum void ratio ey;, obtained from standard
tests. Therefore, relative densities Ip > 1 can be reached
under a drained high-cyclic loading. This is confirmed by
the actual data for material L16. However, it can be ex-
pected that the strain accumulation rate strongly declines
when e approaches C.. The S-shaped accumulation curves
observed during the final stage of the tests on L13 and L.14
may already reflect such approximation of the densest pos-
sible state. Similar S-shaped curves would probably have
been obtained for L15 and L16 if the cyclic loading would
have been continued above N = 2 - 10°.

3.3 Elastic portion of deformation - strain ampli-
tudes
The elastic portions of deformation measured in the long-
term cyclic tests are inspected in Figure 10. The curves
of axial strain amplitude e2™"'(N) for the uniform materi-
als L2 to L7 are presented in Figure 10a, while those for
the sands L4 and L10 to L16 with varying uniformity co-
efficients are grouped in Figure 10b. In accordance with
earlier test series [27,31], for most materials a decrease of
the strain amplitude during the first 100 cycles was ob-
served, in particular in the tests with the larger stress am-
plitudes ¢®™P! = 60 and 80 kPa (e.g. in the test on L4, Fig-
ure 10a,b). This initial decrease was followed by a phase
(100 < N < 105) with nearly constant or even slightly in-
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1 2 [ 31 41571 6 [ 7 [ 8 9 | 10 [ 11 [ 12 ] 13 [ 14
Parameters from tests with 10° cycles, Parameters from tests with 2 - 10° cycles
Sand adapted from [31] with Cympl, Ce, Cp, Cy from
columns 2-5 Egs. (4) to (7)
Campl | Ce Cp | Cy Cn1 Cna Cns Cn1 Cna Cns Cn1 Cna Cns
[ oL LB oy [ [po®jpo®) | [ J[@o®] o | [] | [0

L2 1.33 | 0.65 | 0.30 | 1.89 18.0 0.15 6.0 32.8 0,012 0.75 10.4 0.017 0.65
L3 1.85 | 0.61 | 0.55 | 3.00 | 8.25 0.24 2.1 7.36 0,160 0.80 5.90 0.175 0.70
L4 1.97 | 0.57 | 0.52 | 2.82 | 4.35 0.30 3.5 4.44 0,185 0.95 4.42 0.200 0.90
L5 1.84 | 0.54 | 0.32 | 3.14 | 2.50 0.54 2.0 2.32 0,260 0.60 3.44 0.260 0.60
L6 1.64 | 0.58 | 0.11 | 2.72 3.66 0.89 0.1 3.50 0,400 0.30 2.70 0.420 0.30
L7 1.48 | 0.51 | 0.09 | 3.49 1.28 0.96 0 1.00 0,720 0.18 1.60 0.720 0.22

L10 1.67 | 0.53 | 0.32 | 2.37 13.4 0.075 5.5 17.0 0.0360 1.80 15.4 0.0240 1.40
L11 2.43 0.53 | 0.50 | 2.89 15.4 0.040 13.5 16.0 0.0400 5.00 17.6 0.0450 2.50
L12 1.60 | 0.48 | 0.44 | 3.02 36.0 0.016 10.5 52.0 0.0080 3.00 43.2 0.0070 2.00
L13 1.85 0.40 | 0.34 | 3.12 26.6 0.0090 10.0 46.8 0.0060 2.00 46.8 0.0160 2.50
L14 234 | 034 | 045 | 3.29 23.0 0.0065 7.5 42.2 0.0065 1.60 89.4 0.0050 2.50
L15 1.97 | 034 | 044 | 2.69 | 41.2 0.0070 7.5 120.0 | 0.0020 1.20 130.0 | 0.0045 3.50
L16 1.53 0.31 | 0.23 | 2.45 79.2 0.0050 8.0 160.0 | 0.0020 1.20 142.0 | 0.0070 5.00

Table 2: HCA model parameters for the 13 tested sands.

Sand / I, / 2™ [kPa] = all sands:
a) 2.5 Sand/ I,/ q@mP! [kPa] = ‘ b) 10 —o— L4 /063/60 |950=06mm___
—0—12/0.62/60 all sands: —0— L10/0.62/60
T ool |O—L8/059/60 | T gl | A L11/0.64/60
= 7l |—2—14/063/80 = —v— L12/0.66 / 40
S —v—L5/0.66/80 8- —O—L13/0.63/40
€ 15| —0—16/0.67/80 . c 6| —<—L14/0.68/40 .
g ——17/0.73/80 g —>—L15/0.64 /40
(/2]
3 10 alltests: g 4 | =C—L16/0.65/40 |
& S all tests:
. : p2¥ =200 kPa
8§ osf- 1 S 2f nav=075 1
0 A= i i i i i 0 LO=0 i
10° 10" 102 10® 10* 105 10° 10© 10" 102 10® 10* 10° 10°

Number of cycles N Number of cycles N

Legend for c) + d):

€) 3.0 - d) 12— ‘ :
all sands: C, =15 - all sands: 0 =
— nn — -
R 25 S 4 zz & 10 dgo=0.6mm S =
g AT A A g w O
w 2.0 oe w 8 r =
c e} c - o
= 1 Om S s :/./
% 15 B S D
s 9 s | Wt _o— 0
8 - = < e
< 1.0 . = 0
© “O—0= \K[s ~ © 4 < ]/
4] = S =
£ 0.5 alltests: i& S 2-A all tests:
pav =200 kPa, na" = 0.75 A pav =200 kPa, n&" = 0.75
O 1 1 0 1 1 1 1
0.1 0.2 0.5 1 2 5 10 1 2 3 4 5 6 7 8 9
Mean grain size dsg [mm] Uniformity coefficient C,

Fig. 8: Curves e¥°°(N) in tests on sands with a) C,, = 1.5 and varying dso (L2 - L7) and b) dso = 0.6 mm and varying C, (L4, L10
acc

- L16); Accumulated axial strain £3° after 100,000 (empty symbols) and 2 million cycles (filled symbols) as a function of ¢) mean
grain size dso and d) uniformity coefficient C.,



Wichtmann & Triantafyllidis

Soil Dynamics and Earthquake Engineering, Vol. 75, pp. 199-210, 2015

all sands: ____
C,=15

Q

) 05

o
(o))
T

©
J

MWM%WQ@@

Sand / gamp! [kPa] =

Relative density Ip
o
[oe]

09 o—12/60 —v—L5/80 S'a'vtisgo «Pa
ol |osre0 —o—Lera0 | P T (0

——14/80 —<+—1L7/80

1.1 J

10° 10" 10%2 10 10* 10° 10°
Number of cycles N

¢) 05 ‘
8 2 5
o Legend 8 O ﬁ <
o % ~
2 0.7} forc)+d): @ A N
(%] < A ﬁ
S %
S 08F| BT
2 TN e all tests:
T 09|z =z =z [kPa]=| . pa =200 kPa,
T AL A 80 nav=0.75
10+{ O © @ 60
OO m 40 allsands: C,=1.5
11 L 1
01 02 05 1 2 5 10

Mean grain size dgg [mm]

Relative density Ip

dos——r— ‘
o0z & o 0 ©
0.6 = R T

o |40z D 2 o O
> -
5 0.7-AO On o all sands:
S dsp=0.6 mm
o 0.8 ° B} &
g °s =& ol
© 09
© all tests: n
= 10l P%=200KPa, =

“l nv=075 [ ]

b) 0.5 — all sands: all tests: —
dso =0.6 mm pa =200 kPa
06 n#=0.75
0.7 1
0.8 1

Sand / gamp! [kPa] =
09H —O— L4 /60 —>—L13/40 s
—O0—L10/60 —<+—L14/40
1.0H 42— L11/60 —>—L15/40 .
—— L12/40 —0—L16/40

1.1 Il Il Il Il
10° 10" 102 10®° 10* 10° 10°
Number of cycles N

1'11 2 3 4 5 6 7 8 9

Uniformity coefficient C,,

Fig. 9: Development of relative density Ip with increasing number of cycles in tests on sands with a) C,, = 1.5 and varying dso (L2
- L7) and b) dso = 0.6 mm and varying C,, (L4, L10 - L16); Relative density Ip at N = 0, 10° and 2 - 10° as a function of ¢) mean

grain size dso and d) uniformity coefficient C.,

. . . ampl .
creasing strain amplitudes €{™”. A moderate re-increase

was particularly measured for the more well graded gran-
ular materials loaded with the smallest tested stress am-
plitude ¢! = 40 kPa (e.g. for L16, Figure 10b). Finally,
for all tested materials £™' significantly decreased with
N between N = 10° and N = 2 -10%. While this final re-
duction of e2™' may be due to compaction of the sand,
the initial decrease (N < 100) and the intermediate re-
increase observed for some materials cannot be explained
by void ratio changes. These £™P! variations are most likely
caused by an alteration of the sand fabric or by changes in
the force transmission chains within the skeleton of grains.
The micromechanical mechanisms leading to these experi-
mental observations are not fully understood yet and need
further research.

The influence of the grain size distribution curve on the
elastic strains is examined in Figure 10c,d. The axial strain
amplitude at N = 10° (empty symbols) and N = 2 - 10°
(filled symbols) is plotted versus dso or C,, respectively.
The decrease of the strain amplitude between N = 10° and
N = 2-10° is obvious in these diagrams, since all filled
symbols lie considerably below the corresponding empty
ones. Looking at the uniform sands L4 to L7 loaded with
¢®Pl = 80 kPa, the largest strain amplitude and thus the
lowest secant stiffness has been observed at dsg = 1 mm
(Figure 10c). The decrease of £2™P' with increasing mean
grain size at dsp > 1 mm may be partly attributed to the
higher initial densities in the tests on the coarser materials.
For a constant stress amplitude, the strain amplitudes at

N = 10° do hardly depend on the uniformity coefficient
(Figure 10d), while a slight decrease of 2™ with increasing
C,, can be concluded from the data for N = 2 - 108.

It should be noted that tests with similar initial den-
sities have been analyzed in Figure 10. If the tests would
have been performed with a constant void ratio instead of
density, a significant reduction of the secant stiffness with
increasing uniformity coefficient could be expected [33,34].

4 Simplified HCA model calibration with correla-
tions extended for 2 million cycles

In [31], for a simplified calibration of the HCA model pa-

rameters in the absence of cyclic test data, the following

correlations of the parameters with index properties (dsp,

C\, €min) have been proposed:

Compl = 1.70 (4)
C. = 0.95emn (5)
C, = 0.41-[1—0.34 (dso — 0.6)] (6)
Cy = 2.60-[1+0.12 In(ds/0.6)] (7)

Cyi = 4.5-107%-[1 —0.306 In(ds/0.6)]
1 +3.15 (Cy — 1.5)]
= 0.00120 [1 — 0.361In(dso)] (C,, — 1.18)  (8)
Cnz = 0.31 exp[0.39 (dso — 0.6)]

-exp{12.3[exp(—0.77C,,) — 0.315]}
= 0.0051 exp|0.39ds0 + 12.3 exp(—0.77C.,)](9)
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where dsg has to be inserted in [mm]. These correlations
were developed based on the data from numerous tests with
10° cycles. The data from the new long-term cyclic tests
allow the examination of the correlations given by Egs. (8)
to (10) for 2 - 10° cycles.

With the parameters Campl, Ce, Cp and Cy calculated
from the correlations (4) to (7), another curve-fitting has
been performed to the long-term test data delivering the
parameters Cn1, Cn2 and Cns given in columns 12 to 14
of Table 2. The accumulation curves €§°¢ predicted by the
HCA model using these parameters are practically identical
with the solid curves provided in Figure 7.

In Figure 11 these parameters are plotted versus the
mean grain size dsg (data of L2 to L7) or the uniformity co-
efficient C), (data of L4 and L10 to L16), respectively. Egs.
(8) to (10) have been added as dashed curves in Figure
11. Obviously, the C3-values obtained from the long-term
cyclic tests are significantly smaller than those calculated
from Eq. (10) (Figure 11e,f). Furthermore, the parameters
Cno derived for 2 million cycles are also lying slightly below
those predicted by Eq. (9) (Figure 11c,d).

In comparison to the other tested materials, for sand L2
(dsp = 0.2 mm, C,, = 1.5) an unexpectedly small Cny value
(Figure 11c¢) and consequently a relatively large Cny value

10

was obtained (Figure 11a). In the earlier study with 100,000
cycles documented in [31] the experimental data for sand
L2 did not show any distinct deviations from the data mea-
sured for the other poorly graded sands. Furthermore, with
the exception of L2, although differing in magnitude, the
trends of the parameters Cn1, Cn2 and Cys with dsg and
C, in Figure 11 are similar to those derived from the tests
with 105 cycles [31]. The reasons for the deviations in case
of sand L2 are not clear yet. Therefore, the C'y1 and Cpo
values for L2 are treated as outliers in the following analy-
sis. Neglecting these outliers, the Cn1-dso-relationship ob-
tained from the long-term cyclic tests is similar to that
reported in [31] (Figure 11a), while the Cn1-C,, curve for
N = 2106 is somewhat steeper than for N = 105 (Figure
11b).

The parameters C'nyy, Cny2 and Cs obtained from the
long-term tests with 2 million cycles can be approximated
by correlations similar to Egs. (8) to (10) but with different
coefficients:

Cy1 = 0.00184 [1 —0.471n(dso)] (C — 1.30) (11)

Cn2 = 0.00434 exp[0.42d50 + 13.0 exp(—0.85C,)]
(12)

Cns = 1.83-1075 - exp(—0.37 dso)(C, — 1.23)%-59

(13)

These correlations are given as thick solid curves in Figure
11. Due to the larger deviations the data for sand L2 have
been neglected in the development of Eqs. (11) to (13).
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For a simplified calibration of the HCA model parame-
ters, Egs. (8) to (10) are recommended for boundary value
problems with N < 10° cycles while Egs. (11) to (13) are
more suitable for larger numbers of cycles (10° < N <
2-106).

Generally, if the HCA model parameters are calibrated
from cyclic test data instead of using the correlation equa-
tions (8) to (10) or (11) to (13), the maximum number of
cycles in these tests should be chosen representative for the
cyclic loading of the practical problem under consideration.

5 Summary, conclusions and outlook

13 drained cyclic triaxial tests with 2 million cycles have
been performed on clean quartz sand. Different grain size
distribution curves with mean grain sizes in the range 0.2
mm < d59 < 3.5 mm and uniformity coefficients 1.5 < C, <
8 have been tested.

From earlier tests with only 10° cycles it was already
known that the accumulation curves €3°(N) of poorly
graded sands usually obey £ ~ In(N) up to N =~ 10%.
In the range 10* < N < 10° the inclination of the accu-
mulation curves (plotted in a semi-logarithmic £§°°-N dia-
gram) usually increases. The new long-term tests show that
this increase continues even up to N = 2 - 10° cycles. Fur-
thermore, such increase in the range 10° < N < 2106
was measured also for coarse sands and fine gravels where
the accumulation curves followed £2°° ~ In(N) during the
first 10° cycles. For most of the more well-graded sands the
accumulation curves €3°°(IV) showed a pronounced bend-
ing in the semi-logarithmic diagrams at N < 10° while
the curves were almost linear at larger numbers of cycles
(105 < N < 2-105). For some of the well-graded materials a
decrease of the rate of accumulation at larger N-values lead
to S-shaped accumulation curves in the semi-logarithmic
scale.

Despite the different shape, the measured accumulation
curves for the various sands can be well approximated by
the function ¢ ~ fy = Cn1[In(1 + Cn2N) + Cn3N] of
the HCA model proposed by Niemunis et al. [16]. This func-
tion was originally developed based on data from tests with
10% cycles only. The new test data reveals that fx is suit-
able at least up to N = 2-10° cycles. However, the test data
at N > 108 occasionally give hints that this conclusion may
not be valid for even larger number of cycles N > 2 - 109,
because the decay of the rate of strain accumulation at
large N values was observed faster than predicted by fn
for some more well-graded materials.

Recalculations of the new long term tests with 2 million
cycles using the HCA model with parameters calibrated
from an earlier test series with N = 10° cycles performed
on the same sands (parameters adapted from [31]) showed
a good prediction of the measured cumulative deformations
in the range N < 10°. At larger numbers of cycles, how-
ever, the measured strain accumulation rates are signifi-
cantly overestimated by these parameters. Therefore, new
parameters Cn1, Cn2 and C'ny3 have been calibrated based
on the long-term test data.

The correlations between the HCA model parameters
Cn1, Cn2 and Cns and the granulometry (dsg, Cy) pro-
posed in [31] for 10° cycles have been inspected based on
the new long-term test data. In particular, the parameters
Cpns calibrated from the tests with 2 million cycles were
found significantly lower than those calculated from the
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previous correlation equation. Based on the long-term test
data, modified correlation equations for Cn1, Cn2 and Cys
have been developed. They may be applied for a simplified
calibration of the HCA model parameters in the case of
boundary value problems with 10° < N < 2-10° cycles.

The data from the long-term tests have also been used
to inspect the high-cyclic flow rule m used in the HCA
model. The ratio of the volumetric and deviatoric strain
accumulation rates measured in the range 10> < N < 2-10°
was found similar to that observed for smaller numbers of
cycles. Therefore, the high-cyclic flow rule m validated up
to 10° cycles so far [30] is applicable also to larger numbers
of cycles.

As already mentioned in [31], the correlations (4) to (13)
should only be applied within the range of tested dso- and
Cy-values, i.e. 0.2 mm < dsg < 3.5 mm and 1.5 < C, < 8
in case of the equations derived from the long-term cyclic
tests. Furthermore, at present these correlations are only
valid for clean quartz sands with subangular grain shape.

It is intended to extend the correlations (4) to (13) in
order to consider the influences of a fines content (up to now
only clean quartz sands have been tested) and of the grain
characteristics (e.g. shape, surface roughness, mineralogy).
The respective experimental study will be presented in a
separate publication in future.
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