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Abstract

Single- and multi-stage isotropic creep tests including bender element and acoustic emission measurements are carried out
to investigate the relationship between ageing and creep in dense silica sand. In the considered pressure range, the
experimental results show an inversely proportional relationship between ageing and creep: the small-strain shear modulus
increases with decreasing isotropic pressure,, while the axial creep strain and the acoustic emissions show the opposite
pressure dependence. In the multi-stage creep test, the small-strain shear modulus increases monotonically, while the rates
of axial strain, number of acoustic emissions and small-strain shear modulus decrease with time according to a power law.
In the single-stage creep tests, the ageing and creep indicators initially evolve as in the multi-stage creep test, but then the
small-strain shear modulus reaches a peak value and decreases with time thereafter. At the same time, the rates of axial
strain, number of acoustic emissions and small-strain shear modulus deviate from the power law. A conceptual model
assuming a time-dependent behaviour of the normal and shear forces at the particle contacts in order to explain the
experimental observations qualitatively is proposed. Accordingly, an increase in small-strain shear modulus results from
homogenisation of the force chains, while a decrease in small-strain shear modulus results from a temporary formation
followed by a time-delayed collapse of strong force chains.
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0 Density of the sample

Py Particle density

S Particle sphericity

Sq Particle roughness

Ga Rate of axial pressure

Gr Rate of radial pressure

u(r) Time-dependent signal voltage of an AE
event

Vs Shear wave velocity

1 Introduction

Young granular soils deposited by natural or anthropogenic
processes and granular soils that lost their natural structure
by construction processes such as pile driving or soil
compaction by vibration, change their mechanical proper-
ties within readily observable time scales. This time-de-
pendent process is also referred to as ageing [26].
Examples highlighting the ageing of sand regarding
mechanical properties such as strength and stiffness are the
increasing bearing capacity of piles posterior to their
installation [8, 10, 34], the increasing resistance measured
by cone penetration tests (CPT) in fills [27, 32] as well as
the increasing shear modulus at small strain [1, 2]. At
constant effective pressure, density changes occur by time;
this process is called creep. In contrast to fine-grained soils
creep in granular soils is less pronounced [3], however, for
certain geotechnical challenges time-dependent deforma-
tion has to be taken into account. Examples are open cast
mining dumps with thicknesses up to several hundreds of
metres [9, 22] or foundations of buildings and infrastruc-
ture on backfilled layers of sands that were compacted by
vibro-pressure methods [11].

The time-dependent phenomena of creep and ageing
occur simultaneously, whereas a relationship between the
corresponding measurable quantities, i.e. the strain rate
during creep and stiffness changes, is expected. By
experiments, various researchers have investigated the
creep and/or ageing behaviour of different sands, e.g.
[4, 7, 12, 29, 40], but without presenting a comparative
analysis and furthermore an explanation considering the
interaction between the two phenomena, which is the
objective of the present work.

Schmertmann [32] concluded that primarily microme-
chanical processes, which take place during creep, are the
main cause of ageing. Surface abrasion of particles, for-
mation of microcracks, and different degrees/intensities of
particle breakage are fundamental processes during creep,
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especially at considerable high pressure [14, 24]. Further-
more, particle translation and rotation, which occur time-
dependently at constant pressure, change the arrangement
of the particles, as well as the formation of particle contacts
[18, 20]. In granular materials, load transfer occurs inho-
mogeneously considering the so-called meso-scale, which
considers individual particles in a particle assembly
(equivalent term: grain skeleton). A distinction is made
between particles that are part of force chains carrying
comparatively large forces and the surrounding low-loaded
particles [31]. The aforementioned time-dependent
micromechanical processes can cause lateral deflection
(alternatively termed as “buckling”) of the heavily loaded
force chains [7, 19]. Thus, the mechanisms during creep
cause a rearrangement of force chains including a
restructuring of the particle contacts resulting in a stiffer
particle assembly [7, 41]. The comparably small change of
density of granular materials during creep can merely
explain the increase of the shear modulus Gy at small strain
(i.e. < 107) with time [1].

Furthermore, the sliding resistance between particles
increases by the rise of interlocking effects considering the
particle surface at the individual particle contacts, some-
times referred to as “micro interlocking” [23]. By exper-
imental studies observing the behaviour of loaded
individual particles at the micro-scale Michalowski et al.
[25] identify processes termed as “contact maturing”. The
contact maturing describes the “improvement” and there-
fore stiffness increase in particle contacts linked to time-
dependent changes of the particle morphology resulting
from abrasion of the surface texture and breakage of par-
ticle asperities and is seen as a further cause of macro-
scopically observable ageing effects.

In this paper, a combined experimental study on creep
and ageing of granular materials is presented. The macro-
scopic ageing effects are quantified through the evolution
of the small-strain shear modulus Gy, during creep under
constant pressure. Gy, is determined from shear wave
velocity measured by piezo-electric bender elements. The
experimental investigation is carried out on natural silica
sand. The acoustic emission method is used to quantify the
micromechanical mechanisms between individual particles
that occur during creep or lead to ageing. The dependence
on the effective pressure and the influence of the stress—
strain history are investigated by so-called single- and
multi-stage creep tests. The single-stage creep test consists
of one creep phase after isotropic compression whereas
during the multi-stage creep test at least one phase of creep
was observed after a creep phase was conducted at lower
pressures. The effective pressures kept constant during
creep range between 500 and 2000 kPa. This range corre-
sponds to rather common geotechnical boundary-value
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problems such as dumped soil by earthworks or mining
activities, compacted soil, cone penetration testing (CPT)
and pile foundation. For silica sand even at a pressure of
2000 kPa it is assumed that intense particle breakage is not
decisive during creep and the processes at the particle
contact are mainly governed by the abrasion of the particle
surface and the minor intensity of the breakage of particle
asperities. Based on the experimental findings, a concep-
tual model is proposed to explain the evolution of soil
structure during ageing and creep qualitatively.

2 Material and methods
2.1 Material

Silica sand, taken from a sand quarry at Midlum located on
a so-called geest formed by glacial loadings near to the city
of Cuxhaven, Germany, was used for the investigation. The
Cuxhaven sand is of predominately quartz SiO, (95 wt%),
which contains traces of albite (3 wt%) and K-feldspar
(2 wt%). The particle size distribution of the uniform and
well-graded material is shown in Fig. 1. The granular
properties are given in Table 1.

The roundness R and sphericity S were determined
according to the definition of Krumbein and Sloss [17].
These particle shape parameters as well as the particle size
distribution were determined by dynamic image analysis
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Fig. 1 Particle size distribution of Cuxhaven sand

Table 1 Granular properties of Cuxhaven sand

taken by a laser-scanning optical device. The roughness,
measured by a laser-scanning confocal microscope, is
described by the two-dimensional parameter Sy [13] as
follows

Sa= \/j J[ 2w (1)

where A describes the area of observation and z the height
of the surface at position x and y according to a reference
coordinate system chosen by the user. For a meaningful
particle shape analysis in context to the given problem, the
definition of a low-pass filter is necessary. The area of
contact between two silica sand particles of Ottawa sand at
a grain size between 0.60 and 0.84 mm was illustrated by
Michalowski et al. [25]. They showed that asperity
breakage occurs at a scale of 10 pm. Hence, for our
microscopy, a Gauss cut-off filter of 10 um was selected to
evaluate the roughness in a defined area of observation of
A = 500 pm?. In Fig. 2, images of the particle shape and
surface texture of Cuxhaven sand are given.

According to the determined granular properties, Cux-
haven sand is uniformly graded with an angular to round
particle shape and a comparably small surface roughness
related to the scale of particle contacts.

2.2 Triaxial test setup and conventional
measurement

For conducting the isotropic compression und subsequently
following creep phases, we used a setup of two triaxial
apparatus. Figure 3 shows a photography of one triaxial
apparatus and a schematic sketch of the triaxial cell
including the main components. A device with elec-
tromechanical ball screw drives for pressure control was
used to apply the isotropic pressure on the sample. Test
control, data acquisition and visualisation during the test
were automatized. The resolution of the measured pressure
is given by 0.1 kPa. In addition to the cell pressure, the
specimen was subjected to a small axial force applied by
the loading ram penetrating into the pressure cell to ensure
specimen contact, which was necessary to measure the
change of the axial deformation of the specimen. The
measurement of the axial deformation of the sample

Particle density and strength Limiting void ratios

Particle size distribution

Particle shape

Ps [g/rn3] Mohs hardness €max €min

dso[mm] Cy

Cc R S Sq[pm]

2.62 6.0to 7.0 0.75 0.48

0.29 2.62 1.14 0.54 0.77 0.32
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Fig. 3 a Photography of the triaxial test setup; b Schematic sketch of the triaxial cell comprising the main components for the measuring system

comprises a linear encoder owing a resolution of 0.025 pm.
The accuracy of the sensor is specified as & 5 pm/m. The
load frame comprises an electromechanical ball screw
drive with a nominal force of 100 kN. During the creep
phases, the isotropic pressure on the soil sample was kept
constant with an accuracy of < 0.14% with respect to the
nominal value calibrated by traceable measuring
equipment.
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2.3 Testing procedure

Creep and ageing of dense to very dense samples of
Cuxhaven sand were investigated under isotropic com-
pression. During the tests, acoustic emissions were con-
tinuously recorded. To investigate the influence of previous
creep phases on the posterior creep and ageing of the
samples, the two test procedures illustrated schematically
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Fig. 4 Test procedure of a single-stage creep test; b multi-stage creep test with first phase of creep considered as single-stage creep

Table 2 Prescribed and measured pressure and strain rates for phases of isotropic loading and creep phases during the test procedure

Phase Variable Prescribed condition Measured values
Loading Axial and radial pressure rate G, = 6;= 100 kPa/min

Axial and radial strain rate ga=6#0
Creep Axial and radial pressure rate g, =0,=0

Axial and radial strain rate ga=6F£0
in Fig. 4 were used. For the single-stage creep tests, dif- Go=p- vf, (2)

ferent samples were loaded by a constant isotropic loading
rate of 100 kPa/min up to an effective mean pressure of
p/ = 1000 kPa and 2000 kPa, respectively. The following
creep phase lasted up to at least five days. To conduct the
multi-stage creep phases, a sample was loaded with the
same constant isotropic loading rate of 100 kPa/min up to
p! =500 kPa at which the first phase of creep was
observed. As well this phase of creep lasted until at least
five days. Subsequently, the pressure was increased to
p! = 1000 kPa at a rate of 100 kPa/min and a second creep
phase for another five days was implemented. Finally, the
procedure was repeated for a third creep phase at an iso-
tropic pressure of p/ = 2000 kPa. The first phase of creep
of the test is evaluated as a single-stage creep phase, while
the second and third creep phases represent multi-stage
creep phases.

Either pressure or strain rates are controlled by the tri-
axial apparatus in each of the test phases. The test proce-
dures are summarised in Tab.2.

For simplicity, only the axial strain &, evolving during
creep is presented in this study.

2.4 Shear wave travel time measurements

The shear modulus at small-strain Gy for the magnitudes of
7 < 107> was determined by

where p is the actual density of the sample for the time at
which the shear wave velocity vy was measured. The shear
wave velocity vy was calculated from the measured travel
time of the shear wave through the sample in axial
direction.

Conventional bender elements (BE) made of piezo-ce-
ramic were used for initiating (actuator) and measuring
(sensor) the wave. The wave actuator was connected to a
waveform generator that provides a burst signal in form of
a sine wave, leading the bending of the piezo-ceramic
plates. The excitation frequency was selected regarding the
mechanical resonance frequency of the sensor which was
given by the manufacturer at 5 kHz. The shear wave
propagated through the sample and was recorded by the
receiver. An oscilloscope amplified and visualised the
incoming signal. The evaluation of the shear wave travel
time in order to calculate v, to be used in Eq. (2) was done
by the so-called start-to-start method, which was found to
be the most robust in our study.

To determine the ageing of the sample during the creep
phases, the change of the small-strain shear modulus AGy,
was determined at certain times ¢ during the creep phase.
By setting t = 0 s at the beginning of a creep phase once
the target value of the effective mean pressure p/ was
reached, the measurement of shear modulus at small strains
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Gy, was performed at approximately ¢ ~ 0 s, 60 s, 120 s,
300 s and subsequent doubling the measurement intervals.
The change of Gy was evaluated using the time corre-
sponding to the second zero crossing of the incoming
signal. The second zero crossing was used for the evalua-
tion because it was well observed over the entire test series
compared to the first zero crossing. The method to deter-
mine the change of the shear wave travel time during creep
is described in detail in Bock et al. [6]. The change of the
shear modulus at small strains AG), at the time # in relation
to the absolute value Go,—o at t = 0 s was considered to
result from ageing. Using this method, the waves are
assumed to propagate between transmitter and receiver
through an ideally homogeneous continuum. We mention
that an inhomogeneous particle assembly and hence vary-
ing contact forces as well as locally changing density
especially in the near field of the transmitter and receiver
influences the measurements.

2.5 Acoustic emission measurement

The acoustic emission measurement was performed to
provide an insight to the processes at the micro- and
mesoscale, e.g. those resulting from mechanisms at the
contact between particles and particle clusters. The mea-
surements were carried out and analysed during the creep
phases. Acoustic emissions are elastic waves generated by
the sudden release of kinetic energy of materials that have
previously accumulated elastic energy according to ageing,
temperature gradients or mechanical loading. The vibra-
tions can be converted into electrical signals by piezo-
electric sensors. The method has already been used in
granular materials for monitoring stability of slopes
[16, 33, 36] as well as for studying the micromechanical
processes during shearing and compression of granular
materials in the laboratory [5, 15, 30, 35].

The measurement setup consists of a sensor, preampli-
fier, signal processor and a visualising software, which also
enables the data post-processing. The sensor with a sensi-
tivity range of 20—450 kHz was placed directly at the base
plate of the triaxial cell below the sample, see Fig. 3. A
detailed description of the measurement system and

Table 3 Settings of acoustic emission measurement

Setting Used value
Pre-amplification 34 dB

Sampling rate 10 MHz

Digital band-pass filter 25 kHz to 300 kHz
Threshold 45 dB

Rearm time = duration discrimination time 204.8 ps
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settings is given in Bock et al. [5]. Table 3 summarises the
parameters chosen for the acoustic emission measurement
in the triaxial test setup. The threshold describes the min-
imum amplitude at which a signal was identified as an
acoustic emission event (AE-event). This threshold value,
which was determined by pretests with a solid dummy
made out of PTFE, corresponds to the amplitude at which
no acoustic emissions are detected at constant pressure.

The number of AE-events N was counted during each
creep phase. In addition to Nag, the so-called burst signal
energy E was evaluated according to Eq. (3).

E= /uz(l‘)dt, (3)

D

where D is the burst signal duration defined as the time
between the first and the last threshold crossing and u() the
time-dependent signal voltage of the burst signal. The burst
signal energy E has a unit of 1 eu that corresponds to
107" Vs®. Using a defined reference resistance of
10 kOhm, 1 eu can be scaled to 1078 J. The burst signal
energy E is a measure of the released kinetic energy related
to the motion of the particles and vanishes when internal
and external forces are in a static equilibrium, i.e. the
particles are in repose.

2.6 Sample preparation

The absolute axial creep strain and strain rates of granular
materials are quite small compared to the strains and strain
rates occurring in soft fine-grained and organic soils where
the consideration of creep is essential to describe com-
prehensively the mechanical behaviour. To improve the
measurability of strain changes during creep, samples with
a comparably high initial specimen height of 200 mm and
an initial specimen diameter of 100 mm were used. The
samples were prepared by air pluviation. This method
allows producing relatively uniform and reproducible
samples, showing a fabric that is close to naturally
deposited sand [28, 38]. The sand was pluviated by a sand
rainer into a multi-part specimen mould, at which the
membrane for the triaxial test was wrapped along the inner
surface of the cylindrical mould. The basic design of the
sand rainer consists of a container that can be opened by a
shutter. Depending on the porosity of the opening through
perforated plates, which controls the rate of deposition and
deposition intensity, respectively, the sand falls in streams
onto the so-called diffuser consisting of two sieves arran-
ged at an angle of 45° to each other. The diffuser dis-
tributes the particles homogeneously over the section. The
falling height, defined by the difference in length between
the lowest diffusor sieve and the sample surface, varies
during the process of pluviation because an apparatus with
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fixed diffusor sieves was used. Vaid and Negussey [38]
found that a terminal velocity is reached at a certain falling
height depending on the material. With this assumption, a
minimum falling height was chosen that exceeded the
critical height. Using a perforated plate with a porosity of
3%, dense to very dense samples (relative density
D, = 0.80-0.91) were produced. The initial density was
determined by measuring the sample dimensions after
removing the specimen mould. An initial vacuum provid-
ing an effective mean pressure of approximately
p! = 20 kPa stabilised the sample until it was loaded by a
cell pressure of p/ = 50 kPa.

3 Experimental results

In the following, the results of the single-stage and multi-
stage creep tests are presented for dense to very dense
samples of Cuxhaven sand. The main measured quantities
within the scope of this study are the axial strain, the
change of the small-strain shear modulus and acoustic
emissions during creep phases.

The curves that show the data measured during the
single-stage creep phases are given in black colour and the
results of the multi-stage creep phases are highlighted by
grey colour. For concise presentation of the results, in
addition to the linear representation over time the loga-
rithmic representation is chosen. Figure 5 shows the axial
creep strains (a) with time and (b) as a function of the
logarithm of time. The experiments on Cuxhaven sand
show that the axial strain ¢, during creep increases with
isotropic pressure, as it was already observed by other
researchers, e.g. [19], 21. Single-stage creep tests show a
higher axial creep strain compared to creep phases of

multi-stage creep tests at similar creep pressures. Regard-
ing the behaviour in the log(f) — ¢, — diagram, the results
from the single-stage creep tests show a changing slope
with time after approximately 10,000 s, which is not evi-
dent for multi-stage creep.

The change of the shear modulus AGy, with time ¢
during creep normalised in respect to the measured abso-
lute value Go,—o as a function of ¢ and of log() is shown in
Fig. 6a, respectively b. Cuxhaven sand shows for all
experiments a linear increase of AGy,/Go—o with log(?)
between 60 s and approximately 10,000 s. Afterwards
AGy,/Go—o reduced with increasing time for the single-
stage creep tests, while the shear modulus measured in
phases of creep that where conducted after a previous creep
phase do not show any decrease within the period of
5 days. As can be seen in Fig. 6b, ageing, defined as
AGy,/Go—o, increases with decreasing pressure. Further-
more, the higher the pressure, the more pronounced is the
decrease of the shear modulus and the faster the turning
point is achieved in the single-stage creep tests.

Figure 7a presents the accumulated number of AE-
events Nag evolving linear with time. The number of AE-
events for samples of Cuxhaven sand increases with pres-
sure; the pressure-dependence is significant. Thus, for
better comparison of the general behaviour, Nyg was nor-
malised with the corresponding Nagmax and is shown
considering the logarithmic time scale in Fig. 7b. In the
log(#)—Nag/N g max—diagram, the normalised curves
follow a similar trend for all single-stage creep phases, but
a different trend for multi-stage creep phases. In general,
the evolutions of Nag and ¢, with time are similar.

The detected number of AE-events and the signal burst
energy, evaluated in the following, are strongly dependent
on the distance between the sensor and the source as well
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Fig. 5 Axial strain ¢, of single- and multi-stage creep phases at pressures of 500 kPa, 1000 kPa and 2000 kPa on dense to very dense samples of
Cuxhaven sand in a linear and b logarithmic presentation
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Fig. 7 Evolution of a number of acoustic emissions Nag with time and b normalised number of AE-events Nag/N agmax With log(z) of single-
and multi-stage creep phases at pressures of 500 kPa, 1000 kPa and 2000 kPa on dense to very dense samples of Cuxhaven sand

as on the material damping. Therefore, the AE-sensors
capture probably only a fraction of the AE-events occur-
ring in the whole sample. For this reason, only a qualitative
comparison of mechanical quantities (g, and AGy,/Go,—o)
with AE-quantities (Nag and E) is possible.

In correspondence with Nag, also the accumulated sig-
nal burst energy E increases significantly with increasing
pressure. Thus, Fig. 8a shows E normalised to E,,,, with
log(#). As can be seen, E evolves stepwise and the mag-
nitude of the sudden energy releases varies during the time.
In Fig. 8b, the number of AE-events (ordinate) exceeding a
specific energy value E (abscise) is plotted in double log-
arithmic scale, as commonly assessed in the field of seis-
mology to show the relationship between the number of
seismic events and their magnitude which is proportional to
the logarithm of the energy release during a seismic event.

@ Springer

As expected, events with low energy emissions (low
magnitude) are more frequent than events with large
energy emissions (large magnitude). The relationship
between Nur and E is approximately described by
log(N,g) = b —a-log(E) which follows the empirical
Gutenberg—Richter’s relationship between the number of
seismic events N exceeding a given magnitude and the
magnitude of earthquakes M. The intercept b is in general
pressure- and history-dependent, while the inclination a
shows minor dependence on pressure. In the multi-stage
creep phases, a ranges from 0.96 to 1.16 and in the single-
stage creep tests from 0.91 to 1.05, with the larger value of
a at higher pressure. Restricted by the limitations of the AE
measurement as previously mentioned, no general con-
clusion can be drawn; a possible dependence on pressure
needs to be carefully analysed and further investigated.
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Regarding the dependence on the loading history, Fig. 8b
shows that fewer AE-events occur in the multi-stage creep
phase at 2000 kPa compared to the single-stage creep test.
In the multi-stage creep test with 1000 kPa, a difference
from the single-stage creep test can be observed for AE-
events with £ > 40,000 eu.

We assume that the energy releases are associated with
the sudden conversion of potential in kinetic energy asso-
ciated with instant sliding at the particle contact and par-
ticle motion. The larger the energy release, the larger the
number of contacts where particles slide and the larger the
redistribution of contact forces. Large energy releases can
be associated with the rupture of force chains. A support
for this explanation provides the evolution of axial strain
rate &, and the change of the number of AE-events NaE
with time. Figure 9a shows &, for the single- and multi-
stage creep tests as a function of time in a double loga-
rithmic plot. The values of Nag show a similar evolution
with time as ¢, and are plotted in Fig. 9b. The relationship
between the axial creep rate &, respectively, Nag and the
creep time ¢ observed in the experiments can be described
by Eq. (4).

&, <OFNAE) ="

(4)

The exponent m slightly decreases with increasing
pressure, e.g. m = 0.93 for p/ = 1000 kPa and m = 0.90
for p/ = 2000 kPa were determined for the evolution of &,
in the multi-stage creep phases. The lower the pressure and
hence the lower the forces at the particle contacts, the faster
the particle assembly stabilises, and the smaller the creep
strains. For the single-stage creep phases, a temporary
quasi-stagnation, or for 500 kPa an increase of &,, respec-
tively N AE, 18 observed at about 10,000 s, which is asso-
ciated with the rupture of strong force chains and

significant redistribution of forces towards a more
stable structure. Stabilisation is indicated by &, (or N AE)
approaching again a relation with the initial inclination m.
As can be seen in Fig. 9b, the aforementioned stagnation is
less abrupt for higher pressures and occurs at a higher rate.

In Fig. 9c, the normalised rates of change of the shear
modulus Go_j /Go.—o are shown whereas
G'()J ~ (G,, — Gos—0)/At. Tt is observed that G'07,/G07t:0
follows the same trend described by Eq. (4) for &, and NAE.
The negative values of Go_z/Go,zzo observed during the
single-stage creep tests, which are not plotted in the double
logarithmic diagram, coincide with the stagnation of &,,
respectively Nag. It is interesting to note, that the expo-
nents m for Ng and G'o,, /Go =0 are similar to the exponent
corresponding to the trend of &,. In our opinion, this result
confirms that creep and ageing are based on the same
micromechanical processes.

In summary, the following conclusions can be drawn
from the experimental investigations:

e Cuxhaven sand shows increasing axial creep strain with
increasing isotropic pressure, whereas ageing increases
with decreasing pressure.

e The time-dependent evolutions of the number of AE-
events and axial creep strain follow the same trend.

¢ In the single-stage creep tests, an increase followed by a
decrease of the shear modulus (ageing) is observed. The
higher the pressure, the less pronounced is the initial
increase of AGy,/Go,—o and more pronounced the
subsequent decrease with time.

e The decrease of AGy,/Go,—o is accompanied by a
temporary quasi-stagnation of the axial strain rate and
the rate of number of AE-events N Ag.

@ Springer



Acta Geotechnica (2024) 19:1999-2012

2008
2 100
< \ smgle»-;tagf creep
10 4
1 4
)
=
s 0.1 '
w ~.
= VAN
E \\)
0.0 sr————%00kPa 3
------- 1000 kPa
—— 2000 kPa = 2 iz
0.001 = .
1 100 10000 1000000
t[s]
(@)
3,1000 — :
> '3 smgle-stagg creep
100 - ai ti-stage sep
. .
10 4 _
) Y |
g 1 4 ‘i
] it
g 013 "
= (1} u
o 7 v S
©0.01 - = N
500 KP %
[ ] a
0.001 4f w1000 kPa
A 2000 kPa £ T T
0.0001 = =y Sl
1 100 ¢ gy 10000 1000000
(c)

100 - —
N smgle-;tage greep
10 4 o N
14 Yo
E \\\ \‘\\
= 0.1 ; Yo ™
'Zl“‘:lI \\\ \“\ \
0.01 4 c < o
£ oo
. an \ P ‘\
0001 4 ~=°- 500 kPa v Ry
------- 1000 kPa et
—— 2000 kPa < Sl
0.0001 i T T
1 100 10000 1000000
t[s]
(b)

Fig. 9 a Axial strain rate &,, b rate of number of AE-events N g and c rate of the normalised change of small-strain shear modulus AG‘ov, /Go.=o
with time in double logarithmic presentation of single- and multi-stage creep phases at pressures of 500 kPa, 1000 kPa and 2000 kPa on dense to

very dense samples of Cuxhaven sand

e Within the considered period of 5 days and for same
isotropic pressure the multi-stage creep test shows less
creep and therefore, more ageing than the single-stage
creep tests.

e The stepwise evolution of the burst signal energy E
indicates a dominant stick—slip mechanism at the
particle contacts. The relationship between the number
of AE-events Nag exceeding a given energy threshold
and the corresponding E is approximately linear in a
double logarithmic scale. Thus, the Gutenberg-Richter
law applies to micromechanical processes.

e Axial strain rate, rate of number of AE-events and the
rate of change of small-strain shear modulus with time
follow a power law.

Furthermore, the experimental results suggest that a
time-dependent restructuring of the particle skeleton takes
place, which will be subsequently described by a concep-
tual model.

@ Springer

4 Conceptual model

In the following, we present a conceptual model assuming
a time-dependent behaviour of the normal and shear forces
at the particle contacts to explain the experimental obser-
vations qualitatively. This conceptual model represents an
attempt to unify our reflections with the descriptions of
micromechanical processes found in the literature. The
conceptual model is shown in Fig. 10.

As described by Yusa [41], the initial soil fabric plays a
significant role in the evolution of ageing. For the pre-
sented experiments, ageing started after isotropic loading.
It is shown that during isotropic compression the orienta-
tion of the particles becomes random [7, 37, 39]. Thus, at
the onset of creep and ageing (r = 0 s) of particular single-
stage creep tests, the fabric can be assumed to be more or
less isotropic and unstructured. Hence, initially the force
chains are evenly distributed but rather unstable and may
redistribute randomly at a comparably high frequency
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Fig. 10 Schematic representation of the conceptual model explaining creep and ageing behaviour in granular material; simplified to vertical
loading direction, force chains other than in vertical direction are not depicted

(State A in Fig. 10). The vertical lines represent schemat-
ically force chains, which are carrying the pressure acting
on the sample. For the sake of simplicity, only force chains
in vertical direction are depicted. Obviously, force chains
will develop in both vertical and horizontal direction dur-
ing isotropic compression.

Initial instability of force chains results from the varying
strength and stiffness at the contacts between particles.
Each particle contact shows time-depended behaviour as a
function of the magnitude of the transferred shear and
normal force. Creep rupture at the particle scale may occur
at loadings close to the breakage of small particle asperities
changing the particle morphology and surface texture.
Under high loads, extensive particle breakage may happen.
The weakest contacts fail or at least change at a faster rate
during loading as well at the start of a creep phase. A more
pronounced initial instability of the force chains and the
resulting rearrangement of particles causes the creep rate to

show the largest value at the beginning of a creep phase.
With increasing time during creep, the particles cluster and
interlock [7]. In comparison with the initial state, contact
forces concentrate in fewer, but the comparably stiffer
“strong” force chains (State B in Fig. 10). The normal and
the tangential contact forces carried by particle clusters
within the strong force chain increase, whereas they
decrease in the “weak” cluster. The stronger and localized
the force chains, the initially stiffer the assembly of parti-
cles is. Following this, the number of sliding contacts tends
towards a minimum and the creep rate decreases.
Nonetheless, due to delayed breakage such as creep failure
or limited plastic effects corresponding to softening at the
contact, stiffness of strong force chains is not permanent.
An abrupt de-stabilisation of the concentrated force chains
may occur when some of the strongly loaded contacts
within the force chain fail, possibly causing a chain reac-
tion, through which the condition of several contacts
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changes from stick to slip at almost the same time. The
state C is interpreted as the onset of de-stabilisation of the
strong force chains. This state corresponds to the maximum
value of AGy,/Go—o within the observation time and the
maximum fluctuation of contact forces. Abrupt contact slip
and particle rearrangement are connected with a discrete
release of kinetic energy. The detected jumps in the signal
burst energy E (Fig. 8a) indicate that abrupt energy relea-
ses actually happen during creep. However, because of the
limitations of the conducted AE-measurements mentioned
in chapter 3, in our experiments, we are not able to capture
the energy conversion occurring exactly at point C.

The collapse of the strong force chains leads to a contact
force redistribution from the previously strong to the pre-
viously weak particle clusters. The temporary de-stabili-
sation of the particle assembly at state C causes the non-
permanent stagnation of the creep rate observed in the
experiments. The process of regaining stiffness that may be
associated with a process of re-stabilisation from C to E
takes a comparably long time in contrast to the initial
stabilisation. These differences regarding the rate of
increasing stiffness may be associated with secondary
collapse effects, which are comparable to aftershocks
occurring days and weeks after strong earthquakes. We
presume that during the re-stabilisation, the structure
evolves towards a more homogeneous force distribution in
comparison with state C. Macroscopically, the different
rates at which stiffness increases are indicated by the
changing exponent m in Eq. (4) describing the time-evo-
lution of &, and N, respectively, towards its initial value.

During the multi-stage creep phases, the initial fabric
and force chain distribution result from loading history
including previous creep at a lower pressure level (State E
in Fig. 10). Assuming that the duration of previous creep
phases is long enough to induce de-stabilisation, the initial
structure at the beginning of the multi-stage creep phases is
more stable than at the start of a corresponding single-stage
creep test. Thus, the monotonic increase of the shear
modulus at small strain observed for the multi-stage creep
phases results from a previously more intense homogeni-
sation process of force chains.

5 Concluding remarks

We conducted a combined study of ageing and creep of
dry, dense samples of silica sand using triaxial apparatus.
From isotropic loading paths, we conclude that there is an
inversely proportional relationship between creep and
ageing. From increasing contact sliding and particle
motion, leading to creep, follows a variation in the pattern
of strongly loaded force chains, which are linked to a

@ Springer

relative decrease in ageing rate. Different intensities of
recorded acoustic emissions indicate that the processes can
be traced back to changes in the force chains driven by
different degrees of particle breakage and particle motion.

In single-stage creep tests, a non-permanent formation
followed by delayed collapse of strong force chains
induced by the failure of highly loaded particle contacts is
proposed. In the multi-stage creep tests the force chains
within the particle assembly developed in the preceding
creep phase are already comparably stable. Accordingly,
the development of structure as a pattern of force chains
within the particle assembly depends not only on the iso-
tropic pressure but moreover on the loading history.

It is likely that the ageing behaviour of young deposits
of granular material can be described according to the
experimental findings and the conceptual model proposing
a time-dependent homogenisation process of force chains.

Finally, the findings of our experimental investigations,
especially the development of the measured quantities
expressing creep and ageing Gy, €, Nag and E, respec-
tively, as well as their time derivatives provide an experi-
mental database for the development, validation and
calibration of advanced contact models. In contrast to
continuum mechanics, such contact models are required to
simulate the time-dependent behaviour of granular material
with respect to the different scales of observation. The
discrete element method (DEM) may provide a better
insight to the time-dependent mechanics of individual
particle contacts and changing force chains in granular
assemblies.
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